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Animal models of human pathologies, including naturally
occurring, induced, or engineered animals, are valuable tools
for understanding the physiopathology of the disease and
discovering novel therapeutic targets and drugs. In fact,
although scientific research has always relied on the use of
cell cultures, information that is obtained through in vitro
studies can be extrapolated to the biomedical research only
when analyzed within a complex organism with metabolic
functioning. Therefore, one avenue holding tremendous
potential to find therapies against human diseases is the use
of intact living systems, where complex biological processes
can be examined.

However, all animal models of human disease have
embedded limitations. Some of these limitations are due to
the differences between animals and humans. The normal
anatomy and physiology of an organ can differ among
species. Furthermore, certain species may not be suitable for
modelling some aspects of human disease. Moreover, most
laboratory animals are kept in highly controlled environ-
ments with limited exposure to environmental pathogens
that may affect innate responses to pathological processes.
Finally, while inbreeding has the advantage of producing
genetically identical offspring leading to highly reproducible
experimental findings, it also may produce strain-specific
phenotypes that are not relevant outside of that strain.

Despite all these limitations, there are still many advan-
tages in animal studies. As any clinical investigator is well
aware, the rate of human studies is slow, the majority
of human tissues is not routinely accessible for research
purposes, and there is a very limited opportunity for
interventional studies. By contrast, large numbers of animals
(especially rodents) can be bred and studied in short time
periods, interventional studies are easy to do, and established

and emerging tools for targeted manipulation of levels
of gene expression facilitate insight into the function of
mediators in both health and disease.

In this special issue, we collected original research articles
as well as review articles describing researches in which ani-
mal models, ranging from small vertebrates to large animals,
have been used for either understanding the molecular events
underlying a disease or for improving therapy in various
fields of medicine (immunology, neurology, cardiovascular,
oncology, etc.). On the one hand, a large group of papers
describe animal models of human diseases and how they
have allowed gaining a deeper insight to their pathogenesis.
On the other hand, another group of papers describe the
usefulness of animal models for improving the diagnosis of a
disease and the development of new therapeutic strategies.

The goal of this special issue is to familiarize the reader
with the commonly used animal models of human diseases.
The strengths and limitations of the various models have
been discussed as have been the degree to which individual
models mimic human disease. It is our hope that this special
issue will serve as a resource for biomedical investigators at
all levels, both those engaged in animal research and those
seeking to understand the literature.

We sincerely appreciate the outstanding contributions of
all the authors and anonym reviewers for their enthusiasm
and hard working. We extend our whole-hearted thanks to
the Editorial Board for agreeing to publish these papers as a
cluster in this special issue and for facilitating efficiency and
rigor in the peer review process.

Monica Fedele
Oreste Gualillo

Andrea Vecchione
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Molecular mimicry between self and microbial components has been proposed as the pathogenic mechanism of autoimmune
diseases, and this hypothesis is proven in Guillain-Barré syndrome. Guillain-Barré syndrome, the most frequent cause of acute
neuromuscular paralysis, sometimes occurs after Campylobacter jejuni enteritis. Gangliosides are predominantly cell-surface
glycolipids highly expressed in nervous tissue, whilst lipo-oligosaccharides are major components of the Gram-negative bacterium
C. jejuni outer membrane. IgG autoantibodies to GM1 ganglioside were found in the sera from patients with Guillain-Barré
syndrome. Molecular mimicry was demonstrated between GM1 and lipo-oligosaccharide of C. jejuni isolated from the patients.
Disease models by sensitization of rabbits with GM1 and C. jejuni lipo-oligosaccharide were established. Guillain-Barré syndrome
provided the first verification that an autoimmune disease is triggered by molecular mimicry. Its disease models are helpful to
further understand the molecular pathogenesis as well as to develop new treatments in Guillain-Barré syndrome.

1. Introduction

In the 19th century, Robert Koch postulated a causal
relationship between a pathogenic microbe and a disease [1].
This was later extended to the role of autoantibodies in the
pathogenesis of human disease by Witebsky et al. [2]. In
1957, they proposed the fulfillment of several criteria to proof
the pathogenic effects of autoantibodies, namely, the direct
demonstration of free, circulating, or cell-bound antibodies
by indirect means, the recognition of specific antigen against
which the antibody is directed, the production of antibodies
against the same antigen in experimental animals and finally
the appearance of pathological changes in the corresponding
tissues of an actively sensitized experimental model that is
similar to that in the human disease.

Taking into account both Koch’s and Witebsky’s pos-
tulates, the term “molecular mimicry” was proposed as a
mechanism by which infectious agents trigger an immune
response against autoantigens, resulting in the development

of autoimmune diseases. Similar criteria must be satisfied to
conclude that a disease is triggered by molecular mimicry
[3]. They are as follows: (i) the establishment of an epidemi-
ological association between the infectious agent and the
immune-mediated disease; (ii) the identification of T cells
or antibodies directed against the patient’s target antigens;
(iii) the identification of microbial mimics of the target
antigen; (iv) reproduction of the disease in an animal model.
Although there have been a number of diseases proposed to
exhibit the mechanism of molecular mimicry, none has been
proven in examples of human diseases based on fulfilment of
all four criteria [4].

Guillain-Barré syndrome (GBS), characterized by limb
weakness and areflexia, has become the most frequent cause
of acute flaccid paralysis since the near elimination of
poliomyelitis in the world [5]. Most GBS patients have
had either gastrointestinal or upper respiratory symptoms
one to three weeks prior to the onset of their neurological
symptoms, making GBS the prototype of postinfectious
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autoimmune diseases. GBS can be classified into two major
subtypes, acute inflammatory demyelinating polyneuropa-
thy (AIDP) and acute motor axonal neuropathy (AMAN)
depending on whether the myelin or the axonal compo-
nents of the peripheral nerves are affected. Experimental
autoimmune neuritis (EAN) resembles AIDP clinically and
pathologically. EAN can be transferred to animals by T cells
sensitized to peripheral nerve proteins such as P2 protein.
However, no investigators have shown conclusive evidence
that such autoreactive T-cell response is seen in patients with
GBS, indicating that EAN is not a true model of AIDP [6].
In this paper, we describe the development of a true model
of AMAN, which fulfills all the four criteria of molecular
mimicry as well as Witebsky’s postulate as stated above. This
verifies GBS as the first paradigm of an autoimmune disease
triggered by molecular mimicry. We also discuss how this
disease model has helped uncover the precise mechanism of
muscle weakness in GBS, which will potentially lead to the
development of better treatments.

2. Proof of Molecular Mimicry Theory

Gram-negative bacterium Campylobacter jejuni, a leading
cause of acute gastroenteritis, is the most common
antecedent microorganism in GBS. A prospective case-
control study detected evidence of recent C. jejuni infection
in 26% of patients with GBS in comparison to only 2% of the
household controls (a member of the patient’s household)
and 1% of the age-matched hospital controls [7]. That study
established an epidemiological association between C. jejuni
infection and GBS. A study showed that C. jejuni infection
was associated with AMAN, but not AIDP [8], although this
finding has yet to be verified by other investigators.

Autoantibodies are considered to be the pathogenic
components which trigger GBS because plasma exchange is
proven to be an effective treatment in GBS [9]. Ganglio-
sides constitute a large family of predominantly cell-surface
glycosphingolipids bearing a ceramide moiety anchored in
the external leaflet of the lipid bilayer and a sialylated
oligosaccharide core exposed in the extracellular space.
Autopsy studies show that, in AMAN, IgG is deposited on
the axolemma of the spinal anterior root [10], indicating
that IgG, which binds effectively with complement, is an
important factor in the development of AMAN. Patients
who develop AMAN subsequent to C. jejuni enteritis have
IgG antibodies against GM1 [11]. Their autoantibody titres
decrease as the clinical time course progresses. In contrast,
patients who have C. jejuni enteritis with no neurological
sequelae did not have similar autoantibodies. These findings
suggest that GM1 is an autoantigen for IgG antibodies
in patients with AMAN subsequent to C. jejuni enteritis.
IgG anti-GD1a antibodies are also associated with AMAN
subsequent to C. jejuni infection [12].

Lipo-oligosaccharides (LOSs) are a family of phosphory-
lated glycolipids anchored on the outer surface membrane of
C. jejuni. A C. jejuni strain isolated from an AMAN patient
carrying IgG anti-GM1 antibody expressed an oligosaccha-
ride structure [Gal β1–3 GalNAc β1–4 (NeuAc α2-3) Galβ]

GM1

GM1-like LOS

Outer core Inner core Lipid A

Galactose

Glucose
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PE
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Figure 1: Carbohydrate mimicry between gangliosides and Campy-
lobacter jejuni lipo-oligosaccharides (LOSs). The terminal tetrasac-
charide of GM1-like LOS is identical to that of GM1 (shown by dash
lines).

which protruded from the LOS core (Figure 1) [13]. This
terminal structure was identical to that of the terminal
tetrasaccharide of the GM1 ganglioside. This was the first
definitive evidence of molecular mimicry between human
peripheral nerves and antecedent agents in GBS. This
strain also carried a GD1a-like LOS [14]. Further evidence
regarding the role of antiganglioside antibodies in GBS came
in the form of adverse reactions to therapeutic gangliosides
extracted from bovine brain tissue. These were previously
used in the treatment of various neurological disorders. In a
study investigating seven patients who developed AMAN fol-
lowing intravenous bovine brain ganglioside administration,
anti-GM1 antibodies were discovered in six patients and
anti-GD1a and -GT1b antibodies in one patient [15]. These
findings set the scene for the work done in the development
of a suitable experimental animal model for GBS.

An AMAN model was established by the sensitization
of rabbits with a bovine brain ganglioside mixture that
included GM1 or with an isolated GM1 [16]. The rabbits
developed high titres of IgG anti-GM1 antibodies, fol-
lowed by an acute onset of flaccid limb weakness with a
monophasic course. Pathological findings in their peripheral
nerves showed predominant Wallerian-like degeneration
with neither lymphocytic infiltration nor demyelination
features. IgG was deposited on the axons of the anterior
roots, internodal axolemmas, and nodes of Ranvier. Cauda
equina and spinal nerve root specimens from the paralyzed
rabbits showed macrophage infiltration in the periaxonal
space [17]. Surrounding myelin sheaths were almost intact.
These findings correspond well with pathological findings
for human AMAN [10, 18].



Journal of Biomedicine and Biotechnology 3

(a) (b)

M

A

(c) (d)

Figure 2: Characteristic findings for the acute motor axonal neuropathy rabbit model. (a) Rabbit with flaccid limb weakness induced
by sensitization with Campylobacter jejuni lipo-oligosaccharide. Its body is splayed, all extremities extended, head on the floor not sitting
upright in the usual compact, hunched posture. (b) Longitudinal section of the cauda equina. The nodes of Ranvier are stained selectively
with protein G (arrowheads). Scale bar, 10 μm. (c) Electron micrograph of a nerve fiber with macrophage infiltration. A macrophage (M)
occupies the periaxonal space between the atrophic axon (A) and surrounding myelin sheath which appears almost normal. Scale bar, 5 μm.
(d) Wallerian-like degeneration of nerve fibers in a paralyzed rabbit killed 39 days after onset. Sciatic nerve cross section with toluidine blue
stain. Myelin ovoids produced by Wallerian-like degeneration of myelinated fibers are present (arrowheads). Scale bar, 10 μm. Muscle Nerve
35:691–711, Copyright 2007, John Wiley & Sons, Inc.

The most straightforward way of verifying that molecular
mimicry between microbes and autoantigens cause GBS
is to establish a GBS model by the immunization of
animals with components of antecedent infectious agents.
An AMAN model was established by the immunization of
rabbits with C. jejuni LOS bearing a GM1-like structure
[19]. On sensitization with this GM1-like LOS, rabbits
developed IgG anti-GM1 antibodies and subsequent flaccid
limb weakness (Figure 2). Their nerve roots had occasional
macrophages in the periaxonal spaces surrounded by an
almost intact myelin sheath. Axons of these nerve fibres
showed various degrees of degeneration. Demyelination and
remyelination features were rare. These findings, which
are compatible with the features of human AMAN, pro-
vided the evidence that rabbits inoculated with C. jejuni
LOS constitute a valid AMAN model. This represents the
first replica of human autoimmune disease in an ani-
mal model immunized by a microbial mimic of a self-
antigen.

In contrast to the active immunization models above,
a passive transfer model was developed to further proof
the molecular mimicry theory. Ex vivo nerve-muscle prepa-
rations from GD1a-overexpressing mice were exposed to

mouse IgG anti-GD1a monoclonal antibodies in the pres-
ence of a complement source [20]. This allowed the
morphological and neurophysiological features of such an
exposure to be investigated further. Dense antibody and
complement deposits were shown to only be present on the
presynaptic motor axons. This was accompanied by severe
ultrastructural damage and electrophysiological blockade
of motor nerve terminal function. A similar paralyzing
effect was found when human sera with IgG anti-GD1a
reactivity were used instead. The nature of this injury is also
complement dependent. These findings indicate that anti-
GD1a antibodies arise from molecular mimicry and are the
likely trigger of peripheral nerve injury.

In summary, GBS is the first true model of molecular
mimicry having fulfilled all four criteria as follows: (i)
establishment of an epidemiological association between
GBS and C. jejuni infection by a prospective case-control
study [7], (ii) identification of autoantibodies against GM1
and GD1a gangliosides in patients with AMAN subsequent
to C. jejuni enteritis [11, 12], (iii) identification of molecular
mimicry between GM1 or GD1a and LOS of C. jejuni
isolated from AMAN [13, 14], and (iv) reproduction of
the AMAN models by active immunization of rabbits
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with GM1 or the C. jejuni LOS [16, 19] as well as by
passive transfer of anti-GD1a antibodies in mice [20].
This makes GBS the first disease in humans to verify
that an autoimmune disease is triggered by molecular
mimicry.

3. Development of New Treatments

In both human and rabbit AMAN, the earliest pathological
changes consist of lengthening of the node of Ranvier with
distortion of the paranodal myelin [17, 21]. Voltage-gated
sodium channel dysfunction is postulated to occur at the
nodes of Ranvier [22]. There has been some controversy
as to whether anti-GM1 antibodies truly affect sodium
channels at the nodes of Ranvier [23, 24]. In the spinal
anterior roots of AMAN rabbits, IgG antibodies bind to
nodes of Ranvier, where GM1 is highly expressed. This
binding of autoantibodies triggers complement activation
with deposition of C3 components followed by membrane
attack complex formation at the nodal axolemma. The
sodium channel clusters are then altered by the destruction
of their stabilizing components which include the axonal
cytoskeleton at nodes, Schwann cell microvilli, and paran-
odal axo-glial junctions. This apparent “disappearance” of
sodium channel clusters significantly lowers the safety factor
for impulse transmission, thus causing muscle weakness in
AMAN. This is a novel mechanism by which autoantibodies
can modulate sodium channel properties to cause the
development of certain neurological disorders.

Plasma exchange and intravenous immunoglobulins
are equally effective treatments in GBS [9]. Despite the
administration of either immunotherapeutic agent, there are
still mortality and significant morbidity in patients with
GBS; 3–10% death and 20% immobile after 6 months
[5]. Research into new treatment options to improve the
final outcome of GBS is urgently required. As previously
described, complement activation products are deposited
on the outer membrane of Schwann cells in AIDP patients
[25], and on the axolemma of motor fibres in AMAN [10].
These postmortem studies show that complement activation
followed by membrane attack complex formation is an
important mechanism for the glial and neuronal injury seen
in GBS. This suggests that complement inhibitors have the
potential of being a new, more rational treatment for GBS.

Nafamostat mesilate is a synthetic serine protease
inhibitor that has been used clinically in Japan for over
20 years with no serious adverse effects to patients. As the
complement system contains several serine proteases such as
C1r, C1s, and C3/C5 convertases, nafamostat mesilate can
efficiently inhibit these serine proteases, thus blocking the
formation of the membrane attack complex. This inhibition
of complement deposition and sodium channel cluster
disappearance has been demonstrated in AMAN rabbits
[26]. These experimental findings along with the autopsy
findings would justify establishing clinical trials to investigate
the use of complement inhibitors as a potential treatment for
GBS.

4. Conclusion

In this paper, we have demonstrated how the animal model
of AMAN has contributed to the proof of the molecular
mimicry theory. However, the same cannot be said of AIDP.
Only the first criterion has been achieved with the association
of AIDP with cytomegalovirus infection. Until the target
antigen in AIDP is ascertained, identification of its microbial
mimics and reproduction of the disease in an animal model
remain unresolved.
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Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disorder characterized by the selective death of motor neurons in the
motor cortex, brainstem, and spinal cord. A large number of rodent models are available that show motor neuron death and a
progressive motor phenotype that is more or less reminiscent of what occurs in patients. These rodent models contain genes with
spontaneous or induced mutations or (over) express different (mutant) genes. Some of these models have been of great value to
delineate potential pathogenic mechanisms that cause and/or modulate selective motor neuron degeneration. In addition, these
genetic rodent models play a crucial role in testing and selecting potential therapeutics that can be used to treat ALS and/or other
motor neuron disorders. In this paper, we give a systematic overview of the most important genetic rodent models that show motor
neuron degeneration and/or develop a motor phenotype. In addition, we discuss the value and limitations of the different models
and conclude that it remains a challenge to find more and better rodent models based on mutations in new genes causing ALS.

1. Introduction

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative
disease characterized by the selective death of motor neurons
in the motor cortex, brainstem, and spinal cord. Typically,
ALS is an adult-onset disorder with a fast progression. About
5% to 10% of ALS patients have a family history (FALS), and
most of these patients inherit the disease in an autosomal
dominant way. The large majority of patients (90% to 95%)
have no clear family history and are considered as sporadic
ALS (SALS). FALS and SALS are clinically indistinguishable,
and all patients experience muscle weakness, atrophy, and
spasticity. This is the consequence of the loss of both
upper and lower motor neurons. Ultimately, patients become
paralyzed and denervation of respiratory muscles causes the
death of the patient, on average three to five years after the
first clinical signs. As studying a sporadic disease is very
difficult, most research focused on the genetic causes of FALS
(for reviews see [1–3]).

The most important and most studied cause of FALS
are mutations in the gene encoding superoxide dismutase 1
(SOD1). On average, SOD1 mutations are responsible for
about 20% of FALS cases [4]. Recently, mutations in the
genes encoding the TAR DNA-binding protein 43 (TDP-43;

[5–9]) and FUS/TLS [10, 11] were identified as important
gene defects causing typical FALS in approximately 5%–10%
of the familial cases.

All other genetic causes of FALS are rare and/or cause
an atypical form of ALS. These include mutations in the
genes encoding alsin (ALS2; [12]), senataxin (ALS4; [13]),
spatacsin (ALS5; [14]), vesicle-associated membrane protein
B (VAPB; ALS8; [15]), angiogenin (ALS9; [16]), optineurin
(ALS12; [17]), and dynactin [18]. In addition, (rare)
sequence variants in a number of other genes were reported
to be associated with ALS. These variations were found in
candidate genes or through genome wide association studies
[2]. In all cases, it is unclear whether these genes and/or
variations play a role in ALS, and these associations remain
to be confirmed.

For years, a number of mouse models exist that contain
spontaneous or induced mutations leading to motor neuron
death (Table 1). More recently, the mutated genes that lead
to this phenotype were discovered. In addition and in an
attempt to unravel the pathogenic mechanism(s) leading to
ALS, a number of rodent models have been created starting
from information on the genetic causes of ALS (Tables 2
and 3). Moreover, some transgenic animals show motor
neuron degeneration as a prominent and unexpected feature
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while the (over)expressed genes do not cause ALS (Table 3).
In this paper, we will give a systematic overview of the
most important rodent models that show motor neuron
degeneration and discuss the value and limitations.

2. Spontaneous or Induced Motor Neuron
Degeneration in Mice

2.1. Wobbler Mouse. The Wobbler mouse arose as the result
of a spontaneous mutation at the “Institute of Animal
Genetics” in Edinburgh. These mice have an unsteady
gait with progressive weakness. The most characteristic
abnormality found in the Wobbler mouse is the degeneration
of nerve cells of the motor system in the brainstem and in the
spinal cord. This results in progressive denervation of skeletal
muscles, leading to muscle atrophy especially in the head,
neck, and forelimbs while the hind limbs are less severely
affected [19]. The course of the disease varies in different
mice and is also dependent on the genetic background [19,
24, 25]. Usually after a period of rapid deterioration up to
the third or fourth month of age, the progress of the disease
slows down. Some affected mice live for more than a year
in spite of muscle weakness and wasting. In other cases, the
disease causes a more extensive and severe muscle weakness
and is fatal by the third or fourth month [19].

Originally, the Wobbler mouse was considered as a good
model of motor neuron degeneration. However, this mouse
model does not develop a typical motor neuron disease. The
degeneration of motor neurons and the onset of astrogliosis
and microgliosis in the spinal cord seem to be preceded by
a more widespread neurodegeneration [26]. In addition, the
Wobbler mice also show impaired spermiogenesis [27].

The gene mutated in this autosomal recessive disease
model is VPS54 encoding a subunit of the Golgi-associated
retrograde protein (GARP) complex that is required for
tethering and fusion of endosome-derived transport vesicles
to the trans-Golgi network, and the mutation leads to an
amino acid replacement (Q967L) in the C-terminal domain
of the Vps54 protein [28] (Table 1).

2.2. Nmd Mouse Model. The “Neuromuscular degeneration”
(Nmd) mouse contains a spontaneous autosomal recessive
mutation that leads to neuromuscular degeneration [20].
These mice develop a progressive motor neuron disease in
which motor neuron loss causes muscle atrophy. Homozy-
gous Nmd mice become progressively paralyzed and rarely
survive longer than 4 weeks after birth.

A mutation that creates a cryptic donor splice site was
found in intron 4 of the gene encoding the immunoglobulin
μ-binding protein 2 (IGHMBP2) [47], that colocalizes with
the RNA-processing machinery. The consequence of this
mutation is that the majority of the Ighmbp2 transcripts are
aberrantly spliced and that a truncated Ighmbp2 protein is
formed. This mouse model became highly relevant after the
discovery of Ighmbp2 mutations in patients suffering from
spinal muscular atrophy with respiratory distress (SMARD)
type 1 [48]. SMARD is an autosomal recessive motor neuron
disease that affects infants. Patients present with respiratory

distress due to diaphragmatic paralysis and progressive
muscle weakness with predominant distal lower limb muscle
involvement (Table 1).

2.3. Pmn Mouse. The “Progressive motor neuronopathy”
(Pmn) mutant mouse develops hindlimb paralysis and
displays progressive degeneration of motor axons while the
cell bodies of the motor neurons in the ventral spinal cord
are unaffected [21]. The Pmn mice die in the early postnatal
period (6-7 weeks) [21]. The pathology in the Pmn mouse
is considered as a distal axonopathy, and as a consequence
the Pmn mouse may represent a good animal model of
hereditary motor neuropathies.

The underlying genetic cause of the disease in the Pmn
mouse is a point mutation in the TBCE gene on chromosome
13 [49]. The gene product is the tubulin-specific chaperone E
(Tbce) that has an effect on microtubule stability and/or on
the polymerization dynamics of microtubules. In humans,
a deletion in Tbce is responsible for hypoparathyroidism-
retardation dysmorphism syndrome (HRD or Sanjad-Sakati
syndrome, SSS) or autosomal recessive Kenny-Caffey syn-
drome (AR-KCS). Although neurological signs are part of
the HRD/SSS phenotype, this syndrome is clinically variable,
involves multiple tissues, and is quite different from the
disease observed in the Pmn mouse (Table 1).

2.4. Loa and Cra Mice. Two independent N-ethyl-N-
nitrosourea-(ENU) induced mutagenesis experiments gen-
erated the mutant mouse lines: “Legs at odd angles” (Loa)
[22] and “Cramping 1” (Cra) [23]. These mice manifest pro-
gressive motor neuron disorders and show remarkable sim-
ilarities to specific features of human pathology, including
Lewy body-like inclusions containing SOD1, neurofilaments
(NFs), and ubiquitin.

Two different point mutations in the gene encoding
dynein were found in the Loa and Cra mice [68]. In the Loa
mouse a mutation is present that changes phenylalanine to
tyrosine at position 580 (F580Y), while the Cra mutation
converts tyrosine 1055 to a cysteine (Y1055C). Dynein is a
motor protein that is involved in retrograde transport and
moves in the minus-end direction along microtubules. The
genetic cause and phenotype of the Loa and Cra mouse
models were often used as an argument in favor of the
hypothesis that disturbances in axonal transport lead to
selective motor neuron loss.

However, the validity of the Loa mouse as a model for
ALS was questioned by the observation that no selective loss
of motor neurons was detected [69]. In contrast, postnatal
loss of lumbar proprioceptive sensory axons, accompanied
by decreased excitatory glutamatergic input to motor neu-
rons, was observed [69]. It was suggested that this reduction
in glutamatergic input from lost proprioceptive sensory
axons is the underlying cause of the unexpected prolongation
of the life span of one of the mutant SOD1 mouse models
(see below) after crossbreeding with the Loa mice [70]. This
fits with the idea that excitotoxicity plays an important role
in the selective motor neuron death underlying ALS [71].

Also the Cra mice do not show motor neuron loss,
not even in aged animals [72]. In contrast, Cra mice



Journal of Biomedicine and Biotechnology 3

Table 1: Overview of spontaneous or induced mouse models showing motor neuron degeneration.

Name Mutated gene Gene product Inheritance Human disease Reference

Wobbler VPS54 Subunit of the GARP complex recessive NA [19]

Nmd IGHMBP2 Immunoglobulin μ-binding protein 2 recessive SMARD1 [20]

Pmn TBCE tubulin-specific chaperone E recessive motor neuropathy HRD/SSS [21]

Loa DYNC1H1 dynactin dominant sensory neuropathy [22]

Cra DYNC1H1 dynactin dominant sensory neuropathy [23]

SMARD: spinal muscular atrophy with respiratory distress, HRD: hypoparathyroidism-retardation dysmorphism syndrome, SSS: Sanjad-Sakati syndrome,
and NA: not available.

Table 2: Overview of transgenic rodent models for motor neuron degeneration (Mendelian and typical FALS).

Disease Gene product Inheritance Animal Genetic modification Reference

ALS1 Superoxide dismutase 1 Dominant Mouse genomic hSOD1 G37R [29]

genomic hSOD1 G85R [30]

genomic mSOD1 G86R [31]

genomic hSOD1 G93A [32]

genomic hSOD1 L126Z(stop) [33]

genomic hSOD1 L126delTT [34]

genomic hSOD1 Quad [35]

PrP; cDNA SOD1 G37R [35]

Thy-1; cDNA hSOD1 G93A [36]

Rat genomic hSOD1 H46R [37]

genomic hSOD1 G93A [37]

genomic hSOD1 G93A [38]

Dominant/recessive Mouse genomic hSOD1 D90A [39]

ALS6 FUS/TLS Dominant (recessive) Mouse FUS/TLS KO [40, 41]

ALS10 TDP-43 Dominant Mouse Prp; hTDP-43 A315T [42]

Thy-1; hTDP-43 WT [43]

PrP; hTDP-43 WT [44]

PrP; hTDP-43 A315T [44]

PrP; hTDP-43 M337V [44]

PrP; hTDP-43 WT [45]

Rat TRE; hTDP-43 M337V and WT [46]

hSOD1: human superoxide dismutase 1, mSOD1: mouse superoxide dismutase 1, FUS: fused in sarcoma, TLS: translocated in liposarcoma, KO: knockout,
PrP: prion promoter, TRE: tTA-activated promoter.

show a prominent degeneration of sensory neurons. As a
consequence, it was suggested that the Cra mice should be
considered as a model for sensory neuropathies rather than
for motor neuron disease (Table 1). In addition, a recent
study showed that the Cra mice also loose striatal neurons
supporting a role for dynein dysfunction in the pathogenesis
of neurodegenerative disorders of the basal ganglia such as
Perry syndrome and Huntington’s disease [73].

3. Rodent Models of Typical Mendelian FALS

3.1. ALS1: Superoxide Dismutase 1; 21q

3.1.1. Transgenic Mice. After the discovery of mutations in
the SOD1 gene, a transgenic mouse overexpressing mutant
(G93A) SOD1 was created by insertion of multiple copies
of human genomic SOD1 into the mouse genome [32].
These transgenic mice show progressive hind limb weakness

leading to paralysis and death and replicate in an almost
perfect way the disease process in patients. The moment
of disease onset and the life span of these mice are related
to the level of overexpression of mutant SOD1, while
overexpression of nonmutated SOD1 gives no phenotype.

In addition to the original mutant (G93A) SOD1 mice,
a large number of other transgenic mice that (over)express
human SOD1 containing other mutations (G37R, G85R
or D90A) or mutant (G86R) mouse SOD1 were created
(Table 2), and these mice show a similar phenotype as
the mutant (G93A) SOD1 mouse line [29–31, 39]. Also
transgenic mice overexpressing an SOD1 that was truncated
at the C-terminus show clear motor neuron degeneration
[33, 34].

The different mutant SOD1 mouse models have been
extensively studied and strongly indicate that mutant SOD1
causes selective motor neuron death by a “gain of function”
Moreover, these mice were used to study the pathogenic
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Table 3: Overview of transgenic mouse models for motor neuron degeneration (atypical or rare FALS and candidate genes).

Disease Gene product Inheritance Animal Genetic modification Reference

ALS2 Alsin Recessive Mouse KO (exon 3) [50]

KO (stop codon in exon 3) [51]

KO (exon 3 and 4) [52]

KO (exon 4) [53]

ALS8 VAPB Dominant Mouse PrP; VAPB P56S [54]

ALS Dynactin Dominant Mouse Knock-in G59S p150Glued [55]

Thy-1; G59 p150Glued [56, 57]

CMT2E/1F Neurofilament-L Dominant Mouse NF-L L394P [58]

NA Peripherin NA Mouse overexpression [59]

NA Vascular endothelial growth factor NA Mouse VEGFδ/δ [60]

FTDP-tau tau Dominant Mouse 4R human tau [61]

R406W human tau [62, 63]

P301L human tau [64]

G272V, P301S human tau [65]

V337M human tau [66]

P301S human tau [67]

PrP: prion promoter, CMT: Charcot-Marie-Tooth, FTDP: frontotemporal dementia with parkinsonism, and NA: not available.

changes occurring during the disease process, and they were
also crossbred with many other transgenic mice to get insight
about the pathogenic mechanism(s) involved. From one of
these crossbreedings, it was concluded that mutant SOD1-
mediated oxidative abnormalities are not the primary cause
of mutant SOD1 toxicity. SOD1 is an enzyme that requires
copper to catalyze the conversion of toxic superoxide radicals
into hydrogen peroxide and oxygen. Copper plays a crucial
role in the normal and/or aberrant enzymatic activity of
the enzyme, and copper loading of SOD1 is performed
by a specific copper chaperone (CCS). Crossbreeding of
transgenic mutant (G93A) SOD1 mice with knockout mice
lacking the CCS, does not influence the life span of mutant
(G93A) SOD1 mice [74]. Another argument that oxidative
stress induced by mutant SOD1 is not the initiating factor
is provided by the transgenic mice overexpressing mutant
SOD1 in which the histidines that bind copper are mutated
(SOD1-Quad). Two of these mutations are known human
mutations that cause ALS, and the SOD1-Quad mice develop
age-dependent motor neuron loss despite the lack of copper
binding by SOD1 [35].

The mutant SOD1 models were also used to clarify the
contribution of different cell types in the disease process.
Selective (over)expression of mutant SOD1 in motor neu-
rons [75] or in glial cells [76] is not sufficient to induce
a motor phenotype, indicating that an interplay between
different cell types is needed to get motor neuron death.
However, it is unclear whether mutant SOD1 is expressed to a
sufficiently high level in these transgenic mice. Other studies
reported that exclusive neuronal expression of mutant SOD1
can cause motor neuron degeneration [36, 77] and can also
lead to paralysis [36]. The involvement of nonneuronal cell
types in mutant SOD1-induced motor neuron death was
proven by using a transgenic mouse that contains a floxed
mutant (G37R) SOD1 gene. This gene can be excised in

different cell types by the action of Cre recombinase. Selective
reduction of the amount of mutant SOD1 in microglia and
peripheral macrophages has a dramatic effect and delays
significantly the progression of the disease [78]. Moreover,
reduction of mutant SOD1 expression in astrocytes also
affects disease progression. This selective silencing of mutant
SOD1 expression in astrocytes is obtained by crossbreeding
transgenic mice containing floxed mutant SOD1 with mice
expressing Cre driven by the glial fibrillary acidic protein
(GFAP) promoter [79]. In the mutant (G37R) SOD1, the
disease progression is significantly slowed, and the effect on
survival is comparable to that of the selective removal of
mutant (G37R) SOD1 from postnatal motor neurons [78,
79]. In mutant (G85R) SOD1 mice, the onset as well as the
early disease phase is affected indicating that different mutant
SOD1s may have different characteristics [80]. Altogether,
these data show that the expression of mutant SOD1 in
astrocytes and microglial cells has a negative effect on the
disease process. The complexity of the mutant SOD1 mouse
model is illustrated by the fact that selective removal of
mutant SOD1 in Schwann cells has a negative effect on
survival [81], while controversy exists on the role of (mutant)
SOD1 in muscle cells [82–84].

The mutant SOD1 mouse models were also extensively
used to test new therapeutic strategies. One famous example
is minocycline, a drug that inhibits microglial activation and
that shows a positive effect in three independent studies using
two different mutant SOD1 models [85–87]. However, the
subsequent clinical study was negative [88]. Because of this
and many other failures, the validity of the mutant SOD1
models were questioned [89]. However, there could be many
good reasons for the negative human clinical trials. First of
all, the differences in pharmacokinetics between mice and
humans are often largely neglected. In addition, it could
be that the effects observed in the mouse are small and
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can be missed in a clinically and genetically heterogeneous
human ALS population. One also has to realize that some
positive results in mice were obtained from underpowered
studies in which the treatment is started before disease onset
[89, 90], while human clinical trials are done with patients
already suffering from ALS. In order to circumvent these
problems, clear guidelines were formulated outlining the
standard operating procedures (SOPs) for preclinical animal
research [91]. Last but not least, it is also possible that mutant
SOD1 mice do not model sporadic ALS, but only represent
an animal model of familial ALS or even only of familial ALS
caused by mutations in SOD1 [89].

3.1.2. Transgenic Rats. Transgenic rats overexpressing
mutant (H46R and G93A) SOD1 were also created and
these animals also develop an age-dependent degeneration
of motor neurons leading to paralysis and death [37, 38].
The advantage of this larger rat model is that it allows
studies involving complex manipulations of the spinal fluid
and spinal cord (e.g., implantation of intrathecal catheters
for chronic therapeutic studies, sampling of cerebrospinal
fluid,. . .). A major difference between the rat and mouse
mutant SOD1 models is the more rapid progression of
the disease in rats which could be due to respiratory
insufficiency resulting from the degeneration of respiratory
motor neurons [92]. In addition, part of the transgenic rats
show weakness in the forelimbs as first clinical sign [38], a
phenotype that becomes more pronounced after chronic
stimulation of the phrenic nerve [93].

3.2. ALS6: FUS/TLS; 16p11. Recently, two studies reported
the discovery of mutations in FUS (fused in sarcoma)/TLS
(translocated in liposarcoma) as a new genetic cause of ALS
in Cape Verde, the USA, Australia and the UK [10, 11]. The
FUS/TLS gene is located in a region on chromosome 16
previously associated with ALS6 [94]. FUS/TLS mutations
were also found in other populations in Europe and the US
and it is estimated that FUS/TLS mutations are the cause
of familial ALS in 4%-5% of cases. FUS/TLS linked ALS
is a dominant disease, except in the original Cape Verdean
family in which the FUS mutation is recessive [10]. Although
in-frame deletions and insertions have been reported, most
mutations are missense, and the majority is located in the last
exon.

The FUS/TLS protein is involved in RNA metabolism
and regulation of transcription. FUS/TLS knockout mice die
immediately after birth [40] or are rarely alive at weaning
[41] (Table 2). In an outbred strain, FUS/TLS knock out
mice survive but show male sterility and reduced fertility of
females [41]. Neurons deficient for FUS/TLS show abnormal
spine morphology and lower spine density [95]. No loss of
motor neurons and/or a motor phenotype were reported
indicating that mutant FUS/TLS induces the disease by
a “gain-of-function” mechanism. Currently, no transgenic
mice and/or rats are available that (over)express mutant
and/or wild type FUS/TLS.

3.3. ALS10: TDP-43; 1p36. Transactivation response DNA-
binding protein with molecular weight 43 kD (TDP-43)

was first identified as one of the major constituents of the
intraneuronal inclusions observed in ALS and frontotem-
poral lobar degeneration with ubiquitin-positive inclusions
(FTLD-U) [96]. Subsequently, mutations in the TARDBP
gene encoding TDP-43 were identified in patients with
familial ALS [5–9]. The mutations found in the TARDBP
gene are missense mutations and are almost exclusively
located in the C-terminal part of the protein [97]. TARDBP
mutations are rare and account for less than 5% of familial
ALS.

TDP-43 has two RNA binding domains and a glycine-
rich domain in the C-terminal part, with which it binds to
various heterogeneous nuclear nucleoproteins (hnRNPs). It
is more abundantly present in the nucleus than in the cyto-
plasm. Although the exact role of TDP-43 is incompletely
understood, it is thought to play a role in RNA processing,
stabilisation, and transport [98, 99].

Transgenic mice were created by overexpression of
mutant (A315T) TDP-43 under the control of the mouse
prion promoter [42]. These transgenic mice are born at
normal Mendelian ratios, have the same weight as non-
transgenic littermates, and appear normal up to 3 months
of age [42]. From that moment on, the transgenic mice
develop gait abnormalities, begin to lose weight, and
develop a “swimming” gait. The life span of the animals
is approximately 5 months. These transgenic animals show
degeneration of motor neurons and of layer 5 pyramidal
neurons in the frontal cortex. The degenerating neurons
contain ubiquitinated aggregates, negative for (mutant)
TDP-43. The authors were not able to create wild-type TDP-
43 overexpressing mice and as a consequence the question
remained whether these findings are the result of the TDP-43
mutation or of the overexpression of TDP-43.

The latter seems to be the case as overexpression of
human wild-type TDP-43 driven by the Thy-1 promotor
also results in toxicity. These transgenic mice develop gait
abnormalities and show degeneration of motor neurons and
neurons in layer 5 of the frontal cortex [43]. In addition,
nuclear and cytoplasmic aggregates of ubiquitinated and
phosphorylated TDP-43 are clearly present [43]. A number
of recent studies confirm these findings in transgenic mice
that overexpress wild-type TDP-43 under the control of the
prion promoter [44, 45] (Table 2). Altogether, these data
indicate that it is the overexpression of TDP-43 that is toxic.

In addition to the different mouse models, a conditional
rat model was created in which wild-type TDP-43 or mutant
(M337V) TDP-43 is expressed under the control of a
promoter that can be silenced by treating the transgenic
rats with doxycycline [46] (Table 2). While constitutive or
early embryonic expression of the mutant (M337V) TDP-
43 transgene causes embryonic death, postnatal expression
of the transgene induces paralysis and death. The severity
of the phenotype differs between the different lines and
relates to the copy number of the transgene. In contrast,
wild-type TDP-43 overexpression does not lead to a disease
phenotype despite the fact that the transgene is expressed
at a comparable level, indicating that the phenotype is
due to mutations in TDP-43 and not to overexpression of
TDP-43 [46]. The mutant (M337V) TDP-43 transgenic rats
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show neuronal degeneration, initially of motor neurons but
in a later disease state also of cortical, hippocampal, and
cerebellar neurons [46]. Also in the rat model, ubiquitinated
TDP-43 inclusions are scarce indicating that this rat model
does not replicate all the pathogenic features observed in ALS
patients. Most likely, a more sophisticated approach such as
a “knock-out/knock-in” mouse will be necessary to solve this
problem and to obtain a good mutant TDP-43 related rodent
model of ALS.

4. Rodent Models of Atypical or
Rare Mendelian FALS

4.1. ALS2: Alsin; 2q33. ALS2 is a rare autosomal, recessive
form of ALS that is characterized by a juvenile onset of
progressive spasticity in the limbs, facial, and pharyngeal
muscles. In families of Arabic origin, mutations in the ALS2
gene on chromosome 2 were discovered [12]. At present, at
least 11 different mutations in the ALS2 gene were reported
leading either to ALS, or to primary lateral sclerosis (PLS),
or to infantile onset ascending hereditary spastic paraplegia
(IAHSP) with only upper motor neurons involved (for
a review see [1]). All patients are homozygous for the
mutant gene, and all reported mutations lead to premature
termination of the transcript and as a consequence to a
truncated protein.

Several groups generated an alsin knockout mouse [50–
53] (Table 3), but these mice had no clear motor phenotype.
Primary motor neuron cultures from the first line of alsin
knockout mice are more susceptible to oxidative stress
[50]. The second transgenic mouse model shows an age-
dependent, slowly progressive loss of cerebellar Purkinje
cells and a disturbance of spinal motor neurons associated
with astrocytosis and microglial cell activation, indicating a
subclinical dysfunction of the motor system [51]. The third
mouse model shows a mild, age-independent hypoactivity
and smaller cortical motor neurons. In addition, distur-
bances in endosomal transport were reported [52]. The
fourth transgenic model shows slowed movement without
muscle weakness and progressive axonal degeneration in the
lateral spinal cord [53]. From all these observations, it can be
concluded that knocking out alsin in mouse is insufficient to
cause major motor deficits, while subtle behavioral changes
and a clear loss in cerebellar Purkinje cells are present.

4.2. ALS8: VAPB; 20q13. A missense mutation in the VAPB
gene was found in a Brazilian family [15], and this mutation
results in different clinical manifestations including late-
onset spinal muscular atrophy and late-onset atypical ALS
with slow progression. To date, there are 8 families of
which 7 are of Portuguese-Brazilian and one is of African-
Brazilian origin. Both wild-type and mutant VAPB, were
overexpressed in neurons. Recently, transgenic mice were
created that express either wild-type VAPB or mutant (P56S)
VAPB in the nervous system using a modified prion pro-
moter [54]. These mice develop no overt motor phenotype
and show no alterations in survival. Interestingly, mutant
(P56S) VAPB overexpressing mice show cytoplasmic TDP-43
accumulations in the motor neurons of the spinal cord [54].

4.3. Dynactin; 2p13. A G59S mutation located in the
microtubule-binding domain of dynactin p150Glued was
described as the cause of an autosomal dominant, late-
onset motor neuron disease in a large family of European
descent [18]. Initial in vitro microtubule binding studies
indicated that mutant p150Glued exhibit a reduced binding
efficiency to microtubules [18], which is consistent with
a “loss-of-function.” In addition, cell culture experiments
demonstrated that mutant G59S p150Glued perturbs dyn-
actin function and causes protein aggregation [100]. More
recently, a number of mouse models were created from which
it can be concluded that motor neuron loss is caused by
a dominant negative mechanism [55, 56]. Lai et al. (2007)
generated a mutant G59S p150Glued knock-in mouse. Early
embryonic lethality is observed in the mutant G59S p150Glued

homozygous knock-in mice, while the heterozygous mutant
G59S p150Glued mice start to display a motor neuron disease-
like phenotype at 10 months of age. This is accompanied by
excessive accumulation of cytoskeletal and synaptic vesicle
proteins at the neuromuscular junctions, loss of spinal
motor neurons, increase of astrogliosis, and shortening of
gait [55]. Laird et al. (2008) and Chevalier-Larsen et al.
(2008) constructed transgenic mice that overexpress mutant
G59S p150Glued under the control of the neuron-specific
Thy-1 promoter [56, 57]. These mice also display a motor
phenotype resulting in muscle weakness, paralysis, and/or
death (Table 3).

5. Rodent Models Based on Candidate Genes

5.1. Neurofilaments and Peripherin. Neurofilaments (NFs)
are the most abundant intermediate filaments in neurons
and consist of three subunits: NF-L, NF-M, and NF-H.
NF accumulations are found in both familial and sporadic
ALS cases [101, 102]. In a limited number of ALS patients,
mutations in the KSP phosphorylation domain seem to be
present [103]. Over the years, a large number of transgenic
mice with modifications related to NFs were made in
an attempt to determine the role of these intermediate
filaments in the pathology of motor neurons (for a review see
[104]).

Knockout mice for these different subunits alone or
double transgenic mice deficient in two NF subunits do not
show a clear phenotype, although some of these mice show
a loss of motor axons. Also overexpression of the different
NF subunits does not induce motor neuron death. In some
of these transgenic mice NF accumulations in neuronal cell
bodies were found, but this does not induce motor neuron
death. However, NF abnormalities can induce selective
motor neuron death in vivo as indicated by a transgenic
mouse expressing a mutant NF-L. In these mice, leucine at
position 394 was mutated into a proline, and this causes
a dominant motor neuron disease [58]. These transgenic
mice show massive, selective degeneration of motor neurons
accompanied by accumulations of NFs, although no effect on
the life span of these mice was reported. This mouse model
is very interesting and relevant as NF-L mutations are the
cause of a dominantly inherited motor neuropathy: Charcot-
Marie-Tooth disease, type 2E [105].
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More recently and because of the proposed role of
RNA metabolism in the pathogenesis of ALS, a transgenic
mouse overexpressing the 3′-UTR of NF-L received renewed
interest [106]. This transgenic mouse presents with neuronal
aggregates, astrocytosis, and impaired motor function [107].
As the endogenous level of NF-L protein is normal, it is
suggested that sequences in the 3′-UTR of NF-L bind trans-
acting factors that are essential for a normal motor neuron
function [106].

A frameshift deletion and a mutation in the peripherin
gene encoding another intermediate filament protein were
discovered in ALS patients [108, 109]. Peripherin is mostly
expressed in the peripheral nervous system and is upreg-
ulated both in the peripheral and central nervous system
after injury and by inflammatory cytokines. Transgenic
mice that overexpress wild-type peripherin develop motor
dysfunctions very late in their life (after 2 years). This
phenotype is accompanied by the loss of motor axons and by
the appearance of peripherin inclusion bodies in the motor
neurons. The onset of motor dysfunction and axonal loss is
dramatically accelerated by the absence of NF-L, as revealed
by crossbreeding of peripherin overexpressing mice with NF-
L knockout mice. These double transgenic mice also show a
dramatic loss of motor neurons [59].

5.2. Growth Factors. Survival of motor neurons is depen-
dent on the presence of growth factors. Absence of these
neurotrophic factors can cause motor neuron death, as is
illustrated by the phenotype of the transgenic mice in which
the gene for ciliary neurotrophic factor (CNTF) is deleted
[110]. CNTF is a cytosolic protein, expressed at high levels
in myelinating Schwann cells, promoting survival of motor
neurons in vitro. These knockout mice have no phenotype
during the postnatal weeks, but develop atrophy and loss of
motor neurons with aging [110].

Another example of motor neuron death induced by
insufficient growth factors is the VEGFδ/δ transgenic mouse.
This mouse model was created by deleting the hypoxia-
response element (HRE) in the promoter region of the gene
encoding VEGF. This modification induces an adult-onset,
slowly progressive motor neuron loss leading to muscle
atrophy and a motor phenotype [60]. Despite the fact that
the VEGFδ/δ mice show clear motor neuron loss and muscle
atrophy, these animals do not become paralyzed and have a
normal life span.

5.3. Tau. Manipulations involving the gene encoding the
microtubule-associated protein, tau, also resulted in a num-
ber of mouse models showing a clear motor phenotype. Tau
is an axonal phosphoprotein that establishes short cross-
bridges between axonal microtubules and, thereby, supports
intracellular trafficking, including axonal transport. In neu-
rons affected by a tauopathy, tau is hyperphosphorylated
and is located not only in axons but also in cell bodies and
dendrites. Tau is the major component of the intracellular
filamentous deposits found in a number of neurodegenera-
tive diseases including Alzheimer’s disease, while mutations
in tau are associated with frontotemporal dementia with

parkinsonism (FTDP) (for a review see [111]). Several tau
transgenic mice show a progressive motor phenotype with
muscle atrophy. Overexpression of mutant tau also induces
age-dependent accumulation of insoluble filamentous tau
aggregates in neuronal perikarya of spinal cord, a motor
phenotype and a reduced life span [61–67] (Table 3). Despite
these motor phenotypes, evidence is lacking that tau plays a
role in the pathogenesis of ALS [112].

6. Conclusions

For more than a decade, the mutant SOD1 mice and rats
have been the prototype of an ideal model to study (selective)
motor neuron death, the hallmark of ALS. However, the
major frustration is that this almost perfect model did not
lead to a major breakthrough on the therapeutic level. All
positive therapeutic interventions in this model failed in
subsequent human clinical trials. As a consequence, the
ALS field is eagerly awaiting new rodent models that are
generated starting from other mutated genes. Until recently,
these attempts were based on genetic defects causing atypical
or very rare forms of familial ALS. Since the discovery of
mutations in the genes encoding TDP-43 and FUS/TLS, hope
arises that (over) expression of these mutated genes will lead
to the generation of new ALS models. Despite a large number
of attempts, the rodent models based on (mutant) TDP-43
are not yet perfect. These models lack specificity in relation
to the mutation and/or the cell type affected. The value of
the rodent models that are the result of modification of
genes that unexpectedly cause a motor neuron phenotype
is unclear. In the best case, these models point to a new
pathogenic mechanism. None of these models is currently
used for routine drug screening.

In conclusion, the mutant SOD1 rodent models remains
the best models currently available to study the pathogenesis
of ALS and to test new therapies, although the question
remains how representative this model is for human sporadic
and familial ALS. As a consequence, searching for more
and better rodent models based on mutations in new genes
remains an important challenge in the ALS field.
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Amyotrophic lateral sclerosis (ALS) is the most frequent adult-onset motor neuron disease. Approximately 20% cases of familial
ALS show the mutation in the superoxide dismutase-1 (SOD1) gene. We previously demonstrated that homologue to E6AP
carboxyl terminus- (HECT-) type ubiquitin protein E3 ligase (NEDL1) physically bind to mutated SOD1 protein but not wild-
type SOD1 and promote the degradation of mutated SOD1 protein through ubiquitin-mediated proteasome pathway. To further
understand the role of NEDL1 involved in the pathogenesis of familial ALS, we generated transgenic mice with human NEDL1
cDNA. The transgenic mice with human NEDL1 expression showed motor dysfunctions in rotarod, hanging wire, and footprint
pattern examination. Histological studies indicated degeneration of neurons in the lumbar spinal cord and muscle atrophy. The
number of activated microglia in the spinal cord of transgenic mice was significantly higher than that of wild-type mice, suggesting
that inflammation might be observed in the spinal cord of transgenic mice. In conclusion, these findings suggest that the human
NEDL1 transgenic mice might develop ALS-like symptoms, showing signs of motor abnormalities, accompanied with significant
reduction in muscle strength.

1. Introduction

Amyotrophic lateral sclerosis (ALS) is an adult-onset motor
neuron disease is characterized by selective degeneration of
motor neurons in the brain and spinal cord, resulting in
progressive paralysis of limb, facial, and respiratory muscles
and death within few years [1, 2]. However, the precise
mechanisms underlying the selective loss of motor neurons
remain elusive. The pathological hallmarks of ALS are the
atrophy of dying motor neurons and the accumulation of the
Lewy body-like inclusions [3] and Skein-like inclusions [4]
in the degenerated motor neurons which is surrounded by
reactive astrocytes [5] and microglia [6].

The exact composition of such inclusions is incompletely
understood, although the protein identified so far includes
ubiquitin [7], Cu/Zn superoxide dismutase 1 (SOD1) [8],
Dorfin (a RING-finger-type E3 ubiquitin ligase) [9], and
NEDL1 (NEDD4-like ubiquitin protein ligase-1), which has

been identified as a novel gene expressed significantly at
high levels in favorable neuroblastoma relative to unfavorable
ones [10]. NEDL1 encodes HECT-type E3 ubiquitin ligase
and is detected specifically in human neuronal tissues,
suggesting that NEDL1 might be involved in the regulation
of the spontaneous regression of favorable neuroblastomas
caused by apoptosis and/or neuronal differentiation [10].
Interestingly, NEDL1 binds to mutant SOD1 and promotes
degradation of mutated SOD1 protein. The property of
NEDL1 protein is also affected by binding with mutated
SOD1 protein [10]. The biological role of NEDL1 involved
in the pathogenesis of ALS is incompletely understood.

Therefore, we generated the human NEDL1 transgenic
(hNEDL1-Tg) mice and studied the several behavioral
batteries of test including hanging wire test, rotarod test,
and foot print test. Here, we found that the hNEDL1-Tg
mice exhibited decreased locomotor activity compared with
wild-type mice and developed ALS-like symptoms, including
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Figure 1: Characterization of CAG/hNEDL1 transgenic mice. (a) Schematic representation of CAG/hNEDL1 construction, in which CAG
promoter contains the cytomegalovirus enhancer and a chicken β-actin promoter and intron. (b) Semiquantitative RT-PCR analyses of the
RNA samples extracted from liver, skeletal muscle, kidney, and brain of both wild-type and transgenic mice were carried out and GAPDH was
used as control in this test. (c) Western blotting analyses of human hNEDL1 protein in different tissues of both wild-type and hNEDL1-Tg
mice were carried out and β-actin was used as loading control.

motor neuron degeneration, decreased axon, and microglia
activation in the lumbar spinal cord and muscle weakness.

2. Materials and Methods

2.1. Generation of hNEDL1-Tg Mice. The plasmid that
contained the human NEDL1 cDNA was generated by PCR,
and the accession number of human NEDL1 nucleotide
sequence is NM 015052 in Genbank/EBI Data Bank [10].
The NEDL1 cDNA with Kozak sequence that was subcloned
into the pCAGGS expression vector [11] contained the
regulatory elements of the CAG promoter and linearized
SalI and BamHI sites (Figure 1(a)). Transgenic mice were
generated by pronuclear injection of the purified DNA
fragment (3 ng/μL) into fertilized eggs obtained from
intercrosses between C57BL/6J (CLEA, JAPAN) [12]. The
injected eggs were transferred to pseudopregnant recipients.
This resulted in 4 transgenic lines identified by PCR and
each progeny was analyzed for the hNEDL1 expression by
semiquantitative RT-PCR and Western blotting analyses. A
transgenic line which showed the strongest expression level
of hNEDL1 was used in this study. The mice were housed in

a temperature- (24 ± 2◦C) and humidity- (40%−60%)
controlled room with a 12 : 12 hr light-dark cycle. All
experiments using the mice were performed according to
the guidelines for Animal Experimentation, Chiba Cancer
Center, and Chiba University.

2.2. RNA Preparation and RT-PCR Analysis. RNA was
extracted from different organs of wild-type and hNEDL1-
Tg mice by using RNeasy Fibrous Tissue Mini Kits (Qiagen,
Valencia, CA, USA) according to the manufacturer’s pro-
tocol; cDNA was generated from 1 μg of total RNA using
random primers and SuperScript II reverse transcriptase
(Invitrogen, Carlsbad, CA, USA). PCR was performed
using the cDNA as template with the following primers:
hNEDL1 forward, 5′-TATCAGAAGGTGGTGGCTGGTGT-
GG-3′, and reverse 5′-TATGACTGGGAGTAGTCAGG-
AGAGG-3′; mouse GAPDH forward, 5′-ATCTTCTTGTG-
CAGTGCCAG-3′ and reverse 5′-GAGATGATGACCCG-
TTTGGC-3′. PCR products were separated by 2% agarose
gel electrophoresis and visualized by ethidium bromide
staining.



Journal of Biomedicine and Biotechnology 3

Locomotion

120110100908070605040302010

Time (min)

0

1000

2000

3000

4000

5000

6000

Lo
co

m
ot

io
n

(c
ou

n
ts

/1
0

m
in

) ∗

∗∗
∗

∗ ∗
∗ ∗

(a)

Rotarod

159876

(month)

0

25

50

75

100

125

150

175

200

225

250

275

300

L
at

en
cy

to
fa

ll
(s

ec
)

∗∗
∗

∗∗

∗

WT
hNEDL1-Tg

(b)

Figure 2: Overexpression of hNEDL1 affected the locomotion and rotarod performance. (a) Behavior (locomotion) in the mice was evaluated;
each value (counts per 10 min) is the mean ± SEM (n = 11 ∼ 12; ∗P < .05; ∗∗P < .01). (b) The rotarod performance of wild-type (white
bar: n = 12) and hNEDL1-Tg mice (black bar: n = 11) from the age of six mounths to fifteen months. Data are mean ± SEM ( ∗P < .05;
∗∗P < .01).
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Figure 3: Overexpression of hNEDL1 affected the hanging wire and foot print performances. (a) The hanging wire performance of wild-type
(white bar: n = 12) and hNEDL1-Tg mice (black bar: n = 11) from the age of six to fifteen months. Data are mean ± SEM (∗P < .05;
∗∗P < .01). (b) The distance between forepaw/hindpaw placements in each stride was recorded and analyzed in the wild type (white bar:
n = 12) and hNEDL1-Tg mice (black bar: n = 11) from the age of six to fifteen months. Data are mean ± SEM (∗P < .05; ∗∗P < .01).
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Figure 4: Overexpression of hNEDL1 induced neuron degeneration in lumbar spinal cord and skeletal muscle atrophy. Bodian -stained section
of frontal cortex, hippocampus, striatum (bar = 50 μm), and lumbar spinal cord (bar = 20 μm). Degenerated motor neurons and decreased
axon are observed in the lumbar spinal cord in the hNEDL1-Tg mouse. The numbers of motor neuron in the total motor neuron and in the
degenerated motor neuron from wild-type mice (white bar: n = 12) and hNEDL1-Tg mice (black bar: n = 11) from the age of six to fifteen
months were shown. Data are mean ± SEM ( ∗P < .05).

2.3. Protein Extraction and Western Blot Analysis. Protein
was extracted from different organs of wild-type and
NEDL1-Tg mice, respectively. The extraction was performed
in lysis buffer (25 mM Tris-HCl, pH 7.5, 137 mM NaCl,
2.7 mM KCl, 1% Triton X-100, 1 mM PMSF, and protease
inhibitor cocktail) (Roche Diagnostics, Mannheim, Ger-
many). Equal amounts of protein were separated in SDS-
polyacrilamide gel and transferred onto PVDF membrane
(Millipore Corporation, Bedford, MA, USA). The membrane
was incubated with rabbit polyclonal anti-human-NEDL1
antibodies (raised against C-terminal 17 amino acids of
human NEDL1: SWKPEQLGEGSVPDRPG) (MBL, Japan)
or with rabbit polyclonal anti β-actin antibodies (20−33)
(Sigma, St. Louis, MO, USA), followed by incubation
with the HRP-conjugated secondary antibodies (Jackson
ImmunoResearch Laboratories, West Grove, PA, USA),
respectively. Indicated proteins were visualized by using ECL
system (Amersham Biosciences, Piscataway, NJ, USA).

2.4. Locomotion Test. Locomotor activity was measured
using an animal movement analysis system (SCANET SV-10,

Melquest, Toyama, Japan), as reported previously [13]. The
system consisted of a rectangular enclosure (480−300 mm).
The side walls (height: 60 mm) of the enclosure were
equipped with 144 pairs of photosensors located at 5 mm
intervals at a height of 30 mm from the bottom edge. A pair
of photosensors was scanned every 0.1 s to detect the animal’s
movements. The intersection of paired photosensors (10 mm
apart) in the enclosure was counted as one unit of locomotor
activity. Data collected for 120 min were used in this study.

2.5. Rotarod Test. Motor function and skeletal functional
performance were assessed by using rotarod (MK-610A,
Muromachi Kikai, Tokyo, Japan). Eleven male hNEDL1-Tg
and twelve wild-type mice, respectively, were tested during
the age of six to fifteen months old. Each animal was
given 10-minute training before the testing. After getting
acquainted to the apparatus, animals were placed onto the
apparatus at a constant speed of 20 r.p.m. (rotating cylinder
was 3.0 cm in diameter). The time which an animal could
remain on the rotating rod was recorded in three consecutive
attempts; 300 seconds was chosen as the arbitrary cutoff
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Figure 5: Overexpression of hNEDL1 induced neuron degeneration in lumbar spinal cord and skeletal muscle atrophy. (a) Haematoxylin and
eosin-stained section of skeletal muscle from 6-month-old wild-type and hNEDL1-Tg mice (bar = 100 μm). Muscle atrophy is observed
in the hNEDL1-Tg mouse. (b) Immunochemistry study, by using Iba-1 antibody, represented the microglia cells in spinal cord tissue. The
numbers of total microglia cells and the activated microglia cells, which were judged by the morphologic change, were counted.

time. The average time of the three trials was calculated and
analyzed.

2.6. Hanging Wire Test. This task was used as a measure
of muscular strength and motor neuron integrity. Mice
utilized their forelimbs to suspend their body weight on a
wire stretched between two posts 60 cm and 20 cm above
a foam pillow. The time (in seconds) until the mouse fell
was recorded. A score of zero was assigned if the mouse fell
immediately and 60 seconds was the timeout period. Three
trials were performed for each mouse before the testing day.

2.7. Footprint Test. The limb paws of six-month-old mice
were inked with black (forelimb) and blue ink (hind limb),
and mice were allowed to walk over a white paper strip in a
straight-alley runway (50 cm long) to an enclosed goal box.
Tracks were collected, and the fore- and hind limbs stride
length was calculated and analyzed.

2.8. Histological Analysis. Six-month-old wild-type and
hNEDL1-Tg mice were sacrificed. The segments of skeletal
muscles were taken from hind legs of both wild-type and
hNEDL1-Tg mice, fixed with 10% formalin, and embedded
in paraffin blocks. The 7 μm sections were stained for
hematoxylin and eosin. For neuron quantification, brain
and spinal cord were isolated from mouse, fixed with 10%
formalin, and embedded in paraffin blocks. The paraffin
blocks were sliced into 6 μm sections, and Bodian staining
was performed. The numbers of motor neuron in the total
motor neuron and in the degenerated motor neuron from
wild-type mice and hNEDL1-Tg mice were measured.

2.9. Immunohistochemsitry. Isolated spinal cord was embed-
ded in Tissue-Tek O.C.T Compound (4583, Sakura Finetek

Japan Co., Ltd., Tokyo, Japan) and frozen in −80 degree.
The frozen spinal cord tissue was sliced into 15 μm sections,
and the sections were incubated 1-2 h with primary antibody
rabbit anti-Iba-1 (Cat no. 019-19741, Wako Pure Chemical
Industries, Ltd., Osaka, Japan) at room temperature, fol-
lowed by processing the avidin-biotin-peroxidase method
(Vectastain Elite ABC, Vector Laboratories, Inc., Burlingame,
CA, USA), as described previously [13, 14].

2.10. Statistical Analysis. Data were expressed as means ±
S.E.M. Statistical analysis was performed using one-way
analysis or two-way analysis of variance (ANOVA). P-values
less than .05 were considered statistically significant.

3. Results

3.1. Expression Level of hNEDL1 in Different Organic Tissue
in NEDL1-Tg Mouse. To understand the role of NEDL1
involved in pathogenesis of familial ALS, we generated
transgenic mice with the human NEDL1 cDNA driven by
CAG promoter that combines the cytomegalovirus enhancer
and a chicken β-actin promoter and intron (Figure 1(a)).
The CAG promoter is a very strong and ubiquitous promoter,
and allows expressing foreign genes at high levels in vivo
[11]. We obtained four independent hNEDL1-Tg mice lines
and confirmed the hNEDL1 expression in each line (data
not shown), and the hNEDL1-Tg mouse line that showed
the strongest expression level of hNEDL1 was used in
this study. The expression of hNEDL1 in different organic
tissue was examined by RT-PCR and Western blotting
analysis. Although the hNEDL1 expression was confirmed
in all tissues, a slightly higher expression of hNEDL1 was
confirmed in brain and skeletal muscle (Figures 1(b) and
1(c)).
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3.2. Expression of hNEDL1 Alters the Functional Performance
of Skeletal Muscle. Since being five months old, spontaneous
locomotor activity of the hNEDL1-Tg mice was significantly
lower than that of wild-type mice (Figure 2(a)). Then, we
assessed the motor neuron function and the performance
of skeletal muscle by rotarod test, hanging wire test, and
foot print test. As shown in the figures (Figures 2(b) and
3(a)), there are significant differences between hNEDL1-Tg
mice and wild-type mice in the rotarod test (F (1, 21) =
25.392; P < .001) and hanging wire task (F (1, 21) = 41.173;
P < .001), during the age from six months to fifteen months.
The footprint test proved an eloquent method of quantifying
the motor function; the stride length in the hNEDL1-Tg mice
was shortened about 2 cm compared with that in the wild-
type mice (Figure 3(b)).

3.3. Motor Neuron Degeneration and Muscular Atrophy
Occurred in the Human NEDL1 Transgenic Mouse. Histo-
logical study showed that there is no degenerated neuron
(Figure 4) nor activated microglia (data not shown) in the
frontal cortex, striatum, and hippocampus of six-month-old
hNEDL1-Tg mice. However, the degenerated motor neurons
and decreased axon were clearly shown in the lumbar
spinal cord, compared to these of the age-matched wild-type
mouse (Figure 4). In addition, significant muscle atrophy
was observed in the hNEDL1-Tg mouse (Figure 5(a)).

Immunohistochemsitry study using Iba-1 antibody
showed the detection of microglia in spinal cord. There is
no change of the number of Iba-1 immunoreactive cells
(microglia cells) in both hNEDL1 transgenic mice and wild-
type mice (Figure 5(b)). However, the number of activated
microglia in the hNEDL1 transgenic mice was significantly
higher than that of wild-type mice, suggesting that microglia
activation (e.g., inflammation) might occur in the lumbar
spinal cord of hNEDL1 transgenic mice (Figure 5(b)).

4. Discussion

In this paper study, we found that the hNEDL1 might
be involved in pathology of ALS-like symptoms, such as
motor neuron degeneration, decreased axon length, and
skeletal muscle atrophy. In the hNEDL1-Tg mice, hNEDL1
is overexpressed ubiquitously in vivo since the promoter
used in this study is the CAG promoter [11]. In fact, the
expression of the hNEDL1 was observed not only in the
central nervous system and muscle but also in the kidney
and liver. Nevertheless, it should be noted that the phenotype
of the hNEDL1-Tg mice has only been detected in muscular
and nervous system.

There is increasing evidence for the ubiquitin-mediated
proteasome pathway involvement in pathogenesis of neu-
rodegenerative disease, including ALS, Parkinson’s disease,
and Huntington’s disease. These diseases are associated
with degeneration of specific neuronal populations due to
misfolding or aggregation of certain proteins [12]. These
aggregates are always ubiquitin-positive and insoluble pres-
ence in the Lewy-like inclusion body [15, 16]. Generally, the
inclusion bodies consist of ubiquitinated polypeptides that

fail to be destroyed by the 26S proteasome, and the apparent
stability may be due to decreased levels of 26S proteasomal
activity, which is associated with increasing age [17] or
mutated SOD1 [18]. Ubiquitin-protein ligases E3 are to
particular importance of the protein quality control system,
since they determine the targeting protein specifically.

Recently, immunohistochemical analysis revealed that
the NEDL1 and dorfin serve as E3 ligases, localized within
the Lewy-like inclusion body in the spinal cord of ALS
patients and mutated SOD1 transgenic mice [9, 10]. They
specifically interacted with mutated SOD1, but not the wild
type SOD1, and promoted degradation of the mutant SOD1,
protected neuronal cells from the toxicity caused by mutant
SOD1 [9, 10], suggesting the potential role of NEDL1 as
a modifier for familial ALS. Surprisingly, in this study, we
found that overexpression of hNEDL1 in Tg mice caused the
neuron degeneration, neural axon decrease, and microglia
activation in the lumbar spinal cord. Loss of the neuron
and activation of microglia in the central neuron system,
which is a common feature of neurodegenerative disease,
were not observed in the brain tissue, but in the spinal cord of
the hNEDL1-Tg mice. Mutant SOD1 physically binds to the
NEDL1 and causes the conformational changes of NEDL1
protein, increasing binding intensity to Dvl 1. That results
in degradation of Dvl 1 and decrease of phosphorylated c-
Jun in the downstream [10]. The abnormality of the NEDL1
E3 ligase activity is responsive for the neuron death in the
spinal cord of the mutant SOD1-Tg mouse, and is also the
considerable reason in the case of hNEDL1-Tg mice. It is
likely that muscular atrophy that occurred in the hNEDL1
transgenic mice may be the consequence of the neuron death
in the spinal cord or the extra NEDL1 expression in the
muscle tissues, like that atrogin-1 (MAFbx), a ubiquitin
ligase is necessary for rapid muscular atrophy [19].

Accumulating evidence suggests that microglial neuro
inflammation plays a role in the pathogenesis of ALS [20–
23]. A recent study suggests that the early activity of
microglia is involved in the early phase of motor neuron
degeneration of human mutant SOD1 murine transgenic
model of ALS [23]. In this study, we found that microglial
activation might have occurred in the lumbar spinal cord of
hNEDL1 mice, suggesting that microglial activation may be
involved in the behavioral abnormalities of hNEDL1 mice.
It has been reported that the second-generation antibiotic
drug minocycline, a potent inhibitor of microglial activation,
slows disease progression in a mouse model of ALS [24,
25] and that minocycline attenuates microglial activation
by abused drugs [13, 14]. A number of trophic factors,
antiinflammatory agents and inhibitors of oxidative stress
have been reported to prolong survival in mouse models of
ALS and some are now in clinical trials [26, 27]. Therefore,
it may be of interest to examine the effects of minocycline in
the behavioral abnormalities of hNEDL1 transgenic mice.

In conclusion, this study suggests that overexpression of
hNEDL1 might be implicated in the degeneration of motor
neuron in lumbar spinal cord although a further detailed
study underlying the role of the NEDL1 in the pathogenesis
of familial ALS should be necessary. Furthermore, the
elucidation of the mechanisms underlying motor neuron
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pathology in hNEDL1 transgenic mice shed light on the early
pathological events of familial ALS and might then open
avenues for potential therapeutic targets in ALS and other
motor neuron neurodegenerative disorders.
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PIR-B, an inhibitory receptor expressed on murine B cells and myeloid cells, regulates humoral and cellular immune responses
via its constitutive binding to the ligand, MHC class I molecules, on the same cells (cis) or on different cells (trans). Although it
has been speculated that PIR-B is important for maintaining peripheral tolerance, PIR-B single deficiency does not cause overt
autoimmune diseases. Recently, however, the combination of its deficiency with the Fas lpr mutation was found to result in
augmented production of autoantibodies such as IgG rheumatoid factor and anti-DNA IgG, leading to glomerulonephritis in
mice. Although the precise molecular mechanism for the overall scenario is unclear, PIR-B was found to suppress TLR9-mediated
production of naturally autoreactive antibodies by innate B cells or B-1 cells by inhibiting the activation of Bruton’s tyrosine
kinase. Thus, PIR-B is an important regulator of innate immunity mediated by TLR9 in B-1 cells, which can otherwise provoke
autoimmunity when overactivated.

1. Introduction

B cells are continuous producers of natural antibodies with
potential reactivities to autologous tissues as well as the
on-demand factories of high-affinity antibodies principally
against pathogens. Because various self-reactive antibodies
are produced in many autoimmune diseases through several
elusive mechanisms, a regulatory network for maintaining
tolerance to self in B cells while keeping the potential for
producing antibodies with specificities and affinities against
foreign antigens in sufficient amounts has long been a
challenging field for immunologists.

We are now aware of that a series of inhibitory
receptors are expressed preferentially on B cells and other
immunoregulatory cells such as dendritic cells (DCs). Thus,
the roles of these receptors, including that of the paired
immunoglobulin- (Ig-) like receptor (PIR)-B [1, 2] in the
regulation of B cells, which we will describe in detail in
this paper, have been attracting much interest from many
researchers. Some intriguing knowledge on the regulatory
role of PIR-B in the immune system has already been
reported elsewhere [3–5] (Table 1). Therefore, after briefly
overviewing PIR-B’s novel characteristics revealed in the past

several years, this paper will mainly deal with the recent
progress of the understanding of PIR-B-mediated immune
regulation, particularly focusing on its role in controlling
the production of potential autoantibodies in response to
activation via innate-immune stimuli.

2. PIR-B Is the MHC Class I Receptor in
B Cells and Myeloid Cells

2.1. Recognition of MHC Class I Molecules. In the immune
system, there are three types of major histocompatibility
complex class I- (MHCI-) recognition molecules. In addition
to the well-known T cell receptor (TCR)-CD8 complex of
CD8+ T cells and the killer cell receptors on NK cells,
mammalian B cells and myeloid-lineage cells possess the
third type of MHCI-recognizing inhibitory receptors, which
may constitutively regulate these cells. The latter are murine
PIR-B and its close relatives or orthologs in humans, the
leukocyte Ig-like receptors (LILR)B1 and LILRB2 [3, 4, 6, 7].
In contrast to the former two types of receptors, which target
the polymorphic α1/α2 region of MHCI, LILRB molecules
were demonstrated to bind a constant α3 domain and β2
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microglobulin of MHC [8, 9]. PIR-B’s mode of recognition
of MHCI has not been clarified yet, although it is speculated
to be essentially the same as that of LILRB [4].

2.2. Protein Structure. PIR-B is a type I transmembrane
glycoprotein comprising six extracellular Ig-like domains,
a hydrophobic transmembrane segment, and a cytoplas-
mic portion with four immunoreceptor tyrosine-based
inhibitory motif (ITIM) or ITIM-like sequences (Figure 1).
Comparison of the available sequences of PIR extracellular
portions from 129/Sv, B10.A, and BALB/c mice indicated
fairly high sequence similarity, but multiple substitutions of
amino acid residues were observed like in LILR molecules
[23], especially in the first four ectodomains [2, 24]. It is
not known whether these polymorphisms could modulate
the binding of PIR-B to various MHCI and its inhibitory
functions.

2.3. Expression. PIR-B is expressed on B cells and myeloid-
lineage cells including mast cells, macrophages, granulocytes,
DCs, and osteoclasts, but not on thymocytes, mature T
cells, or NK cells [1, 2, 25, 26]. PIR-B expression takes
place mostly in a pairwise fashion with PIR-A, an activating
isoform associated with the Fc receptor common γ subunit
(FcRγ), as judged on Western blot analysis [25]. In many
cases, however, the cell-surface expression of PIR-B occurs
more predominantly than that of PIR-A, as judged on flow
cytometric analysis of PIR-B- or FcRγ-deficient cells with
a specific monoclonal antibody (mAb), 6C1, that targets a
shared epitope of PIR-B and PIR-A [10, 14, 25]. In mature
naive B cells, PIR-B is exclusive on the surface [10]. The cell
surface levels of PIR molecules on myeloid- and B-lineage
cells increase with cellular differentiation and activation [25].
The PIR-B level is highest on marginal zone (MZ) B cells, and
B-1 cells express higher PIR-B levels than B-2 cells [11, 25].

2.4. Unexpected Role in the Neuronal System. Recently, it was
reported that PIR-B and one of its human orthologs, LILRB2,
are expressed on neuronal cells [20, 21]. In addition, Atwal
et al. [21] have identified three proteins expressed in the
central nervous system as the novel physiological ligands for
PIR-B and LILRB1. These are neurite outgrowth inhibitor
protein (Nogo)A, myelin-associated glycoprotein (MAG or
Siglec-4), and oligodendrocyte myelin glycoprotein (OMgp)
[21]. This finding suggests a novel notion that PIR-B is not
only a receptor of MHCI for immune regulation but also
a determinant of neuronal regeneration responding to the
multiple ligands in the central nervous system. These issues
have recently been reviewed extensively elsewhere [27, 28].

3. Signal Regulation by PIR-B

3.1. Cis/Trans Binding to MHCI. Considering the ubiquitous
expression of MHCI molecules on hematopoietic as well as
nonhematopoietic cells, the question arises as to whether
PIR-B can recognize MHCI on the same cells (in cis), on
different cells (in trans), or both. It has been shown that
inhibitory Ly49A expressed on murine NK cells not only

binds to its H-2Dd ligand expressed on the potential target
cells in trans but also is constitutively associated with H-
2Dd in cis [29]. The cis association and trans interaction
occur through the same binding site. Consequently, the cis
association restricts the number of Ly49A receptors available
for the trans binding of H-2Dd on target cells and reduces
NK cell inhibition by lowering the threshold at which NK cell
activation exceeds NK cell inhibition [30–32]. This notion,
however, has not been verified to be the rule for every
inhibitory receptor that binds to its physiological ligand
expressed in the own tissues.

Our study on mast cell regulation by PIR-B in the context
of allergic responses in Pirb−/− mice verified that PIR-B
on mast cells binds to MHCI molecules in cis, as judged
on fluorescence resonance energy transfer (FRET) analysis
[14]. In addition, FRET revealed that the cis interaction
was also the case for the interaction between MHCI and
LILRB2 expressed on human basophilic leukemia KU812
cells. Interestingly, mast cell responses to stimulation by
IgE crosslinking or lipopolysaccharides were suppressed to
a significant extent by such a cis interaction on the mast
cell surface. In both PIR-B and β2-microglobulin, its ligand,
deficiency, both the in vitro cytokine responses and in
vivo anaphylactic responses were significantly augmented,
suggesting the physiological importance of the cis interaction
[14]. Our analysis of osteoclast precursor cells revealed that
the development of osteoclasts is also regulated by PIR-B and
that this regulatory mechanism involves the cis interaction
of PIR-B-MHCI on osteoclast precursor cells [26]. The cis
interaction between PIR-B and MHCI was found also on
other cell surfaces such as that of B cells and DCs [13].

PIR-B on DCs and MHCI on CD8+ T cells were
found to interact in trans at the immunological synapse.
Moreover, CD8+ T cells were found to be more activated
upon interaction with Pirb−/− DCs than wild-type cells.
This observation was unexpected, because it was known
that Pirb−/− DCs could not support sufficient CD4+ T cell
activation toward Th1 development due to their insufficient
maturation in PIR-B deficiency and reduced secretion of IL-
12 [10]. Considering the possibility that MHCI molecules
on DCs could play a role as a shared ligand for CD8 on
T cells and for PIR-B on the DCs themselves, it would be
interesting to test the hypothesis that CD8 and PIR-B could
be competitive as to binding to MHCI on DCs, and it was
demonstrated that this was the case [13]. Surface plasmon
resonance analysis revealed that PIR-B and CD8αα compete
in binding to MHCI. In vitro and in vivo analyses also
verified that Pirb−/− DC provoked cytotoxic T lymphocytes
(CTLs) more efficiently, leading to accelerated rejection of
skin grafts and tumors. Thus, PIR-B regulates CTL triggering
by blocking the access of CD8 molecules to MHCI. It remains
to be determined whether or not PIR-B on DCs is more
prone to bind MHCI in trans on CD8+ T cells than the
binding in cis when an immunological synapse is induced
between DC-CD8+ T cells.

3.2. Immune Regulation. Studies on Pirb−/− mice during
the past 10 years have provided us with an insight into
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Table 1: Phenotypes observed in Pirb−/− mice and Pirb transgenic (tg) mice.

Mice Cellsa Phenotypesb References

Pirb−/−

B-2 cells Enhanced proliferation upon BCR
stimulation

[10]

B-1 cells Enhanced proliferation and autoantibody
production upon CpG stimulation

[11]

DCs Impaired maturation [10]

Exacerbated graft-versus-host disease [12]

CD8+ T cells Augmented activation [13]

Mast cells Augmented anaphylaxis [14]

Macrophages Augmented cytokine and chemokine
signaling

[15]

Neutrophils Augmented integrin signaling [16]

Eosinophils Enhanced recruitment in Th2 response [17]

Macrophagesc Sensitive to Salmonella infection [18]

Macrophages Reduced binding of Staphylococcus aureus [19]

Neuronal cells Enhanced plasticity of visual nerve
connections

[20]

Enhanced neurite outgrowth [21]

Pirb tg
Thymocytes Normal development [22]

Mature T cells Impaired Th1 response [22]
aCells involved mainly in the observed phenotype.
bMajor phenotypes observed.
cUnidentified, though involving macrophages.

Autoimmunity
Auto-reactive

IgM-RF, IgG-RF

Bacterial/viral
CpG DNA

MHC class I/β2mPIR-B

SHP-1

Lyn

Btk

TLR9

MyD88

IRAK

TRAF6

IκB
NF-κB

p50/p65

NF-κB Inflammatory
cytokines, Igs

Plasma membrane

Nuclear membrane

Endosome

P

P
P

P

Figure 1: Proposed mechanism for PIR-B-mediated regulation of TLR9-induced autoantibody production in B-1 cells. Unmethylated
CpG-harboring DNA of bacterial and viral origin stimulates TLR9 in the endosomal compartments of various cells including B-1 cells
via signal relay from MyD88, IRAK, and TRAF6, and then IκB phosphorylation, nuclear translocation of NF-κB, and initiation of the
transcription of various mRNAs of innate responses, including those for autoreactive natural antibodies. Excess activation of the TLR9
system is thus potentially harmful, because excessive production of autoreactive IgM and, particularly, that switched to IgG might cause
autoimmune disease. TLR9 in B-1 cells is regulated by PIR-B via Btk intersection, in which the phosphorylation of PIR-B is augmented
immediately through TLR9-initiated Lyn activation, and the concomitantly enhanced SHP-1 recruitment to the phospho-ITIMs of PIR-B
leads to accelerated dephosphorylation of Btk, which then attenuates the phosphorylation level of NF-κB p65RelA. Constitutive association
of PIR-B with MHCI in cis on the surface of B-1 cells may be crucial for maintaining the TLR9 cascade being not overactivated, and once
activated by CpG, immediate early suppression will occur via augmented SHP-1 recruitment to PIR-B-MHCI.



4 Journal of Biomedicine and Biotechnology

the physiological significance of the MHCI recognition
by PIR-B in the immune responses, especially in B cell
activation, antigen presentation, humoral immunity, and
transplantation (Table 1), most of which have already been
described elsewhere [3–5]. This section deals with the recent
findings on the PIR-B’s functions in bacterial infection,
eosinophil signaling, and T cell functions briefly, and in the
next section we will focus on its roles in autoimmunity.

3.2.1. Eosinophil Function. Munitz et al. [17] described a
positive and negative dual regulatory role of PIR-B in Th2
inflammation, in which PIR-B shows overexpression on
eosinophils. Based on the different responses to eotaxin- or
leukotriene B4-dependent chemotaxis of Pirb−/− eosinophils,
it was found that extracellular signal-related kinase 1 and 2
or Erk1/2 phosphorylation in response to these stimulators
was opposite in eosinophils in vitro. It was proposed that an
inhibitory receptor can exhibit dual functionality in distinct
cell types after unique cellular signals [17]. This interesting
hypothesis will have to be evaluated in other cellular and
experimental settings as well as in other receptor systems,
which might shift our idea of merely “inhibitory” receptors
to more sophisticated “regulatory” ones.

3.2.2. T Cell Development and Function. PIR-B is expressed
on immature and mature B cells, and myeloid cells but not
on NK cells or T cells. However, besides the speculation
that PIR-B should be under the control of B/myeloid-specific
transcription factors, it has been unknown why T cells and
NK cells preferentially use inhibitory coreceptors such as
CTLA-4, PD-1, and KIRs, but not PIR-B. This issue should
be considered how PIR-B expression is regulated during
prethymic progenitor cells, thymocytes, and mature T cells,
referring functional consequences when PIR-B is genetically
deleted or expressed by force.

Masuda et al. [33] serendipitously found that PIR
immunoreactivity was transiently detected on very early
prethymic progenitors of T/NK/DCs, although PIR is not
found on thymocytes or mature T cells on flow cytometry
and immunohistochemistry with mAb 6C1 recognizing both
PIR-A and PIR-B [25]. PIR expression was maintained until
the earliest intrathymic stage and then downregulated before
the onset of CD25 expression, which is a hallmark of the
earliest stage of double negative thymocytes [33], suggesting
that PIR-B expression should be down modulated during
thymic development. Then, for what is it suppressed? The
above findings prompted us firstly to define in more detail
the cells at prethymic and intrathymic stages of T cell
development in PIR-B deficiency. We found that PIR-B, not
PIR-A, is the receptor expressed in the prethymic stage of
T-lineage cells. We then examined the hypothesis that PIR-
B is not only a regulator of early T cell development but
is also detrimental if expressed on mature T cells [22].
Unexpectedly, analysis of the possible influence of PIR-B
revealed no abnormalities in the development of immature
and mature T cells when PIR-B was expressed ectopically
at intrathymic stages or on peripheral T cells. Also, genetic
depletion of PIR-B did not cause any obvious alterations

in prethymic T progenitors. Interestingly, upon antigenic
or allogeneic stimulation, however, peripheral T cells with
ectopic PIR-B showed a reduced Th1 response, due to
suppression of proximal TCR signaling by constitutive cis
binding of PIR-B to MHCI on the same cell surface. These
results suggest that T cell expression of PIR-B is strictly
prohibited at the periphery so as to secure prompt immune
responses in urgent situations such as infections by fast-
multiplying bacteria. Although it remains to be determined
why prethymic early T/NK/DC progenitors express PIR-B, it
is possible that mature T cells select a transient inhibitory
system like CTLA-4, whose expression is induced upon
activation, instead of a constitutive inhibitory system such as
PIR-B.

3.2.3. Bacterial Infection. The influence of PIR-B deficiency
was examined in infections with bacteria such as Staphylo-
coccus aureus and Salmonella enterica [18, 19]. Pirb−/− mice
were more susceptible to Salmonella infection than wild-type
C57BL/6 mice [18]. The susceptibility was in part due to the
fact that Pirb−/− macrophages failed to control intracellular
replication of Salmonella in vitro, possibly due to imbalance
between PIR-A and PIR-B in the protective immune response
to bacteria [18]. Nakayama et al. [19] found that PIR-
B, and human LILRB1 and LILRB3 act as cell surface
receptors for S. aureus and Escherichia coli among various
pattern recognition receptors including Toll-like receptors
(TLRs), scavenger receptors, and lectins expressed on the
innate immune cell surface. In mouse bone marrow-derived
macrophages, PIR-B masking by mAb or genetic deletion
of PIR-B caused an enhanced TLR-mediated inflammatory
response to bacteria [19]. It remains unclear whether such
inhibition of TLR signaling by PIR-B is beneficial or harmful
as to innate and adaptive responses to bacterial infections
in vivo. Nonetheless, the observations in this study suggest
that PIR-B plays multifaceted roles by recognizing multiple
ligands, including bacterial cell surface component(s) in
addition to MHCI and neuronal ligands. In line with these
observations, Munitz et al. [34] found very recently that PIR-
B has an inhibitory role in macrophage activation during
intestinal inflammatory responses, such as dextran sodium
sulfate-induced colitis, and in response to E. coli.

4. TLR9 Regulation in B-1 Cells
and Autoimmunity

4.1. B-1 Cells and Natural Antibodies. Setting aside the
reason for their expression, many inhibitory receptors are
preferentially expressed on B cells. These include the IgG Fc
receptor FcγRIIB [35, 36], a carbohydrate receptor, CD22
[37, 38], the CD100 receptor CD72 [39], a sialoglycoprotein
receptor, Siglec-G [40], a carbohydrate receptor, CD45 [41],
and the MHCI receptor PIR-B. CD45 is a phosphatase itself,
and all other receptors described above recruit SH2 domain-
containing tyrosine phosphatase (SHP)-1 and/or SHP-2, or
inositol phosphatase (SHIP) upon stimulation [40].

In mice, there are four subsets of B cells. Two sub-
sets of mature naive B cells termed follicular B cells or
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conventional B cells (B220+CD23highCD21low) and marginal
zone (MZ) B cells (B220+CD23lowCD21high) are located
primarily in secondary lymphoid organs such as the spleen
[42]. Follicular B cells participate in the responses to T
cell-dependent antigens and in the production of high-
affinity IgG antibodies, while MZB cells participate in
the response to blood-borne bacterial antigens. On the
other hand, two other subsets of mature naive B cell
populations reside mainly in the peritoneal and pleural
cavities. These include B-1a (B220lowIgMhighCD11b+CD5+)
and B-1b (B220lowIgMhighCD11b+CD5−) cells. Therefore,
conventional B cells are often called B-2 cells. Although
the precise roles of these B-1 cell populations are still not
well understood, B-1b cells are mostly responsible for the
adaptive immune responses to T-independent antigens and
exert a memory function, while B-1a cells spontaneously
produce natural IgM antibodies with broad specificities,
thereby contributing to innate immunity [43, 44].

It has been suggested that innate B cells, including
MZ B, B-1a, and B-1b ones, can be potentially harmful
for maintaining peripheral tolerance, because B-1a cells,
in particular, continuously produce large amounts of IgM
natural antibodies weakly reactive to autologous tissues, but
this remains controversial. The natural IgM antibodies can
be switched to IgG, without BCR stimulation in response
to pathogen-associated molecular patterns (PAMPs) such as
bacterial cell wall components, and hypomethylated CpG
motif-containing DNA of bacterial and viral origin [42, 45].
Some PAMPs are recognized by TLRs expressed on the
cell surface or in endosomal compartments. Murine B cells
of all subsets express several TLRs [42]. Therefore, excess
stimulation of the TLR pathway in B cells such as in B-
1a ones is supposed to be connected with provocation of
autoimmunity. In fact, B-1 cells express a set of TLRs,
including TLR4, TLR7, and TLR9 [42, 46]. Several lines of
evidence indicate the importance of the regulation of TLR
signaling in B-1 cells, which prevents over-stimulation of
TLRs so as not to evoke overproduction of natural antibodies
including potentially harmful autoantibodies [46, 47]. Such
regulatory mechanisms for TLRs in B-1 cells may include
inhibitory receptors, and we speculated that PIR-B could play
a role here.

Interestingly, in Pirb−/− mice the peritoneal B-1a cell
population significantly increases, particularly with aging,
compared to in wild-type C57BL/6 mice [10]. However, it
has not been determined how the B-1a cell compartment is
regulated by PIR-B or what the physiological or pathological
consequence of the expanded B-1a cells is in the contexts
of infection and autoimmunity. We found that PIR-B on
B-1 cells suppresses TLR9 signaling via Bruton’s tyrosine
kinase (Btk) dephosphorylation, which leads to attenuated
activation of NF-κB p65RelA and blocks the production of
natural IgM antibodies, including anti-IgG Fc autoantibod-
ies or rheumatoid factor (RF) in particular [11].

4.2. Autoimmune Glomerulonephritis. Initially we observed
that Pirb−/− mice were grossly normal and survived well,
at least to 50 weeks of age, without any abnormalities in

the histology of their tissues including glomeruli. However,
Pirb−/− mice with the lpr mutation of Fas (Pirb−/−Faslpr

mice) were markedly short lived, because of a deficit in
renal function due to the development of glomerulonephritis
with the depositing of IgG, IgM, and C3. While the levels
of IgM- and IgG-RF were high in Faslpr mice, these levels
were further elevated in Pirb−/−Faslpr animals. On the
other hand, the serum levels of anti-dsDNA and -ssDNA
autoantibodies were also high in Faslpr mice, but they were
not elevated further in Pirb−/−Faslpr mice, indicating that
PIR-B deficiency has a marked impact on the augmentation
of RF production in vivo. The peritoneal B-1a cell and splenic
plasma cell populations were also increased in Pirb−/−Faslpr

mice. From these data, it was concluded that PIR-B deficiency
in combination with Faslpr renders mice susceptible to the
development of autoimmune glomerulonephritis, which is
accompanied by significantly elevated RF production with
robust production of other autoantibodies including those
against self DNA.

4.3. TLR9 Signal in B-1 Cells. RF is one of the autoreactive
natural antibodies reacting with the Fc portion of IgG,
whose primary role is believed to be as the first line
defense against infections. It is also a marker of rheumatoid
arthritis and other connective tissue diseases such as systemic
lupus erythematosus and infectious diseases. However, the
pathogenicity of RF in autoimmune diseases has not been
established sufficiently. Like other natural autoreactive anti-
bodies such as those reactive with phosphatidylcholine, the
main source of RF is considered to be B-1 cells [48]. To
determine the precise source, the RF levels in sera from B6
and Pirb−/− mice were examined in the absence of Faslpr ,
which might have a great influence on the RF level.

Given the augmented RF production and enlarged B-
1a cell population in Pirb−/−Faslpr mice, our attention next
turned to the characteristics of Pirb−/− B-1 cells. Pirb−/− B-
1 cells proliferated particularly well upon stimulation with
CpG (TLR9 ligand) compared to wild-type ones, indicating
an important role of TLR9 in B-1 cell activation and its
regulation by PIR-B. Total IgM, IgM-RF, and IL-10 release
was also more elevated in Pirb−/− B-1 cells than in wild-type
ones. While B-1a and B-1b cells express PIR-B molecules
more abundantly on their surface than B-2 cells [25], the
expression of PIR-A, an activating counterpart of PIR-B,
was not detected on B-1a cells [11], suggesting the presence
of a PIR-B-mediated inhibitory signaling that specifically
regulates TLR9.

Like in mast cells and splenic B cells stimulated by IgE
receptor or BCR crosslinking, respectively, CpG induced
augmented PIR-B phosphorylation in B-1 cells, which was
accompanied by an increase in SHP-1 recruitment, whereas
such events were not observed in TLR9-deficient cells, which
led the conclusion that CpG-mediated PIR-B phosphory-
lation occurs downstream of TLR9 [11]. Preceding studies
indicated that, in splenic B cells, Lyn is the major Src
family kinase that phosphorylates PIR-B [49]. However,
it is not known whether or not this is also the case in
peritoneal B-1 cells. The phosphorylation level of Lyn was
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indeed augmented as early as 5 min after CpG stimulation
of B-1 cells regardless of the presence or absence of PIR-
B. However, augmented phosphorylation of Lyn was not
observed in TLR9-deficient B-1 cells. Also, Lyn and PIR-
B were co-immunoprecipitated from a macrophage lysate
after stimulation with CpG. These results indicate that Lyn is
rapidly activated downstream of TLR9 and strongly suggest
that Lyn is a candidate, if not the sole, Src family kinase that
phosphorylates PIR-B.

What are the downstream signal cascades, such as the
NF-κB and MAP kinase pathways, of TLR9 modulated
by PIR-B in B-1 cells? MAPK and Erk were significantly
augmented after CpG stimulation, but their levels and
kinetics were comparable in normal and Pirb−/− B-1 cells.
On the other hand, p65 NF-κB phosphorylation was found
to be markedly augmented in Pirb−/− B-1 cells after CpG
stimulation, indicating that the NF-κB pathway could be the
target step located most downstream of regulation through
Lyn-mediated PIR-B phosphorylation (Figure 1).

Then, which molecule mediates the PIR-B-SHP-1-
initiated inhibitory signaling pathway to the TLR9-NF-κB
cascade? In a B cell line, IIA1.6 cells, Syk and Btk were found
to be the substrates for SHP-1 recruited to PIR-B ITIMs
upon stimulation of BCR [50]. Examination of the possible
involvement of these two molecules in the TLR9 pathway
revealed that the phosphorylation status of Syk upon CpG
addition to B-1 cells did not show enhancement of the
phosphorylation, while Btk phosphorylation was markedly
augmented after CpG addition in both wild-type and Pirb−/−

B-1 cells, and the augmentation was higher in Pirb−/− B-
1 cells, indicating that Btk is a major substrate for SHP-1
(Figure 1). These results indicate that Btk phosphorylation
is dependent, at least partly, on a Src family kinase, most
likely Lyn, and that NF-κB p65RelA phosphorylation is also a
critical event downstream of Src family kinase activation. The
molecular mechanism for the TLR9-initiated Lyn activation
is currently not known. Although SHP-1 is a critical regulator
of type I interferon production by macrophages and DCs
through inhibition of IRAK1 activation downstream of TLR4
[51], augmented IRAK1 activation was not observed in CpG-
B stimulated Pirb−/− B-1 cells [11], suggesting that B-1 cells
preferentially utilize Btk as a key intersecting molecule for the
inhibitory circuit (Figure 1).

Recent studies have shown that Btk is an important
mediator of the TLR9 cascade in addition to MyD88 and
TRAF [52, 53]. Btk is required for NF-κB activation, partic-
ipating in the pathway leading to increased phosphorylation
of p65RelA activated by TLR8 and TLR9 [53, 54]. As is well
known, Btk is a critical kinase for the development and func-
tion of B cells including B-1 cells by ensuring BCR signaling,
as has been demonstrated in immunocompromised Xid mice
and human X-linked agammaglobulinemia, in which Btk
is dysfunctional [55, 56]. Btk deletion in mice induced
defective development of B cells including B-1 ones and their
function [57]. The finding that Btk is a critical link between
the TLR9 cascade and the PIR-B-mediated regulatory loop,
particularly in B-1 cells expressing abundant PIR-B [11],
provides an insight into the mechanism underlying the

crosstalk between the innate immune system and ITIM-
harboring receptors.

4.4. Autoimmunity and PIR-B: Questions Remaining. How
are the observations on TLR9 signaling in B-1 cells relevant
to the prevention of autoimmunity? In this context, several
feedback regulators for TLR9 activation have been identified.
These include SOCS1 [58], ATF3 [59], IRF-4 [60], and SHP-
1 [51]. For example, SOCS1-mediated feedback regulation
seems to occur after several hours of TLR9 activation
followed by inflammatory cytokine induction [58]. It is
very characteristic that the PIR-B-mediated suppression of
the TLR9 cascade takes place at several minutes after CpG
addition to B-1 cells. Therefore, PIR-B in the TLR9 of B-1
cells does not seem to be a feedback regulatory element but
an immediate-early regulator just like the one in mast cell
regulation after IgE receptor crosslinking [14, 61] and in B-2
cells upon BCR stimulation [10, 62, 63].

Can RF produced by B-1 cells trigger or exacerbate
glomerulonephritis in Pirb−/−Faslpr mice? CD5+ B-1 cells or
B-1a cells are considered to be involved in some autoimmune
diseases in which RF is frequently detected or RF production
is directly coupled to the disease [64–66]. Also, RF+ B cells
are effectively activated via the IgG2a-chromatin immune
complex and synergistic stimulation of TLR9-mediated
signaling [67]. It is additionally known that RF can bind
to anti-dsDNA autoantibodies and form immune complexes
[68]. Also, it has been reported that RF itself exhibits cryo-
globulin activity and causes glomerulonephritis without any
other additional factors [69]. Therefore, glomerulonephritis
in Pirb−/−Faslpr mice exhibiting markedly and specifically
elevated IgM- and IgG-RF production suggests that these
anti-IgG Fc autoantibodies worsen the disease, presumably
by accelerating the deposition of IgG autoantibodies against
glomerular basement membranes.

Do other TLRs, such as TLR4 and TLR7, in B-1 and
B-2 cells possess a similar regulatory system involving PIR-
B to that of TLR9? In this regard, it is of note that TLR4-
mediated cytokine production by mast cells is also negatively
regulated by PIR-B [14], although the mechanism has yet to
be elucidated. Therefore, it is likely that some TLR-mediated
activation cascades in B cells could be linked to the PIR-B-
SHP-1-mediated suppression in addition to the case of TLR9.
On the other hand, TLR4 response in macrophages was not
affected by PIR-B [19, 34]. The reason why TLR4-induced
responses are regulated differentially in the differential cell
populations is not known currently. However, one may
speculate that different cells may be differently dependent
on any TLR4-initiated, PIR-B-mediated regulatory pathway
such as the Lyn-PIR-B-SHP-1-Btk axis identified in B-1 cells
[11]. Such regulation of an innate immune response via
TLRs by constitutive and activation-dependent immediate-
early suppression of PIR-B could be promising for preventing
autoimmunity.

5. Concluding Remarks

In recent studies on Pirb−/− mice, there were two impor-
tant observations. Firstly, the TLR9 system in B-1 cells is
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regulated by PIR-B via the Btk intersection, at which PIR-
B phosphorylation is immediately augmented by TLR9-
initiated Lyn activation, and the concomitant enhancement
of SHP-1 recruitment to augmented phospho-ITIMs of PIR-
B leads to Btk dephosphorylation, which then attenuates
the phosphorylation level of NF-κB p65RelA. Secondly,
excessive production of RF together with other autoanti-
bodies by B-1 cells can be linked to glomerulonephritis
with IgG immune complex deposition. Considering these
observations, it is becoming increasingly important for
manipulation of the PIR-B-mediated inhibitory system in
the regulation of autoimmune disease while maintaining
the integrity of TLR9-mediated microbial sensing, in such
cases as rheumatoid arthritis. Understanding of the PIR-B
system in B-1 cells may lead to the development of novel and
effective ways of controlling autoimmune diseases.

Acknowledgments

The authors thank Nicholas Halewood for the editorial
assistance, and colleagues in their laboratory for critical
reading of the paper. This paper was supported by the Core
Research for Evolutional Science and Technology Program
of the Japan Science and Technology Agency, a Grant-in-
Aid from the Ministry of Education, Culture, Sports, Science
and Technology of Japan, and a grant from the Global COE
Program for Network Medicine.

References

[1] K. Hayami, D. Fukuta, Y. Nishikawa et al., “Molecular cloning
of a novel murine cell-surface glycoprotein homologous to
killer cell inhibitory receptors,” Journal of Biological Chemistry,
vol. 272, no. 11, pp. 7320–7327, 1997.

[2] H. Kubagawa, P. D. Burrows, and M. D. Cooper, “A novel pair
of immunoglobulin-like receptors expressed by B cells and
myeloid cells,” Proceedings of the National Academy of Sciences
of the United States of America, vol. 94, no. 10, pp. 5261–5266,
1997.

[3] T. Takai, “Paired immunoglobulin-like receptors and their
MHC class I recognition,” Immunology, vol. 115, no. 4, pp.
433–440, 2005.

[4] T. Takai, “A novel recognition system for MHC class I
molecules constituted by PIR,” Advances in Immunology, vol.
88, pp. 161–192, 2005.

[5] H. Kubagawa, M. D. Cooper, C. C. Chen et al., “Paired
immunoglobulin-like receptors of activating and inhibitory
types,” Current Topics in Microbiology and Immunology, vol.
244, pp. 137–149, 1999.

[6] M. Colonna, H. Nakajima, and M. Cella, “A family of
inhibitory and activating Ig-like receptors that modulate func-
tion of lymphoid and myeloid cells,” Seminars in Immunology,
vol. 12, no. 2, pp. 121–127, 2000.

[7] M. Colonna, “Inhibitory receptors: friend or foe?” Lancet, vol.
361, no. 9363, pp. 1067–1068, 2003.

[8] M. Shiroishi, K. Kuroki, L. Rasubala et al., “Structural basis for
recognition of the nonclassical MHC molecule HLA-G by the
leukocyte Ig-like receptor B2 (LILRB2/LIR2/ILT4/CD85d),”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 103, no. 44, pp. 16412–16417, 2006.

[9] B. E. Willcox, L. M. Thomas, and P. J. Bjorkman, “Crystal
structure of HLA-A2 bound to LIR-1, a host and viral major
histocompatibility complex receptor,” Nature Immunology,
vol. 4, no. 9, pp. 913–919, 2003.

[10] A. Ujike, K. Takeda, A. Nakamura, S. Ebihara, K. Akiyama, and
T. Takai, “Impaired dendritic cell maturation and increased
TH2 responses in PIR-B−/− mice,” Nature Immunology, vol. 3,
no. 6, pp. 542–548, 2002.

[11] T. Kubo, Y. Uchida, Y. Watanabe et al., “Augmented TLR9-
induced Btk activation in PIR-B-deficient B-1 cells provokes
excessive autoantibody production and autoimmunity,” Jour-
nal of Experimental Medicine, vol. 206, no. 9, pp. 1971–1982,
2009.

[12] A. Nakamura, E. Kobayashi, and T. Takai, “Exacerbated graft-
versus-host disease in Pirb−/− mice,” Nature Immunology, vol.
5, no. 6, pp. 623–629, 2004.

[13] S. Endo, Y. Sakamoto, E. Kobayashi, A. Nakamura, and T.
Takai, “Regulation of cytotoxic T lymphocyte triggering by
PIR-B on dendritic cells,” Proceedings of the National Academy
of Sciences of the United States of America, vol. 105, no. 38, pp.
14515–14520, 2008.

[14] A. Masuda, A. Nakamura, T. Maeda, Y. Sakamoto, and
T. Takai, “Cis binding between inhibitory receptors and
MHC class I can regulate mast cell activation,” Journal of
Experimental Medicine, vol. 204, no. 4, pp. 907–920, 2007.

[15] S. Pereira, H. Zhang, T. Takai, and C. A. Lowell, “The
inhibitory receptor PIR-B negatively regulates neutrophil and
macrophage integrin signaling,” Journal of Immunology, vol.
173, no. 9, pp. 5757–5765, 2004.

[16] H. Zhang, F. Meng, C.-L. Chu, T. Takai, and C. A. Lowell, “The
Src family kinases Hck and Fgr negatively regulate neutrophil
and dendritic cell chemokine signaling via PIR-B,” Immunity,
vol. 22, no. 2, pp. 235–246, 2005.

[17] A. Munitz, M. L. McBride, J. S. Bernstein, and M. E.
Rothenberg, “A dual activation and inhibition role for the
paired immunoglobulin-like receptor B in eosinophils,” Blood,
vol. 111, no. 12, pp. 5694–5703, 2008.

[18] I. Torii, S. Oka, M. Hotomi et al., “PIR-B-deficient mice are
susceptible to Salmonella infection,” Journal of Immunology,
vol. 181, no. 6, pp. 4229–4239, 2008.

[19] M. Nakayama, D. M. Underhill, T. W. Petersen et al., “Paired
Ig-like receptors bind to bacteria and shape TLR-mediated
cytokine production,” Journal of Immunology, vol. 178, no. 7,
pp. 4250–4259, 2007.

[20] J. Syken, T. GrandPre, P. O. Kanold, and C. J. Shatz, “PirB
restricts ocular-dominance plasticity in visual cortex,” Science,
vol. 313, no. 5794, pp. 1795–1800, 2006.

[21] J. K. Atwal, J. Pinkston-Gosse, J. Syken et al., “PirB is a func-
tional receptor for myelin inhibitors of axonal regeneration,”
Science, vol. 322, no. 5903, pp. 967–970, 2008.

[22] M. Imada, K. Masuda, R. Satoh et al., “Ectopically expressed
PIR-B on T cells constitutively binds to MHC class I and atten-
uates T helper type 1 responses,” International Immunology,
vol. 21, no. 10, pp. 1151–1161, 2009.

[23] M. Colonna, F. Navarro, T. Bellón et al., “A common
inhibitory receptor for major histocompatibility complex class
I molecules on human lymphoid and myelomonocytic cells,”
Journal of Experimental Medicine, vol. 186, no. 11, pp. 1809–
1818, 1997.

[24] Y. Yamashita, D. Fukuta, A. Tsuji et al., “Genomic structures
and chromosomal location of p91, a novel murine regulatory
receptor family,” Journal of Biochemistry, vol. 123, no. 2, pp.
358–368, 1998.



8 Journal of Biomedicine and Biotechnology

[25] H. Kubagawa, C.-C. Chen, L. H. Ho et al., “Biochemical nature
and cellular distribution of the paired immunoglobulin-
like receptors, PIR-A and PIR-B,” Journal of Experimental
Medicine, vol. 189, no. 2, pp. 309–317, 1999.

[26] Y. Mori, S. Tsuji, M. Inui et al., “Inhibitory immunoglobulin-
like receptors LILRB and PIR-B negatively regulate osteoclast
development,” Journal of Immunology, vol. 181, no. 7, pp.
4742–4751, 2008.

[27] L. M. Boulanger, “Immune proteins in brain development and
synaptic plasticity,” Neuron, vol. 64, no. 1, pp. 93–109, 2009.

[28] M. T. Filbin, “PirB, a second receptor for the myelin inhibitors
of axonal regeneration Nogo66, MAG, and OMgp: implica-
tions for regeneration in vivo,” Neuron, vol. 60, no. 5, pp. 740–
742, 2008.

[29] M.-A. Doucey, L. Scarpellino, J. Zimmer et al., “Cis association
of Ly49A with MHC class I restricts natural killer cell
inhibition,” Nature Immunology, vol. 5, no. 3, pp. 328–336,
2004.

[30] L. Scarpellino, F. Oeschger, P. Guillaume et al., “Interactions
of Ly49 family receptors with MHC class I ligands in trans and
cis,” Journal of Immunology, vol. 178, no. 3, pp. 1277–1284,
2007.

[31] J. Back, E. L. Malchiodi, S. Cho et al., “Distinct conformations
of Ly49 natural killer cell receptors mediate MHC class I
recognition in trans and cis,” Immunity, vol. 31, no. 4, pp. 598–
608, 2009.

[32] K. E. Andersson, G. S. Williams, D. M. Davis, and P. Höglund,
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Optic neuritis associated with multiple sclerosis has a strong association with organ-specific autoimmune disease. The goal of
our research is to establish an optimal organ-specific animal model to elucidate the pathogenetic mechanisms of the disease and
to develop therapeutic strategies using the model. This paper is divided into five sections: (1) clinical picture of optic neuritis
associated with multiple sclerosis, (2) elucidation of pathogenesis using animal models with inflammation in optic nerve and
spinal cord, (3) clinical relevance of concurrent encephalomyelitis in optic neuritis model, (4) retinal damage in a concurrent
multiple sclerosis and optic neuritis model, and (5) development of novel therapies using mouse optic neuritis model. Advanced
therapies using biologicals have succeeded to control intractable optic neuritis in animal models. This may ultimately lead to
prevention of vision loss within a short period from acute onset of optic neuritis in human. By conducting research flexibly, ready
to switch from the bench to the bedside and from the bedside to the bench as the opportunity arises, this strategy may help to
guide the research of optic neuritis in the right direction.

1. Introduction

When ocular inflammation involves other connecting
intraocular or extraocular tissues, the name of the disease
changes depending on the site of inflammation. For example,
the diagnosis of the disease may vary from conjunctivitis,
scleritis, uveitis (intraocular inflammation), chorioretinitis,
to optic neuritis. Ocular inflammation usually has an
infectious or autoimmune etiology. When the cause is
autoimmunity, inflammation usually involves specific organs
or tissues. Our group has taken a keen interest on the study of
optic neuritis associated with multiple sclerosis, which is an
intractable organ-specific inflammatory disease unrespon-
sive to conventional treatments and consequently has a poor
prognosis. Optic neuritis associated with multiple sclerosis
has strong association with organ-specific autoimmune
disease. Our research, which aims to establish an optimal
organ-specific animal model to elucidate the pathogenesis
of the disease and to develop therapeutic strategies using
animal model, will contribute to the understanding of the
pathophysiology of intractable optic neuritis in humans and
ultimately to ameliorate the disease in the future.

Optic neuritis associated with multiple sclerosis may
manifest in two forms: opticospinal multiple sclerosis (OS-
MS) which is accompanied by cerebral lesion associated with
multiple sclerosis and neuromyelitis optica (NMO) which is
usually not accompanied with cerebral lesion. No conclusion
has been reached on whether the two forms are in fact
the same entity. The definition of NMO is the presence
of optic neuritis together with spinal cord lesion extending
over three or more vertebral segments, but not necessarily
cerebral lesion. The presence of antibodies against aquaporin
4 (AQP4) is the most important factor associated with the
pathophysiology of NMO, and it has been closed up recently
[1, 2].

Anti-AQP4 antibody has been shown to react with
AQP4 expressed on astrocytes, inducing complement fixa-
tion reaction and leading to cell death [2]. If we consider
NMO as one type of autoimmune disease, B cells that are
responsible for antibody production and T cells that regulate
cytokines which promote antibody production should play
important roles in the development of NMO. Although
the pathogenesis of multiple sclerosis remains incompletely
understood, some antigens of cerebrospinal origin, such as
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myelin basic protein (MBP), have been proposed to cause
inflammation in the brain and spinal cord via some autoim-
mune mechanisms. At cellular level, immunity is acquired
through the following pathway: antigen-antigen presenting
cell-T cell-B cell. This may provide a framework to explain
the clinical picture of multiple sclerosis, an autoimmune
disease. Among these major cellular transmission routes,
(1) the type of antigen, (2) the surface molecules (such
as HLA) expressed on antigen-presenting cells including
macrophages and dendritic cells, and (3) the type of
lymphocytes including T cells and B cells will decide the site
of inflammation and the size of the lesion. Each of these will
be discussed as follows. (1) Concerning the types of protein
antigen, the candidates include MBP, myelin oligodendrocyte
glycoprotein (MOG), and the myelin-specific proteolipid
protein (PLP). Among these proteins, MOG antigen has a
high possibility of causing optic neuritis. MOG has been
shown to be present abundantly inside the optic nerve, and
inflammatory cells presumably react to the MOG antigen
of the optic nerve to cause tissue damage [3]. In contrast,
MBP is present abundantly inside the brain and spinal
cord, and it has been suggested that optic neuritis rarely
develops in the presence of MBP-induced encephalomyelitis.
Therefore, the site of lesion is determined depending on
which antigen is targeted by the immune system. (2) As for
the involvement of antigen-presenting cells, classic multiple
sclerosis has been associated with the expression of HLA-
DR2 on antigen-presenting cells. In addition, the state of
adhesion molecules expressed on antigen-presenting cells
is a factor that attenuates inflammation. (3) Regarding the
involvement of T cells and B cells, an increase in Th17-type T
cells producing IFN-γ and IL-17, as well as an accumulation
of B cells that are precursors of the antibody-producing
plasma cells have been suggested in optic neuritis associated
with multiple sclerosis. In severe NMO cases in which the
above-mentioned anti-AQP4 antibody was detected, apart
from the autoimmune mechanisms, the antibody per se also
causes direct cell damage (astroglia in this case), which may
account for the higher incidence of severe damage compared
to OS-MS. From the immunological point of view, it may
be possible to classify anti-AQP4 antibody-positive NMO
within the category of OS-MS, with the anti-AQP4 antibody-
negative OS-MS classified as a mild type with little antibody-
induced tissue damage. The feasibility of this classification
can only be verified in a large scale of clinical study regarding
NMO.

2. Elucidation of Pathogenetic Mechanisms
Using Animal Models with Inflammations in
Optic Nerve and Spinal Cord

As discussed above, immunological mechanisms are con-
sidered to play a role in optic neuritis associated with
multiple sclerosis. However, this hypothesis can only be
proven when one demonstrates the development of specific
lesion by adjuvant immunizing the host with the causative
protein antigen. So far, research analyzing the optic nerve
lesion using animal models of multiple sclerosis has not

been conducted actively. In the 1990s when experimental
autoimmune encephalomyelitis (EAE), which is an animal
model of multiple sclerosis, was being developed, a study
reported that immunizing mice with the central nervous
system- (CNS-) specific PLP resulted in the onset of optic
neuritis on day 17 after immunization [4]. Histopathological
examination of the optic nerve showed infiltration of
polymorphonuclear cells and monocytes [4], resembling the
findings of optic neuritis associated with multiple sclerosis
in human. Likewise, another CNS protein MOG, when used
to immunize Brown Norway (BN) rats, also caused optic
neuritis within 3 weeks in 90% of the animals, in addition to
encephalomyelitis [5]. These studies provide clear evidence
that in certain strains of rodents, optic neuritis develops as a
result of immunization with antigens derived from neuron.
However, even in rats and mice, the MHC types (haplotypes)
in which optic neuritis can develop are probably restricted, a
phenomenon probably similar to the increased susceptibility
of HLA-DR2-positive human to multiple sclerosis.

In the mouse model that develops both encephalomyeli-
tis and optic neuritis, the onset of encephalomyelitis
is usually observed 13 days on average after adjuvant-
immunization with the MOG35-55 peptide. However, when
T cells obtained from these mice are injected intraperi-
toneally (adoptive immunization) to normal mice, optic
neuritis also develops in these mice [6]. This finding indicates
that the T cells possessing the pathogenetic factor of optic
neuritis are important in the development of autoimmune
optic neuritis. As an evidence that these MOG-specific T
cells are an important pathogenetic factor, transgenic mice
possessing T cells with MOG35-55-specific T cell receptor
(TCR) developed optic neuritis spontaneously, with a clinical
course resembling that of multiple sclerosis in humans,
which is an interesting observation [7]. Furthermore, when
these MOG-specific TCR transgenic mice were crossed with
MOG-specific Ig heavy-chain (closely associated with B
cells) knock-in mice, the incidence of spontaneous optic
neuritis increased markedly [8]. As a possible mechanism,
Bettelli et al. [8] proposed that IL-17- and IFN-γ-producing
CD4+ T cells are involved in the development of optic
neuritis in mice. The IL-17-secreting Th17 cells possess
unique properties different from those of Th1 cells that
are closely associated with the development of EAE and
experimental autoimmune uveoretinitis (an animal model of
human uveitis), and those of Th2 cells that are involved in
allergic diseases. IL-17 has been considered as an important
cytokine for the development of autoimmune diseases.
Taken together, the following hypothesis may be proposed.
Through the action of the newly discovered Th17 mecha-
nism, but not Th1 or Th2, the T cells, IgH-producing B
cells, and antigen that causes CNS lesion interact to produce
the pathophysiology of mouse encephalomyelitis and optic
neuritis.

Oligodendrocyte-specific protein- (OSP-) induced EAE
is a relatively new model of multiple sclerosis, and similar
findings have been reported by other institutes. OSP is a
protein present in the myelin sheath of the CNS. Mice
immunized with OSP develop optic neuritis together with
encephalomyelitis [9]. Study has shown that OSP55-80 and
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Figure 1: Histopathological findings of the optic nerve from
a mouse adjuvant immunized with MOG peptide. Marked cell
infiltration is observed in the optic nerve.

OSP179-207 derived from the OSP molecule are epitopes
recognized by CD4+ T cells that mediate lesion formation. In
addition, the antibodies induced by OSP were predominantly
directed against OSP22-46 [9]. These findings suggest that
T cells and B cells collaborate in an antigen-specific manner
to give rise to the clinicopathological manifestations of this
model.

From these studies, the pathogenesis of multiple sclerosis
and the associated optic neuritis become gradually unrav-
eled. However, the incidence of optic neuritis in mouse
models has stayed at 60% to 70%, even when gene transfer
technology is used. In order to be used in therapeutic
experiments in the future, a higher incidence of optic neuritis
of the animal model has to be achieved. By mixing dimethyl
sulfoxide (DMSO) during immunization with MOG peptide,
we have successfully increased the incidence of optic neuritis
from 80% to 90% in mice (report in preparation). The
histopathological picture of optic neuritis obtained using this
animal model is shown in Figure 1, and the Luxol myelin
sheath staining of optic neuritis is shown in Figure 2. In
the section stained by Luxol fast blue for myelin sheath,
unstained regions indicating destruction of the myelin
sheath were consistent with areas of cell infiltration. In an
in vitro experiment, spleen cells collected from a mouse that
developed optic neuritis were cultured, and the cytokines in
the culture supernatant were assayed. IL-17 level was high,
and IFN-γ was slightly elevated in the supernatant. On the
other hand, secretion of IL-10, an inhibitory cytokine, was
not remarkable. These results confirm previous cytokine data
of mouse optic neuritis model and probably predict the
results of analysis of optic neuritis in human.

3. Clinical Relevance of Concurrent
Encephalomyelitis in Optic Neuritis Model

When experimental autoimmune optic neuritis (EAON) is
produced, EAE occurs at the same time. EAE is known

to be a model of human multiple sclerosis. Regarding the
relationship between EAE and multiple sclerosis, although
the two share many common features histopathologically,
they also differ in many aspects which remain unclarified.
When we try to analyze EAON, the interpretation of EAE,
which has been extensively studied, is important.

In the EAE animal model, MOG protein is considered
to be the major causative antigen. In humans, approximately
50% of multiple sclerosis patients are positive for anti-MOG
antibody, while an equal number of patients are negative.
Recently, a tetramer radioimmunoassay has been developed,
which is more sensitive than the conventional technique
such as ELISA and flow cytometric assays. This radioim-
munoassay is capable of detecting conformational differences
in MOG protein and allows discrimination between native
MOG (or folded MOG) and denatured MOG (or unfolded
MOG). Human study using this method has demonstrated
that antibodies from adult-onset multiple sclerosis do not
bind native MOG while antibodies from children with acute
disseminated encephalomyelitis (ADEM) react with native
MOG. On the other hand, adult-onset multiple sclerosis
cases react immunologically with denatured MOG [10]. In
animal study using this method, antibodies from EAE do not
bind native MOG [10].

It remains unknown whether native MOG or denatured
MOG is the main target protein in autoimmune optic
neuritis or NMO. If one can establish that the antibodies
from optic neuritis-related diseases recognize a configuration
of the MOG protein different from that recognized by
antibodies from general multiple sclerosis (e.g., antibodies of
patients with ADEM that recognize native MOG), this will
provide evidence that optic neuritis and multiple sclerosis
are independent diseases. Further analyses are expected to
generate interesting new insights.

4. Retinal Damage in a Concurrent Multiple
Sclerosis and Optic Neuritis Animal Model

In an animal model of multiple sclerosis, retinal ganglion
cells are also damaged, although this finding has not
been proven in humans. Meyer et al. [11] reported that
encephalomyelitis developed in rats after immunization with
MOG, inflammation occurred in the optic nerve axons, and
apoptosis of retinal ganglion cells was induced. These results
are very interesting, because it is generally believed that
peripheral nerves without a myelin sheath are not attacked in
multiple sclerosis. In fact, peripheral nerve fibers in the retina
are not directly damaged in patients with multiple sclerosis.
Likewise, a study using MOG-specific TCR transgenic mice
showed that optic neuritis occurred spontaneously and
retinal ganglion cells were gradually damaged starting from
day 12, with TUNEL-positive apoptotic cells increasing
to 83% on day 16 [12]. Therefore, in animal models of
multiple sclerosis, retinal ganglion cells may be concurrently
damaged, and the involvement of IL-1β and glial cell
line-derived neurotrophic factor in neurodegeneration has
attracted interest [13]. These molecules are probably related
to neuroprotection. Future studies using optical coherence
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Figure 2: Luxol fast blue staining for myelin sheath in the optic
nerve of a mouse adjuvant immunized with MOG peptide. Regions
of weak staining of the myelin sheath corresponds to regions of cell
infiltration in the optic nerve.

tomography (OCT) to analyze the perioptic nerve retina
in multiple sclerosis patients may provide proof of retinal
ganglion cell damage in humans.

5. Development of Novel Therapies Using
Mouse Optic Neuritis Model

Recently, progress in the elucidation of the pathogenesis
of intractable optic neuritis has reached a level that allows
application of the research findings to treatment clinically.
Obviously animal models are indispensable for the research
and development of therapeutic modalities. Gene therapy
has been attempted using animal model of optic neuritis.
Guy et al. [14, 15] injected an adenovirus vector containing
the human gene for catalase (possessing antioxidant activity)
over the optic nerve head of mice with EAE and succeeded
to suppress optic neuritis together with encephalomyelitis
in these mice. Furthermore, by injecting an adenovirus
vector containing both catalase and extracellular superoxide
dismutase (ECSOD) genes (dual gene therapy) into the
eye of EAE models, demyelination was attenuated [16, 17].
Moreover, gene therapy using another antioxidant gene,
superoxide dismutase 2 (SOD2), also suppressed mitochon-
drial oxidative stress and ameliorated the optic neuritis and
encephalomyelitis in a mouse model [18].

Our group is currently conducting trials to suppress
optic neuritis in mice using an approach entirely dif-
ferent from those reported hitherto. It is known that
a specific immunoregulatory mechanism termed anterior
chamber-associated immune deviation (ACAID) is present
in the eye to maintain immune privilege in the intraoc-
ular environment [19]. This unique immunoregulatory
mechanism in the anterior chamber maintains humoral
immunity including serum antibody production, but sup-
presses cell-mediated immunity represented by intradermal
reaction. Immunosuppressive substances such as TGF-ß

and neuropeptides present in the anterior chamber play
important roles in the ACAID phenomena. Inside the
anterior chamber which is an immune privilege site, cells
including macrophages are stimulated by antigen in the
presence of immunoregulatory substances, and subsequently
come into contact with T cells; these T cells migrate out
of the eye and are transformed into regulatory T cells.
We have examined the possibility of suppressing optic
neuritis using the ACAID immunoregulatory system [20],
and we found that the incidence was reduced to 70% in the
group that received injection of MOG peptide antigen into
the anterior chamber while 100% of mice in the positive
control group developed optic neuritis. When the severity
of optic neuritis was compared by histopathological scores,
the anterior chamber injected group which was markedly
reduced compared to the positive control group. These
results prove that the ACAID immunoregulation is effective
in controlling optic neuritis. The salient point about this
immunoregulatory system is that disease development is
mediated by the host’s own immunoregulatory cells. We
thus prepared immunoregulatory cells by transferring the
calcitonin gene-related peptide (CGRP, known as a neu-
ropeptide) gene into dendritic cells isolated from a mouse.
Intravenous injection of the gene-transferred cells into the
same mouse ameliorated optic neuritis that developed in the
EAE model (report under preparation). This experimental
study indicates the possibility to ameliorate optic neuritis by
autologous cell therapy.

6. Conclusion

Research to elucidate the pathogenetic mechanism of
intractable optic neuritis has shown great progress in recent
years, both clinically and also in experimental models.
Some of these study results have begun to reach a level
permitting their application to analyses of the patho-
physiology of human optic neuritis and development of
treatment clinically. If cell-mediated therapy, gene therapy,
and other advanced therapies using biologicals succeed to
control intractable optic neuritis in animal models, this may
ultimately lead to prevention of vision loss of optic neuritis
in humans. By conducting research flexibly, ready to switch
from the bench to the bedside and from the bedside to the
bench as the opportunity arises, this strategy may help to
guide the research of optic neuritis in the right direction.
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Sjögren’s syndrome (SjS) is a complex chronic autoimmune disease of unknown etiology which primarily targets the exocrine
glands, resulting in eventual loss of secretory function. The disease can present as either primary SjS or secondary SjS, the latter
of which occurs concomitantly with another autoimmune disease such as rheumatoid arthritis, systemic lupus erythematosus,
scleroderma, or primary biliary cirrhosis. Current advancements in therapeutic prevention and treatment for SjS are impeded
by lack of understanding in the pathophysiological and clinical progression of the disease. Development of appropriate mouse
models for both primary and secondary SjS is needed in order to advance knowledge of this disease. This paper details important
features, advantages, and pitfalls of current animal models of SjS, including spontaneous, transgenic, knockout, immunization, and
transplantation chimera mouse models, and emphasizes the need for a better model in representing the human SjS phenotype.

1. Introduction

Sjögren’s syndrome (SjS) is a systemic chronic autoimmune
disease that targets the exocrine glands, predominantly the
salivary glands and lacrimal glands, resulting in xerostomia
(dry mouth) and keratoconjunctivitis sicca (dry eyes) [1].
The disease also presents with systemic manifestations
involving the destruction of the thyroid gland [2], lungs
[3], liver [4], and kidneys [5]. The National Arthritis Data
Workgroup using the Olmsted County, MN and 2005 US
population prevalence estimates from the Census Bureau
has estimated that the prevalence of primary SjS (pSjS) in
the USA approaches 1.3 million with a range of 0.4–3.1
million of the approximate 214.8 million population, with
a female-to-male ratio of about 9 : 1, indicating a probable
correlation between disease development and sex hormones
[6]. SjS can exist in one of two forms, either primary or
secondary [7]. pSjS affects salivary and/or lacrimal glands
in the absence of other rheumatic diseases, while its more
common secondary form occurs in the presence of other

rheumatic diseases, such as systemic lupus erythematosus
(SLE) [8], rheumatoid arthritis (RA) [9], scleroderma [10],
and primary biliary cirrhosis [11]. The degree of glandular
destruction is related to the progressive development of
lymphocytic infiltrations which are composed primarily of
CD4+ and CD8+ T cells [12], B cells [13], macrophages, and
dendritic cells [14].

According to the revised European-American Consensus
Group criteria, diagnosis of SjS includes signs of ocular and
oral dryness, detection of infiltrating lymphocytes within
minor salivary glands with quantification determined by
histopathological evaluation, and the presence in serum of
autoantibodies, specifically anti-SSA/Ro, anti-SSB/La, and
antinuclear antibodies (ANA) [15]. Recently, considerable
interest has focused attention on serological evaluations
showing the presence of rheumatoid factor (RF), elevated
immunoglobulin levels (hypergammaglobulinemia), anti-α-
fodrin, and the presence of antibodies to the muscarinic
acetylcholine receptors, especially the type 3 receptor (M3R)
which could impair secretory function [16–24].
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The precise etiology of SjS remains elusive; however, a
number of possible theories have been postulated. Envi-
ronmental triggers including exposure to Epstein-Barr virus
[25], hepatitis C virus [26], and retroviruses including both
human T-cell lymphocytic virus type I (HTLV-1) [27] and
human endogenous retrovirus (HERV-K113) [28], may ini-
tiate epithelial cell activation and a prolonged inflammatory
response in genetically predisposed individuals, resulting
in systemic autoimmunity. Other hypotheses, including
epithelial/acinar cell apoptosis, emergence of autoreactive
T cells, effect of autoantibodies and neurological dys-
function, could consequently contribute to various aspects
of SjS pathogenesis [29]. The challenge of attempting to
understand the mechanism of human SjS pathogenesis is
the inability to learn the biological and immunological
occurrence prior to overt clinical signs. End-stage disease is
often the only parameter which is used to characterize the
entire disease process. As a result, it remains difficult to grasp
and understand the disease development. Therefore, animal
models for SjS would permit the investigation of the full
spectrum of possible etiologies from prior to during and after
disease development.

An ideal SjS mouse model should fulfill a range of com-
mon characteristics present in human SjS, including etiolog-
ical, clinical, histological, serological, and immunobiological
features as detailed in Table 1. Furthermore, different models
will represent SjS in either its primary or secondary form,
as demonstrated in Table 2 which clarifies the relevance of
each mouse model. This paper will provide a comprehensive
examination of many animal models of SjS that mimic fully
or various pathological aspects of human SjS.

2. Spontaneous Mouse Models for
Sjögren’s Syndrome

2.1. Nonobese Diabetic Mice. The nonobese diabetic (NOD)
inbred strain of mice were developed from a cataract-prone
subline (CTS) derived from outbred ICR mice [33]. The
NOD strain is not cataract-prone, however, and is most
commonly used as a model for human Type 1 insulin-
dependent diabetes mellitus (IDDM or T1D) due to lym-
phocytic infiltrations (insulitis) which cause the destruction
of pancreatic islets. Onset of diabetes in highly inbred NOD
mice occurs between 90 and 120 days, with an incidence of
60–80% in females and 20–30% in males by 210 days [34].
Spontaneous onset of diabetes in NOD mice presents with
hyperglycemia, hypercholesterolemia, glycosuria, ketonuria,
polyuria, polydipsia, and polyphagia, all common clinical
features of human IDDM. While insulitis develops by 4
weeks (wks) of age, lymphocytic infiltrations in the salivary
and lacrimal glands occur at approximately 12–16 wks of
age with corresponding loss of secretory function by 20 wks
old [35, 36]. At the onset of SjS-like disease, various signa-
ture autoantibodies can also be detected, specifically, anti-
SSA/Ro, anti-SSB/La and anti-muscarinic receptor type III
(M3R) which has been demonstrated to directly contribute
to the secretory dysfunction in this animal model and SjS
patients.

The NOD mouse model has provided important insight
into the genetics of human SjS. The development of T1D in
the NOD mouse is controlled by more than 18 chromosomal
regions [37]. Early studies involving replacement of individ-
ual insulin-dependent diabetes (idd) susceptibility intervals
such as Idd3, Idd5, Idd13, Idd1, and Idd9 had minimal effect
on the development of autoimmune exocrinopathy or SjS-
like disease. Both Idd3 and Idd5 are required for development
of salivary and lacrimal dysfunction [38]. When both
NOD-derived genetic regions were introduced to the SjS
nonsusceptible C57BL/6 strain by crossing C57BL/6.NODc3
mice carrying Idd3 (Autoimmune exocrinopathy 1 (Aec1))
locus and C57BL/6.NODc1t mice carrying Idd5 (Aec2) locus,
the C57BL/6.NODc3.NODc1t or C57BL/6.NOD-Aec1Aec2
mouse strain was produced which is homozygous for both
Idd3 and Idd5 chromosomal intervals [39]. This double
congenic strain fully recapitulated the SjS-like disease pro-
cess, exhibiting pathophysiological changes at early age,
followed by lymphocytic infiltrations of the salivary and
lacrimal glands at 12–16 wks of age, then accompanied
by the production of autoantibodies to nuclear antigens
(SSA/Ro, SSB/La) and M3R in the absence of T1D. The
lymphocytic foci (LF) consisted mainly of CD4+ and CD8+

T cells, as well as B lymphocytes with associated loss of
saliva production by 20 wks of age. Due to the presence
of T cells and sporadic numbers of dendritic cells and
macrophages within infiltrates, an increase in the levels of
proinflammatory cytokines such as interleukin-17 (IL-17),
IL-22, and IL-23 was also detected locally and systemically.
Similar observations are observed in human SjS patients
[40].

A recombinant inbred line, known as C57BL/6.NOD-
Aec1R1Aec2, was developed to define smaller genetic regions
that contain those genes necessary to induce autoimmune
exocrinopathy by narrowing the Aec1 region [41]. The
genetic region of Aec1 locus was shortened from a 48.5 cm
segment to a centromeric piece spanning 19.2 cm. The
resultant strain exhibited more rapid SjS-like disease in
males, with males developing salivary gland infiltrations
at 10 wks of age compared to 19 wks in females. Females
presented with more severe sialadenitis and larger infil-
trations in the submandibular gland by 22 wks; however,
they exhibited no dacryoadenitis whereas males exhibited
significantly high levels of dacryoadenitis. Furthermore, a
homogeneous nuclear ANA pattern was apparent in males
as early as 5 wks of age but not until 10 wks in females. Both
sexes demonstrated a significant loss of saliva flow rate (35–
40%) beginning at 5 wks of age, but only males displayed a
loss of lacrimal gland secretory function. The lack of lacrimal
gland dysfunction in females may be attributed to the loss of
a necessary gene on the shortened Aec1 locus which could
regulate the sex dimorphism presented in SjS.

Interestingly, the major histocompatibility complex
(MHC) genes have little or no relation to the development
of SjS in the NOD mouse. For example, the MHC class II
region, when replaced from Ag7 to Ab locus in NOD mice,
prevented the development of T1D, but the onset of SS-like
disease remained unaffected [42]. Also, the NOD.H2h4 strain
presents with exocrine gland infiltrations and compromised
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Table 1: Important criterion for an ideal primary SjS mouse model.

Features

Etiology Unknown (possible viral exposure)

Clinical Xerostomia
Keratoconjunctivitis sicca

Histological

Polyclonal lymphocytic infiltrations in the salivary and lacrimal glands
Lymphocytic focus, > 50 mononuclear cells/mm2 (CD4+ > CD8+)
Monoclonal B cell proliferation
Progressive destruction of the acinar and ductal cells

Serological

Hypergammaglobulinemia
Anti-SSA/Ro and anti-SSB/La autoantibodies
Anti-α-fodrin autoantibody
Rheumatoid factor
Antinuclear antibodies
Anti-type 3 acetylcholine muscarinic receptor

Additional organ involvement Heart, blood vessels, lungs, liver, pancreas, stomach, kidneys, bladder, thyroid gland (secondary SjS)

Immunobiology
Diminished apoptosis of lymphocytes
Abnormal MHC expression, H2+-glandular ductal epithelium
Epithelial cell expression of Fas/FasL

Other 9 : 1 female : male ratio
Disease presents in absence of other rheumatic diseases

Table 2: Primary and secondary SjS mouse models.

Type of SjS Mouse Model Secondary to

Primary

Aec1Aec2 —

NOD.B10-H2b —

NFS/sld —

IQI/Jic —

CAII immunization —

PI3K K.O. —

ID3 K.O. —

Ar K.O. —

Ro immunization —

Aly/aly —

Secondary

NOD Autoimmune diabetes

NOD.H2h4 Autoimmune thyroiditis

MRL/lpr RA, SLE

GVHR SLE

BAFF Tg SLE

IL-12 Tg SLE

IL-14α Tg SLE

MCMV SLE

HTLV-1 tax Tg RA [30]

TGF-β1 K.O. SLE [31]

IL-6 Tg IL-10 Tg PBC [32]SLE/Neuropathy

TSP-1 K.O. IBS

K.O.: knockout; Tg: transgenic; SLE: systemic lupus erythematosus; RA:
rheumatoid arthritis; PBC: primary biliary cirrhosis; IBS: inflammatory
bowel disease.

saliva flow without symptoms of T1D due to the replacement
of the Ag7 allele with I-Ak, but continues to develop
spontaneous thyroiditis at a low occurrence (5%) [43, 44].

The NOD.B10-H2b strain also demonstrates an SjS-like
phenotype with inflammatory infiltrations in the exocrine
glands without the occurrence of T1D due to the replacement
of the diabetogenic MHC locus with the MHC locus of
C57BL/10 strain that is nonsusceptible to T1D [45, 46]. As a
result, the NOD and NOD-derived animal models have been
critical in elucidating the genetic basis of SjS development.

2.2. NZB/W F1 Mice. The first mouse model for sponta-
neous SjS was the NZB/W F1 hybrid described in 1968
[47]. By crossing the first filial generation New Zealand
black (NZB) mouse with the New Zealand white (NZW)
mouse, the NZB/W F1 hybrid was produced, which spon-
taneously developed disease characteristic of SjS and SLE
[48]. Mononuclear cell infiltrations were present in both
salivary and lacrimal glands by 4 months of age, with more
severe lesions in the lacrimal glands of females. Epithelial
cell nodules were also present, as well as edematous changes,
necrosis, and connective tissue replacement of parenchyma.
The primary composition of infiltrations was T cells with
lower numbers of B cells [49]. Hypergammaglobulinemia,
pulmonary vasculitis, nuclear autoantibodies, reduced com-
plement levels, and circulating immune complexes were also
presented in this mouse model [50].

2.3. MRL/lpr Mice. The MRL/lpr mouse was developed with
a genetic mutation of the lymphoproliferation (lpr) gene
on chromosome 19 which encodes the structural gene for
the Fas antigen [51]. The MRL-lpr/lpr mouse spontaneously
develops disease similar to SLE [52] and RA [53], charac-
terized by splenomegaly, arthritis, glomerulonephritis, and
massive lymphadenopathy [54]. This model develops an SjS-
like phenotype beginning at 2 months of age with the onset of
inflammatory infiltrations within the submandibular glands,
followed by a less severe inflammation in the parotid and
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sublingual glands. Although an early report suggested that
MRL mice do not synthesize anti-SSA/Ro and anti-SSB/La
auto-antibodies [55], more recent reports indicate that
nearly 30% of mice develop anti-52 KDa SSA/Ro antibodies,
6% develop anti-60 KDa SSA/Ro antibodies, and 6% develop
anti-SSB/La antibodies, but not SSA/Ro [56]. Due to the
defect in the Fas antigen which controls apoptosis, the
MRL/lpr mice develop aggressive autoimmune lymphopro-
liferation contributed by the autoreactive lpr T cells which
have escaped thymic selection [51].

2.4. NFS/sld Mice. The NFS/sld mouse bears a mutation in
the sublingual gland differentiation arrest (sld) gene which
affects acinar cell differentiation into mucous-secreting cells
in the sublingual gland [57]. At three days of age, the NFS/sld
mice are thymectomized without any prior immunization;
these mice develop a spontaneous pSjS-like disease [58].
Severe inflammatory infiltrations develop after 4 wks of
age in both salivary and lacrimal glands that are composed
mainly of CD3+ and CD4+ T cells with a lesser number of
CD8+ T cells and B220+ B cells. No inflammatory lesions
are present in other organs, nor in nonthymectomized mice.
Female mice develop a more severe diseased phenotype.
NFS/sld mice which developed infiltrations in the glands
had significant levels of IgG autoantibodies in sera. The
organ-specific 120-kilodalton α-fodrin autoantigen which
has high sequence homology with the human cytoskeleton
protein α-fodrin was found within the salivary glands of
NFS/sld mutant mice, indicating a potential role in the
development of sialadenitis and dacryoadenitis [59]. The
early accumulation of α-fodrin within the salivary glands
may lead to the observed loss of secretory function by 18 wks;
however, this is most likely due to aging rather than SjS-like
disease phenotype [60].

2.5. IQI/Jic Mice. The IQI/Jic mouse is an inbred strain
established from the Imprinting Control Region (ICR)
mouse strain similar to NOD. These mice produce antinucle-
olar autoantibody in response to mercuric chloride exposure
[61]. The strain is marked by an increase in the number
of B cells within the thymus of aged females, as well as
the presence of mononuclear cell infiltrations within the
salivary and lacrimal glands. The major composition of
inflammatory infiltrations is reportedly B220+ B cells, with
a lesser numbers of CD4+ T cells. Concomitantly, acinar
cell destruction is observed around large foci. However,
small foci consist primarily of CD4+ cells, indicating that
B cells continuously invade the affected organs as the
disease progresses. Sialadenitis is present in 80% of female
mice with lesions beginning at 6 months of age, and one-
third of the animals produce speckled-type IgG antinuclear
autoantibody by 15 months of age. Neither anti-SSA/Ro
nor anti-SSB/La autoantibodies were detected. Expression
of MHC class II antigen is apparent in the ductal epithelial
cells surrounding LF. Additionally, lymphocytic infiltrations
are also observed in the pancreas, kidneys, and lungs as the
IQI/Jic mice aged [62]. Enhanced expression of kallikrein-
13 (Klk-13) has been detected in salivary glands, suggesting

that Klk-13 may be a candidate autoantigen in SjS that
could contribute to the development of sialadenitis due to
increased T cell response to organs expressing Klk-13 [63].

2.6. Aly/aly Mice. The aly/aly mouse possesses the homozy-
gous autosomal recessive mutation alymphoplasia (aly) gene,
resulting in loss of lymph nodes and Peyer’s patches [64].
Subsequently, aly/aly mice readily accept allogenic skin grafts
and demonstrate impaired response to T cell-dependent
antigens due to absence of germinal center formation. These
mice spontaneously develop an SjS-like phenotype by 14 wks
of age, with worsening disease as they aged, presenting with
chronic salivary and lacrimal gland inflammation as well
as inflammation of the exocrine glands of the pancreas.
Both lung and exocrine gland infiltrations are apparent, with
infiltrating cells being primarily CD4+CD8− T cells. Both
salivary and lacrimal glands demonstrate lymphocytic accu-
mulation within periductal areas spanning to the lobules,
and lacrimal glands show significant degeneration of acinar
cells surrounding infiltrations. Tissue damage is minor or
absent in salivary glands of aged mice, and the liver shows
mild lymphoid cell infiltration. No autoantibodies to self-
antigens or nuclear components are apparent, likely due to
extreme defects in humoral immunity.

3. Transgenic Mouse Models

3.1. HTLV-1 Tax Transgenic (Tg) Mice. Human T-cell
leukemia virus 1 (HTLV-1) is a retrovirus involved in
adult T-cell leukemia as well as in the pathogenesis of
autoimmune diseases such as SjS, RA, and possibly multiple
sclerosis (MS) [65]. Transgenic mice containing the HTLV-
1 tax gene under the control of the viral long terminal
repeat (LTR) acquires an autoimmune phenotype which
targeted the exocrine glands [27]. At early age, HTLV-1
tax transgenic mice have rapid proliferation of epithelial
cells with subsequent ductal proliferation, causing distortion
of the salivary gland architecture. Lymphocytic infiltrations
were observed juxtapose to epithelial cells in the salivary
and lacrimal glands. However, lacrimal glands develop less
severe infiltrations with onset occurring much later than in
the salivary glands. Massive LF develop between 6–8 months
of age with subsequent destruction of acinar tissues. The
degree of destruction corresponds with the level of tax gene
expression in the ductal epithelium, suggesting that HTLV-
1 may be tropic for ductal epithelial cells in the exocrine
glands. Therefore, it is postulated that HTLV-1 may trigger
the viral induction of inflammatory lesions via initiation of
proliferation and lymphocytic infiltrations. However, disease
etiology in this mouse model is likely different from that in
human pSjS in which lymphocytic infiltration occurs before
proliferation of ductal cells.

3.2. Cytokine Overexpression Models

3.2.1. IL-6 Transgenic Mice. Interleukin-6 is a cytokine
that influences the immune response, participating in
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autoimmune disease development and pathogenesis of
liver disease. Using a murine graft-versus-host reaction
(GVHR) model with MHC class II disparity, the amount of
autoimmune-like lesions were examined to observe a differ-
ence in transgenic mice with high IL-6 concentrations. The
GVHR IL-6 transgenic mice had increased IL-6 serum levels
and antimitochondrial antibodies (AMA), larger spleen
indexes, and weakened autoimmune-like lesions of the liver,
pancreas, and salivary glands when compared to controls.
There is a discrepancy between AMA titers and histological
features in IL-6 Tg mice, indicating that AMA production
may be a result of polyclonal activation of B cells upon
stimulation by IL-6. Results indicate IL-6 may influence the
pathogenesis of SjS [32].

3.2.2. IL-10 Transgenic Mice. Interleukin-10 (IL-10) is a
cytokine that may contribute to inflammation and patho-
genesis in various autoimmune diseases, due to its function
in regulating the proliferation and differentiation of B
cells and in enhancing MHC class II antigen expression
[66]. IL-10 has also been shown to induce expression of
cell adhesion molecules on endothelial cells and to trigger
apoptotic cell death [67]. IL-10 Tg mice were generated
by using the human salivary amylase promoter to regulate
IL-10 gene expression [68]. Elevated expression levels of
IL-10 are observed in the salivary and lacrimal glands.
Histological examination confirmed the presence of inflam-
matory lesions within the exocrine glands in 8 wks old
mice, with concomitant decreased salivary and lacrimal fluid
secretion. Staining of lymphocytic infiltrates demonstrated
that the cell population was predominantly CD4+ with a
lesser portion (<10%) of CD8+ cells. No sex differences
were evident. By 20 wks of age, no significant difference
was observed between IgG1 levels in wild-type control
and transgenic mice and no autoantibodies were detected.
Interestingly, CD4+ T cells in IL-10 Tg mice expressed FasL,
suggesting that IL-10 may play a part in FasL activation
of nonspecific bystander T cells, which coincides with
Fas/FasL-mediated apoptosis in the destruction of acinar
tissue.

3.2.3. IL-12 Transgenic Mice. Interleukin-12 (IL-12) is
a heterodimeric cytokine produced mainly by activated
macrophages, dendritic cells, and granulocytes which func-
tions in the activation of NK cells and induces CD4+ T cell
differentiation from a TH0 to TH1 cell phenotype [69, 70].
IL-12 SJL transgenic mice were made by expressing IL-12
p70 under the transcriptional control of the thyroglobulin
promoter, resulting in IL-12 overexpression in the thyroid
organ [69]. Histopathological analysis showed an increase in
mononuclear infiltrates within salivary and lacrimal glands
when compared with wild-type mice. LF consist primarily
of B220+ B lymphocytes with a lesser amount of CD4+ T
lymphocytes. Subsequently, the Tg mice develop hyposecre-
tory function in the exocrine glands. Sex-dependent growth
retardation was observed in female, but not male mice,
suggesting a sex-specific effect of IL-12 overexpression [70].
A significant decrease in saliva flow rate was evident in both

sexes; however, in males the decrease was age dependent
while in females the change was neither age nor gene dose
dependent. Increased levels of ANA were observed at 13 wks,
and age-dependent increase in anti-SSB/La autoantibody was
also presented; however, no significant difference in anti-
SSA/Ro autoantibody was seen when compared with wild-
type controls. Morphological changes included an increase
in acinar cell volume and a decrease in cell number per
acinus in the salivary glands [70]. This mouse model tends
to develop autoimmune thyroid disease, indicating the IL-
12 Tg mouse is a candidate animal model for secondary SjS
[69].

3.2.4. IL-14α Transgenic Mice. Interleukin-14α (IL-14α) is
a cytokine produced mainly by T cells and acts as a
B cell growth factor [71]. Increased levels of IL-14α are
present in the peripheral blood leukocytes of both pSjS
and secondary SjS patients with SLE [72]. IL-14α Tg mice
develop hypergammaglobulinemia involving IgG, IgA, and
IgM autoantibodies, parotid gland lymphocytic infiltrations,
deposits of IgM in the kidneys, and mild renal disease.
These features are characteristic of human SjS, but also
reflect a SLE-like phenotype [73]. Development of large B
cell lymphomas in aged IL-14α Tg mice occurs as a result
of dysregulation of IL-14α which regulates B lymphocyte
growth, a common clinical manifestation in both SjS and SLE
patients [73]. IL-14α Tg mice also demonstrate enhanced
antibody responses to vaccinations with T-independent and
T-dependent antigens. Decreased saliva secretion occurs
prior to lymphocytic infiltrations of the salivary glands.
Tear flow has not been fully defined, although lymphocytic
infiltrations do occur in the lacrimal glands. Less than 25%
of IL-14α Tg mice test positive for anti-SSA/Ro and anti-
SSB/La which are detected at 12 months of age in the salivary
glands, suggesting that other autoantibodies may contribute
to the initial phase of SjS development which remains to be
determined [72].

3.2.5. BAFF Transgenic Mice. B-cell activating factor (BAFF)
is a ligand in the tumor necrosis factor (TNF) family
which acts as a powerful modulator of B cell activity [74].
BAFF is produced by myeloid cells and acts to induce
the polyclonal maturation of resting immature B cells to
resting mature B cells without stimulating proliferation
[75]. Several autoimmune diseases, including SLE and SjS,
have increased blood levels of BAFF, and neutralization of
BAFF results in disease prevention [76]. Mice transgenic
for BAFF develop an SLE phenotype, presenting with
hyperproliferation of B lymphocytes and elevated levels
of RF and anti-DNA autoantibodies [77]. As the BAFF
Tg mice age, they develop a secondary SjS-like phenotype
by 13 months of age with reduced saliva flow, presenting
with enlarged salivary glands and corresponding B220+ cells
lymphocytic infiltrations with destruction of ductal and
acinar cells [78]. Keratoconjunctivitis was not apparent and
no sex dimorphism in disease development was observed.
BAFF Tg mice also had severe hypergammaglobulinemia
with high levels of immunoglobulins, specifically IgG, IgM,
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IgA, and IgE isotypes; however, neither anti-SSA/Ro or anti-
SSB/La autoantibodies were detected [79]. Summarized data
for spontaneous and transgenic mouse models is presented
in Table 3.

4. Knockout (KO) Mouse Models

4.1. Id3−/−Knockout Mice. Inhibitor of differentiation 3 (Id3)
is a nuclear protein which inhibits the DNA binding of
basic-helix-loop-helix (bHLH) transcription factors and is
involved in both negative and positive regulations of cell
growth and differentiation [80]. Id3 is also influential in
TCR-mediated T cell selection during T cell development
[81]. Id3 null mutants develop lymphocytic infiltrations
within the salivary and lacrimal glands by 2 months of age,
corresponding with a loss in secretory function. Infiltrations
are composed mainly of CD4+ and CD8+ T cells and
B220+ B cells [82]. Both autoantibodies, anti-SSA/Ro and
anti-SSB/La, were shown to be present at significant levels
after 1 year of age [82]. Notably, infiltrations were not
observed in nonexocrine organs. In this model, neonatal 3
day thymectomization or genetic ablation of T cells resulted
in an improvement in disease condition, implying that
autoimmune T cells are of thymic origin. B cells were
observed to behave in cooperation with T cells in the
suppression of exocrine function.

4.2. PI3K Knockout Mice. The phosphoinositide 3-kinase
(PI3K) enzymes produce 3-phosphorylated phosphoinosi-
tides which function as second messengers downstream of
multiple receptor types [83]. To create a null mutant for
PI3K, a strain with a floxed allele of Pik3r1 and a null
allele of Pik3r2 was crossed with Lck-Cre transgenic mice,
producing the r1ΔT/r2n strain [84]. The resulting knockout
mouse develops an SjS-like autoimmunity, with lymphocytic
infiltration of the lacrimal glands and acinar cell atrophy
and destruction. Infiltrations in the lacrimal glands consist
primarily of CD4+ T cells with a lesser portions of CD8+

T cells and B220+ B cells. Infiltrations also occur within
the lungs, liver, and intestines, with no inflammation in the
kidney, supporting a primary SjS disease.

4.3. TGF-β1 Knockout Mice. The multifunctional cytokine,
transforming growth factor beta 1 (TGF-β1), is produced
mainly by lymphocytes, macrophages, and dendritic cells
and is involved in immunoregulation, embryonic develop-
ment, hematopoiesis, wound healing, fibrosis, and tumor-
genesis [85–89]. Homozygous mutants of the TGF-β1 gene
experience a rapid onset of severe systemic inflammation
which predominantly targets the salivary glands, eyes, heart,
skeletal muscle, lungs, liver, stomach, pancreas, and brain
[90]. Inflammatory infiltrates vary in cellular compositions
across the spectrum of affected organs, from primarily
lymphocytic in the brain to primarily neutrophilic in the
stomach. Salivary gland infiltrations appear at 1 wk of age
and increase in severity with age [91]. Mononuclear lympho-
cytic infiltration in the salivary gland causes rapid atrophy

of acinar tissues and high deposition levels of IgG, TNF-
α, IFN-γ, IL-1β, IL-4, IL-6, and IL-10 in the lesions. Saliva
production is significantly affected in TGF-β1 KO mice when
compared to wild-type controls. Peripheral blood analysis of
TGF- β1 KO mice revealed the presence of anti-ssDNA, anti-
dsDNA, ANA, and glomerular immune complex deposits
[88]. TGF-β1 also affects thymocytes differentiation by inhi-
bition of precursor CD4−CD8low thymocytes differentiation
into mature CD4+CD8+ thymocytes.

4.4. Thrombospondin-1-Deficient Mice. Thrombospondin-1
(TSP-1) is a matricellular protein which regulates both in
vitro and in vivo activation of latent TGF-β [92, 93]. Relying
on the precise pathogenic effect that TGF-β exerts on the
autoimmune process of SjS, a TSP-1 deficient mouse strain
was created; however, the deficient mice presented with less
severe inflammation when compared with the TGF-β KO
mouse [94]. Inflammatory infiltrates within the lacrimal
glands were first observed at 24 wks of age, consisting
primarily of CD4+ T cells with a lesser amount of CD8+

T cells. TSP-1-deficient mice also demonstrate reduced eye
size which occasionally leads to complete closure and loss of
eyes. Damage to the corneal epithelial barrier is apparent,
occurring in conjunction with corneal edema in aged
mice. Both anti-SSA/Ro and anti-SSB/La autoantibodies are
detected at elevated levels in the sera, and a significant loss
of lacrimal gland secretory function is evident. A twofold
increase in IL-17A+ cells was observed in splenocytes, and
increased apoptosis and transcriptional levels of IL-6 and
IFN-γ were seen in the lacrimal glands of 8-week- old mice.
Also, a considerable increase in IL-17A+CD4+ peripheral
T cells was apparent in 24 wks old TSP-1-deficient mice,
concurrent with reduced levels of IFN-γ. Currently, it is
unknown whether this mouse model develops sialadenitis
and secretory dysfunction in the salivary glands.

4.5. Aromatase-Deficient Mice. The aromatase gene con-
trols activation of estrogen production [95]. To determine
whether estrogen levels may contribute to SjS disease
pathogenesis, an aromatase knock-out (ArKO) mouse model
was constructed [96]. Male and female ArKO mice over 12
months old present with mild splenomegaly, lymphadenopa-
thy, and hypercellularity in the bone marrow, with no
apparent lymphocytic infiltrations occurring within the
lungs and liver. Peripheral blood analysis revealed a 1.5- to
2-fold increase in leukocyte population with a significant
increase in the number of B220+ B lymphocytes, but no
change in the number of T cell antigen receptor-β+ T cells.
Mild proteinuria and massive lymphocyte infiltration within
the kidneys suggest renal dysfunction in the ArKO mice. In
aged ArKO mice (12–17 months), enlarged salivary glands
with massive lymphocytic infiltrations were observed, with
severe acinar tissue destruction. The major composition
of lymphocytic infiltrations was B220+ B lymphocytes. A
significant increase in B220+ cells was also observed in
the lymphoid tissues. Sera analysis revealed the presence of
anti-α-fodrin autoantibodies, and analysis of infiltrates in
salivary glands showed evidence of proteolytic fragments of
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α-fodrin, indicative of tissue destruction often present in
pSjS. The ArKO mice were negative for ANA and manifested
long-term estrogen deprivation resulting in autoimmune
exocrinopathy and occasionally renal failure.

5. Immunization Mouse Models

5.1. Carbonic Anhydrase II Immunization. Frequently, anti-
bodies to carbonic anhydrase II (CAII), a basic zinc met-
alloenzyme involved in the catalysis of a reversible hydra-
tion of carbon dioxide, are characteristic of autoimmune
pancreatitis [97, 98]. However, recent findings suggest their
presence in other autoimmune diseases such as SjS as well
as connective tissue diseases [99]. Autoimmune sialadenitis
was induced in PL/J(H-2u) mice by immunization with
human carbonic anhydrase II (CAII) [100]. Mice immunized
with CAII developed an increase in the size and focus score
in the salivary and lacrimal glands. In addition the ani-
mals manifested disintegration and atrophy of surrounding
acinar cells [100]. A small percentage of CAII-immunized
mice demonstrated smaller LF within the pancreas and
kidney, similar to human SjS patients who develop chronic
pancreatitis and renal tubular acidosis [100, 101]. Serum
antibody reactive to CAII has been reported in several
autoimmune diseases, including SjS, chronic pancreatitis
(CP), and autoimmune cholangitis [102]. However, no
proliferative responses of peripheral blood mononuclear
cells (PBMC) to CAII were observed, indicating CAII
is probably not a key target antigen for the immune
response in the origination and development of SjS and CP
[103].

5.2. Ro Immunization. Anti-SSA/Ro autoantibody is present
at a significantly high level in patients with severe autoim-
mune diseases and serves as a standard diagnostic biomarker
for SjS and SLE [104]. BALB/c mice immunized with short
peptides from the 60-kDA Ro (SSA) antigen, known to
induce epitope spreading, develop an immune response to
the Ro/La ribonucleoprotein particle [105]. Ro immunized
mice present with lymphocytic infiltrations within the
salivary glands composed primarily of CD4+ (45%) and
CD8+ (18%) T cells and CD19+ (35%) B lymphocytes, con-
current with a significant decrease in saliva flow rate [105].
Intermolecular epitopes spreading can be prevented by oral
administration of the Ro 60 autoantigen to Ro immunized
mice, inhibiting salivary gland lymphocytic infiltrations and
increasing salivary flow rate; however, epitope spreading is
indicative of minimal tolerance to Ro and La in the B cell
and T cell compartments [106–110]. This model however
requires repeated immunizations with Ro peptide emulsified
in Freund’s adjuvant over the course of several wks, with
disease development not occurring until 4 months, raising
the issue of a completely different etiological scenario than is
seen in human SjS patients [111]. The role of anti-SSA/Ro is
not well understood in either SjS mouse models or in human
SjS patients; therefore, further study is needed to examine the
pathogenic role of Ro antigen.

6. Infection Mouse Models

6.1. Murine Cytomegalovirus. Environmental triggers have
been postulated to be capable of inducing autoimmu-
nity in genetically predisposed individuals. Several viruses
including Epstein-Barr virus (EBV), hepatitis C virus, and
cytomegalovirus (CMV) have been associated with the devel-
opment of SjS. Frequently, individuals who are immuno-
compromised develop sialadenitis upon CMV infection
due to viral replication which occurs primarily within the
ductal epithelium of the salivary glands [112]. In mice,
however, murine CMV (MCMV) instead replicates within
the serous acinar epithelial cells of the submandibular
gland [113–115]. Salivary gland infection in mice produces
an extended inflammatory immune response which leads
to epithelial cell death and regeneration [116]. Four dif-
ferent strains of mice (C57BL/6 [B6]-+/+, Fas-deficient
B6-lpr/lpr, TNFRI-deficient B6-tn f r10/0, and B6-tn f r10/0-
lpr/lpr) infected with murine CMV (MCMV) were shown
to manifest certain phenotypes of SjS-like disease [117].
For instance, Fas-deficient B6-lpr/lpr mice infected with
murine CMV (MCMV) developed anti-Ro and anti-La
autoantibodies and persistent severe lymphocytic infiltra-
tions within the salivary glands that remained 100 days
postinfection even after viral clearance. Neither C57BL/6
[B6]-+/+ nor TNFRI-deficient B6-tn f r0/0 mice infected with
MCMV had inflammation in the salivary glands at 100 days
postinfection, although infiltrations were observed in both
strains at 28 days postinfection. In MCMV-infected B6-
tn f r10/0-lpr/lpr mice, identical salivary gland inflammation
to MCMV-infected B6-lpr/lpr mice was observed at 28 days,
and no inflammation was apparent in uninfected B6-lpr/lpr
controls. All mice developed sialadenitis by 28 days which
was still present at 100 days postinfection.

Autoimmune-prone NZM2328 mice infected with
MCMV are also capable of recapitulating certain phenotypes
of SjS-like disease [118]. Infected female NZM2328 mice
have severe chronic lymphocytic infiltrations in the exocrine
glands composed of CD4+ T cells and B220+ B cells. Severe
local inflammations coincide with presence of organ-
targeted autoantibodies against glandular antigens as well
as reduced saliva volumes. Anti-Ro/SSA or anti-La/SSB
is not detected in virus-infected animals. However, both
infected male NZM2328 mice and female B6-lpr mice have
significantly less severe glandular infiltrations. Interestingly,
animal models of MCMV-induced SjS only require a single
exposure to the virus which could serve as an ideal animal
model examining the early phase of human SjS development.

7. Transplantation Chimeras

Autoimmunity resembling a SjS phenotype can be induced
in hybrid mice upon transplantation of leukocytes from a
parental strain to nonirradiated F1 recipients, generating
a chronic graft-versus-host reaction (GVHR) [119–121].
Haematopoietic transplantation chimeras were produced
by transplantation of spleen cells from BALB/c donors to
nonirradiated F1-hybrids of BALB/c and CBA/H-T6 mice
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[122]. Both male and female chimeras were shown to
subsequently develop a SjS-like phenotype with enlarged
lymph nodes and nodulated contorted spleens at 7 months
after transplantation. Males manifested a more severe disease
phenotype found in the lymph nodes and spleen when
compared to both female chimeras and wild type controls.
Sera were negative for autoantibodies against DNA, but
positive ANA with a nucleolar pattern was observed in most
chimeric mice. Raised levels of albumin in the urine of both
males and females were found, with higher levels in males.
Kidneys in both sexes demonstrated lymphocyte “cuffs” with
plasma cells surrounding the vessels and no IgG, IgA, or
IgM deposits were found in glomeruli. Mononuclear cell
infiltrates were apparent in both the salivary and lacrimal
glands of male and female chimeras with no difference in
severity between sexes. The spleens showed ordinary size and
distribution of red pulp, but diminished or absent white
pulp. The rim of lymphocytes was absent, and cells were
enlarged within the germinal centers. The nodules in the
spleen indicate that donor spleen colony-forming units have
invaded the recipient spleen, resulting in competition with
lymphohaematopoietic cells [122]. Therefore, it is likely that
transplantation leads to both acute and chronic GVHR. The
chimeric animals showed the absence of typical clinical phe-
notypes of SjS, including splenomegaly, hepatomegaly, high
albuminuria, anti-dsDNA autoantibodies, ascites formation,
and immune complex glomerulonephritis [122]. Summa-
rized data for knockout, immunization, infection, and trans-
plantation chimera mouse models is presented in Table 4.

8. Conclusion and Future Directions

As demonstrated by the vast range of available mouse
models, SjS is a highly complex disease whose etiology is still
not well understood. It is likely that SjS pathogenesis involves
an intricate relationship between genetics and environmen-
tal factors which can provoke both innate and adaptive
immunity, hormone secretion, and the autonomic nervous
system into triggering the initiation and progression of the
disease. Animal models demonstrate a variety of potential
pathologies for the disease, ranging from overproduction
of inflammatory cytokines to exposure by exocrine gland-
targeting viruses. Therefore, these animal models provide a
useful tool in observing the different stages in the glandular
pathophysiological abnormality to the loss of immune toler-
ance and eventually to the onset of overt or clinical disease. In
addition, they can serve as great tools in designing diagnoses,
as well as in prevention and treatment therapies. Each mouse
model possesses its own advantages, as well as pitfalls, and no
ideal model for the study of SjS currently exists. Spontaneous
models naturally develop SjS and appear most similar to the
human SjS disease, but still have their drawbacks. Knock-out
animal models can also be useful, allowing observation of
the importance a particular protein, regulatory mechanism,
or cell type has in disease development, leading to improved
treatment options. However, no SjS mouse model fulfills all
of the necessary characteristics of the human disease, and
such discrepancies may cause progress in the field to come
to a standstill. A better model is needed.
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syndrome,” Journal of Immunology, vol. 175, no. 12, pp.
8409–8414, 2005.

[106] C. L. Keech, T. P. Gordon, and J. McCluskey, “The immune
response to 52-kDa Ro and 60-kDa Ro is Linked in Experi-
mental Autoimmunity,” Journal of Immunology, vol. 157, no.
8, pp. 3694–3699, 1996.

[107] B. T. Kurien, S. Asfa, C. Li, Y. Dorri, R. Jonsson, and R.
H. Scofield, “Induction of oral tolerance in experimental
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Sjögren’s syndrome (SjS) is a chronic autoimmune disorder characterized by dry eyes and dry mouth due to dacryoadenitis and
sialoadenitis with SS-A/Ro and/or SS-B/La autoantibodies in genetically predisposed individuals. Destruction of lacrimal and
salivary glands by autoimmune reactions may lead to clinical manifestation. However, the mechanisms behind the decreased
volume of secretions in tears and saliva are complex and are not fully understood. Exocrine gland dysfunction may precede
autoimmunity (acquired immunity) or represent a process independent from inflammation in the pathogenesis of SjS. The
preceded functional and morphologic changes of those tissues by nonimmunologic injury before the development of inflammation
at the sites of target organs have been implicated. This paper focuses on the several factors and components relating to glandular
dysfunction and morphologic changes by nonimmunologic injury during the preinflammatory phase in mouse model, including
the factors which link between innate immunity and adaptive immunity.

1. General Introduction of SjS

1.1. pSjS and sSjS. Majority of patients with SjS are women,
and the diagnosis is usually done when they are 40–50 years
old [1]. SjS primarily affects women and may occur as an
isolated disorder, which is termed as primary SjS (pSjS),
or it may occur in association with recognized collagen
diseases, such as rheumatoid arthritis (RA), systemic lupus
erythematosus (SLE), and other collagen diseases, termed as
secondary SjS (sSjS) [2, 3]. Although the clinical manifes-
tations of pSS patients are mainly those of an autoimmune
exocrinopathy, almost half of patients develop extraglandular
disease and confer increased risk (approximately 5% of
patients with pSjS) for lymphoma (B cell non-Hodgkin’s
lymphoma) development [4, 5]. pSjS involves muscular, res-
piratory, gastrointestinal, renal, hepatic, pancreatic, periph-
eral, central nervous, and lymphoid tissues [6, 7].

1.2. Triggering Factors in pSjS and sSjS

1.2.1. Gene. Like other autoimmune diseases, relationship
between HLA alleles and SjS pathogenesis has been suggested
[8, 9]. Polymorphisms of the interferon regulatory factor

5(IRF-5), a gene implicated in type I IFN secretion after stim-
ulation of innate immunity and in type 1 IFN signal trans-
duction, are associated with disease susceptibility in pSjS
[10, 11]. Copy number variants of two relevant to immune
regulation genes such as Fcγ receptor 3B(FCGR3B) and CC
chemokine ligand 3-like 1 (CCL3L1) contribute to suscepti-
bility to autoimmune diseases such as SLE and pSjS [12].

1.2.2. Hormone. Hormonal unbalance may be one of the
major triggering factors behind the syndrome of SjS and the
increased risk is due to a change in the androgen–estrogen
ratio and sex steroids including lack of androgens influence
both at the systemic (fatigue) and local (exocrine glands)
level [13]. As the peak age of onset in SjS occurs around
menopause characterized by a decrease in estrogens, and
ovaries produce low levels of testosterone, which decrease
at the time of menopause [14, 15]. The other significant
source of androgens is the adrenal cortex, which produces
dehydroepiandrosterone (DHEA) and its metabolite DHEA
sulfate (DHEA-S) [14, 15]. Other than the triggering
effects of hormone, influence of androgens and pituitary
hormones on the structural profile and secretory activity
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of the lacrimal gland has been suggested [16]. Tzioufas et
al. [17] reported that the hypothalamic-pituitary-adrenal
(HPA) axis appears to be disturbed, since significantly lower
basal adrenocorticotropic hormone (ACTH) and cortisol
levels were found in patients with SjS. The hypothalamic-
pituitary-gonadal (HPG) axis is also involved, since lack
of estrogens is associated with human disease and the
development of autoimmune exocrinopathy in several exper-
imental models. Moreover, exocrine glands are enriched
with neuroendocrine-related molecules. Psychological dis-
turbances can be very well explained by mechanisms directly
related to disturbances of the neuroendocrine axis. Apart
from functional changes, the syndrome is also characterized
by structural abnormalities of the secretory acinar apparatus,
and patients with SjS show low serum DHEA levels, which
may lead to acinar cell degeneration, and an autoimmune
attack directed against exocrine glands and nuclear autoanti-
gens may occur [18].

1.2.3. Pathogen. Among various environmental factors viral
infections may act as a trigger before the development of
inflammation [19] or may be involved during the process
of immune reactions [20]. Several viruses such as Epstein-
Barr virus (EBV; types 1 and 2) [21, 22] and hepatitis
C virus, retroviruses such as human T-cell lymphocytic
virus type 1 (HTLV-1) [23], and endogenous retroviruses
such as a HERV-K113 [24] have been found to be closely
associated with the patients with pSjS and sSjS. Also,
the incidence of keratoconjunctivitis sicca is increased in
patients with exogenous retroviruses like immunodeficiency
virus infection [25]. Expressed HERV-encoded proteins,
which would be considered as foreign antigens, result in
production of antibodies against them in patients. These
lead to cross-reaction with the components of the body
such as between ribonucleoprotein(Sm) and HERVs [20],
or between lipocalin/α-fodrin and EBV [26] via structural
or functional molecular mimicry [27]. Also, bacteria can
activate innate immune responses interacting with Toll-
like receptors (TRLs) that recognize pathogen-associated
molecules, resulting in a prolonged inflammatory response
that may occur and lead to chronic inflammation with
activation of adaptive immune responses [27]. Alternatively,
some infectious agents such as malaria, Toxoplasma gondii,
and Helicobacter(H.) pylori may have a protective effect
in SLE [27]. In contrast H. pylori may contribute to the
pathogenesis in SjS [28]. In addition, epidemiological and
experimental data suggest that infections or the exposure to
nonpathogenic bacteria protect individuals from developing
some autoimmune and atopic disorders [29].

1.3. Acquired Immunity in SjS

1.3.1. Cellular Immunity. A progressive loss of exocrine
gland function due to glandular damage is induced by
a lymphoid cell infiltration into these target organs. The
autoimmune character of the disease and diagnosis in
patients with SjS are made by focal lymphocytic sialoadenitis
in minor salivary glands with a focus score >1, defined
as a number of lymphocytic foci (which are adjacent to

normal-appearing mucous acini and contain more than 50
lymphocytes per 4 mm2 of glandular tissue) with positive
test for SjS autoantibodies (SS-A/Ro and SS-B/La) in the
serum [30]. Histopathology usually exhibits lymphocytic
infiltration, with the majority of lymphocytes being CD4+ T-
cells in the minor salivary gland lip biopsy from SjS patients
in accompanying B cells [5, 6, 31]. Infiltrated lymphocytes
are composed of mainly autoreactive CD4+ T cells [32],
CD8+ T cells, and dendritic cells, and macrophages are
also present, and T cells preferentially express the T-cell
receptor (TCR)Vβ6 and TCRVβ8 in these tissues in an
animal model [33]. In human lymphocytes consisting of T
and B cells in the salivary gland lesions has been reported
[34, 35]. Various studies indicate that human minor salivary
gland biopsy tissue and salivary glands from mouse models
exhibited helper T(Th)1 type cytokine profiles at the sites
of target organs. For example, in labial salivary gland of
human patients with SjS interleukin (IL)-2 and interferon
(IFN)-γ mRNAs were consistently detected, whereas IL-4
and IL-5 mRNAs were detected in some cases associated
with strong B cell accumulation, suggesting Th1 cells are
essential in the induction and/or maintenance of SjS, while
Th2 cells are involved in the progression of the disease
process, especially in local B cell activation [36]. Moreover,
it has been reported that CD4+ T cells in salivary glands
expressed large amounts of IFN-γ mRNA, whereas those cells
produced little IL-4 and IL-5 mRNAs in SjS patients [37].
Also lymphocytes infiltrating in the labial salivary glands of
patients with pSjS or sSjS are capable of producing both
Th1 and Th2 cytokines, and the balance between them
shifts in favor of Th1 responses in large salivary glands
with high infiltration score [38]. An increase in several
proinflammatory cytokines (mRNAs expression), including
interleukin(IL)-1β, tumor necrosis factor (TNF)-α, IL-6, IL-
7, IL-10, IFN-γ, and inducible nitric oxide synthase (iNOS)
was demonstrated in the submandibular glands of nonobese
diabetes (NOD) mice, which are originally reported as a
model for insulin-dependent diabetes mellitus, a model for
pSjS with lymphocytic infiltrates [33]. Also, cytokine mRNA
detected in lacrimal tissue was similar to that seen in the
submandibular glands but appeared both earlier and more
intensely [33]. Distinct subset of CD4+ memory effector T
cells such as Th17 cells may play an important in various
autoimmune diseases, including SjS [39–42]. Moreover, IL-
23/Th17 pathway has been implicated in SjS pathogenesis
in Ro52-null mice, which develops systemic autoimmune
disease resembling human lupus [43].

1.3.2. Humoral Immunity. Autoantibodies may also play
a role in the pathogenesis. Serologically, the presence of
rheumatoid factor, hypergammaglobulinemia, and antibod-
ies to nuclear protein, such as SS-A/Ro and SS-B/La [44] as
well as antibodies against α-fodrin [45], carbonic anhydrase
II [46], and acetylcholine muscarinic3 receptor [47] have
been observed in the sera of SjS patients. The later could play
a pivotal role in secretory function in pSjS [48]. In addition,
there is a possibility that cryptic antigens recognized by T
lymphocytes and antibodies in autoimmune pathogenesis
including SjS [49].
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Figure 1: Hypothetical relationship between nonimmune (preinflammatory) phase and immune reaction (acquired immunity). Female
B/WF1 mice, a model for SLE and sSjS, develop several autoantibodies (e.g., anti-dsDNA and antinuclear antibodies: ANA) from younger
ages (approximately 12 weeks of age) and thereafter immune-complexes- (ICs-) mediated glomerulonephritis (GN) develops with age,
leading to overt disease (renal failure). On the other hand, production of anti-Ro/SS-A antibodies begin at the age of 20 weeks of age
and dacryoadenitis and sialoadenitis (SA/DA) may develop in salivary and lacrimal glands. During the nonimmune phase, abnormal
function and morphology of these tissues such endothelial cells (Ec) may permit leak of cytokines produced systemically. Dotted line shows
hypothetical functional defect. Green lines may indicate clinical manifestation (self-reported symptoms) in human patients with sSjS. In this
figure, the regenerative changes of acini components are not shown. T cell (T), B cell (B), and plasma cell (P).

2. Nonimmunologic Injury in
Preinflammatory Phase in SjS

2.1. Background. A number of references are increasing in
immune-mediated pathogenesis of SjS. On the other hand,
there are a few reports on nonimmunologic injury relating
to glandular dysfunction before inflammation. Although the
fluid secretory impairment of lacrimal and salivary glands in
SjS is thought to be related to the extent of lymphocytic infil-
tration and subsequent loss of glandular tissue, lymphocyte
infiltration alone is not sufficient to explain the secretory dys-
function in the female NZB/W(B/WF1) mouse, a model for
sSjS and SLE, since less fluid secretion in the young B/WF1

females compared to C57/6 control mice was observed before
the development of inflammation in lacrimal glands [50]
(Figures 1 and 2). Also, it has been suggested that the
decrease in salivary flow follows the occurrence of focal
lymphoid infiltration, with a considerable delay in time,
and that the sole destruction or replacement of glandular
tissue by inflammatory cells is not sufficient to explain the
severe impairment in salivary secretion [51]. In addition,
Deshmukh et al. [52] reported that in the initial stages of the
disease gland dysfunction did not correlate with the severity
of lymphocytic infiltration/foci in the salivary gland and that
autoantibodies to salivary gland antigens or Ro60 may not
play a major role in the induction of gland dysfunction in
female B/WF1 mice. Jonsson et al. [51] indicated at least
2 phases of SjS-like disease in female NOD mice, where

hyposalivation was preceded by inflammatory changes in
the salivary glands, whereas abrupt changes in secretion
occurred without significant progression of inflammation.
Moreover, submandibular gland histology revealed selective
loss of acinar tissue with decreased tear volume despite an
absence of sialoadenitis in NOD-scid mouse, which lacks T
and B cells [53]. Rosignoli et al. [54] reported a progressive
loss of nitric oxide synthase activity in submandibular and
parotid glands started at 12 weeks of age without inflamma-
tion and paralleled the decline in salivary secretion in NOD
mice, and this defect was associated with a lower response
to vasoactive intestinal peptide in salivary flow rate, cAMP,
and nitric oxide/cGMP production. Their data suggest that
early stages are characterized by defective neurotransmitter-
mediated signaling in major salivary glands that precedes the
autoimmune response. In B/WF1 mice incomplete Freund’s
adjuvant accelerated glandular hypofunction, and this was
associated with sialoadenitis but without evidence of robust
adaptive autoimmune response in the early stages of the
disease [52].

2.2. Animal Model for Pathogenesis in SjS. As mentioned
above, the immunopathogenesis of SjS is complex with
different intricate factors, including triggering factors such
as hormone, disease susceptibility gene especially major
histocompatibility complex (MHC), endogenous virus, and
exposure of cryptic antigens. Moreover, the delay in the
appearance of symptoms (self-reporting symptoms) and
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Figure 2: Dysfunction of renal function due to glomerulonephritis may precede glandular dysfunction. Glomerulonephritis in different
ages of female B/WF1 mice. Slight increase of mesangial cells (a), diffuse thickening of basement membranes with segmental proliferation
of mesangial cells (b), and sclerosing change (c) in glomeruli are visible. On the other hand, relatively normal structure in submandibular
gland is seen (d), but at this time dysfunction of glands is reported [50]. Focal lymphoid cell infiltration (e), and dense infiltration (f) are
visible. Samples were obtained survived mice (a, b, d, and e), whereas those were from dead mice (c and f). HE : (a–d). Azan: (e) and (f).

due to ethical issues, it is very difficult to study the wide
array of factors interaction in the pathogenesis (especially
nonimmunologic injury) of SjS in human patients [31].
To solve this problem, different animal models have been
elaborated for studying the different subsets of the aspects
of the physiopathology of this disease. This review focused
on nonimmunologic injury before the development of
inflammation (acquired immunity) at the site of lacrimal and
salivary glands in relation with glandular dysfunction.

3. Discussion of Previous Research in SjS

Apoptosis, nonapoptosis, and abnormal distribution/expre-
ssion of aquaporin before the inflammation will be intro-
duced. Effects of systemic factors (IFN-α [55], complement,

and cytokines) on components of target organs (autonomic
nerve, tight junction and basement membrane) due to
nonimmunologic injury will be also included (Figure 3).
Hormonal effects on glandular function is stated in the
section of basement membrane.

3.1. Apoptosis. Classically, the pathogenesis of SjS proposed
in explaining glandular hypofunction is a two-step mech-
anism. At first, a primary immune attack by infiltrating
lymphocytes and at second cytotoxic cell death (necrosis)
and apoptosis, which may be one of factors relating with
dysfunction of salivary and lacrimal glands, in genetically
predisposed individuals may occur [56]. In this section,
some reports of apoptosis induced probably by genetic
abnormality including the role of apoptosis as initiator will
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be introduced. Also, opposite opinions against apoptosis in
general pathogenetic roles are included.

It has been demonstrated using NOD mice and NOD-
scid (immunodeficient) mice that the pathogenesis of SjS
occurs in two phases: an asymptomatic phase epithelial cells
of exocrine tissues undergo dedifferentiation accompanied
by elevated apoptosis and a second phase in which autoim-
munity is mounted against target organ autoantigens, result-
ing in the activation of T- and B-cells, and the generation of
autoantibodies [32]. Humphreys-Beher et al. [57] reported
that genetic alterations in glandular homeostasis involving
the death program may contribute to disease progression
or even in the initial trigger of autoimmunity, since there
are high levels of apoptosis and aberrant protein expression
in the submandibular gland in the absence of an immune
response in NOD mice. Kong et al. [58] demonstrated that
apoptosis of the secretory epithelial cells occurs in both
NOD and NOD-scid mice in salivary and lacrimal glands
in which Fas protein and mRNA were expressed only in the
exocrine glands before inflammation in NOD and NOD-scid
mice, but not in normal BALB/c mice. A potential apoptotic
process dependent on Fas/Fas ligand (FasL) interactions
occurring in NOD-scid glandular secretory epithelial cells
strongly suggests the apoptosis may precede lymphocytic
infiltration [58]. Qi et al. [59] reported that apoptosis may
be initiator of inflammation in target organs in which
lacrimal dysfunction was found in the early age without

inflammation in NOD mice, and apoptotic cells exist in
acinar epithelium at 5 weeks of age, but not 2 weeks of
age without inflammatory foci in submandibular glands. If
that is the case, apoptosis may be induced genetically as
well as immunologically. The relationship between apoptosis
and dysfunction of glands in NOD-scid mice is unclear.
Apoptosis before inflammation in human SjS is not known.

3.2. Nonapoptosis. Apoptosis of the epithelial cells in the sali-
vary glands has been shown to be a rare event [60]. Many
patients with SjS who have little or no glandular function
(as evidenced by markedly diminished or absent saliva out-
put) retain large amounts of normal-appearing acinar tissue
in their salivary glands [61]. This residual tissue is functional
in vitro [62, 63], although they show a reduced sensitivity
to muscarinic stimulation [63]. Van Blokland et al. [64]
reported that before and after the onset of sialoadenitis
in NOD and NOD-scid mice, numbers of apoptotic cells
were not increased as compared with control mice at
any age. Expression of B-cell leukemia/lymphoma-2(bcl-2),
which is known as an antiapoptotic molecule by prohibiting
cytochrome c release from mitochondria and neutralizing
the function of apoptosis inducer Bax [65] on submandibu-
lar gland epithelial cells as early as 3 days of age increased, and
low-level expression of Fas and FasL mRNA was observed in
NOD and NOD-scid mice from 1 day of age onward [64].
Nonapoptosis mechanisms before inflammation do not deny
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the role of apoptosis during the process of inflammation,
since there are a number of references that apoptosis may
play an important role in the pathogenesis of SjS [66], but
there is a possibility of non-apoptotic mechanisms during
the process of the disease.

Using a non-apoptotic model for glandular hypofunc-
tion, Dawson et al. [66] have suggested that interaction bet-
ween the immune system and the secretory process could
lead to glandular hypofunction such as inhibition of neu-
rotransmitter release by cytokines, enhanced breakdown of
ACh by increased levels of cholinesterase, blockade of M3R
by antimuscarinic autoantibodies, and altered expression or
distribution of aquaporin5.

3.2.1. Aquaporin. Fundamental importance of aquaporins
by their conservation from bacteria through plants to mam-
mals has been suggested, and ten mammalian aquaporins
(AQPs) identified are expressed in several organs (e.g., the
kidney, lung, eye, and brain) and multiple water-channel
proteins that regulate the movement of water through
the plasma membrane of secretory and absorptive cells in
response to osmotic gradients [67]. Homologs are expressed
in each with a distinct distribution, providing a network
for water transport in those locations [67]. In this section,
at first normal distribution/expression of AQPs in healthy
human and animals will be mentioned. Also abnormal distri-
bution/expression of AQPs from human SjS, who may have
inflammation, and then data from mice will be introduced.

Abnormal distribution and expression of AQP5 in acini
of salivary glands are likely to contribute to the deficiency of
fluid secretion during the noninflammatory phase but also
during the immunologic phase. Delporte [68] reviewed the
normal presence of AQP1(apical and basolateral membranes
of endothelium and myoepithelium of rat and human),
AQP3 (basolateral membranes of acinar in human), AQP4
(basolateral membranes of duct in rat), AQP5 (apical
membranes of acinar in rat and human, basolateral in acinar
or secretory granules in rat), AQPs 6 and 7(unknown),
and AQP8 (cytoplasm of myoepithelium in rat) in salivary
glands. Recently, it has been reported in more details that
AQP5 appeared mainly at the apical membrane of mucous
glands, basolateral membrane, and basal membrane of
serous acini including intense staining in the intercalated
ducts, striated ducts, and secretory ducts of the labial gland
in healthy volunteers, whereas AQP5 was distributed at
the basal membrane and obviously reduced at the apical
membrane in patients with SjS [69]. The presence of AQP1,
AQP5, and AQP8 has been generally accepted by many,
while the presence of AQP3, AQP4, AQP6, and AQP7 still
remains controversially [68]. Among AQPs, AQP5 seems
to be the only AQP playing a major role in the salivary
secretion process and its expression was higher at the basal
membrane, and lower at the apical membrane of acinar
cells of salivary gland in pSjS [70]. In contrast, AQP5 is
normally present in the apical membrane of acinar cells,
whereas expression of AQP-1 in myoepithelial cells, but
not in endothelial cells of capillaries, was decreased by 38%
in pSS glands. Patients with pSjS or sSjS showing high %
reactivity of acinus area with AQP5 revealed AQP5 primarily

at the basal membranes of the acinus, whereas in patients
with low% of acinus area AQP5 was detected at the apical
membrane of acinar cells of salivary gland in patients with
pSjS [71]. Tsubota et al. [72] reported cytoplasmic AQP5 was
seen in patients with SjS. Beroukas et al. [73] reported that
in patients with pSjS density of AQP5 in salivary glands does
not differ between patients with pSjS and normal controls.
This discrepancy in human might be because of differences
between salivary and lacrimal glands, between populations
of patients [54], between pSS and sSS, or between different
disease stages. Groneberg et al. [74] suggested that tissue-
specific differences, or different techniques might affect the
results. Abnormal distribution/expression of AQP5 in acinar
epithelium of minor salivary glands lacking inflammatory
cell infiltration was observed, suggesting that their abnormal
expression may not be due to only direct inflammatory cell
reaction, even in the inflammatory phase [68].

By the comparative study between AQP+/+ mouse and
AQP5 knockout (AQP5−/−) mouse AQP5 was localized
mainly in the ductal cells rather than in the acinar cells of
the lacrimal gland without decreased tear secretion, whereas
in the parotid gland AQP-5 was observed abundantly in
acinar cells, but not in ductal cells, with reduced saliva
secretion [75]. In addition, Krane et al. [76] reported that
water permeability decreased by 65% in parotid and 77%
in sublingual acinar cells from AQP5−/− mice in response
to hypertonicity-induced cell shrinkage and hypotonicity-
induced cell swelling. These data show that AQP5 is the
major pathway for regulating the water permeability in
parotid and sublingual acinar cells (a critical property of
the plasma membrane which determines the flow rate and
ionic composition of secreted saliva). Moore et al. [77]
provided the evidence that AQP5 in the apical membranes
of acinar and duct cells, AQP3 and AQP4 in the basolateral
membranes of acinar cells, and AQP1 in microvascular
endothelial cells in lacrimal glands in transgenic mice lacking
water channels AQPs. No decrease in tears in knockout mice
lacking AQP1, AQP3, AQP4, and AQP4 against an essential
role for AQPs in lacrimal gland secretion was observed
[77]. Soyfoo et al. [78] reported that the 8-week-old female
NOD mice without inflammation and normal age-matched
BALB/c(normal) mice showed a similar distribution of
AQP5 primarily at the apical membrane of the salivary
gland acini, whereas in acini from the submandibular glands
(but not from the parotid glands) from 24-week-old NOD
mice with inflammation, AQP5 staining was reduced at the
apical membrane but was increased at the basal membrane
compared to normal mice, in which a significant decrease
in pilocarpine-stimulated salivary flow was observed. On
the other hand, Nishimura et al. [79] reported that AQP-
5 was expressed in the apical and lateral cell membranes
of acinar cells in the parotid and submandibular glands of
normal mice, but not in the sublingual glands, whereas AQP-
5 was expressed not only in the cell membranes of acinar
cells in the apical domains but also in the cytoplasm in
the female MRL/lpr mouse, a model for not only RA-like
disease but also sSjS in human. There are some differences in
distribution/expression of AQPs. Thus, it has been pointed
out that the hypothesis that AQP5 has a major role in the
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pathogenesis of pSS needs to be reassessed and unconfirmed
issue has to be determined [80].

However, accumulating evidence suggests that abnormal
AQP5 expression/distribution in acini epithelium of salivary
(especially submandibular) glands, at least, may contribute
to hyposalivation at some extent before inflammation.

3.3. Type I Interferon (IFNα/β). Role of cytokines will be
mentioned later, but Type I IFN will be introduced in
this section from the point of innate immunity before the
development of immune reaction. Regarding the role of type
I IFN, studies in human SjS are relatively well done.

Current trends in autoimmune diseases are focusing
on innate immunity, which acts as a trigger on multiple
autoimmune diseases [19]. Type I IFN will be produced
as a consequence of the development of innate immunity.
High values of type I IFN are rapidly produced in viral
infection [81], but also in autoimmune diseases such as SLE
[82]. Serum levels of type I IFN were found to be high in
pSjS patients compared with normal individuals reported
by some groups [83, 84], but not by others [85]. Other
than role of type I IFN, the central role of B cell-activating
factor (BAFF), which promotes B-cell survival and exists in
a membrane bound and a secreted form, has been reported
in pSjS [86]. BAFF production and its mRNA expression
by cultured human minor salivary gland (HSG) epithelial
cells obtained from pSjS patients can be upregulated after
stimulation by chemical TRLs agonist (Poly I : C) or viruses
such as reovirus type1 through pathways dependent on Toll-
like receptors (TRLs) and independent of type I IFN [86].
Moreover, in systemic autoimmune diseases such as SLE
environmental factors (e.g., viral infections), and apoptotic
bodies and immune complexes stimulate pDCs through
coengagement of the TLRs and Fcγ receptor, resulting in
the production of type I IFN from pDCs. Thereafter, type
I IFN induces the generation of immunogenic mature DCs,
resulting in suppression of regulatory T (Treg) cell function,
which maintain self-tolerance [87, 88].

Alternatively, TLR3 activation associated with type I IFN
upregulation led to rapid onset and reversible hyposalivation
without glandular inflammation [89], suggesting that sali-
vary gland dysfunction may precede autoimmunity develop-
ment or represent a separate process in the pathogenesis of
SjS. It is reported using global gene expression profiling that
locally produced IFN-α is detected at higher levels in acini
and endothelial cells compared with controls, but IFN-α is
mainly secreted by pDCs, which are found in the salivary
glands of pSjS patients but not in healthy controls [90]. Thus,
IFN-α in circulation in pSjS is argued, since serum IFN-αwas
detected in very few people with pSjS [55, 91, 92], suggesting
increased IFN-α was believed to be a local phenomenon.
However, systemic activity of type 1 IFN was demonstrated
using peripheral monocytes from pSjS in which several genes
associated with IFN exposure were demonstrated, and serum
from patients had an enhanced capacity of inducing those
genes in the monocytic cell line, suggesting type 1 IFN activ-
ity is not only a local but also a systemic phenomenon and
pDC may be a possible source of type 1 IFN in pDC [55, 93].
Interferon regulatory factor 5(IRF5) and signal transducer

and activator of transcription 4 (STAT4) gene polymor-
phisms in the activation of type I IFN and stimulation of
innate immunity in mice resulted in dryness, which preceded
inflammation in salivary glands, have been reported [94]. In
addition, EBV can lead to innate immunity before the devel-
opment of autoimmune epithelitis in animal models [87]. If
that is the case, there is a possibility that circulating type I
IFN in SjS may affect function of lacrimal and salivary glands
before the development of inflammation of those organs.

3.4. Complement. Complements may play an important role
in acquired immunity in SjS pathogenesis. Also complements
may mediate innate immunity and contribute to pathogen-
esis of nonimmunologic phases, although their roles are not
well investigated in SjS.

SjS patients with systemic extraepithelial manifestations
display low serum levels of the complement component
C4 [95]. We have reported [96] the presence of IgG2a
and C3 in basement membranes at inflamed areas but also
at noninflamed areas in submandibular glands of B/WF1

mice, suggesting those may affect the function of those
organs. Nguyen et al. [97] reported that inactivation of C3
(elimination of the C3 gene) in the parental C57BL/6.NOD-
Aec1Aec2 strain, a congenic strain of the NOD model,
resulted in a diminished or total absence of both preclinical
and clinical manifestations during the development and
onset of disease, including reduced acinar cell apoptosis,
reduced levels of caspase-3, lack of leukocyte infiltration
of submandibular glands, reduced synthesis of disease-
associated autoantibodies, maintenance of normal glandular
architecture, and retention of normal saliva secretion. In
addition, C57BL/6.NOD-Aec1Aec2.C3(−/−) mice, which is
the C3 gene knockout mice, retained some early patholog-
ical manifestations, including activation of serine kinases
with proteolytic activity for parotid secretory protein. This
improvement in the clinical manifestations of SjS-like dis-
ease in C57BL/6.NOD-Aec1Aec2.C3(−/−) mice, apparently
a direct consequence of C3 deficiency, supports a much
more important role for complement in the adaptive autoim-
mune response than previously recognized, possibly also
implicating an essential role for innate immunity. Thus,
they suggest that C3 can play an equally important role
in human SjS disease before onset of clinical disease. The
role of compliment components in SjS especially during the
preimmune phase related with their injurious actions on
components of lacrimal and lacrimal and salivary glands has
to be investigated,

3.5. Cytokine. If basic diseases in sSjS precede dacryoadenitis
and sialoadenitis, circulating proinflammatory and inflam-
matory cytokines as a consequence of immune reactions
may reach at target organs and they may affect functions
of those organs (e.g., capillary, myoepithelium, nervous
system, tight junction, and basement membrane) before
the development of immune reactions at the local sites.
If that is the case, capillary and venular endothelium
dysfunction with alteration of basement membranes may
lead to the leak of those cytokines from the circulation
into the target organs (Figure 1). Thus, in this section, the
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role of proinflammatory cytokines including inflammatory
cytokines in SjS pathogenesis will be introduced.

In general, cytokines play a central role in the regulation
of immunity and are often found to be dysregulated in SjS
[98]. Roescher et al. [99] reviewed that in the salivary glands,
saliva, and serum of these patients many proinflammatory
cytokines such as IFNs, IL-12, IL-18, TNF-α, IL-1β, IL-6,
and B-cell activating factor are upregulated, whereas anti-
inflammatory cytokines such as transforming growth factor
(TGF)β1 are undetectable or are expressed at relatively
low levels in SjS, except for IL-10 in SjS. Baturone et al.
[100] reported that patients with pSjS showed significantly
increased concentrations of each of the five cytokines (IL-1β,
IL-6, IL-10, TNF-α, and IFN-γ) in serum, when compared
with the healthy control group, indicating the existence of
an immune activation state. Serum levels of one of these
cytokines, IL-6, were correlated with poor quality of life in
these individuals. Willeke et al. [101] reported that the num-
ber of TNF-α and IL-1β, but not IL-6, secreting peripheral
blood mononuclear cells (PBMCs) was significantly higher
in patients with pSjS than in controls. Patients with recurrent
parotid swelling (RPS) had a significantly increased number
of IL-1β-secreting PBMCs. Moreover, the number of IL-1β-
secreting PBMCs correlated with the disease activity with
the increased concentration of IgM rheumatoid factor (RF)
and IgG RF. Other autoantibodies did not correlate with
cytokine secreting PBMCs. The increased systemic secretion
of IL-1β and TNF-α in patients with pSjS points to a
pathogenic impact of these cytokines in this autoimmune
disease. In particular, the correlation of IL-1β-secreting
PBMCs with RPS and RF production indicates that IL-1β is
a crucial regulator in the development of local and systemic
disease manifestations. Solomon et al. [102] reported that
proinflammatory cytokines in tears are derived from local
and systemic origin as follows. Compared with normal
subjects, the concentration of IL-1 α and mature IL-1 β in
the tear fluid was increased, in patients with SjS aqueous tear
deficiency. The activity of matrix metalloproteinase (MMP)-
9, a physiological activator of IL-1, was significantly elevated
in the tear fluid compared with normal subjects. Dry eye
disease (rosacea-associated meibomian gland disease and
SjS) is accompanied by an increase in the proinflammatory
forms of IL-1 (IL-1α and mature IL-1β) and a decrease
in the biologically inactive precursor IL-1β in tear fluid.
Increased protease activity on the ocular surface may be
one of mechanisms by which precursor IL-1β is cleaved
to the mature, biologically active form. The conjunctival
epithelium appears to be one source of the increased
concentration of IL-1 in the tear fluid of patients with
dry eye disease. These results suggest that IL-1 may play a
key role in the pathogenesis of keratoconjunctivitis sicca.
Both biological active factors may affect the function of
components in local target organs. Jabs et al. [103] reported
that mRNAs for inducible nitric oxide synthase iNOS and
TNF-α were detected in the lacrimal glands in significantly
greater amounts in both MRL/+ and MRL/lpr mice than in
normal BALB/c mice. Both iNOS and TNF-α were detected
in normal acinar tissue other than in scattered mononuclear
cells throughout the lacrimal glands and in mononuclear

cells at the junction of the focal inflammatory infiltrates in
both MRL/+ and MRL/lpr mice, suggesting that both NO
and TNF-α are potential mediators of lacrimal gland damage
in these murine models of SjS. Li et al. [104] reported that
cathepsin H (Ctsh), S (Ctss), and Z (Ctsz) and proinflam-
matory factors (TNF-α, IL-6, IL-1β) were upregulated at the
mRNA level in lacrimal glands of male NOD mice. Increased
cathepsin S immunofluorescence was detected in lysosomes
and secretory vesicle-like organelles in lacrimal gland acinar
cells and CD68-positive infiltrating macrophages in NOD
mouse lacrimal gland. Cathepsin S (CATS) and cathepsin H
(CATH) activities were significantly higher in lacrimal gland
lysate from NOD mouse than in control lysate, and CATS
activity was also significantly elevated in tears of NOD mice.
These suggest that expression of CATS and CATH increases
in parallel with proinflammatory cytokines during the devel-
opment of autoimmune inflammatory disease in NOD mice.
Alternatively, human salivary gland cells can be induced
to express HLA-DR mRNA along with other inflammatory
cytokine gene expression such as IL-1β, TNF-α, and IL-6,
following stimulation with IFN-γ [105]. Furthermore, IFN-γ
is able to upregulate B7.1, B7.2, and HLA-DR expression in
salivary gland epithelial cell lines from SjS patients [32, 106].
These suggest a possible involvement of IFN-γ in triggering
the epithelial pathology of salivary gland at a preclinical,
asymptomatic phase in NOD mice, and active participation
of epithelial cells in the disease process occurs through the
expression or upregulation of co-stimulatory molecules for
the presentation of antigen to the T-cell or through the up-
regulation of apoptotic molecules such as FasL to induce
apoptosis in the diseased glands. In B/WF1 mice glomeru-
lonephritis precedes lacrimation and sialoadenitis [107–110]
(Figures 1 and 2). Before and during the developmental
phase of glomerulonephritis, proinflammatory (e.g., IL-1α,
IL-6, and less amounts of TNF-α) and inflammatory (e.g.,
IFN-γ) cytokines are circulating in the blood [101–109].
Yamakawa et al. [111] reported that IL-1β, TNF-α, and IL-
6 have been implicated in the destruction of parotid gland
acinar cells (but not duct cells) in autoimmune sialoadenitis.
Yao et al. [112] reported that the intraperitoneal injection of
lipopolysaccharide (LPS) induced the expression of mRNAs
of IL-1β, IL-6, and TNF-α in the submandibular gland of
C3H/HeN mice but not that of C3H/HeJ mice, a mutant
strain for lacking of Toll-like receptor-4 (TLR-4(−) mutant).
The mRNA levels of these cytokines in the submandibular
glands of the wild-type mice increased as early as 3 hr
after injection, peaked at 3–6 hr, and had decreased again by
24 hr. Denervation of the superior cervical trunk and chorda
tympani nerve did not diminish the LPS-induced elevation
of IL-1β mRNA in the SMG, indicating the irrelevance of the
central nervous system in this induction. IL-1β proteins were
localized in the secretory granules of granular convoluted
tubular (GCT) cells in the submandibular gland, and IL-1β
of the same size appeared in the saliva 6 hr after LPS injection
in C3H/HeN but not in C3H/HeJ mice. Also, the amount
of IL-1β protein is upregulated in acinar cells prepared from
lacrimal glands infiltrated with lymphocytes, suggesting that
elevated levels of IL-1β, as they occur in SjS exocrine glands,
may impair the secretory function of lacrimal glands.
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Cytokines especially proinflammatory cytokines may be
involved in dysfunction of salivary and lacrimal glands by
directly interfering with the epithelial cells in the glands dur-
ing the phase of noninflammation other than autoimmune
reaction. Moreover, it has been reported that, cytokines in
the circulation may affect the function of epithelial cells
[113], which may be related with decreased tears and saliva
before the development of dacryoadenitis and sialoadenitis.
Taken together, production of cytokines may affect function
of those organs during the noninflammatory phases in sSjS,
including even in pSjS with lesions of exocrine organs in the
immune phase.

3.6. Autonomic Nerve. The functional impairment of
exocrine glands could be regulated by cytokines and/or
antibodies against the muscarinic M3 receptor by inhibiting
the neural stimulation of the residual glands as described
already. Autonomic nervous system (ANS) abnormalities are
common in Sjögren’s syndrome in the immune reaction
[114–117] and may play an etiologic role in its pathogenesis.
Fatigue, another prominent feature of SjS, has also been
associated with ANS dysfunction [118].

The complexity of the ANS along with differences
in methodology and studied populations has resulted in
variable results, but abnormalities in SjS have been reported
both in sympathetic and parasympathetic ANS domains with
prevalence as high as 90% [114]. Zoukhri et al. found that the
lymphocytic infiltration of the lacrimal and salivary glands
did not alter the parasympathetic, sympathetic, and sensory
innervation of the remaining epithelial cells in these tissues
in model mice [119]. Barendregt et al. [118] have confirmed
the presence of cardiovascular autonomic abnormalities and
identified a cluster of subjective autonomic self-reported
symptoms associated with fatigue and salivary gland dys-
function. The functional impairment of exocrine glands
could be regulated by antibodies against the muscarinic
M3 receptor by inhibiting the neuronal stimulation of
the residual glands [120] including the possible effects of
cytokines in both pSjS and pSjS. Taking a consideration of
decreased vascular responses to salivary gland stimulation in
SjS patients, Berggreen et al. [121] demonstrated maximal
blood flow responses to parasympathetic stimulation and
muscarinic receptor activation were significantly lower in
NOD mice compared with BALB/c mice, coinciding with
impaired saliva secretion in NOD mice, and reduced nitric
oxide signaling after parasympathetic nerve stimulation may
contribute in part to the impaired blood flow responses.
Pedersen et al. [122] reported that the hyposalivation
observed in NOD mice may, at least in part, be due to a
general loss of neurotransmitter responsiveness in salivary
glands. This important finding suggests that genetic defects
may be responsible for decrease in saliva production other
than destruction of salivary glands by immunologic attacks.
Impaired neurotransmitter release in salivary glands in the
MRL/lpr mouse has also been reported [123]. In addition,
patients with SjS have elevated salivary levels of vasoac-
tive intestinal peptide (VIP) and neuropeptide Y (NPY),
which are mainly found in parasympathetic and sympa-
thetic nerves, respectively. This finding indicates increased

release of VIP and NPY by salivary glands of SjS patients
[124].

Humphreys-Beher et al. [125] reported that tear and sali-
vary flow involves an entire functional system that includes
the mucosal surfaces with adnexes (the site of inflammation),
efferent nerve signals sent to the midbrain (lacrimal and
salivary response region), and afferent neural signals from
the brain to the acinar/ductal epithelial structures in the
gland. In addition, the electron-microscopic examinations
showed that the nerve fibres were in close association to the
secretory cells, to the smooth muscle cells of blood vessels,
and to the immuno-competent cells. Among several possible
extraglandular manifestations, involvement of the peripheral
nervous system may occur with reported frequencies from
10% to 60% in pSjS [126]. Regarding the role of circulating
cytokines, Zoukhri et al. [113] reported that proinflamma-
tory cytokines such as recombinant human (rh) IL-1 α,
rhIL-1β, and rhTNF-α inhibit neurally mediated lacrimal
gland secretion in normal BALB/c mice in vitro and in vivo,
suggesting there can be various extraglandular complication.
Taken together, circulating cytokines in sSjS before the devel-
opment of inflammation may affect extraglandular nervous
system other than function of lacrimal and salivary glands.

3.7. Tight Junction. The components of tight junction (Tj)
such as ZO-1 and occluding are involved in the pathogenesis
in SjS, and cytokines may affect not only in their expression
but also in morphological changes. Cytokines influence
the function and morphology of tight junction of acinus
epithelial cells in the process of inflammation. If that is the
case, changes of tight junction will be induced during the
noninflammatory phase in SjS especially in sSjS.

Ewert et al. [127] reported significant differences in tight
junction protein levels in patients with SjS in relation with
proinflammatory cytokines as follows. ZO-1 and occludin
were strongly downregulated, while claudin-1 and claudin-
4 were overexpressed in SjS and tight junction proteins
localized exclusively to apical domains in acini and ducts of
labial salivary glands (LSGs) from controls. In SjS patients,
the ZO-1 and occludin the apical domain presence was
decreased, while claudin-3 and claudin-4 were redistributed
to the basolateral plasma membrane. Exposure of isolated
control acini to TNF-α and IFN-γ reproduced these alter-
ations in vitro. Moreover, ultrastructural analysis associated
tight junction disorganization with the presence of endo-
cytic vesicles containing electron-dense material that may
represent tight junction components. They indicate that local
cytokine production in large salivary glands from SjS patients
may contribute to the secretory gland dysfunction observed
in SjS patients by altering tight junction integrity of epithelial
cells, thereby decreasing the quality and quantity of saliva.

Baker et al. [128] reported that the production of the
proinflammatory cytokines (TNF-α and IFN-γ) is elevated in
exocrine glands of patients with SjS in which chronic expo-
sure of polarized rat parotid gland (Par-C10) epithelial cell
monolayers to TNF-α and IFN-γ decreases transepithelial
resistance (TER) and anion secretion. Treatment of Par-C10
cell monolayers with TNF-α and IFN-γ increased paracellu-
lar permeability to normally impermeable proteins, altered
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cell and TJ morphology, and downregulated the expression
of the TJ protein, claudin-1, but not other TJ proteins
expressed in Par-C10 cells. They also suggest that cytokine
production is an important contributor to secretory dysfunc-
tion in SjS by disrupting TJ integrity of salivary epithelium.

3.8. Basement Membrane. The situation of basement mem-
brane (BM) in terms of functional and morphologic changes
may be similar to that of tight junction.

Molina et al. [129] reported the changes in the expression
of laminin and type IV collagen in the basement membrane
of acini and ducts of labial salivary glands from patients
with SjS were more pronounced than in labial salivary glands
from control groups. A remarkable characteristic was the
disorganization of the basement membrane in the labial
salivary glands in SjS. The pattern of immunoreactivity of the
basement membrane of other structures (e.g., blood vessels)
did not change and invasion of cytotoxic T lymphocytes was
only observed in acini and ducts which had a disorganised
basement membrane. They concluded that the high state
of disorganization of the basal lamina of acini and ducts
could allow invasion of cytotoxic T lymphocytes in SjS. This
suggests that the changes of basement membranes are the
result of immune attack.

On the other hand, preceded changes of the basement
membrane (e.g., collagen type IV, proteoglycan, and fibrone-
ctin) in the pathogenesis of the inflammation has been
demonstrated by McArthur et al. [130]. They demonstrated
that the potential roles of the basement membrane proteins,
laminin and fibronectin, and the cytoskeletal protein, tubu-
lin, were assessed in the pathogenesis of SjS by comparing
their expressions in SjS with normal labial salivary gland
tissue. An increase in laminin or a laminin-like substance on
salivary ductal epithelia of SjS patients suggests a potential
role for laminin in the pathologic mechanism and increased
laminin expression as a marker for SjS. The importance
of their findings is that expression of components of the
basement membrane precedes the immunological events
in salivary glands. We reported [131] laminin expression
around the ducts was significantly higher in young B/WF1

mice than that in control (BALB/c and DBA/1) mice.
Periductal laminin expression increased in B/WF1 mice with
age. In addition vary late antigen (VLA)-6, which is a ligand
for laminin, was expressed by the infiltrating cells. These
suggest that precede laminin expression may be responsible
for cell infiltration of the submandibular salivary gland
other than immune attack. Defilippi et al. [132] reported
TNF-α and IL-1 down regulate laminin receptor, suggesting
that proinflammatory cytokines may affect laminin receptor
expression before the development of inflammation in SjS.

In addition, the acinar basement membrane is abnormal
as it lacks laminin α1, α2 and α4 chains and lack of alpha 1,
which may impair its capability to induce the progenitor cells
to differentiate to acinar cells, leading to leading to acinar
cell atrophy and ductal cell hyperplasia [19]. Lamininα1-
chain normally induces intercalated duct progenitors to
differentiate to acinar cells through integrin α1ss1 and α2ss1
receptors, and maintenance of acinar cells is impaired in SjS,
which is also characterized by low levels of serum and salivary

androgens, since androgens normally support salivary gland
remodeling by upregulating either laminin α1 chain or its
cellularα1 orα2 integrin subunit-containing receptors [133].
Sullivan et al. [134] demonstrated that the meibomian gland
is an androgen target organ and that androgen deficiency
may promote meibomian gland dysfunction and evaporative
dry eye, suggesting that androgen deficiency may be an
important etiologic factor in the pathogenesis of evaporative
dry eye in women with SjS. As one of these mechanisms,
androgen deficiency may be the effect on laminin [133].
Taking together, at first circulating cytokines may affect
morphological and functional changes of the BM, and
secondly those changes may permit the leak of circulating
several humoral factors including cytokines from capillaries
by increased permeability. Furthermore, leaked cytokines
may affect function of salivary and lacrimal glands (Figures
1–3). In addition, dysfunction of BM by immune attacks
seems likely [96].

4. Conclusions

The pathogenesis of SjS remains elusive. Environmental,
genetic, and hormonal factors may be involved in its patho-
genesis (especially as the role of trigger), and in the past,
researchers have focused on the immune responses especially
T cell-mediated and humoral immunities in the histopatho-
logical lesion during the inflammatory phase of SjS [135].
The key question in this review is nonimmune mechanisms
relating to dysfunction of lacrimal and salivary glands
before the development of acquired immunity. Regard-
ing nonimmune mechanisms, apoptosis/nonapoptosis and
abnormal expression/distribution of AQPs may be, at least
in part, induced genetically. Alternatively, it has been sug-
gested that genetic defect in production of neurotransmitter
may underlay in the pathogenesis of saliva insufficiency
[122]. In addition, exogenous environmental factors (viruses
and bacteria) may activate innate immunity, resulting in
productions of type I IFN and compliments. Circulating
proinflammatory cytokines may induce not only dysfunction
but also morphological changes at the ultrastructural level of
autonomic nerve, tight junction, and basement membrane.
The cumulative effects of each factor/change may induce
decreased function of lacrimal and salivary glands without
inflammation. Regarding this point, this review stressed the
importance of changes in microenvironments (niche) [136]
within target organs before the inflammatory cell infiltration
in sSjS, including even in pSjS with exocrinopathy.

To clarify the pathogenesis of SjS using animal models
is useful as reviewed previously [31]. However, as described
here numerous differences exist between mice and humans
(the species difference) that suggest mouse studies are not
always applicable to human disease. For example, female
MRL/lpr, B/WF1, NFS/sld, as IQI/jic and aly/aly mice and
NOD mice have been studied as the most notable animal
models for their resemblance to autoimmune connective
tissue diseases[31]. All of these mice show immunological
characteristics in common with SjS (e.g., hypergammaglob-
ulinemia, polyclonal B-cell activation, autoantibody produc-
tion, and mononuclear cell infiltration in the lacrimal and
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salivary glands). Despite heavy infiltrates within the glands,
keratoconjunctivitis sicca (dry eyes) and xerostomia (dry
mouth), which are the hallmarks of SjS in humans, have been
observed in NOD mice, but not MRL/lpr mice [31]. On the
other hand, the loss of secretory function at the age of 6
months of age in B/WF1 mice occur. Concerning NFS/sld
mice, secretory dysfunction was observed at 18 months of
age, but this may be relating with age. Moreover, functional
defect of other models such as IQI/jic and aly/aly mice is
not known. These suggest that mouse age and strain used in
experiments are an important factor for functional analysis.
In addition, the reasons of contradictory results even within
the same strain of mice with the same genetic background
such as NOD mice are not known. Alternatively, there are
morphological and functional differences between salivary
and lacrimal glands, between mouse and human, or between
salivary glands. Moreover, anesthesia in the examination of
lacrimal and salivary glands function in mice, but not in
human, may affect the function of those organs. However,
these did not deny the usefulness of mouse model, but I
would like to stress that extrapolation of the results of the
mouse studies to human in autoimmune SjS must be done
with caution in each mouse model.

The causes of hypofunction in salivary and lacrimal
glands are complex. The future challenge is to distinguish
nonimmunologic mechanisms from immunologic mecha-
nisms in target organs in this unique disease. Identification
of gene(s) being responsible for nonimmune pathogenesis
using gene targeting models is another way [65]. To create an
integrated model that can account for salivary and lacrimal
glands hypofunction is ideal [66].
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drome,” Rheumatic Disease Clinics of North America, vol. 18,
no. 3, pp. 517–538, 1992.

[45] N. Haneji, H. Hamano, K. Yanagi, and Y. Hayashi, “A new
animal model for primary Sjögren’s syndrome in NFS/sld
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“Human primary Sjögren’s syndrome autoantibodies as
mediators of nitric oxide release coupled to lacrimal gland
muscarinic acetylcholine receptors,” Current Eye Research,
vol. 17, no. 12, pp. 1135–1142, 1998.

[48] S. Bacman, L. Sterin-Borda, J. J. Camusso, R. Arana, O.
Hubscher, and E. Borda, “Circulating antibodies against rat
parotid gland M muscarinic receptors in primary Sjögren’s
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mined by a multiplex cytokine array system,” Scandinavian
Journal of Immunology, vol. 59, no. 6, pp. 592–599, 2004.

[99] N. Roescher, P. P. Tak, and G. G. Illei, “Cytokines in Sjögren’s
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Arthritis and Rheumatism, vol. 42, no. 2, pp. 229–239, 1999.

[107] T. Hayashi, K. Hasegawa, and C. Adachi, “Elimination of
CD4+CD25+ T cell accelerates the development of glomeru-
lonephritis during the preactive phase in autoimmune-
prone female NZBxNZWF1 mice,” Intenational Journal of
Experimental Pathology, vol. 86, no. 5, pp. 289–296, 2005.

[108] T. Hayashi, C. Adachi, and K. Hasegawa, “Systemic treatment
of anti-CD4+CD25+ T cell monoclonal antibody exacerbates
sialoadenitis in submandibular glands during the early life in
lupus-prone female NZB × NZWF1 mice,” Journal of Oral
Pathology and Medicine, vol. 38, no. 2, pp. 234–240, 2009.

[109] T. Hayashi, K. Hasegawa, and N. Ichinohe, “ICAM-1
expression on endothelium and systemic cytokine produc-
tion in cutaneous neutrophilic leucocytoclastic vasculitis in
NZBxNZWF1 mice,” Histology and Histopathology, vol. 20,
no. 1, pp. 45–52, 2005.

[110] K. Hasegawa and T. Hayashi, “Synthetic CpG oligodeoxynu-
cleotides accelerate the development of lupus nephritis
during preactive phase in NZB × NZWF1 mice,” Lupus, vol.
12, no. 11, pp. 838–845, 2003.



Journal of Biomedicine and Biotechnology 15

[111] M. Yamakawa, R. Weinstein, T. Tsuji, J. McBride, D. T.
W. Wong, and G. R. Login, “Age-related alterations in
IL-1β, TNF-α, and IL-6 concentrations in parotid acinar
cells from BALB/c and non-obese diabetic mice,” Journal of
Histochemistry and Cytochemistry, vol. 48, no. 8, pp. 1033–
1041, 2000.

[112] C. Yao, X. Li, K. Murdiastuti et al., “Lipopolysaccharide-
induced elevation and secretion of interleukin-1β in the
submandibular gland of male mice,” Immunology, vol. 116,
no. 2, pp. 213–222, 2005.

[113] D. Zoukhri, R. R. Hodges, D. Byon, and C. L. Kublin, “Role,
of proinflammatory cytokines in the impaired lacrimation
associated with autoimmune xerophthalmia,” Investigative
Ophthalmology and Visual Science, vol. 43, no. 5, pp. 1429–
1436, 2002.

[114] A. P. Andonopoulos, J. Christodoulou, C. Ballas, A. Bounas,
and D. Alexopoulos, “Autonomic cardiovascular neuropathy
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patients with Sjögren’s Syndrome,” Journal of Autoimmunity,
vol. 6, no. 5, pp. 649–661, 1993.

[131] T. Hayashi, T. Shirachi, and K. Hasegawa, “Relationship
between sialoadenitis and periductal laminin expression in
the submandibular salivary gland of NZBxNZWF1 mice,”
Journal of Comparative Pathology, vol. 125, no. 2-3, pp. 110–
116, 2001.

[132] P. Defilippi, L. Silengo, and G. Tarone, “Alpha 6.beta 1
integrin (laminin receptor) is down-regulated by tumor
necrosis factor alpha and interleukin-1 beta in human
endothelial cells,” Journal of Biological Chemistry, vol. 267,
no. 26, pp. 18303–18307, 1992.

[133] P. Porola, M. Laine, I. Virtanen, R. Pöllänen, B. D. Przybyla,
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drome,” Annals of the Rheumatic Diseases, vol. 59, no. 1, pp.
48–53, 2000.

[136] T. Hayashi, “Environmental factors and concepts in the
induction of type 1 diabetes,” in Hand book of Type 1 Diabetes
Mellitus, T. Hayashi, Ed., pp. 1–54, Nova Science, 2010.



Hindawi Publishing Corporation
Journal of Biomedicine and Biotechnology
Volume 2011, Article ID 510827, 14 pages
doi:10.1155/2011/510827

Research Article

Loss of the NHE2 Na+/H+ Exchanger in Mice Results in Dilation of
Folliculo-Stellate Cell Canaliculi

Marian L. Miller,1 Anastasia Andringa,1 Patrick J. Schultheis,2 and Gary E. Shull3

1 Department of Environmental Health, University of Cincinnati, 3223 Eden Avenue, Cincinnati, OH 45267, USA
2 Department of Biological Sciences, Northern Kentucky University, Nunn Drive, Highland Heights, KY 41099, USA
3 Department of Molecular Genetics, Biochemistry and Microbiology, University of Cincinnati, 231 Albert Sabin Way,
Cincinnati, OH 45267-0524, USA

Correspondence should be addressed to Gary E. Shull, shullge@ucmail.uc.edu

Received 16 September 2010; Accepted 23 November 2010

Academic Editor: Monica Fedele

Copyright © 2011 Marian L. Miller et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

Genetic ablation of the NHE2 Na+/H+ exchanger causes gastric achlorhydria, absorptive defects in kidney and colon, and low
fertility. Here we show that NHE2 is expressed in the pituitary, with the highest mRNA expression in pars distalis and lower
expression in pars intermedia. In pars distalis of NHE2-null mice, prominent cyst-like dilatations of folliculo-stellate (FS) cell
canaliculi developed with age, and there were increased FS cell area, accumulation of lipid in FS cell cytoplasm, redundancies
in FS cell basement membrane, and other changes. The expansion of the canaliculi indicates that NHE2 is a major absorptive
Na+/H+ exchanger in the luminal membranes lining the extensive network of channels formed by FS cells, which may provide
a means of intrapituitary communication. The results suggest that NHE2 contributes to homeostatic regulation of the volume
and composition of the canalicular fluid and may counter the secretory activity of the CFTR Cl− channel, which is known to be
expressed in pituitary.

1. Introduction

The pars distalis of the pituitary is composed of both gran-
ular and agranular cell types, the former largely hormone-
producing cells [1], the latter forming a reticular and
canalicular network in and around the granulated cells.
Among the nongranulated cells are folliculo-stellate (FS)
cells, which have numerous long cytoplasmic processes that
insinuate among the endocrine cells. Neighboring FS cells are
joined by well-developed junctional complexes forming an
interconnected network of channels extending throughout
the anterior pituitary, but particularly, the pars distalis [2,
3]. FS cells resemble polarized epithelial cells, with their
apical surfaces containing microvilli and lining the lumen
of the follicular cavities [2, 3]. Of relevance to the current
study, there is evidence that FS cells play a role in the
absorption of ions and water from the luminal spaces [4–
6], which could involve the activity of an apical Na+/H+

exchanger.

Many aspects of metabolism, growth, stress, immunity,
and reproduction are under the direct influence of granular
cell secretions of the pars distalis [7]; however, the contri-
bution of FS cells to intrapituitary communication and the
mode(s) by which this occurs are less well understood. FS
cells play a regulatory role both by secretion of paracrine
factors, including activin, follistatin, and vascular endothelial
growth factor [7, 8], and by intercellular communication
via Ca2+ signals transmitted through gap junctions [9],
which has been suggested to contribute to synchronization
of hormone secretion by endocrine cells [9, 10]. A potential
additional means of intrapituitary communication that
could play a role in coordination of both FS cell and
endocrine cell activities is the network of channels formed
by the FS cells.

Previous studies showed that genetic ablation of the
Na+/H+ exchanger isoform 2 (NHE2, gene symbol, Slc9a2),
which is expressed at high levels in stomach [11], causes loss
of gastric acid secretion, decreased viability of parietal cells,
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and severe metaplasia and hyperplasia of the gastric mucosa
[12, 13]. Histological abnormalities were not observed in
the kidney or intestinal tract of NHE2-null (Nhe2−/−) mice;
however, they exhibited defects in the absorption of Na+ and
HCO−

3 in both the renal nephron and colonic crypts [14, 15],
where NHE2 is also expressed, indicating that NHE2 can
function as an absorptive Na+/H+ exchanger.

In the current study, it was shown that pituitaries from
mice lacking NHE2 exhibited significant histopathological
changes, particularly in the pars distalis and pars inter-
media, both of which are derivatives of the primitive gut
ectoderm. There was a greater accumulation of cytoplasmic
lipid in FS cells and parenchymal cells, an undulating and
reduplicated basement membrane, and decreased thickness
of the pars intermedia, with a reduction of projections
into the pars nervosa. However, the most striking change
was a dilated FS cell canalicular system with large cyst-
like spaces throughout the pars distalis, which is consistent
with the loss of an absorptive ion transport mechanism in
the luminal membrane of FS cells. Interestingly, the cystic
fibrosis transmembrane conductance regulator (CFTR), a
Cl− channel that is defective in cystic fibrosis, is expressed
in the pituitary gland [16] and likely mediates the cAMP-
stimulated anion currents detected in cultured FS cells [4,
5]. A recent study showed that treatment with forskolin,
which stimulates CFTR-mediated Cl− secretion, affects
secretion of growth hormone from pituitary slices in culture
and suggested that loss of CFTR activity in the pituitary
might be responsible, in part, for the reduced growth
rates in both humans and pigs with cystic fibrosis [16].
The current results support the view [4] that FS cells
play a major role in regulating the ionic composition and
volume of the interstitial and follicular fluid and suggest
that NHE2 serves as an absorptive Na+/H+ exchanger
on the luminal surface of FS cells that counters fluid
accumulation resulting from CFTR-mediated secretion of
anions.

2. Materials and Methods

2.1. Animals. Nhe2−/− and age- and gender-matched wild-
type (WT) mice of the original 129/SVJ and Black Swiss
background [12] were used for these studies. All mice were
housed in humidity and temperature controlled rooms, on a
12-hour light/dark cycle, with access to standard mouse chow
and water ad libitum. Mice varied in age from 17 days to over
1 year old at euthanasia, with approximately equal numbers
of males and females. Animals were separated into two age
groups, age 1 : 17 days to 2.5 months, age 2 : 4 months–1 yr,
and 37 mice were used. The number (n) of mice in any given
analysis or bar graph is given in the legend. Animal protocols
were approved by the University of Cincinnati Institutional
Animal Care and Use Committee, and animal handlers
were trained in an American Association of Assessment and
Accreditation of Laboratory Animal Care facility.

2.2. Genotype Analysis. Genotypes were determined by PCR
analysis of DNA isolated from tail biopsies using a set

of 3 primers that simultaneously amplified wild-type and
NHE2-null alleles [17]. Forward (5′-CATCTCTATCAC-
AAGTTGCCCACAATCGTG-3′) and reverse (5′-GTGACT-
GCATCGTTGAGCAGAGACTCG-3′) primers from the 5′

and 3′ ends of exon 2 amplified a 450-base pair product from
the wild-type allele. A reverse primer (5′-GACAATAGC-
AGGCATGCTGG-3′) complementary to sequences within
the neomycin resistance gene cassette, which was inserted
into exon 2 [12], and the forward primer described above
amplified a 221-base pair product from the targeted allele.

2.3. Northern Blot and In Situ Hybridization Analyses. North-
ern blot analysis was performed as described by Schultheis et
al. [12] using total RNA from colon and pooled pituitaries
of 3-4 month-old mice and a 3.1 kb rat NHE2 cDNA
probe spanning nucleotides 449–3561 (accession number
L11236). In situ hybridization was performed as described
by Simmons et al. [18] using 35S-labeled antisense (AS)
and sense (S) probes corresponding to codons 684–813 and
detected using autoradiographic emulsion.

2.4. Tissue Processing. Pituitaries were removed immedi-
ately after euthanasia and immersed in 2% paraformal-
dehyde/2.5% glutaraldehyde or 4% paraformaldehyde in
phosphate-buffered saline (PBS) for at least 24 hrs. Tissues
were postfixed in 1% osmium tetroxide in either Millonig’s
buffer or PBS for 2 hrs, dehydrated stepwise in increasing
concentrations of ethanol, with two changes of propylene
oxide and one change each of 1 : 1 and 1 : 3 propylene
oxide : Spurr (Electron Microscopy Sciences, Hatfield, PA).
Tissues were left overnight in fresh 100% resin and flat-
embedded in cut-off Beem capsules (Electron Microscopy
Sciences, Hatfield, PA) the following day in fresh resin.
Pituitaries were oriented in blocks to be cut transversely or
coronally. Sections, 1.5 μm thick, were stained with toluidine
blue for light microscopy. Pituitaries were also preserved in
4% paraformaldehyde, dehydrated in ethanol and xylene,
blocked in paraffin, and serially sectioned at 5 μm. Some of
these slides were stained with hematoxylin and eosin (H&E)
and others were prepared for in situ hybridization. Pituitaries
fixed for fine structural detail and opportunely oriented
were thin-sectioned and stained with uranyl acetate and lead
citrate for transmission electron microscopy.

2.5. Microscopy and Morphometry. Light microscopic mor-
phology and morphometry were conducted on H&E stained
sections as well as on plastic sections stained with toluidine
blue. The Vd (percentage) of cytoplasmic elements was
calculated from the number of intersections of a 320
point grid lying over any element/(320 minus the points
over nontissue elements) × 100. The 320-point grid was
printed directly onto digital light micrographs acquired
from toluidine blue stained sections at a magnification of
100x. Micrographs were examined without prior knowledge
of genotype. Intersections of that grid lying over the
following cytoplasmic and nuclear features were counted
for pars distalis: (1) FS cell canalicular space, (2) obvious
FS cell cytoplasm and nuclei (mainly where the cells were
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adjacent to canalicular lumens), (3) nuclei and cytoplasm of
somatotrophs and mammotrophs (as a single group of cells
containing large granules) and other endocrine cells (those
with smaller granules), (4) lipid droplet inclusions, (5) blood
vessels and vascular luminal contents (endothelium, red cells,
and vascular space), and (6) negative areas (those which were
not tissue content, such as grid bars, edges, folds, and tears).
The number of cells per light micrograph was approximately
200; metaphase cells were counted and the percentage of
cells in mitosis calculated. Although it was not possible to
absolutely identify the cell types in 1.5 μm thick sections
at the light microscopic level, morphological consistencies
among cell types allowed for a reasonable separation of
the large granule cells, granule cells with smaller granules,
FS cells, and capillaries. FS cells are somewhat under-
represented in light micrographs because the thinness is just
at the limits of the light microscope.

Basement membrane redundancy was quantified by
drawing a line perpendicular to the endothelial cell basal
lamina up through the basement membranes to the closest
FS cell basal lamina. The mean number of basement
membranes which intersected this line was calculated.
Measurements of the thickness of the pars intermedia were
obtained similarly, using both paraffin and plastic sections
at 10x magnification, drawing a line perpendicularly to the
interface with pars nervosa up to the pars distalis, some-
times ending at the remnants of Rathke’s pouch. Obvious
tangential areas were avoided, and thinnest distances were
measured. Undulations projecting into the pars nervosa were
evaluated subjectively.

2.6. Data Analysis. Data were analyzed using SAS 9.1
(SAS Institute, Cary, NC) and SigmaPlot 2000. Means and
standard errors of the means were determined by genotype,
gender, and age using the General Linear Model for Vd
parameters. Mean thickness of the pars intermedia, standard
errors, and unpaired t-tests were obtained using SigmaPlot.
For data shown in bar graphs or tables, n is the number
of animals. Results were considered significant when P ≤
.05. Data points from WT mice were pooled since no
significant differences were found in morphometry within
age comparisons.

Images were obtained using a Spot I camera and Nikon
inverted microscope or scanned from electron microscopy
prints. Images were contrast enhanced, and, when needed,
the grey tones were evened, and the bandaid, dust, and
scratches filters were conservatively applied with Photoshop
7 (Adobe.com), without altering the integrity of the histolog-
ical data.

3. Results

3.1. Development of Cysts in the Pars Distalis of NHE2-null
Mice. Previous studies of Nhe2−/− mice revealed functional
defects directly related to loss of ion transport activity in
stomach, kidney, and colon [12, 15, 16]. Although some
disturbances in fertility of Nhe2−/− mice were suggested
[12], gross appearance, growth curves, and overall health of

Nhe2−/− mice were seemingly normal. However, in a routine
histological survey of H&E-stained tissues, we observed cyst-
like structures in the pars distalis of Nhe2−/− pituitary glands
(Figure 1). These first became noticeable by 5 weeks of age
and by 10 weeks were well developed. Such cystic changes
could be due to increased secretion of ions and fluid into
canalicular spaces or to reduced absorption.

3.2. NHE2 Is Expressed in Pituitary and at the Highest Levels
in Pars Distalis. To determine whether the cysts were a
direct effect of the loss of NHE2, an absorptive Na+/H+

exchanger [15, 16], in pituitary rather than an indirect effect
of pathology in other organs, the expression of NHE2 in the
pituitary gland was analyzed by blot hybridization and in situ
hybridization.

Northern blot analysis of pituitary and colon RNA
(Figure 2) showed that NHE2 mRNA is expressed in the
pituitary, but at much lower levels than in colon, the tissue
in which the highest levels of NHE2 are expressed [11].
The relative levels of expression suggest that expression
of NHE2 mRNA might be restricted to a limited area of
the pituitary or to a small subset of pituitary cells. In
situ hybridization (Figure 3) showed three distinct areas in
coronal and transverse sections from both WT and Nhe2−/−

mice, comprising the more or less concentrically arranged
view of these anatomical divisions, with pars distalis forming
the outer layer and pars intermedia in a semicircular array
around the centrally located pars nervosa (Figure 3).

In situ hybridization using the antisense probe demon-
strated similar grain distribution patterns for both WT and
Nhe2−/− pituitaries, though the latter signal was greatly
reduced in intensity. The antisense probe was comple-
mentary to the part of the mRNA that encoded amino
acids 684–813 of the protein. This region is present in
the mutant mRNA, which contains a frame-shift mutation
just beyond codon 172 [12]; it is expressed at low levels
in some tissues [12], likely accounting for the reduced
signals detected. Hybridization with a control sense probe
labeled the entire pituitary uniformly, and at very low
levels, with no specific signal in any region (data not
shown). With the antisense probe, grain deposition was
the highest in the pars distalis, with lower levels in the
pars intermedia. In pars distalis, the pattern of distribution
of the grains was not clearly specific to either FS cells
or to granule cells; however, this may be due to the
interdigitation of FS cell cytoplasmic projections around
the granule cells. Attempts to determine the membrane
location of NHE2 protein by immunolocalization were
unsuccessful.

Cystic changes were not observed in pars intermedia or
pars nervosa of Nhe2−/− or WT mice. The pars intermedia
of Nhe2−/− mice showed significant thinning (Figure 3, cf.
3(i) and 3(j)) compared to that of WT mice (Nhe2−/−:
96 ± 8μm, n = 6; WT: 146 ± 8.4μm, n = 5; P = .003).
Finger-like projections of the pars intermedia into the pars
nervosa (black arrows in Figures 3(e) and 3(g)) appeared to
be reduced in Nhe2−/− mice as well. These data show that
pars intermedia is also affected, although the loss of NHE2
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(a) (b)

(c) (d)

Figure 1: Cystic changes develop with age in the pars distalis of Nhe2−/− mice. H&E stained sections of Nhe2−/− pituitaries were examined at
the following ages: (a) 5 weeks, (b) 8 weeks, and (c) 10 weeks. Note the presence of dilated canaliculi (open spaces) at 8 weeks and 10 weeks.
No cyst-like dilatations of the canaliculi were seen in the WT mice at 10 weeks (d) or earlier ages (not shown). Bar: 20 μm.

4.3 kb

Pituitary Colon

Figure 2: Northern blot analysis of NHE2 mRNA in pituitary and
colon. Each lane contained 20 μg of total RNA from WT tissues.
Hybridization with a rat NHE2 cDNA probe, which exhibited 93%
identity to the mouse sequence and spanned the coding region of
the gene, identified the expected 4.3 kb mRNA.

did not cause cystic changes as in pars distalis, at least in the
time frame studied.

3.3. Light and Electron Microscopy and Morphometry. FS cells
and their junctional complexes formed the canaliculi. On
tissue sections they occupied a very small percent of the

pars distalis in WT mice, a volume density (Vd) of less
than 2%. Canalicular lumens were generally collapsed in
WT mouse pituitary but on occasion canaliculi contained
small amounts of membrane-like debris. In contrast, in
Nhe2−/− mice there was a considerable increase in the
combined Vd of FS cells and canalicular space (Figure 4)
to a Vd of more than 10% (NHE2 null: 12.05% ± 2.9;
WT: 1.45% ± 0.35). The integrity of the canalicular lumens
seemed not to be compromised, but it became apparent that
with increasing age the combined Vd of FS cells and follicular
space (Figure 4) increased in the pars distalis. The dilation of
canaliculi began in young adulthood and was striking at one
year. Analysis of pituitary sections from a single 56-day old
achlorhydric mouse that lacked the gastric H+, K+-ATPase α
subunit [14] revealed no histopathology.

The Vd of large granule pituitary cells (somatotrophs +
mammotrophs) was greater in Nhe2−/− pituitaries (Figure 4)
compared to WT. However, no differences were detected in
the actual morphology of the large granule cells. Both Vd
of FS cells (Figure 5) and dilation of canaliculi gradually
increased in Nhe2−/− mice compared to WT (Figure 5). And
while the Vd of FS cell cytoplasm and nucleus increased
to about 4% in the aged Nhe2−/− mice (P = .04) it still
represented only a small portion of the pars distalis as a
whole. The increase in the Vd of FS cells appeared to be
FS cell hypertrophy rather than hyperplasia; this backed up
the fact that there was no statistically significant increase in
the number of mitotic cells in the Nhe2−/− mice (Nhe2−/−:
0.022± 0.17; WT: 0.003± 0.02, P = .48).
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Figure 3: In situ hybridization analysis of NHE2 mRNA expression and histology. (a), (c) and (b), (d) are paired serial light micrographs
of WT and Nhe2−/− pituitary, H&E-stained and in situ hybridization using the antisense probe (resp.). Hybridization with the sense probe
yielded no specific signal in either WT or Nhe2−/− samples (data not shown). Three distinct areas of the pituitary are visible in both genotypes
(white arrows) at 2x magnification. (e), (g) and (f), (h) are similar pairs at 10x showing that the most dense grain deposits were over the
pars distalis (PD), less grain density over the pars intermedia (PI), and much lower grain density over the pars nervosa (PN). Black arrows
in (e) and (g) indicate projections from the PI into the PN. The grain deposition over the PI demonstrated a distinct glandular (tubular)
arrangement. (i) and (j) are paired WT and Nhe2−/− H&E stained sections at 40x where the difference in thickness of the PI (double headed
white arrows) is clear. Cystic dilations (open spaces) of the FS cell canaliculi are clearly apparent in the PD of the Nhe2−/− mice ((b), (d), (f),
(h), and (j)); bars : 750 μm in (a)–(d), 40 μm in (e)–(h), and 10 μm in (i) and (j).
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Figure 4: Loss of NHE2 leads to increased Vd of both FS cells + cystic dilations (combined) and large granule cells. (a) and (b) are toluidine
blue stained sections of pars distalis from WT and Nhe2−/− pituitaries. Arrows point to large granule cells (mainly somatotrophs and
mammotrophs). Cystic dilations of FS cell canaliculi (C) developed with the loss of NHE2 and increased in size with age. Bar: 20 μm for
both WT and Nhe2−/−. When morphometric data ((c), (d)) for Nhe2−/− (n = 9) and WT (n = 7) mice of all ages were considered, the Vd of
the canalicular space plus FS cell nuclei and cytoplasm was significantly greater in Nhe2−/− than in WT; ∗P = .0079. The Vd of large-granule
cells also increased significantly in Nhe2−/− mice; ∗P = .0026.

While the Vd of folliculo-stellate cells increased in
Nhe2−/− mice, in several other respects, FS cell morphology
and ultrastructure were similar to those of WT FS cells
(Figure 5). Connections among FS cells surrounding the
dilatations were seemingly occlusive, and there was no
evidence for expansion or edema in the lateral (intercellular)
spaces. Junctional complexes were prominent and extensive

and, like desmosomes, were most common just beneath the
canalicular lumens. Canalicular cystic dilatations were quite
variable in size and were clearly demarcated by contiguous
FS cells. Nhe2−/− mice had FS cell canaliculi lined with unre-
markable microvilli and an occasional primary cilium and
sometimes contained membrane-like fragments and other
cellular debris, and recognizable apoptotic bodies. There
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Figure 5: Nhe2−/− FS cells exhibited increased Vd but relatively normal ultrastructure. (a): morphometric data from the same animals
and tissue sections used in Figure 4 showed a significant increase in the Vd of FS cells (cytoplasm + nucleus) in the Nhe2−/− pars distalis
(∗P = .013). Electron microscopy of WT and Nhe2−/− FS cells revealed normal ultrastructure except for an increase in lipid droplets
(arrows) and decrease in desmosomal-mitochondrial associations (see Figures 6 and 9, resp.). FS cell junctional complexes (arrowheads)
were numerous but seemingly unchanged by the loss of NHE2. Note the expanded canalicular space (C) in the Nhe2−/− micrograph; FS:
folliculo-stellate cell; N: FS cell nucleus; arrows: lipid droplets; bar: 20 μm.
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Figure 6: The Vd of lipid in FS and other cells in pars distalis was significantly increased. (a): morphometric data from the same animals and
tissue sections used in Figure 4 showed a significant increase in the Vd of lipid droplets in Nhe2−/− mice when age groups were combined
(∗P = .0001), but was particularly striking in older Nhe2−/− mice. (b) and (c) are light micrographs, for which the bar is 20 μm; (d) is an
electron micrograph, bar: 1 μm. Black arrows point to lipid droplets; C: canalicular space; N: nucleus.

were occasional phagolysosmal structures within FS cells,
particularly in the Nhe2−/− mice. Ultrastructure of the FS
cell cytoplasm and nucleoplasm was not obviously changed
in organization (Figure 5), and intercellular interdigitations
among FS cells, appearance of the rough endoplasmic reticu-
lum, polyribosomes, mitochondria, Golgi bodies, nuclei, and
other organelles appeared to be unchanged from WT as well.
The exception was the accumulation of lipid droplets.

An increase in small lipid droplets (Figure 6) was found
predominantly in FS cell cytoplasm, and also in other
cell types, including granulated cells. The Vd of lipid was
about 3-fold greater in the aging Nhe2−/− mice than in
WT mice, but in both groups the Vd of lipid increased
as age increased. Values for Vd of lipid for each group
were compared with the genotype-matched younger age
group (resp.), but statistical significance was reached in the
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Figure 7: Microvilli on the apical membrane of FS cells of WT and Nhe2−/− mice were similar morphologically. Electron micrographs of (a)
WT and (b)–(d) Nhe2−/− FS cells. Arrowheads point to microvilli. Dense patches of tightly packed microvilli were occasionally seen in FS cell
canaliculi in the null animals; in (b), the arrowhead lies in the center of one such canaliculus. Cytoplasmic vacuoles in the apical cytoplasm
of FS cells sometimes had membranous inclusions, as indicated by the arrow in (c). C: canaliculus; N: nucleus; bars: 1 μm.

Nhe2−/− animals only. Lipid droplets were typically less than
a few μm in diameter and were found either as part of or
adjacent to inclusions (phagolysosomes or autophagosomes)
(Figure 6(a)).

Microvilli on the apical membranes of FS cells of Nhe2−/−

mice (projecting into the canalicular space) were not notice-
ably different from WT (Figure 7). They appeared similar to
the flexible microvilli that were found in numerous other
tissues, such as bile canaliculi in the liver and canalicular
microvilli of parietal cells in the stomach (about 1 μm in
length). The actin filaments seen on cross-section were
more or less evenly distributed within the microvillus, if
not peripherally, and were definitely not bundled centrally

as one typically sees in intestinal and renal brush border.
The microvilli were not very densely packed along the FS
cell apical membrane in either WT or Nhe2−/− FS cells
(Figure 7) though, on occasion, areas of densely packed
microvilli were found in the Nhe2−/− FS cells displaying
a phenotype not unlike that of parietal cell canaliculi.
Similar to the membrane-like debris occasionally found in
canalicular lumens, membrane-like debris was sometimes
found within the apical cytoplasm of FS cells of Nhe2−/− mice
(Figure 7). The Vd of these areas was not quantified with
light microscopy.

Basal membranes of FS cells adjacent to capillary
endothelium abutted two basement membranes: one an FS
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Figure 8: Duplicated and redundant basement membranes were found in Nhe2−/− pars distalis. In WT pars distalis (a) there are two parallel
basement membranes between capillary endothelial cells and FS cells, one from each cell type. Similar parallel basement membranes were
observed in some Nhe2−/− electron micrographs (b), but in conspicuous spots the basement membrane appeared to be duplicated and/or
redundant in Nhe2−/− mice, which was particularly evident proximate to the FS cells ((c) and (d)), as indicated by the arrowhead in (d).
Dotted lines overlay basement membranes. (a)–(c) black arrows point to fenestrated capillaries, which apparently did not change in Nhe2−/−

mice. L: lipid droplet. Inset: white arrow, collagen. Bars: 1 μm.

cell product and the other produced by the capillary
endothelium. In WT mice these two were largely parallel
(Figure 8). Reduplicated and redundant basement mem-
branes were common in the Nhe2−/− mice, older animals
showing greater changes. Redundancies were sometimes
focal, and on occasion as many as 8 redundancies were
counted, with a mean number of basement membranes in
the Nhe2−/− samples significantly greater than in WT (WT:
n = 3, 1.7 ± 0.19; Nhe2−/−: n = 4, 2.2 ± 0.14, P = .036).

Subjectively, areas of redundant and duplicated membrane
appeared more likely to be attributable to the FS cells than to
the capillary endothelium. An increase in other extracellular
matrix proteins may have occurred as well, and occasionally
collagen was seen.

The Vd of blood vessels in the pars distalis was not
significantly different among the groups of old, young, null,
or WT mice. Blood vessels represented about 4.5% of the Vd
of the pars distalis.
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Figure 9: Nhe2−/− FS cells exhibited a reduction in the num-
ber of desmosomes associated with mitochondria. Desmosomal-
mitochondrial associations can be seen in WT ((a) and (b)) and
in Nhe2−/− mice (c). Desmosomes are often associated with one
or two mitochondria (one from each cell). A significant decrease
in desmosomal-mitochondrial associations was found in the FS
cells of Nhe2−/− mice (see Table 1). Arrows point to mitochondria
whose outer membranes are juxtaposed to intracellular filaments of
desmosomes. Bars: 1 μm.

There were many desmosomal-mitochondrial connec-
tions, which spanned adjacent FS cell membranes at the
site of desmosomes (Figure 9). These comprise mitochondria
with a portion of outer lamella abutting the keratin filaments
which radiate from the desmosome into the cytoplasm.
Such desmosomal-mitochondrial juxtapositions often were
present on both sides of the desmosome (i.e., adjacent
to desmosomes in adjacent cells), other times adjacent to
the desmosome on one side only. Since so many of these
juxtapositions occurred, they are likely more paired than not,
at least in WT mice, and section orientation has left one
mitochondrion unseen (Table 1). The order and incidence
of junctional complexes, desmosomes, and desmosomal-
mitochondrial associations in a tally made from electron
micrographs revealed a significant reduction from WT in
the number of desmosomes which were associated with 2
mitochondria (Table 1).

Junctional complexes, intercellular spaces, membrane
interdigitations, microvilli, and pinocytotic vesicles/caveolae
are not different in Nhe2−/− than in WT samples, as counted
in this study. A count of caveolae per membrane profile
per cell showed no significant difference between WT and
Nhe2−/− (WT: 0.69± 0.16; Nhe2−/−: 0.23± 0.10; P = .2).

4. Discussion

The most prominent histological finding consequent to
gene-targeted ablation of the NHE2 Na+/H+ exchanger was
the dilation of the canaliculi formed by FS cells in the pars
distalis of the anterior pituitary. The cyst-like structures were
lined by FS cells, with their luminal surfaces containing
microvilli, and a morphology clearly indicating that they
were derived from the network of interconnected follicular
cavities. Such structures have been reported to extend
throughout the anterior pituitary [2]. The cysts became
apparent at about 5 weeks of age and were very prominent
by 8 and 10 weeks. The absence of cysts in pituitary sections
from an achlorhydric mouse lacking the gastric H+,K+-
ATPase α subunit indicated that the cysts in the Nhe2−/−

pituitaries were a direct response to the loss of NHE2 in the
pituitary rather than an indirect response to achlorhydria.
Given the known absorptive functions of NHE2 [14, 15], the
expression of NHE2 mRNA in pars distalis and at lesser levels
in pars intermedia, both of which are reported to contain FS
cells, and the previously demonstrated transcellular fluxes of
ions and water across FS cells [4, 5], the data suggest that
NHE2 serves as an important absorptive Na+/H+ exchanger
on the luminal surface of FS cells of the anterior pituitary.

NHE2 mRNA expression, as indicated by Northern
blot analysis, was very low in the pituitary gland when
compared with its expression in colon [15], the tissue
with the highest expression in rats and mice [11, 12].
The apparent low level of expression may be due in part
to the relatively low abundance of FS cells compared to
endocrine cells, as indicated by measurements of FS cell
Vd; however, other factors might also be involved. Under
normal conditions, the luminal membrane of the follicles,
where NHE2 is presumably expressed, is a small percentage
of the total plasma membrane of FS cells. In addition,
the gradual appearance and expansion of the canaliculi
in NHE2-null pituitary glands suggest that the absorptive
process is far less robust than in colonic crypts and kidney,
where large quantities of ions and water are absorbed on a
continuous basis. Rather, the pituitary phenotype developing
with the loss of NHE2 suggests that absorption mediated
by low levels of NHE2 may counter relatively low levels
of fluid accumulation in the follicular cavities. Attempts to
identify the membrane location of NHE2 protein in the
pituitary gland using antibodies that have been used for
immunolocalization in apical membranes of salivary acinar
and duct cells [19] were unsuccessful. Thus, at the present
time the membrane location of NHE2 can only be inferred
from the histological phenotype and from its expression on
apical membranes in epithelial tissues where it is expressed at
much higher levels.

Earlier studies showed that FS cells in culture can
function like typical epithelial cells involved in transep-
ithelial ion and fluid transport. When grown as primary
cultures, FS cells derived from the pars distalis and pars
tuberalis [4] and from the pars intermedia [5] formed
domes, indicating that they absorbed ions and water from
the culture fluid. Studies using cultured cells mounted in
Ussing chambers [5] showed that application of β-adrenergic
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Table 1: Percentage of desmosomes associated with at least one mitochondrion in FS cells.

WT Nhe2−/−

% Desmosomes with at
least 1 mitochondrion

% Desmosomes with 2
mitochondria

% Desmosomes with at
least 1 mitochondrion

% Desmosomes with 2
mitochondria

66.0± 23.0 52.3± 11.2 12.1± 2.5, P = .08∗ 7.1± 3.6, P = .02∗

Desmosomal-mitochondrial associations in FS cells from WT and Nhe2−/− mice (n = 3 for each group) were analyzed by electron microscopy. Note that the
desmosomes associated with two mitochondria (one from each FS cell) are a subset of those associated with at least 1 mitochondrion. ∗P values are relative
to corresponding WT control.

agonists to the serosal surface led to currents consistent
with CFTR-mediated anion secretion, whereas application of
amiloride to the mucosal surface, at concentrations known
to inhibit the epithelial Na+ channel, led to a reduction in
transepithelial currents, with a further reduction in response
following inhibition of the Na+,K+-ATPase with ouabain.
These data indicated that FS cells contained an apical anion
channel and apical transporters that were able to absorb
Na+, with accompanying anions, from the luminal spaces.
Aquaporin 4 has also been shown to be expressed in FS
cells [6], suggesting that it contributes to water transport
associated with ion movements. The identities of specific ion
transporters involved in transcellular ion fluxes in FS cells
have not been determined; however, a recent study showed
that CFTR is expressed in the pituitary [16] and the current
data indicate that NHE2 plays a critical role in this process.

NHE2 is one of two absorptive Na+/H+ exchangers in
apical membranes of renal and intestinal epithelial cells [14,
15]. NHE3 mediates high levels of NaCl absorption via cou-
pling with either Cl−/formate exchange [20] or Cl−/HCO−

3

exchange [21, 22]. However, when operating alone, Na+/H+

exchange mediates Na+ and HCO−
3 absorption. NHE2 has an

unusual pH sensitivity that would appear to make it suitable
for a role in NaHCO3 absorption. Its activity is very low
at normal extracellular pH, but it exhibits 50% activity at
pH 8.0, and its activity increases further as the extracellular
pH increases [23]. In the kidney, NHE2 plays a role in
Na+ and HCO−

3 absorption and is particularly important
under conditions of increased delivery of HCO−

3 to the distal
nephron [14]. In colon, NHE2 is expressed primarily in the
crypts [15], where the luminal pH is relatively alkaline in
the presence of physiological concentrations of short-chain
fatty acids [24], again consistent with a function in NaHCO3

absorption. As far as we are aware, the pH and HCO−
3

content of follicular fluid is not known, but it is possible that
the sensitivity of NHE2 to extracellular pH makes it more
suitable for its role in the pituitary.

Cystic dilatations were not observed in the pars inter-
media of Nhe2−/− mice despite the presence of FS cells
and NHE2 expression in this segment of WT pituitary
glands. The basis for this difference is unclear. It is pos-
sible that secretory processes that expand the canaliculi,
which may involve CFTR-mediated anion secretion [16],
are less active in this segment than in the pars distalis or
that a compensatory absorptive mechanism prevents their
expansion. For example, an ion transport mechanism that
can compensate for the loss of NHE2 has been shown
to be activated in colonic crypts of Nhe2−/− mice [15].

Alternatively, processes other than absorption or secretion
may prevent excessive accumulation of fluid. For example,
De Bold et al. [25] reported the presence of two types
of interconnected channels in the pars intermedia, which
they noted was highly avascular and presumed that fluid
and solutes in the channel systems can reach the general
circulation. If this were the case, it could provide drainage,
thus preventing cyst formation.

It is difficult to draw clear parallels between the pituitary
and stomach phenotypes of NHE2-null mice. NHE2 was
originally proposed to function on the basolateral membrane
of the parietal cell, operating in concert with the AE2
Cl−/HCO−

3 exchanger to mediate Na+ and Cl− uptake that
is required for stimulated acid secretion [12]. However, it
is clear that the few mature Nhe2−/− parietal cells were able
to secrete high levels of acid [12] and there is evidence that
NHE4 is the basolateral Na+/H+ exchanger required for acid
secretion [26]. An alternative possibility is that NHE2 is
expressed in canalicular membranes, where it could operate
in concert with the Slc26a6 Cl−/HCO−

3 exchanger [27] and
other transporters to dehydrate secretory membranes during
transitions to the resting state. Such a function would be
similar to the absorptive function proposed in FS cells and
consistent with its apical expression in other epithelial tissues
[14, 15, 19, 28].

The cystic dilations in the FS cell canaliculi in Nhe2−/−

mice did not readily conform to those of known human or
animal pituitary disease, where most reported cystic changes
were within pituitary neoplasms or were cysts containing
mucins or colloid-type inclusions [29, 30]. Metaplastic
transformation of FS cells, described in human pituitary
[31], was not found in the Nhe2−/− mice. While neither
colloid contents nor mucins were found with any regularity
within the dilated canaliculi of Nhe2−/− (or WT) pituitaries,
membrane and nuclear debris were seen on occasion. They
were greater in quantity in Nhe2−/− pituitaries than in WT,
and likely the residue from an occasional expulsion of pre-
viously phagocytosed apoptotic debris into the canalicular
lumen. The amount of cellular debris, apoptotic bodies, or
phagolysosomal vacuoles did not suggest excessive FS cell
death in the Nhe2−/− mice. This is in contrast to conspicuous
parietal cell death which occurred in the stomach of Nhe2−/−

mice [12].
FS cell microvilli most closely resembled the morphology

of bile canaliculi in the liver, but Nhe2−/− FS cells occasionally
formed apical invaginations containing clusters of densely
packed microvilli (Figure 7(b)) resembling those of parietal
cell canaliculi [13]. It is unclear whether these rare instances
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of densely packed microvilli correspond to an absorptive
state or to a secretory state, as is the case for parietal cells,
but given the invagination of the canaliculus into the cell a
secretory state seems more likely.

Ultrastructure was also affected on the basal side of FS
cells and comprised duplicated and/or redundant basement
membranes. FS cells produce their own basement mem-
branes, of the “continuous” type, distinct from, and parallel
to, basement membranes of the capillary bed. The ability
of these cells to produce matrix proteins and basement
membrane structures has been described using a transgenic
mouse model [32]. Redundancies in basement membranes
occurred primarily beneath FS cells and were short and
fragmented. Duplicated basement membranes have been
described in bile duct [33] and other tissues [34–36] but
were not reported in stomach or other affected tissues of the
Nhe2−/− mouse [12, 13]. It is possible that physical strain
related to canalicular dilation could induce an increase in
matrix proteins or that perturbations of cellular homeostasis
related to the ion transport defect are involved.

FS cells displayed numerous instances of close physical
associations between mitochondria and the intracellular
filaments of desmosomes. In WT mice, over half of the
desmosomes exhibited associations with two mitochondria,
one from each cell contributing to the desmosomal junction.
Nhe2−/− FS cells exhibited a significant decrease in the
percentage of desmosomes associated with 2 mitochondria,
from 52% in WT to 7% in mutant mice. Desmosomes
undergo frequent remodeling [37], so if mitochondria are
involved in this process, it would suggest less remodeling
in Nhe2−/− FS cells. The frequent associations between
mitochondria and desmosomes have led to speculations
of their providing for energy requirements and calcium
delivery, but the function is not known. These desmosome-
mitochondria associations [38–41] lend further credence to
the dynamic nature of the apical membrane of FS cells.

Lipid droplet accumulation in the cytoplasm of cells is
a well-recognized indicator of cell stress and pathology [42–
45]. Therefore the significant increase in cytoplasmic lipid in
FS and granule cells of the pars distalis of Nhe2−/− mice may
be an indication of cell stress resulting from the loss of NHE2.
This observation and the increased Vd of large granule cells
indicate that these endocrine cells are negatively affected by
the FS cell defect.

The function of the canalicular network is unclear
[2]; however, there is compelling evidence that FS cells
themselves form an extensive cell network in addition to the
canalicular network and that intrapituitary communication
occurs via Ca2+ signaling through gap junctions [9, 10, 46–
48]. This mechanism, which allows propagation of Ca2+

signals over long distances within the anterior pituitary,
has been suggested to provide a means by which FS cells
synchronize secretory activity of endocrine cells [9, 10]. It
is clearly important, and perhaps predominant; however, it
has also been noted that the anastomosing channels formed
by FS cells [2] might provide a means of synchronizing
hormone secretion [10]. One can speculate that the two
networks operate separately, with FS cell Ca2+ signaling
through gap junctions providing rapid coordination of

endocrine activity and FS cell control of the canalicular
fluid composition via ion secretion and absorption providing
longer-term regulation. Alternatively, anion secretion and
Ca2+ signaling might act in concert if they were stimulated
together or if one activity triggered the other. Additional
studies will be needed to identify all of the transporters
involved in ion secretion and absorption by FS cells and
to determine their relevance to human diseases involving
transepithelial ion transport defects. In this regard, it has
long been reported that pituitary function is impaired in
cystic fibrosis, the most common genetic disease in humans,
and recent work showed that CFTR is expressed in pituitary
and that the absence of its activity impairs hormone secretion
([16], and references therein).

In conclusion, the loss of NHE2 produced anterior
pituitary pathology, including a gross dilation of FS cell
canaliculi, increase in the Vd of FS cells, a significant accu-
mulation of small lipid droplets in FS cell and granule cell
cytoplasm, a reduction in desmosomal-mitochondrial com-
plexes, reduplication of the FS cell basement membranes,
an increase in the Vd of somatotrophs and mammotrophs,
and a thinning of the pars intermedia. The absence of
apparent effects on growth and development [12] suggests
that dilation of the canaliculi resulting from the loss of
NHE2 is a relatively benign defect. Nevertheless, a fertility
defect [12] remains unexplained, and the increase in both
Vd and lipid droplets in large granule cells showed that
endocrine cells are affected. The dilation of the canaliculi
suggests that NHE2 is the major absorptive mechanism that
counters the accumulation of canalicular fluid resulting from
ion secretion by FS cells. Thus, if ion secretion serves an
important function in the pituitary, as suggested by studies
on the pig cystic fibrosis model and human infants with
cystic fibrosis [16], then one might expect that disease
conditions or drugs that impair ion secretion or homeostatic
regulation of the volume and ionic composition of the
canalicular fluid would affect pituitary function and human
health.
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Duchenne muscular dystrophy (DMD) is a devastating X-linked muscle disorder characterized by muscle wasting which is caused
by mutations in the DMD gene. The DMD gene encodes the sarcolemmal protein dystrophin, and loss of dystrophin causes muscle
degeneration and necrosis. Thus far, therapies for this disorder are unavailable. However, various therapeutic trials based on gene
therapy, exon skipping, cell therapy, read through therapy, or pharmaceutical agents have been conducted extensively. In the
development of therapy as well as elucidation of pathogenesis in DMD, appropriate animal models are needed. Various animal
models of DMD have been identified, and mammalian (murine, canine, and feline) models are indispensable for the examination
of the mechanisms of pathogenesis and the development of therapies. Here, we review the pathological features of DMD and
therapeutic applications, especially of exon skipping using antisense oligonucleotides and gene therapies using viral vectors in
murine and canine models of DMD.

1. Introduction

Duchenne muscular dystrophy (DMD) is a lethal X-linked
muscle disease characterized by progressive skeletal muscle
atrophy and weakness [1]. Mutations in the causative gene
DMD result in loss of the cytoskeletal protein dystrophin.
This is accompanied by a defect of dystrophin-glycoprotein
complex (DGC) in the sarcolemma and leads to progres-
sive muscle degeneration [2, 3]. The dystrophic-deficient
skeletal muscle exhibits muscle fiber necrosis with invasion
of inflammatory cells followed by muscle regeneration.
The muscle is progressively replaced by fibrous or fatty
tissue. Recent advances in molecular biology have identified
murine, canine, and feline DMD animal models [4]. Efforts
to develop various therapeutic approaches such as gene
therapy, cell therapy, or pharmaceutical agents have been
conducted using DMD animal models, although no radical
and permanent therapy is available. In this review, we
describe the pathological characteristics and availability of

therapeutic applications with a focus on gene therapy in
mammalian models of DMD.

2. Duchenne Muscular Dystrophy

2.1. Pathogenesis of DMD. Muscular dystrophies are inher-
ited, and progressive muscle disorders are characterized by
muscle fiber degeneration and necrosis. Duchenne muscular
dystrophy (DMD) is the most severe and common X-linked
disorder (1 in 3,500 male births) [1]. The onset of this
disorder is recognized by observation of walking difficulties
experienced by children between 2 and 5 years of age.
The skeletal muscle degeneration is progressive, resulting in
patients being wheelchair bound by the age of 13. DMD
patients tend to die by the age of about 30 as a result of
respiratory or cardiac failure [1].

DMD is caused by a mutation in the DMD gene, which
is one of the largest in the human genome (approximately
2.5 million base pairs, encoding 79 exons). Full-length
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dystrophin mRNA is approximately 14 kb and is mainly
expressed in skeletal, cardiac, and smooth muscles, as well
as in the brain [2]. The dystrophin protein encoded by
the DMD gene is rod shaped and consists of 4 domains:
the N-terminal actin-binding domain, a rod-shaped domain
composed of 24 spectrin-like rod repeats and 4 hinges, a
cysteine-rich domain that interacts with dystroglycan and
sarcoglycan complexes, and the C-terminal domain that
interacts with the syntrophin complex and dystrobrevin
[3]. Dystrophin is localized at the sarcolemma and forms
a dystrophin-glycoprotein complex (DGC) with dystrogly-
can, sarcoglycan, and syntrophin/dystrobrevin complexes.
These associations link the cytoskeletal protein actin to
the basal lamina of muscle fibers [3]. DGC is thought to
act as a membrane stabilizer during muscle contraction
or a transducer of signals from the extracellular matrix to
the muscle cytoplasm via intracellular signaling molecules.
Loss of dystrophin leads to conditions under which the
membrane becomes leaky as a result of mechanical or hypo-
osmotic stress. Consequently, Ca2+ permeability is increased
and various Ca2+ dependent proteases such as calpain are
activated under conditions of dystrophin deficiency. It has
also been proposed that alteration of the expression or
function of the plasma membrane proteins associated with
dystrophin such as neuronal nitric oxide synthase (nNOS)
and various ion channels are involved in the molecular
mechanisms of muscle degeneration [5].

The DMD gene mutations include missense, nonsense,
deletion, insertion, or duplication mutations. When a muta-
tion of DMD disrupts the reading frame of amino acids (an
out-of-frame mutation), the dystrophin defect results in the
severe DMD phenotype. On the other hand, a mutations
which maintains the reading frame (an in-frame mutation)
tends to produce a truncated but functional dystrophin,
which leads to the more benign phenotype known as Becker
muscular dystrophy (BMD). About 90% of cases of the phe-
notypes of DMD and BMD can be explained by this frame-
shift theory [6]. There are two major hot spots for mutations
around exons 3–7 and exons 45–55 in the DMD gene [6].

2.2. Investigations of Gene Therapy for Treatment of DMD.
For the treatment of DMD, various experimental approaches
such as gene therapy using viral vectors, exon-skipping
therapy, stem cell transplantation, read-through therapy, and
pharmacological agents have been extensively developed, but
none of these have met with success in the clinic. Among
these therapeutic strategies, exon skipping using antisense
oligonucleotides (AOs) has been considered to be one of the
most promising therapies for the restoration of dystrophin
expression at the sarcolemma in dystrophin-deficient mus-
cle. Exon skipping as treatment for DMD is developed based
on the frame-shift theory. AOs are chemically-synthesized
single-strand nucleic acids about 25 bases in length which
are designed to recognize a specific sequence of the mRNA
splicing pattern or of the binding protein. These agents can
artificially change the translation of the nucleic acid. Among
the various types of AOs, the 2′-O-methyl phosphorothioate
AO (2OMeAO) and the phosphorodiamidate morpholino
oligomers (PMO: morpholino) have high efficacy, low

toxicity, and high stability [7, 8]. Therefore, exon skipping
strategies mediated by 2OMeAO and PMO have been exten-
sively performed and clinical studies have been conducted.

Gene therapy using viral vectors has been extensively
investigated. Adeno-associated virus (AAV) vectors are the
most appropriate tools for viral vector gene therapy because
they are nonpathogenic due to a replication defect and have
low immunity with an effective ability to infect nondividing
cells. This strategy, however, is limited with respect to the
size of the inserted exogenous gene. The upper limit of
4.9 kb prevents the full-length DMD cDNA (14 kb) from
being successfully incorporated into the vector. Our group
and other researchers have designed a shorter but functional
microdystrophin, which is driven by the muscle-specific cre-
atine kinase (MCK) promoter in combination with AAV vec-
tors of various serotypes. The efficacy of this system has been
examined [9, 10], and it has been found that the immune
reaction is one of the critical issues in canine or primates.
Other serotypes of AAV with a weaker immune reaction,
such as AAV8, have recently been developed. These rAAVs are
capable of providing powerful systemic delivery of the DMD
gene to muscles throughout the body, including the heart.

3. Mammalian Models of DMD

Animal models are needed for elucidation of the patho-
genesis and assessment of efficacy and toxicity during the
development of therapies. In DMD, various animal models
have been identified and utilized. In this review, we introduce
and discuss not only the pathological characteristics of
mammalian (murine, feline, or canine) models of DMD but
also recent advances in therapeutic applications using these
models.

4. Murine Model of DMD

Various mouse models with mutations in the mouse DMD
gene have been identified: X-linked muscular dystrophy
mouse (mdx) [11] and 4 additional strains of mdx mouse—
mdx2cv, mdx3cv, mdx4cv, or mdx5cv mouse [12]. Moreover,
the DMD exon 52 knockout (mdx52) mouse [13] and
the mdx mouse with additional ablation of the dystrophin
homologue utrophin (mdx/utr−/−) [14] was produced.
Among these models, the mdx mouse is the most commonly
used model. The mouse models are indispensable for eluci-
dation of the pathogenic mechanism and for development of
therapeutic approaches, since they can be easily and reliably
reproduced. In this section, we introduce the pathological
features of mdx and mdx52 mice and the availability of
therapeutic approaches which have benefited from the use
of these mouse models.

4.1. Mdx Mice

4.1.1. Pathological Characteristics. X-linked muscular dys-
trophy mouse (mdx) was found to spontaneously occur
in a C57BL/10 strain [15], and a nonsense mutation was
identified in exon 23 of the DMD gene. This mutation causes
a lack of dystrophin at the sarcolemma [2]. A previous
study using mdx mice revealed that muscle necrosis with
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Figure 1: (a) A male mdx52 mouse at 6 weeks of age. The
generalized appearance is almost normal. (b) The pathology (H and
E) of the tibialis anterior muscle shows multicentrally nucleated
fibers with an increased extent of invasion of inflammatory cells
and the interstitial space. Hypertrophic muscle fibers were also
observed.

infiltration of neutrophils or macrophages is recognized at
approximately 2 weeks of age and that a massive muscle
degeneration/necrosis occurs at approximately 1 month of
age. Muscles continue to go through cycles of necrosis and
regeneration throughout the lifespan of the mdx mouse; it is
just that is slows and is milder after 12 weeks. Necrotic fibers
can be found at any age and appear with increasing frequency
after 18 months of age and the pathology progresses. The
muscle pathology is most pronounced between 2 and 8
weeks of age. This period is characterized by the presence
of extensive necrosis, regenerated centrally nucleated fibers,
and high levels of serum creatine kinase (CK), a biochemical
marker of muscle necrosis [11, 15]. The skeletal and cardiac
muscle deterioration of the mdx mouse is relatively much
milder than that of human cases of DMD [16, 17]. As a
result, the fibrosis and infiltration of inflammatory cells in
the skeletal muscle at later stages tend to be much less than
that observed in DMD patients.

4.1.2. Therapeutic Applications. Recent advances in thera-
peutic applications include exon skipping, gene therapy, and
cell therapy. In the development of exon skipping therapy,
the mdx mouse is available for exon 23 skipping to convert an
out-of-frame mutation into an in-frame mutation. Systemic

administration of 2′-O-methyl phosphorothioate antisense
oligonucleotides (2OMeAO) with a nonion polymer F127
to mdx mice revealed that dystrophin is expressed in the
whole-body skeletal muscle with the exception of heart
muscle. However, the 2OMeAO did not reach a therapeutic
level [18]. Meanwhile, systemic induction of dystrophin
expression by phosphorodiamidate morpholino oligomers
(PMO: morpholino) in the mdx mouse reached a treatable
level in whole-body skeletal muscle with the exception
of the heart [19, 20]. The peptide-linked PMO (PPMO)
induced high expression of dystrophin not only in whole-
body skeletal muscles but also in the heart in mdx mice [21].
A unique exon-skipping method was proposed in which the
mutated exon 23 on the mRNA of mdx mice is removed by a
single administration of an AAV vector expressing antisense
sequences linked to a modified U7 small nuclear RNA [22].

In the development of gene therapy, we and other groups
have designed a shorter but functional microdystrophin
to incorporate into the recombinant AAV2 (rAAV2). The
microdystrophin, which has a large deletion in the central
rod domain, was constructed on the basis of the sequence
of the mutated DMD gene in a BMD patient with a nearly
normal life expectancy. The expression of this construct
was driven by the muscle-specific creatine kinase (MCK)
promoter, and local and systemic delivery of rAAV2 was
found to restore the muscle function and life span of mdx
mice [8, 9]. The other serotypes—rAAV6 [23], rAAV8 [24],
and rAAV9 [25]—are also expected to be useful for systemic
delivery of the DMD gene.

Although certain issues such as body size, genetic
background, and pathological features should be addressed,
the mdx mouse has been indispensable as a DMD model for
development of therapeutic approaches.

4.2. Mdx52 Mouse

4.2.1. Pathological Characteristics. Katsuki and colleagues
successfully generated a new DMD mouse model known as
mdx52. In this model, exon 52 of the murine DMD gene was
deleted using a homologous recombination technique [13].
Like the mdx mouse, mdx52 lacks dystrophin and presents
dystrophic changes with muscle hypertrophy (Figure 1). In
particular, the retina-specific dystrophin isoform Dp260 is
absent and abnormalities were observed in electroretino-
graphic analyses [26].

4.2.2. Therapeutic Applications. The targeting of exon 51
for exon skipping is theoretically applicable to the high-
est percentage (13%) of DMD patients with an out-of
frame deletion mutation [27–29]. An in-frame dystrophin
mutation performed by an exon 51 skipping technique via
local intramuscular injection of 2OMeAOs was found to be
successful in some patients with DMD [30, 31]. Recently, we
conducted exon 51 skipping using PMO in mdx52 mice to
convert an out-of-frame mutation into an in-frame mutation
and examined muscle function. The results showed that
dystrophin expression was restored in whole-body skeletal
muscles with amelioration of the dystrophic pathology and
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improved muscle function [32]. Thus, mdx52 has proven to
be useful for development of the exon skipping technique
and was used to obtain proof of concept for ongoing clinical
trials.

5. Canine Model of DMD

Several different canine models of DMD have been reported
thus far [4]. Mutations of the canine DMD gene were
identified in Golden Retriever [33], Rottweiler [34], German
Short-Hair Pointer [35], and Cavalier King Charles Spaniels
[36]. Golden Retriever muscular dystrophy (GRMD) has
been the most extensively examined and characterized. We
recently described Beagle-based canine X-linked muscular
dystrophy (CXMDJ) and conducted many studies on the
elucidation of pathogenesis and the development of thera-
peutic approaches using this model. Exon-skipping therapy
has been investigated using Cavalier King Charles Spaniels
with muscular dystrophy (CKCS-MD). In this section, we
describe the pathological characteristics and availability of
gene therapies for GRMD, CXMDJ, and CKCS-MD.

5.1. Golden Retriever Muscular Dystrophy (GRMD)

5.1.1. Pathological Characteristics. GRMD is characterized by
progressive skeletal muscle weakness and atrophy as well
as cardiac involvement. These characteristics are similar to
those of DMD. GRMD is caused by a point mutation at the
intron 6 splice acceptor site of the canine DMD gene. This
causes skipping of exon 7 and a premature stop codon in
exon 8 and results in a lack of dystrophin [33]. The level
of serum CK is dramatically increased early at 1-2 days of
age and extensive diaphragm damage is observed [37]. The
clinical manifestations of GRMD are progressive with the
gradual loss of muscle mass and contractures that often lead
to skeletal deformities [37]. Extensive muscle degeneration
and necrosis of generalized muscles are identified from birth
onwards [38]. A distinct feature is enlargement of the base
of the tongue, pharyngeal muscle, and esophagus, resulting
in dysphagia, drooling, and regurgitation. Severe fibrosis
in muscle and joint contracture develops by 6 months of
age [33], and respiratory failure or cardiomyopathy are
frequently observed at younger ages [39]. GRMD is further
characterized by progressive cardiomyopathy as indicated by
deeper and narrower Q waves in leads II, III, and aVF relative
to cardiac involvement in human DMD patients [38, 40, 41].

The skeletal and cardiac characteristics of GRMD are
more similar to those of DMD than of mdx. The genetic
background and body size of the Golden Retriever is closer
to human than the mouse. Therefore, GRMD has been
considered to be a useful animal model for human DMD in
recent years.

5.1.2. Therapeutic Applications. Preliminary gene therapy
experiments on GRMD performed using adenovectors [42],
and high expression of a dystrophin minigene was achieved
in GRMD using replication-deficient adenoviral vectors [43].

Very recently, systemic delivery of the AAV9 human mini-
dystrophin vector induced widespread muscle expression of
the transgene in neonatal dystrophic dogs [44].

In exon-skipping therapy, prolonged maintenance of
functional dystrophin in GRMD muscle has additionally
been achieved through chimeric RNA/DNA oligonucleotide
therapy [45]. GRMD muscle cells were observed in order to
compare the effectiveness of 2OMe AO, PMO, or peptide-
linked PMO (PPMO) [46]. The PPMO was found to be capa-
ble of inducing high and sustained levels of exon skipping
and induced the highest level of dystrophin expression with
no apparent adverse effects upon the cells.

5.2. Canine X-Linked Muscular Dystrophy (CXMDJ)

5.2.1. Pathological Characteristics. As described in the previ-
ous section, GRMD is well characterized and attractive for
research on DMD. However, Golden Retrievers are too large
to be treated or raised easily and animal trials employing
these dogs have substantial animal welfare implications and
high costs associated with both maintenance and treatment.
To address these issues, we developed a strain of medium-
sized dystrophic Beagles by artificial insemination of two
females with thawed spermatozoa obtained from a Golden
Retriever with GRMD followed by interbreed crossing of the
carrier female dogs with Beagle sires [47]. We designated the
dystrophic dogs as canine X-linked muscular dystrophy in
Japan (CXMDJ). The colony is maintained at the General
Animal Research Facility of the National Center of Neurology
and Psychiatry in Tokyo [47]. The serum CK level of
dogs with CXMDJ at birth is very high, and the mortality
rate during the neonatal period is about 32.3%. This is
significantly higher than that of normal littermates (13.3%).
Diaphragm muscle involvement occurs shortly after birth
and is more severe than that of limb muscles. At an age of
about 2-3 months, atrophy and weakness of limb muscles
appear, followed by development of macroglossia, dysphasia,
gait disturbance, and joint contracture from 4 months
of age. These symptoms rapidly progress until about 10
months of age, after which the progression of the disease is
retarded [48]. The clinical manifestations of third generation
CXMDJ are similar but milder than those observed in GRMD
(Figure 2).

In the cardiac manifestation, GRMD as well as DMD
have particular characteristics such as distinct deep electro-
cardiogram Q-waves and fibrosis of the left ventricular wall
[38, 40, 41]. We regularly examined the cardiac performance
of the CXMDJ model by electrocardiogram, echocardio-
gram, and pathology and found that the deep Q-waves on
echocardiograms precede the development of overt fibrosis
in histopathology [49]. So far, the pathogenic mechanism
of the distinct deep Q-waves has been considered to be
ascribed to fibrosis in the posterobasal region of the left
ventricular wall in DMD [41]. When we investigated the
cardiac conduction system of CXMDJ, a remarkable extent
of vacuolar degeneration was observed in Purkinje fibers
despite the absence of detectable fibrotic lesions in the ven-
tricular myocardium [50]. The degenerated Purkinje fibers
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Figure 2: (a) A male canine with X-linked muscular dystrophy
(CXMDJ) at 6 months of age. The atrophy of muscles throughout
the body (including temporal muscle) is observed. Kyphosis,
abnormal sitting posture, and contracture of hindlimb joints are
seen. (b) The pathology (H and E) of tibialis cranialis muscle
indicates muscle necrosis with infiltration of inflammatory cells,
centrally nucleated fibers, and increased interstitial connective
tissues.

were coincident with overexpression of Dp71 (a C-terminal
truncated isoform of dystrophin) at the sarcolemma and
translocation of μ-calpain (a calcium-dependent protease)
to the periphery near the sarcolemma or to the vacuoles.
Utrophin, a homologue of dystrophin was upregulated in
dystrophin deficiency. Utrophin was found to be highly
upregulated in the Purkinje fibers in the early stage, but
the expression was dislocated when vacuolar degeneration
was recognized at 4 months of age. Based on these findings,
we hypothesized that the selective degeneration of Purkinje
fibers could be associated with distinct deep Q-waves on elec-
trocardiograms and the fatal arrhythmia which is observed in
dystrophinopathy [50]. Thus, our previous investigations of
the clinical phenotype in CXMDJ revealed not only that the
phenotypes are nearly identical to those of GRMD but also
that the model will play a useful role in elucidation of the
pathogenic mechanism and in development of therapeutic
approaches.

5.2.2. Therapeutic Applications. Recently, in conjunction
with our collaborators at the Children’s National Medical
Center in the USA, we developed a multiexon-skipping

technique for targeting exons 6 and 8 to convert an
out-of-frame mutation into an in-frame mutation using
PMOs. Systemic multiexon-skipping treatment in CXMDJ

was found to restore dystrophin in the whole-body skeletal
muscle (with the exception of heart). Furthermore, skeletal
muscle function was notably improved without any adverse
effects [51]. This represents the first report on successful in
vivo multiexon-skipping. Furthermore, we have succeeded
in producing multiexon skipping by administration of the
PMOs used in CXMDJ to MyoD-transduced fibroblasts from
a DMD patient with the exon 7 deletion of the DMD gene
[52]. This suggests that multiexon skipping is feasible for
treatment of DMD patients and that this approach could be
applicable to up to 83% of all DMD patients [27].

To examine therapeutic effects and safety in a larger
animal model, we have examined the efficiency of rAAV2
infection of canine myotubes and expression of the lacZ
gene into normal canine muscle. In contrast to the results
of mdx investigations, the rAAV2-mediated gene transfer
was found to elicit a severe immune response against
the AAV particle, and its gene product in the host [53].
We, therefore, have examined the transgene expression and
host immune response to two different rAAV (rAAV2 and
rAAV8) in normal canine and in the CXMDJ model after
intramuscular injection and systemic administration by limb
perfusion to bypass the immune activation of dendritic
cells in the injected muscle. In contrast to the results with
rAAV2 transduction, intramuscular transduction of rAAV8-
lacZ in normal dogs and systemic administration of rAAV8-
microdystrophin in CXMDJ were found to improve the
expression of both transgenes in the skeletal muscle [54].
The CXMDJ model led us to propose that rAAV8-mediated
transduction strategy could have a therapeutic advantage in
DMD gene therapy.

Thus, the clinical phenotype of CXMDJ has been well
characterized as an appropriate animal model and the
similarity of pathology of DMD is regarded as the most
appropriate model for DMD in clinical trials. Other thera-
peutic approaches will be evaluated in the dog model with a
view to establishing feasible protocols.

5.3. Cavalier King Charles Spaniels with Muscular

Dystrophy (CKCS-MD)

5.3.1. Pathological Characteristics. Very recently, it was repo-
rted that another dystrophic dog, the Cavalier King Char-
les Spaniel with dystrophin-deficient muscular dystrophy
(CKCS-MD) has a severe phenotype. This canine model has
a missense mutation in the 5′ donor splice site of exon 50
resulting in deletion of exon 50 in mRNA transcripts and
a predicted premature truncation of the translated protein
[36].

5.3.2. Therapeutic Applications. The therapeutic strategy of
exon skipping in the GRMD or CXMDJ models provides
a significant advantage in clinical trials, but also has the
unfavorable characteristic that the disease-causing mutation
does not include the region of the DMD gene that is most
commonly mutated in human DMD patients. About 60% of
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DMD patients harbor deletions in exons 45–55 of the DMD
gene [55, 56]. As described previously, the exon 51 skipping
technique, which is being employed in clinical trials [30, 31],
is applicable to DMD patients which have deletions of exon
50, exon 52, exons 48–50, or exons 49-50, among others, and
is feasible for more patients than other exon skipping strate-
gies [27, 57, 58]. AO-mediated skipping of exon 51 in cul-
tured myoblasts of the CKCS-MD dog restored the reading
frame and protein expression [17]. This observation suggests
that the use of this canine model would be valuable in the
preclinical trials of therapy based upon exon 51 skipping.

6. Feline Model of DMD

6.1. Hypertrophy Feline Muscular Dystrophy (HFMD). Feline
muscular dystrophy with dystrophin deficiency has been
identified [59]. This feline model has a unique phenotypic
expression of hypertrophy of the tongue, neck, and shoulder
muscles, lingual calcification, excessive salivation, megae-
sophagus, gait disturbance manifesting as bunny hopping,
dilated cardiomyopathy, hepatosplenomegaly and kidney
failure [60, 61]. These dystrophic cats have been described
as having hypertrophic feline muscular dystrophy (HFMD)
because of the distinct hypertrophic feature. The pathology
exhibits muscle degeneration and centrally nucleated regen-
eration and accumulation of calcium deposits within muscle
fibers without development of fibrosis. The HFMD cat has
a large deletion of muscle and Purkinje promoters resulting
in a lack of dystrophin in the skeletal and cardiac muscle
[62]. However, the dystrophic cats have not been widely used
as a DMD model due to the limited pathological similarity
to DMD [4]; there have been no reports on therapeutic
approaches using this feline model.

7. Conclusions

Murine models will continue to provide important findings
for the basic study of pathogenesis and development of
therapies, but the clinical phenotype is mild and this is a
weak point. On the other hand, canine models have severe
skeletal and cardiac defects resembling DMD and the body
size and genetic background of canines are more similar to
human beings than the murine models. We are, therefore,
convinced that canine models will be more useful for
future contributions to preclinical study of newly developed
therapies.
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The delta-sarcoglycan-deficient hamster is an excellent model to study muscular dystrophy. Gait disturbances, important clinically,
have not been described in this animal model. We applied ventral plane videography (DigiGait) to analyze gait in BIO TO-2
dystrophic and BIO F1B control hamsters walking on a transparent treadmill belt. Stride length was ∼13% shorter (P < .05) in
TO-2 hamsters at 9 months of age compared to F1B hamsters. Hindlimb propulsion duration, an indicator of muscle strength,
was shorter in 9-month-old TO-2 (247 ± 8 ms) compared to F1B hamsters (272 ± 11 ms; P < .05). Braking duration, reflecting
generation of ground reaction forces, was delayed in 9-month-old TO-2 (147 ± 6 ms) compared to F1B hamsters (126 ± 8 ms;
P < .05). Hindpaw eversion, evidence of muscle weakness, was greater in 9-month-old TO-2 than in F1B hamsters (17.7 ± 1.2◦

versus 8.7± 1.6◦; P < .05). Incline and decline walking aggravated gait disturbances in TO-2 hamsters at 3 months of age. Several
gait deficits were apparent in TO-2 hamsters at 1 month of age. Quantitative gait analysis demonstrates that dystrophic TO-2
hamsters recapitulate functional aspects of human muscular dystrophy. Early detection of gait abnormalities in a convenient animal
model may accelerate the development of therapies for muscular dystrophy.

1. Introduction

Muscular dystrophy includes loss of muscle strength and
muscle mass and leads to gait disturbances resulting in
compensatory kinematic and postural adaptation [1–3].
Eventually, patients lose their ability to stand upright and
walk. Clinical gait analysis of subjects with muscular dystro-
phy is widely used to test the efficacy of new drugs because
there are few reliable methods to determine function in
muscular dystrophy [1]. Histopathological studies of animal
models, including the delta-sarcoglycan-deficient dystrophic
hamster, have played an important role in our understanding
and treatment of muscular dystrophy [4]. Functional phe-
notypic evidence, however, of restoration of muscle strength
with therapy in animal models, is becoming increasingly
important in preclinical drug development [5–9]. A recent
study of canine muscular dystrophy accounted for the slower
walking speed in dystrophic subjects to more accurately
quantify the kinematics of pathologic gait during overground

walking [10]. Treadmill gait analysis provides the oppor-
tunity to have all subjects walk at the same speed to rule
out differences in walking speed as being the most impor-
tant confounder in the interpretation of gait disturbances.
Treadmill gait analysis has recently been applied to the
characterization of mouse models of amyotrophic lateral
sclerosis [11, 12], rat models of nerve injury [13, 14], and
canine arthritis [15]. Quantitative kinematic gait analysis in
a small animal model of muscular dystrophy, however, has
not yet been reported. We, therefore, performed treadmill
gait analysis in the BIO TO-2 strain of myopathic hamsters
to fully characterize their posture and kinematics during
walking. The BIO TO-2 [TO-2] hamster, with a deletion
in the delta-sarcoglycan gene, is a widely studied animal
model of muscular dystrophy [16–20]. These animals show
pathological signs of muscular dystrophy, including elevated
serum creatine kinase and central nucleation and necrosis of
muscle fibers. We compared gait in the myopathic hamsters
to the gait in healthy BIO F1B [F1B] control hamsters
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Figure 1: (a) Lateral view of a 9-month-old TO-2 dystrophic hamster walking on DigiGait transparent treadmill belt. The animal walks
within an adjustable polycarbonate housing to accommodate a range of animal sizes walking or running at a range of walking speeds (0 to
100 cm/s). (b) Individual color image (top) from a digital video recording of the underside of a walking hamster, representing one instance
in time. A digital mask was placed over the snout, based on the symmetry and direction of the animal, to prevent the snout from being
misinterpreted as a paw. (Bottom) DigiGait software subtracts from each image the pixels that do not match the color of the paws and
converts the images to binary, resulting in digital paw prints of the walking hamster. (c) Representative dynamic gait signals of the left
forelimb and right hindlimb of a hamster walking at a speed of 16 cm/s. Durations of stance, swing, and stride are indicated for the right
hindlimb. Durations of propulsion and braking are indicated for the left forelimb.

and found several functional indices that significantly and
consistently deviate beginning early in life. The method
described in this report provides quantitative functional
metrics of gait associated with sarcoglycan deficiency in a
readily available animal model.

2. Methods

2.1. Animals. Male BIO F1B control and BIO TO-2 dys-
trophic hamsters were obtained from Bio Breeders, Inc.,
Fitchburg, MA. Handling and care of hamsters were con-
sistent with federal guidelines and approved institutional
protocols.

2.2. Gait Dynamics. Gait dynamics were recorded using
ventral plane videography, as previously described [21, 22].
Briefly, we devised a motor-driven treadmill with a trans-
parent treadmill belt [DigiGait Imaging System, Mouse
Specifics, Inc., Quincy, MA]. A high-speed digital video
camera was positioned below the transparent belt to focus
on the ventral view of subjects walking atop of the belt.

An acrylic compartment, ∼7 cm wide by ∼30 cm long and
adjustable for length and width, was mounted on top of
the treadmill to maintain the hamsters within the view
of the camera. Figure 1(a) depicts a 9-month-old TO-2
hamster walking on the treadmill belt within the acrylic
compartment. Digital video images of the underside of
hamsters were recorded at ∼125 frames per second. Each
image represents ∼8 ms; the paw area indicates the temporal
placement of the paw relative to the treadmill belt. The
color images (Figure 1(b), top panel) were converted to
their binary matrix equivalents (Figure 1(b), bottom panel)
and the areas of the approaching or retreating paws rel-
ative to the belt and camera were calculated throughout
each stride. The plotted area of each digital paw print
(paw contact area) imaged sequentially in time provides a
dynamic gait signal, representing the temporal record of paw
placement relative to the treadmill belt (Figure 1(c)). Each
gait signal for each limb comprises a stride duration which
includes the stance duration when the paw of a limb is in
contact with the walking surface, plus the swing duration
when the paw of the same limb is not in contact with
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Table 1: Gait dynamics in 9-month-old F1B control hamsters and
delta-sarcoglycan-deficient TO-2 dystrophic hamsters walking on a
treadmill belt at a speed of 16 cm/s.

Gait index F1B (n = 9) TO-2 (n = 14)

Stride length (cm) 8.0± 0.2 7.1± 0.1∗

Stride frequency (Hz) 2.0± 0.1 2.3± 0.1∗

Stride duration (ms) 503± 7 443± 4∗

% Stance 72.4± 0.5 74.8± 0.4∗

% Swing 27.6± 0.5 25.2± 0.4∗

Forelimb stance width 2.4± 0.1 2.1± 0.1∗

Forelimb stride length CV (%) 17.6± 1.6 23.6± 1.4∗

Hindlimb stance width (cm) 3.8± 0.1 3.9± 0.1

Hindlimb paw placement angle (◦) 8.7± 1.6 17.7± 1.2∗

Data are means ± SE; ∗P < .05, compared to F1B control hamsters.

the walking surface. Stance duration was further subdivided
into braking duration (increasing paw contact area over
time) and propulsion duration (decreasing paw contact area
over time) (Figure 1(c)).

Stride frequency was calculated from the number of gait
signals over time. Stride length was calculated from the
following equation: speed = stride frequency × stride length.
Stance widths and paw placement angles at full stance were
obtained by fitting ellipses to the paws and determining the
centers, vertices, and major axes of the ellipses. Forelimb and
hindlimb stance widths were calculated as the perpendicular
distance between the major axis of the left and right fore
paw images and between the major axis of the left and right
hindpaw images during peak stance. Paw placement angle
was calculated as the angle that the long axis of a paw makes
with the direction of motion of the animal during peak
stance. Gait data were collected and pooled from both the
left and right forelimbs, and the left and right hindlimbs.

Measures of stride-to-stride variability (gait variability)
for stride length and stance width were determined as the
standard deviation and the coefficient of variation (CV). The
standard deviation reflects the dispersion about the average
value for a parameter. CV, expressed as a %, was calculated
from the following equation: 100× standard deviation/mean
value.

Each hamster was allowed to explore the treadmill com-
partment for ∼1 minute to acclimatize it to the apparatus.
There are few data on hamsters walking on motorized
treadmills. We therefore randomly selected TO-2 and F1B
hamsters and subjected them to a range of walking speeds.
We selected 16 cm/s for the 3-month- and 9-month-old
hamsters since most animals walked comfortably at this
speed and it was sufficiently fast to prevent the hamsters from
rearing or turning around during videography. We selected
a walking speed of 25 cm/s for the more active 1-month-
old hamsters. We recorded ∼3 seconds of video images for
each hamster walking at a speed of 16 cm/s to provide more
than 7 sequential strides. Only video segments of hamsters
walking with a regularity index of 100% [23] were used for
image analysis. For incline and decline walking, the treadmill,
walking compartment, and camera system were pitched at
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Figure 2: (a) The relative contributions of swing, braking, and
propulsion to the stride duration of forelimbs and hindlimbs in 9-
month-old F1B control hamsters walking at 16 cm/sec. ∗P < .05,
forelimbs versus hindlimbs.

an angle so that the animals walked up an incline of ∼15◦ or
down a decline of ∼15◦, dependent on the direction of the
treadmill belt. The angle of treadmill incline and decline was
based on published protocols [8, 16, 24]. The treadmill belt
was wiped clean between studies if necessary.

2.3. Statistics. Data are presented as means ± SE. ANOVA
was used to test for statistical differences among TO-2 and
F1B hamsters at each age. When the F-score exceeded Fcritical

for α = 0.05, we used post-hoc unpaired Student’s two-
tailed t-tests to compare group means. Gait indices between
forelimbs and hindlimbs within groups were compared
using paired Student’s two-tailed t-tests. Differences were
considered significant with P < .05.

3. Results

3.1. Gait Dynamics in Hamsters. The ventral view of a
9-month-old healthy F1B control hamster walking on a
transparent treadmill belt is shown in Video 1 (Video 1,
available as supplemental material). Gait indices for adult
F1B hamsters are summarized in Table 1. F1B hamsters
(n = 9) walked ∼2 steps every second, completed one stride
within∼500 ms, and traversed∼8 cm with each step walking
at a speed of 16 cm/s. The contributions of stance and swing
duration to stride duration were ∼75% (stance/stride) and
∼25% (swing/stride).

Differences in the posture and gait dynamics of the
forelimbs and hindlimbs were quantified. Forelimb stance
width was significantly narrower than hindlimb stance width
(2.4 ± 0.1 cm versus 3.8 ± 0.1 cm, P < .05). Stance width
variability (CV%) of hindlimbs was lower than that of
forelimbs in 9-month-old F1B hamsters walking at a speed
of 16 cm/s. Figure 2 illustrates the relative contributions of
swing, stance, braking, and propulsion to the stride duration
of forelimbs and hindlimbs in 9-month-old F1B hamsters.
Swing duration of the forelimbs was slightly longer than of
the hindlimbs. The braking phase was greater in forelimbs
than in hindlimbs (34.3± 2.1% versus 24.8± 2.3%, P < .05),
and the propulsion phase was greater in hindlimbs than in
forelimbs (75.2 ± 2.3% versus 65.6 ± 2.1%, P < .05) with
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Figure 3: (a) Gait signal of the left hindlimb of a TO-2 hamster superimposed over the gait signal of the left hindlimb of a F1B control
hamster. Stride frequency was significantly higher and stride length significantly shorter in TO-2 dystrophic hamsters compared to F1B
control hamsters. Propulsion duration (arrows) was significantly shorter in TO-2 hamsters compared to F1B control hamsters. This finding
was consistent in hamsters studied at 1 month, 3 months, and 9 months of age. (b) The relative contributions of braking and propulsion to
the stance duration of forelimbs and hindlimbs in 9-month-old F1B control hamsters and TO-2 delta-sarcoglycan-deficient hamsters walking
at 16 cm/sec. The relative contributions of forelimb braking and propulsion to stance were significantly altered in TO-2 dystrophic hamsters
(∗P < .05, TO-2 versus F1B hamsters). Although propulsion duration was decreased in TO-2 hamsters, the contribution of propulsion to
stance was not different.

comparable stance durations of forelimbs (367 ± 8 ms) and
hindlimbs (361± 8 ms).

3.2. Gait in Dystrophic Hamsters. Gait dynamics were signif-
icantly different in 9-month-old TO-2 dystrophic hamsters
(n = 14) compared to age-matched F1B control hamsters
(n = 9) (Table 1). Figure 3(a) illustrates the gait signal from
the left hindlimb of a TO-2 hamster superimposed over the
gait signal of the left hindlimb of a F1B hamster. Stride
frequency was increased in TO-2 compared to F1B hamsters.
Stride duration was significantly shorter in TO-2 than that

in F1B hamsters (443 ± 4 ms versus 503 ± 7 ms; P < .05).
This was attributable to a shorter swing duration (112 ± 2
versus 139 ± 5 ms; P < .05), and a shorter stance duration
(331±3 ms versus 364±6 ms; P < .05) in TO-2 compared to
F1B hamsters. Stride length was decreased in TO-2 compared
to F1B hamsters (7.1 ± 0.1 cm versus 8.0 ± 0.2 cm; P < .05)
at a walking speed of 16 cm/s. Forelimb stance width was
narrower in TO-2 compared to F1B hamsters (2.1 ± 0.1 cm
versus 2.4 ± 0.1 cm; P < .05). The paw placement angle of
the hindlimbs was also more significantly everted in TO-2
than in F1B hamsters (17.7± 1.2◦ versus 8.7± 1.6◦; P < .05).
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Figure 4: Three-month old TO-2 dystrophic hamsters exhibited significant gait differences that were consistent with those observed in 9-
month-old animals. (a) Stride length was shorter and (b) stance width narrower in 3-month-old TO-2 hamsters. (c) Differences in forelimb
braking duration and (d) hindlimb propulsion duration while walking horizontally [center bars] were exacerbated with uphill walking [left
bars] and downhill walking [right bars]. #P < .001 TO-2 compared to F1B.

Forelimb stride length variability was higher in TO-2 than in
F1B hamsters (23.6± 1.4% versus 17.6± 1.6%; P < .05). The
braking duration of the forelimbs, which is the time needed
to decelerate the animal, was prolonged in TO-2 compared
to F1B hamsters (147 ± 6 ms versus 126 ± 8 ms; P < .05).
The propulsion duration of the hindlimbs, which reflects
the interval available for force generation, was shortened in
TO-2 compared to F1B hamsters (242 ± 7 ms versus 272 ±
11 ms; P < .05) (Figure 3(a), arrows). Figure 3(b) illustrates
the relative contributions of braking and propulsion to the
stance duration of forelimbs and hindlimbs in 9-month-old
F1B control hamsters and TO-2 delta-sarcoglycan-deficient
hamsters walking at 16 cm/sec. The relative contributions of
forelimb braking to stance were significantly altered in TO-2
dystrophic hamsters.

3.3. Early Functional Phenotype of Muscular Dystrophy. Most
of the gait disturbances observed in 9-month-old dystrophic
hamsters were also apparent at 3 months of age. Stride length
was decreased in 3-month-old TO-2 dystrophic hamsters
(n = 12) compared to F1B control hamsters (n = 6) (7.2 ±
0.1 cm versus 8.4 ± 0.2 cm; P < .05) at a walking speed of
16 cm/s. Hindlimb stance width was narrower in TO-2 than
in F1B hamsters (3.7 ± 0.1 cm versus 4.0 ± 0.1 cm; P < .05).
Forelimb stance width was significantly narrower in TO-2
than in F1B hamsters when the animals were challenged to
walk uphill or downhill (Figure 4). As in older animals, the
paw placement angle of the 3-month-old dystrophic TO-2
hindlimbs was more significantly everted than that in F1B
controls (16.4 ± 1.2◦ versus 12.4 ± 1.6◦; P < .05). Whereas
the braking duration of the forelimbs was not different in
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3-month-old TO-2 from F1B hamsters walking horizontally,
the propulsion duration of the hindlimbs was shortened
in 3-month-old TO-2 hamsters (241 ± 6 ms versus 298 ±
9 ms; P < .05). Challenging the animals to walk uphill
and downhill, moreover, exacerbated functional differences
between 3-month-old TO-2 (n = 4) and F1B hamsters
(n = 4) (Figure 4).

Even at 1 month of age, several gait indices deviated
significantly in TO-2 dystrophic hamsters. Compared to 1-
month-old F1B control hamsters (n = 5), 1-month-old
TO-2 dystrophic hamsters (n = 4) were characterized by
significantly shorter stride length (6.6 ± 0.1 cm versus 7.1 ±
0.1 cm), more eversion of the hindpaw (22.4 ± 1.8◦ versus
17.9±1.8◦), shortened hindlimb propulsion duration (125±
5 ms versus 148 ± 5 ms), and prolonged forelimb braking
duration (81± 3 ms versus 44± 5 ms) (all P < .05). Forelimb
stride length variability tended to be higher in 1-month-
old TO-2 compared to F1B hamsters (18.1 ± 1.2% versus
15.1±1.4%; P < .08). Figure 5 illustrates differences in stride
length between F1B control and TO-2 dystrophic hamsters
across the three ages studied.

4. Discussion

This is the first comprehensive analysis of posture and gait in
hamsters, and the first quantitative analysis of gait changes in
a small animal model of muscular dystrophy. Gait analysis of
patients with muscular dystrophy is implemented to assess
disease progression [1–3]. Mouse and hamster models are
widely used to better understand and develop therapies for
muscular dystrophy; yet, very little is known about how
these animals walk. The postural and kinematic gait data
we provide in F1B control hamsters and delta-sarcoglycan-
deficient TO-2 dystrophic hamsters may help to establish
reference values for future studies aimed at reversing gait
abnormalities with potential therapeutics tested in this
animal model.

There are at least nine different types of muscular
dystrophy. Loss of muscle strength is common to all types of
muscular dystrophies; age of onset, muscle groups involved,
and progression vary. Mutations in the sarcoglycan-gene
result in limb-girdle muscular dystrophy (LGMD), of which
there are different types [25]. The limb-girdle (shoulders
and hips) muscles are usually the first affected, with muscle
weakness becoming more progressive and spreading to
more distal muscles, including tibialis anterior [26], wrists
[27], and hands [28]. Delta-sarcoglycan deficiency results
in LGMD-type 2F [29]. Most LGMD-type 2F patients have
severe muscular dystrophy that presents early in life and
progresses rapidly.

The TO-2 hamster, with a deletion in the delta-
sarcoglycan gene and deficiency of alpha-, beta-, and
gamma-sarcoglycan, has been widely studied [16–20] and
is considered a good animal model of human LGMD-type
2F. Gross examination upon autopsy of the parental strain
of TO-2 hamsters indicated that shoulder muscles were the
most affected [30]. Pathology has also indicated damage to
the intercostal muscles, proximal limb muscles, muscles of
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Figure 5: Gait disturbances were evident in TO-2 dystrophic
hamsters at 1-month of age. Stride length, for example, was
consistently significantly shorter in the delta-sarcoglycan-deficient
dystrophic hamsters compared to F1B control hamsters at 1-month,
3-months, and 9-months of age. ∗P < .05, TO-2 compared to F1B.

the pelvic girdle, and muscles of the back and the abdominal
wall [17]. Gastrocnemius, triceps, and tibialis muscles have
also been shown to be affected [7, 16, 20, 31]. All of these
muscles are involved in quadrupedal gait.

Despite extensive pathology evidence of muscle damage,
very little is known about muscle dysfunction in animal
models of muscular dystrophy, including the TO-2 hamster
[32]. Xiao et al. demonstrated reduced tibialis anterior
muscle strength in dystrophic hamsters [20]. Zhu et al.
reported reduced treadmill running endurance as a measure
of weakness in TO-2 hamsters [16]. Vitiello et al. concluded
that gene therapy ameliorated muscular dystrophy in ham-
sters based on their improved rotarod performance [7]. Our
treadmill gait analysis study sought to reconcile systemic
muscle weakness with the ability to walk, functionality most
important to patients with muscular dystrophy.

Observation of TO-2 hamsters in their cage does not
suggest that they have gait disturbances, which is why we
studied treadmill gait analysis in 9-month-old animals, an
age of which the animals are known to have significant
muscle weakness. The ∼13% shorter stride length in the
dystrophic hamsters is a very robust deficit; in otherwise
healthy patients with neuromuscular disease, ∼10% reduc-
tions in stride length can be clinically relevant. Because
the treadmill speed was set to 16 cm/s for both TO-2
dystrophic and F1B control animals, the shorter stride length
in the TO-2 animals required significantly increased stepping
frequency. Increased stepping frequency as part of daily life
poses increased cardiorespiratory demands [33]. The paw
placement angle of the hindlimbs was more open in TO-2
animals, suggesting weakness of muscle in the hindpaws or
lower hindlimbs. Though the hindlimb propulsion duration
was shorter, the percentage of contribution of the hindlimbs
to propulsion was not different in TO-2 from that of F1B
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hamsters, suggesting that the shorter propulsion duration
was secondary to a shorter stride cycle.

There were several important differences in forelimb gait
in TO-2 dystrophic compared to F1B control hamsters. This
is in contrast to some animal models of neuromuscular
diseases, such as the SOD1 G93A mouse model of amy-
otrophic lateral sclerosis, in which the gait disturbances are
more localized to the hindlimbs [11]. The forelimb stance
width was significantly narrower; often, changes in base of
support are compensatory to muscular and vestibular defects
to maintain posture and balance. The forelimb braking dura-
tion was prolonged, but more significantly, the percentage
contribution of forelimb deceleration was larger in TO-2
hamsters. Taken together, muscle weakness of the shoulder
girdle and forelimbs might contribute substantively to the
gait disturbances in TO-2 hamsters. This shoulder girdle
functional readout is notable given that the supraspinatus
muscle was the most severely affected in autopsied dystrophic
hamsters [30], the relatively larger load carried by the upper
limbs in quadrupeds compared to humans, and the known
involvement of the shoulder girdle in LGMD patients.

The differences in gait between 3-month-old F1B and
TO-2 hamsters were strikingly similar to those observed in
older animals. This may not be surprising, however, since
histopathology indicates extensive muscle pathology at this
age [16, 17, 19, 31, 34]. Challenging the animals to incline or
decline walking exacerbated postural and kinematic differ-
ences. Downhill walking especially increased the magnitude
of differences in stride length, stance width, and propulsion
duration. Walking up an incline or down a decline is known
to changes muscle load and force distribution [35, 36]; this
is especially true for quadrupeds that use their forelimbs
for weight support. Downhill walking has been shown
to increase loading on the shoulders and upper limbs of
pongids [37], cats [36], and rats [38]. Shoulder muscles
are particularly vulnerable in LGMD. The observations
of exacerbated upper limb gait disturbances in the TO-2
hamsters downhill walking suggest that the shoulder girdle
may be more affected, at least functionally, than the hip
girdle in the delta-sarcoglycan-deficient hamster model of
muscular dystrophy.

Skeletal muscle pathology is already evident in TO-2
animals one month old [17, 19, 30, 34]. We observed
significant differences in posture and gait between 1-month-
old TO-2 dystrophic and F1B control hamsters. Several
metrics, including shorter stride length and greater hindpaw
eversion, were consistent findings in juvenile (1-month-
old), young (3-month-old), and adult (9-month-old) delta-
sarcoglycan-deficient dystrophic hamsters. In summary, gait
analysis in delta-sarcoglycan-deficient dystrophic BIO TO-2
hamsters provides early functional evidence of systemic
muscle weakness that could accelerate the screening of
potential therapies for muscular dystrophy.
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Animal models and cell cultures have contributed new knowledge in biological sciences, including periodontology. Although
cultured cells can be used to study physiological processes that occur during the pathogenesis of periodontitis, the complex host
response fundamentally responsible for this disease cannot be reproduced in vitro. Among the animal kingdom, rodents, rabbits,
pigs, dogs, and nonhuman primates have been used to model human periodontitis, each with advantages and disadvantages.
Periodontitis commonly has been induced by placing a bacterial plaque retentive ligature in the gingival sulcus around the molar
teeth. In addition, alveolar bone loss has been induced by inoculation or injection of human oral bacteria (e.g., Porphyromonas
gingivalis) in different animal models. While animal models have provided a wide range of important data, it is sometimes difficult
to determine whether the findings are applicable to humans. In addition, variability in host responses to bacterial infection among
individuals contributes significantly to the expression of periodontal diseases. A practical and highly reproducible model that truly
mimics the natural pathogenesis of human periodontal disease has yet to be developed.

1. Introduction

1.1. Periodontitis. Periodontitis is a highly prevalent, chronic
immunoinflammatory disease of the periodontium that
results in progressive loss of gingival tissue, the periodontal
ligament, and adjacent supporting alveolar bone [1]. In
addition to its significant impact on human health, the
annual cost of periodontal therapy is estimated to exceed $14
billion in the USA [2]. Furthermore, periodontitis has been
associated with systemic diseases, such as cardiovascular
complications [3], rheumatoid arthritis [4], and adverse
pregnancy outcomes [5].

Chronic inflammation of the periodontium is initiated
by complex subgingival biofilms containing several likely
periodontal pathogens. The biofilm generally contains a
portion of the gram (−) negative anaerobic commensal
microbiota as well as opportunistic pathogens of the oral
cavity, including Porphyromonas gingivalis (P. gingivalis) [6].
In response to periodontal pathogens, polymorphonuclear
cells (PMNs) release destructive reactive oxygen species
(ROS), for example, superoxide, via the respiratory burst
[7–9], proteinases, and other factors that can damage host
tissues [10–12]. These molecules induce further oxidative

damage to gingival tissue, periodontal ligaments, and elicit
osteoclastic bone resorption [10, 13–15]. The secreted agents
also enhance the production of numerous proinflammatory
cytokines that contribute to the disease, including interleukin
(IL)-1ß, IL-6, and tumor necrosis factor (TNFα), among
a broad array of biomolecules that have consistently been
reported to be elevated in gingival crevicular fluid (GCF)
and tissues of periodontitis patients [16–18], rhesus mon-
keys [19], and dogs [20]. Levels of these proinflammatory
molecules are frequently reduced following periodontal
therapy [21, 22].

Because individuals are not equally susceptible to the
destructive effects of periodontal infections, periodontitis
is not only caused by bacterial infection but also may be
associated with host susceptibility [23, 24]. Variability in host
responses among individuals contributes significantly to the
expression of periodontal diseases [24]. Although human
cell cultures were found to be useful models for replicating
some aspects of the periodontal disease process at the cellular
level, information about the complex host response was not
prominent [25]. Thus, research into the host response using
animals is critically important in the analysis of periodontal
disease and development of improved treatments.
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1.2. Animal Models. Animal models have contributed to the
generation of new knowledge in biological sciences, includ-
ing periodontology [19, 20, 26–29]. Periodontal disease can
occur naturally or be experimentally induced in animals.
Various species have been used to study the pathogenesis of
periodontitis and to assess therapeutic modalities against the
disease. While animal models have provided a large amount
of data, it is sometimes difficult to determine whether the
findings are applicable to humans. Thus, a simple and
reproducible model that truly mimics human pathogenesis
of periodontal disease has yet to be discovered. This paper
reviews naturally and experimentally induced animal models
used to study different aspects of periodontal diseases.

1.3. Nonhuman Primates. Nonhuman primates have oral
structures and teeth similar to those of humans and have
naturally occurring dental plaque, calculus, oral microbial
pathogens (e.g., P. gingivalis), and periodontal disease. In
particular, rhesus monkeys (Macaca mulatta), cynomol-
gus monkeys (Macaca fascicularis), and baboons (Papio
anubis) are susceptible to naturally occurring periodontal
disease [30]. To accelerate periodontitis, however, plaque-
accumulating devices, such as orthodontic elastic ligatures
or sutures, are commonly placed apical to the interproximal
region around selected molars to promote plaque formation
[31]. Ligatures are changed at 1-2-week intervals until
periodontal pocket formation is confirmed by probing [32–
36]. The use of nonhuman primates was later modified to
include inoculation with human pathogens. Cynomolgus
monkeys with no previously detectible human pathogen P.
gingivalis were treated with the organism. About 5 months
later, infection by P. gingivalis was confirmed and plaque
formation leading to bone loss was observed [26].

Although periodontitis in primates most closely resem-
bles the human disease, the expense of and special husbandry
requirements for these animals limit their use in periodontal
studies. In addition, they are prone to infectious diseases such
as tuberculosis [30], which makes them a less practical model
for periodontal diseases.

1.4. Miniature Pigs. Miniature pigs have oral and max-
illofacial structures similar to those of humans in terms
of anatomy, physiology, and disease development [37].
The Minnesota miniature pig (minipig) was developed
about 60 years ago [38] and has been used extensively in
biomedical research [39]. After the age of 6 months, minipigs
usually develop gingivitis, manifested by inflamed gingival
tissue, accumulated plaque and calculus, and bleeding when
probed [37]. There is infiltration of inflammatory cells
in the gingival tissue that results in progression to severe
periodontal inflammation at 16 months of age with identical
histopathology to that seen in humans. Periodontitis in
minipigs is promoted in about 4–8 weeks using ligatures,
and in association with bacterial inoculations of P. gingivalis,
S. mutans, and A. actinomycetemcomitans [37]. Minipigs can
be suitable for periodontal as well as orofacial investigations.
However, minipigs are relatively expensive, with husbandry
issues and few studies to support their use.

1.5. Dogs. Dogs provide an appropriate model to study natu-
rally occurring gingivitis and periodontitis [20]. In dogs, the
subgingival plaque involves predominantly anaerobic gram
(−) negative cocci and rods, P. gingivalis and F. nucleatum,
similar to human bacteria [40, 41]. The severity of the disease
increases with age and frequently results in loss of tooth.
Susceptibility or resistance to periodontal disease in different
breeds is mainly dictated by genetic variations [42] rather
than the diet [43]. In addition, dogs are used for surgical
manipulations, including wound healing and regeneration in
periodontal pockets [44].

As a limitation of the natural periodontal diseases, the
extent and localization of periodontal lesions are not always
synchronized in dogs [45, 46]. In dogs, the complete width
of marginal gingiva is also affected rather than only the
tissue lateral to the gingival pocket wall. In addition, animal
care regulations, including daily companionship, exercise,
space, and maintenance, make use of dogs less desirable in
periodontal studies.

1.6. Rodent Models. Rodents provide some unique charac-
teristics to evaluate microbial and host responses to com-
plement primate and human periodontal studies. Rodents
have only one incisor and 3 molars in each quadrant.
Studies using rodents have elicited disease via placement
of ligatures in the gingival sulcus around the molar teeth
by increasing biofilm accumulation, as well as disrupting
the gingival epithelium, enhancing osteoclastogenesis and
bone loss [29]. In alternative models, these animals are
orally infected with select human pathogens, attempting to
document the virulence of these species in rodents [9, 47].
These approaches have also enabled the use of genetically
manipulated strains to focus on individual components of
the host response and to thereby describe their role in the
disease process [48, 49]. More recently, different investigators
have used gingival tissue inoculated with chemicals [28, 50],
microorganisms [51], or their products [52, 53] to elicit
periodontal disease.

1.6.1. Rats. Rats are often used in models of experimental
periodontitis because periodontal anatomy in the molar
region shares some similarities with that of humans. Fur-
thermore, rats are easy to handle and can be obtained
with different genomes and microbial status. There is clear
evidence from the literature demonstrating horizontal bone
loss in rats infected with Aggregatibacter (Actinobacillus)
actinomycetemcomitans [54–59] or P. gingivalis [56–60].
Periodontitis has been induced in rats by placing a bacterial
plaque retentive silk or cotton ligature in the gingival sulcus
around the molar teeth [61]. In addition, alveolar bone loss
has been induced by the injection of P. gingivalis [62].

Rice Rats. The swamp rice rat, or rice rat (Oryzomys
palustris), is a native American species found wildly in the
southern US [63]. These animals are highly susceptible to
periodontal disease, beginning as early as 2 weeks of age [64].
The gingival tissues become swollen, with pocket formation,
accumulation of debris, and ulceration at about 3 months
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of age. Alveolar bone resorption underneath the gingiva
causes the teeth to slide apart and eventually to exfoliate.
Heavy plaque formation occurs more on mandibular than on
maxillary teeth. Calculus and root-surface caries frequently
occur in older animals. The incidence of periodontal disease
has been shown to depend upon dietary factors [64, 65]. A
soft-powder diet with high-carbohydrate content is required
for the initiation of the disease in younger animals [64,
65], while high fat or protein diets reduced the severity of
disease [66]. Periodontitis in rice rats can be transmitted
by coprophagy [66, 67]. Early pathological findings include
an acute inflammatory response, with polymorphonuclear
cells infiltrating beneath the junctional and crevicular epithe-
lium and into the gingival sulcus, followed by “activated”
macrophages infiltrating into the affected epithelium. The
connective tissues are destroyed, and the epithelial attach-
ment migrates apically along the root surface, deepening the
pocket [63]. The advanced lesions present as a destruction of
the alveolar bone with fibrosis and granulation of the gingival
connective tissues and periodontal ligament space. Gram
(+) positive bacteria, S. sanguis, Actinomyces, and Lactobacilli
have been isolated at 5–9 weeks of age from the oral cavity
[68]. Unlike the chronic process in human periodontitis,
which takes many years, in the rice rat the disease progresses
to a chronic destruction of soft and hard tissue within a few
weeks. Rice rats have been used to evaluate the dietary effects
and some therapeutic modalities.

1.6.2. Mice

Baker Mouse Model. The Baker mouse model of periodonti-
tis has been used to measure alveolar bone resorption caused
by oral bacterial inoculums as an outcome for the clinical
presentation of periodontitis in humans [69]. To assess the
virulence of periodontal pathogens, specific pathogen-free
female BALB/c mice (10 weeks old) were orally infected
with strains of A. actinomycetemcomitans and/or P. gingivalis
[70–72]. Prior to infection, mice were given antibiotics
(sulfamethoxazole and trimethoprim) in their water for
about 10 days to suppress the normal oral microflora. Mice
were treated by oral gavage five times at 2-day intervals
with one type or an admixture of bacteria resuspended in
carboxymethylcellulose to establish the infection. Alveolar
bone loss was detected after 10 weeks. It was speculated
that P. gingivalis initiated experimental periodontitis, at least
in part, by modifying the endogenous subgingival biofilm
to acquire enhanced virulence [73]. Mice naturally develop
periodontitis starting at about 9 months of age with further
increases as a function of age, similar to human periodontitis.
This model, however, may not reproduce all aspects of
human periodontitis initiation and progression; the bacteria
used are one or two of at least 150 microbial types present
in any dental plaque biofilm. However mice can be utilized
to understand the host-parasite interaction [74]. Young mice
also can develop periodontitis caused by their own flora,
if their ability to control their indigenous bacteria is com-
promised by genetic defects in their phagocytes, although
the presence of antibiotics prevents the development of the
disease [75].

1 mm

Figure 1: Micro CT images of mouse maxilla (top) and mandible
(bottom) show 3 molars (curved arrow) and single incisor (arrow-
head). Courtesy of HS. Oz and DA. Puleo (unpublished data).

Chemically Induced Mouse Model. An alternative method
for inducing inflammation of oral tissues is by using trini-
trobenzene sulfonic acid (TNBS) or dextran sulphate sodium
(DSS) [28, 50]. These chemicals are often utilized to induce
acute (1 cycle) and chronic inflammation (3–5 cycles) in the
gut to evaluate progression of inflammatory bowel disease
(IBD) [76–79]. TNBS delivered rectally and DSS provided
orally elicit gastrointestinal inflammation, linked with the
natural microbiota of the murine gut [80–82]. DSS acts
to undermine the epithelial barrier and is an immune cell
activator, resulting in innate immune damage to the tissues.
TNBS appears to function as a hapten to modify autologous
proteins and induce a T-cell-mediated response, resulting in
autoimmune-like inflammatory responses [83]. In addition,
these compounds upregulate ROS to create a reproducible
model of IBD [76–83]. Oral delivery of DSS or TNBS for
an extended period of 18 weeks resulted in chronic oral
mucosal inflammation and alveolar bone loss [26, 50]. Mice
treated biweekly with DSS in their diet developed systemic
disease manifestations, including diarrhea and colitis and
dysregulated hepatic concentrations of antioxidants in a
time-dependent manner that correlated with a significant
increase in alveolar bone resorption.Mice treated orally
with TNBS 2 times/week developed no systemic clinical
symptoms [28, 50]. Oral administration of TNBS resulted
in a localized action on periodontal tissues with alveolar
bone loss observed in both maxilla and mandibles with
progression in a time-dependent manner. In contrast, TNBS
injection into gingival tissues caused a localized but severe
and acute infiltration of inflammatory cells, granuloma
formation, and rapid and extensive alveolar bone loss.
Implementation of these inflammatory bone resorption
models will enable determination of ROS contributions to
inflammatory disease lesions in the oral cavity [28, 50].
Mice have 3 molars and 1 rootless incisor in each quadrant
(Figure 1) and provide minute amount of gingival tissue.
Therefore, relatively large numbers of animals per group are
needed.
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Table 1: Advantages and disadvantages of select animal models for studying periodontal disease development.

Animal model Advantages Disadvantages

Nonhuman primates
Similar dental structure, microflora, and disease
to humans’. Natural or experimentally induced
periodontitis.

Very expensive, with ethical and husbandry issues

Dogs
Develop natural or experimental periodontitis
similar to humans

Relatively expensive, need special daily care,
husbandry issues. Dentition different from humans.

Miniature pigs
Dental structure and periodontitis have some
similarity to humans’. Natural or experimentally
induced periodontitis.

Relatively expensive, husbandry issues; relatively
few studies

Ferrets
Naturally or experimentally induced disease
with similarity to humans’

Some husbandry issues

Rodents
Experimentally induced disease. Similar molar
structure to humans’. Inexpensive model

Naturally resistant to periodontitis. Different
microbiota from humans’. Small size and therefore
amount of tissue for analysis. Large number of
animals needed

Murine Incisor Abscess Model. Rodent incisors have no roots
and are continually erupting. To induce a gum pocket
abscess model, outbred ICR mice (3–6 weeks old) were
injected for 3 days into the gums of lower incisors with F.
nucleatum that naturally does not colonize mice [84]. The
swelling at the site of the injection suggested a short-term
F. nucleatum infection. Histological examination using H&E
staining showed granuloma formation within the inflamed
gum. This model needs repeated injections of the bacteria
and has a limited use in studying gum pocket abscess to
mimic chronic halitosis caused by microbial infection.

Murine Back Abscess Model. The murine back abscess model
has been used to investigate the interactions of both
oral microbial species and host responses to various oral
pathogens as monomicrobial infections leading to soft tissue
destruction (e.g., P. gingivalis [85–87] and Treponema denti-
cola [88]). Mixed infections (P. gingivalis and F. nucleatum
[89]; P. gingivalis and A. actinomycetemcomitans [90]) have
been shown to result in formation of larger abscess compared
to a monoinfection [89]. Coinfection with S. constellatus and
F. nucleatum caused death in mice, while monoinfection with
these organisms was not lethal [91]. In addition, the mouse
subcutaneous chamber model has been used to study host-
bacteria interactions and to determine virulence variations
among P. gingivalis strains leading to tissue damage and
invasion [92]. Although, the lesions are not located in
the oral cavity, this model has some value for examining
bacterially induced infections/coinfections that result in soft
tissue destruction.

1.7. Other Animals

1.7.1. Horses. Common naturally occurring oral diseases in
horses include buccal abrasions, calculus, gingival recession,
and periodontal pockets. According a recent equine survey,
the prevalence of periodontal pockets and gingival recession
is highest in older horses and mostly associated with other
dental disorders and tooth loss [93]. Because of their size and

husbandry considerations, horses are not a practical model
for basic science studies of periodontitis or for testing of
potential therapies.

1.7.2. Rabbits. Characterization of the oral microorganisms
in rabbits showed numerous pathogenic bacteria, including
F. nucleatum, P. heparinolytica, Prevotella spp., P. micros, S.
milleri group, A. israelii, and A. haemolyticum, which is
somehow consistent with the flora related to periodontal
disease in humans [94]. Rabbits have been used for creation
of surgically induced periodontal defect and to study peri-
odontal regeneration, but they have been found less suitable
for regeneration of periodontal ligament [94, 95].

1.7.3. Ferrets. Ferrets (Mustela putorius) naturally develop
calculus and periodontal disease similar to humans [96, 97].
Unlike rodents, calculus formation in ferrets does not depend
on the diet and can be scored in live ferrets [96]. Ferrets
are a suitable model to study calculus; however, they can
easily escape from standard cages and they need special
maintenance.

1.7.4. Hamsters. Hamsters have a dental formula similar to
that of rats, and they develop experimental periodontitis
using ligatures around the molar teeth [98–100]. In addition,
hamsters have buccal pouches lined with stratified squamous
epithelium that are useful for studying oral carcinoma [101].
The disease development is very similar to rats.

2. Conclusion

Each animal model for periodontal disease has advantages
and disadvantages (summarized in Table 1). Several show
similarities to human disease. While nonhuman primates
are most similar to the human condition, their cost and
husbandry issues preclude widespread use for both basic
science and therapeutic studies of periodontal disease.
Rodents are less expensive and easier to handle; however,
they do not reproduce all aspects of human periodontitis
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progression. For example, ligatures and/or seeding with
exogenous (human) pathogens comprising only one or two
from hundreds of microbes that constitute dental plaque
biofilm are often needed to induce disease. In addition,
rodents have their unique dental anatomical differences.
Nonetheless, rats and mice are useful for understanding
some aspects of the host-microbe interaction and therapies.
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Pain, which remains largely unsolved, is one of the most crucial problems for spinal cord injury patients. Due to sensory problems,
as well as motor dysfunctions, spinal cord injury research has proven to be complex and difficult. Furthermore, many types of pain
are associated with spinal cord injury, such as neuropathic, visceral, and musculoskeletal pain. Many animal models of spinal cord
injury exist to emulate clinical situations, which could help to determine common mechanisms of pathology. However, results can
be easily misunderstood and falsely interpreted. Therefore, it is important to fully understand the symptoms of human spinal cord
injury, as well as the various spinal cord injury models and the possible pathologies. The present paper summarizes results from
animal models of spinal cord injury, as well as the most effective use of these models.

1. Introduction

Spinal cord injury (SCI) often results in severe motor dys-
function, such as complete paralysis. These patients typically
cannot only walk, but also lose bowel, bladder, and sexual
functions. Pain impact following SCI has been reported as
37% of higher-level SCI patients with pain and 23% of lower-
level SCI patients with pain; given the choice, these patients
would trade pain relief for loss of bladder, bowel, or sexual
functions [1]. Pain management is, therefore, an important
health problem and topic of study.

Pain experiments with human subjects have proven to
be practically challenging, fundamentally subjective, and
ethically self-limiting. For these reasons, there remains a need
for the use of laboratory animal models of pain. Pain is
subjective in humans, and interpretation of animal model
results requires careful attention. In fact, some have called
for the abandonment of animal pain studies in favor of more
extensive human testing.

A number of animal models of SCI exist and are pri-
marily used to determine mechanisms of motor dysfunctions

[2–4]. Recently, these various SCI animal models have been
utilized for pain studies [5]. However, when SCI animal
models are used for pain research, special attention should
be paid to the concomitant conditions. The present paper
discussed the various SCI animal models as models for pain,
with an emphasis on the complexities and limitations, as well
as strategies for improvement and future use.

2. Pain in SCI Patients

2.1. SCI and the Social Impact. SCI occurs in most countries
at an annual rate of 20–40 individuals per million. SCI is a
devastating event that results in motor dysfunction below
the level of lesion, as well as development of chronic pain
syndromes. Studies have reported the prevalence of pain in
SCI patients. A summary of results from 10 studies indicates
that an average of 69% of the patients experienced pain, and
nearly one-third of patients in pain rated their pain as severe
[6]. The stakes are enormous, given the impact of pain on the
economy (pain-related treatment costs 1 trillion US dollars
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per year in developed countries) [7]. If SCI pain could be
eliminated, the quality of life could be greatly improved in
patients; they would no longer suffer from pain and could
take part in social aspects of life or earn money.

2.2. Spinal Cord Injury and Chronic Pain. Following mechan-
ical injury to the spinal cord, a wave of secondary patho-
logical changes occurs and amplifies the extent of initial
damage. Apoptosis is critical for triggering collateral damage
following primary injury to the spinal cord. Spontaneous and
evoked pain is frequent in traumatic or ischemic spinal cord
injury.

In complete and partial spinal lesions, chronic pain
develops within months following injury [8]. Up to 80%
of patients experience clinically significant pain, which is
described as burning, stabbing, and/or electric-like [9, 10].
Post-SCI pain results in drastically impaired daily routines
and quality of life to a greater extent than motor impairment
[11]; it is refractory to clinical treatments, despite a variety of
neurosurgical, pharmacological, and behavioral therapeutic
strategies [12, 13]. The pain so greatly affects quality of life
that depression and suicide frequently result [14, 15].

3. Chronic Pain Classification in SCI
(Tables 1 and 2)

Siddall and colleagues [16] classified SCI pain from spinal
cord injury into two broad types, with three regions of pain.

3.1. Nociceptive Pain. It is crucial for a pain clinician to dis-
tinguish between nociceptive or neuropathic pain, because
the clinical approach for each is different. The first choice
for nociceptive pain treatment following SCI is often a
nonsteroidal, anti-inflammatory drug, or opiate, which often
results in sufficient pain control.

3.1.1. Musculoskeletal Pain. Musculoskeletal pain is very
common in SCI patients. In chronic states, secondary
overuse or abnormal use of structures, such as the arm and
shoulder, occurs [17]. Muscle spasm pain is a commonly
observed type of musculoskeletal pain and is refractory
for treatment of common musculoskeletal pain; analgesics
are sometimes helpful, but antispasticity treatment may be
needed in many cases [18].

3.1.2. Visceral Pain. Pathology in visceral structures, such as
urinary tract infection, bowel impaction, and renal calculi,
generally results in nociceptive pain. Visceral pain usually
exhibits a delayed onset following SCI, which could be due
to normal afferent input via sympathetic or vagal nerves in
paraplegics or via the vagus nerve in tetraplegics [19, 20].
Patients with upper thoracic injury or cervical SCI may
present with autonomic dysreflexia headache, because of
bowel impaction or bladder distension.

3.2. Neuropathic Pain. SCI often results in neuropathic pain,
which is difficult to treat and exhibits various patterns due to
its pathology.

Table 1: Classification of the Spinal Cord Injury Pain Task Force of
the International Association of the Study of Pain.

Broad type Broad system Affected structures/Pathologies

Nociceptive Musculoskeletal
Bone, joint, muscle trauma, or
inflammation

Mechanical instability

Muscle spasm

Secondary overuse

Visceral Renal calculus (kidney stones)

Bowel and sphincter
dysfunctions

Headache by autonomic
dysreflexia

Neuropathic Above-level Compression mononeuropathy

Complex Regional Pain
Syndrome

At-level
Nerve root compression (cauda
equine)

Syringomyelia

Spinal cord trauma/ischemia

Dual-level cord and root
trauma (double-lesion
syndrome)

Below-level Spinal cord trauma/ischemia

Table 2: SCI pain classification by Bryce and Ragnarsson.

Location Type Etiologic subtypes

Above-level nociceptive 1 Mechanical and musculoskeletal

2 Autonomic dysreflexia headache

3 Others

neuropathic 4 Compressive neuropathy

5 Others

At-level nociceptive 6 Mechanical and musculoskeletal

7 Visceral

neuropathic 8 Central

9 Radiculopathy

10 Compressive neuropathy

11
Complex Regional Pain
Syndrome

Below-level nociceptive 12 Mechanical and musculoskeletal

13 Visceral

neuropathic 14 Central

15 Other

3.2.1. At-Level Pain. At-level pain occurs in dermatomes
near the spinal injury and develops shortly after the injury.
The pain is often characterized as stabbing or stimulus-
independent and is accompanied by allodynia [21, 22].

3.2.2. Below-Level Pain. Below-level pain is localized to
dermatomes distal to the injury site and develops more
gradually than at level pain; it is often classified as a stimulus-
independent, continuous, burning pain [21, 22].
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3.2.3. Above-level Pain. Above-level pain occurs at der-
matomes cranial to the injury site [21, 22].

3.3. Other Classification of SCI Pain (Table 2). Bryce et al.
classified SCI pain by location of the pain [23]. In terms of
animal behavior, this classification helps to provide a better
understanding of pain pathology. In basic pain research,
pain is defined as neuropathic or nociceptive. Similarly, SCI
pain is complex and the pathology should be taken into
consideration at the same time. It is important to understand
the pathologies in each model.

4. The Role of Animal Model

Human self-ratings of pain, using questionnaires and scales,
are reliable, accurate, and versatile for measuring experimen-
tal and clinical pain [24]. Nonetheless, the subjectivity of
these measures has led to a decade-long search for surrogate
biomarkers. To date, an objective surrogate with acceptable
high sensitivity and specificity has not been identified.
However, individual function-imaging scans could provide
a reliable and objective measurement of subjective pain
perception [25]. In addition, genetic biomarkers could prove
to be useful. However, it is likely that too many genes
are involved [26]. Moreover, genomic DNA variants could
predict trait sensitivity to pain rather than ongoing levels of
pain. Only a small percentage of injuries, infections, or others
causes that results in chronic pain syndrome actually develop
chronic pain. Therefore, in human studies, it will be difficult
to determine the correlation between genetic background
and pain severity. Furthermore, common clinical pain con-
ditions, such as back pain, are too polygenic to be effectively
modeled and genetically understood.

Animal models cannot self-report. In response to nox-
ious stimuli, behaviors can be reliably and objectively scored,
although these simple reflexes or innate responses (such
as licking an inflamed paw) seem to lack clinical validity.
Indeed, experiments with behavioral measurements of pain
in animal models have become more common. According to
studies published in flagship journals, pain studies comprise
approximately 25% of total studies, more than any other field
of study [27].

The animal model of pain plays a central role in analgesic
drug development and the fundamental mechanisms that
drive it. Despite the development of human imaging studies,
such as functional MRI, the use of animal models of pain is a
continuing necessity [5].

5. Spinal Cord Injury Dynamics and Procedures

Several models of neuropathic pain due to spinal cord injury
have been simulated in rats. These studies have primarily
focused on spinal cord injury caused by contusion or weight
dropping, spinal cord compression, excitatory neurotoxins,
photochemical-induced ischemia, spinal cord transaction,
or crushing of the spinal cord. These models have also
been adapted for mice [28–31]. The development of reliable
neurotrauma mouse models provides great promise for

evaluating overexpression or inactivation of certain genes on
lesion pathophysiology and functional outcome. However,
more attention should be focused on motor recovery while
evaluating pain behavior, because of the delayed motor
recovery in mice compared with rats [32, 33]. The utility for
each model summarizes in Table 3.

5.1. Contusive or Hemicontusive Models. Spinal contusion is
the oldest and most widely used animal model. In addition
to motor dysfunction, this injury elicits sensory dysfunction,
including neuropathic pain, tactile allodynia, and thermal
hyperalgesia [34, 35]. Cervical contusion is rarely reported,
because life-threatening adverse effects could occur. There-
fore, cervical hemicontusion, following hemilaminectomy, is
used to analyze the unilateral spinal cord contusion model.
Because motor dysfunction appears in the forelimbs, pain-
related behavior is difficult to estimate, and for this reason,
cervical contusion is often utilized for motor functional
analysis [2, 3]. The thoracic spinal cord contusion model
is the most popular pain research model and is induced
with impactors, such as the weight-drop impactor [36]. In
brief, the exposed spinal cord is injured by dropping a 10.0-
g rod from specified heights [37, 38]. After 2 or 3 weeks,
motor dysfunction is recovered and pain behavior can be
analyzed. The impact of the injury tends to vary. Therefore,
especially in short distances from the rod to spinal cord, pain
behavior does not always appear. It is difficult to bilaterally
drop the rod onto the spinal cord. Following injury, motor
function analysis is needed to exclude unilateral paralysis and
the possibility of unilateral contusion. Abnormal sensations
due to mechanical, thermal, or cold stimuli are observed for
several weeks or longer [32, 33, 39–52], and all regions (at-,
above-, below-level) of allodynia are analyzed [53–56].

5.2. Transection or Hemisection Models. The complete spinal
transection injury model reflects symptoms of complete SCI
patients. Following laminectomy, spinal cord transection
is performed with spring scissors. Occasionally, to attach
the two ends for regeneration, a sterile, gel foam is placed
between the two resected spinal cord ends. At-level and
below-level neuropathic pains are then analyzed [57, 58].
Many studies have reported muscle spasms in the spinal com-
plete transection model [18, 59, 60], and musculoskeletal
pain pathology during spasticity could help to clarify the use
of this model.

The partial spinal transection injury model (hemisec-
tion) has become popular in neuropathic pain studies [61–
78]. Motor dysfunction appears only in the ipsilateral injured
side and persists from 5 days to 4 weeks [64, 75]. Mechanical
allodynia and thermal hyperalgesia are bilaterally observed in
above-level and below-level cases [61, 76–81].

5.3. Photochemical Model. Over the past two decades, the
photochemical model of spinal cord injury, developed by
Watson et al. [82], has proven to be one of the most
reliable and reproducible graded experimental rat models
of spinal cord injury [83–94] and has been widely used to
study neurotrauma in mice [88]. The biggest advantage of
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Table 3: Animal spinal cord injury models and symptoms.

Cervical Thoracic Lumbar At-level Below-level Above-level Allodynia

Bilateral × Several weeks or
more   

Less than 4 weeks

Unilateral 1–5 weeks or more Ipsilateral to 
injury: 4 weeks

Contusion Weeks to months 1-2 weeks

Hemi-contusion 3 weeks

Clip 4 weeks 4 weeks severe
 injury

Displacement 4–6 weeks 2 weeks

Canal stenosis or ×
8 days or 
hypoalgesia 

10–20 days Various

? 5 weeks or more 

Several weeks Less than 1week

Impact to 
spinal cord  

Laterality  and 
devices 

Injury area Sensory abnormality Duration 

Maximal motor
 dysfunction

Transection

Compression

Photochemically

Excitotoxic

Spinothalamic
tract lesions

: severe
  injury

impossible

Many spinal cord injury models exist for pain research. Pain behavior should not be measured in injured animals during maximal motor dysfunction.

this method is that the resulting injury does not induce
mechanical trauma to the cord, because there is no need
for laminectomy. Instead, an intravascular photochemical
reaction occurs through the use of a dye that is activated by
an argon ion laser to produce single oxygen molecules at the
endothelial surface of spinal cord vessels. This results in an
intense platelet response, as well as subsequent vessel occlu-
sion and parenchymal tissue infarction [83]; the pathology
is of a purely ischemic origin. Motor deficits are related to
irradiation duration, as well as mechanical allodynia (cold,
not thermal), which lasts for several days [91]. Following
application of the von Frey filament to the trunk, behavioral
analysis is performed according to vocalization threshold.
Antiallodynic effects of analgesics have been determined
using this model [84, 85, 90]. However, extent of injury is
difficult to control. Therefore, motor deficit scores, such as
BBB [95] and CBS [96], have been widely utilized [86, 90].

5.4. Excitotoxic Models. Intraspinal or intrathecally injection
of some excitotoxins, such as quisqualic acid or other excita-
tory amino acids (glutamate, N-methylasparate, and kainic
acid), produces long-lasting spontaneous pain, mechanical
allodynia, and thermal hyperalgesia in rats and mice [97,
98]. Following excitotoxin injections, neuronal loss, cavity
formation, astrocytic scaring, and prominent inflammation
occur. The advantage of this model is the ability to correlate
specific areas of tissue damage with behavioral changes.
Moreover, the percentage of animals that exhibit pain-related
behaviors following injury is greater than with other models;
induced mechanical allodynia was 67% in the contusion
injury model [99], in contrast to 44% chronic allodynia

following ischemic injury [86]. In excitotoxic animal models,
nearly 100% animals develop varying degrees of hypersensi-
tivity to mechanical and thermal stimuli [98].

5.5. Other Mechanical Spinal Cord Injuries

5.5.1. Clip Compression Injury. Clip compression injury
resembles spinal contusion injury at the point of the injury
caused by pressure to the spinal cord. Following laminec-
tomy, compression injury is induced with clips calibrated
to exert a force of 50 or 35 g. The 50-g clip induces severe
injury and the 35-g clip induces moderate injury. Either clip
is dorsoventrally closed over the entire cord for 1 min and
then subsequently removed [58, 100–102]. A vascular clip
is used for this procedure in mice [103]; the spinal cord
becomes ischemic and mimics common clinical injuries and
outcomes.

5.5.2. Spinal Cord Displacement. The spinal cord displace-
ment model attempts to regulate trauma impact by con-
trolling displacement length of the spinal cord. Through the
use of this model, a cutoff for normal sensory function has
been determined [104]. In human SCI, trauma severity is
not proportional to pain severity, because the method of
injury varies. The unique features of controlled displacement
and monitoring of biomechanical parameters at the time of
impact help to reduce outcome variability [105].

5.5.3. Canal Stenosis. Lumbar canal stenosis is due to
entrapment of the cauda equine and/or lumber nerve
roots by hypertrophy of osseous and soft tissue structures
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surrounding the lumbar spinal canal. A typical pathology
is reduced blood flow to the peripheral nerve, resulting in
demyelination or axonal degeneration, depending on the
magnitude of ischemic injury. Canal stenosis can also be
termed a spinal cord injury model, in which square-shaped
pieces of silicon are placed into the epidural space in the rat
[106, 107]. However, these procedures also induce mechan-
ical hypoalgesia [107]. Nevertheless, this model could help
to clarify pathophysiology of chronic, light pressure to the
spinal cord.

5.5.4. Spinothalamic Tract Lesions. The spinothalamic tract
is the core pain pathway in the spinal cord. This model is
designed to lesion only the spinothalamic tract area using
a tungsten microelectrode. Although this model injures
the unilateral spinothalamic tract, bilateral above- and
below-level hyperalgesia, as well as allodynia, is induced
and can persist for many weeks. These features resemble
allodynia and hyperalgesia experienced by humans suffering
from central pain syndromes following spinal cord injury.
Therefore, this model could provide useful and novel insights
into the underlying biological mechanisms of spinal cord
injury [108].

6. Pain-Related Behavior As
an Evaluation of Symptoms

Pain-related behavior is recorded using various devices
applied to the forelimbs, hindlimbs, trunk, and face. If
pain behavior appears in the face, it is considered to reflect
the reaction to supraspinal mechanisms, because sensory
function in the face is regulated by the trigeminal nerve
(a cranial nerve). In thoracic spinal cord injury, trunk
allodynia reflects at-level neuropathic pain, and allodynia in
the hindlimb reflects below-level neuropathic pain. Forelimb
allodynia reflects at-level neuropathic pain in cervical injury
and above-level neuropathic pain in other injuries.

Abnormal pain behavior is a result of three different
stimulations: mechanical, thermal, and cold.

6.1. Mechanical Allodynia. Mechanical allodynia can be
measured in various ways using the von Frey hair. In one of
the methods, the “up-down method” [109], each von Frey
hair is applied to the test area for 2-3 s, with a 1-2-minute
interval between stimuli. The trial begins with application
of the 15-mN von Frey probe to the hindpaws. A positive
response is defined as a rapid withdrawal and/or licking of
the paw immediately upon application of the stimulus. The
von Frey hair can also be used to determine vocalization
threshold to graded mechanical allodynia as a means to
evaluate at-level neuropathic pain in the trunk [92]. When
a positive response to stimulus occurs, the next smaller von
Frey hair is applied. If a negative response occurs, the next
higher force is applied. Testing continues for five or more
stimuli after the first change in response, and the pattern of
responses is converted to a 50% von Frey threshold using a
previously described technique [109]. If the animal shows
no response to the highest von Frey hair (160 mN), a von

Frey threshold of 260 mN, corresponding to the next log
increment in potential von Frey probes, is assigned to the
threshold.

Touch-evoked agitation is another evaluation of mechan-
ical allodynia [110] and can be used to test the animal
response to tactile stimulation. The animal skin is briskly
stroked with a pencil point in a rostral to caudal direction.
The animal response is graded with a score of 0: no response,
1: moderate efforts to avoid the probe, transient vocalization,
and 2: vigorous efforts to escape the stimulus, frequent and
sustained vocalization in response to the probe.

Pathological reactions between the von Frey probe and
pencil point vary due to reactions to the von Frey hair
(caused by A-delta-fiber and C-fiber) or the pencil (A-beta
fiber).

6.2. Thermal Hyperalgesia. Thermal hyperalgesia can be
measured by latency of paw withdrawal in response to a
radiant heat source [111]. Briefly, animals are placed in
Plexiglas boxes on an elevated glass plate heated by a radiant
heat source directed by a beam of light to the planter surface
of each paw through the glass plate (47◦C). The light beam
is automatically turned off by a photocell upon limb-lift,
allowing for measurement of time between stimulus start
and paw withdrawal (paw withdrawal latency). Three to five
minutes are allowed between each trial, and three trials are
averaged for each limb.

6.3. Cold Allodynia. Cold sensitivity to acetone can be
quantified by foot withdrawal frequency [112]. A total of
100 μL acetone is applied to the paw planter surface using a
plastic tubule connected to a 1 ml syringe. Acetone is applied
5 times to each paw at an interval of at least 5 minutes. The
number of brisk foot withdrawals is recorded.

7. Evaluation of Motor Functions in
the Spinal Cord Injury Model

Locomotor function is observed and recorded using the
Basso, Beattie, and Bresnahan (BBB) Locomotor Rating Scale
[95]. Briefly, the BBB is a 22-point ordinal scale ranging from
0 (no discernable hindlimb movement) to 21 (consistent
and coordinated gait with parallel paw placement of the
hindlimb and consistent trunk stability). Scores from 0
to 7 rank early phase of recovery, with return of isolated
movements from three joints (hip, knee, and ankle); scores
from 8 to 13 describe the intermediate recovery phase with,
return of paw placement, stepping, and forelimb-hindlimb
coordination; and scores from 14 to 21 represent late phase of
recovery, with return of toe clearance during the step phase,
predominant paw position, trunk stability, and tail position.
Scores are tabulated and considered to be an indicator of
motor recovery.

The Basso Mouse Scale (BMS), a 9-point rating scale,
has been specially developed for mouse models [113]. An
additional scoring systems, described by Gale et al. [96] and
termed the Combined Behavioral Score (CBS) (Table 4), has
been used to measure locomotor function.
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Following cervical spinal cord injury, recovery of fore-
limb function can be measured [114] by indicators such
as the grooming test and forelimb asymmetry test [115].
Forelimb grooming function has been assessed using a
scoring system originally developed to examine recovery
in a rat brachial plexus reconstruction model [116]. The
forelimb asymmetry, or paw preference test, is sensitive to
asymmetries produced by a variety of CNS insults [117].
In addition, forelimb motor function recovery and pain
behavior should be coanalyzed, because behavior is a result
of motor functions [118].

8. Future Direction and Conclusions

8.1. Spinal Cord Injury As a Musculoskeletal Pain Model.
Spinal cord injury leads to immediate impaired motor and
sensory functions, which are also manifested over time.
Following an initial period of spinal shock, reflexes become
reduced and a disturbing hyperreflexia develops, which is
often referred to as spasticity [119].

Spasticity is a disabling complication that affects individ-
uals with spinal cord injury [18, 120]. Approximately 75%
of individuals with SCI exhibit spasticity 1 year after injury
and half undergo antispasticity treatment [121]. Significant
scientific interest has been devoted to spasticity over the past
10–15 years as an example of plastic changes occurring distal
to a central lesion.

The primary mechanisms hypothesized to be responsible
for spasticity are increased motoneuron excitability [122,
123] and increased synaptic input, as a result of muscle
stretch and reduced inhibitory mechanisms (presynaptic
[124] and reciprocal inhibitions [125]). The mechanisms
underlying decreased inhibition below the lesion remain
poorly understood [59].

The most commonly proposed mechanisms to account
for decreased inhibition following spinal cord injury
include disruptions of facilitatory supraspinal input to
inhibitory interneurons [59, 126]. Motoneuron and sen-
sory neurons are often regulated by common mecha-
nisms [127], and common molecular mechanisms could be
responsible for below-level neuropathic pain and spasticity
[18, 37].

The spinal cord injury model, in particular the spinal
transaction model, is considered useful for spasticity
research. Because spasticity results in musculoskeletal pain,
the spinal cord injury model could be considered a muscu-
loskeletal pain model.

8.2. Spinal Cord Injury As a Visceral Pain Model. Visceral
pain in spinal cord injury commonly triggers autonomic dys-
reflexia, a potentially life-threatening hypertensive syndrome
due to high thoracic spinal cord injury. Pathology correlates
with increased sprouting of primary afferent c-fibers into
the spinal cord. During motor dysfunction, visceral pain-
related behavior is difficult to analyze. However, based on
the above-described mechanisms, a morphological approach
to spinal complete transection injury has been utilized
[128].

Table 4: Combined Behavioral Score (CBS), as reported by Gale et
al. [96].

General
description

Points

Motor score

0 Normal walking 0

1 Walks with mild deficit 5

2 Hindlimb can support weight 15

3
Frequent movement of hindlimb, no
weight support

25

4
Minor movement in hindlimb, no
weight bearing

40

5
No movement in hindlimb, no weight
bearing

45

Toe spread

0 Normal, full, toe spread 0

1 Partial spreading of toes 2.5

2 No spreading of toes 5

Righting

0
Normal righting, counter to direction
of roll

0

1 Weakened attempt to right 5

2 Delayed attempt to right 10

3 Delayed attempt to right itself 15

Extension
withdrawal

0 Normal 0

1
Weak and slow reflex to withdraw
hindlimb

2.5

2 No withdrawal reflex 5

Placing

0 Normal placing 0

1 Weak attempt to place foot 2.5

2 No attempt to place foot 5

Inclined plate

0 65∼70/deg 0

1 55∼60 5

2 40∼50 10

3 <40 15

8.3. Limitations of Animal Models of Chronic Pain. Limited
success in the pain field during the past few decades has
resulted in a plethora of basic scientific data. The use
of animal models has increased our knowledge of novel,
effective, and safe clinical analgesics. Experimental failures
with novel drugs are associated with adverse side effects and
the lack of efficacy in humans. In addition, psychosocial
aspects of chronic pain due to spinal cord injury have
been completely omitted, despite a large body of knowledge
emphasizing the importance of these factors in chronic pain.
Future studies should extend the scope of inquiry to include
the psychosocial aspects of chronic pain and spinal cord
injury.
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8.4. Conclusion. By widening the number of animal models
of spinal cord injury, new challenges have emerged. Although
experimental methods of spinal cord injury pain lead to
various behavioral outcomes, it is clear that some models
respond similarly to pharmacological agents. This suggests
that common mechanisms could underlie specific symptoms
derived from various injury conditions. Etiologies of spinal
cord injury pain could vary. However, by focusing on various
symptoms of spinal cord injury pain, treatment possibilities
for pathologies of spinal cord injury pain could emerge.

Continuous basic and clinical studies focused on differ-
ent aspects of spinal cord injury pain are needed to better
understand the mechanisms involved.
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In basic research on spinal cord injury (SCI), behavioral evaluation of the SCI animal model is critical. However, it is difficult to
accurately evaluate function in the mouse SCI model due to the small size of mice. Although the open-field scoring scale is an
outstanding appraisal method, supplementary objective tests are required. Using a compact SCANET system, in which a mouse
carries out free movement for 5 min, we developed a novel method to detect locomotor ability. A SCANET system samples the
horizontal coordinates of a mouse every 0.1 s, and both the speed and acceleration of its motion are calculated at each moment. It
was found that the maximum speed and acceleration of motion over 5 min varied by injury severity. Moreover, these values were
significantly correlated with open-field scores. The maximum speed and acceleration of SCI model mice using a SCANET system
are objective, easy to obtain, and reproducible for evaluating locomotive function.

1. Introduction

In basic research on spinal cord injury (SCI), accurate
evaluation of motor function in animal models is important.
Although the Basso-Beattie-Bresnahan (BBB) score and the
Basso Mouse Scale (BMS) are widely used [1, 2], objec-
tive supplemental tests are desirable, and various methods
have been developed [3–8]. However, with any method of
observing the motion of an animal, detection of the best
performance of the hindlimbs is almost impossible, since the
animal does not perform as the observer intends. A novel
method to evaluate the maximum locomotor ability of a
mouse using the SCANET system is presented [9]. SCANET
system is originally a device which measures voluntary
motor activity of an animal. It consists of 45-cm-square
Plexiglas cage, frames which contain infrared sensors and
enclose the cage, and a notebook computer. Infrared sensors
were horizontally placed throughout the cage, and the X-
Y coordinates of a freely moving animal in the box were

recorded every 0.1 s. After recording for 5 min, the change
in the coordinates per unit time was calculated for the speed,
and the change in the speed per unit time was calculated as
the acceleration. The maximum speed and maximum accel-
eration extracted from the 5 min of data were taken as the
best locomotor function. There were significant differences
in these parameters among the contusion, the transection,
and the control groups throughout the observation period,
and, especially in the contusion group, they were significantly
correlated with the BMS score during the recovery process.

2. Materials and Methods

2.1. Spinal Cord Injury Model. Seventeen 6-week-old adult
female C57BL/6J mice were used. The mice were anesthetized
with an intraperitoneal injection of ketamine (100 mg/kg)
and xylazine (10 mg/kg). The dorsal surface of the dura
mater at the T10 level was exposed by laminectomy, and
spinal cord injury was induced by (1) producing moderate
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Figure 1: Schema of the inside of the Plexiglas cage. An ellipse
expressed a mouse. Infrared sensors were arranged in a grid pattern,
and the coordinates X and Y of the center of the object were
recorded continuously.

contusion with an IH impactor (n = 6, impact force =
60 kdyn), as reported previously [10] or (2) transecting the
spinal cord transversely with microscissors (n = 6). Only
laminectomy was performed in the control group (n =
5). The muscles and skin were closed in layers, and the
animals were placed in a temperature-controlled chamber
until thermoregulation was re-established. Manual voiding
of the bladder was performed twice per day until reflex
bladder emptying was re-established. All the experiments
and procedures in our study were approved by the Keio
University Animal Research Committee in accordance with
the Laboratory Animal Welfare Act, the Guide for the
Care and Use of Laboratory Animals (National Institutes of
Health, Bethesda, USA), and the Guidelines and Policies for
Animal Surgery provided by the Animal Study Committees
of the Central Institute for Experimental Animals and of Keio
University.

2.2. Basso Mouse Scale Score. Motor function of the hind-
limbs was evaluated by open-field testing using the method-
ology of the Basso Mouse Scale (BMS) score on postoperative
days (POD) 1, 7, 14, 21, 28, 35, and 42, as described by Basso
et al. [2].

2.3. SCANET. The SCANET MV-40 (MELQUEST Co., Ltd.,
Toyama, Japan) is an automatic analysis system for measur-
ing the locomotor activity of small animals that has been
previously described in [9, 11]. Briefly, infrared sensors are
arranged in a horizontal plane of a transparent Plexiglas
box of 45 cm around to make a sensor field with a 6-mm
grid pattern. When something interferes with the paths of
the infrared rays, the coordinates of the center of the object

Table 1: An example of the list of raw data, calculated speed, and
acceleration.

Time (mm:ss.f) X Y Speed (m/s) Acceleration (m/s2)

— — — — —

— X1 Y1 — —

— X2 Y2 S1 —

59:09.6 3.5 8.5 S2 A1

59:09.7 4.0 9.0 0.0424 A2

59:09.8 4.0 7.0 0.1200 0.7757

59:09.9 5.0 5.5 0.1082 −0.1183

59:10.0 6.5 4.5 0.1082 0.0000

59:10.1 6.0 7.0 0.1530 0.4480

59:10.2 4.0 16.0 0.5532 4.0020

— — — — —

are recorded in a computer every 0.1 s (Figure 1). Moreover,
by inserting another sensor frame perpendicularly, we can
simultaneously observe at different height levels and detect
rearing of the mouse. The height of the lower frame was set
at 1.5 cm from the floor, and the upper frame was 9.5 cm
from the floor. We waited for 10 s after putting each mouse
into the box until it calmed down, and then we measured
for 5 min. The test was conducted 1, 7, 14, 21, 35, and 42
days after injury in the same environment. The default data
obtained by SCANET system are “M1,” which is the number
of episodes of movement longer than 12 mm “M2,” which
is the number of episodes of movement longer than 60 mm;
“RG,” which is the number of episodes of rearing. However,
the X and Y coordinates are recorded as raw data every 0.1 s
and are available from the computer (Table 1). From these,
the amount of the distance moved per unit time (speed) and
the change in the speed per unit time (acceleration) were
calculated at each instant of time. Since the time interval was
0.1 s and the unit length in raw data was 0.6 cm, speed and
acceleration were calculated as follows:

Speed (S1)

=
{

(X2× 0.006− X1× 0.006)2

+(Y2× 0.006− Y1× 0.006)2
}0.5 × 10 (m/s),

Acceleration (A1) = (S2− S1)× 10
(
m/s2).

(1)

Then, the maximum speed and the maximum acceleration
were extracted from the whole 5 min of data as measures
of the best locomotor function. Since the SCANET system
sometimes lacks the time or coordinate data for a moment,
only successive data were used.

2.4. Histological Analysis. To confirm the reproducibility
of SCI model in each mouse, histological analysis was
performed. 56 days after SCI, all animals were deeply
anesthetized with an intraperitoneal injection of ketamine
(100 mg/kg) and xylazine (10 mg/kg) and transcardially
perfused with 4% paraformaldehyde in 0.1 M phosphate-
buffered saline (PBS). The spinal cord tissue was removed
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(a) (b) (c)

Figure 2: HE staining of representative axial spinal cord sections from the three groups of mice. (a) Contusion model: the ventral part of
the spinal cord tissue was preserved, whereas the dorsal part was replaced by fibrous scar tissue after SCI. (b) Transection model: normal
structure of the spinal cord totally disappeared. (c) Control mouse.

and postfixed in 4% paraformaldehyde in PBS for a few hours
at room temperature. The tissue samples were immersed in
10% sucrose in PBS at 4◦C for 24 hs, placed in 30% sucrose
in PBS for 48 hs, and embedded in OTC compound. The
embedded tissue was immediately frozen in liquid nitrogen
and stored at −80◦C until use. Frozen spinal cord tissues
were sectioned on a cryostat at 20 μm in the axial plane. The
sections were dried and stained with hematoxylin and eosin.

2.5. Statistics Analysis. All values are reported as the means
± SEM. Between-group comparisons were made by analysis
of variance (ANOVA) followed by Scheffe’s post hoc test at
each postinjury time point. The strength of correlation with
the BMS score was determined using the Pearson correlation
coefficient.

3. Result

3.1. Histological Findings. The representative axial sections of
the transection and contusion groups are shown in Figure 2.
In the contusion group, infiltration of the inflammatory
cells was observed at the dorsal part of the lesion site,
and the ventral part of the spinal cord was preserved
(Figure 2(a)). On the other hand, in the transection group,
normal construction of the spinal cord was totally destroyed
and replaced by inflammatory cells and fibrous tissues
(Figure 2(b)).

3.2. BMS Score. Both the contusion and the transec-
tion injury resulted in complete paraplegia on POD 1
(Figure 3(a)). Although the BMS scores of the transection
group did not show any recovery, those of the contusion
group gradually increased and reached a plateau around a
score of 4 on POD 14. Significant differences in BMS scores
were observed among the three groups at all time points
examined, except for POD 1.

3.3. Evaluation by SCANET. The control group showed the
highest values of M1, M2, speed, and acceleration, followed
by the contusion group and the transection group (Figure 3).
The contusion and transection groups had very low RG
numbers, while the control group had a stable number of
RGs (Figure 3(d)). There were no significant differences in
M1 and M2 among the three groups, except on PODs 1 and
21 (Figure 3(b)). However, speed was significantly different
on PODs 14, 35, and 42 among the three groups, and the
acceleration was significantly different on PODs 35 and 42
(Figures 3(e) and 3(f)). These results suggest that speed and
acceleration reflected the severity of spinal cord injury better
than M1 and M2 in the chronic phase of SCI.

3.4. Correlation between BMS Score and Speed/Acceleration
of Movement. The correlation diagrams of M1, M2, speed,
and acceleration with the BMS score in the contusion group
are shown in Figure 4. Since M1 and M2 decreased gradually
despite the increase in BMS score, there were no significant
correlations between the BMS score and M1 and M2. On
the other hand, speed and acceleration increased gradually,
and the speed showed a significant correlation with the BMS
score. These results suggest that the speed and acceleration
are the best measures for observing functional recovery, not
only to reflect the severity of injury.

3.5. Specific Features of Speed and Acceleration. For the BMS
score, 5 min of observation are required for each mouse, so
the same observation period was adopted for the present
method. In order to examine how many minutes were
suitable for the evaluation of the animal’s performance by
SCANET, the maximum speed of the mice on POD 42 was
plotted for each time-duration (Figure 5). The maximum
speed gradually increased and reached a plateau within 2 min
in all groups. Therefore, 5 min were sufficient, and an even
shorter examination time might has been enough for the
SCANET evaluation.
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Figure 3: Time course of each parameter. (a) BMS score. (b) M1 score. (c) M2 score. (d) Rearing score (RG). (e) Speed. (f) Acceleration. M1
and M2 scores hardly showed a difference between the contusion and transection groups after 1 week, and they gradually decreased despite
the animal’s recovery of BMS score. The speed and acceleration showed clear differences among the three groups, especially in the late phase
of SCI. ∗P < .05.

The changes in speed and acceleration just before the
maximum speed were also investigated, because we hypoth-
esized that the mice with high BMS reached the maximum
speed in a moment with their high instantaneous force, while
the mice with low BMS increased their speed gradually. All
mice reached the top speed within 0.1 s from a certain speed
(Figure 6). The acceleration tended to decrease just before
the maximum speed, and this might reflect the “premotion
silent period” (exhaustion just before putting power into a
voluntary muscle [12]) of an animal, because acceleration
and muscle power were strongly correlated by the equation
Force = Mass × Acceleration.

4. Discussion

In the present study, measurements of the maximum speed
and acceleration of SCI model mice were found to be good
indicators of the mice’s motor performance, because they
were constant in the control and transection groups and
increased in the contusion group during the recovery of
hindlimb function. In the transection group, the mice were
not able to move their hindlimbs at all, but performed at half
the speed of the control mice with only their forelimbs.

In this system, the moment of the best performance
of a freely moving mouse can be detected. Therefore,
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Figure 4: Correlation diagrams of parameters. M1 and M2 scores had minus correlations with the BMS score, while the speed and
acceleration showed a strong correlation. Coefficients of correlation are −0.84 for M1 and BMS, −0.83 for M2 and BMS, 0.75 for speed
and BMS, and 0.77 for acceleration and BMS.

the speed and acceleration may increase unwillingly if a
mouse jumps by being surprised at a noise or a mouse is
upset just after being put in the SCANET box. Avoidance of
loud sound or shaking is critical for accurate evaluation.

Although the small movement M1 and the large move-
ment M2 were also correlated with BMS at first, they grad-
ually decreased during the follow-up period, as previously
reported [9]. This might be due to the animal’s habituation
to the device, followed by lack of motivation. On the other
hand, speed and acceleration did not decrease, suggesting
that even a lackadaisical mouse had a moment to perform
to its best ability during 5 min of observation. We also
reconfirmed that the RG scores were almost zero in the
contusion group, suggesting that it was difficult for C57BL/6
mice to stand up with only the hindlimbs after a 60-kdyn-
contusive SCI.

Objectivity is one of the most important factors when
evaluating motor function. While the open-field score is
the simplest method, its value depends on the examiner,
and subjectivity easily affects its accuracy [3]. Although
evaluations using footprints or a treadmill seem objective,
examiners discriminate certain parts or a range from the
huge amount of data, so they still remain subjective [4, 5, 13].
In the present method, the values never vary by examiner
and are calculated from the complete data, so they are always
completely objective.
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Figure 5: The maximum speed values to each time point were
plotted with POD 42 data. They gradually increased and reached
plateaus around 2 min in all groups. More than 2 minutes of
examination time yielded slight difference.

Furthermore, ethical approval is necessary for animal
studies, and the procedure must be as noninvasive as possible
[14]. Behavioral analyses, such as the inclined test, beam
walking test, and ladder test, cause mechanical stress to
mice [7, 8, 15]. In belt-using devices, like a treadmill
and automatic gait-recording machines, mouse behavior



6 Journal of Biomedicine and Biotechnology

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8

Sp
ee

d
(m

/s
)

−0.4 −0.3 −0.2 −0.1 0

Time (s)

Contusion
Transection
Control

(a)

−2
−1

0
1
2
3
4
5

6

A
cc

el
er

at
io

n
(m

/s
2
)

−0.4 −0.3 −0.2 −0.1 0

Time (s)

Contusion
Transection
Control

(b)

Figure 6: Shifting of the speed and acceleration just before reaching the maximum speed. Time 0 was the moment of maximum speed. Speed
did not gradually increase to the maximum, and mice of all groups showed explosive power in 0.1 s to the maximum speed. Interestingly,
acceleration 0.1 s before the maximum speed was under zero and that suggests muscles that were released just before strong contraction.

is severely restricted, and the moving belt sometimes harms
the hindlimbs. With the present method, mice move freely as
in a cage, and there is no stimulation and little stress. Hence,
the present method is entirely noninvasive.

A simple and easy procedure is also desired for long-term
follow-up of mice. Behavioral analysis, such as the inclined
test, the beam walking test, or the ladder test, requires simple
devices, but the cooperation of capricious mice is required,
and examiners often have difficulty obtaining stable data. In
contrast, using the present method, a mouse simply needs to
be placed in the SCANET box, so that the acquisition of data
is extremely easy.

5. Conclusion

In the evaluation of locomotor function in SCI model
mice, inspections from various perspectives are desirable.
Evaluation of maximum speed and acceleration of mouse
movement with a SCANET system is simple, objective, and
ethical. It is a novel and fine method for spinal cord-injured
model mice and can complement other existing tests. Further
examinations will be required for other animals.
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Treatment of polytrauma patients remains a medical as well as socioeconomic challenge. Although diagnostics and therapy
improved during the last decades, multiple injuries are still the major cause of fatalities in patients below 45 years of age.
Organ dysfunction and organ failure are major complications in patients with major injuries and contribute to mortality during
the clinical course. Profound understanding of the systemic pathophysiological response is crucial for innovative therapeutic
approaches. Therefore, experimental studies in various animal models are necessary. This review is aimed at providing detailed
information of common trauma models in small as well as in large animals.

1. Introduction

Despite therapeutic advances in prehospital and intensive
care, multiple trauma still remains the major cause of death
in patients below 45 years of age [1]. Explanations may
be found in the increasing mobility resulting in increased
incidence of high-energy trauma during the last decades [2].
Immediate or early death following trauma is mainly caused
by massive blood loss or severe head injuries [3]. During
clinical course, multiple organ dysfunction remains a major
problem [4].

Following severe injuries, a systemic immune response
is induced [5, 6] trying to preserve the immune integrity
[7]. An imbalance of the posttraumatic immune response
determines an increased susceptibility to infection and sepsis,
consequently leading to organ failure [8, 9]. Approximately,
27.5% of all trauma patients and 50% of patients developing
a MODS decease during their treatment in the intensive
care unit [10, 11]. Since suffered injuries representing the
first hit cannot be influenced, treatment of patients with
major injuries should minimize additional harm [7, 12].
Therefore, a profound knowledge of pathophysiological
processes following major trauma is necessary. Since clinical
studies are complicated by the heterogeneity of trauma
populations [13], experimental studies using various animal
trauma models are necessary. However, one has to be aware

that transfer of results from experimental models to the
clinical situation is limited [14].

This review provides an overview of commonly used
trauma models in small as well as large animals. It should
serve as an introduction and technical guidance of current
experimental trauma models.

Although the mouse genome only matches approxi-
mately 80% of the human genome, specific advantages lead
to common use of diverse mouse strains in experimental
trauma studies [15]. Various knock-out mice are available
allowing precise studies on certain mediators and receptors.
Additional advantages in using mice are small size and low
costs in acquisition and keeping, ease of handling, and ethical
acceptance. Conversely, the small size leads to difficulties
in operative techniques and limitations of perianaesthetic
management. Due to the genomic distance to humans,
further investigations in large animals are required before
results from experimental studies can be transferred in
clinical trials [4, 16].

Beside mice, studies using rat models have comparable
advantages, including small size, cost, ease of handling,
ethical acceptance, and availability. As compared to mice,
shock models in rats are technically easier to perform [6].
Similar to mice, rats and humans share approximately 90% of
the genome [16]. Despite this resemblance, genetic variations
like knock-out models and transgenic rats as well as fewer
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immunological tests are less available [4, 6]. The latter aspect
may change in the future as more and more companies are
starting to develop further rat genetic models.

Because porcine hemodynamic responses are similar to
humans, numerous trauma models are established [4, 6].
Although pigs are easier to operate, more technical equip-
ment is required [4]. Beside an equal metabolism response
to drugs in pigs and humans, wound healing is described
similar in pig and human skin [6]. On the other side,
one should be aware of the increased costs based on the
complexity needed.

Large animal studies are mostly limited to physiological
and mechanistic investigations since cell- and mediator-
specific molecular probes and reagents are rarely available.

Table 1 presents currently available animal models simu-
lating relevant traumatic injuries.

2. Animal Models Simulating
Hemorrhagic Shock

2.1. Murine Models. Trauma-hemorrhage in mice can either
be performed pressure controlled or volume controlled.
The established method of pressure-controlled hemorrhage
usually requires a soft tissue trauma to implant arterial
catheters. An adequate anesthesia during the surgical pro-
cedure is required. Currently, inhalation anesthesia using
Isoflurane has become an established method [17–20].
After restraining the mice in a supine position, vessels are
aseptically catheterized with a common size polyethylene
tubes no. 10 (outer diameter 0.61 mm, inner 0.28 diameter
mm) [17–22]. In the literature, different techniques are
described using an isolated catheter in one femoral artery
[21, 22] or two catheters in both femoral arteries [19, 20].
For venous fluid resuscitation, an additional venous catheter
can be implanted [17, 18]. Less frequently, cannulation of the
carotid artery is described [23, 24]. It has to be considered
that the unavoidable soft tissue trauma already induces a
systemic immune response [5]. Using an Isoflurane narcosis,
animals can be allowed to be awaken after placement of
catheters focusing on a simulation of the clinical reality
[29]. However, guidelines of the respective country are
to be recognized. In general, blood is withdrawn until a
mean blood pressure of 35 ± 5 mmHg is reached [20, 21],
measured via an arterial catheter using a blood pressure
analyzer [17, 19]. The described pressure value should be
reached within the first 5 to 10 minutes [17, 21, 22] and then
kept between 30 to 90 minutes [20, 21, 23]. An anticoagulant,
heparin, is often used to promote blood flow through the
implanted catheters [21–23] but is described to affect the
immune response [117]. At the end of this interval, animals
are resuscitated. Some authors prefer to resuscitate the shed
blood volume until the blood pressure has been corrected
[23, 28]. More common, fluid resuscitation with Ringer’s
Lactate is used. The extent of this transfusion ranges from
two to four times the exsanguinated blood volume within
30 minutes after completing trauma hemorrhage [17–22].
Catheters are then removed, the femoral vessels have to be
ligated, and the incisions are closed. To provide adequate

analgesia, Lidocaine should be applied to the incision sites
[19].

Beside the pressure-controlled model, volume-controlled
hemorrhage has also been used in a number of recent studies
[23–25]. Volume-controlled bleeding is commonly per-
formed with catheterization under anesthesia as described
before. A weight-adapted blood volume is withdrawn
through the implanted catheter. Less frequently used tech-
niques induce volume-controlled hemorrhage by retro-
orbital [26, 27] or cardiac puncture [118]. The latter
procedure is performed using a 29-gauge needle causing
additional trauma to the diaphragm [118]. In most studies,
the shed blood volume ranges from 0.025 to 0.05 mL/g body
weight representing 35–45% [36] of the estimated blood
volume [23–25] while few studies withdraw up to 60% of
the estimated blood volume [26, 27, 119, 120]. During the
hemorrhage procedure, blood pressure and heart rate should
be monitored [23, 24].

Trauma-hemorrhage models in mice are basically per-
formed to analyze immunological questions. Especially pro-
and anti-inflammatory cascades regarding possible medical
interventions are currently focused [19, 20, 28, 121–125].
Referring to this issue, Kupffer-Cells, alveolar macrophages,
and splenocytes are isolated or modulated to investigate the
determining inflammatory influence measured by cytokines
and other mediators [17, 18, 20, 28, 121–123].

2.2. Rat Models. Similar to murine models, trauma hem-
orrhage can be achieved by the two described procedures.
Anesthesia is commonly performed by an inhalation nar-
cosis with Isoflurane (5% induction, 2% maintenance) or
Halothane (1.5–2% halothane in 100% oxygen) [29–33].
Following another technique, a single dosage of sodium
pentobarbital (50–60 mg/kg body weight intraperitoneally
[i.p.]) can be used [30, 34, 35]. The temperature during
anesthesia and hemorrhage shock can be measured by
a feedback heat pad or via rectal probe and is usually
kept between 37.0◦C and 37.5◦C [29–32, 34]. In both,
the pressure- as well as the volume-controlled method,
arterial catheters should be implanted for blood removal
and monitoring. Besides the described techniques in femoral
vessels, the jugular vein or carotid artery can be used to
withdraw blood or monitor blood pressure and heart rate
[30, 34, 35]. Usually, polyethylene (PE-50) tubing (outer
diameter 0.965 mm, inner diameter 0.58 mm) and a 50-
gauge silicon catheter is used and should be placed within
30 minutes [29, 34, 35]. Following the pressure-controlled
technique, a mean arterial pressure of 35–40 mmHg should
be reached within the first 10 to 15 minutes and then kept for
90 to 120 minutes [29, 31, 33–35].

Following the volume-controlled model, 20 mL/kg body
weight or a fixed volume (45% of the body weight) is
withdrawn within the first 10 to 15 minutes [30, 37]. A total
blood volume of 64 mL/kg body weight can be expected [36].

Similar to murine models, catheters remain in place for
the duration of hemorrhage and resuscitation procedures.
Animals can be allowed to awaken before starting the
controlled bleeding. To prevent clot formation, the artery
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Table 1: Available animal models simulating relevant traumatic injuries.

(a)

Trauma hemorrhage

Pressure controlled Volume controlled

Mouse

(i) Inhalation anesthesia [17–20] (i) Inhalation anesthesia [17–20]

(ii) Catheterization with PE-10 tubing [17–22] (ii) Catheterization with PE-10 tubing [17–22]

(iii) BP 35 ± 5 mmHg for 30–90 min [20, 21, 23] (iii) 0.025–0.05 mL/g body weight (35%–60%) [23–27]

(iv) Volume resuscitation [17–22, 28] (iv) Volume resuscitation [17–22, 28]

Rat

(i) Inhalation anesthesia [29–33] (i) Inhalation anesthesia [29–33]

(ii) Catheterization with PE-50 tubing [29, 34, 35] (ii) Catheterization with PE-50 tubing [29, 34, 35]

(iii) BP 35–40 mmHg for 90–120 min [29, 31, 33–35] (iii) 20 mL/kg body weight (45%) [30, 36, 37]

(iv) Volume resuscitation [33–35] (iv) Volume resuscitation [33–35]

Pig

(i) Complex anesthesia [4, 38–45] (i) Complex anesthesia [4, 38–45]

(ii) Orotracheal intubation and mechanical ventilation
[41, 42, 44, 46]

(ii) Orotracheal intubation and mechanical ventilation
[41, 42, 44, 46]

(iii) Complex catheterization [38–41, 43–45] (iii) Complex catheterization [38–41, 43–45]

(iv) BP 30–40 mmHg for 45–60 min [39, 40, 42, 47] (iv) 25–35 mL/kg body weight (40%) [43, 45, 48]

(v) Volume resuscitation to BP 60–65 mmHg [49–51] (v) Volume resuscitation to BP 60–65 mmHg [49–51]

(b)

Traumatic brain injury

LFP CCI Weight drop

Mouse

(i) Anesthesia (i) Anesthesia (i) Anesthesia

(ii) 2.0 diameter craniotomy [52]
(ii) 3–5 mm craniotomy, dura intact
[53–56]

(ii) Impact on exposed skull or intact
dura [57]

(iii) Installation of a fluid percussion
device [52, 58]

(iii) Installation of a pneumatically
driven impactor (3 mm impounder)

(iii) 250 g metal rod dropped from
2-3 cm [59–61]:

(iv) Impact on intact dura by a brief
fluid bolus [60, 62, 63]

(iv) Velocity 5-6 m/sec; depth of
0.5–1 mm [53–56]

(a) risk of skull fractures >3 cm
[60]

(v) Injury magnitude: 3.6 atm [52] (b) inadequate trauma <2 cm [60]

Rat

(i) Anesthesia (i) Anesthesia (i) Anesthesia

(ii) Craniotomy (4 × 2 mm)
[30, 64, 65]

(ii) Craniotomy (diameter 6–10 mm)
[66–68]

(ii) Fixation of a steel disc [69–71]

(iii) Installation of a luer-lock
connector to intact dura [30, 64, 65]

(iii) Installation of a pneumatic
cylinder [66–68]

(iii) 300–450 g weight drop from
1–1.8 m height (exposed skull)
[69–71]

(iv) Trauma induction with 2.4 bars
[30, 64, 65]

(iv) Impact velocity 4–8 m/sec
[66–68]

(iv) 21 g from 35 cm height (exposed
dura) [72]

Pig

(i) Complex anesthesia (i) Complex anesthesia

Commonly not performed

(ii) Complex craniotomy [73–75] (ii) Complex craniotomy [73–75]

(iii) Additional ICP monitoring
[73–75]

(iii) Additional ICP monitoring
[73–75]

(iv) Trauma induction with 3–8 bars
[73, 75]

(iv) Injury induction on intact dura:

(a) velocity of 3.5 m/sec [76, 77]

(b) dwell time 400 ms [76, 77]

(c)

Long bone fracture models

Open femoral fracture Closed femoral fracture Tibial fracture

Mouse

(i) Anesthesia (i) Anesthesia (i) Anesthesia

(ii) Lateral exposure of femoral bone
[78, 79]

(ii) Initial stabilization: (ii) Less frequently performed [80]

(iii) Fracture performance by
osteotomy [78, 81]

(a) intramedullary pin [80, 82]
(iii) Fracture placement distal to keep
fibula intact [80, 83, 84]
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(c) Continued.

Long bone fracture models

Open femoral fracture Closed femoral fracture Tibial fracture

(iv) Stabilization by extramedullary
fixation:

(b) intramedullary screw [80, 82]

(a) locking plate [80, 85] (c) locking nail [86]

(b) pin clip device [80, 81]
(iii) Closed fracture by 3-point
bending system [26, 80, 82, 87, 88]

(c) external fixator [80, 89, 90]

Rat

(i) Anesthesia (i) Anesthesia (i) Anesthesia

(ii) Lateral exposure of femoral bone
[91, 92]

(ii) Initial stabilization: (ii) Closed fracture model [93, 94]:

(iii) Medial exposure of femoral bone
[91, 92]

(a) intramedullary steel pin
[95–97]

(a) 3-point bending system

(iv) Fracture performance by
osteotomy [98, 99]

(b) intramedullary K-wire [95–97]
(b) 300 g weight from 20 cm

height

(v) Fracture stabilization:
(iii) Closed fracture by blunt
guillotine:

(iii) Open fracture model [100, 101]:

(a) intramedullary pin or K-wire
[95, 96, 102–104]

(a) 500–650 g steel weight
[87, 97, 102, 105]

(a) lateral exposure of tibia

(b) combination of K-wire and 2
screws [99]

(b) 14 cm drop height
[87, 97, 102, 105]

(b) fracture performance by
osteotomy

(c) plate osteosynthesis [106, 107] (iv) Fracture stabilization:

(d) external fixator [91, 108, 109]
(a) K-wire or modified needle

[93, 101]

(b) plate fixation [100, 110]

(c) external fixator [111]

Pig

(i) Complex anesthesia

Not performed in trauma models Not performed in trauma models
(ii) Fracture is performed by captive
bolt gun or osteotomy [112–115]

(iii) Fracture remains commonly
unstabilized [112–115]

(iv) Intramedullary nailing is
possible [116]

catheter is to be filled with normal saline containing 10–
30 U/ml of heparin [34, 35]. As in mice, an immune response
caused by heparin has been detected [126, 127]. To reduce
postoperative pain, wounds should be flushed with 1%
lidocaine throughout the surgical procedure [33]. At the
end of the shock period, animals can be resuscitated by re-
infusing of the shed blood or with two to four times the
volume of the shed blood with Ringer’s Lactate solution over
60 minutes [33–35].

Regarding the current literature, rat trauma-hemorrhage
models are rather used for measurement of physiological
parameters than analyzing the immune response [29–31,
128–130].

2.3. Porcine Models. Pigs undergoing surgery are usually
fasted for at least 12 to 18 hours before starting anes-
thesia [4, 38–41]. Afterwards, a premedication 1 hour
before surgery should be performed using, for exam-
ple, Midazolam (0.1 mg/kg) with azaperone (4 mg/kg) and
atropine (0.1 mg/kg) or a single dosage of Buprenorphine
(0.03 mg/kg) [39, 41]. Anesthesia can be induced with

a bolus dose of ketamine (10–20 mg/kg intramuscular),
propofol (1–6 mg/kg intravenous), and piritramide (30 mg
intravenous) administered via an ear vein [39, 41–43].
Other studies prefer the anesthesia induction with Isoflurane
(5%) in a mixture of oxygen and nitric oxide (1 : 1) or
halothane to facilitate oral intubation [38, 40, 43–45].
Beside an oral intubation, a tracheotomy is described [44].
Surgical anesthesia should subsequently be maintained with
Isoflurane (1%–2% Isoflurane end tidal concentration) in
a mixture of oxygen and nitrous oxide (1 : 2) or via total
intravenous anesthesia applying propofol (6–8 mg/kg/h)
and piritramide (30 mg bolus as needed) [40, 41, 44]. If
necessary, neuromuscular blockade can be achieved with
0.1–0.3 mg/kg/h pancuronium after tracheal intubation to
prevent spontaneous breathing or gasping [41, 42]. Intu-
bation has to be performed with a 7.0 mm or 7.5 mm
internal diameter cuffed endotracheal tube [46]. Following
intubation, pigs are usually ventilated in a volume-controlled
ventilation modus with 21%–50% oxygen, a respiratory rate
of 12–14 breaths/min, an inspiratory to expiratory ratio
of 1 : 2, and a tidal volume of 12 mL/kg body weight to
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maintain normocapnia defined as an end-tidal pCO2 of 35–
45 mmHg measured by continuous capnography [41, 42,
44]. Similar to the small animal studies described above,
femoral arteries and veins are catheterized through groin
incisions (catheter size: 7 French) under aseptic conditions
[41, 44, 48]. Through an additional surgical incision, external
jugular veins and carotid arteries can be identified and
cannulated (catheter size: 8 charrière/FG, length 400 mm
or 9 French) [38–41, 43–45]. A 5 to 7.5 French catheter is
commonly positioned in the pulmonary artery for continu-
ous monitoring of pulmonary and carotid artery pressures
[41–43]. To guarantee stabilization of cardiopulmonary
physiological parameters following the surgical procedure,
a recovery period of 15–90 min for temperature control or
volume application is described before initiating hemorrhage
[39–41, 48]. Body temperature can be measured with a
nasopharyngeal or an endotracheal temperature probe and
should be maintained between 38.0 and 39.5◦C using an
external heating device, for example, a Bair-Hugger blanket
[38, 41, 42, 46]. Intravenous fluids used during the surgical
procedure should be warmed to 37◦C reducing the risk
of intraoperative hypothermia [41]. At the end of the
recovery period, hemorrhagic shock is induced following
one of the described techniques. Based on the pressure-
controlled model, blood should be withdrawn until a mean
blood pressure of 30–40 mmHg is reached (max. 55 mmHg)
and then held for at least 45 to 60 minutes, depending
upon the depth of shock and lethality desired [39, 40, 42,
47]. Following the volume-controlled model, 25–35 mL/kg
(approximately 40% of the blood volume) are withdrawn
with a constant rate over a 15 minute period assuring an ade-
quate shock state [43, 45, 48]. During hemorrhage procedure
and following resuscitation, animals should be kept under
anesthesia as described above. Standard volume resuscitation
using Lactated Ringers solution and additional colloid fluids
aim at a mean arterial pressure to 60–65 mmHg, the average
baseline blood pressure of anesthetized pigs [49–51].

In summary, porcine models are commonly used to
analyze different volume resuscitation forms [42, 43, 47].
Moreover, this model is used to assess the effects of inter-
ventions including hypothermia and innovative haemostatic
products [39, 131].

3. Animal Models Simulating Traumatic
Brain Injury

Severe head injury is known as one of the most frequent
major injuries in polytrauma [132]. Moreover, if accompa-
nied with hypotension and ischemia resulting in secondary
brain injury, patients’ outcome is described worse [4].
Consequently, animal models are designed to simulate this
additional impact analyzing pathophysiology and potential
interventions.

3.1. Murine Models. Traumatic head injury in mice can be
performed as an isolated injury or as an additional trauma
beside trauma-hemorrhage [53–56, 59, 60]. While isolated
brain injury models are widely used, a combined trauma

is technically challenging and therefore rarely represented
in the current literature [53, 54]. In case of trauma-
hemorrhage, catheters are placed in the described techniques
before initiating the head injury model [53, 54].

Three experimental head injury models are performed in
mice. The lateral fluid percussion (LFP) has been established
as a standard experimental model of traumatic head injury
with high reproducibility and accurate association between
injury severity and outcome [60, 62]. The injury consists
of changes in blood flow and metabolism, an altered ionic
homeostasis, breakdown of the blood-brain barrier, reactive
astrocytosis, and ongoing necrotic and apoptotic cell death at
the injury site [63]. Moreover, traumatic axonal injury in the
subcortical white matter is achieved using this model [63].
Originally described, LFP involves a 4.8 mm craniotomy
centered over the left parietal bone, 4.0 mm lateral to the
sagittal suture [62]. As expected, the initial model had to
be adapted to accommodate smaller body weight, skull size,
and skull thickness of a mouse [52]. Consequently, a 2.0 mm
diameter craniotomy, 0.5 mm lateral to the sagittal suture
and 0.5 mm caudal to bregma, has to be created carefully
[52]. After trepanation of the skull, injury is performed by a
fluid percussion device: this device is comprised of a plexiglas
cylinder (32 cm long and 2 mm in diameter) filled with
distilled water [52, 58]. A pendulum from a known height
impacts the piston of a saline-filled reservoir, forcing a brief
fluid bolus on the intact dural surface [60, 62, 63]. An injury
magnitude of 3.6± 0.1 atm has to be created [52]. Compared
to the following models, the lateral fluid percussion is rarely
performed in murine models.

The “controlled cortical impact” (CCI) model uses a
pneumatically driven impactor to produce traumatic brain
injury. It is mimicking acute subdural hematoma, axonal
injury, concussion, blood-brain barrier dysfunction, and
coma [56, 60]. After placing the anesthetized mouse in
a stereotaxic head-holder frame, a 3–5 mm craniotomy is
performed over the left parietotemporal cortex (between
midline, bregma, and lambda) using a dental drill [53–56].
The bone flap is removed [53, 54] without damage to the
dura mater [56]. CCI injury is conducted by a 3 mm flat-tip
impounder deployed at a velocity of 5-6 m/sec and a depth
of 0.5–1 mm [53–56]. A brain temperature microprobe can
be inserted through a burr hole [53, 54]. Brain temperature
should be maintained between 36.5 and 37.5◦C during the
experiment [53, 54].

The “weight-drop model” uses the gravitational forces
of a free falling weight to produce traumatic brain injury
by contusion, cortical cell loss, cerebral edema formation,
blood-barrier dysfunction, and apoptotic cell deaths [59–
61]. The impact of the free falling weight is delivered to the
exposed skull or the intact dura [57]. In brief, a surgical
incision is initially made over the cranium. A burr hole
(4 mm diameter, located 1 mm lateral and 1 mm posterior
to the bregma) has to be performed using a surgical drill to
expose the dura mater [59, 61]. This preparation step can
be skipped, and the weight-drop injury is directly performed
to the exposed skull [60]. However, a 250 g metal rod is
dropped from a 2-3 cm height onto the exposed skull or
dura mater [59–61]. Falling heights over 3 cm are likely to
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result in unwarranted skull fractures or immediate lethal
posttraumatic respiratory depression while falling heights
less than 2 cm cannot guarantee an adequate traumatic brain
injury [60].

3.2. Rat Models. Traumatic head injury in rats can be
performed as an isolated injury impact or as an additional
trauma beside trauma hemorrhage as well [30, 64–67, 69,
72]. As compared to mice, a combination of traumatic
brain injury and trauma-hemorrhage is more frequently
performed in rats since surgical procedures are technically
less challenging [30, 64, 66, 69]. Due to the difference
between the brain’s diameter of rats compared as to mice
(dorsoventral diameter: 10 mm in rats versus 5.5 mm in
mice), the technique has to be adapted [56].

The LFP represents an established model in rats but
requires considerable adaptations to guarantee an adequate
brain trauma. Initially, anaesthetization has to be gained
before placing the rats’ head in a stereotactic frame. After-
wards a 4-5 mm craniotomy is trephined into the left-sided
skull between the lambda, bregma, and 2–4 mm lateral to
the sagittal suture [30, 64, 65]. With the intact dura, a
luer-lock hub is placed over the exposed dura and bonded
in place, that is, with cyan acrylic adhesive [30, 64, 65].
Subsequently, the luer-lock connector is cemented to the
skull and the anchoring screw using dental cement [30, 64,
65]. During this procedure, animals should be placed on
heating pads preventing hypothermia by maintaining the
body temperature between 37.2◦C and 37.5◦C [30, 65]. After
cannulation of the vessels for later trauma hemorrhage, the
luer-lock is connected to a fluid percussion injury device. The
brain trauma has to be induced with 2.4 bars (2.0–2.6 atm)
[30, 64, 65].

The CCI model in rats produces the required brain
injury comparable to mice. Initially, rats are positioned
in a stereotactic frame under adequate anesthesia [66–68].
After a midline incision, the scalp and temporal muscle
are reflected and a 6–10 mm diameter craniotomy has to
be performed using a dental drill [66–68]. The dura mater
is kept intact over the cortex [66, 67]. Injury is induced
by a pneumatic cylinder with a 3–9.5 mm impactor-tip
at a velocity of 4–8 m/sec [66–68]. Consequently, a 1–
2.5 mm cortical compression is achieved [66–68]. During
this procedure, rats are kept normothermic (37.0◦C) using
a feedback-regulated heating pad or lamp [66–68].

Using the “weight drop model”, the skull has to be
explored by a midline scalp incision after securing the
anaesthetized rat in a stereotactic frame [69, 70, 72]. With
the intact skull, a round steel disc (1 cm diameter, 3 mm
thickness) is fixed by surgical cement or bone wax onto
the central area of the skull [69–71]. Animals are placed
and secured in prone position on a piece of foam (height
5 cm) under a Plexiglas tube [69, 71]. A 300–450 g weight
is dropped freely from a height of 1–1.8 m onto the centre of
the steel disc [69–71]. Rebound impacts have to be prevented
by moving the animals immediately after the first impact or
using an inflexible rope tied to the weight [69, 71]. Similar to
the murine model, “weight drop” can be performed directly
to the dura mater. In this model, a 21 g weight from 35 cm

hits onto a piston (diameter 4.5 mm) resting on the dura
[72]. If required, an ICP monitoring can be conducted by
a previously inserted spinal needle (e.g., 24 gauges) within
the lateral ventricle [72]. Trephined bone flaps should be
replaced after trauma [72].

3.3. Porcine Models. Although rodents are mostly used in
head injury models, several important structural and cellular
differences between human and rodent brains exist. The
lissencephalic rodents’ brain differs from the gyrencephalic
humans’ brain resulting in varying biochemical charac-
teristics [76, 133]. Conversely, the swine brain has more
similarities to humans’: its gyrencephalic structure, glial-
to-neuronal structure, and extent of white matter tracts
are similar to humans [76, 134] resulting in comparable
biomechanical characteristics [133]. The large size of swine
allows extended monitoring similar to treatment of humans
during an intensive care stay.

The LFP in swine is initiated by placing the anaesthetized
animal in a head stabilizer. The head is shaved and prepared
with povidone iodine solution [73]. Afterwards, a 1 cm
craniotomy is performed over the left front parietal area
approximately 1 cm lateral to the midline and 1 cm rostral
to the bregma [74, 75]. A hollow bolt is installed flush with
the intact dura [74, 75]. Another craniotomy on the con-
tralateral side allows introducing catheters for measurement
of ICP and intracerebral temperature [73–75]. Therefore,
the catheter is placed in the subdural space. Additionally,
another 4 French catheter can be implanted in the superior
sagittal sinus for serial sampling of cerebral venous blood
gases and electrolytes [73, 75]. During the procedure, 10–
15 mL/kg/hour of crystalloid fluid should be infused to
stabilize hemodynamics [74, 75]. Finally, the fluid percussion
device is connected to the hollow bolt mentioned before.
Thereafter, a 30–60-minute stabilization period is started
[73–75]. The traumatic brain injury is performed with 3–
8 atm (3.04–8.11 bar) directly to the dura after removal of the
implemented ICP probe [73, 75]. Subsequently, this probe
is reinserted and recalibrated usually within 2 minutes after
trauma impact [75]. In contrast to rodent models, additional
trauma-hemorrhage is started simultaneously [73–75].

Performing the CCI model, anaesthetized animals have
to be fixated in a stereotactic frame. Afterwards, a 15-mm
burr hole is made centered anterior to the coronal suture
and lateral to midline over the frontal lobe [76, 77]. The
bone is carefully removed to expose the intact dura mater.
Additionally, ICP monitor and brain temperature probes
should be inserted through a 2 mm burr hole contralaterally
[76, 77]. Furthermore, swines are observed for 1 hour
after ICP insertion for hemodynamic stabilization [76, 77].
Following preparation and stabilization, the head in the
stereotactic frame is placed in the CCI device. The head
injury is created using a depth of depression between 9 and
12 mm due to the injury severity required [76, 77]. A velocity
of 3.5 m/sec and a dwell time of 400 ms are commonly used
[76, 77].

The previously described “weight drop” is not used in
porcine trauma models.



Journal of Biomedicine and Biotechnology 7

4. Animal Models Simulating Additional
Thoracic Trauma

Blunt thoracic trauma is common in polytrauma patients
and associated with an increased risk of organ failure [135].
Therapy is mostly limited to supportive therapy. Moreover,
there is only limited correlation between the volume of
the affected lung and severity of pulmonary dysfunction
[136]. Therefore, a profound understanding of the under-
lying mechanisms is required. To date, the mechanism by
which acute lung failure is mediated is still not completely
elucidated. Several models of blunt lung injury in rodents
as well as in large animals are described. Basically, lung
injury is induced either by mechanical stress, inhalation, or
ventilation induced.

4.1. Rodent Models. In murine models of lung injury, trauma
can be induced by a single blast wave centered on the thorax
[137]. A newer study reports pulmonary blast injuries caused
by laser-induced stress waves with high controllability and
reproducibility [138]. Severity of chest trauma regarding
physiological parameters depends on peak pressure applied
to the thorax as well as on distance between blast wave
generator and chest wall [137]. Commonly used is a peak
pressure of∼0.75 bar with a distance of 2 cm for 3.4 ms [139].
Beside blast waves, lung contusion is also induced by weight
drop with a defined weight from a defined height with a
protective shield to prevent blunt cardiac injury [140, 141].
Energy applied to the chest ranges from 1.8–2.7 J in rats
[141]. In further rat studies, this model was combined with
instillation of acid and small gastric particles through an
endotracheal tube to simulate lung contusion with gastric
aspiration [142]. Another murine model uses a cortical
contusion impactor strucking the chest from the lateral
aspect with a defined velocity of 5.8 m/s, depth of penetration
of 6.3 mm, and therefore an energy of 152 J/m2 resulting in
a reproducible pulmonary contusion [143]. Moreover, early
studies to investigate lung injury used a captive bolt gun
[144, 145].

In other rodent models lung injury is induced by
ventilation with high tidal volumes (30 mL/kg body weight)
or negative-pressure cycled ventilation ranging from
−25 cm H2O/0 cm H2O to −10 cm H2O/−3 cm H2O [146].
For experimental acute lung injury, intravenous injection of
oleic acid is used in rats as well as in mice [147, 148]. Lung
fibrosis models use intravenous application of bleomycin
[149].

4.2. Large Animal Models. Blunt lung injury can also be
induced by a captive bolt gun in pigs [150]. In large animals,
trauma induced by inhalation is more commonly used.
Inhalation injury is described in sheep as a single injury [151]
as well as combined with a burn injury [152]. Commonly
used are anesthetized sheep subjected to a 20–40% total
body surface area third-degree burn and 48 breaths of cotton
smoke (<40◦C) [151–153]. In sheep, ventilation-induced
lung injury is described as well using increased tidal volumes
(20 mL/kg body weight for 15 minutes in preterm lambs) as
compared to rodents [154].

5. Animal Models Simulating Additional
Long Bone Fracture

Beside head and thoracic injuries, long bone fractures are
critical in polytrauma patients [155]. Additional to in vitro
studies and clinical trials, animal models are used to extent
knowledge of fracture repair and systemic immunologi-
cal influences on multiple or single traumatized patients
[80]. Differences in anatomy and metabolism of animals
compared with humans must be considered in interpreting
the results. Furthermore, the experimental design must be
aware of the considerable influence of animals’ age referring
to fracture healing [156]. Therefore, only animals with
completed bone growth should be used to mimic fracture
healing in human adults [80].

5.1. Murine Models. Although mice and other small rodents
possess only a primitive bone structure without a Haver-
sian system, fracture healing processes similar to larger
mammalians [157]. Therefore, murine models are used to
investigate bone healing or regeneration [80]. Several murine
models using long bone fractures are commonly described
analyzing therapeutic options of different stabilization tech-
niques or the systemic influence of an additional impact in
trauma models. Due to the small size of mice, only large long
bones, especially tibia and femur, have been studied [158].

As a tubular bone with consistent scales (length 15 mm,
outer diameter 1.5 mm), the femur is commonly used in
different fracture models [80]. The fracture required can
be performed open or closed: basically, closed fracture
models create minor soft tissue injury since splitting of the
huge quadriceps muscle covering the femur can be avoided.
Nevertheless, a contusion of the muscle while performing
the fracture results in an simultaneous crush injury. After
disinfection of the leg, an intramedullary pin, locking nail, or
intramedullary compression screw is implanted to guarantee
postoperative stabilization [80, 82, 87, 88]. Afterwards, the
closed diaphyseal fracture is produced using a 3-point
bending system including a blunt guillotine with a 500 g
steal weight [26, 80, 82, 87, 88, 159]. Postoperative X-
rays verify diaphyseal fracture and correct intramedullary
stabilization [88]. To stabilize a closed femoral fracture,
different intramedullary techniques can be used. Initially, an
intramedullary pin is implemented: under sterile conditions,
a 4 mm medial parapatellar incision is performed and
the patella is dislocated laterally [80, 82]. After drilling
a hole (0.5 mm) into the intracondylar notch, a stainless
steel wire (diameter 0.25 mm) is applied for intramedullary
fracture stabilization [80]. Migration of the pin can be
prevented by wedging the distal end of the intramedullary
canal [80]. Alternatively, a “locking nail” or compression
screw can be implemented preventing lack of rotational
stability of the pin. For nailing, a modified 24-gauge needle
can be used. Initially, the distal needle ends have to be
flattened. Rotation stability is now achieved by canting the
distal ends intramedullary [80, 86]. Using the previously
implemented pin as a guide wire, the modified needle is
implemented after producing the femoral fracture [80, 86].
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Finally, the guide wire is removed. Beside the rotationally
stable nailing technique, a small compression screw (length
18 mm, diameter 0.5 mm) has been engineered [80, 82]. This
osteosynthetic design guarantees additional axial stability
[80, 82]. Similar to the techniques described above, a guide
wire is used before performing the fracture and implantation
of the screw. A possible disadvantage might be found in the
manipulation of the endosteum and bone marrow caused by
the intramedullary stabilization.

In open fracture models, the femur is fractured under
visible control [80]. The skin is incised laterally along the
femur [78, 79]. After incision and splitting of the fascia lata,
muscle bellies of the overlying quadriceps and hamstring
muscles are parted to gain access to the femoral diaphysis
[79, 81]. The fracture is created in the middle of the femur
by an osteotomy or manually after weakening the bone
by several drill holes [78, 81]. Thus, the open fracture
model produces a major soft tissue trauma, which may have
influence on the vascularisation and, therefore, perfusion of
the femur [80]. In contrast to closed fracture models using
intramedullary stabilization systems, open fracture models
stabilize the femoral fracture by extramedullary fixation
techniques like locking plate, a pin-clip device, or even an
external fixator [78, 79, 85]: to attach an external fixator,
initially a pair of 0.55 mm diameter drill holes is angled 7◦

perpendicular on each of the proximal and distal fragments.
After the fixator pin insertion, the fixator bar is only applied
loosely to perform the mentioned osteotomy [85]. As the
distance between the proximal and distal holes in the fixator
bar differs from the corresponding distance in the drilling
jig, fracture compression can be achieved by down sliding
the fixator bar [85]. Beside the considerable soft tissue injury,
performing an open fracture the fixators’ design can restrict
the physiological activity of injured mice [80, 85].

The pin-clip device presents another open fracture model
combining an intramedullary pin with an extramedullary
clip [80, 81]: after drilling a hole (0.5 mm) into the
intracondylar notch, a distally flattened 24 gauge needle is
implanted intramedullary. Afterwards, the femur is exposed
through a lateral approach and an osteotomy is created in
the middle of the femur. After reduction of the gap and
reposition of the bone ends, a metallic clip, bridging the
osteotomy, has to be implanted ventrodorsally [80, 81]. In
comparison to the fixator method, the pin-clip technique
causes less mobility restrictions [80].

Plate osteosynthesis represents the third extramedullary
fixation technique in open femoral fractures in mice [80].
Through a lateral approach between the vastus lateralis and
biceps femoris muscles, the plate is fixed to the anterior
aspect of the midfemur [89, 90]. It is fixed to the bone with
four screws using a compression guide to guarantee fracture
compression [90]. Two different plate designs, a rigid plate
and a flexible plate, allow either stable or standardized
flexible stabilization of the femur [80, 89, 90]. Nevertheless,
the periosteum and thus perfusion and nutrition may be
damaged by the external plate fixation and affect thereby the
callus formation at the implant site [80].

Compared to femoral fracture models, tibia fracture is
less commonly performed [80, 83, 84]. This may refer to

the triangular structure of the tibia in connection with the
fibula and its curved major axis. Both anatomical character-
istics demand enhanced requirements to implants used to
guarantee a stable fracture fixation [80, 84]. Furthermore,
fractures should only be placed distal to keep the fibula intact
avoiding more than one callus formation [80]. Although
access to the tibia requires less soft tissue injury, the described
anatomic disadvantages prevent tibial fracture commonly
used in experimental studies.

5.2. Rat Models. Similar to murine models rats are used
investigating fracture healing. However, due to the miss-
ing Haversian system, intracortical remodeling cannot be
detected in rats representing an essential difference to
humans [160]. Closed femoral fracture in rats is performed
after intramedullary stabilization with a steel pin or K-wire
[95–97]. The diaphysis of the pinned femur is fractured
with a three-point bending device [95–97]. Commonly, a
blunt guillotine ramming system is used with a dropped steel
weight of 500–650 g from a drop height of 14 cm [87, 97, 102,
105]. If greater soft tissue damage is required, a 0.94 kg steel
weight is dropped from 15.3 cm delivering increased impact
force [161]. The fracture as well as the healing process can be
documented radiographically [105].

To generate an open femoral fracture in rats, medial and
lateral approaches to the diaphysis are described [91, 92]:
after anaesthetization medial right thighs are incised under
aseptic conditions and the femoral biceps muscle overlying
the semimembranous and adductor muscles are carefully
retracted to expose the midshaft of the femur [92]. More
commonly, the lateral approach is used: a skin incision across
the lateral aspect of the thigh is performed. The fascia latae
between the gluteus superficialis and biceps femoris muscles
is split, exposing the femur [91, 98]. Similar to murine
models, the femoral fracture is technically simulated by an
osteotomy or fractured manually after weakening the bone
[98, 99]. To stabilize the fracture, an intramedullary pin
or K-wire is used. A medial parapatellar incision (1 cm) is
performed under aseptic conditions in the right hind limb.
The patella is dislocated laterally. The medullary canal is
entered through the intercondylar notch and reamed with
a 21-gauge needle. A stainless steel pin or K-wire (0.71–
1.25 mm diameter) is inserted into the canal secured in the
greater trochanter by tamping [95, 96, 102–104]. The distal
portion of the pin is cut flush within the intercondylar
notch. The patella is reduced, and soft tissue and skin are
closed in two layers by resorbable sutures [95, 96]. Although
rotational and axial stabilization cannot be guaranteed
by this technique [99], experimental nailing systems or
compression screws are not described in closed fracture
models in rats. In the literature, two experimental nailing
systems are described requiring an open fracture model [98,
99]. The system combines a retrogradely implemented K-
wire with two centrally perforated screws [99]. These screws
are implemented after predrilling (1.5 mm drill) on each
side of the osteotomy before inserting the K-wire. Another
experimental nailing technique uses a steel nail which is
placed antegrade after reaming of the medullary cavity [98].
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Reaming is performed from the osteotomy site in proximal
direction through the top of the greater trochanter and in
distal direction to the level of the condyles until a diameter
of 1.6 mm is achieved [98].

Plate osteosynthesis represents another extramedullary
fixation technique in open femoral fractures [106, 107]: after
a lateral approach to the femur as described above, a 16-mm
long, 4-5 hole, titanium plate (e.g., AO Synthes) is applied to
the shaft. The bone has to be predrilled with no tap, and the
plate is attached with 1.2-1.3 mm screws, which are not fully
tightened yet. Afterwards, mid-diaphyseal femoral fracture is
induced by osteotomy at the midpoint of the plate with a
small saw. The 4 screws are then tightened to fixate the plate
[106, 107]. Beside trauma models, plate fixation is frequently
used in bone union/non-union studies [162, 163].

External fixators are frequently used in trauma as well
as union/non-union studies [91, 108, 109]: using 0.9 mm
drill bit, four holes are drilled into the rat’s femur. Four pins
(0.65 mm inner diameter, 1.2 mm outer diameter, 25 mm
long) are manually inserted after predrilling [91, 108, 109].
An external fixator bar is attached to the implemented pins
with an offset of 6 or 15 mm [91]. Using a saw, an osteotomy
is created afterwards.

Beside femoral fractures, experiments using tibial frac-
tures are performed in rats. Similar to the femur, open
[100, 101] and closed [93, 94] models exist. The closed
fracture model involves a three-point bending system, in
which a 300-g weight from a height of 20 cm drives a blunt
guillotine onto the tibial diaphysis [93, 94]. For open fracture
or segmental bone defect, the tibia is exposed by a lateral
longitudinal incision and the defect required is created in
the midshaft using a saw [101]. Fractures can be stabilized
intramedullarily with K-wire or modified needles [93, 101],
with plate fixation [100, 110] or less frequently using an
external fixator [111].

5.3. Porcine Models. Porcine models are frequently used
in analyzing femoral fractures since morphological simi-
larity to human [164]. Experimental femoral fracture is
commonly used in polytrauma models simulating an addi-
tional trauma beside trauma-hemorrhage, head injury, or
abdominal trauma [112–115]. In contrast to rodent models,
femoral fractures are commonly performed by a captive
bolt gun. Following anesthesia, the left femur is operatively
exposed through a longitudinal muscle-splitting incision
[114]. Afterwards, the captive bolt is fired against the femur
producing an open femoral fracture [112–115]. Blood vessels
should not be hit to avoid distinct bleeding [114]. Any
bleeding should be measured if trauma-hemorrhage is added
in a polytrauma model [112]. Computed tomography or
X-ray can be helpful to analyze the fracture extent [113,
165]. Beside the captive bolt-induced fracture, osteotomy
can be conducted to mimic a femoral fracture [116]. Yet, a
three-point bending system with vertical load has only been
described in vitro using fresh frozen porcine femora [165].
In polytrauma models, the induced femoral fracture remains
unstabilized [112–115] although intramedullary nailing has
been described [116]: this nail is designed with a diameter of

12 mm and a length of 10 cm. Initially, the femur is reamed
with a flexible drill. After a midshaft osteotomy, the nail
has to be placed and locked proximally and distally of the
fracture. X-Rays should be provided verifying an adequate
osteosynthesis.

6. Conclusion

Although advances in diagnostics and therapy improved
outcome of trauma patients in the last decades, further
innovative approaches are required. Actually, a wide variety
of experimental trauma models can be found. Based on
the problem addressed by a researcher, the optimal model
should be carefully considered. The conflict between clinical
comparability, standardization and therefore reproducibility
remains a major problem for every investigator. However,
complicating factors such as age, gender, medical histories,
and so fourth essentially require clinical trials verifying
experimental results. In general, rodent models and espe-
cially mice should be used to answer questions regarding
molecular mechanisms while physiological processes are
more commonly investigated in large animals due to the
similarity to humans.
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[41] D. Pehböck, V. Wenzel, W. Voelckel et al., “Effects of
preoxygenation on desaturation time during hemorrhagic



Journal of Biomedicine and Biotechnology 11

shock in pigs,” Anesthesiology, vol. 113, no. 3, pp. 593–599,
2010.

[42] O. Chiara, P. Pelosi, L. Brazzi et al., “Resuscitation from
hemorrhagic shock: experimental model comparing normal
saline, dextran, and hypertonic saline solutions,” Critical
Care Medicine, vol. 31, no. 7, pp. 1915–1922, 2003.

[43] H. B. Alam, K. Stanton, E. Koustova, D. Burris, N. Rich,
and P. Rhee, “Effect of different resuscitation strategies on
neutrophil activation in a swine model of hemorrhagic
shock,” Resuscitation, vol. 60, no. 1, pp. 91–99, 2004.

[44] A. I. Batchinsky, J. E. Skinner, C. Necsoiu, B. S. Jordan,
D. Weiss, and L. C. Cancio, “New measures of heart-rate
complexity: effect of chest trauma and hemorrhage,” Journal
of Trauma, vol. 68, no. 5, pp. 1178–1185, 2010.

[45] C. E. Wade, “Prior exercise alters responses to hemorrhage,”
Shock, vol. 34, no. 1, pp. 68–74, 2010.

[46] M. S. Englehart, C. E. Allison, B. H. Tieu et al., “Ketamine-
based total intravenous anesthesia versus isoflurane anes-
thesia in a swine model of hemorrhagic shock,” Journal of
Trauma, vol. 65, no. 4, pp. 901–909, 2008.

[47] G. B. York, J. S. Eggers, D. L. Smith et al., “Low-volume
resuscitation with a polymerized bovine hemoglobin-based
oxygen-carrying solution (HBOC-201) provides adequate
tissue oxygenation for survival in a porcine model of
controlled hemorrhage,” Journal of Trauma, vol. 55, no. 5, pp.
873–885, 2003.

[48] L. M. Katz, J. E. Manning, S. McCurdy et al., “Nitroglycerin
attenuates vasoconstriction of HBOC-201 during hemor-
rhagic shock resuscitation,” Resuscitation, vol. 81, no. 4, pp.
481–487, 2010.

[49] B. S. Kheirabadi, M. R. Scherer, J. S. Estep, M. A. Dubick, and
J. B. Holcomb, “Determination of efficacy of new hemostatic
dressings in a model of extremity arterial hemorrhage in
swine,” The Journal of Trauma, vol. 67, no. 3, pp. 450–460,
2009.

[50] B. S. Kheirabadi, J. W. Edens, I. B. Terrazas et al., “Com-
parison of new hemostatic granules/powders with currently
deployed hemostatic products in a lethal model of extremity
arterial hemorrhage in swine,” The Journal of Trauma, vol. 66,
no. 2, pp. 316–328, 2009.

[51] G. C. Velmahos, K. Spaniolas, M. Tabbara et al., “Abdominal
insufflation decreases blood loss without worsening the
inflammatory response: implications for prehospital control
of internal bleeding,” American Surgeon, vol. 74, no. 4, pp.
297–301, 2008.

[52] W. S. Carbonell, D. O. Maris, T. Mccall, and M. S. Grady,
“Adaptation of the fluid percussion injury model to the
mouse,” Journal of Neurotrauma, vol. 15, no. 3, pp. 217–229,
1998.

[53] A. M. Dennis, M. L. Haselkorn, V. A. Vagni et al., “Hem-
orrhagic shock after experimental traumatic brain injury in
mice: effect on neuronal death,” Journal of Neurotrauma, vol.
26, no. 6, pp. 889–899, 2009.

[54] J. L. Exo, D. K. Shellington, H. Bayir et al., “Resuscitation
of traumatic brain injury and hemorrhagic shock with
polynitroxylated albumin, hextend, hypertonic saline, and
lactated ringer’s: effects on acute hemodynamics, survival,
and neuronal death in mice,” Journal of Neurotrauma, vol. 26,
no. 12, pp. 2403–2408, 2009.

[55] C. Israelsson, H. Bengtsson, A. Kylberg et al., “Distinct cellu-
lar patterns of upregulated chemokine expression supporting
a prominent inflammatory role in traumatic brain injury,”
Journal of Neurotrauma, vol. 25, no. 8, pp. 959–974, 2008.

[56] D. H. Smith, H. D. Soares, J. S. Pierce et al., “A model of
parasagittal controlled cortical impact in the mouse: cogni-
tive and histopathologic effects,” Journal of Neurotrauma, vol.
12, no. 2, pp. 169–178, 1995.

[57] C. Bert-Weissenberger and A. L. Siren, “Experimental trau-
matic brain injury,” Experimental and Translational Stroke
Medicine, vol. 2, no. 1, p. 16, 2010.

[58] C. L. Floyd, K. M. Golden, R. T. Black, R. J. Hamm, and B.
G. Lyeth, “Craniectomy position affects morris water maze
performance and hippocampal cell loss after parasagittal
fluid percussion,” Journal of Neurotrauma, vol. 19, no. 3, pp.
303–316, 2002.

[59] V. Bansal, T. Costantini, S. Y. Ryu et al., “Stimulating the
central nervous system to prevent intestinal dysfunction after
traumatic brain injury,” Journal of Trauma, vol. 68, no. 5, pp.
1059–1063, 2010.

[60] M. A. Flierl, P. F. Stahel, K. M. Beauchamp, S. J. Morgan, W.
R. Smith, and E. Shohami, “Mouse closed head injury model
induced by a weight-drop device,” Nature Protocols, vol. 4, no.
9, pp. 1328–1337, 2009.

[61] V. Bansal, T. Costantini, L. Kroll et al., “Traumatic brain
injury and intestinal dysfunction: uncovering the neuro-
enteric axis,” Journal of Neurotrauma, vol. 26, no. 8, pp. 1353–
1359, 2009.

[62] H. J. Thompson, J. Lifshitz, N. Marklund et al., “Lateral fluid
percussion brain injury: a 15-year review and evaluation,”
Journal of Neurotrauma, vol. 22, no. 1, pp. 42–75, 2005.

[63] H. L. Laurer and T. K. McIntosh, “Experimental models of
brain trauma,” Current Opinion in Neurology, vol. 12, no. 6,
pp. 715–721, 1999.

[64] S. L. Sell, M. A. Avila, G. Yu et al., “Hypertonic resuscitation
improves neuronal and behavioral outcomes after traumatic
brain injury plus hemorrhage,” Anesthesiology, vol. 108, no.
5, pp. 873–881, 2008.

[65] S. C. Stein, K. Ganguly, C. M. Belfield et al., “Erythrocyte-
bound tissue plasminogen activator is neuroprotective in
experimental traumatic brain injury,” Journal of Neuro-
trauma, vol. 26, no. 9, pp. 1585–1592, 2009.

[66] J. D. Kerby, J. G. Sainz, F. Zhang et al., “Resuscitation
from hemorrhagic shock with HBOC-201 in the setting of
traumatic brain injury,” Shock, vol. 27, no. 6, pp. 652–656,
2007.

[67] H. Wu, D. Lu, H. Jiang et al., “Simvastatin-mediated
upregulation of VEGF and BDNF, activation of the PI3K/Akt
pathway, and increase of neurogenesis are associated with
therapeutic improvement after traumatic brain injury,” Jour-
nal of Neurotrauma, vol. 25, no. 2, pp. 130–139, 2008.

[68] M. S. Lahoud-Rahme, J. Stezoski, P. M. Kochanek, J. Melick,
S. A. Tisherman, and T. Drabek, “Blood-brain barrier
integrity in a rat model of emergency preservation and
resuscitation,” Resuscitation, vol. 80, no. 4, pp. 484–488, 2009.

[69] T. Geeraerts, C. Ract, M. Tardieu et al., “Changes in cerebral
energy metabolites induced by impact-acceleration brain
trauma and hypoxic-hypotensive injury in rats,” Journal of
Neurotrauma, vol. 23, no. 7, pp. 1059–1071, 2006.

[70] S. Signoretti, V. Di Pietro, R. Vagnozzi et al., “Transient
alterations of creatine, creatine phosphate, N-acetylaspartate
and high-energy phosphates after mild traumatic brain
injury in the rat,” Molecular and Cellular Biochemistry, vol.
333, no. 1-2, pp. 269–277, 2010.

[71] N. Biber, H. Z. Toklu, S. Solakoglu et al., “Cysteinyl-
leukotriene receptor antagonist montelukast decreases
blood-brain barrier permeability but does not prevent



12 Journal of Biomedicine and Biotechnology

oedema formation in traumatic brain injury,” Brain Injury,
vol. 23, no. 6, pp. 577–584, 2009.

[72] K. Salci, P. Nilsson, M. Goiny, C. Contant, I. Piper, and P.
Enblad, “Low intracranial compliance increases the impact
of intracranial volume insults to the traumatized brain:
a microdialysis study in a traumatic brain injury rodent
model,” Neurosurgery, vol. 59, no. 2, pp. 367–373, 2006.

[73] B. J. Zink, S. A. Stern, B. D. McBeth, X. Wang, and M. Mertz,
“Effects of ethanol on limited resuscitation in a model of
traumatic brain injury and hemorrhagic shock,” Journal of
Neurosurgery, vol. 105, no. 6, pp. 884–893, 2006.

[74] A. J. Feinstein, M. B. Patel, M. Sanui, S. M. Cohn, M.
Majetschak, and K. G. Proctor, “Resuscitation with pressors
after traumatic brain injury,” Journal of the American College
of Surgeons, vol. 201, no. 4, pp. 536–545, 2005.

[75] J. B. Gibson, R. A. Maxwell, J. B. Schweitzer, T. C. Fabian, and
K. G. Proctor, “Resuscitation from severe hemorrhagic shock
after traumatic brain injury using saline, shed blood, or a
blood substitute,” Shock, vol. 17, no. 3, pp. 234–244, 2002.

[76] G. T. Manley, G. Rosenthal, M. Lam et al., “Controlled cor-
tical impact in swine: pathophysiology and biomechanics,”
Journal of Neurotrauma, vol. 23, no. 2, pp. 128–139, 2006.

[77] G. Rosenthal, D. Morabito, M. Cohen et al., “Use of
hemoglobin-based oxygen-carrying solution-201 to improve
resuscitation parameters and prevent secondary brain injury
in a swine model of traumatic brain injury and hemorrhage:
laboratory investigation,” Journal of Neurosurgery, vol. 108,
no. 3, pp. 575–587, 2008.

[78] K. M. C. Cheung, K. Kaluarachi, G. Andrew, W. Lu, D. Chan,
and K. S. E. Cheah, “An externally fixed femoral fracture
model for mice,” Journal of Orthopaedic Research, vol. 21, no.
4, pp. 685–690, 2003.

[79] B. M. Hanratty, J. T. Ryaby, X. H. Pan, and G. Li, “Thrombin
related peptide TP508 promoted fracture repair in a mouse
high energy fracture model,” Journal of Orthopaedic Surgery
and Research, vol. 4, no. 1, article 1, 2009.

[80] J. H. Holstein, P. Garcia, T. Histing et al., “Advances in
the establishment of defined mouse models for the study
of fracture healing and bone regeneration,” Journal of
Orthopaedic Trauma, vol. 23, supplement 5, pp. S31–S38,
2009.

[81] P. Garcia, J. H. Holstein, T. Histing et al., “A new technique
for internal fixation of femoral fractures in mice: impact of
stability on fracture healing,” Journal of Biomechanics, vol. 41,
no. 8, pp. 1689–1696, 2008.

[82] J. H. Holstein, R. Matthys, T. Histing et al., “Development
of a stable closed femoral fracture model in mice,” Journal of
Surgical Research, vol. 153, no. 1, pp. 71–75, 2009.

[83] N. T. Colburn, K. J. M. Zaal, F. Wang, and R. S. Tuan, “A role
for γ/δ T cells in a mouse model of fracture healing,” Arthritis
and Rheumatism, vol. 60, no. 6, pp. 1694–1703, 2009.

[84] A. Hiltunen, E. Vuorio, and H. T. Aro, “A standardized exper-
imental fracture in the mouse tibia,” Journal of Orthopaedic
Research, vol. 11, no. 2, pp. 305–312, 1993.

[85] C. K. Connolly, G. Li, J. R. Bunn, M. Mushipe, G. R.
Dickson, and D. R. Marsh, “A reliable externally fixated
murine femoral fracture model that accounts for variation
in movement between animals,” Journal of Orthopaedic
Research, vol. 21, no. 5, pp. 843–849, 2003.

[86] J. H. Holstein, M. D. Menger, U. Culemann, C. Meier, and T.
Pohlemann, “Development of a locking femur nail for mice,”
Journal of Biomechanics, vol. 40, no. 1, pp. 215–219, 2007.

[87] F. Bonnarens and T. A. Einhorn, “Production of a standard
closed fracture in laboratory animal bone,” Journal of
Orthopaedic Research, vol. 2, no. 1, pp. 97–101, 1984.

[88] M. B. Manigrasso and J. P. O’Connor, “Characterization of a
closed femur fracture model in mice,” Journal of Orthopaedic
Trauma, vol. 18, no. 10, pp. 687–695, 2004.

[89] I. Grongroft, P. Heil, R. Matthys et al., “Fixation compliance
in a mouse osteotomy model induces two different processes
of bone healing but does not lead to delayed union,” Journal
of Biomechanics, vol. 42, no. 13, pp. 2089–2096, 2009.

[90] R. Matthys and S. M. Perren, “Internal fixator for use in the
mouse,” Injury, vol. 40, no. 4, pp. S103–S109, 2009.

[91] L. Claes, R. Blakytny, M. Gockelmann, M. Schoen, A.
Ignatius, and B. Willie, “Early dynamization by reduced
fixation stiffness does not improve fracture healing in a rat
femoral osteotomy model,” Journal of Orthopaedic Research,
vol. 27, no. 1, pp. 22–27, 2009.

[92] R. Simman, A. Hoffmann, R. J. Bohinc, W. C. Peterson, and
A. J. Russ, “Role of platelet-rich plasma in acceleration of
bone fracture healing,” Annals of Plastic Surgery, vol. 61, no.
3, pp. 337–344, 2008.

[93] J. Li, M. Ahmed, J. Bergstrom, P. Ackermann, A. Stark, and A.
Kreicbergs, “Occurrence of substance P in bone repair under
different load comparison of straight and angulated fracture
in rat tibia,” Journal of Orthopaedic Research, vol. 28, no. 12,
pp. 1643–1650, 2010.

[94] G. Janezic, E.-E. Widni, E. Q. Haxhija, M. Stradner, E.
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To simulate and monitor the evolution of posttraumatic sepsis in mice, we combined a two-hit model of trauma/hemorrhage
(TH) followed by polymicrobial sepsis with repetitive blood sampling. Anesthetized mice underwent femur fracture/sublethal
hemorrhage and cecal ligation and puncture (CLP) 48 h later. To monitor outcome-dependent changes in circulating
cells/biomarkers, mice were sampled daily (facial vein) for 7 days and retrospectively divided into either dead (DIE) or surviving
(SUR) by post-CLP day 7. Prior to CLP, AST was 3-fold higher in DIE, while all other post-TH changes were similar between
groups. There was a significant post-CLP intergroup separation. In SUR, RBC and Hb were lower, platelets and neutrophils
higher, and lymphocytes mixed compared to DIE. In DIE, all organ function markers except glucose (decrease) were few folds
higher compared to SUR. In summary, the combination of daily monitoring with an adequate two-hit model simulates the ICU
setting, allows insight into outcome-based responses, and can identify biomarkers indicative of death in the acute posttraumatic
sepsis in mice.

1. Introduction

With more than 751.000 cases per annum in USA [1] and an
incidence ranging from 0.4 to 1 case/1000 people in Europe
[2], sepsis is the leading cause of death in noncoronary
intensive care units [3]. Sepsis is routinely described as
the body’s systemic response to an invading pathogen
such as bacteria and/or fungus [4]. The current consensus
implies that early (acute) septic deaths have been associated
with an excessive exacerbation of the proinflammatory
immune response (termed systemic inflammatory response
syndrome or SIRS), which is then followed by the com-
pensatory anti-inflammatory response syndrome (CARS),
although biomarkers typical to either of those syndromes
may be released simultaneously [5, 6]. Systemic spread of
pathogens can originate from numerous organs/systems of

the body—the lung representing the most frequent site of
infection (68%), followed by the abdomen (22%), blood
(20%), and urinary tract (14%) [7].

The pathophysiology of sepsis is further complicated
by a variety of invading microorganisms, and that sepsis
typically occurs as a secondary complication (second hit).
Epidemiological data are inconsistent on the incidence of
post-traumatic sepsis: existing studies demonstrated that
post-injury sepsis/severe sepsis incidence ranges from 2%
to over 30% [8–10]. Furthermore, it has been corroborated
that trauma patients with sepsis have significantly higher
ICU admission rates and mortality than their non-septic
counterparts, mostly due to the development of multiple
organ dysfunction syndrome (MODS) [10, 11].

Animal models are the launch platform to study the
pathophysiology of sepsis and septic shock since they feature
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Figure 1: Schematic of the two-hit model and repetitive blood
sampling. 3-month-old female mice were subjected to trauma and
hemorrhage (TH) followed by polymicrobial CLP-induced sepsis.
Time span of model was divided into a pre-and post-CLP phase.
Starting at TH, a 20 µL blood sample was collected daily (until post-
TH day 7 post-CLP/day 5) from each animal, including one extra
sample at 6 h after-CLP.

a maximally controlled milieu and optimal experimental
reproducibility [12, 13]. Over the past decades, the most
widely used approach has typically employed a bolus admin-
istration of live/inactivated bacteria and their components
such as lipopolysaccharide (LPS). While acute intravenous
infusion of LPS/endotoxin is essentially inadequate for
recapitulation of protracted septic events [14, 15], the cecal
ligation and puncture (CLP) and colon ascendens stent peri-
tonitis (CASP) models, although not ideal, appear to be the
best existing alternative for emulating human polymicrobial
sepsis to date [16, 17]. Despite their wide use, all of the
above-mentioned models mirror primary sepsis induced by a
single challenge (one hit). To date, only a few animal models
attempted to recapitulate another, more clinically relevant
scenario of the two-hit challenge, in which sepsis develops
shortly after a survivable traumatic event. An early two-
hit model consisting of an initial hemorrhage followed by
a subsequent polymicrobial sepsis (CLP) in the mouse [18]
was developed by Stephan and collaborators. This approach
was further expanded by Van Griensven et al., who combined
partially lethal hemorrhage and nonlethal trauma as the first
hit and applied CLP as the subsequent hit [19]. A different
two-hit approach, developed to investigate the evolution of
nosocomial lung infections after abdominal sepsis in the
mouse, features CLP (as the first hit) followed by a single-
strain bacterial pneumonia [20–22].

The multiorigin epidemiology of sepsis and dynamic
alterations of its responses emphasize that successful treat-
ment of sepsis should rely on highly individualized ther-
apeutic interventions [23]. We have recently shown that
dexamethasone treatment administered to homogenous sub-
groups of mice (stratified based on predicted outcome)
markedly improved the survival of those mice with severe
sepsis but conferred no benefit on the moderately sick cohort
[24]. Such a targeted approach requires preclinical modeling
that sufficiently reproduces both multistep pathophysiology
of a given septic complication and the standard ICU
monitoring protocol. Therefore, we combined the modified
two-hit sepsis model (unilateral femur fracture/sublethal

hemorrhage followed by CLP) with our recently validated
daily blood-based monitoring method. Next, we tested this
design by surveying the evolution of exemplary immunolog-
ical, organ function, and metabolic alterations prior to and
after intraabdominal sepsis. Specifically, differences between
dying and surviving animals during both hit phases were
investigated.

2. Materials and Methods

2.1. Animals. 3-month-old, female CD-1 mice (total n =
120) with an average weight of 30 g were used for all
experiments. Mice were purchased from Harlan Laboratories
(Udine, Italy) and were kept in groups of five per cage
on a 12 h light-dark cycle. Temperature was maintained
between 22–24◦C, and standard rodent diet and water were
provided ad libitum to all mice throughout the experiments.
All animal procedures were approved by the local legislative
committee and conducted according to National Institute of
Health guidelines.

2.2. Two-Hit Model. We modified the original two-hit
trauma/hemorrhage protocol developed by van Griensven
et al. [19]. In brief, the first hit consisted of a noncom-
minuted, unilateral, midshaft femur fracture followed by
a hemorrhage via retro-orbital puncture (Figure 1). Femur
fracture was produced by custom-designed blunt pliers and
confirmed by X-ray. For hemorrhage, total blood volume
(TBV) was calculated as 6% of total body weight and both
50% and 40% of TBV were tested to achieve survival of at
least 95% at the end (0 h) of the posttrauma/hemorrhage
(TH) phase. After-TH, mice were resuscitated with 0.9%
sodium chloride subcutaneously, (NaCl) with four times the
volume of shed blood: 1 mL containing analgesia (0.05 mg/kg
buprenorphine, Temgesic) was administered immediately
after hemorrhage (aimed to reproduce the phase of restricted
resuscitation), while the remaining volume was given 1 h
later (aimed to reproduce the phase of unrestricted resusci-
tation).

To induce the second hit, mice were subjected to CLP
48 h after-TH (Figure 1). We followed the original CLP
protocol by Wichterman et al. [25] with a number of
modifications specified elsewhere [26, 27]. In order to receive
an approximate mortality of 50% at post-CLP day 5 (post-
TH day 7), different grade of CLP severity was induced
by increasing needle sizes (i.e., 20, 19, 18, or 17 gauge
(G)). Starting with TH, mice were resuscitated twice daily
(excluding the immediate posthemorrhage resuscitation)
with 1ml of 0.9% NaCl including analgesia (0.05 mg/kg
buprenorphine, Temgesic). From 2 h after-CLP onward,
every mouse was resuscitated twice daily for 5 days with 1 mL
Ringer solution containing analgesia (as above) and wide-
range antibiotic (25 mg/kg imipenem, Zienam) to emulate
the “Surviving Sepsis Campaign Guidelines for Management
of Severe Sepsis and Septic Shock” [28]. For all surgical
procedures, mice were anesthetized with isoflurane (Forane),
and survival was monitored for seven days after TH.



Journal of Biomedicine and Biotechnology 3

0

20

40

60

80

100

Su
rv

iv
al

(%
)

24 48 72 96 120−48 −24 0 144

(hours)

CLP

20G
19G

18G
17G

(a)

0

20

40

60

80

100

Su
rv

iv
al

(%
)

−48 −24 0

Pre-CLP (hours)

50% blood loss
40% blood loss

∗

(b)

0

20

40

60

80

100

Su
rv

iv
al

(%
)

24 48 72 96 1200

Post-CLP (hours)

50% blood loss
40% blood loss

(c)

Figure 2: 7-day mortality in 3-month-old female mice subjected to the two-hit model of trauma/hemorrhage followed by polymicrobial
CLP-induced sepsis. To achieve approximately 50% mortality at post-TH day 7 (50% hemorrhage of total blood volume, TBV), the severity
of CLP was adjusted by different gauge needles (20G n = 10, 19G n = 10, 18G n = 10, 17G n = 22). To reach sublethality after hemorrhage,
∗P < .05 between 50 and 40% blood loss group (of TBV) was tested with a 17-gauge needle (40% + 17G n = 65; 50% + 17G n = 16).

Given the aim of the experiment, sham surgeries were not
performed to reduce the total number of mice in the study.

2.3. Blood Sampling. Beginning immediately prior to hem-
orrhage (−48 h time-point), 20 µL of blood was collected via
facial vein puncture from each animal every 24 h (including
an additional sample at 6 h post-CLP) until post-CLP day
5 as previously described by Weixelbaumer et al. [29]
(Figure 1). All samples were immediately diluted 1 : 10 in PBS
with EDTA (diluted 1 : 50). After centrifugation (1 g, 5 min,
22◦C), 180 µL of plasma was removed and stored at −80◦C
for further analysis.

2.4. Complete Blood Count. After removing plasma, the
remaining blood pellet was resuspended with 180 µL Cell-
Dyn buffer with EDTA prior to complete blood count (CBC)

analysis with a Cell Dyn 3700 counter (Abbott Laboratories,
Ill, USA).

2.5. Metabolic and Organ Function Parameters. Urea nitro-
gen (urea), glucose, lactate dehydrogenase (LDH), alanin
transaminase (ALT), and aspartate transaminase (AST) were
analyzed in plasma samples with a Cobas c111 reader (Roche,
Switzerland).

2.6. Statistical Analysis. Survival curves were plotted using
Kaplan-Meier method. Data were tested for normality, and
for all further analyses, mice were retrospectively divided into
either surviving (SUR, alive by post-CLP day 5) or dying
(DIE, died between post-CLP day 1 and 5). Due to the high
variability and low n = 3 at 96 h (post-CLP day 5) in the DIE
group, we excluded this time point from all graphs/analyses.
Regardless of whether pre-CLP (Figures 3–5) or post-CLP
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Figure 3: Retrospective comparison of red blood cell, platelet count, and hemoglobin concentration in dying (DIE) versus surviving (SUR)
animals prior to CLP. 3-month-old female mice were subjected to trauma/hemorrhage prior to CLP. Displayed values were compared
between DIE and SUR at −48 h (DIE at least n = 17, SUR at least n = 18), −24 h (DIE at least n = 28, SUR n = 32), 0 h before-CLP
(DIE at least n = 28, SUR n = 32 for all parameters) and between time points. Dots represent outlayers. §P < .05 between time points, and
∗P < .05 between DIE and SUR.

(Figures 6–8), SUR versus DIE differences (each time point
separately) were evaluated by either Student’s t-test (nor-
mally distributed data) or Mann-Whitney test (abnormally
distributed data). One-way ANOVA followed by Dunn’s test
was used to assess longitudinal fluctuations of all parameters
in the pre-CLP phase. All pre-CLP data (Figures 3–5) are
presented as Tukey box-plot diagram, while post-CLP data
are plotted as mean ± SEM (Figures 6–8). Statistical tests
were carried out using Prism 5 (GraphPad Software Inc.,
San Diego, USA), and the level of significance was defined
at P < .05.

3. Results

3.1. Survival. The initial goal was to reach an overall mor-
tality of approximately 50% at the end of the acute phase

of sepsis (post-CLP day 5, post-TH day 7). All mice
were subjected to trauma (unilateral femur fracture) and
hemorrhage (50% of TBV) followed by CLP of varying
severity 48 h later (Figure 2(a)). Hemorrhage of 50% of TBV
resulted in an average mortality of 27% at post-TH day 2.
CLP surgery with 17G needle produced additional mortality
of 34% leading to the overall mortality of approx. 60%
at post-CLP day 5 (post-TH day 7). CLP with remaining
needles was either mildly lethal (10% by 19G) or nonlethal
(20 and 18G) (Figure 2(a)). To eliminate the excessive loss
of mice induced by TH, we reduced the hemorrhage volume
to 40% of TBV. This significantly lowered the post-TH
mortality from 27% to 4% (Figure 2(b)). All post-TH deaths
occurred within 1 h of the hit.

Next, we tested whether the change in the amount of shed
blood (50% versus 40%) affected the post-CLP outcome.
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Figure 4: Retrospective comparison of neutrophil and lymphocyte count in dying (DIE) versus. surviving (SUR) animals prior to CLP.
3-month-old female mice were subjected to trauma/hemorrhage prior to CLP. Displayed values were compared between DIE and SUR at
−48 h (DIE n = 17, SUR n = 18), −24 h (DIE n = 29, SUR n = 32) 0 h before-CLP (DIE n = 31, SUR n = 34) and between time points.
Dots represent outlayers. §P < .05 between time points.

Mice were subjected to TH with either 50% or 40% of TBV
followed by CLP with 17G needle (Figure 2(c)). The (post-
CLP) day-5 mortality was virtually identical for both groups
(56% versus 54%) (Figure 2(c)).

3.2. Pre-CLP (Post-TH) Phase

3.2.1. Red Blood Cells, Hemoglobin, and Platelets. In all sub-
sequent experiments, all mice were consistently subjected
to TH with 40% of TBV and CLP with 17G needle and
retrospectively divided into either SUR or DIE for further
comparisons (see Section 2.6).

TH hit caused a virtually identical reduction of red blood
cell (RBC) counts (by approximately 32%) and hemoglobin
(Hb) concentration (by approx. 31%) in both SUR and DIE
animals at −24 h (Figures 3(a) and 3(b)), and the magnitude
of this decrease remained virtually unchanged until CLP (0 h
time point).

Prior to TH (−48 h time point), platelets (PLT) were
lower in SUR by approximately 11% (P < .05) compared
to DIE mice (Figure 3(c)). At −24 h, PLT insignificantly
decreased in SUR (by 13%) and in DIE (by 20%) animals
(compared to the respective counts at −48 h). At 0 h, PLT
recovered to their initial pre-TH values (both groups) with
the SUR PLT count approx. 10% lower (P < .05) than in DIE
mice.

3.2.2. White Blood Cells. We investigated the effect of trauma
and hemorrhage on neutrophil (NEU) and lymphocyte
(LYM) population. TH hit did not affect circulating leuko-
cytes (data not shown). Interestingly, while TH did not have
an immediate effect upon circulating NEU, its delayed surge
(identical in both groups) was evident immediately prior to

CLP (0 h versus−48 h and−24 h, P < .05) (Figure 4(a)). Nei-
ther longitudinal nor intergroup differences were observed in
post-TH circulating LYM counts (Figure 4(b)).

3.2.3. Organ Function Parameters. TH hit caused a virtually
identical hypoglycemia in both SUR and DIE animals, as
evidenced by the approx. 40% drop of circulating glucose at
−24 h (Figure 5(a)). Glucose remained low (approx. 70% of
the −48 h value) in both (SUR and DIE) groups until CLP
(0 h).

There was a strong AST spike in all mice at −24 h
(Figure 5(b)), and this increase was 3-fold higher in DIE
compared to SUR mice (192.7 versus 578.7 U/L, P < .05).
However, there was no significant intergroup difference at
0 h, as AST nearly recovered both in SUR (122 U/L) and
DIE (172 U/L) mice (Figure 5(b)). In ALT, there was also a
significant post-TH increase at−24 h, but in contrast to AST,
its magnitude (average 48%) was similar in both SUR and
DIE mice (Figure 5(c)).

The same was true for LDH: an initial 64% post-TH
surge at −24 h (identical in SUR and DIE) was followed
by its marked recovery at 0 h (Figure 5(d)). Levels of urea
differed slightly (12%, P < .05) between DIE and SUR prior
to TH (−48 h, Figure 5(e)), but this dissimilarity disappeared
at later (post-TH) time points (−24 h and 0 h).

3.3. Post-CLP Phase

3.3.1. Red Blood Cells, Hemoglobin, and Platelets. Regardless
of outcome, RBC counts and Hb concentration remained
decreased throughout the entire post-CLP period. In DIE
mice, RBC and Hb were slightly (but consistently) elevated
(e.g., 15% and 13% at 6 h) compared to SUR. Sepsis caused
an almost identical PLT drop in both SUR and DIE groups
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Figure 5: Retrospective comparison of circulating glucose, AST, ALT, LDH, and urea in dying (DIE) versus surviving (SUR) animals prior
to CLP. 3-month-old female mice were subjected to trauma/hemorrhage prior to CLP. Displayed values were compared between DIE and
SUR at −48 h (DIE n = 16, SUR n = 18; AST: DIE n = 6, SUR n = 12), −24 h (DIE n = 23, SUR n = 32; AST: SUR n = 21), 0 h before-CLP
(DIE n = 23, SUR n = 32; AST: DIE n = 8, SUR n = 21) and between time points. §P < .05 between time points, and ∗P < .05 between DIE
and SUR.
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(SUR) animals after-CLP. 3-month-old female mice were subjected to trauma/hemorrhage followed by polymicrobial CLP-induced sepsis.
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for all parameters) after-CLP. Dotted lines represent normal values. ∗P < .05.

until 48 h post-CLP. Thereafter, PLTs began to recover in
SUR mice (further decline in DIE), reaching approx 80% of
baseline at 96 h. A 2-fold separation between SUR and DIE
mice was recorded at 72 h (Figure 6(c)).

3.3.2. White Blood Cells. Within the first 48 h, CLP resulted
in a drop of NEU in all mice with NEU counts typically
lower (e.g., by 31% at 24 h and 21% at 72 h) in DIE animals
compared to SUR (Figure 7(a)). From 48 h onward, there was
a gradual recovery of NEU, which at 72 h either reached (in
DIE) or exceeded (in SUR) baseline values.

Similar to NEU, there was a rapid LYM decrease in all
mice within the first 48 h of CLP, with initial LYM counts
significantly higher (by 17% at 6 h and 51% at 24 h) in

DIE compared to SUR (Figure 7(b)). This was followed by
a prominent shift between the SUR versus DIE groups: while
the 72 h LYM count remained depressed in DIE mice, there
was a robust LYM recovery in SUR from 48 h onward. At
72 h, the SUR LYM count was higher by 40% (P < .05)
(compared to the LYM count in DIE) and continued to
increase toward baseline (approx. 84% of the lower baseline
range at 96 h) (Figure 7(b)).

3.3.3. Organ Function Parameters. Regardless of the group,
preexisting (post-TH) hypoglycemia worsened after the CLP-
induced sepsis. Compared to DIE, a slight glucose recovery
in SUR mice was noted from 48 h onward (by approx. 20% at
48 h and 23% at 72 h, P < .05) (Figure 8(a)). In both DIE and
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Figure 7: Retrospective comparison of neutrophil and lymphocyte count in dying (DIE) versus surviving (SUR) animals after-CLP. 3-
month-old female mice were subjected to trauma/hemorrhage followed by polymicrobial CLP-induced sepsis. Displayed values were
compared between DIE and SUR groups 6 h (DIE n = 31, SUR n = 33), 24 h (DIE n = 29, SUR n = 34), 48 h (DIE n = 18, SUR
n = 32), 72 h (DIE n = 12, SUR n = 32), and 96 h (SUR n = 28) after-CLP. Dotted lines represent normal values. ∗P < .05.

SUR groups, there was a notable post-CLP increase in AST.
The peak inter-group difference (DIE 2-fold higher than
SUR) was recorded at 48 h (P < .05) but disappeared at 72 h
(Figure 8(b)). Such an intergroup separation was even more
pronounced in ALT: while its activity continuously increased
in DIE from 6 h onward, it was gradually declining (transient
peak at 24 h) in SUR reaching baseline by 96 h (Figure 8(c)).
The maximal, 6-fold difference in circulating ALT between
SUR and DIE mice was recorded at 72 h (0.3-fold at 24 h and
4-fold at 48 h).

Similar after-CLP response was observed for LDH and
urea. Both parameters were elevated in DIE mice: urea by
0.3-fold at 6 h and by 3.6-fold between 24–72 h, while LDH
by approximately 2-fold at 24 h, 5-fold at 48 h, and 3.5-fold
at 72 h time point (P < .05) compared to SUR. In SUR mice,
both urea and LDH values approached baseline from 48 h
onward.

4. Discussion

The primary goal of our study was to reproduce a scenario,
in which an initial traumatic/hypovolemic event survived
by an ICU-monitored patient is complicated by severe
polymicrobial sepsis. By combining the two-hit model with
daily blood sampling, we were able to detect potential early
and late differences between surviving and dying septic
animals and follow the evolution of those changes prior
and/or after each of the hits.

Given that an extensive blood loss typically coincides
with injury and/or trauma, combining these two elements
into an initial challenge is more clinically relevant than
referring to established first-hit models consisting solely of
hemorrhage [30]. Elimination of either trauma or hem-
orrhage component may significantly distort the ensuing

pathophysiological immunoinflammatory response, and in
effect produce incomplete or erroneous conclusions. The
growing awareness to the above-mentioned facts has pro-
voked attempts to develop more representative (two-hit)
animal models aimed at investigating the pathogenesis of
sepsis as the secondary insult.

Nosocomial (ventilator-associated) pneumonia is a ma-
jor cause of secondary septic complications in trauma
patients with prolonged ICU stays [31, 32] although inci-
dences of polymicrobial sepsis are also reported [33]. An
abdominal focus of infection may be viewed as relatively
suboptimal given the prevalence of lung-associated sec-
ondary infections in polytrauma patients. In our model,
however, the cecal ligation and puncture primarily served
as a trigger to produce a severe polymicrobial challenge
(as opposed to the typically monobacterial lung-associated
sepsis) that spreads systemically in a protracted fashion,
rather than a model of abdominal peritonitis per se. More-
over, our model was deliberately deprived of relevant
intangibles such as preexisting comorbidities (e.g., diabetes,
atherosclerosis) and operative interventions that are rou-
tinely observed/performed in patients and may significantly
skew investigated parameters and outcome [34, 35]. We
chose to use healthy mice since any confounding factor
in addition to the two-hit challenge would likely generate
too much variability and make data interpretation difficult.
The CLP challenge itself provides an adequate variability
regarding both the outcome and wide range of generated
responses. The level of sepsis-induced mortality in our
model (approx. 50% at day 5 post-CLP) was carefully set to
closely reproduce clinical data (reporting between 20% and
60% incidence of deaths in the septic ICU patients) [12].
This is important since data generated in highly lethal
CLP models might artificially enhance predictive value of
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Figure 8: Retrospective comparison of circulating glucose, AST, ALT, LDH, and urea in dying (DIE) versus surviving (SUR) animals after-
CLP. 3-month-old female mice were subjected to trauma/hemorrhage followed by polymicrobial CLP-induced sepsis. Displayed values were
compared between DIE and SUR groups 6 h (DIE n = 23, SUR n = 32; AST: DIE n = 8, SUR n = 20), 24 h (DIE n = 28, SUR n = 34; AST:
DIE n = 14, SUR n = 23), 48 h (DIE n = 19, SUR n = 34; AST: DIE n = 9, SUR n = 23), 72 h (DIE n = 12, SUR n = 34; AST: DIE n = 3,
SUR n = 23), and 96 h (SUR at least n = 33; AST: SUR n = 23) after-CLP. Dotted lines represent normal values. ∗P < .05.
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some biomarkers [36]. For example, we noted a significant
improvement in predictive accuracy for outcome of IL-6 in
severe (LD80) CLP model compared to a milder (LD30) CLP
injury (unpublished observation).

Both hemorrhage and trauma elements of the first hit
were modified from our original protocol [19]: guillotine
was replaced with custom-built blunt pliers while the
hemorrhage step was initiated immediately after femur
fracture (versus a 2 h delay in the previous setup), and
the hemorrhage volume was decreased by 20% (to 40% of
TBV). In our laboratory, the use of pliers better reproduced
blunt soft tissue damage while still providing an excellent
reproducibility of noncomminuted, midshaft femur fracture.
The hemorrhage modifications were dictated by both the
desire to reproduce a more clinically relevant timing and
to produce a survivable hypovolemic shock. Given that
in trauma patients fractures naturally diverge in terms of
location, type and severity of concurrent soft tissue injury
and extensive hemorrhage is frequently lethal, a relatively
rigorous standardization of these elements can be viewed
as the model’s shortcoming rather than advantage. Yet, in
this particular two-hit setup, a relatively similar magnitude
of the TH hit severity and maximal elimination of lethality
are desired, as we aimed to verify our model by studying
the outcome-dependent responses triggered by the CLP
hit (and not by the TH). Additionally, extrapolability of
potential responses indicative of the post-CLP outcome is
more relevant if such diverse reactions were produced by a
conservatively standardized (hence generating more uniform
responses) TH hit. Finally, the adherence to the Russell-
Burch “3R” tenet (replace, refine, reduce) should not be
overlooked [37].

Profound changes in the immunoinflammatory status
caused by trauma/hemorrhage, specifically those propagat-
ing development of progressive immunoparalysis, have been
postulated to be responsible for the increased susceptibility
to secondary sepsis [36]. Although, due to technical con-
straints, we were not able to determine the cytokine-based
immunoinflammatory status of TH-CLP mice, this aspect
requires careful evaluation in subsequent experiments. Given
that immuno-inflammatory fluctuations frequently occur in
patients over the period of several hours, a rigorous and
continuous surveillance of the ICU patients’ immune status
is fundamental in ensuring the most adequate therapeutic
strategy (e.g., rapid adjustments of treatment to tailor it to
the ongoing shifts of the immune system). To enable such
tactics in our TH-CLP model, we subjected all mice to daily
low-volume blood sampling via facial vein puncture. This
technique provides daily collection of blood (20 µL/mouse)
from critically ill mice with virtually no negative effects
upon their outcome and/or health status [29]. Despite
a limited sample volume available for analysis, advanced
and highly sensitive techniques such as multiplex bead
assays and various automated biochemistry analyzers allow
accurate measurement of dozens of circulating biomarkers
and/or cell subpopulations. However, in the context of a
joint critical disease/repetitive sampling protocol, its main
advantage lies in an ability to investigate a natural evolution
of a given disease: any relevant immuno-inflammatory,

metabolic, and/or organ function alterations can be followed
over time in individual subjects to an undefined outcome.
This is in stark contrast to studies in which animals are
sacrificed at predefined time points providing only a narrow
snapshot assessment of investigated endpoints/pathways
without option to match recorded changes with outcome.

In our study, we employed the TH-CLP/monitoring
combination to gain preliminary insight into outcome-
related mechanisms developing during the acute phase of
post-traumatic sepsis. In context of potential posttrau-
matic septic complications, the period between the first
(trauma/hemorrhage) and the secondary (sepsis) challenge
may be as decisive as the immediate time span following
the onset of sepsis. If relevant risk-correlating marker(s)
are identified in the posttraumatic but preseptic phase,
one could identify not only subjects with high risk of
developing septic complications (posttrauma) but also those
who display higher risk of death once sepsis sets in. While
this model does not allow any insight into the first scenario
(all mice undergo sepsis), it is well matched to investigate
the latter situation. We therefore performed outcome-based
retrospective analysis of all analysed parameters to detect
potential early (pre-CLP) and late (post-CLP) differences
between surviving and dying individuals. In the pre-CLP
phase, there was a much stronger post-TH (24 h pre-CLP)
AST spike (indirectly indicative of hepatic injury) in mice
that died within first few days after the onset of peritonitis
(compared to survivors), whereas the same cohort (DIE)
showed clear and profound metabolic/organ function dis-
turbances in the post-CLP period. Further detailed analysis
are needed to establish whether some post-TH mice develop
a more intense dysfunction of selected organs prior to sepsis
(consequently predisposing them for unfavourable post-CLP
outcome) and how exactly organ disturbances drive lethal
septic responses both prior and after the onset of sepsis. In
any respect, such longitudinal assessments, enabled by more
ICU-like tailored models such as the one described above,
generate valuable findings that may be then successfully
extrapolated to respective clinical scenarios. This in turn
may help in identifying ideal time points and/or targets
for successful therapeutic interventions in sepsis and other
related critical diseases.

5. Conclusion

The modified and clinically relevant TH-CLP model allows
a more adequate investigative insight into the course
of (polymicrobial) septic complications following trauma.
Additional integration of the daily blood sampling into
the TH-CLP setup closely emulates one of the major
components of the ICU protocol: repetitive monitoring
of critically sick patients. The daily monitoring of TH-
CLP mice was a basis for outcome-based (retrospective)
stratification of responses they generated during both two-
hit phases. Such an approach enables in turn correlation of
circulating cells/biomarkers to septic outcomes even prior to
the development of sepsis. If verified in a clinical setting,
findings from such advanced models not only could help
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to categorize patients into high-and low-risk of death after
their traumatic insult gets complicated by sepsis, but also to
prevent the onset of septic sequelae altogether.
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Heterotopic ossification (HO) is the formation of marrow-containing bone outside of the normal skeleton. Acquired HO
following traumatic events is a common and costly clinical complication. In contrast, hereditary HO is rarer, progressive, and
life-threatening. Substantial effort has been directed towards understanding the mechanisms underlying HO and finding efficient
treatments. However, one crucial limiting factor has been the lack of relevant animal models. This article reviews the major
currently available animal models, summarizes some of the insights gained from these studies, and discusses the potential future
challenges and directions in HO research.

1. Introduction

Heterotopic ossification (HO) is the formation of marrow-
containing bone outside of the normal skeleton [1, 2].
Acquired HO following traumatic events, such as total joint
replacements (TJR) [3–5], spinal cord injury (SCI) [6],
traumatic brain injury (TBI) [7], fracture, muscular trauma,
or war-wounded patients [8, 9], is a common and costly
clinical complication. Hereditary HO, such as fibrodysplasia
ossificans progressiva (FOP), is rare, progressive, and life
threatening [10]. The first description of hereditary HO in
FOP was made in 1692 by Guy Patin. Acquired HO as a
complication of gunshot wounds was described by Dejerine
and Ceillier in 1918 [11]. 16%–53% of SCI (11,000 annually)
and TBI (1.4 million) patients and 40%–50% of TJR (1
million) patients will develop HO at some point.

About 10% of HO is symptomatic resulting in limitations
in range of motion. Once acquired HO develops, surgical
removal is the only effective treatment, normally followed
by local radiation or nonsteroidal anti-inflammatory agents
(NSAIDs) to prevent recurrence [12]. However, surgical
removal is costly, the effectiveness of NSAIDs is variable,
and radiation has been associated with malignancies [13,
14]. Further, there is no effective treatment for debilitating
hereditary HO, FOP [15].

Substantial effort has been directed towards understand-
ing the mechanisms underlying HO and finding efficient

treatments. However, one crucial limiting factor has been
the lack of relevant animal models. This paper reviews
the long and arduous efforts to generate clinical relevant
animal models and focuses on the features of major currently
available models. It also summarizes some of the insights
gained from these studies and discusses the potential future
challenges and directions in HO research.

For the purposes of this paper, HO is defined as a hetero-
geneous disorder characterized by pathologic endochondral
ossification with hematopoietic bone marrow in soft tissues,
such as subcutaneous tissue, skeletal muscle, or fibrous tissue
adjacent to joints. Similar pathologies lacking endochondral
ossification, such as Progressive Osseous Heteroplasia [15,
16] or that containing no hematopoietic bone marrow,
such as ectopic calcification/mineralization [17] (also called
dystrophic calcification), are not included.

2. Animal Models of Hereditary HO

A typical example of hereditary HO is FOP, which is char-
acterized by stereotyped patterned progressive ossification
in soft tissues [18]. In this disorder, mutations in a bone
morphogenetic protein (BMP) receptor gene, ACVR1 [19],
result in dysregulation of BMP signaling that ultimately
leads to FOP [10, 20]. This mutant ACVR1 activates BMP
signaling in the absence of BMP ligand leading to BMP-
independent chondrogenesis that is enhanced by BMP
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ligands [21]. This indicates that mechanism-based animal
models that faithfully replicate the disorder virtually require
genetic modifications leading to enhanced BMP signaling.
Theoretically, there are at least five ways to modify and
enhance BMP signaling: (1) by introducing a hyperactive
BMP receptor, (2) by knocking out BMP inhibitors, (3)
by introducing high level of BMPs, (4) by overexpressing
specific BMP target genes, and (5) by modifying BMP
signaling indirectly through other factors that can interact
with components of BMP signaling pathway.

2.1. Animal Models That Introduce Hyperactive BMP Receptor.
Animal models that introduce hyperactive BMP receptor,
especially the recently found mutations in ACVR1, would
seem to be the most relevant model of FOP. However,
introducing a constitutively active ACVR1 mutation into
zebrafish embryos failed to induce obvious HO even though
strong ventralization due to enhanced BMP signaling was
observed [20]. A genetically modified mouse model that
carries the same mutation has not yet been reported but
will likely be a valuable addition to the field in the future.
Interestingly, a number of animals including domestic cats
[22–25], shepherd dog [26], pigs [27], and the Southeast
Asian mouse deer of the genus Tragulus [28] develop
FOP-like conditions spontaneously. Even though the exact
genetic bases are still unknown, it is reasonable to think
that sporadic, spontaneous mutations in the BMP signaling
pathway, especially mutations in ACVR1, were likely respon-
sible for the observed FOP-like conditions. Further genetic
studies of these affected animals hopefully will clarify this
issue. However, due to the rarity of the events and ethical
considerations, the practicality of these large animal models
as a drug testing platform is in question.

Kobayashi et al. [51] reported that Col2-caBmpr1a
transgenic mice that express constitutive active Bmpr1a
(caBmpr1a) under the control of rat type II collagen
promoter created enhanced BMP signaling. E17.5 transgenic
embryos showed severe skeletal abnormalities; the femur,
tibia, and patella were fused together, eliminating joint tis-
sues [51]. This study demonstrated that overactive BMP sig-
naling through caBMPR1A in chondrocytes stimulates chon-
drocyte maturation toward hypertrophic differentiation, but
an HO phenotype was not reported in this model. Fukuda et
al. reported using a Cre-loxP system to conditionally express
a constitutively active ALK2 receptor (caALK2) to activate
BMP signaling, but this produced embryonic lethality [29].
Their data indicate that low levels of caAlk2 expression are
sufficient to transduce a sufficient amount of BMP signaling
to compromise normal development of embryos. We specu-
late that conditionally activating the caAlk2 expression with
late tissue-specific Cre in future studies might generate a
mouse model that is useful for study of HO.

2.2. Animal Models That Knock out BMP Inhibitors. Genetic
deletion of a BMP inhibitor is another strategy for enhancing
BMP signaling and potentially producing an animal model
with an FOP-like phenotype. In fact, Noggin-/- mice have
some congenital skeletal defects, including congenital HO,

but Noggin-/- mice die soon after birth [30]. Mice with
targeted disruption of Chordin, another BMP inhibitor, also
die at birth, and they develop defects in inner and outer
ear development and show abnormalities in pharyngeal
and cardiovascular organization [31]. Mutation of another
mouse competitive BMP inhibitor gene, Gremlin, resulted
also in a severe abnormal skeletal pattern [52]. Interestingly,
conditional deletion of Gremlin by crossing the floxed mice
with osteocalcin promoter-driven cre (Oc-Cre) caused only
a transient increase in bone formation and bone mass, but
not HO [53]. Null mutation of less specific inhibitors of
BMP signaling, such as Dan [54] or Cerberus-like [55], did
not generate gross defects; these two mutant lines are born
alive and fertile without a postnatal HO phenotype. Thus,
although null mutation of genes encoding BMP inhibitors
provided insights into how enhanced BMP signaling affects
embryonic development, especially skeletal development,
none of the mutant mouse lines generated by this strategy
are useful for postnatal HO studies. This likely reflects the
pleiotropic roles of BMP signaling in various tissues.

2.3. Animal Models That Overexpress BMP Ligand. The
rationale for enhancing BMP signaling by overexpressing
BMP ligand is straightforward, but this approach has met
a number of unexpected complications. Overexpression of
BMP4 under the control of many different promoters does
not lead to postnatal HO. For example, HO does not develop
after overexpression of BMP4 under control of either the
keratin promoter (K14) [32] or the bovine cytokeratin IV
promoter [56]. Transgenic mice overexpressing BMP4 under
control of surfactant protein-C gene promoter die from
abnormally formed lungs [57]. Transgenic mice expressing
BMP4 in cartilage under the control of the Col11a2 pro-
moter/enhancer sequences die at birth due to respiratory
failure [58] while mice overexpressing human BMP4 under
control of mouse Msx1 minimal promoter develop no
visible abnormalities [33]. Overexpression of BMP2 under
the human αSM-actin promoter in an ApoE-deficient back-
ground accelerates atherosclerotic intimal calcification in
transgenic lines but does not produce typical HO [59]. Mice
that overexpress BMP4 under the Nephrin promoter have
interesting defects in glomerular capillary formation but not
the HO phenotype [60].

The only exception has been mice that overexpress
BMP4 under control of the neuron specific enolase promoter
(Nse-BMP4). These mice develop a phenotype that closely
recapitulates the FOP phenotype and that also displays the
histological hallmarks of typical acquired HO [34]. These
findings suggest that overexpression of BMP itself may be
necessary but is not sufficient to generate the HO phenotype
and that the correct expression patterns or contexts are
crucial. We have extensively characterized the phenotype in
this transgenic mouse line and have used these mice, in
collaboration with other labs [39], to study different aspects
of HO, including definition of the events that trigger HO,
the type of cells that respond to the trigger by differentiating
along the osteogenic lineage, and the mechanisms underlying
the spread of HO [61].
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2.4. Animal Models That Overexpress a Specific BMP Target
Gene. If overexpression of BMP ligand can produce HO, it
is reasonable to think that expressing specific BMP target
genes might also be capable of copying the phenotype of
BMP overexpression. In fact, overexpression of MSX2, a
BMP target gene, can induce an HO-like phenotype. MSX2
overexpression elicited the phenotype under control of either
an ubiquitous promoter, such as CMV, a tissue specific pro-
moter, such as TIMPl (tissue inhibitor of metalloproteinase
1), or the endogenous MSX2 promoter [35, 62]. Overex-
pression of another BMP target gene, Runx2, under the
type II collagen promoter also caused an HO-like phenotype
and ectopic expression of hypertrophic chondrocyte markers
[36]. These two models show that both MSX2 and Runx2
can partially mediate the osteogenic effects of BMPs in vivo.
However, since the phenotypes in these two lines do not
closely mimic that of FOP, the relevance of these models
to the human disease is still unclear. Moreover, multiple
transgenic lines that overexpress other BMP target genes,
especially the Id family genes, that is, Id1-Id4 [63–65], have
failed to produce an HO phenotype. This could be partially
explained by the inadequate tissue specific promoters used in
generating these transgenic lines. However, the failure more
likely indicates that not all BMP target genes are important in
mediating the HO phenotype, even though Id1 and Id3 are
positive factors in promotion of bone formation in vivo [65].

2.5. Animal Models That Overexpress Other Factors That
Indirectly Modify the BMP Signaling Pathway. Theoretically,
it is also possible to enhance the BMP signaling indirectly
through factors that can interact with components of the
BMP signaling pathway. For example, overexpression of
Fos in bone cells under control of an FBJ long terminal
repeat element (H2-FosLTR) resulted in the development of
calcified tumors similar to HO, and Fos-ES cell chimeras
developed chondrosarcomas with high efficiency at all skele-
tal sites containing cartilage [37]. However, transgenic mice
that overexpress other related AP1 members (e.g., JUN and
FOSB) do not exhibit abnormalities, despite high expression
in bone tissue. Not surprisingly, further studies provided
evidence of specific interactions between the BMP-signaling
pathway and c-Fos, but not the other related AP1 members
in FOP-like lesions [38].

Overall, even though there are multiple ways to enhance
BMP signaling in vivo, only a few genetic modified animal
lines showed typical HO, or a phenotype resembling FOP.
Further, only one line, Nse-BMP4 transgenic mice, closely
recapitulated the major aspects of the FOP phenotype.

3. Animal Models for Acquired HO

Acquired HO usually follows traumatic events, such as
fracture, total hip arthroplasty, muscular trauma, spinal cord
injury, or central nervous system injury. It is a relatively
frequent clinical complication with a wide clinical spectrum
but normally it has a relatively benign course [12]. The etiol-
ogy of common acquired HO is still unclear, and multiple
contributing factors have been proposed including BMPs,

inflammation, prostaglandin E2, hypercalcemia, hypoxia,
abnormal nerve activities, immobilization, and disequilib-
rium of hormones [66, 67]. Lack of deep understanding
of underlying molecular mechanisms has directly hindered
the validation of existing animal models, and this also has
limited the development of new mechanism-based animal
models. Currently, there are several available animal models
that can produce typical HO: (1) heterotopic implantation
models, (2) hip arthroplasty model, (3) the immobilization
manipulation model (also called the Michelsson model), (4)
Achilles tenotomy model, (5) trauma-induced model, and
(6) models generated by injection of irritants and other
materials to muscle.

3.1. Heterotopic Implantation Model. Currently the most
commonly used animal model for HO involves the surgical
implantation of BMP containing matrix at heterotopic sites.
Implantation of demineralized bone matrix was first used
by Urist in 1965 [68]; then Wozney et al. were able to
repeat the experiment using partially purified BMP proteins
[69]. Currently, the most widely used approach is BMP
matrigel implantation [39]; an advantage of this method
is that a chilled mix can be injected into heterotopic sites
as a liquid which gels on site at body temperature and
thereafter releases BMP4 continuously at the site. Many
modifications/variations of this method have been used
in different species under different conditions, including
introduction of a DNA construct that produces BMPs
[40], microbubble-enhanced transcutaneous sonoporation
of human BMP2 [70], nanogel-cross-linking hydrogel as
a scaffold [41], implantation of a slow-release system of
polylactic acid and rhBMP-2, or sintered porous-surfaced Ti-
6Al-4V implants coated with native BMPs [71].

One interesting variation on this theme involves direct
injection into the heterotopic site of cells that have
osteogenic, and/or osteogenic factor producing potential,
such as bone marrow cells [42], or implantation of a diffu-
sion chamber containing such cells. Tested cell types have
included urinary tract epithelia [72], certain transformed
cells such as transformed human amnion cells (FL cells)
[73], Moloney sarcoma [74], and epithelial-like cells [75].
In a similar system, these cells are impregnated into ceramic
blocks to test their osteogenic activity [76] in the presence or
absence of an osteogenic inducer.

Another interesting approach takes advantage of the
osteoinductive ability of certain biomaterials, such as micro-
porous calcium phosphate ceramic particles [43], that do
not release BMP or other known osteogenic factors. The
mechanism of osteoinduction by such biomaterials is not
currently clear, although the geometry of the material is
thought to be important [77].

Generally, heterotopic implantation models are straight-
forward, repeatable, and mechanistically relevant to human
HO. However, certain limitations do exist: (1) they are
artificial systems that may create unphysiologically high
local concentrations of osteogenic factors in implanted sites
leading to effects not relevant to the human disorder, (2) the
implantation is a local event and thus has limited ability to
mimic the potential effects of the involvement of multiple
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systems, (3) different variations of this method have variable
reliabilities and relevance to human conditions, (4) the
incidence of implantation-induced bone formation varies
depending upon the material or animal species. Normally
rabbits are the most, and mice the least, susceptible [78], and
experimental conditions that produce ectopic bone do not
always coincide with clinical observations in humans.

3.2. Hip Arthroplasty Model. HO is commonly observed
after hip arthroplasty in humans for unknown reasons. To
develop a model relevant to the human condition [44],
Schneider et al. subjected rabbits to surgery analogous to
human hip arthroplasty either with or without muscle and
bone injury on each hip. This led to HO, and the effectiveness
of postoperative radiation in prophylaxis of HO was then
analyzed using this model. The rationale behind this model
is straightforward, and it can produce HO with certain
reliability; however, despite being a phenocopy of the human
condition, it is not a mechanism-based model. This method
has not been widely adapted by other investigators, probably
due to the relatively complicated surgical procedure.

3.3. The Michelsson Model (Also Called Immobilization
Manipulation Model). Michelsson et al. [45] found that
repeated forced mobilization of an immobilized knee joint
caused HO in the quadriceps muscle in rabbits, and similar
procedures can induce HO around other joints in the
rabbit as well. The precise inductive stimulus has not been
identified in this model, but an interaction between the
periosteum and the necrotic muscle seems necessary since
the introduction of a plastic membrane between bone and
muscle prevents bone formation [79]. The first sign of
osteoblastic activity was seen in the periosteum, and the
new bone was often formed in continuity with the perios-
teum. Interestingly, early changes in prostaglandins preceded
bone formation [80], consistent with the hypothesis that
inflammation is the basis of the heterotopic bone formation
in that process. Several authors have used this model to
study the development and prevention of HO in animals
[81–85]. However, since HO in this model is not affected
by denervation, in contradistinction to clinical findings in
patients with neurologic injuries, the relevance of this model
to human HO is unclear.

3.4. Achilles Tenotomy Model. The Achilles tenotomy model
was first described in rats by Buck in 1953 [46], and in
1983, McClure applied the model to mice and found that
ectopic bone developed in 60% of animals by 5 weeks
and in 100% by 10 weeks after Achilles tenotomy [86].
The advantages of this model are its relative simplicity and
excellent predictability. However, the molecular mechanisms
of HO induced by Achilles tenotomy are poorly understood,
and the relevance of this model to clinical conditions is also
unclear since ectopic bone formation in Achilles tendon is a
rare condition in humans. Further, in humans HO is not only
associated with prior surgery or trauma to the tendon but is
also an important manifestation of rheumatoid arthritis and
ankylosing spondylitis [86].

3.5. Trauma-Induced Models. Traumatic muscle or CNS
injury often leads to HO in humans, but the underlying
causative factor(s) remains unknown. Efforts to establish
trauma induced models have had only limited success.
Zaccalini and Urist failed to induce HO in rabbit thigh
by blunt force [47]. Walton et al. reported limited success
in inducing HO in sheep thigh by repeated blunt force (7
out of 42 sheep) [48]. Further, intramembranous and not
endochondral ossification was the histological feature within
scar tissue. Based on these reports, these models do not
seem to be sufficiently reliable to be used routinely. Further,
the failure of this strategy has forced us to rethink why
trauma, which clearly plays a role in human HO, does not
routinely induce it in such models. Fortunately recent studies
using Nse-BMP4 mice have demonstrated that mild trauma
leads to HO with high frequency irrespective of which limb
is injured. In turn this suggests that trauma-induced HO
depends upon susceptibility determined by other factors—
in this case elevated levels of BMP4. The high frequency and
reproducibility of trauma-induced HO in this model may
provide a means of exploring the underlying mechanisms.

3.6. Irritant and Other Miscellaneous Material-Induced Mod-
els. Injection of various irritant materials into muscle some-
times leads to HO. For example, Heinen et al. reported the
induction of HO in rabbit by injection of 40% ethanol [49].
Selle and Urist also reported that acid-alcohol could induce
HO in a small percent of animals, while injections of calcium
chloride produced only amorphous calcified plaques, not
new bone or cartilage [50]. In addition, Arai et al. [87]
and Caselli et al. [88] reported a controversial finding that
colchicine induced intramedullary bone formation. This
finding could not be repeated by K. H. Wlodarski and
P. Wlodarski [89], and later Dudkiewicz et al. found that
colchicine actually inhibits HO in a rabbit model [90]. The
issues of repeatability and relevance of these models to
human HO limits their potential utility.

Overall, due to limited understanding of molecular
mechanisms, most animal models for acquired HO can only
mimic some aspects of the human conditions. Further, the
reliability and questionable clinical relevance hinder their
use as drug test platforms. Thus caution must be taken
in choosing one of these models to be appropriate for the
specific question being asked.

4. Summary and Future Directions

Multiple animal models have been generated for studies of
HO (see Table 1). For the simplicity of description in this
review, we divided these models into two major groups,
acquired or hereditary. However, to some extent, this division
is arbitrary since injury and inflammation facilitates and
triggers HO in FOP as well as in animal models of hereditary
HO, and the high variability in susceptibility of different
individuals to acquired HO suggests a genetic basis for
individual predisposition. In fact, accumulating clinical and
experimental evidence suggests that similar cellular and
molecular mechanisms underlie the pathophysiology of all
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Table 1: Summary of commonly used animal models.

General strategy examples HO related phenotypes? references

Animal models of
hereditary HO

Hyperactive BMP receptor
ACVR1(R206H) mutation
into zebrafish

No HO [20]

Conditionally expresses
caALK2 in mice

Embryonic lethal, no HO [29]

Knocking out BMP
inhibitors

Noggin-/- mice
Postnatal lethal, skeletal
defects, HO?

[30]

Chordin-/- mice
Postnatal lethal, skeletal
defects

[31]

Overexpressing BMPs

K14-BMP4 No HO [32]

Msx1-BMP4 No observable defects [33]

Nse-BMP4 Progressive HO, FOP-like [34]

Overexpressing BMP target
genes

CMV-MSX2, TIMPl-MSX2
or MSX2-MSX2

HO-like [35]

col2-Runx2 HO-like [36]

Modifying BMP signaling
indirectly

H2FosLTR-Fos
Calcified tumors similar to
HO

[37]

Fos-ES cell chimeras
Chondrosarcomas, similar
to HO

[38]

Animal models of acquired
HO

Heterotopic implantation

BMP matrigel implantation HO [39]

DNA construct that
produces BMPs

HO [40]

Nanogel-cross-linking
hydrogel as a scaffold

HO [41]

Bone marrow cells HO [42]

Microporous calcium
phosphate ceramic

HO [43]

Hip arthroplasty model Hip arthroplasty in rabbits HO [44]

Michelsson model
Immobilization
manipulation in rabbits

HO [45]

Achilles tenotomy model Achilles tenotomy in rats HO [46]

Trauma-induced model
Blunt force in rabbit thigh No HO [47]

Repeated blunt force in
sheep thigh

HO in small % of treated
animals

[48]

Inject irritants and other
materials

Injection of 40% ethanol HO [49]

Injection of acid-alcohol
HO in small % of treated
animals

[50]

typical HO which involves formation of fibroproliferative
lesions containing cells that follow the classic endochondral
ossification pathway. Thus, in hereditary HO, a specific
genetic mutation plays the central role, while in acquired HO
the environmental factors play more important roles. For this
reason, some animal models such as Nse-BMP4 mice can be
used to study both hereditary and acquired HO.

Understanding the fundamental pathophysiology under-
lying HO is the key to development of mechanism-based
animal models. Just as determination of the genetic basis of
FOP opened up a whole new avenue for generating models
for hereditary HO, deeper understanding of the molecular

mechanisms underlying acquired HO will lead to more
fruitful approaches in generating new animal models for
the disorder. Multiple contributing factors are necessary for
acquired HO including a trigger (trauma, injury), osteogenic
progenitor cells, and a permissive microenvironment. How-
ever, thus far there is no single hypothesis that integrates
most clinical and experimental findings, and current data
strongly suggests the involvement of multiple organ systems
in this disorder. For this reason, future multidisciplinary
studies of neuroimmunological interactions and osteoneu-
roimmunology using currently available animal models,
such as Nse-BMP4 mice, will be necessary to provide the
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new insights which in turn could lay the foundation for new
mechanism-based animal models.
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Rodent models of immune-mediated arthritis (RMIA) are the conventional approach to evaluating mechanisms of inflammatory
joint disease and the comparative efficacy of antiarthritic agents. Rat adjuvant-induced (AIA), collagen-induced (CIA), and
streptococcal cell wall-induced (SCW) arthritides are preferred models of the joint pathology that occurs in human rheumatoid
arthritis (RA). Lesions of AIA are most severe and consistent; structural and immunological changes of CIA best resemble
RA. Lesion extent and severity in RMIA depends on experimental methodology (inciting agent, adjuvant, etc.) and individual
physiologic parameters (age, genetics, hormonal status, etc.). The effectiveness of antiarthritic molecules varies with the agent,
therapeutic regimen, and choice of RMIA. All RMIA are driven by overactivity of proinflammatory pathways, but the dominant
molecules differ among the models. Hence, as with the human clinical experience, the efficacy of various antiarthritic molecules
differs among RMIA, especially when the agent is a specific cytokine inhibitor.

1. Introduction

Imbalances in proinflammatory and anti-inflammatory
immunomodulatory pathways can promote autoimmune
responses that manifest as chronic inflammatory conditions.
Diarthrodial joints (those with cartilage-capped surfaces, an
intervening space filled with viscous fluid, and a synovium-
lined capsule) are one major target of autoimmune attack.
The classic immune-mediated joint disease in humans is
rheumatoid arthritis (RA). The impact of this ailment on
both individuals and society at large is immense. The
estimated worldwide prevalence of RA is 1% to 2%. Relative
to healthy individuals, RA patients have three times greater

direct healthcare costs and are also two times more likely
to require hospitalization and ten times more likely to be
disabled [1, 2].

The exact etiology (cause) and pathogenesis (mecha-
nisms) of autoimmune joint diseases are uncertain. Current
thinking is that the primary arthropathic immunological
defects may include constitutive activation of immune
surveillance cells [3] resulting in persistent relative over-
production of proinflammatory [4–7] and proerosive [8–
10] cytokines and abnormal recognition of self-antigens as
nonself due to their similarity with a foreign protein [3,
11–13]. The nature of the immunoregulatory disturbance
differs among individuals, a fact indicated by the divergent
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responses of RA patients to cytokine-specific biopharma-
ceutical inhibitors [7, 14]. Thus, RA is actually a syndrome
in which a common set of structural changes is provoked
by one or more of several cellular/molecular aberrations.
Multiple factors including age, gender (hormonal status),
genetic background, and environmental conditions influence
the molecular events that regulate the onset and persistence
of RA in people [15].

2. Objectives of the Review

Various rodent models of immune-mediated arthritis
(RMIA) have become the standard means of evaluating
hypothetical mechanisms of immune-mediated joint disease
and for testing the comparative efficacy of novel antiarthritic
drug candidates during preclinical development [16, 17].
The current paper has multiple objectives. First, available
RMIA options will be listed and their features briefly
summarized. Second, the biological attributes of major
RMIA will be compared. Third, a subset of these RMIA
will be recommended as the most appropriate surrogates for
human RA and a rationale given for this selection. Fourth,
procedures for the reliable production and assessment of
the recommended RMIA will be described. Finally, practical
principles that must be considered during RMIA selection
and experimental design during preclinical drug develop-
ment will be defined. The larger joint size in nonrodent
models such as rabbits [18–20] or nonhuman primates
[21, 22] may be the more appropriate model for preclinical
investigation for some purposes. Nonetheless, this paper
does not address analysis of immune-mediated joint disease
in nonrodent models because they are used less commonly
than RMIA [16].

3. Objective 1: Available Rodent Models of
Immune-Mediated Arthritis (RMIA)

Many RMIA have been evaluated during the past five decades
as potential models for evaluating immune-mediated joint
injury. Some are suitable chiefly for evaluating cellular
and molecular mechanisms of disease, while others may
be employed to investigate both arthritis mechanisms and
antiarthritic efficacy. The available RMIA options may
be categorized in several fashions, including by affected
species (rat, mouse, and guinea pig), disease type (genet-
ically engineered, induced, or spontaneous), and inciting
agent (e.g., chemicals, collagen, or exogenous polysaccha-
rides/proteins/proteoglycans). This section uses all these
classification schemes to provide a brief overview of possible
and preferred RMIA.

3.1. Rodent Species Employed in RMIA Experiments. Rats and
mice are the most common RMIA used for contemporary
arthritis investigation [16] and are the focus of the current
review. Guinea pigs are employed occasionally in immune-
mediated arthritis research, primarily to explore basic mech-
anisms [18, 23–26].

Rodents offer many advantages as research subjects for
arthritis studies. First, their inexpensiveness, small size, and
receptiveness to group housing substantially reduce research
costs relative to studies in nonrodents. Second, many differ-
ent rodent stocks and inbred strains may be used to assess the
impact of biological heterogeneity on arthritis progression.
Rodent strain-specific [27, 28] and even substrain-specific
[29] genetic attributes as well as divergent immunological
capacities [30, 31] can modulate the extent and severity
of immune-mediated diseases; importantly, an analysis of
conserved chromosomal homology among rats, mice, and
humans suggests that arthritis susceptibility loci are highly
conserved across these species [27, 28, 32]. Third, modern
techniques allow deliberate alteration of the rodent genome
to evaluate molecular mechanisms that regulate immune-
mediated joint disease (e.g., [33–36]). Fourth, procedures
for initiating and evaluating RMIA have been well charac-
terized and may be undertaken with inexpensive laboratory
equipment (see below). Fifth, as mice (and rats) are the
main species used for immunological research, numerous
complementary reagents (e.g., cytokines and anticytokine
antibodies) are readily available for these two species. Finally,
the animal models of RA with a well-proven track record for
predicting whether or not novel antiarthritic agents might
be useful in human patients are all performed in rodents
[16, 37]. The closest resemblance to RA among the induced
RMIA is the joint lesions in collagen-induced arthritis (CIA)
[38, 39].

For each rodent species, susceptibility to immune-
mediated arthritis is limited to certain strains and stocks.
For rats, the inbred DA and Lewis strains are susceptible
to arthritis induction (Figure 1), while the inbred BN and
F344 (Fisher) strains are relatively resistant [27]. Arthritis-
sensitive mice include B10.Q, B10.RIII, and DBA/1 inbred
strains [40, 41]. Susceptible rodent strains are not equally
vulnerable to all arthritogenic agents. For example, the DA
rat develops AIA after one subcutaneous injection of incom-
plete Freund’s adjuvant (IFA), while other rat strains are not
sensitive to this very weak agent [42]. Furthermore, even
within the sensitive DA rat strain, arthritis susceptibility is
not uniform, as different substrains exhibit varying propen-
sities for developing common induced forms of immune-
mediated arthritis [29]. The same genetic manipulation
may produce polyarthritis in one strain without causing
lesions in another; an example is the genetically engineered
null mutation in interleukin-1 receptor antagonist (IL-1ra),
where the knockout genotype yields a clinically prominent
arthritis phenotype in BALB/c mice but does not affect
C57BL/6 mice [33]. Arthritis is more severe and prolonged
if the inciting agent is a self-antigen, such as mouse type
II collagen, rather than an exogenous arthritogen [42, 43].
These distinctions indicate that the suitability of each RMIA
should be reestablished each time it is imported into a new
research facility and again on each occasion when the animal
supplier is changed.

3.2. Available Options for Investigating Immune-Mediated
Arthritis in Rodents. Three broad classes of RMIA may be
used to evaluate disease mechanisms and/or the potential
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Figure 1: The ability to model immune-mediated disease is
affected by many factors, including the animal strain (top triangle),
the choice of model (middle triangle), and the nature of the
antiarthritic molecules being tested (bottom triangle). For rat
strains, susceptibility to arthritis is highest in DA and lowest
in F344 animals. For rat model systems, the adjuvant-induced
arthritis (AIA) variants are more aggressive than are the collagen-
induced arthritis (CIA) and streptococcal cell wall (SCW) versions;
furthermore, the extent of AIA lesions depends on the inciting agent
(lipoidal amine (LA) versus heat-killed Mycobacterium (Myc)),
while the severity of the CIA lesions is more extensive if the
source of incomplete Freund’s adjuvant (IFA) is Sigma Chemical
Co. (St. Louis, MO) rather than Difco Laboratories (Detroit, MI).
With regard to treating rats with CIA, the greatest improvement
in joint disease is achieved using the cytokine-inhibiting biologics
interleukin-1 (IL-1) receptor antagonist (IL-1ra) and soluble tumor
necrosis factor (TNF) receptor (sTNFR) and intermediate using
small molecule blockers of p38 kinase (which regulates IL-1 and
TNF). Depending on the treatment window, cyclosporin A (CsA)
will inhibit, delay, or even exacerbate arthritis in Lewis rat CIA
(compare also to Figure 8).

efficacy of novel antiarthritic molecules. These categories are
induced, genetically engineered, and spontaneous disease. In
general, mechanistic studies may be undertaken using RMIA
from any of these classes, while efficacy studies performed
during preclinical drug development usually employ one or
more induced models (sometimes supplemented with a well-
chosen genetically engineered model).

Induced RMIA. These models result from administration
of an exogenous material and can be separated into
several categories depending on the type of insult [44,
45]. Many variants develop from injected molecules. The
first option, adjuvant-induced arthritis (AIA), results from
intradermal administration of various oil-based chemi-
cals. The traditional example is administration of heat-
killed Mycobacterium tuberculosis in IFA (AIA-Myc), but
comparable lesions result from introduction of various
chemicals in IFA including avridine, heptadecane, lipoidal
amine, pristane, or squalene, or by injection of IFA alone
[46, 47]. Rats are susceptible to all these AIA models,

while mice are resistant to classic AIA variants [48] except
for pristane [27]. The second alternative, collagen-induced
arthritis (CIA), is elicited reliably in both rats [39] and
mice [49] by hyperimmunization with homologous or
heterologous type II collagen in IFA. The third option is
injection of bacterial cell wall peptidoglycan (polysaccharide)
fragments [50, 51]. The classic example is streptococcal cell
wall-induced arthritis (SCW), although other entities like
Lactobacillus or Mycoplasma cell wall fragments, β-glucan,
and lipopolysaccharide are also arthritogenic [47, 52, 53].
The bacterial fragments may be injected locally (i.e., intra-
articular) or systemically. Disease severity and progression in
rats is greatest for AIA, intermediate for CIA, and least for
SCW (Figure 1). Adaptations of AIA, CIA, and to a lesser
extent SCW are the current workhorse RMIA for preclinical
drug development [16] (Table 1).

Other induced RMIA are used less frequently for product
registration but still have considerable value for investigating
mechanistic questions. The fourth induced RMIA option
is to administer an exogenous protein into the joint of
an antigen-immunized animal to produce antigen-induced
arthritis (AntIA). In this model, initial subcutaneous immu-
nization induces antibody production, after which subse-
quent intra-articular introduction of the antigen attracts
antibodies into the joint. Classic antigens for AntIA include
bovine serum albumin, ovalbumin, horseradish peroxidase,
and keyhole limpet hemocyanin [54–56]. Persistence within
the synovium of many of these antigens, especially those
with a cumulative positive charge [57], appears to be a
major factor in the development of chronic synovitis. A fifth
induced RMIA, antibody-induced arthritis (AbIA), arises
following local (intra-articular) or systemic introduction
of monoclonal antibodies (typically a multiagent cocktail)
directed against type II collagen or other self antigens that
are highly expressed in joints [18, 58–61]. In this model,
antibodies must enter the joint to encounter their antigen.
These models typically present as a mild, acute lesion relative
to the joint alterations produced by other inciting agents.
A sixth alternative is to inject proinflammatory cytokines
directly into a joint (usually the tibiotarsal joint (knee)
due to its large volume) to induce an acute synovitis [62,
63]. Interestingly, IL-1β and TNF-α produce distinct, time-
dependent patterns of acute arthritis in the rat knee following
direct injection [62]. Thus, this RMIA has utility not only
to investigate proinflammatory mechanisms but also as a
means of predicting potential schedules, relative potencies,
and comparative efficacies of various inhibitors of cytokine
blockers.

Two other induced RMIA provoke subcutaneous lesions
that serve as faux joints rather than immune-mediated
disease of the rodent’s own diarthroidal joints. The first vari-
ant involves surgical implantation of human joint tissue—
normal or inflamed articular cartilage and/or synovium—
into SCID (severe combined immunodeficiency) mice [64–
66]. The second option is introduction of sterile air into the
subcutis to initiate a pouch granuloma [67], the wall of which
exhibits many similarities to synovium [68, 69]. Subsequent
injection of such molecules as carrageenan [70], γ-globulin
[71], streptococcal cell wall fragments [72], or zymosan
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[73] incites an inflammatory response in the pouch that
morphologically resembles acute and chronic synovitis [44].
Both xenografts and air pouches can be employed to evaluate
the efficacy of therapeutic agents on synovitis and cartilage
degeneration [73, 74]. Advantages of these two RMIA are
their conceptual simplicity, their ability to incorporate tissue
from normal and RA-affected human joints, and their large
dimensions (relative to the size of rodent joints). However,
their main disadvantages are that these subcutaneous sites
do not recapitulate the normal joint structure (because they
usually lack cartilage) and function (because they do not bear
weight).

Genetically Engineered RMIA. These models have been
deliberately constructed by gene targeting (mice only) or
transgenic technology to overproduce, underexpress, or
lack one or more immunoregulatory molecules (ligands or
receptors) (Table 1). In most instances, engineered RMIA
are generally used for basic experiments to explore proposed
molecular mechanisms although they can be employed to
evaluate the efficacy of therapeutic candidates designed
to impact a particular immunoregulatory pathway [45].
Important transgenic mouse models of arthritis express
human major histocompatibility complex (MHC) class II
allele HLA-DR [35, 75, 76] or overexpress proinflammatory
cytokines like tumor necrosis factor-α (TNFα; [34, 77]) or
enzymes that degrade articular components (e.g., matrix
metalloproteinases (MMP); [78]) or critical T lymphocyte
receptors [36, 79]. Other significant mouse arthritis mod-
els have been constructed to lack endogenous cytokine
inhibitors such as IL-1ra [33, 80]. In some instances, engi-
neered mouse models of arthritis carry two or more genetic
alterations; a well-known example is the K/BxN mouse,
which expresses both a human T-cell receptor transgene
(designated KRN) and the human MHC class II molecule
A(g7) [36, 61]. The principal genetically engineered rat
arthritis model carries transgenes for both the human MHC
class I allele HLA-B27 and human β2-microglobulin [81, 82]
and develops an immune-mediated joint disease which more
closely resembles ankylosing spondylitis in humans rather
than RA. Defective function of all these molecules has been
linked in humans to RA and ankylosing spondylitis [7,
83–85]. Symmetrical polyarthritis in genetically engineered
rodents develops at various times among the different
models, with the span required for 100% penetrance ranging
from 3 to 4 weeks of age in TNFα-transgenic mice [77] to
13 weeks of age in IL-1ra knockout mice [33]. The hock
(ankle) joints appear to be the earliest and most commonly
targeted sites in most models although other regions such
as the interphalangeal (toe) and coxofemoral (hip) joints are
attacked as well or even preferentially in some models.

Spontaneous RMIA. Naturally occurring animal models with
immune-mediated joint disease resembling human RA are
rare (Table 1). The classic example is the MRL/Mpj-lpr/lpr
(MRL/lpr) mouse, which develops a systemic autoimmune
disease that includes joint involvement. Polyarthritis with
pannus formation and cartilage degeneration primarily
involving the hind limbs develops by five months of age in

association with antibodies to type II collagen [86, 87]. Onset
of the condition is associated with several immunoregulatory
deficiencies including macrophage activation [88, 89] and
altered production of various cytokines [90, 91].

4. Objective 2: Comparative Biology of Rodent
Models of Immune-Mediated Arthritis

4.1. Morphologic Lesions in RMIA. All RMIA have pathologic
features that are reminiscent to some degree of the typical
lesions observed in the human RA joint. The RMIA resulting
from systemic exposure to an arthritogen generally affect
multiple joints and usually develop first in the hind paws
[87, 92–94]. In contrast, targeted induction of RMIA by
direct injection of an agent into a single joint usually yields a
monoarticular disease [6, 41, 62]. Indeed, some researchers
use the contralateral joint as an untreated control tissue
although this practice is questionable since lesions also may
be induced in the uninjected knee [20].

The structural appearance of affected joints in RMIA
exhibits an overlapping spectrum of changes, the exact
nature of which depends on both the inciting agent and
the length of time over which arthritis has been allowed to
progress. Findings may be classified using structural effects
(inflammation, skeletal damage, and vascular changes) or
temporal criteria (acute (early) and chronic (late) clinical
stages). Acute lesions [59, 62, 95] are characterized by sub-
stantial soft tissue edema, an extensive influx of neutrophils
with lesser numbers of mononuclear leukocytes (chiefly
lymphocytes and macrophages), abundant extravasation
of fibrin, and modest synovial hyperplasia and skeletal
erosion. Progression over time results in chronic lesions
characterized by substantial synovial hyperplasia, production
of fibrovascular tissue sheets (pannus) that extend from the
synovium into the joint space, matrix degeneration in the
articular cartilage, and extensive infiltration of perivascular
soft tissues with a mixed inflammatory cell infiltrate in which
lymphocytes, macrophages, and plasma cells predominate;
neutrophils, fibrin, and soft tissue edema are understated
if present at all in such established lesions [8, 93, 94, 96].
Skeletal erosion begins one to two days after the paw
swelling associated with acute synovitis develops [93, 94].
Left untreated, the extent of cartilage matrix degeneration
(specifically proteoglycan loss in the articular surface [97])
and bone attrition increases rapidly over time [8, 93, 94,
98]. The widespread formation of osteophytes along the
periosteal surface in some RMIA (AIA > CIA � SCW) may
eventually result in fusion (ankylosis) of the affected joints.
The bone marrow, including that in the cores of osteophytes,
in some RMIA (AIA � CIA > SCW) contains myriad
inflammatory cells and activated osteoclasts early during
disease. However, over time both these cell populations
regress to be replaced by fibrous connective tissue or fat [99].
Vascular proliferation in the synovium and periarticular soft
tissues is a prominent component of some RMIA [100, 101].

Joint involvement varies among RMIA. For example,
arthritis in AIA-Myc in Lewis rats reliably occurs early in the
tibiotarsal and intertarsal joints (hock (or “ankle”)) of the
hind paws [102] and also in the femorotibial joints (knee)
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Table 1: Common rodent models of immune-mediated arthritis used in preclinical development of antiarthritic therapies.

Categories Induction principle Examples Inciting agents/genetic alteration Species

Genetically
engineered

Deliberate manipulation of one or more
genes encoding proteins that regulate the
immune response

HLA-B27
transgenic

Human leukocyte antigen (HLA) B27 (a major
histocompatibility complex (MHC) class 1
molecule) and human β2-microglobulin

Rat

HLA-DR
transgenic

Human leukocyte antigen, D-related (a MHC
class II molecule)

Mouse

IL-1ra knockout Interleukin-1 receptor antagonist Mouse

K/BxN
Human T-cell receptor (KRN) and a human
MHC class II molecule

Mouse

TNF-α transgenic Tumor necrosis factor-α Mouse

Induced Administration of an exogenous material

Adjuvant-induced
arthritis (AIA)

Lipoidal amine Rat

Mycobacterium tuberculosis Rat

Pristane
Mouse,

rat

Collagen-induced
arthritis (CIA)

Type II collagen (bovine, porcine, and rodent)
Mouse,

rat

Bacterial cell
wall-induced
arthritis

Bacterial cell wall peptidoglycan (polysaccharide):
Lactobacillus sp., Streptococcus sp. (SCW)

Rat

Spontaneous MRL/lpr MRL/Mpj-lpr/lpr Mouse

(Figure 2) but does not develop in the forepaws until much
later. Lesions in Lewis rats with AIA-LA are evident in the
knee but not in the ankle (Figure 2) or forepaws. In contrast,
joints of both the fore paws and the hind paws are involved in
Lewis rats with CIA. The degree of hind paw swelling is much
greater for both AIA models than it is for CIA (Figure 3) or
SCW.

As in RA, immune-mediated polyarthritis in RMIA
can have systemic consequences. Extra-articular structural
changes observed in rat AIA include autoimmune reactions
at other sites (e.g., blood vessels, brain, and uvea of the eye),
bone loss in the axial skeleton, bone marrow hyperplasia
(accompanied by multilineage leukocytosis), and reactive
hyperplasia with enlargement of regional lymph nodes and
spleen [10, 94, 103]. In contrast, the main extra-articular
effects observed in rat CIA are concomitant bone loss in
the axial skeleton [10] and reactive hyperplasia but not
enlargement limited to the regional lymph nodes [93].
Significant systemic effects are not evident in rat SCW [104].

The pathologic presentation of RMIA differs distinctly
from that of human RA in several critical respects [37]. First,
rodents exhibit more prominent damage to the articular
surface (full-thickness cartilage matrix degeneration with
later cartilage dissolution; [8]) and adjacent bone (ranging
from partial erosion to complete penetration of the original
cortex accompanied by exuberant formation of periosteal
osteophytes; [8, 94, 105]). These changes are evident even in
those RMIA in which pannus is a less prominent element of
the joint lesion (e.g., AIA-Myc, acute SCW). Another differ-
ence is the accelerated progression of joint damage in RMIA
(days to a few weeks) relative to disease evolution in RA joints
(months to years). Corollaries to this rapid advancement in
RMIA are that the nature of the inflammatory changes at the

time of peak joint damage is subacute (i.e., includes a greater
influx of neutrophils and more edema) relative to RA, and
that the severe destabilization of massively eroded joints in
RMIA leads to early and extensive ankylosis, which is rarely
seen in human adult RA. Finally, a much greater degree of
osteoclast production is evident in affected joints in RMIA
[102].

4.2. Mechanisms That Regulate Joint Disease in

Rodent Models of Immune-Mediated Arthritis

4.2.1. Involvement of Cellular and Humoral Immunity. Initial
onset of synovitis in RMIA results from innate immunity,
but disease progression is a consequence of both cell-
mediated (Th1-type) and humoral (antibody-based, or Th2-
type) immune responses. The degree to which these systems
regulate lesion evolution varies among models, but disease
is most severe when both cellular and humoral branches are
invoked [106]. Both innate immunity (via early infiltration
by neutrophils and later production of macrophages) and
acquired immunity (through expansion of sensitized B-
and T-lymphocyte lineages) are involved. The initial intra-
articular driving force in induced RMIA appears to be
deposition of exogenous antigens in synovial blood vessels
[92] except for CIA, where the earliest event is thought to
be production of anticollagen antibodies leading to immune
complex deposition on and in the articular cartilage [41].

All RMIA as well as RA [107] are driven by cell-
mediated immunity, reflecting the activity of sensitized
autoimmune T lymphocytes of the T-helper (Th) phenotype.
This dependence is shown by the ability to pass rat AIA
[11, 108, 109] as well as rat [110] and mouse [111] CIA to
nonimmunized (naive) recipients by transferring sensitized
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Figure 2: Related rodent models of immune-mediated arthritis (RMIA) will respond in similar or different manners, depending upon the
parameter being assessed. Rat adjuvant-induced arthritis initiated with lipoidal amine (AIA-LA) or heat-killed Mycobacterium tuberculosis
H37Ra (AIA-Myc) develops 9 days after adjuvant injection. Both models exhibit similar declines in total body weight (a), increases in hind
paw volume (b), and reductions in bone mineral density (BMD) in the knee (femorotibial joint) (c). However, BMD in the ankle (tibiotarsal
and intertarsal) joints is reduced only in AIA-Myc (c). Another difference between the two models is the nature of the dose-response curve
for inducing arthritis (d); the proinflammatory response to Mycobacterium H37Ra is linear across a broad dose range, while the response to
lipoidal amine exhibits an abrupt threshold (at 50 mg/mL) below which adjuvant injection does not produce disease. Both AIA models were
induced in young adult (7- to 8-week-old), male Lewis rats. Lipoidal amine was given as a single intradermal injection of 5 mg (in 0.1 mL of
complete Freund’s adjuvant; Difco Laboratories, Detroit, MI) at the tail base, while H37Ra was generated and administered as described in
Section 6. Bars associated with data points represent standard error of the mean.

T-cells from affected donors and by the inability to induce
AIA [27] or SCW [112] in athymic rats. A major function
of the sensitized autoimmune cells is recognition of type II
collagen as a substrate [113].

Humoral immunity resulting from B-lymphocyte activ-
ity and plasma cell proliferation is a feature of many RMIA
and RA. Anticollagen antibodies are found in CIA [114, 115]
and in some [116, 117] but not all [27] AIA variants, as
well as in many RA patients [118, 119]. Indeed, activity

of B-lymphocytes is absolutely required for CIA induction
as joint disease does not develop in B-cell-deficient mice
[120]. Accumulation of immune complexes both in articular
cartilage and in circulation is a common feature of many
RMIA [87, 121, 122]. Introduction of anticollagen antibodies
in the absence of sensitized lymphocytes can induce arthritis,
although in the absence of T-helper cells to boost the
immune response, the antibody-driven disease is transient
and mild [114, 123]; this outcome suggests that the role of
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Figure 3: The severity of immune-mediated joint disease in rats
varies with the model and the choice of reagents. Adjuvant-induced
arthritis induced in young adult, male Lewis rats using either
lipodal amine (AIA-LA) or Mycobacterium tuberculosis (AIA-Myc)
produces extreme swelling and reddening of the tibiotarsal region
(hock (or “ankle”)) (upper image) relative to the changes that
develop in young adult, female Lewis rats with collagen-induced
arthritis (CIA). The degree of hock expansion associated with CIA
induction using incomplete Freund’s adjuvant (IFA) from Sigma
Chemical Co. (St. Louis, MO) (middle image) is greater than that
associated with IFA provided by Difco Laboratories (Detroit, MI)
(lower image). Intra-articular inoculation of streptococcal cell wall
(SCW) polymers results in modest hind paw swelling (not shown).

humoral immunity in RMIA may be subsidiary to that played
by the cell-mediated immune response. Antibodies to type II
collagen are not observed in some RMIA, such as bacterial
cell wall-induced arthritis [44], and the presence of such
antibodies in RMIA does not automatically mean that they
contribute significantly to joint destruction [27].

4.2.2. Cytokine Production in Rodent Models of Immune-
Mediated Arthritis. The balance between cellular and
humoral immunity in RMIA, as in RA, is attributed to
variations in cytokine expression patterns in immunoregu-
latory cells, particularly T-helper (Th) lymphocytes. Auto-
immune diseases have been postulated to be dependent on
Th1 cells (which regulate cell-mediated processes marshaled
to counter tumor cells and intracellular pathogens) more so
than on Th2 cells (which generally drive humoral immune
responses to vanquish extracellular organisms). Expression
of Th1 versus Th2 cytokines in AIA changes over time
and is subject to control by sensory innervation [124].
Overactivation of either Th pathway can cause disease, and
either pathway can downregulate the other. Furthermore,
other classes of Th cells have been described, some of which
play a role in autoimmune arthritis (e.g., Th17 cells [125]).
While the original Th1/Th2 hypothesis of immune control
was developed in mice [126], the recent literature reveals
that cytokine patterns in rodent and human diseases seldom
follow an exclusive Th1-inducing or Th2-inducing pattern.

A complex web of chemokines and cytokines controls
the immune response in joint tissue under normal cir-
cumstances. The balance between the functions of these

molecules determines whether or not intra-articular inflam-
matory responses are transient and reparative or persistent
and destructive. In general, immune-mediated joint disease
results from overproduction of proinflammatory (e.g., IL-
1, IL-6, IL-17, and TNF-α) and proerosive (e.g., receptor
activator of NFκB ligand (RANKL)) factors, hyperactivity
of proinflammatory and proerosive signaling pathways, or a
reduction in cytokines (e.g., IL-4, IL-10, and transforming
growth factor-β (TGF-β)) and soluble receptors (e.g., IL-
1ra, soluble TNF receptor (sTNFR)) that antagonize the
proinflammatory response [127–129]. Abnormalities in the
local (intra-articular and/or periarticular) or systemic (cir-
culating) levels of such mediators have been reported in RA
[130] and many RMIA, including AIA [94], CIA [93], and
SCW [131].

The large number of mediators involved in regulat-
ing immune-mediated arthritis implies that one or a few
molecules may serve as “master cytokines” [127], early
expression of which is the main upstream incident that
induces all other events needed to launch and sustain arthri-
tis. The master proinflammatory cytokines which appear to
drive immune-mediated joint disease in RA and RMIA are
IL-1 (especially the inducible β form) and TNF-α [132–
135], possibly IL-6 [7], and perhaps others. A good indicator
of a master cytokine in a distinct RMIA or human disease
is superior antiarthritic efficacy by a cytokine inhibitor as
exemplified for CIA (more IL-1 dependent) and AIA (more
TNF dependent) [136]. However, although these master
cytokines can act individually as arthritogens, they can
also act together in synergistic fashion to potentiate joint
inflammation; for example, IL-1 [4, 137] and IL-17 [138]
exhibit synergistic activity with TNF-α. Other cytokines—
such as IL-12, IL-15, IL-17, and IL-18 [139–141]—as well as
chemokines, such as chemokine (C-C motif) ligand 2 (CCL2
[142]) and chemokine (C-X-C motif) ligand 8 (CXCL8
[143]), have also been implicated as additional participants
in immune-mediated arthritis but are not thought to
function as master cytokines, at least not in the immune-
mediated joint diseases studied thus far.

Alterations in the balance between pro- and anti-
inflammatory molecules occur locally and systemically in
advance of the clinical onset of immune-mediated joint
disease. In induced RMIA, such changes can be demon-
strated by four days after inoculation of the arthritogen,
which is between five to ten days prior to initial joint
swelling [27, 93, 94]. Proinflammatory molecules required
to initiate synovitis are upregulated earlier than proerosive
mediators [93, 94]; this temporal sequence matches the
evolution of structural changes within arthritic joints, where
evidence of acute inflammation (edema, leukocyte infiltra-
tion, and fibrin extravasation) precedes visible damage to
skeletal structures (osteoclast proliferation, cartilage matrix
degeneration, and skeletal erosion). The increase in local
and systemic chemokine and cytokine levels is accompanied
by enhanced production of other molecules that enhance
inflammation (e.g., cyclooxygenase-2 and prostaglandin E2

(PGE2)), skeletal destruction (e.g., MMPs), and vascular
expansion (e.g., platelet-derived growth factor and vascular
endothelial growth factor) [27, 144].
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Despite some overlap in their cytokine signatures, dif-
ferent RMIA have divergent local and systemic proinflam-
matory profiles. For example, rats with AIA or CIA both
produce enhanced levels of IL-1α, IL-1β, and TGF-β locally
(inside inflamed joints) in conjunction with higher systemic
levels of α1 acid glycoprotein, CCL2, and TGF-β prior to
arthritis onset, and both models also exhibit higher intra-
articular amounts of CCL2, IL-6, PGE2, RANKL, and TGF-
β with more circulating CCL2, IL-1α, IL-1β, IL-6, and
RANKL [93, 94]. In contrast, prior to arthritis onset, the
pro-arthritic signature of male Lewis rats with AIA includes
no mediator enhancement that was unique to joints but
did have systemic increases in CCL2, IL-17, TGF-β, and
TNF-α [94], while female Lewis rats with CIA have locally
higher levels of CCL2 and IL-18 with systemic elevation of
CXCL1 (former designation: KC/GRO) [93]. After clinical
arthritis becomes evident, male rats with AIA uniquely
exhibit local enrichment for IL-17 and TGF-β in conjunction
with systemic increases in IL-17, IL-18, and TNF-α [94],
whereas the distinctive profile in female rats with CIA
includes local augmentation of IL-18 and CXCL1 with
systemic amplification of IL-1β [93]. Thus, systemic and
local processes in immune-mediated arthritis are discrete
processes in Lewis rats, driven by multiple mediators with
distinct spatiotemporal patterns of expression. Furthermore,
the “master cytokine” hypothesis applies not only to events
in the joint but also to immunological functions triggered
throughout the individual. This latter premise is supported
by the fact that the two major proinflammatory cytokines
were confined to separate compartments in RMIA; IL-1 is
restricted chiefly to arthritic joints, while TNF-α is limited
mainly to the circulation [93, 94, 128].

4.2.3. Hormonal Effects on Rodent Models of Immune-
Mediated Arthritis. Both the hypothalamic-pituitary-
gonadal (HPG) axis and the hypothalamic-pituitary-
adrenal (HPA) axis are instrumental in regulating immune
responsiveness, and thus the susceptibility to immune-
mediated arthritis. Adrenal (glucocorticoids) and gonadal
(androgens and estrogens) hormones act as natural immune
suppressors, so a deficiency of one or more of these
molecules permits enhanced immune reactivity. Females
appear to rely more on the HPA axis while males seem to
depend more on the HPG axis [145]. The lapse in immune
control by deficiencies in certain hormonal axes particularly
enhances cell-mediated (Th1-type) events [145].

The impact of gender on the sensitivity to immune-
mediated arthritis is readily apparent in the clinical setting.
The incidence and severity of joint disease is higher in
females for RA and most RMIA [27, 28]. Exceptions to this
female bias are AbIA [59] and CIA [28] in mice and CIA in
rats [146], where males may exhibit a higher incidence and
develop more severe disease than do females. Administration
of estradiol or castration of male rats results in a higher
susceptibility to SCW [147].

Stress is a major factor in susceptibility to immune-
mediated joint disease. For example, SCW-susceptible Lewis
rats have small adrenal glands and a markedly impaired
ability to release corticotropin and corticosterone (products

of the HPA axis) relative to SCW-resistant F344 animals
[148]. The HPA axis is also a player in AIA in rats as
well as CIA in rats and mice [146]. Persistent production
of stress hormones (e.g., cortisol) and sympathetic system
(emergency (fight or flight)) neurotransmitters, such as
norepinephrine, boosts the baseline homeostatic state into
a constant condition of relative proinflammatory readiness
[149]. Despite this trend, the stress of handling has also
been shown to reduce the sensitivity to CIA induction [150],
indicating that due care must be exercised to maintain iden-
tical husbandry practices to avoid confounding hormonal
fluctuations among treatment groups. A reasonable practice
in some settings will be to include untreated controls as
well to ensure that a profound stress-induced deviation in
the vehicle-treated cohort does not impede the ability to
differentiate antiarthritic efficacy from handling stress.

5. Objective 3: Recommended Rodent Models
of Immune-Mediated Arthritis for Use as
Rheumatoid Arthritis Surrogates in
Preclinical Drug Development

The choice of RMIA depends on several factors. The first is
the nature of the question being investigated. Basic research
may be pursued using any RMIA, but where available
a mouse model that has been genetically engineered to
overexpress or lack a particular gene often provides the
most straightforward means of testing a molecule-specific
hypothesis. Examples include the use of IL-1ra knockout
mice [33, 80] or TNF-transgenic mice [34, 77, 151, 152]
to assess the impact of IL-1 (without interference by its
endogenous soluble receptor, IL-1ra) or excessive TNF-α on
arthritis progression, respectively. The second factor will be
the reproducibility of the model. For example, essentially
100% of animals induced to develop AIA will actually
present with acute disease by 9 days after initial inoculation
with the arthritogen, and 100% of rats treated to produced
chronic SCW will undergo reactivation of residual disease
within 1 to 2 days of reinjecting the arthritogen. Such
reliable induction permits treatment groups to be completely
filled at one time. In contrast, the incidence of CIA in
Lewis rats varies from 60% to 90% across laboratories,
and arthritis develops over approximately a 5-day period
usually starting 11 days after immunization. Accordingly,
treatment groups in CIA studies must be enrolled over time,
which complicates the treatment matrix of the study. Both
genetically engineered and spontaneous RMIA also tend to
require sporadic enrollment as the onset of disease may be
spread over days to weeks. The third factor will be cost.
Genetically engineered and spontaneous disease models may
be quite expensive. Spontaneous arthritis in MRL/lpr mice
typically does not strike until five or more months of age
[87], which will increase the husbandry cost relative to
shorter models.

The most suitable RMIA for preclinical development
are the induced diseases that have been proven to predict
the responsiveness of human RA patients: AIA, CIA, and
SCW [37, 153] (Table 2). The structural lesions in CIA are
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more analogous to human RA [38, 39]. However, AIA has
been used more extensively for pharmaceutical testing, so
more data exist for cross-species comparison of antiarthritic
efficacy. In our experience, all three of these models may be
reliably elicited in rats, while mice develop CIA but are rela-
tively resistant to classic AIA [48] and SCW [28, 44]. As noted
above, mouse CIA exhibits a more variable disease pattern
relative to the rat counterpart, and murine joints are very
small. Accordingly, we recommend that preclinical efficacy
studies of antiarthritic agents in RMIA be undertaken in rats.

Several other practical reasons recommend rat models
of arthritis over mouse models if equivalent systems are
available in both species (e.g., CIA). One reason for this
position is that rats are larger, so certain procedures are more
readily accomplished in this species. Ante mortem examples
include intra-articular injections and blood sampling (for
biomarker analysis), while the most critical postmortem
instance is tissue trimming (to consistently orient joints for
histologic sectioning). A second reason for preferring rats
is that the distribution and extent of inflammatory changes
in arthritic joints is more reproducible, typically developing
first as a symmetric swelling of both hind paws before
progressing to both fore paws [93, 94]. In contrast, mice
inoculated with an arthritogenic agent typically present first
with modest swelling of only one fore paw or one hind paw—
and often only of a single interphalangeal (toe) joint. A third
reason for favoring rats is that knowledge regarding the many
genes that control induction of immune-mediated arthritis
is better understood in this species [27, 28]. Potential
disadvantages of using rat arthritis models include the larger
specimen size, thereby requiring removal of the phalanges
(with loss of their joints to analysis) and more cassettes for
histologic processing and the more limited ability for genetic
engineering (especially gene targeting (knockout)) in rats
versus mice. These drawbacks are minor when compared
to the benefits offered by the more reproducible and easily
manipulated rat-based RMIAs.

6. Objective 4: Suitable Procedures for
Reproducible Production and Appropriate
Assessment of Rat Models of
Immune-Mediated Arthritis

This section briefly summarizes the experimental procedures
employed by our laboratory to reproducibly generate and
analyze RMIA for an industrial preclinical drug development
program. The workhorse models are rat AIA-Myc, rat CIA,
and to a much lesser degree rat SCW (Table 2). These RMIA
were selected because of their widespread acceptance, and
especially because of their utility as surrogates for predicting
the response of RA patients to antiarthritic treatments [37,
153]. Novel molecules are tested first in AIA-Myc (as rats
develop arthritis in a highly predictable time frame and
with a very uniform morphologic pattern) and then in rat
CIA (due to its greater degree of similarity to RA). Drug
candidates are tested in SCW, and occasionally in mouse CIA,
only to provide more data for comparing the relative efficacy
of lead candidates slated for human clinical trials (Table 3).

6.1. Induction of Rodent Models of Immune-Mediated
Arthritis. All in vivo RMIA should be undertaken in
accredited facilities (e.g., by the Association for Assessment
and Accreditation of Laboratory Animal Care International
(AAALAC)) in accordance with appropriate regulatory
guidelines (e.g., “Guide for the Care and Use of Labora-
tory Animals” (The National Academies Press, Washington,
D.C.)). Humane endpoints and veterinary care needs should
be clearly outlined in animal care and use protocols and
approved by the Institutional Animal Care and Use Commit-
tee in advance. In general, analgesics cannot be given because
their anti-inflammatory activities tend to inhibit arthritis
induction and progression. Instead, additional veterinary
support such as fluid therapy, easier access to nutritional
sources (e.g., food pellets placed at floor level), and/or
supplemental cushioning may be provided during advanced
stages of disease. The most humane practice, which is always
followed in our laboratory, is to limit the length of RMIA to
the shortest possible time required to answer a given exper-
imental question. This period is usually one week after the
onset of clinical disease in our AIA, CIA, and SCW models.

Adjuvant-Induced Arthritis. This model is produced in
young adult (7- to 8-week-old), male Lewis rats. Animals are
inoculated with a single intradermal injection at the tail base
of heat-killed Mycobacterium tuberculosis H37Ra (0.5 mg;
Difco Laboratories, Detroit, MI) suspended in 0.05 mL
paraffin oil (Crescent Chemical Co., Hauppauge, NY).
Animals are acclimated for one week and then randomly
assigned to treatment groups (n = 6 to 8). This group size is
used because interindividual variability in the initial disease
severity and the day of onset is minimal [4]. Arthritis reliably
develops in both hind paws of 100% of the animals on the
9th day after arthritogen inoculation [4].

The course of rat AIA-Myc can be separated into three
stages using a combination of macroscopic and microscopic
findings [94]. The “preclinical” phase extends from the day
of arthritogen administration until the day of disease onset
(which is designated Study Day 0). The “acute clinical”
phase, encompassing the peak of active disease, extends from
Study Day 0 to Study Day 10 and is characterized by body
weight loss, progressive inflammation and skeletal erosion
in the hind paws and knees (Figure 2(c)), and the onset
of disease in the forepaws (typically at Study Day 7). The
“chronic clinical” phase represents all times beyond Study
Day 11, at which time lesions have stabilized. Leukocyte
and osteoclast numbers begin to regress by approximately
four weeks after disease onset [8], presumably because the
total loss of articular cartilage and extensive destruction of
adjacent bone has removed the inciting antigen.

Collagen-Induced Arthritis. This model is performed in
young adult (7- to 8-week-old), female Lewis rats. Ani-
mals are immunized by intradermal injection of emulsified
porcine type II collagen (Chondrex, Redmond, WA) in IFA
at ten different sites (100 μL per site) over the back; other
researchers use a lesser number of inoculations (e.g., four
[37]), which result in less aggressive joint involvement. The
arthritogen is prepared by dissolving collagen (10 mg) in
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Table 2: Initiation of major induced rat models of immune-mediated arthritis commonly used in preclinical development.

Model Inciting agents Adjuvant Strain Gender Inoculation route
Day of disease

onset
Incidence

Group
size

Adjuvant-
induced
arthritis
(AIA-Myc)

Mycobacterium
tuberculosis H37Ra
(heat-killed)

Paraffin oil Lewis Male
Intradermal (once
at the tail base)

9 100%
6 or

more

Collagen-
induced
arthritis (CIA)

Type II collagen
(porcine)

Incomplete
Freund’s
adjuvant

Lewis Female
Intradermal (10
sites over the back)

9 to 11
80% up
to 100%

8 or
more

Streptococcal
cell
wall-induced
arthritis
(SCW)

Cell wall
peptidoglycan-
polysaccharide
(PG-PS 100P)
from Streptococcus
pyogenes, Group A,
strain D58

Phosphate-
buffered

saline
Lewis Female

Intra-articular
(induction);
intravenous
(reactivation)

29 or 30
(reactivated)

90% up
to 100%

8 or
more

Table 3: Antiarthritic efficacy varies among different rodent models
of immune-mediated arthritis.

Arthritis model
Species
(strain)

Maximum
inhibition

Adjuvant arthritis, lipoidal
amine (AIA-LA)

Rat (Lewis) 20–30%

Adjuvant arthritis,
Mycobacterium (AIA-Myc)

Rat (Lewis) 30–60%

Collagen-induced arthritis
(CIA)

Rat (DA) ∼25%

Collagen-induced arthritis
(CIA)

Rat (Lewis) 90–100%

Streptococcal cell wall arthritis
(SCW)

Rat (Lewis) 90–100%

Collagen-induced arthritis
(CIA)

Mouse
(DBA/1)

90–100%

Treatment regimen: recombinant human interleukin-1 receptor antagonist
(IL-1ra), infused at 5 mg/kg/hr for 7 days beginning at disease onset by
subcutaneous osmotic minipump.

0.1 N acetic acid (5 mL) two days prior to use while stirring
on a rotating plate in the refrigerator. The collagen is then
emulsified 1 : 1 with IFA (Difco Laboratories), yielding a final
concentration of 1 mg/mL, using an emulsification needle
and glass syringes (Popper and Sons, New Hyde Park, NY).
Animals are acclimated for one week and then randomly
assigned to treatment groups (n = 8). This group size
is used because interindividual variability in initial disease
severity is minimal [93]. Arthritis develops in at least one
hind paw, and usually both, in 80% to 100% of the animals
between the 9th and the 11th day after injection of the
arthritogen.

The course of rat CIA also can be separated into three
stages using a combination of macroscopic and microscopic
findings [93]. The “preclinical” phase extends from the day
of collagen immunization until the day of disease onset in
the hind paws (designated Study Day 0). The “acute clinical”
phase, which encompasses the peak of active disease, extends

from Study Day 0 to Study Day 14 and is characterized
by body weight loss, progressive inflammation and skeletal
erosion in the hind paws, and the onset of disease in the
forepaws (typically at Study Day 7). The “chronic clinical”
phase represents all times beyond Study Day 14, at which
time lesions have plateaued in both forepaws and hind
paws.

Streptococcal Cell Wall-Induced Arthritis. This model is
undertaken in young adult (7- to 8-week-old), female Lewis
rats using purified peptidoglycan-polysaccharide (PG-PS)
cell wall polymers isolated from Streptococcus pyogenes,
Group A, D58 strain (PG-PS 100P; Lee Laboratories,
Grayson, GA). The arthritogen is prepared by suspend-
ing PG-PS (0.09 mL, containing 600 μg of rhamnose) and
phosphate-buffered saline (PBS, 0.91 mL) by sonication for
10 minutes, after which it is used immediately. Rats are anes-
thetized deeply to permit direct intra-articular injection of
the PG-PS suspension (10 μL, containing 6 μg of rhamnose)
into one tibiotarsal (ankle) joint per animal using a 30-gauge
needle; the intra-articular injection is repeated if the diame-
ter of the induced hind paw does not equal or exceed 7.0 mm
after 24 hours. Animals are maintained for 4 weeks (to allow
acute inflammation to subside into chronic disease), after
which they are randomized by ankle diameter into treatment
groups (n = 8). Arthritis is reactivated on day 29 or 30 after
the initial intra-articular induction by intravenous injection
of PG-PS/PBS suspension (35 μL, containing about 200 μg of
rhamnose). Arthritis develops in the injected hind paw in
90% to 100% of the animals between the 1st and the 2nd
days after disease reactivation. Paw swelling peaks at 72 hours
after reactivation and then regresses rapidly over the next
several days. Alternatively, SCW polyarthritis may be induced
by parenteral administration (e.g., intraperitoneal) of PG-
PS, with the nature of the lesions depending on how long
clinical and histopathologic analyses are delayed after PG-PS
administration [154]. To our knowledge, no detailed study
has been published defining the progression of either acute
or chronic SCW in rats.
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6.2. Assessment of Arthritis. Analytical tests applied to RMIA
can be separated in three fashions. The first is by tiers,
where Tier 1 includes routine screening procedures while
Tier 2 represents specialized methods that are undertaken
only as needed to answer distinct questions. The second
classification scheme is to divide the tests by the time frame
during which they are performed (i.e., antemortem versus
postmortem). The final categorization is by invasiveness of
the test. Measurements of total body weight and paw swelling
may be taken repeatedly over time without inflicting any
wound, and blood sampling to measure serum biomarkers is
minimally invasive as long as blood collection is not excessive
(no more than 0.5% of body weight, or about 1 mL of
blood from a 250 g rat). In contrast, histopathologic analysis
requires that affected joints be removed and processed prior
to evaluation.

Routine Screening Tests (Tier 1). These methods are used
on all RMIA in our laboratory and include total body
weights, measurement of hind paw swelling, calculation of
bone mineral density (BMD) loss, and histopathology. Total
body weight and paw swelling are evaluated daily from the
day of disease onset throughout the treatment period (and
any recovery period) to provide a graphic representation
of disease progression. Paw swelling is assessed by one of
two techniques: plethysmography [4], which calculates the
degree of paw volume expansion by computing the weight
of fluid displaced by the swollen limb upon immersion in
a water-filled beaker balanced on a commercial scale, or
caliper measurements to define the diameter of the affected
joint(s). Plethysmography is best suited for massively swollen
AIA hind paws and calipers for more modestly swollen hind
paws in CIA and SCW, but either technique may be applied
successfully to any of these rat models.

After necropsy, the hind paws are removed at the fur
line (just proximal to the hock (ankle)). One paw is stored
in 70% ethanol at room temperature until dual X-ray
absorptiometry (DXA) can be used to assess BMD loss [4].
The degree of BMD reduction is dictated by the extent of
leukocyte infiltration as osteoclast recruitment along bony
surfaces is induced by numerous proinflammatory cytokines
[155]; accordingly, bone dissolution is more severe in AIA
(Figure 4), where leukocyte influx is more severe than in
CIA or SCW. The other paw is fixed by immersion in either
70% ethanol (to serve as a potential backup sample for DXA
or a substrate for molecular pathology studies) or either
neutral buffered 10% formalin or zinc formalin (to provide
the best morphologic preservation of infiltrating leukocytes)
at room temperature for 72 to 96 hours. Fixed specimens
are decalcified in eight serial changes of a 1 : 4 mixture of
8 N formic acid and 1 N sodium formate for approximately a
week; more rapid decalcification may be achieved by using
a 1 : 1 mixture, but delicate tissue antigens may be too
degraded for subsequent molecular pathology analysis. The
digits (toes) are then removed from the demineralized hind
paws by cutting across the metatarsals (the “arch” of the
“foot”) midway between the tip of the toes and the hock, after
which the paw is divided longitudinally into approximately
equal halves by cutting just lateral to the tibia and between

the 2nd and the 3rd digits (Figure 5). The two halves are
placed into a single cassette and processed into paraffin
using routine procedures. Embedded specimens are faced to
expose the distal tibia and entire talus, after which several
serial 4- to 8-μm-thick sections are cut.

Routine histopathologic analysis for Tier 1 is performed
using one to three slides. The first slide is stained with
hematoxylin and eosin (H&E) for evaluation of general
structural characteristics such as leukocyte infiltration, skele-
tal erosion, periosteal proliferation, and (in CIA only)
pannus production (Figure 6). The second slide may be
processed by indirect immunohistochemistry or in situ
hybridization to detect the osteoclast marker cathepsin K
[102]. If desired, cathepsin K immunohistochemistry may
be followed by an H&E counterstain to avoid the need for
the H&E-stained slide; this procedure may be automated
for higher throughput. The third slide is stained with either
safranin O or toluidine blue (Figure 6) to evaluate the degree
of matrix integrity in articular cartilage. As the extent of
inflammation increases, the articular cartilage loses matrix
proteins and can no longer bind dye [8, 156]. In practice,
the loss of cartilage matrix is so advanced in chronic arthritis
that this latter stain may be omitted if the disease has been
present for more than five (for AIA) to ten (for CIA) days.
Histopathologic data for Tier 1 screening is performed using
semiquantitative grading scales (normal joint, or minimal,
mild, moderate, or marked disease), which can be rapidly
gathered by an experienced pathologist (10 to 60 seconds
per section for all stains, depending on the complexity of the
lesion).

Specialized Tests (Tier 2). The procedures used in our
laboratory are applied in addition to, not instead of, the
Tier 1 methods. For example, a detailed examination of
local and systemic events in RMIA requires evaluation of
numerous parameters other than involvement of joints in the
distal limbs. Whole blood may be collected for hematologic
counts, or to harvest serum to measure circulating levels of
biomarkers and immune proteins [93, 94]. For comparison,
unfixed joints may be homogenized to extract and quantify
local biomarkers [93, 94]. Extra-articular tissues (especially
hematopoietic organs like bone marrow, lymph nodes, or
spleen) may be isolated to correlate tissue leukocyte numbers
to circulating cell counts by flow cytometry or histopathol-
ogy [93, 94] or to permit evaluation of systemic bone loss
at sites distant from affected joints (e.g., lumbar vertebrae
[10]). Diseased joints may be imaged using conventional
radiography [105], computed tomography [26, 157, 158], or
magnetic resonance imaging [157]. Paws may be harvested
and split longitudinally while fresh using a circular, water-
cooled diamond saw (e.g., Isomet Low Speed model; Buehler,
Lake Bluff, IL) to provide for more rapid penetration of fixa-
tive; subsequent fixation time can be reduced substantially,
thereby reducing the degradation of delicate antigens and
nucleic acids while retaining good tissue morphology.

The routine Tier 1 semiquantitative histopathologic
analysis may be augmented in Tier 2 by supplementary
endpoints. One common approach is to include additional
special stains to demonstrate other constituents in the
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Figure 4: Bone mineral density (BMD) of the tibiotarsal region (hock (or “ankle”)) by dual X-ray absorptiometry (DXA) is a rapid means
of evaluating bone integrity in arthritic rodent hind paws. Relative to a nonarthritic control (a), BMD is greatly reduced in multiple bones
(bordered by the yellow rectangle) of a young adult, male Lewis rat with the mycobacterial variant of adjuvant-induced arthritis (AIA-Myc).
These panels are reproduced from [155] with the permission of the American College of Rheumatology.
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Figure 5: Tissue trimming procedure for reliable and reproducible production of high-quality hind paw sections for histopathological
analysis of immune-mediated arthritis in rodents. A skeletal schematic diagram (a) shows the location of the cuts required to isolate the
tibiotarsal region. As viewed from the lateral side (a (left panel)), the hind paw is separated from the distal limb just above the tibiotarsal (hock
(or “ankle”)) region at the fur line, and the digits (toes) are removed. From the top (a (right panel)), the hind paw is divided longitudinally
using a cut placed between metatarsals II and III, which will fall just to the outside of the talus (the uppermost bone to the left of the orange
line) and tibia (the distal leg bone (not shown)) that articulates with the talus. The distal tibia ((b), bracketed by forceps) is identified at the
proximal cut margin of isolated hind paws as an oval white bone with a yellow/brown core of bone marrow. The longitudinal dividing cut
(d) is made from the dorsal side by engaging the blade at the proximal and distal margins of the sample and then cutting straight down;
the dashed black oval indicates the position of the tibia behind the razor blade, indicating that the blade is located just to the side of this
bone. The microscopic structure of hind paw sections taken through this region from a nonarthritic rat (c) will include the joint spaces most
susceptible to induced models of immune-mediated arthritis (asterisks (∗)) as well as the most affected tarsal bones (navicular (N) and talus
(Ta)), the distal tibia (Ti), and sometimes the calcaneus (C (or “heel”)). Histologic stain: hematoxylin and eosin (H&E).
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Figure 6: Structural lesions of immune-mediated joint disease in arthritic rodents include both skeletal and soft tissue changes. Relative
to nonarthritic control animals ((a) and (c)), young adult, male Lewis rats with the aggressive mycobacterial variant of adjuvant-induced
arthritis (AIA-Myc) ((b) and (c)) develop extensive inflammation of the fatty periarticular soft tissues (F) and bone marrow, erosion of
cortical and trabecular bone, loss of physeal (growth plate) cartilage (asterisks (∗)), and exuberant production of periosteal bone (P). Fibrin,
inflammatory cells, and (for CIA) pannus are additional features that may be evident on hematoxylin and eosin (H&E)-stained sections ((a)
and (b)). Cartilage degeneration is demonstrated by toluidine blue staining ((c) and (d)), with the normal uniform dark purple labeling
of surface and deep articular cartilage in nonarthritic controls (c) being replaced in inflamed joints by loss of staining in the superficial
matrix of arthritic rats (d). Extensive loss of subchondral and trabecular bone (pale white plates and columns adjacent to cartilage) results
from extensive infiltration of the bone marrow by inflammatory cells (punctate gray/green fields between bones in (d)). Abbreviations: N =
navicular tarsal bone, Ta = talus, Ti = tibia.

arthritic process, such as markers for blood vessels [101],
different populations of leukocytes, or expression of various
proinflammatory and proerosive mediators [10]. Another
option is to examine lesions in other joints besides those
of the affected paws. In this regard, preferred choices are
the knee (Figure 7) and the interphalangeal (toe) joints.
Considerable care must be taken to ensure that the specimen
is positioned correctly during trimming so that sections
are oriented in the optimal plane; for example, a frontal
view is preferred for the knee to allow maximal scrutiny
of the articular surface [62]. A final variant is to procure
quantitative data from histopathologic sections [101, 102].

Such special analyses require at least some extra time, and
often a great deal of it, so should not be undertaken lightly in
the course of preclinical development programs.

7. Objective 5: Considerations in Model
Selection and Experimental Design

The current section will briefly examine several practical
principles that must be contemplated when using the
induced RMIA that we recommend above. Failure to con-
sider such points may delay the launch of studies, result
in their premature termination, or require their repetition.
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Figure 7: Tissue trimming procedure for reliable and reproducible production of high-quality sections through the rodent femorotibial
(knee) joint. A skeletal schematic diagram (a) shows the location of the cut required to isolate the knee region at the appropriate plane, as
viewed from the lateral side. The tissue along the cranial (front) surface of the knee is removed ((b), oriented with the distal tibia to the left) a
few millimeters at a time while holding the razor blade parallel with the cranial surface of the tibia. The appearance of the properly trimmed
joint (d) will show the distal femur (F) and proximal tibia (T) separated by the joint space (asterisk (∗)), as well as the physis (growth plate)
for both bones (arrows). The appearance of the corresponding histologic section from a nonarthritic rat (c) reveals additional features within
the joint space including the menisci (M) associated with the femoral condyles and the cruciate ligaments (X). Histologic stain: hematoxylin
and eosin (H&E).

Time spent in optimizing RMIA up front will save significant
effort, money, and time when building a research program
and generating the preclinical portion of a product registra-
tion package.

7.1. Genetic Background. In general, routine rodent arthritis
studies should be performed in strains that are inherently
sensitive to induction of immune-mediated joint disease.
In our experience, the preferred wild-type strains are Lewis
rats, which exhibit an intermediate susceptibility to disease
(Figure 1), and DBA/1 mice. Each laboratory will have to
validate that the animals from their supplier are sufficiently
vulnerable to arthritis induction and will have to ensure that
genetic drift does not alter the substrain’s sensitivity over
time [29].

7.2. Choice of Inducing Agent. The type of adjuvant influ-
ences the course of RMIA. As shown in Figure 2, rats
with AIA-LA and AIA-Myc have different patterns of lesions
and divergent dose responses to antiarthritic molecules.
Similarly, induction of CIA in mice using the weak adjuvant
IFA results in reduced susceptibility to arthritis relative to
animals in which the carrier was complete Freund’s adjuvant
(CFA) [159]. The source of adjuvant may impact the extent
of disease as well (Figures 1 and 3).

7.3. Microbial Flora. The bacterial composition may play a
large role in defining the sensitivity of various rodent strains
to arthritogenic stimuli. For example, arthritis-resistant F344
rats become vulnerable to AIA when housed under germfree
conditions [160]. In contrast, the germfree state prevents



Journal of Biomedicine and Biotechnology 15

development of inflammatory diseases in joints (and the
intestinal tract) of HLA-B27-transgenic rats [81, 82]. In
our experience, preclinical development programs are best
performed in rodent strains (such as Lewis rats), where
an intermediate susceptibility to arthritis is compatible
with the presence of a normal microbial complement,
thereby avoiding the need for expensive germfree husbandry
practices.

7.4. Treatment Regimen. The responsiveness of RMIA to
antiarthritic agents is variable. Importantly, the pharmaco-
logical target must be a major player in the RMIA selected.
In general, aggressive RMIA are unresponsive to weak anti-
inflammatory agents like nonsteroidal anti-inflammatory
agents (NSAIDs)—although AIA is easily inhibited with
cyclooxygenase inhibitors—but are sensitive to more potent
molecules (e.g., anticytokine biologics, corticosteroids, and
disease-modifying antirheumatic drugs (DMARDS)). Less
destructive RMIA like CIA and SCW are more responsive
to all classes of agents. In fact, each RMIA embodies
one distinct disease in one individual (inbred strain) as
contrasted to human RA, which represents a continuum
of disease expressions in an outbred population. Thus, the
heterogeneity of pharmacological responses in RMIA reflects
the heterogeneity of therapeutic success in RA.

The impact of antiarthritic agents on immune-mediated
arthritis is dependent on several factors. The most obvious is
dose. Higher doses of antiarthritic molecules usually produce
greater reductions in arthritis parameters than do lower
doses [4]. That said, the shape of the dose-response curve
will not always be linear (Figure 2) [8]. A second factor is
the time at which an antiarthritic agent is administered. The
production of proinflammatory mediators waxes and wanes
[93, 94, 161], so achieving a therapeutic effect is depen-
dent on when therapeutic molecules are administered—
particularly when cytokines and chemokines are targeted
with specific inhibitors. For example, cyclosporin A is an
effective immunosuppressant that can significantly inhibit
hind paw swelling in rat CIA (Figure 8). However, shifting
the time frame over which cyclosporin A is delivered can
even potentiate disease [162], resulting in an earlier onset or
increased severity, or delay disease onset (Figure 8). A final
factor is the nature of the target for an antiarthritic agent.
For example, osteoprotegerin (OPG) is a soluble receptor
for the proerosive ligand RANKL. Administration of OPG to
rats with AIA-Myc essentially halts bone erosions even in the
face of severe joint inflammation but has very little impact
on the inflammatory component of disease [8, 99, 156]. In
contrast, IL-1ra and sTNFR-1 are inhibitors of IL-1 and TNF-
α, respectively. Administration of these latter two agents
blocks inflammation, and as a secondary consequence it
prevents skeletal damage as well [4]. Thus, the nature of
anticipated therapeutic benefit may dictate the design of the
experiment and/or analysis.

8. Summary

Various rodent models of arthritis are the conventional
means of evaluating hypothetical mechanisms of immune-

0

0.5

1

1.5

2

2.5

M
ea

n
pa

w
di

am
et

er
(m

m
)

0 3 6 9 12 15 18 21

Days after immunization

Exacerbates

Delays

Inhibits

Arthritis control
CsA (d0-d7)

CsA (d0-d4)
CsA (d7-d14)

Figure 8: The effect of cyclosporin A (CsA), a potent immunosup-
pressant, on the extent of collagen-induced arthritis (CIA) in young
adult, female Lewis rats depends on the treatment schedule. The
course of CIA in untreated animals (arthritis control) is represented
by the solid blue line with triangular data points. Administration
of CsA on the day of arthritis induction (designated as d0) for 7
consecutive days (d0 to d7) substantially inhibits hind paw swelling
(orange-dotted line with inverted triangles). Early but abbreviated
treatment with CsA (d0 to d4) delays disease onset but does not
impact its ultimate severity (solid red line with squares). Delayed
exposure to CsA (d7 to d14) greatly exacerbated the degree of
hind paw swelling (green-dotted line with circles). Bars associated
with data points represent standard error of the mean. Treatment
regimen: CsA was given at 25 mg/kg/day by gavage.

mediated joint disease and the comparative efficacy of
novel drug candidates with potential antiarthritic efficacy
during preclinical development. The workhorse models are
polyarthritides in rats and mice induced by injecting either
bacterial (especially mycobacterial (AIA-Myc) or streptococ-
cal (SCW)) fragments or collagen type II (usually from a
nonrodent mammalian source (CIA)) in adjuvant. Efficacy
is typically evaluated by a combination of semiquantitative
and quantitative techniques including clinical measurements
(e.g., paw volume and serum biomarker concentrations),
noninvasive imaging (e.g., bone density analysis and com-
puted tomography), and histopathology scores (e.g., lesion
scores for inflammation, joint erosion, osteophyte produc-
tion, and cartilage degradation).

The extent and severity of arthritis depends on both
the experimental methodology (e.g., inciting agent, adju-
vant, number, and placement of sensitizing injections)
and individual physiologic parameters (e.g., age, gender,
and genetics). Similarly, the effectiveness of antiarthritic
molecules varies with the nature of the agent, the therapeutic
regimen (e.g., dose, route, and schedule of treatment),
and the choice of rodent arthritis model. In our expe-
rience, rat models of AIA, CIA, and SCW are preferred
platforms for preclinical drug development because these
rat systems are more reproducible among individuals and
across studies than are corresponding mouse models. Of
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these three rat models, AIA is more severe but exhibits
the most consistent lesions among study mates and across
studies, while CIA delivers joint lesions in rodents with
a histopathologic appearance that better resembles that of
the human rheumatoid arthritis joint. All the rat models
are driven by relative overactivity of proinflammatory and
proerosive signaling cascades, but the dominant cytokines
differ among the models. As with human clinical experience,
the efficacy of various antiarthritic molecules differs among
rodent arthritis models, especially when the agent is a specific
cytokine inhibitor.

Abbreviations

AbIA: Antibody-induced arthritis
AIA: Adjuvant-induced arthritis
AIA-LA: Adjuvant-induced arthritis induced

with lipoidal amine
AIA-Myc: Adjuvant-induced arthritis induced

with heat-killed Mycobacterium sp.
AntIA: Antigen-induced arthritis
BMD: Bone mineral density
CCL2: Chemokine (C-C motif) ligand 2
CIA: Collagen-induced arthritis
CFA: Complete Freund’s adjuvant
CsA: Cyclosporin A
CXCL1: Chemokine (C-X-C motif) ligand 1
CXCL8: Chemokine (C-X-C motif) ligand 8
DMARD: Disease-modifying antirheumatic drug
DXA: Dual X-ray absorptiometry
H&E: Hematoxylin and eosin
HPA: Hypothalamic-pituitary-adrenal
HPG: Hypothalamic-pituitary-gonadal
IFA: Incomplete Freund’s adjuvant
IL-1: Interleukin-1
IL-1ra: Interleukin-1 receptor antagonist
IL-4: Interleukin-4
IL-6: Interleukin-6
IL-10: Interleukin-10
IL-17A: Interleukin-17A
MHC: Major histocompatability complex
MMP: Matrix metalloproteinase
NSAID: Nonsteroidal anti-inflammatory agent
PBS: Phosphate-buffered saline
PGE2: Prostaglandin E2

RA: Rheumatoid arthritis
RANKL: Receptor activator of NFκB ligand
RMIA: Rodent model(s) of immune-mediated

arthritis
SCID: Severe combined immunodeficiency
SCW: Streptococcal cell wall-induced arthritis
sTNFR: Soluble tumor necrosis factor receptor
TGF-β: Transforming growth factor-beta
TNF-α: Tumor necrosis factor-alpha.

Acknowledgments

The authors thank Dr. Paulette Andrew for technical assis-
tance, Dr. Ruth Lightfoot-Dunn for helpful comments, Mr.

David Glenn (David Glenn Design, Durham, NC) for aid in
formatting the graphic figures, and Amgen Inc. (Thousand
Oaks, CA) for providing an AAALAC-accredited animal
facility and financial support.

References

[1] H. G. Birnbaum, M. Barton, P. E. Greenberg et al., “Direct
and indirect costs of rheumatoid arthritis to an employer,”
Journal of Occupational and Environmental Medicine, vol. 42,
no. 6, pp. 588–596, 2000.

[2] C. K. Kwoh, L. G. Anderson, J. M. Greene et al., “Guide-
lines for the Management of rheumatoid arthritis: 2002
update—American College of Rheumatology subcommittee
on rheumatoid arthritis guidelines,” Arthritis and Rheuma-
tism, vol. 46, no. 2, pp. 328–346, 2002.
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50 kDa chitosan was conjugated with folate, a specific tissue-targeting ligand. Nanoparticles such as chitosan-DNA and folate-
chitosan-DNA were prepared by coacervation process. The hydrodynamic intravenous injection of nanoparticles was performed
in the right posterior paw in normal and arthritic rats. Our results demonstrated that the fluorescence intensity of DsRed detected
was 5 to 12 times more in the right soleus muscle and in the right gastro muscle than other tissue sections. β-galactosidase gene
expression with X-gal substrate and folate-chitosan-plasmid nanoparticles showed best coloration in the soleus muscle. Treated
arthritic animals also showed a significant decrease in paw swelling and IL-1β and PGE2 concentration in serum compared
to untreated rats. This study demonstrated that a nonviral gene therapeutic approach using hydrodynamic delivery could help
transfect more efficiently folate-chitosan-DNA nanoparticles in vitro/in vivo and could decrease inflammation in arthritic rats.

1. Introduction

Human diseases can be treated by the transfer of therapeutic
genes (transgene) into specific cells or tissues of patients to
correct or supplement defective, causative genes. The success
of gene therapy depends on the ability to deliver therapeutic
DNA or siRNA or other genetic materials to target site.
Viral vectors (e.g., adenovirus) are very effective in term
of transfection efficiency, but they have limitations in vivo,
particularly by their safety concern and nontissue-specific
transfection. Nonviral gene transfer systems are limited by
their lower gene transfer efficiency, low tissue specificity,
and transient gene expression [1, 2]. Cationic polymers,
such as chitosan (Ch), are promising candidates for DNA
transport in nonviral delivery systems [3, 4]. The enabling

characteristics of Ch-DNA nanoparticles include biocom-
patibility, multiple ligand affinity, and a capacity of taking
up large DNA fragments, while remaining small in size [5].
Genes can be delivered systemically (intramuscularly, intra-
venously, subcutaneously, or, in animals, intraperitoneally).
Otherwise, hydrodynamic-based gene delivery offers a con-
venient, efficient, and powerful means for high-level gene
expression in animals [6–8]. The highly effective delivery
of naked plasmid into body or tissue with hydrodynamic
limb vein injection technique has already been demonstrated
for the treatment of muscular dystrophy [9]. However, the
mechanism of hydrodynamic injection aiding the delivery of
chitosan-based nanoparticles into targeted tissue and the use
of this approach in other disease, treatment such as arthritis
is unclear.
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Rheumatoid arthritis (RA) is a chronic, systemic autoim-
mune disorder that causes the immune system to attack
the joints, where it causes inflammation (arthritis) and
destruction. Other problems may also develop, including
inflammation of blood vessels (vasculitis), the development
of bumps (called rheumatoid nodules) in various parts of
the body, lung disease and blood disorders. The recent
report demonstrated that the muscle strength loss is strongly
associated with the presence and duration of an inflam-
matory state like rheumatoid arthritis [10]. Interleukin-
1 (IL-1), a key proinflammatory factor which consists of
2 subtypes, including IL-1α and IL-1β, is produced by
monocytes macrophages. IL-1α remains mostly intracellular
(or expressed on the cell surface), while IL-1β is secreted
into the extracellular space [11]. Prostaglandin E2 (PGE2) is
considered to be of great importance in pathology of RA [12].
IL-1β has been implicated in the pathological mechanisms
of synovial tissue proliferation and joint destruction in
RA [2, 11, 13]. Its physiologically competitive agent, IL-
1 receptor antagonist (IL-1Ra), has been proven to act
as a powerful inhibitor [14]. Several therapeutic studies
on the use of recombinant IL-1Ra, as an external source
agent, have demonstrated its positive effect in controlling
inflammation and symptoms of RA in animal models and
in clinical practice [15, 16]. Folate receptors (FR) are
overexpressed on many human cancer cell surfaces, and
the nonepithelial isoform FR(β) is expressed on activated
synovial macrophages present in large numbers in RA [17].
Folate-mediated transfection has been shown to facilitate
DNA and nanoparticle internalization into cells through
membrane receptors for higher transfection yields both in
vitro and in vivo [18].

In this study, 50 kDa chitosan was conjugated with folic
acid (Fa), a specific tissue-targeting ligand. Nanoparticles
such as chitosan-DNA (Ch-DNA) and Chitosan-folate-DNA
(Ch-Fa-DNA) were prepared by coacervation process. The
hydrodynamic limb intravenous injection of nanoparticles
was performed in the right posterior paw in rats. The first
objective was to determine the distribution of these nanopar-
ticles in normal rats following hydrodynamic injection. The
second objective of the study was to examine the in vivo
anti-inflammaory effects of nanoparticles of plasmid IL-1Ra
DNA complexed to the Ch or Ch-Fa in an adjuvant-induced
arthritis (AIA) rat model.

2. Materials and Methods

All animal experiments were approved by the Animal Ethics
Committee of the Hôpital du Sacré-Coeur de Montréal.

2.1. Synthesis of Chitosan-Folate Conjugate. Chitosan (Ch)
(Wako-10, degree of deacetylation (DD) 85%, Mw = 57 kDa)
was purchased from Wako Chemicals USA (Richmond, VA).
Folic acid (Fa) was purchased from Sigma-Aldrich Chemical
(St-Louis, MO, USA). α-amino, ω-carboxyl poly(ethylene
glycol) (NH2-PEG-COOH, Mw = 3, 400 Dalton) was pur-
chased from Shearwater Inc. (Dallas, TX, USA). Ch was
further deacetylated by treating with concentrated NaOH

solution (50%) to obtain∼96% deacetylation degree accord-
ing to the reported procedure [19]. To prepare the Ch-
Fa conjugate, folic acid was first attached to NH2-PEG-
COOH via the well-known carbodiimide chemistry to obtain
folate-PEG-COOH. Then, the folate-PEG-COOH was again
activated by N ,N ′-Dicyclohexylcarbodiimide (DCC) and
N-hydroxysuccinimide (NHS) to convert to the reactive
intermediate folate-PEG-CO-NHS and subsequently grafted
onto chitosan to achieve the folate-PEG-chitosan conjugate
[20]. The level of folate-PEG incorporation was determined
to be 1.1 mol% with respect to the glucosamine unit of
chitosan by UV-Vis spectroscopy using folic acid as standard
(the extinction coefficient (λ363 nm) of folic acid is determined
to be 6165 M−1 cm−1 in pH 7.4 phosphate buffer (0.1 M)).

2.2. IL-Ra Plasmid Construction. We used human interleukin
1 receptor antagonist as a curing agent, with its secretive
variant (sIL-1Ra, 177aa, NM 173842 X52015, GenBank). We
subcloned this gene by PCR with oligos carrying HindIII
and XbaI sites (IL-1RaH3 CCAAGCTTGAATGGAAATCT-
GCAGAGGCC, IL-1RaH4 GCTCTAGACTGGGCA GTAC-
TACTCGTCCTCC), using genomic DNA of macrophage
differentiated from monocyte cell line THP1 stimulated
with PMA as PCR DNA template. Then, PCR product
was inserted in the mammalian expression vector pCDNA3
(Invitrogen, Burlington, ON, Canada) that drives overex-
pression of gene with CMV promoter. To reduce the size
of pDNA, the region of PvuII-PvuII was deleted. Final
plasmid (3.8 kb) including targeted gene was verified by DNA
sequencing.

2.3. Amplification and Purification of Plasmid DNA. The
other plasmids used in this study were VR1412 and pDsRed.
The plasmid DNA VR1412, encoding the β-galactosidase (β-
gal) reporter gene with a CMV promoter and a backbone
size of 8,100 kb, was obtained from VICAL Inc. (San Diego,
CA, USA). The plasmid pDsRed encoding the red fluorescent
protein was obtained from Clonetech (Mountain View, CA,
USA).

The plasmid DNAs were multiplied with Escherichia Coli
bacteria then isolated and purified using the QIAGEN Plas-
mid Mega Kit according to the manufacturer’s instruction
(Qiagen, Mississauga, ON, Canada). The purified plasmid
was resuspended in water. The purity was confirmed with
0.8% agarose gel electrophoresis. The DNA concentration
was measured by UV absorption at 260 nm with a UV-
visible 1601 spectrophotometer from Shimadzu (Columbia,
MD, USA). All bacteria were all grown in GIBCO Invitrogen
Corporation Lennox L Broth Base (Invitrogen Canada Inc.,
Burlington, ON, Canada).

2.4. Nanoparticle Synthesis. Ch or Ch-Fa was dissolved with
low heating (below 45◦C) in a 20-mM acetic solution at pH
5.5. The solution was then adjusted to a final concentration
of 0.02% chitosan in 5 mM acetic acetate and passed through
a 0.22-μm filter. The plasmid DNA (β-gal, DsRed, and IL-
1Ra plasmid DNAs) employed for synthesis was a solution
of 200 μg DNA/ml of 4.3 mM sodium sulfate solution. After
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heating to 55◦C, 100 μl of the DNA solution was added to
100 μl of Ch or Ch-Fa solution and vortexed immediately at
maximum speed for 1 min [21]. The nanoparticle solutions
produced were deployed for stirring 30 minutes and allowing
standing one hour before transfection without further
modification. Two kinds of nanoparticles were synthesized:
Ch-DNA and Ch-Fa-DNA.

2.5. In Vitro Tranfection Test. KB cells obtained from Amer-
ican Type Culture Collection (ATCC) (Rockville, MD, USA)
were used for transfection in the media with or without
folic acid supplement. On 24-well plates at a density of
50,000 cells/well in 1 ml of Roswell Park Memorial Institute
(RPMI), 1640 medium supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin-streptomycin (PS). Next day,
medium was replaced with fresh RPMI medium 1640 or
RPMI medium 1640 without folic acid, without FBS in two
type media. After 2 hours, KB cells received 500 μl solution
of Ch- or Ch-Fa- plasmid IL-1Ra DNA nanoparticles (con-
taining 5 μg human IL-1Ra plasmid DNA) in the presence or
absence of folic acid supplement. After another two hours,
0.5 ml complete RPMI 1640 medium was added in each well.
The plates were kept in a cell cultural incubator with 5% CO2

at 37◦C. After 24 hours, cell culture media and cells were
collected separately for later analysis.

2.6. Hydrodynamic Limb Vein Injection of Nanoparticles.
THE hydrodynamic intravenous injection was performed in
the right posterior paw, as previously published [22–24].
Nanoparticle solutions were adjusted to physical osmolarity
with 18% sterile NaCl just before injection. The injection
point was located in the great saphenous vein inside the
leg, in direction of the knee. A tourniquet was located
above the knee forcing the solution back into the smaller
leg veins and ending up in muscle tissue cells. The 4 ml
transfection solution (containing 200 μg DNA) was injected
into about 200 g rats, at a speed of 10 ml/minute, with
infusion/withdrawal pump Model 940 (Harvard Apparatus,
Millis, MA, USA). The cuff was kept in place for one minute
after injection. The eyes were humidified with Liquifilm
Tears eyes drops from Allergan (Markham, ON, Canada).

2.7. In Vivo Organ Distribution Study by DsRed Protein Fluo-
rescence Measurements. The female Lewis rats were injected
with the hydrodynamic technique via the femoral vein with
DesRed plasmids DNA, coding for fluorescent emitting
proteins, measurable by detecting the emitted DsRed fluo-
rescence wave, with a maximum excitation at 555 nm and
maximal emission at 583 nm. We used 9 female Lewis rats
to administer DsRed plasmid (containing 200 μg DNA/rat)
alone via the hydrodynamic technique by the femoral vein,
towards the direction of the knee. 3 experimental groups
formed 3 rats for control, 3 rats for hydrodynamic injection,
and 3 rats for normal femoral intravenous injection. The
rats were sacrificed 6 to 8 days following the injection; the
tissue sections of liver, kidney, gluteus superficialis muscle,
and different skeletal muscle groups of two hind limbs
(femoris bicep, soleus, and gastro) were removed, cleaned by

dipping it in clean phosphate buffered saline (PBS) solution,
homogenised with Polytron, and centrifuged at 3000 rpm.
The samples suspensions were then stored in −80◦C until
the day the measurements are done. The fluorescence
density was detected by Photon Technology International
(PTI) spectrofluorometer (Birmingham, NJ, USA). Protein
determination was performed by the bicinchoninic acid
method [25].

2.8. β-Gal Staining with X-Gal Substrate in Soleus Muscle.
The female Lewis rats were injected with the hydrodynamic
technique via the femoral vein with 200 μg naked β-gal
plasmids DNA (3 rats), Ch-β-gal plasmids DNA (3 rats) and
Ch-Fa-β-gal plasmids DNA (3 rats), respectively. The rats
were sacrificed 3 days following the injection. The sampled
tissues (soleus muscles) were to be dissected into an ice cold
PBS solution containing 2 mM MgCl2. The fixation process is
done by dipping them, for 30 minutes and more, in a solution
composed of 0.5% glutaraldehyde, reputed for its superior
staining and endogenous enzyme preservation activity, up
to the confounding point of the signal, compared to the
other way by using paraformaldehyde. It is important to note
that the enzyme coding β-gal can be overfixed. Afterwards,
it is very important to carefully rinse of residual fixatives,
which can inhibit the enzyme, by rinsing them many times
with PBS. At some point, overnight rinsing can be done.
The X-gal stock was diluted into the X-gal Reaction Buffer
(40 mg/ml in die methyl). The tissues were then incubated
in it for 2–4 hours at 37◦C before getting rinse in PBS. The
viewing step was done under the bright fluorescent white
light for optimal visualisation and analysis. One of section of
specimens were embedded in paraffin, sectioned, and stained
for β-galactosidase protein expression stained with its cor-
responding polyclonal antibody (Sigma-Aldrich, St-Louis,
MO, USA) after hydrodynamic Ch-Fa- plasmid β-gal DNA
injection. The staining was undertaken with DAKO liquid
DAB+ substrate-chromogen system kit (DAKO, Carpinteria,
CA, USA) as directed by the manufacturer. Each section was
examined under a light microscope (Zeiss Axio-Imager Z1,
Carl Zeiss MicroImaging GmbH, Göttingen, Germany) at
x20 magnification and photographed with a Zeiss AxioCam
camera and Axio-Vision software (version 4.0).

2.9. Adjuvant-Induced Arthritis (AIA) Rat Model. Arthritis
was induced in 150 to 200 g female Lewis rats (Charles
Rivers, Montreal, QC, Canada). Briefly, on day 1, rats were
anaesthetized with 0.2 ml 0.5% ketamine and 0.5% xylazine
hydrochloride, and 0.5 mg of heat-killed M butyrium sus-
pended in mineral oil (5 mgml, Difco, MI, USA) was injected
intradermically into the right hind foot. Disease develops
around 10–45 days after injection and generally subsides after
a month. Arthritis usually develops in all treated animals,
as evidenced by dramatic swelling in the injected paws and
progressive swelling in all uninjected paws.

2.10. Experimental and Control Groups under Study. A
control group (naked DNA, n = 5), a Ch-plasmid IL-1Ra
DNA nanoparticles group (n = 5), and a Ch-Fa-plasmid IL-
1Ra DNA nanoparticles group (n = 7) were injected on day
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Figure 1: Hydrodynamic injection on hindlimb of rat. The
experimental detail of hydrodynamic injection procedure was given
in section of Materials and Methods.

18 post AIA induction. A nontreated group (RA) (n = 5) was
used as an untreated control. All animals were sacrificed on
day 35 and clinical results were compared among the groups.
The evaluation of reduced adjuvant-induced arthritis was
done by evaluating ankle inflammation, decreased articular
index scores, ankle circumferences, and sequential calliper
measurements of the ankle joints.

2.11. Blood Samples. While under anesthesia, 7–9 ml of
whole rat blood was obtained by heart puncture. Blood was
gelled at room temperature then sera were separated by
centrifugation at 6000 rpm for 10 minutes. Sera were kept
separately at −80◦C until assays.

2.12. Enzyme-Linked Immunosorbent Assay (ELISA) Analysis.
IL-1Ra detection in culture medium and rat sera was carried
out with ELISA kit (R&D Systems, Minneapolis, MN, USA).
Blood serum samples were diluted 5–10 times in assay
diluents (BioFX, Owings Mills, MD, USA). 100ul of dilution
were added in 96 wells plates. No special treatment was
necessary for standard series. The rest of the process followed
the kit provider’s protocol. Rat PGE2 and Il-1β were detected
with ELISA kit (R&D Systems), by diluting blood serum
samples 100 times with PBS buffer containing 1% bovine
serum albumin (BSA).

2.13. Statistical Analyses. All values are expressed as means
± SD and were subjected to t-test and one-way ANOVA
analysis. A value of 0.05 was considered significant.

3. Results

3.1. Nanoparticle Characterization. All nanoparticle size
averaged 108 nm. Zeta potential remained stable for all
nanoparticles between +4 and +6 mV.

3.2. Efficient Hydrodynamic Limb Intravenous Injection. Rats
were injected with the hydrodynamic technique (Infu-
sion/Withdrawal Pump Model 940 from Harvard Apparatus
co., inc., Millis, Mass., USA) via the right femoral vein,
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Figure 2: In vivo organ distribution study by DsRed protein
fluorescence measurements. The normal female Lewis rats were
allocated to 3 groups and each consisting of 3 animals. One group,
serving as normal controls, received 4 ml of saline injected with
the hydrodynamic technique via the femoral vein. Another two
Groups received 200 μg DsRed plasmids DNA prepared with 4 ml
saline injected by normal femoral vein injection and hydrodynamic
femoral vein injection, respectively. The rats were sacrificed 6 to
8 days following injection. The tissue sections of liver, kidney,
and skeletal muscle were removed, cleaned, and homogenised. The
samples suspensions were then stored in −80◦C until the day
the measurements are done. The DsRed plasmids DNA, coding
for fluorescent emitting proteins, were measured by detecting the
emitted DsRed fluorescence wave, with a maximum excitation at
555 nm and maximal emission at 583 nm. The skeletal muscle
groups included gluteus superficialis (GS), Femoris Bicep of left
and right hindlimbs (Left BF and Right BF), soleus of left and
right hindlimbs (Left S and Right S), and gastro of left and right
hindlimbs (Left G and Right G). Values were shown as mean ±
SEM of normalised DsRed fluorescence/protein (mg) of 3 rats of
each group. All values were subjected to t test and one-way ANOVA
analysis. A value of 0.05 was considered significant. The highest
value of fluorescent spectra (right soleus muscle section) is set as 1.

toward the direction of the knee (Figure 1). Before perform-
ing the injection, a small cut will be done on the skin covering
the vein. This lowers the difficulty level when it comes to
inserting the needle into the vein. In addition, the leg is
bound tightly, above the knee level with a tourniquet to force
the solution back into the smaller leg veins and end up in
tissue cells. This is very crucial since that is what causes the
hydrodynamic pressure, hence the whole point of this type of
injection. Once the needle is properly inserted, the injection
machine is turned on and its speed is set to three, around 0.3-
0.4 ml/sec. After the injection, only the needle is taken out;
the elastic binder stays for an extra minute to let the plasmid
settle in. For each rat, around 4 ml of the injection solution is
needed; as a precaution, 5 ml is set per rat.

3.3. Organ Distribution of Plasmid DNA by Hydrodynamic
Limb Intravenous Injection. To determine the tissue uptake
of plasmid DNA following hydrodynamic injection, we used
9 female Lewis rats to administer DsRed plasmid alone via
the hydrodynamic technique by the femoral vein, towards
the direction of the knee. 3 experimental groups formed 3
rats for control, 3 rats for hydrodynamic injection, and 3
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Figure 3: β-gal staining with X-Gal substrate in soleus muscle. Four
groups (each consisted of 3 rats) of the normal Lewis rats treated
with the hydrodynamic femoral intravenous injection of saline or
200 μg naked β-gal plasmid, Ch-β-gal plasmid DNA, and Ch-Fa-
β-gal plasmid DNA, respectively. Soleus muscle were isolated and
visualized for β-gal gene expression with X-gal substrate incubation
3 days post injection. (a) Shows the scanned images from the rat
soleus muscles. (1) nontreated controls, (2) naked plasmid β-gal
DNA injected, (3) Ch-plasmid β-gal DNA nanoparticles injected,
and (4) the Ch-Fa-plasmid β-gal DNA nanoparticles injected rats.
(b) Shows soleus muscle histological cross-sectional patterns of
β-galactosidase protein expression stained with its corresponding
antibody after hydrodynamic Ch-Fa- plasmid β-gal DNA injection
(dark brown staining).

rats for normal femoral intravenous injection. The rats were
sacrificed 6 to 8 days following the injection; specific DsRed
plasmid expressed red fluorescent protein expression was
measured by spectrofluorometer in various tissue extracts
(Figure 2). The highest level of red fluorescent protein
was observed in the soleus muscle of the right legs of
hydrodynamic injected rat group. The different sampled
organs also show much lower red fluorescence intensities,
like the liver that emits 12 times less. Lastly, by comparing
the hydrodynamic injected rats with the control and normal
intravenous injected rats, the majority of the red fluorescence
values are higher for hydrodynamic injected rats.

In order to study Ch or Ch-Fa as gene delivery vector,
three groups (each consisted of 3 rats) of the normal Lewis
rats treated with the hydrodynamic intravenous injection
of 200 μg naked β-gal plasmid, Ch-β-gal plasmid DNA,
and Ch-Fa-β-gal plasmid DNA, respectively. Soleus muscles
were isolated and visualized with X-gal expression 3 days
post injection. As shown in Figure 3, the naked DNA can
be expressed (Figure 3(a)2). The Ch-Fa-DNA expression
(Figure 3(a)4) is darkest in the soleus muscle compared
to Ch-DNA expression (Figure 3(a)3). Figure 3(b) showed
soleus muscle histological cross-sectional patterns of β-gal
protein expression stained with its corresponding antibody

after hydrodynamic injection of nanoparticles of Ch-Fa-
plasmid β-gal DNA with positive dark-brown staining within
the muscle.

3.4. Efficient Delivery of Ch-Fa-IL-1Ra Plasmid DNA In Vitro
and In Vivo. In vitro, to test the modification by adding folic
acid on chitosan backbone, the nanoparticles made of two
types of chitosan were transfected in KB cells with medium
without folic acid supplement. Data showed the significantly
higher expressive level in 1640 without folic acid medium
(n = 3, P < .01) comparing to that in normal medium
(Figure 4(a)). Evidently folic acid in medium interferes the
binding between folate-modified nanoparticle and cells.

In vivo, as shown in this Figure 4(b), the naked plasmid is
more rapidly expressed in greater quantity in the serum than
the Ch-nano and Ch-Fa-nanoparticles. Despite the longer
time taken by Ch-DNA and Ch-Fa-DNA nanoparticles has
taken the longer time to express themselves in the serum,
but they presented more secreted IL-1Ra proteins at the day
of 34 with compared to naked DNA treated rats. However,
there were no significant differences in the IL-1Ra protein
concentration across the three treatment groups (naked
DNA, Ch-DNA, and Ch-Fa-DNA).

3.5. Efficacy in a Rat Model of Arthritis. Paw swelling.
Decrease in macroscopic inflammation in various degrees
in AIA rat’s paws after treatment with Ch-plasmid IL-
1Ra DNA, or Ch-Fa-plasmid IL-1Ra DNA, as shown in
Figure 5(a). There is a decrease in the percentage of ankle
size in all treated groups compared to the untreated RA
positive control group. Only the Ch-Fa-pIL-1Ra group
showed significant decrease in ankle size (P < .05, n =
5). However, there was no significant difference between all
other treatment groups (naked DNA, and Ch-DNA).

Levels of serum proinflammatory factor Il-1β and PGE2. To
measure the inflammation changes after treatment, cytokine
IL-1β, a potent immunomodulator which mediates a wide
range of immune and inflammatory responses, was detected
in the serum of the experimental animal rat model. A gradual
increase of cytokine level was seen in the positive control
group (RA), while there was an abrupt decrease of IL-1β
levels following treatment with Ch-plasmid IL-1Ra DNA and
Ch-Fa-plasmid IL-1Ra DNA nanoparticles. This bring to the
fore the inflammation reduction, since IL-1Ra competes for
the IL-1 receptor and indirectly decrease IL-1β production
therein (Figure 5(b)). As shown in Figure 5(c), a gradual
increase of PGE2 levels is seen in the positive control group
(RA) whereas there is a decrease of PGE2 levels following
treatment with Ch-pIL-1Ra. Lower levels of PGE2 synthesis
were observed in all treated groups compared to positive
control.

4. Discussion

The hydrodynamic limb vein injection involves the rapid
injection of a large volume of naked DNA through a
peripheral vein a limb that is temporarily isolate from
normal blood flow by a tourniquet [6–8]. In this study,
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Figure 4: Efficient delivery of Ch-Fa-plasmid IL-1Ra DNA in vitro
and in vivo. (a) In vitro, KB cells received either 5 μg of Ch-
plasmid IL-1Ra DNA nanoparticles or Ch-Fa-plasmid IL-1Ra DNA
nanoparticles in the presence or absence of folic acid supplement.
Values are the mean ± SEM. Statistical significance was assessed
by unpaired Student t. (b) Three groups (each consisted of 3 rats)
of the normal Lewis rats treated with the hydrodynamic femoral
intravenous injection of 200 μg naked β-gal plasmid, Ch-β-gal
plasmid DNA, and Ch-Fa-β-gal plasmid DNA, respectively. Serum
samples were collected at day 24, 28 and 35, respectively. The levels
of IL-1Ra protein in the cellular cultured media and serum were
analyzed by ELISA. Values were shown as mean± SEM of three rats.
All values were subjected to t test and one-way ANOVA analysis. A
value of 0.05 was considered significant.

we found that the expression of the targeted protein by a
Ch-nanoparticle is possible (as reflected by DeRed protein
expression and staining by β-gal in the soleus muscle).
Although hydrodynamic injection causes edema at the site
of puncture (data not show), injection skills may affect
the effect of genetic material delivered [26]. However, in

our study, this manipulation was performed by the same
person, used to the technique, thereby reducing the effect
of the learning curve on the quality of delivery. In addition,
the hydrodynamic injection allows the introduction of high
volume solution into the muscle tissue. This situation allows
for a greater concentration of nanoparticles around cells
suggesting a greater potential of capture through endocy-
tosis. The transfection efficiency of nonviral vectors may
depend on several factors such as chemical structure of
polycations, size and composition of complexes, interaction
between cells and complexes and the cell type. The small
size complexes have the advantage of entering the cells
through endocytosis or pinocytosis and crossing the nuclear
pore complex, thereby increasing the transfection rate.
Our results demonstrated that our nanoparticles (average
108 nm) obtained favored nanosize. Many researchers [27,
28], including us [29], are actually working on the synthesis
of smaller size nanoparticles.

The hydrodynamic injection showed 5 to 12 times more
red protein fluorescence in the leg muscles in proximity of
the injected femoral vein than the other sampled parts (ex:
kidney). It even goes up to 20 times more when comparing
with the control (ex: left gastro muscle). This is what we
hoped to obtain with the hydrodynamic vein tourniquet
injection. A normal femoral vein injection done using these
same manipulations, the results would not appear much
in the legs, but instead it will mostly be in the rat’s
liver and spread across other body parts. In our case, the
tourniquet made so that the solution travels back into smaller
veins and end up in muscle cells. In the case where the
tourniquet is well installed, directing the process towards
good conditions by blocking the escape, the local injection
load is administered gently enough to trap and spread the
injected solution in and not beyond the tourniquet. If some
of the solution gets to escape, it would get filtered, stopped,
in the lungs, liver, kidneys, and aorta, and in most cases,
travel in the blood circulation system. That is why in rat with
normal intravenous injection, we were not able to observe
the leg muscles swelling (data not shown). Instead, the whole
leg got bigger in size, acting like a balloon being blown up.
Probably, the solution was at first trapped in the leg due to
the tourniquet applied in the lymphatic and vein drainage
system which stop the solution from spreading beyond the
knee with high pressure. The pressure does so that the
injected solution in the femoral vein stops going forward and
is forced back into the smaller veins in the opposite direction.

It has been demonstrated that naked DNA express easily
when injected into a muscle mass [30]. According to the
results obtained through β-gal staining with X-gal, we can see
that without any treatment, the naked DNA can be expressed.
When surrounded by a layer of 50 kDa chitosan as a nonviral
approach, only fine blue lines can be seen on part of the
targeted soleus leg muscle. This means that the particles
entered difficultly into the cells beyond the veins surrounding
the leg muscle. The answer to where they went is found by
observing the final destination of the body fluid circulation,
acting like body “filter”, the liver [31–33]. Once upgraded
with folic acid (Fa), the results are totally different. The
soleus muscles are suitably darker than the control. Evidently,
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Figure 5: Efficacy in a rat model of arthritis. The rats were inoculated intradermally, into the plantar surface of the right hindpaw, with
0.1 ml of complete Freund’s adjuvant (CFA) containing 10 mg ml−1 of heat-killed Mycobacterium tuberculosis suspended in paraffin oil. The
rats were allocated to 5 groups. A control group (naked DNA, n = 5), a natural Ch-IL-1Ra plasmid DNA nanoparticles group (n = 5) and
a Ch-Fa-IL-1Ra plasmid DNA nanoparticles group (n = 7) were injected on day 18 post AIA induction. A nontreated group (Rheumatoid
arthritis, RA) (n = 5) was used as an untreated control. All animals were sacrificed on day 35 and clinical results were compared among the
groups. (a) Rat’s ankle size change before and after treatments. Graph shows changes of absolute ankle size (mm) in AIA rats before and after
different treatments at day 18. Each point represents the mean ± SD. Note a significant decreasing inflammation with Ch-Fa-Il-1Ra gene
therapy (P ≤ .05, n = 7) comparing to the AIA nontreated control. Differences observed between all treated groups were nonsignificant
(NS). (b) IL-1β concentration in rat sera. All treated groups showed significant decrease IL-1Ra in serum (P ≤ .05, n = 5) compared to
nontreated controls. It can be clearly seen that this effect is observed the day after treatment starts. Black arrow indicates the day of starting
IL-1Ra gene therapy. (c) PGE2 level in rat sera after Il-1Ra treatment. All values are expressed as means ± SD and were subjected to t test
and one-way ANOVA analysis. A value of 0.05 was considered significant. There is a significant decrease in the levels of PGE2 in all three
treatment groups (∗P < .05, ∗∗P < .01).
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the intensity is lower in the liver (data not shown). When
observing the hydrodynamic injection technique efficiency
rate for this experiment, the injections technical skill play a
very important role.

We observed that IL-1Ra protein expression was signif-
icantly higher (P < .05) when transfection was prepared
with chitosan-folate-IL-1Ra plasmid DNA complexes in the
culture medium without folic acid supplement (Figure 4(a)).
These findings suggested that folic acid molecules supple-
mented in culture medium would prevent cellular uptake
of the complexes by competitive binding to FRs on the
cell surface. The in vivo study revealed that the IL-1Ra
gene can be transduced in vivo exploiting nonviral chitosan
and folate target technology via hydrodynamic limb vein
injection. The injected muscle was the predominant site of
gene transfer and expression after hydrodynamic limb vein
injection. In our study, Il-1Ra protein expression was also
detected in rat sera. It is interesting to note that IL-1Ra
protein can be detected in the serum of rats as long as
6–17 days following the injections of both chitosan-DNA
and chitosan-folate-DNA nanoparticles, possibly offering
a lasting, sustain release of IL-1Ra in the serum. Folate
conjugation improves the transfection efficiencies of FA-
chitosan for FR-positive cell gene silencing in conditions
without folic acid supplement. Because of FR overexpression
in cancer cells and activated macrophages, a variety of
therapeutic agents have been linked with folic acid for
selective delivery to pathological cells, by avoiding normal
tissues. Among these therapies, folate-targeted nonviral gene
therapy vectors are considered as promising treatments of
cancer and inflammatory diseases [33–35].

The hydrodynamic limb vein injection technology has
been shown to be effective for the delivery naked DNA
into the skeletal muscle of the limb. This approach has a
good profile for the treatment of muscular disease such as
muscular dystrophy. In this study, the usefulness of hydro-
dynamic delivery to decrease inflammation in experimental
arthritis treatment was also demonstrated. The first model
of RA to be described was adjuvant arthritis, and the
arthritis develops 10–45 days after injection and generally
subsides after a month [36]. Based on our experiences with
adjuvant induced arthritis in rats, disease is allowed to obtain
maximum inflammation around 18 days, as evidenced by
dramatic swelling in the injected paw measurements of
proinflammatory biomarkers such as TNF-α and IL-1β. So
we inject chitosan/folate-chitosan-DNA nanoparticles at day
18 to treat inflammation caused by adjuvant injection.Our
results showed that it is possible to express the IL-1Ra protein
with a variety of cationic polymeric-based nanoparticles.
Macroscopically, hydrodynamic injection of these nanopar-
ticles in an AIA rat model allow a significant decrease of
the inflammation in the rats’ ankle compared to untreated
rats, proving indirectly the efficacy of the IL-1Ra protein
treatment. Various inflammation markers (IL-1β and PGE2)
showed a significant decrease in the muscle and serum after
the injection of the IL-1Ra protein demonstrating by direct
evidence the efficacy of the administration technique to
deliver efficient nanoparticles. Therefore, it is possible to
do gene therapy via hydrodynamic limb vein injection with

IL-1Ra to decrease arthritis and have a positive effect on
inflammation.

In conclusion, the efficacy of chitosan-folate-based
nanovectors was confirmed in vitro in KB cells and in vivo
using hydrodynamic delivery of β-gal DNA nanocarriers
in Lewis rats. This study demonstrated the efficacy of
a therapeutic approach (after maximum disease progres-
sion) using hydrodynamic delivery of plasmid IL-1Ra DNA
and chitosan-DNA-based nanocarriers in controlling the
progression of inflammation in an AIA rat model. More
research are needed toward the search for smaller and more
performing nanoparticles in the treatment of arthritis using
gene therapy.
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André Mattos Brito de Souza,3 Antonio Alfredo Rodrigues e Silva,1 Antoniella Souza Gomes,3

Mariana Lima Vale,3 Mirna Marques Bezerra,2 and Gerly Anne de Castro Brito4
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Aims. To establish a new model of zymosan-induced temporomandibular joint (TMJ) arthritis in the rat and to investigate
the role of nitric oxide. Methods. Inflammation was induced by an intra-articular injection of zymosan into the left TMJ.
Mechanical hypernociception, cell influx, vascular permeability, myeloperoxidase activity, nitrite levels, and histological changes
were measured in TMJ lavages or tissues at selected time points. These parameters were also evaluated after treatment with the
nitric oxide synthase (NOS) inhibitors L-NAME or 1400 W. Results. Zymosan-induced TMJ arthritis caused a time-dependent
leucocyte migration, plasma extravasation, mechanical hypernociception, and neutrophil accumulation between 4 and 24 h.
TMJ immunohistochemical analyses showed increased inducible NOS expression. Treatment with L-NAME or 1400 W inhibited
these parameters. Conclusion. Zymosan-induced TMJ arthritis is a reproducible model that may be used to assess both the
mechanisms underlying TMJ inflammation and the potential tools for therapies. Nitric oxide may participate in the inflammatory
temporomandibular dysfunction mechanisms.

1. Introduction

Temporomandibular joint (TMJ) disorders are a group
of conditions that result in TMJ pain, which frequently
limits talking, chewing, and other basic daily activities with
high levels of pain-related disability [1]. Although these
conditions may be measured in terms of lost productivity
and human suffering, little is known about the under-
lying pathogenesis of temporomandibular disorder-related
pain.

Experimental models that allow the study of the mech-
anisms underlying these inflammatory and pain conditions

are of great clinical relevance. Rat models of TMJ inflam-
mation have been developed using intra-articular injections
of proinflammatory agents [2–17]. In this regard, zymosan,
a polysaccharide from yeast cell walls, produces a severe
and erosive synovitis [18, 19] associated with hyperalgesia
in animal models of knee arthritis [20]. This model has
been largely used in the study of knee arthritis, but to
our knowledge, no study has used zymosan to induce TMJ
arthritis.

Nitric oxide (NO) is synthesized by nitric oxide synthase
(NOS) from L-arginine, and three isoforms of NOS have
been described. The endothelial (NOS1) and neuronal
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(NOS3) isoforms are constitutive, whereas NOS2 is the
inducible isoform (iNOS) [21]. The immunohistochemical
localization of inducible NOS in the synovial tissue of human
TMJs has been demonstrated previously [22]. In addition,
an antinociceptive action of NO in the caudal part of
the spinal trigeminal nucleus during chronic carrageenan-
induced arthritis in rats TMJ has been described [23].
Despite this experimental evidence showing an involvement
of NO in TMJ arthritis, the role of the L-arginine : NO
system remains controversial. A striking therapeutic benefit
with reduced signs and symptoms of erosive arthritis fol-
lowing the inhibition of NO production with nonspecific
NOS inhibitors has been observed [24]. However, selective
iNOS inhibition exacerbates synovial inflammation and joint
degradation [25].

The aim of this study was to establish a new model of
zymosan-induced TMJ arthritis in the rat. Considering that
both the mediators involved in pain mechanisms during
inflammatory arthropathies and the exact role of NO in pain
development are still not fully defined, we also aimed to
determine the time course of vascular and cellular events that
occur secondarily to zymosan-induced TMJ arthritis in rats
and the putative involvement of NO and neutrophils.

2. Materials and Methods

2.1. Animals. Male Wistar rats (160–220 g) were housed in
standard plastic cages with food and water available ad
libitum. They were maintained in a temperature-controlled
room (23 ± 2◦C) with a 12/12-hour light-dark cycle. All
experiments were designed to minimize animal suffering and
to use the minimum number of animals required to achieve
a valid statistical evaluation. This study was conducted in
accordance with the Institutional Animal Care and Use
Committee of the Federal University of Ceará.

2.2. Induction of TMJ Arthritis. Rats were anesthetized with
tribromoethanol (1 mL/100 g, i.p.) and received an intra-
articular (i.art.) injection of 0.25, 0.5, 1, or 2 mg zymosan
(40 μL total volume) dissolved in sterile saline into the left
TMJ using a 30-gauge needle and 1-mL syringe. Sham
animals received saline i.art.

Before zymosan or saline injections, the TMJ skin region
was carefully shaved, the posteroinferior border of the zygo-
matic arch was palpated, and the needle was inserted inferior
to this point and advanced in a medial and anterior direction
until the needle made contact with the condyle. This contact
was verified by the moving of the mandible, and the puncture
of the needle into the joint space was confirmed by the
loss of resistance. Gentle aspiration ruled out intravascular
placement, after which the specified volume of zymosan
or saline was injected. To identify which dose of zymosan
would be used, animals were sacrificed at 6 h after zymosan-
induced arthritis and both nociceptive (facial nociceptive
threshold) and inflammatory parameters (total cell counting
and myeloperoxidase assay) were evaluated.

2.3. Evaluation of Mechanical Hypernociception. Mechanical
hypernociception in the TMJ was evaluated by measuring

the threshold of force intensity that needed to be applied
to the TMJ region until the occurrence of a reflex response
of the animal (e.g., head withdrawal). The measurements
were performed by an examiner unaware of the treatments
and used a digital device (Insight, Ribeirão Preto, SP, Brazil)
that consisted of a rigid filament linked in an electronic
device that measured the response threshold in grams (g)
when the filament was applied to the surface of the tested
region. The facial areas to be tested around the TMJ were
carefully shaved, and the animals were put into individual
plastic cages 45 min before the beginning of the tests. The
animals were submitted to a conditioning session of head
withdrawal threshold measurements in the testing room for
4 consecutive days under controlled temperatures (23 ±
2◦C) and low illumination. On the fifth day, the basal force
threshold value was recorded (in triplicate) before the i.art.
injections of either zymosan or vehicle and after 2 h, 4 h, 6 h,
12 h, 24 h, or 48 h.

2.4. Synovial Fluid Collection and Cell Counting. Zymosan
injection (i.art) was performed in anesthetized rats. At
different time points after zymosan-injections (2 h, 4 h, 6 h,
12 h, 24 h, or 48 h), the rats were sacrificed under anesthesia
and exsanguinated to analyze the responses at the required
time points. The superficial tissues were dissected, and the
TMJ cavity was washed to collect the synovial fluid (SF) by
a pumping and aspiration technique using 0.5 mL of EDTA
in neutral buffered PBS. This procedure was repeated twice.
The total number of white cells in the synovial lavage fluid
was counted using a Neubauer chamber.

2.5. Evans Blue Extravasation Measurement. Animals
received an i.v. injection of Evans blue dye (25 mg/kg),
dissolved in saline, 30 min before the times (e.g., 2 h, 4 h,
6 h, 12 h, 24 h, or 48 h) after zymosan-induced arthritis.
Immediately after the extraction, the tissue was weighed and
placed in 2 mL of formaldehyde overnight. The supernatant
(100 μL) was extracted, and the absorbance at 630 nm was
determined in spectrophotometer. The concentration was
determined by comparison to a standard curve of known
amounts of Evans blue dye in the extraction solution, which
was assessed within the same assay. The amount of Evans
blue dye (μg) was then calculated per mL of exudate [26].

2.6. Myeloperoxidase Activity Analysis. Myeloperoxidase
(MPO) is an enzyme found primarily in the azurophilic
granules of the neutrophils and has been used extensively
as a biochemical marker of granulocyte infiltration into
various tissues. The MPO activity assay measurement has
been described previously by bradley et al. [27]. In our
study, the MPO assay was conducted on the collected
synovial fluid and in TMJ tissues at different time points
after zymosan injection (2 h, 4 h, 6 h, 12 h, 24 h, or 48 h).
Briefly, 100–200 mg of TMJ tissue was homogenized in 1 mL
of hexadecyltrimethylammonium bromide (HTAB) buffer
for each 50 mg of tissue. The homogenate was centrifuged
at 4,500 rpm for 12 min at 4◦C. MPO activity in the
resuspended pellet was assayed by measuring the change in
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absorbance at 450 nm using o-dianisidine dihydrochloride
and 1% hydrogen peroxide. The results are reported as the
MPO units/joint fluid or unit/joint tissue. A unit of MPO
activity was defined as the conversion of 1 μmol of hydrogen
peroxide to water in 1 min at 22◦C.

2.7. Determination of Nitric Oxide Production. The Griess
reaction was used as an indirect assay of NO production and
determined the total nitrite (NO2) and nitrate (NO3) as a
measure of the degree of NO production. Total NO2 and NO3

levels were determined after conversion of NO3 in the syn-
ovial exudate supernatants (0.08 mL) to NO2 by incubation
with 0.01 mL nitrate reductase from an Aspergillus species
and 0.01 mL NADPH (1 mM) for 30 min at 37◦C. The NO2

levels were determined spectrophotometrically at 540 nm by
comparing the absorbance of a 0.1 mL sample after adding
0.1 mL Griess reagent (sulfanilic acid (1% wv−1) and N-(1-
naphythyl) ethylenediamine (0.1 wv−1) in 5% phosphoric
acid to a NaNO2 (1–100 mM) standard).

2.8. Histopathological Analysis. After sacrifice at 6 h after
zymosan-induced arthritis, the TMJ was excised. The spec-
imens were fixed in 10% neutral buffered formalin for
24 h, demineralized in 10% EDTA, embedded in paraffin,
and sectioned along the long axis of the TMJ. Sections
of 5 μm, which included the condyle, articular cartilage,
articular disc, synovial membrane, periarticular tissue, and
the skeletal muscle periarticular tissue, were evaluated under
light microscopy.

For the specimens processed for routine hematoxylin-
eosin (H & E) staining, histological analysis considered a 0–4
score grade based on the following parameters: cell influx in
the synovial membrane (SM), cell influx in the periarticular
tissue and in the skeletal muscle periarticular tissue, and the
thickness of synovial membrane.

2.9. Immunohistochemistry for iNOS. Immunohistochem-
istry for iNOS was performed using the streptavidin-biotin-
peroxidase method in formalin-fixed, paraffin-embedded
tissue sections (5 μm thick), mounted on poly-L-lysine-
coated microscope slides. The sections were deparaffinized
and rehydrated through xylene and a graded series of
alcohols. After antigen retrieval, endogenous peroxidase
was blocked (15 min) with 3% (v/v) hydrogen peroxide,
and the sections were washed in phosphate-buffered saline
(PBS). Sections were incubated overnight (4◦C) with a
primary rabbit anti-iNOS antibody diluted 1 : 100 in PBS
plus bovine serum albumin (PBS-BSA). The slides were
then incubated with a biotinylated goat antirabbit anti-
body diluted 1 : 400 in PBS-BSA. After washing, the slides
were incubated with an avidin-biotin-horseradish peroxidase
conjugate (Strep ABC complex, Vectastain ABC Reagent
and peroxidase substrate solution) for 30 min according
to the Vectastain protocol. iNOS was visualized with the
chromogen 3,3′diaminobenzidine (DAB). Negative control
sections were processed simultaneously as described above
but with the first antibody being replaced by 5% PBS-BSA.

None of the negative controls showed iNOS immunoreac-
tivity. Slides were counterstained with Harry’s hematoxylin,
dehydrated in a graded alcohol series, cleared in xylene, and
coverslipped.

2.10. Treatment. The NO inhibitors, L-NG-nitroarginine
methyl ester (L-NAME) (10, 30, or 100 mg/kg, i.p.),
which is a nonselective NOS inhibitor, and N-[[3-
(aminomethyl)phenyl]methyl]-ethanimidamide (1400 W)
(0.5 or 1 mg/kg, s.c.), which is a selective iNOS inhibitor,
were used 30 min before zymosan-induced arthritis.
Indomethacin (5 mg/kg, s.c.) was used as a positive control
1 h before zymosan injection.

2.11. Statistical Analysis. The data are presented as the
means ± S.E.M. or medians, where appropriate. Differences
between means were compared using a one-way ANOVA
followed by the Bonferroni test. The Kruskal-Wallis test
followed by Dunn’s test was used to compare medians. A
probability value of P < .05 indicated significant differences.

3. Results

3.1. Dose Response and Time Course of Zymosan-Induced
TMJ Inflammation and Mechanical Hypernociception. The
dose response of zymosan-induced TMJ arthritis was first
standardized and validated and was followed by a temporal
profile assessment. Zymosan at 2 mg was chosen, instead of
0.25, 0.5, or 1 mg, because this dose was the only one that
changed both the nociceptive behavior and the inflammatory
parameters.

Mechanical hypernociception induced by zymosan
started at 2 h at all of the doses tested, although zymosan at
2 mg showed a significant reduction in mechanical threshold
during the 4th and 6th h compared to 0.25, 0.5, or 1 mg
(Figure 1(a)). Furthermore, zymosan at 2 mg significantly
increased (P < .05) the leukocyte count in the synovial fluid
(Figure 1(b)), MPO activity in the TMJ fluid (Figure 1(c)),
and MPO activity in the TMJ tissue (Figure 1(d)) at the 6th h
after the induction of TMJ arthritis compared to the other
groups (Figures 1(b), 1(c), and 1(d)).

The intra-articular (i.art.) 2-mg injection of zymosan
resulted in a time-dependent mechanical hypernociception
as measured by a clear decrease in the mechanical threshold
for head withdrawal (Figure 2(a)). This zymosan-induced
mechanical hypernociception started at the 2-hour time
point (P < .05 versus Sham), peaked between 4 h and 6 h
(P < .05 versus Sham), and lasted for up to 24 h (P < .05
versus Sham). In the intra-articular saline-injected animals
(Sham), no significant changes in mechanical withdrawal
thresholds were observed at any time point.

A 2-mg injection of zymosan resulted in a significant
increase in the number of polymorphonuclear cells. The
total leukocyte count showed that during the 4th h, an
influx of leukocytes was initiated. The influx of leukocytes
peaked during the 6th h and was maintained until the 12th h
(Figure 2(b)) (P < .05 versus Sham). This increase in
neutrophils was certified by the increase of MPO activity
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Figure 1: Inflammatory and hypernociceptive dose-response effect of zymosan-induced TMJ arthritis. Zymosan (0.25, 0.5, 1, or 2 mg; 40 μL)
or saline was injected i.art. into the left TMJ of the rat. The mechanical nociceptive threshold was measured before and after an i.art. injection
of zymosan or saline for 6 hours (a). Leukocyte migration was evaluated by cell counting in TMJ fluid (b). MPO activity was evaluated in
TMJ fluid (c) and TMJ tissues (d) for 6 h after an i.art. injection of zymosan or saline. Data are expressed as means± SEM (n = 6). ∗P < .05
versus Sham. +P < .05 versus 0.25, 0.5, and 1 mg groups (ANOVA, Bonferroni).

both from the synovial lavage fluid (Figure 2(c)) and the
TMJ tissue (Figure 2(d)) (P < .05 versus Sham). MPO is
an enzyme found primarily in the azurophilic granules of
neutrophils. These changes were accompanied by plasma
extravasation that occurred in the TMJ during both the
4th and 6th h (Figure 2(e)) and peaked again at the 24th h
(P < .05 versus Sham). The second phase of Evans blue dye
extravasation at 24 h, which was not accompanied by MPO
activity, may be related to an endothelial barrier disruption
as described previously [28], but this hypothesis deserves
further investigation.

During the time course of zymosan TMJ arthritis devel-
opment, hypernociception was maximal at 4 h of arthritis,
whereas cell influx peaked at 6 h. Based on these results, we
used these time points to assess the mechanisms underlying
TMJ inflammation and hypernociception.

3.2. Histopathological Analysis. In the 6th h after zymosan-
induced TMJ arthritis, an inflammatory cell influx was
observed in the synovial membrane, the periarticular tissue,
the musculoskeletal tissue, and the thickness in synovial
membrane (Figures 3(b) and 3(c)) compared to the Sham
group (Figure 3(a)). The cell types were predominantly
neutrophils, which characterized acute inflammation. Edema
was also observed in the synovium (Figure 3(c)). Table 1
shows the scores attributed to TMJ’s histopathological analy-
sis and compares the values between the Sham and zymosan
arthritic TMJ groups. A significant (P < .05) increase in
the inflammatory parameters was observed in the zymosan
group.

3.3. Effects of L-NAME and 1400 W. L-NAME (100 mg/kg)
and 1400 W (1 mg/kg) significantly reduced the mechanical
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Figure 2: Temporal profile (0–48 h) of the inflammatory and hypernociceptive effects of zymosan-induced TMJ arthritis. Zymosan (2 mg;
40 μL) or saline was injected i.art. into the left TMJ of the rat. The mechanical nociceptive threshold was measured before and after an i.art.
injection of zymosan or saline until the 48th hour (a). Leukocyte migration was evaluated by cell counting in TMJ fluid (b). MPO activity
from TMJ fluid (c) and TMJ tissues (d). Plasma extravasation (PE) following an i.art. injection of zymosan or saline (e). Data are expressed
as means ± SEM (n = 6). ∗P < .05 versus Sham (ANOVA, Bonferroni).
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Figure 3: Photomicrographs of the histopathological analysis of TMJ and periarticular tissues. Photomicrographs of TMJ and periarticular
tissues of nontreated (a, b, c) and L-NAME 100 mg/kg or 1400 W 1 mg/kg treated animals (d, e). (a) Normal group TMJ (40x). (b) Arthritic
rats, TMJ induced by zymosan 2 mg (40x) showing inflammatory cell influx in the synovial membrane, periarticular tissue, musculoskeletal
tissue, and synovial membrane thickness. (c) Synovial tissue of arthritic rats injected with zymosan 2 mg (400x) showing edema and
inflammatory cell influx with polymorphonuclear predominance. (d) TMJ of arthritic rats injected with zymosan 2 mg and treated with
L-NAME 100 mg/kg (40x). (e) TMJ of arthritic rats injected with zymosan 2 mg treated with 1400 W 1 mg/kg (40x). C: condyle; AC: articular
cartilage; AD: articular disc; SM: synovial membrane; PAT: periarticular tissue; MET: musculoskeletal tissue. Hematoxylin and eosin staining.

Table 1: Histopathological analysis of TMJ: the effects of nitric oxide synthase (NOS) inhibitors.

Cell influx in the
synovial membrane

Synovial membrane
thickness

Periarticular cell influx
Cell influx in the
muscular tissue

Sham 0 (0-0) 0 (0-0) 0 (0-0) 0(0-0)

Zymosan 2.5 (1–3)∗ 3 (0–3)∗ 4 (4-4)∗ 3 (2–4)∗

L-NAME 100 mg/kg 0.5 (0-1)+ 0 (0-0)+ 1 (0–2)+ 0 (0-0)+

1400 W 1 mg/kg 0 (0-0)+ 0 (0-0)+ 1 (0–2)+ 0 (0-0)+

∗P < .05 versus Sham. +P < .05 versus zymosan (Kruskal-Wallis, Dunn’s).

nociceptive thresholds (Figures 4(a) and 4(b)) during the
4th h after zymosan-induced TMJ arthritis (P < .05
versus zymosan) and the leukocyte count (Figures 4(c) and
4(d)), MPO activity (Figures 4(e) and 4(f)), and plasma
extravasation (Figure 4(g)) during the 6th h after zymosan-
induced TMJ arthritis (P < .05 versus zymosan). The
antinociceptive effects of indomethacin were similar to those
of L-NAME and the highest dose of 1400 W treatment. Inter-
estingly, the same results were observed when the cellular
influx was assessed in joint fluids. These results showed that
the administration of both NO blockers and indomethacin
inhibited nociception and inflammation in zymosan TMJ
arthritis, suggesting an involvement of multiple mechanisms
in zymosan-induced arthritis.

The histopathological analyses showed that L-NAME
(100 mg/kg) (see Figure 3(d)) and 1400 W (1 mg/kg) (see
Figure 3(e)) reduced the inflammatory parameters to a
normal status with a lower inflammatory cell influx in
the synovial membrane, the periarticular tissue, the mus-
culoskeletal tissue, and a lower thickness in the synovial
membrane. Table 1 shows the scores attributed to TMJ’s
histopathological analysis and compares the values between
the zymosan arthritic TMJ group, L-NAME (100 mg/kg),
and 1400 W (1 mg/kg) groups. A significant (P < .05)
reduction in the inflammatory parameters was observed.

3.4. Immunohistochemical Analysis and Nitrite Levels in
Synovial Exudates. An immunohistochemical analysis for
iNOS showed an increase in iNOS expression, which was
characterized by brown-colored cells in arthritic TMJ rats
injected with zymosan (Figure 5(c)) compared to normal
animals (Figure 5(b)), which exhibited only a light expres-
sion of iNOS. The cell types that expressed iNOS were the
articular disc, articular cartilage chondrocytes, and synovial
cells. The negative control group sections were composed
of arthritic TMJ rats injected with zymosan that were not
treated with an anti-iNOS antibody (Figure 5(a)).

The amount of nitrite/nitrate detected in the joint
exudates, measured at the 6-hour time point after zymosan
(2 mg, i.art.) administration, is shown in Figure 6. In
rats whose joints were injected only with saline (Sham),
the nitrite concentrations in the joint exudates were low
and remained at these levels throughout the experimental
period.

4. Discussion

Experimental animal models of TMJ arthritis have been
proposed to study inflammation and pain conditions. Some
authors have suggested the induction of TMJ arthritis
surgically [29–32] or mechanically [33], using a systemic
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Figure 4: Effect of L-NAME and 1400 W on the inflammatory and hypernociceptive effects of zymosan in TMJ. Zymosan (2 mg; 40 μL) or
saline was injected i.art. into the left TMJ of the rat. L-NAME (100 mg/kg) or 1400 W (1 mg/kg) was injected (i.p.) 30 min before zymosan.
The mechanical nociceptive threshold was measured in L-NAME- (a) and 1400 W-treated (b) animals before and 4 h after an i.art. injection
of zymosan or saline. After 6 h, leukocyte migration was evaluated in L-NAME- (c) and 1400W-treated (d) animals by cell counting in TMJ
fluid. MPO activity from TMJ fluid in L-NAME- and 1400 W-treated animals (e). MPO activity in TMJ tissues in L-NAME- and 1400W-
treated animals (f). Plasma extravasation following an i.art. injection of zymosan or saline in L-NAME- and 1400 W-treated animals (g).
Data are expressed as means ± SEM (n = 6). ∗P < .05 versus Sham. +P < .05 versus zymosan (ANOVA, Bonferroni).

(a) (b) (c)

Figure 5: Photomicrographs of the immunostaining for iNOS in the TMJ and periarticular tissues of zymosan-induced TMJ arthritis
in rats. (a) Negative control (sections in the absence of anti-iNOS antibody) of arthritic rats (100x). (b) Normal rat TMJ showing light
immunostaining for iNOS (100x). (c) TMJ arthritis induced by zymosan 2 mg showing strong immunostaining for iNOS in chondrocytes
and synoviocytes (100x).

injection of heat-inactivated group A Streptococcus pyogenes
[34] or an injection in submandibular lymph nodes with
Mycobacterium cells [35]. However, other models consisting
of an intra-articular injection of inflammatory substances,
such as NaCI, KC1, histamine [2], mustard oil [3, 4],
substance P [5], heat-killed Mycobacterium butyricum in
paraffin oil [6], human recombinant IL-1α [7, 8], glutamate
[9], ovalbumin antigen [10], complete Freund’s adjuvant

[11, 12], formalin [13], capsaicin [14], or carrageenan [15–
17], have been used previously.

Zymosan has been used as a pro-inflammatory agent
for some time [36]. To our knowledge, this is the first
demonstration of a zymosan-induced arthritis in the TMJ.
Acute rat knee joint zymosan arthritis is characterized by an
increase in vascular permeability, cell migration, and pain.
Later, a progressive synovitis occurs with mononuclear cell
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Figure 6: Nitrite levels in synovial exudates of zymosan-induced
TMJ arthritis. Zymosan was injected i.art. and the NO release in
exudates (as NO2

− /NO3
−) was measured 6 h after zymosan. Sham

animals received only saline i.art. Injection of saline into the joints
did not increase NO release throughout the experiment. Data are
expressed as means± SEM (n = 6). ∗P < .05 versus Sham (ANOVA,
Bonferroni).

infiltration and a fibroblast reaction [18–20]. Our group has
also demonstrated articular cartilage and subchondral bone
degradation during the chronic stages of zymosan arthritis in
the rat knee joint [24].

A zymosan 2-mg, but not saline, injection into the
TMJ induced hypernociception, leukocyte influx, high MPO
activity, and Evans blue dye extravasation, which was similar
to the effects of zymosan rat knee joint arthritis [20,
24]. The TMJ mechanical hypernociceptive response was
accompanied by neutrophil influx as demonstrated by the
leukocyte cell count and MPO activity. Similarly, in zymosan
rat knee joint arthritis, neutrophils contribute to acute joint
hyperalgesia [37].

In a model of zymosan-induced sciatic inflammatory
neuritis, both low and high doses of zymosan produce terri-
torial hypernociception. However, only the higher zymosan
dose is associated with an increased release of interleukin-1,
tumor necrosis factor, and reactive oxygen species from peri-
sciatic immune cells [38]. These data support the argument
that low doses of zymosan in the TMJ promoted hyper-
nociception, although it was not associated with immune
cell activation. In the present work, zymosan at 2 mg was
chosen instead of 0.25, 0.5, or 1 mg because this dose was
the only one able to change both the nociceptive behavior
and the inflammatory parameters. Furthermore, considering
that the hypernociception was maximal during the 4th h of
arthritis but the cellular influx peaked during the 6th h, we
used these time points to assess the mechanisms underlying
TMJ inflammation and the potential tools for therapy.

Regarding the inflammatory parameters, the histological
features correlated to the increase in leukocyte influx, high
MPO activity, and Evans blue dye extravasation, which
showed an acute inflammation in the synovial membrane,
the periarticular tissue, and the musculoskeletal tissue, with

a predominance of neutrophils in the inflammatory cell
infiltrate. Edema and a thickness in the synovial mem-
brane were also observed. Other studies have evaluated
TMJ histopathology [3, 35, 39, 40]; however, ours is the
first study to describe the histopathological inflammatory
parameters involving the articular and periarticular tissues
in an experimental TMJ arthritis.

A large number of inflammatory and signaling sub-
stances have been suggested to play a role in joint
inflammatory disorders. Among these, NO, a free oxygen
radical from the L-arginine : NO system, is an important
factor in immunological, inflammatory, and nociceptive
processes, although its participation is still controversial in
the inflammatory process [21]. Endogenous NO is analgesic,
whereas exogenously administered NO provokes pain [41,
42]. More recently, it was shown that the NO donor 3-
morpholinosydnonimine (SIN-1) produces either analgesia
or nociception in rats, depending on the dose and the pain
model used [43]. In the zymosan arthritis model in the rat
knee joints, our group has demonstrated previously that NO
donors, SIN-1 and sodium nitroprusside, display analgesia in
ongoing pain, revealing an intrinsic antinociceptive activity
[44].

Within inflamed joints, a plethora of cells are potential
sources of NO, including synoviocytes, chondrocytes, and
mast cells, as well as infiltrating neutrophils and monocytes
[37]. In the present study, increased nitrite/nitrate levels, an
index of NO formation, were detected in the arthritic TMJ
exudates. Also, histopathological analyses of immunohisto-
chemical stains showed an increase in iNOS expression in
the articular disc and articular cartilage chondrocytes and the
synovial cells of zymosan arthritic TMJ. Similarly, iNOS is
observed in the TMJ synovial membrane in cases of internal
derangement and TMJ arthritis [22] and the activation of
iNOS is evidently important in inflammatory arthritis [24].

Our results revealed that iNOS was present in the
articular disc, the articular cartilage chondrocytes, and the
synovial cells of the rat TMJ under physiological conditions.
Immunoelectron microscopy has revealed that immunoreac-
tive iNOS is found in both synoviocytes type A (macrophage-
like) and B (fibroblast-like) [45]. NO may play an important
role in the physiological maintenance of the TMJ.

In the present study, NOS inhibitors, L-NAME and
1400 W, demonstrated anti-inflammatory effects associated
with a reduction of mechanical hypernociception. NOS inhi-
bition was associated with a significant decrease in leukocyte
influx, MPO activity, and plasma extravasation in TMJ
exudates. In accordance with these data, histopathological
changes were mainly observed as a significant reduction
of edema, cellular influx, and synovial hyperplasia. Our
group has previously demonstrated that the use of both
nonselective and selective iNOS inhibitors causes a general
anti-inflammatory effect in zymosan-induced arthritis in the
rat knee joint [24]. In the carrageenan TMJ arthritis model,
neuronal nitric oxide synthase (nNOS) immunoreactivity
and mRNA expression are stable during arthritis evolution,
but its activity significantly increases during the chronic
phases, supporting an antinociceptive role of nNOS as
evidenced by pain threshold experiments [23].
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5. Conclusion

In the present study, we demonstrated that a 2-mg injection
of zymosan into the rat TMJ was a very robust experimental
model for the study of TMJ disorders, which are often asso-
ciated with spontaneous pain and subsequent effects, such
as secondary hyperalgesia, allodynia, and referred pain. We
showed that our animal model resulted in an inflammatory
response, which was characterized by leukocyte infiltration,
increased plasma extravasation and NO levels, iNOS TMJ
tissue expression, and mechanical hypernociception. In
this model, even if the parameters studied are normal
or reduced by drug interactions, the TMJ pain can be
measured non-invasively. In this regard, the administration
of both nonselective and selective iNOS inhibitors was
antinociceptive and anti-inflammatory in TMJ zymosan
arthritis. The involvement of multiple mechanisms related to
painful process associated with TMJ arthritis is indicative of
the need for further investigations that may lead to the design
of therapeutic alternatives for the treatment of inflammatory
arthropathies.
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To explore the relationship between psychological stress and masticatory muscle pain, we created a communication stress animal
model to determine whether psychological stress could induce increased mechanical sensitivity in masticatory muscles and to
study the changes of mechanical nociceptive thresholds after stress removal. Forty-eight male Sprague-Dawley rats were divided
into a control group (CON), a foot-shocked group (FS, including 3 subgroups recorded as FS-1, FS-2, and FS-3), a psychological
stress group (PS), and a drug treatment group (DT). PS and DT rats were confined in a communication box for one hour a day to
observe the psychological responses of neighboring FS rats.Measurements of the mechanical nociceptive thresholds of the bilateral
temporal and masseter muscles showed a stimulus-response relationship between psychological stress and muscle mechanical
sensitivity. The DT rats, who received a diazepam injection, showed almost the same mechanical sensitivity of the masticatory
muscles to that of the control in response to psychological stress. Fourteen days after the psychological stressor was removed,
the mechanical nociceptive thresholds returned to normal. These findings suggest that psychological stress is directly related to
masticatory muscle pain. Removal of the stressor could be a useful method for relieving mechanical sensitivity increase induced
by psychological stress.

1. Introduction

Currently, it is well accepted that stress induces analgesia.
Studies have shown that acute stress increases nociceptive
thresholds [1–4], leading to the possibility that stress, in
general, produces stress-induced analgesia (SIA). However,
more and more evidence in animal experiments suggests that
repeated or prolonged stress can decrease nociceptive thresh-
olds [1, 5–13]. For example, rats that were briefly exposed
to short, emotionally arousing nonnoxious stress, such as
holding or novel environments, displayed an immediate and
transient hyperalgesia in response to thermal and electrical
stimuli, which was followed by a longer period of analgesia
[12]. In addition, prolonged stress from repeated exposure to
a cold environment or restraint induces hyperalgesia [5, 7].

Exposure to a stressor in a laboratory generates a wide
variety of adaptive responses, producing cellular, immune,
endocrine, and behavioral effects, including changes in pain
threshold [14]. Acute stress paradigms, in particular, can

induce antinociceptive effects and produce the phenomenon
of stress-induced analgesia (SIA) [15]. Unlike SIA, the
mechanisms involved in stress-induced hyperalgesia (SIH)
are poorly understood. It was reported that chronic, repeated
stress might activate the sympathoadrenal stress axis [14, 16–
19]. The sympathoadrenal stress axis mediates vagotomy-
induced enhancement of bradykinin hyperalgesia [20].

The communication box method can produce psycho-
logical stress in animals, since they can perceive the responses
of other animals exposed to physical stress delivered through
an electric foot shock. This kind of intraspecies psychological
stress was detected in earlier studies and further confirms
that animals subjected to experimental anxiety within the
communication box have increased stress hormones (plasma
corticosterone level). Some animals also developed stomach
ulcers [21]. The present study was designed to induce
experimental psychological stress, such as anxiety, in rats
using an emotional stress paradigm called intraspecies emo-
tional communication within a communication box [22].
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The hypothesis of this study was that psychological stress
could induce changes in nociceptive thresholds, and an
additional goal of this study was to determine whether
nociceptive thresholds could return to normal after the stress
is removed.

2. Materials and Methods

2.1. Animal Preparation. 48 male Sprague-Dawley rats,
weighing from 160 to 180 g (approximately 35 days old) were
housed in 80 cm × 45 cm × 40 cm cages in a temperature-
controlled room at 24◦C under a 12-hour light/dark cycle
and were given free access to food and water. The rats
were randomly divided into 4 groups: control group (CON;
n = 8), foot-shocked groups (further divided into three
subgroups as FS-1, FS-2, and FS-3, with 8 rats in each
subgroup), psychological stress group (PS; n = 8), and drug
treatment group (DT; n = 8).

2.2. Communication Box. The communication box [23] was
selected as the psychological stress apparatus in this study.
It consisted of 16 compartments which were each 16 ×
16 cm and were separated by transparent plastic boards
with several small holes. The boards prevented each animal
from physical contact but allowed them to receive cues
such as visual, auditory, and olfactory sensations from the
neighboring animals. Each compartment was equipped with
a grid floor of stainless steel rods, 5 mm in diameter, placed
at intervals of 0.3 cm. An electric generator with 48 voltages
(made by biology medical electron department of the Fourth
Military Medical University, Xi’an, China) was connected to
the grid floor to produce an electric current and generate
an electric foot shock every 2 seconds. The grid floors
of eight compartments were covered by plastic plates to
prevent electric foot shock and served as non-foot-shock
compartments for the PS rats (Figure 1).

The whole experiment contains 3 periods: prepsycho-
logical stress period, psychological stress period and psy-
chological stress removal period. In the pre-psychological
stress period, all rats were individually confined in each
compartment of the communication box for one hour
without any electric foot shock for one week in order to adapt
them to the surroundings. This period lasted for 7 days. In
the psychological stress period, two identical communication
boxes were adopted, and the electric foot shocks were
introduced to the FS-1 and FS-2 rats (stress senders) from
8:00 am to 9:00 am with foot shock daily. The PS and
DT rats (stress responders) confined in the non-foot-shock
compartments were then exposed to psychological stress
cues from the neighboring FS rats, including shrieks, smells
of urine or faeces, and jumping response. Consequently,
the PS/DT rats were assumed to be in a state of fear or
anxiety [24]. At the same time, FS-3 and CON rats were in a
third communication box without foot shock delivery. This
period lasted for 14 days, from 1st day to 14th day. In the
psychological stress removal period (from 15th day to 28th
day), procedure was similar to that of psychological stress
period, but there was no foot shock delivered in all groups.

(a)

PS/DT PS/DT

PS/DT PS/DT

PS/DT PS/DT

PS/DT PS/DT

FS FS

FS FS

FS FS

FS FS

(b)

Figure 1: The communication box used in this study. (a) Photo
of the communication box with rats inside (PS refers to the grid
floors covered by the blue plastic plates). (b) Schematic diagram
of communication box (FS: foot-shocked group, PS: psychological
stress group, DT: drug treatment group).

Diazepam was chosen to assess the effect of an anxiolytic
drug on the masticatory muscle mechanical sensitivity of
PS rats. Diazepam was dissolved in saline containing 40%
propylene glycol. From Days 1 to 14, diazepam (1 mg/kg) was
injected subcutaneously into DT rats 30 min before the stress
stimulation. The rats in PS/DT/CON groups were weighed
weekly in the experiment. The behaviors were immediately
evaluated by an elevated plus-maze apparatus after stress.
The experimental procedures were reviewed and approved
by the Ethics Committee of the Fourth Military Medical
University. The FS (1, 2, and 3) rats were only used to induce
psychological stress in the neighboring PS/DT rats and were
not included in the following investigations.

2.3. Elevated Plus-Maze Tests. The elevated plus-maze (EPM)
apparatus (RD1208, Shanghai Mobiledatum Corporation,
Shanghai, China) consists of two open arms (50 × 10 cm)
and two enclosed arms (50 × 10 cm, with 50-cm high walls)
extending from a central square platform (10 × 10 cm). The
same types of arm were arranged in the opposite position.
The apparatus was elevated 50 cm above the floor in a quiet
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room with the temperature controlled at 20◦C. The light in
the room was just bright enough to clearly observe the rats’
movement within a 1.5 meter range. Two of the opposing
arms (50 cm × 10 cm) were enclosed by 40 cm high side and
end walls (enclosed arms). The other two arms did not have
walls (open arms). At the beginning of the experiment, the
animals were placed in the central area (10 cm × 10 cm) of
the maze facing an enclosed arm. The exposure lasted for
five minutes and certain parameters were recorded. Entry
into one arm was recorded when an animal placed all four
paws past the line dividing the central square from the open
arms. The test arena was wiped with a damp cloth after each
trial. The number of entries into the open/closed arms and
the time spent in open arms/closed arms were measured by
an observer who was blinded to the treatment conditions of
the animals. Then the percent of open arm entries (100 ×
open/open + enclosed entries, OE%) and the time spent
in the open arms (100 × open/open + enclosed arm time,
OT%) of the EPM were calculated for each rat. We used OE%
and OT% to analyze the anxiety level of each animal [25–28].

2.4. Method for Assessing Mechanical Sensitivity. Instead of
standing on meshed metal or a grid surface, the rats stood
on a soft pad. Habituation required no more than petting
the rats, and it was completed within half an hour. The smell
that developed on the glove of the handler by handling the
animals appeared to facilitate the habituation [29]. This test
environment was advantageous in that the rats were not
restrained, but their movements were still restricted. The
animals were habituated prior to testing. The testing was
similar to a procedure described by Ren [29]. Von Frey fil-
aments were used to assess the muscle mechanical sensitivity.
In our research, two orofacial areas were tested: the temporal
muscle region at the central point of the line between the
orbit and the tragus and the masseter muscle belly region,
at a site 10 mm inferior to the temporal muscle testing point
(Figure 2). At these locations, muscular contractions could
be palpated during mastication. During testing, force was
applied with a probe-oriented perpendicular to the sagittal
plane.

Head flinching, characterized as sudden quick head
withdrawal, or vocalization/crying, was considered to be
positive pain responses. The response threshold was defined
as the lowest bending force of the filaments that produced at
least three positive responses in five trials with 5 s interval.
An ascending stiffness series of the filaments was used for
the test. The bending force of the Von Frey filaments was
verified on a balance with a resolution up to 0.001 g before
test (Ohaus, Model GT410D) (Table 1). For this study, we
defined increased mechanical sensitivity as a statistically
significant decreased withdrawal threshold compared to
baseline, which was obtained in “pre-psychological stress
period”.

From seven days before applying the emotional stressor
to the fourteenth day after psychological stress removal, we
recorded the mechanical threshold of the masticatory mus-
cle. We used these indexes to compare changes in the degree
of mechanical pain before and after psychological stress. The

Figure 2: Photograph illustrating the method for assessing
mechanical nociceptive thresholds in the rat. The experimenter’s
hand provided a comfortable “rest” for the rat. Then a von Frey
monofilament was probed against the orofacial region. Note that
the rat was unrestrained and stayed in one position. The arrows
indicate where the tip of the monofilament was probing against the
rat’s skin.

rats were tested daily half an hour after psychological stress
was applied. For all of the data reported here, the observer
was blinded to the treatment conditions for the rats.

2.5. Statistical Analysis. Experimental data were analyzed by
a one-way analysis of variance (ANOVA) across the CON
group, PS group, and the DT group using SPSS, version 11.0
(SPSS Co., Chicago, Illinois). The SNK-q test was also used to
calculate any differences between the two groups. A P-value
less than .05 was considered to be statistically significant.

3. Results

The purpose of this study was to explore the effects of
psychological stress upon sensitivity of the masticatory
muscles. But the foot-shocked group rats experienced a great
part of physical stress, so we did not include this group in the
experimental evaluations.

Body weights were measured during the exposure to
psychological stress (Figure 3). Initially, the mean body
weight of rats did not differ between the PS, DT, and CON
groups (170.8 ± 1.7 g, 175.0 ± 2.3 g, and 173 ± 3.2 g, resp.,
P > .05). There was no significant difference in the body
weight gain between the PS, DT and CON groups (320.7 ±
7.1, 323.2 ± 5.7, and 325.2 ± 4.8, resp., P > .05) during the
whole study, which contained a psychological stress period
and a removal of stress period.

The anxiety behaviors of rats were measured by OE%
and OT% in EPM. As shown in Figure 4(a), the baseline
measurements did not show significant differences among
the control (48.13 ± 1.47%), DT (47.56 ± 1.79%) and PS
(46.53 ± 1.41%) groups (P > .05). During the psychological
stress period, on 1st day, 7th day, and 14th day, PS rats
had a smaller percentage (%) of entries into the open arms
(open arm entry, OE) (42.15±1.01%, 34.03± 1.19%, 38.53±
1.27%, resp.) compared to rats in the CON group (49.25 ±
1.89%, 49± 1.42%, 49.38± 1.42%, resp.) (P < .05). The data
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Table 1: Forces corresponding to the Von Frey filaments used in the tests.

Ordinal no.
Calibrated force

(mean gram ± SEM)
(g)

Ordinal no.
Calibrated force

(mean gram ± SEM)
(g)

1 1.36± 0.011 9.3 79.3± 0.93

2 3.24± 0.033 9.4 83.7± 1.05

3 4.34± 0.027 9.5 89.5± 1.23

4 5.60± 0.113 9.6 95.1± 1.34

5 6.51± 0.031 9.7 101.3± 1.45

6 11.0± 0.07 9.8 107.3± 1.66

7 15.0± 0.08 9.9 112.3± 1.78

8 25.6± 0.43 10 118± 2

9 62.9± 0.71 10.1 125± 1.75

9.1 68.2± 0.77 10.2 130± 2.25

9.2 74.1± 0.86 10.3 136± 2.41
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Figure 3: Body weights of the rats. There was no significant
difference in the body weight gain between the PS, DT and CON
groups. The time point of one week after psychological stress
removal is indicated by “1week after removal of psychological stress
(1 wr).” The time point two weeks after psychological stress removal
is indicated by “2 weeks after removal of psychological stress (2 wr)”.

of DT rats (46.53 ± 0.71%, 46.9 ± 0.66%, 47.65 ± 1.06%,
resp.) were between the PS and CON group, with significant
differences compared to both of them (P < .05). As shown
in Figure 4(b), the baseline measurements did not show
significant differences among the control (67.75 ± 1.29%),
DT (67.19 ± 1.12%) and PS (66.53 ± 1.41%) groups (P >
.05). During the psychological stress period, on 1st day, 7th
day and 14th day, the PS (62.06 ± 1.40%, 55.31 ± 1.48%,
58.59 ± 1.24%, resp.) and DT (64.78 ± 1.40%, 65.05 ±

1.58%, 67.6 ± 1.34%, resp.) rats preferred to spend a smaller
percentage of time in the open arms (OT%) compared to
the CON group rats (68.5 ± 1.19%, 67.88 ± 1.43%, 69.49 ±
0.99%, resp.) (P < .05), and the data in DT rats were higher
than those of PS rats (P < .05). The decreasing percentages of
OE and OT indicated that the rats in the PS and DT groups
were mentally under tension, with the PS rats experiencing
more severe anxiety. In the psychological stress removal
period, OE% and OT% in PS (44.02± 2.1%, 63.18± 1.23%)
group were lower than DT (48.19 ± 1.5%, 67.1 ± 1.05%)
and CON group (48.88 ± 1.74%, 67.79 ± 1.17%) on 21st
day (P < .05), and they (48.55 ± 1.85%, 66.65 ± 1.83%)
returned to normal with no differences to the DT (49.33 ±
2.08%, 67.6 ± 1.91%) and CON (49.64 ± 1.36%, 68.23 ±
0.97%) groups on 28th day (P > .05).

In the prepsychological stress period, the mechanical
thresholds of the bilateral masseter and the temporal muscles
were assessed by Von Frey filaments. The head withdrawal
threshold gradually increased then stabilized on the 7th day
(shown as the pre-stress stage of Figures 5(a)–5(d)). It meant
that the mechanical sensitivity decreased to a stable level as
“baseline” used in psychological stress period.

Increased mechanical sensitivity was induced in both the
temporal muscles and the masseter muscles on both sides of
the head following psychological stress (shown as the on-
stress stage of Figures 5(a)–5(d)). During the psychological
stress period, increased mechanical sensitivity of the PS rats
was observed in the bilateral masseter and temporal muscles
with the peak time on the 7th day. Then the mechanical
sensitivity was alleviated during the following days till the
14th day at a pain threshold lower than the CON rats
(P < .05). There were no significant differences between
bilateral masseter muscles and temporal muscles (P > .05).
After removing the psychological stress, the mechanical pain
threshold of temporal muscles in PS group gradually elevated
and returned to normal on the 28th day (P > .05). At
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Figure 4: Comparison of the percentage of open arm entries (OE%) (a) and the percentage of time spent in the open arms (OT%) (b) in
the elevated plus-maze test among groups. (∗P < .05, PS group versus CON group; +P < .05, PS group versus DT group; #P < .05, DT group
versus CON group).

the same time, the mechanical sensitivity of masseter muscles
in PS group was gradually alleviated and finally returned
to the baseline level on the 28th day (P > .05) (shown
as the post-stress stage of Figures 5(a)–5(d)). Through the
whole experiment, the PS group showed greater mechanical
sensitivity than the CON and DT groups (P < .05), but no
significant difference was detected between the CON group
and the DT group (P > .05).

4. Discussion

The communication box method can produce anxiety in
animals as they perceive the responses of other animals
exposed to physical stress from an electric foot shock
[23]. In the present study, the communication box was
used to simulate a psychologically stressful environment
and to determine whether anxiety would induce increased
mechanical sensitivity in the masticatory muscles. We also
examined whether the nociceptive response could return to
normal after the stressor was removed.

It is interesting that when the rats were first placed into
the narrow chart of communication box which meant new
environment to them, they were already under psychological
stress actually. So at the beginning of this period, the
increased mechanical sensitivity already existed. As the time
went on, the mechanical sensitivity decreased to a stable level
considered as “baseline,” which was used for comparison
with psychological stress period. This may indicate that the
PS group had learned to accommodate themselves to the
stressful environment of communication box without foot
shock delivered.

The stress stimulation was commenced in the psycho-
logical stress period. From the very first day with stress,
decreased head withdrawal thresholds induced by anxiety
were observed in the PS group, but not in the DT and
CON groups, which may indicate that psychological stress
stimuli upregulated the mechanical sensitivity of masticatory
muscles. Then the mechanical sensitivity was alleviated from
8 to 14 days in the PS group. This may indicate that
the PS rats had learned to accommodate to the stressful
environment. This was consistent with the results of Ye Cao’s
research [30]. They found that increased mechanical thresh-
olds (decreased head withdrawal threshold to mechanical
pressure) were induced in both the temporal muscles and the
masseter muscles on both sides of the head following occlusal
interference. The mechanical threshold decreased from the
first day and peaked on the seventh day. Besides, the present
results showed that no increased mechanical sensitivity
occurred from 0 to 14 days in the CON group, which
indicated that this group did not experience psychological
stress during the whole period. Meanwhile, there was also
no evidence of increased mechanical sensitivity in the DT
group. It might be attributed to the gradual blocking effect
of diazepam, which has the strong potency of suppressing
anxiety. In the results of OE% and OT% in EPM, we found
that the data in DT rats was lower than CON rats, but higher
than PS rats. It may be due to low doses of diazepam used
in our experiment, which could not completely block stress
stimulator. We noticed that the results of mechanical test
and EPM tests were not entirely consistent, which might
be caused by subjective error of the experimenter or some
unknown factors and still need further study.

In the psychological stress removal period, without any
foot shock, the increased mechanical sensitivity of PS rats
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Figure 5: The time course of changes in the head withdrawal threshold to bilateral stimulation of masseter ((a), (b)) and temporal muscles
((c), (d)) during pre-psychological stress period, psychological stress, and psychological stress removal period. During the pre-psychological
stress period, the head withdrawal threshold gradually increased then stabilized on the 7th day (yellow-shadowed part in Figures 5(a)–5(d)).
During the psychological stress period, the mechanical nociceptive threshold started to decrease on day 1 after psychological stress, and
reached lowest on days 5–7 then started to increase again in the following days till the 14th day (pink-shadowed part in Figures 5(a)–5(d)).
After removal of psychological stress, the index of each group gradually diminished and the pain threshold returned to normal on the 28th
day. No significant difference was found between CON group and DT group (cyan-shadowed part in Figures 5(a)–5(d)). (∗P < .05, PS group
versus CON group; #P < .05, PS group versus DT group; the letter “P” in the horizontal axis meant pre-psychological stress stage.)

was alleviated from the 15th day and decreased until 28th day
without any significant differences to CON rats. This trend
suggested that removing the stressor would be an effective
means for curing diseases induced by anxiety. Meanwhile,
the analgesic response to acute stress was not observed in
this study. It suggested that, in this model of chronic stress,
the reinstatement of the activity of systems involved in the
nociceptive response has different patterns, as shown by the
period of time and the types of response that were evaluated

(the basal measurement or the nociceptive response to acute
stress). Prolonged stress could lead to more lasting alterations
in the neural systems involved in nociception modulation.

Changes in the weight of the thymus, spleen and adrenal
glands are usually found when stress is induced [31].
Ishikawa [21] also observed no changes in the weight of
organs or overall body weight in rats exposed to emotional
stress. The present study showed that there was no significant
difference between the PS, DT, and CON groups, which is



Journal of Biomedicine and Biotechnology 7

consistent with the results of Rosales’s study [23]. These
results may indicate that the effect of the anxiety induced by
the communication box was not strong enough to induce
a weight gain, but it was sufficient to induce increased
mechanical sensitivity in masticatory muscle.

Unlike stress-induced analgesia, the mechanisms in
volved in stress-induced mechanical sensitivity increase are
not well known. Satoh suggested that long-lasting mechan-
ical hyperalgesia (3 days) induced by prolonged cold stress
involved peptide-containing primary afferents (substance-P
and calcitonin-gene-related peptide) [5]. Quintero suggested
that increased thermal and chemical nociception (8-9 days)
observed after a subchronic swimming stress might be medi-
ated by changes in the activity of the central serotonergic
system [32]. Works in human showed that a reduction in
the pain threshold after long-term psychoemotional stress
was probably due to a reduction in the activity of the brain’s
opioid system [33]. Preliminary investigations have also
found that psychological stress, such as anxiety and tension,
could increase the myoelectricity [34, 35] and parafunction
activities of the masticatory muscle [23].

Stress-provoking stimuli are known to activate the
dopaminergic system [36]. According to research by Ida et al.
[37], the mesoprefrontal dopamine system plays an impor-
tant role in the control of negative states such as fear and/or
anxiety. Diazepam has been suggested to induce inhibitory
effects on the activation of mesoprefrontal dopamine neu-
rons and the hypothalamic-pituitary-adrenocortical axis
[38] The drug also has been used as an antianxiety drug in
several stress-related experiments using the communication
box [23, 37]. Throughout the experiment in the current
study, the PS group showed greater mechanical sensitivity
than the CON and DT groups, but no significant difference
was detected between the CON group and the DT group.
This result is consistent with Wood et al. [39]. They
found that the supplementation of serotonergic tone during
subchronic stress exposure appears to provide prophylaxis
for stress-induced mechanical sensitivity, but this effect does
not obviate a role for dopamine. In fact, even though there
is a disruption in both the serotonergic and dopaminergic
function that occurs within the nucleus accumbens (NAc)
following chronic stress, the impact on dopamine outlasts
the impact on serotonin (5-HT). This difference may be
responsible for the persistent expression of stress-induced
hyperalgesia after serotonergic function has been normalized
[39]. Secondly, from the therapeutic implications, benzo-
diazepines (e.g., diazepam as used in the present experi-
ment) are pharmacologically linked to GABAergic (gamma
aminobutyric acid) neurotransmission. On administering
diazepam, the benzodiazepine receptors are activated and,
since they are allosterically linked to GABA-A receptors, they
modulate the chloride channel opening indirectly and induce
inhibition of that neuronal function [23].

5. Conclusions

The experiments in this study indicated that anxiety could
induce increased mechanical sensitivity through exposure to

repeated stress in rats. We also demonstrated that changes
in withdrawal thresholds to mechanical pressure could
be blocked by diazepam in repeatedly stressed rats. Fur-
ther studies concerning the mechanisms of stress-induced
mechanical sensitivity would be relevant to studies of the
etiology of chronic pain disorders.
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Atopic dermatitis (AD) is the extremely complicated syndrome that various abnormalities develop in a heap. There are various
factors in patients for the onset and exacerbation of AD, including genetic cofactors of individuals, environmental factors, the
failure of the skin barrier function, unfavorable regulation of the immune system, and the hypersensitivity of sensory nerves. In
recent years, there have been many trials of the drug discovery that targets itch, because itch is one of the most serious clinical
symptoms of AD. The selection of the suitable animal model that represents the condition of patients, as well as innovative
analyzing protocols that can precisely evaluate itch, is indispensable for investigation of an effective drug for AD. In the paper,
the unique spontaneous animal model for AD (NC/NgaTnd mice) and the novel quantification system of the laboratory animals
that may bring a great progress in the future study of itch are outlined.

1. Introduction

Atopic dermatitis (AD) is a chronic and relapsing skin
disorder with allergic immune responses resulting in the
hyperproduction of IgE [1]. The most of the patients have
genetic cofactors promoting manifestation and/or family
history of allergic disorders, including anamnesis either or
some of bronchial asthma, allergic rhinitis, conjunctivitis.
Increased numbers of activated circulating CD4+ and CD8+

T cells and marked infiltration of CD4+ T cells into the
dermis are characteristic features of patients with AD. In
particular, T cells bearing the cutaneous lymphocyte antigen
with features of allergen-specific T cells of the Th2-type are
recruited. The initial phase of AD is dominated by Th2 type
T cells producing IL-4, IL-5, and IL-13; at the subsequent
chronic phase, the number of Th1 cells producing IFN-γ
increases. Not only T cells but also keratinocytes are capable
of aggravating the inflammatory reaction in the skin through
upregulated release of some cytokines and chemokines. Fur-
thermore, barrier dysfunction of atopic skins is likely to play
a pivotal role in the exacerbation of clinical conditions [2].
Contact or invasion of environmental antigens such as house

dust mites exacerbates clinical symptoms. Itch is one of the
most serious clinical symptoms of AD, and repeated itching-
scratching episodes may be greatly involved in acceleration
and severity of dermatitis [1, 3, 4]. Epidermal hyperplasia,
as well as infiltration of mononuclear cells and eosinophils,
and degranulation of mast cells at the affected skins, is
the most typical pathological manifestations of AD [3].
Since the background is multifactorial and the underlying
predispositions is involved, the pathogenesis of AD is quite
complex. For understanding pathogenic pathways of AD,
suitable animal models are necessary, which may lead to the
development of new drugs with great benefit for patients
with AD [5, 6].

2. Spontaneous Model for
Human AD: NC/NgaTnd Mice

Microscopic features of skins obtained from NC/NgaTnd
mice raised in SPF (a) or conventional (b) circumstances.

NC/NgaTnd mice, an inbred strain originated from
Japanese fancy mice, spontaneously develop itchy dermatitis
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(a)

(b)

Figure 1: NC/NgaTnd mice maintained in air-regulated SPF (a) or
air-unregulated conventional circumstances (b).

in an air-unregulated conventional circumstance from 6 to
8 weeks of age (Figure 1). On the other hand, skin lesions
do not develop when they are raised in air-regulated specific
pathogen-free (SPF) conditions (Figure 1). We have analyzed
aspects manifested in NC/NgaTnd mice immunologically,
pathologically, dermatologically, and molecular biologically
and found that clinical symptoms in NC/NgaTnd mice are
quite similar to those found in human AD [7–9]. Thereafter,
as the first spontaneous AD model mouse, NC/NgaTnd mice
attract attention from researchers of the world. NC/NgaTnd
mice are estimated as an appropriate animal model for the
screening of novel therapeutic agents for AD. In affected
skins of NC/Nga mice, epidermal hyperplasia, increase and
degranulation of mast cells and recruitment of inflamma-
tory cells are remarkable (Figure 2). In addition, IL-4 is
produced in CD4+ T cells and mast cells, and Th2-specific
chemokines are overproduced [10], indicating that Th2-
type immune responses are upregulated. Exacerbation of
dermatitis relates to the increase of total IgE levels and
eosinophil numbers in circulation. Contents of ceramide in
skins are decreased in NC/NgaTnd mice before dermatitis
becomes remarkable, and it became clear that transepidermal
water loss of affected skins was promoted as a result [11].
The Itch-scratch cycle contributes to the development of
AD as a cofactor. Decreased production of semaphorin 3A
that has an activity to inhibit nerve growth factor-induced
sprouting of sensory neurons is recently reported in the skin
lesions of patients with AD and conventional NC/Nga mice
[12, 13], and repeated topical injection with recombinant

(a)

(b)

Figure 2: Generation of mast cell-deficient NC/NgaTnd mice.
NC/NgaTnd mice with heterozygous (a) and homozygous (b) for
the mast cell-deficient Wsh gene mutation.

semaphorin 3A is effective to improve the skin lesions of
conventional NC/Nga mice [13]. More recently, we have
demonstrated that thymic stromal lymphopoietin released
from keratinocytes of the skin lesions contributes to the
early stage of AD in NC/NgaTnd mice and peroxisome
proliferators activated receptors gamma activation down-
regulates the onset of AD via inhibition of dendritic cell
functions activated by thymic stromal lymphopoietin [14].

Researchers have to be careful because there are some
sublines of the NC strain that rarely develops AD spon-
taneously. When experiments in the conventional circum-
stances are not applicable, allergic dermatitis can be induced
by using repeated application protocols with haptens,
including FITC or picryl chloride. However, the hapten-
induced dermatitis is initiated by a Th1-mediated immune
response. Recently, atopic dermatitis-like skin lesions can be
reproduced by applying the extract of house dust mites to
SFP NC/NgaTnd mice as an ointment. Furthermore, hairless
NC/Nga mice are generated by using the toxin receptor-
mediated cell knockout (TRECK) method [15]. Hairless
NC/NgaTnd mice allows us to apply therapeutic reagents
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(a) (b)

Figure 3: Microscopic features of skins obtained from NC/NgaTnd mice raised in SPF (a) or conventional (b) circumstances.

onto skins without shaving and to observe clinical symptoms
quite easily.

In our laboratory, NC/NgaTnd mice have been back-
crossed to specific gene-deficient mice such as matrix
metalloprotease-9, Fc receptor γ chain, protease-activated
receptor 2 and succeeded in the construction of differ-
ent congenic NC/NgaTnd mice deficient for these genes.
Furthermore, mast cell-deficient NC/NgaTnd mice have
been generated (Figure 3). Congenic gene manipulated
NC/NgaTnd mice will provide more precise information
concerning the involvement of certain genes in the develop-
ment and/or exacerbation of AD.

3. A Novel Scratch Analyzing System for
Laboratory Mice: SCLABA-Real

Reliable quantification of scratching behavior in laboratory
mice is helpful for investigating itch mechanisms and for
developing new drugs for allergic dermatitis. We identified a
feasible parameter for quantification of scratching behavior
in mice using a novel analyzing system, SCLABA-Real
(Figure 4). Although intradermal injection with pruritogenic
reagents into mice, precise measurement and evaluation
of high-speed scratching behavior in mice have still been
complicated. SCLABA-Real enabled us to analyze scratching
behavior in real time without giving any kinds of stressful
operations to a mouse [16, 17]. The behavior of 4 mice
is simultaneously recorded with a high-speed digital vision
from the top of the exclusive cage placed on near-infrared
light. A SCLABA-Real software accurately detects the algo-
rithm that is specific for scratching behavior in mice and
records data in real time. Effective antipruritic reagents can
be selected by an accurate evaluation of scratching behavior
in laboratory mice using a SCLABA-Real system.

The novel scratch analyzing system, SCLABA-Real, calcu-
lates “frame-to-frame difference” that is a mouse’s migration
area per frame by capturing animal behavior at the rate
of 240 frames per second using the high-speed camera
containing image processing system [16, 17]. This whole new
system allows us to quantify the number and duration of

scratching behavior automatically by time-course analysis
of “frame-to-frame difference” and evaluate the degree of
itching from many directions.

The “frame-to-frame difference” analysis of the move-
ment is the uniquely method realized by using the special
camera in this system which can send images and the data
to the hard disk of a computer instantly through the video
server and LAN, which enable us to perform real-time and
accurate analysis of scratching only. Prolonged measurement
can be carried out because the stress on mice from the
preliminary treatment and the environment is excluded. The
recording platform has a built-in near-infrared light panel.
Scratching behavior of mice can be recorded in a natural state
using invisible near-infrared light. This system allows us to
evaluate scratching behavior not only in the day time but also
in the nighttime and darkness. The timer that activates the
system automatically enables to start on analysis at night.

Although scratching behavior is the critical item for the
drug development, its quantification by visual check has been
quite subjective. However, this innovative product provides
automatic analysis of scratching behavior in an objective and
accurate manner.

4. Remarks

AD is a quite complicated syndrome with many abnor-
malities, including genetic, environmental, immunological,
and dermatological cofactors. To select suitable animal
models for each research is particularly important to obtain
good outcomes. Therefore, researchers should know the
characteristics, including advantages and disadvantages, of
the model well. The spontaneous AD model, NC/NgaTnd
mice have provided valuable information concerning the
evaluation and selection of effective new drugs and supple-
ments [18–21].

The drug development that targeted itch is prosperous,
but the past trials for quantification of itch with a laboratory
animal have been failed. SCLABA-Real is an apparatus
of the extremely precise analyzing system for itch, that
is totally different from conventional measuring systems.
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(a) (b) (c)

No: 1 pos 6.108 s No: 2 pos 10.525 s No: 3 pos 26.150 s

No: 4 pos 42.342 s No: 5 pos 57.525 s No: 6 pos 62.208 s

No: 7 pos 62.833 s No: 8 pos 63.925 s No: 9 pos 64.533 s

(d)

Figure 4: A novel scratch analyzing system, SCLABA-Real. (a) The high-speed camera containing image processing system and the recording
platform with a built-in near-infrared light panel for real-time quantification of scratching behavior of mice. (b) Real time record and analyze
window. (c) Analyzed data of scratching frequency and duration. (d) Validation window for each frame.

A spontaneous AD model NC/NgaTnd mice and a SCLABA-
Real system provide a possibility to develop the study of itch
in the next generation.
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Wound repair is a complex biologic process which becomes abnormal in numerous disease states. Although in vitro models have
been important in identifying critical repair pathways in specific cell populations, in vivo models are necessary to obtain a more
comprehensive and pertinent understanding of human wound healing. The laboratory mouse has long been the most common
animal research tool and numerous transgenic strains and models have been developed to help researchers study the molecular
pathways involved in wound repair and regeneration. This paper aims to highlight common surgical mouse models of cutaneous
disease and to provide investigators with a better understanding of the benefits and limitations of these models for translational
applications.

1. Introduction

Impairments in wound healing constitute an enormous
biomedical burden and cause a significant degree of global
morbidity and mortality [1–3]. Aberrations in the normal
biological response to cutaneous injury following disease,
trauma, and surgery inevitably lead to significant compli-
cations. The wound repair process is extremely complex
and the underlying pathophysiology of chronic wounds and
fibrotic disease is often multifactorial [4]. Our incomplete
understanding of the molecular, cellular, and physiologic
mechanisms governing wound healing accounts for the often
disappointing results of modern therapies.

The predominant cell populations in mammalian skin
are fibroblasts and keratinocytes. Accordingly, the vast
majority of in vitro wound healing studies utilize either one
or both of these cell types. The study of cellular behavior in a
two-dimensional culture dish offers the ability to investigate
specific targets with minimal interference from external
factors, but critical in vivo cues (paracrine signaling, three-
dimensional cues, etc.) are missing and thus limit the trans-
lational applicability of in vitro studies. In vitro coculture

experiments partially address the importance of paracrine
interactions between different skin cell populations [5],
but are also limited in their biological relevance to wound
healing.

Increasingly complex “organotypic” systems have been
developed to better recapitulate the native skin environment
[6]. These “living skin equivalents” are engineered constructs
composed of stratified squamous epithelial cells grown at an
air-liquid interface above a collagen-type matrix seeded with
dermal fibroblasts [7]. These models have greatly improved
the ability of researchers to study the mechanisms of human
disease (including tumorigenesis and wound repair) in a
more biologically relevant in vitro system [8]. Regardless, the
complexity of wound healing in vivo cannot be fully recreated
in a culture dish, and animal models are a necessary tool in
elucidating the underlying pathology of human disease.

In silico and computer-based models allow for large-
scale processing of vast data sets and simulation of myriad
conditions which would be difficult to test otherwise. For
example, these methods have been utilized to study wound
healing, inflammatory responses, and drug permeability
across skin [9–11]. Finite element methods have been applied
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to study dynamic processes such as the role of mechanical
forces in scar formation and wound contracture [12, 13].
Nonetheless, these approaches do not obviate the need for
an in vivo biologic system in which to test predicted results
and outcomes.

Species ranging from rodents to nonhuman primates
have been utilized to study skin disease [14–16]. More
recently, the red Duroc pig has been extensively validated as a
model for human skin pathology and is increasingly thought
of as the ideal large animal model to study cutaneous disease
due to its similarity to human epithelial architecture, nerve
density, vascularity, matrix components, and other biological
parameters [17–20]. However, swine are expensive to house
and maintain, molecular reagents are often not validated
for swine tissues, and the use of large animals for highly
investigational work is not practical.

The laboratory mouse remains by far the most com-
monly used animal model for biologic research. Mice are
easy to house and maintain, are economical, and a wide
variety of mouse-specific reagents are available for research
purposes. In addition, over a thousand mutant loci have
been generated in mice, and innovative transgenic tools
provide researchers with unparalleled opportunities to study
disease pathophysiology [21]. Hundreds of mouse models of
human disease exist, and in many cases the diseased gene of
interest is mutated in both human and mouse [22]. Thus,
the vast abundance of disease models, knockout strains, and
transgenic tools have ensured that mouse models will remain
highly relevant to the study of skin biology [23, 24]. This
paper will focus mainly on surgical models of pathologic
wound healing and their contribution to our understanding
of human wound repair.

2. Mouse versus Human Wound Repair

Before we review several commonly used mouse models
to study wound repair, it is important to briefly discuss
some major differences between mouse and human skin
(Table 1). Although mouse skin consists of three layers as
human skin does (i.e., epidermis, dermis, hypodermis), there
are significant differences in the anatomy and physiology
of each layer. Mouse skin is covered with dense hair that
undergoes a defined cycle of hair growth as does human hair:
anagen (growth), catagen (regression), and telogen (rest)
[25]. The hair cycle on the mouse dorsum progresses from
cranial to caudal, and its temporal characteristics can differ
significantly from various regions of the human body [26].
For example, the mouse hair cycle is about three weeks,
whereas hair cycles of the human scalp can last several
years [25]. Additionally, human hair is generally either vellus
(penetrates to the superficial dermis and is unpigmented) or
terminal (penetrates into deep dermis and is pigmented) and
exhibits an androgen-sensitive switch from vellus to terminal
forms, properties not characteristic of mouse hair [25].

Mouse skin also lacks apocrine sweat glands and rete
ridges/dermal papillae, which are both found in human skin.
However, rete ridge-like structures may become apparent
during mouse wound healing and are often described as

“pseudoepitheliomatous” or “pseudocarcinomatous hyper-
plasia” [27]. Mouse skin is also unique in having a pan-
niculosus carnosus layer (a thin muscle layer found only as
the platysma of the neck in humans) which produces rapid
wound contraction following injury. In contrast, human
wounds heal via re-epithelialization and granulation tissue
formation, important differences to consider when assessing
the translational relevance of mouse studies. Another factor
to consider when designing mouse experiments is the
significant gender difference in mouse skin anatomy and
physiology. For example, male skin is 40% stronger due
to a much thicker dermis, while female skin exhibits a
thicker epidermis and hypodermis [28]. Our laboratory has
also previously reported that mouse skin is significantly
more compliant than human skin, which is important when
examining the mechanical environment of wound repair
[29]. Despite these numerous differences, mouse models
have contributed significantly to our understanding of skin
biology and disease, and an awareness of these dissimilarities
will allow researchers to better evaluate and apply mouse-
based models of repair to human disease.

3. Excisional Wound Healing Models

The treatment of chronic nonhealing wounds accounts for
a significant proportion of healthcare expenditures [30].
Myriad factors contribute to impaired healing, including
deficits in cell activity, inflammatory signaling, and matrix
assembly. The most commonly employed mouse model
used to study these processes is the excisional wound
model (Figure 1(a)). Typically, a full skin thickness excisional
wound is created on the dorsum of the mouse and extends
through the panniculosus carnosus. Wounds are then pho-
tographed regularly and wound closure is calculated based
on wound size relative to the original wound dimensions.
Our laboratory has described a splinted wound model
using silicone rings to prevent wound margin contracture,
thus better recapitulating the repair mechanisms underlying
human wound healing [31].

The benefits of this common surgical model are numer-
ous. The necessary materials and techniques are relatively
simple, reproducible, and practical for experiments involving
a large sample size. The wound bed can be easily accessed
to apply topical agents (e.g., pharmaceuticals, cells, bioma-
terials) to study modulations of repair processes. Harvested
wounds can be examined histologically for both the epithelial
gap (the quantifiable distance between the epithelial wound
margins) and granulation bed characteristics (recruited cell
populations, vascularity, matrix alterations). Thus, this sur-
gical mouse model remains an essential tool for researchers
studying cutaneous disease.

4. Mouse Models of Cutaneous Ischemia and
Reperfusion Injury

Neovascularization is a critical component of normal wound
healing, and impairments in this process are highly impli-
cated in diabetic and aged wound healing [32]. However, new
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Table 1: Major differences between mouse and human skin.

Mouse Human

Hair cycle Approximately 3 weeks Highly variable, region-dependent

Epithelial architecture No rete ridges Rete ridges present

Apocrine sweat glands
Not present in skin, extensive in mammary
glands

Present in axilla, inguinal, and perianal skin
regions

Biomechanical properties Thin, compliant, loose
Thick, relatively stiff, adherent to underlying
tissues

Hypodermal thickness Hair cycle-dependent Less variable

Subcutaneous muscle layer
Present throughout as panniculosus
carnosus

Present only in neck region as platysma

Major method of wound healing Contraction
Granulation tissue formation and
re-epithelialization

blood vessel formation is a complex process, involving both
angiogenesis (sprouting of new vessels from existing ones)
and vasculogenesis (de novo formation of neovessels from
circulating endothelial progenitor cells). Significant insight
into these processes has been provided by mouse models of
cutaneous ischemia. One of the most frequently used models
is the ischemic skin flap model (Figure 1(b)). In this model,
a three-sided full skin thickness peninsular flap is created
on the dorsum of the mouse and an impermeable silicone
membrane is placed directly underneath the skin flap and
the flap incisions are closed with suture. The silicone barrier
prevents neovascularization from the underlying wound bed
and ensures that the skin flap is supplied on only one side
by the flap pedicle, thereby creating a reproducible ischemic
gradient extending from the proximal (nearest to the pedicle)
to the distal (most ischemic) portion of the flap.

These models have been important in elucidating novel
mechanisms of blood vessel formation, specifically, the roles
of ischemic signaling and vasculogenesis in wound repair. We
have previously employed this model to investigate the role
of chemokine pathways in the recruitment of progenitor cells
to ischemic wounds [33]. Specifically, we demonstrated that
hypoxic wound gradients recruit systemic stem cells through
hypoxia-inducible factor (HIF)-1α-induced expression of
stromal cell-derived factor-1. Our laboratory also utilized
this model to demonstrate impairments in HIF-1α-mediated
vasculogenesis during aging [34] and the role of oxygen free
radicals in diabetic wound repair [35].

Ischemia-reperfusion models have also been developed
to study pressure ulcers, the treatment of which costs up to
$11 billion per year in the US [36]. The pathogenesis of pres-
sure ulcers is thought to be mediated through injurious cycles
of ischemia and reperfusion, and models based on cyclical
magnetic compression have been described (Figure 1(c)),
allowing researchers to examine wound inflammation,
apoptosis and reactive oxygen-mediated signaling following
injury [37, 38]. Wassermann et al. recently described a
full thickness skin/muscle pressure ulcer model using a
metal disk implanted beneath the mouse gluteal muscle
and cyclical pressure applied with an external magnet
[39]. Although numerous models have been employed in
larger animals using friction, temperature, position, muscle

damage, pressure, and ischemia-reperfusion injury [40], the
practical benefits of mouse-based pressure ulcer models
cannot be overlooked. Despite our limited knowledge of
pressure ulcer pathogenesis, the development of practical
small animal models represents a step toward improved
understanding of this clinically significant disease.

5. Mouse Models of Skin Fibrosis

Fibroproliferative diseases contribute to the majority of
deaths in the developed world [2]. In addition, skin fibrosis
following burn and radiation injury, trauma, and surgery
causes a significant degree of functional impairment and
aesthetic complications [41]. The lack of effective antifibrotic
therapies highlights our incomplete understanding of scar
pathophysiology. Various mouse models of skin fibrosis have
been developed, but fibrosis is induced by myriad agents
or modalities with differing mechanisms which may not be
physiologically applicable to human scar formation.

Chemical injury models have been described using sub-
cutaneous injections of the sclerosing agents bleomycin or
vinyl chloride to mimic human diseases such as scleroderma
[42, 43]. Transgenic mice harboring genetic mutations (such
as tight skin mice or integrin alpha 1 null mice) and
xenograft-induced activation of the mouse immune system
have also been used as models for human fibrotic skin disease
[44]. Branding, scalding, and flame injury models have
been employed to study cellular activation and recruitment
following burn injury [45, 46]. For example, Zhang et al.
utilized a mouse burn model to study the injury response
of circulating angiogenic cells and also examined these cells
in human burn injury patients [46]. Potential therapeutics
for radiation-induced fibrosis have been studied in mice [47]
and scar models utilizing radiation injury in the tight skin
mouse have been developed [48].

Our laboratory recently described a mouse model of
hypertrophic scar formation by applying exogenous mechan-
ical loads to incisions which otherwise heal with minimal
scar [29]. This model is predicated on the clinical observation
that human incisions which heal under elevated tension
are prone to develop robust scarring, whereas skin injuries
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Figure 1: Surgical mouse models of cutaneous disease. (a) Full thickness excisional wound models are commonly used to assess numerous
components of wound healing in vivo. Contraction of the underlying panniculosus carnosus can be minimized with a splinted wound model
(right) whereby wound repair proceeds mainly through granulation tissue formation and re-epithelialization similar to human skin repair.
(b) The ischemic flap model produces a controlled gradient of ischemia based on the number and location of feeding blood vessels. Skin
regions furthest from the vessel/s are the most ischemic. (c) Cyclical pressure can be applied with opposing magnets and interpositioned
skin to mimic reperfusion/ischemia injury thought to drive pressure ulcer pathophysiology. (d) The application of exogenous mechanical
loading to mouse incisions results in increased wound fibrosis similar to human hypertrophic scarring.

in areas under low tension rarely develop large scars [49,
50]. This model employs a distraction device mounted
onto the mouse dorsum and mechanical loads are applied
orthogonal to the healing incision (Figure 1(d)). Force levels
of 1.5 N/mm2 to 2.7 N/mm2 are applied during the early
proliferative phase of wound repair and are sufficient to
induce a significant fibrotic response for over six months
[29]. When this mechanical load model was applied to
transgenic mice with altered survival pathways, we were able
to identify putative intracellular targets in hypertrophic scar
formation [29].

6. Dorsal Skin Fold Chamber Models

The dorsal skin fold chamber has been a well-established
model to examine vessel physiology in both normal and
pathologic states (Figure 2(a)) [51]. In conjunction with
intravital microscopy, skin fold chamber models permit in
vivo assessment of vascular physiology over multiple time
scales. High-resolution real-time images can be obtained and
have revealed novel mechanisms of human pathology such as
vascular embolic disease [52]. Sorg et al. utilized a dorsal skin
fold chamber model to examine mouse wound regeneration
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Figure 2: Schematic of commonly employed surgical mouse models of human disease. (a) The dorsal skin fold chamber allows real-
time imaging of cutaneous physiology in high resolution when combined with intravital microscopy techniques (right). (b) Parabiotic
models permit researchers to investigate the role of circulating factors and/or cells from the donor parabiont in cutaneous wound repair.
(c) Engineered human skin constructs can be grafted onto immunocompromised mice to study human skin explant physiology within a
living biologic (immunodeficient) environment.

following full thickness skin injury [53] and to study
the effects of erythropoietin on dermal regeneration [54].
Ichioka et al. developed a skin fold chamber model to study
the effects of ischemia reperfusion on the microcirculation of
pedicled flaps [55], and Park et al. examined arteriovenous
malformations in transgenic mice using these techniques
[56]. Continued improvements in intravital microscopy, cell
tracking, and biomolecular tracers will undoubtedly provide
further insight into novel mechanisms in wound healing.

7. Parabiosis Models

Parabiosis models involve the surgical joining of two mice
at their flank skin to study the circulation of cells or
circulating factors between the two animals (Figure 2(b)).
Cross-circulation is generally established between the two

parabionts by several days through new vascular anasto-
moses [57]. This model was first described by Bert in the
1860s and popularized by Sauerbruch and Heyde in early
1900s [58]. Since that time, numerous parabiosis models
have been developed to study cancer metastasis, circulatory
physiology, immunology, and metabolic diseases. In the
context of wound healing, recent studies have demonstrated
that circulating factors and systemic-derived cells play an
important role in numerous aspects of skin homeostasis and
repair.

Our laboratory utilized a parabiotic model to demon-
strate the participation of bone marrow-derived stem cells in
ischemic vasculogenesis and wound repair [59]. GFP+ mice
were paired with wild-type counterparts and GFP+ cells were
found to engraft in wildtype neovessels following ischemic
injury. Song et al. employed a similar strategy to characterize
the contribution of circulating cells to the repair of full
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Table 2: Surgical mouse models of cutaneous disease with select
references.

Mouse Model
Human Disease
Relevance

Select References

Excisional
Wound

Diabetes and obesity [31, 65, 66]

Aging [67, 68]

Obesity [69]

Ischemic Flap
Diabetes [35]

Aging [34]

Pressure Ulcer
Diabetes [37]

Decubitus ulcers [38, 39]

Mechanical
Load

Hypertrophic scar
formation

[29]

Parabiosis

Diabetes, obesity [61, 62]

Ischemic wounds [59]

Scleroderma [63]

Aging [64]

Dorsal Skin
Fold Chamber

Arteriovenous
malformations

[56]

Xenografting
Donor graft integration [70]

Wound remodeling [71]

thickness excisional wounds [60]. They found substantial
involvement of circulating cells in various aspects of early
wound repair, including inflammation, mesenchymal dif-
ferentiation, and blood vessel formation. Parabiotic models
have also been used to highlight the importance of circulating
factors in delayed wound healing in diabetic mice [61], to
study the relationship between obesity and diabetes [62],
to investigate the role of circulating fibroblast precursors
in bleomycin-induced skin fibrosis [63], and to examine
alterations in skin collagen remodeling with aging [64].

8. Human Skin Graft Models

For decades, researchers have transplanted human skin onto
the back of immunocompromised mice (Figure 2(c)) to
examine human skin explants in a more biologic environ-
ment [72, 73]. Geer et al. transplanted human engineered
skin onto athymic mice and tracked mouse contributions
to both human epithelial and dermal wound repair [70].
Rossio-Pasquier et al. examined species-specific epithelial-
mesenchymal interactions in a similar human skin transplant
model [74] and Guerret et al. grafted a multispecies skin
construct onto nude mice to characterize the remodeling
process as contributed to by human, mouse, and bovine
constituents [71]. These studies and numerous others
have allowed researchers to examine the integration and
remodeling of both natural and engineered skin constructs
in a living biologic environment. However, the requisite
inflammatory and immune responses in human wound
repair are necessarily attenuated in immunocompromised
mice, thus somewhat limiting the biological relevance of
these models.

9. Conclusion

In conclusion, numerous surgical models of wound healing
have been developed in the mouse and have greatly improved
our understanding of wound repair in various disease states
(Table 2). Although each model system has its specific
advantages and drawbacks, mouse models for human disease
have become an indispensible tool for researchers. Thus, a
familiarity with common mouse models of wound repair
and an awareness of their limitations will enable scientists
to develop research strategies with greater translational
potential.
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The aim of this study was assess the effect of collagen-based films containing usnic acid as a wound dressing for dermal burn
healing. Second-degree burn wounds were performed in forty-five Wistar rats, assigned into nine groups: COL—animals treated
with collagen-based films; PHO—animals treated with collagen films containing empty liposomes; UAL—animals treated with
collagen-based films containing usnic acid incorporated into liposomes. After 7, 14, and 21 days the animals were euthanized.
On 7th day there was a moderate infiltration of neutrophils, in UAL, distributed throughout the burn wounds, whereas in COL
and PHO, the severity of the reaction was slighter and still limited to the margins of the burn wounds. On the 14th day, the
inflammatory reaction was less intense in UAL, with remarkable plasma cells infiltration. On the 21st day, there was reduction of
the inflammation, which was predominantly composed of plasma cells in all groups, particularly in UAL. The use of the usnic acid
provided more rapid substitution of type-III for type-I collagen on the 14th day, and improved the collagenization density on the
21st day. It was concluded that the use of reconstituted bovine type-I collagen-based films containing usnic acid improved burn
healing process in rats.

1. Introduction

Disruption of the skin generally leads to an increased fluid
loss, infection, hypothermia, scarring, compromised immu-
nity, and change in body image; furthermore, large skin
damage can cause mortality [1]. The concern on the high
cost of treatment, resistance to antibiotics, inability to restore
initial appearance of the skin, and the high rates of septicemia
related to severe burn wounds has increased in the last
decades [2] so that various formulations such as ointments
and wound dressings have been developed for the treatment
of these lesions [3].

Natural polymers have been increasingly studied for
applications in health care due to their biocompatibility,
biodegradability, and nontoxity [4, 5]. Collagen-based film

is a potentially useful biomaterial, since it is the major
constituent of the connective tissue and permit controlled
drug release within target tissues [6]. The main applications
of collagen as drug-delivery systems are collagen shields in
ophthalmology, sponges for burns/wounds, gel formulation
in combination with liposomes for sustained drug delivery,
and controlling material for transdermal delivery [7, 8].

Usnic acid (UA), a dibenzofuran originally isolated from
lichens [9], has been shown to work as a growth regulator
in higher plants [10, 11]. In humans, it can act as an anti-
inflammatory [12], antimitotic [13], antineoplasic [14, 15],
antibacterial [16], and antimycotic [17] agent. However, the
potential benefits of UA therapeutic application are limited
by its unfavorable physicochemical properties, particularly
its very poor water solubility. Therefore, its use in a safe and
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Figure 1: Molecular structure of usnic acid.

efficient manner requires a suitable solubilizer agent and/or
carrier system for improving the therapeutic index of this
drug [18, 19].

A wide variety of drugs has been incorporated into
or associated with liposomes and nanocapsules, as long as
such materials represent excellent drug carrier systems [20–
22]. Liposomes are vesicles composed of a bilayer of lipid
molecules enclosing an aqueous volume. Recent applications
have concentrated on their use as drug-delivery vehicles due
to the ability of incorporating water-soluble materials in their
aqueous volume or oil-soluble materials in the lipid bilayer
[23]. It has been reported that the encapsulation of UA has
shown to be a suitable strategy to reduce the hepatotoxicity
[15] and to overcome the low water solubility [18] of this
molecule, providing safety and efficiency to its use in health
care.

2. Experimental

2.1. Materials. Usnic acid, 2,6-diacetyl-7,9-dihydroxy-8, 9b-
dimetyl-1,3(2H,9bH)-dibenzeno-furandione (Figure 1) was
isolated from Cladonia substellata Vainio collected in March,
2006, in the Itabaiana county (180–670 m; 10◦41“22” S;
37◦24“10” W), Sergipe-SE, Brazil. Lichen sample was iden-
tified by M.P. Marcelli (Botanical Institute of São Paulo-SP,
Brazil), where a voucher specimen was deposited (Deposit
no. SP393249). All chemicals were of reagent grade. The
collagen was prepared according to the method proposed by
Cardoso (2005) [24].

2.2. Extraction and Purification of Usnic Acid. Air-dried lic-
hen (300 g) was extracted with diethyl ether in a Soxhlet
apparatus and the precipitate formed on cooling collected,
recrystallized from ethanol, yielding 330 mg usnic acid [25].

2.3. Films Preparation. Collagen-based films (CL) were pre-
pared through casting method using collagen dispersion
(2%) in 0.5 M acetic acid with 20% of plasticizer (propy-
leneglycol-Isofar Lot. 070967) in relation to the polymer dry
weight. This dispersion was casted onto a clean rimmed
perspex plate and allowed to dry at room temperature in
order to obtain the films.

UA-loaded liposomes were prepared by conventional
rotary evaporation method. Briefly, phosphatidylcholine
(Lipoid GMBH 75% Lot 776095-1) was dissolved in chlo-
roform according to the ratio phosphatidilcoline/usnic acid

of 18 : 1 w/w. The mixture was dried to a thin lipid film using
a rotary evaporator. This film was kept in desiccator for at
least 24 h until the organic solvent was totally eliminated.
Then, the lipid film was hydrated and dispersed in water,
under vigorous magnetic agitation, promoting the formation
of the multilamellar vesicles (MLV). Small unilamellar
vesicles (SUV) were prepared by probe sonication of the
MLV dispersion. After this procedure, the usnic acid-loaded
liposomes were mixed with collagen dispersion (2% in
0.5 M acetic acid with collagen dispersion (2%): 20% of
propyleneglycol w : w) in the ratio of 1 : 4 (v/v). After solvent
evaporation, the films were cut off in square shape (2× 2 cm)
and sterilized using UV rays (20 min) in order to obtain the
usnic acid/collagen-based films (UAL). The characterization
of usnic acid/collagen-based films was reported in previous
research [26].

2.4. Animals. The animals used in this study were adult
male Rattus norvegicus albinus, Wistar lineage, weighing 250–
300 g. The rats were housed in clear plastic cages with solid
floors and loose hardwood chip bedding, in a temperature
and humidity-controlled environment, and supplied with
food and water ad libitum. Experimental protocols and pro-
cedures were approved by the Federal University of Sergipe
Animal Care and Use Committee (CEPA/UFS no. 08/09).

2.5. Burning Procedures and Groups. Forty-five male Wistar
rats (250 ± 50 g), supplied with food and water ad libitum
in a temperature and humidity-controlled environment,
were anesthetized with intraperitoneal ketamine-xylazine
(100 mg/kg–5 mg/kg). The burn wounds were performed in
the back of the animals by the contact of a heated 1 cm2

standard-sized square-shaped copper plate with the skin for
20 s. Animals were handled in accordance to the principles
of aseptic chain in order to avoid bacterial contamination.
Subsequently, rats were randomly assigned into three groups
of fifteen animals each: COL—animals treated with collagen-
based films; PHO—animals treated with collagen films
containing empty liposomes; UAL—animals treated with
collagen-based films containing usnic acid incorporated into
liposomes. After 7, 14, and 21 days, five animals of each
group were euthanized by intramuscular administration
of 0.8 mL/Kg zoletil, 0.43 mL/Kg Tiopental and 5 mL/K
potassium chloride g (Ariston 19, 1%, 2,559 mEq/mL), and
the area corresponding to the wound region in the back of the
animals was surgically removed and formalinfixed for further
histological examination.

2.6. Histological Procedures. The surgical specimens were
formalin-fixed and paraffin-embedded according to the
routine laboratorial techniques. Subsequently, serial 5 μm
thick sections were obtained and stained in hematoxylin-
eosin and picrosirius.

2.6.1. Assessment of the Inflammatory Profile (IP) and
Epithelization Rates (ER). Histological sections stained in
hematoxylin-eosin were used to the descriptive analysis of
the inflammatory profile (IP) and epithelization rates (ER).
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The intensity of the inflammatory response was assessed
as follows: + (inflammatory cells representing less than
10% of the cell population observed within the wound
area), ++ (inflammatory cells representing between 10 and
50% of the cell population observed within the wound
area), and +++ (inflammatory cells representing more than
50% of the cell population observed within the wound
area). Moreover, the profile inflammatory (IP) was classified
as acute (predominance of polymorphonuclear cells) and
chronic (predominance of mononuclear cells) and graded as
slighter/absent, moderate, or severe. In order to assess the
epithelization rates (ER), photomicrographs of the wounds
were taken from all the samples (40x) and processed in a
software (ImageLab, Sof- tium, São Paulo, SP, Brasil). The
total wound surface extent (TWE) was assessed, as well as the
extent of the epidermal migration from the normal wound
margin to the point where the migrating epithelium stopped
processing (ME). ER (%) was determined as follows:

ER(%) = (ME× 100)
TWE

. (1)

2.6.2. Assessement of the Collagen Deposition. Histological
sections stained in picrosirius and analyzed under polarized
light were used to the descriptive analysis of the colla-
gen deposition. Collagen fibers were analyzed according
to their birefringence pattern (greenish/yellow-greenish or
orange, orange-reddish), morphological appearance (wavy
or stretched, thin or thick, short or long), and disposition
(reticularly arranged or interlaced).

The quantitative analysis of the area occupied by collagen
fibers in the healing area was determined by optical density
in the image analysis system in different randomly selected
fields. The system used consists of a CCD Sony DXC-101
camera, applied to an Olympus CX31 microscope, from
which the images were sent to a monitor (Trinitron Sony).
By means of a digitizing system (Olympus C-7070 WIDE-
ZOOM) the images were inserted into a computer (Pentium
133 MHz), and processed by a software (ImageTool). A total
of ten fields per case were analyzed at a magnification of 100x.
The thresholds for collagen fibers were established for each
slide, after enhancing the contrast up to a point at which the
fibers were easily identified as birrefringent (collagen) bands.
The area occupied by the fibers was determined by digital
densitometric recognition, by adjusting the threshold level of
measurement up to the different color densities of the colla-
gen fibers. The area occupied by the fibers was divided by the
total area of the field. The results were expressed in percent-
age of the skin area fraction occupied by the collagen fibers.

2.7. Assessment of the Mean of Myofibroblasts for Histological
Field (MF). Myofibroblasts were detected by using a mono-
clonal antibody against the α-smooth muscle actin antigen
(clone 1A4; 1 : 200, 12 h, Dako, Glostrup, Denmark). After
washing in PBS, slides were incubated with biotin-labeled
antimouse secondary antibodies (Vector Laboratories Inc.,
Burlingame, CA), then washed in PBS, and incubated with

Table 1: Assessment of the intensity of the inflammatory infiltrate
in the COL (collagen group), PHO (collagen/liposome group), and
UAL (collagen/liposome/usnic acid group), in 7, 14, and 14 days
after burning procedures.

Time Animals
Inflammatory reaction intensity

COL LIP UAL

R1 + ++ +++

R2 ++ + +++

7th R3 ++ + ++

R4 + ++ +++

R5 + + +++

R1 ++ +++ +++

R2 +++ +++ ++

14th R3 ++ +++ ++

R4 +++ +++ ++

R5 +++ ++ ++

R1 ++ ++ +

R2 ++ ++ +

21st R3 + ++ +

R4 + + ++

R5 + + +

+ = mild inflammatory infiltrate, representing less than 10%; ++ = moderate
inflammatory infiltrate, representing between 10 and 50%; +++ = intense
inflammatory infiltrate, representing more than 50%.

peroxidase-labeled streptavidin (DAKO). The reaction prod-
ucts were visualized by immersing the slides in freshly pre-
pared diaminobenzidine (Dojindo, Kumamoto, Japan). Ten
histological sections (×40, 10 ocular, 0.739 mm2 per field)
were randomly selected and the mean of immunostained
cells was assessed with an image analysis system Imagelab
(Sof- tium, São Paulo, SP, Brasil) as previously described
by Ribeiro et al. (2009) [27]. Only spindle-shaped and
round cells scattered in the connective tissue we regarded as
myofibroblasts whereas positive cells observed right around
the blood vessels were considered as pericytes and, therefore,
were excluded of the study [27].

2.8. Statistical Analysis. Statistical significant difference in
the severity of the inflammatory reaction was assessed by chi-
squared test whereas the significances of the differences in the
ER, MF, and collagenization rates were verified by analysis of
variance (one-way ANOVA) and Tukey test. Each time point
was analyzed separately, and two-tailed α-level of P < .05 was
significant.

3. Results and Discussion

As showed in Table 1, on the seventh day, the intensity
of the inflammatory response was severe in UAL although
in COL and PHO, it ranged from mild to moderate.
Besides, there was an expressive infiltration of neutrophils,
in UAL (Figure 2(Ic)), distributed throughout the burn
wounds whereas in COL and PHO it was still limited to the
margins and bottom of the burn wounds (Figure 2(Ia) and
(Ib)). Moreover, a poorly developed granulation tissue was
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Figure 2: Histological sections stained in HE. Seven days: (Ia) Lack of inflammatory response in the center of the burned area in COL. (Ib)
Inflammatory infiltrate rich in polymorphonuclear neutrophils (pmn) in PHO. (Ic) Expressive content of polymorphonuclear neutrophils
(pmn) in the top of the wound, and early granulation tissue (gt) formation in the bottom, in UAL. Fourteen days: (IIa and IIb) Intense
acute inflammatory reaction (a) scattered within the burned area in COL and PHO, respectively. Neutrophils seen in detail. (IIc) Moderate
infiltrate of neutrophils and lymphocytes in association to expressive fibroblastic proliferation (fb) in UAL. Fibroblasts seen in detail. Twenty-
one days: (IIIa and IIIb) Vascular component (arrows), and chronic inflammatory infiltrate, still evident in COL and PHO, respectively. (IIIc)
Scanty inflammatory cells are seen within the cicatricial tissue (ct) in UAL.

observed in all groups, but the vascular content was also
more evident in UAL. These findings were expected, since
soon after injury, as a result of vascular and biochemical
changes, a substantial amount of neutrophils migrate into
the wound to prevent the invasion and proliferation of
microorganisms; subsequently, these polymorphonuclear
cells are gradually replaced by mononuclear cells as the
wound healing continues, in a bottom-top process [28].

After 14 days, the severity of the inflammation (Table 1)
ranged from moderate to intense, with chronic profile in the
bottom and acute in the top of the burn wounds, in COL and
PHO groups (Figure 2(IIa) and (IIb)) whereas in UAL it was
predominantly moderate (Figure 2(IIc)). The reason for the
maintenance of intense inflammation in the group treated
with collagen films, without usnic acid, lies on the fact that,
although collagen presents plenty of biomodulatory effects,
these molecules do not exhibit anti-inflammatory activity
[29]. However, COL and PHO showed lymphocyte-rich
infiltrate whereas an expressive content of plasma cells was
observed in UAL in addition to the lymphocytic infiltrate.
Besides, the exuberant granulation tissue observed in UAL,
in opposition to the less fibrovascular lymphocyte-rich tissue

seen in COL and PHO, suggests that the use of collagen-
based films containing usnic acid apparently favored the
installation of the earlier events involved in wound healing
process.

Finally, 21 days after the burn procedures, the sever-
ity of the inflammatory reaction was evidently reduced
in UAL in comparison with the other groups (Table 1).
These findings might be related to the usnic acid bio-
logical properties, which may be involved in the inhibi-
tion of prostaglandin synthesis, similarly to nonsteroidal
anti-inflammatory drugs [30]. The few inflammatory cells
observed in UAL (Figure 2(IIIc)) were composed almost
exclusively by plasma cells, in opposition to the still
expressive presence of lymphocytes in COL and PHO
(Figure 2(IIIa) and (IIIb)). Therefore, it is suggested that the
use of UAL might provide acceleration of the latter phases
of the immunological response, such as B cells activation
and differentiation into plasma cells. On the other hand,
the maintenance of lymphocyte-rich infiltrate in COL and
PHO suggests that the biological events that characterize the
local immunological response are taking place more slowly in
these groups. Whereas residual granulation tissue composed
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by some few clusters of dilated and congested capillary blood
vessels tissue was still observed in the surface of the burn
wounds, in addition to an extremely cellular connective
tissue, in COL and PHO, it could not be evidenced in
UAL, which showed connective tissue represented by dense
collagen-rich cicatricial scar. This is suggesting that the
healing process was substantially advanced in the groups
treated with UA. The improvement in the skin wound
healing induced by usnic acid has been previously reported,
although this effect had not been mediated by fibroblasts
proliferation [31].

Therefore, the epithelization is considered a relevant step
of wound healing, once keratinocytes are supposed to be
source of cytokines involved in remodeling the collagen fibers
deposited at the final stages cicatricial repair. The ER was
significantly higher in UAL than in COL (P = .040) and PHO
(P = .044) in 7 days, but there was no significant difference
among the groups either in 14 (P = .153) or in 21 days
(P = .09) (Figure 3). These findings might be related to the
fact that the molecules of usnic acid were probably released
into the insulted area during the first days of the healing
process, as long as the collagen-based film is resorped. Thus,
considering that usnic acid has been previously proved to
work as mitogen factor for keratinocytes in in vitro assays
[32], the lichenic metabolite would act directly on epithelial
cells in the edge of the wounds, providing cell proliferation
and migration to form the new superficial lining earlier than
in the other groups.

The method of picrosiriuspolarization has contributed
substantially for the identification and comprehension of
the collagen and its function. This method is based on the
presence of alkaline aminoacids in the collagen molecules
that strongly react with the acid stain (Sirius red). This
process increases the birefringence of the normal aggregated
collagen molecules. Besides, differentiation between the
types of collagen is also possible, since the type I is intensely
birefringent (yellow-orangish and reddish) and composed
of long thick fibers whereas type III is less birefringent
(greenish) and constituted by short, thin delicate fibers [33].

In this study, only scanty deposition of thin delicate
reticularly arranged fibrils exhibiting greenish and yellow-
greenish birefringence (type-III collagen) was observed in
all groups after seven days. In UAL (Figure 4(Ic)), the
fibers appeared thicker and longer than in COL and PHO
(Figure 4(Ia) and (Ib)), particularly in the margins of the
burn wounds. Inconspicuous deposition of collagen fibrils
was expected, since the collagen synthesis begins around the
fifth day, in order to provide spatial orientation of angioblasts
during the very early stages of wound healing [34].

At 14 days, there was a remarkable improvement of
the colagenization in UAL, since deposition of gross wavy
parallel-arranged bundles of birefringent yellow-orangish
collagen fibers (type-I collagen) was observed (Figure 4(IIc)).
Oppositely, COL and PHO exhibited deposition of long but
still delicate collagen fibers, composed predominantly by
type III collagen (Figure 4(IIa) and (IIb)). The high content
of collagen fibers, in addition to the dense arrangement and
wavy appearance of the bundles, suggests that this lichenic
constituent might play an important role in the fibroplasias
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Figure 3: Epithelization of the burn wound surface.

dynamic. This hypothesis is also supported by the thicker
appearance of the fibers in UAL even in the seventh day
samples.

At 21 days, it evidenced intense deposition of gross thick
parallel-arranged collagen bundles, less densely deposited
in the top of the scars, and apparent complete resorption
of type III fibers, in COL and PHO (Figure 4(IIIa) and
(IIIb)). Nevertheless, UAL showed a mix of wavy and
highly interlaced type I and type III collagen fibers, whose
arrangement resembled the normal dermis (Figure 4(IIIc)).
The replacement of a substantial part of the content of type
III collagen for type I molecules during the healing process is
an absolutely expected phenomenon [35, 36]. However, the
excessive production of type I collagen, as observed in COL
and PHO, might easily lead to the formation of undesirable
hypertrophic scars and keloids [37, 38]. On the other hand,
the moderate content of less thick collagen fibers in UAL
appears to provide low probability of keloid development,
a quite desirable property in prohealing materials. Besides,
the pattern of arrangement and balance in the content of
both type I and type III collagen fibers as seen in UAL
seems to suggest that the remodeling phase of the scar,
represented by degradation of the gross connective matrix
formed and gradual and progressive deposition of a new
depurated matrix rich in both collagen molecules, is highly
advanced in comparison to the other groups, which would
justify the clear resemblance with the normal histological
appearance of the dermal collagen. It must also be stressed
that despite the biological effects of usnic acid on the
fibroplasia dynamics, this seems to be probably related to a
possible increase in the fibroblast metabolism, as long as both
synthesis and degradation of the collagen molecules were
apparently stimulated in this study, further investigations are
required in order to fully clarify the precise mechanism of
the healing modulation pathways provided by this lichenic
constituent.
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Figure 4: Histological sections stained in Sirius red, analyzed under polarized light. Seven days: thin delicate reticularlyarranged type-III
collagen fibrils seen in COL (Ia), PHO (Ib), and UAL (Ic). Fourteen days: predominance of type-III collagen fibrils is maintained in COL
(IIa), and PHO (IIb), whereas in UAL (IIc) there is predominance of type-I collagen fibers. Twenty-one days: intense deposition of type I
collagen fibers seen in COL (IIIa) and PHO (IIIb) whereas in UAL, a mix of wavy and highly interlaced type I and type III collagen fibers is
seen.

As shown in Figure 5, the quantitative analysis of the
collagen deposition revealed that in seven days the content
of collagen fibers in COL was significantly less expressive
than in PHO (P = .02) and UAL (P = .02), but there
was no difference between these last two groups (P = .20).
No difference among the groups was observed in 14 days
(P = .20). In 21 days, collagenization was more expressive
in PHO than in COL (P = .00), but there was no difference
either between PHO and UAL (P = .25), or COL and UAL
(P = .16). Besides, the content of collagen in unwounded
rats skins (URS) was similar to PHO (P = .44) and UAL
(P = .16), but higher than in COL (P = .006).

Despite strong evidence that certain phospholipids and
fatty acids are involved in the regulation of proinflammatory
cytokines release during wound healing have been previously
reported [24], the current study provides evidences that the
liposome phospholipids might also influence the collagen
synthesis. However, the profitableness of these findings is
questionable, since the over production of collagen may be
result in hypertrophic scars.

On the other hand, the presence of usnic acid within
the liposomes avoided the over deposition of collagen fibers.
Therefore, this lichenic metabolite appeared to minimize

possible deleterious effects of the liposomes on the colla-
genization, particularly if considered that the content of
collagen deposited in this group was statistically equivalent
to the one observed in unwounded dermis. In addition, taken
together, the data obtained after descriptive and quantitative
analysis of the collagen content in UAL seem to be quite
complementary, as long as point at a possible role played by
this usnic acid on the fibroblasts metabolism.

Regarding the MF (Figures 6 and 7), no significant
difference was verified among the groups in 7 days (P = .30).
In 14 days, the content of myofibroblasts was significantly
higher in PHO and UAL than in COL (P = .005 and 0.000
resp.), but no difference was evidenced between PHO and
UAL (P = .42). However, in 21 days, the myofibroblasts
content was significantly reduced in UAL compared to COL
(P = .000) and PHO (P = .002).

Myofibroblasts are a cell type involved in wound con-
traction. These cell subsets present a contractile phenotype
characterized by a cytoskeleton rich in actin microfilaments,
and they can be identified by immunohistochemistry due
to their extensive positivity for α-SMA (alpha sooth muscle
actin) [27, 39]. Therefore, myofibroblastic differentiation is
supposed to be a crucial event leading to a suitable healing
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Figure 5: Quantitative analysis of the collagen content in the
studied groups seven, 14 and 21 days after the burn proce-
dures (COL—collagen-based dressing films; PHO—phospholipids-
containing collagen-based dressing films; UAL—liposome-loaded
usnic acid-containing dressing films). ∗Different from COL P =
.02; ∗∗Different from COL P = .000.

of larger wounds, which have more extensive loss of cells and
tissue [27]. In this study, the application of collagen-based
films containing liposomal-loaded usnic acid might have
provided fibroblastic transformation into myofibroblasts at
the early stages of the burn healing process. Notwithstanding,
in 21 days, the number of myofibroblasts decreased, most
likely due to apoptosis, and scar tissue were formed. On
the other hand, in COL and PHO, the healing process
appeared to be considerably slower, so that the process of
myofibroblastic apoptosis apparently had not yet taken place.
However, further studies are necessary to clarify if this cell
phenotype transformation is a direct effect of the usnic acid
itself, or a result of the release of differentiating factors by
other cells involved in the healing process.

It must be emphasized that several of the α-SMA positive
cells observed in this study were disposed surrounding the
newly formed blood vessels, and some of them appeared to
be detaching from the capillaries and venules, and they were
identified as pericytes [40]. The participation of pericytes
during wound healing has already been described, and
currently they are supposed to work as reserve cells, since
their potential to differentiate into osteoblasts, chondrocytes,
fibroblasts, leionyocytes and lipoblasts has been previously
studied [41]. Despite there is a close resemblance in the
phenotype of myofibroblasts and pericytes, their true rela-
tionship and association with the healing process is in need
of further investigations.

In conclusion, we demonstrated that collagen-based
films containing liposome-loaded usnic acid are quite useful
in improving burn healing. Moreover, it is also suggested that
this improvement is probably related to the modulation of
some of the biological events involved in this process, such
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Figure 6: Quantitative analysis of the myofibroblasts content in
the studied groups seven, 14 and 21 days after the burn proce-
dures (COL—collagen-based dressing films; PHO—phospholipids-
containing collagen-based dressing films; UAL—liposome-loaded
usnic acid-containing dressing films). ∗Different from COL P =
.005; ∗∗Different from COL P = .000; ∗∗∗Different from UAL
P = .000; ∗∗∗∗Different from UAL P = .002.

50 µm

Figure 7: Pattern of immunohistochemical expression of α-
SMA (UAL, 14 days). Positive cells scattered in the connective
tissue, parallel arranged in relation to the collagen fibers (white
arrows), were regarded as myofibroblasts. Positive cells disposed,
surrounding the newly formed blood vessels (black arrows) were
considered pericytes (Immunohistochemistry, LSAB).

as the inflammatory response, epithelization, and collagen
formation.
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[20] N. S. Santos-Magalhães and V. C. F. Mosqueira, “Nanotech-
nology applied to the treatment of malaria,” Advanced Drug
Delivery Reviews, vol. 62, no. 4-5, pp. 560–575, 2010.

[21] C. A. S. Andrade, N. S. Santos-Magalhães, and C. P. de Melo,
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Wear debris causes biological response which can result in periprosthetic osteolysis after total joint replacement surgery. Nuclear
factor-kappa B (NFκB), a representative transcription factor involved in inflammation, is believed to play an important role in this
event by regulating the production of proinflammatory mediators and osteoclastogenesis. In this study, we sought to determine
whether activation of NFκB in response to stimulation by particles could be visualized by in vivo imaging. We loaded polyethylene
(PE) particles onto the calvaria of NFκB/luciferase transgenic mouse, and detected luminescence generated by activation of NFκB.
On day 7 after loading, the level of luminescence was maximal. Levels of luminescence were significantly correlated with the
levels of luciferase activity, proinflammatory mediator mRNAs, and bone resorption parameters. This system, which enabled us to
evaluate particle-induced inflammation and osteolysis without sacrificing mice, constitutes a useful tool for evaluating the efficacy
of prophylaxis or treatments for particle-induced osteolysis.

1. Introduction

Wear debris-induced osteolysis is one of the principal causes
of implant failure and consequent revision surgery in total
joint arthroplasty [1, 2]. The osteolytic process is believed
to start with the activation of macrophages and foreign-
body giant cells and with phagocytosis of particulate wear
debris. This appears to induce the release of proinflammatory
cytokines and mediators that provoke the differentiation
of phagocyte precursors into osteoclasts, which, in turn,
results in periprosthetic osteolysis and implant loosening [3,
4]. Several proinflammatory mediators known to stimulate
osteoclastic bone resorption, including interleukin (IL)-1,
tumor necrosis factor (TNF)-α, IL-6, and prostaglandin
(PG) E2 have been found in periprosthetic tissues [5–8].
These mediators are thought to promote the differentiation
of precursor cells into mature osteoclasts by stimulating
stromal cell expression of receptor activator of nuclear factor

kappa-B ligand (RANKL), which is also abundant in the
periprosthetic tissues around a loosened joint prosthesis [9].

Nuclear factor-kappa B (NFκB) is a critical signal-
ing molecule for an array of biological processes includ-
ing inflammation, cellular differentiation, apoptosis, and
tumorigenesis [10–12]. NFκB also plays an important role
in a majority of the pathophysiologic steps in particle-
induced osteolysis. Namely, NFκB is believed to be one of the
transcription factors involved in regulating gene expression
of proinflammatory cytokines including TNF-α and IL-1
in the monocyte/macrophage cell line [13]. Prior studies
demonstrated particle-induced activation of NFκB signaling,
which preceded production of TNF-α or IL-6 [14, 15].
NFκB is also important in regulating osteoclast differenti-
ation [15–17]. It has also been reported that blockade of
NFκB signaling results in the inhibition of particle-induced
osteoclastogenesis in vitro and osteolysis in vivo [15, 18, 19].
Therefore, it seems reasonable to employ NFκB activation,
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whose significance is well established in this field, as an
indicator of particle-induced inflammation and osteolysis.

In recent years, several highly-sensitive imaging tech-
nologies have been developed to detect and quantitate in vivo
fluorescence and luminescence without sacrificing animals,
and these technologies are coming to be widely used.
NFκB/luciferase transgenic (NFκB/luc tg) mice, which carry
a transgene-containing six NFκB responsive elements and
modified firefly luciferase complementary deoxyribonucleic
acid (cDNA), exhibit luminescence at inflammatory sites
in inflammatory disease models including arthritis and
sepsis. Ho et al. evaluated the host-biomaterial interaction
of genipin-cross-linked gelatin implant using this mouse
[20]. We hypothesized that this might be applicable to the
in vivo evaluation of inflammation and osteolysis induced
by particles of bearing surface materials without sacrificing
mice. The aim of this study was to test this hypothesis.

2. Materials and Methods

2.1. Animals. NFκB/luc tg mice were purchased from Caliper
Lifesciences (CA, USA) and maintained under specific
pathogen-free conditions. In all experiments, 7-8 week old
mice were used. All experiments were performed according
to the guidelines of the Hokkaido University animal welfare
committee.

2.2. Particles. Polyethylene (PE) particles (Ceridust 3615,
mean diameter 7 μm) were generously provided by Clariant
Japan (Tokyo, Japan). The particles were processed under
sterile conditions. They were washed for 24 h twice in 75%
ethanol at room temperature using a rocking device and
afterward dried in a vacuum desiccator according to a
previously reported method [21]. The absence of endotoxin
was confirmed by a Limulus assay (Limulus Amebocyte
Lysate QCL-1000, Cambrex, NJ, USA). The particles were
subdivided into separate use and stored at 4◦C.

2.3. In Vivo Mouse Calvaria Resorption Model and Exper-
imental Design. The murine calvarial model is a repre-
sentative model of particle-induced osteolysis in which
wear particles of various materials, such as polymethyl
methacrylate, titanium, or PE, are implanted onto mouse
calvaria to induce bone resorption [22]. We treated mice
with pentobarbital anesthesia (50 mg/kg of body weight,
intraperitoneal injection), and then a 1 cm × 1 cm area of
calvarial bone was exposed by making a midline sagittal
incision over the calvaria. The periosteum was peeled of the
external cortex of the calvaria and PE particles were spread
over the area. The incision was then closed with simple
5−0 nylon sutures. Sham-operated animals were treated as
described above except that no particles were implanted.

Firstly, five mice were subjected to histological analysis
on day 7 after implantation of 5 mg PE particles. Secondly,
10 mice were divided into two groups (sham or 5 mg PE,
n = 5, resp.), and luminescence was detected on days 0, 3,
7, 10, and 14 after PE implantation. Thirdly, 15 mice were
divided into five groups (sham, 0.5 mg PE, 2 mg PE, 5 mg PE,

and 10 mg PE, n = 3, resp.), and luminescence was detected
on day 7 after PE implantation. Fourthly, 19 mice were
implanted with 5 mg PE particles, from which three to five
mice were subjected to the evaluation of luminescence and
subsequent sacrifice on days 0, 3, 7, 10, or 14, respectively.
The retrieved calvaria was cut into two pieces along the
sagittal suture, which were then subjected to a luciferase
assay or to real time reverse transcription-polymerase chain
reaction (RT-PCR), respectively. And fifthly, 12 mice were
divided into three groups (n = 4 per group, sham, 0.5 mg PE,
and 5 mg PE), and following the evaluation of luminescence
on day 7 after PE implantation, the calvariae were retrieved
and were subjected to bone histomorphometry.

2.4. Histology. The calvariae were fixed in formalin, decalci-
fied in ethylenediaminetetraacetic acid (EDTA), and embed-
ded in paraffin. The calvaria were then sectioned into 5 μm
mid-frontal sections that were made such that the midline
suture was at the center of the cross-section. For histological
analysis, the sections were stained with hematoxylin/eosin
(HE) and for tartrate-resistant acid phosphatase (TRAP)
with use of the Diagnostics Acid Phosphatase Kit (Sigma
Chemical, St. Louis, MO, USA).

2.5. In Vivo Imaging. Following intravenous injection of
200 μL of d-luciferin (D-Luciferin Potassium Salt, Wako
Chemicals, Kanagawa, Japan) solution (10 mg/ml phosphate
buffered saline (PBS)), we detected luminescence over the
calvaria using an IVIS imaging system (IVIS spectrum,
Xenogen, CA, USA). After setting the range of interest (ROI)
to cover the luminescent area, the level of luminescence was
quantified and expressed as total influx.

2.6. Luciferase Assay. Luciferase activity of the calvaria was
measured using a commercially available luciferase assay
kit (PicaGene, TOYO B-Net, Tokyo, Japan) according to
the manufacturer’s protocol. In brief, the samples were
soaked in lysis buffer (complete, mini, EDTA-free (Roche,
Mannheim, Germany), 1 tablet in 10 ml of 50 mM Tris HCl
pH 6.8) whose volume was fivefold the weight of the samples,
homogenized using a pestle homogenizer, and centrifuged
at 15000 rpm for 10 min. Finally, 20 μl of the supernatant
was mixed with 100 μl of substrate, and luciferase activity
was measured using a luminometer (Sirius luminometer,
Berthold, Germany).

2.7. RNA Isolation and Real-Time RT PCR. Total ribonucleic
acid (RNA) was extracted using the RNeasy minikit (Qiagen
Inc., CA, USA) according to the manufacturer’s instructions.
Total RNA (1 μg per sample) was reverse transcribed into
single-stranded cDNA using the PrimeScript RT reagent Kit
(TakaraBio, Shiga, Japan). Primers were obtained from the
Perfect Real Time support system (Takara Bio, Shiga, Japan)
on the basis of the published messenger RNA (mRNA)
sequences, and their sequences are listed in Table 1. RT-
PCR was then performed using a Thermal Cycler Dice
TP800 (TakaraBio, Shiga, Japan) and SYBR Premix Ex Taq
(TakaraBio, Shiga, Japan) with 5 ng of cDNA template in
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Table 1: List of primers used in real-time RT-PCR.

Primer ID Primers(5′-3′) Amplicon size (bp) Accession no.

NFκB (p100/p52)-F GCT GAT GGC ACA GGA CGA GA
103 NM019408.2

NFκB (p100/p52)-R AGC GTG ATA AAT GAC GTG GGC TA

TNF-α-F AAG CCT GTA GCC CAC GTC GTA
122 NM013693

TNF-α-R GGC ACC ACT AGT TGG TTG TCT TTG

IL-1β-F TCC AGG ATG AGG ACA TGA GCA C
105 NM008361

IL-1β-R GAA CGT CAC ACA CCA GCA GGT TA

RANKL-F CAT GTG CCA CTG AGA ACC TTG AA
107 NM011613

RANKL-R CAG GTC CCA GCG CAA TGT AAC

COX-2-F GCC AGG CTG AAC TTC GAA ACA
91 NM011198

COX-2-R GCT CAC GAG GCC ACT GAT ACC TA

GAPDH-F TGT GTC CGT CGT GGA TCT GA
150 NM001001303

GAPDH-R TTG CTG TTG AAG TCG CAG GAG

NFκB: nuclear factor-kappa B, TNF: tumor-necrosis factor, IL: interleukin, RANKL: receptor activator of nuclear factor kappa-B ligand, COX: cyclooxygenase,
GAPDH: glyceroaldehyde-3-phosphate dehydrogenase, bp: base pair.

(a) (b)

Figure 1: Histological analysis of murine calvaria retrieved on day 7 after PE particle implantation. Midfrontal sections of parietal bone were
made as described in Section 2. Magnification x100 and scale bar represents 200 μm in all figures. A representative of five murine calvarial
samples is shown. (a) Hematoxylin/eosin (HE). (b) Tartrate-resistant acid phosphatase (TRAP) staining.

a final volume of 25 μl. The cDNA was amplified by 40
amplification cycles, and fluorescence changes were moni-
tored with SYBR Green after each cycle. The results were
evaluated using the Thermal Cycler Dice Real Time Sys-
tem software program. Glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) primers were used to normalize the
results.

2.8. Bone Histomorphometry. The retrieved calvariae were
fixed with 70% ethanol, stained with Villanueva bone stain
for 7 days, dehydrated in graded concentrations of ethanol,
and embedded in methyl methacrylate (Wako Chemicals,
Kanagawa, Japan) without decalcification. Plastic blocks of
200 μm thick midfrontal sections of the calvaria were cut
with a precision bone saw such that the midline suture was
in the center of the cross-section. Sections were mounted
on plastic slides and ground to a thickness of 15 μm
using a precision lapping machine (Maruto, Tokyo, Japan)
and hand ground according to the method of Frost [23].
The sections were analyzed using a semiautomatic image
analyzing system (System Supply, Nagano, Japan) and a
fluorescent microscope (Optiphot; Nikon, Tokyo, Japan) set

at a magnification of 200x. The parameters measured for
bone resorption were the number of osteoclasts per bone
surface (N.Oc/BS, /mm), the osteoclast surface per bone
surface (Oc.S/BS, %), and the eroded surface per bone
surface (ES/BS, %).

2.9. Statistics. The data were evaluated for statistical sig-
nificance by one-way analysis of variance (ANOVA) using
Fisher’s test as a post hoc test. The analysis of correlation was
performed using the Pearson’s product moment correlation
coefficient. A P value of <.05 was considered to be statistically
significant.

3. Results

3.1. Loading of PE Particles onto the Calvaria Induces Inflam-
matory Reaction and Osteoclastogenesis. Histological evalua-
tion of murine calvaria on day 7 after loading of 5 mg of PE
particles revealed the formation of fibrous granulomatous
tissues centered around the sagittal suture area, which was
accompanied by massive bone resorption and the formation
of osteoclasts bordering the cortex (Figures 1(a) and 1(b)).
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Figure 2: (a) In vivo imaging analysis was performed on the
indicated days after loading of 5 mg PE. (b) Quantitative analysis
of luminescence in (a) (n = 3 per bar, Mean ± SD, ∗P < .05,
∗∗P < .001, ∗∗∗P < .0001, 5 mg PE versus sham at each time point).
(c) In vivo imaging analysis performed on day 7 after loading of the
indicated amounts of PE. (d) Quantitative analysis of luminescence
in (c) (n = 3 per bar, Mean ± SD, ∗P = .0005, ∗∗P < .0001 versus
sham).
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Figure 3: (a) Luciferase activity of calvarial tissues retrieved on the
indicated days and then subjected to a luciferase assay (n = 3-5 per
bar, Mean ± SD, ∗P < .05, ∗∗P < .0001 versus value on day 0).
(b) Correlation between total influx and luciferase activity of the
calvariae (n = 19, r = 0.833, P < .0001).

3.2. Loading of PE Particles onto the Calvaria Increases
Luminescence. In vivo imaging at the indicated number of
days after loading of 5 mg PE particles showed a prominent
increase in luminescence, reaching a maximum on day 7
(Figure 2(a)). In the sham group, only a slight increase in
luminescence was observed. Quantitative analysis showed
a significant increase in total influx in calvariae that
received PE particles than those that received sham surgery
(Figure 2(b), ∗P < .05, ∗∗P < .001, ∗∗∗P < .0001
versus sham at each time point). Imaging analysis performed
on day 7 after loading of PE particles showed a dose-
dependent increase in luminescence, reaching a maximum at
5 mg (Figure 2(c)). Quantitative analysis showed a significant
increase in luminescence in response to loading of more than
2 mg of particles, reaching a maximum at 5 mg (Figure 2(d),
∗P = .0005, ∗∗P < .0001 versus sham).

3.3. Exposure to PE Particles Increases Calvaria Luciferase
Activity, which Is Positively Correlated with Total Influx.
Luciferase activity was significantly enhanced on days 7, 10,
and 14 (Figure 3(a), ∗P < .05, ∗∗P < .0001 versus values on
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Figure 4: (a) The mRNA levels of NFκB (p100/p52), TNF-α, IL-1β, RANKL, and COX-2 in calvarial tissues retrieved on the indicated days
and subjected to real-time RT-PCR (n = 3-5 per bar, Mean ± SD, †P < .05, ††P < .01, †††P < .005 ∗P < .001, ∗∗P < .0005, ∗∗∗P < .0001
versus value on day 0). (b) Correlation between total influx and mRNA levels of NFκB (p100/p52), TNF-α, IL-1β, RANKL, and COX-2. The
correlation coefficient and P values were r = 0.808, P < .0001 for NFκB (p100/p52); r = 0.842, P < .0001 for TNF-α; r = 0.855, P < .0001
for IL-1β; r = 0.694, P < .001 for RANKL; r = 0.712, P < .0005 for COX-2.

day 0). We examined the correlation between luminescence
and luciferase activity, and found that the levels of total
influx were positively correlated with the luciferase activity
of the calvariae (Figure 3(b), n = 19, r = 0.833, P <
.0001), indicating that luminescence actually reflected levels
of luciferase activity.

3.4. Exposure to PE Particles Induces Upregulation of mRNA
for NFκB (p100/p52) and Bone-Resorbing Mediators, All of
which Are Positively Correlated with Total Influx. NFκB/Rel
transcription factors regulate their own synthesis. The pro-
moter regions of nfkb contain binding sites for NFκB that
respond positively to activation of NFκB/Rel [24]. To test if

NFκB is actually activated after particle loading, we evaluated
NFκB (p100/p52) mRNA expression. We also investigated
mRNA levels of downstream bone-resorbing mediators
TNF-α, IL-1β, RANKL, and cyclooxygenase (COX)-2, an
inducible form of COX and is induced at inflammation
sites and produces proinflammatory PGs. These mediators
were nominated because of their pivotal role especially
in murine osteolysis models, since selective inhibition of
these factors were reported to result in the suppression of
osteolysis using murine osteolysis models [25–28]. Real-time
RT-PCR showed that NFκB (p100/p52) mRNA level was
significantly upregulated on days 3 to 14. The mRNA levels
of TNF-α, IL-1β, RANKL, and COX-2 were also significantly
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Figure 5: (a) Levels of bone resorption parameters (N.Oc/BS, Oc.S/BS, and ES/BS) as assessed by bone histomorphometry in calvarial tissues
retrieved on day 7 after PE loading (n = 4 per bar, Mean± SD, ∗P < .05, ∗∗P < .005 versus sham). (b) Correlation between total influx and
levels of bone resorption parameters. The correlation coefficient and P values were r = 0.848, P < .0005 for N.Oc/BS; r = 0.862, P < .0001
for Oc.S/BS; r = 0.837, P < .0005 for ES/BS.

upregulated (Figure 4(a), †P < .05, ††P < .01, †††P <
.005 ∗P < .001, ∗∗P < .0005, ∗∗∗P < .0001, versus value
on day 0).

We examined the correlation between luminescence and
mRNA levels, and found that the mRNA levels of all these
factors were positively correlated with total influx. The
correlation coefficient and P values were r = 0.808, P < .0001
for NFκB (p100/p52); r = 0.842, P < .0001 for TNF-α;
r = 0.855, P < .0001 for IL-1β; r = 0.694, P < .001 for
RANKL; and r = 0.712, P < .0005 for COX-2 (Figure 4(b)).

3.5. Exposure to PE Particles Increases Bone Resorption
Parameters, All of which Are Positively Correlated with Total
Influx. Most studies using murine calvarial model have
evaluated bone resorption on day 7 after particle implan-
tation, which is consistent with the report that osteolysis
is reported to reach maximum on this day in this model
[29]. Accordingly, to investigate the correlation between
luminescence and osteolysis, we evaluated bone resorption
on day 7. All the parameters for bone resorption were
significantly enhanced by loading of more than 0.5 mg of
PE particles (Figure 5(a), ∗P < .05, ∗∗P < .005, versus
sham). We examined the correlation between luminescence
and levels of bone resorption parameters, and found that
the levels of these parameters were positively correlated with
total influx. The correlation coefficients and P values were
r = 0.848, P < .0005 for N.Oc/BS; r = 0.862, P <
.0001 for Oc.S/BS; and r = 0.837, P < .0005 for ES/BS
(Figure 5(b)).

4. Discussion

Understanding the complex cellular and tissue mechanisms
and interactions which occur in periprosthetic osteolysis
requires multiple experimental approaches, each of which
has its own set of advantages and limitations [30]. Among
murine osteolysis models, calvarial model was developed
to investigate the biology of wear debris-induced osteolysis
independent of the critical mechanical and biomechanical
components of aseptic loosening [31]. This model is limited
by the fact that it does not exactly mimic the clinical situation
responsible for osteolysis in humans, as the particles are
implanted at a single-time point and the calvaria is a flat,
membranous bone that is not exposed to synovial fluid.
Nevertheless, this murine model is frequently used because
it permits the use of a large array of molecular reagents
and genetically defined strains and of highly quantita-
tive outcome measures of osteoclast formation and bone
resorption. Using this approach, a variety of laboratories
has shown the prophylactic effects of inhibitors for TNF,
RANKL, and COX-2, and of chemical agents, including
bisphosphonates. Generally, the results of these experiments
have been generated mainly by histological or molecular
analysis. Accordingly, the use of many animals has been
unavoidable for the evaluation of temporal changes after
particle loading. Also, it has been difficult to observe any real-
time changes that may occur in a single mouse.

In vivo imaging is an extremely useful approach that
allows researchers to monitor biological reactions and eval-
uate the efficacy of drugs without sacrificing experimental
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animals. This technique, which allows the real-time visual-
ization of pathological or physiological conditions including
inflammation, tissue regeneration, angiogenesis, neoplasm,
and others, has been widely used for the evaluation of
experimental disease models; however, there have been few
reports looking at particle-induced osteolysis using this
technique. Very recently, Ren et al. published a report
on the trafficking of intravenously administered luciferase-
expressing macrophages after injection of cement particles
in the femoral cavity of nude mice [32]. This report,
which showed significant accumulation of macrophages
at the femoral site where particles were loaded, may be
the first one that observed particle-induced inflammation
using in vivo imaging. NFκB/luc tg mouse, which was first
reported in 2002 and which has since been widely used
for the evaluation of arthritis, sepsis, ultraviolet-induced
dermatitis, and other diseases [33], is very useful for the
assessment of inflammatory disease models. In this study,
we were able to use this mouse to detect luminescence in
the murine calvarial osteolysis model using PE particles.
The luminescence reached maximum on day 7 and then
gradually decreased, which was correlated with the kinetic
change of mRNA levels of NFκB (p100/p52) and downstream
proinflammatory mediators. These suggested that the lumi-
nescence reflected the activation of NFκB and subsequent
inflammation. We also examined the correlation between
bone resorption parameters and luminescence on day 7 and
found that all these parameters were positively correlated
with total influx. This suggested that the luminescence also
reflected bone resorption.

Microcomputed tomography (μCT) is a useful and
promising method to precisely evaluate the amount of oste-
olysis induced by particle loading. Recently, Tsutsumi et al.
evaluated the effect of bisphosphonate and osteoprotegerin
on particle-induced osteolysis by this method [34]. In evalu-
ating the amount of bone resorption, μCT might be superior
to in vivo imaging. On the other hand, the advantage of in
vivo imaging is that it can provide molecular or biochemical
information that are related to osteolysis, such as promoter
activity of proinflammatory cytokines, enzymatic activity of
proteases, and cellular trafficking of ex vivo administered
cells depending on the need. Moreover, it might be more
time saving than μCT in that it acquires images almost
in a moment. Therefore, these two methods should be
compatible when evaluating experimental osteolysis model.

We found in this study that the luminescence was weaker
in mice that received 10 mg of PE than in those that received
5 mg of PE; however, the inflammatory reaction in mice
loaded with 10 mg of PE was similar to that in mice loaded
with 5 mg with respect to mRNA levels of inflammatory
cytokines (data not shown), which leads us to conclude
that the thickness of the PE layer resulting from loading
of greater amounts of PE particles might have attenuated
the luminescence. The attenuation of light photons is the
biggest obstacle in optical imaging. Approximately 90% of
bioluminescence signal flux is lost per each centimeter of
tissue thickness, and thus, the photon intensities detected
by CCD cameras may not accurately reflect endogenous
reporter gene expression in the inner organs [35]. Thus, it

is important to be aware of this limitation, and to take into
consideration the nature or the quantity of particles loaded.

5. Conclusion

We have performed in vivo imaging analysis of the murine
calvarial osteolysis model using NFκB/luc tg mice to visualize
the inflammatory reaction and osteolysis caused by foreign
particles. This system could be a useful tool for screening
therapeutic approaches to treat particle-induced inflamma-
tion and osteolysis.
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We used our voluntary rat model of reaching and grasping to study the effect of performing a high-repetition and high-force
(HRHF) task for 12 weeks on wrist joints. We also studied the effectiveness of ibuprofen, administered in the last 8 weeks,
in attenuating HRHF-induced changes in these joints. With HRHF task performance, ED1+ and COX2+ cells were present
in subchondral radius, carpal bones and synovium; IL-1alpha and TNF-alpha increased in distal radius/ulna/carpal bones;
chondrocytes stained with Terminal deoxynucleotidyl Transferase- (TDT-) mediated dUTP-biotin nick end-labeling (TUNEL)
increased in wrist articular cartilages; superficial structural changes (e.g., pannus) and reduced proteoglycan staining were observed
in wrist articular cartilages. These changes were not present in normal controls or ibuprofen treated rats, although IL-1alpha
was increased in reach limbs of trained controls. HRHF-induced increases in serum C1,2C (a biomarker of collagen I and II
degradation), and the ratio of collagen degradation to synthesis (C1,2C/CPII; the latter a biomarker of collage type II synthesis)
were also attenuated by ibuprofen. Thus, ibuprofen treatment was effective in attenuating HRHF-induced inflammation and early
articular cartilage degeneration.

1. Introduction

Work-related upper limb disorders in the United States are
estimated to cost over $61.2 billion annually. In 2006, the
number of occupational injuries involving days away from
work due to hand and wrist injuries was 47,020 and 56,250,
respectively, while their incidence rates were 10.6% of 29.5%
total in the upper extremity [1, 2]. In the United Kingdom,
115,000 new cases of work-related upper limb disorders, also
known as repetitive strain injury (RSI), were reported in
2006-2007 compared with 86,000 new cases in 2005-2006,
and the number of people reporting problems with RSIs rose
from 374,000 to 426,000 [3, 4]. Similar increases are reported
by the French National Health Insurance Fund-Occupational

Risks, who further break down major work-related muscu-
loskeletal disorders (MSDs) by body region [5]. Their data
indicate that the number of new occupational cases resulting
in settlement related to peri-articular disorders of the wrist
increased 42% in 2009, compared to 17% in the elbow, 6.9%
in the back and 2.2% in the knee.

Degeneration of joints, including radiocarpal and intra-
carpal joints, is known to be the result of inter-related trau-
matic (e.g., a quantitative increase or qualitative aberration
in joint loading), inflammatory and metabolic processes
[6–8]. Epidemiological studies provide evidence for links
between occupational physical activities that involve highly
repetitive arm motions and other risk factors for MSDs
(e.g., awkward posture, force, duration) and hand and
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wrist disorders, and between occupational physical activities
and increased incidence of hand osteoathritis (OA) [9–11].
For example, high incidence of radiographic of hand OA
has been identified in middle-aged female dentists and
teachers [10, 11]. In the elderly population, the prevalence
of radiographic hand OA can reach 80% [12]. Several studies
report that increasing radiographic severity of hand OA is
associated with reduced hand function and pain [10, 13, 14].
Therefore, the impact of hand OA is considerable [13, 14].

Several animal models have been used to explore the
development of joint degeneration, with the goal of studying
the progression of early arthritis and effects of therapeutic
interventions. These models lead to a degenerative progres-
sion similar to humans, such as from instability-induced
joint degeneration, spontaneous degeneration in various
strains of mice, use of knockout mice, mice overexpressing
certain bone proteins (e.g., overexpression of Runx2 [15–
21]). However, several of the initiating factors in these animal
models are not representative of the inducing factors in the
general population.

We have developed a unique, voluntary rat model of
repetitive reaching and grasping that permits the exami-
nation of responses of upper limb tissues to cumulative
muscular loads [22–32]. This model requires adult rats to
voluntarily and repetitively reach for, grasp, and isometrically
pull a handle with one forelimb, while the contralateral limb
provides postural support, and while both reach rate and
force are controlled by food reward criteria. We have shown
that a low-demand task (low-repetition and negligible-force;
LRNF) induced a low-level and transient inflammatory
cytokine tissue response [25, 29], while a moderate-demand
task (high-repetition and negligible-force; HRNF) induced a
moderate inflammatory cytokine response in musculoskele-
tal tissues, and early pathological woven bone remodeling at
distal periosteal-bone sites by 6 weeks of task performance
that resolved by 12 weeks [28–30]. The LRNF task regimen
consisted of 3.3 reaches/min at <5% estimated maximum
pulling force (<9.85 g), while the HRNF task regimen
consisted of the same force requirements but 8 reaches/min.
Thus, we observed a loading-level dependent inflammatory
cytokine response with these two task regimens. In terms of
pathological bone remodeling, we observed periosteal hyper-
plasia, particularly at sites of tendon and muscle attachments
to the radius and ulna, and increased cellularity (increased
osteoclasts and their progenitor cells, and osteoblasts) in
distal cortical bones of the radius and ulna, as well as
disruption of laminar bone organization in the HRNF bones.
The cellular changes peaked between 4 and 6 weeks but
returned to normal by 12 weeks of performance of the HRNF
task. Also, by 12 weeks, HRNF task-induced disorganized
collagen fibers of the periosteum had begun to regain their
closely packed parallel alignment, and lamellar organization
was more similar to control bone [30]. These latter findings
are indicative of bone adaptation to the cumulative loading
of this moderate demand task.

In contrast, bone adaptation was not evident with
continued performance of higher-demand tasks (e.g., mod-
erate repetition with high-force (MRHF) or high-repetition
with high-force (HRHF)), tasks requiring 60% maximum

isometric pulling force (an average of 118 g), for 2 hours/day
and 3 days/week [23, 32]. Instead of resolution of the
inflammatory response, we observed continued (chronic)
inflammatory responses in nerve and musculoskeletal tissues
and increased pathological bone remodeling that was again
dependent on the level of the task, with the greatest changes
observed with the HRHF task [23, 26, 31, 32]. With 12 weeks
of performance of an HRHF task, we observed significantly
decreased height of the distal radial and ulnar epiphyseal
plates, decreased cortical bone thickness, reduction in a bone
matrix repair molecule (periostin like factor), and increased
Trap5b (a serum marker of osteoclast activity and bone
resorption [31, 32]). Thus, we have observed the induction of
pathological bone changes with higher-demand tasks in our
animal model, a task that incorporates both a quantitative
increase in bone loading and cumulative loading. However,
the influence of the high-demand tasks on joint tissues has
not been assessed in our model, nor has the inflammatory
response in bones of HRHF rats past 6 weeks of task
performance. Continued exploration of the inflammatory
response using this rat model in which repetition and force
requirements can be varied with operant behavioral training,
and in which inflammation (or at least aspects of it) is
attenuated with anti-inflammatory drugs, is needed to fully
understand the links between biomechanical factors and
inflammation.

One purpose of this study was to evaluate the potential
of a voluntary HRHF rat model to induce inflammation
and articular cartilage degeneration in radiocarpal and
intracarpal joints. We hypothesized that performance of an
HRHF forearm/hand intensive task would induce increased
inflammatory cytokines and the onset of degenerative
changes in wrist joint structures. A second purpose was to
determine the effectiveness of oral ibuprofen, a nonselective
cyclooxygenase inhibitor, on these outcomes, since oral
ibuprofen is a commonly used nonselective nonsteroidal
anti-inflammatory drug (NSAID) for the treatment of OA
[33–37]. We hypothesized that a steady dose of ibuprofen
would attenuate the increase in inflammatory cytokines that
we have previously observed in the distal radius and ulna
and carpal bones in our model, albeit when induced by
lower-demand tasks [25, 29]. We further hypothesized that
use of ibuprofen would contribute to an attenuation of any
observed radiocarpal and intracarpal cartilage degenerative
changes despite continued loading of the joints from con-
tinued task performance during the ibuprofen treatment,
although the ability of ibuprofen to attenuate articular
cartilage degenerative changes is controversial and still under
investigation [35–37].

2. Materials and Methods

2.1. Animals. Animal care and use were monitored by the
University Animal Care and Use Committee to assure com-
pliance with the provisions of Federal and National Institute
of Health regulations. Eighty-seven adult female Sprague-
Dawley rats (3.5 months of age at onset of experiments)
were obtained from ACE (Boyertown, PA). They were housed
in separate cages in a 12-hour light/dark cycle. Rat weights
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were measured weekly throughout the study. All trained
and task animals were food restricted for no longer than
1 week to no less than 80% of full body weight during
the first week of the initial training period when they first
began learning the task. However, during the remaining 5
weeks of training, they were maintained at ±5% of age-
matched normal controls with rat chow daily to supplement
the food pellets used for food reward (45 mg purified formula
food pellets; Bioserve, Frenchtown, NJ). All rats were given
free access to water throughout the experiment. Trained
only control rats matched experimental animals by age
and weight, and were sacrificed at matched time points.
Normal controls with free access to food were matched to
experimental animals by age and weight (within ±5% after
the first week), and were sacrificed at matched time points.

Eighty-seven animals were randomly assigned to one of
six groups. There were two experimental groups: rats trained
to perform an HRHF task without ibuprofen for 12 weeks
(HRHF, n = 18), and HRHF rats that received ibuprofen
treatment (HRHF + IBU, n = 15). There were four control
groups: trained controls (TR, n = 14), TR that received
ibuprofen treatment (TR + IBU, n = 11), untrained normal
controls (NC, n = 19), and NC that received ibuprofen
treatment (NC + IBU, n = 10).

2.2. Behavioral Apparatus, Training Procedures, and Task
Performance. The behavioral apparatuses used were as
described and depicted previously [26, 38]. Briefly, force
apparatuses custom designed by Ann Barr and Custom
Medical Research Equipment (Glendora, NJ, USA) were used
that were integrated into a computerized operant behavioral
training system (Med Associates, Georgia, VT, USA with
Force Lever software, version 1.03.02, Med Associates). A
portal was located in the chamber walls at shoulder height
(3.5 cm), requiring shoulder elevation and elbow extension
for the animal to reach through the portal to a custom-
designed force handle attached to a force transducer located
1.5 cm away from the portal entrance, outside the chamber
wall. An auditory indicator cued the animals to reach. HRHF
rats had to grasp the force handle and exert an isometric pull
toward the chamber wall for at least 50 milliseconds with a
graded force effort of 60 ± 5% average maximum pulling
force (MPF; 108.35 g to 128.05 g range of pulling force), as
determined on the last day of training. If these force and
time criteria were met within a 5-second cueing period, an
indicator light turned on and a 45 mg purified formula food
pellet (banana flavored; Bioserve, NJ, USA) was dispensed
into a trough located at floor height of the chamber. Animals
were allowed to use their preferred limb to reach, which
was recorded. The contralateral limb was used as a postural
support limb throughout the reach and pull task.

Sprague-Dawley rats were 3.5 month old at the onset
of the experiment. Fifty-eight rats were trained to perform
a repetitive handle-pulling task with food reward using
standard operant conditioning procedures during a 6-week
training period. During this training period, rats learned the
HRHF task in the operant test chamber until they could
reach into the tube dispenser with no specified reach rate at
60 ± 5% maximum pulling force for 10 min/day. Once the

animals were able to perform the task consistently (usually
after 6 weeks), rats were randomly divided into trained only
control (TR) and HRHF groups. Then the HRHF animals
(n = 33) began the task regimen at a rate of 12 reaches/min
at 60 ± 5% MPF, for 2 h/day, 3 days/week for 12 weeks. The
daily task was divided into four, 0.5-hour training sessions
separated by 1.5 hour. The TR rats (n = 25) did not perform
beyond this initial training period.

2.3. Ibuprofen Treatment. At the end of the 4th week of
task performance, subcohorts of the above animals were
administered ibuprofen (Children’s Motrin Grape Flavored,
Johnson & Johnson) in drinking water daily (45 mg/kg body
weight): NC+IBU (n = 10), TR + IBU (n = 11) and
HRHF + IBU (n = 15). HRHF+IBU animals continued to
perform the HRHF task regimen with ibuprofen treatment
for the remainder of the 12-week task period (i.e., an 8-
week course of ibuprofen treatment). The dose used was
lower than the maximum limit for gastrointestinal toxicity
in rats, yet has been shown to be effective in reducing
chronic inflammation [39]. The amount of medicated water
consumed/day was tracked for each animal by measuring the
difference between the initial and final volume of suspended
solution daily. Serum levels of ibuprofen were confirmed
using National Medical Services (Willow Grove, PA). Based
on these assessments, the average weekly ibuprofen dose was
similar in all groups (48.8 ± 6.3 mg/kg body weight), with
no significant differences in ibuprofen dose administered or
serum levels of ibuprofen between the treated groups.

2.4. Wrist Measurement. Wrist girth was measured in mil-
limeters for all animals using an electronic caliper (Mitutoyo
Vernier Pointed Jay Caliper, model 536-121) immediately
after anesthesia (see the following) and before euthanasia.

2.5. Tissue Collection for Cytokine Analysis. Following
euthanasia by sodium pentobarbital (Nembutol, 120 mg/kg
body weight), wrist joints (distal radius and ulna metaphysis
and epiphysis and articular cartilage, and the first row of
carpal bones) were collected from subcohorts of animals: NC
(n = 7) and NC + IBU (n = 6), TR (n = 6), TR + IBU
(n = 5), HRHF (n = 6), and HRHF + IBU (n = 6). Elbow
joints (proximal radius and ulna, and distal humerus) were
also collected. Tissues were flash-frozen, homogenized, and
assessed for interleukin (IL)-1α, IL-1β, tumor necrosis factor
(TNF)α, IL-6 and IL-10, using commercially available ELISA
kits (Bio-Source, Invitrogen Life Sciences, CA) as described
previously [29]. The sensitivity of the assays was <3 pg/mL
for IL-1α and IL-1β, <0.7 pg/mL for TNF-α, <7 pg/mL for IL-
6, and <5 pg/mL for IL-10. Each sample was run in duplicate.
ELISA assay data (pg cytokine protein) were normalized to
μg total protein, which was determined using a bicinchoninic
acid (BCA) protein assay kit.

2.6. Histopathological Grading System for Degenerative Chan-
ges. Following euthanasia by sodium pentobarbital (Nem-
butol, 120 mg/kg body weight), subcohorts of animals were
perfused transcardially with 4% paraformaldehyde in 0.1 M
PO4 buffer (pH 7.4): NC (n = 8), NC + IBU (n = 5),
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TR (n = 5), TR + IBU (n = 6), HRHF (n = 9), and HRHF +
IBU (n = 6). Bilateral radius and ulna, with attached carpal
bones and ligaments were collected, decalcified, paraffin
embedded and sectioned into 5 μm longitudinal sections
as described previously [30]. Morphological changes in
radial articular cartilage were assessed using these paraffin
embedded sections after staining with Safranin O and
fast green. A modified Mankin scoring system was used,
which was derived from three subscores: (1) structure, (2)
cellular abnormalities, and (3) matrix staining, as described
previously [17, 40–42]. Within each subscore there was a
range of possible values. Within the structure subscore, there
were 7 possible scores: 0 = normal structure, 1 = irregular
surface (including fissures into the radial layer), 2 = pannus, 3
= superficial cartilage layers absent, 4 = slight disorganization
(cellular rows absent, some small superficial clusters), 5 =
fissures into calcified cartilage layer, and 6 disorganization
≥25% (chaotic structure, clusters, osteoclast activity). The
cellular abnormalities subscore had 4 grades: 0 = normal,
1 = hypercellularity (including small superficial clusters),
2 = clusters, and 3 = hypocellularity. The matrix staining
subscore had 5 grades: 0 = normal or slight reduction in
staining, 1 = staining reduced in radial layer, 2 = reduced in
interterritorial layer, 3 = only present in pericellular matrix,
and 4 = staining absent. The scoring system was supple-
mented with half points. Intratester reliability in scoring
was assessed: Zone 1 ICC(3,1) = 0.91, Zone 2 ICC(3,1)
= 0.85, Zone 3 ICC(3,1) = 0.66, and Zone 4 ICC(3,1) =
0.76. Additional sections stained with hematoxylin and eosin
(H&E) were also used to evaluate articular cartilage structure
and cellular subscores. These changes were assessed in a
blinded manner by one rater; a second blinded investigator
also evaluated 30% of the joints to verify the appropriate
score. Each radiocarpal joint was assessed in four zones,
progressing from the radial margin (zone 1) to the ulnar
margin (zone 4) of the distal radius articular cartilage (see
Figure 3(a)). If a joint had a questionable appearance (e.g.,
tears or folds produced during slide preparation), adjacent
sections were evaluated. Changes in Safranin O and fast green
in the epiphyseal plate were also examined qualitatively.

Also, the reach limb’s distal forelimb bones of nine
additional rats (NC, n = 3; TC, n = 3; HRHF, n = 3;
and HRHF + IBU, n = 3) did not undergo decalcification,
but were dehydrated with ethylene glycol monoethyl (Fisher,
Fair Lawn, NJ, USA), cleared in methyl salicylate (J.T. Baker,
Phillipsburg, NJ), and embedded in methyl methacrylate
with 15% dibutyl phthalate (Fisher Scientific, Pittsburgh,
PA). Bones were cut into 5 μm longitudinal sections using
a diamond saw. These sections were stained with Safranin
O and fast green for qualitative assessment purposes and for
confirmation of results from decalcified, paraffin embedded
sections.

2.7. Immunohistochemistry and Histochemistry. Immunohis-
tochemistry was also performed on the paraffin-embedded
bone sectioned to qualitatively assess the presence of
cyclooxygenase 2 (COX 2), ED1 (a marker of acti-
vated macrophages, osteoclasts, and their progenitors), and
inflammatory cytokine (IL-1α, TNF-α, and IL-10) stained

cells in radiocarpal articular cartilage, bone, synovium, and
ligaments. Bones were prepared and immunostained for ED1
and inflammatory cytokines using antibodies (Millipore,
Billerica, MA) and methods described previously [23, 30,
32]. Sections for single-labeling or fluorescence double-
labeling were immunostained with anti-COX2 (sc-1745;
Santa Cruz Biotechnology Inc, Santa Cruz, CA) at 1 : 300
dilution in phosphate buffer using similar methods as
previously described [29, 38].

Terminal deoxynucleotidyl Transferase- (TDT-) medi-
ated dUTP-biotin nick end-labeling (TUNEL) was per-
formed in adjacent paraffin-embedded sections using a TACS
TdT kit according to manufacturer’s directions (catalog
number TA4625, R&D Systems, Inc). Briefly, after decalcifi-
cation, sections were washed in PBS, treated with Proteinase
K solution (in kit) for 15 minutes, and washed with dH2O,
immersed in quenching solution for 5 minutes, washed in
PBS, immersed in 1X TdT solution for 5 minutes, incubated
with Labeling Reaction Mix for 1 hour at 37◦C, immersed
in Stop Buffer for 5 minutes at room temperature, washed
with dH2O and then PBS before treating with 0.3% H2O2

in PBS for 30 minutes before washing again. Sections were
then reacted with streptavidin-HRP for 10 min at 37◦C,
washed with PBS, reacted with DAB solution for 5 minutes,
washed with dH2O, dehydrated through a series of increasing
alcohol solutions and then xylene before coverslipping with
DPX mounting media. Sections were not counterstained.
Staining controls included a positive control slide (stomach)
in which TUNEL staining should be and was present, an
unlabeled control slide that showed no brown staining, a
TACS-Nuclease-treated control slide (which showed only
pale brown staining in most cells), and sections of distal
radius/ulna/carpal bones from normal controls rats.

2.8. Collection of Serum and Measurement of C1, 2C, and
CPII. Following euthanasia (which occurred at 18 hrs after
completion of the final task session), blood was collected
from NC (n = 11), NC + IBU = 6, TR (n = 9), TR + IBU (n =
6), HRHF (n = 13) and HRHF + IBU rats (n = 6), by cardiac
puncture using a 23-gauge needle into plain plastic 15 mL
tubes, placed on ice for 30 min, and centrifuged at 1,000 g for
20 min at 4◦C. Serum was then collected, flash-frozen, and
stored at −80◦C until analyzed. ELISA was used to measure
serum concentrations of C1, 2C, also known as COL2 3/4
C short (IBEX Technologies, Inc., Montreal, Quebec). This
assay measures types I and II collagen degradation using a
specific polyclonal antibody to their primary cleavage sites;
this antibody recognizes α-chain fragments produced by
collagenase cleavage (by matrix metalloproteinase- (MMP)
1, MMP-8, MMP-13) of type II collagen. ELISA was also used
to measure serum concentrations of CPII, a collagen type
II synthesis biomarker that is also known as procollagen II
C-propeptide (IBEX Technologies, Inc). This assay measures
intact C-propeptide using a specific polyclonal antibody to
the type II collagen carboxy propeptide cleaved from type
II procollagen following the release of newly synthesized
procollagen into the matrix. Data for C1, 2C are presented as
ng/ml serum. Data for CPII are presented as part of the ratio
of collagen degradation to synthesis markers (C1,2C/CPII).
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2.9. Statistical Analyses. All data were analyzed with descrip-
tive and interferential statistics using Prism Graph Pad.
Statistical significance was based on a P ≤ .05. All measures
of variance are reported as standard error of the mean.
Wrist girth was assayed using one-way ANOVA. ELISA data
were analyzed using a two-way ANOVA with the factors
group and limb (reach and support limbs). Each cytokine
was analyzed separately within a 6 × 2 ANOVA. Significant
findings were assessed with the Bonferroni method of post
hoc testing, with adjusted P values, in which data from all
groups and limbs, per cytokine, were compared to each other
(the adjusted P value for significance was≤.002). For the his-
tological scoring data, total scores for each zone were initially
analyzed using paired-sample t-tests with Bonferroni correc-
tions to assess differences between the four zones. We found
that all zones of the articular cartilage were significantly
different from control levels except for zones 1 and 4. Because
these two zones were on the margins of the articular cartilage
and may represent a transitional region of articular cartilage,
only zones 2 and 3 were analyzed further. Thus, a 6 (group)
× 2 (limb) × 2 (zones 2 and 3) ANOVA with zone treated as
a within subjects variable was performed to assess differences
in histopathological articular cartilage scores between groups
and limbs. Limbs were found to not significantly differ
from each other; therefore, their data were combined to
assess differences using a two-way ANOVA with the factors
group and zone (zones 2 and 3). Significant findings for
averaged total scores and individual subscores were assessed
with appropriate follow-up one-way ANOVAs. Significant
findings were then assessed with the Bonferroni method of
post hoc testing, with adjusted p values, in which data from
all groups were compared to each other. A one-way ANOVA
was performed to assess differences between groups in C1,
2C serum concentrations and the C1, 2C/CPII ratio, each
followed by the Bonferroni corrected post hoc test method.

3. Results

3.1. Wrist Girth. Wrist girth was assayed to determine if
there was swelling at this joint as a consequence of task
performance. No changes from NC levels were found (P =
.53). For example, the wrist girth in HRHF was 6.30 ±
0.09 mm (mean± SEM) compared to 6.18±0.16 mm in NC.

3.2. Increase of Cox 2 and ED1+ Cells in Wrist Joint Articular
Cartilage, Synovium and Ligaments. We initially examined
NC and HRHF distal ulna, radiocarpal joint and carpal
bones for increased immunoexpression of COX 2. As shown
in Figure 1, compared to NC (Figures 1(a) and 1(b)),
we found increased COX2 immunopositive (+) chondro-
cytes in the distal radius articular cartilage and adjacent
synovium (Figures 1(c) and 1(d)), distal ulna articular
cartilage and carpal bone articular cartilages (Figure 1(e))
in HRHF rats. We also observed increased COX2+ cells
in the radiocarpal (Figures 1(e)s and 1(f)) and intracarpal
ligaments in HRHF rats compared to NC (NC not shown).
Many of the COX2+ cells in the synovium were ED1+
macrophages (Figures 1(g)–1(i)). Therefore, NC, TR, TR

+ IBU, HRHF, and HRHF + IBU wrist joints were also
evaluated for the presence of ED1+ cells (a marker of
macrophages, osteoclasts and their progenitors). In HRHF
reach limbs, ED1+ mononucleated cells were identified in
the subchondral bone adjacent to articular cartilage in the
distal radius (Figure 1(k)). Many ED1+ mononucleated cells
were also observed in subchondral regions of carpal bones
(Figure 1(l), arrows). NC lacked ED1+ cells in subchondral
regions of radial and carpal bones (Figure 1(j)), as did TR
and TR + IBU rats (data not shown). A small number of
ED1+ cells were observed in the same areas in the HRHF
+ IBU rats, however there were no significant differences
between the number of number of ED1+ cells in HRHF
+ IBU and NC rats (P > .05 both before and after the
Bonferroni adjustment of the P value; data not shown). This
increase in COX2+ and ED1+ cells in HRHF wrist joint
structures, increases that were attenuated by the ibuprofen
treatment, further justified the use of ibuprofen, an anti-
inflammatory drug, as an intervention in this study.

3.3. Increased Inflammatory Cytokines in Distal Radius, Ulna
and Carpal Bones. Since we have previously identified an
increase of several proinflammatory cytokines (e.g., TNF-
α and IL-1α) in musculoskeletal tissues in response to the
HRHF task when performed for 6 weeks, and the effective-
ness of an anti-TNF-α drug in attenuating their increases
[31], we extended that investigation in this study to examine
their production at 12 weeks, as well as the effectiveness of
ibuprofen in attenuating this potential increase since ibupro-
fen is a commonly used NSAID. Biochemical analysis of joint
inflammation was assessed in homogenized wrist joints using
ELISA. IL-1α levels were highest in the distal forelimb bones
of HRHF reach limbs, compared to NC, NC + IBU, TR, TR +
IBU and HRHF + IBU (P < .01 each; Figure 2(a)), and in the
HRHF reach limb compared to the support limb (P < .05;
Figure 2(a)). It was also higher in the TR reach limbs than
in NC (P < .01) and NC + IBU (P < .05). IL-1α levels were
not increased in the support limbs of TR rats compared to
NC due to the use of Bonferroni corrections and adjusted P
values; however, we should note here that the 2-way ANOVA
for this cytokine showed no significant differences between
limbs (P = .57) including in the TR rats.

TNF-α levels were highest in both the HRHF reach and
support limbs compared to all other groups (P < .01 each;
Figure 2(b)). IL-10 levels were highest in TR distal forelimb
bones, bilaterally, compared to NC, NC + IBU, and HRHF +
IBU (P < .01 each, Figure 2(c)), and in the TR reach limb
compared to TR + IBU and HRHF reach limbs (P < .05
each; Figure 2(c)). IL-10 was also elevated in TR + IBU reach
limb compared to NC (P < .05) and in the TR-IBU limbs,
bilaterally, compared to HRHF + IBU (P < .05 each), and in
HRHF compared to NC + IBU limbs (P < .01 for reach limb,
P < .05 for support limb) (Figure 2(c)). IL-6 levels showed
significant differences by group (P = .005), with significant
post hoc findings of decreased IL-6 in TR, bilaterally, and in
TR + IBU and HRHF + IBU reach limbs, compared to NC
+ IBU (P < .05 each; Figure 2(e)). IL-1β levels also showed
significant differences by group (P = .03), but no significant
post hoc findings (Figure 2(d)). Immunohistochemistry was



6 Journal of Biomedicine and Biotechnology

b
c

s

(a)

c

s

(b)

b c

s

(c)

c

s

(d)

b c

lig

(e)

lig

(f)

s

(g) (h) (i)

c

c

b

b

(k)

(j)

(l)

Figure 1: Immunohistological staining cyclooxygenase 2 (COX 2) and ED1 in HRHF distal radiocarpal articular cartilage, synovium and
ligaments of longitudinally sections of paraffin embedded bones. ED1 detects a 90 kDa lysosomal membrane glycoprotein in osteoclasts,
phagocytic macrophages and their progenitors. (a)–(f) COX 2 staining was visualized using DAB intensified with cobalt (black signal); light
hematoxylin and eosin ((h) and (e)) staining was used as a counterstain. (a) No COX 2 immunostaining was observed in distal radial articular
cartilage and synovium of a normal control (NC). (b) Higher-power image of same section as shown in (a). (c) COX2+ cells are present in
the articular cartilage and synovium of a 12-week high-repetition high-force (HRHF) rat’s distal radius. (d) Higher-power image of same
section as shown in (c). (e) COX2+ cells are present in the distal radial articular cartilage and radiocarpal ligament of a 12 week HRHF rat.
(f) Higher-power image of same section as shown in (e). (g)–(i) Several COX2+ cells are present in the radiocarpal synovium of an HRHF 12
rat (red cells). (g) Same section double labeled for ED1 (green cells, (h)). (i) Merged photo. Arrow indicates a group of COX2+/ED1+ double
labeled cells. (j) ED1+ cells (brown DAB signal) were absent in distal radius articular cartilage of an NC rat. Section is lightly counterstained
with hematoxylin. (k) Mononucleated ED1+ cells (arrows, presumably osteoclast progenitor cells) were observed in the subchondral bone
of the distal radius of an HRHF rat. (l) ED1+ cells were also present in HRHF carpal bones. Scale bars = 50 μm. b: bone, c: articular cartilage,
lig: ligament, s: synovium.
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Figure 2: Cytokine concentrations in reach and support wrist joint (distal most radius, distal ulna, first row of carpal bones, and associated
joint regions), tested using ELISA. Levels of (a) Interleukin (IL)-1α, (b) tumor necrosis factor (TNF)-α, (c) IL-10, (d) IL-1β, and (e) IL-6
are shown for NC (normal control), NC + IBU (normal controls receiving ibuprofen for 8 weeks), TR (trained controls), TR + IBU (trained
controls receiving ibuprofen treatment in final 8 weeks), HRHF (rats performing high-repetition high-force task for 12 weeks), and HRHF
+ IBU (HRHF rats receiving ibuprofen treatment in final 8 weeks). Abbreviations: 1 = P < .05 compared to NC, 2 = P < .05 compared to
NC + IBU, 3 = P < .05 compared to TR; 4 = P < .05 compared to TR + IBU; 5 = P < .05 compared to HRHF + IBU; a = support limb is
significantly different from reach limb, P < .05.

used to determine that IL-1α and TNF-α immunoreaction
product was present in synovial cells and chondrocytes of the
articular cartilage (data not shown). We also observed using
double-labeling immunohistochemistry that most of the
small ED1+ mononucleated cells were also immunoreactive
for IL-1α and TNF-α, matching results of several previous

studies in our lab showing expression of inflammatory
cytokines by ED1 immunoreactive cells in musculoskeletal
and nerve tissues [23, 28, 38].

To determine if the increases in cytokines were
widespread throughout the forelimb, we also examined
the same 5 cytokines in reach limb elbow joints. None were
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Figure 3: Distal radii and carpal bones stained with safranin O and fast green. (a)–(g) are longitudinal sections of paraffin embedded radius,
ulna and carpal bones. (a)–(c) Low-power micrographs showing distal radius, scaphoid bones and articular cartilage in (a) NC (normal
control), (b) TR (trained control), and (c) HRHF rat (performed the high-repetition high-force task for 12 weeks). (a) also indicates the
4 zones of the articular cartilage assessed in the radius. (d)–(g) Higher-power images showing the distal radii articular cartilage of (d)
untreated TR, (e) TR + IBU (trained controls receiving ibuprofen treatment in final 8 weeks), (f) HRHF, and (g) HRHF + IBU rats. (f)
demonstrates an HRHF animal with structural changes (surface pannus, arrows), cellular changes (hypocellularity in areas indicated with
∗), and dramatically reduced proteoglycan staining in the articular cartilage (red-pink safranin O staining). The inset in (f) is a higher-power
micrograph from another HRHF rat showing chondrocytes that appear to be proliferating. The inset in (g) shows a higher-power micrograph
from area indicated with arrow that also contains proliferating chondrocytes. (h)-(i) Loss of safranin O staining in HRHF articular cartilage
was verified in plastic embedded bones that were also cut longitudinally. Radii and scaphoid articular cartilages of (h) HRHF and (i) HRHF
+ IBU are shown. Scale bars = 50 μm. B: bone, S: scaphoid bone.

significantly increased above NC levels, indicating that the
elbow joint was not affected by performance of this hand
and wrist intensive repetitive task. For example, IL-1α levels
were 0.15 ± 0.01 (mean ± SEM) pg/μg of total protein in
HRHF compared to 0.22 ± 0.04 in NC; TNF-α was 0.35 ±
0.05 in HRHF compared to 0.37 ± 0.04 in NC.

In summary, increased IL-1α and TNF-α levels were
present in the wrist joints (but not elbow joints) of HRHF
rats compared to the other groups. These increases were
attenuated by the ibuprofen treatment. IL-10 was highest in
the TR rat wrist joints, but ibuprofen treatment in TR + IBU
rats did not return IL-10 to baseline levels, suggesting that
ibuprofen may be working through different mechanisms
than IL-10 signaling cascades.

3.4. Histopathological Changes in the Distal Radial Articular
Cartilage and Intracarpal Joints. We next investigated the
distal radius articular cartilage for morphological changes
occurring as a result of HRHF task performance and the
effectiveness of secondary ibuprofen treatment in atten-
uating these changes. Figure 3(c) shows a low-power mi-
crograph of HRHF radiocarpal joint with reduced safranin
O staining in the radioscaphoid interterritorial articular
cartilage, compared to NC (Figure 3(a)) and TR rats
(Figure 3(b)). Higher-power micrographs show similar
results (Figures 3(d)–3(i)). Reduced intraterritorial and
pericellular proteoglycan staining (reduced safranin O
staining) and structural changes (surface pannus, arrows)
were observed in radial articular cartilages in untreated
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HRHF rats (Figures 3(f) and 3(h)), when compared to
untreated TR (Figure 3(d)), TR + IBU (Figure 3(e)) or
HRHF + IBU rats (Figures 3(g) and 3(i)). Cellular changes
were also observed in the untreated HRHF rats, such as
hypocellularity, which is indicative of cell loss (see areas indi-
cated with∗ in Figures 3(f) and 3(h)). Hypocellularity could
also be observed in HRHF + IBU rats, although to a much
lesser extent than in untreated HRHF rats (see Figure 3(i)).
Finally, clustered chondrocytes were observed in untreated
HRHF radial articular cartilage (see inset in Figures 3(f)
and 3(h)). Chondrocyte clustering was also observed in
HRHF + IBU rats, although, again to a much lesser extent
than in untreated HRHF (see inset in Figures 3(g) and 3(i)).
Clustering was not observed in TR, TR IBU or NC.

These changes were quantified using a modified Mankin
scoring method, with results shown in Figure 4. As shown in
Figure 4(a), each radiocarpal joint was assessed in four zones:
zone 1 was the radial edge of articular cartilage, zone 2 was
a radial area of articular cartilage ulnar to zone 1, zone 3 was
an area of cartilage ulnar to zone 2, and zone 4 was the ulnar
edge of the articular cartilage. All zones of articular cartilage
were significantly different from control levels except zones
1 and 4. Because these two zones were on the margins of the
articular cartilage and may represent a transitional region
of articular cartilage, only zones 2 and 3 were analyzed
further.

The ANOVA for the overall histopathological scores of
the distal radius articular cartilage demonstrated signifi-
cant main effects for zone (zones 2 and 3) and group
(Figure 4(a)), with the highest scores present in HRHF rats.
The histopathological score in HRHF rats for zone 2 was
slightly higher than that for zone 3 (Figure 4(a)). The aver-
aged total Mankin score for both zones combined was also
highest in HRHF rats compared to all groups (Figure 4(b)).
We also assessed the subcomponents of the Mankin scoring
system separately (Figures 4(c)–4(h)). Structural subscores
in zone 2 ranged from 25% to 43% greater in the HRHF
than in the other groups (mean score shown in Figure 4(c)).
Thirty-three percent of the HRHF had more pronounced
changes in the superficial layer (e.g., pannus) than in the
other groups. None of the animals had structural changes
beyond the superficial layers. Cellular scores were from 46
to 58% greater in the HRHF than those in the other groups,
in both zones 2 and 3 (mean scores shown in Figures 4(e)
and 4(f)). All but one of the HRHF rats had chondrocyte
clustering; 22% had regions of hypocellularity indicative of
cell loss within the articular cartilage. Thirty-three percent
of the HRHF + IBU had chondrocyte clustering (defined
as hypercellularity with superficial clusters, and graded as
1), but none had hypocellular regions. Safranin O staining
subscores were 79 to 257% greater (i.e., reduced proteoglycan
staining) in the HRHF than in the other groups (mean scores
shown in Figures 4(g) and 4(h)). All HRHF rats had reduced
staining in the interterritorial matrix, 44% had staining only
in the pericellular matrix, and one had a total absence of
staining. Among the animals that did not perform the HRHF
task, which includes NC, NC + IBU, TR and TR + IBU,
only 38% had reduced staining in the interterritorial matrix.

Ibuprofen treatment attenuated the reduction in staining in
HRHF rats (Figures 4(g) and 4(h); P < .01).

Distal radii and carpal bones probed for presence of cells
with Terminal deoxynucleotidyl Transferase (TDT) medi-
ated dUTP-biotin nick end-labeling (TUNEL). No TUNEL-
stained cells were observed in the articular cartilages of radial
bones in NC (Figures 5(a) and 5(g)) or TR rats (Figure 5(b)).
Only a few TUNEL-labeled cells were seen in HRHF + IBU
treated wrist articular cartilage (Figure 5(c)). In contrast,
the radial bones of 5 of the 9-untreated HRHF rats showed
scattered TUNEL-stained cells in the articular cartilages in
zones 2 and 3 (zone 2 is shown in Figure 5(f); zone 3 is shown
in Figures 5(d) (right side of photo) and 5(e)) and several
TUNEL-stained cells at the edges of zone 4 (ulnar margin of
radius; Figure 5(h)) and zone 1 (lateral or radial margin; left
side of Figure 5(d)). This latter finding is interesting as these
are sites of ligament attachments, such as the radiocarpal
ligament shown in Figure 5(h). No TUNEL-stained cells
were visible at the site of ligament attachment to the radius
in the other groups (NC shown in Figure 5(g)). Most of
the TUNEL-labeled cells observed in the HRHF radial
articular cartilage were apoptotic in appearance (exhibited
dark nuclear staining and cell condensation typically; Figures
5(i) and 5(j)). However, a few cells were also observed
that were both swollen and had TUNEL staining in the
cytoplasm as well as the nucleus, suggestive of necrosis (see
inset of Figure 6(d)). In summary, modest morphological
degenerative changes including reduced protoglycan staining
and increased TUNEL-stained cells were present in radial
articular cartilages of HRHF rats, changes attenuated by
ibuprofen treatment.

Similar morphological changes were observed in the
carpal bone articular cartilage located in intra-carpal
joints. HRHF rats (Figure 6(b)) had reduced Safranin O
and clustering (arrows) when visually compared to NC
(picture not shown), TR (Figure 6(a)) and HRHF + IBU
rats (Figure 6(c)). Again, ibuprofen treatment attenuated
staining decreases observed in HRHF rats (compare Figures
6(b) to 6(c)). Epiphyseal plate changes were also observed in
HRHF rats compared to the other groups. While Figure 3(c)
shows patchy Safranin O staining in the epiphyseal plate of
an HRHF rat, other HRHF rats had even greater losses, with
a complete absence of Safranin O staining in the epiphyseal
plates of a few (Figure 6(d)), compared to HRHF + IBU
(Figure 6(e)), NC (Figure 3(a)) and TR (Figure 3(b)) rats.

3.5. Increased Serum Biomarkers of Collagen Degradation. To
validate the histological findings, C1, 2C, a serum biomarker
of type I and II collagen degradation fragments was assessed.
The HRHF had higher C1, 2C serum levels than NC, NC
+ IBU, TR + IBU and HRHF + IBU (P = .01 ANOVA;
Figure 7(a)), indicating greater collagen degradation in
HRHF rats and its attenuation by IBU treatment. Serum
was also evaluated for the CPII epitope, a serum biomarker
reflective of type II collagen synthesis. Serum levels of CPII
were significantly higher in HRHF rats compared to NC,
TR and TR + IBU (P = .006 ANOVA; Figure 7(b)). The
ratio of collagen degradation to synthesis (C1, 2C/CPII) was
also higher in HRHF rats compared to NC, NC + IBU, and
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Figure 4: Histopathological Mankin scores shown for distal radius articular cartilage of the reach limb in NC (normal control), NC + IBU
(normal controls receiving ibuprofen for 8 weeks), TR (trained controls), TR + IBU (trained controls receiving ibuprofen treatment in final 8
weeks), HRHF (rats performing high-repetition high-force task for 12 weeks), and HRHF + IBU (HRHF rats receiving ibuprofen treatment
in final 8 weeks). (a) Total scores for zones 2 and 3 are presented separately by group. (b) Mean of total scores for both zones 2 and 3. (c)
Mankin score for structural changes in zone 2. (d) Mankin score for structural changes in zone 3. (e) Mankin score for cellular changes
in zone 2. (f) Mankin score for cellular changes in zone 3. (g) Mankin score for staining changes in zone 2. (h) Mankin score for staining
changes in zone 3. Abbreviations: 1 and 2 = P < .05 and P < .01, respectively, compared to NC. 3 and 4 = P < .05 and P < .01, respectively,
compared to TR; 5 and 6 = P < .05 and P < .01, respectively, compared to TR + IBU; 7 and 8 = P < .05 and P < .01, respectively, compared
to HRHF + IBU. 2∗ = P < .001 when comparing zones 2 and 3 (zone 2 is higher). Statistical results compared to NC + IBU are not presented
as they were comparable to NC results.
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Figure 5: Distal radii and carpal bones stained with TUNEL (longitudinal sections of paraffin embedded radius and carpal bones). (a)–(f)
Micrographs showing distal radius articular cartilage (indicated as c, for cartilage) in (a) NC (normal control), (b) TR (trained control), and
(c) HRHF + IBU (performed the high-repetition high-force task for 12 weeks and received ibuprofen treatment daily in last 8 weeks), (d)-(e)
HRHF rat (12 weeks HRHF rat with no treatment). (d) is a lower-power photo showing medial edge of radius and increased TUNEL stained
cells at that edge as well as stained cells in adjacent articular cartilage. Inset shows higher-power image of indicated cell. (e) is a higher-power
photo of same section shown in (d). (f) shows the radial articular cartilage from a different rat than shown in (d) and (e). (g) Image showing
the lateral edge of the radius of an NC rat at the site of the attachment of the radiocarpal ligament. (h) Image showing the lateral edge of
the radius of an HRHF rat at the site of the attachment of the radiocarpal ligament. (i) Higher-power photo of same cell as indicated in (f)
with an arrow. (j) Higher-power photo of same cell as indicated in (h) with an arrow. Scale bars = 50 μm. b: bone, c: articular cartilage, lig:
radiocarpal ligament, s: synovial ligament.

HRHF + IBU (P = .02 ANOVA; Figure 7(c)), indicating
again greater collagen degradation in HRHF rats and its
attenuation by IBU treatment. Significant post hoc findings
are indicated in Figure 7.

4. Discussion

Numerous animal models have been employed to examine
the effects of mechanical loading on joint structures;

however, only a few studies have examined the effect of
loading on upper extremity joint structures (e.g., [43, 44]).
Our model is nonsurgical and involves performance of a
voluntary repetitive task to induce mechanical loading of
forearm tissues. We selected the HRHF task as we have
previously observed soft tissue and bone inflammation as
well as degenerative changes, including bone pathological
reorganization, using this task level [26, 32, 38, 45]. The
purpose of this study was to assess the potential of this
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Figure 6: Carpal bone articular cartilages (intracarpal joints) and epiphyseal plates from longitudinal sections of paraffin embedded bone
that were stained with safranin O and fast green. (a)–(c) Carpal bone articular cartilages in (a) TR (trained controls), (b) HRHF (rats
performing high-repetition high-force task for 12 weeks), and (c) HRHF + IBU (HRHF rats receiving ibuprofen treatment in final 8 weeks).
Reduced safranin O staining and a paucity of cells in lower cartilage layers are present in an HRHF rat, compared qualitatively to TR and
HRHF + IBU. Chondrocytes that appear to be proliferating are present in the HRHF carpal articular cartilage (arrows). (d)-(e) Distal
epiphyseal plate of the radius showing (d) an HRHF rat with a near absence of safranin O staining (arrowheads) and an irregularly shaped
epiphyseal plate, as compared to (e) HRHF + IBU rat with an intensely stained and thicker epiphyseal plate. Scale bars = 50 μm. epi: epiphyseal
plate.

high-demand hand-and-wrist intensive loading task in
inducing inflammation and articular cartilage degeneration
in radiocarpal and intracarpal joints, and to determine the
effect of ibuprofen on these outcomes. After 12 weeks of
performing the HRHF task, animals demonstrated evidence
of joint inflammation (elevated inflammatory cytokine levels
in distal radius, ulna and carpal bones, as well as increased
ED1+ and COX2+ cells), the onset of joint degeneration (ele-
vated modified Mankin histopathological scores in the distal
radius articular cartilage, and increased TUNEL-labeled cells
in the distal radius articular cartilage and attachment site of
ligaments to the distal radius), increased C1, 2C (a biomarker
of collagen degradation), and an increase in the ratio of
collagen degradation to synthesis (C1, 2C/CPII). Eight weeks
of ibuprofen administration reduced all of these changes,
despite continued task performance and thus continued
muscular loading during the 8 weeks treatment period of
the HRHF + IBU group. This last finding indicates that the
joint degenerative changes observed were a consequence of
the inflammatory response induced by this high-repetition
high-force task that was 12 weeks in duration.

We observed that 12 weeks of the HRHF task induced
joint inflammation at the wrist, but not the elbow. This
suggests that the cumulative loading during the 12 weeks
task period of this high-repetition high-force handle pulling
task affects distal structures more than proximal. This finding
matches previous reports from our lab in which a high-
repetition negligible-force (HRNF) task induced significantly
higher numbers of ED1+ macrophages and osteoclasts in
distal hand and wrist musculoskeletal tissues than in elbow
and shoulder tissues [28, 30].

Concerning possible differential limb loading, IL-1
appeared more elevated in the distal bones/wrist joints of
reach limbs than support limbs of TR and HRHF rats. Prior
studies from our lab show that HRHF reach limbs had greater
increases of several analytes than support limbs, including
Substance P (a nociceptor neurotransmitter released after
tissue injury/inflammation) and connective tissue growth
factor (CTGF, a matricellular protein) in flexor digitorum
tendons, and CTGF in the median nerve [26, 38]. However,
these studies also show that IL-1β in tendons, grip strength
declines, and nerve conduction velocity declines were similar,
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Figure 7: Serum concentrations of collagen degradation and synthesis markers, and the ratio of collagen degradation to synthesis in NC
(normal control), NC + IBU (normal controls receiving ibuprofen for 8 weeks), TR (trained controls), TR + IBU (trained controls receiving
ibuprofen treatment in final 8 weeks), HRHF (rats performing high-repetition high-force task for 12 weeks), and HRHF + IBU (HRHF rats
receiving ibuprofen treatment in final 8 weeks). (a) C1, 2C, a marker of collagen Type I and II cleavage (degradation). (b) CPII, a marker of
procollagen II C-propeptide synthesis. (c) Ratio of C1, C2 (degradation) to CPII (synthesis). 1 = P < .05 and 2 = P < .01 compared to NC; 3
= P < .01 compared to NC + IBU; 4 = P < .05 compared to TR; 5 = P < .05 compared to TR + IBU; 6 = P < .01 compared to HRHF + IBU.

bilaterally, in HRHF-trained and task rats [26, 38]. Since
this HRHF task was a bilateral task, in which one limb
reached and pulled the lever isometrically, and the other limb
pushed against the chamber wall (see [38] for a depiction of
this task), one has to be careful not to over interpret limb
differences.

Our observed increases in cytokines in the distal bone
and joint was not unexpected since degenerative joint
osteoarthritis is associated with low-level inflammation
within a joint [6, 46, 47], and therefore, reduction of
inflammation should attenuate degenerative processes. For
example, increases of IL-1α, TNF-α and IL-10 have been
reported in various tissues undergoing joint osteoarthritic
degenerative changes (see [47] for a review), including artic-
ular cartilage [48–51], synovial membranes [46, 48] and sub-
chondral bone [48]. In terms of the roles of these cytokines in
joint degeneration, TNF-α, for example, has been postulated

to have a significant role in degradative cartilage changes
associated with OA, since OA cartilage produces more TNF-
α and TNF alpha convertase enzyme mRNA than normal
cartilage, and human articular chondrocytes from OA car-
tilage express higher amounts of p55 TNF-α receptors which
could make OA cartilage particularly susceptible to TNF-α
degradative stimuli [47]. In this current study, it was interest-
ing that IL-10, an anti-inflammatory mediator, was highest
in trained controls in this study, although it is unclear if this is
a beneficial response to the training experience or a reaction
to a simultaneous increase of IL-1α. A recent study assessed
biochemical markers in synovium and synovial fluid between
early- and late-stage knee osteoarthritis [52]. They found
that 3 inflammatory mediators (IL-1β, IL-6, and TNF-α) in
the synovium and synovial fluid were not significantly differ-
ent between subsets. However, they also found that synovial
fluid IL-15 concentrations were significantly greater in the
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early-stage than in the late-stage subset. The precise role of
IL-15 in osteoarthritis is unclear, but it may be associated
with proinflammatory and catabolic processes [52].

With regard to the ED1+ cells, our past studies show
that activated macrophages and osteoclasts (both ED1+)
are immunoreactive for several inflammatory cytokines,
including IL-1α and TNF-α [28, 30, 38]. Since macrophages
are known to secrete pro-inflammatory cytokines after
injury, which, through autocrine regulation, induce further
secretion of cytokines from this cell type, the increase of
each with task performance and then decrease of each with
ibuprofen treatment were [33] not unexpected in our study.

In concordance with human osteoarthritis, the HRHF
task increased the number of cells in articular cartilage
[53] and synovium [54–56] that were expressing COX-2,
an enzyme associated with inflammation regulation. COX-2
expression is particularly elevated in synovium from early-
stage joint degeneration [55, 56] and when chondrocytes
experience high shear stresses [57]. We hypothesize that
the HRHF task induced early joint degeneration after 12
weeks due to possible increased shear stresses on the articular
cartilage, although this is hard to test in this in vivo model.
We can only point out that the attenuation of COX-2 staining
by ibuprofen, a nonselective COX inhibitor, combined with
the attenuation of inflammatory cytokine levels, indicates
that ibuprofen was at a therapeutic concentration.

We also observed that 12 weeks of performance of this
HRHF task increased histopathological scores of radiocarpal
joint degeneration. Our previous studies, using either this
HRHF task or a more moderate HRNF task, have shown
task-induced signs of injury and degeneration in forearm
nerve, muscles, tendons and cortical bone [26–28, 30, 32,
38, 45]. In this study, the increased histopathological scores
in untreated HRHF radiocarpal cartilage were primarily
attributed to changes in staining and cellular subscores
(e.g., decreased proteoglycan staining, surface irregularities,
and increased clustering). Only three of 9 HRHF wrist
joints had signs of definite structural changes (e.g., pannus),
but 5 HRHF wrist joints showed increased TUNEL-labeled
cells, indicative of the onset of task-induced chondrocyte
apoptosis. The primary change was a loss of proteoglycan
staining in radiocarpal cartilage as detected with Safranin
O. Based on previous animal and human research, and
based on the presence of TUNEL staining, if the HRHF
task continued beyond 12 weeks, the degenerative changes
would presumably worsen and propagate throughout the
joint [17, 19, 41, 58, 59]. Since the histopathological scores
were higher in the radial zone compared to the ulnar zone
of radial articular cartilage, the radial region of this articular
cartilage appears to be the initial site of joint degeneration
in the reach limbs. This site is likely affected first because
the forceful grasping in a pronated position increases the
loading on the radial aspect of the articular cartilage. In the
more radial zone, HRHF + IBU was not statistically different
from HRHF. However, in a more ulnar zone (zone 3) these
two groups were statistically different. We can only speculate
that one reason for the zonal differences is that the radial
zone began losing proteoglycans prior to week 4 (prior to
when ibuprofen was administered) so the difference between

the two groups was reduced. In contrast, zone 3 may have
begun to lose proteoglycans closer to the start of ibuprofen
treatment (or after), and therefore seems to demonstrate
the differences between groups. Other nonsurgical joint
degeneration models (e.g., undefined causes, spontaneous or
knockout models) also report proteoglycan depletion and
superficial cell clustering at 8 to 12 weeks and structural
changes at 6 months of age [18, 58, 59].

In addition to degenerative changes in the distal radius
articular cartilage, HRHF carpal bones also showed signs
of degenerative changes compared to the other groups.
Unfortunately, the Mankin histopathological scoring sys-
tem could not be used to score the articular cartilage
morphology of rat carpal bones due to distinctive surface
morphology differences in carpal bones compared to radial
articular cartilage. However, degenerative carpal changes
with HRHF were further supported by the presence of ED1+
mononucleated cells in subchondral carpal bone regions
(see Figure 2(c)). Osteoclast progenitor cells are indicators
of subchondral bone remodeling, a common feature of early
joint degeneration [19].

The histopathological data indicative of cartilage degen-
erative changes were confirmed by increased serum C1, 2C
(a marker of collagen types 1 and 2 degradation fragments
produced by collagenase cleavage of type II collagen),
increased CPII (a biomarker of procollagen II C-propeptide
and thus collagen type II synthesis), and the increase in
the ratio of C1, 2C to CPII (i.e., increased ratio of collagen
degradation to synthesis). We have previously reported an
early increase in serum osteocalcin (a biomarker of bone
formation) by 6 weeks of performance of the HRHF task,
which then decreased; and an increase in serum Trap5b (a
biomarker of osteoclast activity and bone resorption) by 12
weeks [32]. The increase in serum osteocalcin was matched
temporally by morphological and biochemical indicators
of early bone adaptation changes, while the increase in
serum Trap5b was matched temporally by morphological
and biochemical indicators of bone resorption and pathology
[31, 32]. Our current results match studies of knee OA in
patients in which cartilage turnover markers, for example,
urinary CTX II (a biomarker of collagen type II degradation),
increased as radiological and functional indicators of OA
increased [60]. These results also match those in a study by
Frisbe et al. [61] in which serum C1, 2C and CPII levels were
increased in race horses with histological signs of early OA
in mid-carpal joints compared to exercise-alone horses. In
contrast to Frisbe’s study, we did not observe increased CPII
levels in the HRHF + IBU rats compared to resting controls
(NC and TR rats), despite their continued performance of
the HRHF task, suggesting that the increased CPII in our
model is a consequence of the prolonged repetitive loading-
induced cytokine response rather than a direct consequence
of daily activity.

Concerning the effectiveness of ibuprofen, we observed
that 8 weeks of oral ibuprofen had both an anti-inflam-
matory and a chondroprotective effect on wrist joint struc-
tures in our model. Proinflammatory mediators (IL-1α and
TNF-α) were reduced in HRHF + IBU rats compared
to HRHF, and were at normal control levels. Ibuprofen
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also reduced IL-10, an anti-inflammatory and anticatabolic
mediator, in HRHF + IBU limbs compared to HRHF reach
limbs. IL-10 is stimulated by inflammatory mediators (e.g.,
by TNF-α; [62]), upregulated in OA [49], and represents a
feedback mechanism that inhibits inflammatory cytokines.
Confusingly, though, IL-10 was not reduced to baseline levels
in TR + IBU. Therefore, the influence of ibuprofen on IL-
10 concentrations is not straight-forward in our model. We
do feel though that the long-term structural implications of
suppressing IL-10 in HRHF limbs warrant further study.

Histopathological scores were also lower in HRHF +
IBU than untreated HRHF rats, as was the presence of
TUNEL-labeled cells, further supporting a chondroprotec-
tive effect of ibuprofen in our model. Our histopathological
scoring results contradict findings by Jones et al. [33] with
meloxicam, a nonsteroidal anti-inflammatory drug, in a
surgically induced rat model for joint degeneration. In
that study, meloxicam did not attenuate histopathological
changes in articular cartilage. However, treatment with
meloxicam prevented several other common characteristics
of bone remodeling in early joint degeneration, including
peri-articular trabecular bone loss and bone marrow lesion
formation. The discrepancy in histopathological score results
may be related to the use of different medications or
the use of different joint degeneration models. Also, one
limitation of this current study is that we did not assess peri-
articular trabecular bone changes using microcomputerized
tomography (microCT), thus limiting the comparison of our
findings to those by Jones.

Our observed reduction of serum C1, 2C levels and C1,
2C/CPII ratio in HRHF + IBU rats compared to untreated
HRHF rats further supports the chondroprotective role of
ibuprofen in our repetitive loading model, at least during
this 12-week task period. This result is similar to patients
with active knee OA, who when treated with ibuprofen for
4–6 weeks, had no increase in urinary CTX-II (a biomarker
of collagen type II degradation) compared to patients with
active knee OA treated with placebo only, in which urinary
CTX-II was significantly increased [35]. Oral ibuprofen
treatment for at least 2 weeks also decreases indexes of
pain and functions significantly in patients with active knee
OA, although the effectiveness lessens over time [34, 63],
However, these results contrast with those of Manicourt
et al. [35], in which no reduction in urinary CTX-II or
serum hyaluronan (HA; a marker of synovial inflammation)
was observed in patients receiving a 4-week treatment of
ibuprofen. Petersen et al. [37] also observed that ibuprofen
treatment was not effective in attenuating cartilage turnover
in OA patients in response to physical exercise. Perhaps these
differences are due to the heterogeneity of OA in the human
population [64].

In conclusion, 12 weeks of a voluntary high-repetition
high-force reaching and handle pulling task represents a
successful model for inducing wrist joint inflammation
and early degenerative changes. Key proinflammatory and
an anti-inflammatory cytokine levels, inflammatory cells,
TUNEL-stained cells and histopathological scores of degen-
eration were elevated in joint tissues by 12 weeks of
performance of this high-demand task. Each of these changes

was attenuated by ibuprofen treatment, suggesting that such
treatment is condroprotective, at least during the early
phases of cumulative loading-induced inflammation and
degeneration in hand and wrist joints.
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University Campus, 28871 Alcalá de Henares, Spain
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Parathyroid hormone- (PTH-) related protein (PTHrP) and its receptor, the PTH1 receptor (PTH1R), are widely expressed
in the kidney, where PTHrP exerts a modulatory action on renal function. PTHrP is known to be upregulated in several
experimental nephropathies such as acute renal failure (ARF), obstructive nephropathy (ON) as well as diabetic nephropathy
(DN). In this paper, we will discuss the functional consequences of chronic PTHrP overexpression in the damaged kidney
using a transgenic mouse strain overexpressing PTHrP in the renal proximal tubule. In both ARF and ON, PTHrP displays
proinflammatory and profibrogenic actions including the induction of epithelia to mesenquima transition. Moreover, PTHrP
participates in the mechanisms of renal hypertrophy as well as proteinuria in experimental DN. Angiotensin II (Ang II), a critical
factor in the progression of renal injury, appears to be, at least in part, responsible for endogenous PTHrP upregulation in these
pathophysiological settings. These findings provide novel insights into the well-known protective effects of Ang II antagonists in
renal diseases, paving the way for new therapeutic approaches.

1. Introduction

Parathyroid hormone- (PTH-)related protein (PTHrP) was
discovered at the end of the 1980s as the factor responsible for
humoral hypercalcemia of malignancy [1]. However, while
PTH is a well-characterized endocrine regulator of mineral
homeostasis, PTHrP is widely expressed in nonmalignant
fetal and adult tissues [2]. Despite the widespread production
of PTHrP in normal tissues, its circulating concentration
in healthy subjects is below the detectable limit in the
majority of current assays [3]. Thus, in contrast to the
situation of humoral hypercalcemia of malignancy in which
PTHrP plays the role of a classic hormone, this protein
exerts paracrine, autocrine, and/or intracrine actions in
normal tissues. PTHrP is a key regulator of placental calcium

transport in the foetus, and it appears to be a physiological
modulator of smooth muscle tone. Current concepts indicate
that PTHrP is a developmental and/or growth-regulating
factor, much more similar to other known cytokines and
growth factors than to PTH [1, 2].

In the adult kidney, both parathyroid hormone-(PTH-)
related protein (PTHrP) and the PTH1 receptor (PTH1R)
are abundant throughout the renal parenchyma, including
the intrarenal vasculature [4–6]. In the kidney, PTHrP
appears to modulate renal plasma flow and glomerular
filtration rate, and induces proliferative effects on both
glomerular mesangial and tubuloepithelial cells [7–14].

Pioneer studies from Soifer et al. [11] at the beginning
of the 1990’s suggested the implication of PTHrP in the
mechanisms of injury and/or repair of the tubular epithelium
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after acute renal failure (ARF). Proliferation of injured tubule
cells appears to be important for timely tubular recovery after
renal injury, and for subsequent functional recovery of the
damaged kidney. Several growth factors and cytokines, acting
in an autocrine and paracrine manner, appear to participate
in the repair process of the tubular epithelium in this setting
[15–19]. The mitogenic features of PTHrP and its early over-
expression after renal injury in experimental models of ARF
induced by either ischemia or nephrotoxins initially sug-
gested that PTHrP could participate in the regenerative pro-
cess after ARF [11, 13]. The recent development of a trans-
genic mouse model characterized by PTHrP overexpression
in the renal proximal tubule made it possible to explore the
functional consequences of chronic PTHrP overexpression in
both glomerular and tubular experimental models of renal
damage. This novel approach has provided valuable data
which have helped to disclose the true roles of PTHrP in
the damaged kidney. The following paragraphs describe the
results of over a decade of intense investigation on this issue.

2. The PTHrP-Overexpressing Mice

A transgenic mouse strain characterized by PTHrP overex-
pression in the renal proximal tubule was developed at Yale
University a few years ago [15]. The renal specificity of the
transgene was conferred by the γ-glutamyl transpeptidase-
l (GGT-1) promoter, mainly expressed in the renal prox-
imal tubule. PTHrP-overexpressing mice were generated
by breeding two types of transgenic mice: one containing
a GGT-1 promoter fragment upstream of a tetracycline
transactivator fusion protein, which functions as a strong
transcription activator, and the other with a PTHrP cDNA
placed under the control of a tetracycline operator con-
struct (Figure 1). The tetracycline-controlled transactivator
strategy, which creates a reversible switch “on/off” for
gene expression, ensures the temporal control of PTHrP
gene activity. Transgene-bearing founders were continuously
outbred to normal CD-1 mice to generate hemizygotes.
Transgenic founders were identified by PCR analysis of tail
DNA using specific primers [15]. Overexpression of PTHrP,
in the renal proximal tubule, did not alter the normal
level of expression of endogenous PTHrP. Renal PTHrP
protein levels in PTHrP-overexpressing animals were 3-4
times over those in their control littermates, as confirmed
by Western blot; but its circulating levels were undetectable
(<0.2 pM) in these animals [15]. The renal protein levels
of the PTH1R, analyzed by Western blot, were similar to
those in control mice, indicating that this receptor expression
is not influenced by PTHrP upregulation in these mice
[15]. Analysis of kidney size and morphology, and serum
creatinine levels revealed no significant differences between
PTHrP-overexpressing mice and their control littermates,
indicating a normal growth and basal function of the mouse
kidney in the former mice [15]. The functional consequences
of chronic PTHrP overexpression have been extensively
studied in recent years using this transgenic mouse model
and experimental nephropathies with predominant affection
at tubular and glomerular level.

hPTHrP

Construct B

GGT-I

promotor

Constitutively

“on”

Tet

(tTA)

SV40 3’UTR

X

Construct A

tetoX7/CMV hGH 3’UTR

transactivator

Figure 1: Schematic representation of the different transgenes
used to generate the PTHrP-overexperssing mice. Construct A,
containing sequences for the γ-glutamyl transpeptidase-I (GGT-
I) promoter, cDNA sequences for the Tet transactivator protein
(tTA), and the SV-40 T antigen 3′ UTR, was used to generate
GGT-tTA transgenic mice, resulting in specific expression of the
tTA protein in the renal proximal tubule cells. Construct B,
containing sequences for a hybrid regulatory element composed of
a heptamerized tetracycline operator (TetoX7) fused to a minimal
human cytomegalovirus promoter element, the human growth
hormone (hGH) 3′ UTR, and hPTHrP (1–141) cDNA sequences,
was used to generate Teto-PTHrP transgenic mice. Hemizygote
mice bearing the construct A were bred with construct B-bearing
hemizygote mice to induce PTHrP overexpression in renal proximal
tubule cells.

2.1. PTHrP in Renal Inflammation. Tubulointerstitial
inflammation is a key event in a variety of nephropathies.
Early after renal injury, damaged tubuloepithelial cells begin
to overexpress proinflammatory cytokines and chemokines,
which promote migration of monocytes/macrophages and
T-lymphocytes to the renal interstitium [20, 21]. Both
infiltrating leukocytes and damaged tubuloepithelial cells
activate and induce proliferation of resident fibroblasts
in the tubulointerstitial compartment. A severe and
prolonged injury will determine a sustained activation of
proinflammatory pathways, associated with overexpression
of profibrogenic cytokines by tubulointerstitial cells leading
to fibrogenesis and renal function loss [22].

Early studies suggested that PTHrP might act as an
important mediator of proinflammatory cytokines, namely,
tumour necrosis factor and interleukin-6, in multiorgan
inflammation and rheumatoid arthritis [23]. More recent
studies have shown that PTHrP activates nuclear factor
(NF)-κB and the expression of NF-κB-dependent cytokines
and chemokines [e.g., IL-6 and monocyte chemoattractant
protein-1 (MCP-1) in different cell types [24, 25]. PTHrP
and MCP-1 were found to colocalize in smooth muscle cells
in human atherosclerotic plaques [25–27].
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Figure 2: Schematic representation of the different actions whereby PTHrP might promote inflammation and fibrogenesis in the injured
kidney.

Moreover, in mice with unilateral ureteral obstruction
(UUO), a well-characterized model of renal inflammation
we recently showed that PTHrP was upregulated in the
obstructed kidney, even in PTHrP-overexpressing mice [28].
In contrast to previous observations in ischemic or nephro-
toxic renal injury [8, 11, 13], PTH1R was not downregulated
after UUO in mice [28]. Interestingly, upregulation of
both PTHrP and PTH1R was also recently observed in the
kidney of diabetic mice [29]. Furthermore, our recent in
vitro findings indicate that PTHrP augments the produc-
tion of several proinflammatory factors in tubuloepithelial
cell and promotes monocyte/macrophage migration [28].
Extracellular signal-regulated kinase-(ERK-) mediated NF-
κB activation appears to be an important mechanism
whereby PTHrP triggers renal inflammation [28]. Therefore,
PTHrP might be envisioned as a new inflammation marker
and a potential therapeutic target in the obstructed kidney.
Finally, since sustained renal inflammation is closely related
to fibrogenesis, these data point to PTHrP as a likely
proinflammatory and profibrogenic cytokine in the damaged
kidney.

2.2. PTHrP in Renal Cell Apoptosis. Apoptosis is considered
to be an important component of the acute response of

the tubular epithelium to injury [30, 31]. Our data, using
PTHrP-overexpressing mice with folic acid-induced ARF,
suggest that this PTHrP action might have detrimental
consequences in the injured kidney. These mice showed
a significant delay in renal function recovery and higher
focal areas of tubulointerstitial fibrosis than normal mice,
associated with a decrease in apoptotic tubulointerstitial cells
[32]. The rationale for this association might come from the
fact that apoptosis of interstitial fibroblasts appears to be a
mechanism to prevent fibrogenesis [16–22].

2.3. PTHrP in Diabetic Nephropathy. Recently, we hypothe-
sized that PTHrP involvement in the mechanisms of renal
injury might not be limited to conditions with predominant
damage of the renal tubulointerstitium, and might be
extended to glomerular diseases, such as DN. Thus, using an
experimental model of DN induced by streptozotocin (STZ)
[29], we studied the possible changes in the PTHrP/PTH1R
system associated with the outcome of this nephropathy,
characterized by an initial phase of renal hypertrophy at both
tubular and glomerular levels, followed by an increase in
urinary albumin excretion (UAE) (proteinuria) [33, 34]. DN
was induced in Swiss-CD1 (CD1) mice as well as in PTHrP-
overexpressing mice. In the diabetic CD-1 mice, a significant
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increase in the expression of both PTHrP and PTH1R was
observed, at both glomerular and tubular levels, associated
with the development of an increase in the UAE [29].
On the other hand, diabetic PTHrP-overexpressing mice,
in comparison to their control littermates, have increased
renal hypertrophy, a significant higher UAE and lower total
plasma protein levels. A significant association among the
renal expression of PTHrP, PTH1R, and UAE was found to
occur in the diabetic mice. Furthermore, there was a 6-fold
increase in the risk of developing proteinuria in those mice
with the higher PTHrP and PTH1R levels, according to the
logistic regression analysis [29]. It is interesting to mention
that, albeit the STZ model has limitations for assessing long-
term histomorphological changes in the diabetic kidney [33],
the aforementioned findings might have pathophysiological
implications since the amount of proteinuria is a reliable
predictor of diabetic nephropathy [34].

More recently, the putative role of PTHrP in the
hypertrophy of the diabetic kidney was explored. It is well
established that high glucose (HG) leading to renal cell
hypertrophy appears to involve cell entry into the cell cycle
and subsequent arrest at the G1/S interphase, followed
by an increase in cell protein synthesis. Recent studies
have shown that HG-induced glomerular cell hypertrophy
(affecting both mesangial cells and podocytes) involves an
early activation of the renin-angiotensin system, followed by
an induction of TGF-β1, which in turn activates a cell cycle
regulatory protein, the cycline-dependent kinase inhibitor
(CDKI) p27Kip1 [35–37]. In mouse podocytes grown in
HG condition, Romero et al. found that Ang II induces
PTHrP upregulation, which in turn triggers both TGF-β1

and p27Kip1 overexpression, and thereby promotes podocyte
hypertrophy [38]. Interestingly, the latter factors were found
to be constitutively upregulated in nondiabetic PTHrP-
overexpressing mice [38].

Collectively, these data indicate that the renal PTHrP/
PTH1R system is upregulated in STZ-induced diabetic mice,
where it appears to be involved in renal hypertrophy and
adversely affects the outcome of DN. Furthermore, current
findings also suggest that PTHrP can participate in the
hypertrophy mechanism(s) targeted by HG in podocytes.

2.4. PTHrP in Renal Fibrosis. Renal fibrosis is recognized as
the final common stage of main renal diseases, capable of
progressing to chronic renal failure. Interstitial fibroblasts
are the main cell type responsible for fibrogenesis, a pro-
cess in which these cells proliferate and become activated
myofibroblasts [39]. Fibrosis of the kidney is known to be
induced by both tubuloepithelial and infiltrating cells, as
well as secretion of matrix compounds by both activated
fibroblasts and tubular cells. In fact, an increased matrix
synthesis and deposition, and loss of tubular structural
integrity, are paramount events at later stages of fibrogenesis
[40]. Previous studies indicate that the higher number
of infiltrating macrophages was associated with increased
fibroblast proliferation in the renal interstitium of folic
acid-injured kidneys from PTHrP-overexpressing mice [32].
In these mice, an increased immunostaining for α-smooth

muscle actin (SMA), a marker of activated fibroblasts or
myofibroblasts [41], was also observed in the renal inter-
stitium after folic acid nephrotoxicity [32]. Consistent with
the latter in vivo findings, PTHrP [1–35, 42] was found
to stimulate α-SMA expression in renal fibroblasts in vitro
[32]. In addition, a higher immunostaining for both types
I and IV collagens was observed in the renal interstitium
of the obstructed kidneys from PTHrP-overexpressing mice,
than in their normal littermates [43]. In agreement with
these in vivo findings, PTHrP [1–36] was found to stimulate
the expression of type-1 procollagen and fibronectin in
tubuloepithelial cells and renal fibroblasts in vitro. At least
part of these effects was abolished by a PTH1R antagonist
[32].

Tubuloepithelial cells might also contribute to the devel-
opment of renal fibrosis by directly generating myofibrob-
lasts through a process known as epithelial-mesenchymal
transition (EMT) [43, 44]. EMT is a multiple step process
that requires the integration of several extrinsic and intrinsic
pathways including loss of epithelia polarity and rearrange-
ment of the F-actin cytoskeleton, associated with upregula-
tion of genes used as EMT markers [45]. The latter includes,
in addition to α-SMA which increases cell contractility and
motility, extracellular matrix proteins such as fibronectin and
several types of collagens, metalloproteases, and integrin-
linked kinase. In addition, a decrease in the expression
of proteins that keep basolateral polarity and intracellular
junctions, including cytokeratin and the adherent junction
proteins E-cadherin and β-catenin, takes place in the renal
tubuloepithelium during EMT [41, 45–49].

Recently, Ardura et al. [39, 43] expanded these studies
and showed that PTHrP is capable of inducing a variety
of phenotypic changes related to EMT in tubuloepithelial
cells. Moreover, PTHrP can upregulate both TGF-β1 and
vascular endothelial growth factor (VEGF) expression in
these cells. Also, blockade of these growth factors by different
manoeuvres was found to diminish both EMT changes in
cultured renal epithelial cells. Of note in this regard, a VEGF
antibody also decreased the renal fibrosis in the obstructed
mouse kidney [43]. Hence, both VEGF and TGF-β1 are likely
to act as downstream mediators of PTHrP deleterious actions
in the damaged kidney. Interestingly, a similar interaction
between the two latter factors was recently observed in
the setting of PTHrP-induced podocyte hypertrophy. Recent
evidences strongly suggest that PTHrP, TGF-β, VEGF, as
well as activation of the epidermal growth factor receptor
(EGFR), might all act in concert through activation of ERK
to induce EMT in renal tubuloepithelial cells [39].

EMT-related changes have been found to occur in
the mouse obstructed kidney associated with constitutive
PTHrP overexpression [39]. Two important EMT mediators,
namely, TGF-β1 and p-EGFR proteins were upregulated in
the obstructed kidney of these transgenic mice, suggesting
that PTHrP might also interact with the aforementioned
factors to modulate EMT in vivo [39].

Collectively, all the available data demonstrate a major
role for PTHrP in renal fibrogenesis, due to its capacity to
induce the expression of extracellular matrix proteins as well
as by modulating EMT in renal tubuloepithelial cells.



Journal of Biomedicine and Biotechnology 5

3. Interaction between PTHrP and Angiotensin
II in the Damaged Kidney

The renin-angiotensin system is well known for playing an
important pathogenic role in the mechanisms of renal injury
[50, 51]. Local activation of components of this system,
including Ang II, in the kidney has shown to occur early in
various experimental models of ARF, for example, folic acid-
induced nephrotoxicity and ischemia/reperfusion [13, 52–
54]. Moreover, Ang II antagonists exert beneficial effects on
renal function in these models [52, 55, 56].

Recent data strongly suggest that PTHrP might be
involved in the mechanisms related to Ang II-induced renal
injury. Exogenously administered Ang II, via its type 1 (AT1)
receptor, increases PTHrP expression in glomerular and
tubular cells as well as in vascular smooth muscle cells both
in vivo and in vitro [57–59]. Interestingly, a significant corre-
lation between PTHrP overexpression and tubular damage
and fibrosis was observed in the rat kidney after systemic
Ang II infusion [57]. Furthermore, in nephrotoxic ARF,
the improvement of renal function by Ang II antagonists
was associated with inhibition of PTHrP overexpression
[52]. These aggregated data suggest that Ang II is a likely
candidate responsible for PTHrP overexpression, and this
might contribute to the deleterious effects of Ang II in the
damaged kidney. These findings could provide novel insights
into the well-known protective effects of Ang II antagonists
in renal diseases, possibly leading the way to new therapeutic
approaches.

4. Conclusion

The upregulation of the renal PTHrP system, which occurs
at least in part through Ang II, represents a common event in
several experimental nephropathies, namely, ARF and DN.
In the former condition, PTHrP appears to contribute to the
progression of renal damage by increasing tubulointerstitial
cell survival, inflammation, and fibrogenesis in part through
promoting EMT. In DN, PTHrP can promote renal hypertro-
phy and proteinuria (Figure 2). Collectively, both in vitro and
in vivo findings in transgenic PTHrP-overexpressing mice
strongly support the role of PTHrP as a novel pathogenic
factor in kidney disease, and also provide novel insights
into the protective effects of Ang II antagonists in various
nephropathies.
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Background. Membranous glomerulonephropathy (MN) is the most prevalent cause of nephrotic syndrome in adult humans.
However, the specific biomarkers of MN have not been fully elucidated. We examined the alterations in gene expression associated
with the development of MN. Methods. Murine MN was induced by cationic bovine serum albumin (cBSA). After full-blown
MN, cDNA microarray analysis was performed to identify gene expression changes, and highly expressed genes were evaluated
as markers both in mice and human kidney samples. Results. MN mice revealed clinical proteinuria and the characteristic diffuse
thickening of the glomerular basement membrane. There were 175 genes with significantly different expressions in the MN kidneys
compared with the normal kidneys. Four genes, metallothionein-1 (Mt1), cathepsin D (CtsD), lymphocyte 6 antigen complex
(Ly6), and laminin receptor-1 (Lamr1), were chosen and quantified. Mt1 was detected mainly in tubules, Lamr1 was highly
expressed in glomeruli, and CtsD was detected both in tubules and glomeruli. The high expressions of Lamr1 and CtsD were
also confirmed in human kidney biopsies. Conclusion. The murine MN model resembled the clinical and pathological features of
human MN and may provide a tool for investigating MN. Applying cDNA microarray analysis may help to identify biomarkers for
human MN.

1. Introduction

Membranous glomerulonephropathy (MN), characterized
by the presence of diffuse thickening of the GBM and subep-
ithelial in situ immune-complex disposition, is the most
common cause of idiopathic nephrotic syndrome in adults
[1]. The clinical course in the majority of patients is slow
and indolent. Spontaneous remissions of proteinuria occur
in approximately one quarter of patients; approximately half
will have stable renal function with or without continued
proteinuria and approximately 30%–40% of patients with
MN develop progressive renal impairment, which results in
end-stage renal failure after 10–15 years [2–4]. Effector cells,
immunoglobulins, inflammatory cytokines, complements,
and oxidative stress all participate in the pathogenesis of
MN, although the definite pathomechanism of MN has

not yet been fully elucidated [5–8]. Persistence of marked
proteinuria, impaired estimated glomerular filtration rate at
the time of discovery, increased urinary excretion rates for
immunoglobulin G, α1-microglobulin, β-2 microglobulin,
or complement proteins, increased interstitial fibrosis,
and/or advanced stages of glomerular structural abnormal-
ities are among the risk factors for a higher propensity of
progression [9, 10]. However, no definite biomarkers or
prognostic factors have been clearly documented.

Heymann nephritis (HN), a rat model of autoimmune-
mediated glomerulonephritis, is induced by immunization
with rat renal tubular antigen Fx1A or transfusion with anti-
Fx1A Igs [11]. Alternatively, murine models are induced by
repeated doses of cationic bovine serum albumin (cBSA),
which has a similar clinical course and histopathology to
human MN [12, 13]. Due to a limited source of human
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Figure 1: Clinical manifestations in mice with MN. The biochemical findings in MN mice revealed normal renal function (a),
hypoalbuminemia (b), hypercholesterolemia (c), and overt proteinuria (d). ∗P < .05.

tissue being available and the low cost and advantages of
using transgenic mice, this murine MN model may be
suitable for sample experimental applications to investigate
MN. Improved understanding of MN may create new
opportunities for therapeutic intervention which may
benefit patients with MN in the future. Microarray high
throughput techniques have become increasingly important
in basic and applied biomedical research due to the efficiency
of analyzing large scale gene expressions simultaneously
to investigate the complex molecular basis of pathological
processes on a genomic scale [14–16].

In this study, we used cDNA microarrays to analyze
global gene expressions of cortical renal tissue in this
cBSA-induced MN model. The upregulated genes and their
relevance to the evolution of MN were examined further by
immunohistochemical staining of kidneys from the rats and
humans.

2. Materials and Methods

2.1. Experimental Animals. This study was performed in
accordance with the Guide for the Care and Use of

Laboratory Animals published by the US National Institutes
of Health and was approved by the Animal Care and
Ethics Committee of the National Defense Medical Center
(Taipei, Taiwan). BALB/c mice (4–6 weeks old, about 20 g
body weight) were purchased from the National Laboratory
Animal Center (Taipei, Taiwan). The mice were kept in the
Laboratory Animal Center of the National Defense Medical
Center under specific-pathogen-free conditions.

2.2. MN Animal Model: Induction Method. Six-week-old
BALB/C mice were divided into an experimental group
(group A) and a control group (group B). Both groups A and
B were immunized with 1 mg of C-BSA and Freund’s com-
plete adjuvant. Two weeks later, group A was injected intra-
venously with 3 mg/kg of c-BSA 3 times weekly every other
day for 4 weeks, and group B received saline with the same
schedule. Preparation of cationic-bovine serum albumin (C-
BSA) was performed as previously described [12, 13].

2.3. Clinical and Pathological Evaluation. Blood and urine
sample are obtained from the mice then microfuged and
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Figure 2: Renal histopathology in mice with MN. Histopathology revealed findings characteristic of diffuse basement membrane thickening,
as observed in the (a) hematoxylin and eosin staining, (b) positive granular immunofluorescent staining for IgG, (c) positive granular
immunofluorescent staining for C3, and (d) subepithelial deposition (asterisk). NC: normal control; MN: membranous nephropathy; G:
glomerular basement membrane; L: lumen of capillary; U: urinary space.

stored at −70◦C until assayed. Serum and urine bio-
chemistries were measured as described previously [17].
Proteinuria was calculated as the ratio of urinary protein
(mg/mL) to urinary creatinine (mg/dL) (Up/Ucr).

Renal tissues were snap frozen or fixed in either Carson-
Millonig’s solution for electron microscopy (EM) or 10%
formalin fixative solution for immunohistochemistry (IHC)
and hematoxylin and eosin staining. Frozen renal specimens
were cut with a cryostat into 4-μm sections for the detection
of immunofluorescence (IF).

For IF, the frozen sections were air-dried, fixed in
acetone for 10 min at room temperature, and incubated
with fluorescein isothiocyanate-conjugated goat antimouse
IgG (Cappel; Organon Teknika, Durham, NC). For IHC,
a microwave heating procedure was used as described
previously [18], followed by incubating with goat anti-
Lamin receptor 1 (R&D, Minneapolis, MN) and Cathepsin D
(Santa Cruz, Santa Cruz, CA) at 4◦C overnight. Horseradish
peroxidase-conjugated protein-G (Pierce, Rockford, IL) was
then applied to the sections for 1 h. Reaction products
were visualized using a colour solution consisting of AEC

(DAKO, Carpinteria, CA) for 2-3 min, and the slides were
counterstained lightly with haematoxylin.

2.4. Microarray Analysis. The cDNA microarray containing
15000 different mouse cDNA clones (http://lgsun.grc.nia.nih
.gov/cDNA/15k.html) was provided by Biochip R&D Center,
Tri-Service General Hospital, Taipei, Taiwan. Total RNA was
extracted from the renal cortices of the normal control
and MN mice and was then annealed to oligo(dT) and
reverse transcribed in the presence of Cy5- and Cy3-labelled
dUTP, respectively. After concentration, the two cDNA
probes were further processed and applied to the slides
for cDNA microarray analysis as described previously [18].
The slides were scanned with a GenePix 4000A scanner
(Axon Instruments, Union City, CA). Data normalization
and analysis were performed as described previously [18].
The average of median ratios from replicates was calculated
for each spot. Spots representing housekeeping genes were
used to normalize the entire slide so that all slides could
be compared directly. Finally, the ratios were taken as log2
transformation, and the SD of the mean was then calculated
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Figure 3: Dendrogram of microarray results from MN kidneys which revealed 175 genes with significantly different expressions compared
with normal kidneys.

from these log2 ratios for the determination of expression
outliers.

2.5. RNA Extraction and Real-Time Quantitative PCR. Total
RNA was extracted from the renal cortices with TRIzol
reagent (Life Technologies, Gaithersburg, MD, USA). First-
strand complementary DNA (cDNA) was synthesized using a
SuperScript III Reverse Transcriptase kit (Life Technologies)
following the standard protocol. Real-time polymerase chain
reaction (PCR) analyses were performed using a SYBR Green
Master Mix Kit (Bio-Rad) and an Opticon PCR thermal
cycler (MJ Research, Waltham, MA, USA). The relative
expression of each cytokine mRNA was determined and
normalized to the expression of the internal housekeeping
gene GAPDH. All samples were measured in triplicate three
times. Primer and probe sequences are listed in Table 1.

2.6. Statistical Analyses. All data were expressed as mean ±
SD. Statistical analysis was performed by the t-test for two
groups or by analysis of variance (ANOVA) for multiple
groups with Tukey’s post-hoc test. Correlation analysis was
examined by tests of linear regression. Significance was
defined as P < .05.

3. Results

3.1. Clinical and Pathological Evaluation of the MN Model.
Mice with experimental MN developed normal renal func-
tion (Figure 1(a)) and the characteristic clinical symptoms
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Figure 4: Candidate genes mRNA expression levels. Four candidate
genes RNA were prepared from the kidney cortices of NC and MN
mice, and the levels of mRNA expression were determined by RT-
PCR (n = 3). ∗P < .05.

of hypoalbuminemia (Figure 1(b)), hypercholesterolemia
(Figure 1(c)), and overt proteinuria (Figure 1(d)). Renal
histopathology revealed typical findings of diffuse basement
thickening over the whole glomerular basement membrane
(GBM) in hematoxylin and eosin staining (Figure 2(a)).
Immunofluorescence of IgG and C3 showed a granular
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Table 1: The 175 genes with significantly different expressions in the MN kidneys compared with the normal kidneys.

Increased expression

Adamts1: a disintegrin and metalloproteinase with thrombospondin
motif type 1

Ly6a: lymphocyte antigen 6 complex, locus A

Akr1b3: aldo-keto reductase family 1, B3 Ly6e: lymphocyte antigen 6 complex,, locus E

Aldo: aldolase 1, A isoform Lyzs: lysozyme

Anxa2: annexin A2 Macs: myristoylated alanine rich protein

Anxa5: annexin A5 Mglap: matrix gamma-carboxyglutamate (gla) protein

Arbp: acidic ribosomal phosphoprotein Morc3: MORC family CW-type zinc finger 3

Arpclb: actin-related protein Mpz: myelin protein zero

Axl: AXL receptor tyrosine kinase Mrgpre: MAS-related GPR, member E

Bgn: biglycan Mrp63: mitochondrial ribosomal protein 63

C1ga: complement component C1ga Mrps6: mitochondrial ribosomal protein S6

C1gc: complement component C1gc Mt1: metallothionein 1

C3: complement component 3 Mt2: metallothionein 2

Calbl: calbindin-28K Muc1: mucin 1, cell surface associated

Cap 1: adenylyl cyclase-associated protein 1 Muc1: mucin 1, transmembrane

Capg: capping protein (actin filament) Nes: nestin

Cd24a: CD24a antigen
Nfkbia: nuclear factor of kappa light polypeptide gene
enhancer in B-cells inhibitor, alpha

Cd9: CD9 antigen Nid1: nidogen 1

Cldn7: claudin 7 Npnt: nephronectin

Clic1: chloride intracellular channel Pcolce: procollagen C-proteinase enhancer

Clu: clusterin Pctp1: phosphatidylcholine transfer protein

Cmkbr2: chemokine (C-C) receptor 2 Plat: plasminogen activator, tissue

Col 3a1: procollagen, type III, alpha 1 Prdx6: peroxiredoxin 6

Col4a1: procollagen, type IV, alpha 1
Prkab1: protein kinase, AMP-activated, beta 1 noncatalytic
subunit

Col4a2: procollagen, type IV, alpha 2 Ptma: prothymosin alpha

Colla2: procollagen, type I, alpha 2 Rab31: member RAS oncogene family

Collal: procollagen, type I, alpha 1 Raph1: Ras association and pleckstrin homology domains 1

Cox7a3: cytochrome c oxidase, subunit 7a3 Rbm3: RNA binding motif protein 3

Csnkld: casein kinase 1 delta Rbm5: RNA binding motif protein 5

Csrp: cysteine rich protein Rhoc: ras homolog gene family, member C

Cst3: cystatin C Rpia: ribose 5-phosphate isomerase A

Ctsc: cathepsin C Rpl12: ribosomal protein L12

Ctsd: cathepsin D Rpl29: ribosomal protein L29

Dbh: dopamine beta-hydroxylase Rpl3: ribosomal protein L3

Dgcr: DiGeorge syndrome critical region Rpl31: ribosomal protein L31

Dgk1: diacylglycerol kinase 1 Rpl36: ribosomal protein L36

Dok7: docking protein 7 Rpl37a: ribosomal protein L37a

Dppa2: developmental pluripotency associated 2 Rpl41: ribosomal protein L41

Dtx1: deltex homolog 1 (Drosophila) Rpl5: ribosomal protein L5

Eef1a1: eukaryotic translation elongation factor 1 alpha 1 Rpl7: ribosomal protein L7

Eif3d: eukaryotic translation initiation factor 3, subunit D Rplp1: ribosomal protein, large, P1

Elk1: member of ETS oncogene family Rps15: ribosomal protein S15

Eras: ES cell expressed Ras Rps15: ribosomal protein S15

F2r: coagulation factor II (thrombin) Rps16: ribosomal protein S16

F9: coagulation factor IX Rps20: ribosomal protein S20

Fau: Finkel-Biskis-Reilly murine sarcoma Rps3a: ribosomal protein S3a
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Table 1: Continued.

Increased expression

Fcerlg: Fc receptor, IgE high affinity Rps4x: ribosomal protein S4, X-linked

Fkbp5: FK506 binding protein 5 Rps6: ribosomal protein S6

Fn1: fibronectin 1 Rrm2: ribonucleotide reductase M2

Fn14: fibroblast growth factor-inducible 14 Rsbn1: round spermatid basic protein 1

Fstl: follistatin-like protein Rundc3a: RUN domain containing 3A

Ft11: ferritin light chain 1 S100a6: S100 calcium binding protein A

Gnb211: guanine nucleotide binding protein Sam68: Src-associated in mitosis, 68kDa

Gpr56: G protein-coupled receptor 56 Sdc4: syndecan 4

H2-Ebl: histocompatibility 2, class 1E beta Serpinb6: serpin peptidase inhibitor, B6

Hcfc1: host cell factor C1 Serping1: serpin peptidase inhibitor, G1

Hdc-c: histidine decarboxylase Serpinh1: serpin peptidase inhibitor, H1

Hmga1: high mobility group A1
Sh3bgrl3: SH3 domain binding glutamic acid-rich protein
like 3

Hmgb2: high mobility group box 2 Sparc: secreted protein acidic and rich in cysteine

Hmgn2: high mobility group nucleosomal binding domain 2 Spp1: secreted phosphoprotein 1

Hn1: hematological and neurological expressed protein 1 Star: steroidogenic acute regulatory protein

Hnrp1: heterogeneous nuclear ribonucleoprotein A1 Syn1: synapsin 1

Hsp25: heat shock protein, 25 kDa Tbst1: protein-tyrosine sulfotransferase 1

Hsp84-1: heat shock protein, 84 kDa 1
Tgfb1i4: transforming growth factor beta 1 induced
transcript 4

Idb2: inhibitor of DNA binding 2 Tip39: tuftelin-interacting protein 33

Klhl2: kelch-like 2, Mayven (Drosophila) Tmsb10: thymosin, beta 10

Krt2-8: keratin complex 2, basic, gene 8 Tmsb4x: thymosin, beta 4, X chromosome

Lamr1: laminin receptor 1 Tpi: triose phosphate isomerase

Laptm5: lysosomal associated protein multispanning transmembrane 5 Tspan2: tetraspanin 2

Lcn2: lipocalin 2 Tuba2: tubulin, alpha 2

Lcn7: lipocalin 7 Tubb5: tubulin, beta 5

Ldh1: lactate dehydroaenase 1 Ubc: ubiquitin C

Lgals3: lectin, galactoside-binding, soluble, 3 Uchrb: Ubiquitin c-terminal hydrolase

Litaf: LPS-induced TNF-alpha factor Ucp2: uncoupling protein 2

Lrat: lecithin retinol acyltransferase Wisp2: WNT1 inducible signaling pathway protein 2

Lu: Lutheran blood group glycoprotein

Decreased expression

Ak4: adenylate kinase 4 Lrp2: low density lipoprotein receptor-related protein 2

Bhmt2: betaine-homocysteine methyltransferase 2 Mad1l1: mitotic arrest deficient-like 1

Bid: BH3 interacting domain death agonist Map4: microtubule-associated protein 4

Ccnc: cyclin C Med28: mediator complex subunit 28

Cdc2a: cell division cycle 2 homolog A Megf10: multiple EGF-like-domains 10

Degs2: degenerative spermatocyte homolog 2 Narg1: NMDA receptor regulated 1

Emp3: epithelial membrane protein 3 Prlr: prolactin receptor

Ensa: endosulfine alpha Rac GAP: Rac GTPase activating protein 1

Epha2: Eph receptor A2 Rhd: Rh blood group, D antigen

Evi5: ecotropic viral integration site 5 Rhov: ras homolog gene family, member V

Fignl1: fidgetin-like 1 Slc15a2: solute carrier family 15, member 2

Hmgcs2: 3-hydroxy-3-methylglutaryl CoA synthase 2 Ttr: Transthyretin

Hsd3b: 3-hydroxysteroid dehydrogenase type 2 Xnp: X-linked nuclear protein
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Table 2: PCR gene sequences in four candidate genes and housekeeping genes.

Name Forward Reverse Product (bp)

Ly6e 5′agtcttcctgcctgtgctgttg3′ 5′cgccacaccgagattgagattg3′ 253

Lamr-1 5′ctcttatgtcaacctgcccacc3′ 5′tgctcctccttctcaatctcctc3′ 221

CtsD 5′agctgtcctacctgaacgtcac3′ 5′tgtctttccaccctgcgatacc3′ 287

Mt-1 5′tcaacgtcctgagtaccttctcc3′ 5′tgaagacctctgcttcctgtcc3′ 397

GAPDH 5′tccgccccttctgccgatc3′ 5′cacggaaggccatgccagtga3′ 354

Ly6e: lymphocyte antigen 6 complex, Lamr-1: laminin receptor-1 (67kDa), CtsD: cathepsin D, Mt-1: metallothionein-1, GAPDH: housekeeping gene, bp:
base pair.

pattern of deposition along the GBM (Figures 2(b) and
2(c)). Electronic microscopy revealed a granular pattern of
deposition over the subepithelial space but no mesangial
electron dense deposits (Figure 2(d)).

3.2. Gene Expression in the Renal Cortex. To determine
the profile of altered gene expression associated with MN,
cDNA microarray chip analysis was performed on cortical
renal tissue from the NC and MN mice. There were 175
genes with significantly different expressions in the MN
kidneys compared with the normal kidneys (Table 1). Four
enhanced genes related to injury, inflammation, and cell-
matrix interaction were chosen: Mt-1, CtsD, Lamr-1, and Ly6
(Figure 3). To further confirm the upregulated gene profiles
in the cortical tissue, we designed primers and performed
quantitative real-time PCR (Table 2). All four chosen genes
revealed significant increases in expression as shown using
the microarray chip (Figure 4). These protein expressions
were also confirmed using Western blot (Figure 5).

3.3. Protein Expression and Localization in Kidney from Mice
and Human. We further wanted to determine whether the
gene-encoded protein expressions in the kidney cortices
from the mice of the control and experimental groups
correlated with gene expression. As the main source of

Ly6e is from immune cells, we chose CtsD, Lamr-1, and
Mt-1 gene-encoded proteins using IHC to identify the
cellular source and the glomerular expression in the renal
tissues. Compared with normal controls, MN mice showed
enhanced expressions of all of these three proteins in
the kidneys, which were similar to those shown by the
microarray chip (Figure 6). The CtsD protein was expressed
mainly in tubulointerstitium with a minority in glomeruli
(Figures 6(a) and 6(b)). The expression of Lamr-1 protein
was mainly in the glomeruli and Mt-1 was restricted to the
tubulointerstitium (Figures 6(c)–6(f)). The major objective
of our study was to test whether gene products identified
from the experimental MN model induced by cBSA could
be applied to human disease. We therefore chose human
CtsD and Lamr-1 proteins, which are expressed in glomeruli,
and performed IHC to check their expressions. As illustrated
in Figures 7(a)–7(d), the enhanced expression pattern was
similar to that in the murine model.

4. Discussion

The murine model of MN induced by cBSA resembles
the clinical and pathological features of human MN and
may provide a tool to investigate MN. In this study, we
used a cursory approach of global gene expression, cDNA
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Figure 6: Renal immunohistochemistry of candidate proteins in mice kidneys. Kidneys from mice of the normal control group ((a), (c), and
(e)) and membranous nephropathy group ((b), (d), and (f)) were stained for CtsD ((a) and (b)), Lamr-1 ((c) and (d)), and Mt-1 ((e) and
(f)). All images are at 400×magnification. CtsD: cathepsin D; Lamr-1: laminin receptor-1; Mt-1: metallothionein-1.

microarray, to analyze differential gene expression associated
with the development of MN from a murine model. Using
real-time mRNA analysis of kidney tissues, we observed that
CtsD, Lamr-1, Mt-1, and Ly6e were differentially upregulated
in affected kidneys and identified the expressions of these
proteins in kidneys from mice and humans. These proteins
may be viewed as biomarkers associated with the develop-
ment of MN.

Although there was a lack of an evident mechanism
in our findings, the identified genes that might contribute
to the pathogenesis or the pathophysiological potential of
each gene need to be further addressed. Normal GBM
contains type IV collagen, noncollagenous glycoproteins,

and heparan sulphate proteoglycans [19]. Laminin is the
major glycoprotein binding to type IV collagen to form the
backbone of basement membranes providing tensile strength
and cell-adhesive properties. Previous studies have shown
that there is an increased production of laminin with the
appearance of abnormal laminin isoforms in MN. This has
been proposed to play a role in the occurrence of proteinuria
by modifying the functional properties of GBM and/or by
modifying podocyte functions [20]. The presence of anti-
LMN Ab has been reported in patients with various diseases
involving basement membrane such as Goodpasture syn-
drome and poststreptococcal glomerulonephritis (GN) [21–
23]. However, to the best of our knowledge, this is the first
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Figure 7: Renal immunohistochemistry of candidate proteins in human kidneys. Kidneys from humans of the normal control group (a
and c) and membranous nephropathy group (b and d) were stained for CtsD (a and b) and Lamr-1 (c and d). All images are at 400x
magnification. CtsD: cathepsin D; Lamr-1: laminin receptor-1.

study to find an enhanced expression of laminin receptor-1
in MN. Laminin receptor-1 is a cell-surface receptor for the
extracellular matrix (ECM) glycoprotein laminin with high
affinity and specificity. It is well established that the receptor
interacts directly with laminin to play important roles both
in cell adhesion to the basement membrane and in signaling
transduction. In addition to direct interactions with laminin,
it also has been proposed to facilitate interactions between
laminin and integrins as well as angiogenesis in vascular
endothelial cells [24]. However, which cell type expresses
Lamr-1, how the molecule is attributed to the process of MN,
and its definite mechanism still require further research.

Cathepsin D, a 52-kDa protein and the major pep-
statin A-sensitive aspartate protease within lysosomes, has
been suggested to be involved in several biological activ-
ities including the regulation of apoptotic pathways, the
activation of proteolytic enzymes involved in the degrada-
tion of extracellular matrix components and stimulatory
effects towards cellular proliferation and angiogenesis [25].
Cathepsin D is also a renin-like enzyme that catalyzes
angiotensinogen breakdown to AngI. In normal kidneys, this
enzyme is preferably expressed in the distal tubular system
and the collecting ducts, and its expression is upregulated
in chronic renal disease [26]. Morphological, biochemical,
and physiological heterogeneity of renal lysosomes has been
confirmed in the kidney cortices of GN patients, such as

Goodpasture disease and poststreptococcal GN [27, 28].
Changes in lysosome populations in rat kidney cortices
induced by passive Heymann nephritis have been observed
[29]. Furthermore, we confirmed the protein expression in
human MN kidneys. Metallothionein is a heat stable, low
molecular weight protein participating in chelating heavy
metals and has a physiological role in the scavenging of free
radicals [30]. Ly6e, which belongs to the Ly6 superfamily, is
a small glycoprotein linked to the glycophosphatidylinositol
(GPI) anchor participating in cell signaling and cell adhesion
processes and is involved in lymphocyte activation [31].
Increased Ly6e gene expression in response to proteinuria,
as well as being correlated to lupus activity and renal lesions,
suggests a potential role of Ly6e in the pathophysiology of
renal disease [32]. However, the definite mechanism is still
unclear.

Microarray high throughput techniques are a very
efficient method to analyze large-scale gene expressions
simultaneously to investigate the complex molecular basis of
pathological processes on a genomic scale. They have become
increasingly important in basic and applied biomedical
research including several renal diseases [14, 33]. However,
a whole-genome gene expression analysis study of MN using
a murine model and then being applied to human disease has
not been reported. Cluster analysis of DNA microarrays can
better provide an intuitive understanding of how to analyze
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microarray data, making it easier to interpret the meaning
of the results in a biological framework. The main limitation
of the present study is that it addressed gene expression in
kidney cortex instead of glomeruli, which would have been
more meaningful. Murine models of MN induced by cBSA
not only resemble the clinical and pathological features of
human MN, but also offer the advantages of being cheaper
and easy to manipulate and having potential applications in
gene-knockout or transgenic mouse studies on MN.

The precise nature of the idiopathic MN-initiating
antigen is unclear. A pathogenic antigen, megalin (gp 330),
has been identified in Heymann nephritis but not in human
or mice glomeruli [34]. Although the cBSA used in our
model is an exogenous rather than an endogenous antigen,
its immunopathological specificity has been proved during
MN. Similar presentations were confirmed by IHC staining
of the human specimens, also demonstrating the value of
this murine MN model. We did not differentiate which
component of the renal cortex contributed to the gene
expression revealed by cDNA microarray analysis, but both
glomerular and tubular responses composed the kidney
response in MN. Although there was a lack of an evident
functional assay of the genes in our findings, there is still the
potential to identify biomarkers for human MN. However,
whether these genes play an important role in the pathogen-
esis or pathophysiologies of glomerular injury needs to be
further addressed. Our strategy of using cDNA microarrays
to simultaneously monitor global gene expressions in renal
tissue from the murine cBSA-induced MN model and then
applying the findings to human disease seemed to work and
to be practical.

In conclusion, the murine model of MN induced by cBSA
resembled the clinical and pathological features of human
MN and may provide a tool to investigate MN. Applying
cDNA microarray analysis in this model may help to identify
biomarkers for human MN, which may then broaden our
understanding of the possible mechanisms of MN. This may
provide further insight into the disease and generate new
hypotheses for potential novel therapeutic targets in the
future.
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New animal models are greatly needed in interstitial cystitis/painful bladder syndrome (IC/PBS) research. We recently developed
a novel transgenic cystitis model (URO-OVA mice) that mimics certain key aspects of IC/PBS pathophysiology. This paper aimed
to determine whether URO-OVA cystitis model was responsive to intravesical dimethyl sulfoxide (DMSO) and if so identify the
mechanisms of DMSO action. URO-OVA mice developed acute cystitis upon adoptive transfer of OVA-specific OT-I splenocytes.
Compared to PBS-treated bladders, the bladders treated with 50% DMSO exhibited markedly reduced bladder histopathology and
expression of various inflammatory factor mRNAs. Intravesical DMSO treatment also effectively inhibited bladder inflammation in
a spontaneous chronic cystitis model (URO-OVA/OT-I mice). Studies further revealed that DMSO could impair effector T cells in
a dose-dependent manner in vitro. Taken together, our results suggest that intravesical DMSO improves the bladder histopathology
of IC/PBS patients because of its ability to interfere with multiple inflammatory and bladder cell types.

1. Introduction

IC/PBS is a chronic inflammatory condition of the urinary
bladder characterized by pelvic pain, irritative voiding symp-
toms (frequency, urgency, and nocturia), and sterile and
cytologically normal urine [1, 2]. The symptoms of IC/PBS
are often associated with significant fatigue, depression,
anxiety, and suicidal tendency [3, 4], and thus affect every
aspect of an individual’s life. Although the etiology of IC/PBS
remains unknown, many theories have been proposed
including mast cell activation, sensory neuron irritation,
inflammation, and autoimmunity [2, 5–7]. Accordingly,
IC/PBS models reflecting various pathophysiological path-
ways have been developed [8]. Among IC/PBS models, the
rodent model of experimental autoimmune cystitis (EAC)
[9] in which animals develop cystitis after immunization
with bladder homogenate, represents one of the most
actively used models in IC/PBS research [9–13]. Although
this conventional EAC model can reproduce many clinical
correlates seen in IC/PBS, this model does not facilitate the

studies of detailed mechanisms because of its lack of defined
self-antigen (Ag) and its corresponding T cell receptor (TCR)
specificity. To improve this model, we recently developed
a novel transgenic EAC model, designated as URO-OVA
mice [14]. URO-OVA mice express a membrane form of
the model Ag ovalbumin (OVA) as a self-Ag on the bladder
urothelium driven by the uroplakin II gene promoter and
develop bladder inflammation upon introduction of OT-I
CD8+ T cells that express the transgenic TCR specific for H2-
Kb/OVA257–264 epitope [15]. The inflamed bladder resembles
the acute phase of IC/PBS histopathology as manifested by
prominent cellular infiltration, interstitial edema, mucosal
hyperemia, and high mast cell counts [14]. The inflamed
bladder also resembles neurogenic inflammation as elevated
mast cell- and sensory neuron-derived inflammatory factors
such as tumor necrosis factor (TNF)-α, nerve growth factor
(NGF), and substance P are detectable in the bladder prior
to the detection of histological changes [14]. In addition,
URO-OVA/OT-I mice, a derived line of URO-OVA mice
after crossed with OT-I mice, can spontaneously develop
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bladder inflammation with predominant cellular infiltration,
epithelial hyperplasia, and high mast cell counts [14], which
are the characteristics of the chronic phase of IC/PBS. To
date, the URO-OVA cystitis models have proven to be unique
and reproducible, permitting controlled studies on bladder
inflammation including antibladder inflammatory studies
[16, 17].

Due to its diverse pharmacologic properties, DMSO has
been used for the treatment of various diseases including
IC/PBS [18, 19]. Since approved by the U.S. Food and
Drug Administration (FDA) in 1978, intravesical DMSO
has served as one of the mainstays in the pharmacologic
treatment of IC/PBS. Although its mechanisms of action
have not yet been fully elucidated, intravesical DMSO
has shown its favorable effects on treating both classic
and nonulcer IC/PBS patients [20–23]. Intravesical DMSO
relieves pain and voiding symptoms likely via its properties
of anti-inflammation and mast cell stabilization [24, 25]. In
a protamine sulfate-induced rat cystitis model, intravesical
DMSO has also been demonstrated to be effective on treating
non-bacterial bladder inflammation [26, 27]. Studies in
vitro have further demonstrated that DMSO could inhibit
stretch-activated ATP release by bladder urothelial cells from
IC/PBS patients [28], relax rabbit bladder detrusor muscle
contractility [29], improve rat bladder muscle compliance
[30], and increase rat bladder sensory afferent neuron release
of nitric oxide [31]. In this study, we used transgenic EAC
models to evaluate the effect of intravesical DMSO on
treating autoimmune cystitis. We observed that DMSO could
inhibit both acute and chronic autoimmune cystitis in vivo
and effector T cell activity in vitro. Our results support
the use of intravesical DMSO for the treatment of IC/PBS
patients and provide a potential mechanism underlying the
DMSO action.

2. Materials and Methods

2.1. Mice. URO-OVA mice (B6 and Thy1.2 background)
were developed in our laboratory and used to provide an
acute EAC model [14]. URO-OVA/OT-I mice were generated
through crossbreeding of URO-OVA mice with OT-I mice
(B6 background), a transgenic line originally generated by
Kurts and associates that expresses the CD8+ TCR specific for
Kb/OVA257–264 epitope [15], and used to provide a chronic
EAC model [14]. Female mice were used due to their
feasibility for intravesical procedures. In addition, OT-I mice
with both B6 and Thy1.1 backgrounds were used to provide
effector T cells for cystitis induction. Mice were used at 8–10
weeks. All mice were housed in a pathogen-free facility at the
University of Iowa Animal Care Facility and used according
to the procedures approved by University of Iowa Animal
Care and Use Committee.

2.2. Cystitis Induction and DMSO Treatment. As described
previously [14, 17], OT-I splenocytes (Thy1.1) were pre-
pared, activated with OVA257–264 peptide in vitro, and
transferred i.v. into URO-OVA mice (Thy1.2) for acute
cystitis induction. Each mouse received 1 × 106 preactivated

Splenocytes
In vitro activation

with SIINFEKL

i.v. transfer

i.b.
DMSO

i.b.
DMSO

i.b.
DMSO

OT-I (Thy1.1)

URO-OVA
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Cystitis induction and intravesical DMSO schedule

0 1 4 7 10

(day)

Bladder analysis:
- histology
- flow cytometry
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Figure 1: Cystitis induction and intravesical DMSO treatment
schedule in URO-OVA mice. URO-OVA mice (Thy1.2) were
transferred i.v. with in vitro preactivated OT-I splenocytes (Thy1.1)
for cystitis induction at day 0, treated intravesically (i.b.) with 50%
DMSO at days 1, 4, and 7 and sacrificed for analysis at day 10.
SIINFEKL: OVA257–264 peptide.

OT-I splenocytes at day 0. DMSO (Fisher Scientific, Fair
Lawn, New Jersey) was dissolved in PBS at a 50% concen-
tration and used as an intravesical therapeutic agent. Mice
were anesthetized i.p. with 100 μL of a mixture solution
of ketamine (87.5 mg/kg) and xylazine (12.5 mg/kg). The
bladder was then catheterized via the urethra with a 24-
gauge plastic intravenous cannula and instilled with 50 μL
of 50% DMSO solution through the cannula for 1 hour.
Control bladders were instilled with 50 μL of PBS. In our
previous studies, URO-OVA mice developed acute cystitis
with peak inflammation at 7–14 days after cystitis induction
whereas URO-OVA/OT-I mice spontaneously developed
chronic cystitis at 10 weeks of age that sustained for at
least 4 months [14]. Based on these observations, URO-OVA
mice were treated at 1, 4, and 7 days after cystitis induction
and sacrificed at day 10 for analysis (Figure 1). Accordingly,
URO-OVA/OT-I mice were treated once weekly for a total of
3 treatments staring at week 10 and sacrificed 3 days after last
treatment for analysis.

2.3. Bladder Histology. The standard histology was per-
formed as described previously [14, 17]. Briefly, bladder
sections were paraffin-embedded, deparaffined, stained with
hematoxylin and eosin (H&E) solution, and photographed
using an Olympus BX-51 microscope. Bladder inflammation
was scored according to the criteria established in our
previous studies: 1+ (mild infiltration with no or mild
edema), 2+ (moderate infiltration with moderate edema),
and 3+ (moderate to severe infiltration with severe edema)
[14, 17].

2.4. Bladder Cell Flow Cytometry. Bladder single-cell sus-
pensions were prepared through mechanical dispersion as
described previously [14, 17]. Cells were washed with
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staining buffer (1% FBS, 0.09% (w/v) NaN3 in Mg2+− and Ca2+−
free PBS), double stained with a FITC-CD8 antibody (eBio-
science, San Diego, California) and a PE-Thy1.1 antibody
(eBioscience), fixed in 2% formalin, and analyzed using a
FACScan equipped with CellQuest software (BD Biosciences,
Franklin Lakes, New Jersey). Post acquisition analyses were
carried out using FlowJo software (Tree Star Inc, Ashland,
Oregan).

2.5. Bladder RT-PCR. As described previously [14, 17], bla-
dder total RNAs were extracted using Qiagen RNAeasy Kit
(Qiagen, Valencia, California) and used for cDNA synthe-
sis by Invitrogen Superscript III RNase H Reverse Trans-
criptase (Carlsbad, California) and Oligo dT. The cDNA
products were then processed for PCR amplification using
sequence-specific primer pairs and Invitrogen Taq DNA
polymerase. The following primer pairs were used: 5′-
TGAACGCTACACACTGCATCT and 5′-GACTCCTTT-
TCCGCTTCCTGA for IFN-γ (459 bp), 5′-CAAGAAGGA-
ATGGGTCCAGA and 5′-TGAGGTGGTTGTGGAAAAGG
for MCP-1 (175 bp), 5′-CTGTGGACCCCAGACTGTTT
and 5′-CACTGAGAACTCCCCCATGT for NGF (194 bp),
5′-CGTCAGCCGATTTGCTATCT and 5′-CGGACTCCG-
CAAAGTCTAAG for TNF-α (206 bp), 5′-GTTCTCTGG-
GAAATCGTGGA and 5′-GGAAATTGGGGTAGGAAGGA
for IL-6 (339 bp), and 5′-GTTCCAGTATGACTCCACT and
5′-GTGCAGGATGCATTGCTG for GAPDH (321 bp). The
PCR kinetics for each of these molecules was initially estab-
lished to achieve a desirable discrepancy between the control
PBS-treated bladders and the DMSO-treated bladders. Based
on the established kinetics, 30 cycles were used for GAPDH,
36 cycles were used for IFN-γ, MCP-1, NGF, and TNF-α, and
40 cycles were used for IL-6. The DNA fragments were run on
a 1% agarose gel and imaged using EpiChemi digital image
analysis system (UVP Inc., Upland, California).

2.6. Effector T Cell Growth Inhibition and Colorimetric
MTT Assay. OT-I splenocytes were prepared and incubated
with various concentrations of DMSO (ranging 1.563%–
75%) in a 96-well flat-bottom plate at 4 × 105 cells/well
in 200 μL of RPMI 1640 medium containing 10% fetal
bovine serum, 100 units/mL of penicillin and 100 μL/mL of
streptomycin. Cells treated with PBS were used as a control.
After incubation for 24 hours, 20 μL of MTT (5 mg/mL;
Sigma, St. Louis, Missouri) was added to each well and the
incubation continued for 4 hours. The medium overlying
cells was then aspirated and cells were solubilized with 200 μL
of DMSO. The optical density was read at 570 nm. Percent of
cell growth inhibition was calculated and presented as mean
± standard deviation of 5 duplicate wells referring to PBS-
treated wells (100% growth).

2.7. Effector T Cell Apoptosis and Flow Cytometry. OT-
I splenocytes were prepared and incubated with various
concentrations of DMSO (ranging 1.563%–25%) in the
above-mentioned culture medium for 2 hours. Cells treated
with PBS were used as a control. After incubation, cells were
double stained with FITC-annexin V (BD Biosciences) and

propidium iodide, followed by flow cytometry as described
previously [17].

2.8. Statistical Analysis. Student’s t-Test (StatView 4.5 soft-
ware, SAS Institute Inc., Cary, North Carolina) was used to
determine statistical significance for bladder T cell infiltra-
tion and growth inhibition. A P-value of < .05 was consi-
dered statistically significant.

3. Results

3.1. Intravesical DMSO Treatment Reduces Bladder Histopath-
ology in Acute Autoimmune Cystitis. To evaluate the effect
of DMSO on treating acute autoimmune cystitis, URO-OVA
mice (Thy1.2) were transferred i.v. with preactivated OT-I
splenocytes (Thy1.1) for cystitis induction at day 0, treated
intravesically with 50% DMSO at days 1, 4, and 7 and
sacrificed for analysis at day 10 (Figure 1). Compared to the
normal bladders (Figure 2(a)), adoptive transfer of preacti-
vated OT-I splenocytes induced clear bladder histopathology
seen in the control PBS-treated bladders (Figure 2(b); score:
3+). The inflamed bladders showed prominent cellular
infiltration, edema, and hyperemia in the lamina propria.
Compared to the PBS-treated bladders, the DMSO-treated
bladders exhibited markedly reduced histopathology with
minimum defined morphologic changes (Figure 2(c); score:
< 1+). The normal bladders treated with 50% DMSO showed
no clear histological changes (data not shown). In addition
to the bladder histopathology, the DMSO-treated bladders
also exhibited a significantly reduced number of infiltrating
effector CD8+ T cells compared to the PBS-treated bladders
(Figure 3(a); P < .001).

3.2. Intravesical DMSO Treatment Reduces Bladder Production
of Inflammatory Factor mRNAs in Acute Autoimmune Cys-
titis. URO-OVA mice are known to produce a number of
inflammatory factors in the bladder upon cystitis induction
such as IFN-γ, MCP-1, NGF, TNF-α, and IL-6 [14, 17].
Aberrant expression of these inflammatory factors could
reflect the abnormal activities of multiple cell types in
site including T cells, mast cells, urothelial cells, detrusor
muscle cells, and sensory neurons. To investigate whether the
improved bladder histopathology after intravesical DMSO
treatment was correlated with reduced bladder production
of inflammatory factors, total RNAs were extracted from
the bladders and analyzed by RT-PCR (Figure 3(b)). The
normal bladders expressed a basal level of MCP-1 and IL-
6 mRNAs but not IFN-γ, NGF, and TNF-α mRNAs at the
experimental setting (data not shown). Induction of cystitis
resulted in increased mRNA expression for all factors tested
as manifested in the control PBS-treated bladders. Compared
to the PBS-treated bladders the DMSO-treated bladders
showed reduced production of these mRNAs, although the
magnitude of the reduction varied among the mRNAs.

3.3. Intravesical DMSO Treatment Reduces Bladder Histopath-
ology in Chronic Autoimmune Cystitis. Due to the pres-
ence of deletion-escaped autoreactive OT-I CD8+ T cells
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Figure 2: Intravesical DMSO treatment reduces bladder histopathology in acute autoimmune cystitis. Acute cystitis was induced and treated
in URO-OVA mice as shown in Figure 1. At day 10, the bladders were collected, prepared for histological cross-sections, and stained with
H&E solution. (a) The normal bladder showing unremarkable mucosa and muscularis. (b) The PBS-treated bladder showing remarkable
cellular infiltration, interstitial edema, and mucosal hyperemia in the lamina propria. (c) The DMSO-treated bladder showing scattered
cellular infiltration and minimum edema and hyperemia. The slides are representative of 5 bladders in each group. Magnification: ×40 for
the left pane and ×400 for the right panel.



Journal of Biomedicine and Biotechnology 5

0

10000

20000

30000

40000

C
D

8
+

T
hy

1.
1

+
ce

lls
/b

la
dd

er

PBS DMSO

∗

(a)

PBS DMSO

1 2 3 1 2 3

IFN-γ

MCP-1

NGF

GAPDH

IL-6

M

TNF-α

(b)

Figure 3: Intravesical DMSO treatment reduces infiltrating effector CD8+ T cells and bladder expression of inflammatory factor mRNAs in
acute autoimmune cystitis. (a) The DMSO-treated bladders show reduced infiltrating effector CD8+ T cells. Bladder single-cell suspensions
were prepared, stained with anti-Thy1.1 and anti-CD8 antibodies, and analyzed by flow cytometry. Gate was set on lymphocytes according
to scatter criteria. The number of double positive T cells per bladder is presented as mean ± standard deviation of 5 bladders. ∗P < .001
(compared to the PBS-treated bladders). (b) The DMSO-treated bladders show reduced production of IFN-γ, MCP-1, NGF, TNF-α, and
IL-6 mRNAs. Bladder total RNAs were extracted and analyzed by RT-PCR for the indicated inflammatory factors. GAPDH was used as an
internal control. Three bladders for each of PBS- and DMSO-treated groups are presented. The results are representative of two separate
experiments consisting of 4-5 animals per group. M: 100 bp ladder.

URO-OVA/OT-I mice can spontaneously develop bladder
inflammation at 10 weeks of age that sustains for at least
4 months [14]. To assess whether DMSO is effective on
treating chronic autoimmune cystitis, URO-OVA/OT-I mice
were treated intravesically with 50% DMSO once weekly for
a total of 3 treatments starting at week 10 and sacrificed
for analysis 3 days after last treatment. Compared to the
PBS-treated bladders that exhibited predominant cellular
infiltration with mild edema (Figure 4(a); score: 2+), the
DMSO-treated bladders showed minimum histopathological
changes that retained over next 4 weeks tested (Figure 4(c);
score: < 1+). To investigate whether intravesical DMSO
might affect the endogenous effector T cells in site and thus
led to improved bladder histopathology, we transferred a
parallel set of mice with 5 × 106 naive OT-I splenocytes 7
days after last treatment. Mice were sacrificed for analysis 3
days after cell transfer. In our previous studies, we observed
that adoptive transfer of naı̈ve OT-I splenocytes could trigger
an acute inflammatory response, resulting in severe bladder
inflammation in URO-OVA/OT-I mice (data not shown).
Similarly, in the present study URO-OVA/OT-I mice treated
with PBS, upon transfer of naive OT-I splenocytes, developed
severe acute bladder inflammation (Figure 4(b); score: 3+).
In contrast, URO-OVA/OT-I mice treated with DMSO
developed only mild bladder inflammation (Figure 4(d);

score: 1+), presumably due to the DMSO elimination of
endogenous autoreactive OT-I CD8+ T cells.

3.4. DMSO Impairs Effector T Cell Viability In Vitro. To
test whether DMSO could directly affect effector T cells,
we incubated OT-I splenocytes with various concentrations
of DMSO (ranging 1.563%–75%) in vitro for 24 hours,
followed by analysis of cell viability using MTT assay.
Compared to control PBS-treated cells, the DMSO-treated
cells exhibited significantly reduced cell growth in a dose-
dependent manner (Figure 5; P < .05 for 1.563% DMSO and
P < .001 for all other DMSO concentrations). The highest
cell growth inhibition (70.5%) was observed at 50% DMSO.
The DMSO effect was so potent as a 44.6% growth inhibition
was observed even at a very low DMSO concentration
(1.563%).

We further assessed the effect of DMSO on the induction
of effector T cell apoptosis. OT-I splenocytes were incubated
with various concentrations of DMSO (ranging 1.563%–
25%) for 2 hours, double stained with annexin V and pro-
pidium iodide, and analyzed by flow cytometry (Figure 6).
Compared to the control PBS-treated cells (7.2% for double-
stained cells), DMSO-treated cells showed a marked increase
in the double-stained cell population in a dose-dependent
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Figure 4: Intravesical DMSO treatment reduces bladder histopathology in chronic autoimmune cystitis. URO-OVA/OT-I mice were treated
intravesically with PBS (a) or 50% DMSO (c) once weekly for a total of 3 treatments starting at week 10 and sacrificed for analysis 3 days
after last treatment. The bladders were collected, prepared for histological cross-sections, and stained with H&E solution. A parallel set of
mice treated with PBS (b) or DMSO (d) were further transferred with 5× 106 naive OT-I splenocytes 7 days after last treatment. Mice were
sacrificed 3 days after cell transfer and the bladders analyzed by histological H&E staining. The slides are representative of 5 bladders in each
group. Magnification: ×200 for the left pane and ×100 for the right panel.
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Figure 5: DMSO inhibits effector T cell growth in vitro. OT-I splenocytes were prepared and incubated with indicated concentrations of
DMSO (ranging 1.563%–75%) for 24 hours. MTT assay was then used to assess cell viability. Percent of cell growth inhibition was calculated
and presented as mean ± standard deviation of 5 duplicate wells referring to the PBS-treated wells (100% growth). ∗= P < .001 and ∗∗=
P < .05 (compared to the PBS-treated cells). The results are representative of two separate experiments.
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Figure 6: DMSO induces effector T cell apoptotic death in vitro. OT-I splenocytes were prepared and incubated with indicated
concentrations of DMSO (ranging 1.563%–25%) for 2 hours. Cells were then double stained with FITC-annexin V and propidium iodide
(PI) and analyzed by flow cytometry. Gate was set on lymphocytes according to scatter criteria. The percent of single- and double-stained
cells is indicated. The results are representative of two separate experiments.

manner (from 21.2% at 6.25% DMSO to 71% at 25%
DMSO).

4. Discussion

We evaluated the effect of intravesical DMSO on treating
acute and chronic autoimmune cystitis developed in URO-
OVA mice and URO-OVA/OT-I mice, respectively, and
observed that DMSO was effective in treating both types
of cystitis in these novel EAC models. Compared to the
control PBS-treated bladders, the DMSO-treated bladders
showed markedly reduced histopathology and expression
of inflammatory factor mRNAs. In addition, DMSO also
showed its direct impairment on effector T cells as cells
treated with DMSO exhibited reduced growth and apoptotic
death in vitro.

The present EAC models mimic both acute and chronic
phases of IC/PBS in bladder histopathology. Unlike the
conventional EAC models that require immunization of
syngeneic bladder homogenates that contain a mixture of
bladder tissue antigens, both URO-OVA mice and URO-
OVA/OT-I mice express a defined self-Ag (i.e., OVA) on the
urothelium and develop bladder inflammation upon intro-
duction of OVA-specific OT-I CD8+ T cells [14, 17]. Thus,
these transgenic EAC models are unique, allowing quality-
controlled studies generating predictable, reliable and repro-
ducible information on bladder inflammation. In addition,
the URO-OVA/OT-I cystitis model is particularly relevant
to the natural history of IC/PBS patients as this model
can spontaneously develop bladder inflammation over time
during the animal life span. Further studies will focus on
characterizing bladder functional changes such as voiding
alternations and pain in these transgenic EAC models.

Prior studies involving intravesical DMSO in animal
models are limited. It was observed that intravesical DMSO
could increase the pressure threshold in a protamine sulfate-
induced rat bladder hyperactivity model, suggesting its effect
on desensitizing nociceptive bladder afferent [26]. A separate
study also demonstrated that intravesical DMSO could
facilitate the desensitization of nociceptive bladder afferent

via its stimulation of bladder reflex pathways in rats [31]. In
addition, Intravesical DMSO also showed its effect on reduc-
ing urinary level of hyaluronic acid in a similar protamine
sulfate-induced rat model, suggesting that it could replenish
the damaged glycosaminoglycan (GAG) layer [27]. In this
study, we used transgenic mouse EAC models and observed
that intravesical DMSO reduced bladder histopathology
and expression of inflammatory factor mRNAs. All animal
studies are consistent with the clinical observations that
intravesical DMSO is beneficial for the treatment of IC/PBS
patients [20–23]. Since little is known with regard to bladder
histological changes in response to intravesical DMSO, our
results provide such histological evidence for the effect of
DMSO on treating the bladder disorders.

Excessive expression of inflammatory factors such as
NGF and IL-6 in the bladder is considered to be responsible
for the development and propagation of IC/PBS symptoms
[32, 33]. As a model for IC/PBS studies, the inflamed
bladders of URO-OVA mice expressed elevated NGF and
IL-6 mRNAs as well as other inflammatory factor mRNAs
including IFN-γ, MCP-1, and TNF-α [14, 17]. These
increased mRNA expressions could reflect abnormality of
multiple cell types in site including T cells, mast cells,
urothelial cells, detrusor muscle cells, and sensory neurons.
Although the functional outcomes in response to intrav-
esical DMSO require further investigation in this model,
intravesical DMSO could reduce bladder production of the
inflammatory factors, suggesting the beneficial effects of
DMSO in antibladder inflammation and symptomatic relief.

In both URO-OVA and URO-OVA/OT-I cystitis models,
OT-I CD8+ T cells that express the OVA-specific TCR serve
as effector T cells in cystitis induction [14, 17]. Studies
have shown that DMSO is inhibitory for various cell types
including T cells [34, 35]. In consistent with these studies, we
observed that DMSO directly impaired T cell viability and
caused T cell apoptotic death in vitro. Our observations on
intravesical DMSO treatment in the URO-OVA/OT-I cystitis
model also suggest the inhibitory effect of DMSO in vivo.
Mice treated with intravesical DMSO remained minimum
bladder histopathology for 4 weeks tested without further
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treatment, presumably due to the DMSO elimination of
endogenous autoreactive OT-I CD8+ T cells. To support
this assumption, DMSO-treated URO-OVA/OT-I mice, after
adoptive transfer of naı̈ve OT-I splenocytes, failed to develop
acute cystitis with severity comparable to that seen in PBS-
treated URO-OVA/OT-I mice. In addition to T cells, DMSO
may also affect other inflammatory cell types in site. In fact,
the observed reduction of NGF, MCP-1, and IL-6 mRNAs
in the DMSO-treated bladders could suggest the inhibitory
effect of DMSO on abnormal activation of sensory neurons,
urothelial cells, mast cells, and detrusor muscle cells. Thus,
the overall anti-inflammatory effects of DMSO may involve
in its inhibition on multiple inflammatory cell types in the
inflamed bladder.

Currently, intravesical instillation of DMSO is one of
the primary treatments for IC/PBS patients and one of
the only two FDA-approved treatments for IC/PBS. This
therapeutic method has proven to be feasible and effective
in the treatment of this painful urinary condition. Our
present study in transgenic EAC models provides histological
evidence for the effect of intravesical DMSO and a potential
mechanism of DMSO action.
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[22] J. Rössberger, M. Fall, and R. Peeker, “Critical appraisal
of dimethyl sulfoxide treatment for interstitial cystitis: dis-
comfort, side-effects and treatment outcome,” Scandinavian
Journal of Urology and Nephrology, vol. 39, no. 1, pp. 73–77,
2005.

[23] R. Peeker, M.-A. Haghsheno, S. Holmäng, and M. Fall,
“Intravesical bacillus Calmette-Guerin and dimethyl sulfoxide
for treatment of classic and nonulcer interstitial cystitis:
a prospective, randomized double-blind study,” Journal of
Urology, vol. 164, no. 6, pp. 1912–1916, 2000.

[24] G. M. Ghoniem, D. McBride, O. P. Sood, and V. Lewis,
“Clinical experience with multiagent intravesical therapy
in interstitial cystitis patients unresponsive to single-agent
therapy,” World Journal of Urology, vol. 11, no. 3, pp. 178–182,
1993.

[25] L. Stout, J. M. Gerspach, S. M. Levy et al., “Dimethyl sulfoxide
does not trigger urine histamine release in interstitial cystitis,”
Urology, vol. 46, no. 5, pp. 653–656, 1995.

[26] P. Tyagi, V. C. Hsieh, N. Yoshimura, J. Kaufman, and M. B.
Chancellor, “Instillation of liposomes vs dimethyl sulphoxide
or pentosan polysulphate for reducing bladder hyperactivity,”
British Journal of Urology International, vol. 104, no. 11, pp.
1689–1692, 2009.

[27] R. Soler, H. Bruschini, J. C. Truzzi et al., “Urinary gly-
cosaminoglycans excretion and the effect of dimethyl sulfoxide
in an experimental model of non-bacterial cystitis,” Interna-
tional Brazilian Journal of Urology, vol. 34, no. 4, pp. 503–511,
2008.

[28] Y. Sun and T. C. Chai, “Effects of dimethyl sulphoxide and
heparin on stretch-activated ATP release by bladder urothelial
cells from patients with interstitial cystitis,” British Journal of
Urology International, vol. 90, no. 4, pp. 381–385, 2002.

[29] K.-I. Shiga, K. Hirano, J. Nishimura, N. Niiro, S. Naito, and
H. Kanaide, “Dimethyl sulphoxide relaxes rabbit detrusor
muscle by decreasing the Ca2+ sensitivity of the contractile
apparatus,” British Journal of Pharmacology, vol. 151, no. 7, pp.
1014–1024, 2007.

[30] D. Melchior, C. S. Packer, T. C. Johnson, and M. Kaefer,
“Dimethyl sulfoxide: does it change the functional properties
of the bladder wall?” Journal of Urology, vol. 170, no. 1, pp.
253–258, 2003.

[31] L. A. Birder, A. J. Kanai, and W. C. De Groat, “DMSO: effect
on bladder afferent neurons and nitric oxide release,” Journal
of Urology, vol. 158, no. 5, pp. 1989–1995, 1997.

[32] H.-T. Liu, P. Tyagi, M. B. Chancellor, and H.-C. Kuo,
“Urinary nerve growth factor level is increased in patients with
interstitial cystitis-bladder pain syndrome and decreased in
responders to treatment,” British Journal of Urology Interna-
tional, vol. 104, no. 10, pp. 1476–1481, 2009.

[33] M. Lotz, P. Villiger, T. Hugli, J. Koziol, and B. L. Zuraw,
“Interleukin-6 and interstitial cystitis,” Journal of Urology, vol.
152, no. 3, pp. 869–873, 1994.

[34] O. Trubiani, M. Ciancarelli, M. Rapino, and R. Di Primio,
“Dimethyl sulfoxide induces programmed cell death and
reversible G1 arrest in the cell cycle of human lymphoid pre-T
cell line,” Immunology Letters, vol. 50, no. 1-2, pp. 51–57, 1996.

[35] J. Liu, H. Yoshikawa, Y. Nakajima, and K. Tasaka, “Involve-
ment of mitochondrial permeability transition and caspase-
9 activation in dimethyl sulfoxide-induced apoptosis of EL-4
lymphoma cells,” International Immunopharmacology, vol. 1,
no. 1, pp. 63–74, 2001.



Hindawi Publishing Corporation
Journal of Biomedicine and Biotechnology
Volume 2011, Article ID 271694, 19 pages
doi:10.1155/2011/271694

Review Article

Murine Models of Systemic Lupus Erythematosus

Daniel Perry, Allison Sang, Yiming Yin, Ying-Yi Zheng, and Laurence Morel

Department of Pathology, Immunology, and Laboratory Medicine, University of Florida, Gainesville, FL 32610, USA

Correspondence should be addressed to Laurence Morel, morel@ufl.edu

Received 16 September 2010; Revised 9 December 2010; Accepted 19 December 2010

Academic Editor: Andrea Vecchione

Copyright © 2011 Daniel Perry et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Systemic lupus erythematosus (SLE) is a multifactorial autoimmune disorder. The study of diverse mouse models of lupus has
provided clues to the etiology of SLE. Spontaneous mouse models of lupus have led to identification of numerous susceptibility
loci from which several candidate genes have emerged. Meanwhile, induced models of lupus have provided insight into the role
of environmental factors in lupus pathogenesis as well as provided a better understanding of cellular mechanisms involved in the
onset and progression of disease. The SLE-like phenotypes present in these models have also served to screen numerous potential
SLE therapies. Due to the complex nature of SLE, it is necessary to understand the effect specific targeted therapies have on immune
homeostasis. Furthermore, knowledge gained from mouse models will provide novel therapy targets for the treatment of SLE.

1. Introduction

The etiology of the autoimmune disease systemic lupus
erythematosus (SLE) is considered to be a combination of
multiple genetic and environmental factors whose amalga-
mation breaches the threshold of immune tolerance. SLE
is, therefore, a complex multigenic disorder. The causative
genetic factors of such disorders are believed to be allelic vari-
ants with minor functional contributions to the disease state
and, individually, are not sufficient to cause overt disease.
However, the combination of several of these susceptibility
loci can lead to epistatic interactions that greatly enhance the
overall contribution by each locus, whereby protective mech-
anisms are overcome and pathogenesis ensues. Hence, the
capacity to tailor SLE treatments could be greatly enhanced
upon the identification of the genetic variants capable of
inducing autoimmunity and how their involvement can
magnify SLE. Indeed, concerted efforts in human studies and
mouse models have been made in that direction. The recent
annotation of millions of single nucleotide polymorphisms
(SNPs) in the human genome and the inception of high-
throughput genotyping technologies has enabled the use of
genome-wide association studies (GWAS) for this purpose.
To date, SLE susceptibility has been associated to dozens of
genes by GWAS [1]. While these associations offer important
new insights into SLE etiology, there are logistical limitations

to GWAS. Extremely large sample sets are required to
achieve significant associations and extrinsic factors such as
ethnicity, clinical history, and lifestyle must be considered in
choosing these sets. Further, GWAS are capable of identifying
genomic associations but do not characterize the function
that an allelic variation confers. For this, other methods are
required.

There are numerous murine models that have long
been employed in an effort to understand the cellular and
genetic requirements for SLE induction. The classic models
of spontaneous lupus include the F1 hybrid between the New
Zealand Black (NZB) and New Zealand White (NZW) strains
(NZB/W F1) and its derivatives, the MRL/lpr, and BXSB/Yaa
strains whereas induced models include the pristane-induced
model and the chronic graft-versus-host-disease models
(cGVHD). All of these models portray their own iterations of
lupus-like diseases with a subset of symptoms akin to those
observed in human SLE, namely, autoantibody production,
lymphoid activation and hyperplasia, and lupus nephritis. In
addition to spontaneous and induced lupus models, there
is a plethora of genetically modified mouse models that
goes beyond the scope of this paper (reviewed in [2]).
Undoubtedly, genetically modified models will be used in the
characterization of genes identified by GWAS, and in fact,
many of these models already exist [3]. Here, we focus on
what has been learned from spontaneous and induced mouse
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models of SLE and how they can be used to complement
the recent advances in human studies. We also highlight how
murine models have been used as tools to test therapies.

2. Classic Mouse Models of Spontaneous Lupus

2.1. NZB/W F1. The NZB/W F1 is the oldest classical model
of lupus generated by the F1 hybrid between the NZB
and NZW strains. Both NZB and NZW display limited
autoimmunity, while NZB/W F1 hybrids develop severe
lupus-like phenotypes comparable to that of lupus patients
[4]. These lupus-like phenotypes include lymphadenopathy,
splenomegaly, elevated serum antinuclear autoantibodies
(ANA) including anti-dsDNA IgG, a majority of which are
IgG2a and IgG3, and immune complex-mediated glomeru-
lonephritis (GN) that becomes apparent at 5-6 months of
age, leading to kidney failure and death at 10–12 months of
age [4]. Unlike SLE patients and the MRL/lpr and BXSB/Yaa
mouse models, NZB/W F1 mice lack autoantibodies against
RNA-containing complexes. As for SLE patients, disease in
the NZB/W F1 strain is strongly biased in favor of females,
and this is at least in part due to estrogen levels. Indeed
ovariectomy of NZB/W F1 mice not only delayed disease
onset but also decreased autoantibody titer. Meanwhile,
restoration of estradiol in ovariectomized NZB/W F1 mice
reestablished high numbers of DNA-specific B cells, and
thereby suggests a pathogenic role of estrogen in lupus [5].
The many contributions of the NZB/W F1 model to our
understanding of lupus pathogenesis have been discussed in
excellent reviews [2, 4] to which the reader is referred to.

2.1.1. NZM. An accidental backcross between NZB/W F1
and NZW followed by brother-sister matings generated 27
different recombinant inbred strains of New Zealand Mixed
(NZM) mice among which NZM2328 and NZM2410 are
now used as lupus models [6–8]. While both NZM2410
and NZM2328 strains exhibit a highly penetrant version
of the NZB/W F1 disease with an earlier onset, NZM2410
differs from NZM2328 with a weaker gender bias [7]. The
NZM2328 and 2410 strains share the same autoantibody
specificities as NZB/W F1 mice. The homozygosity of the
NZM strains and their potential enrichment for lupus sus-
ceptibility loci has facilitated genetic analyses, and arguably
their greatest contribution has been to the understanding of
the genetic basis of this disease.

2.1.2. Identification and Classification of Susceptibility Loci.
In 1994, Morel et al. reported the first lupus linkage analysis
which identified three NZM2410 susceptibility loci, Sle1-
3, as being significantly correlated with GN development
[7]. The analysis of these loci showed that disease was
inherited as a threshold liability, that is, the probability
of presenting disease by an individual increases with the
number of susceptibility alleles it carries, a concept that has
been confirmed in genetic analyses of the other lupus-prone
strains. The NZM2410 model was also used to show the
existence of NZW-derived suppressive loci, the strongest one,
Sles1, being linked to the major histocompatibility complex

(MHC) class II locus H-2z [9]. These results showed that
the disease outcome for a given genome represents the
integration of susceptibility and resistance loci and that lupus
susceptible strains carry genomes in which the susceptibility
loci outweigh the resistance loci. Resistance (or transgressive)
loci have subsequently been identified in other models,
including lupus models (e.g., see below Lmb3 in the MRL/lpr
strain).

The phenotypes contributed by each NZM2410 suscep-
tibility locus have been determined via detailed analysis of
the immunological properties of congenic strains carrying
the individual loci on a C57BL/6 (B6) genetic background
in comparison to B6 mice [10–16]. Briefly, Sle1 mediates
the loss of tolerance to nuclear antigens leading to the
production of autoreactive B and T cells culminating in
the secretion of antinuclear autoantibodies. Sle2 leads to B
cell hyperactivity, elevated B-1 cell levels, and polyreactive
IgM antibodies. Sle3 leads to decreased levels of activation-
induced cell death in CD4+ T cells, with evidence that a
non-T cell compartment is involved in the expression of
this phenotype [15]. Interestingly, Sle1 largely overlaps with
NZM2328 Cgnz1 and Agnz1 on chromosome 1 and Sle2 with
NZM2328 Adaz1 on chromosome 4 [17]. The NZM2328
loci were, however, evaluated in congenic strains in which
the susceptibility intervals were replaced by nonautoimmune
genomic segments, which makes impossible to directly
compare the phenotypes of the respective susceptibility loci
between the two strains.

As predicted by the threshold liability findings from
the linkage analysis, none of the NZM2410-derived Sle
loci lead to full disease presentation. Instead, the stepwise
combination of each congenic interval showed that the
coexpression of these three major loci is necessary and
sufficient for the development of fully penetrant disease
[18]. The NZM2410 strain is to date the only autoimmune
model in which the subset of loci that are necessary and
sufficient for disease presentation has been identified. This
achievement infused added significance to the identification
of the genes corresponding to those three loci. A major
obstacle towards the identification of these susceptibility
genes has been revealed by the studies of the Sle congenic
strains, which revealed that the original quantitative trait
loci (QTLs) correspond to a cluster of susceptibility loci.
This finding has been best demonstrated for Sle1, which
is reviewed in detail in [3], corresponds to at least seven
independent loci.

2.1.3. Identification of NZM2410 Susceptibility Genes.
Progress towards the identification of lupus-susceptibility
genes is ongoing in several models (see below), but it is
by far the most advanced in NZM2410 as reviewed in [3].
Most of the genetic variants identified in these susceptibility
genes are still in the process of formal validation, and the
process by which they contribute to lupus pathogenesis
is still largely unknown. However, variations in many
of these genes has been directly associated with human
lupus, which is by itself a strong validation of the mouse
findings. The NZM2140 allele of Fcgr2b, which encodes for
a negative regulator of B-cell signaling, contributes to an
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autoimmune phenotype [19] and a large number of studies
have established an association between FCGR2B variants
and human SLE [20]. Consequently, the involvement of
Fcgr2b in lupus pathogenesis has been validated in both mice
and humans at the genetic and functional levels. Similarly,
polymorphisms in Cr2, which encodes the complement
receptor type 2 that acts as a B-cell coreceptor, contribute to
the Sle1c1 phenotypes [21, 22]. A common CR2 haplotype
is more frequent in SLE patients than in healthy controls,
and novel CR2 splice variants are expressed on the follicular
dendritic cells of SLE patients [23, 24]. Sle1b corresponds
to polymorphisms in four signaling lymphocytic activation
molecule (SLAM) family member genes [25], including
Ly108, which was directly implicated in the regulation
of B-cell tolerance [26]. Variants of SLAMF3 (LY9) and
SLAMF4 (CD244) have been associated with human SLE
[27, 28]. Finally for the Sle1 subloci, Sle1a1 corresponds to
the expression of a novel splice isoform of the Pbx1 gene that
is associated with increased CD4+ T cell activation in both
mice and humans (Cuda et al., in revision). Pbx1 function in
T cells is unknown, and studies are ongoing to uncover the
mechanisms linking Pbx1 expression and T cell phenotypes.
The Sle3 locus induces a complex phenotype that includes
myeloid cell-induced CD4+ T-cell activation [29] and mild
GN [12]. Polymorphisms in kallikrein (Klk) genes, which
are located in the Sle3 interval, have been associated with
increased susceptibility to nephritis in the mouse and in SLE
patients [30].

2.2. MRL/lpr

2.2.1. Derivation and Phenotype of the MRL/lpr Strain.
The MRL strain was developed from several crosses of
inbred strains. Specifically, most of the MRL genome was
derived from the LG/J strain with minor contributions from
C3H/Di, C57BL/6, and AKR/J [4]. Initial characterization
of MRL substrains revealed one strain, termed MRL/lpr,
which developed an SLE-like phenotype characterized by
lymphadenopathy due to an accumulation of double nega-
tive (CD4− CD8−) and B220+ T-cells. These mice displayed
an accelerated mortality rate, and unlike the NZB/W F1
mice, both males and females were significantly affected. In
addition, the MRL/lpr substrain had high concentrations of
circulating immunoglobulins, which included elevated levels
of autoantibodies such as ANA, anti-ssDNA, anti-dsDNA,
anti-Sm, and rheumatoid factors, resulting in large amounts
of immune complexes [31]. This accelerated phenotype
was attributed to a recessive autosomal mutation termed
lymphoproliferation (lpr). The lpr mutation, located on
chromosome 19, alters transcription of the Fas receptor [32].

2.2.2. Effect of Fas Signaling Deficiency in Disease Devel-
opment. Fas is a surface-bound receptor belonging to the
tumor necrosis factor receptor (TNF-R) family that induces
apoptosis upon interacting with its ligand, FasL [33]. The
defects in Fas transcription are caused by an insertion of the
retrotransposon ETn which leads to aberrant, nonfunctional
transcripts due to alternative splicing of the Fas gene [34].

Studies on B-cells and T-cells from MRL/lpr mice, which
both express Fas, confirmed a defect in apoptosis due to the
lack of functional Fas receptor [35]. Furthermore, a mutation
on the FasL gene, termed generalized lymphoproliferative
disease (gld), was shown to cause an autoimmune disorder
similar to the lpr mutation [36, 37]. This recessive mutation,
located on chromosome 1, caused a single amino acid
change (Leu > Phe) which prevented FasL from binding to
its receptor. Therefore, a deficiency in Fas signaling results
in an SLE-like phenotype due to defective Fas-mediated
apoptosis. In humans, defective Fas signaling can lead to the
development of autoimmune lymphoproliferative syndrome
(ALPS) which shares many symptoms with SLE although GN
is uncommon in ALPS patients [38].

The SLE symptoms attributed to Fas deficiency in
MRL/lpr mice are dependent on both CD4+ T-cells and
B-cells as their absence decreased autoimmunity [39, 40].
Further studies on Fas-deficient T-cells using the (C57BL/6×
MRL)F1 autoimmune strain resulted in lymphopenia as
activated T-cells upregulated FasL, promoting the apoptosis
of peripheral lymphocytes [41]. Meanwhile, in the presence
of the lpr mutation, the nonautoimmune C3H/HeJ and
C57BL/6J strains developed lymphoproliferation and had a
reduced lifespan [42]. In addition, high levels of IgM and
IgG antibodies, in particular autoantibodies against DNA
and IgG, were detected in these strains. Conditional deletion
of Fas in T-cells, B-cells, or both T-cells and B-cells in
nonautoimmune C57BL/6 mice resulted in higher levels of
autoantibodies but lymphoproliferation was not observed.
To reconstitute the phenotype seen in lpr mice, Fas deletion
had to be present in both lymphoid and nonlymphoid cells
[41]. In particular, Fas deficiency in dendritic cells (DCs)
led to systemic autoimmunity as it induced elevated ANA,
splenomegaly, and accumulation of mature DCs [43].

2.2.3. Effect of the MRL Genetic Background in Disease
Development. Expression of the lpr mutation in either the
C3H/HeJ and C57BL/6J strains did not result in nephritis
[44]. In contrast, Fas-sufficient, MRL+/+ mice displayed the
pathological effects of nephritis though onset of symptoms
was significantly delayed when compared to MRL/lpr mice.
Therefore, the MRL background genes play an important
role in the development of disease. Characterization of
(MRL-Faslpr × C57BL/6-Faslpr)F2 mice revealed four sus-
ceptibility loci, Lmb1–Lmb4, that were linked to anti-dsDNA
autoantibodies and glomerulonephritis [45]. In particular,
studies on congenic mice showed that Lmb3, located on the
telomeric region of chromosome 7, had a significant effect
on lymphoproliferation and enhanced T-cell proliferation
while T-cell apoptosis was reduced [46]. Recently, a single
nonsense mutation (C > T) in the Coronin-1A gene, located
within the Lmb3 susceptibility locus, was identified in the
Scripp substrain of C57BL/6 and it resulted in suppression
of disease when crossed to MRL/lpr [47]. Coronin-1A binds
F-actin and prevents its assembly and depolymerization.
Nonfunctional Coronin-1A, from the mutant Lmb3 locus,
was associated with increased T-cell apoptosis and reduced
T-cell activation and proliferation. Further characterization
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of the MRL background should reveal additional candidate
genes that promote autoimmunity in MRL/lpr mice.

2.3. BXSB/Yaa

2.3.1. Derivation and Phenotype of the BXSB/Yaa Strain.
Lymphoproliferation was observed in males of an (C57BL6/J
× SB/Le)F1 intercross and its backcross to SB/Le. A recom-
binant inbred strain, BXSB/Mp, was derived from this
backcross, and nearly 100% of BXSB mice develop a lupus-
like disease that was much more severe with earlier onset in
males [48, 49]. The disease phenotypes include secondary
lymphoid tissue hyperplasia, immune complex-mediated
GN, monocytosis, hypergammaglobulinemia, antinuclear
and antierythrocytic autoantibodies, and high-serum retro-
viral glycoprotein gp70 titers [48, 50]. Mean survival is
roughly 5 months in males and 14 months in females, and
the major cause of death is proliferative GN [48, 50].

2.3.2. Effect of the Y Chromosome in Disease Development.
The fact that disease is greatly accelerated in BXSB males
suggested the presence of a susceptibility element on the Y
chromosome or that sex hormones play a role in this model.
Orchiectomy did not delay onset or severity in BXSB males,
while ovariectomy did not exacerbate disease in females, rul-
ing out a hormonal effect [51]. Moreover, consomic studies
showed that the BXSB-derived Y chromosome exacerbated
disease when combined with either NZW or MRL genetic
backgrounds [52, 53]. Thus, an element, termed Y-linked
autoimmune accelerator (Yaa), was deemed to be responsible
for the acute disease in BXSB males.

It is now known that Yaa is due to a translocation of the
telomeric end of the X chromosome to the Y chromosome,
resulting in the duplication of at least 16 genes and a ∼2-
fold expression in many of these genes [54, 55]. Among
these is Toll-like Receptor 7 (Tlr7), which encodes an innate
pattern recognition receptor found in B cells and antigen
presenting cells (APCs). TLR7 is activated by viral ssRNA and
signals through the myeloid differentiation primary response
gene 88 (MyD88) adaptor resulting in nuclear factor NF-
κβ activation and expression of type I IFN (IFN I) and
other proinflammatory cytokines [56]. Importantly, it has
been shown that TLR signaling can act as signal 2 in B
cell activation and that those interactions with endogenous
RNA ligands are sufficient for autoreactive B cell activation
[57, 58]. Additionally, disease activity is extremely sensitive
to TLR7 expression. Where a 2-fold increase by the Yaa
translocation only results in overt disease in the presences
of other susceptibility alleles, greater increases in expression
result in a Tlr7 dose-responsive disease that does not require
other lupus susceptibility loci [59]. Moreover, deletion of
the endogenous copy of Tlr7 from the X chromosome
abrogates Yaa-induced monocytosis, lymphoid activation,
splenomegaly, GN, and mortality [59–61]. Thus, Tlr7 gene
duplication has been deemed to be the major functional
contributor to the Yaa phenotype. Shen et al. have recently
reported a human allele of the TLR7 gene with associated
risk for SLE development in males [62]. This human
susceptibility allele increased the expression of TLR7 and of

IFN I-regulated genes in blood monocytes. In this way, TLR7
dose increases lupus susceptibility in both mice and humans.

It is also likely that there is a minor contribution
from other genes in the translocated Yaa interval, since
endogenous Tlr7 deletion does not eliminate all Yaa-induced
phenotypes. Lupus prone Yaa+·Tlr7− mice still display some
humoral abnormalities, increased autoantibody production,
and a decreased marginal zone (MZ) B cell compartment as
compared to lupus prone Yaa−·Tlr7+ mice [60, 61].

2.3.3. Effect of the BSXB Genetic Background in Disease Devel-
opment. While the Yaa allele is certainly the most distin-
guishable feature of the BSXB model, it is not the whole
story. In fact, the Yaa mutation alone is not sufficient to cause
disease. This is clearly illustrated by the fact that nonlupus
prone strains, such as B6 and CBA, that are consomic for
the BSXB Y chromosome do not develop disease [52, 63].
The BXSB MHC (H-2b/b) locus plays a dominant role in
disease activity since congenic BSXB.H-2d/d mice have a less
severe syndrome, while BSXB.H-2b/d and BSXB.H-2b/b mice
have the full disease [64]. However, as stated above, B6·Yaa
(H-2b/b) mice have no malady. Therefore, there are non-
MHC-linked autosomal elements in the BSXB genome that
contribute to disease development.

Quantitative trait linkage analyses have identified BXSB
susceptibility loci on chromosomes 1, 3, and 13 (Bxs1-6) [65,
66]. These loci are all derived from the parental SB/Le strain
except for Bxs5 on chromosome 3, which is a transgressive
allele derived from B10 [49]. Bxs1-4 are all located on
chromosome 1 and studies using congenic mice confirmed
that these loci confer lupus phenotypes [67]. Interestingly,
Bsx3 overlaps with Sle1 and seems to have the most robust
effect. This suggests that like Sle1, Bsx3 may itself contain
multiple susceptibility loci, some of which might be allelic.
Of the four loci located on chromosome 1, only Bsx2 has
a proposed candidate gene. RNA and protein levels of the
innate scavenger receptor Marco (macrophage receptor with
collagenous structure) are reduced in the macrophages of
Bxs2-containing congenic mice. This leads to a defect in
clearance of apoptotic material, which is generally associated
with the development of systemic autoimmunity [68].

Bxs6 on chromosome 13 is linked to increased serum
gp70 and anti-gp70 autoantibody. The presence of Yaa
greatly enhances Bxs6 resulting in nephritis due to deposition
of the associated gp70 immune complexes (gp70IC) in
glomeruli. Gp70 is a glycoprotein subunit encoded by the
viral envelope env gene of endogenous retroviruses that is
produced by hepatocytes as an acute phase protein [69].
Though not proven conclusively, there is a good deal of
evidence for a role of endogenous retroviruses in lupus
pathogenesis (reviewed in [70]). Bsx6 overlaps with two
other loci, NZW-derived Sgp3 [71] and 129-derived Gv1
[72], which are also involved in the regulation of serum gp70
levels. This positional and functional relationship between
these three loci suggests that they may be caused by the same
gene(s). Further, TLR7 activation causes Sgp3-mediated
upregulation of serum gp70, in much the same way that
Yaa enhances of Bxs6-mediated upregulation of serum gp70
[73]. Sgp3 has been the most extensively analyzed and has



Journal of Biomedicine and Biotechnology 5

been recently narrowed down to a 5.42 Mb region in which
21 of the 30 genes encode Krüppel-associated box zinc-
finger proteins (KRAB-ZFP) that are capable of suppressing
proviral transcription through the heterochromatization
viral integration sites [70]. KRAB-ZFPs are, therefore, the
primary candidate genes for Sgp3 and likely for Bxs6.

3. Induced Models of Lupus

3.1. The Pristane-Induced Lupus Model. Unlike the mouse
models mentioned above, in which genetic factors play
the major role, induced mouse models develop lupus after
exposure to certain environmental triggers. Intraperitoneal
injections of pristane (2, 6, 10, and 14 tetramethylpen-
tadecane, TMPD), an isoprenoid alkane found at high
concentration in mineral oil, is a standard method to obtain
ascitic fluid enriched in monoclonal antibodies. However,
pristane administration in BALB/c mice induces autoanti-
bodies characteristic of lupus, such as antiribonucleoprotein
(RNP) antibodies (anti-Su, anti-Sm, and anti-U1RNP), anti-
DNA, and anti-histone, to a level comparable to that found
in MRL/lpr mice [74, 75]. Pristane-treated mice also have
immune-complex deposition in the kidney leading to severe
proteinuria and nephritis [75]. Besides the BALB/c strain,
almost all mouse strains are susceptible, to a variable extent,
to the pristane-induced production of antibody and lupus
manifestations [76], confirming that environment has a
considerable importance in lupus. Like human SLE patients
and NZB/W F1 model, pristine-induced lupus is more severe
in females than in males, at least in SJL/J strain [77].

3.1.1. Cytokines in Pristane-Induced Lupus. Inflammatory
cytokines have critical effects in pristane-induced lupus.
By using BALB/c IL-6−/− mice, it was found that anti-
ssDNA, dsDNA, and chromatin antibodies are highly IL-
6-dependent whereas anti-RNP/Sm and anti-Su antibodies
have no obvious correlation with IL-6 levels [78]. Interest-
ingly, anti-dsDNA antibodies generally develop after renal
disease, which indicates that these autoantibodies do not
participate in the development of nephritis in this model.
When pristane was administered to lupus-prone NZB/W
F1 mice, it greatly accelerated the disease and lead to
large amounts of IL-12, anti-Sm, anti-Su, and anti-RNP
autoantibody production, implying a link between IL-12 and
these anti-RNP autoantibodies [79]. This was confirmed by
the fact that IL-12 deficiency prevented pristane-treated mice
from anti-RNP/Su IgG production and nephritis [80]. These
studies revealed that the production of different autoan-
tibodies may be induced by different cytokine pathways
and contribute differently to end-organ disease. In another
study, IFN-γ deficiency significantly protected pristane-
treated BALB/c mice from autoantibody production and
renal disease whereas IL-4 deficiency has no effect [81]. Thus,
pristane-induced lupus may be attributable to a shift of the
T-helper cell subsets, Th1-Th2, balance.

Overexpression of IFN-I and interferon-stimulated genes
(ISGs, also called “interferon signature”) has been closely
associated with ANA production and disease severity in SLE

patients [82]. Pristane-induced lupus is the only animal
model that shows an interferon signature. Indeed, studies
in pristane-induced lupus have revealed that IFN-I receptor
deficiency (IFNAR−/− or IFNAR2−/−) completely erased
the interferon signature, eliminated anti-RNP, anti-Sm, and
anti-dsDNA autoantibodies, reduced anti-ssDNA and anti-
histone IgG, and significantly improved GN [83, 84]. IFN-
I may contribute to autoantibody production by regulating
TLR7/9 expression and activation in B cells [84]. IFN-I also
seems to regulate another autoantibody mediator, IL-12, as
IFNAR−/− mice fail to elevate IL-12 level following pristane
treatment [83].

Instead of plasmacytoid dendritic cells (pDCs) which
have been identified as the major producers of IFN-I in
human lupus [85], an accumulation of peritoneal immature
Ly6Chigh monocytes is the major source of IFN-I in pristane-
treated mice. Depletion of this cell population rapidly
abolished the interferon signature and autoantibody produc-
tion in pristane-treated mice [86]. IFN-I in turn mediates
the recruitment of Ly6Chigh immature monocytes to the
peritoneum through the upregulation of chemokines such as
CCL2, CCL7, and CCL12. IFN-1 also prevents the matura-
tion of monocytes, with a twofold effect: firstly, immature
monocytes are a major source of IFN-I. Therefore, blocking
of monocyte maturation results in a vicious feedback loop
of IFN-1 production, monocyte recruitment, and block in
an immature state. Secondly, failure of monocyte maturation
into phagocytic Ly6Clow monocytes/macrophages leads to
an impaired clearance of cell debris, which is an important
stimulus of inflammation and autoantibody production
[87]. Thus, IFN-I production by Ly6Chigh monocytes may be
a major cause of chronic inflammation and SLE.

Pristane induces IFN-I production exclusively through
the TLR7/MyD88 pathway [88]. TLR7 deficiency not only
abolishes pristane-induced IFN-I production but also elimi-
nates autoantibody production and renal disease, indicating
a key role of TLR7/MyD88/IFN-I pathway in this model [88,
89]. FcγR recognizes the Fc portion of extracellular IgG and
is proposed to mediate the intake of immune complex that
subsequently activates endosomal TRLs, such as TLR7 [90].
However, IFN-I and autoantibody production are FcγR-
independent in pristane-induced lupus [88]. Therefore, the
modulation of TLR7 by pristane does not rely on immune
complexes. The exact mechanism of pristane-mediated TLR7
activation remains to be identified.

3.1.2. Other Manifestations of Pristane-Induced Lupus. In
addition to nephritis, hemorrhagic pulmonary capillaritis
and arthritis have also been identified in pristane-treated
mice [91]. 14 days after a single dose of pristane injection,
bronchoalveolar lavage (BAL) fluid becomes hemorrhagic
with elevated neutrophil counts and high levels of IL-6 and
IL-10. Perivascular infiltrates of immune cells and endothe-
lial injury are also found in the lung of pristine-treated mice
[91]. Some SLE patients also develop pulmonary capillaritis
[92], and whether pristane-induced hemorrhagic pulmonary
capillaritis can serve as a valid model for human lupus lung
disease remains to be verified. The arthritis symptoms in
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pristane-induced lupus include synovial hyperplasia, perios-
titis, and progressive marginal erosions [93, 94]. Pristane-
induced arthritis is tumor necrosis factor (TNF) α mediated,
as treatment with neutralizing anti-TNF-α antibody amelio-
rates the arthritis symptoms [95]. The broader extension of
end-organ targets as well as the preeminent role plays by IFN
I make pristane-induced lupus arguably a model of choice
for mechanistic studies of human lupus.

3.2. Induced Chronic Graft-versus-Host Disease

3.2.1. Highlights and Advantages of the Parent into F1 Meth-
od. Various models of induced graft-versus-host disease
(GVHD) have been used as models of lupus. As with the
pristane-induced model, these models require only a single
injection of donor cells to induce a lupus-like syndrome. The
disease process is reproducible, with severity correlating to
the number of allografted cells. Because this method induces
a rapid disease onset from a known starting point, the study
of lupus induction is greatly facilitated as compared to the
spontaneous models of lupus. As an example, autoantibodies
are detectable as early as 10–14 days after induction in these
models whereas it can be several weeks to months after
birth for the same phenotype to develop in spontaneous
lupus models. Further, since the donor T cells undergo
activation and expansion, they are relatively easy to observe
by flow cytometry, allowing the study of the effect of various
modifications on the donor as well as the host cells.

In the parent into F1 (P → F1) model, lymphocytes are
transferred into a semiallogenic recipient such that the donor
cells react to the host, and the host is tolerant to the donor
allograft. (reviewed in [96]). Depending on the model used,
an acute or a chronic GVHD (aGVHD or cGVHD) ensues.
In most models of P → F1, such as B6 into (B6 × DBA)F1,
aGVHD is induced by donor CD8+ T cells, which manifests
as severe lymphopenia of host cells as well as strain-specific
connective tissue diseases. Host B cells are most sensitive
to this CTL killing and may be almost completely ablated
after 2 weeks, followed by host APCs, then CD4+ T cells,
and finally host CD8+ T cells. Conversely, DBA into (B6 ×
DBA)F1 (DBA → BDF1) results in cGVHD, a donor CD4+-
mediated response resulting in massive host polyclonal B
cell activation, expansion, and immunoglobulin production.
This chronic condition exhibits several similarities to SLE,
including ANA, lupus-specific autoantibodies, and immune
complex-mediated GN. Another feature of DBA → BDF1
is that the lupus pathogenesis in this model is more severe
in females than males allowing the study of gender-biased
lupus etiology [97, 98]. Additionally, DBA → BDF1 allows
for identification of CTL-promoting treatments in vivo, such
as with agonist anti-CD40 antibody, IL12, and antagonist
anti-CD80 antibody [99–101].

The induction of a cGVHD instead of aGVDH response
is caused by a diminished capacity for DBA CD8+ T cells to
produce a CTL response to the F1 host. Correspondingly, B6
into (B6 × DBA)F1 will result in cGVHD if the donor cells
are depleted of CD8+ T cells. The ensuing lupus phenotypes
include ANA, anti-dsDNA and anti-RBC autoantibodies,
and GN. The major advantage of B6(-CD8) → F1 over the

DBA → BDF1 model is that genetic modification of the do-
nor cells can be examined due to the plethora of knockout
and transgenic B6 mice. To this extent, this model has
demonstrated that partial CTL deficiency due to the lack of
perforin (B6·Pfp−/− → F1) or Fas/FasL (B6·gld → F1) was
sufficient to induce a CD4+-mediated cGVHD phenotype.

B6(-CD8) → F1 was also used as a complement of
B6 → F1 (not depleted of CD8+ T cells) to study in vivo
mechanisms that mediate the overall donor CD8+ T cell
versus CD4+ T cell response, and thus result in aGVHD
versus cGVHD. One such study demonstrated that TNFα
blockade inhibited the early induction of CTLs and skewed
T cell cytokine profile to antibody promoting IL-4, IL-6, and
IL-10, resulting in an antibody mediated cGVHD response
[102]. This novel finding revealed the potential of TNFα-
blocking treatments to instigate humoral autoimmunity.
Another study described a positive role in B6(-CD8) →
F1 cGVHD and a negative role in B6 → F1 aGVHD for
the TNF family member, TRAIL, highlighting its role in the
promotion of lupus [103].

3.2.2. B6·H-2bm12 ← → B6 cGVHD. When B6·H-2bm12 lym-
phocytes, whose MHC II locus confers a 3 amino acid
substitution in H-2b, are transferred into B6 hosts with
the wild-type H-2b locus, cGVHD develops. The lupus-
like phenotypes in this model include ANA, anti-dsDNA,
antichromatin, and anti-Sm autoantibodies, and GN [104].
Since the MHC disparity between donor and host is limited
to class II in this model, CD8+ T cell depletion of donor
lymphocytes is not required. Also, since this model works
equally well with B6·H-2bm12 → B6 and B6 → B6·H-2bm12,
donor and host gene modifications can be examined by the
use of knockout and transgenic mice.

Although cGVHD has been shown to be mediated
through donor CD4+ T cells and host B cells, an inter-
esting facet of cGVHD was revealed using this model.
The observation that a response did not occur in CD4−/−

hosts indicated a role for endogenous CD4+ T cells [189].
Further, B cells raised in such an environment had intrinsic
defects in their ability to produce an alloresponse [190]. It
has been recently reported that B cells require “nurturing”
during early ontogeny in the form of IL-4 [191]. In lieu
of endogenous CD4+ T cell nurturing, large doses of rIL-4
or agonist anti-CD40 antibody in CD4−/− hosts during this
critical developmental period were also sufficient for B cells
to develop with alloreactive potential.

4. Therapeutic Studies for SLE on Mouse Models

Mouse models of SLE have been used not only to dissect
disease mechanisms but also to test potential therapies.
In addition to validating targets, testing drugs on mouse
models of SLE has proved indispensable before they go to
clinical trials. We have summarized the major therapeutic
studies that have been conducted on mice models of SLE
in Table 1. Several components of the immune system,
such as cytokines, B-cells, T-cells, and hormones have been
identified as potential targets for therapy, which have been
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Table 1: Summary of treatments tested in mouse models of lupus, their targets, proposed mechanisms, outcomes in the mouse, and follow
up in clinical trials.

Targets Treatment Mouse model Mechanisms Main outcomes Ref Clinical trial

Targeting cytokines

IL-6
IL-6R mAb MRL/lpr

Nephritis↓, anti-dsDNA
Ab↓ [105] Tocilizumab∗

IL-6R mAb NZB/W F1
Inhibits IgG class
switch

Survival↑, IgG ANA↓,
proteinuria↓ [107]

A Phase I trial showed
both decreased disease
activity and side effects
[106]

IL-6 mAb NZB/W F1
Suppresses
autoreactive B cell
and T cell

Nephritis↓, anti-dsDNA
Ab↓ [108]

IL-10

IL-10 inhibitor
(AS101)

NZB/W F1
Decreases IL-10,
increases TNF-α

Delayed onset,
anti-DNA Ab↓,
proteinuria↓, glomerular
deposition↓

[109]

Antagonizing anti- IL-10
mAb
A small-scale trial
showed efficacy. [110]

IL-10 mAb NZB/W F1
Neutralizes IL-10,
increases TNF-α

Delayed onset, survival↑,
ANA↓ [111]

rIL-10 MRL/lpr
Suppresses Th1
response

IgG2a anti-dsDNA↓ [112]

AAV-IL-10 (low
exp.)

B6·Sle1·Sle2·S
le3

Suppresses Th1
response

ANA↓, GN↓, T cell
activation↓ [113]

TNF-α rTNF-α NZB/W F1
Decreases cellular
response

Delayed onset, survival↑ [114]

Infliximab
A small-scale trial
showed both efficacy
and side effects [115]
Etanercept
Phase II trial for discoid
lupus in progress

IFN-α
IFN-α kinoid
vaccination

NZB/W F1
Induces anti IFN-α
neutralizing Ab

Delayed onset, survival↑,
proteinuria↓ [116]

MEDI-545
(sifalimumab)
Phase I trial showed
positive result [117]
rhuMab IFN-α
(Rontalizumab)
Phase I trial showed
positive result [118]

IFN-β IFN-β MRL/lpr

Reduces both cellular
and humoral
responses and
cytokine production

Survival↑, proteinuria↓,
skin lesions↓, ANA↓,
splenomegaly↓

[119]

IFN-γ
IFN-γ cDNA
vaccination

MRL/lpr
Induces anti IFN-γ
neutralizing Ab

Survival↑, lymphoid
hyperplasia↓, ANA↓,
GN↓

[120]
AMG 811
Phase I trial in progress

IFN-γ mAb NZB/W F1
Survival↑, proteinuria↓,
anti-DNA Ab↓ [121]

IL-17
Rock2 inhibitor
(Fasudil)

MRL/lpr

Inhibits IRF4
phosphorylation and
reduces IL-17 and
IL-21 production

Anti-dsDNA Ab↓,
glomerular deposition↓,
proteinuria↓

[122]

IL-21 IL-21R·Fc MRL/lpr
Decreases T cell
numbers and alters B
cell functions

Total Ig ↓, anti-dsDNA
Ab↓, proteinuria↓ skin
lesions↓,
lymphadenopathy↓

[123]

IL-18
IL-18 cDNA
vaccination

MRL/lpr
Induces anti-IL-18
neutralizing Ab

Survival↑, GN↓, IFN- γ↓ [124]
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Table 1: Continued.

Targets Treatment Mouse model Mechanisms Main outcomes Ref Clinical trial

BAFF
Adenovirus-
BAFF-R-Ig

NZM2410

Depletes B cell,
decreases T cell
activation and
myeloproliferation

Survival↑, proteinuria↓,
splenomegaly↓, reverses
disease

[125] Belimumab

Anti-BAFF-Ig B6·lyn−/− Nephritis↓, [129]
Phase III met primary
complex end point.
[126, 127].

BAFF and April
Human TACI-Ig NZB/WF1

Blocks BAFF and
April signaling

Survival↑, proteinuria↓,
no significant change in
anti-dsDNA Ab level

[130]
Atacicept
Phase II terminated
[128]

Adenovirus-
TACI-Ig (w/ or
w/o CTLA4-Ig
co-
administration)

NZB/W F1
Blocks BAFF and
April signaling splenic
B cell depletion

Survival↑, delayed
onset,, ANA↓,
proteinuria↓, nephritis↓,
reverses disease only
when CTLA4-Ig
coadministered

[131]

Adenovirus-
TACI-Fc

MRL/lpr,
NZB/W F1,

Blocks BAFF and
April signaling

In MRL/lpr: survival↑,
GN↓, proteinuria↓,In
NZB/W F1: anti-TACI
antibodies neutralized
TACI-Fc

[132]

Adenovirus-
TACI-Ig

NZM2410
Blocks on BAFF and
April signaling;

Survival↑, proteinuria↓,
splenomegaly↓, reverses
disease

[125]

B cell depletion

CD20
Anti-CD20 mAb MRL/lpr ADCC, CDC

Serum Ab and ANA↓,
nephritis↓, proteinuria↓,
dermatitis↓ [133]

Rituximab
Failed to reach primary
end point [134, 135]

Anti-CD20 mAb NZB/W F1 ADCC, CDC

Treatment on
12–28-wk-old mice
ameliorates disease,
while treatment on 4-wk
old mice hastens disease

[137]
Ocrelizumab
Phase III terminated
[136]

CD22 Anti-CD22 mAb NZB/W F1
ADCC, targets
inhibitory receptor

Able to deplete several B
cell subsets. No
significant effect on
improving survival

[137]
Epratuzumab
Phase IIb trial showed
positive result [138, 139]

CD79
Anti-CD79 α and
Anti-CD79 β
mAb

MRL/lpr

Survival↑, IgG
antichromatin↓, skin
lesions↓ Inflammatory
infiltrates↓

[140]

Proteasome
Proteasome
inhibitor
bortezomib

NZB/W F1 and
MRL/lpr

Eliminates both
short-lived and
long-lived plasma
cells

Survival↑, ANA↓, GN↓ [141]

Targeting T cell-APC interactions

CTLA4-Ig NZB/W F1
Inhibits B7-CD28
interaction

Survival↑, ANA↓ [142,
143]

Abatacept
The ACCESS trial is in
progress [144]
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Table 1: Continued.

Targets Treatment Mouse model Mechanisms Main outcomes Ref Clinical trial

Adenovirus-
CTLA4-Ig

NZB/W F1
Inhibits B7-CD28
interaction

Survival↑, ANA↓, GN↓ [145]

CD28-B7
CTLA4-Ig
transgene

B6 lyn−/−
Inhibits B7-CD28
interaction

Myeloid hyperplasia↓,
splenomegaly↓ IgG
ANA↓, renal disease
unaffected

[146]

CTLA4-Ig and
anti-gp39

NZB/W F1

Simultaneously
inhibits B7-CD28 and
CD40/gp39
interaction

Survival↑, ANA↓, GN↓,
effects are more
significant than
CTLA4-Ig alone

[143]

Targeting T follicular helper cells

CD3
Nasal anti-CD3
Ab

NZB/W F1
Downregulates the
expression of IL17
and IL21 by Tfh cells

ANA↓, GN↓ [147]

ICOS-B7RP-1 anti-B7RP-1 Ab NZB/W F1
Downregulates ICOS
and reduces Tfh cell
number

Survival↓, anti-dsDNA
Ab↓, proteinuria↓ [148]

Targeting other receptors

FcgRIIB
FcgRIIB
expressing
retrovirus

NZM2410,
BXSB,
B6Fcgr2b−/−

Restores FcgRIIB level

ANA↓, immune complex
deposition↓,
proteinuria↓, GN↓, lung
pathology↓

[149]

TLR7/TLR9
Immunoregula-
tory sequence
(IRS) 954

NZB/W F1
Reduces the
production of IFN-α

Survival↑, ANA↓,
proteinuria↓, GN↓,

[150]

Programmed
death-1 (PD-1)

Neutralizing
PD-1Ab

NZB/W F1
Promotes suppressive
CD8+ T cells

Survival↑, delayed
nephritis, IgG↓,
anti-dsDNA IgG↓

[151]

Targeting cell signaling

Syk
Syk inhibitor
R788

NZB/W F1
Blocks B cell receptor
(BCR) and FcR
signaling

Survival↑, proteinuria↓,
renal disease↓ [152]

Syk inhibitor
R788

MRL/lpr or
BAK/BAX−/−

Blocks BCR and FcR
signaling

Skin lesions↓
lymphadenopathy and
splenomegaly↓, renal
disease↓

[153]

PI3K γ
AS605240
compound

MRL/lpr
Reduces T and B cell
activation

Survival↑, renal
infiltrates↓, GN↓ [154]

mTOR Rapamycin NZB/W F1 Immunosuppression
Survival↑, anti-dsDNA
Ab↓, splenomegaly↓,
albuminuria↓

[155]
Rapamycin
A small scale trial
showed efficacy [156]

Cellular therapies

Regulatory B cells
(Breg)

Anti-CD40
injection

MRL/lpr
Agonistic anti-CD40
expands Breg

Survival↑, anti-dsDNA
Ab↓, proteinuria↓, skin
lesions↓

[157]

Regulatory T cells
(Treg)

Adoptive transfer
of ex vivo
expanded Treg

NZB/W F1 T cell suppression
Survival↑, renal IC
deposition↓,
proteinuria↓, GN↓

[158,
159]

Umbilical cord
mesenchymal stem
cells (MSC)

MRL/lpr

immunosuppressive
and
anti-inflammatory
properties

anti-dsDNA Ab↓,
Proteinuria↓, renal
disease↓

[160]
A small-scale trial
showed positive result
[161]

Umbilical cord
mesenchymal stem
cells (MSC)

NZB/W F1

immunosuppressive
and
anti-inflammatory
properties

Survival↑, anti-dsDNA
Ab↓, proteinuria↓, renal
disease↓

[162]
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Table 1: Continued.

Targets Treatment Mouse model Mechanisms Main outcomes Ref Clinical trial

Bone marrow
derived mese-
nchymal stem cell
(BM-MSC)

NZB/W F1

Inhibition of B cell
proliferation and
differentiation
dependent on IFN-γ

Glomerular IC
deposition↓,
lymphocytic
infiltration↓, glomerular
proliferation↓,
anti-dsDNA Ab and
proteinuria unaffected

[163]

Sex hormone modulation

Estrogen Nafoxidine NZB/W F1
Delayed onset, survival↑,
ANA↓, proteinuria↓ [164]

Tamoxifen
A small-scale trial
showed no effect [165]

Estrogen Tamoxifen NZB/W F1
Reduces IgG3 ANA
production

Survival↑, IgG3 ANA↓,
proteinuria↓,
thrombocytopenia↓,
glomerular deposits↓

[166,
167]

Fulvestrant (estrogen
receptor downregulator)
A small-scale trial
showed some efficacy
[168]

Estrogen Raloxifene NZB/W F1
Inhibits B cell
function

Anti-DNA Ab↓, kidney
damage↓ [169]

Estrogen Indole-3-carbinol NZB/W F1
Blocks B cell and T
cell differentiation

Survival↑, ANA↓,
nephritis↓ [170]

Androgen
Androgen
treatment on
castrated female

NZB/W F1 Unspecified Survival↑, IgG ANA↓ [171]
Dehydroepiandrosterone
Little clinical effect [172]

Androgen
Androgen
treatment

NZB/W F1,
MRL/lpr

Unspecified
Survival↑, anti-DNA
Ab↓ [173]

Peptide-based immunotherapy

Laminin
Laminin derived
peptides

MRL/lpr

Laminin derived
peptides
competitively bind
with ANA and
prevent their
deposition in the
kidney

Survival↑, proteinuria↓,
GN↓ [174]

HSC chaperone
protein

U1-70K snRNP
derived peptide
administered in
saline (P140)

MRL/lpr
Impairs autoimmune
T cell response

Survival↑, proteinuria↓,
anti-dsDNA Ab↓

[175,
176]

P140
A phase IIa study
showed positive result
[177]

Autoreactive B
and T cells

Histone peptide
H2B10−33,
H416−39, H471−94

(SWR/ NZB)F1
Impairs autoimmune
B and T cell

Survival↑, proteinuria↓,
ANA↓ [178]

Suppressive CD8+

T cells
pCONS NZB/W F1

Promotes suppressive
CD8+ T cells by
regulating Foxp3 and
PD-1

Survival↑, nephritis↓,
ANA↓

[179–
181]

Unclear
CDR1 of human
anti-DNA Ab
(hCDR1)

NZB/W F1

Modulation of
cytokines, regulatory
T cells and T cell
apoptosis

ANA↓, nephritis↓, CNS
symptoms↓ [182]

hCDR1
A small-scale trial
showed positive result
[182]

Other therapies

Histone
deacetylase

Histone
deacetylase
inhibitors TSA
and SAHA

MRL/lpr

Decreases
transcription of key
cytokines involved in
SLE

Splenomegaly↓,
proteinuria↓, renal
disease↓

[183]
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Table 1: Continued.

Targets Treatment Mouse model Mechanisms Main outcomes Ref Clinical trial

Topoisomerase I
Topoisomerase I
Inhibitor
irinotecan

NZB/W F1
Prevents anti-dsDNA
Ab from binding to
dsDNA

Survival↑, proteinuria↓
subendothelial immune
deposit↓

[184]

ACE
ACE inhibitor
Captopril

NZB/W F1 and
MRL/lpr

Reduces TGF- β, IL-4
and IL-10 production

Delayed onset,
proteinuria↓, renal
lesion↓

[185]

HMG-CoA
reductase

HMG-CoA
reductase
inhibitor Statin

NZB/W F1
Immunomodulatory
effects on B and T
cells and APCs

ANA↓, serum urea↓,
proteinuria↓, nephritis↓ [186]

ACE and
HMG-CoA
reductase

Coadministration
of Statin and ACE
inhibitor
Imidapril

MRL/lpr Synergistic effect

Survival↑, ANA↓,
proteinuria↓, glomerular
deposits↓, renal
monocyte attractant
CCL2/MCP-1↓

[187]

CCL2/MCP-1
Spiegelmer
mNOX-E36

MRL/lpr

mNOX-E36 blocks
CCL2 without
induction of IFN-α
production

Survival↑, nephritis↓,
skin lesion↓,
peribronchial
inflammation↓

[188]

∗
Drug names are shown in italic font.

tested in mouse models of lupus, most often in a preventive
rather than therapeutic mode. Some of the most successful
therapeutic approaches have lead to clinical trials, several of
which are currently in progress. Among them, Belimumab,
a humanized monoclonal antibody directed against B-cell
activating factor (BAFF), is the first biologic treatment that
has met clinical trial end points and has been recommended
for SLE treatment. BAFF regulates the survival of B-cells.
It was determined that lupus-prone mice and SLE patients
have elevated levels of BAFF. Additionally, nonautoimmune
transgenic mice overexpressing BAFF showed lupus-like
symptoms [130]. Targeting BAFF receptors (BAFF-R, TACI,
or BCMA) in the NZM2410 and MRL/lpr lupus mouse
models was effective in reducing disease symptoms [125,
132]. Murine studies targeting the BAFF pathway were
followed by clinical trials targeting BAFF in SLE patients.
The success of Belimumab in clinical trials is considered
a breakthrough in the search for new therapies for SLE
[126, 127]. This example serves to illustrate the important
role mouse models play in the development of effective
treatments for this complex human disease.

A major limitation for drug trials in humans is that
although physiological parameters are collected, it is diffi-
cult to determine changes in internal organs, such as the
lymphoid organs and the kidneys. For example, the anti-
CD20 antibody (Rituximab) is able to deplete B cells in
humans through antibody-dependent cell-mediated cyto-
toxicity (ADCC) and complement-dependent cytotoxicity
(CDC) [192]. However, this data was mainly obtained from
human peripheral blood B cells, which represents only 2%
of the total B cells in the body [193]. Studies in mice have
shown that unlike the blood, the spleen, bone marrow, and
peritoneal cavity provide a reservoir for B cells in which
they are more resistant to drug depletion [133, 194, 195].
Therefore, depletion efficacy seen in human blood does not
necessarily reflect a global depletion. This may be one of

the reasons why two randomized, double-blind, phase II/III
trials failed to show an effect of Rituximab over placebo
in SLE patients [134, 135]. Moreover, drug efficacy may
be different between lupus-prone and lupus-resistant mice.
Anti-CD20 depletion of B cells has been shown to be much
more efficient in BALB/c than in MRL/lpr mice [133].
Therefore, it is crucial to test potential SLE therapies and
drugs directly in lupus-prone mice.

There are obvious limitations in evaluating lupus thera-
pies in mouse models. SLE targets the skin, joints, kidneys,
and many other organs in humans whereas mouse models
of SLE are characterized mainly by the development of
nephritis. This is probably due to the fact that the genetic
background is far more complicated in lupus patients than
in mouse models. Some lupus mice may develop lupus-like
symptoms other than renal disease, such as joint swelling
and skin rash in a portion of MRL/lpr mice, and pulmonary
symptoms in pristane-induced mice (see above). However,
no mouse model can mimic the complexity of human lupus.
Thus, drugs validated in mouse models may only be effective
for a subset of symptoms or patients. To mimic the genetic
and pathological heterogeneity in humans, it is crucial to
use various mouse models in therapeutic studies. It has
been shown that same treatment can have variable effects
on different mouse models. For example, treatment with
a soluble form of the BAFF receptor (BAFF-R-Ig) induces
complete and enduring remission of established nephritis in
NZM2410 mice [125], while it is unable to reverse nephritis
in NZB/W F1 model unless a soluble form of cytotoxic T-
lymphocyte antigen 4 (CTLA4-Ig) is coadministered to block
T cell coactivation [131]. This difference is probably due
to the fact that nephritic NZB/W F1 mice produce more
inflammatory mediators in the kidney than do nephritic
NZM2410 mice [125]. Thus, the genetic background should
be taken into account when testing therapies on mouse
models, and multiple models should be used to ensure
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Figure 1: Integration of human and murine studies for new SLE drug discovery. Study of human SLE patients and mouse models of lupus
has led to the identification of potential therapeutic targets. In-depth studies in murine models are undertaken to validate the association
of the potential targets with disease symptoms. The efficacy of targeted treatments are first tested on murine models of lupus prior to the
initiation of human clinical trials.

the applicability of drugs on the more complicated human
genetic background.

5. Summary

Murine models are useful tools for the study of the etiology
of lupus. A multitude of models exist, each sharing a subset
of attributes with SLE observed in humans. In addition, each
model affords the study of different aspects of lupus patho-
genesis. For example, the cGVHD and pristane-induced
models allow for the study of the mechanisms involved at the
onset of the disease, while the spontaneous models allow for
probing of the genetic causes of disease. NZB/W F1 and DBA
→ DBF1 can be used to study phenotypes in a gender-biased
context similar to that seen in humans. All models are valid
candidates for the study of therapeutic interventions.

To date, the use of murine models has identified sev-
eral novel candidate genes, and some of them have been
associated to SLE in humans. Further value in these models
is demonstrated by that fact that these genes were not
initially identified in human SLE studies. On the other
hand, recent genome-wide human studies have identified an
array of genes, many of which have no currently described
role in lupus. To this effect, murine models allow for
forward genetics to identify novel genes that can then be
probed using a candidate gene approach to discover their
human susceptibility allele counterparts (Figure 1). Con-
versely, genes identified by human studies can be translated
to genetically modified murine models where their roles in
lupus pathogenesis can be followed in a forward genetics
manner. Both methodologies have proven their usefulness

and have the shared goal of identifying novel pathways and
targets for disease intervention.

Abbreviations

ADCC: Antibody dependent cell-mediated
cytotoxicity

aGVHD: Acute graft-versus-host-disease
ALPS: Autoimmune lymphoproliferative

syndrome
ANA: Antinuclear antibody
APC: Antigen presenting cells
anti-RNP antibodies: Anti-ribonucleoprotein antibodies:

anti-Su, anti-Sm, and anti-U1RNP
BAFF-R-Ig: B-cell-activating factor receptor

immunoglobulin
CCL: Chemokine C-C motif ligand
CDC: Complement-dependent cytotoxicity
cGVHD: Chronic graft-versus-host-disease
Cr2: Complement receptor type 2 CR2

(humans)
CTLA-4-Ig: Cytotoxic T-lymphocyte antigen 4

immunoglobulin
CTL: Cytotoxic T cell
DC: Dendritic cell
Fcgr2b: Fc receptor for IgG2b FCGR2B

(humans)
gld: Generalized lymphoproliferative

disease
GN: Glomerulonephritis
gp70: Glycoprotein 70
GWAS: Genome wide association studies
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H-2: Murine MHC II
IFNAR: Interferon alpha receptor
IFN I: Type I interferon
IL: Interleukin
ISG: Interferon-stimulated gene
Klk: Kallikrein
KRAB-ZFP: Krüppel-associated box zinc-finger

proteins
Marco: Macrophage receptor with

collagenous structure
MHC: Major histocompatibility complex
MyD88: Myeloid differentiation primary

response gene 88
MZ: Marginal zone
NF-κβ: Nuclear factor

kappa-light-chain-enhancer of
activated B cells

NZB/W F1: First generation offspring from cross
between NZB and NZW

NZB: New Zealand black
NZM: New Zealand mixed
NZW: New Zealand white
Pbx1: Pre-B-cell leukemia transcription

factor 1
pDCs: Plasmacytoid dendritic cells
QTL: Quantitative trait loci
SLAM: Signaling lymphocytic activation

molecule
SLE: Systemic lupus erythematosus
SNP: Single nucleotide polymorphism
Th1: T helper 1
Th2: T helper 2
tlr7: Toll-like receptor 7
TMPD: Pristane (2, 6, 10, 14

tetramethylpentadecane)
TNF: Tumor necrosis factor
TNF-R: Tumor necrosis factor receptor
TRAIL: Tumor necrosis factor-related

apoptosis-inducing ligand
RBC: Red blood cell
Yaa: Y-linked autoimmune acceleration.
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inhibition blocks glomerulonephritis and extends lifespan in
a mouse model of systemic lupus,” Nature Medicine, vol. 11,
no. 9, pp. 933–935, 2005.

[155] S. L. Lui, R. Tsang, K. W. Chan et al., “Rapamycin attenuates
the severity of established nephritis in lupus-prone NZB/W
F1 mice,” Nephrology Dialysis Transplantation, vol. 23, no. 9,
pp. 2768–2776, 2008.

[156] D. Fernandez, E. Bonilla, N. Mirza, B. Niland, and A. Perl,
“Rapamycin reduces disease activity and normalizes T cell
activation-induced calcium fluxing in patients with systemic
lupus erythematosus,” Arthritis and Rheumatism, vol. 54, no.
9, pp. 2983–2988, 2006.

[157] P. A. Blair, K. A. Chavez-Rueda, J. G. Evans et al., “Selective
targeting of B cells with agonistic anti-CD40 is an efficacious
strategy for the generation of induced regulatory T2-like B
cells and for the suppression of lupus in MRL/lpr mice,”
Journal of Immunology, vol. 182, no. 6, pp. 3492–3502, 2009.

[158] K. J. Scalapino, Q. Tang, J. A. Bluestone, M. L. Bonyhadi,
and D. I. Daikh, “Suppression of disease in New Zealand
Black/New Zealand White lupus-prone mice by adoptive
transfer of ex vivo expanded regulatory T cells,” Journal of
Immunology, vol. 177, no. 3, pp. 1451–1459, 2006.

[159] K. J. Scalapino and D. I. Daikh, “Suppression of glomeru-
lonephritis in NZB/NZW lupus prone mice by adoptive
transfer of Ex vivo expanded regulatory T cells,” PLoS One,
vol. 4, no. 6, Article ID e6031, 2009.

[160] Z. Gu, K. Akiyama, X. Ma et al., “Transplantation of umbili-
cal cord mesenchymal stem cells alleviates lupus nephritis in
MRL/lpr mice,” Lupus, vol. 19, no. 13, pp. 1502–1514, 2010.

[161] J. Liang, H. Zhang, B. Hua et al., “Allogenic mesenchymal
stem cells transplantation in refractory systemic lupus ery-
thematosus: a pilot clinical study,” Annals of the Rheumatic
Diseases, vol. 69, no. 8, pp. 1423–1429, 2010.

[162] J. Chang, S. Hung, H. Wu et al., “Therapeutic effects
of umbilical cord blood-derived mesenchymal stem cell
transplantation in experimental lupus nephritis,” Cell Trans-
plantation. In press.

[163] F. Schena, C. Gambini, A. Gregorio et al., “Interferon-γ-
dependent inhibition of B cell activation by bone marrow-
derived mesenchymal stem cells in a murine model of
systemic lupus erythematosus,” Arthritis and Rheumatism,
vol. 62, no. 9, pp. 2776–2786, 2010.

[164] M. Duvic, A. D. Steinberg, and L. W. Klassen, “Effect of the
anti-estrogen, nafoxidine, on NZB/W autoimmune disease,”
Arthritis and Rheumatism, vol. 21, no. 4, pp. 414–417, 1978.

[165] A. D. Sturgess, D. T. P. Evans, I. R. Mackay, and A. Riglar,
“Effects of the oestrogen antagonist tamoxifen on disease
indices in systemic lupus erythematosus,” Journal of Clinical
and Laboratory Immunology, vol. 13, no. 1, pp. 11–14, 1984.

[166] Z. M. Sthoeger, H. Zinger, and E. Mozes, “Beneficial effects
of the anti-oestrogen tamoxifen on systemic lupus erythe-
matosus of (NZB×NZW)F1 female mice are associated with
specific reduction of IgG3 autoantibodies,” Annals of the
Rheumatic Diseases, vol. 62, no. 4, pp. 341–346, 2003.

[167] W. M. Wu, B. F. Lin, Y. C. Su, J. L. Suen, and B. L. Chiang,
“Tamoxifen decreases renal inflammation and alleviates
disease severity autoimmune NZB/W F1 mice,” Scandinavian
Journal of Immunology, vol. 52, no. 4, pp. 393–400, 2000.

[168] N. I. Abdou, V. Rider, C. Greenwell, X. Li, and B. F. Kim-
ler, “Fulvestrant (Faslodex), an estrogen selective receptor
downregulator, in therapy of women with systemic lupus
erythematosus. Clinical, serologic, bone density, and T cell



Journal of Biomedicine and Biotechnology 19

activation marker studies: a double-blind placebo-controlled
trial,” Journal of Rheumatology, vol. 35, no. 5, pp. 797–803,
2008.

[169] Y. Zhang, S. Saha, G. Rosenfeld, J. Gonzalez, K. P.
Pepeljugoski, and E. Peeva, “Raloxifene modulates estrogen-
mediated B cell autoreactivity in NZB/W F1 mice,” Journal of
Rheumatology, vol. 37, no. 8, pp. 1646–1657, 2010.

[170] X. J. Yan, M. Qi, G. Telusma et al., “Indole-3-carbinol
improves survival in lupus-prone mice by inducing tandem
B- and T-cell differentiation blockades,” Clinical Immunol-
ogy, vol. 131, no. 3, pp. 481–494, 2009.

[171] J. R. Roubinian, R. Papoian, and N. Talal, “Androgenic
hormones modulate autoantibody responses and improve
survival in murine lupus,” Journal of Clinical Investigation,
vol. 59, no. 6, pp. 1066–1070, 1977.
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To date, CNS disease and neuropsychiatric symptoms of systemic lupus erythematosus (NP-SLE) have been understudied
compared to end-organ failure and peripheral pathology. In this review, we focus on a specific mouse model of lupus and the
ways in which this model reflects some of the most common manifestations and potential mechanisms of human NP-SLE. The
mouse MRL lymphoproliferation strain (a.k.a. MRL/lpr) spontaneously develops the hallmark serological markers and peripheral
pathologies typifying lupus in addition to displaying the cognitive and affective dysfunction characteristic of NP-SLE, which may
be among the earliest symptoms of lupus. We suggest that although NP-SLE may share common mechanisms with peripheral organ
pathology in lupus, especially in the latter stages of the disease, the immunologically privileged nature of the CNS indicates that
early manifestations of particularly mood disorders maybe derived from some unique mechanisms. These include altered cytokine
profiles that can activate astrocytes, microglia, and alter neuronal function before dysregulation of the blood-brain barrier and
development of clinical autoantibody titres.

1. Introduction

Systemic lupus erythematosus (SLE) is an autoimmune
disease that is typified by multiple abnormalities of the
immune system, and which results in widespread pathology
of multiple organs, including skin, kidney, heart, lungs,
and joints. In addition to peripheral organ dysfunction in
SLE, there is a high incidence of neuropsychiatric symptoms
especially headaches, cognitive dysfunction, and psychi-
atric disorders [1], with roughly 40–70% of SLE patients
demonstrating affective disorders [2]. Brain pathology, loss
of integrity of the blood-brain barrier and autoantibodies
are thought to play a role in neuropsychiatric systemic
lupus erythematosus (NP-SLE), although some patients with
behavioral symptoms have histologically normal brain tissue
and no identifiable markers in serum or CSF [3–11].

Neuropsychiatric symptoms, particularly affective disor-
ders, may be among some of the earliest manifestations of
SLE [12–14]. Approximately 40% of the NP-SLE symptoms

develop before the onset of SLE or at the time of diagnosis
and about 60% within the first year of diagnosis [13,
15, 16], indicating that neuropsychiatric symptoms are
reliable indicators of disease activity and are often evident
even before gross peripheral organ pathology occurs (in
particular kidney disease). Symptoms of NP-SLE may also
be independent of active disease in other organs [17–19].
This was found to be the case also in the animal model
of lupus which is the subject of this paper, the MRL/lpr
mouse, where depressive-like behavior is evident in young
animals before significant levels of autoantibody titers and
nephritis are evident [14, 20]. There are obvious limits
to the search for mechanisms of CNS disease in human
patients, and furthermore the diagnosis is often made
after lupus is in late stages of progression. Thus, murine
models can offer many advantages to elucidate the early
mechanisms of neuropsychiatric manifestations of NP-SLE
and help to distinguish between CNS-specific mechanisms
and nonspecific illness. In this paper we focus on a specific
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murine model of lupus, the MRL/lpr strain, and the ways
in which this model reflects some of the most common
manifestations of human NP-SLE. In addition, we discuss
experimental data pointing to viable pathogenic mechanisms
that underlie CNS involvement in SLE. Excellent reviews
about other aspects of this and other murine models of lupus
can be found elsewhere [3, 11, 21–34].

1.1. Murine Models of NP-SLE. To best represent human
disease and explore relevant translational aspects of patho-
genesis and novel treatment approaches, it is crucial to
identify the most appropriate animal model from among the
several available mouse strains which spontaneously develop
lupus-like disease. Although there are induced models of
SLE in nonautoimmune mouse strains, organ involvement
as a rule is less severe than that observed in genetically
susceptible animals [35, 36]. Therefore, spontaneous lupus
models are often preferred for modeling of lupus-associated
neuropsychiatric or other target organ disease. Murine
models that spontaneously develop hallmark diagnostic signs
of SLE include NZB × NZW F1, NZM2410, BXSB, and
MRL/lpr mouse strains. All of these strains (to a varying
degree) develop lymphoid hyperplasia, B cell hyperactivity,
autoantibodies, circulating immune complexes, complement
consumption, and glomerulonephritis [21]. These strains
differ from human SLE in that they display a high pene-
trance and relatively uniform disease expression over time.
However, the disease course in murine lupus models (in
the absence of extraneous intervention) is progressive, in
contrast to the fluctuating course of flares and remissions
typical in human SLE [26, 27, 37]. Although many of the
spontaneous models of SLE develop behavioral abnormali-
ties at some point in the disease [27], the MRL mouse model
has some advantages in the investigation of specific CNS
dysfunction and NP-SLE.

First, NZB- and BXSB-derived strains of mice have
a high incidence of inherited brain anomalies [38] which
can confound the assessment of autoimmunity-induced
brain damage and the links between lupus-like disease
and behavioral changes. Thus the MRL/lpr model permits
the examination of interrelationships between behavioral
outcomes and their underlying mechanisms without the
potential confound of pre-existing CNS abnormalities [38–
40]. As human SLE is overwhelmingly more common in
females (about a 9 : 1 female to male ratio), mouse models
that reflect this sex bias, such as MRL/lpr [14], are also likely
to be useful in elucidating the relationship of hormones,
negative outcomes, and potential sex-differences in efficacy
of therapeutic agents in autoimmune disease. MRL/lpr mice
[41] also express cardiolipin autoantibodies [42], one of
a class of antiphospholipid autoantibodies thought to be
important in the development of behavioral outcomes and
CNS damage [43–45]. Although the molecular defect in the
Fas gene underlying abnormal B cell regulation in MRL/lpr
mice is not believed to be a cause for human SLE [46, 47],
it is clear that the B cell dysregulation that characterizes this
murine model is also a critical pathological aspect of human
SLE [48, 49]. Moreover, the early onset, rapid progression,

and other similarities to the human disease state in MRL/lpr
mice are also useful features of this model.

The MRL lymphoproliferation strain (lpr) MRL/Tnfrsf6
lpr/lpr (a.k.a. MRL/lpr) differs from the congenic (con-
trol) MRL/+ strain by a defect in membrane apoptotic-
signaling Fas protein, which is due to a retrotransposon
in the Fas gene [50, 51]. In addition to the typical signs
of peripheral SLE, including autoantibodies, skin disease,
arthritis, lymphadenopathy, and nephritis, MRL/lpr mice
develop a constellation of behavioral outcomes referred to as
“autoimmunity-associated behavioral syndrome” [24], par-
ticularly in the behavioral domains of emotional reactivity,
motivated behavior, and cognitive function [14, 20, 22, 24,
33, 52–75].

1.2. NP-SLE. Nervous system involvement in lupus can
include seizures, stroke and other cerebrovascular events,
psychosis, cognitive dysfunction, and notably a very high
incidence of mood disorders, particularly anxiety and
depression [2, 18, 76–78]. Estimations of the prevalence
of NP-SLE in human lupus range from 15% to 75%
(or higher), reflecting variable diagnostic methodologies, a
lack of standard criteria, and the sensitivity of diagnostic
instruments to assess various behavioral outcomes [1, 2, 79].
Furthermore, many clinical studies of NP-SLE address only
the most severe CNS symptoms, such as seizure, psychosis,
and stroke, thus both the prevalence and importance of
other neuropsychiatric symptoms are often underestimated.
Generally, when specific and well-validated cognitive and
affective diagnostic batteries are administered, rather than
simple quality of life exams, studies consistently indicate that
a great majority of SLE patients have some CNS outcomes,
particularly mood disorders and cognitive dysfunction. NP-
SLE is a major determinant of morbidity and mortality and
is associated with increased disease severity, poorer prog-
nosis and earlier mortality [80–85]. Furthermore, NP-SLE
can necessitate potent and long-term immunosuppressive
treatment with attendant side effects, is a detriment to quality
of life in lupus patients, may be a major factor in employment
disability, and substantially increases the financial and emo-
tional costs of SLE [86, 87]. Comprehensive reviews of NP-
SLE manifestations, diagnosis, pathology, and treatment in
humans are outside the scope of the paper, and can be found
elsewhere [2, 4, 9, 88–94].

1.3. Neuropsychiatric Deficits in MRL/lpr Mice. As in hu-
mans, development of SLE in MRL/lpr mice is also
consistently accompanied by behavioral and neurological
abnormalities. The most robust and reproducible deficits
in MRL/lpr mice are emotional dysfunction, particularly in
assays of depressive-like behavior such as the forced swim test
and anhedonia. The forced swim test [95, 96] assesses behav-
ioral despair as the proportion of immobility when rodents
are placed in a tank of water [97, 98]. Normal rodents placed
in a narrow tank of water from which there is no escape
will exhibit vigorous swimming and struggling activity for
the duration of the test (typically 6–12 minutes) and only
rarely adopt a characteristic immobile posture (floating).
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In contrast, animals treated with either pharmacological
agents (such as hormones or via depletion of the amino
acid tryptophan necessary to make serotonin [99, 100]),
environmental manipulations (unpredictable chronic stress,
social isolation [101–103]), or genetic alterations (Flinders
strain, SERT knockouts [104, 105]) thought to be important
in the etiology of depression more rapidly become immobile
and maintain this immobility for a significantly great pro-
portion of time than control subjects [106]. This is thought
to represent “behavioral despair” or helplessness. The forced
swim test has been extensively validated, as immobility is
reduced by a wide range of clinically active antidepressant
drugs [98] and has predicted the antidepressant efficacy
of novel therapeutic agents [97]. MRL/lpr mice develop
depression-like behavior in the forced swim test as early as
5 weeks old, and this persists throughout the course of the
disease [14, 20, 58, 65].

In addition to feelings of helplessness and despair,
depressed patients report anhedonia—the inability to expe-
rience pleasure or reward from events that normally have
a positive hedonic value, such as eating, social interaction,
or sexual activity. In rodents, a commonly used measure of
anhedonia is the failure to prefer sweet solutions [107, 108].
MRL/lpr mice exhibit this lack of normal preference for
sweet solutions as early as 5-6 weeks old [59] and continue
to exhibit anhedonia during the active disease phase (4-
5 months old) [52, 53, 55, 109]. Further symptoms of
depression-like behavior include decreased activity, fatigue,
and apathy. In rodents, this can be assessed as decreased
voluntary activity and exploration in a novel environment,
such as an open field [110]. MRL/lpr mice exhibit reduced
exploration and activity during both the nocturnal and
diurnal phases [63, 65] by 8–11 weeks old [14, 33].

Despite the high prevalence of depression in lupus
patients and recent evidence that antidepressants may reduce
symptoms of depression, in part, by reducing inflammatory
responses [111, 112], there have been few studies investigat-
ing the efficacy of antidepressant therapies in human lupus
[113] or in murine models [58]. Immunosuppressive agents
typically used to treat SLE, such as cyclophosphamide and
steroids, do reduce measures of depression-like behavior in
MRL/lpr mice [33, 55, 59, 114] and also typically reduce
the other hallmarks of SLE, including autoantibody titers,
proteinuria (nephritis), and the levels of proinflammatory
cytokines [55, 59]. However, there have been few systematic
studies to determine if these are effective at reducing
measures of NP-SLE, especially cognitive and affective
dysfunction, in humans. Several studies indicate that high
levels of both affective and cognitive disorders are present
and persistent in NP-SLE patients undergoing such therapies
[115, 116], though these traditional immunosuppressive
agents do seem to be effective to prevent and/or treat
the more severe NP-SLE outcomes, such as seizure and
cerebrovascular events [13, 117, 118].

Anxiety disorders are also common in NP-SLE [1,
119] and are often comorbid with depressive disorders.
Several commonly used methods can be applied to assess
anxiety in rodents, and these include the elevated plus
maze and the acoustic startle test [120–127]. The elevated

plus maze (EPM) essentially assesses a preference between
a comparatively safe environment (the closed arms) and
a risky environment (elevated open spaces). The general
principle is that the more “anxious” the subjects are, the
less likely they will be to explore the open arms. The EPM
has been validated pharmacologically, with other tests of
anxiety-like behaviors, and physiologically [120–123]. With
respect to anxiety in murine models of lupus, there have been
conflicting reports. Some groups have reported increased
anxiety in MRL/lpr mice assessed in the elevated plus maze
[65], while others have reported that MRL/lpr mice have
normal or less anxiety than MRL/+ controls [14, 20, 70]. The
lack of anxiety phenotype is also supported by a generally
lower startle reactivity till 11 weeks old [70].

There is also no clear consensus with respect to cognitive
dysfunction in murine models of lupus. Mild spatial memory
deficits have been reported in the water maze, assessed as
the latency to find a new platform position after previous
training in the water maze [63] and as deficits in linear maze
acquisition as early as 8 weeks [68]. However, behavior in the
object placement and novel object recognition tasks [128–
130] is normal [14, 20].

The predominance and reproducibility of affective dys-
function in MRL/lpr mice are consistent with known pathol-
ogy and/or dysfunction in several neurotransmitter systems
and brain regions important in the regulation of mood
[131]. These include altered responses to the dopaminergic
drugs amphetamine and apomorphine [52, 109, 132] and
higher levels of apoptosis in the dopaminergic neurons in
the nucleus accumbens and substantia nigra (thought to be
involved in response to reward and anhedonia) in MRL/lpr
mice [52, 109]. There are also decreased levels of serotonin in
brain regions such as the hypothalamus, which regulate stress
and response to appetitive stimuli (among other things)
[133], and increased levels in the hippocampus [58]. This
observation is consistent with altered serotonin levels in
lupus patients similar to those that occur in depressed
patients [134–136], including those in which depression has
been induced by cytokine therapy [137–139]. Decreased
levels of noradrenaline evident in the prefrontal cortex of
MRL/lpr mice would also be consistent with depressive-like
behavior [58, 140–142].

1.4. Comparison of More and Less Affected Lines. There is
also a fascinating “accidental” experimental difference in
MRL/lpr mice. Over time, this strain of mice displayed a
lessening of symptoms such as lymphoproliferation, a greatly
delayed development of nephritis, and a longer lifespan.
The line was eventually reconstituted and again mani-
fests rapid development of the typical severe autoimmune
profile (http://jaxmice.jax.org/: re-coding of stock #485-
attenuated disease to stock #6825-reconstituted severe line).
This serendipitous circumstance permits the differentiation
between negative behavioral outcomes that may result
from gross peripheral pathology and specific CNS-mediated
behaviors [14, 143].

A major difference in the disease-attenuated line is the
long delay to develop renal disease and profoundly decreased
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proteinuria [14, 20]. The levels of autoantibodies tend to
increase earlier and to a greater extent in the reconstituted
severe line. Furthermore, the disease-attenuated line has
normal open field activity from 8 to 18 weeks [20] while in
the reconstituted severe line, the females have lower activity
levels from 5 weeks, although MRL/lpr males exhibit normal
open field activity until at least 18 weeks old [14, 20].
Cognitive functions assessed in novel object exploration and
placement tasks were normal in mice 5–18 weeks old in
both sexes and both lines [14, 20]. Motor coordination in
the balance beam and anxiety in the elevated plus maze
were also comparable in both lines from 5 to 18 weeks
old [14, 20]. Interestingly, there was no evidence of social
withdrawal assessed in the social preference test [144] in
either line from 5 to 18 weeks compared to age- and
sex-matched controls [14, 20]. However these results were
likely due to the very low social preference evident in both
MRL/+ female controls and female MRL/lpr mice [20]. It
is thus not clear if social withdrawal, a typical symptom of
affective disorders, is evident in the MRL/lpr females due
to SLE or if there is some influence of the background
strain that induces social withdrawal by some other route in
females.

Depression-like behavior is robustly evident in disease-
attenuated line in the forced swim test by 8 weeks [20] and
in reconstituted severe line by 5 weeks [14], although earlier
time points were not tested in the disease-attenuated line.
Given that there is no evidence of kidney pathology in the
disease-attenuated mice, these data confirm the robustness
of emotional dysfunction and provide further support
that such outcomes are likely a primary manifestation of
autoimmunity rather than arising from nonspecific illness
and peripheral organ pathology. Finally, the presence of
two MRL/lpr strains that share a mutated Fas yet which
differ in their autoantibody profile and neurobehavioral
manifestations [14, 143] is strong evidence that the CNS
manifestations in these mice are primarily immunologically
mediated, rather than resulting from possible effects of
abnormal Fas-mediated apoptosis on brain development or
glial function.

2. CNS Mechanisms and Pathology

Several different pathogenic mechanisms are postulated to
be involved in CNS manifestations of lupus. These include
B cell/autoantibody-mediated nervous system compromise,
immune complex deposition, vasculitis, microthrombosis
and vasculopathy, aberrant MHC Class II antigen expression
with T-cell mediated disease, autoactivated T-cells, and
cytokine-induced brain inflammation [145, 146]. However,
as there are multiple and quite disparate expressions of lupus
involving the nervous system, it is unlikely that a single
mechanism can account for every clinical manifestation of
NP-SLE. As the most common behavioral manifestations of
NP-SLE in both patients and murine models are affective and
cognitive disorders, especially in the early stages of SLE, we
focus on below mechanisms thought to be involved in the
etiology of affective and cognitive dysfunction.

2.1. Autoantibodies. MRL/lpr mice express a range of auto-
antibodies [147] including antinucleosome [148], antiribo-
somal [149] antiphospholipid, and phosphoprotein (such as
anticardiolipin [42] and antinucleolin) [150] autoantibodies
[151]. A critical role of autoantibodies in the etiology
of lupus-associated nephritis has been well documented.
Nephritogenic lupus autoantibodies initiate immune deposit
formation through direct or indirect interaction with glom-
erular antigens [152, 153] and result in kidney pathology that
can be prevented by administration of an immunoglobulin-
binding peptide [151, 154]. It has been suggested that
autoantibodies reacting with brain antigens may similarly
play a role in CNS pathology and negative behavioral
outcomes in NP-SLE [90, 155].

Evidence supporting the role of autoantibodies in the
pathogenesis of NP-SLE includes the increased titer of
autoantibodies in serum of diseased MRL/lpr mice [156–
158], which occurs earlier in females [156, 159], consistent
with the earlier onset of depressive-like behavior in MRL/lpr
females [14]. There is also evidence that some of these serum
autoantibodies react with brain antigens [160, 161] and
occur in serum of as early as 2-3 months old in MRL/lpr mice
[61] and in CSF as early as 4-5 months [162]. Nevertheless,
as further discussed below, the fact that behavioral deficits
are present before major rises in serum autoantibody titers
or detectable breaches in the blood-brain barrier indicates
that serum antibodies alone are clearly not the sole important
pathogenic factor in NP-SLE, at least early in the disease.

The relationship of serum and CSF levels of autoanti-
bodies to the disease process is complex, but it is likely that
intrathecal autoantibodies are likely to be more critically
related to NP-SLE than are serum autoantibody titers. Some
evidence does suggest a role for serum autoantibody levels in
NP-SLE, as mice with more severe peripheral and behavioral
manifestations of SLE also have more pronounced changes
in hippocampal and cortical morphology and increased
indices of cell death [163–166]. This can be prevented with
doses of cyclophosphamide that reduce serum autoantibody
titers [165], although CSF levels of autoantibodies were
not assessed. However, IgG levels in serum, but not CSF,
are positively correlated with spleen weight, suggesting that
central autoimmune processes are relatively independent
from systemic manifestations [167]. This is supported by
the fact that the patterns of autoantibody expression in
serum and CSF is not correlated over time in patients
with NP-SLE [168]. Finally, CSF from diseased MRL/lpr
mice which was treated to remove cytokines is cytotoxic to
cultured cells [71, 169] and was more cytotoxic than serum
derived from diseased animals [71], indicating a primary
intrathecal source of cytotoxic autoantibodies. Cytotoxicity
in culture was correlated with the extent of apoptosis in the
brains of aged LPR mice from which the CSF was derived,
thus toxic mediators produced by the CNS of diseased
MRL/lpr mice are likely to be more pathogenic than those in
serum. Therefore autoantibodies recognizing brain antigens
are plausible candidates as neurotoxic moieties. The site of
production of brain reactive antibodies in MRL-lpr mice is
however not conclusively identified, although this remains a
subject of intense research interest [162].
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Autoantibodies recognizing brain antigens, such as the
NMDA receptor subtype of the excitatory neurotransmitter,
glutamate, are also present in the serum and CSF of
patients with NP-SLE [168, 170]. When injected directly
into the brain of otherwise healthy mice, or when injected
peripherally to animals with a compromised blood-brain
barrier, these are neurotoxic and result in impaired cognition
and emotional behavior [171–173]. In addition, intrathe-
cal administration of antiribosomal P antibodies induces
depression-like behavior in the forced swim test [174]. There
have also been reports of positive correlations between
serum levels of brain reactive autoantibodies and cognitive
dysfunction and depression-like behavior [90, 155, 175]
although other studies have failed to find such relationships
[61, 161, 176] in patients with NP-SLE. It has thus been
suggested that CSF levels of brain-reactive autoantibodies
may be more important factors than serum titers to the
genesis of NP-SLE pathology and symptoms [90, 177]. These
data further support the notion that CNS-derived specific
factors and possibly intrathecal production of autoantibodies
can lead to brain pathology and corresponding negative
behavioral outcomes [52, 162, 169].

However, the blood-brain barrier restricts the influx of
circulating factors, including lymphocytes and antibodies,
from entering the brain and cerebral circulation. The
brain also does not have resident antibody-producing cells.
Generally, influx of antibodies or lymphocytes requires
disintegration of the blood-brain barrier as general or
localized lesions [27]. There is no convincing evidence to
date that this occurs as early as the earliest manifestations
of the negative behavioral outcomes. Therefore, while it is
probable that the loss of integrity of the blood-brain barrier
eventually occurs and obviously plays role in the resulting
CNS pathology [9, 178–181], possibly in part by permitting
the entry of autoantibodies and antibody-producing cells,
negative behavioral outcomes might rather be initiated by
different mechanisms than those that regulate pathology in
peripheral organs and later onset, more severe symptoms of
NP-SLE. Thus, autoantibodies are possibly not the sole or
primarily etiology of several of the symptoms of NP-SLE,
especially given the notable role of cytokines and chemokines
in affective and cognitive disorders [182–186].

Indeed, several lines of evidence suggest that autoan-
tibodies may not be sufficient to induce NP-SLE in the
MRL/lpr strain. First, increased secretion of chemokines and
cytokines (such as interferons) cause inflammatory pathol-
ogy in kidney [187, 188], even in the absence of autoantibody
deposits [189]. Furthermore, the high proinflammatory
cytokine levels in MRL/lpr mice are progressive and corre-
lated with increasing disease severity [190]. Conversely, anti-
inflammatory cytokine therapy is beneficial [191]. In fact,
numerous anti-inflammatory agents with a wide variety of
underlying mechanisms of action increase survival, reduce
peripheral organ pathology, and normalize T-cell pheno-
types in mice without altering the level of autoantibodies
[192–197]. However, neuropsychiatric symptoms have not
been systematically assessed in most of these studies so it
is not clear if there are also similar benefits to behavioral
outcomes. Further evidence suggesting that autoantibodies

are not sufficient to produce NP-SLE includes the fact that
DNA-binding antibodies derived from autoimmune MRL
mice fail to induce SLE-like changes when administered to
healthy animals [198]. Actually, all strains of mice thus far
tested show some brain reactive autoantibodies in serum
[199] even in the absence of abnormal behavior. Last,
MRL/lpr mice that express a mutant transgene that prevents
the secretion of circulating IgG still develop nephritis despite
the lack of soluble autoantibody production, indicating that
circulating autoantibodies are neither requisite nor sufficient
to induce pathology [200].

Thus, serum antibodies could be neurotoxic, but they
can only access brain tissue after a compromise of blood-
brain barrier integrity. Lymphocytes can also not access the
brain through an intact blood-brain barrier. Furthermore,
insults to the blood-brain barrier are likely to be regional
rather than global and may occur later in the disease than the
onset of robust emotional disturbances. So if brain-reactive
autoantibodies are not engendering such symptoms early in
NP-SLE, then what is?

2.2. Chemokines and Cytokines. Cytokines and chemokines
are likely to be critical early factors regulating the negative
behavioral outcomes, as they need not pass the blood-
brain barrier to regulate neural function [57, 183, 201].
Detection of increased secretion of peripheral inflammatory
cytokines can occur across an intact blood-brain barrier, in
part via the vagus nerve. This induces glia and microglia
to produce cytokines and other inflammatory and cytotoxic
agents (including prostaglandins and nitric oxide). These are
well documented to elicit the physiological and behavioral
symptoms of mood disorders, including lethargy, decreased
social interaction, immobility in the forced swim test, and
anhedonia [183, 184, 202–204]. Finally, cytokines have
been linked to depression in humans [205–213] and to
neuropsychiatric symptoms in NP-SLE patients [8, 12, 170,
185, 214, 215].

The role of cytokines in emotional disturbances in
MRL/lpr mice is supported by numerous studies. In very
large samples, the severity of behavioral deficits in MRL/lpr
mice does not relate strictly to autoantibody titers or
brain infiltration by T cells [57], which would indicate
a compromised blood-brain barrier. Cytokine, chemokine,
and prostaglandin dysregulation occurs as early as 1–4 weeks
in MRL/lpr mice, well before disease onset and upregulation
of autoantibodies [26, 30, 216–223].

Clinically, cytokine-mediated depression has certainly
resulted from cytokine administration when used as treat-
ments in cancer and viral infections [224–228]. Increased
levels of IL-6 and other cytokines have been found in the
cerebrospinal fluid and brains of patients with NP-SLE
[229]. In MRL/lpr mice, treatment with anti-inflammatory
cytokines reduces disease severity [189, 230–237] while
administration of proinflammatory cytokines accelerates
glomerulonephritis, vasculitis, and other disease manifesta-
tions [231, 233]. MRL/lpr mice lacking the IL-6 receptor
have delayed mortality and nephritis and a reduction of
autoantibody complex deposition [238], though these mice
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have not been behaviorally tested, so the affect on symptoms
of NP-SLE is not known.

The early dysregulation of cytokine production, espe-
cially TNF-alpha, IL-1, IL-2, and IL-6 [188, 223, 239,
240], corresponds to the onset of symptoms of depressive-
like behavior, such as anhedonia and behavioral despair
in MRL/lpr mice [59] and in other rodent strains [241,
242]. Anhedonia can be ameliorated by cyclophosphamide,
which abolishes the typically early and significant rise
of cytokines, particularly IL-6 [59]. Notably, anhedonia
and other behavioral indices of depressive-like behavior in
mice can be replicated by exogenous IL-6 [59] and are
prevented by knockout of the IL-6 receptor [203]. Other
proinflammatory immunomodulators, such as TNF-alpha,
also increase behavioral indices of depressive-like behavior
in mice [243] while blocking their secretion or receptors
decreases depressive-like behavior [242, 243]. High levels of
proinflammatory cytokines may also impair the function
of the blood-brain barrier [244, 245] and may thus be
permissive to the negative effects of autoantibodies and
lymphocytes. Finally, cytokine dysregulation is a shared char-
acteristic of murine lupus models with different underlying
genetic mechanisms [246].

Thus, while recent and substantial evidence indicates
a role for cytokines in the early mechanisms of NP-SLE,
several obstacles have prevented the further studies needed to
elucidate the specific underlying etiology. First, it is impor-
tant to recognize that local alterations in brain cytokine
levels that can be very relevant to NP-SLE pathogenesis
may be present early in the disease course, yet these
may not necessarily be reflected in abnormal serum levels.
Second, there are numerous cytokines, and it is a gross
oversimplification to assume that an individual cytokine is
pro- or anti-inflammatory. Rather, the precise proportions
of cytokine levels in serum and brain are likely to be more
important than absolute levels of a single cytokine. However,
comprehensive analysis of multiple cytokines is prohibitively
expensive. Furthermore, cytokines are necessary for normal
brain development and cognitive function [247–250], and
thus global knock-outs of specific cytokine receptors can
be problematic, as these can cause cognitive, reproductive,
and other deficits [248, 251] and also require large breeding
colonies to achieve appropriate genotypes. More precise
timing of cytokine receptor knockdown can be accomplished
by viral vectors, but these are also less than ideal in studies
of SLE as they are thought to induce immune responses
[252]. Other methods of receptor knockdown that are more
promising include siRNA.

3. Sex Differences

There is a much higher incidence of SLE in females than
in males. Moreover, females with autoimmune disease have
a higher risk of psychiatric disorders, particularly depression
[80]. Disease severity and rate of progression are also
accelerated in female MRL/lpr mice as compared to males
of this strain. Serum autoantibodies appear earlier in female
MRL/lpr mice [14, 156]. Female MRL/lpr mice also have

higher levels of IgG in the CSF compared to males [253].
Symptoms of depressive-like behavior are also worse in
female MRL/lpr mice [14].

One possible mediator of sex differences in the preva-
lence and outcomes of SLE is sex steroid hormones, such as
estrogens [254–263]. Administration of exogenous estrogens
can induce a lupus-like syndrome in otherwise healthy mice
[258] and exacerbate symptoms in MRL/lpr mice, in which
estrogens globally increase IgM levels [264] autoantibody
titers [156], glomerulonephritis, lymphoproliferation, mor-
tality [257], and cytokine levels [265]. Conversely, treatment
with the estrogen receptor antagonist, tamoxifen, reduces
proteinuria, serum tiers of anti-dsDNA autoantibodies and
increases survival [266]. Estrogens also differentially affect
B and T cell-mediated immune responses in MRL/lpr mice
[255, 256]. Immune complex-mediated glomerulonephritis
is significantly accelerated by estrogens whereas T cell-
mediated lesions, such as renal vasculitis and periarticular
inflammation, are reduced in MRL/lpr mice after estrogen
treatment [255, 256]. Estrogens can also modulate blood-
brain barrier permeability [267, 268] and increase cytokine
levels in patients with SLE [259, 262, 269, 270]. Moreover,
the myriad effects of estrogen on neuroprotection are being
increasingly recognized [271–273]. While space constraints
prevent going into further details about the role of sex
hormones in maintaining the integrity of the blood-brain
barrier and providing neuroprotection, the interested reader
can find additional details in some recent comprehensive
reviews [267, 271, 272, 274, 275]. These sex and hormone
differences may have clinical implications for treatment of
SLE, as cyclophosphamide prevents pulmonary disease in
male but not female MRL/lpr mice [276]. Similarly, sex
differences in the efficacy of treatment in autoimmune
disorders is not uncommon [277]. Furthermore, there are
notable sex differences in both humans and in animal
models in the susceptibility of depression, responses to
antidepressant treatments, and in underlying hormonal,
immune, and neurochemical alterations in affective disor-
ders [278, 279].

4. Conclusion

CNS disease in NP-SLE may share common mechanisms
with peripheral organ pathology in SLE, especially in the
latter stages of the disease, but the distinct nature of CNS-
mediated immunity and the blood-brain barrier indicates
that early manifestations of particularly mood disorders may
be derived from some unique mechanisms. Additionally,
agents critical to the pathology of NP-SLE, such as cytokines,
are regulated by sex and steroid hormones, which is consis-
tent with the predominance of SLE and mood disorders in
females. Altered cytokine profiles in serum and/or CNS can
result in the activation of astrocytes, microglia, and changes
in neuronal function and morphology and dysregulation of
the blood-brain barrier. Pathology of the blood-brain barrier
could lead to altered homeostasis and play a significant role
in impairment of CNS function seen in later onset of NP-SLE
as well many other immune disorders.
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Despite the importance of the MRL/lpr and other murine
models for elucidating the underlying mechanisms of NP-
SLE, there are yet many questions that have not been
conclusively answered. These include relating measures of
the earliest onset of negative behavioral outcomes with
intrathecal levels of cytokines and native brain-reactive
autoantibodies, systematic study of the efficacy of alternative
therapeutics (such as traditional and novel antidepressants),
and comprehensive analysis of the time course of blood-
brain barrier dysfunction.
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Excitotoxicity is considered to be an important mechanism involved in various neurodegenerative diseases in the central
nervous system (CNS) such as Alzheimer’s disease (AD). However, the mechanism by which excitotoxicity is implicated in
neurodegenerative disorders remains unclear. Kainic acid (KA) is an epileptogenic and neuroexcitotoxic agent by acting on specific
kainate receptors (KARs) in the CNS. KA has been extensively used as a specific agonist for ionotrophic glutamate receptors
(iGluRs), for example, KARs, to mimic glutamate excitotoxicity in neurodegenerative models as well as to distinguish other iGluRs
such as α-amino-3-hydroxy-5-methylisoxazole-4-propionate receptors and N-methyl-D-aspartate receptors. Given the current
knowledge of excitotoxicity in neurodegeneration, interventions targeted at modulating excitotoxicity are promising in terms of
dealing with neurodegenerative disorders. This paper summarizes the up-to-date knowledge of neurodegenerative studies based
on KA-induced animal model, with emphasis on its potentials and limitations.

1. Introduction

Excitotoxicity is involved in a variety of neurodegenerative
disorders in the central nervous system (CNS) includ-
ing Alzheimer’s disease (AD), Parkinson disease (PD),
amyotrophic lateral sclerosis (ALS), and multiple sclerosis
(MS). In the past decades, great achievements have been
obtained in elucidating excitatory signaling pathways, yet
the mechanism by which glutamate receptors is implicated
in neurodegenerative disorders remains unclear. Kainic
acid (KA), an analog of excitotoxic glutamate, can elicit
selective neuronal death in the brain of rodents, of which
the pathological changes partially mimic neurodegenera-
tion in the CNS. Thus, KA-induced neurodegeneration
in rodents has been used as a model for exploring the
pathogenesis of excitotoxicity in neurodegenerative disor-
ders.

2. Generic Characteristics of
KA and KA Receptors (KARs)

KA was originally isolated from the seaweed called “Kainin-
sou” or “Makuri”. The molecular formula of KA are
C10H15NO4 and the molar mass of KA is 213.23 (Figure 1).
Initially, KA was used as an antihelminth compound to
remove worms from the gut. Subsequent studies indicated
that KA is a nondegradable analog of glutamate and a potent
neurotoxin [1]. KA exerts its neuroexcitotoxic and epilep-
togenic properties by acting on kainate receptors (KARs).
Upon binding to KARs, KA induces a number of cellular
events, including the influx of cellular Ca2+, production of
reactive oxygen species (ROS), and mitochondrial dysfunc-
tion leading to neuronal apoptosis and necrosis [2]. KA has
been extensively utilized as a specific agonist for ionotropic
glutamate receptors (iGluRs); that is, KARs to mimic the
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Figure 1: The molecular structure of kainic acid (2-carboxy-4-
isopropenylpyrrolidin-3-ylacetic acid, KA). The molecular formula
of KA are C10H15NO4 and the molar mass of KA is 213.23 g/mol.

effect of glutamate in neurodegenerative models, as well as to
distinguish other ionotropic receptors for glutamate. KARs
mediate most of kainate-induced seizures and excitotoxic
neuronal death, whereby serving as a promising therapeutic
target for neurodegeneration.

Two broad categories of glutamate receptors (GluRs),
that is, iGluRs and metabotropic GluRs (mGluRs), dif-
fer with reference to their functions. There are three
major subtypes of iGluRs: N-methyl-D-aspartate recep-
tor (NMDARs), α-amino-3-hydroxy-5-methylisoxazole-4-
propionatereceptor (AMPARs), and KARs, termed according
to the types of synthetic agonists [3]. The latter two subtypes
are usually referred to together as non-NMDA receptors.
The KARs family is divided into two subfamilies, including
GluR5-7 and KAR1-2. A new nomenclature for iGluR family
has been recently recommended by the International Union
of Pharmacology Committee on Receptor Nomenclature
and Drug Classification (NC-IUPHAR) [4]. In view of the
popularity of the conventional nomenclature in previous
studies, the present paper follows its conventional use.

3. Features of KA-Induced Neurodegenerative
Animal Model

Systemic (intravenous or intraperitoneal), intranasal, or
local administration of KA results in a series of clini-
cal manifestations and pathological changes in rodents,
including recurrent seizures, behavioral changes of rodents,
oxidative stress including the generation of ROS and reactive
nitrogen species (RNS), hippocampal neuronal death and
glial activation, and so forth [2].

3.1. KA Induces Recurrent Seizures and Behavioral Changes
in Rodents. In rodents, systemic administration of KA leads
to a well-characterized seizure syndrome [5, 6]. During
the first 20–30 minutes, the animals show “staring” spells,
followed by head nodding. Then, they stand upright and fall
down, with wet-dog shakes for around 30 minutes. One hour
after KA administration, the animals start to present with
recurrent limbic motor seizures. The limbic seizures then
develop into status epilepticus and lasted 1-2 hours [7].

After KA administration, rodents show behavioral
changes in the water maze, the object exploration tasks, and
the open-field test in association with selective damage in the
hippocampus. Deficiency in short-term spatial memory and

long-term spatial learning, a higher degree of anxiety [8], and
depression-like behaviors were also observed [9]. Physical
exercise and selective cyclooxygenase (COX)-2 inhibitors like
celecoxib may help to enhance the function recovery [10, 11].

3.2. Selective Hippocampal Neurodegeneration in Rodents after
KA Challenge. Among the agents used to selectively destroy
hippocampal neurons, ibotenic acid (IBO) and N-methyl-
D-aspartate (NMDA) are nonspecific in acting on different
cell types and usually these toxins do not cause seizures.
In contrast, focal injection of KA resulted in hippocampal
damage that occurred primarily in the CA3 area [12]. Similar
selective vulnerability to KA was also seen when KA is
administered via systemic injection. Selective vulnerability
of hippocampal neurons was related to the distribution
of the AMPARs/KARs in the brain [13]. KARs are most
abundant in CA3 region and the activation of KARs can
induce the production of ROS and compromise the function
of mitochondria in the region [14, 15]. The stimulation of
KARs excites CA3 neurons directly and increases glutamate
efflux [16, 17]. Systemic injection of KA produced extensive
neuronal death, primarily within the hippocampus hilus,
CA3, and CA1 areas [18]. The hilar neurons are sensitive
to KA-induced excitotoxicity, but neuronal loss in the other
hippocampal areas varies between animal species and strains
[19, 20]. KA at higher doses can also induce neurotoxicity in
the medial amygdaloid nuclei [21].

KA-caused neuronal death involves endoplasmic retic-
ulum (ER) stress, activation of ER sensor proteins, and
induction of the fragmentation of the ER membrane [22], as
well as Ca2+ overload [2]. C-jun N-terminal kinase (JNK)3
plays a detrimental role whereas other MAPKs like p38 and
extracellular signal-regulated kinases 1/2 (ERK 1/2) seem to
play a beneficial role [23]. Ikappa B kinase (IκB)/nuclear
factor-kappa B- (NFκB-) dependent microglia activation
contributes to KA-induced hippocampal neuronal death
in vivo through induction of inflammatory mediators like
tumor necrosis factor (TNF)-α and interleukin (IL)-1β [24].

3.3. Glial Activation after KA Treatment. KA binds to KARs
expressed on neurons and microglia, leading to (1) rapid
Ca2+ influx, (2) activation of Ca2+-dependent enzymes and
generation of ROS and RNS, (3) excessive Ca2+, ROS and
RNS lead to mitochondrial dysfunction, and (4) nuclear
condensation and DNA fragmentation. Alternatively, intense
Ca2+ overload can directly cause mitochondrial swelling
and damage, causing acute neuronal cell death [2]. KA-
induced neuronal death is accompanied by the activation
of gliocytes, that is, microglia and astrocytes, characterized
by the clustering of activated gliocytes in the hippocampal
lesions [25, 26].

Microglia are the main effector cells of the inflammatory
responses in the CNS, exert their functions as phagocytes,
and interact with other gliocytes and neurons [27]. The
physiological role of microglia can be partly linked to neu-
roprotection whereas under pathophysiological conditions,
microglia may become activated and secrete a great amount
of proinflammatory cytokines, chemokines, complements,
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Figure 2: KA-induced microglial activation. Activated microglia express MHC class I and II, costimulatory molecules (CD80 and CD86),
chemokine receptors (CCR2, 3, 5, CXCR3, 4, etc.), cytokine receptors (IL-10R, IL-12R, IL-18R, IFNgR, TNFR, TGFβR, etc.), complement
receptors (FCγRI-III and CR1, 3, 4, etc.), and prostaglandin receptors, produce complements, prostaglandins, cytokines (IL-1, IL-6, IL-
10, IL-12, IL-18, TNF-α, TGF-β, etc.), chemokines (IP-10, MIP-1α, MIP-1β, MCP-1, IL-8, RANTES, etc.), ROS, and RNS, and secrete
neutrophins (NGF, BDNF, and NT-3, 4, etc.), proteases, and excitatory amino acids, and so forth, which may either contribute to excitotoxic
damage or be protective against KA damage. IL: interleukin; CCR: C-C chemokine receptor; CXCR: CXC chemokine receptor; IFNgR:
interferon gamma receptor; TNF: tumor necrosis factor; TGF: transforming growth factor; IP: Interferon gamma-inducible protein; MIP:
macrophage inflammatory protein; MCP: monocyte chemotactic protein; RANTES: regulated upon activation, normal T-cell expressed and
presumably secreted; NGF: nerve growth factor; BDNF: brain-derived neurotrophic factor; NT: neurotrophin.

and so forth [28]. Activated microglia may play a neuro-
protective role in MS and its animal model, experimental
autoimmune encephalomyelitis (EAE), by facilitating repara-
tory and regenerative processes [29]. However, in other neu-
rodegenerative diseases such as AD and PD, microglia may
initiate and aggravate the disease process through secreting
proinflammatory and cytotoxic factors [30, 31]. In KA-
induced excitotoxic neurodegeneration, activated microglia
express MHC class I, MHC class II, and costimulatory
molecules, produce complements, cytokines (IL-1, IL-6, IL-
12, IL-18, TNF-α, etc.), chemokines, ROS, and RNS, and
secrete proteases and excitatory amino acids, which con-
tribute to the neuronal death [27, 28, 32] (Figure 2). Stannio-
calcin 2 (STC2), the paralog of STC1, exerts neuroprotective
actions against excitotoxic insults of KA through direct
inhibition of microglial activation [33]. Despite the impor-
tant role of microglia in KA-induced neurodegeneration,
evidence is lacking that microglia participates in initiating
the inflammatory and degenerative process. Seemingly, acti-
vation of microglia is just a “byproduct” of KA-induced exci-
totoxicity, but serves as an “accomplice” in this process [34].

Astrocytes were formerly regarded as passive supporters
of neurons for decades. However, a new concept of neuron-
glial intercommunication that astrocytes play a dynamic

role by integrating neuronal inputs and modulating synaptic
activity, whereby contributing to neurodegenerative develop-
ment, has been recently acknowledged [35, 36]. Astrocytes
can prevent neurons from death and promote proliferation
and differentiation of precursor cells by producing growth
factors [37–39]. Moreover, astrocytes express functional
receptors for the excitatory neurotransmitters like iGluRs
[40]. In pathological conditions, astrocytes may contribute to
brain damage by releasing ROS and proinflammatory factors.
Failure in water transport also triggers brain edema, reversal
of neurotransmitter transporters, and Ca2+-dependent exo-
cytosis. Furthermore, the opening of high-permeability plas-
malemmal channels contributes to glutamate excitotoxicity
[41]. The expression of glial fibrillary acidic protein (GFAP),
a marker for astrogliosis, was shown to steadily increase as
early as one day after intrahippocampal or intraperitoneal
injection of KA [42, 43]. Aged astrocyte specifically induced
substance (OASIS) is known to be expressed on astrocytes
and involved in the ER stress [44], which plays an important
role in attenuating neuronal damage induced by KA [45].
Upregulated transcription factors in astrocytes, including
NF-κB and nuclear factor erythroid-2-related factor 2
(Nrf2) induce the expression of neuroprotective molecules
[46, 47].
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3.4. KA-Mediated Oxidative Stress. KA receptors have both
presynaptic modulatory and postsynaptic excitatory actions
[48, 49]. The activation of KA receptors leads to membrane
depolarization and increased influx of cellular calcium,
which are required to trigger the cascade of neuronal
death [50]. ROS/RNS have been implicated in the patho-
genesis of various neurodegenerative disorders [51]. KA
administration increases the generation of ROS and RNS.
The increased formation of thiobarbituric acid-reactive
substances (TBARS) and decreased total antioxidant status
(TAS) in the cerebral cortex, cerebellum, and brain stem of
rats subjected to KA indicate the presence of oxidative stress
in excitotoxicity [52]. The exact mechanisms regarding the
increased production of nitric oxide (NO) in excitotoxicity
are not well established. However, stimulation of KARs
induces NO release, which, in turn, modulates glutamate
transmission [53]. NO may induce changes in neuronal
signaling pathways [54]. Generation of other free radicals
also contributes to neuronal damage [55]. KA induces imme-
diate production of COX-2 that is involved in hippocampal
neuronal death [56]. COX-2 facilitates the recurrence of
hippocampal seizures and stimulates hippocampal neuronal
loss after KA administration [57, 58]. PGE(2), the synthesis
of which is dependent on COX, is pathologically increased
in the brain after KA treatment, in close association with
neuronal death [59]. In addition, seizure-induced products
of lipid peroxidation, such as F(2)-isoprostanes and isofu-
rans, play critical roles in the initiation and modulation of
inflammation and oxidative stress, serving as reliable indices
of oxidative stress in vivo [60].

3.5. KA-Enhanced Inflammatory Mediator Production. Neu-
rodegeneration is associated with increased inflammatory
mediators in the CNS such as in AD, MS, and so forth [61,
62]. Activated microglia and astrocytes after KA treatment
release a large amount of inflammatory mediators such as
NO, IL-6, IL-12, TGF-β, TNF-α, IL-18, and IL-1β [28, 63,
64]. Manipulation of inflammatory mediators may affect the
outcome with regard to seizure activity, behavioral changes,
as well as the neuropathological consequences in KA-induced
neurodegeneration [65]. Important inflammatory mediators
including NO, IL-6, TGF-β, TNF-α, IL-12, IL-18, and IL-1β
are herein summarized.

The production of NO represents one of the principle
features of activated macrophage/microglia, and NO is a
major effector in the innate immunity [66]. NO can be
formed enzymatically from L-arginine by inducible NO syn-
thase (iNOS) in neuroglia [67]. KA administration increases
the generation of ROS and RNS by neuroglia. Microglia
can produce large amounts of soluable factors like NO [68].
Elevated production of NO by increased activity of iNOS is
thought to contribute to KA-induced neuronal damage [69].
iNOS-deficient mice are resistant to KA-induced neuronal
death [70]. Similarly, pretreatment with aminoguanidine,
a selective iNOS inhibitor, significantly suppressed KA-
induced neuronal death in the hippocampal CA3 area with
concomitant decrease in iNOS expression and microglial
activation [70].

IL-6, which is secreted by macrophages, dendritic cells,
T cells, and so forth, bears both pro- and anti-inflammatory
functions. IL-6 was initially categorized into a T helper (Th)
1 cytokine [71]. However, IL-6 can induce IL-4 production
by naı̈ve Th0 cells and their differentiation into effector
Th2 cells [72]. IL-6 appears to be a critical factor in early
phases of CNS insults, taking part in the orchestration of
attempts for tissue repair [69]. Levels of IL-6 are increased
in the cerebrospinal fluid (CSF) in humans after tonic-clonic
seizures [73]. IL-6 mRNA is increased in the hippocampus,
cortex, amygdale, and meninges, and IL-6 receptor is upreg-
ulated in the hippocampus in the rat brain after KA-induced
status epilepticus [73]. Neuronal death is more pronounced
when IL-6 is produced in limbic seizures induced by
KA [26]. Upregulated expression of IL-6 represented an
endogenous neuroprotective mechanism against NMDAR-
mediated injury in cerebral ischemia [74]. IL-6 knockout
mice exhibit significantly higher seizure susceptibility to
NMDA, AMPA, and KA, and the excitatory amino acid
system seems more active in the CNS of IL-6 deficient
mice [75]. Specifically, IL-6 deficiency increases neuronal
injury and impaired the inflammatory response after KA
treatment, characterized by reduced reactive astrogliosis and
microgliosis versus increased morphological hippocampal
damage, oxidative stress, iNOS expression, and apoptotic
neuronal death [76].

IL-12 consists of p35 and p40 subunits, which form
the bioactive IL-12p70 when combined together. IL-12 is
required for the induction of IFN-γ production, critical for
the polarization of the Th1 immune response. In EAE, the
proinflammatory cytokines IL-12, IFN-γ, TNF-α, IL-1β, IL-
6, and IL-18 are involved in the initiation and development
of the local immune responses in the CNS [77]. IL-12
can be produced by activated microglia in response to KA,
and IL-12p35 deficiency may alleviate hippocampal injury
upon KA challenge, indicating a critical role of IL-12 in
excitotoxin-induced brain injury [65]. Moreover, expression
IL-12 was increased in IL-18 deficient mice as compared with
controls in association with increased microglial activation,
suggesting that the null role of IL-18 in excitotoxic injury
may be compensated by the upregulated levels of IL-12 [78].

TGF-β bears anti-inflammatory, immunosuppressive,
and neuroprotective features. It can downregulate
(micro)glial cytokine production, for example, IL-1
and TNF-α [69]. TGF-β1 mRNA in the regenerating
neurons is correlated with glial activation [79]. Exogenous
administration of TGF-β1 protects excitotoxic lesions and
neuronal death [80]. TGF-β1 mRNA is also increased in
the hippocampus after KA-induced seizures, particularly in
the areas of neurodegeneration [81]. TGF-β3 is upregulated
in response to KA, and exogenous TGF-β3 significantly
attenuates KA-induced seizures and neuronal loss in a
dose-dependent manner, indicating a protective role of
TGF-β3 [82].

TNF-α is mainly produced by microglia and astrocytes
in the CNS. KA-activated microglia expressed high levels of
TNF-α mRNA and protein. As with many other cytokines,
TNF-α bears neuroprotective properties in contrast to its
well-known deleterious role as a proinflammatory cytokine,
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which implies an intricate biological balance in immune
and inflammatory responses mediated by TNF-α [83]. The
mechanisms by which TNF reduces brain injury may involve
the upregulation of proteins, such as neuronal apoptosis
inhibitor protein (NAIP), which maintains calcium home-
ostasis or reduces free radical generation [84]. The protective
roles of TNF-α in KA-induced neurodegeneration can also
be mediated via TNFR2 signaling pathway [85]. However,
inconsistent findings suggested that TNF-α derived from
KA-activated microglia can increase the excitotoxicity of
hippocampal neurons and can induce neuronal apoptosis in
vitro and in vivo [86].

IL-18 is a proinflammatory cytokine which can enhance
postsynaptic AMPAR responses in CA1 pyramidal neurons
via the release of glutamate, thereby facilitating basal hip-
pocampal synaptic transmissions [87]. IL-18 knockout mice
showed a diminished microglial activation and reduced
dopaminergic neuronal loss after acute 1-methy-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) treatment [88]. In KA-
induced excitotoxicity, IL-18 immunoreactivity was found
in the hippocampal microglia of mice whereas IL-18R
immunoreactivity was observed in astrocytes. Levels of IL-18
and IL-18R in the hippocampus were upregulated progres-
sively from day 1 and reached the peak on day 3 post-KA
treatment [89]. We found that exogenous administration of
IL-18 aggravated KA-induced injuries in C57BL/6 mice, and
IL-12 could compensate the function of IL-18 and worsen
seizure severity as well as hippocampal neurodegeneration in
IL-18 deficient mice [78].

IL-1β, a proinflammatory cytokine produced in abun-
dance by activated microglia, acts as a regulatory factor
in the multiple connections among the immune, nervous,
and endocrine systems. IL-1β exerts its effects through IL-
1 receptor type I (IL-1RI) and IL-1 receptor accessory
protein (IL-1RAcP) [90]. IL-1β plays a pivotal role in the
neuroinflammation associated with certain forms of neu-
rodegeneration, including cerebral ischemia and excitotoxic
brain injury [91]. Compelling evidence in experimental
neurodegenerative models indicates that IL-1β is pivotal in
the excitotoxicity leading to neuronal death [92]. Primary
cultured microglia are significantly activated by KA with
increased IL-1β levels [93]. IL-1β can mediate KA-induced
excitotoxic injuries to hippocampal neurons in vitro and in
vivo [93].

4. Neurodegenerative Animal Model Induced by
Intranasal Administration of KA:
Our Experience

C57BL/6 mice are commonly used for transgenic studies,
while they are resistant to systemic administration of KA
(intravenous or intraperitoneal). However, Chen et al. in our
group, developed a model of KA-induced neurodegeneration
by intranasal administration of KA into C57BL/6 mice [94].
This model provides a valuable tool to explore the role of
excitotoxicity in neurodegeneration using transgenic mice
with C57BL/6 background. Within 15 minutes after KA
administration, C57BL/6 mice are catatonic and staring,

followed by myoclonic twitching, frequent rearing, and
repeated falling. Approximately 30–40 minutes after admin-
istration, the mice present with status epilepticus, which
lasts 1–5 hours. Some serious cases die from seizures. Then
the mice assume a hunched posture and remain immobile
for additional few hours [78]. As to behavioral changes,
intranasal administration of KA induced elevated levels of
spontaneous activity in the open-field test [94].

The mechanism as regards how KA induces excitotoxic
neurodegeneration through intranasal administration is
underclarified whereas we have several speculations. Firstly,
KA may reach the hippocampus via passive diffusion,
a route utilized extensively in both clinical practice and
laboratory investigations [95]. Secondly, KARs were found
in olfactory nerves and the olfactory bulb [96]. Protracted
postsynaptic stimulation induced by KA can be relayed
through projections to the hippocampus and thus result in
neuronal damage. Thirdly, KA may directly enter the CSF
via the nasal cavity, since the CSF has direct connection with
the olfactory bulb [97]. Additionally, drugs with a molecular
weight of less than 20 kDa can be directly transported from
the nasal cavity to the CSF [98]. Finally, KA may reach the
hippocampus via the blood circulation [99].

5. Potentials of Antiglutamate Excitotoxicity as
a Therapeutic Target

Considering the importance of oxidative stress in KA-
induced excitotoxic damage, antioxidant and anti-inflam-
matory treatments may attenuate or prevent the neurodegen-
erative disorders involved glutamate excitotoxicity [100].

COX-2 inhibitors as a therapeutic drug for the neuronal
loss after KA treatment have been studied [57]. Selective
COX-2 inhibitors, for example, celecoxib, rofecoxib, NS398,
and SC58125, can suppress the synthesis of PGE(2), whereby
blocking hippocampal neuronal death [10, 58]. Free radical
scavengers (FRSs) are known to prevent neuronal loss
induced by excitotoxins [101, 102]. Edaravone (Ed), a
newly developed FRS [103], and melatonin, the pineal
secretory product [104], were potent to attenuate KA-
induced neuronal death, suppress lipid peroxidation, and
inhibit microglial activation. Sinapic acid (SA), a GABA (A)
receptor agonist, can attenuate KA-induced hippocampal
damage in mice via its anticonvulsive activity through
GABA (A) receptor activation and radical scavenging activity
[102]. Tetramethylpyrazine (TMP), a principal ingredient
of Ligusticum wallichi Franchat (a Chinese herb), can
function as a reductant/antioxidant to quench ROS, block
lipid peroxidation, and protect enzymatic antioxidants such
as glutathione peroxidase and glutathione reductase [105].
TMP may prevent and rescue KA-induced neuronal loss via
the preservation of the structural and functional integrity of
mitochondria, evidenced by maintaining the mitochondrial
membrane potential, ATP production, and complex I and III
activities [106].

Preclinical data have suggested KARs as an attractive tar-
get for drug development. Tezampanel, a nonselective KAR
inhibitor, can reduce migraine pain and other symptoms in
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a clinical phase II study. This suppressive effect is probably
attributable to the inhibition of KARs. Another KAR antag-
onist, NS1209, can alleviate refractory status epilepticus and
neuropathic pain in phase II trials, but further research on
this agent has been suspended [107]. Tat-GluR6-9c, a GluR6
C-terminus peptide conjugated to a Tat peptide, confers
neuroprotection against neuronal death induced by KA-
induced excitotoxic brain injury without perturbing KAR-
mediated currents. This is mediated by its inhibition of JNK
activation [15, 108, 109].

Expression of p27, a cyclin-dependent kinase inhibitor
which arrests cell cycle at G1-S phase, was downregulated
in the neuronal cell death caused by several reasons like
glutamate toxicity [110]. It is demonstrated that reduced
expression of endogenous p27 induced cell death in cultured
cortical neurons by transfection of p27 small interfering RNA
(siRNA) [111]. p27 may alleviate KA-induced seizure and
hippocampal degeneration [112]. Early calpain activation
is involved in neurotoxicity in the hippocampus after KA
insults. Treatment with the calpain inhibitor MDL 28170
significantly suppressed the neurodegeneration induced by
KA [113]. The roles of the activation of caspases and p21
in the process of neuronal death caused by KA insult have
been reported in several studies. However, it is still unclear
whether caspases and p21 are involved in KA-induced
neurodegeneration, as evidence by negative and conflicting
findings [114, 115].

5.1. Limitations of KA-Induced Neurodegenerative Model.
Notwithstanding the advantages of KA-induced model in
neurodegenerative studies, potential limitations should be
recognized. KA-induced neurodegeneration in animals is
an acute monophasic disorder, which differs from chronic
neurodegenerative disorders in clinic. An alternative way to
induce the chronic model, that is, long-term administration
of KA at a lower dose, cannot mimic the pathogenesis
of neurodegeneration adequately. This is evidenced by the
fact that monosodium glutamate, a frequently added flavor
enhancer, does not increase the incidence of neurodegener-
ative disorders. Despite a widespread belief that glutamate
may elicit Chinese Restaurant Syndrome (CRS), migraine
headache, and asthma, literature reviewing does not suggest
that individuals may be uniquely sensitive to glutamate
[116]. This might be partially explained by the dose-
dependent effects of excitatory amino acids in the CNS.
The implications of excitatory amino acid transmitters are
complex. It may only represents one of several pathways
involved in pathological cell death, but not necessarily
the predominant or decisive one. Interventions targeted
at glutamate excitotoxicity are promising, yet to be with
caution, because iGluRs represent one of the major excitatory
neurotransmitter pathways in the physiological functions of
the brain, and the blockade of iGluRs might be disastrous to
the CNS functions.

Moreover, mouse strains vary significantly in their sen-
sitivity to KA-induced neurodegeneration [117]. In general,
the C57BL/6, C57BL/10, and F1 C57BL/6∗CBA/J strains of
mice are resistant to systemic administration of KA, while

the FVB/N, ICR and DBA/2 J strains are vulnerable [19].
Since intranasal administration can break the tolerance to
KA in C57BL/6 mice, as demonstrated by Chen et al. [94],
administration routes should be carefully selected when
resistant strains are used. Thus, pilot studies are always
indispensable; otherwise, the results might be confounded by
the resistance.

Despite the theoretical or preclinical significance of
KARs, concerns regarding the clinical prospects of drugs
targeting AMPARs and KARs prevail. This is due to the fact
that interference with excitotoxicity is accompanied unduly
with effects on synaptic transmission. The recent discovery of
proteins that anchor and interact with iGluRs promises a new
strategy to cytoprotective therapy without interfering with
synaptic transmission. The reason why iGluRs interactors
appear more suitable as therapeutic targets than the receptors
per se is that they might interfere specifically with excitotoxic
pathways while leaving synaptic transmission untouched
[118]. Also, the relationship between the structure and
physiological functions of KARs is difficult to study in the
CNS because of the large number of subunits of iGluRs,
their widespread distribution, and neuronal heterogeneity
[119, 120].

6. Concluding Remarks

Excitotoxicity is considered to be a major mechanism
involved in cell death of various CNS diseases including neu-
rodegenerative disorders. In the past decades, great progress
has been made in elucidating excitatory signaling pathways
whereas the mechanism by which excitatory amino acids and
their receptors are implicated in neurodegenerative diseases
remains little known. KA-mediated excitotoxicity has long
been used as a model for elucidating mechanisms underlying
oxidative stress and inflammation in neurodegenerative
disorders. However, the routes of KA administration should
be taken into account, especially for those strains resistant to
conventional ways of administration.
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“p21WAF1/Cip1 is not involved in kainic acid-induced
apoptosis in murine cerebellar granule cells,” Brain Research,
vol. 1030, no. 2, pp. 297–302, 2004.

[115] E. Verdaguer, E. Garcı́a-Jordà, A. Jiménez et al., “Kainic
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In order to clarify the pathophysiological role of presenilin-2 (PS2) carrying the Volga German Kindred mutation (N141I) in a
conventional mouse model of Alzheimer’s disease (AD) expressing amyloid precursor protein (APP) with the Swedish mutation
(Tg2576 line), we generated a double transgenic mouse (PS2Tg2576) by crossbreeding the PS2 mutant with Tg2576 mice. Here, we
demonstrate that the PS2 mutation induced the early deposition of amyloid β-protein (Aβ) at 2-3 months of age and progressive
accumulation at 4-5 months of age in the brains of the mutant mice. The PS2 mutation also accelerated learning and memory
impairment associated with Aβ accumulation at 4-5 months of age in Tg2576 mice. These results suggest that the PS2 mutation
causes early cerebral amyloid accumulation and memory dysfunction. PS2Tg2576 mice are a suitable mouse model for studying
amyloid-lowering therapies.

1. Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative
disorder involving memory dysfunction that is characterized
by cerebral amyloid accumulation, which is observed as
senile plaques consisting of amyloid β-proteins (Aβ) ending
at the Ala42 or Val40 residues (Aβ42 and Aβ40, resp.)
[1]. Although robust Aβ deposition was observed in the
postmortem brains of critical AD patients with hippocampal
atrophy, the pathological relationship between memory
impairment and amyloid pathologies remains unclear. Aβ
is produced from β-amyloid precursor protein (APP) by
two proteases, β- and γ-secretases [2, 3]. Mutations in the
genes for APP or two homologous genes, presenilin-1 and -2
(PS1 and PS2), which produce components of the γ-secretase
complex are linked to familial Alzheimer’s disease (FAD)
[4, 5]. FAD represents a small percentage (about 5%) of AD
cases, but the pathology of this disease arises at an unusually
young age, as early as the third decade of life, and so is termed
early-onset AD.

To understand the pathophysiological relationship bet-
ween amyloidosis and memory impairment in AD in order
to develop effective therapies and preventative measures
(reviews [6, 7]), FAD-linked mutations in APP have been
produced in mice to provide AD mouse models, such as
PDAPP [8], Tg2576 [9], APP23 [10], and TgCRND8 mice
[11]. These mice typically demonstrate diffuse deposition
of amyloid plaques with dystrophic neurites, in addition to
inflammatory responses in microgliosis and astroglioses, but
no neurofibrillary tangle pathology. The Tg2576 mouse line,
which expresses the prion promoter-driven human APP with
the Swedish mutation (APPswe, Lys670Asn, and Met671Leu)
has been utilized as a model for AD analyses [9]. Tg2576
mice showed impaired spatial learning and memory in the
Morris water maze at 6 months of age [12], when amyloid
deposition was not observed in their brain. Typical neuritic
plaques appeared in Tg2576 mice brain at 7-8 months of age
[9].

Many FAD pathologic mutations have been reported
in the PS1 gene, and transgenic mouse models have been
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produced by crossbreeding with APP mutant mice to clarify
the pathological role of the PS1 mutation on APP mutant
mice, such as PS1Tg2576 [13]. Gordon et al. reported
that the PS1 mutation accelerated AD-like pathologies with
increased Aβ42 production through enhanced γ-secretase
activity in PS1 (Met146Leu) and Tg2576 double transgenic
mice (PS1Tg2576) [13]. In contrast, the FAD-linked muta-
tions found in the PS2 gene have been well characterized,
including Asn141Ile (N141I, Volga German Kindred type)
[14] and Met239Val (M239V, Italian FAD type) [15]. These
PS2 mutations also enhance γ-secretase activity, leading to
increased Aβ42 production [16].

In the present study, to clarify the pathophysiological
role of the PS2 (N141I) mutation on amyloid formation
and memory function in Tg2576 mice, we generated double
transgenic mice (PS2Tg2576) by crossbreeding a PS2 mutant
with Tg2576 mice. We show the early onset of AD-like
phenotypes in PS2Tg2576 mice compared to Tg2576 mice.

2. Materials and Methods

2.1. Mice. Tg2576 mice (Tg(APPSWE)2576Kha), which
express human β-amyloid precursor proteins (hAPP) con-
taining the K670N and M671L mutations, which are known
as the Swedish type mutation (APPswe), coupled with
hamster prion promoter on a 129S6.Cg background were
purchased from Taconic Laboratories [9]. PS2M1 mice,
which express human presenilin-2 (PS2) proteins containing
the N141I mutation on a C57BL/6JJcl background, were also
used [17]. The PS2 transgene is expressed under control of a
ubiquitous CAGGS promoter consisting of cytomegalovirus
early enhancer coupled with chicken β-actin promoter. We
crossbred a Tg2576 male mouse with PS2 female mice
using in vitro fertilization and embryo transfer techniques
to generate PS2Tg2576 double transgenic mice born on the
same day.

The mouse genotyping was performed using the poly-
merase chain reaction (PCR) method. Tail tips were dissolved
in 700 μL of 0.05 N NaOH for 45 min at 95◦C and then
suspended in 60 μL of 1 M Tris-HCl, pH 8.0. The suspensions
were centrifuged at 20, 400× g for 10 min at 4◦C (MX-100,
TOMY) The resultant supernatants were collected and used
as DNA templates. The primers for PS2M1 (5′-CGG CTC
TAG AGC CTC TGC TAA C-3′ and 5′-CTC TGT GTA GAA
GCG CAC AGA C-3′) and Tg2576 (5′-CTG ACC ACT CGA
CCA GGT TCT GGG T-3′ and 5′-GTG GAT AAC CCC
TCC CCC AGC CTA GAC CA-3′) were used to identify each
transgenic allele. PCR was performed using the following
conditions: 1 cycle of 94◦C for 2 min; 35 cycles of 98◦C for
10 sec, 60◦C for 30 sec, and 72◦C for 1 min; and 1 cycle of
72◦C for 5 min.

All analyses were performed using first generation
(129B6F1) mice at 2 to 11 months of age, and there were
four genotypes: wild type, PS2, Tg2576, and PS2Tg2576.
There were approximately equal numbers of male and female
mice. All experiments were performed by examiners blinded
to the genotypes of the mice. The animals were housed
under a 12-hour light/dark cycle and were allowed ad libitum

access to food and water. The mice were maintained and
studied according to the protocols approved by the Animal
Care Committee of the Tokyo Metropolitan Institute of
Gerontology.

2.2. Immunohistochemistry. Mouse brains were collected at
each time point (2-3, 4-5, 6-7, and 10-11 months of age) after
anesthesia and perfusion. The removed brains were split into
two hemispheres, and then one was frozen in liquid nitrogen.
The other hemisphere was fixed in 4% paraformaldehyde
and embedded in paraffin for the immunohistochemical
study. The resultant sections (5 μm) were deparaffinized,
rehydrated, and washed in phosphate buffered saline (PBS),
before being treated briefly with formic acid for 5 min and
washed in running water for 15 min in the case of Aβ
staining. After incubation for 30 min in 0.1% hydrogen
peroxide in methanol to prevent endogenous peroxidation,
the sections were washed in PBS-T (PBS containing 0.1%
Tween-20) and blocked with 10% normal goat serum in
PBS, before being incubated with an anti-Aβ antibody
(0.5 μg/mL 82E1, Aβ42 and Aβ40, resp., IBL) for 1 hour
at room temperature. Then, the sections were incubated
with biotinylated secondary antibody for 30 min at room
temperature. Immunoreactivity was visualized using an ABC
Elite kit according to the manufacturer’s protocol and the
sections were then stained for 5–7 min with 0.2 mg/mL
diaminobenzidine and 0.1% hydrogen peroxide in 10 mM
Tris-HCl (pH 7.5). The sections were counterstained with
Meier ’s hematoxylin (Wako).

2.3. Specific Enzyme-Linked Immunosorbent Assay (ELISA)
for Aβ. Mouse brain tissue (0.1-0.2 g) was homogenized
in 3 volumes (w/v) of TBS (50 mM Tris-HCl (pH 7.6)
containing 150 mM NaCl supplemented with 0.7 mg/mL
pepstatin A, 1 mM phenylmethylsulfonyl fluoride, and cock-
tails of protease and phosphatase inhibitors (Complete Mini
and PhosSTOP, Roche Diagnostics). The homogenates were
centrifuged at 55,000× g for 60 min at 4◦C using an Optima
TL ultracentrifuge and a TLA-55 rotor (Beckman Coulter)
to give the supernatant (S-55) and pellet (P-55) fractions.
The S-55 fraction was centrifuged at 100,000× g for 30 min
at 4◦C, and then the supernatant was collected as a TBS-
soluble fraction. The P-55 fraction was then dissolved by
sonication in an equal volume (v/v) of 6 M guanidine-HCl
(Sigma) containing a mixture of protease inhibitors (Roche
Diagnostics), followed by centrifugation at 100,000× g for
30 min at 4◦C. The supernatant was diluted in a 12-times
volume (v/v) of TBS to generate a guanidine-soluble fraction.
The guanidine-soluble fraction was then centrifuged at
20,400× g for 10 min at 4◦C, and the supernatant was
collected as a TBS-insoluble fraction. The total protein
concentration of the fractions was determined using the DC
protein assay kit (Bio-rad), according to the manufacturer’s
protocol. The amounts of Aβ42 and Aβ40 in the TBS-
soluble and TBS-insoluble fractions were determined using
a sandwich EIA kit (No. 27712 for Aβ42 and 27714 for Aβ40,
IBL), according to the manufacturer’s instructions. The no.
27712 kit exclusively detects only human Aβ42, while the
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no. 27714 kit mainly detects human Aβ40 but partially reacts
with rodent Aβ40.

2.4. Water Maze. All behavior experiments were performed
longitudinally. The water maze pool (Muromachi Kikai),
which had a diameter of 120 cm, contained opaque water (22
± 2◦C) with a platform (10 cm in diameter) that had been
submerged 1.5 cm below the surface. The hidden platform
task took 4 days to perform (4 sessions per day, at least 1
hour apart). The platform location remained constant, and
the entry points were changed semirandomly between trials.
One day after day 4 of the hidden platform task, a 2-minute
probe trial was carried out without the platform. The entry
point for the probe trials was the quadrant opposite the target
quadrant. Performance was monitored with the CompACT
VAS/DV video-tracking system (Muromachi Kikai).

2.5. Western Blotting. Mouse brain tissue (approximately
0.2 g) was homogenized in 5 volumes (w/v) of RIPA buffer
(25 mM Tris-HCl (pH 7.5) containing 150 mM NaCl, 1%
NP-40, 1% sodium deoxycholate, and 0.1% sodium dodecyl
sulfate) supplemented with 0.7 mg/mL pepstatin A, 1 mM
phenylmethylsulfonyl fluoride, and a mixture of protease
and phosphatase inhibitors (Roche Diagnostics). The protein
concentrations of the brain homogenates were determined
using the DC protein assay kit, before they were diluted to
1 mg/mL with EzApply solution (ATTO), according to the
manufacturer’s instructions.

The proteins (10 or 20 μg/well) were subjected to a
10%–20% gradient Tris-tricine gel (Novex, Invitrogen)
and transferred to a PVDF membrane (0.2 μm pore size,
Immobilon-PSQ, Millipore). Then, the membranes were
blocked in TBS-T (TBS containing 0.01% Tween-20) with
2% blocking regent (ECL Advance Blocking Agent, GE
Healthcare) for 1 hour at room temperature. The membranes
were then incubated with anti-APP C-termini antibody
APP(C) (1 μg/mL, IBL), anti-soluble α-cleavage APP frag-
ment (sAPPα, 5 μg/mL, IBL), anti-soluble β-cleavage APP-
swe fragment (sAPPβsw, 5 μg/mL, IBL), and anti-GAPDH
antibody (0.1 μg/mL, AbD Serotec) for 1 hour at room
temperature, before being washed with TBS-T and treated
with the secondary antibody (1 hour). The anti-sAPPα
and sAPPβ antibodies exclusively detect only human sAPPα
and sAPPβsw, respectively, but are not reactive to APP
full length. Development was performed with enhanced
chemiluminescence reagent (ECL plus, GE Healthcare) and
detected using an LAS-3000 Mini (Fujifilm).

2.6. Antibodies. The antibodies used were anti-Aβ42;
1 : 2,000 (IBL, No. 18582), anti-Aβ40; 1 : 2,000 (IBL, No.
18580), anti-Aβ(N); 1 : 2,000 (IBL, No. 10323, clone 82E1),
anti-APP(C); 1 : 100 (IBL, No. 18961), anti-sAPPα; 1 : 20
(IBL, No. 11088, clone 2B3), anti-sAPPβ; 1 : 20 (IBL, No.
10321, clone 6A1) and anti-GAPDH; 1 : 3,000 (AbD Serotec,
No. 4699-9555, clone 6G5)

2.7. Statistical Analyses. All data are presented as means ±
s.e.m. The differences among the four groups were analyzed

with one-way analysis of variance (ANOVA) followed by
Bonferroni’s test, and P values of <.05 or <.01 on the
unpaired T-test or Welch’s test were considered statistically
significant.

3. Results

3.1. Generation of PS2 (N141I) and Tg2576 Double Transgenic
Mice (PS2Tg2576). We crossbred a Tg2576 mouse with PS2
(N141I) mutant mice to generate double transgenic mice.
The PS2Tg2576 mutant mice were born at the expected
Mendelian ratio in males (23.0%) and females (28.1%) and
grew without morphological abnormalities. Of the male
mice, three mutant mice showed a significantly low body
weight compared to the wild-type mice (Supplementary
Figure 1(a) available online on doi: 10.1155/2011/617974).
In the female mice, the PS2Tg2576 and Tg2576 mice
exhibited a significantly low body weight compared to
the wild-type and PS2 mice (Supplementary Figure 1(b)).
However, we failed to detect any differences in food intake
(Supplementary Figure 2(a)), drinking water (Supplemen-
tary Figure 2(b)), or metabolic parameters (Supplementary
Figures 2(c) and 2(d)) among the mutant mice.

3.2. Early Onset of Amyloid Deposition Accompanied by Insol-
uble Aβ Hyperaccumulation in the Brains of the PS2Tg2576
Mice. To investigate the pathological effect of the familial
PS2 (N141I) mutation on Tg2576 mice, amyloid plaques in
the brain sections of the PS2Tg2576 mice were immunos-
tained with the 82E1 monoclonal antibody against the N-
terminal of Aβ. As shown in Figure 1(a), amyloid depo-
sitions were positively detected in the PS2Tg2576 mice at
2-3 months of age. At 4-5 months, significant amyloid
accumulations were observed in the hippocampus and the
cerebral neocortex of the PS2Tg2576 mice (Figure 1(b)).
Interestingly, the levels of typical senile plaques were dra-
matically increased in the PS2Tg2576 mice at 6-7 months of
age (Figure 1(c)); in contrast, no plaques were detected in the
brains of the Tg2576 mice at 6-7 months of age (Figure 1(d)).
Furthermore, the amyloid plaques also immunoreacted with
antibodies against the C-terminus of Aβ42 (Supplementary
Figure 3) or Aβ40 (Supplementary Figure 4), producing
the same staining pattern as seen with the 82E1 antibody.

Next, to quantify the amyloid plaques in the neocortex
and hippocampus, we measured the number of plaques in
the brain sections by densitometric analysis (Table 1 and
Figure 2(a)). The mean plaque number of the PS2Tg2576
mice at 2-3 months of age was 17.7 ± 2.9, and it had
markedly increased at 4-5 months (160.3 ± 4.3) and 6-7
months of age (645.7± 98.6). We failed to count any plaques
until 6-7 months of age in the Tg2576, PS2, and wild-type
mice (Table 1 and Figure 2(a)). In addition, the numbers
of Aβ42 and Aβ40 positive-plaques were also increased
in the PS2Tg2576 mice with the same pattern (data not
shown). These results indicated that PS2Tg2576 mice showed
significant deposition of robust senile plaques from a young
age (2-3 months of age).

To confirm the results of the immunohistochemical
analyses, we measured the concentration of brain Aβ in
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Figure 1: Early accumulation of amyloid deposition in the brains of PS2Tg2576 mice. Amyloid plaques were immunoreacted with the 82E1
monoclonal antibody against the N-terminal of Aβ. (a) At 2-3 months of age, typical amyloid plaques were positively detected in PS2Tg2576
mouse brains. (b) At 4-5 months, amyloid depositions were significantly observed in the hippocampus and the cerebral neocortex of the
PS2Tg2576 mice. (c) In the 6-7 month-old PS2Tg2576 mice, markedly high levels of typical amyloid plaques were observed. (d) No plaques
were detected in the brains of the Tg2576 mice at 6-7-months of age. The insets show a high magnification image of the boxed area. The
arrowheads indicate plaques in the PS2Tg2576 mice at 2-3 months of age. The scale bars represent 200 μm and 5 μm in the main panel and
inset, respectively.

the TBS-insoluble fraction by specific ELISA (Table 1 and
Figures 2(b) and 2(c)). In agreement with the plaque
numbers, the concentrations of Aβ42 and Aβ40 in the
PS2Tg2576 mice at 2-3 months of age were significantly
higher (4.2 ± 0.4 and 2.9 ± 0.3 ng/mg protein, resp.) than
those in the Tg2576 mice at the same age (Table 1). At 4-
5 months of age, the concentrations of Aβ42 and Aβ40 in
the PS2Tg2576 mice were dramatically enhanced to 75.2 ±
3.9 and 51.5 ± 4.0 ng/mg protein, respectively, (Table 1). At
6-7 months of age, these concentrations in the PS2Tg2576
mice were increased to 411.8 ± 19.0 and 380.1 ± 18.5 ng/mg
protein, respectively (Table 1). In contrast, the Tg2576 mice

did not show altered levels of insoluble Aβ from 2-3 to
6-7 months of age. These results indicated that the early
accumulation of insoluble Aβ occurs in PS2Tg2576 mice and
that the insoluble Aβ burden was consistent with the results
of the immunohistochemical analyses (Figure 2 and Table 1).

In the TBS-soluble fraction, no difference in the levels
of Aβ42 and Aβ40 was detected in the PS2Tg2576 mice
at 2-3 months of age (Table 1). At 4-5 months of age, the
concentration of Aβ42 in the PS2Tg2576 mice was detected
to be 2.9± 0.6 pg/mg protein (Table 1). At 6-7 months of age,
the concentrations of Aβ42 and Aβ40 in the PS2Tg2576 mice
were significantly higher (7.1 ± 0.7 and 151.4 ± 11.8 pg/mg
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Figure 2: Quantification of cerebral amyloid accumulation in PS2Tg2576 mice. (a) Number of amyloid plaques (counts per cross section of
half brain± s.e.m) according to 82E1 antibody staining (n = 3). ELISA measurement of Aβ42 (b) and Aβ40 (c) in the TBS-insoluble fraction
prepared from whole mouse brains (n = 3–8). The values are expressed as mean ± s.e.m ng per mg of protein. Statistical significance was
assessed using the unpaired T-test and Welch’s test: ∗P < .05 compared with the Tg2576 mice at 2-3 months of age. No other differences
were found.

protein, resp.) than those in the Tg2576 mice at the same age
(Table 1).

3.3. Acceleration of Spatial Memory Impairment in the Morris
Water Maze. We used the Morris water maze [18] to examine
whether the presence of a PS2 mutant transgene leads to the
exacerbation of spatial learning and memory dysfunctions in
Tg2576 mice. The mouse cohorts with approximately equal
numbers of males and females were repeatedly tested at 4-
5 and 6-7 months of age in a longitudinal study. Males

and females separately had tendencies similar to the gender-
mixed results in the behavioral tests (data not shown). At 4-5
months of age, the latency in each group was approximately
30 sec at day 4 (Figure 3(a)). In the probe trial, only the
PS2Tg2576 mice demonstrated a significantly low score with
regard to the number of crossings over the removed-platform
as a narrow range analysis (unpaired T-test, P < .01 versus
Tg2576 mice and P < .05 versus wild-type mice, Figures
3(b) and 3(d)) and the percentage of time spent in the target
quadrant as a broad range analysis (unpaired T-test, P < .05
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Figure 3: Morris water maze performed at 4-5 months of age of PS2Tg2576 mice. (a) The escape latency of 4-5-month-old mice in the
hidden platform trial. Training trials were repeated for 4 days (1 minute/trial, 4 trials/day). The graph shows representative swimming paths
of individual mice on day 4 of the training phase. (b) The number of crossings of the removed-platform area in the probe test. A probe
trial, in which the platform was removed, was performed for 2 minutes on the day after the training trials had finished. (c) Percentage of
time spent in the target quadrant during the probe trial. (d) Representative swimming paths of individual mice during the probe test in
the training phase. The arrowhead represents the entry point. Values represent the mean ± s.e.m. (n = 12-24, female and male mixture).
Statistical significance was assessed using the unpaired T-test (c, d): ∗P < .05 compared with the wild-type mice at the same age; #P < .05
compared with the Tg2576 mice at the same age.

versus Tg2576 mice and P < .01 versus wild-type mice,
Figures 3(c) and 3(d)).

At 6-7 months of age, only the PS2Tg2576 mice showed
a significant typical delay at day 3 and day 4 on the training
task (one-way ANOVA and unpaired T-test versus wild-type
mice, P < .01, Figure 4(a)). In contrast, the Tg2576, PS2,
and wild-type mice learned to locate the platform during
training and quickly achieved the goal (Figure 4(a)). In the

probe trial, the PS2Tg2576 mice showed significantly lower
scores than the wild-type mice with regard to the number
of crossings (unpaired T-test, P < .05, Figures 4(b) and
4(d)) and the time spent in the target quadrant (unpaired
T-test, P < .01, Figures 4(c) and 4(d)). The Tg2576 mice also
showed significantly lower scores compared with the wild-
type mice with regard to the time spent in the target quadrant
(unpaired T-test, P < .05, Figures 4(c) and 4(d)), indicating
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Figure 4: Morris water maze performed at 6-7-months of age using PS2Tg2576 mice. (a) The escape latency of the 6-7 month-old mice in
the hidden platform trial. Training trials were repeated for 4 days (1 minute/trial, 4 trials/day). Only the PS2Tg2576 mice showed significant
task errors on days 3 and 4 (using one-way ANOVA, ∗P < .05). The graph shows representative swimming paths of individual mice on
day 4 of the training phase. (b) The number of crossings of the removed-platform area during the probe test. A probe trial, in which the
platform was removed, was performed for 2 minutes on the day after the training trials had finished. (c) Percentage of time spent in the
target quadrant during the probe trial. (d) Representative swimming paths of individual mice during the training phase of the probe test.
The arrowhead represents the entry point. Values represent the mean ± s.e.m. (n = 18-24, approximately equal numbers of male and female
mixture). Statistical significance was assessed using the unpaired T-test (c, d): ∗P < .05 compared with the wild-type mice at the same age.

that memory impairment progressed in the Tg2576 mice
according to age as previously described elsewhere [12].
These results indicated that the PS2 (N141I) mutation
significantly accelerates Aβ-dependent spatial learning and
memory dysfunction in Tg2576 mice.

Next, we performed other behavioral tests under the
placidity home cage, Y maze, elevated plus maze, and open
field protocols, because Tg2576 mice showed abnormal
activities and behaviors even before Aβ deposition [9].

Locomotive activity was monitored by infrared sensors in the
home cage. At 6-7 months of age, the Tg2576 and PS2Tg2576
mice showed significantly higher activity in the dark phase
compared to the PS2 and wild-type mice (Supplementary
Figure 5). The same activities were observed in the Tg2576
and PS2Tg2576 mice at 2-3 and 4-5 months of age (data
not shown). To investigate cognitive function, we analyzed
spontaneous alternation using the Y maze [19]. Our Tg2576
and PS2Tg2576 mice also made fewer alternations in course
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Table 1: Characterization of amyloid accumulation in the mouse brain.

Genotype Age (months)
Number of
plaques (n = 3)
(counts/section)

Insoluble fraction (n = 3–8) Soluble fraction (n = 3–8)

Aβ42 (ng/mg
protein)

Aβ40 (ng/mg
protein)

Aβ42 (pg/mg
protein)

Aβ40 (pg/mg
protein)

wild-type

2-3 ND ND 0.2± 0.0 ND 84.2± 4.2

4-5 ND ND 0.2± 0.0 ND 87.5± 7.1

6-7 ND ND 0.3± 0.0 ND 87.1± 6.3

PS2

2-3 ND ND 0.2± 0.0 ND 68.6± 4.7

4-5 ND ND 0.2± 0.0 ND 93.8± 5.3

6-7 ND ND 0.3± 0.0 ND 86.4± 8.3

Tg2576

2-3 ND 0.7± 0.2 2.1± 0.1∗ ND 82.5± 23.0

4-5 ND 0.7± 0.1 2.2± 0.1∗ ND 83.6± 5.8

6-7 0.0± 0.0 0.6± 0.1 2.2± 0.1∗ 3.5± 1.0 81.1± 5.1

PS2Tg2576

2-3 17.7± 2.9 4.2± 0.4# 2.9± 0.3∗,# ND 70.7± 5.1

4-5 160.3± 4.3 75.2± 3.9# 51.5± 4.0∗,# 2.9± 0.6 74.9± 5.0

6-7 645.7± 98.6 411.8± 19.0# 380.1± 18.5∗,# 7.1± 0.7# 151.4± 11.8∗,#

The concentration of cerebral Aβ42 and Aβ40 in the TBS-insoluble and soluble fractions was measured with specific ELISA kits. Values represent the mean ±
s.e.m. ND: not detectable. Statistical significance was assessed using the unpaired T-test and Welch’s test: ∗P < .05 compared with the wild-type mice at the
same age; #P < .05 compared with the Tg2576 mice at the same age.

than the PS2 and wild-type mice from 2-3 months of age
(Supplementary Figure 6). We also assessed anxiety-based
activity using the elevated plus maze task [20]. The elevated
plus maze test showed that the Tg2576 and PS2Tg2576 mice
presented with significantly lower scores compared to the
PS2 and wild-type mice with regard to the number of entries
to open arms as well as the percentage of time spent in open
arms (Supplementary Figure 7). Lastly, in the open field
exploration [21], we observed no difference among any of the
mice (Supplementary Figure 8). Taken together, these results
indicated that both PS2Tg2576 and Tg2576 mice showed
abnormal behaviors in an Aβ-independent manner from 2-3
months of age.

3.4. Western Blot Analysis of β-Amyloid Precursor Protein
(APP). To investigate whether the PS2 (N141I) mutation
enhances the cleavage of APP in Tg2576 mice, we examined
the levels of APP processing by Western blotting analyses
using antibodies against the C-terminal ends of full-length
APP and soluble APP fragments (Figure 5(a)). The low
molecular weight bands for the APP C-terminal fragments
were consistent with the 13-kDa β-cleavage fragment (β-
CTF) and the 10-kDa α-cleavage fragment (α-CTF) by
their apparent molecular mass (Figure 5(b)). These bands
were slightly increased in the brain extracts of PS2Tg2576
compared with Tg2576 mice. To confirm the enhancement
of α- and β-cleavages of APP in the PS2Tg2576 mouse
brains, we next examined the levels of APP N-terminus
fragments (sAPP) by a Western blotting analysis using anti-
sAPPα and sAPPβ antibodies. These antibodies specifically
recognize the C-terminus of human sAPPα and sAPPβ,

respectively. The bands corresponding to sAPPα and sAPPβ
were observed in the Tg2576 and PS2Tg2576 mice (Figures
5(c) and 5(d)). Both sAPP bands in the PS2Tg2576 mice
were also upregulated compared with those in the Tg2576
mice, indicating that the α- and β-cleavage activities against
APP were upregulated in the PS2Tg2576 mice. In addition,
the APP full-length band was slightly enhanced by the
PS2 mutation in Tg2576 mice (Figure 5(a)), suggesting that
holo-APP proteins were upregulated or stabilized in the
PS2Tg2576 mouse brain. These results suggest that the
hyperaccumulation of cerebral Aβ in the PS2Tg2576 mice
was induced by the modulation of APP processing in the
brains of these mice.

3.5. Life Span of PS2Tg2576 Mice. Survival plots for male
and female mice of each genotype were produced using
Kaplan-Meier survival curves, and statistical significance was
calculated using the original method of the log-rank test
(Figure 6). In males, the PS2Tg2576 and Tg2576 mice grad-
ually died from day 70 to day 294, but this was not the case
for the wild-type or PS2 mice, except for accidental deaths
attributed to fighting. In females, the Tg2576 and PS2Tg2576
mice had significantly shortened life spans compared with
the wild-type and PS2 mice (P < .05). At 132 days of age,
the PS2Tg2576 female mice showed a significant life span
extension compared with the Tg2576 mice (P < .05).

4. Discussion

In the present study, we showed that a PS2 mutant acceler-
ated AD-like phenotypes such as Aβ deposition and memory
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Figure 5: APP fragments were detected in mouse brains by
Western blot analyses. Ten or twenty micrograms of whole brain
proteins were prepared from each genotype at 10-11 months of
age. (a) Rodent and human APP full-length (APP-FL) and (b) C-
terminal fragments (β- and α-CTF) were detected with the anti-
APP C-terminus specific antibody. (c) The α-cleavage soluble APP
(sAPPα) band was observed with anti-sAPPα C-terminus specific
antibody. (d) The β-cleavage soluble APP (sAPPβ) band appeared
with anti-sAPPβ C-terminus specific antibody. (e) Glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) was used as an internal
standard.

impairment. Since the formation of Aβ42 aggregates occurs
faster than that of Aβ40 in vitro and increased Aβ42
production accelerates Aβ accumulation in senile plaques
[22], insoluble Aβ42 hyperaccumulation in PS2Tg2576 mice
(Figure 2(b)) suggests that Aβ42 hyperproduction induces
plaque formation in the brain. It has been reported that
the PS2 (N141I) mutation upregulates the ratio of Aβ42
to Aβ40 by abnormal γ-secretase activity in cultured cells
and transgenic mice [23, 24]. Unexpectedly, the PS2Tg2576
mice showed enhancement of both Aβ42 and Aβ40 including
sAPPβ as well as β-CTF (Figures 2(b) and 2(c), and Table 1),
indicating the modification of APP processing, such as γ-
and β-cleavage. In addition, the PS2Tg2576 mice showed
increased holo-APP protein expression (Figure 5(a)), sug-
gesting that the PS2 mutation upregulates or stabilizes APP
proteins, leading to enhancement of APP processing with
increased substrate availability. Interestingly, the PS2Tg2576
mice also exhibited the modification of α-cleavage of APP,
such as sAPPα and α-CTF (Figures 5(b) and 5(c)), suggesting
that increased substrate availability of APP induced the
upregulation of α-cleavage. Further studies are needed to
clarify the molecular mechanism underlying the α- and β-
cleavage activation and APP upregulation or stabilization
induced by the PS2 mutation.

Next, we focused on whether early spatial learning and
memory disorders were accelerated in PS2Tg2576 mice.
Although errors were generally seen in the water maze
task in the Tg2576 mice without amyloid plaques at 6
months of age [12], the PS2 mutation accelerated error-
prone exploration by at least 2 months in the Tg2576 mice
(Figures 3 and 4). Since amyloid plaque hyper-deposition
was observed at 4-5 months of age, we consider that insoluble
Aβ hyperaccumulation induced early memory impairment
in the PS2Tg2576 mice.

Recently, Saura reported that leukocytes and inflamma-
tory mediators were elevated in the sera of PS conditional
double knockout mice on an AD model background, sug-
gesting that genetic inactivation of PS conferred neuronal
impairments caused by the inflammatory reaction [25].
De Strooper also reported that FAD-linked PS1 or PS2
mutations, including PS2 (N141I), altered the APP cleavage
pattern, leading to an increase of a β-CTF stubble while
there was a decrease in the APP intracellular domain (AICD),
Notch intracellular domain (NICD), and ErbB4 intracellular
domain (EICD) [26]. Although we failed to detect the AICD
band by an anti-APP C-terminal antibody (Figure 5(b)),
the depletion of ICDs caused by the PS2 mutation might
accelerate neuronal impairments due to the inflammatory
response via intracellular signaling through AICD, Notch, or
ErbB4 in Tg2576 mice.

Intriguingly, the PS2Tg2576 mice also exhibited earlier
onset of AD-like phenotypes compared to those of the
PS1Tg2576 [13] or PS2APP [28] double transgenic mice,
which were other models of presenilin and APP double trans-
genic mice. Furthermore, previous reports of PS1Tg2576 and
PS2APP mice also suggest that the onset of plaque formation
(at 5 and 6 months of age, resp.) was present before the task
errors in the water maze occurred at 8 and 15-16 months of
age, respectively, (Table 2). Although we cannot explain why
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Figure 6: Kaplan-Meier survival curves of the PS2Tg2576 mice. (a) Survival plots for male mice (wild-type n = 20, PS2 n = 12, Tg2576
n = 18, PS2Tg2576 n = 18). (b) Survival plots for female mice (wild-type n = 16, PS2 n = 21, Tg2576 n = 12, PS2Tg2576 n = 21). Statistical
significance was assessed using the original method of the log-rank test: ∗P < .05, PS2Tg2576 versus Tg2576 mice at the same age.

Table 2: Comparison of AD-like phenotypes in transgenic mouse models.

Mouse model Genetic background Transgenes Plaque onset∗ Memory impair# Ref.

Tg2576 FVB/N Prion promoted-APPswe
(K670N, M671L)

7-8 6 [9, 12]

PS1Tg2576 Unknown
PDGF ¶promoted-PS1
(M146L) × Prion promoted-
APPswe

6 15-16 [13, 27]

PS2APP B6D2F1 Prion promoted-PS2 (N141I)
× thy1 promoted-APPswe

5 8 [28]

PS2Tg2576 B6 × 129S6
CAG† promoted-PS2
(N141I)× Prion promoted-
APPswe

2-3 4-5 This article

∗
Month of age. Previous reported onset of typical amyloid deposition. #Month of age. Previous reports of spatial learning and memory impairment in the

Morris water maze. ¶PDGF, platelet-derived growth factor promoter. †CAG, cytomegalovirus early enhancer coupled with chicken β-actin promoter.

the PS2Tg2576 mice showed earlier onset of amyloid for-
mation and memory impairment compared to PS1Tg2576
and PS2APP mice, some genetic modifiers might affect Aβ
metabolism and memory function in PS2Tg2576 mice.

Interestingly, the levels of insoluble Aβ42 and Aβ40 in
the brains of the PS2Tg2576 mice at 4-5 months of age were
consistent with the values observed in a human FAD patient
with the PS2 (N141I) mutation (Table 1). The values of these
factors observed in an FAD patient with the PS2 (N141I)
mutation were 6.7 and 1.5 ng/mg wet weight, respectively,
in a previous paper by Maarouf et al. [29]. When the
concentrations of Aβ42 and Aβ40 in the PS2Tg2576 mice
at 4-5 months of age were converted to ng per mg wet
weight of mouse brain, they were found to have values of
1.9 ± 0.1 and 1.3 ± 0.1 ng/mg wet weight, respectively.
The insoluble Aβ burden in the PS2Tg2576 mouse brain
was therefore consistent with that found in an FAD case
involving a PS2 (N141I) mutation. This data suggests that the
AD-like pathology of PS2Tg2576 mice is similar to human

FAD pathology. Recently, noninvasive methods of visual-
izing amyloid depositions in human brains using positron
emission tomography have been developed [30]. Imaging
agents against amyloid fibrils such as N-11C methyl-2-(4′-
methylaminophenyl)-6-hydroxybenzothiazole (11C-PIB) can
be detected in typical AD patients and model mice [31]. By
applying this in vivo imaging system to our PS2Tg2576 mice,
we would be able to validate interventional protocols such as
amyloid-lowering therapies.

5. Conclusions

In conclusion, we have demonstrated that PS2Tg2576 mice
consistently develop an early-onset and rapidly progressive
AD-like cerebral β-amyloidosis. We have also shown that PS2
mutation induces early insoluble amyloid accumulation and
memory impairment in Tg2576 mice, a mouse model of AD.
Based on the phenotypic characteristics of the mouse line,
we suggest that PS2Tg2576 is a suitable mouse model for
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studying amyloid-lowering therapies and presumably also
for validating new target candidates.
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The childhood neuronal ceroid lipofuscinoses (NCLs) are inherited neurodegenerative diseases that are progressive and ultimately
fatal. An Australian Shepherd that exhibited a progressive neurological disorder with signs similar to human NCL was
evaluated. The cerebral cortex, cerebellum, and retina were found to contain massive accumulations of autofluorescent inclusions
characteristic of the NCLs. Nucleotide sequence analysis of DNA from the affected dog identified a T to C variant (c.829T>C) in
exon 7 of CLN6. Mutations in the human ortholog underlie a late-infantile form of NCL in humans. The T-to-C transition results
in a tryptophan to arginine amino acid change in the predicted protein sequence. Tryptophans occur at homologous positions
in the CLN6 proteins from all 13 other vertebrates evaluated. The c.829T>C transition is a strong candidate for the causative
mutation in this NCL-affected dog. Dogs with this mutation could serve as a model for the analogous human disorder.

1. Introduction

The neuronal ceroid lipofuscinoses (NCLs) are inherited
neurodegenerative disorders that occur in humans and a
number of other mammals, including dogs, cats, sheep, mice,
and cattle [1, 2]. In most NCLs, the development of the
nervous system appears to occur normally, but starting at
various ages, progressive neurodegeneration leads to symp-
toms that can include vision loss, behavior changes, cognitive
and motor decline, seizures, and premature death. The NCLs
are distinguished from other inherited neurodegenerative
disorders by the accumulation of autofluorescent lysosomal
storage granules in neurons and other cell types, both within
and outside the central nervous system.

NCLs have been reported in a large number of dog breeds
including Border Collies, English Setters, American Bull-
dogs, Dachshunds, Polish Lowland Sheepdogs, and Tibetan
Terriers [3]. For many breeds, NCLs have been reported as

isolated cases and no genetic analyses have been undertaken.
However, for five breeds (Border Collies, English Setters,
American Bulldogs, Dachshunds, and Tibetan Terriers), the
causative mutations have been identified, all of which are
associated with an autosomal recessive mode of inheritance.
These mutations all occur in orthologs of genes that contain
mutations responsible for specific forms of human NCL or
a similar disorder. We previously identified NCL in a family
of Australian Shepherds [4]. Only paraffin-embedded tissues
were available from these dogs, and no genetic analyses
were undertaken. Formalin-fixed tissues were obtained from
an unrelated Australian Shepherd that was euthanized after
exhibiting similar symptoms. Ultrastructural examination of
the storage materials in brain samples suggested that the
disease in this dog might result from a CLN6 mutation.
Therefore, genomic DNA was recovered from paraffin blocks
from the dog’s tissues and analyzed to determine whether
CLN6 contained any potential disease-causing mutations.
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Table 1: PCR primer sequences used for analysis of canine the CLN6 gene.

Target Forward primer/reverse primer Amplicon size (bp)

Exon 1 CCGTTCGTGCTTCCCGCAAC/GGACGCGCGGTGGATGGAC 288

Exon 2 TCGAGTCCCCATACCTTTCTG/CACTGCTGGTAAGGGCTCTGTC 245

Exon 3 TTCTGGGCCTGGGTGAACAC/CTGCTTCCACTGGCCTCCATGA 243

Exon 4 GAGCCACGGCCTCCCTC/GACGGCCCGACCCACAA 267

Exon 5 TGGAGGCGCCCTGCTG/TGCGCGCTGCCCTCTAGT 281

Exon 6 CAGGACGGCTGGTGCAAG/CCAGGGCACGCACGTTT 281

Exon 7 (5′) GTGGGTACAGCGAGGGATGCC/CCGGGTACTTCTTCCTGAGC 285

Exon 7 (3′) CTTCGCTCTCACCCTCCTGCT/GCCGTGATGACCGCACA 249

2. Materials and Methods

A pet female Australian Shepherd began to exhibit decreased
vision around the age of 18 months, and by 19 months this
had progressed to complete blindness. At the same time the
dog began to exhibit signs of anxiety, circling behavior, and
loss of coordination that became progressively worse. The
anxiety progressed as well, and she became very startled
and anxious when touched or exposed to loud and sudden
sounds. Ultimately her anxiety made her unwilling to go
outside. She lost her ability to respond appropriately to her
owners’ voices. Eventually, it became difficult for her to locate
her food or water dishes, and when she did, her lack of
head coordination made it difficult for her to eat or drink.
The dog was euthanized at 24 months of age, and the body
was submitted to the Tennessee Department of Agriculture
for pathological analysis. Gross examination of the brain
revealed enlarged lateral ventricles and apparent hypoplasia
of the cerebellum. Formalin-fixed samples of brain and retina
were sent to us for analysis.

Pieces of the fixed tissues were washed in 0.17 M
sodium cacodylate, pH 7.4, embedded in Tissue Tek (Sakura,
Torrance, CA), and frozen. Sections of the tissue were cut
at a thickness of 5 μm with a cryostat and mounted on
glass slides. The sections were covered with 0.17 M sodium
cacodylate. Coverslips were placed over them and attached
to the slides at the edges with adhesive. The sections were
then examined and photographed with a Zeiss Axiophot
microscope equipped for epifluorescence illumination [5].
Additional pieces of the tissues were washed in 0.17 M
sodium cacodylate, pH 7.4, and were then incubated with
gentle agitation in a mixed aldehyde fixative [6] for a
minimum of 24 hours. The samples were then processed for
examination with transmission electron microscopy using a
microwave-assisted technique [6]. Sections were examined
with a JEOL 1400 transmission electron microscope.

Twenty sections were cut at a thickness of 20 μm
from a paraffin-embedded block of cerebral cortex from
the NCL-affected Australian Shepherd. The sections were
pooled, deparaffinized, and rehydrated. Genomic DNA was
extracted from the rehydrated tissue as previously described
[5, 7]. The same procedure was used to extract DNA
from a paraffin block containing tissue from an unre-
lated NCL-affected Australian Shepherd described previously
in [4]. Additional canine DNA samples were obtained

from the University of Missouri Canine DNA Repository
(http://www.caninegeneticdiseases.net/). These samples were
extracted from the blood of donor dogs that had not
exhibited signs of NCL.

Oligo software (version 6.70) and sequences from
build 2.1 of the canine genome reference sequence (http://
www.ncbi.nlm.nih.gov/projects/mapview/map searchcgi?
taxid=9615) were used to design PCR primers flanking
the coding regions in each of the seven canine CLN6
exons (Table 1). Exons 2, 3, and 5 to 7 were amplified
as previously described [7]; however, because of their
high GC content, exon 1 and 4 were amplified with
AccuPrime GC-Rich DNA Polymerase (Invitrogen). Purified
PCR amplification products were sequenced with an
Applied Biosystems 3730xl DNA analyzer. A TaqMan allelic
discrimination assay was used to genotype the dogs at the
putative disease locus described below. The PCR primer
sequences were 5′-CCTCTTCTACTCCTTCGCTCTCA-
3′ and 5′-ACACCCGGGTACTTCTTCCT-3′ and the
competing fluorescent labeled probe sequences were 5′-
VIC-CAGGCGACCCGCAGG-MGB-3′ (mutant) and 5′-
FAM-CAGGCGACCCACAGG-MGB-3′ (wild type).

3. Results

Fluorescence microscopic examination of unstained tissue
sections revealed the presence of massive amounts of aut-
ofluorescent material in the cerebral cortex, cerebellum,
and retina of the affected dog (Figure 1). This material
was widely distributed throughout the cerebral cortex, but
occurred most predominantly in the Purkinje and granular
layers of the cerebellum. Autofluorescence in the retina
occurred primarily in the ganglion cell layer (Figure 1). The
ultrastructure of the storage bodies from each of the tissues
appeared as membrane-bound inclusions filled with tightly
packed vesicular and membranous structures (Figure 2).

Using the primers in Table 1, we were able to amplify
all seven CLN6 exons with template DNA from blood from
control dogs. Nonetheless, we were only able to amplify
CLN6 exons 2, 3, 5, 6, and 7 (but not exons 1 and 4)
from the DNA recovered from paraffin blocks containing
tissue from the affected Australian Shepherd. A comparison
of the sequences of the amplified exons from the affected
dog with corresponding sequences from a clinically normal
Australian Shepherd and with sequences in the canine



Journal of Biomedicine and Biotechnology 3

60μm

(a) (b)

m

p

g

(c)

Figure 1: Fluorescence micrographs of the ganglion cell layer of the retina (a), cerebral cortex (b), and cerebellum (c) from the Australian
Shepherd that was euthanized after exhibiting the neurological signs described in the text. In the cerebellum, autofluorescent material was
most prominent in the Purkinje cell (p) and granular layers (g), with lesser accumulation in the molecular layer (m). Bar in (a) indicates
magnification of all 3 micrographs.

genome reference sequence Build 2.1 (http://www.ncbi.nlm
.nih.gov/projects/mapview/map search.cgi?taxid=9615) re-
vealed two sequence variants: a c.668+7G>A polymorphism
in intron 6 and a c.829T>C transition in exon 7 (Figure 3).
The latter sequence change results in a missense mutation
that predicts a p.W277R mutation in the canine CLN6
protein. Comparison of the predicted amino acid sequence
of the affected dog with those of 13 other vertebrate species
including mammals, birds, fish, and amphibians indicated
that tryptophan was conserved at the equivalent site in all
other vetebrates with available sequences (Figure 4(a)).

We used a TaqMan allelic discrimination assay, designed
to distinguish wild-type homozygotes, heterozygotes, and
mutant homozygotes, to genotype DNA samples from the
NCL-affected Australian Shepherd, 637 healthy unrelated
Australian Shepherds, and 43 dogs of other breeds from the
University of Missouri Canine DNA Repository. The affected
Australian Shepherd was homozygous for the C allele, but
all of the other genotyped dogs were homozygous for the T
allele. We were also able to genotype one of the Australian
Shepherds previously reported to have suffered from NCL [4]
using DNA recovered from paraffin sections. This affected
Australian was also homozygous for the wild-type T allele.

4. Discussion

The clinical history and histopathologic findings confirm
that the subject of this paper was affected with NCL. Of the
NCLs, the ultrastructural appearance of the brain storage
material most closely resembled that of storage bodies that
accumulate in the brain as a result of mutations in CLN6 [8].
Therefore, this gene was analyzed for mutations that might
underlie the NCL of the Australian Shepherd. While we
cannot draw definitive conclusions about the genetic cause of

1μm

Figure 2: Electron micrograph of storage bodies from the cerebel-
lum of the affected Australian Shepherd.

the disease based solely on DNA from a single dog,
the c.829T>C transition constitutes a missense mutation
producing a CGG arginine codon instead of the common
TGG codon for tryptophan. Because all vertebrate CLN6
sequences available in GenBank and CLN6 sequences of
hundreds of unaffected dogs have a tryptophan at the
corresponding position, this exon 7 mutation is a likely
candidate for causing NCL in this Australian Shepherd.
CLN6 is predicted to be an intrinsic membrane protein
with 7 transmembrane domains [9]. Based on the pre-
dicted topology, the p.W277R mutation would lie within
the membrane-spanning region of the 7th transmembrane
domain. Five missense mutations encoding a single amino
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Figure 3: Partial nucleotide sequence of exon 7 of CLN6 in a normal dog and in the affected Australian Shepherd illustrating the c.829T>C
mutation.
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Figure 4: (a) Partial amino acid sequences of CLN6 from a number of species showing uniqueness of the p.W277R mutation in the affected
Australian Shepherd. (b) Partial amino acid sequence of human CLN6 showing missense mutation sites (shaded: p.M241T1; p.R252H2;
pG259C3; p.P299L5; p.W300R6) that result in human vLINCL and the amino acid corresponding to the Australian Shepherd mutation
(underlined: p.W277R4).

acid change have been documented in human patients
for this region of CLN6 (Figure 4(b)), all of which cause
the same variant form of late infantile NCL (vLINCL)
(http://www.ucl.ac.uk/ncl/cln6.shtml). Because the function
of CLN6 is currently unknown [10], it is not possible to
predict what effects this mutation might have on cellular
metabolism or to determine whether the mutation results in
functional alterations.

Our inability to amplify and sequence exons 1 and 4
of CLN6 from the affected Australian Shepherd could be

attributable to partial degradation of the DNA recovered
from formalin-fixed tissue. However, the possibility that
these exons contain additional sequence variants cannot
be ruled out. The c.668+7G>A polymorphism in Intron 6
is unlikely to be the cause of the disease as it is beyond
the consensus sequence for exon splice donor recognition
[11].

Unfortunately, pedigree information from the affected
Australian shepherd was unavailable and closely related dogs
could not be located, so we were unable to genotype other
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dogs from the same family. We failed to identify additional
dogs carrying the mutant allele even though we screened
680 dogs including 637 Australian Shepherds. The only other
published report of NCL in Australian Shepherds described
NCL in three littermates with ages at onset and general
patterns of symptoms that were very similar to that of the
Australian Shepherd described above [4]. We extracted DNA
from a paraffin block containing brain tissue from one of
the affected littermates and determined that the dog was
homozygous for the wild-type T allele. This suggests that
two distinct forms of NCL have occurred among Australian
Shepherds. Consistent with this possibility, the pattern of
autofluorescent storage material in the cerebellum was quite
different between the current dog and the affected Australian
Shepherd littermates that were previously described. In the
currently described Australian Shepherd, the vast majority
of the storage material was present in the granular cell layer,
whereas in the previous cases the storage material occurred
primarily in the Purkinje cells (cf. Figures 2 and 5) [4]. In
addition, there were distinct differences in the ultrastructural
appearance of the storage bodies between the dog with CLN6
mutation and those of the Australian Shepherds previously
described with NCL [4]. Whereas in the present case the
storage bodies appeared to be aggregates of membranous
vesicles (Figure 2), the brain storage bodies in the previous
cases consisted primarily of aggregates of multilayered mem-
branous whorls [4]. In the Australian Shepherd evaluated
in this study the ultrastructural appearance of the storage
material was quite similar to that of storage material from
the brains of sheep that have been shown to suffer from
NCL as a result of a mutation affecting CLN6 expression
[8, 12, 13].

The occurrence of more than one form of NCL within
a single breed is not surprising. We have identified two
mutations responsible for NCL in Dachshunds [7, 14], as
well as additional Dachshunds with NCL that have neither of
these mutations. Likewise, similar disease phenotypes occur
in humans with mutations in different genes that lead to NCL
[15, 16]. For a number of the human NCLs, it was not until
the causative mutations were identified that it was recognized
that many cases of NCL with similar symptoms and ages of
onset actually represent different genetic defects. With the
discovery of at least eight different NCL genes, several human
NCLs that were previously classified together have now been
shown to be genetically distinct. Therefore, even within a
dog breed, the failure to detect a known NCL mutation is
not sufficient to rule out NCL as the cause of progressive
neurological deterioration.

Among Australian Shepherds, the frequency of the
c.829T>C allele appears to be very low, based on our
survey of unaffected representatives of the breed. Further, the
paucity of published reports suggests that NCL is rare in the
breed. Thus, widespread testing for the CLN6 mutation is not
presently warranted with respect to eliminating a potential
health problem in the breed. However, given that symptom
onset of both forms of NCL in this breed is less than 2 years, it
would be wise for breeders to monitor any dogs they produce
for signs of the disease for their first 2 years. If potentially

m
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60μm

Figure 5: Fluorescence micrograph of the cerebellum from an
Australian Shepherd with NCL that tested homozygous for the T
allele at the c.829 locus [4]. The layers of the cerebellum are labeled
as follows: g: granular layer; p: Purkinje layer; m: molecular layer.

affected dogs are identified, the affected dogs as well as the
parents and other dogs closely related to the affected animals
should be tested for the mutant allele. If living sexually
intact dogs that are heterozygous for the CLN6 mutation can
be located, they could be used for breeding to establish a
research colony. Locating such dogs could be accomplished
by screening large numbers of Australian Shepherds for the
mutation using the allelic discrimination assay.

5. Conclusions

Australian Shepherds with the identified CLN6 mutation
would be a valuable model for elucidating the function of the
CLN6 protein and the mechanisms by which mutations in
CLN6 result in NCL disease pathology. Such dogs would be
useful for evaluating potential therapies for the correspond-
ing human disease. Using an allelic discrimination assay, we
should be able to identify those rare Australian Shepherds
that carry the mutation for use in establishing a canine
model.

We recently identified a living Australian shaped exhibit-
ing clinical signs similar to those displayed by the dog
described in this study. The living dog is homozygous for the
C allele at c.829.
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Long-term adrenalectomy (ADX) results in an extensive and specific loss of dentate gyrus granule cells in the hippocampus of
adult rats. This loss of granule cells extends over a period of weeks to months and ultimately results in cognitive deficits revealed
in a number of tasks that depend on intact hippocampal function. The gradual nature of ADX-induced cell death and the ensuing
deficits in cognition resemble in some important respects a variety of pathological conditions in humans. Here, we characterize
behavioural and cellular processes, including adult neurogenesis, in the rat ADX model. We also provide experimental evidence for
a neurogenic treatment strategy by which the lost hippocampal cells may be replaced, with the goal of functional recovery in mind.

1. Introduction

Animal models are widely and successfully used to reproduce
important aspects of pathologies associated with brain
disorders in many areas of neuroscience. Even within a single
neuropathological condition, there exists a wide diversity
of models, each attempting to delineate a specific cause
and/or potential treatment strategy for the condition in
question. Here, we present a novel animal model that has
several favourable features that allow for examination of
whether neuronal replacement in the hippocampus can
reverse memory deficits caused by selective degeneration of
hippocampal neurons. Characterization of regenerative suc-
cess in our simple model system should provide fundamental
information about the required conditions for replacing
neural circuitry in other brain regions more generally and
ultimately should support a treatment strategy for disorders
involving neuronal loss.

The hippocampus, a key region of the medial temporal
lobe, is a frequent target in many neurological diseases
and most forms of dementia. It is well established that
the hippocampus can degenerate in Alzheimer’s disease [1],
posttraumatic stress disorder [2], Parkinson’s disease [3],

epilepsy [4], and following acute trauma such as hypoxia
and stroke [5], to mention only a few conditions. It is also
clear that damage to the hippocampus accounts for many of
the cognitive deficits observed in these diseases, particularly
those concerned with long-term memory.

In animal models of hippocampal neuronal loss, there
is benefit from employing existing strategies for restoring
functions. In none of the models, however, there is good
evidence that lost cells are replaced and that the new cells
take up normal positions in respect to connectivity. The
grafting strategy attempts to replace lost tissue by placing
donor embryonic or stem cells directly into the target
region. In general, these approaches have success that is
clearly limited [6, 7]. In hippocampus, there is survival
of a significant number of grafted cells, some evidence
for integration into local circuitry, and at least partial
reversal of some behavioural deficits. There is an increase
in extracellular transmitter, which likely overcomes some
of the deficits, but it is extremely unlikely, despite some
synaptogenesis, that these transplanted cells have established
correct pre- and postsynaptic connections that normalize
information processing by the hippocampal network. Even in
instances of excellent graft survival with multiple transplant
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locations, there are clear persisting functional deficits [8–10].
It seems that normal information processing does not take
place in hippocampal grafts [8, 11]. There is some recent
evidence that grafts of embryonic CA3 tissue promote
expression of calbindin in existing hippocampal neurons
after CA3 excitotoxic injury, and this might be beneficial
for hippocampal excitability [12]. Furthermore, embryonic
neuroblasts implanted into normal or pilocarpine-damaged
hippocampal rats survive, establish some connections with
the host, but remain in clumps, not likely restoring normal
information processing [13]. Thus, regardless of approach,
the objective of repairing damaged HPC circuits still seems
to be beyond our reach.

A new set of opportunities has opened up based upon the
surprising discovery that in the adult brain, there are at least
two pools of cells that continuously generate new neurons.
One of these pools of neurogenic stem cells is centered on
the subventricular zone of the lateral ventricular wall, and
the other, a focus of our work, is located in the dentate
subgranular zone of the hippocampus. This process of adult
neurogenesis is known to occur in the hippocampus of adult
humans [14]. Thus, our novel, and we believe promising,
animal model involves upregulating hippocampal neuroge-
nesis in order to repair the damaged circuitry and reverse
associated cognitive impairments. Therefore, a major advan-
tage of our model is that the restoration of damaged circuitry
occurs through manipulating an endogenous process.

Thus, our animal model capitalizes on two strange
properties of the hippocampus. First, hippocampal granule
cells slowly and selectively die after CORT is completely
eliminated. Second, uniquely in the cortex, in adults, there
is a steady addition of newborn granule cells to the
hippocampal network. Below, we describe and explain the
experimental manipulation that produces a gradual and
targeted loss of granule cells in the dentate gyrus subfield
of the hippocampus of adult rats. Specifically, we show
histological findings that outline the time course and extent
of this cell loss. Next, we present evidence for the effects
of this cell loss on the electrophysiological properties of
the dentate gyrus and characterize its ensuing impact on
behaviour. Finally, we present a treatment strategy that takes
advantage of adult dentate gyrus neurogenesis; precisely, that
upregulation of adult neurogenesis results in a significant
repopulation of the dentate gyrus granule cell layer.

2. Experimentally-Induced Granule Cell Loss in
the Adult Dentate Gyrus

Our animal model utilizes ADX to induce a gradual and
specific loss of granule cells within the adult rat dentate
gyrus. Robert Sloviter and colleagues first reported the loss
of granule cells in the dentate gyrus resulting from ADX in
1989 [15]. They observed a selective loss of dentate gyrus
granule cells in the hippocampus, three-to-four months after
ADX in adult rats. Importantly, using immunohistochemical
and electrophysiological techniques, Sloviter et al. [15, 16]
showed that other hippocampal subfields were essentially
unaffected by ADX, demonstrating the specificity of cell loss

after ADX. Moreover, CORT replacement immediately after
ADX prevented cell loss from the granule cell layer. These
findings suggest that the absence of CORT associated with
ADX causes specific degeneration within the dentate gyrus
while sparing other hippocampal regions.

Work by Gould et al. [17] confirmed the specificity of
ADX-induced cell loss, showing the presence of pyknotic
cells in the hippocampal granule cell layer (but not CA1 or
CA3) of rats, three days after ADX. Subsequent investigation
by Woolley et al. [18] demonstrated that specific activation
of type 1 adrenal steroid receptors via aldosterone is also
sufficient to prevent the loss of dentate gyrus granule cells
associated with ADX, providing identification of an initial
trigger of the mechanism by which post-ADX granule
cell death occurs. Woolley et al. [18] also confirmed the
specificity of cell death in the rat hippocampus, noting
a significant increase in pyknotic cells in the granule cell
layer of the dentate gyrus seven days after ADX. Using
electron microscopy, Sloviter et al. [16] provided further
evidence for apoptotic cell death in the dentate gyrus granule
cell layer as a result of ADX. They reported a number
of morphological changes in dentate granule cells that are
characteristic of apoptosis (condensed nuclear chromatin,
compaction of cytoplasm, blebbing). Other markers of cell
death have been employed to characterize granule cell loss
after ADX, including silver impregnation [19, 20], caspase-9
[21], and terminal dUTP nick end labeling (TUNEL, [22]).

Although the aforementioned studies demonstrated
ADX-induced neural degeneration, none has provided a
time course of the degeneration or described its progression.
Using the cell death marker Fluoro-Jade B [23], we examined
both the onset and time course of hippocampal granule
cell death after ADX. Specifically, Fluoro-Jade B expression
within the dentate gyrus was assessed in rats that were sacri-
ficed 1–7 days and 2, 4, 8, or 23 weeks after ADX. We found
that as described previously [17, 19], cell death is evident by
three days after complete removal of circulating CORT. Very
little, if any, Fluoro-Jade positive cells were detected in rats
sacrificed 1 or 2 days after ADX, yet consistent labeling was
observed in the rats that were sacrificed 3 or more days after.
Furthermore, granule cell death increased steadily from one
to two weeks, peaking at the fourth week and remained high
in week eight. Moreover, cell death could still be observed
23 weeks after ADX, but not to the same extent as in the
previous time point. Thus, for a period of up to at least 23
weeks, a large pool of granule cells die as a result of ADX-
induced CORT depletion (Figure 1).

The continuing loss of hippocampal granule cells in the
adult rat is a nice feature of this model, as it resembles slow
neurodegenerative processes of neuronal loss experienced
by individuals suffering from various forms of dementia
[24], delayed hippocampal neuronal loss associated with
stroke [25], as well as traumatic brain injury [26]. The
relatively slow loss of neurons as a result of ADX is also
congruent with many other neurodegenerative disorders
including Huntington’s [27] and Parkinson’s disease [28].

The gradual loss of granule cells associated with chronic
ADX can lead to substantial damage in the dentate gyrus.
After 10 weeks of ADX we have found that approximately
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Figure 1: Representative Fluoro-Jade B labeled sections taken from a control (a) and adrenalectomized (ADX) rats at 3 days (b), 8 weeks (c),
and 23 weeks (d) after surgery. No Fluoro-Jade B positive cells were apparent in control tissue (a). Fluoro-Jade B positive cells were evident
by 3 days after ADX (indicated by arrows) and appeared in the superior lateral blade of the dentate gyrus (b). At 8 weeks after ADX surgery,
Fluoro-Jade B positive cells were evident throughout the entire granule cell layer but was still most concentrated in the superior, lateral blade
(c). Fluoro-Jade B labeling has substantially decreased at the 23-week time point but was still apparent throughout the entire dentate gyrus
granule cell layer (d). Scale bar = 100 µm.

25 percent of the volume of the granule cell layer is
lost (Figure 2(c); [29]). These estimates were obtained by
quantifying granule cell layer volume using the Cavalieri
volume estimator [30–33]. This technique allows for a
relatively quick and easy estimate of ADX-induced damage
in the dentate gyrus. A more refined estimate, however, can
be obtained by quantifying the total number of remaining
cells after ADX using the optical fractionator technique. The
latter revealed that 10 weeks of ADX-induced cell death
caused approximately a 50 percent reduction in dentate gyrus
granule cells (Figure 2(d); [29]). Not surprisingly, there is a
strong and significant correlation between volume and total
granule cell number in the dentate gyrus, suggesting that the
decrease in volume after ADX is at least in part due to the loss
of granule cells. Our findings are congruent with previous
studies showing granule cell loss in the dentate gyrus after
long-term ADX [15, 34–36]. However, we advocate that the
estimates that we present here are more accurate, as they
relied on unbiased stereological approaches.

In summary, ADX and its resulting CORT depletion
causes prolonged cell death that is restricted to the granule

cell layer of the dentate gyrus. A 10-week degeneration
period results in noticeable damage in the dentate gyrus
that can easily be quantified stereologically. As such, we have
a slow neurodegeneration model that limits its damage to
an area of the brain known for critical cognitive function,
particularly memory. A fundamental question now arises:
what are the in vivo effects of the selective degeneration
of hippocampal granule cells? We examined this question
by investigating the electrophysiological properties of the
dentate gyrus following ADX-induced degeneration and
more importantly its ensuing impact on behavior.

3. In Vivo Implications of
Hippocampal Granule Cell Loss

To determine the functional effects of granule cell death
in vivo, we utilized a battery of electrophysiological and
behavioural indices. Specifically, we performed input/output
(I/O) curves on awake, freely behaving ADX rats and
recorded population spike amplitude and field excitatory
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Figure 2: Representative DAPI-labeled sections containing the dentate gyrus granule cell layer in a control (a) and an adrenalectomy (ADX)
rat (b) after 10 weeks of degeneration. (c) By 10 weeks, ADX rats had lost approximately one-third of the volume of the dentate gyrus
granule cell layer when compared to adrenally intact controls. (d) Cell counts using the optical fractionator revealed a loss of roughly half
of the dentate gyrus granule cells at the same time point. ∗indicates significant difference; error bars represent standard error of the mean
(adapted from [29]).

post synaptic potentials (fEPSPs). In addition, we used
several behavioural tests (Morris water task, object/context
mismatch, and open field activity) to assess the effect of
hippocampal granule cell loss on behaviour and cognition.

Our animal model requires that after the 10-week
degeneration period, rats are provided with replacement
CORT. The administration of CORT serves two purposes: (1)
it prevents further ADX-induced apoptosis and (2) allows us
to determine the functional deficits strictly associated with
the loss of granule cells and not the effects of CORT depletion
per se. Indeed, any changes observed following ADX could
be due to complete removal of circulating CORT and/or the
ensuing loss of dentate gyrus granule cells. By administering
CORT, we mitigate the potential adverse effects of the
hormone depletion and can more accurately assess the
effects of granule cell degeneration specifically. Thus, we
administer a daily, oral dosage of CORT (1 mg), after the
10-week degeneration period and throughout the remainder
of our studies. This method of CORT replacement has been
demonstrated as effective at inducing a diurnal rhythm in

ADX rats that is similar to intact controls [36] and in
preventing ADX-induced cell death [15], electrophysiology
alterations [37], and behavioural deficits [34].

With the exception of the report by Sloviter et al.
[15], much like post-ADX reports of cell death [17, 20],
electrophysiological studies have been performed at time
points very soon after surgery. A number of experiments have
reported alterations in granule cell electrophysiology, usually
ranging from 3 [37–39] to 10 days [40] after ADX. The short
time course of these experiments means that little is known
about the effects of chronic ADX and the associated gradual
loss of hippocampal granule cells on the electrophysiological
properties of the dentate gyrus. Pilot data collected from
our laboratory shows that 10 weeks of ADX-induced dentate
gyrus granule cell layer degeneration is sufficient to produce
deficits in electrophysiological function despite rats receiving
replacement CORT at the time of measurement. I/O curves
were performed on awake, freely behaving control, and
ADX rats, and population spike amplitude and fEPSPs
were recorded. We found a marked attenuation of the
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electrophysiological response of the dentate gyrus in chronic
ADX rats. Specifically, we noticed a significantly lower
fEPSP slope and a decreased population spike in ADX rats
after 10 weeks of granule cell layer degeneration when
compared to intact controls (Figure 3). Importantly, all ADX
rats received replacement CORT starting one week prior to
and during the time of data collection. Thus, 10 weeks of
cell death, that typically leads to a 50% decrease in cells in
the granule cell layer of the dentate gyrus, cause substantial
electrophysiological disturbances within the hippocampus.

Pivotal to our model, the ADX-induced degeneration in
the dentate gyrus leads to significant behavioural changes
and cognitive deficits. More specifically, the loss of granule
cells due to long-term ADX results in cognitive deficits in at
least two tasks that have been shown to depend on intact
hippocampal function. Using a moving platform version
of the Morris water task, we demonstrated that rats with
dentate gyrus damage performed poorly relative to controls
[36], replicating prior research that suggests damage focused
on the dentate gyrus (including ADX) produces deficits in
spatial tasks [34, 41–43]. Using a novel/familiar platform
location paradigm, we were able to assess both memory
acquisition and 24-hour retention. We found that ADX rats
take longer to locate a hidden platform within the Morris
water task, regardless of whether it was in a familiar or novel
location (Figure 4(a)). This significant increase in time to
find the platform is not explained by differences in swim
speed between ADX and intact control animals. Of note is
that during our investigation, all of our ADX rats received
replacement CORT and still presented with spatial deficits.
This finding adds to a body of evidence that suggests a loss of
granule cells is sufficient to produce cognitive deficits.

We have also reported behavioural deficits following 10
weeks of ADX-induced cell degeneration in a spontaneous
recognition task [29]. Prior investigation has shown that
rats with damage limited to the hippocampus perform
novel object preference tasks at levels similar to controls
but display deficits when information about context [44]
or place [45] becomes important for successful recognition.
Thus, we tested the ability of rats to recognize whether
an object is associated with the context in which it was
originally encountered. Rats are presented with a pair of
identical objects in one context (Context A), and after a short
exploration period, they are presented with another pair in
an alternate context (Context B). During this acquisition
phase, rats are provided with equal exposure to the two
object pairs, each pair housed in a different context. For
the test, rats are returned to either of the contexts (A
or B), but now, an object from each pair is present.
Normally, rats will spend a greater proportion of their object
investigation time with the mismatched object (i.e., the one
never encountered in that context before). We term this
spontaneous recognition task the object/context mismatch
task. ADX animals perform significantly worse than controls
on this task and fail to show preferential investigation of the
object that is mismatched (Figure 4(b)).

The deficits we observe in rats after long-term ADX
bear a family resemblance to those experienced by people
displaying a loss of hippocampal function [46–49]. Spatial
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Figure 3: Pilot data assessing the electrophysiological response of
the dentate gyrus after 10 weeks of adrenalectomy (ADX) followed
by one-week of CORT replacement, all ADX rats were on CORT
replacement at the time of recording. (a) Chronic ADX resulted in
a significantly attenuated fEPSP slope relative to control rats. (b) A
tendency for ADX rats to have a lower population spike amplitude
compared to intact controls was apparent. Error bars represent
standard error of the mean.

deficits as a result of hippocampal atrophy due to Alzheimer’s
disease [50] and hippocampal damage associated with
surgical resection [47] have been reported in the virtual
Morris water task, the human analogue of the spatial task
we employed to assess behaviour in our ADX animals [36].
Astur et al. [47] show that human patients with surgery-
induced unilateral hippocampal damage took significantly
longer to locate a hidden platform and spent less time
“swimming” in the correct quadrant during a probe trial
in the virtual Morris water task than their age-matched
cohorts. The disruption in recognition memory by altering
the context in which objects are presented has also been
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Figure 4: Behavioural deficits associated with long-term ADX. (a)
ADX rats were impaired relative to controls at locating both novel
and familiar platform locations in a moving platform version of
the Morris water task. (b) Discrimination ability of ADX rats in
the object/context mismatch task was significantly impaired. ADX
rats did not discriminate above chance levels. Dashed lines represent
chance, error bars represent standard error of the mean.

observed in human patients suffering from hippocampal
damage [49], a finding that is congruent with our data,
showing diminished novel object/context association in ADX
rats [29]. Pascalis and colleagues [49] show that when the
context in which an object is first presented (familiarization)
and subsequently reintroduced (test) is changed, patients
with hippocampal damage show a lack of object preference,
despite intact object recognition when the background
context remained constant.

4. Adult Hippocampal Neurogenesis:
A Potential Treatment Strategy

It is well established that the birth of new neurons in the
brain continues throughout all of adulthood. The processes

of proliferation, migration, and integration of new neurons
in the adult brain are now well-described phenomena,
both in the dentate gyrus [51] and the subventricular
zone [52]. Numerous modulators of the neurogenic process
within the adult hippocampus have been discovered, ranging
from the administration of pharmacological agents such as
fluoxetine [53, 54], growth factors [55], exercise [56, 57],
environmental enrichment [56, 58], to stress and stress
hormones [59–61].

ADX itself has been demonstrated to alter neurogenesis.
Gould and colleagues [59] reported an increase in prolif-
eration six days after ADX as determined by an increase
in the density of tritiated thymidine-labeled cells in the
dentate gyrus of ADX rats compared to controls. Further
studies have confirmed this phenomenon, finding increases
in proliferation within the dentate gyrus at time points
ranging from six to twelve days after ADX [60, 62, 63].

All of the aforementioned studies assessing proliferation
after ADX have done so without CORT replacement [59,
60, 62, 63]. These studies demonstrate that proliferation
continues in the adult dentate gyrus in the absence of
CORT, at least at relatively short time points after ADX. It is
well documented that adult born granule cells mature into
functional units within the dentate gyrus [51], eventually
becoming indistinguishable from their surrounding coun-
terparts. As ADX eliminates mature dentate gyrus granule
cells [15] it is not unreasonable to conclude that CORT is
necessary to ensure the survival of adult-born granule cells.
Our CORT replacement strategy not only serves to prevent
further granule cell layer degeneration but also ensures the
survival of those hippocampal granule cells born in the adult
ADX rat.

Our animal model utilizes the phenomenon of adult
neurogenesis in an attempt to repopulate the damaged
dentate gyrus with adult-born granule cells. As such, it is
necessary to demonstrate that neurogenesis continues in
the damaged dentate gyrus and that it can be upregulated
to a level sufficient to significantly replace lost neurons
within the adult hippocampus. We have previously shown
that neurogenesis continues in the ADX brain at levels
similar to adrenally intact controls [36]. Specifically, we
report that the number of proliferating cells (as determined
by Ki67 expression) and migrating neuroblasts (those cells
expressing the microtubule-associated protein doublecortin
(DCX)) does not differ significantly between chronic ADX
and control rats. This is important because it shows that
despite significant degeneration of the granule cell layer, the
subgranular zone remains viable.

Indirect evidence from our 2007 study [36] suggested
that the treatment strategy we had employed (eight weeks
of daily fluoxetine administration) transiently increased
hippocampal neurogenesis. Despite a lack of a significant
difference in neurogenesis between ADX rats and controls,
there was a tendency for ADX rats that were treated with
fluoxetine to have a thicker dentate gyrus than those that
were untreated. This suggests that fluoxetine may have
induced a transient increase in neurogenesis, resulting in
a thicker granule cell layer. These results prompted us to
examine other neurogenic treatment strategies.
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(a) (b)

(c) (d)

Figure 5: Regardless of adrenalectomy (ADX), the combined enrichment and exercise treatment significantly increased neurogenesis as
indexed by doublecortin (DCX). Representative pictures of DCX positive cells in the dentate gyrus of (a) home cage controls, (b) controls
exposed to wheel running and enrichment, (c) ADX rats housed in the home cage, and (d) ADX rats exposed to wheel running and
enrichment.

We succeeded in substantially repopulating the dentate
gyrus following 10 weeks of ADX-induced degeneration
by using a unique combination of enriched housing and
wheel running. Specifically, we housed our rats in a 24-
hour alternating condition of group-housed environmental
enrichment and individual access to a running wheel over a
period of 6 weeks. It is believed that the effects of exercise and
environmental enrichment on adult neurogenesis are disso-
ciable [57]. Exercise (in the form of wheel running) has been
shown to increase the proliferation of new cells, specifically
targeting Type-2 cells [51, 57]. Environmental enrichment
can dramatically increase the number of new dentate gyrus
granule cells but may not increase proliferation. Enrichment
may primarily increase the proportion of progenitors that are
selected to survive to granule cell maturity [57, 64].

The proliferation of hippocampal granule cells occurs
in the ADX rat (with or without replacement CORT), even
at long time points. Despite this, ADX rats present with
behavioural deficits in a multitude of tasks. This suggests
that it is the mature granule cells are critical for certain

behaviours. Simply increasing the proliferation of new cells
is, therefore, unlikely to ameliorate the deficits associated
with ADX. Rather it is the survival and functional integration
of these cells that is key. Our combination of wheel running
and enriched housing was selected to maximize the possibil-
ity that new cells in the damaged dentate would survive to a
functional endpoint.

We found that a significantly greater number of DCX
positive cells were evident in ADX rats that received the
enriched environment and wheel running (Figures 5 and
6(a)) compared to those remaining in the home cage.
This is consistent with extensive evidence suggesting that
neurogenesis can be increased by enriched environmental
housing [56, 58, 65] and exercise [66, 67]. Importantly, the
number of DCX positive cells present in ADX rats is similar
to that which is observed in controls. Despite the significant
depletion of granule cells in the dentate gyrus caused
by ADX, hippocampal neurogenesis continues, providing
further evidence that the subgranular zone remains viable
after long-term ADX.
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Figure 6: (a) Our alternating treatment of enrichment and wheel
running significantly increased the number of doublecortin (DCX)
positive cells in the dentate gyrus of adrenalectomy (ADX) and con-
trol rats. (b) Chronic ADX significantly reduced the volume of the
dentate gyrus granule cell layer. Most importantly, a combination of
six weeks of enriched housing significantly increased the volume of
the dentate gyrus granule cell layer in ADX rats, compared to their
home cage counterparts. Error bars represent standard error of the
mean.

The most exciting finding, however, is that a combination
of six weeks of environmental enrichment and wheel running
increased the volume of the granule cell layer in ADX
rats compared to those that remained in the home cage
(Figure 6). Hence, enhancing neurogenesis was successful in
at least partially repopulating a damaged dentate gyrus in
adult animals. The significantly higher levels of DCX in rats
that received the enrichment/exercise treatment show that
earlier stages of neurogenesis had indeed been upregulated.
The increase in volume of the dentate gyrus in ADX rats that
experienced enrichment and exercise, a measure strongly
correlated with granule cell number [29], suggests that the
survival of adult born granule cells was also increased.

Although the volume of the hippocampal granule cell
layer in treated ADX rats did not reach control levels, the
significant repopulation of cells suggests that treatments
that upregulate adult neurogenesis may provide an effective
strategy by which lost function may be restored. The high

levels of DCX present in treated ADX rats at the time
of perfusion indicate that simply increasing the treatment
period may be sufficient to completely repopulate the
damaged dentate gyrus. Taken at face value, our results
differ from Naylor et al. [68] who report a transient increase
in proliferation as a result of voluntary wheel running
at nine, but not 24 days in rats. Kempermann and Gage
[69] also demonstrated that short-term but not long-term
exposure to an enriched environment increased proliferation
in mice, suggesting a similar transient phenomenon. By
interleaving enrichment with exercise, we may have extended
the duration of the associated increase in proliferation. An
alternate possibility is that switching between wheel running
and a relatively novel, enriched environment every 24 hours
may maintain a degree of novelty that has been suggested as
responsible for increases in neurogenesis [69]. Importantly,
the animal model we describe provides an excellent method
by which to test treatment strategies targeting restoration of
function after neuronal loss.

Preliminary evidence from our laboratory suggests that
regeneration of the dentate gyrus granule cell layer via adult
neurogenesis can restore impaired behaviour [70]. After
10 weeks of granule cell layer degeneration due to ADX,
rats were placed on CORT and administered a cocktail
of growth factors (FGF-2 and sonic hedgehog) via an
osmotic minipump for six weeks in an attempt to increase
neurogenesis within the hippocampus. Both FGF-2 [55, 71]
and sonic hedgehog [72, 73] have been shown to increase
neurogenesis in normal animals, specifically targeting early
stages of the neurogenic process. During administration of
growth factors, ADX rats were group housed in an enriched
environment, which has been shown to increase survival
of adult born neurons in normal animals [56, 57]. ADX
rats that received the neurogenic treatments presented with
a greater hippocampal granule cell-layer volume compared
to home cage housed ADX rats given vehicle. Furthermore,
the volume of the hippocampal granule cell layer in treated
ADX rats did not differ from that of controls, indicating, at
least by this measure, a complete regrowth of the previously
degenerated hippocampal subfield. Importantly, those ADX
rats that had an increased dentate gyrus granule cell-layer
volume as a result of treatment with an enriched environ-
ment, FGF-2, and sonic hedgehog performed significantly
better that their ADX cohorts receiving vehicle and did not
differ from controls in a contextual discrimination task.
This initial finding suggests a functional repopulation of
the dentate gyrus granule cell layer in the adult animal,
something that has not been reported before. Although more
work is required to confirm the results, this compelling
finding suggests that functional recovery in the adult animal
is a distinct possibility.

5. General Discussion

Our animal model utilizes ADX to induce a progressive and
specific loss of hippocampal granule cells followed by an
upregulated neurogenic period to repopulate the damaged
circuitry. To recap the essential features of the model, rats
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Figure 7: The experimental time course. Bilateral adrenalectomy
(ADX) is conducted at the onset of the experiment. The granule
cell layer of the dentate gryus degenerates significantly over the
following ten weeks, during which rats remain in their homecages.
A subset of ADX rats are exposed to a number of different
treatment strategies, after which behavioural and electrophysiolog-
ical measures can be taken. Upon completion of the experiment,
rats are perfused and the granule cell layer is assessed using
immunohistochemistry and unbiased stereological techniques.

first undergo ADX surgery and remain in their home cages
for at least a 10-week degeneration period. The absence of
CORT associated with the removal of the adrenal glands
leads to progressive degeneration, producing a 50% cell
loss within the dentate gyrus granule cell layer after 10
weeks. Second, the ADX rats are placed on daily CORT
replacement to prevent further degeneration and allow
new neurons to establish themselves within the damaged
circuitry. In addition, a subset of ADX rats is then exposed to
neurogenic treatments in order to increase the endogenous
levels of neurogenesis within the adult hippocampus. Third,
after the treatment period, rats are subjected to a bat-
tery of behavioural tasks and electrophysiological measures
designed to evaluate hippocampal function. Finally, the
rats are perfused and the hippocampal granule cell layer
is assessed using immunohistochemistry and stereological
methods. The steps of the model are illustrated in Figure 7.

The described animal model produces a specific and
gradual degeneration of neurons within the adult hip-
pocampus. The gradual loss of hippocampal neurons is
a hallmark symptom of a number of pathological states,
including traumatic brain injury [74–76], stroke [25, 77],
and a number of dementias [24, 46]. Similar to patients that
suffer hippocampal atrophy due to prolonged cell loss we
show that rats with a long-term loss of hippocampal granule
cells suffer from cognitive deficits in tasks that have been
shown to depend upon intact hippocampal function.

Of note is that even after a significant degeneration of the
granule cell layer, the stem cell niche within the subgranular
zone remains a viable substrate for the birth of new neurons
in the adult. We are the first to show that dentate gyrus
neurogenesis continues at normal levels after chronic (longer
than 10 days) ADX in the adult rat. We are also the first
to show that at much longer time points (six-to-ten weeks
after ADX) that in combination with CORT replacement,
methods that increase neurogenesis in the normal animal
continue to do so in the damaged dentate gyrus.

As in normal animals, we show that the stem-cell
niche in the subgranular zone of chronic ADX rats can be

modulated. Using a combination of exercise and environ-
mental enrichment, we show that early stages of neurogenesis
can be upregulated in the ADX rat. A 24-hour alternat-
ing regimen of wheel running and enriched environment
exposure resulted in a significant increase in the number
of migrating neuroblasts, as indicated by the microtubule-
associated protein DCX. This effect was similar to that
which was observed in our controls, as well as to other
reports of exercise-induced alterations in neurogenesis [66,
67]. Our observation provides further evidence of an intact
neural stem-cell niche in the dentate gyrus of ADX rats.
This upregulation of neurogenesis resulted in a significant
increase in the volume of the dentate gyrus of ADX rats,
relative to their home-cage ADX cohorts. Although at the six-
week time point the volume of the granule cell layer in treated
ADX rats was still smaller than controls, the continuing high
levels of DCX expression suggest that increasing the length
of exposure to the combination of enrichment and exercise
may suffice to restore the volume of the dentate gyrus granule
cell layer to normal. The significant increase in dentate gyrus
granule cell layer volume in the enriched ADX rats provides
indirect evidence that adult born neurons survive in the
damaged dentate gyrus.

We provide a method by which one form of intrinsic
plasticity of the adult brain can be modulated in an attempt
to induce functional recovery. Here, we employ behavioural
and pharmacological techniques that increase the birth and
survival of new neurons in the hippocampus. We show
that repopulation of the damaged dentate gyrus via adult-
born neurons is a viable approach to induce functional
recovery. Treatment strategies employing transplantation of
exogenous stem cells have proven to be relatively ineffective
in alleviating function deficits [8–10]. A number of issues
result from such methods, including the long-term survival
of grafted cells and the inability to determine conclusively
whether or not grafted cells functionally integrate into an
existing neural network [6]. Here, we manipulate a naturally
occurring system that continually results in the functional
integration of new neurons into an existing network within
the adult animal.

The functional integration of new neurons in the adult
animal provides a treatment strategy by which an increase
in the number of new cells results in a repopulation of
a previously damaged brain region. The effectiveness of
treatment methods designed to induce repopulation of the
granule cell layer and induce functional recovery can be
assessed using the available tools and techniques discussed
in the preceding paper. Importantly, this demonstration of
the loss of function associated with brain damage and the
development of treatment strategies that result in functional
recovery provides a model by which the required conditions
for replacing neural circuitry in other brain regions may be
explored.
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[50] J. Laczó, R. Andel, M. Vyhnalek et al., “Human analogue of the
morris water maze for testing subjects at risk of Alzheimer’s
Disease,” Neurodegenerative Diseases, vol. 7, no. 1–3, pp. 148–
152, 2010.

[51] G. Kempermann, S. Jessberger, B. Steiner, and G. Kronenberg,
“Milestones of neuronal development in the adult hippocam-
pus,” Trends in Neurosciences, vol. 27, no. 8, pp. 447–452, 2004.

[52] A. Alvarez-Buylla and J. M. Garcı́a-Verdugo, “Neurogenesis in
adult subventricular zone,” Journal of Neuroscience, vol. 22, no.
3, pp. 629–634, 2002.

[53] J. E. Malberg, A. J. Eisch, E. J. Nestler, and R. S. Duman,
“Chronic antidepressant treatment increases neurogenesis in
adult rat hippocampus,” Journal of Neuroscience, vol. 20, no.
24, pp. 9104–9110, 2000.

[54] L. Santarelli, M. Saxe, C. Gross et al., “Requirement of
hippocampal neurogenesis for the behavioral effects of antide-
pressants,” Science, vol. 301, no. 5634, pp. 805–809, 2003.

[55] H. G. Kuhn, J. Winkler, G. Kempermann, L. J. Thal, and F. H.
Gage, “Epidermal growth factor and fibroblast growth factor-
2 have different effects on neural progenitors in the adult rat
brain,” Journal of Neuroscience, vol. 17, no. 15, pp. 5820–5829,
1997.

[56] G. Kempermann, H. G. Kuhn, and F. H. Gage, “More
hippocampal neurons in adult mice living in an enriched
environment,” Nature, vol. 386, no. 6624, pp. 493–495, 1997.

[57] A. K. Olson, B. D. Eadie, C. Ernst, and B. R. Christie,
“Environmental enrichment and voluntary exercise massively
increase neurogenesis in the adult hippocampus via dissocia-
ble pathways,” Hippocampus, vol. 16, no. 3, pp. 250–260, 2006.

[58] J. Brown, C. M. Cooper-Kuhn, G. Kempermann et al.,
“Enriched environment and physical activity stimulate hip-
pocampal but not olfactory bulb neurogenesis,” European
Journal of Neuroscience, vol. 17, no. 10, pp. 2042–2046, 2003.

[59] E. Gould, H. A. Cameron, D. C. Daniels, C. S. Woolley, and
B. S. McEwen, “Adrenal hormones suppress cell division in the
adult rat dentate gyrus,” Journal of Neuroscience, vol. 12, no. 9,
pp. 3642–3650, 1992.

[60] H. A. Cameron, “Adult neurogenesis is regulated by adrenal
steroids in the dentate gyrus,” Neuroscience, vol. 61, no. 2, pp.
203–209, 1994.

[61] P. Tanapat, N. B. Hastings, T. A. Rydel, L. A. M. Galea, and E.
Gould, “Exposure to fox odor inhibits cell proliferation in the
hippocampus of adult rats via an adrenal hormone-dependent
mechanism,” Journal of Comparative Neurology, vol. 437, no. 4,
pp. 496–504, 2001.

[62] M. F. Montaron, K. G. Petry, J. J. Rodriguez et al., “Adrenalec-
tomy increases neurogenesis but not PSA-NCAM expression
in aged dentate gyrus,” European Journal of Neuroscience, vol.
11, no. 4, pp. 1479–1485, 1999.

[63] E. Y. H. Wong and J. Herbert, “Roles of mineralocorticoid
and glucocorticoid receptors in the regulation of progenitor
proliferation in the adult hippocampus,” European Journal of
Neuroscience, vol. 22, no. 4, pp. 785–792, 2005.

[64] A. Tashiro, H. Makino, and F. H. Gage, “Experience-specific
functional modification of the dentate gyrus through adult
neurogenesis: a critical period during an immature stage,”
Journal of Neuroscience, vol. 27, no. 12, pp. 3252–3259, 2007.
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Perinatal hypoxic-ischemic encephalopathy (HIE) is an important cause of brain injury in the newborn and can result in long-term
devastating consequences. Perinatal hypoxia is a vital cause of long-term neurologic complications varying from mild behavioural
deficits to severe seizure, mental retardation, and/or cerebral palsy in the newborn. In the mammalian developing brain, ongoing
research into pathophysiological mechanism of neuronal injury and therapeutic strategy after perinatal hypoxia is still limited.
With the advent of promising therapy of hypothermia in HIE, this paper reviews the pathophysiology of HIE and the future
potential neuroprotective strategies for clinical potential for hypoxia sufferers.

1. Introduction

Perinatal hypoxic-ischemic encephalopathy (HIE) occurs
in one to three per 1000 live full-term births [1]. Of
affected newborns, 15%–20% of affected newborns will
die in the postnatal period, and an additional 25% will
develop severe and permanent neuropsychological sequelae,
including mental retardation, visual motor or visual per-
ceptive dysfunction, increased hyperactivity, cerebral palsy,
and epilepsy [2]. The outcomes of HIE are devastat-
ing and permanent, making it a major burden for the
patient, the family, and society. It is critical to identify
and develop therapeutic strategies to reduce brain injury
in newborns with HIE. The underlying pathophysiology
of perinatal HIE is difficult to study in the human,
thus the neonatal rat model for HI brain injury has
been developed to model this human condition. Much
of what we know is derived from studies conducted in
animal models. Rodents were the most frequently used
animals in HIE research, followed by piglets and sheep
[3].

2. Gestational and Chronological Age

The neuropathological features of perinatal HIE vary con-
siderably with the gestational age of the infant, the nature of
the insult, and the intervention types. Studies of the effect of
hypoxemia on brain energy metabolism in the immature rat
brain have delineated a particular window of vulnerability,
characterized by greater vulnerability in the second postnatal
week, comparable to the human brain at term than in the first
postnatal week, comparable to the human premature brain.
In addition, based on the evidence of more resistance of
cerebral energy metabolisms and longer duration of survival
in the immature than in the adult brains submitted to
asphyxia insults, there is a long-held general notion that the
perinatal brain is more tolerant to asphyxia than the adult
brain [4, 5]. However, neuropathological studies indicate
that many critical neuronal groups are more vulnerable to
HI injury in the immature animals, particularly related to
enhanced density and function of excitatory amino acid
receptors and enhanced vulnerability to attack by reactive
oxygen species (ROS) and reactive nitrogen species (RNS)
[5].



2 Journal of Biomedicine and Biotechnology

2.1. Major Neuropathology. The development of brain injury
after HI insult is an evolving process imitated during the
acute insult and extending into a reperfusion phase. The
principle pathogenetic mechanism underlying neurological
damage in HIE resulting from hypoxemia/ischemia or both
is deprivation of glucose and oxygen supply which causes a
primary energy failure and initiates a cascade of biochemical
events leading to cell dysfunction and ultimately to cell death
[6, 7]. A consequent reperfusion injury often deteriorates the
brain metabolism by increasing the oxidative stress damage.
Particular roles for increase in extracellular glutamate,
excessive activation of glutamate receptors (excitotoxicity),
increase in cytosolic calcium (Ca2+), and generation of free
radicals are emphasized.

The temporal aspects of the changes in glucose and
energy metabolism after HI insult have been identified and
include primary energy failure and secondary energy failure
[8–13]. Immediately after HI insults, primary energy failure,
depletion of oxygen precludes oxidative phosphorylation
(decrease in high-energy phosphorylated compounds such
as ATP and phosphocreatine) and results in a switch to
anaerobic metabolism, causing accumulation of lactate and
the associated H+. The accumulation of lactate and the
associated H+ initially is beneficial for adoption to oxygen
deprivation, but later, with progression of lactate formation,
it has deleterious effects on (1) impairment of vascular
autoregulation, a potential for advanced ischemic injury, (2)
inhibition of phosphofructokinase activity by low pH, and
(3) a biochemical cascade leading to cellular injury [8]. The
occurrence of secondary energy failure varies according to
species and nature of the insult with onset at appropriately
8∼16 hours and a nadir at 24∼48 hours. High-energy
phosphate levels recovered to baseline levels in 2∼3 hours
after reperfusion and reoxygenation, and a second decline in
high-energy phosphate was pronounced at the next 48 hours
[9, 11, 12].

An initial decrease in high-energy phosphate triggers a
series of additional mechanisms, beginning with a failure of
the ATP-dependent Na+-K+ pump. Transcellular ion pump
failure results in the intracellular accumulation of Na+, Ca2+,
and water (cytotoxic edema) followed by membrane depo-
larization, excessive release of excitatory neurotransmitters,
specifically glutamate, increase of cytosolic Ca2+, activation
of phospholipase, and generation of free radicals. During
the past 2 decades, remarkable studies have demonstrated
the critical role for glutamate as the mediators of neuronal
death in the HI insult [14–16]. Glutamate is the predominant
excitatory amino acid neurotransmitter in the brain and has
3 major types of ionotropic receptors, NMDA, AMPA, and
KA, as well as a group of G-protein-linked metabotropic
glutamate receptor, existing in most neurons and glia possess.
Normally, glutamate ionotropic receptors work coopera-
tively in stabilization of synapses and display a sequential
participation in activity-dependent neuronal plasticity and
neuronal excitation for normal tasks such as learning and
memory. However, their vital role and enhanced function
in the perinatal period also make neurons more vulnera-
ble to excitotoxicity. Extracellular glutamate concentrations
increase manifold with HI insults [17–19], and specific

glutamate receptor channel blockers ameliorate brain injury
in HIE [20]. The ontogeny of glutamate, transient dense
expression of NMDA receptors and GluR2-deficient AMPA
receptors, is relevant to the vulnerability of immature brain
regions to excitotoxic cell death in HIE [21, 22]. The presence
of a GluR2 subunit renders the AMPA receptors imperme-
able to calcium. The approximate time of peak sensitivity
of excitotoxicity in rats is 6 days for NMDA and 9∼10 days
for AMPA, appropriate to human prematurity and term
newborn, respectively [23, 24]. Moreover, the topography of
glutamate synapses, early expression of glutamate receptors
in human hippocampus, cerebral cortex, and deep nuclear
structures, is similar to regions vulnerable to HI injury in the
newborn [18, 19, 25]. The increase in extracellular glutamate
concentration and activation of glutamate receptors after
hypoxia-ischemia triggers excitotoxic cascade. There is an
increase in cytosolic Ca2+ by influx through open NMDA
and calcium permeable AMPA receptor channels and other
voltage-dependent Ca2+ channels, and the release of calcium
from intracellular stores. The deleterious effects of increased
cytosolic calcium include the activation of neuronal nitric
oxide synthase (nNOS) to form nitric oxide, generation of
free radicals, and degradation of cellular lipids by activation
of phospholipases, of cellular proteins by activation of
protease, and of cellular DNA by activation of nucleases,
as well as accentuation of mitochondrial injuries [26–28].
Mitochondrial outer membrane permeabilization, in turn,
elicits mitochondrial release of cytochrome C, activation
cleavage of caspases 9 and 3, and apoptosis-inducing factor
(AIF), leading to apoptosis [29]. The combined effects of
cellular energy failure, acidosis, glutamate release, intracellu-
lar Ca2+ accumulation, lipid peroxidation, and nitric oxide
neurotoxicity serve to disrupt essential components of the
cell with its ultimate death. The mechanism of neuronal cell
death after hypoxia-ischemia includes neuronal necrosis and
apoptosis, depending principally on the severity of the insult
and the maturational state of the cell. There is a continuum of
necrosis and apoptosis, and often the early cell death appears
necrotic and later cell death appears apoptotic [30, 31]. Initial
decrease in high-energy phosphates will result in impairment
of ATP-dependent Na+-K+ pump, which in the severe
insult causes an acute influx of Na+, Cl−, and water with
consequent cell swelling, cell lysis, and thus early cell death
by necrosis whereas in less severe insult causes membrane
depolarization followed by a cascade of excitotoxicity and
oxidative stress leading to a delayed cell death, principally
apoptosis. Apoptosis is more prevalent as a mode of death
in the perinatal brain, and both caspase-dependent and
caspase-independent mechanisms of apoptotic cell death
have been recognized (Figure 1).

Experimental studies indicate that the first observable
change in the neuron is cytoplasmic vacuolation, caused by
mitochondrial swelling, occurring within 5∼30 minutes after
the onset of hypoxia, and the differentiating oligodendro-
cytes exhibit approximately the same sensitivity to glucose
and oxygen deprivation as do neurons. In the immature
and mature brain, the order of cellular elements vulner-
able to hypoxia-ischemia is neuron > oligodendroglia >
astrocyte > microglia [32]. Yue et al. demonstrated that
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Figure 1: Proposed pathogenesis of hypoxic-ischemic encephalopathy. The central roles for ATP depletion, membrane depolarization,
glutamate-mediated excitotoxicty, and voltage-dependent and glutamate-activated Ca2+ channels are apparent. An initial decrease in high-
energy phosphates can result in an acute influx of Na+, Cl−, and water with consequent cell death (necrosis) in the severe insult, whereas
in less severe insult, it causes membrane depolarization followed by a cascade of excitotoxicity and oxidative stress leading to a delayed
cell death, principally apoptosis. Persistent membrane depolarization results excessive presynaptic glutamate release, reversal of glutamate
transport in glia and neural terminals, and activation of NMDA and immature (GluR2 deficiency) AMPA receptors with profound Ca2+

influx with a series of Ca2+-mediated cascades to cell death. The deleterious effects of cytosolic Ca2+ are multiple, including degradation of
cellular lipids by activation of phospholipase and of cellular DNA by activation of nucleases and enhancement of generation of free radicals
and nitric oxide (NO) by increase of nitric oxide synthase (NOS) [7, 8, 26]. AMPA: α-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate;
ER: endoplasmic reticulum; mGlu: metabotropic glutamate; NMDA: N-methyl-D-aspartic acid; NOS: nitric oxide synthase; VDCC: voltage-
dependent calcium channels.

apoptotic neuronal death predominated among immature
neurons, whereas necrotic cell death predominated among
mature neurons [33]. The feature of neuropathology varies
according to the developing age as hypoxia-ischemia insult.
Three major regional patterns of selective neuronal necrosis
in newborns with HIE, especially the term newborns, diffuse
disease, cerebral-deep nuclear with prominent involvement
of cerebral neocortex, hippocampus, and basal ganglia-
thalamus, and deep nuclear-brain stem disease [34, 35].
The principal form of hypoxia-ischemic brain injury in
the immature brain involves cerebral white matter, causing
periventricular leukomalacia (PVL), and the data indicate an
implication of a particular maturation-dependent intrinsic
vulnerability of premyelinating oligodendrocytes (pre-OLs)
to both endogenous and exogenous reactive oxygen species
[35–37]. The immature brain has a propensity for ischemia
to cerebral white matter because of the presence of (1)
vascular end zones and border zones in that region and (2)
impairment of cerebrovascular autoregulation [7]. Ness et al.
noted a transition of cell death in white matter from early
necrotic deaths to hybrid cell deaths to classical apoptosis
between 4 and 24 h of recovery from hypoxia-ischemia [38].
The delayed time course of apoptosis in pre-OLs supports
the feasibility of interventions to improve clinical outcomes
for newborns surviving birth asphyxia.

3. Potential Therapies for Neonatal
Hypoxic-Ischemic Encephalopathy

3.1. Supportive Intensive Care. Perinatal HIE is a major
cause of death and disability worldwide which has been
limited to supportive intensive care. It includes correction
of hemodynamic and pulmonary disturbances (hypotension,
metabolic acidosis, and maintenance of adequate venti-
lation), correction of metabolic disturbances of glucose,
calcium, magnesium, and electrolytes, treatment of seizures
if present, and monitoring for other organ system dysfunc-
tions, such as acute renal failure. Maintenance of adequate
ventilation and adequate perfusion is a central aspect of
supportive care. Oxygen deprivation may lead to disturbance
of cerebrovascular autoregulation with consequence of a
pressure-passive cerebral circulation and increase additional
neuronal and white matter injury. Severe hyperoxia in the
first hours of life may contribute to increased oxidative
stress, deleterious to long-term neurological consequences
[39, 40], and the guideline of the 2010 International Con-
sensus on Cardiopulmonary Resuscitation and Emergency
Cardiovascular Care Science with Treatment Recommenda-
tions (CoSTR) in the International Liaison Committee on
Resuscitation (ILCOR) recommends that, for term babies,
it is better to begin resuscitation with room air rather than
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100% oxygen [41]. In addition, the maintenance of adequate
perfusion to brain, more related to adequate arterial blood
pressure than intracranial pressure, is important for preven-
tion of additional ischemic injury.

3.2. Control of Seizures. The presence of seizure, practically
occurring within the first hours, predicates a poor outcome
of HIE. Therefore, antiepileptic drugs (AEDs) are among
the medications most commonly used in perinatal HIE. The
energy metabolism can be compromised by the hyperactive
neurons, and both acute energy deprivation after HI insult
and seizures are implicated in excitotoxicity. Thus, the
therapeutic value of AEDs may include not only control
of seizure activity but also potentially the benefit for the
compromised cellular energy metabolism. Studies about
perinatal HIE showed a beneficial effect of pretreatment with
barbiturates [42, 43]. Phenobarbital remains the preferred
drug for the treatment of seizures in neonates with HIE [7]. It
is still a controversial issue whether phenobarbital treatment
should be administered before the seizure attacks. Close
observation with use of continuous EEG to identify seizures
is optimal for management of the asphyxiated infants.

3.3. Neuroprotective Strategies. At present, no individual
neuroprotective agents have been proven safe and effective
for the protection of neonates from neurological sequels
after HI insults. The insight into the biochemical and
cellular mechanisms of neuronal injury with perinatal HIE
helps to provide interventions to interrupt those deleterious
cascades, principally focusing on the potential effects of
free radical scavengers, such as N-acetylcysteine (NAC)
and allopurinol, magnesium, glutamate receptor blockers,
erythropoietin (Epo), and hypothermia. NAC is a free
radical scavenger and has been demonstrated to minimize
hypoxia-ischemia-induced brain injury in various acute
models [44–46]. Combination therapy of NAC and systemic
hypothermia improves infarct volume, myelin expression
after focal HI injury [44]. Treatment of allopurinol, a
xanthine oxidase inhibitor and free radical scavenger, also
exerts benefit on reduction of cerebral edema and neu-
ropathological damage after neonatal HIE [47]. Epo, the
major haemopoietic growth factor, is now considered to
have beneficial effects in various nervous system disorders
based on the effects of prevention of metabolic compromise,
neuronal and vascular degeneration, and inflammatory
cell activation [48–50]. Gonzalez et al. demonstrated that
the treatment of Epo preserves hemispheric brain vol-
ume after an occlusive cerebral injury in P10 rats [48].
Other experimental studies concerning the potential value
of magnesium sulfate reveal that blockers of glutamate
receptors have conflicting results. However, the most potent
and promising intervention to prevent energy depletion
is hypothermia. Experimentally, reducing body tempera-
ture to 3∼5◦C below the normal level reduces cerebral
injuries, including a decrease in brain energy utilization,
reduction of infarct size, and amelioration of neuronal cell
loss and hippocampal structure, and improves neurological
outcomes after asphyxia [51–54]. The beneficial effects of
mild hypothermia occur at multiple sites in the cascade

to cell death. Hypothermia must be commenced before
the onset of delayed energy failure and particularly exci-
tatory features, such as seizures [7]. Early induction of
hypothermia in human infants who had perinatal HIE
improves survival and reduces the rate of disability of those
survivors [41, 55–58]. The guideline of ILCOR CoSTR 2010
recommends therapeutic hypothermia as a standard practice
for term to near term infants with moderate to severe HIE
[41].

4. Conclusion

Hypoxia-ischemia in the perinatal period is a major cause of
neonatal death and long-term disability. There are advances
in research of cellular processes and molecular mechanisms
underlying HIE over the last 2 decades. Hypothermia is the
only treatment effective in neonatal HIE at present. Com-
bined therapy of hypothermia and other neuroprotective
strategies, focusing on prevention of acute injuries, increase
of therapeutic time window, and enhancement of neural
repair, is expected to improve the neurological outcomes of
HIE.
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Cerebral aneurysms (CAs) have a high prevalence and can cause a lethal subarachnoid hemorrhage. Currently, CAs can only be
treated with invasive surgical procedures. To unravel the underlying mechanisms of CA formation and to develop new therapeutic
drugs for CAs, animal models of CA have been established, modified, and analyzed. Experimental findings from these models
have clarified some of the potential mechanisms of CA formation, especially the relationship between hemodynamic stress and
chronic inflammation. Increased hemodynamic stress acting at the site of bifurcation of cerebral arteries triggers an inflammatory
response mediated by various proinflammatory molecules in arterial walls, inducing pathological changes in the models similar to
those observed in the walls of human CAs. Findings from animal studies have provided new insights into CA formation and may
contribute to the development of new therapeutic drugs for CAs.

1. Introduction

Vascular diseases represent an important problem due to
their potential severity and increasing prevalence. Many
series of studies, especially those on atherosclerosis, have
contributed to reduce the mortality rate of vascular diseases
and to improve the patients’ quality life [1]. Unfortunately,
it is not a case in subarachnoid hemorrhage (SAH), which
is a potentially lethal disease with a mortality rate of up to
50% and is responsible for more than 30,000 patient deaths
per year in the United States [2, 3]. Furthermore, SAH can
cause a considerable cognitive impairment that results in
restricted social activity, even in patients who recover well
and successfully return to their daily lives [4]. Therefore, the
prevention of SAH is a socially important issue. A cerebral
aneurysm (CA) is the primary cause of spontaneous SAH
and can be found in approximately 1%–5% of the general
population [3, 5–7]. Currently, surgical procedures such as
microsurgical clipping and endovascular coiling are the only
therapeutic modalities thought to prevent the rupture of pre-
existing CAs [6]. However, because of the inescapable risk

of complications, surgical treatment is recommended only
for a selected group of patients with an estimated high risk
of rupture. This means that many patients with CAs are
followed without any effective treatment, while managing
potential risk factors for rupture [5, 8]. Given the severity
of SAH after the rupture of CAs, there is a strong demand for
the development of a medical treatment for CA.

In the present paper, we review the current knowledge of
the underlying mechanisms of CA formation, mainly derived
from animal models and discuss the development, clinical
relevance, usefulness, and future potential of animal models
of CA.

2. Findings and Limitations of Human Studies

There is considerable interest in elucidating the underlying
mechanisms of CA formation in order to develop less
invasive medical treatments. For this purpose, many human
studies, including the histopathological analysis of surgically
dissected CAs or cerebral arteries, gene linkage analysis,
and epidemiological analysis, have been performed and
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achieved a measure of success. These studies have revealed
certain elements that may be important in the pathogenesis
of CAs. Here, a CA is characterized as the blooming of
cerebral arterial walls, especially at the bifurcation site, that is
accompanied by the disruption of the internal elastic lamina
and degenerative changes in arterial walls represented by the
thinning of the media and the loss of medial smooth muscle
cells [9, 10].

Aneurismal SAH has a familial clustering or a difference
in race, suggesting the genetic influence. Certainly, gene link-
age analyses have identified some of the susceptibility loci or
genes that increase the risk for the development and rupture
of CAs [11–24]. Most identified genes are pro-inflammatory
genes or extracellular matrix-related genes, suggesting that
an inflammatory process or the turnover of the extracellular
matrix is actively involved in the pathogenesis of CAs.

Epidemiological analyses have identified some risk fac-
tors for the enlargement or rupture of CAs, most notably
hypertension [8, 25, 26], which increases the hemody-
namic stress at the bifurcation site of cerebral arteries and
potentially contributes to the formation of CAs through
the induction of mechanical damage in the arterial wall
[9]. These studies provided epidemiological support for
a hypothesis derived from the computational simulation
of blood flow at a prospective CA formation site which
suggest that hemodynamic stress triggers CA formation
[27–30].

Histopathological studies of human CA tissues have
implicated the involvement of inflammatory processes in
the pathogenesis of CA. The increased expressions of pro-
inflammatory factors such as collagenolytic matrix met-
alloproteinases (MMPs) [31–33], vascular cell adhesion
molecule-1 (VCAM-1) [34], tumor necrosis factor-alpha
(TNF-α) [35], monocyte chemoattractant protein-1 (MCP-
1) [36], and mitogen-activated protein kinases (MAPKs) [37,
38] have been found in human CA walls using immunos-
taining, Western blot, or PCR analysis. Further, histological
studies also revealed the infiltration of macrophages and T
cells [34], complement or immunoglobulin deposition and
activation [34, 39], and apoptotic cell death in CA walls
[40, 41], suggesting the active involvement of inflammation
in CA formation.

As described above, studies using human samples have
contributed to the understanding of the underlying mech-
anisms of CA formation; however, these studies also have
several important limitations. First, microsurgical dissection
of CA may increase the rupture. Second, CA formation
is thought to be influenced by the genetic background as
in the Japanese and Finish populations which are known
to have a significantly higher incidence of CAs than other
populations [4]. CAs can also exhibit familial clustering
[5, 8, 25]. Taken together, the complexity of this problem
may render the analysis of CA formation difficult. Third,
we can only evaluate human CA samples at certain time
points, and we can not assess sequential changes of CA
formation. To overcome these limitations and to more
systematically examine the underlying mechanisms of CA
formation, animal models of CAs have been demanded and
developed.

3. Overview of Animal Models of CA

Animal models can reduce the complexity of genetic analysis
because of their homogeneous genetics and bring ease of
manipulation through the availability of molecular biological
tools. Currently, there are 2 major classes of animal models
of CA. First are the animal models that are used to evaluate
the underlying mechanisms of CA formation, which will be
described in detail later on in this review. Second are the
models mainly used to determine the technical proficiency of
endovascular devices or to assess histopathological changes
after endovascular treatment; however, this class is not used
to determine the underlying mechanisms of CA formation.
These models are surgically induced by creating a venous
pouch mainly in the carotid artery of dogs or pigs [42–45].

4. Animal Models of CA Induced by
Increased Hemodynamics

Several studies attempted to develop an animal model of
CA in which the histopathological features of human CA
were reproduced, for example, the disruption of the internal
elastic lamina and the degeneration of the media, before
Hashimoto et al. reported their first rat model of CA [46].
Previous attempts involved the use of various compounds
including a nitrogen mustard and cyanoacrylate, in order
to degenerate the arterial walls, for example, [47–49], but
failed to induce CAs with similar pathological characteristics
to human ones.

Hashimoto et al. successfully induced CAs at the bifur-
cation site of cerebral arteries of rats in 1978 by increasing
hemodynamics on the basis of the hypothesis that CA was
formed at fragile arterial walls loaded with a high hemody-
namic stress [46]. They thoughtfully used the lathyrogen, β-
aminopropionitrile (BAPN), which inhibits the cross-linking
of collagen and elastin fibers [50, 51], to weaken arterial
walls. The oral administration of BAPN to animals degen-
erates arterial walls and, as a result, occasionally induces
an arterial dissection (angiolathyrism) [52, 53]. To further
increase hemodynamic stress with systemic hypertension,
they ligated the unilateral common carotid artery, performed
a unilateral nephrectomy, administered deoxycorticosterone,
and increased salt intake in BAPN-treated rats. CAs were
thus spontaneously induced at the bifurcation sites of
the cerebral arteries [46]. Histopathological studies of the
induced CAs demonstrated that their pathological features
were in accordance with those of human CAs [54]. This
group also examined the effects of hemodynamic stress
on CA formation by comparing the bilateral or unilateral
ligation of carotid artery and confirmed that hemodynamic
stress greatly influenced CA formation [29].

The CA rat model has since undergone several modifica-
tions. Currently, CAs are induced by the unilateral ligation
of the common carotid artery with induced hypertension
by the unilateral ligation of the renal artery and increased
salt intake with or without BAPN treatment (Figure 1).
BAPN treatment enhances the incidence of CA formation
and the size of the induced CAs [46, 55]; however, it
also disturbs normal collagen synthesis and the turnover
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Figure 1: Cerebral aneurysm (CA) formation in the rat model. (a) The method for CA induction. As illustrated, the unilateral common
carotid artery (CCA) is ligated to induce a compensatory increase in cerebral blood flow in the contralateral internal carotid artery (ICA).
As a result of increased hemodynamics, a CA is induced at the anterior cerebral artery-(ACA-) olfactory artery (OA) bifurcation (indicated
by the boxed region). MCA: middle cerebral artery. (b) Macroscopic image of the dissected ACA-OA bifurcation indicated as the boxed
region in (a). Note that a CA is induced at this bifurcation (arrow). (c, d) Histopathological examination of induced CA by Elastica van
Gieson staining. Higher magnified image of CA walls is shown in (d). Note that the disruption of the internal elastic lamina (arrow) and the
degeneration of the media, which are histopathological features of human CA walls, are observed. Bar: 50 μm.

of the extracellular matrix. Further, Nagata et al. have also
demonstrated that BAPN treatment and salt overloading
have a synergistic effect on CA formation [56].

A mouse model of CA was successfully established in
2002 by the unilateral ligation of the carotid artery and
induced hypertension [57]. The histopathological exami-
nation of murine CAs by electron microscopy shows the
disrupted internal elastic lamina and degenerative changes
in the media, as observed in human CAs [57]. As mice
are more resistant to induced hypertension and vascular
inflammation, more time is needed to induce CAs and
their incidence is less than in the rat model [57, 58].
Technical advancements in molecular biology have enabled

the generation of genetically modified mice. Increased
availability of molecular biological tools in this species allows
us to genetically analyze the underlying mechanisms of CA
formation using various gene-deficient mice. These mice are
particularly useful to analyze the contribution of particular
genes to disease pathogenesis.

Hashimoto et al. have also successfully induced CAs
in monkeys (Macaca fascicularis) by the ligation of the
common carotid artery and systemic hypertension with
BAPN treatment [59]. Histopathological studies revealed
that the CAs induced in primates had similar characteristics
as in human CAs [60]. The usage of the primate model is
limited due to ethical concerns; however, since rats and mice
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Figure 2: Brief summary of animal models of CA used in recent experimental studies. A brief summary of animal models used in recent
experiments is shown. The particularities, advantages, and disadvantages of each model are as follows. ∗1: Induced hypertension can be
achieved by several methods such as the ligation of the renal artery, high salt diet intake, deoxycorticosterone treatment, and angiotensin II
injection. ∗2: This model is mainly used for the development of endovascular devices and not for the analysis of the molecular mechanisms
of CA formation. ∗3: The new bifurcation is created at the carotid artery by side-to-end ligation. This model is suitable for the analysis of
hemodynamics-induced CAs, but the hemodynamic stress is greater than in the intracranial arteries where the CAs are formed. ∗4: CAs can
be induced with a high frequency and with a low risk, but they seldom rupture. BAPN treatment enlarges the size of the induced CAs. ∗5:
BAPN intake or local elastase injection is essential for the induction of CAs. Lipopolysaccharide can also enhance CA formation and huge
CAs can sometimes be observed. ∗6: It takes over 1 year to induce CAs, but their incidence is high. ∗7: It is necessary to perform bilateral
oophorectomy to effectively induce CAs. ∗8: Large CAs are frequently induced in the posterior circulation. This model has the potential to
be used in studies linking hemodynamics and molecular expression. ∗9: Bilateral CCA ligation results in high mortality, but can induce large
CAs in the posterior circulation. CCA: common carotid artery.

are more resistant to arterial inflammation than primates
and monkeys and humans are closely related species, a
monkey model may still be necessary in some situations.

Several other groups have also applied the induced hyper-
tension/lathyrism model [30, 52, 61–66]. We have mainly
used male rats or mice as CA models to exclude the influence
of sex hormones. Jamous et al. recently induced CAs in
female rats through carotid ligation, induced hypertension,
and bilateral oophorectomy [63]. The sex hormone estrogen
has a protective effect on endothelial cell function and
may therefore influence CA formation [67]. Indeed, they
demonstrated that bilateral oophorectomy increased the size
of the induced CAs by decreasing the levels of estrogen [63].
Furthermore, they examined the protective effect of estrogen
on CA formation by applying hormone replacement therapy
to their rat model and confirmed that hormone replacement
therapy could attenuate the increased formation of CAs by
bilateral oophorectomy [62].

Gao et al. induced CAs in New Zealand white rabbits by
increasing hemodynamic stress through the bilateral ligation
of the carotid arteries [61]. He and his colleagues selected

rabbits because the arterial diameter of rats and mice is
too small to reproducibly perform a hydrokinetic analysis
of hemodynamics during CA formation. They demonstrated
that increased hemodynamic stress triggered CA formation
and that the induction of CAs was well correlated with the
increase of blood flow in the basilar artery.

Meng et al., who was the corresponding author of Gao’s
paper, further reported the correlation of hemodynamic
stress with CA formation using a canine model [30]. They
induced CAs by surgically creating a new bifurcation site
using the carotid artery of dogs and measured the hemody-
namic stress in situ. As a result, the high wall shear stress
and high wall shear stress gradient induced pathological
changes resembling human CA, for example, the disruption
of the internal elastic lamina and the loss of medial smooth
muscle cells [30]. The canine models were used to unravel the
correlation of hemodynamic stress with CA formation using
a different concept than our models, which are designed to
study the molecular basis of CA formation.

We and other researchers have modified the present CA
models and tried to develop novel models that are designed
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Figure 3: Proposed mechanisms of CA formation from human and animal studies. Proposed mechanisms of CA formation from human
and animal studies are summarized and illustrated.

to answer a question (Figure 2). In the near future, we hope
that more desirable models of CAs will be developed to reveal
the mechanisms of CA formation in more detail.

5. Exploratory Pathophysiology of
CAs from Animal Studies

Animal models of CA have provided us with insights into
the underlying mechanisms of CA formation, and we can
propose a hypothesis for the molecular basis of CA formation
from the experimental findings of animal models (Figure 3).
Here, we will summarize the experimental findings of CA
formation.

On the basis of the finding that inflammatory cells,
especially macrophages, are observed in CA walls in humans
[34], the infiltration of inflammatory cells in CA walls
was assessed using a rat model. The primary inflammatory
cells in rat CA walls are macrophages, in good agreement
with observations in human CA walls [68, 69], and their
number gradually increases during CA formation, suggesting
that macrophage-mediated inflammation may contribute
to CA formation [68]. Macrophages secrete various tissue-
destructive proteinases and cytokines, which can degenerate
the components of the extracellular matrix of arterial walls,

especially collagen and elastin, and are hypothesized to con-
tribute to CA formation, especially the enlargement of CAs
through the weakening of CA walls. Indeed, macrophages
secrete collagenolytic proteinases, MMP-2 and MMP-9 in CA
walls of rats [68, 70], and enhanced collagenolytic activity is
detected in CA walls of rat models by in situ zymography [68,
69] or gelatin zymography [71–74]. Consistent with these
observations, the oral administration of MMP inhibitors to
rat models or a deficiency of MMP-9 results in the decreased
formation of CAs [68, 69]. Another group of proteinases,
cysteine cathepsins, are also upregulated in rat CA walls and
their activities are significantly elevated in comparison with
those in control arterial walls [75]. A specific inhibitor of
cathepsins effectively suppresses CA formation [75]. These
results suggest that proteinases actively participate in the
pathogenesis of CA and promote CA formation.

Macrophages are recruited to inflammatory sites by
chemoattractants, for example, MCP-1 [76, 77]. In CA walls
of rat models, the expression of MCP-1 is upregulated in
intimal endothelial cells at the early stage of CA formation
[58] and in whole arterial walls, including infiltrating
inflammatory cells, at the late stage [58, 70]. These findings
are in accord with previous human studies in which the
expression of MCP-1 mRNA was confirmed in human
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CA specimens by in situ hybridization [36]. Further, in
MCP-1-deficient mice, in which macrophage infiltration
of CA walls is abolished, CA formation is inhibited with
the suppression of inflammation [58]. The upregulation of
various pro-inflammatory molecules in human CA walls has
been reported and gene microarray data also support these
observations [17, 78].

We identified the upregulation of pro-inflammatory
genes during CA formation in CA walls of rat models
using microarray analysis and adaptor-tagged competitive-
PCR analysis [79, 80]. Most of the upregulated genes can
be categorized as proteinases, cytokines, adhesion molecules,
reactive oxygen species, members of the apoptotic cas-
cade, and complements, suggesting that the inflammatory
response in arterial walls plays a crucial role in CA formation
[79].

The genetic contribution to CA formation has also been
examined using animal models. In rats, the upregulation of
reactive oxygen species-producing enzymes such as p47phox
[81], superoxide-related genes such as NOX4 or Rac1 [70],
cytokines such as interleukin-1β (IL-1β) [82], and inducible
nitric oxide synthase (iNOS) [83] is confirmed in CA walls.
However, contradictory results for the contribution of the
renin-angiotensin system (RAS) in CA walls have been
reported. Tada et al. reported in the induced CA walls
of female rat models that the expression of angiotensin
converting enzyme (ACE) was upregulated as determined by
RT-PCR analysis, and the final product of RAS, angiotensin
II production, was also increased in CA walls as determined
by immunostaining [70]. On the contrary, our group found
that angiotensin II receptor type 1 (AT1R) was not induced in
CA walls of male rats by immunostaining and, consistently,
the administration of an AT1R blocker (ARB) failed to
inhibit CA formation [84]. In human CA walls, Ohkuma et
al. reported the decreased expression of ACE and AT1R by
RT-PCR analysis and immunostaining [85]. It is not clear
why these differences occur and future studies should address
this issue.

In mice, the role of a particular gene on CA formation
can be assessed more clearly by applying gene-deficient
mice to the models. Mice deficient in MMP-2 or -9 [69],
tissue inhibitor of MMP (TIMP)-1 or -2 [73], MCP-1 [58],
p47phox [55], toll-like receptor-4 (TLR-4) [86], NF-κB p50
subunit [87], IL-1β [82], apolipoprotein E (ApoE) [88], or
iNOS [89] have been applied to CA models revealing the
involvement of each gene in the pathogenesis of CAs. In
summary, MMP-9, MCP-1, p47phox, TLR-4, NF-κB p65
subunit, IL-1β, and iNOS promote CA formation, while
TIMP-1 and TIMP-2 suppresses CA formation.

These experimental results suggest that chronic inflam-
mation in arterial walls plays the important role in CA
formation. We have proposed that the transcription factor
NF-κB is a critical mediator due to its transcriptional
regulation of various pro-inflammatory genes in CA walls
including MMPs, iNOS, IL-1β, and MCP-1, which have been
shown to be involved in the pathogenesis of CA [58, 68, 82,
83, 87, 89]. NF-κB is phosphorylated and activated first in
the endothelial cells of CA walls at the early stage of CA
formation and then throughout CA walls at the late stage

[88]. We have hypothesized that NF-κB activation in the
endothelial cell layer is due to hemodynamic stress, which
is thought to be a trigger for CA formation [27, 29, 90–
94]. This hypothesis is in line with the experimental findings
that NF-κB is activated in endothelial cells by hemodynamic
stress in vitro [95] and that high hemodynamic stress
induces the expression of MMP-2, -9, iNOS, and IL-1β in
CA walls created in the carotid arteries of a canine model
[96]. The inhibition of NF-κB transcriptional activity by
decoy oligodeoxynucleotides [97] or a deficiency in the
p50 subunit of NF-κB results in the remarkable inhibition
of CA formation by the suppression of pro-inflammatory
gene expression and macrophage infiltration in CA walls,
suggesting the critical role of NF-κB activation in CA
formation [88].

6. Limitations of the Existing CA Models and
the Necessity for Further Models

As described in the previous sections, animal models of
CA have been used to demonstrate some of the important
mechanisms of CA formation and identified therapeutic
targets for the treatment of human CAs (Figure 3); however,
there is a fundamental problem to be addressed in animal
models. It is beyond question that the rupture of CAs and
the subsequent SAH is a devastating event and should be
prevented; therefore, the prevention of CA rupture is a
critical target. For this reason, animal models of CAs are
needed where CAs have a high likelihood of spontaneous
rupture. Unfortunately, there are no established models
with this feature. In our rat models, the rupture rate is
only 3% during 3 months after CA induction. We have
preliminarily examined several compounds and modified the
procedures to induce CAs; however, we failed to establish a
rat model with a high incidence of rupture and have never
observed the spontaneous rupture of CAs in mice. Recently,
Nuki et al. reported that they stereotaxically injected an
elastase into the basal cistern in combination with the
continuous infusion of angiotensin II to induce CAs in mice
[69]. In their report, these induced CAs in murine models
spontaneously ruptured, although the exact incidence of
rupture was not made clear [69]. Therefore, it is essential that
an animal model is developed in which CAs spontaneously
and frequently rupture.

7. Future Perspectives: From the Results of
Animal Studies to Human Treatment

Extensive studies using animal models of CAs are, of
course, designed to unravel the underlying mechanisms of
CA formation and to establish new therapeutic drugs for
unruptured CAs in humans. As described in the previous
sections, we have identified NF-κB as one of the factors
closely related to CA formation and a potential therapeu-
tic target [87, 98, 99], therefore, we have examined the
preventive effects of several drugs with anti-NF-κB activity
on the enlargement of CAs induced in a rat model [71,
72, 74, 81, 84]. Among several candidate drugs, the class
of statins, a powerful cholesterol-lowering drug, have been
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found to effectively prevent the enlargement of CAs induced
in rats [71, 74]. The oral administration of statin to rats
significantly suppresses the expression of pro-inflammatory
genes in CA walls [74] through its anti-NF-κB effect well
known as a pleiotropic effect [100]. As a result, the chronic
inflammation in CA walls, transcriptionally regulated by NF-
κB, is inhibited. These results, combined with experimental
findings indicating that chronic inflammation contributes
to CA formation, suggest that statin can suppress the
enlargement of CAs. In present models, we can not assess the
rupture of CAs because of their low incidence of spontaneous
rupture; however, statin effectively prevents the degenerative
changes of CA walls, suggesting a preventive effect of statin
on the rupture of CAs. Furthermore, we and others have
independently demonstrated that 3 different kinds of statins
prevent the formation and enlargement of CAs induced in rat
models, indicating that the preventive effect of statins on the
enlargement of CAs is due to their class effect [71, 74, 101].
These results suggest the therapeutic potential of statins
as drugs for CAs in humans. Based on these experimental
findings, a case-control study to examine the preventive
effect of statins on the rupture of human CAs is currently
in progress. Other candidates as therapeutic drugs for CA
treatment, for example, Ibudilast or a phosphodiesterase-
4 inhibitor, have been examined using rat CA models with
focus on their anti-inflammatory effects [66, 70, 102].

8. Conclusions

SAH caused by the rupture of a pre-existing CA is a poten-
tially devastating and socially restricting event. To unravel
the underlying mechanisms of CA formation and to develop
a new class of therapeutic drugs to prevent rupture, animal
models of CAs have been established. Experimental results
from animal models and findings from human specimens
have revealed some of the important mechanisms underlying
CA formation. Increased hemodynamic stress at the bifurca-
tion site of the cerebral arteries is considered to play a crucial
role in CA formation by inducing inflammatory responses
in arterial walls. Inflammation in cerebral arterial walls
triggered by hemodynamic stress is considered to disrupt the
internal elastic lamina and degenerate the media. As a result
of the increased hemodynamic stress and inflammatory
responses in cerebral arteries, CA is induced. Through
recent experimental findings, we have identified NF-κB as
a potential therapeutic target for CA. The inhibition of
NF-κB activity in animal models, significantly suppress CA
formation, suggesting that anti-NF-κB drugs can potentially
be therapeutic drugs for CAs. In the future, there is a
hope that, through increasing use and extensive studies by
animal models of CAs, the elucidation of the underlying
mechanisms of CA formation allows the pharmacological
prevention of SAH.
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A variety of animal models have been developed for modeling ischemic stroke. The middle cerebral artery occlusion (MCAO)
model has been utilized extensively, especially in rodents. While the MCAO model provides stroke researchers with an excellent
platform to investigate the disease, controversial or even paradoxical results are occasionally seen in the literature utilizing this
model. Various factors exert important effects on the outcome in this stroke model, including the age and sex of the animal
examined. This paper discusses emerging information on the effects of age and sex on ischemic outcomes after MCAO, with an
emphasis on mouse models of stroke.

1. Introduction

Stroke is the third major cause of mortality and the
leading cause of long-term disability in the United States.
Ischemic stroke accounts for approximately 80% of all
strokes [1]; however, only one FDA- approved therapy exists
for treatment of acute ischemic stroke, the thrombolytic
tissue plasminogen activator (tPA) [2]. In order to investigate
the mechanisms underlying injury after ischemic stroke as
well as to develop effective therapeutic approaches to the
disease, several ischemic stroke models have been developed
in a variety of species, including rodents, canines, rabbits,
cats, and even nonhuman primates [3–6]. Models of stroke
that can be used in rodents are becoming increasingly
popular at bench because (1) genetically-engineered mice
are particularly useful for furthering our understanding of
components of ischemic pathophysiology and in designing
potential new preventative, neuroprotective, and therapeutic
drugs and interventions; (2) a number of neurosensory
and motor behavior outcomes have become standardized
for rodents, which facilitates the assessment of functional
outcomes after experimental stroke [7]; (3) the public tends
to have fewer animal welfare concerns regarding rodents in

research compared to nonrodents [7–10]. In general, there
are four major types of animal models of ischemic stroke:
(1) complete global cerebral ischemia; (2) incomplete global
ischemia; (3) focal cerebral ischemia and (4) Multifocal
cerebral ischemia [10] (Figure 1). Since ischemic stroke
in patients usually results from a thrombotic or embolic
occlusion in a major cerebral artery, most often the middle
cerebral artery (MCA), experimental focal cerebral ischemia
models have been developed to mimic human stroke and
serve as an indispensable tool in the stroke research field [11].

However, all experimental models of disease have weak-
nesses and stroke modeling is no exception, especially
with the reliance on rodent models. Despite many promis-
ing pharmacological agents that dramatically reduce tissue
injury after experimental stroke at the bench, none have
been translated to efficacious agents for clinical use. Possible
reasons for this “lack of translation” have been recently
reviewed elsewhere [12, 13], but some of the most obvious
but frequently ignored factors will be discussed here, that
is, the effect of age and sex on stroke outcomes. Most
experimental stroke studies have been done exclusively in
young male animals, although stroke is a disease that mainly
affects the elderly [14]. Stroke is also sexually dimorphic
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Figure 1: Major types of animal models of ischemic stroke.

in clinical populations with different functional outcomes,
age of onset, and etiologies in men and women [15].
We will describe the most commonly used models in the
investigation of stroke in rodents, with a focus on the MCAO
model, and discuss some of the limitations of this model as it
is currently used. Several common factors that can influence
histological and behavioral outcomes including aging and
sex/hormonal factors will also be discussed.

2. Modeling Stroke: MCAO Model

Four major rodent models of focal cerebral ischemia
have been developed: (1) models not requiring cran-
iotomy (embolic model, intraluminal suture MCAO model,
photothrombosis model, and endothelin-1-induced stroke
model), (2) models requiring craniotomy (Tamura’s model),
(3) posterior cerebral circulation stroke models, and (4)
cerebral venous thrombosis models. These have been the
subject of an excellent comprehensive review [11] and will
not be discussed here except for the intraluminal model.
Among these well-developed models, MCAO is widely used
and has been extended to the mouse in recent genetic
studies of cell death mechanisms. This model offers a
simpler and less traumatic surgical approach compared with
craniotomy models, lends itself more readily to the study
of reperfusion and has been adapted for use in continuous
magnetic resonance imaging [16], produces focal occlusion
of a large cerebral artery as seen in human stroke, and can be
done in a high-throughput manner [17]. Rigorous control
of temperature, physiological variables, and assessment of
occlusion with noninvasive means (i.e., Laser Doppler)
reduces variability.

2.1. Infarct Size Induced by MCAO. The reversible MCAO
model has been well studied and utilized by stroke
researchers due to its clinically relevant nature that mimics
recanalization of an embolized or thrombosed vessel by tPA
(Figure 2). Although the model has been employed to study
ischemic stroke for decades, the evolution of infarct within
the area blood supplied by MCA has not been well elucidated.
Therefore significant controversy exists due to the variability
of final infarct size and debate as to the most reliable
time point to measure the effects of various therapeutic
agents [9, 18, 19]. Generally speaking, infarct development
appears to be more rapid in mice than in rats as well as
in reperfusion versus permanent “nonreperfusion” MCAO
models. Previous studies have demonstrated an increase
in infarct volumes even as late as 3 d after stroke in rats
[20, 21]; however these animals had no restoration of blood
flow which may delay infarct development. In a previous
study [16] we have shown that 90-minute occlusion of the
MCA induces a peak volume of injury as delineated by
TTC staining by 24 h in mice which remains unchanged
through day 7 of reperfusion (Figure 3). We also observed
a spatiotemporal evolution of core and penumbra: at earlier
time points (2 and 6 hours after occlusion), the histological
infarct core, as measured by TTC, is limited to the striatum,
and the viable tissue surrounded this core and included
much of the cortex. Subsequently the “TTC-defined” core
expands to involve most of the cortical tissue supplied by
the MCA. This occurs quite rapidly and is complete (by
TTC) within 6–12 hours after stroke onset. It is unclear if
any intervention begun several hours after ischemic onset
can reduce recruitment of the penumbra. Certainly by 12
hours, all of the territory supplied by the MCA is irreversibly
damaged. Studies with MRI in rat models of transient
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MCAO [22, 23] demonstrated that stroke-induced infarct
evolved into an area of injury of similar magnitude to
the initial diffusion disturbance by 24 h as measured by a
reduced apparent diffusion coefficient and prolonged T2
signals. Several previous studies have also revealed that
apoptosis induced by transient MCAO model reached its
peak at 24–48 h of stroke [24, 25]. In murine reperfusion
models, increases in T2 signal were seen extremely early (by
90 minutes) in the infarct area, indicative of edema and
breakdown of the blood-brain barrier, which were not seen
after permanent occlusion. This suggests that reperfusion
may accelerate infarct development, at least in mice [26]. The
dynamics of the penumbra are also different between strains,
as measured by MRI [27]. The spontaneously hypertensive

rat and its stroke-prone cohort develop larger and much less
variable infarcts following MCAO [28]. The rapid evolution
of the penumbra does emphasize one of the limitations
in clinical neuroprotection studies. Most animal studies
have administered a putative neuroprotective agent either
pre-ischemia, intraischemia, or very soon after reperfusion
[29–31], time windows that are impossible to mimic in
clinical trials. Although a prolonged “therapeutic window”
does allow for a greater number of patients to be treated,
it is unlikely that salvageable tissue is present, especially
after successful reperfusion if it occurs after 8 hours.
Attempting to treat patients without radiographic evidence
of penumbral tissue after 6 hours is likely an exercise
in futility and dilutes any potential benefit of an acute
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neuroprotective agent. Other mechanisms that predominate
after injury, such as inflammation, may be more viable
targets [32].

Interestingly, different histological staining methods
reveal different evolving patterns of infarct tissue or degen-
erating neurons. Each method has advantages and disadvan-
tages. For example, while TTC staining of MCAO-induced
brain injury demonstrated no further enlargement of infarct
after 24 h of stroke, Fluoro-Jade B [33] staining showed
neuronal degeneration peaked at 24 h, increased by 48 hours
but decreased to baseline values by 7 d after stroke [16].
This suggests that Fluoro-Jade B is a more sensitive marker
for acute neuronal degeneration but may not be as useful
for assessment of chronic damage, which is more accurately
performed with cresyl violet (CV). TTC is a marker of
tissue dehydrogenase and mitochondrial dysfunction and
may not represent irreversible cell death, therefore it may
overestimate infarct size [34]. Longer-term assessment of
infarct also suggests that damage, as measured by acute
TTC staining, overestimates the degree of injury. 50% of the
ischemic hemisphere is poorly stained by TTC acutely, but
at 30 days, only 10–20% of the hemispheric volume is lost
(unpublished observations). This suggests that TTC may not
reliably reflect tissue death, but rather tissue dysfunction.
Fluoro-Jade B is very specific for neuronal death but becomes
inaccurate after several days, as the degenerating neurons
have often been removed, leading to an underestimate of
neuronal injury. CV is good for long-term studies but is time-
consuming. A combination of methods is likely the most
accurate, and both short-(24–72 hrs) and long-term (weeks)
histological outcomes should be assessed prior to clinical
development of any neuroprotective agent.

2.2. Modeling Stroke Risk Factors. Increased stroke risk
factors are major contributing factors to the rising prevalence
of stroke and include hypertension, obesity, and diabetes
[35]. Models for these important risk factors have been
developed. For example, the APO E-deficient (apoE−/−)
mouse, established in 1992, is of the most important animal
models of atherosclerosis [36]. Spontaneously hypertensive
(SH) rats are utilized as a “stroke-prone” animal model
and widely used in hypertension studies [37]. Mutation of
cystathionine β-synthetase (CBS), which induces enhanced
atherothrombosis [38], has also been investigated. Although
modeling stroke risk factors has advanced our knowledge of
these disorders, the interaction with age and sex has been
frequently ignored.

3. Effect of Age on Modeling MCAO

Aging is the most important independent risk factor for
stroke. Older patients have higher in-hospital mortality as
well as poorer functional outcomes after an ischemic event
[14]. Although age is one of the most significant prognostic
markers for poor outcome [39], very few studies have been
performed in aged animals, especially in animals over 15
months of age. Numerous neurochemical and physiological
changes occur with aging [40]. Aging animals have less

edema formation after stroke compared to the young
[41], and NKCC, a Na-K-Cl cotransporter, is expressed
at a lower level in aging mice than in young mice after
MCAO [42], suggesting a possible mechanism for this
finding. Clinical postmortem studies [43] also confirmed
more robust edema formation in the young brain after
stroke and is in part the rationale for proposing an upper
age limit of 60 for hemicraniectomy [44]. Recent data
suggests that ischemic preconditioning is less effective in the
aged heart in both experimental and clinical studies [45],
and our study also found that Compound C, adenosine
monophosphate-activated protein kinase (AMPK) inhibitor
which has been proved to be neuroprotective in young
animals after MCAO [46, 47], has no effect in aging animals
(manuscript submitted). The continued clinical failure of
promising neuroprotective agents [48] has led us to question
the appropriateness of modeling stroke in young animals.
New paradigms for conducting translational research in
aging animals are urgently needed.

It is far more difficult to perform MCAO in aging
rodents. Aging animals are usually heavier with higher
amounts of visceral fat, are less tolerant to anesthesia,
and have less flexible vessels making insertion of occluding
sutures much more difficult than in young animals. Aging
animals have higher mortality after MCAO due to frailty,
peripheral immunesupression, and other comorbid diseases
[41]. Stroke researchers frequently avoid using aging animals
for MCAO due to the more complex surgical procedure
and high cost of purchasing and raising animals. Very
few experimental studies exist in the literature that have
examined middle aged and aging animals, and these have
led to somewhat inconsistent results. Kharlamov et al. [49]
found no difference in infarct size at 24 hours when male
Fisher rats of three different age groups (4, 20, and 27 months
old) were evaluated. In another study, age was associated
with an increase in infarct size from 9 to 12% in the
neocortex and striatum in aged male Wistar rats [50]. In
contrast, other studies have suggested that histological infarct
damage may be paradoxically higher in young (3 months)
compared to old (24–26 months) male rats [51]. Many of
the studies that have shown an age-related increase in stroke
volume used female animals (as they are smaller than age-
matched males), and findings may also be related to the
loss of ovarian hormones with aging [52]. Our previous
studies have definitively shown that aging male mice have
significantly smaller infarcts than young males after 24 h of
90-minute MCAO [41], at least at the histological level. This
difference can be detected even as long as 30 d after MCAO
(unpublished data). In spite of the disagreements between
the histological effects of aging on infarct volume (with
some showing larger and others showing smaller infarct
injury), invariably significantly higher mortality rates and
more severe neurological impairments are found in the older
animals. For example, one study that examined 3-4 month
versus 22–24-month-old male rats demonstrated a mortality
rate of 43.5% in aged rats compared to 9% in the young [53].
Despite the fact that the mortality risk from the ischemic
damage is greater for old mice, we have found that eventual
recovery (4 weeks after stroke) is not different from that of
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a young mouse in most simple behavioral tests, although the
“slope” of recovery is much slower. An exception is the corner
test (manuscript submitted). The correlation between brain
damage, behavioral recovery, and age needs to be further
investigated.

Given that young and aging animals are usually of differ-
ent weights at the time of MCAO, it is not surprising that the
cerebral vessels are also of different size and dimension. To
ensure adequate and equivalent levels of cerebral blood flow
(CBF) reduction, we have utilized different sizes of occluding
sutures in young and aging mice. We have found that in
[41, 42] young mice (20 ∼ 25 mg), successful occlusion
requires a 0.21 mm suture, but in aging mice (30 ∼ 40 mg),
a larger 0.23 mm suture is required to obtain the same
degree of CBF reduction. Our experience emphasizes the
importance of routine laser Doppler blood flow monitoring
to ensure adequate (85% drop from prestroke baseline) in
murine MCAO models. This not only reduces variability
but also ensures that each animal experiences the same level
of cerebral ischemia, as this can have dramatic effects on
outcomes. Several other issues need to be considered when
utilizing aging animals in research, including the higher rates
of infections and malignancy.

4. Effect of Sex on Modeling MCAO

It is increasingly recognized that the epidemiology of
ischemic stroke is sexually dimorphic [15], and therapeutic
agents aimed at stroke function differently in male and
female subjects. For example, anticoagulated women had a
relative risk of 2.0 for ischemic stroke versus anticoagulated
men [54], suggesting sex differences in coagulation. Women
experience a greater benefit from tissue plasminogen acti-
vator (tPA) treatment than men [55]. Clinical trials of the
21-aminosteroid lipid peroxidation inhibitor tirilazad con-
ducted in traumatic brain injury, subarachnoid hemorrhage,
ischemic stroke, and spinal cord injury indicated that the
beneficial effect of tirilazad was greater in males than females
[56, 57]. These sex differences are becoming increasingly
apparent in clinical populations. The vast majority of
preclinical studies also continue to exclusively use male
animals. There are significant limitations to this approach, as
we discuss here, utilizing estrogen (E2) as an example. Prior
to menopause, women have a lower risk of stroke relative
to age-matched men [58]. After menopause, the incidence
of stroke in women increases [59], coincident with the
diminished circulating levels of estrogen and progesterone
and surpasses that of men. Therefore, this pattern of stroke
risk has been attributed to the presence of protective female
sex hormones. Over the past thirty years, the majority of
cohort, retrospective, or prospective observational studies
have demonstrated significant reductions in cardiovascular
disease in postmenopausal women receiving E2 (ERT) or
combined estrogen-progestin therapy (HRT) [60]. A grow-
ing number of preclinical studies have also documented
sexual dimorphism in stroke. Female rats and mice of many
different inbred and outbred strains sustain smaller tissue
damage for an equivalent insult from focal or global cerebral

ischemia [61]. The “female-protected” phenotype can often
be reversed by inducing surgical menopause via ovariectomy,
and protection can be recapitulated in male animals by
administration of exogenous estrogens [62]. E2 has neu-
rotrophic, antiapoptotic, vasodilatory, anti-inflammatory,
and antioxidant effects, each of which could contribute
to improved outcome in the brains of males and females
[63]. E2 treatment at physiological relevant concentrations
reduces infarction after MCAO in ovariectomized (OVX) or
reproductively senescent female animals [64, 65], as well as
in males [61, 66], even when given after MCAO [62].

The Woman’s Health Initiative (WHI), the largest clinical
trial of E2 replacement for stroke prevention, showed a
surprising increase in stroke incidence in estrogen-treated
woman [67, 68]. The explanation for these findings has been
debated extensively in the literature [67] but is thought to be
due to the unexpected proinflammatory effects of estrogen
administration after a long period of “hypoestrogenemia”.
A recent study in mice demonstrated that prolonged loss
of E2 prior to replacement (10 weeks) ameliorated the
neuroprotective and anti-inflammatory effects of E2 seen
in MCAO-model [69]. It appears that timing of estrogen
replacement after the menopause is critical to outcome in
both animal models and clinical trials. Women involved in
the WHI trial were considerably older (average age of 63) and
well past menopause (which occurs at an average age of 51)
prior to randomization [70, 71]. In the Northern Manhattan
Stroke Study, stroke rates in women do not equalize to
those of men until beyond 75 years of age suggesting that
considerable time passes before females lose the protection
of gonadal steroids.

In addition to the timing of E2 replacement, other factors
may also affect the effects of E2 in MCAO induced brain
injury, including dosing, the age of the animal, and the
timing of replacement. A recent study [72] administering
17β-estradiol to OVX rats that underwent MCAO found that
slow-release commercially purchased pellets of 17β-estradiol
produced an early supraphysiological peaks followed by a
substantial decrease in serum levels of E2, while silastic
capsules (inner/outer diameter: 1.575/3.175 mm) yielded
17β-estradiol concentrations within the physiological range
for at least 4 weeks. The former was detrimental and
exacerbated brain injury, whereas the latter was beneficial in
reducing MCAO-induced brain damage. The stroke model
itself may also exert an influence on the effect of E2 treatment.
Although most studies with transient MCAO confirmed the
neuroprotective effect of E2 replacement [63], 17β-estradiol
treatment following permanent MCAO did not improve
stroke outcomes; however commercial pellets were used,
and supraphysiological levels of E2 could account for this
discrepancy [73].

Interestingly, it is becoming increasingly accepted that
the effect of sex on stroke outcome may also be hormone
independent. Innate sex differences also contribute to the
variability of infarct volumes induced by MCAO in male
and female animals. It is increasingly recognized that dif-
ferent cell death pathways may predominate, respectively,
in male and female subjects exposed to ischemic injury
[74] (Figure 4). Cytochrome C-caspase pathway was found
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to be the predominant cell death pathway in females
after ischemic insults [31, 75]. Administration of broad
spectrum caspase inhibitor, quinoline-Val-Asp(Ome)-CH2-
O-phenoxy (Q-VD-OPh), decreased infarct volumes in OVX
female mice after MCAO but had no effect in males [31].
On the other hand, PARP-1-AIF pathway mediates cell death
induced by ischemic insults mainly in male animals [76, 77].
The PARP-1 inhibitor minocycline is neuroprotective in male
mice but not in OVX females after MCAO [78], which
awaits confirmation. Aging female mice exhibited larger
infarct volumes than aging males after 24 h of 90-minute
MCAO, although the serum levels of E2 were equivalently
low in both aging males and females [41]. Female rats are
more vulnerable to the long-term consequences of neonatal
inflammatory injury compared to neonatally injured males
[79].

The sexual dimorphism seen in MCAO in aging ani-
mals may also be due to differing inflammatory responses
to stroke in aging males and females. A growing body
of evidence suggests that sexual dimorphism exists in
the inflammatory response and even in the frequency of
pro/anti-inflammatory gene variants [80]. Leukocyte func-
tion varies by sex in aging rats; aging males are less immune
competent than age-matched females as females showed
higher lymphoproliferative responses, higher Natural Killer
activity, and higher IL-2 release in the spleen and axillary

nodes [81]. In previous studies in aging mice, [41] we found
that the serum levels of IL-6, a potent proinflammatory
cytokine [82, 83], were lower in aging males than in
aging females after MCAO. Indeed, these sex differences
can also be recapitulated in neonatal animals [75], where
circulating hormone levels are equivalent [84]. All these
studies suggested that sex is an independent viable that
must be addressed in translational stroke studies if we
hope to develop efficacious neuroprotective agents from our
animal models. Sex differences in stroke must be considered
as an independent viable when interpreting results from
either experimental or clinical trials for neuroprotective
agents.

In summary, the MCAO model in rodents provides a
useful tool to stroke researchers; nevertheless, timing of
analysis, animal age, and sex are important factors that have
major effects on stroke outcome but continue to be less
studied. We must keep in mind these influential factors when
designing our experiments and in our attempts to translate
therapies into the clinical populations at the highest risk for
stroke, women and the elderly.
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Objective. To investigate the value of BOLD-based reversible transverse relaxation rate (R2′) MRI in detecting ischemic penumbra
(IP) in a monkey model of reversible middle cerebral artery occlusion (MCAO) and time evolution of relative R2′ (rR2′) in
infarcted core, IP, and oligemia. Materials and Methods. 6 monkeys were used to make MCAO by the microcatheter method.
MR scans were performed at 0 h (1 h after MCAO), 1 h, 3 h, 6 h, 12 h, 24 h, and 48 h after reperfusion. R2′ was calculated using
quantitative T2 and T2∗ maps. Ischemic area was subdivided into infracted core, IP and oligemia. rR2′ was calculated respectively.
Results. Reversible MCAO model for 4/6 monkeys was made successfully. rR2′ values were significantly different at each time
point, being highest in oligemia followed by IP and infarcted core (P < .05). With reperfusion time evolution, rR2′ in infarcted
core showed a decreased trend: sharply decreased within 6 hours and maintained at 0 during 6–48 hours (P < .05). rR2′ values in
IP and oligemia showed similar increased trend: sharply increased within 6 hours, maintained a plateau during 6–24 hours, and
slightly increased until 48 hours. Conclusion. BOLD-based R2′ MRI can be used to describe changes of cerebral oxygen extract in
acute ischemic stroke, and it can provide additional information in detecting IP. The time evolution rR2′ in infarcted core, IP, and
oligemia is in accordance with the underlying pathophysiology.

1. Introduction

The mismatch model between MRI perfusion-weighted
imaging (PWI) and diffusion-weighted imaging (DWI) has
been suggested to provide an estimation of real ischemic
penumbra (IP) and is used as referring criteria to select
patients who are within the first 6 hours after stroke onset
and might benefit from thrombolysis [1–3]. However, recent
studies indicated that the mismatch region is only a weak
approximation of IP [4]. PWI cannot reliably discriminate
between benign oligemia and penumbra, and DWI lesions
do not always indicate the irreversible core of infarction
[5]. It is well established that PET is a more accurate
imaging modality to detect IP, which has decreased cerebral
blood flow (CBF) but elevated oxygen extraction fraction
(OEF), reflecting a compensatory mechanism in still-viable
but threatened tissue [4–6]. However, PET is not suitable
for emergency imaging study of acute cerebral infarction
because of its limited availability and cost effectiveness.

The deoxyhemoglobin (deoxy-Hb) in cerebral capillaries
and veins is an indicator of OEF, which can be visualized by
T2-and T2∗-based blood-oxygen-level-dependant (BOLD)
MRI [7]. The potential for detecting focally increased OEF
as reduced T2∗ signal was first reported by Roussel et al.
[8] in rats middle cerebral artery occlusion (MCAO) model
in 1995. Tamura et al. [7] also reported signal loss on T2∗

WI obtained before arrival of contrast medium on PWI in
patients with acute ischemic stroke, potentially reflecting a
high OEF in 2002. Similar MRI findings were also reported
by Wardlaw and Von Heijne [9] in 2006 and Morita et al.
[10] in 2008, respectively. However, the relationship between
T2∗ and OEF is still controversial. In a small series of 5
patients, Donswijk et al. [11] found, despite of all patients
showing increased OEF on PET, no significant relationship
between OEF and T2∗ signal obtained before arrival of
contrast medium either within or between subjects. This may
be due to the fact that T2∗ is sensitive to large variations of
the static magnetic field (ΔB0). R2′ is referred to as reversible
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transverse relaxation rate, a derivational parameter from T2∗

and T2 (1/T2′ = 1/T2∗−1/T2, R2∗ = 1/T2∗, R2 = 1/T2,
R2′ = 1/T2′) [12, 13]. The use of R2′ is reasonable because
it is isolated from the influences of deoxy-Hb on T2∗ values
and water content on T2 values. Several studies have used
T2′ to predict lesion growth in acute ischemic stroke and
demonstrated that it is sensitive to local content of deoxy-Hb
[12, 14, 15].

The purposes of this study were to investigate: (1) the
value of R2′ in detecting IP in a monkey model of reversible
MCAO; (2) time evolution of relative R2′ (rR2′) in infarcted
core, IP, and oligemia.

2. Materials and Methods

2.1. Monkey Model of Reversible MCAO. This study was
approved by the experimental animal ethical committee of
our university. Six male monkeys (Macaca mulatta) with a
mean weight of 8.6 kg (range: from 8 to 10 kg) were supplied
by Experimental Animal Center of Beijin Military Medical
Academy. All animals were fasted for 12–15 hours before
experiment. Anesthesia was induced by ketamine (0.25 mg
intramuscular) and atropine (8–10 mg/kg intramuscular)
followed by 100 mg ketamine and 50 mg diazepam in 500 mL
NS intravenous drip. Physiological parameters such as
respiration, heart rate, body temperature, and blood pressure
were monitored.

The MCAO model was established by an interventional
microcatheter method as described by De Grespigny et al.
[16]. A one-inch incision was made in right femoral groove,
and the femoral artery and vein were isolated. The right
femoral artery was punctured and a 5 French catheter sheath
was placed in. A 5 French catheter was introduced over a
guide wire and navigated under fluoroscopy in one common
carotid artery in close proximity to the internal carotid
artery. A 1.7 French microcatheter (Prowler 10 with two
markers, Cordis Corporation, 0.55 mm outside dia-meter)
was introduced over a transcend microwire (Cordis). The
microcatheter and the microguide wire were navigated into
a selected branch of MCA and advanced into a wedged posi-
tion. The animals were maintained on a slow, continuous,
heparinized drip infusion (100 U/hour) during the ischemia
period. After one hour of ischemia, the microguide wire
was removed and the animal was transported into MRI
scanner. If cerebral ischemia was confirmed by DWI, the
microcatheter was also removed, followed by infusion of
250,000 units of urokinase in 50 mL NS with a high-pressure
injector (2 mL/min). Effective reperfusion was confirmed by
angiograms.

The criterions of a successful animal model included
(1) the selected branch of MAC was not visualized on
angiograms; (2) MR scan showed high signal intensity on
DWI in the territory of selected branch of MCA after
one-hour ischemia; (3) Postmortem specimen showed non-
stained infarcted area on 2,3,5-triphenyltetrazolium chloride
(TTC) staining.

2.2. Imaging Study. MRI scan was performed on a 1.5 T
superconductive scanner (GE Twin Speed Infinity with Excite

I) with birdcage head 8-channel phase array coil. All animals
were scanned at 0 hour (1 hour after MCAO) and 1, 3, 6, 12,
24, and 48 hours after reperfusion. Slice thickness was 5 mm
and FOV was 15 cm × 15 cm. Scanning protocol included,
(1) T2WI (fast recovery FSE, TR 9002 ms, TE 124 ms, NEX
2, matrix 256 × 256). (2) DWI (SE-EPI, b values of 0 and
1000 s/mm2, TR 3000 ms, TE 112.6 ms, NEX 2, matrix 128 ×
128) (3) Quantitative T2-map[qT2] (4-echo SE, TR 1200 ms,
TE 25, 50, 75, 100 ms; flip angle 150◦, matrix 256 × 256) and
Quantitative T2∗-map[qT2∗] (8-echo GRE, TR 150 ms, TE
3.6, 9.4, 15.3, 21.2, 27.1, 33.0, 37.5, 43.2 ms, flip angle 24◦,
matrix 256 × 256) (4) PWI (single-shot gradient recall echo
planner imaging T2∗ WI, TR 2000 ms, TE 80 ms, flip of angle
90◦, matrix 128× 128, NEX 1, Gd-DTPA 0.1 mmol/kg, inject
rate 2 mL/s).

qT2-map and qT2∗-map were calculated according to
the following formula: SI(t) = SI0e−t/T2 and SI(t) =
SI0e−t/T2∗ . qT2-map is linked to qT2∗-map, resulting in
R2′-based BOLD imaging as follows: 1/T2′ = 1/T2∗−1/T2,
R2∗ = 1/T2∗, R2 = 1/T2, R2′= 1/T2′. R2∗ is total transverse
relaxation rate; R2 is irreversible transverse relaxation rate;
R2′ is reversible transverse relaxation rate with the unit of
Hz [12, 13].

2.3. Postmortem and Pathological Studies. At 48 hours after
reperfusion, all animals were killed by an overdose of
pentobarbital just after MRI scan. The brains were put into
a −20◦C refrigerator for an hour to make the specimens
hardened. The brains were sliced into 5-mm axial slabs
by using a home-made instrument and stained with 2,3,5-
triphenyltetrazolium chloride (TTC) in 37◦C water bath for
30 minutes. The stained sections were recorded with a digital
camera.

2.4. Imaging Analysis and Statistics. Lesion volumes were
calculated on DWI at 0 hour (0-DWI), T2WI at 48 hours
after reperfusion (48-T2WI)- and TTC-stained sections
by integrating products of lesion area and slice thickness
on each lesion-containing slice. Lesion volume percentage
(LVP) was calculated according to formula: LVP = lesion
volumes/bilateral hemispheres volumes ×100%.

Ischemic brain tissues were classified into 3 subtypes:
infarcted core (hyperintensive areas on both 0-DWI and 48-
T2WI), IP (hyperintensive areas on 0-DWI but iso on 48-
T2WI), oligemia (delayed mean transit time areas on PWI
at 0 hour [0-MTT] but iso on both 0-DWI and 48-T2WI)
(Figures 1, 2, 3, and 4).

Imaging registration was performed on an off-line
workstation. The platform was Matlab 7.0, Windows XP SP2
with 3.0 GHz Intel Pentium 4 CPU and 2 G RAM. 0-DWI, 0-
MTT, and 48-T2WI were coregistered to R2′ images of each
time point using a free form deformation method [17].

5 region-of-interests (ROIs) were put into each subtype
brain tissue, respectively. Each ROI was 10 mm2 in size. Rela-
tive R2′ (rR2′) was calculated according to the ratio of lesion
and its minor area on contralateral healthy hemisphere.

Statistic analysis was performed with SPSS15.0 software.
Paired t-test and correlation analysis were used for compar-
ison of LVP. rR2′ values in three-subtype brain regions at
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Figure 1: 0 h after MCAO DWI shows high-signal ischemic lesion.

Figure 2: 0 h after MCAO PWI (MTT) shows delayed MTT lesion.

each time point were compared by ANOVA. Time evolution
of rR2′ in each subtype brain region was also compared by
ANOVA. Statistic significance was P < .05.

3. Results

3.1. MCAO Model. MCAO model was successful in all 6
monkeys. 2 monkeys were dead at 2 and 14 hours after
reperfusion because of large area of hemorrhagic infarction,
respectively, and their data were not included in this study.

3.2. LVP. 0 h DWI demonstrated high-signal ischemic lesion
and partial lesion can recover after reperfusion (Figures 5, 6,
and 7), which was confirmed by TTC staining (Figure 8).

LVP on 0-DWI, 48-T2WI- and TTC-stained sections
were summarized in Table 1. LVP on 48-T2WI was decreased
compared with that on 0-DWI (t = 6.472, P < .05, ranged:
23%∼35%, average 28%). There was no statistic significant
between LVP on 48-T2WI and that on TTC (t = 0.15, P >
.05), which showed significant positive correlation (r = 0.98,
P < .05).

3.3. rR2′ in Different Ischemic Brain Tissue. On 0 hour R2′

imaging, IP and oligemia showed hyperintensity compared
to infarcted core. After reperfusion, the signal intensity on

Figure 3: 48 h reperfusion T2WI shows high-signal infarction
smaller than lesion on DWI.

Figure 4: Overlapped imaging shows infarcted core (white), IP
(yellow), and oligemia (red).

Table 1: LVP on DWI at 0 hour, T2WI at 48 hours after reperfusion
and TTC.

Animal number DWI (%) T2WI (%) TTC (%)

1 10.77 8.08 8.19

2 12.78 8.31 8.45

3 12.26 8.77 8.68

5 9.68 7.48 7.27

R2′ imaging was increased in IP and oligemia but decreased
in infracted core with time evolution (Figures 9, 10, and 11).

rR2′ values of infracted core, IP, and oligemia at each
time point after reperfusion were summarized in Table 2.
rR2′ values were significantly different at each time point,
being highest in oligemia followed by IP and infracted core
(P < .05).

3.4. Time Evolution of rR2′ in Different Ischemic Brain Tissue.
Respective time evolution of rR2′ values in infarcted core, IP,
and oligemia was summarized in Table 3. The infarcted core
showed a decreased trend after reperfusion (P < .05): the
maximum decrease happened within the first 6 hours and
then maintained as low level as 0 during 6–48 hours. While
rR2′ values in IP and oligemia showed similar increased
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Figure 5: 0 h DWI shows high-signal ischemic lesion in basal
ganglion (black arrow) and temporal lobe (white arrow).

Figure 6: 1 h DWI shows increased signal in basal ganglion (black
arrow) but decreased signal in temporal lobe (white arrow).

trend after reperfusion (P < .05): the maximum increase
also happened within the first 6 hours: slightly decreased but
still higher than contralateral hemisphere at 1 hour, started to
increase at 3 hours, sharply increased at 6 hours, rR2′ values
maintained a plateau during 6–24 hours and then slightly
increased at 48 hours. At each time point, rR2′ values in
oligemia were slightly higher than those in IP (Figure 12).

4. Discussion

4.1. Monkey Model of MCAO. As described by De Crespigny
et al. [16], we successfully made monkey model of reversible
MCAO by an interventional method in 4/6 monkeys and per-
formed dynamic MRI scans for them. No artifact was found
since we removed the microguide wire during MR scan.
Unfortunately 2 monkeys died of large area of hemorrhagic
infarction in this study. This may due to the fact that we used
250,000 units urokinase to ensure effective reperfusion after
the micocratheter was removed.

Although many neuroprotective drugs have proven suc-
cessful in animal (rodent) models, all have failed during
clinical trials. A common reason for this is the lack of
demonstrated efficacy of these drugs in larger animals such as
cats or monkeys. The subhuman monkeys have similarity in
cerebrovascular anatomy, neurochemistry, and immunology,
which make them suitable for testing new drug therapies and
endovascular instruments [16].

Figure 7: 48 h DWI shows high-signal in basal ganglion (black
arrow) and signal recovery in temporal lobe with scattered high
signal (white arrow).

Figure 8: Same animal with Figures 5, 6, and 7, TTC staining shows
infarction in basal ganglion (black arrow), temporal lobe did not
develop to infarction. The recovered high signal on DWI is IP.

4.2. BOLD-Based R2′ MRI in Different Ischemic Brain Tissues.
The delineation of the “penumbra” is of particular interest in
acute stroke imaging. Since the “mismatch concept” applying
PWI and DWI appears to be an oversimplification of the
underlying electrophysiological tissue status, an additional
parameter reflecting the metabolic state of brain tissue will
improve the ability to describe the penumbra [12]. BOLD
MR T2′ imaging is thought to reflect the response of tissue
metabolism to that perfusion deficit with increased local
deoxy-Hb used as an indicator of increased OEF. Several
studies confirmed the additional values of T2′ map in
predicting the real penumbra [12, 14, 15]. In this study, we
used R2′ to describe changes of local deoxy-Hb. Increased
local deoxy-Hb leads to hyperintensity on R2′ images, while
decreased local deoxy-Hb leads to hypointensity on R2′

images. This makes it easier to visually notice changes of local
deoxy-Hb.

Our study demonstrated that the values of rR2′ were
increased in IP and oligemia and decreased in infarcted core
with time evolution after reperfusion. Thus, the hyperinten-
sity in R2′ images may represent increased deoxy-Hb as an
indicator of increased OEF, which can increase in IP and
oligemia with ongoing CBF impairment. The infarcted core
is unsalvable tissue which has lost the compensative ability of



Journal of Biomedicine and Biotechnology 5

Table 2: Comparison of rR2′ (x ± s) in infarcted core, IP, and oligemia at each time point after reperfusion.

Subtype 0 h 1 h 3 h 6 h 12 h 24 h 48 h

Infarcted core 1.129 ± 0.108 0.668± 0.082 0.536± 0.075 0.259± 0.050 0.385± 0.054 0.083± 0.026 0.246± 0.058

IP 1.329 ± 0.081 1.237± 0.072 1.453± 0.081 2.435± 0.131 2.447± 0.148 1.968± 0.127 3.694± 0.218

Oligemia 1.584 ± 0.103 1.435± 0.066 1.770± 0.141 2.957± 0.177 3.254± 0.184 3.101± 0.144 4.297± 0.322

F 36.19 134.09 256.30 803.25 743.74 1236.26 557.02

P < .05 < .05 < .05 < .05 < .05 < .05 < .05

Table 3: Time evolution of rR2′ in infarcted core, IP, and oligemia after reperfusion (compared by ANOVA).

Infracted core IP Oligemia

(F = 96.56, P < .05) (F = 188.23, P < .05) (F = 154.05, P < .05)

Reperfusion time Compared time P Reperfusion time Compared time P Reperfusion time Compared time P

0 h

1 h ∗

0 h

1 h —

0 h

1 h —

3 h ∗ 3 h — 3 h —

6 h ∗ 6 h ∗ 6 h ∗
12 h ∗ 12 h ∗ 12 h ∗
24 h ∗ 24 h ∗ 24 h ∗
48 h ∗ 48 h ∗ 48 h ∗

1 h

3 h —

1 h

3 h —

1 h

3 h —

6 h ∗ 6 h ∗ 6 h ∗
12 h ∗ 12 h ∗ 12 h ∗
24 h ∗ 24 h ∗ 24 h ∗
48 h ∗ 48 h ∗ 48 h ∗

3 h

6 h ∗
3 h

6 h ∗
3 h

6 h ∗
12 h — 12 h ∗ 12 h ∗
24 h ∗ 24 h ∗ 24 h ∗
48 h ∗ 48 h ∗ 48 h ∗

6 h
12 h —

6 h
12 h —

6 h
12 h —

24 h — 24 h — 24 h —

48 h — 48 h ∗ 48 h ∗
12 h

24 h ∗
12 h

24 h —
12 h

24 h —

48 h — 48 h ∗ 48 h ∗
24 h 48 h — 24 h 48 h ∗ 24 h 48 h ∗
∗
P < .05, — P > .05.

Figure 9: 0 h R2′ map shows that the signal of IP (black arrow) is
higher than that of infarcted core (white arrow).

increased OEF. Thus, the infarcted core demonstrated con-
secutive hypointensity in R2′ images even after reperfusion.
PET study has showed 50% increasement of OEF in IP [18].

An interesting finding demonstrated by Geisler et al. [12]
was the infarcted core showed even shorter T2′ than lesion
growth (operationally defined IP, −15.7% versus −10.5%)
although there was no statisticlly significant difference. That
result was not as they have expected: a strongly reduced O2

utilization, a clearly lowered OEF, a decreased deoxy-Hb,
and consecutively increased T2′ in infarcted core. That result
was also inconsistent with the widely accepted concept of IP
[19, 20] and with our results. This may be due to the fact
that they defined infarcted core by decreased ADC within
6 hours after symptom onset. This reinforced the concept
that ADC lesion may not only describe the infarcted core
but also include a considerable portion of IP which showed
decreased T2′. Furthermore, previously produced deoxy-Hb
cannot effectively be removed from the highly reduced CBF
and may thus account for the T2′ shortening [12].

Although both IP and oligemia showed similar increased
trend in this study, values of rR2′ in oligemia were higher
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Figure 10: 1 h R2′ map shows low signal of irreversible infarcted
core (white arrow), slightly high signal of reversible IP (black
arrow).

Figure 11: 48 h R2′ map shows significant low signal of infarcted
core (white arrow), high signal of IP (black arrow) (Figures 9, 10,
and 11 is same animal as Figures 5, 6, and 7).

than that in IP at every time point after reperfusion. There
are two reasons for this. Firstly, CBF in oligemia is less
impaired than those in IP [21], which means that the
oxygen supply in oligemia is more sufficient. Secondly, the
compensative ability of oligemia is stronger than that of IP,
which leads to more increased OEF and increased generation
of deoxy-Hb. The less decreased CBF and more increased
OEF are the real reasons that oligemia can escape from
ischemic injury and never develop to infarction. Certainly,
we can establish a rR2′ threshold to distinguish IP and
oligemia. Considering the limited number of our animal
models, we would leave this job for further study.

4.3. Time Evolution of rR2′ in Different Ischemic Brain Tissues.
Both PET and BOLD MRI studies had showed increased OEF
in acute ischemic stroke [4–6, 12, 14, 15]. But the duration
of increased OEF is still unknown. According to the results
of our study, time evolution of rR2 in IP and oligemia can be
classified into 3 stages: sharply increased within first 6 hours,
maintained a high level plateau during 6–24 hours, and then
slightly increased until 48 hours. While the infarcted core
had 2 stages: sharply decreased within first 6 hours and
maintained as low level as 0 from 6 to 48 hours. 6 hours
is also the time window for venous thrombolytic therapy
in acute ischemic stroke and is widely used in many stroke
studies [1, 4, 6, 12, 14, 18, 22]. Early recanalization is the
first and most important step to save IP. The most obvious
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Figure 12: Reperfusion time evolution of rR2′ shows decreased
trend in infarcted core but increased trend in IP and oligemia.

hemodynamic changes may happen during the first 6 hours
after early reperfusion [21]. We presume quick recovered
CBF may encourage IP to increase OEF excessively, generate
more deoxy-Hb, and lead to sharply increased rR2′. With the
gradual recovery of CBF from 6 to 24 hours, IP may still be
in moderate anoxic status and OEF may still increase at a
lower speed. The plateau during 6–24 hours may represent
the balance state between recovering CBF and elevated OEF.
At 48 hours CBF may have already completely recovered
but OEF may still be maintained at a higher level, which
leads to slightly increased rR2′. That is to say, increased OEF
may last at least 48 hours after early reperfusion. A previous
study confirmed that extended duration of increased OEF
will benefit brain tissue at risk [22]. 48 hours duration of
increased deoxy-Hb disclosed by our study may be helpful
to extend therapy time window of ischemic stroke.

For the infarcted core, the sharply decreased rR2′ within
the first 6 hours may be due to the fact that no generation
of deoxy-Hb is found even after early reperfusion. With the
quick recovery of CBF, the previously produced deoxy-Hb is
removed and rR2′ maintains as low level as 0 after the first 6
hours.

There are some methodological limitations for T2′ or
R2′ images. Firstly, T2∗ is sensitive to large variations of
the static magnetic field (ΔB0). This may affect the accuracy
of measured T2′ or R2′. This problem can be solved by
using side-to-side comparison which reveals more valuable
relative results. Secondly, the concentration of deoxy-Hb in
a single voxel is determined mainly by 2 factors: changes
in the local generation of deoxy-Hb inside the voxel and
changes in the transport of deoxy-Hb into or out of the voxel,
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which is closely correlated with CBF [12]. So information
of CBF should be imposed on T2′ or R2′ images. A study
carried by Jensen et al. [15] showed that there was a moderate
correlation between rCBF derived from PWI and qT2′. qT2′-
maps could be used to explore cerebral perfusion without the
application of contrast agent or radiation.

Although BOLD-based MR quantitative OEF measure-
ment has been published and demonstrated good correlation
with the existing OEF values [23, 24]. The clinical value of
this technology is still unknown. Further studies should be
focused on the improvement of accuracy of cerebral oxygen
extraction by using BOLD MR.

5. Conclusions

BOLD-based R2′ MRI can be used to describe changes
of cerebral oxygen extract in acute ischemic stroke, and
it can provide additional information in detecting IP. The
time evolution rR2′ in infarcted core, IP, and oligemia is
in accordance with the underlying pathophysiolgy. With
improvement in the accuracy, this technique would add more
valuable information for patients selection for thrombolytic
therapy.
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[20] M. Kavec, O. H. J. Gröhn, M. I. Kettunen, M. J. Silvennoinen,
M. Penttonen, and R. A. Kauppinen, “Use of spin echo T
BOLD in assessment of cerebral misery perfusion at 1.5 T,”
Magnetic Resonance Materials in Physics, Biology and Medicine,
vol. 12, no. 1, pp. 32–39, 2001.

[21] E. Bandera, M. Botteri, C. Minelli, A. Sutton, K. R. Abrams,
and N. Latronico, “Cerebral blood flow threshold of ischemic
penumbra and infarct core in acute ischemic stroke: a
systematic review,” Stroke, vol. 37, no. 5, pp. 1334–1339, 2006.



8 Journal of Biomedicine and Biotechnology

[22] J. V. Guadagno, E. A. Warburton, F. I. Aigbirhio et al., “Does
the acute diffusion-weighted imaging lesion represent penum-
bra as well as core? A combined quantitative PET/MRI voxel-
based study,” Journal of Cerebral Blood Flow and Metabolism,
vol. 24, no. 11, pp. 1249–1254, 2004.

[23] X. He and D. A. Yablonskiy, “Quantitative BOLD: mapping
of human cerebral deoxygenated blood volume and oxygen
extraction fraction: default state,” Magnetic Resonance in
Medicine, vol. 57, no. 1, pp. 115–126, 2007.

[24] X. He, M. Zhu, and D. A. Yablonskiy, “Validation of oxygen
extraction fraction measurement by qBOLD technique,” Mag-
netic Resonance in Medicine, vol. 60, no. 4, pp. 882–888, 2008.



Hindawi Publishing Corporation
Journal of Biomedicine and Biotechnology
Volume 2011, Article ID 107091, 4 pages
doi:10.1155/2011/107091

Research Article

Phosphocreatine Preconditioning Attenuates Apoptosis in
Ischemia-Reperfusion Injury of Rat Brain

Ling-Hua Tang, Zhong-Yuan Xia, Bo Zhao, Xiao-Dong Wei, Tao Luo, and Qing-Tao Meng

Department of Anesthesiology, Renmin Hospital of Wuhan University, Wuhan 430060, China

Correspondence should be addressed to Zhong-Yuan Xia, xiazhongyuan2005@163.com

Received 15 July 2010; Accepted 9 December 2010

Academic Editor: Oreste Gualillo

Copyright © 2011 Ling-Hua Tang et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Phosphocreatine (PCr) is an endogenous compound containing high-energy phosphate bonds. It has been confirmed that PCr is
effective in preventing and treating cardiac and renal ischemia-reperfusion injury. In this study, rat cerebral ischemia-reperfusion
injury models were constructed. Apoptotic cells in the cortex region were measured by TUNEL method. Malondialdehyde (MDA)
content was detected by chromatometry, and calmodulin (CaM) activity was detected by ELISA. Compared with sham-operated
group (sham group), TUNEL-positive cells, MDA, and level of CaM activity increased in ischemia-reperfusion group (I/R group)
and PCr preconditioning group (PCr group); compared with I/R group, TUNEL-positive cells, MDA content, and level of CaM
activity decreased in PCr group. This study indicated that PCr can decrease the morphological damage and the neuron apoptosis
of the ischemia-reperfusion injury brain through attenuating abnormalities of calcium balance and production of oxygen free
radicals.

1. Introduction

Acute cerebral ischemic reperfusion injury (CIRI), a hotspot
for clinical research, is a pathophysiologic phenomenon
commonly encountered in the field of emergency medicine,
especially during the perioperative periods. The brain can
store so little energy reserves that it is highly sensitive to
ischemia and hypoxia. Studies have shown that interrupting
the cerebral blood flow for 10 s can lead to loss of conscious-
ness. If cerebral blood flow is blocked for more than 5 min,
permanent brain damage is inevitable [1]. Phosphocreatine
(PCr) has been used as cardioplegic and cardioprotective
agents during cardiopulmonary bypass and also ischemic
events [2]. In recent years, some reports showed that PCr
improved the outcome after stroke and neonatal hypoxic
ischemic encephalopathy [3]. There have been no studies
done to investigate the effect of PCr during acute CIRI. So we
designed this research using acute rat CIRI model to observe
the effect of PCr and investigate its possible mechanism.

2. Materials and Methods

2.1. Materials. All experimental procedures were done in ac-
cordance with the guide for the care and use of laboratory

animals. All surgical procedures have been approved by the
committee for experimental animals of Centre for Disease
Control and Prevention of Hubei Province. 36 male Wistar
rats weighing 200∼220 g were acquired from the Experimen-
tal Animal Center of Hubei Province, Wuhan, China. Sodium
creatine phosphate injection was purchased from Haikou
Kellett Pharmaceutical Co., China.

2.2. Animal Model and Grouping. 36 Wistar rats were rando-
mly divided into 3 groups: sham-operated group (sham gro-
up, n=12), ischemia-reperfusion group (I/R group, n=12),
PCr preconditioning group (PCr group, n = 12). The rats
were anesthetized by 10% chloral hydrate. CIRI rat mod-
els were produced by electrocauterizing bilateral vertebral
arteries and occlusion of bilateral common carotid arteries
using atraumatic clasps [4]. It was considered a success as the
eyeballs turn white and pupils were dilated. The clasps were
released 10min later and followed by a 48-hour reperfusion.
In sham group, bilateral common carotid arteries were
exposed but not clamped. In PCr group, PCr 150 mg·kg−1

was administered intravenously 60 min before the bilateral
common carotid arteries were occluded; normal saline was
administered intravenously in I/R group simultaneously.
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(a) (b) (c)

Figure 1: Pathologic changes of brain tissues (×400). (a) Sham group; (b) I/R group; (c) PCr group.

Core body temperatures were monitored with a rectal probe
and maintained between 36.5◦C∼37.5◦C during the whole
procedure. 3 rats from I/R group and 1 from PCr group were
excluded within 24 h while the remaining ones were regarded
as successful models.

2.3. HE Staining, Light Microscopy. After routine HE stain-
ing, pathological changes of the brain tissue were observed
under a light microscopy (×400).

2.4. TUNEL Staining. The level of cell apoptosis was deter-
mined with a Roche in situ cell-apoptosis-assay kit with nuc-
lei stained in brown particles (Shanghai Runwell Technology
Co., China). 10 high-power fields (×400) were randomly
selected, and the number of apoptotic cells was counted for
each field.

2.5. Assay of CaM Activity and MDA Content. CaM activity
(mmol·L−1) was measured using rat CaM ELISA kit (R & D
Company, US); MDA content (nmol·L−1) was detected with
MDA kit; protein content (mg·L−1) in corresponding tissue
was detected with Coomassie brilliant blue protein assay kit
(both from Nanjing Jiancheng Bio Co., China). MDA content
in the tissue was calculated using the following formula:

MDA
(
nmol ·mgprot−1)

=
MDA content

(
nmol · L−1

)

protein content
(

mg · L−1
)

in corresponding tissue
×5.

(1)

2.6. Statistical Analysis. Results were expressed as mean ±
SD. Data were statistically evaluated by one-way ANOVA
(SNK) tests and Dunnett’s tests, with the level of significance
chosen as P < .05.

3. Results

3.1. Brain Pathologic Changes. In sham group, the cortical
neurons are arranged in neat rows with abundant cytoplasm,
and the nuclei are round and basophilic. In I/R group,
the structures of the cortical neurons are damaged. The
cytoplasm is light red with uneven distribution and vacuoles,

nuclei are condensed. In PCr group, however, the cell
structure is normal. Most of the neurons have complete
membrane integrity and the nuclei are clear (Figure 1).

3.2. PCr Preconditioning Reduced Cell Apoptosis. A few
TUNEL-positive cells were observed in the cortex of rats
in sham group whereas a large number of TUNEL-positive
cells was observed in the cortex of rats subject to I/R injury;
compared with I/R group, the number of TUNEL positive
cells was significantly reduced in the cortex of PCr group
(Figures 2 and 3).

3.3. CaM Activity. CaM activity was 4.328 ± 0.422 mmol/L
in sham group. The CaM activity of I/R group and PCr group
was significantly increased at 48 hours after reperfusion
compared with sham group whereas CaM activity was
significantly decreased in the cortex of PCr group compared
with I/R group (Figure 4).

3.4. MDA Content. MDA content was 4.792 ± 0.451 nmol/
mgprot in sham group. MDA in I/R group and PCr group
was significantly increased at 48 hours after reperfusion
compared with sham group, but compared with I/R group,
MDA content was significantly decreased in the cortex of PCr
group (Figure 5).

4. Discussion

Rapid exhaustion of energy is one of the important eti-
ological factors of ischemia-reperfusion injury [5, 6]. We
hypothesized that supplication of an exogenous energy
substrate before ischemic reperfusion might be an important
logical therapeutic step. PCr is a very important energy
substrate [7], it can go through the blood-brain barrier, even
through the cell membrane, to supply energy to cells directly.
It possesses 3-times FDP and 1.5-fold of ATP energy level. In
this study, we have demonstrated that PCr preconditioning
attenuated cell apoptosis and the morphological damage
during cerebral ischemia-reperfusion in rats. In ischemia-
reperfusion injury brain, the apoptotic neurons extensively
exist. The cytoplasm is light red with uneven distribution and
vacuoles, and nuclei are condensed under light microscopy
after reperfusion for 48 h. Compared with I/R group, the
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(a) (b) (c)

Figure 2: Apoptotic cells in each group (TUNEL× 400). (a) Almost no cell is positive for TUNEL in sham group. (b) Many cells are positive
for TUNEL in I/R group. Nucleuses that are brownish or dark brown are positive. (c) A few cells are positive for TUNEL in PCr group.

0
Sham

Apoptotic cells

10

20

30

40

A
p

op
to

ti
c

ce
lls

50

60

70

80

90

100

I/R PCr

Figure 3: After we deal with the brain slices with an in situ cell-
apoptosis-assay kit, we counted the number of apoptotic cells in
each field.
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Figure 4: CaM activity (mmol·L−1) was measured using rat CaM
ELISA kit.

number of apoptotic cells was significantly decreased and
cerebral ischemia-reperfusion injury was alleviated in PCr
group.

Imbalance of neuronal calcium homeostasis and increase
in oxygen free radical are important aggravating factors of
cerebral ischemic reperfusion injury [8]. Energy deficiency
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Figure 5: MDA content (nmol·L−1) was detected with MDA kit;
protein content (mg·L−1) in corresponding tissue was detected
with Coomassie brilliant blue protein assay kit. MDA content
in the tissue was calculated using the following formula: MDA
(nmol·mgprot−1) = MDA content (nmol·L−1)/protein content
(mg·L−1) in corresponding tissue × 5.

causes intracellular calcium overload and an increase in
oxygen free radical. To assess the intracellular Ca2+ overload
and oxygen free radical level, CaM activity and cerebral MDA
content were determined. CaM is a calcium-binding protein.
It combines with Ca2+ reversibly, and regulates transmem-
brane calcium transportation, absorption, and secretion. An
increase in activity of CaM means an elevation of intra-
cellular ionized Ca2+ concentration, hence causing calcium
imbalance in the cells [9]. MDA is a stable lipid peroxide end
product produced during the oxidation of membrane lipid
unsaturated fatty acid by oxygen free radical. The central
nervous system is rich in unsaturated fatty acids that interact
with oxygen free radical during reperfusion after an ischemic
event, which generates a large amount of MDA. Therefore,
MDA level indirectly reflects the level of oxygen free radical
and the degree of lipid peroxidation in the brain tissue.

We found that the CaM activity was elevated in I/R group
compared with sham group, indicating the increase of Ca2+

influx, Ca2+ overload, and Ca2+ balance disturbance. The
high MDA content in I/R group suggested that oxidative
stress occurred and a large amount of lipid peroxide was
produced. PCr group demonstrated a significantly lower
CaM activity. Thus, there were lower incidences of Ca2+

reflux, Ca2+ overload, and complex pathological changes
induced by Ca2+ overload. PCr group also had lower MDA
level, indicating that PCr induced a significant suppression in
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the generation of free radical and provided an antioxidative
protection to the cell and organelle membranes, hence
attenuating cellular necrosis and apoptosis.

During ischemia-reperfusion, Ca2+ overload leads to
mitochondrial dysfunction, and oxygen free radical increases
[10]. We have found that PCr preconditioning decreases
CaM activity, thus preventing calcium overload, reducing
the production of oxygen free radical indirectly. As an
ATP precursor, PCr releases high-energy phosphate bond
to synthesize ATP, supplying neurons with energy, reducing
the production of lactic acid, and maintaining the func-
tion of Na+-Ca2+ exchange [3]. It is suggested that PCr
preconditioning ensures sufficient ATP supply, keeps Ca2+

pump working, and sustains Ca2+ balance [11]. It can also
inhibit the formation of Hypoxanthine, thereby reducing the
production of oxygen free radicals [12].

Currently, the methods of preconditioning include
mechanical preconditioning and pharmacologic precondi-
tioning. The drawback of clinical application of mechanical
preconditioning is the difficulty in predicting the onset of
any ischemic event. Even if it’s predictable, the application
of a transient mechanical preconditioning is impractical
before cerebral ischemia. Therefore, the clinical application
of mechanical preconditioning was limited.

One of the important etiological factors of ischemia-
reperfusion injury is due to the rapid exhaustion of energy
[5, 6]. Therefore, a supply of an exogenous energy substance
during ischemic reperfusion may be an important logical
therapeutic step. Phosphocreatine (PCr) is an endogenous
compound containing high-energy phosphate bonds. It
acts as an energy reserve, and it is mainly synthesized by
the kidneys. The finding of the current study provides a
promising method for the treatment of cerebral ischemia-
reperfusion injury. However, only brain pathological and
apoptotic changes were investigated in the current study.
Future study will be needed to further evaluate the effect of
PCr on brain infarct size, neurological score and so forth.
The assessment of functional and histological endpoints as
well as multiple neurological outcomes will allow better
understanding of the PCr’s role in brain ischemia.

5. Conclusion

In summary, we demonstrated the protective effect of PCr
during cerebral ischemic reperfusion injury. Based on the
pharmacokinetic characteristics of PCr, we speculate that
PCr should be administered preoperatively to hemodynamic
unstable patients, such as aortic aneurysm surgical patients,
who may develop cerebral ischemia during surgery when
the major arteries are clamped. Other patients with severe
head injury, hemorrhagic shock, cerebral vasospasm, and
respiratory and cardiac arrest may also benefit from the
protection against cerebral ischemic reperfusion injury.
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Cardiovascular diseases are the first leading cause of death and morbidity in developed countries. The use of animal models have
contributed to increase our knowledge, providing new approaches focused to improve the diagnostic and the treatment of these
pathologies. Several models have been developed to address cardiovascular complications, including atherothrombotic and cardiac
diseases, and the same pathology have been successfully recreated in different species, including small and big animal models of
disease. However, genetic and environmental factors play a significant role in cardiovascular pathophysiology, making difficult
to match a particular disease, with a single experimental model. Therefore, no exclusive method perfectly recreates the human
complication, and depending on the model, additional considerations of cost, infrastructure, and the requirement for specialized
personnel, should also have in mind. Considering all these facts, and depending on the budgets available, models should be selected
that best reproduce the disease being investigated. Here we will describe models of atherothrombotic diseases, including expanding
and occlusive animal models, as well as models of heart failure. Given the wide range of models available, today it is possible to
devise the best strategy, which may help us to find more efficient and reliable solutions against human cardiovascular diseases.

1. Introduction

Cardiovascular diseases are the first leading cause of death
and morbidity in developed countries. Cardiac and vascular
complications are complex multifactorial pathologies, in
which both genetic and environmental factors are impli-
cated, thus making them very difficult to prevent. The
development of animal models of cardiovascular disease
(CVD), including cardiac and atherothrombotic diseases,
has provided us today with important insights into the
pathophysiology, and they were found to be essential tools to
evaluate new therapeutic strategies to predict and to prevent
these complications.

Here, we will summarize the most common models
of cardiovascular diseases, including those implemented in
both large and small animals, designed for helping to cover
with more precision and to better understand every single

aspect related to these human pathologies. In particular, we
will describe models of atherothrombotic diseases, including
expanding abdominal aortic aneurysms (AAA), thoracic
aneurysms, and occlusive atherosclerotic diseases, as well as
models of heart failure. These situations constitute today
a significant challenge since predictors to evaluate early
detection and forecast progression are crucial in these
pathologies, yet they are poorly explored.

2. Animal Models of Atherothrombotic Disease

2.1. Mouse Models. Atherosclerosis is a complex multifac-
torial disease with different etiologies that synergistically
promote lesion development. Mouse models have proved
to be useful to study development and progression of
atherosclerotic lesion, and several reviews have extensively
discussed the different available models [1–3]. In particular,
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knockout and transgenic mouse models for atherosclerosis
have been instrumental in understanding the molecular and
cellular mechanisms involved in atherogenesis, and in eval-
uating the effectiveness of new and existing atherosclerotic
drugs [4].

As wild-type mice are resistant to lesion develop-
ment, the current mouse models for atherosclerosis are
based on genetic modifications of lipoprotein metabolism
with additional dietary changes. Among them, low-density
lipoprotein receptor-deficient mice (LDLR−/− mice) and
apolipoprotein E-deficient mice (apoE−/− mice) are the
most widely used. Atherosclerotic lesions seen in these
models can be exacerbated by the addition of risk factors
such as hypertension or diabetes. Mice have become widely
used as models of human atherosclerosis as they offer
advantage compared with other species (Table 1).

2.2. LDLR−/− Mice. The LDLR−/− mouse represents a
model of familial hypercholesterolemia due to one of the
mutations affecting the LDLR, and the plasma lipoprotein
profile resembles that of humans. Mice, which are genet-
ically deficient in LDLR manifested delayed clearance of
VLDL and LDL from plasma. As a result, LDLR−/− mice
exhibit a moderate increase of plasma cholesterol level and
develop atherosclerosis slowly on normal chow diet [5, 6].
Interestingly, the severity of the hypercholesterolemia and
atherosclerotic lesions in LDLR−/− mice can be accelerated
by feeding a high-fat, high-cholesterol diet [5–7], by mutat-
ing the apoB gene into an uneditable version [8, 9], and
by crossing either with leptin-deficient mice [10] or with
apoB100 transgenic mice [11]. Under these conditions, the
lesions in the aorta can progress beyond the foam-cell fatty-
streak stage to the fibroproliferative intermediate stage.

In addition to LDLR−/− mice, the LDLR and apoE
double-deficient mouse (LDLR−/−apoE−/−) which devel-
ops severe hyperlipidemia and atherosclerosis even on
a regular chow diet, has been proposed as a suitable
model to study the antiatherosclerotic effect of compounds
without having to feed the animals an atherogenic diet
[12, 13]. However, the response of both LDLR−/− and
LDLR−/−apoE−/− mice to the treatment with hypolipi-
demic drugs varies from lowering of plasma cholesterol
without atherosclerosis decrease to a weak lesion reduction
with or without lower plasma cholesterol [4, 14]. By contrast,
those mice effectively respond to agonists of peroxisome
proliferator-activated receptor (PPAR) or liver X receptor
[15, 16]. This great variability indicates that LDLR−/−
is probably not well-suited for analyzing the cholesterol-
lowering and antiatherogenic effects of drugs.

2.3. ApoE−/−Mice. In 1992 two different groups simultane-
ously generated the apoE−/− mice by homologous recom-
bination in embryonic stem cells [17, 18]. Homozygous
deficiency in apoE gene results in a marked increase in the
plasma levels of LDL and VLDL due to a failure in their
clearance through the LDLR and LDLR-related proteins. The
apoE−/− mouse contains the entire spectrum of lesions
observed during atherogenesis and was the first mouse model

described to develop lesions similar to those of human [17,
18].

Under normal dietary conditions, apoE−/− mice have
dramatically elevated plasma levels of cholesterol, and they
develop extensive atherosclerotic lesions widely distributed
throughout the aorta [18–20]. This process can be exacer-
bated on a high-fat diet, with female mice more susceptible
than male mice [19]. A chronological analysis of atheroscle-
rotic lesions in apoE−/− mice revealed that the sequential
events involved in lesion formation in this model are strik-
ingly similar to those in larger animal models and in humans.
Predilection sites for atherosclerotic lesions in apoE−/−
mice are the aortic root, followed by the aortic arch, the
brachiocephalic trunk, the left carotid, and subclavian and
coronary arteries [6, 21]. Aortic lesions rapidly develop from
initial fatty streaks comprised primarily of foam cells with
migrating smooth muscle cells to more complex lesions in
middle-aged mice. These advanced lesions are heterogeneous
but typically composed of a necrotic core surrounded by
proliferating smooth muscle cells and extracellular matrix
proteins [20, 22].

The apoE−/−mice are currently the most widely utilized
animal model for the study of atherosclerosis. In fact, the
effect of many genes on the development of atherosclerosis
has been examined by crossing the apoE−/−mice with other
genetically manipulated animals. Furthermore, the apoE−/−
mouse serves as a useful tool to: (i) identify atherosclerosis-
susceptibility-modifying genes, by the candidate-gene and
gene-mapping methods, (ii) decipher molecular mechanism
and cell types involved in atherogenesis, (iii) search into
the drug effects on atherosclerosis, and (iv) assess novel
therapies that prevent lesion progression. In this sense,
the apoE−/− mouse model was used to test additional
therapeutic effects of statins beyond those attributable
solely to cholesterollowering. One of the first observations
was the paradoxical effect of simvastatin on atherogenesis
in both apoE−/− and LDLR−/− mice [23]. In contrast
to the atheroprotective effect of simvastatin in LDLR−/−
mice, age-matched apoE−/− showed elevated serum total
cholesterol and increased aortic plaque area, thus suggesting
that the therapeutic effect of simvastatin may depend on
the presence of a functional apoE [23]. In spite of this,
the antiatherosclerotic effects of other statins have been
effectively proven in apoE−/− mice [24, 25]. Several other
compounds, such as angiotensin II receptor antagonists or
PPAR agonists [26] also reduced the extent and severity of
atherosclerotic lesions without lowering plasma cholesterol
in apoE−/− mice. However, the recent finding of increased
atherogenesis in apoE−/−mice treated with PPAR alpha and
PPAR gamma agonists is consistent with clinical findings of
the adverse cardiovascular events of dual therapy [27].

Nevertheless, a major limitation of the apoE−/− mouse
model is the infrequency of plaque rupture and thrombo-
sis, two common complications of human atherosclerosis.
Ischemic cardiomyopathy has been occasionally found in
aged mice [20], but interestingly, rapid coronary artery
occlusion, myocardial infarction, and even premature death
occur when apoE−/− mice were crossed with mice deficient
in scavenger receptor class B type I or its adaptor protein
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Table 1: Animal models of atherosclerosis: advantages and limitations.

Mouse

(i) Rapid development of atherosclerotic plaques (i) Only partial resemblance to humans

(ii) Short reproductive cycle (ii) More atherosclerotic than atherothrombosis model

(iii) Large litters
(iii) Very high levels of blood lipids

(iv) Well-known genome

(v) Relative ease of genome manipulation

(vi) Relatively cheap

(vii) Useful for noninvasive imaging

(MRI, PET, CT, ultrasound)

(viii) Large experience

Rat
(i) Easy, available, and cheap

(i) Do not develop atheroma

(ii) Useful for restenosis analysis

Rabbit

(i) Medium size (i) Need for high blood cholesterol levels

(ii) Fibroatheroma lesions (ii) No plaque rupture model

(iii) Useful for restenosis models (iii) A model of neointima formation rather than
atherosclerosis

(iv) Affordable

Porcine

(i) Lesions more similar to human disease (i) High cost

(ii) Valid for restenosis studies
(ii) Difficult handling

(iii) Few genomic tools

[28, 29], thus mimicking many cardinal features of human
coronary heart disease.

2.4. Transgenic Mice. Transgenic technologies have provided
a series of very useful mouse models to study hyperlipi-
demia and atherosclerosis. Among them, mice expressing
mutant forms of apoE, such as apoE3Leiden (E3L) and
apoE (Arg 112→Cys→ 142) transgenic mice, are the more
widely studied. These mice display a lipoprotein profile
comparable to that of patients with dysbetalipoproteinemia,
in which plasma total cholesterol and triglycerides are mainly
confined to (V) LDL [30]. The E3L transgenic mice develop
atherosclerotic lesions with all the characteristics of human
vasculopathy, varying from fatty streak to mild, moderate,
and severe plaques [30, 31]. Furthermore, E3L transgenic
mice and the more recently developed E3L/Cholesteryl ester
transfer protein (CETP) transgenic mice have been shown
to be more sensitive to a variety of hypolipidemic drugs and
PPAR agonists than apoE−/− and LDLR−/−mice [4, 32].

2.5. Mouse Models of Diabetes-Accelerated Atherosclerosis.
Diabetes is a high risk factor of cardiovascular disease.
The cardiovascular complications of diabetes are manifested

primarily as ischemic heart disease caused by accelerated
atherosclerosis, and also as cardiomyopathy. Several models
are available to study atherosclerosis and cardiomyopathy
associated with diabetes, including apoE−/− and LDLR −/−
mice in which type 1 diabetes is induced by streptozotocin
or viral injection [33, 34]. In both mice, diabetes induc-
tion did not markedly change plasma lipid levels, thereby
mimicking the accelerated atherosclerosis seen in patients
with type 1 diabetes. Importantly, streptozotocin-injected
atherosclerotic mice exhibited increased atherosclerosis in
the aortic sinus, carotid artery, and abdominal aorta, as well
as calcifications in the proximal aorta [34, 35].

In brief, mouse models have been very useful to unveil
the importance of inflammatory and immunological mecha-
nisms in the formation and progression of atheroma plaque.
Recently, an enormous interest for the use of noninvasive
magnetic resonance imaging (MRI) in mouse models of
atherosclerosis has arisen [36], since MRI accurately char-
acterizes the location, the size and the shape of lesions.
In addition, MRI allows the differentiation between fibrous
and lipid components of regress in plaques in mice. In
combination with noninvasive imaging technologies, mouse
models of atherosclerosis today also serve to test novel
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contrast agents, and to design and target specific molecules
involved in high-risk plaque.

2.6. Rabbit Models. The high-cholesterol diet rabbit model
has been widely used for experimental atherosclerosis. Back
in 1913, cholesterol was found to cause atherosclerotic
changes in the rabbit arterial intima, which is very similar to
human atherosclerosis. Atherosclerotic lesions also develop
in normolipemic rabbits as a result of repeated, or con-
tinuous intimal injury by an indwelling aortic polyethylene
catheter, balloon angioplasty or nitrogen exposure. There-
fore, many studies have used the rabbit model with high-
cholesterol diet, arterial wall injury, or, most commonly, a
combination of these two methods. In all these models, the
observed lesions resemble, at least in part, those seen in
human plaques, mainly regarding the inflammatory compo-
nent, though the vascular smooth muscle cell proliferation
determines for a great deal the lesion.

The rabbit model has largely been used to study the
influence of lipid lowering (by diet or statins) on the
plaque formation and “stabilization.” Those studies have
contributed to unveil the mechanisms by which lipid lower-
ing reduces macrophage accumulation and other aspects of
atheroma inflammation [37, 38].

Recently, we have set up a novel rabbit model to examine
the influence of inflammation on atherosclerotic plaque. The
aim was to study some mechanisms by which atherosclerosis
is particularly severe in patients with rheumatoid arthritis.
Briefly, the model consists in a combination of femoral injury
in hyperlipidemic rabbits and induced acute knee arthritis.
Those animals had more intensive vascular lesions than
animals without inflammation. This model could represent
a novel approach to the study, inflammation-associated
atherosclerosis [39].

A model for plaque rupture has been also developed
in rabbits. Shimizu and coworkers [40] have developed a
simple rabbit model of vulnerable atherosclerotic plaque,
with the combination of aggressive vascular injury associated
to a hyperlipidemic diet. The histological findings showed
that an aortic plaque had the three features of “vulnerable
plaque”: lipid-rich core, accumulation of macrophages, and
a thin fibrous cap. In addition, a low-density lipoprotein
(LDL) receptor-deficient animal model (the WHHL rabbit)
has been developed. This model resembles to human familial
hypercholesterolemia and shows evidence of progressive
disease of the aorta with accumulation of birefringent lipids
in intimal lesions and plaques, as well as in the media from
birth to 1 year of age.

Although rabbit aortic arteries are smaller in vessel
diameter than human carotid artery, they allows the studies
with endovascular therapeutic devices. In addition, the
rabbit model has also been used for the quantification
of atherosclerotic aortic component by MRI. This tech-
nique accurately quantifies fibrotic and lipid components
of atherosclerosis in the model and may permit the serial
analysis of therapeutic strategies on atherosclerotic plaque
stabilization [41].

2.7. Porcine Models. They prevention of heart attack and
stroke depends on the detection of vulnerable plaques
and development of plaque-stabilizing therapies. Animal
models are essential for testing mechanistic hypotheses in
a controlled manner, they should be representative of a
human disease, and at the same time be easy to manip-
ulate. However, vulnerable plaque recreation is one of the
toughest tasks in animal model design. Plaque rupture is
an additional complication of an already complex process,
and the precise mechanisms involved remain hypothetical.
A plethora of experimental approaches are available for
growing atherosclerotic lesions in various animal species as
mentioned above (Table 2).

Currently, there is no single and golden standard animal
model of vulnerable plaque, but pig models are probably the
best way to recreate human plaque instability. The combina-
tion of diabetes and hypercholesterolemia constitutes a good
model of accelerated atherosclerosis [42], and it was relevant
study the role of certain biomarkers, such as the Lp-PLA2
since these animals share a similar plasma lipoprotein profile
humans. In this regard, the selective inhibition of Lp-PLA2
by darapladib decreased progression to advanced coronary
atherosclerotic lesions and confirmed a crucial role of vascu-
lar inflammation not associated to hypercholesterolemia, in
the development of lesions implicated in the pathogenesis of
myocardial infarction and stroke [43].

Several porcine models of advanced human-like coro-
nary atherosclerosis have been employed to analyze the
development and validation of coronary imaging technolo-
gies. In the evolving era of technological development, the
availability and use of such animal models will become
critical for the development of emerging technologies in
interventional cardiology [44], and for the study of drug-
eluting stents [45]. In addition, the porcine models of
coronary atherosclerosis allow examining the impact of
adventitial neovascularisation, on atherosclerotic plaque
composition and vascular remodelling [46].

3. Animal Models of Abdominal Aortic
Aneurysms (AAAs)

Animal models of atherothrombotic AAA are essential tools
for the preclinical evaluation of new therapeutic strategies
for the suppression of aneurysmal degeneration (Table 3).
Recent insights into the mechanisms of human AAA have
come from the studies in mouse models, and elastase-
induced AAA in particular appears to recapitulate many
features of human AAA. Here we briefly outline the most
frequently used models of AAAs, and refer the reader to
recent comprehensive reviews regarding additional animal
models [47–52].

3.1. Rat Models

3.1.1. Localized Aortic Perfusion with Elastase. This model
consists of exposing a segment of the abdominal aorta and
infusing it with elastase [53]. The degradation of elastic
fibers triggers an inflammatory response that develops into
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Table 2: Animal models of plaque rupture and plaque associated thrombosis.

Spontaneous Induced

39–54-month-old pigs with inherited hyper=LDL
cholesterolemia.

ApoE−/− mice after squeezing the aorta supplemented between forceps.

42–54-week old ApoE−/− mice. Hypercholesterolemic rabbits subjected to balloon injury.

Dahl salt-sensitive hypertensive transgenic rats for human
cholesteryl ester transfer protein.

Atherosclerotic ApoE−/− mice subjected to photochemical injury.

—
Intraperitoneal injection of Russell’s viper venom in New Zealand White
rabbits intermittently fed with high cholesterol diet.

Intraperitoneal injection of Russel’s viper venom in Watanabe heritable
hyperlipidemic rabbits, in combination with the administration of
serotonin or angiotensin II.

an aneurysm [54, 55]. The severity of the induced AAA can
be increased by adding plasmin to the infusion. This model
has been adapted for use in several other species, including
rabbit, mouse, and large animals.

3.1.2. Decellularized Xenografts. This model was based on
the observation that chronic rejection of arterial allografts
and xenografts, results in arterial wall dilatation and rupture.
Michel and coworkers decellularized a section of abdominal
aorta from one species (e.g., guinea pig), and the resulting
tube of intact extracellular matrix was grafted into another
morphologically compatible species, usually rat [58]. The
xenogenic extracellular matrix triggers the destruction of
host matrix, leading to aneurysm formation. The model has
been successfully used to evaluate therapeutic targets [64–
69], although the heterogeneity of the aneurysms formed and
the lack of vessel rupture are significant limitations.

3.2. Mouse Models. The mouse has become the preferred
model for cardiovascular research for several reasons, includ-
ing the ease of handling, low procedure costs, and the
ability to manipulate the mouse genome. Consequently, of all
animal models of AAA, mouse models have provided most
of the insights into the mechanisms of human AAA. The
following models are the most widely-used to date.

3.2.1. Calcium-Chloride-Induced AAA. In this method, ini-
tially developed in rabbits [62], calcium chloride is applied
periaortically in the region between the renal arteries and
the iliac bifurcation. Significant dilatation of the aorta is
observed within 14 days, and the severity is significantly
increased if calcium chloride is applied together with thio-
glycolate and if animals are fed a high-cholesterol diet [56].
Unlike other models, calcium chloride application induces
AAA without the need for mechanical intervention.

3.2.2. Elastase-Induced AAA. The elastase-induced model
was adapted for mice by Pyo et al. [57]. Elastase perfusion in
mouse aorta causes a mild-to-moderate dilatation initially,
which subsequently develops to a >100% increase in aortic
diameter within 14 days. In this model, the degradation
of medial elastin is delayed, and the subsequent aortic
wall inflammation consists of mononuclear phagocytes

throughout the adventitial and medial layers, with relatively
few polymorphonuclear cells localized to the adventitia
[57]. Elastase-induced injury increases the expression of
MMPs, cathepsins, and other proteases [70], with MMP-9
being localized to aneurysm-infiltrating macrophages [71].
Elastase-induced AAAs thus appear to recapitulate many
features of human AAAs, and this model has become a
valuable and convenient tool for systematically evaluating the
roles of individual gene products in aneurysmal degeneration
[71–80].

When compared to calcium-chloride-induced AAA, the
main limitation of this method is in the mechanical stress
required to recreate medial elastic degradation. However,
the protocol resembles the time course of events leading
to human AAA, including initial recruitment of leukocytes
and mast cells, the development of a transmural aortic
wall inflammatory response, and finally the upregulation of
extracellular matrix metalloproteinases and other proteases,
which induce a progressive degradation of the medial elastin
and collagen, leading to the final aortic dilatation.

3.2.3. Angiotensin II-Induced AAA. This procedure was ini-
tially developed to define whether increased plasma concen-
trations of Angiotensin II (Ang II), have a direct effect on the
atherogenic process in hyperlipidemic old apoE−/− mice.
Unexpectedly, Ang II also produced large suprarenal abdom-
inal aortic aneurysms in these animals [81]. In this model,
inflammation of the vessel wall is associated with signaling
through AT1a receptors [82], nuclear factor- (NF-) kappaB-
mediated induction of proinflammatory genes, including
MCP-1, M-CSF, iNOS, COX-2, inhibition of PPARs [83],
activation of the NADPH oxidase p47phox [84], c-JUN N-
terminal [85], Rho kinases [86], and enhanced recruitment
of macrophages [87, 88] and extracellular matrix compo-
nents and degrading enzymes [89–91], leading to vessel
dissection, and rupture. The severity of AAA is higher in
hyperlipidemic apoE−/− or LDLR−/− male mice (∼60%
of mice), when compared to normolipidemic C57Bl/6 mice,
although in these models neither hyperlipidemia per se nor
atherosclerosis is considered major determinants [92–94].

The model contributed to evidence the implication of
the rennin-angiotensin (RAS) system in aneurysmal disease.
However, two main limitations should be considered: the
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Table 3: Current procedures for inducing AAA in animals.

Species AAA models

Murine

Calcium Chloride [56].

Elastase infusion [57].

Angiotensin-II-infused AAA: used in hyperlipidemic (ApoE−/− or LDLR−/−) male mice or in wild-type C57BL/6 mice in
conjunction with repeated administration of neutralizing TGF-β antibodies [50].

Decellularized xenografts: grafting of abdominal aortic extracellular matrix from one species to a compatible recipient of a
different species [58].

Spontaneous [59].

Rabbit
Elastase-induced AAA: similar to the murine model [60], also applicable to the carotid artery [61].

Calcium chloride [62].

Pig
Surgical model: dilatation of the infrarenal aorta with an angioplasty balloon followed by infusion of pancreatic porcine
elastase [63].

suprarenal location of the aneurysm (in contrast to the
infrarenal location in humans) and the clinical relevance
of RAS inhibition, since the association of RAS in human
AAA has provided controversial results, pointing towards
necessary large population studies.

3.2.4. Spontaneous Mouse Mutants. The blotchy mouse is
a mouse strain containing a spontaneous mutation on the
X chromosome which leads to abnormal intestinal copper
absorption. These animals have weak elastic tissue due to
failed crosslinking of elastin and collagen, and develop aortic
aneurysms mainly in the aortic arch, thoracic aorta, and
occasionally in the abdominal aorta [59]. However, results
from this model are difficult to interpret, since the mutation
produces many severe additional effects.

3.3. Rabbit Models. Several of the same interventions used in
mice are also implemented in rabbits, including elastase infu-
sion [60] and calcium chloride application to the abdominal
aorta [56]. Another intervention used in rabbits is elastase
infusion in the right carotid artery [61]. The main advantage
of rabbits over other animal models is that rabbit aneurysms
more closely resemble human aneurysms hemodynamically
and histologically. Rabbit models also combine several of
the attractive features of small animals, such as the easy
housing and handling. In addition, similarly to large animals,
rabbit aneurysms can be monitored by accessing through the
femoral artery, thus providing an excellent model for testing
endovascular therapies [95, 96].

3.4. Porcine Models. Porcine models of AAA have provided
significant information about the changes that occur after
AAA induction and about the responses to stent deployment.
A recently-developed porcine model combines mechanical
dilatation by balloon angioplasty with enzymatic degrada-
tion by infusion of a collagenase/elastase solution. The model
is characterized by gradual AAA expansion associated with
degradation of aortic wall elastic fibers, an inflammatory
cell infiltrate, and persistent smooth muscle cell loss [63].
A broad number of similarities were found between this
model and human AAA, and the procedure may also
represent an excellent method to evaluate endovascular

related procedures. Despite the benefits, however, pigs have
significant disadvantages, including complex animal han-
dling, the requirement of special housing and surgical room
facilities, the elevated cost of the animals, and the reduced
sample sizes per assay.

3.5. Thoracic Aortic Aneurysm (TAA). Elastic tissue degra-
dation is also related to the development of thoracic aortic
aneurysm (TAA), and mouse models have significantly
advanced the understanding of this pathology. TAA is a
characteristic feature of Marfan syndrome (MFS), a disorder
caused by mutations that affect the structure or expression
of the extracellular matrix protein fibrillin-1, a glycoprotein
that is associated of extracellular proteins, including integrin
receptors and insoluble elastin [97]. Fibrillin-1 mutations
in MFS decrease ECM sequestration of latent TGFβ, thus
rendering it more prone to or accessible for activation [98–
100]. TAA progression in MFS is driven by elastic fiber cal-
cification, vascular wall inflammation, intimal hyperplasia,
structural collapse of the vessel wall, impaired activation of
MAP kinase signaling, and altered synthesis of ECM proteins
and matrix-degrading enzymes (MMPs) [101]. Systemic
administration with TGFβ antagonists has been successfully
used to mitigate vascular disease in mouse models of MFS
and in children with severe and rapidly progressive MFS [97,
102]. Moreover, studies in mouse models have shown that
fibulin-4 and LRP1 are also associated with TAA [103, 104].

4. Animal Models of Heart Failure

Models of heart disease in small animals, particularly rats,
have been very useful for the assessment of pharmacolog-
ical therapies. In addition, several target genes have been
identified in genetically modified mouse models. Many of
these genes have proved to be crucial in the initiation and
progression of heart disease. Below, we describe the animal
models currently used to study heart failure, which are also
summarized in Table 4.

4.1. Rat Models. Rat models have dominated research into
heart damage because, while rats share many of the benefits
of mice (low cost, ease of handling, etc.), their larger
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Table 4: Current procedures for inducing heart damage in animals.

Species Heart failure models

Murine

Myocardial damage
Chemical: isoproterenol administration [106].
Electrical: overlapping burns [107].
Surgical: coronary artery ligation [105].

Ischemia Reperfusion:
Transient occlusion of the left coronary artery [108].

Cryoinfarction: cryo-injuries to the epicardium [109].

Pressure overload: aortic constriction and banding. Aortic stenosis [110, 111].

Transgenic models of dilated cardiomyopathy: mutation of cardiac α-actin protein [112].

Rabbit
Spontaneous: WHHLMI rabbits [113].

Coronary artery occlusion: similar to the murine model, also applicable to the carotid artery. This is an excellent
model for testing endovascular therapies [114].

Pressure overload: aortic banding [115], valvular stenosis [116].

Dog
Microembolization [117].

Tachycardia: ventricular pacing [118].

Aortic stenosis [119].

Pig
Surgical model: balloon occlusion of coronary arteries [120].

Tachycardia: pacing-induced supraventricular tachycardia [121].

size greatly facilitates surgical and postsurgical procedures.
Myocardial damage in rat hearts is induced by three proce-
dures: surgical, pharmacological, or electrical.

The surgical method, first developed by Pfeffer and
coworkers, consists of ligating the left coronary artery [105].
In this procedure, left thoracotomy is performed on the
anesthetized rat, and the heart is rapidly exteriorized by
gentle pressure on the right side of the thorax. The left
coronary artery is either ligated or heat cauterized between
the pulmonary artery outflow tract and the left atrium.
The heart is then returned to its normal position and the
thorax immediately closed. Several modifications have been
introduced to improve performance and to reduce animal
mortality, and left coronary artery ligation is the most
common method used to induce acute myocardial damage in
rat and other animal models. One important modification is
temporary occlusion followed by reperfusion, allowing flow
recovery through the previously occluded coronary artery
bed. Left coronary artery ligation can thus be used to evaluate
diverse parameters resulting from either permanent ischemia
or ischemia/reperfusion.

Pharmacological induction of heart damage was first
implemented by Bagdon and coworkers in 1963 and is
achieved by treatment with the beta-one adrenergic receptor
(B-AR) agonist isoproterenol [106]. Isoproterenol adminis-
tration before ischemia exerts a cardioprotective action in
rats, but at the right dose it induces cardiac myocyte necrosis
and extensive LV dilatation and hypertrophy.

Isoproterenol treatment and left coronary artery ligation
in rats are efficient and reproducible methods that provide
valuable information about the underlying mechanisms
implicated in human heart disease.

The electrical method consists of generating overlapping
burns in exposed rat hearts by applying a 2-mm-tipped
soldering iron to the epicardium of the left ventricle [107].

While this is also a valid method, the degree of heart damage
produced is not consistent among laboratories, limiting the
reproducibility of the results obtained with this procedure.

4.2. Mouse Models. Against the many general advantages of
working with mice (ease of handling, low pregnancy times,
etc.), investigators choosing them as models of heart failure
must consider two important limitations: the small size of
the heart and the structural differences with respect to the
human cardiovascular system. Nonetheless, the availability
of transgenic and knockout strains and the relative ease with
which new genetic modifications can be introduced make the
mouse one of the most attractive models for research into the
molecular basis of heart failure.

One of the most widely used models of heart failure in
mice is the left coronary artery ligation procedure, adapted
from rat. In some protocols the artery is occluded perma-
nently, but recently procedures for temporary occlusion have
been introduced to reproduce human ischemia/reperfusion
injury [108]. In this method the left anterior descending
coronary artery is occluded and then reperfused, allowing
flow recovery through the previously occluded coronary
artery bed. Reperfusion is monitored visually, and the infarct
can be analyzed by histopathological techniques, and can be
documented in real time by non invasive high frequency.
The areas at risk and the infarct size are revealed by staining
with Evans blue dye and triphenyltetrazolium chloride and
are assessed by computerized planimetry. This model has
confirmed the benefits of reperfusion, since infarct size
was found to be significantly lower than after permanent
occlusion of the coronary artery.

The method has been further modified to analyze
ischemic preconditioning of the heart. In this method, the
left coronary artery is repeatedly occluded to subject the
heart to several rounds of brief ischemia and reperfusion,
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followed by permanent occlusion. This approach has iden-
tified several ischemia-induced genes that confer tolerance to
a subsequent ischemic event [122].

More recently, a model of myocardial infarction was
developed, in mice and rats, in which a series of cryo-
injuries is generated in the heart. This new model is yielding
promising results [109].

4.3. Large Animal Models of Heart Failure. Small animal
models have provided significant insights into human car-
diac pathophysiology. However, rodent and human hearts
differ in their architecture, heart rates, oxygen consumption,
contractility, protein expression, and even stem cell popula-
tions, and there is therefore an obvious need for models of
heart failure in large animals.

The first large animals used to study heart failure were
dogs, in which models of myocardial infarction and serial
microembolization of the coronary artery were developed
[117]. However, the preferred large animal model of heart
damage is the pig, because the collateral coronary circulation
and arterial anatomy of pigs and humans are very similar
and infarct size can be accurately predicted [123]. Among
several models of MI in pigs, one of the most widely
used is balloon occlusion of the left anterior descending
coronary artery. In this model, a catheter is inserted through
the femoral artery, positioning an angioplasty balloon over
a guide wire at a position distal to the second largest
diagonal branch of the artery, and infarction is induced
by balloon inflation [120]. The similar size and cardiac
physiology of pigs and humans mean that this model offers
major advantages over models in other species. However, the
method requires specialized equipment, dedicated surgical
facilities and skilled personnel, limiting the number of
laboratories able to conduct these studies.

The rabbit, much less expensive than pig, offers a
compromise solution. Rabbit models of heart failure, includ-
ing coronary artery occlusion models [114], have major
advantages over other species. For example, the composition
of sarcomeric proteins in rabbits is similar to that in
humans, and the sarcolemmic reticulum contributes about
70% of calcium elimination. In addition, the WHHLMI
rabbit strain provides a model of spontaneous myocardial
infarction requiring no surgical intervention. This model was
developed by selective breeding of coronary atherosclerosis-
prone WHHL rabbits [124]. The main limitation of the
WHHLMI model is that it does not feature plaque rupture,
whereas in humans coronary plaque rupture and subsequent
intravascular thrombosis are the major causes of acute
myocardial infarction. Despite this limitation, the model is
valid for the study of atherosclerosis-related heart complica-
tions [113, 125].

An additional model of heart failure in large and small
animals is pressure overload of the left ventricle, induced
by transverse aortic constriction in mice [110] and aortic
banding in rats and rabbits. Left ventricle hypertrophy can
also be recreated by ventricular pacing in dogs [115, 118,
126], valvular stenosis in rabbits [116], and renal artery
constriction or aortic stenosis in rats, hamsters, mice, rabbits
and dogs [111, 119].

Another model of heart failure is the dilated cardiomy-
opathy. Human dilated cardiomyopathy has been modeled
in rabbits and pigs by inducing chronic tachycardia with a
pacemaker [121, 127]. Transgenic mouse models, involving
mutations that predispose to dilated cardiomyopathy, have
also proved very useful. These models have identified an
association of cytoskeletal and contractile proteins with this
pathology, and very recently a transgenic model expressing
a mutated cardiac alpha-actin gene was provided, in which
calcium sensitivity of myofilaments is decreased and the
expression of calcium/calmodulin-dependent kinase IIdelta
(CaMKIIdelta) is increased [112]. Inhibition of CaMKII-
delta in these animals prevented the increase in p53 and
apoptotic cardiomyocytes and ameliorated cardiac function.

5. Conclusion

Animal models of cardiovascular disease yield important
insights into the genetic basis of human cardiovascular
diseases and provide a test bed for pharmacological and
treatments. Nonetheless, investigators need to carefully
consider their choice of model: no single method per-
fectly recreates the human disease, and there are related
considerations of cost, infrastructure and the requirement
for specialized personnel. Taking these considerations into
account, experimenters therefore need to select models that
best reproduce the aspect of disease being investigated. In
particular, when moving from bench to bedside it is essential
to test procedures in relevant models that yield highly
reproducible results, but despite these limitations, given the
range of animal models available today it will always be
possible to devise an appropriate strategy, and animal models
remain the best tools for advancing the understanding of the
mechanism of human cardiovascular disease.
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To improve human health, scientific discoveries must be translated into practical applications. Inherent in the development of these
technologies is the role of preclinical testing using animal models. Although significant insight into the molecular and cellular basis
has come from small animal models, significant differences exist with regard to cardiovascular characteristics between these models
and humans. Therefore, large animal models are essential to develop the discoveries from murine models into clinical therapies
and interventions. This paper will provide an overview of the more frequently used large animal models, especially porcine models
for preclinical studies.

1. Introduction

Therapies for the treatment of cardiovascular disease have
advanced dramatically over the last 2 decades. To improve
human health, scientific discoveries and technologies must
be translated into practical applications. Such advances
typically begin with basic research and then progress to
the clinical level. Inherent in the development of these
technologies is the role of preclinical testing using animal
models. Although no animal model can fully replicate
the complexity of human pathological conditions, animal
models are key for the evaluation of mechanisms of disease
and testing of diagnostic technologies and interventions.
Significant insight into the molecular and cellular basis
of cardiovascular biology has come from small animal
models, particularly mice. However, significant differences
exist with regard to cardiovascular characteristics, when mice
are compared to humans. Therefore, large animal models
that approximate human physiology, function, and anatomy,
are essential to develop discoveries from murine models into
clinical therapies and interventions.

This paper will provide an overview of the more fre-
quently used large animal models, especially porcine models
for preclinical studies.

2. Experimental Porcine Model of
Myocardial Ischemia

Recent years have seen 2 important changes to the clinical
approach involving acute myocardial infarction (AMI). First,
there is increasing recognition that the pathophysiology
of human AMI is a process occurring at many levels,
not just within the epicardial coronary artery, but also
within the microvasculature and the myocardium. Second,
contemporary treatments are shifting from thrombolytic
dissolution of epicardial coronary thrombus to direct
mechanical approaches such as angioplasty and stents. On
the other hand, chronic reversible contractile dysfunction
(hibernation) is frequently identified in the evaluation
of patients with coronary artery disease and constitutes
an intense area of clinical interest. Thus, the following
discussion reviews and examines current animal models
of AMI/chronic hibernation and discusses advantages and
limitations, providing an overview of their place in these
important models of AMI.

2.1. Animal Myocardial Infarction/Reperfusion Model. Tra-
ditionally, in vivo large animal studies have involved dogs
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Figure 1: Porcine (a and b). (a) Right coronary artery. (b) Left coronary system. Human (c and d). (c) Right coronary artery. (d) Left
coronary system. Similar anatomy and coronary distribution is shown of the left anterior descending, left circumflex, and right coronary
arteries.

as the most frequently used animal species yet due to
cost and social pressures, the porcine model has become a
more favored animal only in recent years [1, 2]. To induce
myocardial ischemia, whereas the left descending coronary
artery (LAD) is most frequently used to produce regional
myocardial ischemia, left circumflex coronary artery (LCx)
occlusions have also been used. A number of studies have
been performed in open-chest models with thoracotomy [3,
4]. This approach allows easy access to the heart with direct
visual control of the success of coronary artery occlusion and
the opportunity to measure local contractile performance,
metabolic parameters, and coronary flow using ultrasound
techniques [5–7]. However, disadvantages of this open-chest
model stem from having to open the chest and pericardium,
both of which are suspected and reported to influence the
pattern of left ventricular remodeling in chronic models
[8, 9]. To eradicate these disadvantages, several groups
have reported catheter-based closed-chest techniques [9–12].
Cardiac catheterization and coronary intervention in the pig
and in humans are similar in many ways (Figure 1). Through
the use of an intracoronary balloon inflation technique, both
the location and duration of coronary artery occlusion are
well controlled. In our laboratory, once baseline coronary
angiography is performed, the middle portion of LAD distal
to the 1st diagonal branch is primarily chosen as the targeted

occlusion location to induce MI [12] (Figure 2). In our expe-
rience, 60-minute mid-LAD occlusion is the most feasible
location and timeframe to develop a porcine reperfused
myocardial infarction model [12]. A commonly perceived
difficulty of using the pig MI model is a predisposition
for refractory arrhythmogenesis. Thus, it is known from
previous reports using the porcine myocardial model, that
there is a high incidence of ventricular fibrillation (VF) or
ventricular tachycardia (VT) after induction of myocardial
infarction coupled with greater mortality due to infarct-
related complications. All VF episodes occurred within the
first 20–30 minutes after induction of myocardial infarction
and within the first 10 minutes after reperfusion [12].
However, methods have been described to obviate this issue,
such as aggressive airway protection and ventilatory man-
agement, electrolyte supplementation, and antiarrhythmic
administration.

For histological assessment of injured myocardium,
2,3,5-Triphenyltetrazolium chloride (TTC) was commonly
used. In viable myocardium, TTC is converted by dehydro-
genases to a red formazan pigment that stains the tissue dark
red. In necrotic myocardium, however, such staining does
not occur because of the loss of dehydrogenases. To delineate
areas at risk for ischemia and infarcted (necrotic) areas more
clearly, our group performs in vivo a double staining method
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with 1% Evans blue dye and a 1% solution of TTC [12]
(Figure 3).

2.2. Animal Models with Hibernating Myocardium. Myocar-
dial hibernation, as originally described by Rahimtoola [13],
was thought to represent “a state of persistently impaired
myocardial and left ventricular function at rest because
of reduced coronary blood flow that can be partially or
completely restored to normal if the myocardial oxygen
supply/demand relationship is favorably altered, either by
improving blood flow or by reducing demand.” Chronic
reversible contractile dysfunction is frequently identified in
the evaluation of patients with coronary artery disease. There
has been considerable interest in prospectively identifying
patients with chronic left ventricular contractile dysfunction
that improves following coronary revascularization. PET
and other noninvasive quantitative imaging modalities have
advanced our understanding of the mechanisms involved
with hibernating myocardium in patients [14–17]. From
these advances, several studies were initiated to investigate
suitable animal models. Usually, larger animals such as swine
or dogs are used for developing a hibernating myocardium
model. Initially, Matsuzaki et al. attempted to develop animal
hibernation models through steady-state acute ischemia and
short-term reduction in coronary flow reserve [18]. As a
result, these models have provided insight into the initial
adaptive response of the heart to acute ischemia, indicating
that it can be maintained for several hours without the
development of significant necrosis. Other groups have
attempted to extend the duration of ischemia to 24 hours
and 1 week for developing viable chronically dysfunctional
myocardium [19–21]. Although these attempts resulted in
regional dysfunction and a stenosis-induced reduction in
coronary flow, one major drawback noted was that this
approach resulted in irreversible injury that produced patchy
necrosis visible by TTC in some animals and focal necrosis
by light microscopy in most animals. These early animal
experiments of short-term reductions in myocardial flow
seemed to support this “smart” heart concept [22] in
which myocardial function is downregulated to the point at
which perfusion and function are once again in equilibrium.
Chronic stenosis models that reduce coronary flow reserve
appear to be more applicable to understanding factors gov-
erning the development of viable dysfunctional myocardium.
Canty and Klocke have demonstrated that viable chronically
dysfunctional myocardium could be reproduced in dogs
[23], and Shen and Vatner have subsequently reproduced a
similar state of chronic stunning using an Ameroid occcluder
in the porcine model [24]. Fallavollita and Canty have further
demonstrated that resting dysfunction worsened from 1
month to 2 months after operation despite resting perfusion
at both time points being normal, consistent with a state of
chronic stunning and hibernating myocardium with reduced
resting coronary flow and increased FDG uptake developed
at 3-4 months after operation [25]. Although the most widely
used animal model of hibernating myocardium has been
the Ameroid stenosis, the disadvantage of this approach is
that both the rate and extent of progression of the Ameroid

stenosis and the rate of collaterals are unpredictable. In
addition, there is a large variation in the reported percent
infarction of the area-at-risk (5 to 100%). As a model of
human coronary artery disease, this model has its limitations
[19–21, 23–30].

3. Experimental Porcine Coronary Model

The coronary artery system of domestic pigs is in similar
fashion to human coronary arteries [31, 32]. Furthermore,
when porcine coronary arteries are injured, thick neointima
is seen within 28 days and is identical to human restenotic
neointima (Figure 4). In addition, the amount of neoin-
timal thickening is directly proportional to injury thereby
permitting the creation of an injury-response regression
relationship that can further quantify the response to poten-
tial treatment therapies [33, 34]. Cardiac catheterization
techniques in the pig are similar to the techniques used
in humans. Standard human diagnostic and interventional
equipment can also be used. Thus, coronary arteries in
domestic swine are suitable for the assessment of catheter-
based interventional devices that may be used in humans.

3.1. The Evaluation of Stent Technologies. Drug-eluting stents
(DES) have driven a new era into the field of percuta-
neous coronary intervention [35, 36]. The success of this
technology is founded not only on initial human clinical
data but also on preclinical studies using the porcine
coronary restenosis model [37–40]. Presently, it is unclear
whether any single animal species is more predictive of the
human response than another. These animal models can
therefore help prove critical hypotheses regarding putative
mechanisms of action of an intervention yet cannot be
used to predict efficacy [41, 42]. Regarding DES evaluation,
recommendations from a preclinical studies consensus group
suggest that the stent should be appropriately sized by
visual or quantitative coronary artery measurement using a
stent : artery ratio ≤1 : 1, while using a higher stent : artery
ratio could induce severe arterial injury and considerable
coronary artery stenosis [41, 42]. For the evaluation of stent
performance, a rigorous, (semi)quantitative and defined
scale for device evaluation should be presented such as
injury/inflammation score, vascular response/healing, and
stent strut apposition/adjacent tissue as previously reported
[43–48].

Although preclinical studies of both sirolimus-eluting
stents (SESs) and paclitaxel-eluting stents (PESs) have
demonstrated efficacy compared with bare metal stents
(BMSs), enthusiasm for this technology has recently been
dampened by concerns of late stent thrombosis. Nakazawa
et al. has reported that incomplete endothelial coverage was
seen in nonoverlapping and overlapping sites of both SES
and PES compared with both the Endeavor zotarolimus-
eluting stent (ZES; Medtronic Vascular, Santa Rosa, CA)
and BMS and that the differences were more pronounced
in the overlapping segments [49] (Figure 5). In addition,
two studies using human autopsy samples suggested that
incomplete endothelial coverage of stent struts played an
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(a) (b)

Figure 2: Baseline coronary angiogram was obtained for assessment of anatomic information of the LAD (a). The LAD with the first large
diagonal artery (white arrowhead) is delineated. Angiographic confirmation of complete occlusion in the midportions (b) of the LAD with
a PTCA balloon catheter (white arrow). Adapted from [12].
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Figure 3: This picture demonstrates the porcine heart (a) and cross-sectional slice (b). The dark area stained with Evans Blue indicates
nonischemic territory, and the red area stained with TTC is the area at risk for ischemia (TTC-positive). In (b), the white area is the
infarcted (necrotic) myocardium (TTC-negative). The schema explains what the stained colors and territories indicate (c). LAD: left anterior
descending artery. Adapted from [12].

important role as the morphometric predictor of late stent
thrombosis [52, 53]. From these reports, two time points are
implicated for use in the evaluation of stent performance: the
first at 28 days to observe for neointimal hyperplasia, and at
least one later time point to examine long-term effects. The
latter time point (3 or 6 months) depends on when “healing”
and drug release are both complete. Of note, the FDA has
typically recommended 6-month follow-up as the interval to

acquire preclinical stent data [41, 42], yet this window reflects
experience with balloon angioplasty and not necessarily the
“window” for drug-eluting stents.

3.2. Porcine Heat-Injury Restenosis Model. The porcine coro-
nary stent restenosis model is a well-accepted standard;
however, its fundamental drawback is that the stent itself is
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Figure 4: (a) Photomicrographic section shows gross neointimal proliferation causing a significant stenosis (Hematoxylin-Eosin stain, x5).
(b) In this section, the porcine coronary was totally occluded with neointimal hyperplasia. L: lumen; M: media; NI: neointima;∗: stent strut.
Adapted from the reference [32].
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Figure 5: (a) X-rays of longitudinally cut rabbit iliac arteries at 21 days after placement of overlapping ZES, SES, and PES. The extent of
stent coverage by endothelial cells was greatest with ZES, with almost complete coverage in the proximal and distal segments and significantly
greater coverage in the overlapped segment compared with SES and PES. (b) Photomicrographs showing the amount of neointimal thickness
at 28 days after placement of Endeavor zotarolimus-eluting stents (ZESs), Cypher sirolimus-eluting stents (SESs), Taxus paclitaxel-eluting
stents (PESs), and Driver bare metal stents (BMSs) in rabbit iliac arteries. With SES, there were focally uncovered stent struts, which were
associated with inflammation consisting of heterophils or eosinophils and giant cells. Adapted from [49].
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Figure 6: Time course of coronary artery treated with thermal balloon. A severe tandem coronary artery stenosis is observed in the left
anterior descending artery (LAD) at 4 weeks after thermal balloon injury [50].

foreign material. As a result, this model may not be suitable
to evaluate the performance of bifurcation or bioabsorbable
stents due to lack of a true stenosis lesion. Also, results
of coronary artery imaging such as computed tomography
(CT), magnetic resonance imaging (MRI), intravascular
ultrasound (IVUS), and optical coherence tomography
(OCT) may be hampered as the stent can produce artifact.
Using radiofrequency thermal balloon angioplasty, Staab
et al. [54] and our laboratory [50] have investigated a
porcine heat-injury restenosis model. In our study using
22 swine with a total of 54 coronary arteries, coronary
artery stenoses were consistently developed at 4 weeks
after heat-injury (Figure 6). In light of these results, this
porcine coronary restenosis model might be useful for the
evaluation of bifurcation stents and bioabsorbable stents,
coronary imaging studies as listed above, and as part of
the technical training for complex percutaneous coronary
interventions such as bifurcation, diffuse lesion, and chronic
total occlusion [50].

3.3. Porcine Chronic Total Occlusion (CTO) Model. Recent
advances of DES technology have shifted focus within
interventional cardiology from restenosis prevention to the
treatment of CTO. Despite its common occurrence, there
is surprisingly little information about the pathophysiology
of CTO, and why some CTO can be crossed while in
others, crossing is unsuccessful. For the past several years,
researchers have developed CTO models to guide therapeutic
investigations.

Spontaneous atherosclerotic plaque rupture and subse-
quent arterial occlusion do not occur naturally in any animal
model, even among models genetically engineered to have
increased atheroma formation. The initial method of pro-
ducing a total occlusion utilized external ligature or Ameroid
constriction [55]. However, one fundamental drawback of
this method is the inability to facilitate the development of
devices to recanalize CTO. Strauss et al. subsequently mod-
ified the thrombin injection model by infusing collagenase
[56]. Several characteristics of human CTO were evident in
this model, including mature fibrous tissue, multiple small
intraluminal vascular channels, occasional extracellular lipid
deposits, and disruption of the internal elastic lamina. Their
reports suggested that the microchannels might be a critical
determinant of successful CTO guide wire crossing [57].
Other CTO models have included stents with occluded out-
flow and have even used direct alcohol injection to promote
thrombosis [58]. Developing an accurate and reproducible
human-like coronary CTO model has been a complex
undertaking because (1) coronary vessels are less amenable to
a direct surgical approach; (2) simulating luminal and medial
pathology, including microcalcification, has been difficult;
(3) an inflammatory component must be present to mimic
human CTO lesions [59, 60]. Balloon angioplasty and stent
implantation in animal coronary arteries, both standard
methods of denuding the vessel and engendering neointimal
proliferation, rarely result in CTO development. Polymers
have also been used to invoke chronic coronary occlusions.
Early polymeric implants were abandoned as stent platforms
because they induced severe inflammatory responses and
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Figure 7: Histological examinations of pig experiments. Elastic-van Gieson (a, b) and Von kossa (c, d) stained CTO segment of coronary
arteries. Arrows in (c) and (d) indicate microcalcification. Ex vivo micro-CT confirms that CTO lesions contain calcification in LAD (red
circle) [51].

vessel occlusion [61]. Prosser et al. reported placement of
a microporous poly L-lactic acid polymer into pig and
dog coronary arteries [62]. The polymer is absorbed by 28
days, resulting in a microchanneled occlusion histologically
similar to a human CTO. Using similar methods, Suzuki et al.
[63] and our laboratory [51] have developed severe calcified
CTO in pig coronary arteries (Figure 7). These animal
models may contribute to a more in-depth understanding
of the biology of human CTO and enable new device and
pharmacological investigations to improve recanalization
success in these challenging lesions.

3.4. Animal Model of Vulnerable Plaque. The definition of a
“vulnerable” plaque is now accepted that most clinical man-
ifestations of atherosclerosis such as AMI, unstable angina,
and sudden cardiac death result from the development
of an occlusive thrombus over an underlying plaque. The
mechanisms of plaque rupture and subsequence occlusive
thrombus formation are still unclear. Thus, animal models
of high-risk (vulnerable) plaque are pivotal in the develop-
ment and validation to identify and characterize vulnerable
atherosclerotic lesions in humans. Recent models of plaque
vulnerability continue to use small animals, particularly
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mice; however most do not result in features representative of
human end-stage atherosclerosis. Characteristics of human
vulnerable plaque such as plaque disruption, neovascular-
ization, intraplaque hemorrhage, and occlusive thrombus
formation occur rather infrequently in murine models. In
addition, lipoprotein metabolism in mice is largely different
from that in humans, thus a murine model may not be
suitable for studies examining the effects of hypolipidemic
therapies on atherosclerosis or myocardial infarction. In
studies using large animals, Granada et al. reported that
percutaneous intramural injection of cholesteryl linoleate
results in the development of complex, lipid-containing
inflammatory lesions in less than 4 weeks and that the
intravascular ultrasound findings for the lesions created
in this model demonstrate similar features to those of
complex human atherosclerotic plaques [64, 65]. However,
this model is rich in smooth muscle cells/proteoglycans, and
the lesions lack a necrotic core, calcification, and collagen
(type I). Hasler-Rapacz et al. described a strain of large
domestic swine which develop elevated LDL levels and
subsequently develop human-like atherosclerotic lesions by
12 months of age [66, 67]. Gerrity et al. also demonstrated
the combination of induced diabetes by intravenous infu-
sion of streptozotocin as well as hypercholesterolaemia by
administration of a high cholesterol diet in Yorksire pigs,
leading to advanced atherosclerotic lesions [68]. Although
these porcine models develop human-like atherosclerosis,
a major limitation is the time duration necessary for the
development of advanced coronary lesions.

Shiomi et al. have developed the MI model, designated
the Watanabe heritable hyperlipidemic (WHHL) rabbit, in
which sudden cardiac events occur spontaneously without
any artificial treatment [69]. In their study, the cumulative
incidence of fatal sudden cardiac events up to the age of 35
months was 97%, and representative findings of myocardial
infarction (MI) such as vulnerable plaques as defined by
Naghavi et al. [70] and thrombosis were observed in the
hearts of those rabbits. This WHHL MI rabbit could be a
very useful model for studying the mechanism(s) of plaque
rupture and thrombogenesis and provide a novel means for
developing new therapies or imaging technologies.

Currently, there is no standard animal model for vulner-
able plaque. The availability of animal models of human-
like atherosclerosis will become the most critical element for
the preclinical validation of emerging diagnostic/therapeutic
technologies developed for use in patients with symptomatic
coronary artery disease.

4. Conclusions

Clinical implementation of innovative diagnostic and thera-
peutic technologies will ultimately depend on the successful
development of large animal models that permit preclinical
evaluation of the technology. The field of percutaneous
cardiovascular intervention technology is developing quickly
and reflects the time sensitivity of the information con-
tained within this paper. The success of this interventional
subspecialty will be driven by the results of a collaborative

relationship between the cardiologist, cardiac surgeon, and
the medical device industry.

In addition, the role of animal models should be not
only in device development and durability testing but also in
training for clinicians in optimal techniques involving new
procedures.
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The actions of Angiotensin II have been implicated in many cardiovascular conditions. It is widely accepted that the cardiovascular
effects of Angiotensin II are mediated by different subtypes of receptors: AT1 and AT2. These membrane-bound receptors share
a part of their nucleic acid but seem to have different distribution and pathophysiological actions. AT1 mediates most of the
Angiotensin II actions since it is ubiquitously expressed in the cardiovascular system of the normal adult. Moreover AT2 is highly
expressed in the developing fetus but its expression in the cardiovascular system is low and declines after birth. However the
expression of AT2 appears to be modulated by pathological states such as hypertension, myocardial infarction or any pathology
associated to tissue remodeling or inflammation. The specific role of this receptor is still unclear and different studies involving
in vivo and in vitro experiments have shown conflicting data. It is essential to clarify the role of the AT2 receptor in the different
pathological states as it is a potential site for an effective therapeutic regimen that targets the Angiotensin II system. We will review
the different genetically modified mouse models used to study the AT2 receptor and its association with cardiac hypertrophy and
heart failure.

1. Introduction

Angiotensin II (Ang II) plays a pivotal role in the regulation
of the cardiovascular system [1, 2]. It is known that the
effects of Ang II are mediated by several subtypes of Ang II
receptors; these receptor subtypes differ from each other on
their pharmacological and biochemical properties. Up until
now, the subtypes that have been identified are the Type 1
(AT1) and the Type 2 (AT2) present in humans, and AT1A

and AT1B present in rodents [2]. Both of these receptors,
AT1 and AT2, belong to the seven-transmembrane domain
superfamily of receptors, and they share 34% of their nucleic
acid sequence. The AT1 receptor is widely distributed in adult
tissues (blood vessels, kidney, adrenal gland, heart liver, and
brain). The AT2 receptor is ubiquitously expressed in fetal
tissues but the expression of the AT2 receptor declines rapidly
after birth with very low abundance in ventricular myocytes
and vascular endothelium and absence in fibroblasts [3, 4].
Most of the distinct effects of Ang II on vasomotor tone,

contractility, and myocardial growth are mediated by AT1

receptors [5, 6] but various studies from the past two decades
have demonstrated involvement of the AT2 receptor in some
important actions of Ang II in the heart. However, the
specific role of the AT2 receptor still remains unclear [5–7] as
there have been contradictory results in the different studies
performed.

Accumulating evidence suggests that the AT2 receptor
may act as an AT1 receptor antagonist, as its activation has
been associated with opposite cellular functions of AT1, such
as antigrowth, antihypertrophic, and proapoptotic effects
[8, 9]. If these receptors exert opposing actions in the heart,
their ratio of expression under different cardiac pathologies
may determine myocardial function and structure. Exper-
iments using hypertrophic hearts have demonstrated that
the cardiac expression of AT1 and AT2 receptors changes
during the process of cardiac hypertrophy allowing the heart
to respond differently to Ang II. Studies have shown that
the pathological hypertrophy and failure of human hearts
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are associated with a decrease of AT1 and an increase of
AT2 receptor expression, that is, an increase of AT2-to-AT1

ratio [10, 11]. In patients treated with AT1 antagonists,
circulating Ang II levels are increased and may preferentially
bind to AT2 receptors inducing several effects that still remain
controversial.

In order to develop a safer and more effective therapeutic
regimen by targeting the Ang II system, it becomes essential
to clarify the role of the AT2 receptor in the development
of cardiac hypertrophy and failure. With the objective of
clarifying the specific actions of the AT2 receptor in cardiac
hypertrophy and heart failure, different approaches have
been developed including in vivo and in vitro experiments.
However, results from these studies have been inconsistent.
This paper will review the different genetically modified
mouse models used to study the AT2 receptor and its
association with cardiac hypertrophy and heart failure.

2. Angiotensin II Type 2 Receptor Mouse Models

Mice had been extensively used as a model for cardiovascular
research; not only due to their short gestation period but
also because there is significant preservation of the molecular
pathways that control cardiovascular development and func-
tion between mice and humans [12]. Different approaches
to genetic modification in the mouse such as gene deletion
or overexpression have been described [13]. These animal
models have become invaluable tools to study cardiovascular
genetics, developmental biology, and physiology in normal
or pathologic hearts [12, 13].

Compared to in vitro cardiomyocyte culture and phar-
macological intervention, genetically modified mouse mod-
els have provided a novel and powerful method to study
the physiological function of the AT2 receptor. First, this
technique allows us to study the function of the gene of
interest in a physiological setting; second, it reduces the off-
target effects of pharmacological inhibitors. It was hoped
that genetic deletion or overexpression of the receptor would
provide a much clear picture of AT2 in cardiac hypertrophy
and failure. Currently, there are two AT2 overexpression and
two AT2 knockout mouse models that have been generated
[14–17]. Unexpectedly, the results from these mouse models
are contradictory and have raised more questions in the field.

2.1. Transgenic Mice with Cardiomyocyte-Specific Overex-
pression of AT2. Two transgenic (TG) mouse models with
cardiomyocyte-specific AT2 overexpression have been gen-
erated [14, 15]. In the first model, the AT2 receptor was
overexpressed in both atria and ventricles, using the α-
myosin heavy chain promoter in C57BL/6 mice [15]. Studies
using this transgenic mouse model showed that the TG mice
did not present any abnormality in myocardial development
or phenotype when compared to nontransgenic (NTG) mice
[15, 18]. Under baseline condition, the heart weight (HW)
to body weight (BW) ratio was similar between TG and NTG
mice. However, TG mice showed a higher end-diastolic wall
thickness [18, 19]. Heart rate was similar between TG and
NTG, while ejection fraction (EF%) was higher in TG mice

[18]. Aortic stenosis (AS) in adult mice or with chronic Ang
II infusion significantly increased HW/BW in mice compared
to control mice; but HW/BW was not different between TG
and NTG mice [19]. Ang II infusion in mice reduced HR
in TG mice, but did not increase apoptosis [18]. Myocardial
infarction (MI) increased left ventricular mass index (LVMI)
in mice, with no difference between TG and NTG mice. LV
wall thickness and EF%, however, maintained higher in TG
versus NTG mice after MI [18] (Table 1).

Our laboratory has generated a mouse model with ven-
tricular myocyte-specific overexpression of the AT2 receptor
using α-myosin heavy chain 2v (MLC 2v) promoter in FVB/n
mice [14]. We generated four lines of mice with different
copy number of the AT2 gene [14]. This allowed us to
study the dose-response of AT2 overexpression. We have
studied two lines of AT2 transgenic mice with relatively
high (AT2

highTG) and low (AT2
lowTG) expression of AT2. We

found that under baseline condition, the left ventricular to
body weight ratio (LV/BW) was increased in AT2

highTG mice;
this was accompanied by a decrease of LV wall thickness, an
increase of cardiomyocyte area and length, and an increase
of interstitial spaces and the deposition of fibrillar collagen
in AT2

highTG mice [14]. LV systolic function, as assessed
by echocardiography and hemodynamic measurements, was
significantly depressed in AT2

highTG [14]. The contractile
function of cardiomyocytes isolated from AT2

highTG mice
was significantly decreased under baseline and in response
to Ang II [20]. These results suggest that excessive AT2

overexpression can induce pathological cardiac remodeling
and failure. Mice with low AT2 overexpression (AT2

lowTG),
however, did not demonstrate a significant change in cardiac
morphology and function at baseline [14]. We further tested
whether AT2 overexpression would modify cardiac remod-
eling in aortic stenosis- (AS-) induced hypertrophy using
AT2

lowTG mice [21]. Our results showed that 70 days after
AS, LV/BW and LV wall thickness were increased in AS mice,
with no difference between AT2

lowTGAS and NTGAS mice.
However, LV myocyte diameter was smaller and the percent-
age of LV collagen was lower in AT2

lowTGAS versus NTGAS
mice. LV systolic pressure and peak dP/dt± were lower in
AT2

lowTGAS versus NTGAS mice, with no decrease in wall
thickness. LV end diastolic pressure was lower in AT2

lowTGAS
versus NTGAS mice [21]. These results suggest that lower
level AT2 overexpression did not accelerate cardiac hyper-
trophy and failure in AS mice; it is likely that the diastolic
compliance was improved in AT2

lowTGAS mice (Table 1).
These two transgenic mouse models are different in

several aspects: (1) the strain of mice (C57BL/6 versus
FVB/n), (2) the AT2 overexpression site (atria + ventricles
versus ventricles), and (3) the overexpression level of AT2.
The site of AT2 overexpression may be the cause of HR
changes in mice using α-MHC promoter [15], which was
not observed in mice using MLC2v promoter [14]. Despite
the difference of the models, the results from these studies
demonstrate that the expression level of AT2 is a key
determinant of outcome. Excessive AT2 overexpression can
lead to cardiac failure, while lower AT2 overexpression may
improve cardiac performance under stress.
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2.2. AT2 Knockout Mouse Models. Two AT2 knockout (KO)
mouse models were generated at the same time by two
independent research groups [16, 17]. Both models were
generated by targeted disruption of the AT2 gene on the X
chromosome [16, 17]. The results from these two models,
however, are different. The first model was generated in
C57BL/6 mice [16]. Under baseline condition, blood pres-
sure (BP) was higher in KO mice. LVW/BW, wall thickness
and LV mass (LVM) were lower in KO versus wild-type (WT)
mice [16, 22, 23]. Cardiac function did not change in KO
versus WT [22]. The most striking result from this model
is that AT2 knockout prevented the cardiac hypertrophic
response to both aortic stenosis (AS) and chronic Ang II
infusion in mice [22, 23]. Cardiac function was either similar
between KO and WT (AS) or improved in KO versus WT
(Ang II infusion) mice [22, 23]. These results suggest that
AT2 is essential for the development of cardiac hypertrophy
and dysfunction (Table 1).

The second AT2 KO mouse model was generated in
FVB/n mice [17]. Unlike the first model, under baseline
condition, BP was not different between KO and WT and
no changes in cardiac morphology were observed [24].
Aortic stenosis resulted in a similar increase of HW/BW
in KO versus WT mice, while the perivascular fibrosis was
higher in KO mice [24]. Acute myocardial infarction resulted
in higher mortality rate, higher LVW/BW, lung/BW, ratio
and decreased EF% in KO versus WT mice [25] (Table 1).
These results suggest that AT2 has antihypertrophic remod-
eling effects and may be important for maintaining cardiac
function under certain stress.

The contradictory results from these two models may
be caused by the different mouse strains and the differ-
ent disease models used. However, they also suggest that
traditional gene deletion approach in mice may lead to
the activation of compensatory mechanisms and ultimately
different phenotypes.

3. Limitations of the Existing Mouse Models

The existing AT2 mouse models have several limitations:
(1) the models cannot recapitulate the AT2 receptor expres-
sion patterns during pathological hypertrophy and failure.
Studies have shown that AT2 receptor expression is high in
the fetus [3], significantly decreased in adult hearts, and
increased again in diseased hearts in humans [7]. While
AT2 receptors are chronically overexpressed or disrupted
in these models; (2) the expression level of AT2 receptors
in transgenic mouse hearts may not represent the increase
of AT2 receptors in a diseased heart. Studies in transgenic
mice clearly showed a dose-relationship between AT2 over-
expression and cardiac remodeling and function. Further
experiments by using mice with cardiac AT2 receptors
expression similar to that in diseased hearts are needed;
(3) the cell type of AT2 receptor overexpression may be
not accurate. Studies have shown that fibroblasts are the
major cell type that expresses AT2 receptors in diseased
human hearts [26]. In current mouse models the AT2

receptor is overexpressed in cardiomyocytes; (4) chronically

manipulation of AT2 receptors expression may activate
compensatory mechanisms, which may lead to phenotypes
that are not related to AT2 receptors.

3.1. In Vitro Studies. In order to understand better the role
of AT2 receptors in the heart and in cardiac pathology, it
is important to review what in vitro studies have shown
and how they differ from the mouse models mentioned
above. Studies using cultured rat neonatal cardiomyocytes,
fibroblasts, and coronary endothelial cells have shown that
the stimulation of the AT2 receptor inhibits cell growth and
proliferation and opposes the effects of the AT1 receptor [27,
28]. Nakajima C. et al. used AT2 receptor expression vectors
to evaluate the growth of cultured aortic vascular smooth
muscle cells (VSMC) with overexpression of these receptors
versus controls. In this study, VSMCs with transfection of
the AT2 receptor presented a decrease of 70% in neointimal
area when compared to controls, suggesting that the AT2

receptors have an inhibitory effect of neointimal growth.
Moreover, this effect was blocked with PD123319, an AT2

receptor antagonist [29].

On the other hand, a direct prohypertrophic action
of AT2 receptors on cardiomyocytes was demonstrated by
D’Amore et al. when using adenoviruses encoding AT1 and
AT2 to coexpress these receptors in isolated cardiomyocytes
[30]. Overexpression of the AT2 receptor on cardiomyocytes
using adenoviruses provoked an increase in the basal hyper-
trophy of these cells. This was unaffected by Ang II or
AT2 receptor ligands such as PD123319 or CGP42112A.
The major outcome of this study was the lack of evidence
to demonstrate that the AT2 receptor opposes the actions
of the AT1 receptor, a widely proposed view. When the
expression of the AT2 receptor was increased, the Ang II-
mediated hypertrophy through the AT1 receptor was not
inhibited; moreover, the AT2 receptor-mediated enhanced
basal hypertrophy was unchanged and it was added to that
of the AT1receptor. These findings suggest that the AT1 and
AT2 receptor might use different pathways.

Results from in vitro cell culture have provided invaluable
information regarding the role of the AT2 receptor in
mediating the Ang II signaling and the interaction of the
AT1 and AT2 receptor in specific cell types. Different studies
involving the AT2 receptors showed that there is marked
tissue heterogeneity, likely a reflection of the balance of
AT1/AT2 receptor expression [31]. The various growth effects
of Ang II seen in the in vitro studies were determined by
the type of AT2 receptor expressed in the cultured cell.
For example, the AT2 receptors are constitutively expressed
in cultured endothelial cells but not in cultured vascular
smooth muscle cells (VSMC); consequently, the AT2 receptor
antiproliferative effects will counteract the AT1 receptor
growth promoting effects in endothelial cells but not in
vascular smooth muscle cells [27, 29]. This might explain
why the results of the different in vitro studies are not
100% consistent and why these results differ from in vivo
experiments. Furthermore, cell culture may not reflect the
complex cross-talk among different cell types in the heart
in vivo. In regards to the studies of the diseased heart even
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Table 1: Cardiac phenotype and function in mice with AT2 overexpression (TG) or knock out (KO).

Mouse model Strain Baseline Disease state References

↔HW/BW AS:↔HW/BW

AT2 TG mice (cardiomyocyte-specific, α-MHC) C57BL/6 ↑PW Ang II:↔HW/BW, ↓HR [15, 18, 19]

↑EF% MI:↔LVMI, ↑PW, ↑EF%

↑LVW/BW,

↓wall thickness

↑interstitial collagen

AT2
highTG

↑myocyte area and
length

[14]

AT2 TG mice
(ventricular
myocyte-specific,
MLC-2v)

↓LV contractile
function

FVB/n ↑apoptosis

AS:↔LVW/BW

↔wall thickness

↓myocyte diameter

AT2
lowTG

↔ cardiac morphology
and function

↓interstitial collagen [21]

↓LVSP

↓LVEDP

↑BP AS: No hypertrophy

↑HR ↓interstitial collagen

↓LVW/BW ↔cardiac function

AT2 KO mice C57BL/6 ↓wall thickness Ang II: No hypertrophy [16, 22, 23]

↓LVMI ↔BP

↔contractile function ↓interstitial collagen

↑diastolic function

↔BP AS:↔hypertrophy

↔ cardiac morphology ↑perivascular fibrosis

AT2 KO mice FVB/n ↑coronary arterial thickening

AMI: ↑LVW/BW [17, 24, 25]

↑Lung/BW

↓EF%

HW: heart weight; LVW: left ventricular weight; BP: blood pressure; HR: heart rate; LVMI: left ventricular mass index; PW: posterior wall thickness; EF:
ejection fraction; AS: aortic stenosis; Ang II: Ang II infusion; MI: myocardial infarction.

though it is well known that AT2 receptors are upregulated
in cardiac fibroblasts in the presence of cardiac pathology
[26, 32, 33], it is not known whether the ratio of AT1/AT2 by
overexpression of these receptors in cell cultures represented
that in a hypertrophied/failing heart.

4. Conclusions

Transgenic mouse models with specific AT2 overexpression
or disruption have provided new information on this
receptor. However, these results need to be interpreted
with caution. New transgenic mouse models that condi-
tionally overexpress or disrupt AT2 in specific cell types in
addition to cardiomyocytes in the heart may be used for
more precisely studying the pathophysiological role of AT2

receptors.
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Despite continuous progress in our understanding of the pathogenesis of congestive heart failure (CHF) and its management,
mortality remains high. Therefore, development of reliable experimental models of CHF and cardiac hypertrophy is essential to
better understand disease progression and allow new therapy developement. The aortocaval fistula (ACF) model, first described
in dogs almost a century ago, has been adopted in rodents by several groups including ours. Although considered to be a model of
high-output heart failure, its long-term renal and cardiac manifestations are similar to those seen in patients with low-output CHF.
These include Na+-retention, cardiac hypertrophy and increased activity of both vasoconstrictor/antinatriureticneurohormonal
systems and compensatory vasodilating/natriuretic systems. Previous data from our group and others suggest that progression of
cardiorenal pathophysiology in this model is largely determined by balance between opposing hormonal forces, as reflected in states
of CHF decompensation that are characterized by overactivation of vasoconstrictive/Na+-retaining systems. Thus, ACF serves as
a simple, cheap, and reproducible platform to investigate the pathogenesis of CHF and to examine efficacy of new therapeutic
approaches. Hereby, we will focus on the neurohormonal, renal, and cardiac manifestations of the ACF model in rats, with special
emphasis on our own experience.

1. Introduction

Congestive Heart failure (CHF) is a clinical syndrome char-
acterized by cardiac dysfunction and myocardial structural
abnormality (e.g., hypertrophy and dilated cardiomyopathy)
resulting in inability of the heart to eject sufficient blood to
the metabolizing tissues. CHF is a leading cause of morbidity
and mortality, posing a major health and economic burden
in the Western world [1]. Nearly 5 million Americans and 6.5
million Europeans suffer from heart failure, which accounts
for 20% of all hospitalizations among patients over the age
of 65, and its related complications result in one million
admissions with an annual mortality rate of 8%–10% [2].
Moreover, CHF has enormous economic impact because of
the high costs of the treatment, frequent hospitalizations,
and poor quality of life. Therefore, understanding the
basic mechanisms leading to the development of CHF and
its complications, as well as the discovery of innovative

adequate treatment for CHF are crucial in order to improve
the outcome of this devastating disease. The ideal model
should be able to reproduce each of the aspects of the
progression of clinical CHF. However, none of the models
available is able to entirely reproduce CHF. While some
models reproduce neuroendocrine changes, others better
reproduce the remodeling that occurs during chronic heart
failure. Nevertheless, the progress that has been made so far
and the expected future achievements in this field would
not have been possible without the continuous development
of experimental models of heart failure and hypertrophy
in small and large animals, where each one has its unique
advantages and limitations. Among these models, one can
mention coronary ligation, aortic banding, salt-sensitive
and spontaneous hypertension, toxic cardiomyopathy, rapid
pacing, and aortocaval fistula (ACF) (for more details see
[3]). The latter was induced for the first time in dogs in
1923, and adopted to rats in 1973 by Stumpe et al. [4, 5].
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The transition from large animals to rodents is of special
value since powerful genomic tools such as transgenic and
knockout technologies are now available for the rat in
addition to mice.

2. The Experimental Model of Aortocaval
Fistula: Methodological Aspects

Over the last 2 decades our group has been studying the
pathophysiology of heart failure using rats with ACF as
an experimental model of volume-overload CHF [6–13].
Heart failure is induced in this model by surgical creation
of an arteriovenous (AV) fistula between the abdominal
aorta and inferior vena cava, distal to the origin of the
renal arteries, as described by Stumpe et al. [4]. In short,
under binocular magnification the common wall between
the inferior vena cava and the abdominal aorta is grasped
through a longitudinal incision made in the inferior vena
cava, and a fistula is created between the 2 vessels (side
to side, 1.0–1.2 mm in length). The opening in the vena
cava is then closed by a continuous suture (see Figure 1).
A similar procedure was adopted to produce severe cardiac
hypertrophy in the mouse [14]. Other investigators have used
a simplified and quicker technique by insertion of a 18 gauge
needle through the abdominal aorta and creating a fistula in
the common wall of the vessels, followed by closure of the
puncture in the aorta by cyanoacrylate glue [15, 16].

A unique property of our rats with ACF, not reported in
other experimental models of CHF, is the ability to divide
these animals into 2 subgroups based on the pattern of their
daily sodium excretion after creating the fistula [7]. While
both subgroups show avid renal retention of sodium and
water in the early phase after surgery, the majority of ACF
rats (∼80%) can increase their urinary sodium excretion to
baseline levels and return to balance after 7–10 days. The
other subgroup continues to retain salt and water and dies
from symptoms of pulmonary edema and ascites formation,
similar to patients with severe clinical CHF. We termed
these subgroups as “compensated” and “decompensated”
CHF rats, respectively, which allowed us to characterize these
subgroups and study the factors that may contribute to
deterioration from compensated to a decompensated state
(Figure 2 and Table 1) [7, 10].

It should be emphasized that the AV fistula model has
been used also in other species, primarily dogs, to study
the pathophysiology of CHF [18–24]. Also, the circulatory
and renal consequences in patients with posttraumatic AV
fistula were reported in classic studies in the past and served
in many respects as a drive for the investigations in the
animal models [25–27]. The current review summarizes the
neurohormonal, renal and cardiac characteristics of rats with
ACF, with special focus on our own studies.

3. Neurohormonal Alterations

3.1. Vasoconstrictor/Antinatriuretic Systems. Creation of ACF
results in an immediate and sustained decrease in mean
arterial pressure together with a substantial increase in

venous blood flow to the right heart. These hemodynamic
changes result in compensatory activation of several neuro-
hormonal systems as well as in adaptive structural alterations
in myocardium and vascular system, as shown previously by
other investigators [19, 28, 29]. Among the neurohumoral
systems that are activated in response to ACF creation one
can find the classical vasoconstrictor/antinatriuretic systems
including the renin-angiotensin-aldosterone axis (RAAS),
the sympathetic nervous system (SNS), the antidiuretic
hormone (ADH) and the endothelin-1 (ET-1), acting via
the ETA receptor. Activation of the classic vasoconstrictor
systems is thought to be mediated in part by the sustained
decrease in MAP that occurs following the placement of the
fistula, sensed by the baroreceptors in the arterial circulation.
Both the increased activity of the SNS with high circulating
levels of catecholamines, as well as the increase in the
nonosmotic ADH release may be mediated by a similar
mechanism. In addition, renal hypoperfusion may serve as
a potent stimulus for the activation of the RAAS.

The RAAS plays a fundamental role in the pathogenesis
of the cardiovascular and renal manifestations in exper-
imental models of CHF, in particular in rat and canine
models of ACF [7, 30–33]. Although initially activated to
support systemic BP by direct systemic vasoconstriction,
by facilitating the central and peripheral effects of the
sympathetic nervous system and by promoting renal sodium
retention, many of the biological activities of the system turn
to be “maladaptive” during the progression of the disease,
and contribute significantly to the deterioration, both in
clinical and in experimental CHF models [34]. In particular,
recent studies implicated both angiotensin II (ang II) and
aldosterone as potential mediators of the deterioration in
cardiac and renal function in severe CHF [9, 35].

The RAAS is activated in the early phases after creation
of the AV fistula and plays a major role in the induction
of cardiac hypertrophy and changes in renal function in
this model [12, 31, 32, 36]. In particular, we have shown
that the main difference between the “compensated” and
“decompensated” subgroups of rats with ACF relates to the
degree of activation of the RAAS in these subgroups, as
evaluated by their plasma renin activity (PRA) [7]. Increased
activity of the RAAS is thought to act by “blocking” the
natriuretic/vasodilatory effect of ANP in the kidney, thereby
leading to avid renal sodium and water retention and edema
formation [13, 33]. In addition, increased activity of the
RAAS may contribute to the impairment of endothelial-
dependent renal vasodilatation and the development of
“endothelial dysfunction” in rats with ACF [11]. In view of
the central role of the RAAS in the induction of CHF in
animals with ACF it is not surprising that pharmacological
blockade of this neurohumoral axis either by ACE inhibitors
or angiotensin receptor blockers (ARBs) provides beneficial
effects in this experimental model of CHF [7, 32, 33, 37, 38].

The SNS is another vasoconstrictor/antinatriuretic sys-
tem that is activated in early in the course of CHF [39].
While the role of the SNS in mediating systemic and renal
vasoconstriction and sodium retention is well established
in other experimental models of CHF, the contribution of
increased sympathetic activity in animals with ACF has not
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Table 1: Neurohumoral, hemodynamic and renal characteristics of sham operated rats and rats with compensated and decompensated CHF
(see [7, 8, 10, 12, 17]).

Parameter Sham CHF-compensated CHF-decompensated

Neurohumoral

PRA (ng Ang/ml/min) 14.0 ± 3.0 31.2 ± 20.2 47.0 ± 14.0

Aldosterone (pg/ml) 243.9 ± 72.1 399.1 ± 57.9a 1266.4 ± 252.4a,b

AVP (pg/ml) 14.2 ± 3.6 36.1 ± 13.8a 37.7 ± 9.6a

Epinephrine (pg/ml) 667 ± 175.9 449.0 ± 339.0 2049.8 ± 496.9a,b

Norepinephrine (pg/ml) 184.2 ± 40.5 481.0 ± 20.0a 1112.6 ± 293.2a,b

ANP (pg/ml) 94 ± 12 382 ± 115a 389 ± 135a

Hemodynamic
CVP (mmHg) 4.5 ± 1.6 16.4 ± 3.9a

MAP (mmHg) 151 ± 4 125 ± 5a 103 ± 5a,b

CO (ml/min) 72.6 ± 5.9 114.9 ± 15.5a

Renal
GFR (ml/min) 1.96 ± 0.16 1.57 ± 0.21a 0.89 ± 0.12a,b

RBF (ml/min) 6.01 ± 0.29 2.81 ± 0.14a 2.17 ± 0.12a

UNaV (mEq/min) 1.69 ± 0.49 0.45 ± 0.08a 0.16 ± 0.11a,b

PRA: Plasma renin activity, AVP: Arginine vasopressin, ANP: Atrial natriuretic peptide, CVP: Central venous pressure, MAP: Mean arterial pressure, CO:
Cardiac output, GFR: Glomerular filtration rate, RBF: Renal Blood flow, UNaV: Urinary sodium excretion.
aP < .05 versus sham operated rats, bP < .05 versus compensated CHF. Values are means + SEM.

Inferior
vena cava

Abdominal aorta

AV fistula
(1.2 mm O.D.)

Figure 1: A schematic description of the creation of aortocaval
fistula (ACF) in rats, an experimental model of volume-overload
CHF.

been studied thoroughly. Earlier studies suggest that there
is an attenuated response of aortic baroreceptor discharge
in dogs with chronic volume overload due to ACF, and this
abnormality may partially be responsible for the abnormal
baroreflex in heart failure [19, 40]. In other studies in
dogs with ACF Villarreal et al. [24, 41] demonstrated that
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Figure 2: Daily urinary sodium excretion (UNaV) in rats with
arteriovenous (AV) fistula and in sham controls. Notice 2 distinct
patterns of sodium excretion in rats with AV fistula, compensated
and decompensated that are statistically different (P < .05)
compared with sham controls. ∗P < .05 versus sham-operated rats.

renal denervation improved the natriuretic response to atrial
natriuretic peptide and postprandial sodium excretion, sug-
gesting that increased renal sympathetic activity contributes
to salt retention in this canine model of CHF.

Antidiuretic Hormone (ADH) is synthesized in the brain
and secreted from the posterior pituitary gland into the
circulation in response to an increase in plasma osmolality
(via osmoreceptor stimulation) or a decrease in effective
circulating volume and blood pressure (via baroreceptors
stimulation) [42]. ADH exerts its biological actions through
G-protein coupled receptors. Two of these receptors, V1A and
V2, are abundantly expressed in the cardiovascular system
and the kidney and mediate the two main biological actions
of the hormone, namely, vasoconstriction and increased
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water reabsorption by the kidney [43]. ADH plasma levels
are elevated in experimental CHF, including rats with ACF
[44]. Similarly, numerous studies have demonstrated that
plasma levels of ADH are elevated in patients with CHF
mostly in advanced CHF with hyponatremia, and also
in asymptomatic patients with left ventricular dysfunction
[45, 46]. The mechanisms underlying the enhanced secretion
of ADH in CHF are related to nonosmotic factors such as
attenuated compliance of the left atrium, hypotension, and
activation of the RAAS [47, 48]. Since the main effect of
ADH in CHF is the production of hyponatremia, it will be
discussed in the section of renal manifestation [47, 49].

The endothelin system consists of 3 vasoactive peptides,
namely, endothelin-1 (ET-1), endothelin 2 (ET-2), and endo-
thelin 3 (ET-3). These peptides are synthesized and released
mainly by endothelial cells and act in a paracrine/autocrine
mode of action [50, 51]. Endothelin-1, the main represen-
tative of the ET family, is the most potent vasoconstrictor
known at present. The ETs bind to two distinct receptors des-
ignated ETA and ETB. Both receptors are expressed in a vari-
ety of tissues, including blood vessels, kidney, myocardium,
lung, and brain [50–52]. The vasoconstrictor response to ET
is induced by a ETA receptor mediated increase in cytosolic
Ca2+. The endothelium-dependent relaxation is mediated by
the ETB receptors via NO and PGs coupled mechanism. The
kidney is both a source of ET production (mainly the inner
medulla) and an important target organ of the peptide.

The pathophysiological role of ET-1 in CHF is supported
by two major lines of evidence: (1) Several studies have dem-
onstrated that the ET system is activated in CHF [53–55].
(2) Some clinical and experimental studies have shown
that ET-1 receptor antagonists modify this pathophysiologic
process. The first line of evidence is based on the demon-
stration that plasma ET-1 levels and the concentrations
of its precursor, Big ET-1, are elevated both in clinical
CHF and experimental models of CHF, and correlate with
hemodynamic severity and symptoms [56, 57]. In rats with
ACF, there was a prompt three-to-fourfold increase in ET-
1 mRNA in atria and a progressive five-to-sevenfold rise
in ventricles during cardiac hypertrophy [58]. Cavero et al.
[59] reported that plasma immunoreactive ET-1 levels are
elevated 2- to 3-fold above normal in dogs with CHF induced
by rapid ventricular pacing. Elevated circulating ET-1 levels
have also been reported in patients with CHF [56].

3.2. Vasodilatory/Natriuretic Systems. Concomitantly with
the stimulation of the vasoconstrictor neurohumoral sys-
tems, compensatory vasodilatory/natriuretic systems are also
activated in rats with ACF, serving to counterbalance the
actions of the opposing vasoconstrictor systems. Among
these vasodilatory/natriuretic agents, those particularly stud-
ied in animals with AV fistula are the natriuretic pep-
tides, primarily atrial natriuretic peptide (ANP), the nitric
oxide (NO) system, and the vasodilatory prostaglanding E2

(PGE2). In many respects, the cardiovascular and renal status
in rats with ACF is determined by the balance between these
opposing neurohumoral systems, as will be outlined in the
following sections.

Atrial natriuretic peptide (ANP) and B-type natriuretic
peptide (BNP) are circulating hormones of cardiac ori-
gin which play important roles in the compensation of
congestive heart failure with their vasodilating, natriuretic,
antiproliferative, and neurohumoral-modulating properties
[60, 61]. The natriuretic peptides and in particular ANP have
been studied extensively in the ACF model of CHF [6, 7,
23, 33, 62–64]. This experimental model is characterized by
a marked increase in right atrial pressure as a consequence
of the diversion of a large proportion of the arterial blood
flow to the venous circulation. Given that distention of atria
is the most potent physiological stimulus for ANP release
into the circulation, it is reasonable to assume that plasma
levels of ANP are markedly elevated in this model. Indeed, we
demonstrated that plasma levels of ANP were approximately
20 times higher compared with sham-operated controls.
Plasma ANP increased already 24 hrs after creation of the
fistula and remained elevated for the entire first week of
observation, to the same extent in both the “compensated”
and the “decompensated” subgroups of rats with ACF [7].
In similarity with patients with heart failure, significant
elevations in plasma ANP levels were reported by other
investigators also in the canine model of ACF as well as
in other experimental models of CHF [24, 33, 65–67]. The
common finding of high circulating ANP levels in CHF
appears to be at odds with the tendency to salt and water
retention by kidney, a characteristic finding in patients and
experimental models of CHF that might suggest that the
natriuretic/diuretic effects of the peptide are attenuated in
CHF. The mechanisms proposed to explain the phenomenon
of “ANP resistance” in CHF include hemodynamic changes
leading to a decrease in renal perfusion, activation of
vasoconstrictor/antinatriuretic neurohumoral systems such
as the RAAS and SNS, downregulation of ANP receptors,
increased degradation of ANP or its 2nd messenger cGMP,
and release of less active forms of ANP in CHF [13]. A con-
sistent finding in our studies is the observation that removal
of the influence of the RAAS, by ACE inhibitors or ARBs
improves the natriuretic response to ANP administration in
rats with ACF [7, 8, 37]. Similar observations were reported
by Villarreal and coworkers in the canine model of ACF
[23]. Other neurohumoral vasoconstrictors, such as the SNS,
may participate as well [41]. The cellular mechanisms by
which the RAAS attenuates the natriuretic action of ANP
are complex and incompletely understood. Based on our
studies in rats with ACF, it appears that the interference with
ANP signaling in CHF could involve changes at receptor
level, the 2nd messenger of the peptide, and beyond the 2nd
messenger of ANP [13, 62, 68, 69]. Smith and Lincoln [70]
were the first to demonstrate in cultured vascular smooth
muscle cells and mesangial cells that angiotensin II, and
perhaps other vasoconstrictor Ca2+ mobilizing agents, may
increase the degradation of cGMP, the 2nd messenger of
ANP, by activation of Ca2+-dependent phosphodiesterase.
This potential mechanism is of interest since we have
demonstrated that urinary cGMP excretion is reduced in rats
with ACF; however, cGMP generation in isolated glomeruli
from ACF rats as tested in vitro in response to ANP remains
intact [69]. Moreover, administration of the ARB losartan
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can restore the ANP-mediated cGMP excretion in ACF rats
with decompensated CHF, suggesting that interference in
ANP signaling in this model occurs at a step beyond cGMP
generation [37, 69].

The concept that urinary salt and water excretion is
determined by the balance between ANP and the RAAS is
important not only because it can elucidate the mechanisms
of “ANP resistance” in CHF but because of its potential
therapeutic implications. Indeed, potentiating the biologic
effects of ANP in CHF may be achieved either by removing
the influence of the RAAS or by enhancing the effects
of ANP or its 2nd messenger cGMP. The latter approach
utilizes pharmacologic agents that inhibit the enzymatic
degradation of ANP by neutral endopeptidase (NEP), an
endothelial cell surface metalloproteinase that is involved
in the degradation of several regulatory peptides, including
the natriuretic peptides. Combined NEP/ACE inhibitors, the
so-called vasopeptidase inhibitors, reduce vasoconstriction
and enhance vasodilatation and natriuresis apparently by
blocking angiotensin II generation and the degradation of
the natriuretic peptides [71]. Indeed, we have demonstrated
that Omapatrilat, a drug belonging to the group of vasopep-
tidase inhibitors, improves both sodium balance and cardiac
remodeling in rats with ACF and might be advantageous
to ACE inhibitors for the treatment of decompensated CHF
[72]. Finally, an early study by Wilkins and coworkers
[73] demonstrated that administration of a selective cGMP
phosphodiesterase inhibitor, M&B-22948 increased urinary
sodium excretion and restored the natriuretic response
to exogenous and endogenous ANP in rats with ACF,
supporting the notion that enhanced degradation of cGMP
can limit the natriuresis induced by ANP in this model of
CHF. The more recent development of highly selective and
potent inhibitors of phosphodiesterase-5 (PDE-5) provides
an opportunity to test the contribution of this pathway to
the mechanism of blunted responsiveness to the natriuretic
peptides in CHF [74]. Indeed, such a mechanism was found
to be of importance in dogs with rapid pacing-induced
chronic CHF [75]. Unfortunately, the efficacy of these agents
was not tested in the rat model of ACF.

Two other important vasodilatory/natriuretic systems,
namely, the nitric oxide (NO) and the vasodilatory prostagl-
andins, have been studied in rats with ACF, mainly in the
context of regulation of renal blood flow (RBF) in exper-
imental CHF, and therefore will be alluded to in the section
on renal manifestations of rats with ACF.

4. Renal Manifestations

The kidney plays a key role in the pathogenesis of CHF
[36, 76]. The main changes observed in patients and in exper-
imental models of CHF include alterations in the regulation
of RBF and sodium and water excretion that can contribute
to the development of positive sodium balance, edema
formation, and deterioration into a state of decompensated
heart failure. Over the years, our group and others have
studied the renal manifestations in this rat model of CHF.
The main observations are summarized in the following
section.

A decrease in RBF is one of the earliest and most
consistent finding in patients with CHF [76]. Traditionally,
this decrease in renal perfusion has been attributed to a
combination of several pathogenetic mechanisms: a reduc-
tion in the pumping capacity of the failing myocardium
combined with compensatory activation of neurohormonal
vasoconstrictor systems such as the RAAS, SNS and ADH
[36, 76]. We have shown repeatedly that RBF, measured
directly by ultrasonic flowmetry, is reduced by more than
50% in rats with ACF [17] (see Table 1). Concomitant with
the decrease in RBF there is also a decrease in glomerular
filtration rate (GFR) that is more pronounced in CHF rats
with decompensated CHF (Table 1). Our studies clearly
underscore the importance of the RAAS in mediating the
alterations in renal hemodynamics in this experimental
model of CHF [11, 12]. As pointed out earlier, activation of
the RAAS is one of the earliest compensatory neurohumoral
responses to the decrease in the pumping capacity of the
failing myocardium in CHF [30, 36]. In particular, angII
seems to play an important role in mediating the changes
in renal hemodynamics in CHF, in view of the unique
sensitivity of the kidney to the vasoconstrictor action of
this peptide on the afferent and efferent arterioles and on
mesangial cells [77]. The importance of angII in mediating
the decrease in RBF was shown in our previous study in
which acute infusion of the ARB eprosartan resulted in a
prompt and sustained increase in RBF in rats with ACF
[12]. In addition to the RAAS other vasoconstrictors, such
as increased SNS activity, may participate in mediating renal
hypoperfusion although the role of the latter system was not
studied by us in this model.

ET-1 is another potent vasoconstrictor implicated in
the mediation of renal hypoperfusion in CHF. Artificial
increase of plasma ET-1 levels in experimental animals to
concentrations found in patients with CHF [78] is associated
with significant reduction in RBF and increased vascular
resistance. Bearing in mind that CHF is characterized by
reduced RBF associated with increased vascular resistance
along elevated levels of ET-1, it is appealing that a cause and
effect relationship between these hemodynamic abnormali-
ties and ET-1 exists in this disease state. The role of the ET-1
system in mediating the alterations in renal hemodynamics
in rats with ACF has been studied extensively by our group
[79]. First, we showed that the intrarenal ET system is
activated in ACF rats by demonstrating that the endothelin
converting enzyme (ECE) is upregulated in the kidneys
of rats with ACF [79–82]. Second, by using selective ETA
and ETB receptor antagonists combined with RT-PCR and
Western blot evaluation of the renal ETA and ETB receptor
expression and immunoreactive levels, we showed that CHF
is associated with altered regulation of intrarenal blood flow,
which reflects alterations in expression and activity of the
ET and NO systems. We further suggested that exaggerated
NO activity in the medulla contributes to preservation of
medullary blood flow in the face of cortical vasoconstriction
in rats with ACF [80]. Third, we demonstrated that the
ETA and ETB receptors are differentially regulated in the
kidneys of ACF rats with compensated and decompensated
CHF [81]. While compensated CHF was associated with
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upregulation of ETB in the collecting duct and vasa recta,
decompensated CHF was accompanied with enhanced ETB
abundance in the vasa recta and remarkable downregulation
of this receptor subtype in the collecting duct. This suggested
that upregulation of ETA may lead to a decrease in cortical
blood flow, while upregulation of ETB in the vasa recta
probably contributed to the preservation of medullary blood
flow. Furthermore, downregulation of ETB in the collecting
duct, only in rats with decompensated CHF, could contribute
to sodium retention in that subgroup [81]. Finally, we
studied the effects of chronic blockade of the ETA and
ETB receptor by selective antagonist on renal hemodynamics
and excretory functions in rats with ACF [82]. Chronic
treatment with an ETA receptor blocker totally abolished the
systemic and renal vasoconstriction caused by injected ET-1
in rats with ACF whereas a selective ETB receptor antagonist
potentiated these effects. Chronic treatment of animals with
congestive heart failure with ETA blocker did not influence
daily sodium excretion whereas treatment with ETB antago-
nist significantly improved daily sodium excretion [82]. For
the sake of clarity it should be mentioned that the use ET
antagonists such as Darusentan did not improve the clinical
manifestations an outcome in patients with CHF treated by
conventional therapy [83]. This discrepancy between clinical
and experimental CHF could be attributed to differences in
the severity of and etiology of CHF, as well as the doses and
time of drugs administration.

The control of RBF in experimental CHF is associated not
only with alterations in the vasoconstrictor arm of the regu-
latory system. Indeed, one of the important breakthroughs
in the last century was the discovery of role of endothelial
cells in the regulation of blood flow and the recognition of
the importance of locally released vasodilatory substances,
in particular NO, in the regulation of RBF and systemic
hemodynamics [84]. In this regard, we demonstrated in rats
with ACF an impaired endothelial-dependent vasorelaxation
in response to acetylcholine administration, suggesting that
the decrease in RBF is not related only to increased activity
of vasoconstrictor systems but also reflects the failure of the
endothelial-dependent NO action [11]. Moreover, similar
to the mechanism of the impaired natriuretic response to
ANP, increased activity of the RAAS played a key role in
mediating this phenomenon since treatment with the ARB
A-81988 resulted in almost a complete restoration of renal
endothelial-dependent vasodilatation in this model [11]. We
have also shown that the NO system plays a crucial role
in the maintenance of intact blood perfusion to the renal
medulla in rats with ACF, despite a significant decrease
in total RBF [80]. This is achieved by upregulation of
the endothelial-derived NO synthase in the renal medulla,
suggesting that exaggerated NO activity in the medulla
contributes to preservation of medullary blood flow in the
face of cortical vasoconstriction in CHF.

Another important system that participates in the regu-
lation of RBF in animals with ACF is the renal prostaglandin
system. Early studies demonstrated that prostaglandins are
involved in the maintenance of RBF and GFR in the
canine model of ACF, and that indomethacin administra-
tion produced striking reductions in renal hemodynamic

function [21]. More recent studies by our group disclosed
the importance of the system in the maintenance of renal
medullary blood flow in rats with ACF [85]. We evaluated
the relative expression and immunoreactive levels of the
cyclooxygenases 1 and 2 (COX-1 and COX-2), the enzymes
involved in the synthesis of the PGs from arachidonic acid,
in the renal cortex and medulla of rats with ACF, and
examined the effects of selective and nonselective inhibitors
of these COX isoforms on cortical and medullary blood flow.
We found that both COX-1 and COX-2 are predominantly
expressed in the renal medulla and that rats with ACF display
selective overexpression of COX-2. The latter may represent a
mechanism aimed at defending medullary blood flow in the
face of a decrease in total and cortical blood flow during the
development of CHF [85].

In addition to changes in renal hemodynamics, rats with
ACF are characterized also by alterations in renal salt and
water retention. The mechanisms leading to salt retention
and the interactions between the RAAS and other vasocon-
strictors with ANP in determining the final balance of salt
excretion have been described in early parts of this review.
There is, however, abundant evidence that both clinical and
experimental CHF are associated with alterations in the
ADH-renal water transport axis, independent of regulation
of renal sodium transport. The most recognized renal effect
of ADH in CHF is the development of hyponatremia which
usually occurs in advanced stages of the disease and may
occur at concentrations much lower than those required for
vasoconstriction [48]. This phenomenon has been attributed
to water retention by the kidney due to sustained release
of ADH, irrespective of plasma osmolality. Mulinari and
associates [86] have demonstrated that administration of an
ADH antagonist with dual V1/V2 antagonism to rats with
ischemic CHF induced by left coronary ligation resulted in
a rise in cardiac output, a decline in PVR, and an increase
in urine output of 4- to 10-fold over baseline, confirming
the role of ADH in the water retention and the increased
vascular resistance of CHF. Recent reports have provided
further insights into the mechanisms of ADH-mediated
water retention in experimental CHF. These studies in animal
models of CHF have also demonstrated an increased renal
expression of AQP2 in these animals, suggesting that this
may also contribute to the enhanced water reabsorption in
the CD [87]. It is therefore not surprising that initial studies
have shown that administration of V2 vasopressin receptor
antagonists of peptidic and nonpeptidic nature to rats
with inferior vena cava constriction [88], dogs with CHF-
induced by rapid pacing [89], and rats with CHF-induced
by coronary ligation [48] have resulted in correction of the
impaired urinary dilution in response to acute water load.
The mechanism underlying these expected findings rely on
the fact AQP2 are expressed in the collecting duct and medi-
ate the antidiuretic action of ADH [88, 90] Furthermore, the
expression of AQP2 and its immunoreactive levels has been
reported to be elevated in the kidney of rats with experi-
mental CHF induced by coronary artery ligation [91, 92].
Oral treatment of these rats with V2 antagonist (OPC31260)
induced significant diuresis, a decrease in urinary osmolarity
and increased plasma osmolarity, which were associated
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with downregulation of renal AQP-2 [91]. These findings
indicate a major role for ADH in the upregulation of AQP2
water channels and subsequently enhanced water retention
in experimental CHF. Similarly, we have demonstrated that
acute administration of SR 121463B (V2 antagonist), but not
SR 49059 (V1 antagonist), to rats with ACF caused a fourfold
increase in urinary flow rate [44]. The diuretic effects of SR
121463B were associated with a significant decline in urinary
osmolality and insignificant change of Na+ excretion. In line
with its acute effects, chronic administration (4 weeks) of SR
121463B to CHF rats increased daily urinary volume up to
5-fold throughout the treatment period. In agreement with
the studies in experimental animals, several recent clinical
studies have demonstrated that chronic treatment with
selective V2 and dual V1a/V2 antagonists may be beneficial
in the correction of hyponatremia in CHF [49, 93, 94]. For
instance, administration of the oral selective V2 receptor
antagonist VPA-985 to patients with CHF for seven days
at incremental doses induced significant diuretic response
accompanied by increase in plasma Na+ concentration and
decreased urine osmolarity [95]. Similarly, when YM087,
an orally V1/V2 antagonist was given to orally to patients
with CHF it increased plasma Na+ reduced osmolarity of
the urine and increased urine output [93, 96]. Collectively,
these data suggest that ADH is involved in the pathogenesis
of water retention and hyponatremia that characterize CHF
including rats with decompensated CHF due to ACF, and
that vasopressin receptor antagonist results in remarkable
diuresis in both experimental and clinical CHF.

5. Cardiac Manifestation

Rats with ACF are characterized by cardiac hypertrophy
and dilatation, as well as myocardial remodeling [6–12]
Cardiac hypertrophy is also a major characteristic of many
cardiovascular disorders and is considered to be a major risk
factor of cardiovascular mortality and morbidity [97]. The
increased ventricular mass is a general adaptive response to
states of cardiac hyperfunction [10, 31, 37, 98–100], and is
observed in a wide range of physiological and pathologic
states, including pressure overload, volume overload, and
excessive exposure to neurohumoral and metabolic stimuli.
It should be emphasized that the biochemical and mor-
phological responses of myocytes depends on the specific
inciting stimulus. For example, thyroid hormone-induced
hypertrophy in myocytes differs from that induced by α- and
β-adrenergic stimuli [101, 102]. Further, the characteristics
of the cardiac hypertrophic response differ among various
forms of exercise, aortic stenosis [103], genetic hypertension,
or hypertension caused by renal artery stenosis [104].
Therefore, several animal models were developed to create
cardiovascular diseases, CHF, and cardiac hypertrophy-based
on the etiology of the corresponding clinical situations. The
dynamic nature of CHF is exemplified by the observations
that at its first stages, hypertrophy is an appropriate and
adaptive response to elevate pressure/volume overload; how-
ever, it often progresses to the decompensated stage and
CHF [98]. With the progression of the initial stimulus,

a transition occurs in which an irreversible decompensation
in cardiac function takes place, leading to heart failure,
as well as to an increased tendency to develop sodium
retention, edema, dyspnea, and arrhythmias [105, 106]. The
trigger for this transition from compensated hypertrophy to
decompensation is unknown. By macroscopic morphology,
decompensated hypertrophy and heart failure are usually
characterized by ventricular dilation [106].

ACF model has become the most frequently used
technique to induce volume overload hypertrophy followed
by heart failure in rats [107–109]. Several studies have
demonstrated that a surgically installed fistula between the
aorta and the vena cava causes a drastic volume overload on
the heart, which results in marked left and right ventricular
hypertrophy few weeks after surgery [15, 110]. In fact,
studies from our laboratory have shown remarkable cardiac
hypertrophy/remodeling, in correlation with the severity of
the heart failure, even after one week from the creation of
ACF [10, 12, 31]. For instance, heart/body weight, an index
of cardiac hypertrophy, increased by 41% and 75% in rats
with compensated and decompensated CHF, respectively,
7 days after the placement of surgical fistula between the
aorta and vena cava (Figure 3). Although various causes
of cardiac remodeling share several molecular, biochemical
and mechanical pathways, different stimuli induce diverse
ventricular remodeling patterns. In general, the hypertrophic
pattern in response to volume overload differs from that in
pressure overload, both morphologically and biochemically
[110, 111]. For example, pressure overload-induced cardiac
hypertrophy occurs in many clinical settings that include
hypertension, mitral valve stenosis, and aortic valve stenosis.
When subjected to one of these negative stimuli, the
heart undergoes concentric remodeling due to increased
cardiomyocytes diameter in order to normalize wall stress
due to the increase in pressure exerted on the cardiac tissue
[112–114] (Figure 4). In contrast, volume overload results
in cardiomyocytes lengthening and eccentric hypertrophy
(Figure 4) [113, 114]. The latter condition is caused by
anemia, heart block, regurgitant mitral or aortic valves, atrial
or ventricular septal defects, or ACF [115]. Indeed, rats with
ACF develop eccentric hypertrophy, which results in left
ventricular (LV) dilatation and a concurrent elevation in
stroke volume in order to compensate for the excessive blood
volume delivered to, or remaining in the LV (Figure 4(b)).
Dilatation of the LV chamber occurs via elongation of
the surrounding myocytes, which results from sarcomeric
replication in series [115]. The differences between cardiac
remodeling in pressure and volume overload are largely
influenced by hemodynamic load, neurohumoral activation
and additional factors such as endothelin, cytokines, nitric
oxide (NO) production and oxidative stress [116]. One of the
main vasoconstrictor neurohumoral systems, which play a
key role in the pathophysiology cardiac hypertrophy in CHF,
is the renin-angiotensin-aldosterone system (RAAS) [36,
117, 118]. Prolonged activation of the RAAS has direct dele-
terious actions on the myocardium, independent of its sys-
temic hemodynamic effects [119]. Specifically, angiotensin II
(Ang II) has been shown to stimulate myocyte hypertrophy
and to enhance fibrosis and apoptosis, leading ultimately to
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Figure 3: Cardiac hypertrophy expressed as heart weight/body
weight ratio (HW/BW%) in rats with compensated and decompen-
sated CHF, one week after the placement of AV fistula. ∗P < .05
versus sham-operated rats; #P < .05 versus compensated rats with
AV fistula. Values are means ± SEM.

progressive remodeling and further deterioration in cardiac
performance [120]. The adverse contribution of aldosterone
to the functional and structural alterations of the failing
heart was elegantly demonstrated by Suzuki et al. [121].
These authors showed that eplerenone, a specific aldosterone
antagonist, prevented progressive LV systolic and diastolic
dysfunction in association with reducing interstitial fibrosis,
cardiomyocyte hypertrophy and LV chamber sphericity in
dogs with CHF induced by intracoronary microemboliza-
tions. Similarly, Delyani et al. [122] reported that eplerenone,
attenuated the development of ventricular remodeling and
reactive but not reparative fibrosis after myocardial infarc-
tion in rats. In line with these adverse effects of the RAAS on
cardiac hypertrophy and remodeling in low cardiac output
CHF models, we and others demonstrated that ACE, Ang
II and aldosterone inhibition by enalapril, eprosartan, or
spironolactone, respectively, reduced cardiac hypertrophy
and fibrosis and at the same time caused a significant increase
in urinary sodium excretion when administered chronically
in rats with ACF [7–9, 12, 32].

Additional system of special interest in the pathogenesis
of cardiac hypertrophy and renal dysfunction in CHF
is the natriuretic peptides system. As mentioned above,
plasma levels of ANP are chronically elevated in several
pathological conditions, including CHF and are found to
be related to atrial pressure [123–125]. Actually, the highest
concentrations of ANP in the circulation occur in CHF [123–
125]. Moreover, plasma levels of ANP in CHF have been
found to correlate with the severity of cardiac failure, as well
as with the elevated atrial pressure and other parameters of
left ventricular dysfunction. In rats with experimental CHF
due to ACF, we reported high comparable levels of plasma

Pathological cardiac remodeling

Normal Eccentric
hypertrophy

Concentric
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(a)

RV LV
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surgery
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Figure 4: (a) A scheme showing pathological cardiac remodeling,
eccentric versus concentric hypertrophy. (b) MRI images of hearts
from sham controls and rats with aortocaval fistula at different
time points. Notice that rats with AV fistula exhibited cardiac
hypertrophy dilation compared with sham controls.

ANP in both compensated and decompensated CHF [7]
(Table 1). Similar to ANP, plasma levels of BNP, which is
produced mainly by the ventricles in response to ventricular
stretch and pressure overload [126, 127], are elevated in
patients with CHF in proportion to the severity of the
myocardial systolic and diastolic dysfunction. Hoffman et al.
[6] demonstrated that rats ACF have high levels of BNP in
the plasma. Similarly, the enhanced plasma levels of BNP
coincides with overexpression of BNP in the myocardium of
rats with ACF [128], corresponding with the high volume
overload and cardiac hypertrophy characterizing this model
of CHF.

While cardiac hypertrophy and ventricular dilation
develop rapidly (within 1-2 weeks) in response to volume
overload in animals with ACF [9, 10, 12, 13], the evolvement
of heart failure in this model may take several weeks to few
months. In this regard, Brower et al. [129] examined the
effect of the creation of ACF induced by 18-guage needle
that was inserted into the exposed abdominal aorta and
advanced through the medial wall into the vena cava to create
a fistula, on cardiac hypertrophy and ventricular dilation
1, 2, 3, 5, and 8 weeks post ACF placement. Progressive
hypertrophy and left and right ventricular hypertrophy in
association with decline in ventricular stiffness and contrac-
tility occurred throughout the followup period. Interestingly,
systolic function was preserved due to the compensatory
remodeling of the myocardium. Similarly, Huang et al. [130]
have shown that cardiac output is maintained at normal or
even enhanced levels during the early phase of ACF (i.e., <8
weeks). According to Brower et al. [129] reports, only 3%
of the rats with ACF progress toward overt CHF during the
8 weeks post the fistula placement. However, the increase



Journal of Biomedicine and Biotechnology 9

in BW and lung weight seen in about 50% of rats with
ACF, suggests a consistent development of CHF. When rats
with ACF were monitored for longer periods, namely, 16–
21 weeks post ACF, the mortality rate was 80% due to CHF,
which occurred once the myocardial hypertrophic response
was exhausted [131, 132]. Collectively, these studies suggest
that the development of decompensated hypertrophy or CHF
occurs in low percentage at least 8 weeks after the creation
of ACF, but requires about 16 weeks to reach its maximal
incidence.

Keen evidence for the responsibility of the ACF for the
development of cardiac, renal, and neurohormonal pertur-
bations is derived from several studies where the effect of
ACF closure on these parameters was studied. Surgical repair
of the ACF in the symptomatic patient resulted in resolution
of the CHF and reversed the dilatation of the heart ventricles
[18, 26, 133]. Specifically, closure of an AV fistula, induces
both characteristic diuretic and natriuretic responses in
experimental animals [10, 18, 133] and reversal of the clinical
signs of CHF in patients [26]. Likewise, complete reversal
of the hemodynamic abnormalities, including restoration of
peripheral vascular resistance, diastolic pressure, and mean
arterial pressure [134], in association with reduced plasma
levels of ANP were observed [135]. However, Zucker et al.
[136] demonstrated in a canine model that closure of AV
fistula, although resulting in significant regression of cardiac
dilatation, did not completely restore heart size to normal.
This most likely indicates permanent cardiac structural
changes in this experimental model.

In summary, the ACF-induced CHF in rats is an inexpen-
sive and rapidly evolved model of cardiac hypertrophy and
remodeling. Since this model mimics high cardiac output
clinical heart failure, it may be suitable to study myocardial
alterations, mainly cardiac hypertrophy characterizing these
patients. However, since different mechanisms underlie
pressure-as compared to volume overload-induced cardiac
remodeling, this experimental model may not be appropriate
to investigate cardiac function and hypertrophy in pressure
overload clinical settings.
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T. F. Lüscher, “Vasopeptidase inhibitors: a new therapeutic
concept in cardiovascular disease?” Circulation, vol. 104, no.
15, pp. 1856–1862, 2001.

[72] Z. A. Abassi, A. Yahia, S. Zeid et al., “Cardiac and renal
effects of omapatrilat, a vasopeptidase inhibitor, in rats with
experimental congestive heart failure,” American Journal of
Physiology, vol. 288, no. 2, pp. H722–H728, 2005.

[73] M. R. Wilkins, S. L. Settle, P. T. Stockmann, and P. Needle-
man, “Maximizing the natriuretic effect of endogenous
atriopeptin in a rat model of heart failure,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 87, no. 16, pp. 6465–6469, 1990.

[74] S. D. Katz, “Potential role of type 5 phosphodiesterase
inhibition in the treatment of congestive heart failure,”
Congestive Heart Failure, vol. 9, no. 1, pp. 9–15, 2003.

[75] H. H. Chen, B. K. Huntley, J. A. Schirger, A. Cataliotti, and
J. C. Burnett, “Maximizing the renal cyclic 3′-5′-guanosine
monophosphate system with type V phosphodiesterase inhi-
bition and exogenous natriuretic peptide: a novel strategy to
improve renal function in experimental overt heart failure,”
Journal of the American Society of Nephrology, vol. 17, no. 10,
pp. 2742–2747, 2006.

[76] A. C. Barger, F. P. Muldowney, and M. R. Liebowitz, “Role
of the kidney in the pathogenesis of congestive heart failure,”
Circulation, vol. 20, pp. 273–285, 1959.

[77] I. Ichikawa, T. Yoshioka, A. Fogo, and V. Kon, “Role of
angiotensin II in altered glomerular hemodynamics in
congestive heart failure,” Kidney International, vol. 38, no. 30,
pp. S123–S126, 1990.

[78] A. Lerman, S. H. Kubo, L. K. Tschumperlin, and J. C. Burnett,
“Plasma endothelin concentrations in humans with end-
stage heart failure and after heart transplantation,” Journal
of the American College of Cardiology, vol. 20, no. 4, pp. 849–
853, 1992.

[79] Z. Abassi, J. Winaver, I. Rubinstein et al., “Renal endothelin-
converting enzyme in rats with congestive heart failure,”
Journal of Cardiovascular Pharmacology, vol. 31, supplement
1, pp. S31–S34, 1998.

[80] Z. Abassi, K. Gurbanov, I. Rubinstein, O. S. Better, A. Hoff-
man, and J. Winaver, “Regulation of intrarenal blood flow
in experimental heart failure: role of endothelin and nitric
oxide,” American Journal of Physiology, vol. 274, no. 4, pp.
F766–F774, 1998.

[81] B. N. Francis, Z. Abassi, S. Heyman, J. Winaver, and A.
Hoffman, “Differential regulation of ET(A) and ET(B) in the
renal tissue of rats with compensated and decompensated
heart failure,” Journal of Cardiovascular Pharmacology, vol.
44, supplement 1, pp. S362–S365, 2004.

[82] B. Francis, J. Winaver, T. Karram, A. Hoffman, and Z. Abassi,
“Renal and systemic effects of chronic blockade of ET(A)
or ET(B) in normal rats and animals with experimental
heart failure,” Journal of Cardiovascular Pharmacology, vol.
44, supplement 1, pp. S54–S58, 2004.

[83] P. I. Anand, P. J. McMurray, P. J. N. Cohn et al., “Long-
term effects of darusentan on left-ventricular remodelling
and clinical outcomes in the Endothelin Receptor Antagonist
Trial in Heart Failure (EARTH): randomised, double-blind,



12 Journal of Biomedicine and Biotechnology

placebo-controlled trial,” The Lancet, vol. 364, no. 9431, pp.
347–354, 2004.

[84] R. F. Furchgott and J. V. Zawadzki, “The obligatory role of
endothelial cells in the relaxation of arterial smooth muscle
by acetylcholine,” Nature, vol. 288, no. 5789, pp. 373–376,
1980.

[85] Z. Abassi, S. Brodsky, O. Gealekman, I. Rubinstein, A. Hoff-
man, and J. Winaver, “Intrarenal expression and distribution
of cyclooxygenase isoforms in rats with experimental heart
failure,” American Journal of Physiology, vol. 280, no. 1, pp.
F43–F53, 2001.

[86] R. A. Mulinari, I. Gavras, Y. X. Wang, R. Franco, and H.
Gavras, “Effects of a vasopressin antagonist with combined
antipressor and antiantidiuretic activities in rats with left
ventricular dysfunction,” Circulation, vol. 81, no. 1, pp. 308–
311, 1990.

[87] S. E. Ishikawa and R. W. Schrier, “Pathophysiological roles
of arginine vasopressin and aquaporin-2 in impaired water
excretion,” Clinical Endocrinology, vol. 58, no. 1, pp. 1–17,
2003.

[88] S. Ishikawa, T. Saito, and K. Okada, “Effect of vasopressin
antagonist on water excretion in inferior vena cava constric-
tion,” Kidney International, vol. 30, no. 1, pp. 49–55, 1986.

[89] M. Naitoh, H. Suzuki, M. Murakami et al., “Effects of oral
AVP receptor antagonists OPC-21268 and OPC-31260 on
congestive heart failure in conscious dogs,” American Journal
of Physiology, vol. 267, no. 6, pp. H2245–H2254, 1994.

[90] J. G. Verbalis, “Vasopressin V2 receptor antagonists,” Journal
of Molecular Endocrinology, vol. 29, no. 1, pp. 1–9, 2002.

[91] D. L. Xu, P. Y. Martin, M. Ohara et al., “Upregulation
of aquaporin-2 water channel expression in chronic heart
failure rat,” Journal of Clinical Investigation, vol. 99, no. 7, pp.
1500–1505, 1997.

[92] J. K. Kim, J. B. Michel, F. Soubrier, J. Durr, P. Corvol, and R.
W. Schrier, “Arginine vasopressin gene expression in chronic
cardiac failure in rats,” Kidney International, vol. 38, no. 5, pp.
818–822, 1990.

[93] P. R. Kalra, S. D. Anker, and A. J. S. Coats, “Water and sodium
regulation in chronic heart failure: the role of natriuretic
peptides and vasopressin,” Cardiovascular Research, vol. 51,
no. 3, pp. 495–509, 2001.

[94] M. Gheorghiade, I. Niazi, J. Ouyang et al., “Vasopressin V-
receptor blockade with tolvaptan in patients with chronic
heart failure: results from a double-blind, randomized trial,”
Circulation, vol. 107, no. 21, pp. 2690–2696, 2003.

[95] F. Wong, A. T. Blei, L. M. Blendis, and P. J. Thuluvath, “A
vasopressin receptor antagonist (VPA-985) improves serum
sodium concentration in patients with hyponatremia: a mul-
ticenter, randomized, placebo-controlled trial,” Hepatology,
vol. 37, no. 1, pp. 182–191, 2003.

[96] C. R. Lee, M. L. Watkins, J. H. Patterson et al., “Vasopressin: a
new target for the treatment of heart failure,” American Heart
Journal, vol. 146, no. 1, pp. 9–18, 2003.

[97] G. De Simone, R. McClelland, J. S. Gottdiener, A. Celentano,
R. A. Kronmal, and J. M. Gardin, “Relation of hemodynamics
and risk factors to ventricular-vascular interactions in the
elderly: the cardiovascular health study,” Journal of Hyperten-
sion, vol. 19, no. 10, pp. 1893–1903, 2001.

[98] B. H. Lorell, “Transition from hypertrophy to failure,”
Circulation, vol. 96, no. 11, pp. 3824–3827, 1997.

[99] K. W. Saupe, C. C. Lim, J. S. Ingwall, C. S. Apstein, and F.
R. Eberli, “Comparison of hearts with 2 types of pressure-
overload left ventricular hypertrophy,” Hypertension, vol. 35,
no. 5, pp. 1167–1172, 2000.

[100] F. Z. Meerson, M. G. Pshennikova, and I. YU. Malyshev,
“Adaptive defense of the organism. Architecture of the
structural trace and cross protective effects of adaptation,”
Annals of the New York Academy of Sciences, vol. 793, pp. 371–
385, 1996.

[101] G. T. Schuyler and L. R. Yarbrough, “Changes in myosin and
creatine kinase mRNA levels with cardiac hypertrophy and
hypothyroidism,” Basic Research in Cardiology, vol. 85, no. 5,
pp. 481–494, 1990.

[102] H. G. Zimmer, C. Kolbeck-Ruhmkorff, and W. Zierhut, “Car-
diac hypertrophy induced by α- and β-adrenergic receptor
stimulation,” Cardioscience, vol. 6, no. 1, pp. 47–57, 1995.

[103] D. Greenen, P. Buttrick, and J. Scheuer, “Cardiovascular and
hormonal responses to swimming and running in the rat,”
Journal of Applied Physiology, vol. 65, no. 1, pp. 116–123,
1988.

[104] D. Laurent, P. R. Allegrini, and W. Zierhut, “Different left
ventricular remodelling and function in two models of
pressure overload as assessed in vivo by magnetic resonance
imaging,” Journal of Hypertension, vol. 13, no. 6, pp. 693–700,
1995.

[105] K. R. Chien, “Stress pathways and heart failure,” Cell, vol. 98,
no. 5, pp. 555–558, 1999.

[106] B. Swynghedauw and C. Baillard, “Biology of hypertensive
cardiopathy,” Current Opinion in Cardiology, vol. 15, no. 4,
pp. 247–253, 2000.

[107] M. Bader, “Rat models of cardiovascular diseases,” Methods
in Molecular Biology, vol. 597, pp. 403–414, 2010.

[108] E. Monnet and J. C. Chachques, “Animal models of heart
failure: what is new?” Annals of Thoracic Surgery, vol. 79, no.
4, pp. 1445–1453, 2005.

[109] R. D. Patten and M. R. Hall-Porter, “Small animal models
of heart failure: development of novel therapies, past and
present,” Circulation: Heart Failure, vol. 2, no. 2, pp. 138–144,
2009.

[110] S. F. Flaim, W. J. Minteer, S. H. Nellis, and D. P. Clark,
“Chronic arteriovenous shunt: evaluation of a model for
heart failure in rat,” The American Journal of Physiology, vol.
236, no. 5, pp. H698–H704, 1979.

[111] A. Calderone, N. Takahashi, N. J. Izzo, C. M. Thaik, and W.
S. Colucci, “Pressure- and volume-induced left ventricular
hypertrophies are associated with distinct myocyte pheno-
types and differential induction of peptide growth factor
mRNAs,” Circulation, vol. 92, no. 9, pp. 2385–2390, 1995.

[112] L. H. Opie, P. J. Commerford, B. J. Gersh, and M. A. Pfeffer,
“Controversies in ventricular remodelling,” The Lancet, vol.
367, no. 9507, pp. 356–367, 2006.

[113] B. A. Carabello, “Concentric versus eccentric remodeling,”
Journal of Cardiac Failure, vol. 8, no. 6, pp. S258–S263, 2002.

[114] C. Mihl, W. R. M. Dassen, and H. Kuipers, “Cardiac remod-
elling: concentric versus eccentric hypertrophy in strength
and endurance athletes,” Netherlands Heart Journal, vol. 16,
no. 4, pp. 129–133, 2008.

[115] B. A. Carabello, “Models of volume overload hypertrophy,”
Journal of Cardiac Failure, vol. 2, no. 1, pp. 55–64, 1996.

[116] J. N. Cohn, R. Ferrari, and N. Sharpe, “Cardiac remodeling-
concepts and clinical implications: a consensus paper from
an International Forum on Cardiac Remodeling,” Journal of
the American College of Cardiology, vol. 35, no. 3, pp. 569–
582, 2000.

[117] P. Lijnen and V. Petrov, “Renin-angiotensin system, hyper-
trophy and gene expression in cardiac myocytes,” Journal of
Molecular and Cellular Cardiology, vol. 31, no. 5, pp. 949–970,
1999.



Journal of Biomedicine and Biotechnology 13

[118] T. Yamazaki and Y. Yazaki, “Molecular basis of cardiac
hypertrophy,” Zeitschrift fur Kardiologie, vol. 89, no. 1, pp. 1–
6, 2000.

[119] M. Packer, “The neurohormonal hypothesis: a theory to
explain the mechanism of disease progression in heart
failure,” Journal of the American College of Cardiology, vol. 20,
no. 1, pp. 248–254, 1992.

[120] A. M. Katz, “Heart failure: a hemodynamic disorder com-
plicated by maladaptive proliferative responses,” Journal of
Cellular and Molecular Medicine, vol. 7, no. 1, pp. 1–10, 2003.

[121] G. Suzuki, H. Morita, T. Mishima et al., “Effects of long-
term monotherapy with eplerenone, a novel aldosterone
blocker, on progression of left ventricular dysfunction and
remodeling in dogs with heart failure,” Circulation, vol. 106,
no. 23, pp. 2967–2972, 2002.

[122] J. A. Delyani, E. L. Robinson, and A. E. Rudolph, “Effect
of a selective aldosterone receptor antagonist in myocardial
infarction,” American Journal of Physiology, vol. 281, no. 2,
pp. H647–H654, 2001.

[123] A. E. G. Raine, P. Erne, and E. Burgisser, “Atrial natriuretic
peptide and atrial pressure in patients with congestive heart
failure,” New England Journal of Medicine, vol. 315, no. 9, pp.
533–537, 1986.

[124] Y. Shenker, R. S. Sider, E. A. Ostafin, and R. J. Grekin, “Plasma
levels of immunoreactive atrial natriuretic factor in healthy
subjects and in patients with edema,” Journal of Clinical
Investigation, vol. 76, no. 4, pp. 1684–1687, 1985.

[125] R. J. Rodeheffer, I. Tanaka, T. Imada, A. S. Hollister, D.
Robertson, and T. Inagami, “Atrial pressure and secretion of
atrial natriuretic factor into the human central circulation,”
Journal of the American College of Cardiology, vol. 8, no. 1, pp.
18–26, 1986.

[126] A. S. Maisel, J. Koon, P. Krishnaswamy et al., “Utility of B-
natriuretic peptide as a rapid, point-of-care test for screening
patients undergoing echocardiography to determine left
ventricular dysfunction,” American Heart Journal, vol. 141,
no. 3, pp. 367–374, 2001.

[127] H. H. Chen and J. C. Burnett Jr., “The natriuretic peptides
in heart failure: diagnostic and therapeutic potentials,”
Proceedings of the Association of American Physicians, vol. 111,
no. 5, pp. 406–416, 1999.

[128] G. M. Bialik, Z. A. Abassi, I. Hammel, J. Winaver, and D.
Lewinson, “Evaluation of atrial natriuretic peptide and brain
natriuretic peptide in atrial granules of rats with experimen-
tal congestive heart failure,” Journal of Histochemistry and
Cytochemistry, vol. 49, no. 10, pp. 1293–1300, 2001.

[129] G. L. Brower, J. R. Henegar, and J. S. Janicki, “Temporal
evaluation of left ventricular remodeling and function in
rats with chronic volume overload,” American Journal of
Physiology, vol. 271, no. 5, pp. H2071–H2078, 1996.

[130] M. Huang, R. L. Hester, and A. C. Guyton, “Hemodynamic
changes in rats after opening an arteriovenous fistula,”
American Journal of Physiology, vol. 262, no. 3, pp. H846–
H851, 1992.

[131] G. L. Brower and J. S. Janicki, “Contribution of ventricular
remodeling to pathogenesis of heart failure in rats,” American
Journal of Physiology, vol. 280, no. 2, pp. H674–H683, 2001.

[132] X. Wang, B. Ren, S. Liu, E. Sentex, P. S. Tappia, and N. S.
Dhalla, “Characterization of cardiac hypertrophy and heart
failure due to volume overload in the rat,” Journal of Applied
Physiology, vol. 94, no. 2, pp. 752–763, 2003.

[133] M. H. Humphreys, H. Al-Bander, J. F. Eneas, and M.
Schambelan, “Factors determining electrolyte excretion and
renin secretion after closure of an arteriovenous fistula in

the dog,” Journal of Laboratory and Clinical Medicine, vol. 98,
no. 1, pp. 89–98, 1981.

[134] A. Hoffman, J. Winaver, and A. Haramati, “Atrial natriuretic
peptide in the recovery from high-output congestive heart
failure,” American Journal of Medicine, vol. 88, no. 5, p. 547,
1990.

[135] J. J. Alexander and A. L. Imbembo, “Aorta-vena cava fistula,”
Surgery, vol. 105, no. 1, pp. 1–12, 1989.

[136] I. H. Zucker, A. M. Earle, and J. P. Gilmore, “Changes in the
sensitivity of left atrial receptors following reversal of heart
failure,” The American Journal of Physiology, vol. 237, no. 5,
pp. H555–H559, 1979.



Hindawi Publishing Corporation
Journal of Biomedicine and Biotechnology
Volume 2011, Article ID 758736, 11 pages
doi:10.1155/2011/758736

Research Article

Bovine Model of Doxorubicin-Induced Cardiomyopathy

Carlo R. Bartoli,1, 2, 3 Kenneth R. Brittian,3 Guruprasad A. Giridharan,4 Steven C. Koenig,2, 4

Tariq Hamid,3 and Sumanth D. Prabhu3, 5, 6

1 MD/PhD Program, Department of Physiology and Biophysics, University of Louisville, Louisville, KY 40202, USA
2 Cardiovascular Innovation Institute, University of Louisville, Louisville, KY 40202, USA
3 Department of Medicine, Institute of Molecular Cardiology, University of Louisville, Louisville, KY 40202, USA
4 Department of Bioengineering, University of Louisville, Louisville, KY 40208, USA
5 Department of Physiology and Biophysics, University of Louisville, Louisville, KY 40202, USA
6 Robley Rex VAMC, Louisville, KY 40206, USA

Correspondence should be addressed to Sumanth D. Prabhu, sprabhu@louisville.edu

Received 25 August 2010; Revised 29 October 2010; Accepted 16 November 2010

Academic Editor: Andrea Vecchione

Copyright © 2011 Carlo R. Bartoli et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

Left ventricular assist devices (LVADs) constitute a recent advance in heart failure (HF) therapeutics. As the rigorous experimental
assessment of LVADs in HF requires large animal models, our objective was to develop a bovine model of cardiomyopathy.
Male calves (n = 8) were used. Four animals received 1.2 mg/kg intravenous doxorubicin weekly for seven weeks and four
separate animals were studied as controls. Doxorubicin-treated animals were followed with weekly echocardiography. Target LV
dysfunction was defined as an ejection fraction ≤35%. Sixty days after initiating doxorubicin, a terminal study was performed
to determine hemodynamic, histological, biochemical, and molecular parameters. All four doxorubicin-treated animals exhibited
significant (P < 0.05) contractile dysfunction, with target LV dysfunction achieved in three animals. Doxorubicin-treated hearts
exhibited significantly reduced coronary blood flow and interstitial fibrosis and significantly increased apoptosis and myocyte
size. Gene expression of atrial natriuretic factor increased more than 3-fold. Plasma norepinephrine and epinephrine levels
were significantly increased early and late during the development of cardiomyopathy, respectively. We conclude that sequential
administration of intravenous doxorubicin in calves induces a cardiomyopathy with many phenotypic hallmarks of the failing
human heart. This clinically-relevant model may be useful for testing pathophysiologic responses to LVADs in the context of
HF.

1. Introduction

Many insights into the biological mechanisms of left ven-
tricular (LV) remodeling and heart failure (HF) have been
derived from small animals, particularly rodents such as
mice. However, establishing direct analogies between rodents
and humans can be problematic as there are considerable
differences in cardiac physiology (e.g., heart rate, oxygen
consumption, regulatory proteins, contractile proteins, stem
cell characteristics, etc.) between species [1]. Validation and
proper translation of fundamental discoveries into clinical
utility necessitates the use of large animal models that more
closely approximate human physiology [1, 2].

A recent advance in HF therapeutics consists of mechan-
ical unloading with LV assist devices (LVADs). A large
animal disease model that mimics the human cardiovascular
condition (bovine or ovine) [3] is particularly critical for
the rigorous evaluation of (patho)physiological responses
induced by LVADs, as phylogenetically lower species can-
not physically accommodate implantable cardiac devices.
Moreover, prolonged mechanical unloading with LVADs can
reverse remodeling of the human failing LV [4], with reports
of myocardial recovery sufficient for LVAD explantation in
a subset of patients [5, 6]. Meaningful assessment of the
hemodynamic and molecular mechanisms of LVAD-induced
myocardial recovery and the influence of different strategies



2 Journal of Biomedicine and Biotechnology

of mechanical unloading requires the use of a reliable large
animal model of HF.

In view of both anatomical size of the thoracic cavity
and cardiovascular physiology, the current industry stan-
dard is to use normal calves to test safety, performance,
and reliability of LVAD systems. However, evaluation of
these devices in animals with chronic HF, with attendant
differences in cardiac physiology and hemodynamics from
the normal condition, has been extremely limited [7–9].
As myocardial recovery most often has been reported in
patients with idiopathic dilated cardiomyopathy [5], our
objective in this study was to develop a nonischemic bovine
model of cardiomyopathy to provide a substrate for studying
device-based therapies for HF. For this purpose, we used
doxorubicin, a broad-spectrum antineoplastic drug with
dose-dependent cardiotoxicity that has been used to induce
chronic HF in several animal species that include sheep
[10, 11] and dogs [12–17].

2. Methods

2.1. Animals. All animals received humane care and were
handled in accordance with National Institutes of Health and
University of Louisville Animal Care Committee guidelines.
Experimental procedures followed animal study protocols
approved by the University of Louisville Institutional Animal
Care and Usage Committee.

Male Jersey and mixed-breed calves (n = 8, 4–6 months
old, 88 ± 6 kg) were used. Four animals were administered
intravenous doxorubicin 1.2 mg/kg once weekly via the
external jugular vein for seven weeks. One animal that
was relatively refractory to doxorubicin treatment received
a dose of 1.5 mg/kg for the last two doses. For 48 hours
following each injection, animals were given 100 mg oral
atenolol daily to prevent arrhythmia [19]. Four animals were
used as controls for myocardial blood flow, histological,
and molecular analyses. A separate group of 9 normal, age-
matched calves from a previous study in our laboratory
[18] were used for hemodynamic comparison with the
doxorubicin group. Serial venous blood samples were drawn
from doxorubicin-treated animals at baseline, 14-day-, and
45-day-time points during the doxorubicin administration
protocol.

2.2. Echocardiography. Transthoracic M-mode, 2D, and
Doppler echocardiograms were measured at baseline and
weekly during the doxorubicin protocol with a Phillips iE33
machine with S8-3 ultrasound probe. Prior to the final
study and termination, open-chest epicardial echocardiog-
raphy was performed. Modified parasternal and apical four-
chamber views were used for imaging, and LV ejection
fraction (EF) was determined using the modified Simpson
technique (summation of discs). Target LV dysfunction was
defined as an LVEF of less than or equal to 35%.

2.3. Surgical Preparation for Hemodynamic Measurement.
Within 10 days of the final doxorubicin injection, a terminal

study was performed to measure cardiovascular hemody-
namics and to harvest tissues for myocardial blood flow,
histology, and molecular analysis. Animals were preanes-
thetized with intravenous atropine (30 mg), anesthetized
with inhaled isoflurane (3–5%), and anticoagulated with
intravenous heparin (100 units/kg). Fluid-filled arterial and
venous catheters were placed in the right carotid artery and
jugular vein for blood sampling. A left thoracotomy was per-
formed and ribs no. 4 and no. 5 were resected. High-fidelity
micromanometer catheters (Millar Instruments) were placed
in the left atrium (single-tip) and across the aortic valve
(dual-tip) for simultaneous measurement of left atrial (LA),
LV, and aortic blood pressure. Transit-time ultrasonic flow
probes (Transonics) were placed around the pulmonary
artery and left main coronary artery to measure cardiac
output and volumetric coronary blood flow, respectively.

2.4. Microsphere Protocol. A silicone catheter (7 Fr; Access
Technologies) was advanced 4 cm into the LA appendage
chamber. This depth and the angle of catheter entry parallel
to the surface of the atrial appendage ensured that the
catheter did not interfere with mitral valve function. An
aortic catheter oriented downstream was placed in the
aorta as previously described [20]. The LA catheter was
used for injection of multiple colors of fluorescent-labeled
15 μm microspheres into the systemic arterial circulation.
Simultaneously, a reference blood sample was withdrawn
at a known rate (15 mL/min) from the aorta as previously
described [20].

The microsphere technique enables the precise measure-
ment of regional blood flow in vascular beds of interest.
Microspheres injected into the LA chamber mix with blood
in the LV and are subsequently ejected into the aorta,
from where they disseminate throughout the body and
lodge within the smallest precapillary arterioles based on
regional tissue blood flow distribution. We have previously
demonstrated that with the quantity used, 15 μm spheres
do not cause ischemia and do not induce pathology [20].
The aortic blood sample acts as a reference for later
determination of flow in tissues of interest. The number
of counted microspheres in the reference blood sample
(known) is compared to the number of microspheres that
lodge and are counted in a tissue sample of interest (known).
The ratio between the two sphere counts is equal to the ratio
between the calibrated rate of aortic withdrawal (known) and
flow in the tissue of interest (unknown) and provides accurate
tissue-specific blood flow in mL/min/g [20, 21].

2.5. Quantification of Microspheres. At the completion of
the study, while under anesthesia, euthanasia was per-
formed with a single fatal bolus injection of Beuthanasia-
D Special (1 mL/5 kg IV). The heart was removed and
weighed. One- to two-gram tissue sections from the LV-free
wall, right ventricular(RV)-free wall, and interventricular
septum together with reference blood samples were sent
to IMT/Stason Laboratories (Irvine, CA) for automated
digestion and counting of fluorescent microspheres with flow
cytometry and calculation of tissue-specific blood flows.
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Table 1: Primers used for real-time PCR.

Gene Forward Primer Reverse Primer

ANF 5′-CAGGGCAAACAGGAGCAAA-3′ 5′-TCCATCAGGTCTGCATTGGA-3′

CTGF 5′-TCCCACGGAGGGTCAAACT-3′ 5′-CATCACGGGACACCCATTC-3′

MMP-2 5′-CCTGGGCCCCGTCACT-3′ 5′-GAGATGCCGTCGAAGACGAT-3′

MMP-9 5′-TTAGGAACCGCTTGCATTTCTT-3′ 5′-CCCCCTCCCTCAGAAAGTCT-3′

18s rRNA 5′-CGAACGTCTGCCCTATCAACTT-3′ 5′-ACCCGTGGTCACCATGGTA-3′

ANF, atrial natriuretic factor (NM 174124); CTGF, connective tissue growth factor (NM 174030); MMP-2, matrix metalloproteinase-2 (NM 174745); MMP-
9, matrix metalloproteinase-9 (NM 174744); 18s rRNA, 18s ribosomal RNA (eukaryotic sequence).

2.6. Hemodynamic Instrumentation and Data Reduction. All
pressure and flow transducers were pre- and postcalibrated
against known physical standards to ensure measurement
accuracy. Data were collected at 400 Hz, signal conditioned,
and A/D converted for digital analysis using our GLP
compliant data acquisition system [22]. Pressure and flow
recordings were used to derive heart rate, cardiac output,
mean arterial pressure, mean LA pressure, LV peak systolic
and end-diastolic pressure (EDP), peak ±dP/dt, LV external
work, and mean diastolic coronary artery blood flow. These
parameters were calculated on a beat-to-beat basis for each
30-second data set with the Hemodynamic Evaluation and
Assessment Research Tool (HEART) program developed in
Matlab (Version 6.5, MathWorks). All analyzed beats in
each data set (approximately 30–50 beats) were averaged to
obtain a single representative mean value for each calculated
parameter.

2.7. Histological Assessment. Paraffin-embedded tissue sec-
tions (4 μm) from the LV, RV, and interventricular septum
were deparaffinized, rehydrated, and stained with Masson’s
Trichrome (for collagen) with standard histological tech-
niques as previously described [23]. To determine myocyte
cross-sectional area, FITC-conjugated wheat germ agglutinin
(Molecular Probes) staining of cell membranes together with
DAPI (Molecular Probes) nuclear costaining was performed
as previously described [24]. Myocyte area determined from
an average of ∼100–150 cross-sectional cells with centrally
located round nuclei and the total fibrotic area were assessed
using Metamorph Imaging Software.

Apoptosis in cardiac tissue was determined with the
DeadEnd Fluorometric TUNEL System (Promega), which
catalytically incorporates fluorescein-12-dUTP at DNA
strand breaks as previously described [24]. All sections
were counterstained with DAPI (Molecular Probes) at a
final concentration of 2 μM. Images were viewed with
epifluorescence microscopy (Nikon TE2000) within 24 hours
and analyzed with Metamorph Imaging Software.

2.8. Myocardial Gene Expression. mRNA expression in the
heart was quantified by real-time polymerase chain reaction
(PCR) as previously described [23, 25]. Briefly, total RNA
was isolated from LV tissue with TRIzol reagent (Invitrogen),
and cDNA was synthesized from 1 μg RNA with the iScript
cDNA Synthesis kit (BioRad). Relative levels of mRNA

transcripts for atrial natriuretic factor (ANF), connective
tissue growth factor (CTGF), matrix metalloproteinase
(MMP)-2, and MMP-9 were quantified by real-time PCR
with the use of SYBR Green (Applied Biosystems) and
the sense/antisense primer pairs listed in Table 1. Data
were normalized to 18s ribosomal RNA subunit expression
using the ΔΔCT comparative method, and the values from
doxorubicin-treated hearts were expressed as a fold change
over control.

2.9. Measurement of Plasma Catecholamines. Plasma nore-
pinephrine and epinephrine levels were determined by
colorimetric quantitative competitive ELISA with a commer-
cially available kit (Rocky Mountain Diagnostics) according
to the manufacturer’s instructions. Briefly, the derivatized
standards, test samples, and the solid phase bound analytes
competed for a fixed number of antiserum binding sites.
After washing of the free antigen and the antigen-antiserum
complexes, the antibody bound to the solid phase was
detected by a peroxidase-conjugated secondary antibody.
Quantification of unknown samples was then extrapolated
from a reference standard curve.

2.10. Statistics. Serial echocardiographic and catecholamine
data from the same animal at different time points during
the doxorubicin protocol were compared using one-way
ANOVA with Tukey posttest. Hemodynamic, myocardial
blood flow, histological, and molecular comparisons between
doxorubicin-treated animals and normal animals were per-
formed with an unpaired t-test. A P-value < 0.05 was
considered statistically significant. All continuous data are
reported as mean ± standard deviation.

3. Results

3.1. Clinical Findings. All four animals developed chronic
coughing, three of four animals developed dyspnea on
exertion, and one animal developed dyspnea at rest and
severe ascites. During the duration of the study, three of
four animals lost weight and exhibited signs of chronic
dehydration.

3.2. Echocardiography. The target LVEF (≤35%) was
achieved in three animals, and diminished heart function was
induced in the remaining animal treated with doxorubicin.
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Figure 1: M-mode echocardiographic images from the same animal at baseline (a) and 60 days after initiation of weekly intravenous
doxorubicin (b).

Table 2: Serial echocardiography in doxorubicin-treated calves.

Baseline Final awake Final anesthetized

LVEDV (mL) 58± 2 73± 22 75± 25

LVESV (mL) 5± 4 24± 14∗ 46± 17∗#

LVEF (%) 91± 6 64± 23∗ 36± 23∗#

LV, left ventricular; EDV, end-diastolic volume; ESV, end-systolic volume;
EF, ejection fraction. ∗P < 0.05 versus baseline; #P < 0.05 versus final awake.
n = 4.

Table 3: Hemodynamics in doxorubicin-treated and normal calves.

Normal‡ Doxorubicin treated

CO (L/min) 8.1 ± 1.2 5.8 ± 2.4∗

MAP (mm Hg) 90 ± 10 70 ± 17∗

LAP (mm Hg) 14 ± 6 15 ± 9

LVPSP (mm Hg) 103 ± 9 88 ± 22

LVEDP (mm Hg) 16 ± 6 15 ± 12

peak +dP/dt (mm Hg/s) 1252 ± 407 767 ± 222∗

peak −dP/dt (mm Hg/s) −2528 ± 866 −1135 ± 610∗

LVEW (mm Hg·ml) 8758 ± 2441 6001 ± 2751

CAF (mL/min) 207 ± 138 77 ± 16

CO, cardiac output; MAP, mean arterial pressure; LAP, left atrial pressure;
LV, left ventricular; PSP, peak systolic pressure; EDP, end diastolic pressure;
EW, external work; CAF, coronary artery flow.
‡normal calves from [18]. ∗P < 0.05 versus normal.

Representative M-Mode echocardiographic images from one
animal at baseline and 60 days after initiating doxorubicin
are shown in Figure 1. Mild LV dilitation was observed
along with a much more profound reduction in systolic
contraction and shortening fraction. Group data (n = 4)
are shown in Table 2. Doxorubicin induced mild increases
in LV end-diastolic volume (EDV) that were not statistically
significant, but significant (P < 0.05) increases in LV
end-systolic volume (ESV) and worsening of LVEF were
observed. These effects were more profound under isoflurane
anesthesia. In the subset of animals that achieved target LVEF,
there was significant exacerbation of all echocardiographic
parameters of interest (baseline versus final anesthetized:
LVEDV 57 ± 2 versus 71 ± 29 mL; LVESV 6 ± 3 versus 52 ±
15 mL; LVEF 89 ± 6 versus 25 ± 10%; P < 0.05).
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Figure 2: Regional myocardial blood flow was determined with
15 μm microspheres in control and doxorubicin-treated animals.
∗P < 0.05 versus control; n = 4/group.

3.3. Hemodynamics. Table 3 depicts hemodynamic param-
eters measured 60 days after the initiation of doxorubicin.
As compared to normal calves of somewhat smaller size
(n = 9, mean weight: 76.1 kg) that were previously studied
in our laboratory [18], doxorubicin-treated calves exhibited
hemodynamic changes indicative of LV contractile dysfunc-
tion with significantly (P < 0.05) decreased cardiac output,
mean arterial pressure, peak +dP/dt, and peak −dP/dt, and
a trend toward decreased LV peak systolic pressure (P =
0.10), LV external work (P = 0.10), and left main coronary
artery blood flow (P = 0.12). Interestingly, despite significant
inotropic and lusitropic depression, filling pressures (LA
pressure and LV end-diastolic pressure) were comparable
between the groups.

3.4. Regional Myocardial Blood Flow. Figure 2 demonstrates
regional myocardial blood flow in the LV-free wall, inter-
ventricular septum, RV-free wall, and the transmural distri-
bution in control animals and doxorubicin-treated animals
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Figure 3: (a) Interstitial fibrosis as determined by Masson’s Trichrome staining in control and doxorubicin-treated hearts. (b) and (c)
Representative histomicrographs of myocardial architecture in control and doxorubicin-treated hearts. In control animals, the outlines of
individual myocytes are apparent. Interstitial endo- and perimysium are well established and clearly visible. In doxorubicin treated animals,
normal myocyte borders are not apparent, and connective tissue is largely absent. 40x, white bar = 50μm, ∗P < 0.05 versus control. LV, left
ventricle; RV, right ventricle; n = 4/group.

at 60 days after initiation of doxorubicin. There were
statistically significant (P < 0.05) reductions in myocardial
blood flow in the LV- and RV-free walls and trends toward
reduced blood flow in the septum (P = 0.13), epicardium
(P = 0.07), midmyocardium (P = 0.07), and endocardium
(P = 0.13).

3.5. Histology and Gene Expression. Gross heart weights were
518 ± 82 g for control animals and 604 ± 90 g for animals
treated with doxorubicin and were not statistically different
as a direct comparison (P = 0.25) or normalized to body
weight (P = 0.88) and suggest the absence of doxorubicin-
induced hypertrophy at the chamber level.

Figure 3 demonstrates the degree of collagen deposi-
tion/fibrosis in the LV, RV, and interventricular septum as
determined by Masson’s Trichrome staining. As compared
to control hearts, after doxorubicin treatment, connective

tissue decreased or tended to decrease in each of the three
regions (LV P = 0.14, septum P < 0.10, RV P <
0.01). Moreover, as seen in the accompanying representative
histomicrographs, the outline of individual myocytes and the
interstitial space were well established and clearly visible in
control hearts. In contrast, doxorubicin-treated hearts did
not exhibit clear myocyte borders, and interstitial connective
tissue volume was markedly diminished. To explore this
further, we examined myocardial gene expression of CTGF,
a profibrotic matrix-associated protein, and MMP-2 and -9,
which would be expected to augment collagen degradation
(Figure 4) [23]. As compared with control hearts, CTGF
expression was unchanged in doxorubicin-treated hearts,
whereas MMP-2 expression was significantly (P < 0.05)
upregulated. MMP-9 expression tended toward a decrease
(P = 0.09). The large increase in MMP-2 would be expected
to favor collagen turnover and loss, which was consistent
with the histological findings in Figure 3.
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Figure 4: mRNA expression for atrial natriuretic factor (ANF),
connective tissue growth factor (CTGF), matrix metalloproteinase-
(MMP-) 2, and MMP-9 in control and doxorubicin-treated hearts
as quantified by real-time PCR. Individual gene expression was
normalized to 18s ribosomal RNA and displayed as a percent of
control. ∗P < 0.05 versus control; n = 4/group.

Figure 5 shows representative wheat-germ agglutinin
staining of cell membranes and corresponding myocyte size
in the LV, RV, and interventricular septum from control
and doxorubicin-treated hearts. As compared with control
hearts, after doxorubicin treatment myocyte size increased in
each of the three regions and indicated pathologic myocyte
hypertrophy. This increase was statistically significant (P <
0.05) in the RV and septum but not statistically significant
in the LV (P = 0.29). In control hearts, myocytes were
of a uniform size and shape, and interstitial space was
clearly visible as dark, variegated bands throughout the
myocardium. In doxorubicin-treated hearts, myocytes were
hypertrophic and nonuniform in shape. Consistent with
these histological findings of hypertrophy, mRNA expression
of ANF, a hypertrophic marker, was increased ∼3.5-fold
in doxorubicin-treated hearts as compared with control
(Figure 4).

One potential explanation for doxorubicin-induced
myocyte hypertrophy without changes in LV chamber weight
would be the concomitant enhancement of myocardial cell
loss. Figure 6 demonstrates representative TUNEL stains
from control and doxorubicin-treated hearts and the overall
apoptotic rate in the LV, interventricular septum, and RV.
As compared to controls, doxorubicin treatment enhanced
myocardial apoptosis in the heart. This increase was sta-
tistically significant in the left ventricle (P < 0.01), of
borderline significance in the interventricular septum (P =
0.10), and not significant in the right ventricle (P =
0.39). Staining morphology and the proximity of cells to
vascular structures suggested that the apoptotic cells were
a mixture of myocytes, endothelial cells, and immune
cells.

3.6. Plasma Catecholamines. As shown in Figure 7, plasma
norepinephrine levels were significantly increased 14 days
into the doxorubicin administration protocol and subse-
quently returned to baseline at 45 days. Plasma epinephrine
increased progressively during doxorubicin administration
and was significantly increased over baseline at 45 days.
Collectively, these data indicate heightened circulating cat-
echolamines and adrenergic activation, a hallmark of car-
diomyopathy and heart failure [26].

4. Discussion

In this study, we report for the first time a stable model
of doxorubicin-induced cardiomyopathy in the calf. Specif-
ically, weekly intravenous injections of doxorubicin induced
(1) mild LV dilatation with impaired LV contraction and
relaxation, (2) reductions in cardiac output without changes
in LV filling pressure, (3) reductions in myocardial blood
flow, (4) myocyte hypertrophy, (5) cardiac cell apoptosis,
(6) loss of interstitial collagen, and (7) an increase in
plasma catecholamines. Most of these phenotypic features
are hallmarks of the failing human heart. Given that the
calf is generally used for preclinical testing of mechanical
circulatory support devices, this bovine model may be useful
as a platform for testing acute and chronic pathophysiologic
responses to LVADs in the context of HF and for the
development of adjunct therapies for myocardial recovery.

Doxorubicin is a potent broad-spectrum antineoplastic
drug with dose-dependent cardiotoxicity that clinically can
manifest as cardiomyopathy and HF [27]. Multiple patho-
logical mechanisms have been proposed for doxorubicin-
induced cardiomyopathy that include the generation of
free radicals, oxidative stress-induced lipid peroxidation
and mitochondrial damage, suppression of cardiac gene
expression and protein synthesis, augmented release of
catecholamines, and cardiomyocyte and endothelial cell
apoptosis [27–29]. The large number of mitochondria in the
heart and the strong affinity of anthracyclines for the inner
mitochondrial membrane phospholipid cardiolipin con-
tribute to the mitochondrial accumulation of doxorubicin
and predispose cardiac myocytes to doxorubicin toxicity
[30]. As such, multiple investigators have used anthracyclines
such as doxorubicin to induce cardiomyopathy and HF in
a variety of large animal models that include dogs and
sheep [10–17, 31]. Large animal studies that have used
sequential weekly doxorubicin doses for a circumscribed
period (as was done in our study) report a cardiomyopathy
that is progressive over the long term without evidence of
spontaneous improvement [10–13, 16].

In dogs and sheep, serial doxorubicin administration
decreased cardiac output by 15–32% [11, 12, 15, 17].
Similarly, in our bovine model, cardiac output was 28%
lower than normal animals. Moreover, significant contractile
and lusitropic dysfunction was evident with∼40% reduction
in peak +dP/dt and ∼55% reduction in peak –dP/dt.
Interestingly, LV dilatation, a hallmark of anthracycline
cardiotoxicity in rodents [27], was relatively modest in
our calf model, and filling pressures were normal despite
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Figure 5: (a) Myocyte area as determined by wheat germ agglutinin and DAPI costaining in control and doxorubicin-treated hearts. (b)
and (c) Representative wheat germ agglutinin and DAPI costaining in control and doxorubicin-treated hearts delineating myocyte cell
membranes (green) and nuclei (blue). In control animals, myocytes are of a uniform size and shape, and interstitial space is clearly visible
as dark, variegated bands through the myocardium. In doxorubicin-treated animals, myocytes are hypertrophic and nonuniform in shape.
20x, white bar = 100μm, ∗P < 0.05 versus control. LV, left ventricle; RV, right ventricle; n = 4/group.

reduced cardiac output. This suggests that pathological
remodeling and hemodynamic decompensation may have
become more pronounced upon larger doses of doxorubicin
and/or a greater duration of followup. Alternatively, these
less pronounced phenotypic features may be species-specific
and distinguish doxorubicin-mediated responses in the calf
in comparison with other animal species.

LVEF dropped by ∼30% in the conscious state and
∼60% in the anesthetized state as compared with baseline.
Importantly, high-baseline LV ejection fraction is normal in
calves. The juvenile calf has an accelerated calcium turnover
rate and high myocardial contractility [32]. Interestingly, it is
well documented that bovine hemodynamics differ between
conscious and anesthetized conditions [33, 34]. Normal
ejection fraction in calves has been reported to be as high
as 85 ± 9% in the conscious state [35] and 63 ± 10% under

anesthetized conditions [33]. In our study, after seven weeks
of doxorubicin, the calves exhibited an ejection fraction
of 64 ± 23% in the conscious state and 36 ± 23% under
isoflurane anesthesia. LVEF in the conscious state may have
overestimated basal mechanical function in these animals,
as they were uniformly anxious with attendant increase in
stress-induced, catecholamine-mediated effects on cardiac
performance. As a result, echocardiographic measurements
were performed in a hyperdynamic state as occurs during a
stress echocardiogram. Both echocardiographic and hemo-
dynamic measurement in the anesthetized state confirmed
significant systolic dysfunction after doxorubicin admin-
istration. Moreover, doxorubicin-treated animals exhibited
several characteristic histological, biochemical, and molecu-
lar features of pathological cardiac remodeling and myocyte
hypertrophy.
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Figure 6: (a) Myocardial apoptotic rate determined with TUNEL staining in control and doxorubicin-treated hearts. (b) and (c)
Representative TUNEL staining (with DAPI costaining) in control and doxorubicin-treated hearts. Nuclei are stained blue. TUNEL positive
nuclei are green/cyan. 10x, white bar = 200μm, ∗P < 0.05 versus control. LV, left ventricle; RV, right ventricle; n = 4/group.

Myocardial apoptosis and microvascular insufficiency
both contribute to myocardial dysfunction in anthracycline-
induced HF [27–29, 36]. Indeed, doxorubicin-treated bovine
hearts in our study exhibited both a 5 to 6-fold increase in
apoptotic rate and profound reductions in myocardial blood
flow as quantified by regional microsphere distribution. As
prior work has demonstrated that doxorubicin can induce
apoptosis of cardiomyocytes and endothelial cells [25–27],
these two phenomena may be interrelated. Specifically,
endothelial cell death in the microvasculature may have
contributed to the observed reductions in coronary blood
flow. Indeed, we frequently observed foci of apoptotic nuclei
in proximity to or within coronary arterioles in the heart,
which suggests that at least some apoptotic cells were of
vascular or endothelial origin.

As cardiomyopathic hearts generally show augmented
interstitial fibrosis and collagen deposition [37], our finding
of reduced interstitial collagen volume in doxorubicin-
treated hearts was surprising. However, prior work has

demonstrated that doxorubicin upregulates and activates
matrix metalloproteinases in the heart [38] and can also
inhibit collagen synthesis [39] (both of which would favor
collagen degradation). Indeed, in our study, the expression
of profibrotic CTGF in the heart was not affected by
doxorubicin, whereas MMP-2 (which promotes collagen
breakdown) was upregulated, consistent with these prior
observations. In a rat study of the cardiac matrix following
a single injection of doxorubicin, a biphasic course of
myocardial remodeling was observed. The initial response
(up to 6 weeks after injection) was loss of the myocardial
collagen matrix. At later time points, abnormal deposition
of collagen produced focal myocardial scarring [40]. Hence,
the interstitial remodeling after doxorubicin exposure may
not be uniform and may depend on the stage of progres-
sion of doxorubicin-induced ventricular remodeling. It is
possible that in our animals, longer periods of treatment
or followup may have augmented collagen deposition, and
greater fibrosis may have been observed. Moreover, as
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Figure 7: Plasma norepinephrine and epinephrine levels measured
at the indicated time points during doxorubicin administration in
calves. ∗P < 0.05 versus baseline; n = 4/group.

myocardial fibrosis increases, ventricular chamber stiffness
increases. The reduced collagen deposition that we observed
may underlie the absence of diastolic filling pressure
elevation in doxorubicin-treated hearts. The decrease in
matrix protein may have increased chamber compliance
and thereby maintained LVEDP at levels comparable to
normal animals, despite the development of doxorubicin
cardiomyopathy. The depressed peak dP/dt and cardiac
output in doxorubicin-treated animals despite equivalent
LVEDP (preload) indicated significant contractile dysfunc-
tion in these animals. Filling pressure elevation and further
hemodynamic compensation would have likely occurred
over longer time periods that allowed for further progression
of pathological remodeling.

4.1. Limitations. Our results must be interpreted in light of
potential study limitations. In our study, the calves exhibited
variability of response to doxorubicin toxicity. The one
animal that was somewhat resistant to doxorubicin was a
pure-breed Jersey calf, whereas the other three animals were
mixed breed. Response variability has also been reported
in other studies with doxorubicin. Astra et al. reported in
a canine model of doxorubicin cardiomyopathy that one
animal in their medium dose cohort showed no cardiac
impairment, whereas all others animals showed severe
impairment or died of heart failure [16]. Another study
limitation was the small number of experimental animals,
a situation that was mandated by unanticipated limitations
in available resources for large animal maintenance. The
small sample size increased the risk of type I statistical error
(i.e., that the observed effects may have been driven by
chance findings in just one animal) and type II statistical
error (i.e., finding no difference between groups due to a
small number of observations when a difference truly exists).

Nonetheless, despite the study of only four animals, the
observed hemodynamic, structural, histological, biochemi-
cal, and molecular changes were all sufficiently robust to
establish the induction of LV dysfunction and pathological
remodeling by doxorubicin. Moreover, the observed changes
were consistent with multiple prior studies of doxorubicin-
induced cardiomyopathy in other animal models (described
above), suggest that our results were experimentally valid and
not simply the result of chance statistical variation.

These limitations notwithstanding, our results establish
the validity and feasibility of a clinically relevant bovine
model of doxorubicin-induced cardiomyopathy that shares
many phenotypic similarities with human heart failure.
This model may prove useful assess the pathophysiological
responses to LVADs and associated adjunctive therapies in
HF.
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Myocardial infarction is associated with inflammatory reaction leading to tissue remodeling. We compared tissue remodeling
between cryoinfarction (cMI) and reperfused myocardial infarction (MI) in order to better understand the local environment
where we apply cell therapies. Models of closed-chest one-hour ischemia/reperfusion MI and cMI were used in C57/Bl6-mice. The
reperfused MI showed rapid development of granulation tissue and compacted scar formation after 7 days. In contrast, cMI hearts
showed persistent cardiomyocyte debris and cellular infiltration after 7 days and partially compacted scar formation accompanied
by persistent macrophages and myofibroblasts after 14 days. The mRNA of proinflammatory mediators was transiently induced
in MI and persistently upregulated in cMI. Tenascin C and osteopontin-1 showed delayed induction in cMI. In conclusion, the
cryoinfarction was associated with prolonged inflammation and active myocardial remodeling when compared to the reperfused
MI. These substantial differences in remodeling may influence cellular engraftment and should be considered in cell therapy
studies.

1. Introduction

The experimental models of myocardial infarction have
largely contributed to a better understanding of the
pathophysiology of myocardial infarction. Studies on large
animal models revealed many mechanisms involved in
myocardial injury and repair [1, 2]. In the last few years,
transgenic mice and gene targeting technologies allowed
profound studies of the underlying pathomechanisms. For
this purpose, we developed murine models of myocardial
ischemia and reperfusion and used them to study the
mechanisms involved in ischemic myocardial injury [3, 4].
We described pathological features of reperfused myocardial
infarction in mice, that is, rapid formation of granulation
tissue and subsequent development of a stable scar [4]. Our
studies also revealed an important role for macrophages
and their associated inflammatory and remodeling-related

mediators [5, 6]. A profound understanding of these
mechanisms is crucial for projects utilizing novel cellular
therapies, since the local microenvironment seems to exerts
a strong influence on the cells applied in our model of
myocardial cryoinfarction [7–9].

This study compares the pathology and the sequence
of cellular and molecular events in the two mechanistically
different lesion models of myocardial cryoinfarction and
reperfused infarction and reveals substantial differences in
myocardial remodeling between them. Both models show a
transient inflammatory response associated with induction
of chemokines, cytokines, and remodeling-related media-
tors. The cryolesioned heart showed a prolonged remodeling
with postponed development of granulation tissue and scar
formation, which was associated with persistent macrophage
infiltration in the injured tissue when compared to reper-
fused infarction.
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2. Material and Methods

2.1. Study Animals. Wild-type C57/Bl6-mice (Charles River,
Sulzfeld, Germany) of 18 to 25 g weight and 8 to 10 weeks old
were used in our infarction models. Group size in reperfused
infarction model was n = 8 mice and in cryoinfarction
n = 6 mice. All experiments were performed in accordance
with an animal protocol approved by the local governmental
authorities.

2.2. Mouse Model of Reperfused Myocardial Infarction. In an
initial surgery, mice were anesthetized with pentobarbital
i.p. (2.5 μg/g; Merial, Halbermoos, Germany) as previously
described [10]. The thorax was shaved and disinfected with
betadine. Then, mice were intubated with a PE-90 tube
(Becton Dickinson, Sparks, MD, USA) connected to a small
animal respirator (Rodent Ventilator Mod. 681, Harvard
Apparatus Inc., Millis, MA) and ventilated at a frequency of
110/min with tidal volume of 0.25 mL. Animals were kept
anesthetized using isoflurane concentration between 0.8 and
1.3 vol-%. The chest was opened by left parasternal thoraco-
tomy. Pericardium was dissected and partially removed, and
a Prolene 8-0 suture (Ethicon, Norderstedt, Germany) was
placed around the left descending coronary artery (LAD).
Suture ends were threaded through a sterile PE-10 tube
(Becton Dickinson) of 3 mm of length, exteriorized through
the thoracic wall, and then stored subcutaneously. The
thorax was closed with interrupted Prolene 6-0 stiches, and
the skin was closed with a running Prolene 6-0 suture.
At the end, metamizol (100 mg/kg; Novalgin) was given
for analgesia in a mixture with cefuroxim as antibiotic
prophylaxis i.p. (100 mg/kg, Zinacef; Bristol-Myers Squibb,
Munich, Germany). Mice were allowed to recover for 7 days
from trauma of initial surgery. Then, myocardial infarction
was induced under isoflurane anesthesia as described before
[4]. The skin was reopened, and the ends of the LAD-
ligature were connected to heavy metal picks. Pulling on
the ligature ends induced LAD-occlusion, and this ischemia
was maintained for 60 minutes. After removal of the LAD-
ligature, the blood flow was restored in the reperfusion.
ECG monitoring of Einthoven lead II during and after LAD-
occlusion confirmed successful ischemia and reperfusion.
Mice with nonpersistent ST-elevation were excluded from
further evaluation. Postoperative analgesia and antibiotics
were administered i.p. as mentioned above. One-hour
ischemia was followed by reperfusion for 6 hrs, 1, 3, 7,
and 14 days. Mice were euthanized using an overdose of
pentobarbital i.p.; hearts were excised and fixated in zinc-
paraformaldehyde (Z-fix, 4%; Anatech, Battle Creek, MI,
USA) for histology or stored in RNA-later solution (Qiagen,
Hilden, Germany) for mRNA-studies.

2.3. Mouse Model of Cryoinfarction. Animals were sedated
by brief exposure to narcotic gas containing 50% O2, 50%
N2O, and 3 to 4 vol-% of isoflurane as previously described
[11]. Thereafter, mice were positioned on a temperature-
controlled plate (37◦C) in supine position, intubated, and

ventilated using a small animal respirator (Harvard Appa-
ratus) as described in the previous section. Anesthesia was
maintained with isoflurane concentration between 0.8 and
1.3 vol-%. Then, the left thoracic wall was shaved and
disinfected with 70% isopropanol. An anterolateral skin
incision was performed 5 mm above the costal margin,
the anterolateral thoracic muscles were transected, and the
thorax was opened in the fifth intercostal space. The peri-
cardium was opened, and the apex of the heart was exposed.
Cryocoagulation was performed by placement of a copper
probe (3 mm diameter, cooled in liquid nitrogen for 2 min)
to the free left ventricular wall (3 times for 20 seconds) in
order to achieve reproducible, large transmural myocardial
lesion. After induction of the cryoinfarction, a 22-G chest
drain (Optiva, Johnson & Johnson, New Brunswick, NJ,
USA) was inserted into the left pleural cavity to prevent
pneumothorax. The thorax was closed with Prolene 6-0
sutures, and air was drained using negative pressure on chest
drain before extubation. Metamizol and cefuroxime were
given i.p. after the surgery. At the end of the protocol, the
hearts were excised after the above-mentioned time periods
and further processed for histological and molecular analysis.

2.4. Histology. After excision, hearts were washed in car-
dioplegic solution containing 4 g NaCl, 3.73 g KCl, 1 g
NaHCO3, 2 g glucose (all from Berlin Chemie, Berlin,
Germany), 3 g 2,3-butandion monoxime (Sigma-Aldrich,
Munich, Germany), 3.8 g ethylenglycol tetra acetic acid
(Sigma), 0.2 mg nifedipine (Sigma), and 10 ml heparin
(1000 IU/ml; Ratiopharm, Ulm, Germany), all of which
were dissolved in 1 L of isotonic NaCl (Berlin Chemie).
Blood remnants were washed out of the ventricles. Hearts
were fixated in zinc-paraformaldehyde for 24 hrs and further
processed using standard paraffin embedding. Hearts where
cut from basis to apex, and at every 250 μm, a set of ten 5 μm
sections were mounted on glass slides [3]. The first section
was stained with hematoxylin and eosin for initial evaluation.
Myocardial sections below insertion of the papillary muscles
were further used for histology and immunohistochemistry.
Photographic images were recorded on a computer system
equipped with a digital camera (DP70, Olympus, Hamburg,
Germany), and planimetric evaluation was performed using
ANALYSIS software (Olympus). Picrosirius red staining of
total collagen was used to evaluate development of fibrosis
in the myocardial scar. Cell density was measured by cell
count of immunohistochemically stained cells in infarcted
myocardium and was expressed as number per mm2. We
used the following primary antibodies for immunohisto-
chemistry: alpha smooth muscle actin mouse monoclonal
antibody (clone 1A4; Sigma, St. Louis, MO, USA) for
myofibroblasts, F4/80 rat monocyte/macrophage antibody
(Serotec, Duesseldorf, Germany) for macrophages and MCA
771 G rat monoclonal antibody for neutrophils (Serotec).
Furthermore, samples were stained for macrophage matu-
ration marker osteopontin-1 using a goat polyclonal anti-
body (P-18, Santa Cruz, Heidelberg, Germany) and for
macrophage elastase using a rabbit monoclonal anti-MMP12
antibody (Abcam, Cambridge, UK). Immunohistochemical
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Figure 1: Comparison of myocardial histopathology between cryoinfarction and reperfused infarction. Hematoxylin-eosin staining of left
ventricular lateral wall in cryoinfarction after (a) 3 days an increased cellular infiltration with extensive cardiomyocyte debris, with (b)
formation of granulation tissue after 7 days, and (c) an almost compacted scar formation after 14 days postinjury with permanent occlusion
of a large coronary vessel (arrow). In parts (a)-(c), a higher magnification (400x) insert shows cellular and matrix content in detail. In
contrast, (d) reperfused myocardial infarction shows granulation tissue formation after 3 days and (e) a compacted, nontransmural scar
formation after 7 days reperfusion. Picrosirius red staining of (f) cryoinfarction after 7 days reveals loose collagen fibers, while (g) reperfused
infarction presents a compacted, collagen-rich scar. Alpha smooth muscle actin staining of myofibroblasts (black-stained cells) indicates
(h) active interstitial remodeling 7 days after cryoinfarction whereas (i) reperfused infarction has only few positive cells in the scar (eosin
counterstaining). Scale bar: 150 μm.

staining was performed using appropriate Vectastain Elite
ABC kits and diaminobenzidine (AXXORA, Loerrach, Ger-
many). M.O.M immunodetection kit (AXXORA) was used
for mouse-derived antibodies.

2.5. RNA Extraction and Taqman RT-qPCR. Excised hearts
were cleared of large vessels and atria and placed in RNA-later
solution (Applied Biosystems, Foster City, CA, USA). Hearts
were minced using a tissue tearor (Tissue Tearor Modell
398; Biospec, Bartlesville, OK, USA), and mRNA was iso-
lated using standard phenol/chloroform extraction method
(Trizol, Applied Biosystems). mRNA was transcribed into
cDNA using high-capacity cDNA transcription kit (Applied

Biosystems) with random hexameric primers as described
in the manufacturer’s protocol. The mRNA-expression was
determined by Taqman real-time quantitative PCR (RT-
qPCR, Applied Biosystems). cDNA was diluted 1/10 and
then used for measurement of gene induction according to
the manufacturer’s instructions on an ABI Prism 7900HT
Sequence Detection System using SDS2.2 software (Applied
Biosystems). Gene expression was normalized to an internal
control sample and to GAPDH. All murine primers were
commercially available and measured with FAM TAMRA
chemistry using the relative standard curve method. At
the end of RT-qPCR cycle, dissociation curve analysis was
performed to ascertain the amplification of a single PCR
product.
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Figure 2: Neutrophils density in injured myocardium. Representative MCA 771 G staining for neutrophils (black-stained cells) in infarcted
left ventricular wall (pink eosin counterstaining) 3 days after (a) reperfused infarction (MI) and (b) cryoinfarction (cMI). Comparison of
neutrophils cell density in (c) infarcted area and (d) noninfarcted area in both models. Scale bar: 75 μm; ∗P < .05.

2.6. Statistical Analysis. All data are expressed as means
± SEM. Two-tailed, unpaired Student’s t-test was used
to determine a significant difference between two groups.
Multiple ANOVA was used to evaluate differences between
three or more groups. Post hoc testing (Student-Newman-
Keuls) was performed when appropriate. A P < .05 was
considered statistically significant.

3. Results

Histopathological features of cryoinfarction and reperfused
myocardial infarction in our model of cryoinfarction showed
a transmural lesion with sharp infarction borders early after
injury. The cryoinjury presented after 3 days with extensive
cellular infiltration and partial granulation tissue formation
starting at the periphery of infarction (Figure 1(a)). The
central part of the cryoinjury at the copper probe application
site contained numerous dead cardiomyocytes and cellular
debris. The formation of loose granulation tissue was
almost finished after 7 days (Figure 1(b)). The subsequent
scar formation was largely completed after 14 days, but
a substantial cellularity was still present in some parts of
the cryoinjury whereas revascularization of large vessels
was not observed (Figure 1(c); arrow). In contrast, the
reperfusion of myocardial infarction in our closed-chest

model led to a nontransmural lesion. Complete formation
of granulation tissue was found after 3 days (Figure 1(d))
and followed by a compacted scar formation with low
cellular content after 7 days reperfusion (Figure 1(e)), as
we published before [4]. The cryoinfarction showed large
areas with loose collagen deposition after 7 days (Figure 1(f))
in contrast to compacted collagen-rich scar in reperfused
infarction at the same time point (Figure 1(g)). This
difference in scar formation was further underlined by a
vast number of myofibroblasts in cryoinfarction after 7 days
(Figure 1(h)) whereas only few myofibroblasts were found
in the reperfused infarction (Figure 1(i)). The collagen was
largely compacted in cryoinfarction after 14 days, but this
was still associated with low myofibroblast persistence in
the scar. The cryoinjury led to prolonged scar formation
probably due to a longer time period needed for debris
clearance, which could only progress from the periphery of
the injury due to completely cryodamaged vasculature in the
scar. In contrast, the reperfusion of myocardial infarction was
associated with rapid scar formation due to an intact vascular
network, which provided synchronous cell migration into
the entire infarcted area.

3.1. Comparison of Cellular Events between the Models.
Immunohistochemical staining of neutrophils revealed a
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Figure 3: Macrophage density in cryoinfarction and reperfused infarction. Representative F4/80 staining for macrophages (black-stained
cells) in left ventricular wall (pink eosin counterstaining) 7 days after (a) reperfused infarction (MI) and (b) cryoinfarction (cMI). Elastase
staining showed lack of macrophage activity after 7 days in (c) MI in contrast to (d) ongoing activity (black staining) in cMI (pink eosin
counterstaining). Comparison of macrophage cell density in (e) infarcted area and (f) noninfarcted area in both models. Scale bar (a)-(b):
75 μm, (c)-(d): 100 μm; ∗P < .05.

strong myocardial infiltration early after the injury, suggest-
ing a comparable myocardial debris clearance in both mod-
els. We found a significant difference in neutrophils density
in infarcted area between the two models after 3 days (Figures
2(a) and 2(b)) and slightly longer neutrophils persistence
in cryoinfarctions after 7 days (Figure 2(c)). We found no
difference in cellular density of neutrophils in noninfarcted
remote myocardium in both models (Figure 2(d)).

Macrophage staining showed a persistent, strong infiltra-
tion of cryoinjured myocardium after 7 days whereas only

few F4/80-positive cells were found after 7 days reperfusion
of infarction, as previously published [4] (Figures 3(a) and
3(b)). We investigated macrophage activity using elastase
staining after 7 days and found very strong signals in cry-
oinfarction, but no signals in reperfused infarction (Figures
3(c) and 3(d)). Interestingly, after 14 days, cryoinfarction
showed much lower elastase activity, even though the total
macrophage cell density was still high. The macrophage
cell density data strongly support a short, rapid course of
tissue remodeling after reperfusion of murine infarction,
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Figure 4: Osteopontin-1 in infarcted myocardium. Representative staining for macrophage maturation marker osteopontin-1 (black-stained
cells) in left ventricular wall (eosin counterstaining) 7 days after (a) reperfused infarction (MI) and (b) cryoinfarction (cMI). Cell density of
osteopontin-1-positive cells in (c) infarcted area and (d) noninfarcted area in both models. Scale bar: 75 μm; ∗P < .05.

in contrast to a persistent macrophage infiltration even 14
days after cryoinfarction (Figure 3(e)). To our surprise,
macrophage density was also significantly higher in the
remote, noncryoinjured myocardium, thus suggesting a
dysfunctional development of the infarction border zone in
this model (Figure 3(f)).

We further investigated the maturation of macrophages
and found after 7 days a stronger infiltration of osteopontin-
1-positive cells in cryoinfarcted hearts than in reperfused
myocardial infarction (Figures 4(a) and 4(b)). Evaluation of
osteopontin-1-positive cell density revealed a prolonged, but
functional maturation of macrophages (Figure 4(c)). The cell
density of osteopontin-1-positive cells in the noninfarcted
area was also comparable between the models (Figure 4(d)).
Taken together, the course of cellular events involves a
prolonged infiltration of cryoinfarction with inflammatory
cells, thereby explaining the later development of a stable scar
in this model. In contrast, a transient, short infiltration of
reperfused myocardial infarction with inflammatory cells is
associated with a rapid resolution of myocardial remodeling.

3.2. Differences in the Course of Molecular Events in
Infarcted Myocardium. The course of molecular events in
cryoinfarction and reperfused infarction was assessed using

mRNA-expression measurements of specific inflammatory
and remodeling-related mediators. The myocardial damage
leads to a rapid production of reactive oxygen species and
induction of several scavenger enzymes, for example, heme
oxygenase 1, glutathione peroxidase, and so forth. The
expression of heme oxygenase 1 in reperfused myocardial
infarction accompanied the transient short inflammatory
reaction with a peak induction after 24 h of reperfusion
and a rapid downregulation thereafter (Figure 5(a)). The
cryoinfarction led to a significantly different expression
pattern with prolonged induction of heme oxygenase 1.
The cytokine TNF-α, the next downstream mediator in the
postischemic inflammatory cascade, presented with a sig-
nificantly stronger mRNA-induction early after reperfusion
of infarction, which is probably triggering the rapid onset
of inflammatory reaction (Figure 5(b)). TNF-α-expression
decreased thereafter in reperfused infarction, in contrast to
its maximal upregulation 3 days after cryoinfarction. We
measured the induction of the anti-inflammatory cytokine
IL-10 to investigate negative feedback regulation of proin-
flammatory response (Figure 5(c)) and found a comparable
time course in both models with a significantly higher
induction of it in cryoinfarction after 3 days. This prob-
ably reflects the prolonged proinflammatory response and
delayed resolution of inflammation in cryoinfarction. Based
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Figure 5: Expression profile of inflammatory mediators in cryoinfarction and reperfused infarction. RT-qPCR-analysis of mRNA-expression
of (a) free radicals scavenger enzyme heme oxygenase 1, (b) proinflammatory cytokine TNF-α, (c) anti-inflammatory cytokine IL-10,
(d) macrophage-related chemokine CCL2, (e) neutrophils-related chemokine CCL3 and (f) macrophage-related chemokine CCL4 in
cryoinfarction (cMI) and reperfused infarction (MI). Data are normalized to respective shams and housekeeping gene GAPDH. ∗P < .05.

on our previous results regarding the role of chemokines in
remodeling [4], we measured the expression of macrophage-
related CCL2 and CCL4, as well as neutrophils-related CCL3.
To our surprise, we found a significantly higher induction
of CCL2 in reperfused infarction whereas cryoinfarction
did not lead to its significant upregulation at a later time
point (Figure 5(d)). In contrast, the mRNA-expression
of CCL3 showed a significantly stronger early induction
in cryoinfarction and a second maximum after 3 days
when compared to reperfused infarction (Figure 5(e)). The
chemokine CCL4 showed a comparable expression pattern
between the models, but also significant differences at an
early and later time point (Figure 5(f)). Taken together, the
expression of free radical scavenger enzymes, cytokines and
chemokines, is directly influencing the course of cellular

events in both models of infarction. Still, the expression of
chemokines shows a different time course, probably due to
their additional role in collagen deposition during advanced
stages of remodeling.

Since osteopontin-1 is not only related to macrophage
maturation but also is involved in extracellular matrix for-
mation and remodeling, we measured its mRNA-expression
and found an earlier peak after 24 hrs in reperfused infarction
whereas in cryoinfarction its maximum was reached after
3 days (Figure 6(a)). Another marker of early remodeling,
tenascin C, showed a significantly higher induction early
after reperfusion of infarction, thus supporting the rapid
granulation tissue formation (Figure 6(b)). Tenascin C-
expression was significantly higher after 3 days in cryoinjured
myocardium, thus mediating the prolonged granulation
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Figure 6: Expression profile of remodeling-related mediators in cryoinfarction and reperfused infarction. RT-qPCR-analysis of mRNA-
expression of (a) macrophage maturation marker osteopontin-1, (b) early remodeling marker tenascin C, and isoforms of TGF-β, an anti-
inflammatory cytokine and remodeling mediator (c) TGF-β1, (d) TGF-β2, and (e) TGF-β3 in cryoinfarction (cMI) and reperfused infarction
(MI). Data are normalized to respective shams and housekeeping gene GAPDH. ∗P < .05.

tissue formation. We also investigated the mRNA-expression
of TGF-β and found a later induction of predominantly
profibrotic acting TGF-β1 and -β2 isoforms (Figures 6(c) and
6(d)). Interestingly, we found a significantly higher induction
of rather antifibrotic acting TGF-β3 isoform 7 days after
cryoinfarction, thus probably representing a strong signal for
the resolution of myocardial remodeling (Figure 6(e)). These
data reveal specific mediators responsible for the prolonged
granulation tissue formation and delayed remodeling process
after cryoinfarction. Our data also confirm our previously
published findings on induction of TGF-β isoforms in
reperfused infarction and give us additional novel insights in
osteopontin-1- and tenascin C-expression in the reperfused
infarction model.

4. Discussion

Studies using large experimental models of myocardial
infarction brought a detailed analysis of pathology and some
insights into mechanisms involved in myocardial ischemia.
Recent developments in transgenic mice and gene-targeting
technologies provided tools for profound studies of the
pathomechanisms and specific genes involved in cardiac
repair. We developed a chronic, closed-chest murine model
of myocardial ischemia followed by reperfusion, which leads
to infarction with rapid scar formation [4]. This closed-chest
model has minimized the influence of the initial surgery
trauma and is, therefore, particularly useful for studies of
inflammatory response and early remodeling. We used this
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model in cellular therapy experiments and found a very
poor engraftment of the i.v. injected whole bone marrow
cells (unpublished observation) in contrast to a very good
engraftment found in another model, that is, cryoinfarction
[7]. Therefore, we assumed differences in myocardial remod-
eling and specifically in local microenvironment of injured
myocardium. In order to investigate these differences, we
compared the pathology and the course of cellular and
molecular events during myocardial remodeling between the
two models.

In this study, we confirmed our previous findings on
rapid development of granulation tissue and the time course
of mediators involved in transient inflammatory reaction,
as well as in subsequent remodeling [3, 4]. We found
a transient, strong increase in proinflammatory cytokines
and chemokines leading to a rapid tissue infiltration with
neutrophils and macrophages, which was also described
in large animal models [12]. In addition, we observed a
transient induction of heme oxygenase 1, which is caused by
a massive production of reactive oxygen species during early
reperfusion and precedes the cytokine release in the ischemic
heart. Development of granulation tissue was associated
with anti-inflammatory action of IL-10, with transient
upregulation of early remodeling mediator tenascin C [13],
and was followed by induction of macrophage maturation
marker osteopontin-1 [14] and, as previously published,
upregulation of TGF-β isoforms [4]. These mediators lead
to differentiation of myofibroblasts and subsequent collagen
deposition, thus resulting in the stable scar formation 7
days after reperfusion of murine infarction [2]. The timely
resolution of myocardial remodeling is also confirmed by a
lack of macrophage elastase [15] and osteopontin-1 staining
after 7 days reperfusion.

The pathology of cryoinfarction showed a similar course
of events, but a longer duration of this process until
formation of a stable myocardial scar is completed. The basic
histology revealed that cryoinfarction leads to an early, strong
cellular infiltration of the damaged myocardium, which
slowly decreased to a lower level until 14 days postinjury.
We observed a permanent damage and occlusion of the
large vessels in cryoinjured myocardium, which mechanically
prevented an evenly distributed cellular infiltration of the
injured myocardium and thus rapid myocardial remodeling,
as it is observed in reperfused infarction. In cryoinfarction,
cell debris clearance is starting from the periphery, and the
cells—macrophages and neutrophils—persist up to 14 days
in the last area near the center of the epicardial copper probe
application site. This seems to be one of the main factors
influencing the pace of remodeling in the cryoinfarction
model. Interestingly, we found a significantly prolonged
macrophage infiltration of the noninjured area, which may
be associated with a dysfunctional border zone formation
and infarction limitation in this model. The concomitant
appearance of elastase-producing macrophages and myofi-
broblasts 7 to 14 days postinjury represents an active myocar-
dial remodeling process, which is further supported by not
entirely compacted collagen in the scar. In consequence,
the macrophage maturation marker osteopontin-1 shows
prolonged cellularity in immunohistochemistry. This active

myocardial remodeling is probably responsible for a good
engraftment of the implanted cells in the cryoinfarction
model [7].

The mRNA data provide novel insights into the time
course of the expression of several mediators involved
in remodeling of cryoinfarcted myocardium. The later
induction of cytokines and remodeling-related mediators
is leading to the prolonged remodeling in this model. In
particular, the relatively high expression of heme oxygenase
1 after 3 days represents persistent reactive oxygen species
production from cell debris, while the high CCL2 and
CCL4 expression characterize the inflammatory response
associated with strong macrophage activity. The concomitant
upregulation of anti-inflammatory IL-10 is acting towards
resolution of the inflammatory reaction and formation
of granulation tissue. The significantly higher expression
of neutrophils-related chemokine CCL3 seems to reveal a
strong migration stimulus into the damaged area, which
is limited by the lack of intact vasculature as discussed
above. Chemokines, particularly the CCL2, have also been
associated with myofibroblasts activity and collagen pro-
duction, which may provide additional explanation for its
upregulation after 3 days in cryoinfarction [6]. Using trans-
genic mice, we described a crucial role for the chemokine
CCL2 and macrophages in timely resolution of myocardial
remodeling and preservation of myocardial function [5]. The
later induction of tenascin C and osteopontin-1 as well as
the TGF-β isoforms represent the prolonged extracellular
matrix production and collagen deposition in myocardial
remodeling. TGF-β itself has also been associated with the
resolution of inflammatory response [16].

This study shows substantial differences in local microen-
vironment and cellular and molecular events between the
models of cryoinfarction and reperfused infarction. In a
comparison between murine models of cryoinfarction and
coronary ligation without reperfusion, a modest adverse
remodeling was postulated for the cryoinfarction, and the
cryoinfarction was suggested as a representative model for
myocardial infarction encountered in clinical practice [17].
We do not completely share this opinion, since the main
goal in treatment of acute infarction is early revascularization
with reperfusion. But for the experimental study purpose,
the cryoinfarction indeed offers a very reproducible area
at risk and infarct size whereas this is a major weakness
of the reperfused infarction model due to the anatomical
variability of coronary arteries. The prolonged myocardial
remodeling seems to be beneficial in cell transplantation
studies, since the cellular engraftment after direct application
into injury is very good [9]. Our data provide novel
insights into expression of cytokines and chemokines in
cryoinfarction, where persistent proinflammatory milieu
may be favorable for the cell engraftment. On the other side,
the rapid resolution of inflammatory response in reperfused
infarction may minimize the time span of suitable local
environment for cell engraftment, but this concept still has
to be further investigated. In respect to the ongoing clinical
trials [18], the reperfused infarction model could be seen
as a more relevant model, but it has not been widely used
yet.
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Our study has two major limitations. First, the findings
are mainly of experimental interest since the model of
reperfused myocardial infarction is comparable to a clinical
situation in patients presenting with acute infarction, but it
seems to be less favorable for the cell engraftment studies.
On the other hand, the cryoinfarction model provides good
conditions for cell engraftment and it is very reproducible,
but of a limited value to the clinical practice. Second,
we did not measure infarct size and one could argue
that a difference in infarct size may explain the observed
differences in pathological and molecular events between
the two models. Based on previously published work, the
model of reperfused infarction [4, 5] affects mostly a larger
portion of left ventricle than the cryoinfarction [6], but the
reperfusion still leads to a faster resolution of inflammation
and scar formation than the cryoinjury. Therefore, the infarct
size does not reflect the quality and pace of myocardial
remodeling, and we did not found it to be necessary for
explanation of the findings in this study.

5. Conclusions

In conclusion, the cryoinfarction is associated with pro-
longed inflammatory response leading to a postponed
granulation tissue formation and scar development, when
compared to the reperfused myocardial infarction. Several
inflammatory mediators and remodeling factors are involved
in this process, and they all contribute to a specific,
dynamic local environment in ischemic myocardium. These
substantial differences in remodeling may affect and even be
favorable for cellular engraftment and should therefore be
considered in cell therapy studies.
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To perform cardiac imaging in mice without having to invest in expensive dedicated equipment, we adapted a clinical 1.5 Tesla (T)
magnetic resonance imaging (MRI) scanner for use in a murine ischemia/reperfusion model. Phase-sensitive inversion recovery
(PSIR) sequence facilitated the determination of infarct sizes in vivo by late gadolinium enhancement. Results were compared to
histological infarct areas in mice after ischemia/reperfusion procedure with a good correlation (r = 0.807, P < .001). In addition,
fractional area change (FAC) was assessed with single slice cine MRI and was matched to infarct size (r = −0.837) and fractional
shortening (FS) measured with echocardiography (r = 0.860); both P < .001. Here, we demonstrate the use of clinical 1.5 MRI
scanners as a feasible method for basic phenotyping in mice. These widely available scanners are capable of investigating in vivo
infarct dimensions as well as assessment of cardiac functional parameters in mice with reasonable throughput.

1. Background

In cardiovascular research, the use of mouse models is
gaining importance, based on the widespread utilization of
genetically altered mice [1] and different disease models
[2]. Due to small heart size and high heart rate, most
cardiac imaging methods in mice have the disadvantage of
requiring specialized and expensive equipment. Therefore,
clinical echocardiography systems are the most frequently
used investigative tool [3] in murine cardiac imaging,
since dedicated animal echocardiography machines are not
available in most institutions.

Recently, cardiac magnetic resonance imaging (CMR)
has developed into a highly demanded imaging method
in mice, because it provides measurements of a range of
different parameters [4]. Many experiments have been con-
ducted with specialized high-field (4.7 Tesla (T) to 17.6 T)
magnetic resonance imaging (MRI) scanners, demonstrating
them to be a valuable imaging method for cardiovascular

research [5–9]. However, these devices specialized for small
animal imaging, are expensive and not accessible to most
researchers. Although few experiments on mice have been
conducted using standard 1.5 T MRI [10–13], hardware and
imaging techniques have advanced in the meanwhile.

We sought to develop an easily accessible but versatile and
accurate cardiac imaging method with adequate throughput
for an ischemia/reperfusion (I/R) model [14] in mice by
adapting a widely available 1.5 T MRI scanner with standard
equipment provided by the manufacturer. The purpose of
this study was to determine whether (a) it is possible to
use late enhancement sequences [15] to detect myocardial
infarction in the mouse heart at 1.5 T, (b) this method
can detect differences in infarct size and whether results
correlate with histological infarct size and (c) 1.5 T scanners
can provide measurements of functional parameters to
characterize the normal and impaired mouse heart.

Here, we evaluate the feasibility of standard 1.5 T MRI
to determine infarct size in vivo. Additionally, we tested
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the acquisition of quickly obtainable MRI-derived functional
measurements to characterize heart function.

2. Methods

2.1. Mouse Ischemia/Reperfusion Model. Our investigation
was carried out in two study groups. The first group
comprising a total of 25 C57BL/6 mice, 12–15 weeks
old, were randomized into subgroups of 0 min = sham
(n = 6), 30 min (n = 10) and 60 min of ischemia (n = 9)
resulting in different infarction size. Mice underwent a well-
established in vivo procedure of reversible LAD ligation
as previously described [16–18] followed by 1 week of
reperfusion. Briefly, following anesthesia, ventilation, and
thoracotomy, the LAD was reversibly ligated aided by a PE
tube. After the defined duration of ischemia, the PE tube
was removed and reperfusion was visually confirmed. Three
hours after reperfusion, troponin T was evaluated using
a quantitative assay (Roche Diagnostics, Austria); 1 week
after reperfusion, imaging procedures were performed and
mice were sacrificed and the hearts excised for histological
evaluation of infarct size. In a second study group (n = 18)
similar to the first one (sham: n = 6, 30 min: n = 6 and
60 min: n = 6), images were acquired and hearts were excised
for histological evaluation of infarct size. Photoshop (Adobe,
United States) software was used to create artwork. CMR
images were enlarged to fit format. Animals were obtained
from Charles River Laboratories and handled in accordance
with institutional guidelines; all experiments were approved
by the Institutional Ethics Committee and in accordance
with the Guide for the Care and Use of Laboratory Animals
published by the US National Institutes of Health (NIH
Publication No. 85-23, revised 1996).

2.2. Histology. Hearts from the first study group were excised
for histological evaluation after 1 week of reperfusion. Three
5-μm sections were cut in 1 mm distance from the apex to the
mid-section of the left ventricle for standard hematoxylin-
eosin and Masson trichrome staining to detect collagen
deposition and scar size. Slices were digitized with Axiom II
(Zeiss, Germany), and infarct size was analyzed with Image J
software from trichrome stainings [19].

Hearts from the second study group were excised after
24 h of reperfusion for triphenyl tetrazolium chloride (TTC)
staining. TTC staining was performed to assess myocardial
viability before scar formation. Whereas brick red areas
indicate viable myocardium, white regions demarcate tissue
injury. Hearts were cut in 1 mm thick slices which were
digitized and analyzed with Image J software. Different
staining protocols for the two groups were required due to
different reperfusion times to permit infarct evaluation [6].
Infarct size was calculated in percentage of left ventricular
myocardial area.

2.3. MRI Image Acquisition. Measurements were performed
using a 1.5 T routine whole body MR scanner (Magnetom
Avanto, Siemens, Germany) equipped with a 40 mT/m
gradient system. In the first study group, MRI examinations

were performed before I/R procedure, 24 h and 1 week after
procedure. In the second study group, late enhancement
imaging was performed 24 h after procedure. Because of the
essential noncardiodepressive characteristics of the widely
used 222-tribromoethanol [20, 21], this sedative was used
in this experiment, despite the known possible side effects
[20, 22–24]. None of the mice showed any sign of the
described side effects after intraperitoneal administration of
250 mg/kg 222-tribromoethanol at a dilution of 12.5 mg/ml.
After sedation and injection of contrast agent, mice were
placed prone inside a small loop coil (standard finger
coil) with an inner diameter of 30 mm (see Supplementary
Material available online at doi:10.1155/2011/185683). Mean
heart rate during examinations was 410±70 beats per minute
(bpm). For electrocardiography (ECG) gating, the standard
equipment as provided by the MRI manufacturer was used:
Siemens wireless peripheral monitoring unit attached to
paws with trimmed Skintact conductor pads for children.
Localizing protocols were performed, followed by functional
measurements, and imaging was completed by acquisition
of late enhancement sequences. Total acquisition time was
approximately 20 min. Images were analyzed using JVision
software (Agfa, Germany).

2.4. Cine MRI. After using localizers to determine heart
axis (See supplemental file 2), a short-axis single slice cine
imaging was performed at papillary muscle level of the heart,
mirroring echocardiographic imaging procedure, followed
by a long-axis scan (See supplemental files 3, 4 and 5). For
cine imaging (Figure 2), a 2D-FLASH sequence was used
(repetition time (TR) = 13 ms, echo time (TE) = 6.2 ms,
flip angle: 15◦, number of slices: 1, slice thickness: 2 mm,
number of excitations: 4; field of view: 90 mm × 62 mm and
an acquisition matrix of 256×141). An average of 12 cardiac
phases was acquired (acquisition time was about 3 min),
and fractional area change (FAC) and fractional shortening
(FS) were determined from these images. Thereafter, a short-
axis cine imaging (number of excitations: 1; slice thickness:
1.5 mm) with 3-4 subsequent slice positions covering the
whole left ventricle was performed for calculation of ejection
fraction. Ejection fraction was calculated with Siemens Argus
software [25] (See supplementary material). FAC and FS
(measured parallel and perpendicular to the septum) were
calculated using the standard formula (FS: ((LV enddiastolic
diameter − LV endsystolic diameter)/LV enddiastolic diam-
eter) ∗ 100; FAC ((LV enddiastolic area − LV endsystolic
area)/LV enddiastolic area) ∗ 100).

2.5. Late Enhancement Imaging. Gadolinium-DOTA was
administered intravenously before imaging procedure. Best
results were obtained when concentration of the contrast
agent used was 0.6 mmol/kg and LGE measurements were
conducted 20 min after administration at the end of the
imaging routine [7, 26, 27].

After registering cine MRI sequences, a segmented 2D
phase-sensitive inversion recovery trueFISP sequence (PSIR)
[25, 26] (Figure 1) with the following parameters was used:
TR = 328 ms; TE = 2.72 ms; flip angle: 45◦; inversion time
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Figure 1: Myocardial infarction shown by LGE in magnetic resonance imaging and histological staining. Representative slices taken from
the left ventricle: LGE shown by phase-sensitive inversion recovery trueFISP sequence (PSIR) (a) compared with 3 successive slices from the
same heart after triphenyl tetrazolium chloride staining (b) 24 h after procedure. LGE shown by PSIR sequence (c) compared with 3 slices
from the same heart after trichrome staining (d) 1 week after procedure. Arrows indicate area of infarction.

(TI) = 320 ms; slice thickness: 2.5 mm; field of view: 80 mm×
72 mm; acquisition matrix: 256 × 168. The parameters
were chosen such that data acquisition took place during
the R-R interval in order to minimize artifacts caused by
heart motion. The typical acquisition time was 60 seconds.
Additionally, an ECG-gated 3D inversion recovery-prepared
single shot gradient-echo sequence (turbo fast low angle
shot, turboFLASH) was used covering the whole heart with a
slice thickness of 0.8 mm (see supplemental file 7). Typical
acquisition parameters were as follows: TR = 437 ms, TE
= 5.78 ms, TI = 270 ms, flip angle: 15◦, acquisition matrix:
384× 512, FOV: 56 mm× 75 mm. Fat saturation was used to
suppress the fat signal.

2.6. Echocardiography. Echocardiographic examinations
were performed 3 to 4 h after MRI imaging; mice were
again sedated with 250 mg/kg 222-tribromoethanol.
Myocardial contractility was determined by transthoracic
echocardiography (See supplementary material), using a
clinical echocardiography system (Acuson Sequoia C512,
Acuson Corporation, United States) with Acuson15 L8
transducer (15 Mhz). FS was calculated from short-axis
2D-targeted M-mode images of the left ventricle [3]. Average
heart rate during echocardiography was 518± 60 bpm.

2.7. Statistical Analysis of Data. Statistical tests were per-
formed with SPSS 15.0 software. Data were analyzed using

one way ANOVA test followed by post hoc multiple com-
parison test; for correlation the Pearson correlation test was
used. All data are expressed as mean ± standard deviation.
Probability values <.05 were considered significant.

3. Results

3.1. Evaluation of Infarct Size. Three mice were excluded
from the study due to poor image quality and were not
included in the numbers of mice in the study. In every
mouse of the 30 and 60 min ischemia group, myocardial
infarction was detected by CMR and histology. No infarction
was found in sham mice. Furthermore, the 60-min ischemia
group had significantly larger infarct sizes than the 30-
min group determined by either CMR PSIR sequences or
histology (Table 1). We found no significant difference of
infarct size measured with CMR and histological meth-
ods.

In the first study group (1 week reperfusion), correlation
of histological observers was r = 0.793 and r = 0.807,
both P < .001 (Figure 3) demonstrating good interobserver
agreement of r = 0.806, P < .001 (sham mice excluded).
Troponin T values correlated reasonably well with infarct
size (1 W) determined by either CMR LGE (r = 0.684,
P = .007) or histological staining (r = 0.628, P = .016);
sham mice excluded.

Furthermore, the second study group (24 h reperfu-
sion) revealed good correlation of LGE imaging with their
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Figure 2: Short-axis cine magnetic resonance imaging of the mouse heart. Mouse heart in cardiac cine magnetic resonance imaging 1 week
after sham operation ((a): diastolic, (b): systolic) and 60 min ischemia ((c): diastolic, (d): systolic).

Table 1: Infarct size in mouse heart after I/R procedure. Infarct
size measured in magnetic resonance imaging by LGE in magnetic
resonance imaging and histology (24 h after reperfusion by TTC
staining and 1 week after reperfusion by trichrome staining). No
infarction was detected in sham-operated mice. Values shown as
mean percentage of left ventricular area ± standard deviation.
∗Significant difference to 30 min ischemia operated mice, all P <
.05.

30 min 60 min

Infarction area histology (TTC)
24 h (%)

17.7± 4.3 33.1± 7.1∗

Infarction area LGE 24 h (%) 20.6± 7.8 37.1± 8.7∗

Infarction area histology
(trichrome) 1 W (%)

15.9± 7.7 35.6± 15.2∗

Infarction area LGE 1 W (%) 18.3± 4.4 38.3± 10.2∗

respective TTC stainings (r = 0.793, P = .002; sham mice
excluded).

3.2. Cardiac Functional Parameters. Cardiac function
(Table 2) determined by FAC measured in cine MRI
correlated well with FS measured in echocardiography
(correlation of all measurements: before procedure, 24 h
and 1 week after procedure: r = 0.860, P < .001). A
significant difference in cardiac function was found between
the groups (Figure 3). Comparison of FS measured by CMR
and echocardiography showed a correlation of r = 0.820,

P < .001; correlation between FS and FAC measured by
CMR was r = 0.863, P < .001.

3.3. Correlation of Infarct Size with Functional Parameters.
Correlation of histological infarct size 1 week after pro-
cedure with functional parameters was CMR-determined
FAC r = −0.837, CMR-determined FS r = −0.768 and
echocardiography-determined FS r = −0.782; all P < .001.
Infarct size determined by LGE in MRI also showed good
correlations with functional parameters: CMR-determined
FAC r = −0.860, CMR-determined FS r = −0.758, and
echocardiography-determined FS r = −0.845; all P < .001.
Troponin T levels correlated to functional measurements
revealed similar results: Troponin T correlated to FAC
(CMR): r = −0.781, P < .001; FS (CMR) r = −0.735,
P < .001; FS (Echocardiography) r = −0.663, P = .001.

4. Discussion

The following are the three major findings of this study.
(a) It is possible to use late enhancement sequences to
determine infarct size in mice with a clinical MRI scanner;
(b) Infarct size measured with MRI shows good correlation
with histological infarct size; (c) Functional parameters
determined with cine MRI show good correlation with
infarct size and standard echocardiography.
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Figure 3: Regression plot showing infarct size and functional parameters. Regression plot of infarct size (a) measured in magnetic resonance
imaging with LGE (Y axis) compared with histological infarct size in TTC staining (X axis) 24 h after procedure (a—circles, broken line).
Infarct size determined by magnetic resonance imaging (Y axis) compared with histological infarct size in trichrome staining (X axis) 1
week after procedure (a—rhombi, continuous line). Regression plot of functional parameters (b): fractional area change (FAC) (b—rhombi,
continuous line) and fractional shortening (FS) (b—circles, broken line) measured in cine magnetic resonance imaging (Y axis) compared
with fractional shortening (FS) measured with echocardiography (X axis).

To ease access to murine cardiac imaging, we successfully
adapted a clinical 1.5 T MRI scanner for in vivo phenotyping
using a mouse ischemia/reperfusion model.

We first tested the use of late enhancement [15] sequences
for in vivo infarct size quantification in C57Bl/6 mice
after I/R procedure and validated it by comparing it with
histological infarct size. Clinical scanners, however, lack
the spatial and temporal resolution required for detailed
imaging. This results in the lower correlation of our MRI
LGE measurements and histology when compared with
results from dedicated rodent scanners [27]. However, our
results indicate that a good estimate of infarct size in mice in
vivo is possible on a clinical scanner. The PSIR rather than
a FLASH-3D sequence was chosen for evaluation of infarct
size because of its relative resistance to motion artifacts, at
the cost of higher slice thickness.

In agreement with other investigations [12, 13], there
was a good correlation between the results of functional
measurements by cine CMR and the established standard
echocardiography in mice. The good correlation of impaired
cardiac function with infarction size and the difference of
cardiac function found between the different reperfusion
groups highlight the capability of clinical MRI to detect
functional differences between the normal and impaired
mouse heart.

FS is the established parameter to characterize LV
function in mice and, measured by MRI, shows good
correlation to echocardiographic measurements of FS and
infarct size. Due to localizing protocols, MRI permits easy
standardization of imaging procedures allowing for more
advanced techniques routinely used. Ejection fraction was
already shown useful elsewhere [13] and similar results
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were achieved in this study (See supplementary material).
Since measurement of EF is time consuming and challenging
on a 1.5 T MRI scanner, we investigated the use of FAC to
describe cardiac function. FAC showed good correlation with
infarct size that was even better than FS. This suggests that,
while measurement of EF is the proper standard, single slice
measurement of FAC can give a good estimate of myocardial
function impaired by I/R injury, and at the same time,
is a simple, robust, and fast imaging modality for
routine use.

We were able to acquire these data without expensive
specialized equipment. To our knowledge, this was not
possible prior to the establishment of this imaging protocol.
The ability of clinical MRI scanners to acquire versatile
information, with good correlation to established methods,
demonstrates its capacity to characterize the extent of
myocardial infarction and cardiac functions in mice. Higher
field strength MRI scanners are traditionally used in murine
models, and clinical 1.5 T MRI scanners are of limited value
in this area of research. An adapted clinical scanner obviously
cannot perform as well as specialized rodent scanners [6,
27]. However, as our data indicate, this imaging method
can provide a valuable imaging alternative for basic cardiac
phenotyping. If imaging sequences are reduced to those
discussed here (localizing sequences, followed by a short-
axis cine sequence and PSIR sequence), image acquisition
of the mouse heart can be accomplished in approximately
6-7 min.

Experiments conducted on 1.5 T MRI by other inves-
tigators used different settings for slice thickness and field
of view, at the cost of temporal resolution, obtainable
cardiac phases and therefore of image quality [12, 13].
The results from these studies already hinted at the
potential of adapting clinical scanners. Advances in hard-
ware and modified sequences enabled us to improve our
settings for the representation of cardiac function while
minimizing artifacts.

3T MRI scanners, available in future in an increasing
number of institutions [11], can be adapted in the same
manner as shown here and may provide even better imaging
quality. However, this study was performed on a 1.5 T MRI
to demonstrate the potential of clinical scanners.

In clinical MRI scanners, high heart rate in mice
can cause motion artifacts in PSIR sequence when using
segmentation factors >10 (typical patient examination: seg-
mentation factor: 65 [25, 28]), mimicking LGE. To prevent
this, ECG gating and MRI protocols should be optimized,
images should be interpreted by trained observers and
sedation should be adequate [29]. While a low heart rate is
beneficial for LGE sequences, measurements of functional
parameters require a heart rate close to physiological con-
dition [30]. During MRI measurements, mean heart rate
of the animals was lower than during echocardiographic
measurements. This may be due to the different environ-
ment in the MRI scanner. Nonetheless, in the absence
of dedicated animal echocardiography machines, a clinical
MRI scanner employed in accordance with the protocol we
present in this study, can provide valuable imaging data for
basic cardiac phenotyping.

Table 2: Cardiac functional parameters. Fractional shortening (FS)
determined by echocardiography and cine magnetic resonance
imaging (MRI), fractional area change (FAC) determined by cine
magnetic resonance imaging. Values shown as mean percentage
± standard deviation before (preop), 24 h and 1 week after
ischemia/reperfusion procedure for mice with no ischemia (sham),
30 min or 60 min of ischemia during procedure. Troponin T levels
(ng/ml) are shown for each group. ∗Significant difference to sham-
operated mice; †Significant difference to 60 min operated mice; all
P < .05.

0 min = sham 30 min 60 min

FS echo preop (%) 50.8± 3.7 50.5± 3.1 51.5± 3.6

FS MRI preop (%) 48.2± 5.1 47.5± 5.3 47.4± 3.6

FAC preop (%) 55.5± 5.4 55.7± 6.3 52.5± 2.7

FS echo 24 h (%) 51± 5.5† 41.1± 5.6∗ 40.7± 3.6∗

FS MRI 24 h (%) 45.8± 8.6† 33.1± 9.7∗ 26.2± 4.6∗

FAC 24 h (%) 55.3± 6.9† 42.8± 6.9∗ 38.6± 3.6∗

FS echo 1 W (%) 55.3± 1.6† 43.2± 4.2∗,† 37.7± 5.9∗

FS MRI 1 W (%) 50.7± 2.4† 39.1± 5.4∗,† 32.2± 10.2∗

FAC 1 W (%) 59.6± 6.1† 46.4± 2.8∗,† 36.9± 8.8∗

Troponin T (ng/ml) 0.1± 0.1 2.4± 0.7∗ 3.8± 2.0∗

5. Conclusions

Mouse models are an important tool in cardiac research, and
imaging of the mouse heart is challenging but crucial. In the
present study we could show that adapting a common clinical
MRI scanner is a feasible method to determine infarct size
and functional data of mouse hearts in vivo.

Abbreviations

MRI: Magnetic resonance imaging
CMR: Cardiac magnetic resonance imaging
I/R: Ischemia/reperfusion
T: Tesla
PSIR: Phase-sensitive inversion recovery trueFISP

sequence
TTC: Triphenyl tetrazolium chloride
FS: Fractional shortening
FAC: Fractional area change
LGE: Late gadolinium enhancement
ECG: Electrocardiography
TR: Repetition time
TE: Echo time
TI: Inversion time.

Conflict of Interest

The authors declare that they have no competing interests.

Authors’ Contributions

J. G. J. Voelkl conceived the study, and participated in its
design and drafted the paper. B. J. Haubner participated in
the design of the study. C. Kremser designed MRI protocol.
A. Mayr analyzed the MRI data and helped interpret the data.



Journal of Biomedicine and Biotechnology 7

G. Klug analyzed MRI data and performed the statistical
analysis. A. Loizides carried out imaging measurements. S.
Müller designed echocardiographic measurement protocol.
O. Pachinger helped to draft the paper. B. Metzler partici-
pated in study design and coordination and helped to draft
the paper. All authors read and approved the final paper.

Acknowledgments

This paper was supported by grants from the Austrian
Society of Cardiology (Vienna, Austria) to B. Metzler and the
Medizinische Forschungsfond Tirol to B. Metzler.

References

[1] P. Carmeliet and D. Collen, “Transgenic mouse models in
angiogenesis and cardiovascular disease,” Journal of Pathology,
vol. 190, no. 3, pp. 387–405, 2000.

[2] P. Balakumar, A. P. Singh, and M. Singh, “Rodent models
of heart failure,” Journal of Pharmacological and Toxicological
Methods, vol. 56, no. 1, pp. 1–10, 2007.

[3] J. N. Rottman, G. Ni, and M. Brown, “Echocardiographic
evaluation of ventricular function in mice,” Echocardiography,
vol. 24, no. 1, pp. 83–89, 2007.

[4] M. Nahrendorf, K.-H. Hiller, K. Hu, G. Ertl, A. Haase,
and W. R. Bauer, “Cardiac magnetic resonance imaging in
small animal models of human heart failure,” Medical Image
Analysis, vol. 7, no. 3, pp. 369–375, 2003.

[5] F. H. Epstein, “MR in mouse models of cardiac disease,” NMR
in Biomedicine, vol. 20, no. 3, pp. 238–255, 2007.

[6] C. Chapon, A. H. Herlihy, and K. K. Bhakoo, “Assessment of
myocardial infarction in mice by late gadolinium enhance-
ment MR imaging using an inversion recovery pulse sequence
at 9.4T,” Journal of Cardiovascular Magnetic Resonance, vol. 10,
no. 1, article 6, 2008.

[7] J. N. Oshinski, Z. Yang, J. R. Jones, J. F. Mata, and B. A. French,
“Imaging time after Gd-DTPA injection is critical in using
delayed enhancement to determine infarct size accurately with
magnetic resonance imaging,” Circulation, vol. 104, no. 23,
pp. 2838–2842, 2001.

[8] K. Klug, G. Gert, K. Thomas et al., “Murine atherosclerotic
plaque imaging with the USPIO Ferumoxtran-10,” Frontiers
in Bioscience, vol. 14, pp. 2546–2552, 2009.

[9] C. J. Berry, J. D. Miller, K. McGroary et al., “Biventricular
adaptation to volume overload in mice with aortic regurgita-
tion,” Journal of Cardiovascular Magnetic Resonance, vol. 11,
no. 1, p. 27, 2009.

[10] T. Arai, T. Kofidis, J. W. M. Bulte et al., “Dual in vivo
magnetic resonance evaluation of magnetically labeled mouse
embryonic stem cells and cardiac function at 1.5 T,” Magnetic
Resonance in Medicine, vol. 55, no. 1, pp. 203–209, 2006.

[11] W. D. Gilson and D. L. Kraitchman, “Cardiac magnetic
resonance imaging in small rodents using clinical 1.5 T and
3.0 T scanners,” Methods, vol. 43, no. 1, pp. 35–45, 2007.

[12] F. Franco, S. K. Dubois, R. M. Peshock, and R. V. Shohet,
“Magnetic resonance imaging accurately estimates LV mass in
a transgenic mouse model of cardiac hypertrophy,” American
Journal of Physiology, vol. 274, no. 2, pp. H679–H683, 1998.

[13] F. Franco, G. D. Thomas, B. Giroir et al., “Magnetic resonance
imaging and invasive evaluation of development of heart

failure in transgenic mice with myocardial expression of
tumor necrosis factor-α,” Circulation, vol. 99, no. 3, pp. 448–
454, 1999.

[14] L. H. Michael, M. L. Entman, C. J. Hartley et al., “Myocardial
ischemia and reperfusion: a murine model,” American Journal
of Physiology, vol. 269, no. 6, pp. H2147–H2154, 1995.

[15] R. J. Kim, D. S. Fieno, T. B. Parrish et al., “Relationship of MRI
delayed contrast enhancement to irreversible injury, infarct
age, and contractile function,” Circulation, vol. 100, no. 19,
pp. 1992–2002, 1999.

[16] B. Metzler, B. Haubner, E. Conci et al., “Myocardial ischaemia-
reperfusion injury in haematopoietic cell-restricted β1 inte-
grin knockout mice,” Experimental Physiology, vol. 93, no. 7,
pp. 825–833, 2008.

[17] B. J. Haubner, G. G. Neely, J. G. J. Voelkl et al., “PI3Kγ protects
from myocardial ischemia and reperfusion injury through a
kinase-independent pathway,” PLoS ONE, vol. 5, no. 2, article
e9350, 2010.

[18] B. Metzler, J. Mair, A. Lercher et al., “Mouse model of
myocardial remodelling after ischemia: role of intercellular
adhesion molecule-1,” Cardiovascular Research, vol. 49, no. 2,
pp. 399–407, 2001.

[19] ImageJ software, http://rsb.info.nih.gov/ij.

[20] D. M. Roth, J. S. Swaney, N. D. Dalton, E. A. Gilpin, and
J. Ross Jr., “Impact of anesthesia on cardiac function during
echocardiography in mice,” American Journal of Physiology,
vol. 282, no. 6, pp. H2134–H2140, 2002.

[21] M. Siragusa, R. Katare, M. Meloni et al., “Involvement of
phosphoinositide 3-kinase γ in angiogenesis and healing
of experimental myocardial infarction in mice,” Circulation
Research, vol. 106, no. 4, pp. 757–768, 2010.

[22] J. Weiss and F. Zimmermann, “Tribromoethanol (Avertin) as
an anaesthetic in mice (multiple letters),” Laboratory Animals,
vol. 33, no. 2, pp. 192–193, 1999.

[23] W. Zeller, G. Meier, K. Bürki, and B. Panoussis, “Adverse effects
of tribromoethanol as used in the production of transgenic
mice,” Laboratory Animals, vol. 32, no. 4, pp. 407–413, 1998.

[24] C. Y. T. Hart, J. C. Burnett Jr., and M. M. Redfield, “Effects
of avertin versus xylazine-ketamine anesthesia on cardiac
function in normal mice,” American Journal of Physiology, vol.
281, no. 5, pp. H1938–H1945, 2001.

[25] G. Klug, T. Trieb, M. Schocke et al., “Quantification of
regional functional improvement of infarcted myocardium
after primary PTCA by contrast-enhanced magnetic reso-
nance imaging,” Journal of Magnetic Resonance Imaging, vol.
29, no. 2, pp. 298–304, 2009.

[26] P. Kellman, A. E. Arai, E. R. McVeigh, and A. H. Aletras,
“Phase-sensitive inversion recovery for detecting myocar-
dial infarction using gadolinium-delayed hyperenhance-
ment,” Magnetic Resonance in Medicine, vol. 47, no. 2,
pp. 372–383, 2002.

[27] Z. Yang, S. S. Berr, W. D. Gilson, M.-C. Toufektsian, and
B. A. French, “Simultaneous evaluation of infarct size and
cardiac function in intact mice by contrast-enhanced cardiac
magnetic resonance imaging reveals contractile dysfunction
in noninfarcted regions early after myocardial infarction,”
Circulation, vol. 109, no. 9, pp. 1161–1167, 2004.

[28] A. Mayr, J. Mair, M. Schocke et al., “Predictive value of NT-pro
BNP after acute myocardial infarction: relation with acute and
chronic infarct size and myocardial function,” International
Journal of Cardiology, 2009.



8 Journal of Biomedicine and Biotechnology

[29] C. J. Berry, D. R. Thedens, K. A. Light-McGroary et al., “Effects
of deep sedation or general anesthesia on cardiac function in
mice undergoing cardiovascular magnetic resonance,” Journal
of Cardiovascular Magnetic Resonance, vol. 11, no. 1, article 16,
2009.

[30] F. Kober, I. Iltis, P. J. Cozzone, and M. Bernard, “Cine-
MRI assessment of cardiac function in mice anesthetized
with ketamine/xylazine and isoflurane,” Magnetic Resonance
Materials in Physics, Biology and Medicine, vol. 17, no. 3–6, pp.
157–161, 2004.



Hindawi Publishing Corporation
Journal of Biomedicine and Biotechnology
Volume 2011, Article ID 252141, 10 pages
doi:10.1155/2011/252141

Methodology Report

Assessment of Elastase-Induced Murine Abdominal Aortic
Aneurysms: Comparison of Ultrasound Imaging with In Situ
Video Microscopy

Junya Azuma,1 Lars Maegdefessel,1 Toshiro Kitagawa,1 Ronald L. Dalman,2

Michael V. McConnell,1 and Philip S. Tsao3

1 Division of Cardiovascular Medicine, Stanford University school of Medicine, CA, USA
2 Department of Vascular Surgery, Stanford University school of Medicine, CA, USA
3 Stanford University school of Medicine, 300 Pasteur Drive, Stanford, CA 94305-5406, USA

Correspondence should be addressed to Junya Azuma, jazuma@stanford.edu and Philip S. Tsao, ptsao@stanford.edu

Received 15 September 2010; Revised 1 December 2010; Accepted 20 December 2010

Academic Editor: Monica Fedele

Copyright © 2011 Junya Azuma et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Aims. The aim of this study was to definitively assess the validity of noninvasive high-frequency ultrasound (US) measurements of
aortic luminal diameter (ALD) in a murine model of elastase-induced abdominal aortic aneurysm in comparison with in situ video
microscopy (VM). Methods. C57BL/6 mice underwent transient perfusion of the aorta with either elastase (n = 20: Elastase group)
or saline (n = 10: Sham). Unoperated mice (n = 10) were also studied. Results. ALD measurements by US had excellent linear
correlation and absolute agreement with that by VM in both Control (unoperated or sham-operated mice) and elastase groups
(r = 0.96, intraclass correlation coefficient (ICC) = 0.88 and r = 0.93, ICC = 0.92, resp.). Bland-Altman analysis of US compared
with VM measurements in both groups indicated good agreement, however US measurements were slightly but significantly
higher than VM measurements in the control group (mean bias 0.039 mm, P < .05). Linear regression analysis revealed excellent
correlation between US and VM measurements in both groups. (R2 = 0.91 in Control group, R2 = 0.85 in elastase group.) The
reliability of US measurements was also confirmed by ex vivo histological measurements. Conclusions. High-frequency US provides
reliable ALD measurements in developing murine abdominal aortic aneurysms.

1. Introduction

Human abdominal aortic aneurysm (AAA) is defined as
a pathologic dilatation of the abdominal aortic diameter
>30 mm. AAAs are a significant cause of morbidity and
mortality in the United States and worldwide. AAAs account
for approximately 9,000–30,000 deaths, 150,000 inpatient
hospitalizations, and 30,000 open repairs per year in the
United States [1].

The mechanism of AAA formation is an active area of
basic and clinical investigation. Considerable research on
the pathogenesis of AAAs has utilized a variety of mouse
models. Three contemporary murine models involve either
intraluminal elastase infusion [2], periadventitial application

of calcium chloride [3], or chronic angiotensin II infusions
in hyperlipidemic animals [4]. Transient intraluminal perfu-
sion of the abdominal aorta with porcine pancreatic elastase
has provided the most widely used animal model of AAAs
since it was first described in rats by Anidjar et al. [5].
This model was later adapted to mice by Pyo and colleagues
[2]. The aortic dilatation in this model is associated with
transmural aortic wall infiltration by mononuclear phago-
cytes, increased local expression of elastolytic matrix met-
alloproteinases, and pronounced circumferential destruction
of the medial elastic lamellae, mimicking much of the human
pathology. In addition, recent evidence indicates an addi-
tional role of SMC phenotypic modulation in experimental
murine and human aneurysms [6].

mailto:jazuma@stanford.edu
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Since AAA luminal diameter is the most important clini-
cal determinant for risk of rupture, accurate measurement of
aneurysm diameter in the mouse model is essential for study
interpretation. Despite the extensive efforts made in develop-
ing murine AAA models, the methods for quantifying disease
progression remain inadequate. Most notably in elastase
infusion aneurysm models, either a calibrated ocular grid to
measure external AAA diameter or histomorphometry with
a “shrinkage index” to estimate luminal diameter has been
used [7–9].

A recently developed high-frequency US imaging system
by VisualSonics (Toronto, ON, Canada) has increased spatial
resolution making it possible and practical to quantify
murine vascular dimensions noninvasively [10, 11]. This
methodology has been used to monitor AAA development
in the angiotensin II infusion model in apoE(−/−) mice
(AngII-apoE(−/−) model) [12]. However, this model is
now recognized to create focal segmental dissections of the
suprarenal aorta that are associated with pseudoaneurysms
in addition to the abdominal lumen [13, 14]. As such,
there have been few reports in mice to date using ultra-
sound techniques that distinguish between the true and
“false” (pseudoaneurysm) lumen. Thus, the current study
was designed to assess the utility of high-frequency US
measurements of ALD in comparison to VM in the murine
elastase AAA model in which pseudoaneurysms are not
commonly seen. The fidelity of US measurements was also
confirmed by in situ VM measurements as well as ex vivo
histological assessments. The ALDs in previous reports were
measured without the clear definition of pseudoaneurysm
and histological assessments were not performed enough.
Moreover, in vivo VM measurement is inevitable to assess the
validity of in vivo US measurement.

2. Materials and Methods

2.1. Experimental Animals. All protocols were approved by
the Administrative Panel on Laboratory Animal Care at Stan-
ford University and were performed in accordance with the
guidelines of the American Association for the Accreditation
of Laboratory Animal Care. A total of 40 male C57Bl/6
wild-type mice were obtained from Jackson Laboratories
(Bar Harbor, ME, USA). Animals were maintained on
a normal chow diet (Purina labdiet HMR3000) containing
26% protein, 14% fat, and 60% carbohydrate by calorie
count, given free access to tap water, and housed in a room
with a 12 : 12-hour light-dark cycle and a temperature of
22◦C.

2.2. Elastase-Induced AAA Model. Mice were anesthetized
using 2.0–2.5% isoflurane and a laparotomy was performed
under sterile conditions, as previously described in [2, 15].
The abdominal aorta was isolated from the level of the
renal vein to the bifurcation with the assistance of an
operating stereomicroscope (Leica). After placing temporary
ligatures around the proximal and distal aorta, an aortotomy
was created at the bifurcation with the tip of a 30-gauge
needle. An insertion catheter was created by MicroRenathane
Implantation Tubing (MRE010 and MRE025; Braintree

Scientific, Inc., Braintree, MA) for infusion into the aorta.
The catheter was introduced through the aortotomy, secured,
and the aortic lumen was infused for 5 minutes at 100 mmHg
with saline (n = 10) or saline containing type I porcine
pancreatic elastase (1.5 U/mL; Sigma Chemical Co; n = 20).
After removing the infusion catheter, the aortotomy was
repaired without constriction of the lumen. Upon recovery,
animals were allowed free access to food and water for 28
days.

2.3. Aortic Diameter Measurements by Ultrasound Imaging.
Twenty-eight days after saline or elastase perfusion, ultra-
sound imaging was performed on the operated mice to
assess ALD. Age-matched mice that did not receive saline
or elastase perfusion were also studied with ultrasound and
videomicroscopic imaging (n = 10). Mice were anesthetized
using 2.0% isoflurane, and hair was removed from the
abdomen by using depilatory cream (Nair; Church & Dwight
Co, Inc; Princeton, NJ). Mice were laid supine on a heated
table and warmed ultrasound transmission gel was placed
on the abdomen. Two-dimensional B mode imaging was
performed using a real-time microvisualization scan head
(RMV 704) with a central frequency of 40 MHz, frame rate of
30 Hz, a focal length of 6 mm, and a 20×20 mm field of view
(Visualsonics; Toronto, Canada). Transverse image scans
were performed and cine loops of 300 frames were acquired
throughout the infrarenal region of the abdominal aorta. The
acquired images were stored digitally on a built-in hard drive
for offline analysis for maximal ALD. All aortic diameters
were measured in anterioposterior direction during the
diastolic phase. US image analysis was performed using the
accompanying Vevo 770 software (Figure 1). Measurements
were repeated on two separate occasions using random
selection of each dataset and operator blinding to prevent
recall bias. All measurements were collected by one observer
to limit bias while the results were analyzed and collated
by a second independent observer who was blinded to the
treatment groups.

2.4. Aortic Diameter Measurements by Video Microscope.
Immediately after US images were taken, the infrarenal area
was exposed by laparotomy and the aorta was carefully dis-
sected of connective tissue to allow visualization of the inner
lumen of AAA, avoiding major bleeding or induction of
spasm. Images were captured using a high-resolution digital
camera (DFC400, Leica) and analyzed with a micrometer
to document the ALD. VM image analysis was performed
using the Image-Pro Express V6.0 (Media Cybernetics, Inc.
Bethesda, MD). The diaphanous nature of the mouse aortic
wall permitted visual detection of blood flow and therefore
the aortic lumen. Digital zoom was used to verify the
inner luminal wall of the aorta (Figure 1(h)). Inner luminal
walls were then digitally traced and maximum diameter was
measured in the transverse direction (Figures 1(e), 1(f), and
1(g)).

2.5. Aortic Tissue Acquisition and Histology. Histological
staining was performed in the same region of abdominal
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Figure 1: Aortic diameter measurement by VM. Inner lumen of the region of interest was traced and maximum diameter was measured
in the transverse direction ((e), (f), (g)). (h) White arrows demarcate the luminal edge of aorta perfused with elastase. Black bars = 1 mm.
White bars = 500 μm.

aorta that was imaged in order to obtain morphometric data
to correlate with both US and VM measurements. After VM
images were taken, the mice were euthanized and perfused
at a constant pressure of 100 mmHg through the heart with
saline followed by warm (37◦C) agarose gel (Agarose SF;
Amresco, Solon, OH) diluted in saline (3% w/v). After the
agarose had solidified, the abdominal aorta was dissected
free from the surrounding connective tissue and fixed in
4% formalin. Isolated tissue was then dehydrated through
a graded sucrose series and subsequently embedded in OCT
blocks. Aortic tissue was then segmented into 4 (0.5 mm
spacing) 7 μm thick serial sections from the left renal artery
to the bifurcation and stained with hematoxylin and eosin.
Histological image analysis was performed using Image J
(National Institute of Mental Health, Bethesda, MD). ALD
was estimated by measuring the luminal circumference at
each of the 4 sections with the maximal value correlating to
the largest location. Maximal ALD was then calculated from
circumferential length with the following equation: diameter
= circumferential length/pi.

Some sections were assessed for histopathology with
Elastic-van Gieson (Sigma, St. Louis, MO) and Masson’s
trichrome stain (Richard Allan Scientific, Kalamazoo, MI).
In addition, smooth muscle alpha-actin content was deter-
mined by immunohistochemical analysis. In brief, sections

were initially incubated with 5% normal goat serum at
room temperature to reduce nonspecific binding before
being incubated with the primary antibody against SM
alpha-actin (ABCAM, Inc, Cambridge, MA) overnight at
4◦C. After washing in phosphate-buffered saline, primary
antibodies were detected with the Vectastain ABC Kit (Vector
Laboratories, Inc, Burlingame, CA). Visualization was aided
by AEC (DAKO North America, Inc, Carpinteria, CA) while
counterstaining was performed with Mayer’s Hematoxylin
(Sigma, St. Louis, MO). Negative controls were run with the
omission of the primary antibody.

2.6. Statistical Analysis. Linear association between the ALD
acquisition methods was analyzed by Pearson’s correlation
coefficient. Agreement between US and VM was quantified
through Intraclass Correlation Coefficient (ICC) for absolute
agreement by taking into consideration the variance between
observations and subjects. The ICC is the proportion of
the total variance caused by the variation between subjects
such that, in this study, an ICC of 1 denotes that the total
variance is purely a result of the variation between aortas,
whereas an ICC of 0 suggests that the total variance is
entirely related to the variation between observations or
caused by measurement error. In general, an ICC >0.75
is considered a “good level of agreement” between serial
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Figure 2: Representative examples of US images of abdominal aorta obtained noninvasively by high-frequency US imaging system (Vevo
770) in the longitudinal ((a), (d), (g)) and transverse ((b), (e), (h)) directions. Double-headed arrows give the anterioposterior direction.
Corresponding histological cross-sections of the infrarenal aorta stained with H&E are shown in (c), (f), and (i). Black bars = 500 μm, white
bars = 1 mm.

measurements or single measures by different observers
[16]. Intraobserver variability was also analyzed with ICC
for absolute agreement. The statistical difference between
ICCs was evaluated through the application of Fisher’s Z
transformation, with significance determined with the t
statistic.

Since the ICC may have inherent bias due to homogene-
ity of the sample groups, the “limits of agreement” method
described by Bland and Altman (1986), where a scatter plot
of the differences between measurements against the mean of
the measurements was also used. Paired Student’s t-tests were
used to compare the measurements between the two different
methods, while the correlation between the two methods
was determined by linear regression. All data are expressed
as means and standard error of the mean. For all analyses,
a P value <.05 was considered statistically significant. The
statistical analysis was performed with SPSS 16.0 (SPSS, Inc.,
Chicago, IL, USA).

3. Results

3.1. Aortic Structure Assessed by Histology. Histological
assessment was performed to confirm the difference in
medial wall structure between the groups. H&E staining
in all samples showed no existence of pseudoaneurysms.

Elastic van Gieson staining demonstrated wavy and thick
elastic sheets in medial layer (Figure 3(a)). Elastin layers
were partially stretched but the thickness is preserved well
in sham-operated mice (Figure 3(b)). In contrast, elastase
perfusion resulted in destruction of the medial elastin layer
(Figure 3(c)). Masson’s trichrome staining showed intense
deposition of extracellular matrix among VSMCs of elastase-
perfused animals (Figure 3(f)). However, minimal deposi-
tion of extracellular matrix was observed in medial layer of
sham-operated mice (Figure 3(e)). Moreover, the aortic wall
was structurally similar to unoperated mice (Figure 3(d)).
The expression of SM alpha-actin in sham-operated animals
was moderately downregulated in the medial elastin layer
(Figure 3(h)). By contrast, SM alpha-actin was significantly
downregulated in the elastase-perfused animals, especially
in the original medial elastin layer (Figure 3(i)). However,
a newly generated SMC alpha-actin positive layer without
elastin sheets (i.e., neointima) was observed on the luminal
side of the damaged media.

3.2. Aortic Luminal Diameter Measurement. All luminal
measurements by each method are shown in Table 1. The
mean ALD and the range in unoperated mice were 0.57
± 0.01 mm, 0.11 mm by VM; 0.61 ± 0.01 mm, 0.13 mm by
US; 0.43 ± 0.01 mm, 0.13 mm by histology. The mean ALD
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Table 1: Summary of the results.

Control Group Elastase Group

Sub Group VM US Histology VM US Histology

Unoperated 0.520 0.586 0.382 0.886 0.880 0.779

Unoperated 0.541 0.623 0.409 1.010 1.075 0.807

Unoperated 0.542 0.552 0.362 1.019 0.997 0.925

Unoperated 0.552 0.606 0.427 1.048 0.921 0.785

Unoperated 0.553 0.626 0.425 1.081 1.093 0.876

Unoperated 0.579 0.586 0.436 1.190 1.154 1.167

Unoperated 0.581 0.623 0.407 1.201 1.074 0.890

Unoperated 0.593 0.606 0.447 1.202 1.348 1.248

Unoperated 0.614 0.634 0.478 1.206 1.153 0.987

Unoperated 0.634 0.684 0.489 1.225 1.331 1.081

Sham 0.653 0.684 0.561 1.265 1.132 0.955

Sham 0.682 0.743 0.576 1.268 1.210 1.077

Sham 0.712 0.735 0.632 1.277 1.273 1.220

Sham 0.721 0.712 0.603 1.330 1.412 1.200

Sham 0.723 0.765 0.599 1.349 1.367 1.131

Sham 0.731 0.756 0.565 1.357 1.486 1.375

Sham 0.764 0.820 0.579 1.381 1.427 1.150

Sham 0.775 0.781 0.534 1.407 1.355 1.200

Sham 0.782 0.812 0.610 1.452 1.562 1.340

Sham 0.789 0.879 0.711 1.762 1.761 1.440

and the range in sham-operated mice were 0.73 ± 0.01 mm,
0.14 mm by VM; 0.77 ± 0.02 mm, 0.20 mm by US; 0.60 ±
0.02 mm, 0.18 mm by histology. The mean ALD and the
range in mice perfused with elastase were 1.25 ± 0.04 mm,
0.88 mm by VM; 1.25 ± 0.05 mm, 0.88 mm by US; 1.08 ±
0.05 mm, 0.66 mm by histology. Given that the unoperated
and sham-operated aortas have similar structural character-
istics, and that the range of values measured by VM, US,
and histology were in close proximity, these two groups
were combined for subsequent analyses and denoted as the
Control group.

3.3. Correlation (Linear Association) and Agreement. The
ALD measurements by each measurement in the Control and
Elastase groups were normally distributed, respectively. The
ALD measurements by US show excellent linear association
with VM in both Control and Elastase groups (r =
0.96 and 0.93, 95% CI, resp.). In addition, the US-derived
ALD measurements show excellent linear association with
histological ALD measures in both Control and Elastase
groups (r = 0.92 and 0.93, 95% CI, resp.).

The ICC for ALD measurements obtained for the
Control (0.88; 95% CI = 0.72–0.95) and the Elastase (0.92;
95% CI = 0.82–0.97) groups confirmed a high level of
agreement between US and VM measurements of assessing
aortic diameter across a broad range. By comparison, US
and histology measurements of ALD demonstrated a lower
level of agreement (Control group ICC = 0.02; 95%
CI = −0.41–0.43; Elastase group ICC = 0.66; 95% CI =
0.33–0.85).

Bland-Altman analyses of US and VM measurements
in Control (Figure 4(a)) and Elastase (Figure 4(b)) groups
indicate that points are all within the limit of agreement,
indicating high correlation between the two methods. The
average US measurement in control group was significantly
above the zero line indicating a trend to overestimate ALD
with respect to VM. Bland-Altman analyses of US compared
with histological measurements in the Control and Elastase
groups are shown in Figure 4(c) and 4(d), respectively.
Most points in both groups are in the limit of agreement,
indicating good agreement with histological measurements.
Once again, average US measurements in both groups
were significantly above the zero line indicating a trend to
overestimate ALD with respect to histological assessment.

3.4. Comparison of Means. Paired sample t-test confirms
the trends observed in the Bland-Altman analysis (Table 2).
US measurements in Elastase group shows a nonsignificant
trend to overestimate ALD compared with VM measure-
ment, whereas US measurements in Control group signif-
icantly overestimated ALD compared to VM (mean bias =
0.039 mm, 95% CI = 0.026–0.051 mm, P < .001). This
tendency of US to overestimate ALD in the Control group
was evident even when unoperated and sham-operated con-
trol mice were analyzed separately. (Unoperated mean bias
= 0.042 mm, 95% CI = 0.022–0.062 mm, P < .001; Sham-
operated mean bias = 0.035mm, 95% CI = 0.015–0.056 mm,
P < .05.) US also overestimated ALD in both groups
compared to histological measurements. (Control group
mean bias = 0.179 mm, 95% CI = 0.161 to 0.197 mm,
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Figure 3: Immunohistochemical evaluation of aorta in unoperated as well as saline or elastase (28 day) perfused mice. Elastic van Gieson
staining ((a), (b), (c)) demonstrated destruction of the medial elastin layer in elastase animals ((c), arrow). Masson’s trichrome stain ((d),
(e), (f)) shows enhanced deposition of extracellular matrix among SMCs in elastase-treated animals ((f), arrow). SM alpha-actin content,
as denoted by red staining, is significantly reduced in injured vessels of original medial layer ((i), arrow) compared to Unoperated (g) and
Sham controls (h). Black bars = 50 μm

P < .001; Elastase group mean bias = 0.170 mm, 95% CI =
0.130–0.208 mm, P < .001.)

3.5. Linear Regression. Linear regression analysis of US (x)
with respect to VM (y) measurements (Figures 5(a) and
5(b)) reveals excellent correlation between methods in both
groups (R2 of 0.91 in Control group; 0.86 in Elastase group).
Similarly, linear regression analysis of US (x) with respect to
histological (y) measurements revealed excellent correlation
between methods in both Control (R2 = 0.84; Figure 4(c))
and Elastase (R2 = 0.84; Figure 4(d)) groups.

3.6. Intraobserver Variability. The differences between the
two serial US or VM measurements of ALD for each aorta
in the Control group were normally distributed. The ICC for
the two measurements with US and VM were 0.99 and 0.99,

respectively, confirming a high level of agreement. No sig-
nificant difference was detected by Fisher’s Z transformation
between the ICCs.

The differences between the two serial US and VM mea-
surements of ALD for each aorta in the Elastase group were
also normally distributed. The ICC for the two measure-
ments with US and VM were 0.99 and 0.96, respectively, also
confirming a high level of agreement. Fisher’s Z transforma-
tion showed a slight but significant improvement in ICC for
US measurements in the Elastase group compared to VM
(P < .05).

4. Discussion

Improved imaging technology including high-frequency
ultrasound and magnetic resonance imaging has allowed
adaptation to small animal models of cardiovascular disease.
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Figure 4: Bland-Altman analyses comparing the US to VM or histological measurements of aortic diameter in Control ((a), (c)) and Elastase
((b), (d)) groups.

Table 2: Paired samples t-test for comparison of means.

Paired samples t-test Paired differences Significance

Mean 95% CI of the difference

Lower Upper

ALD by US-ALD by VM in control group 0.039 0.026 0.051 <0.001

ALD by US-ALD by VM in elastase group 0.005 −0.035 0.044 8

ALD by US-ALD by Histology in control group 179 0.161 0.197 <0.001

ALD by US-ALD by Histology in elastase group 0.170 0.13 0.208 <0.001

In addition to ease of measurement, noninvasive imaging
modalities allow serial measurements over the time course of
disease as well as assessment of therapeutic efficacy. Despite
these benefits, direct visualization and in situ measurements
are still often used to monitor aortic dimensions in models
of AAA disease [7, 17]. In the current study, we describe the
validity of in vivo high-frequency US measurements of ALD
in comparison to in situ VM in normal murine aorta and
elastase-induced AAA.

The current study adds to previous reports that have
examined the reliability of ultrasound to monitor AAA
development. For example, Martin-Mcnulty et al. [10]
demonstrated a high correlation between high-frequency

ultrasound and direct postmortem measurements by dig-
ital photography of the abdominal aorta while Barisione
and colleagues [11] showed similar correlations with mor-
phometric measurements of histology sections. However,
both of these studies used the AngII-apoE(−/−) model of
AAA development where there are distinctive differences in
aneurysm pathology compared to elastase-induced lesions.
While grossly similar to human aneurysm, the AngII-
apoE(−/−) hyperlipidemic model is now recognized to
create focal segmental disruption of elastin resulting in
dissections of the suprarenal aorta. The “false” lumens
produced by the extending dissections create challenges for
accurate assessment of aortic diameter and interpretation of
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Figure 5: Linear regression of the US measurements (x) with respect to VM or histological measurements (y) in Control (a, c) and Elastase
groups (b, d). Lines represent regression line (black), 95% CI for the mean (blue), and 95% CI for the individual measurements (green).

disease etiology. Despite its artificial induction, the elastase-
induced AAA model produces a circumferential aneurysm
with transmural elastolysis reminiscent of human pathology.
Our current data validates the use of high-frequency ultra-
sound to monitor changes in the inner luminal diameter of
the murine abdominal aorta in comparison to in situ VM and
histological assessment. This is particularly important given
that the clinical definition of AAA development is dependent
upon luminal diameter expansion. Suffice it to say, it can be
generally agreed that no model to date recreates all features
of human AAA, but both the AngII-apoE(−/−) and elastase-
induced models recreate important characteristics and thus
each add valuable insight to disease etiology.

ALD measures using high-frequently US proved to be
highly reproducible and were closely correlated with in
situ VM. While the current data demonstrate that US and
VM provide similar information, US yielded statistically
significant larger ALD measures in the Control group as

compared to VM. Recent noninvasive measurements of ALD
using US or MRI in unoperated aorta have also reported
larger diameters than those monitored by VM [10, 14,
18, 19]. A potential contributor to the variability in the
literature may be the use of nonvolatile anesthetics for VM
in previous reports compared to isoflurane used in the
current study. Nonvolatile anesthetics such as pentobarbital
can impact hemodynamics and reduce blood pressure and
cardiac index, whereas isoflurane has fewer such effects
[20]. Another potential explanation may be modulation of
vascular tone by the surgical procedure to expose the aorta.
Prior reports indicate that intraoperative cardiovascular
hormones that affect vascular tone, including angiotensin-
II, vasopressin and epinephrine, are increased in major
abdominal surgery with isoflurane [21]. This could result in
enhanced vasoconstriction and decreased aortic diameter.

In contrast to measurements in Control vessels, no signif-
icant bias was detected between the methods in the Elastase
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group. This may be due to a loss of vascular tone in elastase
perfused aorta due fragmentation of elastin sheets and com-
pensatory collagen accumulation during AAA development.
Simultaneously, most of the VSMCs in Elastase group lose
their contractile phenotype, especially in original medial
layer, reducing the ability of the aorta to respond to external
vasoactive stimuli [22].

While the current data demonstrate strong correlations
between US and histological measures, US yielded statisti-
cally significant larger ALD measures in both groups. Also
the ICC between US and histology was less than that between
US and VM. This phenomenon has been previously at-
tributed to distortion by fixation and staining procedures.
Indeed, a so-called “shrinkage index” (×1.25 for length and
×1.56 for area) has been developed to rectify the procedure-
induced changes in dimension [9]. While this index per-
formed well in our Control group ALD measurements, it
tended to overcorrect in the Elastase group.

A significant advantage of using noninvasive US imaging
is the ability to monitor aneurysm growth over time. This
is particularly important given the variability in each of
the murine models of AAA described in the literature.
The focal breaks in elastin integrity associated with the
AngII-apoE(−/−) lead to a large diversity in AAA size as
well as histopathology [4]. Diversity in the extent of AAA
development has also been described with the elastase-
induced model, although these differences are likely due to
experimental variables such as the concentration of elastase
used as well as the lot-to-lot variations in commercial elastase
preparations [17, 23]. In both models, serial monitoring by
US can aid in both the optimization of the procedures used
as well as proper interpretation of results.

The reproducibility with US was higher than that with
VM in experimental AAA. A potential explanation may be
the difficulty detecting the luminal edge of the abdominal
aorta by VM, in particular with the injured vessel where
there is a significant accumulation of connective tissue. From
a technical standpoint, optimal visualization of the aortic
dimensions by VM requires precise dissection of connective
tissue from the aortic wall: insufficient separation can cause
underestimation of the inner ALD or overestimation of outer
diameter while aggressive cleaning can result in puncture
and bleeding which subsequently leads to underestimation of
diameter due to decreased blood pressure. In addition to the
variability attributed to sample preparation, subsequently
harvested aortic samples may not be suitable for further
histological analysis, especially of the adventitial region.

Both US and VM measurements have several inherent
limitations. Although VM can provide transverse measure-
ments of outer vessel diameter, the anterior midline incision
approach does not allow anterioposterior measurements.
Similarly, evaluation of inner wall mural thrombus or mas-
sive wall thickening by VM is not possible. Since ultrasound
measurements using the inner diameter are aided by the
discrete blood-wall interface in anterioposterior direction,
the elastase model of experimental AAA is particularly suited
for this approach as there is not thrombus formation as is
often the case with the angiotensin II infusion model [4].
On the other hand, determination of transverse diameters

by US is not practical because the blood-wall interface
is nearly perpendicular to the transducer surface causing
unclear description of the wall (Figures 2(b), 2(d), and
2(e)). This in part explains why it is difficult to measure the
outer diameter of the aorta by US as the outer wall does
not form as clear an interface with surrounding adventitia
despite previous reports [10]. Indeed, the ICC for the
outer diameter measurements by US and VM demonstrated
reduced correlation compared to that for inner diameter,
especially in elastase perfused mice (data not shown).

In summary, we have validated the application high-
frequency US imaging to noninvasively measure AAA devel-
opment in the murine model of elastase-induced AAA. The
US system has the advantages of rapid imaging, repro-
ducibility, and high resolution, making possible continuous
monitoring of the progression of AAA development over
time.
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Conquering cardiovascular diseases is one of the most important problems in human health. To overcome cardiovascular diseases,
animal models have played important roles. Although the prevalence of genetically modified animals, particularly mice and rats,
has contributed greatly to biomedical research, not all human diseases can be investigated in this way. In the study of cardiovascular
diseases, mice and rats are inappropriate because of marked differences in lipoprotein metabolism, pathophysiological findings of
atherosclerosis, and cardiac function. On the other hand, since lipoprotein metabolism and atherosclerotic lesions in rabbits closely
resemble those in humans, several useful animal models for these diseases have been developed in rabbits. One of the most famous
of these is the Watanabe heritable hyperlipidemic (WHHL) rabbit, which develops hypercholesterolemia and atherosclerosis
spontaneously due to genetic and functional deficiencies of the low-density lipoprotein (LDL) receptor. The WHHL rabbit has
been improved to develop myocardial infarction, and the new strain was designated the myocardial infarction-prone WHHL
(WHHLMI) rabbit. This review summarizes the importance of selecting animal species for translational research in biomedical
science, the development of WHHL and WHHLMI rabbits, their application to the development of hypocholesterolemic and/or
antiatherosclerotic drugs, and future prospects regarding WHHL and WHHLMI rabbits.

1. Introduction

According to WHO, the major cause of death within member
nations is cardiovascular diseases which account for about
30% of all deaths [1]. This report has indicated that cardio-
vascular diseases are one of the most important classes of
diseases to be overcome. As main risk factors for cardiovascu-
lar diseases, hypercholesterolemia, hypertension, disorders in
glucose metabolism, smoking, aging, male gender, and social
stress are listed. Particularly, control of serum lipid levels is
thought to be most important for the prevention of cardio-
vascular diseases. Currently, in the Japanese population, the
upper limits of the normal ranges for serum total cholesterol
and LDL cholesterol levels are 220 mg/dL and 140 mg/dL,
respectively, and the lower limit of the normal range of
HDL cholesterol is defined as 40 mg/dL [2]. According to

studies conducted during the 1980s, the incidence of car-
diovascular events increases as the serum cholesterol level
increases and decreases with hypocholesterolemic treat-
ments [3]. One potent hypocholesterolemic compound is
statin, a competitive inhibitor of 3-hydroxy-3-methylglutaryl
(HMG)-CoA reductase, a rate-limiting enzyme in cholesterol
synthesis. The first statin (compactin) was initially developed
by a Japanese pharmaceutical company, Sankyo Co. Ltd.
[4], and this accelerated the development of cholesterol
lowering drugs. The hypocholesterolemic effect of compactin
was initially examined with rats. However, the anticipated
cholesterol-lowering effect was not observed [5], and the
development of this compound was ceased. On the other
hand, since compactin showed a potent inhibitory effect on
cholesterol synthesis in vitro and in chickens, researchers had
been looking for other mammalian species applicable for
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the assessment of this agent. They found a report of a mutant
rabbit strain showing hyperlipidemia, written in a Japanese
university’s bulletin [6]. This rabbit strain contributed
greatly to the development of this compound. The strain was
the Watanabe heritable hyperlipidemic (WHHL) rabbit. This
was in 1979. Currently, there are seven statins in widespread
clinical use. It is estimated that statins are prescribed to more
than 40 million patients worldwide and statin therapy has
decreased mortality from cardiovascular diseases by 20–50%
[7]. Thus statins became essential agents for the treatment
of hypercholesterolemia and cardiovascular diseases. These
results demonstrate the importance of selecting animal
species and/or animal models for translational research to
develop therapeutic agents.

This review raises the importance of selecting animal
species and/or animal models for translational research by
describing the history of the WHHL rabbit and its contribu-
tion to studies of hypercholesterolemia and atherosclerosis.

2. The Development of the WHHL Rabbit
and Its Characteristics

The history and characteristics of the WHHL rabbit were
described in a previous article [8]. In 1973, Dr. Yoshio
Watanabe (1927–2008) found one male Japanese white
rabbit showing hyperlipidemia. From this mutant, he estab-
lished a strain, the WHHL rabbit, after seven years of
selective breeding. At first, this strain was designated the
hyperlipidemic rabbit (HLR) [9]. He submitted a study on
this strain to an international journal and renamed it the
Watanabe heritable hyperlipidemic (WHHL) rabbit [10],
according to a suggestion by the editor.

The strain has 300–700 mg/dL of total cholesterol and
300–400 mg/dL of triglyceride in plasma. There were athe-
rosclerotic lesions in the aorta and xanthoma in the digital
joints. The serum glucose level and blood pressure were
in normal ranges. In WHHL rabbits, the function of low-
density lipoprotein (LDL) receptors on the cell membrane
was almost deficient and the clearance of LDL from the
circulation delayed [11]. Such symptoms closely resemble
human familial hypercholesterolemia (FH), which develops
spontaneously, and thus the WHHL rabbit is recognized
as the first animal model of this disease. Later, the Nobel
Prize winners Goldstein and Brown used WHHL rabbits to
verify their hypothesis of an LDL receptor pathway for the
metabolism of lipoproteins and clarified human lipoprotein
metabolism [12–15]. Their studies revealed that lipoprotein
metabolism in the WHHL rabbit closely resembles human
FH. Consequently, WHHL rabbits were used as an animal
model for the development of cholesterol-lowering agents.

One of the most important features of an animal model
for hyperlipidemia is the occurrence of myocardial infarc-
tion, the final event of human hypercholesterolemia. The
development of severe atherosclerotic lesions in the coronary
arteries is a prerequisite for the occurrence of myocardial
infarction, but the incidence of coronary atherosclerosis in
the WHHL rabbit was initially very low. To establish a
new strain which develops coronary atherosclerosis, serial

selective breeding was conducted and in 1985, the coronary
atherosclerosis-prone WHHL rabbit was developed [16].
Further, a strain with severe coronary atherosclerosis was
developed in 1992 [17]. Despite such long-term efforts, the
incidence of myocardial infarction remained very low. After
a further seven years of selective breeding with improved
criteria, such as the use of descendents of rabbits with ma-
crophage-rich coronary lesions, a new strain of WHHL
rabbits was established; the myocardial infarction-prone
WHHL (WHHLMI) rabbit that spontaneously develops
myocardial infarction by progression of coronary atheroscle-
rosis followed by occlusion of the coronary arteries [18].
The characteristics of WHHLMI rabbits are described in a
previous review [19]. During their establishment, marked
differences in the composition of atherosclerotic plaques
were found between the aorta and coronary arteries [20],
and the WHHLMI rabbit became an animal model with
which to examine the inhibitory effects of drugs on coronary
atherosclerosis. These studies suggested genetic factors other
than hypercholesterolemia to be important to myocardial
infarction and coronary atherosclerosis.

Figure 1 shows the changes in serum lipid levels with
aging and the distribution of cholesterol in lipoproteins
among WHHLMI rabbits [8]. Serum cholesterol levels are
900–1,400 mg/dL at weaning (3 months old) and at 6 months
old, and then decrease gradually (700–1,200 mg/dL at 12
months old, 600–1,100 mg/dL at 18 months old, and 500–
1,000 mg/dL at 24 months old). Serum triglyceride levels
are 150–500 mg/dL and the change with aging is small. The
HMG Co-A reductase activity (cholesterol biosynthesis) in
WHHLMI rabbits does not decrease with aging and the
precise mechanism of the age-related decrease in cholesterol
is still unknown [21]. About 70% of cholesterol occurs in
the LDL fraction, 16% in the very low-density lipoprotein
(VLDL) fraction, 13% in the intermediate density lipoprote-
in (IDL) fraction, and 0.8% in the high density lipoprotein
(HDL) fraction. Figure 2 shows the extent of atherosclerotic
lesions in the coronary arteries and aorta of WHHLMI
rabbits [8]. The main coronary artery is the left circumflex
artery and the atherosclerotic lesion is more progressed
compared to that in the left anterior descending artery and
the right coronary artery. Therefore, the degree of coronary
atherosclerosis (cross-sectional narrowing) has been evalu-
ated using the left circumflex artery. The degree of aortic
atherosclerosis was shown as the ratio of the surface lesion
area to the lumen surface area of the aorta. Atherosclerotic
lesions develop from 2 months old. At age 12 months,
coronary cross-sectional narrowing was about 80% and
about 60% of the aortic lumen surface was covered by athero-
sclerotic lesions. At 18 months old, coronary cross-sectional
narrowing and aortic lesion increased to 90% and 80%,
respectively [22].

Prior to the development of the WHHLMI strain,
WHHL rabbits were used to investigate mechanisms of the
development of atherosclerosis, and many aspects have been
clarified: accumulation of oxidized LDL in the atherosclerotic
lesions [23, 24]; antiatherosclerotic effects of antioxidants
(inhibition of oxidized-LDL formation) [25, 26]; the expres-
sion of monocyte adhesion molecules on arterial endothelial
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Figure 1: Changes in the serum lipid levels of WHHLMI rabbits with age (a), and the distribution of cholesterol in lipoproteins (b). Data
are represented as the mean± standard error of the mean. The serum cholesterol levels at 12 months old were about 900 mg/dL. Excess LDL
cholesterol is atherogenic and HDL has antiatherogenic function. In WHHL rabbits, LDL is accumulated in the plasma and HDL-cholesterol
is low, less than 20 mg/dL. The serum cholesterol levels decrease gradually with aging.
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Figure 2: Development of atherosclerotic lesions in WHHLMI
rabbits with age. The solid line denotes the degree of coronary
atherosclerosis shown as coronary cross-sectional narrowing; lesion
areas/area surrounded by the internal elastic lamina×100 (%). The
dotted line denotes the degree of aortic atherosclerosis; sum of the
surface areas of the lesion/total surface area of the aortic lumen
×100 (%). Modified from Shiomi and Ito [8].

cells at the initiation of atherosclerosis [27]; scavenging of
oxidized LDL at the lesions by macrophages through the
scavenger receptors, VLDL receptors, and remnant receptors;
accumulation of form cells derived from macrophages
in arterial intima followed by further development of
atherosclerotic lesions [28–32].

3. Species Differences in Lipid Metabolism
and Atherosclerosis

As mentioned, lipoprotein metabolism in rabbits closely
resembles that in humans. However, representative labo-
ratory animals such as mice and rats have very different

lipoprotein metabolism from that in humans (Table 1). Some
examples of major species differences in lipid metabolism are
the following. (1) In mice and rats, apoB editing enzyme is
observed in the intestine and in the liver, but in humans and
rabbits, this enzyme is expressed only in the intestine [33].
In humans and rabbits, apoB-48 is a major apolipoprotein
of chylomicron and chylomicron remnants, which carry
exogenous lipids derived from foods and apoB100 is a
major apolipoprotein of VLDL, IDL, and LDL, which are
endogenous lipoproteins derived from liver. In mice and
rats, however, endogenous lipoproteins as well as exogenous
lipoproteins also contain apoB-48, because of the expression
of apoB editing enzyme in the liver [34]. Since the metabolic
clearance of lipoproteins containing apoB-48 is very rapid,
apoB-48 containing VLDL particles disappear rapidly from
the circulation in mice and rats. As a result, the LDL lipid
levels in mice and rats are very low compared with those
in humans. (2) Hepatic lipase is circulating in the blood
stream in mice thus different from humans in degradation of
neutral lipids and transportation of free fatty acids into the
tissues [35]. (3) In mice and rats, there is no cholesterol-ester
transfer protein (CETP) activity in plasma, which transfers
cholesterol from HDL to VLDL, IDL, and LDL [36], although
CETP plays an important role in humans and rabbits. As
a result, in mice and rats, the proportion of cholesterol in
the HDL fraction is high compared with other lipoprotein
fractions. Therefore, lipoprotein profiles of mice and rats are
markedly different from that of humans, even in knockout
mice lacking apoE or the LDL-receptors [8]. (4) Competitive
inhibitors of a rate-limiting enzyme for cholesterol synthesis,
statins, showed potent hypocholesterolemic effects in WHHL
rabbits [37–45] but not in mice and rats [5]. In humans,
statins are the most effective hypocholesterolemic drugs.
These results demonstrate how it is important to choose
appropriate species in translational research. (5) C-reactive
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Table 1: Comparison of lipid metabolism, atherosclerosis, and cardiac functions between genetically modified mice and WHHLMI rabbits.

Genetically modified mice WHHLMI rabbits

Lipid metabolism

Major lipoprotein in the blood X (Chylomicron, VLDL) O (LDL)

Structural protein in theendogenous lipoprotein X (apoB48) O (apoB100)

Expression of apoB editing enzyme X (The small intestine, liver) O (The small intestine)

CETP activity in the blood X (No) O (Exists)

Hepatic lipase X (Released to circulation) O (Bound to vessel membrane)

Atherosclerosis

The coronary lesion X (Resistant) Δ (Spontaneously develops)

Composition of the lesions X (Over accumulation of macrophages) O (Various lesions)

VLDL receptor X (no expression) O (expression)

Heart

Electrocardiogram

Limb lead X (Largely different waveforms) O (Similar to humans)

Chest lead X (Difficult to monitor) O (Similar to humans)

Myocardial ion channel X (Ito and IK,slow) O (Ikr and IKs)

Myocardial fibers X (α-myosin heavy chain) O (β-myosin heavy chain)

Others

Inflammatory markers X (SAP) O (CRP)

The hypocholesterolemic effect of statins X (Resistant) O (Effective)

O: similar to humans; Δ: partly similar to humans; X: largely different from humans.

protein (CRP), a major inflammatory marker in humans
and rabbits, which increases in patients with acute coronary
syndrome [46], is not responsive to inflammation in mice
and rats, due to a lack of complement activation [47].
The major inflammatory marker of mice is serum amyloid
P component (SAP), instead of CRP. (6) The types of
myocardial fibers in mice are also different from those of
humans and rabbits [48]. (7) Moreover, the ECG waveforms
in mice and rats are clearly different from those of humans,
but rabbit ECG shows similar waveforms to humans [49,
50]. As such, mice and rats have greatly different sets
of factors for lipoprotein metabolism and cardiovascular
diseases. Therefore, to employ mice and rats for studies on
cardiovascular diseases and lipid metabolism, great care is
required with analyses and/or the interpretation of the results
obtained from experiments.

4. Translational Research on the Development
of the Lipid-Lowering Agents

Figure 3 shows features of WHHLMI rabbits which resem-
ble humans and applicable translational research fields.
Since the WHHL rabbit is close to humans in lipoprotein
metabolism, it was used for the development of various
lipid-lowering agents and atherosclerosis-suppressing agents
[8]. The hypolipidemic effects of various drugs have been
investigated with WHHL rabbits (Table 2): cholesterol syn-
thesis inhibitors, such as HMG-CoA reductase inhibitors
and squalene synthetase inhibitors; inhibitors of microsomal
triglyceride transfer protein, which works in the assembly
of VLDL particles in liver; anionic exchange resins, which

block the enterohepatic circulation of bile acids; omega-3
fatty acids, which are a component of fish oil; fibrates, which
lower serum triglyceride levels. In studies with a cholesterol
synthesis inhibitor, statin, serum total cholesterol levels of
WHHL rabbits were decreased dose-dependently by 10–30%
compared with the control group [37, 39]. The mechanisms
for the reduction in serum cholesterol levels by statins are an
increase in expression of mRNA of LDL receptors in the liver
[39] and, decrease in the excretion of VLDL cholesterol from
the liver in cases of high-dose treatment [38]. The agents that
inhibit squalene synthetase, another rate-limiting enzyme in
cholesterol synthesis, also decreased the serum cholesterol
level by similar mechanisms [51]. Since a small amount of
LDL receptor protein can be processed from a precursor
to a mature form in WHHL fibroblasts [52], inhibition
of cholesterol synthesis in the liver is expected to cause
LDL receptors to accumulate on the surface of hepatocytes.
Anion exchange resins absorb bile acids at the duodenum
and block the enterohepatic circulation [53]. As a result,
cholesterol is utilized in the hepatocytes for the synthesis of
bile acids, and then the hepatocytes, which was exhausted
the cholesterol pool, increase the number of LDL receptor
molecules to acquire external cholesterol [39]. Therefore, the
combination of an inhibitor for cholesterol synthesis and an
anion exchange resin can decrease the serum cholesterol level
markedly, and this was proved using WHHL rabbits [40].
Since microsomal triacylglycerol transfer protein (MTP)
inhibitors are also effective in WHHL rabbits [54], they
may have potential benefit for human FH. The successful
treatment in WHHL rabbits means that patients with FH,
excluding the LDL-receptor negative type, can be treated
with these agents.
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Table 2: Drug development using WHHL/WHHLMI rabbits.

Lipid-lowering effect
Lipid-lowering effect

Aorta Coronary arteries

Cholesterol synthesis inhibitors

Statins O X, O O

Squalene synthesis inhibitor O O O

Anion exchanger O O

Statins + Anion exchanger O O O

MTP inhibitor O

ACAT inhibitor X, O X, O X, O

Antioxidants

Probucol O O

Vitamin E X X, O

Colony stimulating factor

MCSF X, O O

GMCSF X, O O

Apo E X, O O

Fibrate X

Fish oils, ommega-3 fatty acids X, O X, O

Thiazolidinedione X Δ Δ

Thiazolidinedione + statin O O O

Antihypertensive

ACE inhibitor X O

AT-II receptor antagonists X O

Calcium antagonists X X

Beta-blockers X X

Gene therapy O

O: effective; Δ: partly effective; X: no effect.
Modified from Shiomi and Ito [8].

Features of WHHLMI rabbits resembling humans

Development and evaluation of
antiatherosclerotic compounds 

Development of
imaging techniques
of atherosclerosis  

Searching for risk factors for
coronary unstable plaques and/or

acute coronary syndromes  

Applicable translational research fields

Development and evaluation of
medical devices for atherosclerosis 

Lipoprotein metabolism and
lipoprotein profile in plasma 

Mechanism of
atherogenesis 

Morphology of
atherosclerotic lesions 

Myocardial
infarction 

Regeneration of myocardial
cells in ischemic ventricle 

Development and evaluation
of hypocholesterolemic
and/or hypolipidemic

compounds or therapeutics

Figure 3: Features of the WHHLMI rabbit resembling humans and applicable translational research fields.
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5. Translational Research on
Antiatherosclerotic Effects

The purpose of lowering serum cholesterol levels is to
inhibit atherogenesis and to circumvent the cardiovascular
and cerebrovascular events. The WHHL rabbit contributed
to prove the effects of cholesterol-lowering therapies on
delaying the progression of atherosclerosis. Statin treatment
resulted in a decrease in serum total cholesterol levels by
20–30%, and the cross-sectional narrowing of the coronary
arteries was significantly decreased [41–45].

In several clinical studies, the incidence of cardiovas-
cular events was significantly reduced in the statin-treated
groups despite little or no improvement in coronary stenosis
on evaluation by coronary angiography [55]. The WHHL
rabbit contributed to the clarification of this paradoxical
mechanism [42–45]. On the administration of statin to 10-
month old WHHL rabbits for one year, in which coronary
atherosclerosis had already developed to a mature stage,
statin treatment showed not only the prevention of further
progression of the coronary atherosclerotic lesions, but
also various stabilizing effects on coronary plaques, such
as reductions in the contents of macrophages and extra
cellular lipids in lesions, and increase in the contents of
collagen fibers and preservation of the smooth muscle cells
in lesions. Thus it was clarified that, statin administration
makes atherosclerotic lesions more stable, that is, less likely
to rupture. With this study, it was confirmed that the
stabilization of atherosclerotic lesions is important for the
prevention of coronary events. Nowadays, more than 40
million patients worldwide are prescribed statins. Another
type of cholesterol synthesis inhibitor, squalene synthesis
inhibitors, that act downstream of the cholesterol synthesis
pathway, also showed similar hypocholesterolemic and athe-
roma-stabilizing effects in WHHLMI rabbits [56].

Using WHHLMI rabbits, antiatherosclerotic effects have
also been evaluated with other compounds such as omega-3
fatty acids, which decrease serum triglyceride levels by chang-
ing the composition of fatty acids [57–61]; antioxidants, such
as probucol, vitamin C, and vitamin E [62–65]; agents that
regulate the function of macrophages [66, 67]; drugs that
inhibit the rennin-angiotensin pathway [68–71]. Interest-
ingly, antiatherosclerotic effects of antihypertensive agents
were unequal in WHHL or WHHLMI rabbits. Angiotensin
converting enzyme (ACE) inhibitors and angiotensin-II re-
ceptor blockers (ARBs) showed antiatherogenic effects [69–
72], but calcium antagonists and beta-blockers were not
effective [73, 74]. Systolic blood pressure in WHHL and
WHHLMI rabbits is 100–120 mmHg, which is slightly higher
than normal [75]. This may be why calcium antagonists
and beta-blockers did not show distinct antiatherosclerotic
effects. In contrast, antihypertensive effects of ACE inhibitors
and ARBs are mediated by suppressing the effects of angiot-
ensin II. Angiotensin-II stimulates atherogenesis by impair-
ing the function of arterial endothelial cells, proliferation of
arterial smooth muscle cells, and inflammation [76]. These
pleiotropic effects of angiotensin-II are considered to be
mediated by reactive oxygen species. Thus, the WHHL rabbit

is indispensable for studies on the antiatherosclerotic effects
of the various compounds.

6. Imaging Technology for Evaluation
of Atherosclerotic Lesions

Although it is important to evaluate drug efficacy in clinical
use, it is difficult to evaluate atheroma-stabilizing effects
of drugs in clinical practice. With coronary angiography,
it is possible to see the degree of stenosis but difficult to
evaluate the severity of lesions, if the lesions are spread and
extended in the coronary arteries, or if the coronary arteries
are expanded due to the outward remodeling of the vessels.
Furthermore, it is very important to develop noninvasive
technologies and equipment to detect dangerous lesions, that
is, vulnerable plaques that are prone to rupture, not only for
the diagnosis but for the prevention of cardiovascular events.
As vulnerable plaques that cause cardiovascular events, soft-
type plaques rich in macrophages and large lipid droplets
covered with a thin fibrous cap are important. To detect
such soft-type plaques, computed tomography (CT) [77],
positron emission tomography (PET) [77], CT plus PET
[78], magnetic resonance (MRI) [78, 79], and intravascular
ultrasound (IVUS) [80] have been applied to WHHLMI
rabbits. One successful example was evaluation of the an-
tiatherosclerotic effect of probucol, a potent antioxidant, in
WHHLMI rabbits by imaging with CT plus PET [81]. Ogawa
et al. demonstrated clearly that imaging with CT plus PET is
powerful technology to detect antiatherosclerotic effects of
compounds. Once imaging technologies for the evaluation
of atherosclerotic lesions are established, they can be used
not only for the assessment of drug effects, but also for the
detection of dangerous coronary lesions that could lead to
cardiovascular events such as acute coronary syndromes and
consequently the prevention of ischemic heart diseases.

7. Perspectives

To overcome cardiovascular diseases, many research issues
remain unresolved, despite diligent studies for the devel-
opment of diagnostic methods and lipid-lowering agents.
Particularly important is clarifying the mechanism of the
disruption of coronary lesions (arterial plaque rupture and
the following formation of a thrombus), which depress the
trigger for the onset of acute coronary syndromes, and
establishment of treatments. Still no suitable animal model,
which is compatible with the study of human acute coronary
syndromes, has been developed. To develop a suitable animal
model for human acute coronary syndromes, trial stud-
ies/experiments such as the enhancement of vulnerable coro-
nary lesions, and application of physical pressure to coronary
lesions, are currently underway with WHHLMI rabbits. To
destabilize coronary lesions, serial selective breeding with
new criteria such as the formation of vulnerable plaques is
also ongoing, in parallel with the development of genetically
modified WHHLMI rabbits overexpressing matrix metallo-
proteinases (MMPs), and so forth. The established strain
would be a subject of analyses for the identification of
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the genes/loci responsible for the phenotype established. In
the near future, with advances in gene-targeting technologies
by using ES or iPS cells capable of germ-line transmission,
in combination with the nuclear transfer technique, more
precise manipulation of the rabbit genome may also be
available. Since the lesion composition and severity of
coronary lesions differ even in WHHLMI rabbits, despite no
difference in the serum cholesterol levels, it will be important
to explore marker proteins and/or risk factors affecting
coronary lesions. Once markers and risk factors relating to
vulnerable coronary atheromas are found, the mechanism of
cardiovascular events may be clarified. Such findings would
contribute to the development of new clinical diagnostics
and thence to the prevention of cardiovascular events.

In conclusion, selecting appropriate animal model is
important in translational research. WHHL and WHHLMI
rabbits have contributed to development of hypocholes-
terolemic and antiatherosclerotic compounds and medical
devices, such as imaging technologies for atherosclerosis,
and diagnostic techniques for acute coronary syndromes, in
addition to elucidation of the mechanisms of atherogenesis
and coronary plaque rupture. These studies are helpful for
progression of therapeutics.

Acknowledgments

This work was supported in part by a Grant-in-Research
on Biological Resource and Animal Models for Drug
Development from the Ministry of Health and Labor in
Japan and a research grant from the Ministry of Education,
Culture, Science and Technology of Japan. The authors thank
Sankyo Co., Ltd., Tokyo, Japan; Takeda Pharmaceutical Co.,
Ltd., Osaka, Japan; Daiich-Sankyo Co., Ltd., Tokyo, Japan;
Shionogi & Co. Ltd, Osaka, Japan; Taisho Pharmaceutical
Co. Ltd., Tokyo, Japan; Otsuka Pharmaceutical Co. Ltd.,
Tokushima, Japan, Banyu Pharmaceutical Co. Ltd., Tokyo,
Japan; Nippon Shinyaku Co. Ltd., Osaka, Japan for their
support in the maintenance of the WHHL or WHHLMI
rabbit strain from 1980 to 2010.

References

[1] World Health Organization, The World Health Report 2002—
Reducing Risks, Promoting Healthy Life: Statistical Annex,
World Health Organization, Geneva, Switzerland, 2002.

[2] T. Teramoto, J. Sasaki, H. Ueshima et al., “Executive summary
of Japan Atherosclerosis Society (JAS) guideline for diagnosis
and prevention of atherosclerotic cardiovascular diseases for
Japanese,” Journal of Atherosclerosis and Thrombosis, vol. 14,
no. 2, pp. 45–50, 2007.

[3] S. Yusuf and S. Anand, “Cost of prevention: the case of lipid
lowering,” Circulation, vol. 93, no. 10, pp. 1774–1776, 1996.

[4] A. Endo, M. Kuroda, and Y. Tsujita, “ML 236A, ML 236B,
and ML 236C, new inhibitors of cholesterogenesis produced
by Penicillium citrinum,” Journal of Antibiotics, vol. 29, no. 12,
pp. 1346–1348, 1976.

[5] Y. Tsujita, M. Kuroda, and Y. Shimada, “CS-514, a com-
petitive inhibitor of 3-hydroxy-3-methylglutaryl coenzyme A
reductase: tissue-selective inhibition of sterol synthesis and

hypolipidemic effect on various animal species,” Biochimica et
Biophysica Acta, vol. 877, no. 1, pp. 50–60, 1986.

[6] Y. Watanabe, “Studies on characteristic of spontaneously
hyperlipidemic rabbit and development of the strain with such
property,” Bulletin of Azabu Veterinary College, vol. 2, no. 1,
pp. 99–124, 1977 (Japanese).

[7] T. V. Liew and K. K. Ray, “Intensive statin therapy in acute
coronary syndromes,” Current Atherosclerosis Reports, vol. 10,
no. 2, pp. 158–163, 2008.

[8] M. Shiomi and T. Ito, “The Watanabe heritable hyperlipi-
demic (WHHL) rabbit, its characteristics and history of
development: a tribute to the late Dr. Yoshio Watanabe,”
Atherosclerosis, vol. 207, no. 1, pp. 1–7, 2009.

[9] Y. Watanabe, T. Ito, and T. Kondo, “Breeding of a rabbit strain
of hyperlipidemia and characteristic of these strain,” Experi-
mental Animals, vol. 26, no. 1, pp. 35–42, 1977 (Japanese).

[10] Y. Watanabe, “Serial inbreeding of rabbits with hereditary
hyperlipidemia (WHHL-rabbit). Incidence and development
of atherosclerosis and xanthoma,” Atherosclerosis, vol. 36,
no. 2, pp. 261–268, 1980.

[11] K. Tanzawa, Y. Shimada, and M. Kuroda, “WHHL-rabbit: a
low density lipoprotein receptor-deficient animal model for
familial hypercholesterolemia,” FEBS Letters, vol. 118, no. 1,
pp. 81–84, 1980.

[12] R. J. Havel, T. Kita, and L. Kotite, “Concentration and compo-
sition of lipoproteins in blood plasma of the WHHL rabbit.
An animal model of human familial hypercholesterolemia,”
Arteriosclerosis, vol. 2, no. 6, pp. 467–474, 1982.

[13] T. Kita, M. Brown, D. W. Bilheimer, and J. L. Goldstein,
“Delayed clearance of very low density and intermediate
density lipoprotein with enhanced conversion to low density
lipoprotein in WHHL rabbits,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 79,
no. 18, pp. 5693–5697, 1982.

[14] T. Kita, J. L. Goldstein, and M. S. Brown, “Hepatic uptake
chylomicron remnants in WHHL rabbits: a mechanism
genetically distinct from the low density lipoprotein receptor,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 79, no. 11, pp. 3623–3627, 1982.

[15] J. M. Dietschy, T. Kita, and K. E. Suckling, “Cholesterol
synthesis in vivo and in vitro in the WHHL rabbit, an animal
with defective low density lipoprotein receptors,” Journal of
Lipid Research, vol. 24, no. 4, pp. 469–480, 1983.

[16] Y. Watanabe, T. Ito, and M. Shiomi, “The effect of selective
breeding on the development of coronary atherosclerosis in
WHHL rabbits. An animal model for familial hypercholes-
terolemia,” Atherosclerosis, vol. 56, no. 1, pp. 71–79, 1985.

[17] M. Shiomi, T. Ito, M. Shiraishi, and Y. Watanabe, “Inheritabil-
ity of atherosclerosis and the role of lipoproteins as risk factors
in the development of atherosclerosis in WHHL rabbits: risk
factors related to coronary atherosclerosis are different from
those related to aortic atherosclerosis,” Atherosclerosis, vol. 96,
no. 1, pp. 43–52, 1992.

[18] M. Shiomi, T. Ito, S. Yamada, S. Kawashima, and J. Fan,
“Development of an animal model for spontaneous myocar-
dial infarction (WHHLMI rabbit),” Arteriosclerosis, Thrombo-
sis, and Vascular Biology, vol. 23, no. 7, pp. 1239–1244, 2003.

[19] M. Shiomi and J. Fan, “Unstable coronary plaques and cardiac
events in myocardial infarction-prone Watanabe heritable
hyperlipidemic rabbits: questions and quandaries,” Current
Opinion in Lipidology, vol. 19, no. 6, pp. 631–636, 2008.

[20] M. Shiomi, T. Ito, T. Tsukada, T. Yata, and M. Ueda, “Cell
compositions of coronary and aortic atherosclerotic lesions
in WHHL rabbits differ: an immunohistochemical study,”



8 Journal of Biomedicine and Biotechnology

Arteriosclerosis and Thrombosis, vol. 14, no. 6, pp. 931–937,
1994.

[21] M. Shiomi, T. Ito, T. Fujioka, and Y. Tsujita, “Age-associated
decrease in plasma cholesterol and changes in cholesterol
metabolism in homozygous Watanabe heritable hyperlipi-
demic rabbits,” Metabolism, vol. 49, no. 4, pp. 552–556, 2000.

[22] T. Ito, S. Yamada, and M. Shiomi, “Progression of coronary
atherosclerosis relates to the onset myocardial infarction
in an animal model of spontaneous myocardial infarction
(WHHLMI rabbits),” Experimental Animals, vol. 53, no. 4,
pp. 339–346, 2004.

[23] H. O. Mowri, S. Ohkuma, and T. Takano, “Monoclonal
DLR1a/104G antibody recognizing peroxidized lipoproteins
in atherosclerotic lesions,” Biochimica et Biophysica Acta,
vol. 963, no. 2, pp. 208–214, 1988.

[24] H. C. Boyd, A. M. Gown, G. Wolfbauer, and A. Chait, “Direct
evidence for a protein recognized by a monoclonal antibody
against oxidatively modified LDL in atherosclerotic lesions
from a Watanabe heritable hyperlipidemic rabbit,” American
Journal of Pathology, vol. 135, no. 5, pp. 815–825, 1989.

[25] T. Kita, Y. Nagano, M. Yokode et al., “Probucol prevents the
progression of atherosclerosis in Watanabe heritable hyper-
lipidemic rabbit, an animal model for familial hypercholes-
terolemia,” Proceedings of the National Academy of Sciences of
the United States of America, vol. 84, no. 16, pp. 5928–5931,
1987.

[26] T. E. Carew, D. C. Schwenke, and D. Steinberg, “Antiathero-
genic effect of probucol unrelated to its hypocholesterolemic
effect: evidence that antioxidants in vivo can selectively inhibit
low density lipoprotein degradation in macrophage-rich fatty
streaks and slow the progression of atherosclerosis in the
Watanabe heritable hyperlipidemic rabbit,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 84, no. 21, pp. 7725–7729, 1987.

[27] M. I. Cybulsky and M. A. Gimbrone Jr., “Endothelial expres-
sion of a mononuclear leukocyte adhesion molecule during
atherogenesis,” Science, vol. 251, no. 4995, pp. 788–791, 1991.

[28] L. M. Buja, T. Kuta, and J. L. Goldstein, “Cellular pathology
of progressive atherosclerosis in the WHHL rabbit. An ani-
mal model of familial hypercholesterolemia,” Arteriosclerosis,
vol. 3, no. 1, pp. 87–101, 1983.

[29] M. E. Rosenfeld, T. Tsukada, A. M. Gown, and R. Ross, “Fatty
streak initiation in Watanabe Heritable Hyperlipemic and
comparably hypercholesterolemic fat-fed rabbits,” Arterioscle-
rosis, vol. 7, no. 1, pp. 9–23, 1987.

[30] M. E. Rosenfeld, T. Tsukada, A. Chait, E. L. Bierman, A. M.
Gown, and R. Ross, “Fatty streak expansion and maturation
in Watanabe heritable hyperlipidemic and comparably hyper-
cholesterolemic fat-fed rabbits,” Arteriosclerosis, vol. 7, no. 1,
pp. 24–34, 1987.

[31] T. Takano, K. Amanuma, J. Kimura, T. Kanaseki, and S.
Ohkuma, “Involvement of macrophages in accumulation and
elimination of cholesterol ester in atherosclerotic aorta,” Acta
Histochemica et Cytochemica, vol. 19, no. 1, pp. 135–143, 1986.

[32] T. Tsukada, M. Rosenfeld, R. Ross, and A. M. Gown,
“Immunocytochemical analysis of cellular components in
atherosclerotic lesions. Use of monoclonal antibodies with the
Watanabe and fat-fed rabbit,” Arteriosclerosis, vol. 6, no. 6,
pp. 601–613, 1986.

[33] K. F. Kozarsky, D. K. Bonen, F. Giannoni, T. Funahashi,
J. M. Wilson, and N. O. Davidson, “Hepatic expression of
the catalytic subunit of the apolipoprotein B mRNA editing
enzyme (apobec-1) ameliorates hypercholesterolemia in LDL

receptor-deficient rabbits,” Human Gene Therapy, vol. 7, no. 8,
pp. 943–957, 1996.

[34] M. Nakamuta, S. Taniguchi, B. Y. Ishida, K. Kobayashi, and L.
Chan, “Phenotype interaction of apobec-1 and CETP, LDLR,
and ApoE gene expression in mice: role of ApoB mRNA
editing in lipoprotein phenotype expression,” Arteriosclerosis,
Thrombosis, and Vascular Biology, vol. 18, no. 5, pp. 747–755,
1998.

[35] B. Perret, L. Mabile, L. Martinez, F. Tercé, R. Barbaras, and
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The effects of clofibrate on the hemodynamic and renal manifestations of increased saline intake were analyzed. Four groups of
male Wistar rats were treated for five weeks: control, clofibrate (240 mg/kg/day), salt (2% via drinking water), and salt + clofibrate.
Body weight, systolic blood pressure (SBP), and heart rate (HR) were recorded weekly. Finally, SBP, HR, and morphologic,
metabolic, plasma, and renal variables were measured. Salt increased SBP, HR, urinary isoprostanes, NOx, ET, vasopressin and
proteinuria and reduced plasma free T4 (FT4) and tissue FT4 and FT3 versus control rats. Clofibrate prevented the increase in
SBP produced by salt administration, reduced the sodium balance, and further reduced plasma and tissue thyroid hormone levels.
However, clofibrate did not modify the relative cardiac mass, NOx, urinary ET, and vasopressin of saline-loaded rats. In conclusion,
chronic clofibrate administration prevented the blood pressure elevation of salt-loaded rats by decreasing sodium balance and
reducing thyroid hormone levels.

1. Introduction

Fibrates are synthetic agonists of peroxisome proliferator-
activated receptor-α (PPARα), a subfamily of the nuclear
receptor superfamily naturally activated by ligands such as
free fatty acids and eicosanoids [1]. PPARα is expressed
in the liver and in tissues with highly active fatty acid
metabolism, such as the heart, kidney, endothelium, and
vascular smooth muscle, all primarily related to blood
pressure (BP) control. Fibrates have been in clinical use
as hypolipidemic agents for several decades. More recently,
they have been reported to have beneficial effects on
cardiovascular function [1–3] and elevated BP [4, 5]. Fibrates
also exert antithyroid effects. PPAR agonists interact with
thyroid receptors (TRs) in part by sharing binding sites
and heterodimeric partners such as RXRs [6–8]. PPARs and
TRs also share coactivators. In addition, the activation of
response elements by TRs and PPARs is modulated by PPAR
agonists [8]. The molecular mechanisms of the negative

interaction between thyroid hormone and PPARs include an
increase in thyroid hormone deactivation [9] and reductions
in the gene expression of their transporters [10–12] and in
the activity of deiodinases [10] and action [6, 8, 10–12].
Thus, clofibrate treatment markedly reduced plasma thyroid
hormone levels and increased tissue activity of phenol-UGT,
an enzyme that deactivates thyroid hormones in chronically
treated hyperthyroid rats [13].

The antihypertensive effects of clofibrate-induced PPARα
activation may include the following: higher production of
endothelial [14] and renal [15] nitric oxide, which plays an
important homeostatic role in the response to an increased
saline intake [16]; lower production of reactive oxygen
species and reduced NAD(P)H oxidase activity [3], which
are increased in saline drinking rats [17]; lower production
of ET-1 [3] also elevated in saline models of experimental
hypertension [3, 18]. Moreover, the mechanism responsible
for the protective effects of clofibrate on the development of
hypertension may also be linked to its antithyroid actions,
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since antithyroid drugs have prevented BP elevation in all
experimental rat models of hypertension studied to date
[19]. In this regard, we recently reported [13] that chronic
clofibrate treatment prevented and reversed the characteris-
tic hemodynamic manifestations, increased temperature of
hyperthyroidism in rats, and reduced their plasma thyroid
hormone levels.

All of the above data indicate that PPARα activation can
have important protective effects on cardiovascular function
and interfere with the prohypertensive effects of increased
saline intake, but the precise mechanisms involved have not
been elucidated. In this study, we analyzed the putative role of
several factors, focusing the investigation on the antithyroid
effects of clofibrate.

2. Methods

2.1. Animals. Thirty-two male Wistar rats born and raised in
the experimental animal service of the University of Granada
were used. The experiment was performed according to
European Union guidelines for the ethical care of animals.
Rats initially weighing 280 ± 4 g were randomly assigned
to the different groups. Each experimental group comprised
eight animals. All rats had free access to food and tap water.
Clofibrate (240 mg/kg/day) was given by gavage because of
the low solubility of this compound. The dose of clofibrate
was in accordance with previously published protocols used
in experimental hypertension in rats [3, 13].

2.2. Experimental Protocol. The groups were: control,
clofibrate-treated, salt-loaded (2% NaCl via drinking water),
and clofibrate plus salt-treated rats. Treatments were admin-
istered for five weeks. Body weight (BW), tail systolic BP
(SBP), and heart rate (HR) were measured once a week.
Tail SBP and HR were measured with the use of tail-cuff
plethysmography in unanesthetized rats (LE 5001-Pressure
Meter, Letica SA, Barcelona, Spain).

When the experimental period was completed, all rats
were then housed in metabolic cages (Panlab, Barcelona,
Spain) with free access to food and water for a four-day
period (two days for adaptation + two experimental days),
during which food and water intakes were measured, and
urine samples were collected. Twenty-four-hour urine vol-
ume, proteinuria, creatinine, isoprostanes, nitrate-nitrites,
endothelin (ET), vasopressin (VP), and total sodium, potas-
sium, and calcium excretion were measured. Mean values
of all intake and urinary variables obtained during the two
experimental days were used for statistical analyses among
groups.

After completion of the metabolic study, the rats were
anesthetized with ethyl ether. A polyethylene catheter (PE-
50) containing 100 units of heparin in isotonic sterile
NaCl solution was inserted into the femoral artery to
measure intra-arterial BP and HR and pulse pressure (PP) in
conscious rats and to extract blood samples. Intra-arterial BP
was measured at 24 h after implantation of femoral catheter.
Direct BP and HR were recorded continuously for 60 min
with a sampling frequency of 400/s (McLab, AD Instruments,

Hastings, UK); BP and HR values obtained during the last
30 min were averaged for intergroup comparisons. Subse-
quently, blood samples taken with the femoral catheter were
used to determine plasma variables. The plasma variables
measured were: urea, creatinine, total proteins, electrolytes
(sodium and potassium), thyroid hormones (FT3 and FT4),
and thyroid stimulating hormone (TSH).

Finally, the rats were killed by exsanguination, and the
thyroid, liver, kidneys, and ventricles were removed and
weighed. The heart was divided into right ventricle and
left ventricle plus septum and the kidney was dissected to
separate cortex and medulla. Tissue FT3 and FT4 levels were
measured in liver and renal cortex and medulla.

2.3. Analytical Procedures. Proteinuria was measured by the
method of Bradford [20]. Plasma and urinary electrolytes
and creatinine were measured in an autoanalyzer (Hitachi-
912, Roche, Spain). Plasma and tissue levels of thyroid
hormones (free circulating T3 and T4) were determined
using rat radioimmunoassay kits according to the man-
ufacturer’s instructions (Diagnostic Products Corporation,
Los Angeles, CA, USA). An enzyme immunoassay kit (8-
isoprostane EIA Kit, Cayman Ann Arbor, MI, USA) was
used to measure urinary 8-isoprostane levels, and samples
were previously purified using the Affinity purification kit
(Cayman). Immunoreactive urinary ET and VP levels were
measured with a radioimmunoassay kit purchased from
Assay designs, (Ann Arbor, MI, USA). Urine NO−

2 and
NO−

3 (NOx) concentrations were measured using nitrate
reductase and Griess reaction [21]. Rat plasma TSH was
measured by a solid phase competitive chemiluminiscent
enzyme immunoassay using the IMMULITE 2000 Analyzer
(EURO/DPC, Llanberis, Gwynedd, UK).

2.4. Preparation of the Tissue Homogenates. For thyroid hor-
mone measurements, the liver and the dissected renal cortex
and medulla were homogenized with a glass homogenizer
in ice-cold HEPES buffer containing (mmol/L) sodium
HEPES 25, EDTA 1, phenylmethylsulfonyl fluoride 0.1, and
PBS. After centrifugation of the homogenate at 6000 g for
5 min at 4◦C, the supernatant containing membrane and
cytosolic components, termed homogenate, was separated
into aliquots, frozen in liquid N2, and stored at −80◦C until
use.

2.5. Statistical Analysis. One-way ANOVA was used to
compare each variable at the end of the experiment. When
the overall ANOVA was significant, pairwise comparisons
were performed using Bonferroni’s methods. P < .05 was
considered significant.

3. Results

3.1. Blood Pressure and Heart Rate. BP and HR values are
summarized in Figure 1. The left-hand graph in Figure 1
shows the final SBP and the right-hand graph shows the
final HR measured by direct recording in the experimental
groups. Saline loading produced an increase in SBP and
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HR and PP in comparison to control rats. Clofibrate
administration to normal rats at the dose and time used in
this experiment produced a modest but significant decrease
in BP (4.8 ± 0.6 mmHg) and HR (16 ± 5.7 beats/min).
Clofibrate administration to saline-loaded rats reduced SBP,
HR (14 ± 0.7 mmHg and 50 ± 5.7 beats/min, respectively,
∗P < .01 versus saline-drinking rats for both variables), and
PP values. Hence, the salt + clofibrate group showed similar
final SBP, HR, and PP values to those of control rats. PP
values in the groups were: control, 36.2 ± 1.2; clofibrate,
31.2±2.2; salt, 45.3±1.2∗; salt+clofibrate, 37.3±1.5+ (∗P <
.01 versus controls; +P < .01 versus saline group).

3.2. Morphological Variables. Body weight at the end of the
five-week study period was significantly lower in the salt
and clofibrate + salt groups than in controls. Absolute kidney
weight was significantly increased and the absolute left
ventricular weight was reduced in the salt + clofibrate group.
Kidney-to-body weight ratio was significantly increased in
the clofibrate and salt groups and was markedly increased
in the clofibrate + salt group. Left ventricular-to-body weight
and left ventricular-to-right ventricular ratios, both indexes
of cardiac hypertrophy, were not significantly modified by
the treatments. The thyroid weight-to-body weight ratio
was not significantly modified in the groups. The liver-to-
body weight ratio was significantly increased in the clofibrate
group but showed only a nonsignificant increase in the
salt + clofibrate group (Table 1).

3.3. Plasma Variables and Thyroid Hormone Levels. Plasma
sodium and potassium levels were similar among the control,
clofibrate, and salt groups, but plasma sodium was higher
and potassium lower in the clofibrate + salt group. Plasma
urea and creatinine were similar in all groups, and plasma
protein, an index of plasma volume, was also similar in all
groups (Table 2).

FT3 values were significantly decreased in the clofi-
brate + salt group but did not differ among the other groups.
However, FT4 levels were significantly reduced in the clofi-
brate and salt groups, especially in the salt + clofibrate group.
TSH values were increased and decreased in the clofibrate
and salt groups, respectively, and were not significantly
modified in the salt + clofibrate group (Table 2).

3.3.1. Metabolic and Urinary Variables. Metabolic studies
at the end of treatment showed increased food and fluid
intake (g/100 g body weight) in the salt-treated group in
comparison with controls. Clofibrate treatment did not affect
food and fluid intake in normal rats but reduced the food
intake in saline-loaded rats (Table 3). Water and sodium
balances were increased in the salt group. Clofibrate reduced
water and sodium balances in saline-loaded rats (Table 3).

Table 4 lists the results for the urinary variables. The
salt group showed increased diuresis, natriuresis, kaliuresis,
and calciuresis. Clofibrate did not significantly modify
these variables in control rats but increased the diuresis,
natriuresis, and kaliuresis and reduced the calciuresis in
saline-loaded rats. Total creatinine excretion and creatinine
clearance were similar in all groups.

Proteinuria was increased in the salt group, and clofibrate
reduced this variable in control and saline-drinking rats.
Total isoprostane and NOx excretion were increased in the
salt group, and clofibrate did not significantly modify these
variables in control or salt-loaded rats. Total immunoreactive
ET and VP excretion were increased in the salt group, and
clofibrate did not modify these variables in control and salt-
loaded rats.

3.4. Tissue Thyroid Hormone Levels. These results are sum-
marized in Figure 2. Except for FT3 in the clofibrate group,
FT4 and FT3 values were significantly reduced in the liver in
all experimental groups with respect to controls, observing
the greatest reduction in the salt + clofibrate group. In the
renal cortex, a significant reduction in FT4 was only observed
in the salt + clofibrate group, while FT3 was decreased in all
groups, especially in the salt + clofibrate group. In the renal
medulla, FT4 and FT3 were reduced in the salt-loaded group
and more markedly reduced in the salt + clofibrate group.
The salt + clofibrate and salt groups significantly differed in
FT4 and FT3 values in all tissues.

4. Discussion

The main findings of this study were that chronic clofibrate
administration to salt-loaded rats prevented the BP increase
in these animals and that this effect may be mediated by the
antithyroid action of fibrates. Clofibrate treatment markedly
reduced plasma and tissue thyroid hormone levels in saline-
treated rats. These findings are in agreement with previous
observations by our group in hyperthyroid rats [13]. A
fibrate-induced reduction in thyroid hormone levels may be
protective against hypertension in saline-loaded rats, since
antithyroid drugs are known to prevent the development
of hypertension in rats [19]. We also found that clofibrate
reduced the water and sodium balance in saline-loaded
rats with respect to saline-drinking rats, which may also
contribute to its antihypertensive effect. However, clofibrate
did not significantly change nitrite/nitrate, isoprostane, ET,
or VP levels, suggesting that these variables do not play a role
in the prevention of saline load hypertension induced by this
agent.

An increase in BP in response to dietary sodium (salt sen-
sitivity) is considered an important factor in the pathogenesis
of hypertension in humans [22]. In the present study, chronic
2% NaCl loading via drinking water produced a moderate BP
increase (15 mmHg) in male Wistar rats, in agreement with
several reports in Sprague-Dawley rats [3, 18–24]. However,
other studies found no significant change in BP with salt
loading in Sprague-Dawley rats [25, 26]. These discrepancies
may reflect differences in the duration of saline loading or in
the administration route (with food or fluid intake).

The antihypertensive effect of clofibrate in the saline-
loaded rats is consistent with previous reports of the
attenuation by fibrates of BP elevation in genetic models of
hypertension [5] and in nitric oxide-deficient and DOCA
salt-treated hypertensive mice and rats [3].

In this study, clofibrate produced a modest but significant
BP reduction in untreated rats, which was also associated
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Figure 1: Final systolic blood pressure (SBP) and heart rate (HR) measured by direct recording (femoral artery) in conscious rats at the end
of the experimental period (five weeks). Data are means ± SEM. ∗P < .05; ∗∗P < .01 compared with controls; +P < .01 compared with the
salt group.

Table 1: Morphologic variables in the experimental groups.

Groups Control Clofibrate Salt Salt + clofibrate

FBW, g 381± 9 368± 7 325± 5∗ +284± 4∗

KW, g 1.19± 0.03 1.22± 0.03 1.26± 0.06 1.33± 0.02∗

LVW, g 0.75± 0.03 0.72± 0.03 0.69± 0.02 0.60± 0.03∗

KW/BW, mg/g 2.93± 0.03 3.31± 0.09∗ 3.92± 0.24∗ ++5.04± 0.22∗∗

LVW/BW, mg/g 1.98± 0.06 1.98± 0.05 2.13± 0.11 2.30± 0.11

LVW/RVW 3.71± 0.41 4.24± 0.52 4.66± 0.79 3.44± 0.55

LiW/BW, mg/g 29.97± 0.75 37.52± 1.01∗ 30.86± 1.39 33.34± 1.58

TW/BW, mg/g 1.82± 0.07 2.05± 0.14 1.60± 0.09 1.69± 0.06

Data expressed as means± s.e.m. FBW, final body weight; KW, kidney weight; LVW, left ventricular weight; KW/BW, kidney weight versus body weight ratio;
LVW/BW, left ventricular weight versus body weight ratio; LVW/RVW, left ventricular weight versus right ventricular weight ratio; LiW/BW, liver weight versus
body weight ratio; TW/BW, thyroid weight versus body weight ratio. ∗P < .05, ∗∗P < .01 versus the control group; +P < .05, + +P < .01 versus the salt group.

Table 2: Plasma variables in the experimental groups.

Groups Control Clofibrate Salt Salt + clofibrate

Na, mEq/L 143.00± 0.87 141.43± 0.69 144.83± 1.62 +155.00± 3.72∗

K, mEq/L 4.23± 0.08 4.43± 0.10 4.12± 0.19 +3.35± 0.18∗

Urea, mg/dL 44.29± 1.54 49.54± 2.00 54.05± 9.34 47.92± 3.05

Creatinine, mg/dL 0.54± 0.02 0.51± 0.01 0.44± 0.04 0.53± 0.02

Total Proteins, g/dL 6.12± 0.08 5.81± 0.11 5.80± 0.24 5.81± 0.44

FT3, pg/mL 2.78± 0.08 2.73± 0.06 2.85± 0.17 +2.06± 0.13∗

FT4, ng/dL 3.23± 0.16 1.67± 0.11∗ 2.22± 0.19∗ ++1.29± 0.21∗

TSH, ng/dL 3.20± 0.30 4.10± 0.12∗ 2.1± 0.10∗ 3.7± 0.4

Data expressed as means± s.e.m. FT3, free triiodothyronine; FT4, free thyroxine; TSH thyroid-stimulating hormone. ∗P < .05, ∗∗P < .01 versus the control
group; +P < .05, + + P < .01 versus the salt group.
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Table 3: Metabolic variables in the experimental groups.

Groups
Food intake Water intake Water balance Sodium balance

g/100 g·24 h mL/100 g·24 h mL/100 g·24 h mmol/100 g·24 h

Control 3.17± 0.32 7.30± 0.74 4.71± 0.59 0.13± 0.02

Clofibrate 2.78± 0.46 6.84± 1.59 2.56± 0.68 0.12± 0.04

Salt 5.44± 0.44∗ 23.55± 4.48∗∗ 11.59± 1.39∗∗ 5.81± 0.93∗∗

Salt + Clofibrate + + 3.15± 0.14 18.04± 2.48∗∗ + + 2.20± 0.44∗ + + 0.70± 0.42

Data expressed as means± s.e.m. ∗P < .05, ∗∗P < .01 versus control group; +P < .05, + + P < .01 versus. salt group.

Table 4: Urinary variables in experimental groups.

Groups Control Clofibrate Salt Salt + clofibrate

Uv, mL/100 g 2.60± 0.33 3.20± 0.43 10.01± 1.00∗∗ +15.06± 1.11∗∗

UNaV, mEq/100 g 0.15± 0.01 0.16± 0.02 2.76± 0.42∗ +7.85± 1.04∗

UKV, mEq/100 g 0.34± 0.03 0.35± 0.03 0.47± 0.06 +0.77± 0.08∗

UCaV, g/100 g 0.58± 0.26 0.73± 0.16 9.10± 1.52∗ +5.85± 0.15∗

CrC, mL/min.100 g 0.42± 0.02 0.43± 0.02 0.52± 0.03∗ 0.41± 0.03

UCrV, mg/100 g 3.28± 0.13 3.15± 0.18 3.54± 0.07 3.26± 0.19

UproteinV, mg/100 g 33.51± 2.25 22.74± 1.60∗ 61.20± 4.76∗ +43.22± 2.30∗

UisoprostaneV, μg/100 g 3.85± 0.68 3.57± 1.3 7.40± 0.72∗ 8.22± 3.18∗

UNOxV, nM/100 g 20.5± 1.4 22± 1.5 45± 1.6∗∗ 40± 1.0∗∗

UETV, pg/100 g 2.41± 1.17 2.19± 0.48 19.60± 7.31∗∗ 16.09± 3.28∗∗

UVPV, pg/100 g 123.44± 7.06 121.75± 8.09 181.04± 8.36∗ 172.05± 10.71∗

Data expressed as means± s.e.m. Uv, diuresis; UNaV, natriuresis; UKV, kaliuresis; UcaV, calciuresis; CrC, creatinine clearance; UCrV, total creatinine excretion;
UproteinV, proteinuria; UisoprostaneV, total isoprostanes excretion; UNOxV, total nitrates and nitrites excretion; UETV, total endothelin excretion; UVPV,
total vasopressin excretion. All data are referred to 24 h. ∗P < .05, ∗∗P < .01 versus control group; +P < .05, + + P < .01 versus salt group.
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Figure 2: Tissue levels of free T4 and free T3 (FT4 and FT3) in the experimental groups after five weeks of treatment. Data are means± SEM.
∗P < .05 compared with controls. +P < .05 compared with the salt group.



6 Journal of Biomedicine and Biotechnology

with a reduction in plasma FT4 levels and a significant
decrease in tissue thyroid hormone levels. These data
contrast with the normal BP and plasma thyroid hormone
levels observed in normal rats treated with clofibrate at the
same dose for three weeks [13] but are in agreement with
previous reports that fibrates reduce thyroid hormone levels
in several species [10, 27, 28]. The discrepancy with our
previous results suggests that more than three weeks may be
required to observe the antithyroid effects of clofibrate at the
dose used in our study.

The saline-treated rats showed reduced plasma and tissue
levels of thyroid hormones, consonant with the decrease
in thyroid hormone levels reported in saline models of
hypertension [29, 30]. This reduced thyroid activity reported
in low-renin hypertension is believed to be mediated by
the action of an unidentified substance referred to as the
“thyroid-depressing factor” by Threatte et al. [31]. This
substance reduces the uptake and binding of 131I by the
thyroid gland and blocks the 131I uptake stimulated by TSH
[32], and it was found to be increased in the blood of
hypertensive versus normotensive rats [32]. More recently,
several authors reported that low plasma thyroid hormone
levels are the expression of an inflammatory state in patients
with chronic renal disease [33] and that plasma and liver
thyroid hormone levels are reduced in uremic rats with
reduced renal mass [34]. This thyroid abnormality is referred
to as “the euthyroid sick syndrome”, which can also be
produced by elevated saline intake, as indicated by the
present data.

Nitric oxide (NO) plays an important role in renal
function and sodium excretion and regulates the homeo-
static response to an increased sodium intake [16]. Thus,
Shultz and Tolins [16] showed that high salt intake in
rats for 2 weeks resulted in increased serum concentration
and urinary excretion of the NO decomposition products
(NOx) and more recently, salt loading has been used even
as an activator of NO production [15]. In consonance
with this, the present study confirms that increase renal
NOx production is seen following high dietary salt intake.
Clofibrate has also been reported to increase renal NO
production as measured by the urinary excretion of nitrite
[15]. In the present study, however, clofibrate alone did
not increase NOx production, and the increase in nitrite
excretion found with the combination of clofibrate and NaCl
was not greater than that produced by salt alone, while Na
excretion was further increased in comparison to the NaCl
group. The markedly increased natriuresis of the clofibrate-
salt group is consistent with the decreased sodium and water
balance of these rats and can be produced by clofibrate-
stimulated 20-hydroxyeicosatrienoic acid (20-HETE) and
epoxyeicosatrienoic acids (EETs) with natriuretic properties
[35]. This is because fibrates act as inducers of cytochrome
P-450 enzymes [35], which catalyze arachidonic acid for the
formation of 20-HETE and 5- and 6-EET, among others.

Interestingly, the salt + clofibrate-treated rats showed
increased natriuresis and kaliuresis and reduced water and
sodium balance, with higher plasma sodium and lower
potassium levels. All of these observations resemble the
“exaggerated natriuresis” and electrolytic plasma abnor-

malities observed in DOCA-salt treated rats, suggesting
that clofibrate may produce a positive cross-talk pattern
between mineralcorticoid receptors and PPARs at renal
level. Thus, PPARs belong to a large superfamily of nuclear
hormone receptors that include retinoic acid (RXR), steroids,
thyroid hormones, and vitamin D receptors [7, 8]. Steroid
and other nuclear hormone receptors can modulate each
other’s transcriptional activities. This cross-talk may result
in inhibition of mineralcorticoid activity, as observed with
thyroid hormones, or in its potentiation, as suggested by the
alterations in the clofibrate salt-treated rats.

Our finding of increased urinary excretion of iso-
prostanes in the saline-loaded group is in agreement with
reports that a higher saline intake increases NAD(P)H
oxidase activity [17]. Moreover, experimental studies have
demonstrated a PPARα activator-mediated reduction in
oxidative stress [3]. Thus, bezafibrate reduced l-NAME-
induced increases in plasma 8-isoprostane levels, and clofi-
brate diminished the increased NAD(P)H oxidase activity
in DOCA-salt rats [3]. However, clofibrate treatment was
unable to reduce the isoprostane levels in our saline-loaded
rats, suggesting that clofibrate lacks antioxidant properties
under these conditions, probably because the oxidative
stress is lower than observed in L-NAME or DOCA-salt
hypertension.

Our data show that saline-loaded rats have increased
levels of immunoreactive ET and VP. It has been suggested
that ET and VP are stimulated in a compensatory manner
when the renin-angiotensin system is blunted [36]. More-
over, a role has been proposed for both ET and VP in the
development and maintenance of high blood pressure and
renal damage in low-renin models of hypertension [37], and
a positive interaction between them has also been reported
[38]. Evidence of the involvement of renal ET in salt excretion
regulation includes findings of a positive correlation between
changes in natriuresis and urine ET produced by a salt load
[39]. Our data and these observations support participation
of this peptide in the regulation of salt balance. Moreover,
Newaz et al. [3] reported that clofibrate reduced plasma ET
in DOCA/salt hypertensive rats [3]. However, our data show
that PPARα activation was unable to modify the urinary
levels of ET and of VP in saline load hypertension.

In summary, the present study shows that chronic
clofibrate treatment prevents the increased blood pressure of
saline-loaded rats. This effect was associated with a marked
reduction in plasma and tissue thyroid hormone levels
and with a reduced water and sodium balance. However,
clofibrate treatment did not affect variables related to nitric
oxide, oxidative stress, or ET or VP production. Moreover,
clofibrate did not modify the cardiac mass but reduced the
proteinuria of these animals.
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and renal function in experimental thyroid disorders,” Euro-
pean Journal of Endocrinology, vol. 154, no. 2, pp. 197–212,
2006.

[20] M. M. Bradford, “A rapid and sensitive method for the
quantitation of microgram quantities of protein utilizing the
principle of protein dye binding,” Analytical Biochemistry, vol.
72, no. 1-2, pp. 248–254, 1976.

[21] D. L. Granger, R. R. Taintor, K. S. Boockvar, and J. B.
Hibbs Jr., “Measurement of nitrate and nitrite in biological
samples using nitrate reductase and Griess reaction,” Methods
in Enzymology, vol. 268, pp. 142–151, 1996.

[22] V. M. Campese, “Salt sensitivity in hypertension: renal and
cardiovascular implications,” Hypertension, vol. 23, no. 4, pp.
531–550, 1994.

[23] Z. Ni and N. D. Vaziri, “Effect of salt loading on nitric oxide
synthase expression in normotensive rats,” American Journal
of Hypertension, vol. 14, no. 2, pp. 155–163, 2001.

[24] C. Wang, C. Chao, L.-M. Chen, L. Chao, and J. Chao, “High-
salt diet upregulates kininogen and downregulates tissue
kallikrein expression in Dahl-SS and SHR rats,” American
Journal of Physiology, vol. 271, no. 4, pp. F824–F830, 1996.

[25] W. Debinski, O. Kuchel, N. T. Buu, M. Nemer, J. Tremblay,
and P. Hamet, “Effect of prolonged high salt diet on atrial
natriuretic factor in rats,” Proceedings of the Society for
Experimental Biology and Medicine, vol. 194, no. 3, pp. 251–
257, 1990.

[26] J. W. Osborn and B. J. Hornfeldt, “Arterial baroreceptor
denervation impairs long-term regulation of arterial pressure
during dietary salt loading,” American Journal of Physiology,
vol. 275, no. 5, pp. H1558–H1566, 1998.

[27] C. Viollon-Abadie, D. Lassere, E. Debruyne, L. Nicod,
N. Carmichael, and L. Richert, “Phenobarbital, β-
naphthoflavone, clofibrate, and pregnenolone-16α-
carbonitrile do not affect hepatic thyroid hormone UDP-
glucuronosyl transferase activity, and thyroid gland function
in mice,” Toxicology and Applied Pharmacology, vol. 155, no.
1, pp. 1–12, 1999.

[28] T. J. Visser, E. Kaptein, H. van Toor et al., “Glucuronidation of
thyroid hormone in rat liver: effects of in vivo treatment with
microsomal enzyme inducers and in vitro assay conditions,”
Endocrinology, vol. 133, no. 5, pp. 2177–2186, 1993.



8 Journal of Biomedicine and Biotechnology

[29] R. P. McPartland and J. P. Rapp, “(Na+,K+)-activated
adenosinetriphosphatase and hypertension in Dahl salt-
sensitive and -resistant rats,” Clinical and Experimental Hyper-
tension, vol. 4, no. 3, pp. 379–391, 1982.

[30] F. Vargas, C. Garcı́a del Rio, J. D. Luna, J. M. Haro, and C.
Osorio, “Studies on thyroid activity in deoxycorticosterone-
salt and Goldblatt two-kidney, one-clip hypertensive rats,”
Acta Endocrinologica, vol. 118, no. 1, pp. 22–30, 1988.

[31] R. M. Threatte, M. J. Fregly, and F. P. Field, “Interrelationships
among blood pressure, renal function, thyroid activity and
renal thyroid depressing factor in renal hypertensive rats,”
Pharmacology, vol. 24, no. 4, pp. 201–210, 1982.

[32] M. J. Fregly and R. M. Threatte, “Renal-thyroid interrelation-
ship in normotensive and hypertensive rats,” Life Sciences, vol.
30, no. 7-8, pp. 589–599, 1982.

[33] C. Zoccali, G. Tripepi, S. Cutrupi, P. Pizzini, and F. Mallamaci,
“Low triiodothyronine: a new facet of inflammation in
end-stage renal disease,” Journal of the American Society of
Nephrology, vol. 16, no. 9, pp. 2789–2795, 2005.

[34] V. S. Lim, C. Henriquez, H. Seo, S. Refetoff, and E. Martino,
“Thyroid function in a uremic rat model. Evidence suggesting
tissue hypothyroidism,” Journal of Clinical Investigation, vol.
66, no. 5, pp. 946–954, 1980.

[35] R. J. Roman, “P-450 metabolites of arachidonic acid in the
control of cardiovascular function,” Physiological Reviews, vol.
82, no. 1, pp. 131–185, 2002.

[36] C. Letizia, S. Cerci, G. De Toma et al., “High plasma
endothelin-1 levels in hypertensive patients with low-renin
essential hypertension,” Journal of Human Hypertension, vol.
11, no. 7, pp. 447–451, 1997.

[37] E. L. Schiffrin, “Role of endothelin-1 in hypertension and
vascular disease,” American Journal of Hypertension, vol. 14,
no. 6, pp. 83S–89S, 2001.

[38] T. Imai, Y. Hirata, T. Emori, M. Yanagisawa, T. Masaki, and F.
Marumo, “Induction of endothelin-1 gene by angiotensin and
vasopressin in endothelial cells,” Hypertension, vol. 19, no. 6,
pp. 753–757, 1992.

[39] F. Cuzzola, F. Mallamaci, G. Tripepi et al., “Urinary
adrenomedullin is related to ET-1 and salt intake in patients
with mild essential hypertension,” American Journal of Hyper-
tension, vol. 14, no. 3, pp. 224–230, 2001.



Hindawi Publishing Corporation
Journal of Biomedicine and Biotechnology
Volume 2011, Article ID 384627, 9 pages
doi:10.1155/2011/384627

Research Article

Shen-Fu Injection Preconditioning Inhibits Myocardial
Ischemia-Reperfusion Injury in Diabetic Rats: Activation of
eNOS via the PI3K/Akt Pathway

Yang Wu,1 Zhong-yuan Xia,1 Qing-tao Meng,1 Jie Zhu,2 Shaoqing Lei,3 Jinjin Xu,1

and Juan Dou4

1 Department of Anesthesiology, Renmin Hospital of Wuhan University, Wuhan, Hubei 430060, China
2 Department of Gastroenterology, Renmin Hospital of Wuhan University, Wuhan, Hubei 430060, China
3 Department of Pharmacology, School of Medicine, Wuhan University, Donghu Road, Wuhan430071, China
4 Department of Cardiovascular Surgery, Renmin Hospital of Wuhan University, Wuhan, Hubei430060, China

Correspondence should be addressed to Zhong-yuan Xia, xiazhongyuanmz@yahoo.cn

Received 19 August 2010; Accepted 22 October 2010

Academic Editor: Monica Fedele

Copyright © 2011 Yang Wu et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

The aim of this paper is to investigate whether Shen-fu injection (SFI), a traditional Chinese medicine, could attenuate myocardial
ischemia-reperfusion (MI/R) injury in diabetes. Streptozotocin-induced diabetic rats were randomly assigned to the Sham, I/R,
SFI preconditioning, and SFI plus wortmannin (a phosphatidylinositol 3-kinase inhibitor) groups. After the treatment, hearts
were subjected to 30 min of coronary artery occlusion and 2 h reperfusion except the Sham group. Myocardial infarct size and
cardiomyocytes apoptosis were increased significantly in MI/R group as compared with the Sham group. SFI preconditioning
significantly decreased infarct size, apoptosis, caspase-3 protein expression, MDA level in myocardial tissues, and plasma level of
CK and LDH but increased p-Akt, p-eNOS, bcl-2 protein expression, and SOD activity compared to I/R group. Moreover, SFI-
induced cardioprotection was abolished by wortmannin. We conclude that SFI preconditioning protects diabetic hearts from I/R
injury via PI3K/Akt-dependent pathway.

1. Introduction

Epidemiological and pathological data show that diabetes
is a major risk for cardiovascular morbidity and mortality
[1, 2]. Ischemic coronary artery disease is responsible for
three-quarters of diabetes-related death [3]. Approximately
50% of diabetic patients die 5 years after a myocardial
infarction, double the rate found in nondiabetic patients
[4, 5]. The poor prognosis may be at least in part because of
an increase in the myocardial injury in response to ischemia
and reperfusion [5].

Shen-Fu injection (SFI), an extract of traditional Chinese
herbs, has been routinely used in treating cardiac diseases for
a long time in China. We have previously demonstrated that
SFI could attenuate myocardial ischemia-reperfusion (MI/R)
injury and enhance postoperative myocardial functional
recovery in patients undergoing cardiopulmonary bypass
heart operations [6]. The beneficial effects of SFI may

attribute to alleviating the cell injuries during ischemia reper-
fusion. Moreover, the mechanism of SFI’s cardioprotection
remains to be elucidated. The effects of SFI preconditioning
on diabetic rats following ischemia-reperfusion injury is not
well understood.

In the present study, we aimed to investigate whether SFI
protects diabetic rats from I/R injury and, more importantly,
to explore the underlying mechanisms.

2. Materials and Methods

2.1. Experimental Animals. The experimental protocol used
in this study was reviewed and approved by the Animal Care
and Use Committee of Wuhan University and in accordance
with the National Institutes of Health guidelines for the use
of experimental animals. Male Sprague-Dawley (SD) rats
weighing 240 g to 280 g were provided by the Experimental
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Animal Center of Wuhan University. All animals were
allowed free access to food and water and maintained at 22–
24 degree Celsius under a cycle of 12h: 12h light-dark.

2.2. Drugs and Reagents. Streptozotocin (STZ), triphenylte-
trazolium chloride (TTC), Evans blue (EB), and wortmannin
were purchased from Sigma (St. Louis, MO, USA). Shen-fu
injection (contains 0.9 mg ginsenosides and 0.1 mg aconite
alkaloid per milliliter) was produced by Ya’an Sanjiu Phar-
maceutical Co., Ltd., China.

2.3. Induction of Diabetes. Experimental diabetes was
induced in male SD rats by intravenous injection of STZ
dissolved in 0.1 mol/L citrate buffer (pH 4.5) at a dose of
65 mg/kg. Three days after STZ injection, hyperglycemia
was documented by measuring the glucose content of
tail vein blood with OneTouch glucometer (Johnson and
Johnson, USA). Rats with blood glucose concentrations ≥
16.7 mmol/L were considered to be diabetic.

2.4. Surgical Preparations. All animals were anesthetized
with IP injection of pentobarbital sodium (50 mg/kg) and
ventilated with room air. A cannula was inserted into the
left femoral vein for administration of drugs and into
the left carotid artery for measurement of blood pressure,
respectively. Limb lead II of the ECG was used to measure
the heart rate. A fourth intercostal space thoracotomy was
performed, and the pericardium was excised to expose the
heart. The left anterior descending coronary artery (LAD)
was ligated 2 mm above the left auricle by a 6–0 silk suture
to induce regional myocardial ischemia. After 30 min of
ischemia, the ligature was loosened to allow reperfusion
for 2 h. Sham-operated rats underwent the same surgical
procedures, without tying the 6–0 silk suture. At the end of
reperfusion, rats were killed, and parts of the anterior wall
of the left ventricular myocardium near the cardiac apex and
blood samples were obtained for further analysis.

2.5. Experimental Protocol. Eight weeks after STZ adminis-
tration, rats were randomly allocated into 4 groups as fol-
lows: Group 1 rats (Sham), received vehicle (10 ml/kg saline)
but no tightening of the coronary sutures, Group 2 rats
(I/R), received vehicle (10 ml/kg saline) and were subjected
to 30 min of ischemia followed by 2 h of reperfusion, Group
3 rats (SFI), treated with 10 ml/kg SFI and were subjected
to 30 min of ischemia followed by reperfusion, Group 4
rats (SFI+WOR), treated with 10 ml/kg SFI plus a specific
inhibitor of PI3K wortmannin and were subjected to 30 min
of ischemia followed by reperfusion. Wortmannin (15 ug/kg)
was administered 20 min before coronary ischemia and
reperfusion, 10 min before the administration of SFI. The
time course of the experiments is depicted in Figure 1. The
dose of SFI and wortmannin were based on previous studies
of myocardial ischemia-reperfusion injury [7, 8].

2.6. Hemodynamics. Hemodynamic measurements included
heart rate (HR) and mean arterial pressure (MAP). The rate
pressure product (RPP) was calculated as the product of

the heart rate and the peak mean arterial pressure. These
parameters were continuously measured during baseline,
30 min into ischemia and at 2 h of reperfusion.

2.7. Determination of Infarct Size. At the end of the 2-hour-
reperfusion period, the ligature around the coronary artery
was retied again, and 2 ml of 0.25% EB dye was injected
into the aorta to map the normally perfused region of the
heart. The myocardial area at risk (AAR) for infarction was
delineated by the area of myocardium not dyed. The presence
of EB was used to identify the area that was not subjected to
the ischemia. Rat hearts were rapidly excised and frozen at
−20 degree Celsius and then sliced into 2 mm thick sections
perpendicular to the heart base-apex axis using a heart slice
chamber. The slices were incubated in 1% TTC in pH 7.4
buffer for 15 min at 37 degree Celsius to distinguish the
viable myocardium from the necrotic. The viable tissue was
stained red by TTC, while the infarct portion not taking up
TTC stain remained pale. Morphometric measurements of
the AAR and infarct area (IA) in each slice were performed
with a scanner (Epson, v30, Japan) and an image analysis
system (Image-Pro plus; Media Cybernetics, Bethesda, MA).
The percentage of ratios of AAR versus left ventricle (LV)
(AAR/LV) and IA versus AAR (IA/AAR) were calculated.

2.8. Plasma Creatine Kinase Isoenzyme and Lactate Dehydro-
genase Assay. Arterial blood samples were collected at the
end of reperfusion and centrifuged at 3000 rpm, for 10 min at
4 degree Celsius. Two specific marker enzymes, including the
creatine kinase isoenzyme (CK) and lactate dehydrogenase
(LDH) from the plasma, were measured by using commercial
kits (Beijing Kemeidongya Biotechnology Ltd., China). The
content of these marker enzymes was expressed as U/L.

2.9. Determination of Myocardial Apoptosis. Terminal
deoxynucleotidyl nick-end labeling (TUNEL) assay was
used to assess myocardial apoptosis with an apoptosis
detection kit (Roche, Basel, Switzerland). TUNEL-positive
cardiomyocytes in the ischemic myocardium were carefully
evaluated under double-blind conditions. The percentage
of TUNEL-positive cells was determined by dividing the
number of positive-staining nuclei by the total number of
nuclei of the cell.

2.10. Western Blot Analysis. Myocardium tissue samples
(100 mg) were lysed with lysis buffer. After sonication,
the lysates were centrifuged, and protein concentration
was determined with BCA protein assay kit (Beyotime
Biotech Inc, Jiangsu, China). Protein extracts were separated
by electrophoresis on SDS-PAGE and then transferred
onto a polyvinylidene difluoride (PVDF) membrane. The
membranes were incubated in 5% dry milk for 1 h and
then incubated with the following primary antibodies:
phosphorylated Akt (p-Akt, Ser473), Akt, phosphorylated
endothelial nitric oxide synthase (p-eNOS, Ser1177), eNOS,
caspase-3 (Cell Signaling), Bcl-2, and glyceraldehyde-3-
phosphate dehydrogenase (GADPH, Santa Cruz). Subse-
quently, the membranes were washed and incubated with the
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Figure 1: Experimental protocols. Diabetic rats were subjected to 30 min of coronary artery occlusion followed by 2 h of reperfusion. SFI
was applied 10 minutes before ischemia. Wortmannin was applied 20 minutes prior to ischemia. I/R: ischemia/reperfusion; SFI: Shen-fu
injection; WOR: wortmannin.
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Figure 2: Myocardial infarct size in Sham-operated rats or in
rats subjected to 30 min ischemia followed by 2 h of reperfusion.
The blue-stained areas represent nonischemic tissue, and red-
stained areas represent the area at risk. Pale areas indicate infarct
areas. Values presented are mean ± SEM. AAR: area at risk;
IA: infarct area; I/R: ischemia/reperfusion; SFI: Shen-fu injection;
WOR: wortmannin. n = 6, ∗P < .05 versus Sham, #P < .05 versus
I/R, and αP < .05 versus SFI.

corresponding horseradish peroxidase-conjugated secondary
antibody. The protein bands were visualized with ECL plus
reagent (Pierce Biotechnology Inc., Rockford, IL). GADPH
was chosen as a loading control to further assure the same
volume for all the samples.

2.11. Activity of Superoxide Dismutase and the Level of Malon-
dialdehyde in Myocardial Tissues. At the end of reperfusion,
the myocardial supernatant was isolated from ischemia heart
tissue samples by centrifugation at 4000 rpm for 10 min at
4◦C. The superoxide dismutase (SOD) activity and mal-
ondialdehyde (MDA) level were measured by colorimetric

analysis using a spectrophotometer with the associated
detection kits (Jiancheng, Nanjing, China), respectively.

2.12. Statistical Analysis. All values are presented as mean ±
SEM. Differences between groups were determined by using
one-way ANOVA Analysis followed by Bonferroni’s post hoc
test. A value of P < .05 was considered to be statistically
significant.

3. Results

3.1. Basic Parameters. There were no major differences
between groups in terms of blood glucose, body weight, and
the heart to body weight ratio before the MI/R (Table 1).

3.2. Systemic Hemodynamics. There were no significant
differences in HR, MAP, and RRP among groups during
coronary artery occlusion and reperfusion.

3.3. Effect of SFI on Myocardial Infarct Size. To examine
whether SFI treatment reduces the myocardial injury fol-
lowing I/R in diabetic hearts, myocardial infarct size was
measured. The representative images of AAR and IA from
each group were shown in Figure 2. Thirty minutes of
ischemia followed by 2 h of reperfusion resulted in significant
myocardial infarction in I/R rats compared with that in
Sham-operated ones (53.8±2.2% versus Sham, P < .05). The
infarct size was significantly decreased with the treatment of
SFI (42.4 ± 6.7% versus I/R, P < .05). Interestingly, admin-
istration of wortmannin abolished SFI-induced reduction in
infarct size, and infarct was similar to I/R group (Figure 2).
These results provided direct evidence that SFI reduces
myocardial injury following I/R via PI3K/Akt-dependent
signaling pathway. No significant difference in AAR was
found between the four groups (P > .05).

3.4. Effect of SFI on Plasma CK and LDH Activities in Diabetic
Rats. To determine whether SFI may also reduce myocardial
cellular damage induced by MI/R, the activities of CK and
LDH that are indices of myocardial cellular injury were



4 Journal of Biomedicine and Biotechnology

0

1000

2000

3000
C

K
(U

/L
)

I/R SFI SFI + WORSham

∗

#

α

(a)

0

1000

2000

3000

LD
H

(U
/L

)

I/R SFI SFI + WORSham

∗

#

α

(b)

Figure 3: Plasma creatine kinase (CK) and lactate dehydrogenase (LDH). I/R: ischemia/reperfusion; SFI: Shen-fu injection; WOR:
wortmannin. Values presented are mean ± SEM. n = 8, ∗P < .05 versus Sham, #P < .05 versus I/R, and αP < .05 versus SFI.

Table 1: Basic parameters of the rats.

Basic parameters Sham I/R SFI SFI+WOR P

Blood glucose (mmol/l) 22.8± 1.1 24.9± 1.5 24.3± 1.4 21.8± 1.1 .32

Body weight (g) 239.9± 6.3 224.5± 9.7 233.3± 9.0 243.1± 7.9 .41

Heart to body weight ratio (mg/g) 2.93± 0.18 3.13± 0.12 2.85± 0.10 3.10± 0.09 .37

Values presented are mean ± SEM. I/R: ischemia/reperfusion; SFI: Shen-fu injection; WOR: wortmannin. n = 16 in each group.
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Figure 4: Representative photomicrographs of TUNEL staining
from Sham, I/R, SFI, and SFI+WOR groups, respectively (×400).
I/R: ischemia/reperfusion; SFI: Shen-fu injection; WOR: wortman-
nin. Values presented are mean ± SEM. n = 4, ∗P < .05 versus
Sham, #P < .05 versus I/R, and αP < .05 versus SFI.

measured at the end of reperfusion. In comparison with
Sham group, I/R caused a significant increase in CK and LDH
(both having P < .05, Figure 3). However, CK and LDH
activities were decreased in rats treated with SFI compared
with I/R group (both having P < .05). Pretreatment with
wortmannin significantly blunted the SFI-induced decrease

of plasma CK and LDH (both having P < .05 versus SFI
group).

3.5. Effect of SFI on Myocardium Apoptosis in Diabetic Rats.
As shown in Figure 4, the percentage of TUNEL-positive
myocyte nuclei was significantly increased in the I/R group
compared with the Sham group (P < .05). SFI treatment
reduced TUNEL-positive cells in hearts subjected to MI/R
(versus I/R group, P < .05). Pretreatment of the rats with
wortmannin attenuated the effect of SFI in reducing TUNEL-
positive cells.

3.6. Effect of SFI on the Protein Phosphorylation of Akt
in Diabetic Rats. After 2 h of reperfusion, no significant
changes were identified in total Akt expression among the
Sham, I/R, SFI, and SFI+WOR groups (Figures 5(a) and
5(b)). Akt phosphorylation has been demonstrated to reflect
Akt activation. Treatment with SFI significantly increased the
expression of p-Akt (P < .05, SFI versus I/R). In addition,
the effect of SFI on Akt phosphorylation was completely
abolished by treatment with wortmannin, a specific PI3K
blocker (P < .05, SFI versus SFI+WOR) (Figure 5(c)).

3.7. Effect of SFI on the Protein Phosphorylation of eNOS in
Diabetic Rats. It has been reported that eNOS is a substrate
for Akt and NO production following Akt-evoked eNOS
phosphorylation [9]. We therefore attempted to determine
whether eNOS phosphorylation contributes to SFI-induced
cardioprotection. As illustrated in Figure 6, there was no
significant difference in eNOS expression among different
groups, while treatment with SFI resulted in significant
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Figure 5: Immunoblots and graphs showing the protein levels and fold increases in total and phosphorylated Akt from Sham, I/R, SFI, and
SFI+WOR groups, respectively. I/R: ischemia/reperfusion; SFI: Shen-fu injection; WOR: wortmannin. Values presented are mean ± SEM.
n = 6, #P < .05 versus I/R, and αP < .05 versus SFI.

expression of p-eNOS (P < .05, I/R versus SFI). Most
importantly, to explore whether the increase in p-eNOS was
related to PI3K/Akt pathway, diabetic rats were pretreated
with wortmannin. The results showed that treatment with
wortmannin completely abrogated the increase in p-eNOS
(P < .05, SFI versus SFI+WOR).

3.8. Effect of SFI on Bcl-2 and Caspase-3 Cleavage in
Diabetic Rats. We measured antiapoptotic protein Bcl-2 and
proapoptotic protein caspase-3 expression in the present
study. As shown in Figure 7, SFI enhanced the expression of
Bcl-2 compared to the saline-treated I/R rats. Pretreatment
with wortmannin abolished the effect of SFI-induced Bcl-
2 upregulation and decreased it to a level similar to the I/R
group.

Caspase-3 is a pivotal mediator of apoptosis, and myocar-
dial caspase-3 activity is suggested as a marker of MI/R
myocyte apoptosis [10]. Caspase-3 normally exists as a 32-
kDa inactive precursor that is cleaved proteolytically to
an active p17 subunit when cells are induced to undergo
apoptosis. To determine whether caspase-3 was activated, we
detected the cleaved (activate) caspase-3 protein by Western
blotting. As shown in Figure 7, there were no changes in
total (inactivate) caspase-3 proteins among the 4 groups.

The activate caspase-3 was significantly increased after MI/R
as compared with that in Sham group (I/R versus Sham,
P < .05). The activate caspase-3 was decreased in SFI group
(Figure 7(d), P < .05, I/R versus SFI), and pretreatment with
wortmannin abolished the caspase-3 activation.

3.9. Effect of SFI on Activity of SOD and Level of MDA in
Diabetic Rats. Data are shown in Figure 8. Compared with
the Sham group, the I/R-induced injury was manifested by
a significant increase in MDA and decrease in SOD. The
administration of SFI caused a significant decrease in the
MDA content and increase in SOD enzyme activity com-
pared with the I/R group. Moreover, SFI-induced changes in
MDA and SOD were reverted by wortmannin treatment.

4. Discussion

Several important observations were made in the present
study. First, we have shown that SFI treatment attenuated
MI/R injury in diabetic rats as evidenced by attenuated
myocardial apoptosis and reduced infarct size in a PI3K/Akt-
dependent manner. Second, Akt-evoked eNOS phosphory-
lation significantly contributes to SFI-induced cardioprotec-
tion. In addition, we have provided evidence that SFI protects
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Figure 6: Immunoblots and graphs showing the protein levels and fold increases in total and phosphorylated eNOS from Sham, I/R, SFI,
and SFI+WOR groups, respectively. I/R: ischemia/reperfusion; SFI: Shen-fu injection; WOR: wortmannin. Values presented are mean ±
SEM. n = 6, #P < .05 versus I/R, and αP < .05 versus SFI.

the diabetic hearts from oxidative stress even in the absence
of ischemia/reperfusion.

Shen-fu injection is composed of Ginseng and Fuzi.
Previous data from experimental studies have demonstrated
that SFI has significant protective effects on cardiovascular
system. Zheng et al. studied myocardial infarction and
reperfusion injury in an in vivo rat model and discovered
that SFI reduced the size of infarction and improved
the pathologic changes of myocardium during ischemia
reperfusion [8]. In cell culture model, Wang et al. reported
that SFI can prevent cardiomyocytes apoptosis induced
by hypoxia/reoxygenation injury via upregulation of Bcl-2
protein levels and downregulation of caspase-3 [11]. One
of our recent studies showed that the SFI reduced MI/R
injury in congenital heart patients also supported these
conclusions.The SFI-induced inactivation of caspase-3 may
lead to inhibition of myocardial apoptosis after MI/R. It was,
therefore, important to study whether SFI can also afford
similar cardioprotection in hearts from diabetic subjects.

Among numerous signaling pathways involved in regu-
lation of cell survival, PI3K/Akt signaling pathway plays a
crucial role in protecting the myocardium from MI/R injury
[12–14]. Previous studies have demonstrated that pharma-
cologic preconditioning fails to induce cardioprotection in

STZ-induced diabetic animals, and PI3K/Akt pathway was
impaired in diabetic rats [15–17]. In our present study, we
detected significant activation of survival pathway as evi-
denced by robust phosphorylation of Akt in SFI-treated dia-
betic myocardium following ischemia reperfusion. However,
expression of p-Akt was undetectable when wortmannin
was given along with SFI therapy. It seems that SFI induces
cardioprotective effects through the activation of PI3K/Akt
pathway in diabetic rats. The protein expression of PI3K was
not assessed in the current study. Further investigation will
be needed to explore whether SFI act directly on upstream
signaling pathways.

How activation of Akt increases cardiomyocyte resistance
to MI/R injury in diabetic rats is incompletely understood.
Strong evidence shows that eNOS is an important target
of Akt and eNOS functions as an important cardiovascular
protective molecule [9, 18, 19]. Recent studies show that
increased expression of p-Akt and p-eNOS alleviates the
IR injury in the diabetic myocardium [17, 19]. Our study
showed that SFI treatment resulted in an enhanced level p-
eNOS which was significantly higher than that of saline-
treated I/R group. These results suggest that SFI-induced
cardioprotective effects are mediated through Akt-induced
eNOS phosphorylation. eNOS is the source of NO and is
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Figure 7: Immunoblots and graphs showing the protein levels of bcl-2 and caspase-3 from Sham, I/R, SFI, and SFI+WOR groups,
respectively. I/R: ischemia/reperfusion; SFI: Shen-fu injection; WOR: wortmannin. Values presented are mean ± SEM. n = 6, ∗P < .05
versus Sham, #P < .05 versus I/R, and αP < .05 versus SFI.
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Figure 8: Malondialdehyde (MDA) and superoxide dismutase (SOD). I/R: ischemia/reperfusion; SFI: Shen-fu injection; WOR: wortmannin.
Values presented are mean ± SEM. n = 6, ∗P < .05 versus Sham, #P < .05 versus I/R, and αP < .05 versus SFI.

important in regulation of vasodilatation, vascular remod-
eling, cardiac structure, and angiogenesis [20, 21]. It has
been shown that NO inhibits apoptosis both in vitro and
in vivo [9, 22]. NO can rapidly elevate Bcl-2 expression at
protein and mRNA level [23–25]. The level of Bcl-2 protein

has been suggested to determine cardiac myocyte survival or
death after ischemia and reperfusion [9, 25–27]. The release
of Bcl-2 during ischemia-reperfusion injury has been proven
to prevent apoptosis by blocking the release of cytochrome
c from the mitochondria and ameliorating the activation
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of caspase-3 [25, 28]. Caspase-3 is an intracellular cysteine
protease that is one of the key executioners of apoptosis
[8, 29, 30]. As expected, pretreatment with SFI significantly
inhibited the activation of subsequent effector caspase-3.
The SFI-induced inactivation of caspase-3 may lead to its
inhibition of myocardial apoptosis after MI/R.

On the other hand, numerous studies have shown that
the production of reactive oxygen species (ROS) is increased
in diabetes. Excessive ROS leads to inactivation of NO
and thus impaired NO-dependent cardioprotection [31–
33]. MDA is a marker of lipid peroxidation that occurs
as a result of the damaging effects of ROS, and SOD is a
cellular ROS scavenger [34, 35]. In our study, following SFI
treatment, we found that the increase of SOD activity and the
decrease of MDA production may have provided extensive
protection to diabetic hearts and facilitated NO-dependent
cardioprotection. Considerable evidence demonstrates that
SFI has significant protective effects in different organs.
Qian et al. reported that SFI inhibited endotoxin-induced
pulmonary inflammation in vivo [36]. SFI is also reported
to have protective effect on gastrointestinal microcirculation
after myocardial IR injury in rabbits, in a dose-independent
manner [37]. Furthermore, SFI can inhibit the production
of oxygen free radical and decrease apoptosis of liver cell in a
liver graft model [38].

There are several limitations with the present study that
should be mentioned. First, the cardiac protective effect
of SFI in nondiabetic rats was not investigated in our
study. It is reported that SFI can protect normal rats from
MIR injury, with the increase of SOD and decrease of
the MDA contents [8]. Therefore, it seems that SFI has
similar beneficial effect to both nondiabetic and diabetic rats.
Second, we did not directly measure the cardiac function
during the experiment as the primary goal of the study is
to explore the signaling pathway that may involve Shen-fu
cardioprotection. However, we have collected hemodynamic
parameters, including HR, MAP, and RPP, which indirectly
indicate that SFI has no major effect on cardiac function.
Third, the amount of NO was not monitored in this study.
NO is produced from eNOS, neuronal NOS (nNOS), and
inducible NOS (iNOS) in the heart. Further study will be
needed to explore whether Shen-Fu injection can modulate
the NO production as well as the underling mechanism.

In summary, the current study demonstrated that
SFI could protect cardiomyocytes against MI/R injury
and inhibits apoptosis in diabetic rats via activating
PI3K/Akt/eNOS signaling pathway.
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Preeclampsia and preterm delivery are important potential complications in pregnancy and represent the leading causes for
maternal and perinatal morbidity and mortality. The mechanisms underlying both diseases remain unknown, thus available
treatments (beta2-stimulants and magnesium sulfate) are essentially symptomatic. Both molecules have molecular weights less
than 5–8 kDa, cross the placental barrier, and thus exert their effects on the fetus. The fetus produces peptides that are highly
vasoactive and uterotonic and increase in response to maternal stress and with continued development. Fetal peptides are also small
molecules that inevitably leak across into the maternal circulation. Aminopeptidases such as placental leucine aminopeptidase (P-
LAP) and aminopeptidase A (APA) are large molecules that do not cross the placental barrier. We have shown that APA acts
as an antihypertensive agent in the pregnant spontaneously hypertensive rat by degrading vasoactive peptides and as a result
returns the animal to a normotensive state. P-LAP also acts as an antiuterotonic agent by degrading uterotonic peptides and thus
prolongs gestation in the pregnant mouse. Given the ever increasing worldwide incidences of preeclampsia and preterm labor, it is
imperative that new agents be developed to safely prolong gestation. We believe that the use of aminopeptidases hold promise in
this regard.

1. Introduction

It is well known that the fetus produces bioactive peptides
such as angiotensin II (AngII), vasopressin (AVP), and
oxytocin (OT), that are highly vasoactive and uterotonic,
respectively [1–4]. It is also known that secretions of these
peptides from the fetus increase in parallel with fetal growth
and in response to stressors such as hypoxia. Since hormones
may leak out from the fetoplacental unit because of low-
molecular weight, they are capable of exerting their effects
on the mother. Therefore, the existence of a placental barrier
against these hormones and/or maternal blood is essential
for the homeostasis of pregnancy. The fetoplacental unit is
a rapidly growing organ and allows for maternal exposure
to fetal hormones by retroplacental maternal blood supply

with advancing pregnancy. Thus, fetal peptide hormones
are potentially active not only within the fetoplacental
unit but also on the maternal side during normal and
pathophysiological pregnancy.

Our basic and clinical research has shown that the
placental and maternal barriers to the hormonal effects
of these fetal peptides are the aminopeptidases: placental
leucine aminopeptidase (P-LAP) (EC3.4.11.3) that acts on
oxytocin (OT), vasopressin (AVP) [5–7], and aminopepti-
dase A (APA ) (EC3.4.11.7) that act on AngII, respectively,
[8, 9] as presented in Figure 1. Our research has shown
that placental aminopeptidases are likely involved in both
the onset of labor (preterm labor) and preeclampsia via
degrading fetoplacental peptides [10].
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Figure 1: Effects of APA deficiency on SBP. Systolic blood pressure
(SBP) of APA−/−, APA+/−, and APA+/+ mice at 3 months (n = 9 to 15
per group) was determined by a tail-cuff system. Each datum point
represents the mean measurement of 2-d taken after 4-d training
period. The average ± SEM of each group is represented by an open
circle and a bar. ∗P < .05.

This paper begins with a description of adverse reactions
that accompany the presently used drugs for preeclampsia
(hypertensive disorder in pregnancy) and preterm labor. We
also discuss the roles of angiotensinase and oxytocinase in
pregnancy and the clinical application of both enzymes. This
is followed by a description concerning the importance of
the knockout mouse of P-LAP and APA in the understanding
of the active roles of both enzymes in vivo. We then discuss
the roles of P-LAP and APA as promising agents to treat
preeclampsia and preterm labor by degrading bioactive hor-
mones derived from fetoplacental circulation. In addition,
our animal experiments have shown that APA is an excellent
candidate as an antihypertensive agent in humans.

2. Adverse Drug Reactions

Preeclampsia and preterm delivery represent serious com-
plications during pregnancy. Preeclampsia is a hypertensive
disorder that occurs during human pregnancy and presents
potentially life-threatening consequences for both mother
and fetus [11]. It is defined as a sustained elevation in blood
pressure (BP; >140/90 mmHg, at two readings separated
by 6 hours) accompanied by proteinuria (>300 mg/l) in a
previously normotensive woman. Preeclampsia is estimated
to be present in 5–7% of pregnancies in developed countries
and occurs at an even a higher rate in developing countries.
At present, the only cure for preeclampsia eclampsia is
termination of pregnancy, thus obstetricians are forced to
decide upon premature delivery irrespective of gestational
week [12]. According to the March of Dimes Organization

(New York, USA), worldwide approximately one million
deaths occurred during the first month of life due to preterm
birth in 2005 [13].

The causes of both preeclampsia and preterm labor
remain unknown, thus present treatments are essentially
symptomatic. Conventional antihypertensive medications
are not routinely administered to preeclampsia patients
since these agents fail to reduce the risk of eclampsia
[12]. Beta2 stimulants and magnesium sulfate are used
to treat preterm labor; however, both drugs cross the
placental barrier and exert their effects on the fetus. In
addition, treatment with Beta2 stimulants presents serious
maternal side effects such as arrhythmia, cardiac ischemia,
and pulmonary edema, with an increased likelihood of
tachycardia in both mother and fetus. Myocardial necrosis
in newborns treated with terbutaline has been reported
[14]. Cardiovascular deterioration due to long-term Beta2-
stimulant therapy contributes to the downregulation of fetal
beta receptors, thus resulting in impaired cardiac function
following birth [15]. Magnesium sulfate is essentially an anti-
convulsant, therefore its administration causes little change
in BP. Undesirable side effects such as depressed respiration
and cardiac arrest frequently occur with increased serum
magnesium levels, and this treatment has been associated
with increased perinatal mortality among fetuses [16].

Recently, we have found that the administration of
preeclampsia doses of magnesium sulfate to pregnant
spontaneously hypertensive rats (SHR) was associated with
delayed cardiovascular vessel formation, suggesting adverse
effects on the fetal heart [17]. It is known that idiopathic
dilated cardiomyopathy in children results in a high rate
of mortality. Cardiac transplantation is the treatment of
choice in those patients who fail to respond to therapeutics
[18]. Although various factors have been suggested to
cause such myocardial damage, no specific etiology has
been identified. Injury to myocardial cells is the initiating
factor that leads to cell death. It is likely that in utero
exposure to both Beta2 stimulants and magnesium sulfate
results in considerable fetal myocardium cell loss. The
consequence of this condition is a neonatal myocardium
that fails to generate sufficient contractile force to produce
adequate cardiac output. Thus, the fetal effects associated
with these agents are very problematic regarding long-
term prognosis following birth. Given the ever-increasing
worldwide incidences of preeclampsia and preterm labor, it
is imperative that new agents be developed to safely prolong
gestation.

3. Possible Role of Angiotensinase

Because AVP and AngII are known to play an important
role in normal and aberrant (preeclampsia) fetoplacental
circulation, the clearance of these peptides in the placenta
is important for both fetus and mother [19]. The levels of
AngII in umbilical venous blood was found to be higher
than those in umbilical arterial blood in normal pregnancy
and preeclampsia, and the levels in both umbilical and
maternal venous blood in cases of severe preeclampsia
were also much higher than those measured during normal
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pregnancy. The gradient of AngII between umbilical venous
and arterial blood suggests the active involvement of pla-
cental angiotensin-converting enzyme (ACE) (EC 3.4.15.1)
in AngII production in the fetoplacental unit. In addition,
data from Broughton-Pipkin and Symonds [1] showed a
greater difference between venous and arterial blood in
cases of preeclampsia, which suggested an increased AngII
release from the stressed or transiently hypoxemic fetus
and a decreased degradation by AngII degrading enzyme
(angiotensinase) in placenta [8]. Kingdom and colleagues [2]
investigated the relation between umbilical arterial oxygen
partial pressure and AngII levels in the umbilical vein during
human delivery. They found that if the human fetus suffered
from a low oxygen level caused by stress, the level of AngII in
the umbilical vein was high. This indicates that under stress
conditions, the AngII level will go up in the human fetus. We
found ACE (kininase II) present in the human placenta [20,
21] and showed that maternal serum ACE activity did not
change in preeclampsia compared with normal pregnancy
[19].

The renin-angiotensin system (RAS) is recognized as
an important contributor to hypertension [22], and the
majority of research concerned with this system has focused
on the synthesis of AngII and its interaction with angiotensin
receptors [23]. Until recently, little attention had been paid
to AngII degradation and its relevance as a controlling
factor in hypertension [9, 24, 25]. An understanding of the
role of APA in the RAS is important given its ability to
cleave the N-terminal aspartic acid of AngII, thus forming
angiotensin III (AngIII) and acting as a rate-limiting factor in
the availability of the potent vasoconstrictor, AngII [26]. The
potency of AngIII as a hypertensive agent is approximately
25% that of AngII making AngII the more important ligand;
hence, APA has also been called angiotensinase. Because
AngII concentrations in the enormously enlarging local
tissue (fetoplacental unit) are determined not only by its
synthesis but also by its degradation, the rate of APA-induced
degradation of AngII is an important factor as an underlying
mechanism of both fetoplacental and maternal BP [19].

4. Possible Role of Oxytocinase (Vasopressinase)

The pathophysiology of preterm labor is unknown. This
is not surprising since the mechanisms of onset of labor
at term remain unknown. Although many disorders such
as infections and multiple gestations are associated with
preterm labor, the cause of preterm labor in more than 50%
of pregnancy is idiopathic (spontaneous preterm labor). It
is known that only idiopathic forms of preterm labor are
spontaneous [27]. Spontaneous preterm labor after week 32
is less likely to be complicated by infection [28].

Although the onset of labor is the expression of a
constellation of interrelated events, including fetal control,
steroid hormone changes, prostaglandin production, and
oxytocin action, Liggins et al. [29] have shown that the fetus
signals the onset of labor to the mother. They showed that
the maturation of the fetal hypothalamic-pituitary-adrenal
axis appears to create the signal for a train of events that

result in delivery. They suggested that elevated levels of fetal
cortisol act on the placenta to cause changes in estrogen
and progesterone balance; an increase of estrogen and a
decrease of progesterone and then these changes in steroid
hormones preceding parturition result in the release of large
concentrations of prostaglandin F2 alpha from the maternal
placenta (decidua) in the ovine parturition [30].

On the other hand, Chard and colleagues [4] suggested
the possible involvement of fetal OT during delivery. They
showed that OT and AVP are consistently found in human
umbilical arterial and venous plasma at the time of delivery.
These levels are higher in the umbilical artery than the
umbilical vein, clearly indicating that the hormones originate
from the fetal pituitary. Oosterbaan and Swaab [3] also
showed that while a rise in amniotic OT levels seems to
reflect normal development of the human fetus, increased
amniotic AVP levels may indicate fetal acidosis. Based on
current knowledge, these processes are receptor mediated,
with a central role being ascribed to the activation of the
OT/AVP and their receptor systems, particularly with regard
to uterine contractions as well as decidual activation [31].
It is perplexing that pregnancy continues until term despite
increased fetal OT and OT receptors in human myometrium
and deciduas [32]. Human pregnancy serum and placenta
are known to degrade OT, which should be involved in
regulating OT action. OT has a cystine ring structure at
its N-terminus that is essential for exerting its uterotonic
activity. Until now three proteases have been identified
concerning the degradation of OT/AVP. These include P-
LAP, postproline cleaving enzyme (EC3.4.21.16) and neutral
endopeptidase (EC 3.4. 24.11) [33].

Although P-LAP degrades, the ring structure of OT at
the peptide bond between Cys1 and Tyr2 and hydrolyzes
the remaining bonds stepwise from the amino terminal.
The other two proteases are not involved in opening the
ring structure of OT [6, 34]. Thus, only P-LAP should be
regarded as oxytocinase. P-LAP is predominantly synthesized
in placental syncytiotrophoblasts and increases in maternal
blood with advancing pregnancy [35–39].

The change of balance between fetal OT/AVP and P-LAP
due to fetal growth, and in response to various stimuli such as
hypoxia in fetoplacental unit, likely triggers the onset of labor
including preterm labor. Indeed, OT receptor antagonists are
effective in inducing uterine quiescence in various animals
including humans at term [40]. OT receptor antagonists
have been reported to be more effective in the treatment
of preterm labor than beta-agonists [41]. The degradation
of these peptide hormones by P-LAP in the placenta is
necessary in order to maintain homeostasis for both fetus
and mother. While placental aminopeptidases regulate fetal
bioactive peptides in the fetoplacental unit, they work also as
a barrier of bioactive peptides between fetus and mother.

5. Placental Aminopeptidase Changes

Maternal serum APA and P-LAP activities in early mild
preeclampsia patients are higher than those seen in normal
pregnancy patients [42, 43]. As the severity of preeclampsia
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progresses, both APA and P-LAP enzyme activity decrease,
ultimately becoming lower than that measured during
normal pregnancy [42, 44]. It is likely that increased APA
and P-LAP activity in maternal sera before, and immediately
after, the appearance of preeclampsia is in response to the
increased production of AngII/AVP from the fetus.

An understanding of the mechanisms underlying salt-
induced hypertension in the Dahl salt-sensitive rat (DSS) is
of considerable interest given the important role of sodium
in hypertensive disorders [45]. Our laboratory has measured
changes in renal APA activity and histological changes in
the glomerulus of both DSS and Dahl salt-resistant (DSR)
rats [46]. When low- (0.3%) or high- (8%-) salt diets were
administered to DSR and DSS rats, only high-salt DSS
rats revealed systolic blood pressure increases that reached
approximately 150 mmHg by week 10, peaking at just under
250 mmHg by week 18. Several mechanisms have been
suggested to underlie this response by DSS rats including
sympathetic arousal, deficiency in nitric oxide, increased
plasma endothelin-1, and an overactive RAS [46]. Although
there is no evidence that the peripheral RAS is activated,
the local renal RAS is stimulated in DSS rats suggesting
a significant contribution by the RAS to the hypertension
seen in this model [45]. Renal APA activity is elevated 3-
fold at week 10 in high-salt DSR rats, similar to that seen
in high-salt DSS rats. Thereafter, it remained at this level.
This increase in renal APA may serve to metabolize AngII,
thus protecting the high-salt DSR rat from hypertension in
response to high salt intake. Although APA activity in high-
salt DSS rats increased 3-fold by week 10, it subsequently
fell back and assumed the level of week 6, by week 18.
This increase in renal APA at week 10 may serve to degrade
AngII and temporarily protect this model. However, AngII
levels in high-salt DSS rats at week 10 did not change
despite increased APA activity. Since it is known that a high-
salt diet increases intrarenal angiotensinogen levels in DSS
rats, elevations in AngII levels would be anticipated [45].
Presumably these increases in AngII exceed the degradative
capacity of APA and hypertension results. Changes seen in
human maternal serum APA activity during preeclampsia
are similar to changes measured in renal APA in the DSS rat
model.

If the enzyme levels of maternal serum reflect the
production rate in the placenta, then the decreased serum
enzyme levels noted during severe preeclampsia may signify
placental damage due to AngII/AVP-induced vasoconstric-
tion. Thus, the trophoblastic degeneration seen during severe
preeclampsia may be due to a failure to synthesize APA
and P-LAP. We assayed P-LAP activity once at admission
due to preterm labor (around week 31), at which time all
patients were evidencing regular uterine contractions at <15-
min intervals [47]. Although the specificity of P-LAP test
is high (97%), its sensitivity is low (29%) for predicting
the prognosis of preterm labor. High specificity of this test
suggests a direct role of OT/P-LAP system in preterm labor.
Serial assays of P-LAP could be useful as a rough guide for
predicting the onset of labor, since the leveling off in P-LAP
activity at 11 days prior to the onset of labor may be a useful
marker for the final stage of gestation [48]. At term, increases

in fetal OT overwhelm P-LAP, resulting in contractions of the
uterus triggering the onset of labor. A similar process may
also occur during preterm labor. During normal pregnancy,
sufficient levels of P-LAP degrade OT and AVP, and APA
deactivates AngII, thus protecting the mother. However,
a drop in the activity of both enzymes permits elevated
levels of vasoactive peptide hormones from the fetoplacental
circulation to leak into the maternal circulation resulting
in vasoconstriction (hypertension) and uterine contraction
(onset of labor and preterm labor).

6. APA-Deficient (KO) Mouse

While pregnancy in humans and animals is normally
characterized by a relative refractoriness to the hypertensive
response associated with exogenously infused AngII, AngII
sensitivity in the preeclampsia patient becomes higher reach-
ing a level equivalent to, or greater than, that of nonpregnant
women [49]. This phenomenon has been extensively studied
as a most probable cause of preeclampsia; however, it remains
controversial. The use of APA KO mice solved this question.
APA KO mice are hypersensitive to exogenously administered
AngII, strongly suggesting the involvement of APA in this
AngII sensitivity [50].

Studies employing mice in which genes involved in
angiotensin generation and encoding AngII receptors have
been disrupted have provided information about the func-
tions of these genes. Mice deficient in renin, angiotensino-
gen, ACE, and the type 1 angiotensin receptor (AT1) showed
reduced BP, while APA KO mice evidenced a modest
hypertension. The baseline systolic BP (SBP) is significantly
elevated in APA−/−) mice compared with APA+/− and APA+/+

mice (3-month-old). The cDNA cloning of the B lymphocyte
differentiation antigen, BP-1/6C3, identified BP-1/6C3 as
APA and characterized the APA gene. After the production
of BP-1/6C3/APA-deficient mice, little involvement of APA
in immune system was shown [50]. Although the pathway
of AngII metabolism in humans is still disputed, our
investigations using APA knockout mice have shown that
other enzymes possessing the ability to metabolize AngII
in vitro, including neutral endopeptidase (EC3.4.24.11)
[51], postproline cleaving enzyme (EC3.4.21.26) [52], and
the recently described angiotensin-converting enzyme 2
(ACE2) [53], cannot compensate for the loss of APA [50].
Although the cleavage of C-terminal phenylalanine from
AngII by ACE2 and postproline cleaving enzyme to generate
a vasodilator Ang1-7 is able to influence BP and AngII
concentrations, ACE2 does not counteract the hypertension
due to APA deficiency. Therefore, APA is the essential enzyme
with respect to RAS mediation hypertension.

When AngII was intraperitoneally infused over a period
of four days (750 μg/kg/day) in APA KO mice, SPB increased.
It is evident that the magnitude of BP elevation is greater in
APA−/− mice than in wild-type mice (Figure 2). Following
cessation of AngII infusion SBP dropped over the first
day and then decreased to preinfusion levels. In contrast,
SBP remained unchanged in control APA+/+ and APA−/−

mice infused with saline. A deficiency in APA would be
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Figure 2: Effects of chronic AngII infusion on SBP. Daily changes
of SBP in saline infusion [APA−/− (�) and APA+/+ (�)] and AngII
infusion [APA−/− (◦) and APA+/+ (•)] mice. The implantation of
osmotic minipupms was done on day 0. Values are mean ± SEM.

expected to increase the relative concentrations of AngII
by protecting this peptide from degradation. Thus, the
enhanced response to AngII infusion in APA-deficient mice
is consistent with the biochemical property of APA in
metabolizing AngII.

We measured SBP in the APA−/− and APA+/+ mice
ranging from 8 to 60 wk. SBP increased with advancing
weeks (aging) in both the APA−/− and APA+/+ mice. SBP
in the APA−/− was higher than that in APA+/+ mice,
suggesting the possible involvement of APA in the hyper-
tension associated with aging in humans. There is no
developmental and histological difference in kidneys, heart,
aorta, and brain between APA−/− and APA+/+ mice at 12–
15 versus 49–60 weeks of age. APA KO mice did not show
any developmental and histological abnormality in these
organs. Although increased circulating levels of AngII in APA
KO mice result in hypertension, it may not stimulate the
synthesis of growth factor-β, which is capable of producing
morphological changes such as arterial wall hypertrophy and
cardiac abnormality. Since morphological changes in kidney
were not seen in APA KO mice, we compared changes in
urine volume and osmolality between APA−/− and APA+/+

mice. Although not statistically different, there were increases
measured in APA KO mice, suggesting normal glomerular
functioning.

7. P-LAP-Deficient (KO) Mouse

Oxytocin is the strongest uterotonic substance known and
has been used widely to induce labor. However, success
depends on treatment at the appropriate stage of pregnancy
(just before the onset of labor). In any case, the uterus is more
sensitive to OT as pregnancy progresses, to the point that
labor readiness can be assessed by the amount of OT required
to cause a contraction. The physiological importance of OT
in modulating the initiation and progression of labor is still

in dispute, since the regulating factor of OT sensitivity is
unknown. Genetic analyses of putative mediators of labor
in the mouse have provided insight into the molecular
cascade that culminates in parturition. Although the initial
characterization of the OT KO mice suggested that OT is not
important in this species [54, 55], subsequent investigations
have shown that OT is important for the precise timing
of the onset of labor. Studies in KO mice also confirm
important interrelationships between OT and prostaglandins
(PGs) [54]. Previous studies using OT KO mice have shown
that the prepartum interrelationship among OT, PG, and
progesterone important for the precise timing of the onset
of labor is around day 18.

Previously, we cloned the cDNA encoding human P-
LAP from the human placental cDNA library [56]. The
major protein in insulin-responsive glucose transporter
isotype GLUT4 vesicle in rat adipocytes was found to have
aminopeptidase activity. The rat homologue of human P-
LAP is insulin-regulated aminopeptidase (IRAP) [57]. This
protein was independently cloned at about the same time as
P-LAP. Keller et al. reported that the P-LAP/IRAP KO mice
do not have any difficulty in maintaining pregnancies and do
not deliver their pups prematurely [58]. We have shown that
P-LAP KO pregnant mice are hypersensitive to exogenously
administered OT, and they deliver their pups prematurely,
showing the possible involvement of P-LAP in this OT
sensitivity during pregnancy. Since WT mice receiving OT
(by implantation of osmotic minipumps) at rates of less than
1 U/day showed the onset of labor at the expected time, we
compared the effects of OT at infusion rates of 0 (vehicle
only) and 1.0 U/day, which were administered continuously
from day 15.5 in WT and P-LAP KO mice, on the pregnant
term. A significant shortening of term was observed in P-
LAP KO mice (onset of labor, 3.3 ± 0.5 days after pump
placement) in comparison with WT mice (onset of labor,
4.3±0.3 days after pump placement) without administration
of OT (vehicle only, P < .05, Figure 2), indicating that P-
LAP KO pregnant mice deliver their pups prematurely. When
mice received 1.0 U/day OT, the difference of onset of labor
between WT and P-LAP KO mice was more evident. P-
LAP KO mice resulted in premature delivery (onset of labor
2.3 ± 0.9 days after pump placement with 1.0 U/day OT) in
comparison with WT mice (onset of labor 4.5±0.4 days after
pump placement with 1.0 U/day OT, P < .05) (Figure 3(a)).
There were significant differences concerning duration of
pregnancy comparing with and without administration of
OT in P-LAP KO mice (P < .05).

We have shown that AVP is hydrolyzed by P-LAP at
least 3 times more quickly than OT when monitored via
the release of the Tyr residue [7]. Recently, Wallis et al.
[59] have shown that AVP is a physiological substrate for P-
LAP using P-LAP KO mice in vitro. With the administration
of 1.0 U AVP intramuscularly in P-LAP KO and WT mice,
there was a statistically significant decrease in both urine
volume and water intake/day in both groups. We observed
a statistically significant difference in urine volume between
P-LAP KO and WT mice. KO mice on both P-LAP and APA
showed that OT and AngII sensitivity is regulated by both
aminopeptidases.
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Figure 3: (a) Effect of OT infusion on the pregnant time in both WT and P-LAP KO mice. Values are expressed as means ± SD. ∗P < .05;
WT mice versus P-LAP KO mice in vehicle only, #P < .05; WT mice versus P-LAP KO mice in 1 U/day OT, †P < .05; P-LAP KO mice in
vehicle versus P-LAP KO mice in 1 U/day OT. (b) Effect of recombinant P-LAP on the pregnant time in WT mice. Values are expressed as
means ± SD. ∗P < .05; vehicle only versus 0.01 U/day P-LAP.

8. APA Acts as an Antihypertensive Agent

The SHR is widely used in cardiovascular research as a model
of human hypertension, and it offers the opportunity to
understand the mechanisms underlying this disease state. BP
can be normalized in SHRs with angiotensin receptor block-
ers (ARBs) and ACE inhibitors, suggesting the involvement
of the RAS. Although SHRs do not evidence elevated renin
activity or increased plasma AngII concentrations relative to
their normotensive counterpart Wistar-Kyoto (WKY) rats,
they do possess a supersensitivity to AngII [60]. These
results suggest that the SHR is more responsive to the
vasoconstrictive effects of AngII than WKY rats. Since we
have shown that the administration of a mixture of APA
and aminopeptidase N (APN) (EC 3.4.11.2) purified from
human placenta reduces BP in SHRs, we have tested the
effect of recombinant APA on BP in SHRs [61]. We found
that bolus intravenous injections of recombinant APA at
various doses significantly decreased systolic BP in SHRs
at the 3-hour time point. Among them, the 0.016 mg/kg
dose of APA caused a gradual decrease in systolic BP,
reaching approximately −40 mmHg by 24 h. Much higher
doses of APA revealed a sharp decline of BP (approximately
50 mmHg at 3 h); however, they showed the reversal of its
antihypertensive effect after 3 h [60].

Song and Healy [62] have reported that APA levels in
glomeruli increased with the infusion of a subpressor dose of
AngII in normotensive rats. They also showed that treatment
with an ACE inhibitor reduced kidney APA activity in SHRs,
suggesting that APA expression may be positively coupled
with AngII levels.

Our laboratory has also shown that APA activity
increased with the addition of AngII to a primary culture
of normal placental trophoblasts [63]. We determined that

AngII stimulated the proliferation of trophoblastic cells
via the AT1 receptor subtype linked to protein kinase
C/MAPK-dependent signaling pathways [64]. APA activity
was upregulated during AngII-induced cell proliferation;
thus, it appears that increased levels of either AngII or APA
result in a compensatory response, presumably representing
an attempt to maintain homeostasis. This may explain why
the highest dose of APA resulted in the greatest reversal of
the antihypertensive effect. The lower doses of APA may be
below the threshold to induce compensatory increases in
circulating AngII.

Because the glutamic acid residue in the GAMEN
motif is important for the enzymatic action of the
M1aminopeptidase family [65], we replaced Glu360 with a
glutamine residue (APA E360Q). As expected, APA E360Q
did not show any hydrolytic activity against the fluorogenic
synthetic substrate Glu-MCA or AngII (data not shown).
APA E360Q (no APA enzymatic activity) did not show any
effect on SBP of SHRs. The 0.016 mg/kg dose of APA failed
to influence SBP except for a slight, but nonsignificant,
decline at 48 hours in Wistar-Kyoto (WKY) rats. Although
a number of pathogenic factors have been proposed to
underlie the hypertension of SHRs [66], the present results
suggest an important role for APA-mediated degradation of
AngII. We have shown that renal APA is involved in the
development of hypertension and the regulation of BP in
SHRs [67].

We compared the antihypertensive effects of daily bolus
injections of APA (0.016 mg/kg) against continuous infusion
of the ARB candesartan (0.1 mg/kg/day) over 5 days in
SHRs. The magnitude of the antihypertensive effect by APA
and candesartan was similar: APA, 175.8 ± 13.5 mmHg to
147.6 ± 16.3 mmHg at 24 h; ARB, 169.5 ± 10.3 mmHg to
137.4 ± 11.0 mmHg at 24 h (Figure 4). The antihypertensive
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Figure 4: Comparison of APA (0.016 mg/kg) and candesartan on
BP in SHRs. Intravenous injection of recombinant APA (n = 5) and
candesartan (n = 5) significantly decreased SBP for 5 d in SHRs.
The magnitude of the antihypertensive effects of APA (0.016 mg/kg)
and ARB (0.1 mg/kg) was similar. APA (0.016 mg/kg): bolus
injection every day for 5 d; candesartan (0.1 mg/kg): continuous
infusion by osmotic minipumps for 5 d. ∗P < .05, ∗∗P < .01
compared with pretreatment period.

effects induced by a bolus injection of APA (0.016 mg/kg)
are similar to those obtained with continuous drop infusion
of nitroprusside (0.5–5 mg/kg/min) in humans [68]. Other
laboratories have reported that intravenous administration
of the ARB Dup753 (10 mg/kg) decreased blood pressure in
SHRs for at least 24 hours, and intravenous injection of the
ACE inhibitor captopril (2 mg/kg) reduced blood pressure
in SHRs for 3 hours [60]. Although the differing delivery
methods make comparison of the present results somewhat
difficult, it does appear that the application of a low dose
of APA was equivalent to an ARB and ACE inhibitor with
respect to antihypertensive efficacy. The effective dose of APA
in the present study was about one-tenth that of candesartan.
Thus, in a comparison of a bolus injection of APA (MW
109 kDa) and a continuous infusion of candesartan (MW
440 kDa) for 36 hours, APA possesses a 2300-fold advantage
in efficacy over candesartan. Our data suggest that AngII
degradation in blood is a much more effective approach
than blocking AngII receptor binding in treating imminent
hypertension as resulting from hypertensive encephalopathy,
apoplexy, and acute heart failure, and acute dissection of
aorta.

9. APA is an Antihypertensive Drug
Candidate in Pregnancy

It is known that the administration of ACE inhibitors causes
hypotension which can be lethal to the human fetus. This
suggests an important role for AngII in the fetoplacental
circulation [69]. Taken together, these findings present a
treatment dilemma since the increased synthesis of AngII
by the fetus significantly contributes to preeclampsia; while

vasoconstriction of the fetoplacental circulation may be of
primary importance in preeclampsia [70]. However, the
administration of conventional antihypertensive agents to
the mother is detrimental to the fetus.

Two animal models of preeclampsia have been reported.
Davisson and colleagues [71] noted a spontaneous mouse
syndrome that approximates preeclampsia. These investiga-
tors placed thoracic aortic telemeters in nonpregnant female
BPH/5 and C57BL/6 mice. Following recovery from surgery,
five days of baseline mean arterial pressure (MAP) record-
ings were taken. Next, strain-matched timed pregnancies
were initiated. Prior to pregnancy, members of each strain
indicated comparable total urinary protein levels; however,
the BPH/5 mice evidenced an elevated MAP compared with
the C57BL/6 mice. Although blood pressures were stable
during the initial two weeks of pregnancy in members of
both strains, at the beginning of the last trimester MAP
became elevated in the BPH/5 mice peaking just prior to
delivery and then returned to baseline following delivery.
There was also evidence of late gestational proteinuria
and progressive glomerulosclerosis. No such changes were
measured in members of the C57BL/6 strain. Further, the
BPH/5 mice produced smaller litter sizes even though
the number of fetuses was comparable to C57BL/6 mice
earlier in gestation. A second preeclampsia animal model
was developed by Maynard et al. [72]. These investigators
observed increases in placental soluble fms-like tyrosine
kinase 1 (sFlt1) in preeclampsia patients accompanied by
decreases in circulating VEGF, and placental growth factor
(PlGF). The administration of VEGF and PlGF corrected
the resulting endothelial dysfunction and suggested the
following experiment. Pregnant rats were administered
sFlt1, a VEGF, and PlGF antagonist, which prompted the
development of proteinuria and glomerular endotheliosis,
both characteristic of preeclampsia. The authors concluded
that elevated and excessive levels of circulating sFlt1 are
a major contributor to the pathogenesis of preeclamp-
sia.

Since the diagnosis of preeclampsia is determined essen-
tially by increased BP, we used pregnant SHRs as a model
of preeclampsia. Bestatin is a low-molecular-weight peptide
that inhibits APA and APN. Previously, we showed that
the administration of bestatin to pregnant rats results in
fetoplacental growth restriction [73]. We have also found
that bestatin administration in pregnant rats results in the
disappearance of BP decline during late gestation, which is
commonly observed in both SHR and WKY pregnant rats. In
addition, bestatin administration to pregnant rats resulted in
increased proteinuria [70].

We have tested the effects of APA and ARB on hyperten-
sion in pregnant SHRs. Bolus injections of APA and ARB
were administered via osmotic minipumps. The doses were
as follows: recombinant APA (0.016–0.16 mg/kg/day) (n =
5) and ARB (candesartan: CV-11974, Takeda Pharmaceutical
Co. Ltd, Osaka, Japan; 0.1–1 mg/kg/day) (n = 5). Initial
doses of ARB were titrated to match those used for human
hypertension. Bolus doses of each drug injected were dou-
bled daily up to 10-fold until the end of drug treatment from
day 10 to day 20. Since mean BP differed across groups,
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Figure 5: Changes of SBP during mid- and late-term pregnancy in
SHRs with and without administration of APA and candesartan and
WKYs without administration of any drugs. SHR (control, n = 5),
SHR (APA: 0.016–0.16 mg/kg/day, n = 5), SHR (candesartan: 0.1–
1 mg/kg/day, n = 5), and WKYs (control, n = 5).

the changes in BP following administration of drugs were
compared with baseline BP measured prior to the initiation
of the experiment. Figure 5 shows the changes in systolic BP
during mid and late pregnancy (from day 10 to day 20) in
SHRs with administration of candesartan and APA. Changes
in systolic BP during mid and late pregnancy in pregnant
WKYs without administration of any drugs (control) are
also shown. The magnitude of antihypertensive effects of
APA and candesartan was very similar (−30 mmHg) at day
20. There were no differences in fetal and placental weights
comparing control SHRs and drug-administered groups.
Fetal and placental weights in SHRs were significantly lower
than those of WKY rats. These results are consistent with
our previous data and the data of others. There were no
differences in fetal kidney and heart weights between drug-
administrated groups and the control. Although there were
many mature renal glomeruli, which contain red blood
corpuscles, in members of the APA and control groups, few
were found in members of the ARB group.

It is known that both ACE inhibitor and ARB therapy in
the second and third trimesters of pregnancy have been asso-
ciated in humans with fetal renal damage, oligohydroamnios,
anhydroamnios, and even fetal death [74]. Recently, Bowen
and colleagues [75] have reported the increased frequency
of pregnant women with ACE inhibitor exposure. Since
both block AngII action via degradation and binding of
AngII, respectively, the antihypertensive effect results from
a loss of AngII stimulation in pregnant SHRs. The antihy-
pertensive effects of APA and candesartan were maintained
by increasing the dose with advancing gestation, suggesting
that AngII synthesis increases over time in pregnant SHRs.
This likely represents increased leakage of AngII from the
fetoplacental unit into maternal circulation with advancing
gestation. Our study suggests an important role for APA-
mediated degradation of AngII in hypertension in pregnant
SHRs. Since APA is a large molecule that does not cross the

placenta, APA may be a useful drug for the treatment of
preeclampsia.

10. P-LAP as a Possible Agent for
Treatment of Preterm Delivery

We administered recombinant P-LAP continuously from day
15.5 in WT mice (Figure 3(b)). Significant elongation in
the onset of labor was observed in WT mice in response
to P-LAP infused at 0.01 U/day (onset of labor 5.7 ± 0.7
days after pump placement with 0.01 U/day P-LAP versus
4.4 ± 0.3 days for vehicle infused, P < .05). Results from
this preliminary investigation concerning the administration
of recombinant P-LAP at 0.1 U/day continuously from day
15.5 in WT mice indicated elongation of the onset of labor
without any negative effects on mother and pups (data not
shown). We used this same daily dose of recombinant P-LAP
(0.01 U/day) in a subsequent experiment. Both parturition
time and number of viable pups in the P-LAP-treated
group were not significantly different from those in vehicle
group. Specifically, the number of pups in the vehicle group
was 5.8 ± 1.3 pups/litter, and in the P-LAP group 6.0 ±
1.8 pups/litter [76].

As mentioned previously, the prepartum interrelation-
ship among OT, PG, and progesterone important for the
precise timing of the onset of labor is around day 18 in
mouse. The administration of recombinant P-LAP surpassed
these phenomena and thus delayed the onset of labor in
mouse. On the other hand, we [76] and Imamura et al. [77]
have shown that OT at higher doses was able to precipitate
labor, indicating that augmentation of uterine contraction
before normal labor is achievable despite low uterine OTR
levels and elevated plasma progesterone concentrations if the
level of OT is sufficiently high. Therefore, it is suggested that
the regulation of the onset of labor mainly depends on OT,
and its degradation by P-LAP and is therefore, independent
of both PG and progesterone. Indeed, OT exaggerates the
inherent pattern of uterine motility, which often becomes
clinically evident during the last trimester and increases as
term is approached. Therefore, OT is the most common
method of induction of human labor. OTR antagonists are
effective in inducing uterine quiescence in various animal
species including humans at term. OTR antagonists have
been reported to be effective in the treatment of preterm
labor compared with beta agonists [78]. However, these
agents are small molecules and therefore cross the placenta
and have various pharmacological effects on the fetus [14,
15, 79]. Since P-LAP has a molecular weight of 160–
165 kDa, it does not cross the placenta. Thus, P-LAP might
be a useful agent for the treatment of preterm labor in
pregnancy. In addition, P-LAP may be useful in avoiding
the onset of midnight labor, which is troublesome for all
obstetricians. Since P-LAP and APA are large molecules
that do not cross the placental barrier, they represent
promising agents to treat preeclampsia and preterm labor
by degrading bioactive hormones derived from fetoplacental
circulation.
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Figure 6: Changes of daily SBP in SHRs during middle and
late pregnancy under administration of sex steroids and olive oil
(control). Only E with P administration reduced significantly SBP
at late pregnancy compared with those in others (at days 19, 20).
∗P < .001.

11. Final Comments

The ultimate goal regarding treatment for both preeclampsia
and preterm labor must be maternally directed without
influencing the fetoplacental unit. We have previously
reported positive effects with estradiol and progesterone
treatment for severe preeclampsia [80]. In 1941, G. V. Smith
and O. W. Smith [81] reported the successful treatment
of severe preeclampsia with estradiol and progesterone.
However, very little attention was paid to this treatment
approach due to the potential teratogenicity of these com-
pounds. Even so at present, it is common to use estradiol
and progesterone in human-assisted reproduction during
the early days of pregnancy. These positive outcomes in
preeclampsia and/or preterm labor are likely via activation of
placental aminopeptidases that degrade vasoactive hormones
thus reducing maternal BP [80]. We have shown that
progesterone, and probably estrogen, increases APA levels
in human trophoblastic cells. We employed the RNase
protection assay method to increase accuracy and sensitivity
in determining APA mRNA levels [82]. Progesterone has
recently been reevaluated as a tocolytic agent. However,
estrogen is not commonly used during pregnancy except to
assist reproduction. We have shown that exogenously admin-
istered estradiol benzoate at 1 μg/day or less in pregnant rats
(days12–19) had no effect on pup survival and fetoplacental
growth. However, at a dose of 10 μg/day or more, there
was a tendency toward reduced fetoplacental growth. Thus,
it is important to closely monitor the dosage of estrogen
administered during pregnancy [83].

We have shown the effects of 17β-estradiol benzoate
(E) and 17-α hydroxyprogesterone capronate (P) on BP
and fetoplacental growth in SHRs. E (10 μg/day) and P
(2 mg/day) were administered intraperitoneally to pregnant
SHRs from day 16 to 19. These steroids had no effect
on the number of pups delivered; however, there were
decreases in birth weights and placenta weights except in

the case of placentae by E accompanied with P. Mean SBP
decreased from days14–16 to days 18–20 of pregnancy in
SHRs. Although E and P had no effect on BP, E accompanied
with P significantly decreased BP as compared with control
SHRs at days 19 and 20 of pregnancy (unpublished data).
We also measured APA activity in the maternal renal cortex
in this experiment. Treatment with both E and P showed
a tendency to increase APA activity, but this effect was
not statistically significant compared with control (olive
oil). However, APA activity in the kidney was significantly
increased by E accompanied with P (Figure 6, unpublished
data).

We continued such treatment in appropriate cases and
found that both mother and newborn remained in good
health. We have followed several severe preeclampsia cases.
One female baby treated with only estradiol and proges-
terone is now 36 years old and has two healthy children,
suggesting no negative effects. This treatment approach
could be used for preeclampsia on an interim basis until,
hopefully, aminopeptidases are approved as drugs for this
purpose.

Barker’s hypothesis [84] suggests that reduced fetal
growth is correlated with the occurrence of a number of
chronic conditions later in life including coronary heart dis-
ease, stroke, diabetes, hypertension, and depression. Given
the ever increasing world-wide incidences of preeclampsia
and preterm labor, it is imperative that new agents be
developed to safely prolong gestation. We believe the use of
aminopeptidases hold promise in this regard.
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Thrombus formation on a disrupted atherosclerotic plaque is a key event that leads to atherothrombosis. Because thrombus
is induced by chemical or physical injury of normal arteries in most animal models of thrombosis, the mechanisms of
thrombogenesis and thrombus growth in atherosclerotic vessels should be investigated in diseased arteries of appropriate
models. Pathological findings of human atherothrombosis suggest that tissue factor, an initiator of the coagulation cascade,
significantly affects enhanced platelet aggregation and fibrin formation after plaque disruption. We established a rabbit model
of atherothrombosis based on human pathology in which differences in thrombus formation between normal and atherosclerotic
arteries, factors contributing to thrombus growth, and mechanisms of plaque erosion can be investigated. Emerging transgenic
and stem cell technologies should also provide an invaluable rabbit experimental model in the near future.

1. Introduction

Acute cardiovascular events usually involve thrombus forma-
tion at sites of disrupted atherosclerotic plaque, which is cur-
rently referred to as atherothrombosis. Although thrombosis
is a major complication of atherosclerosis, it does not always
result in complete thrombotic occlusion with subsequent
acute symptomatic events [1]. Therefore, thrombus growth
is critical to the onset of clinical events. Thrombus formation
is probably regulated by the thrombogenicity of exposed
plaque constituents, local hemorheology, systemic throm-
bogenicity, and fibrinolytic activity. In fact, the molecular
mechanisms of thrombus formation have been identified in
mice due to advances in gene targeting technology. However,
thrombus is induced by chemically or physically damaging
normal arteries in most of these methods. Therefore, little
is known about the mechanisms involved in thrombogenesis
and thrombus growth in atherosclerotic vessels.

Tissue factor (TF) is a membrane-bound glycoprotein
that is expressed or exposed at sites of vascular injury and
is essential for hemostasis. As an initiator of the coagulation
system, TF acts as a cofactor for circulating factor VIIa, and
it starts a series of proteolytic reactions that culminate in
the production of the enzyme thrombin, which is the final

effecter of the coagulation system. TF is distributed in the
adventitia and variably in the media of normal vessels [2].
Active TF has been pathologically detected in atherosclerotic
lesions and in platelet-fibrin thrombus formed at disrupted
sites. Atherosclerotic lesions are indispensable for studying
atherothrombosis. The lipoprotein profiles of rabbits are
similar to those of humans but not mice [3], and rabbits
on a hyperlipidemic diet are susceptible to atherogenesis.
We thus established a rabbit model of atherothrombosis
based on human pathology. This paper focuses on human
atherothrombosis, a rabbit model, and its pathophysiological
significance.

2. Human Pathology

2.1. Pathology of Coronary Atherothrombosis. Arterial throm-
bi were traditionally considered to mainly comprise aggre-
gated platelets because of rapid flow, and the development
of platelet-rich thrombi has been regarded as a trigger of
atherothrombosis. However, recent evidence indicates that
thrombi on disrupted plaques are composed of aggregated
platelets and fibrin, erythrocytes, and white blood cells,
which are immunopositive for glycoprotein (GP) IIb/IIIa
(a platelet integrin), fibrin, glycophorin A (a membrane
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protein expressed on erythrocytes), von Willebrand factor
(VWF, a blood adhesion molecule), and CD16 (a marker
of neutrophils) [4–6]. GP IIb/IIIa colocalized with VWF,
and TF was closely associated with fibrin [5] (Figure 1).
These findings suggest that VWF and/or TF contribute to
thrombus growth and to obstructive thrombus formation
on atherosclerotic lesions, and that the enhanced platelet
aggregation and fibrin formation indicate excess thrombin
generation mediated by TF.

TF and its procoagulant activities are overexpressed in
human atherosclerotic plaques [7, 8], and macrophages
and smooth muscle cells (SMCs) in the intima express TF.
The activity of TF is more prominent in fatty streaks and
atheromatous plaques than in diffuse intimal thickening in
the aorta [8]. Thus, atherosclerotic plaque has the potential
to initiate the coagulation cascade after plaque disruption,
and TF in such plaque is thought to play an important role
in thrombus formation after plaque disruption.

The two major morphological features of plaque dis-
ruption are rupture and erosion (Figure 2). Plaque rupture
is caused by disruption of the fibrous cap, which allows
contact between blood and a thrombogenic necrotized core,
resulting in thrombus formation. Rupture probably occurs
in plaques with a large necrotized lipid core and fibrous caps
that are heavily infiltrated by macrophages, lymphocytes, and
occasional smooth muscle cells (SMC)s [9]. Plaque disrup-
tion and thrombosis in the absence of fibrous cap thinning
characterizes plaque erosion. Angiographically, an artery
with eroded plaque is less narrowed and the luminal surface
is irregular. The morphological characteristics include an
abundance of SMCs and proteoglycan matrix, especially
versican and hyaluronan, and no necrotic core. Relatively
few macrophages and T cells are features of plaque erosion
compared with rupture [9]. The proportions of fibrin
and platelets differ in coronary thrombi on ruptured and
eroded plaques. Fibrin- and platelet-rich thrombi develop
on ruptured and on eroded plaques, respectively, and both
TF and C-reactive protein are more abundant in ruptured
and than eroded plaques [4]. These distinct morphological
features suggest that different mechanisms are involved in
plaque rupture and erosion.

On the other hand, atherosclerotic plaque disruption
does not always result in complete thrombotic occlusion
with subsequent acute symptomatic events. Clinical studies
using angiography and intravascular ultrasound have found
that the rupture of several plaques is a frequent com-
plication among patients with coronary atherothrombosis
[10]. Disrupted plaques at various stages of healing are
occasionally found in autopsy cases with or without coronary
atherothrombosis [11]. To evaluate the incidence and mor-
phological characteristics of thrombi and plaque disruption
in patients with noncardiac death, Sato et al. [12] examined
102 and 19 hearts from autopsy cases with noncardiac death
and from those who died of acute myocardial infarction
(AMI). Surprisingly, they found coronary thrombi in 16%
of the cases with noncardiac death, and most of them
had developed on eroded plaque. However, the thrombi
were too small to affect the coronary lumen (Table 1). The
lipid cores were smaller, the fibrous caps were thicker, and

Table 1: Incidence of thrombosis in NCD and AMI.

NCD (n = 102) AMI (n = 19) P value

Fresh thrombus (n) 10 (10%) 14 (74%) <.001

(i) Erosion 7 (7%) 4 (21%) .07

(ii) Rupture 3 (3%) 10 (53%) <.001

Old thrombus 6 (6%) 5 (26%) <.05

NCD: noncardiac disease; AMI: acute myocardial infarction (from Sato et al.
[12] with permission).

luminal narrowing was more modest in disrupted plaques
from cases with noncardiac death than with AMI. These
findings suggested that the onset of acute coronary events
represents the tip of the atherothrombosis iceberg and that
regional factors influence coronary thrombus growth after
plaque disruption. Thrombus growth is critical to the onset
of clinical events because plaque disruption does not always
result in complete thrombotic occlusion with subsequent
acute symptomatic events.

2.2. Mechanisms of Plaque Rupture Determined from Human
Pathology. Accumulating evidence supports the notion that
inflammation plays a key role in thinning and disruption of
the fibrous cap, which results in plaque rupture. The numer-
ous inflammatory cells in rupture-prone atherosclerotic
plaques can produce enzymes that degrade the extracellular
matrix of the fibrous cap. Macrophages in human atheromas
overexpress interstitial collagenases, gelatinases, and elas-
tolytic enzymes. Activated T lymphocytes and macrophages
can secrete interferon γ (INF-γ), which inhibits collagen
synthesis and induces the apoptotic death of SMC [13].
Moreover, INF-γ can induce interleukin- (IL-) 18, which
accelerates inflammation. Interleukin-18 colocalizes with
INF-γ in macrophages located at the shoulder region, and it
is associated with coronary thrombus formation in patients
with ischemic heart disease [14]. Interestingly, the important
anti-inflammatory cytokine IL-10 is also upregulated in
macrophages in atherosclerotic lesions from patients with
unstable compared with stable angina [15]. The heterogene-
ity of macrophages in atherosclerotic plaque could explain
these paradoxical findings [16]. This evidence indicates that
an imbalance of the inflammatory pathway participates in
plaque destabilization that triggers thrombosis in fibrous cap
rupture.

Intraplaque hemorrhage might also trigger plaque rup-
ture. The frequency of previous hemorrhages is greater
in coronary atherosclerotic lesions with late necrosis and
with a thin fibrous cap than in those with early necrosis
or intimal thickening [17]. Intraplaque hemorrhage and
iron deposition are more prominent in coronary culprit
lesions obtained by directional coronary atherectomy from
patients with unstable than with stable angina pectoris.
The iron deposition correlates with oxidized low-density
lipoprotein and thioredoxin, an antioxidant protein, and also
associates with thrombus formation [18]. The pathological
findings imply relationships among intraplaque hemorrhage,
oxidative stress, and plaque instability. However, direct evi-
dence linking intraplaque hemorrhage and plaque instability
remains elusive.
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Figure 1: Immunofluorescence images of fresh coronary thrombi from patients with acute myocardial infarction. Images of thrombi stained
with fluorescein isothiocyanate-labeled glycoprotein (GP) IIb/IIIa, von Willebrand factor (VWF), or tissue factor (TF) (green), Cy3-labeled
fibrin or VWF (red), and merged images. Areas with colocalized factors are stained yellow (from Yamashita et al. [5] with permission).

2.3. Mechanism of Plaque Erosion is Unknown. Some authors
have postulated that erosion results from vasospasm, but
the mechanisms of plaque erosion remain poorly under-
stood. About 80% of the thrombi associated with plaque
erosions are nonocclusive even in sudden coronary death

[9]. Among patients who suddenly die, platelet-rich emboli
are found in 74% and 40% of those with plaque erosion
and plaque rupture, respectively. Because activated platelets
release vasoconstrictive agents such as 5-hydroxytryptamine
(5-HT, serotonin) and thromboxane A2, these emboli might
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Figure 2: Coronary plaque rupture and erosion with thrombi. Large necrotic core and disrupted thin fibrous cap is accompanied by
thrombus formation in ruptured plaque. Eroded plaque has superficial injury of SMC-rich atherosclerotic lesion with thrombus formation.
Both thrombi comprise platelets and fibrin. HE, hematoxylin eosin stain (from Sato et al. [4] with permission).

increase peripheral resistance leading to altered coronary
blood flow. Furthermore, 5-HT can induce vasoconstriction
and reduce coronary blood flow in human atherosclerotic
vessels, but not in normal arteries [19]. Such vasoconstric-
tion might play an important role in the pathogenesis of
plaque erosion. On the other hand, Durand et al. [20]
reported that the induction of endothelial apoptosis in vivo
leads to both endothelial denudation and vessel throm-
bosis in rabbit femoral arteries. However, the endogenous
triggers of endothelial apoptosis were not determined and
the mechanisms of superficial erosive damage to SMC-
rich plaque remain unknown. However, understanding of
these processes can progress using SMC-rich atherosclerotic
vessels in rabbits as described below.

3. Current Arterial Thrombosis Models

Most established models of thrombosis have used either
chemical damage with ferric chloride or rose bengal with
focal irradiation. Kurz et al. [21] originally demonstrated

that the direct application of ferric chloride solution to
the adventitial surface of an artery rapidly induces the
formation of a platelet-rich thrombus that typically pro-
gresses to complete vascular occlusion. This type of damage
produces transmural cell necrosis and disrupts the integrity
of the vascular endothelium. However, the mechanism of
thrombosis triggered by ferric chloride has not been defined.
A small piece of filter paper is saturated with 10%–50%
ferric chloride and applied to an artery, where it can be
visualized by stereoscopic microscopy. The photochemical
model involves the intravenous administration of photo-
reactive rose bengal to an exposed arterial segment that is
then illuminated with green light (540 nm) delivered from a
xenon lamp equipped with a heat-absorbing filter [22]. Rose
bengal accumulates in the lipid bilayer of endothelial and
other types of cells [23]. Green light triggers a photochemical
reaction in rose bengal that produces singlet oxygen and
promotes the formation of other reactive oxygen species that
damage the endothelium and initiate thrombus formation.
The reproducibility of occlusive thrombus formation has
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led to these models becoming the established standard
for thrombus model. However, degenerative changes occur
in the walls of arteries that have been exposed to ferric
chloride and blood content is also altered. The color and
shape of these vessels change, the “thrombus” lacks cellular
and fibrillar structures, and they microscopically appear
rather homogeneous (Figure 3). These findings suggest that
denatured materials are a direct consequence of a chemical
reaction rather than of sequential biological reactions.
Illumination can potentiate platelet function [24], and such
thrombus is composed of aggregated platelets [25]. These
considerably differ from physiological thrombus formation
after plaque disruption. Moreover, many methods involve
triggering thrombus formation in normal arteries, which
imposes a critical limitation because atherothrombosis in
humans always occurs within atherosclerotic arteries. To
understand the mechanisms of atherothrombosis requires
investigation of a more relevant thrombosis model that
comprises diseased arteries.

4. Rabbit Model of Atherothrombosis

Pathological findings from humans indicate that TF expres-
sion in atherosclerotic plaque plays an important role in
thrombus formation after plaque disruption. To understand
the role of TF in plaques on thrombus formation and more
universally, the mechanisms of atherothrombosis, we used a
balloon catheter to induce TF expressing neointima in rabbit
femoral artery and to induce thrombus formation on the
neointima [26–28].

4.1. Induction of Macrophage- or SMC-Rich Atherosclerotic
Lesions by Balloon Injury with or without a High-Cholesterol
Diet. Rabbits weighting 2.5–3.0 kg were fed with a con-
ventional or a 0.5% cholesterol diet for one week before
and three weeks after balloon injury to induce SMC- or
macrophage-rich neointima in femoral arteries, respectively.
The rabbits were anesthetized with pentobarbital (25 mg/kg,
i.v.) and then an angioplasty balloon catheter (diameter,
2.5 mm; length, 10 mm) was inserted into the femoral artery
under fluoroscopic guidance. The catheter was inflated to
1.5 atm and retracted by 50 mm three times to denude the
endothelium. This strategy causes SMC- or macrophage-
rich neointima with increased TF activity to develop several
weeks later. Figure 4 shows that neointima developed in
femoral arteries three weeks after balloon injury in rabbits
fed with conventional or 0.5% cholesterol diets. The neoin-
timal area was larger in rabbits fed with the cholesterol, than
with the conventional diet. Immunohistochemical staining
revealed that neointima induced under conventional or
cholesterol diet is SMC or macrophage rich, respectively,
and that TF was localized in both neointima and adventitia.
The activity of TF was assessed as rabbit plasma clotting
time increased more in the SMC- and macrophage-rich
neointima/media than in normal intima/media [27, 28]. The
increased neointimal TF expression and activity simulated
the situation in human atherosclerotic plaques [7, 8], and
the SMC- or macrophage-rich neointima mimics human

200 μm

(a)

50 μm

(b)

Figure 3: Histological images of carotid artery from rat ferric
chloride model. (a) Longitudinal section of rat carotid artery 20
minutes after initiation of 20% ferric chloride injury. Arterial wall
and blood show marked degenerative or denaturation changes at
site of injury (arrows), wall constriction, and brown color at blood-
vessel interface. Hematoxylin eosin stain. (b) Higher magnification
of attached thrombus (∗) shows absence of cellular and fibrillar
structures and rather homogeneous appearance. Hematoxylin eosin
stain.

fibrocellular and lipid-rich types of plaque, respectively [4,
29, 30].

However, the remodeling response after balloon injury
significantly differs between conventional and cholesterol
diets. The numbers of inflammatory cells, especially
macrophages, as well as microvessels and matrix metallopro-
teinase expression increased, and matrix density decreased
in the damaged arteries of rabbits fed with a cholesterol
diet, resulting in extensive arterial remodeling [31]. These
findings indicate that hyperlipidemia directly contributes to
arterial remodeling via inflammatory responses after arterial
injury.

4.2. Different Mechanism of Thrombus Formation in
Atherosclerotic or Normal Artery. The arteries were further
damaged using a balloon catheter at three weeks after the
first balloon injury to induce thrombus formation on the
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Figure 4: Angiographic and histological images of rabbit femoral arteries. (a) Representative angiographic and histological image 3 weeks
after the balloon injury of left femoral artery. Injured femoral artery shows luminal narrowing and neointimal formation (N). Hematoxylin
eosin/Victria blue stain (from Yamashita et al. [27] with permission). (b) Representative immunohistochemical microphotographs of
normal and balloon-injured femoral arteries at 3 weeks after injury under conventional or 0.5% cholesterol diet. Tissue factor (TF) is
expressed in neointimal smooth muscle cells (SMCs), macrophages, and adventitia. I, intima; M, media; Ad, adventitia. HE/VB, hematoxylin
eosin/victoria blue stain.

neointima. A 2F balloon catheter (Baxter Healthcare) was
inserted via the anterior tibial artery into the femoral artery,
inflated to 1.4 atm, and retracted three times. Fifteen minutes
later, SMC- and macrophage-rich neointima produced large
thrombi composed of platelets and fibrin, whereas small
platelet thrombi developed on the normal intima of rabbits
fed with both conventional and cholesterol diets (Figure 5)
[28]. Thrombus formation was assessed as cross-sectional
size under a microscope, areas that were immunopositive
for GPIIb/IIIa and fibrin, or by blood flowmeter
[27, 28].

Recombinant tissue factor pathway inhibitor and arga-
troban, a thrombin inhibitor, significantly reduced platelet
aggregation, fibrin formation, and thrombus formation on
both SMC- and macrophage-rich neointima, but not on
normal intima. These results suggested that the mechanism
of thrombus formation on normal and diseased arteries is
independent and dependent, respectively, on thrombin [28].
Thrombin is a multifunctional enzyme that is generated on
activated platelets by prothrombinase complexes comprising
activated factor X (FXa) and factor V. Thrombin promotes
the coagulation cascade, activates platelets, and inhibits pro-
teolysis [32]. Our findings indicate that thrombin generation
mediated by intimal TF contributes to the formation of large
thrombus in atherosclerotic vessels via enhanced platelet
aggregation and fibrin formation. In addition, thrombus
formation on macrophage-rich neointima was sensitive to
inhibitors of TF-activated factor VII (FVIIa), FXa, and
thrombin. These results support the notion that thrombus
formation in this model is initiated by activation of the TF-
FVIIa pathway [33].

4.3. Other Atherothrombosis Models. Apolipoprotein E
(apoE) is a class of apolipoprotein that is essential for
the normal catabolism of triglyceride-rich lipoprotein const-
ituents. Apo E knockout mice develop hypercholesterolemia
and atherosclerotic lesions throughout the vasculature
with a predilection for bifurcation sites [34]. Eitzman et
al. [35] demonstrated that acute hyperlipidemia enhances
platelet activation and photochemically induced thrombus
formation on carotid atherosclerotic lesions of 30-week-old
apoE−/− mice. They also found shortened occlusion times in
30- versus 6-week-old mice, indicating that thrombogenicity
is increased in carotid plaque. Although the mechanism of
the enhanced thrombogenicity is unclear, this model is more
reflective of atherothrombosis than photochemically induced
thrombosis in normal animal arteries. Intravital microscopy
has recently allowed real-time imaging of thrombus growth
and dissolution. Kuijpers et al. [36] generated a model of
thrombus formation evoked by plaque rupture in the carotid
arteries of apoE−/− mice fed with a western-type diet for 18–
20 weeks. Localized rupture at carotid plaque was induced
by ultrasound, and thrombus formation was visualized by
two-photon laser scanning microscopy. Such plaque damage
resulted in endothelial denudation, collagen exposure, and
mural thrombus formation, which relied on both platelet
activation and thrombin generation. This model might
prove useful for understanding the molecular mechanisms
of dynamic thrombus formation on atherosclerotic lesions.

Constantinides and Chakravarti introduced a rab-
bit model of atherothrombosis over 30 years ago [37].
Atherosclerotic lesions were induced in the aorta by a choles-
terol diet for 2–8 months with or without balloon injury, and
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injected Russell’s viper venom and histamine induced the
initiation of thrombus on the atherosclerotic lesions. The rate
of plaque disruption with thrombus formation was originally
30% (cholesterol diet) and up to 70% (cholesterol diet plus
initial balloon injury) [38]. Large thrombus in the aorta
is useful for investigations using modalities such as mag-
netic resonance imaging and positron emission tomography
[39, 40].

5. Applications for SMC-Rich Atherosclerotic
Lesion on Thrombosis

Intima that is rich in SMCs and extracellular matrix is a basic
morphological feature of atherosclerotic lesions [9]. Coro-
nary arteries with SMC-rich intima are susceptible to vaso-
constriction or vasospasm induced by some thrombogenic
agents [41]. Pathological studies have demonstrated that the
coronary arteries of patients with coronary vasospasm have
SMC-rich intima [29] and that the intima of eroded plaques
contains significantly more SMCs than that of stable or
ruptured plaques [30, 42]. The clinicopathological evidence
suggests a relationship between SMC-rich atherosclerotic
lesions and thrombogenic vasoconstriction and/or plaque
erosion.

5.1. Mechanisms of Plaque Erosion Determined in a Rabbit
Model. Unlike those of plaque rupture, the mechanisms of
plaque erosion remain obscure. Endothelial cells preferen-
tially undergo apoptosis at areas downstream of atheroscle-
rotic plaques, where blood flow is disrupted and shear
stress is lower than at upstream areas [43]. Experimental
aortic stenosis can induce acute endothelial changes or
damage the normal aorta [44]. Therefore, hemodynamic
force, particularly disturbed blood flow induced by stenosis
or vasoconstriction, could be a crucial factor in generating
surface vascular damage and thrombosis. In fact, blood flow
disturbed by acute vascular narrowing induced superficial
erosive injury to SMC-rich neointima at poststenotic regions
in rabbit femoral arteries. The blood flow of the femoral
arteries was reduced to 75% with a vascular occluder.
The vascular narrowing induced a disturbed blood flow at
poststenotic portion. Figure 6(a) shows microscope images
of a longitudinal section of neointima from the poststenotic
region at 15 min after vascular narrowing. The endothelial
cells and SMCs at this region were broadly detached and
associated with platelet adhesion to the subendothelium
(Figures 6(a) and 6(b)). The superficial erosive injury also
induced the apoptosis of endothelial cells and superficial
SMCs within 15 minutes [45]. The neointima were com-
pletely lined by endothelial cells in the absence of vascular
narrowing, and there were no apoptotic cells in the intima.
Thus, disturbed blood flow can induce superficial erosive
injury to SMC-rich plaque and thrombus formation at the
poststenotic region. Computational fluid simulation analysis
has indicated that oscillatory shear stress contributes to the
progress of erosive damage to the neointima [45]. Although
direct clinical evidence has not yet supported the notion that
coronary artery vasospasm plays a role in plaque erosion,

the superficial erosive injury of SMC-rich neointima induced
by disturbed blood flow is similar to that of human plaque
erosion [4, 9]. In addition, platelets and blood coagulation
are activated in the coronary circulation after vasospastic
angina [46]. Therefore, these evidences together suggest that
acute-onset disturbed blood flow caused by vasoconstriction
could trigger plaque erosion. Hemodynamic factors could
thus play important roles in the process of plaque erosion.

5.2. SMC-Rich Atherosclerotic Lesions on Thrombogenic Vaso-
constriction. Coronary artery contraction and spasm at sites
of atherosclerotic lesions have been studied in detail [47],
whereas relatively little is understood about the thrombus-
mediated constriction of diseased arteries. Plaque disruption
activates platelets that release many vasoactive substances
into the circulation. Rabbit femoral arteries with SMC-rich
atherosclerotic lesions developed a hypercontractile response
to 5-HT via 5-HT2A receptors, but not to any of adenosine
diphosphate, adenosine triphosphate, or thrombin. Notably,
5-HT caused the SMC-rich atherosclerotic lesion itself to
contraction. Moreover, the hypervasoconstriction of SMC-
rich atherosclerotic vessels alters blood flow during throm-
bogenesis and affects the formation of occlusive thrombus
in rabbits [48, 49]. The results indicate that thrombogenic
vasoconstriction induces luminal stenosis with reduced
blood flow in culprit vessels and promotes further thrombus
growth.

6. Applications for Thrombus Growth Study

As described above, plaque disruption does not always result
in the complete thrombotic occlusion and thrombus growth
that are critical to the onset of clinical events. Thrombus
formation is probably regulated by vascular wall thrombo-
genicity, local blood flow, and blood content. However, their
contribution to thrombus growth has not yet been defined.

6.1. Role of Coagulation Factors on Thrombus Growth.
The most fundamental difference between normal and
atherosclerotic arteries is that active TF is abundant in
atherosclerotic lesions [7, 8]. Therefore, vascular wall TF
might contribute to thrombus formation/growth on such
lesions. However, recent studies have detected low levels of
TF in the blood that are nevertheless sufficient to support
clot formation in vitro. Plasma TF levels are elevated in
patients with unstable angina and AMI, and they correlate
with adverse outcomes [50]. Therefore, whether or not
TF derived from the vascular wall and/or blood supports
thrombus propagation remains controversial. Hematopoietic
cell-derived, TF-positive microparticles contribute to laser
injury-induced thrombosis in the microvasculature of the
mouse cremaster muscle [51]. In contrast, TF derived from
hematopoietic cells does not contribute to photochemically-
induced thrombosis in the mouse carotid artery [52]. The
atherosclerotic lesions in rabbit femoral arteries expressed TF
and increased procoagulant activity compared with normal
femoral arteries. Thrombin-dependent large platelet-fibrin
thrombi were induced in the neointima damaged by balloon
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Figure 5: Light and immunofluorescence microphotographs of thrombus on rabbit femoral arteries. Representative light and
immunofluorescence microphotographs of thrombi that developed in normal femoral artery 15 minutes after balloon injury and in
atherosclerotic neointima from rabbits on 0.5% cholesterol diet. Whole images of arterial sections of normal artery (a) or atherosclerotic
artery (b) 15 minutes after balloon injury. The size of thrombus significantly differs between normal artery thrombus and atherothrombus
(∗). The normal artery thrombus is too small to recognize. Hematoxylin eosin stain. Rows (c, d) show differential interference contrast,
fluorescein isothiocyanate-labeled GPIIb/IIIa (green), Cy3-labeled fibrin (red), and merged immunofluorescent images. Areas with
colocalized factors are stained yellow. Thrombi on normal intima are composed of small aggregated platelets (c), whereas those on
atherosclerotic neointima comprise platelets and fibrin (d). I, intima; M, media; IEL, internal elastic lamina (from Yamashita et al. [28]
with permission).

denudation, whereas thrombin-independent small platelet
thrombi were induced in normal femoral arteries damaged in
the same manner (Figure 5) [27, 28]. Moreover, whole blood
coagulation in the rabbit model of atherothrombosis was not
affected by inhibiting blood TF using a TF antibody even
under hyperlipidemic conditions [28]. Therefore, atheroscle-
rotic plaque-derived TF might contribute to activation of the
intravascular coagulation cascade and thrombus growth on
atherosclerotic lesions.

Recent studies in vitro indicate that, in addition to mono-
cytes, various types of blood cells including neutrophils,

eosinophils, and even platelets can synthesize TF. Although
TF expression in these blood cells is a matter of debate,
monocytes are probably the only blood cells that synthesize
and express TF [53]. A related topic is the contribution of
microparticles (MPs) to thrombus formation. Microparticles
are small fragments of membrane-bound cytoplasm that are
shed from the surface of activated or apoptotic cells [54].
The procoagulant activity of MPs increases with exposure
to phosphatidylserine and TF. Clinical studies have found
significantly elevated amounts of MPs in patients with acute
coronary syndrome and ischemic stroke [55, 56]. However,
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Figure 6: Representative longitudinal microphotographs of rabbit femoral artery with smooth muscle cell-rich neointima 15 minutes
after vascular narrowing. (a) Broad superficial neointimal damage at poststenotic region. Neointimal cell detachment (small arrows) at
high magnification. N, neointima; M, media; Ad, adventitia. Large arrow indicates blood flow. (b) Immunohistochemistry to detect von
Willebrand factor (VWF, endothelial marker) and smooth muscle actin (SMA, smooth muscle marker) confirms detachment of endothelial
and smooth muscle cells at poststenotic region. HE (hematoxylin eosin stain) (from Sumi et al. [45]).
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Figure 7: Mural thrombus growth on neointima after blood flow reduction. Small thrombi (arrows) are induced by balloon injury of normal
femoral artery without (a) or with blood flow reduction to 50% (b) or 25% (c). Transmission electron micrograph (d) shows that thrombi
consist of aggregated platelets (IEL, internal elastic lamina). Platelet fibrin-rich mural thrombi (arrow heads) are induced by balloon injury
of neointima without (e) or with blood flow reduction to 50% (f). Neointimal injury with blood flow reduction to 25% causes occlusive
thrombus formation (g). Transmission electron micrograph (h) shows that these thrombi are composed of abundant fibrin strands (f)
admixed with platelets (p). Hematoxylin eosin/Victria blue stain (a-c, e-g). (from Yamashita et al. [27] with permission).

whether elevated levels of MPs are a cause or a consequence
of atherothrombosis remains unclear. Further studies are
required to clarify the contribution of blood-derived TF
and/or MPs to thrombus growth on atherosclerotic lesions.

Another mechanism that might contribute to thrombus
growth in vivo is the intrinsic coagulation pathway that
is initiated when coagulation factor XII (FXII) comes into
contact with negatively charged surfaces. Factor XI (XI) is
activated by activated FXII, thrombin, and activated XI.
Feedback activation of FXI by thrombin promotes further
thrombin generation in vitro [57]. Factor XI is present in
platelet-fibrin thrombus-induced balloon injury of the rabbit
atherosclerotic neointima, and anti-FXI antibody reduces
thrombus growth without prolonging bleeding time [58].
This evidence indicates that intrinsic coagulation factors
play a more significant role in thrombus growth than initial
thrombus formation.

6.2. Role of Blood Flow on Thrombus Growth. Blood flow is
a key modulator of thrombus growth. Some clinical studies
have shown that blood flow is altered during coronary
atherothrombosis. Marzilli et al. [59] identified an approxi-
mate 80% reduction in coronary blood flow during ischemia
in patients with unstable angina. Hearts obtained from
patients after sudden coronary death contained a mean of 4.5
intramyocardial microemboli, which are more common in
plaque erosion than rupture and are associated with myocar-
dial necrosis [60]. These mechanisms are considered to be

largely responsible for the rapid elevation of distal vascular
resistance due to microvascular embolism and/or vasocon-
striction [61]. To assess how blood flow affects thrombus
growth on atherosclerotic lesions, we reduced blood flow in
rabbit femoral arteries after thrombus formation. Platelet-
fibrin mural thrombi on atherosclerotic neointima became
occlusive in the setting of >75% reduction in blood flow. In
contrast, small platelet thrombi on normal arteries did not
grow even under a 90% reduction in blood flow (Figure 7)
[27]. Thus, reduced blood flow during thrombus formation
might affect only the formation of occlusive thrombus in
atherosclerotic vessels.

In addition to distal vascular resistance, blood flow
disturbed by acute vascular narrowing promotes throm-
bus growth at poststenotic regions. As described above,
vascular narrowing of the rabbit femoral artery caused a
superficial erosive injury at poststenotic regions of SMC-
rich neointima. Intimal damage significantly progressed
at 3 h after vascular narrowing. Thrombi that developed
on the neointima consisted of a mixture of aggregated
platelets and a considerable amount of fibrin. In contrast,
the identical vascular narrowing of normal femoral arteries
also induced endothelial detachment with small platelet
thrombi at poststenotic regions. Neither vascular narrowing
nor antirabbit TF antibody affected whole blood hemostatic
parameters in the rabbits, and no fibrin was generated
in thrombi on eroded normal intima [45]. This evidence
indicates that TF derived from eroded neointima plays a
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crucial role in fibrin formation and thrombus growth rather
than circulating TF. Therefore, flow that becomes disor-
dered after plaque disruption might contribute to thrombus
growth under conditions of distal resistance and of proximal
stenosis.

The rheological effect on thrombus growth might be
partly explained by a shear gradient-dependent platelet
aggregation mechanism. Nesbitt et al. [62] showed using
imaging modalities that a shear gradient-dependent
platelet aggregation process is preceded by soluble agonist-
dependent aggregation stenotic microvessels in vitro and
in vivo. A shear microgradient at poststenotic regions or
at the downstream face of thrombi induces stable discoid
platelet aggregates with restricted tethers, and the magnitude
and spatial distribution of shear microgradients directly
influence the size of platelet aggregates. This process
required ligand binding to integrin αIIbβ3 and an inositol
triphosphate- and extracellular Ca2+-dependent transient
Ca2+ flux, but not global platelet shape change, degranula-
tion, or soluble agonists. Stabilized discoid platelet aggregates
consolidated within the thrombus base and depended on
soluble agonists. These findings suggest that platelets prin-
cipally use a biomechanical platelet aggregation mechanism
to promote the accumulation and stabilization of discoid
platelets at sites of vascular injury. Vessel and/or thrombus
geometry itself might promote thrombus formation.

6.3. Role of Platelet Recruitment on Thrombus Growth.
Adhesion molecules and their receptors on platelets are
essential for thrombus formation. The large, multimeric
plasma protein VWF undergoes a conformational change
when bound to a matrix, a process that allows VWF to
bind GPIbα. Recent experimental evidence in vitro and in
vivo has shown that platelet recruitment on the thrombus
surface is primarily mediated by VWF and GPIbα on flowing
platelets [63, 64]. Despite limited understanding of the roles

of VWF on atherothrombus, its presence in human coronary
thrombi suggests that it exerts an important function in this
process [5, 6]. A monoclonal antibody against the VWF A1
domain, which interacts with platelet GPIbα significantly
inhibited the formation of fibrin-rich mural thrombus
induced by balloon injury of the rabbit atherosclerotic
neointima [65]. The antibody also completely inhibited
occlusive thrombus formation on rabbit atherosclerotic
vessels even when blood flow was disturbed [27]. Thus,
VWF plays an important role in thrombus propagation on
atherosclerotic lesions via platelet recruitment.

The size of the VWF multimer can affect that of
thrombus, and the size of the VWF multimer is regulated
by a plasma protease, a disintegrin, and a metalloprotease
with a thrombospondin type 1 motif 13 (ADAMTS-13). A
deficiency in ADAMTS-13 activity leads to an increased level
of circulating ultralarge VWF multimers, and this correlates
with the onset of general thrombotic thrombocytopenic
purpura (TTP). Clinical evidence suggests that the size of
the VWF multimer is dysregulated in patients with AMI. The
ratio of VWF/ADAMTS-13 antigen is higher in patients with
AMI than with stable angina pectoris, and the correlation
between plasma VWF antigen and ADAMTS-13 activity
is inverse in patients with AMI [66]. ADAMTS-13 closely
localizes with VWF in fresh coronary thrombi from AMI
patients [67]. Reducing ADAMTS-13 activity using a mono-
clonal antibody against the disintegrin-like domain enhances
platelet thrombus growth on immobilized type I collagen at
a high shear rate and platelet-fibrin thrombus formation on
the injured neointima of rabbit femoral arteries [67]. This
study also showed that large VWF multimers are cleaved dur-
ing platelet thrombus formation under a high shear rate. The
site of VWF cleavage by ADAMTS-13 is localized to the sur-
face of platelet thrombus, and ADAMTS-13 activity is shear
dependent [68]. Thus, ADAMTS-13 might function at sites
of ongoing thrombus generation and limit thrombus growth.
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7. Limitations and Future Directions

The rabbit model of atherothrombosis has several limita-
tions. The histological features of unstable plaque include
a high lipid content, intensive macrophage accumulation, a
large necrotic core with a thin fibrous cap, and few SMCs.
Although a high-cholesterol diet combined with balloon
injury induces macrophage-rich lesions at damaged sites,
a large necrotic core with a thin fibrous cap is difficult
to develop. This limits assessments of the pathogenesis of
plaque rupture in this model. The thickness (∼500 μm) of
diseased arterial walls interferes with intravital microscopic
visualization of thrombus formation in vivo, and the rabbit is
at a distinct disadvantage compared with the mouse in terms
of genomic and protein information.

Despite these potential limitations, the model based on
human pathology will nevertheless provide valuable infor-
mation about the pathophysiology of atherothrombosis.
Larger size in rabbits will be more suitable than mice for
stent implantation as well as direct vascular or thrombus
imaging using magnetic resonance imaging and positron
emission tomography [69, 70]. Accumulating genomic infor-
mation about rabbits is already publicly available. Important
findings have been generated from studies of atherogenesis
and lipid metabolism in transgenic rabbits generated by
pronuclear microinjection [71]. Several embryonic stem
cell lines have major important features in common with
human embryonic stem cells [72, 73]. Stable pluripotent
stem cells have recently been generated from rabbit somatic
cells by the introduction of four human transcription factors
[74]. The molecular mechanisms of atherothrombosis will
soon be uncovered via the rapid accumulation of molecular
information and progress in stem cell technology.

8. Conclusions

Procoagulant activity is increased by active TF expression in
human atherosclerotic lesions, and occlusive atherothrom-
bus consistently comprises aggregated platelets, fibrin, and
erythrocytes. Balloon injury of the neointima expressing TF
induces large plate-fibrin thrombi in diseased arteries of
a rabbit model. Enhanced platelet aggregation and fibrin
formation in atherosclerotic arteries is primarily mediated
by neointimal TF in this model. Studies using this model
have revealed thrombin-dependent thrombus formation in
atherosclerotic vessels, plaque erosion induced by disturbed
blood flow, thrombogenic vasoconstriction of SMC-rich
neointima, and the factors involved in thrombus growth
(Figure 8). Overcoming the limitations of the rabbit model
using emerging transgenic and stem cell technologies might
lead to its establishment as an invaluable experimental tool
for understanding the mechanisms of atherosclerosis.
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Atherosclerosis has been studied in animals for almost a century, yet the events leading up to the rupture of an atherosclerotic
plaque (the underlying cause of the majority of fatal thrombosis formation) have only been studied in the past decade, due in
part to the development of a mouse model of spontaneous plaque rupture. Apolipoprotein E knockout mice, when fed a high-fat
diet, consistently develop lesions in the brachiocephalic artery that rupture at a known time point. It is therefore now possible to
observe the development of lesions to elucidate the mechanisms behind the rupture of plaques. Critics argue that the model does
not replicate the appearance of human atherosclerotic plaque ruptures. The purpose of this review is to highlight the reasons why
we should be looking to the apolipoprotein E knockout mouse to further our understanding of plaque rupture.

1. Introduction

Despite death rates from cardiovascular disease having fallen
in the United Kingdom since the 1970s (40% decrease for
people under 75 in the past decade), disease of the circulatory
system accounts for approximately 25% of deaths in under 75
year olds, and coronary heart disease is the leading cause of
death [1]. The underlying cause of the majority of this disease
is atherosclerosis.

Atherosclerosis has been studied in animals since the
early 1900s, starting with the work of Ignatowski (reviewed in
[2]) despite atherosclerosis not being recognised as a major
disease at that time. Due to the recent increasing prevalence
of cardiovascular disorders, research into the disease is still
extremely important.

In an ideal world, animal models of atherosclerosis would
replicate disease exactly as it is found in humans; however,
common sense tells us that this is not possible and a different
approach is required. A good animal model will reproduce
the biochemistry of the disease but does not necessarily need
to produce an identical morphology. As long as the processes
that lead up to lesion formation are similar between animal
and human, and the model exhibits similar features of the
disease that make it a clinical risk (plaque rupture, mural

thrombosis, intraplaque haemorrhage), the model will yield
useful insights. A good example of this is the cholesterol-
fed rabbit model. Cholesterol-fed rabbits have been used in
atherosclerotic research for over 60 years and this model has
provided highly relevant clues as to how lesions develop in
humans. This research has been criticised because rabbits
are herbivorous and handle cholesterol in a way very unlike
humans. This does not mean we should ignore the findings; it
means that we should interpret them cautiously, taking into
account the interspecies differences.

A good atherosclerosis animal model should enable us to
track changes in disease state over time, have similar lesions
(but not necessarily identical) to those in humans, and
employ animals which consistently develop atherosclerosis
in known locations, which breed rapidly, and which are
relatively inexpensive.

The general method of choosing an animal model of
atherosclerosis, even in present times, has been to use a
“top-down” approach, whereby disease features known to be
present in humans are required to be present in the animal
model. This has led to much sterile debate about whether
animal lesions look like human lesions. Anyone who has
looked at a good number of human lesions realises that they
are extremely heterogeneous, even at similar anatomical sites,
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so it is not even possible to prescribe a lesion morphology
that the animal model should aspire to. It is time to abandon
the top-down approach and apply intellect to the problem.
This in essence means using the opposite method, a “bottom-
up” approach, to animal model selection. This applies
with particular force to animal models of plaque rupture,
which have suffered greatly from the narrow strictures of
top-down thinkers. A bottom-up philosophy means asking
whether a given animal model provides useful information
about the human disease; the appearance, genetic makeup,
dietary habits, size, and so on of the animal model are all
insignificant if the model enables genuine and useful insights.

The top-down approach became adopted for under-
standable reasons. The only source of information about
ruptured plaques was postmortem coronary artery speci-
mens, so all we had available was a snapshot of a disease that
may have been developing, even during its final fatal phases,
for hours, days, or perhaps weeks. This leads to a number of
serious problems of interpretation.

(1) Patients are self-selecting—they have suffered a fatal
coronary event—and thus may not be representative
of the general population or even of patients with
nonfatal unstable plaques. This may bias any analysis
towards particular underlying mechanisms.

(2) The elapse of time between symptom onset and spec-
imen retrieval at postmortem will be accompanied
by changes in tissue composition which it would be
desirable not to reproduce in the animal model.

(3) Within-subject temporal histopathological analysis is
impossible, and cohort-based between-subject analy-
sis is extremely difficult.

(4) Post hoc interpretation involves speculation that is
not backed up by experimental verification.

When, many years ago now, all we had to go on was a
series of such snapshots, it was reasonable to suggest that
an animal model should bear histopathological resemblance
to human unstable plaques. However, our ultimate goal is
not to make an animal model with perfect miniature plaque
ruptures; it is to make an animal model from which we
can learn how and why human plaques rupture, and that
can be used to test possible interventions to stop it from
happening. By this analysis, histopathology is of secondary
importance. This has been a hard lesson for some in the field,
who continue to resist the force of this logic and demand
that mouse lesions should look just like human lesions—only
smaller. In this paper, we shall seek to show that an animal
model of plaque rupture does exist, that it has provided
useful and meaningful insights into human disease, and
that top-down thinking continues to dog our attempts to
bring experimental pathology in atherosclerosis research up
to date.

2. What Is Atherosclerosis?

The term atherosclerosis was coined in 1940 by Félix
Marchand [3] as it describes the two constituent regions of

plaques very accurately: athéré in Greek meaning gruel or
porridge and signifying the soft lipid-filled core and sclerosis
implying hardening and referring to the hard fibrotic cap
that separates the blood from the thrombogenic material
within the lesion [4]. Interestingly, atherosclerosis is not just
a disease of modern civilizations. Egyptian mummies of high
priests and priestesses from 1580–527 BC have been dissected
and shown to have lesions similar to modern day man.
Atherosclerosis in these mummies was described as follows:
“the disease being characterised by marked degeneration of
the muscular coat and of the endothelium. These diseased
patches, discrete at first, fuse together later, and finally form
comparatively large areas of degenerated tissue, which may
reach the surface and open out into the lumen of the tube”
[5].

Atherosclerosis is a chronic disease of the intimal lining
of medium to large systemic arteries. In healthy arteries,
oxygenated blood can freely travel around the body to
the organs and extremities, maintaining a healthy system;
however, in atherosclerotic arteries the flow of blood can
be seriously compromised due to thickening of the intima.
The disease itself does not always cause death. In the earlier
stages, the blood vessels can remodel to maintain the luminal
area (as shall be discussed later) and counteract the intimal
thickening. If the lesion expands at a rate greater than the
outward remodelling of the vessel, then the flow of blood
will decrease causing, for example, angina (heart pain).
However, more significant clinical consequences occur if
the lesion develops into a fibrous plaque (advanced lesion)
that ruptures. This rupturing brings the blood into contact
with the thrombogenic core of the lesion precipitating a
thrombus that in itself could severely restrict the lumen
[35]. It has been shown that a thrombus over a stenosis
in the canine coronary arteries can cause a reduction in
vessel resistance (caused by decreased blood flow and/or
increased pressure gradient) downstream of the plaque [6].
Another potential consequence of thrombosis formation is
the shedding of emboli that break off and become lodged in
smaller vessels downstream, completely occluding flow and
leading to myocardial infarction, if in a coronary artery, or
stroke, if in a carotid. Approximately 75% of the thrombi
responsible for acute coronary syndromes are precipitated
by rupture of an atherosclerotic plaque [7]. Fortunately,
not all plaque ruptures lead to vessel-occluding thrombosis.
The rupture can be clinically silent and heal itself by the
accumulation of smooth muscle cells at the site of rupture
leading to secretion of fibrous extracellular matrix [8, 9],
lending a striated appearance to the plaque, so-called buried
fibrous caps (Human [10, 11], Mice [12]). Despite healing
the rupture, this event can lead to luminal stenosis by
increasing plaque growth [9, 11].

3. The Mouse As a Model of
Atherosclerotic Plaque Rupture

Mice are highly resistant to atherosclerosis. In the 1960s,
a diet-induced mouse model was developed by feeding the
C57BL/6 strain a diet containing 30% fat, 5% cholesterol,
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and 2% cholic acid leading to the development of atheroscle-
rosis. The downside to this diet was that it was highly toxic
and the mice lost weight and tended to develop morbid
respiratory infections [13]. This diet was modified in 1990 to
contain 15% fat, 1.25% cholesterol, and 0.5% sodium cholate
[14] leading to lesion development without the toxic side
effects. The same group also determined that there were large
differences in strain susceptibility to lesion development,
providing strong evidence for genetic composition as a risk
factor for atherosclerosis.

4. Apolipoprotein E

Apolipoprotein E (ApoE) is a lipoprotein which plays a key
protective role in atherosclerosis. All cells and organisms
use lipoproteins to move hydrophobic, water-insoluble lipid
molecules through the aqueous blood and tissue lymph
environment. Lipoproteins consist of apolipoproteins, phos-
pholipids, cholesterol, triacyclglyerols, and cholesteryl esters
and it is these that define the particle’s buoyant den-
sity and enables their separation into four major classes:
high-density lipoprotein, low-density lipoprotein, very low-
density lipoprotein (HDL, LDL, and VLDL, resp.), and
chylomicrons. Discovered in the 1970s [15, 16], apoE is an
arginine-rich protein found in chylomicrons, chylomicron
remnants, VLDL, and some isotypes of HDL [17]. It is
produced in various tissues including brain, spleen, lung,
ovaries, adrenal gland, kidney and muscles, but it is in the
liver where the majority found in plasma is synthesised [18].
Recognition sites for LDL receptors (LDL-R) and LDL-R
related proteins are found in an amino-terminal region of
apoE, thus facilitating the hepatic uptake of lipoproteins and
maintaining plasma cholesterol homeostasis [19].

ApoE has numerous antiatherogenic roles, predomi-
nantly due to its actions on the lipid metabolism pathway
(for an in-depth review the reader is directed to [19]). Briefly,
it is involved in the hepatic uptake and subsequent degra-
dation of lipoproteins through the LDL-R on parenchymal
liver cells, clearance of chylomicron remnants through the
action of LDL-R related proteins, the stimulation of hepatic
VLDL and TG production, reverse cholesterol transport
(the process whereby excess cholesterol is transported via
HDL to the liver for excretion in bile) and activation
of enzymes, such as hepatic lipase and cholesteryl ester
transfer protein, involved in lipoprotein metabolism. ApoE
also has antiatherogenic effects not involved directly in lipid
metabolism which include inhibition of LDL oxidation [20],
platelet aggregation [21], smooth muscle cell proliferation
[22], endothelial cell proliferation [23], and inhibition of T-
lymphocyte activation and proliferation [24, 25].

5. ApoE Knockout Mouse Model

In humans, decreased expression of apoE caused by some
types of genetic disease (Type III hyperlipoproteinaemia
associated with familial apolipoprotein E deficiency) leads
to an altered lipid profile and an increase in the prevalence
of atherosclerosis in these patients [26, 27]. In 1992,

an apoE knockout (apoE−/−) mouse model of sponta-
neous atherosclerosis was developed [28] that would enable
researchers to track the progression of the disease over a
manageable time scale. Crucially there was no effect on fertil-
ity or birth weight when compared to normal mice, and they
appeared to be healthy. In the study of atherosclerosis, the
haemodynamics of the cardiovascular system are important
as they have implications for such parameters as the shear
stress of the blood flowing over the arterial wall, as regions of
lower shear stress are thought to induce lesion development
[29–32]. When compared against C57BL/6 wild-type mice,
apoE knockout mice have a normal heart rate and blood
pressure, but they have been shown to have elevated pulse
wave velocity, elevated aortic and mitral flow velocity,
alterations in aortic acceleration suggestive of increased
pulse wave reflection, decreased haematocrit, and increased
heart-to-body weight ratio (decreased body weight, cardiac
hypertrophy) [33]. Homozygous apoE knockout mice fed a
chow diet have been shown to have plasma cholesterol levels,
at 6 weeks of age, that are approximately five times greater
than those in normal wild-type mice. However, heterozygous
knockouts have cholesterol levels similar to wild-type mice
[34].

6. Plaque Vulnerability

6.1. Detection and Quantification of Plaque Rupture. Athero-
sclerotic plaques can be divided into two distinct types;
those that rupture (vulnerable, or unstable, phenotypes) and
those that do not (stable phenotypes). Based on retrospective
human autopsy studies comparing intact and disrupted
plaques, it has been reported that vulnerable plaques are
characterised by a large lipid-rich core occupying more than
40% of the plaque’s total volume (although 50% has been
suggested elsewhere [35]), covered by a thin fibrous cap
(<100 μm thick), with extensive macrophage infiltration but
very few smooth muscle cells [36].

Human studies have shown that ruptured and vulnerable
plaques have the following pathologic features (summarised
in [37]):

(1) positive (i.e., outward) remodeling,

(2) a fibrous cap less than 100 μm (and perhaps less than
65 μm) at its minimum thickness,

(3) macrophage infiltration (especially in the thin fibrous
cap).

(4) a large lipid/necrotic core often containing haemor-
rhage and/or calcification,

(5) speckled or diffuse calcification,

(6) abundant intraplaque vasa vasorum and/or haemor-
rhage.

A plaque rupture can be defined as a disruption of the
fibrous cap accompanied by intrusion of erythrocytes into
the plaque itself [12]. This definition enables ruptures to be
distinguished from artefactual damage during histological
processing. This should not be confused with plaque erosion,
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which is defined as loss of endothelium, leading to thrombus
formation, without any associated fissure or rupture [38].

From a very young age, lipid permeates into the arterial
wall forming what is known as a fatty streak, made up of
T-lymphocytes and lipid-rich macrophages. Clinically silent
fatty streaks are present in most people, even without the
influence of external risk factors, and are thought to be a
protective response to potential damage to the endothelium
and underlying smooth muscle cells [39]. These early lesions
precede the development of intermediate lesions which are
made up of further layers of macrophages and smooth
muscle cells, which themselves go on to become complex
lesions called fibrous plaques [39]. It is these which can
go on to rupture with potentially serious consequences.
It has been reported that most acute coronary events
are precipitated by rupture of an atherosclerotic plaque
[40]. However, most plaque ruptures do not result in
any symptoms [11]. One possibility for this unusual phe-
nomenon is that plaque ruptures can heal, and the increased
lesion size can be accommodated by vessel remodelling
[41].

7. Mouse Model of Spontaneous Plaque Rupture

Up until 2001 there were no models of spontaneous plaque
rupture in animals. Previous models relied on artificially
inducing the plaques to rupture by acute insult. An early
example is the cholesterol-fed rabbit injected parenterally
with Russell viper venom and histamine, which leads to
acute plaque disruption in ∼30% of animals [42]. Another
approach involves balloon catheter-injured cholesterol-fed
rabbits with an implanted balloon catheter in the thoracic
aorta [43]. The balloon is left in place for at least 1 month
so an atherosclerotic lesion can develop around it, before
being inflated thus disrupting the atherosclerotic lesion and
precipitating thrombosis. A third model made use of the
apoE knockout mouse and involved compression injury
using blunt forceps applied to atheromatous lesions in the
abdominal aorta [44]. This technique resulted in a third of
the animals showing evidence of intraplaque haemorrhage
within disrupted plaques and plaque-associated luminal
thrombosis. A similar technique was used by Bentzon et
al. [45] whereby a microsurgical needle was inserted into
the luminal surface of advanced plaques, leading to cap
disruption. A further approach has been to use apoE
knockout mice with atheromatous lesions induced by an
externally placed silastic collar [46], and then to transfect
these with an adenovirus expressing the tumour-suppressor
protein p53 [47]. At one day posttransfection, increased
apoptosis is evident in the cells of the fibrous cap and
cap thinning is seen at later time points. These attenuated
fibrous caps undergo rupture in 40% of animals after pressor
challenge with phenylephrine [47]. Whilst these models are
extremely valuable as tools for studying events after rupture,
they do not enable us to observe the events leading up to,
and triggering, a spontaneous rupture (smooth muscle cell
apoptosis, macrophage accumulation, lipid accumulation
and loss of extracellular matrix) and are more a model of
postrupture thrombosis.

The brachiocephalic, or innominate, artery is a very
short, narrow vessel (∼2 mm long with a diameter of ∼
0.5 mm in mice) emanating from the top of the aortic
arch and branching into the right subclavian and right
common carotid arteries. Importantly, it reliably develops
complex plaques. Studies of apoE knockout mice aged 42–
54 weeks fed a normal chow diet showed a high frequency of
intraplaque haemorrhage and fibrotic conversion of necrotic
zones and loss of fibrous cap tissue [48]. Although fibrous
cap thinning was observed, neither plaque rupture nor
thrombosis was identified. The findings of an acellular
necrotic core, intraplaque haemorrhage, and erosion of core
through to lumen suggest a resemblance to plaque erosion
with thrombosis.

The elusive spontaneous plaque rupture was finally
observed having fed apoE knockout mice a high-fat diet
containing 21% pork lard and 0.15% cholesterol for up to
14 months [49]. Plaque ruptures were found to occur in
the brachiocephalic artery. Ruptures occur in the proximal
150 μm of the vessel, so there is tight anatomical localisation
of the phenomenon making comparison of data across
studies straightforward [41]. Observations of serial sections
of the brachiocephalic artery suggest that plaque ruptures
are rarely more than 60 μm in length [50], whereas in
human coronary arteries the average tear length is 1.9 mm
[51]. Lesions that rupture in the brachiocephalic artery
had several common features across mice [49]. They were
relatively small, lipid-rich, and globular and were overlying
large advanced lesions. The ruptured lesions had intraplaque
haemorrhage as evidenced by the presence of erythrocytes
and were associated with luminal thrombus formation.

8. Mice versus Humans

Most human atherosclerosis is the result of a lifetime of
multiple risk factors such as tobacco smoking, elevated
cholesterol levels, elevated blood pressure, unhealthy diet,
age and genetic susceptibility. It is not possible to replicate all
of these in a mouse model of atherosclerosis, but does that
mean that these models should be ignored?

Atherosclerotic lesions do not occur randomly in the
human vasculature but are localised at bends, bifurcations,
and T-junctions [31]; these are all regions with altered wall
shear stress (the frictional force of the blood flowing across
the endothelium). An important feature of atherosclerosis
is that it occurs in systemic arteries, but never in veins
or pulmonary arteries, suggesting that local haemodynamic
factors, wall properties, and pressure play a critical role in
lesion formation. Mice develop lesions in a similar manner,
suggesting that the arterial wall is affected in a similar
manner despite a 20-fold difference in the actual wall shear
stress between species [52, 53].

Lesions in mice are located at regions of low or oscillatory
shear stress [54] and in particular in the aortic root,
brachiocephalic artery, lesser curvature of the aortic arch,
and the branch points of the left common carotid and left
subclavian arteries, and to a lesser extent in the descending
thoracic aorta. Recent research has shown that the geometry
of the aortic arch has an effect on where lesions will be
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located in mice [55, 56]. Differences in aortic arch geometry
are not just a feature of mice and occur in humans as
well [57]. The geometry of blood vessels, and in particular
the angle that a daughter vessel branches from the parent,
has been linked to altered intimal and medial thickness
[58].

Perhaps understandably, the mouse as a model of
atherosclerotic plaque rupture has been questioned as to how
well it replicates the disease in humans due to differences
in geometry. If we look at basic physiological properties,
there are obvious differences. Mice are about 3000 times
smaller than humans. In mammals, cardiac mass varies
in direct proportion to body mass (so-called “isometric”
scaling) [59] leading to a ventricular stroke volume that also
scales isometrically [60]. The heart rate has been shown to
scale allometrically and follows a quarter power law (heart
beat frequency ∝ body mass to the power −0.25) [61]. On
top of this, wall shear stresses have been predicted to be
20-fold higher in mice than humans [53]. Whilst human
coronary arteries are typically 2.4 mm in radius with a wall
thickness of 0.76 mm [62], the mouse brachiocephalic artery
is∼0.36 mm in radius with a wall thickness of 0.04 mm [12].
This therefore leads to very different tensile forces on the cap.

Superimposed thrombosis is rarely seen in apoE knock-
out mice [63]. However, this is not a reason to rule out the
mouse as a good plaque rupture model. The lack of thrombus
could simply be a consequence of pressure perfusing the
mouse vessel before removal of tissue. This could cause any
thrombus present to be washed away, preventing it from
being seen in subsequent analysis. Perhaps a more likely
explanation is that thrombi are cleared very rapidly by the
fibrinolytic system in mice. Plasma levels of plasminogen
activator inhibitor (PAI-1) are from 5- to 12.5-fold lower
in mice than humans, whereas fibrinogen and tissue-type
plasminogen activator (tPA) concentrations are similar [64].
This suggests that the fibrinolytic balance in mice is shifted
more towards enhanced lysis. The volume and surface area
of a thrombus over a human plaque would be roughly 200-
fold and 30-fold greater, respectively, than in a mouse. Some
human coronary thrombi may be present for months [65],
so even if we conservatively assume equal rates of fibrinolysis
then mouse thrombi will be resolved within a few days. This
suggests that there is only a relatively small time window after
a mouse plaque rupture during which a thrombus will be
present. Despite superimposed thrombosis rarely being seen
in apoE knockout mice, intraplaque haemorrhage is seen in
the majority of plaque ruptures [49]. In human coronary
plaques that rupture, there are a greater number of neovessels
(vasa vasorum) running through the plaque that may lead to
intraplaque haemorrhage [66], and this has also been seen
in mice [67]. However, haemorrhage has also been observed
in plaques without vasa vasorum, including plaques in the
brachiocephalic artery, suggesting that luminal blood must
have entered via a surface defect [68].

It was previously assumed that smooth muscle cells
found in plaques were derived from local medial or intimal
smooth muscle cells within the vessel wall. However, a
study looking at postmortem human tissue found that
∼20% of smooth muscle cells originated from bone marrow

(which had been transplanted for haematological disease),
suggesting that plaques get some of their smooth muscle cells
from the circulating blood [69]. In mice, the original theory
appears to stand, in that tracking marker-labelled smooth
muscle cells were not found in the plaques, only smooth
muscle cells from the local wall [70]. It is currently unclear
whether these are true differences between species or whether
there are simply methodological differences which could lead
to the different outcomes.

Should these differences stop us using the mouse as
a model of atherosclerosis? Perhaps somewhat surprisingly
there are also important similarities between mice and men.
Murine systolic and diastolic blood pressures (125 and
90 mmHg, resp.) are similar to those found in the human
coronary arteries [71]. Doppler ultrasound studies show that
the average peak aortic root blood velocities are 1.04 m/s
in mice [72] and 1.03 m/s in humans [73]. The location
of atherosclerotic lesions appears fairly uniform across all
species, implying a role of haemodynamic properties, and in
particular implicating regions of lower shear stress resulting
in increased lipid deposition [29–32].

9. Vessel Remodelling

It is widely accepted that arterial dimensions change
throughout life, even in the absence of disease, as part of a
homeostatic system that maintains a constant flow of blood
through the vessels. In the presence of atherosclerotic lesions,
it has been observed that radial enlargement of vessels
(outward remodelling) can compensate for the obstructive
bulk of the lesion, thus reducing the degree of flow-reducing
stenosis in the vessel [74]. However, in some cases the lumen
cross-sectional area can be decreased without an increase in
lesion size (inward remodelling), suggesting that the arterial
wall actually shrinks, increasing the degree of stenosis [75,
76].

The degree of stenosis caused by a plaque is an important
factor when looking at the mechanics of plaque rupture,
in part shown by Poiseuille’s equations and Laplace’s law.
There are three main factors that determine resistance to
blood flow within a vessel: blood viscosity, vessel length,
and most importantly physiologically, vessel diameter (or
radius). Poiseuille found that the resistance to flow between
two points is inversely proportional to the tube radius raised
to the fourth power, r4 [77] showing that small decreases in
lumen diameter caused by, for example, an atherosclerotic
plaque, will greatly increase the resistance and frictional
forces of the blood flowing over the plaque. However, using
Laplace’s law, it can be shown that for two vessels each
with fibrous caps of the same tensile strength, caps covering
mildly or moderately stenotic plaques compared to more
severe stenotic plaques, the former will be exposed to a
greater circumferential strain and as such be more prone to
rupture [78]. Laplace’s law shows the relationship between
circumferential wall stress, the radial wall stress, the radius
of the vessel, and the thickness of the wall and suggests
that high circumferential stress can develop in thin fibrous
caps, possibly causing the mechanical failure of the plaque
[79].
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A recent study using human computationally simulated
cross-sectional plaque morphologies (acquired by IVUS),
mimicking different stages and variations in atherosclerotic
lesion growth, looked at the effects of anatomical plaque
features on peak cap stress, a known predictor of rupture
in human lesions [80]. It was found that at the early stages
of positive remodelling, lesions were more prone to rupture
and that, in addition to fibrous cap thickness, necrotic core
thickness rather than area, was critical in determining plaque
stability.

A study by Jackson [41] observing lesions in the bra-
chiocephalic arteries of apoE knockout mice fed high-fat
diet for up to a year showed that an increase in plaque
area leads to an increase in vessel area, as the vessels
remodel to accommodate the increased plaque burden
(the vessels expansively remodel), as is the widely held
view. Strain-matched, wild-type mice fed the same high-
fat diet did not develop atherosclerosis and did not exhibit
the same expansive remodelling showing that this is not
simply a phenomenon associated with ageing and growth.
The plaques were subsequently analysed based on their
vulnerability (stable versus unstable) and a different story
emerged. Stable plaques increased in area, but the vessel
area remained the same, leading to a decreased lumen size.
Unstable plaques also increased in area at the same rate
as in the stable lesions, but interestingly the vessel area
increased and the vessel expansively remodelled. Therefore,
plaque growth itself cannot be causing the increased rate of
vessel expansion in the brachiocephalic artery, supporting
the finding that there is vessel expansion even in the absence
of plaque (there were no differences in vessel expansion
between male and female mice) [41]. The question is whether
plaque rupture is causing expansive remodelling, or whether
expansive remodelling is causing the rupture. The finding
that even in the absence of plaques remodelling still occurs
supports the latter explanation. When the vessel expansively
remodels, the fibrous caps of plaques are placed under
tension and when this force overcomes the cap strength a
rupture ensues. The actual rupture event, if it were not for
the potentially detrimental thrombotic consequences, could
be seen as beneficial to the patient as it allows the lumen to be
restored and maintained, and this could explain why plaque
rupture can be asymptomatic.

Further evidence for this controversial hypothesis can
be found in studies using HMG-CoA reductase inhibitors.
Statins are used to treat humans as they have been shown
to lower plasma cholesterol levels and cause regression of
atheroma [81]. Their effects include improving endothelial
function, modulating inflammatory responses, preventing
thrombus formation, and improving plaque stability [82].
This potential effect on plaque stability in humans led to
statins being investigated in mice. High-fat diet-fed mice
treated with pravastatin showed a reduced incidence of
plaque rupture coinciding with a 5-fold increase in fibrous
cap thickness. However, it did not influence overall rates of
vessel remodelling, but significantly increased the amount
of vessel expansion and the time between plaque ruptures
[41].

10. Where Does the ApoE Knockout Mouse
Model of Plaque Rupture Stand Today?

There has been some resistance to the notion that mice
suffer spontaneous rupture of atherosclerotic plaques. This
has been articulated in press primarily by a small group of
dissenting scientists [68, 83]. Their criticisms centre on the
following points.

(1) Definitions of plaque rupture as used in clinical
histopathology are not satisfied by murine plaque
ruptures.

(2) Murine plaque ruptures could be the result of damage
during postmortem tissue processing.

(3) The structures described as healed plaque ruptures in
mice are in fact nothing more than layering of the
plaque resulting from episodic growth.

Let us dispose of these one by one—and, we hope, this
time once and for all. They have already been carefully
considered and disproved [50, 84], but it appears that the
message is failing to be appreciated and the standard view
of mouse models of spontaneous plaque rupture is that they
are controversial. They are not controversial at all. Here is
why.

(1) Definitions of plaque rupture as used in clinical
histopathology are not satisfied by murine plaque
ruptures.
The issue of definition is a classic example of “top-
down” thinking, which proposes that mouse plaque
ruptures cannot be useful unless they look just like
human plaque ruptures. One key part of this was
the insistence for a long time that mouse plaque
ruptures had to have an overlying thrombus to
even be considered as genuine ruptures. We have
pointed out many times how confused this idea is.
Thrombosis is the secondary consequence of rupture,
not the rupture itself, so there is no a priori reason
why it should be faithfully modelled; furthermore,
murine thrombi are tiny but their fibrinolytic systems
are very effective, so thrombi may form but be lysed
before the vessel is harvested. We note that in studies
by the authors of these dissenting articles that in their
own studies of disrupted murine plaques, they do not
see persistent thrombosis [45]. Perhaps this is why the
formerly inflexible requirement for thrombosis over
disrupted murine plaques has now been dropped
[68]. This is the correct position, because overlying
thrombus is not a cardinal feature of murine plaque
rupture.

(2) Murine plaque ruptures could be the result of damage
during postmortem tissue processing.
This is a testable hypothesis because it leads to
predictions that can be addressed experimentally.
The first prediction is that defects in the fibrous cap
will not be accompanied by ingress of blood cells
into the plaque. The operating definition of acute
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murine plaque rupture that we have always used is “a
visible defect in the cap accompanied by intrusion of
erythrocytes into the plaque below it” [12]. We have
reported on the presence of ruptures that fulfil this
definition in the proximal brachiocephalic arteries of
male apoE knockout mice from 5 weeks of fat-feeding
onwards [85]. After 8 weeks of fat-feeding, 62% of
173 animals exhibited acute plaque rupture in the
brachiocephalic artery. Therefore, the hypothesis that
handling artifacts may be misinterpreted as plaque
disruptions occurring during life can be shown not
to hold true, as dozens of ruptures have been shown
to be accompanied by the insudation of formed
elements of blood, which can only happen during
life. A second prediction is that the rate of incidence
of defects in the fibrous cap will be similar at all
time points once plaques have developed, because
handling injuries are not related to the stage of
development of the plaque. As described above,
published data show that the incidence of defects in
the fibrous cap varies markedly and significantly at
different time points. For example, the incidence falls
from 62% to 30% within the course of a week (P =
.0005). Therefore, this prediction also fails to hold
true: defects in the fibrous cap occur at a rate that is
different at different time points. The third prediction
based on the handling artifact hypothesis is that the
rate of incidence of defects in the fibrous cap will be
independent of drug treatment, because treatments
administered to mice during life cannot influence
the infliction of postmortem handling damage on
plaques. However, the incidence of acute plaque rup-
ture is statistically very highly significantly reduced
by treatment with pravastatin: after 40 weeks of high-
fat feeding, continuous treatment with pravastatin
reduced the incidence of acute plaque rupture by
86% (P < .0001) [85]. Even when treatment was
delayed until 16 weeks of high-fat feeding had already
elapsed, acute plaque ruptures occurred 56% less
frequently (P < .0001). It is particularly notable that
the latter effect was achieved in the absence of any
significant effect on plaque size (−6%). Therefore,
this third prediction also fails, because defects in the
fibrous cap occur at a rate that can be influenced by
pharmacological treatment and this can be achieved
independently of any effect on plaque size.

(3) The structures described as healed plaque ruptures in
mice are in fact nothing more than layering of the
plaque resulting from episodic growth.
This is another testable hypothesis. The first pre-
diction is that buried fibrous caps should occur
with equal frequency at all anatomical sites that
develop sufficiently large plaques. This is because a
manifestation of standard plaque expansion should
not be distributed in any anatomically dependent
fashion and should not be related to the presence or
absence of acute plaque rupture at that site. Acute
plaque ruptures are not observed, in our very long
experience, in the retrovalvular lesions of the apoE

knockout mouse aortic sinus. However, these plaques
are very large—about twice the size of the plaques
in the nearby proximal brachiocephalic artery after
9 months of fat-feeding. The incidence of buried
fibrous caps in plaques in the aortic sinus in a series
of 28 fat-fed apoE knockout mice was zero. In the
brachiocephalic artery plaques of the same 28 mice,
there were 35 such structures (P < .0001). Therefore,
the incidence of buried fibrous layers is significantly
related to the occurrence of acute plaque rupture but
not to plaque size, and the prediction is not borne
out by the available data. The second prediction
is that the presence of fibrin in the plaque should
be independent of the presence of a buried fibrous
cap, because fibrin would be a sign of thrombosis
whereas buried fibrous caps are hypothesised to be
part of normal plaque development. We have shown
that immunoreactive fibrin is present at the sites
of buried fibrous caps in apoE knockout mouse
brachiocephalic arteries, using a goat polyclonal
antibody that is not reactive with fibrinogen. In a
series of 50 male apoE knockout mice that had been
fat-fed for 8 weeks, the presence of fibrin (as assessed
by bright red staining with Masson’s trichrome) was
significantly associated with the presence of a buried
fibrous cap. Of the 50 mice, 23 had buried fibrous
caps at this site, and 19 of these 23 plaques were
positive for fibrin. Amongst the 27 mice with no
buried fibrous caps, 4 were stained positively for
fibrin (P = .000001). We conclude that fibrin accu-
mulation at sites of buried fibrous caps is verified by
specific antibody staining, and by tinctorial criteria it
is statistically very highly significantly associated with
the presence of buried fibrous caps. This means that
the second prediction is also contradicted by the data.
The third prediction that flows from the hypothesis
that buried fibrous caps are part of normal plaque
development in mice is that their incidence should
covary with plaque size. Studies in apoE knockout
animals treated with pravastatin or with an additional
null mutation to the cathepsin S gene [86] show that
plaque size and the number of buried fibrous caps
can be modulated independently. When pravastatin
treatment commenced after advanced plaques had
already developed, the formation of buried fibrous
caps was reduced by 36% (P < .0001) but there
was no significant effect on plaque size (−6%). In
the case of cathepsin S, the incidence of buried cap
formation normalised to plaque size was reduced
by 37% (P = .044) in the double knockouts.
Thus the incidence of buried fibrous caps can be
modulated independently of any effect on plaque size,
and the data are once again at variance with the
prediction.

Thus the objections to a mouse model of atherosclerotic
plaque rupture have all been tested and can be discarded with
extraordinarily high levels of statistical confidence.
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11. Conclusion

The fat-fed apoE knockout mouse proximal brachiocephalic
artery model is an excellent test-bed for potential therapies
for plaque rupture and should yield useful insights into
the pathophysiology of this phenomenon for many years to
come.
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Atherosclerosis and its thrombotic complications are responsible for remarkably high numbers of deaths. The combination of in
vitro, ex vivo, and in vivo experimental approaches has largely contributed to a better understanding of the mechanisms underlying
the atherothrombotic process. Indeed, different animal models have been implemented in atherosclerosis and thrombosis research
in order to provide new insights into the mechanisms that have already been outlined in isolated cells and protein studies.
Yet, although no model completely mimics the human pathology, large animal models have demonstrated better suitability
for translation to humans. Indeed, direct translation from mice to humans should be taken with caution because of the well-
reported species-related differences. This paper provides an overview of the available atherothrombotic-like animal models, with
a particular focus on large animal models of thrombosis and atherosclerosis, and examines their applicability for translational
research purposes as well as highlights species-related differences with humans.

1. Animal Models as a Tool for
Preclinical Translation

Atherosclerotic plaques may appear early in life and their
advance into severe, symptomatic plaques, depends on
the coexistence of risk factors. Rupture or damage of
lipid- rich coronary plaques triggers subsequent thrombosis
(i.e., atherothrombotic event), and this is possibly the
most important mechanism leading to the onset of acute
coronary syndromes (ACSs) and ischemic sudden death.
Atherothrombosis involves a large number of platelet- and
vessel- surface receptors, platelet-related signaling path-
ways, and the activation of the coagulation cascade all of
which interplay to form the mural thrombotic clot [1].
In vitro studies have provided relevant information about
mechanistic questions and have aided in the development
of potent and selective antithrombotic drugs. Yet, in vivo
approaches are necessary to address the hypothesis aimed
at the prevention/treatment of human disease. Furthermore,

in vitro research cannot mimic the hemodynamic and
hemorrheology conditions that occur during the generation
and propagation of thrombi in vivo, nor the vascular wall
lesion resembling an atherosclerotic plaque. The availabil-
ity of genetically modified mouse strains has enabled to
elucidate new pathways involved in the development of
cardiovascular disease [2]. However, although their useful-
ness in uncovering specific gene functions is overwhelming,
their utility to extrapolate the findings to human disease
or as preclinical models to prove validity pharmacologic
agents is less appealing. Furthermore, it has been questioned
whether these models should be trusted blindly, since com-
pensating mechanisms and redundancies may affect their
atherothrombotic phenotype. In contrast, the development
and implementation of animal models of atherosclerosis and
thrombosis, besides providing valuable information about
the mechanisms involved in thrombus formations, have
become valuable tools for the discovery of a number of com-
pounds that, in fact, are now successfully being used for the
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treatment and prevention of the atherothrombotic diseases
[3].

Rats, rabbits, dogs, pigs, and monkeys are well-estab-
lished animal models of atherosclerosis and thrombo-
sis whereas hamster, mouse, cat, and guinea pig have also
been used, although to a lesser extent [14]. Overall, pigs and
monkeys have been better suited to study atherosclerosis
and arterial thrombosis than rats, rabbits and dogs. An
ideal animal model should be representative of the human
atherothrombotic disease but, unfortunately, the majority
of assays are performed in healthy animals not addressing
the underlying atherosclerotic cause. In addition, not all
the large experimental animal models have human resem-
blance and validity and species-related differences should
be regarded before interpreting the data. Table 1 highlights
the major similarities and differences between humans and
nonhuman primates, swine, and dogs in the thrombotic
system.

2. Small versus Large Animal Models

Small animals, primarily rodents and rabbits, have been used
extensively for atherosclerosis and thrombosis research [15].
Some of the reasons for the frequent use of small animal
models in research include, low cost, ready availability,
reduced ethical concern compared to large animals (espe-
cially nonhuman primates), and small size that limits the
quantities of new agents required for in vivo screening. These
characteristics have permitted rapid evaluation of new agents
in sufficiently large number of animals to perform mean-
ingful statistical analyses. However, mice do not develop
atherosclerosis without genetic manipulation since they have
a lipid physiology that is radically different from that in
humans, most of the cholesterol being transported in HDL-
like particles. Yet, their easy and practical handling, has made
advantageous the use of murine models of vascular injury
to study thrombosis [16]. In this regard, special attention
should be given to the intravital microscopy usefulness in
the mice model of thrombosis since it allows testing the
in vivo relevance of the in vitro observations. Indeed, the
study of microvascular thrombosis by intravital microscopy
(e.g., mesenteric arteries) represents a particularly useful
tool for characterization of specific cells types involved in
the developing thrombus as well as evaluating the effect
of different inflammatory pathological conditions, such as
obesity, in vascular reactivity [17]. In addition, the dynamics
of thrombus formation can be studied with very high
resolution in these thin, transparent vessels thus providing a
great insight into specific cellular and molecular interactions
within the developing thrombus [18]. In addition, the rodent
models offer numerous immunological approaches (e.g.,
monoclonal antibodies). Specifically, mice models provide
genetically modified animal strains with defined defects in
platelet function that open new ways to identify the individ-
ual roles and the interplay of platelet proteins in thrombus
formation [19, 20]. However, rodent microvascular models
of thrombosis need to be complemented by macrovascular
models of thrombosis in which vessel characteristics are

more similar to human coronary, carotid, and cerebral arter-
ies. As a result, large animal models may provide a more rel-
evant representation of the type of thrombus formation that
leads to clinical cardiovascular disease complications such as
AMI and stroke. One example in which different results have
been obtained between microvascular and macrovascular
thrombosis models involved analysis of relevant tissue factor
(TF) pools. Studies in groups using the same low-TF
expressing mice reached different conclusions regarding the
relevant source of TF in vascular thrombus formation, one
group supporting the contribution of vessel-related TF [21],
whereas the other emphasizes the key role of blood-borne
TF as a major thrombogenic stimuli [22]. We and others,
by using large animal models of thrombosis, have supported
the hypothesis that vessel wall-derived TF is a primary con-
tributor to arterial thrombus formation and propagation,
yet, blood-borne TF may also contribute depending on the
triggering lesion and the shear rate [23, 24].

Besides all this, an accurate in-depth determination of the
mouse haemostatic system (i.e., coagulation and fibrinolytic
systems, platelet structure, and platelet receptor/enzyme
system) is still lacking, as nicely reviewed by Tsakiris et al,
[25] and Ware [26], and species-related differences between
rodents and humans should also be considered before
interpreting the data. For instance, platelet counts in mice
on average are four times those of humans and platelets are
only approximately one half the volume of human platelets.
All these reasons may help to explain why rodents have not
been as widely used as larger animal models (e.g., swine) to
test possible therapeutic usefulness of antithrombotic agents
[27]. In fact, more advanced experimental models including
nonhuman primates, pigs, and dogs are usually reserved to
test the antithrombotic efficacy/safety of new compounds
before clinical testing. Indeed, large animal models present
disadvantages which are primarily the reverse of the advan-
tages of small animal models (high cost, heightened ethical
concerns, less precise genetic characterization, difficulties
involved in maintaining the colonies and their handling and
a scarcity of transgenic models, and antibodies); however,
their human-resemblance makes them an attractive tool to
provide new insights into the atherothrombotic field.

Because of similarities between human and nonhu-
man primates [28], nonhuman primate animal models are
believed to be better suited to investigate human cardiovas-
cular pathology (atherosclerosis, thrombus formation and
dissolution, and therapeutic interventions). In 1965 Malinov
and Maruffo [29] published studies performed using the
monkey as animal model to evaluate aortic atherosclero-
sis. More recently, familial LDL receptor deficiency with
atherosclerosis has been reported in rhesus monkey [30,
31]. Nonhuman primate thrombosis models, mainly arte-
riovenous shunt models are good models to evaluate novel
thrombotic agents prior to administration of the drugs to
human in clinical trials [32]. In fact, nonhuman primates
platelet function, coagulation, and fibrinolytic system and
drug pharmacokinetics resemble those in humans [28], and
some immunologic overlap allows utilization of available
assays. However, nowadays, the use of primates is con-
strained by obvious species specific (risk of extinction) and
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Table 1: Differences between large animal models and humans in the thrombotic system and other parameters that may influence anti-
thrombotic effectiveness.

Specie Differences with humans Human similarities Reference

Nonhuman primates

Platelet function, coagulation, fibrinolysis
and therapeutic interventions
(arteriovenous vascular graft or surgical
endarterectomy)

Harker et al. [4]

Different digestive metabolic pathways Johnson et al. [5]

Swine

Von Willebrand levels close to humans Denis and Wagner [6]

Physiological hematologic values Gross [7]

Accelerated intrinsic cascade activity
because of higher levels of coagulation
factors (IX, XI, XII)

Olsen et al. [8]

Iron deficiency that may affect
erythrocytic volumes

Pedersen et al. [9]

GPIIb/IIIa protein Royo et al. [10]

Aortic EC do not contain mature vWF Royo and Badimon [11]

Dogs

Vascular and platelet responsiveness to
thromboxane and endoperoxide
analogues close to humans

Burke et al. [12]

Platelets appear to play a greater role in
thrombus formation than in humans

Strony et al. [13]

EC: endothelial cells; VWF: Von Willebrand factor.

financial concerns, as well as the complexity, training and
expertise required to perform this animal approach. This
has supported the use of a more accessible and less costly
large animal models, such as the porcine model, which fairly
reproduces human atherosclerotic and thrombotic disease as
detailed below.

3. The Pig as a Tool for Atherothrombotic
Disease

The pig is a very good model because it develops spontaneous
atherosclerotic lesions, has a human-like cardiovascular
anatomy, and even may develop sudden death when under
stress (White Belgian breed) [33–37]. In addition, swine offer
the ability to evaluate their coronary arteries rather than
larger central vessels (mostly studied in smaller animals).

The heart of the pig is anatomically similar to humans
except for the presence of the left azygous (hemiazygous)
vein, which drains the intercostal system into the coronary
sinus [38], and for the size, which tends to be a bit
smaller. Regarding the heart, blood supply is mostly right
side dominant since it originates from the posterior septal
artery [37] and both anatomy and function of the pig cor-
onary system as well as the histological anatomy of the
aorta are comparable to humans. However, on the other
hand, pig blood vessels are more friable and prone to
vasospasm during manipulation, and thus require careful
handling during blood withdrawals [39]. In relation to
pig hemodynamics, either physiological cardiac function
or mechanically induced myocardial infarction and the
subsequent arrhythmogenic activity in reperfusion is also
analogous to humans as well as the wound healing process
[40].

Pig atherosclerosis, diverging to small animal models,
is generally quite slow and occurs both spontaneously (i.e.,
intake regular chow) and by experimental induction (i.e.,
intake of a high atherogenic diet) [41–43]. Moreover, if
allowed to develop over time, mild atherosclerotic lesions
first appear in coronary arteries and both atherosclerotic
plaque distribution and composition (lipid, fibrinogen,
smooth muscle cells, and macrophage content) [43] follows
a pattern comparable to that of humans [44–46]. Human-
like pig lipoprotein metabolisms may help to explain, in part,
the above mentioned similarities [47]. Finally, unlike other
animal models, after gradual occlusion of the coronary
vessels induced by both balloon injury and atherogenic diet,
swine may develop the coronary restenosis syndrome as
humans [40, 44, 45, 48, 49].

Overall, literature reports three types of swine “athe-
rothrombotic-like” approaches that may, sometimes, be com-
bined including feeding animals with fat-rich diets, extra-
corporeal arteriovenous shunts, and intravascular damage
interventions (balloon, grafting, etc).

3.1. Diet-Induced Atherosclerosis. As mentioned above, swine
can develop hypercholesterolemia and atherosclerotic lesions
by diet induction (high-cholesterol content diets), reaching
plasma cholesterol levels similar to those in human. After
a 50-day period with a standard hypercholesterolemic diet
we have previously observed that almost all pigs developed
early atherosclerotic lesions (fatty streaks) localized in the
abdominal aorta and to a lesser extent in the coronary
arteries [43]. In such cases, lesion composition was similar
to early-stage human atherosclerosis [43]. As expected,
increasing the diet induction period to 100 and 150 days
was associated with a higher degree of lesion severity made
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evident when suitable fat stain was applied. Notwithstanding,
animals employed in these long-period studies tend to be
within the prepuberty period, and in consequence their
lesions are not as severe as those developed in adult humans
over the years. Older animals (over 6 months) can be
used to obtain atherosclerotic models of higher human re-
semblance [50], but management becomes more difficult
because of their considerable weight (up to 150 kg). To
overcome size-related problems, the minipigs are becoming
increasingly used. Indeed, miniature swine are preferable to
commercial swine as animal models because of their small
size and small growth rate that allows them to maintain
weight and size throughout adulthood. They are docile
and easily handled and there are several miniature strains
disposable to better fit scientific purposes. Miniature pigs
have been used in several fields of biomedical research studies
such as cardiovascular disease (models of thrombosis and
restenosis), obesity, diabetes, and transplantation, however,
the principal disadvantage for using miniature pigs as a
substitute of common pigs are the maintenance requirements
and the high cost of the animals. As a consequence, miniature
pigs’ breeders are not largely distributed in all countries.

3.2. Extracorporeal Arteriovenous Shunts. The ex vivo porcine
model of thrombus formation (e.g., flow chambers coupled
to extracorporeal shunts) has become essential for testing
the effect of blood elements and rheology as well as
atherosclerotic vessel components in thrombus formation in
a controlled manner [1, 51–59]. Indeed, it has allowed to
evaluate the thrombogenic effect of different atherosclerotic
plaque constituents (e.g., collagen, fatty streaks, smooth
muscle cells, etc) [51–53], different degrees of shear stress (to
mimic different degrees of stenosis) [54, 55], and to evaluate
the antiplatelet effects of new antithrombotic compounds
[43, 53, 55, 58, 60]. Furthermore, these ex vivo models of
thrombosis offer the opportunity to evaluate, in an easy and
reproducible manner, the interaction of a given compound
with the blood and vascular compartment and consider any
metabolic transformation.

Baumgartner developed the first popular annular per-
fusion chamber that helped to advance the knowledge and
understanding of platelet adhesion to the subendothelium
under laminar flow [61]. Since then, other ex vivo chamber
systems have been developed for investigating prosthetic
and biologics substrates surfaces over a broad range of flow
conditions [62, 63]. In fact, although atherosclerosis pref-
erentially occurs in areas of turbulent blood flow and low
fluid shear stress, thrombosis is induced by high shear stress.
Moreover, in atherosclerotic vessels, laminar flow conditions
may not be maintained since stenotic narrowing induces flow
disturbances that modify cell-cell and cell-vessel interactions
as well as the local concentration of fluid-phase chemical
mediators necessary for cell interaction. In this regard, we
have developed an extracorporeal perfusion system (the
Badimon chamber) [64] that allows to investigate the dynam-
ics of platelet deposition and thrombus formation (a) on dif-
ferent surfaces (biological and prosthetic materials) [65, 66];
(b) under a broad range of patho-physiological flow con-
ditions including laminar and nonparallel streamline flows

[54, 67, 68]; (c) with varying perfusing blood treatments.
This chamber has helped to improve the understanding
of the pathophysiology of the acute coronary syndromes
[52, 64], to characterize the thrombogenicity of different
degrees of vascular injury [52] and different atheromatous
components [51], evaluate the thrombogenicity associated to
several synthetic/prosthetic surfaces [65, 66] and/or several
plasma components (cholesterol, glucose levels, etc.) [69, 70]
and has become a useful tool for the study and screen
of new antithrombotic and platelet-inhibitory compounds
upon exposure of human atherosclerotic and/or stented
vessels [51, 53, 55, 71–75].

3.3. Intravascular Interventions. Coronary artery interven-
tions, such as balloon angioplasty and stenting, have become
established treatments for symptomatic coronary artery
disease [76]. Although stent implantation initially appeared
promising, with rates of 20% to 30% in so-called ideal lesions
[77], there is still a high rate of vessel reclosure resulting in
the need for repeat procedure [78]. Many animal models
have provided insights into the mechanisms of angioplasty
and in-stent restenosis in different metabolic disorders
(obesity, diabetes, etc.) and are widely used to examine
candidate drug inhibitors that might be used in clinical eval-
uation. Experience suggests, however, that porcine coronary
stenting is a very suitable model because injury response is
similar to human vessels with an adaptive response being
more profound in animals fed a hypercholesterolemic diet
[79]. Moreover, as stated above, since size and anatomic
distribution of porcine coronary arteries are similar to
those of the human, angiography, intravascular ultrasound,
instrumentation, and stent deployment are all similar to
the clinical situation. On the other hand, a number of
strategies have also been adopted in an effort to reduce
both the acute thrombogenic potential of metallic stents
and the stent-induced neointimal thickening [80]. As such,
oral administration of endothelin receptor antagonists [81]
or tranilast [82], capable of modulating the inflammatory
tissue responses, has been demonstrated to be efficacious in
preventing neointima formation after coronary stenting in
swine. Similarly, subcutaneous low-molecular-weight hep-
arin administration on top of acetylsalicylic acid has also
shown to reduce neointimal proliferation after coronary
stent implantation in hypercholesterolemic minipigs [83]. In
contrast, systemic pharmacological approaches in humans
have been largely disappointing, possibly owing to insuf-
ficient local drug concentration. To solve this limitation,
polymer coated stents were developed as a vehicle for
local drug administration. To date, a number of diverse
biological agents have been shown to elute slowly from
polymer coatings and are associated with reduced neointima
formation in pig models [84, 85].

4. Canine Models of Atherosclerosis and
Thrombosis

The dog, as described for rats, is not a good model for
atherosclerosis because they do not develop spontaneous
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atherosclerosis even under a high-cholesterol diet [86]. How-
ever, induction of experimental atherosclerosis in dogs has
been achieved by administering high-fat/high-cholesterol
diet deficient in essential fatty acids [87].

As to canine models of thrombosis, Folts and colleagues
[88] described in 1976 a model of repetitive thrombus forma-
tion, assessed by cyclic flow reductions by an electromagnetic
flow probe, in stenosed coronary arteries of open-chest anes-
thetized dogs. The Folts model is based on the combination
of severe, concentric stenosis, and focal intimal injury canine
coronaries (circumflex and left anterior descending) [3]. Yet,
this model was lately modified for its use in both femoral
and/or carotid rabbit arteries. The Folts model mainly
induces platelet-rich thrombus formation. Hence, in contrast
to the thrombi usually responsible for AMI, does not respond
to thrombolytic agents likely representing a model of
“thrombolytic-resistant” platelet occlusion rather than acute
thrombosis. Nevertheless, this model is an attractive choice
for initial antithrombotic effectiveness in vivo, especially for
assessing prostaglandin-inhibitor compounds, prostacyclin
mimetics, or platelet GPIIb/IIIa-receptor antagonists (e.g.,
abciximab, tirofiban, etc.) [89–92]. In fact, the preclinical
data obtained with this animal model has been further
corroborated in clinical trials such as the EPIC (abciximab)
[93] and PRISM (tirofiban) investigators trials [94].

Canine thrombosis can also be challenged by advancing
a thrombogenic coil into a coronary artery in closed-chest
animals [95]. The composition (alloy) and size of the coil
determine the time to occlusive thrombus formation con-
firmed by a filling defect distal to the coil. This model, in
contrast to the Folts model, induces platelet-poor and fibrin-
rich thrombus and thus enables to test thrombolytic agents
[96]. Important drawbacks, however, are the high incidence
of ventricular fibrillations (which are around 20%) and
the requirement of expensive equipment and well-trained
researchers which limits the efficiency of this approach. To
overcome this disadvantages Bush and collaborators [97]
developed a femoral artery version of this model that uses
the same thrombogenicity coils but consists of Doppler flow
probes placed proximal to the site of thrombosis and thus is
also appropriate to use in rabbits.

Another model of coronary thrombosis in open-chest
dogs is based on the local delivery of thrombin in the
LAD coronary artery. This approach induces fibrin-rich clots
amenable to lyse upon thrombolytic administration [98].

5. Insights from Von Willebrand Disease in
Large Animal Models

Von Willebrand disease (VWd) is a genetic bleeding disorder
that arises from the abnormalities in VW factor (VWF).
It is the most common inherited bleeding disorder in
humans, and over the past years several animal species
have also been described as suffering from this disease
whether through spontaneous mutation (pigs and dogs) or
through a genetically engineered mutation (mice) [6]. All
these different animal models have been extremely useful
in exploring the characteristics of VWd and in testing new

treatments. Indeed, the interaction of platelets with VWF is
crucial in the initiation and development of any thrombotic
process since enables platelets, via its surface glycoprotein
receptors, to adhere to exposed subendothelium and to
respond to blood shear stress [111–113]. In fact, we and
Fuster et al. [36, 109] were among the first to show a striking
difference in the atherosclerotic lesions in the aorta between
normal pigs and VWd pigs, both in spontaneous and in diet-
induced atherosclerosis, demonstrating protection against
atherosclerosis in VWd pigs. The pig is a good model for
studying VWd since VWF localization in endothelial cells
and platelets mimics that of humans as do the clotting and
platelet characteristics. Additionally, in normal pigs the level
of VWF is close to the human level [6]. Canine VWd has also
demonstrated to be similar to humans. Over the years, many
dog breeds have been identified as suffering from this disease,
making VWd the most common inherited bleeding disorder
in dogs. However, under the term “canine VWd”, there seems
to be a very heterogeneous group of bleeding disorders
with different subtypes and mode of inheritance [114].
Actually, canine VWd can vary in genetic transmission,
clinical severity and diagnostic laboratory findings. Thus, in
contrast to pigs, VWd dogs have not been used extensively for
research purposes [115]. Finally, it deserves to be mentioned
that VWd has also been reported in other animal species such
as murine [116, 117], rabbits [118], and cats [119]. However,
caution must be taken in extrapolating such results to the
human clinical conditions.

6. Animal Models of Plaque Rupture

By its very nature, rupture of an atherosclerotic plaque is
difficult to study in humans. Moreover, since rupture of
an atherosclerotic plaque occurs in a stochastic fashion, it
is also difficult to identify triggering factors and equally
hard to investigate treatments addressed towards plaque
stabilization. Thus, the appropriate animal model, not only
should help to better understand the mechanisms behind
plaque rupture but also test treatments to prevent it from
happening. Despite the development of porcine models of
advanced human-like coronary atherosclerosis, no suitable
large animal model of high-risk (vulnerable) plaque exists.
In fact, spontaneous hemorrhage and rupture is considered
an extremely rare event in large animal models and has
only been found in the coronary arteries of pigs with
inherited hyper-low-density lipoprotein cholesterolemia or
in cholesterol-fed pigs with streptozotocin-induced diabetes
[120, 121]. Lack of such a model has hampered studies
designed to validate imaging technologies and to scrutinize
the effects of therapeutic interventions in atherosclerotic
arteries.

In the recent years, many rodent studies have been
published with “vulnerable-like features”. Some authors have
described the presence of blood-filled channels within the
advanced coronary lesions as well as plaque ruptures and
thrombi in the aortic origin of old apolipoprotein E−/− (Apo
E−/−) mice [122, 123], whereas other studies have reported
the presence of luminal thrombi in ruptured plaques of
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Table 2: Different animal models in order to evaluate thrombus formation.

Reference
Method applied in order to induce plaque rupture and/or thrombus
formation

Animal model

Reddick et al. [99] Forceps squeezing of the aorta Apo E−/− mice

Gertz et al. [100]
Rekhter et al. [101]

Combination of double ballon injury and hypercholesterolemia and further
angioplasty-induced plaque rupture

Rabbits

Eitzman et al. [102] Photochemical reaction to previously formed atherosclerotic plaques Apo E−/− mice

Constantinides et al. [103]
Abela et al. [104]
Nakamura et al. [105]

Intraperitoneal injection of Russell’s viper venom∗ followed by i.v. injection
of histamine (vasopressor), serotonin or angiotensin II

Hypercholesterolemic rabbits

Rekhter et al. [106]
Intracerebroventricular injection of corticotrophin-releasing factors (“stress
hormone”)

Apo E−/− mice

Heras et al. [107] Carotid angioplasty Pig

Badimon et al. [52, 108]
Lassila et al. [65]

Thrombogenic effect of shear stress and atherosclerotic vessel components on
the extracorporeal perfusion system

Pig

Badimon et al. [36]
Fuster et al. [109, 110]

Von Willebrand factor deficiency
Pigs with von Willebrand
disease

∗
Procoagulant and endothelial toxin.

spontaneously dead Apo E−/− mice [124]. Yet, the relevance
of these mice models of plaque rupture on the final events
precipitated by plaque disruption of human atherosclerotic
lesions is controversial, especially in animals surprisingly
resistant to formation of thrombi at sites of atherosclerosis
[125].

On the other hand, other investigators have evaluated
the harmful effect of combining several risk factors. As such,
it has been reported that either in double knockout mice
with homozygous null mutations in the Apo E and the
high-density lipoprotein (HDL) receptor, scavenger receptor
class B, or combination of hypertension and dislipemia
(hypertensive rats transgenic from human cholesteryl ester
transfer protein) increase plaque vulnerability and thrombi
formation.

Rabbits have been used as a model of plaque instability
and rupture [101, 104], besides their extended use in animal
models of atherogenesis [100, 126], myocardial infarction
[127], and to evaluate the efficacy of new antithrombotic
and anti-atherosclerotic drugs [128]. Moreover, transgenic
rabbits have also been developed to obtain models of hered-
itary hyperlipidemia (WHHL-rabbit). Rabbits are easy to
handle and cost-effective and there are three breeds of rabbits
that have been commonly used in biomedical research: New
Zealand White, Dutch Belted and Flemish Giant. Although
rabbits do not develop spontaneous atherosclerosis, as they
are vegetarian, we and others have robustly demonstrated
that they can rapidly develop foam-cell-rich (fatty steaks)
plaques after the administration of a rich atherosclerotic diet
(0.5%–4% cholesterol content) during 8–16 weeks [129]. Yet,
rabbit atherosclerotic lesions differ from human atheroma
since their lipid and macrophage content is much higher
as it is their hypercholesterolemic index [130]. Conversely,
intermittent cycles of fat feeding with periods of normal
diet has shown to induce plaques at more advanced stages
that resemble human atheroma [131]. In addition, we have
shown that combining cholesterol-rich feeding with arterial
wall injury (e.g., balloon injury) induces advanced lesions in
shorter periods [100, 104, 132–135].

The addition of pharmacological triggering at the end
of the atherogenic diet has provided the first evidence of
thrombosis associated with plaques in this experimental ani-
mal model, the Constantinides New Zealand white (CNZW)
rabbit model, with similarities to thrombosis seen in human
coronary arteries [103]. Furthermore, these observations
have been supported by in vivo magnetic resonance imaging
[136] and molecular-targeted imaging, using a fibrin binding
peptide conjugated to gadolinium, which have clearly shown
thrombus superimposition to the atherosclerotic lesion
[137]. In counterpart, CNZW rabbit model similarity to
human atherothrombosis has been questioned either because
rabbits’ atherosclerotic lesion composition (i.e., foam-cell-
rich rather than complicated plaques) and concerns about
the triggering method used to induce plaque disruption and
thrombosis [101, 130, 138].

Other more simplistic approaches (e.g., direct mechan-
ical injury of the vessel of interest) with a lower impact
for clinical translation have been also developed in different
animal models as described in Table 2

7. Animal Models of Venous Thrombosis

Thrombogenesis in veins is mainly attributed to some com-
bination of hypercoagulability, stasis, and vascular injury.
All these triggering factors induce tissue thromboplastin
(tissue factor) release to the flowing blood forming thrombin
and fibrin that trap red blood cells. Thus, in contrast to
arterial thrombotic lesions (platelet-rich thrombus, “white
thrombus”), venous thrombosis is predominantly “red” and
fibrin rich.

Animal models for venous thrombosis appear to be
particularly useful for studying the pathophysiology of blood
coagulation in vivo and the pathogenesis of venous thrombo-
sis. For instance, this model has helped to define the role of
activated protein C, the interplay between inflammatory and
procoagulant mediators, and the regulatory role of PAI-1 in
thrombolysis besides therapeutic approaches [139]. In fact,
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Dörffler-Melly et al. [140] and Levi [139] have previously
published interesting literature of small and large animal
models of venous thrombosis, pointing out their advantages,
usefulness, and limitations.

8. Conclusions and Future Perspectives

Clinical observations provide the substrate to build up
pathophysiological hypotheses, but for obvious ethical rea-
sons our ability to test these hypotheses in humans is very
limited. Cell biology-related studies have helped to answer
mechanistic questions, but lack complexity of a real disease
thus limiting the scope of testable hypotheses. On the other
hand, studies using rodent or large animal models have
proved to be essential for proof of concept since they yield
in vivo approaches to confirm critical hypotheses previously
evaluated in relevant in vitro models. Experience over many
decades has established that a single, naturally available
model of human vascular disease does not exist. The advent
of genetic engineering and the availability of transgenic
and knockout animals have allowed pinpointing the relative
functional importance of single changes in specific gene
products. These approaches have permitted uncovering
specific gene functions and have facilitated the formulation
of new strategies for cardiovascular protection and the
prevention and treatment of atherothrombosis. However,
their utility as models of human disease and to prove the
validity of products for human pharmacological use has not
been demonstrated. Animal models have helped to accelerate
the rate of new target identification and validation leading
to improved therapeutics for the atherothrombotic disease.
However, while small animal models provide experimental
convenience and easiness to manipulate, more clinically
relevant models are necessary to study the mechanisms
involved in human atherothrombogenesis. Large animal
models, although associated to a higher cost and handling-
related difficulties, have shown an atherothrombotic pattern
more comparable to that of humans. To date, considering
all models, the porcine model is one of the most useful
currently available atherothrombotic models. Indeed, pig
animal models have shown to address specific questions
related to blood and atherosclerotic vessel mechanisms
involved in thrombus formation that have been eventually
translated to clinical situations. Despite all this, efforts for
developing the “ideal” animal model for atherothrombotic
evaluation must continue as well as the development of
state-of-the-art technology in order to achieve improved
therapeutic strategies capable of further reducing the global
burden of vascular atherothrombotic disease in humans.
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Rodents are widely used to mimic human diseases to improve understanding of the causes and progression of disease symptoms
and to test potential therapeutic interventions. Chronic diseases such as obesity, diabetes and hypertension, together known as
the metabolic syndrome, are causing increasing morbidity and mortality. To control these diseases, research in rodent models that
closely mimic the changes in humans is essential. This review will examine the adequacy of the many rodent models of metabolic
syndrome to mimic the causes and progression of the disease in humans. The primary criterion will be whether a rodent model
initiates all of the signs, especially obesity, diabetes, hypertension and dysfunction of the heart, blood vessels, liver and kidney,
primarily by diet since these are the diet-induced signs in humans with metabolic syndrome. We conclude that the model that
comes closest to fulfilling this criterion is the high carbohydrate, high fat-fed male rodent.

1. Introduction

Hypertension, diabetes and obesity are common but not
independent in humans and the combination is referred
to as metabolic syndrome [1, 2]. While the definition
of the syndrome may help understanding causes and
prognosis, there are continuing arguments on the clinical
usefulness of defining the syndrome in humans. Human
metabolic syndrome is accepted as a consequence of dietary
imbalance rather than a genetically programmed disease.
This syndrome includes central obesity, insulin resistance,
elevated blood pressure, impaired glucose tolerance and
dyslipidaemia [1, 2]; these are accepted risk factors that
increase the incidence of cardiovascular disease and type 2
diabetes [3–5]. Metabolic syndrome is also associated with
an increased risk of nonalcoholic fatty liver disease and
kidney dysfunction [6, 7]. Similarly, there is solid evidence
for correlations between metabolic syndrome and functional
changes in the lungs, dementia and cancers of the breast,
pancreas and bladder (Figure 1) [8–12]. Lifestyle and diet
modulate metabolic syndrome [4, 13] and this induces
pathophysiological changes throughout the body. Hence it is
important to study the progression and treatment strategies
for metabolic syndrome.

The number of adults with metabolic syndrome is
substantial and the prevalence is increasing throughout the
world [14]. The gender ratio was similar in the USA [15],
Singapore and Australia showed increased rates in females
[16, 17], while Japan showed increased rates in males [18].
In 2002, the prevalence of metabolic syndrome in the USA
was 24% and 23.4% in males and females, respectively
[19]. In 2005 and 2006, this prevalence had increased to
34% in both males and females [15, 20]. In the Australian
population, 18.8% of males and 25.4% of females fulfilled
the requirements for diagnosis with metabolic syndrome
in 2000 [17]. In a Japanese study, 45% of males and 38%
of females were diagnosed with metabolic syndrome [18].
Similar prevalence rates of metabolic syndrome have been
reported in the Indian subcontinent [21].

The widespread occurrence of metabolic syndrome in
humans means that there is an urgent need to study
relevant causes and progression of the signs. These studies
require viable animal models that adequately mimic all
the aspects of the human disease, developing all major
signs of metabolic syndrome, especially obesity, diabetes,
dyslipidaemia, hypertension and possibly fatty liver disease
and kidney dysfunction. Rodents have been used for many
years as models of human disease, especially hypertension,
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Figure 1: Metabolic syndrome and associated complications.

diabetes and obesity [22–25]. This review will examine
whether the existing rodent models for components of
metabolic syndrome mimic the range of changes in humans
and are therefore suitable to evaluate potential treatments for
human metabolic syndrome.

2. Genetic Models of Obesity and
Type 2 Diabetes

Genetic models of obesity and diabetes include db/db mice,
ob/ob mice, Zucker diabetic fatty rats and Otsuka Long-Evans
Tokushima Fatty rats, while Goto-Kakizaki rats are diabetic
but nonobese. These models are useful in evaluating specific
molecular mechanisms that may be involved in development
of obesity in rodents, but the metabolic syndrome in humans
is not a monogenetic disorder. Therefore, the relevant
questions are whether these genetic changes mimic those
observed in humans and whether these models show the
range of signs that characterise the metabolic syndrome.
As an example, several of these models have mutations in
the leptin gene or receptor (Figure 2), yet similar mutations
are a very rare recessive genetic disorder in humans with
only 4 mutations in 15 people reported up until 2009 [26].
Further, although cholecystokinin is important as a satiation
signal [27], there are only a few reports of CCK-1 receptor
mutations, as found in the Otsuka Long-Evans Tokushima
fatty rats, inducing obesity in humans [28, 29].

3. ob/ob (C57BL/6J-ob/ob ) Mice

This was one of the first genetic models used for the study of
diabetes [30]. These mice inherited a monogenetic autoso-
mal recessive mutation in the leptin gene on chromosome
6 [31, 32] and developed obesity, hyperinsulinaemia and
hyperglycaemia after 4 weeks of age [33]. They showed an
increased body weight compared to their lean littermates at
all ages [33, 34]. The presence of impaired glucose tolerance
was found after 12 weeks of age [35]. These mice developed
left ventricular hypertrophy with decreased cardiac function
at 24 weeks of age [36], cardiac fibrosis after 20 weeks of
age [37] and hepatic steatosis and inflammation at 12 weeks
of age [38, 39]. Unlike humans with metabolic syndrome,
these mice showed reduced blood pressure [34] and did not
develop dyslipidaemia even after the age of 36 weeks [35].

4. db/db (C57BL/KsJ-db/db ) Mice

These mice have inherited an autosomal recessive mutation
in the leptin receptor gene present on chromosome 4 [40]
leading to higher body weights than their lean littermates
after 6 weeks of age [41]. Fasting blood glucose concen-
trations were higher after 8 weeks of age and these mice
showed increased plasma concentrations of triglycerides,
total cholesterol and nonesterified fatty acids along with
reduced HDL/LDL cholesterol ratio after 13 weeks of age
[42]. Hyperinsulinaemia and impaired glucose tolerance
were observed after 12 weeks of age [41, 43]. In the heart,
both infiltration with inflammatory cells and fibrosis were
present after 12 weeks of age, although blood pressure was
unchanged [41]. These mice showed vascular endothelial
dysfunction at 12 weeks of age [41] and developed hepatic
steatosis after 20 weeks of age [44]. db/db mice failed to show
hepatic inflammation and fibrosis [45].

5. Zucker Diabetic Fatty Rats (fa/fa)

Diabetic Zucker fatty rats (ZDF), a model of early onset
obesity, have a mutation in the leptin receptor gene [46].
ZDF rats became hyperglycaemic after 13–15 weeks of
age [47] with hyperinsulinaemia and hypertriglyceridaemia
after 12–14 weeks of age along with diastolic and systolic
dysfunction [48]. Serum cholesterol concentrations were
slightly increased in ZDF rats compared to lean Zucker rats
at 10 weeks of age whereas the serum concentration of
cholesterol was ∼2.5 times higher compared to lean Zucker
rats at 20 weeks of age [49]. These rats also developed
endothelial dysfunction after 12 weeks of age [50]. ZDF rats
showed only moderate increases in systolic blood pressure by
15 weeks of age [51]. Albuminuria was present at the age
of 31 weeks [52] with thickening of basal membrane and
glomerular fibrosis after 47 weeks [52]. Increased hepatic
triglyceride deposition was observed after 20 weeks of age
in ZDF rats [53]. ZDF rats also showed increased serum
markers of inflammation such as TNF-α and IL-1β after 26
weeks of age [54].
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Figure 2: Mechanism of the actions of leptin including the effects of leptin deficiency or leptin receptor deficiency.

6. Otsuka Long-Evans Tokushima Fatty Rats

Otsuka Long-Evans Tokushima Fatty (OLETF) rats have
been used as a rat model of human diabetes and obesity
[55]. Pancreatic acini cells in OLETF rats were insensitive to
the actions of cholecystokinin (CCK), which controls food
intake [56], due to the absence of CCK-1 receptors [57]. Male
and female OLETF rats were similar in body weight to lean
Long-Evans Tokushima rats at the time of weaning but they
became 30–40% heavier than age-matched lean Long-Evans
Tokushima Otsuka rats after 20 weeks [58]. Due to the lack
of CCK-1 receptors, the average meal size and overall food
intake were higher in OLETF rats [57]. OLETF rats presented
with high blood glucose concentrations after 18 weeks of
age but they showed impaired glucose tolerance starting at
24 weeks of age [58]. Plasma triglyceride concentrations
in OLETF rats started increasing from 8 weeks of age but
cholesterol concentrations were only slightly higher even
after 40 weeks of age [58]. After week 40 of age, OLETF rats
showed diffuse glomerulosclerosis [58]. Hearts from OLETF
rats showed cardiac hypertrophy with left ventricular systolic
and diastolic dysfunction [59]. OLETF rats showed higher
blood pressure compared to lean Long-Evans Tokushima
Otsuka rats after 14 weeks of age [60]. After 34 weeks of age,
OLETF rats showed 5 times higher triglyceride deposition in
liver compared to the lean Long-Evans Tokushima Otsuka
rats [61].

7. Goto-Kakizaki Rats

Goto-Kakizaki (GK) rats are nonobese and spontaneously
diabetic [62]. The occurrence of diabetes in these rats is an
interaction of several events including presence of suscep-

tibility loci for some diabetic traits, gestational impairment
inducing decreased β-cell neogenesis and proliferation and
loss of β-cell differentiation [63]. These inbred rats were
hyperglycaemic after 4 weeks of age with impaired glucose
tolerance but they were lighter than the age-matched Wistar
rats [64]. These rats developed cardiac hypertrophy and
decreased systolic function at 20 weeks of age [65]. There was
no change in blood pressure even after 14 months of age [66].
Plasma and liver lipid concentrations were higher in Goto-
Kakizaki rats after 8 weeks of age compared to age-matched
Wistar rats [67]. Goto-Kakizaki rats had higher urinary
excretion of albumin and decreased creatinine clearance after
14 months of age along with increases in glomerular volume,
basement membrane thickness and kidney weight [66].

These genetic models consistently develop obesity and
non-insulin-dependent diabetes, but metabolic syndrome is
a much broader constellation of pathophysiological changes,
especially including hypertension. Thus, these rodent mod-
els, although used in obesity research, replicate neither the
causes nor the changes that occur in human metabolic
syndrome (summarised in Table 1).

8. Genetically Engineered Diabetic Mice

In recent years, genetically engineered mice models, either
transgenic or knockout, have been developed to study the
normal and abnormal effects of a particular protein or
a set of proteins. Different proteins, signalling molecules
and hormones, important in development of diabetes and
obesity, can be removed by changes in the genome of the
mice. Some of the important proteins that have been deleted
from the mice for obesity and diabetes research include
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Table 1: Different rodent models with the signs of metabolic syndrome.

Rodent
model

Age (weeks)

Signs of metabolic syndrome shown by rodents

References
Obesity Hypertension Dyslipidaemia

Cardiovascular
dysfunction

Impaired
glucose

tolerance
Fatty liver

Kidney
dysfunction

ob/ob
mice

4 � × × × × × U
[33–39]12 � × × × � � U

24 � × × � � � U

db/db
mice

6 � × × × × × U
[41–44]12-13 � × � � � × U

20 � × � � � � U

ZDF rat

12–15 � � � � × × ×
[47–53]20 � � � � × � ×

31–47 � � � � × � �

OLETF
rats

8 × × � × × × ×

[58–61]

14 × � � × × × ×
20 � � � × × × ×
24 � � � × � × ×
34 � � � × � � ×
40 � � � × � � �

60–66 � � � � � � �

Goto-
Kakizaki
rats

4 × × × × � × ×
[64–67]

8 × × � × � � ×
20 × × � � � � ×
60 × × � � � � �

This table represents the signs of metabolic syndrome at different ages. The symbols � and × indicate the presence and absence of these signs of metabolic
syndrome at that age, respectively, whereas U indicates unavailability of the data. The table indicates that age is an important parameter since some of the
signs are developed in very young rodents whereas others take much longer to develop.

insulin receptor, GLUT4, IRS-1 and IRS-2. Insulin receptor-
null mice do not survive for more than 72 hours as they
develop severe ketoacidosis [68] with hyperglycaemia and
hyperinsulinaemia [69]. Thus they cannot be used in long-
term studies as adults. Further, the insulin receptor knockout
mice are unlikely to mimic human conditions as this receptor
loss is very rare in humans [68, 70]. Other models lacking
GLUT4, IRS-1 and IRS-2 may give useful information about
the roles of each protein [71–75], but they do not mimic the
cause of human metabolic syndrome.

9. Chemically Induced Rodent Models
of Diabetes

Alloxan and streptozotocin are structural analogues of
glucose that enter pancreatic beta cells via the GLUT2
transporter [86]. Single injections of alloxan or strepto-
zotocin induce selective necrosis of pancreatic β cells in
rats, mice and rabbits [86–91] as a model of type 1
diabetes. Chemically induced diabetic rodents show fatty
liver and inflammation [92] along with decreased ventricular
contractility and function [93]. In contrast to patients with
metabolic syndrome, alloxan- and streptozotocin-induced
diabetic rats are hypoinsulinaemic [94], do not gain weight

and are usually hypotensive. Thus, chemically induced type 1
diabetic rodents do not show the diverse characteristics of
the metabolic syndrome and therefore they are not a suitable
model for this syndrome in humans.

Type 2 diabetes may be induced by low-dose streptozo-
tocin given neonatally, for example, at a dose of 70 mg/kg
on day 5 of life, producing moderate hyperglycaemia in
adult rats with decreased HDL-cholesterol concentrations
but no other lipid abnormalities or oxidative enzyme changes
[95]. Insulin resistance and an approximate doubling of
plasma C-reactive peptide and TNF-α were produced in 14-
week-old rats treated on day 2 of life with streptozotocin
(90 mg/kg) [96]. However, these changes following neonatal
streptozotocin are insufficient to define the signs of the
metabolic syndrome. A better option may be treatment with
low-dose streptozotocin in a nutritional model of type 2
diabetes induced by an increased energy diet. In 8-week-
old rats, the combination of streptozotocin (25 mg/kg) and
a high-fructose, high-fat diet for 6 weeks increased plasma
glucose, insulin and triglyceride concentrations, decreased
left ventricular contractile function and reduced myocardial
metabolic efficiency [97]. A similar protocol with a high-
energy diet for 5 weeks followed by streptozotocin admin-
istration (40 mg/kg) produced metabolic abnormalities with
insulin resistance that could be decreased by administration
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Table 2: Effects of some treatment strategies on rodent models of metabolic syndrome.

Rodent model Interventions
Reversal or prevention of signs of metabolic
syndrome and associated complications

Signs of metabolic syndrome
not affected by drug treatment

ob/ob mice

Temocapril (ACE
inhibitor) and
olmesartan (AT1

receptor blocker) [37]

Reduced blood pressure and ventricular fibrosis
No change in body weight and
blood glucose concentrations

Resveratrol [76]
Reduced blood glucose, plasma insulin,
adiponectin concentrations, improved glucose
tolerance

No change in body weight and
blood lipid concentrations

db/db mice
Aliskiren (renin
inhibitor) [41]

Reduced blood pressure, cardiac fibrosis,
macrophage infiltration in heart and coronary
remodelling, improved endothelial function and
glucose tolerance, increased pancreatic insulin
content and beta cell mass, reduced pancreatic
fibrosis

No change in body weight,
visceral fat and liver weight

ZDF rats
Sitagliptin (DPP-4
inhibitor) [54]

Reduced body weight and blood pressure,
reduced blood glucose, plasma triglyceride,
plasma insulin and serum inflammatory markers,
reduced pancreatic fibrosis and inflammation

No change in total cholesterol
concentration

OLETF rats
Rosiglitazone (PPARγ
agonist) [77]

Reduced blood glucose, plasma insulin and
serum inflammatory markers

No change in body weight

GK rats
Levosimendan (calcium
sensitiser) [78]

Reduced cardiac fibrosis and cardiac hypertrophy,
improved ventricular function

No change in blood pressure

Hesperidin [67]

Reduced serum insulin and blood glucose, serum
triglyceride, serum total cholesterol
concentrations, increased serum HDL-cholesterol
and adiponectin concentrations

—

Alloxan
Cucurbita pepo peel
extract [79]

Reduced blood glucose, plasma total cholesterol,
HDL-cholesterol, triglycerides, LDL-cholesterol
and VLDL-cholesterol, increased plasma insulin
concentrations

—

Streptozotocin Quercetin [80]
Increase in body weight, reduced serum glucose
concentrations and increased plasma insulin
concentrations, pancreatic beta cell protection

—

Fructose-induced
metabolic
syndrome

Lipoic acid [81]
Reduced blood pressure, blood glucose and
plasma insulin concentrations, improved renal
function

—

Sucrose-induced
metabolic
syndrome

Hippophae rhamnoides
(sea buckthorn) seed
extract [82]

Reduced blood pressure, reduced plasma
concentrations of triglycerides, total cholesterol
and free fatty acids, increased plasma
HDL-cholesterol concentrations

No change in body weight,
blood glucose and plasma
insulin concentrations

High fat-induced
metabolic
syndrome

Enalapril (ACE
inhibitor) [83]

Reduced body weight, epididymal fat pads and
plasma insulin concentrations, increased plasma
leptin and cholesterol concentrations, improved
vascular relaxation

No change in blood glucose,
plasma triglyceride and plasma
free fatty acids concentrations,
glucose tolerance

High fructose,
high fat-induced
metabolic
syndrome

Purple carrot juice [84]

Reduced body weight gain, improved glucose
tolerance, reduced plasma triglycerides, total
cholesterol, free fatty acids concentrations,
reduced plasma inflammatory marker, improved
ventricular function, reduced cardiac fibrosis and
stiffness, reduced blood pressure, improved
vascular relaxation, attenuation of fatty liver

—

High sucrose,
high fat-induced
metabolic
syndrome

Piperine [85]
Reduced body weight, reduced abdominal fat
pads

No change in blood glucose,
plasma triglyceride, plasma
total cholesterol and free fatty
acid concentrations

ACE - Angiotensin converting enzyme, AT - Angiotensin, ZDF - Zucker diabetic fatty, DPP-4 - dipeptidyl peptidase-4, OLETF - Otsuka Long-Evans Tokushima
Fatty, PPAR - peroxisome proliferator-activated receptor, GK - Goto-Kakizaki.
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of chitooligosaccharides for 8 weeks [98]. While these models
may be suitable for studies in type 2 diabetes [99], the key
signs of hypertension and obesity necessary for the metabolic
syndrome were not reported.

10. Diet-Induced Metabolic Syndrome

Diet plays an important role in growth and development as
a source of nutrition, but the composition of the diet decides
its nutritional status. The modern diet, especially in Western
countries, is rich in carbohydrates such as fructose and
sucrose as well as saturated fat. This increased calorific intake
has been associated with many diet-induced complications
including metabolic syndrome, cardiovascular diseases and
nonalcoholic fatty liver disease [100, 101]. Combinations
of carbohydrate and fat-rich dietary components have been
used in rodents to mimic these signs and symptoms of
human metabolic syndrome.

11. Fructose-Induced Metabolic Syndrome

Fructose has become an important and pervasive ingredient
in Western diets [102, 103]. The world average per capita
daily fructose intake increased by 16% between 1986 and
2007 [103]. Together with the increase in consumption
of fructose in the diet over the last fifty years, there has
been a proportionate increase in the incidence of obesity
[104]. The main sources of fructose in the diet are sucrose,
high-fructose corn syrup, fruits and honey. Unlike glucose,
high-fructose feeding to rodents induced the development
of symptoms of metabolic syndrome including high blood
pressure, insulin resistance, impaired glucose tolerance and
dyslipidemia [102, 105]. Fructose feeding induced ventricu-
lar dilatation, ventricular hypertrophy, decreased ventricular
contractile function, infiltration of inflammatory cells in
heart and hepatic steatosis [106, 107]. In the liver, fructose
feeding induced both microvesicular and macrovesicular
steatosis with periportal fibrosis and lobular inflammation
[108]. Fructose has been reported to induce obesity [109]
but this was not confirmed [106]. Fructose feeding in
rats caused renal tubular injury, collagen deposition in
interstitium and increased macrophage infiltration along
with proliferation and hyperplasia of renal proximal tubules
[110] as well as leptin resistance without changes in body
weight and adiposity [111]. Increases in plasma uric acid
and plasma triglyceride concentrations have been reported
without changes in plasma cholesterol concentrations [112,
113].

Fructose, unlike glucose, did not elicit insulin secretion
from pancreatic β-cells, possibly due to the absence of the
fructose transporter (GLUT5) on pancreatic β-cells [104].
Fructose also lacks the ability to stimulate the secretion of
leptin [104] whereas it has the ability to activate de novo
lipogenesis in the liver (Figure 3) [114]. During metabolism,
fructose bypasses the rate-limiting step, the reaction catal-
ysed by phosphofructokinase, leading to uncontrolled supply
of carbon skeleton for lipogenesis in liver [115].

12. Sucrose-Induced Metabolic Syndrome

Sucrose is a dietary source of fructose [103], thus sucrose
feeding has been used to mimic human metabolic syndrome
in animal models. Similar to fructose, sucrose feeding has
shown variable results, especially with obesity [116, 117]. As
with fructose, sucrose induced lipogenesis in rats along with
increased plasma concentrations of insulin, leptin, triglyc-
erides, glucose and free fatty acids, and impaired glucose
tolerance [118, 119]. Sucrose feeding in rats led to an insulin-
resistant state with no change in fasting plasma insulin
and glucose concentrations, but higher postprandial plasma
concentrations of insulin and glucose [117]. Sucrose feeding
increased systolic blood pressure in rats with increased left
ventricular mass but without cardiac fibrosis [120] and
caused development of hepatic steatosis [121]. No changes
were seen in kidneys of rats fed with high-sucrose diet [122].

13. High Fat-Induced Metabolic Syndrome

High-fat diets have been used to model obesity, dyslipi-
daemia and insulin resistance in rodents for many decades.
The complications developed by high-fat diets resemble the
human metabolic syndrome and these complications may
extend to cardiac hypertrophy, cardiac fibrosis, myocardial
necrosis and hepatic steatosis [123–126]. High-fat diet
feeding in mice increased systolic blood pressure and induced
endothelial dysfunction [126]. High-fat diet-fed mice also
showed albuminuria, increased glomerular tuft area, mesan-
gial expansion, renal lipid accumulation, collagen deposition
in glomeruli and increased infiltration of macrophages in
renal medulla [127]. Different types of high-fat diets have
been used with fat fractions ranging between 20% and 60%
energy as fat as either animal-derived fats, such as lard or
beef tallow, or plant oils such as olive or coconut oil [125].
Long-term feeding of rats (60% of energy) and mice (35% fat
wt/wt) with high-fat diet increased body weight compared to
standard chow-fed controls [128, 129]. Although the increase
in body weight was significant after as little as 2 weeks, the
diet-induced phenotype became apparent after more than 4
weeks of high-fat diet feeding [128]. Long-term feeding with
both animal and plant fat-enriched diets eventually led to
moderate hyperglycaemia and impaired glucose tolerance in
most rat and mouse strains [130, 131].

Lard, coconut oil and olive oil (42% of energy con-
tent) increased body weight, deposition of liver triglyc-
erides, plasma triglyceride and free fatty acid concentrations
and plasma insulin concentrations and decreased plasma
adiponectin concentrations [125]. Lard and olive oil but
not coconut oil decreased insulin sensitivity [125]. Lard,
coconut oil and olive oil caused hepatic steatosis with no
signs of inflammation and fibrosis in any of the groups
[125]. Beef tallow when used as fat source (40% of energy)
increased plasma insulin and leptin concentrations with
increased plasma lipid concentrations and hepatic steatosis
[132]. Although high-fat diet induces most of the symptoms
of human metabolic syndrome in rodents, it does not
resemble the diet causing metabolic syndrome and associated
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complications, as the human diet is more complex than a
high-fat diet.

14. High Carbohydrate-, High Fat-Induced
Metabolic Syndrome

A diet high in carbohydrates together with fat, either of
animal or plant origin, mimics the human diet more closely.
This combined diet should induce metabolic syndrome in
rodents (Figure 4). Different combinations and amounts of
carbohydrates and fats have been used in different studies
[133–136]. The common carbohydrates used are fructose
and sucrose whereas the source of fat varies in different
studies.

Different combinations of sucrose and fat have been
used to induce signs of metabolic syndrome. Sucrose content
varied between 10% and 30% whereas fat content in
this diet group varied between 20% and 40% [137–139].
Rodents fed on high-sucrose, high-fat diet had increased
body weight, abdominal fat deposition, hyperinsulinaemia,
hyperglycaemia and hyperleptinaemia [137, 138]. Sucrose
and fat in combination also caused hepatic steatosis and
increased hepatic lipogenic enzymes [139].

Fructose and fat have been used in combination to induce
metabolic syndrome. The fructose content varies between
10% and 60%, either in the diet or drinking water or both,
whereas the fat content varies between 20% and 60% [133,
140–143]. Fructose and fat feeding increased body weight
and the plasma concentrations of triglycerides, cholesterol,
free fatty acids and leptin [133, 140]. The combination
of fructose and fat also caused hyperinsulinaemia, insulin

resistance, impaired glucose tolerance, increased abdominal
fat deposition, hepatic steatosis and inflammation [133,
140]. The rats fed with the high-fructose, high-fat diet
showed cardiac hypertrophy, increased ventricular stiffness,
ventricular dilatation, cardiac inflammation and fibrosis,
hypertension, decreased cardiac function and endothelial
dysfunction along with mild renal damage and increased
pancreatic islet mass [133].

Since high-carbohydrate, high-fat diet-fed rodents
develop all the complications present in human metabolic
syndrome and the diet is similar to human diets (sometimes
called a “cafeteria diet”), this model is probably the
best model to study the human metabolic syndrome.
Pharmaceutical and nutraceutical preparations can be tested
for treatment of diet-induced human metabolic syndrome
in this high-carbohydrate, high-fat diet-fed model.

15. Obesity-Resistant Rat Strain

The interaction of genes with the diet is crucial for the
induction of obesity in rodents and humans as shown by
the studies with diet-induced obese (DIO) and diet-resistant
(DR) rats [144, 145]. DR rats, even when fed with high-
fat diet, did not produce the signs of metabolic syndrome,
whereas DIO rats clearly showed those signs [144, 145].
The signs shown by DIO rats and not shown by DR rats
included increases in body weight and body fat, impairment
of glucose tolerance, dyslipidaemia, hyperinsulinaemia and
hyperleptinaemia [144, 145]. However, these signs are similar
to many control rats and mice fed standard rodent food that
are sedentary, obese and develop impaired glucose tolerance,
described as “metabolically morbid” [146].
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16. Fatty Liver Disease

Nonalcoholic steatohepatitis is now recognized as a compli-
cation of metabolic syndrome [147]. The most important
model of nonalcoholic steatohepatitis is the methionine-
and choline-deficient diet-fed rat. This special diet produced
hepatic steatosis and fibrosis, increased hepatic triglycerides,
increased serum activities of transaminases and alkaline
phosphatase and increased serum concentrations of total
bilirubin [148, 149]. Methionine- and choline-deficient diet-
fed rats showed extreme reduction in body weight and
liver weight along with decreased serum triglyceride and
total protein concentrations [148, 149]. Although these rats
develop nonalcoholic steatohepatitis, they do not show the
other signs of metabolic syndrome.

17. High-Fat Diet-Fed Spontaneously
Hypertensive Rats

Spontaneously hypertensive rats (SHRs) are the most widely
used genetic model of human hypertension [22]. High-fat
feeding to SHRs led to an increased body weight compared
to SHRs fed on normal chow diet [150]. High-fat-fed SHRs
also showed renal inflammation and albuminuria but did not
show changes in plasma concentrations of total cholesterol,
triglycerides and insulin, although plasma concentrations of
free fatty acids were higher in high-fat-fed SHRs compared
to normal diet-fed SHRs [150]. There was no change in
systolic blood pressure with high-fat feeding in SHRs [151].
High-fat-fed SHRs also showed impaired glucose tolerance

[152]. Although high-fat-fed SHRs show some symptoms
of metabolic syndrome, they have genetically induced rather
than diet-induced hypertension. Since human hypertension
is not monogenetic, this model should not be considered
appropriate as a model of the metabolic syndrome.

18. Nile Grass Rats

Apart from laboratory animals, wild rodents have been
tested for the development of diabetes and obesity with
laboratory diets. The Nile rat (African grass rat; Arvican-
this niloticus) and sand rat (Psammomys obesus) are two
examples. These rats do not develop diabetes in the wild,
but diabetes was induced when these rats were kept under
laboratory conditions on chow diet [153]. These rats show
hyperglycaemia and dyslipidaemia after 1 year of age [154].
They also develop liver steatosis, abdominal fat deposition,
hypertension and hyperinsulinaemia [153, 154]. These rats
show promise for metabolic syndrome research, even though
these signs develop when fed on normal diet rather than the
high-carbohydrate, high-fat diet in humans. This is similar
to the concept of metabolically morbid rodents fed a normal
diet [146].

19. Useful Treatment Strategies in
Metabolic Syndrome Research

These rodent models have been used to characterize
responses to many interventions. Success has been variable
but some treatments have attenuated most of the signs
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of the metabolic syndrome. These treatment strategies
clearly indicate that it is possible to inhibit the progression
of metabolic syndrome and associated complications and
maybe to reverse them. Some of the responses to treatments
in different rodent models have been described in Table 2.

20. Conclusion

Pharmaceutical and nutraceutical preparations are required
to decrease morbidity and mortality in chronic diseases
such as metabolic syndrome. These preparations need to
be tested for efficacy in an appropriate rodent model.
Thus, different animal models have been developed for this
purpose. While many rodent models display some of the
signs of the metabolic syndrome, few models can adequately
mimic the range of signs that characterise this syndrome
in humans. In particular, the presence of inflammation has
often not been tested or defined. Further, many models rely
on genetic changes to induce symptoms even though the
human disease is usually diet induced. It is our opinion
that chronic consumption of a high-carbohydrate, high-fat
diet by normal rodents provides an adequate rodent model
to mimic the human metabolic syndrome and for testing
potential therapeutic interventions.

Conflict of Interests

The authors declare no conflict of interests.

Acknowledgments

The authors’ own studies were supported by grants from
the National Health and Medical Research Council of
Australia, The Prince Charles Hospital Foundation and Dr
Red Nutraceuticals, Mt Nebo, Queensland, Australia.

References

[1] R. K. Simmons, K. G. M. M. Alberti, E. A. M. Gale et al., “The
metabolic syndrome: useful concept or clinical tool? Report
of a WHO expert consultation,” Diabetologia, vol. 53, no. 4,
pp. 600–605, 2010.

[2] B. Bauduceau, E. Vachey, H. Mayaudon et al., “Should we
have more definitions of metabolic syndrome or simply take
waist measurement?” Diabetes and Metabolism, vol. 33, no. 5,
pp. 333–339, 2007.

[3] B. Isomaa, P. Almgren, T. Tuomi et al., “Cardiovascular
morbidity and mortality associated with the metabolic
syndrome,” Diabetes Care, vol. 24, no. 4, pp. 683–689, 2001.

[4] H. M. Lakka, D. E. Laaksonen, T. A. Lakka et al., “The
metabolic syndrome and total and cardiovascular disease
mortality in middle-aged men,” Journal of the American
Medical Association, vol. 288, no. 21, pp. 2709–2716, 2002.

[5] P. Aschner, “Metabolic syndrome as a risk factor for diabetes,”
Expert Review of Cardiovascular Therapy, vol. 8, no. 3, pp.
407–412, 2010.

[6] E. Vanni, E. Bugianesi, A. Kotronen, S. de Minicis, H.
Yki-Järvinen, and G. Svegliati-Baroni, “From the metabolic
syndrome to NAFLD or vice versa?” Digestive and Liver
Disease, vol. 42, no. 5, pp. 320–330, 2010.

[7] N. Palanisamy, P. Viswanathan, M. K. Ravichandran, and C.
V. Anuradha, “Renoprotective and blood pressure-lowering
effect of dietary soy protein via protein kinase C βII
inhibition in a rat model of metabolic syndrome,” Canadian
Journal of Physiology and Pharmacology, vol. 88, no. 1, pp.
28–37, 2010.

[8] D. J. Foster, P. Ravikumar, D. J. Bellotto, R. H. Unger, and
C. C. W. Hsia, “Fatty diabetic lung: altered alveolar structure
and surfactant protein expression,” American Journal of
Physiology, vol. 298, no. 3, pp. L392–L403, 2010.

[9] T. Bjørge, A. Lukanova, H. Jonsson et al., “Metabolic
syndrome and breast cancer in the Me-Can (metabolic syn-
drome and cancer) project,” Cancer Epidemiology Biomarkers
and Prevention, vol. 19, no. 7, pp. 1737–1745, 2010.

[10] D. Johansen, T. Stocks, H. Jonsson et al., “Metabolic factors
and the risk of pancreatic cancer: a prospective analysis of
almost 580,000 men and women in the metabolic syndrome
and cancer project,” Cancer Epidemiology Biomarkers and
Prevention, vol. 19, no. 9, pp. 2307–2317, 2010.
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A canine model of Glycogen storage disease type Ia (GSDIa) is described. Affected dogs are homozygous for a previously described
M121I mutation resulting in a deficiency of glucose-6-phosphatase-α. Metabolic, clinicopathologic, pathologic, and clinical
manifestations of GSDIa observed in this model are described and compared to those observed in humans. The canine model
shows more complete recapitulation of the clinical manifestations seen in humans including “lactic acidosis”, larger size, and
longer lifespan compared to other animal models. Use of this model in preclinical trials of gene therapy is described and briefly
compared to the murine model. Although the canine model offers a number of advantages for evaluating potential therapies for
GSDIa, there are also some significant challenges involved in its use. Despite these challenges, the canine model of GSDIa should
continue to provide valuable information about the potential for generating curative therapies for GSDIa as well as other genetic
hepatic diseases.

1. Introduction

Glycogen storage disease type Ia (GSDIa; von Gierke disease;
MIM 232200) is an inherited metabolic disorder resulting
from a deficiency in the enzyme glucose 6-phosphatase-
α (G6Pase; EC 3.1.3.9). Without G6Pase activity, all
endogenous glucose production is impaired as this critical
enzyme catalyzes the final step of both gluconeogenesis
and glycogenolysis. Consequently, circulating blood glucose
levels cannot be increased in response to positive glucoregu-
latory stimuli leading to a condition characterized by fasting

hypoglycemia, as well as accumulation of glycogen and fat,
particularly within liver and kidney tissues [1–3]. Shunting
of glucose-6-phosphate (G6P) into alternative metabolic
pathways results in lactic acidosis, hypertriglyceridemia, and
hyperuricemia [1–3].

Current therapy is directed at preventing hypoglycemia
through sustained provision of glucose via continuous or
frequent feedings or consumption of uncooked starches
[4–8]. These types of palliative dietary therapy have had
a profound impact on morbidity and mortality, allowing
most affected individuals to have near normal growth,
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pubertal development, and subsequent survival to adult-
hood. However, the underlying pathology remains untreated
and the therapy can have other metabolic consequences
such as hyperinsulinemia and excessive caloric intake from
continuous glucose delivery [9]. In addition, long-term
complications remain a problem in individuals with GSDIa
[10–13]. Therefore, a search for additional or alternative
therapeutic approaches geared to help improve quality of life
and long-term outcomes for patients with GSDIa continues.
Gene therapy or stem cell therapy is expected, by correcting
the underlying problem of G6Pase deficiency, to prevent the
complications of GSDIa and the undesired consequences of
current therapies, thereby improving the prognosis for such
patients. Evaluation of the potential safety and efficacy of
such therapies requires testing in appropriate animal models.

A murine model of GSDIa has been generated which
manifests most of the clinical signs and much of the pathol-
ogy associated with the human condition [14, 15]. However,
this model has a few drawbacks including small size of the
animals and a short lifespan. In addition, there are also some
key differences between the disease manifestation in humans
and the GSDIa knockout mouse. First, mice with GSDIa
have not been shown to develop lactic acidosis until they
are at least 6 weeks of age and the difference in blood lactate
concentrations between wild type and affected mice reported
after this age is mild compared to that observed in human
patients [14–16]. Secondly, in contrast to humans, adenoma
formation at equivalently young ages is uncommon. Thus,
while this model has proven very useful in furthering our
understanding of GSDIa, an animal model with physiology
and long-term consequences closer to what is observed in
humans is advantageous before the experimental techniques
can safely be attempted in humans.

A naturally occurring canine model has been described
with clinical manifestations that recapitulate most of the
features of GSDIa seen in humans including profound
lactic acidosis [17–19]. The purpose of this paper is to
review important aspects of human GSDIa and to provide
a detailed comparison to the canine model. In addition, an
emphasis will be placed on how the canine model is currently
being used in preclinical trials for gene therapy mediated
correction of GSDIa and how such research can contribute
to the development of new potential therapies and cures for
this and possibly also other genetic and metabolic disease
conditions.

2. Genetic Basis for GSDIa and Diagnosis

The G6Pase complex is located in the inner membrane of the
endoplasmic reticulum. In order for glucose-6-phosphate to
be hydrolyzed to glucose, G6P must be transported through
a bidirectional translocase to the catalytic site. GSDIa occurs
when the G6Pase is not produced or when mutations
result in a nonfunctional enzyme. The gene encoding the
catalytic unit was identified in band q21 of chromosome
17 in humans [20]. Over 85 different mutations causing
GSDIa have been described in humans, for which the typical
metabolic disturbances are fairly consistent [20–24].

The gene for the catalytic unit of the G6Pase complex
in canines has been identified and demonstrates significant
homology when compared to humans, mice, and rats [18].
The DNA sequence contains 2346 bp with a 5′ untranslated
region of 87 bp, an open reading frame of 1071 bp, and a 3′

untranslated region of 1185 bp [18, 19]. The open reading
frame encodes a 357 amino acid sequence with 91.3%
homology to the 357 amino acid sequence encoded by the
human gene [18]. The specific mutation in affected dogs is
a guanine to cytosine transversion at nucleotide position 450
(G450C) [18]. This results in substitution of a methionine by
isoleucine at codon 121 (M121I) [18]. Of note, the location
of the canine mutation is very close to a known human
mutation in exon 4 of the gene and subsequent transfection
studies have proven that the mutant G6Pase has 15 times less
enzyme activity than normal [18–24].

Current breeding colonies of the canine model originated
from Maltese dogs expressing the carrier (heterozygous) state
for this naturally occurring mutation [19]. These Maltese
dogs were eventually cross-bred to normal (wild-type)
Beagles to help increase the average size of the individual
dogs and consequently the average litter size. As in humans,
only dogs homozygous for the M121I mutation demonstrate
the overt clinical manifestations of GSDIa [18, 19].

Genetic testing can be easily performed on blood or saliva
from dogs using PCR and direct sequencing of the exon
as previously described (Figure 1(a)). In addition, digestion
with the restriction enzyme NcoI can be used to distinguish
affected, carrier, and wild-type dogs. Since the restriction
enzyme cannot cut the mutated sequence, affected (−/−)
dogs have a larger fragment compared to wild-type dogs
(Figure 1(b)).

3. Metabolic Disturbances in GSDIa

Glucose is the primary energy source for most mammalian
cells, and its metabolism is tightly regulated to guarantee
that a sufficient supply is available to glucose-dependent
organs, particularly the brain. Glucose can be made available
from two sources: absorption of dietary glucose from the
intestine and release of glucose from organs such as the
liver or kidney. Early in fasting, the majority of endogenous
glucose is generated by glycogenolysis where glycogen in the
liver is converted to G6P under the regulation of debranching
enzyme, hepatic glycogen phosphorylase, and phosphorylase
kinase. With more prolonged fasting, endogenous glucose is
generated by gluconeogenesis from certain substrates such as
amino acids, lactate, and glycerol. Both processes generate
G6P which must then be dephosphorylated in order to
transport glucose out of the cell (Figure 2(a)). The enzyme
responsible for this is G6Pase alpha. Alterations in quantity,
location, or activity of G6Pase such as those seen in type
I glycogen storage diseases effectively result in a lack of all
endogenous glucose production and severe hypoglycemia
develops during periods of fasting (Figure 2(b)).

The high concentrations of G6P generated in GSDIa
are ultimately shunted into alternative pathways caus-
ing the classic triad of hyperlipidemia, hyperuricemia,
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Figure 1: PCR sequencing and restriction digest for the canine mutation. (a) Sequencing chromatogram of the mutation region showing
the G450C transversion on both alleles of an affected dog (−/−) and on one allele in a heterozygote (+/−). (b) Ncol digest after amplification
of the target region resulting in cutting of the wild-type alleles (+/+), cutting of one allele in the heterozygote (+/−), and larger undigested
bands from both alleles in the homozygous dog (−/−).
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Figure 2: Outline of endogenous glucose production pathways. EC = extracellular, IC = intracellular. (a) Normal pathway and function of
G6Pase. (b) Alterations seen with deficiency of G6Pase (GSDIa) include lack of dephosphorylation of G6P and shunting of excess G6P to
produce glycogen and lactate.

and hyperlactatemia. Elevated lactate concentrations result
from shunting down the glycolytic pathway resulting in
a metabolic acidosis. Hyperlipidemia is a result of increased
synthesis of triglycerides from shunting to acetyl CoA, inhi-
bition of carnitine palmitoyltransferase I by malonyl CoA,
and decreased lipid serum clearance. Shunting of G6P into
the pentose phosphate pathway and increased degradation of
adenine nucleotides result in increased uric acid production.
Competitive inhibition of uric acid excretion by lactate
results in decreased renal clearance.

As hypoglycemia develops in GSDIa, persistent alter-
ations in several glucoregulatory hormones occur, most
notably increased glucagon levels and decreased insulin
levels. There may be alterations in epinephrine or cortisol as
well, and this stimulation continues to worsen the metabolic

alterations. If dietary glucose is available on a relatively
constant basis as observed in many treated GSDIa patients,
glycogen degradation and gluconeogenesis decrease, and
metabolic abnormalities are expected to diminish.

4. Pathology, ClinicoPathologic Findings,
and Clinical Manifestations of GSDIa

4.1. Without Treatment. Type Ia GSD is a disease that affects
approximately 1 in 100,000 individuals. The disease was first
described by von Gierke in 1929, but it was almost universally
fatal marked by severe hypoglycemia, growth retardation,
and life threatening acidosis prior to the introduction of
continuous glucose therapy in 1971 [25–27]. While continu-
ous feeds through a nasogastric or gastrostomy tube allowed
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children with this disease to survive, any interruption of
the feeds resulted in rapid onset of hypoglycemia. Seizures
and deaths related to hypoglycemia remained common until
uncooked cornstarch (UCCS) therapy was introduced in
1982 [4, 5, 28, 29]. As a result of these dietary interven-
tions, the prognosis for humans with GSDIa has improved
dramatically, but complications including metabolic acidosis
due to a persistent elevation in blood lactate levels, hep-
atic adenoma rarely leading to hepatocellular carcinoma,
chronic progressive kidney disease, gout, osteoporosis, and
pulmonary hypertension remain common in adolescent and
adult patients [7, 9–13].

There are little data about completely untreated (e.g.,
no dietary supplementation) dogs with GSDIa. The canine
disease was originally described in two untreated puppies
that died or were euthanized at about 47 days of age (about
the time they would have been expected to begin weaning),
and the authors are not aware of any reports of any untreated
dogs having lived past this age [17]. The same litter had
included a mummified fetus, another littermate that died
at about 35 days of age, and one clinically healthy puppy
that weighed almost 2.5 times the affected puppies at the
same age. There are no published reports of antemortem
diagnostic testing performed in these two dogs, but the
medical history included notes of markedly reduced growth
rate and poor body condition, mental depression, abdominal
distension, hepatomegaly, and nephromegaly.

Gross pathologic findings from necropsy of both pup-
pies included emaciation, enlarged, pale and friable livers,
enlarged and pale kidneys with white lines present along
the renal crest and at the corticomedullary junction, mild
hydrocephalus, and enlarged, rounded spleens [17]. Histo-
logic lesions were similar in both puppies. There was severe,
diffuse vacuolar change in hepatocytes resulting in distortion
of normal hepatic architecture. In the kidneys, there was
evidence of interstitial fibrosis, and moderate vacuolar
change in tubular epithelial cells. Cytoplasm from vacuolated
hepatocytes and renal epithelium demonstrated positive
periodic acid-Schiff (PAS) staining (consistent with glycogen
storage) but were negative for Sudan staining (indicating
that the vacuoles did not contain fat). Mineralization was
also noted in the kidney, especially in proximity to the
renal pelvis and along the corticomedullary junction, and
also in the lung within the alveolar septa. Other changes
included extramedullary hematopoiesis in the spleen and
small follicles in the thyroid gland that were devoid of colloid.

Glycogen, G6Pase, and a few other metabolic enzyme
levels in the liver and kidney tissue of these two affected pup-
pies were compared to control puppies that died at similar
ages from other diseases. Glycogen levels were significantly
increased in the affected puppies whereas G6Pase levels were
severely reduced. There was no significant difference noted
in the other tested metabolic enzymes.

4.2. With Dietary Intervention. Although current dietary
treatment protocols have dramatically improved survival and
quality of life for humans with GSDIa, the underlying G6Pase
deficiency remains. People with glycogen storage disease

remain susceptible to rapid development of hypoglycemia
should therapy be interrupted. Most adults continue to
require 5-6 doses of UCCS per day to maintain good
metabolic control, although review of actual patient intakes
have demonstrated that some adult patients receive less
frequent doses of UCCS [7, 11, 30, 31]. In addition,
complications of the uncorrected enzyme deficiency and
metabolic changes associated with dietary interventions are a
source of significant morbidity during and after adolescence
[10–13].

In the canine population, all untreated dogs with GSDIa
die and all long-term survivors are part of gene therapy
research trials [17–19, 32–34]. Attempts at maintaining dogs
using nutritional therapies similar to those used in affected
humans have proven unsuccessful, and long-term nutritional
therapy has not been reported to date in the literature. In our
experience, nutritional therapy was able to keep a dog alive to
5–1/2 months, but chronic acidosis, respiratory distress, and
intermittent hypoglycemia remained problematic even with
feeds administered every 30 minutes [34]. Hyperlipidemia
and hepatomegaly worsened over time, and ultimately this
dog developed severe hepatic lipidosis and pancreatitis [34].

Notably, unlike the aforementioned murine model, dogs
with GSDIa continue to have fasting hypoglycemia after
weaning [30, 32]. Although the overall success of nutritional
intervention seems to be lower for the canine model than
for human patients at the current time, puppies with GSDIa
appear to have similar pathologic changes and many of
the same clinical manifestations of disease that are seen in
human GSDIa patients [17–19, 25–27, 29, 32–34].

Fetal mortality and whelping complications are extreme-
ly common in canine GSDIa. Stillbirth, fetal resorption, and
mummification are all frequently encountered problems in
litters from heterozygote parents, and up to 50% of GSDIa
puppies have been reported to be stillborn or die in the
perinatal period [19]. Affected puppies are hypoglycemic at
birth, and can struggle with nursing [32]. Without interven-
tion, almost all affected puppies die within an hour of birth.
With initiation of feeds, hepatomegaly rapidly develops. In
order to prevent severe hypoglycemia and seizures, puppies
must be manually feed every 30 minutes, but they continue
to struggle with poor growth rates, lower activity levels,
decreased mental alertness, and delayed development of
neurologic reflexes [17, 19]. Severe hypoglycemia to less than
35 mg/dL develops within 60 minutes of a feed if therapy
is interrupted, and biochemical abnormalities in affected
puppies include persistently elevated levels of lactate, uric
acid, cholesterol, and triglycerides [19, 34].

In puppies that have died (or were euthanized) despite
receiving nutritional support for their GSDIa, pathologic
lesions have been identified that were similar, but not
identical, to those of untreated puppies [19, 34]. All puppies
had gross hepatomegaly ranging from mild to severe, but
renomegaly was not noted [19, 34]. Histopathology revealed
marked hepatocellular vacuolar changes with distortion of
normal architecture and positive PAS and oil-red-O staining,
demonstrating the presence of both glycogen and fat [19, 34].
Vacuolar changes suggestive of glycogen storage were also
seen in renal tubular epithelium, and glomerular changes
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were also observed in the slightly older (>30 days) dogs [19].
One potential reason for the limited success of dietary

interventions in puppies with GSDIa is the lack of infor-
mation about the specific nutritional needs of these dogs.
Affected neonates have been managed with a variety of
dietary protocols that included allowing for nursing but pro-
vided additional carbohydrate supplementation in the form
of milk replacer formula, glucose polymers, or dextrose given
orally, or by parenteral administration of dextrose containing
fluids [19, 32, 34]. Postweaning untreated, affected puppies
and adults have been managed with frequent feedings
(q2–4 hours) of commercially available puppy foods with
additional carbohydrate support in the form of milk replacer
formula, glucose polymers, UCCS, or dextrose given orally
at frequent intervals (q30 min to q4 hours) [19, 32, 34].
Protocols are still being developed to help identify the
best delivery methods (i.e., oral feeding, gavage feeding,
or various types of feeding tubes) and optimal nutritional
profiles to provide adequate glucose without sacrificing other
important nutrients. It is hoped that with more experience
and better treatment protocols affected puppies from future
litters will have less developmental problems and improved
survival to adulthood.

Because so few affected dogs have survived to adulthood,
it is difficult to determine if many of the long-term com-
plications seen in human patients will be recapitulated by
this model. Hopefully, as the dog colonies grow and better
nutritional protocols are developed, a group of affected adult
dogs can be followed to document and characterize the
complications that occur in this model.

4.3. Heterozygotes. Although only dogs that are homozygous
for the M121I mutation exhibit the overt clinical manifes-
tations of GSDIa, there are some data from our colony to
suggest that dogs that are heterozygous for the mutation have
subtle manifestations of the disease. Heterozygote dogs have
∼50% of the G6Pase activity of wild-type individuals [34].
They are able to tolerate a 12-hour fast with no apparent
clinical signs and without hypoglycemia [34]. However, after
a 12-hour fast these dogs do have slightly elevated blood
lactate levels compared to wild-type dogs and laboratory
reference standards [34]. Liver biopsies reveal that these dogs
have mild vacuolar changes with positive PAS staining and
MRS data from one dog showed about 2.9 times greater levels
of glycogen in the liver than was found in a wild-type dog
[34]. These finding suggest that although heterozygote dogs
exhibit an overall normal outward phenotype, 50% of wild-
type G6Pase activity does not provide a completely normal
biochemical, physiological, or histological phenotype.

The human carrier population for various mutations
in the G6Pase gene has not been reported to exhibit any
overt pathology or complications of GSDIa. Whether the
specific abnormalities detected in our heterozygote dogs also
occur in the human population remains unknown at this
time. There are some parents of affected children who have
provided anecdotal accounts of symptoms such as shaking
and weakness with fasting. These could be incidental or
could be attributed to similar subtle clinical abnormalities
related to comparatively lower levels of G6Pase.

5. Use of the Canine GSDIa Model for
Preclinical Trials

Currently, the canine model of GSDIa is being studied
primarily as part of early stage preclinical trials of recom-
binant adeno-associated virus (AAV) vector-based therapies.
These types of therapy offer great promise for the treatment
of GSDIa since they target the underlying problem rather
than just palliating some of the clinical effects of G6Pase
deficiency.

With the ability to generate large numbers of affected
animals quickly, the murine model of GSDIa has provided
a useful platform to prove the concept of gene therapy
for correction of GSDIa and to compare the efficacy of
various types of vectors [33, 35, 36]. Gene therapy has
mediated prolonged survival, sustained correction of glucose
homeostasis and normalization of triglycerides, cholesterol,
and uric acid in mice using a variety of different vectors,
although substantial variation in efficacy and specific effects
of the different vectors has been identified [33, 35–38]. The
lack of ability to address all of the clinical manifestations
(e.g., lactic acidosis) of GSDIa in this model and the lack
of ability to address long-term safety and efficacy due to the
short overall lifespan of the mice demonstrate the need for
additional studies in a different model.

The first reported results of gene therapy in the canine
model utilized an AAV vector administered between 3-
4 days after birth [32]. Puppies that received the vector
demonstrated increased G6Pase activity in the liver and
decreased glycogen compared to untreated, affected dogs.
Some dogs also had improvement in blood glucose, triglyc-
eride, cholesterol, and lactate levels after a three-hour fast
compared to untreated, affected dogs at a least one time point
after vector administration. When compared to carriers or
wild-type dogs; however, these treated dogs demonstrated
only partial improvements in biomarker levels and all
succumbed to a GSDIa-related medical crisis between 20–86
days of age.

Later reports indicated that gene therapy utilizing an
AAV2/8 vector significantly improved survival in three dogs
compared to untreated controls and the dogs from the
previous report by Beaty et al. [32, 33]. All three dogs
survived passing 11 months of age. In addition to improved
survival, treated dogs were able to maintain normal blood
glucose levels during a fasting period of at least 2 hours
(longer times are not reported) starting after 1–6 month
(s) of age. While treated dogs still required frequent feeding
(q6–10 hr) compared to normal dogs, they did not require
additional carbohydrate supplementation. Glycogen and fat
storage in the liver was reduced, and G6Pase activity was
increased compared to values from untreated dogs and were
comparable to levels reported in carrier dogs which showed
no overt clinical signs of GSDIa. While lactate levels after a
2-hour fast were significantly improved in the treated dogs
compared to untreated controls, they remained well above
normal laboratory standards for dogs (>2.1 mmol/L).

Several dogs from a colony at the University of Florida
have also been treated with gene therapy utilizing AAV
vectors. The first dog was treated with an AAV2/8 vector on
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postnatal day 1 [34]. Two dogs from each of two subsequent
litters have received gene therapy with AAV vectors at
postnatal days 1 or 2. Four of five treated dogs demonstrated
an ability to maintain normal glucose and lactate levels
during a two-hour fast at one month after treatment. The
other dog did not receive the entire IV dose of vector due to
subcutaneous extravasation and remained unable to tolerate
a 2-hour fast.

While the dogs clinically improved after the initial dose
of gene therapy, this level of correction was not sustained
in any of these dogs. By two months of age, fasting glucose
concentrations fell to levels similar to those of an untreated
puppy and elevated lactate concentrations were consistently
seen with fasting. In addition, growth curves for these dogs
remained more similar to untreated controls than to wild-
type puppies during the first few months of life. Similar
results are reported in mice, in which intravenous delivery
of AAV vector to deliver the gene of interest to neonates did
not result in sustained correction.

Due to lack of sustained correction, the first dog was
treated again at 20 weeks of age with a second dose
of gene therapy delivered by an AAV2/1 vector injected
into the portal vein [34]. This resulted in a sustained
partial correction of the G6Pase deficiency and a dramatic
improvement in the metabolic status of the dog. One
month after treatment with the AAV2/1 vector, dextrose
supplementation was discontinued and this dog continues
to do well clinically three years later receiving a mixture
of canned and dry preparations of a commercially available
dog food supplemented with UCCS offered every 4–6 hours.
Serial fasting studies show the best response at two months
after treatment, when fasting blood glucose and lactate
levels were normal for greater than 5 hours and still close
to normal at 9 hours into the fast. The response was
somewhat diminished at 15 months after injection, but in
contrast to dogs described in prior reports, this dog has
consistently maintained normal blood glucose and lactate
levels throughout fasting periods of 2–4 hours. Liver biopsies
collected at 30 months had greater G6Pas activity and much
less glycogen and fat accumulation than biopsies from an
untreated control; however, they were still abnormal when
compared to wild-type controls.

The second and third dogs were doing well clinically until
developing signs of acute respiratory distress at 74 days of
age. Dyspnea and hypoxemia developed rapidly, and the dogs
died from this complication despite aggressive critical care.
Necropsy and infectious disease testing revealed severe viral
pneumonia caused by Canine adenovirus-2 (which is distinct
from, and unrelated to, the adeno-associated virus used as a
vector). The death of these dogs was not deemed to be related
to the gene therapy.

Two other dogs from our colony have recently been
treated and have shown results similar to the first dog. They
received their second doses of AAV vector at approximately
10 weeks of age. Both dogs are clinically healthy with no
glucose supplementation at this time. However, these dogs
are currently only five months old, so it is too early to
determine if there will be a sustained partial correction of
their condition.

Overall, the collective work of the two centers currently
using the canine model of GSDIa in preclinical trials of AAV
vector-mediated gene therapy have demonstrated signifi-
cant improvements in biomarker levels and histopathologic
abnormalities, and dramatically improved survival times for
dogs treated with gene therapy compared to controls [33,
34].

6. Challenges Involved in Use of
the Canine GSDIa Model

Despite a number of advantages that the canine model of
GSDIa has over the murine model in studies evaluating
potential therapies for human GSDIa, there are also some
significant challenges involved in the use of the canine model
for preclinical studies.

One challenge is generating a high number of affected
dogs enough to make valid comparisons between different
types of therapies. Affected dogs have not been reported to
survive to adulthood without treatment, and so all breeding
animals to date have been carriers (heterozygotes). Due to the
reproductive biology of the dog, regulatory considerations,
fertility issues related to GSDIa, and the expectation that only
about 25% of offspring will be homozygotes; each breeding
female in the colony produces an average of one affected
puppy per year. Perinatal death is also an issue if dogs are
allowed to whelp, and up to 50% mortality has been reported
in GSD dogs born naturally [19]. All litters in the colony at
the University of Florida have been delivered by Cesarean
section allowing 100% survival of affected puppies since
dogs are immediately resuscitated with glucose upon birth,
but this increases the cost and labor associated with having
puppies with this disease.

The length of time needed to generate a reasonably
sized dog colony presents some additional challenges. Each
affected or carrier dog that is part of the colony needs
housing, food, and intensive, around-the-clock care. Affected
dogs can also experience medical crises with little warning.
One refused feeding or an episode of vomiting or diar-
rhea can lead to severe hypoglycemia and lactic acidosis.
Severe hypoglycemia can result in lethargy, weakness, loss
of consciousness, or seizures. Lactic acidosis can cause or
exacerbate anorexia, nausea, and vomiting which further
complicates oral glucose administration. Most medical crises
in GSDIa dogs require immediate additional oral glucose
supplementation or parenteral administration of dextrose.
Due to the fragility of GSDIa dogs, there is a need for on-
call veterinary support at all times. The coordinated involve-
ment of researchers, caretakers, and veterinary specialists is
required to optimize the growth and health of the colony
and the GSDIa gene therapy research. These factors also
contribute to making the canine GSDIa model financially
expensive to use.

Another major challenge in current GSDIa gene therapy
research using the canine model is the lack of defined
protocols proven to be effective for nutritional support of
affected dogs. Currently, nutritional supplementation has
not been reported to provide the same survival benefit to
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dogs with GSDIa that it has for people [4–11, 13]. The
lack of comparable benefits so far may be due in part to a
relative lack of experience treating dogs with GSDIa and the
natural challenges that exist when translating human GSDIa
nutrition protocols to a canine model. For example, growing
dogs typically get a much higher percentage of energy from
fats and proteins than do humans [39]. Since protein and
fats cannot be used as a precursor of gluconeogenesis in
dogs with GSDIa, affected dogs must necessarily receive a
carbohydrate-heavy diet, which includes excessive amounts
of carbohydrate compared with what normal dogs require. It
is, therefore, difficult to provide a complete and balanced diet
without overfeeding.

7. Future Directions

One target of future research will be improvement of
nutritional support protocols to better meet the specific
needs of dogs with GSDIa. Use of well defined nutritional
support protocols that mimic protocols used in human
GSDIa patients, but which are tailored to the specific needs
of the canine model, will provide a comparison group
for future preclinical trials of curative therapies, that is, a
closer analogue to the human situation. Better nutritional
management will also likely allow for a reduction in the cost
of care for these dogs, improve survival times, and potentially
allow affected dogs to participate in the breeding program
which would significantly increase the number of affected
and carrier puppies per litter.

Further work to identify an optimal protocol for gene
therapy in GSDIa dogs including the best vector serotype,
gene promoter, and timing and route of vector delivery
hold great promise for developing a treatment that can
eventually be translated for use in human GSDIa patients.
Additional preclinical trials involving stem cell therapy or
administration of novel longer-acting starches in this model
may also yield valuable information about other potential
therapeutic options for GSDIa.

Lastly, although GSDIa is a rare condition, preclinical
trials of gene therapy and stem cell therapy to treat GSDIa in
dogs will also serve as a useful model for testing the potential
of these treatments for other hepatic genetic and metabolic
diseases. There are over 30 different liver related disorders
due to single-point mutations [40]. Many of these disorders
require treatment with therapeutic agents that are expensive
or difficult to obtain, and the efficacy of new treatment
modalities can only be assessed through long-term studies
and liver biopsies. In contrast, blood glucose and lactate
serve as useful and inexpensive biomarkers for testing the
success of therapy for GSDIa in canines and pretreated or
control dogs can be managed with carbohydrate support.
Thus, testing the feasibility and efficacy of new therapies
in this model may then allow for translation to curative
treatments for other genetic liver diseases.

8. Conclusion

The canine model of GSDIa has a similar genetic and
underlying metabolic basis compared to GSDIa in humans.

Clinicopathologic, pathologic, and clinical manifestations of
GSDIa in this model are also very similar to what is observed
in humans, including lactic acidosis which is not a consistent
feature of the murine model. It remains to be seen whether
long-term complications of GSDIa seen in humans treated
with the current standard of care for nutritional supplemen-
tation are also features of the canine disease. More complete
recapitulation of the clinical manifestations of GSDIa in
humans, larger size, and longer life span of dogs with GSDIa
relative to mice are all advantages for use in preclinical
trials of new treatments. However, there are some significant
challenges as well such as the time, labor, and cost involved
in generating useful numbers of affected dogs. Despite these
challenges, preclinical trials have already demonstrated the
potential for gene therapy to establish prolonged partial
correction of the underlying G6Pase deficiency in canine
GSDIa. With larger colonies, improved nutritional protocols,
and additional preclinical trials, the canine GSDIa model
should provide valuable information relating to optimization
of gene therapy protocols and evaluation of other therapies
such as stem cell therapy or novel starches. Eventually,
research involving dogs with GSDIa may help to identify
curative therapies which can then be translated to human
patients with GSDIa or other hepatic genetic or metabolic
diseases.
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Obesity is an epidemic problem in the world and is associated with several health problems, including diabetes, cardiovascular
disease, respiratory failure, muscle weakness, and cancer. The precise molecular mechanisms by which obesity induces these health
problems are not yet clear. To better understand the pathomechanisms of human disease, good animal models are essential. In this
paper, we will analyze animal models of obesity and their use in the research of obesity-associated human health conditions and
diseases such as diabetes, cancer, and obstructive sleep apnea syndrome.

1. Introduction

Obesity, defined as a body mass index (BMI) >30 kg/m2, is a
significant health problem [1]. Obesity has reached epidemic
proportions globally, and the World Health Organization
estimates that there are more than 1 billion overweight
adults, of which at least 300 million are obese [2]. Societal
changes and the worldwide nutrition transition have driven
the obesity epidemic over recent decades. Economic growth
as well as modernization, urbanization and globalization
of food markets are some of the elements that have con-
tributed to the obesity epidemic. Significant shifts toward less
physically demanding work have been observed worldwide.
Decreased physical activity has also been associated with
increasing opportunities to use automated transport, have
technology in the home, and engage in more passive leisure
pursuits [2].

Obesity is associated with premature death through
increasing the risk of many chronic diseases, including
type 2 diabetes, cardiovascular disease, and certain cancers
(Figure 1) [3, 4]. In addition, obesity is associated with
respiratory difficulties, chronic musculoskeletal problems,
lumbago, skin problems, and infertility (Figure 1) [4].
Most of the evidence proposing obesity-associated health
problems has been obtained from epidemiological analyses
of human subjects; the precise molecular mechanisms of
obesity-associated health problems have not yet been deter-
mined. In this paper, we will summarize reports associated

with obesity-related pathology using animal models and
also propose further demand for animal research models to
address the worldwide obesity epidemic.

2. Animal Models of Obesity

There are many rodent and nonrodent models of obesity. We
introduce several widely used important animal models of
obesity in this section.

2.1. Rodent Models

2.1.1. Monogenic Mouse Obesity

Lethal Yellow Mutant Mouse (Ay). Among the several com-
monly existing obese mice currently used in research, the
agouti mutation mouse was first reported more than century
ago. In 1992, the agouti protein was cloned by Bultman et
al., and agouti became the first obesity gene characterized
at the molecular level [5]. Agouti is a pigment control gene
transiently expressed in follicular melanocytes to induce the
production of red/yellow pheomelanin pigment and inhibit
black/brown pigment [6–8]. The lethal yellow mutant mouse
(Ay) is one of five dominant agouti mutations and has been
found to be an excellent mouse model of obesity [5]. The
Ay mutation is characterized by the deletion of 120–170 kb
genomic DNA, resulting in ubiquitous agouti expression due
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Figure 1: Obesity-associated complications. Obesity is associated
with various health conditions in humans.

to loss of the tissue-specific control promoter element [9–
11]. Ay mice exhibit several phenotypes such as a yellow coat
color, mature-onset obesity, type-II diabetes, hyperleptine-
mia, increased linear growth, higher tumor susceptibility,
and infertility [5]. Transgenic mice expressing ubiquitous
agouti exhibited yellow coat color, obesity, hyperinsulinemia,
and hyperglycemia similar to Ay mouse [12], revealing the
molecular mechanism of agouti in mouse phenotype. Mice
with adipose tissue-specific agouti overexpression exhibit
an overgrowth of adipose tissue without alteration of food
intake, suggesting that increased fat in this model is due
to changes in energy metabolism [13]. The adipose tissue
agouti overexpression model could be relevant to human
obesity because agouti gene expression is found in human
adipose tissue [14, 15] and is increased in the adipose tissue
of type 2 diabetic subjects [16]. Likely the ectopic expression
of agouti in mice pancreas stimulated the release of insulin
by pancreatic β-cells, which may further enhance agouti-
stimulated lipogenesis [17]. Transgenic Agouti expression in
skin did not induce obesity, suggesting that the obesogenic
role of agouti is tissue dependent [18].

Leptin Signaling Defects in Mice: ob/ob and db/db Mouse
Models. In 1949, researchers from the Jackson Laboratory
discovered obese mice by chance [19]. Responsible mutation
gene is named as obese (ob) gene. The ob/ob mutation
is recessive, and neonatal mutant mice are normal when
compared to unaffected control littermates. Mutant mice,
however, gain weight rapidly throughout their lives, even-
tually reaching a weight that is three times that of control
mice. The phenotype is clear, but identification of the gene
responsible for the obese phenotype took nearly 50 years
[20]. In 1994, Zhang et al. identified the mutation in the
leptin gene as responsible for ob mutation by positional
cloning [20]. Leptin is a gene expressed abundantly in the

adipose tissue. Characterization of this mutation revealed
a single base pair deletion in the leptin coding region
that results in a frame shift and a premature stop codon
[20]. The leptin protein plays an important role in appetite
control. Therefore, ob/ob mice exhibit uncontrollable food
intake, obesity, type 2 diabetes, and insulin resistance with
hyperinsulinemia.

The db/db mouse was identified initially in 1966 by
researchers in the Jackson Laboratory as an obese mouse
[21]. The db (stands for “diabetes”) mutation is an autosomal
recessive trait that encodes for a G-to-T point mutation in the
leptin receptor gene, resulting in defective leptin signaling
[22, 23]. Impaired leptin signaling in the hypothalamus
leads to persistent hyperphagia and obesity, with consequent
hyperleptinemia, insulin resistance, and increased insulin
levels [22, 23]. At 1 month of age, db/db mice are larger/obese
when compared to control (heterozygous) littermates, and
db/db mice present increased fat deposition in the inguinal
and axillary regions. db/db mice also develop frank hyper-
glycemia by 8 weeks of age. Consequently, these mice are
widely used as a model for the study of type 2 diabetes
[22, 23].

2.1.2. Polygenic Mouse Obesity. Although monogenic models
provide important information on the biology of obesity,
human obesity is most likely mediated by multiple genes.
Therefore, polygenic models could be much more relevant
to human obesity.

New Zealand Obese (NZO) Mouse. The NZO strain is a
polygenic mouse model of obesity that exhibits type 2
diabetes only in males. NZO mice increase their body
weight rapidly during the first 2 months of life because of
hyperphagia that may be associated with leptin resistance,
although they have genetically normal leptin and leptin
receptors. Among polygenic mouse models of obesity, NZO
mice exhibit the most severe phenotype, with fat depots
accounting for more than 40% of total body weight at
6 months of age [24]. Additionally, NZO mice exhibit
decreased exercise activity when compared to control or even
ob/ob mice [25]. This information suggests that like human
obesity, obesity in NZO mice is due to a combination of
hyperphagia, reduced energy expenditure, and insufficient
physical activity.

Tsumura Suzuki Obese Diabetes (TSOD) Mouse. Through
the selection of obese and urine sugar positive colonies from
the ddY strain of mice, Tsumura and Suzuki established
two inbred strains. The TSOD strain develops obesity with
diabetes, whereas the Tsumara Suzuki nonobese (TSNO)
strain does not become obese [26]. Male TSOD mice exhibit
polygenic obesity with hyperglycemia and hyperinsulinemia
[26, 27]. Although the mean values of fed blood glucose con-
centrations in TSOD mice are increased with age (232 mg/dl
at 13 weeks, 269 mg/dl at 16 weeks, and 346 mg/dl at 24
weeks), severe diabetes does not develop because TSOD mice
display increased β-cell mass and maintain insulin secretion
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to control blood glucose [26]. Older TSOD mice display
similar lesion as diabetic nephropathy and neuropathy [28].

M16 Mouse. The M16 mouse, an outbred mouse model of
early-onset polygenic obesity, was developed through long-
term selection for 3- to 6-week weight gain in an ICR
background [29]. M16 mice exhibit hyperphagia, hyperin-
sulinemia, and hyperleptinemia compared to ICR controls.
M16 males and females were found to be moderately
hyperglycemic compared to ICR controls, with 56% and 22%
higher fasted plasma glucose levels, respectively, at 8 weeks of
age [29].

Kuo Kondo (KK) Mouse. The KK mouse is a polygenic
model of obesity that also exhibits type 2 diabetes. The
KK mouse was developed in Japan with selective inbreeding
for large body size [30]. KK mice display hyperphagia,
hyperinsulinemia, and insulin resistance and show moderate
obesity by 2 months of age [31, 32]. Insulin resistance in KK
mice precedes the onset of obesity [33]. The KK mouse strain
was modified to develop the KKAy mouse by transferring
the lethal yellow obese gene (Ay); the KKAy mouse is widely
used for obesity and diabetes research in the testing of
experimental therapies [34].

2.1.3. Rat Models of Obesity

Zucker Fatty Rat (ZFR). In 1961, L. M. Zucker and T. F.
Zucker reported a seminal finding in obesity research [35]:
an autosomal recessive mutation in the fatty (fa) gene on
chromosome 5. These rats are characterized by hyperphagia
and early-onset obesity, which appears at 5 weeks of age as
an accumulation of subcutaneous fat. Although ZFR also
exhibits marked insulin resistance [36], their blood sugar
levels remain normal [37]. Later, the fa gene was shown to
be the leptin receptor gene [38]. A ZFR does not develop
diabetes [37]. However, a substrain of the ZFR that exhibits
frank diabetes was discovered and was designated the Zucker
diabetic fatty (ZDF) rats [39].

Wistar Fatty Rat. In 1981, Ikeda et al. reported another
obesity rat model, the Wistar fatty rat (WFR) [40]. The
WFR strain was derived by transferring the fa gene from
ZFR (13 M strain) to Wistar Kyoto rats, which exhibit poor
glucose tolerance [40]. WFR displays obesity from 3 weeks
after birth and develops obesity-related diseases such as type
2 diabetes, hyperinsulinemia, and hyperlipidemia. Metabolic
abnormalities are prominent in WFR males, but not in
WFR females, which display only mild insulin resistance and
some glucose intolerance [40]. The appearance of diabetes in
WFR but not in ZFR, despite the presence of the fa (leptin
receptor) mutation in both strains, could be explained by the
presence of other genetic factors in WFR. The WFR strain
is widely used for research in type 2 diabetes because aged
WFR displays diabetic complications such as nephropathy
and neuropathy [41–44].

Otsuka Long Evans Tokushima Fatty (OLETF) Rat. OLETF
rats, established by Otsuka Pharmaceuticals in Tokushima,

Japan, were developed by the selection of spontaneously type
2 diabetic rats from the outbreeding of Long Evans rats in a
closed colony of Charles River [45]. OLETF rats are hyper-
phagic beginning several weeks after birth, with increasing
body weight eventually progressing to frank obesity [46].
At approximately 25 weeks after birth, all male OLETF rats
display diabetes, as determined by oral glucose tolerance test,
whereas only 30% of female OLETF rats develop diabetes
even after 60 weeks of age. Hyperinsulinemia is observed
beginning at 8 weeks of age, and insulin resistance is observed
beginning at 12 weeks of age. At 25 weeks of age, male
OLETF rats display hyperplasia of pancreatic islets, but islets
become atrophic by 60 weeks of age [46, 47]. In contrast to
ZDF rats, hyper-free fatty acidemia has not been observed
in OLETF rats. Instead, hypertriglyceridemia is found to
precede the onset of hyperglycemia and insulin resistance
[47]. OLETF rats are widely used in obesity and diabetes
research.

2.1.4. Diet-Induced Obesity

High-Fat Diet. A high-fat diet (HFD) is often utilized in
obesity research as a non-leptin-deficient model. There are
mouse strain-specific differences in responses to the HFD
(Table 1) [48]. Among the various strains, C57BL/6J mice are
the most widely used for HFD-induced obesity because they
exhibit abnormalities similar to human metabolic syndrome
when fed the HFD [49]. Interestingly, within the C57 mouse
strain, there are significant differences among substrains in
response to the HFD. For instance, whereas C57BL/6J mice
exhibit HFD-induced obesity, hyperinsulinemia, and insulin
resistance that closely parallel the progression of human
disease, C57BL/KsJ mice display a weak phenotype [49].
Beside C57BL/J6 mice, sand mice and spiny mice are also
used in obesity/type 2 diabetes research. Sprague Dawley or
Long Evans rats are also used for nonmouse rodent models
of HFD-induced obesity [50].

Using such high-fat diet-induced obesity mice models,
some clues to fight against human obesity have been
reported; manipulation of diet may rescue the obesity
phenotype even in high-fat-fed condition.

Watanabe et al. reported seminal finding about the
antiobesitogenic role of bile acids (BAs) in mice. BAs have
been long recognized as simple lipid solubilizers, however,
during the last decades researchers revealed that BAs play
pivotal roles in the complex metabolic regulations. Watanabe
et al. found that high-fat diet supplemented with 0.5% cholic
acid, the BA found in the largest amount, prevented weight
gain and adiposity without alteration in the amount of
food intake [51]. They found that BAs activate G-protein-
coupledTGR5 receptor and induce type 2 deiodinase activity.
Such activation of type 2 deiodinase results in the conversion
of thyroxine (T4) to triiodothyronine (T3), which enhances
energy expenditure [51]. Furthermore, agonistic compound
for TGR5, INT-777, mimics such metabolic effect of BAs
and inhibited the onset of steatosis in high-fat-fed mice
[52]. Furthermore, INT-777 induces incretin effects via the
secretion of glucagon-like peptide (GLP)-1 and therefore
ameliorated glucose tolerance [52]. These researches revealed
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the potential importance of BAs for the prevention of diet-
induced obesity and associated health problem. Interestingly
postcholecystectomized patients have been shown to have
high prevalence of type 2 diabetes [53].

Another nutritional intervention method, which could
prevent metabolic abnormality, is the diet with high keto-
genic essential amino acid (KAA) such as leucine, isoleucine,
valine, lysine, and threonine. Zhang et al. have reported
that high-leucine feeding in mice prevented high-fat diet-
induced obesity [54]. Such enhanced administration of high-
KAA mixture diet modulated lipid synthetic pathway and
prevented hepatic steatosis and insulin resistance with the
reduction of body weight under the high-fat diet [55].
Interestingly such high-KAA mixture has been shown to
improve insulin sensitivity in elderly type 2 diabetic subjects
[56]. These reports indicated that the high-fat diet-induced
obesity animals could be the good model for the experimen-
tal therapy and the translational research to discover a novel
therapeutic strategy for obesity epidemic.

2.2. Nonrodent Models of Obesity

Obese Monkeys. During evolution, primates diverged from
rodent lineages about 65–85 million years ago [57]. In
comparison, humans and other great apes (Hominoidea)
diverged from Old World monkeys (Cercopithecoidea) a
relatively recent 25 million years ago [58]. Obesity models
in Old World monkeys, such as macaques, rhesus mon-
key, and baboons, would therefore provide information
relevant to human obesity. When raised in indoor cages,
Rhesus monkeys exhibit increased rates of obesity, with
some of them developing obesity-associated diseases [59–
61]. Captive macaques display obesity in an age-dependent
manner when given food ad libitum [62]. Like humans, these
monkeys develop type 2 diabetes and diabetic complications.
It is likely that reduced exercise increases the risk of obesity
in these monkeys [62–64]. Spontaneous obesity is also found
in wild baboons and in a pedigreed colony [65–67] and
occurs in free-ranging rhesus monkeys [68]. Furthermore, a
species of Japanese monkey, Macaca fuscata, develops obesity
without frank diabetes [69].

3. Human Disease and Obesity Animal Models

Genetic models provide useful information about the biol-
ogy of obesity in humans. This does not mean, however,
that these models can provide information on how obesity
can cause other health problems. In this section, we intro-
duce several animal models for analyzing human obesity-
associated disease pathology.

3.1. Diabetes and Obesity. Type 2 diabetes is associated
with insulin resistance and is one of the most common
metabolic diseases. The incidence of type 2 diabetes has
dramatically increased in the past two decades, coinciding
with the epidemic of obesity. The pathogenesis of insulin
resistance and diabetes-associated complications remains
unclear. Research on type 2 diabetes using animal models of
obesity is therefore quite significant.

Models of obesity with type 2 diabetes are classified
into two categories: (1) those containing a mutation in the
leptin or leptin receptor gene and (2) polygenic models.
Obese rodents, such as Zucker rats, ob/ob mice, and db/db
mice, are used as models for type 2 diabetes. Obesity in
these models is due to leptin signaling deficiency. These
rodent models exhibit microvascular complications similar
to humans, such as diabetic retinopathy and nephropathy,
and provide important models for testing experimental
therapeutics. However, leptin abnormalities only comprise a
minority of obesity/diabetes cases in humans [70–72] and are
not the same condition of type 2 diabetes that is a worldwide
epidemic.

Polygenic models of obesity with diabetes may provide
more insight to the human condition. Certain inbred strains
of mice exhibit remarkable obesity when fed on HFD,
whereas others remain lean [48, 49, 73], suggesting gene-
diet interactions. Furthermore, some of the strains exhibit
obesity with severe insulin resistance and glucose intolerance,
whereas others are highly sensitive to insulin-mediated
glucose uptake and are resistant to the onset of diabetes
(Table 1) [50, 74, 75]. In contrast, some strains are very prone
to type 2 diabetes but not severely obese. Those polygenic
models allow for analysis of diabetic phenotypes alone, or
the mice can be fed on HFD or crossed with another obesity
mouse model, such as ob/ob, db/db, or Ay (Table 1) [50, 74,
75].

3.2. Cancer and Obesity. Obesity in humans is associated
with the incidence of several cancers. Likewise, type 2
diabetes has been associated with an increased risk of cancer.
Several mechanisms have been proposed to explain the inter-
action between obesity and cancer development, including
the prevalence of type 2 diabetes, increased insulin resistance,
elevated levels of insulin-like growth factor 1 (IGF-1),
and increased production of sex steroid hormones and
adipocytokines [76–80]. However, clear molecular mecha-
nisms that explain obesity-associated cancer have yet to be
determined. Recently, Park et al. reported a breakthrough
observation in carcinogenesis in obesity [81]. They found
that diethylnitrosamine-induced HCC is significantly higher
in both genetically (ob/ob) and HFD-induced (59% fat, 15%
protein, 26% carbohydrates) obese mice [81]. Furthermore,
HFD induced the growth of subcutaneously injected HCC,
suggesting that obesity has a systemic effect on tumorigenesis
[81]. With regard to the mechanisms of tumorigenesis in
obesity, they found that obesity is associated with increased
intracellular transcriptional factor STAT signaling and liver
inflammation [81]. This inflammation was demonstrated
to be essential for the tumor promoting effects of obesity
because the depletion of signaling by inflammatory cytokines
IL-6 and TNF-α abolished the tumor promoting effects of
obesity [81].

Metformin belongs to the biguanide class of antitype
2 diabetic drugs. Since the middle ages, the biguanide
Galega officinalis (goat’s rue or French lilac) has been used
to treat diabetic patients. Accumulating evidence suggests
that metformin reduces cancer incidence in type 2 dia-
betic patients. Metformin activates AMPK and inhibits the
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Table 1: Different phenotypes of inbred mouse strains with diet- or genetically induced obesity (summary of references [50, 74, 75]).

Strain Characteristics Crossed with obese mice, and so forth

C57BL/6J High-fat diet-induced diabetes and obesity [119] Lepob/ob mice exhibit obesity but not diabetes [120]

C57BLKS/J
High-fat diet-induced diabetes and obesity weaker than
C57BL/6J [49]

Lepob/ob mice exhibit obesity with severe diabetes [120]

DBA/2
More glucose tolerance than C57BL/6 on a high-fat diet
[121]

Lepob/ob mice exhibit obesity with severe diabetes [122]

129sv
Low insulin; more glucose tolerance than other strains on a
high-fat diet [123]

Homozygous for db allele db3J mice display
mild/transient hyperglycemia with marked
hyperinsulinemia and develop hypoglycemia leading to
sudden death [124]

BTBR
Abdominal obesity with peripheral, but not hepatic insulin
resistance [125]

Lepob/ob mice exhibit obesity with severe diabetes [126]

A/J
Low glucose level even on a high-fat diet; obesity and
diabetes-resistant [119, 127, 128]

Not reported

BALB/c Similar to A/J; glucose tolerance [121]
Lepob/ob mice exhibit reduced adiposity and increased
thermogenesis and are fertile [129]

C3H High glucose tolerance with robust insulin secretion [121] Not reported

AKR
Sensitive to diet-induced obesity with hyperinsulinemia and
insulin resistance [48]

Not reported

CAST/Ei Lean at 12 weeks on a high-fat diet [130] Not reported

Nonobese Diabetic
45% fat diet-induced transient hyperglycemia with severe
obesity [75]

Not reported

New Zealand Obese
Resemble metabolic syndrome in humans; high-fat
diet-induced obesity and hyperglycemia [24, 25]

Not reported

FVB
High glucose levels with lower levels of insulin on normal
chow [75]

Leprdb/db mice display insulin resistance, severe
hyperglycemia, and marked hyperinsulinemia
compared to C57BL/6 [131]

Kuo Kondo
Obesity; hyperleptinemia; increased glucose and HbA1c;
hyperinsulinemia similar to C57BLKS/J Leprdb/db mice [30]

Ay mutation in agouti results in frank diabetes with
nephropathy [34]

TallyHo Natural model of obesity with type 2 diabetes [132] Not reported

Nagoya-Shibata-
Yasuda

Exhibit obesity; all males and 1/3 of females exhibit glucose
intolerance [133]

Not reported

ALS/Lt Sensitive to alloxan-induced diabetes [134]
Introduction of Ay mutation induces diabetes in 100%
of males and 60% of females at 24 weeks of age [135]

M16
Increased body weight, fat and food intake; both males and
females develop hyperinsulinemia; only males develop
moderate hyperglycemia [29]

Not reported

LG and SM
High-fat diet-stimulated body weight gain and increased
plasma glucose more in SM than LG mice [136]

Not reported

Tsumura, Suzuki,
Obese Diabetes

Obesity and moderate diabetes [26, 27] Not reported

Akita Mutation in insulin 2 gene; nonobese [137] Not reported

mTOR signaling pathway via various mechanisms [82–
86]. Metformin treatment has been shown to result in a
gene expression profile similar to that of long-term caloric
restriction [87], which can reduce the incidence of many
age-related diseases, including cancer [88, 89]. Metformin
treatment inhibits high-energy diet-stimulated colon cancer
cell growth [90] and breast tumor growth in HFD-fed mice
but did not inhibit tumor growth in mice fed normal chow
[91]. Although the effects of metformin in obesity-related
cancer biology are not clear, these reports suggest that the
tumor suppressive effect of metformin may involve the

amelioration of a systemic metabolic profile associated with
a high-energy diet and obesity.

Elevated leptin levels, often found in obesity, may affect
cancer cell growth. Recently, Ribeiro et al. injected androgen-
insensitive murine prostate carcinoma RM1 cells into control
male C57BL6 and genetic (ob/ob mice and db/db mice)
and HFD mouse models of obesity [92]. They found that
low-leptin models (ob/ob and HFD mice) exhibited large
tumors, whereas high-leptin (db/db) mice exhibited small
tumors, suggesting that leptin may inhibit RM1 tumor
growth [92]. In contrast, Gonzalez et al. reported that leptin
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may accelerate the growth of breast tumors in mice via
induction of VEGF-VEGFR2-mediated angiogenesis [93],
although their study used immunodeficient SCID mice
and not a mouse model of obesity [94]. Similar leptin-
induced proliferation and invasiveness has been shown
in endometrial cancer [95]. Bartucci et al. reported that
colorectal cancer stem cells express leptin receptors, and
therefore leptin may induce tumor growth and interfere with
the cytotoxic effects of the anticancer drug 5-FU [96]. The
reports regarding the role of leptin in carcinogenesis are still
very controversial and require further followup studies.

3.3. Obstructive Sleep Apnea and Obesity. Obstructive sleep
apnea (OSA) is an important obesity-associated health
problem that is characterized by obstruction of the airway
and depletion of oxygen tone in the blood. OSA may
be associated with the onset of hypertension, diabetes,
and coronary heart disease. Although OSA is of clinical
importance, the etiology of OSA is not yet clear, perhaps
due to the lack of appropriate animal models. The first
animal model reported to exhibit sleep apnea was the English
bulldog [97]. These animals exhibit respiration disorders
and decreased O2 saturation that worsen during rapid-eye-
movement sleep. Most bulldogs experience less than 90%
O2 saturation for prolonged durations [97]. Two varieties
of obese pigs were also found to be good models of
OSA [98, 99]. Although these models provide important
information about the pathomechanisms of OSA, large-
animal-based research is technically difficult. Therefore,
for the development of experimental therapies and drugs,
rodent models are superior. In 1996, Van Lunteren et al.
reported altered respiratory-associated muscle contraction in
genetically obese ZFR [100]. Later, this model was found to
exhibit sleep apnea syndrome [101]. ZFRs have since been
used for various experimental therapies and have provided
important information about OSA [102–104].

Although these dog, pig, and rat models help improve
our understanding of the pathophysiology of OSA, mouse
models are critical in identifying the genes conferring disease
risk [105]. Tagaito et al. developed a gas-delivery system
that alters O2 levels depending on the sleep-wake status of
C57BL/6 male mice. However, this model is not a natural
OSA model and is not a good representation of OSA [106].
Recently, NZO mice were used as a model mouse for
sleep apnea syndrome [107]. NZO mice exhibit polygenic
obesity and metabolic syndromes, such as insulin resistance,
diabetes, hyperlipidemia, and hypertension (Table 1), much
like a human sleep apnea patient. This report suggests that
the NZO mouse may be a useful model for testing new drugs
and experimental therapies for OSA.

4. Why Do Humans Gain Weight?
Why Do Humans Like to Eat Fat?

All the data above might be focused mainly on the
pathogenesis of obesity/obesity-related complications. Most
publications may shed light on the pathology of obesity by
forcing HFD or genetic mutations in rodents; however, the

conditions are very different from the real problems that
humans are facing. For example, although leptin-deficient
rodents have been used in many obesity-associated studies,
leptin/leptin receptor mutations are rare in humans [70–72].
The main difference between experimental animal models
and human obesity is that humans do not have induced
gene mutations and are not forced to eat HFDs. Instead,
humans tend to enjoy eating such diets. If we can answer
the question of why some individuals prefer to eat high-fat
food and others do not, we would have a direct solution for
obesity. Little evidence is currently available on this topic, but
some seminal results have been shown [108, 109]. It has also
been reported that the variation in fat consumption (ranging
from 26 to 83% of total energy) is dependent on the response
of inbred mouse strains to the macronutrient diet selection
paradigm [110]. This theory suggests that there are strain-
specific differences in food selection behavior, which could
potentially be mediated by differences in brain neuropeptides
[111–116]. These reports indicate that further investigation
on this topic in conjunction with human epidemiological
and genetic studies is required.

5. Conclusion

We have summarized many current animal models of obesity
and obesity-associated human diseases. However, animal
models have not yet been established for some devastat-
ing obesity-associated human diseases, including polycystic
ovary syndrome [117, 118], which is extremely prevalent
and constitutes one of the most common endocrinopathy
in women of reproductive age. Suitable animal models are
fundamental to testing novel therapeutic strategies against
disease. Therefore, intensive and continuous efforts should
be made to establish novel obesity-associated animal models
that mimic human health problems.
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Erythropoietin (Epo) is a pleotropic cytokine with several nonhematopoietic tissue effects. High-dose Epo treatment-mediated
effects on body weight, fat mass and glucose tolerance have recently been reported, thus extending its pleotropic effects to fat and
glucose metabolism. However, the exact dose range of Epo treatment required for such effects remains unidentified to date. We
investigated Epo dosage effect (up to 1000 U/kg) on hematocrit, body weight, body composition, glucose metabolism, food intake,
and physical activity, during high-fat diet-induced obesity. We report that Epo doses (1000, 600, 300, and 150 U/kg) significantly
reduced body weight gain and fat mass, while, only Epo doses of 300 U/kg and higher significantly affected glucose tolerance. None
of the tested Epo doses showed any detectable effects on food intake, and only 1000 U/kg dose significantly increased physical
activity, suggesting that these parameters may only be partially responsible for the metabolic effects of Epo treatment.

1. Introduction

It is estimated that, worldwide, there are approximately one
billion overweight and obese people, conditions associated
with the metabolic syndrome and increased morbidity,
mortality and economic costs [1, 2]. The metabolic syn-
drome is a constellation of disorders that include atherogenic
dyslipidemia and blood pressure elevation as well as impaired
glucose metabolism and insulin resistance that are believed
to precede the development of type 2 diabetes [2–5].
Considering the impact of obesity and type 2 diabetes
on the health and well-being of the human population,
identifying molecular regulators of body weight, fat mass,
and glucose metabolism becomes a necessary step toward a
better understanding of the underlying mechanisms of such
conditions and devising novel therapeutic approaches.

Erythropoietin (Epo), discovered for its indispensable
role during erythropoiesis, is a glycoprotein hormone clin-
ically used for the treatment of anemia, mostly in chronic
kidney disease [6, 7]. Epo levels become elevated during
hypoxia in response to the activation of hypoxia-inducible
factor (HIF) pathway [8–10]. It is produced in the fetal

liver and adult kidney, and signals via its receptor (EpoR),
a member of the cytokine receptor I superfamily [11].
Considering that EpoR expression has been detected in
nonerythroid cells including endothelial cells, epicardium,
and brain neuroepithelium [12–14], it is not surprising that
Epo treatment can exert several nonhematopoietic effects,
among which, its tissue protective effects in heart and brain
injuries have been well documented [15–17].

Recent studies implicate Epo signaling in the regulation
of body weight, fat mass, and glucose metabolism [18, 19].
For instance, overexpression of Epo in mouse skeletal muscle
resulted in reduced body weight and adipose tissue mass
and the normalization of insulin levels and glucose tolerance
in high fat-fed mice [18]. Similarly, an Epo expressing
transgene in mice improved glucose tolerance and insulin
sensitivity [19]. Collectively, these observations strongly
suggest that the nonhematopoietic effects of Epo may extend
to encompass the regulation of fat and glucose metabolism,
thereby implicating its signaling as a regulator of glucose
tolerance and possibly insulin sensitivity.

To date, the exact dose range of exogenous Epo treatment
required for the induction of improved and/or optimal
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metabolic parameters, namely, reduced body weight gain,
decreased fat mass accumulation, and higher glucose tol-
erance remains unidentified. Moreover, it is still unknown
whether decreased food intake, increased physical activity,
and/or increased hematocrit are entirely responsible for such
effects of Epo treatment. Prompted by the aforementioned
questions, we investigated the effects of titrated Epo doses
(1000, 600, 300, 150, 75, and 0 U/kg) on hematocrit, body
weight gain, body composition, glucose metabolism, food
intake and physical activity during high-fat diet-induced
obesity. As expected, hematocrit appeared to be Epo dose
dependent. To our surprise, high (1000 U/kg), medium (600
and 300 U/kg), and low (only 150 U/kg) Epo doses signifi-
cantly reduced body weight gain and fat mass. This reduction
in body weight gain and fat mass was not associated with
decreased food intake for any of the tested Epo doses and
associated with increased physical activity only for 1000 U/kg
group. Most interestingly, high and medium Epo doses
(1000, 600, and 300 U/kg) resulted in significantly increased
glucose tolerance in association with a dose-dependent
decrease in fasting blood glucose levels, meanwhile, with the
exception of 75 U/kg, all other Epo doses (150, 300, 600,
and 1000 U/kg) resulted in a significant reduction of serum
insulin levels. Collectively, our findings show, for the first
time, that medium dose of Epo (600 and 300 U/kg) can
regulate body weight, fat mass, and glucose metabolism with
no detectable changes in food intake or physical activity,
thereby suggesting the involvement of other pathways in
the regulation of Epo-mediated metabolic effects. However,
it remains unknown whether decreased food intake and/or
increased physical activity are entirely responsible for such
effects of Epo treatment, perhaps due to subtle changes at
levels below the detection threshold.

2. Materials and Methods

2.1. Animals and Reagents. 5-6-week-old male C57BL/6 mice
(Fredrick, MD) were housed under specific pathogen-free
conditions in the Animal Facility of the National Institute
for Diabetes, Digestive and Kidney Diseases, Bethesda,
MD. All animal protocols were conducted under the NIH
guidelines and approved by the institute’s Animal Care and
Use Committee. Mice were maintained in a thermo-stated
environment under a 12-hour light/dark cycle with free
access to food and drinking water. Mice were fed high-
fat diet containing 60 kcal% fat (high fat, 5240 kcal/kg,
34.9% crude fat) (Research Diets, Inc., New Brunswick,
NJ) and separated into different groups based on Epo dose
(n = 8 mice/group). Recombinant human Epoetin alpha
(Epogen) (Amgen, Thousand Oaks, CA) was administered
subcutaneously every other day using the following doses:
1000, 600, 300, 150, and 75 U/kg for 5 weeks, with saline only
injected mice as sham controls. In addition, mice fed low-
fat diet containing 10 kcal% fat and injected with saline only
were used as normal diet controls.

2.2. Hematocrit Measurements. At the end of the study (i.e.,
Week 5), hematocrit was measured for all mice. Briefly, blood
was collected from the tail using heparin coated capillary

tubes which were then centrifuged and used to measure
hematocrit with VIN microhematocrit capillary tube reader
(Veterinary Information Network Bookstore; Davis, CA).

2.3. Body Weight and Composition Measurements. To assess
the effect of Epo treatment on body weight gain and body
composition, mice in all groups were weighed weekly, while
body composition analysis was performed at the end of
the study at week 5 using EchoMRI-100 system (Echo
Medical Systems, Houston, TX). The changes in body weight
are expressed as body weight gain (g), and changes in
body composition expressed as fat and lean mass (g) were
calculated using final measurements (week 5) compared to
the initial measurements (Day 0) prior to the study onset.

2.4. Glucose Tolerance Test. At week 5, all mice were fasted
for 16 hours and challenged with an intraperitoneal load
of glucose (2 g/kg). Blood glucose of conscious mice was
measured at 0, 15, 30, 60, 90, and 120 minutes after
glucose administration using code 7 AlphaTRAK glucometer
(Abbott Animal Health, Abbott Park, Illinois). Basal blood
glucose readings (i.e., at time 0) are fasting blood glucose
measurements.

2.5. Serum Insulin Measurements. Blood was collected at
week 5 before fasting, and serum insulin was measured
using Sensitive Rat Insulin Radioimmunoassay (RIA) Kit
(Millipore, St. Charles, Missouri).

2.6. Food Intake Measurements. To assess the effect of Epo
treatment on food intake, mice (n = 6/group) were first
adapted to individual caging (one mouse/cage) for 1 week,
after which were each given 100 g of food pellets every week.
Food intake for each mouse per group was determined by
measuring the weight of remaining food pellets every 48 hrs.

2.7. Physical Activity Measurements. To assess the effect
of Epo treatment on physical activity, total activity of
each mouse (n = 6/group) as measured by beam breaks
per minute and locomotor activity as measured by total
movement episodes per minute (episodes are separated by
a rest period of at least 1 second) were determined at the
end of the study period (i.e., week 5) by employing AccuScan
Instruments Inc manufactured machine and the operating
software Fusion 2.2.

2.8. Statistical Analysis. Results are expressed as the mean
± SEM. ANOVA single-factor test was used for statistical
analyses during intergroup comparisons. Values of P ≤ .05
were considered statistically significant.

3. Results

3.1. Epo Treatment and Hematocrit. The most pronounced
and commonly characterized effect of exogenous Epo treat-
ment is the resulting elevated hematocrit. As expected, we
found that the measured increase in hematocrit directly
reflected Epo dosage after 5 weeks of subcutaneous injections
(Figure 1). There was a statistically significant difference
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Figure 1: Hematocrit increase is directly reflective of Epo dose
treatment. C57BL/6 male mice (6 wks of age) were put on 60%
high fat diet and received exogenous Epo treatment of the following
doses (1000, 600, 300, 150, and 75 U/kg) injected subcutaneously,
three times a week; high-fat diet and control diet fed mice injected
with saline only were used as sham and normal diet controls,
respectively (n = 8 mice/group). At the end of the study (i.e.,
week 5), hematocrit was measured for all mice, and the results are
expressed as the mean of final % hematocrit ± SEM. ANOVA single
factor test was used for statistical analysis; values of P ≤ .05 were
considered statistically significant.

in hematocrit levels of 1000, 600, 300, and 150 U/kg
Epo treatments which were 73.8%, 68.5%, 63.5%, and
61.5%, respectively, when compared to sham control 54.5%
(Figure 1); meanwhile, there was no difference between the
hematocrit levels of 75 U/kg Epo-treated group and the
sham control which were 56% versus 54.5%, respectively
(Figure 1). Therefore, Epo treatment dose ranges were
designated as follows: 1000 U/kg as high, 600 and 300 U/kg
as medium, and 150 and 75 U/kg as low Epo doses.

3.2. High, Medium, and Low Epo Dose Treatments Reduced
Body Weight Gain and Fat Mass. To identify Epo dose
range required for reducing body weight gain and fat mass
accumulation, we investigated the effects of titrated Epo
doses (1000, 600, 300, 150, and 75 U/kg) on body weight
gain and body composition (i.e., fat versus lean mass) during
high-fat diet-induced obesity. C57BL/6 male mice (6 wks of
age; n = 8 mice/group) were put on 60% high fat diet and
received exogenous Epo treatment, injected subcutaneously,
three times a week. At week 5, body weight gain and
composition were determined for all groups and compared
to lean and overweight mice injected with saline only as
sham and normal diet controls, respectively. Treatment of
mice with high dose Epo (1000 U/kg) resulted in significant
reduction in body weight gain 4.78±0.352 g when compared
to saline-treated controls (i.e., sham control) 9.44 ± 1.09 g
(Figure 2(a); P = .001). The reduced weight gain observed
in mice on 600 and 300 U/kg Epo was (5.21 ± 1.05 g
and 5.18 ± 0.356 g, resp.) (Figure 2(a); P = .02 and.01).
Meanwhile, of those on lower dose Epo (150 and 75 U/kg),
only the 150 U/kg group showed significant difference in

body weight gain (5.4 ± 0.285 g) when compared to sham
controls (Figure 2(a); P = .01). As expected, none of the Epo
dose treatments used caused any detectable changes in lean
body mass during body composition analysis (Figure 2(b)).

Overall, the effect of high (1000 U/kg), medium (600
and 300 U/kg), and low (only 150 U/kg) Epo doses on the
reduction of body weight gain was statistically significant,
compared with no Epo Sham control (Figure 2(a)). Similarly,
when body composition analysis was performed in compar-
ison to sham control, we found doses that reduced body
weight gain, to also cause fat mass reduction (Figure 2(c)).
Interestingly, 300 U/kg Epo treatment resulted in a tendency
toward lower fat mass accumulation than higher Epo doses
of 600 U/kg and 1000 U/kg; however, this difference was not
found to be statistically significant (Figure 2(c)). Thus, not
only high (1000 U/kg) but also medium (600 and 300 U/kg)
and low (150 U/kg) Epo doses can also regulate body weight
and fat mass.

3.3. Epo Treatment and Glucose Metabolism. Glucose tol-
erance is an indirect indicator for insulin sensitivity and
healthy pancreatic islets β-cell response. As previously
mentioned, recently reported evidence using high-dose Epo
treatment and constitutive overexpression systems implicates
Epo in the regulation of blood glucose [18, 19]. Thus, to
assess the effects of Epo doses (1000, 600, 300, 150, and
75 U/kg) on glucose tolerance during obesity, C57BL/6 male
mice (6 wks of age; n = 8/group) were put on 60% high-
fat diet and injected subcutaneously with the indicated doses
of exogenous Epo, three times a week for 5 weeks. At the
end of the study (i.e., week 5), glucose tolerance test (GTT)
was performed for all groups in comparison to lean and
overweight mice that received saline injections as controls. As
expected, mice treated with medium and high Epo doses of
300, 600, and 1000 U/kg showed significantly higher glucose
tolerance than no Epo sham control (Figure 3(a); P = .002).
Consistent with the observed effects on body weight gain and
fat mass, Epo dose (75 U/kg) did not show any difference in
glucose tolerance compared to sham controls (Figure 3(a)).
In contrast, despite the obvious effects of 150 U/kg Epo dose
on body weight gain and fat mass reduction (Figures 2(a) and
2(c)), this Epo dose caused no detectable change in glucose
tolerance compared to sham controls (Figure 3(a)).

To gain more insight into the observed differential effects
for medium and high versus low Epo doses on glucose
tolerance (Figure 3(a)), we compared the levels of fasting
blood glucose and nonfasting serum insulin of all groups to
sham control. We observed an inverse correlation between
medium and high Epo doses (300, 600, and 1000 U/kg)
and fasting blood glucose levels, which was found to be
dose dependent, and significantly different from that of the
sham control (Figure 3(b); P = .04, .03 and .01, resp.).
Meanwhile, although treatment with low Epo doses (75
and 150 U/kg) did not cause significant reduction in fasting
blood glucose, we observed a tendency toward a similar
trend between Epo dose and blood glucose (Figure 3(b)).
Interestingly, Epo treatment with all doses tested, with the
exception of 75 U/kg, resulted in significant reduction of
serum insulin levels (Figure 3(c)). These findings collectively
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Figure 2: Epo treatment and body weight gain and composition. C57BL/6 male mice (6 wks of age) were put on 60% high fat diet and
received exogenous Epo treatment of the following doses (1000, 600, 300, 150, and 75 U/kg) injected subcutaneously, three times a week
(n = 8 mice/group). At week 5, body weight gain (a) and body composition; lean mass (b) and fat mass (c) were determined for all groups
and compared to lean and overweight mice injected with saline only as sham and normal diet controls, respectively. Results are expressed as
the mean ± SEM. ANOVA single-factor test was used for statistical analysis; values of P ≤ .05 were considered statistically significant.

indicate that the involvement of Epo treatment in the
regulation of glucose metabolism is not restricted to its high
dose range.

3.4. Effects of Epo Treatment on Food Intake and Physical
Activity. Since changes in food intake and physical activity
greatly influence body weight and composition, we assessed
whether or not Epo doses found to significantly reduce
body weight gain and fat mass, namely, (150, 300, 600,
and 1000 U/kg; Figures 2(a) and 2(c)) can change these
parameters. Comparing all groups to each other and to
sham controls, we found no detectable change in food
intake (Figure 4(a)). Results from activity measurements as
determined by beam breaks per minute showed significantly
increased total activity to be exclusive for the 1000 U/kg Epo

dose-treated group (Figure 4(b); P = .03). It is noteworthy,
however, that despite the lack of statistical significance in
the difference between Epo doses lower than 1000 U/kg
compared to sham control, there is an overall trend of
increasing physical activity with increasing Epo dose. This
was also found to be the case for locomotor activity results as
measured by total movement episodes per minute (episodes
are separated by a rest period of at least 1 second; data
not shown). Linear regression analysis for total physical
activity of all mice on high fat diet receiving sham and
Epo treatment (0, 150, 300, 600, 1000 U/kg) was also
performed and showed that R2 = 0.3124 (Figure 4(b) inset).
Collectively, it was concluded that, at least for this study’s
period, Epo treatment causes detectable changes in physical
activity only at 1000 U/kg dose, thereby suggesting that
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Figure 3: Epo-mediated improvement of glucose metabolism. C57BL/6 male mice (6 wks of age) were put on 60% high-fat diet and received
exogenous Epo treatment of the following doses (1000, 600, 300, 150, and 75 U/kg) injected subcutaneously, three times a week; high-fat diet
and control diet fed mice injected with saline only were used as sham and normal diet controls, respectively (n = 8 mice/group). Glucose
tolerance test (a) was performed at week 5 after study onset; all mice were fasted for 16 hours and challenged with an intraperitoneal load
of glucose (2 g/kg). Blood glucose was measured at 0, 15, 30, 60, 90, and 120 minutes after glucose administration. The effects of different
Epo dose treatments on fasting blood glucose (b) and serum insulin (c) were also assessed. The results are expressed as the mean ± SEM.
ANOVA single-factor test was used for statistical analysis; values of P ≤ .05 were considered statistically significant.

changes in physical activity only partly explain the observed
metabolic effects of Epo treatment. However, whether or
not lower Epo doses (600, 300, and 150 U/kg) can also
regulate body weight gain and fat mass by affecting physical
activity, perhaps at levels below the detection threshold for
the current technology, remains to be further investigated.

4. Discussion

High-fat diet-induced obesity mouse model is a well-
characterized model that has been widely used to study
diet-induced obesity and its associated insulin resistance
[2, 18, 19] and thus makes a suitable system to study the

effects of exogenous Epo dose titration on body weight gain
and glucose tolerance. Although, high-dose exogenous Epo
treatment has been reported to reduce body weight and
improve glucose tolerance, there is no information about the
exact dose range of Epo treatment required for the reduced
body weight gain, fat mass accumulation, and improved
glucose tolerance. Moreover, it is still unclear whether such
effects of Epo treatment are influenced by changes in food
intake and/or physical activity. In this study, using high-
fat diet-induced obesity model, we report that Epo doses
ranging from 300 to 1000 U/kg administered subcutaneously
every 48 hrs for a period of 5 weeks resulted in reduced
body weight gain and fat mass, improved glucose tolerance,
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Figure 4: The effects of Epo treatment on food intake and physical activity. C57BL/6 male mice (6 wks of age) were put on 60% high-fat diet
and received exogenous Epo treatment of the following doses (1000, 600, 300, 150, and 75 U/kg) injected subcutaneously, three times a week
(n = 6 mice/group). After adapting to individual caging (i.e., one mouse per cage) for one week, the effects of Epo treatment on food intake
(a) and physical activity (b) were determined for all groups and compared to lean and overweight mice injected with saline only as sham
and normal diet controls, respectively. Results are expressed as the mean ± SEM. ANOVA single-factor test was used for statistical analysis;
values of P ≤ .05 were considered statistically significant. Figure 4(b) inset summarizes the results of the linear regression analysis for total
activity of all mice on high-fat diet receiving sham or Epo treatments (0, 150, 300, 600, and 1000 U/kg).

decreased serum insulin, and reduced fasting blood glucose
(Figures 2 and 3). Lower Epo dose of 150 U/kg significantly
reduced body weight gain and fat mass, and decreased serum
insulin, with no detectable effects on fasting blood glucose or
glucose tolerance, meanwhile 75 U/kg Epo dose did not show
any change in these parameters (Figures 2 and 3).

Our findings with high-dose Epo (1000 U/kg) are in
agreement with recent studies reporting reduction of body
weight gain and blood glucose in a human Epo transgenic
mouse model (tg6), and as a result of very high-dose Epo
treatment (180 U/mouse compared with 25 U/mouse for
high dose injection used here) using the leptin deficient
(ob/ob) and tyrosine phosphatase 1B deficient (PTP1B−/−)
mouse models of obesity and insulin resistance [19]. Our
results are also consistent with recent reports showing that
Epo expressed in supraphysiological levels has substantial
metabolic effects including protection against diet-induced
obesity, reduced serum insulin levels, and normalization
of glucose sensitivity [18]. However, in addition to these
reports, we show that high as well as medium (600 and
300 U/kg) and low (150 U/kg) Epo doses can regulate body
weight, fat mass, and certain aspects of glucose metabolism.
Such distinction between high, medium, and low range of
Epo doses becomes critical, when considering the adverse
effects of high-Epo dose treatment reported in several clinical
studies, leading to updated recommendations for Epo use in
anemic cancer patients [20, 21].

To date, the exact mechanisms underlying Epo’s action
in regulating fat mass accumulation and glucose tolerance
remain unknown. However, considering our observations
showing that none of the Epo doses had any detectable effects

on food intake, and only the 1000 U/kg dose significantly
increased physical activity, these data suggest that food
intake may not be involved while physical activity is only
partially involved in Epo treatment-mediated regulation of
body weight, fat mass, and glucose metabolism. To this end,
it has been suggested that a shift to increased fat oxidation
in muscle is responsible, at least in part, for the observed
normalization of glucose sensitivity with high dose Epo
[18]. Moreover, recent studies in our laboratory further
suggest that Epo’s ability to inhibit adipogenesis could be one
mechanism through which it can regulate body weight and
fat mass accumulation (Teng et al., unpublished data). It is
also possible that Epo affects fat mass and glucose tolerance
by directly regulating lipolysis, and insulin production
and/or glucose utilization, or by indirect regulation of energy
expenditure via affecting metabolic rates. Further studies
to identify the exact molecular pathways underlying Epo-
mediated regulation of fat mass and glucose metabolism are
required.

It is intriguing that 300 U/kg Epo treatment resulted
in a slightly more pronounced effect on body fat mass
reduction and decreased serum insulin, with total activity
levels statistically indistinguishable from the sham control,
and slightly lower than those of the 1000 U/kg group (Figures
2(c), 3(c) and 4(b), resp.). A question raised here pertains
to the possibility of an optimum effective dose for Epo
(300 U/kg) in regulating fat mass and insulin levels. It is
conceivable that such outcome may be due to the possible
saturation of Epo receptor suggesting Epo response beyond
hematopoietic tissue. Epo saturation has been previously
reported to occur at high-Epo doses in nonerythroid culture
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systems [22]. Epo receptor is expressed at lower level in
nonhematopoietic compared with erythroid progenitor cells,
and hence, a higher level of Epo may be required for
saturation of EpoR on erythroid progenitor cells. However,
the applicability of such phenomenon to in vivo situations
remains to be verified.

The link between cytokine signaling, body weight, and
fat mass accumulation for other cytokines such as TNF-α
and IL-18 on body weight and fat metabolism have been
well documented. TNF-α also known as cachectin is known
to promote lipolysis and inhibit the production of enzymes
needed to produce and store fat [23, 24]. IL-18 on the
other hand has been shown to regulate energy homeostasis
by suppressing apatite and feed efficiency and was strongly
associated with obesity and insulin resistance, where IL-
18 deficient mice become obese and insulin resistant as a
consequence of hyperphagia [25, 26]. Most interestingly, the
molecular mechanism identified to be responsible for IL-
18-mediated regulation of food intake and gluconeogenesis
involves its ability to regulate STAT3 phosphorylation, where
it was found that STAT3 phosphorylation can inhibit food
intake and adipose tissue accumulation [25]. Considering the
importance of STAT3 activation and phosphorylation during
Epo signaling [27] and the observed effects of Epo signaling
on body weight, fat mass, and glucose tolerance, it will be
important to assess such effects for Epo signaling on apatite,
body weight gain, fat mass accumulation, and glucose
metabolism in mouse models with EpoR deficiency in non-
hematopoietic tissues, and to investigate whether STAT3 acti-
vation and/or phosphorylation is responsible for the Epo-
mediated regulation of the indicated metabolic parameters.

5. Conclusion

In summary, we report that high (1000 U/kg), medium (600
and 300 U/kg), and low (150 U/kg) doses of Epo are effective
in reducing body weight and fat mass in mice on high fat diet.
High and medium, but not low doses reduce fasting blood
glucose and improve glucose tolerance, while all Epo doses,
except 75 U/kg, reduce serum insulin. These effects for Epo
treatment do not appear to be mediated by regulating food
intake. Moreover, since significant changes in total activity
were only detected at 1000 U/kg, it is suggested that physical
activity is likely only partially responsible for the reported
effects of Epo. Collectively, these observations indicate that
the nonhematopoietic effects of Epo do indeed extend to
encompass the regulation of fat and glucose metabolism and
point to the possible involvement of pathways other than
food intake and physical activity downstream of Epo.
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Type 1 diabetic patients have increased risk of developing in-stent restenosis following endovascular stenting. Underlying
pathogenetic mechanisms are not fully understood partly due to the lack of a relevant animal model to study the effect(s) of
long-term autoimmune diabetes on development of in-stent restenosis. We here describe the development of in-stent restenosis
in long-term (∼7 months) spontaneously diabetic and age-matched, thymectomized, nondiabetic Diabetes Prone BioBreeding
(BBDP) rats (n = 6-7 in each group). Diabetes was suboptimally treated with insulin and was characterized by significant
hyperglycaemia, polyuria, proteinuria, and increased HbA1c levels. Stented abdominal aortas were harvested 28 days after stenting.
Computerized morphometric analysis revealed significantly increased neointima formation in long-term diabetic rats compared
with nondiabetic controls. In conclusion, long-term autoimmune diabetes in BBDP rats enhances in-stent restenosis. This model
can be used to study the underlying pathogenetic mechanisms of diabetes-enhanced in-stent restenosis as well as to test new
therapeutic modalities.

1. Introduction

In-stent restenosis (ISR) is the most common complica-
tion associated with coronary stenting and is histologically
characterized by occlusive neointima formation. As yet,
no adequate treatment modalities are available to treat
or prevent development of ISR [1–3]. The use of drug-
eluting stents has significantly reduced the incidence of ISR
when compared with bare metal stents, but also resulted in
increased rates of late stent thrombosis [4]. Diabetes mellitus
(DM) has been associated with increased risk to develop
(in-stent) restenosis both after percutaneous transluminal

coronary angioplasty as well as coronary stenting [5–14].
DM is a risk factor for ISR development after using both
drug-eluting and bare metal stents as revealed by various
meta-analyses (primarily including type 2 diabetic patients)
[15–17]. The beneficial effects on ISR of drug-eluting stents
over bare metal stents as observed in non-diabetic patients
appear to be less clear in diabetic patients. Although the
exact pathogenetic mechanism underlying increased ISR
development in diabetic patients is as yet unknown, it at least
appears to be due to an exaggerated neointimal response after
coronary stent placement as determined by intravascular
ultrasound [18]. Many studies thus favor for a deleterious
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effect of DM on the development of ISR, although the precise
magnitude of this effect is not clear. Especially age may act
as a confounder as older age is associated with increased
restenosis rates independent of DM [17].

To study the molecular and cellular mechanism(s) under-
lying DM-enhanced development of ISR, clinically relevant
animal models may be of great value. However, despite the
increasing numbers of diabetic patients worldwide together
with coronary artery disease being a significant source of
morbidity and mortality in these patients, relevant animal
models to study ISR are scarce. Although the Zucker diabetic
fatty (ZDF) rat has been used as a model to study type 2
DM-associated restenosis [19–21], a reliable model to study
the long-term effects of type 1 diabetes on ISR development
is still lacking. Whereas type 1 DM represents only 5–10%
of all diabetics it may be associated with severe coronary
artery disease at a relatively young age as demonstrated
in a selected population of type 1 diabetics eligible for
kidney and/or pancreas transplantation [22]. Various rodent
models of type 1 DM have been used to study the effects of
diabetes on mechanically induced restenosis in mice, rats,
or rabbits, in which diabetes is chemically induced using
streptozotocin or alloxan and in which contradicting results
were obtained [23]. In addition to rodent models, also
a streptozotocin-induced diabetes porcine model has been
used to study the development of ISR. In this model, a high
mortality rate (∼45%), a relatively short course of diabetes
(12 weeks), and most likely high costs may actually hamper
extensive use of this model [24]. Both streptozotocin and
alloxan are toxic compounds sharing structural similarities
with glucose which explains their selective uptake in cells
expressing the GLUT2 glucose transporter. As pancreatic ß-
cells have relatively high levels of GLUT2, streptozotocin
and alloxan are relatively, but not solely, toxic to ß-cells.
Because of the possible toxic side effects of these chemicals
and to model more accurately human type 1 (autoimmune)
DM, the availability of a spontaneous type 1 DM model
for the development of (in-stent) restenosis is needed. To
this end, we here describe the use of inbred Diabetes Prone
BioBreeding (BBDP/Wor) rats as a model to study diabetes-
enhanced development of ISR. Inbred BBDP rats are derived
from a Canadian colony of outbred Wistar rats (i.e., the BB
Wistar rat) in which diabetes developed spontaneously in the
1970s [25]. BBDP/Wor rats develop autoimmune diabetes
spontaneously due to severe lymphopenia and preferential
lack of immunoregulatory T cells [26–28]. Using the rat
abdominal aorta stenting model described previously [29],
we tested the hypothesis that long-term suboptimally treated
hyperglycaemic BBDP rats develop enhanced ISR compared
with non-diabetic age-matched control rats.

2. Materials and Methods

2.1. Rats. Specified pathogen-free Diabetes Prone BB
(BBDP/Wor) and Diabetes-Resistant (BBDR/Wor) rats were
bred at the Central Animal Facility of the University Medical
Center Groningen, University of Groningen, Groningen, The
Netherlands. Original breeding stocks were obtained from

Biomedical Research Models (BRM Inc., Worcester, MA,
USA). Rats were kept under clean conventional conditions
and were fed standard rat chow and acidified water ad libi-
tum. All animals received humane care in compliance with
the Principles of Laboratory Animal Care (NIH Publication
no. 85-23, revised 1996) and the Dutch Law on Experimental
Animal Care.

2.2. Diabetes Development in BBDP Rats. In the BBDP/Wor
colony maintained at the University Medical Center Gronin-
gen, 80–90% of the rats spontaneously develop diabetes from
∼70 days of age. Rats were considered diabetic when blood
glucose levels exceeded 15 mmol/L as measured in peripheral
blood obtained by tail vein puncture and by using a glucose
sensor (Accu-Chek Sensor Comfort, Roche Diagnostics
Nederland B.V., Almere, The Netherlands). In this study, 9
recent onset diabetic BBDP rats were initially included (both
male and female) which received a 1/2 (∼3-4 mm length)
Linplant sustained release insulin implant (LinShin Canada
Inc, Toronto, ON, Canada) subcutaneously at diagnosis
using a trocar. According to the manufacturer the implants
had an estimated insulin release of ∼1 U/24 h/(1/2) implant
for >40 days. We aimed at maintaining the blood glucose
values in insulin-treated diabetic rats between 15–20 mmol/L
during the entire follow-up period (up to 10 months of
age). During follow-up diabetic rats were weighed 2-3 times
a week. In case of weight loss, blood glucose levels were
measured as described above. When blood glucose levels
exceeded 20 mmol/L or blood glucose levels were between
15–20 mmol/L in the presence of substantial weight loss, rats
were reimplanted with an insulin implant as described above.

In addition to the insulin-treated diabetic BBDP rats
also a control group of age-matched non-diabetic BBDP rats
(initially n = 9) was included. Diabetes development was
prevented by performing thymectomy at the age of 21 days
as we described in detail elsewhere [30]. Weight and blood
glucose levels of thymectomized non-diabetic BBDP rats
were measured once every two weeks to obtain basal values.

2.3. HbA1c Measurements. To determine whether long-term
suboptimal insulin treatment of diabetic BBDP rats is asso-
ciated with increased glycated hemoglobin (HbA1c) levels
indicative of poor glycaemic control, we analyzed HbA1c

levels in a separate cohort of long-term diabetic BBDP
rats (n = 5), as well as in spontaneously protected non-
diabetic BBDP rats (n = 2) and non-diabetic BBDR/Wor rats
(n = 6). HbA1c levels were determined in freshly obtained
peripheral blood (tail vein puncture) using the BIO-RAD
in2it A1C analyzer (Bio-Rad Laboratories B.V., Veenendaal,
The Netherlands). Values are expressed as DCCT- HbA1c%.

2.4. Renal Function Measurements. Two weeks before stent-
ing renal function of the long-term diabetic and non-
diabetic BBDP rats was determined by housing the rats in
individual, urine-collecting metabolic cages for 24 hours and
by collection of blood plasma. Plasma and urine creatinine
levels were determined using the enzymatic colorimetric
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Table 1: Characteristics of the diabetic (DM) and thymectomized non-diabetic (non-DM) BBDP rats that were stented and evaluated for
the development of in-stent restenosis.

N
Gender♀/♂ Diabetes onset

(median in days)
Age at stenting

(median in days)
Diabetes duration at stenting

(median in days)
Serum creatininea

(mean ± SEM in μmol/L)

Non-DM BBDP 6 4/2 N.A.b 298 [270–412]c N.A.b 51 ± 7

DM BBDP 7 3/4 82 [72–140]c 270 [270–290]c 198 [150–204]c 56 ± 9
a
Serum creatinine levels were determined 2 weeks prior to stenting.

bN.A.: not applicable.
cValues between brackets indicate minimum and maximum values.

assay CREA plus (Roche Diagnostics GmbH, Mannheim,
Germany) [31]. Total urinary protein excretion was deter-
mined using the Roche Diagnostics Urinary/CSF Protein
assay (Roche Diagnostics GmbH, Mannheim, Germany)
[32, 33].

2.5. Stent Implantation. At a median diabetes duration of
28 weeks (7 months) 9 BBDP rats were stented in the
abdominal aorta as described previously [29]. As a control, 9
age-matched, thymectomized non-diabetic BBDP rats were
included. Briefly, under anesthesia (2% isoflurane (Abbott,
Hoofddorp, The Netherlands), 0.4 L/min O2 and 0.4 L/min
N2O) the abdominal cavity was opened. The aorta was
dissected, and surrounding connective tissue was removed.
Next, two vascular clips were placed onto the aorta distal
to the renal arteries and proximal to the aortic bifurcation.
A small incision was then made in the distal abdominal
aorta, and the balloon catheter was inserted and inflated
to 9 atm pressure to deploy a premounted 2.5 × 9 mm
BeStent 2 bare metal stent (Medtronic-Bakken Research,
Maastricht, The Netherlands). After deflation and removal
of the balloon, the aortic incision was closed with a 9-0
suture. Reperfusion was established by removing the clips,
and the abdomen was closed with 4-0 sutures. Starting
5 days before stenting until the end of the experiment,
rats were fed chow containing 0.33 mg clopidogrel/gram
chow (Plavix, Sanofi-Aventis, Gouda, The Netherlands) in
order to prevent platelet aggregation and to mimick the
human clinical setting. Four weeks after stenting, rats were
anesthesized and heparinized systemically with 500 IU i.v.
(Leo Pharma, Breda, The Netherlands). The stented aortas
were harvested, fixed in 4% formaldehyde, and embedded in
methyl metacrylate for further histological analysis. During
stenting, 3 non-diabetic control BBDP rats died because of
perforation of the aorta, resulting in an overall mortality of
17%. In addition, 2 stents from long-term diabetic BBDP rats
were lost during histological processing. Overall, stents from
7 diabetic and 6 non-diabetic BBDP rats were included for
histological analysis.

2.6. Quantification In-Stent Restenosis (ISR). To quantify the
severity of ISR, computerized morphometric analysis was
performed on Lawson (elastin) stained sections obtained
from the proximal, middle, and distal parts of each stent. The
neointimal area was calculated by measuring the total area
within the internal elastic lamina and the remaining lumen

using an Olympus BX-50F4 microscope equipped with an
Olympus c-3030 zoom digital camera and Olympus DP-Soft
version 3.0 software (Olympus, Tokyo, Japan). Total surface
neointima (in μm2) was then calculated by subtracting
surface remaining lumen from the total surface area within
the internal elastic lamina.

2.7. Quantification Vessel Injury. The mean vessel injury
score was determined as described previously [29] using
a method originally developed by Schwartz et al. [34].
Vessel injury at every stent strut within a cross-section
(9-10 struts/cross-section) was determined based on the
anatomic vessel structures penetrated by each strut. This
value ranged from 0 (least injury) to 3 (most injury). For
each cross-section the mean injury score was calculated.
From each stent 6–8 cross-sections (taken from the proximal,
middle, and distal parts of the stent) were analyzed. The total
mean injury score was expressed as the mean of the injury
scores of all cross-sections analyzed within one stent.

2.8. Statistical Analysis. Data are expressed as mean ± SEM.
Differences between two groups were analyzed for statistical
significance using an independent samples t-test. All P values
were two-tailed, and a P-value <.05 was considered statis-
tically significant. Statistical analyses were performed using
GraphPad Prism 5.00 for Windows (GraphPad Software Inc.,
USA).

3. Results

3.1. Glucose Homeostasis in Long-Term Diabetic BBDP Rats.
Diabetes incidence in the BBDP colony maintained at the
University Medical Center Groningen is 80–90%. Median
age of diabetes onset in the BBDP rats (n = 7) that
were stented and included for histological analysis was
82 days (Table 1). Insulin treatment using insulin-releasing
implants resulted in an almost permanent hyperglycaemic
state (blood glucose >8 mmol/L) in all diabetic rats. In
individual rats blood glucose oscillations were observed that
varied between 8 and 27 mmol/L. Depending on the blood
glucose levels (>20 mmol/L or 15–20 mmol/L in the presence
of substantial weight loss (>10% weight loss compared with
previous measurement)), rats received an insulin implant.
Time between reimplantations varied between 5 and 35 days.
As non-diabetic age-matched controls, 6 thymectomized
BBDP rats were included. Figure 1 shows the blood glucose
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Figure 1: Oscillations in blood glucose levels in a representative
diabetic (DM) BBDP rat treated with insulin pellets implanted
subcutaneously. During a follow-up period of 140 days the DM
BBDP rat received multiple insulin pellet implants (ips) guided
by rapid development of hyperglycaemia (solid line) and drop in
body weight (not shown). For comparison, glucose levels in an age-
matched thymectomized non-DM BBDP rat are shown. The grey
area indicates the normoglycaemic range (4–8 mmol/L).

oscillations observed in an individual diabetic and non-
diabetic BBDP rat during a time frame of 140 days during
which the diabetic rat received 9 insulin implants. The
median age at stenting was 270 and 298 days for the diabetic
and non-diabetic BBDP rats, respectively (not significantly
different), translating in a median diabetes duration of
198 days (Table 1). During the total follow-up period till
stenting mean blood glucose level after diabetes onset in
diabetic BBDP rats was 15.0 ± 0.4 mmol/L compared with
5.3± 0.1 mmol/L in thymectomized non-diabetic BBDP rats
(Figure 2(a), P < .001). As increased HbA1c levels have
been associated with increased cardiovascular risk in human
diabetics, we questioned whether long-term diabetes in our
BBDP rat model was also associated with increased HbA1c

levels. To this end, HbA1c levels were determined in a separate
group of long-term diabetic BBDP rats (n = 5) with a mean
diabetes duration of 249±50 days which was not statistically
different from the mean diabetes duration in the stented
BBDP rats (217±7 days) at sacrifice. For comparison, HbA1c

levels were determined in spontaneously protected non-
diabetic BBDP rats (n = 2) and non-diabetic BBDR/Wor rats
(n = 6). As shown in Figure 2(b), long-term diabetes resulted
in significantly increased HbA1c levels (11.9 ± 0.2 DCCT-
HbA1c%) compared with age-matched non-diabetic BB rats
(5.1± 0.1 DCCT-HbA1c%).

3.2. Renal Function in Long-Term Diabetic BBDP Rats. Two
weeks before stenting part of the long-term diabetic and non-
diabetic BBDP rats were housed in metabolic cages for 24 hrs
to collect urine. Long-term diabetes and the associated per-
manent hyperglycaemic state resulted in a 6-fold increased
(P < .001) urinary volume compared with non-DM
BBDP rats (Figure 3(a)). This was accompanied by severe

polydipsia (not shown). Furthermore, total urinary protein
excretion (Figure 3(b), P < .01) and urinary creatinine
excretion (Figure 3(c), P < .001) were significantly increased
in long-term DM BBDP rats compared with non-DM BBDP
rats. Increased urinary creatinine excretion in DM BBDP rats
suggests the presence of glomerular hyperfiltration which
is commonly observed in diabetics. Hyperfiltration was
supported by the slightly increased creatinine clearance rates
observed in the long-term DM rats (1.7 ± 0.3 mL/min in
DM versus 1.0 ± 0.2 mL/min in non-DM, not significant).
Despite the presence of proteinuria and hyperfiltration in
long-term DM BBDP rats, plasma creatinine levels in these
rats were similar to the levels detected in age-matched non-
DM BBDP rats indicating preserved renal function in the
presence of diabetes (Table 1). Histological analysis of PAS-
stained renal sections did not reveal increased interstitial and
glomerular matrix expansion in long-term DM BBDP rats
(not shown).

3.3. Enhanced In-Stent Restenosis in Long-Term Diabetic
BBDP Rats. In total, 18 rats (9 DM and 9 non-DM
BBDP rats) received a bare metal stent (Figure 4(a)) in the
abdominal aorta. During the stenting procedure, 3 non-DM
BBDP rats died because of perforation of the aorta (mortality
rate of 17%). Age of the DM and non-DM BBDP rats at
stenting was similar between both groups (Table 1, median
age, resp., 270 and 298 days, not significantly different).
Diabetes duration (median) in DM BBDP rats at stenting
was 198 days (Table 1). Stents were harvested 28 days after
stenting. Stents from 2 DM BBDP rats were lost during
histological processing. Finally, stents from 7 DM and 6 non-
DM BBDP rats were histologically analyzed for the severity
of ISR. At 28 days poststenting in both non-DM and DM
BBDP rats development of ISR was detected which was
characterized by neointima formation surrounding the stent
struts. Figures 4(d), 4(e), 4(f), and 4(g) show representative
photomicrographs of ISR in, respectively, non-DM and DM
BBDP rats. Quantitative analysis revealed that long-term DM
resulted in a 32% increase in surface neointima compared
with non-DM BBDP rats (Figure 4(b), P = .02). This
increase in neointima formation in DM BBDP rats was not
associated with an increased mean injury score (Figure 4(c),
P = .957).

4. Discussion

Diabetes mellitus (DM) is associated with increased risk
for the development of in-stent restenosis (ISR) [15–17].
Underlying pathogenetic mechanisms are as yet unknown,
and adequate treatment modalities are lacking. In order to
increase our insights into the molecular and cellular mech-
anism(s) underlying type 1 DM-enhanced development of
ISR a clinically relevant rodent model might be of great value.
Yet a model as such is not available. We therefore tested the
hypothesis that long-term spontaneously diabetic hypergly-
caemic BBDP rats develop enhanced ISR and may be used as
a suitable model to study the molecular and cellular mecha-
nism(s) involved in DM-enhanced development of ISR.
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Figure 2: Blood glucose and HbA1c levels are increased in long-term diabetic (DM) BBDP rats. (a) Average blood glucose level during the
entire follow-up period starting at diabetes onset until sacrifice (ranging from 150 to >200 days) (white bar). For comparison, mean blood
glucose levels in age-matched non-DM BBDP rats are shown (black bar). (b) Hyperglycaemia in long-term diabetic BBDP rats is associated
with increased glycated haemoglobin (HbA1c) levels (white bar) compared with non-DM rats (black bar). Data are expressed as the mean
± SEM (∗∗∗P < .001). Values within bars indicate the number of rats analyzed. DM: long-term diabetic BBDP rats, Non-DM: non-diabetic
rats.
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Figure 3: Long-term diabetes in BBDP rats is associated with significant polyuria (a), proteinuria (b), and creatinuria (c). Two weeks prior
to stenting rats were housed in metabolic cages, and 24-hour urine samples were collected and analyzed as described in Section 2. Data are
expressed as mean ± SEM (∗∗P < .01, ∗∗∗P < .001). Values within bars indicate the number of rats analyzed. DM: long-term diabetic BBDP
rats, Non-DM: non-diabetic rats.

The hyperglycemic syndrome in BBDP rats develops
spontaneously due to a disturbed balance in autoreactive
and regulatory T cells [26–28]. The BBDP rat has been
suggested to represent the best rodent model for human type
1 DM as in this model diabetes manifests during adolescence
and involves an autoimmune disorder without the need of
exogenous intervention.

To achieve suboptimally controlled DM with manifest
hyperglycaemia and elevated HbA1c levels, recent onset dia-
betic BBDP rats were treated with insulin using slow release
insulin implants. By doing so, we were able to maintain DM
BBDP rats in a rather permanent hyperglycaemic state for
at least 8 months. The hyperglycaemic state was associated

with increased HbA1c levels as well as polyuria, polydipsia,
proteinuria, and glomerular hyperfiltration. Severity of
proteinuria was within the range reported by Cohen et al.
who also determined protein excretion in long-term DM
BBDP rats that were treated with daily insulin injections
[35]. As older age is associated with increased restenosis rates
independent of DM [17], for our study it was important
to include age-matched non-diabetic controls rather than
prediabetic young BBDP rats. In order to prevent diabetes
development in BBDP rats thymectomy was performed at
the age of 21 days as we described previously [30]. DM
and non-DM BBDP rats were followed for 7 months after
which they received a bare metal stent implanted in the
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Figure 4: Long-term diabetes in BBDP rats is associated with enhanced in-stent restenosis 4 weeks after stenting in the abdominal aorta.
(a) Photograph of a BeStent 2 bare metal stent used for implantation. The inflation balloon has been removed. (b) Surface area neointima
present 28 days after stenting in long-term DM (white bar) and non-DM (black bar) BBDP rats. (c) Mean injury score at 28 days after
stenting in long-term DM (white bar) and non-DM (black bar) BBDP rats. Data are expressed as the mean ± SEM (∗P < .05). Values
within bars indicate the number of rats analyzed. DM: long-term diabetic BBDP rats, Non-DM: non-diabetic rats. ((d), (e)) Representative
photomicrographs (Lawson staining) of stented abdominal aortas from a thymectomized non-diabetic (non-DM) BBDP rat 28 days after
stenting. ((f), (g)) Representative photomicrographs (Lawson staining) of stented abdominal aortas from a diabetic (DM) BBDP rat 28
days after stenting. (e) and (g) are high-power magnifications (magnification ×100) of the framed areas shown in, respectively, (d) and (f)
(magnification ×40). a: adventitia; m: media; ni: neointima; s: stent strut.

abdominal aorta. Our results clearly demonstrated that long-
term DM significantly enhanced the development of ISR by
32% compared with non-DM age-matched thymectomized
BBDP rats. This enhanced development of ISR in diabetic
BBDP rats was not associated with increased vascular injury,

that is, increased penetration of the stent struts through the
internal elastic lamina into the medial layer. The severity of
ISR was previously shown to be positively correlated with
the mean injury score [29]. However, in the same study we
demonstrated differences in severity of ISR between bare
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metal and sirolimus-eluting stents, which was independent
of the mean injury score. Our data suggest that T1DM
enhances the development of ISR by factors other than direct
vascular injury.

The current study was performed as a proof of concept
to demonstrate that long-term T1DM in BBDP rats indeed
enhances the development of ISR following stenting in the
abdominal aorta. Although we did not study the underlying
mechanism(s) of enhanced ISR in diabetic BBDP rats yet,
we suggest that long-term diabetes increases the proliferative
and migratory capacity of medial and neointimal smooth
muscle cells, thereby facilitating neointima formation [36,
37]. In addition, reduced endothelial repair capacity in
diabetic BBDP rats might have contributed to enhanced ISR
[38], but this needs to be determined.

The major advantage of the BBDP model to study
the development of ISR over other T1DM rodent models
is the fact that diabetes develops due to autoimmune-
mediated destruction of pancreatic islets without having the
toxic side effects of the use of streptozotocin or alloxan.
By using slow release insulin implants we showed that
long-term studies are feasible without the need of daily
insulin injections. A possible weakness of the model is
that BBDP rats are T cell lymphopenic and are, in that
respect, not fully immunocompetent. However, despite T cell
lymphopenia BBDP rats do develop autoimmune diabetes
which is mediated by autoreactive T cells indicating that
functional T cells are present in BBDP rats. Whether T
cells are pivotal in the development of ISR is however
unclear. Percutaneous transluminal coronary angioplasty has
been shown to induce T cell activation in a small cohort
of 10 patients with stable angina. Patients that developed
restenosis had higher T cell activation levels than patients
that did not develop restenosis [39]. However, treatment
with the calcineurin inhibitor cyclosporine to prevent T cell
activation did not reduce the development of restenosis in
rabbits [40]. We therefore assume that the presence of T cell
lymphopenia in BBDP rats has not been of major influence
on the development of ISR.

5. Conclusions

The BBDP rat model for type 1 diabetes is suitable for studies
on the long-term effects of hyperglycaemia on the develop-
ment of ISR. Long-term diabetes significantly increased the
development of ISR. To our opinion, future studies aiming at
the identification of the molecular and cellular mechanisms
involved as well as on testing the efficacy of novel therapeutic
interventions in this model are warranted.
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We investigated glucose tolerance and left ventricular contractile performance in 4 frequently used mouse strains (Swiss, C57BL/6J,
DBA2, and BalbC) at 24 weeks. Glucose tolerance was tested by measuring blood glucose levels in time after intraperitoneal
glucose injection (2 mg/g body weight). Left ventricular contractility was assessed by pressure-conductance analysis. Peak glucose
levels and glucose area under the curve were higher (all P < .05) in C57BL/6J (418 ± 65 mg/dL and 813 ± 100 mg·h/dL)
versus Swiss (237 ± 66 mg/dL and 470 ± 126 mg·h/dL), DBA2 (113 ± 20 mg/dL and 304 ± 49 mg·h/dL, P < .01), and BalbC
mice (174 ± 55 mg/dL and 416 ± 70 mg·h/dL). Cardiac output was higher (all P < .05) in Swiss (14038 ± 4530μL/min) versus
C57BL/6J (10405 ± 2683μL/min), DBA2 (10438 ± 3251μL/min), and BalbC mice (8466 ± 3013μL/min). Load-independent left
ventricular contractility assessed as recruitable stroke work (PRSW) was comparable in all strains. In conclusion, glucose tolerance
and load-dependent left ventricular performance parameters were different between 4 mice background strains, but PRSW was
comparable.

1. Introduction

Multiple transgenic mouse models have been and are being
developed in cardiovascular research to study hypertension
[1], diabetes [2], atherosclerosis [3], hypertrophic cardiomy-
opathy [4], heart failure [5], and many other diseases. These
different experimental models are generated and studied in
different mouse strains and genetic backgrounds.

Evaluating these disease models can be confounded not
only by differences in gender [6] or environment [7] but
also by baseline differences associated with their genetic
background [8]. Obtaining the baseline characteristics of
different background strains may therefore lead to a better
understanding of cardiovascular research with laboratory
animals. Reference values concerning left ventricular con-
tractility parameters allow a more direct comparison and a
correct interpretation of obtained results in specific studies.

We hypothesize that four frequently used mice strains
(C57BL/6J, Swiss, BalbC, and DBA2 mice) exhibit a signif-
icantly different baseline left ventricular contractility and

that glucose handling capacity is also different between
these 4 strains. As glucose handling capacity could play
an important role in the development of diabetes mellitus
type 2 [9], hypertension [10], atherosclerosis [11], and
heart failure [12], our findings could contribute to a
better understanding of the decrease in left ventricular
contractility that accompanies these pathological conditions.
The C57BL/6J “black six” mouse is by far the most widely
used mouse inbred strain. The strain is characterised by a
high susceptibility to diet-induced obesity, with a moderate
hyperglycemia and hyperinsulinemia [13, 14]. Genetic dif-
ferences in metabolic response to fat have been suggested
to be more important in their development of obesity
and diabetes than calory intake [15]. Furthermore, they
appear highly susceptible to the development of atheroscle-
rosis on a semisynthetic high-fat diet [16], although their
plasma cholesterol levels at 12 and 24 weeks are rather low
[17].

The Swiss mouse strain was originally selected in 1935 for
its ease in breading. It is an albino mouse strain, used over
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all the branches of biomedical research, especially in cancer
research [18], toxicity studies [19], and infective diseases
[20].

The BalbC strain is used as a general purpose strain
in many disciplines. They develop high plasma cholesterol
levels [21] and high systolic blood pressures [22] but are
resistant to diet-induced atherosclerosis [23]. Although their
mean heart rate is rather low, they show a high heart
rate adaptation [24]. BalbC mice show a high incidence
of epicardial mineralisation (11% in males and 4% in
females) which increases with age [25]. Overall heart defects,
including cardiac calcinosis, occur frequently in about 17–
62% [26].

Finally the DBA2 strain is a widely used strain in
cardiovascular, biological, and neurobiological research.
Their susceptibility for developing atherosclerotic lesions is
low and therefore are often contrasted with the C57BL/6
strain. The strain did not only show to be resistant to the
development of atherosclerosis on a semisynthetic high fat
diet [12] but also hyporesponsive to diets containing high
levels of cholesterol and fat [27]. Spontaneous calcified heart
lesions progressively develop with age, and at 1 year 90% of
the mice are expected to be affected [28]. Brunnert suggested
in 1997 [29] that dystrophic cardiac calcification may be
related to a disturbed myocyte calcium metabolism.

Although it is thus clear that these 4 strains have
different metabolic characteristics, with influence on car-
diovascular disease development, no direct comparison of
glucose tolerance has been published in these strains, nor
was left ventricular contractility systematically compared. We
therefore performed in vivo intraperitoneal glucose tolerance
testing and cardiac pressure-conductance measurements in
Swiss, C57BL/6J, DBA2, and BalbC mice at 24 weeks.

2. Materials and Methods

2.1. Animals. 19 C57BL/6J, 14 BalbC, 14 DBA2, and 18
Swiss mice were investigated. All animals were purchased
form Jackson Laboratories (Bar Harbour, Maine, USA) and
housed at 22◦C on a fixed 12-hour light-dark cycle. The
investigation conforms with the Guide for the Care and
Use of Laboratory Animals published by the US National
Institutes of Health (NIH Publication no. 85-23, revised
1996). All experimental protocols were approved by the Insti-
tutional Animal Care Commission and Ethical Committee of
the K.U.Leuven.

2.2. Fasting IPGTT Testing. Intraperitoneal glucose tolerance
testing was performed at 23 weeks with a bolus glucose
injection of 2 mg/g body weight and followed by measuring
the blood glucose levels at fixed timepoints (fasting and after
15, 30, 60, 120, and 240 minutes, resp.).

2.3. Left Ventricular Pressure-Conductance Measurements.
At 24 weeks, mice were anesthetized with a mixture
of urethane (1.2 g/kg) and alpha-chloralose (50 mg/kg)
injected intraperitoneally. Mice were placed on a heating

pad, and rectal temperature was kept between 36.0 and
37.5◦C. Surgery was performed under a surgical micro-
scope. Through a midline neck incision, a tracheostomy
was performed, and mechanical ventilation started with
room air (Minivent 845; Hugo Sachs/Harvard Apparatus,
March-Hugstetten, Germany). Subsequently, a 1.4 Fr high-
fidelity pressure-conductance catheter (1.4-Fr, SPR-839; Mil-
lar Instruments, Houston, TX) was inserted through the
right carotid artery into the left ventricle, and left ven-
tricular pressure-conductance measurements were started.
After stabilization of the hemodynamic situation, baseline
pressure-volume (PV) loops were recorded (PowerLab/4SP
ADInstruments, Castle Hill, Australia), while the ventilation
was momentarily turned off to avoid respiratory fluctuation
of cardiac signals. The inferior caval vein was compressed
between liver and diaphragm with a cotton swab without
opening the abdomen, while PV loops were recorded to
obtain occlusion loops with progressively lowering preload.
Afterwards a 24G catheter was introduced in the right
jugular vein, and parallel volume was determined by a bolus
injection of 3 μL of 30% sodium chloride solution while
recording PV loops. Following baseline measurements, an
intravenous line was prepared with isoproterenol, and dose
was increased gradually from 3, 9, 30 to finally 90 ng/kg/min.
Dose-response curves of the load-dependent and load-
independent contractility parameters to isoproterenol infu-
sion were obtained finally. A laparotomy was performed, and
the inferior caval vein was exposed infrahepatically. With a
24G needle, 300 μL of blood was retrieved from the inferior
caval vein to measure specific conductivity in 3 precalibrated
cuvettes.

2.4. Data Management and Statistical Analysis. Analysis after
IPGTT testing included calculation of peak glucose levels and
area under the curve. Peak glucose levels were obtained 30
minutes after bolus injection and expressed as mg/dL. Areas
under the curve were calculated as the sum of the measured
values, normalized for the time interval, and expressed in
mg·h/dL.

Analysis of the pressure-conductance data was per-
formed using PVAN 3.2 software (Millar Instruments,
Houston, TX). A conductance-volume calibration line was
constructed with the cuvette data. All data were corrected
for parallel volume and expressed in absolute volumes. Only
technically acceptable loops were included in the analysis for
each experiment [30].

Data are expressed as mean ± standard deviation.
Significant changes were detected by single regression, and
normality was assessed by the Shapiro-Wilk W test. Baseline
differences between groups were compared by breakdown
one-way ANOVA, followed by an LSD post hoc test and a
repeated measurements ANOVA when data was normally
distributed. The nonparametric Mann-Whitney U test and
Wilcoxon Matched Pairs test was used when data was not
normally distributed, and the Kruskal-Wallis ANOVA was
used to compare survival between strains. Statistical software
(Statistica 8, StatSoft) was used. A value of P < .05 was
considered significant.
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Table 1: Morphology in 4 mice background strains. All data are expressed as mean ± standard deviation. Values marked with ∗ are P < .05
versus all others.

Swiss C57BL6/J DBA2 BalbC

Body weight (BW) (g) 44.8 ± 5.1∗ 26.1 ± 4.6 27.1 ± 2.7 27.0 ± 2.8

Heart weight (g) 0.19 ± 0.03∗ 0.14 ± 0.02 0.14 ± 0.02 0.14 ± 0.01

Tibial length (um) 193 ± 7∗ 185 ± 7 175 ± 3 174 ± 4

HW/TL (g/100 um) 99.36 ± 16.08∗ 77.62 ± 10.99 82.94 ± 14.21 79.64 ± 8.66

HW/BW (mg/g) 4.26 ± 0.41∗ 5.51 ± 0.31 5.31 ± 0.48 5.13 ± 0.31
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Figure 1: Intraperitoneal glucose tolerance testing in 4 background
strains at 23 weeks. Lean values are similar between the studied
groups. Values after 15, 30, and 60 minutes are significantly higher
in C57BL/6J mice versus other strains. Values with P < .01 are
marked with∗.

3. Results

3.1. Mortality and Morphology. Between 12 and 24 weeks of
age, 1 BalbC, 1 DBA2, and 2 Swiss mice died a sudden unex-
plained death. During the experimental procedure, 1 Swiss
mouse and 2 BalbC mice died during the baseline pressure-
conductance measurements. Under increasing isoproterenol
dose, in total, 4 Swiss, 6 C57BL/6J, 2 DBA2, and 7 BalbC
mice died before 90 ng/kg/min isoproterenol was reached.
Survival during the experimental protocol was significantly
lower in BalbC mice versus the other strains and occurred
mainly during isoproterenol infusion (P < .05).

Heart weight (HW), body weight (BW), tibial length
(TL), and HW/TL were significantly higher in Swiss mice at
24 weeks versus all other strains (P < .01 for HW and BW,
P < .05 for TL and HW/TL). Heart weight over body weight
(HW/BW) was significantly lower in Swiss mice (P < .001,
versus all); see Table 1.

3.2. IPGTT Testing. Fasting glucose levels at 24 weeks
were comparable between the four studied strains. During
intraperitoneal glucose tolerance testing, all mice showed
a strong increase in blood glucose values (Figure 1). In
C57BL/6J mice, the peak glucose level after 30 minutes (418±
65) was significantly higher than the Swiss (237± 66 mg/dL,
P < .001), the DBA2 (113 ± 20 mg/dL, P < .001), and the
BalbC group (174 ± 55 mg/dL, P < .001). AUC in C57BL/6J
mice was 813±100 mg·h/dL, and this was significantly higher
than in the Swiss (470 ± 126 mg·h/dL, P < .01), the DBA2
(304 ± 49 mg·h/dL, P < .01), and the BalbC group (416 ±
70 mg·h/dL, P < .001).

3.3. Baseline Cardiac Performance (Table 2). At baseline,
Swiss mice had the fastest heart rate (P < .01 versus all other
strains). End-systolic pressure (Pes) was higher in BalbC mice
versus the Swiss, DBA2, and C57BL/6J mice (P < .05 for all).
End-systolic volume (Ves) was lower in Swiss and DBA2 mice
versus C57BL/6J and BalbC mice (both P < .01), while end-
diastolic volume (Ved) was only significantly lower in DBA2
versus C57BL/6J (P < .05). The maximal systolic pressure
(Pmax) was higher in Swiss versus C57BL/6J (P < .05) but not
versus DBA2 or BalbC. Ejection fraction (EF) was higher in
DBA2 and Swiss mice versus C57BL/6J mice and BalbC mice
(both P < .001), and stroke volume (SV) was higher in Swiss
versus C57BL/6J and BalbC mice (P < .05) but not versus
DBA2 mice (P = .22).

Cardiac output (CO) and maximal rate of pressure
development during isovolumetric contraction (dPdtmax)
were higher in Swiss versus C57BL/6J (P < .01 and P < .001),
DBA2 (P < .01 and P < 0.05), and BalbC mice (both
P < .001). Tau was higher in BalbC and C57BL/6J mice
versus Swiss and DBA2 mice (both P < .05), but the maximal
rate of pressure decay (dPdtmin) was comparable between
the studied strains. Arterial elastance (Ea) was significantly
higher in BalbC mice versus other strains (all P < .05).

The load-independent preload recruitable stroke work
(PRSW) and the end-systolic elastance (Ees) were not signif-
icantly different between the four studied groups (P > .05).
The slope of the end-diastolic pressure-volume relationship
(slope EDPVR) was higher in BalbC mice (P < .05), but
the parameter of mechanical efficiency of the left ventricle
(stroke work to PV area (PVA) ratio, SW/PVA) was lower in
BalbC mice versus the other groups (P < .05).

3.4. Changes in Cardiac Performance under Increasing Iso-
proterenol Infusion (See Table 3 and Figure 2). All species



4 Journal of Biomedicine and Biotechnology

Table 2: Pressure-conductance analysis in 4 mice background strains. All data are expressed as mean ± standard deviation. Values marked
with ψ are P < .05 versus � and values marked with ∗ are P < .05 versus all others.

Heart rate (bpm) 623 ± 71∗ 569 ± 43 545 ± 40 566 ± 35

Ves (uL) 10.9 ± 5.1ψ 16.5 ± 6.2� 9.0 ± 3.1ψ 18.0 ± 4.6�

Ved (uL) 30.7 ± 9.1 31.8 ± 7.2ψ 25.8 ± 7.1� 30.0 ± 9.9

Pes (mmHg) 69.5 ± 9.9 76.8 ± 8.2 71.9 ± 8.0 84.2 ± 13.6∗

Ped (mmHg) 1.2 ± 1.7 1.9 ± 2.0 1.2 ± 1.2 2.9 ± 2.9

Pmax (mmHg) 90 ± 5ψ 84 ± 6� 88 ± 7 89 ± 11

EF (%) 70.4 ± 11.2� 55.9 ± 13.4ψ 71.8 ± 9.2� 47.8 ± 5.7ψ

Cardiac output (uL/min) 14038 ± 4530∗ 10405 ± 2683 10438 ± 3251 8466 ± 3013

dP/dtmax (mmHg/s) 11746 ± 2105∗ 7162 ± 1563 9420 ± 2268 7760 ± 1581

dP/dtmin (mmHg/s) −7738 ± 2098 −7948 ± 1242 −8204 ± 1458 −8547 ± 1464

Tau 4.1 ± 0.7ψ 5.2 ± 0.9� 4.5 ± 0.7ψ 5.2 ± 0.8�

Arterial elastance (Ea) (mmHg/μL) 3.4 ± 1.2 4.4 ± 1.2 4.1 ± 1.1 6.2 ± 1.9∗

Ees 9.5 ± 5.0 6.1 ± 2.1 8.4 ± 3.8 8.2 ± 2.9

EDPVR (mmHg/μL) 0.265 ± 0.082 0.218 ± 0.074 0.316 ± 0.079 0.415 ± 0.159∗

Preload recruitable stroke work (PRSW) (mmHg) 92 ± 22 88 ± 21 94 ± 25 82 ± 23

Efficiency (SW/PVA) 0.78 ± 0.054 0.70 ± 0.08 0.70 ± 0.13 0.60 ± 0.11∗
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Figure 2: Illustration of the increase in heart rate under isopro-
terenol infusion in the four studied mice background strains.

showed an increase in HR during isoproterenol infusion
(Figure 2), but the HR increase was significantly larger in
BalbC versus Swiss mice (P < .05) (mean increase of 34±12%
in BalbC mice versus 19±12% in Swiss, 23±9% in C57BL/6J,
and 25± 11% in DBA2 mice).

Under isoproterenol, Pes, Ped, and Ved decreased in all
strains (P < .05). Ejection fraction increased in C57BL/6J,
DBA2, and BalbC mice (P < .05) and tended to increase in
Swiss mice (P = .06). All species show a progressive decrease
in tau under increasing isoproterenol dose (all P < .05).
End-systolic elastance (Ees) increased significantly under

isoproterenol in DBA2 and BalbC mice between 0 and
90 ng/kg/min (P < .05). There were no significant changes
in Ees in the Swiss or C57BL/6J group. However, the increase
in PRSW only reached statistical significance in the BalbC
group and not in the DBA2 mice.

4. Discussion

This study shows that left ventricular contractility and
glucose handling capacity are significantly different in four
mice background strains frequently used in cardiovascular
research. Overall survival under isoproterenol infusion with
invasive left ventricular contractility measurements was
different between the studied strains.

4.1. Heart Weight. Body weight, heart weight, and left
ventricular weight are significantly higher in Swiss versus the
other studied strains. Although Swiss mice are at 24 weeks
heavier than the other background strains, tibial length
did not show an increase to the same extent as the heart
weight increase, and this results in a higher HW/TL. In
contrast, HW/BW was lower in Swiss mice, because BW
increase was more pronounced than the HW increase. HW
over body surface area did not show significant differences
between the 4 groups. When LV hypertrophy is studied,
it is probably more safe to report HW/TL, HW/BW, and
HW/BSA simultaneously.

4.2. IPGTT Testing. IPGTT in C57BL67/J showed higher
peak glucose levels and a higher AUC versus the other
strains. This suggests that capacity for glucose handling at
24 weeks is lower in C57BL/6J, although fasting glucose
levels are not increased. These findings are in accordance
with the findings of Gerich [9] and Vardeny et al. [12],
and it is therefore beneficial to perform IPGTT testing,
especially when transgenic models against a C57BL/6J mice
background are studied.
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4.3. Baseline Cardiac Performance. Swiss mice exhibited a
higher heart rate than the other strains, despite their higher
body weight. An increased cardiac output to meet the
metabolic demands of a larger individual is thus obtained by
a combination of a higher resting HR and a relatively high
SV.

Arterial elastance (Ea), a parameter for afterload, was
higher in BalbC mice. Afterload is influenced by peripheral
vascular resistance, arterial compliance, aortic characteristic
impedance, and systolic and diastolic time intervals, and
therefore any increase in afterload results in a decreased
stroke volume, unless contractility is increased. The higher
Ea can partially be explained by the higher systolic blood
pressures described in BalbC mice (Schlager and sides [1]),
and this is in accordance with the higher Pes that we found
in both BalbC and especially C57BL/6J mice versus Swiss and
DBA2 mice.

dP/dtmax is dependent on preload, Ved, and Ped. Differ-
ences in dP/dtmax are useful to assess directional changes in
inotropic state, but changes in preload are to be evaluated
simultaneously. We found a significantly higher dP/dtmax

in the Swiss mice, but, because heart rate was also higher
in Swiss mice, load-independent contractility parameters
should be assessed in order to compare LV contractility
safely. PRSW was not different between the 4 studied strains.
The relatively high slope EDPVR in BalbC mice together
with the higher Tau suggest a reduced compliance of the
ventricular wall in BalbC mice. Epicardial mineralisation
or cardiac calcinosis, that are frequently found in this
strain [22, 23], could contribute to these functional changes.
SW/PVA was lowest in the BalbC group, indicating that their
contractile efficiency is relatively low.

4.4. Changes under Isoproterenol. Isoproterenol affects the β2

receptors of skeletal muscle arterioles, inducing vasodilata-
tion, and interacts with the cardiac β1 receptors, potentially
leading to a positive inotropic and chronotropic effect. We
observed a decrease in both Ped and Pes in all strains
and a strong chronotropic increase under isoproterenol
administration. The increase in HR was greater in BalbC
mice than in Swiss mice, and the decrease in slope EDPVR
was more pronounced in BalbC mice versus C57BL/6 mice.
Ees increased in both the DBA2 and the BalbC group but was
accompanied by a remarkable change of the PV loop shape
with asymmetric and highly peaking pressure-volume loops.
PRSW, a more robust parameter of LV contractility [31], did
only increase in the BalbC group.

These findings suggest that the cardiac β1 effect in
these mice strains leads mainly to a chronotropic increase,
although isoproterenol infusion in BalbC mice results in an
increase in external work and efficiency for an increased
preload, as shown by the increasing PRSW in the higher
doses.

Glucose handling capacity was clearly reduced in
C57BL/6J mice at 24 weeks. Although cardiac performance
parameters were significantly different between the four
studied strains, C57BL/6J mice did not show a difference
in cardiac performance. Thus, the contractility changes that

have been reported for experimental mice models of diabetes
mellitus type 2 do not seem to precede the diabetic state.
Most likely, pronounced and sustained hyperglycemia is
required to clearly influence cardiac performance parame-
ters.

5. Conclusion

Swiss mice were significantly larger at 24 weeks with incon-
sistent cardiac hypertrophy parameters. Glucose handling
capacity was reduced in C57BL/6J mice, but this did not lead
to a pronounced difference in cardiac performance. Survival
under increasing isoproterenol dose was significantly lower
in the BalbC mice. Although baseline cardiac performance
was different between the 4 studied strains, the load-
independent PRSW was comparable.
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Patients with chronic hypergastrinemia due to chronic atrophic gastritis or gastrinomas have an increased risk of developing gastric
malignancy, and it has been questioned whether also patients with hypergastrinemia caused by long-term use of acid inhibiting
drugs are at risk. Gastric carcinogenesis in humans is affected by numerous factors and progresses slowly over years. When using
animal models with the possibility of intervention, a complex process can be dissected by studying the role of hypergastrinemia in
carcinogenesis within a relatively short period of time. We have reviewed findings from relevant models where gastric changes in
animal models of long-term hypergastrinemia have been investigated. In all species where long-term hypergastrinemia has been
induced, there is an increased risk of gastric malignancy. There is evidence that hypergastrinemia is a common causative factor in
carcinogenesis in the oxyntic mucosa, while other cofactors may vary in the different models.

1. Introduction

Many patients have gastric hypoacidity and secondary
hypergastrinemia due to atrophic gastritis or the use of
proton pump inhibitors, whereas patients with gastrinomas
have hypergastrinemia and increased gastric acidity. There
is evidence that patients with atrophic gastritis have an
increased risk of both enterochromaffin-like (ECL) cell carci-
noids as well as gastric adenocarcinomas [1–4]. Patients with
gastrinomas also have an increased risk of ECL cell carcinoids
[5–7] and may develop gastric signet ring cell carcinomas
[8]. However, there is no direct evidence that Proton Pump
Inhibitors (PPI) increases the risk of developing gastric
malignancy, but micronodular ECL cell hyperplasia is seen
after 5 years of PPI use [9]. Carcinogenesis in humans is
considered a multistep process progressing over years where
various factors may influence. To study the contribution of
single factors in carcinogenesis, various animal models can
be useful. The major advantage of using animal models is
that carcinogenesis is relatively reliable and often progresses

in months allowing stepwise tumour development to be
studied in detail.

Much of the knowledge we have of regulation of acid
secretion is derived from animal studies and also applies to
growth regulation of the oxyntic mucosa. Gastrin released
from antral G-cells is the main regulator of acid secretion and
binds to the CCK-2/gastrin receptor located on the ECL cell
that secretes histamine which in turn stimulates parietal cells
to secretion of hydrochloric acid [10, 11].

Although the evidence of the gastrin-ECL-parietal cell
axis came from studies of the effects of various acid
secretagogues in isolated rat stomachs in the 1980s, more
recent studies confirm these findings. Fluorescein-labelled
CCK-8 binds to ECL cells but not parietal cells [12], and
gastrin does not stimulate acid secretion in either histidine-
decarboxylase (HDC) deficient [13] or H2 receptor deficient
[14] mice. These findings are relevant to understand the
trophic and carcinogenic effects of long-term hypergas-
trinemia, where the target cell of gastrin, the ECL cell, is
pivotal.
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In this paper we review findings from animal studies on
the role of long-term hypergastrinemia in gastric carcinogen-
esis.

2. Animal Models

2.1. Rats. In 1985 it was published that rats with life-long
acid inhibition by dosing the insurmountable histamine 2-
blocker loxtidine developed ECL cell carcinoids [15]. Initially
it was speculated whether the carcinogenic effect was specific
for this compound, but shortly after it became known
that the proton pump inhibitor omeprazole caused a 15-
fold increase in plasma gastrin [16], tripled the ECL cell
density [17] and resulted in a 20% increase in oxyntic
mucosal thickness after only 10 weeks administration. Life-
long administration of omeprazole moreover resulted in
ECL cell carcinoids in rats [18]. As both omeprazole and
loxtidine cause profound gastric hypoacidity and subsequent
hypergastrinemia is was hypothesized that hypergastrinemia
caused ECL cell carcinoid development. Several following
studies were in support of this hypothesis. Infusion of gastrin
was found to stimulate self-replication of ECL cells [19], and
partial corpectomy (also causing hypergastrinemia) resulted
in ECL cell hyperplasia [20] and ECL cell carcinoids [21] in
the remaining oxyntic mucosa. Long-term administration of
the competitive H2-blocker ranitidine also has the ability to
induce ECL cell carcinoids when given in large enough doses
[22]. Finally, the administration of ciprofibrate induces ECL
cell carcinoids [23] in rats without gastric hypoacidity [24],
but causes hypergastrinemia through a direct effect on the
antral G-cell [25]. The induction of ECL cell carcinoids by
ciprofibrate clearly demonstrates that it is hypergastrinemia
and not hypoacidity that drives ECL cell carcinogenesis.

2.2. Mice. The consequences of long-term hypergastrinemia
have also been studied in mice by the administration of
antisecretagogues and by the use of various genetically
modified mice.

Administration of loxtidine for two years to mice induced
carcinoids in the oxyntic mucosa [26], whereas a similar
study with the proton pump inhibitor omeprazole did not
show development of such tumours [18]. However, the mice
were given the same dose omeprazole according to weight
that had previously been given to rats (400 μmg/kg/day)
without measuring the effect on gastric acidity and serum
gastrin in mice. Later we have shown that mice are remark-
ably resistant to proton pump inhibitors with respect to inhi-
bition of gastric acid secretion and require an extremely high
dose (1750 μmg/kg/day subcutaneously) to induce profound
hypoacidity and hypergastrinemia [27]. Consequently, the
omeprazole study [18] was inconclusive and the potential
tumorigenic effect of long-term administration of PPIs in
mice is not settled.

In transgenic INS-GAS mice, it is possible to study
the effect of hypergastrinemia without gastric hypoacidity
[28]. Overexpression of gastrin leads to 4-fold increase in
plasma gastrin and gastric hypersecretion mimicking human
gastrinomas. Young INS-GAS mice have an increased ECL

cell number, but with time, the INS-GAS mice lose both
parietal cells and cells that can be identified as ECL cells
and some develop adenocarcinomas in the oxyntic mucosa
at the end of their lifespan. Inoculation with Helicobacter
felis further increases plasma gastrin and accelerates car-
cinogenesis considerably [28]. Moreover, the carcinogenesis
is synergistically inhibited by administration of histamine
2 receptor (loxitidine) and gastrin receptor antagonists
(YF476) [29] indicating a role for both mediators in
carcinogenesis. The reason why hypergastrinemic INS-GAS
mice develop tumours with an adenocarcinoma phenotype,
whereas mice and rats develop ECL cell carcinoids after long-
term acid inhibition is not known.

A study comparing different mice models suggests that
the carcinogenic effect of Helicobacter infection is mediated
by gastrin. INS-GAS, C57BL/6 and gastrin deficient mice
were inoculated with Helicobacter felis and whereas hyper-
gastrinemic mice developed dysplasia in the oxyntic mucosa,
dysplasia was not found in gastrin-deficient mice [30].

Other mice models as well can be used to study
the consequences of hypergastrinemia secondary to gastric
hypoacidity. H+K+ATPase beta subunit-deficient mice are
anacidic and have a 4- to 7-fold increase in serum gastrin and
show hyperplasia of the oxyntic mucosa [31, 32], whereas
hyperplasia is not seen in H+K+ATPase beta subunit and
gastrin double knockout mice. H+K+ATPase beta subunit-
deficient mice have an increase in ECL cell number compared
to controls, but carcinoma development in the oxyntic
mucosa is rare and expression of neuroendocrine markers
within the carcinoma could not be detected [33]. Similar
changes have been described in H+K+ATPase alpha subunit-
deficient mice [34].

The role of histamine has been studied using HDC-
deficient mice that show gastric hypoacidity and a threefold
increase in plasma gastrin levels [35]. In animals aged 8
to 12 weeks there were no differences in mucosal thickness
suggesting that histamine mediates the trophic effect of gas-
trin, but not via the histamine-2 receptor, since histamine-
2 receptor deficient mice are hypergastrinemic and have
a hypertrophic oxyntic mucosa [14]. Long-term studies
addressing the carcinogenic effects of hypergastrinemia in
the absence of histamine have not been published.

Gastrin-deficient mice do not have basal acid secretion
[36] thus providing a model for studying the effects of gastric
hypoacidity without hypergastrinemia. These mice develop
antral tumours classified as adenocarcinomas [37] which are
attributed to bacterial overgrowth and subsequent formation
of carcinogenic substances [38, 39].

H+K+ATPase and gastrin double knockedout mice are
anacidic without gastrin [31], hence they do not develop a
hypertrophic oxyntic mucosa, demonstrating that gastrin is
responsible for these changes.

Several other genetically modified mice with gastric
hypoacidity have been made, but studies on long-term
gastric changes have so far not been published. That
is, mice where the gene encoding KCNE2 (a potassium
channel ancillary subunit) is knockedout are hypoacidic and
hypergastrinemic, and these mice have marked hyperplastic
changes in the oxyntic mucosa at age 3 months [40].
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2.3. Japanese Cotton Rats. Animals from a strain of
Japanese cotton rats develop spontaneous gastric carcinomas
restricted to the oxyntic mucosa with a marked female
preponderance [41]. The animals developing carcinomas
were later found to have gastric hypoacidity, secondary
hypergastrinemia, and pronounced ECL cell hyperplasia
[42]. The oxyntic mucosa in hypergastrinemic cotton rats
has marked hyperplasia of chromogranin A, synaptophysin,
and HDC immunoreactive cells and a proportion of the
tumour cells are chromogranin A, pancreastatin, HDC, and
Sevier-Munger positive [42–45]with similar changes found
in mRNA expression [46, 47]. Between the age of two
and six months, a proportion of female cotton rats develop
gastric hypoacidity by an unknown mechanism, and develop
carcinomas after approximately four months of hypergas-
trinemia. Several studies have demonstrated the importance
of gastrin in tumour development as carcinomas are pre-
vented by injections of a gastrin receptor antagonist (YF476)
[43], by removal of antral gastrin by antrectomy [48] or
by administration of the somatostatin analogue octreotide
[47]. Male cotton rats that are made hypergastrinemic due
to either administration of loxtidine [49] or by partial
corpectomy [50] also develop carcinomas in the oxyntic
mucosa. The ECL cell ultrastructure and neuroendocrine
immunoreactivity in hypergastrinemic animals have been
observed over time and ECL cells gradually lose charac-
teristics suggesting that ECL cells undergo dedifferentiation
during transformation stimulated by hypergastrinemia [45].

The cotton rat model demonstrates that tumours with an
adenocarcinoma phenotype and neuroendocrine character-
istics are induced by gastric hypoacidity and hypergastrine-
mia and probably develop through dedifferentiation of ECL
cells.

2.4. Mongolian Gerbils. Studies in both rodents and man
have associated infection with Helicobacter spp. with devel-
opment of gastric carcinomas. In Mongolian Gerbils (“desert
rats”) infection with H. pylori leads to development of
chronic gastritis, peptic ulcers, atrophy of the gastric mucosa,
intestinal metaplasia, and finally gastric carcinomas [3, 51],
thus a disease that parallels what is found in humans.

There seems to be a close relationship between Helicobac-
ter infection, elevated gastrin, and development of gastric
carcinomas. Hypergastrinemia is a risk factor for gastric
carcinomas irrespective of Helicobacter infection in both
rodents and man. Infection with H. pylori induces a 5- to
10-fold rise in serum gastrin in Mongolian Gerbils [52] and
increases with time [53]. Two phenotypic different gastric
tumours can be found in Mongolian Gerbils after long-
term infection with H. pylori; ECL cell carcinoids [3, 53]
and presumably adenocarcinomas [3, 52, 53], suggesting
that these two malignant tumours develop through similar
mechanism. Interestingly, there is an increase in CgA positive
cells up to week 50, which decreases from week 50 to
100 [54], resembling the dedifferentiation seen in other
models for studying effects of long-term hypergastrinemia.
It has also been demonstrated that regenerating (reg) gene
expression correlates with hypergastrinemia in H pylori
infected animals [55].

2.5. Mastomys. One of the animal models contributing to
our understanding of gastric carcinoid tumours (neuroen-
docrine tumours, NETs) is the African rodent Mastomys
Natalensis of the family Muridae. Already in the 1950s, it
was discovered that strains of Mastomys had the propensity
to develop multicentric gastric tumours that were first
misclassified as adenocarcinomas [56, 57]. These tumours
were later reclassified as gastric neuroendocrine tumours
[58, 59], originating from the ECL-cell [60, 61], similar
to the human type I (associated to atrophic gastritis) and
type II (associated with gastrinoma) gastric carcinoids. The
carcinoids in Mastomys are found in about 50 percent of aged
animals (1-2 years) and are located to the oxyntic mucosa.
The pathological changes seen preceding the development
of tumours are summarized in three stages: stage I with
linear hyperplasia of ECL cells, stage II with the development
of ECL-cell nodules restricted to gastric glands, and stage
III with ECL- cell growth below the lamina propria [62].
The direct cause of the ECL cell neoplasia in Mastomys is
uncertain, however closely linked to gastrin and the CCK-
2 receptor activity. The Mastomys CCK2/gastrin receptor
has been transfected to COS-7 cells, and this receptor
has an enhanced basal level of activity compared to the
human receptor [63]. Gastrin is, however, also necessary
in the pathogenesis of the carcinoids as the CCK2/gastrin
receptor antagonist YF476 inhibits both ECL hyperplasia
and gastric tumour development [64]. Loxtidine-induced
hypergastrinemia moreover promotes the development of
carcinoids in Mastomys [61]. The density of ECL cells was
three times that of controls after 24 weeks of loxtidine treat-
ment and 1/4 of the animals had gross tumours [61]. ECL
cell hyperplasia and dysplasia, but not tumours, have been
shown to be reversible after cessation of loxtidine treatment,
suggesting that the tumour cells become independent of
hypergastrinemia at some point in the neoplastic process
[65]. The somatostatin-analogue octreotide has inhibitory
effects on both gastrin cells and ECL cells and is found to
prevent loxtidine-induced ECL hyperplasia [66].

2.6. The Norwegian Lundehund. The Norwegian Lunde-
hund, a small Norwegian spitz breed, is a working dog
developed for hunting puffins (Fratercula arctica), especially
in the northern part of Norway. The breed was nearly
eradicated during the Second World War because of the
spread of canine distemper virus, and the present population
originates from only five dogs.

Lundehunds often suffer from the “Lundehund syn-
drome”: intermittent diarrhoea, hypoproteinemia, ascites,
subcutaneous oedema, weight loss, and lethargy. Affected
dogs are also known to develop chronic atrophic gastritis
and are predisposed to the development of gastric tumours,
two conditions that are rare in other breeds. The chronic
atrophic gastritis is associated with loss of parietal cells
and linear hyperplasia of ECL cells [67]. These findings
are consistent with decreased acid secretion and long-term
hypergastrinemia in these dogs.

Gastric carcinomas in dogs usually arise in the pyloric
area. However, in Lundehunds the tumours most often arise
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in the fundic/corpus area, that is, in the oxyntic mucosa [67].
When examining the tumours by means of histochemistry
and immunohistochemistry, the neoplastic cells show neu-
roendocrine and more specifically ECL cell differentiation
in half of the tumours [67]. Thus, it is likely that the
carcinomas originate from the ECL cell secondary to the
long-term trophic effect of hypergastrinemia. The neoplastic
process thus parallels the development of tumours associated
with pernicious anemia in man [68–70]. About half of
the gastric carcinomas in Lundehund show neuroendocrine
differentiation. However, during neoplastic progression an
increasing number of mutations lead to dedifferentiation of
tumour cells with reduced concentrations or complete loss
of normal cell markers, as shown in Japanese cotton rats [71]
and man [72]. This may explain why it is difficult to detect
neuroendocrine and ECL cell markers in some tumours [70]
and makes it possible that tumours which fail to express such
markers may still be of neuroendocrine origin.

The effects of long-term administration of acid inhibitors
has not been studied in the Norwegian Lundehund, but
beagle dogs have been given omeprazole daily for 7 years
[73]. There were no changes in the gastric mucosa at termi-
nation including ECL cell numbers, but the dogs receiving
omeprazole had similar fasting and meal-stimulated plasma
gastrin levels compared to controls which means the dogs
had not received an adequate dose of PPI.

3. Discussion

Although the incidence of gastric cancer in western coun-
tries is decreasing, the incidence of adenocarcinomas of
the diffuse type is increasing [74], being the subtype of
adenocarcinomas that often develop in patients with hyper-
gastrinemia and have neuroendocrine differentiation [70, 75,
76]. Recently it was also reported that in USA there is a
significant increase of noncardia gastric adenocarcinomas in
whites among younger cohorts [77], while the cause of these
new trends is difficult to determine from epidemiological
data alone. The relevance of animal models where hypotheses
can be tested and new are generated is obvious, as animal
models allow intervention by introducing or eliminating
factors thought to affect carcinogenesis. Hypergastrinemia
is seen in many models of gastric carcinogenesis and seems
to be a common causative factor in otherwise different cir-
cumstances. In all species where long-term hypergastrinemia
has been induced, an increased risk of gastric malignancy
is observed, whether hypergastrinemia is accompanied by
either gastric hypoacidity or hyperacidity.

In some animal models hypergastrinemia induces malig-
nancy with either carcinoid or adenocarcinoma phenotype.
However, findings from Mongolian gerbils and Japanese
cotton rats suggest that these tumours develop by similar
mechanisms and derive from ECL cells, thus resembling
patients with atrophic gastritis who have an increased risk
of developing both types of tumours. More experiments
are needed to identify the mechanisms that determine the
tumour phenotype.
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The advancement and intensive use of chemotherapy in treating childhood cancers has led to a growing population of young
cancer survivors who face increased bone health risks. However, the underlying mechanisms for chemotherapy-induced skeletal
defects remain largely unclear. Methotrexate (MTX), the most commonly used antimetabolite in paediatric cancer treatment, is
known to cause bone growth defects in children undergoing chemotherapy. Animal studies not only have confirmed the clinical
observations but also have increased our understanding of the mechanisms underlying chemotherapy-induced skeletal damage.
These models revealed that high-dose MTX can cause growth plate dysfunction, damage osteoprogenitor cells, suppress bone
formation, and increase bone resorption and marrow adipogenesis, resulting in overall bone loss. While recent rat studies have
shown that antidote folinic acid can reduce MTX damage in the growth plate and bone, future studies should investigate potential
adjuvant treatments to reduce chemotherapy-induced skeletal toxicities.

1. Introduction

During childhood and adolescence, bone continues to grow
until a peak height and peak bone mass are achieved. It
is during these periods that children are most vulnerable
to interference to skeletal growth, and disturbance to the
growing skeleton results from disruption to the processes of
endochondral ossification and/or bone remodeling, which
may predispose children to earlier onset of skeletal defects.
Due to significant advancements and higher survival rate,
cancer chemotherapy has been gaining popularity in treat-
ment of paediatric cancers and has become an important risk
factor for bone growth defects in paediatric cancer patients.
Intensive chemotherapy for childhood cancers has been
shown to cause bone growth defects (bone loss, osteopenia,
and fractures).

Methotrexate is the most commonly used antimetabolite
in childhood oncology, and both clinical and experimental

studies have demonstrated methotrexate-induced bone
growth impairment. This paper reviews previous studies in
which rat models of methotrexate chemotherapy have been
used to investigate chemotherapy-induced bone defects,
mechanisms of bone growth arrest and bone loss, and
recovery potential.

2. Bone Growth and Regulation

Bone growth is the process involving fascinating changes
in morphology and biochemistry during development and
growth, which gradually ceases until adolescence ends. Dur-
ing bone growth in childhood and adolescence, lengthening
of long bones depends on the process of endochondral
ossification, in which the growth plate cartilage continues
to produce calcified cartilage which serves as a template for
formation of primary trabecular bone [1]. Growth plate is
situated at both ends of long bones, which is composed of
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three distinct zones: the resting, proliferative, and hyper-
trophic zones. Bone growth begins as progenitor cells at
resting zone are activated and enter the cell cycle at the pro-
liferative zone [2] and produce extracellular matrix rich in
collagen-II and aggrecan [1]. The hypertrophic chondrocytes
secrete matrix rich in collagen-X and direct mineralisation
of their surrounding matrix while undergoing apoptosis [3].
Metaphyseal primary bone formation begins as blood vessels
invade the mineralised hypertrophic cartilage, which brings
in two cell types (osteoblasts and osteoclasts) that remodel
the mineralized cartilage to primary woven bone [1]. While
osteoclasts resorb the calcified cartilage, osteoblasts penetrate
the invaded calcified cartilage and replace it with spongy
bone [1]. Bone lengthens as growth plate cartilage continues
to grow and is replaced by bone. Longitudinal bone growth
is mainly regulated by genetic and hormonal factors such as
growth hormone (GH), insulin-like growth factors (IGFs)
[4, 5], thyroid hormone and glucocorticoids, sex steroids
[6–8], fibroblast growth factors (FGF), epidermal growth
factor and related ligands [9] transforming growth factor β
(TGF-β), and bone morphogenic protein (BMP) [10, 11].
However, environmental factors such as nutrition [12–14]
and medical treatments including chemotherapy have also
been shown to be important determinants for bone growth
in children, influencing the final height and bone mass of an
individual.

3. The Clinical Issue of Methotrexate-Induced
Skeletal Defects

Cancer chemotherapy has been achieving better success in
treatment of paediatric cancers, with a survival rate over
80% in treating acute lymphoblastic leukaemia (ALL) which
is the major childhood cancer. Consequently, childhood
chemotherapy has become an important risk factor for bone
growth defects in paediatric cancer patients. Methotrexate
(MTX) is the most widely used antimetabolite in the
treatment of childhood cancers and is critical for treating
acute lymphoblastic leukemia (ALL) [15]. MTX is a folate
antagonist, commonly used at high-doses for the treatment
of malignancies (100–1,000 mg/m2) [16, 17] and at lower
doses (5–25 mg/week) for the treatment of inflammatory dis-
eases such as rheumatoid arthritis (RA) [17, 18]. Frequently
reported adverse effects associated with high-dose MTX
include nausea, abdominal distress, intestinal mucositis [19],
leucopenia, and bone marrow suppression [20]. High-dose
MTX has also been shown to have significant damaging
effects on bone growth in children [21].

Clinical studies have highlighted osteopenia as a compli-
cation for childhood malignancies, characterised by reduced
BMD and increased fracture risks [21, 22]. During intensive
chemotherapy, children treated with high-dose MTX in
combination with corticosteroids showed depressed bone
formation and enhanced bone resorption [23, 24]. On the
other hand, some studies reported no significant BMD
reduction in survivors of ALL [25]. Since ALL treatment
regimens are multiple drug combination therapies with
or without cranial irradiation, it is difficult to determine

the effects of high-dose MTX alone on bone growth.
However, high-doses of MTX and corticosteroid together
were found to be associated with longitudinal growth arrest
[26, 27], a high risk of low bone mass and failure for
BMD recovery even after discontinuation of treatment [25].
Overall, the use of high-dose MTX in treating paediatric ALL
is encouraged; however, early onset of skeletal complications
must be monitored.

4. Mechanistic Studies on MTX Skeletal Defects
with Animal Models

The mechanism of how childhood cancer chemotherapy
affects bone growth remains largely unknown. Since all ALL
treatment protocols vary not only in dosage but also, route of
administration and use of cranial irradiation, it is difficult to
distinguish the effects of individual chemotherapeutic agents
on bone growth. Hence, many laboratory studies have been
conducted which have enabled investigations into the effects
and underlying mechanisms of different chemotherapeutic
agents alone on bone growth. For example, in a rat
chemotherapy model, doxorubicin, an anthracycline antibi-
otic and cytotoxic (antineoplastic) agent commonly used
against various cancers, caused thinning of growth plate, dis-
turbance of chondrocyte columnar arrangement, increased
number of fat cells but decreased hematopoietic cellularity
in the bone marrow [28]. Similarly, in vitro studies using
human bone marrow cells have shown that corticosteriods
(commonly used for treating ALL) can significantly suppress
osteoblastic activity, resulting in decreased bone formation
[29]. Corticosteroid-induced osteopenia/osteoporosis has
been confirmed in animal models [30], has been shown to
reduce bone mineral density, and is associated with increased
fracture risks in children [31]. In this section, animal studies
investigating the mechanisms for MTX-induced skeletal
damage are reviewed.

4.1. Methotrexate Chemotherapy-Induced Growth Plate Dys-
function. As bone lengthening is the result of endochondral
ossification at the growth plate, chemotherapy-induced
growth plate damage may impact on bone lengthening. An
earlier in vitro study examining effects of chemotherapeutic
agents on chondrocyte proliferation observed no effects of
MTX on proliferating chondrocytes [32]. In a rat study, MTX
at 60 mg/m2 body surface area (injections once weekly given
for 8 weeks) was shown to have no effects on proliferating
chondrocytes but to cause an increase in hypertrophic
zone thickness and number of hypertrophic chondrocytes
[33]. More recent animal studies revealed that while long-
term low-dose MTX treatment caused no damage to the
growth plate, two cycles of high-dose MTX (at 0.75 mg/kg,
5 days on/9 days off/5 days on) caused a significant decrease
in growth plate height [34] (Figure 1), which was due
to the reduction of chondrocyte proliferation (Figure 1)
and collagen-II production, as well as the induction of
chondrocyte apoptosis possibly through the Fas/FasL death
receptor pathway [35] (Figure 1). Due to the growth plate
dysfunction, a significant reduction in the thickness of newly
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Figure 1: Effect of acute high-dose MTX chemotherapy on growth plate structure and cellular changes in young rats. H & E stained section
of a normal rat tibial growth plate (a) and an MTX-treated rat growth plate (b). Dashed line represents total heights of growth plates.
BrdU labeling showing proliferative chondrocytes in a normal rat (c) and an MTX-treated rat (d), with arrows pointing to proliferating
chondrocytes. Normal proliferative/hypertrophic chondrocytes of a normal rat (e) showing no apoptosis; MTX-treated rats with apoptotic
chondrocytes in lower proliferative/upper hypertrophic zone (f), and a magnified view of apoptotic chondrocyte (g). (Images are from the
authors’ own lab and have not been published previously.)

formed primary spongiosa bone was also found in the
adjacent metaphyseal bone, mirroring the thinning of the
growth plate [35, 36]. These studies suggest that the effect
of MTX on growth plate structure and function is largely
dependent on the treatment dose and regimen.

4.2. Damaging Effects of Methotrexate Chemotherapy on Os-
teoblasts, Osteoprogenitors, and Stem Cells. High-dose MTX
(100–1000 mg/m2) acts by reversibly inhibiting the enzyme

dihydrofolate-reductase (DHFR). DHFR is essential for the
synthesis of purine and thymidylate, thus inhibition of
DHFR can ultimately inhibit DNA synthesis and therefore
cell proliferation [17]. Osteoblast number and function are
important indicators of bone formation and bone mass. Ear-
lier studies which analysed the effects of MTX chemotherapy
on bone metabolism revealed that MTX has an inhibitory
effect on osteoblast function without altering osteoblast
numbers in vivo [37]. Another study demonstrated that
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Figure 2: Mesenchymal stem cell commitment and effects of MTX chemotherapy in bone marrow adiposity. Multipotency of the
mesenchymal stem cell (a), illustrated by the capacity to differentiate down a number of cell lineages. H & E stained bone marrow section
taken from a control rat (b) and from an acute high-dose MTX-treated rat (c) showing adipocyte-rich bone marrow. (Images are from the
authors’ own lab and have not been published previously.)

MTX-induced osteoblastic damage led to a diminished
mineralizing surface, mineral apposition rate, and bone
formation rate [38]. Consistently, an in vitro study using
mouse osteoblasts in culture showed that MTX can decrease
osteoblastic cell function in a dose-dependent manner, as
indicated by a reduction of matrix calcification and super-
natant osteocalcin levels [39]. Although earlier studies found
no obvious changes in osteoblast density after MTX treat-
ment in rats, more recent studies reported that both acute
high-dose and chronic low-dose MTX treatment in rats can
reduce osteoblast density on trabecular bone surface [34, 36].

Osteoblasts are derived from stromal progenitor cells
or mesenchymal stem cells (MSCs), which can differentiate
into osteogenic, chondrogenic, or adipogenic cells [40]
(Figure 2). The osteogenic ability of these cells makes it
possible to study the toxicity of chemotherapy alone on bone
marrow osteoprogenitor cell population and their osteogenic
potential. Previously, high-dose chemotherapy (in absence of
irradiation) was found to have a direct effect on the stromal
population in patients undergoing chemotherapy, caused
depletion of bone marrow progenitor cells [41], and resulted
in decreased osteoblast differentiation and bone formation
[41, 42]. Recently, rat models of MTX chemotherapy also
demonstrated a reduction in bone marrow osteoprogenitor
cells and suppressed stromal progenitor cell proliferation
[34, 36]. These in vivo studies suggest that chemotherapy

with several drugs in combination or with MTX alone
impairs the oestrogenic commitment of the bone marrow
progenitor cell population, the severity and recovery of
which are major determinants of the extent of bone loss and
recovery potential following chemotherapy.

In vitro studies found that human bone marrow MSCs
appear more resistant to MTX, cyclophosphomide and
busulphan than peripheral blood mononuclear cells [43],
and that isolated MSCs from normal or chemotherapy-
exposed patients remain unaffected by the presence of
cytotoxic agents in culture when assessed for differentiation
or proliferative potential [44]. These studies suggest that
while the already committed osteoprogenitor cells can be
more easily affected by chemotherapy drugs, the quiescent
MSCs appear to have the capacity to maintain their number
and their stem cell character both in vivo and in vitro
in response to some chemotherapeutic agents [44]. This
perhaps explains why the bone and bone marrow stroma
can regenerate in the MTX acute treatment models in rats
[34–36].

4.3. Methotrexate Chemotherapy-Induced Marrow Adiposity.
In recent rat studies of MTX chemotherapy-induced bone
defects, it has been found that apart from the reduced
osteoblast number and trabecular bone volume, there is a
significant increase in marrow adiposity [35, 36] (Figure 2).
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Figure 3: Effect of MTX chemotherapy on osteoclast density in young rats. H & E stained sections showing osteoclasts along trabecular bone
surface in a control rat (a) and an MTX-treated rat (b), with arrows pointing to multinucleated osteoclasts. TRAP-stained osteoclasts formed
ex vivo from bone marrow cells of a control rat (c) and an MTX-treated rat (d), with arrows pointing to multinucleated TRAP+ osteoclasts.
(Images are from the authors’ own lab and have not been published previously.)

Consistently, one early in vitro study demonstrated that
the presence of MTX can significantly increase the num-
ber of fat-containing cells in bone marrow culture [45].
These studies suggest that MTX chemotherapy can cause
a reciprocal switch in bone versus fat volume in the bone
marrow microenvironment. Since adipocytes and osteoblasts
share a common precursor (bone marrow MSC), it has been
proposed that bone loss may result from a switch in favour of
adipocyte differentiation over osteoblast commitment. Since
the Wnt signalling pathway stimulates osteoblast lineage
commitment and inhibits adipocyte formation [46, 47], it is
of interest to examine whether deregulation of Wnt signaling
may be involved in this bone/fat reciprocal relationship
following MTX chemotherapy.

4.4. Effects of Methotrexate on Haematopoietic Cells and
Osteoclast Formation. In addition to the damage to
osteoblasts, bone marrow stromal cells (discussed above),
haematopoietic stem cells (HSCs), and haematopoiesis [48],
another possible mechanism for chemotherapy-induced
decrease in bone mass in children is the increased formation
of bone resorptive cells (osteoclasts) and the alteration to
the bone remodeling balance in favour of bone resorption.
Clinically, children undertaking high-dose MTX treatment
have lower bone mass, with increased urinary and faecal
calcium excretion, suggesting increased bone resorption
[24, 49]. Results from both short- and long-term rat studies
revealed that MTX can cause an increase in osteoclast density

on trabecular bone surface [34, 38, 50] (Figure 3). Similarly,
an increase in the number of empty Howship lacunae on
the trabecular surface [51] and excretion of hydroxyproline
[50] following MTX administration are evident in animal
studies which further support the argument of increased
bone resorption. A recent ex vivo study using bone marrow
cells obtained from rats treated with MTX showed an
increase in the osteoclast precursor cell pool which express
surface marker CD11b+ and an increase in ex vivo osteoclast
formation [34] (Figure 3). Mac-1 (CD11b/CD18) has
been shown to play a role in facilitating the differentiation
of osteoclast precursors into mature osteoclasts when
stimulated by the key osteoclastogenic cytokine RANKL
[52]. Collectively, this indicates that MTX chemotherapy
affects osteoclastogenesis at the precursor level.

Some clinical data revealed an increased serum level of
proinflammatory cytokine TNF-α in patients undergoing
chemotherapy [53], suggests a potential role for proin-
flammatory cytokines in chemotherapy-induced osteoclas-
togenesis. It is known that, apart from RANKL, osteoclast
differentiation and activity can be enhanced by proinflam-
matory mediators such as IL-1, IL-6, and TNF-α [54].
Whilst increased precursor and mature osteoclast presence
within the bone strongly suggests increased resorptive
activity, no animal studies have directly investigated this
link in chemotherapy model. Future studies are required to
investigate the potential role of proinflammatory cytokines
in osteoclastogenesis as well as the mechanisms by which
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MTX chemotherapy may induce an inflammatory response
within the bone marrow microenvironment.

5. Conclusions and Future Perspectives

As longitudinal bone growth occurs during childhood and
adolescence, altered bone metabolism during this period may
interfere with bone growth and bone mass accrual, which
may result in lower peak bone mass, potentially leading
to premature onset of osteopenia and increased fracture
risk [55]. The advancement and success of chemotherapy
in treating childhood cancers (particularly ALL) and thus
its increasing use in paediatric oncology have resulted in a
growing population of young cancer survivors with increased
bone health risks (reduced bone growth and lower peak bone
mass). Although the mechanism for chemotherapy-induced
bone damage is multifactorial, recent research has revealed
that chemotherapeutic agents can directly impair bone
growth. In particular, rat studies have confirmed that MTX
can directly disrupt the growth plate structure and function
by inducing chondrocyte apoptosis. reducing chondrocyte
proliferation and cartilage protein synthesis. Dysfunction of
the growth plate, therefore, reduces formation of primary
woven bone. Direct damage to osteoblasts by decreasing
osteoblast activity/formation (possibly through inducing the
switch in the bone marrow stromal cells towards adipogenic
differentiation at the expense of osteogenesis) and bone
marrow osteoprogenitor cells also contributes to reduced
bone formation. In addition, MTX chemotherapy has also
been shown to increase osteoclast formation and cause
aggravated bone resorption, contributing to the associated
bone loss.

Given the increased rates of fractures and early onset
of osteopenia in childhood survivors of ALL, future studies
should investigate strategies to reduce skeletal toxicities and
improve quality of life of chemotherapy patients. Currently,
recommendations and therapeutic strategies for reducing
childhood bone loss during chemotherapy are limited, and
there have been few studies investigating potential adjuvant
treatments to reduce chemotherapy-induced skeletal toxici-
ties. In this context, the rat models of MTX chemotherapy
have also been shown to be useful in demonstrating that
folinic acid, an antidote used clinically to reduce toxicity
to soft tissues such as gut and bone marrow haematopoi-
etic cells, is also efficacious to reduce or prevent MTX
chemotherapy-induced bone growth defects [34].
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Chromosomal common fragile sites (CFSs) are specific mammalian genomic regions that show an increased frequency of gaps and
breaks when cells are exposed to replication stress in vitro. CFSs are also consistently involved in chromosomal abnormalities in
vivo related to cancer. Interestingly, several CFSs contain one or more tumor suppressor genes whose structure and function are
often affected by chromosomal fragility. The two most active fragile sites in the human genome are FRA3B and FRA16D where
the tumor suppressor genes FHIT and WWOX are located, respectively. The best approach to study tumorigenic effects of altered
tumor suppressors located at CFSs in vivo is to generate mouse models in which these genes are inactivated. This paper summarizes
our present knowledge on mouse models of cancer generated by knocking out tumor suppressors of CFS.

1. Introduction

Fragile sites can be defined as heritable-specific loci on
human chromosomes that exhibit nonrandom gaps or
breaks when chromosomes are exposed to specific cell
culture conditions [1]. Classification of fragile sites as rare
or common depends on their expression frequency within
the population [2]. Rare fragile sites are identifiable in less
than 5% of the population, while common fragile sites are an
intrinsic part of the regular structure of the chromosomes
that are present in all individuals [1]. Fragile sites are
often involved in deletions and translocations [3], in sister
chromatid exchanges [4], in plasmid integration [5], and
in intrachromosomal gene amplification [6]. Interestingly,
some fragile sites, especially common sites, are involved
in chromosomal tumor-related rearrangements, such as the
deletions [7] and translocations [8] found in various tumors.
The cytogenetic expression of common fragile sites is visible
over wide chromosomal regions of mega-bases in size [1].
These sites seem therefore to represent regions of fragility,

rather than specific loci [9]. The importance of common
fragile sites in cancer is particularly relevant when one or
more tumor suppressor genes are located within a specific
region of fragility. For instance, FRA3B, the most active com-
mon fragile site on human metaphase chromosomes, maps
to a region on chromosome 3p14.2 associated with deletions
or translocation breakpoints in a vast number of human
cancers, including lung [10], breast [11], esophagus [12],
pancreas [13], and kidney [14]. The FHIT (Fragile HIstidine
Triad) gene maps to the same chromosomal region of FRA3B
[15]. It has been shown that this gene is frequently deleted
[11, 15, 16] or involved in translocation breakpoints [15, 17]
in a large number of tumor types. Other common fragile
sites have been implicated in homozygous deletions or loss
of heterozygosity (LOH) observed in various malignancies
[1]: FRA16D, located on chromosome 16q23.2 and altered
in breast [18], prostate [19], and hepatocellular carcinoma
[20]; FRA6E on 6q26 [21], and FRA7G on 7q31.2 [22], both
altered in ovarian cancer among others. The WWOX tumor
suppressor gene, in the FRA16D region, the second most
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Table 1: Synopsis of CFS tumor suppressor genes and their mouse models of cancer.

Gene Human tumors Animal model Treatment Induced phenotype Spontaneous phenotype

FHIT∗

3p14.2
Deletions
translocations

Head and Neck,
Lung, Larynx, Liver,
Pancreas, Digestive
Tract, Urinary Tract,
Prostate, Spleen,
Bone Marrow

FHIT KO Radiation

Increased multiorgan
tumor involvement
respect WT, but equal
tumorigenesis

FHIT KO
B(a)P
(Benzo(a)pyrene)

KO and WT mice were
equally sensitive; FHIT+/−

mice showed uterine
preneoplasias

FHIT KO
ECS (Environmental
cigarette smoke)

After exposure, FHIT loss
was observed also in WT
mice. WT and FHIT+/−

mice did not show
significant differences

FHIT KO
BBN (N-butyl-N-
hydroxybutyl)
nitrosamine)

28% of FHIT−/− and 46%
of FHIT+/− versus 8% of
WT mice developed
bladder invasive
carcinomas

FHIT KO X Vhl KO
Lung adenocarcinomas
in 44%

FHIT KO X Vhl KO
DMN (Dimethyl-
nitrosamine)

Lung adenocarcinomas in
100%

FHIT+/− X HER2/neu
(mammary tumor
promoter)

Mammary tumors
in 100%

FHIT KO X Nit KO
NMBA
(N-nitroso-methyl-
benzylamine)

∼100% more gastric
tumors than FHIT−/−

alone

WWOX
16q23.2
Deletions
translocations

Lung, Digestive
Tract, Liver,
Pancreas, Breast,
Ovarian, Prostate,
CNS, Urinary Tract,
Bone, Thyroid, Bone
Marrow

Wwox KO

Postnatal lethality for −/−

mice.
Surviving mice showed
metabolic disorders and
developed femoral focal
lesions resembling to
osteosarcoma. +/− mice
showed higher incidence
of lung and mammary
tumors than WT mice

ENU
(Ethyl-Nitroso-
Urea)

80% of +/− mice
developed lymphoblastic
leukemia, lung,
mammary, and liver
tumors

NMBA
(N-nitroso-methyl-
benzylamine)

∼100% of +/− mice with
forestomach tumors

Wwox Hypomorphic
strain (very low
expression of Wwox)

Short lifespan. Females
exhibited high incidence
of lymphomas
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Table 1: Continued.

Gene Human tumors Animal model Treatment Induced phenotype Spontaneous phenotype

PARK2
6q26
Deletions
translocations

Ovary, breast,
esophagus, liver,
colon, lung, renal,
CNS, hematopoietic

Park2 KO Motor and cognitive defects

Park2 X Apc
4-fold increase in adenomas
than control mice; all stages
neoplastic lesions

CAV-1
7q31.2
Deletions
translocations

Downregulated in:
ovarian, lung,
mammary tumors
Upregulated in:
prostate, bladder,
thyroid, esophageal
carcinomas

Cav-1 KO
Normal. Reduction of
Cav-2 expression

Cav-1 KO
DMBA (7,12-dimethyl
benzanthracene)

Development of
epidermally derived
tumors

Cav-1 X
MMTV-PyMT

Acceleration of the
development of mammary
lesions

Cav-1 X Tramp

Decreased incidence in
prostate tumors and
loco-regional and distal
metastasis

TES
7q31.2
Deletions
translocations

Head and Neck,
gastric, breast,
hematopoietic,
prostate, CNS

Tes KO Normal

Tes Ko
NMBA(N-nitroso-
methyl-benzylamine)

High incidence of
forestomach tumors

∗
FHIT findings include the period 2005–2010. Older data were previously reviewed.

active common fragile site in the human genome [23], has
been cloned [24]. The involvement of WWOX in cancer has
been reviewed recently by Del Mare et al. [25].

An important step in the functional characterization
and validation of putative human tumor suppressor genes
is the generation of recombinant mouse knockout models
with both alleles of the gene of interest inactivated. Genes
associated to well-characterized human CFSs are conserved
in the mouse genome, but the level of fragility of CFSs may
not be the same. In this paper we describe recombinant
mouse strains carrying inactivated fragile site tumor sup-
pressor genes, the fragile genes that have been most exten-
sively examined for association with cancer development
(Table 1).

2. FHIT

The role of FHIT as a tumor suppressor, its biochem-
istry, genetics, pathology, and biology, has been extensively
reviewed since the discovery of the gene, 14 years ago
(e.g., [26–28]). Previously, we summarized the insights that
had emerged until 2004 into the genetics and biology of
FHIT-deficient mice with particular focus on carcinogenesis

and gene delivery studies [29]. New developments since 2004
concerning the FHIT gene and gene product are reviewed in
this section.

Although the usefulness of a model like FHIT-deficient
mouse rests mainly in the possibility to perform in vivo
experiments, normal cells from different tissues with a
defined FHIT genotype can also be isolated, cultured, and
studied for specific purposes. For example, we established
normal kidney cell lines from FHIT+/− and FHIT+/+ mice
that were then stressed and examined for differences in cell
cycle kinetics and survival [30]. The same experiment was
also performed with human FHIT-negative and -positive
cancer cell clones. A larger fraction of FHIT-negative murine
kidney cells survived treatment with mitomycin C or UVC
light compared to FHIT-positive cells. Approximately 10-
fold more colonies of mouse FHIT-deficient cells survived
high UVC doses in clonogenic assays. Compared to wild
type cells, similar results were also obtained with human
cancer cells. After low UVC doses, the rate of DNA synthesis
in mouse FHIT−/− cells decreased more rapidly and steeply
than in FHIT+/+ cells. UVC surviving FHIT−/− cells appeared
transformed and exhibited more than 5-fold increase in
mutation frequency. Such increased mutation burden
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could explain the susceptibility of FHIT-deficient cells to
malignant transformation in vivo [30].

An ionizing radiation study reported that FHIT could
protect human cells from high doses of ionizing radiation-
induced mutations at the HPRT locus [31], suggesting,
once more, the potential protective effect of FHIT in DNA
damage-induced carcinogenesis. However, it was still unclear
whether FHIT could prevent high dose radiation-induced
carcinogenesis or whether it plays any role in a low-dose
environment. To investigate effects of multiexposure to low
dose radiation at a high dose rate on tumorigenesis and
whether FHIT plays a protective role in the process, Yu et
al. [32] irradiated FHIT+/+ and FHIT−/− mice with 1 Gy
× 1 or 0.1 Gy × 10 exposures at a dose rate of 1 Gy/min,
sacrificed the mice at 1.5 years after radiation and studied
multiorgan tumorigenesis. The results showed that although
the spontaneous tumorigenesis in these mice was relatively
high, 1 Gy x1 exposure dramatically increased multiorgan
tumor development and FHIT−/− mice showed more tumors
than FHIT+/+ animals. However, 0.1 Gy x 10 exposures did
not increase tumorigenesis, and there was no significant
difference between FHIT+/+ and FHIT−/− mice. Thus, these
results showed that FHIT could prevent high dose radiation-
induced tumor development but has no effect in a low dose
environment [32].

In the last five years, FHIT-deficient animals were used
to produce mice deficient for multiple tumor suppressors
or upregulated oncogene, and to discover effects due to
the association of loss/reduction of FHIT and simultaneous
deregulation of another cancer gene. Thus far, three articles
have been published on this subject: two regarding the tumor
suppressor genes Vhl and Nit, and one on the oncogene
HER2 (Figure 1).

Since alterations to the FHIT gene as well as other
suppressor genes mapping to human chromosome 3 play an
important role in development of lung and other cancers,
we decided to determine if FHIT absence, in combination
with deficiency of an additional tumor suppressor on
human chromosome 3p, would affect the frequency of
tumor induction. Thus, we examined the spontaneous and
dimethylnitrosamine (DMNs-) induced tumor phenotype
of FHIT−/−Vhl+/− mice [33]. Whereas no spontaneous lung
tumors were observed in FHIT−/− or Vhl+/− mice, 44%
of FHIT−/−Vhl+/− mice developed adenocarcinomas by two
years of age. In addition, DMN induced lung tumors
(adenomas and carcinomas) in 100% of FHIT−/−Vhl+/− mice
and adenomas in 40% of FHIT−/− mice by the age of 20
months. Thus, double deficiency in murine homologues
of human 3p suppressor genes (Figure 1(a)) predisposes to
spontaneous tumor formation and induced lung cancers
recapitulating a pattern of lung cancer development similar
to the human counterpart [33].

Manuela Campiglio’s group had previously shown that
FHIT protein levels could be regulated by FHIT proteasome
degradation mediated by EGF-dependent activation of EGFR
family members, including HER2, whose overexpression is
linked to poor prognosis in breast cancer [34]. To test
for a possible cooperation of the FHIT and HER2 genes,
these authors assessed tumor incidence in FHIT+/− mice

Healthy Healthy

Lung tumors

Fhit−/− Vhl+/−

Fhit−/− Vhl+/−

(a)

Healthy Breast cancer in 1 year

Breast cancer in 7 months

Fhit+/− MMTV-HER2

Fhit+/− MMTV-HER2

(b)

Fewer gastric tumors Fewer gastric tumors

More gastric tumors

Fhit−/− Nit1−/−NMBANMBA

NMBA
Fhit+/−Nit1−/−

(c)

Figure 1: Cooperating effect of FHIT with Vhl (a), HER2 (b), and
Nit1 (c) in mouse tumorigenesis.

crossed with animals carrying the HER2/neu proto-oncogene
driven by the mouse mammary tumor virus promoter [35].
All FHIT heterozygous mice developed mammary tumors,
whereas tumor incidence was reduced by 27% in FHIT
wild type animals, which remained tumor-free at twenty
months. These findings (Figure 1(b)) suggested a protective
role for FHIT in HER2-driven mammary tumors and point
to cooperation between FHIT loss and HER2 over-expression
in breast carcinogenesis [35].

Mammalian Nit1 is a member of a large gene family
with some branches conserved from bacteria to mammals;
interest in an association of Nit1 alterations with cancer
development in mammals began with the finding that in
flies and worms Nit1 is fused to the N-terminus of the
FHIT protein [36]. Conversely, mammalian Nit1 and FHIT
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proteins are encoded by genes on different chromosomes.
According to the “Rosetta stone” hypothesis, genes fused
in one organism are likely to be involved in the same
signal or metabolic pathways in organisms in which they
map to separate locations [37]. To investigate roles for
Nit1 in FHIT pathways, Semba et al. [38] generated Nit1
knockout mice and observed that these animals are more
susceptible to tumor induction, like FHIT-deficient mice.
Then the authors compared the tumor susceptibility of
FHIT−/− mice with that of FHIT−/−Nit1−/− double knockout
animals after oral delivery of N-nitrosomethylbenzylamine
(NMBA) and observed that double knockout mice developed
significantly more spontaneous and NMBA-induced tumors
than FHIT−/− mice [39]. When two distinct cancer genes
are involved in the same pathway, the disruption of both
their activities is not expected to lead to increased tumor
susceptibility relative to the silencing of just one of the
genes. Thus, results of the double knockout experiment
(Figure 1(c)) suggested that FHIT and Nit1 work, at least
to some extent, in different pathways and their tumor
suppressor activities are additive [39].

Silvio De Flora’s group, in collaboration with us, was
interested in studying the effect of FHIT-deficient mice after
exposure to cigarette smoke or benzo[a]pyrene (B[a]P), a
prototype of genotoxic and carcinogenic polycyclic aromatic
hydrocarbons (PAHs) that are a fundamental component of
cigarette smoke. In the first of these studies, wild type and
FHIT+/− mice were treated with multiple doses of B[a]P by
gavage [40]. All mice, irrespective of their FHIT status, were
sensitive to induction of forestomach tumors, while preneo-
plastic lesions of the uterus were more frequent in FHIT+/−

mice. The first generation of the cross between C57BL/6J
and 129/SvJ strains (B6/129 F1) underwent spontaneous
alopecia areata, an inflammatory skin disease, and hair bulb
cell apoptosis. This phenotype was greatly accelerated by
FHIT heterozygosity, suggesting that FHIT may play a role
in the pathogenesis of alopecia areata [40]. In a separate
report, D’Agostini et al. [41] exposed wild type and FHIT+/−

rodents to environmental cigarette smoke (ECS). Evaluation
of FHIT expression in the respiratory tract after 14 days of
exposure to ECS revealed unequivocal evidence that FHIT
is an early, critical target in smoke-related carcinogenesis
[41], but heterozygosity for FHIT does not seem to confer an
increased susceptibility of mice in terms of early biomarkers
like apoptosis, cell proliferation, bulky DNA adducts in the
lung, and various cytogenetical damages [42].

To determine if a nonfragile, cDNA version of a FHIT
allele, expressed from a chromosomal region outside the
fragile site, could reduce susceptibility of mice to carcinogen-
induced tumorigenicity, we generated FHIT transgenic mice
on a FHIT+/+ and FHIT+/− background, treated them with
NMBA, and assessed their tumor burden relative to wild type
and FHIT+/− mice [43]. The tumor burden in NMBA-treated
male transgenic mice was significantly reduced, suggesting
that indeed a nonfragile FHIT protein could protect from
tumorigenesis, while female transgenic animals were not
protected. To determine if the difference in protection
could be due to differences in epigenetic changes at the
transgene locus in male versus female mice, we examined

expression, hypermethylation and induced re-expression of
FHIT transgenes in males and females or cells derived from
them. The differences detected in the epigenome did not
explain the differences in protection between the two sexes
[43] but this should be reexamined with more sensitive
epigenome sequencing methods now available.

FRA3B, the most active or most fragile of the human
common fragile sites, is frequently altered in environmental
carcinogen-associated cancers and in hematopoietic disor-
ders [23, 44]. We reported that absence of FHIT in mouse
hematopoietic cells exposed to hydroquinone, a genotoxic
benzene metabolite, led to resistance to induction of cell
death in vitro and escape from bone marrow suppression
in transplanted mice [45]. Immunohistochemical analy-
ses of transplanted hydroquinone-exposed, FHIT−/−, and
FHIT+/+ bone marrow revealed absence of apoptosis and
senescence markers in KO bone marrow. Accordingly, the
long-term survival of hydroquinone-exposed FHIT-deficient
bone marrow-transplanted mice allowed accumulation of
inaccurately repaired DNA lesions and premalignant alter-
ations in bone marrow-derived cells, suggesting that FHIT
deficiency leads to unscheduled survival of genotoxin-
exposed bone marrow cells, and increases the population of
stem or precursor cells with damaged genomes and resultant
accumulation of genomic alterations [45].

Since the FHIT gene is altered in human bladder cancer
[46], Raffaele Baffa’s laboratory published a report on a
chemically induced urinary bladder cancer model in FHIT-
deficient mice [47]. Recently, they used the same model to
investigate the chemopreventive role of a COX-2 inhibitor,
rofecoxib, in the development of bladder cancer in FHIT+/+,
FHIT+/−, and FHIT−/− mice [48]. Though the COX-2
inhibitor decreased the incidence of neoplastic lesions in all
three genotypes, the authors confirmed that FHIT-deficient
mice are highly susceptible to N-butyl-N-(-4-hydroxybutyl)-
nitrosamine (BBN), providing an in vivo model suitable for
bladder cancer preclinical studies [48].

3. Wwox

Since WWOX is down-regulated in most human cancers
and shows tumor suppressor function in different cell lines,
Wwox knockout mice may be a useful tool to study the
tumor suppressor activity of Wwox [25]. The mouse Wwox
gene is similar to its human homologue, it spans the CFS
Fra8E1 [49], and its expression induces apoptosis in murine
cell lines [50]. Consequently, the murine Wwox gene is an
appropriate model for studying the anti-tumor function of
the human WWOX gene [25]. Thus, in 2007, we developed
a mouse strain lacking Wwox expression [51]. The resulting
single- and double-allelic targeted ablations exhibiting two
completely different phenotypes.

Heterozygous mice developed normally and allowed
to assess how the inactivation of a single Wwox allele
spontaneously contributes to tumorigenesis [51]. Thus, after
monitoring Wwox+/+ and Wwox+/− littermates for two years,
we observed that the incidence of tumor formation in
Wwox+/− mice was significantly higher than in wild type
animals and included lung and mammary tumors [51].
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Noteworthy was the fact that in some tumors the second
Wwox allele remained intact, suggesting haploinsufficiency
for tumor suppression. To evaluate the role of WWOX
in tumor progression, Wwox+/+ and Wwox+/− animals
were then treated with different chemical carcinogens and
the incidence of tumor formation was examined. In one
study, we utilized the chemical mutagen ethyl-nitroso-urea
(ENU) and forty weeks after its administration, incidence
of tumor formation in Wwox+/− mice was 80% compared
to 40% in Wwox+/+ animals. The tumor spectrum included
leukemia and lung, mammary, and liver tumors [51]. In
another study [52], wild type and Wwox+/− mice were
treated with the gastric carcinogen NMBA. Fifteen weeks
after its administration, almost 100% of Wwox+/−mice
had developed forestomach tumors ranging from adeno-
mas to invasive carcinomas, whereas tumors were present
only in 29% of Wwox+/+ animals. Interestingly, Wwox+/−

forestomachs showed moderately strong staining of Wwox
protein in the near normal epithelium but weak and diffuse
staining in the carcinoma areas of the same sections, thus
confirming the haploinsufficient feature of Wwox [52].
Another report provided further support for the in vivo
tumor suppressor activity of Wwox [53]. These authors
produced a hypomorphic strain of mice with very low levels
of Wwox protein. Wwox hypomorphic mice were viable but
with a significantly shorter lifespan in comparison to wild
type animals and females exhibited a higher incidence of
spontaneous lymphomas [53].

Wwox−/− mice are born with no obvious malformations
[51, 54]. Nevertheless, these mice exhibit a metabolic
disorder characterized by hypoglycemia and hypocalcaemia
and die at 3-4 weeks of age, showing growth delay, and
an impaired ratio of organ/body mass in several tissues
including spleen, thymus, and brain. Though smaller in
size, they did not display abnormal behavior or impaired
motor skills [54]. These and other features of the Wwox
homozygous phenotype support multiple and unique roles
of Wwox in a number of biological activities, like lipid
metabolism and steroidogenesis [25], that are beyond the
scope of this paper.

Although Wwox−/− mice died very prematurely, by the
age of three weeks they develop focal lesions along the
diaphysis of their femurs resembling early osteosarcomas
[51]. Osteosarcoma derives from proliferation of undiffer-
entiated osteoblasts. Intriguingly, we observed an impaired
differentiation in Wwox−/− osteoblasts, suggesting a possible
relationship between these two observations. Wwox, in
fact, seems to be essential in regulating proliferation and
maturation of osteoprogenitor cells during bone formation
[54]. We observed an increase in Runx2 levels, the master
transcription factor specific for osteoblast differentiation, in
femur bones of Wwox−/− mice. In biochemical terms, we
have demonstrated a physical interaction between Wwox and
Runx2 using co-immunoprecipitation assays [54]. This asso-
ciation suppresses Runx2 transactivation function, therefore,
since RUNX2 autoregulates its expression [55], we speculated
that absence of Wwox stimulates Runx2 transactivation
function and hence upregulates its expression. Further
investigations are however necessary to gain more insights

into the functional role of the Wwox-Runx2 interactions in
osteosarcoma [25]. Recent results in human osteosarcoma
specimens and cell lines confirmed that attenuation of Wwox
is associated with increased tumorigenicity and aberrant
expression of Runx2 [56] according to the predictions of
Wwox mouse model.

Since Wwox−/− mice generated using conventional tech-
niques die very early in life, conditional Wwox knockout mice
were generated to study the WWOX function in both normal
and cancer tissues [57]. This new model will greatly facilitate
the functional analysis of Wwox in adult mice and will allow
more refined investigations of neoplastic transformation in
specific target tissues [57]. Other similar Wwox models are
currently in construction as well.

4. Others

Parkin (PARK2) on FRA6E (6q26) is a widely expressed ubiq-
uitin E3 ligase that is thought to target specific proteins for
proteasomal degradation, and its mutations are responsible
for autosomal recessive juvenile Parkinson disease [58, 59].
Moreover, diminished or total loss of Parkin expression has
been observed in primary tumors and cell lines derived from
ovarian, liver and lung carcinomas [60, 61], whereas its
restored expression reduced in vivo tumorigenesis in nude
mice [62]. Three Park2 deficient mice have been generated,
but only two models had an abnormal phenotype [63, 64].
Targeted exon3 null mice did not show any degeneration of
dopaminergic neurons of substantia nigra, the neuropatho-
logical hallmark of Parkinson disease, but demonstrated
motor and cognitive defects that resembled the very early
symptoms of patients, prior to the development of overt
clinical symptoms. Null mice did not develop any tumor or
preneoplastic lesion, but interbreeding of Park2 heterozygous
mice with Apc (min) mice resulted in a dramatic acceleration
of intestinal adenoma development and increased polyp
multiplicity [65].

Deletions at chromosome 7q have been reported in a
variety of human neoplasias: leukemia [66], breast [67],
ovary [68], colon [69], prostate [70], gastric [71], head and
neck [72], pancreatic [73], and renal cell carcinomas [74].
FRA7G (7q31.2) harbors two putative tumor suppressor
genes: CAVEOLIN-1 (CAV-1) and TESTIN (TES).

Caveolin proteins are expressed by caveolae, specialized
invaginations of the plasma membrane that function to
regulate signal transduction within the cell. Cav-1 knockout
mice showed a remarkable lack of caveolae in all nonmuscle
tissues and are viable and fertile [75–78]. In mice, the absence
of Cav-1 protein is associated to the reduction of Cav-2
expression, without any change at the transcription level.

Cav-1 null mice did not spontaneously develop tumors,
although Capozza et al. [79] showed that the skin of Cav-
1−/− mice is more susceptible to chemical carcinogenic
(7,12-dimethylbenzanthracene, DMBA) treatment, resulting
in the formation of epidermally derived tumors that are
associated with cyclin D1 up-regulation and ERK1/2 hyper-
activation. Young virgin Cav-1 null mice developed a hyper-
plastic ductal epithelium [80] and complete loss of Cav-1
accelerated the appearance of mammary dysplastic lesions in
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polyoma middle T tumor prone transgenic mice (MMTV-
PyMT) [81]. Loss of caveolin-1 gene expression accelerates
the development of dysplastic mammary lesions in tumor-
prone transgenic mice. These findings were enforced by
a study demonstrating that CAV-1 haploinsufficiency is
sufficient to induce the partial transformation of human
breast epithelial cells [82].

However, Cav-1 does not behave as a tumor suppressor
in all cellular contexts. Genetic ablation of Cav-1 in TRAMP
mice decreased the incidence of prostate tumors at 28 weeks
and reduced metastasis to regional lymph-nodes and distant
organs [83]. An increased expression of CAV-1 has been
observed in metastatic lesions and metastasis-derived cell
lines, as compared to primary tumors and primary tumor-
derived cell lines respectively [84]. In summary, CAV-1 is
down-regulated in ovarian, lung and mammary carcinomas,
as well as mesenchymal sarcoma, while it is up-regulated in
prostate, bladder, esophageal and thyroid carcinomas, with
some exceptions.

TESTIN (TES) is a cytoskeleton-associated protein that
localizes along actin stress fibers, at cell-cell contact areas,
and at focal adhesion plaques, where it directly interacts
with Mena [85]. Loss of Tes expression has been observed
in several tumor-derived cell lines [86] while its restored
expression reduced in vivo tumorigenesis in nude mice [87].
Moreover, Tes overexpression enhanced cell spreading and
decreased cell motility [88].

Tes knockout mice were viable and fertile, reproducing at
mendelian ratio, and did not show an increased rate of tumor
incidence compared to control littermates [89]. Tes null
mice developed NMBA-induced gastric tumors after a zinc
sufficient or deficient diet. Interestingly, Tes heterozygous
and homozygous mice developed tumors, independently
from the diet, at the same rate.

Recently, Ma et al. [90], showed that TES is down-
regulated in primary gastric cancer tissues and its expression
level correlates with prognosis: patients with a loss of
expression of TES had a shorter life span than those with an
expressing tumor. The same prognostic correlation has been
also found for head and neck squamous carcinomas [91].

5. Conclusions

A number of knock-out and transgenic mouse models have
been generated to study the in vivo functions of tumor
suppressor genes mapping on CFSs: some of them presented
a phenotype associated with pathophysiological abnormal-
ities, whereas most of them, because of their embryonic
lethality, showed developmental defects. In both instances,
the absence of prezneoplastic or malignant proliferation in
mouse models does not exclude their role in human cancer.

The future in this field of investigation probably rests
in the creation of compound mice in which two or more
engineered CFSs tumor suppressors are combined together
to represent more closely human conditions in which
multiple CFSs are often involved at the same time [92].
For example, since sequence fragility usually makes CFS
particularly sensitive to environmental genotoxins, we can
ask what might be the outcome of exposing a potential

FHIT−/−Wwox+/− mouse to such chemical insults when
compared to single knockout animals. This approach could
be even more informative in cases like Tes−/− mice, where
a spontaneous cancer phenotype was not reported and the
combination with other CFS models could reveal complex
aspects of the malignant disease that no single CFS gene can
cause alone.

Recently, it has been determined that, on average, fragile
sites are denser than other genomic regions not only in
protein coding genes but in microRNAs as well [93]. Since
the number of microRNA engineered mouse models of
cancer is increasing by the month [94, 95], it is likely that
future modeling of human neoplasia will be greatly refined
when CFS models include alterations of coding and non-
coding genes alike.
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The dimethyhydrazine (DMH) or azoxymethane (AOM) model is a well-established, well-appreciated, and widely used model of
experimental colon carcinogenesis. It has many morphological as well as molecular similarities to human sporadic colorectal cancer
(CC), which are summarized and discussed in this paper. In addition, the paper combines present knowledge of morphological and
molecular features in the multistep development of CC recognized in the DMH/AOM rat model. This understanding is necessary in
order to accurately identify and interpret alterations that occur in the colonic mucosa when evaluating natural or pharmacological
compounds in DMH/AOM rat colon carcinogenesis. The DMH/AOM model provides a wide range of options for investigating
various initiating and environmental factors, the role of specific dietary and genetic factors, and therapeutic options in CC. The
limitations of this model and suggested areas in which more research is required are also discussed.

1. Introduction

Colorectal cancer (CC) is one of the leading causes of cancer-
related morbidity and mortality in humans in western
developed countries [1]. In recent years, increasing attention
has been paid to environmental and food components, with
the hope of identifying its preventive or carcinogenic effects
[2, 3]. Much effort has been dedicated to a search for natural
or pharmacological preventive agents, which would block or
attenuate CC process [4, 5].

There are several experimental models of CC, providing
a wide range of options for investigating various initiating
and environmental factors, the role of specific dietary and
genetic factors, and therapeutic options in CC. These models,
which can be broadly divided into induced and transgenic
animal models, vary in their suitability for investigating
each of these factors. Homologous recombination of random
chemically induced mutagenesis has been used to generate
a series of APC (+/−) mice that exhibit mutation in
codons 474, 716, 850, or 1638 of the APC tumour sup-
pressor gene and encode a truncated gene product. Similar

recombination approaches have also generated a mouse
model with a mutation in the DNA mismatch repair genes.
Mlh1 (+/−), Mlh1 (−/−), Msh6 (+/−), and Msh6 (−/−)
mice exhibit accelerated small intestinal carcinogenesis.
These animal models have been generated to study familial
adenomatous polyposis (FAP) and hereditary nonpolyposis
colorectal cancer (HNPCC) syndromes and are described
elsewhere [6]. Among chemically induced animal models,
1,2 dimethylhydrazine (DMH) and azoxymethane (AOM)
animal models are most frequently used [4, 7–9]. Induction
of colon cancer by other chemical carcinogens, such as
nitrosamines or heterocyclic amines is less frequently used
[10–12], because DMH and AOM (DMH/AOM) are less
expensive, more potent and more convenient to use [7, 9].
The DMH/AOM model of colon carcinogenesis is a valid,
well-appreciated, and widely used model of experimental
colon carcinogenesis. It shares many similarities to human
sporadic CC, including similarities in the response to some
promotional and preventive agents [4]. Today, it is a widely
used model for the evaluation of environmental, dietary, and
chemopreventive agents in the colon cancer process. It is also



2 Journal of Biomedicine and Biotechnology

used to study morphologic and molecular mechanisms of the
multistage development of colon cancer in order to elucidate
new targets for chemoprevention [12, 13].

A number of excellent reviews on animal models of
colon carcinogenesis [6, 12], including chemically induced
carcinogenesis [7, 13, 14], have recently been published.
Various aspects of the applicability of the DMH/AOM animal
model are demonstrated in these papers. However, in order
accurately to identify and interpret alterations that occur
in the colonic mucosa when assessing natural or pharma-
cological compounds in an animal model, understanding
both the morphologic and molecular development of the
CC process in this model is required. This paper, therefore,
summarizes the present knowledge of morphological and
molecular features in multistep development of CC in the
DMH/AOM rat model and its similarities to human sporadic
CC. In addition, features and limitations of this model and
suggested areas in which more research is required are also
discussed.

2. Induction of DMH/AOM Colon
Carcinogenesis

DMH and its metabolite AOM are widely used agents for the
induction of colorectal carcinogenesis in rodents. DMH is
metabolically activated in the liver by a series of reactions
through intermediates AOM and methylazoxymethanol
(MAM) to the ultimate carcinogenic metabolite, highly reac-
tive methyldiazonium ion [15]. MAM can be excreted into
the bile and transported to the colon (the development of
small intestinal tumours distal to the entrance of the bile duct
into the intestine is ascribed to this path) or enter directly
into epithelial cells of the colon from blood circulation [15].
Some studies have also demonstrated that rat colon epithelial
cells are capable of metabolizing DMH into the carcinogenic
metabolite without previous metabolism by other tissues or
colon bacteria [16, 17]. The ultimate carcinogenic metabolite
of DMH is responsible for methylation of the DNA bases of
various organs, including epithelial cells in the proliferative
compartment of the crypts, which result in a great loss of
colonic cells by apoptosis, an increase in proliferation, and
an apparent increase in mutations of colonic epithelial cells
[18].

However, DMH/AOM are highly specific carcinogens
that induce colorectal tumours in a dose-dependent manner
[19]. Various rat and mouse strains differ in susceptibil-
ity to these carcinogens [12, 20]. The susceptibility for
DMH/AOM-induced colorectal carcinogenesis is also sex
[21] and age dependent [22, 23]. Most commonly, 6 weeks
old male F344, Wistar and Sprague-Dawely rats are used
[7, 8]. Colon carcinogenesis is usually induced by two s/c
applications of DMH (150 mg/kg) or AOM (15 mg/kg) given
one week apart. Using these protocols, animals are scored
for intermediate biomarkers of colon carcinogenesis, termed
aberrant crypt foci (ACF), 8–12 weeks after the application
(short-term study) or for the number of colonic tumours 40
weeks later (long-term study). Chemopreventive treatment
can begin before exposure to the carcinogen and during

the initiation phase, during the promotion or progression
phase, or through both phases. These protocols are used
to assess the promotional or protective effects of the tested
factor and when followed closely provide data that are quite
reproducible (protocol explained in detail by Femia and
Caderni [7] and Bird [9]).

Nevertheless, tumour outcome depends on the total
amount of carcinogen administered and the latency period.
In long-term studies, therefore, DMH is frequently admin-
istered weekly for 15 weeks in a relatively low concentration
(20 mg/kg). Repeated injections of carcinogen are evident at
a later stage of cancer development and not in the stage of
preneoplastic lesions, that is, ACF [24] and result in higher
tumour incidence and multiplicity than following one or two
injections of a colon carcinogen [19, 24].

3. Histopathological Nomenclature of
Colorectal Epithelial Lesions

DMH/AOM colon carcinogenesis is a multistep process with
morphological and histological features similar to those seen
in human sporadic colon carcinogenesis [25, 26]. It is widely
accepted today that the adenoma to carcinoma sequence is
characterized by recognizable histological changes that start
with dysplastic aberrant crypts or intraepithelial neoplasia
(IEN) [27, 28]. These lesions then have the potential to
progress to advanced adenomas, which have a significant
potential to transform into adenocarcinomas [26].

3.1. Intraepithelial Lesions. The first lesions in the multistep
development of CC cannot be seen grossly. They can be
identified in histological sections of colon mucosa after
careful histological examination as hyperplastic or dysplastic
epithelial lesions [29] or on the surface of whole mount colon
under low-magnification stereomicroscope as ACF [24, 25]
or mucin depleted foci (MDF) [28, 30]. It is important to
bear in mind that visualization and identification of ACF
or MDF on whole mount colon does not yield specific
information on the histological features of these lesions. The
structural and cytological features of ACF or MDF can be
recognized or confirmed only after histological examination.
Nevertheless, in order better to understand the histological
background of ACF and MDA (which are described in the
next section) as well as molecular alterations recognized and
described at different stages of colon carcinogenesis, we will
briefly summarize the histological criteria and classification
of colorectal epithelial lesions in rodents, which share many
similarities with human pathology [26, 29].

3.1.1. Hyperplastic Intraepithelial Lesions. Hyperplastic
epithelial lesions are composed of a mixture of goblet and
absorptive cells, with enlarged or sometimes crowded nuclei
without stratification. Mitotic figures are limited to the
lower two thirds of the crypts and are never observed on the
surface of crypts. Nuclei are basally located, ovoid or round,
with occasional visible nucleoli and usually uniformly
dark. The luminal opening of crypts is slightly elevated
from the surrounding normal mucosa and the crypts are
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elongated and occasionally branching, with partial mucin
depletion [29]. It is worth mentioning that hyperplastic
epithelium has never been observed in colonic tumours
of the DMH/AOM rat model. It has only been found in
intraepithelial lesions composed of a various number of
crypts. The role of hyperplastic aberrant crypts in the
process of colon carcinogenesis in DMH/AOM models is not
clear and is a matter of debate and further investigation.

3.1.2. Intraepithelial Neoplasia/Dysplasia. Inraepithelial neo-
plasia is a histological term for dysplastic lesions in the
epithelial layer of colon mucosa that cannot be identified
macroscopically but only after careful histological exam-
ination. The presence of dysplasia is regarded as early
histopathological changes in the precursor lesions of colon
cancer. The word dysplasia is used to describe structural
and cytological alterations in the epithelium that predispose
an organ to cancer development. IEN is synonymous with
the terms atypical hyperplasia, microadenoma, carcinoma
in situ, and dysplasia. Depending on the cytological and
architectural features, IEN is classified as low grade or high
grade. The differential criteria involve hypercelularity with
enlarged, hyperchromatic nuclei, varying degrees of nuclear
stratification, loss of polarity, high nuclear/cytoplasmic ratio,
nuclear crowding, increased mitotic index, and decreased
mucine excretion [29].

3.2. Tumours. Pathological changes that can be seen macro-
scopically on the surface of colon mucosa as pedunculated
or broad-based, slightly elevated, flat, or depressed (sessile
or nonpolypoid) masses/lesions are called tumours. The
incidence of colon tumours is the most reliable endpoint
for evaluation of the chemopreventive effects of substances.
Further histological examination is required to determine the
malignant or benign character of tumours.

3.2.1. Adenomas. Tumours confined to the mucosa are
benign neoplasms that are called adenomas. On the basis
of the histologic type, adenomas can be tubular (when
more than 75% of the adenoma is composed of branching
tubules), villous (more than 75% of adenoma is composed of
villous structures), or tubulovillous (25%–75% of adenoma
composed of both tubular and villous structures). Depend-
ing on the degree of dysplasia on the most severely dysplastic
area of each tumour, adenomas are graded as low or high
[29].

3.2.2. Adenocarcinomas. Tumours that penetrate through
the muscularis mucosa are malignant lesions, histologically
denoted adenocarcinomas (well, moderately, or poorly dif-
ferentiated). Based on the histological type, they are further
classified into tubular, tubulovillous, or villous adenocarci-
nomas (as with adenomas), mucinous adenocarcinomas (if
more than 50% of the lesion is composed of extracellular
mucin and signet-ring cell can be present), signet-ring
cell adenocarcinomas (if more than 50% of tumour cells
with prominent intracytoplasmic mucin are present), and

undifferentiated carcinoma (if no glandular structure is
present) [29].

4. Biomarkers of Colon Carcinogenesis

In the past, assessment of chemopreventive substances was
based on the incidence of tumours. Since the development
of tumours is a relatively lengthy process, taking around
6–8 months to develop in the DMH/AOM rat model,
preneoplastic lesions can be used as biomarkers for assessing
the risk of developing colon cancer or for identifying
modulators of colon carcinogenesis in short-term studies
[9]. The use of preneoplastic lesions as biomarkers was not
possible until 1987, when Bird [31] developed a simple,
rapid and cheap methodological approach to detecting ACF
[25, 31]. In the last decade, additional biomarkers of colon
carcinogenesis have been identified, such as dark ACF [32],
flat ACF [33], dysplastic ACF [34], MDF [30], and β-catenin
accumulated crypts (BCAC) [35]. Their characteristics and
application in short-term studies are briefly described.

4.1. ACF. ACF are the first lesions in the development of
CC that can be identified microscopically on the surface
of the whole mount colon mucosa after methylene blue
staining. They have been identified in carcinogen treated
rodents [25, 31] and in humans at high risk of developing CC
(personal or familial history) [36, 37]. A number of studies
in rodents and humans, including molecular analysis, have
shown that ACF are lesions that are a valuable intermediate
biomarker in the development of colon carcinogenesis [38].
ACF have to date been used as an endpoint in identifying
and assessing the preventive or promotional role of natural
and pharmacological compounds, as well as dietary and
environmental factors, in the process of colon carcinogenesis
[4, 5].

An increasing number of studies have demonstrated
that ACF in both animals and humans are a heterogeneous
group of lesions containing multiple genetic, epigenetic,
and phenotypic alterations [37–40]. Histologically, ACF
exhibit variable features, ranging from mild atypia to
severe dysplasia. Most ACF show a hyperplastic character,
while only a small subgroup of ACF has been found to
contain intraepithelial neoplasia (such as severe dysplasia,
microadenoma, or carcinoma in situ). It has been shown that
ACF with hyperplasia possess different genetic and epigenetic
alterations than ACF with dysplasia, and some studies have
suggested that ACF possessing hyperplastic feature may not
be directly related to tumorigenesis [27, 28]. However, there
are reports suggesting that some ACF possessing hyperplasic
features may progress to ACF with dysplasia [40, 41].

Nevertheless, ACF are useful biomarkers for the screen-
ing of compounds for their chemopreventive activities [5,
42]. When using ACF as biomarkers, it is important to
take into consideration that ACF are a heterogeneous group
of lesions. The total number of ACF may be considered
to be a valid biomarker only at a very early stage of
carcinogenesis, while, in subsequent weeks, ACF with higher
crypt multiplicities (more than 4 crypts) are considered
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a more specific biomarker than the total number of ACF. In
more advanced stages of colon carcinogenesis, ACF may not
be a reliable intermediate biomarker of colon carcinogenesis
(explained in detail by Bird and Good [24] and Raju [42]).
It is also important to mention that ACF are not equally
distributed among the proximal, middle, or distal colon. The
majority of ACF develop in the middle and distal colon [43–
45], which needs to be taken into account when using ACF as
biomarkers (comprehensively discussed by Bird [24, 25] and
Raju [42].

4.2. Subgroup of ACF with Dysplastic Features (Dark, Flat,
and Dysplastic ACF). Since dysplasia is widely accepted as an
indication of an increased risk of progression to cancer, it has
been suggested that dysplastic crypts may be more directly
associated with tumorigenesis than ACF [27]. Dysplastic
ACF have recently been identified by various investigators
using different approaches. Ochiai et al. [34] developed
a differential staining method to identify dysplastic ACF,
while identification of flat ACF [33] and dark ACF [32]
were based on the surface morphology of ACF. However,
all these lesions have been observed as subgroups of ACF
with thicker epithelial lining, compressed luminal openings
and mildly enlarged crypts, which were not elevated from
surrounding epithelium. Histologically, all these subgroups
of ACF have possessed dysplastic features with absent or
scarce mucin production and have shown cytoplasmic and
nuclear accumulation of β-catenin [32–34]. Based on a
description of surface morphology (except the description
of staining intensity) and histological characteristics, it is
likely that flat, dark, and dysplastic ACF may represent the
same group of ACF with dysplastic features. If each of these
lesions represents a different subgroup of dysplastic ACF,
their use as biomarkers would probably be questionable or
confusing. Further investigations and determination of their
relations are certainly needed before they can be used as
biomarkers.

4.3. MDF. MDF are identified on the mucosal surface of
unsectioned colon after staining with high-iron diamine
alcian blue (HID-AB), which visualizes crypts with mucous
production [30]. Identification of MDF is based on a scarce
or absent production of mucous, which is a common feature
of severe dysplasia. In contrast to ACF, which are histologi-
cally heterogenous, MDF are composed of dysplasic crypts,
which display frequent genetic and epigenetic alterations
observed also in colon cancer [46–49]. It has been shown
that MDF appear 7 weeks after carcinogen administration
and their number and multiplicity increases with time.
MDF have been demonstrated as a potential biomarker
for evaluation of the chemopreventive effects of natural or
pharmacological compounds in colon carcinogenesis [50].
Since few studies have evaluated MDF as a biomarker, further
investigations are needed to evaluate their role in colon
carcinogenesis.

4.4. BCAC. In contrast to ACF and MDF, which can be iden-
tified on the surface of the whole mount colon, identification

Table 1: Nomenclature of colorectal lesions according to their
morphological appearance on whole mount colon (low magnifica-
tion) or according to their histological characteristics identified in
embedded and stained colon sections under a high-magnification
microscope.

Morphological
description

Histological description

Tumour Adenomas:

(i) polypoid (i) low-grade dysplasia

(ii) nonpolypoid

(ii) high-grade dysplasia

Adenocarcinomas:

(i) well, moderate, and poorly
differentiated adenocarcinomas

(ii) mucinous adenocarcinomas

(iii) signet-ring cell adenocarcinomas

(iv) solid or undifferentiated carcinomas

ACF (methylene
blue)

Intraepithelial lesions:

(i) “dysplastic” (i) hyperplastic

(ii) dark
(ii) dysplastic/intraepithelial

neoplasia/microadenoma/carcinoma
in situ

(iii) flat

MDF (HID-AB)
(a) BCAC (immunohistochemical

staining)

ACF, aberrant crypt foci; BCAC, β-catenin accumulated crypts; MDF, mucin
depleted foci; HID-AB, high-iron diamine alcian blue.

of BCAC is based on an immunohistochemical method
in sectioned colon [35]. BCAC are intraepithelial lesions
that accumulate β-catenin protein in the cytoplasm and
nucleus and harbor frequent β-catenin (Ctnnb1) mutations.
Histologically, BCAC shows dysplasia with reduced or absent
mucin production [35, 51].

Based on the assumption that mutations in the β-catenin
gene or accumulation of β-catenin are the necessary first
step in rat colon carcinogenesis, crypts with increased β-
catenin expression have been proposed as a more relevant
biomarker of colon cancer than ACF [27, 28, 35, 51].
However, histological identification and quantification of
BCAC is relatively costly, tedious, and time consuming,
which limits the use of BCAC as a biomarker.

However, we do not know at present whether BCAC,
MDF, dark, flat, and dysplastic ACF are related lesions.
The development of these dysplastic lesions is clearly
related to the early development of tumours. Histologically,
all these lesions show dysplasia with scarce or absent
production of mucin and accumulate β-catenin in the
cytoplasm and/or nucleus. Accordingly, it is possible that
all these lesions are only dysplastic subgroups of ACF,
which may predict tumour outcome better than ACF itself.
However, first investigations suggest that this assumption
may not be correct, because these lesions may not overlap
completely [52, 53]. Further investigations are, therefore,
needed to elucidate their features, evaluate relations and
discrepancy among them and to identify the reason for
discrepancy.



Journal of Biomedicine and Biotechnology 5

Hyperplastic
crypts

?Normal
mucosa Dysplastic crypts Adenoma

K-ras K-ras, β-catenin, Apc

β-catenin, cyclin D1, c-myc, c-fos,

c-jun, Akt, PPAR-δ, mmp-7, LMW
PTP, FAS, MAPK , iNOS, COX-2

TGFα, TGFβ,

Mutations

Hyperplastic ACF ?Biomarkers Tumours

Carcinoma

Dysplastic ACF, flat ACF,
dark ACF, MDF, BCAC

β-catenin, cyclin D1, c-myc, c-fos,

c-jun, Akt, PPAR-δ, mmp-7
LMW PTP, FAS, MAPK

K-ras, β-catenin, Apc, α-catenin

Cyclin D1,

PPAR-δ,
COX-2

↓expression TGFα, TGFβ

↑expression

TGFα, TGFβ , E-cadherin E-cadherin, Smad3,

Figure 1: Phenotypic, genetic, and epigenetic alterations involved in multistep development of colon carcinogenesis in the DMH/AOM rat
model.

5. Gene Mutations in DMH/AOM Colon
Carcinogenesis

Colon carcinogenesis is a multistage process, involving
multiple genetic and epigenetic changes that provide tumour
cells with a selective advantage to expand their clones
[54]. The stepwise development of CRC from dysplastic
crypts, adenomas to carcinomas provides opportunities for
the investigation and identification of molecular alterations
at various stages of tumour development [24, 25, 55].
Genes that are mutated at different stages of colorectal
carcinogenesis in human sporadic CC have been found to be
also mutated in DMH/AOM-induced colon carcinogenesis
and are described and discussed below.

5.1. Apc/β-Catenin. Mutations in the tumour suppressor
gene, APC, are responsible for an inherited predisposition
to colon cancer, FAP. APC mutations are also believed to
be the earliest events in the formation of sporadic colon
adenomas [54]. They have been identified in up to 80%
of sporadic colon tumours in humans [56]. The most
common APC mutation in human colon adenomas is APC
loss of heterozygosity (LOH), which causes truncation of
the protein and its inactivation. It is believed that the
main function of APC is the regulation of free β-catenin
in concert with glycogen synthase kinase 3β (GSK-3β) and
other proteins [54, 57]. It has been found that half of human
colon tumours with intact APC protein have a mutation in
the β-catenin gene [26].

Apc mutations have also been identified in colorectal
epithelial lesions in the DMH/AOM rat model, albeit to a

lesser degree and in a different region from that observed
in humans [58]. In DMH/AOM-treated rats, up to 33% of
colon tumours harbour Apc mutations. These Apc mutations
have frequently been found located upstream from the region
corresponding to the human APC mutation cluster region
(nt 3,186–3,810; nt 3078 and 3835 in exon 15). They have
mostly been missense or truncated point mutations (G to
A and C to T transition) [58–60]. A deletion of the region
containing the Apc gene has recently been found in one out
of ten tumours, suggesting that LOH may also be involved in
inactivation of Apc in this model [61].

In the DMH/AOM rat model, β-catenin mutations are a
more frequent event than Apc mutations, occurring in up to
77% of tumours (Table 2). They are mainly point mutations
(G to A transitions) localized in the GSK-3β phosphory-
lation consensus motif, which result in the inhibition of
GSK3 β-dependent phosphorylation of β-catenin. However,
Apc mutations or mutations in β-catenin have only been
observed in the DMH/AOM rat model and in human CC in
neoplastic/dysplastic lesions, that is, microscopic dysplastic
epithelial lesions, adenomas, and adenocarcinomas (shown
in Table 2) but not in hyperplastic lesions [35, 48, 58, 59, 62,
63].

5.2. K-Ras. The K-RAS gene encodes membrane bound
protein with intrinsic GTPase activity, which is involved in
the regulation of a number of important normal cellular
functions, including proliferation, differentiation, and apop-
tosis. Single point mutations at specific sites within ras genes
activate their oncogenic potential [64]. K-RAS mutations
have been observed with various frequencies (∼40%–50%)
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in human colorectal neoplastic lesions, as well as ACF with
hyperplastic epithelium. It has been reported that K-RAS is
mutated in fewer than 10% of small adenomas (less than
1 cm in size), in about 50% of large adenomas (larger than
1 cm) and in approximately 50% of carcinomas [56].

In DMH/AOM rat colon carcinogenesis, mutations in
the K-ras gene are point mutations (G to A transitions),
observed mostly in codon 12, rarely in codon 13 or 59. The
frequency of K-ras mutations in rat colon carcinogenesis has
been found to be variable, particularly in studies without
a description of the histological features or size of the
analyzed tumours [65–68]. Nevertheless, some studies have
demonstrated that K-ras mutations are less frequent in small
adenomas (on average ∼16%), while more frequent in large
adenocarcinomas (∼53%) [62, 69]. On the basis of those
studies, it appears that K-ras mutations in the DMH/AOM
rat model are as frequent as in human colon carcinogenesis.
As in humans, a K-ras mutation has been observed more
frequently in ACF with hyperplastic epithelium than in ACF
with dysplastic features [40, 62, 70, 71]. The mutation of
K-ras may thus be involved in the formation of the ACF
lesion and promotion of lesion growth but is probably not
essential. The fact that K-RAS mutation is frequently and
APC mutation very rarely observed in ACF in humans has
triggered debate about the role of K-RAS mutation in colon
carcinogenesis (discussed by Pretlow [37]).

5.3. p53. Although aberration of the tumour suppressor
P53 is a very common genetic lesion identified in human
carcinomas, no mutations in the p53 gene in DMH/AOM rat
colon carcinogenesis have been found by the single-strand
conformation polymorphism method, direct sequencing or
immunohistochemical analysis [59, 66, 72, 73]. Mutations
in the p53 gene have been investigated in regions (exon 5–
7) corresponding to the most commonly mutated regions
in human colon cancer (exon 5–8) [59]. It is interesting
that positive reactivity for p53 in ACF (27/65; 42%) and
adenocarcinomas (6/8; 25%) by immunohistochemically
was one of the first reported alterations in ACF [74].

5.4. Genomic Instability. Two types of genomic instability
have been found in human colon cancer, that is, microsatel-
lite instability (MSI) and chromosomal instability (CIN).
MSI leads to an increase in the rate of subtle DNA changes
whereas CIN enhances the rate at which gross chromosomal
changes occur during cell division, such as chromosome
breaks, duplication, rearrangements, and deletions such as
LOH on varies sites in the genome [75].

In the DMH/AOM model, one or two chromosomal
aberrations (amplification or deletion from 66 to 2135 kb
in length) were found in 4/10 of tumours using a-CGH
analysis. In one case, even a LOH of the Apc gene on
chromosome 18 was found [61]. On the other hand, an
investigation based on RAPD analysis with 21 random
primers (GC rich) detected small alterations in the genome
in 100% of analyzed tumours (16/16) and even in 70%
of ACF (7/10) [67]. When tumours were analyzed on MSI
using 10 different microsatellite DNA markers, it was found

that 29% of colonic tumours (13/45) showed MSI in at
least one locus and 15% of tumours (7/45) showed MSI at
multiple loci (MSI-high tumours) [76]. Using a PCR-based
approach with 6 DNA markers, MSI was reported in 21%
of tumours (4/20 adenomas and 2/8 carcinomas), mostly as
single-microsatellite change (insertion or deletion), and only
one tumour showed instability at three loci [67].

These results suggest that genomic instability is an
important molecular event in DMH induced colon carcino-
genesis. It seems that, unlike in human colon cancer, chro-
mosomal alterations in this model are relatively infrequent.
Much more frequent events in the DMH/AOM model are
small alterations in the genome that are involved in the
very early stages of colon carcinogenesis. Single nucleotide
changes, which have been found to be responsible for Apc,
β-catenin and K-ras mutations, are apparently widespread
and very frequent alterations in the genome of this model.
This carcinogen generates the methylated DNA adducts O6-
methylguanine, which, if not repaired, may mispair with
thymidine during DNA replication, resulting in a G:C to A:T
transition.

6. Altered Expression in DMH/AOM Colon
Carcinogenesis

Not only mutations but also many of the cellular and
molecular defects found in human colon carcinogenesis have
also been observed in DMH/AOM rat colon carcinogenesis.
These alterations have been found to be involved in various
pathways, such as the Wnt pathway, K-ras pathway, tumour
growth factor β (TGFβ) signaling pathway, and inflamma-
tory related process, which play important role in colon
cancer.

6.1. Wnt Pathway. The Wnt pathway has been implicated as
a crucial step in the initiation and development of colonic
tumorigenesis. In the absence of the extracellular Wnt signal,
free β-catenin is bound to the APC-axin-conductin-GSK3β
complex. Phosphorylation of β-catenin by this complex
marks it for ubiquitination and subsequent proteolytic
degradation by the proteasome. When APC or β-catenin is
mutated, β-catenin cannot be degraded but accumulates in
the cytoplasm and translocates into the nucleus, where it
binds to T-cell factor (TCF) and activates the Wnt target
genes [80–82].

In normal colon epithelial cells, β-catenin is highly
expressed in the cell membrane and not detected in the
cytoplasm or nucleus of cells [63]. In all dysplastic colorectal
epithelial lesions (dysplastic ACF, dark ACF, flat ACF,
BCAC, MDF, adenomas, and adenocarcinomas), but not
in hyperplastic lesions, β-catenin expression is found to be
increased in the cytosol and nucleus [14, 77, 83]. Aberrant
expression of β-catenin has been associated with mutations
in Apc or β-catenin, but has also been present in lesions
without either Apc or β-catenin mutations [68], suggesting
that aberrant expression of β-catenin may be the result
of altered expression of one of the many proteins with
which β-catenin interacts, such as axin, conductin, or E-
cadherin [82]. In fact, inactivation of E-cadherin, which
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Table 2: Frequencies of gene mutations found in biomarkers and different stages of colon carcinogenesis in the DMH/AOM rat model.

Gene ACF/MDF (n) Histologic diagnosis (n) Tumours (n) Adenomas (n) Carcinomas (n) Carcinogen Ref.

Apc 0% ACF (66) — 14.3% (27) (17) (10) AOM [58]

— 22.2% dysplasia (18) — — — DMH [59]

15.4% AC (13)

— — 8.8% (57) — — DMH [60]

0% ACF (24) — 30.4% (23) 33.3% (12), 27.3% (11) DMH [48]

25% MDF (24)

β-catenin — — — — 75% (8) AOM [63]

15.4% ACF (13) 0% hyperplasia (10) 68.8% (32) 33% (6) 77% (26) AOM [62]

66% dysplasia (3)

20% ACF (15) 67% BCAC (15) — — — AOM [35]

— — 32.4% (68) — — AOM [68]

— — 37% (119) — — DMH [60]

7% ACF (27) — 40% (15) — — DMH [46]

25% MDF (28)

K-ras — — — — 66% (44) DMH [69]

32% ACF (19) — — — AC? AOM [70]

7.4% ACF (27) — 22% (50) 4.3% (23), 37% (27) AOM [65]

— — — — 60% DMHAOM [66]

53.8% ACF (13) 70% hyperplasia (10) 25% (28) 0% (2) small 8% (12) small AOM [77]

0% dysplasia (3) 43% (14) large

— — 16.7% (30) 9% (22) 37.5% (8) AOM [67]

— — 58% (43) 60% (10) 58% (33) DMH [78]

— — 16.7% (84) — — AOM [68]

27% ACF (6/22) — — — — AOM [79]

100% ACF (14) — 5.5% (18) 11% (9) small 0% (9) small DMH [47]

23% MDF (13)

P53 — — — — 0% (20) AOM [73]

— — — — 0% (10) MAM [72]

— 0% (31) — — — DMH [59]

Number in parenthesis denotes the total number of colon lesions analyzed. MSI, microsatellite instability; ACF, aberrant crypt foci; MDF, mucin depleted
foci; BCAC, β-catenin accumulated crypts; AC, adenocarcinoma in situ; —: not reported.

is normally bound with β-catenin and α-catenin into the
intercellular adhesion complex of epithelial cells and is a
negative regulator of colonic epithelial cell proliferation,
has already been described in human colon cancer and
in ACF of AOM treated rats [84]. Loss of the region
containing the α-catenin gene has also been found in
adenocarcinomas of this model [61]. Recent investigations
of the Wnt pathway have shown that activation and/or
downstream stimulation of the transcriptional activity of β-
catenin can be affected by various signaling pathways and
factors, such as the mTOR signaling pathway and FOXO
proteins [81]. Aberrant expression of β-catenin, which is
frequently observed in the DMH/AOM model, therefore
offers an opportunity to elucidate mechanisms involved in
β-catenin overexpression and to identify its downstream
targets in colon carcinogenesis. Well-known downstream
targets of APC/β-catenin/Tcf-4 mediated transcriptional
activation in colorectal neoplasia include genes such as cyclin
D1, c-myc, which have important roles in proliferation,
apoptosis, and cell-cycle progression and are responsible for

tumour formation [82]. Cyclin D1 and c-myc have been
found to be overexpressed in several stages of DMH/AOM
induced rat colon carcinogenesis [84, 85]. In one study,
an inverse correlation between increased Apc expression
level and decreased c-myc mRNA expression was reported
[86]. Overexpression of β-catenin has been found to be
correlated with increased expression of mmp-7, the protein
responsible for loss of cell adhesion and separation leading
to further unlimited cell growth [32]. A mutation in β-
catenin has been found to have no correlation with COX-
2 expression [68]. PPAR-δ, a target of the Wnt or K-ras
pathway that may function as an integrator of transcription
repression and nuclear receptor signaling [87] and has been
found to be elevated in DMH/AOM-induced adenomas and
adenocarcinomas (10/10) [88].

6.2. K-Ras Pathway. Mutations in the K-ras gene are respon-
sible for activation of the K-ras pathway, which is implicated
in colon carcinogenesis in humans and rats [14, 64]. In
human tumours, as well as in tumours of AOM-treated rats,
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increased expression of Akt, a downstream target of the K-
ras pathway, has been found [89]. Akt plays an important
role in the PI3K/Akt pathway, which is implicated in a
variety of cellular processes, such as glucose metabolism, cell
proliferation, apoptosis, transcription, and cell migration.
PI3K/Akt promotes cyclin D1, which has been found to
be overexpressed in tumours with a K-ras mutation [68].
In addition, activation of the MEK/MAPK/ERK pathway,
another downstream K-ras signaling, has been found in
tumours without K-ras mutation. Activation of this pathway
has been associated with overexpression of c-erbB-2 recep-
tors and decreased expression of GTPase activating protein
(GAP), resulting in constitutive activation of normal K-ras
protein. However, it has been found that in tumours with
constitutively activated nonmutated K-ras, protein cyclin D1
expression was not increased. K-ras gene mutation and/or
protein activation increased COX-2 expression in tumours
[68].

The importance of the K-ras pathway in colon carcino-
genesis and possible therapeutic targets in this pathway are
described elsewhere [13, 64]. EGFR or P-tyr showed no
altered expression or distribution between ACF and normal
colonic mucosa by immunostaining [90].

6.3. TGFβ Pathway. Transforming growth factor alpha and
beta (TGFα and TGFβ) have been implicated in DMH/AOM-
induced colon carcinogenesis. TGFβ and TGFα expression
has been found to be reduced in ACF with hyperplasia or
dysplasia [24, 90] but TGFβ1 enhanced in colonic tumours
[24], adenomas or adenocarcinomas (10/10) when examined
by immunohistochemistry and Northern analysis [91]. TGFβ
has been found to have a dual role. In normal cells, it stops
the cell cycle at the G1 stage, to stop proliferation, induce
differentiation or promote apoptosis and thus exerts tumour
suppressive effects. In cancer cells, it also modulates processes
such as cell invasion, immune regulation, and microenvi-
ronment modification that cancer cells may exploit to their
advantage [92]. In adenocarcinomas of the DMH/AOM
rat model, increased expression of TGF β1 (Tgfb1), their
receptors (Tgfrb1 and Tgfrb2), and receptor-activated Smads
(Smad2 and Smad4) has been found, while expression of
Smad3 was downregulated [61]. It has been found that TGFβ
and COX-2 were concurrently overexpressed in the same
colonic neoplastic lesions in AOM-treated rats, suggesting
that COX-2 expression in AOM-induced colonic tumour
could, in part, be due to the overexpression of TGFβ [91].

6.4. Other. Inflammation-related processes have also been
shown to be involved in the development of both human
and DMH/AOM-induced colon carcinogenesis [14, 93].
Increased expression of iNOS and COX-2 in epithelial cells
have frequently been observed in DMH/AOM-induced colon
adenocarcinomas, adenomas, and ACF with dysplasia but
no detectable changes in the epithelial expression of these
proteins in ACF with hyperplasia has been found [62, 84, 94].
COX-2, as well as iNOS enzymes, have been recognized as a
promising target for colon cancer prevention. Consequently,
many novel COX-2 inhibitors and NO inhibitors have been

considered to be chemopreventive agents on DMH/AOM-
induced colon carcinogenesis [95, 96]. The role of iNOS
and COX-2 in DMH/AOM-induced colon carcinogenesis
and its involvement in different pathways of carcinogenesis
is excellently described by Takahashi and Wakabayashi [14].

In colon adenocarcinomas of the DMH/AOM rat model,
many other pathways such as those related to cell cycle,
RNA and protein metabolism, as well as pathways related
to extracellular matrix remodeling, inflammatory processes
and fatty acid oxidation, have been found to be upregulated
[61]. Fatty acid synthase (FAS) has been found to be over-
expressed in a variety of human cancers, including in ACF
of human CC [97] and in AOM-treated rats in large ACF
with dysplastic epithelium [98]. It appears that FAS plays
an important role in the growth and survival of cancer cells,
because it is implicated in increased endogenous lipogenesis
of cancer cells. FAS inhibitors have been shown to decrease
cell proliferation and induce apoptosis in cancer cell lines and
have been suggested as a potential target of chemoprevention
in colon cancer [98].

Increased expression of the low molecular weight protein
tyrosine phosphatase (LMW-PTP), one of phosphotyro-
sine protein phosphatases involved in modulation of cell
phosphorylation, which plays a role in the production of
signals necessary for various cellular events, such as growth,
migration, and invasion of normal and malignant cells, has
been found in adenocarcinomas of DMH-treated rats and
human colon tumours [99].

A comprehensive study on gene expression profile and
genomic alteration in DMH-induced colonic tumours in
rats was recently performed, which confirmed the afore-
mentioned molecular alterations in colon carcinogenesis and
revealed other pathways implicated in tumour development
that are also documented in human colon tumours [61].
This further demonstrates that the DMH/AOM rat model
is a valuable tool for studying the molecular mechanisms
involved in colon carcinogenesis and offers an excellent
opportunity for evaluation of the effect of chemopreventive
agents on CC development. Since DMH/AOM adminis-
tration has been shown to affect oxidative status in the
circulation [100] and different tissues of rats, such as heart
[101], liver [102], and small and large bowel [103], this
model has also been used for an evaluation of antioxidant
activities of natural or pharmacological compounds and
their involvement in colon carcinogenesis [104–106]. This
model thus offers an opportunity to study and assess many
therapeutic targets involved in the CC process.

7. Distal and Proximal Colon Carcinogenesis

It has been found that proximal colonic neoplasms in
humans have distinct characteristics in terms of histology
and molecular genetics. They are generally less differentiated
and have a higher propensity for microsatellite instability
than distal ones [88]. According to our experience, the
majority of colon tumours in the DMH/AOM rat model
are located in the distal colon, while are less frequent in
the proximal colon. Histologically, tumours in the distal
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Figure 2: Signaling pathways involved in the development of colon carcinogenesis in the DMH/AOM rat model.

colon are mostly adenomas and well or moderately differen-
tiated adenocarcinomas; in the proximal colon, tumours are
mostly poorly differentiated, mucinous, or signet-ring cell
adenocarcinomas. Similar observations have been reported
by other investigators [43, 107]. In addition, ACF density
is significantly and progressively higher from the proximal
colon towards the distal, being the highest in the middle
and distal colon, which is in accordance with the location
of adenomas and carcinomas [43–45]. Observed differences
in the histological characteristics of colorectal epithelial
lesions between the distal and the proximal colon in rats
support the assumption of two distinct pathways in colon
carcinogenesis in the DMH/AOM rat model. It is believed
that in the middle and distal colon, histogenesis follows ACF-
adenoma-carcinoma sequences, while in the proximal colon,
poorly differentiated mucin-secreting carcinomas arise de
novo without an intermediate stage of colon carcinogenesis
[8, 43, 107]. Some studies have indicated that proximal
and distal tumours in the DMH/AOM rat model also have
distinct characteristics in terms of kinetic features [108],
sensitivity to carcinogens [24], chemotherapy [88], and K-
ras expression [69, 99]. In normal colon, mucosa differences
in apoptosis and expression of COX-2, PPAR-δ (higher in
distal than proximal colon) have also been reported [88].
All these observations are in line with reports on human
CC and suggest that proximal and distal colon tumours
are different entities. However, whether proximal and distal
colon tumours in the DMH/AOM rat model have distinct
molecular features has not yet been investigated.

8. Limitations of the DMH/AOM Rat Model

DMH/AOM-induced models are often criticized due to their
exposure to DMH or AOM, which is believed not to be
a common event in humans. However, humans are often
exposed to hydrazine derivatives, because they are natural
components of mushrooms and tobacco, constituents of
herbicides, rocket fuel, and drugs [109]. The only difference
is that animal models are exposed to DMH/AOM in much
higher concentrations than humans. However, if we look at

the definition of an animal model, it can be seen that the
mode of induction is not a matter of debate or judgment
of a good animal model. By definition, an animal model is
“a living organism in which normative biology or behavior
can be studied, or in which a spontaneous or induced
pathological process can be investigated, and in which the
phenomenon in one or more respects resembles the same
phenomenon in humans or other species of animal” [110].
In the present paper, we have shown many similarities
and common features between human and DMH/AOM-
induced colon carcinogenesis, which demonstrate that the
DMH/AOM rat model is a valuable and suitable model
for assessment of dietary and chemopreventive agents or to
study the multistage development of colon cancer.

Nevertheless, as every animal model, the DMH/AOM
rat model also has limitations, which need to be taken
into account before conducting animal research. This
includes DMH/AOM metabolic activation and the metastatic
potential of colonic adenocarcinomas. As has already been
mentioned, DMH/AOM are indirect carcinogens, which
need metabolic activation to become the active carcinogen
methyldiazonium ion. This process occurs in the liver
with the participation of various enzymes [15, 111]. If
the putative chemopreventive agent interferes with the
metabolic pathway of DMH/AOM, it may modify colon
carcinogenesis and affect the results. It has already been
demonstrated that disulfiram significantly affects colon
carcinogenesis, because it blocks the metabolism of AOM
due to its inhibitory activity on CYP2E1. CYP2E1 has been
unambiguously shown to be an important enzyme involved
in DMH/AOM metabolism [111]. It has also been found that
simultaneous administration of DMH/AOM and alcohol
inhibits colon carcinogenesis, probably due to suppression of
DMH/AOM activation in the liver [112, 113]. DMH/AOM-
induced colon carcinogenesis may thus be either inhibited
or enhanced by substances that are administered during the
initiation stage. To avoid interference between the compound
and DMH/AOM activation, chemopreventive treatment can
begin after carcinogen administration, that is, during the
promotion or progression phase [5]. However, when a new
pharmacological compound is tested for its effect, it is usually
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given in all the phases of colon carcinogenesis [5, 61]. If the
agent modifies colon carcinogenesis at the initiation stage, it
is important to determine whether carcinogen metabolism is
being influenced and, if so, to identify the enzymes involved
[111].

In humans, lymphatic and hematogenous metastases are
common if colon tumours are not identified and removed
at an early stage. In contrast with humans, metastases to the
liver and lung are very uncommon in the DMH/AOM rat
model. Tumours that are capable of metastasis are almost
exclusively mucinous and signet ring cells carcinomas of
the proximal colon. Adenocarcinomas of the distal colon
have not been shown to metastasise. Metastases are generally
found in regional lymph nodes or on the peritoneal surface
[8].

9. Conclusion

The evidence from various studies summarized in this
paper demonstrate that the DMH/AOM rat model possesses
many characteristics found in human sporadic CC, which
makes it an important tool for studying different aspects of
CC that cannot be effectively studied in humans. Studies
on the DMH/AOM model allow monitoring the stepwise
development of CC under defined experimental conditions.
They have already produced much important information
concerning the histology and biochemistry of tumour devel-
opment, as well as about factors that retard or enhance
tumorigenesis. Although the DMH/AOM rat model does not
represent the complexity of the human disease and does not
replace studies with patient material, it is a valuable tool for
studying the molecular events of CC and for developing and
evaluating a variety of novel cancer chemopreventive agents
or emerging therapeutic strategies that are difficult to address
in humans.

Finally, it should be recognized that animal models often
reflect only certain elements of pathophysiology and that the
quality of the answer strongly depends on the quality and
specificity of the experimental question asked.
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There is an increased concern about the health effects that air-suspended particles have on human health which have been dissected
in animal models. Using CD-1 mouse, we explore the effects that vanadium inhalation produce in different tissues and organs. Our
findings support the systemic effects of air pollution. In this paper, we describe our findings in different organs in our conditions
and contrast our results with the literature.

1. Vanadium as an Example of
Chemical Components Adherent to
Suspended Particles

Airborne suspended particles (PM) consist of a heteroge-
neous mixture of solid and liquid particles suspended in air,
continually varying in size and chemical composition in time
and space. Primary particles are emitted directly into the
atmosphere, such as diesel, whereas secondary particles are
generated through physicochemical transformation of gases,
such as nitrate and sulfate formation from gaseous nitric acid
and sulfur dioxide (SO2), respectively.

The numerous natural and anthropogenic sources of PM
include motor vehicle emissions, tire fragmentation, power
generation and other industrial combustion, smelting and
other metal processing industries, agriculture, construction
and demolition activities, residential wood burning, wind-
blown soil, pollens and molds, forest fires and combustion
of agricultural debris, volcanic emissions, and sea spray.
Although there are numerous chemicals that have been
detected in PM in different locations, some of the most
common components include nitrates, sulfates, elemental

and organic carbon, organic and biological compounds, and
a variety of metals such as vanadium [1].

Vanadium is present in crude oil as an organic–me-
tallic complex. The oil quantity of vanadium varies with
the extraction source, finding important differences within
countries; for example, Western Venezuelan and Maya
Mexican oils have the highest concentrations of vanadium.
Also in residual fuel oil, the concentrations are high (0.2 to
0.160 μg/g). Coal is also rich in vanadium (14 to 56 mg/kg).
Natural sources also contribute to vanadium particulate con-
centrations in the atmosphere. Continental dust, volcanic
eruptions, sea salt spray, and forest fires are some of the most
productive genesis of vanadium [2].

2. Generalities of Vanadium

Vanadium, an outcome of the combustion of oil products, is
inhaled adhered to suspended particles. Literature indicated
that one of the main mechanisms of vanadium action is
through the generation of reactive oxygen species (ROS), by
the activation of mitogen activated protein kinases (MAPKs)
that will result in the phosphorylation of downstream
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Figure 1: Comet classification. (a) Comet measurement, (b) no damage, (c) low damage, (d) medium damage, (e) high damage, and (f)
total damage. The fluorochromization was performed with ethidium bromide and fluorescence microscope (1000x).

enzymes such as ERK1/2, resulting in the activation or de-
activation of diverse signaling pathways.

Vanadium could also damage genetic material and in-
duce hematotoxicity [3–5], immune toxicity [6], hepatotox-
icity [7], lung toxicity [8–10], neurotoxicity [11–13], and
reproductive toxicity [14–16] All these organs and systems
are altered by vanadium inhalation, and in the next sections,
we will describe the changes observed in our animal model,
in an attempt to translate our findings to the actions that air-
suspended particles could have on human health.

3. An Animal Model to Assess Systemic Effects of
Air-Suspended Particle

Our model was evaluated in CD-1 mouse establishing a
whole-body inhalation model [11, 17, 18]. The exposure
schedule consisted of V2O5 0.02 M in saline, one hour twice
a week. An ultranebulizer (UtraNeb 99 De Vilbis) with the
size of the particle emitted being less than 5 μm (range 0.5–
5 μm) at a flow rate of 10 L/min was attached to a transparent
acrylic box reaching stable concentrations in the chamber of
1436 μm/m3.

3.1. Genotoxicity. DNA damage is induced by exogenous
agents such as environmental pollutants [19] or endogenous
ones (free radicals) [20]. Genetic damage mechanisms
include oxidation of nitrogenous bases or sugar residues;
cross-links or DNA strand breaks [21, 22]. When DNA
is altered, there are mechanisms for repairing the damage
that could disrupt the strands and produce mutations or
genetic material loss. Any agent that interacts with the
genetic materials is dangerous [23] because the damage end

result could be mitotic arrest, transcription gene induction,
replicating errors, and genetic instability that could result in
cancer [22, 24].

The adverse effects of vanadium on genetic material are
controversial, contradictory, and scarce in vivo [25], and
because of the scarce information available in the literature,
IARC classifies vanadium as a 2B category (possible human
carcinogen).

Single-Strand Breaks. Alkaline comet assay was used for the
evaluation of single-strand breaks in peripheral leukocytes
and bone marrow cells of exposed animals. This early
genotoxic biomarker evaluates single-strand breaks [26].
With our model, we identify genotoxic damage in CD-1
mice which correlates with time of exposure. The greater the
exposure, the longer the comet tails. With the same model,
bone marrow was explored comparing male with female
mice, and a clear difference was noticed in male mice, whose
cells had greater damage (Figure 1).

Micronucleus. Micronucleus (MN) comprises aneugenic and
clastogenic events in the cell that leads to chromosomal
instability. The result of this type of genetic damage can
induce cancer [27]. Applying Krishna and Hayashi [28]
method to quantify MN in reticulocytes, we identified sex-
and age- (pre- and post-puberty mice) specific differences at
30, 60, and 90 days after the exposure had ended (Figure 2).
Our findings indicate that adult females were the least
affected. We suggest that estrogens as antioxidant molecules
could be protecting females form reactive species produced
by the interaction with vanadium [29, 30], but more research
about these issues should be encouraged.
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3.2. Bone and Teeth Effects. Vanadium is concentrated in
the bone inducing changes in its inorganic matrix density.
Vanadium concentrations increased in the teeth with the
time of exposure. The increased vanadium was associated
with a decrease in the thickness of the teeth’s enamel layer
[31]. If the exposure is during teeth development, incisive
histodifferentiation is altered resulting in ameloblast and
predentin disorganization (Figures 3(a) and 3(b)).

These changes may explain the increased incidence of
cavities in highly polluted areas as reported by Bowen [32].

3.3. Hematopoietic System. Reports of vanadium hematotox-
icity are limited, and in many cases, contradictory. Some
studies describe alterations in erythrocytes such as anemia,
changes in hemoglobin and hematocrit concentrations [33–
35], an increment in osmotic red blood cells fragility [36, 37],
contrasting with other reports of microcytic erythrocytosis
[38], and the acceleration of maturation on erythropoiesis
[39]. Other researchers have found modifications in white
blood cells count [33–35], contrasting with other reports of
negative results in all hematologic parameters [40, 41]. In the
referred studies, the exposure route was oral or parenteral,
with different vanadium compounds, but vanadium pentox-
ide inhalation, the principal source of exposure, has been
poorly evaluated.

In subchronic vanadium exposure (eight-week inhala-
tion), we found normochromic normocytic anemia, with a
decrease in hemoglobin and hematocrit [3]. This anemia
could be a consequence of hemolysis, as other researchers
have proposed [36, 37], or might be a kind of erythrocyte
suicide identified as eryptosis, specifically described for va-
nadium toxicity [42]; also an impairment of erythropoiesis
could be assumed.

One of the most relevant findings in our model was the
change on platelets. There was an increase in platelets counts
(thrombocytosis) and morphological changes as megaplate-
lets [43]. This event was correlated with an increase of size
and number of megakaryocytes (megakaryocytosis) in bone
marrow and spleen [4, 44]. There are no previous reports
of thrombocytosis, but spleen megakaryocytosis is reported
as a collateral finding by Al-bayati et al. in 1992 [45]. We
consider that anemia may be a consequence of a detour from
the bipotential progenitor cell (PEM) differentiation toward
megakaryocytes and platelets instead of erythrocytes lineage,
but this explanation needs further investigation. Thrombo-
cytosis might be found as a reactive process or as a clonal
event. There are some findings in our model such as the mor-
phological changes of platelets (presence of megaplatelets)
and megakaryocytes, accompanied with platelets functional
impairment (data not published) that might suggest the
presence of a clonal event known as essential thrombo-
cythemia, but this hypothesis needs further analysis. Platelet
production as a consequence of megakaryocyte proliferation
depends mainly on thrombopoietin (TPO), and signaling
pathways like JAK/STAT are required, so we are analyzing this
pathway activation in our model [5].

Leukocytosis, with neutrophilia and lymphocytosis were
observed in our model during the whole exposure. The

same findings were reported in a study published by
Zaporowska and Wasilewsky in 1992 [35]; however, they
explored oral exposure. Fibrinogen and total serum proteins
were also elevated [3]. These findings support a chronic
inflammation state, and this could be also the explanation for
thrombocytosis, but it does not explain changes in platelets
and megakaryocytes function and morphology, so further
research should be encouraged to understand these changes
and to test the possibility of a clonal disorder.

3.4. Hepatotoxicity. Liver is also an inhaled vanadium target
reporting that increased lipid peroxidation, evaluated by
TBARS, is present during the exposure to this element.
Applying another biomarker, 4-hydroxynonenal demon-
strates that the hepatocytes’ cell membrane is altered by
oxidative damage. The oxidative destruction of polyunsat-
urated fatty acids in the membranes is the alteration that
is developed as a positive staining for 4-hydroxynonenal,
and the increase of TBARS. The histological evaluation of
the liver in our model showed spotlights of inflammatory
infiltrate. Other findings to be noted were an increase in the
number of binucleated cells with meganucleus and modifi-
cations that suggest liver regenerative activity (Figure 4).

3.5. Immune System

3.5.1. Thymus. The thymus provides a variety of specialized
microenvironments that support and direct T-cell differenti-
ation and selection. Thymic microenvironment is delimited
by a variety of cells such as macrophages, epithelial and
dendritic cells (DC), fibroblasts, and immature T cells
(thymocytes).

Dendritic thymic cells (DCs) are regularly distributed
into the thymus medulla; they are a heterogeneous pop-
ulation of bone-marrow-derived immune cells, and differ
in surface markers, migratory patterns, localizations and
cytokine production. DCs are responsible for the negative
selection of autoreactive T cells as discussed by Wu and Liu
[46].

There are some reports that indicate the changes in
the cortex-medulla thymic distribution as a consequence
of V2O5 exposure as well as changes in cell populations’
arrangement in a mice model. These changes suggest a
modification in the CD’s morphophysiology with possible
health repercussion as discussed by González-Villalva et al.
[43]. In the same experimental model we have been using,
by immunohistochemistry for CD11c, we identify a decrease
in color density for CD11c as the time of exposure increases
(Figures 5(a) and 5(b)). This could be explained because of
the vanadium oxidative potential, which generates reactive
oxygen species (ROS); that could modify transcriptional fac-
tors associated with the inflammatory response as discussed
by Gusik et al. [47].

3.5.2. Spleen. Vanadium exposure produces different effects
on spleen such as splenomegaly, increase in megacaryocytes
number and size, and the enlargement of the size of the
white pulp, mainly because of the increase of CD19+ cells
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(a) (b)

Figure 2: Micronucleus assay with mouse peripheral blood reticulocytes using acridine orange-coated slides. (a) Reticulocytes (white
arrows) and erythrocytes (dark cells) (400x). (b) Micronuclei (head arrow) in reticulocyte (1000x).
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Figure 3: (a) Control dental primordium section from upper incisor with trichrome Masson stain. (A): Ameloblast. (O): Odontoblast.
Predentine (PD). (b) Exposed dental primordium section from upper incisor with trichrome Masson stain. (A): Ameloblast. (O):
Odontoblast. Predentine (PD).

Figure 4: Meganucleated hepatocytes (arrow) were observed in the
group of animals exposed to inhaled vanadium pentoxide. (400x).

(Figures 6(a) and 6(b)). Recently, it has been noted that
these changes are due to an increment on the lymphocyte
proliferation (Figures 7(a) and 7(b)).

Also we have observed nuclear changes in spleen lym-
phocytes and thymus after the first week of exposure and
until three months of treatment. This could be due to a
modification in the cytoskeleton and nucleoskeleton of these
cells (Figures 8(a) and 8(b)).

3.5.3. Lymph Nodes. In lymph nodes, we observed that after
4 weeks of inhalation, there was an evident increase in the
presence of CD25, a late lymphocyte activation marker. This
was particularly true in the lymph node medulla, which
contains primarily B cells. These findings match with what
was observed in the spleen since, once again, B cells appear
to be specially affected by vanadium (Figures 9 and 10).

3.6. Lung Toxicity. Adverse effects of vanadium in the lung
have been associated to suspended particles air pollution
exposure in humans, and experimental studies have been
carried out in primates and rodents. These studies report that
inhalation exposure results in impaired lung function, influx
of inflammatory cells in bronchiolar lavage, and fibrotic
changes in the lungs [8, 9, 48].

In rats and mice exposed to V2O5 (whole-body), in-
creases in inflammation and epithelial hyperplasia were
observed at a 2 mg/m3 dose. In rats exposed to 4 mg/m3,
fibrosis and a restrictive lung disease were observed [38].

In humans, accidental or inadvertent exposure to this
compound in the workplaces has been associated with
inflammatory responses in the respiratory tract, including
bronchitis (often called boilermaker’s bronchitis), pneumo-
nia, rhinitis, and pharyngitis [49].
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Figure 5: (a) CD11c+ thymic cells (∗) in control mice 2 week. Thymic cortex (c) and thymic medulla (m). (b) CD11c+ thymic cells (∗) in
exposed mice 2 week. Thymic cortex (c) and thymic medulla (m).
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Figure 6: Enlargement of spleen lymphoid nodules due to V2O5 exposure. (a) Normal histology of spleen in control animals. (b) The growth
of the white pulp mainly by lymphoid nodules (arrows) in the spleen from V2O5 that exposed animals is observed.

(a) (b)

Figure 7: V2O5 effects on the lymphocyte proliferation index. In control spleen, a basal proliferation index is observed. (a) After vanadium
exposure, the number of lymphocytes in division increased contrasting with control (b) (1000x).

In our model, the inhalation of vanadium caused an
increase of cytokines such as IL-6 and TNF-α, located in the
bronchiolar epithelium. This inflammatory response led to
thickening of the bronchiolar muscular layer evaluated by
alpha-actin immunohistochemistry [8]. This change was evi-
denced at 12-week exposure (Figure 11). The modifications
found suggest airway remodeling similar to that observed in
asthma [8].

Bonner and coworkers [8] showed that rat intratracheal
instillation with vanadium caused lung inflammation, airway
hyperreactivity, fibroproliferative changes, mucus cell meta-
plasia, smooth muscle layer thickening, and airway fibrosis.
However, we did not observe fibrosis in our inhalation
model.

What we observed were changes in the nonciliated
bronchiolar cell (NCBC) and ciliated cells nucleus that
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(a) (b)

Figure 8: Spleen lymphocytes’ nuclear changes after V2O5 exposure. (a) In control animal’s nuclear morphology, regular ultrastructure in
lymphocytes is observed (7000x) (arrow). (b) Vanadium exposure produces alterations in lymphocyte’s nuclear morphology similar to the
changes observed in malignant cells (8000x) (arrows).
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Figure 9: Immunofluorescence staining for CD25 in a lymph node
medulla in a control mouse.
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Figure 10: Immunofluorescence staining for CD25 in lymph node
medulla after 4-week inhalation.

resembled pseudoinclusions [10]; also a decrease in the
number of the NCBC was noticed [50].

3.7. Neurotoxicity. The central nervous system (CNS)
exhibits a great vulnerability to oxidative stress damage,
because of its continuous production of reactive oxygen
species as a consequence of its high aerobic metabolism,
low levels of antioxidants, and its extended surface rich

in peroxidizable fatty acids which has been invoked as an
excellent field for neuronal injury [51]. This damage might
be expressed as neurodegenerative changes [52, 53].

In our mice model, vanadium induced functional,
cytological, and ultrastructural alterations in the olfactory
bulb, motor cortex (Figure 12(b)), hippocampus, striatum,
substantia nigra, and ependyma [54]. In the olfactory bulb
granule cells, spine density decreased at different times of
exposure (4, 5, 6, 7, 8, 10, and 12 weeks). In addition,
lipofuscin granules, swelling organelles, vacuolation, and
cytoplasmic condensation with disrupted mitochondria were
recorded; apoptosis and necrotic neuronal deaths were
also identified [54]. In our hands, these alterations were
associated with olfactory dysfunction [55].

Our model showed nigrostriatal dopaminergic system
damage that resulted in a decrease in the number of tyrosine
hydroxylase immunoreactive neurons in the substantia nigra
pars compacta and dendritic spine loss in the medium-sized
spiny neurons of the striatum in exposed mice [12]. These
changes might be the consequence of dopamine autooxi-
dation resulting in quinones and semiquinones that may
lead to substantia nigra cell death [56]. Oxidative damage,
in our model, was confirmed by 4-hydroxynonenal (4-HNE)
a lipid peroxidation marker by immunohistochemistry
(Figure 12(d)). The damage observed in motor cortex neu-
rons caused cell death, possibly by excitotoxicity with motor
impairment [57].

In hippocampal formation, we observed morphological
and functional alterations in the pyramidal neurons to CA1
and granule cells to dentate gyrus. A decrease in dendritic
spines and pyramidal and granule cell necrosis were detected.
These morphological alterations might correlate with spatial
memory impairment [13, 58].

Blood-brain-barrier was also affected observing cilia
loss in the fourth ventricle, as well as cell sloughing and
dissolution of tight junctions between ependymal cells and
basal membrane causing an evident disruption of the BBB
[11]. These modifications were extended to the choroid
plexus in lateral ventricles [57]. Additionally, an increase in
gelatinases MMP-9 and MMP-2 activation in the olfactory
bulb, prefrontal cortex, hippocampus, and striatum were
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(a) (b)

Figure 11: Mouse bronchioles. (a) Normal bronchioles label with alpha-actin (arrows). (b) Thickening smooth muscle layer after 12-week
exposure to vanadium. Original magnification 100x.

(a) (b)

(c) (d)

Figure 12: Photomicrograph of cortex pyramidal cells with Golgi stain. (a) Dendrite with spine dendrite in a control. (b) Exposure to
vanadium, area with spine dendritic loss (arrow). (c) Image from a section of the cerebral cortex in control mice (confocal): the neuronal
bodies (arrows). (d) Pyramidal cell neurons exposed to vanadium stained with 4-HNE (arrows). Scale bars: (a), (b) 10 μm; (c), (d) 50 μm.

observed [59], changes that could be associated to previously
reported dendritic remodeling in the tissues [60] (Figure 12).

3.8. Reproductive Toxicity. The male reproductive system
consists of the testes, their associated ducts, the accessory
glands, and the penis. The testes produce sperm and
testosterone. The seminiferous tubules are located in the
testes [61], and the lining cells of the tubules comprise the
seminiferous epithelium. Some of them are the source of
sperm and some are there to sustain the production. The
Sertoli or sustentacular cell helps the developing of sperm
cells and defines the seminiferous tubule in two separate

and physiologically different compartments, the basal and
the luminal by occluding junctions of adjacent Sertoli cells.
The seminiferous epithelium contains the sperm cells; the
spermatogonium (stem cell) originates the sperm cells. These
cells undergo meiosis and become haploid spermatocytes
and spermatids, which further transform its complete mor-
phological differentiation into spermatozoa [62].

Animal evidence demonstrates that i.p. vanadium treat-
ment has adverse impacts on male reproductive health [14,
15, 63]. We compared the fine structure of seminiferous
tubules in two groups of CD1 mice (experimental and
control) [16], the experimental group underwent V2O5

inhalation at 0.02 M for a 12-week time period. Our studies
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(a) (b)

Figure 13: Actin Immunohistochemistry stain in seminiferous tubules. (a) Control animal showing positive immunoreactivity in Sertoli
(arrow), Leydig (∗) and germinal cells (clasp). (b) After six weeks of treatment the immunoreactivity decreased in all the testicular cells.
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Figure 14: Immunohistochemical analysis for Cx43 localization in mice testes exposed for four weeks to V2O5 inhalation. (a) Cx43 in control
mice was localized between Sertoli cells and germinal cells (arrows). (b) Cx43 immunostaining was absent in exposed mice.

demonstrated that V2O5 causes ultrastructural changes in
testis of exposed mice. Ultrastructure examination revealed
spermatogonia, spermatocytes, and Sertoli cells necrosis; the
cells had obvious pathological changes including vacuolation
cytoplasm and mitochondrial swelling, as well as decrease or
vanish of mitochondria crista. Compared with the control
group, the intercellular membranes of various seminiferous
cells, as well as spermatozoa and Sertoli cells, were detached
in the V2O5-exposed groups in a dose-dependent manner.
In addition, other effects, such as pseudonuclear inclusions,
were found.

Some toxic reproductive effects that were observed in
this and other models, like alterations in spermatogenesis,
low sperm count, decrease in sperm motility, and increase in
the frequency of sperm morphologic abnormalities including
morphological nuclear changes, suggest damage to the
cytoskeleton [18].

Cytoskeletal proteins play an important role in the
regulation of spermatogenesis and other process in the testis.
Gamma-tubulin is a part of the cytoskeletal proteins and
an important member of centrosome, which is the main
microtubule-organizing center in animal cells. In a previous
report, we observed that vanadium exposure decreased
gamma-tubulin in Sertoli, Leydig and germinal cells in a
time-dependent manner [18].

On the other hand, we have also observed that V is able
to alter other cytoskeletal proteins like the actin in testicular
cells. Actin is involved in different processes like cell division,
cell morphological changes during differentiation, hema-
totesticular barrier integrity, and organization of testicular
cells by junctional complex. Similar to tubulins, vanadium
also alters actin in Sertoli, Leydig, and germinal cells in a
time dependent manner. However, actin was less sensitive to
the effect of vanadium than gamma-tubulin in testicular cells
(Figure 13).

The damage to the cytoskeleton of testicular cells pro-
duced by vanadium implies changes in testicular functions
leading to infertility, a phenomenon that has been implicated
in vanadium exposure.

Metals also affect intercellular junctions by either reduc-
ing the amount of these or inducing aberrant intracellular
localization of these membranous proteins [64]. Evidence
indicates that these cell adhesion molecules are important as
early targets for a variety of toxic substances including vana-
dium [65]. We used immunohistochemistry for localization
of the gap-junctional proteins in Sertoli and spermatogenic
cells, and Cx43 presence was observed essentially in the cell
membrane of the basal compartment in control mice testis.
Immunostained area revealed that there was a lack of mem-
branous distribution of Cx43 and a shift from membranous
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immunoreactivity to predominantly cytoplasmic in exposed
animals to V2O5 by four weeks [65] (Figure 14).

4. Conclusions

Atmospheric pollution repercussions by air-suspended par-
ticles are almost neglected. The use of animal models like
the one described here helps to understand the interactions
of the respiratory system, that is, the main entrance for air
pollutants, and other organs such as the liver, reproductive
system and nervous system. The increase in neurodegen-
erative diseases, infertility, and immune disorders needs a
deeper evaluation for its possible link with air pollutants.
These studies will support the reinforcement of atmospheric
exposure limits worldwide.
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[43] A. González-Villalva, I. Fortoul Teresa, M. R. Avila-Costa
et al., “Thrombocytosis induced in mice after subacute
and subchronic V2O5 inhalation,” Toxicology and Industrial
Health, vol. 22, pp. 113–116, 2006.
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Middle ear acquired cholesteatoma is a pathological condition associated with otitis media, which may be associated with temporal
bone resorption, otorrhea and hearing loss, and occasionally various other complications. Cholesteatoma is characterized by
the enhanced proliferation of epithelial cells with aberrant morphologic characteristics. Unfortunately, our understanding of the
mechanism underlying its pathogenesis is limited. To investigate its pathogenesis, different animal models have been used. This
paper provides a brief overview of the current status of research in the field of pathogenesis of middle ear acquired cholesteatoma,
four types of animal models previously reported on, up-to-date cholesteatoma research using these animal models, our current
studies of the local hybrid ear model, and the future prospect of new animal models of middle ear cholesteatoma.

1. Introduction

Middle ear acquired cholesteatoma is a pathological condi-
tion associated with otitis media [1, 2], and as the cause
of otorrhea, hearing loss, and occasionally complications
such as facial palsy [3], brain abscess, and meningitis
[4]. Recurrence after surgical treatment is very common
[5]. Middle ear acquired cholesteatoma is morphologically
characterized by epithelial cell proliferation and granulation
tissue formation. Unfortunately, despite many studies our
understanding of the mechanisms underlying the pathogene-
sis of cholesteatoma is limited. Four predominant theories of
the genesis of cholesteatoma formation have been proposed.

(1) Metaplasia Theory. in 1873, Wendt [6] suggested that
metaplasia of the mucosa of the middle ear into the kera-
tinizing epithelium led to cholesteatoma. Sadé et al. [7, 8]
proposed that chronic irritation can cause the mucosal lining
of the middle ear to convert to a keratinizing epithelium.

(2) Immigration Theory. Bezold in 1890 [9] and Habermann
[10] described immigration theory. Friedmann [11] and

Tumarkin [12] have been more contemporary supporters
of this aspect, which proposed that squamous epithelium
migrates through a defect in the tympanic membrane in an
effort to cover areas of inflammation in the middle ear.

(3) Hyperplasia Theory. Rüedi [13] presented evidence that
supported the basal cell hyperplasia (papillary proliferation)
theory first published by Manasse et al. [14] in 1917. As the
result of inflammation of the middle ear, the proliferation
of epithelial cones in the basal layers of the keratinizing
epithelium of Shrapnell’s membrane leads to cholesteatoma
formation.

(4) Retraction Pocket Theory. Bezold in 1890 [9] first
described this currently most-accepted theory that proposes
that acquired cholesteatoma develops from retraction pock-
ets [15]. A retraction of Shrapnell’s membrane as a result of
chronic dysfunction of the Eustachian tube might progress
into cholesteatoma formation.

4(a) Habitual sniffing theory was described as under
the heading of retraction theory. Habitual sniffing
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associated with closing failure of the Eustachian tube
is believed to be closely related to the etiology of
retraction-type cholesteatoma [16–18]. It seems that
such sniffing induces a high negative pressure in
the middle ear and may sometimes promote the
development of cholesteatoma or its recurrence after
surgery [19, 20].

Currently, the retraction pocket theory has many sup-
porters following clinical observation, and there is clinical
evidence for the “retraction and proliferation theory” on the
pathogenesis of cholesteatoma [21, 22]. Sudhoff and Tos [23]
suggested the proliferation of epithelial cells in the retraction
pocket was altered by inflammatory stimuli of the subep-
ithelial connective tissue and that this excessive proliferation
may finally lead to cholesteatoma formation. They proposed
a four-step concept for the pathogenesis of cholesteatoma
that combined the retraction and proliferation theories: (a)
the retraction pocket stage, (b) the proliferation stage of the
retraction pocket, subdivided into cone formation and cone
fusion, (c) the expansion stage of attic cholesteatoma, and
(d) bone resorption (Figure 1, [24]). But, there was a lack
of explanation for the transition from a retraction pocket to
cholesteatoma.

Animal models are very important for studying the
pathogenesis of acquired cholesteatoma [25–27]. Chin-
chillas, guinea pigs, Mongolian gerbils, Meriones unguic-
ulatus, and rats have been used to make animal models
of cholesteatoma. In several studies, chinchillas were used
because their auditory apparatus is similar to that of humans
[28]. On the other hand, pigs were used for temporal
bone pneumatization models because they have a mastoid
(Figure 2) [29]. The gerbil is the only nonhuman animal
known to spontaneously develop aural cholesteatomas [25,
30]. The ultrastructure of the epithelial and subepithelial
linings of the gerbilline middle ear are similar to that of
the human [31], and destructive characteristics of the ger-
billine cholesteatoma closely mimic human cholesteatoma
[32]. Chole et al. [25] indicated that aural cholesteatoma
were found to arise spontaneously in 45.7% of gerbilline
ears studied. Henry et al. [30] indicated that both the
prevalence of spontaneous cholesteatoma and the resultant
peripheral auditory evoked potential threshold increased
from 6 to 18 months of age. Chole et al. [25] and Henry
et al. [30] described five stages of spontaneous gerbilline
cholesteatomas (Figure 3, [30]). Stage I is an accumulation
of keratin debris on the outside surface of the tympanic
membrane; stage II has a medial displacement of the
tympanic membrane into middle ear without contact with
the middle wall of the bulla; stage III, the cholesteatoma is
in contact with the prominence of the cochlea; in stage IV,
cholesteatoma fills the bulla; in stage V, the cholesteatoma
extends intracranially. The stage of development of the
cholesteatoma varied as a function of age. Most of the
affected 6- and 12-month-old gerbils (younger gerbils) had
stage I or II cholesteatomas. More than half of the 18- and
24-month-old gerbils (older gerbils) had stage III or stage IV
cholesteatomas. Some of the oldest gerbils were at stage V,
with the cranial cavity being invaded. Also, in 2006, Tinling

(a) (b)

(c) (d)

Figure 1: Schematic illustration of the expansion stage written by
Sudhoff and Tos [24]. (a) Expansion of sinus cholesteatoma, and
the lakes of keratin are opened to the surface of the retraction
wall in the depth the cones are proliferating and growing. Lateral
migration and cell cleaning is superficially still possible (arrow)
(reproduced with modification with permission from [24]). (b)
The cholesteatoma has expanded by the length of the cone. In the
depth, new microcholesteatoma are formed within the new cones
(reproduced with modification with permission from [24]). (c) The
keratin lakes are fused, moving the border of the matrix further
towards the attic (reproduced with modification with permission
from [24]). (d) Further expansion of attic cholesteatoma. Estab-
lishment of a vicious circle in the following ways: proliferation
at the bottom of the cone, keratin formation within the cones,
fusions of microcholesteatomas, and further accumulation of
keratin leading to further deterioration of cell cleaning (reproduced
with modification with permission from [24]).

and Chole [33] investigated the migration rate and patterns
for keratin on the tympanic membrane of the gerbil and
guinea pig in comparison to human data and indicated
that the gerbil was an appropriate model for cholesteatoma
because gerbils quite closely resemble humans in rate and
pattern of epithelial migration.

In this paper, we summarize the described models for
experimentally induced cholesteatoma and introduce our
animal models.
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Figure 2: Macroscopically photos of the largest section of the mas-
toid process in pig (reproduced with modification with permission
from I Friedmann [29]).

2. Ligation of the External Ear Canal Model in
the Mongolian Gerbil

Although the spontaneous gerbilline cholesteatoma [30] is
useful for studying the pathogenesis of cholesteatoma, the
experimental ligation technique of the external ear canal
in gerbils is more valuable in predicting the stage of the
cholesteatoma [26, 34]. Mongolian gerbils between 2 and
6 months of age were used in this experiment. Under
anesthesia, the ear canal was ligated through a curvilinear
incision behind the pinna. These experimentally induced
cholesteatomas developed in 100% of the ligated ears. Some
6–9 months after ligation of the external auditory canal, these
cholesteatomas are in contact with the bone of the middle
ear. These induced cholesteatomas were seen to erode bone
and displace soft tissue structures, as is typical of human
aural cholesteatomas (Figure 4, [26]). From a surgical point
of view, this model is easy to handle, with a high percentage
of success. This animal model has been proved to be useful
and informative regarding retraction pocket formation and
cholesteatoma development.

Several studies were done using this model. In 1999,
Kim and Chung [35] examined the distribution of cytok-
eratin and the binding patterns of lectin in experimental
cholesteatoma specimens. They concluded that the origin
of aural cholesteatoma may be the external auditory canal
epidermal cells, and the characteristics of these cells do not
change once the cholesteatoma develops. They also suggested
that cholesteatoma have a different biological nature from
that of normal epithelial cells, especially basal cells. Larsson
et al. [36] performed the acoustic admittance measurements
and morphological analysis in experimental cholesteatoma
and tympanic membrane. They indicated that the thickness
of the fibrous layer was almost doubled, mostly because of
an increased amount of collagen fibers, and the acoustic
stiffness was significantly increased in all cholesteatoma ears.

Park et al. investigated the immunohistochemical study of
cell proliferation using BrdU labeling [37] and the expression
of PLG-gamma1, ligand-mediated signal transduction for
cell proliferation [38] on the tympanic membrane, exter-
nal auditory canal, and induced cholesteatoma in gerbils.
According to the results, the induced aural cholesteatoma
showed a more active proliferation center of the epithelial
cell and more intense immunolabeling of PLG-gamma1
protein than the eardrum and external ear canal of the
normal gerbil. Tinling and Chole [39] also indicated the
hyperproliferation of kertinocytes to be a causative factor
in the development and progression of spontaneous and
experimental cholesteatomas in this gerbilline model.

3. Eustachian Tube Blocking Model in the
Mongolian Gerbil

The cornerstone of the retraction pocket theory is that
Eustachian tube obstruction leads to negative middle ear
pressure, middle ear effusion, and retraction of the pars flac-
cida into the epitympanum, and subsequent cholesteatoma.
To evaluate the evidence of this theory, the Eustachian tube
blocking model was developed by Wolfman and Chole in
1986 [27]. Bilateral Eustachian tube obstruction by electro-
cauterization of the nasopharyngeal portion was performed
in gerbils.

Mongolian gerbils between 6 to 10 weeks of age were
used in this experiment. After each animal was anesthetized,
they attempted to gain exposure of the tubal orifice by
slitting the soft palate in the midline (Figure 5(a), [27]).
A cautery tip was then inserted through the soft palate in
the midline and rotated so as to contact the right and left
nasopharyngeal walls, respectively (Figure 5(b), [27]). The
results of their study were as follows (Figure 6, [27]). At
two weeks, all animals had bilateral serous effusions and
retraction pockets. At four weeks, four of eight ears had
middle ear fluid, retractions, and cholesteatomas. After eight
weeks, five of eight ears had middle ear effusions, and four of
these had cholesteatomas; one ear had total atelectasis with a
cholesteatoma filling the bulla. By 16 weeks, six of eight ears
had developed cholesteatomas.

This study provides experimental evidence that aural
cholesteatomas may arise by retraction of the tympanic
membrane. In 2001, they suggested that the expression
pattern of cytokeratin in retraction pocket cholesteatoma is
different from that in normal skin and that the transmigra-
tion and hyperproliferation process of squamous epithelium
occurs in areas adjacent to the aural cholesteatoma [40].
Using this model, Wilmoth et al. [41] suggested that the
elevation of tumor necrosis factor-alpha and matrix metallo-
proteinases associated with progressive tympanic membrane
atelectasis indicated a possible role for these inflammatory
mediators in the pathogenesis of cholesteatoma.

4. Chemical Injection into the Middle Ear in
the Chinchilla, Guinea Pig, and Rat

It was known that chemical injection into the middle ear led
to the occurrence of inflammatory change and cholesteatoma
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Figure 3: Stages of gerbilline cholesteatoma (reproduced with modification with permission from Henry et al. [30]). Stage I is accumulation
of keratin debris on outside surface of tympanic membrane; stage II is medial displacement of tympanic membrane into middle ear without
contact with middle wall of bulla; stage III is contact of cholesteatoma with prominence of cochlea (arrows point to early bone erosion);
stage is IV cholesteatoma filling bulla; stage V (not shown) intracranial extension of cholesteatoma (reproduced with modification with
permission from [30]).

C

Figure 4: Photograph of gerbilline middle ear 2 months after
ligation of external auditory canal (reproduced with modification
with permission from McGinn et al. [26]). The cholesteatoma
has eroded the bone of the tympanic annulus (arrows) and is
bulging toward the cochlea (C) (reproduced with modification with
permission from [26]).

formation. An animal model of cholesteatoma was made by
using these chemicals in guinea pigs or rats [42, 43].

Placing a mixture of talcum powder and fibrin in the
bulla of a guinea pig results in a typical cholesteatoma.
It originates from the epidermal basal cells of the tym-
panic membrane and migrates into the middle ear. This
corroborates the epithelial migration theory [42]. Schmid
and Hellstrom [43] induced the cholesteatoma formation in
rats by using dimethyl-benzanthrancene (DMBA). DMBA
is a chemical carcinogen widely used for experimental
purposes [44]. After perforating the upper quadrant of the
tympanic membrane of a rat, the perforation was exposed
to DMBA four times at weekly intervals. They successfully
made a cholesteatoma formation in rats. Propylene glycol
(PG) has been shown to cause epithelial migration and
cholesteatomatous chronic otitis media in North-American
chinchillas using optic drops (Cortisporin) containing PG
(10%) [45]. Increasing the dose of PG in topical preparations
injected transtympanically yields cholesteatomas [46, 47] in
a progressively higher percentage of rats, reaching 100% at a
concentration of 90%.
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Figure 5: Eustachian tube cauterization (reproduced with modification with permission from Wolfman and Chole [27]). (a) Positioning of
supine animal (reproduced with modification with permission from Wolfman and Chole [27]). (b) Cautery tip introduced through midline
of soft palate and directed laterally. Eustachian tube orifice is approximately 5 mm posterior to junction of hard and soft palates (reproduced
with modification with permission from Wolfman and Chole [27]).
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Figure 6: Diagram of coronal section through bulla of gerbil written by Wolfman and Chole [27]. (a) Normal gerbil (reproduced with
modification with permission from Wolfman and Chole [27]). (b) After Eustachian tube cauterization, effusion develops (shaded area) and
tympanic membrane retracts (reproduced with modification with permission from Wolfman and Chole [27]). (c) With time, pars flaccida
retracts into deep pockets, where keratin accumulates (arrows) (reproduced with modification with permission from Wolfman and Chole
[27]).

Several studies were done in another to establish new
therapies as alternative to surgery for middle ear cholestea-
tomas using these models. After producing a cholesteatoma
in chinchillas by using PG (60%), 5-fluorouracil was used
to inhibit growth of the cholesteatoma with satisfactory
results [48]. Hyaluronic acid was applied to the external
ear of chinchillas in an attempt to inhibit PG-induced
cholesteatoma development with poor results [49]. Simi-
larly, poor results were seen when using cyclophosphamide
systemically in chinchillas [50]. The local use of the tran-

sretinoic acid is effective in inhibiting the induced formation
of cholesteatomas in guinea pigs [51].

5. Biological Material Injection into
the Middle Ear in the Mongolian Gerbil,
Guinea Pig and Rat

Cholesteatoma is a squamous cell cyst, characterized by
keratinizing epidermal tissue that can migrate and erode to
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adjacent structures frequently found in temporal bones. An
animal model of cholesteatoma was made by using dermal
tissues in the middle ears of animals [52–54]. Mongolian
gerbils, guinea pigs and rats were used in this experiment.
After each animal was anesthetized, a retroauricular skin
incision was made following abrasion of the graft in the
opposite ear. The dorsal bulla was opened, and the whole of
the mucosal lining was carefully removed. The graft, taken
from the external ear canal or from other parts of the body,
was then placed so that the subepithelial plane faced the
exposed bone. The opening of the bulla was covered with a
piece of temporalis muscle and the wound sutured.

According to the results, full-thickness skin grafts trans-
planted into the middle ear with superimposed infections
induced expansive growth and cholesteatoma development
[52–54]. The success rate of cholesteatoma formation was
89.3%. But, these cholesteatoma did not cause bone erosion.

6. The Autologous Dermal Implantation
Mouse Model

To circumvent limitations of the previous models and
their unpredictable degree of bone resorption, Chole et al.
[55] developed a new model of bone resorption in mouse
calvarias using keratin particles.

Under anesthesia, murine keratin collected from the nails
and fur of mice was implanted onto the dissected calvarium
of mature mice. The caused an activation of osteoclasts in
the adjacent bone in a manner similar to that seen in human
cholesteatoma and in particle-induced osteolysis (Figure 7)
[55]. This model was useful in investigating the pathological
bone remodeling related to cholesteatoma in a genetically
well-defined animal. Many of the genes and their products
that control the inflammatory process are well characterized
in this mouse model.

Based on their findings, Sudhoff et al. [56, 57] also used
this dermal implanting model to investigate bone resorption
observed in middle ear cholesteatoma. They concluded that
the dermal implant tissue remained viable and produced
a robust, localized inflammatory osteolytic response on
the adjacent calvarial surface and that osteoclasts were
predominantly found on the surface of the calvarium with
the greatest osteoclast density under the increased expression
of osteoprotegerin (OPG), OPG ligand, and macrophage-
colony stimulating factor.

7. A Local Hybrid Ear Model of
Experimentally Induced Cholesteatoma in
the Mongolian Gerbil

To investigate the origin of the epithelial cells of choleste-
atoma, whether from the epithelial cells of the external
auditory canal or the tympanic membrane, in a previous
study, we described a new animal model named “local hybrid
ear model” and used in situ PCR, which can detect a few
copies of genes within a cell in the section by amplifying the
target gene [58, 59].

Bone

v

v
Osteoclast

(a)

Giant
cell

k

k

Macrophages

Lymphocytes

(b)

Figure 7: Inflammatory response typical of the site of keratin
implant at 1 week survival (reproduced with modification with
permission from Chole et al. [55]). The irregular surface of the bone
(arrows) is suggestive of erosion though few surface osteoclasts are
seen at this time (reproduced with modification with permission
from Chole et al. [55]). New vessels (v) are evident, and, at
higher power (inset, (b)), the remains of keratin debris (k) can
be seen surrounded by macrophages, lymphocytes, and giant cells
(reproduced with modification with permission from Chole et al.
[55]).

Cholesteatomas were induced in gerbils with trans-
planted tympanic membranes using the ear auditory canal
ligation method. After the pars flaccida of the tympanic
membranes were completely removed from male gerbils,
corresponding portions of tympanic membranes obtained
from the ear of female gerbils were transplanted to the area
of defect in the tympanic membranes. We then ligated the
external auditory canal of the “hybrid-model” group. As a
control group, the ear auditory canal of normal male and
female gerbils was ligated without previous myringoplasty.
Cholesteatomas were produced in all ears of each group.
The origin of cholesteatoma cells was analyzed by the
identification of male (XY) or female (XX) cells in the
tissue section. Thus, in situ PCR was performed to detect
the mouse X-chromosome-linked phosphoglycerate kinase-
1 (pgk-1) gene on the paraffin sections [60–62]. As a result,
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(a) (b) (c) (d)

Figure 8: In situ PCR in local hybrid ear model and control (reproduced with modification with permission from Yamamoto-Fukuda et
al. [58]). (a) One pgk-1 spot in the nuclei of epithelial cells was detected in male. (b) One or two pgk-1 spot(s) were detected in female
cholesteatoma, respectively (reproduced with modification with permission from Yamamoto-Fukuda et al. [58]). (c) One or two pgk-1
spot(s) were detected in the epithelial nuclei of cholesteatoma (reproduced with modification with permission from Yamamoto-Fukuda et
al. [58]). (d) On the other hand, one pgk-1 spot was detected in the cells of EAC (reproduced with modification with permission from
Yamamoto-Fukuda et al. [58]). Magnification, ×350. Green arrows: two spots. Blue arrows: one spot.

one pgk-1 spot in the epithelial nuclei was detected in male
cholesteatoma (Figure 8(a)), and one or two pgk-1 spots
were detected in female cholesteatoma (Figure 8(b)). On the
other hand, in the hybrid-model group, we detected not
only one but two pgk-1 spots in the epithelial nuclei of
cholesteatoma (Figure 8(c)) and one pgk-1 spot was detected
in the cells of the ear auditory canal (Figure 8(d)). The
percentage of the number of cells having one pgk-1 spot
or two pgk-1 spots of cholesteatoma in the hybrid model
was almost the same as that of female cholesteatoma. These
results indicated that all cholesteatoma cells in the hybrid
model have XX chromosomes that were female tissue origin.
The results strongly demonstrated evidence that the origin of
epithelial cells in cholesteatoma is the tympanic membrane,
not residential middle ear epithelial cells or the skin of the
external ear canal, in this hybrid model of cholesteatoma.

8. Conclusion and Future Prospects for
Animal Models

Animal model studies on the pathogenesis of cholesteatoma
have led to an improved comprehension of this disease.
Mongolian gerbils have a remarkable propensity for the
development of aural cholesteatoma; canal cholesteatomas
develop spontaneously in aged animals. Cholesteatomas were
produced by five different methods of induction: (1) ligation
of the external ear canal, (2) Eustachian tube blocking, (3)
chemical or free skin graft injection into the middle ear, (4)
the autologous dermal implantation model, and (5) a local
hybrid-ear model of experimentally induced cholesteatoma.
As shown in Table 1, we summarized the advantages and
disadvantages of each model. Depending upon the purpose
of studying the pathogenesis of cholesteatoma, we should
select an appropriable model among them.

In the previous study, gerbilline cholesteatomas induced
by these three methods (method 1∼method 3) were com-
pared by Kim and Chole [63]. These animal models proved
to be useful and informative regarding retraction pocket
formation and cholesteatoma development. As a result, the

appearance rates of cholesteatoma in each group were almost
the same, but the patterns of epithelial hyperplasia, keratin
accumulation, thickening of the tympanic membrane, and
adhesions of the tympanic membrane were different among
the three groups. Also, in 2002, Kim et al. [64] detected
prominent changes in the expression of markers for migra-
tion and hyperproliferation in gerbilline cholesteatomas
produced by three methods compared with that in the tym-
panic membrane, and their results supported the epidermal
migration theory. As in their previous study, the expression
patterns of epithelial markers in gerbilline cholesteatomas
produced by the three methods were not similar. They
concluded that each of the three methods of inducing
cholesteatoma may be helpful in investigating different
clinical aspects of this disease. On the other hand, in 2007,
Choufani et al. [65] performed the quantitative comparison
of eight biological markers involved in inflammation, cell
differentiation, and cell adhesion/apoptosis between sections
of the ligated external ear canal animal model (Method
1) and clinical specimen. Their results indicated that the
majority of staining parameters was statistically significantly
different between sections of the animal model and clinical
specimen from the panel of the above markers. They
concluded that from a surgical point of view, this model was
easy to handle, with a high percentage of success, thereby
allowing one to quickly obtain an external auditory duct
cholesteatoma. However, these data did not support the
concept of complete validity of the popular animal model.

The problem with the previous method 1 to method
3 animal models was that the morphological aspects were
almost the same as human cholesteatoma, but the immun-
ohistochemical results were not strictly the same. In the
recent study, we modified the auditory canal ligation model
to investigate the origin of the cholesteatoma cells [58]. We
analyzed spontaneously occurring cholesteatomas associated
with a new transplantation model in gerbils, and using
pgk-1 as a tracer provided evidence that transplanted
tympanic membranes were the origin of the epithelial cells
associated with the development of auditory canal-ligated
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Table 1: Comparison of advantages among experimental cholesteatoma models.

Purpose of analysis Specie Surgery
Percentage of
cholesteatoma

occurrence
Advantage

(1) Ligation of
the external ear
canal

Epithelial migration
theory

Mongolian
gerbil

Easy High Easy to handle

(2) Eustachian
tube blocking

Retraction pocket
theory

Mongolian
gerbil

Slightly
difficult

Moderate
Useful for analysis of
inflammatory mediators

(3) Chemical
injection into the
middle ear

Cholesteatomatous
chronic otitis media

Chinchilla
Guinea-pig Rat

Easy High
Useful for administering
study

(4) Biological
material injection
into the middle
ear

Immigration theory
Mongolian

gerbil
Guinea-pig Rat

Slightly
difficult

Moderate
Useful for analysis of
immigratrion theory

(5) Autologous
dermal
implantation

Bone destruction Mouse
Slightly
difficult

High
Useful for investigate
pathological mechanism
of bone destruction

(6) Local hybrid
ear model

Origin of the
epithelial cells of
cholesteatoma

Mongolian
gerbil

Difficult High
Can demonstrate the
origin of the cells of
cholesteatoma correctly

cholesteatomas in gerbils. The results strongly demonstrated
that the origin of epithelial cells in cholesteatoma is the
tympanic membrane, but not residential middle ear epithe-
lial cells or the skin of the external ear canal in this
hybrid model of cholesteatoma. Accordingly, other studies
revealed different protein and cytokeratin profiles between
cholesteatoma keratinocytes and epithelial cells of the middle
ear [66, 67].

Currently, the retraction and proliferation theory has
many supporters following clinical observation. Habitual
sniffing has clinically been observed to increase the risk of
developing retraction pockets and cholesteatoma [68, 69].
Recently, the habitual sniffing-simulating model in gerbils
was made by Von Unge and Dircks [70]. The retraction
of the tympanic membrane was found, but cholesteatoma
formation did not appear. The retraction and proliferation
theory is a pathogenesis that combines the retraction caused
by otitis media or habitual sniffing and the proliferation
of the epithelial cells in the retraction pocket altered by
inflammatory stimuli of the subepithelial connective tissue.
Therefore, some improvement will be needed to investigate
the retraction and proliferation theory using this habitual
sniffing model.

Based on the results of inflammatory changes in clinical
cholesteatoma specimens, we would like to develop a new
animal model in the future. In our previous study, we
indicated that keratinocyte growth factor (KGF)/fibroblast
growth factor-7 plays an important role in cholesteatoma
formation [71]. KGF is a mesenchymal cell-derived paracrine
growth factor that specifically stimulates epithelial cell
growth and is supposed to be secreted from fibroblasts
mainly in stroma binding to KGF receptor, which has only
been detected on the surface of epithelial cells [72, 73].
On the other hand, direct in vivo plasmid DNA transfer

to the skin via injection has been reported previously [74,
75], and transfer of DNA using electroporation [76] has
been demonstrated as a useful procedure for the short-term
delivery of gene therapy. We will use KGF-CMV-14 vector
[77] and cause overexpression of KGF by electroporatively
transfected KGF cDNA in the cells of epithelial tissues in
vivo. A single injection of KGF cDNA-expressive vector
coupled with electroporation will enhance inflammatory
reaction and increase keratinization of epithelium in the
auditory canal. This model can possibly be used to investigate
the effects of various cytokines and growth factors in
cholesteatoma formation in vivo.

The goal of the experiments using animal models is to
analyze the pathogenesis of cholesteatoma. Of course, we
know that biological differences between animal models and
human cholesteatoma would make it difficult to understand
the pathogenesis of human cholesteatoma. More suitable
models for middle ear cholesteatoma will be needed for
future study.
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[8] J. Sadé, “Retraction pockets and attic cholesteatomas,” Acta
Oto-Rhino-Laryngologica Belgica, vol. 34, no. 1, pp. 62–84,
1980.

[9] F. Bezold, “Perforation of Shrapnell’s membrane and occlu-
sion of the tubes: an aetiological study,” Archives of Otolaryn-
gology, vol. 19, pp. 232–254, 1890.

[10] J. Habermann, “Zur entstehung des cholesteatoms des mit-
telohrs,” Archiv für Ohrenheilkunde, vol. 27, no. 1, pp. 42–50,
1889.

[11] I. Friedmann, “Pathogenesis of attic cholesteatoma,” Journal of
the Royal Society of Medicine, vol. 72, no. 2, p. 154, 1979.

[12] A. Tumarkin, “Attic cholesteatosis,” The Journal of Laryngology
and Otology, vol. 72, pp. 610–619, 1958.
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We created a rabbit model of retinoblastoma and confirmed the tumor clinically and histopathologically. Seventeen New Zealand
rabbits were immunosuppressed with cyclosporin A at doses of 10–15 mg/kg. At day 3, the animals received a 30 µl subretinal
injection of 1 × 106 cultured WERI retinoblastoma cells. Digital fundus images were captured before euthanasia, and the eyes
were submitted for histopathology. Retinoblastoma cells grew in all the inoculated eyes and established a tumor under the retina
and/or in the vitreous. New blood vessels in the tumor were observed starting at week 5. Cuffs of viable tumor cells surrounded
the blood vessels with regions of necrosis present at 70–80 µm from nutrient vessels. Occasional tumor seeds in the vitreous
histologically exhibited central necrosis. This rabbit model demonstrated similar fundus appearance and pathologic features to
human retinoblastoma and may be used as a model to test various routes of drug delivery for retinoblastoma.

1. Introduction

Retinoblastoma is the most common primary intraocular
tumor in childhood with an incidence of 1 in 20,000
live births. When left untreated, retinoblastoma is almost
always fatal, but more than 95% of patients survive if
they are treated before the tumor spreads outside the eye.
Retinoblastoma is initiated by mutations in both alleles
of the RB1 tumor suppressor gene. In about half of the
children, the disease is hereditary, causing a predisposition to
bilateral retinoblastoma and a risk of second malignancies.
This risk of second malignancies is greater than 50% by
the age of 50 years if the retinoblastoma is treated with
external beam radiation (EBRT) [1], particularly in children
less than 1 year of age [2]. Anticancer chemotherapeutic
agents such as cyclophosphamide might have contributed to
the high incidence of secondary tumors in children with RB1
mutations who also received EBRT [3]. Radiation also causes
orbital deformities and cataracts if the tumor is located
anteriorly.

Small, localized tumors can sometimes be treated using
laser therapy or cryotherapy. Systemic chemotherapy can
cause significant systemic toxicity like secondary leukemia or

secondary malignancy, even if the complication rates remain
acceptable [4, 5]. Prolonged use of chemotherapy, especially
at higher doses, may be associated with the development of
multidrug resistance [6]. Delivery of drug locally to the eye
has been suggested with high efficacy and limited systemic
toxicity [7], but it can be associated with toxicity to the
surrounding ocular tissues [8].

Animal models of retinoblastoma have been developed
to study new therapies for this disease. A transgenic murine
model of retinoblastoma has been introduced [9], but it is
not available in larger animals.

Our goal was to create a rabbit model for retinoblastoma
to study transscleral drug delivery. The main advantage for
the use of rabbits is their larger eye size, which may serve as
a model for local, targeted drug delivery platforms to human
eyes with retinoblastoma. Blanco and coworkers developed
a rabbit ocular melanoma model by injecting human
uveal melanoma cells into the eyes of immunosuppressed
rabbits [10]. The rabbits were immunosuppressed by daily
intramuscular injection of cyclosporin, and cultured human
uveal melanoma cells were injected into the suprachoroidal
space of the rabbit eyes. Eighty-nine percent of the animals
showed intraocular tumors starting 1 week after injection.
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Additionally, an animal model of retinoblastoma has been
developed by injecting cultured human retinoblastoma cells
into the vitreal cavities of immunodeficient mice [11].

2. Methods and Materials

2.1. Animals and Induction of Immunosuppression. All animal
procedures were approved by Institutional Animal Care and
Use Committee of Emory University and conformed to
the Association for Research in Vision and Ophthalmology
statement for the Use of Animals in Ophthalmic and Vision
Research. Seventeen male New Zealand albino rabbits with a
mean initial weight around 3 kg were used in this study. The
rabbits were immunosuppressed with daily intramuscular
injections of cyclosporin A (CsA; Sandimmune 50 mg/mL;
Novartis Pharmaceuticals, Cambridge, MA, USA). CsA
administration was maintained throughout the 8-week
experiment to prevent spontaneous tumor regression. The
dosage schedule was 15 mg/kg per day for 3 days before cell
inoculation and for 4 weeks thereafter, followed by 10 mg/kg
per day for the last 4 weeks of the experiment [10]. CsA doses
were adjusted weekly according to each animal’s body weight.

During the 8-week followup, the animals were monitored
daily for signs of CsA toxicity such as gingival hypertrophy,
drooling, diarrhea, and weight loss.

2.2. Retinoblastoma Cell Line and Cell Culture. The human
retinoblastoma WERI-Rb cells (ATCC HTB-169; American
Type Culture Collection, Manassas, VA, USA) were cultured
in RPMI 1640 medium with 2 mM L-glutamine adjusted to
contain 1.5 g/L sodium bicarbonate, 4.5 g/L glucose, 10 mM
HEPES, and 1.0 mM sodium pyruvate, and 10% fetal bovine
serum. The cells were grown in suspension at a concentration
of 105-106 cells/ml.

2.3. Cell Injection Procedure. At day 3, the animals received a
30 µl subretinal injection of cultured WERI retinoblastoma
cells (1.5 × 106 cells). The procedure was performed under
general anesthesia after intramuscular injection of Xylazine
and Ketamine. The right eye (study eye) of each rabbit
was dilated and anesthetized by application of Tropicamide
(0.1%) and Proparacaine (0.5%), respectively. The surgery
was performed with a surgical microscope (M691; Wild
Heerbrugg, Heerbrugg, Switzerland) using a contact lens.
This allowed for direct visualization of the fundus through
the dilated pupil during injection of retinoblastoma cells.
The eye was proptosed with a forceps and a sclerotomy was
performed with a 25-gauge blade at the ora serrata at 2
o’clock position 2 mm from the limbus. A 50 µl Hamilton
syringe with a 30-gauge blunt needle was inserted through
the sclerotomy under microscopic direction until the retina
was reached and subsequently perforated. A freshly prepared
suspension (30 µl) of cultured human WERI retinoblastoma
cells (1.5 × 106 cells) was injected into the subretinal space.
The blunt needle was removed and the eye was examined
for any signs of retinal detachment and possible intraretinal
and/or intravitreal hemorrhage. A drop of 0.3% gentamicin
eyedrop was applied to the right eye.

2.4. Ultrasound Examination. At week 4 after intraocular
tumor inoculation, the rabbits were anesthetized with a
mixture of Ketamine and Xylazine and ultrasound examina-
tion was performed on the right eye using 10-MHz B-scan
(Compact Touch; Quantel Medical, Bozeman, MT).

2.5. Tissue Collection and Histopathologic Evaluation. Two
rabbits were sacrificed each week until postoperatively 8
weeks with overdose of sodium pentobarbital (65 mg/kg).
Digital fundus images were captured prior to euthanasia.
After death, both eyes were enucleated and immediately fixed
in 10% formalin. The eyes were serially sectioned and stained
with hematoxylin-eosin. Light microscopic examination was
performed on all histopathologic sections to evaluate the
presence and extent of the tumor in the eye. The eyes were
also evaluated for any evidence of extrascleral extension or
optic nerve involvement of the tumor.

3. Results

The rabbits tolerated daily injection of CsA fairly well with
occasional minor signs of CsA toxicity including gingival
hypertrophy and drooling. One out of seventeen rabbits had
to be sacrificed earlier than planned schedule at week 5
because of acute weight loss.

Subretinal injection of cultured retinoblastoma cells
established a tumor in all the rabbits detectable with fun-
doscopy starting at postinjection week 1 (Figure 1(a)). The
tumors became vascularized starting at week 5 (Figure 1(b)),
and the tumor size continued to increase up to 8 weeks
(Figures 1(c) and 1(d)). The B-scan ultrasound detected the
presence of intraocular tumors in all the rabbits. The tumor
was observed as a large mass in the posterior pole protruding
into the vitreous cavity (Figure 2).

The histopathological examination showed that the
tumors were present in all of the rabbits which received
the subretinal injection. The rabbit model demonstrated
similar fundus appearance and pathologic features to human
retinoblastoma. The cells established a tumor in the sub-
retinal space near the optic nerve and in the vitreous
(Figure 3(a)). Occasional tumor seeds in the vitreous exhib-
ited central necrosis (Figure 3(b)). Cuffs of viable tumor
cells surrounded the blood vessels with regions of necrosis
beginning 70–80 µm from central nutrient vessels (Figures
3(c) and 3(d)). Extrascleral extension of the tumor was not
found in any of the animals.

4. Discussion

Although most eyes with International Classification Group
A or B tumors are salvaged with chemoreduction and
consolidation therapy, many eyes with Group C or D
tumors are enucleated. Systemic chemotherapy for advanced
retinoblastoma did not effectively treat the vitreous cavity
[12]. A large number of treatment failures occur because
of the progression of the tumor in the vitreous, where the
concentration of the chemotherapeutic agents is low [13].
The salvage rate with chemotherapy and focal treatment for
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(c) (d)

Figure 1: Fundus photos at postinjection 1 week (a), 6 weeks (b), 7 weeks (c), and 8 weeks (d). The retinoblastoma cells in the subretinal
space established a tumor under the retina and in the vitreous. New vessel growth in the tumor was observed in vivo starting at postoperative
week 5.

Figure 2: Ultrasound image at postinjection 6 weeks. The B scan
image shows an intraocular tumor in the posterior pole in a rabbit
eye (white arrow).

eyes with vitreous seeding was low, implicating the need
for better treatment option for this group of patients [14].
Animal models of retinoblastoma are essential for identifying

new therapies. The rabbit eye is similar in size to the human
infant eye, and a rabbit retinoblastoma model is suitable for
targeted drug delivery experiments.

Our rabbit model of retinoblastoma developed a tumor
that closely resembles the human retinoblastoma clinically
and histopathologically. The surgical procedure by experi-
enced personnel caused minimal trauma to the retina, and
there were no surgical complications observed. Minimal
postoperative retinal bleeding was observed (1/17), which
was resolved in a week with conservative management. No
retinal detachments were observed.

Intraocular tumors developed in all of the rabbits,
starting from week 1. The tumor slowly grew under the retina
and/or in the vitreous and continued to grow until the end
of the study. The histopathological features resembled the
findings in the human retinoblastoma. The tumor seeds in
the vitreous space exhibited central necrosis, and there were
cuffs of viable tumor cells surrounding the blood vessels.
The subretinal tumor was confined to the retina posterior to
the equator, and there was no evidence of invasion into the
anterior compartment or outside of the sclera.

An animal model of retinoblastoma was first introduced
by injecting human retinoblastoma cell into the immuno-
compromised mice. It was developed by transplanting Y79
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Figure 3: Histological findings at postinjection 7 weeks. Tumor was observed under the retina near optic nerve and in the vitreous
(hematoxylin-eosin, ×40, (a)). Occasional tumor seeds in the vitreous exhibited central necrosis (×100, (b)). Cuffs of viable tumor cells
surrounded the blood vessels with regions of necrosis beginning 70–80 µm from nutrient vessels (×100, (c);×400, (d)).

human retinoblastoma cells into the flanks of immunocom-
promised mice, but it was not the ideal model because of
obvious anatomic differences between the adult flank and
the eye [15]. Another model was introduced by injecting
human retinoblastoma cells (Y79 and WERI-Rb) into the
vitreal cavities of immunodeficient mice [11]. Both cell lines
developed an intraocular tumor in the immunodeficient
mice, and WERI-Rb cells were predisposed to invade the
anterior uveal tissues and lens. We did not find any evidence
of invasion of the injected WERI-Rb cells into the anterior
uvea and/or anterior chamber in our rabbit model.

Transgenic mice models are widely used as preclinical
models to test new therapies for retinoblastoma. Human
retinoblastoma cells show several genetic changes in addition
to Rb inactivation [16], suggesting that Rb loss provides
the capacity to proliferate and that another mutation is
necessary for the dividing cells to be death resistant. From
this observation, several knockout mouse models were
introduced by deleting Rb1 gene and other proteins. Simian
virus large T antigen (Tag) inactivates both RB and p53,
[17], and the LHbeta-Tag mice carry a transgene composed
of the coding region of the SV 40 large T antigen driven by

the promoter of the lutenizing hormone beta-subunit gene,
developing multifocal, bilateral retinal tumors [9]. Other
mouse knockout models were generated, involving mutation
of Rb and p107, [18], Rb, p107 and p53 [19], and Rb
and p130 [20]. However, our rabbit model has advantages
over the mouse models. The main advantage for the use
of rabbits is their larger eye size, which permits a more
accurate injection of the drugs and evaluation of methods
of targeted intraocular drug delivery. Another advantage
is that our model includes vitreous seeds of viable tumor
when the retinal tumor is mid-sized, which are usually
found in the late stage in mouse models [18, 20]. The
lack of ability to eliminate vitreous seeds is a major reason
of current treatment failures in Group C and D tumors
[12–14]. The major limitations of our model are that we
used commercially available retinoblastoma cell lines, which
may have a different drug sensitivity pattern than wild-type
cells. Also, the implanted cells grow from the subretinal
space, not from the retina itself as it would happen in
humans. Therefore, we believe our rabbit model will serve
as a model to test the efficacy of new chemotherapeutic
agents.
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5. Conclusions

Subretinal injection of cultured retinoblastoma cells estab-
lished a tumor in all rabbits in our study. Tumor size
continued to increase up to 8 weeks, and the tumors
became vascularized starting at week 5. The rabbit model
demonstrated similar fundus appearance and pathologic
features to human retinoblastoma, including vitreous seeds
of viable tumor. This rabbit model of retinoblastoma may be
used as a model to evaluate the effectiveness of various routes
of drug delivery.
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Inflammatory bowel disease (IBD) is a group of chronic inflammatory disorders that affect individuals throughout life. Although
the etiology and pathogenesis of IBD are largely unknown, studies with animal models of colitis indicate that dysregulation of
host/microbial interactions are requisite for the development of IBD. Patients with long-standing IBD have an increased risk for
developing colitis-associated cancer (CAC), especially 10 years after the initial diagnosis of colitis, although the absolute number
of CAC cases is relatively small. The cancer risk seems to be not directly related to disease activity, but is related to disease
duration/extent, complication of primary sclerosing cholangitis, and family history of colon cancer. In particular, high levels and
continuous production of inflammatory mediators, including cytokines and chemokines, by colonic epithelial cells (CECs) and
immune cells in lamina propria may be strongly associated with the pathogenesis of CAC. In this article, we have summarized
animal models of CAC and have reviewed the cellular and molecular mechanisms underlining the development of carcinogenic
changes in CECs secondary to the chronic inflammatory conditions in the intestine. It may provide us some clues in developing a
new class of therapeutic agents for the treatment of IBD and CAC in the near future.

1. Introduction

Crohn and Rosenberg first reported the UC case associated
with colorectal cancer development in 1925 [1], and the
association between colitis and colorectal cancer is widely
accepted currently. It is assumed that chronic inflammation
is a direct cause of CAC; however, it is not until 10 years after
disease onset when a risk of colon cancer development in
IBD patients becomes significant. The risk is approximately
five times higher than in the general population. Eaden
et al. reported that the cumulative incidence of colorectal
cancer in UC patients was 2% at 10-year, 8% at 20-year,
and 18% at 30-year with followup study [2]. The important
risk factors include family history of colon cancer, disease
duration/extent, and concurrent primary biliary cholangitis
[3, 4]. The cancer risk seems to be closely associated with
the extent of colonic involvement and length of time since

disease onset [5]. To detect microscopic foci of dysplasia or
early stage of cancer, IBD patients need to undergo an annual
colonoscopy with multiple biopsies. A minimum of 33
samples and a total of 50 or more biopsies will be necessary to
achieve a high confidence (90%–95%) of detecting cancerous
region(s) [6, 7]. A tremendous amount of effort is currently
being directed toward improving colonoscopic technology
and developing genetic and serological markers [8]. At this
time, however, only a limited amount of data are available for
understanding the exact mechanisms of how chronic colitis
is connected to the development of colorectal tumors.

The small and large intestines both contain an abun-
dance of luminal antigens, including food products and
enteric microorganisms. Intestinal epithelial cells provide
an important barrier between the potentially hazardous
luminal contents and immune cells in the situated lamina
propria [9, 10]. The function of colonic epithelial cells
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(CECs) is tightly regulated by many soluble factors derived
from enteric bacteria and epithelial cells themselves [11,
12]. CECs actively participate in the detoxification and
biotransformation of xenobiotics [13, 14], and the failure of
these important functions leads to epithelial cell injury and
intestinal inflammation [15]. The development or perpetua-
tion of intestinal inflammation is also closely associated with
the induction of several molecules on CECs including Toll-
like receptors (TLRs) and tumor necrosis factor receptors
(TNFRs) [14, 16, 17]. So far, many animal models of chronic
colitis and colitis-associated cancer (CAC) provide evidence
that a variety of inflammatory mediators play pivotal and
specific roles in the initiation and development of colitis and
CAC [18]. In particular, TNF and TNFR ligation activated
NF-κB and its downstream cell survival pathways seem to
highly contribute to the development of colorectal carcinoma
[19]. IL-6 is another important cytokine which controls the
transition between innate and acquired immune responses
[20], and increased levels of IL-6 have been detected both
in human colon cancer patients and murine models of
CAC [21]. In addition, mRNA expression of CC-chemokines
including CCL-2 (MCP-1) is highly upregulated in the
colonic mucosa of IBD patients as well as in the AOM
pretreated DSS-colitis model [22–24]. Our group recently
identified that one of the mammalian chitinases, chitinase
3-like-1 (CHI3L1/YKL-40), is significantly upregulated in
message and protein levels in the colonic mucosa of IBD
patients with active inflammation as well as murine models
of colitis, [14] and this molecule seems to play an active role
in the neoplastic transformation of epithelial cells [25, 26].
Therefore, inflammatory cell infiltration and their secreting
soluble mediators are key players in regulating pre-neoplastic
growth of CECs in colitis-associated tumorigenesis.

In this paper, we have concisely summarized the pre-
viously reported animal models of CAC and will discuss
possible roles of inflammatory mediators and their receptors
in the chronically inflamed colonic mucosa during the
development of chronic inflammation and CAC.

2. Overview: Differences between Sporadic
Colon Cancer and CAC

Sporadic colorectal cancer, the major form of colon cancer,
occurs in people with little or no family history of the
disease. This type of cancer often arises from successive
accumulation of mutations in genes controlling epithelial cell
growth and differentiation. Genomic instability is important
to the development of colon cancer; however, the process
that causes this genomic instability is not completely under-
stood. Two major types of genomic instability, chromosomal
instability and microsatellite instability (MSI), contribute
to colonic carcinogenic processes. MSI-positive colorectal
carcinomas can be further divided into those with high
(MSI-H) or low (MSH-L) levels of MSI depending on
how many markers are unstable on a consensus panel
[27]. High-level MSI accounts for approximately 15% of
sporadic colorectal cancers, while the remaining 85% are
attributed to chromosomal instability [28]. MSI-H colorectal

cancers neither exhibit gross cytogenetic abnormalities nor
display allelic losses at tumor suppressor loci frequently,
and they are not generally aneuploid. Colorectal carcino-
mas originating by the suppressor and mutator pathways
differ in pathological features [29]. These tumors are likely
to be present in the proximal colon, demonstrate poor
differentiation, have mucinous or medullary features, and
display more prominent lymphocytic infiltration compared
to microsatellite stable tumors or MSI-L tumors.

As described above, colorectal cancer can be caused by
chromosomal instability. This is characterized by widespread
imbalances in chromosome number (aneuploidy), caused by
defects in chromosomal segregation. Mutations in specific
tumor suppressor genes and oncogenes that activate path-
ways critical for cancer development, which are important
for the initiation and progression through the cell cycle, are
seen in colorectal cancer [30, 31]. The mitotic checkpoint
(the spindle assembly checkpoint) is a major cell-cycle
control mechanism that ensures proper chromosome seg-
regation by delaying anaphase progression until all pairs of
chromosomes are properly aligned on the metaphase plate.
Defects in checkpoint signaling lead to chromosome misseg-
regation and subsequent aneuploidy with abnormal numbers
of chromosomes being distributed to daughter cells [32].
The products of two genes, mitotic arrest-deficient (MAD)
and budding uninhibited by benzimidazoles (BUB), operate
as checkpoint sensors and signal transducers that control
sister chromatid separation. The activation of these leads
to inhibition of the anaphase-promoting complex (APC/C),
a large ubiquitin-protein ligase, and cell-cycle arrest.
MAD3/BUBR1, MAD2, and BUB3 associate with APC/C-
activating molecule CDC20 to form the mitotic checkpoint
complex and induce a conformational change in APC/C,
which prevents binding and ubiquitination of its substrates
[33]. The APC/C activation leads to degradation of securin
(a protein involved in control of the metaphase-anaphase
transition and anaphase onset) and activation of separases
(a class of caspase-related proteases). Separase regulates a
multiprotein complex termed cohesin, which creates physical
links between sister chromatids that are maintained until late
mitosis. The errors in this system lead to unequal chromo-
somal segregation [34]. In colorectal cancer, mutations have
been found in hZw10, hZwilch/FLJ10036, and hRod/KNTC,
which are kinetochore proteins that function at the spindle
checkpoint. Another mutation is observed in Ding gene,
which regulates proper chromosome disjunction [35].

Another mechanism leading to chromosome instability
is abnormal centrosome number and function. Centro-
somes coordinate mitosis by serving as an anchor for the
reorganization of cytoplasmic microtubules into a mitotic
spindle apparatus. When extra centrosomes are present,
they lead to the formation of multiple spindle poles during
mitosis, resulting in an unequal distribution of chromo-
somes. When centrosomes cluster, an increased rate of
merotelic chromosomal attachment to spindle can cause
chromosomal missegregation and ultimately chromosomal
instability [36]. A third mechanism is a mutation in
Aurora B, a kinase regulating chromosome segregation. An
overexpression of Aurora B correlates with advanced stages
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of colorectal cancer. This is the catalytic component of
the chromosomal passenger complex that regulates accurate
segregation of chromatids at mitosis, histone modification,
and cytokinesis [37]. Finally, the elevated expression of PIK1
(a serine/threonine kinase which regulates entry into mitosis,
centrosome duplication, and transition from metaphase to
anaphase, and cytokines) is also observed in colorectal cancer
[38, 39]. All of these mutations lead to colorectal cancer
through chromosomal instability and aneuploidy.

Chronic inflammatory diseases are associated with an
increased risk of cancer, and IBD patients have a higher
risk of developing CAC approximately 8–10 years after the
initial diagnosis as compared to general population. In
addition to genomic instability that underlies the process
of tumorigenesis, continuous inflammation in the intestine
seems to be a key factor in CAC development since chronic
inflammation is associated with elevated levels of proin-
flammatory cytokines, chemokines, growth factors as well
as their receptors, and reactive oxygen species. In particular,
oxidative injury, causing widespread DNA damage, leads
to the inception of cancer. Crypt fission (duplication of
crypts by branching) propagates these heterogeneous DNA
changes from one crypt to another. In fact, crypt fission is
a natural way to duplicate the heterogeneous changes that
are sometimes observed in the crypt units of UC patients.
Eventually, some of these changes may induce a growth
advantage and clonal expansion of CECs, and some of the
mutational changes in one crypt can be found in thousands
of adjacent crypts. The final stages of tumorigenesis in the
chronic inflammatory setting occur when an accumulation
of select mutations allows clonal progression to overtake the
balancing forces of cell death and loss [40].

3. Spontaneously Developed Animal
Models of CAC

A summary of CAC development in genetically engineered
animal models of colitis has been shown in Table 1. We
have further discussed some selected models, which are
included or not included in Table 1, in this section. Although
adenomatous polyposis coli (APC) multiple intestinal neo-
plasia (min) mice do not develop adenocarcinoma, these
mice develop numerous adenomatous polyps throughout the
small and large intestine, and therefore, we have included this
model in the following section.

3.1. APC-Min Mice Model. APC is a multidomain protein
translated from the APC gene and composed of 2843 amino
acids, which functions to regulate downstream Wnt signaling
by binding to β-catenin and promoting its degradation. APC,
along with AXIN, GSK-3β, EB1, and other proteins, forms
a complex that binds to β-catenin. This complex formation
prevents the nuclear translocation of β-catenin and causes its
phosphorylation and, subsequently, its degradation by a pro-
teasome. In this way, APC actually acts as a tumor suppressor
gene by preventing the continuous activation of β-catenin. A
mutation or loss of APC genes results in the upregulation of
transcriptional targets such as c-myc and cyclin D1 [53].

Loss or mutation of APC is an early causative event
in familial and sporadic colon cancer pathogenesis. The
most common mutations in familial adenomatous polyposis
(FAP) are deletions in codons 1309 (10% occurrence) and
1061 (5% occurrence) [54]. The mutations in these same
codons account for 30% of germline mutations. The majority
of germline mutations found in FAP patients are nonsense
mutations, which cause the formation of a truncated protein
because of the insertion of an early stop codon. Most of
the mutations to APC represent truncating mutations, of
which, 46% are small deletions, 10% are small insertions,
28% are nonsense mutations, and 13% are gross alterations.
More than 60% of APC mutations are found in the mutation
cluster region (MCR, amino acids 1284–1580), the region
that is most important for the downregulation of β-catenin
and for the pathogenesis of colorectal cancer. Many of these
mutations lead to the generation of a truncated protein,
which causes the loss of APC protein function [54, 55].

APCmin mice, homozygous for the mutation, experience
embryonic lethality. However, those that are heterozygous
for the mutation are viable and develop more than fifty
adenomas in the intestinal tract. The small intestine is
most commonly the site of these tumors. These mice can
also develop a variety of lesions in other organs such as
desmoids tumors, epidermoid cysts, and mammary tumors
[56]. Most APCmin mice only survive to 120 days, at which
point they die of the excess tumor formations in their
small intestines [57]. In APCmin/+ mice, different areas of
the gene, such as the EB1/RP1 binding area, DLG/PTP-
BL binding area, nuclear export/import signals, the CDK
consensus phosphorylation site p34-cdc2 binding, the β-
catenin binding site, β-catenin downregulation site, and
Axin/conductin binding site, are missing by truncational
mutations [55]. Because APC is an important molecule in
the formation of colorectal cancer, mouse models have been
developed to study the physiological and biological function
of this protein in polyp formation. APCmin/+ mice have
been widely utilized for studying the effects of this protein
under controlled experimental conditions. APCmin/+ mice
were treated with ethyinitrosourea (ENU) to induce colitis,
and multiple intestinal neoplasia was observed carrying a
nonsense mutation [56, 58].

The APCmin mutation initiates mitotic defects in histo-
logically normal crypt cells of the murine small intestine, in
which misoriented spindles, misaligned chromosomes, and
tetraploid cells are frequently observed. In addition, changes
in crypt size, cell proliferation, and apoptosis have been
observed [55]. The cells in these APC deficient crypts show
reduced crypt to villus migration and differentiation. Chro-
mosomal instability resulting in losses and/or gains of chro-
mosomal regions and microsatellite instability, which results
from mismatch repair deficiency, is another change observed
in APC deficient mice. Microadenoma formation, visible in
these mice, could result from DNA hypomethylation.

Secretory Phospholipase 2 (sPLA2) is a key enzyme
involved in the release of arachidonic acid from membrane
lipids in the synthesis of prostaglandins. The loss of sPLA2
increases APC driven tumorigenesis. In addition, PLA2g4
(group 4 cytosolic phospholipase A2 catalyzes the hydrolysis
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Table 1: Summary of CAC in genetically engineered animal models of colitis.

Model Characteristics Tumor histology Tumor location Incidence of cancer References

IL-2 x β2-M DKO UC-like Carcinoma Rectum, colon
32%
adenocarcinoma

Sohn et al., 2001 [41]

IL-10 KO
CD-like duodenitis,
colitis

Carcinoma Colon, rectum
60%
adenocarcinoma

Shattuck-Brandt et al.,
2000 [42]

RAG2 KO
Induced by infecting
with H. hepaticus

Dysplasia, tubular
adenoma, carcinoma,
adenocarcinoma

Cecum, colon
100%
adenocarcinoma

Erdman et al., 2003 [43]

RAG2/Tgfβ1 DKO Colitis
Dysplasia,
adenocarcinoma

Cecum, colon
100%
adenocarcinoma

Erdman et al., 2003 [43]

TCRβ/p53 DKO UC-like
Dysplasia,
adenocarcinoma

Ileocecum, cecum
70%
adenocarcinoma

Kado et al., 2001 [44]

Gpx1/Gpx2 DKO Ileocolitis

Dysplasia,
adenocarcinoma,
signet ring cell
carcinoma

Ileum, colon
28%
adenocarcinoma

Chu et al., 2004 [45]

Gαi2 KO UC-like Carcinoma Colon
31%
adenocarcinoma

Rudolph et al., 1995 [46]

Msh2 KO HNPCC
Adenoma,
adenocarcinoma

Jejunum
38.9%
adenocarcinoma

Reitmair et al., 1996 [47]

Msh3 x Msh6 DKO HNPCC
Adenoma,
adenocarcinoma,
lymphoma

GI tract
81.3%
adenocarcinoma

Edelmann et al., 2000 [48]

Msh6 KO HNPCC
Adenoma,
adenocarcinoma,
lymphoma

GI tract
38.5%
adenocarcinoma

Edelmann et al., 2000 [48]

Mlh1 KO HNPCC
Adenomas,
adenocarcinomas

GI tract

72.0% tumor
incidence
9.36%
adenocarcinoma

Edelmann et al., 1999 [49]

Mlh3 KO HNPCC
Adenomas,
adenocarcinomas

GI tract

52% tumor
incidence
14%
adenocarcinoma

Chen et al., 2005 [50]

Mlh3 x Pms2 DKO HNPCC
Adenomas,
adenocarcinomas

GI tract
42% tumor
incidence

Chen et al., 2005 [50]

Msh2G674A/G674A HNPCC Adenocarcinomas GI tract
19%
adenocarcinoma

Lin et al., 2004 [51]

MlhG67R/G67R HNPCC
Adenocarcinoma,
adenoma, squamous
basal cell carcinoma

GI tract
61%
adenocarcinoma

Avdievich et al., 2008 [52]

Abbreviations: CD, Crohn’s disease; DKO, double knockout; GI, gastrointestinal; HNPCC, hereditary nonpolyposis colorectal cancer; KO, knockout; RAG,
recombination-activating gene: UC, ulcerative colitis.

of membrane phospholipids to release arachidonic acid)
suppresses tumor multiplicity in APCmin/+ [57]. Although
APCmin/+ mouse is a good model of colitis, there are
differences between the progression of disease in mice and
humans. In APCmin/+ mouse model, the polyp formation
occurs mainly in the small intestine, while this formation
occurs mainly in the colon in humans. In addition, there
is very little or no invasion of the submucosa by tumors
in APCmin/+ mice, and the tumors do not develop into
adenocarcinomas [59].

APCmin has interactions with other genes as well.
Previous studies have shown that one of the downstream
targets of Wnt signaling, cyclin D1, was not upregulated

immediately after APC loss and did not contribute to the
early phenotype in colon cancer. In contrast, the loss of
both proto oncogene c-myc and APC has a crucial role in
early stages of sporadic colorectal carcinoma development.
As argued by some investigators, loss of APC function is
typically an early stage event in the pathogenesis of sporadic
colorectal carcinoma, but APC mutation itself seems to be a
later stage (from high-grade dysplasia to adenocarcinoma)
of tumor progression in CAC, suggesting APC mutation
may not be the universal initiating event in colon cancer
[27]. However, loss and/or truncation of APC still highly
contributes to the cause of mitotic spindle defects that,
upon somatic inactivation of other chromosomal instability
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genes (e.g., spindle and cell-cycle checkpoint genes, DNA
repair, and telomerase maintenance), underlie aneuploidy as
observed in the majority of colorectal cancer [60].

3.2. IL-10 Knockout (KO) Mice Model. IL-10 is a key regu-
lator of the pathogenesis of IBD. Patients with mutated IL-
10 signaling systems show early and aggressive development
of systemic inflammation including IBD. IL-10 KO mice
also develop spontaneous colitis and CAC with aberrant
Th1cytokine production. The histopathology of chronic col-
itis in IL-10 KO mice is characterized by epithelial hyperpla-
sia, inflammatory infiltrates in the mucosa and submucosa,
and crypt abscesses [61]. The inflammatory infiltrates consist
of small to moderate numbers of neutrophils and eosinophils
as well as lymphocytes, plasma cells, and macrophages,
and may involve the intestine transmurally. Six-month-old
mice showed other lesions characterized by irregular glands,
back-to-back growth of glands, small nests of epithelial
cells in the intestinal walls, fibrosis, and slight loss of
nuclear polarity consistent with adenocarcinoma [61]. No
metastasis in lymph nodes and liver were observed at this
age [62]. Although the adenocarcinomas in IL-10 KO mice
are histologically very similar to those seen in IBD patients,
the lack of involvement of K-ras, p53, APC, and MSH genes
indicates that IL-10 KO mice are not optimal for investigating
IBD-associated carcinogenesis [63].

The development of CAC in IL-10 KO mice has been
demonstrated in C57BL/6/129-Ola mixed background mice.
These IL-10 KO mice have a 25% incidence of developing
adenocarcinoma after 3 months of age. After 6 months of
age, they have a 60% incidence of adenocarcinoma [61].
Similarly, it was found in another study that IL-10 KO
mice develop tumors, the majority of which are invasive
adenocarcinomas, between 25 and 35 weeks of age [64].
Finally, a third study showed the incidence of adenocarci-
nomas was 14% at 9 weeks of age and 65% at 10–31 weeks
of age [62]. When recombinant IL-10 was administered
to these mice, the incidence of adenocarcinoma decreased
from 67% to 28%. In addition, the background of the
mice influences the incidence of adenocarcinoma; IL-10 KO
Balb/c, IL-10 KO 129 SvEv, and IL-10 KO C57BL/6 have
incidences of 29%, 67%, and 0%, respectively, at 3 months
of age [39]. IL-10 KO mice in 129SvEv background showed
epithelial extension/invasion mainly in the ascending colon
and subsequently developed adenocarcinomas at 6 months
of age without showing any signs of metastatic disease [65].

The development of adenocarcinoma in IL-10 KO mice
seems to be associated with colonic bacterial infection [66].
IL-10 KO mice infected with Helicobacter typhlonius had a
40% incidence of invasive adenocarcinoma, and the pups
born to these mothers, as well as mice infected as pups, had
an 18% incidence of colon cancer. In contrast, mice infected
with Helicobacter rodentium had a 0% incidence of invasive
adenocarcinoma. Interestingly, however, pups born to these
mothers and mice infected as pups had an incidence of 12%.
Finally, mice infected with both types of bacteria had a 57%
incidence of invasive adenocarcinoma. It is hypothesized that
the bacteria infect the mice by burrowing through the mucus

to grow adjacent to the intestinal epithelial surface, where
they degrade the barrier properties. This causes injurious
leakage of bacterial antigens into the mucosa, which causes
an immune response that in turn leads to the development
of IBD and subsequently adenocarcinoma in the host [66].

AOM and DSS treatment promotes inflammation-
mediated colonic tumor growth in IL-10 KO mice [67]. Fur-
thermore, Helicobacter hepaticus infection accelerates AOM-
induced tumorigenesis compared to AOM treatment alone
in IL-10 KO mice [68].

IL-10 KO mice crossed to human MUC1-transgenic mice
developed much more severe colitis with a significantly
higher incidence of colon cancer as compared to IL-10 KO
mice [64]. MUC-1 has been reported to be overexpressed
in IBD and adenocarcinoma, while its expression levels in
normal and healthy CECs are low. Interestingly, vaccination
against MUC1 delays IBD onset and also prevents CAC
development in these mice, suggesting that the induction
of MUC1-specific adaptive immune responses, such as anti-
MUC1 IgG and anti-MUC1 CTL, regulate local and systemic
immunity by eliminating abnormal MUC1-positive cells in
the IBD colon [64].

3.3. Gαi2 KO Mice Model. G proteins (guanine nucleotide-
binding proteins) are signal transducing proteins that couple
a large family of receptors to effectors such as adenylyl
cyclase, phospholipase C, and ion channels [69]. Receptor-
activated G proteins are subsequently bound to the inner
surface of the cell plasma membrane, which consists of the
Gα and Gβγ subunits. There are four classes of Gα subunit,
namely, GαS, Gαi, Gαq/11, and Gα12/13. Gαi inhibits the
production of cAMP from ATP A C-terminal splice variant
of αi2, which localizes to the Golgi apparatus and could
be involved in membrane transport [70]. The inhibition of
adenylyl cyclase, stimulation of inwardly rectifying and ATP
sensitive K+ channels, regulation of fibroblast proliferation,
stimulation of MAP kinase pathway, differentiation of F9
teratocarcinoma cells into primitive endoderm, and regula-
tion of neonatal growth and development are all dependent
on this [46]. To further analyze the biological function of
G proteins in cellular signaling and cell differentiation, KO
mice for Gαi2 gene were generated by Rudolphs et al. [70].
These mice developed an IBD with clinical and histological
features strikingly similar to UC, including the development
of adenocarcinoma of the colon [46, 70]. Gαi2 KO mice
with colonic ulcerations had foci of regenerative proliferation
of glandular epithelium through the full thickness of the
mucosa and, in some foci, both the inflammation and glan-
dular epithelium penetrated into the submucosa. Approxi-
mately 30% of mice showed highly atypical glands charac-
terized by back-to-back growth without intervening stroma,
loss of nuclear polarity, and marked crowding indicative of
colon cancer; however, polypoid growths were not evident in
these mice [46]. Migration of circulating leukocytes into the
intestinal mucosa was partially dependent on α4 integrins,
and short-term administration of antiα4 integrin antibodies
was effective to attenuate intestinal inflammation in some
animal models of colitis and human clinical trials [71–74].
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However, Hornquist’s group showed that long-term (three
times/week for 9 weeks) blockade of α4 integrin significantly
increased the severity of colitis as well as cancer incidence
and also showed decreased levels of total IgA and IgG level in
the sera of Gαi2 KO mice [75]. Therefore, caution needs to
be made upon applying a long-term treatment with anti-α4
integrin antibody in clinical trials.

3.4. Chronic Colitis and CAC in Cotton Top-Tamarin (CTT).
CTT is one of the best primate models for studying colitis
and CAC although it is not currently used because of the risk
of extinction.

CTT was previously an important primate model for
the study of colitis and CAC because, like humans, it
spontaneously develops colitis which often leads to colorectal
cancer. The CTT’s natural habitat is a rain forest located
in northwestern Colombia, South America [76]. CTT were
initially imported to the United States in the 1960s and
were used for infectious studies with Herpes samirii, Herpes
ateles, and the Epstein-Barr virus. However, all research
studies were withdrawn when the CTT were placed on the
endangered species list in 1977. During the reconstruction
effort of the CTT breeding colonies, it was found that
chronic ulcerative colitis and colonic adenocarcinoma were
to be major health problems for this species [77, 78].
Approximately 80% of the captive CTT developed active
colitis that would eventually lead to low-to-high grade
dysplasia and colonic adenocarcinoma [76]. Another group
also identified that 65.4% of captive CTT showed severe
colitis but none in wild CTT, and 19.5% of captive CTT
showed moderate colitis but only 13% in wild CTT [79]. In
CTT, species-related susceptibility and infection (e.g., corona
viruses, Campylobacter, Helicobacter, and enteropathogenic
Escherichia coli) seem to be one of the causes of chronic colitis
[77, 80]. Other extrinsic/intrinsic factors include disruption
of the immune system, family history of CTT, short-chain
fatty acids (SCFAs), carcinoembryonic antigens (CEAs), and
environmental stress. A unique member of Helicobacter is
found in the intestines and feces of CTT with chronic
colitis. This particular strain lacks urease activity and fails to
hydrolyze alkaline phosphatase. The pathogenicity remains
unknown, but since the Helicobacter family is considered
to be responsible for inflammation and hyperplasia of
epithelial cells and predisposes an individual to neoplasia, it
is conceivable that this novel Helicobacter may play a role in
contributing to UC and CAC of CTT [79].

Watkins et al. utilized a humanized anti-TNFα mon-
oclonal antibody (CDP571) in treatment for the spon-
taneously developed colitis in CTT, and showed rapid
improvement in clinical parameters [81]. This result strongly
suggests that TNFα overproduction is likely a critical
pathogenic factor in spontaneously developed chronic colitis
in CTT. Several clinical studies have established that a
chimeric (75% mouse/25% human) anti-monoclonal anti-
body (Infliximab) is beneficial in the treatment for IBD
[82, 83]. In particular, Infliximab is an effective maintenance
therapy for fistulizing CD [84] and is useful for the treatment
of mucosal ulceration associated with CD [83].

It is also noted that disrupting inflammatory media-
tors (neutrophils, lymphocytes, monocytes, eosinophils, and
mast cells) are involved in the development of chronic colitis.
Two research groups elegantly demonstrated that admin-
istration of monoclonal antibodies directed against either
E-selectin or integrin α-4 (one of the subunits of VLA4)
attenuated colitis in CTT [73, 74]. Since the followup animal
studies by other groups also confirmed an important role
of α-4 integrins in the migration of circulating leukocytes
into the intestinal mucosa, a clinical trial using Natalizumab
(a humanized anti-α-4 monoclonal antibody) for CD was
initiated, and showed a statistically significant effect in the
initial trial [71, 85]. However, the following clinical trial
could not confirm the benefit [86]. In addition, during
the treatment with Natalizumab, some patients developed
progressive multifocal leukoencephalopathy secondary to
reactivation of the JC virus, a human polyomavirus that is
typically acquired during childhood and remains latent in
the kidneys and possibly other sites in up to 80% of the adult
population [87]. Furthermore, blockade of α4 integrin exac-
erbated the chronic colitis and increased cancer incidence in
a Gαi2 KO mice model [75]. Based on these results, efficacy
of Natalizumab for CD is highly questionable, and it carries
a potential risk of severe complications [88].

4. Chemically Induced Colitis-Associated
Cancer Model

4.1. Chronis DSS-Induced CAC Model. To reproduce the
clinical course of UC experienced in humans, which is
characterized by the spontaneous onset of active inflam-
mation with separated periods of disease inactivity, DSS is
administered for 3–7 days in mice to induce inflammation
of the colon, followed by regular water administration for
1-2 weeks to permit healing of the colonic mucosa. Several
“cycles” of DSS administration have also been used in order
to augment carcinogenesis as observed in chronic ulcerative
colitis patients. Squamous metaplasias of the rectal mucosa,
squamous papilloma, adenoma, and adenocarcinoma have
been observed in the treated mice. During the develop-
ment of DSS-induced colorectal tumor, several genes, and
molecules play pivotal roles in the pathogenesis. We have
summarized some of the important factors in the following
section as well as in Tables 2 and 3.

4.1.1. APC. The APCmin/+ mutation is found in 80% of
sporadic colorectal cancers and is found in 4%–27% of CAC
[109]. To test the effects of this gene on CAC development,
colitis was induced in APCmin/+ mice. These APC+/min mice
(C57BL/6J strain) were treated with 2 cycles of DSS. The
first cycle of DSS administration consisted of 4 days of
4% DSS followed by 17 days of regular water. The second
cycle consisted of 3 days of 4% DSS followed by 18 days
of regular water. In another experiment, the mice (female,
B6 background) were treated with 4 cycles of DSS with
each cycle consisting of 4 days of 4% DSS and 17 days of
regular water. Through these treatments, a two-fold (50%
to 100%) increase in tumor incidence was found [100].
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Table 2: Summary of CAC in chemically induced colitis models.

Models Animal species Treatment Duration Selected references

Carrageenan Rats

5%–10% degraded
carrageenan in diet,
drinking water or by
stomach tube

2, 6, 9 months or up
to 24 months

Ashi et al., 1978 [89]
Oohashi et al., 1981 [90]
Ishioka et al., 1987 [91]
Tobacman, 2001 [92] Benard
et al., 2010 [93]

Dextran Sulfate
Sodium (DSS)

C57Bl/6J 0.1%–0.4% DSS 60 days Chromik et al., 2007 [94]

C57Bl/6J 0.7% DSS
15 cycles of: 1 week
DSS followed by 10
days water

Kim et al., 2010 [95]

C57Bl/6J 2.5% DSS
12 cycles of: 7 days
DSS followed by 10
days water

Seril et al., 2002 [96]

Mice 3% DSS
9 cycles of: 7 days DSS
followed by 14 days
water

Okayasu et al., 2002 [97]

C57Bl/6J 4% DSS
4 cycles of: 4 days DSS
followed by 12 days
water

Cooper et al. 2001 [98]

Wister Rats
(Male)

5% DSS
5–8 cycles of: 4 days
DSS followed by 10
days water

Kullmann et al., 2001 [99]

Swiss Webster
mice

5% DSS

7 days DSS followed
by 14 days water,
sacrificed 120 days
after the 4th cycle

Cooper et al. 2000 [100]

DSS & AOM
Mice
(ICR,Balb/c,
C57Bl/6J)

AOM (10 mg/kg of
body weight) & 2%
DSS in drinking
water

Single IP AOM
injection followed by
1 week 2% DSS

Tanaka et al., 2003 [101]
Rosenberg et al., 2009 [102]
Tanaka and Yasui, 2008 [103]

DSS & DMH Mice (BALB/c)

1 dose of DMH
(20 mg/kg of body
weight) & 3% DSS
in drinking water

Single IP DMH
injection followed by
3 cycles of 3% DSS

Kohno et al., 2005 [104]
Tanaka et al., 2005 [105]

DSS & Iron Mice (C57Bl/6J)
2X Fe or 2X Fe-NAC
diet & 0.7%–1%
DSS

12 or 15 cycles of DSS
(1 DSS cycle = 7 days
DSS followed by 10
days water)

Seril et al., 2002 [96]
Seril et al., 2002 [106]
Seril et al., 2003 [107]
Seril et al., 2006 [108]

Abbreviations: AOM, azoxymethane; DMH, 1,2-dimethylhydrazine; IP, intraperitoneal.

The untreated control APCmin/+ mice had no evidence of
invasive colorectal cancer while 40% of the DSS-treated
APCmin/+ mice developed colorectal cancer. The incidence
of adenocarcinoma in WT mice exposed to DSS was 12.5%
and the mean number of tumors per tumor-bearing mouse
was 1.0. All the DSS-treated WT mice had polypoid tumors
with no evidence of flat lesions. These findings indicate
that both the mutation of APC and inflammation accelerate
the formation of colitis-associated dysplasia and their pro-
gression into invasive carcinoma. While inflammation is an
augmenting factor for colorectal cancer development, loss
of heterozygosity of the APC gene is also important in the
formation of colorectal neoplasia [100].

4.1.2. p53. The loss of p53 is one of the early mediators in
CAC [112, 113]. In the studies, DSS-colitis was induced in
p53+/+, p53+/−, and p53 KO mice in C57Bl/6 background.

The mice were treated with 3 to 4 cycles of DSS followed by
120 days of regular water treatment after the final cycle of
DSS administration. Each cycle consisted of 4 days of 4% DSS
followed by 17 days of regular water. There were no colorectal
lesions in untreated p53+/+, p53+/− or p53 KO mice, while
colorectal cancers developed in 57% of the DSS-treated p53
KO mice, 20% of p53+/−, and 20% of p53+/+. The DSS-
treated p53 KO mice had a larger number of lesions including
cancers and dysplasias per mouse as compared to p53+/−
or p53+/+ mice. In the p53 KO group, 38.5% of the mice
exhibited flat cancers, 46.1% flat dysplasias, 15.4% polypoid
cancer, and 0% polypoid dysplasias. In contrast, the DSS-
treated p53+/− mice showed more polypoid neoplasms:
flat cancers were seen in only 16.7% of the mice, flat
dysplasias in 0%, polypoid cancers in 5.6%, and polypoid
dysplasias in 77.8%. Interestingly, all the DSS-treated p53+/+
mice showed polypoid dysplasias. Therefore, flat cancers
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Table 3: Examples of CAC in genetically engineered mice with DSS treatment.

Gene Treatment Cycles
Invasive

carcinoma (%)
References

Apc min+/−
Apc min+/−

4% DSS
2% DSS

2
1

40
100

Makiyama et al., 2005 [110]
Tanaka et al., 2006 [111]

iNOS−/−
iNOS+/+

1% DSS + high
Iron

15
68
65

Van Assche et al., 2005 [87]

P53−/−
P53+/−
P53+/+

4% DSS 3 + 120 days
53.9
22.3

0
Rutgeerts et al., 2006 [83]

Msh2−/−
Msh2+/−
Msh2+/+

5% DSS 3–8
16.7

8
13.3

Cooper et al., 2000 [100]

Brp39−/−
Brp39+/+

AOM + 3.5% DSS 3
37.5
87.5

Segawa et al., 2010 [26]

Abbreviations: AOM, azoxymethane; APC adenomatous polyposis coli; DSS, dextran sulfate sodium; NOS, nitric oxide synthase; Brp39, breast regression
protein 39.

are highly associated with p53-deficient genotype while
polypoid dysplasias are associated with p53+/− and p53+/+
genotypes. In addition, nuclear translocation and mutation
of β-catenin were observed only in polypoid lesions (91%
and 43.7%, resp.). This result strongly suggests that the
loss of p53 enhanced induction of CAC, and particular flat
cancer-lesions, and dysregulation of β-catenin signaling plays
an important role in the formation of polypoid-dysplastic
lesions in the p53 model of colitis-associated neoplasia.
Chang et al. used C57BL/6 x CBA mice and showed the sim-
ilar results. After treatment with 2 cycles of 4% DSS (7days
DSS treatment with 14 days interval), neoplastic lesions
developed in 100% of p53 KO, 46.2% of p53+/−, and 13.3%
of p53+/+ mice [114]. Invasive carcinoma was seen in 5%
of p53 KO mice. Furthermore, the majority of lesions in p53
KO were flat while those seen in p53+/+ mice were polypoid
dysplasia. However, nuclear translocation of β-catenin was
observed in both flat and polypoid neoplasias [115].

4.1.3. Inducible Nitric Oxide Synthesis (iNOS). iNOS acti-
vation causes prolonged production of NO at the cytotoxic
level, and iNOS is overexpressed in colonic mucosa of
UC patients and may contribute to pathogenesis of colitis
associated neoplasia [116, 117]. In one study, iNOS KO and
iNOS+/+ mice (in C57BL/6 background) were treated with
DSS (1% DSS for 15 cycles, which consisted of 7 days DSS
and 10 days interval with regular water per each cycle) and
were fed with a high-iron diet AIN76A. Both groups devel-
oped well-differentiated adenocarcinomas in the intestine at
the similar prevalence at the age of 255 days (68.4% in iNOS
KO and 65.2% in iNOS+/+ mice). The tumor multiplicity
was also similar between the two groups (2.0 ± 0.2 in iNOS
KO and 1.5± 0.2 in iNOS+/+ mice). These results show that
there is no difference in UC-associated cancer development
in iNOS KO and iNOS+/+ mice, suggesting that in the
absence of iNOS, the other two isoforms of NOS, endothelial
NOS (eNOS) and neuronal NOS (nNOS), may take over the
role of iNOS and may play a role in nitrosative stress and UC-
associated carcinogenesis in this model [118].

4.1.4. Msh2. Msh2 is one of the mismatch repair genes that is
frequently mutated in hereditary nonpolyposis colon cancer
(HNPCC). It is unclear whether loss of mismatch repair
contributes to development of colitis associated neoplasia in
humans [119, 120]. In a study, colitis was induced in Msh2
KO, Msh2+/−, and Msh2+/+ mice on a 12910LA x C57BL/6
background using DSS treatment. There was no difference
in severity of chronic colitis as well as incidence of colonic
neoplasms among the different genotypes. After 5 cycles of
DSS treatment, 12.5% of Msh2 KO, 8.0% of Msh2+/−, and
46.7% of Msh2+/+ mice developed high-grade dysplasia.
Similarly, colonic adenocarcinoma of the mucinous type
were seen in 13.3% of Msh2 KO, 8.0% of Msh2+/−, and
16.7% of Msh2+/+ mice although the majority (77.8%) of
the Msh2 KO mice tumors were microsatellite instability
high opposed to none of the Msh2+/− and Msh2+/+ mice.
However, future studies using these mice may elucidate
the role of the DNA mismatch repair in colitis-associated
neoplasia in humans [121].

4.1.5. Brp39. Brp39 is a mouse homologue of Chitinase 3-
like-1 (CHI3L1, YKL-40, HC-gp39). CHI3L1 is induced on
CECs and macrophages under inflammatory conditions and
plays a key role in host-microbial interactions by enhancing
the adhesion and invasion of bacteria into the CECs [122].
To examine the biological function of this molecule in the
development of CAC, our lab has developed an AOM-
pretreated chronic DSS-induced CAC model using Brp39 KO
and Brp39+/+ mice. Brp39 KO mice were more susceptible
to the chronic DSS colitis with increased proinflammatory
cytokine production and inflammatory cell infiltration in
the colonic mucosa as compared to Brp39+/+ mice. Subse-
quently, the Brp39+/+ mice had a higher incidence of CAC
(87.5%) than Brp39 KO mice (37.5%), suggesting that Brp39
plays a key role in the development of CAC.

4.2. Iron Supplemented DSS Model. Iron-deficiency anemia
is a frequent complication in UC patients due to colorectal
bleeding, and these patients are clinically treated with iron
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supplements [123]. However, Seril et al. reported that dietary
iron supplementation enhanced the development of CAC in
a 1% DSS-induced colitis model, and the histology of the
tumors was fairly similar to that of human CAC [96]. In
the chronic DSS-treated mice, 88% of iron-enriched diet
fed mice developed colorectal tumors while only 19% of
the control developed the tumors, suggesting that dietary
iron may enhance the development of CAC in IBD patients
presumably by augmenting oxidative and nitrosative stress
[96, 108].

4.3. Carcinogen-Induced CAC Model. There are effective
chemical agents, which directly or indirectly, induce
colorectal tumors in laboratory animals. Many researchers
use azoxymethane (AOM, methyl-mrthylimino-oxido-
azanium), 1,2-dimethylhydrazine (DMH), and/or methyl
azoxy methane (MAM) acetate in the animal models of
CAC. AOM is the most widely used carcinogen in the colon.
AOM- or DMH-induced colorectal cancer in rats shows
many similarities to human colorectal cancer; however,
there are some differences between the two. Although many
human colorectal cancers arise from adenomatous polyps,
AOM- or DMH-induced rat adenocarcinoma in the colon
develop in the background of flat mucosa without polyp
formation [124]. In addition, it has been reported that
the incidence of metastasis is relatively low in AOM- or
DMH-induced adenocarcinoma, while colorectal cancer
patients have an approximate 50% metastatic rate in regional
lymph nodes at the time of diagnosis [102]. Despite these
differences, the chemical-induced CAC models are widely
used, and have provided valuable information regarding the
pathogenesis of CAC.

AOM is the oxide of azomethane and is used in cancer
research to enhance the formation of colorectal tumors in
rodents. AOM augments the expression of cyclooxygenase
(COX)-2 (but not COX-1) in colonic tumors [125], which,
in turn, suppresses transforming growth factor-β receptor 2
(TGFBR2) expression in CECs [126] and activates intrinsic
tyrosine kinase of epidermal growth factor receptor (EGFR)
[127] in laboratory rodents. After treatment with subcuta-
neous or intraperitoneal injection of AOM (10 mg/kg body
weight, in general) followed by multiple cycles of DSS, the
treated mice developed colonic tumors within a relatively
short time period [101, 102]. AOM/DSS-induced colonic
dysplasia and adenocarcinoma showed nucleic translocation
of β-catenin and positive staining for COX-2 and inducible
nitric oxide synthesis, but no immunoreactivity to p53 [128].
AOM-treated APCmin/+ mice have also shown an enhanced
expression of COX-2 in the early phase of colitis-associated
tumors [42]. Interestingly, molecular analysis clearly demon-
strated that AOM exposure induces the mutations in codons
33 and 34, while DSS exposure induces mutation in codon 32
of the mouse β-catenin gene [105]. A single dose of various
colon carcinogens including AOM and DMH, followed by
exposure to 2% DSS just for one week is effective enough to
induce colonic tumors [104, 105], suggesting that there is no
correlation between the severity of colitis and development
of colonic tumors. Exposure to bacteria (by transferring from

germfree to a specific pathogen free condition) followed by
repeated AOM treatment for six times induces CAC in IL-
10 KO mice, but not in WT mice. The results support the
notion that inflammation itself plays an important role in the
initiation and progression of CAC [129].

4.4. Carrageenan-Induced CAC. Carrageenan (CGN) are
high molecular weight (>200 kDa) gelatinous polysaccha-
rides, which are extracted from red seaweeds, and are widely
used as thickening and stabilizing agents in the food or other
industry products. Although the native form of OGN is
thought to be harmless, a degraded form of CGN (so called
Poligeenan or dCGN) with acid treatment at high tempera-
ture, around 80◦C, reduces the molecular weight (<50 kDa)
and may have toxic effects in animal models including rats,
guinea pigs and monkeys by causing colonic ulceration and
neoplasia in the gastrointestinal tract [92]. CGN-induced
squamous metaplasia persisted in almost all experimental
rats and progressed irreversibly, and the tumors included
adenoma, adenocarcinoma, squamous cell papilloma, and
squamous cell carcinoma [91]. However, the role of both
CGN and dCGN as carcinogens still remains controversial.
Tobacman’s group demonstrated through in vitro studies
that the native form of CGN induces IL-8 production in
NCM460 human CEC line by enhancing the activation of
NF-κB pathway [130, 131]. Furthermore, dCGN induces
cellular aggregation and enhances ICAM expression and
TNFα production in monocytes through NF-κB activation
both in vivo and in vitro [93]. These studies suggest that both
native and degraded CGN may have a pronounced effect on
the exertion of an inflammatory pressure on colonic mucosal
cells including CECs and monocytes/macrophages.

5. Involvement of Soluble Mediators in CAC

A complicated immune network is involved in CAC devel-
opment. To understand this mechanism in CAC, we have
summarized the main interacting cells and soluble factors
in Figure 1, and major signaling pathways involved in CAC
development in Figures 2 and 3. We have also summarized
each major factor in CAC development in this section.

5.1. Proinflammatory Cytokines/Factors

5.1.1. TNFα. TNF produces multiple effects including
altered cell proliferation and cell death through distinct
signaling cascades resulting from binding to TNFR type-I
(TNFR1) and type-II (TNFR2) [132]. In general, cell death,
altered target gene transcription, and cytokine production
are mediated by TNFR1, while engagement of TNFR2 has an
antiapoptotic effect, acting through an NF-κB pathway [133].
These receptor-mediated signalings regulate inflammatory
cell infiltration in the lamina propria, epithelial/mucosal
damage, and cytokine expression in colonic mucosa in many
animal models of colitis and CAC [18]. In fact, TNFR1
knockout (KO) mice showed a much milder form of colitis
with a reduced incidence of CAC in response to the AOM
pretreated DSS-induced colitis as compared to WT mice
[134].
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Figure 1: A complicated immune network in colitis-associated cancer (CAC). Previous and current data of CAC in animal models and
in man suggest that many cell types as well as soluble factors are involved in the pathogenesis. High levels and continuous production
of inflammatory mediators, including cytokines and chemokines by immune cells in lamina propria, may be strongly associated with
the pathogenesis of CAC as shown in this figure. Although colonic epithelial cells (CECs) also produce a wide variety of cytokines and
chemokines (e.g., IL-8, IL-23, TNFα, TGFβ, KC, MCP-1, and MIP1a) under inflammatory conditions and the following CAC development,
these factors in CECs are not indicated here in order to simplify the figure. The abbreviations used in this figure are: Breg, regulatory B cells;
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TNF initiates and perpetuates many inflammatory reac-
tions and efficiently recruits activated inflammatory cells to
the site of injury or inflammation [135]. TNF also efficiently
activates NF-κB, MAPK and cell-death signaling pathways.
Dysregulated TNF production has been identified in a var-
ious inflammatory disorders including rheumatoid arthri-
tis, IBD, psoriasis, ankylosing spondylitis, and refractory
asthma. TNF-blocking agents have been widely utilized for
treatment of said disorders. In particular, these agents show
a significant efficacy in refractory IBD compared to other
anti-inflammatory and/or immunosuppressive medications
[136]. Etanercept, a recombinant fusion protein consisting
of the extracellular ligand-binding region of recombinant
human TNFR attached to the constant (Fc) region of human
IgG1, binds to circulating TNF, inhibits its attachment to
TNFRs, and efficiently blocks the TNF-mediated inflam-
matory pathway in rheumatoid arthritis [137]. However,
while it efficiently blocks the tumor formation in AOM-
induced CAC model, the efficacy of Etanercept in IBD is

quite limited as compared to monoclonal antibodies directed
against TNFα (e.g., Infliximab) [138]. In contrast, anti-TNF
antibodies show unclear efficacy (anti- or procarcinogenic
effects) in colorectal cancer development [139, 140].

5.1.2. IL-6. IL-6 (also known as IFN-β or B-cell stimulator
factor-2) plays an important role in the transition from
acute inflammation to chronic colitis, as well as innate
immunity to acquired immunity [141]. IL-6 is mainly
produced by macrophages after being exposed to specific
microbial molecules, so called pathogen associated molec-
ular pattern (PAMPs). IL-6 binds to a cell-surface receptor
complex, which consists of an IL-6Rα chain (CD126) and the
signal-transducing component gp130 (CD130). The ligand-
receptor interactions initiate signal transduction cascades
through transcription factors, Janus kinases (JAKs) and
Signal Transducers and Activators of Transcription (STATs)
[142]. In addition, IL-6 enhances the differentiation of
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Th17 cells under a combination with immunosuppressive
cytokines (e.g., TGFβ) [143, 144]. IL-6 expression is signif-
icantly increased in IBD and in murine models of colitis,
and the blocking of IL-6 signaling significantly inhibits
the severity of colitis in murine models [145–150]. A
randomized pilot study of humanized anti-IL6R in active CD
patients showed no beneficial effect in improvement with
endoscopic and histologic examination, although an 80%
improvement of clinical symptoms in patients who were
treated with the Ab as compared to 31% improvement in
placebo patients was noted [151].

IL-6 production is highly upregulated in colorectal-
tumor developing APCmin mice and animal models of CAC
[152, 153]. In human, increased serum levels of IL-6 produc-
tion have been identified in colorectal cancer patients [154].
IL-6 expression is mainly regulated by NF-κB activation,
and IL-6 acts on both CECs and immune cells [155, 156].
Effects of IL-6 are mediated mainly by transcription factor
STAT3 activation in cancer cells, and STAT3-mediated cell
activation further promotes cell-survival and cell-cycle pro-
gression of premalignant as well as cancer cells by inducing
expression of antiapoptotic genes (e.g., Bcl2, Bcl-xL) and
proliferation-associated genes (e.g., c-Myc, Cyclin D1) [157,
158]. Interestingly, inhibition of IL-6 signaling significantly
reduced tumor development in AOM-induced CAC model,

suggesting IL-6 trans-signaling plays a pivotal role in the
development of colon cancer [159]. Li et al. recently demon-
strated that expression of suppressor cytokine signaling 3
(SOCS3), which is the major negative regulator of STAT3,
was significantly reduced in patients with UC-accompanied
with colon cancer as compared to inactive UC or active UC,
who had no colon cancer progression [160]. Therefore, IL-6
trans-signaling and STAT3 activation must be a potential and
attractive therapeutic target for CAC progression.

5.1.3. IL-23/Il-12/IL-17. IL-23 is a heterodimeric cytokine
consisting of two subunits, p40 (which is shared with IL-
12) and p19 (also called as IL-23α subunit). IL-23 binds to
a specific receptor, which is formed by IL-12RB1 and IL-23R.
Both IL23 (p19/p40) and IL-12 (p35/p40) can activate the
STAT4 transcription factor, and subsequently stimulate the
production of IFNγ. In addition, IL-23, TGFβ and IL-6 con-
jugationally stimulate naı̈ve CD4+ T cells to differentiate into
Th17 cells, which produce the proinflammatory cytokine IL-
17 [161]. IL-23 plays an important role in the inflammatory
response against infection, and the expression is increased
in IBD [162, 163] and in colon cancer [164]. Shan et al.
showed antitumor activity of IL-23 in a murine model of
cancer, in which murine colon carcinoma cells retrovirally
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transduced with mouse IL-23 gene were subcutaneously
injected [165]. Interestingly, IL-23 secreted by tumor cells
efficiently suppressed the growth of tumor and the survival
of mice by enhancing the production of IFNγ, IL-12, and
TNFα [165]. IL-23 and Th17 cytokines act coordinately to
maintain the balance between tolerance and immunity in the
gastrointestinal tract [166].

5.1.4. Cyclooxygenase (COX). COX is an important enzyme,
which is responsible for forming prostanoids including
prostaglandins. COX can convert arachidonic acid to
prostaglandin H2, the precursor for prostaglandins, which
act on a variety of cells and cause multiple actions including,
but not limited to, muscular constriction and mediation
of inflammation. So far, there are three COX isozymes:
COX-1, COX-2, and COX-3 (a splice variant of COX-1).
COX-1 is found in most mammalian cells constitutively,
while COX-2 is undetectable in most normal cells but
becomes abundant in macrophages and other cells under
inflammatory conditions.

It has been reported that COX-2 is upregulated in
various malignant cells and has a key role in inflammation-

associated carcinogenesis. Oshima et al. first demonstrated
the role of COX-2 in colorectal tumorigenesis in mice
carrying a mutant Apc gene encoding a product truncated
at a 716 (Apc Δ716), a mouse model of human familial
adenomatous polyposis [167]. Another report also has
suggested that intestinal epithelial cells upregulated Cox-2
expression in a TLR-4 and MyD88-dependent fashion.
This signaling is required for optimal proliferation and
protection against apoptosis in the injured intestine, while
TLR4 may lower the threshold for carcinogenesis in an
AOM/DSS-induced cancer model [168]. In the same model,
endogenous administration of PGE2 treatment increased
mucosal expression of COX-2, thus PGE2 involves in the
TLR-4-mediated intestinal tumorigenesis [169].

COX inhibitors are compounds that can efficiently block
the action of COX enzymes. Nonsteroidal anti-inflammatory
drugs (NSAIDs) are widely utilized inhibitors for both
of COX-1 and COX-2 enzymes. NSAIDs that selectively
block the COX-2 enzyme but not COX-1 are called COX-
2 inhibitors that have less adverse effects. Selective COX-
2 inhibitors significantly reduced the number and size of
intestinal polyps in Apc Δ716 mice [167, 170] and the
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occurrence of neoplasia in p53-deficient mice treated with
DSS [171]. Celecoxib, another COX-2 inhibitor, prevents a
wide variety of cancers including animal models of urinary
bladder cancers [172], human breast cancer cells [173],
human colon cancer cells [174], and human lung cancer
[175], while clinical trials participants taking celecoxib had a
significant increase in their blood pressure, which may have
affected their heart disease risk [176, 177].

Besides the NSAIDs, salicylates, such as aspirin (acetyl-
salicylic acid), methyl salicylate and sodium salicylate, are
widely used as drugs for their analgesic, anti-inflammatory,
and antipyretic effects. Salicylates, including aspirin, inhibit
prostaglandin synthesis, and aspirin is able to irreversibly
inactivate both COX-1 and COX-2. More recently, it has been
reported that regular intake of aspirin has been associated
with a decreased incidence of colon cancer [178]. Some
double-blind randomized placebo-controlled clinical trials
indicate that daily consumption of aspirin (75–80 mg) can
lead to a 40%–50% decrease in the risk of developing
colon cancer [179, 180]. The aspirin-mediated antitumor
effect is also supported by animal models, including 1,2-
dimethylhydrazine-induced colon cancer model in Sprague-
Dawley rats [181], AOM-induced colon carcinogenesis in
F344 rats [182], and intestinal adenomas model in APCmin/+

mice [183]. In addition, antineoplastic effect can be achieved
by eating salicylic acid-rich foods (e.g., a wide range of fruit,
vegetables, herbs, and spices) at concentrations as low as
100 nM/mL [184].

5.2. Regulatory Factors

5.2.1. IL-10. IL-10 (also known as human cytokine synthesis
inhibitory factor: CSIF) is a key anti-inflammatory cytokine
produced primarily by monocytes, T cells and B cells. IL-
10 can block NF-κB activity, and also regulates the JAK-
Stat signaling pathway [185]. IL-10 interacts with IL-10
receptor α subunit (IL-10RA) and inhibits the synthesis of
proinflammatory cytokines such as IL-6 [18, 186]. IL-10
KO mice develop spontaneous colitis, which is similar
to human IBD, in particular CD [187]. These mice also
develop colitis-associated cancer, which is associated with
the overproduction of Th1 cytokine [61]. AOM and DSS
treatment promotes inflammation-mediated colonic tumor
growth in IL-10 KO mice [67]. Furthermore, Helicobacter
hepaticus infection promotes AOM-induced tumorigenesis
as compared to AOM treatment alone in IL-10 KO mice [68].
We have summarized chronic colitis and CAC development
in IL-10 KO in Sections 2 and 3 in this review.

5.2.2. Transforming Growth Factor (TGF)-β. TGF-β has an
antiproliferative effect in normal epithelial cells as well as
early stage of oncogenesis [188]. TGFβ has three protein
precursors, the so-called TGF-β1, -β2, and -β3, and each have
an N-terminal short (20–30 amino acids) signal peptide.
The C-terminal region becomes the mature TGF-β protein,
which makes a homodimer to produce an active molecule
[189]. There are three TGF-β receptors: types I and II have a
high affinity for TGF-β1, and type III has a high affinity for

both TGF-β1, and -β2. In most of cases, an activated TGF-β
ligand will initiate the TGF-β signaling by binding these
receptors. TGF-β can induce FoxP3 in human CD4+ CD25+
T cells and regulate the development of CD25+ regulatory T
cells [190]. In normal cells, TGF-β blocks cell cycles at the
G1 stage and stops proliferation and differentiation of cells
and promotes apoptosis [191]. However, once an epithelial
cell has been transformed into an adenocarcinoma, parts
of TGF-β signaling are mutated, and subsequently TGF-β
promotes tumor growth, migration, invasion, and metastasis
at an advanced stage of CAC [192]. Recently, Becker’s group
elegantly demonstrated that TGF-β receptor II-deficient
mice developed an increased number of tumors as compared
to WT mice. In contrast, TGF-β transgenic mice showed
significantly less number of tumors as compared to WT. The
authors concluded that TGF-β signaling in infiltrating T cells
suppresses colon cancer progression by inhibiting IL-6 trans-
signaling in tumor cells [159]. Overall, TGF-β seems to have
a protective effect on chronic colitis and CAC development,
at least in early stages [193].

Insulin-Like Growth Factor (IGF). IGFs are polypeptides,
which show a high sequential homology to insulin. IGFs
generate a complex system with two ligands (IGF-1 and
IGF-2), two receptors (IGF1R and IGF2R), a family of six
IGF-binding proteins (IGFBP 1–6), and associated IGFBP
degrading enzymes [194, 195]. IGF1R activation leads to
autophosphorylation of receptor and activation of signaling
cascades including the GRB2/Ras/ERK and IRS-1/PI3K/AKT
pathways [196]. Of note, IGF-2 is overexpressed in many
solid tumors including colon cancer [197], and also loss of
imprinting (LOI), an epigenetic alteration, of IGF-2 gene
(IGF2) was discovered in many types of cancer including
ovarian, lung, liver, and colon [198]. Approximately 10%
of the population shows LOI of IGF2, and it seems to
be associated with a personal and/or familial history of
colorectal neoplasia since the variant showed a 5-fold
increased frequency of colon cancer [199, 200]. Kaneda et
al. reported that LOI and APCmin double heterozygous mice
have an enhanced sensitivity to IGF-2 signaling, and AOM-
treatment in those mice showed a 60% increased number
of premalignant aberrant crypt foci formation as compared
to LOI(−) littermates [201]. These results strongly suggest
that epigenetic alterations in IGF2 in normal cells may affect
cancer risk by altering the balance of differentiated and
undifferentiated cells [201].

As described above, IGFs and IGFRs have been highly
implicated in cancer pathophysiology. It has been reported
by some groups that IGF1R inhibition by administrating
an antagonistic monoclonal antibody against IGF1R (des-
ignated EM164) [202] or selective kinase inhibitor [203]
(designated NVP-ADW742) showed antiproliferative and/or
proapoptotic effects in solid tumors, suggesting that selective
IGF1R inhibitors should be one of the useful therapeutic
strategies in treating cancers.

Endothelial Growth Factor (EGF). EGF is a low molecular
weight (6 KDa) polypeptide, which plays a pivotal role in
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cellular proliferation, differentiation, cell growth, and cell
survival by binding with high affinity to its receptor EGFR
on the cell surface and subsequently stimulates the intrinsic
protein-tyrosine activity of EGFR [204–206]. On the basis
of several clinical trials, EGF appears promising for the
treatment of IBD. An approximate 80% remission rate has
been demonstrated in left sided UC patients with daily EGF
enemas for 2 weeks as compared to 8% in placebo group
(P < .001) [207]. Rabamipide, an amino acid analogue of
2-(1H)-quinolinone, efficiently upregulates EGF and EGFR
expression. A significant improvement was observed in the
clinical and endoscopic findings with twice daily Rabamipide
enemas, which were given to patients with UC proctitis for
one month [110]. There is a big concern, however, that
systemic use of EGF might have potent mitogenic effect by
increasing tumor development and/or progression in APC
Min mice [208]. EGFR signaling seems to be required for
early stages of colonic carcinogenesis by upregulating cyclin
D1 and Cox-2 expressions in microadenomas in AOM-
induced cancer model [209]. EGF can form a complex
with β-catenin, possibly through receptor tyrosine kinase-
PI3K/Akt pathway, and further activate Wnt signaling
pathway [210]. As shown in Figure 3, cross-communication
between Wnt- and EGFR-signaling pathways allows the
integration of the diversity of stimuli in CECs and promotes
tumor progression [210]. Furthermore, EGFR signaling
augments the expression of epithelial CHI3L1 [211], which
further promotes tumor angiogenesis and migration [212].
EGF signaling also upregulates the proliferation of aberrant
crypt foci, which is the precursor to colon cancer [213].
In summary, EGF may be a useful therapeutic reagent for
treating severe UC, but at the same time, it has a subsequent
risk of malignant change in the early stage of colon cancer.

5.2.3. Calcium. Calcium is an essential dietary mineral,
which is commonly included in milk products and dark
green vegetables. It has been reported that a calcium enriched
diet significantly reduces the number of total aberrant crypt
foci in AOM-treated mice or rats [214]. Other reports
utilizing animal models also support findings of calcium’s
ability to inhibit colorectal cancer development [215, 216].
According to a report of the American Cancer Society’s Can-
cer Prevention Study II Nutrition Cohort, which recruited
more than 120,000 examinees, men and women who had
the highest intakes (approximately 1200 mg per day) of
calcium showed a modestly reduced risk of colorectal cancer
compared with those who had the lowest intakes of calcium
[217]. Many other studies also report that individuals who
had a modest to high calcium intake reduced their risk of
cancer [218–220]. The exact mechanistic of action of calcium
is still unclear, but it binds to bile acids and fatty acids in the
gastrointestinal tract to form insoluble complexes (calcium
soaps). In addition, calcium may suppress cell proliferation
in the lining of the colon or cause proliferating colon cells to
undergo differentiation [221].

5.3. Chemokines. Chemokines are small chemotactic
cytokines, and classified as 4 different types: CC-, CXC-, C-,

and CX3C-chemokines. Chemokines bind to chemokine
receptors, which are G protein-coupled receptors, and
they are divided into four families: CXCR (bind CXC
chemokines), CCR (bind CC chemokines), CX3CR1 (binds
to CX3C), and XCR1 (binds to XC chemokines) [222]. Some
chemokines have proinflammatory effects and efficiently
promote migration of hematopoietic and nonhematopoietic
cells to the site of infection or inflammation. In contrast,
other chemokines keep tissue homeostasis during the normal
process of tissue development. TNFα induces expression
of several chemokines in colonic mucosal cells during the
development of IBD [223]. TIR8 (also called as SIGIRR, a
member of IL-1/TLR family) deficient mice cause severe
colitis with cancer formation after AOM/DSS-induced
colitis, and these mice showed significantly increased
production of KC/CXC, MCP-1/CCL2, and MIP1α/CCL3
chemokines by tumor cells [224]. These chemokines
enhance leukocyte infiltration and tumor growth/migration.
In particular, CXC and MCP-1 chemokines are known
for their effects in enhancing angiogenesis in colon cancer
[225, 226]. Popivanova et al. also reported that MCP-1/CCL2
is a crucial mediator of colon cancer development since
CCR2 (a specific receptor for MCP-1/CCL2) KO mice
showed a milder form of colitis with less macrophage
infiltration and a lower incidence of tumors with attenuated
COX-2 expression in the AOM challenged model [134].
In contrast, MCP-1/CCL2-antagonist-treated mice showed
reduced tumor incidence and size in the same animal model.
These results strongly suggest that MCP-1/CCL2 may be
a potential target in the treatment of colorectal carcinoma
associated with chronic inflammation. Furthermore,
D6 (a promiscuous decoy and receptor that scavenges
inflammatory CC chemokines) plays a nonredundant role
in suppressing inflammatory immune responses in various
organs including lungs and skin [227]. D6 KO mice were
more susceptible to chemically induced colitis, as compared
to WT mice, and failed to recover from the colitis. They
also exhibited a higher level of proinflammatory cytokine
productions and increased number of tumor development in
the distal part of colon [227]. In summary, CC-chemokines
and their receptors are novel players in tumor promotion
and progression during the course of chronic colitis.

5.4. Mammalian Chitinases. Chitin, a polymer of β-1,4-N-
acetyl-glucosamine, is produced by various living organ-
isms including insects, fungi, crustaceans, and many other
organisms except mammals [228]. Chitin can be degraded
by chitinases (EC 3.2.1.14) that belong to members of
the glycohydrolase family 18, in which bacterial as well as
plant chitinases are included [229]. Chitinases have been
generally considered to lack in mammalian bodies due
to the absence of chitin. However, recent studies have
identified many chitinases including CHI3L1 [230], acidic
mammalian chitinase [231], chitotriosidase [232], and Ym-1
[233] in mammals, and the expression of these chitinases
is highly upregulated during the development of chronic
inflammation conditions [25].

Serum levels of CHI3L1 are significantly elevated in
patients with IBD [234] as well as those with colorectal
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cancer [235], and the expression is positively associated with
bad prognosis of these patients [236, 237]. CHI3L1 plays an
important role in protecting cancer cells from undergoing
apoptosis and also effects cellular invasion by strongly
binding with heparin, collagens, and hyaluronic acid, all
of these are important constituents of extracellular matrix
[238, 239]. Recently, it has been reported that normal human
bronchial epithelial cells express CHI3L1 under mechanical
stress, which is driven by an EGFR and extracellular signal-
regulated kinases (ERK)-1/2 signaling pathways. This result
strongly suggests that direct activation of EGFR with ERK
family ligands such as EGF and heparin-binding (HB)
EGF induces CHI3L1 expression in epithelial cells [240].
Therefore, growth-stimulating effects of epithelial CHI3L1
in response to inflammatory or stressful stimuli seems to
be a critical and physiological function in remodeling and
maintaining the basic architecture of epithelium; however,
overproduction of CHI3L1 from the epithelium must be a
cue for further prolonged inflammation and for develop-
ing inflammation-associated carcinogenesis, ironically. Cur-
rently, exact biological function of CHI3L1 as well as other
chitinases in CAC is still largely unknown. Further studies
will help clarify the critical role of mammalian chitinases in
chronic inflammation and the following carcinogenic change
in epithelial cells, which will provide a rationale for the
development of novel and new type of immunotherapy for
improving the lives of patients with inflammation-associated
carcinogenesis.

6. Conclusions

It has been strongly anticipated to improve the clinical course
of IBD patients not only by creating new diagnostic and ther-
apeutic approaches but also by preventing inflammation-
associated cancer formation. Currently, a variety of genet-
ically engineered or chemically induced animal models of
CAC are available and are very useful for further analysis of
the exact mechanisms underlying the pathogenesis of CAC.
Through the animal models, we have learned that a limited
number of inflammatory cytokines, chemokines, and growth
factors play crucial roles in CAC development. Thus, effective
and targeted anti-inflammatory therapies without adverse
effects are warranted in order to prevent the development of
CAC in IBD patients, and the animal models would help us
with the invention of anti-inflammatory therapies by testing
therapeutic strategies and reagents in preclinical settings.
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Cancer is the second leading cause of death in the world after cardiovascular diseases. Some types of cancer cells often travel to other
parts of the body through blood circulation or lymph vessels, where they begin to grow. This process is recognized as metastasis.
Angiogenesis is the formation of new blood vessels from existing vessel. Normally angiogenesis is a healthy process, that helps the
body to heal wounds and repair damaged body tissues, whereas in cancerous condition this process supports new blood vessels
formation that provide a tumor with its own blood supply, nutrients and allow it to grow. The most important proximal factor for
angiogenesis is the vascular endothelial growth factor VEGF. Angioinhibition is a form of targeted therapy that uses drugs to stop
tumors from making new blood vessels. Therefore, in this paper we analyse the importance of VEGF as target of cancer therapy,
analysing murine models.

1. Introduction

Angiogenesis, the process by which the existing vascular
network expands to form new blood vessels, is required
for the growth of solid tumors [1]. For this reason,
tumor angiogenesis has become a critical target for can-
cer therapy. Vascular endothelial growth factor (VEGF),
a primary stimulant of angiogenesis, binds and activates
VEGF receptor 1 (VEGFR1) and VEGFR2 [2]. VEGF is an
important and powerful factor increasing vascular perme-
ability and promoting metastasis. Without blood vessels,
the tumors can not be larger than a few millimeters, so
the inhibition of angiogenesis with the use of several drugs
could represent an important tool in cancer treatment
for several reasons. (1) Angiogenesis occurs at high levels
during fetal development, the menstrual cycle, and in
wound healing. Therefore, the treatments should have low
toxicity; in fact, they might be expected to interfere with
this process and should not harm most normal dividing
cells. (2) The antiangiogenic treatments should not be
designed to attack directly the cancer cells. The targets of
several of these treatments are normal processes controlled
by normal cells and not by the tumor cells themselves.
The high mutation rates of cancer cells that often render

chemotherapy ineffective will not interfere with these
drugs.

In this paper, we underline the importance of inhibition
of VEGF as attractive therapeutic target in the treatment of
cancer. VEGF is a primary stimulant for tumor angiogenesis,
making it a critical target for cancer therapy [3, 4]. In breast
cancer, elevated levels of VEGF correlate with increased
lymph node metastases and a worse prognosis [5]. Actually,
bevacizumab, a humanized monoclonal antibody that binds
human VEGF and prevents VEGF from binding VEGFR1
and VEGFR2, is approved for the treatment of metastatic
HER2/NEU-negative breast cancer [6].

2. VEGF and Breast Cancer

VEGF is a primary stimulant of angiogenesis and is a
macrophage chemotactic protein [7]. Inhibition of VEGF
is beneficial in combination with chemotherapy for some
breast cancer patients. Anti-VEGF therapy with beva-
cizumab, the phenethylamine of the 2C family 2C3 or
the fully human antibody that inhibits VEGF binding to
VEGFR2 r84 inhibits the growth of established ortho-
topic MDA-MB-231 breast cancer cell line in severe com-
bined immunodeficiency (SCID) mice [8], reduces tumor
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Figure 1: VEGF pathway and VEGF inhibitors.

microvessel density, and limits the infiltration of tumor-
associated macrophages, but it is associated with elevated
numbers of tumor-associated neutrophils [9, 10]. Selective
inhibition of VEGFR2 with an anti-VEGF antibody is suf-
ficient for effective blockade of the protumorigenic activity
of VEGF in breast cancer xenografts [6]. These findings
further define the complex molecular interactions in the
tumor microenvironment and provide a translational tool
that may be relevant to the treatment of breast cancer.

3. Inhibition of Tumor Breast Growth

Inhibition of VEGF binding to VEGFR2 by 2C3 has been
shown to reduce tumor size both in pancreatic [11–13] and
breast tumors [14]. Also the effect on tumor growth after
the treatment with r84 in an orthotopic breast cancer model,
similar to 2C3, has been evaluated. In fact, MDA-MB-231
cells (5 × 106) were injected into the mammary fat pad
of nonobese diabetic NOD/SCID mice, and the therapy was
initiated on day 26 after tumoral cell injection, when tumor
volume reached 150 mm3. In this orthotopic human breast
cancer xenograft model, the chronic treatment with r84, 2C3,
or bevacizumab significantly reduced (P < .001; days 44
and 48 versus control) the tumoral growth, such that there
was a 55%, 62%, and 58% decrease, respectively, in tumor
volume compared with control-treated animals. Thus, these
data show that inhibition of the VEGF factor is sufficient to
reduce the mass volume of MDA-MB-231-derived tumors.
To determine if the effect of r84, 2C3, and bevacizumab on
MDA-MB-231 tumor growth in vivo could be due directly
to the block of VEGF activation of tumor cells, the tumor
cell proliferation and migration were also evaluated in vitro,
demonstrating that MDA-MB-231 cells migrated strongly

toward VEGF and, consequently, this migration was blocked
by the addition of 2C3, r84, or bevacizumab [8].

4. Effect of Anti-VEGF Therapy on
Tumor Environment

VEGF is an abundant cytokine in the tumor microenviron-
ment and is known to stimulate immune cell chemotaxis
[15]; however, few studies have looked directly at the effect of
inhibitors of VEGF on immune cell infiltration into tumors.
It has been shown previously that 2C3 inhibits macrophage
infiltration in an orthotopic pancreatic cancer model [16,
17]. In a mouse model of thyroid cancer, Salnikov et al.
[18] demonstrated that treatment with bevacizumab reduced
macrophage infiltration.

In nonobese diabetic (NOD)/SCID mice, inoculated with
MDA-MB-231 cells, anti-VEGF therapy with 2C3, r84, or
bevacizumab reduced tumor microvessel density by 50%,
45%, and 58%, respectively [8]. Cancer and inflammation
are connected by two pathways: the intrinsic and the extrinsic
pathways. These two pathways converge, resulting in the
activation of transcription factors, such as nuclear factor-
κB (NF-κB), signal transducer and activator of transcription
3 (STAT3), and hypoxia-inducible factor 1α (HIF1α), in
tumour cells. These transcription factors modulate the pro-
duction of inflammatory mediators, including cytokines and
chemokines [15]. These factors recruit and activate various
leukocytes. The cytokines activate the same key transcription
factors in inflammatory cells, stromal cells, and tumor cells,
resulting in more inflammatory mediators being produced
and a cancer-related inflammatory microenvironment being
generated. The mediators and cellular effectors of inflam-
mation are important constituents of the local environment
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of tumours; in some cancers, inflammatory conditions are
present before a malignant change occurs. To examine the
importance of inflammatory microenvironment on tumor
site, where a massive macrophage infiltration is associated,
breast tumors from bevacizumab, 2C3, or r84 treatment
groups were analyzed using three different macrophage
markers: the mouse F4/80 antigen, a 160 kD glycoprotein
expressed by murine macrophages, and CD16+ cells, a
cluster of differentiation found on the surface of natural killer
cells, neutrophil polymorphonuclear leukocytes, monocytes,
and macrophages.

Immunofluorescence staining of tumor sections revealed
that anti-VEGF therapy with 2C3, r84, and bevacizumab
reduced cluster of differentiation the infiltration of F4/80+
and of CD16+ natural killer cells, neutrophil polymor-
phonuclear leukocytes, monocytes and macrophages. The
reduction of macrophage infiltration in the phase of treat-
ment with 2C3 and r84 is presumably due to expression of
VEGFR2 on tumor-associated macrophages [8]. The major
findings of this study were that 2C3, r84, and bevacizumab
effectively decrease tumor size, microvessel density, and
macrophage infiltration in an orthotopic model of breast
cancer. These data are consistent with previous findings
[16–18] and support the concept that reducing macrophage
infiltration is an important aspect of anti-VEGF therapy. In
addition, these studies showed changes in other immune
cell infiltrates: myeloid-derived suppressor cells (MDSCs),
dendritic cells (DCs), and neutrophils, following anti-VEGF
therapy. In fact, infiltrating inflammatory cells constitute a
large component of the overall tumor mass [19].

5. Anti-VEGF Therapy Leads to a Reduction
in Macrophage Infiltration

VEGF is a major chemoattractant for inflammatory cells
[15], including macrophages, neutrophils, dendritic cells,
myeloid-derived suppressor cells, and T-cells [20, 21].

To evaluate if inhibition of VEGF reduces angiogenesis
and modulates immune cell infiltration of orthotopic breast
cancer xenografts, Roland et al. [8] use preclinical models of
breast cancer to compare the effect of different anti-VEGF
therapies on breast cancer growth, vascular parameters,
immune cell infiltration, and intratumoral cytokine levels.
They confirmed that the inhibition of VEGF receptor
activation resulted in changes in intratumoral levels of IL-
1 and CXCL1 that correlated with changes in immune cell
infiltration [8].

6. VEGF and Lung Cancer

VEGF represents a good candidate as target of therapy also
in lung cancer. In fact, Ma et al. constructed a plasmid
encoding VEGF shRNA to knock down VEGF both in
vitro and in vivo [22]. In vitro, specificity and potency of
the targeting sequence were first validated in A549 lung
adenocarcinoma cells by RTPCR and ELISA assays. In vivo,
therapy experiments were conducted on nude mice bearing
A549 xenograft tumors. The VEGF shRNA expressing plas-
mids were administered systemically in combination with

low dose of cis-diclorodiamminoplatino (DDP) that is an
antineoplastic chemotherapy agent that interferes with all
phases of the cell cycle by binding to DNA through the for-
mation of crosslinks between complementary strands. The
combinated treatment of the two agents had a significantly
enhanced antitumoral effect compared with the treatment
with pshVEGF or DDP alone, resulting in reduction of
the tumor weight by 83.13% [22]. To demonstrate that
the therapeutic effects were related to downregulation of
VEGF expression instead of other nonspecific reactions,
the tumors were harvested for immunohistochemistry and
ELISA assay to measure VEGF expression. It was analyzed
the distribution of immunoreactive VEGF in the tumors and
observed a general decrease of VEGF staining in the tumors
belonging to the mice treated with pshVEGF, whereas the
tumors belonging to the mice treated with pshHK exhibited
significantly more VEGF staining. Consistently, the ELISA
assay showed that pshVEGF caused significant reduction in
intratumoral VEGF expression compared with pshHK [22].

These data reinforce the hypothesis that the effect of anti-
VEGF agents extends beyond the inhibition of angiogenesis
because many immune cells express VEGFRs, including
macrophages, neutrophils, MDSCs, DCs, and T-cells [23,
24]. In fact, it was shown a reduction in macrophage number
in tumors from animals treated with anti-VEGF therapy with
respect to the control mice [25].

7. Concluding Remarks

VEGF is a potent stimulator of endothelial cell survival,
mitogenesis, migration, and differentiation [1, 2]. Angio-
genesis inhibitors targeting VEGF have shown antitumoral
activity in preclinical and clinical trials. Several VEGF
inhibitors have been approved by the US Food and Drug
administration for the treatment of tumors or age-related
macular degeneration [3, 4] (Figure 1).

Recently, in many clinical trails, angioinhibitors were also
being used in combination with conventional chemotherapy.
Clinical trials generally combine very low dose of chemother-
apy followed by angioinhibitor therapy. Combination of
angioinhibitors will need to be tested vigorously in the
future, as single angioinhibitors are approved for use of
cancer.

Preventive angioinhibitory therapy may also be possible
in the future, because angioinhibitory therapy is generally
less toxic and less susceptible to induction of acquired drug
resistance.
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Escherichia coli O157:H7 has been responsible for multiple food- and waterborne outbreaks of diarrhea and/or hemorrhagic colitis
(HC) worldwide. More importantly, a portion of E. coli O157:H7-infected individuals, particularly young children, develop a life-
threatening sequela of infection called hemolytic uremic syndrome (HUS). Shiga toxin (Stx), a potent cytotoxin, is the major
virulence factor linked to the presentation of both HC and HUS. Currently, treatment of E. coli O157:H7 and other Stx-producing
E. coli (STEC) infections is limited to supportive care. To facilitate development of therapeutic strategies and vaccines for humans
against these agents, animal models that mimic one or more aspect of STEC infection and disease are needed. In this paper, we
focus on the characteristics of various mouse models that have been developed and that can be used to monitor STEC colonization,
disease, pathology, or combinations of these features as well as the impact of Stx alone.

1. Introduction

Escherichia coli O157:H7 is a member of a group of
pathogenic E. coli (known as enterohemorrhaghic E. coli
or EHEC) that colonize the gastrointestinal tract and cause
a condition known as hemorrhagic colitis (HC) or bloody
diarrhea. E. coli O157:H7 is also a member of the larger
category of Shiga toxin-producing E. coli (STEC). This group
of E. coli is solely defined by its capacity to produce Shiga
toxin type 1 (Stx1), Shiga toxin type 2 (Stx2), or both toxins
(as well as variants of these). The capacity of STEC in general
and E. coli O157:H7 and other EHEC in particular to produce
Stxs makes them of particular concern because Stx has been
linked to the development of hemolytic uremic syndrome
(HUS) that can lead to kidney failure, particularly in children
[1, 2].

While a number of STEC serotypes are known to
cause disease worldwide, E. coli O157:H7 infection generally
represents the largest of the STEC disease burden, both
in the United States (USA) and worldwide. Although the
first recorded outbreak due to organisms of this serotype in

the United States occurred in 1982, E. coli O157:H7 infection
in both people and animals can be traced back as early as
the 1970’s. The prevalence of this pathogen has grown since
its first description and, despite our best control measures,
E. coli O157:H7 remains a serious health concern (Figure 1)
[1, 3–8].

E. coli O157:H7 is responsible for an estimated 73,480
cases of illness, 2,168 hospitalizations, and 61 deaths annually
in USA, according to data published by Mead et al. in 1999
[9]. The majority of such E. coli O157:H7 outbreaks in the
USA are associated with foodborne transmission [4]. Cattle
as well as other ruminants serve as a reservoir for E. coli
O157:H7. In particular, surveys of beef and dairy cattle have
demonstrated carriage rates less than 0.5 to greater than 2.0%
[10]. As a result of E. coli O157:H7 carriage in cattle, beef,
and dairy products often become contaminated and serve
as the source of infection in outbreaks of E. coli O157:H7.
Many vehicles for foodborne transmission of E. coli O157:H7
have been described including beef (ground beef, roast beef,
steak, salami, etc.), produce (unpasteurized apple cider or
juice, melons, grapes, lettuce, bean sprouts, spinach, etc.),
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Figure 2: Modes of E. coli O157:H7 transmission to humans with
emphasis on strategies for prevention/intervention. Other modes
of transmission of E. coli O157:H7 have been reported and are
described elsewhere.

and dairy products (raw milk, cheese, butter, etc.) [4]. The
spread of E. coli O157:H7 by these various food matrices
is facilitated not only by the pathogen’s low infectious dose
[11], but additionally by the pathogen’s capacity to grow
over a broad temperature range and to survive both freezing
and acidic conditions [12]. In addition to transmission
from contaminated food (or drink), person-to-person and
waterborne transmission (both likely facilitated by the low
infectious dose of E. coli O157:H7 [11, 13]) have also been
reported (Figure 2).

E. coli O157:H7 infection can manifest in a variety of
ways. Some individuals who are infected with the microbe
remain asymptomatic, others experience diarrhea, but most
develop hemorrhagic colitis, the hallmark of E. coli O157:H7
infection. Furthermore, children and the elderly appear
to be especially susceptible to E. coli O157:H7-mediated
disease and, for reasons that are unclear, may develop
HUS (a triad of clinical manifestations including hemolytic
anemia, thrombocytopenia, and renal failure [14]) and
other systemic problems that include central nervous system
(CNS) impairment.

A rise in both the hospitalization and HUS rates has been
reported in association with more recent outbreaks of E. coli
O157:H7. In data collected from outbreaks that occurred
between 1982 and 2002, the average hospitalization rate was
just over 17% and the average rate of HUS was ∼4% [4].
However, in the spinach outbreak in 2006 and the cookie
dough outbreak in 2009, rates of hospitalization and HUS
were even higher (approximately 51% and 16%, respectively,
in the spinach outbreak and approximately 44% and 13%,
respectively, in the cookie dough outbreak [7, 8]). This
increase in disease severity among E. coli O157:H7 infected
persons has led to speculation that more virulent strains of
the pathogen have emerged [15].
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Although it has been nearly 30 years since the discovery
of E. coli O157:H7 as an enteric pathogen and despite
the recent increase in the rate of severe disease associated
with infection by the organism, no treatment yet exists.
In general, antibiotic therapy is contraindicated as it may
promote toxin expression from the lysogenized phage that
typically carries Stx genes. Additionally, antimotility agents
are not recommended as they can promote the sustained
presence, and consequent toxin expression, of EHEC in
the gastrointestinal tract. In instances where HUS develops,
supportive care is provided. A variety of treatment and
prevention strategies to protect against E. coli O157:H7
are currently in development; these include toxin receptor
analogs, passive antibody therapy, and vaccines to protect
humans against the systemic effects of the toxin. Since an E.
coli O157:H7 vaccine has not been developed and licensed for
immunization of humans (two vaccines are currently in use
in cattle [16–19]), the most promising prevention strategies
for E. coli O157:H7 focus on minimizing exposure to this
pathogen (Figure 2).

2. Pathogenesis of E. coli O157:H7

E. coli O157:H7 is well adapted to cause disease in humans.
The organism has a number of virulence factors that con-
tribute to its pathogenicity, and Shiga toxin (Stx) is certainly
among them. Indeed, Stx is considered to be responsible
for the severe complications of E. coli O157:H7 infection,
including HUS [1, 2]. In addition to Shiga toxin, E. coli
O157:H7 expresses several other important virulence factors
that include intimin, translocated intimin receptor (or Tir),
a type three secretion system (TTSS), and enterohemolysin
(located on the pO157 plasmid) (see Figure 3). The genes for
many of these factors are located on a 44 kb pathogenicity
island known as the locus of enterocyte effacement, or the
LEE locus.

The Stx family of AB5 toxins (composed of a single A
or active subunit noncovalently associated with a pentameric
ring of B or binding subunits) contains two subgroups, Stx1
and Stx2. In addition to these two Shiga toxin serotypes,
variants of each have been described: Stx1c, Stx1d, Stx2c,
Stx2d, Stx2d-activatable, Stx2e, and Stx2f (reviewed in [20]).
While Stx1 and Stx2 have the same overall structure [21],
these toxins are antigenically distinct such that antibody
against Stx1 will not neutralize Stx2, and vice versa [22].
Stx1 and Stx2 also have the same mode of action; however,
they differ in specific activities both in vitro and in mice.
The 50% cytotoxic dose (CD50) of Stx1 for Vero cells is
lower than that for Stx2 [23], while the 50% lethal dose
(LD50) of purified Stx1 for systemically inoculated adult CD-
1 mice is∼125 ng compared to∼1 ng for Stx2 [24]. Moreover
differences in toxicity are also evident when human renal
endothelial cells are treated with purified Stx1 or Stx2; Stx2
is about 1,000-fold more toxic [25]. Finally, epidemiological
data suggest a difference in Stx1 and Stx2 toxicity in people;
Stx2-producing E. coli O157:H7 strains are more frequently
associated with HUS than are strains that produce Stx1
[26–28].

pO157

Shiga toxin

TTSS
effectors 

Tir

Intimin

EspA filament

TTSS

HOST CELL

Bacterium

Figure 3: E. coli O157:H7 virulence factor expression and inter-
action with host cells. E. coli O157:H7 possesses a large plasmid
(pO157), carries the LEE PAI (and thus is intimin positive), and
expresses Shiga toxins. The LEE locus encodes a TTSS and TTSS
effector proteins. One of the TSSS proteins, E. coli Secreted Protein
(Esp) A, forms a filament that serves to translocate TTSS effector
proteins from the bacterium into the host cell by way of a pore
created by EspB and EspD. One of these effectors, Tir, serves as the
receptor for the major adhesin, intimin, and thus allows adherence
of the bacterium to the host cell.

The B subunit of Stxs forms a homopentameric ring
structure as it binds the cellular toxin receptor, globotriao-
sylceramide (also known as Gb3 or CD77), a Pk blood group
antigen found on a variety of cells [29, 30]. The A1 fragment
of the A subunit is translocated into the host cell cytoplasm
[31], where it acts as an N-glycosidase to remove a single
adenosine residue from the 28S ribosomal RNA of the 60S
ribosome [32, 33]. Alteration of the 28S rRNA prevents
binding of elongation factor to the ribosome so as to inhibit
protein synthesis [34]. Stx-mediated inhibition of cellular
protein synthesis generally results in death of the intoxicated
cell by apoptosis.

Plasmid pO157 is a 93 kb plasmid (∼60 MDa) found
in most E. coli O157:H7 isolates as well as other EHEC
strains [35, 36]. The plasmid encodes an enterohemolysin,
an adhesin known as ToxB, and a type two secretion system
[37–39]. While the plasmid is thought to be important for
virulence (studies have correlated pO157 with hemolytic
activity [39] and intestinal adherence [40]), its exact role in
pathogenesis remains unclear (reviewed in [35]).
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The locus of enterocyte effacement, or LEE, is a chro-
mosomally encoded pathogenicity island (PAI) that encodes
the pathogenic determinants intimin (an adhesin), a type
three secretion system (TTSS), and TTSS effector proteins.
The TTSS of E. coli O157:H7 is a contact-dependent system
for transport of bacterial proteins, or effectors, into host
cells (such as intimin and Tir). Intimin is a 97 kDa outer
membrane protein that facilitates intimate adherence of E.
coli O157:H7 to the epithelial surface [41]. Although STEC
strains that lack intimin can cause human disease [42, 43],
E. coli O157:H7 appears to require intimin to establish
colonization [44–50]. Several investigators have speculated
that E. coli O157:H7 colonization initially proceeds via
the interaction of the outer membrane protein intimin
with cell-surface-expressed factors such as β1 integrins [51]
and nucleolin [52, 53], before binding to the translocated
intimin receptor. E. coli O157:H7 is unique among bacterial
pathogens (with the exception of other LEE-encoding bacte-
ria) in that it encodes its own receptor, Tir, which is injected
into target host cells by way of the TTSS.

2.1. Models of Pathogenesis. Knowledge of the pathogenesis
of E. coli O157:H7-mediated disease in humans is quite
limited. The use of human subjects to investigate the steps
required for E. coli O157:H7 to evoke intestinal pathology
is considered unethical because of the possibility that a
volunteer could develop HUS. Thus, numerous in vitro assays
and animal models have been developed in an attempt to
mimic various aspects of E. coli O157:H7 disease in humans.

In vitro systems such as cell monolayers, transwells,
organoids, and in vitro organ culture (referred to as IVOC)
as well as ex vivo cultures of biopsies are useful for the study
of several aspects of E. coli O157:H7 pathogenesis, such as
adherence of the microbe to eukaryotic cells and the impact
of Stx on those cells. In addition, the type of cells used often
depends on the specific aspect of infection and/or patho-
genesis under investigation. For example, epithelial cells
(derived from a variety of different sources) are commonly
used to evaluate E. coli O157:H7 adherence mechanisms [47,
54], while endothelial cells (human umbilical vein endothe-
lial cells (HUVECs) or human glomerular microvascular
endothelial cells (GMVECs)) are often used to examine
the effect of Stx on vascular cell integrity and cytokine
response [55]. In an attempt to model not only adherence
but also the early steps in E. coli O157:H7 pathogenesis,
polarized monolayers were generated with transwell systems.
A key feature of the transwell approach is that it allows for
the development of polarized cell monolayers that express
features more characteristic of differentiated cells, such as the
formation of tight junctions and the expression of unique
cellular factors [56]. Thus, researchers have explored the
mechanisms of both E. coli O157:H7 binding to and Stx
transit across the epithelium [57, 58]. In this manner, Stx1
and Stx2 have been shown to translocate, at varying rates,
across CaCo-2A, T84, and HCT-8 cells, all of which are of
intestinal origin [59]. Another tissue culture model used
to explore E. coli O157:H7 adherence and subsequent host
cell damage is the organoid system in which cells grown
on a scaffold under microgravity conditions form pieces of

tissue-like material [60–62]. When an organoid derived from
HCT-8 intestinal epithelial cells was infected with E. coli
O157:H7, attaching and effacing (A/E) lesion formation and
slight tissue damage were evident; the tissue damage was
attributed to the Stx2 produced by the bacteria [63]. Finally,
in vivo grown organ cultures of intestinal samples have
been used to study adherence of E. coli O157:H7 to gut
mucosal cells and subsequent damage to the intestinal cells
[64–68].

Many animal models have been developed to facilitate
study of EHEC pathogenesis in vivo. In general, these models
exist in two varieties: those solely focused on the effects
of Stx (in the absence of bacteria) and those that explore
E. coli O157:H7 infection. Models that evaluate toxicity
rely on injection of Stx (with or without LPS) and often
measure mortality as the endpoint of the investigation.
Such in vivo assays have been used to explore differences
in relative toxicity among Stx toxin types [69], to assess
the protective capacity of some factor [70–72], or to model
the pathogenesis of HUS [73]. While each applicable model
can be used to study one or more components of the steps
in the pathogenesis of E. coli O157:H7- or other STEC-
mediated disease (from initial colonization to mortality), no
one animal model system that mimics the full spectrum of
STEC-evoked illness in humans (to include the development
of HC and HUS) has been described to date (reviewed in
[74]).

Small animals that have served as models for EHEC
infection and disease include mice [75–80], rats [81], and
rabbits [82]. Larger animals that have been so used, albeit
less frequently, include chickens [83, 84], pigs [85], cows
[86], dogs [87], baboons [88], and macaques [89]. The
presence of characteristic A/E lesions in the gastrointestinal
tract of E. coli O157:H7-infected animals has been reported
in gnotobiotic piglets, infant rabbits, calves, chickens, and
macaques (reviewed in [90, 91]). Additionally, naturally
occurring HUS-like diseases have been described in grey-
hounds (known as idiopathic cutaneous and renal glomeru-
lar vasculopathy of greyhounds (CRVGs) or “Alabama rot”
[87, 92]) and rabbits [93].

3. Mouse Models of Infection

While large animal models, such as the gnotobiotic piglet,
exhibit a number of features of E. coli O157:H7 pathogenesis,
their breeding and maintenance require considerable veteri-
nary skill, space, and financial support. Thus, small animal
model systems are preferable for general use. Mouse models
in particular offer a number of benefits that include the
following: low relative costs for purchase and maintenance,
ease of care and handling, ready availability of numerous
immunological reagents, variations in genetic backgrounds
among inbred mouse strains as well as access to transgenic
and recombinant inbred animals, and, very importantly,
the feasibility of using sufficient numbers of animals in a
single study to perform meaningful statistical analyses on the
resultant data. Popular mouse models of E. coli O157:H7 oral
infection include axenic mice (no indigenous intestinal flora)
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Table 1: Commonly used mouse models of STEC colonization and/or disease.

Model Inoculum (CFU)
Inoculation

Method
Features Histopathology Source

Str-treated 1010 Feeding
Colonization, morbidity, mortality
with 933cu-rev

Kidney [79]

Str-treated
(O91:H21)

LD50 < 10 Feeding Colonization, morbidity, mortality Kidney [94]

MMC & str
(O157:H-)

>109 (M)a IG Colonization, morbidity, mortality Kidney, brain [95]

Conventional 107, 108 IG Morbidity, mortality Kidney, intestines [76]

Germfree
2 × 102 (C)a,

2 × 109 (D, M)a IG Colonization, morbidity, mortality Kidney, intestines, brain [96]

PCM 2 × 105–2 × 107 IG Colonization, morbidity, mortality Kidney, intestines, brain [77]

Conventional ∼2 × 1010 IG Colonization [97]

Germfree 5 × 107 IG
Colonization, morbidity, Mortality
with hypertoxigenic strain

Kidney, intestines, brain [98]

Conventional 1011/kg IG Colonization [99]

MMC & str 5 × 103 IG Colonization, morbidity, mortality Kidney, other [78]

Germfree 102–106 IG Colonization, morbidity, mortality Kidney [75]

Conventional
(weaned)

6 × 109/kg IG Morbidity and mortality Kidney, intestines [100]

a
C: colonization, D: disease, M: mortality.

or streptomycin-treated mice (reduced normal flora) because
these animals have proven amenable to EHEC colonization.
A summary of the mouse models that have been used for E.
coli O157:H7 oral infection studies is presented in Table 1.

3.1. Development of the Streptomycin-Treated Mouse Model
for E. coli O157:H7 Infection. The first mouse system
described for study of the pathogenesis of E. coli O157:H7
was the streptomycin-treated murine model developed by
Wadolkowski et al. [79]. This E. coli O157:H7 mouse model
incorporates streptomycin (str) treatment of animals via
their drinking water as a means of reducing the animals’
normal intestinal facultative flora so as to decrease bacterial
competition for the infecting EHEC strain. This methodol-
ogy was based on the work of Myhal et al. as described in
1982 [101]. The goal of the original study by Myhal and
colleagues was to assess the relative colonizing capacities of
different E. coli isolates. Prior to the report by Myhal et al.,
E. coli and several other bacteria (to include Salmonella and
Vibrio) were shown to have the capacity to colonize mice
if the animals had been antibiotic-treated or were axenic
[102, 103]. However, Myhal et al. demonstrated that even a
laboratory-adapted E. coli K12 given orally as a single strain
challenge was capable of colonizing str-treated mice to levels
equivalent to those observed for human fecal E. coli isolates.
Thus, as the authors suggested, str-treated mice are best used
to evaluate the relative colonization capacity of an E. coli
strain if given with another isolate in a competitive infection
study [101].

Myhal et al. used 5-6-week-old, male CD-1 (outbred
mice, also known as ICR) mice [101]. Myhal et al. demon-
strated that addition of 5 g/L of streptomycin sulfate to the
animals’ drinking water, for as little as one day, reduced the

number of facultative anaerobes shed (from 108 CFU/g feces
prior to streptomycin treatment down to <102 CFU/g feces)
but had little or no effect on the number of obligate anaerobic
bacteria present within the gastrointestinal tract (109 CFU
shed/g feces). The authors selected streptomycin as the
antibiotic treatment of choice because they reasoned that a
mutation that rendered the bacteria resistant to streptomycin
(a presumed alteration to the ribosomes) should have little
effect on the bacterial surface and thereby on colonization.
In their report, str-treated mice deprived of food/water
were infected with 1010 CFU of str-resistant E. coli in a
solution of 20% sucrose. Colony counts of feces collected
daily indicated that high levels of colonization were achieved
by all of the challenge strains when given alone (∼108 CFU/g
feces), whereas in cofeeding or competition experiments
varying colonizing capacities of the strains were observed.
Furthermore, the authors found that human fecal isolates
heavily colonized both the cecum and the large intestines.
They concluded that the large intestines, which had slightly
more adherent bacteria than were observed in the cecum,
were the main site of E. coli colonization in their str-treated
model [101]. This primary colonization site was consistent
with what was previously reported for E. coli colonization in
the untreated mouse model [104].

Wadolkowski et al. followed a very similar methodology
to that described by Myhal et al. for their E. coli O157:H7
infection studies in str-treated mice [79, 101]. Male CD-1
mice were provided 5 g/L streptomycin sulfate in their drink-
ing water to decrease the normal flora prior to an overnight
fast and inoculation with 1010 CFU of the strain/s of interest
in 20% sucrose (w/v). Food was returned after infection
and animals were housed individually. Colonization levels
of the infecting E. coli O157:H7 strain were determined
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by enumeration of str-resistant E. coli O157:H7 in shed
feces.

Wadolkowski et al. tested three E. coli O157:H7 strains
(n = 3 per strain; experiments done in triplicate (at
least)) in their initial experiments: WT strain (933), a
pO157-cured mutant (933cu), and an additional pO157-
cured mutant recovered from co-infection studies (933cu-
rev) [79]. Strains 933 and 933cu colonized to similar levels
(107 CFU/g feces for 25 days) in single infection experiments
with no observed disease manifestation. When co-infections
were conducted, 933 outcompeted 933cu in 2/3 of the mice.
In the remaining mouse, after a decline in the load of 933cu,
there was a steady increase in levels of 933cu compared
to 933. An isolate of 933cu recovered from the co-infected
mouse was labeled 933cu-rev (“rev” meaning “revertant”
to wild-type or virulent colonization levels). Although no
signs of illness were apparent in the co-infected mouse
with the high levels of 933-cu rev, disease manifestations
were evident in mice subsequently infected with 933-cu-
rev alone. The 933cu-rev-infected mice shed loose stools,
were anorexic and lethargic, and died within a few days
of disease presentation. Extensive necropsies (included the
liver, brain, heart, stomach, small intestine, cecum, large
intestines, spleen, and kidneys) of singly infected animals
revealed that only the kidneys from animals infected with
strain 933cu-rev demonstrated pathology of any kind.
Histopathologic analysis of kidneys from 933cu-rev-infected
animals indicated widespread bilateral acute renal cortical
tubular necrosis despite apparently normal glomeruli with
no evidence of fibrin deposits, elastic fibers, or bacteria. The
authors concluded that this pathology was more indicative
of insult from a toxin rather than a result of dehydration that
might be expected in an anorexic animal with loose stools
[79].

In this same study, Wadolkowski et al. recovered strains
933, 933cu, and 933cu-rev from epithelial cells of the
small intestine, cecum, and large bowel. However, 933cu-
rev demonstrated an increased capacity to colonize the
small intestines and the mid and distal sections of the
large intestines compared to the other two strains. This
finding was consistent with the increased capacity of strain
933cu-rev to multiply within mucus obtained from the
different intestinal segments (note: Wadolkowski et al. had
previously shown that multiplication in cecal mucus was
required for a human fecal isolate of E. coli to colonize
the large intestine [105]). Wadolkowski et al. went on to
speculate that the increased virulence of 933cu-rev may
have been attributable in part to its broader range of
colonization locales and, more specifically to the increased
capacity of the distal small intestines (versus the cecum
or large intestines) to absorb Stxs produced at that site
[79]. Furthermore, the link between site of colonization
and extent of disease was also suggested by Tzipori et
al. in relation to EPEC colonization [106]. Strains that
caused more severe disease colonized the proximal small
intestines of piglets, whereas strains that caused milder
pathogenesis tended to colonize distal regions of the
small intestines as well as distal portions of the large
intestines.

3.2. Extension of the Streptomycin-Treated Mouse Model for
STEC Infection. The utility of the str-treated E. coli O157:H7
colonization model was extended from the original report
of E. coli O157:H7 infection and colonization to include the
evaluation of non-O157 STEC strains [94]. Moreover, in
1994 Fujii et al. used the str-treated model to demonstrate
the development of neurological manifestations of disease by
incorporation of mitomycin C (MMC) into the treatment
regimen [95]. MMC treatment results in induction of phage
expression by the bacterium, which concurrently leads to
increases in toxin production. Agents that induce toxin
expression, to include MMC or ciprofloxacin treatment, are
frequently used in mouse models of STEC infection [78,
95, 107, 108]. Alterations to the str-treated model include a
reduction in the amount of bacteria fed [78, 109]; an increase
in the time of streptomycin treatment prior to infection
[110, 111]; the application of intragastric inoculation of the
organism [112]; finally, changes in the sex, age, or strain of
mouse used [110, 112–115].

3.3. Protein-Calorie Malnutrition Mouse Model. While the
str-treated mouse model has proven particularly useful for
reproducibly attaining high levels of STEC colonization,
this animal system has limitations. For example, very high
inocula of E. coli O157:H7 are required to cause morbidity
or mortality in a portion of str-treated animals, even though
low to moderate doses of STEC strain B2F1 (E. coli O91:H21)
have been used to achieve colonization of str-treated mice
and induce disease [94]. In an effort to reduce the inoculum
of E. coli O157:H7 required to evoke disease in mice and to
bring the mouse inoculum closer to the predicted infectious
dose for humans (thought to be around 50 organisms
[116]), other mouse model systems have been developed.
One such system described by Kurioka et al. was based
on the observation that some children who contract STEC
infections subsisted on an unbalanced diet prior to infection
[77]. Therefore, the authors theorized that protein calorie
malnourished (PCM) mice would be more readily infected
by low doses of E. coli O157:H7 than would conventional
mice. The authors’ hypothesis proved correct in that the
minimal infectious dose of E. coli O157:H7 in PCM mice
was over 3 logs lower than that of control mice. The authors
reported pathological changes in the intestinal tract of PCM
mice infected with E. coli O157:H7 (underdevelopment
of the intestinal epithelium in response to PCM, likely
resulting in the animals’ predisposition to E. coli O157:H7
colonization) and a slight increase in TNF-α in the blood
of PCM mice compared to controls. However, they did not
observe significant renal pathology (as was seen by Isogai
et al. [117]) but did note minimal degeneration of renal
tubules and weak staining of the cortical tubular epithelium
for Stx [77]. Kurioka et al. also postulated that retardation of
intestinal development by PCM might facilitate Stx and LPS
transit across the intestinal barrier. That Stx likely did cross
the mucosal barrier more readily in PCM-infected animals
was strongly suggested by the CNS findings in the PCM mice;
cerebral hemorrhage was evident and toxin was detected
in the hippocampus. Thus, this report confirmed that Stx
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can affect the CNS of mice, and can cause death of the
infected PCM mice within 10 days. These CNS findings in
E. coli O157:H7-infected PCM mice are consistent with the
observation noted by Kurioka et al. [77] that up to 30% of
STEC-infected children display neurological manifestations
of disease [118].

3.4. Germ-Free Mouse Models. In an attempt to extend the
renal pathology evident in str-treated, STEC-infected mice to
include evidence of glomerular lesions, Isogai et al. infected
germ-free mice with E. coli O157:H7 [117]. Although these
animals became colonized with E. coli O157:H7 following
a low-dose challenge, the animals did not display signs of
disease. High inocula (comparable to those reported for the
str-treated model) were necessary to cause pathology (colon,
kidneys, and brain), disease (lethargy, paralysis, anorexia,
dehydration), and death within 7 days. However, when these
mice were treated with TNF-α and then infected with a
low dose of E. coli O157:H7, systemic disease, neurological
manifestations, and glomerular lesions were observed [117].

Since the initial report by Isogai et al., other groups have
used germ-free animals to evaluate E. coli O157:H7 patho-
genesis. Sawamura et al. explored the effects of antibiotic
treatment on E. coli O157:H7 infection in a germ-free mouse
model they developed [119] and later used to investigate
the role of bacterial internalization by epithelial cells in
STEC pathogenesis [120]. Isogai and colleagues subsequently
used germ-free mice to explore the effects of antibiotic
and green tea extract treatment on E. coli O157:H7 disease
[96, 121–123]. Taguchi et al. developed a variation of the
germ-free mouse model in which inoculation with a hyper-
toxigenic strain of E. coli O157:H7 caused 100% mortality
among infected animals [98]. Takahashi et al. went on to
use this latter model to investigate the effect of probiotics
on E. coli O157:H7 [124]. In 2007, Jeon et al. used a germ-
free mouse model to assess the virulence of a mutant strain
of E. coli O157:H7 [125]. Furthermore, Eaton and colleagues
exploited germ-free Swiss Webster mice to explore the roles
of different E. coli O157:H7 strains and Stx types, as well as
host factors such as age and gender of the mouse [75]. Eaton
et al. reported that gut-adherent E. coli O157:H7 organisms
were seen in the ileum and cecum but not the colon. The
absence of detectable mucosally-adherent E. coli O157:H7 in
the colon of germ-free mice is in contrast to the observations
of Wadolkowski et al. in the str-treated model [79].

3.5. Conventional Mouse Models. While str-treated or axenic
animals are useful as models for assessment of disease
outcome, they rely on the absence of colonization resistance.
The term “colonization resistance” was originally coined by
van der Waaij in 1971 to explain a phenomenon whereby
“a complex intestinal microflora provides protection against
colonization by many pathogenic infectious agents” [107]. As
a result of the partial or complete absence of a competing
microbiota in antibiotic-treated or axenic animals, the inoc-
ulated microorganism has a colonization advantage. Thus,
studies that apply these models are of limited utility for the
assessment of the capacity of an STEC strain to colonize in

the face of the physiologically more relevant situation where
normal bowel flora are present.

An alternative model that did not require the alter-
ation of the indigenous flora of mice was described in
1997 by Karpman and colleagues [76]. These investigators
administered high doses of E. coli O157:H7 intragastrically
to C3H/HeN and C3H/HeJ mice and reported significant
morbidity and mortality in the infected animals. Mice in
this model developed gastrointestinal, neurological, and
systemic disease manifestations. Renal pathology included
both glomerular mesangial changes and tubular necrosis.
Focal areas of colonic necrosis were also evident. Of note,
administration of anti-Stx2 antibodies protected animals
from disease symptoms and pathology [76].

Like Karpman et al., Conlan and Perry investigated
conventional mice as a model for E. coli O157:H7 infection
[97]. In their report, Conlan and Perry considered three
strains of female mice: CD-1 (outbred), BALB/c (inbred)
and C57BL/6 (inbred) to screen potential vaccine candidates.
Following intragastric administration of ∼1010 CFU E. coli
O157:H7 to one of the three mouse strains, fecal shedding of
the organism was monitored as a surrogate for colonization.
Although all mouse strains were colonized after infection
(generally for 1-2 weeks), no morbidity or mortality was
observed. Interestingly, only BALB/c mice seemed to be
relatively resistant to re-infection; they shed E. coli O157:H7
for a shorter duration than did other mouse strains that
had also received a second challenge with the microbe.
BALB/c mice produced more O157-specific IgA (both serum
and fecal) in response to both primary and secondary
infection despite significantly lower serum anti-O157 IgG
titers following secondary infection, when compared to
C57BL/6 mice. Thus, BALB/c mice can serve as models for
E. coli O157:H7 vaccine studies, despite their reported lack
of mortality and/or morbidity in the study by Conlan and
Perry [97].

The reports by Conlan and Perry and Karpman et
al. indicated that E. coli O157:H7 could colonize conven-
tional mice [76, 97]. To extend these findings, Nagano
and colleagues determined the functionality of specific
pathogen free (SPF) mice as models for E. coli O157:H7
colonization through exploration of the susceptibility of
various mouse strains to colonization after infection with
E. coli O157:H7 [99]. The mouse strains they examined
included ICR (also known as CD-1), BALB/c, C3H/HeN,
C3H/HeJ, and A/J (all female SPF mice). At one week after
infection, even with a high inoculum of E. coli O157:H7,
only the ICR animals remained colonized as a group. In
fact, the majority of ICR mice stayed colonized and shed
E. coli O157:H7 in their feces for the duration of the study
(28 days). Moreover, E. coli O157:H7 were detected in
both the cecum and the colon later in infection. However,
Nagano et al. concluded that the cecum was the primary
site of colonization because only at that location were E.
coli O157:H7 colonies observed adherent to epithelial cell
surfaces. In spite of this persistent colonization of ICR
mice by E. coli O157:H7, no morbidity or mortality was
observed after E. coli O157:H7 infection of these animals
[99].
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Recently, Brando et al. used weaned BALB/c mice to
investigate E. coli O157:H7 pathogenesis [100]. Weaned mice
were selected over adult mice in an attempt to render the
animals more susceptible to E. coli O157:H7 infection; age
has been described to be an important factor in susceptibility
of animals to EHEC disease [75]. In their model, Brando
et al. showed that only mice <21 days of age demonstrated
systemic manifestations of disease, which included mor-
tality within 96 hours and increased plasma urea levels
[100]. Occult blood was observed in the stools of mice
that succumbed to infection. Histologic analysis revealed
tubular necrosis (consistent with other STEC models) and
glomerular alterations. Only a portion of infected mice
had detectable bacteria by 72 hours after infection, and
all survivors cleared the infection by day 7. Furthermore,
only transient colonization of the small and large intestine
(the cecum was not analyzed) was observed. However,
histological analysis revealed damage to and inflammatory
infiltrates in the intestinal epithelium. The incompletely
developed intestinal epithelium in weanling mice likely
contributed to the pathologic features in the intestine and the
systemic absorption of toxin, as was seen in PCM-infected
mice [77, 100].

3.6. Intact Commensal Flora Model. Other studies that used
conventional mice to study STEC pathogenesis can be found
in the literature, although they are less thoroughly described
[111, 126–129]. However, a common feature among many
of these conventional mouse model investigations of E. coli
O157:H7 infection was that they either assessed colonization
or monitored the development of disease. For example,
in the studies by Nagano et al. and Conlan and Perry,
colonization was followed but morbidity of infected mice
was not observed [97, 99]. Conversely, in the study by
Karpman and colleagues, morbidity and mortality were
observed but colonization was not monitored [76]. Thus,
until our report of a new conventional BALB/c mouse
model of E. coli O157:H7 infection [80], no adult mouse
studies with conventional animals that explored in detail
both colonization and disease after E. coli O157:H7 oral
infection had been reported.

We described the use of conventional BALB/c mice to
model E. coli O157:H7 oral infection [80]. Female animals
with an intact commensal flora (ICF) were inoculated
with high doses (109 CFU or greater) of E. coli O157:H7
strain 86-24. Thus, E. coli O157:H7 introduced orally
by either pipette feeding or intragastric administration
(gavage) were forced to compete with commensal flora
to become established within the gastrointestinal tract.
The use of an ICF animal model for studies of E. coli
O157:H7 infection and pathogenesis has the advantage of
reflecting a complex microbiological environment in the
gut such as that typically found in an individual who
ingests E. coli O157:H7 in contaminated food or water or
through person-to-person contact. Upon infection, mice
were colonized with E. coli O157:H7 for the seven day
course of the experiments; however, high doses of E. coli
O157:H7 were required to achieve consistent, persistent

colonization in the face of the ICF of the mouse. The
primary site of E. coli O157:H7 colonization was demon-
strated to be in the cecum of these animals. We surmised
that the bacteria were shed into the cecal content where
they transiently colonized or directly passed through the
large intestine in the luminal contents prior to becoming
encased in fecal pellets that were subsequently expelled
[80].

The ICF model of E. coli O157:H7 infection is unique
in that we were able to monitor both colonization and
disease, which included ruffled fur, lethargy, weight loss,
and, on average, ∼30% mortality [80]. In addition, ICF
mice infected with E. coli O157:H7 displayed evidence of
renal tubular damage with increased blood urea nitrogen
(BUN) and slightly increased levels of creatinine, both of
which can indicate renal impairment. These blood chemistry
findings are seen in patients with HUS that sometimes
follows E. coli O157:H7 infection. Therefore, through these
data and others, we inferred that Stx2 produced by E.
coli O157:H7 at the site of infection within the gas-
trointestinal tract could enter the bloodstream and harm
the kidneys of the mice in a manner analogous to that
presumed to occur in some E. coli O157:H7-infected humans
[80].

3.7. Citrobacter Rodentium as a Surrogate for E. coli O157:H7.
Another mouse model system used to evaluate the virulence
mechanisms of EHEC employs the natural mouse pathogen
Citrobacter rodentium as a surrogate for E. coli O157:H7.
C. rodentium is similar to both EPEC and EHEC in that
it carries a homolog of the LEE pathogenicity island of
EPEC and EHEC and has the capacity to evoke A/E lesions.
Thus, Citrobacter has been used to study the molecular basis
for A/E lesion formation in mice because it is the only
known LEE-positive organism that is naturally pathogenic
for rodents [130]. C. rodentium causes transmissible murine
colonic hyperplasia (TMCH) [130]. While the organism
is useful for assessment of the contribution of various
genes/proteins to virulence, this model fails to recapitulate
the pathogenesis caused by EHEC as a whole because
it does not make Shiga toxin (although there was one
report of a strain of Citrobacter freundii that produces Stx2
[131]).

3.8. Alternative Models to Oral Infection. In studies of mice
infected with E. coli O157:H7, the oral route of challenge
is used most frequently. Nevertheless, alternative means
of inoculation with STEC, although infrequent, have been
described. For instance, one of the earliest published murine
models of STEC infection relied on the subcutaneous
injection of large quantities (108 CFU) of E. coli O157:H7
into SPF mice [132]. Intravenous injection of mice with
spontaneously-derived motility mutants of E. coli O157:H7
was explored as a system to assess potential differences in
virulence of the strains [133]. Most recently, Gao et al.
evaluated the protective impact of an Stx fusion protein
vaccine on intraperitoneal challenge with E. coli O157:H7
[134].
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Figure 4: Model of the role of Stx2 in E. coli O157:H7 adherence
and colonization. (a) E. coli O157:H7 elaborates Shiga toxin
early during the colonization/adherence process. Stx2 exerts an
effect on the host cell epithelium that leads to increased levels
of cell surface-localized nucleolin. Nucleolin acts as an initial
receptor for intimin, an interaction that allows E. coli O157:H7
to bind to the host epithelium and inject Tir and other TTSS
effectors into the host cell. Intimin then engages Tir which,
coupled with the cellular effects of other TTSS effectors, leads
to host cell cytoskeletal rearrangement and formation of the
characteristic A/E lesion. (b) Stx2, produced by the wild-type
organism or provided to a stx2 mutant, facilitates colonization
of the gastrointestinal tract. (c) Neutralizing anti-Stx2 antibody
present prior to and during E. coli O157:H7 infection results in
reduced levels of E. coli O157:H7 colonization of the gastrointestinal
tract.

4. Mouse Models of Intoxication

HC and HUS, which are the most severe manifestations
of disease observed after infection with E. coli O157:H7 in
particular but with other STEC isolates as well, have been
attributed to the production of Stx by the organisms. As
such, mouse models are often used to explore the effects of
Shiga toxin intoxication on an animal. While this can be
achieved by inoculation with toxigenic strains [135–138],
toxin is more commonly administered to mice by means
of parenteral injection [24, 69, 135, 139–142]. Injection of
purified Stx1 or Stx2 alone causes paralysis, damage to renal
cortical tubule epithelial cells, and ultimately kills mice [69].
The LD50 for Stx1 is ∼125 ng and for Stx2 is ∼1 ng [24];
these LD50 data conflict with in vitro analyses of Stx that
show that the CD50 of Stx1 for Vero cells is lower than that of
Stx2 [23]. However, the mouse LD50s support data that show
that purified Stx2 is about 1,000-fold more toxic to human
renal endothelial cells [25] as well as epidemiological findings
that suggest a difference in Stx1 and Stx2 toxicity for people;
Stx2-producing E. coli O157:H7 strains are more frequently
associated with HUS than are strains that produce Stx1 [26–
28]. Mice fed Stx2-producing DH5α experienced mortality
and exhibited renal lesions similar to those observed in STEC
(E. coli O91:H21)-infected mice [135].

4.1. Administration of Stx and Endotoxin. Because injection
of Stx alone initially failed to recapitulate all features of HUS,
a mouse model that mimics the course of human E. coli
O157:H7 disease was developed. In this model, mice were
injected with a combination of Stx and LPS [139–141, 143,
144]. Systemic exposure to both virulence factors caused
characteristic features of HUS that included neutrophilia,
thrombocytopenia, red cell hemolysis, and increased BUN
and creatinine levels [139]. In addition, evidence of fibrin
deposition and red blood cell infiltration were observed in
the glomeruli, capillaries, and intertubular spaces [139]. The
renal damage was caused by Stx-induced apoptosis of the
Gb3-expressing renal cortical and medullary tubular cells,
which led to loss of function in the renal collecting ducts
and subsequent dehydration [140]. The role of LPS in the
mouse model of HUS, however, is controversial. Palermo
et al. determined that mortality caused by Stx and LPS
was dependent on the timing of the LPS administration
relative to Stx intoxication [145]. In contrast, Suzuki et al.
observed no synergistic effect of coadministration of LPS and
Stx based on analysis of cytokine induction and mortality
[146]. Recent studies demonstrated that repeated exposure
to sublethal doses of Stx2 in the absence of LPS resulted in
the development of features of HUS [73]. Extended exposure
to Stx would be expected following infection with E. coli
O157:H7 or another STEC.

4.2. Feeding of Stx. It has been postulated that toxin pro-
duced by E. coli O157:H7 and liberated into consumables
may result in intoxication in the absence of infection
[147]. To test this hypothesis in a mouse model, toxin was
delivered to mice orally in an attempt to cause systemic
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intoxication. Our lab found that mice fed large amounts of
Stx2 succumbed to the effects of toxin (unpublished data).
Furthermore, Rasooly and colleagues showed that mice fed
Stx also died within a few days of oral intoxication [148].
In their study, toxin-mediated damage to distal organs was
observed, which indicated that Stx was able to migrate out of
the digestive tract in the absence of E. coli O157:H7 [148].

5. Applications of Mouse Models

5.1. The Role of Stx. In 2006, Robinson et al. demonstrated
that Stx2 facilitated adherence of E. coli O157:H7 to epithelial
cells in vitro and colonization of the intestine in vivo [149].
They showed that an isogenic E. coli O157:H7 stx2 mutant
adhered to HEp-2 cells to a lesser extent than did the wild-
type E. coli O157:H7 strain; furthermore, this adherence
deficiency could be overcome by treatment of the HEp-2
cells with purified Stx2. In single infections of conventional
mice, the Stx2-producing wild-type E. coli O157:H7 strain
colonized the mouse intestine at significantly higher levels
than did its isogenic stx2 mutant. However, in a co-infection,
the E. coli O157:H7 wild-type and stx2 mutant strains
colonized mice similarly. These data led Robinson et al. to
conclude that Stx2 produced by the wild-type complemented
the stx2 defect in the mutant in vivo [149]. Stx was also
shown to facilitate colonization of C57BL/6 mice with E. coli
O157:H7 [150]. Calderon-Toledo et al. reported higher E.
coli O157:H7 counts in the feces of str-treated mice infected
with a Stx2-producing strain when compared to a Stx2-
nonproducing strain [150].

More recently, we confirmed the capacity of Stx2 to
promote E. coli O157:H7 colonization in the ICF mouse
model [151]. In our study, we exogenously supplied Stx2 to
an stx2 mutant E. coli O157:H7. This addition of Stx2 in trans
to the stx2 mutant restored the capacity of the mutant to
colonize the intestines of mice with an ICF. Furthermore, we
discovered that anti-Stx2 neutralizing antibodies adminis-
tered prior to infection significantly decreased the likelihood
that a mouse would become highly colonized with E. coli
O157:H7. We also confirmed that these Stx2-neutralizing
antibodies could protect E. coli O157:H7-infected mice
against manifestations of Stx2-mediated disease such as
weight loss and death. Moreover, mice repeatedly immunized
with a Stx2 toxoid developed a Stx2-neutralizing fecal
antibody response; when challenged with E. coli O157:H7,
immunized mice shed fewer organisms in their feces for
a shorter duration than did sham-vaccinated control mice
[151].

5.2. The Role of Gb3. For Stx to intoxicate a host, either
directly via injection or by infection with STEC, the toxin
must gain entry into host cells by binding to the Stx
receptor Gb3. Thus, for an animal model of Stx intoxication
to be relevant, surface-expressed Gb3 must be present in
the host. In addition, the degree of receptor expression
by particular cells dictates the focus of toxin damage. In
humans, the gene that encodes the Gb3 synthase is expressed
to varying levels in the heart, kidney, spleen, liver, lung,

stomach, small intestine, and colon [152, 153]. Furthermore,
Gb3-expressing cells have been identified in the colon,
endothelium, kidney, and CNS [153–160].

In mice, Okuda and colleagues used Gb3 knockout mice
to demonstrate that the effects of Stx injection are indeed
dependent on the expression of Gb3 [161]. The concept that
Gb3 may be differentially distributed in murine tissues in
comparison to human tissue was supported by the work
of Fujii et al., who reported that the Gb3 synthase gene is
expressed most highly in the kidney and lungs, with lower
expression levels in the brain, heart, gastrointestinal tract,
and spleen [162]. They and others have shown that the
actual glycolipid Gb3 is present in the kidney (tubules but
not glomeruli, despite reports of toxin-associated glomerular
damage [73, 76, 139, 144, 161]), as well as the lung, brain,
and spleen [69, 161, 163, 164]. In summation, even though
the relative Gb3 expression levels between humans and mice
are not known, the overall tissue distribution of Gb3 between
adult humans and mice appears to be similar.

5.3. Stx and Pathogenesis. The use of mouse models to
explore the role of Stx, arguably the most important
virulence factor of E. coli O157:H7, in colonization and
disease has served to provide a better understanding of E.
coli O157:H7 pathogenesis. A model has been postulated
whereby the bacteria enter the gastrointestinal tract and then
transit to the primary site of colonization (the cecum in mice
[80, 99]) where they then elaborate Stx2. Data generated
in vitro with HEp-2 cells indicate that the action of the
toxin causes an increase in cell surface-localized nucleolin
[149]. Nucleolin is a eukaryotic-binding partner for intimin
and thus a eukaryotic receptor for intimin-expressing E. coli
O157:H7 [48, 52]. Intimin from the E. coli O157:H7 and
cell-surface nucleolin interact to provide an initial point of
attachment for the bacterium. Once the organism associates
with the host cell via the intimin/nucleolin interaction,
intimin binds to Tir, the bacterially encoded intimin receptor
that is translocated by the TTSS into the host cell. The
intimin/Tir interaction, coupled with the effects of other
TTSS effector proteins, culminates in the formation of the
characteristic A/E lesion/pedestal (Figure 4(a)).

Stx2 production may occur during transit of the organ-
ism through the intestines. Stx2 was found in the cecum and
at other sites where E. coli O157:H7 were abundant early in
infection [80]. Furthermore, in our study, Stx2 was more
abundant in the cecal and large intestinal luminal contents
than in the corresponding tissue; these observations may
indicate that toxin is absorbed into the circulation from both
the cecum and the large intestine [80]. At least a portion of
the toxin produced within the gastrointestinal tract enters the
bloodstream because (1) renal tubular damage was evident
in infected mice, and toxin was detected in the kidney of at
least one infected animal [80], and (2) parenteral inoculation
of antitoxin antibody protected mice from the systemic
manifestations of disease [151].

Given that Stx not only acts systemically but also
facilitates E. coli O157:H7 colonization [151], a therapeutic
strategy directed against toxin has potential to be quite
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beneficial. To this end, we demonstrated that toxin provided
exogenously to a toxin-null mutant resulted in increased
E. coli O157:H7 colonization [151]. Thus, toxin, produced
by the wild-type or provided exogenously to the mutant,
had the capacity to increase the colonization levels of
E. coli O157:H7 in mice (Figure 4(b)). Additionally, anti-
toxin antibody, either administered to animals or actively
generated following vaccination, reduced the overall levels of
E. coli O157:H7 shed by mice and protected animals from
systemic manifestations of disease (Figure 4(c)).

6. Conclusions

As a result of the increased rate of HUS over the last
several years and the lack of therapies for treatment of HUS,
further research is necessary to define mechanisms involved
in the pathogenesis of E. coli O157:H7 and to identify
potential disease prevention strategies and therapeutics. The
application of animal model systems is vital to achieve these
goals. While no one model recapitulates all features of E.
coli O157:H7 infection, many valuable mouse models have
been developed that permit exploration of E. coli O157:H7
pathogenesis and that can help pinpoint the means by which
E. coli O157:H7 infection and/or disease can be controlled or
prevented.
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Bacterial keratitis is a disease of the cornea characterized by pain, redness, inflammation, and opacity. Common causes of this
disease are Pseudomonas aeruginosa and Staphylococcus aureus. Animal models of keratitis have been used to elucidate both the
bacterial factors and the host inflammatory response involved in the disease. Reviewed herein are animal models of bacterial
keratitis and some of the key findings in the last several decades.

1. Introduction

The human eye is composed of mucosal surfaces, such as
the mucosal epithelium of the cornea, as well as interior
chambers, such as the vitreous humor, that are potential
targets of infection (Figure 1). Bacterial infections of the eye
can range from mild, self-limiting conjunctivitis to devas-
tating panophthalmitis involving the entire orbit. Infectious
diseases of the eye not only involve the effects of bacterial
colonization and virulence factors but also the host responses
to the pathogen. This interplay between bacterium and host
often necessitates the use of live animal models for the
study of ocular infections and development of efficacious
treatments.

Keratitis, a disease of the cornea, can result from direct
infection with viruses, bacteria, fungi, yeast, and amoebae
or from immune-related complications such as the sterile
keratitis associated with Lyme disease. Bacterial keratitis
can occur in a variety of mammals and can be caused by
multitudes of bacterial species. The most common species
that have been associated with bacterial keratitis in humans
in the United States in the last 50 years or so are Pseudomonas
aeruginosa (Figure 2) and Staphylococcus aureus (Figure 3).
Many of the epidemiological reports from India implicate
Streptococcus pneumoniae as the most frequent cause. The
differences observed in bacterial causes of keratitis in differ-
ent regions and countries have sparked an interest in climate
as a possible factor in the disease.

Many manuscripts published in the first half of the
twentieth century were studies of trachoma, an ocular

infection caused by Chlamydia trachomatis characterized
by conjunctivitis, swollen eyelids, and sometimes corneal
haze [1–4]. Other early studies of note were focused on
neonatal conjunctivitis and its treatment [5–7] as well
as gonococcal and tuberculous eye infections [7, 8]. The
majority of reports at that time were observational studies
of clinical cases and outcomes following treatment with
penicillin, sulphonamides, or newer antibiotics such as
tetracyclines and macrolides [1–3, 5, 9–14]. Since that time,
studies of ocular bacterial infections expanded to address the
mechanisms of pathogenesis and the inflammatory response
in a so-called “immune-privileged” site. Basic and clinical
researches leading to newer treatments and the development
of newer surgical techniques have allowed for decreases in the
incidence of some infections [15–17].

2. Rabbits and Pseudomonas aeruginosa

The most commonly used strain of rabbits for bacterial
keratitis studies is the New Zealand White rabbit, although
Dutch-belted rabbits have also been used. One of the earlier
techniques of inducing Pseudomonas keratitis in the rabbit
was developed by Hessburg and coworkers [19], in which
a silk suture contaminated with the bacteria was passed
through the rabbit corneal stroma. This technique was later
used in the examination of Pseudomonas proteases that had
been known to cause massive destruction of the cornea
[20], and for antibiotic efficacy against P. aeruginosa [21].
Kessler et al. [22] used the intrastromal injection model, in
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Figure 1: Diagram of the human eye (illustration by Michael K.
Krider).

Figure 2: Pseudomonas keratitis in the New Zealand white rabbit 25
hours after infection. Experimental keratitis was induced by intra-
corneal injection of 1000 colony-forming units of a clinical urine
isolate of P. aeruginosa according to the method of O’Callaghan’s
group [18]. The arrow indicates the edge of a purulent corneal ulcer.

which bacteria were injected directly within the cornea, to
test the proteolytic activity of heat-killed P. aeruginosa in
the rabbit cornea, and to examine the host response to the
heat-killed bacteria. They suggested not only that the host
produced a massive influx of polymorphonuclear leukocytes
(PMNs) in response to the injection but also that the corneal
damage could be due to host-produced proteolytic enzymes,
now known to be host matrix metalloproteinases (MMPs).
The influx of inflammatory cells has also been implicated
as a cause of host corneal disease severity in Pseudomonas
keratitis in the rabbit [23].

Numerous investigations using the rabbit cornea as a
model for studying Pseudomonas virulence factors have since
been published. For example, Iglewski et al. [24] injected
purified exotoxin A into corneas and observed toxic effects
which were neutralized by antitoxin. Thibodeaux et al.
[25] transformed the genes for two P. aeruginosa virulence
factors, elastase and alkaline protease, into a species deemed
nonpathogenic in the rabbit eye, Pseudomonas putida. Since

Figure 3: Staphylococcus keratitis in the New Zealand white rabbit
19 hours after infection. Experimental keratitis was induced by
intracorneal injection of 100 colony-forming units of methicillin-
resistant S. aureus (clinical blood specimen) according to the
method of O’Callaghan’s group [18]. The black arrow indicates the
presence of stromal infiltration, and the white arrow indicates the
edge of a large corneal epithelial erosion, which was stained with
fluorescein for ease of visualization.

P. aeruginosa had been determined to increase production
of other proteases when a particular protease was deleted,
examining the role of a particular protease in keratitis
by genetic deletion was complicated. Transformation and
expression of single proteases into a nonpathogenic host
such as P. putida allowed the investigators to determine that
elastase was important for the production of corneal erosions
during P. aeruginosa keratitis [25].

Various antibiotics and novel therapies have been tested
against Pseudomonas in the rabbit using the intrastromal
method of inoculation [18, 26–41] as well as topical inocula-
tion [42]. Other modes of inoculation to produce keratitis
by P. aeruginosa include topical inoculation preceded by
corneal scratch [43–45], corneal abrasion [46], and mechan-
ical removal of the corneal epithelium [42]. Pseudomonas-
contaminated contact lenses have also been used in rabbits
[47–51].

Besides antibiotic studies, rabbits have been used in
a variety of immunization studies to determine whether
vaccination against particular bacteria or bacterial antigens
could provide protection against keratitis. Kreger et al. [52]
immunized rabbits against P. aeruginosa lipopolysaccharide
or purified proteases and then challenged their corneas with
bacteria. The immunizations provided protection against the
severity of Pseudomonas keratitis.

A corneal flap model has also been developed for
P. aeruginosa to mimic surgical complications, such as
keratitis after laser-assisted in situ keratomileusis (LASIK).
Holzer et al. used Dutch-belted rabbits for several studies of
diffuse lamellar keratitis following corneal flap surgery [53–
56]. These studies entailed creating a corneal flap in the
rabbit eye, applying P. aeruginosa lipopolysaccharide to the
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area, and then examining the eye for inflammation both in
vivo and by histopathology.

3. Rabbits and Staphylococcus aureus

S. aureus keratitis has not been reported to be achieved by
topical inoculation of the rabbit cornea without additional
manipulations such as the application of bacteria-soaked
contact lenses; therefore, the usual method to achieve
Staphylococcus keratitis is intracorneal injection. One of
the older S. aureus studies was an antibiotic efficacy study
with intracorneal injections of bacteria and application of
topical antibiotic ointments to the eyes [57]. Kupferman and
Leibowitz [58] reported the intrastromal injection model
of keratitis in rabbits and showed this model to be highly
reproducible. These authors later used this model to test the
efficacy of topical antibiotic therapy of S. aureus keratitis [59]
and found that in vitro minimal inhibitory concentration
assays of the antibiotics they tested did not necessarily reflect
efficacies of these drugs in the eye. Moreover, they cautioned
that not all strains of S. aureus would necessarily have the
same sensitivities as the strain used in their study. Their
findings continue to be relevant to date.

The rabbit model of S. aureus keratitis is continually
used to study antimicrobial and/or antipathological com-
pounds [18, 30, 32–34, 36, 40, 41, 60–83] as well as host
factors involved in the disease [84–87]. One of the most
significant findings regarding S. aureus keratitis using the
rabbit intracorneal model was that alpha-toxin was the major
bacterial virulence factor responsible for disease severity
[88–91]. Moreover, immunization against alpha-toxin was
protective against S. aureus keratitis [92], and treatment of
infected corneas with cholesterol conjugated to cyclodextrin
as a means to inhibit alpha-toxin was able to significantly
decrease disease severity [80].

Alternatives to the intrastromal model include soaking
contact lenses in S. aureus prior to placement on wounded
rabbit corneas [84, 93–95] and induction of a post-LASIK
model of keratitis in which S. aureus was inoculated under-
neath rabbit corneal flaps that mimic LASIK surgery [96] and
other corneal flap models [97–99].

4. Mice and Pseudomonas aeruginosa

The advantage of the rabbit as a model for bacterial keratitis
is that its eyes are large like human eyes so several disease
parameters can be assessed. One such scale involves the
scoring of seven parameters such that a maximum disease
score would be 28 [100]. Mice have smaller eyes and are
often assigned disease scores up to a maximum of 4 [101]
because of fewer parameters that are able to be assessed.
For example, conjunctival redness and the presence of fibrin
in the anterior chamber can be visualized in the rabbit.
However, mice have other advantages as models for bacterial
keratitis. There are numerous strains of inbred and outbred
mice, a multitude of commercially available reagents with
which to analyze mouse-specific factors, and the availability
of genetically modified mice.

Gerke and Magliocco [102] first reported using the
mouse as a model for Pseudomonas aeruginosa keratitis. They
used different methods of corneal wounding prior to topical
inoculation to achieve infection: incision (3 deep scratches
that did not penetrate into the anterior chamber), a 2 mm
surface scratch, and needle puncture. They also performed
direct intrastromal injection of bacteria and determined that
the incision and injection modes were most consistent with
respect to pathology. To date, the majority of mouse corneal
inoculations with P. aeruginosa have been by topical scratch
of the cornea followed by dropping the bacteria onto the eye.

Mice have been used for immunization studies for the
possible development of alternative prophylaxes and thera-
pies of P. aeruginosa keratitis. In one such study, mice were
immunized with whole P. aeruginosa cells by intraperitoneal
or oral route, and their corneas were subsequently challenged
[103]. Monovalent and multivalent vaccines were used, and
it was found that intraperitoneal immunization with the
multivalent vaccine worked the best. These authors pointed
to another report that was published in 1927 that tested
Pseudomonas keratitis in vivo and alluded to the potential for
protection against keratitis by vaccination [104].

Immunizations of mice with Pseudomonas aeruginosa
protease and elastase toxoids, as well as the common O-
antigen, were able to protect against keratitis [105, 106].
Moreover, passive administration of rabbit antisera to mice
[52, 106], or passive immunization of mice with mono-
clonal antibodies specific for Pseudomonas outer membrane
proteins [107], was able to successfully treat Pseudomonas
keratitis. Zaidi et al. [108] demonstrated protection against
Pseudomonas keratitis by active and passive immunization of
live attenuated bacteria in C3H/HeN mice.

Mice have also been used in therapy efficacy studies
of antibiotics and other potential antimicrobial compounds
[109, 110]. Hobden’s group recently showed that nona-D-
arginine amide was bactericidal to P. aeruginosa and exerted
anti-inflammatory effects in the infected mouse cornea [111,
112]. Kumar et al. [113] applied flagellin, a bacterial flagellar
protein and an agonist of toll-like receptor 5 (TLR5), to the
corneas of B6 mice and found that it protected the corneas
from severity of disease and bacterial loads. Human tear fluid
has also been found to protect against Pseudomonas keratitis
in C57/BL6 mice [114]. Other novel therapies of interest
using this model are caspase-1 inhibitor [115], silencing RNA
molecules [116, 117], interleukin-6 (IL-6) [118], Spantide 1
[119], chemokine antibodies [120], cyclodextrin [121], and
topical drops of alginate antibody [122].

Other studies of note involving Pseudomonas in the
mouse model of keratitis include findings regarding the
invasive potential of P. aeruginosa. Fleiszig et al. [123] first
demonstrated that some strains of Pseudomonas were able
to invade mouse corneal cells in vivo and subsequently
showed that P. aeruginosa multiplied within the cells [124].
Invasive strains were found to produce type III secreted
exoproteins that enabled internalization of the bacteria into
mouse corneal epithelial cells [125]. Fleiszig’s group has
also examined alternative methods of corneal infection in
the mouse. One such method involved a modification of
the topical scratch in which the epithelium was allowed to
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partially heal after the scratch before inoculation with P.
aeruginosa [126]. In contrast to the invasive strains, cytotoxic
strains have been shown to secrete several proteases that
damage corneal tissue or induce the host immune response
in the mouse model [127–130].

Prior to the development and use of transgenic animal
models, studies on the host involvement in keratitis were
often focused on the differences between mouse strains,
elderly versus young mice, or drug-induced alterations in
animals. Hazlett et al. [131] showed that administration
of cyclophosphamide to mice caused Pseudomonas corneal
infection to spread and become systemic, confirming pre-
vious suspicions that immunocompromised cancer patients
were at a higher risk for systemic infection following Pseu-
domonas ocular infections. This same research group also
examined the differences in pathogenicity of Pseudomonas
keratitis in a strain of mouse that was determined to be
“susceptible” to corneal infection (C57BL/6J, or T helper cell
type 1 responder) and a strain determined to be “resistant” to
corneal infection (DBA/2J) [132]. The susceptible strain was
shown to have a decreased immune response to the bacteria
as measured by a reduction in inflammatory cells compared
to the resistant strain. Aged outbred mice with decreased
PMN response to corneal infection with P. aeruginosa were
also suggested to be less able to have restored corneal
clarity than their young counterparts due to delayed bacterial
clearance [133, 134]. However, the presence of inflammatory
cells has also been implicated as a cause of host corneal
disease severity in Pseudomonas keratitis in the mouse
[135–137]. These studies of general inflammatory responses
to Pseudomonas keratitis, plus numerous others including
analyses of cytokine expression, host MMP expression, and
T-cell-mediated immune responses, have been followed by
many studies with other species of bacteria as well as other
strains of mice.

5. Mice and Staphylococcus aureus

O’Callaghan’s group was the first to report a mouse model
of S. aureus keratitis and showed that, similar to Pseu-
domonas keratitis, certain strains of mice were susceptible
(BALB/c and A/J) to infection whereas others were resistant
(C57BL/6) [138]. These investigators also showed that aged
mice, like humans, were more susceptible to severe keratitis
by S. aureus than young mice [139], and that S. aureus alpha-
toxin was responsible for much of the damage observed
in the disease [140]. Other researchers have made slight
modifications to the mouse model, such as breaking up the
tear film prior to inoculation [141], or using a trephine for
corneal scarification and inoculating with dead bacteria to
observe inflammation [142].

6. Genetically Modified Mice

The advent of genetic modification of rodents has been
revolutionary in examinations of the role of the host in
bacterial keratitis. Mice in which specific genes have been
deleted, altered, or alternatively controlled have been used

in infection models to determine the host factors involved
in disease. Most of the studies to date have used mice
deficient in cytokines and other immune factors, such as
toll-like receptors (TLRs). TLRs are present on or in host
cells such as macrophages and epithelial cells and respond to
pathogen-associated molecular patterns (PAMPs), triggering
a signaling cascade that ultimately results in up- or down-
regulation of inflammatory molecules such as cytokines.

Pseudomonas keratitis studies using genetically modified
mice have yielded information regarding the host response
to this bacterium. Cole et al. [143] used interleukin-10
(IL-10) deficient mice to show that IL-10 was important
in controlling inflammation in the cornea in response to
P. aeruginosa. This group also used interleukin-4 (IL-4)
deficient mice [144] and interleukin-6 (IL-6) deficient mice
[145] to show a similar effect for IL-4 and IL-6 in S. aureus
keratitis. Another study by Willcox and colleagues with mice
lacking the gene for CXC chemokine receptor 2 showed
that the host CXC chemokine receptor 2 was crucial for
infiltration of PMNs into the eye and subsequent bacterial
killing [146].

Genetic knockouts other than specific cytokines and
chemokines have been investigated. Huang showed the
importance of TLR4 in host resistance to Pseudomonas
[147]. Likewise, mice deficient in MyD88, a TLR signaling
molecule, had reduced immune cell recruitment to the
eye in response to P. aeruginosa but had higher bacterial
burden and developed systemic infections [148]. Hazlett’s
group used caspase-1 deficient mice to show that caspase-
1 was important for the inflammation observed during
keratitis [149] and matrix metalloproteinase-9 (MMP-9)
deficient mice to show that MMP-9 assists Pseudomonas
keratitis by degrading corneal collagen and upregulating
proinflammatory cytokines [150]. These investigators also
recently showed a role for Fas ligand in the disease [151].

Recently, Pearlman’s group [152] found that corneal
macrophages were the predominant cell type in the cornea
that expressed three TLRs of interest. The overall find-
ing of the study was that activation of specific TLRs in
the cornea by P. aeruginosa resulted in transcription of
chemokines responsible for neutrophil recruitment to the
cornea, and that this recruitment was responsible for both
the inflammatory damage observed in the eye as well as
the killing of the infecting bacteria. Likewise, macrophage
migration inhibitory factor (MIF), when deleted from the
mouse genome, results in a severe inflammatory response to
Pseudomonas in the cornea [153]. Peptidoglycan recognition
proteins, which are similar to TLRs in that they recognize
PAMPs, have also been found to be important for innate
immunity to Pseudomonas keratitis [154]. A role for host
defensins has also been addressed for P. aeruginosa keratitis
using cathelicidin deficient mice [155].

7. Other Animals

In 1975, Davis and Chandler reported an improved method
of examining and quantitating Pseudomonas keratitis using
the guinea pig as a model [156]. One of the foci of this report
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was the use of intracorneal injection of bacteria so that the
inoculum would be as precise as possible. These investigators
also used a scoring system for the disease severity and
were able to quantitate the bacterial load from the corneas
by plating dilutions of infected homogenized corneas onto
bacterial growth medium. This method was determined to
be highly reproducible and has since been used by numerous
investigators, whether in guinea pigs or other animals such as
rabbits. Davis and colleagues also used the guinea pig model
for S. aureus keratitis [157].

Guinea pigs have also been used to study the role of
antibacterial or anti-inflammatory agents in Pseudomonas
keratitis [158–160] and contact-lens-related keratitis caused
by P. aeruginosa [161]. Contact lenses were contaminated
with the bacteria and then worn by guinea pigs for up to 48
hours to simulate extended contact lens wear by humans. The
animals developed keratitis, or in some cases, a condition
called contact-lens-induced acute red eye (CLARE) [161].
This research group has also used the guinea pig contact lens
model to analyze the protective effect of melimine coating
of contact lenses against S. aureus and P. aeruginosa [95].
A similar method to examine P. aeruginosa contamination
of contact lenses designed for orthokeratology was reported
using cats [162].

Rats have also been used in bacterial keratitis studies,
and it is not apparent whether the strain of rat is important
because different strains were successfully used for differ-
ent reports. The method of topical corneal scratch and
inoculation showed that the rat lacrimal gland responds
to Pseudomonas corneal infection [163]. The intrastromal
injection model has been used with rats to test whether
amniotic membrane transplantation could aid in corneal
healing following infection with S. aureus, and this technique
was found to be useful as adjunct therapy to antibiotics [164].
Another infection model for rats has been the infection by
the wearing of contaminated contact lenses [165]. A recent
investigation determined that rats developed Pseudomonas
keratitis after wearing contaminated contact lenses, and
that transfer of the lenses to naı̈ve rats caused transfer of
the disease [166]. Other studies include antibiotic efficacy
studies [167–169] and analysis of vitamin A deficiency and
the corresponding susceptibility to Pseudomonas keratitis
[170].

Mammals other than humans, in addition to being
used as models, are potential victims of bacterial keratitis.
For example, infectious bovine keratoconjunctivitis, usually
caused by Moraxella bovis, is a major health problem in
cattle. Pseudomonas, to name one genus, is a cause of
keratitis in horses and dogs. Cats can also acquire bacterial
keratitis, although less frequently than dogs. Numerous other
mammals can develop keratitis, underscoring the prevalence
of bacteria able to cause pathogenesis in the eye.

8. Limitations of Animal Models

Animals, particularly rabbits and mice, have been demon-
strated to be useful models for studying bacterial keratitis.
Some disadvantages exist, however, when using species that

have characteristics different from humans. One of the most
obvious differences is that most of the animals used as
models are inbred. The advantage of using inbred animals
is experimental consistency; however, inbred animals do
not represent the human population as well as outbred
animals. Less obvious differences are specific anatomical
features, tissue composition, and various functions of ocular
components in animals and humans. Humans have a corneal
size of approximately 11 mm in diameter, whereas rabbits
and mice have corneal sizes of about 13 and 2.2–3.5 mm,
respectively [171, 172]. Corneal thickness is greater for
humans than rabbits and mice, and the blink interval for
humans is approximately 2.8 seconds whereas the interval
for rabbits and mice is over 30 seconds [171]. Rabbits have a
nictitating membrane whereas humans and mice do not. The
arrangement of corneal collagen [171] and the properties of
corneal epithelial cells [173] are different between rabbits,
mice, and humans, which could produce alternate reactions
of the cornea to invading pathogens. Likewise, the corneal
epithelial basement membrane in humans is a network of
fibers resembling a bird’s nest, whereas that of the rabbit’s is
straight and flat. The anterior, collagen-rich banded portion
of Descemet’s membrane, which is the basement membrane
of the corneal endothelium, appears organized in a pattern
in humans but disorganized in rabbits [174]. Descemet’s
and Bowman’s membranes are also substantially thinner in
rabbits and mice than in humans [175]. Mouse corneas
have a higher ratio of corneal epithelial cells to stroma than
humans and more cell layers in the corneal epithelium [172].
Recently, confocal microscopy has detected more differences
between species, such as subcellular differences between
keratocytes of rabbits and mice [176]. Corneal proteins are
also differentially present; for example, mice have abundant
amounts of actin in their corneal epithelial cells whereas
rabbits and humans do not [173]. All of these anatomical
differences, as well as the blink intervals, have an effect on
bacterial adherence and possible invasion, susceptibility to
bacterial enzymes and other virulence factors, and availabil-
ity of host defense molecules in the tear film.

Features outside of the cornea can account for discrepan-
cies between the way humans and animals respond to ocular
bacterial infections. The lacrimal gland, which is involved in
tear secretion, is different for humans, rabbits, and rodents
[177]. Compounding this difference is the vast gap in blink
intervals between humans, rabbits, and mice as described
above [171]. Not only is the architecture of the lacrimal
gland different between these species, but also is function.
For example, lysozyme is a paramount protein produced by
the human lacrimal gland but is not as pronounced in rabbits
and mice. This difference is important to note because
lysozyme is an enzyme that damages bacterial cells walls.
Other differences in lacrimal gland functions are electrolyte
secretion, production of lipid-binding proteins, secretory
IgA and secretory component secretion, and cytokine and
growth factor secretion [177]. Many ocular surface mucins in
humans terminate in sialic acids whereas those from rabbits
terminate in 1-2 fucose or alpha-1-3 N-acetylgalactosamine
[178]. Since bacteria produce enzymes which cleave specific
residues in the host, studies of the effects of bacterial
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virulence in animals could yield results that necessitate
cautious interpretation.

9. Conclusion

Infection of the cornea with bacterial pathogens such as
P. aeruginosa and S. aureus can result in loss of vision
due to the damage caused by the disease. This damage is
attributed not only to bacterial factors but also to host
immune factors. Therefore, models of bacterial keratitis
have been developed in animals to analyze the disease from
both the bacterial aspect and the host aspect. Despite the
differences between human and animal characteristic that
are involved in bacterial keratitis, the use of animal models
has contributed to the understanding of this disease and
the discovery of more effective treatments that may prevent
corneal damage.
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Brucellosis is a chronic infectious disease caused by Brucella spp., a Gram-negative facultative intracellular pathogen that affects
humans and animals, leading to significant impact on public health and animal industry. Human brucellosis is considered the most
prevalent bacterial zoonosis in the world and is characterized by fever, weight loss, depression, hepato/splenomegaly, osteoarticular,
and genital infections. Relevant aspects of Brucella pathogenesis have been intensively investigated in culture cells and animal
models. The mouse is the animal model more commonly used to study chronic infection caused by Brucella. This model is most
frequently used to investigate specific pathogenic factors of Brucella spp., to characterize the host immune response, and to evaluate
therapeutics and vaccines. Other animal species have been used as models for brucellosis including rats, guinea pigs, and monkeys.
This paper discusses the murine and other laboratory animal models for human and animal brucellosis.

1. Introduction

Brucellosis is an infectious disease caused by bacteria of
the genus Brucella that affects humans as well as domestic
and wild animals, leading to significant impact on public
health and animal industry. Brucella spp. is a Gram-
negative, facultative intracellular bacterium that is able
to survive and replicate in phagocytic and nonphagocytic
cells, establishing a chronic infection in both humans and
animals [1]. Human brucellosis is considered the most
prevalent bacterial zoonosis in the world, with more than
500,000 new reported cases in humans each year, mainly
in Mediterranean countries, Central Asia, Arabic Peninsula,
India, and Latin America [2]. The disease is characterized
by nonspecific symptoms, including undulant fever, weight
loss, depression, hepatomegaly, and splenomegaly. Arthritis,
spondylitis, osteomyelitis, epididymitis, and orchitis, as well
as other more severe complications as neurobrucellosis, liver
abscesses, and endocarditis, are also commonly described in
patients [1, 2].

There are currently 8 recognized species of Brucella, of
which six are known to be capable of infecting humans.

Brucella melitensis, B. abortus, B. suis, and B. canis are
considered important zoonotic agents, and each one has
a domestic animal as preferential host: small ruminants,
bovines, swine, and dogs, respectively. Humans also can be
infected by two Brucella species recently isolated from marine
mammals, B. ceti and B. pinnipedialis, and by B. inopinata,
the new species isolated in breast implant and lung biopsy
from human [3–5]. In domestic animals, Brucella colonize
the reticuloendothelial system and genital organs causing
chronic infection and reproductive disease characterized by
abortion, stillbirth, orchitis, epididymitis, and infertility,
resulting in significant economic losses [3, 6].

Relevant aspects of Brucella pathogenesis have been
intensively investigated in both cellular and animal models.
The mouse is the animal model most extensively used to
study chronic infection caused by Brucella spp. Moreover,
a few other animal species have been used as models for
brucellosis. This paper discusses well-characterized murine
models of brucellosis as well as other laboratory animal
models that have been used to study infection and disease
caused by Brucella spp.
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2. Murine Models for Human and
Animal Brucellosis

The mouse is often used as an animal model to investigate
the pathogenesis of human and animal brucellosis [7–9]. In
addition, the murine models are widely employed to test
antimicrobial drugs for treating the disease in humans [10–
12]. Availability of new molecular tools allowed the use of
murine models for identification of specific pathogenic fac-
tors of Brucella spp. and the characterization of host immune
response. As a result, control methods are being improved
and new vaccine candidates are being developed [8, 9, 13].

2.1. Mouse Strain-Specific Differences in Brucella Infection.
Several early studies using the mouse model demonstrated
that all of the mouse strains tested could be infected by B.
abortus, suggesting a lack of genetic loci in mice that deter-
mine complete resistance to B. abortus infection. A compari-
son of susceptibility of different strains of mice to B. abortus
strain 19 demonstrated susceptibility of CBA/H, BALB/c, or
C57BL/10 to B. abortus infection [14]. A subsequent study
comparing B. abortus infection in CD-1, BALB/cByJ, CBA/NJ
(containing the X-linked immunodeficiency trait), C3H/HeJ
(deficient in TLR4), and C3H/HeN mice found similar
colonization levels between all mouse strains, with a trend
for higher colonization of BALB/cByJ mice over a 12-week
time course [15]. A higher level of B. abortus colonization
in the BALB/cByJ strain was demonstrated definitively by
comparison with C57BL/10 mice, a mouse strain that is
closely related with the commonly used C57BL/6 strain
[16, 17]. More detailed studies have demonstrated that
an increased Th1 polarization of the immune response in
the C57BL strains is responsible for their more resistant
phenotype (see below for a more detailed discussion).
However, it should be kept in mind that most of these
comparative studies were performed using B. abortus, so that
it is possible that the susceptibility toward infection or the
infection kinetics may differ for other Brucella species.

Several mouse strains have been used to characterize
suitable murine models to study Brucella sp. infection. Four-
to 9-week-old BALB/c female mice are often used to evaluate
systemic distribution of Brucella sp. during the course of
infection [7, 17, 18]. Additionally, this animal model has
been used to study gene expression during Brucella sp.
infection, leading to the identification of several host genes
associated with innate and adaptive immune responses that
are activated during the course of infection [8, 19, 20]. Previ-
ous studies have shown that a high production of interferon-
gamma (IFN-γ) and interleukin 12 (IL-12) may lead to
efficient control of Brucella spp. infection in the mouse
model, due to activation of macrophages and induction of
natural killer cells and Th1 cellular response [8, 21, 22]. High
serum levels of both IFN-γ and IL-12 are also described in
humans during Brucella sp. infection, which is associated
with the induction of a Th1 response at early stages of
infection [23–25]. Additionally, natural killer (NK) cells
play an important role in controlling intracellular bacterial
infections, due to their ability to kill infected cells and secrete
IFN-γ. NK cells have a deficient cytotoxic activity in patients

with acute brucellosis, although these cells show normal
activity in treated patients [26]. However, it seems that NK
cells are not required to control B. abortus early infection
in the mouse, since mice with nonfunctional NK cells have
similar bacterial load when compared to immunocompetent
mice [27]. Moreover, previous studies have shown that CD8+
T cells may also play a role against Brucella sp. persistent
infection [28–30]. In BALB/c mice, in vivo depletion of
CD8+ T cells leads to increased bacterial load in the spleen
[30]. In humans, peripheral blood CD8+ T cells that are
stimulated with heat-killed B. abortus or lipopolysaccharide
produce IFN-γ, which elicit a Th1 immune response [29].

C57BL/6 and C57BL/10 mice strains have also been used
to evaluate Brucella sp. infection, since they are consid-
ered more resistant to Brucella sp. infection than BALB/c
mice [16, 17, 22]. Comparative studies among these mice
strains helped detecting specific mechanisms of C57BL mice
immune response that are defective in BALB/c mice. These
mechanisms are likely important for controlling Brucella sp.
infection [8, 17, 22]. Additionally, various knockout mice
were developed by using C57BL/6 or 129/Sv as background
mice. The results obtained in this model seem to have high
similarity to host-pathogen interaction mechanisms that
were previously described in humans and domestic animals
[8, 31, 32]. Moreover, knockout mice with defective produc-
tion of cytokines related to innate immune response illustrate
the crucial role of specific cytokines against Brucella sp.
infection in hosts [22, 33, 34]. Interestingly, interferon reg-
ulatory factor-1-deficient (IRF-1−/−) mice infected with B.
abortus developed an acute hepatitis similar to humans but,
unlike the natural hosts, IRF-1−/− mice are unable to control
the infection and die within a short period of time. While
uncontrolled infection and death are not typical endpoints
of Brucella infection, the IRF-1−/− knockout mouse has been
useful for identifying and comparing residual virulence of
highly attenuated Brucella vaccine candidates [33].

2.2. Routes of Infection. Brucella infection may occur by
digestive route, inhalation or through nasal mucosa or
conjunctiva [6, 9]. After crossing the mucosal barrier,
the organisms reach regional lymph nodes, replicate in
macrophages, and establish a systemic and persistent infec-
tion. A bacteremic phase of infection results in colonization
of the spleen, liver, and osteoarticular tissues, and depending
on the Brucella species and host, it may also colonize the
mammary gland and the reproductive system [6, 9, 35].
In murine models of Brucella sp. infection, experimental
inoculation is performed mostly through three routes:
intraperitoneal, digestive, or nasal (aerosol).

The intraperitoneal route of infection is frequently used
to establish a persistent infection in the mouse, as it results
in a rapid systemic distribution of Brucella sp. and high
bacterial loads in the spleen and liver [7, 8, 18]. Initially,
Brucella multiplies during the first week, progressing to
a slow decrease in bacterial numbers at systemic sites of
infection. During the first 5 to 6 weeks after inoculation,
C57BL/6 or BALB/c mice infected with 106 CFU of B.
abortus strain 19 remain with stable numbers of organisms
at systemic sites of infection, and bacteria can be isolated



Journal of Biomedicine and Biotechnology 3

up to two months after infection. However, B. abortus strain
2308 infection in BALB/c mice may persist over 6 months
[7, 36]. Murine models of intraperitoneal infection with
Brucella sp. allow the identification of pathogenic factors that
are required for establishment of chronic infection [37, 38].
For instance, comparison between input and output loads of
wild-type and mutant strains of Brucella in mouse models
resulted in the identification of pathogenic factors, including
the role of the type IV secretion system encoded by the
virB operon during Brucella sp. persistent infection in vivo
[31, 32, 38, 39]. virB mutant strains of Brucella sp. are
not capable of surviving and replicating intracellularly in
macrophages and, therefore, are attenuated in mouse models
in vivo [37–39].

The digestive tract is the main route of Brucella infec-
tion in humans, which is associated with the ingestion
of unpasteurized milk and dairy products from infected
animals [2, 40]. Murine models of intestinal infection allow
the identification of bacterial pathogenic factors that are
required to establish infection through the digestive tract
[41–44]. Recently, Paixão and colleagues described a murine
model for intestinal infection of B. melitensis, in which a high
intragastric dose (∼1010 CFU per animal) leads to a systemic
infection in BALB/cByJ mice, probably due to bacterial
translocation through the intestinal mucosa via M cells [44].
Interestingly, this high infectious dose did not result in
intestinal inflammation in the mouse. Previous studies have
shown that mice can control intestinal Brucella infection
when they are previously vaccinated through the same route
[13, 45, 46]. Pasquali and colleagues demonstrated that
BALB/c mice previously treated with sodium bicarbonate
to neutralize gastric acid are more susceptible to B. abortus
systemic infection by digestive route than untreated mice
[46]. This result suggests that gastric acidity may interfere
with Brucella sp. However, a previous work has shown
that Brucella sp. challenge through the digestive tract is an
inadequate method to produce a uniform and consistent
infection in mice [47]. Additionally, it is important to
consider experimental issues in murine models, including
artificial inoculation using intragastric gavages and gastric
acid neutralization, which may significantly differ from Bru-
cella sp. natural infection in humans and animals. Bacterial
factors mediating intestinal infection by Brucella sp. and their
target molecules at mucosal surfaces of the digestive tract
are still poorly understood; so additional studies evaluating
carefully this route are required.

Human brucellosis may also be acquired by inhalation.
The number of organisms required to establish the infection
in humans by this route is low, with an estimated infectious
dose of 10 to 100 organisms for humans by aerosol [48].
Therefore, Brucella sp. is considered a potential biological
warfare agent [49]. Characterization of murine models for
Brucella sp. infection by the nasal route (aerosol) may be
used to evaluate vaccines candidates and therapeutics for
human brucellosis [19, 50, 51]. A recent study demonstrated
that BALB/c female mice immunized with B. melitensis
attenuated strain Rev1 followed by aerosol infection with 104

CFU of B. melitensis 16M had a decreased bacterial load in
the spleen, suggesting that this animal is a suitable model to

Figure 1: Spleen of BALB/c mouse at 21 days of infection by
Brucella melitensis. The mouse was intragastrically infected with 105

CFU of B. melitensis 16 M. Microgranulomas in red pulp (arrows).
HE. Bar: 100 μm.

evaluate protection during Brucella sp. aerosol infection [51].
Mice infection by aerosol with 106 CFU of B. melitensis or
107 CFU of B. abortus resulted in high bacterial load in the
spleen, liver, and lungs. However, infection doses as low as
102 and 103 CFU per animal are also sufficient to establish a
systemic infection in the mouse [19, 52, 53]. Apparently the
lung is only affected in the mouse during aerosol infection
with pathogenic species of Brucella. No histopathological
lesions have been described in the lung, but high bacterial
loads are recovered from the lungs at early time points during
infection, which indicates that Brucella sp. is able to replicate
in this organ without eliciting innate immune responses
[19, 52]. Although aerosol chambers have been effectively
used to study bacterial infections in mouse models [19], it
is important to consider that the infection dose that reaches
the lung of a mouse may be significantly lower than expected
[53]. Additionally, Brucella sp. infection in these models may
be established due to coinfection through the conjunctiva or
oral mucosa, since it was previously shown that bacteria can
be detected also in the fur of infected mice [19]. Therefore,
it is essential to critically evaluate the results of Brucella sp.
aerosol infection during vaccine studies in murine models.
An open question in the field is the identity of the Brucella
factors that are important for its efficient infection of the
respiratory tract.

2.3. Histopathological Changes during Brucella Infection.
During Brucella sp. infection in the mouse, the spleen is
the most heavily colonized organ, and it develops histiocytic
infiltrates and multifocal microgranulomas (Figure 1) [7, 18,
54]. BALB/c mice intraperitoneally (i.p.) infected with B.
abortus or B. melitensis develop significant splenomegaly,
which is more prominent than in mice infected by aerosol
(Figure 2) [19, 54]. The liver is also an important site
for colonization and replication of Brucella sp. in the
mouse [7, 13, 19]. Usually, mice infected with virulent
strains of Brucella sp. have mild to moderate hepatitis,
which is characterized by neutrophilic infiltrate at early
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Figure 2: BALB/c mouse i.p. infected with 106 CFU of Brucella ovis
ATCC25840 with severe splenomegaly at 30 days of infection.

stages of infection, followed by histiocytic infiltrate with
epithelioid cells and microgranulomas at chronic stages of
infection (Figure 3) with bacteria localizing intracellularly in
macrophages within microgranulomatous lesions (Figure 4)
[7, 54]. It is noteworthy that Brucella infection in mice results
in lesions that mimic those described in chronic infections
in humans. Patients with chronic brucellosis may develop
splenomegaly and hepatomegaly. Additionally, multifocal
granulomas with epithelioid macrophages are observed in
the parenchyma of the liver and spleen in biopsy samples
from infected patients [55, 56]. However, hepatic and splenic
abscess were described as uncommon complication in some
patients during the acute phase of Brucella sp. infection [57].
Brucella sp. chronic infection in humans may also lead to
osteoarticular disease, including osteoarthritis, spondliytis,
and osteomyelitis [1, 2]. A previous study [58] reported that
mice may develop bacterial colonization in osteoarticular
tissues during chronic stages of B. melitensis infection. In
IRF-1−/− mice that survived more than 45 days after i.p.
infection with 107 CFU of B. melitensis, a high number (∼
105 CFU) of bioluminescent B. melitensis were detected in
vertebral joints in the tail, suggesting that these mice might
be a useful model for the study of human osteoarticular
disease. However, a comparison of actual osteoarticular
lesions in mice and humans would help to assess the potential
utility of this model to study a common clinical presentation
of brucellosis in man.

2.4. Evaluation of Therapeutic Interventions and Vaccines.
The efficiency of different chemotherapies for human bru-
cellosis has also been evaluated in the mouse model [10,
11, 59]. The recommended treatment for human brucellosis
is a combination of rifampicin and doxycycline daily for at
least six weeks [60]. However, other antibiotic combinations
have been tested in animal models and infected patients.
Previous studies showed that mice infected with B. melitensis
and treated with ciprofloxacin, by subcutaneous (40 mg/kg),
digestive (200 mg/kg), or intraperitoneal (20 mg/kg) route,
are not able to control the infection [10, 12], whereas
mice treated with doxycycline (40 mg/kg) at 24 hours after

Figure 3: Liver of BALB/c mouse at 30 days of infection by
Brucella ovis. The mouse was i.p. infected with 106 CFU of Bru-
cella ovis ATCC25840. Microgranuloma containing predominantly
macrophages and neutrophils (arrow). HE. Bar: 100 μm.

Figure 4: Liver of BALB/c mouse at 30 days of infection by
Brucella ovis. The mouse was i.p. infected with 106 CFU of Brucella
ovis ATCC25840. Microgranuloma with immunolabelled B. ovis in
macrophages (arrow). IHC. Bar: 100 μm.

infection efficiently clear the infection [12]. Additionally,
Shasha and coworkers [10] reported that mice treated
with rifampin (25 mg/kg) or doxycycline (40 mg/kg) by
intraperitoneal route had high levels of antibiotics in the
blood (rifampin: 18 μg/ml; doxycycline: 5.4 μg/ml) and were
able to clear the infection. Moreover, new antibiotic carriers,
like microspheres, have been tested against Brucella sp.
infection. Microspheres are phagocytized by monocytes,
allowing direct access of the antibiotic to the intracellular
site of bacterial replication. However, a previous study
showed that mice infected with B. abortus and treated with
gentamicin microspheres (100 μg/animal) for three days were
not able to reduce bacterial load in the spleen after 1 and 3
weeks after treatment [11].
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Additionally, the quality of live vaccines that are commer-
cially used for preventing animal brucellosis is evaluated in
murine models [61]. Live B. abortus S19 strain, which is the
most widely used vaccine in cattle, has been tested in female
CD1 mice 5 to 7 weeks old. Mice are previously treated with
105 CFU of B. abortus reference vaccine (strain S19), a com-
mercial vaccine sample or PBS. After 30 days of vaccination,
all mice are i.p. infected with 105 CFU of B. abortus virulent
strain. Then, bacterial loads in the spleen are evaluated in
each group at 15 days after infection. A commercial vaccine
is considered efficient when mice have significantly lower
bacterial load than the unvaccinated control group and when
the vaccinated group has similar immunogenicity value to
mice group vaccinated with S19 reference strain [61].

2.5. Pathogenesis of the Reproductive Tract. Furthermore,
murine models were developed to study reproductive
changes described in human and animal brucellosis. Pre-
vious studies evaluated the occurrence of abortion and
placental colonization in female pregnant mice during B.
abortus infection [3, 35]. Although B. abortus infection is
not characterized by abortion in women [2], it is extremely
relevant to study Brucella pathogenesis in pregnant female
models, due to its significant economic impact in cattle
production as well as in other domestic animal species.
Moreover, uterine secretion and products from abortion are
the most important source of infection within a herd main-
taining the disease and may also represent an occupational
source of infection to humans [6, 35].

Previous studies from Bosseray characterized the infec-
tion in pregnant CD1 mice with B. abortus strain 544. The
infection did not lead to abortion or fetus death at early
stages of pregnancy, although high colonization of placenta
was described when mice were infected at 7 and 11 days of
pregnancy. Additionally, placental and splenic colonization
increased with higher challenge accordance to the infection
dose and each placenta was considered an independent unit,
as some placentas were colonized and others were not in the
same uterus [62]. Another study demonstrated the congeni-
tal infection of B. abortus in the mouse at 7 days of pregnancy,
which resulted in the colonization of 60% of newborns. In
this study, newborns remained infected until 30 days and no
significant difference of Brucella sp. infection was observed
between male and female newborns [63]. Moreover, Bosseray
described the kinetics of placental colonization in mice
that were intravenously infected with B. abortus at 15 days
of pregnancy. Although low bacterial loads were recovered
from the placenta at early stages of infection (4–6 hours),
apparently local bacterial replication resulted in higher
colonization in the placenta at 72 hours after infection [64].

BALB/c female pregnant mice infected with 106 CFU of
B. abortus virulent strain 2308 develop a moderate multifocal
necrotic placentitis associated with severe neutrophilic infil-
trate and intralesional bacteria in trophoblastic cells [54].
The bacterial load and lesions described in the placenta
increase throughout the pregnancy, whereas the bacterial
load recovered from the spleen was stable during the course
of infection in the mouse [54, 65]. The lesions described

in female pregnant mice were similar to those observed
in cows, which suggests that this model may be useful to
study Brucella-induced placental disease, although mice and
cattle have different morphological types of placenta [54].
Additionally, Kim and colleagues [65] demonstrated that B.
abortus infection may lead to 98% of abortion in female
mice at 4.5 days of pregnancy. However, intraperitoneal
inoculation of the pathogen at any other time point during
the pregnancy does not result in a high abortion rate
although placentas from both aborted and live fetuses have
intracellular Brucella sp. in trophoblast giant cells. In natural
hosts, B. abortus infection leads to abortion in cows at
late stages of pregnancy due to placental lesions, which are
related to bacterial invasion and intracellular replication in
trophoblastic cells [66, 67].

Considering that male genital tract may also be affected
during Brucella sp. infection, male mice were characterized
to study specific bacterial mechanisms that lead to orchitis
and epididymitis in men and animals [3, 6]. Previous studies
reported that Brucella sp. may colonize the male genital tract
in the mouse [13, 58]. Izadjoo and colleagues demonstrated
that B. melitensis infection (1010 CFU) through the digestive
tract in sexually mature BALB/c male mice leads to perivas-
cular inflammation of the testes and histiocytosis in inguinal
lymph nodes [13]. In addition, use of male mice may be
important for testing residual pathogenicity of candidates
for vaccine strains, by evaluating histopathologic lesions in
the genital tract and the immune response against Brucella
sp. [13]. Recently, our laboratory developed a male mouse
model for Brucella ovis infection (Silva et al., unpublished
data). Although B. ovis is one of the few classical Brucella
species that do not have zoonotic potential, this organism
is considered a major cause of reproductive failure in sheep,
which leads to significant economic losses in the sheep indus-
try [68]. The characterization of a murine model has allowed
the study of pathogenic mechanisms used by B. ovis that may
determine the bacterial genital tropism in sexually mature
rams, causing epididymitis and orchitis exclusively in this
animal. Interestingly, B. ovis infection in male mice resulted
in early colonization of testes, epididymides, and semi-
nal vesicle. However, colonization of these organs quickly
decreased at later time points, and the inflammatory lesions
were restricted to peripheral tissues of the genital tract.
Therefore, male mice were not considered a good model for
B. ovis genital disease in rams, although it may be used as a
suitable infection model (Silva et al., unpublished data).

3. Other Laboratory Animal Models
for Brucellosis

Although the mouse is by far the most often used animal
model for brucellosis, it is a good animal model for chronic
infection of the reticulo-endothelial system but fails to
replicate some features of the clinical disease caused by
Brucella in humans, such as fever. Therefore, there are several
reports of experimental work employing other laboratory
animals, including rats, guinea pigs, and monkeys that are
susceptible to experimental infection with Brucella spp.
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3.1. Rodent Models Other Than Mice. The rat has been used
as a model for human brucellosis due to some peculiarities
of this species. Despite the fact that rats do not develop
physical signs of infection and are considered more resistant
to infection than mice, they develop persistent bacteremia
and do not have spontaneous cure after one month of
infection [69, 70]. Therefore, rats have been selected as an
experimental model for evaluation of increased susceptibility
to infection (including Brucella infection) in patients with
chronic disorders. Wistar Albino rats with diabetes were used
to evaluate the course of infection by B. melitensis. In this
case, diabetes is induced by streptozotocin before challenge
with B. melitensis. Diabetic rats have higher numbers of
bacteria in the liver and spleen when compared to control
rats [69]. Other studies investigated the effect of chronic
ethanol consumption on the course of B. melitensis infection
in a rat model [71–73]. Rats chronically treated with ethanol
have an increased susceptibility to B. melitensis due to a
decrease in protective cellular immunity [72]. The rat model
has also been used to study the efficacy of various antibiotics
for treating Brucella infection [74–76]. Sprague Dawley rats
were used to evaluate the efficacy of spiramycin, a macrolide
antibiotic, for treating brucellosis, since this drug has no
teratogenic effect, and therefore it is safe for pregnant women
[74]. Similarly to mice, rats are also used to study clinical and
pathological effects of B. abortus infection during pregnancy.
B. abortus did not affect pregnancy in Sprague Dawley
rats, paralleling what happens in women, although necrosis
in the periplacentomal chorionic epithelium and metritis
were observed in this model [77]. Although rats do not
abort even with placentitis, a previous study demonstrated
significant protection against systemic B. abortus infection
in rats vaccinated with RB51, a vaccine strain against bovine
brucellosis [78].

Guinea pigs are probably the most susceptible laboratory
animal species to Brucella infection. Early comparative
studies of susceptibility in guinea pigs, mice, rats, and sheep
demonstrated that guinea pigs developed granulomatous
lesions when inoculated with 10 CFU of B. melitensis or
B. suis [79]. Lesions were consistently observed in the liver,
spleen, lungs, and lymph nodes, resembling those described
in humans [80]. Guinea pigs inoculated subcutaneously with
infectious doses of B. abortus, B. suis, or B. melitensis develop
a persistent bacteremia for 6 weeks after infection, whereas
the attenuated B. abortus S19 is cleared from the blood at one
week after infection [81]. Therefore, the guinea pig model
may be considered valuable for the evaluation of candidate
vaccine strains [82, 83]. All classic Brucella species were
pathogenic for guinea pigs [70]. Furthermore, the guinea
pig has been employed as an animal model for evaluating
the efficacy of antibiotics and chemotherapeutic agents for
treatment of brucellosis [84, 85].

Although the rabbit is a laboratory animal frequently
used as an experimental model, it is not considered a
model of choice for Brucella infection. Rabbits are partially
susceptible to Brucella infection [70], and only about 20%
of infected animals developed a very short and sporadic
bacteremia with B. abortus or B. suis [86]. The pregnancy
increases systemic susceptibility of rabbits to B. abortus

infection but nevertheless the infecting organism was not
recovered from the uterus of pregnant female rabbits [70].
Hamsters (Syrian or Golden Hamster) do not appear to be
a good animal model for B. abortus infection, due the vast
individual differences in susceptibility [70].

3.2. Nonhuman Primate Models. Nonhuman primate models
of Brucella infection have been reported in Macaca arctoides
and rhesus macaque (Macaca mulatta) infected with B.
abortus, B. melitensis, B. suis, and B. canis [87–90]. These
animals are susceptible to Brucella organisms administered
by digestive, subcutaneous, or respiratory routes and develop
persistent bacteremia up to eight weeks after inoculation
[89]. The primate infection leads to a multiple-organ
disease causing focal granulomatous hepatitis, splenitis,
and lymphadenitis, similar to human brucellosis [91]. In
a few cases, there is an involvement of the reproductive
tract causing granulomatous orchitis, epididymitis, or acute
endometritis [89]. Aerosol infection of nonhuman primates
has been reported [89, 90], resulting in a number of
pathologic changes similar to human brucellosis, suggesting
that nonhuman primate model is a suitable model for human
brucellosis [90]. It is noteworthy that the aerosol exposure
might possibly occur as a result of a bioterrorism event,
and studies of dose-dependent infection by this route and
animal model are important. Mense and colleagues [89]
reported that uninfected macaques, not inoculated with
Brucella organisms, became infected when housed in the
same room with inoculated macaques, suggesting that the
macaque is a good model to study Brucella infection by
aerosol route. Moreover, studies on the efficacy of diagnostic
methods for Brucella detection after aerosol exposure has
been performed, and therefore nonhuman primates could
provide an excellent model for testing of diagnostics [90].

4. Conclusions

Human brucellosis results in highly variable clinical man-
ifestations that are not quite paralleled by experimental
infections in laboratory animals. However, animal models,
particularly the mouse, have been extensively used and
allowed for accumulation of valuable information mostly in
the past recent years regarding the pathogenesis, immunity,
and antibiotic susceptibility of Brucella spp. in vivo. New
technologies in mouse genetics will likely bring about even
greater insights into the interaction of Brucella spp. with the
immune system that lead to disease in humans and in the
natural zoonotic reservoir hosts.
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[3] M. N. Xavier, É. A. Costa, T. A. Paixão, and R. L. Santos,
“The genus Brucella and clinical manifestations of brucellosis,”
Ciencia Rural, vol. 39, no. 7, pp. 2252–2260, 2009.

[4] R. V. Tiller, J. E. Gee, D. R. Lonsway et al., “Identification of
an unusual Brucella strain (BO2) from a lung biopsy in a 52
year-old patient with chronic destructive pneumonia,” BMC
Microbiology, vol. 10, article no. 23, 2010.
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[69] Z. Yumuk, Ö. Küçükbasmaci, O. B. Boral, M. K. Anǧ, and
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Bronchiolitis obliterans organizing pneumonia (BOOP) is a chronic respiratory disease. Although the pathogenesis of BOOP is
still incompletely understood, BOOP is responsive to steroids and has a good prognosis. In our five pigs with chronic postweaning
multisystemic wasting syndrome (PMWS), typical BOOP lesions were revealed. All five porcine lungs showed typical intraluminal
plugs, and porcine circovirus type 2 (PCV2) was identified. They also exhibited similar pathologic findings such as proliferation
of type II pneumocytes and myofibroblasts (MFBs), extracellular collagen matrix (ECM) deposition, and fragmentation of elastic
fibers. MFBs migration correlative molecules, for instance, gelatinase A, B and osteopontin, appeared strongly in the progressing
marginal area of polypoid intraluminal plugs of fibrotic lesion. These molecules colocalized with the active MFBs. Both gelatinase
activity and intercellular level of active MFBs were significantly increased (P < .05). Porcine chronic bronchopneumonia leads to
BOOP and it is associated with PCV2 persistent infection. Swine BOOP demonstrates similar cellular constituents with human
BOOP. Perhaps their molecular mechanisms of pathogenesis operate in a similar way. Thus we infer that the swine BOOP can be
considered as a potential animal model for human BOOP associated with natural viral infection. Moreover, it is more convenient
to obtain samples.

1. Introduction

Bronchiolitis obliterans organizing pneumonia (BOOP),
described firstly in 1901 [1], was clarified as a distinct
histopathological and clinical entity in 1985 [2]. It is
characterized by the proliferation of fibroblastic tissues,
extending as polypoid plugs from lamina propria into the
lumen of terminal and respiratory bronchioles. Additional
features include a patchy inflammatory process involving
mononuclear inflammatory cells in interalveolar septa [3].
Although the pathogenesis of BOOP is still incompletely
understood, BOOP is responsive to steroids and has, in the
vast majority of cases, a good prognosis.

Postweaning multisystemic wasting syndrome (PMWS)
is considered as the essential infection of porcine circovirus
type 2 (PCV2). It is a global and multifactorial disease that
mainly affects nursing and fattening pigs in almost all farms
[4–6]. It thus has great economic impact [7]. Despite that
numerous studies have done in PMWS, the affected piglets
are regarded as worthless investment and they are destined
to be eliminated from farms. Due to this reason, the studies
of chronic pathological changes such as pulmonary fibrosis
usually have been neglected. Intriguingly, typical histological
features of BOOP in swine are not well documented in the
past.



2 Journal of Biomedicine and Biotechnology

Since the constituents of swine BOOP have never
been described previously, we assume that they consist
of extracellular collagen matrix (ECM), elastic fibrils, and
myofibroblasts (MFB), which are identified by α-smooth
muscle actin (α-SMA). Matrix metalloproteinases (MMPs), a
group of zinc- and calcium-dependent enzymes, are capable
of degrading various components of extracellular matrix.
They are activated by several proinflammatory agents such
as oxidants, elastases, and other MMPs [8, 9]. MMP-2
(gelatinase A) is synthesized by a wide variety of mes-
enchymal cells, including fibroblasts, endothelial cells, and
alveolar epithelial cells. MMP-9 (gelatinase B) is produced
mainly by inflammatory cells such as neutrophils, mono-
cytes, macrophages, eosinophils, and lymphocytes [10].
MMP-2 and 9 are involved in tissue remodeling associated
with pathological situations such as acute lung injury and
acute respiratory distress syndrome [10, 11]. Osteopontin
(OPN) is a multifunctional matricellular cytokine abun-
dantly activated upon inflammatory actions of macrophages
during inflammation. OPN not only is required for MFB
differentiation but also elevates α-SMA expression for MFB
identification [12]. In vitro experiments demonstrate that
OPN is both chemotactic and mitogenic for fibroblasts.
In bleomycin-indcuced pulmonary fibrosis, OPN acts as a
fibrogenic cytokine to promote migration, adhesion and
proliferation [13].

We performed the retrospective histopathological anal-
ysis of swine nature with BOOP. By comparing histopatho-
logical constituents of BOOP samples (ECM, elastic fibrils,
fibrotic mediators such as MMP-2,9, and OPN), we observed
that persistent virus infection would result in swine BOOP,
which shares great similarities with human BOOP. These
investigations help widen our knowledge on BOOP fibro-
genic pathways, and, hopefully, we will be able to block and
even reverse the fibrogenic processes as a means of therapy.

2. Materials and Methods

2.1. Animal. All cases of natural porcine pneumonia were
examined in the study. In the farms, affected pigs showed
copious coughing, dyspnea, and crackle for approximately
four weeks. They were empirically treated with amoxicillin
and trimethoprim-sulphamethoxazole for 10 days upon the
onset of symptoms. Stratified case samples were drawn from
postweaned pigs to grower-finisher pigs. Four serial sections
(5–10 mm) were made in each pulmonary lobe. Two aliquots
of each lobe were frozen in −80◦C until used, and the others
were fixed in 10% neutralized formalin. Swine lung tissue
blocks were examined for further investigations. All five cases
(pigs) were collected from a small farrow-to-finish operation
where chronic respiratory syndrome occurs sporadically. Five
BOOP pigs and another five specific pathogen-free (SPF)
pigs, purchased from Animal Technology Institute Taiwan,
were euthanised and necropsied. Fresh samples were stored
in −80◦C until used.

2.2. Microbiological Examination. The routine microbio-
logical cultures for aerobic and anaerobic bacteria were
prepared. In addition, we used PCR method to detect the

common pathogens (specific primers listed in Table 1), such
as Porcine reproductive and respiratory syndrome virus
(PRRSV) [14], pseudorabies virus (PRV) [14], classical
swine fever virus (CSFV) [15], porcine parvovirus (PPV)
[14], cytomegalovirus (CMV) [16], porcine enterovirus
(PEV) [17], porcine circovirus type 1 (PCV1) [18],
Mycoplasma hyopneumoniae [19], porcine coronavirus [20],
swine influenza virus (SIV) [21], and PCV2 [18].

2.3. Pathological Examination. Routine procedures were per-
formed for histopathological examinations. Serial sections
(4–6 μm) of paraffin-embedded samples were deparaffinized
and rehydrated. Three of them were stained by haematoxylin
and eosin stain and then followed by special stains, picro-
sirius red stain [22], and orcein-picroIndigocarmine (OPIC)
stain [23] for total collagen and elastic fiber determination.
The remainder sections were treated with boiling citrate
buffer (pH 6.0) for 5 minutes for antigen retrieval and lastly
performing modified labeled avidin-biotin (LAB) technique.
Modified LAB technique uses specific primary antibodies
and Histostain-Plus Bulk kits (Zymed 2nd Generation
LAB-SA Detection system, Zymed Laboratories) [24]. The
primary antibodies used in this study were anti-PCV2
polyclonal antibody (1 : 200, 210-29-PCV2, VMRD), anti-α-
SMA antibody (1 : 200, MU128-UC, Biogenex), anti-MMP-
2, 9 polyclonal antibody (1 : 200, sc-8835, sc-6840, Santa
Cruz), and anti-OPN polyclonal antibody (1 : 200, ab8448,
Abcam). To prepare a negative control, another section was
incubated with mouse IgG (8 μg/ml, Vector Laboratories)
instead of the primary antibody.

2.4. Zymography. MMP enzyme expression was assayed by
SDS-PAGE zymography using gelatin (1.0 mg/ml) as MMP
substrates [25]. Equal total protein (20 μg) of samples was
subjected to electrophoresis, without boiling or reduction.
Enzymatic activities attributed to MMP-2 and MMP-9 can
be visualized in the gelatin-containing zymograms where
clear bands are revealed against a dark background. Relative
MMP-2 and 9 intensities of each sample were quantitated by
Image Analysis with a Gel-pro Analyzer.

2.5. Western Blot. MFBs quantification was analyzed by west-
ern blot [26]. Frozen lung tissues (6–10 pieces of lung tissue
in each case) were, respectively, crushed with a mortar and
pestle at liquid nitrogen temperature and then homogenized
by sonication in radio-immunoreactive protein extraction
assay (RIPA) lysis buffer containing protease and phos-
phatase inhibitor (100 mM phenylmethylsulfonyl fluoride,
100 mM sodium-orthovanadate, 10 μg/ml aprotinin, and
10 μg/ml leupeptin) [26]. The homogenate was centrifuged
at 10,000× g at 4◦C for 10 minutes, and the supernatant
was collected and stored at −80◦C. These preparations were
detected by immunoblot analysis. Twenty μg total protein
was subjected to SDS-PAGE (12% polyacrylamide) and
transferred to a PVDF membrane (Amersham) which was
incubated with a 1 : 2,000 dilution of mouse anti-α-SMA
antibody (Biogenex). PVDF membrane was then washed and
incubated with a 1 : 5 000 dilution of goat antimouse IgG
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Table 1: Sequence of primers used for these pathogens detection by PCR analysis.

Pathogen Primer sequence

Porcine reproductive and respiratory
syndrome virus (PRRSV)

Forward primer: 5′-CCC GGG TTG AAA AGC CTC GTG T-3′

Reverse primer: 5′- TGT AAC TTA TCC TCC CTG AAT CTG-3′

Pseudorabies virus (PRV)
gD, forward primer: 5′-CAC GGA AGA GAT GGG GCT-3′

Reverse primer: 5′-GTC GAC GCC CGC TTG AAG CT-3′

Classical swine fever virus (CSFV)
Forward primer: 5′-TTA AAR ATA GCC CCA AAA GAG CAT G-3′

Reverse primer: 5′-CTG GCG TCC ATC ATY CCG YGT AT-3′

Porcine parvovirus (PPV)
VP2, forward primer: 5′-GCA GTA CCA ATT CAT CTT CT-3′

Reverse primer: 5′-TGG TCT CCT TCT GTG GTA GG-3′

Cytomegalovirus (CMV)
gB, forward primer: 5′-CCC TGA TCT TAA ATG ACG AGG ACG TGA C-3′

Reverse primer: 5′-ACC GTC TGA GAG AGA CTG AAC TTC TCT GAC AC-3′

Porcine enterovirus (PEV)
Talfan-3D, forward primer: 5′-CAA AGA CTG GTC CTT CAT TG-3′

Reverse primer: 5′-ATA CGC CGA GCG CGG AAG AT-3′

Porcine circovirus type 1 (PCV1)
Forward primer: 5′-ATA CGG TAG TAT TGG AAA GGT AGG G-3′

Reverse primer: 5′-ACA CTC GAT AAG TAT GTG GCC TTC T-3′

Mycoplasma hyopneumoniae
Forward primer: 5′-GAG CCT TCA AGC TTC ACC AAG A-3′

Reverse primer: 5′-TGT GTT AGT GAC TTT TGC CAC C-3′

Porcine coronavirus
Forward primer: 5′-GCC ATT GAT TTA TGG AGA CA-3′

Reverse primer: 5′-GTA TAA AAC CTC CTG GCT GT-3′

Swine influenza virus (SIV)
Forward primer: 5′-AGT ATA CAG CCT AAT CAG AC-3′

Reverse primer: 5′-AGT AGA AAC AAG GGT ATT TTT C-3′

Porcine circovirus type 2 (PCV2)
ORF-2, forward primer: 5′-GGT TTG TAG CCT CAG CCA AAG C-3′

Reverse primer: 5′-GCA CCT TCG GAT ATA CTG TCA AGG-3′

conjugated to horseradish peroxidase (SC-2005, Santa Cruz).
Bands were visualized by the Amersham ECL-Plus detection
regents (Amersham) and were quantitated by Image Analysis
with a Gel-pro Analyzer.

2.6. Statistical Analysis. All data were expressed as mean±SD.
Descriptive statistic was first used for analysis of normality.
Student t-test or Mann-Whitney Rank Sum Test was used to
check if the data normality value is within accepted range.
The mean values of two groups were considered significantly
different if ∗P < .05, ∗∗P < .01, or ∗∗∗P < .001.

3. Results

3.1. Microbiological Examination and Pathogen Confirma-
tion. In microbiological examination, the common culture
for bacteria such as Pastuella multocida, Streptococcus sp.,
Salmonella sp., and Actionbacillus pleuroneumoniae, acid-
fast organism, and fungus was negative. The results of PCR
detections, PRRSV, PRV, CSFV, PPV, CMV, PEV, PCV1, M.
hyopneumoniae, Porcine coronavirus, and SIV were all neg-
ative; only PCV2 was detectable in BOOP lungs (Figure 1).
Furthermore, sequencing the amplicons resulted in hundred
percent identical to PCV2 Taiwan strain (NCBI Accession
AF166528 nt1169-1190). In addition, PCV2 antigen sig-
nals were revealed strongly positive in the foamy alveolar
macrophage (Figure 2, arrow head) and intraluminal plugs
of BOOP lesions by immunochemistry (Figure 2).

500 bp

100 bp

Neg M

BOOP Normal

1 2 3 4 5 6

Figure 1: Detection of porcine circovirus type 2 (PCV2) with PCR
method. The primers designed on the basis of the ORF2 of the
PCV2 virus genome to produce a 416 bp long amplicon. The BOOP
lung tissues from five pigs were positive. In the agarose gel, three
representative cases were shown. Neg: negative control. M: leader.
Lanes 1–3: BOOP lung samples. Lanes 4–6: normal lung samples
from SPF pigs (n = 5, six replicates in each individual BOOP or
normal pig).

3.2. Histopathological Constituents of BOOP Lesion. These
lungs showed paleness and were noncollapsed and tan-
mottled macroscopically. The alveolar septa appeared
widened with proliferation of type II pneumocytes and
mononuclear inflammatory infiltrates. The features of
chronic pulmonary fibrosis showed grey hepatization includ-
ing patchy distribution, intraluminal plugs of loose con-
nective tissues that occlude bronchioles, alveolar ducts, and
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(a) (b)

Figure 2: Confirmation of PCV 2 antigen in BOOP lesion. PCV 2 antigen signals appeared strong positive in the foamy alveolar macrophages
((a)-(b), arrow head) and intraluminal plugs of two representing BOOP lesions. The other lung sections in five individual BOOP pigs
revealed the similar results (n = 5, six replicates in each individual pig; Bar = 50μm).

surrounding alveoli (Figure 3(a)). Collagen and elastin, the
main composition of extracellular matrix, are presented
in picro-sirius red and OPIC stains. The intiema of pro-
liferated alveolar septa is full of large collagen fascicules,
stained cherry in picro-sirius red stain (Figure 3(b)). Large
accumulation of collagen also appeared dark blue in OPIC
stain in evaginated BOOP lesion (Figure 3(c)). However,
elastic fibrils (Figure 3(c), arrow head) were found disrupted
and fragmented in peribronchial alveolar septa as compared
to normal condition (Figure 3(c), upright panel). Most cells
of the proliferative intiema and evaginated BOOP lesion
were identified as OPN positive (Figure 3(e)) and α-SMA
positive cells (Figure 3(d)), which were further referred to
as active MFBs. The OPN expression and the remodeling of
collagens and elastines were remarkably colocalized with the
distribution of active MFBs.

3.3. MMPs Activity in BOOP Tissues. In chronic pulmonary
fibrosis of viral pneumonia, MMP-2 (Figure 3(f)) and MMP-
9 (Figure 3(g)) were expressed actively near the margin
of intraluminal plugs of bronchioles as macrophage and
MFBs. The MMP activity was assessed by the intensity of
gelatinolytic bands in zymography shown in (Figure 4(a)),
and the quantified active MMPs were presented in bars
(Figure 4(b)). Both pro- and active types of MMP-2 and
MMP-9 were detectable in normal and BOOP lungs. All
of them were significantly increased in BOOP group as
compared to normal groups (P < .05, Figure 4(b)).

3.4. MFBs Quantification in BOOP Tissues. The expression
level of α-SMA protein was used for MFBs quantification.
The Western blotting picture revealed significant elevation
of α-SMA expression in representative BOOP cases (pigs)
(Figure 5(a)). The quantitative data were assayed from five
cases (six lung sections in each case). The α-SMA expression
was increased significantly in BOOP group as compared to
the normal group (P < .05) (Figure 5(b)).

4. Discussion

BOOP is defined as granulation tissue plugs within lumens
of small airways, sometimes results in complete obstruction
and may have permanent effects on airway ventilation. The
additional pathologic features include the following: (1)
proliferation of connective tissue that forms intraluminal
polyps (proliferative bronchiolitis obliterans), (2) fibrinous
exudates, (3) alveolar accumulations of foamy macrophages,
(4) inflamed alveolar walls, and (5) evenly spaced, rounded
balls of myxomatous connective tissue [3]. Of note, all
findings of our swine cases correlate with these definitions.

BOOP may be caused by radiotherapy, drug treatments,
or response to viral infection. There are a variety of infectious
etiologies associated with human BOOP, including Serra-
tia marcescens [27], Legionella pneumophila [28], Nocardia
asteroids [29], Cryptococcus neoformans [30], Parainfluenza
type 3 [31], Human immunodeficiency virus (HIV) [32, 33],
Chlamydia pneumoniae [34], M. pneumoniae [35], Pneu-
mocystis carinii [36], Human Herpesvirus-7 [37], Coxiella
burnetii [38], severe acute respiratory syndrome coronavirus
[39], Mycobacterium avium intracellulare complex [40], and
parasite infection such as malaria Plasmodium vivax [41].

To date, several etiologies have also implicated in the
pathogenesis of animal BOOP. Experimentally infected dogs
with adenovirus [42–44], Mycoplasma [45], or cattle clin-
ical infected bovine respiratory syncytial virus pneumonia
occasionally develop BOOP [46]. Accidental intra-airway
exposure of dog with a noninfectious agent oleic acid
also induced BOOP [47]. Majeski at al. had developed a
respiratory reovirus-infected mice model of BOOP which is
T (CD4+ or CD8+) cells and interferon-γ dependent [48].
To our knowledge, BOOP has not been previously reported
occurring naturally in pigs.

In this study, affected pigs showed copious coughing,
dyspnea, and crackle for approximately four weeks. They
were empirically treated with amoxicillin and trimethoprim-
sulphamethoxazole for 10 days upon the onset of symptoms.
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(a) (b) (c)

(d) (e) (f) (g)

Figure 3: Histopathological constituents of BOOP lesion in specific staining. The representative picture showed the intraluminal plugs
of loose connective tissue that occlude bronchioles in H&E stain (a). A large mount accumulation of collagen matrix was sawn cherry
in picrosirius red stain (b) and strongly blue in OPIC stain (c) at the evaginated BOOP lesion. The elastic fibril revealed disruption and
fragmentation in peribronchial alveolar septa ((c), arrow head) as compared to normal lung ((c) upright panel, arrow head). The proliferative
cells of the intraluminal plugs and alveolar septa were identified as α-SMA positive MFBs (d) and OPN positive cells (e). MMP-2 (f) and
MMP-9 (g) seemed to be expressed actively at the margin of intraluminal plugs of bronchioles as macrophage and myofibroblasts. The
results shown represent one of six replicates in each independent experiment demonstrating similar results (P < .01 versus normal group).
(Bar = 50μm).

However, there was no symptomatic relief. Several coinfected
pathogens associated with PMWS had been identified. They
were PRRSV, PRV, P. multocida, Bordetella bronchiseptica
[49], PPV [50], SIV, M. hyopneumoniae [51, 52] and coin-
fection of PCV2, PRRSV, and PPV in PMWS [50, 53–55].
Those lung specimen of our BOOP cases revealed negative
for common bacterial isolation and PCR detection of most
swine pathogens were only positive for PCV2 (Figure 1),
which was subsequently confirmed by sequencing the 416
nucleotide PCR amplicons and immunochemical staining
of PCV2 antigen in the intraluminal plugs of BOOP lesion
(Figure 2). The pronounced neutrophil predominance in
some tissue sections of our samples may suggest infectious
origin especially in bacteria. However, there was no evidence
of other infections aside from PCV-2 at the time of diagnosis
of swine BOOP. But we cannot exclude the possibility that
PCV-2 may not be the sole factor of swine BOOP, especially
after drug treatment.

PMWS, caused by PCV2, has worldwide distribution
[56–58] including Taiwan [59]. Clinically, the affected pigs
are common when aging from 5 to 12 weeks old. The
mobility and motility vary case by case. Motility may reach
10% in acute outbreak. It is characterized by progressive
weight loss, dyspnea, cough, diarrhea, and occasionally

icterus [60, 61]. At necropsy, tan-mottled pulmonary consol-
idation and enlarged lymphoid organs are mostly observed
[62]. They usually presented typical lymphohistiocytic to
disseminated granulomatous interstitial pneumonia [50, 62],
even that necrosis and sloughing of airway epithelium
may progress to chronic stage and bronchiolitis fibrosa
obliterans may be present [63, 64]. Furthermore, porcine
respiratory disease complex (PRDC), pigs with PCV2 and
other coexisting pathogens, may show moderate to marked
multifocal peribronchial and peribronchiolar fibrosis and
often extend into the airway lamina propria [52]. In this
study, typical BOOP lesions were found in about 16-week-
old growing and finishing pigs with chronic respiratory
syndrome. These lungs were non-collapsed and hepatized
in macroscopy. Interstitial fibrotic pneumonia, intralumi-
nal organizing granulation tissue plugs, and connective
tissue deposition intended into the alveolar ducts and
covered the epithelium cells or type 2 pneumocytes in
microscopy (Figure 3(a)). PCV2 nucleic acid and antigens
were detectable in the multisystemic organs of affected pigs,
mainly present in the monocyte/macrophage lineage and
antigen presenting cells [62]. Besides positive response of
PCV2 nucleic acid in our chronic PMWS cases, we also
displayed conspicuous PCV2 antigen in the intraluminal
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plugs of BOOP lesion by immunochemical staining as
Figure 2.

Although many studies of common worldwide disease
such as PMWS have been done and various infectious
or noninfectious agents have been implicated as possible
participants in different animals, the pathogenesis of PMWS
is still not completely well understood. Nowadays, no
literature review documented that swine BOOP and PCV2
infection that associated. It is highly probable that pigs
with chronic bronchiopneumonia are usually obsolete from
the economic aspect, thus these histopathological changes
in lung were neglected. Through positive PCV2 antigen
in the intraluminal plugs of BOOP lesions as shown in
Figure 2, it strongly meant that PCV2 was associated with
swine BOOP or intraluminal organization. After PCV2
was inoculated in previous studies, the levels of TNF-α,
monocyte chemoattractant protein-1 (MCP-1), Interleukin
(IL)-1β, 8, 10, and Interferon-γ (IFN-γ) were significantly
raised [51, 65−67]. However, future study is needed to
elucidate the cytokine effects by which the PCV2 induces
BOOP.

MMPs have been proposed to play a pivotal role in the
pathogenesis of pulmonary fibrosis, but the exact mecha-
nisms are not well characterized. There are several interre-
lated processes in ECM remodeling, such as collagens and
elastins. MMP-2 and 9 are mark prolong degraded fibrillar
gelatin and substrate affinity for type IV collagen, which
is the key structural component of basement membrane.
Furthermore, MMPs also participate in the regulation of
other fibrotic mediators. MMP-2, 7, 9 and TIMP-1, 2, 3, 4
are upregulating in pulmonary fibroblastic foci [65]. MMP7
(matrilysin) is another regulator of pulmonary fibrosis in
human and mice [66]. To examine whether gelatinases
involve in this BOOP, both MMP-2 and 9 seemed to
be expressed actively at the margin of intraluminal plugs
of bronchioles as macrophage and MFBs (Figures 3(f)
and 3(g)). Indeed, the activities of pro- and active form
gelatinases were significantly increased in the swine BOOP
compared to normal group by zymography (Figure 4).

Abundant MFBs presented as activated type (α-SMA
positive) which invaded and migrated into bronchial lumen
to form the intraluminal plugs (Figure 3(d)), and the expres-
sion level of α-SMA was also elevated significantly compared
to the control by Western blot (Figure 5). The fibroblast and
MFB play a central role in ECM synthesis and deposition.
Remodeling of ECM and elastic fibrils (Figures 3(b) and
3(c)) presented at the evaginated BOOP lesions remarkably
colocalized with the distribution of α-SMA positive MFBs.
These findings included not only elevation of ECM deposi-
tion but also disruption and fragmentation of elastic fibrils
in the peribronchial alveolar septa.

OPN was strongly expressed at the peribronchial and
intraluminal plugs of swine BOOP (Figure 3(e)), which
has not been described previously. OPN is a multifunc-
tional matricellular cytokine abundantly expressed during
inflammation. It is both chemotactic and mitogenic for
fibroblasts [13] and required for fibroblast differentiated to
MFB [12]. It could upregulate MMP-2,9 expression [67, 68].
OPN deficient transgenic mice demonstrated a reduction
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Figure 4: Metalloproteinase activity in BOOP tissues. The gelatin
zymography revealed MMPs activity from three representative
BOOP and normal pigs (a). For each individual BOOP or normal
pig, six sample lung sections were evaluated for MMP activity
and averaged. Then, the averages from the BOOP and normal
animals were pooled from the five different pigs to generate the data
presented (b). The activities of proMMP-9, MMP-9, proMMP-2,
and MMP-2 were all significantly increased in BOOP group ((b),
P < .05). ∗P < .05 versus normal group (n = 5, six replicates in
each individual pig).

production of type I collagen and the level of activated
MMP-2 and TGF-β1 [69]. Although the expression of OPN
has been demonstrated in different human unusual intersti-
tial pneumonia and murine bleomycin-induced pulmonary
fibrosis, OPN is still be elucidated in BOOP. MMP-2,9 bind
to CD44, CD44 act as a transmenbrane platform, latent
TGF-β1 is recruited and bound on which is activated by
CD44-associated MMP-2,9 [70]. Based on previous obser-
vation, active TGF-β1 induces pulmonary fibrosis and OPN
promotes significant migration and proliferation in both
epithelium and fibroblast/MFB in the fibrotic process [71].
Responding to lung damage, induced MMP-2 and MMP-
9 promote the migration of fibroblast/MFB; meanwhile,
MMP-2 activating MMP-9 and MMP-9 increases fibroblast
proliferation and collagen synthesis [71].

In this study, identified BOOP of domestic pigs within
natural PCV2 pneumonia shared critical features. They are
temporal heterogeneity with fibrosis, differentiation and
migration markers of MFBs, and ECM remodeling in human
BOOP. Since there is no information about mediators and
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Figure 5: Quantitation of MFBs by alpha-SMA expression level.
The Western blotting picture revealed that alpha-SMA expression
level was increased in three representative BOOP cases (pigs) (a).
The quantitative data were assayed from five cases (six lung sections
in each case). Significant elevation of α-SMA expression in BOOP
group was revealed (P < .05) (b). ∗P < .05 versus normal group
(n = 5, six replicates in each individual BOOP or normal pig).

signal transduction pathway of swine BOOP, future studies
must be conducted which may help prevent the sick pigs
from the irreversible end stage of fibrotic pneumonia with
worse prognosis. Most importantly, it is easier to get samples
in swine BOOP than that in human so as to compare the
pathological changes and pathogenesis with human BOOP.
This can lead to pursuing the antifibrotic targeting and
rational strategy of therapy.
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This prospective, randomized, and controlled study examined the effects of tumor necrosis factor soluble receptor type I (sTNFRI,
a TNF-α antagonist) on experimentally induced rhinosinusitis in rats. The experimental groups received an instillation of
lipopolysaccharide (LPS) plus an intramuscular injection of amoxicillin/clavulanate (antibiotic group), an instillation of sTNFRI
(sTNFRI group), an instillation of sTNFRI and an injection of amoxicillin/clavulanate (sTNFRI/antibiotic group), or no additional
treatment (LPS group). Histopathological changes were determined using hematoxylin-eosin and periodic acid-Schiff (PAS)
staining. Leakage of exudate was determined using fluorescence microscopy. Vascular permeability was measured using the
Evans blue dye technique. Expression of MUC5AC was measured using reverse transcriptase PCR. The sTNFRI, antibiotic, and
sTNFRI/antibiotic groups had significantly less capillary permeability, mucosal edema, PAS staining, and expression of MUC5AC
than the LPS group. There were no differences in capillary permeability, mucosal edema, PAS staining, and MUC5AC expression
between the sTNFRI and sTNFRI/antibiotic groups. The antibiotic group had PAS staining similar to that of the sTNFRI and
sTNFRI/antibiotic groups but had a greater increase in capillary permeability, mucosal edema, and MUC5AC expression. This
study shows that sTNFRI reduces inflammatory activity and mucus hypersecretion in LPS-induced rhinosinusitis in rats.

1. Introduction

The respiratory tract is exposed to many external stimuli,
among which are noxious gases, air pollutants, bacteria, and
viruses. Exposure to harmful agents and microbial endotox-
ins can cause airway inflammations such as rhinosinusitis,
inflammation of the mucosa of the nose and paranasal sinus
[1]. Despite the development of new antibiotics and advances
in sinus surgery over the past few decades, rhinosinusitis
is still an enigmatic process. Moreover, treatment of rhi-
nosinusitis with inappropriate antibiotics has contributed to
the worldwide emergence of antibiotic-resistant strains of
bacteria.

The recent appreciation that exposure to noninfectious
inflammatory agents may predispose a person to infectious
rhinosinusitis has stimulated renewed interest in the role

of inflammatory mediators and inflammatory cells in the
pathogenesis of rhinosinusitis [2, 3]. Many trials have high-
lighted the potential of inflammatory mediators for the
treatment of inflammatory diseases, including rhinosinusitis
[4–8].

Tumor necrosis factor (TNF) is an important mediator of
inflammation and is produced by macrophages in response
to stimuli such as bacterial lipopolysaccharide (LPS) and
viruses [9]. It has been demonstrated that TNF-α antagonists
block the activity of TNF and inhibit its action in vivo [6–
8]. However, few studies have been conducted on the role
of TNF-α antagonists in the treatment and prevention of
rhinosinusitis. Therefore, this study examined the effects
of a TNF-α antagonist on the LPS-induced inflammatory
response in the nasal cavity and sinus of rats.
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Table 1: Histopathological changes in nasal mucosa (mean± SD).

Absorbance Mucosal thickness (mm) PAS-stained area (%)
Group

1st day 4th day 1st day 4th day 1st day 4th day

Saline 0.09 ± 0.04 0.10 ± 0.02 1.01 ± 0.26 1.21 ± 0.67 16.54 ± 1.93 16.39 ± 1.34

LPS 0.17 ± 0.03 0.21 ± 0.01 2.11 ± 1.27 2.26 ± 1.27 22.24 ± 2.90 24.78 ± 3.61

LPS + sTNFRI 0.12 ± 0.01 0.12 ± 0.02 1.32 ± 0.66 1.22 ± 0.45 15.81 ± 1.64 16.24 ± 3.75

LPS + antibiotic 0.12 ± 0.01 0.19 ± 0.01 1.52 ± 0.79 1.97 ± 0.93 14.60 ± 2.75 16.82 ± 1.06

LPS + sTNFRI + antibiotic 0.11± 0.02 0.11 ± 0.01 1.17 ± 0.79 1.31 ± 0.57 16.39 ± 1.34 16.31 ± 4.81

Table 2: Significance of differences (P value) in histopathological variables according to the time of sacrifice.

Absorbance Mucosal thickness (mm) PAS-stained area (%)

1st day versus 4th day 1st day versus 4th day 1st day versus 4th day

Saline 0.467 0.427 0.196

LPS 0.333 0.803 0.099

LPS + sTNFRI 0.617 0.644 0.149

LPS + antibiotic 0.001∗ 0.189 0.863

LPS + sTNFRI + antibiotic 0.982 0.626 0.980
∗

Significant (P < .05).

2. Materials and Methods

2.1. Materials. The LPS used in this study was derived
from Pseudomonas aeruginosa (L-4524, Sigma, St. Louis, Mo,
USA). It was dissolved in normal saline solution at a concen-
tration of 1 mg/mL. TNF soluble receptor type I (sTNFRI)
(PHR3015, Invitrogen, Camarillo, Calif, USA), a TNF-α
antagonist was dissolved in a phosphate-buffered saline
(0.1 M, pH 7.4) solution at a concentration of 0.2 mg/mL.

Sixty-three healthy Sprague Dawley rats, weighing 200–
250 g and free of pathogens and respiratory diseases accord-
ing to the health and pathology reports of the supplier,
were used in this study. All animals were housed and
treated according to the regulations of the Catholic Ethics
Committee of the Catholic University of Korea, which
conformed to the NIH guidelines for the use of animals in
research.

2.2. Methods. All experiments were performed with the rats
subjected to 2% xylazine (8 mg/kg) anesthesia. Inhalant
anesthesia was avoided to prevent irritation of the nasal
mucosa. Both airways of the nasal cavity received an
instillation of 0.1 mL of saline containing 0.1 mg LPS once
per day for 3 days. The instillate was deposited as a bead
of fluid on the external nares, and the rats were allowed to
aspirate it. Some rats were instilled with saline as a control.
We carefully monitored breathing rate and skin color during
instillation to prevent respiratory failure.

Sixty-three rats were allocated randomly to four treat-
ment groups of 12 animals, each with 15 animals allocated
to the control groups. One control group received no LPS
or saline instillation (normal group; three animals), and the
other control group was instilled with 0.1 mL of normal
saline once per day for 3 d (saline group; 12 animals).
All experimental groups received an instillation of LPS
(0.1 mL) once per day for 3 d. The LPS group received
an LPS instillation alone, the sTNFRI group received an

instillation of 0.1 mL of an sTNFRI solution, the antibiotic
group received an intramuscular injection of 50 mg/kg
amoxicillin/clavulanate, and the sTNFRI/antibiotic group
received an intramuscular injection of 50 mg/kg amoxi-
cillin/clavulanate and an instillation of 0.1 mL of an sTNFRI
solution.

Each group except the normal group was subclassified
into two subgroups based on the time of sacrifice (on the
1st or 4th days after the final instillation of saline or LPS).
Evans blue dye (E2129-10G, Sigma) was injected into the
femoral vein at 20 mg/mL per kilogram of body weight 30–
60 min before death. The rats turned blue immediately after
infusion of the dye, confirming its uptake and distribution
throughout the body.

The rats were exsanguinated 30 min after injection of
dye and residual blood cells were flushed from the vascular
system by perfusion of 100 mL of normal saline solution
through an intra-aortic catheter. The nasal cavity was then
lavaged with 0.1 mL of formamide for 5 min to collect the
extravasated Evans blue dye.

After collecting the extravasated Evans blue dye, the
head was removed and cleaned of skin and fur. A coronal
incision was then made 1 mm posterior to the eyes to
extract the maxilla (including the sinonasal cavity) for tissue
processing. Half of the harvested bone was used for reverse
transcriptase PCR analysis and half was used for staining. For
staining, the bone was fixed in 10% paraformaldehyde for
24 h, decalcified in a rapid decalcifying solution (CalciClear
Rapid, National Diagnostics, Atlanta, Ga, USA), embedded
in a paraffin block, and cut into 4-5μm thick sections
perpendicular to the plane of the hard palate. The mucosa
of the maxillary sinus and nasal cavity was stained with
periodic acid-Schiff (PAS) reagent and hematoxylin-eosin to
determine histopathological changes.

2.3. Interpretation. The degree and location of the Evans
blue dye extravasations in the nasal cavity and sinus
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Table 3: Significance of differences (P value) in histopathological variables between the LPS and other groups.

Absorbance Mucosal thickness (mm) PAS-stained area (%)

1st day 4th day 1st day 4th day 1st day 4th day

LPS versus saline 0.033∗ 0.031∗ 0.064 0.019∗ 0.001∗ 0.001∗

LPS versus LPS + sTNFRI 0.001∗ 0.049∗ 0.171 0.011∗ 0.001∗ 0.001∗

LPS versus LPS + antibiotic 0.002∗ 0.603 0.299 0.461 0.001∗ 0.006∗

LPS versus LPS + sTNFRI + antibiotic 0.001∗ 0.046∗ 0.116 0.014∗ 0.001∗ 0.008∗
∗

Significant (P < .05).

Table 4: Significance of differences (P value) in histopathological variables between treatments.

Absorbance Mucosal thickness (mm) PAS-stained area (%)

1st day 4th day 1st day 4th day 1st day 4th day

sTNFRI versus antibiotic 0.191 0.001∗ 0.519 0.008∗ 0.287 0.819

Antibiotic versus sTNFRI + antibiotic 0.096 0.001∗ 0.305 0.022∗ 0.197 0.873

sTNFRI versus sTNFRI + antibiotic 0.489 0.743 0.624 0.659 0.528 0.987
∗

Significant (P < .05).

mucosa were examined on unstained slides using confocal
scanning microscopy (543 nm, Bio-Rad Radiance Plus, Bio-
Rad, Hemel Hempstead, UK). To quantify the amount of
extravasated dye, absorbance of the supernatant at 630 nm
was measured using a spectrophotometer (Du-530, Beckman
Coulter, Fullerton, Calif, USA).

The thickness of the mucosa was defined as the maxi-
mum thickness of the mucosa overlying the maxillary sinus
and was measured at a magnification of ×400. The mean
mucosal thickness was calculated using three sections per
group.

MetaMorph imaging software (Molecular Devices Inc.,
Downing Town, Pa, USA) was used to evaluate the area of
PAS staining [10–12] in the mucosa of the nasal opening
at the base of the nasal septum. The total area of mucosa
of the nasal opening at the base of the nasal septum was
also measured, and the PAS-stained area was expressed as a
percentage of the total area. Image analysis was performed
using a blinded protocol.

The other half of the harvested bone was homogenized,
frozen in liquid nitrogen, and stored at−70◦C. RNA was then
extracted using an extraction kit (iNtRON Biotechnology,
Inc., Gyeonggi-do, Korea) according to the manufacturer’s
instructions.

Polymerase activation for MUC5AC was performed at
95◦C for 15 min followed by 32 cycles at 94◦C for 1 min, 55◦C
for 1 min, and 72◦C for 1 min. Polymerase activation for
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was
performed at 94◦C for 4 min, followed by 35 cycles at 94◦C
for 1 min, 60◦C for 1 min, and 72◦C for 1 min.

The primer sequences were obtained from GenBank
and were designed using Gene Runner software (Hastings
Software Inc., Las Vegas, Nev, USA). The sequences of the
primers were as follows: MUC5AC: forward, 5′-CATAGC-
CTCCTCTTGTTC-3′ and reverse, 3′-ATTCCTGTAGCA-
GTAGTGAG-5′; and GAPDH: forward, 5′-GCTGGTGCT-
GAGTATGTCGT-3′ and reverse, 3′-GAATGGGAGTTG-
CTGTTGAA-5′. GAPDH was used as a constitutive control.

The products were separated by agarose gel electrophoresis
and visualized using ethidium bromide staining. The bands
were digitized using a Bio-Rad Universal Hood system (Bio-
Rad, Hercules, Calif, USA). The mean MUC5AC to GAPDH
band photodensity ratio was calculated for each group.

2.4. Statistics. Group means were compared using the
Kruskal-Wallis test and SAS version 8.1 software (SAS
institute, Inc., Cary, NC, USA). The results are presented
as the mean ± standard deviation. A P value < .05 was
considered significant.

3. Results and Discussion

3.1. Changes in the Microvascular Permeability of the Mucosa
of the Nasal Cavity and Sinus. The mean absorbance of the
LPS group increased with time, but the increase was not
significant. The mean absorbances of all other groups except
the antibiotic group showed no significant changes with
time. The antibiotic group showed a significant increase in
absorbance with time (Tables 1 and 2). The mean absorbance
of the LPS group was significantly greater than that of the
saline group on the 1st and 4th days (Tables 1 and 3).

The mean absorbances of the LPS group were compared
with those of the sTNFRI, antibiotic, and sTNFRI/antibiotic
groups. Although there was no significant difference between
the LPS group and the antibiotic group on the 4th day,
the mean absorbances of the other study groups were
significantly less than those of the LPS groups (Tables 1 and
3).

Mean absorbances were compared between the sTNFRI,
antibiotic, and sTNFRI/antibiotic groups. There was no sig-
nificant difference in absorbance between groups except for
that of the antibiotic subgroup that was sacrificed on the 4th
day, which was significantly greater than those of the sTNFRI
and sTNFRI/antibiotic groups on the 4th day (Tables 1 and
4).
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(d) (e) (f)

Figure 1: Fluorescence microscope images of Evans blue dye leakage on the 4th day. (a) Normal group; (b) saline group; (c) LPS group; (d)
sTNFRI group; (e) antibiotic group; (f) sTNFRI/antibiotic group. Massive leakage of Evans blue dye was observed in the mucosa of the LPS
group ((c), arrows) (×400).

Little Evans blue dye was extravasated in the saline,
sTNFRI, antibiotic, and sTNFRI/antibiotic groups. However,
Evans blue dye was extravasated into the mucosa in the LPS
group (Figure 1).

3.2. Thickness of the Maxillary Sinus Mucosa. There were no
significant differences in mucosal thickness between the 1st
day and the 4th day. The mean mucosal thickness of the
LPS group, antibiotic group, and sTNFRI/antibiotic group
increased with time, whereas the mean mucosal thickness of
the sTNFRI group tended to decrease with time (Tables 1 and
2).

Compared with the saline group, the mean mucosal
thickness of the LPS group increased significantly on the 4th
day (Tables 1 and 3). The mean mucosal thickness of the LPS
group was compared with those of the sTNFRI, antibiotic,
and sTNFRI/antibiotic groups. Although the mean mucosal
thickness of the sTNFRI, antibiotic, and sTNFRI/antibiotic
groups was less than that of the LPS group on the 1st
day, there was no significant difference between each group
and the LPS group on the 1st day. The mean mucosal
thicknesses of the sTNFRI and sTNFRI/antibiotic groups
were significantly less than that of the LPS group on the
4th day (Figure 2). Although the mean mucosal thickness
of the antibiotic group appeared to be less than that of the

LPS group on the 4th day, the difference was not statistically
significant (Tables 1 and 3).

Mean mucosal thickness was compared between the
sTNFRI, antibiotic, and sTNFRI/antibiotic groups. There
were no significant differences between the three groups
on the 1st day. However, there were significant differences
between the sTNFRI and antibiotic groups, as well as
between the antibiotic and sTNFRI/antibiotic groups, on
the 4th day. There was no significant difference between the
sTNFRI and sTNFRI/antibiotic groups on the 4th day (Tables
1 and 4).

3.3. Morphometry. The mean area of PAS staining of the
LPS group increased with time, but the increase was not
significant. The mean areas of PAS staining of the other
groups did not change significantly with time (Tables 1 and
2).

Compared with the saline group, the PAS-stained areas
of the LPS group were significantly elevated on the 1st and
4th days (Tables 1 and 3). The mean areas of PAS staining of
the LPS groups were compared with those of the sTNFRI,
antibiotic, and sTNFRI/antibiotic groups (Figure 3). The
mean areas of PAS staining of all study groups were
significantly lower than those of the LPS groups on the 1st
and 4th days (Tables 1 and 3). The mean areas of PAS staining
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Figure 2: Photomicrographs of sinus mucosa on the 4th day. The mucosa was thin in the normal (a) and saline (b) control groups. In the
LPS group (c), the mucosa was markedly thickened. The sTNFRI (d), antibiotic (e), and sTNFRI/antibiotic (f) groups showed significant
decreases in mucosal thickening compared with the LPS group (c) (hematoxylin-eosin staining; scale bar = 1 mm).

of the sTNFRI, antibiotic, and sTNFRI/antibiotic groups
were similar on the 1st and 4th days (Tables 1 and 4).

3.4. MUC5AC Expression in the Nasal Cavity and Sinus.
Compared with the saline control group, LPS induced a
10.5-fold increase in mucin gene expression on the 1st day
(Figure 4) and a 6.5-fold increase in mucin gene expression
on the 4th day (Figure 5). Upregulation of MUC5AC mRNA
expression was significantly inhibited in the sTNFRI, antibi-
otic, and sTNFRI/antibiotic groups. The level of MUC5AC
mRNA expression in the antibiotic group was significantly
higher than that in the sTNFRI and sTNFRI/antibiotic
groups on the 1st and 4th days (P = .001).

This study examined inflammatory responses in rats with
LPS-induced rhinosinusitis. LPS was used as an infectious
agent instead of a bacterium. Streptococcus pneumoniae,
Haemophilus influenza, and Moraxella catarrhalis are cited
as the most common bacterial pathogens responsible for
acute sinusitis [13]. Gram-negative bacteria such as Klebsiella
pneumoniae, Pseudomonas aeruginosa, Serratia marcescens,

and Proteus mirabilis are reported to cause sinusitis infre-
quently, mainly in immunocompromised patients [14].
Recent investigations indicated that Gram-negative bacteria
are frequently involved in sinusitis that is recalcitrant to
traditional medical and surgical therapy, even in immuno-
competent patients [15, 16]. LPS is the primary component
of endotoxin, a mixture of Gram-negative bacteria cell wall
components [17]. Endotoxin is not readily eradicated by
the local host defense mechanism and has been shown to
persist for up to three months, even after effective antibiotic
treatment [6, 18].

In the present study, capillary permeability, mucosal
edema, PAS staining, and expression of MUC5AC were
examined on the 1st and 4th days after the final instillation
of LPS. The percentage area stained by PAS, which indicates
the production of mucosubstance and the mRNA expression
of MUC5AC, a major mucin secreted from the goblet cells
of the surface epithelium and the most important mucin
in the pathogenesis of mucus hypersecretion [19–21], were
analyzed to evaluate mucus hypersecretion.
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Figure 3: Histopathological images of nose-tissue sections stained with PAS on the 4th day. (a) Normal group; (b) saline group; (c) LPS
group; (d) sTNFRI group; (e) antibiotic group; (f) sTNFRI/antibiotic group. A large PAS-stained area was observed in the LPS group ((c),
arrow), and luminal inflammatory cell clumping was noted in the antibiotic group ((e), arrow) (×200).

Compared with intranasal saline instillation, intranasal
LPS instillation significantly increased microvascular perme-
ability, mucosal thickness, and the percentage of PAS-stained
area and induced overexpression of MUC5AC on the 1st
and 4th days. Inflammation and mucus hypersecretion of
the sinonasal tract were observed after LPS instillation. These
findings are similar to the characteristics of the rat model of
platelet activating factor-induced rhinosinusitis [22].

Although the mean absorbance, mucosal thickness, and
PAS-stained area of the LPS groups increased with time,
the increases were not significant. LPS induced a 10.5-fold
increase in mucin gene expression compared with the saline
control group on the 1st day and a 6.5-fold increase in mucin
gene expression on the 4th day.

We did not document the time course of inflammation
in this study. Liu et al. reported that the threshold time point
for inducible nitric oxide synthase mRNA induction was
between 20 min and 40 min after LPS administration, and
that the quantity of mRNA increased progressively thereafter,
reaching a plateau between 4 h and 8 h, and decreasing
markedly by 24 h in rats treated with LPS [23]. We consider
the time course reported by Liu et al. applicable to our study.
Further studies are required to determine the exact time
course of inflammation after intranasal LPS instillation. To
verify our hypothesis, additional studies on the relationship

between inducible nitric oxide synthase messenger RNA and
LPS-induced rhinosinusitis are needed.

Antibiotics are commonly used to treat bacterial rhinos-
inusitis. Amoxicillin is generally used as a first treatment,
and amoxicillin/clavulanate is indicated when the patient’s
symptoms do not improve with amoxicillin alone [17].

Although the LPS-induced expression of MUC5AC and
the increase in PAS staining were significantly reduced
by amoxicillin/clavulanate compared with the LPS group,
LPS-induced increases in microvascular permeability and
mucosal thickness were less affected. In addition, LPS-
stimulated expression of MUC5AC was higher in the
antibiotic group than that in the sTNFRI group. The
antibiotic group had greater microvascular permeability,
mucosal thickness, and MUC5AC mRNA expression than
the sTNFRI groups. This difference was significant on the
4th day. These results show that amoxicillin/clavulanate is
less effective in treating LPS-induced rhinosinusitis than
sTNFRI. Because the agent used to induce rhinosinusitis
in this study was not a bacterium but LPS, it appears
that amoxicillin/clavulanate, which acts by inhibiting the
synthesis of bacterial cell walls, was less effective than sTNFRI
in treating LPS-induced rhinosinusitis. Ou et al. reported
that amoxicillin had no effect on MUC5AC expression
during a pulmonary inflammatory response to LPS [24].
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(b) Optical density ratio of MUC5AC mRNA as assessed by image analysis

Figure 4: Expression of MUC5AC mRNA in the rat nose on the 1st day after the last instillation of LPS. Expression of MUC5AC mRNA
increased significantly in rats treated with LPS, and the upregulation of MUC5AC mRNA expression was inhibited by sTNFRI, antibiotic,
and sTNFRI/antibiotic (P < .05).

Cytokines such as interleukin (IL)-1 beta, IL-8, and
TNF-α are produced by monocytes and play an important
role in the inflammatory response to LPS [25–27]. The
proinflammatory cytokines, IL-1 beta, and TNF-α stimulate
neutrophils to release oxidants and proteases and stimulate
endothelial cells to produce vascular cell adhesion molecule-
1 (VCAM-1) and intercellular adhesion molecule-1 (ICAM-
1), which facilitate the adherence of leukocytes to vascular
endothelial cells. Therefore, leukocytes infiltrate the airways
and cause injury by releasing inflammatory products [28–
31]. Tumor necrosis factor-soluble receptor (sTNFR) acts as
an inhibitor by binding to TNF-α and preventing its binding
to the cell surface receptor. Hence, it inhibits the activity of
TNF-α. Two types of sTNFR are recognized: sTNFRI (60 kD)
and sTNFRII (80 kD). sTNFRI is more potent than sTNFRII
[32]. Lee et al. reported that sTNFRI prevented experimental
otitis media when effusion was induced using TNF-α [6].
Kim et al. demonstrated that sTNFRI prevents experimental
otitis media when effusion is induced using LPS [7].

Based on these reports [6, 7, 25–32], this study examined
the preventive effects of a TNF-α antagonist on inflammatory
responses induced by LPS in the nasal cavity and sinus.
intranasal instillation of sTNFRI attenuated LPS-induced

increases in microvascular permeability and PAS staining
in the sinonasal tract on the 1st and 4th days. sTNFRI
reduced LPS-induced increases in mucosal thickness on the
4th day. In addition, sTNFRI attenuated LPS-induced mRNA
overexpression of MUC5AC on the 1st and 4th days. These
attenuating effects were similar on the 1st and 4th days.
These results suggest that sTNFRI suppresses both inflam-
mation and mucus hypersecretion by downregulating mRNA
expression of MUC5AC. Therefore, intranasal instillation of
sTNFRI effectively prevents LPS-induced rhinosinusitis in
rats.

The sTNFRI/antibiotic combination attenuated LPS-
induced increases in microvascular permeability and PAS
staining on the 1st and 4th days. The sTNFRI/antibiotic
combination reduced LPS-induced increases in mucosal
thickness on the 4th day and attenuated LPS-induced mRNA
overexpression of MUC5AC on the 1st and 4th days.

As the effects of sTNFRI/antibiotic bear greater similarity
to those of the sTNFRI group than those of the antibiotic
group, the effects of the sTNFRI/antibiotic combination are
probably due to the effect of the sTNFRI component rather
than that of the antibiotic component.
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(b) Optical density ratio of MUC5AC mRNA as assessed by image analysis

Figure 5: Expression of MUC5AC mRNA in the rat nose on the 4th day after the final instillation of LPS. The level of MUC5AC mRNA
expression was significantly higher in rats treated with LPS, and upregulation of MUC5AC mRNA expression was inhibited by sTNFRI,
antibiotic, and sTNFRI/antibiotic (P < .05).

Further studies to compare the effects of other inhibitors
(such as a platelet-activating factor antagonist) with those of
sTNFRI are needed to identify more potent inhibitors of LPS-
induced rhinosinusitis.

4. Conclusions

Intranasal administration of sTNFRI reduces inflammatory
activity, including elevated microvascular permeability and
tissue edema, and mucus hypersecretion, including produc-
tion of mucosubstance and expression of MUC5AC, in LPS-
induced rhinosinusitis in rats. These results demonstrate that
intranasal administration of sTNFRI reduces inflammatory
activity and mucus hypersecretion in LPS-induced rhinosi-
nusitis in rats.
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