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Anne-Emilie Declèves, Zita Léa Mekinda Ngono, Denis Nonclercq, and Alexandre Legrand
Volume 2015, Article ID 198418, 10 pages

Methylglyoxal Induced Basophilic Spindle Cells with Podoplanin at the Surface of Peritoneum in Rat
Peritoneal Dialysis Model, Ichiro Hirahara, Hideki Sato, Toshimi Imai, Akira Onishi, Yoshiyuki Morishita,
Shigeaki Muto, Eiji Kusano, and Daisuke Nagata
Volume 2015, Article ID 289751, 7 pages

CD40 Ligand Deficient C57BL/6 Mouse Is a Potential Surrogate Model of Human X-Linked Hyper IgM
(X-HIGM) Syndrome for Characterizing Immune Responses against Pathogens, Catalina Lopez-Saucedo,
Rodolfo Bernal-Reynaga, Jesus Zayas-Jahuey, Silvia Galindo-Gomez, Mineko Shibayama,
Carlos Garcia-Galvez, Sergio Estrada-Parra, and Teresa Estrada-Garcia
Volume 2015, Article ID 679850, 11 pages

Biochemical and Functional Comparisons of mdx and Sgcg−/− Muscular Dystrophy Mouse Models,
Nathan W. Roberts, Jenan Holley-Cuthrell, Magdalis Gonzalez-Vega, Aaron J. Mull, and Ahlke Heydemann
Volume 2015, Article ID 131436, 11 pages

SERCA2 Haploinsufficiency in a Mouse Model of Darier Disease Causes a Selective Predisposition to
Heart Failure, Vikram Prasad, John N. Lorenz, Valerie M. Lasko, Michelle L. Nieman, Wei Huang,
Yigang Wang, David W. Wieczorek, and Gary E. Shull
Volume 2015, Article ID 251598, 21 pages

The Ovariectomized Rat as a Model for Studying Alveolar Bone Loss in Postmenopausal Women,
Bryan D. Johnston and Wendy E. Ward
Volume 2015, Article ID 635023, 12 pages

Ciclamilast Ameliorates Adjuvant-Induced Arthritis in a Rat Model, Zhi-cheng Zhang, Shui-juan Zhang,
Bo Jin, Yujin Wu, Xin-fu Yang, Bing Yu, and Qiang-min Xie
Volume 2015, Article ID 786104, 11 pages

Inhibitory Effects of Eucalyptus and Banaba Leaf Extracts on Nonalcoholic Steatohepatitis Induced by a
High-Fructose/High-Glucose Diet in Rats, Yoshihisa Takahashi, Keiichiro Sugimoto, Yurie Soejima,
Arisa Kumagai, Tatsuki Koeda, Aiko Shojo, Kazuya Nakagawa, Naoki Harada, Ryoichi Yamaji, Hiroshi Inui,
Toshikazu Yamanouchi, and Toshio Fukusato
Volume 2015, Article ID 296207, 9 pages

Early-Onset Diabetic E1-DN Mice Develop Albuminuria and Glomerular Injury Typical of Diabetic
Nephropathy, Mervi E. Hyvönen, Vincent Dumont, Jukka Tienari, Eero Lehtonen, Jarkko Ustinov,
Marika Havana, Hannu Jalanko, Timo Otonkoski, Päivi J. Miettinen, and Sanna Lehtonen
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In this special issue we have assembled original research as
well as review articles describing researches in which animal
models, ranging from small vertebrates to larger animals,
have been used for either understanding themolecular events
underlying a disease or improving therapy in various fields of
medicine. Despite the widespread use of in vitro systems that
allow recapitulating almost all the processes involved in the
development of a disease, only the use of animal models
enable us to reproduce onset mechanisms of human disease,
thereby providing the only system known today to test new
drugs for therapeutic interventions. Last year has been an
exciting year for animal models. Indeed one of the most
extraordinary discoveries of the last years, which has been
largely implemented in 2014 transforming and expanding our
ability to model human diseases in animals, has been the
CRISPR- (clustered regularly interspaced short palindromic
repeat-) Cas9 (CRISPR-associated nuclease 9) system, an easy
method to efficientlymanipulate the genome of any organism
[1, 2]. This gene editing approach is based on a RNA-
guided nuclease (Cas9) that generates targeted double-
stranded DNA breaks and coopts the endogenous cellular
pathways to repair them while introducing precise changes
into the genome. The specificity of the genomic locus where
Cas9 is recruited is driven by a small guide RNA (gRNA)
that is complementary to the target site. The CRISPR-Cas9
system is a revolutionary technology that is being applied in
a wide variety of organisms, including mice, rats, zebrafish,
monkeys, and butterflies [3–7]. One of the best explored
human pathologies using this method has been cancer. Two
sister studies published in December 2014 on Nature effi-
ciently approached the CRISPR/Cas9 system to induce spe-
cific mutations in mice. The group of A. Ventura developed

a new mouse model of Eml4-Alk-driven lung cancer by
inducing the specific chromosomal rearrangement that leads
to the generation of the EML4-ALK oncogene. The resulting
tumors display histopathological and molecular features typ-
ical of ALK(+) human non-small cell lung cancer (NSCLC)
and respond to treatment with ALK inhibitors [8]; using a
well-established mouse model of lung cancer, T. Jacks group
functionally characterized a panel of candidate tumor sup-
pressor genes by inducing specific knockoutmutations by the
CRISPR/Cas9 method [9].

On the side of preclinical studies for drug discovery, the
2014 year has been also characterized by a surge in the num-
bers of studies employing the zebrafishmodel to discover and
test new anticancer drugs. Indeed, in an era of crisis like that
one, we are going through chemical screens in zebrafish result
muchmore rapid and less expensive than the current preclin-
ical studies, which are often bulky and costly, thus limiting the
number of new drugs that can efficiently proceed to be used
as therapy [10]. The zebrafish is a powerful model system for
studying human cancer because of the ease with which it can
be geneticallymanipulated, and the opportunity to be directly
observed in transparence. Therefore, several mutant and
transgenic zebrafish have been generated to model human
cancers and have been used for in vivo drug screenings. In
particular, xenotransplantation of human cancer cells into
zebrafish embryos enables a direct in vivo evaluation of
patient-derived tumor material in a cost-effective and time-
efficient manner.

We hope that this special issue will serve to all the readers
as valuable source of scientific background and inspiration in
this exciting field of research.
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It is now accepted that heart failure (HF) is a complex multifunctional disease rather than simply a hemodynamic dysfunction.
Despite its complexity, stressed cardiomyocytes often follow conserved patterns of structural remodelling in order to adapt, survive,
and regenerate. When cardiac adaptations cannot cope with mechanical, ischemic, and metabolic loads efficiently or become
chronically activated, as, for example, after infection, then the ongoing structural remodelling and dedifferentiation often lead
to compromised pump function and patient death. It is, therefore, of major importance to understand key events in the progression
from a compensatory left ventricular (LV) systolic dysfunction to a decompensatory LV systolic dysfunction and HF. To achieve
this, various animal models in combination with an “omics” toolbox can be used. These approaches will ultimately lead to the
identification of an arsenal of biomarkers and therapeutic targets which have the potential to shape the medicine of the future.

1. Introduction

The need of the body for supply of nutrition and oxygen
requires continuous cardiac contraction. Physiological work-
load such as endurance training and pregnancy increases
ventricular mass in order to perpetuate the “status quo.”
Ventricular architecture and the differentiation status of the
myocardium are essentially maintained and are features of
physiological hypertrophy [1–3].When the heart is not able to
respond physiologically, for example, due to coronary artery
disease, arterial hypertension, or a cardiomyopathy, myocar-
dial changes take place that affect the protein composition
and protein localization on the cellular as well as on the
extracellular level [4, 5]. This ventricular remodeling leads
to the activation of an evolutionary conserved “fetal gene

program.” Reactivation of this program is a potential strategy
when the heart is challenged by unfavorable mechanical and
metabolic workloads in order to prevent transition from
compensated hypertrophy to HF [3, 6, 7]. However, this
initially “programmed cell survival” may also lead to patho-
physiological alterations and compromised pump function
when hypertrophic signals are chronically released [3, 6, 8, 9].
It is quite clear that the understanding of this transition is
of clinical importance in order to halt and hopefully revert
adverse cardiac remodeling. However, the classical view of
HF as a simple hemodynamic disorder puts emphasis on a
strategy to reduce unfavorableworkload and does not address
the complex interplay of structure and function [10].

It has been previously demonstrated that a structure-
function relationship exists in human patients with end stage
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HF [6, 8, 11–17]. The degree of myocardial dysfunction is
inversely related to cardiomyocyte degeneration, fibrosis, and
macrophage infiltration and suggests a mutual influence of
cardiac structure and function. Importantly, the degree of
postoperative recovery of patients with a poor structure-
function relationship is less favourable [8, 9]. A consensus
paper on cardiac remodeling stressed that the determination
of the ejection fraction reliably initiates the treatment of
HF but does not evoke consensus among physicians in
the treatment regimen [18]. As a consequence, therapeutic
interventions which only aim to improve cardiac output and
blood flow do not necessarily target the altered ultrastructure
of the heart and in addition do not necessarily prevent cardiac
remodeling or attenuate HF. Therefore, this consensus paper
concludes that “clinicians should understand the relationship
between remodeling and HF progression” [18]. In addition,
the list of genes and proteins known to be involved in
HF is far from being complete and represents probably
only the “tip of the iceberg” [15]. In order to achieve a
more comprehensive understanding of the transition from
compensated adaptation to HF the combination of state-of-
the-art profiling techniques with adequate animal models
should lead to the identification of disease relevant molecules
[19, 20]. Here, we introduce animal models with critical
features of human cardiac disease and relevant strategies to
identify novel drug targets and biomarker utilizing proteome
as well as transcriptome approaches.

2. Animal Models of Heart Failure Mimic
the Human Cardiac Pathology

Under physiological workload all cardiac cavities are main-
tained in a “status quo” (Figure 1(a), Con). Increases in
workload might be tolerated by a balanced enlargement of
the heart until the workload exceeds the physiological cardiac
capability to respond appropriately.Then cardiac remodeling
is initiated and alterations of the cellular and extracellular
protein composition turn into a major burden disturbing the
structure-function relationship (Figures 4(a) and 4(b)). As
a consequence alterations in the protein composition cause
changes in hemodynamic load and vice versa. Patients with
aortic stenosis show an increase in the thickness of the left
ventricular wall, and the heart appears to be enlarged with
an overall progression in mass of the ventricle and septum
(Figure 1(a), HT). When the load is persistent the heart
might undergo an irreversible decompensation and dilation
[8, 21]. Myocardial structural changes observed in patients
with aortic stenosis can be mimicked in a mouse model of
transversal aortic constriction [20, 22]. Within the first three
weeks the heart develops compensatory hypertrophy (Figure
1(b), HT), and if the heart is not released from hemodynamic
overload, as seen in human patients, the chronic maladaptive
response leads to cardiac dilation (Figure 1(a), HT) and
potentially HF.

Another major cause of HF is myocardial infarction.
Upon chronic underperfusion a complex remodeling process
takes place, influencing chamber size, shape, and ventric-
ular function. The ongoing global remodeling leads to an
enlargement of the lumen diameter as well as a reduction

in the thickness of the left ventricular chamber and septum
(Figure 1(a), MI). The human pathophysiology of an acute
myocardial infarction can be mimicked in mice by ligation
of the left anterior descending artery which interrupts blood
flow and causes ischemia in the proximal area. Ventricu-
lar performance is lost in the ischemic area and cardiac
remodeling leads to increased ventricular volume, chamber
dilatation, and thinning of the walls (Figure 1(b), MI). When
the infarct size and location are not too severe, the remaining
cardiomyocytes might compensate the ventricular wall stress
by eccentric hypertrophy.

A further chronic HF condition is termed dilated car-
diomyopathy which is characterized by impaired contractil-
ity, thinning of ventricular walls, and increases in heart diam-
eter and lumen size, resulting in the dilation of the ventricles
(Figure 1(a), DCM). Despite this common phenotype of
dilated cardiomyopathy the underlying cause is often linked
to viral infections, inherited familial genes, autoimmune
disease, or low-level chronic inflammation among others. In
addition to cell death cardiomyocyte degeneration, involving
the loss of the contractile machinery, has been documented
in patients during the transition to HF and is an essential
part of cardiac remodeling and dedifferentiation at different
stages of DCM (Figure 1(c)) [6, 9, 13, 16, 23]. The increased
presence of macrophages combined with elevated levels of
various chemokines and cytokines such asMCP-1 (monocyte
chemotactic protein-1), TNF-𝛼, and oncostatin M during the
pathogenesis of dilated cardiomyopathy underscores the con-
tribution of cardiac inflammation [6, 15, 24–26]. As a power-
ful chemoattractant MCP-1 directs monocytes/macrophages
to the sites of injury thereby interfering with regeneration
and remodeling of the myocardium [27, 28]. Adverse and
harmful invasion of the heart by monocytes/macrophages
is mimicked by the cardiomyocyte-restricted overexpression
of MCP-1 in genetically modified mice. This strain develops
inflammatory dilated cardiomyopathy (Figure 1(b), iDCM)
and dies around 6 months due to massive infiltration of the
heart and the release of inflammatory cytokines [15, 24].
Similar to human patients, the ventricular cavities of the
inflamed heart are enlarged while the thickness of septal and
ventricular wall appears to be reduced.

3. Identification of Novel
Biomarkers and Therapeutic Targets on
an ‘‘Omics’’ Platform

Presently the only biomarker in common clinical use for
diagnosis and monitoring of HF is B-type natriuretic peptide
(BNP), which is released from myocardium undergoing
wall stress [29]. Although BNP has prognostic value and
no significantly superior alternative HF marker is presently
available [29], the usefulness of BNP as aHFmarker is limited
since it is also released into the circulation under various
other disease conditions such as pulmonary embolism and
ventricular hypertrophy. A recently described HF marker is
fibroblast growth factor-23 (FGF23) [30, 31]. Increased levels
of circulating FGF23 were observed in patients with systolic
HF, and increased cardiac transcript and protein levels were
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Figure 1: End-systolic midventricular short axis and long axis MRI frames of healthy and failing hearts from humans and mice. (a)
MRI images from a healthy control (Con) and patients with aortic stenosis (HT), myocardial infarction (MI), and idiopathic dilated
cardiomyopathy (DCM). (b) MRI images from mice 4 weeks after transaortic constriction (HT), 3 weeks after LAD ligation (LAD), and 6-
month-oldmicewith a cardiac restricted overexpression ofMCP-1 (iDCM).Ahealthy control animal is also shown (Con).Note the increase in
size and ventricular mass of HT hearts while increases in heart size afterMI and after development of (i) DCM are associated with ventricular
thinning. Explanations are given in the text. (c) Electron microscopy pictures show different degrees of sarcomeric degeneration in patients
with dilated cardiomyopathy (Con versus DCM1 andDCM2; EF < 30%). HumanMRI images and electronmicrographs were kindly provided
by Professor Georg Bachmann and by Dr. Viktoria Polyakova, respectively. Mouse MRI images are adapted and modified from the “Venia
legendi” work of J. Pöling.
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detected in patients with myocarditis, ischemic cardiomy-
opathy, and dilated cardiomyopathy [30, 31]. Despite the
potential of FGF23 to serve as a HF marker the increase
of circulating FGF23 is often associated with faster progres-
sion of chronic kidney disease and a higher mortality of
hemodialysis patients [32]. Probably the most widely applied
biomarker tests are those related to myocardial infarction
[29]. However, ischemic markers such as troponins, creatine
kinase, and myoglobin are only detectable hours after the
ischemic damage and make it impossible to rescue necrotic
tissue. Despite their enormous value as diagnostic tools in
everyday clinical practice, these assays might not necessarily
be helpful, since their specificity and sensitivity are not gua-
ranteed. Therefore, in addition to a comprehensive under-
standing of a structure-function relationship, there is a need
to develop a complementary biomarker toolbox in order to
better define the transition from compensatory adaptation
to HF via stage-specific biomarker with the further goal
of identifying novel drug targets. For this purpose a large-
scale screen utilizing “omic” tool is necessary. Ideally, the
suffix “omics” addresses the simultaneous analysis of the
entire set of biological molecules in a certain field, which is
defined by a prefix: proteomic and transcriptomic tools will
be featured in this review. Generally there are two aims of
“omic” studies: firstly, molecules which are causally involved
in heart disease can be targeted by therapeutic intervention
and, secondly, molecules which are altered in a predictable
manner in response to the disease status can be used as stage-
specific markers [29].

An ideal “omics” platform consists of complementary
core facilities in order to obtain asmuch information as possi-
ble from fluids, cell cultures, and tissue samples (Figure 2(a)).
Fluids are flush-frozen in liquid nitrogen after centrifugation
and removal of insoluble material. Usually fluids do not
need further processing and can be directly analysed by
commercially available ELISA kits (single protein detection
by specific antibodies in one sample) or kits using multi-
plex systems. Multiple cytokine and chemokine assays are
multiplex bead-based assays able to simultaneously quantify
up to 32 (or even more) targets in one sample. The main
advantage of multiplex systems lies in the speed (data are
obtained on the same day with little working effort) and sen-
sitivity of determinations (down to picogram levels of pro-
teins). Furthermore, a much lower amount of sample is
needed compared to an ELISA due to simultaneous detection
of multiple proteins. “Multiplexing” is especially powerful
when using highly diluted samples, such as fluids, but might
have limitations in the study of tissue biopsies that have to
be homogenized in buffers containing detergents. Limitations
are further seen in the number of commercially available kits
containing panels of different antibodies recognizing prede-
fined protein targets, and the specificity and accuracy of these
multiplex systems might be sometimes a matter of concern.

Alternatively protein samples from either tissues or cell
cultures can be processed by 2-dimensional gel electrophore-
sis. After homogenization in an appropriate buffer protein
lysates are first separated due to their isoelectric point (isoele-
ctric focusing), which is followed by a separation in the sec-
ond dimension according to their size (gel electrophoresis).

Depending on the complexity of the sample this method is
able to separate thousands of protein spots from a single
sample in one gel (2DE, Figure 2(a)). Proteins are visualized
by staining and gels are scanned and analysedwith the corres-
ponding software. Regulated proteins are excised and identi-
fied by mass spectrometry (MS). Complementary equipment
such as HPLC to enrich certain proteins is often used. The
main advantage of the 2DE-based mass spectrometry is the
potential to analyse thousands of protein spots simultane-
ously and to discover newly regulated proteins, in contrast to
multiplex detections and Western blot with predefined tar-
gets. This allows for large-scale screening of not yet defined
biomarkers and drug targets in contrast to the antibody-
based assays. Furthermore, the quality of present 2DE tech-
nology has improved to the point that once a protein spot has
been identified in a gel set there is often no additional need for
further MS identification. Limitations are seen in the exclu-
sion of certain protein groups (due to hydrophobicity or size)
and in the sensitivity (detection of a protein spot at the nano-
gram level) when no intermediate step such as HPLC enrich-
ment is performed, and the work is often labour-intensive.

For these reasons, recent developments in proteomics
have moved from traditional 2DE methods to gel-free sys-
tems [33]. Complex protein mixtures obtained from tissue,
cell culture, or plasma samples are digested to peptides and
separated by microcapillary reverse phase chromatography
before introducing these peptides into the mass spectrom-
eter. After detection of the eluted peptides with the mass
spectrometer over a wide m/z (mass-to-charge ratio) range,
individual peptides are then selectedwithin themass analyzer
and further fragmented into a ladder of smaller molecules,
which result in a second mass spectrum. By repeating this
process in automatic routines thousands of MS/MS spectra
are obtained, which lead to the identification of thousands
of protein species by employing database search programs
that match the measured peptides to their corresponding
proteins. However, often the complexity of protein mixtures
as well as the high abundance of some protein species, such as
albumin in serum or actin in cell lysates, hampers the detec-
tion capacity of low-abundant proteins. In addition, quantifi-
cation and comparison of protein expression levels in differ-
ent samples are often difficult for MS-based gel-free systems.

Transcriptome analysis can also contribute valuable
information to the discovery of new biomarkers, being capa-
ble of identifying changes in gene expression levels between
different study groups, thus pinpointing candidate genes that
may be up- or downregulated in a disease situation. DNA
microarrays are particularly useful tools in this aspect: after
collecting RNA samples from either tissue or cell cultures,
cDNA is produced via a retrotranscriptase and hybridized
with DNA probes attached to the surface of a manufactured
chip. The degree of hybridization is then measured for every
DNA probe and, since every gene is represented by multiple
specific probes in the chip, an average expression level is
calculated for each gene present in the DNAmicroarray [34].

Although undoubtedly useful, one of the main draw-
backs of DNA microarray technology is its dependency on
knowledge of the genomic sequence of the species to be
studied. For the human genome as well as for some known
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Figure 2: The design of an “omics” technology research platform consisting of complementary core facilities for the future of a personalized
medicine (adapted and modified from the “Venia legendi” work of J. Pöling, 2013). (a) Multiplex systems, Western blot, and confocal
microscopy are antibody based methods. The Western blot shows a stained membrane resolving 1𝜇L of two serum samples (2&3) and
1 𝜇L of pericardial fluid (PCF) from a patient with HF and high myocardial level of oncostatin M (size marker was run parallel in 1). A
strong signal of TIMP-1 was detected in PCF after antibody hybridization of the membrane and subsequent chemiluminescence detection
(WB). When targets are not known the separation of proteins lysates by 2-dimensional gel electrophoresis (2DE) reveals thousands of not
yet defined protein spots after silver staining (proteome analysis). Here, a cytoplasmic cardiac 2DE of a 3-day-old rat is shown.Then, gels are
scanned and compared and a computer based software program identifies regulated spots. (4) The protein spot is excised and identified by
mass spectrometry combined with database searches. (1) In addition RNA might be extracted from the same sample and expression levels
of ten thousands of genes can be simultaneously analyzed on DNA microarrays (transcriptome analysis). (5) Confocal microscopy verifies
observations and provides further information about the protein. A confocal image shows FGF23-positive cardiomyocytes in a patient with
aortic stenosis and highmyocardial level of oncostatinM. (b) ANP, BNP, interleukin-6, and FGF-23 were identified as oncostatinM-regulated
biomarkers on this platform. Further potential biomarkers such as radixin and moesin are indicated.

animal genomes such as rat and mouse commercial DNA
microarrays are available while for most animals arrays
cannot be obtained. In this case sequence-based technologies
that directly determine the nucleic acid sequence are a better

alternative, as technological advances have drastically low-
ered the cost of this type of analysis. RNA-seq consists of the
extraction of RNA, its conversion to cDNA, and subsequent
fragmentation before sequencing through next-generation
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sequencing (NGS) technologies and bioinformatic analysis
[35]. In any case, candidates identified through either DNA
microarray or RNA-seq analysis should be confirmed, usually
by first measuring the differential expression of the genes
through reverse transcription quantitative real-time PCR
(RT-qPCR) and then performing protein analysis.

A further cornerstone in the analysis of proteins is the
continuing development of the Western blot technology. The
enormous increase in the daily availability of new antibody
products (as companies are responding to the challenge to
develop antibodies against every single human protein), the
increase in sensitivity of detection solutions as well as of
imaging systems (Figure 2(a)) to visualize antibody targets
(detection at low femtogram level), and the development of
semiautomated systems in order to increase throughput pro-
vide excellent tools to perform proteome studies at midscale.
The specificity and sensitivity of the Western blot approach
often allow for a fast and selective analysis of molecular
pathways within days, employing small equipment available
in almost every laboratory without going through the whole
proteome by MS. Once a signalling cascade (e.g. Erk1/2) has
been identified this pathway can then be analysed in detail by
a set of specific antibodies (Ras, Raf, MEK, etc.). A further
significant advantage of Western blot over MS is the fact that
the same antibodies can be utilized for confocal microscopy
analysis, adding important information on the localization
and expression pattern of the analytes in a certain tissue.
However, the expense of individual antibodies and lack of
a more advanced automation of Western blots significantly
reduce the performance of this technique at large scale.

4. Primary Cultures of Animal Cells as
a Tool to Clarify Disease Mechanisms
and Accelerate the Discovery of Novel
Biomarkers and Drug Targets

The complex proteome and transcriptome of the heart com-
plicate the extraction of valuable information out of the huge
amount of obtained data and simplification is needed. In
our experience, the identification of disease-relevant proteins
by an “omics” approach in a certain cardiac cell type might
be hampered by the abundance of proteins of interest in
other cell types. This was the case when we analyzed ezrin-
radixin-moesin (ERM), a family of proteins crosslinking
actin filaments with the plasma membrane, thus playing
a role in cell motility and cell shape maintenance [36].
When ERM protein expression was assessed in samples from
patients who have been diagnosed as suffering from dilated
cardiomyopathy we found a reduction of moesin by a large-
scale Western blot screen [6]. However, confocal microscopy
revealed a reexpression and strong accumulation ofmoesin in
cardiomyocytes of the same patients [14]. In order to explain
this apparent contradiction we analyzed the expression pat-
tern of moesin in heart tissue by confocal microscopy and
found that smooth muscle and endothelial cells of vessels
strongly expressed moesin but these vessels were reduced in
number in the analyzed patients with DCM. We concluded
that the reduced amount of moesin in the human diseased

myocardium was due to the depletion of vessels, which
masked the reexpression of moesin in cardiomyocytes [14].

In order to accelerate the discovery of disease-relevant
peptides animal culture models provide “simplified” systems
for the analysis on an “omics” platform (Figure 3(a)). Pri-
mary cultures of cardiomyocytes are particularly suitable for
“omics” studies, since adult cardiomyocytes are terminally
differentiated and they transfer their epigenetic, genomic, and
proteomic in vivo status into the culture dish, which might
not be preserved in cell lines or passaged cells [37]. Primary
cultures are, as defined by the Latin term “primus,” cells
which are directly used for experiments after isolation from
the animal and not further passaged. The strong correlation
we demonstrated between differentially regulated proteins
of remodeling cardiomyocytes in vivo and in vitro [6, 14,
15] has permitted us to find ERM proteins (Figures 3 and
4) and other potentially relevant candidates [6, 15, 31] in
oncostatin M (Figure 2(b)) and IGF-1 (insulin-like growth
factor-1) stimulated cultures of adult rat cardiomyocytes.

Despite their strength as “pumping units” adult car-
diomyocytes are rather fragile and a good quality of cells can
only be obtained when the heart is perfused on a Langendorff
apparatus and collagenase disrupts the extracellular matrix,
thus releasing rod-shaped cardiomyocytes [38]. The suscep-
tibility of these cells to mechanical stress reflects the need of
the cardiomyocyte to adapt to changes in cardiac architecture
in order to avoid harmful mechanical distortion. In culture,
remodeling of cardiomyocytes already starts within the first
hours (Figures 3(a) and 3(b)) when ERMproteins accumulate
at membrane areas different from the intercalated disc.When
stimulated for one week with IGF-1, cardiomyocytes increase
significantly in size and ezrin is mainly localized at the
cellular extensions (Figure 3(c)) probably stabilizing tension
during the growth process. In addition, cytoplasm and the
nuclei were positive for ezrin. When the mechanical stress
suffered during the isolation process becomes too severe
freshly isolated cardiomyocytes lose their highly organized
three-dimensional structure, round up, and die by blebbing
(Figure 3(a) versus Figure 3(b)). Ezrin-positive blebs can be
easily recognized as spherical protrusions of the membrane
(Figure 3(b)).Wemade similar observationswithmoesin and
radixin after stimulation with oncostatin M indicating that
the translocation of ERM proteins belongs to a “rapid adap-
tive stress program” to compensate unfavorable mechanical
distortion [14].

In order to understand whether our observations are also
true in the remodeling myocardium we took advantage of
the TAC hypertrophy model (Figure 4(a)). In the normal
myocardium ezrin localizes to the intercalated disc. After 1
month of transaortic constriction—a time point when the
heart is still able to recover if the constriction is removed—
cardiomyocytes of some myocardial areas are increased in
size and depict a diffuse pattern of ezrin in the intercalated
disc. Some cardiomyocytes show an unusual localization of
ezrin and the pattern resembles the extensions of IGF-1-
treated cardiomyocyte cultures (white arrows). In other areas
of the myocardium ezrin appears laterally in cardiomyocytes
and the intercalated discs are hardly recognizable, indicat-
ing that most ezrin is translocated. We conclude that ezrin
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Figure 3: Cardiomyocytes respond to stress by membranous translocation of ERM proteins. (a) Fluorescence micrographs of freshly isolated
adult rat cardiomyocytes (4 hours) show different degrees of ezrin translocation (yellow arrows). Ezrin is usually located at the intercalated
disc (white arrows) but upon translocation it is detected laterally of the membrane. (b) Fluorescence micrographs demonstrate massive
translocation of ezrin. Ezrin is part of the cell blebs which are, when occurring to this extent, characteristic for dying cells. (c) Fluorescence
micrographs show increases and accumulation of ezrin in cell extensions of IGF-1 stimulated adult cardiomyocytes after seven days. Note that
serum shows also some effects on ezrin localization in control cultures (Con). (d) Fluorescence images of oncostatin M receptor-𝛽 siRNA
treated adult rat cardiomyocytes (OSM + siO𝛽) in culture demonstrate successful interruption of OSM induced remodeling after 7 days. Con
indicates albumin treated control cultures.

translocation may serve as a mechanism to stabilize car-
diomyocytes in the pressure-overloaded myocardium. In
the human failing heart ERM proteins show an unusual
localization and expression pattern. In contrast to the healthy
heart, moesin is reexpressed in cardiomyocytes [14] and ezrin
shows massive membranous and cytoplasmic accumulation.
Taken together, these are signs that the cardiac damage led

to a structural remodelling of cardiomyocytes, although this
adaptive attempt did not prevent HF.

A second advantage of animal cell culture systems resides
in the possibility of selecting from the multitude of cardioac-
tive substances individual cytokines and performing func-
tional studies. By these means we have identified oncostatin
M as a major modulator of cardiac remodeling, as well as a
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Figure 4: Spatial distribution of ezrin during adaptation andHF. (a) Longitudinal sections of themousemyocardium 1month after transaortic
constriction (TAC). In sham operated animals ezrin shows a regular appearance at the intercalated disc, which is disturbed to a variable
degree in mice after TAC (yellow circles). In the fluorescence micrographs cardiomyocytes show different degrees of ezrin translocation in
cardiomyocytes (white arrows (TAC1) and oval circles (TAC2)). These animals recover after the release of constriction. (b) Fluorescence
micrographs demonstrate massive lateral accumulation of ezrin in patients with end-stage HF. This pattern of moesin and radixin labeling
corresponds with that previously described [14].

promising therapeutic target in dilated cardiomyopathy. We
discovered that oncostatin M promotes in vivo functional
deterioration and lethality when chronically activated [6, 15].
In addition pharmaceutical or genetic targeting of the oncos-
tatin M receptor-𝛽 (O𝛽) attenuated HF and reduced mor-
tality in mice model with dilated cardiomyopathy [6, 15].
Furthermore, the relative ease in performing specific knock-
downs of proteins by siRNA in adult cardiomyocytes can in

certain aspects be an alternative to the cumbersome construc-
tion of knock-out mice. As an example, Figure 3(d) shows
how a simple knock-down of the oncostatin M receptor-𝛽
(O𝛽) by siRNA blocks the remodelling effect of oncostatin
M on adult cardiomyocytes. Taking advantage of this fact, we
identified by an siRNA-based knock-down of various signal-
ling cascades, combined with an extensive Western blot
analysis, that remodeling of oncostatin M-stimulated adult
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cardiomyocytes depends on Erk1/2 but not on p38 or SAP
kinase pathways [6]. In the same study we observedmarkedly
increased amounts of O𝛽 in patients with dilated cardiomy-
opathy. However, this cytokine is hardly detectable in the
circulation and is, therefore, unsuitable to serve as a circulat-
ing biomarker. Since oncostatin M itself induces the expres-
sion of a variety of peptides in cultured cardiomyocytes,
a transcriptome and proteome analysis of OSM-stimulated
cardiomyocytes was performed for novel disease-relevant
molecules. Amongmore than 500 strongly regulated proteins
we identified radixin, moesin, ANP, BNP, and the upcoming
HF marker FGF23 [6, 14, 15, 31] (Figure 2(b)). This observa-
tionwas insofar surprising since it was assumed that the bone,
but not the heart, is the main source of circulating FGF23 in
heart diseases. The discovery of FGF23 on the transcript as
well as protein level in the failing heart underlines the power
of an “omics”-based initial analysis of primary animal cell cul-
tures [31].

5. Conclusions

Despite the enormous efforts putworldwide intoHF research,
the number and specificity of cardiovascular biomarkers and
targets are still regarded as dissatisfactory [3, 10, 29, 39].
However, the combination of well-established traditional
methodologies with sophisticated “omics” toolboxes gener-
ates a highly promising platform and inspires great hope for
the medicine of the future. High-throughput technologies
are ideally suited to identify genes and proteins involved in
heart diseases that may have gone undiscovered so far. Gene
expression screens, such as DNA microarrays or RNA-seq,
as well as large-scale protein expression profiling through
2DE or gel-free systems combined with mass spectrometry,
generate an enormous amount of data from which novel
therapeutic strategies and potential targets can be selected
through careful bioinformatic analysis. Although undoubt-
edly powerful, large-scale screens still require the validation
and further study of individual candidates through more
traditional methods, such as Western blot and electron
and confocal microscopy, in order to verify, localize, and
characterize novel biomarkers and drug targets. Moreover, a
mere “omics” approach of human tissue samples frequently
leads into a “data jungle” hiding valuable disease-relevant
clues. For these reasons, the selection of specific animal
models such as transversal aortic constriction as a model for
patients with aortic stenosis reduces the complexity of the
human pathology and allows for amore focused analysis.The
analytical capacity of these animalmodelsmight be expanded
by genetically modified mice such as transgenes or knock-
outs, which permit the understanding of disease-relevant
processes. The greatest reductions in complexity offered by
primary animal cell cultures might make them an ideal start-
up on an “omics” platform before moving to in vivo mod-
els.
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[3] M. Szibor, J. Pöling, H. Warnecke, T. Kubin, and T. Braun,
“Remodeling and dedifferentiation of adult cardiomyocytes
during disease and regeneration,” Cellular and Molecular Life
Sciences, vol. 71, no. 10, pp. 1907–1916, 2014.

[4] S. Hein and J. Schaper, “Pathogenesis of dilated cardiomyopathy
and heart failure: insights from cell morphology and biology,”
Current Opinion in Cardiology, vol. 11, no. 3, pp. 293–301, 1996.

[5] S. Hein and J. Schaper, “The extracellular matrix in normal and
diseasedmyocardium,” Journal of Nuclear Cardiology, vol. 8, no.
2, pp. 188–196, 2001.

[6] T. Kubin, J. Poling, S. Kostin et al., “Oncostatin M is a major
mediator of cardiomyocyte dedifferentiation and remodeling,”
Cell Stem Cell, vol. 9, no. 5, pp. 420–432, 2011.

[7] M. Rajabi, C. Kassiotis, P. Razeghi, and H. Taegtmeyer, “Return
to the fetal gene program protects the stressed heart: a strong
hypothesis,” Heart Failure Reviews, vol. 12, no. 3-4, pp. 331–343,
2007.

[8] S. Hein, E. Arnon, S. Kostin et al., “Progression from compen-
sated hypertrophy to failure in the pressure-overloaded human
heart: structural deterioration and compensatorymechanisms,”
Circulation, vol. 107, no. 7, pp. 984–991, 2003.

[9] S. Hein, T. Block, R. Zimmermann et al., “Deposition of non-
sarcomeric alpha-actinin in cardiomyocytes from patients with
dilated cardiomyopathy or chronic pressure overload,” Experi-
mental & Clinical Cardiology, vol. 14, no. 3, pp. e68–e75, 2009.

[10] S. Heymans, E. Hirsch, S. D. Anker et al., “Inflammation as a
therapeutic target in heart failure? A scientific statement from
the Translational Research Committee of the Heart Failure
Association of the European Society of Cardiology,” European
Journal of Heart Failure, vol. 11, no. 2, pp. 119–129, 2009.
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Experimental animal models improve our understanding of technical problems in peritoneal dialysis PD, and such studies
contribute to solving crucial clinical problems. We established an acute and chronic PD model in nonuremic and uremic rats.
We observed that kinetics of PD in rats change as the animals are aging, and this effect is due not only to an increasing peritoneal
surface area, but also to changes in the permeability of the peritoneum. Changes of the peritoneal permeability seen during chronic
PD in rats are comparable to results obtained in humans treated with PD. Effluent dialysate can be drained repeatedly to measure
concentration of various bioactivemolecules and to correlate the results with the peritoneal permeability. Additionally we can study
in in vitro conditions properties of the effluent dialysate on cultured peritonealmesothelial cells or fibroblasts.We can evaluate acute
and chronic effect of various additives to the dialysis fluid on function and permeability of the peritoneum. Results from such study
are evenmore relevant to the clinical scenario when experiments are performed in uremic rats. Our experimental animal PDmodel
not only helps to understand the pathophysiology of PD but also can be used for testing biocompatibility of new PD fluids.

1. Introduction

An important step in studying various aspects of peritoneal
dialysis (PD) is to establish an animalmodelwhich canmimic
a clinical situation and can be reproduced. Different animal
models of peritoneal dialysis have been used in recent years
[1–20]. Experimental animal models of peritoneal dialysis
have been used both to study the physiology of peritoneal
transport [21, 22] and for testing biocompatibility of dialysis
solutions [23, 24]. Most of these studies were performed
on nonuremic animals. The transgenic mouse and cellular
models become available to target other relevant pathways
and, with the application of multiplex assay and DNA/RNA
array technologies in these models, it will become possible
to assess the interactive relationships of various physiological
and pathophysiological pathways in the peritoneum in rela-
tion to the systemic parameters [18].

In our lab we established an acute and chronic PD model
in nonuremic rats and mouse [3, 19, 20, 23, 25–36]. This
model has been modified to evaluate the different aspects of
peritoneal dialysis [3, 19, 20, 37–48]. The main objective of
our research was to evaluate the usefulness of the peritoneal
dialysis animal model as a means to evaluate the changes
taking place during the treatment with peritoneal dialysis and
correlate these experimental results with those in a clinical
setting. All the experiments were performed according to
protocol approved by Animal Ethics Committee of the
authors’ institution.

2. Topography of the Peritoneal Cavity

When we compared the contribution of different parts
of the peritoneum to the total peritoneal surface area in
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humans, rabbits, and rats, significant differences were found
[49]. The area of the diaphragm, which seems to play an
important role in lymphatic drainage from the peritoneal
cavity [50], is relatively larger in humans than in experimental
animals [49]. Therefore, one may speculate that data from
experimental studies evaluating the rate of the lymphatic
drainage of dialysate performed in rats or rabbits may under-
estimate the significance of that process in humans [49].
The transperitoneal transport of water and solutes depends
on the effective peritoneal surface area, which reflects the
density of microvessels in the membrane, and is related to
the anatomical area of the peritoneal membrane [34, 49].
Since the parietal peritoneum is larger in rats than in humans,
one may speculate that results from the animal studies may
overestimate the significance of that effect when compared
to humans [34, 49]. We observed that kinetics of peritoneal
dialysis in rats change as the animals age, and this effect is
due not only to an increasing peritoneal surface area, but also
to changes in the permeability of the peritoneum [34]. Thus,
we should take into consideration these variations when
comparing the results from in vivo experiments performed
on rats of various ages and weights [34].

3. Animal Models of Acute Peritoneal
Dialysis for Study of the Physiology of the
Transperitoneal Transport of Solutes

During peritoneal dialysis there is a continuous exchange
of fluids and solutes between the blood and dialysis fluid
dwelling in the abdominal cavity. Due to hypertonicity of the
dialysis solution, water is removed from the bloodstream into
the peritoneal cavity and at the same time there is a bidirec-
tional transport of solutes: glucose is absorbed into the blood
and metabolites are diffusing from blood into the dialysate
which results in cleaning of the body from the toxic com-
pounds. Additionally, water removal during the process of
peritoneal dialysis depends also on the amount of fluid which
is drained from the peritoneal cavity by lymphatics [51].

In our lab we used an acute model of peritoneal dialysis
which was initially performed in rabbits and afterwards in
rats. In rats under short ether anesthesia, the abdominal cav-
ity was punctured and dialysis solutionwas infused intraperi-
toneally. After a few minutes animals were awoken, with free
access to food and water. At designated time periods, a group
of animals was sacrificed bymeans of an anesthesia overdose.
The abdominal cavity was opened and the residual dialysate
was collected for measurements. Simultaneously blood sam-
pleswere obtained from the heart. Using such a relatively sim-
plemodel of dialysis, we were able to describe variousmecha-
nisms ofwater and solute transport during peritoneal dialysis.
We found that alkalization of the dialysis fluid enhances
lactate removal in animals with lactic acidosis due to hypoxia
[52]. In another study, the enhancing effect of the local
anesthetic procaine on peritoneal transport of solutes was
reported and additionally, using our in vitromodel of the iso-
lated peritonealmembrane, we confirmed that procaine had a
direct effect on mesothelial permeability [53]. In subsequent
experiments combining in vivo acute model of peritoneal

dialysis in rabbits and in vitro study on the isolated peritoneal
membrane, we also found that the effect of bupivacaine on
the transperitoneal transport of solutes during dialysis was
due to its direct action on the mesothelial cells [54, 55]. Using
combined in vivo and in vitro experiments we documented
that reduced peritoneal permeability to water and solutes in
presence of chondroitin sulphate is due to its action on the
peritoneal interstitium [36]. During acute experiments on
rats we showed that inhibition of the intraperitoneal synthesis
of nitric oxide resulted in an increased selectivity of the
peritoneal permeability and an increased net ultrafiltration
[32]. In another series of studies we investigated inflamma-
tory states and changes in peritoneal transport of water and
other molecules during acute peritoneal dialysis in rats after
lipopolysaccharide (LPS) application [39]. The addition of
LPS to a standard glucose-based dialysis solution induces
a strong and acute intraperitoneal inflammatory reaction
reflected by increased dialysate cell count, increased cytokine
and VEGF levels, as well as increased solute transport, and
decreased ultrafiltration, in a dose-dependent manner [39].
The changes in peritoneal transport in this in vivo rat model
of acute LPS-induced peritoneal inflammation are similar to
results obtained in continuous ambulatory PD patients in the
early phases of the peritonitis [39]. Our finding that increased
VEGF levels correspond to the intensity of inflammation
supports the hypothesis that inflammation could be a key
component of VEGF stimulation [39].

The last group of our experiments on the model of the
acute peritoneal dialysis in rabbits focused on evaluation of
factors affecting lymphatic drainage from the peritoneal cav-
ity filled with the dialysis solution. We found that peritoneal
lymphatic drainage is not steady during the intraperitoneal
dialysate dwell and its value is modified by factors such as
volume of the dialysate, its tonicity, and presence of protein
or uremia [56].

In conclusion, we think that despite their technical sim-
plicity, acute peritoneal dialysis experiments, especially when
combined with in vitro studies on the isolated peritoneal
membrane, provide vast information about function of the
peritoneum as the dialysis membrane.

4. Biocompatibility of Peritoneal Dialysis

Peritoneal dialysis is not a biocompatible procedure. Intra-
peritoneal infusion of any solution results in initiation of
an inflammatory reaction, causing progressive injury to the
peritoneum. Additionally, dialysis fluid has nonphysiological
composition (i.e., low pH, hypertonicity, and high-glucose
concentration) which on one hand stimulates an inflam-
matory reaction and on the other hand may have a direct
injuring effect to the peritoneum [57]. Some of the results
found in experimental “short-term studies,” lasting several
hours, may not be the same as those observed in patients
maintained on PD for a long time [23, 37, 47, 48, 58, 59]. We
developed an experimental chronic peritoneal dialysis model
for repeated dwell study in rats. Application of the model of
chronic peritoneal dialysis in rats where animals are exposed
to the tested solutions for at least 4 weeks allows evaluation of
their effects on structure and function of the peritoneum [48].
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4.1. Catheter Implantation: Surgical Procedure (Figures 1
and 2). The catheters, patterned after a standard Tenckhoff
catheter, were constructed frommedical silicone tubing with
two polyester cuffs (Figure 1). The peritoneal catheter was
implanted in rats according to a described method [3, 23, 24,
35, 43]. Under anesthesia (Medetomidine and Midazolam,
i.m. or ether inhalation), first a 3 cm long incision of skin
on the abdomen was performed and the abdominal muscles
(about 2 cm long incision) were cut (Figure 2). A vertical
incisionwasmade in themid-line (in order to avoid bleeding)
beneath the xiphoid process (Figure 2). Then the peritoneal
cavity was opened and omentectomy was performed. The
distal part of the sterile peritoneal catheter was inserted into
the abdominal cavity. The cuff was attached to the superficial
muscle layer by purse string sutures. The catheter was pulled
up through a subcutaneous track up to the animal’s neck and
exteriorized between the ears [23, 37, 47, 48, 58, 59]. Then
10–15mL of peritoneal dialysis fluidwas infused into the peri-
toneal cavity via the catheter and immediately drained. After
recovering from the surgical procedures, animals returned to
their cages and were allowed full mobility over the period of
the experiment. After implantation of the catheters, animals
were randomly divided into experimental groups.

4.2. Dialysis Procedure. During the first week after catheter
implantation, the instilled volume of standard glucose-based
solution with antibiotics (Netilmicin 5mg/L and Cefuroxime
60mg/L) was gradually increased from 10 to 20mL. Tested
solutions were infused daily (1–4 times) into the peritoneal
cavity via the catheter. The instilled fluid was allowed to
absorb gradually from the abdominal cavity or drained after
the completed dwell time. During the study, the animals were
awake for infusion and drainage of fluids.

4.3. PET (Peritoneal Equilibration Test). PET was performed
during a 2- or 4-hour exchange with hypertonic peritoneal
dialysis solution according to the protocol used in our lab
[27, 30, 37, 48]. Under ether anesthesia, a blood sample was
drawn from the tail vein in each rat. Then, 30mL of dialysis
solution was infused into the peritoneal cavity of the animal.
During the 4-hour exchange, the animals were awake, with
free access towater and food.Dialysate sampleswere drawn at
time 0 (instantly after infusion of the dialysate) at 30minutes,
1 hour, 2 hours, and 4 hours of the dwell. After four hours,
the residual dialysate in each rat was drained and its volume
measured. Peritoneal permeability to glucose was assessed
based on the decline of glucose concentration in the dialysate
expressed by the ratio D/D

0
(D, glucose concentration in the

dialysate sample; D
0
, glucose concentration in the dialysate

at time 0). Peritoneal permeability to other solutes was
measured by calculating the ratio of their concentration in
the dialysate sample to their concentration in plasma.

Changes of peritoneal permeability seen during in vivo
experimental models of chronic peritoneal dialysis in rats
are comparable to results obtained in humans on CAPD
[27, 60]. For the first time, we described an experimental
chronic peritoneal dialysis model with repeated dwell studies
with drainage in nonuremic rats and evaluated the effects
of addition of heparin to glucose-based peritoneal dialysis

fluid on peritoneal fluid and solute transport [3]. Heparin
may improve peritoneal fluid transport possibly as a result
of better healing and reduced peritoneal inflammation, as
was shown in this novel animal model of chronic peritoneal
dialysis with repeated dwell studies [3]. We consider that
repeated dwell studies with drainage might improve the
understanding of changes in transperitoneal permeability
during peritoneal dialysis [3, 27, 60]. The advantage of this
model in relation to other peritoneal dialysis animalmodels is
the ability to conduct peritoneal dialysis with fluid exchanges
where the fluid drainage is conducive to effluent cell analysis
and active substance concentration measurements [3, 27, 30,
37, 38, 40, 58]. It is of importance to evaluate, in a continuous
fashion, transport across the membrane during the study and
perform histopathological tissue assessment at the end of the
experiment [38, 40, 42].

In studies using our experimental model of chronic
peritoneal dialysis in rats we found that glucose has a more
injurious effect on the peritoneum in comparison tomannitol
[46]. At the same time hypertonic dialysis solutions contain-
ing glucose are less injurious than phosphate-buffered saline
(PBS) fluid [26, 47]. In another study we found that dialysis
fluids with neutral pH and low concentration of glucose
degradation products cause a weaker intraperitoneal inflam-
matory reaction and fibrosis of the peritoneum, as opposed
to the standard acidic solutions [25]. Using our model we
were able to study not only the effects of chronic peritoneal
dialysis on structure and function of the peritoneum, but
also the function of the peritoneal cells responsible for the
local host defense against infections. Hypertonicity of the
dialysis solutions suppresses the function of the peritoneal
cells, which may result in less injury to the peritoneum, yet
at the same time increases predisposition to intraperitoneal
infections [28]. On the other hand, new generations of the
dialysis solutions with neutral pH and low concentration
of GDPs suppress intraperitoneal inflammation while the
function of the peritoneal leukocytes seems to improve, as
reflected by a stronger response to endotoxin [30].

In another series of studies using our experimental model
we looked at potential approaches which may result in better
biocompatibility of the dialysis solutions. We did not find
any advantage of the dipeptide glycylglycine as an alternative
to glucose osmotic solute [33], but we did a whole series of
studies which confirmed that N-acetylglucosamine (NAG) is
safer and more biocompatible than glucose osmotic solute,
suggesting that NAG can potentially be used in dialysis
solutions [35]. We found also that NAG could be a better
osmotic solute than glucose as it, in addition, does not
cause systemic hyperinsulinemia [44]. Hypertonic solutions
containing NAG have less suppressive effects than glucose
on function of the peritoneal leukocytes [31] but at the
same time suppress the intraperitoneal inflammation during
acute peritonitis [41]. We found in in vitro experiments
that NAG stimulates hyaluronan synthesis in peritoneal
mesothelial cells and fibroblasts [61] which was confirmed in
rats chronically exposed to the dialysis solution containing
NAG as an osmotic solute [62]. In these animals there
was an increased amount of hyaluronan in the peritoneal
interstitiumwhich resulted in reduced transperitoneal loss of
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proteins and increased net UF due to slower absorption of
dialysate from the abdominal cavity. Our findings regarding
NAG confirm our previous results from experiments with
hyaluronan in the model of chronic dialysis in rats. In
animals exposed to chronic peritoneal dialysis with the
standard solution but supplemented with hyaluronan, less
intraperitoneal inflammation and less peritoneal fibrosis were
observed and, at the same time, transperitoneal protein loss
was reduced whereas net UF increased [29].

This chronic peritoneal dialysis rat model allows us to
examine also the influence of different substances exemplified
by GDPs on changes in renal function and kidney structure
in a case of reduced number of nephrons [38] and to achieve
a background very similar to the clinical setting in patients
treated with peritoneal dialysis.

5. Fibrosis in Chronic PD Model

Our model of chronic peritoneal dialysis in rats also served
for evaluation of the potential approaches which can result
in better preservation of the peritoneum during chronic
dialysis. We discovered that not only glucose but also other
components in the standard bioincompatible solutions such
as high content of GDP, low pH, and low content of lac-
tate could be responsible for peritoneal fibrosis [38]. The
daily use of glucose-based peritoneal dialysis solutions in
a chronic peritoneal dialysis rat model was associated with

morphological changes consistent with peritoneal fibrosis
[38]. Whereas these changes in general were associated
with the dialysate glucose concentration, the use of a more
physiological bicarbonate/lactate-buffered peritoneal dialysis
solution reduced but could not totally eliminate these effects
[38]. We found that supplementation of the dialysis solution
with precursors for glutathione synthesis in rats chronically
exposed to peritoneal dialysis resulted in reduced fibrosis and
neoangiogenesis within the peritoneum [63]. The protective
effect of the glutathione supplemented solution in such
conditions was additionally confirmed by ex vivo experiment
studying the effects of dialysate effluents obtained from
rats on the in vitro fate of cultured peritoneal mesothelial
cells from the rats. We found that effluents from animals
treated with glutathione caused weaker stimulation of the
in vitro collagen synthesis compared to the control group
[63]. Results from that study confirm that addition of the ex
vivo testing of the dialysate effluents on the in vitro cultured
cells helps in understanding the in vivo pathomechanisms.
In another study, we documented that supplementation of
the dialysis fluid with an ACE inhibitor, enalapril, inhibits
peritoneal fibrosis in chronically dialyzed rats which resulted
in better net UF at the end of the 4-week study [43]. The
TGF/Smad pathway appeared to play a role in this process,
and we hypothesize that high-glucose peritoneal dialysis
solutions, particularly bioincompatible peritoneal dialysis
solutions, activate this pathway which may contribute to the
observed changes in the peritoneum [38]. The addition of
rosiglitazone to standard dialysis fluids canmaintain the peri-
tonealmorphology and increase ultrafiltration in a peritoneal
dialysis rat model [40]. An intraperitoneal PPAR-𝛾 agonist
may ameliorate morphological and functional changes of the
peritoneum induced by standard peritoneal dialysis solutions
in a chronic peritoneal dialysis rat model, while PPAR-𝛾
agonists in rats treated with newer biocompatible solutions
showed less benefit [40]. Furthermore, adenovirus-mediated
gene transfer of active transforming growth factor (TGF-𝛽)
into the peritoneum is also a useful technique in inducing
peritoneal fibrosis similar to that observed in patients under-
going long-term peritoneal dialysis [7–17].

6. Spontaneous Peritonitis in Rats
Undergoing Chronic PD

The use of bicarbonate/lactate mixture and/or bicarbonate
results in improvements in various biocompatibility mea-
surements as comparedwith acidic, lactate-buffered solutions
[30, 64–69] although this was not clearly demonstrated in all
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in vivo studies [70, 71]. In our next study, all peritoneal dial-
ysis related procedures such as infusion and drainage were
performed in a semisterile setting to induce spontaneous
peritonitis [37]. Each day, dialysis fluid was infused in the
morning (20mL) and was drained after a 4-hour dwell [37].
Then the animals were reinfusedwith 20mLof fresh solution.
Samples for culture were collected once per week (4 hrs
dialysate effluent) or when peritonitis was suspected (based
on the peritoneal cells count (PCC) and/or effluent macro-
scopic evaluation) [37]. Upon the diagnosis of peritonitis,
rats were treated by peritoneal dialysis for five or more days
(if at all possible) and sacrificed by overdose of anesthesia
[37]. We scored peritoneal adhesions in all animals at the
end of the experimental study. Spontaneous peritonitis in rats
on chronic PD, which could be diagnosed by PCC dialysate
(PCC more than 3,000/mm3 or a 3-fold increase of PCC),
occurs as a linear function of time, allowing this model to be
used for evaluating the susceptibility of infection (peritonitis)
and the inflammatory response following intraperitoneal use
of different solutions [37]. Bicarbonate/lactate-buffered solu-
tions reduced the time to infection, improved (enhanced) the
inflammatory response, and reduced the adhesion formation
in the peritoneal cavity [37]. This indicates that, in addition
to the high-glucose concentration, other toxic factor(s) in
the standard glucose lactate-based peritoneal dialysis fluid,
such as lower pH, higher GDP content, and lactate buffer,
may contribute to more severe peritonitis and, subsequently,
increased adhesion formation [37]. These data are in broad
agreement both with our previous chronic in vivo studies,
which showed that the use of antibiotics was associated with
low incidence of intraperitoneal infection and a low rate of
catheter obstruction and excellent technique survival [27, 30].

7. Effect of Peritoneal Dialysis on the Renal
Function and Morphology

Preservation of the renal residual function is an important
factor determining adequacy of dialysis. Survival of patients
treated with chronic peritoneal dialysis is better in a group
with preserved renal function [72]. We tested the effect of
chronic peritoneal dialysis in rats after unilateral nephrec-
tomy treated for 12 weeks with peritoneal dialysis on mor-
phology and function of the remaining kidney [42]. Animals
were infused twice daily with 20mL of hypertonic dialysis
fluid, allowing it to absorb gradually from the peritoneal
cavity. Rats with a removed kidney but not treated with peri-
toneal dialysis were used as control. Although there was no
difference in renal creatinine clearance between the studied
groups, at the end of the experiment urinary albumin excre-
tionwas four times higher in rats treated with peritoneal dial-
ysis and urinary excretion of N-acetyl-𝛽-D-glucosaminidase
increased as well (+28%, 𝑃 < 0.01). Glomeruli in the remain-
ing kidneys were equally hypertrophied in both groups.
However, in rats treated with peritoneal dialysis, the amount
of PAS-positive substances in the glomeruli and the amount
of collagen in the peritubular area were higher than in the
control group by 69%, 𝑃 < 0.001, and 274% 𝑃 < 0.001,
respectively. Results of this study show that our animalmodel

of chronic peritoneal dialysis is suitable for studying the
effect of such treatment onmorphology and function of other
organs. In another study, we found that chronic peritoneal
dialysis in rats causes not only fibrosis of the peritoneal mem-
brane, but also stimulates growth of the connective tissue
within the liver [45]. In all animals, folding of the surface of
the liver parenchyma was found to be due to penetration of
the connective tissue elements between the hepatocytes. Due
to such changes, groups of hepatocytes became detached and
isolated from the remaining cells of the liver lobules.

8. Rat Model of Chronic Uremia on PD

Studying the effect of uremia on both peritoneal trans-
port and biocompatibility of dialysis solutions is generally
recommended; however, such experiments are laborious,
difficult, and expensive, and only a few papers report on
peritoneal dialysis in uremic animals. Gotloib et al. described
a model of peritoneal dialysis in rabbits made uremic by
partial nephrectomy (total nephrectomy on one side and
5/6 nephrectomy on the opposite side) [73]. However, in
some of these models, the level of uremia was moderate
[1, 6]. Furthermore, no detailed description of how uremia
influences peritoneal permeability has been provided. In our
study, we performed a bilateral total nephrectomy [58]. We
evaluated the effect of uremia on peritoneal permeability
in anephric rats [58]. Bilateral nephrectomy caused acute
uremia in the studied animals. Removal of just one kidney
induced no significant changes in blood urea or creatinine
levels [58]. However, already at 36 hours after removal of
the second kidney, blood creatinine increased from 0.54 ±
0.09mg/dL to 9.47 ± 1.06mg/dL (𝑃 < 0.001) and blood urea
increased from 34.5 ± 6.0mg/dL to 465.6 ± 50.8mg/dL (𝑃 <
0.001) [58], similar to what is observed in patients without
renal function and treated with CAPD.The animals required
intensive dialysis, on some days with an increased number
of exchanges (4–6 exchanges per day). To obtain adequate
ultrafiltration, exchanges with hypertonic dialysis solution
were necessary. However, the transperitoneal equilibration of
creatinine was faster in uremic animals [58]. Common symp-
toms experienced by the uremic animals included diarrhea
and decreased appetite and resulted in loss of body weight
[58]. This has also been observed in other studies [1, 73].
We think that systemic changes induced by uremia—such
as overhydration, hyperosmolality, change in blood pressure,
and decreased hematocrit—can also influence peritoneal
permeability [58]. Monitoring these parameters in an animal
model is very difficult.

The experimental model of uremia in anephric rats
described here may also be appropriate for evaluation of new
biocompatible dialysis solution. Testing these parameters
in the same animal, before induction of uremia and after
development of uremia, may reduce variations in the results
owing to interindividual changes [58].

9. Mouse Model of PD

The transgenic mouse and cellular models have already
made a significant impact on defining basic mechanisms
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that operate in the peritoneal membrane. The development
of transgenic mice for describing pathways and molecules
relevant to specific diseases together with the possibility of
investigating minute biologic samples for numerous param-
eters simultaneously explains why the use of such models is
set to transform research into practice [18]. To date, studies in
null mice and cells derived from these animals provide direct
mechanistic insights into the transport properties of the
peritoneal membrane, the role of cytokines and chemokines
in regulation of peritoneal inflammation, bacterial clearance
and leukocyte recruitment, and pathways involved in struc-
tural and fibrogenic alterations that contribute to treatment
failure [18]. Injection of IL-17 i.p. in experimental animals
resulted in a time-dependent increase in the total number of
cells in the peritoneal cavity [20]. Although IL-17A is gen-
erated by cells associated with adaptive immunity it appears
to promote innate immune responses [19]. Our data indicate
that the IL-17A-driven release of G-CSF from mesothelial
cells may be an element of the peritoneal inflammatory
response [19]. Mouse models also offer a vital preclinical
resource inwhich the testing of various therapeutic strategies,
arising from the mechanistic approaches, can be evaluated
[18]. Barreto et al. found that pyrophosphate delivered via
the intraperitoneal route using a PD solution does not appear
to be deleterious to bone tissue in mice with chronic kidney
disease [74].This study indicates a potentially safe dose range
which could be considered for future studies in the clinical
setting [74]. Limitations of such models should be kept in
mind, including the various growth and metabolic rates,
the effect of the genetic background, and the possibility of
adaptive mechanisms [18]. Despite these limitations, they
nevertheless offer a tremendous resource that is poised to
transform peritoneal research and lead to targeted interven-
tions to prolong PD therapy [18].

10. Encapsulating Peritoneal Sclerosis (EPS)

EPS is a rare disease and the true incidence is unknown. It is
not exclusive to PD but this review will focus on patients on
PD or former PD patients [75]. For that reason, experimental
models have been developed, which induced an EPS-like
pattern by means of intraperitoneal application of several
agents, for example, acidic glucose solution with pH inferior
to 4 [76], chlorhexidine gluconate [77, 78], chlorhexidine
acetate, povidone iodine, and also formaldehyde [79], as well
as bleach plus whole blood [4]. Recently, mouse models
have been established, which offer the possibility of investi-
gating peritoneal transformations in the context of genetic
alterations with specific regard to molecular mechanisms
involved in that process [18]. Devuyst et al. investigated mice
deficient in water channel aquaporin 1, which is involved in
the transperitoneal transport or knock-in mice with mutants
of gp130 involved in IL-6 signaling, which promotes the
recruitment of T cells to the peritoneum [18]. Knowing
that use of PD fluid containing GDPs generates advanced
glycation end-products (AGE) [80], a comparison of wild-
type mice with mice deficient in AGE receptor (RAGE)
was performed. Peritoneal changes including inflammation,

neoangiogenesis, and fibrosis can be mediated in a RAGE-
dependent fashion [81].

11. Conclusions

If put into practice, using animal models as described in
this review may improve our understanding of underlying
problems in peritoneal dialysis using interventions that can-
not ethically be applied to inpatients, and such studies could
therefore potentially contribute to solving crucial clinical
problems, thereby lengthening peritoneal dialysis patients’
lives, as well as permitting a longer and safer application of
this type of dialysis modality in individual patients [3, 27,
30, 37, 58]. Recent advancements in virology have led to the
development of a potent, safe, and nonpathogenic adenoas-
sociated virus [82]. Similarly, innovations in nanotechnology
have rendered numerous efficient and safe nanoparticles
for gene therapy [82]. This study shows that both gold
nanoparticles and adenoassociated virus mediated decorin
gene therapies significantly decrease peritoneal fibrosis in
vivo in a rodent model [82]. This approach has potential
clinical translational in providing a therapeutic strategy to
prevent peritoneal fibrosis in peritoneal dialysis patients [82].
Further studies conducted in animal models of peritoneal
dialysis will allow the development and improvement of this
important method of renal replacement therapy.
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Mouse models that carry mutations causing thalassemia represent a suitable tool to test in vivo new mutation-specific therapeutic
approaches. Transgenic mice carrying the 𝛽-globin IVSI-6 mutation (the most frequent in Middle-Eastern regions and recurrent
in Italy and Greece) are, at present, not available. We report the production and characterization of a transgenic mouse line (TG-
𝛽-IVSI-6) carrying the IVSI-6 thalassemia point mutation within the human 𝛽-globin gene. In the TG-𝛽-IVSI-6 mouse (a) the
transgenic integration region is located in mouse chromosome 7; (b) the expression of the transgene is tissue specific; (c) as
expected, normally spliced human 𝛽-globin mRNA is produced, giving rise to 𝛽-globin production and formation of a human-
mouse tetrameric chimeric hemoglobin mu

𝛼-globin
2
/hu𝛽-globin

2
and, more importantly, (d) the aberrant 𝛽-globin-IVSI-6 RNAs

are present in blood cells. The TG-𝛽-IVSI-6 mouse reproduces the molecular features of IVSI-6 𝛽-thalassemia and might be used
as an in vivo model to characterize the effects of antisense oligodeoxynucleotides targeting the cryptic sites responsible for the
generation of aberrantly spliced 𝛽-globin RNA sequences, caused by the IVSI-6 mutation. These experiments are expected to be
crucial for the development of a personalized therapy for 𝛽-thalassemia.

This article is dedicated to the memory of Renzo Galanello and Antonio Cao.

1. Introduction

In 𝛽-thalassemias, mutations of the 𝛽-globin gene or its reg-
ulatory regions cause absence (𝛽0) or reduced synthesis (𝛽+)
of 𝛽-globin chains [1–4], associated with a corresponding

excess of the complementary 𝛼-globins. The outcome of this
unbalanced globin production is the destruction of erythroid
precursors in bone marrow and at extramedullary sites
(ineffective erythropoiesis) by apoptosis and short survival
of red blood cells (RBCs) in the peripheral blood [5–9].
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The disease is associated with morbidity and mortality due
to severe chronic anemia or treatment-related complications.

More than 200 point mutations cause 𝛽-thalassemia
[10] and can affect transcription, splicing of the primary
transcript, translation, and stability of the 𝛽-globin mRNA.
For instance, 𝛽039-thalassemia is caused by a stop codon
mutation that leads to premature termination of 𝛽-globin
chain synthesis [11, 12]; the 𝛽0IVSI-1 mutation suppresses the
correct maturation of the 𝛽-globin RNA precursor [13], while
the 𝛽+IVSI-110 allele coexpresses an abnormally spliced 𝛽-
globin mRNA and a normal one [14].

Recently, the effort of several research groups has focused
on the development of possible therapeutic interventions
designed for patients carrying specific 𝛽-thalassemia muta-
tions (personalized therapy). For instance, Salvatori et al.
reported the proof-of-principle that aminoglycosides are able
to restore to some extent HbA production in erythroid cells
from homozygous 𝛽039-thalassemia patients [15]. Lonkar
et al. described a PNA-based approach method for targeted
correction of a thalassemia-associated 𝛽-globin mutation
[16]. In addition, other groups approached a therapy based
on the correction of aberrant pre-mRNA splicing [17, 18].

Mouse models for the different mutations causing tha-
lassemia are, therefore, very important to test in vivo the
activity of new potential approaches that target specificmuta-
tions [19].Themouse 𝛽-globin locus contains four functional
𝛽-globin genes: 𝛽h1 and 𝜀y (transcribed only during the
embryonic phase of development and silenced in 14-15-day-
old embryos) and the b1 (𝛽major) and b2 (𝛽minor) genes that
are transcriptionally activated in utero around 11 days after
conception [20]. Unlike in humans, 𝛾-like globin genes are
not present inmouse, and the embryonic to adult hemoglobin
(Hb) switch occurs before birth (while in humans this switch
occurs during the first 6 months after birth). Accordingly,
mice homozygous for mutations that prevent expression
of the 𝛽-globin genes die perinatally, due to the lack of
expression of any Hb [19], although recently models mimick-
ing 𝛽0-thalassemia have been generated. These animals are
viable at birth due to the prolonged expression of human
fetal hemoglobin and then require chronic transfusions for
survival [20, 21]. However, the most utilized adult murine
models carry the complete deletion of one or both the mouse
𝛽-globin genes, showing phenotypic features similar to those
observed in 𝛽-thalassemia intermedia patients [22, 23].These
animals do not carry any of the most common mutations
observed in 𝛽-thalassemia in humans.

Therefore, murine models of 𝛽-thalassemia, which carry
a mutated human 𝛽-globin gene in combination with the
presence of deletions of the mouse 𝛽-like globin genes can
be an invaluable tool to test new therapeutic strategies. For
instance, Vadolas et al. generated a humanized mouse model
carrying the common 𝛽+IVSI-110 splicingmutation on a bac-
terial artificial chromosome including the human 𝛽-globin
locus [24]. They examined heterozygous murine 𝛽-globin
knock-out mice carrying either the IVSI-110 or the normal
human 𝛽-globin locus. A 90% decrease in human 𝛽-globin
chain synthesis in the IVSI-110 mouse model compared with
the mouse model carrying the normal human 𝛽-globin locus

was observed.This notable difference is attributed to aberrant
splicing. The humanized IVSI-110 mouse model accurately
mimics the splicing defect found in 𝛽-thalassemia patients
with this mutation.This mouse model therefore offers a plat-
form to test strategies for the restoration of normal splicing.
Other examples of “humanized” transgenic mice proposed as
model systems for 𝛽-thalassemia have been reported [25–27].

The generation of new transgenic mice carrying other
specific𝛽-thalassemiamutationsmight help the characteriza-
tion and development of drugs that selectively target specific
mutations. The IVSI-6 mutation is the most frequent in the
Middle-Eastern region and is also recurrent in Italy and
Greece [28–30]. This mutation leads to the activation of
three cryptic splicing sites, which generate three aberrantly
spliced mRNAs. The production of a mouse that expresses
such mutation could supply a model to test new compounds
and therapies for this population of patients. Therefore, we
developed a novel and the first transgenic line carrying the
human IVSI-6 𝛽-globin gene.

2. Materials and Methods

2.1. Vector Design and Construction. For the production of
transgenic mice, we designed a lentiviral vector containing
the human 𝛽-globin gene under the control of its physio-
logical promoter and a portion of the human locus con-
trol region (LCR), named pCCL.𝛽-globin.PGK.GFP.WPRE
(T9W) [31]. The vector T9W-IVSI-6 was generated by in
vitro mutagenesis, introducing the IVSI-6 𝛽-thalassemic
point mutation inside the human 𝛽-globin gene. Mutage-
nesis has been performed by using the QuickChange II
Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA,
USA) [32]. A double stranded mutant oligonucleotide
(5-CCTGGGCAGGTTGGCATCAAGGTTACAAG-3) was
used in order to introduce the IVSI-6 mutation into the 𝛽-
globin gene.Themutagenesis reaction has been performed in
a final volume of 25𝜇L, containing 25 ng of plasmid template,
1x Reaction Buffer (20mM Tris-HCl pH 8.8, 2mM MgSO

4
,

10mM KCl, 10mM (NH
4
)
2
SO
4
, 0.1mg/mL BSA, 0.1% Triton

X-100), 0.5 𝜇L of dNTP Mix, 62.5 ng of mutagenesis primers,
by using 1.25Uof PfuUltraHFDNApolymerase.The thermal
reaction has been performed by using the GeneAmp PCR
System 9600 (Perkin Elmer,Waltham,MA, USA): after a first
denaturation at 94∘C for 3minutes, 22 cycles were performed,
consisting of denaturation at 95∘C for 30 seconds, annealing
at 55∘C for 1 minute and elongation at 68∘C for 8 minutes.
At the end of the mutagenesis reaction, the amplification
product was digested with 5U of the restriction endonuclease
DpnI, at 37∘C for 1 hour, so as to remove the parental not
mutated DNA. 5 𝜇L of the digestion reaction was then used
to transform 120𝜇L of ultracompetent E. coli JM109 bacteria:
DNA and bacteria were incubated on ice for 4 hours and,
then, after a thermic shock at 42∘C for 45 seconds and imme-
diately on ice for 2 minutes, 1mL of Luria Bertani Medium
(LBMedium: 10 g/L bacto-tryptone, 5 g/L yeast extract, 10 g/L
NaCl) was added and an incubation at 37∘C for 1 hour under
slow agitation was performed; finally bacteria have been
plated on Petri plates containing semisolid medium (LB



BioMed Research International 3

Table 1: PCR primers employed for identification and characterization of transgenic mice.

Name Sequence Length (nt) Melting temperature (∘C) Gene
MuActF 5 TGACGGGGTCAACCACACTGTGCCCATCTA 3 30 81 Murine 𝛽-actin
MuActR 5 CTAGAAGCATTTGCGGTGGACGATGGAGGG 3 30 80 Murine 𝛽-actin
TransF 5 TGCATTCATTTGTTGTTGTTTTTCT 3 25 65 Transgene (LCR)
TransF [6FAM] 5 [6-FAM] TGCATTCATTTGTTGTTGTTTTTCT 3 25 65 Transgene (LCR)
TransR 5 TGACTAAAACTCCACCTCAAACGG 3 24 67 Transgene (LCR)
HuBetaF 5 AGACCTCACCCTGTGGAGCC 3 20 68 Human 𝛽-globin
HuBetaR 5 TCAGGAGTGGACAGATCCCC 3 20 67 Human 𝛽-globin
MuActF1 [6FAM] 5 [6-FAM] TACTTTGGGAGTGGCAAGCC 3 20 66 Murine 𝛽-actin
MuActR1 5 TCTCCATGTCGTCCCAGTTG 3 20 66 Murine 𝛽-actin

Table 2: Primers employed for RT-PCR analyses.

Name Sequence Length (nt) Melting temperature (∘C) Transcript
HuBetaF1 5 GCATCTGACTCCTGAGGAGAAGTC 3 24 67 Human 𝛽-globin
HuBetaF1
[6FAM] 5 [6-FAM] GCATCTGACTCCTGAGGAGAAGTC 3 24 67 Human 𝛽-globin

HuBetaR 5 TCAGGAGTGGACAGATCCCC 3 20 67 Human 𝛽-globin
MuBetaF 5 CCTGACTGATGCTGAGAAGGC 3 21 66 Murine 𝛽-globin
MuBetaR 5 GCAGAGGATAGGTCTCCAAAGCTATC 3 26 67 Murine 𝛽-globin
MuAlphaF 5 CTGAAGCCCTGGAAAGGATGT 3 21 66 Murine 𝛼-globin
MuAlphaR 5 ATTTGTCCAGAGAGGCATGCA 3 21 67 Murine 𝛼-globin
MuActF2 5 TGTATTCCCCTCCATCGTGG 3 20 67 Murine 𝛽-actin
MuActR2 5 CACAGCCTGGATGGCTACGTAC 3 22 68 Murine 𝛽-actin

IVSI+13F 5 GGGCAGGTTGGCATCAAG 3 18 67 IVSI+13 altered
spliced transcripts

Mediumwith 15 g/L bacto-agar) in the presence of 100𝜇g/mL
ampicillin and incubated at 37∘C for one night. The bacterial
clones obtained were screened for the incorporation of the
recombinant plasmid construct, whose nucleotide sequence
was finally confirmed by DNA sequencing.

2.2. Production of Transgenic Mice by Microinjection. The
6.1 Kb XcmI-ClaI fragment corresponding to the 𝛽+IVSI-6
insert was purified with the QIAquick Gel Extraction Kit
(QIAGEN, Hilden, Germany) according to manufacturer’s
instructions and sterile filtered with a 0.22𝜇m Costar Spin-
X column (Corning Incorporated, Corning, NY, USA). Five
hundred DNA molecules/picoliter were microinjected in the
pronucleus of fertilized eggs of 8-week-old FVB mice. The
injected embryos were implanted into CBA/J X C57BL/6J
pseudopregnant females and the offspring genotype was
tested for the integration of the transgene as described below.

2.3. Transgenic Mice. Mouse strains were supplied by Molec-
ular Biotechnology Center of Turin University. Maintaining
and experimental procedures were done at FerraraUniversity
with the approval of Ethics Committee.

2.4. Purification of Murine Genomic DNA. Murine genomic
DNA was purified from mouse tails. Briefly, 1x DreamTaq
Buffer (containing KCl, (NH

4
)
2
SO
4
, 20mM MgCl

2
) (Fer-

mentas, Burlington, ON, Canada) and 0.2mg/mL proteinase

K were added to a 0.2–0.5 cm tail snip in a final volume of
50 𝜇L, before incubating at 57∘C in a water bath for 16–20
hours. The samples were briefly vortexed and incubated at
95∘C for 10 minutes to inactivate proteinase K and, finally,
after centrifuging at maximum speed for 5 minutes, the
supernatant containing genomicDNAwas collected. Purified
genomicDNAwas checked by 0.8% agarose gel electrophore-
sis and quantified by spectrophotometry.

2.5. Synthetic Oligonucleotides. The nucleotide sequences
of PCR primers were designed using the Primer Express
Oligonucleotide Selection Software, version 1.0 (Applied
Biosystems, Life Technologies, Carlsbad, CA, USA) and are
reported inTables 1 and 2.HPLC-grade oligonucleotideswere
purchased from Sigma Genosys (Cambridge, UK).

2.6. Polymerase Chain Reaction (PCR). In each PCR reaction,
1 𝜇L of murine genomic DNA was amplified by DreamTaq
DNA polymerase (Fermentas): PCR was performed in a final
volume of 100 𝜇L, containing 1xDreamTaq Buffer (containing
KCl, (NH

4
)
2
SO
4
, 20mM MgCl

2
), 33 𝜇M dNTPs, 150 ng of

PCR primers, and 1.25U of DreamTaq DNA polymerase.
PCR primer pairs used (Table 1) were as follows: MuActF
(forward) andMuActR (reverse), designed to amplify a 871 bp
sequence located on the murine 𝛽-actin gene; TransF (for-
ward) and TransR (reverse), which amplify a 154 bp sequence
on the transgene;HuBetaF (forward) andHuBetaR (reverse),
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designed to amplify a 449 bp sequence on the human 𝛽-
globin gene. The amplification cycles used were as follows:
denaturation, 30 sec, 95∘C; annealing, 20 sec, temperature
1-2∘C lower than primer melting temperatures; elongation,
72∘C for a length of time depending on the PCR product size.

2.7. Sequencing of PCR Products. HuBetaF-HuBetaR PCR
products, containing part of the human 𝛽-globin gene, were
purified with MicroCLEAN (Microzone Limited, Haywards
Heath, West Sussex, UK) and sequenced by using the ABI
PRISM BigDye Terminator Cycle Sequencing Ready Reac-
tion Kit, v1.0 (Applied Biosystems). Sequence reactions were
performed in a final volume of 20𝜇L, containing 40 ng of
PCR template, 3.2 pmoles of primerHuBetaR, 1x Sequencing
Buffer, and 8 𝜇L of Terminator Ready Reaction Mix. 45
amplification cycles were performed, as follows: denatura-
tion, 96∘C, 10 seconds; annealing, 65∘C, 5 seconds; elongati-
on, 65∘C, 3 minutes. A denaturing 4% polyacrylamide gel
electrophoresis was then carried out in an automated ABI
PRISM 377 DNA Sequencer (Applied Biosystems), and final
sequence data were analyzed by Sequencing Analysis 3.3
(Applied Biosystems) and Chromas Lite 2.01 (Copyright©
2003–2008 Technelysium Pty Ltd.) softwares.

2.8. Quantification of Human 𝛽-Globin Genes in Transgenic
Mice by Real-Time PCR. Calibration curves were obtained
using 50, 100, and 150 ng of genomicDNA from a hemizygous
mouse and the 𝛽-actin gene as endogenous control. The
relative 𝛽-globin/actin gene ratio in investigated mice was
compared to the same ratio in the hemizygous controlmouse.
Quantitative real-time PCR assay was carried out using gene-
specific double fluorescently labeled probes.The primers and
probes used for real-time PCR analysis of human 𝛽-globin
gene (Assay ID Hs00758889 s1) and of mouse cytoplasmic
𝛽-actin (Assay ID Mm00607939 s1) were purchased from
Applied Biosystems. The hemizygous or homozygous status
of transgenic mice was determined by relative real-time
PCR, taking a hemizygous DNA as a reference, by using the
comparative cycle threshold method [15, 33, 34].

2.9. Quantitative Multiplex PCR of Short Fluorescent Frag-
ments (QMPSF). To determine transgene dosage comparing
and discriminating homozygous from hemizygous samples,
dosage quotients (DQ) were obtained by QMPSF assays as
reported by Yau et al. [35] and Feriotto et al. [36]. A 2-
fragment multiplex PCR assay was performed to amplify
a 154 bp transgene sequence, using primers TransF[6FAM]
and TransR (Table 1) and a 201 bp fragment belonging to the
murine 𝛽-actin gene, used as a normalization control, by
using primers MuActF1[6FAM] and MuActR1 (Table 1). All
forward primers in the assay were 5-labeled with the fluo-
rescent phosphoramidite 6-FAM (Sigma Genosys).

Amplifications were performed in 25 𝜇L volumes, con-
taining 125 ng genomic DNA, 0.01–0.02 𝜇M forward primers
(unlabeled reverse primers were used as 1.4-fold excess
respect to the corresponding forward primers; relative
ratios between transgene primers and 𝛽-actin primers were

0.3 : 0.6), 66𝜇M dNTPs, and 0.7U of DreamTaq DNA poly-
merase (Fermentas). After 6-minute initial denaturation at
96∘C, a “hot start” amplification was initiated by adding
DreamTaq DNA polymerase, followed by 19 cycles consisting
of a 15 seconds denaturation step at 95∘C, a 30 seconds anneal-
ing step at 64∘C, and a 15 seconds extension step at 72∘C, with
a final extension for 45 minutes at 72∘C. The PCR products
were analyzed by electrophoresis and the fluorescent signals
were identified by using theABIGeneScanAnalysis Software,
version 3.1 (Applied Biosystems) to produce electrophero-
grams in which areas under the peaks represent the amount
of PCR products. The molecular weight marker used was
the GeneScan 400HD [Rox] Dye Size Standard (Applied
Biosystems), designed for sizing DNA fragments in the 50–
400 nucleotides range. In order to determine transgene
dosage and to compare and discriminate homozygous and
hemizygous samples, dosage quotients (DQ) were obtained
as elsewhere described [35, 36].

2.10. Hematological Analysis. Blood was collected from 16-
week-old transgenic mice by retroorbital bleeding into tubes
containing EDTA and analyzed by an automated Sysmex
XE 2100 hematological analyzer (TOA Sysmex, Japan) at
the Laboratory for Chemical and Clinical Analysis and
Microbiology, University Hospital, Ferrara, Italy.

2.11. Fluorescence In Situ Hybridization (FISH) Analysis.
Fibroblast cell cultures were established in DMEM medium
(Gibco, Life Technologies, Carlsbad, CA, USA) with non-
essential aminoacids (Sigma-Aldrich, St. Louis, MO, USA),
penicillin/streptomycin and 10% fetal calf serum, from tail
samples from transgenic mice.The cells were grown for 10–14
days and then harvested following colcemid inhibition of cell
division for 3–6 h. Chromosome preparations were obtained
by using standard techniques. A probe was prepared from the
intact T9W-IVSI-6 vector, directly labeled by nick translation
with the DIG-Nick Translation Mix (Roche Applied Sci-
ence, Penzberg, Upper Bavaria, Germany) according to the
manufacturer’s protocol. The probe was hybridized and then
detected with anti-digoxigenin-fluorescein Fab fragments
(Roche Applied Science). The slides were mounted in Vec-
tashield (Vector Laboratories, Burlingame, CA) containing
4,6-diamidino-2-phenylindole (DAPI) counterstain. FISH
signals were examined with Olympus Provis epifluorescence
microscope and images were captured using Leica Microsys-
tems CytoVision imaging equipment and software (Applied
Imaging, Leica-Microsystems, Wetzlar, Germany).The chro-
mosomal site of transgene integration was determined by
karyotypic analysis of banded chromosomes obtained using
the DAPI image.

2.12. RT-PCR. Total RNA was obtained from 250𝜇L of wild-
type, hemizygous, and homozygous mouse whole blood
using the Mouse RiboPure Blood RNA Isolation Kit (Amb-
ion/Applied Biosystems, Austin, TX, USA). cDNA was syn-
thesized from 250 ng of total RNA using Superscript VILO
cDNA Synthesis kit (Invitrogen, Carlsbad, CA, USA). PCR
was performed using a GeneAmp PCR 9700 System (Perkin
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Elmer, Waltham, MA, USA), 1/20 of reverse transcription
reaction mixture (cDNA), 125 ng of human genomic DNA or
20 ng of pCCL.𝛽-globin.PGK.GFP.WPRE (T9W) [31] vector
DNA, 2U of DyNAzyme DNA polymerase (Finnzymes, Oy,
Espoo, FI), and 33𝜇M deoxynucleoside triphosphates. The
HuBetaF1 forward and theHuBetaR reverse primers (Table 2)
were designed to amplify a 153 bp fragment of the human 𝛽-
globin transcript or a 283 bp product of the corresponding
human genomic DNA. The MuBetaF forward and MuBetaR
reverse primers (Table 2) were used to amplify a 147 bp prod-
uct of the mouse 𝛽-globin transcript. The PCR conditions
were as follows: 35 cycles of amplification, which included a
20-second denaturation step at 95∘C, a 30-second annealing
step at 66∘C, and a 25-second elongation step at 72∘C.

2.13. Real-Time RT-PCR. For RNA extraction, transgenic
mouse tissues were homogenized using IKA T10 Basic Ultra-
turrax (IKA Werke GmbH & Co. KG, Staufen, DE) directly
in TRIzol Reagent (Invitrogen) and 1 𝜇g of the obtained total
RNA was treated with RQ1 DNAse (Promega, Madison, WI,
USA) to remove genomic DNA contaminations. cDNAs were
synthesized from250 ng of total RNAusing SuperscriptVILO
cDNA Synthesis kit (Invitrogen). For quantitative real-time
PCR reaction, 0.8/20 𝜇L of cDNA, 150 ng of each primer
(Table 2), and 1x iQ SYBR Green Supermix (Bio-Rad, Her-
cules, CA, USA) were used for each reaction. HuBetaF1 and
HuBetaR primers were designed to amplify a 153 bp sequence
present in transgenic human 𝛽-globin transcripts,MuBetaF-
MuBetaR primers and MuAlphaF-MuAlphaR primers were
designed to amplify a 147 bp sequence present in mouse 𝛽-
globin transcript and a 306 bp sequence present in mouse 𝛼-
globin transcript, respectively, whileMuActF2 andMuActR2
primers were designed to amplify a 331 bp sequence of
mouse 𝛽-actin transcript (Table 2). Primer pairs and ampli-
fication conditions were validated by melting curve and
electrophoretic analysis. Real-time PCR reactions were per-
formed for a total of 40 cycles (95∘C for 10 s, 66∘C for 30 s,
and 72∘C for 25 s) using an iCycler IQ5 (Bio-Rad).The relative
proportions of each template amplified were determined
by using the IQ5 software (Bio-Rad), employing the ΔΔCt
method [15, 33, 34] to compare gene expression data.

2.14. Cell Lines and Culture Conditions. Murine erythroleu-
kemia (MEL) cells [37] were grown in modified Dulbecco’s
minimal essential medium (D-MEM, Lonza Group, Basel,
CH) supplemented with 10% fetal bovine serum (BioWest,
Nuaillé, France), penicillin (550 units/mL), and streptomycin
(75 units/mL) (Lonza Group) at 37∘C in 5% CO

2
humidified

atmosphere. Cell growth was monitored daily using a Burker
chamber. Cell viability was measured by trypan blue staining
(Burr, BDH Chemicals, Poole, England) [38].

2.15. In Vitro Culture of Erythroid Progenitors from IVSI-6
𝛽-Thalassemia Patients. Blood samples from healthy donors
and homozygous IVSI-6 patients were collected after receiv-
ing informed consent. The two-phase liquid culture proce-
dure was employed as previously described [39, 40]. Mono-
nuclear cells were isolated from peripheral blood samples

of normal donors by Ficoll-Hypaque density gradient cen-
trifugation and seeded in 𝛼-minimal essential medium (𝛼-
MEM, Sigma Genosys) supplemented with 10% FBS (Cel-
bio, Milano, Italy), 1 𝜇g/mL cyclosporine A (Sandoz, Basel,
Switzerland), and 10% conditioned medium from the 5637
bladder carcinoma cell line. The cultures were incubated
at 37∘C, under an atmosphere of 5% CO

2
. After 7 days in

this phase I culture, the nonadherent cells were harvested,
washed, and then cultured in phase II medium, composed
of 𝛼-MEM (Sigma Genosys), 30% FBS (Celbio), 1% deion-
ized bovine serum albumin (BSA, Sigma Genosys), 10−5M
𝛽-mercaptoethanol (Sigma Genosys), 2mM L-glutamine
(Sigma Genosys), 10−6M dexamethasone (Sigma Genosys),
and 1U/mL human recombinant erythropoietin (EPO)
(Tebu-bio, Magenta, Milano, Italy), and stem cell factor
(SCF, BioSource International, Camarillo, CA, USA) at the
final concentration of 10 ng/mL. Erythroid differentiationwas
assessed by benzidine staining, in a solution containing 0.2%
benzidine HCl (Sigma Genosys) in 0.5M glacial acetic acid,
preactivated with 10% (v/v) of a solution 30% H

2
O
2
[36].

2.16. Induction of Erythroid Differentiation and Transduction
of MEL Cells. MEL cells were stimulated to differentiation
by dimethyl sulfoxide (DMSO) [37] (Sigma Genosys) and
transducedwith the lentiviral vectors T9W[31] orT9W-IVSI-
6.The infectionwas performed by plating 2× 106MEL cells in
3mL of medium in a 6-well plate; then fresh 2% v/v DMSO
was added and cells were incubated 18–20 hours at 37∘C in
a humidified incubator in an atmosphere of 5% CO

2
. Then,

MEL cells were infectedwith T9W, a lentiviral vector carrying
the human 𝛽-globin gene and large elements from the
human locus control region (LCR), at an MOI (multiplicity
of infection) of 0.5. We used polybrene at 8𝜇g/mL final
concentration to facilitate viral entry and then incubated the
cells for 16 hours at 37∘C in a humidified incubator in an
atmosphere of 5% CO

2
. The infected cells were collected by

centrifuging at 300 g for 5 minutes at room temperature, to
remove the medium containing not integrated viral particles.
The cells were then resuspended in 3mL of fresh medium
and replated in a 6-well plate. After 10 hours, MEL cells
were collected and spun at 300 g for 5 minutes at room
temperature. The treatment of MEL cells with T9W-IVSI-6
vector was performed as just described, after plating 5 × 105
MEL cells in 1mL of medium in a 24-well plate. Cells were
counted in a Burker chamber and the benzidine positive ones
were determined as percentage as elsewhere reported [36].

2.17. Western Blotting. 10 𝜇L of 1 : 200 diluted mouse whole
blood was analyzed and 4 𝜇g of human adult hemoglobin A

0

(H-0267, Sigma Genosys) was used as migration reference;
proteins were denatured for 5 minutes at 98∘C in SDS gel
loading buffer 1x (50mM Tris-HCl pH 6.8, 2% SDS, 100mM
Dithiothreitol (DTT), 0.1% bromophenol blue, 10% glycerol)
and separated by SDS-PAGE, by using a 10 cm × 8 cm gel and
Tris-glycine Buffer (25mM Tris, 192mM glycine, 0.1% SDS).
The electrotransfer to 20 microns nitrocellulose membrane
was performed for 3 hours at 400mA and 4∘C, in electro-
transfer buffer (25mM Tris, 192mM glycine, 5% methanol).
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The membrane was prestained in Ponceau S Solution (Sigma
Genosys) to verify the transfer, washed with 25mL Tris-
buffered saline (TBS) (10mMTris-HCl pH 7.4, 150mMNaCl)
for 10 minutes at room temperature and incubated in 20mL
of blocking buffer (TBS, 0.1% Tween-20, 5% w/v nonfat dry
milk) for 1 hour at room temperature. The membrane was
then incubated with primary mouse monoclonal antibody
(1 : 200) (sc-21757, Santa Cruz Biotechnology, Santa Cruz, CA,
USA) targeting the human 𝛽-globin, in 10mL of blocking
bufferwith gentle agitation overnight at 4∘C.Theday after, the
membrane was washed three times for 5 minutes each with
20mL of TBS/T (TBS, 0.1% Tween-20) and incubated with
25 ng/mL anti-mouse HRP-conjugated secondary antibody
(1 : 2000) (Pierce Thermo Scientific, Rockford, IL, USA)
in 10mL TBS/T with gentle agitation for 1 hour at room
temperature. After three washes, each with 15mL of TBS/T
for 5 minutes, finally the membrane was incubated with
5mL ofWestern LightningChemiluminescence Reagent Plus
(PerkinElmer Sciences, Waltham, MA, USA) with gentle
agitation for 1 minute at room temperature and exposed to
X-ray film (AmershamHyperfilmECL,GEHealthcare, Buck-
inghamshire, UK). For western blotting in nondenaturing
conditions, 10 𝜇L of 1 : 200 diluted mouse whole blood, 30 𝜇g
ofMEL cells extracts, and 500 ng of human adult hemoglobin
A
0
(H-0267, Sigma Genosys) were diluted in 1x native gel

loading buffer (50mM Tris-HCl pH 8.8, 0.1% bromophenol
blue, 10% glycerol) and separated by a NATIVE-PAGE, by
using a 10 cm × 8 cm gel and Tris-glycine buffer without SDS.
The following steps and conditions were the same described
above for denaturing western blotting.

2.18. Capillary Electrophoresis (CE). High voltage CE was
performed by using the Minicap Flex Piercing capillary
system (Sebia, Lisses, France). Manufacturer’s guidelines
were followed in performing the analysis. Sample processing
required a 1 : 6 dilution of 50𝜇Lwhole bloodwith hemolysing
solution and vortexing for 5 seconds. After loading the
primary sample tubes into the carousel, the instrument per-
formed automated bar code reading, mixing of the samples
by inversion, cap piercing, sampling, and dilution. Elec-
trophoresis was performed at alkaline pH (9.4), high voltage
(9500V), and controlled temperature.Thehemoglobin bands
were detected by absorption photometry, and optical density
measurements were converted to a migration image, dis-
played as a graph called “electropherogram.” The migration
position ismeasured in arbitrary units between 0 and 300 and
can be quantified as a percentage. Results were acquired and
examined by using the Sebia Phoresis REL 8.6.2 Software.

2.19. RT-PCR for Alternatively Spliced Transcripts. After RQ1
DNAse (Promega) treatment, 250–500 ng of total RNA were
used to synthesize cDNAs, using Superscript VILO cDNA
Synthesis kit (Invitrogen), according to the manufacturer’s
instructions. PCR was performed using 2 out of 20𝜇L of
reverse transcription reaction mixture, 2U of DyNAzyme
DNA polymerase (Finnzymes) and 33𝜇M deoxynucleoside
triphosphates. Fluorescent PCR products were obtained
using the HuBetaF1[6-FAM] forward and HuBetaR reverse
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Figure 1: Map of the T9W-IVSI-6 vector showing the XcmI and
ClaI restriction sites, used to cut the vector for microinjection.
The human 𝛽-globin genomic region containing the 𝛽+IVSI-6
thalassemic point mutation (grey box) is also reported. The final
portion of the 𝛽-globin exon 1 and the first portion of the 𝛽-globin
exon 2 are underlined and marked in bold characters. The position
of mutagenesis primers is boxed with a dashed line.

primers (Table 2) and detected after electrophoresis in a
denaturant polyacrylamide gel using the ABI GeneScan
Analysis Software, version 3.1 (Applied Biosystems). For the
specific amplification of the aberrant transcript caused by
the activation of the cryptic splicing site at position IVSI+13,
IVSI+13F forward and HuBetaR reverse primers (Table 2),
designed to amplify, after retrotranscription, 84 bp of human
𝛽-globin alternatively spliced transcript or 202 bp of human
pre-mRNA (containing all the first human 𝛽-globin intron),
were employed. The PCR conditions were as follows: 40–50
cycles of amplification, with 10 seconds of denaturation at
95∘C, 30 seconds of annealing at 66∘C, and 15 seconds of elon-
gation at 72∘C. Negative controls (no template cDNA) were
also run to assess specificity and to rule out contamination.

3. Results

3.1. Vector Design and Construction. For the generation of
transgenicmice, we designed and produced a constructmod-
ifying the pCCL.𝛽-globin.PGK.GFP.WPRE (T9W) cassette
previously described [31]. This cassette contains the human
𝛽-globin gene under the control of its physiological promoter
and a portion of the human locus control region (LCR)
(Figure 1).The construct, named T9W-IVSI-6, was generated
by in vitro mutagenesis, by introducing the 𝛽+IVSI-6 point
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Figure 2: Identification of the foundermouse of the transgenic 𝛽+IVSI-6 line. (a–c) Electrophoretic analyses of PCR products obtained by the
amplification of murine genomic DNAs with primers MuActF-MuActR (a), TransF-TransR (b), and HuBetaF-HuBetaR (c), recognizing the
murine 𝛽-actin gene, the transgene sequence, and the human 𝛽-globin gene, respectively. NF, negative founders; (−), negative control (water
added to the amplification mixture); M, molecular weight ladder, pUC Mix Marker 8 (Fermentas). Arrows indicate the expected position of
the specific amplification products; the lanes carrying the specific PCR products, relative to the founder mouse TG1, are also indicated. (d)
Portion of electropherogram obtained by sequencing the HuBetaF-HuBetaR PCR product, obtained by the founder mouse TG1. The arrow
indicates the peak corresponding to the 𝛽+IVSI-6 thalassemic point mutation (underlined nucleotide).

mutation, one of themost commonmolecular defects present
in the 𝛽-thalassemia populations of Italy and Greece, in the
human 𝛽-globin gene.

3.2. Production of the Transgenic Founder Mouse Carrying
the Human 𝛽-Globin Gene with the 𝛽+IVSI-6 Mutation (TG-
𝛽-IVSI-6). Potential TG-𝛽-IVSI-6 founder mice were pro-
duced bymicroinjection of the purified 6.1 Kb XcmI-ClaI fra-
gment, corresponding to the 𝛽+IVSI-6 insert, from the con-
struct T9W-IVSI-6 (Figure 1).

For the screening and identification of the transgenic
founders, murine genomic DNA was purified from the
tails and analyzed by polymerase chain reaction (PCR).
Figure 2(b) shows that only the genomic DNA of the TG-𝛽-
IVSI-6 founder mouse (founder mouse TG1) was amplified
by using TransF and TransR primers (Table 1), which anneal
to the transgene sequence, while all the analyzed samples

were amplified by using PCR primers specific for the murine
𝛽-actin gene (Figure 2(a)). Accordingly, Figure 2(c) shows
the electrophoretic analysis of PCR products obtained by
the amplification of four samples of murine genomic DNA
with primers HuBetaF and HuBetaR (Table 1), specific for
the human 𝛽-globin gene: again, the expected 449 bp band
was generated only by the amplification of genomic DNA
belonging to the founder mouse TG1. The 449 bp PCR
product shown in Figure 2(c) was sequenced to confirm that
the 𝛽+IVSI-6 thalassemic point mutation was present in the
DNA of the TG-𝛽-IVSI-6 founder mouse (Figure 2(d)).

3.3. Characterization of the TG-𝛽-IVSI-6 Homozygous Mice.
As a first step to produce homozygous 𝛽+IVSI-6 transgenic
lines, the founder mouse was back-crossed with wild-type
mice. Figure 3(a) shows the electrophoreticmigration of PCR
products obtained by the amplification of genomic DNA
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Figure 3: Identification of hemizygousmice among animals belong-
ing to the F1 generation. (a) Agarose gel electrophoretic analysis of
PCR products obtained by the amplification of genomic DNA puri-
fied from eleven mice with primers TransF and TransR, recognizing
the transgene sequence. The arrow indicates the position of the
expected 154 bp product; the sex of mice having generated a specific
amplification band is also shown. M, molecular weight ladder, pUC
MixMarker 8 (Fermentas). (b)Human𝛽-globin allele quantification
by real-time PCR using primers and probes specific for human 𝛽-
globin (Hb𝛽) gene and mouse cytoplasmic 𝛽-actin (Act𝛽) gene.
Results of analysis of transgenic hemizygous mice TG21, TG24, and
TG27, together with the founder mouse TG1, are reported as fold of
human 𝛽-globin allele amount quantified with respect to themurine
𝛽-actin gene.

purified from eleven mice belonging to the F1 generation,
with primers recognizing the transgene sequence. The arrow
indicates the position of the 154 bp expected PCR product
of the human 𝛽-globin transgene: we obtained three male
and four female hemizygous mice. Homozygous animals
were finally produced by crossing hemizygous F1 mice. In
order to get preliminary information on the number of inte-
gration events occurring, quantitative real-time PCR assays
were carried out by using gene-specific double fluorescently
labeled probes.The analyses of three hemizygousmice (TG21,
TG27 and TG24) are shown in Figure 3(b) and show a 𝛽-
globin/𝛽-actin ratio of about 0.5, compatible with a single
copy integration of the transgene.

As a second step, in order to discriminate hemizygous and
homozygous mice, real-time PCR analyses were performed.
Figure 4(a) shows the real-time PCR analysis of six F2
transgenicmice, three ofwhich are hemizygous (TG79, TG82,
and TG84) and three homozygous (TG80, TG81, and TG83),
according to the 𝛽-globin gene amplification compared to
the F1 hemizygous TG24 mouse. These data were confirmed
by quantitative multiplex PCR of short fluorescent fragments
(QMPSF), as indicated by the representative example shown
in Figure 4(b), performed on TG24 and TG81 mice. In the
lower panel of Figure 4(b), the absolute value of human 𝛽-
globin (transgene) and mouse 𝛽-actin (Act𝛽) peak areas are

indicated, togetherwith their relative ratio in hemizygous and
homozygous mice. These data indicate the establishment of
the homozygous line.

3.4. Chromosomal Localization of the Human 𝛽-IVSI-6 Trans-
gene. Figure 5 shows representative FISH analyses per-
formed on wild-type, hemizygous, and homozygous 𝛽+IVSI-
6 transgenic mice, demonstrating that integration occurred
at band F2 of the mouse chromosome 7. As clearly shown,
no FISH signals were found in wild-type samples (Figures
5(h) and 5(i)). Only one chromosome 7 gave FISH signals
in hemizygous samples (Figures 5(f) and 5(g)), while in
homozygous samples both chromosomes gave FISH signals
(Figures 5(a)–5(e)). These data support the concept that only
one integration unit of the human 𝛽+IVSI-6 transgene is
present in the produced homozygous 𝛽+IVSI-6 transgenic
mice. These data have been reproduced several times obtain-
ing identical results.

3.5. Tissue Specific Expression of the Human 𝛽-IVSI-6 Trans-
gene. Figure 6(a) shows theRT-PCR analysis performedwith
total RNA isolated from wild-type (lanes e and h), transgenic
hemizygous (lanes c and f) and transgenic homozygous (lanes
d and g) TG-𝛽-IVSI-6 mice using HuBetaF1 and HuBetaR
primers (lanes c, d, e), which selectively amplify human 𝛽-
globin transcript, and primersMuBetaF andMuBetaR (lanes
f, g, h) specific formouse𝛽-globin transcript. All the samples,
amplified using the murine specific primers, generated the
expected 147 bp product, whereas the human 𝛽-globin PCR
product (153 bp) was obtained only from transgenic animals,
but not fromwild-typemice. GenomicDNA and T9Wvector
DNAwere also amplifiedwithHuBetaF1 andHuBetaRprimer
pair (lanes a and b), showing a 283 bp product containing the
intronic sequence as well.

The analysis confirms the human 𝛽-IVSI-6 transgene
expression and the quantitative RT-PCR analyses shown in
Figure 6(b) support this evidence: amplification employing
the HuBetaF1 and HuBetaR primers (black bar) was indeed
observed only in the blood of transgenic mice. No significant
differences were found in the endogenous 𝛼 and 𝛽-globin
expression between wild-type and transgenic mouse blood
samples. The right panel of Figure 6(c) shows that high
transgene expression is mainly observed in blood and to a
much lower extent in the spleen.The transgene tissue specific
expression was confirmed by comparing the amount of the
human IVSI-6 𝛽-globin transgenic RNA to the endogenous
murine 𝛽-globin mRNAs isolated from different tissues,
including spleen, brain, liver, lung, stomach, and kidney (left
panel of Figure 6(c)). The expression of human 𝛽-globin
transcripts in transgenic mouse tissues (right panel, black
bars) is comparable to the endogenous mouse 𝛽-globin tran-
scripts (left panel, grey bars), and the highest transcription
of both human and murine globin mRNAs was restricted
to the splenic compartment, as expected; in addition, the
results shown in Figure 6(c) demonstrate that the pattern of
IVSI-6 𝛽-globin RNA expression is very similar to that of
murine 𝛽-globin RNA, strongly suggesting that the tissue
specific expression is maintained in the TG-𝛽-IVSI-6 line
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Figure 4: Discrimination between hemizygous and homozygous genotypes of transgenic mice by quantitative real-time PCR (a) or
quantitative multiplex PCR of short fluorescent fragments (QMPSF) (b). (a) The amount of human 𝛽-globin allele was calculated using the
comparative cycle threshold method [15, 33, 34] employing transgenic mouse TG24 as one copy control (hemizygous reference, grey). The
black and white histograms represent hemizygous or homozygous transgenic (TG) mice, respectively. (b) Electropherograms obtained after
denaturing polyacrylamide gel electrophoresis of amplification products of multiplex PCRs: primers employed (Table 1) were TransF[6FAM]-
TransR andMuActF1[6FAM]-MuActR1, recognizing the transgene and the murine 𝛽-actin gene (Act𝛽), respectively; templates were genomic
DNAs purified from a hemizygous (upper left panel) or a homozygous (upper right panel) mouse. Peaks generated by the molecular weight
ladder (120, 150, 160, 180, 190, 200, 220 bp fragments) and by the amplification products (transgene and Act𝛽, indicated by the arrows) are
reported in red and blue, respectively. Values obtained, as peak areas, transgene/Act𝛽 ratio and fold of ratios calculated from homozygous
and hemizygous animals are shown in the lower part of panel (b).

analyzed. Moreover, the endogenous expression of murine 𝛽-
like globin genes is not perturbed by the integration of the
𝛽-IVSI-6 transgene.

3.6. Hematological Parameters of TG-𝛽-IVSI-6 Mice. The
hematological parameters of wild-type and transgenic TG-
𝛽-IVSI-6 mice are reported in Table 3. In total, we analyzed
10 wild-type and 11 TG-𝛽-IVSI-6 mice, 16-week-old. No
significant differences were observed in total hemoglobin
content between males and females. Concerning the other
parameters examined, no major differences were found,
despite the fact that some hematological data support the
possibility that TG-𝛽-IVSI-6 mice produce higher levels of
RBC (red blood cells). In addition, it should be noted that
RDW (red cell distribution width) is higher and that MCV

(mean corpuscular volume) and MCH (mean corpuscular
hemoglobin) are lower in transgenic TG-𝛽-IVSI-6 mice in
respect to wild-type mice.

3.7. TG-𝛽-IVSI-6 Mice Produce Human 𝛽-Globin and Syn-
thesize Mouse/Human 𝑚𝑢𝛼-Globin

2
/ℎ𝑢𝛽-Globin

2
Hybrid He-

moglobin. We performed a western blotting experiment to
determine whether the accumulated human 𝛽-globin mRNA
is translated into human 𝛽-globin protein (Figure 7(a)). A
human specific primary antibody was used to label the
human 𝛽-globin. No cross-reaction with any of the endoge-
nous murine globins was observed. A 𝛽-globin specific band
is detectable in samples from both hemizygous and homozy-
gous TG-𝛽-IVSI-6 mice, demonstrating that the human 𝛽-
globin mRNA produced by the transgene is translated into
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Figure 5: Fluorescence in situ hybridization results on metaphase (a, d, e, f, h) or G1 (b) and G2 (c, g, i) interphase nuclei of homozygous
(a–e), hemizygous (f-g), and wild-type mice (h-i). The arrows indicate the integration site of the transgene, located in mouse chromosome 7.
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Figure 6: Expression of human 𝛽-globin transcripts in the transgenic TG-𝛽-IVSI-6 mouse model. (a) RT-PCR was performed with total
RNA isolated from wild-type (lanes e and h), transgenic hemizygous (lanes c and f), and transgenic homozygous (lanes d and g) mice with
primers HuBetaF1 and HuBetaR (Table 2) designed to specifically amplify a 153 bp fragment of human 𝛽-globin transcripts (lanes a–e) and
primers MuBetaF and MuBetaR (lanes f–h) designed to specifically amplify a 147 bp fragment of mouse 𝛽-globin transcripts (black arrow).
Genomic DNA and pCCL.𝛽-globin.PGK.GFP.WPRE vector DNA were also used as control templates (lanes a and b, 283 bp, white arrow).
M, molecular weight ladder, pUC Mix Marker 8 (Fermentas), (−), negative control for each primer pair. (b) SYBR Green real-time PCR was
used to determine the relative expression of mouse 𝛼-globin, mouse 𝛽-globin, and human 𝛽-globin transcripts in wild-type mouse blood (left
side of the panel) and in homozygous transgenic mouse blood (right side of the panel). (c) Relative expression levels of mouse 𝛽-globin (grey
bars) and human 𝛽-globin (black bars) transcripts in transgenic mouse tissues using real-time RT-PCR. Mean ± SD values were determined
for each fold difference; the relative proportions of 𝛽-globin/𝛽-actin in each template were determined by using IQ5 software (Bio-Rad),
employing the ΔΔCt method [15, 33, 34].

a normal 𝛽-globin. As expected, the amount of 𝛽-globin
produced by homozygous mice is higher than that produced
by hemizygous animals.

The native electrophoresis and western blotting analysis
reported in Figure 7(b) suggest that a hybrid mu

𝛼-globin
2
/

hu
𝛽-globin

2
hemoglobin is present in both homozygous and

hemizygous TG-𝛽-IVSI-6 mice. Control experiments were
performed by using T9W-transduced MEL cells (see also
Supplementary Figure S1 in the Supplementary Material

available online at http://dx.doi.org/10.1155/2015/687635 for
the analysis of the results obtained following transduction),
confirming that a hybrid mu

𝛼-globin
2
/hu𝛽-globin

2
hemo-

globin can be produced when the human 𝛽-globin gene is
expressed under a murine cellular context (Figure 7(b), right
side of the panel). The qualitative western blotting shown in
Figure 7(b) does not provide conclusive information about
the proportion of mu

𝛼-globin
2
/hu𝛽-globin

2
hemoglobin pro-

duced by the TG-𝛽-IVSI-6 mice. Therefore, in order to
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Figure 7: Analysis of transgenic protein synthesis in the TG-𝛽-IVSI-6 mouse model. (a) Western blotting was employed to determine the
presence of human 𝛽-globin in the blood of wild-type (wt), hemizygous (hemi), and homozygous (homo) mice by using a human 𝛽-globin
specific primary antibody (A). Human adult A

0
hemoglobin was used as migration reference. (b) Native western blotting was performed by

using a human 𝛽-globin specific primary antibody (A) and by employing, as a template, wild-type (wt), hemizygous (hemi), or homozygous
(homo) mouse blood, and cell extracts obtained fromMEL cells either infected with T9W lentiviral vector and treated with DMSO (T9W) or
treated with DMSO only (−). Red Ponceau staining was used to verify that an equal amount of sample was loaded in each well and to verify
the transfer to the membrane ((B) in panels (a) and (b)). (c, d) Capillary electrophoresis of whole blood from wild-type (c) and homozygous
TG-𝛽-IVSI-6 (d)mice. Peaks generated bymurine hemoglobins and hybrid mu

𝛼-globin
2
/hu𝛽-globin

2
hemoglobin are indicated; a.u., arbitrary

units.

estimate the percentage of hybrid mu
𝛼-globin

2
/hu𝛽-globin

2

hemoglobinwith respect to the totalmurine hemoglobin pro-
duction, high voltage capillary electrophoresis (CE) experi-
ments were performed (Figures 7(c) and 7(d)). This system,
unlike HPLC [41], allows a clear separation between the
murine Hbmajor/Hbminor and the murine/human hybrid
mu
𝛼-globin

2
/hu𝛽-globin

2
hemoglobin. The results obtained

indicate that the mu
𝛼-globin

2
/hu𝛽-globin

2
hemoglobin is

clearly detectable in transgenic animals (see the representa-
tiveCE analysis shown in Figure 7(d)), representing 3.9±0.4%
of the total hemoglobin produced in 6 TG-𝛽-IVSI-6 mice
analyzed.

3.8. Presence of Aberrantly Spliced Molecules in TG-𝛽-IVSI-6
Mice. In Figure 8(a) a scheme of the mutation effects on
human 𝛽-globin gene and mRNA is shown. The sequence
containing the first and second 𝛽-globin gene exons is
reported, and the site of the IVSI-6 mutation and the three
cryptic splicing sites that may arise in IVSI-6 pre-mRNA are
emphasized by coloured boxes (Figure 8(b)). A schematic
representation and expected size of the normal and alterna-
tively spliced 𝛽-globin transcripts in IVSI-6 thalassemic cells
are shown in Figure 9(a). As expected, the electropherogram
of the 𝛽-globin RNA, amplified from erythroid progenitor
cells (ErPCs) of a healthy donor, shows only a 153 bp peak
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Table 3: Hematological data of transgenic mice carrying the human hu
𝛽
IVSI-6 globin locus.

Age (weeks) Sex Genotype Hb (g/dL) RBC (106/𝜇L) HCT (%) MCV (fL) MCH (pg) MCHC (g/dL) RDW (%)
16 C Wild-type (𝑛 = 5) 13.7 ± 0.4 8.2 ± 0.4 42.9 ± 1.8 52.5 ± 2.7 16.8 ± 0.8 31.9 ± 0.3 16.1 ± 0.9

16 C
Homozygous

hu
𝛽
IVSI-6, hu𝛽IVSI-6
(𝑛 = 5)

13.8 ± 0.2 8.8 ± 0.1 43.6 ± 1.0 49.3 ± 0.7 15.6 ± 0.2 31.7 ± 0.5 17.2 ± 0.2

NS P = 0.01 NS P = 0.04 P = 0.02 NS P = 0.03
16 D Wild-type (𝑛 = 5) 12.5 ± 0.6 7.6 ± 0.3 39.0 ± 1.4 51.5 ± 1.1 16.5 ± 0.2 31.9 ± 0.7 15.9 ± 0.8

16 D
Homozygous

hu
𝛽
IVSI-6 , hu𝛽IVSI-6
(𝑛 = 6)

13.0 ± 0.3 8.6 ± 0.2 42.0 ± 1.1 49.1 ± 0.9 15.2 ± 0.1 31.0 ± 0.4 16.8 ± 0.2

NS P = 0.0002 P = 0.003 P = 0.003 P < 0.0001 P = 0.03 P = 0.03
Hematological values are expressed asmeans± SD. Hemoglobin concentration (Hb), red blood cell count (RBC), hematocrit (HCT), mean corpuscular volume
(MCV), mean corpuscular hemoglobin (MCH), mean corpuscular Hb concentration (MCHC), red cell distribution width (RDW) are shown. 𝑛 indicates
the number of analyzed mice. The 𝑃 values of Student’s 𝑡-test, comparing each group of transgenic mice with wild-type mice controls, are also shown. NS
corresponds to not statistically significant 𝑃 > 0.05.
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Figure 8: (a) Schematic representation of the human 𝛽-globin gene and mRNA. The three cryptic GT splicing sites activated by the IVSI-6
mutation and the two consequent stop codons are indicated with different colours.The IVSI-6 mutation (T→C) is identified by a red star. (b)
Genomic region containing the first and second exons of the human 𝛽-globin gene, in bold characters. The IVSI-6 mutation occurring at the
sixth nucleotide of the first intron is shown in red. The coloured boxes indicate the three cryptic splicing sites activated by the mutation and
the two consequent stop codons. The transcription and translation starting sites are also indicated.
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Figure 9: Normal and aberrant splicing in IVSI-6 𝛽-globin gene. (a) Schematic representation of the normal (A) and altered splicing (B,
C, D) in IVSI-6 thalassemia. Grey arrows indicate the primers used to demonstrate the presence of the altered splicing. The positions of
the cryptic splicing sites generated by the mutation and the respective lengths (in bp) of products obtained after PCR amplification of
altered transcripts are indicated with different colours. A red star locates the IVSI-6 mutation. (b, c) Identification of aberrantly spliced
transcripts in IVSI-6 patients and in the TG-𝛽-IVSI-6 mouse model. (b) Electropherograms generated by denaturing polyacrylamide gel
electrophoresis of fluorescent RT-PCR products obtained from healthy donor blood (left panel) and IVSI-6 homozygous patient blood (right
panel). (c) Electropherograms obtained from a wild-type and two TG-𝛽-IVSI-6 mice (A, B). Primers employed were HuBetaF1[6FAM]-
HuBetaR (Table 2). Blue peaks indicate both alternatively spliced and canonic human transcripts.
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Table 4: Relative contents of 𝛽-globin transcripts.

Sample Experiment Peaks (%)
115 bp 137 bp 153 bp 165 bp

Splicing site generating the transcript −38 (cryptic) −16 (cryptic) +1 (normal) +13 (cryptic)

ErPCs from normal donors
1 0 0 100 0
2 0 0 100 0
3 0 0 100 0

ErPCs from homozygous
𝛽-IVSI-6/𝛽-IVSI-6 patients

1 19.9 13.6 65.8 0.7
2 16.1 13.7 69.2 1.0
3 14.4 18.7 66.2 0.7

TG-𝛽-IVSI-6 homozygous
mouse #1

1 4.3 0.3 93.8 1.6
2 7.6 0.1 88.6 3.7

TG-𝛽-IVSI-6 homozygous
mouse #2

1 6.5 0.4 91.1 2.0
2 5.6 0.2 92.0 2.2

K562(𝛽-IVSI-6) #1 1 21.6 2.2 74.6 1.6
2 21.3 2.6 74.3 1.8

K562(𝛽-IVSI-6) #2 1 22.3 3.0 73.6 1.1
MEL(hu 𝛽-globin gene) 1 0 0 100 0
MEL(hu 𝛽-globin gene),
DMSO treated 1 0 0 100 0

MEL(hu 𝛽-IVSI-6 globin
gene) 1 33.1 6.8 58.7 1.4

MEL(hu 𝛽-IVSI-6 globin
gene), DMSO treated 1 38.5 5.8 54.5 1.2

(Figure 9(b), left panel); conversely, the electropherogram
of ErPCs from a homozygous IVSI-6 patient presents three
additional peaks of 115, 137, and 165 bp (Figure 9(b), right
panel), which represent the accumulation of the three
abnormal transcripts generated by the −38, −16, and +13
cryptic GU donor splicing sites produced by the IVSI-6 point
mutation, respectively. Notably, the 165 bp peak is present
in lower amount, as was consistently observed in additional
experiments using ErPCs from different patients (Table 4).
As expected, no peak is generated by using RNA from wild-
typemice (Figure 9(c), left panel), while when RNA from two
TG-𝛽-IVSI-6 mice is employed, both normal and abnormal
transcripts are observed (Figure 9(c), middle and right pan-
els). It should be emphasized, however, that the 137 bp peak is
not present in this representative experiment, or it is present
in very low amounts, as seen in additional experiments
(shown in Table 4). In order to understand this issue, we used
K562 cell clones stably containing the T9W-IVSI-6 vector,
named K562(𝛽-IVSI-6), and murine MEL cells transduced
with the T9W or the T9W-IVSI-6 lentiviruses, named MEL
(hu 𝛽-globin gene) and MEL (hu 𝛽-IVSI-6 globin gene),
respectively. All the results obtained are shown in Table 4,
demonstrating that, as expected, only the 153 bp peak is
present in T9W-transduced MEL cells. Among the peaks
generated by the activation of cryptic sites, the 115 bp peak is
the most represented in the K562(IVSI-6) clones, as well as
in MEL cells transfected with the T9W-IVSI-6 vector, while
the 137 bp and 165 bp peaks are present in lower amounts. In
any case the proportion of the 137 bp peak is higher than that

found in TG-𝛽-IVSI-6 homozygous mice. Similar patterns
were observed in transduced DMSO-treated MEL cells. The
different levels of transcripts (see Table 4) should be discussed
by taking in consideration the hierarchy of splicing events
associated with the differential extent of complementarity
with U1 and U6 small nuclear RNAs (snRNAs), as suggested
by Roca et al. (see also Figure 9 and Table 5) [42]. The low
levels of the transcript corresponding to the 165 bp amplicon
(Table 4) might be explained by the very low strength of
its donor +13 cryptic splicing site, which do not generate
PTCs (see Table 5). On the contrary, both the transcripts
corresponding to the 115 bp and 137 bp amplicons generate
PTCs, but the second one is highly unstable because of being
more sensitive to nonsense mediated decay (NMD) [43, 44].
This might explain the low levels of this transcript found in
TG-𝛽-IVSI-6 samples, as well as in MEL cells transduced
with a human 𝛽-IVSI-6 globin gene vector (Table 4). In any
case, we like to underline that aberrant transcripts were found
to be present in all the IVSI-6 experimental systems analyzed.

The production of aberrant transcripts was also detected
by a simple RT-PCR procedure as described in Figure 10.
In this experiment, an RT-PCR reaction was performed by
using RNA extracted from the ErPCs of either a healthy
subject or an IVSI-6 homozygous patient and from trans-
genic mouse blood. For the PCR reaction the IVSI+13F
forward primer and the HuBetaR reverse primer, designed
to amplify a 84 bp fragment of the human 𝛽-globin alterna-
tively spliced transcript or a 202 bp fragment of the human
pre-mRNA (containing all the first human 𝛽-globin intron),
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Table 5: Strengths of the normal and cryptic splicing sites generated by the 𝛽+IVSI-6 thalassemic mutation.

Splicing site Sequence Base
pairs

Strength Amplicon
size Comments/Hypotheses

(a) (b) (c)

+1
(normal)

3-G U C C A Ψ Ψ C A-5

5-C A G G U U G G U-3

3-A G A C A-5

U1

U6

7+

3+

86.64 8.08 0.64 153 bp

+1
(mutated
IVSI-6)

3-G U C C A Ψ Ψ C A-5

5-C A G G U U G G C-3

3-A G A C A-5

U1

U6

6+

2+

84.46 5.52 0.14 153 bp

−38
(cryptic)

3-G U C C A Ψ Ψ C A-5

5-A A G G U G A A C-3

3-A G A C A-5

U1

U6

5+

1

83.50 5.54 0.21 115 bp

PTC. Unstable
transcript, low
sensitivity to NMD
(in comparison with the
−16 cryptic splicing site)

−16
(cryptic)

3-G U C C A Ψ Ψ C A-5

5-G U G G U G A G G-3

3-A G A C A-5

U1

U6

5+

2

90.40 6.13 0.54 137 bp
PTC. Unstable
transcript, sensitive to
NMD

+13
(cryptic)

3-G U C C A Ψ Ψ C A-5

5-A A G G U U A C A-3

3-A G A C A-5

U1

U6

5+

1+

79.67 −0.83 0.46 165 bp
No PTC. GT located 7
nucleotides downstream
the IVSI-6 mutation

Sequences of the normal and cryptic splicing sites generated by the 𝛽+IVSI-6 thalassemic mutation. The cryptic donor GU (boxed) sites are numbered with
respect to the +1 position of the normal one. PotentialWatson-Crick base pairs toU1 (upper) andU6 (lower) are quantified: (+) indicates aG/Uwobble base pair.
Strengths of donor splicing sites are expressed as scores calculated with Human Splicing Finder Matrices from http://www.umd.be/HSF/ (a) or MaxEntScan
from http://www.umd.be/HSF/ (b) or from http://www.fruitfly.org/seq tools/splice.html (c).

were employed. A scheme of the expected PCR products is
reported in Figure 10(a). The results obtained demonstrated
that 𝛽-globin RNA precursor sequences are present in all
the samples, and aberrantly spliced 𝛽-globin RNA sequences
are present only in samples from the IVSI-6 homozygous
patient and TG-𝛽-IVSI-6 mouse (Figure 10(b)). Interestingly,
the level of this aberrantly spliced transcript appears to be
very high in the TG-𝛽-IVSI-6 sample, facilitating the possible
in vivo validation of corrections of this genetic defect.

4. Discussion

In this study we have reported the production and charac-
terization of a transgenic mouse line carrying the human
IVSI-6 𝛽-globin gene. The IVSI-6 mutation leads to ane-
mia associated with a 𝛽-thalassemia intermedia phenotype.
However, the association with a 𝛽0-like mutation (such as

deletions, 𝛽039, and 𝛽0IVSI-1 mutations) and even 𝛽+ muta-
tions renders the phenotype of the heterozygous compound
more severe. Noticeably, 𝛽+IVSI-6 thalassemia is the most
common in the Middle-Eastern regions, including Egypt,
Israel, Lebanon. For this reason, an in vivo system suitable to
study possible therapeutic strategies that target the aberrantly
spliced RNAs generated by this mutation is highly needed.

We generated a transgenic TG-𝛽-IVSI-6 mouse, which
(a) displays a tissue specific expression of the transgene, fully
overlapping with that of the endogenous murine 𝛽-globin
gene; (b) as expected it produces normally spliced human
𝛽-globin mRNA, giving rise to 𝛽-globin production and for-
mation of a human-mouse tetrameric chimeric hemoglobin
mu
𝛼
2

hu
𝛽
2
and, more importantly, (c) exhibits in blood cells

aberrant IVSI-6 𝛽-globin RNAs. We conclude that, despite
the fact that the human 𝛽-IVSI-6 transgene is located in the
same mouse chromosome which carries the 𝛽-like globin
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Figure 10: Identification of the aberrant transcripts generated by
the activation of the cryptic splicing site at position IVSI+13, in the
presence of IVSI-6 mutation. (a) Schematic representation of the
human 𝛽-globin pre-mRNA spanning from the first to the second
exon (C); the creation of a new aberrant donor splicing site (GU)
in the first intron, the IVSI-6 mutation site (star), the location
of primers used for PCR (arrows), and the PCR product lengths
are indicated. Normal splicing (A) and predicted aberrant splicing
(B) are also represented. (b) RT-PCR reaction was performed by
using RNA from healthy subject blood, from IVSI-6 homozygous
patient blood and from transgenic mouse blood. The IVSI+13F
forward primer and theHuBetaR reverse primer (Table 2), designed
to amplify a fragment of 84 bp from human 𝛽-globin altered
spliced transcripts or a fragment of 202 bp from human pre-mRNA
(containing all the first human 𝛽-globin intron), were used. The
products obtained from each sample, at 40 and 50 cycles of PCR
reaction, were loaded on a 3% agarose gel. M, molecular weight
ladder, pUC Mix Marker 8 (Fermentas), (−), negative control.

cluster (mouse chromosome 7), both the 𝛽-IVSI-6 transgene
and the 𝛽-like globin cluster are expressed as expected. It
should be underlined that the hematological parameters of
the homozygous TG-𝛽-IVSI-6 mice are very similar to those
of the wild-type mice. The only significant difference we
found in TG-𝛽-IVSI-6 mice is the low/absent production

of one aberrantly spliced transcript (the 137 bp amplicon, as
shown in Figure 9). This might be explained by the fact that
this particular spliced form is much more sensitive to NMD
and so highly unstable (Table 5) [43, 44]. The issue of the
different ratios of the transcripts corresponding to the 115, 137,
153, and 165 bp amplicons in the cellular systems considered
(see Table 4) should be discussed by taking in consideration
the hierarchy of splicing events associated with the differen-
tial extent of complementarity with U1 and U6 small nuclear
RNAs (snRNAs), as suggested byRoca et al. (see Table 5) [42].

Despite the low stability of transcripts generated by the
−16 cryptic splicing site, the presence of the other two
aberrantly spliced forms (corresponding to the 115 bp and
165 bp peaks shown in Figure 9(c)) allows us to propose that
the TG-𝛽-IVSI-6 mouse might be used as an in vivo model
to characterize the effects of antisense oligodeoxynucleotides
(ODNs) and ODN-mimics targeting the −38 and the +13
cryptic GUdonor splicing sites responsible for the generation
of aberrantly spliced human 𝛽-globin transcripts in IVSI-
6 𝛽-thalassemia. The validation of the effects of molecules
correcting the aberrant splicing caused by the IVSI-6 muta-
tion can be performed in vitro using erythroid precursor
cells isolated from these transgenic mice, as well as in vivo
following administration of splicing correctors, as performed
with different in vitro and in vivo experimental systems by
several research groups [45–50].

In this respect, ex vivo experiments based on the cor-
rection of splicing defects causing 𝛽-thalassemia have been
reported by several research groups using antisense phos-
phorothioate 2-O-methyl-oligonucleotides [45, 46], mor-
pholino-oligonucleotides [18, 47], 2-O-(2-methoxy) ethyl-
oligonucleotides [47], and peptide nucleic acids [48]. These
antisense molecules have been used either free [45, 46]
or delivered with peptides and lipid-based strategies [49].
For instance, El-Beshlawy et al. [18] reported the ex vivo
correction of the aberrant splicing of IVSI-110 𝛽-globin pre-
mRNA by antisense oligonucleotides (ASONs) against the 3
aberrant splicing site. In their study, ErPCs with the IVSI-110
mutation were treated with 20𝜇mol/mLmorpholino ASONs
targeting the 3 aberrant splicing site. The results of this work
suggested that ASONs can restore correct splicing of𝛽-globin
pre-mRNA, leading to correct gene product.

As far as in vivo experiments, few reports are available
[17, 50] and none of them, to the best of our knowledge, are
focused on the repair of the aberrant splicing caused by the 𝛽-
IVSI-6 mutation. For instance, Svasti et al. [17] reported the
repair of defective 𝛽-globin pre-mRNA in a mouse model of
IVSII-654 thalassemia, by delivering a morpholino oligomer
conjugated to an arginine-rich peptide as splice-switching
oligonucleotide (SSO). Interestingly, the SSO blocked the
aberrant splicing site in the targeted pre-mRNA and forced
the splicing machinery to reselect existing correct splicing
sites. These results suggest the applicability of ASONs for the
treatment of thalassemia.

In this respect, it is worth noting that in most of third
world countries, blood transfusion is of difficult application,
due to the fact that availability of blood is low and blood is
often contaminated. Therefore, novel pharmacological inter-
ventions are urgently needed [51, 52].
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5. Conclusions

Molecules able to correct the effects of 𝛽-IVSI-6 thalassemia
mutation will be of great therapeutic interest for the 𝛽-
thalassemia patients of the Middle-Eastern region, in which
this genotype is very common. To this aim the availability
of experimental systems to validate the effects of molecules
protecting the activated cryptic sites (in our case the −38,
the −16, and the +13 cryptic GU donor splicing sites) in the
case of 𝛽-IVSI-6 splicing site mutations are of great interest.
Suitable in vitro experimental system might be erythroid
precursor cells from homozygous 𝛽-IVSI-6 patients or K562
and MEL cells carrying a 𝛽-IVSI-6 gene. These experimental
systems, while very informative on the effects in vitro of
splicing-regulatingmolecules, do not help to reach conclusive
experiments in vivo. Our transgenic 𝛽-IVSI-6 experimental
system, even if partially reconstituting the splicing pattern
caused by the 𝛽-IVSI-6 mutation, might be useful to verify
the in vivo activity of oligonucleotide-based drugs targeting
the −38 GU and the +13 GU cryptic splicing sites activated in
IVSI-6 𝛽-thalassemia.
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Università di Modena e Reggio Emilia, Istituti Anatomici, 41124 Modena, Italy
2Laboratorio di Patologia Clinica Endocrinologia, Dipartimento Interaziendale ad Attività Integrata Medicina di
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Rats fed calcium-deprived diet develop osteoporosis due to enhanced bone resorption, secondary to parathyroid overactivity
resulting from nutritional hypocalcemia. Therefore, rats provide a good experimental animal model for studying bone modelling
alterations during biochemical osteoporosis. Three-month-old Sprague-Dawley male rats were divided into 4 groups: (1) baseline,
(2) normal diet for 4 weeks, (3) calcium-deprived diet for 4 weeks, and (4) calcium-deprived diet for 4 weeks and concomitant
administration of PTH (1-34) 40 𝜇g/Kg/day. Histomorphometrical analyses were made on cortical and trabecular bone of lumbar
vertebral body as well as ofmid-diaphysis and distal metaphysis of femur. In all rats fed calcium-deprived diet, despite the reduction
of trabecular number (due to themaintenance of mineral homeostasis), an intense activity of bone deposition occurs on the surface
of the few remaining trabeculae (in answering to mechanical stresses and, consequently, to maintain the skeletal homeostasis).
Different responses were detected in different sites of cortical bone, depending on their main function in answering mineral or
skeletal homeostasis. This study represents the starting point for work-in-progress researches, with the aim of defining in detail
timing and manners of evolution and recovery of biochemical osteoporosis.

1. Introduction

Osteoporosis is a systemic skeletal disease that represents a
significant public health problem in an increasingly aging
society. It is characterized by net bone loss and microarchi-
tectural deterioration of bone tissue, due to an imbalance
between the resorption and formation phases in the bone
remodelling cycle (increased bone resorption and reduced
bone formation), with a consequent increase in bone fragility
and susceptibility to fracture [1–10]. Osteoporosis can be
mainly due to mechanical disuse or metabolic alterations.
According to the latter, it is well known that both estrogen
and calcium deficiencies are important risk factors in the
pathogenesis of biochemical osteoporosis. Bone development
requires adequate amounts of many nutrients and, among

these, calcium is the most important mineral element, since
the skeleton represents the greatest calcium store in the
body [11]. In fact, more than 95% of the body’s calcium is
present in bone tissue as hydroxyapatite, conferring rigidity,
hardness, and structural integrity to the skeleton [12]. Low
calcium intake (particularly common in many countries)
and important decrease in calcium intestinal absorption are
some of the most important causes involved in bone loss
in aging population. Diet is a modifiable risk factor for
osteoporosis and adequate amounts of calcium are essential
lifelong to maintain healthy bone mass [13, 14]. Several
investigations have underlined the role of serum calcium
variations in etiopathogenesis of osteoporosis and fracture
occurrence; low blood calcium level activates PTH which,
in turn, stimulates the production in the kidney of vitamin
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D that enhances the calcium uptake in the active sites of
duodenum [15], while PTH decreases the urinary excretion
of calcium and stimulates calcium resorption from bone [16].

It is well known that rats fed calcium-deprived diet
develop osteoporosis, as a result of exaggerated bone resorp-
tion, induced by parathyroid overactivity, secondary to nutri-
tional hypocalcemia [17–25]. Therefore, rats provide a good
experimental animal model for studying bone remodelling
alterations during biochemical osteoporosis. It has been
reported by Shen and coworkers [26] that the bone mineral
density in the rat femoral diaphysis was decreased by a
calcium-deficient diet but not by ovariectomy. Other authors
suggested that rat ovariectomy plus calciumdeficiency results
in a great decrease of bone volume and cross-sectional area
compared to the calcium alone [27]. Similar results were
also observed in an investigation of Donahue and coworkers
[28] in which calcium-deficient ovariectomized rats showed
decreased values of bone density, similar to those of estrogen-
deficient osteoporotic women. Hara et al. [29] suggested that
the interaction between ovariectomy and calcium-deficient
diet implies different bone alterations in rats, depending on
different skeletal segments and/or different skeletal regions
with different metabolism. Moreover, dietary calcium defi-
ciency, regardless of ovariectomy, induced bone loss and
increased bone turnover in some skeletal segments, in par-
ticular in the hard palate, mandible, and proximal tibia. It
is interesting to underline that when OVX rats were fed
low calcium diet, the decrease in calcium absorption became
more significant and resulting bone loss was particularly
enhanced [30–32].

The aim of the present investigation was to study how
the mineral and skeletal homeostasis influence the bone loss
in metabolic osteoporosis due to calcium-deprived diet in
different sites of the two bony architectures (trabecular versus
cortical bone) in both axial and appendicular skeleton. This
model seems to be a good starting point for successive studies
on bone alterations during unbalanced calcium metabolism,
frequently occurring in aging, with the final goal of defining
timing and manners of bone mass recovery when calcium is
restored in the diet and verifying the eventual differences of
recovery between compact and spongy bones (i.e., the two
bone architectures with different metabolism and target).

2. Materials and Methods

2.1. Experimental Animals and Treatment. Eighteen 3-
month-old Sprague-Dawley male rats were purchased from
Charles River Laboratories (Calco, Lecco, Italy). All rats
were housed individually in single cages, to better check
food intake of each rat, and maintained under laboratory
controlled conditions (22 ± 1∘C, 55–60% humidity, 12 h
light : 12 h dark). After 7 days of acclimation to housing
conditions, the rats were randomized into four groups,
indicated as follows:

Group 1 (baseline, 𝑛 = 3): sacrificed after 7 days of
acclimation;

Group 2 (control, 𝑛 = 5): fed normal diet for 4 weeks;

Group 3 (𝑛 = 5): fed calcium-deprived diet and
distilled water ad libitum for 4 weeks;
Group 4 (𝑛 = 5): fed calcium-deprived diet and
distilled water ad libitum, plus concomitant admin-
istration of PTH (1-34) 40 𝜇g/kg/day, for 4 weeks.

Both normal and calcium-deprived diets were provided daily;
at different times during the test period, the food container
was briefly removed and weighed to determine quantity of
food consumed.

The calcium-deprived diet is a casein based synthetic diet
containing a very low amount of calcium (0.04% Ca). PTH
(1-34) was supplied by Eli Lilly and Company (Indianapolis,
USA), solubilised in saline (40 𝜇g/mL), and subcutaneously
injected in a volume of 100 𝜇L/100 gr body weight per rat.

Group 1 animals underwent a subcutaneous injection
of calcein (Fluka, St. Louis, MO, USA) 15mg/kg, two days
before the sacrifice. Groups 2, 3, and 4 animals received
a subcutaneous injection of calcein 15mg/kg on the first
day of the experimental period, a subcutaneous injection of
oxytetracycline hydrochloride (Sigma, St. Louis, MO, USA)
30mg/kg after 20 days, and a subcutaneous injection of
Alizarin-Red S (Fluka, St. Louis, MO, USA) 30mg/kg 2 days
before sacrifice, in order to evaluate newly formed bone
during animal treatment.

The body weight of each animal was recorded at the time
of arrival in the housing facility and before euthanasia. At the
end of the treatment, all rats were anesthetized with ether and
blood samples were collected by cardiac puncture; then, rats
were euthanized by exsanguination under ether anesthesia.

All experiments were carried out according to the Bioeth-
ical Committee of the Italian National Institute of Health.
Animal care, maintenance, and surgery were conducted in
accordance with Italian law (D.L. number 116/1992) and
European legislation (EEC number 86/609).

2.2. Histology and Histomorphometry. Soon after euthana-
sia, the fifth lumbar vertebra (L5) and the right femur of
each animal were removed, deprived of soft tissues, fixed
in sodium phosphate-buffered (PBS) 4% paraformaldehyde
pH 7.4, dehydrated in graded ethanol, and embedded in
methyl-methacrylate resin (Sigma Aldrich, Milan, Italy).The
vertebrae and the femurs were transversally cut with a Leica
SP 1600 diamond saw microtome cutting system (Leica
SpA, Milan, Italy) to obtain serial 200 𝜇m thick sections.
The sections, taken from the central level of the lumbar
vertebral body and from the femur mid-diaphysis and distal
metaphysis (for this last considering the more proximal
section of the patellar grove), were glued to a glass slide and
ground to a final thickness of about 40 𝜇m. These sections
were superficially stained with Alizarin-Red and scanned
with Epson 3200 perfection scanner at 3200 dpi resolution to
perform histomorphometry by means of the software Image
J (NIH, Bethesda, USA). The following static histomorpho-
metric parameters were calculated: trabecular bone volume
(BV/TV), trabecular thickness (Tb.Th), trabecular number
(Tb.N), and trabecular separation (Tb.Sp) of the vertebral
bodies and the femoral distal metaphyses; the cortical bone
thickness (Ct.Th) of the anterolateral and posterior sides of
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vertebral bodies; the total cross section area, the cortical bone
area (Ct-B-Ar), and the medullary canal area of the femoral
middiaphyses; the cortical bone area (Ct-B-Ar) of the femoral
metaphyses.

The same sections were also further polished to remove
the Alizarin-Red staining and used for evaluation of dynamic
histomorphometry (by means of bone labelling technique),
as a measure of newly formed bone during animal treatment,
that is, to distinguish preexistent bone with respect to the
bone formed during the period of administration of the
calcium-deprived diet.The sectionswere photographed using
aNikon Eclipse 90imicroscope (Tokyo, Japan) equippedwith
a DS-Fi1 Nikon digital camera and driven by the Nikon ACT-
2U software; dynamic histomorphometric parameters were
evaluated by means of the image analysis system software
Image J (NIH, Bethesda, USA). The newly formed bone
area (Nf B Ar) and the mineral apposition rate (MAR) were
measured between the first two labels (calcein and oxytetra-
cycline) on the anterior and posterior sides of the vertebral
cortical bone as well as on the femoral mid-diaphysis. More-
over, the mineralizing surface (MS), marked with Alizarin,
was measured on the femoral mid-diaphyses as well as on
trabecular bone of vertebral bodies and femur metaphyses.
MAR at the femur metaphyseal level was measured taking
into consideration the second and third label (oxytetracycline
and alizarin). Allmeasurementswere performed according to
the ASBMR histomorphometry nomenclature [33].

In order to evaluate the presence of osteoid seams in
trabecular bone of both femur metaphyses and vertebral
bodies, one section (200 𝜇m thick) adjacent to those used for
histomorphometry was glued to ametacrylate support, cut to
obtain 5 𝜇m thick sections (Reichert-Jung 1150/Autocut), and
stained with Gomori trichrome.The osteoid surface (OS/BS)
was measured on trabecular bone.

2.3. Serum Biochemical Analysis. Blood samples were cen-
trifuged to separate serum that was preserved in tubes,
immediately separated by centrifugation (4∘C) at 1,500 g for
15min. Sera were then aliquoted into small volumes and
stored at −20∘C for successive analyses. The levels of total
calcium (Ca) and inorganic phosphorus (P) in serum were
determined using the high performance Beckman Coulter
analyzer AU680 Chemistry System. The immune-metric
assays for the determination of levels of osteoprotegerin
(OPG), specific bone alkaline phosphatase (BALP), CTX
(Beta CrossLaps), and bioactive-intact-PTH (1-84) in rat
serum were provided by Pantec s.r.l. (Turin, Italy); all kits are
intended for research use only. In particular, rat-OPG and
rat-BALP are two ELISA kits produced by SunRed Hotec-
nology Company (Shanghai, China); RatLaps is an EIA kit
produced by Immunodiagnostic Systems Ltd. (Boldon, UK);
rat bioactive-intact-PTH is an ELISA method produced by
Immunotopics Inc. (San Clemente, CA). The small amounts
of reagents supplied in the kits prevented the possibility
to perform automated procedures on laboratory analytical
platform. To minimize the variables influencing the test, all
good laboratory practice principles were applied: immediate
storage of samples after serum separation at −20∘C; manual
execution of tests in close agreement to the manufacturer’s

Table 1: Body weights of rat at the time of arrival and sacrifice.

Group Arrival weight Sacrifice weight
1 406 ± 48 426 ± 48
2 405 ± 32 526 ± 47
3 405 ± 32 528 ± 70
4 397 ± 25 504 ± 40
All values are expressed as mean ± sd, ANOVA followed by Bonferroni’s
test. Group 1: baseline; Group 2: control, normal diet; Group 3: calcium-
deprived diet for 4 weeks; Group 4: calcium-deprived diet, plus concomitant
administration of PTH (1-34) 40𝜇g/kg/day, for 4 weeks.

instructions; execution of all tests over two consecutive days
in order to avoid repeated freeze/thaw cycles of samples.

2.4. Statistical Analysis. One-way analysis of variance
(ANOVA) with Bonferroni test between treatment groups
and controls was performed using the Software STATA
11.0 (StataCorp, Texas, USA). Values of 𝑃 < 0.05 indicate
significant differences between groups.

3. Results

3.1. BodyWeight. Table 1 reportsmean values of bodyweights
of all groups recorded both at the time of arrival in the
housing facility and at sacrifice; no significant differences
were found among groups.

3.2. Histology and Histomorphometry. The observations
reported in the present paper refer to morphological and
histomorphometric evaluations performed on transverse
sections of the 5th lumbar vertebra and right femur at
middiaphyseal and distal metaphyseal levels of all rats.

3.2.1. Vertebra (L5). Concerning the vertebral sections, in
rats fed calcium-deprived diet, as expected, bone trabeculae
are less abundant and cortical bone appears less thick with
respect to rats fed normal diet (Figure 1).

Table 2 shows themean values of the trabecular bone vol-
ume (BV/TV), the trabecular thickness (Tb.Th), the trabec-
ular number (Tb.N), and the trabecular separation (Tb.Sp).
The results are in line with the morphological observations
in showing a statistically significant decrement of trabecular
bone of the vertebral body in rats fed calcium-deprived diet
(Groups 3 and 4), with respect to rats fed normal diet (Groups
1 and 2). In fact, significant lower values of BV/TV and Tb.N
are observed in both groups of rats fed calcium-deprived
diet with respect to rats fed normal diet. Similar results were
recorded for Tb.Sp, since significant higher distance among
bony trabeculae was recorded in both groups of rats fed
calcium-deprived diet with respect to rats fed normal diet. As
far as trabecular thickness is concerned, instead, significant
lower values of Tb.Thwere recorded only in rats fed calcium-
deprived diet plus PTH (1-34) administration (Group 4) with
respect to baseline rats (Group 1).

The results of cortical bone thickness (Ct.Th) in antero-
lateral as well as in posterior sides of the vertebral body are
shown in Table 3: in the anterolateral side, the mean values
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Table 2: Static histomorphometric parameters of trabecular bone in L5 vertebral body sections.

Group BV/TV (%) Tb.Th (𝜇m) Tb.N (𝑛/mm) Tb.Sp (𝜇m)
1 24.54 ± 2.28 59.56 ± 3.14 4.14 ± 0.54 185.12 ± 28.70
2 23.35 ± 2.31 53.29 ± 2.28 4.39 ± 0.52 180.33 ± 26.25
3 14.97 ± 3.55∗∗,## 50.75 ± 6.50 2.93 ± 0.41∗,## 298.79 ± 53.81∗∗,##

4 14.36 ± 0.73∗∗,## 47.07 ± 2.12∗ 3.03 ± 0.06∗,## 285.34 ± 11.12∗,##

All values are expressed as mean ± sd, ANOVA followed by Bonferroni’s test: ∗𝑃 < 0.05, ∗∗𝑃 < 0.01 versus Group 1; ##𝑃 < 0.001 versus Group 2. Group 1:
baseline; Group 2: control, normal diet; Group 3: calcium-deprived diet for 4 weeks; Group 4: calcium-deprived diet, plus concomitant administration of PTH
(1-34) 40𝜇g/kg/day, for 4 weeks.

Group 1 Group 2

Group 3 Group 4

Figure 1: Scans showing bone histology of the transversal sections of the 5th lumbar vertebral body of all animal groups. Group 1: baseline;
Group 2: control, normal diet; Group 3: calcium-deprived diet for 4 weeks; Group 4: calcium-deprived diet, plus concomitant administration
of PTH (1-34) 40𝜇g/kg/day, for 4 weeks. Scale bar: 500 𝜇m.

are significantly lower in both groups of rats fed a calcium-
deprived diet than in the rats fed a normal diet; otherwise,
in vertebral posterior side the mean values are similar in all
groups.

Figure 2 shows histological transverse sections of the
vertebral body from each animal group, under fluorescence
microscope. The control group as well as the two groups fed
calcium-free diet shows different locations of the labels of
osteogenesis: concerning the anterior cortex the labels are
observed at periosteal level, while in the posterior cortex the
labels are located at the endosteal level. Moreover, in the
two calcium-deprived diet groups, the endosteal surface of

the anterior cortex shows a thinner layer of bone between the
calcein label (injected at the beginning of the experiment) and
the bone marrow surface, with respect to control group.

The results of dynamic histomorphometry show that
both in the anterior and posterior cortical bone the mean
values of Nf B Ar and of MAR are always similar in all
groups (Table 4). The trabecular bone shows intense red
fluorescence (alizarin) mostly located on the surface of the
few trabecular remnants of the groups fed calcium-deprived
diet, being instead scarcely present in the animals fed normal
diet (Figure 2:Groups 3-4 versusGroup 2). Table 4 also shows
the mean values of MS of trabecular bone; the results are
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Group 2 Group 3 Group 4

Figure 2: Fluorescence microscope micrographs showing transverse sections of the 5th lumbar vertebral body. Note the newly formed bone
among three labels in the anterior and posterior cortical bone and the red fluorescencemostly on the surface of the few trabecular remnants of
Groups 3 and 4. Group 2: control, normal diet; Group 3: calcium-deprived diet for 4 weeks; Group 4: calcium-deprived diet, plus concomitant
administration of PTH (1-34) 40 𝜇g/kg/day, for 4 weeks. Scale bar: 500 𝜇m.
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Figure 3: Scans showing bone histology of the transversal sections of the femoral mid-diaphysis of all animal groups. Group 1: baseline;
Group 2: control, normal diet; Group 3: calcium-deprived diet for 4 weeks; Group 4: calcium-deprived diet, plus concomitant administration
of PTH (1-34) 40𝜇g/kg/day, for 4 weeks. Scale bar: 750 𝜇m.

in line with the morphological observations in showing a
statistically significant increase of mineralization surface in
the two groups fed calcium-deprived diet with respect to the
control one.

Gomori trichrome stain performed on vertebral trabec-
ular bone does not reveal the presence of osteoid seams
(OS/BS) in all rats of the control group, while the value of
OS/BS in all rat fed calcium-deprived diet ranges from 0 to
24%.

3.2.2. Femoral Mid-Diaphysis. Figure 3 shows the middia-
physeal femoral sections of all animals. In each group, among

all sections observed, two different morphologies were iden-
tified: (i) the more distal mid-diaphyseal sections show oval
appearance; thus they were named “round-shaped” sections;
(ii) the more proximal mid-diaphyseal sections show sharp-
edge appearance (corresponding to the trochanter tertius);
thus they were named “sharp-edge-shaped” sections.

Static histomorphometric parameters are reported in
Table 5. Mean values of total cross section area and cortical
bone area were similar in all groups both in round-shaped and
in sharp-edge-shaped sections. The medullary canal areas are
instead always larger in the rats fed calcium-deprived diets
(Group 3) with respect to baseline and control ones in both
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Figure 4: Fluorescence microscope micrographs showing a portion of transverse sections of the femoral mid-diaphysis. Note in sharp-
edge-shaped sections the new bone deposition mostly located at the periosteal surface (arrows) and bone resorption at the endosteal surface
(arrow heads). Group 2: control, normal diet; Group 3: calcium-deprived diet for 4 weeks; Group 4: calcium-deprived diet, plus concomitant
administration of PTH (1-34) 40 𝜇g/kg/day, for 4 weeks. Scale bar: 500 𝜇m.

Table 3: Static histomorphometric parameters of cortical bone in
L5 vertebral body sections.

Group Anterolateral Ct.Th Posterior Ct.Th
1 311.84 ± 71.47 176.15 ± 33.10
2 321.49 ± 35.97 168.85 ± 26.67
3 197.84 ± 9.54∗∗∗,### 148.23 ± 35.69
4 162.67 ± 10.53∗∗∗,### 130.37 ± 13.37
All values (𝜇m)are expressed asmean± sd,ANOVA followedbyBonferroni’s
test: ∗∗∗𝑃 < 0.001 versus Group 1; ###𝑃 < 0.001 versus Group 2. Group 1:
baseline; Group 2: control, normal diet; Group 3: calcium-deprived diet for 4
weeks; Group 4: calcium-deprived diet, plus concomitant administration of
PTH (1-34) 40𝜇g/kg/day, for 4 weeks.

round-shaped and sharp-edge-shaped sections; this difference
is sometimes significant.

Figure 4 shows, for each animal group, details of histolog-
ical transverse sections of the femur mid-diaphysis observed
under fluorescencemicroscope. Bone labeling (index of bone
osteogenesis) is present mainly at the periosteal surface, in
particular in the sharp-edge-shaped sections in all groups;
moreover, again in particular in sharp-edge-shaped sections,
the endosteal surface shows an irregular outline (index of
bone resorption) in all animals fed a calcium-deprived diet.

The results of dynamic histomorphometry concerning Nf
B Ar, MAR, and MS are shown in Table 6: no significant
differences were observed among all groups in both round-
shaped and sharp-edge-shaped sections at the periosteal and
endosteal level. It must be underlined that in four animals out
of five in the two groups fed a calcium-deprived diet and in

twoout of five animals in the control groupwenever observed
new bone formation at the endosteal level in sharp-edge-
shaped sections; this implies high values of standard deviation
of Nf B Ar and MAR average.

3.2.3. Femoral Metaphysis. Figure 5 shows lower amount of
trabecular bone in all animals fed a calcium-deprived diet
with respect to basal and control ones.

Table 7 concerning static histomorphometry values
shows (a) significant lower values of BV/TV and Tb.N in
Groups 3 and 4 compared to Groups 1 and 2; (b) significantly
increased Tb.Sp values in Groups 3 and 4 compared to
Groups 1 and 2; (c) no differences among all groups for Tb.Th
and Ct-B-Ar.

Figure 6 shows details of histological transverse sections
of the femurmetaphysis, observed under fluorescencemicro-
scope. New bone deposition is observed only at the endosteal
level and around some trabeculae in all animal groups. Data
reported in Table 8 confirm such histological observations; in
particular, the only significant difference is recorded in MS
that is higher in rats fed calcium-deprived diet plus PTH (1-
34) with respect to control ones.

Gomori trichrome stain does not reveal the presence
of osteoid seams (OS/BS) in all rats of the control group,
while the value of OS/BS in all calcium-deprived diet animals
ranges between 0 and 22%.

3.3. Serum Biochemical Analysis. In Table 9 are reported,
for each rat, the values of parameters from sera collected
at the end of experiment. The values of Ca, P, OPG, and
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Table 4: Dynamic histomorphometric parameters in L5 vertebral body sections.

Group Anterior Ct
Nf B Ar (mm2)

Anterior Ct
MAR (𝜇m/day)

Posterior Ct
Nf B Ar (mm2)

Posterior Ct
MAR (𝜇m/day) Tb MS (%)

2 0.063 ± 0.08 4.10 ± 0.71 0.035 ± 0.01 3.47 ± 0.50 11.40 ± 2.30
3 0.075 ± 0.04 4.19 ± 1.40 0.033 ± 0.02 3.26 ± 0.66 53.03 ± 6.44###

4 0.076 ± 0.01 4.22 ± 0.39 0.036 ± 0.07 3.42 ± 0.54 50.80 ± 9.52###

All values are expressed as mean ± sd, ANOVA followed by Bonferroni’s test: ###𝑃 < 0.001 versus Group 2. Group 2: control, normal diet; Group 3: calcium-
deprived diet for 4 weeks; Group 4: calcium-deprived diet, plus concomitant administration of PTH (1-34) 40𝜇g/kg/day, for 4 weeks.

Table 5: Static histomorphometric parameters in middiaphyseal femoral sections.

Group
Round-shaped sections Sharp-edge-shaped sections

Total cross
section area

Cortical bone
area

Medullary canal
area

Total cross
section area

Cortical bone
area

Medullary canal
area

1 11.07 ± 0.61 6.61 ± 0.44 4.36 ± 0.57 10.94 ± 0.50 6.74 ± 0.48 4.19 ± 0.55
2 12.19 ± 1.38 7.35 ± 0.84 4.83 ± 0.54 12.43 ± 1.50 7.73 ± 0.88 4.70 ± 0.53
3 12.71 ± 0.75 6.90 ± 0.48 5.64 ± 0.38∗ 12.97 ± 0.87 7.25 ± 0.68 5.67 ± 0.32∗#

4 11.71 ± 0.78 6.50 ± 0.35 5.17 ± 0.49 12.20 ± 0.89 6.67 ± 0.45 5.50 ± 0.46∗

All values (mm2) are expressed as mean ± sd, ANOVA followed by Bonferroni’s test: ∗𝑃 < 0.05 versus Group 1; #𝑃 < 0.05 versus Group 2. Group 1: baseline;
Group 2: control, normal diet; Group 3: calcium-deprived diet for 4 weeks; Group 4: calcium-deprived diet, plus concomitant administration of PTH (1-34)
40𝜇g/kg/day, for 4 weeks.

Table 6: Dynamic histomorphometric parameters (Nf B Ar-MAR-MS) in middiaphyseal femoral sections.

Group Round-shaped sections Sharp-edge-shaped sections
Periosteal Nf B Ar (mm2) Endosteal Nf B Ar (mm2) Periosteal Nf B Ar (mm2) Endosteal Nf B Ar (mm2)

2 0.27 ± 0.10 0.18 ± 0.15 0.82 ± 0.23 0.05 ± 0.06
3 0.23 ± 0.09 0.14 ± 0.09 0.77 ± 0.34 0.001 ± 0.001
4 0.20 ± 0.10 0.06 ± 0.04 0.80 ± 0.34 0.005 ± 0.012

Periosteal MAR (𝜇m/day) Endosteal MAR (𝜇m/day) Periosteal MAR (𝜇m/day) Endosteal MAR (𝜇m/day)
2 2.38 ± 0.49 1.68 ± 0.92 3.67 ± 0.70 1.09 ± 0.99
3 2.82 ± 1.26 2.25 ± 0.55 3.65 ± 1.13 0.14 ± 0.32
4 2.56 ± 0.59 2.03 ± 1.09 3.84 ± 1.27 0.17 ± 0.37

Periosteal MS (%) Endosteal MS (%) Periosteal MS (%) Endosteal MS (%)
2 52.40 ± 12.91 41.78 ± 18.95 67.39 ± 18.58 29.25 ± 19.06
3 54.89 ± 12.62 42.77 ± 21.83 84.45 ± 10.06 49.94 ± 16.52
4 62.81 ± 14.60 41.81 ± 5.19 72.26 ± 20.26 41.77 ± 7.07
All values are expressed as mean ± sd, ANOVA followed by Bonferroni’s test. Group 1: baseline; Group 2: control, normal diet; Group 3: calcium-deprived diet
for 4 weeks; Group 4: calcium-deprived diet, plus concomitant administration of PTH (1-34) 40𝜇g/kg/day, for 4 weeks.

BALP do not show individual variability among the animals
inside each group; moreover, the mean values do not show
statistically significant differences among the various groups.
Concerning, instead, the values of CrossLaps and PTH (1-
84) the wide individual variability among the animals inside
each group is to be noticed; also for these parameters, no
differences were recorded in the mean values among all
groups.

4. Discussion

The present investigation analyses how the mineral and
skeletal homeostasis influence the bone loss in metabolic
osteoporosis due to calcium-deprived diet in different sites of
the two bony architectures (trabecular versus cortical bone)
in both axial and appendicular skeleton.

The first point to discuss concerns the different amount
of bone mass recorded between the control group and
the two groups of rats fed calcium-deprived diet; in fact,
trabecular bone of vertebral bodies and femoral metaphyses
(Tables 2 and 7) as well as cortical bone of the vertebral
anterolateral part only (Table 3) are significantly reduced in
rats fed calcium-deprived diet. Such bone reduction indicates
that calcium-deprived diet induces marked bone resorption
on those specific bone areas, mainly devoted in answering
metabolic demands, according to the well-known mineral
homeostasis, as also reported by other authors [26, 29, 30,
34, 35]. In all rats fed calcium-deprived diet, despite the
significant reduction of trabecular bone volume and number,
the remaining few trabeculae show active sites of bone
deposition, demonstrated by the intense red fluorescence on
their surfaces as well as by high MS values (Tables 4 and 8);



8 BioMed Research International

Table 7: Static histomorphometric parameters in distal metaphyseal femoral sections.

Group BV/TV (%) Tb.Th (𝜇m) Tb.N (𝑛/mm) Tb.Sp (𝜇m) Ct-B-Ar (mm2)
1 18.26 ± 7.36 51.63 ± 10.19 3.16 ± 0.67 255.36 ± 104.87 6.01 ± 0.41
2 17.76 ± 4.78 50.36 ± 7.92 3.49 ± 0.51 241.08 ± 49.04 5.93 ± 0.70
3 6.94 ± 1.47∗# 42.88 ± 5.01 1.62 ± 0.40∗∗### 601.63 ± 165.23∗∗## 5.71 ± 0.19
4 7.50 ± 2.05∗# 43.89 ± 8.01 1.65 ± 0.19∗∗### 564.60 ± 84.57∗## 5.91 ± 0.60
All values are expressed as mean ± sd, ANOVA followed by Bonferroni’s test: ∗𝑃 < 0.05, ∗∗𝑃 < 0.01 versus Group 1; #𝑃 < 0.05, ##𝑃 < 0.01, and ###

𝑃 < 0.001
versus Group 2. Group 1: baseline; Group 2: control, normal diet; Group 3: calcium-deprived diet for 4 weeks; Group 4: calcium-deprived diet, plus concomitant
administration of PTH (1-34) 40𝜇g/kg/day, for 4 weeks.

Group 1 Group 2

Group 3 Group 4

Figure 5: Scans showing bone histology in the transversal sections of the femoral distal metaphysis of all animal groups. Group 1: baseline;
Group 2: control, normal diet; Group 3: calcium-deprived diet for 4 weeks; Group 4: calcium-deprived diet, plus concomitant administration
of PTH (1-34) 40𝜇g/kg/day, for 4 weeks. Scale bar: 1mm.

this evidence does not occur in control group. Similar results
were observed in OS/BS values, showing that new osteoid is
deposited around the few trabecular remnants in calcium-
deprived diet rats only. These findings might explain the fact
that trabecular thickness is similar in all groups. Altogether
these observations agree in suggesting that in all rats fed
calcium-deprived diet bone deposition around the remain-
ing few bony trabeculae occurs in answering mechanical
demands, according to skeletal homeostasis. On the other
hand, in control rats, since no metabolic alterations are
observed and no bone mass loss occurs, skeletal homeostasis
is not altered, the MS value is very low, and the osteoid
secretion (inferable by OS/BS) is absent. Such consideration
is particularly true for vertebral bodies trabeculae, whereas
in femoral metaphyses theMS values showminor differences
between the control group and the groups fed calcium-
deprived diet (the difference reaches statistical significance
only in the group treated with Teriparatide versus control
group). Moreover, at both femoral and vertebral levels, it

is interesting to note that OS/BS values are at least half
the values of MS in calcium-deprived rats; this finding is
probably due to a high osteoid mineralization rate. Our
results are in line with those of Shin and coworkers [36]
that found in rats (4 weeks after ovariectomy) reduction of
BV/TV and Tb N, as well as increase of Tb.Sp of both 4th
lumbar vertebra and femur. They also report that, 8 weeks
after ovariectomy, further increase of Tb.Sp mainly depends
on trabecular thinning at vertebral level and on trabecular
number decrease at femoral level. These last results matched
with the findings of Thompson et al. [37] that observed after
8 weeks from ovariectomy that rat vertebrae lost bone by
thinning trabeculae, whereas proximal tibiae lost bone by
removing trabeculae.

The second point to discuss is that the anterolateral part
of vertebral cortical bone shows intense modelling processes
in all animal groups. In fact, independently of diet type,
new bone deposition always occurs at the periosteal level, as
shown by the presence of the 3 labels of osteogenesis in all
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Group 2 Group 3 Group 4

Figure 6: Fluorescence microscope micrographs showing portions of the transverse sections of the femoral distal metaphysis. New bone
deposition is present only at the endosteal level and around some trabeculae. Group 2: control, normal diet; Group 3: calcium-deprived diet
for 4 weeks; Group 4: calcium-deprived diet, plus concomitant administration of PTH (1-34) 40 𝜇g/kg/day, for 4 weeks. Scale bar: 500 𝜇m.

Table 8: Dynamic histomorphometric parameters in distal meta-
physeal femoral sections.

Group Endosteal MAR (𝜇m/day) Tb MS (%)
2 2.91 ± 0.45 34 ± 7.88
3 2.87 ± 0.11 48 ± 4.55
4 2.81 ± 0.38 50.5 ± 7.23#

All values are expressed as mean ± sd, ANOVA followed by Bonferroni’s test:
#
𝑃 < 0.05 versus Group 2. Group 2: control, normal diet; Group 3: calcium-
deprived diet for 4 weeks; Group 4: calcium-deprived diet, plus concomitant
administration of PTH (1-34) 40𝜇g/kg/day, for 4 weeks.

groups (Figure 2); thus, the lack of calcium in diet does not
alter the amount of newly formed bone (Table 4). In all rats
fed calcium-deprived diet only, intense resorption activity
occurs at the endosteal level that leads to the thinning of
cortical bone, as also shown by the small amount of bone
observed between the calcein label (injected at the beginning
of the experiment) and the bone marrow surface. These
histological and histomorphometrical data suggest that new
bone deposition at the periosteal level likely depends on
mechanical needs, whereas bone resorption at the endosteal
level likely depends on metabolic demands. Moreover, in all
groups the posterior part of vertebral cortical bone shows
modeling processes due to new bone deposition at the
endosteal level, in answering mechanical needs.These results
suggest that cortical bone of the anterolateral side is mainly
involved inmineral homeostasis with respect to the posterior
one; in fact, the thickness of the anterolateral side of the
cortex is significantly lower in rats fed calcium-deprived diet
with respect to the control ones, while the thickness of the
posterior side is similar in all groups.

As regards the femoral mid-diaphysis, the lack of calcium
in the diet leads to an enlargement of the medullary canal
due to resorption at the endosteal level, in particular in
sharp-edge-shaped sections (Figure 3 and Table 5). The find-
ing that only the medullary canal area shows differences

among groups, whereas the cortical bone area does not,
likely depends on the amount of resorbed bone that is
irrelevant when compared to the cortical bone area; this
notwithstanding such difference is significant when com-
pared to the medullary canal area. In sharp-edge-shaped
sections (Figure 4) the medullary canal area increases in all
animals fed calcium-deprived diet due to bone modelling
that implies a marked periosteal bone deposition at the
tertius trochanter (where mechanical loads are greater) and
a significant endosteal bone erosion (where mechanical loads
are lesser). Dynamic histomorphometric results show that (i)
at the periosteal level the amount of newly formed bone is
similar in all groups; (ii) at the endosteal level in sharp-edge-
shaped sections newly formed bone deposition is virtually
absent in animals fed calcium-deprived diet (Table 6) and
the morphology of endosteal surface is irregular since bone
resorption occurs. These observations are in line with data
shown in literature [38] reporting that the pattern of cortical
bone loss in osteoporosis begins from the endosteal surface of
the cortex, where the enlargement of medullary canal occurs
at the expense of the cortex inner side; bone loss usually does
not occur at the periosteal surface.

In femoral cortex metaphysis, the values of Ct-B-Ar
and endosteal MAR do not show differences among groups
(Tables 7 and 8) and probably depend on different factors; Ct-
B-Ar might be due to the high mechanical load acting on the
skeletal region, whereas endostealMAR likely depends on the
bone modeling processes that lead to new bone deposition at
the endosteal level and bone resorption at the periosteal one.

As far as serum parameters are concerned, it is not
surprising to observe after one month of experiment that Ca
and P levels are similar in all groups, as a consequence of
the early bone response by means of mineral homeostasis.
Also serum mean values of OPG and BALP are similar in
all groups, because in all groups bone deposition due to
skeletal growth is not altered by diet, in particular in cortical
bone. Concerning CrossLaps and PTH (1-84), the excessive
individual variability among the animals inside the same
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Table 9: Values of serum levels at the end of the experiments: Ca, P, OPG, BALP, CrossLaps, and PTH (1-84).

Group Ca mg/dL P mg/dL OPG ng/ml BALP ng/ml CrossLaps ng/mL PTH (1-84) pg/ml

1
10.02 7.38 0.75 7.12 38.67 41.24
10.42 5.87 0.67 7.22 59.76 40.65
10.34 7.63 0.72 6.78 73.86 33.59

Mean value ± sd 10.26 ± 0.21 6.96 ± 0.95 0.71 ± 0.04 7.04 ± 0.23 57.40 ± 17.71 38.49 ± 4.25

2

9.89 6.67 0.75 6.53 36.62 45.35
10.14 6.71 0.65 6.94 40.61 80.06
9.46 8.13 0.76 6.51 45.31 84.18
9.48 5.75 0.74 8.00 84.52 31.24
9.75 6.00 0.68 6.55 52.53 31.82

Mean value ± sd 9.74 ± 0.28 6.65 ± 0.92 0.71 ± 0.04 6.90 ± 0.63 51.91 ± 19.16 54.52 ± 25.85

3

9.78 7.00 0.69 6.74 52.77 61.82
10.10 6.55 0.60 6.33 86.80 79.47
10.18 8.78 0.67 7.28 58.20 98.29
9.90 6.86 0.57 6.59 83.06 39.47
10.11 7.57 0.85 7.26 51.01 115.35

Mean value ± sd 10.01 ± 0.16 7.35 ± 0.87 0.67 ± 0.10 6.84 ± 0.41 66.36 ± 17.20 78.88 ± 29.79

4

10.36 6.97 0.70 6.82 120.33 80.06
10.52 5.96 0.67 6.33 38.04 72.41
9.86 7.35 0.76 7.00 85.78 41.24
10.00 7.39 0.62 6.29 62.14 90.65
10.11 7.46 0.71 6.90 47.00 45.35

Mean value ± sd 10.12 ± 0.28 7.04 ± 0.72 0.69 ± 0.05 6.63 ± 0.37 58.24 ± 20.88 62.41 ± 23.35
ANOVA followed by Bonferroni’s test. Group 1: baseline; Group 2: control, normal diet; Group 3: calcium-deprived diet for 4 weeks; Group 4: calcium-deprived
diet, plus concomitant administration of PTH (1-34) 40𝜇g/kg/day, for 4 weeks.

group did not allow understanding and discussing the data
obtained.

In conclusion, the relevance of this paper performed
on the rat model lies in the detailed documentation of
the fact that the lack of calcium in the diet does not lead
to a unique bone answer. It is to be underlined in fact
that the various answers recorded in the different sites of
bony architectures pertaining to specific skeletal segments
are due to the different main involvement of each skeletal
region in maintaining mineral or skeletal homeostasis. As
a consequence, the bone modeling processes are differently
affected in answering induced biochemical osteoporosis.
Regardless of the main topic of the present paper, data here
reported on PTH (1-34) seems to indicate that Teriparatide,
used with good results as therapeutic support in recovering
bone fragility [39–42], does not display preventive effects,
since no significant differences were found between the two
groups of animals fed calcium-deprived diet with/without the
drug administration.

The present investigation based on animal models rep-
resents a good starting point for successive studies on bone
alterations during unbalanced calcium metabolism, as fre-
quently occurring in aging, with the aim of studying in detail
timing and manners of evolution and recovery in human
biochemical osteoporosis with/without administration of
PTH (1-34). In particular, the attention will be focused on the
type of osteogenesis of the newly formed bone during bone
mass recovering that, as previously demonstrated [43, 44],

can occur in two differentmanners (static and dynamic osteo-
genesis) and imply different bone quality by the mechanical
viewpoint.
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Nonalcoholic fatty liver disease (NAFLD) is characterized by hepatic steatosis, which occurs in the absence of alcohol abuse.NAFLD
can evolve into progressive liver injury and fibrosis in the form of nonalcoholic steatohepatitis (NASH). Several animal models have
been developed to attempt to represent the morphological, biochemical, and clinical features of human NASH. The actual review
presents a critical analysis of the most commonly used experimental models of NAFLD/NASH development. These models can
be classified into genetic, nutritional, and a combination of genetic and nutritional factors. The main genetic models are ob/ob
and db/db mutant mice and Zucker rats. The principal nutritional models employ methionine- and choline-deficient, high-fat,
high-cholesterol and high-cholate, cafeteria, and high-fructose diets. Currently, associations between high-fructose and various
compositions of high-fat diets have been widely studied. Previous studies have encountered significant difficulties in developing
animal models capable of reproducing human NASH. Some models produce consistent morphological findings, but the induction
method differs significantly compared with the pathophysiology of human NASH. Other models precisely represent the clinical
and etiological contexts of this disease but fail to provide accurate histopathological representations mainly in the progression from
steatosis to liver fibrosis.

1. Introduction

Nonalcoholic fatty liver disease (NAFLD) is characterized
by abnormal lipid accumulation in hepatocytes, which is
known as steatosis and occurs in the absence of alcohol
abuse. NAFLD is one of the most common forms of liver
disease reported in current clinical practice. The prevalence
of NAFLD is estimated to reach 30% of adults in developed
countries, and greater than 10% of cases evolve into progres-
sive liver injury in the form of nonalcoholic steatohepatitis
(NASH) [1]. Because of the high prevalence of NAFLD in the
obese population, NAFLD can be considered one of theman-
ifestations of metabolic syndrome including central obesity,
type II diabetes mellitus, hypertension, hyperglycemia, and
hyperlipidemia [2]. Some factors also contribute directly to
the development of NAFLD, such as a sedentary lifestyle and
increased consumption of high-fat foods and beverages with
high concentrations of fructose [3].

In addition, patients with steatosis, ballooning degen-
eration, Mallory’s hyaline corpuscles, and fibrosis display a
higher probability of developing cirrhosis compared with
patients exhibiting steatosis alone. Thus, NAFLD includes a
wide spectrum of liver abnormalities that may vary from
simple steatosis to NASH (Figure 1). In this context, NASH
can be identified by the presence of significant fibrosis and
necroinflammatory activity in which collagen deposition is
manifested as a peculiar perivenular and/or pericellular pat-
tern [4]. Although the majority of patients can be effectively
diagnosed with NAFLD using noninvasive tests, liver biopsy
remains the gold standard for the accurate assessment of
the graduation of steatosis, necroinflammatory changes, and
fibrosis and allows NASH and steatosis to be distinguished
[5, 6].

A recently developed grading to NASH incorporates the
severity of hepatic steatosis, portal and lobular inflammation,
and collagen deposition. Like this, the grading of the severity
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Figure 1: The representative photomicrographs present the progression of the histopathological alterations found in the spectrum of
nonalcoholic fatty liver disease (NAFLD): (a)/(b) normal liver: no evidence of steatosis, inflammation, or fibrosis; (c)/(d) liver steatosis:
moderate steatosis (34–66%), no evidence of inflammation or fibrosis; (d)/(e) nonalcoholic steatohepatitis (NASH): moderate steatosis (34–
66%), mild inflammation, and moderate fibrosis with a fibrous septa (FS); (f)/(g) liver cirrhosis secondary to NASH: moderate steatosis (34–
66%), moderate inflammation, and severe fibrosis with a regenerative nodule (RN) (Hematoxylin & Eosin and Masson Trichrome staining,
×200). The black, red, and yellow arrows show steatosis, fibrosis, and inflammation, respectively.
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of hepatic steatosis varies as follows: grade 0, minimal or
no evidence of steatosis (<5% of hepatocytes affected); grade
1, mild steatosis (5 to 32% of hepatocytes affected); grade
2, moderate to severe steatosis (33 to 66% of hepatocytes
affected); grade 3, severe steatosis (>66% of hepatocytes
affected). The portal and lobular inflammation is also scored
as follows: grade 0, minimal or no evidence of inflammation;
grade 1, mild inflammation; grade 2, moderate to severe
inflammation; grade 3, severe inflammation. The collagen
deposition varies as follows: grade 0, minimal or no evidence
of fibrosis; grade 1, mild fibrosis; grade 2, moderate to severe
fibrosis; grade 3, severe fibrosis [4]. Another similar method
for NASH grading is the SAF system, which comprises a
semiquantitative score of steatosis (S), inflammatory activity
(A), and fibrosis (F) [7].

Themechanisms involving the pathogenesis of NASH are
not completely clarified. One of the main hypotheses is “the
theory of the two hits.” According to this theory, the “first hit”
forNASH establishment is lipid accumulation in hepatocytes,
mostly in the form of triglycerides, which results from an
imbalance between the metabolic pathways that promote the
hepatocyte uptake and synthesis of fatty acids and those
that promote oxidation and export of fatty acids. Insulin
resistance, found in obesity and type II diabetes, has been
considered the most important factor in the development
of hepatic steatosis (the “first hit”). Insulin resistance causes
peripheral lipolysis and hyperinsulinemia. Lipolysis increases
circulating free fatty acids (FFA) and hepatocyte uptake of
fatty acids. Hyperinsulinemia intensifies the hepatic synthesis
of fatty acids by inducing glycolysis and favors the accumu-
lation of triglycerides within hepatocytes by decreasing the
liver ability to reesterify and export triglycerides [8, 9].

In consequence of hepatic steatosis, hepatocytes develop
vulnerability to oxidative stress, which may, in large part,
be responsible for the progression of NAFLD from sim-
ple steatosis to steatosis associated with necroinflammatory
activity and fibrosis. Therefore, oxidative stress has been
reported as the “second hit.” Mitochondria play a central role
in oxidation of fatty acids. Since mitochondrial fatty acid
oxidation results in production of free radicals, mitochondria
are the major cellular source of reactive oxygen species
(ROS), mainly in the form of hydrogen peroxide. Oxidative
stress has been described as a disturbance in the equilibrium
status of ROS generation and the cellular antioxidant defense
system. In hepatic steatosis, the imbalance between scarce
endogenous antioxidant reserves and augmented mitochon-
drial production of free radicals results in oxidative damage
to lipids, proteins, and DNA with subsequent cell death
[9, 10]. Oxidative stress may trigger steatohepatitis by three
main mechanisms: lipid peroxidation, cytokine induction,
and induction of Fas ligand. In addition to directly inducing
cellular destruction by massive membrane lipoperoxidation,
ROS can act as second messengers in the regulation of genes
encoding proinflammatory and profibrogenic cytokines such
as tumor necrosis factor alpha (TNF-𝛼), transforming growth
factor beta (TGF-𝛽), and interleukin- (IL-) 8. ROS can
also induce expression of the Fas ligand in hepatocytes,
which normally express the membrane receptor Fas. The Fas
ligand on one hepatocyte can interact with Fas on another

hepatocyte resulting in fractional liver cell killing (Figure 2)
[8, 9].

Multiple intrinsic mechanisms have been suggested to
trigger cell death and progression toNASH.However, diverse
evidences show that hepatocellular apoptosis is increased
both in animal models [11–13] and in human NASH [14–
16]. Therefore, apoptosis has been considered the major
mechanism of cell death in the NASH context, stimulat-
ing liver inflammation and fibrosis. The steatosis-induced
oxidative stress promotes cell death through the activa-
tion of stress-related signaling pathways such as c-Jun N-
terminal kinase (JNK) or p38 mitogen-activated protein
(MAP) kinase. Both JNK and p38 MAP kinase are involved
inmechanisms of apoptosis [17, 18]. Moreover, increase of the
apoptosis frequency may be considered a profibrogenic event
in progression of chronic liver diseases. Indeed, apoptosis
fragments and ROS can stimulate Kupffer cells to release
proinflammatory and profibrogenic cytokines, which induce
activation of hepatic stellate cells. These cells are the major
producers of extracellularmatrix in the tissue repair reactions
in response to chronic hepatic injury [19].

The mechanisms that involve apoptosis in NASH were
investigated in rats using a high-fat diet for 12 weeks. The
results showed that the index of hepatocellular apoptosis was
significantly higher in rats fed with high-fat diet. The authors
concluded that the hepatocellular apoptosis in this model
was promoted by interacting between cyclooxygenase-2 and
proinflammatory cytokines (TNF-𝛼 and IL-6) [20]. A recent
study showed the contribution of caspase 3 on liver injury and
fibrogenesis and supported a prominent role for the caspase
3 activation in the hepatocellular apoptosis and fibrogenesis
in NASH secondary to themethionine- and choline-deficient
(MCD) diet model [21]. In addition, it was suggested that the
high-cholesterol and high-cholate (HChCh) diet can induce
intense atherogenic stimulus and additionally promote apop-
tosis through the oxidized low density lipoprotein (oxLDL).
The oxLDL presents a proinflammatory and proapoptotic
potential and can induce liver fibrosis [22].

Additionally, a new theory known as “lipotoxicity” has
been focus of interest. Current evidences suggest that lipo-
toxicity represents the major mechanism of hepatocyte dys-
function leading to disease progression in NASH. According
to this theory, lipotoxic injury occurs in the setting of the
excessive traffic of free fat acids, especially saturated fatty
acids (SFA), rather than due to simple steatosis. Probably,
lipid accumulation occurs in parallel with the generation of
lipotoxic metabolites, which are primarily responsible for the
progression of liver disease [19, 23]. According to this theory,
a high-carbohydrate and high-SFA diet contributes to the
excessive circulation of free fat acids and promotes the devel-
opment of insulin resistance. Moreover, it has been shown
that lipotoxicity leads to cell injury and death, via apoptosis or
necrosis, and may constitute an important proinflammatory
and profibrogenic stimulus in chronic liver disease [19, 24].

Although the pathophysiology and diagnosis of NASH
have been thoroughly studied, many investigators are still
searching for a specific treatment. Several animal archetypes
are indispensable for reproducing reliable models displaying
characteristics as similar as possible to human NASH.
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Figure 2: The main mechanisms involved in the pathophysiology of the nonalcoholic steatohepatitis (NASH). FFA: free fatty acids; ROS:
reactive oxygen species; TG: triglycerides (adapted from Angulo, 2002 [8]).

2. An Approach of Actual Experimental
Models of NASH

Several animal models have been developed to represent
the pathophysiology, morphological findings, biochemical
changes, and clinical features of human NASH. Accordingly,
the employed animals should present metabolic abnormali-
ties such as obesity, insulin resistance, fasting hyperglycemia,
dyslipidemia, and altered adipokine profile. Furthermore,
an animal NASH model should display steatosis, intralobu-
lar inflammation, hepatocellular ballooning, perisinusoidal
fibrosis, and susceptibility to liver tumors. However, the
extrapolation of diverse animal models of NAFLD/NASH
to the human disease may be limited by the difficulty in
reproducing both the clinical and morphological conditions.
The current models can be classified into genetic, nutritional,
and a combination of genetic and nutritional factors. The
following models are the most commonly used animal
models of NAFLD/NASH development.

3. Genetic Models

To better understand the role of the specific genes involved
in fatty liver formation, several studies have attempted to
identify the deletion or overexpression of some genes that
may be involved in the development of NAFLD/NASH. The
genetic alterations can act diversely in various pathways but
all culminate with lipid hepatocellular deposits. The main
known genetic variation results in increased ingestion of
calories, higher hepatic influx of fatty acids, neolipogenesis,
and decreased hepatic oxidation of FFA and triglycerides
[25]. However, the genetic models almost exclusively induce
the biochemical alterations of NAFLD, and the addition of
modified diets is frequently required in these models to
induce the morphological changes found in human NASH
[26].

3.1. SREBP-1c Transgenic Mice. In mammals, intracellular
levels of cholesterol and fatty acids are controlled through a
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Figure 3: Genetic animalmodels used for the development ofNAFLD/NASH: (a) Zucker rats—the recessive (fa/fa) genotype develops obesity
and liver steatosis (at left side), while the dominant (lean) genotype is phenotypically normal (at right side of the picture); (b) Ob/obmice—
the mutant obese (ob/ob) mouse (at left side) may present threefold higher body weight relative to the wild type mouse (at right side of the
picture) (The Jackson Laboratory).

feedback regulatory systemmediated by a family of transcrip-
tion factors called sterol regulatory element-binding proteins
(SREBPs). SREBP-1c transgenic mice overexpress the tran-
scription factor SREBP-1c. In this model, the dysregulation
of adipocyte differentiation leads to insulin resistance and
diabetes. Similar to some forms of congenital lipodystrophies,
the amount of systemic fat tissue is decreased, but the animals
present significant hepatic lipid accumulation [27]. When
SREBP-1c transgenicmice are fed a high-fat diet, pronounced
hepatic steatosis can be induced in a few days. A standard
diet is sufficient to induce steatosis, lobular and perivenular
inflammation, and pericellular fibrosis in these animals after
a period of 8 weeks [28, 29]. Therefore, the morphological
findings are similar to many of the morphological findings
observed in NASH. However, human NAFLD/NASH is
frequently associatedwithmetabolic syndrome and increased
visceral fat, while this animal model develops lipid deposits
exclusively in the liver. Consequently, despite the satisfactory
pathological features, this model may differ from the clinical
context of human NASH [30].

3.2. Ob/obMice. Ob/obmice exhibit a spontaneousmutation
in the leptin gene (leptin deficient). Leptin (from the Greek
lepthos = thin) is a peptide hormone produced by adipose
tissue. When this substance is secreted by adipocytes, it
reaches the hypothalamus in the central nervous system and
participates in the regulation of feeding behavior and energy
bursts. Leptin promotes reduced food intake and increases
energy metabolism by affecting the hypothalamic-pituitary
axis and regulating neuroendocrine mechanisms. Leptin is
also involved in the modulation of fibrogenesis and cell death
[31–33].

In the ob/ob mice, a mutation in the leptin gene causes
leptin deficiency and decreased interaction between leptin
and its receptor; therefore, the ob/ob mice are hyperphagic,
extremely obese, and inactive [26] (Figure 3). In addition,
these animals have an altered metabolic profile and exhibit
hyperglycemia, insulin resistance, hyperinsulinemia, and
spontaneous development of fatty liver [34]. However, the
utility of the ob/ob mouse model is limited by concerns with

the development of liver fibrosis. In fact, the ob/ob mice
are protected from fibrosis, and this phenomenon permitted
the characterization of leptin as a key mediator of hepatic
fibrogenesis. Because the progression to NASH does not
occur spontaneously in this model, a secondary stimulus is
necessary such as a MCD or high-fat diet or administration
of lipopolysaccharide (endotoxin). Using these techniques,
leptin-deficient mice can present reduced liver collagen
deposits, which impairs the presence of important morpho-
logical characteristics of NASH such as fibrosis. Furthermore,
mutations in the ob gene are not prevalent in obese subjects or
patients with NASH, and leptin levels are not well correlated
with the development of NAFLD/NASH [30, 35].

3.3. Db/db Mice. The db/db mouse model exhibits a spon-
taneous mutation in the leptin receptor gene (Ob-Rb).
Although the db/db mice exhibit normal or elevated levels
of leptin, they are resistant to the effects of leptin. Thus,
the db/db animals are obese, present insulin resistance or
diabetes, and develop macrovesicular hepatic steatosis. In
addition, they may develop NASH after a second stimulus
such as the intake of trans-fat or an MCD diet. When db/db
mice are fed an MCD diet, they can develop significant liver
fibrosis in contrast to ob/ob mice [36, 37]. The phenotype
of the db/db mice better simulates the condition of human
metabolic syndrome in many circumstances. However, these
mice are limited because they do not spontaneously develop
liver fibrosis or NASH without a second stimulus [30].

3.4. Zucker Rats. One of the most commonly used animal
models of NAFLD, genetic obesity, and metabolic syndrome
is the genetic model of obese Zucker rats (fa/fa). Zucker rats
exhibit a spontaneous mutation in the leptin receptor (fa
allele), which decreases the affinity of this receptor for leptin
and changes the transduction signal. Zucker rats are homozy-
gous for the fa allele, and heterozygous fa rats (lean) serve as
the control. Zucker rats develop severe obesity and are hyper-
leptinemic, hyperphagic, inactive, obese, and insulin resistant
(hyperinsulinemia,mild hyperglycemia, and hyperlipidemia)
(Figure 3). Zucker rat hyperlipidemia is characterized by
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increased very low density lipoprotein (VLDL) and high
density lipoprotein (HDL) without significant changes in low
density lipoprotein (LDL) and reduced expression of the hep-
atic LDL-receptor [38]. In addition to significantly increased
body weight, the Zucker rats depend on the heterozygote
controls to reproduce because the metabolic abnormalities
are also associated with high infertility rates in these animals
[39].

In Zucker model, macro/microvesicular steatosis is dif-
fusely present, mainly in the periportal area. No other sign
of progression to NASH is detected. The Zucker rats also
display low hepatic GSH and vitamin E levels and decreased
catalase activity. As a result of leptin resistance, increased
expression of SREBP-1c and carbohydrate response element-
binding protein (ChREBP) may also be observed. The
increased expression of SREBP-1c mRNA was accompanied
by augmented levels of lipogenic enzymes and triglyceride
accumulation in the liver [26].

Similar to ob/ob and db/db mice, Zucker rats do not
present spontaneous development of NASH and require a
second stimulus to induce the progression from steatosis
to NASH. Accordingly, Zucker rats fed with a diet rich in
saturated fat (60% of energy supply derived from lard) for 8
weeks developed severe micro/macrovesicular steatosis and
progression to steatohepatitis. Liver injury was accompanied
by increased levels of alanine aminotransferase (ALT), TNF-
𝛼 and TGF-𝛽, higher collagen deposition, and activation of
hepatic stellate cells. Oxidative stress markers such as lipid
peroxidation and protein carbonyl groups were increased,
while the hepatic levels of reduced glutathione and antioxi-
dant enzymes were diminished [40].

Although Zucker rats partially simulate humanmetabolic
syndrome (obesity, insulin resistance, dyslipidemia, hyper-
insulinemia, and liver), this animal model still has some
disadvantages. Because leptin or leptin receptor mutations
are rare in humans, Zucker rats may not reflect the clinical
and pathological circumstances of the development of the
NAFLD spectrum observed in humans. Furthermore, Zucker
rats do not naturally develop steatohepatitis, are resistant to
liver fibrosis, and require additional interventions to induce
the progression of steatosis to NASH [26].

4. Nutritional Models

Nutritionalmodels intend tomimic the bad alimentary habits
that culminate in obesity and NASH. Some diets may cause
consistent liver damage, steatosis, lobular inflammation, bal-
looning degeneration, and perivenular fibrosis similar to the
histopathological findings of human NASH. The metabolic
profile may also be changed, resulting in type II diabetes
and high levels of triglycerides and cholesterol similar to the
clinical characteristics observed in human NAFLD/NASH
[26].

The mouse strain C57/BL6 is capable of simulating some
human metabolic diseases and lipid disorders when submit-
ted to different experimental models [41]. Similar to humans,
adult C57/BL6 mice have a strong genetic tendency to
develop obesity, hyperinsulinemia, and glucose intolerance,
independently of the offered diet. This phenomenon may be

further accentuatedwith the administration of a high-fat diet,
which may result in obesity, insulin resistance, and steatosis
similar to humans [32].

4.1.Methionine- andCholine-DeficientDiet. TheMCDmodel
is based on deficiency of methionine and choline, which
are essential for liver 𝛽-oxidation and the production of
VLDL. In addition to the methionine and choline deficiency,
this diet contains a high quantity of sucrose (10% fat, 40%
sucrose). The main results of the MCD diet are hepatocyte
lipid accumulation and decreased synthesis of VLDL. Rats
fed the MCD diet present weight loss (up to 40% at 10 weeks)
and subsequent development of intense pericentral steatosis
accompanied by necrosis and inflammation. The weight loss
is based on reduction of corporal fat with a proportional
decrease in liver size [32].

Mice fed the MCD diet also exhibit increased inflam-
matory responses through activation of liver macrophages
due to the transcriptional factor nuclear factor kappa B (NF-
𝜅B), which is an important modulator of inflammatory and
cell survival responses. In addition to NF-𝜅B activation,
concomitant augmentations in TNF-𝛼, IL-6, and TGF-𝛽
levels are also observed [42]. The MCD diet also promotes
higher expression of the intercellular adhesion-1 molecule
(ICAM-1), vascular cell adhesion molecule-1 (VCAM-1), and
macrophage chemotactic protein-1 (MCP-1), which results
in increased activity, migration, adhesion, and accumulation
of neutrophils and macrophages in the liver [43]. Although
these proinflammatory mechanisms are similar to human
NASH, and the MCD diet promotes real liver damage, the
triglyceride and cholesterol levels are also reduced in contrast
with obese patients withNAFLD/NASH.Other discrepancies
in the metabolic profile of the MCD diet are reduced levels of
insulin, glucose, and leptin, which are opposite to the effects
of human NASH [44, 45]. Because the MCD diet is deficient
in nutrients, it is not an ideal representative model of human
NASH because the intrinsic nutritional factors observed in
the human diet are not represented in the MCD diet.

4.2. High-Fat Diet. Because of the strong links between
NAFLD and metabolic syndrome, animals have also been
submitted to the “Western-style diet” model, which aims to
induce obesity, insulin resistance, and liver damage. In these
models, the animals are fed a high-fat diet in which 45–75%
of the caloric intake is derived from fat and/or variations
containing trans-fat or cholesterol. In the majority of the
high-fat diet models, the degree of liver injury is not severe
compared with the MCD model. However, the high-fat diet
can represent the detrimental eating habits of the Western
diet and mimic the etiology of NAFLD/NASH [25, 46].

A classic example of a high-fat diet model proposed by
Lieber et al. (2004) is based on a liquid diet containing fat
(71%), carbohydrates (11%), and protein (18%). The animals
fed this diet presented biochemical alterations similar to the
profile ofNASH in humans.The rats also developed increased
insulin levels, insulin resistance, hepatocellular lipid accu-
mulation, oxidative stress, and TNF-𝛼 levels. However, the
hepatic histopathology results displayed discrete signs of
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inflammation, mild steatosis, and the absence of the fibrosis
progression in contrast with human NASH [47].

Other studies have intended to optimize the development
of NASH through punctual modifications in the high-fat
diet, such as enrichment with lard and cholesterol in a
diet fed to Sprague-Dawley rats at 4, 8, 12, 24, 36, and 48
weeks. In this case, the liver weight increased at week 4, and
hepatic steatosis was also observed. After week 8, the body
weight started to increase. This finding was accompanied by
augmented serum levels of FFA, cholesterol, and TNF-𝛼. The
serum ALT levels increased at week 12, and steatosis and
inflammation occurred from weeks 12 through 48. Apparent
hepatic perisinusoidal fibrosis did not occur until week 24,
but collagen deposits were evident from weeks 36 to 48. This
novel model may be potentially useful as a NASH model,
although the main findings occurred only after week 24 [48].

Because of the presence of increased levels of ALT and
triglycerides, liver neutrophil infiltration, and focal hepato-
cellular necrosis and apoptosis, high-fat diets are considered
one of the best models to study the progression of steatosis
to NASH. However, these models are limited because not all
of the histopathological findings are consistent with those
observed in human NASH, which is mainly due to the lack of
progressive fibrosis. Furthermore, it takes a long time for the
symptomsof the high-fat diet to significantly develop [25, 49].

Other techniques have been implemented to identify
more severe histopathological alterations. In a study using
C57/BL6 mice, an intragastric cannula was implanted to
improve the intake of high-fat diets. In this model, an
emulsion containing 37% of calories from fat (corn oil) and
39% of calories from dextrose was administered directly into
the stomach. The treated mice developed hyperglycemia,
hyperinsulinemia, hyperleptinemia, glucose intolerance, and
insulin resistance.Themice also became obesewith increased
hepatic levels of fat. However, the histopathological analysis
showed the development of mild hepatic steatosis [50]. In
a study performed with Wistar rats using the same model
of intragastric cannulation but with the administration of
a trans-fat diet, the histopathological findings were more
characteristic of themorphology found in humanNASH [51].

Although this model can reproduce the histopathological
pattern of NASH in humans, it failed to mimic the clinical
and etiologic aspects because the administration of the diet
to the animals was forced.

4.3. Atherogenic (High-Cholesterol and High-Cholate) Diet.
Insulin resistance is a key event in the pathophysiological
development of metabolic syndrome. Insulin resistance is
associated with increased triglyceride and cholesterol levels
and increased risk of cardiovascular disease. In some animal
models, a relative insulin receptor insufficiency accompanied
by increased plasma triglyceride concentrations during the
development of obesity was observed, which is similar to
the pathogenesis of insulin resistance in humans. Insulin
resistant animals also exhibited an increased propensity to
develop NAFLD/NASH [52, 53]. Based on these findings,
other studies proposednew animalmodels fed an atherogenic
diet with high levels of cholesterol and cholate, which could
both lead to atherosclerosis and NASH. A mouse model

showed that a high-cholesterol and high-cholate (HChCh)
diet can induce varied degrees of liver inflammation and
augmented collagen gene expression. The HChCh diet also
stimulates the liver to produce TNF-𝛼, which increases the
inflammatory response and causes the progression of NASH
[54].

Mice fed the HChCh diet presented progressive forma-
tion of hepatic steatosis, inflammation, and fibrosis after
6–24 weeks. The addition of 60% fat from cocoa butter
in the HChCh diet accelerated the development of these
histopathological alterations within 12 weeks. Furthermore,
the fat-enriched HChCh diet induced higher oxidative stress
and consequent increases in the activation of hepatic stellate
cells and the expression of 𝛼-smooth muscle actin. These
data suggest that the supplementation of HChCh diet with
high-fat levels can cause hepatic morphological alterations of
humanNASH. However, metabolic status analysis of HChCh
diet-fed animals showed an attenuation of the insulin resis-
tance factors. In fact, during the course of the experiment,
the animals lost 9% body weight, and the triglyceride levels
were lower compared with the controls [25, 55].

Thus, although the HChCh diet enriched with fat can
imitate the progression of human NASH, the metabolic pro-
file showed important differences. Therefore, further studies
are needed to assess whether changes in fat composition or
addition of other dietary factors can improve the biochemical
results of this model to increase its similarities to human
NASH.

4.4. Cafeteria Diet. The incidence of metabolic syndrome,
which is characterized by a combination of systemic dysfunc-
tions including glucose intolerance, central obesity, dyslipi-
demia, and hypertension, has stimulated the development
of new diet models mimicking the eating habits of the so-
calledmodernWestern diet.The aim of the cafeteria diet, also
known as the Western diet, consists of industrially processed
palatable foods containing high levels of fat, sugar, and
salt. Therefore, this diet provides a robust model of human
metabolic syndrome compared with the traditional high-fat
diets and causes a phenotype of exaggerated obesity with
glucose intolerance and inflammation [56]. However, this
model presents some controversial results.

Young rats that received the cafeteria diet for 8 weeks
developed metabolic syndrome along with obesity, higher
hepatic weight, increased plasma levels of glucose, insulin
and triglycerides, and insulin resistance [57]. In another
study, hamsters fed the cafeteria diet for 15 weeks displayed
significantly increased body weight and higher levels of
plasma triglycerides, LDL-cholesterol, and glucose. Admin-
istration of the cafeteria diet resulted in a 35% decrease
in adiponectinemia and insulinemia, augmented leptine-
mia, and increased homeostatic model assessment-insulin
resistance (HOMA-IR). Although this diet induced insulin
resistance and increased liver oxidative stress, proinflamma-
tory mediators such as TNF-𝛼, IL-6, and NF-𝜅B were not
enhanced [58]. In accordance with these studies, the cafeteria
diet is primarily a model of human metabolic syndrome.

Another study developed a variation of the cafeteria diet
containing 65% fat (mostly saturated fat) administered to
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Wistar rats for 1 month. The animals presented consistent
features of metabolic syndrome such as overweight, arterial
hypertension, hypertriglyceridemia, hyperglycemia, insulin
resistance, and liver steatosis but did not present significant
liver inflammation or fibrosis [59]. In addition, Wistar rats
fed standard chow with concurrently offered cafeteria food
(cookies, cereals, cheese, processed meats, crackers, etc.)
ad libitum for 15 weeks developed hyperphagia, resulting
in severe obesity and prediabetes (glucose intolerance and
hyperinsulinemia).This diet induced panlobular microvesic-
ular steatosis, steatohepatitis, and chronic inflammation in
white and brown adipose tissues [56]. Thus, according to
these authors, this model closely reflects the etiopathogenesis
of human NAFLD, although no study has demonstrated the
presence of liver fibrosis.

4.5. Fructose. In humans, increased levels of fructose con-
sumption, primarily in the form of corn syrup for soft drinks,
are associated with increased severity of hepatic steatosis
and fibrosis [60, 61]. Fructose, a monosaccharide primarily
metabolized in the liver, controls the activity of glucokinase,
which is the principle enzyme involved in hepatic glucose
metabolism. Fructose is a potent and acute regulator of liver
glucose uptake and glycogen synthesis. By interfering with
glucose metabolism, the excessive fructose intake leads to
postprandial hypertriglyceridemia, which increases visceral
adipose deposition. Visceral adiposity contributes to hepatic
triglyceride accumulation and insulin resistance by increas-
ing the portal delivery of FFA to the liver [62–64].

Some animal and human studies show increased levels of
triglycerides after ingestion of diets with fructose compared
with diets containing complex carbohydrates or other sugars.
This effect occurs due to increased lipogenesis in the detri-
ment of gluconeogenesis, which results in increased hepatic
synthesis of fatty acids and glycerol. The higher activity of
lipogenic enzymes in the liver results in augmented levels of
plasma total lipids and VLDL [63].

Mice submitted to an addition of 30% fructose in drink-
ing water presented a fourfold increase in triglyceride levels
and a marked increase in body weight along with steatosis
after 8 weeks of ingestion [65]. No published data on animals
demonstrated that administration of fructose alone can alter
themetabolic parameters associatedwithNASH, but fructose
has been reported to alter potent biochemical properties
involved in promoting insulin resistance [66].

4.6. Association of Fructose with Other Nutritional Models.
Dietary intervention using atherogenic or high-fat diets in
addition to fructose represents a promising animal model
for the induction of NASH with important similarities to the
human disease.

Recently, amodel diet was developed based on nutritional
simulation of commonly consumed fast foods. In addition,
the animals were maintained in conditions designed to
promote sedentary behavior. These experimental circum-
stances are similar to those found in the majority of obesity
patients in the Western culture. This archetype was termed
the American lifestyle-induced obesity syndrome (ALIOS)
model.The C57BL/6 mice were fed a high-fat diet containing

trans-fats (partially hydrogenated vegetable oil) and signifi-
cant amounts of fructose in corn syrup for 1 to 16weeks.These
animals presented obesity, hyperinsulinemia, and insulin
resistance. The addition of high amounts of fructose in the
diet increased the food intake and contributed to impaired
insulin sensitivity. Moreover, the use of trans-fats induced
hepatic lipid deposition and contributed substantially to
hepatocellular injury. Although the ALIOS model led to
severe steatosis, liver fibrosis was scarce [67].

Another study with mice showed that the administration
of high-fat foods and high-fructose/sucrose liquids leads to
a synergistic effect that may induce liver inflammation and
fibrogenesis. Furthermore, the ingestion of sucrose along
with fructose most likely accelerated the occurrence of
hepatic macrovesicular steatosis and NASH [63].

Another type of combination diet is a high-fat, high-
carbohydrate diet using medium-chain trans-fatty acids as
high-fat component, and fructose and sucrose (55% and
45%, resp.) as high-carbohydrate nutrients. This diet caused
a significant increase in hepatic triglyceride content, plasma
ALT, and liver weight in mice after 16 weeks. Hepatic fibro-
sis, oxidative stress, hepatic collagen1 mRNA, and plasma
cholesterol levels were also significantly increased. Mice fed
a high-fat, high-carbohydrate diet can develop obesity and
hepatic fibrosis. Moreover, these animals displayed a NASH-
like phenotype and an important increase in hepatic ROS
similar to human NASH [68].

In addition, the offering of a high-fat diet accompanied
with fructose syrup formale and femalemice resulted in some
alterations of NAFLD/NASH after 16 weeks. These animals
presented augmented ALT, triglycerides, IL-1𝛽 and TNF-𝛼
levels and insulin resistance and the histological alterations
of NASH such as collagen deposition, macro/microvesicular
steatosis, and liver fibrosis. Although these findings are con-
sistent with NASH, in the female mice, hepatic inflammation
and fibrosis were insipient [69].

The metabolic and histological effects of a diet based in
the “fast food” composition were also evaluated. Mice were
fed for 25 weeks with a “fast food” diet composed by 40%
energy as fat (12% SFA, 2% cholesterol) or a high-fat diet
composed by 60% energy as fat (1% SFA). Both diets were
supplemented with high amounts of fructose. The high-fat
diet resulted in obesity, insulin resistance, and steatosis, but
inflammation was minimal, and there was not liver fibrosis.
However, in mice fed the “fast food” diet, obesity and insulin
resistance were also observed, but the liver histology showed
steatohepatitis with pronounced hepatocellular ballooning
and progressive fibrosis. The “fast food” diet also induced a
gene expression associated with increased fibrosis, inflamma-
tion, endoplasmic reticulum stress, and lipoapoptosis.Thus, a
“fast food”-based diet, composed by high saturated fat, high-
cholesterol, and high-fructose, may simulate with elevated
fidelity the features of the human metabolic syndrome and
NASH [70].

5. Rabbit Models

Rabbits have also been utilized to the development of NASH.
Rats have a very short prepubertal stage and they come into
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Figure 4: Comparison between the genetic (SREBP-1c, Ob/ob, Db/db, and Zucker) and nutritional (MCD, high-fat, high-fat intragastric,
atherogenic, fructose, fructose/others, cafeteria, and rabbit high-fat diets) animal models concerning to the main clinical features (CF),
biochemical changes (BC), morphological findings (MF), and the occurrence of liver steatosis or NASH.

the adulthood in only one month. Therefore, rats are not
the ideal animals to reflect the physiopathological state of
the majority of children diseases. On the other hand, rabbits
present around of 8 months of prepubertal stage and seem
to be the factual animals for mimicking pediatric NASH. In
this manner, it was created as a model to simulate pediatric
NASHwherein young rabbits (4–6 weeks old) were fed with a
high-fat diet (standard diet + 10% lard + 2% cholesterol) for 12
weeks. In this study occurred a generation of typical hepatic
alterations ofNASH, as liver steatosis, hepatocellular balloon-
ing, severe portal inflammation (a major characteristic of
pediatric NASH), perisinusoidal fibrosis, besides weight gain,
augmented liver weight and higher levels of proinflammatory
cytokines (TNF-𝛼 and IL-6), thereby producing the key
features of pediatric NASH [71].

Another rabbit model was employed to simulate the
human NASH. In this study, the animals were fed during
9 months with a diet supplemented with 0.75% cholesterol
and 12% corn oil. After this long experimental period, the
rabbits displayed increased serum and hepatic levels of total
cholesterol.The livers presented awhitish andnodular aspect.
In addition, hepatic gene expression for proinflammatory
cytokines (TNF-𝛼, IL-1𝛽, IL-10, and IL-18) was significantly
augmented. It was also observed significant increase of
mRNA levels for TGF-𝛽 and collagen as well as advanced
septal fibrosis. Moreover, the analysis of hepatic proteins and
gene expression revealed an imbalance between antioxidant
protection system and oxidative stress. Thus, this study
showed a NASH model that features advanced fibrosis and
may be useful for analyzing the molecular mechanisms of
human NASH [72].

In another study, rabbits were fed with a high-fat diet sup-
plemented with 20% corn oil and 1.25% (w/w) cholesterol for
8 weeks. In this model, the liver iron deposition derived from

the augmented erythrocyte phagocytosis induced insulin
resistance, hepatic lipid accumulation, Kupffer cell activation,
mild fibrosis, and increased oxidative stress. These results
revealed molecular mechanisms similar to those involved in
the pathogenesis of human NASH [73].

6. NAFLD/NASH Models:
A Schematic Summary

Figure 4 intends to schematically present an analysis of the
main morphological findings (MF), biochemical changes
(BC), and clinical features (CF) found in the different animal
models of NAFLD/NASH.

The SREBP-1c mutant mice fed a standard diet exhibited
steatosis, liver inflammation, and fibrosis, which includes
many of the morphological findings observed in NASH
(MF+). Similar to humans, these animals develop insulin
resistance and diabetes (BC+). Human NASH is frequently
associated with increased visceral fat, and these animals
present an exclusive lipid deposit in the liver. Because this
mouse models included a genetic modification, the clinical
features differ from the human conditions (CF−). Therefore,
this model is incomplete if the full context of human NASH
needs to be considered.

The ob/ob and db/dbmutantmice are also geneticmodels.
Although these mice were extremely obese and inactive,
their clinical features are incompatible with the features of
human disease because the etiology of NAFLD/NASH is not
genetic in the vast majority of the cases (CF−).These animals
have an altered metabolic profile, exhibiting hyperglycemia,
insulin resistance, and hyperinsulinemia (BC+). Although
these animals spontaneously develop steatosis, progression to
NASH does not occur without additional secondary stimuli
mainly using special diets (MF−).
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Zucker rats are a genetic model of obesity and metabolic
syndrome. Because leptin or leptin receptor mutations are
rare in humans, Zucker rats do not reflect the clinical
conditions of NASH observed in humans (CF−). These
rats partially simulate human metabolic syndrome (obe-
sity, insulin resistance, dyslipidemia, and hyperinsulinemia)
(BC+). Zucker rats have been one of themost commonly used
models of NAFLD and present diffuse steatosis mainly in the
periportal area. However, a second stimulus is required to
induce the progression of steatosis to NASH (MF−).

The MCD diet model results in many histological abnor-
malities that are similar to human NASH (MF+), but this
model is not associated with insulin resistance or other
biochemical alterations (BC−). MCD diet-treated rodents
typically present decreased body weight. Furthermore, this
model does not reflect human dietary habits (CF−).

The high-fat diet represents a realistic example of the
modern Western lifestyle, and rodents treated with this
diet frequently become obese (CF+). Although these ani-
mals show insulin resistance and increased triglycerides and
VLDL levels resembling the profile of human NASH (BC+),
the histopathological findings display steatosis without liver
fibrosis (MF−).Thus, this model fails to simulate the progres-
sion to NASH.

The high-fat diet with intragastric cannula model leads
to hyperglycemia, hyperinsulinemia, hyperleptinemia, and
insulin resistance (BC+). The histological alterations show
severe steatosis with progression to fibrosis (MF+) similar
to human NASH. However, this model does not mimic the
clinical and etiologic factors of NAFLD/NASH because the
diet is forcibly administered (CF−).

The atherogenic diet, which includes high levels of choles-
terol and cholate, accurately simulates the etiologic and clini-
cal factors observed in human NASH (CF+). The rodents fed
this diet present progressive hepatic steatosis, inflammation,
and fibrosis after 12–24 weeks of induction, which replicate
the histopathological findings of humanNASH (MF+). How-
ever, themetabolic status is not consistent with humanNASH
because of the presence of insulin resistance attenuation,
decreased body weight, and lower triglyceride levels (BC−).

The cafeteria diet exhibits high similarity with human
dietary habits, and rodents fed this diet exhibit obesity, higher
visceral adiposity, and augmented liver weight (CF+). In
addition, insulin resistance and increased plasma levels of
glucose, insulin, and triglycerides resemble human NASH
(BC+). However, the histopathological findings may display
steatosis with or without inflammation, but there is no liver
fibrosis. As a consequence, this model simulates partially the
progression to NASH (MF+/−).

In the fructose diet models, clinical features can simulate
the etiology of human NASH (CF+). Some studies show
increased triglyceride levels, with potential induction of
insulin resistance (BC+). However, no published animal data
demonstrated that administration of fructose alone can alter
themorphological findings and progression toNASH (MF−).

Nutritional models using combinations of high-fructose
and other high-fat diets cause clinical and etiology charac-
teristics similar to human NASH (CF+). Biochemical param-
eters such as insulin resistance and augmented triglycerides

levels were also observed (BC+). The histopathological find-
ings, such as severe steatosis, inflammation, and progression
of hepatic fibrosis, were also observed after 16 weeks of diet
administration (MF+).

Nutritional models applied in rabbits are associated with
the etiologic characteristics that are similar to human NASH
(CF+), once the animals had been fed with a high-fat diet.
Biochemical parameters such as increased serum levels of
total cholesterol and triglyceride were also observed (BC+).
The histopathological findings as severe steatosis, inflam-
matory infiltration, hepatocellular ballooning, severe portal
inflammation, and septal fibrosis were also found after 16
weeks of diet administration (MF+).

7. Conclusion

The presentation of the genetic and nutritional models and
combinations of these models confirms the difficulties in
identifying an accurate model of human NASH in rodents.
Somemodels produce consistentmorphological findings, but
their induction differs significantly from the pathophysiology
of humanNASH. Othermodels accurately represent the clin-
ical and etiological contexts of this disease but do not simulate
the histopathological observations involving the progression
from simple steatosis to liver fibrosis. Few rodent models
produce effects that simulate human NASH, but these effects
may occur after a long time. Rabbit models can produce
consistent morphological findings, with characteristics very
similar to the pathophysiology of human NASH, including
advanced fibrosis.
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Myeloid malignancies are heterogeneous disorders characterized by uncontrolled proliferation or/and blockage of differentiation
of myeloid progenitor cells. Although a substantial number of gene alterations have been identified, the mechanism by which
these abnormalities interact has yet to be elucidated. Over the past decades, zebrafish have become an important model organism,
especially in biomedical research. Several zebrafish models have been developed to recapitulate the characteristics of specific
myeloid malignancies that provide novel insight into the pathogenesis of these diseases and allow the evaluation of novel small
molecule drugs.This report will focus on illustrative examples of applications of zebrafishmodels, including transgenesis, zebrafish
xenograft models, and cell transplantation approaches, to the study of human myeloid malignancies.

1. Introduction

Myeloid malignancies, including myeloproliferative neo-
plasms (MPNs), myelodysplastic syndrome (MDS), and
acute myeloid leukemia (AML), are heterogeneous disorders
characterized by uncontrolled proliferation or/and blockage
of differentiation of abnormal myeloid progenitor cells [1].
MPNs are clonal hematopoietic stem cell disorders character-
ized by proliferation of one or more of the myeloid lineages.
MDS is also a clonal hematopoietic disorder characterized by
the simultaneous proliferation and apoptosis of hematopoi-
etic cells, which leads to a normal state or hypercellularity of
the bone marrow (BM) and pancytopenia in the peripheral
blood (PB).

A substantial number of studies have revealed that MPN
or MDS can evolve into AML in some patients [2]. AML is a
heterogeneous disease that results from the clonal expansion
of myeloblasts in the BM and PB and may involve only
one or all myeloid cell lineages [3, 4]. Numerous recurrent

gene fusions (such as t(15;17)/PML-RARA, t(8:21)/AML1-
ETO, inv(16)/CBFB-MYH11, and t(9;11)/MLL-MLLT3) and
point mutations (such as NPM1, FLT3, KIT, and CEBPA),
associated with class I (proliferation advantage) and class
II (differentiation blockage) mutations, have been identi-
fied over the past several decades. Recent comprehensive
studies with whole-genome sequencing or whole-exome
sequencing, RNA and microRNA sequencing, and DNA
methylation analysis have successfully classified the related
genes into nine categories based on the function of the
mutated genes, including transcription factor gene fusions,
NPM1, tumor suppressor genes, genes with chromosome
modifiers, genes with DNA methylation, activated signal-
ing genes, myeloid transcription factor genes, cohesion-
complex genes, and spliceosome-complex genes [5]. How-
ever, the mechanisms which by these identified alterations
interact to induce AML and distinguish driver from pas-
senger mutations in leukemogenesis have yet to be eluci-
dated.
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The zebrafish is a popular research model in biomedical
research fields, including embryonic development, human
diseases, cancer studies, toxicity, and chemical screening [6].
From a genetic point of view, the current zebrafish genome
has been fully sequenced, and many genes are conserved
between the human and zebrafish genomes. The zebrafish
genome is composed of 25 chromosomes and essentially
contains the full vertebrate repertoire of genes. More impor-
tantly, approximately 84% of the human genes that cause
diseases have a zebrafish ortholog [7]. Although zebrafish and
mammalian hematopoietic organs belong to different sites,
the genetic and cellular levels of hematopoiesis are conserved
between these groups. Zebrafish carry their hematopoietic
stem cells in the kidney marrow and have blood cell types
similar to human beings [8, 9].

Compared to the mouse model, the zebrafish model is
very suitable for large-scale genetic and high-throughput
screening in many ways, and it allows more powerful induc-
tion of tumors by carcinogens [10]. The first zebrafish model
of hematological malignancy was generated in 2003 using
the mouse Myc gene driven by recombinase activating gene 2
(rag2) promoters. This zebrafish model faithfully developed
T-cell lymphoblastic leukaemia (T-ALL) that closely parallels
the human disorder subtype [11]. Recently, the zebrafish sys-
tem has been used to study genetic pathways and understand
the pathogenesis involved in human cancers [12–14]. Thus,
the zebrafish provides a uniquemodel system to study disease
mechanisms in vivo. This paper summarizes the benefits of
using the zebrafish model to study myeloid leukaemogenesis,
reviews current zebrafish models of specific myeloid malig-
nancies, and gives future directions for zebrafish models in
the study of human cancer. In addition, the bridge between
basic science and translational research will be discussed.

2. Overview of Zebrafish Hematopoiesis

Hematopoiesis is a complex process that utilizes many
transcription factors to form all of the blood cell lineages
from commonmultipotent hematopoietic stem cells (HSCs).
Various experimental tools and methods have been estab-
lished to facilitate the understanding of hematopoiesis and
blood-related disease mechanisms. The zebrafish is an ideal
animal model to study hematopoietic development due to
its experimental advantages. Although they possess some
characteristics that are different from other vertebrates and
mammals, such as the site of hematopoiesis, the lineages of
blood cells as well as the transcriptional regulators associated
with the fate of blood cells have been evolutionarily conserved
[15, 16]. Similar to other vertebrates, two major waves of
hematopoiesis, the primitive and definitive waves, sequen-
tially occur in zebrafish hematopoiesis [17]. The first wave
of definitive hematopoiesis produces a transient population
of cells, termed erythroid myeloid progenitors (EMPs), in
the posterior blood island (PBI). The population of prim-
itive myeloid cells is predominantly different from that of
hemangioblasts at the anterior lateral mesoderm (ALM)
between 12 and 24 hours after fertilization (hpf) [18, 19].
However, the posterior lateral mesoderm (PLM) is the major

location of primitive erythroid progenitors and somemyeloid
cells [20–23]. Beginning at 24 hpf, these primitive blood
cells enter the circulation and are distributed throughout
the embryo. The definitive wave of hematopoiesis begins
at approximately 26–30 hpf, and multipotent HSCs emerge
from the hemogenic endothelium that resides in the ventral
aspect of the dorsal aorta in the aorta-gonad-mesonephros
(AGM) region [21, 24, 25].They thenmigrate to the posterior
region of the tail-caudal hematopoietic tissue (CHT), along
with the circulation, after 36 hpf, and differentiate into cells
during that period of time [26, 27]. Ultimately, HSCs from the
AGMandCHT seed the kidneymarrow approximately 4 days
after fertilization (dpf) and give rise to all lineages of blood
cells for the remainder of adult life. The CHT is analogous
to the mammalian fetal liver or placenta, while the kidney
marrow is functionally equivalent to mammalian bone mar-
row. In addition, some of HSCs also seed the thymus, where
lymphopoiesis is initiated at approximately 3 dpf, and remain
permanently after the maturation of lymphocytes.

Several zebrafish transcription factors that regulate
hematopoiesis have been identified. The early stage markers
gata2, lmo2, fli1, and scl (stem cell leukemia) are master
regulators that are coexpressed in both the ALM and PLM,
where hemangioblast development occurs, from the 2nd to
the 3rd somite stages [20, 21, 23]. These genes are expressed
in the PLMand later in the intermediate cell mass (ICM) [28–
31]. lmo2,fli1, and sclmay function as crucial factors necessary
for normal erythroid and myeloid development [30–32]. In
addition, gata1 and spi1 (pu.1) are also involved in primitive
hematopoiesis. Gata1, a transcription factor essential for
erythropoiesis, is first detectable in cells of the PLM at
12 hpf and then in the anterior ICM [33, 34]. Conversely,
expression of spi1, an ETS transcription factor required for
myeloid cell development, appears in the ALM and ICM
between 16 and 30 hpf [35]. Later, these spi1 expressing
progenitor cells differentiate into macrophages and gran-
ulocytes that express l-plastin (lcp1) and myeloperoxidase
(mpo), respectively [18, 36]. Runx1 has been shown to be
required for definitive hematopoiesis based on knockdown
experiments that resulted in reduced c-myb expression and
lymphopoiesis, but it produces no apparent effect on the
development of primitive hematopoiesis [24, 37–39].

3. Transgenic Technology for Studying
Myeloid Malignancies Using Zebrafish

The available zebrafish transgenic technology has improved
over the last two decades [40, 41]. Different systems have
been used in transgenic zebrafish models, such as injec-
tion of linear DNA [40] or supercoiled plasmid DNA [41,
42] or injection of recombinant bacterial artificial chromo-
somes into embryos [42]. In recent years, a new transgenic
technology related to Tol2-mediated transgenesis has been
established. The Tol2 element is a naturally occurring active
transposable element found in vertebrate genomes. The Tol2
transposon system is considered a useful gene transfer vector
in organisms ranging from fish to mammals [43]. Tol2-
mediated transgenesis is an excellent method for creating
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Figure 1: Expression of the spi1:EGFP-mCherry/CG2 transgenic fish. (a) Diagram of the spi1:EGFP-mCherry/CG2 construct that contains
Tol2 sequences and the cmlc2:GFP expression cassette. (b) Fluorescent images of TG (spi1:EGFP-mCherry/CG2) embryos at 24 or 48 hpf.
The white arrowhead indicates spi1 expressing myeloid cells and the yellow arrowhead fluorescence in heart.

transgenic zebrafish using coinjection of Tol2 RNA, and the
DNA fragment surrounded by the Tol2 element transposon
can be efficiently excised and integrated into the zebrafish
genome [44, 45].

Constitutive expression systems have proven useful, but it
is often observed that the expression of oncogenes may cause
serious tumors and early lethality, preventing the complete
characterization of their effects. Therefore, the use of an
induction system can help to solve this problem. For example,
Tet-On, Tet-Off, Mifepristone, Cre-loxP, Heat-shock, and
GAL4-UAS inducible systems can be used. The duration and
dosage of oncogene expression can be monitored with such
a system, thus allowing the spatiotemporal control of gene
expression [46].

A green fluorescent protein (GFP) reporter can be a
useful marker for determining if mammalian promoters and
ubiquitous or endogenous tissue-specific promoters can drive
downstream transgene expressions in zebrafish [43]. It has
been noted that spi1 plays an important role in the develop-
ment ofmyeloid (granulocytes andmonocytes/macrophages)
cells in zebrafish, and the spi1 promoter can drive myeloid-
specific expression in zebrafish. Ward et al. [47] and Hsu
et al. [48] identified a 5.3 kb and a 9.0 kb promoter fragment

of zebrafish sequences upstream of the spi1 coding sequence
that is sufficient to drive the expression of downstream
genes. Recently, a transgenic fish line with a spi1:EGFP-
mCherry/CG2 construct was established for studying the
cooperation of various genetic aberrations found in myeloid
malignancies (Figure 1), and this model may become a useful
zebrafish model for exploring leukemogenesis in myeloid
cells.

4. Myeloid Malignancies Animal
Models in Zebrafish

RAS mutations associated with cancer frequently occur in
patients with AML, suggesting a functional role for Ras
in leukemogenesis. AML1/ETO rearrangements are detected
frequently in AML, especially M2, and are associated with
a relatively good prognosis [49]. K-RASG12D interacts with
AML1/ETO to induce acutemonoblastic leukemia in amouse
model [50]. The NUP98-HOXA9 fusion oncogene is related
to an inferior prognosis in de novo and treatment-related
AML and induces AML in mouse models [51]. NUP98-
HOXA9 is associated with increased cell proliferation and
survival as well as drug metabolism [52]. The MOZ/TIF2
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fusion oncogene was described in a specific subgroup of
AML that represents approximately 5% of M4/M5 AML
[53]. The transforming properties of MOZ/TIF2 have been
demonstrated in mouse committed myeloid progenitors in
vitro and in vivo [54, 55]. Constitutive activation of Stat5 has
been observed in hematological malignancies and is often
triggered by leukemic oncoproteins, such asTel-Jak2 and Bcr-
Abl, and Stat5 has been shown to be involved in mediating
the leukemic effects [56, 57]. Amplification of MYCN (N-
Myc) is frequently found in AML patients and is considered
a well-established poor prognostic marker in this disease.
Overexpression of MYCN rapidly causes AML in mouse
models [58, 59]. In AML patients, FLT3 and NPM have
important prognostic implications on the treatment outcome.
Patients with mutated NPM have a favorable outcome, while
patients with mutations in the FLT3 gene generally have a
poor prognosis. NPM1 and FLT3-ITD mutations interact to
induce AML in mouse models [60].

Several zebrafish models associated with myeloid malig-
nancies have been reported. In a transgenic zebrafish model,
K-RASG12D was expressed under the actin promoter and
induced MPNs [61]. Induction of NUP98-HOXA9 fusion
genes in transgenic zebrafish under the spi1 promoter leads
to MPNs at 19–23 months of age. However, in contrast to
the mouse models, none of the NUP98-HOXA9 transgenic
fish developed AML [62–64]. Lewis et al. addressed the tran-
sient expression of constitutively active Stat5 (H298R/N714F-
mutant) in zebrafish, which leads to increased numbers
of early and late myeloid cells, erythrocytes, and B cells
[65]. Bolli et al. found that transient expression of the
NPM1mutant in zebrafish increases the number of definitive
hematopoietic cells, including erythromyeloid progenitors,
in the posterior blood island and c-myb/cd41+ cells in the
ventral wall of the aorta [66].

In a transgenic zebrafish model, the tel-jak2a fusion
oncogene was expressed in embryos under the control of
the spi1 promoter, which resulted in disruption of embry-
onic hematopoiesis, including anemia and expansion of the
myeloid compartment [67]. Transient expression of AML1-
ETO under the control of a CMV promoter in zebrafish
embryos caused disruption of normal hematopoiesis, aber-
rant circulation, internal hemorrhages, and cellular dysplasia
[24]. Induction of AML1-ETO transgenic zebrafish with the
hsp70 promoter led to reprogramming of the multipotent
hematopoietic progenitor cells from the erythroid cells to the
myeloid cells in primitive hematopoiesis and disruption of
definitive hematopoiesis in embryonic zebrafish [68].

Transient expression of FLT3-ITD in zebrafish embryos
induced ectopic myeloid cell expansion and clustering,
which were ameliorated by AC220 and associated with stat5,
erk1/2, and akt phosphorylation. Overexpression of the FLT3-
ITD/TKD (D835Y) double mutation in zebrafish embryos
conferred resistance to AC220 treatment. This zebrafish
modelmay be useful for assessing the pathogenic significance
and therapeutic potential of novel gene mutations [69].

In a transgenic zebrafish model of AML, MYCN, under
the control of a CMV minimal promoter and a MOZ/TIF2
fusion gene generated by the inv(8)(p11q13) chromosomal
abnormality expressed under the spi1 promoter, resulted in

altered hematopoiesis and was characterized by invasion
of the kidney marrow by immature myeloid cells [58, 70].
Until now, only two published zebrafish AML models have
developed overt leukemia (Table 1).

Recently, a transgenic zebrafish model that expresses
AML1-ETO oncogenes has been reported as an excellent ani-
mal model for uncovering new therapeutic targets involved
in oncogene-regulated hematopoietic differentiation [71].
According to these studies, the use of human genes produces
greater fidelity and reliability in the translation of results
associated with the interaction of molecular signaling path-
ways and disease therapy. In conclusion, the zebrafish is
an excellent animal model for elucidating the mechanisms
of leukemogenesis and provides an effective drug screening
platform.

5. Drug Screening in Zebrafish Using
Xenograft Model

One of the most extensively used in vivo animal models in
the investigation of molecular mechanisms is xenotransplan-
tation in immune-deficient animals. The zebrafish genome
is nearly 100% homologous to the human genome in key
domains [72]. The xenograft animal model has been utilized
to investigate tumor biology, especially tumor cell prolif-
eration, invasion, metastasis, and angiogenesis for decades,
and the zebrafish model has been used as an alternative
to mammalian models to assess the efficacy and toxicity of
cancer drugs since 2005 [73].

Engrafting of human tumor cells into the yolk sac of
zebrafish embryos at 48 hpf can be used as a xenograft
model of zebrafish due to the lack of an adaptive immune
response at this stage [74]. To achieve maximum embryo
transparency, embryos were incubated in egg medium with
0.3% phenylthiourea (PTU) to prevent pigment formation.
As inmouse systems, the in vivo spatial resolution of the adult
mouse is limited due to the normal opacification of the skin
and subdermal structures. However, the body of zebrafish
embryos is transparent, which allows the observation of
labeled tumor cells and evaluation of the effects of cancer
drugs. Due to the size of zebrafish embryos, high-throughput
drug screening can be conducted in a 96-well format [74].
Several reports have verified that the results from zebrafish
xenograftmodels are similar to those frommousemodels [75,
76]. Taken together, the findings suggest that the zebrafish
model may be a rapid, simple, sensitive, and reproducible
xenograft model compared to the mouse model (Table 2).

Leukemia cells labeled with CM-Dil, a lipophilic fluo-
rescent tracking dye, were injected into 2-day-old zebrafish
larvae and used to evaluate the efficacy of imatinib and
all-trans retinoic acid (ATRA) on the proliferation of K562
cells and NB4 cells, respectively [6], and these cells have
also been used in ex vivo cell proliferation assays [77]. A
novel phenotype-based in vivo screening method that uses
leukemia stem cells (LSCs) xenotransplanted into zebrafish
has been demonstrated. Aldehyde dehydrogenase-positive
(ALDH+) cells reflecting LSCs were implanted into young
zebrafish at 48 hpf, and the efficacy of various therapeutic
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Table 1: Zebrafish animal models of myeloid malignancies.

Gene name Promoter and expression construct Type Refs
MYCN MYCN-HSE-EGFP AML [58]
MYST3/NCOA2 spi-1-MYST3/NCOA2-EGFP AML [70]

kRASG12D B-actin-LoxP-EGFP-LoxP-kRASG12D;
hsp70-Cre MPD [61]

NUP98-HOXA9 spi-1-loxP-EGFP-loxP-NUP98-HOXA9;
hsp70-Cre MPN [62]

Stat5.1mutants Constitutively active mutants of Stat5.1 Tumor-like lesions; increased numbers of early and late
myeloid cells, erythrocytes, and B cells [65]

NPM1mutant pCS2cmv-NPM1c-EGFP No AML; increased numbers of definitive
hematopoietic cells [66]

tel-jak2a pCS2cmv-Flag-tel-jak2a; spi-1-Flag-tel-jak2a No AML; anemic; perturbed intermediate cell mass;
accumulation of large cells near the heart [67]

AML1 pCS2cmv-runx1 No AML; enlarged heart and ectopic blood [24]

AML1-ETO pCS2cmv-RUNX1-CBF2T1 No AML; defective development of blood and
circulation and internal hemorrhaging [24]

AML1-ETO hsp-AML1-ETO No AML; loss of gata1 hematopoietic cells in the
posterior blood islands [68]

AML1-ETO + Gro3
MO hsp-AML1-ETO No apparent AML; enhanced the accumulation of blast

cells [68]

FLT3-ITD
CMV-FLT3-ITD-T2a-EGFP Ectopic myeloid cell expansion
CMV-FLT3-TKD-T2a-EGFP Ectopic myeloid cell expansion resistant to AC220 [69]
CMV-FLT3-ITD-TKD-T2a-EGFP Conferred resistance to AC220 treatment

AML: acute myeloid leukemia; MPD: myeloproliferative disorder; MPN: myeloproliferative neoplasm; MO: morpholino.

Table 2: The advantages and weaknesses in the xenograft model of zebrafish and mouse.

Item Zebrafish Mouse

Strengths

Maintenance cost Low Available

Maintenance space Small Large

Offspring Large number Less number

Immune system Lack in early zebrafish embryos Innate and adaption

Observation Visualization (transparency and transgenic
lines) Limitation

Readout time Hours to days Days to months
Cell numbers required for
xenotransplantation per animal Less Large

High-throughput drug screening Available Limitation

Weaknesses

Size of organs/vessels Small Large

Body temperature Low High

Lack of organs Breast, lung, etc.
Zebrafish antibodies Limitation More

Adult immune-permissive lines Unavailable Available

agents was evaluated by high-content imaging [78]. From
the transplanted tumor clusters, the number of migrating
tumors and their areas were measured within concentric
rings at a defineddistance from themain tumor by calculating
the area, total luminance value, and average radius of the
tumor [62]. For cell proliferation assays, positive embryos
were divided into two groups; one group was maintained

at 35∘C for 24 h, while the other group was incubated with
or without drug for 72 h. At the end of each time period,
the embryos were enzymatically dissociated into a single
cell suspension, and the number of fluorescent cells in the
suspension was counted. The number of fluorescent cells
present at 72 h divided by the number of fluorescent cells
present at 24 h represents the fold increase in the cell number
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[78]. These studies established the efficacy of a zebrafish
xenograft platform as a rapid assessment of the effect of
novel compounds on leukemia cell proliferation in vivo.
Taken together, these findings suggest that the zebrafish
xenograftmodel can be used as a platform for drug screening,
a tool to rapidly assess the efficacy of novel compounds
on the proliferation of human leukemia cells ex vivo and
for providing information for subsequent preclinical mouse
studies and clinical trials.

6. Zebrafish Models for Hematopoietic Cell
Transplantation Biology

Hematopoietic stem cells are the source of all the blood
cells needed by an organism during its lifetime. The study of
hematopoiesis has been markedly facilitated by hematopoi-
etic stem cell transplantation (HSCT), which involves trans-
planting donor blood cell populations into recipient ani-
mals. It is known that immune-matching is not required
in embryonic recipients less than 5 days after fertilization
because thymic development does not occur until that time
in zebrafish [79].Therefore, HSCT could be applied in exper-
iments related to the development of quantitative long-term
repopulating assays and the generation of histocompatible
zebrafish lines [80].

The first hematopoietic cell transplantation in zebrafish
revealed that hematopoietic cell transplantation could rescue
multilineage hematopoiesis in embryonic lethal gata1−/−
mutants over six months of age [15]. The 2-day-old embryos
were used as transplant recipients to partly circumvent graft
rejection by performing short-termmultilineage hematopoi-
etic engraftment [15]. Subsequently, Traver et al. demon-
strated an allogeneic HSCT into adult recipient zebrafish
conditioned by a sublethal dose of gamma irradiation and
established transplantation assays to evaluate the function of
HSCs in zebrafish [81]. Self-renewal is a feature of cancer, and
Smith et al. initially demonstrated high-throughput imaging
methods to experimentally assess cell transplantation and
evaluate the gene pathways involved in cancer self-renewal
[82]. However, these approaches require donor cells from
the same strain of syngeneic zebrafish or the recipient
immune system to be transiently ablated by whole-body 𝛾-
irradiation before transplantation [15, 81, 82], making long-
term engraftment studies difficult. In 2011, lethally irradi-
ated animals could be rescued by transplantation of whole
kidney marrow cells. The key zebrafish genes at the major
histocompatibility complex locus on chromosome 19 were
identified, and transplantation of hematopoietic stem cells
was successfully performedbased on immune-matching [80].
Recently, 𝑟𝑎𝑔2E450fs mutant zebrafish, which have reduced
numbers of functional T and B cells, were successfully cre-
ated, and these animals could be used as universal recipients
for allograft cell transplantation. This is the first established
immunocompromised zebrafish model, and it may produce
a new era of stem cell self-renewal and large-scale cell
transplantation studies [83]. These advances provide unique
opportunities to investigate the mechanisms of engraftment.

7. Concluding Remarks

AML is a heterogeneous disorder characterized by acquired
genetic changes in hematopoietic progenitor cells. Numerous
recurrent gene fusions and point mutations have been iden-
tified over the past several decades. However, the mechanism
by which these identified alterations interact to induce AML
and distinguish driver frompassengermutations in leukemo-
genesis remains unknown. Chemotherapy is currently used
as the standard treatment for AML, except for AML-M3,
which shows a good therapeutic response when treated with
all-trans retinoic acid (ATRA) or arsenic trioxide, and the
majority of AML patients relapse after complete remission
or acquire drug resistance, indicating the need for efficacious
therapeutic strategies. Several small molecule inhibitors have
been developed that showed efficacy in preclinical studies;
however, approval of these agents for clinical treatment is still
challenging.

The zebrafish genome has been fully sequenced and
has a substantial number of conserved genes compared
to the human genome. The genetic and cellular levels of
hematopoiesis are conserved between these organisms. Sev-
eral zebrafish models associated with myeloid malignancies
have been previously reported, including transgenic zebrafish
that exhibit K-RASG12D, NUP98-HOXA9, Stat5 (H298R),
Stat5 (N714F), NPM1, tel-jak2a, AML1-ETO, FLt3-ITD, FLT3-
TKD (D835Y), MYCN, or MOZ/TIF2 expression. Several
zebrafish transgenic technologies have also been introduced,
including Tol2-mediated transgenesis and GFP-mCherry
transgenic lines driven by a myeloid-specific spi1 promoter.
In addition, xenograft zebrafish models used for high-
throughput drug screening and leukemia xenotransplanta-
tion in zebrafish used for in vivo chemotherapy response
assays have also been addressed.
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Fibrosis is a general complication inmany diseases. It is the main complication during peritoneal dialysis (PD) treatment, a therapy
for renal failure disease. Local inflammation and mesothelial to mesenchymal transition (MMT) are well known key phenomena
in peritoneal damage during PD. New data suggest that, in the peritoneal cavity, inflammatory changes may be regulated at least in
part by a delicate balance between T helper 17 and regulatory T cells. This paper briefly reviews the implication of the Th17/Treg-
axis in fibrotic diseases. Moreover, it compares current evidences described in PD animal experimental models, indicating a loss
of Th17/Treg balance (Th17 predominance) leading to peritoneal damage during PD. In addition, considering the new clinical
and animal experimental data, new therapeutic strategies to reduce the Th17 response and increase the regulatory T response are
proposed.Thus, future goals should be to develop new clinical biomarkers to reverse this immunemisbalance and reduce peritoneal
fibrosis in PD.

1. Introduction

An effective inflammatory response is essential not only
for the resolution of infections but also for wound healing
after injury. The repair is mediated by the collaboration
of various mechanisms launched by an acute inflammatory
reaction. This process implicates the release of chemokines
and cytokines and the migration of various cells of the
immune system. If a sustained inflammatory reaction that
is not resolved properly becomes chronic, it could lead

to fibrosis due to the accumulation of extracellular matrix
(ECM) components [1].

Peritoneal dialysis (PD) is a form of renal replacement
therapy alternative to haemodialysis that is widely used
around the world for patients suffering from renal failure
disease [2, 3]. The process uses the peritoneum as a semiper-
meable membrane across which PD fluids (PDFs) and dis-
solved substances (electrolytes, urea, glucose, and other small
molecules) are exchanged from the blood [4]. The peritoneal
membrane (PM) acts as a protective barrier against injury
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and pathogens, where humoural and cellular responses are
generated.The treatment consists of the instillation and peri-
odical renovation of a hyperosmotic PDF in the peritoneal
cavity through a permanent installed catheter. However, the
mechanical damage due to PDF instillation and the exposure
of peritoneal cells to glucose degradation products (GDPs)
and advanced glycation end products (AGEs) (due to the
nonphysiological nature of this PDF) generates inflamma-
tion. Along these lines, it has been demonstrated in vitro
that GDPs andAGEs stimulate NF𝜅B-mediated transcription
and the secretion of cytokines and chemokines by human
peritoneal mesothelial cells [5]. In addition, the presence of
the catheter [6] and peritonitis episodes during treatment
[7] appears to be responsible for various alterations of the
PM structure and functionality. The final consequence is the
generation of vascular alterations [8] and peritoneal fibrosis
[3, 9], leading to an ultrafiltration failure [10, 11] that impedes
the dialysis process (Figure 1). Although in recent decades
great effort has been made to improve catheter design [6]
and the biocompatible solutions used [12–14], complications
are still common [15, 16]. It has also been demonstrated that
inflammation is present in PD patients. Increased serum con-
centrations of IL-6, TNF-𝛼, VEGF, and C-reactive proteins
have been reported in patients, suggesting that PD leads
to increased systemic inflammation [17]. Moreover, there is
evidence in animal models of chronic peritoneal exposure to
PDF showing that this procedure induces PM inflammation
and fibrosis [18]. The use of an anti-inflammatory drug
(a Cox-2 inhibitor) reduced this peritoneal inflammatory
response and consequently the fibrosis. This result confirms
the role of inflammation in peritoneal fibrosis [19].

Inflammation is driven by various cell populations
including macrophages, neutrophils, and lymphocyte sub-
sets. The differentiation of T cells is crucial for immune
and inflammatory responses and its regulation may be a
therapeutic target to control peritoneal damage. It has been
found that there are different rates between CD4+ and CD8+
cells in the peritoneum during PD with respect to healthy
individuals [20]. It has been postulated that the presence
of AGEs is responsible for an increase in the population of
CD8+ (T cytotoxic) lymphocytes [21]. Regarding CD4+ (T
helper) subsets, in general termsTh1 cells produce high levels
of IFN-𝛾, while Th2 cells secrete predominantly IL-4 [22].
There is some controversy about the pattern of response that
is generated in patients undergoing treatment with PDF. It
is described that there is a deviation toward Th2 pattern
of PD in stable patients [23]. However, during episodes of
acute peritonitis, a Th1 immune response is developed [24,
25]. In addition to these two classical T helper cell subsets
(Th1 and Th2), a third and fourth subpopulation, designated
regulatory T (Treg) andT helper 17 (Th17) cells, have emerged
as independent differentiation pathways [26, 27]. While the
predominance of Th17 cells induces the secretion of a large
number of proinflammatory cytokines, Treg cells restrict
inflammatory responses and are associated with immune-
tolerance [28]. Very little is known about the involvement of
these subpopulations in the deterioration of the peritoneum
during dialysis. The imbalance between these situations may

cause fibroproliferative diseases and could be an important
cause of morbidity and mortality.

In this review we discuss the implication of Th17 and
Treg cells in kidney function and fibrotic diseases in different
animal experimentation models. More specifically we will
focus on the origin of peritoneal damage and its relationship
with the intraperitoneal presence of these particular subsets
of T lymphocytes, as well as on its clinical implication in
peritoneal damage in PD patients, which frequently results
in an inability to continue with the treatment.

2. T Helper 17 and Regulatory T Cell
Differentiation and Their Plasticity

Th17 cells represent a subset of T helper cells that secrete
mainly interleukin- (IL-) 17 as well as other proinflam-
matory cytokines, and they have been related to many
autoimmune and chronic inflammatory diseases [29]. There
is a balance between Th17 and Treg cells that depends on
the activation of the transcription factor ROR𝛾t (factors
retinoic acid receptor-related orphan receptor 𝛾t) and Stat3
(signal transducer and activator of transcription 3), or FoxP3
(forkhead box P3) and Stat5, respectively, which regulate the
immune response through the secretion of pro- and anti-
inflammatory cytokines [30–33]. On the other hand, the
importance of Treg cells to the maintenance of peripheral
tolerance under noninflammatory conditions throughout life
has also been confirmed. In fact, mice lacking Treg cells
presented a fatal inflammatory response [34, 35].

The main cytokines involved in Th17/Treg balance are
the TGF-𝛽 (transforming growth factor beta) and IL-6
(interleukin-6) [27, 36, 37]. IL-6 is strongly induced in
cells of the innate immune system upon stimulation of
pattern recognition receptors such as toll like receptors (TLR)
or C-type receptors. It has been shown that mice lacking
IL-6 present a deficiency in the differentiation of effector
T cells [38, 39]. TGF-𝛽 in the absence of IL-6 induces
Foxp3, thus pushing T-cell differentiation away from the
Th17 transcriptional program and decidedly toward the Treg
lineage [33]. Moreover, in the central nervous system, TGF-𝛽
without the synergy of IL-6 will force T cells to differentiate
through the T regulatory cell lineage [40]. In contrast, the
proinflammatory cytokine IL-6 in the absence of TGF-𝛽
activates Stat3 by phosphorylating it, which overcomes Foxp3
inhibition of ROR𝛾t transcriptional activity. This process
leads to the upregulation of the IL-23R, thus pushing T-
cell differentiation toward a Th17 fate [33]. Therefore the
cytokine environment is essential for the predominance of an
inflammatory or an anti-inflammatory response (Figure 2).

3. Th17 and Tissue Fibrosis

Fibroproliferative diseases such as idiopathic pulmonary,
liver, cardiovascular, and renal fibrosis are usually associated
with chronic inflammation, as has been described previously
[41–45]. When an inflammatory response becomes chronic,
the accumulation of ECM is more extensive and the function
of the organ is compromised. A number of studies have
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highlighted the roles of Th17/Treg/Th1/Th2 responses in
the pathogenesis of tissue fibrosis [46, 47]. Among these
responses, Th17 cells may mediate strong inflammation by
producing a cocktail of cytokines such as IL-6, IL-17A, IL-17F,
and IL-22, amongwhich IL-17A has been characterized as the
major effector cytokine in causing a sustained inflammatory
response.

Recent studies have investigated the role ofTh17 response
in fibrosis. It has been reported that administration of IL-17A
in vitro increased the synthesis and secretion of collagen in
alveolar epithelial cells in a pulmonary fibrosis model. More-
over, all IL-17-associated signaling pathways were mainly
activated in fibrotic lung biopsies, and a blockade of IL-17A
attenuated tissue injury, inflammation, and fibrosis in acute
and chronic injuries [48].

Furthermore, IL-17 has also been reported to be involved
in the pathogenesis of chronic liver fibrosis [44, 49–51]. The
same mechanism was proposed in another study on liver
damage in chronic hepatitis B patients who presented an
elevatedTh17 cells population [52].

Th17 cells also play a crucial role in autoimmune
myocarditis, as based on in vitro and in vivo experiments
which confirm that IL-17 induced cardiac fibrosis by acti-
vating the protein kinase C-𝛽/Erk1/2/NF-𝜅B pathway [53].

Moreover, the regulatory molecule CD69, through the reg-
ulation of Th17 effector responses, limits myocardial inflam-
mation, fibrosis, and subsequent heart failure [54].

Recent studies have shown the importance of Th17 cells,
and the hallmark cytokine IL-17A, in immune-mediated
glomerulonephritis, including experimental antimyeloper-
oxidase glomerulonephritis, crescentic glomerulonephritis,
and lupus nephritis [55, 56]. Th17 cells participate in renal
damage, as demonstrated by an experimental study in mice
showing that Th17 cell injection caused albuminuria and
neutrophils infiltration in the kidney [57]. Recent studies
also show the presence of Th17 cells and elevated renal
production of IL-17A in nonimmune experimental renal
diseases, including a model of unilateral ureteral obstruction
[58]. In experimental ischaemia reperfusion, neutrophils, but
notTh17 cells, were themain sources of IL-17A and contribute
to renal injury by natural killer T activation and IL-12/IFN-𝛾
production [59]. In renal allograft rejection, positive staining
for IL-17A has been detected in tubular cells [60], as we
have observed in an experimental model of CCN2-mediated
renal damage, suggesting that renal cells could produce this
cytokine and contribute to extending the damage. With this
model we recently demonstrated that a blockade of IL-17A
diminished renal inflammation [58].
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Based on all the above studies, IL-17 has been proposed
as a drug target in many fibrotic diseases [61].

4. Regulatory T Cells and Tissue Fibrosis

Although an induced Th17 response is connected to fibro-
genesis, a relative decrease in the number of Treg cells may
also be involved in the pathogenesis of inflammatory and
fibrotic diseases. The evaluation of these cells in the context
of experimentally induced fibrosis has been challenging, and
Treg depletion in mice has been demonstrated to attenuate
the development of lung fibrosis [62].Moreover, in an experi-
mental animalmodel of cardiac fibrosis, the depletion of Treg
cells and/or adoptive transfer of isolated Tregs ameliorated
cardiac fibrosis, indicating a protective role of regulatory T
cell in tissue fibrosis [63]. Recently, it has been reported that
Treg cells are essential for preventing from accumulation of
fibrocytes and collagen deposition in a pulmonary disease
animal model. In this study, it was shown that a blockade
of Treg cells increased the accumulation of solid collagen
and progression of the disease [64]. Finally, in another study
(Keloid fibrotic disease) the potential role of Treg cells in
attenuating collagen synthesis was investigated. This group
found that the imbalance of Tregs may contribute to the
development of this fibrotic disease and that the correction
of this imbalance may be of therapeutic value [65].

5. Th17 and Treg Lymphocyte Subsets in
the Peritoneal Cavity on PD

PD-related factors locally stimulate Th17 cells and can be
subdivided into two groups: exogenous and endogenous.
The exogenous factors include bacteria and their derivatives,
which enter into the peritoneal cavity through PD-catheter
or via intestinal translocation and can provoke peritonitis
episodes [66]. Peritoneal endogenous factors such as AGEs
[67] could be involved in the induction of IL-17 levels
by activating IL-6 and TGF-𝛽 proinflammatory cytokines,
respectively. Although there is little data regarding how
advanced glycation end products (AGEs) are implicated in
peritoneal dialysis damage, their implication in posttrans-
plantation and diabetic kidneys showed an induction of IL-
6 and TGF-𝛽, which are promoters of Th17 differentiation
(Figure 2). Thus, it is plausible that the induced Th17 activity
may have a poor fate in peritoneal damage during peritoneal
dialysis. In nondiabetic PD patients, an elevation of IL-
17 in peritoneal cavity effluents followed by a peritonitis
episode was demonstrated [66], which is one of the main
complications that lead to peritoneal fibrosis in PD patients
[3].

Currently, it is accepted that mesothelial to mesenchy-
mal transition (MMT) is a key process in PM survival in
PD. Mesothelial cells lose their basolateral and basoapical
polarity, acquiring a fibroblastoid phenotype with migration
capacity. The cells invade the submesothelial compact zone
where they synthesize ECMandVEGF, which are responsible
for fibrosis and angiogenesis, respectively [68, 69]. IL-17 itself
is capable of inducing epithelial to mesenchymal transition

in bronchial cells [70]. Although this effect has not been
demonstrated in the peritoneum, it is very likely that IL-17
also contributes to PM deterioration via MMT induction.

The definitive evidence on IL-17 involvement in PM
damage on PDwas recently provided by Rodrigues-Dı́ez et al.
(2014). This study demonstrated in both mice and human
samples that IL-17 is overexpressed in peritoneal biopsies.
This was the first report to demonstrate that IL-17 participates
in the typical fibrotic changes suffered in PM during long-
term PD (induced fibronectin, 𝛼-smooth muscle actin, and
fibroblast specific protein-1 expression). Moreover, to better
elucidate the effects of IL-17 on PM, intraperitoneal IL-17
was injected in mice, reproducing the changes that normally
take place in PD patients. On the other hand, the use of
a neutralizing IL-17A antibody injected intraperitoneally in
mice exposed to PDF for 35 days blockaded the anatomical
changes in the PM and reduced peritoneal fibrosis [71].

On the other hand, Treg cells are strongly connected
with immune tolerance. Patients in end-stage renal disease
with their suppressed immune response suffer impaired Treg
cell responses [72]. Currently, there is not much evidence
regarding the role of Treg cells in the peritoneal cavity during
PD. To our knowledge, there is one study focusing on the
function of Treg cells on peritoneal damage. This study
concluded that rosiglitazone, a PPAR𝛾 agonist, augments
the intraperitoneal IL-10 levels (Treg-associated cytokine),
increases the recruitment of CD4+ CD25+ FoxP3+ (regula-
tory T cells), and finally attenuates peritoneal fibrosis in an
experimental mouse PD model [73].

Evidence suggests that Th17 cells share common progen-
itors with Treg cells and that the developmental pathways
of these two subsets are reciprocally regulated [74]. In fact,
it has been recently demonstrated that a reduction in IL-
17 secretion due to Treg cell activation is associated with
a diminished fibrotic response specifically in PD. The vita-
min D pathway has been shown to regulate inflammatory
responses. In regard to this, the effect of paricalcitol, a
vitamin D receptor activator, was tested in a mouse model
of PD to evaluate its effect on inflammatory cells and on the
outcome of peritoneal fibrosis. It was found that the group
that was treated with PDF presented increased levels of IL-
17 cytokine in the peritoneal effluents compared with the
group that was treated with paricalcitol diluted in the PDF.
Moreover, the increased IL-17 concentration was perfectly
correlated with the thickness of the peritoneum, meaning
IL-17 is a profibrotic cytokine. This effect was related to an
increased number of Tregs in the group that was treated with
paricalcitol [75].

6. Therapeutic Approaches to
Prevent Peritoneal Damage Using
the Th17/Treg-Axis: From Animal
Models to PD Patients

Accepting the evidence above that Th17 and Treg subsets
are involved in peritoneal damage in PD, we propose the
following therapeutic strategies.
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Figure 3: Therapeutic approaches to prevent peritoneal damage
using the Th17/Treg-axis as a target. One of the most important
modulators of Th17/Treg activity is the concentration of branch
chain amino acids (BCAA). Although the data in relation to BCAA
plasma levels in a uraemic state are contradictory, many articles
indicate that these amino acids are decreased in uraemia due to
systemic acidosis, inflammation, amino acidmisbalances, and liquid
overload. Normal or relative normal BCAA levels activate anmTOR
(mammalian Target of Rapamycin) cascade including HIF1 and
ROR𝛾t and subsequently IL-17 and IL-23 production. Rapamycin,
an mTOR inhibitor, would block this cascade, thus providing
an anti-inflammatory/antifibrotic and possibly anti-MMT effect.
Moreover, PPAR𝛾 agonists can also inhibit Th17 differentiation
through a direct blockade of Stat3 transcription factor and HIF-1.
Ultimately ROR𝛾t is downregulated, and IL-17 and IL-23 production
is decreased. However the PPRA𝛾 agonists are also able to act
on the anti-inflammatory cascade. In the peritoneal cavity in PD,
rosiglitazone augments IL-10 levels and Treg activity (upregulation
of FoxP3+). This process could be one of the most important
mechanisms by which PPRA𝛾 agonists protect the PM. In addition,
paricalcitol, a specific vitamin D activator, has been recently shown
to inhibit IL-17 production and PM fibrosis and possibly decrease
MMT. Finally, celecoxib, a Cox2 inhibitor, decreases IL-17 produc-
tion by blocking the E2 prostaglandin levels and thus attenuates the
PM damage induced by PDF.

6.1. Use Drugs and Molecular Strategies

6.1.1. mTOR Inhibitors. The mTOR inhibition by Rapamycin
may diminish IL-17 production. The mTOR activation
induces hypoxia induced factor-1 (HIF-1) and ROR𝛾t activa-
tion and subsequently IL-17 and IL-23 production [76].Thus,
these drugs may provide an anti-inflammatory/antifibrotic
effect and possibly an anti-MMT action as was demonstrated
by Aguilera et al. [77] (Figure 3).

6.1.2. Peroxisome Proliferator-Activated Receptors- (PPAR-) 𝛾
Agonists. The use of PPAR𝛾 agonists, for example, rosiglita-
zone, may be a therapeutic alternative to prevent peritoneal
damage [78].These receptors show a double protective effect.

First, they inhibit the Th17 differentiation via a Stat3 cascade
blockade, which results in a downregulation of ROR𝛾t and
a decrease in IL-17 production [79]. Moreover, in an animal
model study in which the effect of rosiglitazone in the
preservation of the peritoneal membrane was investigated, it
was found that rosiglitazone augmented the intraperitoneal
IL-10 levels (Treg-associated cytokine) and increased the
recruitment of CD4+ CD25+ FoxP3+ (regulatory T cells) [73]
(Figure 3).

6.1.3. Vitamin D Receptor Activators. Another interesting
drug that could ultimately have a beneficial effect on PM in
PD is paricalcitol. Using a mice PD model, it was demon-
strated that the PM thickening was reduced in mice treated
with paricalcitol in comparison with the nontreated group.
Moreover, in the effluents of mice treated with paricalcitol,
an increased number of Treg cells and lower IL-17 levels were
found in comparison with the nontreated group. In addition,
the IL-17 levels measured in peritoneal effluent showed a
positive linear correlation with the PM thickness [75]. These
data suggest a direct involvement of IL-17 in peritoneal injury
and paricalcitol may act on this target (Figure 3).

6.1.4. COX-2 Inhibitors. Celecoxib, a cyclooxygenase- (Cox-)
2 inhibitor agent, was shown to prevent the PM damage in
PD when administrated orally to a group of mice in PD,
acting directly on the inflammatory cascade in general. After
5 weeks of treatment, the celecoxib group showed a fibrotic
response similar to healthy controls, while the untreated
group exposed to PD only developed considerable fibrosis
[19] (Figure 3).

7. Discussion

One of the most devastating complications of PD treatment
is peritoneal fibrosis. The endogenous and exogenous fac-
tors mentioned above related to PDF generate a chronic
inflammatory response in the peritoneal cavity. The balance
between Th17 and Treg cells is guided by proinflammatory
cytokines secreted from Th17 cells and anti-inflammatory
cytokines produced from regulatory T cells. Any factor that
may alter this balance can lead to peritoneal deterioration
and finally to peritoneal damage. The high levels of var-
ious proinflammatory molecules such as IL-6 and TGF-𝛽
cytokines during PD create an environment that induces a
chronic inflammatory condition in the peritoneal cavity and
generates peritoneal fibrosis. This emergent concept suggests
that the immune imbalance is the fundamental key for PM
deterioration in PD.

Moreover, Th17 signaling with high IL-17 levels has been
implicated in the aetiology of several types of inflammatory
and fibrotic diseases. Therefore, components of the IL-17 and
Treg cells pathway are considered highly “druggable” and are
important targets for the treatment of these inflammatory
and fibrotic diseases. Current evidence indicates that IL-
17 inhibition and Treg activation are logical therapeutic
strategies for the treatment of animal peritoneal fibrosis
[71, 73, 75].
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In conclusion, the importance of developing new thera-
pies to protect the peritoneal membrane blocking the IL-17
secretion or activating the Treg pathway has been demon-
strated. Some novel therapeutic strategies tested in animal
models and in vitro include the administration of m-Tor
inhibitors, PPAR𝛾 agonists, vitamin D receptor activators,
and Cox-2 inhibitors. Lessons learned from regulators of
Th17/Treg-axis may aid in the future clinical implementation
of these agents with the goal of reducing peritoneal fibrosis
and improving patients’ life undergoing PD.

8. Conclusion

PD-related factors are responsible for Th17 activation/Treg
deactivation in the peritoneal cavity during peritoneal dial-
ysis. The Th17/Treg-axis is important for maintaining the
anatomical and functional integrity of the PM.Therefore, the
Th17/Treg-axis may be considered a future therapeutic target.
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An abdominal aortic aneurysm (AAA) is a potentially fatal cardiovascular diseasewithmultifactorial development and progression.
Two preclinical models of the disease (elastase perfusion and angiotensin II infusion in apolipoprotein-E-deficient animals) have
been developed to study the disease during its initiation and progression. To date, most studies have used ex vivo methods
to examine disease characteristics such as expanded aortic diameter or analytic methods to look at circulating biomarkers.
Herein, we provide evidence from in vivo ultrasound studies of the temporal changes occurring in biomechanical parameters and
macromolecules of the aortic wall in each model. We present findings from 28-day studies in elastase-perfused rats and AngII
apoE−/− mice. While each model develops AAAs specific to their induction method, they both share characteristics with human
aneurysms, such as marked changes in vessel strain and blood flow velocity. Histology and nonlinear microscopy confirmed
that both elastin and collagen, both important extracellular matrix molecules, are similarly affected in their levels and spatial
distribution. Future studies could make use of the differences between these models in order to investigate mechanisms of disease
progression or evaluate potential AAA treatments.

1. Introduction

Abdominal aortic aneurysms (AAAs) are a potentially life-
threatening disease, generally defined as a focal dilation of
the aorta to 50% above normal [1]. AAAs accounted for
approximately 11,000 deaths in the United States in 2009 and
had a prevalence rate of 12.5% for men 75 to 84 years of
age in 2006 [2]. The maximum aortic diameter and rate of
vessel expansion in patients are the most important clinical
measures in monitoring AAA progression. However, the
unpredictable nature of aortic aneurysm rupture has led to
the active investigation of potential biomarkers and imaging
strategies that can be used to better predict the risk of rupture
or improve treatments [3].

Preclinical animal research is important to better under-
stand aneurysm pathophysiology, identify biomarkers, and

develop treatment strategies that can be translated to the
clinic. Researchers have used two common small animal
models in order to investigate AAA disease progression [4,
5] or experimental treatment effects [6–8]. In one model,
pressurized intra-aortic elastase perfusion in the infrarenal
aorta of rats [9, 10] or mice [11] induces mechanical expan-
sion of the vessel. The perfused region further expands as
macrophages infiltrate the vessel wall and matrix proteins
in the vessel wall remodel [9, 11]. With the second model,
subcutaneous systemic infusion of angiotensin II (AngII) in
genetically modified hyperlipidemic mice (apoE−/−) leads to
aortic dissection and expansion of the suprarenal aorta [5, 12].
Due to these induction mechanisms, there are fundamen-
tal differences between each model, but they both mimic
portions of the human disease [13]. Given the multifactorial
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development of AAAs in vivo, studies that rigorously quantify
and monitor progression in multiple disease models are of
high value in contributing to our understanding of vessel
dynamics and AAA heterogeneity.

Noninvasive imaging technologies used in the clinic, such
as magnetic resonance imaging (MRI) and ultrasound (US),
are nowbeing used in preclinicalAAAresearch [14]. Research
groups have usedMRI andUS in longitudinal studies tomon-
itor changes in aortic diameter [15–18] and vessel motion [19–
21].Without the aid of these noninvasive imaging techniques,
studies are typically limited to a single experimental time
point per animal. This increases the total number of animals
needed and prevents studying further disease progression
once the animal is sacrificed. Furthermore, dynamic in vivo
measurements such as vessel motion and blood flow are not
possible.

In this paper, we present the results of longitudinal
ultrasound studies using the elastase and AngII apoE−/−
animal models to compare the changes in four important
anatomic and biomechanical parameters: aneurysm diam-
eter, aneurysm volume, circumferential cyclic strain, and
blood flow velocity. Additionally, we show results from
semiquantitative AAA histological tissue analysis ex vivo
to detect changes in elastin and collagen content for each
model. Finally, we demonstrate the use of label-free nonlinear
optical microscopy as a surrogate for histology. Our findings
suggest that the biomechanical parameters measured here
change drastically due to vessel wall remodeling as the
aortic diameter and volume increase. By measuring these
parameters in individual AAA rats and mice during disease
progression, further in vivo studies investigating potential
therapeutics can be performed.

2. Materials and Methods

2.1. Animal Care and Maintenance. Male Sprague Dawley
rats (281–347 g; 10-11 weeks old) from Harlan Laboratories
(Indianapolis, IN) and male and female apolipoprotein-
E-deficient mice (20–36 g; 17 ± 7.8 weeks old; B6.129P2-
Apoetm1Unc/J strain) from The Jackson Laboratory (Bar Har-
bor, ME) were used for elastase perfusion and osmotic pump
studies, respectively. All animals were allowed free access
to standard rodent chow and water. We recorded animal
weights prior to surgery, after surgery, and on subsequent
study days. All studies lasted up to 29 days postsurgery at
which point animals were euthanized (isoflurane and carbon
dioxide asphyxiation). The Purdue Animal Care and Use
Committee approved all experiments.

2.2. Elastase Perfusion Surgery in Rats. We induced AAAs
in Sprague Dawley rats (𝑛 = 11) using an intra-aortic
elastase perfusion procedure described previously [9]. Briefly,
the infrarenal aorta was surgically exposed in an anes-
thetized rat (2% isoflurane) and proximal and distal aortic
sites were temporarily ligated with 6-0 silk sutures. Type
I porcine pancreatic elastase solution (E1250, Lot number
SLBD0685V; Sigma Aldrich, St. Louis, MO) was pressure-
perfused (100mmHg) for 30 minutes into the ligated aorta
through an aortotomy proximal to the aortic bifurcation. We

tested both low (0.44–0.48U/mL; 𝑛 = 6) and high (25U/mL;
𝑛 = 5) elastase solutions.

2.3. Implantations of Angiotensin II-Loaded Miniosmotic
Pumps in Mice. We used a second AAA model [12] in which
continuous angiotensin II (AngII) infusion in apolipopro-
tein-E-deficient (apoE−/−) mice induces suprarenal AAA
formation typically between 3 and 14 days after implantation
of miniosmotic pumps (ALZET Model 2004; DURECT
Corporation, Cupertino, CA). AngII powder (MW: 1046.19;
Bachem, Torrance, CA) was solubilized in 0.9% sodium
chloride and loaded into miniosmotic pumps for systemic
hormone delivery (1000 ng/kg/min infusion rate and 28-
day duration) following subcutaneous implantation in the
dorsum of mice (𝑛 = 7).

2.4. Small Animal Ultrasound Imaging. Weperformed in vivo
ultrasonography of rats and mice kept unconscious under
inhalant anesthesia (1–2.5% isoflurane). Prior to imaging,
animals were positioned supine on an adjustable heated
stage and sterile eye lubricant was applied to each eye. We
noninvasively monitored heart and respiration rate through
stage electrodes and body temperature using a rectal probe.
Hair on the ventral abdomen was removed with a depilatory
cream and warm transmission ultrasound gel was applied on
the exposed skin surface.

For detection and longitudinal monitoring of aortic
diameter, aortic volume, vessel wall motion, and blood flow
dynamics, we used a high-resolution small animal ultrasound
system (Vevo2100 Imaging System; VisualSonics, Toronto,
ON, Canada). We acquired transaxial and longitudinal ultra-
sound data prior to surgeries (day 0) and at days 3, 7, 14,
21, and 28 postsurgery using VisualSonics linear array trans-
ducers MS550D (25–55MHz, 40MHz center frequency) and
MS250D (13–24MHz, 21MHz center frequency) in mice and
rats, respectively. The transducer was positioned perpendic-
ular to the animal and held in contact with the gel during
imaging. We adjusted the angle of the stage as necessary to
allow optimal visualization of the aorta in the long and short
axes. We used anatomical landmarks, such as the inferior
vena cava, renal veins, and aortic bifurcation, for orientation
and the presence of vessel wall motion for discriminating
arterial from venous flow.

High-resolution, two-dimensional cine loops in bright-
ness mode (B-mode; 300 frames), motion mode (M-mode;
five-second acquisition), pulsed wave (PW), and color
Doppler (five-second acquisitions) were acquired in aortic
regions with and without vessel expansion. We adjusted
the transducer beam angle and PW Doppler angle (30–
60 degrees from the vertical) in order to accurately detect
the magnitude and direction of blood flow in the selected
aortic area. Additionally, we used respiration and cardiac
gating for transaxial B-mode volumes (0.19mm step size)
of the infrarenal aorta of rats (3 cm scan distance) and the
suprarenal aorta of mice (1.5 cm scan distance).

2.5. Blood Pressure Measurements. Wemeasured blood pres-
sures from the tails of conscious apoE−/− mice in the study
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prior to pump implantation and on days 3, 14, and 28 after
implantation. Prior to implantation, mice were acclimated
to restraint holders and the tail cuffs used for taking blood
pressure measurements (CODA 2 Channel Standard, Kent
Scientific, Torrington, CT).

2.6. Ultrasound Analysis. We analyzed all ultrasound data
(days 0, 3, 7, 14, 21, and 28) from rats and mice with Vevo2100
software (VisualSonics) to determine maximum aortic diam-
eter, AAA true and false lumen volumes, circumferential
cyclic strain, andmean blood flow velocity. Allmeasurements
on cine loops were made in quintuplicate and averaged.

B-mode volumes of the abdominal aorta were segmented
in a semiautomated fashion by drawing serial contours
(step size: 760 𝜇m and smaller). The length and location
of maximum AAA diameter in relation to the right renal
artery in mice or the aortic bifurcation in rats were used
to guide volume measurements at earlier time points. In
other words, earlier day volumes were segmented over the
same anatomical length and started at the same anatomical
position. In the AngII apoE−/− mice, volumes of both the
AAA lumen and total AAA (including the vessel wall) were
segmented individually. False lumen volumes were calculated
as the difference between the total AAA and the true lumen.

We further calculated effective maximum diameter from
these segmented volumes. We identified the slice showing
maximal aortic cross-sectional area and calculated effective
maximum diameter using the equation for area of a circle
and the measured area. In three instances, aortic diameter
measurements from long-axis B-mode were substituted for
the displayed effective maximum diameter measurements,
as the collected volumes were not clear enough to provide
effective maximum diameter values.

Aortic diameters in areas of maximal vessel expansion
as seen in long axis were also measured from high-temporal
resolution B-mode cine loops (50 frames/sec for MS250D;
233 frames/sec for MS550D). We employed a straight-line
distance measurement tool to calculate the length from the
posterior to anterior vessel wall at peak systole and end
diastole, corresponding to systolic (𝐷

𝑆
) and diastolic (𝐷

𝐷
)

diameters. Mean aortic diameter (𝐷
𝑀
) for a given animal on

a given day was calculated as follows:

𝐷
𝑀
=

1

3

[𝐷
𝑆
− 𝐷
𝐷
] + 𝐷
𝐷
. (1)

We calculated circumferential cyclic strain values from
M-mode diameter measurements in areas showing max-
imum vessel expansion seen in long axis. The distance
between two lines of strong specular reflection seen in the
anterior and posterior vessel walls was used to determine
maximum and minimum vessel wall displacement. These
respective values correspond to the timing of peak systole
and end diastole. In order to calculate Green-Lagrange
circumferential cyclic strain, the following formula was used
[20, 22]:

1

2

[(

𝐷
𝑆

𝐷
𝐷

)

2

− 1] × 100%. (2)

Curvature in the suprarenal aorta, however, requires a
geometric correction to be applied to the initial diameter

(𝐷
𝑖
) measurements made for the AngII apoE−/− mice. The

angle (𝜃) between vertical and a line segment perpendicular
to anterior and posterior vessel walls in the AAA was
determined. Prior to the circumferential cyclic strain calcu-
lation above, the following equation was used to calculate
geometrically corrected diameter (𝐷

𝑐
) values:

𝐷
𝑐
= 𝐷
𝑖
∗ cos 𝜃. (3)

Mean blood flow velocity values were calculated from
velocity waveforms on PW Doppler images. A velocity
waveform area analysis tool was used to calculate this value
over individual cardiac cycles displayed on a velocity/time
plot.

2.7. Animal Perfusion and Dissection. After euthanasia, ani-
mals underwent a series of pressure perfusions through
the left ventricle (transcardial perfusion). We successively
perfused 0.9% sodiumchloride (to flush the systemic vascula-
ture), 4% paraformaldehyde (to fix the aorta), and 1%molten
agarose (to preserve vessel patency upon cooling) using a
syringe pump connected to a feeding needle or polyethylene
tube (0.64mm outer diameter) inserted in the left ventricle.
The heart, aorta, and kidneys were later dissected from the
animal and fixed in 4% paraformaldehyde for 24 hours.
Aortic tissue was kept in phosphate-buffered saline until
gross vessel dissection (four 2-3mm-long cross-sections) in
proximal, aneurysmal, and distal areas and then held in 70%
alcohol until processing.

2.8. Aortic Tissue Histology and Staining. Aortic segments
were paraffin-embedded, thin-sectioned (5𝜇m), and adjacent
sections stainedwith hematoxylin and eosin (H&E), Verhoeff
Van-Gieson (VVG)/hematoxylin, and Masson’s trichrome
(MTC) as per standard protocols. The latter two stains were
used to differentiate elastin bands (black) and collagen fibers
(blue), respectively, from surrounding structures. Stained
tissue sections were scanned at 40x magnification.

2.9. Nonlinear Optical Microscopy. H&E-stained aortic sec-
tions were imaged using two nonlinear optical (NLO)
microscopy techniques, two-photon excitation fluorescence
(TPEF), and second harmonic generation (SHG) for label-
free imaging of endogenousmacromolecules. A custom-built
femtosecond laser system (140 fs pulse width; 80MHz rep-
etition rate) was used for simultaneous TPEF/SHG imaging
at 800 nm excitation (Chameleon Ultra I; Coherent, Santa
Clara, CA). A tightly focused beam (39mW average power)
was directed through a 20x air or 60x water immersion objec-
tive on an inverted microscope (IX70, Olympus, Melville,
NY). FV300 software (Olympus, Melville, NY) was used for
image capture and thresholding of forward-emitted SHG
and back-reflected TPEF autofluorescence signals detected
by separate photomultiplier tubes (PMTs). A dichroic mirror
(550dcxr, ChromaTechnologies, Rockingham,VT) separated
the excitation beam from back-reflected TPEF signal. Band-
pass filters were chosen according to a previous publication
focused on label-free imaging of collagen and elastin in swine
arteries [23].
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Figure 1: AAA diameter and volume increases over 28 days. Representative B-mode images (maximum aortic cross-section), aortic volumes
(days 0 and 28), and longitudinal measurements of effectivemaximumdiameter ((a), (b)) and volume/length ((c), (d)) in high-concentration-
elastase rats ((a), (c)) and AngII apoE−/− mice ((b), (d)). Arrows point to abdominal aorta in cross-section. Volume segmentations: 30mm in
rats and 15mm in mice (0.19mm step size). Scale bars: 2mm (a), 1mm (b), 10mm (c), and 5mm (d).

2.10. Image Processing and Semiquantitative Analysis. VVG
images of aneurysmal and control (i.e., proximal or distal)
aortic sections from the suprarenal (AngII apoE−/− mice)
or infrarenal (elastase rats) aortas were analyzed using a
semiautomated thresholding technique described previously
[20] to acquire semiquantitative measures of elastin area.
The thresholding technique was further modified to generate
binary images of collagen pixels from corresponding MTC
images.Hand-selected regions of interest were placed in three
locations on the aortic adventitia of each image to measure
the density of pixels corresponding to collagen and averaged.

2.11. Statistical Analysis. We used paired 𝑡-tests and two-
sample 𝑡-tests in order to assess statistical significance of a
parameter between two time points or between AAA and
a healthy region. Additionally, we used one-way analysis of
variance to test for significant differences in mean systolic or
diastolic blood pressure at multiple times postimplantation
as compared to baseline (Dunnett’s test). Significance at 𝛼 =
0.05 was used for all tests.

3. Results

3.1. Small Animal Ultrasonography of AAAs Enables Longitu-
dinal Monitoring of Aortic Diameter Expansion and Volume
Growth over Time. Two-dimensional and three-dimensional
B-mode scans enabled us to comprehensively image aortas
in AngII apoE−/− mice and high-concentration-elastase rats
in the short- (transaxial) and long-axis (sagittal) orientations.
Figure 1 shows representative B-mode images of the planes
of section where the maximal aortic cross-sectional area was
found at days 0 and 28 for the high-concentration-elastase rat
(Figure 1(a)) and AngII apoE−/− mouse (Figure 1(b)) studies.
During the course of the studies, we clearly identified areas
of local aortic expansion (arrows in Figures 1(a) and 1(b)
for day 28) and tracked this increase in effective maximum
diameter (Figures 1(a) and 1(b), graphs). Proximal and distal
aortic areas with normal vessel morphology were imaged and
showed no overall increase in diameter (data not shown).

Table 1 shows the average increases in effective maximum
diameter by the end of the study. Over 28 days, AAAs in
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Table 1: Summary of values measured at days 0 and 28 in low- and high-concentration-elastase rats and AngII 𝑎𝑝𝑜𝐸−/− mice.

Elastase rats Elastase rats AngII 𝑎𝑝𝑜𝐸−/− mice
(0.44–0.48U/mL) (25U/mL) (1000 ng⋅kg−1⋅min−1)
(mean ± SE (𝑛 = 6)) (mean ± SE (𝑛 = 5)) (mean ± SE (𝑛 = 7))

Day 0 Day 28 Day 0 Day 28 Day 0 Day 28
Effective maximum diameter (mm) 1.48 ± 0.04 1.55 ± 0.05 1.43 ± 0.03 4.02 ± 0.29∗ 1.01 ± 0.05 2.27 ± 0.15∗

Aortic maximum diameter (mm) 1.15 ± 0.09 1.46 ± 0.14 1.05 ± 0.03 3.85 ± 0.49∗ 0.95 ± 0.05 2.06 ± 0.13∗

Volume/length (mm2) 1.72 ± 0.06 2.06 ± 0.29 1.41 ± 0.06 8.65 ± 1.57∗ 0.70 ± 0.08 2.76 ± 0.26∗

Length (mm) 6.92 ± 0.40 7.88 ± 0.83 7.07 ± 0.65
False lumen volume (mm3) NA NA NA NA 0 11.1 ± 1.57∗

Circumferential cyclic strain (%) 17.28 ± 1.34 6.18 ± 0.72∗ 12.67 ± 1.39 2.14 ± 0.27∗ 12.6 ± 1.4 2.5 ± 0.61∗

Mean BFV (perfused region/AAA) (mm/s) NA 230 ± 28.4 NA 85.3 ± 29.6∘ NA 189 ± 99.9∧

Mean BFV (healthy region) (mm/s) 318 ± 11.3 370 ± 55.4 322 ± 41.9∗ 374 ± 44.7 401 ± 57.3
Statistical significance shown for 𝛼 = 0.05: ∗versus the vessel measurement at day 0; ∧versus healthy region measurement at day 28; ∘versus healthy region
measurement at day 0.
Data are given as mean ± SE. BFV: blood flow velocity; NA: not applicable.

high-concentration-elastase rats grew 181 ± 13.8% relative to
baseline (Figure 1(a)), and those in AngII apoE−/− mice grew
by 126 ± 10.5% (Figure 1(b)). High-concentration-elastase
rats exhibited obvious formation of AAAs postsurgery and
a progressive increase (94𝜇m/day on average) in effective
maximum diameter (Figure 1(a)) thereafter (1.78–3.39mm
larger at day 28 than at baseline, 95% CI; 𝑃 < 0.05). Low-
concentration-elastase rats, however, did not show significant
vessel expansion by ultrasound or a significant change in
effectivemaximumdiameter over 28 days (Table 1). Given the
spontaneous development of initial aortic expansion in the
AngII apoE−/− model (between days 3–14), maximum aortic
diameter was 86.7±8.36% larger at day 14 imaging on average
(Figure 1(b)) with a growth rate of 198 𝜇m/day thereafter until
day 28.

We further measured AAA volumes from segmented
three-dimensional B-mode scans (Table 1). In high-con-
centration-elastase rats, there was a noticeable volume
expansion in the perfused region as compared to low-
concentration-elastase rats. Volume/length values for the
high-concentration-elastase rats increased by 516 ± 96.0%
after 28 days (Figure 1(c)). In AngII apoE−/− mice, we
observed saccular AAAs with volume/length values increas-
ing by 297±42.5% for AAA total volumes (Figure 1(d)). False
lumens were identified at day 3 (𝑛 = 2), day 7 (𝑛 = 2), and day
14 (𝑛 = 3) imaging. Between days 3 and 28, these volumes
increased in size by 774 ± 512% overall. As well, we found
that there was a significant change in the percentage of AAA
volume attributable to the false lumen (20.8 ± 11.8% versus
57.1 ± 10.2%, resp.; 𝑃 < 0.001).

3.2. Circumferential Cyclic Strain Rapidly Decreases in AAAs.
We observed abrupt changes in vessel wall displacement and
Green-Lagrange circumferential cyclic strain values in high-
concentration-elastase rats (Figure 2(a), graph) and AngII
apoE−/−mice (Figure 2(b), graph) at day 3 relative to baseline
(−69.9 ± 26.2%, 𝑃 = 0.0048; −49.7 ± 11.9%, 𝑃 = 0.026,
resp.). These values decreased in the suprarenal aortas of
some mice where vessel motion had diminished, but initial

aortic expansion hadnot yet occurred. Betweendays 3 and 28,
we measured continued reductions in these values (−43.9 ±
28.3%, 𝑃 = 0.0048; −60.7± 19.6%, 𝑃 = 0.054, resp.) and visu-
alized stiffer vessel walls in AAAs (see Supplementary Videos
1 and 2 of the Supplementary Material available online at
http://dx.doi.org/10.1155/2015/413189). In low-concentration-
elastase rats, we also found that the Green-Lagrange cir-
cumferential cyclic strain values significantly decreased over
28 days (Table 1) likely due to mechanical damage from the
pressurized infusion during surgery independent of AAA
formation. Circumferential cyclic strain values remained
stable in proximal and distal aortic areas of all rats and mice
over 28 days (data not shown). Blood pressure data acquired
in live AngII apoE−/− mice showed that on average they
became hypertensive as early as day 3 after implantation,
although this increase was not statistically significant (𝑃 <
0.1). The tail cuff technique is inherently noisy, meaning that
the increase in blood pressure did not reach significance of
𝑃 < 0.05. However, longitudinal measurements (Figure 2(b)
inset) provided evidence of continued hypertension in the
animals over the course of the study.

3.3. Mean Blood Flow Velocity Decreases in Both AAAModels
and Recirculates in Suprarenal AAAs. With progression of
disease in the high-concentration-elastase rats, we found that
mean blood flow velocity progressively decreased over time
(Figure 3(a), graph). Overall decreases in this value at areas
adjacent to an AAA were visually evident (Supplementary
Videos 3 and 4) and measurable (Figure 3(a), velocity wave-
form plots). We found comparable reductions in AAA mean
blood flow velocity (Table 1) at day 28 relative to day 0 (76.9±
29.1%; 𝑃 < 0.05) and to adjacent healthy regions at day 28
(73.5±27.3%; 𝑃 < 0.001). In low-concentration-elastase rats,
we found that the mean blood flow velocity in the perfused
region had slightly decreased after 28 days (𝑃 = 0.0532)
(Table 1).

PW Doppler scans on AngII apoE−/− mice did not pro-
vide a complete dataset. However, we clearly observed a shift
to complex aortic flow patterns by days 21 and 28 imaging
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Figure 2: Circumferential cyclic strain decreases over 28 days. Representative long-axis M-mode tracings (days 0 and 28) and longitudinal
measurements of circumferential cyclic strain at site of AAA for high-concentration-elastase rats (a) and AngII apoE−/− mice (b). Inset in (b):
longitudinal measurements of systolic and diastolic blood pressure in AngII apoE−/− mice.

(Supplementary Video 5). Smaller areas of reduced or recir-
culating flow were seen adjacent to focal dissection points
(Supplementary Video 6). As a result, we measured marked
reductions in mean blood flow velocity and a change in flow
direction at day 28 relative to day 0 in mice (Figure 3(b),
velocity waveforms). We found comparable reductions in
AAA mean blood flow velocity at day 28 relative to day 0
(49.6 ± 26.9%; 𝑃 = 0.192) and to adjacent healthy regions
at day 28 (52.9 ± 28.9%; 𝑃 < 0.05) (Table 1).

3.4. AAAs Exhibit Elastin Degradation and Collagen Depo-
sition by Histological Staining. Dissections of rats and mice
showed the anticipated shape of AAAs in situ as was seen
by ultrasound prior to sacrifice (Figures 4(a) and 4(b)). The
short-axis B-mode images in Figures 4(c) and 4(d) reveal the
inner vessel walls and maximum cross-sectional diameters
and areas in each AAA model prior to dissection. MTC
staining for collagen (Figures 5(a) and 5(b)) and VVG
staining for elastin (Figures 5(c) and 5(d)) revealed changes
in the distribution and overall content of these proteins
in the AAA wall. The most noticeable changes are the
degradation and loss of elastin bands in high-concentration-
elastase rats and significant collagen deposition in the AngII
apoE−/− mice. Collagen accumulates as disorganized col-
lagen fibers, as is seen with fibrosis, and fails to support

the aortic wall architecture [24]. We found that reductions
in elastin content were statistically significant using high
elastase concentration (90 ± 3.9%; 𝑃 = 0.002) relative
to healthy regions (Figure 5(e)). Low-concentration-elastase
rats exhibited a smaller amount of elastin degradation (49 ±
3.1%; 𝑃 = 0.122) in some of the aortas (images not
shown). Additionally, the morphology of collagen changed
in both low- and high-concentration-elastase rats, appearing
stringier and more detached than healthy collagen fibers. In
these areas, we found a statistically significant decrease in the
amount of collagen in high-concentration-elastase rats (63 ±
10% reduction; 𝑃 = 0.04). Collagen in low-concentration-
elastase rats also decreased (54±11%), albeit not significantly
(𝑃 = 0.13).

AngII apoE−/− mice consistently showed collagen depo-
sition in and around transmural hematomas resulting from
false lumen formation. We found an 82 ± 27% increase
(𝑃 = 0.0611) in collagen content in these areas relative to
healthy regions (Figure 5(f)). Conversely, our measurements
of elastin content in proximity to the hematomas showed
similar levels to those for healthy regions (𝑃 = 0.73), as a
focal dissection point where elastin had been degraded was
not always seen in our sections.
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Figure 3: Mean aortic blood flow velocity decreases after 28 days. Representative velocity waveforms on long-axis PW Doppler acquisitions
(days 0 and 28) and corresponding measurements of mean blood flow velocities at site of AAA in high-concentration-elastase rats (a) and
AngII apoE−/− mice (b).

3.5. Nonlinear Optical Microscopy Enables Label-Free Imaging
of Elastin and Collagen in Ex Vivo AAATissue. We also tested
the use of NLO microscopy to detect elastin and collagen in
AAA tissues. We found that AAAs from elastase rats showed
changes in TPEF signal according to elastase concentration.
Elastin fibers were clearly absent or degraded in elastase
perfused aortic tissue (white arrows in Figure 6(a)), similar
to the findings seen with VVG staining. In contrast, healthy
regions demonstrated strong autofluorescence signal due
to the presence of elastin. The emission filter used also
detected autofluorescence signal from agarose gel in the
aortic lumen (asterisks in Figure 6) and adventitial proteins,
likely collagen and fibrin. Adventitial collagen, as detected
by SHG signal, was observed in both types of AAAs (black
arrows in Figure 6). This signal was visually apparent in and
around transmural hematomas in the AngII apoE−/− model
where collagen deposition is pronounced. In the adventitia
of elastase-perfused aortas, a change in overall SHG signal
intensity and spatial distribution may also be occurring.

4. Discussion
This work demonstrates that we can sensitively detect and
monitor biomechanical changes occurring during progres-
sion of AAAs in both the elastase and AngII apoE−/−

models. We showed reductions in both circumferential cyclic
strain and mean blood flow velocity within AAAs rela-
tive to adjacent healthy regions. We also found substantial
elastin fragmentation and collagen deposition with label-
free microscopy. Taken together, these results suggest that
differences in AAA growth, strain, and blood flow velocity
are useful parameters that reveal time-dependent changes in
each model.

While aortic diameter measurements are standard for
determining maximum aortic expansion in both human
[25–27] and small animal [15–18, 28, 29] AAAs, the data
from this study suggest that aortic volumes may be a more
usefulmetric for characterizing aneurysm expansion. Indeed,
simple diameter measurements from B-mode images depend
on the acquisition location and measurement technique.
Aortic volumes, on the other hand, should be less dependent
on location and technique as the entire aorta can be acquired
in one three-dimensional volume. This technique can also
account for changes in the length of a growing AAA not
exhibiting accompanying increases in diameter. Similar to
the volumetric ultrasound images others have collected
[30, 31], we observed an increase in the length of AngII
apoE−/− AAAs. The average AAA volume-to-length ratios
in our AngII apoE−/− mice (mean ± SE; 2.8 ± 0.3mm2 at
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(a) (b)

(c) (d)

Figure 4: Gross dissection of AAAs shows shape of AAAs detected by B-mode images. End-of-study dissection images of AAAs in situ and
short-axis B-mode images at day 28 from a high-concentration-elastase rat ((a), (c)) and an AngII apoE−/− mouse ((b), (d)). B-mode images
taken at the approximate anatomical locations marked by green dashed lines ((a) and (b)). White dashed lines indicate locations selected for
histology. Scale bars: 5mm (a); 2mm (b); 2mm (c); and 1mm (d).

day 28) compare well with a previous report using MRI
(mean ± SD; 2.5 ± 0.6mm2 at day 28 [21]). Likewise,
these values for the high concentration elastase rats (8.7 ±
1.6mm2 at day 28) compare well to elastase-perfused mice
(1.1 ± 0.2mm2 at day 28 [21]) when accounting for animal
weight (rats are roughly 10 times bigger than mice). We
also observed several mice and rats in this study where the
diameter measurements plateaued, but the volume/length
ratio continued to increase (Figure 1). These results suggest
that in some cases the aneurysms were lengthening without
significant diameter expansion. A recent article also used
three-dimensional ultrasound but for ex vivo measurements
of AAAs from AngII apoE−/− mice [32]. These volumes,
however, were segmented over a short 2mm length in all
cases, making a direct comparison to ourmeasurements with
variable lengths difficult. Future studies to compare volumes
of the same AAAs in vivo and ex vivo by ultrasound may be
warranted, as the changes in the overall size and shape of
AAAs following transcardial perfusion are not fully known.

With both AAA models, we noted that circumferential
cyclic strain sometimes decreased independently of vessel
expansion. In AngII apoE−/− mice, four animals had reduc-
tions in circumferential cyclic strain (>33%) but normal
effective maximum diameters (<150% baseline) at day 3.
Three animals showed abrupt aortic expansion in parallel
with large reductions in circumferential cyclic strain (>75%).
Consistent with this finding is blood pressure data, which
shows sustained hypertension starting at day 3. This is
expected with AngII infusion, leading to a shift in the loading

response up the stress-strain curve. At these early time
points we would not expect there to be substantial vessel
remodeling. Further studies with greater numbers of mice
are needed to improve our understanding of the relation-
ship between vessel expansion and circumferential cyclic
strain reductions in AngII-induced AAAs. For rats infused
with low-concentration elastase, we observed reductions in
circumferential cyclic strain despite negligible increases in
aortic diameter or volume over 28 days (Table 1).This may be
due to pressure-induced vessel damage, ligation of branching
vessels, or other effects of the surgical procedure. Two groups
have previously carried out studies to track changes in cir-
cumferential strain values in the aortas of AngII apoE−/−mice
[19, 21]. Favreau et al. [19] calculated linear or Cauchy strain
values using ultrasound and found a roughly 40% reduction
in cyclic strain in the supraceliac aorta at day 3 (similar
to the circumferential cyclic strain reduction of −49.7 ±
11.9% we observed). Ideally, the nonlinear strain components
accounted for by circumferential cyclic strain should not be
neglected since strain values up to 25% cannot be considered
small [22]. Goergen et al. [21] calculated circumferential
cyclic strain values from magnetic resonance angiography
(MRA) images of elastase (19.4 ± 2.5%) and AngII apoE−/−
(20.8 ± 4.2%) mice at baseline in relative agreement with our
values (15.2 ± 1.2% in high- and low-concentration-elastase
rats and 12.6 ± 1.4% in AngII apoE−/− mice). However, we
observed comparatively larger reductions by day 28. High-
concentration-elastase rats in our study showed an 83.1 ±
31.1% reduction, while their elastase mice had a 44.8 ± 0.1%
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Figure 5: Histological staining reveals qualitative and semiquantitative differences in elastin and collagen content of AAAs. Representative
MTC ((a), (b)) and VVG ((c), (d)) images of AAA tissue from a high concentration elastase rat ((a), (c)) and an AngII apoE−/− mouse ((b),
(d)). Normalized measurements of mean elastin and collagen content ((e), (f)) in high- (𝑛 = 5) and low- (𝑛 = 4) concentration-elastase rats
(e) and AngII apoE−/−mice (𝑛 = 6) (f). Controls (𝑛 = 3 in each group) are sections with healthy regions. Scale bars: 200 𝜇mat low and 100 𝜇m
at high magnification. Level of magnification: 8x ((a), (c)) and 2x ((b), (d)) relative to low magnification.

decrease. AngII apoE−/− mice in this study showed an 80.2
± 21.6% reduction, while the other paper showed a 52 ±
16.3% decrease in this same model. This difference may be
due to the higher spatial resolution and fundamental contrast
differences between the Vevo2100 ultrasound system and
MRA using a 4.7 T magnet. As MRA highlights unsaturated
spins or nuclei from flowing blood, its disadvantage lies in
accurately visualizing solid aneurysm regions where blood
flow is not present. For the AngII apoE−/− mice, MRA
showed maximal reductions in circumferential cyclic strain
and increases in aortic diameter coincided in the days 7 to 14
interval [21]. This delay compared to our findings of earlier
reductions in strain may be attributable to the fact that we
primed the pumps in physiological saline solution for at least
12 hours prior to implantation.

Many previous efforts have used qualitative assessments
of VVG- and MTC-stained vessels to confirm elastin break-
age and collagen deposition [33, 34]. We focused on a
quantitative approach that would provide a more robust
comparison between suprarenal AAAs and infrarenal AAAs
from high- and low-concentration-elastase rats. Goergen
et al. previously quantified differences in elastin content
of VVG-stained aortas [21] and found that the anterior
wall in elastase-perfused mice showed significantly greater
elastin loss than the posterior wall in the same region. We
implemented a similar code with the addition of vessel wall
collagen analysis in order to determine the magnitude of
change in AAA areas relative to adjacent healthy areas.

The use of NLO microscopy (SHG and TPEF) was
included in these studies as it is a powerful label-free
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Figure 6: Nonlinear optical microscopy provides a label-free approach for examination of AAA tissuemorphology and protein content. SHG
(green), TPEF (red), and merged SHG/TPEF nonlinear optical images of representative aortic tissue sections from healthy and AAA regions
in low- and high-concentration-elastase rats (a), and AngII apoE−/− mice (b). Scale bars: 100𝜇m. Black arrows point to adventitial collagen;
white arrows point to degraded elastin bands; and asterisks indicate agarose gel in lumen.

technique that can be used to study vascular diseases.
Changes in the content and morphology of elastin and
collagen are clearly tied with inflammatory and proteolytic
effects occurring in AAA progression. Future studies could
benefit from three-dimensional mapping and quantification
of elastin and collagen fibers. Cui et al. demonstrated the
use of multiphoton microscopy for volumetric analysis of
these macromolecules in the aorta and skin of a murine
Marfan model [35], while Haskett et al. determined vessel
fiber alignment after mechanical testing of AAAs [36]. Le et
al. originally measured the emission spectra of collagen and
elastin in atherosclerotic Ossabaw pig arteries using a similar
microscopy set-up [23]. Taken together, these previous stud-
ies and our work suggest that a label-free imaging approach
has several advantages over standard histological staining
and microscopy. Primarily, it obviates the need for tissue
processing and chemical staining. The tissue can be imaged
in a near-native state and variability in tissue stain application
is no longer an issue. It also permits analysis of thicker tissue
sections than is feasible with confocal microscopy. Similar to
how volumetric ultrasound measurements of AAAs provide
more information than simple two-dimensional measures,
the use of volumetric quantification from thicker tissue spec-
imens could also be useful when imaging ex vivo sections.

There are several limitations in the present study. First, the
presence of abdominal gas in animals can disrupt ultrasound

imaging. If not resolvedwithin a fewminutes, we changed the
orientation of the transducer relative to the body tominimize
this interference. However, this reorientation sometimes
limited our ability to visualize all regions of the aorta and to
detect accurate blood flowpatterns. Additionally, theDoppler
measurements in the study had large variations. This was
likely due to variations in the Doppler angle when acquiring
PW images. Thus, tilting and rotating the animals could be
done in order to optimize the Doppler angle for long-axis
PW and color Doppler measurements in the aorta where the
vessel often runs parallel to the transducer.

5. Conclusions

We carried out longitudinal studies in vivo in order to
image and measure several parameters relevant to AAA
development. Elastase-perfused rats and AngII apoE−/− mice
exhibited large reductions in circumferential cyclic strain and
mean blood flow velocity over 28 days.These parameters had
temporal differences in each model that were not necessarily
correlated with increases in effective maximum diameter
or AAA volume. The results suggest that vessel strain and
blood flow are important metrics and may be indicative of
underlying disease processes in AAAs.

We used small animal ultrasound for this study, as it
offered us rapid imaging speed and versatility in imaging
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acquisitions andwas relatively inexpensive compared to other
tomographic imaging. Furthermore, semiquantitative histol-
ogy and nonlinear optical microscopy allowed us to further
characterize our findings ex vivo. We feel that quantifying
macromolecular changes in elastin and collagen is helpful
for sensitively characterizing AAAs from both the elastase
and AngII apoE−/− models. Future studies could use these
methods to investigate mechanisms in pathogenesis and
treatment effects relevant to AAAs and other cardiovascular
diseases.
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Polycystic ovary syndrome (PCOS) is a complex endocrine and metabolic disorder, and its pathogenesis has yet to be completely
clarified. A fully convincing animal model has not been established for PCOS. In earlier studies, researchers have shown that the
exposure of rats to continuous light can induce PCOS; nevertheless, hyperandrogenism, a key characteristic observed in human
PCOS, has not been reported previously. In the present study,we found that (1) bodyweights decreased in female rats in a continuous
light environmentwith both ovarian and uterine augmentation; (2) the estrous cycle in rats under continuous light environmentwas
disordered, and polycystic ovary-like changes occurred, accompanied with fur loss and lethargy; and (3) serum testosterone levels
in rats in a continuous light environment significantly increased. Our data suggest that continuous light can lead to the occurrence
of PCOS in female rats without the need for drugs; this is a reasonable PCOS animal model that is more consistent with the natural
disease state in humans; and poor sleep habits or negligence of sleep hygiene may be an important lifestyle factor in pathogenesis
of PCOS.

1. Introduction

Polycystic ovary syndrome (PCOS) is a complex endocrine
and metabolic disorder associated with ovulatory dysfunc-
tion, abdominal obesity, and infertility, and it affects 5%–10%
of women of reproducing age [1]. In 1935, Stein and Leventhal
published a case series of seven women with amenorrhea
and bilateral polycystic ovaries. At the National Institutes
of Health (NIH) consensus conference held in 1990, PCOS
was defined as chronic anovulation with clinical and/or bio-
chemical hyperandrogenism, excessive androgen secretion
or activity; clinical manifestations of acne and hirsutism are
the primary characteristics of PCOS [2]. The pathogenesis of
PCOS is uncertain, although lifestyle may be an important
factor. In recent years, the understanding of the pathogenesis
of this disease has significantly advanced; however, a fully
convincing animal model for PCOS has not been established
[3]. Depending on which PCOS-related disorder is investi-
gated, the most suitable animal model should be utilized.

Voluntary sleep restriction has become widespread in
modern society [4]. In humans, chronic partial sleep loss and
behavioral and sleep disorders have been linked with obesity
and metabolic syndrome [5]. Many women with PCOS have
psychological problems and sleep disorders that significantly
reduce sleep quality [6]. The risk for obstructive sleep apnea
(OSA) is higher in obese women with PCOS [7]. In female
mammals, ovulation is induced by luteinizing hormone (LH)
secretion surge from the pituitary gland, an event which is
itself stimulated by gonadotropin releasing hormone (GnRH)
secretion from neurons in the hypothalamus [8]. In rodents,
the LH surges that trigger ovulation are controlled by cyclic
light-dark photoperiods [9]. A disturbance of these light-dark
photoperiods within a 24-hour period can disrupt normal
cycling in rats and inhibit ovulation [10]; exposure of female
rats to a constant light environment was developed as an
alternative approach for inducing PCOS [11, 12].

According to the literature, PCOS can be induced in rats
in fewer than 75 days of continuous exposure to 600-lux light
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[12]. Research on the constant light modeling method
was published in the 1970s. Due to the limitations of the
experimental conditions and the awareness of PCOS [13],
hyperandrogenism, a key characteristic observed in human
PCOS, was not reported in this model [14]. The purpose of
this study was to determine the level of testosterone in the
ratmodel and reevaluate the constant light exposure-induced
PCOS rat model with a contemporary perspective to une-
quivocally provide a PCOS animal model for future research
that is more consistent with the natural disease state.

2. Materials and Methods

2.1. Animals. All animal procedures were performed in
accordance with the guidelines of the Animal Care and Use
Committee of Huadong Hospital and Shanghai Research
Center for Acupuncture and Meridians. Six-week-old female
Sprague Dawley (SD) rats were purchased from the Shanghai
Experimental Animal Center of Chinese Academy of Sci-
ences and were housed at 22–25∘C in a custom-designed
experimental box. All rats were allowed to eat and drink
freely.

2.2. Equipment and Reagents. The custom-designed light
experiment box had a length, width, and height of 120 cm,
45 cm, and 180 cm, it was vertically divided into four equal
and independent chambers (length, width, and height of
120 cm, 45 cm, and 45 cm for each chamber) with inde-
pendent ventilation. A fluorescent lamp (color temperature:
6500K, illumination: 600 lux) was installed in every chamber
and had lights controlled by a microcomputer switch that
allowed free adjustment of the illumination time. This study
also utilized a microscope (Nikon, ECLIPSE Ti-S, Japan) and
microplate reader (Thermo, Multiskan FC, China); all other
chemicals and reagents were purchased from the China
National Pharmaceutical Group Corporation.

2.3. Continuous Light/Dark. The female rats were randomly
divided into control and experimental groups and placed in
the light experiment box. The control group was under a
circadian rhythm of 12:12 h light-dark cycle (L/D, lights on at
8 a.m. Beijing standard time). The rats in the experimental
group were exposed to a continuous light environment (L/L,
lights on 24 hours every day) for 16 weeks.

2.4. Vaginal Smears. Daily vaginal smears were performed
on all rats, and their estrous cycles were observed. A sterile
cotton swab was soaked in 0.9% saline before it was smeared
around the first 1/3 of the vaginal wall. The cotton swab was
removed and was smeared in the same direction on a glass
slide.The cellswere evaluated under lightmicroscopy, and the
samples were classified as 1 of the 4 stages of the estrous cycle.
Diestrus vaginal smears were identified by the presence of
high numbers of leukocytes, proestrus vaginal smears were
identified by the presence of small-nucleated epithelial cells,
estrus smears were identified by large numbers of cornfield
epithelial cells, and metestrus smears were identified by the
presence of leukocytes.

2.5. ELISA Analysis. At the end of 16 weeks, the rats were
anesthetized, and blood samples were obtained from the infe-
rior vena cava and placed into Vacutainer tubes with coag-
ulant. Serum was separated and stored at −80∘C for
subsequent testosterone determination by enzyme-linked
immunosorbent assay (ELISA) (Testosterone EIA Kit, Cay-
man Chemical, item number 582701, made in USA). ELISA
was performed according to the instruction manual of the
EIA kit.

2.6. Histology. Ovary tissue from all rats was harvested after
euthanasia. After weighing with a precision balance (Sarto-
rius, BT 125D, Germany), the ovaries were fixed with 4%
formaldehyde buffer, embedded in paraffin, sectioned into
4 𝜇m slides, and stained with hematoxylin-eosin (H&E). The
sections were observed, and photographs were taken using a
Nikon microscope (CLIPSE Ti-S, Japan).

2.7. Statistical Analysis. Data are presented as themeans± SE.
Statistical significance was determined using either Student’s
𝑡-test or Fisher’s exact test. Statistical significance was defined
as 𝑃 < 0.05, and two-tailed tests were used. All data analysis
and graphing were carried out using Origin 8.0 software
(Origin Lab, USA) or SPSS 19.0 for Windows.

3. Results

3.1. Continuous Light-Induced Changes in Body, Ovarian,
and Uterus Weights. Changes in body, ovarian, and uterine
weight were monitored in all animals. Compared with the
control group, body weight growth in L/L rats became slow
after 5 weeks (body weights of L/L group versus control at the
end of 5 weeks: 256.56 ± 4.85 g versus 265.67 ± 3.61 g, 𝑃 >
0.05). After 12 weeks, the difference of body weights in two
groupswas statistically significant (bodyweights of L/L group
versus control at the end of 12 weeks: 277.91 ± 5.76 g versus
299.08 ± 4.60 g, 𝑃 < 0.01) and persisted for the remainder of
the experiment (Figure 1).

We compare the weight of the bilateral ovaries: either the
left ovary or the right ovary in the L/L group was heavier than
that in the L/D group (left ovary, 𝑃 < 0.05; right ovary, 𝑃 <
0.01) (Figure 2). Similar to the weight of the ovaries, hyper-
trophied uteri were present in the L/L rats. Uterine weights
in the L/L rats were higher than those in the L/D group
(Figure 3) (𝑃 < 0.05).

3.2. Changes in the Estrous Cycle. Using daily vaginal smears,
estrous cyclicity was analyzed at the beginning, after 4 weeks
and after 16 weeks of the experimental process. Figure 4
shows the following results: (1) before continuous light,
vaginal smears on four consecutive days show a disciplinary
transmutation with a sequence of diestrus, proestrus, estrus,
andmetestrus (Figure 4(a)) and (2) at the end of 4 weeks, 8 of
the 12 rats (66.7%) (Table 1) in the continuous light group dis-
played an indiscriminate estrous cycle. We observed that, in
the vaginal smears, the cyclicity stopped at a proestrous state
on all four days (Figure 4(b)). Using Fisher’s exact test, the
difference was significant (𝑃 = 1.35𝐸 − 3). (3) At the end



BioMed Research International 3

350

300

Bo
dy

 w
ei

gh
ts 

(g
)

250

200
2 4 6 8 10 12 14 16

Time (weeks)

L/D
L/L

∗∗∗
∗∗ ∗∗

∗∗
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Figure 2:The left ovarian weights (a) and right ovarian weights (b) in the two groups. There was a statistically significant difference between
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(a)

(b)

(c)

Figure 4: Typical vaginal smear for four consecutive days in different experimental periods and different groups. (a) Normal rat’s vaginal
smear; (b) L/L group in the 4 weeks; (c) L/L group in the 16 weeks. Magnification is 100x.
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Table 1: Incidence of estrous cycle disorders at the end of 4 weeks of continuous light.

Groups No. of rats with ECDs No. of rats without ECDs Total Incidence 𝑃 value
L/D 0 12 12 0%

1.346𝐸 − 3

L/L 8 4 12 66.7%
Total 8 16 24 —
Abbreviation: ECDs: estrous cycle disorders.

Table 2: Incidence of estrous cycle disorders at the end of 16 weeks of continuous light.

Groups No. of rats with ECDs No. of rats without ECDs Total Incidence 𝑃 value
L/D 1 11 12 8.3%

9.6148𝐸 − 6

L/L 12 0 12 100%
Total 13 11 24 —
Abbreviation: ECDs: estrous cycle disorders.

(a) (b)

Figure 5: Apparent states among rats in the continuous light group at the end of 16 weeks. (a) In the control group the rats were in good spirits
and were agile, and their fur was clean and smooth. (b) In the continuous light group the rats showed a poor mental state, were lethargic, and
had decreased activity, and their fur, especially on the lower back, was dirty and showed obvious loss.

of 16 weeks, all the L/L rats (12 of 12, 100%) showed an
indiscriminate estrous cycle (Figure 4(c)), similar to that after
4 weeks; and 1 of 12 rats in control group also showed an
indiscriminate estrous cycle (Table 2, L/D versus L/L 𝑃 =
9.61𝐸 − 6).

3.3. Changes in Fur and Mental Status. Similar to human
PCOS, L/L rats demonstrated patches of diffuse fur loss, and
their furs were unburnished grey compared to the shiny fur
of the control group. Loss of fur from the dorsal and neck
portions of the rats was clearly visible. The difference in fur
loss in each group was evaluated by visual observation and
was recorded by photographs (Figures 5(a) and 5(b)). All rats
in the L/L group showed different degrees of depilation; some
rats had serious loss on the back and neck, and some had loss
on the hip. At the same time, in the continuous light group, all
rats showed a poor mental state, exhibiting lethargy and
decreased activity (Figure 5(b)).

3.4. Ovarian Morphological Changes. We observed enlarged
ovaries in the L/L group, and transparent fluid was visible
through the surface layer tissue (Figure 6(a)).

Histopathological examination of ovarian tissue sam-
ples showed polycystic ovarian tissue formation in the L/L

group, while the control group showed normal ovarian
tissue histology. In the L/L group ovaries, thickening of the
surface albuginea, under which there were many follicles
in different phases, including atretic follicles and cystic
dilating follicles, as well as fewer layers of granular cells and
missing oocytes and corona radiating within the follicles, was
present (Figure 6(c)). Ovaries in the control group showed
multiple luteal, preantral, and antral follicles. The granular
cells within the follicles showed multiple layers (Figure 6(b)).
The incidences of this phenomenon were 0 of 12 in the L/D
group and 10 of 12 (83.3%) in the L/L group (Table 3, L/D
versus L/L, 𝑃 = 6.73𝐸 − 5).

3.5. Elevated Testosterone Levels in Serum. We compared the
serum testosterone levels of the control and experimental
groups and found that serum testosterone levels were sig-
nificantly increased in the experimental group (30.11 ±
5.98 pg/mL versus 89.91±16.72 pg/mL, 𝑃 = 0.00353, 𝑛 = 15)
(Figure 7).

4. Discussion

In the present study, we first observed that serum testos-
terone levels of female rats increased in a continuous light
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Table 3: Incidence of polycystic ovary-like changes in histopathology at the end of 16 weeks of continuous light.

Groups No. of rats with POLCs No. of rats without POLCs Total Incidence 𝑃 value
L/D 0 12 12 0%

6.7304𝐸 − 5

L/L 10 2 12 83.3%
Total 10 14 24 —
Abbreviation: POLCs: polycystic ovary-like changes.

(a)

(b)

(c)

Figure 6: Macroscopic view and pathomorphological changes of rats’ ovaries at the end of 16 weeks. (a) Left: macroscopic view of PCOS-
induced ovaries (arrow) in rats. Right: the gross morphology of typical ovary and uterus. (b) Representative pathological section for L/D
group; magnification is 40x (left) and 200x (right). (c) Representative pathological section for L/L group; magnification is 40x (left) and 100x
(right).

environment; and also, our results show that body weights
decreased in female rats in a continuous light environment
with both ovarian and uterine augmentation; the estrous
cycle in L/L rats was disordered, and polycystic ovary-like
changes occurred, accompanied with fur loss and lethargy.

Steroid hormones play an important role in the effects of
daylight changes.The hypothalamic suprachiasmatic nucleus
(SCN) is the locus of a master clock that expresses androgen
receptor (AR) in humans and regulates circadian rhythms
in physiology and behavior. Research found that there is
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a correlation between plasma androgen levels and sleep
onset in males, clock gene proteins expression in the SCN
in response to the onset of environmental light [15, 16].
Testosterone concentration was positively correlated with
SCN AR expression. Androgen can modulate SCN respon-
siveness to light and can modulate SCN timekeeping in a
dose-dependent manner [17]. In mice, SCN restricts AR-
containing cells and receives photic cues from the retina, and
AR occurs in approximately half of the SCN neurons that
respond directly to an acute light pulse by expressing FOS
[18]. The SCN regulates the phasic release of hormones as
well as the timing of the preovulatory LH surge necessary for
ovulation in females [15]. In golden hamsters, the behavioral
effects of androgen from seasonal changes in day length
act are regulated via a pineal-dependent mechanism [19].
Meanwhile, males in the continuous dark condition (D/D)
had higher serum androgen levels than in the L/L and L/D,
while males in the L/L had higher serum prolactin levels [20].
Micewith a higher circulating testosterone concentration had
more precise clocks and ran much faster, but for a shorter
duration, than their counterparts with a low testosterone
concentration. The LH surge is controlled by the anteroven-
tral periventricular nucleus (AVPV) Kiss1 neurons, whose
activity is gated by SCN signals in an estradiol- (E2-) depen-
dent manner [21], and rats under L/L conditions induced
a decrease in the serum estradiol level of rats in proestrus
and an increase in rats in estrus [22]. Our study showed that
serum testosterone levels of female rats increased obviously in
a continuous light environment firstly, and it proves directly
that the disorder of light conditions leads to the hormone
level changes in female rats. This is a direct evidence which
suggests the possibility that erratic lifestyle factor and bad
sleep habits can lead to the onset of PCOS.

Earlier investigations have reported that the endometrium
is thinner in women with PCOS and oligoamenorrhea [23],
and, thus, the uteri are relatively small in humans with PCOS.
Six of 8 hamsters exposed to L/L had ova in their oviducts at

autopsy, and they also had significantly larger uteri (𝑃 < 0.01)
than hamsters exposed to L/D [24, 25]. We found enlarged
uteri filledwith pus; these changesmay be related to recurrent
uterine infection. In rats, a lack of ovulation may cause a
decrease in the ability of the reproductive system to self-clean
due to long-term, repeated bacterial invasion because of the
neuroendocrine system disorders and the consequent decline
in immunity.

Rats exposed to constant light experience inhibition
of the pineal gland function [26]; pinealocyte cell activity
increases in rats exposed to constant darkness and decreases
in rats exposed to constant light [27]. For rats exposed to
constant dark or dim light, melatonin levels are completely
suppressed [28]. In mammals, melatonin is synthesized by
the pineal gland, and its synthesis is under direct control of
the central circadian pacemaker that is located in the SCN
of the hypothalamus [29]. Melatonin plays a role in themain-
tenance of proper follicular function and is thus important for
ovulation and progesterone production [30]. Experiments in
animals have confirmed beneficial effects of melatonin
administration on oocyte maturation and embryo develop-
ment [31]. Melatonin can reduce oxidative stress and con-
tribute to oocyte maturation, embryo development, and the
luteinization of granulosa cells. Melatonin can increase fertil-
ization and pregnancy rates [32]. L/L induces constant estrous
anovulatory (CEA) syndrome and blockage of pineal gland
activity. Chronic treatment with melatonin is able to over-
come the anovulatory state in approximately 70% of L/L-CEA
rats, and the luteinizing effect of melatonin is significantly
counteracted either by feeding the animals a tryptophan-poor
diet or by injecting methiothepin (a blocker of central sero-
toninergic receptors). Melatonin elicits luteinization in L/L-
CEA rats through the brain serotoninergic system [33].
Exposure to L/L regimens accelerates age-related switch-off
of the estrous function in females [34].

Rats become stressed and anxious as a result of major
changes in their environment. Constant light may lead to
partial sleep deprivation; sleep deprivation is associated with
physiological stress responses and an elevated cortisol
response in the hypothalamic-pituitary-adrenal (HPA) axis
[35]. Hair loss in this model indicates a neuro-endocrino-
immune issue. In humans, autoimmune diseases are one of
the most common reasons for alopecia areata, which can be
considered a T-cell-mediated autoimmune disease [36]. In a
rat model of alopecia areata, organ-specific autoimmune
disease has been shown to have an important role in hair
growth [37]. However,many hormones, and especially testos-
terone, influence hair growth. Androgenetic alopecia is the
most common form of hair loss in men and women [38]. A
testosterone-induced alopecia animalmodel has been used to
research hair loss and treatments [39]. In hair follicles, the
androgen binds to androgen receptors and exerts its effect
directly [40]. Abnormal levels of androgen in our experiment
may cause fur loss in rats.The experimental ratsmay also have
disorders of the immune system that lead to fur loss.

5. Conclusions

In summary, the continuous light exposure-inducedPCOS rat
model simulates human sleep disorder. In this environment,
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rats appeared to experience pathologically and physiologi-
cally high androgen levels. This model simulates PCOS in
human beings and is more consistent with the natural disease
state. The pathologic physiological phenomenon demon-
strated in this model may elucidate new mechanisms of
PCOS. Poor sleep habits or negligence of sleep hygiene may
be an important lifestyle factor in pathogenesis of PCOS.
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Multiple models of human neuropsychiatric pathologies have been generated during the last decades which frequently use chronic
dosing. Unfortunately, some drug administrationmethodsmay result in undesirable effects creating analysis confounds hampering
model validity and preclinical assay outcomes. Here, automated analysis of floating behaviour, a sign of a depressive-like state,
revealed that mice, subjected to a three-week intraperitoneal injection regimen, had increased floating. In order to probe an
alternative dosing design that would preclude this effect, we studied the efficacy of a low dose of the antidepressant imipramine
(7mg/kg/day) delivered via food pellets. Antidepressant action for this treatment was found while no other behavioural effects
were observed. We further investigated the potential efficacy of chronic dosing via food pellets by testing the antidepressant
activity of newdrug candidates, celecoxib (30mg/kg/day) and dicholine succinate (50mg/kg/day), against standard antidepressants,
imipramine (7mg/kg/day) and citalopram (15mg/kg/day), utilizing the forced swim and tail suspension tests. Antidepressant effects
of these compounds were found in both assays. Thus, chronic dosing via food pellets is efficacious in small rodents, even with a
low drug dose design, and can prevail against potential confounds in translational research within depression models applicable to
adverse chronic invasive pharmacotherapies.

1. Introduction

The challenge to propose new powerful therapeutics for neu-
ropsychiatric disorders, including antidepressants, has raised

important questions regarding the efficiency of preclinical
approaches currently being used [1–3]. Numerous limitations
of the models of human neuropsychiatric pathologies have
been intensively discussed during the last years [4–6]. Apart
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from a general problemof translational research, basic practi-
cal issues with animalmodels of neuropsychiatric conditions,
however seemingly trivial, can essentially affect the validity of
preclinical models, yet these can be addressed and resolved.

Aswith translationalmodels in small rodents, these issues
concern laboratory and procedural settings in animal studies.
A number of experimental conditions have been shown to
result in potential confounds for the practical application of
animal models. The principals of these factors are commonly
considered to include the circadian phase of manipulations
[7, 8], cage enrichment [9–11], lighting conditions [12, 13],
handling [14–16], vibration [17], the adverse taste of food
or water [18, 19], and presence of and manipulations by an
experimenter [20, 21]. They are sometimes believed to result
in the remarkable variability in results that are extensively
reported by the literature [18, 22–24]. The method and
duration of dosing of experimental animals are one of the
important sources of such confounds [25–27].

Various types of invasive treatments in rodents were
shown to induce pain, inflammation, and distress, despite the
proper use of standardizedmethods of application, especially
when prolonged dosing is employed [28–30]. Obviously, this
raises issues that concern not only the quality of studies, in
which such dosing methods are used, but also animal welfare
and ethical aspects. Nonetheless, in many cases, long and
invasive drug administration to small rodents is problematic
to avoid. This often applies, for instance, when non-water-
soluble compounds have to be chronically administered,
for example, during experimental conditions for which the
induction of a desirable syndrome in an animal and/or
the occurrence of the therapeutic drug’s effect require a
long time. The latter experimental situations are particularly
typical for testing drugs in rodent models of depression
where, for example, the induction of some key elements
of depressive syndrome may take 2–12 weeks [24, 31, 32]
and the occurrence of an antidepressant’s effect, with most
of the classical antidepressants, develops after 3-4 weeks of
treatment [31, 33, 34].

In order to avoid the negative effects of chronic invasive
dosing on overall animal welfare and experimental outcomes
from standardmodels of depression, we evaluated the efficacy
of drug delivery via food pellets in mice. First, we studied the
effects of a three-week daily intraperitoneal vehicle injection
in the mouse forced swim test, a common scheme of testing
for the antidepressant-like effects of various treatments [32,
34, 35]. As this manipulation resulted in an increase of
floating scores, a measure of “behavioural despair,” indicating
a “prodepressant” effect of daily intraperitoneal injections for
the experimental animals, we probed an alternative way of
dosing using food pellets.

Though drug delivery with voluntarily consumed food is
one of the common methods of dosing, its use in laboratory
research is quite limited. Meanwhile, in many cases, this
mode of pharmacological treatment is seen as advantageous
because it enables the maintenance of a steady blood concen-
tration for the drug, in contrast to bolus drug administration.
However, it is sometimes viewed as insufficiently reliable due
to its reliance on food intake and the variable bioavailability of
some compounds depending on their delivery route [36, 37].

However, given that, in a reasonable proportion of the
experimental situations, the consummatory behaviour of
laboratory animals is not altered and the standard pharmaca,
whose bioavailability and metabolism are well known not to
be sensitive to the treatment method, are used, dosing with
the voluntary intake of food pellets can probably be exploited
much more frequently. Apart from the obvious benefits
of animal wellbeing, the delivery of investigational drugs
with food pellets can increase the validity of translational
models as it simulates a human equivalent therapeutic dosing
route.

In this study, we first used, via food pellets, a low dose
of a classical antidepressant reference drug, imipramine
(7mg/kg/day), for which chronic administration via drink-
ing water for 3 weeks was recently reported to evoke an
antidepressant effect in a model of stress-induced anhedonia
[38]. A low dose of antidepressant was selected because we
sought to evaluate the usefulness of this dosing method at
the lowest possible dosage limit which is used in other means
of drug administration and because imipramine may exert
side-effects when applied in higher concentrations [6]. The
effects of imipramine delivered with self-made food pellets
were tested in the forced swim test as well as, in order to
exclude potential nonspecific effects of treatment, in a battery
of behavioural tests including dark/light box, O-maze, novel
cage, open field, and two-bottle sucrose test. Finally, to verify
the applicability of this defined dosing method with food
pellets, we tested the effects of new potential antidepressants:
celecoxib, a non-water-soluble compound, at the dose of
30mg/kg/day, which was selected based on previously pub-
lished data [39, 40], and dicholine succinate whose dose was
applied at 50mg/kg/day based on previous results [42], in the
forced swim and tail suspension tests. Imipramine, applied
at 7mg/kg/day [6, 36, 41, 42], and citalopram, 15mg/kg/day
[6, 33, 38], were used as pharmacological references.

2. Materials and Methods

2.1. Animals and Housing. Three-month-old C57BL/6Nmale
mice were supplied by Instituto Gulbenkian de Ciência,
Oeiras, Portugal, and housed individually in standard lab-
oratory conditions under a reverse 12:12 h cycle (lights on
at 21:00). Behavioural tests took place from the onset of
the dark phase of the light cycle (9:00 h). The testing was
carried out in a dark quiet room in morning hours. All
procedures were in accordance with the European Union’s
Directive 2010/63/EU, Portuguese Law-Decrees DL129/92
(July 6th), DL197/96 (October 16th), and Ordinance Port.
131/97 (November 7th). This project was approved by the
Ethical Committee of the New University of Lisbon.

2.2. Study Flow with Chronic Intraperitoneal Injections. This
study used a broadly applied treatment, in small rodents, of
chronic intraperitoneal injections [30]. We have chosen to
expose mice to a three-week daily intraperitoneal injections
of NaCl at volume 0.01mL/g body weight (for scheme of
study flow, see Figure 1(a)). Controlmice were not treated but
handled daily. Starting from the next day after this period,
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Figure 1: Experimental design. (a) Schematic timeline of studies with vehicle injections, chronic delivery with food pellets of (b) imipramine
and (c) new drug candidates to antidepressants experiments. i.p.: intraperitoneal injection of a vehicle; FST: forced swim test; TST: tail
suspension test; DLB: dark-light box; OM: O-maze; NCT: novel cage test; OF: open field; ST: sucrose test; d: days.

mice were tested in the two-day forced swim test as previ-
ously described [38, 41]. Behavioural data were scored using
Noldus EthoVision XT 8.5 (Noldus Information Technology,
Wageningen, Netherlands). Number of mice per group is
indicated in figure legend.

2.3. Study Flow with Chronic Imipramine Delivery via Food
Pellets. As a next step, we exposed mice to self-made food
pellets that contained imipramine for four weeks. Prior to
starting treatment, animals were balanced upon body weight.

The calculation of the used concentration of imipramine in
food pellets was based on a daily food intake of experimental
mice that constituted 2.89 ± 0.26 g and a desirable dosage
of 7mg/kg/day. The selection of this dose was based on
previously obtained data that showed the efficacy of the dose
[38] and a lack of such with chronic imipramine delivery via
drinking water at a dose of 2.5mg/kg in mice. Control mice
received a regular diet. Before the start and after four weeks
of dosing, all mice were tested in the sucrose preference test,
O-maze test, and the dark/light box, as described elsewhere
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[43, 44]. After two and four weeks of dosing, locomotor
activity of all mice was studied in the novel cage and open
field tests, as described elsewhere [41, 42, 44]. At the end of
behavioural testing, a two-day forced swim test with 6min
sessions was performed as previously described ([38, 41]; for
scheme of study flow, see Figure 1(b)). Number of mice per
group is indicated in figure legend.

2.4. Study Flow with Chronic Delivery via Food Pellets of
New Candidates to Antidepressants. Next, we subjected mice
to food pellets that contained imipramine, citalopram, cele-
coxib, or dicholine succinate for four weeks. Prior to starting
treatment, animals were balanced upon body weight. The
latter two drugs are regarded as compounds with potential
antidepressant activity [39, 40, 42]. The calculation of drug
concentrations was based on daily food intake of experimen-
tal mice, and desirable doses were 7mg/kg/day, 15mg/kg/day,
30mg/kg, and 50mg/kg, respectively. Control mice received
regular diet. A two-day tail suspension test and a two-day
forced swim test were carried out during four consecutive
days after the termination of the dosing period, as described
elsewhere [41, 43] (for scheme of study flow, see Figure 1(c)).
Number of mice per group is indicated in figure legend.

2.5. Preparation of Pellets. Imipramine hydrochloride (Sig-
ma-Aldrich, Munich, Germany), citalopram (Lundbeck,
Copenhagen, Denmark), or celecoxib (Pfizer, Berlin, Ger-
many) was added to commercial chow (Mucedola SRL,
Milan, Italy) that was turned to powder by a blender. Small
amounts of distilled water were added, and food pellets of
a similar size to commercial pellets were formed and dried
overnight (16 h) at 60∘. New pellets were prepared twice a
week in order to refresh the food supply of experimental
groups. The content of drugs was adjusted to the dose
indicated above andwas based on the consumption of normal
diet that was averaged over 3 days. Food pellets containing
dicholine succinate (Buddha Biopharma Oy Ltd., Helsinki,
Finland) were prepared in a similar way, using a 7% solution
of the compound; the content of drug was adjusted to the
abovementioned daily dose of this drug.

2.6. Behavioural Tests

2.6.1. Forced SwimTest. ThePorsolt forced swim test has been
used as described elsewhere [38, 41]. Mice were subjected
to two 6min swimming sessions spaced 24 h apart in a
transparent cylinder (Ø 17 cm) filledwithwater (+23∘C,water
height 13 cm, height of cylinder 20 cm, and illumination
intensity 25 Lux). Floating behaviour was defined by the
absence of any directed movements of the animals’ head and
body and was scored with Noldus EthoVision XT 8.5 (Noldus
Information Technology, Wageningen, Netherlands). Using
this method, the latency of the first episode of floating and
the duration of floating behaviour were recorded during
the 6min swimming session on Day 1 and Day 2 of the
test. Latency to begin floating was scored as time between
introduction of the animal into the pool and the first moment
of complete immobility of the entire body for a duration of

>3 seconds. The total time spent floating, number of floating
episodes, mean velocity, and distance moved were scored for
the entire duration of the test using posttest video footage.

2.6.2. Dark/Light Box. The dark/light box (Technosmart,
Rome, Italy) consisted of two plexiglass compartments, one
black/dark (15 cm × 20 cm × 25 cm) and one lit (30 cm
× 20 cm × 25 cm), connected by a tunnel. Anxiety-like
behaviour was assessed by earlier validatedmeasures [41, 43].
Mice were placed into the dark compartment, from where
they could visit the lit box, illuminated by light of 25 Lux
intensity.The latency of the first exit to the light compartment,
the total duration of time spent in the lit box, and the number
of visits to this anxiety-related compartment were scored by
visual observation over 5min.

2.6.3. Elevated O-Maze. The apparatus (Technosmart, Rome,
Italy), which consisted of a circular path (runway width
5.5 cm, diameter 46 cm), was placed 50 cm above the floor.
Two opposing arms were protected by walls (height 10 cm),
and the illumination strength was 25 Lux. The apparatus
was placed on a dark surface in order to reduce reflection
and maintain control over lighting conditions during testing.
Anxiety-like behaviour was assessed using previously vali-
dated parameters [38, 44]. Mice were placed in one of the
closed-arm compartments of the apparatus. The latency of
the first exit to the anxiety-related open compartments of
the maze, the total duration of time spent therein, and the
number of exits to the open arms were scored during a 5min
observation period.

2.6.4. Novel Cage Test. The novel cage test was performed to
assess vertical activity, as described elsewhere [38].Mice were
introduced into a standard plastic cage the size of their home
cage filled with small amounts of fresh sawdust. The number
of exploratory rearings was counted under red light during a
5min period.

2.6.5. Open Field. The open field apparatus consisted in four
square arenas (50 cm × 50 cm × 50 cm), made of wood
covered by white Resopal. Mice were put in the center and
their behaviour was recorded on camera for 10min.The open
field was illuminated with white light (25 Lux). Distance
moved and mean instant speed were analysed off-line using
the Any-maze software (Stoelting Co., Wood Dale, IL, USA),
as described elsewhere [45].

2.6.6. Sucrose Test. Animals were given 8 hours of free choice
between two bottles of either 1% sucrose or normal drinking
water, as described elsewhere [38]. At the beginning and end
of the period, the bottles were weighed and consumption
was calculated. The beginning of the test started with the
onset of the dark (active) phase of animals’ cycle. To prevent
the possible effects of side-preference in drinking behaviour,
the position of the bottles in the cage was switched at 4
hours, halfway through testing. No previous food or water
deprivation was applied before the test. The 1% sucrose
solution is used in tests performed across the experiment.



BioMed Research International 5

0

100

200

300

400 Day 1 Day 2

Con i.p.
injections

Con i.p.
injections

La
te

nc
y 

to
 fl

oa
t (

s)

(a)

0

10

20

30

40 Day 1 Day 2

Con i.p.
injections

Con i.p.
injections

∗∗

∗∗

Fl
oa

tin
g 

ep
iso

de
s (
n

)

(b)

0

100

200

300 Day 1 Day 2

Con i.p.
injections

Con i.p.
injections

∗

To
ta

l t
im

e fl
oa

tin
g 

(s
)

(c)

0

500

1000

1500

2000

2500

3000 Day 1 Day 2

Con i.p.
injections

Con i.p.
injections

D
ist

an
ce

 (c
m

)

(d)

0

2

4

6

8

10 Day 1 Day 2

Con i.p.
injections

Con i.p.
injections

Ve
lo

ci
ty

 (c
m

/s
)

(e)

Figure 2: Chronic intraperitoneal injections increase depressive-like behaviour in the forced swim test. In comparison with control group,
mice that received daily intraperitoneal saline injections over the course of threeweeks had a nonsignificant reduction of the latency of floating
(a) and significant increase of the total number of floating episodes (b) and total time spent floating (c). There were no significant differences
in mean velocity (d) or distance swum (e) between control and injected groups. ∗𝑃 < 0.05; ∗∗𝑃 < 0.01 versus control (unpaired 𝑡-test). Con:
control group (𝑛 = 7); i.p. injection: a group of mice subjected to intraperitoneal injections with a vehicle (𝑛 = 5). All data are means ± SEM.

Percentage preference for sucrose is calculated using the
following formula:

Sucrose Preference

= [

𝑉(Sucrose solution)
𝑉(Sucrose solution) + 𝑉(Water)

] × 100%.
(1)

2.6.7. Tail Suspension Test. The protocol used in this study
was adapted from a previously proposed procedure [41, 43].
Mice were subjected to the tail suspension by being hung
by their tails with adhesive tape to a rod 50 cm above the
floor for 6min. Animals were tested in a dark room where
only the area of the modified tail suspension construction
was illuminated by a spotlight from the ceiling; the lighting
intensity on the height of the mouse position was 25 Lux.The
trials were recorded by a video camera positioned directly in
front of themice while the experimenter observed the session
from a distance in a dark area of the experimental room.This
procedure was carried out twice with a 24 h interval between
tests. The latency of the first episode of immobility, the total
duration of this behaviour, and mean velocity were scored
using Noldus EthoVision XT 8.5 (Noldus Information Tech-
nology, Wageningen, Netherlands) according to the protocol
that was previously validated [41]. In accordance with the
commonly accepted criteria of immobility, the immobility
behaviour was defined as the absence of any movements of

the animals’ head and body. The latency of immobility was
determined as the time between the onset of the test and the
first bout of immobility.

2.7. Statistical Analysis. Data were analysed with GraphPad
Prism version 5.00 forWindows (SanDiego, CA, USA). Two-
tailed unpaired 𝑡-tests were applied for two-group, two-tailed
comparisons of independent data sets, as the distribution was
normal. One-way ANOVA was used followed by a post hoc
Dunnett for a comparison of more than two groups with a
control; repeated measures ANOVA was used for analysis of
repeated measures. The level of confidence was set at 95%
(𝑃 < 0.05) and data are shown as mean ± SEM.

3. Results and Discussion

3.1. Effects of 3-Week Intraperitoneal Vehicle Injections on
Floating Behaviour. Behaviour analysis revealed that animals
subjected to injections displayed a nonsignificant decrease
of latency to float as compared to control animals (Day 1:
𝑃 = 0.11, 𝑡 = 1.73; Day 2: 𝑃 = 0.91, 𝑡 = 0.12, Figure 2(a),
unpaired two-tailed 𝑡-test). The number of floating episodes
and the duration of floating in the chronically injected group
were significantly higher than in control animals (Day 1: 𝑃 =
0.0037, 𝑡 = 3.89 and 𝑃 = 0.016, 𝑡 = 3.06; Day 2: 𝑃 = 0.0016,
𝑡 = 4.30 and 𝑃 = 0.11, 𝑡 = 1.77, resp.; Figures 2(b) and 2(c),
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unpaired two-tailed 𝑡-test); mean velocity of swimming and
distance moved were nonsignificantly decreased (Day 1: 𝑃 =
0.25, 𝑡 = 1.25 and 𝑃 = 0.31, 𝑡 = 1.09; Day 2: 𝑃 = 0.18, 𝑡 =
1.43 and 𝑃 = 0.15, 𝑡 = 1.56, resp.; Figures 2(d) and
2(e), unpaired two-tailed 𝑡-test). This suggests increased
“behavioural despair,” a sign of depressive-like state, in mice
that received chronic manipulations with intraperitoneal
injections.

Similar results were obtained in our previous experiments
which demonstrated that three-and four-week daily injec-
tions in chronically stressed mice increased the number of
individuals exhibiting signs of anhedonia, a reduced sensi-
tivity to reward, in a sucrose preference test [18, 24]. Other
studies showed that chronic intraperitoneal injections in rats
evoke ultrasonic vocalizations at 22 kHz range, indicative of a
negative emotional state that was reduced by preexposure of
experimental animals to handling [16].These “prodepressive”
like changes found in this study could be potentially induced
bywell-recognized pathogenetic elements of depression, such
as stress of manipulation [46] and pain experience [47, 48]
and repeated situations of unescapable stress and helplessness
[49], as well as inflammation [50].

3.2. Effects of Chronic Imipramine Delivery via Food Pellets on
Floating Behaviours and Other Variables. In order to assess
the efficacy of an alternative chronic dosing design that could
preclude the adverse changes in behaviour described above,
we evaluated the effects of four-week dosing of imipramine
via food pellets in the forced swim test and supplementary
behavioural paradigms. Animals subjected to imipramine
treatment showed a significant increase in the latency to float
and decreased immobility time, when compared to control
animals (Day 1:𝑃 = 0.0002, 𝑡 = 5.19 and𝑃 = 0.0008, 𝑡 = 4.42;
Day 2: 𝑃 = 0.18, 𝑡 = 1.43 and 𝑃 = 0.0011, 𝑡 = 4.28, resp.;
Figure 3(a), unpaired two-tailed 𝑡-test). Thus, an applied low
dose of antidepressant treatment delivered with food pellets
induced an antidepressant-like effect in the present study.

This result is in line with our previous findings that
showed that a 3-week low dose administration of imipramine
to C57BL6J mice via drinking water reduced such depres-
sive symptoms as stress-induced decease in sucrose intake
and preference, hyperlocomotion, and elevated aggressive
behaviour [38]. Similar behavioural results were obtained in
the chronic stress depression model with CD1 mice [42] and
in a model of elderly depression in 18-month-old C57Bl6N
mice [41]. The low dose imipramine antidepressant effects
were accompanied by preservation of normal activity of brain
peroxidation enzymes which were suppressed by chronic
stress [38]. These effects are typical for antidepressant effect
manifestations induced by tricyclics in rodents [35, 51].

Further, in order to rule out potential effects of imipram-
ine administration on anxiety, locomotion, and liquid intake
that were previously reported in mice treated with this drug
at a dose of 15/mg/kg in C57BL6N mice, we performed sup-
plementary tests in all mice. In both anxiety paradigms,
dark-light box andO-maze, animals treated with imipramine
showed no significant differences in their behaviour from the
control group: in latency of the exit to the anxiety-related

areas, lit box and open arms (𝑃 = 0.94, 𝑡 = 0.08 and
𝑃 = 0.59, 𝑡 = 0.55, resp.; unpaired two-tailed 𝑡-test), time
spent in the lit box and open arms (𝑃 = 0.80, 𝑡 = 0.26
and 𝑃 = 0.28, 𝑡 = 1.14, resp.; unpaired two-tailed 𝑡-test),
and numbers of exits to these zones (𝑃 = 0.87, 𝑡 = 0.17
and 𝑃 = 0.13, 𝑡 = 1.63, resp.; unpaired two-tailed 𝑡-test,
Figures 3(b) and 3(c)). In locomotory tests, in comparison
with controlmice, animals treatedwith imipramine exhibited
normal vertical activity, as shown by the number of rearings
in novel cage (Week 2: 𝑃 = 0.33, 𝑡 = 1.01; Week 4: 𝑃 = 0.54,
𝑡 = 0.63, unpaired two-tailed 𝑡-test), as well as unchanged
horizontal locomotion in the open field. In the latter test, no
difference between groups was found in distance travelled
(Week 2: 𝑃 = 0.97, 𝑡 = 0.038; Week 4: 𝑃 = 0.31, 𝑡 = 1.05)
or mean instant velocity (Week 2: 𝑃 = 0.98, 𝑡 = 0.026;
Week 4: 𝑃 = 0.84, 𝑡 = 0.21; Figure 3(d), unpaired two-tailed
𝑡-test). In a two-bottle sucrose preference test, there were
no significant differences in water intake, sucrose solution
intake, and sucrose preference between the groups (𝑃 = 0.47,
𝑡 = 0.75; 𝑃 = 0.32, 𝑡 = 1.04; 𝑃 = 0.20, 𝑡 = 1.35, resp.;
unpaired two-tailed 𝑡-test, Figure 3(e)). Finally, body weight
was not different between control and imipramine-treated
groups (𝑃 = 0.20, 𝑡 = 1.37, data not shown, unpaired two-
tailed 𝑡-test).There is no statistical significance using repeated
measures ANOVA (data not shown).

Thus, the employed dosing with imipramine did not
affect basic physiological variables, such as locomotion, liquid
consumption, and body weight. Also, it did not affect the
parameters of anxiety and sucrose ingestion, as reported in
some studies that employ higher amounts of tricyclics [6,
31, 52, 53]. These results suggest that low dose imipramine
treatment via voluntary food pellet intake can serve as
an optimal pharmacological reference in animal models of
depression that require prolonged antidepressant treatment
of small rodents.

3.3. Effects of Chronic Delivery via Food Pellets of New
Candidates to Antidepressants in the Forced Swim and Tail
Suspension Tests. Next, we sought to investigate whether the
defined method of antidepressant dosing with food pellets
can be applicable with the testing of new drug candidates, one
of which, celecoxib, is not soluble in water and, therefore, is
problematic to deliver to the animals chronically. As such, we
exposed a cohort of animals to food pellets containing new
drug candidates: dicholine succinate or celecoxib. In addition,
we used imipramine or citalopram as the antidepressant
references.

In the forced swim test, one-way ANOVA revealed signif-
icant differences between the groups in the latency to float,
total time spent floating, and velocity (Day 1: 𝑃 = 0.0054,
𝐹 = 4.24; 𝑃 = 0.049, 𝐹 = 2.60; and 𝑃 = 0.22, 𝐹 = 3.18,
resp., Figure 4(a)). Post hoc Dunnett test showed that, on
Day 1, in comparison with the control group, the latency to
swim was increased in animals treated with imipramine or
dicholine succinate (𝑃 < 0.05, 𝑞 = 3.17 and 𝑃 < 0.01,
𝑞 = 3.20), the duration of immobility was decreased in
the imipramine-treated animals (𝑃 < 0.05, 𝑞 = 2.67), and
velocity was elevated in the dicholine succinate-treated group
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Figure 3: Effects of dosing with imipramine via food pellets on floating scores and other behaviours. (a) In comparison with control group,
mice that received imipramine in food pellets over four weeks showed an increase of latency to float and total duration of floating in the forced
swim test. No significant differences between the groups were found in parameters of anxiety (b) in the dark-light box and (c) O-maze tests.
(d) Control and imipramine-treated mice showed similar numbers of rearings in the novel cage, distance travelled, and mean velocity in the
open field test. (e) In the two-bottle sucrose preference test, water intake, sucrose solution intake, and sucrose preference were not different
between imipramine-treated and control groups. ∗∗𝑃 < 0.01, ∗∗∗𝑃 < 0.001 versus control (unpaired 𝑡-test). Con: control group (𝑛 = 7);
Imi-food: imipramine-treated group (𝑛 = 8). All data are means ± SEM.
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Figure 4: Effects of chronic delivery via food pellets of new candidates to antidepressants in the forced swim and tail suspension tests. (a) On
Day 1 of the forced swim test, as compared with control, imipramine-treated animals elicited an increase in latency to float and reduced time
spent floating, and dicholine succinate-treated groups displayed an increased swim velocity. (b)OnDay 2 of the forced swim test, imipramine-
treated group had higher latency to float in comparison to control mice; no other differences between treated and control groups were found.
(c) OnDay 1 of the tail suspension test, there was a significant increase of the latency of immobility and velocity in imipramine- and dicholine
succinate-treated groups, as compared to controls. All treated groups showed a significant reduction of total time spent immobile, as compared
to control animals. (d) OnDay 2 of the tail suspension test, in comparison to control group, an increase of the latency of immobility was found
in imipramine-treated group and an increase of velocity was observed in both imipramine- and dicholine succinate-treated mice. All animals
that received a treatment demonstrated a significant reduction of total time spent immobile, in comparison to control group. ∗𝑃 < 0.05,
∗∗
𝑃 < 0.01, and ∗∗∗𝑃 < 0.001 versus control (one-way ANOVA with Dunnett post hoc tests). All groups were 𝑛 = 10. Con: control group;

Imi-food: imipramine-treated group; Cit-food: citalopram-treated group; DS-food: dicholine succinate-treated group; Cel-food: celecoxib-
treated group. All data are means ± SEM.
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(𝑃 < 0.05, 𝑞 = 2.62). On Day 2 of the forced swim test,
one-way ANOVA showed a trend to a statistically significant
difference in the latency of floating and no differences in
the duration of floating or velocity (𝑃 = 0.059, 𝐹 = 2.46;
𝑃 = 0.48, 𝐹 = 0.89; and 𝑃 = 0.40, 𝐹 = 1.04, resp.,
Figure 4(b)). Dunnett post hoc test revealed a significant
increase in latency to float in the imipramine-treated group
(𝑃 < 0.05; 𝑞 = 2.96). As a reduction of the parameters of
floating behaviour in the forced swim test is awell-established
measure of antidepressant activity of various compounds
[32, 35], these data suggest that the applied treatment with
imipramine or dicholine succinate induces an antidepressant
effect and that the employed dosing was effective.

With the tail suspension test, one-way ANOVA showed
that, on Day 1, there were statistically significant differences
between the groups in the latency and duration of immobility
(𝑃 = 0.007, 𝐹 = 4.09; 𝑃 < 0.0001, 𝐹 = 3.43; and 𝑃 <
0.0001, 𝐹 = 3.43, resp., Figure 4(c)); a strong tendency to
differences in velocity was found (𝑃 = 0.0505, 𝐹 = 2.57).
Post hoc Dunnett test revealed a significant difference in the
latency of immobility from the control group in imipramine-
treated animals (𝑃 < 0.01, 𝑞 = 3.380) but not in other treat-
ment groups. All groups that received pharmacological treat-
ment had significantly reduced duration of immobility in
comparison to control mice (imipramine-treated: 𝑃 < 0.001,
𝑞 = 4.50; citalopram-treated: 𝑃 < 0.001, 𝑞 = 5.02; dicholine
succinate-treated: 𝑃 < 0.05, 𝑞 = 3.07; celecoxib-treated:
𝑃 < 0.05, 𝑞 = 2.65; Dunnett test). In comparison to control
group, velocity was significantly increased in imipramine-
and dicholine succinate-treated groups (𝑃 < 0.05, 𝑞 = 2.55;
𝑃 < 0.05, 𝑞 = 2.56, resp.; Dunnett test).

On Day 2 of the tail suspension test, statistically signifi-
cant differences between the groups were found in the latency
of immobility, the duration of immobility, and velocity (𝑃 =
0.0159, 𝐹 = 3.43; 𝑃 < 0.0002, 𝐹 = 6.90; and 𝑃 = 0.012,
𝐹 = 3.65, resp., one-way ANOVA; Figure 4(d)). Dunnett
post hoc test showed a significant increase of the latency of
immobility in imipramine- and dicholine succinate-treated
animals, as compared with controls (𝑃 < 0.01, 𝑞 = 3.48 and
𝑃 < 0.05, 𝑞 = 2.75, resp.). All treated groups had significantly
reduced duration of immobility, as compared with control
mice (imipramine-treated: 𝑃 < 0.001, 𝑞 = 4.46; citalopram-
treated: 𝑃 < 0.001, 𝑞 = 4.31; dicholine succinate-treated:
𝑃 < 0.01, 𝑞 = 3.39; celecoxib-treated: 𝑃 < 0.001, 𝑞 = 4.24;
Dunnett test). Velocity was significantly increased in com-
parison with control mice in the imipramine- and dicholine
succinate-treated groups (𝑃 < 0.05, 𝑞 = 2.97; 𝑃 < 0.05,
𝑞 = 2.59, resp.; Dunnett test). Since a decrease of immobility
behaviour in the tail suspension test is generally considered
as a manifestation of the antidepressant activity of various
treatments [32, 54], these results evidence an antidepressant-
like effect of the applied drugs and again the efficacy of the
tested method of drug administration.

4. Conclusions

Thus, as a desirable alternative to invasive dosing, such
as chronic intraperitoneal injections, the administration of

various drugs via food pellets can be very efficient.The results
from our study are in line with other successful attempts to
avoid adverse drug delivery methodologies in translational
research that showed, for example, the efficacy of treatment
with analgesic therapy delivered via food in rats which were
subjected to surgery [55]. The use of such methods could
be particularly needed when repeated drug administration
to stressed, operated, or immunodeficient laboratory animals
is necessary and therefore could greatly improve not only
animal welfare but also the validity of animal models.
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mice habituate to “gentle handling”? A comparison of resting
behavior, corticosterone levels and synaptic function in handled
and undisturbed C57BL/6J mice,” Sleep, vol. 34, no. 5, pp. 679–
681, 2011.

[16] S. Cloutier, K. Wahl, C. Baker, and R. C. Newberry, “The social
buffering effect of playful handling on responses to repeated
intraperitoneal injections in laboratory rats,” Journal of the
American Association for Laboratory Animal Science, vol. 53, no.
2, pp. 168–173, 2014.

[17] K. M. Ringgold, R. P. Barf, A. George, B. C. Sutton, and M.
R. Opp, “Prolonged sleep fragmentation of mice exacerbates
febrile responses to lipopolysaccharide,” Journal of Neuroscience
Methods, vol. 219, no. 1, pp. 104–112, 2013.

[18] T.V. Strekalova, R. Cespuglio, andV.M.Koval’zon, “Depressive-
like state and sleep in laboratorymice,”Zhurnal Vyssheı̌ Nervnoı̌
Deiatelnosti Imeni I P Pavlova, vol. 58, no. 6, pp. 728–737, 2008.

[19] T. Strekalova and H. W. M. Steinbusch, “Measuring behavior
in mice with chronic stress depression paradigm,” Progress in
Neuro-Psychopharmacology and Biological Psychiatry, vol. 34,
no. 2, pp. 348–361, 2010.

[20] R. E. Sorge, L. J.Martin, K. A. Isbester et al., “Olfactory exposure
to males, including men, causes stress and related analgesia in
rodents,” Nature Methods, vol. 11, no. 6, pp. 629–632, 2014.

[21] M. Bohlen, E. R. Hayes, B. Bohlen, J. D. Bailoo, J. C. Crabbe, and
D. Wahlsten, “Experimenter effects on behavioral test scores
of eight inbred mouse strains under the influence of ethanol,”
Behavioural Brain Research, vol. 272, pp. 46–54, 2014.

[22] J. C. Crabbe, D.Wahlsten, and B. C. Dudek, “Genetics of mouse
behavior: interactions with laboratory environment,” Science,
vol. 284, no. 5420, pp. 1670–1672, 1999.

[23] S. Mandillo, V. Tucci, S. M. Hölter et al., “Reliability, robustness,
and reproducibility in mouse behavioral phenotyping: a cross-
laboratory study,”Physiological Genomics, vol. 34, no. 3, pp. 243–
255, 2008.

[24] T. Strekalova, Y. Couch, N. Kholod et al., “Update in the
methodology of the chronic stress paradigm: internal control
matters,” Behavioral and Brain Functions, vol. 7, article 9, 2011.

[25] D.Wahlsten,N. R. Rustay, P.Metten, and J. C. Crabbe, “In search
of a bettermouse test,”Trends inNeurosciences, vol. 26, no. 3, pp.
132–136, 2003.

[26] N. Sousa, O. F. X. Almeida, and C. T. Wotjak, “A hitchhiker’s
guide to behavioral analysis in laboratory rodents,”Genes, Brain
and Behavior, vol. 5, no. 2, pp. 5–24, 2006.

[27] T. Azar, J. Sharp, andD. Lawson, “Heart rates ofmale and female
Sprague-Dawley and spontaneously hypertensive rats housed
singly or in groups,” Journal of the American Association for
Laboratory Animal Science, vol. 50, no. 2, pp. 175–184, 2011.

[28] S. Cloutier and R. C. Newberry, “Use of a conditioning tech-
nique to reduce stress associated with repeated intra-peritoneal
injections in laboratory rats,”Applied Animal Behaviour Science,
vol. 112, no. 1-2, pp. 158–173, 2008.

[29] T. E. Thiele and M. Navarro, ““Drinking in the dark” (DID)
procedures: a model of binge-like ethanol drinking in non-
dependent mice,” Alcohol, vol. 48, no. 3, pp. 235–241, 2014.
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Tuberculosis (TB) is a dangerous infectious disease characterized by a tight interplay between mycobacteria and host cells in
granulomatous lesions (granulomas) during the latent, asymptomatic stage of infection.Mycobacterium-host cell relationships were
analyzed in granulomas obtained from various organs of BALB/c mice with chronic TB infection caused by in vivo exposure to
the Bacillus Calmette-Guérin (BCG) vaccine. Acid-fast BCG-mycobacteria were found to be morphologically and functionally
heterogeneous (in size, shape, and replication rates in colonies) in granuloma macrophages, dendritic cells, and multinucleate
Langhans giant cells. Cord formation by BCG-mycobacteria in granuloma cells has been observed. Granuloma macrophages
retained their ability to ingest damaged lymphocytes and thrombocytes in the phagosomes; however, their ability to destroy BCG-
mycobacteria contained in these cells was compromised. No colocalization of BCG-mycobacteria and the LysoTracker dye was
observed in themouse cells. Various relationships between granuloma cells and BCG-mycobacteria were observed in differentmice
belonging to the same line. Severalmice totally eliminatedmycobacterial infection. Granulomas in the othermice hadmycobacteria
actively replicating in cells of different types and forming cords, which is an indicator of mycobacterial virulence and, probably, a
marker of the activation of tuberculous infection in animals.

1. Introduction

Mycobacterium tuberculosis is an infectious agent that causes
asymptomatic latent, chronic infection and can provoke
active disease in man and animals. At the latent stage
of tuberculous infection, mycobacteria can penetrate into
organs and tissues and persist there for decades before a
possible activation of the tuberculous process followed by the
development of active disease [1–4]. Studies of the mecha-
nisms of mycobacterial survival in the host organisms during
latent TB infection and the mechanisms of their reactivation
and replication are extremely important for the development
of new vaccines, medicines, and methods for tuberculosis
treatment.These works have since recently become especially
important because of the emergence and spread of high-
virulence strains of mycobacteria that possess multidrug and
extensive drug resistance [5].

As is known, granulomas that form chronic inflamma-
tory lesions and are composed of diverse immune cells,

mainly macrophages, are hallmarks of latent tuberculous
infection in man and animals [6–9]. Failure, from the side of
macrophages, to destroy the absorbed mycobacteria causes
a risk of activation and the development of tuberculosis [4,
10, 11]. Although knowledge about the quantity and the func-
tional state of mycobacteria during latent infection is impor-
tant, this information about mycobacteria in granuloma cells
remains insufficient. The bacteriological method, which is
generally used for assessing the multiplicity of mycobacterial
infection in animal organs and tissues, involves inoculation
of their homogenates on special agar media and counting
colony-forming units. However, this allows only generalized
data on the number of mycobacteria during latent infection
to be obtained [12–16]. Neither inspecting mycobacteria on
the histological sections of animal tissues [17–20] nor in vivo
studies of granulomas [21] in the livers of mice infected with
BCG, an attenuated live strain ofMycobacterium bovis, allow
the multiplicity of infection (MOI) in the granuloma cells to
be inferred.
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In the past decade, information on the state of mycobac-
teria (i.e., whether they are acid-fast or otherwise) and
their metabolic status (i.e., whether they are replicating or
otherwise) in cells has been obtained via infecting human
and animal cells and cell cultures in vitro [22–25]. It has
been demonstrated that populations of mycobacteria grow-
ing in macrophages and in extracellular environments are
morphologically and functionally heterogeneous and contain
bacteria with resistance to various drugs [26, 27]. Virulent
and attenuated mycobacterial strains behaved differently in
in vitro cell cultures. For example, the active replication of
mycobacteria of only virulent strains was observed, using
electron microscopy, both in phagosomes and in the cyto-
plasm of infected cells within a period of 2 to 7 days following
infection in vitro [28, 29]. At the same time, BCG and
attenuated strains of M. tuberculosis have been found only
in vacuolar compartments of cells, which is where they
were later destroyed before they could start to replicate.
After invasion of mouse bone marrow macrophages by a
virulent M. tuberculosis strain and BCG-mycobacteria in
vitro, the respective parameters of the transcriptome and gene
regulatory networks of mycobacterial genes were different
[30].

The number of mycobacteria in granuloma macrophages
in acute tuberculous infection after treatment with various
antituberculosis drugs was assessed in zebrafish (Danio rerio)
juveniles infected withM. marinum [26, 31]. Cord formation
(the indicator of mycobacterial virulence) in zebrafish gran-
ulomas was observed exclusively outside cells [31, 32]. On
the whole, these studies do not provide a complete picture
of relationships between mycobacteria and granuloma cells
that contain them. Therefore, knowledge about the exact
mycobacterial counts in granuloma cells is essential for the
study of tuberculous infection in animal and human organs
and tissues both at the latent stage of tuberculosis and during
its reactivation.

Infection of mice with M. tuberculosis is known to result
in a fatal increase in bacterial burden, while the bacterial bur-
den in chronically infected humans is low [33]. By contrast,
the bacterial burden following infection ofmicewith theBCG
vaccine is as low as it is observed in latent human infection
with M. tuberculosis. That is why some researchers consider
BCG infection inmice themodel of choice for studying latent
mycobacterial infection [21, 34, 35].

In this work, we have analyzed the relationships between
intracellular mycobacteria and granuloma host cells in mice
with latent TB infection. This analysis was performed using
an ex vivo model of monolayer granuloma culture samples
obtained from spleens, lungs, and bone marrow of mice
infected with the BCG vaccine in vivo [9]. In a result, we
assessed the functional state of the mycobacteria and their
number in granuloma cells of various types from different
organs of the mice. It was ascertained that these granuloma
cells contained single BCG-mycobacteria and colonies result-
ing from replication, often in the same host cell. We have for
the first time observed the formation of cords by replicating
mycobacteria, presumably in the cytoplasm of granuloma
macrophages and dendritic cells. Our study indicates that
BCG-mycobacteria in granuloma cells obtained from various

organs of mice with chronic TB infection are functionally
heterogeneous.Themice also differed in the number of BCG-
containing cells in granulomas they had, which may indicate
a difference in the mice’s infection status during the latent
period of disease.

2. Materials and Methods
2.1. Animals. Two-month-old BALB/c male mice were
obtained from the Animal Breeding Facility of the Institute of
Cytology and Genetics of the Siberian Branch of the Russian
Academy of Sciences (Novosibirsk, Russia). Mice were bred
and maintained under standard vivarium conditions, with
water and food provided ad libitum. Animal experiments
were conducted in accordance with “The Guidelines for
Manipulations with Experimental Animals” issued by the
Russian Ministry of Health (guideline 755). All experimental
procedures were approved by the Local Ethical Committee of
the Institute of Biochemistry, SB RAMS, Novosibirsk, Russia.

2.2. Infection of Mice. Mice were infected with a vaccine
prepared from an attenuated live strain ofM. bovis (the Bacil-
lus Calmette-Guérin vaccine, BCG-1, Allergen, Stavropol,
Russia) at a dose of 0.5mg per mouse, which amounted to
3 × 106 viable BCG-mycobacteria in 0.9% NaCl solution.
Seventeenmice were each infected via tail vein injection with
100 𝜇L of the suspension and four mice were each infected
intraperitoneally with 200𝜇L of the suspension.

2.3. Isolation and Ex Vivo Culture of Mouse Granulomas.
Mice were anesthetized and sacrificed by cervical dislocation.
Isolation of granulomas from the spleens, lungs, and bone
marrow of mice after 20 days, one month, and two months
following infection was performed as previously described
[9]. Bone marrow was flushed from femur bones with RPMI
1640 (BioloT, St. Petersburg, Russia). Granulomas in the
RPMI 1640 growth medium containing 10% heat-inactivated
fetal bovine serum, 2mM glutamine, and 50𝜇g/mL gen-
tamicin (BioloT, St. Petersburg, Russia) were placed at low-
medium density to 24-well tissue culture plates (Orange
Scientific, Belgium) with glass coverslips at the bottom and
cultured in 0.5mL medium for several days at +37∘C in an
atmosphere containing 5% CO

2
. Granulomas were isolated

from mice 1 and 2 on day 20 following intraperitoneal
infection; mice 1 and 3 ÷ 5 after one month following
intraperitoneal and intravenous infection, respectively; mice
4 ÷ 6, 8 ÷ 10, 12 ÷ 14, 16, and 21 ÷ 24 after two months fol-
lowing intravenous infection; andmouse 25 after twomonths
following intraperitoneal infection. Peritoneal macrophages
were isolated from mouse 2 after 20 days and mouse 25 after
two months following intraperitoneal infection and cultured
under the same conditions as the granuloma cells. After isola-
tion of granulomas from the femur bones ofmice 1 and 2 after
20 days following infection, the other bonemarrow cells were
cultured under the same conditions as the granuloma cells.

2.4. Cell Staining. After 2–5 days of ex vivo culture, gran-
uloma cells and peritoneal and bone marrow macrophages
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on coverslips were fixed with 4% formaldehyde solution
in phosphate buffer saline (PBS, pH 7.4) for 10 minutes
at room temperature. To visualize acid-fast bacteria, the
preparations were washed with PBS and stained after Ziehl-
Neelsen. The cells were further counterstained with 1%
methylene blue. In the experiments using LysoTracker Red
DND-99 (Invitrogen, USA, L7528), the cell preparations
were incubated with 50 nM of the acidotropic dye for 5
minutes at +37∘C in 5% CO

2
before fixation. The cell

preparations were fixed as described above, washed with
PBS, permeabilized within 2 minutes in 0.3% Triton-X100
solution, blocked in PBS containing 2% BSA, and finally
incubated first with rabbit polyclonal primary antibodies to
mycobacteria (Abcam, England, ab20832) diluted 1 : 200 and
thenwithAlexa 488-conjugated goat anti-rabbit Ig secondary
antibodies (Invitrogen, USA, A11034) diluted 1 : 400. Some of
the fixed cell preparations were washed with PBS, blocked
in PBS solution containing 2% BSA, and incubated with rat
primary antibodies to mouse CD1d (BD Pharmingen, USA,
553843) or hamster antibodies to mouse CD80 labeled by
PerCP-Cy 5.5 (BD Pharmingen, USA, 560526) diluted 1 : 50
and 1 : 100, respectively.Then, these preparationswerewashed
with PBS, treated within 2 minutes in 0.3% Triton-X100
solution, and incubated with hamster primary antibodies to
mouse IL-1𝛼 (BD Pharmingen, USA, 550604) or rat primary
antibodies to mouse IFN𝛾 (BD Pharmingen, USA, 559065)
diluted 1 : 50 and 1 : 100, respectively. Fluorescent visualization
of the proteins was enabled using goat polyclonal FITC-
labeled antibodies against rat IgG (Abcam, England, ab6266)
diluted 1 : 400. The other cell preparations were incubated
with mouse monoclonal antibodies against hamster IgG (BD
Pharmingen, USA, 550335) diluted 1 : 50 and then with Alexa
555-conjugated goat anti-mouse IgG secondary antibodies
(Invitrogen,USA,A1422) diluted 1 : 400.The cell preparations
were incubated with the appropriate antibodies for 60 min-
utes at room temperature. Fluorescent staining was analyzed
using the VECTASHIELD Mounting Medium with DAPI
(4,6-diamidino-2-phenylindole) (Vector Laboratories, USA,
H-1200). The confocal images of the cells were recorded; the
preparations were washed from VECTASHIELD Mounting
Medium in PBS for 20 minutes and restained for acid-fast
mycobacteria using the Ziehl-Neelsen stain.

2.5. Microscopy. The cytological preparations were examined
at the Shared Center for Microscopic Analysis of Biological
Objects of the Institute of Cytology and Genetics, SB RAS,
using an Axioscop 2 plus microscope (Zeiss) and objectives
with various magnifications (Zeiss), and photographed using
an AxioCam HRc camera (Zeiss); the images were analyzed
using the AxioVision 4.7 microscopy software (Zeiss). Cell
preparations were stained with fluorescent dyes and exam-
ined under an LSM 780 laser scanning confocal microscope
(Zeiss) using the LSM Image Browser and ZEN 2010 software
(Zeiss).

2.6. Statistical Analysis. Statistical data processing was per-
formed using MS Excel 2007 (Microsoft). Differences were
tested for significance using Student’s t-test.

3. Results

3.1. BCG-Mycobacteria in Mouse Granuloma Cells. Gran-
ulomas from spleens (S/) and bone marrow (BM/) were
isolated on day 20 (/20 d) following infection with BCG
vaccine (this is how long it takes mice to develop adaptive
immunity to BCG [21]), and granulomas from spleens and
lungs (L/) were isolated after one month (/1m) and two
months (/2m) following infection. All the granulomas were
seeded into culture plates. The granulomas isolated after 20
days, one month, and two months following infection were
denoted as Gran/20 d, Gran/1m, and Gran/2m, respectively.
Because none of the mice had been observed to have acute
tuberculous infection at the time of granuloma isolation, it
was concluded that these granulomas were isolated at the
latent, chronic stage of BCG infection. Monolayer cultures of
cells that had migrated from each granuloma were obtained.
The cellular composition of each granuloma isolated from
mice after one month and two months following infection,
the expression of leukocyte surface markers, and the pro-
duction of proinflammatory cytokines and growth factors by
granuloma cells had been characterized previously [9]. Any
of the monolayer cultures of granuloma cells that may or
may not retain cell clusters in the center of granulomatous
lesions will be referred to as the “granuloma” throughout.
Diffuse leukocyte infiltrates were obtained mainly from the
spleen of mouse 6 S/2m. Very few granulomas (or none at
all) were isolated from each mouse lung. Only a few were
obtained from bone marrow on day 20 following infection
and many, from the spleens. All granulomas from mice
1/20 d and 2/20 d were solid and contained predominantly
macrophages, dendritic cells (approximately 10% of the gran-
uloma macrophage population), and a varying number of
lymphocytes. Fibroblasts and neutrophils were occasionally
observed in Gran/20 d granulomas; however, eosinophils,
megakaryocytes, or multinucleate Langhans giant cells were
not.

We determined, with the use of staining after Ziehl-
Neelsen, the exact number and the functional state of acid-
fast BCG-mycobacteria (which by definition have undam-
aged cell walls) in granuloma cells isolated from various
organs of mice with latent TB infection. BCG-mycobacteria
were mainly found in macrophages and rarely in dendritic
cells (Figures 1(a)–1(i)). Langhans giant cells, too, contained
BCG-mycobacteria (Figures 1(d) and 1(f)). No acid-fast
BCG-mycobacteria were found in lymphocytes, fibroblasts,
eosinophils, or megakaryocytes. After a thorough examina-
tion of 295 neutrophils in granulomas from mice and 288
neutrophils in the leukocyte infiltrates from mouse 6 S/2m,
BCG-mycobacteria were found only in two neutrophils, one
from mouse 8 S/2m and one from mouse 6 S/2m. No acid-
fast mycobacteria were found in the peritoneal macrophages
of themice that had not been exposed to BCG; however, such
BCG-mycobacteria were found in 2.38% of a total of over
9000 peritonealmacrophages assayed frommouse 2/20 d and
in 0.11% of a total of over 18,000 peritoneal macrophages
assayed from mouse 25/2m. Acid-fast mycobacteria were
also found in 0.13% of a total of over 9000 bone marrow
macrophages assayed from mouse 1/20 d and in 0.05% of
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Figure 1: ((a)–(i)) BCG-mycobacteria in the cells of granulomas (Gran) obtained from spleens (S/) of mice after one month (/1m) and two
months (/2m) following infection with BCG in vivo and after ex vivo culture for several days. ((a) and (c)–(j)) Infected macrophages (black
arrows) and (e) infected dendritic cells (red arrows). ((a) and (b)) Granulomas withmigrating cells. (c) A close-up of the granuloma fragment
in the black frame in (b). ((d)–(i)) Fragments of granulomas. ((d) and (f)) Infected multinucleate Langhans giant cells (red arrows). ((g) and
(h)) Replicating BCG-mycobacteria inmacrophage vacuoles are indicated by black asterisks. ((h) and (i)) Vacuoles with debris of lymphocytes
and thrombocytes in infected macrophages are indicated by black snowflakes. ((k) and (l)) Acid-fast (black arrows) and nonacid-fast (red
arrows) mycobacteria outside bone marrow and peritoneal macrophages obtained from mice after 20 days (/20 d) and two months (/2m)
following infection with BCG in vivo. Acid-fast BCG-mycobacteria after Ziehl-Neelsen staining. Scale bars: 20𝜇m (b) and 10𝜇m ((a) and
(c)–(l)).
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a total of over 18,000 bone marrow macrophages assayed
from mouse 2/20 d (Figure 1(j)). Each peritoneal and bone
marrow macrophage had one Mycobacterium on most occa-
sions. Dendritic cells in the cultures of peritoneal and bone
marrow macrophage did not contain BCG-mycobacteria.
Interestingly, some acid-fast and some nonacid-fast BCG-
mycobacteria were found in extracellular locations in all
tissue cultures of peritoneal and bone marrow macrophages
isolated frommice on day 20 following infection (Figure 1(k))
and in the culture of peritoneal macrophages isolated from
mouse 25 after two months following infection in vivo
(Figure 1(l)).

BCG-mycobacteria observed in granuloma cells in the
ex vivo culture were coccid- or rod-shaped and varied
in size from 0.5 to 8 𝜇m (Figures 1(a)–1(i)). The smallest
acid-fast mycobacteria were mainly found in macrophages
of granulomas and the tissue cultures checked on day
20 following infection and in the peritoneal macrophages
of mouse 25/2m. The granulomas contained cells with a
varying number of BCG-mycobacteria in them (Figures
1(a) and 1(c)–1(i)). Most granuloma macrophages each con-
tained a single BCG-mycobacterium. At the same time,
granulomas with macrophages each containing two or
more BCG-mycobacteria were common. We observed BCG-
mycobacteria paired in a V-shaped manner (Figures 1(d),
1(e), 1(g), and 1(h)). Mycobacteria are known to take on
a V-shape during the late stages of cell division [36–38].
BCG-mycobacteria were detected near the nuclei and close
to the cell membrane in different parts of the cells. Acid-
fast mycobacteria were found both within visible membrane-
bound vacuoles (the places where BCG-mycobacteria have
sometimes been observed to grow) (Figures 1(a) and 1(g)-
1(h)) and presumably in the cytoplasmof themacrophages, or
so the lack of visible membrane structures around replicating
microorganisms in large colonies suggests (Figures 1(c)–1(e)
and 1(i)). However, a more detailed examination of granulo-
mas’ cellular compartments containing mycobacteria using
antibodies against different endosomes and other cellular
markers to characterize them at various stages of maturation,
differentiation, and functional state appears to be necessary.
BCG-mycobacteria were found either as single cells or as
clusters of two or more replicating microorganisms (Figures
1(c)–1(j)) in the macrophages of all types and sizes (Figures
1(d) and 1(e)). Infected macrophages were found both at the
periphery and in the center of granulomas in ex vivo culture.
It is noteworthy that the number of BCG-mycobacteria in
macrophages did not affect the ability of granuloma cells to
migrate from solid granulomas in monolayer cell cultures
ex vivo. The macrophages that had more than 30 BCG-
mycobacteria in each and had active front edges of migrating
cells were found at the periphery of the granulomas, and
so were the macrophages that contained single or no BCG-
mycobacteria (Figures 1(b) and 1(c)). It has been shown
in zebrafish that, at the initial stage of infection with M.
marinum, the more mycobacteria macrophages contain, the
less mobile they are [39].

3.2. The Number of Granulomas and Granuloma Cells
with BCG-Mycobacteria in Mice. For each of 𝑛 granulomas

assayed (1 S/20 d, 𝑛 = 32; 2 S/20 d, 𝑛 = 72; 1 BM/20 d, 𝑛 = 22;
2 BM/20 d, 𝑛 = 12; 1 S/1m, 𝑛 = 36; 3 S/1m, 𝑛 = 34; 4 S/1m,
𝑛 = 44; 5 S/1m, 𝑛 = 9; 4 S/2m, 𝑛 = 96; 5 S/2m, 𝑛 = 16;
8 L/2m, 𝑛 = 2; 8 S/2m, 𝑛 = 36; 9 S/2m, 𝑛 = 60; 10 S/2m,
𝑛 = 27; 12 S/2m, 𝑛 = 29; 13 S/2m, 𝑛 = 32; 14 S/2m, 𝑛 = 9;
16 S/2m, 𝑛 = 10; 21 S/2m, 𝑛 = 9; 22 S/2m, 𝑛 = 41; 23 S/2m,
𝑛 = 52; 24 S/2m, 𝑛 = 24 and 25 S/2m, 𝑛 = 21), we provide the
number of infected cells, the number of BCG-mycobacteria
in these cells, and the standard errors of the mean (SEM).
Data reflecting the numbers of granulomas containing
macrophages and dendritic cells with replicating and non-
replicating BCG-mycobacteria as well as the numbers of
such macrophages and dendritic cells in granulomas from
mice are shown in Figures 2(a)–2(d). The mice differed in
the number of splenic granulomas containing macrophages
with BCG-mycobacteria they had and in the number of
splenic granulomas containing macrophages with replicat-
ing BCG-mycobacteria they had (Figure 2(a)). The vari-
ance for the number of splenic granulomas containing
macrophages with BCG-mycobacteria ranged from 14%
(mouse 25 S/2m) to 100% (mice 3 S/1m, 10 S/2m, 16 S/2m,
21 S/2m, and 23 S/2m).Most granulomas had cells with repli-
cating BCG-mycobacteria (Figure 2(a)). Splenic and bone
marrow granulomas differed in the number of macrophages
containing BCG-mycobacteria, single or replicating, they
had (Figure 2(c)). Interestingly, granulomas containing small
numbers of macrophages but large numbers of BCG-
mycobacteria in them and granulomas containing large
numbers of macrophages with a very few cells with acid-fast
mycobacteria in them were observed in the same mice. The
average number of macrophages with BCG-mycobacteria in
granulomas varied from 1.5–5% (mice 1 BM/20 d, 2 BM/20 d,
1 S/1m, 22 S/2m, 24 S/2m, and 25 S/2m) to 25–30% (mice
3 S/1m, 14 S/2m, 21 S/2m, and 23 S/2m) of the total number
of macrophages in the granulomas. Infected macrophages in
splenic granulomas from most mice made up from 15% to
20% on most occasions. It is noteworthy that a large number
of bone marrow granulomas frommice 1/20 d and 2/20 d had
macrophages with acid-fast BCG-mycobacteria; however, the
total number of infectedmacrophageswas lower in them than
in the splenic granulomas from the samemice. On the whole,
granulomas, in which all macrophages had acid-fast BCG-
mycobacteria, were not found.

Granulomas with infected dendritic cells in them were
not identified in all BCG-infected mice. Additionally, such
granulomas were fewer (6–15%) than those with infected
macrophages in them (Figure 2(b)). A larger number of
splenic granulomas (some 30%) with BCG-containing den-
dritic cells were found only in mouse 23 S/2m. The number
of infected dendritic cells varied substantially in granulo-
mas from different mice, with the largest number being
determined in the splenic granulomas from mice 4 S/2m,
10 S/2m, 13 S/2m, and 22 S/2m (Figure 2(d)). Most gran-
uloma dendritic cells contained from one to three acid-
fast mycobacteria. BCG-mycobacteria were observed either
as single cells or as groups of replicating microorganisms
presumably in the cytoplasm of dendritic cells (Figure 1(e)),
because no visible vacuoles with mycobacteria were resolved
in those cells. However, the intracellular compartments
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Figure 2: (a–d) Granulomas (Gran) obtained from the lungs (L/), spleens (S/), and bone marrow (BM/) of mice after 20 days (/20 d), one
month (/1m), and two months (/2m) following infection with BCG in vivo and after ex vivo culture for several days, in which macrophages
(Mph) or dendritic cells (DC) with acid-fast BCG-mycobacteria (BCG) in them were counted. ((a) and (b)) The figures represent the total
number of granulomas with infected Mph and DC and the number of granulomas with Mph and DC with colonies of replicating BCG-
mycobacteria expressed as a percentage of the total number of granulomas inspected. ((c) and (d)) The number of Mph (and DC) with any
BCG (single or as colonies) and with colonies of replicating BCG, both expressed as a percentage of the total number of granulomaMph (and
DC). Data are expressed as the means ± SEM. (∗) Leukocyte infiltrates from mouse 6 S/2m.

where mycobacteria reside in mouse granuloma dendritic
cells remain to be identified. It is noteworthy that Jiao and
colleagues [40] found no evidence for BCG replication in
dendritic cells isolated from spleens of mice after 12 days
following infection with BCG in vivo. It is possible that
the difference in the observations is due to the difference
in the status of dendritic cells at the stages of acute and
latent BCG infection in mice. However, no dendritic cells
with BCG-mycobacteria in themwere found in the leukocyte
infiltrates of mouse 6 S/2m, which was assayed presumably
during acute TB infection, as they had an increased number
of neutrophils [9]. No acid-fast mycobacteria were found in
the dendritic cells of splenic granulomas isolated from mice

onday 20 following infection in vivo. A singlemycobacterium
was observed in a single dendritic cell within a single bone
marrow granuloma from mouse 1/20 d.

Furthermore, we found BCG-mycobacteria in some
multinucleate Langhans giant cells in splenic granulomas
from different mice (Figures 1(d) and 1(f)). For example, in
some granulomas from mouse 22 S/2m, we observed Lang-
hans giant cells with 7 nuclei, 10 nuclei (Figure 1(d)), and 42
nuclei (Figure 1(f)) containing one, 23, and 11 mycobacteria,
respectively, both as single cells and as colonies of replicating
mycobacteria. No acid-fast BCG-mycobacteria were found
in Langhans giant cells with 6, 9, or 15 nuclei in other
granulomas from the same mouse. It is very likely that BCG
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Figure 3: (a) Macrophages (Mph) with different numbers of BCG-mycobacteria (BCG) in the granulomas from mouse 23 S/2m. Dark bars
represent the number of Mph with different BCG numbers calculated as a percentage of the total number of infectedMph in the granulomas.
White bars represent the number ofMph containing colonies of replicating BCG-mycobacteria calculated as a percentage of the total number
of infectedMph in granulomas. (b)The number of BCG permacrophage in granulomas from different mice calculated as the number of BCG
inmacrophages relative the total number of infectedmacrophages (dark bars) or the total number of all granulomamacrophages (white bars)
(see text for details). Data are expressed as the means ± SEM. Abbreviations as in the legend to Figure 2. (∗) Leukocyte infiltrates frommouse
6 S/2m.

occurred in the Langhans giant cells as a result of fusion of
infectedmacrophages (Figure 1(f)); however, this assumption
has yet to be verified.

3.3. The Number of BCG-Mycobacteria in Mouse Granu-
loma Macrophages. The number of BCG in macrophages
varied within and between granulomas isolated from the
same mouse. Furthermore, they varied between granulomas
isolated from different mice. Macrophages with from one
to up to 100 BCG-mycobacteria in each, either as single
cells or as colonies of replicating mycobacteria (Figures
1(a) and 1(c)–1(i)), were observed, macrophages with two
or more BCG-mycobacteria in each being less frequent
than those with one mycobacterium in each (Figure 3(a)).
Meanwhile, cells with a larger number of mycobacteria
(30 or more) were observed in many splenic granulomas,
but these cells were rare (Figure 3(a)). To determine the
number of BCG-mycobacteria in the mouse granulomas, we
used the following two BCG counts. One was calculated as
follows: for each granuloma in a mouse, the total number
of BCG-mycobacteria in all infected macrophages was deter-
mined and divided by the total number of these infected
macrophages; the quotients were summed and their sum
was divided by the total number of granulomas examined
in that mouse. In fact, this count represents the MOI in the
granuloma macrophages, and so it will be referred to as the
“MOI count” throughout.The otherwas calculated as follows:
for each granuloma in a mouse, the total number of BCG-
mycobacteria in all infected macrophages was determined
and divided by the total number of macrophages (both
infected and not); the quotients were summed and their sum
was divided by the total number of granulomas examined

in that mouse. This count reflects the proportion of infected
granuloma cells, and so it will be referred to as the “propor-
tion count” throughout (Figure 3(b)). These counts differed
across the mice. For example, in mouse 3 S/1m granulomas,
both counts were elevated, which was indicative of a higher
MOI in granuloma cells on the one hand and, on the other
hand, of a high proportion of infected cells in granuloma
macrophages. By contrast, in mice 22 S/2m, the MOI count
was elevated and the proportion count was considerably
decreased, which implied that fewer granulomamacrophages
were infected, while individual granuloma cells had a high
bacterial load. It is noteworthy that macrophages in the
granulomas from the lung and the spleen of mouse 8/2m and
from the bone marrow and the spleens of mice 1/20 d and
2/20 d had similarMOI counts and similar proportion counts
(Figure 3(b)).

3.4. Lack of Colocalization of BCG-Mycobacteria and Lyso-
Tracker Dye in Mouse GranulomaMacrophages Producing the
Proinflammatory Cytokines IFN𝛾 and IL-1𝛼. Macrophages
in the splenic granulomas obtained from all mice had an
enhanced ability for phagocytosis and destruction of dam-
aged granuloma cells, mainly lymphocytes and thrombo-
cytes and sometimes neutrophils, in the ex vivo culture.
Phagosomes with engulfed lymphocytes and thrombocytes
at various stages of degradation existed side by side with
the vacuoles with acid-fast BCG-mycobacteria in granuloma
macrophages (Figures 1(h) and 1(i)). It is noteworthy that no
phagosomes with absorbed destroyed cells were observed in
the dendritic cells.

We used the acidophilic fluorescent LysoTracker Red
DND-99 probe to see if BCG-mycobacteria and acidic
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Figure 4: Representative confocal fluorescent images of granuloma macrophages stained for different markers. Fragments of splenic
granulomas from mouse 2 after 20 days following BCG infection. Nuclei are stained by DAPI (blue signal). Scale bars: 10 𝜇m (a, c, e)
and 20 𝜇m (b, d). (a) Mouse granuloma macrophages stained by the LysoTracker Red DND-99 dye (red signal) and mycobacterial LAM-
specific antibodies (green signal) show lack of colocalization of BCG-mycobacteria and host cell lysosomes (lack of yellow signal). A single
BCG-mycobacterium (green arrow) and replicating BCG-mycobacteria (white arrows). ((b) and (d)) Immunofluorescent localization of
CD1d (green signal) and IL-1𝛼 (red signal) and IFN𝛾 (green signal) and CD80 (red signal) in granuloma cells, respectively. Colocalization
of the markers on the confocal images of cells (yellow signal). ((c) and (e)) The same granuloma fragments as in ((b) and (d)) restained
for acid-fast BCG-mycobacteria by the Ziehl-Neelsen method. The same macrophages with replicating BCG-mycobacteria and producing
proinflammatory cytokines and leukocyte surface markers are indicated by white arrows on the fluorescent ((b) and (d)) images and by black
arrows on the Ziehl-Neelsen ((c) and (e)) images.

compartments of splenic and bone marrow granuloma cells
as well as peritoneal and bone marrow macrophages from
mice 1/20 d and 2/20 d show colocalization. The LysoTracker
dye was used at a very low concentration in the cell-
incubating medium only for 5 minutes before cell fixation in
order to stain mainly lysosomes in the cells [41]. As a result,
no colocalization of the acidophilic LysoTracker probe and
BCG-mycobacteria detected by antibodies reacting with the
major mycobacterial cell wall component glycolipid lipoara-
binomannan (LAM) was observed (Figure 4(a)). Therefore,
all LAM-labeled mycobacteria had avoided host killing in
lysosomes and survived within the granuloma, peritoneal,
and bone marrow macrophages of mice after 20 days follow-
ing infection with BCG in vivo.

Our study of the proinflammatory cytokines IFN𝛾 and IL-
1𝛼, bacterial lipids, the glycolipids-presentingmolecule CD1d
and the costimulatory molecule CD80 demonstrated a sig-
nificant activation of granuloma cells, but not the peritoneal
macrophages, from mice 1/20 d and 2/20 d through a higher
expression of these markers regardless of mycobacterial load
in the host cells (Figures 4(b) and 4(d)). It is notewor-
thy that the cytokine-producing granuloma macrophages
with increased microbicidal potential too contained repli-
cating acid-fast BCG-mycobacteria in Figures 4(b)–4(e).
This result is similar to the previously observed significant
increase in the production of proinflammatory cytokines
IFN𝛾 and cell-associated IL-1𝛼, the growth factors GM-CSF
and FGFb, the phagocytic receptors CD11b, CD11c, CD14,
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and CD16/CD32, and the costimulatory molecules CD80,
CD83, and CD86 in granuloma cells (with and without acid-
fast BCG-mycobacteria) of mice after one and two months
following infection with BCG vaccine in vivo [9].

Thus, we observed in the ex vivo culture of granuloma
macrophages that, on the one hand, these macrophages
retained their function to ingest engulfed granuloma cells
(lymphocytes and thrombocytes) in the host’s phagosomes
and, on the other hand, that the host cells with increased
production of the proinflammatory cytokines IFN𝛾 and IL-
1𝛼 had a reduced bactericidal capacity. This allowed BCG-
mycobacteria to survive and actively replicate in mouse
granuloma cells.

3.5. The Cord Morphology of BCG Growth in Mouse Gran-
uloma Cells. Cording is a characteristic morphology of
mycobacterial growth on solid and in liquid media, referring
to the occurrence of colonies, in which the bacteria are
arranged in the form of plaits, bundles, ropes, or cords, while
drawing up in a line along their long axes and in close parallel
arrangement. Previous studies [42, 43] provide evidence
that the cord phenotype of mycobacterial growth correlates
with the virulence of mycobacteria. It has been assumed
that the cord morphology of mycobacteria is determined by
the components of their cell walls and, first of all, by the
glycolipids of trehalose-6,6-dimycolate and itsmodifications
[12, 44–46]. In zebrafish infected with M. marinum, cord
formation by mycobacteria was for the first time observed
in granulomas of juveniles in vivo and only in mycobacteria
that were growing outside cells [31, 32]. It was for that reason
proposed that cord formation is an attribute of the growth
of only extracellular bacteria, no matter whether in vivo or
in vitro [30, 31]. Our analysis of cells with acid-fast BCG-
mycobacteria in splenic granulomas in ex vivo culture proved
the presence of BCG cords in the cytoplasm of macrophages
and dendritic cells (Figures 1(c)–1(e), 4(b) and 5(a)–5(f)). No
visible membrane structures were resolved around the BCG
cords in most granuloma cells (Figures 5(a)-5(b), 5(e)-5(f)
and 5(h)); however, special studies are required for exploring
the intracellular compartments available to the replicating
mycobacteria in the mouse cells. Although BCG cords were
found only in few granuloma macrophages (from 2% to
18% of infected macrophages in all granulomas), they were
found in a large number of splenic granulomas of almost
all of the mice, no matter what route of administration was
used, and at all checkpoints following infection (Figures
4(b), 5(a)–5(i) and 6(a)-6(b)). By contrast, no extracellular
growth of BCG-mycobacteria in granulomas was observed
in ex vivo culture. Furthermore, no BCG-mycobacteria were
observed outside granuloma cells. BCG-mycobacteria were
occasionally found in apoptotic bodies and in fragments of
the cell cytoplasm located in phagosomes of macrophages
(Figure 5(l)) or outside cells (Figures 5(j) and 5(k)).

BCG cords were also observed in some dendritic cells
(Figures 5(e) and 5(f)) in several granulomas from mice
9 S/2m, 22 S/2m, and 23 S/2m. These mice had an increased
number of granulomas containing macrophages with BCG
cords. It is noteworthy that no cords were observed in

macrophages or dendritic cells of leukocyte infiltrates from
the spleen of mouse 6 S/2m.

The number of BCG-mycobacteria in the cords in mouse
granuloma macrophages and dendritic cells varied from 5
to more than 30 and was from 10 to 20 on most occasions.
It is noteworthy that BCG colonies with cords and acid-
fast mycobacteria replicating in irregular clumps were often
observed simultaneously in the same cell in different mouse
granulomas (Figures 1(c)–1(i) and 5(a)-5(b), 5(d)–5(f), and
5(h)-5(i)).

3.6. BCG-Mycobacteria in Mouse Spleen Granuloma Cells in
Latent Tuberculosis. It was found that the number of granu-
lomas containing bothmacrophageswith BCG-mycobacteria
and macrophages with colonies of replicating mycobacteria
in splenic granuloma cells had changed in the course of
the latent TB infection (Figure 7(a)). Some increase in the
number of granulomas containing macrophages with acid-
fast mycobacteria was observed after 20 days, one month,
and two months following infection; however, a considerable
increase in the number of splenic granulomaswith replicating
microbes and BCG cords in macrophages was observed
after one month and two months following infection (∗𝑃 <
0.05, Figure 7(a)). The number of granuloma macrophages
with replicating mycobacteria was increased considerably
in Gran/1m and Gran/2m granulomas as compared with
Gran/20 d granulomas (∗𝑃 < 0.05, Figure 7(b)). No sta-
tistically significant change in the number of macrophages
with cords was found between granulomas after 20 days, one
month, or twomonths after infection (Figure 7(b)). However,
there was a statistically significant difference in the number
of cord-containing macrophages between granulomas from
mice after one month and two months following infection
(∗∗𝑃 < 0.01, Figure 7(b)). No statistically significant differ-
ence was found in the number of granulomas with infected
macrophages, the number of infected macrophages, or the
number of colonies of replicating mycobacteria between
granulomas from mice after one month and two months
following infection in vivo (Figures 7(a) and 7(b)).

In Gran/1m and Gran/2m granulomas, the respective
MOI counts were similar and so were the proportion counts;
however, both counts were considerably higher in these
granulomas than in Gran/20 d granulomas (∗𝑃 < 0.05,
Figure 7(c)). In the mice after one month and two months
following infection, the respective numbers of granulomas
with infectedmacrophages in themwere similar (Figure 7(d))
and so were the respective numbers of infected macrophages
(Figure 7(e)); however, both counts in these mice differed
significantly from those in the mice after 20 days following
infection. Thus, a considerable increase in the number of
granulomas withmacrophages containing two ormore BCG-
mycobacteria as well as in the number of macrophages
with even more mycobacteria in them was observed at the
end of the first month after BCG infection in the mice.
Bacteriological determination of the number ofmycobacteria
in homogenates of various mouse organs and tissues [13, 45,
47] demonstrated that a logarithmic growth of mycobacterial
populations during the first two weeks after infection gen-
erally reaches a plateau within the third and fourth weeks
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Mouse 4 S/1 m, Gran-7 

(a)

Mouse 22 S/2 m, Gran-13

(b)

Mouse 22 S/2 m, Gran-30

(c)

Mouse 23 S/2 m, Gran-31

(d)

Mouse 22 S/2 m, Gran-20

(e)

Mouse 22 S/2 m, Gran-20

(f)

Mouse 23 S/2 m, Gran-7

(g)

Mouse 23 S/2 m, Gran-7

(h)

Mouse 23 S/2 m, Gran-7

(i)

Mouse 23 S/2 m, Gran-51

(j)

Mouse 24 S/2 m, Gran-10 

(k)

Mouse 13 S/2 m, Gran-23

(l)

Figure 5: ((a)–(i)) BCG cords in the cells of granulomas (Gran) obtained from the spleens (S/) ofmice after onemonth (/1m) and twomonths
(/2m) following infection with the BCG vaccine in vivo and after ex vivo culture for several days. ((a)–(f) and (l)) Macrophages with BCG-
mycobacteria (black arrows) and cords (red arrows). ((e) and (f)) Dendritic cells with BCG-mycobacteria (black asterisks) and BCG cords
(red asterisks). (f) A high-contrast photo (e) of BCG-mycobacteria and BCG cords in the cytoplasm of dendritic cells.The same dendritic cell
at different levels of sharpness is shown in the black frames. ((j) and (k)) BCG-mycobacteria outside granuloma cells (black snowflakes). (l)
The only case when a granulomamacrophage had a vacuole (a black asterisk) with an apoptotic cell containing amycobacterium. ((a)–(f) and
(j)–(l)) Fragments of granulomas. ((h) and (i)) Close-ups of granuloma fragments in the black frames in (g). Acid-fast BCG-mycobacteria
after Ziehl-Neelsen staining. Scale bars: 50𝜇m (g) and 10 𝜇m ((a)–(f) and (h)–(l)).
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Figure 6: (a) The number of granulomas with Mph containing BCG cords expressed as a percentage of the total number of granulomas
assayed. (b) The number of Mph with BCG cords in granulomas from different mice expressed as a percentage of the total number of
macrophages in granulomas with Mph containing BCG cords. Data are expressed as the means ± SEM. Abbreviations as in the legend to
Figure 2.

and is there for months during latent TB infection.Therefore,
our data on the BCG load in mouse granulomas in chronic
tuberculosis are consistent with the results obtained by other
researchers.

4. Discussion
Studies of granulomas from mice with latent TB infection in
ex vivo culture demonstrate that acid-fast BCG can be found
in macrophages, dendritic cells, and multinucleate Langhans
giant cells. The BCG-mycobacteria differed morphologically
(in size and shape) and functionally (in replication rates) both
in the same cell and in the granuloma cells of different types.
A similar variability ofM. smegmatis andM. tuberculosis cell
growth and division during in vitro culture was demonstrated
by Aldridge and colleagues [27] and that resulted in cell
populations having different sensitivities to popular human
antimycobacterial drugs.

In our study, BALB/c mice with latent TB infection
differed both in the number of granulomas with infected
cells they had and in the number of infected cells in
granulomas they had. Furthermore, in the preparations
obtained from each of the mice, granulomas had different
sizes and contained different numbers of infected cells in
them (from one tomanymore). No granulomas (not even the
smallest) in which all the macrophages contained BCG were
found. It is noteworthy that only acid-fast BCG-mycobacteria
(which, again, have undamaged cell walls) were assayed in
the host cells using the Ziehl-Neelsen method. These BCG-
mycobacteria detected in the host cells of mouse granulomas
probably remained in a metabolically active state, or so their
capability of surviving and replicating in various cellular
compartments suggests.

We have observed acid-fast BCG-mycobacteria in the
visible vacuoles and apparently in the cytoplasm of mouse
granuloma cells near the nuclei, which is where lysosomes

normally get together, and in other cell compartments. How-
ever, no colocalization of LAM-labeled mycobacteria and
acidic compartments was observed in splenic or bone mar-
row granuloma cells nor was it in peritoneal or bone marrow
macrophages on day 20 following infection in vivo. The lack
of colocalization of some mycobacteria and LysoTracker dye
in various types of cells infected by different mycobacterial
strains in in vitro culture has been pointed out by many
researchers [22, 48–50]; however, this is the first time that this
phenomenon is observed in the macrophages of individual
granulomas isolated from mice with latent TB infection in
vivo. The arrest of the biogenesis of phagolysosomes with
mycobacteria engulfed in them is thought to represent one of
the keymechanisms bywhichmycobacteria avoid host killing
and survive within cells [4, 8, 10]. Therefore, further research
is requited to elucidate the molecular mechanisms involved
in the inhibition of phagosomal maturation in the cells of
human and animal organisms during latent TB infection and
after reactivation.

According to other studies [28, 29], various human
and mouse cell lines infected in vitro rapidly eliminated
attenuated mycobacteria (BCG) but did not eliminate vir-
ulent strains of M. tuberculosis or M. bovis. These studies
demonstrated that some BCG-mycobacteria were killed by
phagocytes in phagolysosomes and some died following
apoptotic death of infected myeloid cells. However, in our
study, we did not find macrophages or dendritic cells, with
or without mycobacteria, that had a characteristic apoptotic
morphology of cells in the ex vivo cultures of granulomas
obtained from all BCG-infected mice. Furthermore, we have
not found BCG-mycobacteria outside granuloma cells. It
is possible that extracellular mycobacteria are absorbed by
granuloma cells immediately, because, as was demonstrated
previously [9], granuloma macrophages and dendritic cells
in BCG-infected mice have an increased number of the
phagocytic receptors CD11b, CD11c, CD14, and CD16/CD32,
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Figure 7: A comparison of the granulomas (Gran) isolated from mouse spleens after 20 days (Gran/20 d), one month (Gran/1m), and two
months (Gran/2m) following infection with the BCG vaccine in vivo and several days in ex vivo culture. (a) The number of Gran containing
macrophages (Mph) with acid-fast BCG-mycobacteria (BCG) is expressed as a percentage of the total number of Gran assayed. (b) The
number of infectedmacrophages expressed as a percentage of the total number ofmacrophages in Gran with infectedmacrophages or (∗ ∗ ∗)
in Gran with Mph containing BCG cords. (c) The number of BCG per granuloma macrophage calculated as the number of BCG in the
macrophages relative to the total number of infected granuloma macrophages (dark bars) or the total number of granuloma macrophages
(white bars) (see text for details). (d)The number of Gran containingMph with different BCG numbers expressed as a percentage of the total
number of Gran with infected Mph. (e) The number of macrophages with different numbers of BCG in Gran expressed as a percentage of
the total number of infected macrophages in granulomas. Data are expressed as the means ± SEM. ∗𝑃 < 0.05 (Gran/20 d versus Gran/1m
or Gran/20 d versus Gran/2m), ∗∗𝑃 < 0.01 (Gran/1m versus Gran/2m). Data relate to (a) Gran/20 d (2 mice, 𝑛 = 104), Gran/1m (4 mice,
𝑛 = 123), Gran/2m (14 mice, 𝑛 = 462), and ((b)–(e)) Gran/20 d (2 mice, 𝑛 = 62), Gran/1m (4 mice, 𝑛 = 104), and Gran/2m (14 mice,
𝑛 = 386).
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which typically show colocalization in microdomains on
the surface of granuloma cells. We have also observed the
replication of a large number of BCG-mycobacteria in the
visible small and large vacuoles of granuloma macrophages,
which suggests that acid-fast mycobacteria are not being
eliminated in these compartments. This observation dis-
agrees with the inference made from in vitro culture that
mycobacteria can survive only inmacrophage compartments,
where close apposition between the mycobacterial surface
and the host’s phagosome membrane was determined [51]. It
is possible that the differences in the behavior of microbes
in macrophages were accounted for by the differences in the
culture systems (in vitro versus ex vivo) and themycobacterial
strains (M. avium versus BCG) used. However, our data
obtained from ex vivo culture suggest that actively replicating
acid-fast mycobacteria were also present in the visible vac-
uoles of peritoneal and bonemarrowmacrophages after BCG
infection in vitro (unpublished data).

A comparison of the granulomas obtained from spleens
after one month and two months following infection did not
actually reveal any difference in the number of infected gran-
uloma cells. However, a considerable amount of individual
variability for this number was observed across the BALB/c
mice. It is possible that some mice were more sensitive to
BCG infection than the others, and so they had more bacilli
in their granuloma cells. By contrast, the others were capable
of having BCG infection controlled, and so they had fewer
mycobacteria in the cells of their granulomas. It is therefore
important to understand what intercellular and intracellular
interactions and what factors in the host organism and in
granulomas themselves account for the varying sensitivity of
the mice to BCG infection.

In our study, BCG cords in the cytoplasm of mouse gran-
ulomamacrophages and dendritic cells were observed for the
first time. Mycobacterial cords are supposed to be analogs
of biofilms that are dramatically resistant to antimicrobial
agents [52]. Cord formation by mycobacteria had previously
been observed mainly in in vitro culture of different strains
of M. tuberculosis on solid and in liquid media or in the
process of extracellular growth of M. marinum in zebrafish
granulomas in vivo [31, 42, 43]. Low rates of BCG replication
in vitro are a well-known fact [29].We observed cords formed
by BCG-mycobacteria in the host cells that were the two-day-
old ex vivo cultures of granulomas (mice 8/2m, 9/2m, and
10/2m) and assumed that those cordsmust have been formed
earlier, in the mouse granuloma cells in vivo. In some studies
[29, 53–55], the attenuated phenotype of BCG-mycobacteria
and their inability to replicate and/or leave phagosomal vac-
uoles in host cells in cell lines following in vitro infectionwere
explained by the absence, in the BCG genome, of some genes
that virulent strains of M. bovis and M. tuberculosis possess
and, first of all, by the absence of the RD1 locus containing
the genes coding for proteins of the secretion system ESX-
1. However, cording was observed in some granulomas of
zebrafish infected with M. marinum with the deletion of
the RD1 locus, when replicating mycobacteria were outside
granuloma cells [31]. It had previously been established [12,
45] that cord formation by mycobacteria (including BCG)
growing on solid and in liquid media in vitro might be

controlled by the components ofmycobacterial cell walls and,
above all, by chemical modifications of mycolic acids. It was
not known if the chemical modifications that account for
cord formation were present in the cell walls of some BCG-
mycobacteria in mouse granuloma cells. Probably, other
mycobacteria did not have such chemical modifications of
mycolic acids in the cell walls and represented groups of
chaotically arranged replicating bacteria. These assumptions,
however, require further studies.

Detection of granuloma macrophages with a large num-
ber of single BCG-mycobacteria, possibly in the cytoplasm
of the host cells, raised the question as to how such host
cells occur in mouse granulomas. It seemed possible that
such cells could appear as a result of the replication of BCG-
mycobacteria in the host cells and their subsequentmigration
from the colonies across the cells and/or between the cells.
Another possible way of the occurrence of host cells with a
large number of single BCG-mycobacteria in them is through
phagocytosis of mycobacteria from the extracellular envi-
ronment by granuloma macrophages followed by migration
of mycobacteria from the phagosomes to the cytoplasm of
the host cells, probably by lysis of vacuolar membranes. A
similar mechanism of repeated infection ofmacrophages that
engulf the necrotic cells containing mycobacteria has been
revealed and studied in zebrafish granulomas at the initial
stage of infection with M. marinum [39]. The migration of
M. marinum from phagosomes to the cytoplasm of host
cells and their traveling between granuloma macrophages
with the help of actin and proteins bound to it have also
been demonstrated [56–58]. In our experiments, we did not
observe, in ex vivo culture, any granuloma macrophage or
dendritic cell dead by necrosis, when BCG-mycobacteria
could occur in extracellular locations after the host cells
had been destroyed, or by apoptosis. According to some
studies [28, 29], BCG-mycobacteria in human and mouse
myeloid cell lines infected in vitro can only be found in
phagosomes and phagolysosomes, which is where they are
eliminated, while mycobacteria of virulent strains actively
replicate in the vacuoles and/or the cytoplasm of the host
cells. Some authors [29, 39, 55, 58–60] hypothesized that
the processes of intracellular replication and intercellular
dissemination of mycobacteria require the genetic locus
known as RD1, which encodes the proteins ESAT-6 and
GFP-10. These molecules are assumed to aid in phagosomal
escape of virulent mycobacteria and their migration to the
cytoplasm of host cells [29, 60]. However, our studies do
not confirm this hypothesis: BCG-mycobacteria with the
RD1 deletion [53] replicated actively in the visible vacuoles
and presumably in the cytoplasm of granuloma host cells
from mice with latent TB infection. It is possible that the
mycobacteria behave differently in the host cells at the earliest
stages of infection of macrophages in vitro and in granuloma
cells obtained from mice after 20 days, one month, and two
months following BCG infection in vivo. Further studies
of the ways, factors, and mechanisms that influence the
replication and dissemination of mycobacteria, including the
vaccine strains, inside host cells, and between granuloma cells
in mice with active and latent TB infection are required.
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Importantly, the macrophages of the mouse granulomas
being discussed retained their capacity of phagocytosis and
ingestion of engulfed lymphocytes (with several features of
apoptosis including nuclear fragmentation) and thrombo-
cytes. At the same time, the mouse granuloma macrophages
lacked bactericidal activity against BCG-mycobacteria that
were located in the vacuoles and cytoplasm of the host
cells with engulfed lymphocytes and thrombocytes. It has
been noticed that the arrest of phagosome to phagolysosome
maturation in granuloma macrophages was only confined
to the compartments with BCG-mycobacteria inside. Our
conclusions confirm the hypothesis proposed previously [10,
61] that those were the mycobacteria that are responsible for
the ability to avoid degradation and survive in macrophage
phagosomes. However, our study makes us disagree with
the statement that mycobacterial infection of macrophages
induces global modifications in the phagosomal functions
of host cells that are observed in macrophages of various
lines after infection in vitro [62]. It is noteworthy that
vacuoles with BCG-mycobacteria in them do not seem to
be static formations in granulomas from mice with latent
TB infection. Rather, they are susceptible to change with the
transition of mycobacteria from the vacuoles to the host cells’
cytoplasm. The exact mechanisms of these processes are still
not clear.

The macrophages of splenic and bone marrow gran-
ulomas obtained from mice after 20 days following BCG
infection in vivo contained a lower number of acid-fast
mycobacteria and the lowest number of replicating BCG-
mycobacteria, as opposed to the granuloma cells of mice
after one month and two months following BCG infection
in vivo. At the same time, in our studies, the in vitro
infection ofmouse peritoneal and bonemarrowmacrophages
with BCG resulted in a considerable growth of mycobac-
teria in the host cells after in vitro culture for 5 days
(unpublished data). Therefore, the granuloma macrophages
could control BCG infection in mice with latent tuberculosis
in vivo and in the ex vivo culture. This could be true,
because it has now and previously been demonstrated [9]
that granuloma macrophages and dendritic cells of BCG-
infectedmice produce proinflammatorymediators, including
the cytokines IFN𝛾, IL-1𝛼, and GM-CSF. Moreover, most
mycobacteria were efficiently eliminated in the hosts, as
was shown by the mycobacterial counts in the peritoneal
macrophages isolated from mice after 20 days following
intraperitoneal infection with BCG in vivo. At this stage
of latent tuberculosis, the dissemination of mycobacteria
from the peritoneal cavity to other mouse organs, including
the spleen, bone marrow, and lung, was already observed.
Various numbers of solid granulomas were formed. Interest-
ingly, acid-fast BCG-mycobacteria were found only in bone
marrow macrophages, while it is only dendritic cells that
are supposed to spread the microbes across the tissues of
human and animal organisms so that miliary tuberculosis
is eventually developed [8, 63, 64]. Thus, only a small
number of BCG-mycobacteria survived in the granuloma
cells and other host cells of mice after BCG infection in
vivo. Identification of the differences in functional states that
allow some ofmycobacteria to reside and grow successfully in

the hosts with increased production of the proinflammatory
cytokines IFN𝛾 and IL-1𝛼 in granuloma cells, while the
others will be killed and eliminated, is a matter of further
research.

As is known, BCG-mycobacteria are attenuated for man
and are widely used in vaccine prophylaxis of tuberculosis
in children [55]. As far as BALB/c mice are concerned, we
have discovered a large number of relationships between
different types of granuloma cells and BCG-mycobacteria.
Within the same mouse line, these relationships range from
almost complete absence of mycobacteria in granuloma
macrophages from mice, whose organisms have neutralized
the BCG infection (mouse 25 S/2m), to active replication
of mycobacteria, with the formation of cords, which is an
indicator of mycobacterial virulence in the host cells and,
probably, amarker of the activation of TB infection in animals
(mice 3 S/1m and 23 S/2m). Therefore, this experimental
mouse model is interesting for a preliminary assessment
of the effect of antituberculosis drugs on mycobacteria in
granuloma cells in animals with different MOIs, because, as
was pointed out in a review by Franzblau and colleagues
[35], good concordance was found between the results on the
sensitivity of M. bovis BCG and M. tuberculosis to diverse
compounds.

5. Conclusions

Our findings of the persistence of BCG-mycobacteria in
macrophages, dendritic cells, and multinucleate Langhans
giant cells of mouse granulomas, which have been studied
for the first time, represents an interesting example of long-
lasting specific interactions between macro- and microor-
ganisms in chronic TB infection in animals. It is our hope
that using an ex vivo monolayer cultures of granuloma cells
in a mouse model of latent TB infection, relatively safe for
the researchers, will be useful as a tool for exploring TB-
causing relationships between intracellular pathogens and
the host organisms and studying of various molecular and
cellular mechanisms by which pathogenic microorganisms
survive in animals and avoid numerous host-protecting
mechanisms of the innate and the adaptive immune sys-
tem.
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A hopeful spinal cord repairing strategy involves the activation of neural precursor cells. Unfortunately, their ability to generate
neurons after injury appears limited. Another process promoting functional recovery is synaptic plasticity. We have previously
studied some mechanisms of spinal plasticity involving BDNF, Shh, Notch-1, Numb, and Noggin, by using a mouse model
of motoneuron depletion induced by cholera toxin-B saporin. TDP-43 is a nuclear RNA/DNA binding protein involved in
amyotrophic lateral sclerosis. Interestingly, TDP-43 could be localized at the synapse and affect synaptic strength. Here, we would
like to deepen the investigation of thismodel of spinal plasticity. After lesion, we observed a glial reaction and an activity-dependent
modification of Shh, Noggin, and Numb proteins. By using multivariate regression models, we found that Shh and Noggin could
affect motor performance and that these proteins could be associated with both TDP-43 and Numb. Our data suggest that TDP-43
is likely an important regulator of synaptic plasticity, probably in collaboration with other proteins involved in both neurogenesis
and synaptic plasticity. Moreover, given the rapidly increasing knowledge about spinal cord plasticity, we believe that further efforts
to achieve spinal cord repair by stimulating the intrinsic potential of spinal cord will produce interesting results.

1. Introduction

A feasible strategy for central nervous system (CNS) repair
after injury or neurodegenerative diseases involves the activa-
tion of endogenous neural precursor cells (NPCs). Multipo-
tent NPCs have also been isolated from the spinal cord (SC)
[1–3]. These cells could be mobilized after SC injury (SCI),
but their ability to generate neurons appears limited [2–5].

Another process promoting a functional recovery after
SCI consists in plastic changes involving synaptic plasticity
[6]. We have previously studied some mechanisms of SC
plasticity, by using a mouse model of motoneuron depletion
induced by intramuscular injection of the retrogradely trans-
ported, ribosome-inactivating toxin, cholera toxin-B saporin
(CTB-SAP) [7–10]. In particular, we have demonstrated that
synaptic plasticity could be responsible, at least in part, for the
spontaneous recovery of locomotion after injury [10–15] and
that brain-derived neurotrophic factor (BDNF) could exert a
fundamental role in this process [12, 16–18].

Intrinsic and extrinsic molecular factors regulating adult
neurogenesis have been widely explored [19–21]. Sonic

hedgehog (Shh) is a secreted glycoprotein promoting prolifer-
ation of NPCs and their differentiation into neurons and oli-
godendrocytes, during both development and adulthood
[22–25]. Notch-1 is a cell surface receptor working as a regu-
lator of NPCs proliferation, cell fate, and dendritic and axonal
morphology in embryonic as well as adult CNS [26–28],
including SC [29, 30]. Numb is a signal transduction factor
involved in stem cell maintenance and differentiation, as
well as in neuritogenesis, by antagonizing Notch-1 signalling
[31–34]. Noggin is a secreted glycoprotein involved in the
embryonicmorphogenesis. In particular, this protein induces
neural tissue by acting as an inhibitor of bonemorphogenetic
proteins [35–37]. So far, little is known about the possible role
of Noggin in the adult SC. It has been found that Noggin
stimulates NPCs proliferation and synaptic plasticity in the
hippocampus [38–40].

Interestingly, in our neurotoxic SCI model, Shh, Notch-1,
and Numb proteins were also involved in events of synaptic
plasticity linked to the spontaneous recovery of locomotion
[10, 13]. Moreover, in the same model, Noggin appeared
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linked to the recovery of locomotion, but the mechanisms
responsible for this effect remain unclear [13].

Transactive response DNA-binding protein of 43 kDa
(TDP-43) is a nuclear DNA/RNA-binding protein involved
in the regulation of transcription and RNA processing [41–
43]. Recently, TDP-43 was identified into the cytoplasmic
inclusions observed in amyotrophic lateral sclerosis (ALS),
frontotemporal lobar degeneration, and Alzheimer disease
[42, 44, 45], thus suggesting a putative toxic effect of TDP-
43 aggregates. Recent findings suggest that some effects on
motoneurons could be linked to the loss of function of the
normal TDP-43 [42, 46–49]. Interestingly, it has been recently
found that TDP-43 could be localized in the dendrites and
may behave as a neuronal activity-responsive factor, probably
affecting local RNA translation at the synapse [50–52].
Moreover, TDP-43 could have a role in motoneuron synaptic
function [47, 53–56] and, in particular, it is probably involved
in SC synaptic plasticity in ourmouse CTB-SAP spinal lesion
model [57].

In the present research, we would like to deepen the
investigation of the role of the above-described factors in
modulating the SC plasticity in a mouse model of neurotoxic
motoneuron degeneration obtained by CTB-SAP lesion. For
instance, the role of TDP-43 is particularly interesting, given
its involvement in neurodegenerative diseases including ALS.
Moreover, considering the described role of BDNF, Shh,
Notch-1, Numb, and Noggin in the regulation of NPCs func-
tion and SC plasticity [10, 12, 13], we sought to characterize
a functional model where these factors could collaborate
in modulating the spontaneous SC plastic changes and the
resulting functional recovery.

After histological and functional characterization of the
model, compensatory changes within the SC, such as recov-
ery of locomotion and cell proliferation, were evaluated in
relation to the expression levels of TDP-43, BDNF, Shh,
Notch-1, Numb, and Noggin.

2. Materials and Methods

Young adult male mice (𝑛 = 37) (Charles River, Strain 129,
5 weeks of age) were used. Animal care and handling were
carried out in accordance with the EU Directive 2010/63/EU.
All experiments have been approved by our institutions as
well as by the ItalianMinistry ofHealth. All efforts weremade
to minimize the number of animals used and their suffering.
Surgical procedures were performed under deep anaesthesia
where necessary (isoflurane).

2.1. Neurotoxic Lesion. Motoneuron depletion was induced
by injection of CTB-SAP (Advanced Targeting Systems, San
Diego, CA, USA) into the medial and lateral gastrocnemius
muscles at a dose of 3.0 𝜇g/2.0 𝜇L PBS per muscle, as
described previously [10]. After the bilateral injection of the
toxin, mice were allowed to survive for either one week (LES-
1 wk, 𝑛 = 10) or one month (LES-1mo, 𝑛 = 8). Other
animals received an equal volume of CTB-only vehicle, and
they were then sacrificed at the same time points as lesioned
ones (SHAM-1wk, 𝑛 = 3; SHAM-1mo, 𝑛 = 3). In order to
perform histological and immunohistochemical evaluations

of the effects of neurotoxin lesion, six mice were injected
unilaterally and then transcardially perfused at either one
week (𝑛 = 3) or one month (𝑛 = 3) after the lesion. The
efficiency of CTB-SAP in producing selective motoneuron
depletion after injection in the target muscle has been proven
[7–10], thus providing an effective model of primary neu-
rodegeneration. Similar methods of selective neurotoxic
lesion have been already used in our laboratory [58, 59].
Finally, a group of animals were left untreated and used as
normal controls for western blot experiments (NC; 𝑛 = 7).

2.2. Functional Test. All bilaterally lesioned, as well as SHAM
and NC, animals were subjected to grid walk test to evaluate
the effects of lesion upon motor activity. Briefly, tests were
performed blind to animal treatment, starting the day before
lesion and then repeated at one week and at one month after
toxin injection. Mice had to walk across a 50 cm long runway
made of round metal bars placed at variable distance and
moved at every trial to prevent habituation. The animals had
to cross the runway three times per session. The number of
footfalls relative to both hindlimbs at every crossing of the
runway was counted and divided by the corresponding num-
ber of steps. Then, we calculated the average values between
test repetitions.

2.3. Histology, Immunohistochemistry, and Microscopy. In
order to evaluate the effects of the toxin on motoneuron
depletion as well as on cell proliferation and glial reaction,
the unilaterally CTB-SAP injected animals were perfused
transcardially with phosphate-buffered 4% paraformalde-
hyde (pH 7.4).The lumbar SC was dissected out, postfixed for
1 hour, and then soaked overnight into a phosphate-buffered
20% sucrose solution at 4∘C. Then, 20𝜇m thick horizontal
sections were cut on a freezing microtome and collected
into three series subsequently used for immunofluorescence
by using the following primary antibodies: mouse anti-
ChAT (Immunological Sciences Cat. no.MAB10838; dilution
1 : 400) or mouse anti-glial-fibrillary-acidic-protein (GFAP)
(Immunological Sciences, Rome, Italy; Cat. no. MAB16117;
dilution 1 : 500). For double labelling, anti-Ki67 antibody
(Abcam plc, Cambridge, UK; Cat. no. AB15580; dilution
1 : 200) was used together with anti-GFAP. In brief, sections
were mounted on gelatin-coated slides, incubated for 1 hour
in 5%normal donkey serum and 0.3%TritonX100 in PBS and
then overnight at room temperature with the primary anti-
body solution containing 0.3% Triton X100 and 2% normal
donkey serum. As negative control, the primary antibody has
been omitted in some sections. After rinsing in PBS, sections
were incubated for 1 hwith the appropriateAlexa Fluor 488 or
568 donkey anti-mouse, anti-rabbit, or anti-goat secondary
antibodies (Life Technologies, dilution 1 : 500), in PBS plus
2% normal donkey serum and 0.3% Triton X100. Then, sec-
tions were washed in PBS and counterstained for 5 minutes
with DAPI (Life Technologies, dilution 1 : 20000) in PBS.
Slides were coverslipped with PermaFluor (Thermo) and
stored at 4∘C until microscopy.The observation of immunos-
tained sections was carried out by means of a laser confocal
microscope (Leica Microsystems S.p.A., Milan, Italy).
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2.4. Western Blotting. After the last test session, animals were
sacrificed by decapitation. Lumbar SCs were dissected out
and homogenized as previously described [10]. For western
blot quantification, 20𝜇g of protein was separated on a 4–
20% polyacrylamide gel and transferred to a nitrocellulose
membrane. Membranes were blocked for 1 hour with 5%
BSA and incubated for 2 h with the following primary
antibodies: mouse anti-ChAT (Immunological Sciences Cat.
no. MAB10838; dilution 1 : 400), goat anti-BDNF (Santa Cruz
Biotechnology Inc., Cat. no. sc-33905; dilution 1 : 200), goat
anti-Shh (Santa Cruz Biotechnology Inc., Cat. no. sc-1194;
dilution 1 : 300), rabbit anti-Notch-1 extracellular domain
(Upstate Biotechnology, Millipore group; Cat. no. 07-218;
dilution 1 : 700), goat anti-Numb (Santa Cruz Biotechnol-
ogy Inc., Heidelberg, Germany; Cat. no. sc-15590; dilution
1 : 100), mouse anti-GFAP (Immunological Sciences, Rome,
Italy; Cat. no. MAB16117; dilution 1 : 600), rabbit anti-Noggin
(Millipore, Cat. no. AB5729; dilution 1 : 1000), and rabbit
anti-TDP43 (Cell Signaling, Cat. no. 3449; dilution 1 : 1000).
Then,membranes were washed and incubated for 1 h with the
appropriate peroxidase-conjugate goat anti-rabbit (Thermo
Scientific group; Cat. no. 1858415; dilution 1 : 6000), goat anti-
mouse (Thermo Scientific group; Cat. no. 1858413; dilution
1 : 6000), or rabbit anti-goat (Millipore, Cat. no. AP106P;
dilution 1 : 10000) secondary antibodies. Peroxidase activity
was developed by enhanced chemiluminescent substrate
(Pierce Biotechnology Inc., Thermo Scientific group; Cat. no.
34075) and visualized on a film (Kodak). Then, the protocol
was repeated for quantification of actin, using a mouse
anti-actin primary antibody (Millipore, Cat. no. MAB1501;
dilution 1 : 700) followed by a goat anti-mouse secondary
antibody (Pierce Biotechnology Inc., Cat. no. 1858413; dilu-
tion 1 : 5000).The filmswere digitally scanned and the relative
300 dpi grayscale images were used for optical density mea-
surement by using Scion Image software. Density values were
normalized to actin levels measured in the same membrane.
All assays were performed in triplicate.

2.5. Statistical Analysis. Differences between lesioned and
control groups in western blot and grid walk test data were
evaluated by one-way ANOVA followed by Bonferroni’s post
hoc test.

In order to assess whether the motor performance could
depend on the expression levels of the analysed proteins, we
used the following multivariate regression model:

MP = 𝛽
0
+ 𝛽
1 [
ChAT] + 𝛽2 [GFAP] + 𝛽3 [BDNF]

+ 𝛽
4 [
Shh] + 𝛽5 [Notch-1] + 𝛽6 [Numb]

+ 𝛽
7
[Noggin] + 𝛽

8 [
TDP-43] + 𝜀,

(1)

where MP is the predicted value of motor performance, the
terms in square brackets are themean optical densities values,
as measured by western blot, 𝛽

0
–𝛽
8
represent the regression

coefficients, and 𝜀 is the residual error. From this general
model, we eliminated the nonsignificant terms by using
backward stepwise regression. This procedure starts with the
complete model and removes iteratively the least significant
predictors until only significant variables remain. We used a

restrictive 𝛼 value (𝛼 < 0.05) for which a given variable was
allowed into the model and selected only final models that
explained at least 20% of the dataset variance (𝑅2 > 0.20)
with a 𝑃 value of the regression ANOVA less than 0.01.

Where appropriate, we used the following multivariate
regression model to find significant models explaining cor-
relations between each protein and the others:

Predicted [P] = 𝛽0 + 𝛽1 [P1] + 𝛽2 [P2] + 𝛽3 [P3] + 𝛽4 [P4]

+ 𝛽
5 [
P5] + 𝛽6 [P6] + 𝛽7 [P7] + 𝜀,

(2)

where [P1]–[P6] are the average optical density values
of the analysed proteins, as measured by western blot;
“Predicted[P]” is the predicted mean value of optical density
relative to a given protein; 𝛽

0
–𝛽
7
represent the regression

coefficients; and 𝜀 is the residual error. ChAT and GFAP pro-
tein expression levels have also been included in the model to
account for any effect of motoneuron depletion and glial
reaction. All analyses were performed by means of Systat 12
(Systat Software Inc.).

3. Results

All animals survived surgery except an animal belonging
to the LES-1mo group. Starting at two or three days after
injection, all CTB-SAP injected mice showed a significant
weakness of the hindlimb, although they were still able to
walk and perform functional tests. SHAM lesioned and nor-
mal groups did not differ from each other in terms of motor
performance and western blot data. Therefore, these groups
were pooled together in a single control group (CTRL).

3.1. Motoneuron Loss and Cell Proliferation in the Lesioned
Lumbar SC. The analysis of ChAT immunostained SC sec-
tions belonging to the unilaterally injected LES-1 wk group
demonstrated evident motoneuron depletion within the
lumbar SC ventral horn ipsilateral to the injected muscles,
when compared to the contralateral side (Figure 1). This
decrease (about 30%, as estimated by countingChAT-positive
motoneuron profiles in three horizontal sections per animal)
was similar in animals sacrificed at one month after the
lesion (not shown) and confirmed the results found in our
previous studies [10, 12, 13]. Moreover, a population of Ki67-
immunopositive profiles has been observed in the same area,
ipsilaterally to the injectedmuscle (Figure 2(b)). Proliferating
cells were conversely rare or absent in the contralateral side
(Figure 2(a)). Confocal colocalization studies have shown
that these cells are GFAP-positive astrocytes (Figures 2(c)–
2(f)). Similar results have been found in animals killed one
month after the lesion (not shown).

3.2.Modifications of Protein Expression after CTB-SAP Lesion.
The analysis of western blot data revealed a significant (one-
way ANOVA: 𝐹

2,27
= 4.081, 𝑃 = 0.028; Figures 3 and 4(a))

25 ± 7% decrease of the average ChAT expression one week
after the lesion (Bonferroni: 𝑃 = 0.029; Figures 3 and 4(a))
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Figure 1: Fluorescence microscope images showing an example of lumbar SC section from a unilaterally lesioned animal, stained with anti-
ChAT antibody plus 488 Alexa Fluor secondary antibody (green). Sections were counterstained with DAPI (blue) to visualize cell nuclei. The
effect of neurotoxic lesion on the number of surviving motoneurons is evident in the right side of the cord, ipsilaterally to the injected muscle
(IPSI), as compared to the contralateral side (CONTRA). Scale bar: 100 𝜇m.The arrows indicate the medial (M) to lateral (L) direction.

L M
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Figure 2: Panel of confocal images showing examples of immunostained lumbar SC sections collected from unilaterally lesioned mice. The
panel shows the expression of Ki67 ((a), (b), green), in the right (lesioned) side (b), compared to the left (contralateral) side (a). The effect of
CTB-SAP on cell proliferation is evident, although the number of proliferating cells is relatively low. Almost all the observed Ki67-positive
cells ((b), (e), and (f), green) are also GFAP-positive ((c), (d), and (f), red). Sections were counterstained with DAPI to visualize cell nuclei
(d). Scale bars: 100 𝜇m in (a), (b); 20 𝜇m in (c)–(f). The arrows indicate the medial (M) to lateral (L) direction.

and showed near-normal levels at one month (Bonferroni:
𝑃 = 0.328; Figures 3 and 4(a)). The average expression levels
of Shh one week after the lesion showed a small decrease
(one-way ANOVA: 𝐹

2,27
= 4.669, 𝑃 = 0.018; Bonferroni:

𝑃 = 0.104; Figures 3 and 4(d)) by 8±3% compared to control
levels, which was restored at one month (Bonferroni: 𝑃 =
0.022; Figures 3 and 4(d)). Numb levels appeared significantly

(one-way ANOVA: 𝐹
2,27
= 8.511, 𝑃 = 0.001; Figures 3

and 4(f)) reduced by 36±1% at one week after lesion (Bonfer-
roni: 𝑃 = 0.001; Figures 3 and 4(f)), and they were partially
but significantly restored at one month, being not signifi-
cantly different from control levels (Bonferroni: 𝑃 = 0.103;
Figures 3 and 4(f)). The expression levels of Noggin were
conversely significantly upregulated after lesion (one-way
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Figure 3:Western blots showing immunoreactive bands relative toChAT,GFAP, BDNF, Shh,Notch-1,Numb,Noggin, andTDP-43, in relation
to their corresponding actin signals in control and lesioned mice sacrificed at one week or one month after lesion.

ANOVA: 𝐹
2,27
= 5.155, 𝑃 = 0.013). In particular, we found

an increase of Noggin expression by 21 ± 1% at one week
and by 85 ± 30% at one month, respectively. These levels
were not significantly higher than control levels at one week
(Bonferroni: 𝑃 = 0.995; Figures 3 and 4(g)), but they became
significantly higher at one month (Bonferroni: 𝑃 = 0.011;
Figures 3 and 4(g)). No statistically significant variationswere
found for GFAP (one-way ANOVA: 𝐹

2,27
= 3.277, 𝑃 = 0.053;

Figures 3 and 4(b)), BDNF (one-way ANOVA: 𝐹
2,27
= 3.067,

𝑃 = 0.063; Figures 3 and 4(c)), Notch-1 (one-way ANOVA:
𝐹
2,27
= 0.364, 𝑃 = 0.698; Figures 3 and 4(e)), and TDP-43

(one-way ANOVA: 𝐹
2,27
= 2.360, 𝑃 = 0.114; Figures 3 and

4(h)).

3.3. Motor Deficits at the Grid Walk Test. CTB-SAP lesion
caused a significant effect on mice performance at the grid
walk test (one-way ANOVA: 𝐹

2,27
= 35.616; 𝑃 = 0.000;

Figure 5). One week after lesion, bilaterally lesioned mice
showed a statistically significant fivefold increase of the
number of footfalls/step compared with prelesion perfor-
mance (Bonferroni: 𝑃 = 0.000; Figure 5). Interestingly, one
month after the lesion, animals showed a significant 3.4-fold
recovery in the number of footfalls (Bonferroni: 𝑃 = 0.000;
Figure 5), reaching a grid walk performance significantly
similar to prelesion levels (Bonferroni: 𝑃 = 0.780; Figure 5).

In order to address the possibility that the worsening
of functional performance after injury and/or the following
recovery could be linked to the protein expression levels, we
used the multiple regression model in (1). LES-1 wk and
LES-1mo groups were pooled together and, after the appli-
cation of backward stepwise regression, we obtained the
model reported in Figure 6(a). The graph shows the highly
significant correlation between the real values of grid walk
performance and those predicted by the model (𝑅

16
= 0.718,

𝑃 = 0.004; Figure 6(a)). It is evident that the expression
levels of Noggin and Shh are good predictors of hindlimb
performance and that they are inversely correlated with the
number of footfalls. No association between variables was
found within the control group (not shown).

Given the significant relationship between motor perfor-
mance of lesioned animals and the expression levels of both
Noggin and Shh, we again used a multivariate regression

model (2) to verify if these proteins could be associated with
each other. The results have shown that the expression of
Shh could be predicted by TDP-43 levels (Figure 6(b)). The
results have also shown that TDP-43 levels are directly linked
to Shh and Noggin expression and inversely correlated with
Numb expression levels (Figures 6(c) and 6(e)). Conversely,
the expression levels of Noggin are directly linked to those
of both TDP-43 and Numb (Figure 6(d)). No association
between variables was found within the control group (not
shown).

4. Discussion

In our previous studies [10, 12, 13], a neurotoxic SC lesion
model was developed in order to study compensatory
changes in the SC circuitry after selective motoneuron
removal. The injection of CTB-SAP into the gastrocnemius
muscle resulted in a partial depletion of lumbarmotoneurons
accompanied by the impairment of hindlimb function. The
motoneuron losswas paralleled by a downregulation ofChAT
within the lumbar SC at one week after the lesion. Given that
the majority of acetylcholine release within the SC originates
from motoneuronal activity, [60–62], it is likely that the
observed downregulation of ChAT could be caused in large
part by the motoneuron loss and in part by the consequent
disruption of spinal circuitry. One month after the lesion,
ChAT expression was partially restored, suggesting a par-
tial recovery of the whole synaptic activity in the lumbar
SC, which was accompanied by the restoration of motor per-
formance, even though the motoneuron depletion is perma-
nent.Therefore, an increased activity of the spared motoneu-
rons could be responsible for both ChAT upregulation and
functional recovery. On the other hand, the increased
motoneuron activity could likely be supported by an upreg-
ulation of synaptic efficacy within the surrounding spinal
circuitry. Similar to ChAT, Shh and Numb expression were
downregulated at one week after the lesion and then restored
at onemonth. Conversely, Noggin expression levels appeared
gradually and significantly upregulated after the lesion.These
results suggest that the expression of these proteins could
be activity-dependent and probably linked to an increase of
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Figure 4: Graphs showing the average expression levels of proteins in SC homogenates from CTRL and lesioned animals analyzed at one
week (LES-1 wk; 𝑛 = 10) and onemonth (LES-1mo; 𝑛 = 7) after lesion, as measured by western blotting and normalized to actin levels. Values
are mean ± s.e.m. They are expressed as percent of CTRL levels. Asterisks (∗) indicate significant difference from CTRL levels, whereas the
dagger (†) indicates significant difference from LES-1 wk levels, as calculated by Bonferroni’s post hoc test.

SC neuronal activity that compensate for the cell death and
disruption of circuitry caused by the neurotoxin.

As demonstrated by the multivariate regression analysis,
the observed changes of Shh and Noggin protein expression
are inversely correlated with the number of footfalls at the
grid walk test, thus suggesting that an artificial increase
of their expression would improve motor performance in
lesioned animals. Since Shh andNoggin affect functional per-
formance of lesioned animals, we used multivariate regres-
sion analysis to verify if their expression is linked with those

of the other proteins previously found to be involved in SC
plasticity.Thedata have demonstrated that the expression lev-
els of Shh are dependent on those of TDP-43. This finding is
novel and interesting for a couple of reasons. In fact, it has
been recently found that TDP-43 could regulate the local
translation of mRNAs at the synapse, thus providing a
complex modulation of synaptic strength [50–52]. Moreover,
recent studies in our laboratory have demonstrated that
TDP-43 could also modulate synaptic function by regulating
the expression levels of both AMPA receptor subunits and
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synapsin-I [57]. Other recent findings have shown that
the depletion of TDP-43 could cause synaptic effects and
locomotor deficits in Drosophila [47, 53]. Interestingly, Shh
seems to affect synaptic plasticity in a similar way [10, 12, 13,
63]. Therefore, the correlation between these proteins could
be due to important functional association, which requires
further investigation. Conversely, the mechanisms underly-
ing the observedNoggin effect onmotor activity are less clear.
However, it is known that Noggin could stimulate functional
recovery after SC injury by either enhancing axonal growth
[64] or inducing neurogenesis [65]. Our results have shown
that Noggin, whose expression levels increased after lesion, is
strongly correlated with both TDP-43 (directly) and Numb
expression (inversely). Moreover, Numb, whose expression
levels were downregulated after lesion and then recovered
in an activity-dependent manner, could also be modulated
by either Shh (directly) or TDP-43 (inversely). The role of
Numb in neurogenesis and synapse morphogenesis is well
established [33, 34], whereas little is known about the possible
role ofNumb inmature neurons.However, it seems likely that
this factor could participate in the axonal growth [31], as well
as in the remodelling of dendritic spines and some aspects of
synaptic function [66]. Here, we have shown that the Numb
activity in the adult SC could take place in collaboration with
other factors known to be involved in either neurogenesis and
synaptic plasticity.The results collectively suggest differential
roles of all these proteins in the SC, in either physiological or
pathological conditions.

As demonstrated by Ki67 expression, a moderate cell
proliferation occurs in the same SC area undergoing to
motoneuron depletion. Colocalization studies have shown
that almost all of these proliferating cells are GFAP-positive
astrocytes. Glial reaction is a classical response to CNS injury
that normally occurs as a result of tissue damage [67, 68].
Notably, our findings indicate that this process could also
be caused by selective neurotoxic motoneuron degeneration,
but its extent was limited, as demonstrated by the lack
of GFAP increase after CTB-SAP lesion. This evidence is
consistent with similar results obtained after neurotoxic
lesion of cerebellar nuclei, which are also nonneurogenic
CNS districts [69]. As previously introduced, Shh and Numb
exert important roles in the regulation of adult neurogenesis
[22, 24, 26–30, 33, 34].Thus, it is reasonable to assume that the
observed downregulation of Shh and Numb could be one of
the factors involved in the glial reaction. Conversely, although
the role of Noggin in stimulating neurogenesis in the adult
brain is demonstrated [38, 39], its function in the lesioned
SC is unclear. The observed Noggin increase after CTB-SAP
injection could not likely be able to induce neurogenesis, but
its effect in limiting glial reaction could not be excluded.

It is therefore likely that an experimental approach aimed
at artificially modifying Shh, Numb, and Noggin signalling
into the SC, during the first few weeks after the lesion,
could enhance NPCs proliferation, reduce glial reaction, and
remove some of the factors that inhibit neurogenesis. More-
over, the putative involvement of these factors inmechanisms
of SC plasticity could anticipate a multiple positive effect of
such treatments on the functional recovery.

Given the increasing interest in mouse models of TDP-
43 gain or loss of function as models of neurodegenerative
diseases, such as ALS animal models [70, 71], we believe that
the elucidation of the physiological role of TDP-43 in the SC
would provide an important contribution. Moreover, given
the rapidly increasing knowledge about SC plasticity, we
believe that further efforts to achieve SC repair by stimulating
the intrinsic potential of SC will produce interesting results.
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Background. Endocardial fibroelastosis (EFE), characterized by a diffuse endocardial thickening through collagen and elastin fibers,
develops in the human fetal heart restricting growth of the left ventricle (LV). Recent advances in fetal imaging indicate that EFE
development is directly associated with a distended, poorly contractile LV in evolving hypoplastic left heart syndrome (HLHS). In
this study, we developed an animal model of EFE by introducing this human fetal LV morphopathology to an immature rat heart.
Methods and Results.Aneonatal donor heart, inwhich aortic regurgitation (AR)was created, was heterotopically transplanted into a
recipient adult rat. AR successfully induced the LVmorphology of evolving HLHS in the transplanted donor hearts, which resulted
in the development of significant EFE covering the entire LV cavity within two weeks postoperatively. In contrast, posttransplants
with a competent aortic valve displayed unloaded LVs with a trace of EFE. Conclusions. We could show that distention of the
immature LV in combination with stagnant flow triggers EFE development in this animal model. This model would serve as a
robust tool to develop therapeutic strategies to treat EFE while providing insight into its pathogenesis.

1. Introduction

Endocardial fibroelastosis (EFE), characterized by a diffuse
endocardial thickening through collagen and elastin fibers,
predominantly develops in immature left atrium (LA) and left
ventricle (LV) [1, 2]. EFE has been described in association
with a wide variety of diseases, such as viral myocarditis [3],
lysosomal storage diseases [4], idiopathic or genetic dilated
cardiomyopathies [5, 6], immunologic diseases [7, 8], and
structural cardiac malformations [9, 10], such as hypoplastic
left heart syndrome (HLHS). Although it has been speculated
that an early hemodynamic insult on the immature LV plays
a key role in the development of EFE, its precise pathogenesis
has not been elucidated [11, 12].

Recent advances in fetal imaging have demonstrated that
in a subset of HLHS patients progression of fetal aortic
stenosis occurs relatively late in gestation [13]. Fetal aortic

balloon valvuloplasty (FAV) has been successfully performed
to avert this progression in a selected patient population
[14]. The development of EFE has been well described in the
progression of this disease and has been shown to contribute
to LV growth retardation and immediate, and more likely,
long-term diastolic dysfunction [15, 16]. Disease progression
is characterized by dramatic morphological changes of the
affected LV. Initially, the LV appears normal in size with
decreased contractility; then, it develops dilation with hyper-
echogenic endocardium, indicative of EFE. Finally, later in
gestation, it progresses into a hypocontractile state with LV
hypoplasia that meets the diagnostic criteria for HLHS [17].
These clinical observations of the LV suggest that distention
is a key factor in the development of EFE. In addition, it
has been recognized that EFE is more likely to develop in
a borderline developed LV rather than a diminutive LV, the
latter being protected fromdistention since it has neither inlet
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nor outlet [16, 18, 19]. Furthermore, most of LVs developing
EFE from other etiologies are distended at the time of
EFE manifestation [1, 2, 9, 20]. Collectively, these clinical
observations implicate that distention of the immature LV
may significantly add to the severity of EFE development,
potentially on the basis of unknown intrinsic genetic or
immunologic predispositions.

Based on our hypothesis that immaturity and stagnation
of intracavitary flowwould play a key role in the development
of EFE, we reported our results on EFE development in
a heterotopically transplanted neonatal rat heart model,
where the LV had no intracavitary flow (i.e., preload) [21].
This animal model, however, showed variable degrees of
EFE formation which we could only assess at postmortem
analysis since echocardiographic evaluation was limited due
to restricted view of the intra-abdominally located donor
heart. In addition, postmortem analysis indicated a direct
correlation between the degree of EFE and ventricular
distention which was most likely a result of intraopera-
tive technical difficulties resulting in the distortion of the
aortic root. These combined observations of clinical and
experimental data indicate that additional factors contribute
to the pathophysiological mechanism of EFE formation.
Thus, we refined our hypothesis, combining immaturity and
stagnation of flow within the LV cavity with intentional LV
distention and modification of the anatomical location of
the heterotopically transplanted heart for echocardiographic
monitoring. In order to test this hypothesis, we modified the
previously described heterotopically transplanted immature
heart model by introduction of acute LV distention through
creation of severe aortic regurgitation without compromising
coronary perfusion and femoral location of the donor graft.

2. Materials and Methods

All animal procedures in this study were conducted in
accordance with the Principles of Laboratory Animal Care
formulated by the National Society for Medical Research
and the Guide for the Care and Use of Laboratory Animals
prepared by the Institute of Laboratory Animal Resources
and published by the National Institutes of Health (NIH Pub-
lication number 86-23, revised 1996). The animal protocols
were reviewed and approved by the Institutional Animal Care
and Use Committee at Boston Children’s Hospital.

2.1. Heterotopic Femoral Neonatal Rat Heart Transplantation.
Heterotopic femoral heart transplantations were performed
between syngeneic Lewis rats (Charles River Laboratories
International, Wilmington, MA) using the technique previ-
ously described with a few modifications [22]. The proce-
dures were performed under a surgical microscope (Endure
Medical, Georgia) with 6x to 40xmagnification. Donors with
AR creation served as a distended LV model (𝑛 = 10) and
thosewith an intact aortic valve served as unloaded LVmodel
(𝑛 = 14).

2.1.1. Recipient Preparation. Recipient rats (male, 150 to
200 g) were anesthetized via intraperitoneal injections of
Ketamine (40mg/kg) and Xylazine (10mg/kg). Heparin

(300 IU/kg) was also administered intraperitoneally. Anes-
thesia was maintained by isoflurane inhalation (1 to 2%)
through an endotracheal tube under mechanical ventilation
(Inspira Advanced Safety Ventilator, Harvard Apparatus,
Holliston, MA). A skin incision was made along the inguinal
crease to expose the femoral artery and vein.

2.1.2. Donor Preparation and Creation of Aortic Regurgitation.
Neonatal rats (postnatal day 2 to 4, 10 ± 2 g) served as a
donor. Anesthesia was induced in the same way as in the
recipients. The chest was opened with a V-shaped incision
to free the entire anterior rib cage for wide exposure. High
potassiumKrebs-Henseleit solution was administered via the
inferior vena cava to obtain optimal cardiac preservation and
eliminate blood. The distal ascending aorta and pulmonary
trunk were cut and divided as proximally as possible to
facilitate subsequent anastomoses. All other accessory vessels
were ligated by 7-0 nylon sutures and cut off. The aortic
valvewas either damaged by inserting an ultrathin guide-wire
(Roadrunner Extra-Support Wire Guide, diameter: 0.014
inch, COOK MEDICAL, Bloomington, IN) to create aortic
regurgitation or left intact. The harvested heart was stored in
cardioplegic solution at 4∘C.

2.1.3. End-to-End Anastomoses. Microvascular clamps were
placed on the recipient proximal femoral artery and vein
separately. The distal femoral artery and vein were tied off
before branching superficial caudal epigastric artery and vein.
The harvested donor heart was then transferred into the
recipient groin for transplantation. The donor’s ascending
aorta and pulmonary trunk were anastomosed to the recip-
ient’s femoral artery and vein, respectively, in an end-to-end
manner. The arterial anastomosis was made by 8 to 10 inter-
rupted stitches with 10-0 and 11-0 nylon sutures. The venous
anastomosis was made by continuous running suture with
an 11-0 nylon suture. After completion of the anastomoses,
the microvascular clamps were removed. The transplanted
hearts resumed beating within a minute and showed variable
distention according to the degree of aortic regurgitation.The
incision was closed following hemostasis. The recipient rat
was then given analgesics (Buprenorphine: 0.1mg/kg S.C.,
Meloxicam: 1mg/kg S.C.) and extubated.The rat was allowed
to recover and usually had no difficulty in ambulation. No
limitation on feeding was imposed perioperatively and no
antibiotics were given (Figures 1(a) and 1(b)).

2.2. Heterotopic Abdominal Rat Heart Transplantation. Con-
ventional heterotopic abdominal heart transplantations using
a 2-week-old donor with AR creation were performed as
previously described (𝑛 = 3) [23, 24]. Briefly, the donor heart
harvest and AR creation was carried out in the same way as
the femoral transplantation. The donor’s great vessels were
anastomosed to a recipient’s infrarenal abdominal aorta and
inferior vena cava, respectively, in an end-to-side manner.
Postoperative care and time course of the experiments were
the same as the femoral transplantation.

2.3. Postoperative Trans-Femoral Echocardiography. Thetrans-
planted hearts underwent echocardiographic evaluation for
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Figure 1: (a) Heterotopic femoral heart transplantation. (b) Schemes of blood circulation of transplanted hearts and representative
photographs of the posttransplants. Reduced flow through the LV in the unloaded LV model with intact aortic valve (upper row)
versus increased pressure and volume load in the distended LV model with AR creation (lower row). (c) Postoperative trans-femoral
echocardiography. Representative images from a distended LV with AR. (d) A grading system for the amount of EFE. EFE scores (Grade
0, no EFE; Grade 1, islets of EFE; Grade 2, thin EFE tissue covering a half circumference of the endocardium; Grade 3, thin EFE tissue (less
than 100𝜇m) covering a full circumference of the endocardium; Grade 4, thick EFE tissue (more than 100𝜇m) covering a full circumference
of the endocardium). White scale bar, 200 𝜇m.
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LV dimensions, contractility, and aortic valvular function
one week postoperatively. The recipient rat was anesthetized
by isoflurane inhalation (1 to 2%) delivered via a nose cone
and positioned supine on a heated platform for echocar-
diography (Vevo 2100, FUJIFILM VisualSonics, Toronto,
Canada). A long axis view of the transplanted heart was visu-
alized through an apical approach by a 40MHz transducer
(MS550D, FUJIFILM VisualSonics, Toronto, Canada). Data
were acquired via this apical long axis view (Figure 1(c)).

2.4. Histological Evaluation of the Transplanted Hearts. The
recipient rats were euthanized two weeks postoperatively.
The transplant hearts were explanted and fixed in 4%
paraformaldehyde for 24 hours, embedded in paraffin, and
sectioned to obtain either short or long axis view of the
LV. Hematoxylin and Eosin staining, Masson’s Trichrome
staining, and Elastica van Gieson staining were performed
on those sections using standard protocols to determine EFE.
The degree of EFE was graded semiquantitatively on a scale
from 0 to 4 (Grade 0, no EFE; Grade 1, islets of EFE; Grade
2, thin EFE tissue covering half of the circumference of the
LV endocardium; Grade 3, thin EFE tissue (less than 100 𝜇m)
covering the full circumference of the LV endocardium;
Grade 4, thick EFE tissue (more than 100 𝜇m) covering
the full circumference of the LV endocardium; Figure 1(d)).
Images were acquired on a microscope (Axio Observer. Z1,
Carl Zeiss Microscopy LLC, Peabody, MA).

2.5. Statistical Analysis. LV parameters of the posttransplants
from echocardiographic measurements were assessed for
group differences using an unpaired 𝑡-test. Comparisons of
EFE scores between groups were made using nonparametric
(Mann-Whitney) tests conducted with JMP (8.0.1, SAS Insti-
tute, Japan). Data are expressed as means ± SEMs. 𝑃 < 0.05
was considered statistically significant.

3. Results

3.1. AR Successfully Induced the LV Morphology of Evolving
HLHS on the Transplanted Donor Hearts. We conducted
heterotopic femoral neonatal rat heart transplantations to
test if AR creation could induce acute LV distention on the
immature neonatal donor rat heart. The transplanted hearts
with AR creation (𝑛 = 10) were compared to those with
an intact aortic valve (𝑛 = 14) via postoperative trans-
femoral echocardiography. In the distended LV model, the
LVs were markedly dilated by significant AR, whereas those
in the unloaded LV model became contracted with reduced
preload (LVDd (mm), 3.33 ± 0.47 versus 1.35 ± 0.09, 𝑃 <
0.01; LVDs (mm), 2.84 ± 0.50 versus 1.10 ± 0.12, 𝑃 < 0.01)
(Figure 2(a)). Both groups showed decreased LV contractility
without any significant difference (FS (%), 18.45 ± 3.73 versus
21.77 ± 4.22, N.S.). These echo findings indicate that AR
introduction could instantaneously alter the morphology
of the transplanted hearts due to significant pressure and
volume overload.

3.2. EFE Developed in the Distended Immature LVs. His-
tological evaluation was performed to determine if these

distended hearts developed significant EFE. In the distended
LV model with AR, the explanted hearts were larger in
size and all 10 cases developed significant EFE. In the most
severe EFE cases (EFE score 4), EFE was macroscopically
discernible as a thick white layer on the endocardial surface.
Microscopic observations confirmed a collagen-rich fibrous
tissue with elastin fibers covering the endocardial surface,
which specified EFE (Figure 3(a)). In contrast, the unloaded
LVs appeared contracted, and EFE developed only in 2 cases.
Instead, a mural thrombus was organized in 3 out of 14
unloaded LVs and distinguished from EFE by the absence
of elastin fibers (Figures 3(b) and 3(c)). EFE scores in the
distended LV model were significantly higher than those in
the unloaded LV model (2.90 ± 0.26 versus 0.29 ± 0.21, 𝑃 <
0.01) (Figure 3(d)).

EFE develops almost exclusively in the early stage of life.
We, therefore, performed the distended LV model using a
relatively mature donor (2-week-old, 𝑛 = 3) (Figures 4(a)
and 4(b)). In this model, none of the transplanted hearts
developed EFE, and fibrosis was mainly distributed in the
subendocardial layer instead of the endocardial surface
(Figure 4(c)).

3.3. EFE Increased in Proportion to the Severity of LV Disten-
tion. Although all the distended LVs developed significant
EFE, its degree varied. To further clarify the relationship
between distention and EFE development, we compared echo
data between the most severe EFE cases (Grade 4, 𝑛 = 3)
and the others (Grade 2 and 3, 𝑛 = 7) from the distended LV
model. Echo analyses revealed that the most severe degree of
EFE (Grade 4) developed in the most dilated (LVDd (mm),
5.24 ± 0.54 versus 2.51 ± 0.29, 𝑃 < 0.01; LVDs (mm), 2.84 ±
0.50 versus 1.10 ± 0.12, 𝑃 < 0.01) and poorly contractile LVs
(FS (%); 3.15 ± 1.28 versus 25.0 ± 2.77, 𝑃 < 0.01) (Figure 5).
The severity of distention was directly associated with the
amount of EFE.

4. Discussion

In this study, we successfully created an animal model of
EFE by introducing clinical features of evolving human
fetal HLHS which included a combination of immaturity,
stagnation of flow, and distention of the LV through vol-
ume/pressure overload. Our results indicate that the amount
of EFE directly correlates with the severity of LV distention
when added to immaturity and stagnation of intracavitary
flow. These findings shed new light on the underlying
mechanisms of EFE development, which are in line with
clinical observations of fetal patients with aortic stenosis and
impending HLHS development.

Although multiple animal models have produced LV
hypertrophy by introducing left-sided obstruction, none have
been successful in creating EFE [25, 26]. Major limitations
using fetal experimental animals are difficulties in obtaining
survival cases when applying major hemodynamic changes
acutely. Creating aortic stenosis in an early gestational fetus
gradually increases LV end-diastolic pressure but fails to
create abrupt augmentation of LV pressure/volume load,
which we observed in a subgroup of fetuses with aortic
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Figure 2: Postoperative echocardiography. (a) Short axis views of LVs in diastole and systole.The distended LVmodel developed significantly
larger LVs than those in the unloaded LVmodel (∗𝑃 < 0.01, NS: not significant). (b) Apical long axis view of a LV in the distended LVmodel.
An AR jet was detected in a 2D echocardiography with color Doppler.

stenosis and evolving HLHS.Thus, as a consequence, no EFE
developed in these animal models [25].

Fully vascularized cardiac transplantation in small ani-
mals has been established and reliably used to address a wide
variety of issues. Multiple modifications have been attempted
to facilitate construction of the anastomoses, which has been
recognized as a technical challenge and requires a substantial

learning curve to achieve acceptable reproducibility [27].
Using a neonatal rat as a donor would be even more chal-
lenging given the small size and fragility. To overcome this
potential vulnerability of the present model, postoperative
monitoring was imperative. Therefore, we newly developed
a heterotopic femoral heart transplantation model, in which
a transplanted heart was vascularized by the recipient’s
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Distended LV model
(n = 10)

Unloaded LV model
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Figure 3: (a) A representative photograph and slides of the distended LV model. Each shows short axis views of the ventricles. The
endocardium is covered by macroscopically discernible pearly white thick layers of fibroelastosis. Masson’s Trichrome- and Elastica van
Gieson-stained slides depict thick fibrous layers with an abundant collagen deposition (stained in blue) and stratified elastin fibers (black
wavy lines) on the endocardial surface. (b) Representative Hematoxylin and Eosin- and Masson’s Trichrome-stained slides in the unloaded
LVmodel.The LV appears contracted with a thickened myocardial layer. No apparent fibrous tissue develops on the endocardium. (c) A case
with a mural thrombus in the unloaded LVmodel. Masson’s Trichrome-stained slides depict a large mural thrombus occupying the LV cavity.
The mural thrombus has an abundant collagen deposition but no elastin fibers in an Elastica van Gieson-stained slide. Black scale bar, 1mm;
white scale bar, 200𝜇m. (d) Comparison of EFE scores between the distended LV model and the unloaded LV model (∗𝑃 < 0.01).
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(a)

LV

Ao

AR jet

(b)

(c) (d)

Figure 4: In comparison, the distended LV model using a 2-week-old donor. (a) A photograph of a transplanted donor heart in situ. (b)
Representative echo images showing the apical long axis view of the LV. An AR jet was detected in a 2D echocardiography with color Doppler.
(Ao: aorta). (c) Representative Hematoxylin and Eosin- and Masson’s Trichrome-stained slides sectioned along the short axis. Collagen-rich
fibrous layers (stained in blue) are seen in the subendocardial layer of a 2-week-old donor heart. (d) AMasson’s Trichrome-stained slide from
a neonatal donor heart for comparison. Fibrous layers are located on the endocardial surface of the LV. Black scale bar, 1mm; white scale bar,
200 𝜇m.

femoral vessels and placed superficially in a groin pocket.
Unlike the conventional abdominal transplantation model,
thismodelmade the posttransplant heart palpable and visible
via postoperative trans-femoral echocardiography.

In the present study, the unloaded LV model did not
produce significant EFE as indicated by our scoring data.The
discrepancy toward our previously published results may be
attributable to subtle technical differences, such as the way
of placing a stitch, aligning the target vessels, positioning
the posttransplant with possible distortion of the aortic root,
and obtaining optimal hemostasis, given the nature of this
technically demanding and thus fairly surgeon-dependent
procedure. Technical differences resulted in altering degrees
of compromised LV function, which potentially influenced
EFE formation. We addressed this issue by refining our
animal model through incorporation of LV distention, which
provided reproducible degrees of LV dysfunction. Alterna-
tively, it can be attributed to diagnostic challenges with EFE.
A mural thrombus or other nonspecific endocardial fibrosis

could mimic EFE. In particular islet-type patchy fibrosis
on the endocardium is difficult to determine due to the
phenotypical ambiguity and indiscernible elastin fibers.

To fulfill distention of the LV, we introduced AR through
direct damage of the aortic valve. AR mimics the clinical
situation of a distended LV in some impending HLHS cases
but does not occur as a prominent pathophysiologic feature
in human fetuses. Thus, there is the potential that the
direction and velocity of blood flow following AR through
the LV or shear stress applied onto the endocardium could
be completely different. The AR jet might, thereby, directly
injure the endocardium and induce EFE formation regardless
of LV distention. Since EFE in this study is distributed homo-
geneously over the full circumference of the endocardium,
our results indicate that the AR jet does not directly injure
the endocardium. Therefore, direct injury from an AR jet,
whichwould have created spatially variable local lesions, is an
unlikely contributor to EFE formation in this model. Direct
localized endothelial injury could also have been caused by
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Figure 5: Relationship between LV distention and EFE amount. (a) Representative echo images and Masson’s Trichrome-stained slides
sectioned along the long axis. Mild LV distention created mild EFE (Grade 2) (upper row), whereas severe LV distention created severe EFE
(Grade 4) (lower row). White dots in the echo images delineate the contour of the LV endocardium. Black scale bar, 1mm; white scale bar,
200 𝜇m. (b) Comparison of the LV dimensions and fractional shortenings between Grade 2, 3 EFE cases and Grade 4 EFE cases (∗𝑃 < 0.01).

accidental trauma through the needle used for damaging the
aortic valve leaflet. Initial attempts, in which we used a rigid
thin needle to create AR, resulted in a localized fibrous scar
lesion at the location of the injured endocardium (data not
shown). This technical failure prompted us to use a flexible
ultrathin guide-wire to create AR, which eliminated the risk
of direct injury to the endocardium.

Difficulty in regulating the degree of AR generates differ-
ent degrees of LV distention and results in variable amounts
of EFE formation but at the same time provides a positive
relationship between LV distention and the amount of EFE.
Variable AR amounts also impose a challenge on a direct
comparison between an immature donor group (P 2 to
4) and a relatively mature donor group (2-week-old) since

the severity of LV distention, which is represented by the
size and function of the LV, is not directly comparable.
In addition, susceptibility to distention may vary. However,
the fact that the distended LV model with a 2-week-old
donor created prominent subendocardial fibrosis but no
EFE (Figure 4(c)) indicates that not only distention but also
immaturity plays a key role in this pathological process. To
the best of our knowledge, none of the animal models of
AR using adult subjects have described EFE as a histological
change [28, 29].

It is still controversial whether EFE is a distinct pathologic
entity or a secondary phenomenon caused by stressors on
the heart, such as mechanical overload. In order to explore
benefits and limitations of therapeutic interventions on
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the immature/fetal heart it is imperative to create a robust
animal model of EFE to elucidate the underlying cause
of EFE formation and to determine effective therapeutic
agents targeting EFE. Intuitively, suppression of overgrowth
of fibrotic layers on the endocardium, preferably combined
with the mechanical relief of the distention such as FAV
during the fetal stage, would provide a better chance to use the
LV as systemic ventricle. Indeed, in experienced institutions,
postnatal surgical resection of EFE has been performed in an
attempt to restore and recruit the LV and improved outcome
in selected cases has been reported [30, 31]. However, given
the possibility that EFE is a protective response of the
immature heart from mechanical overload, it might not be
a useful therapeutic target during fetal development.

The current model shows that distention of the ventricle
is one of the important mechanical factors which triggers
the development of EFE in an age-dependent manner. These
findings implicate that a relief of the underlying mechanical
overload such as fetal aortic stenosis is of primary impor-
tance to mitigate EFE formation and exerts the greatest
benefit if performed promptly when themechanical overload
appears. Since immediate relief of the mechanical overload
to prevent EFE formation might not be feasible, alternative
treatment strategies should potentially dissolve or reverse
already present EFE.

5. Conclusions

We present an animal model where we could show that the
distention of the immature LV triggers EFE formation by
introducing morphopathological features of evolving human
fetalHLHS.Thismodel could serve as a robust tool to develop
therapeutic strategies to treat EFE while providing insight
into its pathogenesis.
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This work was aimed at characterizing structural changes in primary motor cortex layer 5 pyramidal neurons and their relationship
with microglial density induced by facial nerve lesion using a murine facial paralysis model. Adult transgenic mice, expressing
green fluorescent protein in microglia and yellow fluorescent protein in projecting neurons, were submitted to either unilateral
section of the facial nerve or sham surgery. Injured animals were sacrificed either 1 or 3weeks after surgery. Two-photon excitation
microscopy was then used for evaluating both layer 5 pyramidal neurons and microglia in vibrissal primary motor cortex (vM1). It
was found that facial nerve lesion induced long-lasting changes in the dendritic morphology of vM1 layer 5 pyramidal neurons and
in their surroundingmicroglia. Dendritic arborization of the pyramidal cells underwent overall shrinkage. Apical dendrites suffered
transient shortening while basal dendrites displayed sustained shortening. Moreover, dendrites suffered transient spine pruning.
Significantly higher microglial cell density was found surrounding vM1 layer 5 pyramidal neurons after facial nerve lesion with
morphological bias towards the activated phenotype.These results suggest that facial nerve lesions elicit active dendrite remodeling
due to pyramidal neuron and microglia interaction, which could be the pathophysiological underpinning of some neuropathic
motor sequelae in humans.

1. Introduction

After peripheral nerve axotomy, injuredmotoneurons under-
go both morphological and physiological modifications,
including dendritic branches retraction [1, 2], enhanced
brain-derived neurotrophic factor [3, 4], c-Fos, and c-Jun
expression [5, 6], and changes regarding their active and
passive electrophysiological properties [7–9]. Such mod-
ifications apparently facilitate motoneuronal survival and
the regeneration of their axons. However, depending on
whether it is central or peripheral, axotomy would induce
motoneuronal death [10]. The mechanisms involved in axo-
tomy induced motoneuronal death are not well understood;
however, the loss of muscle fiber-derived trophic factors may

be partly responsible [11]. Peripheral nerve lesions have been
used for evaluating injury-related neural plasticity not only
in motoneurons but also in multiple brain structures. In fact,
facial nerve axotomy in rodents has been widely used for
studying vibrissal motor system plasticity at different levels
[10].

It has been described that a layer 5 pyramidal neuron sub-
population in the vibrissal primarymotor cortex (vM1) sends
a monosynaptic projection to facial nucleus motoneurons
[12]. Although, given such connectivity, it is plausible that
facial motoneuron axotomy could transsynaptically induce
modifications in vM1, such changes have scarcely been
explored. In this vein, it has been described that peripheral
facial nerve injury induces astroglial activation in vM1 and

Hindawi Publishing Corporation
BioMed Research International
Volume 2015, Article ID 482023, 11 pages
http://dx.doi.org/10.1155/2015/482023

http://dx.doi.org/10.1155/2015/482023


2 BioMed Research International

other cortical areas as evidenced by transient enhancement
of S-100 protein, glial fibrillary acidic protein, and connexin
43 expression [13]. Using c-Fos immunoreactivity as amarker
for neuronal activation, it has been found that vM1 volume
acutely responding to facial nerve axotomy in sighted rats is
twofold smaller than in blind animals and that the degree
of acute cortical activation is directly related to the degree
of late motor recovery [14]. Significant retraction of layer
5 pyramidal neuron dendritic arborization in vM1 after
contralateral facial nerve transection has been described
using Golgi-Cox staining [15]. Persistent changes in the
electrophysiological properties of layer 5 pyramidal neurons
in the primary motor cortex (vM1) induced by facial nerve
lesions have been described recently [16]. These changes
included increased dendritic excitability of layer 5 pyramidal
neurons that could be explained by membrane surface loss
due to retraction of their dendritic arborization.

On the other hand, it has been shown that both axo-
tomized [17] and denervated neurons undergo remodeling of
their dendritic arborizations [18] following central nervous
system (CNS) lesions. Additionally, it has been described that
both axotomized and denervated neurons in the CNS dis-
play enhanced chemokine expression.Moreover, chemokines
activate resident microglial cells and such activation is neces-
sary for dendritic remodeling to occur [18]. It has also been
shown that microglial accumulation around the perikarya of
axotomized neurons in the CNS is closely related to axonal
regeneration [19].

Taking into account the timing of facial nerve lesion
induced changes in pyramidal neurons found in previous
experiments of our group, the present study was aimed at
evaluating the dendritic arborization of layer 5 pyramidal
neurons and the density and morphology of the microglia
surrounding them in vM1 at one and three weeks after
contralateral facial nerve axotomy. To do so, TgH(CX3CR1-
EGFP)xTgN(THY1.2-EYFP) transgenic mice were used as
they express enhanced yellow fluorescent protein in pyra-
midal neurons and enhanced green fluorescent protein in
microglial cells. Our results showed that peripheral facial
nerve axotomy induced persistent shrinking of apical and
basal dendrites of layer 5 pyramidal cells in vM1, accom-
panied by a significant increase of neighboring microglia
density with a shift towards activated phenotype.

2. Experimental Procedures

2.1. Subjects. Twelve adult male TgH(CX3CR1-
EGFP)xTgN(THY1.2-EYFP) mice, weighing 23 ± 1.5 g
(mean ± standard error of the mean (SEM)), kindly supplied
by the Glial Physiology and Imaging Group (Department
of Neurogenetics, Max Planck Institute for Experimental
Medicine, Göttingen, Germany) were used as subjects.
The animals were housed in the Max Planck Institute for
Experimental Medicine (Göttingen, Germany) mouse
facility, having ad libitum access to food and water, and being
kept in a sound-attenuated room with controlled humidity
(40 ± 5%) and temperature (20 ± 1∘C) using a 12 h light/dark
cycle (lights on at 07:00 a.m.). All experimental procedures

were performed according to the Max-Planck-Society and
European guidelines for the welfare of experimental animals
and were approved by the local Ethics Committee. All efforts
were made to minimize the number of animals used and
avoid unnecessary suffering to the experimental subjects.

TgH(CX3CR1-EGFP)xTgN(THY1.2-EYFP) mice were
obtained by crossbreeding homozygous CX3CR1-EGFP
mice, in which enhanced green fluorescent protein (EGFP)
expression in microglia is achieved by placing the EGFP
reporter gene into the Cx3cr1 locus encoding the chemokine
receptor CX3CR1 [20], with transgenic THY1.2-EYFP mice
expressing enhanced yellow fluorescent protein (EYFP)
in projection neurons and their respective axons [21].
TgH(CX3CR1-EGFP) mice and TgN(THY1.2-EYFP) mice
were of B6SJL background for more than 10 generations.

2.2. Facial Nerve Lesion Surgery. Eight randomly chosen
mice underwent facial nerve transection surgery in asep-
tic conditions and under general anesthesia (100mg/kg
ketamine and 10mg/kg xylazine, administered intraperi-
toneally). Briefly, the facial nerve’s buccal branch and the
upper division of the marginal mandibular branch were
dissected and severed through a 0.5 cm horizontal incision
made above the right mandibular angle; a 2 mm segment of
the proximal stump was removed in each sectioned nerve
branch to avoid nerve repair and the skin wound was sutured
with discontinuous 5-0 silk stitches (Figure 1(a)). Nerve
branch identity and lesion effectiveness were confirmed by
electrical stimulation [22].

Four randomly chosen subjects underwent sham surgery
(control). Briefly, the buccal branch and the upper division
of the marginal mandibular branch of the facial nerve were
dissected through a 0.5 cmhorizontal incision above the right
mandibular angle, but left intact; the skin wound was sutured
with discontinuous 5-0 silk stitches.

2.3. Histology. Subjects undergoing facial nerve axotomy
were allowed a recovery period of either 1 week (𝑛 = 4)
or 3 weeks (𝑛 = 4) before being sacrificed for histological
analysis. Sham-operated subjects (𝑛 = 4) were allowed a
one week recovery period before being killed for histological
analysis (Figure 1(b)). After the recovery time had elapsed,
the mice were deeply anesthetized with isofluorane (1.5–
2.5%; mixed with 0.6 to 0.8 liters/min O

2
) and transcar-

dially perfused with Hank’s balanced salt solution (HBSS,
Gibco) followed by 4% paraformaldehyde in 0.1M phosphate
buffered saline. The brains were dissected after the perfusion
and postfixed overnight in 4% paraformaldehyde in 0.1M
phosphate buffered saline at 4∘C. Serial 80 𝜇m thick coronal
slices (1 to 2.5mm rostral to bregma) containing the vM1
(i.e., medial agranular cortex, frommidline to 1.5mm lateral)
were obtained using a vibratome (Leica VT 1000S, Leica
Instruments, Germany).

2.4. Microscopy. Image stacks of the fixed brain sections were
recorded using a two-photon laser scanhead (TriM-Scope, La
Vision Biotec, Bielefeld, Germany) coupled to a fixed stage
upright microscope (Axioscope 2 FS, Zeiss, Oberkochen,
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Figure 1: Experimental preparation and design. (a) Lateral view of a mouse’s head, schematizing facial nerve branches innervating face
muscles; the branches transected during irreversible nerve lesion surgery, as well as the approximate place where they were cut, are indicated
by scissors. T, temporal; Z, zygomatic; B, buccal; and M, mandibular branches of VII facial nerve. (b) Schema of the experimental design
showing its time line and indicating the color representing each group (white for sham, light gray for 1 week, and black for 3 weeks after facial
nerve lesion).

Germany). Two-photon excitation at 910 nm achieved by
a titanium-sapphire laser equipped with broadband optics
(MaiTai BB, Spectra Physics) and emission fluorescence
detection through a 530–600 nm band pass filter were used
for detecting pyramidal neurons expressing EYFP. Excitation
at 970 nm and fluorescence detection through a 500–530 nm
band pass filter were used for detecting microglial cells
expressing EGFP. Non-descanned detection (Hamamatsu,
Japan) was used to record three-dimensional image stacks
having 1,024 pixel × 1,024 pixel frame size (200 𝜇m × 200𝜇m
scan field) through a 40x, 1.3 numerical aperture oil objective
(Zeiss).

2.5. Data Processing and Analysis. EYFP-expressing pyra-
midal neurons from layer 5 in vM1 were identified by
their characteristic triangular soma shape, apical dendrites
oriented towards the pial surface, and presence of dendritic
spines. Image stacks containing the dendritic arborization of
a given pyramidal neuronwere then overlapped using ImageJ
(http://rsb.info.nih.gov/ij/).Three layer 5 vM1 neurons whose
dendritic trees were extensively represented in the overlapped
stack were then selected for every subject for reconstruction
using Neuromantic 1.6.3, an open source system for three-
dimensional digital tracing of neurites [23].

The three-dimensionally reconstructed dendritic arbo-
rizations were then compressed to a single plane and
skeletonized using ImageJ routines for Sholl analysis [24].
Briefly, concentric circles were traced, starting from the soma,
increasing their radius by 4 𝜇m, and then the branches inter-
sected by each circle were counted using an ImageJ routine.
A plot illustrating how the number of branches varied as
a function of distance from the soma was constructed and
the area under the curve (AUC), the maximum, and the full
width half maximum (FWHM) were calculated [25].

Dendritic spine density was estimated by counting the
number of spines found in a randomly selected 10 𝜇m long
segment of a dendritic branch. Dendritic branches were
classified as either apical or basal and then as primary,
secondary, or tertiary. An ImageJ routine was used for spine
counting.

Microglial cells from layer 5 in vM1 were identified by
their EGFP expression. Image stacks containing only layer
5 of vM1 (to do so, a region of interest encompassing
500 to 1000 𝜇m from pial surface in the medial agranular
cortex was defined) were selected for analysis.Microglial cells
per volume unit density and the area of each cell’s soma
were measured using automated ImageJ analyse particles
routine (16-bit grayscale images’ contrast was enhanced to
discriminate individual cells, and then size and shape criteria
were set to exclude noisy particles).

Differences among groups were statistically evaluated
for every parameter using SigmaPlot 12.0 (Systat Software
Inc., Chicago, USA) one-way analysis of variance (ANOVA)
module; significance level was set at 𝑃 < 0.05. Whenever
ANOVA revealed a significant difference, Holm-Sidak post
hoc multiple pairwise 𝑡-tests were performed to identify the
source of such difference.

3. Results

3.1. Vibrissal Paralysis. Unilateral section of the buccal and
mandibular facial nerve branches induced complete paralysis
of the right mystacial vibrissae, which persisted for at least
three weeks. The whiskers were oriented backwards during
the first recovery week, forming a narrow bunch; from that
time on, the whisker bunch progressively loosened but still
remained immobile. Sham-operated mice whisking was not
distinguishable from that of nonoperated mice (data not
shown).

3.2. Facial Nerve Lesion Induced Dendritic Remodeling of vM1
Pyramidal Neurons. Facial nerve axotomy induced changes
in the dendritic architecture of pyramidal neurons of the
layer 5 in contralateral vM1 (Figure 2). The total length of
the apical dendrites changed significantly after facial nerve
injury (𝐹

(2, 33)
= 3.500, 𝑃 = 0.042). One week after the

injury (Figure 2(d)) apical dendrites became pruned and
their total length became significantly shorter than that of
sham-operated subjects (𝑡 = 2.560, 𝑃 = 0.045). Apical
dendrites had partially regrown three weeks after the lesion
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Figure 2: Differential apical and basal dendrite lengthmodifications in vM1 layer 5 pyramidal neurons following facial nerve axotomy. (a, b, c)
Top row, two-dimensional projection of stacks of two-photon confocal images of vibrissal motor cortex layer 5 pyramidal neurons expressing
EYFP; bottom row, two-dimensional computer-assisted traces of layer 5 pyramidal neurons from sham and injured animals (reconstructed
neurons are indicated by an asterisk in top row images). Micrographs and reconstructions obtained either from mice undergoing (a) sham
surgery, (b) one week recovery after facial lesion, and (c) three-week recovery after facial lesion. (d) Total length of apical dendritic tree
of layer 5 pyramidal neurons from each experimental group. (e) Total length of basal dendritic tree of layer 5 pyramidal neurons from each
experimental group. Bars and error whiskers represent themean + SEM. 1W, 1 week after peripheral nerve lesion; 3W, 3 weeks after peripheral
nerve lesion; ∗𝑃 < 0.05.
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Figure 3: Overall dendritic tree shrinkage in vM1 layer 5 pyramidal neurons following contralateral facial nerve axotomy. (a) Sholl analysis
indicating the number of dendrite branches crossing concentric circles around the cell body. Symbols and associated error bars correspond
to the mean ± SEM. (b) Full width half maximum (FWHM) of Sholl distribution from each experimental group. Bars and error whiskers
represent themean+ SEM. (c) Sholl distribution area under the curve (AUC) fromeach experimental group. Bars and errorwhiskers represent
the mean + SEM. 1W, 1 week after peripheral nerve lesion; 3W, 3 weeks after peripheral nerve lesion; ∗𝑃 < 0.05.

(Figure 2(d)) and their total length was not significantly
different from that of control subjects (𝑡 = 1.858, 𝑃 = 0.139).

Facial nerve axotomy also induced significant changes in
the total length of basal dendrites of pyramidal neurons in
contralateral vM1 (𝐹

(2, 33)
= 4.475,𝑃 = 0.019). Oneweek after

the lesion (Figure 2(e)) basal dendrites’ total length was not
significantly different from that observed in sham-operated
subjects (𝑡 = 1.093, 𝑃 = 0.283). However, three weeks after
the injury (Figure 2(e)), the basal dendrites became pruned
and their total length became significantly shorter than that
of control subjects (𝑡 = 2.958, 𝑃 = 0.017).

Although the apical to basal total length ratio did not
significantly change after facial nerve injury (𝐹

(2, 33)
= 2.161,

𝑃 = 0.131), the correlation between apical and basal
dendrites’ total length disappeared after facial nerve axotomy.

In fact, control subjects’ total apical dendrite length was
positively and significantly correlated to total basal dendrite
length (𝑟 = 0.970, 𝑃 = 0.001). Due to the changes described
above regarding apical and basal dendritic branches, such
correlation becameweaker and nonsignificant both one week
(𝑟 = 0.312, 𝑃 = 0.324) and three weeks (𝑟 = −0.231,
𝑃 = 0.659) after facial nerve section.

The dendritic arborization of vM1 layer 5 pyramidal
neurons shrank globally after contralateral facial nerve axo-
tomy, as indicated by Sholl analysis of the distribution of the
number of dendritic branches as a function of distance from
the soma (Figure 3). The maximum for such distribution did
not significantly change after facial nerve lesion (Figure 3(a);
𝐹
(2, 33)
= 1.032, 𝑃 = 0.368). However, the FWHM became

significantly smaller than control from the first week after
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Figure 4: Apical dendritic spine density changes in vM1 layer 5 pyramidal neurons following facial nerve axotomy. (a) Two-dimensional
computer-assisted trace of layer 5 pyramidal neuron from a representativemouse sacrificed 1 week after facial nerve lesion.The small rectangle
indicates the area photographed in (b). (b) Representative microphotographs of second order dendritic spines from each experimental group.
(c, d, e) Quantification of layer 5 pyramidal neurons spine density in 1st, 2nd, and 3rd order apical dendrites for each experimental group. Bars
and error whiskers represent the mean + SEM. 1W, 1 week after peripheral nerve lesion; 3W, 3 weeks after peripheral nerve lesion; ∗𝑃 < 0.05.

facial nerve axotomy onwards and remained so for at least
three weeks (Figure 3(b); 𝐹

(2, 33)
= 7.468, 𝑃 = 0.002; sham

versus 1 week: 𝑡 = 2.369, 𝑃 = 0.047; sham versus 3 weeks:
𝑡 = 3.829, 𝑃 = 0.002). Meanwhile, the area under the curve
for such distribution significantly changed after facial nerve
section (Figure 3(c); 𝐹

(2, 33)
= 3.844, 𝑃 = 0.032), becoming

significantly smaller than control after three weeks (sham
versus 1 week: 𝑡 = 1.986, 𝑃 = 0.108; sham versus 3 weeks:
𝑡 = 2.669, 𝑃 = 0.035).

3.3. Facial Nerve Axotomy Induced Dendritic Spine Pruning in
vM1 Pyramidal Neurons. The density of dendritic spines of
vM1 layer 5 pyramidal neurons became significantly reduced
after contralateral facial nerve injury (Figure 4). Spine prun-
ing occurred in secondary and tertiary apical dendrite
branches, but not in their primary branches (Figure 4(c);
𝐹
(2, 33)
= 2.280, 𝑃 = 0.118). Spine density in secondary

apical dendrite branches became significantly reduced after
facial nerve lesion and remained so for at least three weeks
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Figure 5: Basal dendritic spine density changes in vM1 layer 5 pyramidal neurons following facial nerve axotomy. (a) Two-dimensional
computer-assisted trace of layer 5 pyramidal neuron from a representativemouse sacrificed 1 week after facial nerve lesion.The small rectangle
indicates the area photographed in (b). (b) Representative microphotographs of first order dendritic spines from each experimental group.
(c, d, e) Quantification of layer 5 pyramidal neurons spine density in 1st, 2nd, and 3rd order basal dendrites for each experimental group. Bars
and error whiskers represent the mean + SEM. 1W, 1 week after peripheral nerve lesion; 3W, 3 weeks after peripheral nerve lesion; ∗𝑃 < 0.05.

(Figure 4(d); 𝐹
(2, 33)
= 14.345, 𝑃 < 0.001; sham versus 1

week: 𝑡 = 5.354, 𝑃 < 0.001; sham versus 3 weeks: 𝑡 =
2.805, 𝑃 = 0.017). By contrast, dendritic spine pruning in
the tertiary apical dendrite branches occurred only one week
after facial nerve lesion but not three weeks later (Figure 4(e);
𝐹
(2, 33)
= 7.000, 𝑃 = 0.003; sham versus 1 week: 𝑡 = 3.674,

𝑃 = 0.003; sham versus 3 weeks: 𝑡 = 1.225, 𝑃 = 0.229).
Contralateral facial nerve injury-induced spine pruning

in the basal dendrites of vM1 layer 5 pyramidal neurons
(Figure 5) was restricted to primary branches (Figure 5(c);
𝐹
(2, 33)
= 8.422, 𝑃 = 0.001) and occurred transiently during

the first week after the lesion (sham versus 1 week: 𝑡 = 4.099,
𝑃 < 0.001; sham versus 3 weeks: 𝑡 = 1.871, 𝑃 = 0.070). There
was a nonsignificant tendency in secondary basal dendrite
branches towards decreased density of dendritic spines after
contralateral facial nerve section (Figure 5(d);𝐹

(2, 33)
= 3.256,

𝑃 = 0.051). By contrast, spine density in tertiary basal
dendrite branches did not significantly change after the injury
(Figure 5(e); 𝐹

(2, 33)
= 2.035, 𝑃 = 0.217).

3.4. Facial Nerve Section Induced Increased Microglial Density
around vM1 Pyramidal Neurons. Evidence was found of
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Figure 6: Increased microglial cell density and soma area surrounding vM1 layer 5 pyramidal neurons following facial nerve axotomy. (a, b,
c) Microphotographs of microglia cells around vM1 layer 5 pyramidal neurons from representative sham (a), 1 week (b), and 3 weeks (c) mice.
Quantification of cell density (d) and soma area (e) for microglial cells surrounding vM1 layer 5 pyramidal neurons from each experimental
group. Bars and error whiskers represent themean + SEM. 1W, 1 week after peripheral nerve lesion; 3W, 3 weeks after peripheral nerve lesion;
∗
𝑃 < 0.05.

microglial recruitment and bias towards activated phenotype
surrounding vM1 layer 5 pyramidal neurons (Figure 6). The
density of microglial cells surrounding vM1 layer 5 pyramidal
neurons changed significantly after contralateral facial nerve
lesion (Figure 6(d); 𝐹

(2, 33)
= 18.394, 𝑃 < 0.001). One

week (Figure 6(b)) after the axotomy therewere no significant
changes in microglial cell density (Figure 6(d); sham versus
1 week: 𝑡 = 0.625, 𝑃 = 0.536) with respect to that found
in control subjects (Figure 6(a)). By contrast, three weeks
after facial nerve injury (Figure 6(c)), heightened density was
found for microglial cells surrounding vM1 layer 5 pyramidal
neurons (Figure 6(d); 𝑡 = 4.912, 𝑃 < 0.001).

The morphology of the microglial cells surrounding vM1
layer 5 pyramidal neurons changed significantly after con-
tralateral facial nerve axotomy (Figure 6(e); 𝐹

(2, 33)
= 5.161,

𝑃 = 0.011). One week after the lesion (Figure 6(b)) there
was a nonsignificant increase in the soma of microglial cells
with respect to that found in control subjects (Figure 6(e); 𝑡 =
1.890, 𝑃 = 0.131). By contrast, three weeks after the axotomy
(Figure 6(c)), microglial cell somata became significantly
larger than control (Figure 6(e); 𝑡 = 3.195, 𝑃 = 0.009).

Also, three weeks after the injury, the processes of microglial
cells became shorter and became oriented surrounding layer
5 pyramidal cells dendrites (Figure 6(c), arrows).

4. Discussion

This research has shown that an irreversible lesion of the
buccal and mandibular branches of the facial nerve induced
not only complete and permanent vibrissal paralysis, but
also progressive and long-lasting changes in the dendritic
morphology of vM1 layer 5 pyramidal neurons as well as
increased density and a shift towards activated phenotype in
the surrounding microglia.

Our group has previously used the Golgi-Cox staining
technique to show that irreversible peripheral facial nerve
lesion in rats induces a significant retraction of the dendritic
arborization of layer 5 pyramidal neurons in contralateral
vM1 [15]. The present work has further characterized the
dynamics of dendritic arborization remodeling, using two-
photon confocal microscopy to scan EYFP-expressing pyra-
midal neurons of layer 5 in the vM1 of mice submitted to
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irreversible facial nerve lesion. The dendritic arborization of
the pyramidal cells underwent overall shrinkage, persisting
for at least three weeks; however, such shrinkage was not
homogeneous in space or time. In fact, apical dendrites
underwent transient shortening one week after facial nerve
lesion, which became almost completely reverted by the
third week. By contrast, basal dendritic remodeling followed
an inverse pattern after facial nerve section; although basal
tree became progressively shorter, such change only became
significant three weeks after axotomy. In addition, this work
also led to finding that vM1 layer 5 pyramidal neurons
underwent dendritic spine pruning after facial nerve injury
occurring in distal apical and in proximal basal branches.
vM1 layer 5 pyramidal neurons receive segregated sensory
andmotor input; somatosensory input, coming fromprimary
somatosensory cortex and posteromedial thalamic nucleus,
is primarily directed towards distal apical dendrite branches,
whilemotor input, coming fromM2, orbital cortex andmotor
thalamic nuclei, is primarily directed towards proximal basal
dendrite branches and soma [26]. Horizontal projections
from neighboring cortical columns are mainly distributed
in layer 2/3, therefore impinging on apical dendrites of
layer 5 pyramidal neurons [27]. Layer 5 pyramidal neurons’
basal dendrites also receive recurrent excitatory input from
axons of projecting neurons [28] and it has been suggested
that such recurrent input synchronizes the firing of multi-
ple corticofacial neurons during the generation of vibrissal
motor commands [29]. Transient branch retraction and spine
pruning in distal apical dendrites may therefore have been
related to an initial retraction of regular somatosensory
input succeeded by invasion by either horizontal projections
from neighboring cortical columns or a different set of
somatosensory input, which may have shifted commitment
regarding somatosensory information. In addition, progres-
sive retraction and spine pruning in proximal basal dendrites
may be related to ongoing disengagement from motor input
and synchronizing retrograde projections, which may render
vM1 less efficient to generate motor commands.

A previous paper by our group described that vM1 layer 5
pyramidal neurons displayed increased dendritic excitability
and decreased response towhisker-pad stimulation after con-
tralateral facial nerve axotomy [16]. Both findings could be
related to the structuralmodifications described herein; while
a loss of dendriticmembranewould cause increased excitabil-
ity due to increased input resistance, a loss of synaptic input
(as evidenced by dendritic spine pruning) would explain
the decreased response to somatosensory stimulation. The
aforementioned structural and functional modifications in
vM1 layer 5 pyramidal neurons induced by contralateral
facial nerve axotomy could have been caused by a loss
of synaptic communication with target facial motoneurons
and an imbalance in somatosensory information processing
induced by vibrissal immobility.

On the one hand, facial motoneuron axotomy, apart from
direct cellular damage, interrupts the trophic relationship
between motoneurons and the muscle fiber they have used
to innervate which, in turn, causes structural, metabolic,
electrophysiological, and molecular alterations associated
with a survival and regeneration programme, not only in

axotomized motoneurons, but also in their surrounding glial
cells [10]. As a consequence of such response, vM1 layer
5 pyramidal neurons lose their synaptic targets within the
facial nucleus due to progressive dendritic retraction and
synaptic stripping of axotomized facial motoneurons, which
implies that corticofacial neurons become deprived of the
neurotrophic factors released by motoneurons. In fact, pyra-
midal tract lesion (which interrupts the trophic interaction
between corticospinal neurons in the primary motor cortex
and their targets) induces a reduction in somatic volume,
increased excitability, and reduced inhibitory synaptic input
in primary motor cortex layer 5 pyramidal neurons [30].
Moreover, it has been described that the premotor neuron
phenotype changes after injury to the motoneurons over
which they project [31].

On the other hand, vM1 reorganization after facial
nerve lesion depends critically on the alteration of vibrissal
somatosensory input. A section of the infraorbitary nerve
induces vibrissal representation shrinkage in neonatal rats
[32] and a significant increase in the minimum intracortical
vM1 stimulation intensity required to evoke vibrissal move-
ments in adult rats [33]. Transiently restricting sensory and
motor vibrissal functions, either by totalwhisker clipping [34]
or botulinum toxin application in the whisker pad [35, 36],
causes reversible shrinkage of the cortical representation of
vibrissal musculature and its invasion by neighboring repre-
sentations. Taken together, these antecedents suggest that vib-
rissal paralysis causes a remarkable imbalance in somatosen-
sory input to vM1. Perturbation of whisker paralysis-induced
vibrissal sensory function would then cause disruption of
somatosensory afferents.

Irreversible facial nerve lesion induced increased density
and a shift towards activated phenotype in the microglia
surrounding vM1 layer 5 pyramidal neurons; such microglial
changes occurred after a delay lasting longer than a week.
To our knowledge, this is the first report ever of microglial
recruitment and bias towards activated phenotype in vM1
following facial nerve section. The long delay of microglial
response described here in vM1 is also noteworthy. In fact,
microglial cells become activated by diverse injuries to CNS
neurons; such activation occurs within tens of minutes after
direct injury, as observed in the cortex after medial cerebral
artery occlusion [37]. Microglial activation can follow a
slower pace, within days, when lesion occurs far from the
neuronal soma, as observed in facial motoneurons following
facial nerve axotomy [38]. Microglial activation starts even
later in structures secondarily affected by injury, like the
thalamus after medial cerebral artery occlusion [37, 39].

It is plausible that themicroglial response in vM1 reported
here was due to biochemical changes in layer 5 corticofacial
neurons induced by retrograde transsynaptic signaling from
the axotomized facial motoneurons over which they project.
Such retrograde signaling occurs after axotomy, since motor
cortex astrocyte activation after peripheral facial nerve lesion
has been reported to occur as soon as 1 h after lesion and
disappear 5-6 days later [13]. vM1 layer 5 pyramidal cells
may thus have induced and controlled microglial activa-
tion through the secretion of diverse cytokines. In fact,
neuronal secretion of C-X-C motif chemokine 10 elicits
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microglial activation through interaction with microglial C-
X-C chemokine receptor 3 and such activation is essential
for dendritic remodeling after axotomy of corticospinal
neurons [18]. Additionally, neuronal secretion of fractalkine
prevents microglial neurotoxicity through interaction with
microglial [40] and neuronal CX3CR1 receptor [41]. More-
over, it has been reported that marked microglial activation
occurs around the cell bodies of intrinsic CNS neurons
regenerating axons into a peripheral nerve graft, and such
activation is closely correlated with axonal regeneration [39].
The observed microglial response in vM1 after facial nerve
axotomy might therefore have been related to dendritic
remodeling and spine pruning and axon growth towards a
new synaptic target.

The facial nerve lesion induced structural changes in
vM1 layer 5 pyramidal cells described here imply active
reorganization of intrinsic cortical circuitry associated with
controlled microglial response. Such reorganization seems to
have been directly related to functional changes in vM1 layer
5 pyramidal neurons following facial axotomy, as described
elsewhere [16]. Such structural and functional modifications
may occur in people with facial palsy and may represent the
pathophysiological underpinning of some of the functional
sequelae found in them and in patients suffering other
peripheral neuropathies. The facial nerve axotomy model is
therefore helpful in understanding cortical plasticity related
to peripheral nerve injury and the pathophysiology of neuro-
pathic sequelae in human beings.

5. Conclusions

The facial nerve lesion induced facial paralysis and structural
changes in vM1 layer 5 pyramidal cells that project to facial
muscles. These central nervous system changes were long
lasting and imply dendritic reorganization of pyramidal
neurons and dendritic spine pruning of layer 5 pyramidal
neurons. These changes were associated with surrounding
microglial response and seem to have been directly related
with functional changes in vM1 layer 5 pyramidal neurons.
Such structural and functional modifications may occur in
people with facial palsy and may represent the pathophys-
iological underpinning of some of the functional sequelae
found in these patients.
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ence of the postsynaptic target on the functional properties
of neurons in the adult mammalian central nervous system,”
Reviews in the Neurosciences, vol. 7, no. 2, pp. 115–149, 1996.

[32] C. Veronesi, E. Maggiolini, and G. Franchi, “Postnatal develop-
ment of vibrissae motor output following neonatal infraorbital
nerve manipulation,” Experimental Neurology, vol. 200, no. 2,
pp. 332–342, 2006.

[33] G. Franchi, “Persistence of vibrissal motor representation fol-
lowing vibrissal pad deafferentation in adult rats,” Experimental
Brain Research, vol. 137, no. 2, pp. 180–189, 2001.

[34] A.Keller,N.D.Weintraub, andE.Miyashita, “Tactile experience
determines the organization ofmovement representations in rat
motor cortex,” NeuroReport, vol. 7, no. 14, pp. 2373–2378, 1996.

[35] G. Franchi, “Time course of motor cortex reorganization
following botulinum toxin injection into the vibrissal pad of the
adult rat,” European Journal of Neuroscience, vol. 16, no. 7, pp.
1333–1348, 2002.

[36] G. Franchi and C. Veronesi, “Time course for the reappearance
of vibrissal motor representation following botulinum toxin
injection into the vibrissal pad of the adult rat,” European
Journal of Neuroscience, vol. 20, no. 7, pp. 1873–1884, 2004.

[37] K. Rupalla, P. R. Allegrini, D. Sauer, and C. Wiessner, “Time
course of microglia activation and apoptosis in various brain
regions after permanent focal cerebral ischemia in mice,” Acta
Neuropathologica, vol. 96, no. 2, pp. 172–178, 1998.

[38] R.-S. Ruan, S.-K. Leong, and K.-H. Yeoh, “Glial reaction after
facial nerve compression in the facial canal of the albino rat,”
Acta Oto-Laryngologica, vol. 114, no. 3, pp. 271–277, 1994.

[39] A.McRae, E. Gilland, E. Bona, andH.Hagberg, “Microglia acti-
vation after neonatal hypoxic-ischemia,” Developmental Brain
Research, vol. 84, no. 2, pp. 245–252, 1995.

[40] A. E. Cardona, E. P. Pioro, M. E. Sasse et al., “Control of
microglial neurotoxicity by the fractalkine receptor,” Nature
Neuroscience, vol. 9, no. 7, pp. 917–924, 2006.

[41] O. Meucci, A. Fatatis, A. A. Simen, and R. J. Miller, “Expression
of CX

3
CR1 chemokine receptors on neurons and their role

in neuronal survival,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 97, no. 14, pp. 8075–
8080, 2000.



Research Article
Osteoarticular Expression of Musashi-1 in an Experimental
Model of Arthritis

Francisco O’Valle,1 Magdalena Peregrina,2 Vicente Crespo-Lora,1

Pablo Galindo-Moreno,3 Maria Roman,4 Miguel Padial-Molina,3 Francisco Mesa,5

Jose Aneiros-Fernandez,1 David Aguilar,1 Elena Gonzalez-Rey,6

Mario Delgado,6 and Pedro Hernandez-Cortes7

1Department of Pathology and IBIMER, School of Medicine, University of Granada, 18012 Granada, Spain
2The Spanish Institute of Social Security (INSS), 18006 Granada, Spain
3Oral Surgery and Implant Dentistry Department, School of Dentistry, University of Granada, 18017 Granada, Spain
4Plastic Surgery Department, Virgen de las Nieves University Hospital, 18014 Granada, Spain
5Periodontics Department, School of Dentistry, University of Granada, 18017 Granada, Spain
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Background. Collagen-induced arthritis (CIA), a murine experimental disease model induced by immunization with type II
collagen (CII), is used to evaluate novel therapeutic strategies for rheumatoid arthritis. Adult stem cell marker Musashi-1 (Msi1)
plays an important role in regulating themaintenance and differentiation of stem/precursor cells.The objectives of this investigation
were to perform amorphological study of the experimental CIAmodel, evaluate the effect of TNF𝛼-blocker (etanercept) treatment,
and determine the immunohistochemical expression of Msi1 protein. Methods. CIA was induced in 50 male DBA1/J mice for
analyses of tissue and serum cytokine; clinical and morphological lesions in limbs; and immunohistochemical expression of Msi1.
Results. Clinically, TNF𝛼-blocker treatment attenuated CIA on day 32 after immunization (𝑃 < 0.001). Msi1 protein expression was
significantly higher in joints damaged byCIA than in those with no lesions (𝑃 < 0.0001) andwas related to the severity of the lesions
(Spearman’s rho = 0.775, 𝑃 = 0.0001). Conclusions. Treatment with etanercept attenuates osteoarticular lesions in the murine CIA
model. Osteoarticular expression of Msi1 protein is increased in joints with CIA-induced lesion and absent in nonlesioned joints,
suggesting that this protein is expressed when the lesion is produced in order to favor tissue repair.

1. Introduction

Collagen-induced arthritis (CIA), a murine experimental
diseasemodel induced by immunizationwith type II collagen
(CII), shares a number of clinical, histopathological, and
immunological features with rheumatoid arthritis (RA) [1].
Although its etiology is unknown, the initial stages of RA and
CIA involve multiple steps that can be divided into two main
phases: the initiation and establishment of autoimmunity to
collagen-rich joint components, and later events associated
with progressively destructive inflammatory processes [1–4].

Progression of the autoimmune response involves the
development of autoreactive Th1 and Th17 cells, their entry
into the joint tissues, and the subsequent recruitment of
inflammatory cells via multiple mediators [4]. The chronic
nature of the inflammatory process in RA suggests a distur-
bance of immune regulation in the joint, probably caused by
an excessive inflammatory response along with deficiency in
the mechanisms controlling the immune response. Available
therapies are based on immunosuppressive agents that inhibit
the inflammatory component of RA and either reduce the
relapse rate or delay disease onset. However, they have
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multiple effects, some of which are undesirable, and in the
long term they do not prevent progressive clinical disability
[5].

Tumor necrosis factor alpha (TNF-𝛼) is a proinflamma-
tory cytokine expressed in the pannus of the inflamed joint
in RA [6–9]. TNF𝛼-blocker drugs are among those currently
used for the treatment of RA. The subcutaneous admin-
istration to RA patients of the TNF-𝛼 receptor antagonist
etanercept (50mg once a week) was found to induce clinical
improvements not observed with the drugs previously used
in this disease [10, 11]. In addition, the beneficial effects of
TNF𝛼-blocker therapy have been demonstrated by various
research groups in a mouse model of CIA [12–17].

The adult stem cell marker Musashi-1 (Msi1) is an RNA-
binding protein of 362 amino acids with two ribonucle-
oprotein motifs (RBD1 and RBD2) [18] of 39 kDa molec-
ular weight. Msi1 is associated with the maintenance and
asymmetric cell division of neural and epithelial progenitor
cells [19]. It is expressed in various epithelial stem cells and
plays an important role in regulating the maintenance and
differentiation of stem/precursor cells [20, 21]. Msi1 is known
to regulate progenitor cell function through the posttran-
scriptional regulation of its target RNA [20]. Msi1 also acts
as an important positive regulator of cell proliferation and
inhibitor of apoptosis by reducing Notch-1 expression [22].

Modulation of Msi1 immunohistochemical expression
has been identified in amurinemodel of inflammatory colitis
[23], and it has been speculated that Msi1 might promote
cell proliferation by accelerating the cell cycle in neoplastic
cells [24], suggesting a role for this protein in tissue repair
in different processes and as a potential therapeutic target in
regenerative medicine.

The objectives of this study were to morphologically ana-
lyze the experimental collagen-induced arthritis model, to
evaluate the effect of treatment with a TNF𝛼-blocker (etaner-
cept), and to determine the immunohistochemical expression
of Msi1 protein.

2. Material and Methods

2.1. Induction and Treatment of Collagen-Induced Arthritis
(CIA). CIA was induced in 50 male DBA1/J mice (7 to
10 weeks old; Jackson Laboratories, Bar Harbor, ME) by
subcutaneous injection into the tail base with 200 𝜇g bovine
CII (Sigma, St. Louis, MO) at day 0 and with 100 𝜇g CII at day
21, both emulsified in complete Freund’s adjuvant containing
200𝜇g Mycobacterium tuberculosis H37 RA (Difco, Detroit,
Michigan). Treatment consisted of the intraperitoneal injec-
tion of 2mg of etanercept (Enbrel, Wyeth Europa Ltd., UK;
E-group) or of phosphate-buffered saline (PBS; untreated
control, C-group) once a week for four weeks (on days 25,
32, 39, and 46) starting at day 25 after immunization, when
all mice showed established arthritis (clinical score >2). Mice
were evaluated by two independent blinded examiners every
other day andmonitored for signs of arthritis onset according
to the following clinical score: grade 0, no swelling; grade 1,
slight swelling and erythema; grade 2, moderate swelling and
edema; grade 3, extreme swelling and pronounced edema;
or grade 4, joint rigidity. Each limb was graded, giving a

maximum possible score of 16 per animal. Paw swelling was
assessed bymeasuring the thickness of the affected hind paws
with 0 to 10mm calipers (on days 25, 32, 39, 46, and 53). All
experiments were performed in a European Union-certified
laboratory following national guidelines for the ethical care
of animals (RD 53/2013, EU Directive 63/2010).

2.2. Cytokine Determination. Protein extracts were isolated
by homogenization of joints (50mg tissue/mL) in 50mM
Tris-HCl, pH 7.4, with 0.5mMDTT and proteinase inhibitor
cocktail (10 𝜇g/mL, Sigma) for cytokine determination in
joints, and serum samples were collected at the disease peak
(day 40); serum and joint cytokine and chemokine levels
were determined by specific sandwich ELISAs using capture/
biotinylated detection Abs from BD Pharmingen (San Diego,
CA) according to the manufacturer’s recommendations.

2.3. Histopathological Study. For the histopathological study,
mice were anesthetized with ether and sacrificed by cervical
dislocation at day 15 (𝑛 = 20), 21 (𝑛 = 20), or 28 (𝑛 = 10)
after commencement of treatment with etanercept or PBS
(i.e., days 39, 46, and 53 after immunization).They were fixed
in 10% buffered formalin for 24 hours, decalcified withDecal-
cifier I, containing formaldehyde (10% w/v), formic acid (8%
w/v), and methanol (1% w/v) (Surgipath softener I Europe
Ltd., Peterborough, UK) for 24 h in oven at 37∘C. Next, the
four limbs were sectioned longitudinally, dehydrated with
alcohol, and embedded in paraffin in an automatic tissue
processor Excelsior ES (Thermo Scientific, CA, USA); 4𝜇m
sections were stained with hematoxylin and eosin (H&E)
or Masson trichrome stain. Histopathological changes were
scored in a blindedmanner based on cell infiltration, cartilage
destruction, and bone erosion parameters as previously
described [25]. Cell infiltration was scored on a scale of 0–
3 according to the number of affected joints (0: none, 1: <2, 2:
3–5; 3: >5 joints), and the amount of inflammatory cells in the
synovial cavity (exudate) and synovial tissue (infiltrate) was
also recorded. Cartilage destruction was graded on a scale
of 0–3, ranging from the appearance of dead chondrocyte
(empty lacunae) to complete loss of articular cartilage. Bone
erosions were graded on a scale of 0–3, ranging from normal
bone appearance to fully eroded cortical bone structure in
patella and femur condyle. Pannus and involvement of the
bone marrow and/or soft tissue were treated as dichotomous
variables (present or absent).

2.4. Immunohistochemical Analysis. Decalcified andparaffin-
embedded sectionswere dewaxed, hydrated, and heat-treated
in 1mM EDTA pH 8 in an antigen retrieval PT module
(Thermo Fisher Scientific Inc., Waltham, MA) at 95∘C for
20min. Sections were incubated for 16 h at 4∘C with the
prediluted polyclonal antibody against Musashi-1 (Sigma-
Aldrich, Barcelona, Spain) at 1 : 100 dilution to identify cel-
lular expression. An automatic immunostainer (Autostainer
480,Thermo Fisher Scientific Inc.) was used for the immuno-
histochemical study, applying the peroxidase conjugated
micropolymer method and developing with diaminoben-
zidine (Ultravision Quanto, Master Diagnóstica, Granada,
Spain). Expression was assessed semiquantitatively on a scale



BioMed Research International 3

Table 1: Comparative study of morphological variables in DBA1/J mice after 21 and 28 days of starting treatment.

Variables Control group Etanercept group∗ 𝑃 values† Control group Etanercept group∗ 𝑃 values†

Day 46 after immunization Day 53 after immunization
Number of joints 2.1 ± 0.69 1.8 ± 0.88 0.412 2.45 ± 1.01 1.9 ± 0.56 0.006
Pannus 1 ± 0.21 0.9 ± 0.35 0.449 0.7 ± 0.31 1 ± 0 0.467
B & C injury 1.8 ± 0.71 1.3 ± 0.78 0.278 2 ± 0.94 1.55 ± 0.68 0.045
Inflammation 1.5 ± 1 1.3 ± 1 0.661 1.55 ± 0.83 1.1 ± 0.69 0.036
Bone marrow 0.6 ± 0.47 0.5 ± 0.39 0.613 0.55 ± 0.42 0.55 ± 0.43 0.930
Soft tissue 0.15 ± 0.15 0.2 ± 0.21 0.557 0.35 ± 0.31 0.15 ± 0.15 0.010
Mean score 6.85 ± 2.95 5.8 ± 3.37 0.469 8 ± 3.55 6 ± 2.12 0.011
Values are expressed as mean ± standard deviation; ∗treatment: etanercept 2mg/week; B & C: bone and cartilage; †Student’s 𝑡-test. See Figure 3 for details.

of 0 to 3 (0: absence, 1: mild [<10% positive cells], 2: moderate
[10 to 25%], 3: intense [>25%] in bone tissue, hyaline
cartilage, joint capsule, synovium, ligaments, striated muscle
cells, endothelial cells, and adipocytes). The variables were
subsequently categorized in two groups (presence/absence of
osteoarticular lesion), calculating the total Msi1 expression
score for each group.

2.5. Statistical Analysis. SPSS 20.0 (IBM Inc., Chicago, IL)
was used for the statistical analysis. The normality of the
distribution of variables was examined with the one-dimen-
sional Kolmogorov-Smirnov test. Results were expressed as
mean ± standard deviation for normally distributed contin-
uous variables and frequencies for categorical variables. The
bivariate tests and Spearman correlation coefficient used are
reported in the table footnotes. A𝑃 value of 0.05was accepted
as the statistical significance threshold.

3. Results

The clinical score was significantly attenuated in mice with
CIA after 1 week of systemic treatment with the TNF𝛼-
blocker etanercept (𝑃 < 0.001) in comparison to untreated
mice (Figure 1). This treatment also significantly reduced
serum and joint tissue levels of Th1-mediated proinflamma-
tory cytokines and increased levels of the anti-inflammatory
cytokine IL10 (Figure 2).

The histopathological study demonstrated a CIA induc-
tion efficiency of 95% in DBA1/J mice, which showed pannus
formation and chronic lymphocytic/monocytic inflamma-
tory infiltrate with acute phenomena (neutrophil leukocytes)
that involved the joint soft tissues (Figure 3). These mice
also showed the presence of necrotic cells in the intra-
articular space, secondary destruction of the joint cartilage,
and increased destruction of bone tissue through osteoclastic
activation, with sporadic involvement of the bone medulla
and extension of inflammatory infiltrate into periarticular
soft tissues (Figure 3). Injection of etanercept in CIA mice
moderately decreased most of the histopathological signs
of arthritis, especially after four weeks of treatment (day
53 after immunization, Table 1). No significant differences
in morphologic variables were observed between untreated
and etanercept-treated mice after three weeks of treatment
(day 46 after immunization, Table 1); however, stratification
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Figure 1: TNF𝛼-blocker administration attenuates clinical CIA.
Clinical scores in mice with CIA intraperitoneally treated from day
25 after immunization with PBS (control, C-group, closed squares)
or TNF𝛼-blocker (2mg/week, E-group, open circles) once per week
for four weeks. Values are the mean ± SD of 20 mice per group.
Differences were significant at 𝑃 < 0.001 (asterisks) for E-group
versus C-group at indicated time points.

of the histopathological results according to the absence or
presence of lesions (0 = absence, 1 = presence) showed that the
etanercept treatment attenuated the progression of clinical
inflammation in the limbs (mean of 0.55 in the etanercept
group versus 0.85 in control group after 21 days of treatment;
𝑃 < 0.003, Student’s 𝑡-test).

The immunohistochemical expression of Msi1 was then
investigated in different tissue components in the joints of
untreated and etanercept-treated CIA mice. Msi1-specific
stainingwasmainly observed at nuclear level in chondrocytes
and spindle-shaped mesenchymal cells of the articular cap-
sule and ligaments (Figure 4). Scant expression was detected
in osteocytes, synoviocytes, or inflammatory cells in articular
or periarticular lesions or inmedullary bone tissue (Figure 4).
No Msi1 expression was observed in striated muscle cells or
mature adipocytes (Figure 4).

Quantitative analysis of Msi1 expression in the different
groups revealed significantly higher expression in joints with
CIA-induced articular lesions than in joints without lesions
(𝑃 < 0.0001, Student’s 𝑡-test, Figure 4). Significant positive
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Figure 2: TNF𝛼-blocker administration decreases inflammatory response in CIA. DBA1/J mice with established CIA (day 25 after
immunization) were intraperitoneally injected with PBS (closed columns) or anti-TNF𝛼 (2mg/week, open columns) once per week. Systemic
and local expression of inflammatory mediators was assayed in protein extracts from joints of hind limbs (a) and sera (b) isolated at day 40
after immunization; 𝑛 = 3 to 4 mice/group. ∗𝑃 < 0.01 versus controls.

Table 2: Spearman’s correlation coefficient (rho) for Msi1 immuno-
histochemical expression between different articular components.

Cartilage Capsule Ligament Synovium
Cartilage 1 0.225∗ 0.308∗∗ 0.556∗∗

Capsule 1 0.663∗∗ 0.389∗∗

Ligament 1 0.260∗

Synovium 1
∗Significant correlation at 0.05 (bilateral); ∗∗significant correlation at 0.01
(bilateral).

correlations were also observed between the presence of
osteoarticular lesion and Msi1 expression (Spearman’s rho:
0.775, 𝑃 = 0.001) and among Msi1 expression levels at the
different sites (capsule, ligament, synovium, and cartilage)
(Table 2). However, although a slight decrease inMsi1 expres-
sionwas observed in affected joints in etanercept-treated CIA
mice, no statistically significant differences in articular Msi1
expression were found between PBS-treated and etanercept-
treated CIA mice after three (𝑃 = 0.449, Student’s 𝑡-test)
or four (𝑃 = 0.080, Student’s 𝑡-test) weeks of treatment
(Figure 5).

4. Discussion

This study confirmed that TNF𝛼-blocker treatment attenu-
ates CIA-induced histopathological lesions in the joints of
CIA-susceptible DBA1/J mice and revealed, for the first time,
a more intense expression of Msi1 protein in cartilage, liga-
ment, articular capsule, mesenchymal cells, and osteocytes in
CIA-lesioned versus nonlesioned joints.

Although no animal model of RA completely replicates
the human disease, the CIA model employed in this study
has been widely used for the testing and development of RA
therapies [26–29]. In fact, the CIA induction rate was very
high (>95%) in the present study. Likewise, DBA1/Jmicewere
selected rather than other animals (e.g., rats) [30] because
better outcomes are obtained in genetically modified strains
and the arthritis is more similar to human RA [31, 32]. Major
insights into the molecular mechanisms of inflammatory
arthritis recently emerged from the study of murine models
of RA-like disease using genetically deficient or transgenic
mice or a combined murine model (K/BxAg7

) that sponta-
neously develops both RA-like disease and atherosclerosis
[33]. However, these studies may be limited by the differences
betweenhuman andmurine immune systems. Current efforts
to develop an animal model that utilizes human immune
cells will allow study of their function in the initiation and
propagation of inflammatory arthritis [34].

RA is a chronic debilitating disease in which the induc-
tion of autoimmunity to collagen-rich joint components
underlies the onset of the disease and the subsequent destruc-
tive inflammatory process. Progression of the autoimmune
response implies the development of autoreactive Th1 (pro-
ducing IFN𝛾 and TNF𝛼) and Th17 (producing Th17) cells,
their entry into articular tissue, and the release of proin-
flammatory cytokines and chemokines, which promote
macrophage and neutrophil infiltration and activation [3, 35,
36]. Excessive production by infiltrating inflammatory cells
of inflammatory cytokines, free radicals, and extracellular
matrix–degrading enzymes plays a critical role in cartilage
damage and bone erosion. A desirable therapeutic approach
would be to prevent the activation of inflammatory and
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Figure 3: Morphological features of articular lesion in CIA model in DBA1/J mice. (a): (A) Unaffected joint. (B) Pannus. (C) Synovial
hyperplasia with chronic inflammatory infiltrate. (D) Hyaline cartilage surrounded by spindle-shaped mesenchymal cells. (E) Bone
destruction mediated by osteoclast activation. (F) Partial destruction of articular cartilage. Bar 100 𝜇m (Masson’s trichrome, original
magnification ×20). (b): (A) Limb without joint lesions. (B) Partial response to etanercept with persistence of pannus (E-group). (C) Intense
joint lesion with pannus and chronic inflammatory infiltrate in articular cavity and partial destruction of bone tissue (C-group) (Masson’s
trichrome, original magnification ×4).

autoimmune components. Our group previously demon-
strated that 5-aminoisoquinolinone, a poly(ADP-ribose) pol-
ymerase-1 inhibitor, significantly reduces the incidence and
severity of established CIA, completely abrogating joint
swelling and cartilage/bone destruction by downregulating
inflammation and the Th1 response [37]. The administration
of TNF𝛼-blocker to arthritic mice decreases the CII-specific
Th1-mediated cytokine response through direct action on the
synovium [38–40]. The present results confirm that treat-
ment of established CIA with etanercept reduces articular
levels of Th1 cytokines (IFN𝛾 and TNF𝛼) and inflammatory
chemokines. This effect may be directly related to a decrease
in inflammatory infiltrates in the joints of etanercept-treated

mice. However, the fact that levels of the anti-inflammatory
cytokine IL10 were increased by the injection of etaner-
cept supports the proposition that this TNF𝛼-blocker also
promotes a bias towards a regulatory/anti-inflammatory
response.

Etanercept and other blockers of TNF𝛼 action (inflix-
imab, adalimumab, golimumab, and certolizumab pegol)
offer specific anti-cytokine therapies but induce a general
immunosuppressive action. Etanercept has become the drug
of choice for late stage RA with reasonable safety, and the
present study confirms that it attenuates the progression of
histopathological lesions, as demonstrated in CIA murine
models [12–17] and in the clinical setting [41, 42]. However,
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Figure 4: Immunohistochemical expression of Musashi-1 (Msi1) in CIA model in DBA1/J mice. (a): (A) Scant Msi1 expression was
detected in chondrocytes, synoviocytes, and inflammatory cells in articular or periarticular lesions or in medullary bone tissue in joints
with no morphological changes. (B) Nuclear expression of Msi1 in mesenchymal cells, articular capsule, and articular cartilage. Bar
200 𝜇m (micropolymer peroxidase-based method, original magnification ×4). (b): (A) Very scant nuclear Msi1 expression in joint with no
morphological changes (E-group). (B), (C), and (D)ModerateMsi1 expression inmesenchymal cells, articular capsule, and articular cartilage
in CIA-lesioned joints (C-group) (micropolymer peroxidase-based method, original magnification ×20).

etanercept must be taken frequently, it is expensive, and it
increases the susceptibility of the patient to infections [43].

The present study provides the first report on the osteoar-
ticular expression of Msi1. No direct evidence has been pub-
lished to date linking Msi1 with osteoarticular regeneration.
Msi1 is involved in the regulation of self-renewal of stem
cells. In order to maintain their unlimited capacity to divide,
stem cells require controlled temporal and spatial protein
expression. The Musashi family of RNA-binding proteins
exerts this essential translational control (via repression and

activation) in order to regulate multiple stem cell populations
[44], and Msi1-dependent posttranscriptional enhancement
of m-Numb is crucial in epithelial regeneration [45]. Nuclear
expression of Msi1 was more intense in the presence of
osteoarticular lesion and was not observed in nonlesioned
joints, with or without anti-TNF𝛼 treatment. In previous
studies on fractures in rats, we observed a marked increase
in Msi1 expression in the reparative fibrocartilaginous tissue
of the fracture callus (data not shown). Msi1 protein regulates
the transcription and differentiation of mesenchymal stem
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(a) (b)

(c) (d)

Figure 5: Representative immunohistochemical expression of Msi1 in E-group versus C-group in CIA model (DBA1/J mice). (a) Moderate
Msi1 expression in mesenchymal cells, articular capsule, and articular cartilage in CIA-lesioned joints at 21 days after treatment (E-group);
(b) moderate Msi1 expression in CIA-lesioned joints at 21 days after treatment (C-group); (c) joint Msi1 expression at 28 days after treatment
(E-group); (d) joint Msi1 expression at 28 days after treatment (C-group) (micropolymer peroxidase-based method, original magnification
×20).

cells; therefore, its presence in these tissues suggests its
involvement in tissue repair and regeneration processes.

Our novel findings on the expression of Msi1 in osteoar-
ticular tissues may support the participation of this protein
in tissue regeneration processes and suggest the involvement
of adult mesenchymal stem cells in the repair of these tissues.
These data may serve as a basis for future investigations on
repair processes in cartilaginous and bone tissues.

5. Conclusions

Treatment with etanercept attenuates the osteoarticular le-
sions in the murine model of CIA.The osteoarticular expres-
sion of Msi1 protein is increased in joints with CIA-induced
lesion and absent in nonlesioned joints, suggesting that this
protein is expressed when the lesions are produced in order
to favor tissue repair.
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Morphine is considered a highly potent analgesic agent used to relieve suffering of patients with cancer. Several in vitro and in vivo
studies showed that morphine also modulates angiogenesis and regulates tumour cell growth. Unfortunately, the results obtained
by these studies are still contradictory. In order to better dissect the role of morphine in cancer cell growth and angiogenesis we
performed in vitro studies on ER-negative human breast carcinoma cells, MDA.MB231 and in vivo studies on heterotopic mouse
model of human triple negative breast cancer, TNBC. We demonstrated that morphine in vitro enhanced the proliferation and
inhibited the apoptosis of MDA.MB231 cells. In vivo studies performed on xenograft mouse model of TNBC revealed that tumours
of mice treated with morphine were larger than those observed in other groups. Moreover, morphine was able to enhance the
neoangiogenesis. Our data showed that morphine at clinical relevant doses promotes angiogenesis and increases breast cancer
progression.

1. Introduction

Morphine is an opiate-based drug largely used to relieve
pains of patients with cancer in terminal phases, in order
to improve their quality of life [1]. It was isolated for the
first time in 1803 by Friedrich W. Sertürner [2]. It is noted
that morphine explains its function by acting through opioid
receptors localized in the brain named 𝜇, 𝛿, and 𝜅 [3, 4].
Morphine relieves pain by acting directly on central nervous
system (CNS), although its activity on peripheral tissue
leads to many secondary complications, including immuno-
costipation, respiratory depression, addiction, and tolerance.
Morphine is still considered the most effective analgesic
clinically available used to relieve suffering of patients with
cancer [5]. Several experimental studies performed on cancer
cell lines and mouse models showed that morphine can also
play a role in regulation of cancer cell growth. Unfortunately,
at present the role of morphine in the regulation of tumor cell
growth is not yet correctly established. The results obtained
by these studies are still contradictory. Many reports showed
that morphine was able to inhibit the growth of various

human cancer cell lines [6–12] or animal models [13–16]. On
the contrary, other studies proved that morphine increased
tumor cell growth in in vivo [17, 18] or in vitro [19] models.
It has been demonstrated that morphine at clinically relevant
doses stimulates angiogenesis in vitro [20], promotes tumour
growth in breast cancer mouse model, and increases vascular
permeability [21]. One explanation for these different results
could be due to different concentration and/or time of
administration of morphine applied. In fact, in vitro and
in vivo studies showed that tumor suppression occurs after
chronic high doses of morphine [11, 15, 16], while tumor-
enhancing effects with morphine occur after administration
of low daily doses or single dose of morphine [22]. Thus,
there is a dilemma about the effects of morphine on cancer
cell growth and angiogenesis [23]. Recently, it has been
demonstrated that morphine stimulates cancer progression
and mast cell activation and impairs survival in transgenic
mice with breast cancer [24].

For these reasons, in order to elucidate the role of
morphine in regulation of tumor growth and angiogenesis in
triple negative breast cancer (TNBC), we performed in vitro
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and in vivo studies on the ER-negativehuman breast carci-
noma cells MDA.MB231. Our data showed that morphine
at clinical relevant doses promotes tumor angiogenesis and
increases breast cancer proliferation and migration.

2. Materials and Methods

2.1.Materials. Morphine sulphate used for in vitro and in vivo
experiments was kindly gifted by Dr. Arturo Cuomo (IRCCS
Fondazione Pascale) and was dissolved in distilled water to a
concentration of 100mM as a stock solution. Then the drug
was added toMDA.MB231 cells in three different doses (1, 10,
and 100 𝜇M). The antibody against PECAM-1 was obtained
from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-p53
antibody was kindly provided by Imgenex (San Diego, CA).
The liquid DAB+ Substrate Chromogen System-HRP used
for immunocytochemistry was obtained from DakoCytoma-
tion (Carpinteria, CA). Penicillin, streptomycin, Dulbecco’s
modified Eagle medium (DMEM), and fetal bovine serum
(FBS) were obtained from Invitrogen (Grand Island, NY).
Tris, glycine, NaCl, SDS, and bovine serum albumin (BSA)
were obtained from Sigma Chemical (St. Louis, MO).

2.2. Cell Lines. ER-negativebreast cancer cell line MDA.
MB231 was obtained fromAmerican Type Culture Collection
(Manassas, VA). Cells were cultured in RPMI-1640 sup-
plemented with fetal bovine serum (FBS) 10%, antibiotics
(penicillin 100 units/mL; streptomycin 100 𝜇g/mL), and l-
glutamine (2mM) at 37∘C in an atmosphere of 5% of CO

2
.

2.3. Proliferation Assay. The effect of drug on cell prolifera-
tion was determined by using TACS 3-(4, 5-dimethylthiazol-
2-yl)-2, 5-diphenyltetrazolium bromide (MTT) cell prolif-
eration assay (Trevigen, Gaithersburg). The cells (2,000 per
well) were incubated with or without morphine in triplicate
in a 96-well plate and then incubated for 2, 4, and 6 days at
37∘C. A MTT solution was added to each well and incubated
for 2 h at 37∘C. An extraction buffer (20% SDS and 50%
dimethylformamide) was added, and the cells were incubated
overnight at 37∘C. The absorbance of the cell suspension
was measured at 570 nm using a microplate reader (DAS
Technologies, Chantilly, VA). This experiment was repeated
twice, and the statistical analysis was performed to obtain the
final values.

2.4. Wound-Healing Assay. MDA.MB231 cells were seeded at
the density of 40 × 103 cells per well into a 6-multiwell plate
and cultured in DMEMmedium supplemented with 1% FBS.
At the time of confluence, cells were incubated in the absence
or presence of morphine (1, 10, and 100 𝜇M) for 48 h after a
slit made horizontally with a white tip at the center of each
confluent well. Cell invasion on the slit of the confluent well
was assessed at 0, 24, 48 hours, in each condition, by light
microscopy.

2.5. Mice. Six eight-week-old female Foxn1nu/nu mice were
purchased by Harlan, San Pietro al Natisone, Italy. Mice were
housed five for cage in the standard mice plexiglass cages and

maintained on a 12 h light : 12 h dark cycle (lights on at 7.00
a.m.) in a temperature-controlled room (22 ± 2∘C) and with
food and water ad libitum at all times. All the experiments
performed on animal models were in compliance with the
guidelines for the Care and Use of Laboratory Animals of the
National Cancer Institute “Fondazione G. Pascale,” IRCCS.
Moreover, all experiments were performed by also following
the European Directive 63/2010/UE and the Italian Law (DL
26/2014, authorized by Minister of Health, Italy). This study
was carried out in accordance with the recommendations
that cover all scientific procedures involving the use of live
animals.

2.6. Generation of Heterotopic Mouse Model of Breast Cancer
and Experimental Protocol. MDA.MB231 breast cancer cells
were harvested from subconfluent cultures after a brief
exposure to 0.25% trypsin. Trypsinization was stopped with
medium containing 10% FBS. The cells were washed once in
serum-freemediumand suspended in PBS.Only suspensions
consisting of single cells, with >90% viability, were used for
the injections. A total of 16 female Foxn1nu/nu mice were
used in this experiment and maintained in a barrier facility
on HEPA-filtered racks. Animals were individually identified
using numbered ear tags. All experiments were conducted in
a biological laminar flow hood, and all surgical procedures
were conducted with strict adherence to aseptic technique.
The mice were anesthetized with Avertin solution injected
intraperitoneally according to their weight. A suspension of
2,5 × 106 MBA.MB231 cells in 25 𝜇L of PBS 1X/mouse was
injected subcutaneously into the right-side flank area ofmice.
When tumors reached ∼30–60mm3, mice were randomized
into the following treatment groups (𝑛 = 4): (a) normal
saline (control) and (b) morphine sulphate at 0.714mg/kg
mouse/day for first 15 days and then 1.43mg/kg mouse/day
(equivalent to 50mg and 100mg morphine per day, resp.,
for a 70 kg human). Tumor volumes were monitored once
a week by using a digital caliper. Therapy was continued
for 4 weeks and animals were sacrificed 2 weeks later. The
tumor size was measured using digital caliper, and the
tumor volumewas estimated by the following formula: tumor
volume (mm3) = (𝑊 × 𝐿) 2 × 1/2, where 𝐿 is the length
and𝑊 is the width of the tumor. Normally distributed data
were represented as mean ± S.E.M. Paired 𝑡-test one-tailed
analysis was used to examine the significance of differences
among groups (GraphPad Prism 5.0). A probability value
with ∗𝑃 < 0.05 and ∗∗𝑃 < 0.01 was considered to be
statistically significant. Fluorescein isothiocyanate- (FITC-)
dextran (100 𝜇L) was injected into the tail vein of mice to
visualize microvessels within 150𝜇m (using single-photon
microscopy) or ∼600𝜇m (using multiphoton laser-scanning
microscopy [MPLSM]) of a tumor/window interface. Half of
the tumor tissue was formalin-fixed and paraffin-embedded
for immunohistochemistry and routine H&E staining. The
other half was snap-frozen in liquid nitrogen and stored at
−80∘C.

2.7. Preparation of Nuclear Extract from Tumor Samples.
Breast tumor tissues (75–100mg/mouse) from control and
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experimental mice were prepared according to standard
protocols. The supernatant (nuclear extract) was collected
and stored at −70∘C until use. Protein concentration was
determined by the Bradford protein assay with BSA as the
standard.

2.8. Immunohistochemical Analysis for CD31 in Tumor Tissue.
Breast cancer tumor samples from controls and treated mice
were embedded in paraffin and fixed with paraformalde-
hyde. After being washed in PBS, the slides were blocked
with protein block solution (DakoCytomation) for 20min
and then incubated overnight with polyclonal anti-goat
PECAM-1 (1 : 100). After the incubation, the slides were
washed and then incubated with biotinylated link universal
antiserum followed by horseradish peroxidase-streptavidin
conjugate (LSAB+ kit). The slides were rinsed, and color was
developed using 3, 3-diaminobenzidine hydrochloride as a
chromogen. Finally, sections were rinsed in distilled water,
counterstained with haematoxylin, and mounted with DPX
mounting medium for evaluation. Pictures were captured
with a Photometrics CoolSNAP CF colour camera (Nikon,
Lewisville, TX) and MetaMorph version 4.6.5 software (Uni-
versal Imaging, Downingtown, PA).

2.9. Western Blot Analysis. Breast tumor tissues (75–100mg/
mouse) from control and experimental mice were minced
and incubated on ice for 1 h in 0.5mL of ice-cold Lysis
Buffer (10mM Tris, ph8.0, 130mM Nacl, 1% Triton X-
100, 10mM NaF, 10mM sodium phosphate, 10mM sodium
pyrophosphate, 2 𝜇g/mL aprotinin, 2𝜇g/mL leupeptin, and
2 𝜇g/mL pepstatin). The minced tissue was homogenized
using a Dounce homogenizer and centrifuged at 16,000×g
at 4∘C for 10min. Western blotting analysis was performed
according to standard protocols. 𝛽-Actin was used as loading
control.

3. Results

3.1. Morphine Enhances the Proliferation of Triple Negative
Breast Cancer Cells, by Performing In Vitro Assays on MBA.
MB231 breast cancer cells. Wound-healing assay demon-
strated that morphine enhances the migration of breast
cancer cells at 48 h in dose dependent manner. These results
were also confirmed by MTT assay and flow cytometry
(Figure 1(e) and data not shown). In order to assess if
morphine enhances the apoptosis in breast cancer cells,
we performed western blotting analysis of p53 expression
on cell lysate extracted from MBA.MB231 cells not treated
and treated with morphine. (Figure 1(g)). Taken together,
our data showed that morphine inhibits apoptosis and
promotes proliferation in dose dependent manner. The
same results were also obtained for MCF-7 cells (data not
shown).

3.2. Morphine Promotes Tumor Growth and Microvessel For-
mation in Heterotopic Mouse Model of Triple Negative Breast
Cancer. In order to study the role of morphine in the tumor
growth in vivo, we generated a mouse model of breast

cancer by injection of MDA.MB231 cells subcutaneously into
the right-side flank area of mice. When tumors reached
∼30–60mm3, 2 weeks after cell injection, the mice were
randomized into three groups: (a) normal saline (control)
and (b) morphine sulphate at 0.714mg/kg mouse/day for
first 15 days and then 1.43mg/kg mouse/day (equivalent
to 50mg and 100mg morphine per day, resp., for a 70 kg
human). Tumor volumes were monitored once a week by
using a digital caliper. Therapy continued for 4 weeks and
animals were sacrificed 2 weeks later. We also monitored
the body weight of mice twice a week until the end of
treatment. No difference was observed between the body
weights of two groups of animals, indicating that treatments
of mice with drug are not associated with toxicity effects.
Mice were sacrificed at the end of treatment. The final
tumor volumes on day 35 after the start of treatment showed
a significant increase in the morphine group compared
with control (Figure 2(a)). Interestingly, administration of
morphine enhanced tumor volumes and resulted in rapid
growth of tumors with respect to controls. In order to assess
if morphine inhibits microvessel formation in breast tumors,
fluorescein isothiocyanate- (FITC-) dextranwas injected into
the tail vein of mice. Our data demonstrate that morphine
enhancedmicrovessel formation inmice tumors with respect
to controls (Figures 2(b)-2(c)). In order to confirm these data,
we performed an immunohistochemical staining with CD31
on tumor tissues from control and treated mice. Our data
demonstrate that morphine promotes microvessel formation
in breast tumors of mice treated with respect to controls
(Figures 3(a)-3(b)).

4. Discussion

Several experimental studies performed in in vitro and in vivo
cancer cell lines and mouse models showed that morphine
plays a role in regulation of cancer cell growth andmetastasis.
The results obtained by these studies are still controversial
since many reports showed that morphine was able to inhibit
the growth of various human cancer cell lines [6–12] or
animal models [13–16]. On the contrary, other studies proved
that morphine increased tumor cell growth in in vivo [17, 18]
or in vitro [19]models. To study cancer cell growth promoting
or inhibiting effects of morphine, several xenograft mouse
models were generated. Tegeder et al. [13] generated a mouse
model of breast cancer by subcutaneous injection of MCF-
7 and MDA-MB231 cells in NMRI-nu/nu mice. In this
paper, it has been demonstrated that morphine significantly
reduced tumor growth through a p53-dependent mecha-
nism. Additionally, in these mice, naloxone increased the
growth-inhibitory effects of morphine. Similar results were
obtained in rat model of colon cancer in which subcutaneous
administration of morphine leads to significant decrease
in the hepatic tumor burden. On the contrary, several
experimental studies demonstrated that morphine increased
tumor growth. Gupta et al. in orthotropic mouse model of
breast cancer obtained by injection of MCF-7 cells into the
mammary fat pad of nudemice demonstrated thatmorphine,
in clinically relevant doses, increased tumor growth. This
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was associated with increased angiogenesis and inhibition
of apoptosis and promotion of cell cycle progression [20].
In this study, it was also reported that naloxone itself had
no significant effect on angiogenesis. According to these
results, in another study, it was demonstrated that morphine,
subcutaneously administrated in mice, increased the tumor
growth in mouse model of leukaemia and sarcoma. In these
mice, morphine had also a general immunosuppressive effect
[25].

These contrasting results are probably associated with
different concentration and/or time of administration of
morphine. In fact, in vitro and in vivo studies demonstrated
that tumor-enhancing effects with morphine occur after
administration of low daily doses or single dose of morphine
[22], while tumor suppression occurs after chronic high doses
of morphine [11, 15, 16].

Thus, there is a dilemma about the effects of morphine
on cancer cell growth and angiogenesis in various types of
cancer [23]. The role of morphine in the regulation of tumor
cell growth is not yet correctly established.

It has also been demonstrated that the 𝜇-opioid recep-
tor, by which morphine exerts its action, directly regu-
lates tumor growth and metastasis. On the basis of these
results, different mechanisms of opioid receptor-mediated
influence of morphine on tumor growth have been proposed.
Morphine, as mentioned above, after binding to the 𝜇-
opioid receptor, regulates cell cycle progression by stimulat-
ing mitogen-activated protein kinase (MAPK)/extracellular
growth factor (Erk) pathways [20]. Alternatively, morphine
can mediate apoptosis by activating phosphatidylinositol 3-
kinase (PI3K)/protein kinase B (Akt) pathway [26]. Addi-
tionally,morphine by upregulation of urokinase plasminogen
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activator (uPA) expression induces metastasis formation
[27], while by transactivation of VEGF receptor, it induces
angiogenesis [28]. Finally, morphine affects also the function
of T lymphocytes, leading to immunosuppression [29].

It has been proposed that morphine plays also a role in
tumor apoptosis. Apoptosis is a form of cell death in which
a programmed sequence of events leads to the elimination
of cells without releasing harmful substances into the sur-
rounding area. It is noted that apoptosis is regulated by two
pathways: the mitochondrial-mediated pathway (intrinsic)
[30] and death receptor-mediated pathway (extrinsic) [31]. It
is noted that, in cancer cells, apoptosis is deregulated, and
this leads to quick proliferation and tumor growth [32, 33].
Morphine was shown to induce apoptosis of macrophages, T

lymphocytes, and human endothelial cells [34, 35]. Experi-
ments performed on human tumor cell lines demonstrated
that morphine in high concentration induces apoptosis and
inhibits cancer cell growth by activation of different signal
pathways involving caspase 3/9 and cytochrome c, sigma-
2 receptor. Additionally in SH-SY5Y cells, morphine has
antiapoptotic effect by antagonizing doxorubicin [36]. These
discrepancies, also in these cases, are associatedwith different
cell line tumor type used and/or in vivo dose/time of mor-
phine administrated.

Recent data demonstrated a role of morphine in angio-
genesis. Angiogenesis is required for invasive tumor growth
and metastasis and represents an important point in the
control of cancer progression. Proangiogenic activity of
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morphine was demonstrated in the MCF-7 breast cancer
model. In these mice, morphine at clinically relevant con-
centrations enhanced tumor neovascularization [20]. In an
animal model of hormone-dependent breast cancer, it has
also been demonstrated that morphine promoted activation
of vascular endothelial growth factor (VEGF) receptor and
increased metastasis [21, 29]. It has been proposed that
morphine explains its proangiogenic activity by stimula-
tion of mitogen-activated protein kinase (MAPK) signalling
pathway via G protein-coupled receptors and nitric oxide
(NO). Alternatively, several in vivo studies provided evidence
that morphine can induce tumor growth by upregulation
of cyclooxygenase-2 (COX-2) [37–40] and or prostaglandin
E2-mediated stimulation of angiogenesis [41–44]. On the
contrary, several in vivo and in vitro studies demonstrated
that morphine can inhibit angiogenesis by regulation of
different pathways [8, 34, 45, 45–52]. These different results
can be due to different experimental conditions (cell line
tumor type used and/or dose/time of morphine). Morphine
plays a role not only in tumor cell growth but also in
metastasis formation, which is the main process related to
most cancer deaths and failure in cancer treatment [53, 54].

For these reasons, in order to elucidate the role of
morphine in regulation of tumor growth and angiogenesis in
breast cancer we performed in vitro and in vivo studies on the
MDA.MB231 breast cancer cells.These cells are triple negative
(basal-like) breast cancer (TNBC) cells. It is noted that TNBC
does not express the estrogen receptor (ER), progesterone
receptor (PR), or human epidermal growth factor receptor
type 2 (HER2). Due to lack of both hormone receptors and
HER2 expression, patients with this type of breast cancer have
no chance to benefit from the endocrine therapy and HER2
targeted therapy. In addition, we used immunodeficient mice
that are able to mimic the compromised immune system
of a patient with breast cancer. So in these experimental
conditions, it has become interesting for us to study the
role of morphine in the regulation of cancer cell growth
and angiogenesis. Our data showed that morphine in TNBC
at clinical relevant doses promotes tumor angiogenesis and
increases breast cancer progression. For these reasons, it is
very important for the management of severe pain associated
with cancer to consider accurately the dose and route of
administration of morphine in order to avoid severe effect
of cancer progression. Further studies are ongoing in our
laboratory in order to dissect the molecular mechanisms
underlying the role of morphine in cancer development and
metastasis formation in breast cancer. Specifically, we will
generate orthotropic mouse models of breast cancer by using
not only MDA.MB231 cells but also MCF-7 (human breast
adenocarcinoma cell line) cells which represent estrogen
receptor (ER) positive control cell lines. The results obtained
from these data will shed light on the role of morphine in
regulation of breast cancer progression.
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Murine models for the study of lung cancer have historically been the backbone of preliminary preclinical data to support early
human clinical trials. However, the availability of multiple experimental systems leads to debate concerning which model, if any,
is best suited for a particular therapeutic strategy. It is imperative that these models accurately predict clinical benefit of therapy.
This review provides an overview of the current murine models used to study lung cancer and the advantages and limitations of
each model, as well as a retrospective evaluation of the uses of each model with respect to accuracy in predicting clinical benefit of
therapy. A better understanding of murine models and their uses, as well as their limitations may aid future research concerning
the development and implementation of new targeted therapies and chemotherapeutic agents for lung cancer.

1. Introduction

Lung cancer is the leading cause of cancer mortality world-
wide [1]. It is estimated that approximately 228,190 people
were diagnosedwith lung cancer in 2013, resulting in approxi-
mately 159,480 deaths in the United States [2]. Current chem-
otherapies prove to be only marginally effective in extending
overall survival as five-year survival for anyone diagnosed
with cancer of the lung or bronchus is about 16% [2]. The
development and implementation of new, targeted agents
may be aided by the availability of universally applicable
experimental murine models for testing novel therapeutics.
In order to generate and evaluate novel therapies for lung
cancer, advanced preclinical models ideally should accurately
mimic lung cancer progression, invasion, and metastasis as
well as predicting clinical benefit of therapy for all types of
lung cancer. A wide variety of murine model systems have
been developed with the aim of not only evaluating novel
therapeutics, but also examining the mechanisms underlying
transformation, invasion and metastasis in human tumours
with a view to better study prevention and screening as well
as diagnostic and treatment strategies. This review will intro-
duce the frequent mutations found in lung cancer patients
and how these mutations have been incorporated into pre-
clinical models to accurately evaluate novel therapies for lung

cancer. Characteristics of each model system as well as the
advantages and disadvantages will be described. Relevant
models will then be discussed with regard to how accurate
each murine model is in successfully predicting outcome of
therapy in clinical trials.

2. Mutations Associated with Lung
Cancer Development

A better understanding of the most frequent driving muta-
tions in lung cancer will aid in the progression towards
more personalized therapy. Molecular markers have been
identified that provide the basis for targeted therapies for
lung cancer. Current prognostic molecular pathways for lung
cancer include EGFR, K-Ras, p53, and EML4-ALK [3–9].

EGFR regulates a myriad of cell functions such as prolif-
eration, angiogenesis, and apoptosis [6]. The most common
EGFR activating mutations are in-frame deletions in exon 19
or point mutations in codon 858 in exon 21 [10]. Targeted
therapies in the formof EGFR tyrosine kinase inhibitors, such
as erlotinib and gefitinib as well as monoclonal antibodies
against EGFR such as cetuximab, have been employed as
treatments for the disease. EGFR-targeted therapies have
proven to be effective in both first and second-line of treat-
ment for patients with EGFR mutations [11].
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Mutations in the K-Ras gene are present in approximately
30 percent of adenocarcinomas and are generally associated
with a poor prognosis [12]. The K-Ras oncogene encodes a
family of membrane-bound guanosine triphosphate- (GTP-)
binding proteins that are involved in cell proliferation,migra-
tion, and apoptosis. The most common K-Ras mutations are
in the form of point mutations on exons 12 and 13, typically
resulting in constitutive activation of RAS [13]. Interestingly,
cases of NSCLC exhibiting K-Ras mutations are predomi-
nately resistant to the EGFR inhibitors, erlotinib, and gefitinib
[14].

In addition to K-Ras, p53 is a well-established predictive
and prognostic marker for NSCLC. Loss of the tumour sup-
pressor gene, p53, leads to mitotic abnormalities during cel-
lular development resulting in highly proliferative cells [15].
Transversions along the p53 gene are found in almost all
human lung cancer tissues and have implicated p53 as a key
molecular marker for lung cancer [16]. A comprehensive
meta-analysis of the role of p53 as a prognostic factor for
lung cancer survival revealed thatmutated or inactive p53was
shown to be associated with a poor survival [17].

It has recently been reported that echinoderm micro-
tubule-associated protein-like 4 (EML4) and anaplastic lym-
phoma kinase (ALK) gene fusions are present in approxi-
mately 3% of patients with NSCLC and that EML4 and ALK
amplifications may play a role in NSCLC transformation [9].
NSCLC and SCLC have also been associated with mutations
in the PI3K-Akt-mTOR pathway, LKB1, TITF1, beta-tubulin,
ERCC1, and RRM1 [18–22].

3. Xenograft, Ex Vivo, and Orthotopic Models

For the purpose of this review, murine models can be divided
into the following groups: xenograft, transgenic, syngeneic,
and spontaneous model systems. Xenograft models require
the injection of human cancer cells into immunocompro-
mised mice, either subcutaneously, orthotopically, or sys-
temically. Immunocompromised mice such as athymic nude
and severe-compromised immunodeficient (SCID) mice are
frequently utilized as implanted human cells are likely to be
rejected by the host immune system in an immunocompetent
system. Once implanted, cells require a growth period of one
to eight weeks depending on cell type and the number of cells
injected. Xenograft models are primarily used to examine
tumour response to therapy in vivo prior to translation into
clinical trials. Cell lines and current xenograft models for the
study of lung cancer are summarized in Table 1.

Cancer cell lines vary in optimal cell number required for
implantation, ranging from 1× 106− 1× 107 cells/injection site.
Both the average number of tumours that engraft (tumour
take) and the average time to palpable tumours are dependent
on the number of cells implanted, growth characteristics of
each cell-line such as doubling time, cell-size, density, mor-
phology, and the use of growth factors such as matrigel. Cell
lines commonly used to model adenocarcinoma are A549,
H1975, HCC4006 and HCC827 [26, 28, 43], representing a
spectrum of K-Ras and EGFR mutations. Current xenograft
models for adenocarcinoma demonstrate an average tumour
take of 50–100%, with the A549 cell-line as the most likely to

engraft [26, 28, 37, 38]. The tumour take as well as murine
strain used for implantation are given in Table 1. Typically,
these models require two to eight weeks following cell
implantation in order to observe tumour growth substantial
enough for evaluating drug efficacy.

Cell-lines that are commonly used to model carcinoma
[27, 29, 32], large-cell carcinoma [31, 33–36], and squamous-
cell carcinoma [36] in xenograft models include NCI-H1299,
NCI-H460 and NCI-H226, respectively. The NCI-H460 cell-
line has proven to be an advantageous model system as it
requires small implantation cell numbers and limited growth
time and has been shown to have a 100 percent tumour take
when injected into the hind flank of CD-1 athymic nude
mice [28, 36]. Both the NCI-H1299 and the NCI-H226 cell-
lines are slightly more limited in their experimental uses as
they have only a 45–100 percent tumour take and require
at least four weeks to reach optimal tumour size in order
to begin treatment [27, 29, 36, 65]. Models for SCLC are
generally limited, however, the NCI-H69 and DMS-53 cell-
lines are the most widely used for xenograft studies but can
be problematic as they characteristically grow in suspension,
resulting in difficulty in obtaining an accurate cell count prior
to implantation [23–25].These characteristicsmay contribute
to a highly variable tumour take and growth rates of these
models.

In addition to traditional xenograft models, ex vivo
models can be used in which tumours are surgically removed
from patients and tumour cells are grafted into the immuno-
compromisedmurine system either subcutaneously or ortho-
topically.Thesemodels are ideal for personalized therapy and
provide relatively quick data concerning the most beneficial
therapies for each patient [89–91]. In the study conducted
by Dong et al. [91], thirty-two untreated samples of NSCLC
were engrafted into the renal capsules of nonobese diabetic/
SCIDmice. Tumour growth was evaluated in response to cis-
platin, docetaxel, and gemcitabine. Ex vivo tumour take was
90 percent and results were obtained over six to eight
weeks. As a result, therapy regimens for each patient were tai-
lored according to observed tumour response in the xenograft
models. A good correlation was found between recurrence
or metastasis in patients and the non-responsiveness of their
tumour xenografts in mice.

There is ample evidence that growth properties of tumour
cells are altered by specific genes whose expression is depen-
dent on interactions within the tumour microenvironment.
Therefore, it is vital that tumour microenvironment be accu-
rately mirrored in murine models used to evaluate drug ther-
apies. Orthotopic models provide a reliable representation
of tumour environment as cells are implanted directly into
the organ in which the disease originates. Current orthotopic
models are reviewed in Table 1.Themost practical orthotopic
model involves endobronchial inoculation of the A549 or
H460 cell-lines into athymic NCr-nu/nu mice [31]. The pro-
cedure results in a postsurgery mortality rate of less than 5
percent. The rate of tumour engraftment is 90 percent and
tumour growth is monitored through high-resolution chest
roentgenography or bioluminescence via transfection of
luciferase containing constructs [92].
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Xenograft models for lung cancer have advantages and
disadvantages in comparison with classic transgenic and
conditional murine models. Firstly, xenograft models utilize
human tumour tissue, perhaps accurately representing the
complexities of human tumours in vivo. Unlike their genet-
ically engineered counterparts, xenograftmodels can be used
to design individualized molecular therapy. In a study by
John et al. [93], the ability of tumour fragments from patients
undergoing curative surgery to engraft into primary tumour
xenografts was found to be predictive of risk of disease
recurrence. These findings, in conjunction with other ex
vivo xenograft findings show that xenograft models are a
useful evaluative tool for targeted molecular therapy and
predicting patient outcome [91]. Xenograft models are also
ideal for examining multitherapy approaches in vivo. Much
chemotherapy is approved on the basis of a combination ther-
apy regimen with other preexisting interventions, therefore,
pre-clinical xenograft models are used to evaluate efficacy of
these drug combinations prior to clinical trials [32, 76, 81,
94]. Orthotopic xenograft models provide the very valu-
able advantage of accurate representation of the tumour
microenvironment in evaluating drug therapies. This allows
for a reliable prediction of toxicity, and understanding of
microenvironment-dependent responses to selected thera-
pies.

Despite the advantages of using xenograft models in
preclinical studies, there are also many limitations to these
models that must be addressed. Immunocompromised mice
must be used for xenograft models in order to combat the
effects of the healthy immune system response against foreign
cells. Syngeneic models, which will be discussed shortly, are
alternative model systems used to combat this issue. Alter-
natively, orthotopic models combat the issue of inaccurate
representation of tumour microenvironment as cells are
implanted directly into the bronchi; however, once growth
commences, it is more difficult to quantify than in the tra-
ditional xenograft model. Current orthotopic models used to
study lung cancer are shown in Table 1. Despite the benefits
of orthotopic systems, they can also be quite time consuming
and challenging to replicate as cell inoculations are typically
conducted endobronchially, requiring skillful precision and
practice. These disadvantages may account for the lack of
robust orthotopicmodels for lung cancer, lending to the pref-
erence towards the traditional hind flank xenograft model.

4. Syngeneic Models

Syngeneic murine models entail the injection of immunolog-
ically compatible cancer cells into immunocompetent mice.
The availability of syngeneic models to study lung cancer is
very limited.The only reproducible syngeneic model for lung
cancer to date is the Lewis lung carcinoma (LLC)model. LLC
is a cell line established from the lung of a C57BL mouse
bearing a tumour resulting from the implantation of primary
Lewis lung carcinoma. The cell line is highly tumourigenic
and is primarily used to model metastasis as well as evaluate
the efficacy of chemotherapeutic agents in vivo [95]. For
example, the LLC model was a successful preclinical model
for Navelbine evaluation in vivo, prior to its implementation

in clinical trials [73, 74].The LLC cell-line is typically injected
orthotopically into the peritoneal cavity of C57B6 mice at
1 × 107 cells per mouse and within two weeks of incubation,
tumours reach 2.2 ± 0.4mm [40, 73]. Preclinical models for
evaluation of chemotherapeutic agents are shown in Table 3.

The advantage of the LLCmodel is that implanted cells are
immunologically compatible with the murine system, unlike
the widely used xenograft models in which human cells are
implanted into mouse tissue. As a result, LLC models can
be created on an immunocompetent murine background,
such as C57BL, and true immune and toxicity responses can
be evaluated with respect to targeted therapies and tumour
growth. In addition, because the LLC model can be both
syngeneic and orthotopic, tumour microenvironment can be
accurately depicted in the animal model. Despite its supe-
riority as an animal model for lung cancer, the LLC model
is associated with several limitations. As a syngeneic model,
responses evaluated in a complete murine systemmay not be
transferable to human conditions. As an orthotopic model,
the LLC model can also result in difficulties in quantifying
tumour growth without advanced imaging equipment and as
such, it can be quite expensive, time-consuming, and difficult
to reproduce.

5. Transgenic and Conditional
Transgenic Models

Genetically engineered models (GEM) are used to induce
spontaneous neoplastic growth via transgenic, conditional, or
drug-induced mechanisms. Transgenic mice are created by
microinjection of DNA into the pronucleus of zygotes and
injection of embryonic stem cells into blastocysts to produce
the desired loss or gain of function mutations. Transgenic
mousemodels for lung cancermay be general, where tumours
arise in lung and in organs other than the lung or specific,
where the lung alone is the target of the transgene. The latter
models are more useful, as the frequency of the development
of lung cancer is often higher and the pathology of the
disease is not complicated by tumours at other sites. The
DNA construct for the transgene is created by linking a lung-
specific promoter to the coding region of a target gene [96].
Transgenic mice are ideal for examining the role of genetic
abnormalities in tumour initiation and progression.The cur-
rent transgenic models that are used to study lung cancer are
shown in Table 2.

One of the first viral oncogenes to be targeted to the lung
was Simian virus T antigen (TAg). Tag binds to and inacti-
vates p53 and pRB, both of which have been reported to be
mutated or functionally altered in lung cancer [97]. Through
the use of the lung specific promoters Clara cell secretory
protein (CCSP), also known as uteroglobin promoter, and
alveolar type II surfactant protein C (SP-C), these transgenes
resulted in the development of adenocarcinoma in a murine
model [53, 54]. The mice developed multifocal bronchioalvi-
olar neoplasias very rapidly and often died before four
months of age, making investigation of the early events in
carcinogenesis difficult. An alternative model for pulmonary
adenocarcinoma in distal lung epithelium has been devel-
oped in which transcription of TAg is driven by a lung
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specific 1011 base-pair DNA fragment of the rat Calbindin-
D9K (CaBP9K) promoter [55]. In this model development of
lung tumours was slower, with animals living to nearly a year,
allowing analysis of early stages of tumour development.

In contrast to the TAg models which utilize lung pro-
moter-viral oncogene fusion, human achaete-scute homolog-
1 (hASH1) models have been developed that rely on the
human transcription factor’s fusion to the lung-specific clara
cell 10 kDa secretory protein (CC10). Achaete-scute is a helix-
loop-helix transcription factor involved in neural differentia-
tion during fetal development. Neuroendocrine features are
a hallmark of SCLC and some NSCLCs and the rationale
behind development of this transgenic model was to inves-
tigate the effect of constitutive expression of achaete-scute in
nonneuroendocrine airway epithelial cells that normally do
not express it. Interestingly, expression resulted in the devel-
opment of hyperplasia and bronchioloalveolar metaplasia.
hASH1-CC10was also generated in combinationwith theTAg
oncogene to promote the growth of adenocarcinoma with
neuroendocrine differentiation and increased tumourigene-
sis [52, 98].Thesemodels typically resulted in tumour growth
in 100 percent of animals, but exhibited rapid and aggressive
growth which prevented the analysis of early transformation
events.

Transgenic mice have also been generated through the
fusion of oncogenes with lung-cell-specific promoters such
as calcitonin gene-related peptide (CGRP), SP-C or CC10.
CGRP-Ha-Ras transgenicmice overexpress an activated form
of the GTPase, v-Ha-Ras, that induces pulmonary neuroen-
docrine cell differentiation [99]. The CGRP promoter limits
transgene expression to neuroendocrine and neural cells.
These transgenic mice surprisingly developed primary lung
tumours which were non-neuroendocrine in nature along
with hyperplasia of pulmonary neuroendocrine cells and
Clara cells.This suggested a common histogenesis of different
pulmonary cell types [56]. The Raf kinase protooncogene
transduces signals downstream of Ras. It has been shown
that mutations at the amino terminus of Raf that mediate
its interactions with Ras can constitutively activate the Raf
kinase activity such that it can transform cells in culture [100,
101]. Overexpression of wild-type Raf in tissue culture cells
sensitizes the cells to Ras transformation [102] and analysis
of human lung cancer cell lines and lung biopsy material
have revealed increased levels of Raf expression, suggesting
this might be related to development of lung cancer [103]. To
investigate this in a transgenic model, mice were engineered
to express c-Raf under the control of the SP-C promoter.
Approximately half of the transgenic mice developed lung
adenomaswith delayed tumour development, suggesting that
secondary mutations needed to be acquired before tumours
could develop [104].

The protooncogene c-myc, normally involved in con-
trolling cell-cycle events, has been frequently found to be
over-expressed in human pulmonary carcinoids and adeno-
carcinomas [105, 106]. SP-C-Myc transgenicmice overexpress
an activated form of the Myc protein that acts as a trans-
cription factor, resulting in the development of bronchi-
oloalveolar adenocarcinomas. Not all Myc transgenic mice
develop lung cancer, again suggesting changes in addition

to overexpression of Myc need to occur before cancer can
develop [58]. SP-C-EML4-ALK transgenic mice possess
EML4-ALK gene fusion specifically within the lung epithelial
cells, resulting in rapid development of adenocarcinomas
[57].

Genes encoding growth factors and growth factor recep-
tors are also feasible targets for the generation of transgenic
mice. SP-C-RON transgenic mice present with constitutive
activation of the receptor tyrosine RON (recepteur d’origine
nantais), localized by the SP-C promoter to distal lung
epithelial cells, resulting in the development of adenoma
and adenocarcinomas [60]. SP-C-IgEGF and SP-C-IgEGF-
Myc transgenic lines express a secretable form of the epi-
dermal growth factor (IgEGF), a structural and functional
homologue of transforming growth factor 𝛼 (TGF𝛼). In
the case of SP-C-IgEGF-Myc, additional expression of the
murine oncogene, c-Myc, under the control of the SP-C
promoter is initiated [58]. These transgenic lines develop
alveolar hyperplasia and bronchioalveolar adenocarcinoma,
respectively. Both the SP-C-RON and SP-C-IgEGF/Myc lines
facilitate spatial expression of the transgene, but result in
nonuniformmetastasis and a characteristically poor response
to therapy, confirming that these transgenic lines are ideal for
examining the role of specific oncogenes in tumour growth,
differentiation, and transformation but not in drug evaluation
studies [58].

In order to streamline preexisting murine models and
generate a more precise method of recapitulating true gene
expression patterns of lung cancer oncogenes in vivo, con-
ditional transgenic models have been created. Conditional
transgenic models are ligand-inducible transgenic systems
that result in regulated expression of the gene of interest
through the use of two transgene constructs, one which acts
as a target and one as the regulator. The regulator transgene
must first be activated by the addition of an exogenous
compound in order to turn on transcription of the target
transgene [48, 49, 107, 108]. Conditional transgenic models
allow for temporal and spatial regulation of oncogenes,
providing a more accurate representation of the events that
induce lung cancer.

There are three primary conditional bitransgenic indu-
cible systems in mice. The first is the reverse tetracycline
transactivator (rtTA) inducible system, in which a tissue spe-
cific promoter such as CCSP drives the expression of rtTA
in the tissue of interest. A second transgene is incorporated
containing the target gene, fused to the tetracycline-respon-
sive promoter (Tet-O

7
). Expression of the target gene is then

regulated by the addition of tetracycline or doxycycline [48,
51, 107]. Conditional bitransgenic rtTA systems used to study
lung cancer are shown in Table 2. The majority of the rtTA
models, including those expressing transgenes for K-Ras,
EGFR, and FGF7, are valuable models in that a small number
of cells can be targeted and transgene expression can be
regulated both temporally and spatially. Interestingly, when
doxycycline is removed from the K-Ras models, lesions can
no longer be detected, indicating the importance of the K-
Ras oncogene in both initial tumour growth andmaintenance
[108]. Despite these advantages, models expressing either K-
Ras and FGF7 transgenes exhibit limitedmetastasis, failing to
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accuratelymimic human adenocarcinoma in vivo [51, 108]. In
contrast, models utilizing EGFR transgenes have been shown
to metastasize early in development, resulting in early death
of the animal and limited evaluation of early developmental
events [48, 107].

An alternative to the rtTA system is the Cre/loxP
recombination system, which facilitates the incorporation
of somatic mutations in a select population of cells. The
Cre/loxP system is ideal for examining both the conditional
deletion of genes that cannot be examined in traditional
knockout systems due to embryonic lethality, as well as the
introduction of foreign genes in a tissue-specific manner. Cre
is a 38 kDa recombinase protein that induces intramolecular
and intermolecular recombination between loxP sites. A loxP
site identifies the region for recombination, consisting of
two 13 bp inverted repeats that are separated by an 8 bp
asymmetric spacer region. Targeted mutations are “Floxed”
(flagged by loxP sites) and through the addition of Cre
recombinase, an endogenous gene or transgene is eliminated
or activated by deletion of floxed sites [44–46, 50]. Current
murine strains created using the Cre/loxP system are shown
in Table 2. Cre transgenic strains can also be generated with
Tet-inducible promoters [48].The advantages of the Cre/loxP
models are the ability to spatially regulate gene expression and
evaluate events in lung cancer development [44–46].

Conditional transgenic strains resulting in conditional
deletion of Trp53 alone and Trp53 in combination with pRb
have proven to be one of the most valuable systems in
modeling SCLC. Metastasis to select organs in these models
has been shown to closely approximate metastatic events
in humans as well as exhibit neuroendocrine features that
are characteristic of human SCLC. Despite these advantages,
thesemice presentwith a very invasive phenotype, preventing
examination of early transformation events [50].

Using the traditional Cre/loxP system, it is also possible
to create a transcription block by floxing two sites in the
region preceding an exon.The resulting null allele is dormant
until Adeno-Cre is administered and the transcription stop
is subsequently removed to allow for oncogenic mutation to
occur. The lox-stop-lox (LSL) system is primarily used for
K-RasG12D mutation in combination with other conditional
knock-outs [47]. One of the most favored LSL models for
lung cancer is the Lkb1:LSLK-RasG12D system which results
in the development of adenocarcinoma and squamous cell
carcinoma with metastasis that accurately reflects human
metastatic events [47]. However, these strains often result in
early death of the animal, and thus the system is not ideal for
examining early transformation events.

6. Carcinogen-Inducible Models

In contrast to both transgenic and conditional transgenic
systems, drug-induced models require the addition of a
carcinogen to induce specific mutations leading to trans-
formation events. The current carcinogen-inducible mod-
els for lung cancer are described in Table 2. Carcinogen-
inducible models are typically generated in strains of inbred
mice such as A/J or SWR which are most susceptible
to spontaneous tumourigenesis [109]. Of these models,

the urethane-induced lung tumourigenesis model has sev-
eral advantages. Intraperitoneal administration of urethane
has been shown to be reliably reproducible and subse-
quent tumourigenesis develops in a time-dependent manner.
Tumourigenesis progresses fromhyperplasia to adenoma and
eventual adenocarcinoma in response to sequential genetic
changes that are characteristic of human lung cancer [61].
Of these genetic changes, K-Ras and p53 are the most
prominent mutations associated with the urethane-induced
model [61, 110]. The benzo(a)pyrene-induced system also
models adenoma in mice, however, it has been shown to
result in extremely variable growth patterns in independent
experiments [63]. N-Nitrosobis-(2-chloroethyl) ureas such
as N-nitroso-methyl-bischloroethylurea (NMBCU) and N-
nitroso-trischloroethylurea (NTCU) have been shown to
induce the growth of hyperplasia, dysplasia and metaplasia
following topical administration in Cr:NIH(S) mice [64].
3-Methylcholanthrene, diethylnitrosamine, ethylnitrosourea,
and dimethylhydrazine have all been shown to induce repro-
ducible growth of adenoma in A/J mice [62]. Although these
models provide the distinct advantage of investigator control
of tumourigenesis through carcinogen administration, there
are also multiple disadvantages associated with these models
such as variability in administration technique leading to
discrepancies in results.

7. Future Directions

To date, Xenograftmodels have beenmost commonly used to
analyze the behavior of human tumours and their response
to therapeutics in a mouse model. The use of genetically
modified mice is perhaps a more powerful tool for studying
lung cancer development and treatment but establishment
of these models can be very laborious, expensive and time-
consuming. A number of initiatives, both publicly and pri-
vately funded, have nowbeen developed to create repositories
of gene-targeting vectors, genetically modified mouse strains
and predeveloped embryonic stem cells carrying specific
mutations. Several of these sources are reviewed in Dow
and Lowe [111]. The availability of these resources should
significantly reduce the time required to generate newmouse
models of lung cancer.

It is now evident that RNA interference can be used
in mice to reduce or shut down specific gene expression,
offering an alternative to traditional knockout models, which
generally only affect one copy of a gene. Short hairpin
RNAs (shRNAs) expressed transgenically act without inte-
gration into genomic material and operate in trans to affect
expression of both copies of a gene. Depending on how the
transgenic model is created, the silencing effects of shRNAs
can be reversible, allowing disruption of gene expression in a
temporal manner for investigation of effects at specific times
during development. A fast and scalable method for develop-
ing shRNA transgenicmice has been recently used to validate
p19ARF as a therapeutic target for lung adenocarcinoma [112].

Embryonic stem cells (ESCs) have become another tool
for rapid development of multiallelic mouse models. Mul-
tiple rounds of targeting disease-associated alleles in ESCs,
followed by blastocysts injection and implantation, result in
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chimeric animals where tumours develop from the engi-
neered cells in the context of a normal microenvironment.
Chimeric animals may be cross-bred, generating wholly ESC
derived mice. This methodology has been used to develop
two different models of lung adenocarcinoma to analyze
activation of pathways downstream of specific mutations and
to assess the potential of therapeutic targeting strategies [112,
113].

A major criticism of using mouse models to model
human cancer is inherent in the biological differences
between the two organisms. In some cases, drugs that look
promising for cancer therapy in amousemodel fail in clinical
trials due to differences in activity between the mouse gene
product being targeted and its human counterpart [114–116].
The effect of the human gene in transgenicmousemodels can
in some cases be most effectively addressed using humanized
mice, in which a copy of the human gene replaces the mouse
gene. Transgenic expression of the human cytochrome P450
2A13 was achieved using a cloned bacterial artificial chro-
mosome in a background null for the mouse homologue.
The results of this study indicated that the human gene was
more highly effective at activating a carcinogenic compound
present in cigarette smoke than its mouse homologue and in
contributing to lung tumourigenesis [117]. There is a great
deal of interest in finding useful predictive and prognostic
serum or blood biomarkers for lung cancer patients as these
fluids are easier and less painful to obtain than lung biopsies.
Recently, Taguchi et al. found they could identify thirteen
proteins overexpressed specifically in the plasma of mice
bearing EGFR or Ras mutations that developed lung ade-
nocarcinomas [118]. A subset of these proteins was mea-
sured in the serum of NSCLC patients and a significant
concordance with the mouse data was found. Mice bearing
the EGFR mutation and treated with the EGFR inhibitor
erlotinib showed reduced levels of the markers associated
with EGFR expression, similar to the human patients. This
shows promise for the use of mouse models as a tool to
identify new biomarkers.

8. Discussion

Taking into consideration each of the distinct preclinical
models to study lung cancer in vivo, it is reasonable to
conclude that each model is well-suited for a specific mode
of study. For example, xenograft models are well-suited for
the timely evaluation of response to therapy in vivo. However,
transgenic and conditional transgenic model systems that
accurately mimic tumour histology, genetic abnormalities
and tumour microenvironment of human lung cancer, such
as the LSL K-Ras G12D model for adenocarcinoma, and the
Trp53 AdenoCre model for SCLC, may provide more reliable
results concerning response to therapy and toxicity. To date,
the majority of preclinical models used to evaluate efficacy
of targeted chemotherapeutics are xenografts models, pre-
sumably due in part to the four to eight week growth period
required to obtain results. Conversely, the use of xenograft
models in preclinical study can lead to disappointing results
in clinical trials. Current chemotherapies and the preclinical
models used to evaluate them are summarized in Table 3.

Of the seventeen therapies summarized in Table 3, only
three therapies were evaluated in transgenic or conditional
transgenic murine models prior to progressing to clinical
trial. In addition, only two of the therapies listed in Table 3
were assessed in a syngeneic, orthotopic model system.
Both EGFR inhibitors, erlotinib and BIBW2992, were tested
preclinically using the CCSP-rtTA; Tet-O

7
-EGFRL858R model

[26, 37, 49, 68, 70]. In vivo, both therapies resulted in
dramatic tumour regression, however, phase I clinical trials
for BIBW2992 resulted in no significant partial or complete
responses in patients [70]. On the other hand, clinical trials
for erlotinib were successful in extending median survival
to 8.4 months compared to a maximum of 8.0 months with
gefitinib. One-year survival was increased to 40% compared
to 37% with doxetaxel [68], suggesting that the model system
was successful in predicting clinical benefit in the case
of erlotinib, but not BIBW2992. Interestingly, the EGFR
inhibitor vandetinib was evaluated in vivo using a H1975
xenograft model as opposed to the CCSP-rtTA; Tet-O

7
-

EGFRL858R model [119]. Vandetinib was found to significantly
reduce tumour growth in the xenograft model, but resulted
in limited response rates in clinical trials, which may be due
in part to the fact that xenograft models cannot accurately
recapitulate tumour microenvironment or predict immune
response (Table 3). Thus, even the most complex murine
models may predict clinical benefit of therapy in one case
and not in another. Therefore, it is imperative that multiple
models be used to evaluate efficacy of each therapy.

Syngeneic murine models prove to be reasonably suc-
cessful in predicting clinical benefit of therapy in preclinical
experiments (Table 3). The effects of navelbine and carbo-
platin were assessed in C57BL mice with LLC hind flank
tumours. In vivo, IV navelbine administration resulted in 72.7
percent tumour regression [74]. Alternatively, IV carboplatin
administration in combination with paclitaxel resulted in
prolonged survival in 30–50 percent of the experimental
population. Preclinical navelbine findings were shown to be
translatable to clinical trials as median survival was extended
to 34 weeks in patients [73]. Carboplatin-paclitaxel combina-
tion therapy was also shown to be effective in clinical trials
as median survival was extended to 10.3 months in patients,
further suggesting that the LLC model is a valuable tool for
predicting clinical benefit of select therapies [81]. Interest-
ingly, preclinical evaluation of monoclonal antibody therapy
with bevacizumab and/or cetuximab has not been conducted
in a syngeneic model system, but rather in xenograft systems
[28, 85]. Both bevacizumab and cetuximab were shown to be
effective in reducing tumour burden and extending survival
both in preclinical and clinical trials [28, 84, 85, 88]. These
studies raise several important questions concerning the
translatability of preclinical study characteristics such as:
clinically relevant dose, survival quantification and treatment
regiment, to clinical trials.

It is important to note that preclinical and clinical
dosages as well as treatment regimens vary widely between
preclinical and clinical trials and evenwith the use of complex
conditional transgenic models in preclinical studies, it is
difficult to predict clinically relevant dose and appropriate
treatment regimen for the patient population. There are
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several essential criteria for evaluating preclinical trial results
prior to progression to clinical trials. Firstly, tumour growth
inhibition of less than 50 percent in preclinical models does
not typically translate into clinical benefit [69, 119]. Secondly,
it is imperative that preclinical trial results show a survival
benefit in response to therapy as this is one of the most
telling criteria concerning drug efficacy in vivo [36, 79, 81].
Response to therapy cessation is also a valuable prognostic
factor in preclinical studies. If therapy is discontinued and
tumour growth resumes, relapse-free survival can be affected
in patients and the likelihood of success in clinical trials may
be limited [69, 119].

In summary, there are several valuable murine models
available for the study of lung cancer; however, no one model
can truthfully recapitulate all features of human lung cancer
in vivo. Each model has both advantages and limitations and
it is vital that these be taken into consideration prior to use in
preclinical trials. Prior to choosing a model for experimenta-
tion, thought should be given to relevance of cell type, genetic
abnormalities, temporal-spatial regulation of expression of
target genes, tumour microenvironment, and the metastatic
potential of each model. Despite recent advances, future
research is needed, particularly with regards to developing
models for SCLC and SCC as these are currently limited.
Results obtained through the use of murine models as well
as advancements in the development of new mouse models
for lung cancer have provided much insight in the biology of
lung cancer and lung cancer therapies. Ultimately, the use of
thesemodels in preclinical studies provides a vital framework
from which to continue to evaluate therapies and identify
predictive and prognostic markers in vivo.
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A wide variety of animal models have been used to study glaucoma. Although these models provide valuable information about
the disease, there is still no ideal model for studying glaucoma due to its complex pathogenesis. Animal models for glaucoma are
pivotal for clarifying glaucoma etiology and for developing novel therapeutic strategies to halt disease progression. In this review
paper, we summarize some of the major findings obtained in various glaucoma models and examine the strengths and limitations
of these models.

1. Introduction

Glaucoma is characterized by progressive and accelerated loss
of retinal ganglion cells (RGCs) and their axons [1]. Although
the pathogenesis of glaucoma is not fully understood, it is
believed that increased intraocular pressure (IOP) is a major
contributor even in normal tension glaucoma [2]. In this
context, a wide variety of animalmodels have been developed
to study the effect of elevated IOP on the optic nerve and the
RGC degeneration.

In general, animal glaucoma models are classified into
two categories: natural-occurring models and induced mod-
els. A variety of natural-occurring glaucoma models have
been described in different animal species including dog
(beagle) [3], albino New Zealand rabbit [4], and DBA/2J
mice [5–7]. It has been considered that the disturbance or
obstruction of aqueous outflow could be the cause of IOP
elevation, which induces a loss of RGCs and excavation
of the optic nerve in these models [8]. Because naturally
occurring glaucomamodels are poor in controlling onset and
pathological course of the disease, induced glaucoma models
have been developed with the aim to create proper conditions
for controlled experiments. The earliest models of induced
glaucoma were developed in monkeys [9], and IOP elevation
was induced by intraocular 𝛼-chymotrypsin injections [10].
Thereafter, multiple in vivo glaucoma models have been

developed using laser photocoagulation of the perilimbal
region [11], autologous fixed red blood cell (RBC) injection
[12] or microbead injection into the anterior chamber [9],
cauterization of episcleral veins [13], or hypertonic saline
injection into the episcleral veins [14, 15]. Recently, in vitro
[16] and ex vivo glaucomamodels [17] have been developed to
improve the accuracy and repeatability of experimental con-
ditions and to examine pathological mechanisms especially
in the acute phase of the IOP elevation. Hydrostatic pressure
is applied to cells cultured on a rigid substrate or to isolated
retinal tissues in vitro and ex vivo. More recently, transgenic
mouse glaucomamodels, which were genetically modified by
the introduction of a foreignDNAsequence into amouse egg,
have emerged [18].

In this paper, we present a summary of experimentally
induced mammalian glaucoma models that have been devel-
oped and used for the recent study of the different types of
glaucoma and discuss limitations and potential use of each
model.

2. In Vivo Glaucoma Models

2.1. Laser Photocoagulation of the Perilimbal Region. Multiple
studies have used laser photocoagulation which induced
sustained IOP elevation in monkeys [11], mice [19, 20],
rats [21], and rabbits [22–24]. These models were primarily
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developed to study retinal IOP-related posterior segment
damage. The IOP elevations in eyes treated with laser photo-
coagulation are thought to result from increased resistance of
outflow pathways such as angle closure, trabecular scarring,
and obliteration of Schlemm’s canal [11]. Gaasterland and
Kupfer (1974) [11] applied repeated, circumferential argon
laser photocoagulation to the trabecular meshwork in both
eyes of each of the five Rhesus monkeys and induced a
sustained IOP elevation in seven out of ten eyes by a marked
reduction in outflow. The IOP range was between 24 and
50mmHg after the 4th treatment and remained elevated by
30 days. The main outcome analyzed to determine whether
this experimental ocular hypertension can induce a glaucoma
was indicated by the observed development of cupping of the
optic disc and by the selective loss of retinal ganglion cells in
histopathologic specimens. This model became the standard
for laser-induced glaucoma in monkeys [25–29].

The advantage of the primate model is that the monkeys
have eyes with similar anatomical characteristics to humans.
Although monkeys are excellent animal models for studying
human disease, there are several limitations to use mon-
keys, including ethical and economic factors [30, 31]. Laser
photocoagulation requires expensive ophthalmic equipment
and highly specialized techniques. Laser photocoagulation
sometimes induces the inflammation of the anterior chamber
and irreversible mydriasis [28].

In contrast to primate models, there are several advan-
tages of using rodents (mice, rats, and rabbits) in glaucoma
research. Rodents are inexpensive and easy to house and
handle, their eyes are easy to obtain, and the sample number
for studies can be large [32]. Aihara et al. (2003) [19]
applied argon laser photocoagulation to the corneal limbus
in Black Swiss mice after flattening the anterior chamber
by aspiration of aqueous humor and successfully induced
persistent elevation of IOP for at least 6 weeks in mouse eyes.
The flattening of the anterior chamber appears to bring the
trabecular meshwork into closer proximity to limbal areas
targeted with the laser and may be useful in enhancing the
effect of photocoagulation to obstruct the anterior chamber
angle [19]. Significant increases in mean IOP during 4 to 12
weeks were detected in treated eyes [19]. Average IOPs in
laser-treated eyes (IOPtx) versus contralateral control eyes
(IOPc) during the first 4 weeks and during the entire 12-week
study period were 23.4 ± 5.1mmHg versus 16.3 ± 2.3mmHg
and 20.1 ± 3.5mmHg versus 16.2 ± 2.4mmHg, respectively
[19]. Average IOPtx was significantly higher than the average
IOPc during both periods (𝑃 < 0.001) [19]. A treatment
response was considered to be a success if either the mean
of IOP measurements collected during the first 4 weeks was
increased by 30% or more or the mean of all measurements
collected during the 12-week study period was increased by
30% or more [19]. During the first 4 weeks, 14 (64%) of 22
eyes had an IOP increase of more than 30% [19]. During
the entire 12-week study, 7 (37%) of 19 eyes maintained
an IOP increase of greater than 30% [19]. The success rate
of IOP elevation after a single procedure is relatively high
compared with other glaucoma models. Histologic analysis
at the end of the 12-week study showed that the angle was
completely closed by the laser photocoagulation treatment

[20]. Disadvantages of this method include ocular inflam-
mation induced by laser treatment, flattening of the anterior
chamber, and variability of IOPmagnitude and duration [19].
In addition, the IOP elevationwas not sustained in the treated
eyes, slowly declining to baseline by 8 weeks after treatment
[19]. In optic nerve cross sections examined by electron
microscopy 300 𝜇m posterior to the globe [20], mean axon
density and total number of axons in the laser treated eyes
were significantly decreased compared with the control eyes.

Other studies applying argon laser photocoagulation to
the episcleral and limbal veins in C57BL/6 mice [33, 34]
induced IOP elevations lasting for weeks after treatment, with
decline to baseline levels approximately 8 weeks after treat-
ment [34]. After laser treatment, mean IOP was increased
in the treated eyes from the control mean of 13 ± 1.8mmHg
to 20.0 ± 2.8mmHg at 4 weeks in C57BL/6 mice [33]. Peak
IOP was 32 ± 2.5mmHg in the experimental group. RGC
loss was 16.9% ± 7.8% at 2 weeks (𝑃 < 0.05) and 22.4% ±
7.5% at 4 weeks (𝑃 < 0.05) after laser photocoagulation [33].
TUNEL staining showed that there were marked increases
in the number of apoptotic nuclei in the ganglion cell
layer in the treated eyes [33]. Laser photocoagulation of
limbal and episcleral veins also induces transient ocular
hypertension in albino CD-1 mice [35]. In albino CD-1 mice,
the IOPs measured in operative eyes (27.6 ± 2.6mmHg)
were significantly elevated above those measured in control
eyes (12.3 ± 1.0mmHg) 4 hours after laser treatment and
remained elevated at the second postoperative day (operative
27.1 ± 1.8mmHg versus control 13.4 ± 0.3mmHg) [35]. IOPs
measured in laser-treated eyes declined to baseline and were
similar to IOPs in control eyes by 1 week (operative 15.4 ±
1.3mmHg versus 12.4 ± 0.6mmHg). Overall, the elevation
of IOP is transient in these laser models, and the level of cell
loss is modest.

Similar tomice, rats are easy tomaintain in the laboratory,
and they can be used in large numbers [21, 36–40]. Laser
photocoagulation has been applied to the trabecular mesh-
work alone [41] or the trabecular meshwork and episcleral
veins [42] in rats, and the induced IOP elevation results
in subsequent glaucomatous damage, including RGC loss
[41, 42]. Levkovitch-Verbin et al. [42] induced experimental
glaucoma unilaterally in Wistar rats, using a diode laser with
wavelength of 532 nm aimed only at the trabecular meshwork
(trabecular group) or at episcleral veins (combination treat-
ment group) through the external limbus. IOP was increased
in all eyes to higher than the normal mean IOP of 19.4 ±
2.1mmHg after the laser treatment [42]. Peak IOPwas 34.0 ±
5.7mmHg in the trabecular group and 49.0 ± 6.1mmHg
in the combination group [42]. Mean IOP after 6 weeks
was 22.0 ± 1.8mmHg in glaucomatous eyes in the trabecular
group compared with 25.5 ± 2.9mmHg in the combination
group [42]. IOP in the glaucomatous eyeswas typically higher
than in the control eyes for at least 3 weeks [42]. In the
combination group, RGC loss was 16.1% ± 14.4% at 1 week
(𝑃 < 0.01), 59.7% ± 25.7% at 6 weeks (𝑃 < 0.001), and
70.9% ± 23.6% at 9 weeks (𝑃 < 0.001) [42]. The trabecular
group had mean axonal loss of 19.1% ± 14.0% at 3 weeks
(𝑃 < 0.004) and 24.3% ± 20.2% at 6 weeks (𝑃 < 0.001) [42].
Laser treatment led to closure of intertrabecular spaces and
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the major outflow channel [42]. The retina and choroid were
normal by ophthalmoscopy at all times after treatment. Light
microscopic examination showed only loss of RGCs and their
nerve fibers [42]. Although continuous IOP elevation over
longer periods is ideal, 3 weeks of elevated IOP induces
substantial RGC loss and axonal damage of the optic nerve,
making the model attractive for most investigations [42].

There are several limitations to using laser-induced ocular
hypertension in rats. First, differences in pigmentation of the
trabecular meshwork markedly change the effects of laser
photocoagulation to increase IOP. Second, repeated laser
treatments induce ocular inflammation and corneal opacity
[43].

2.2. Red Blood Cell or Microbead Injections into the Anterior
Chamber. To circumvent the limitations and disadvantages
of laser techniques, microbeads were injected into the ante-
rior chamber to induce ocular hypertension in primates [9],
pigs [30], mice [44], rats [45], and rabbits [46]. An alternative
to microbead injection uses injection of autologous fixed red
blood cells (RBCs) into the anterior chamber [12, 47]. Ele-
vations in IOP observed in autologous RBCs- or microbead-
injected eyes are thought to result from inhibition of aqueous
outflow.

Experimental primate models of chronic IOP elevation
were developed by Quigley and Addicks (1980) using autolo-
gous fixed RBCs (ghost cells) [12, 47]. Direct obstruction of
the trabecular meshwork by ghost cells as well as swelling
of trabecular cells following phagocytosis of cellular debris
was observed by electron microscopy. The model has the
advantages of producing IOP elevation easily (mean IOP,
24mmHg to 73mmHg) and without associated intraocular
inflammation [12]. However, IOP elevations lasted from 2 to
42 days, and the extensive filling of the anterior chamber
with ghost cells resulted in poor visibility of the optic disk
[12]. Ghost cells are degenerating red blood cells with-
out hemoglobin content. Subsequently, Weber and Zelenak
(2001) [48] reported that multiple injections of sterile latex
microspheres (2–4 × 105 sterile beads per injection) into
the primate anterior chamber are simple and cost effective
for inducing chronic IOP elevation [48]. In the treated eyes
withmultiple injections of latexmicrospheres, mean IOPwas
17.8mmHg to 36.7mmHg, and peak IOP was 23mmHg to
65mmHg [48]. Different levels and durations of elevated IOP
can be obtained by altering the frequency and number of
microspheres injected [47].This approach has the advantages
of producing IOP elevations while preserving visibility of
the optic disc, which is necessary for assessment of glau-
coma development [48]. Fluorescent polystyrene microbead
injection into the anterior chamber of C57BL/6 mice results
in chronic IOP elevation (4.6 ± 0.6mmHg above control
IOP) lasting for at least 3 weeks following a single injection
[49]. Cone et al. (2012) [50] maintained the IOP elevation
by a combination of polystyrene bead injection followed
by viscoelastic solution injection into the mouse anterior
chamber. The disadvantages of the mouse model include the
relatively small size of the globe, which makes it hard to
manipulate.

IOP elevations induced by microbeads have also been
described in rat models [40]. In Wistar rats injected with
microbeads, IOP elevation persists for two weeks and results
in reduced density of the optic nerves [40, 51]. Wistar rats
receiving weekly injections of hyaluronic acid show IOP
elevation that persists for at least 10 weeks [51].

Taken together, microbead injection models offer a rel-
atively easy technique without special equipment, and the
IOP elevation can bemodulatedwith subsequent injections of
microbeads or viscous materials. The principal disadvantage
is that microbeads can be difficult to retain in the ante-
rior chamber angle after injection. To address these issues,
Samsel et al. (2011) [52] developed a technique for induc-
tion of ocular hypertension using paramagnetic microbeads.
Magnet is used to direct microbead to the anterior chamber
angle. These beads have the advantage that they can be
directed to the anterior chamber angle in the rodent eye
to optimize occlusion of the trabecular meshwork. In this
case, the paramagnetic microbeads could be directed to the
iridocorneal angle using a handheld magnet [52].

2.3. Episcleral Vein Obstruction. Shareef et al. (1995) [15]
developed an episcleral vein cauterizationmodel of glaucoma
in rat. This method is less invasive than laser photocoagula-
tion and induces no complications in the anterior chamber
[53]. Because of its efficacy and accessibility, the majority
of the structural and functional studies in experimental
glaucoma have used this method [13]. IOP elevations in this
model are thought to involve increased outflow resistance
[54].

Mouse glaucoma models induced by episcleral vein cau-
terization exhibit significantly elevated IOP (28 ± 1.5mmHg)
for up to 4 weeks and loss of RGCs [54]. Photocoagulation of
episcleral and limbal veins induces a doubling of IOP lasting
for 4 hours in albino CD1 mice [55, 56]. Complications of
episcleral vein cautery in mice include thermal damage to
sclera, intraocular inflammation, and ocular surface damage.

To compare the effects of IOP elevation on ganglion
cell size and death, Vecino and Sharma (2013) [57] used
three experimental glaucoma models in rats: (i) injections of
latex microspheres into the anterior chamber, (ii) injections
of microspheres and hydroxypropylmethylcellulose into the
anterior chamber, and (iii) cauterization of three episcleral
veins. IOP elevation induced by episcleral vein coagulation
was more stable and constant for at least 24 weeks as com-
pared with the other two experimental glaucoma methods.
Similar results were observed when the three methods were
compared in rats [58] and pigs [44].

Morrison et al. [14] have suggested, however, that patho-
physiology in the episcleral vein cautery model differs from
the other two ocular hypertension models, and the pattern of
RGC death might be different in this model. While axonal
degeneration of RGCs is the predominant finding in the
other IOP elevation models, episcleral vein cautery appears
to produce general RGC loss, indicating the possibility that
factors other than IOP elevation might contribute to RGC
death in episcleral vein cautery models.
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Table 1: Experimentally induced in vivomammalian glaucoma models.

In vivo glaucoma
models Species Main papers Main outcomes

measured Cost Limitation

Laser
photocoagulation of
the perilimbal region

Monkey Gaasterland and Kupfer (1974) [11] IOP, cupping, HR,
HI, OF

Expensive
(laser
equipment)

Ocular inflammation
Irreversible mydriasis
Technical difficulties

Mouse Aihara et al. (2003) [19]
Mabuchi et al. (2003) [20]

IOP
IOP, HR

Ocular inflammation
Variability of IOP
Technical difficulties

Rat Levkovitch-Verbin et al. (2002)
[42] IOP, HR, HI Hyphema, corneal opacity

Ocular inflammation
RBC injections into
the anterior chamber Monkey Quigley and Addicks (1980)

[12, 47] IOP, HR, HI, OF

Low visibility of optic discs by
accumulation of RBC or
microbeads

Microbead injections
into the anterior
chamber

Rat
Mouse

Weber and Zelenak (2001) [48]
Pang et al. (2005) [40]
Sappington et al. (2010) [49]

IOP, HR, HI
IOP

IOP, HR, HI Not
expensive

Hyaluronic acid
injection into the
anterior chamber

Rat Moreno et al. (2005) [51] IOP, HR, HI, ERG

Episcleral vein
obstruction

Rat Shareef et al. (1995) [15] IOP Not
expensive

Scleral thermal burns (RGC death
patterns may be different from
those of other glaucoma models)Mouse Ruiz-Ederra and Verkman (2006)

[54] IOP, HR, OF

Episcleral vein saline
injection

Rat
Mouse

Morrison et al. (1997) [14]
Kipfer-Kauer et al. (2010) [59]

IOP, HR, HI
IOP, HR

Not
expensive

Technical difficulties

IOP: IOP measurement, cupping: assessment of optic disc cupping, HR: histological assessment of retinal nerve fibers and optic discs, HI: histological
assessment of the iridocorneal angles, OF: outflow facility, ERG: electroretinography.

2.4. Episcleral Vein Saline Injection. Kipfer-Kauer et al. (2010)
[59] have succeeded in inducing chronic IOP elevation in
C57BL/6 mice by injection of 1.5M hypertonic saline into a
limbal vein. The hypertonic saline injection group revealed
a mean IOP of 9.99 ± 3.3mmHg versus 7.42 ± 2.2mmHg
in the contralateral control eye. Peak IOP in the hypertonic
saline injection group was 15.6mmHg versus 11.6mmHg in
the control group. Episcleral vein saline injection causes an
increase in the resistance of aqueous outflow channels. To
develop chronically elevated IOP in rats, episcleral veins were
injected with hypertonic saline in Brown Norway rats, and
IOP elevations (7 to 28mmHg above control pressure) were
sustained after 4 weeks [14]. The anterior chamber angles
showed the formation of the peripheral anterior synechia.
Electron micrographs of eyes from this model showed glau-
comatous damage of RGC axons [14].

The disadvantage of these latter models is the relative dif-
ficulty of the induction technique. Insertion of a microneedle
into the rat episcleral vein requires considerable training and
experience. An additional disadvantage is that the duration
of IOP elevation is relatively short and sequential hypertonic
saline injections are needed to produce longer lasting IOP
changes [60].

Taken together, a wide variety of in vivo animal models
have been developed to study the effect of elevated IOP on the
optic nerve and RGC degeneration. However, the duration of
IOP elevation in these models is transient without sequential

treatments. In addition, precise control over IOP elevation
is difficult, and the timing of induction and progression of
glaucoma are usually unpredictable. Table 1 is the summa-
rization of characteristics of the experimentally induced in
vivomammalian glaucoma models.

3. In Vitro Glaucoma Models

While in vivo animal models are necessary to show that
a phenomenon occurs in living organisms, experiments in
live animals typically involve undefined and uncontrollable
factors [43].Therefore, in vitro experimental systems are use-
ful for producing highly controlled experimental conditions
to manipulate specific variables contributing to degenerative
changes [43]. Recently, in vitro glaucomamodels that use cells
cultured on a rigid substrate have been described [16, 61–72].
Thesemodels have usedRGCs, optic nerve head astrocytes, or
other types of retinal cells and sometimes have been equipped
with pressure loading systems.

The application of hydrostatic pressure induces remark-
able changes including enhancement of RGC apoptosis [64,
66], alterations in astrocyte structure [57], cellmigration [63],
elastin synthesis [68], and production of neural cell adhesion
molecules [69]. Obazawa et al. (2004) [73] developed a
cell culture system for manipulating hydrostatic pressure to
examine the expression of optineurin and myocilin genes
in trabecular meshwork cells under normal and hyperbaric
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Medium reservoir

100mm

Culture chamber

Pump

Figure 1: System used for hydrostatic pressure experiments. The
culture chamber was filled with medium.The height of the medium
reservoir was adjusted to maintain the pressure in the culture. For
gas exchange, the medium was circulated by a peristaltic pump, and
the pressure was monitored with the pressure gauge. This figure is
themodification of Figure 1 of Lei et al. [61] and Figure 1 ofObazawa
et al. [73].

conditions (Figure 1). Kashiwagi et al. (2004) [74] examined
the survival and morphology of isolated RGCs subjected to
centrifugal force loading using the unique device (Figure 2).
The device includes a rotating vessel installed within a large
incubator (model CPO2-1800; Hirasawa, Tokyo, Japan), a
power supply unit, a control unit, and a cooling motor
for removing heat generated by the motor installed outside
the device. The rotor spins at 1 to 30 rotations per minute
(rpm), with a rotation accuracy of 0.01 rpm. The equation
for calculating centrifugal force (𝐹) is 𝐹 (mmHg) ≒ 1.12𝑟×
(rpm/1000) × 750, where 𝑟 is radial distance (in millimeters).

Recently, Yu et al. (2011) [75] developed a more conve-
nient and simple pressure system using T75 culture flasks. An
air mixture of 95% air and 5% CO

2
is pumped into the flasks

to obtain the desired pressure.
In vitro models are also useful for investigating the role

of apoptotic mechanism in RGCs. RGC death induced by
IOP elevation involves caspase activation as demonstrated
using experimental rat models of glaucoma [76]. In vitro
studies provide strong evidence that apoptosis of retinal
neurons induced by different stimuli shares a common
caspase cascade [66, 77], which can be inhibited using specific
caspase inhibitors [78]. Additionally, Tezel and Yang (2004)
[79] applied TNF-𝛼 or hypoxia to primary cultures of rat
RGCs for up to 48 hours and found that inhibition of caspases
cannot block RGC death if the mitochondrial membrane
potential is lost and cell death mediators (cytochrome c and
apoptosis-inducing factor) are released.

Identification of precise cellularmechanisms in glaucoma
requires isolation and primary culture of the RGCs. It has
been known that in vitro experiments using primary cultures
of RGCs are difficult to perform, mainly because of the
limited yield and the typically postmitotic features of these

Culture chamber Culture chamber

Figure 2: Schema of the centrifugal force loading device.The device
is composed of two culture chambers and amotor unit for providing
centrifugal force and rotor vessels. The isolated cells are situated
at the bottom of the culture dish to become perpendicular to the
direction of the centrifugal force and gravity vectors corresponding
to a rotation speed. This figure is the modification of Figure 1 of
Kashiwagi et al. [74].

neurons [80]. Therefore, early postnatal tissues are used in
an attempt to optimize cell number and survival in culture.
However, there are differences in cell responses between
postnatal and adult cells that can limit interpretation of
experimental results. In addition, it is difficult to examine
interactions between RGCs and other types of cells such as
retinal glia in specific mechanisms.

4. Ex Vivo Glaucoma Models

We recently developed a new ex vivo experimental model for
acute glaucoma that involves incubating rat retinal segments
under hydrostatic pressure at the bottom of a deep cylinder
[17] (Figure 3). Acute high pressures can induce retinal
ischemia clinically and in in vivo glaucoma models [81, 82].
The ex vivo hydrostatic pressuremodel excludes the influence
of ischemia and can thus allow examination of the direct
effects of hydrostatic pressure on the otherwise intact retina,
including changes in gene and protein expression [83, 84].

While the ex vivo system produces reliable results, we
note several limitations. Survival factors for retinal neurons
supplied from the blood stream or axonal transport are
eliminated in ex vivo preparations, and the incubation period
is limited by the duration in which the tissue can be kept
alive.The advantages of this model include a higher degree of
control over experimental variables and better preservation
of neuron-neuron and neuron-glial interactions that are
possible in dissociated cell preparations.

Of interest in this ex vivomodel is the finding that axonal
swelling in RGCs is induced in a pressure-dependentmanner.
In the central nervous system, activation of neuronal gluta-
mate receptors induces swelling of cell bodies and dendrites
[85–88] and also produces Na+-dependent blebs in acutely
isolated hippocampal neurons [89]. This swelling is caused
by the influx of Na+ and Ca2+ and the passive redistribution
of chloride and water across neuronal membranes [88–90].
Similar events occurring in axons could contribute to the
findings observed in the ex vivo glaucoma model. Because
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Gas ↓

Bubble

Bubble
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10 75
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Figure 3: Outline of the experiment using ex vivo glaucoma model.
Eyecups preparations were sunken to the bottom of a glass cylinder
with different heights. Each cylinder was filled with incubation
buffer at 30∘C for 24 hours. The buffer was bubbled with 95% O

2
-

5% CO
2
. Hydrostatic pressure at the bottom of the cylinder was

calculated to be 10mmHg and 75mmHg when a CSF was added
to a height of 13.5 cm and 101.2 cm, respectively. This figure is the
modification of Figure 1 of Ishikawa et al. [17].

administration of glutamate receptor antagonists attenuated
the axonal swelling, we hypothesize that glutamate-mediated
changes contribute to axonal swelling under hyperbaric
conditions.

To determine whether increased pressure triggers release
of ATP, Reigada et al. (2008) [91] loaded air or nitrogen
pressure to ex vivo bovine eyecups [91]. One milliliter of
buffer solution was added to the bottom of each eyecup
and the lid was sealed. Air or nitrogen was injected from
a syringe until the pressure reading by digital manometry
reached the desired level. When appropriate precautions
were taken, pressure levels remained constant throughout
the experiment. ATP released from retinal cells diffuses into
the vitreous humor. Vitreous humor from each eyecup was
collected, andATP concentrationswere determined. Elevated
pressure led to an increase in extracellular ATP. This excess
extracellular ATP may serve as a link between increased
pressure and RGC death in acute glaucoma, suggesting a

possible role for ATP in neuronal damage accompanying
increased intracranial pressure.

Table 2 is the summarization of characteristics of the
experimentally induced in vitro and ex vivo mammalian
glaucoma models.

5. Genetically Modified Mouse
Glaucoma Models

There are numerous mouse models in which glaucoma-like
pathology occurs as a result of genetic mutations [43, 92]. A
main advantage of these glaucoma models is higher repro-
ducibility of responses following IOP elevations compared to
surgically induced models [42]. Because there is significant
conservation in mouse and human genomes, the generation
ofmicewith specificmutations identified in human glaucoma
can be useful for understanding pathogenesis [43]. We
briefly review studies that have utilized genetically modified
mouse models to examine the roles of different genes in the
glaucoma pathogenesis.

5.1. GLAST and EAAC-1. Normal tension glaucoma (NTG)
is a condition in which clinical features are largely identical
to those seen in primary open angle glaucoma (POAG)
except for the relatively low IOP (<22mmHg). The patho-
physiology of RGC degeneration and optic nerve damage in
NTG remains unclear. To explore possible pathways of RGC
degeneration, genetically modified mice with normal IOP
have been used as models of NTG. Harada et al. [18] showed
that mice with deficient expression of the glutamate trans-
porters, GLAST or EAAC-1, demonstrate spontaneous RGC
death and optic nerve degeneration without elevated IOP. In
GLAST-deficient mice, administration of a glutamate recep-
tor antagonist prevented RGC loss, indicating that GLAST
helps to prevent excitotoxic retinal damage. Additionally,
GLASThelps tomaintain levels of the antioxidant glutathione
in Müller cells by transporting glutamate, the substrate for
glutathione synthesis, into the cells. Taken together, it appears
that GLAST deficiency leads to RGC degeneration by both
excitotoxic and oxidative stress mechanisms.

GLAST deficient mice were also used to investigate
ASK1 deficiency on RGC death [93]. Apoptosis signal-
regulating kinase 1 (ASK1) is a mitogen-activated protein
kinase (MAPK) that plays an important role in stress-induced
RGC apoptosis. Loss of ASK1 had no effects on the pro-
duction of glutathione or malondialdehyde in the retina or
on IOP. Tumor-necrosis-factor (TNF) induced activation of
p38MAPK and production of inducible nitric oxide synthase
were also suppressed in ASK1-deficient Müller glial cells and
RGCs, suggesting that ASK1 activation is involved in NTG.

5.2. CYP1B1. CYP1B1 is a gene implicated in congenital glau-
coma and codes the enzyme, cytochrome P450, family 1,
subfamily b, polypeptide 1 [94, 95].The role thatCYP1B1 plays
in the pathophysiology of glaucoma and the development
of anterior chamber anomalies is not known. Nonetheless,
CYP1B1-deficient mice exhibit abnormalities in their aque-
ous drainage system that are similar to those reported in
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Table 2: Experimentally induced in vitro and ex vivomammalian glaucoma models.

Species Main papers Pressure
(mmHg)

Duration
(hours) Main outcomes measured

In vitro glaucoma models

Hydro pressure model Porcine Obazawa et al. (2004) [73] 3, 33 12, 24, 48, 72
Optineurin and myocilin
expression in trabecular
meshwork cells

Centrifugation model Rat Kashiwagi et al. (2004) [74] 16, 28, 33 24, 48 Expressional changes in mRNA
in RGC and retinal glia

Ex vivo glaucoma models

Hydro pressure model Rat Ishikawa et al. (2010) [17] 10, 25, 50, 75 24
Histology of the retinal nerve
fiber, Glutamine synthetase
activity

Gas pressure model Bovine Reigada et al. (2008) [91] 20–100 0.5 Retinal ATP release

human angle-closure glaucoma patients [96]. In contrast,
other studies using CYP1B1-null mice revealed no evidence
of IOP elevation [97]. Although CYP1B1 knockout mice do
not develop elevated IOP, they have abnormalities in their
aqueous drainage system, small or absent Schlemm’s canal,
defects in trabecular meshwork, and peripheral anterior
synechia of the iris [97]. A mouse model with mutations
in both CYP1B1 and Tyr was also developed and revealed
that Tyr mutation modifies the phenotype associated with
inheritance of mutant orthologs of CYP1B1 and Foxc1, both
of which have been shown to be involved in human angle-
closure glaucoma [96, 97].

5.3. Alpha-1 Subunit of Collagen Type 1. More recently, a
transgenic mouse model of POAG has emerged. This mouse
model has a targeted mutation in the gene for the alpha-1
subunit of collagen type 1 and demonstrates progressive loss
of RGC axons induced by IOP elevation [98]. Organization of
the drainage structures seems normal in this model.

5.4. Myocilin. The myocilin gene (Myoc) encodes a secreted
glycoprotein. Tyr437His mutation in Myoc leads to severe
glaucoma in humans [99], and the mouse Tyr423His muta-
tion corresponds to this human mutation [100]. Tyr423His
Myoc mice demonstrate progressive degenerative changes
in the peripheral RGC layer and optic nerve, with normal
organization of aqueous drainage structures [101]. It has been
suggested that mice expressing mutated mouse or human
Myoc in the trabecular meshwork have characteristics of
POAG [101, 102]. By contrast, expression of themutatedMyoc
allele (Tyr423His) specifically in the iridocorneal angle does
not lead to IOP elevation and does not produce degener-
ative changes in the retina [103]. These differences might
be explained by differences in the levels of mutated Myoc
expression as well as by differences in genetic background
[103].

6. Conclusions

This paper describes animal models used in glaucoma
research. These animal models are essential to elucidate the
natural course of the disease and to develop novel thera-
peutic approaches. However, glaucoma is a disorder with

complicated pathogenesis that is far from being completely
understood. Since the mechanisms of glaucoma differ among
animal models, the selection of an animal model should be
based on experimental needs and the hypothesis being tested.
Experimentally, induced in vivo models have the advantage
of studying certain changes in glaucoma in a living animal.
However, the duration of IOP elevation in these models is
transient without sequential treatments. In addition, precise
control over IOP is difficult, and the timing of induction
and progression of glaucoma are often unpredictable. While
in vivo animal models are necessary to demonstrate that
a phenomenon occurs in living organisms, in vivo animal
experiments usually include undefined and uncontrollable
factors. For this reason, in vitro systems have been useful
for conducting highly controlled experiments in specific
contexts. In vitro experiments using primary cultures of
RGCs are not easy to perform, however, mainly because of
the limited cellular yield in adult animals and the typically
postmitotic feature of RGCs. Thus, early postnatal tissues
are used in order to optimize cell number and survival in
culture. It is important to note, however, that there are major
differences in cell responses to external stimulation between
postnatal and adult cells. In addition, it is difficult to examine
the interaction between RGCs and other types of cells such
as retinal glia under these conditions. Recently developed
ex vivo models for acute glaucoma involve incubating rat
retinal segments under hydrostatic pressure at the bottom
of a deep cylinder. The ex vivo hydrostatic pressure model
excludes the effects of ischemia and allows studying of the
direct effects of pressure on the retina. Additionally, this
model includes higher degrees of control over experimental
variables and better preservation of neuron-neuron and
neuron-glial interactions that are possible in dissociated cell
preparations. Ex vivo models are limited by the absence of
survival factors supplied by blood or axonal transport, and
the incubation period is time limited. Going forward, it is
likely that genetic models developed to test specific hypothe-
ses will provide valuable information on pathophysiology
and potentially lead to the discovery of new therapeutic
targets. By using these animal models, we hope to continue
to improve glaucoma prevention and treatment.
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Chronic kidney disease (CKD) is a major healthcare problem with increasing prevalence in the population. CKD leads to end
stage renal disease and increases the risk of cardiovascular disease. As such, it is important to study the mechanisms underlying
CKD progression. To this end, an animal model was developed to allow the testing of new treatment strategies or molecular
targets for CKD prevention. Many underlying risk factors result in CKD but the disease itself has common features, including
renal interstitial fibrosis, tubular epithelial cell loss through apoptosis, glomerular damage, and renal inflammation. Further, CKD
shows differences in prevalence between the genders with premenopausal women being relatively resistant to CKD. We sought to
develop and characterize an animal model with these common features of human CKD in the C57BL/6 mouse. Mice of this genetic
background have been used to produce transgenic strains that are commercially available. Thus, a CKDmodel in this strain would
allow the testing of the effects of numerous genes on the severity or progression of CKD with minimal cost. This paper describes
such a mouse model of CKD utilizing angiotensin II and deoxycorticosterone acetate as inducers.

1. Introduction

Although various models of chronic kidney disease (CKD)
have been established in the rat [1], the ability to transgeni-
cally manipulate the rat is not nearly as well established as
in the mouse. Further, many genetic knockout mouse strains,
including tissue specific and conditionally inducible knock-
outs, are available on the C57BL/6 background [2]. However,
this mouse has proven to be resistant to the development of
CKD. C57BL/6 mice have shown resistance to the induction
of CKD by standard techniques such as streptozotocin-
induced diabetes [3], bovine serum albumin overload pro-
teinuria [4], and reduced renal mass [5]. Thus, developing
a mouse model of CKD on the C57BL/6 background, that
shares salient pathological features of human CKD, allows
the use of preexisting knockout strains. Experiments on these
knockout strains would determine the effect of these genes on

the development of renal interstitial fibrosis, proteinuria and
the chronic inflammatory response in CKD.

A model has been developed in the C57BL/6 that shows
features of progressive human CKD, including proteinuria
and inflammation [6]. In this model, mice are uninephrec-
tomized, given Angiotensin (Ang) II infusion and deoxy-
corticosterone acetate (DOCA) with 1% salt in the drinking
water.This model can be referred to as the Ang II/DOCA salt
mouse. The use of Ang II and DOCA with a high salt diet in
this model results in sodium retention and volume expansion
and therefore hypertension [7]. As well, the reduction in
renal mass promotes hyperfiltration, which contributes to
proteinuria [8].The dysregulation of the Renin-Angiotensin-
Aldosterone system that is stimulated in this model plays a
central role in cardiorenal syndrome [9]. This fact is well
supported by the success of angiotensin converting enzyme
(ACE) inhibitors and angiotensin receptor blockers (ARBs)
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as first line therapies in the treatment of hypertension and
kidney disease patients [9, 10]. As previously demonstrated
by Kirchhoff et al. (2008), this mouse model of CKD induces
proteinuria and renal injury and increased systolic blood
pressure [6]. In this paper, we will further characterize
this model by quantifying the apoptotic responses in renal
tubular epithelium, as well as renal interstitial fibrosis and
the inflammatory response. Further, we sought to determine
whether gender alters the severity of the development of these
features of CKD in this model.

2. Methods and Materials

2.1. Model of CKD in C57BL/6 Mice. Ten-week-old mice
(gender-balanced groups) underwent uninephrectomy (Unx)
or a sham uninephrectomy under isoflurane/oxygen anaes-
thesia 2 weeks before the start of the experiment and were
allowed to recover (Figure 1). The Unx mice were then given
1% sodium chloride in the drinking water and received
DOCA pellet implants and Ang II infusion using osmotic
minipumps. Model 1004 ALZET osmotic infusion pumps
(Durect) containing Ang II in sterile water were subcuta-
neously implanted in the back of the necks of mice under
isoflurane/oxygen anaesthesia to deliver a dose of 1.5 ng Ang
II (Sigma) per minute per gram body weight. At this time,
a 50mg 21-day release DOCA pellet (Innovative Research of
America, M-121) was also implanted subcutaneously. Mice
that underwent the sham Unx were also treated with a
sham procedure for subcutaneous implantation. All mice
were sacrificed on day 21 after implantation. This animal
utilization and the described procedures were approved by
the McMaster University Research Ethics Board.

2.2. Blood Pressure Measurements. Blood pressure measure-
ments were obtained with tail cuff plethysmography using a
CODA (Kent Scientific) blood pressure analyzer before Ang
II/DOCA implantation and also before sacrifice (Figure 1).
Briefly, animals were placed in restraint and positioned on
a heating pad with a tail cuff attached to the machine. The
cuff then measured systolic blood pressure, diastolic blood
pressure and heart rate.

2.3. Urinalysis, Metabolic Cages, and Microalbumin ELISA.
Before the surgical procedure and after 3 weeks on treatment
with AngII/DOCA salt, mice were placed in metabolic cages
for 24 h urine collection (Figure 1). Urine samples were sent
to our in-house laboratory to evaluate total protein concen-
trations and an ELISA was used to measure mouse urine
albumin concentration (BETHYLLaboratories) to determine
hypertension-induced proteinuria.

2.4. Tissue Preparation for Histological Assessment and
Immunohistochemical Analysis of Protein Cast Formation,
Renal Interstitial Fibrosis, Apoptosis, and Glomerular Sclerosis.
Renal tissue was prepared for histological analysis. The tissue
was fixed in 4% paraformaldehyde upon sacrificing the
animal. The tissue was then embedded in paraffin blocks and
sectioned (4 𝜇m) using a microtome. To assess protein cast
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Figure 1: Ang II/DOCA salt model of chronic kidney disease in
the C57BL/6 mouse. Graph describing the time course of CKD
development.

formation and glomerular injury score, these tissues were
stained with Periodic Acid Schiff (PAS) stain and imaged
using a light microscope (Olympus).

Collagen deposition indicating extracellular matrix accu-
mulation and renal interstitial fibrosis was evaluated using
Masson’s trichrome stain (Sigma-Aldrich).

To assess apoptosis, kidney sections were stained using
the protocol and reagents provided by the TACS 2 TdT-
Fluor In Situ Apoptosis Detection Kit (Trevigen, Cat # 4812-
30-K). This method is based on specific binding of TdT
to 3-OH ends of DNA and the incorporation of biotiny-
lated deoxyuridine at sites of DNA breaks. This signal is
then amplified by avidin-peroxidase, allowing apoptotic cells
where DNA fragmentation has occurred, to be visualized
with light microscopy [11].

The sections were analyzed using an Olympus BX41
microscope. Immunohistochemistry sections were imaged
with 20x and 40x objective lens. For the quantification of
protein cast formation, apoptosis, and F4/80 staining, ten
microscopic fields were randomly sampled in each of the
cortex and the medulla. To score glomeruli, ten microscopic
fields were randomly sampled from the cortex allowing the
scoring of approximately 50 glomeruli per animal. Images
were analyzed for protein cast formation using the Meta-
Morph program to select and quantify PAS-stained areas as
a percentage of the total area of each image. The average of
protein cast area density was then calculated for each animal.
TUNEL-stained sections were processed using the cell count
tool in Image J software. Glomerular sclerosis was assessed
based on the scale and method used in a previous study [12].

Lungs from AngII/DOCA salt and sham mice were
extracted without performing a bronchoalveolar lavage pro-
cedure and fixed in 4% paraformaldehyde for 24 hours.
After standard paraffin embedding, 4 𝜇M thick specimens
were sectioned and stained with H&E stain to visualize
lung damage. Mouse hearts were weighed upon sacrifice and
this parameter was normalized to body weight in grams to
provide a measure of increase in cardiac mass. The hearts
were then fixed in 4% paraformaldehyde for 24 hours,
embedded in paraffin, sectioned, and stained with PAS to
evaluate areas of hypertrophy.
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2.5. Statistical Analysis. Statistical analysis was performed
using GraphPad Prism software. 𝑡-tests were used to compare
data between groups and significance is denoted by 𝑃 < 0.05.
Bar graphs show group averages and standard error of the
mean as error bars.

3. Results

3.1. Development of Hypertensive Proteinuria in Ang II/DOCA
Salt Model. Blood pressure measurements were taken using
tail cuffmeasurements before the subcutaneous implantation
of the osmotic pump containing Ang II and the DOCA pellet
as well as at the end of the model before sacrificing the mice.
Ang II/DOCA salt mice experienced a significant increase
in systolic (Figure 2(a); 𝑃 < 0.001, 𝑁 = 14) and diastolic
blood pressure (Figure 2(b); 𝑃 < 0.001,𝑁 = 14) 21 days after
implantation. Ang II/DOCA salt mice also had significantly
higher systolic (𝑃 < 0.001,𝑁 = 14) and diastolic (𝑃 < 0.001,
𝑁 = 14) blood pressure compared to sham operated controls
21 days after implantation. This hypertensive response was
accompanied by an increase in total protein (Figure 2(c))
and albumin (Figure 2(d)) excreted in the urine over 24 h.
Ang II/DOCA saltmice experienced significantly higher total
protein (𝑃 = 0.009, 𝑁 = 14) and total albumin (𝑃 < 0.001,
𝑁 = 14) in 24 h urine compared to measurements obtained
before implantation. Total 24 h urine protein (𝑃 = 0.006,𝑁 =
14) and albumin (𝑃 < 0.001,𝑁 = 14) were also significantly
higher with Ang II/DOCA salt treatment compared to sham
controls. In order to assess CKD progression in this model,
the time course of the evolution of proteinuria was followed
at days 0, 7, 14, 18, and 21 after Ang II/DOCA salt treatment.
Proteinuria was significantly elevated at days 18 and 21
(Figure 2(e)).

3.2. Characteristics of Renal Tissue Damage in Response to
Ang II/DOCA Salt Treatment. The proteinuria data was con-
sistent with the immunohistological analysis of PAS-stained
kidney sections showing the percentage of protein cast for-
mation as compared to sham controls (Figure 3(a)). Kidneys
from Ang II/DOCA salt mice showed a significantly higher
percentage of protein cast formation as compared to sham
controls. PAS staining images show increased protein cast
formation in renal tubules of the cortex (𝑃 = 0.003,𝑁 = 14)
and medulla (𝑃 = 0.01, 𝑁 = 14) in Ang/II/DOCA salt mice
compared to sham controls (Figure 3(b)). Higher magnifi-
cation images of PAS staining showed increased glomerular
sclerosis in the cortex of Ang II/DOCA salt mice compared
to sham mice as indicated by the arrows (Figure 3(c)).
Quantification of glomerular sclerosis by two independent
assessors utilizing the method of Raij et al. [12] indicated that
the Ang II/DOCA salt mice displayed significantly elevated
glomerular sclerosis scores (𝑃 < 0.001,𝑁 = 10) compared to
age-matched sham operated controls (Figure 3(d)).

In order to assess renal cell loss, we performed TUNEL
staining. TUNEL staining images demonstrated increased
apoptosis (Figure 3(e), arrows) in kidneymicrographs of Ang
II/DOCA salt mice compared to sham animals (Figure 3(f);
𝑃 < 0.001, 𝑁 = 10). Immunohistochemical staining
for F4/80, a highly specific macrophage cell surface marker

[13], demonstrated a significant increase in macrophage
infiltration density (Figure 3(g)) in response toAng II/DOCA
salt treatment compared to sham controls (Figure 3(h); 𝑃 =
0.02,𝑁 = 5). To examine renal interstitial fibrosis, we stained
kidney sections with Masson’s trichrome stain. Indeed, in
our Ang II/DOCA salt model, we saw increased collagen
deposition as indicated by blue-stained fibres in the renal
interstitium of areas showing kidney damage in the Ang
II/DOCA salt mice compared to sham controls (Figure 3(i)).

3.3. Impact of CKD on Cardiac and Lung Function and
Morphology. Microscope images of heart cross-section por-
trayed right and left ventricle hypertrophy in response to Ang
II/DOCA salt treatment (Figure 4(a)). Cardiacmuscle hyper-
trophy is an adaption to fluid retention and hypervolemia
resulting from the model. This phenomenon is confirmed by
the increase in heart weights (mg/g of body weight) (𝑃 <
0.001,𝑁 = 14) observed in mice treated with Ang II/DOCA
salt compared to sham controls (Figure 4(b)). Lung sections
derived fromAng II/DOCA salt mice showed features of pul-
monary edema, inflammatory infiltrates, and thickening of
the alveoli. Signs of increased vessel thickness and capillaries
congestedwith red blood cells are also observed (Figure 4(c)).
Although further characterization is required, it is likely
that the observed pulmonary changes are driven by sodium
retention and the severe hypervolemic changes observed in
this model.

3.4. Impact of Gender on Renal Tissue Damage Induced by Ang
II/DOCA Salt Model. Both male (𝑃 = 0.02, 𝑁 = 7) and
female (𝑃 = 0.04,𝑁 = 7) Ang II/DOCA salt mice developed
proteinuria compared to their respective sham controls as a
result of the CKD model. However, male Ang II/DOCA salt
mice showed significantly higher total protein in 24 h urine
(𝑃 = 0.04, 𝑁 = 7) compared to female Ang II/DOCA salt
mice (Figure 5(a)). Total 24 h urine albumin measurements
showed a similar trend where male Ang II/DOCA salt mice
(𝑃 < 0.001, 𝑁 = 6) experience a higher level of albumin in
the urine compared to their sham controls and compared to
female Ang II/DOCA salt mice (𝑃 = 0.03,𝑁 = 6). Although
female Ang II/DOCA salt mice had a higher albumin level
in 24 h urine (𝑃 = 0.11, 𝑁 = 6) than their sham controls,
this increase was not significant (Figure 5(b)). Protein cast
formation was significantly higher in the cortex (𝑃 = 0.02,
𝑁 = 7) and medulla (𝑃 = 0.04, 𝑁 = 7) of Ang II/DOCA
salt male mice and in the cortex (𝑃 = 0.004, 𝑁 = 7) and
medulla (𝑃 = 0.01,𝑁 = 7) of Ang II/DOCA salt female mice
compared to their respective sham controls. The percentage
of PAS-stained area was higher in the cortex (𝑃 = 0.048,
𝑁 = 7) and medulla (𝑃 = 0.145,𝑁 = 7) of male mice treated
withAng II/DOCA salt compared to femalemice treatedwith
Ang II/DOCA salt (Figure 5(c)). TUNEL staining was used
to assess the influence of gender on kidney cell death and,
ultimately, nephron loss. Although female Ang II/DOCA salt
mice experienced an increase in apoptosis (𝑃 = 0.03,𝑁 = 5)
compared to female sham controls, the apoptosis observed in
male mice treated with Ang II/DOCA salt was significantly
higher (𝑃 = 0.002, 𝑁 = 5) compared to Ang II/DOCA salt
treated females (Figure 5(d)). In addition,Masson’s trichrome
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Figure 2: Development of hypertensive proteinuria in Ang II/DOCA salt model of CKD in the C57BL/6 mouse. For all graphs, ∗ indicates a
significant difference between two groups where𝑃 < 0.05. For (a)–(d), ◻ signifies pretreatment, whereas ◼ signifies 21-day posttreatment with
Ang II/DOCA. (a), (b) Changes in systolic and diastolic blood pressure in response to Ang II/DOCA. (c), (d) Total 24 h urinary protein and
albumin excretion with Ang II/DOCA treatment. (e) Time-course development of proteinuria, expressed as total 24-hour protein excretion
at days 7, 14, 18, and 21 posttreatment with Ang II/DOCA.

staining showed a higher level of collagen deposition and
renal interstitial fibrosis (indicated by blue staining) in male
Ang II/DOCA salt mice compared to female Ang II/DOCA
salt mice (Figure 5(e)).

4. Discussion

CKD is characterized by reduction in glomerular filtration
rate (GFR), albuminuria, and structural or functional abnor-
malities of the kidney [14]. CKD is increasing in prevalence
globally and its comorbidities include cardiovascular disease,

increased all-cause and cardiovascular mortality, kidney
disease progression to end stage renal disease (ESRD), and
acute kidney injury [15, 16]. The financial impact of CKD
places a large burden on health care systems with high
costs associated with renal replacement therapy, dialysis,
and cardiovascular complications [15]. The C57BL/6 mouse
has been the most preferred strain for the generation of
transgenic and knockout animal models and will be utilized
to develop a genome-wide panel of knockout animals to
characterize gene function [2].The Ang II/DOCA salt model
described here shows a robust CKD response that closely
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Figure 3: Continued.



6 BioMed Research International

40x 40x

20x 20x

(i)

Figure 3: Renal tissue damage in response to Ang II/DOCA salt CKD mouse model. For all graphs, ∗ indicates a significant difference
between two groups where 𝑃 < 0.05. Effect of Ang II/DOCA salt model on (a), (b) protein cast formation in the cortex and medulla, (c), (d)
glomerulosclerosis, (e), (f) apoptosis, (g), (h) macrophage (F4/80+ cells) infiltration, and (i) interstitial fibrosis (Masson’s trichrome staining).
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Figure 5: Impact of gender on CKD induced by Ang II/DOCA salt model. For all graphs, ∗ indicates a significant difference between two
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male and female mouse kidneys, respectively. Influence of gender on the development of (a) proteinuria, (b) albuminuria, (c) protein cast
formation, (d) apoptosis, and (e) interstitial fibrosis.

mimics human CKD. Developing this model allows the use
of genetically modified mice in order to identify gene targets
that play a role in CKD development and progression.

Similar to the description of themodel provided byKirch-
hoff et al. [6], we found systolic blood pressure to be elevated;
additionally, we determined that diastolic blood pressure was
also elevated. We present data for the total 24-hour excretion
of both protein and albumin in the urine, demonstrating that
the Ang II/DOCA salt model induced significant proteinuria
and albuminuria. This finding is similar to the increase in
albuminuria/creatinine ratio described by Kirchhoff et al.
[6]. Further, we show the evolution of proteinuria in the

model at days 0, 7, 14, 18, and 21 where we observe a
statistically significant increase in proteinuria at day 18 and
day 21. We also demonstrated that protein cast formation
and glomerular sclerosis were significantly increased in the
model, similar to findings by Kirchhoff et al. [6]. We further
investigated renal injury by examining apoptosis through
TUNEL staining and found it to be significantly elevated.
Additionally, the kidneys were found to have a significant
infiltration of macrophages and showed renal interstitial
fibrosis through trichrome staining. Similar to Kirchhoff et al.
[6], we found end-organ damage in the heart characterized by
cardiac hypertrophy. We extended these findings to examine
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the lung, where we noted an edematous effusion in airspaces.
Further, we characterized the model for gender differences
and found that the female gender imparted protection from
proteinuria, albuminuria, protein cast formation, apoptosis
and renal interstitial fibrosis.

Hypertensive proteinuria is a common feature of CKD.
Therefore, animal models that display this feature have been
used to investigate disease-specific mechanisms, molecu-
lar pathogenesis and potential therapies [1]. The increased
glomerular permeability during hypertensive CKD allows
protein hyperfiltration into the proximal tubules causing
renal tissue damage. Filtered albumin and other proteins that
accumulate within intracellular compartments of proximal
tubular cells perturb cell function by several mechanisms
[17]. Hypertension is an important contributor to ESRD
[18]. Proteinuria is associated with glomerular damage and
podocyte depletion [19] and can be used in the classification
of different stages of CKD clinically [20]. The Ang II/DOCA
salt model displays hypertensive proteinuria that mirrors
human CKD, as demonstrated by a significant increase in
systolic and diastolic blood pressure, as well as proteinuria
and albuminuria. Overt proteinuria evolved later in this
model at days 18 and 21, indicating disease progression in
response to glomerular injury. The glomerulosclerosis seen
in our model involves inflammation and fibrosis around the
area of the damaged glomeruli and could potentially result
in tubular atrophy and degeneration [19]. Tubulointerstitial
injury caused by proteinuria includes the formation of pro-
tein casts that may block the tubular lumen [19] and this
phenomenon has been shown in our model.

As CKD progresses tubular cell atrophy results primarily
due to apoptosis. An increase in apoptosis has been demon-
strated using TUNEL staining on kidney sections from
diabetic nephropathy patients [21] and from rats in the strep-
tozotocin-induced diabetic nephropathymodel [22]. In addi-
tion, apoptotic nuclei have been observed in polycystic
human kidneys and kidney sections from mouse models of
the disease [23]. The loss of renal tubular epithelial cells
through apoptosis occurs in both acute and chronic kidney
diseases [24]. Apoptotic cell loss from nephron segments
leads to tubular atrophy and their loss eventually leads to a
decline in GFR. Since the Ang II/DOCA salt model displays
a robust apoptotic response, it could be used in identifying
therapeutic targets against apoptosis that are able to halt CKD
progression [24].

Macrophage infiltration has been studied as a universal
feature of tubulointerstitial damage regardless of disease
origin [25, 26] and is a key feature of experimental and
human kidney disease models [26, 27]. Macrophages have
been shown to release cytotoxic moieties such as proteolytic
enzymes, reactive oxygen, and nitrogen species, as well as
proinflammatory cytokines and chemokines [28]. By express-
ing cytokines such as TGF-𝛽 and connective tissue growth
factor, macrophages are able to induce myofibroblast differ-
entiation and extra cellular matrix deposition, key processes
in renal interstitial fibrosis [29, 30]. Increased macrophage
infiltration is associated with glomerulosclerosis and tubu-
lointerstitial fibrosis [27, 31, 32]. Bothmacrophage infiltration
and renal interstitial fibrosis have been demonstrated in the

Ang II/DOCA salt model of CKD. Further studies would
be focused on the time course of the development of these
phenomena in order to establish pathways that lead to CKD
progression.

CKD, through its effects on volume overload, plays an
important pathophysiological role in multiple organ failure.
The effect of volume overload on the heart is to develop
cardiac hypertrophy through myocardial stretch. This effect
is reflected in our model. As hypertrophy progresses from
compensated to decompensated heart failure, volume over-
load affects the lungs and results in pulmonary edema [33].
This phenomenon is also reflected in our model.

The findings that Ang II/DOCA salt mice show a gender-
based difference in severity of CKD are consistent with
findings in the human population [34] and in agreement
with previous clinical and experimental studies on the pro-
tective effect of female gender on the development of renal
diseases [35–38]. Female mice, subjected to this model, show
significantly lower levels of proteinuria. Ang II/DOCA salt
female mice also experienced a trend for decreased protein
cast formation and collagen deposition, thereby indicating a
lower level of renal tissue damage compared toAng II/DOCA
salt male mice. A recent study identified gender difference
as a modifier of susceptibility to ER stress-induced injury in
tunicamycin-treated mice, a model of acute kidney injury,
showing reduced renal pathology in female mice [39]. The
reduced induction of apoptosis in female Ang II/DOCA salt
mice in our CKDmodel is therefore in agreement with in vivo
experiments of endoplasmic reticulum stress-induced acute
kidney injury in the tunicamycin mouse models [39].

Clinical studies have demonstrated an association
between male gender and a faster rate of CKD progression
[36]. Interestingly, the impact of gender is restricted to pre-
menopausal women and is, therefore, thought to be an
estradiol-mediated protective effect [35]. This finding is
supported by experimental studies. Aged male rats have
been shown to develop decreased GFR, increased glomerular
injury, and increased proteinuria earlier than female rats
[37]. In addition, estradiol treatment caused a reduction in
glomerulosclerosis, expression of adhesion, and extracellular
matrix molecules and prevented tubular damage in animal
models of unilateral nephrectomy and chronic renal allograft
rejection [38, 40].These studies indicate a renoprotective role
for estradiol and although our experiments show that female
gender imparts a protective effect on CKD development, the
potential role of estradiol is still to be determined.

In conclusion, the Ang II/DOCA salt model produces a
significant degree of CKD that mimics progressive human
CKD in theC57BL/6mouse.This pathology includes protein-
uria, intertubular protein casts, renal interstitial fibrosis, and
tubular epithelial cell apoptosis. As this model recapitulates
many of the aspects of pathology found in human CKD [41],
it will be of great utility to determine the specific effect of var-
ious candidate genes on CKD severity and progression. Fur-
ther, a gender effect was observed where female mice showed
lower proteinuria and apoptosis in the CKD model. Future
work in this model may allow the precise molecular nature of
the protective effect of the female gender to be determined.
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[40] V. Müller, A. Szabó, O. Viklicky et al., “Sex hormones and
gender-related differences: their influence on chronic renal
allograft rejection,”Kidney International, vol. 55, no. 5, pp. 2011–
2020, 1999.

[41] W. Metcalfe, “How does early chronic kidney disease progress?
A background paper prepared for the UK consensus conference
on early chronic kidney disease,”NephrologyDialysis Transplan-
tation, vol. 22, supplement 9, pp. ix26–ix30, 2007.



Review Article
Animal Models in Cardiovascular Research:
Hypertension and Atherosclerosis

Xin-Fang Leong,1,2 Chun-Yi Ng,1 and Kamsiah Jaarin1

1Department of Pharmacology, Universiti Kebangsaan Malaysia Medical Centre, Jalan Yaacob Latif, Bandar Tun Razak,
Cheras, 56000 Kuala Lumpur, Malaysia
2Department of Clinical Oral Biology, Faculty of Dentistry, Universiti Kebangsaan Malaysia, Jalan Raja Muda Abdul Aziz,
50300 Kuala Lumpur, Malaysia

Correspondence should be addressed to Kamsiah Jaarin; kamsiah@ukm.edu.my

Received 26 September 2014; Revised 17 December 2014; Accepted 14 January 2015

Academic Editor: Andrea Vecchione

Copyright © 2015 Xin-Fang Leong et al.This is an open access article distributed under theCreative CommonsAttribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Hypertension and atherosclerosis are among the most common causes of mortality in both developed and developing countries.
Experimental animalmodels of hypertension and atherosclerosis have become a valuable tool for providing information on etiology,
pathophysiology, and complications of the disease and on the efficacy and mechanism of action of various drugs and compounds
used in treatment. An animal model has been developed to study hypertension and atherosclerosis for several reasons. Compared
to human models, an animal model is easily manageable, as compounding effects of dietary and environmental factors can be
controlled. Blood vessels and cardiac tissue samples can be taken for detailed experimental and biomolecular examination. Choice
of animal model is often determined by the research aim, as well as financial and technical factors. A thorough understanding of
the animal models used and complete analysis must be validated so that the data can be extrapolated to humans. In conclusion,
animal models for hypertension and atherosclerosis are invaluable in improving our understanding of cardiovascular disease and
developing new pharmacological therapies.

1. Introduction

Research animals are valuable tools for understanding the
pathophysiology and in developing therapeutic interventions
for a disease. These animals are used in basic medical and
veterinary research. Various animals have been reported as
useful models in studying diseases afflicting humans and
animals. Research animals include mice, rats, rabbits, guinea
pigs, sheep, goats, cattle, pigs, primates, dogs, cats, birds, fish,
and frogs [1]. Concerns have been raised concurrently with
the rise of the use of animals over the years. This increase
is mainly attributed to the use of genetically altered animals
[1]. The similarities and differences between models must be
taken into consideration for every project. Careful considera-
tion should be given in choosing themost appropriate animal
model to answer the specific research question of the study.
With increasing awareness of animal welfare and research
ethics, it is important to obtain accurate results using suitable
models while reducing wastage of animals used for testing.

Animals are used in biomedical research for the following
reasons.

(i) Feasibility. Animal models are relatively easy to manage,
as compounding effects of dietary intake and environmental
factors including temperature and lighting can be controlled.
Therefore, there is relatively less environmental variation
compared to human studies. Blood vessels and cardiac tissues
can be isolated for detailed experimental and biomolecular
investigations. Animals typically have a shorter life span than
humans. Hence, they make good models, as they can be
studied over their whole life cycle or even across several
generations [2, 3].

(ii) Similarities to Human. Moreover, many animals are
suitable due to their similarity in anatomical basis and phys-
iological functions with humans. For example, chimpanzees
and mice share about 99% and 98% of DNA with humans,
respectively [4, 5]. As a result, animals have the tendency
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to be affected by many health problems afflicting humans.
Therefore, animals are good models for the study of human
diseases.

(iii) Drug Safety. Preclinical toxicity testing, pharmacody-
namics, and pharmacokinetics profile of drugs may be inves-
tigated on animals before the compounds or drugs are used
in humans. This is vital, as prior to testing on humans, the
effectiveness of a drug as potential treatment needs to be
carried out on animals [6]. Interventions for diseases must
be identified to eventually develop new medicines beneficial
to humans and/or other animals. Drug safety profiles need
to be determined in order to protect the animals, human,
and environment. Harmful and detrimental effects of a drug
need to be tested on a whole organism [6]. This can further
ensure the dose to be employed in clinical trials, which
do not cause fatality in the subsequent studies. The tested
chemicals must also be safe for administration and avoid
contaminating water, soil, and air. It is unethical to directly
test drugs or chemicals on humans, thus warranting the need
to use animals in the research, although this has been an issue
debated by animal rights and welfare groups.

Before conducting research on animals, researchers must
ensure that animals are essential for their experiments, with
no viable alternatives. The use of 3Rs principle relating to
animal research has been a practice since first introduced by
Russell and Burch in 1959 [7]. The 3Rs refer to replacement,
reduction, and refinement. Replacement means conduct-
ing experiments using nonanimal models, such as in vitro
method with cell culture as well as with computer model
simulation (in silico), whenever possible. Nevertheless, the
information obtained from in vitro is typically limited when
compared to in vivo studies. Reduction refers to the need to
reduce the number of animals, either fromprevious studies or
by using calculation of size sample with a good experimental
design. Refinement refers to efforts to minimize pain and
suffering of test animals, taking into consideration animal
handling and surgical procedures, housing environment and
living conditions, and improvements in animal husbandry.
These 3Rs are aimed at providing humane and scientifically
improved research involving or avoiding the use of animal
models [8]. Guidelines for reporting animal study are avail-
able to ensure the justification of using animals, such as
the Animals in Research: Reporting In Vivo Experiments
(ARRIVE) guidelines [9] and the Gold Standard Publication
Checklist (GSPC) [10].

Even though animal studies have contributed much to
our understanding of mechanisms of diseases, their value in
predicting the effectiveness of treatment strategies in clinical
trials has remained controversial [11–13]. Clinical trials are
essential, as animal studies do not predict with sufficient cer-
tainty what will happen in humans. Hence, the findings from
animal studies may not be deemed suitable for extrapolation
to humans. A report by Williams et al. [11] suggested that
a recurrent failure of interventions to translate the results
obtained in animal studies to the clinical settings may be
due to the ability to control genetic background in animal
studies. Controlling the genetic background produces more
consistent results. Additionally, it is possible that some of the

genetic effects of the candidate loci are context-dependent.
For example, the specific loci may play a significant role in
sex (male versus female) or in age (young versus old) or
in people of a specific body mass index or race [12, 13].
Since these characteristics are not usually investigated or
analyzed in many of the studies, there is a possibility that the
failure to replicate is due to interactions between genes and
environmental factors as well as to gene-gene interactions.
If there are interactions between environmental risk factors
and genotypes, the validity of extrapolation may become
complicated [14].

Moreover, this failure may be explained in part by the
methodological flaws in animal studies, eventually leading to
a systematic bias which might generate incorrect conclusions
about efficacy of a drug or a compound [11]. Per Bracken
[15], reasons for the failure of animal experiments which
may be translated into human trials include poor experimen-
tal design, execution, and analysis [16]. Systematic reviews
provide information on whether animal studies are being
properly carried out and published. However, systematic
reviews are not able to resolve all queries regarding the
applicability and relevance of animal studies to humans
[13]. Selection biases affect how literature is selected and
subsequently included in the systematic review, due to the
criteria set by the different authors. The objectives of animal
experiments are typically to discover new knowledge ormake
advances in understanding the diseases, instead of predicting
the outcomes of human trials. Therefore, data obtained
from animal studies may be unsuitable or too diverse for
meaningful comparison with and prediction of the results of
human trials. Nevertheless, systemic reviews ensure that all
animal studies are published regardless of outcome, in order
to avoid unnecessary duplication of expensive animal experi-
ments [17]. Furthermore, systematic reviewsmay improve the
quality and translational value of animal research to human
trial [18].

2. Animal Models for Hypertension

Hypertension is one of themajor risk factors for cardiovascu-
lar diseases. It has become amajor public health issue inmost
developed and developing countries [19–21]. According to the
Seventh Report of the Joint National Committee on Prevention,
Detection, Evaluation and Treatment of High Blood Pressure,
high blood pressure (BP) is defined as systolic blood pressure
(SBP) greater than 140mmHg and/or diastolic blood pressure
(DBP) greater than 90mmHg [22]. Patients with SBP ranging
between 120mmHg and 139mmHg, or DBP of 80mmHg to
89mmHg, are categorized as prehypertensive. They have a
higher risk of developing hypertension and therefore require
medical intervention [22].

Human essential hypertension is a complexmultifactorial
disease which is influenced by genetic and environmental
factors. Various models of experimental hypertension have
been primarily developed to mimic hypertensive responses
observed in humans [23]. These models are beneficial in
the pharmacological screening of potential antihypertensive
drugs, in addition allowing researchers to have a better
understanding of the etiology, development, and progression
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of hypertension [24]. Since animal models of hypertension
are a mimicry of human hypertension, many of these models
have been developed using the etiological factors which have
been hypothesized to have a contributory role in human
hypertension, such as excessive salt intake, hyperactivity of
renin-angiotensin-aldosterone system (RAAS), and genetic
predisposition [24]. One animal model is insufficient for
explaining the antihypertensive effects of a particular drug,
because many pathways are involved in the development of
BP dysregulation. In another word, several animal models
are required to examine particular cardiovascular changes in
an effective study [25]. Therefore, it is advisable that each
of the studied models explains a unique pathway in the
development of hypertension.

Several criteria need to be considered in order to develop
an ideal animalmodel for hypertension.These factors include
the feasibility and size of the animals, the reproducibility of
themodel, the ability to predict the potential antihypertensive
properties of a drug, the similarity to human disease (mode of
the disease: slow on-set versus acute), and economical, tech-
nical, and animal welfare considerations [23, 24]. In the past,
dogs weremostly employed as amodel to study hypertension.
Currently, the preferred animal model is the rat. Along with
rats, occasionally mice, monkeys, and pigs are also used as a
model for experimental hypertension [26, 27]. These species
have not been studied extensively for both practical and
financial reasons. In 1963, Okamoto and Aoki introduced an
experimental hypertension model without the involvement
of physiological, pharmacological, or surgical intervention
[28]. This model is known as the spontaneously hypertensive
rat (SHR), which is the genetic strain of hypertensive rat.
SHR has become the animal of choice for the screening
of antihypertensive agents and the cornerstone of medical
research in experimental hypertension [29].

Several forms of murine genetic models, including SHR,
have become the focus of hypertensive research. The short
life span, small size, and relatively low cost of the animals
enable the researchers to study the natural history, genetic
factors, and pathophysiological changes in hypertension
[29]. Other strains have been developed, including the New
Zealand strain [30], Milan strain [31], Dahl salt-sensitive
strain [32], Sabra strain [33], and Lyon strain [34]. Essential
hypertension is themost frequently encountered human type
of hypertension. It is also known as primary hypertension,
contributing to 95% of incidences. Essential hypertension is
associated with genetic influences. Among the many strains
of ratmodels SHR is generally used, even though it represents
only a particular type of hypertension [35].

In addition to the genetic type of animalmodels, renovas-
cular hypertension is a commonly employed model of hyper-
tension. RAAS plays pivotal role in this form of hypertension
[36, 37]. In 1934, Goldblatt et al. developed a hypertension
model through partial constriction of the renal artery in dog
[38].This has led to other renal-induced hypertension model
using rats, rabbits, sheep, and cats [39].When the renal artery
is ligated or constricted, RAAS and the sympathetic nervous
system are activated [40]. Renin is secreted by the kidneys
when sympathetic activity is enhanced. Angiotensinogen is
converted to angiotensin-I (Ang I) in the presence of renin.

Angiotensin-converting enzyme (ACE) plays a vital role in
the regulation of BP via hydrolysis of the inactive form of Ang
I to the active form, angiotensin II (Ang II). ACE is mainly
located on the surface of the endothelium and epithelium
involved in the constriction of blood vessels, subsequently
leading to elevation of BP. Ang II is a potent vasoconstrictor
and affects cardiovascular homeostasis. Apart from the role
in vasoconstriction, Ang II also stimulates the release of
aldosterone, further increasing blood volume and BP due to
water and salt retention [41].

Nitric oxide (NO) has been demonstrated to be a potent
vasodilator, and its release from the endothelium may be
triggered by vasoactive substances such as acetylcholine
(ACh) [42]. The endothelium preserves its integrity through
endothelium-relaxing dependent factor, which is the best to
be characterized as NO [43]. Therefore, NO plays an impor-
tant role in the regulation of BP [44].The production of NO is
catalyzed by nitric oxide synthase (NOS). Deficiency of NOS
has led to a reduction in NO synthesis [45, 46]. Impaired NO
bioavailability will result in reduced endothelium-dependent
vasorelaxation, eventually leading to hypertension.This NO-
deficient model can be induced by oral administration of
N𝜔-nitro-L-arginine methyl ester (L-NAME) up to eight
weeks, resulting in a significant rise in both SBP and DBP,
renal and hepatic markers, and inflammatory parameters in
male Wistar rats [47]. Often, BP is elevated after four weeks
of L-NAME treatment. Long-term administration of NOS
inhibitors, such as L-NAME, provides a new form of hyper-
tension with target organ damage. Studies have reported that
L-NAME-induced hypertension has been associated with
attenuated endothelium-dependent relaxations, cardiac and
aortic tissue damage, renal vascular, and glomerular fibrosis
[48–50]. Since the etiology of hypertension is different among
the various animal models, it is imperative to make a
rational choice for a specific model (Table 1). The choice will
significantly affect the outcome of the study.

Soriguer et al. [51] conducted a study on cooking oils,
reporting that repeatedly oxidized frying oil is an indepen-
dent risk factor for hypertension. Hence, hypertension is
related to the degradation of the dietary frying oil. Previ-
ously, adult male Sprague-Dawley rats aged 3 months were
administered with 15% weight/weight (w/w) of repeatedly
heated vegetable oils for 16 weeks [52] or 24 weeks [53–56].
Chronic consumption of heated oil diets causes an increase in
BP. The BP-raising effect of the heated vegetable oils may be
attributable to the diminished endothelium-dependent relax-
ation responses. Heated oil diet promotes oxidative stress,
resulting in NO sequestration and inactivation. Furthermore,
heated oil causes a significant increase in ACE activity and a
reduction in heme oxygenase content.The thermal oxidation
of vegetable oils promotes the generation of free radicals and
may contribute to the pathogenesis of hypertension in rats.
This heated oil-induced hypertension model employed male
instead of female rats. Female hormones have been shown to
have cardioprotective properties [57, 58]. BP was measured
using the conventional heating tail-cuffmethod. Even though
invasive methods such as carotid arterial cannulation may
providemore accurate readings, thesemay cause injury in the
animals and further complicated the experiment. In addition,
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Table 1: Common animal models for hypertension with different etiology.

Experimental model Description

Genetic hypertension
(i) SHR
(ii) Dahl salt-sensitive
(iii) Transgenic

(i) SHR is developed by inbreeding Wistar rats (brother-to-sister) with the highest BP [28]. The BP
increases at week 4 to week 6 and reach systolic BP of 180–200mmHg [28]. SHR may develop cardiac
hypertrophy, cardiac failure, renal dysfunction, and impaired endothelium-dependent relaxations [60–62].
(ii) Dahl salt-sensitive rats derived from Sprague-Dawley rats on the basis of administering high NaCl diet.
Salt-sensitive rats become hypertensive when given normal salt diets; however these rats develop severe
and fatal hypertension with high salt diet (8% NaCl) [32]. These rats may develop cardiac hypertrophy,
severe cardiac failure, hypertensive nephropathy, impaired endothelium-dependent relaxations [63–65].
(iii) Transgenic model can be generated by overexpression of a specific gene, for example, the mouse
Ren-2 gene, and TGR(mREN2)27 [66]. Manifestations include marked cardiac hypertrophy, moderate
proteinuria, and impaired endothelium-dependent relaxations [67, 68].

Endocrine hypertension

(i) Administration of DOCA in a combination with high salt diet and unilateral nephrectomy [69].
(ii) DOCA-induced hypertension induces a low renin model of hypertension [70].
(iii) Increased cardiac weight, proteinuria, glomerulosclerosis, and impaired endothelium-dependent
relaxations [71, 72].

Environmental
hypertension

(i) Stress-induced hypertension using flashing lights, loud noise, restraint cage, and cold or hot stimuli
[73, 74].
(ii) Activation of sympathetic nervous system and RAAS may contribute to the initiation of stress-induced
hypertension [75, 76].

Pharmacological
hypertension

(i) Nitric oxide-deficient model by administering NOS inhibitors such as L-NAME [77].
(ii) Increase in BP was reported during long-term oral treatment with NOS inhibitors [78, 79].
(iii) Development of endothelial dysfunction is gradually with increased of BP [80].

Renal hypertension

(i) This includes two-kidney one-clip hypertension (2K1C; constriction of one renal artery while the
contralateral kidney is left intact), one-kidney one-clip hypertension (1K1C; one renal artery is constricted
and the contralateral kidney is removed), and two-kidney two-clip hypertension (2K2C; constriction of
aorta or both renal arteries) [81, 82].
(ii) In the two-kidney model, circulating renin and aldosterone levels are increased [83], which are most
notably in the early phase of hypertension [84].

SHR: spontaneously hypertensive rat; BP: blood pressure; NaCl: sodium chloride; TGR: transgenic rat; RAAS: renin-angiotensin-aldosterone system; DOCA:
deoxycorticosterone acetate; NOS: nitric oxide synthase; L-NAME: N𝜔-nitro-L-arginine methyl ester.

these studies were performed to compare and monitor the
effects of heated oil diets among the experimental groups up
to 24 weeks using large number of rats.Thus, the noninvasive
tail-cuff method is more suitable for measuring BP for long-
term studies [59].

3. Animal Models for Atherosclerosis

Atherosclerosis, or “hardening of the arteries,” is a chronic
inflammatory disease characterized by endothelial dysfunc-
tion and disorganization of intimal architecture owing to
the accumulation of lipid deposits, inflammatory cells and
cell debris in the intima of elastic, and medium to large
muscular arteries. It underlies many of the common causes
of cardiovascular deaths, including stroke and heart attack
[85]. Several modifiable (including advanced age, gender, and
heredity) and nonmodifiable risk factors (including dyslipi-
demia, hypertension, sedentary lifestyle, tobacco smoking,
and diabetes mellitus) have been identified for the devel-
opment of atherosclerosis [86]. Many clinical and exper-
imental attempts have been performed to understand the
pathophysiology of the disease. Amongst them, animals have
been used for more than a century to study atherosclerosis.
The first evidence that experimental atherosclerosis could
be induced in animals came into view as early as 1908 by
Ignatowski, who demonstrated atherogenesis in the aortic

wall of rabbits fed a diet enriched in animal proteins including
meat, eggs, and milk [87]. Since then, numerous animal
models have been used for understanding the mechanisms
involved in both induction and regression of atherosclerotic
lesions [88, 89]. Rats, rabbits, dogs, pigs, and monkeys
are well-established animal models for atherosclerosis, and
thrombosis. Nonhuman primates, hamster, mouse, cat, and
guinea pig have also been used, but with lesser extent [90].

Several studies documented a significant relationship
between elevated levels of serum cholesterol and develop-
ment of atherosclerotic plaques in experimental animals.
High-fat diets such as the 1% or 2% cholesterol diet have
been found to elevate serum low-density lipoprotein (LDL),
inducing atherogenesis in certain animals such as hamsters
[91] and guinea pigs [92]. Therefore, the use of high-fat diets
in promoting atherosclerosis in animal models has been a
valuable tool for studying pathogenesis, as well as for testing
potential therapies in reversing the atherosclerotic process.

Overall, an ideal animal model should be representative
of the human atherosclerosis and should be feasible and
affordable. Although animal models have played a significant
role in our understanding of induction of atherosclerotic
lesions, they have some limitations (Table 2). Not all exper-
imental animals, such as rats and mice, respond similarly to
a given high-fat diet, due to inherent genetic differences. Rats
and mice are not good models for atherosclerosis, because
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Table 2: Advantages and disadvantages of common animal models for atherosclerosis.

Animal Advantages Disadvantages

Rats and mice

(i) Low cost
(ii) High availability
(iii) Easy to handle and maintain
(iv) Manageable breeding
(v) Well-established genomic sequencing permit
genetic manipulation

(i) Typically resistant to atherogenesis
(ii) Absence of plasma CETP activity [93]
(iii) Most cholesterol is transported through HDL
particles [94]
(iv) The small size of mice limits frequent blood
sampling and dissection of small arteries

Rabbits

(i) Easy to handle and maintain
(ii) Relatively inexpensive
(iii) High availability
(iv) Sensitive to dietary cholesterol induction of
atherosclerosis
(v) Large enough to permit physiological experiments

(i) Lesion location less compared with humans [95]
(ii) Deficiency in hepatic lipase leads to hepatotoxicity
following prolonged cholesterol feeding [96]

Pigs

(i) An anatomically and physiologically similar
cardiovascular system compared to humans [97]
(ii) Susceptible to spontaneous atherosclerosis [98]
(iii) Comparable patterns of plaque distribution [99]
(iv) High availability (for miniature pigs)

(i) Large size with resultant management difficulties
(ii) High maintenance cost

Dogs
(i) Easy to work with
(ii) Ideal size
(iii) High availability

(i) Highly resistant to atherogenesis
(ii) Status and anthropomorphic attitudes toward dogs
(iii) Differences in important aspects of their
cardiovascular system than humans [100]

Hamsters

(i) Low cost
(ii) High availability
(iii) Easy to handle and maintain
(iv) Carry a significant portion of its plasma cholesterol
in LDL particles and is therefore close to humans [101]
(v) Sensitive to high-fat diets [102]

(i) Inconsistency of lesion development and absence of
advanced lesions [103]
(ii) Require highly abnormal diets and/or treatment
with a cytotoxic chemical agent, such as streptozotocin
[104]

Guinea pigs

(i) Develop diet-induced atherosclerosis
(ii) Most of cholesterol is transported in LDL particles
[105]
(iii) Ovariectomized guinea pigs showed a similar
plasma lipid profile as in postmenopausal women [106]

(i) Require constant supplementation with vitamin C,
which potentially acts as an antioxidant to interfere
with atherogenesis [107]

Nonhuman primates
(i) Genetically resemblance to humans
(ii) Similar omnivorous diet
(iii) Similar metabolism
(iv) Develop metabolic syndrome as they age [108]

(i) Expensive
(ii) Low availability
(iii) Live long (thus requiring lengthy experimental
periods)
(iv) Potential carriers of dangerous viral zoonoses [104]
(v) Significant ethical issues

Pigeon
(i) Low cost
(ii) Easy handling
(iii) Susceptible to atherosclerosis
(iv) Sufficient size

(i) Nonmammalian
(ii) Lipoprotein compositions and metabolism are
different [109]
(iii) Differences in arterial histology [110]

Chicken

(i) Low cost
(ii) High availability
(iii) Develop atherosclerosis naturally in aorta and
coronary arteries, with cholesterol feeding accelerating
the pathogenesis [111]

(i) Nonmammalian
(ii) Viral infection is associated with atherosclerosis
[112, 113]

CETP: cholesterol ester transfer protein; HDL: high-density lipoprotein; LDL: low-density lipoprotein.

they are typically resistant to atherogenesis, and even diets
as high as 10% w/w cholesterol are not usually sufficient to
produce vascular lesions [121]. The lipid metabolism of a
normal rat and a mouse is primarily based on high-density
lipoprotein (HDL) rather than on LDL as in humans, which
might be attributable to resistance to atherogenesis [122].The
use of other interventions, such as vitamin D

3
, to establish

atherosclerotic calcification or aortic medical calcification,

is often required [123]. Furthermore, a high-fat diet may
represent a toxic proinflammatory stimulus rather than a low
and chronic inflammatory state to animals [124]. Moreover,
from a nutritional perspective, the dilution of a chow diet
with lipids may increase the caloric density of the diet and
reduce the ratio of essential nutrients to dietary energy,
potentially leading to an imbalance in nutrient intake in
animals consuming the atherogenic diet [125].
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Table 3: Genetically modified animal models for atherosclerosis.

Experimental model Description

Apolipoprotein E knockout
(ApoE−/−) mice

Apolipoprotein E (apoE), a constituent of lipoprotein responsible for packaging cholesterol and
other fats and carrying them through the bloodstream, is inactivated by gene targeting. They exhibit
a higher total plasma cholesterol concentration of 11mM compared to 2mM in their parent C57BL/6
mice [114].

LDL receptor knockout
(LDLR−/−) mice

LDL receptor (LDLR) is a cell surface receptor in liver cells that mediates the endocytosis of apoE to
clear cholesterol-abundant LDL particles from the circulation. Total plasma cholesterol levels
increase twofold compared to those of wild-type, owing to a seven- to ninefold increase in
intermediate density lipoproteins (IDL) and LDL without a significant change in HDL [115].

Scavenger receptor class B
member 1 knockout (SR-BI
KO) mice

Scavenger receptor class B member 1 (SR-BI) functions in facilitating the uptake of cholesterol from
HDL in the liver. It plays a key role in determining the levels of plasma cholesterol (primarily HDL).
Heterozygous and homozygous mutants show 31% and 125% increase, respectively, in plasma
cholesterol concentrations than wild-types [116].

db/dbmice
OB-R is a high affinity receptor for leptin, an important circulating signal for the regulation of
feeding, appetite, and body weight. Fatty acid oxidation rates are progressively higher in db/dbmice
in parallel with the earlier onset and greater duration of hyperglycemia [117].

ob/obmice A mutation results in a structurally defective leptin that does not bind to the OB-R. Mice that are
ob/ob have no leptin action and exhibit obesity and endothelial dysfunction [118].

Fatty Zucker rats
A spontaneous mutant gene (fa or fatty) that affects the action of the leptin. They have high levels of
lipids and cholesterol in their bloodstream and become noticeably obese by 3 to 5 weeks of age and
over 40% lipid of their body composition by 14 weeks of age [119].

Cholesterol ester transfer
protein (CETP)
transgenic rats

CETP inhibits HDL-mediated reverse cholesterol transport by transferring cholesterol from HDL to
very low-density lipoprotein (VLDL) and LDL, promoting atherogenesis. The animals exhibit 82%
increase in non-HDL cholesterol in addition to 80% reduction in HDL cholesterol when compared
to wild-type rats [120].

HDL: high-density lipoprotein; LDL: low-density lipoprotein.

A small, genetically reproducible, murine model of
atherosclerosis has been long desired due to projections of
relatively easy handling and breeding procedures as well as
its low cost. Researchers have used genetic technology to
produce a number of genetically modified murine models to
overcome the many deficiencies of larger animals, particu-
larly to allow studies of potential therapies that require large
numbers of subjects. An exciting scientific breakthrough
occurred in 1992, when Zhang et al. found that ApoE-
deficient mice generated by gene targeting had five times
higher plasma cholesterol level and developed foam cell-rich
depositions in their proximal aortas by the age of 3 months
[114].Thismodelwas the very first line of geneticallymodified
murine model for atherosclerosis studies introduced to the
research community. Since then, further research has led
to other genetically modified models that mimic important
aspects of atherosclerosis, such as fatty streaks, deposition of
foam cells, vulnerable and stable plaques, and related compli-
cations such as arterial calcification, ulceration, hemorrhage,
plaque rapture, thrombosis, and stenosis. Fatty Zucker rats,
cholesterol ester transfer protein (CETP) transgenic rats, LDL
receptor-knockout (KO) mice, and db/db mice are a few of
the genetically modified models developed over recent years
(Table 3). The development of techniques for direct genetic
modification that have been previously restricted to murine
species is promising to produce other new strains.

According to the oxidation hypothesis of atherosclero-
sis [126], oxidized LDL (oxLDL) plays a key role in the
initiation of the atherosclerotic lesion as well as in almost
every step of the atherogenic process, from the formation

of cholesterol-laden foam cells in plaques to the functioning
as chemoattractants for macrophages and vascular smooth
muscle cells [126, 127]. Since the etiology of atherosclerosis
is multifactorial, the potential lipid-raising effect and lipid
oxidation might contribute to atherogenesis together. The
potential atherogenic effect of heated oils has been studied
in experimental animals. Staprãns et al. [128] reported an
increase of𝛽-very low-density lipoprotein (𝛽-VLDL) fraction
and the formation of fatty streak lesions in aortas in male
New Zealand White rabbits fed a low-cholesterol (0.25%)
diet containing 5% thermal-oxidized corn oil. Atherosclerotic
lesions have also been observed in genetically modified
murine models, that is, LDLR−/− and apoE−/− mice after
chronic consumption of an oxidized cholesterol diet [129].

However, there are still limitations in the experimental
animals used in the aforementioned studies. For instance,
cholesterol diets in rabbits may lead to hepatic toxicity [96].
Furthermore, genetically modified mice are rather costly and
may impose a substantial financial constraint to a research
as well as limit the number of samples. Therefore, a more
feasible and affordable alternative has been developed to
induce atherosclerosis in rats. Adult female Sprague-Dawley
rats were ovariectomized prior to 16-week administration of
2% cholesterol diet fortified with 15%w/w of heated vegetable
oil [130–132]. Ovariectomy was performed to simulate a
postmenopausal condition characterized by the absence of
cardioprotective estrogen [133].

Although there was a trend of increasing total cholesterol
(TC) in all oil-fed groups, only heated oil-treated rats showed
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significant increase in serum TC compared to the control
[130, 131]. There were pronounced focal disruptions in the
aortic intimal layer of the rats fed heated oil. Moreover,
mononuclear cells were also observed in the intimal layer
[132]. Based on the findings, it is possible to overwhelm
rats’ natural resistance to atherosclerosis by removing the
ovaries. A further attemptwasmade to induce atherosclerosis
in male Sprague-Dawley rats, as the use of the previous
ovariectomized models is confined to menopause-induced
atherosclerosis. Rats fed with standard rat chow fortified
with 15% w/w of heated oil for 16 to 24 weeks. Histological
study of the heart revealed cardiac toxicity with the presence
of necrosis in cardiac tissue [52]. The intimal layer was
observed to be noticeably thickened due to a massive lipid
accumulation in the subendothelial space [134]. Lectin-
like oxidized low-density lipoprotein receptor-1 (LOX-1), an
endothelial receptor for endocytosis of oxLDL, was signif-
icantly increased in heated oil-fed rats compared to the
control [135]. There were significant positive correlations
between LOX-1 and the expressions of vascular cell adhesion
molecule-1 (VCAM-1) and intercellular adhesion molecule-1
(ICAM-1) in heated oil-fed rats [135]. We suggest that heated
oil diet can be used to induce atherosclerosis in rat models.
However, the atherosclerosis-inducing effect seems to be
more prominent in the ovariectomized rats than in male rats,
as a longer period of intervention is required inmale animals.
Though the male rat model requires a longer duration of
diet treatment to develop atherosclerosis, it is free from any
surgical intervention in contrast to female rats undergoing
ovariectomy. The use of other interventions such as vitamin
D
3
[123] may be helpful in the escalation of atherosclerotic

plaque formation.

4. Conclusion

Progress in cardiovascular disease control requires under-
standing of the pathogenesis of the disease and testing
of potential therapies, both experimentally and clinically.
Experimental animal models, particularly murine species,
have been a useful tool in this regard. The ideal animal
model of cardiovascular disease should be representative to
human conditions metabolically and pathophysiologically.
The development of genetically modified animal models has
enabled researchers to manipulate a specific target (either
gene or protein), the role of which in pathogenesis may
be subsequently established. This has led to the discovery
of a vast spectrum of potential targets for ameliorative
intervention. While the use of animal models has undeniably
offered novel insights into different important aspects of
a disease, still there are no species which are absolutely
suitable for all studies, given the multifactorial nature of
cardiovascular disease. Therefore, it is of utmost importance
to choose an appropriate model to study different parts of
cardiovascular disease. Otherwise, many exciting research
findings may fail when translating into human studies. An
agreement on appropriate experimental models for the study
of different facades of cardiovascular disease would be a
viable and effective strategy to further the advancement in
this field.
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Idiopathic pulmonary fibrosis (IPF) is a chronic disease with a poor prognosis and is characterized by the accumulation of fibrotic
tissue in lungs resulting from a dysfunction in the healing process. In humans, the pathological process is patchy and temporally
heterogeneous and the exact mechanisms remain poorly understood. Different animal models were thus developed. Among these,
intratracheal administration of bleomycin (BML) is one of the most frequently used methods to induce lung fibrosis in rodents.
In the present study, we first characterized histologically the time-course of lung alteration in rats submitted to BLM instillation.
Heterogeneous damages were observed among lungs, consisting in an inflammatory phase at early time-points. It was followed by
a transition to a fibrotic state characterized by an increased myofibroblast number and collagen accumulation. We then compared
instillation and aerosolization routes of BLM administration. The fibrotic process was studied in each pulmonary lobe using a
modifiedAshcroft scale.The two quantificationmethodswere confronted and the interobserver variability evaluated. Bothmethods
induced fibrosis development as demonstrated by a similar progression of the highest modified Ashcroft score. However, we
highlighted that aerosolization allows a more homogeneous distribution of lesions among lungs, with a persistence of higher grade
damages upon time.

1. Introduction

Idiopathic pulmonary fibrosis (IPF) is a severe form of
fibrosing interstitial lung disease with unknown etiology
and characterized by a progressive loss of lung function
associated with dyspnea and cough. This heterogeneous
pathology carries an invariable poor prognosis [1], with a
median survival of less than three years from diagnosis.
Over the last decade, numerous treatment options have
been evaluated for IPF in large clinical trials. However,
a great majority of those studies demonstrated a lack of
efficacy or deleterious effects [2]. Moreover, only a minority
of patients can be actually accommodated within clinical

trials or with lung transplantation [3]. Therapeutic options
remain thus limited, despite an increased and recent interest
for new antifibrotic and anti-inflammatory agents such as
pirfenidone or nintedanib, which have demonstrated efficacy
in several clinical studies. Pirfenidone was further approved
for medication in many countries [2].

IPF pathogenesis remains poorly understood but in-
creased evidence suggests the involvement of complex inter-
actions between genetic predisposition, epigenetics, environ-
ment, and comorbidities [4]. Histologically, IPF is charac-
terized by inflammatory cell proliferation, alveolar epithelial
injury, fibroblast and myofibroblast hyperplasia, and extra-
cellular matrix deposition [1, 5, 6]. The subsequent distortion
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of the alveolar architecture leads to gas exchange impairment
and ultimately respiratory failure and death. IPF pathological
process is patchy and temporally heterogeneous, suggesting
sequential injuries [6]. The inflammation process was first
considered to precede fibrosis but, on the basis of later
observations in animal models and the lack of efficacy of
immunosuppressive therapy in patients [1, 7], the paradigm
about IPF pathogenesis shifted to the idea that fibrosis could
result from alveolar epithelial cell (AEC) injury and dereg-
ulated repair [1, 4]. Myofibroblasts were suggested to play a
central role in this pathogenesis through extracellular matrix
deposition and structural remodeling [7]. The heterogeneity
of their phenotype could reflect multiple progenitors such
as bone marrow or epithelial cells. In vitro [8] and in vivo
[8, 9] studies supported the hypothesis that AECs could
serve as a source of fibroblasts through a transdifferentiation
mechanism of “epithelial-mesenchymal transition” (EMT).
This phenomenon was observed during pulmonary fibrosis
[7] but the principal origin of these cells is still controversial
[8].

Different animal models have been developed to study
the mechanisms involved in lung fibrogenesis and to evaluate
potential therapies (bleomycin or fluorescein isothiocyanate
administration, radiation damage, silica or asbestos instil-
lation, transgenic mice, or viral vectors). Among these,
bleomycin (BLM) administration is a widely used model and
the best characterized in a variety of animals and through
different routes of delivery [6]. BLM induce lung injuries via
its ability to cause DNA strand breakage [10] and oxidant
injury [11]. Even if the BLM-induced pulmonary fibrosis does
not represent a strictly equivalent of IPF, it constitutes a
polyvalent model that produces morphological alterations of
lung fibrosis with a robust reproducibility [12]. It has allowed
elucidating many of the biological processes involved in the
pathogenesis of pulmonary fibrosis, including the contribu-
tion of TGF𝛽 activation [12–15]. Coupled to transgenesis, this
model was useful to decipher the role of genetic factors in the
development of the disease [4]. Contrary to what has been
described in original studies [16], reported disadvantages of
BLM intratracheal (IT)model reside in its strain-dependence
in mice and its resolving nature, with a variable and self-
limiting fibrosis at late time-points [6]. Repetitive intratra-
cheal administrations of BLMwere described to mimic more
effectively the chronic aspects of pulmonary fibrosis [17].
However, a recent systematic study, including lung function
assessment during up to 6 months after a single insult of
BLM in mice, has shown persistent degree of fibrosis at late
time-points, with similarities to human IPF features [18]. In
addition, a recent evaluation of the activated genes after BLM
administration has suggested similarities between molecular
signatures obtained during the late fibrosis phase and rapidly
progressing IPF [19].

IT instillation, which is the most commonly used route
for BLM administration in rodent, has the advantage of its
low cost and its ability to deliver a well-defined dose to
the lungs. Aerosol inhalation, in contrast, could result in
a deposition in the upper respiratory tract. But, the most
consistent disparity between these twomethods relates to the
BLM intrapulmonary distribution. While aerosol inhalation

allows a relatively homogeneous distribution of particles
throughout the lungs, IT instillation can result in focally
high doses of material or, at opposite, to nontreated lung
area [20, 21]. Improvement of this point is still a matter
of concern. We hypothesize that IT delivery by spraying
may have the advantage of delivering a precise dose directly
into the lungs and assuring a homogeneous distribution of
BLM. This homogeneity could suppress the need of lesion-
oriented sampling of lung tissue, simplifying and improving
the sample-taking for biomolecular analyses. In the present
study, we compared the time-course of histological alter-
ations developed either by IT instillation or IT aerosolization
of BLM in rats. This study reveals that aerosolization route
allows a better distribution of fibrosis among lungs, with the
presence of higher grade damages at later time-points.

2. Material and Methods

2.1. Animals and Treatments. All procedures met the stan-
dards of the national Belgian requirements regarding animal
care and were carried out in accordance with the Animal
Ethics and Welfare Committee of the University of Mons.
All experiments were performed on 8-week-old male Wistar
rats (about 250 g body weight) bred in our animal facility
(accreditation number LA1500022). Rats were housed in
cages at a room temperature (RT) of 22∘C, with an ad
libitum access to water and food. All efforts were made to
minimize stress and animals were sedated before surgical
procedure with an intraperitoneal injection of ketamine
(Ketalar, Pfizer, 87.5mg/kg of b.w.) and xylazine (Sigma-
Aldrich, 12.5mg/kg b.w.). For the present study, 47Wistar rats
received 2 IU/kg b.w. of BLM (Sanofi Aventia) intratracheally
either by instillation (𝑛 = 22; BLM diluted in 200𝜇L saline
buffer) or by aerosolization (𝑛 = 25; BLM diluted in 100 𝜇L
saline buffer). Sham (𝑛 = 17) received the vehicle only (saline
buffer) and controls (𝑛 = 3) had no intervention. Instillation
was realized by transtracheal injection using a 30G needle at
a flow of 40 𝜇L/second. Concerning intratracheal aerosoliza-
tion, the oropharynx was first anesthetized using a local
administration of lidocaine. A microsprayer (Model IA-1C,
Penn-Century, US) connected to a High Pressure Syringue
(Model FMJ-250, Penn-Century, US) was then inserted
transorally into the tracheal lumen. The BLM solution was
then aerosolized according manufacturer’s instructions, at a
rate of about 15 𝜇L/second (particle size: 16–22 𝜇m; operat-
ing pressure: 3000 psi). This procedure was realized under
fiberoptic laryngoscope to visualize epiglottis and ensure
a good positioning of the microsprayer. Immediately after
surgery, to minimize the risk of infection, rats received an
intramuscular injection of antibiotic (Sodium Cefuroxime,
Zinacef, 40mg/kg b.w., GSK). At the end of the procedure,
BLM and sham animals were sacrificed by exsanguination
after Sodium Pentobarbital anesthesia (intraperitoneal injec-
tion of Nembutal, 60mg/kg b.w., CEVA, Belgium) at days 3,
7, 14, 21, or 56 after BLM/saline administration.

2.2. Histological Analysis. Immediately after exsanguination,
a bronchoalveolar lavage (using 40mL sterile saline buffer)
was performed for further biochemical investigations. Lungs
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were then fixed by a transtracheal injection of a solution of
Duboscq-Brasil fixator (10mL). After ligature of the trachea
and the opening of the ribcage, lungs were removed, incu-
bated 48 hours in theDuboscq-Brasil fixator, and dehydrated.
Lobes were then identified and embedded separately in
paraffin. Sequential 5-𝜇m sections were made for each lobe
from right and left lungs, using a Reichert Autocut 2040
microtome. Sections were then placed on silane-coated glass
slides and stained with Trichrome Blue for morphological
analysis. The number of total cells was calculated in the
most cellularized field of 0.0625mm2 (with exclusion of
bronchovascular axis) using a light microscope.

2.2.1. Myofibroblast Quantification. Myofibroblast staining
was performed on deparaffinized and rehydrated lung sec-
tions by immunohistochemistry. Sections were immunos-
tained using the streptavidin-biotin immunoperoxidase
method (ABC method) as described in [22]. Briefly, the
protocol included the following steps realized at RT in humid
chamber: (1) a 1-hour incubation with a rabbit polyclonal
antibody directed against 𝛼-SMA (smooth muscle alpha-
actin; 1 : 50) (2) incubation with a biotinylated goat anti-
rabbit IgG antibody (1 : 50, Abcam, UK) for 30min, and (3)
incubation with ABC complexes (Dako, Denmark) for 30
minutes. Washing steps were performed in PBS. Bound per-
oxidase activity was visualized by incubation with DAB (3,3-
diaminobenzidine) 0.05% in PBS-0.02% H

2
O
2
. The sections

were counterstained with Hemalun and Luxol fast blue and
were finally mounted in a permanent medium. Controls for
the specificity of immunolabeling included the omission of
the primary antibody. Stained cells were numbered on ten
fields of 0.0625mm2 (excluding bronchovascular axis), by
random sampling and using a single blind method.

2.2.2. Fibrosis Quantification

Determination of Collagen Surface. The sections were
observed on a Leitz Orthoplan microscope (10x magnifica-
tion) equippedwith a Ploem system for epi-illumination. Pic-
tures were obtained by a PC-driven digital camera (Leica DC
300F, Leica Microsystems AG, Heerbrugg, Switzerland). For
each of the lung regions, 3 fields of 0.3816mm2 were visua-
lized. The computer software (KS 400 imaging system, Carl
Zeiss vision, Hallbergmoos, Germany) allowed the morpho-
metric analysis of images. Percentage of surface occupied by
collagen was determined by calculating the ratio between
blue and nonblue pixels after exclusion of alveolar airspace.

Modified Ashcroft Scale. Fibrosis was quantified using a mod-
ified Ashcroft scale (grade 0 to 8) designed for a standardized
fibrosis evaluation in small animals [23]. Stages 1 to 3 are
characterized by the presence of alveoli partly enlarged and
rarefied. Gradual fibrotic changes are observed but fibrotic
masses appear from rank 4. Single fibrotic masses become
confluent at stage 5. Ranks 5 and 6 are characterized by
variable alveolar septa which are mostly inexistent at stage 6.
Lung structure is thus severely damaged at stage 5 andmostly
not preserved at stage 6. Alveoli become partly obliterated

with fibrotic masses at grade 7 and complete occlusions are
observed at stage 8. This procedure of fibrosis evaluation was
applied on each lobe and two different counting methods
were confronted. Firstly, the most affected part of the section
was selected (MA-method) and secondly a random sampling
was applied (RS-method). In both cases, the mean of 4
fields was calculated for each section. Each lobe section was
analyzed using this procedure by two blinded observers.

2.3. Statistical Analysis. Results are presented as mean ±
SEM. Data concerning change in body weight, total cells,
collagen surface, and myofibroblasts in the BLM instillation
model were submitted to an analysis of variance (ANOVA)
and a post hoc Duncan’s test (SigmaStat/Plot 1.0 software,
Germany). Fibrosis evolution over time (modified Ashcroft
score) in both BLMmodels was compared using an ANOVA
on ranks followed by a Kruskal Wallis test. The level of
fibrotic damages after BLM instillation and aerosolization
in late time-points was compared by the same method.
Distribution in both lungs was compared by computing
absolute differences between left and right scores. Levels of
significance were taken as 𝑃 < 0.05. Interobserver agreement
was evaluated with the kappa index.

3. Results and Discussion

3.1. BLM Instillation Model Allowed a Gradual Fibrosis Pre-
ceded by an Inflammatory Phase. As reviewed in [6, 24],
histological and biochemical characteristics of fibrosis are
usually detectable in the BLM IT model around day 14,
with a maximal response around days 21–28. However,
histological damages are reported to be more variable at later
time-points. Indeed, while original studies demonstrated the
persistence of fibrosis for a few months, others described
a resolution of the process beyond 28 days. With regards
to those discrepancies, it was therefore necessary to first
characterize the time-course of histological lesions after
BLM instillation in our experimental conditions to facilitate
subsequent comparisons. To this aim, fibrosis was assessed
at 3, 7, 14, 21, and 56 days after BLM IT instillation (3–
56 d) by quantification of the total cell number, percentage
of surface occupied by collagen, and a modified Ashcroft
score (Figure 1). Data about animal body weight, water con-
sumption, and urine volume, measured in metabolic cages,
are presented in Supplementary Material available online
at http://dx.doi.org/10.1155/2015/198418 (Figure S1). Despite
a slight decrease of body weight after BLM administration,
no statistical difference between sham and BLM animals
can be reported concerning those parameters. Macroscopic
observation of lungs from BLM rats revealed the presence
of atelectatic violaceous bands and white area of various
sizes which alternated with apparently healthy lung tissue.
Microscopic visualization confirmed the heterogeneity of
histological lesions. Some lobes were totally devoid of dam-
ages and others exhibited inflammatory infiltrates centered
on bronchovascular axes at day 3 and day 7. Inflamma-
tion decreased at day 14 giving rise to fibrotic lesions
(Figure 1(a)). Total cell number (Figure 1(b)) was increased
in BLM animals, with a maximum at days 14–21 (𝑃 < 0.05;
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Figure 1: Evolution of histological alterations in rat lungs after BLM instillation. (a) Trichrome Blue staining in sham animals and in treated
rats, 3, 7, 14, 21, and 56 days (3 d, 7 d, 14 d, 21 d, and 56 d) after bleomycin (BLM) instillation. Collagen is stained in blue and cells in red.
Magnification: 100x. (b) Average number of cells per mm2 lung surface in sham animals (in white) and 3, 7, 14, 21, and 56 days after BLM
instillation (in grey). (c) Average percentage (%) of lung area occupied by collagen in sham animals (in white) and 3, 7, 14, 21, and 56 days
after BLM instillation (in grey). (d) Quantification of lung fibrosis using a modified Ashcroft score in sham animals (in white) and 3, 7, 14, 21,
and 56 days after BLM instillation (in grey; 𝑛 = 3 per time-point). (b) ∗𝑃 < 0.05 Sham versus every other time-points; #𝑃 < 0.05 (14 + 21 d)
versus (3, 7, and 56 d); ANOVA one way followed by Duncan’s test. (c-d) #

𝑃 < 0.05 early (3–7 d) versus later (14 to 56 d) time-points; ANOVA
one way followed by a Duncan’s test.
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Figure 2: Evolution of myofibroblast number after BLM instillation. (a) Representative fields of lung sections from sham and BLM rats 3, 7,
14, 21, and 56 days after instillation. The immunohistochemistry was performed using an anti-𝛼SMA (smooth muscle actin) antibody (bruin
staining) and countercolored with Hemalun and Luxol blue (blue staining). (b) Average number of 𝛼SMA-positive (𝛼-SMA+) cells in lung
sections from sham (in white) and BLM (in grey; 𝑛 = 3 per time-point) rats at 3, 7, 14, 21, and 56 days after instillation. ∗𝑃 < 0.05 versus
Sham; ANOVA one way followed by Duncan’s Test. #𝑃 < 0.05 versus 14 d; ANOVA one way followed by Duncan’s Test.

14–21 d versus 3–7 d and versus 56 d). Because these cells
appeared to exhibit different morphological characteristics
upon time, the presence of myofibroblasts was assessed by 𝛼-
SMA immunostaining (Figure 2). Number of SMA-positive
cells was significantly increased 14 and 21 days after BLM
instillation synchronously with the beginning of fibrosis
development. Then this number decreased significantly at
day 56. So, the collagen-occupied surface (Figure 1(c)) and
modified Ashcroft score (Figure 1(d)) were significantly dif-
ferent from days 14 to 56 when compared to early time-
points (3–7 d). Collagen surface reached 5.0 ± 3.0, 5.4 ±
2.7, and 7.4 ± 3.2%, respectively, at 14, 21, and 56 days
after BLM administration, whereas lungs from sham animals
are characterized by a collagen surface of 2.7 ± 0.5%. A
modified Ashcroft score ranging between ranks 2 and 3 at

later time-points indicated the presence of fibrotic changes
accompanied by partly enlarged and rarefied alveoli [23].

In accordance with the literature, BLM IT instillation
leads firstly to an inflammatory phase that precedes a gradual
development of fibrosis, with a transition occurring around
day 14 after BLM delivery. Although the inflammatory
process was not investigated specifically in our study by
cell counting, total protein measurement in bronchoalve-
olar fluid, or lung TGF𝛽 expression, inflammatory infil-
trates were observed at early time-points. Total cell number
mostly reflects alveolar inflammatory cells or active fibro-
sis, before and after day 14, respectively. This time-point
is characterized by a significantly higher number of total
cells, including in particular myofibroblasts, consistent with
their previously reported role in collagen deposition [7, 25].
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In our experimental conditions, fibrosis characteristics can be
observed until 56 days after BLM instillation. The resolution
of the process is therefore not observed at this time-point,
even if its activity was decreasing based on the myofibroblast
number. Further studies in later time-points are necessary
to elucidate discrepancies about the resolving nature of this
model. Via this route of administration, fibrotic lesions were,
however, heterogeneously distributed, hampering interpre-
tation of subsequent molecular analysis or evaluation of
therapeutic strategies based on a random tissue-sampling.

3.2. BLM IT Aerosolization Leads to a Progressive and More
Homogeneously Distributed Fibrosis. To improve distribution
of fibrotic damages in the BLM model, we compare IT
instillation to IT aerosolization of this drug. As a prelim-
inary test, macroscopic analysis after Lissamine Green IT
aerosolization has shown a homogeneous distribution of
the dye among lungs. Histological alterations were then
assessed after 3, 7, 14, 21, and 56 days after either BLM IT
instillation or aerosolization. Data about animal body weight,
water consumption, and urine volume in aerosolized animals
are presented in Supplementary Material (Figure S2). As
presented in Figure 3, we note that weight loss upon the
two first days after BLM delivery was more pronounced in
aerosolized rats as compared to instilled animals (𝑃 < 0.005).
Microphotographs of the most representative pulmonary
lesions at each time-point are illustrated in Figure 4 as well
as the total cell number and modified Ashcroft score in
the aerosolized group. Comparison of fibrosis quantification
using themodifiedAshcroft score in bothmodels is presented
in Figure 5. As described after BLM instillation, inflamma-
tory infiltrates were observed at early time-points after BLM
aerosolization (Figure 4(a), 3–7 d), followed by a transition
at day 14 to a fibrosis state. Total cell number reached a
peak at this particular time-point (Figure 4(c)). In addition,
perilesional emphysema (Figure 4, 14–56 d) and peribronchic
lesions (Figure 4(b)) were present in bothmodels at late time-
points (14 to 56 d). A gradual increase of fibrotic changes was
observed, reaching a significantly higher modified Ashcroft
score at late time-points in both models, as compared to
sham animals (Figure 5). Modified Ashcroft score differed
between late and early time-points in bothmodelswhenfields
from the most affected part of each lobe were considered for
quantification (MA-method, Figure 5(b)). Values obtained
were on average 1.3 ± 0.1 in shams and 1.8 ± 0.1, 1.9 ± 0.4,
2.7 ± 0.3, 2.8 ± 0.5, and 3.2 ± 0.4 in the instillation groups
at days 3, 7, 14, 21, and 56, respectively. Corresponding values
after aerosolizationwere 1.4±0.1, 1.9±0.2, 3.8±0.1, 4.4±0.12,
and 4.6 ± 0.3 at the same time-points in BLM animals.

When randomly chosen fields were considered (RS-
method, Figure 5(a)), the modified Ashcroft scores from late
time-points were significantly higher compared to early time-
points in aerosolized BLM animals but not in IT instilled rats.
So, the mean value of the modified Ashcroft score for the
aerosolized group reached 2.3 ± 0.2 in the later time-point
(day 56) but only 0.9±0.1 for the instilled group.These results
could be explained by the presence of more focal lesions
in lungs from instilled animal. Indeed, in average, lesions
appeared more moderate when fields were randomly chosen,
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Figure 3: Time-course of body weight change after BLM adminis-
tration. Data are represented as mean ± SEM for the sham group
(𝑛 = 17) and after BLM aerosolization (𝑛 = 25) or instillation
(𝑛 = 22). Observations were realized the first week daily and weekly
then after up to day 56. ∗𝑃 < 0.05 Aerosol. versus Instil. and Sham;
ANOVA one way followed by Duncan’s Test.

likely due to the presence of lung area without any fibrotic
lesion.

Data fromboth quantificationmethods therefore indicate
a more homogeneous distribution of fibrotic lesions after
IT aerosolization as compared to IT instillation. This was
previously described in a rabbitmodel of fibrosis consisting in
BLM intranasal nebulization [26]. This route was also shown
to allow a more homogeneous distribution of material into
the lungs in different species including mice [20, 21]. The
oropharyngeal aspiration is another method often used in
mice and consisting of pipetting BLM into the back of the
oral cavity [27, 28]. Gravity and natural inhalation by the
animal draw the liquid into the lung [29]. This method was
shown to lead to a better distributed fibrotic area among
lungs in mice and rats, compared to the intranasal method
[30]. IT aerosolization using a sprayer has, however, the
advantages of (i) providing amore direct access into the lungs
and avoiding material loss in the upper respiratory tract and
(ii) delivering solutions as microdroplets allowing a more
peripheral and diffused material deposition as compared
to liquids. In rats, procedures for intubation and aerosol
delivery were described in [31, 32]. The usefulness of this
noninvasive endotracheal route was demonstrated in mice
by delivery of a suspension of fluorescent nanospheres [33].
IT aerosol delivery was therefore used to administer BLM in
mice to model lung fibrosis [19, 34] and, in another context,
to deliver siRNAs to modulate lung immunopathology in a
murine model of tuberculosis [35, 36]. However, in mouse
and especially in rats, IT instillation, rather than spraying,
remains a frequently used route for BLMmodels [37–39].

In addition, our study reveals that interobserver agree-
ment was better after aerosolization than instillation. So,
in the aerosolized group, the agreement was moderate or
substantial depending on the method used (MA or RS),
whereas the kappa index disclosed only to a slight agree-
ment for the instillation group whatever the field selection.
The difference of fibrotic-lesion distribution between lungs
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(in white) and 3, 7, 14, 21, and 56 days after BLM aerosolization (in grey; 𝑛 = 5 per time-point). (c) ∗𝑃 < 0.05 Sham versus every other
time-points; #𝑃 < 0.05: 14 d versus 3 d and 21 d; ANOVA one way followed by Duncan’s test. (d) #

𝑃 < 0.05 early (3–7 d) versus late (14 to 56 d)
time-points; ANOVA one way followed by a Duncan’s test.
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grey) or aerosolization (Aerosol., in grey). Two different methods were applied for quantification, as described in Section 2: RS- (random
sampling-) method (a) and MA- (most affected field-) method (b). For statistical analysis, data from CTL and sham animals were grouped
(CTL + sham) as well as results concerning BLM rats at early (3–7 d) and late (14 to 56 d) time-points. Grouped means are not different as
compared by a Mann Whitney rank sum tests (CTL versus Sham) or using Kruskal Wallis one way analysis (3 versus 7 d; 14 versus 21 versus
56 d). Groups were compared as indicated, using a Kruskal Wallis one way (pairwise multiple comparison of means, Dunn’s method). CTL:
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0.09 (RS-method and the MA-method, resp.) and for the aerosolization model 0.64 and 0.43.

(absolute difference between modified Ashcroft score in left
and right lungs) is represented at Figure 6. Data outside
the 90% confidence interval calculated from controls and
sham values are 3 times more frequent in the instilled than
in the aerosolized groups. Aerosolized animals exhibited a
moderate difference between right and left lungs in terms
of fibrosis, with only 16% of the values above the threshold
(instead of 10% for controls and sham animals).

3.3. BLM IT Aerosolization Allowed the Persistence of More
Severe Fibrotic Lesions upon Time. The increased loss of body
weight induced by the aerosol method (Figure 3) suggests
that pulmonary lesions have a higher systemic effect at least
during the first few days after treatment. Moreover, as pre-
sented in Figure 5, the modified Ashcroft scores at late time-
points (14–56 d) were significantly higher in the aerosolized
groups independently of the quantification method used.
When the RS-method is considered (Figure 5(a)), this differ-
ence could be explained by the presence of unaffected area
in instilled lungs leading to a lowering of the mean Ashcroft
score. However, on average, a higher score was also observed
in themost affected lung area (MA-method) from aerosolized
animals (Figure 5(b)) indicating the development of a more
severe fibrosis (modified Ashcroft score between 4 and 5)

upon using this route of administration. In accordance with
these data, we note that destructive lesions are only observed
in the aerosolization group at days 14 and 56 (Figure 4(b)).
We suggest that, with aerosolization, a better penetration of
BLM into small airways and more scattered AECs alterations
could lead to an amplified myofibroblastic stimulation and
a subsequent increase in fibrotic tissue deposition. At the
opposite, with instillation, the overwhelming of the alveoli
could also decrease the oxygenpressure in the vicinity of BLM
molecules and thereby reduce its toxicity. Further studies will
be necessary to clarify the relationship between increased
fibrotic damages at later time-points and more dispersed
initial alterations.

4. Conclusion

Both intratracheal instillation and aerosolization of BLM
induce the development of fibrosis following an initial inflam-
matory phase. However, the fibrotic process is more localized
after BLM instillation and is restricted to overwhelmed area,
which is a major drawback for the tissue sampling. In the
present study, we demonstrate that the IT aerosolization route
allows a more homogeneous distribution of fibrosis and is
associated with more severe lesions upon time. As compared
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grey) at all time-points. Quantification was made using the MA-
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(confidence interval calculated as mean ± 1.66 SEM). 16% and 33%
of the values are above this threshold for instilled and aerosolized
animals, respectively. CTL + sham: 𝑛 = 20; BLM Instil.: 𝑛 = 22;
BLM Aerosol.: 𝑛 = 25.

to intranasal delivery, the IT spraying allows the delivery of a
precise dose, avoiding drug loss in upper respiratory tracts.

Finally, it is necessary to consider whether BLM rodent
models could be directly applicable to human IPF. In terms
of histological alterations, both conditions result in the
development of fibroblastic foci. In IPF, their location is
heterogeneous and mostly basal and subpleural. In contrast,
lesions are initially bronchocentric in several BLM ITmodels,
although our conditions led to more peripheral damages.
Moreover, BLM rodentmodels and IPF do not share a similar
pattern of development and progression, and functional
assessment has to be further realized to better understand
similarities and differences between the two pathological
states (reviewed in [24]).

In conclusion, despite the fact that BLM delivery in
rodent does not perfectly reproduce IPF, it still constitutes
a well-characterized model of pulmonary fibrosis which is
still widely used today. IT aerosolization is a good alternative
to the instillation method, allowing a homogeneous fibrosis
thus limiting sample-dependent variability for subsequent
biochemical analysis or testing of new therapeutic options.
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Peritoneal dialysis (PD) is a common treatment for patients with reduced or absent renal function. Long-termPD leads to peritoneal
injury with structural changes and functional decline. At worst, peritoneal injury leads to encapsulating peritoneal sclerosis (EPS),
which is a serious complication of PD. In order to carry out PD safely, it is important to define the mechanism of progression of
peritoneal injury and EPS. We prepared rat models of peritoneal injury by intraperitoneal administration of glucose degradation
products, such as methylglyoxal (MGO) or formaldehyde (FA), chlorhexidine gluconate (CG), and talc. In rats treated with MGO,
peritoneal fibrous thickening with the appearance of basophilic spindle cells with podoplanin, cytokeratin, and 𝛼-smooth muscle
actin at the surface of the peritoneum was observed. These cells may have been derived from mesothelial cells by epithelial-
to-mesenchymal transition. In FA- or CG-treated rats, the peritoneum was thickened, and mesothelial cells were absent at the
surface of the peritoneum. The CG- or MGO-treated rats presented with a so-called abdominal cocoon. In the talc-treated rats,
extensive peritoneal adhesion and peritoneal thickening were observed. MGO-induced peritoneal injury model may reflect human
histopathology and be suitable to analyze the mechanism of progression of peritoneal injury and EPS.

1. Introduction

Long-term peritoneal dialysis (PD) leads to peritoneal injury
with functional decline, such as ultrafiltration loss. Peritoneal
injury is often accompanied by histological changes, such as
peritoneal fibrosis and sclerosis. At an early stage of peri-
toneal injury, epithelial-to-mesenchymal transition (EMT) of
mesothelial cells is induced at the surface of the peritoneum,
followed by evident diffuse fibrous thickening, neovascular-
ization, and mononuclear cell infiltration [1, 2]. At worst,
peritoneal injury leads to encapsulating peritoneal sclerosis
(EPS), a serious complication of PD [3–7]. At advanced stages
of EPS, the small intestine adheres and is encapsulated within
a thick collagen-rich peritoneum to form a cocoon-like mass.
EPS is associated with not only deterioration of peritoneal
function but also clinical symptoms, such as ileus. EPS occurs
in about 0.4%–3.3% of patients who undergo PD. However,
EPS has a high mortality rate, and about half of the patients

with EPS die [4–7]. The causes of peritoneal injury and EPS
have not been clarified, but they appear to develop through
the interaction ofmultiple factors, such as infection with bac-
teria or fungi resulting in peritonitis; antiseptics; exogenous
materials like particulates and plasticizers; and continuous
exposure to nonphysiological PD solutions having high
concentrations of glucose and glucose degradation products
(GDPs), low pH, and high osmolarity [4, 7]. These factors
may induce fibrosis, sclerosis, inflammation, angiogenesis,
and vasculopathy in the peritoneum. The administration of
corticosteroids, tamoxifen, and immunosuppressive agents
and total parenteral nutrition are effective in an early stage
of EPS development [4–6]. However, for an advanced stage
of EPS, in which bowel adhesions have formed, the only
effective therapeutic method is surgical dissection of the
encapsulated peritoneum; this must be performed by skilled
surgeons using specialized techniques [4–6].Therefore, there
is a compelling need for methods for the early diagnosis of
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EPS. Animal models are often used to define the mechanism
of progression of peritoneal injury and the evaluation of
drugs or screening of predictive markers for EPS.

The aim of this study is to advance a peritoneal injury
animal model reflecting human histopathology in order to
elucidate the mechanism of progression of peritoneal injury.
To performPD safely, it is important to define themechanism
of pathogenesis and progression of peritoneal injury and EPS,
and then it is necessary to prevent peritoneal injury from
developing into EPS.

2. Materials and Methods

2.1. Preparation of Animal Models of Peritoneal Injury. We
prepared four animal models that reflected the pathology
of peritoneal injury. All of the groups were treated with
intraperitoneal injections of various solutions. Animals used
in this study were male Sprague-Dawley rats (5 to 6 weeks
of age, weighing about 200 to 250 g; Charles River Japan,
Kanagawa, Japan; 𝑛 = 6/group).

Rats in the groups treated with GDPs, such as methylgly-
oxal (MGO) or formaldehyde (FA), intraperitoneally received
100mL/kg/day GDP containing PD fluids (PDFs) for 21 days.
The PDFs used in the present study were prepared by adding
20mM MGO or FA to PDF (2.5% glucose, 100mM NaCl,
35mM sodium lactate, 2mMCaCl

2
, and 0.7mMMgCl

2
) and

were then sterilized by filtration. The PDFs were prepared
and adjusted to pH 5.0 just before injection every day. Rats in
the chlorhexidine gluconate- (CG-) treated group intraperi-
toneally received 15mL/kg/day 0.1% CG/15% ethanol/saline
for 21 days. The solution was aseptically prepared. Rats in the
talc-treated group intraperitoneally received 75mL/kg/day
talc suspension, which was prepared by dispersing 1 g of talc
in 15mL of saline followed by autoclave sterilization. The
talc-treated group received one administration every 7 days
for three weeks. The concentrations of MGO, FA, CG, and
talc were decided based on previous reports [7–16]. As a
control, a group treated with the PDF without adding MGO,
FA, CG, or talc was also set. The control rats were given an
intraperitoneal injection of 100mL/kg/day PDF for 21 days.
If solution remained in the peritoneal cavity, it was drained
before the injection. When PDF had been injected for more
than 3 weeks, it was difficult to inject it because of extensive
peritoneal adhesion. Therefore, on the 22nd day after the
start of the experiment, peritoneal equilibration test (PET)
was performed. Subsequently, the parietal peritoneum was
sampled for histological analysis from corresponding sites in
each rat.

We performed our experiments in accordance with the
NIH Guide for the Care and Use of Laboratory Animals.
The animals were housed in an air-conditioned room at a
constant temperature of 23 ± 2∘C and a relative humidity of
50 ± 10% and kept under a 12-hour light/dark cycle with free
access to sufficient pellet food and water. Adequate attention
was paid to maintaining a hygienic environment and to
preventing infectious peritonitis. Furthermore, a sterility test
was performed using the dialysate drained for PET to check
for the presence of aerobic bacteria, anaerobic bacteria, and

fungi in drained dialysate, and then all rats were confirmed
to be uninfected.

2.2. Peritoneal Equilibration Test (PET). In order to analyze
peritoneal function, the peritoneal permeability of glucose
was estimated by PET. First, intra-abdominal fluid was
drained out. After 50mL/kg PDF containing 2.5% glucose
had been intraperitoneally injected, drained dialysate was
collected immediately at 0 minutes and at 90 minutes. The
injection volume was set based on that used in a human
clinical context. Glucose levels were determined by SRL Co.,
Ltd. (Tokyo, Japan). The ratio of the glucose level in drained
dialysate obtained 90 minutes after the injection to that
obtained immediately after the injection was defined as the
𝐷/𝐷
0
glucose level.

2.3. Histological Analysis. Left center parietal peritoneum
was sampled from corresponding sites of each rat and was
fixed with 10% FA/0.1M phosphate buffer (pH 7.2). Peritoneal
specimens were embedded in paraffin to prepare tissue
sections of a thickness of 2-3 𝜇m. To determine the thickness
of the peritoneum, the sections were sliced perpendicularly
to the peritoneal surface. Each section was stained with
hematoxylin-eosin (HE) to analyze cell type and with Azan
to identify collagen fibers. The morphologic changes of
the peritoneum were evaluated in a blind manner with
photomicroscopy by a toxicological pathologist.

The thickness of the peritoneum was measured with
image-analysis software (Win ROOF, Mitani Co., Fukui,
Japan).The specimens of the peritoneumwere obtained from
two sites in each rat.The thickness was measured at 30 points
per site (at 0.5mm intervals within a range of 1.5 cm), and the
average was calculated.

2.4. Immunohistochemistry. Peritoneal tissue samples emb-
edded in paraffin were sectioned at a thickness of 2-3 𝜇m.
These sections for analysis of cytokeratin or𝛼-smoothmuscle
actin (𝛼-SMA) were dewaxed with xylene. After endogenous
peroxidase activity had been blocked with 3% hydrogen
peroxide/methanol for 15 minutes, the sections were treated
with 0.25% trypsin/1mM EDTA for 2 hours at room tem-
perature. These sections were treated for 2 hours at room
temperature with a monoclonal antibody against 𝛼-SMA
(Sigma Chemical Co., St. Louis, MO, USA) at a dilution
of 1 : 2000 to identify mesenchymal cells or for 2 hours at
room temperature with prediluted monoclonal antibodies
against pan-cytokeratin (Sigma Chemical Co.) at a dilution
of 1 : 2 to identify mesothelial cells. For the analysis of
podoplanin location, after dewaxing in xylene, the sections
were autoclaved at 121∘C for 10min. After blocking with 3%
hydrogen peroxide, the sections were treated overnight at
4∘C with a rabbit polyclonal antibody against podoplanin
(Bios Inc., Boston, MA, USA) at a dilution of 1 : 1000 to
identify activated mesothelial cells. Sections were incubated
with biotinylated anti-rabbit immunoglobulins for 30min
and then treated with streptavidin-horseradish peroxidase
conjugate for 30min followed by detection with DAB. These
sections were also counterstained with Meyer’s hematoxylin.
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Table 1: Pathological findings of the peritoneum in peritoneal injury rats.

MGO FA CG Talc
Loss of monolayer of mesothelial cells +++ +++ +++ −

Appearance of basophilic spindle cells ++ − − −

Phagocytosis in macrophages − − +− ++
Foreign body inflammation − − − ++
Edema − − + −

Mononuclear cell infiltration ++ + ++ ++
Neovascularization ++ + + +
Fibrosis + + + +
MGO: methylglyoxal-treated rats, FA: formaldehyde-treated rats, CG: chlorhexidine gluconate-treated rats, and talc: talc-treated rats.
+: mild, ++: moderate, and +++: severe.

2.5. Statistical Analysis. Data are given asmean± SD. Statisti-
cal analysis was performed byDunnett’smultiple comparison
test. A 𝑃 value of less than 0.05 was accepted as significant.

3. Results

In the MGO-, FA-, and CG-treated rats, fist-like round
liver edge and extensive adhesion of the bowel and stomach
were observed. In the MGO- or CG-treated rats, the bowel
adhesion, called an abdominal cocoon, was observed as a
mass surrounded by thickened peritoneum (Figure 1). In
the talc-treated rats, extensive adhesion of the peritoneum
was observed, although the cocoon-like adhesion was not
formed. By analysis of tissue sections of parietal peritoneum,
peritoneal thickening occurred in the MGO-, FA-, CG-, and
talc-treated rats. The thickness of the peritoneum in each
group is shown in Figure 2(a). In the MGO-, FA-, CG-, and
talc-treated groups, mononuclear cell infiltration, neovascu-
larization, and fibrosis were observed in the peritoneum.
In the MGO-treated rats, the peritoneal tissue consisted
of dense collagen fibers. However, in the surface of the
peritoneum, collagen was scarce, and basophilic spindle cells
with podoplanin, cytokeratin, and 𝛼-smooth muscle actin
proliferated excessively (Figure 4). Deposition of fibrin was
observed in parts of the peritoneal surface. In the FA-
treated rats, mesothelial cells were deciduated and then cells
were absent at the surface of the peritoneum. In the CG-
treated rats, phagocytosis by macrophages, edema, and loss
of mesothelial cells were also observed. The surface of the
peritoneumwas coveredwith a fibrin layer in some rats. In the
talc-treated rats, foreign body inflammation was confirmed
by multinucleated giant cell formation from macrophage by
phagocytosis of talc particle. In control rats, there was a single
layer ofmesothelial cells at the surface of the thin peritoneum.
The morphology of the peritoneum is shown in Figure 3 and
pathological findings of the peritoneum in peritoneal injury
rats are summarized in Table 1. There was no difference in
morphology between saline- and PDF-treated rats (data not
shown).

Peritoneal permeability was higher in the MGO-, FA-,
CG-, and talc-treated rats than in the control rats (Fig-
ure 2(b)).

Figure 1: Appearance of organs in the peritoneal cavity in MGO-
treated rat. The peritoneal injury models were prepared by repeated
administration ofMGOcontaining peritoneal dialysis fluids into the
peritoneal cavity of rats for 21 days. Adhesion of bowel forming a
cocoon-like mass was seen in the MGO-treated rats.

4. Discussion

In the peritoneum of EPS patients, the frequencies of fibrin
deposition, fibroblast swelling, capillary angiogenesis, and
mononuclear cell infiltration were significantly higher than
those of non-EPS patients [17]. There are many candidate
factors that could cause peritoneal injury and EPS in PD,
but the mechanism of peritoneal deterioration has not been
clarified [3–7]. In the present study, we prepared four animal
models for a comparison of the pathology of peritoneal injury
induced by different factors, namely, MGO, FA, CG, and
talc [7–16]. In these animal models, enhanced peritoneal
permeability (Figure 2(b)) was confirmed and extensive
peritoneal adhesion was found, as in human EPS patients
[1–5] (Figure 1). Thickening of the peritoneum, neovascu-
larization, and mononuclear cell infiltration were observed
in the peritoneum of these animal models (Figure 2(a)).
These findings are similar to the pathological picture of the
peritoneum in human EPS [3, 18]. However, these models
do not necessarily reflect the human clinical pathology. It is
important to recognize the characteristics of each model.
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Figure 2: Peritoneal deterioration in the rat peritoneal injury models. (a) Thickness of parietal peritoneum. (b) The PET was performed in
peritoneal injury animal models and 𝐷/𝐷

0
glucose level was obtained. Data are shown as mean ± SD. Statistical analysis was performed by

Dunnett’s multiple comparison test against the control. ∗𝑃 < 0.05 compared with the control. ∗∗𝑃 < 0.01 compared with the control.

The first and second peritoneal injury animal models
were made by intraperitoneally administering the PDFs
supplemented with MGO or FA, respectively [7–10]. Con-
ventional PDFs contain various GDPs, such as 5-hydro-
xymethylfurfural, furaldehyde, acetaldehyde, FA, glyoxal,
MGO, 3-deoxyglucosone, and 3,4-dideoxyglucosone-3-ene
[11]. These GDPs contribute greatly to the bioincompatibility
of conventional PDFs and are risk factors for EPS. Glucose is
safe and readily metabolized because it is the most important
basic source of energy for metabolism. Therefore, glucose
is widely used as an osmotic agent in commercial PDFs.
However, glucose in PDFs is degraded to GDPs during heat
sterilization and storage [12].The resultingGDPs show strong
oxidant activity and toxic effects on cell proliferation and
cell function [10]. In particular, carbonyl compounds, such
as MGO, FA, and 3,4-dideoxyglucosone-3-ene, are extremely
cytotoxic [7, 10, 11]. These GDPs form advanced glycation
end products (AGEs) that induce structural changes of the
peritoneumor the loss of peritoneal function [8]. GDPs injure
the peritoneumdirectly or via the accumulation of AGEs.The
concentrations of MGO and FA, injected into the MGO and
FAmodels, are reasonable given the results of permitted daily
exposure (PDE) risk assessment [7]. GDP-induced peritoneal
injury models may reflect human PD. In particular, in the
MGO-induced model, basophilic spindle cells are observed
in the surface of the peritoneum at an early stage and a
cocoon-like bowel adhesion is also formed at a late stage [7,
8]. Basophilic spindle cells may be derived from mesothelial
cells via EMT-like change induced by carbonyl stress ofMGO
or accumulation of AGE. These morphological changes of
human peritoneum were often reported in a clinical context.
The MGO-induced model may be suitable to analyze the
mechanism of progression of peritoneal injury and EPS.

The third animal model was made by intraperitoneally
administering an antiseptic, CG, as a chemical irritant to
induce inflammation. Phagocytosis by macrophages induced

by aggregated grains of CG may be a trigger for this inflam-
mation. This model is most often used to analyze peritoneal
injury or EPS in animal studies [8, 9, 12–16]. However, it is
thought that CG is not the main cause of peritoneal injury
with thickening in PD patients because it is now scarcely used
clinically as an antiseptic in this condition [9]. In addition, in
thismodel, an extremely excessive dose of CG is administered
compared with daily exposure in humans. Inflammation
induced by CG caused the development of edema followed
by fibrosis without EMT-like cells [8, 9, 12–16].Therefore, the
CG model is probably inadequate to analyze the mechanism
of progression of peritoneal injury.

The fourth model was made by administering talc
(hydrous magnesium silicate) as an exogenous material into
the peritoneal cavity, since this agent has long been known to
cause adhesion formation [14, 19]. In this peritoneal injury
model, the volume of talc injected is extremely high and
large particles such as talc are not observed in the human
peritoneum.This model may thus not reflect the progression
of human clinical peritoneal injury in PD.

In EMT, fully differentiated mesothelial cells undergo
transition to a mesenchymal phenotype, a spindle-shaped
morphology, concomitant with the acquisition of a mes-
enchymal marker, 𝛼-SMA. Some studies showed that the
EMT of mesothelial cells may be a triggering factor of peri-
toneal injury in PD patients [1, 2]. Transforming growth
factor-𝛽 (TGF-𝛽) induces the EMT-like change of mesothe-
lial cells via Snail, a zinc-finger transcription factor, and
causes peritoneal fibrosis [1, 2, 8]. Podoplanin, which is a
member of a type-1 transmembrane sialomucin-like glyco-
protein family, serves as a marker of lymphatic endothelial
cells but is also expressed by mesothelioma [19]. In the
peritoneum of patients with EPS, podoplanin is expressed by
activatedmesothelial cells, lymphatic endothelial cells, and𝛼-
SMA-positive myofibroblasts. Braun et al. reported the pos-
sibility that podoplanin-positive myofibroblasts are derived
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Figure 3: Histopathological findings of parietal peritoneum.The parietal peritoneum was analyzed histologically with HE stain (a, b, d, e, g,
h, j, k, m, and n) or Azan stain (c, f, i, l, and o). Control rat: (a, b, and c). MGO-treated rat: (d, e, and f). FA-treated rat: (g, h, and i). CG-treated
rat: (j, k, and l). Talc-treated rat: (m, n, and o). Mesothelial cells, spindle cells, phagocytosis by macrophages, and multinucleated giant cells
are indicated by open arrow heads, arrows, closed arrow heads, and asterisks, respectively. (a, c, d, f, g, i, j, l, m, and o): ×200, (b, e, h, k, and
n): ×400.
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Figure 4: Characterization of cells at the surface of the peritoneum in theMGO-treated rats. In the parietal peritoneum, podoplanin-positive
cells (a, b), cytokeratin-positive cells (c, d), and 𝛼-smooth muscle actin-positive cells (e, f) were analyzed by immunostaining. Podoplanin-
positive cells are indicated by arrows (a). MGO-treated rat: (a, c, and e). Control rat: (b, d, and f). Magnification: ×400.

from mesothelial cells by EMT and these cells are a hallmark
of EPS [20, 21]. In the present study, basophilic spindle-
shaped cells with podoplanin, cytokeratin, and 𝛼-SMA pro-
liferated excessively in the MGO-treated rats. Podoplanin,
cytokeratin, and 𝛼-SMA are markers for activated mesothe-
lium, mesothelial cells, and mesenchymal cells, respectively.
The basophilic spindle-shaped cells may be derived from
mesothelial cells by EMT-like change. On the other hand,
Hou et al. reported that podoplaninwas expressed on a subset
of F4/80(+) macrophages, a subset which they have termed
fibroblastic macrophages [22]. Miyamoto et al. reported that
podoplanin was an inflammatory protein upregulated in
Th17 cells [23]. In the present study, the podoplanin-positive
basophilic spindle-shaped cells at the surface of peritoneum
may be derived from fibroblastic macrophages or Th17 cells.
Additional studies are needed to clarify the origin of the
spindle-shaped cells.

There is little evidence about podoplanin-positive spin-
dle-shaped cells, even though podoplanin might be a suitable
morphologicalmarker supporting the diagnosis andmight be
involved in the pathogenesis of EPS. To our knowledge, the
present study is the first to report that podoplanin-positive
spindle-shaped cells are induced in PD animal models.
The MGO-induced peritoneal injury model may provide
valid information about the mechanism of pathogenesis and
progression of peritoneal injury developing into EPS.

5. Conclusion

MGO induced the podoplanin-positive basophilic spindle
cells at the surface of the peritoneum in a peritoneal injury
animal model.This animal model may reflect the progression
of peritoneal injury of human PD patients, so additional
studies using this animal model may contribute to clarifying
the mechanism of peritoneal deterioration.
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Individuals with X-HIGM syndrome fail to express functional CD40 ligand; consequently they cannot mount effective protective
antibody responses against pathogenic bacteria. We evaluated, compared, and characterized the humoral immune response of wild
type (WT) and C57-CD40L deficient (C57-CD40L−/−) mice infected with Citrobacter rodentium. Basal serum isotype levels were
similar for IgM and IgG3 among mice, while total IgG and IgG2b concentrations were significantly lower in C57-CD40L−/− mice
compared with WT. Essentially IgG1 and IgG2c levels were detectable only in WT mice. C57-CD40L−/− animals, orally inoculated
with 2×109 CFU, presented several clinical manifestations since the secondweek of infection and eventually died. In contrast at this
time point no clinicalmanifestations were observed amongC57-CD40L−/−mice infectedwith 1×107 CFU. Infectionwas subclinical
in WT mice inoculated with either bacterial dose. The serum samples from infected mice (1 × 107 CFU), collected at day 14 after
infection, had similar C. rodentium-specific IgM titres. Although C57-CD40L−/− animals had lower IgG and IgG2b titres thanWT
mice, C57-CD40L−/− mice sera displayed complement-mediated bactericidal activity against C. rodentium. C. rodentium-infected
C57-CD40L−/− mice are capable of producing antibodies that are protective. C57-CD40L−/− mouse is a useful surrogate model of
X-HIGM syndrome for studying immune responses elicited against pathogens.

1. Introduction

The hyper IgM syndromes (HIGM) are a group of primary
immune deficiency disorders which are the result of a
variety of genetic defects affecting the interaction between
T-lymphocytes and B-lymphocytes, including class switch
recombination and somatic hypermutation [1]. Among these
HIGM syndromes the X-linked HIGM syndrome (X-HIGM)
is the most frequently identified accounting for about 65 to
70% of all cases. X-HIGM syndrome results from mutations
in the cd40l gene that encodes for the CD40 ligand (CD40L)

molecule [2]. CD40L is an inducible type II membrane
glycoprotein, found on the surface of T cells after antigen
stimulation that binds to the CD40 molecule on B cells.
CD40-CD40L interaction plays a major role in isotype
switching, induction of B and T cell proliferation, B cell
affinity maturation, and germinal centre formation [3]. Cases
of X-HIGM have been described in industrialized countries
[4] and also in less developed areas of the world, as India
and Latin America [5–7]. In a study conducted in six Latin
American countries, including Mexico, of a total of 58
patients with HIGM clinical features, 37 had genetic defects;
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of these 35 patients hadCD40L deficiencies [6], revealing that
X-HIGM is as well themost frequentHIGM syndrome in this
region.

X-HIGM patients are characterized by low IgG and IgA
serum concentrations and normal or elevated IgM concen-
trations [1]. In addition, X-HIGM patient’s lymph nodes
lack germinal centres and their antigen-specific responses
may be decreased or are absent [1]. Patients develop clin-
ical symptoms by age one year, and more than 90% are
symptomatic by age four years [1, 8]. The range of clinical
findings varies, even within the same family, and includes
recurrent upper- and lower-respiratory tract bacterial infec-
tions, opportunistic infections, and recurrent or protracted
diarrhoea [1]. Diarrhoea syndromes occur in over 50% of
patients [2]. Cryptosporidium parvum has been the most
common pathogen isolated from faeces of X-HIGM patients
with diarrhoea from industrialized countries [1, 2], while it
has been reported thatGiardia lambliawas themost common
pathogen identified in X-HIGM patients from Latin America
[6]. However, in at least 50% of X-HIGM patients with
recurrent or protracted diarrhoea no infectious agent can
be detected [8]. This could be due to the fact that not all
enteric pathogens are sought out. For instance, diarrheagenic
Escherichia coli (DEC) are major pathogens associated with
both acute and protracted bacterial diarrhoea worldwide,
even so E. coli strains isolated from diarrhoeal stool samples
are still considered commensal flora [9]. Hence, potentially
DEC could be an important unknown cause of diarrhoea
among X-HIGM patients.

In 1994, two C57BL/6 CD40L-deficient mice (C57-
CD40L−/−) were developed by two independent groups [10,
11]. As in humans C57-CD40L−/− mice are characterized
by low serum concentrations of IgG and IgA but normal,
lower, or higher serum concentrations of IgM [10–12]. The
C57-CD40L−/− mice have been successfully used to develop
infection models of human intestinal pathogens including,
for example, C. parvum, one of the most common pathogens
identified among X-HIGM patients [13], and enterotoxigenic
E. coli, a DEC pathotype [12]. Citrobacter rodentium is a
natural noninvasive intestinal pathogen ofmice that produces
deathly diarrhoea in suckling mice and causes transmissible
subclinical colonic hyperplasia in adultmice [14, 15]. Further-
more, C. rodentium mouse infection model has become the
“gold standard” animal model for investigating the virulence
mechanisms of pathogens producing the attaching-and-
effacing (A/E) lesion [14, 16, 17]. A/E bacteria encompass the
human enteric pathogens, enteropathogenic E. coli (EPEC)
and enterohaemorrhagicE. coli (EHEC).C. rodentium studies
have demonstrated that mice systemic pathogen-specific IgG
and CD4+ T cell responses are required for survival and
resolution of bacteria colonizing the gut epithelium [18–20].
Furthermore, protective serum antibody responses in acute
C. rodentium infection consisted of pathogen-specific IgM
and IgG2b/IgG2c responses; these profiles are consistent with
complement-fixing antibodies [20]. Therefore, the aims of
this study were to evaluate and compare the oral infection
C. rodentium in WT and C57-CD40L−/− mice and their
systemic antibody response against this pathogen, as well as

to establish if C57-CD40L−/− mice are capable of producing
complement-fixing antibodies against C. rodentium.

2. Materials and Methods

2.1. Animals. Five- to eight-week-old female and male wild
type (WT) C57BL/6 mice and C57-CD40L−/− mice, derived
from a C57BL/6 background, were used (Jackson Laboratory
BarHarbor,Maine, USA).Mice came from colonies that were
specific-pathogen-free and sentinel animals were screened
for commonmurine pathogens every 6months or once a year.
All animals were housed in autoclaved microisolator filtered
cages, with sterile bedding and free access to sterilized food
and water. During the experiments the cage beddings were
changed daily. All experimental procedures were reviewed
and approved by the CINVESTAV-IPN animal Ethical Com-
mittee.

2.2. Bacterial Strain and Inoculum Preparation. Citrobacter
rodentium strain DBS 100 was used in all experiments, and
this strain was kindly provided by Dr. Jose Luis Puente
(Department ofMolecularMicrobiology, Institute of Biotech-
nology, UNAM,Mexico).Citrobacter rodentiumwas cultured
on MacConkey agar for 18–24 h at 37∘C. Briefly, one colony
was grown overnight in 5mL of Luria-Bertani (LB) broth at
37∘C without shaking. Next day 1mL of bacterial culture was
resuspended in 50mL of fresh LB broth, was incubated with
shaking at 37∘C for additional 4 h, and thenwas centrifuged at
13,000 rpm and the pellet was washed twice and resuspended
in 1mL of sterile physiological saline (SPS). Bacterial con-
centration was determined by measuring the optical density
(OD) at 600 nm (Smart Spec 3000, Biorad), one OD = 5 ×
108 CFU/mL. Finally, the bacterial suspension was adjusted
to the concentration required for the experiments in a final
volume of 50 𝜇L.

2.3. Mice Inoculation. Mice were fasted for 6 h before oral
inoculation, via a feeding needle, with C. rodentium. The
inoculation dose was verified retrospectively by plating serial
dilutions on trypticase soy agar plates and enumerating
colonies. Sham controls were administered with an equal
volume of SPS (50 𝜇L).

2.4. Monitoring of Faecal Shedding of Citrobacter roden-
tium. To determine bacterial numbers in the stools, faecal
pellets were collected from individual mice, weighed, and
homogenised in 1mL of SPS. Bacterial homogenates serial
dilutions were plated on MacConkey agar and colony-
forming units (CFU) were determined after overnight incu-
bation at 37∘C. C. rodentium colonies (pink-red centre
with a transparent rim, slightly translucent) were selected
and their identity was confirmed by a specific intimin-B
protein gene (eaeB) PCR developed by us. We prepared
bacterial lysates by resuspending single colonies in 1mL of
deionized water (Milli-Q System, Millipore, Bedford, MA),
boiled for 1min, and then freezing them until needed.
Based on the C. rodentium intimin B gene sequence (Gen-
Bank accession number AF311901) the following primers
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were designed: 5-tgagcgcccggcaaatggtt-3 (forward) and 5-
tgtgcgctttggcttccgct-3 (reverse). Briefly 1 𝜇L of bacterial
lysate and primers in a final concentration of 0.2 𝜇M were
added to a PCR tube that contained 24 𝜇L of reaction mix
whose concentration has been previously described [21] and
subjected to the following cycling conditions: 50∘C (2min,
1 cycle); 95∘C (5min, 1 cycle); 95∘C, 50∘C, and 72∘C (45 s
each temperature, 40 cycles) and a final extension step
(10min, 72∘C) in a thermal cycler (iCycler System, Bio-Rad
Laboratories, Inc., Hercules, CA). A 555-bp PCR product
was visualized by agarose gel electrophoresis and ethidium
bromide staining.

2.5. Histological Analysis. Mice were sacrificed by cardiac
exsanguination under chloroform effect at day 14 after inoc-
ulation and the colons were removed. Segments (1 cm) of
terminal colon from each mouse were collected, longitudi-
nally cut, and pinned out flat with the mucosal side up. The
tissues were fixed in 4% paraformaldehyde in PBS for 48 h at
room temperature, dehydrated by gradient ethanol, cleared
by xylene, and embedded in paraffin. Sections of 5 𝜇m were
prepared and stained with haematoxylin and eosin. Sections
were evaluated for changes in the mucosal architecture and
the presence of an inflammatory infiltrate. Villus high was
measured on ten villi in each slide, three slides per mice
strain.

2.6. Citrobacter rodentium Whole-Cell Sonicate Preparation.
The bacterium was grown as described above (see bacte-
ria strain and inoculum preparation section). The bacteria
culture was centrifuged at 13,000 rpm and the pellet was
washed twice with phosphate-buffered saline pH 7.4 (PBS).
Then the bacterial pellet was resuspended in 5mL of PBS and
subsequently sonicated five times by periods of 1 min, pulse
each 10 s, and 40 𝜇m wave amplitude (ultrasonic processor).
The bacterial sonicate was centrifuged at 13,000 rpm for
10min and the supernatant was used for ELISA assays.
Protein concentrationwas assessed by Bradford test (Bio-Rad
500-0006).

2.7. Determination of Total Basal Immunoglobulin Concen-
trations. Mice blood samples were collected from the mice
tail vein and centrifuged, and serum aliquots were frozen at
−70∘C until tested. Total basal IgM, IgG, and IgG subclasses
and IgA concentrations were determined in the serum by
comparing the values of test sample dilution series in ELISA,
with isotype-specific control standard curves (Cappel 50335,
Jackson Immunoresearch 015-000-003, and Cappel 50325
for the IgM and IgG-IgG subclasses and IgA, resp.). Briefly,
individual wells of flat bottom ELISA plates (Corning Inc.,
Costar 3590) were coated with 60 𝜇L of capture antibody
for IgM (Jackson Immunoresearch 715 005-140), for IgG
and IgG subclasses (ZYMED 61-6400) and IgA (Southern
Biotech 1165-01), in a final concentration of 1.0 𝜇g/mL in
carbonate-bicarbonate buffer pH9.6 and incubated overnight
at 4∘C. Then plates were washed with 0.1% v/v Tween 20 in
phosphate-buffered saline (PBS-T) and subsequently blocked
with 1% BSA in PBS-T (blocking solution) for 1 h at 37∘C.

Table 1: Serum dilutions to determine basal immunoglobulin
concentrations.

Immunoglobulin Serum dilutions
WT C57-CD40L−/−

IgA 1 : 500 and 1 : 1000 1 : 250 and 1 : 500
IgM and total IgG 1 : 4000 and 1 : 8000 1 : 4000 and 1 : 8000
IgG1 1 : 1000 and 1 : 2000 1 : 250 and 1 : 500
IgG2c 1 : 250 and 1 : 500 1 : 250 and 1 : 500
IgG2b 1 : 2000 and 1 : 4000 1 : 1000 and 1 : 2000
IgG3 1 : 1500 and 1 : 3000 1 : 1500 and 1 : 3000
WT = wild type mice.

Then 60 𝜇L of serum samples diluted in blocking solution
was added in duplicate into wells for 1 h at 37∘C. Serum
samples were diluted according to the Ig to be evaluated
(see Table 1). Followed by washing and incubation with
respective anti-mouse Ig-horseradish peroxidase conjugated
secondary antibodies diluted 1 : 1000 in blocking solution
for IgM (Pierce, 31440), IgG (Invitrogen, G21040), and IgA
(Sigma A 4789) and 1 : 4000 for IgG subclasses (IgG1, IgG2b,
IgG2c, and IgG3, SouthernBiotech, 1070-05, 1090-05, 1079-
05, and 1100-05, resp.). All assays were developed using ABTS
peroxidase substrate system (Sigma, A1888) and plates were
read at 405 nm on an ELISA reader (Tecan, Sunrise). OD
shown by the background controls was subtracted from the
OD of each test sample.

2.8. C. rodentium-Specific Antibody Titres. At postinocula-
tion selected times mice blood samples were collected from
the mice tail vein and centrifuged and serum aliquots were
frozen at −70∘C until tested. Microtiter plates were coated
overnight at 4∘C with 60𝜇L of carbonate-bicarbonate buffer
pH 9.6 containing whole-cell sonicate lysate (10 𝜇g/mL). The
plates were washed with PBS-T and blocked with blocking
solution 1 h, 37∘C. Then serially diluted serum in blocking
solutionwas added in duplicate and incubated 1 h at 37∘C.The
next steps were developed as described above.

2.9. Western Blot Analysis. For immunoblots, C. rodentium
whole-cell sonicate (35𝜇g per well) boiled and unboiled was
resolved in 10% SDS-PAGE gels (90V, 400mA for 110min)
and transferred to nitrocellulose membranes (90V, 400mA
for 2 h). The membranes were blocked with PBS Tween 20
0.5%, plus BSA (10mg/mL), dextrose 1M, and 10% (v/v)
of glycerol (blocking solution) overnight at 4∘C by slow
shaking. Membranes were incubated with serum diluted
1 : 200 overnight at 4∘C. After incubation, membranes were
washed (10min per wash) in PBS-T 0.1% three times and
three times with PBS. Then membranes were incubated for
2 h at room temperature with anti-mouse Ig-horseradish
peroxidase conjugated secondary antibodies for IgM (Pierce,
31440) and IgG (Invitrogen, G21040) diluted 1 : 1000 in block-
ing solution. After this period the membranes were washed
oncemore as previously described. HRP-bound antibodywas
developed with Western Blotting Luminol Reagent (Santa
Cruz) and visualized using a ChemiDocTMMP system (Bio-
Rad).
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2.10. Complement-Dependent Bactericidal Antibody Assays.
Mice serum to be tested was heat-inactivated by incubation
at 56∘C for 30min and was diluted in Hanks’ solution.
WT mouse serum was first diluted in 1 : 100, followed by a
1 : 500 dilution and then twofold dilutions until 1 : 16000. C57-
CD40L−/− mouse serum was first diluted 1 : 50, followed by
twofold dilutions until 1 : 1600. Then 30𝜇L of each dilution
was added to a tube containing 20𝜇Lof a bacterial suspension
(1000± 10) and incubated at 37∘C for 30min. After this period
50𝜇L of exogenous complement (guinea pig serum 10% in
Hanks’ solution) was added to each tube and incubated at
37∘C for 30min. Both incubations were done in a shaker at
25 rpm. To each tube 900𝜇L of Hanks’ solution was added
and then diluted 1 : 10, and 100 𝜇L was taken and plated
on trypticase soy agar plates, in duplicate, and incubated
overnight at 37∘C. Next day the number of CFU per plate
was determined. The serum bactericidal antibody titre was
defined as the reciprocal of the highest serum dilution that
produced ≥50% killing in relation to the killing observed for
the negative control (viable-bacteria count control). In order
to validate the bactericidal activity four negative controls
were included in all assays: (1) viable-bacteria count control
(bacteria suspension without serum or guinea pig com-
plement), (2) inactivated serum control (inactivated serum
and bacteria suspension without guinea pig complement),
(3) guinea pig complement control (guinea pig complement
and bacteria suspension without serum), and (4) inactivated
guinea pig complement control (inactivated guinea pig com-
plement, inactivated serum, and bacteria suspension).

2.11. Statistical Analysis. Kolmogorov-Smirnov test was used
to determine the data distribution. The paired Student’s 𝑡-
test was used to compare normally distributed values from
groups of mice. The nonparametric Mann-Whitney test was
used to compare nonnormally distributed values. Differences
with a 𝑃 value < 0.05 were considered significant. GraphPad
Prism software (version 5.0) was used to generate graphs and
to analyse the data.

3. Results

3.1. Citrobacter rodentiumCourse of Infection inWildType and
C57-CD40L−/−Mice. InWTmiceC. rodentium infection has
been well characterized but has not been described in C57-
CD40L−/− mice. Therefore, a set of mice of each strain was
orally inoculated with a dose of 2 × 109 CFU of C. rodentium
(a dose that already has been standardized for this model
of infection). Mice were followed up until day 39; stools
were collected daily for 18 days and every other day until
day 39. CFU per gram of faeces (CFU/g) were similar in
both mice strains during the first week of infection, though
C57-CD40L−/− faeces were softer compared with WT faeces
(Figures 1(a) and 1(b)). During the second week of infection
once more both mice strains had similar CFU/g; even so,
C57-CD40L−/−mice presented several clinicalmanifestations
such as weight loss, dehydration, coat ruffling, hunched
posture, and listlessness. As shown in Figure 1(b), all three
C57-CD40L−/− mice died (the first one at day 17, the second

at day 29, and the last one at day 39).WTmice only produced
soft faeces at week two but did not present any other clinical
manifestation during the entire experiment.

3.2. Citrobacter rodentium Infection in WT and C57-
CD40L−/− Mice with a Dose of 5 × 108 and 1 × 107. In order
to minimize the observed clinical manifestations induced by
a dose 2×109 CFU in C57-CD40L−/− two lower C. rodentium
infectious doses were tested. Both mice strains were orally
inoculated with 5 × 108 CFU and followed up for 14 days.
Stools were collected daily and both strains had similar
numbers of CFU/g (Figure 2(a)). As with the dose of 2 ×
10
9 CFUC57-CD40L−/−mice produced soft faeces during the

first week and oncemore during the second week of infection
several clinical manifestations were observed. Therefore, a
dose of 1 × 107 CFU was tested, animal were followed up for
14 days, and it was observed that C. rodentium CFU/g among
mice strains was not significantly different (Figure 2(b)).
Even though, during the first week of infection, all C57-
CD40L−/− mice had soft faeces, none presented any other
clinical manifestations during the second week of infection.
As with the dose of 2 × 109, infection was subclinical in WT
mice inoculated with either bacterial dose.

3.3. Morphological and Histological Evaluation of Colons at
14 Days after Infection. A hallmark feature of C. rodentium
infection is colonic hyperplasia measured as an increase in
crypt and villus high that is maximal after 10–14 days after
infection [15, 22]. Other features of inflammation due to
C. rodentium infection are decreased in colon length and
increase in colon weight [23]. In order to establish if there
were morphological and histological differences among mice
strains after C. rodentium infection with 1 × 107 CFU, both
mice strains were inoculated with a dose 1 × 107 CFU and
control mice with sterile physiological saline (SPS). Then at
day 14 after infection all mice were sacrificed and colons
were removed. Colons from infected C57-CD40L−/− mice
were shorter (𝑃 = 0.009) compared with colons of infected
WT mice (Figure 3(a)). Difference in colon weight and villi
high was pronounced between C. rodentium-infected mice
(𝑃 < 0.001) and uninfected mice (Figures 3(b) and 3(c)). On
the other hand, villi of infected WT were significantly higher
(𝑃 = 0.0022) than in C57-CD40L−/− mice (Figure 3(c)).
Histological analysis of colonic tissue of infected animals
showed a mixed cellular infiltrate mostly in the submucosa
but also some in the lamina propria. Surface epithelial erosion
although present in both mice tissues was slightly more
evident in C57-CD40L−/− mice (Figure 3(d)).

3.4. Basal Total Concentrations of Serum Immunoglobulins.
Serumwas collected from 17WT and 19 C57-CD40L−/− adult
mice (5- to 7-week-old), and isotype concentrations were
determined by ELISA. IgM and IgG3 levels were essentially
identical betweenmice strains (Figures 4(a) and 4(b)). Serum
concentrations of IgA, total IgG, IgG1, 1gG2b, and IgG2c
were significantly lower (𝑃 < 0.0001) in CD40L deficient
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Figure 1: Course of C. rodentium infection in wild type (WT) and C57-CD40L−/− mice. (a) WT mice (black lines) and (b) C57-CD40L−/−
mice (grey lines) were orally inoculated with 2 × 109 CFU of C. rodentium and faecal bacterial numbers were determined. CFU/g of faeces
per day and per mouse was plotted. While WT mice infected with 2 × 109 CFU of C. rodentium cleared bacterial infection, C57-CD40L−/−
mice died.
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Figure 2: C. rodentium infection in WT and C57-CD40L−/− mice. WT (black lines) and C57-CD40L−/− mice (grey lines) were orally
inoculated with 5 × 108 (a) and 1 × 107 (b) CFU of C. rodentium. Mean CFU/g of faeces per day and per mice strain was plotted. WT =
wild type. No significant differences were observed between CFU per mice strain.

mice compared with isotype concentrations of WT (Figures
4(a) and 4(b)). The overall isotype concentration decrease
betweenWT and C57-CD40L−/−mice was as follows: 51% for
IgG2b, 65% for IgA, 69% for total IgG, 93% for IgG2c, and
96% for IgG1.

3.5. C. rodentium-Specific Serum Antibodies. C. rodentium
infected WT mice characteristically develop strong
pathogen-specific serum IgM responses that peak approxi-
mately 2 weeks after oral inoculation with this pathogen,
while IgG responses rise above baseline and peak over
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Figure 3: Morphological and histological analysis. Colons of wild type (WT) (𝑛 = 6) and C57-CD40L−/− (𝑛 = 6)mice uninfected and orally
inoculated with 1 × 107 CFU of C. rodentium were removed at day 14 after inoculation (p.i.). (a) Colon length. Infected C57-CD40L−/−mice
colons lengths were significantly shorter than colons of infectedWTmice. (b) Colonweight. Colons of infected-WT and -C57-CD40L−/−mice
weighted more compared with colons of uninfected mice. (c) Villi high. Intestinal villi of both infected mice strains were significantly higher
than villi of uninfected mice. Villi of infected WTmice were higher compared with villi of infected C57-CD40L−/− mice. Mean comparisons
were done by paired Student’s 𝑡-test. (d) Hematoxylin and eosin stained sections of distal colons. Arrows denote submucosal inflammatory
cellular infiltrates and epithelial damage in the mucosa of infected mice.

subsequent weeks [24]. The serum samples of mice
inoculated with 1 × 107 CFU were collected at day 14
after inoculation and tested by ELISA using C. rodentium
whole-cell sonicate as antigen. IgM-titre againstC. rodentium
was similar in both mice strains (Figure 5(a)). WT-infected
mice produced significant higher concentrations of specific
C. rodentium total IgG (𝑃 = 0.0045) and IgG2b (𝑃 = 0.0345)
antibodies than CD40L deficient-infected mice (Figures 5(b)
and 5(c)). At this time point, IgG2c C. rodentium specific
antibodies were produced just above baseline by WT mice
and were undetectable in C57-CD40L−/− mice (Figure 5(d)),

and IgG1 and IgG3 anti-C. rodentium antibodies were
undetectable in both mice strains.

3.6. Complement-Mediated Bactericidal Activity of Mice
Serum against C. rodentium. The protective serum antibody
response in acuteC. rodentium infection inWTmice consists
of complement-fixing IgM and IgG2b/IgG2c antibodies [20].
Therefore, a serum bactericidal assay to measure antibody-
dependent complement-mediated killing was implemented.
Mice inoculated with a 1 × 107 CFU were bled at day 14 after
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Figure 4: Basal Ig isotypes sera concentrations ofWT (𝑛 = 17) andC57-CD40L−/− (𝑛 = 19)mice. (a) Basal IgM, IgG, and IgA concentrations.
Ig concentrationswere determined by extrapolation from a standard curve.The totalmean IgMconcentrationwas similar amongmice strains.
Total IgG and IgA serum concentrations of C57-CD40L−/− were significantly lower than concentrations ofWTmice. (b) Basal IgG subclasses
sera concentrations. IgG3 levels were essentially identical between the two groups and all other subclasses concentrations were significantly
higher in WT than in CD40L deficient mice. Mean comparisons were done by Mann-Whitney 𝑈-test. WT = wild type.

inoculation. The sera of 11 immune C57-CD40L−/− mice and
12 WT mice were tested in the bactericidal assay. All tested
serum samples had bactericidal activity with the exception of
a serum fromaCD40Ldeficientmouse.As shown in Figure 6,
WT serum bactericidal titres were significantly higher (𝑃 <
0.0001) compared with bactericidal titres of C57-CD40L−/−
mice.

3.7. Western Blots. In order to identify specific antigens of
C. rodentium whole-cell sonicate and serum from three
individual mice per group were probed by Western blotting.
Figure 7 shows a representative Western blot for each serum
mice strain revealing that both C57-CD40L−/− and WT
mouse reacted against various antigens. However, the genesis
of certain isotypes against C. rodentium antigens was clearly
CD40L dependent (Figure 7). For instance, when boiled soni-
cates were used as an antigen in immunoblot assays, IgManti-
bodies from infected WT mice recognized predominantly
three bands (∼50 kDa, ∼42 kDa, and ∼37 kDa) while only one
band (∼37 kDa band) of the three was recognized by the IgM
antibodies of infected CD40L deficient mice. Moreover, it
seems that CD40L-independent IgM and IgG antibodies are
predominately directed towards the same antigens present in
unboiled and boiled C. rodentium sonicates, compared with
CD40L-dependent IgM and IgG antibodies (Figure 7).

4. Discussion

Individuals with X-HIGM syndrome fail to express func-
tional CD40L and as a consequence they cannot mount an

effective protective antibody response to opportunistic bacte-
rial infections. During the nineties, two independent groups,
developed C57-CD40L deficient mice and their humoral
immune responses, were characterized [10, 11]. Over 50%
of X-HIGM patients had recurrent or protracted diarrhoea.
However, little is known of the systemic humoral immune
response induced in X-HIGM patients against intestinal bac-
terial pathogens. In the present study we have characterized
the humoral immune response of C57-CD40L−/−mice before
and after C. rodentium infection. C. rodentium is a mouse
noninvasive pathogen that produces diarrhoea and causes
transmissible colonic hyperplasia in suckling and adult mice,
respectively [15].

Infection of WT adult mice with a dose of 2 × 109 C.
rodentium CFU has been shown to be a subclinical self-
limiting infection that produces sterilizing immunity. C.
rodentium first colonizes the caecum, followed by a peak of
bacteria load around days 7–10 after infection and complete
clearance of the pathogen in the stools occurs 6 weeks
after infection [22]. In this study when C57-CD40L−/− mice
were orally inoculated with 2 × 109 CFU, several clinical
manifestations were observed (weight loss, dehydration, coat
ruffling, hunched posture, and listlessness) since the second
week of infection and eventually died. It has been shown
that C. rodentium-specific IgG and CD4+ T cell responses
are required for WT mice survival and resolution of bacteria
colonizing the gut epithelium [18–20]. Therefore, our results
suggest that C. rodentium-infected C57-CD40L−/− mice do
not produce pathogen-specific T cell-dependent antibodies.
So far it has been shown that CD40L deficient mice do not
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Figure 5: C. rodentium-specific sera antibodies of wild type (WT) (𝑛 = 6) and C57-CD40L−/− (𝑛 = 6)mice. Mice orally inoculated with 1 ×
10
7 CFU ofC. rodentiumwere bled at day 14 after inoculation. Each point of these curves represents themean ± SD of the OD determinations.

(a)The specific IgM titres were essentially identical between the two groups. ((b) and (c))The specific IgG and IgG2b titres were significantly
lower for C57-CD40L−/− mice than WT mice. (d) IgG2c specific antibodies of both WT and C57-CD40L−/− mice were just above baseline
and IgG1 and IgG3 isotypes were undetectable. Antibody titres are presented as means and data was analysed by Mann-Whitney 𝑈-test. OD
= optical density, (1 : 𝑛) = dilution factor.

produce specific IgG antibodies against TNP-KLH, a T cell-
dependent antigen [10, 11]. In agreement, in this study, basal
serum T-dependent IgGI and IgG2c isotypes were almost
undetectable in C57-CD40L−/− mice whereas T-independent
Ig2b levels were only 49% less than that in WT mice. Overall
these results are in accordance with previous reports of basal
serum isotype levels in C57-CD40L−/− [10–12].

As expected immunoblots revealed that infected-WT
mice serum recognized more antigens compared with
infected-C57-CD40L−/− serum. Interestingly, immunoblot
analysis revealed that CD40L-independent IgM and IgG anti-
bodies are predominately directed towards the same antigens
present in unboiled and boiled C. rodentium sonicates. Thus
CD40L deficient mice are capable of generating C. rodentium

IgG specific antibodies independent of CD40-CD40L inter-
actions and these antibodies are towards the same antigens
recognized by IgM. In the present study a ∼37 kDa protein
was strongly recognized by C. rodentium-infected CD40
deficient mice sera (Figure 7). We speculate that maybe this
∼37 kDa protein could be EspB, a 37KDa protein secreted by
pathogens producing A/E lesion as C. rodentium, EPEC, and
EHEC [25, 26]. EspB has been shown to play an important
role in adherence, pore formation, and effector translocation
during infection [26]. EspB has also been reported to interact
with EspA and EspD [26] simultaneously, and the complexes
formed by these three proteins participate in the initial step
of bacterial adherence [26]. Nevertheless, the chemical and
exact identity of the major C. rodentium antigens that were
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Figure 6: Complement-mediated bactericidal activity. Mice were orally inoculated with 1 × 107 C. rodentium CFU and were bled at 14 days
after inoculation. Both mice sera had bactericidal activity; C57-CD40L−/− mice (𝑛 = 11) sera had significantly lower bactericidal activity
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Whitney 𝑈-test.
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Figure 7: Western blot analysis of C. rodentium antiserum of wild type mice (WT) and C57-CD40L−/− mice. Mice were orally inoculated
with 1 × 107 C. rodentium CFU and were bled at 14 days after inoculation. Whole cell lysates were resolved in 10% gels by SDS-PAGE, and the
serum was diluted 1 : 200. PL = protein ladder, UB = unboiled lysate, and B = boiled lysate.

differentially recognized by wild type and CD40L deficient
mice sera remains to be determined.

Antibody-mediated immune responses play a critical role
in the defence against extracellular pathogens. Hence, if
specific antibodies against C. rodentium are produced, it is
necessary to determine an infectious dose that minimizes
the observed clinical manifestations induced by C. rodentium
in C57-CD40L−/− mice. In the present study, no clinical
manifestations were observed among C57-CD40L−/− mice,
infected with 1 × 107 CFU, at the second week after inocula-
tion. It has been shown that C. rodentium-infected WT mice
characteristically develop strong pathogen-specific serum
IgM responses that peak approximately at two weeks after
infection [24]. Accordingly at this time point we observed

that C57-CD40L−/− infected mice mounted a similar serum
IgM specific response compared to infected WT mice. Like-
wise, at day 14 after inoculation CD40L deficient mice had
similar Borrelia burgdorferi-specific serum IgM antibodies
compared to control mice [27]. The importance of IgM in
the resolution of spirochaetaemia has been substantiated;
for example, mice that are incapable of secreting IgM failed
to clear the infection and mechanism as IgM-dependent
bacteria phagocytosis has been demonstrated [28]. On the
other hand, mice incapable of secreting IgM infected with
C. rodentium (5 × 108) successfully cleared C. rodentium
infection [29]. We observed that the major serum IgG
subclass produced by C. rodentium-infected CD40L deficient
mice was the complement fixing IgG2b antibody, though
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being in lower concentration than WT mice. Also IgG2b is
the most prevalent isotype produced in serum and faeces
of C. rodentium-infected WT mice at 15 days after infection
[20]. Several studies have shown C. rodentium-specific IgG
antibodies are required for WT mice survival and resolution
of bacteria colonizing the gut epithelium [20, 29].

It is well known that protective antibody response against
C. rodentium infection consists largely of complement-fixing
antibodies [20]. Therefore, we tested the serum from C.
rodentium-infected mice with a dose of 1×107, from the 14th
day after infection, in a complement-mediated bactericidal
assay. The serum from all animals (except from the serum
of a CD40L deficient mouse) displayed a complement-
mediated bactericidal activity against C. rodentium. Even
so, C57-CD40L−/− mice serum bactericidal antibody titres
were significantly lower than titres of WT. To the best of
our knowledge, this is the first study that shows that serum
from CD40L deficient mice has a complement-mediated
bactericidal activity. It remains to be determined if this
bactericidal activity provides a survival advantage to C.
rodentium infected CD40L deficient mice. It has been shown
that acute-phase serum transfer from infectedC57-CD40L−/−
mice with a high dose ofC. rodentium (5×108 CFU) provided
a survival advantage of some days to C. rodentium-infected
CD4 deficient mice recipients but failed to provide complete
protection [24]. On the other hand, transfer of serum from
B. burgdorferi-infected C57-CD40L−/− mouse prevented B.
burgdorferi infection in a severe combined immunodeficient
mouse [27]. Overall, our results suggest that T cells defects
due to the albescence of CD40L, which are important in
controlling intracellular pathogens, do not play a major role
in the clearance of C. rodentium and B. burgdorferi primary
considered to be extracellular pathogens [28].

Likewise serum pathogen-specific IgM and IgG antibod-
ies may have an important role in bacterial clearance in X-
HIGM patients. Accordingly, a serum, containing high levels
of IgM, from X-HIGM patient infected with Helicobacter
pylori displayed a 100% killing activity, when tested in a
complement-mediated bactericidal assay [30]. It has been
documented that sera from X-HIGM patients in addition to
normal or elevated concentrations of IgM also contain IgG
and IgA in low concentrations, but IgG3 levels are almost
normal [31]. IgG3 and IgM isotypes are the more efficient
complement-fixing human antibodies [28].Therefore, serum
from XIGH patients may exhibit a complement-mediated
bactericidal activity that could result in extracellular bacterial
clearance and disease resolving.

5. Conclusions

This study demonstrated that C57-CD40L−/− mouse is a
useful surrogate model of X-HIGM syndrome.

Since most infections in X-HIGM patients are chronic,
C57-CD40L−/− mice will help to study the immune response
elicited against human or surrogate human pathogens and
to implement treatments that hopefully will help pathogen
clearance in X-HIGM patients.
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of Hyper-IgM śındrome registry of the latin american society
for immunodeficiencies: novelmutation, unique infections, and
outcomes,” Journal of Clinical Immunology, vol. 34, pp. 146–156,
2014.

[7] A. Vargas-Hernández, L. Berrón-Ruiz, T. Staines-Boone et al.,
“Clinical and genetic analysis of patients with X-linked hyper-
IgM syndrome,” Clinical Genetics, vol. 83, no. 6, pp. 585–587,
2013.

[8] J. A. Winkelstein, M. C. Marino, H. Ochs et al., “The X-linked
hyper- IgM syndrome: clinical and immunologic features of 79
patients,”Medicine, vol. 82, no. 6, pp. 373–384, 2003.

[9] M. A. Croxen, R. J. Law, R. Scholz, K.M. Keeney,M.Wlodarska,
and B. B. Finlay, “Recent advances in understanding enteric
pathogenic Escherichia coli,” Clinical Microbiology Reviews, vol.
26, no. 4, pp. 822–880, 2013.

[10] B. R. Renshaw,W. C. Fanslow III, R. J. Armitage et al., “Humoral
immune responses in CD40 ligand-deficient mice,”The Journal
of Experimental Medicine, vol. 180, no. 5, pp. 1889–1900, 1994.

[11] J. Xu, T. M. Foy, J. D. Laman et al., “Mice deficient for the CD40
ligand,” Immunity, vol. 1, no. 5, pp. 423–431, 1994.

[12] R. Bernal-Reynaga, R. Thompson-Bonilla, C. Lopez-Saucedo,
M. Pech-Armenta, S. Estrada-Parra, and T. Estrada-Garcia,
“C57-CD40 ligand deficient mice: a potential model for entero-
toxigenic Escherichia coli (H10407) colonization,” Veterinary
Immunology and Immunopathology, vol. 152, no. 1-2, pp. 50–56,
2013.

[13] M. Cosyns, S. Tsirkin, M. Jones, R. Flavell, H. Kikutani,
and A. R. Hayward, “Requirement for CD40-CD40 ligand



BioMed Research International 11

interaction for elimination of Cryptosporidium parvum from
mice,” Infection and Immunity, vol. 66, no. 2, pp. 603–607, 1998.

[14] S. A. Luperchio and D. B. Schauer, “Molecular pathogenesis
of Citrobacter rodentium and transmissible murine colonic
hyperplasia,” Microbes and Infection, vol. 3, no. 4, pp. 333–340,
2001.

[15] S. W. Barthold, G. L. Coleman, R. O. Jacoby, E. M. Livestone,
and A. M. Jonas, “Transmissible murine colonic hyperplasia,”
Veterinary Pathology, vol. 15, no. 2, pp. 223–236, 1978.

[16] J. W. Collins, K. M. Keeney, V. F. Crepin et al., “Citrobac-
ter rodentium: infection, inflammation and the microbiota,”
Nature Reviews Microbiology, vol. 12, no. 9, pp. 612–623, 2014.

[17] E. Johnson and S. W. Barthold, “The ultrastructure of trans-
missible murine colonic hyperplasia,” The American Journal of
Pathology, vol. 97, no. 2, pp. 291–313, 1979.

[18] C. P. Simmons, S. Clare, M. Ghaem-Maghami et al., “Central
role for B lymphocytes and CD4+ T cells in immunity to
infection by the attaching and effacing pathogen Citrobacter
rodentium,” Infection and Immunity, vol. 71, no. 9, pp. 5077–
5086, 2003.

[19] L. Bry and M. B. Brenner, “Critical role of T cell-dependent
serum antibody, but not the gut-associated lymphoid tissue, for
surviving acute mucosal infection with Citrobacter rodentium,
an attaching and effacing pathogen,”The Journal of Immunology,
vol. 172, no. 1, pp. 433–441, 2004.

[20] C. Belzer, Q. Liu, M. C. Carroll, and L. Bry, “The role of specific
IgG and complement in combating aprimary mucosal infection
of the gut epithelium,” European Journal of Microbiology and
Immunology, vol. 1, no. 4, pp. 311–318, 2011.
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Mouse models have provided an essential platform to investigate facets of human diseases, from etiology, diagnosis, and prognosis,
to potential treatments.Muscular dystrophy (MD) is themost common human genetic disease occurring in approximately 1 in 2500
births.Themdxmouse, which is dystrophin-deficient, has long been used tomodel this disease. However, thismouse strain displays
a rather mild disease course compared to human patients. Themdxmice have been bred to additional genetically engineered mice
to worsen the disease. Alternatively, other genes which cause human MD have been genetically disrupted in mice. We are now
comparing disease progression from one of these alternative gene disruptions, the 𝛾-sarcoglycan null mouse Sgcg−/− on the DBA2/J
background, to the mdx mouse line. This paper aims to assess the time-course severity of the disease in the mouse models and
determine which is best for MD research.The Sgcg−/− mice have a more severe phenotype than themdxmice. Muscle function was
assessed by plethysmography and echocardiography. Histologically the Sgcg−/− mice displayed increased fibrosis and variable fiber
size. By quantitative Evan’s blue dye uptake and hydroxyproline content two key disease determinants, membrane permeability and
fibrosis respectively, were also proven worse in the Sgcg−/− mice.

1. Introduction

A satisfactory mouse model is required to fight the devastat-
ing effects of muscular dystrophy (MD). The mouse model
must mimic the human disease in etiology, pathology, and
potential therapy responses to be optimally useful. In the
experiments presented in this paper we directly compared the
progressive pathology of twoMDmousemodels side-by-side
to identify the most severe and therefore the most human-
similar and useful model. We produced comparative time-
courses of disease progression of the mdx and 𝛾-sarcoglycan
null mice (official nomenclature, 𝐷𝑚𝑑𝑚𝑑𝑥, and Sgcg−/−
D2) using quantitative membrane permeability and fibrosis
assessments, plethysmography, and echocardiography.

Muscular dystrophy in humans is caused by mutations
in a number of genes. The genes can be divided into 4
loosely aligned functional classes (1) dystrophin glycoprotein
complex (DGC), which includes dystrophin and the sarcogly-
cans (Figure 1(a)), (2) extracellular matrix genes, (3) nuclear

membrane genes, and (4) signaling molecules. By far the
most frequent mutations are found in the DGC component
dystrophin, these mutations cause Duchenne (DMD) or
Becker muscular dystrophies in humans and mdx in mice.
Mutations in the 𝛾-sarcoglycan gene of the DGC cause limb
girdle muscular dystrophy type 2C (LGMD-2C) in humans
and are designated Sgcg−/− in mice.

The pathology and treatments of human DMD and
LGMD-2C are severe and similar [1]. After the initial disrup-
tion of the DGC, disease progression follows a very similar
course (Figure 1(b)): (1) membrane permeability followed by
mislocalized calcium, nitric oxide, and other signaling moi-
eties, (2) repeated rounds of degeneration and regeneration,
(3) inflammation, (4) necrosis, and (5) replacement with
myofibroblasts and scar tissue leading to functional decline.
These events do not occur in strict sequence and in a single
muscle all of these events are occurring at the same time.The
mdx and Sgcg−/− mice also display the same disease progres-
sion, but as we will demonstrate at different severity levels.
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Figure 1:The dystrophin glycoprotein complex andmuscular dystrophy pathology inmice. (a)Muscular dystrophy can occur frommutations
in the genes that form the dystrophin glycoprotein complex. (b) Representative images demonstrating disease progression of muscular
dystrophy in a mouse model.

As DMD is the most common form of human muscular
dystrophy, the dystrophin deficient mdx mouse is the most
commonly used animal model to represent this disease.
The mdx mutation was spontaneously identified in a colony
of C57BL/10 mice [2]. It was later identified to be in the
dystrophin gene [3], which was also identified to be causative
for DMD [4]. The originally mutated mouse was identifiable
because the dystrophin gene is on the X-chromosome and the
original male could be assessed in the hemizygous state.

However, the mdx mouse model is not an adequate
representation of the human disease. The only muscle that
is consistently affected is the diaphragm, which shows mem-
brane permeability and fibrotic replacement [5]. In addition,
themdxmice have a peak of pathology at 4weeks old and oth-
erwise the mice have very little pathology (reviewed in [6]).

Additional genetic engineering and breeding have been
conducted to worsen the disease. A double knockout was
generated with both dystrophin and its homolog utrophin
deleted [7].These mice are severely affected and only half live
beyond 8 weeks old (Deconinck and [7]). Recently another
knock-out combination of both dystrophin and telomerase
also caused a very severe phenotype [8]. These two mouse
models do not reflect the etiology found in humans as
they require a second genetic mutation to attain a severe
phenotype. Dystrophin mutation in humans is sufficient to
induce a severe phenotype and, untreated, death before the
end of the third decade. While these models’ phenotypes
are severe, the causes of the severity are different than those
found in humans. These additional factors must then be
compensated for during investigations bringing into question
whether the research could be translated to patients.

The mouse model we are assessing is the genetically
engineered 𝛾-sarcoglycan (Sgcg−/−) null mutation [9] on the
DBA/2J (D2) background [10]. In the original publication, it
was identified that the Sgcg−/− mice on the mixed C57BL/6J-
129 background have a more severe cardiomyopathy than
the mdx mice [9]. It was then demonstrated that the Sgcg−/−
mutation is more severe when bred onto the D2 background
[10]. The D2 mice carry a naturally occurring in-frame
deletionwithin their Latent TGF𝛽Binding Protein 4 (LTBP4)
gene; the deletion segregates at a high level with severe
disease [11]. The deletion causes a further increase in the
already MD-elevated levels of active TGF𝛽, which caused
the excessive fibrosis observed in the Sgcg−/− D2 mice over
three other comparison strains [11].TheD2mouse strain also
carriesDyscalc, a naturally occurring gene locus.This locus is
linked to increased dystrophic cardiac calcinosis in numerous
mouse lines including the D2, compared to mice lacking
the Dyscalc gene locus [12]. Presence of the Dyscalc locus
is sufficient to induce calcified lesions as a result of calcium
deposits that accumulate after myofibers have necrosed, even
in the wild type D2 mice. The causative gene is still under
dispute, Abcc6 [13] or Emp3 [14]. While the products of
these genes are known their exact functions are still under
investigation. Additional breeding with the mdx mutation
demonstrated that the mdx mutation presents more severely
when bred onto the D2 background [15].

The ultimate usefulness of animal models is in the testing
of potential patient therapies. Currently MD patients receive
corticosteroids to diminish the skeletal deformities associated
with MD and to keep the patients mobile as long as possible.
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Corticosteroids have not been proven useful in the animal
models [16]; they have limited usefulness in humans as
well. They are associated with significant side-effects [17, 18]
and are not tolerated well for the long periods required for
this chronic disease [17, 18]. Recently, it is also advised to
prophylactically prescribe angiotensin receptor blockers or
angiotensin converting enzyme inhibitors (reviewed in [19]).
Angiotensin receptor blockers have shown efficacy in both
themdxmousemodel [20] and in humans [21]. Furthermore,
two of themost promising future therapies for a subset ofMD
patients are exon-skipping and read-through technologies
[22, 23]. Both of these therapies, now on the brink of phase
2 and 3 trials, have proven efficacious in restoring dystrophin
expression in themdxmousemodel [24].These two therapies
are examples frommanymore promising therapies justifying
the further production and use of MD mouse models.

2. Materials and Methods

Animals. Mice were housed following UIC, national and
international animal welfare protocols. A 12-hour light/dark
cycle is kept year round within the animal facility; food and
water are ad libitum. The mice are watched by the veterinary
staff of the Biological Research Laboratory at UIC. Animals
were housed 5 to a cage after weaning. DBA2/J (D2) mice
with the Sgcg+/− were graciously provided by Dr. Elizabeth
McNally. The mice have since been bred using Het (Sgcg+/−)
× Het breeding pairs and randomized selection of breeds to
reduce user induced genetic drift. Het × Het and Het × KO
(Sgcg−/−) breeding pairs were established to provide the nec-
essary animals for this study. Mdx mice were acquired from
Jackson Laboratories (Bar Harbor Maine); they were housed
in the animal facility to ensure identical environments.

Histology. Following harvest the tissues designated for paraf-
fin imbedding was placed into 1.5mL tubes filled with 1mL
of neutral buffered formalin. The fixed tissues were taken to
the UIC RRCHistology Core for paraffin imbedding, slicing,
Masons Trichrome, Pico Sirius Red, and H&E staining. The
resulting slides were imaged on an Aperio ScanScope CS
(Leica Biosystems, Nussloch Germany) whole slide imager.
Image Scope (Leica Biosystems) was used to visualize the
slide images for analysis. ImageJ was used to quantify fiber
size variability.

Evans Blue Dye (EBD). Two days before harvest eachmouse is
injectedwith EBD (SigmaAldrich) at 5𝜇L per gramof animal
weight. EBD at 10mg/mL in PBS was aliquoted and stored
at −20C. Following sacrifice, tissue samples were minced
and weighed in prelabelled 1.5mL tubes. The tissues were
frozen in liquid nitrogen and stored at −80C until processing.
Tissues to be assayed were removed from the −80 freezer
and 1mL of Formamide (Sigma Aldrich) was added to each
sample. The samples were then mixed by vortexing and
incubating at 55∘C for two hours. Following incubation the
samples are mixed again by vortexing and spun down at
3 k rpm for 1 minute. 200𝜇L of each sample and standards
in triplicate (0𝜇g, 0.625𝜇g, 1.25𝜇g, 2.5 𝜇g, 5 𝜇g, 10 𝜇g, and
20𝜇g of EBD) were transferred to a corresponding well in

a 96-well plate and then assessed on a Bio-Tek Synergy HT
plate reader at 620 nm. The standards are used to create a
linear fit equation, which is then used to calculate the ug EBD
concentration of each sample. The 𝜇g EBD concentration of
each sample is then divided by the initial tissue weight giving
a measure of 𝜇g EBD/mg tissue weight for each sample. All
samples are normalized to the kidney average to mitigate
possible injection errors and equalize the dose between mice.

Hydroxyproline Assay (HOP).TheHOP protocol used follows
a modified protocol from Flesch et al. [25]. Tissue samples
were minced and weighed in prelabelled 1.5mL tubes. 1mL
of 6M hydrochloric acid (Sigma Aldrich, St. Louis, MO) was
added to each tube. The tubes were heated at 105∘C for 3
hours. After the heating period the samples were removed
from the heat and left to cool to room temperature. 10 𝜇L
of each sample was added to a clean, labelled, 1.5mL tube
with 150 𝜇L of isopropanol. After being mixed, 75𝜇L of
Solution A (1 part chloramine T (70mg chloramine T (Sigma
Aldrich) + 1mL H

2
O) to 4 parts Acetate Citrate Buffer (57 g

of Sodium Acetate (Sigma Aldrich), anhydrous, 435mL of
1M NaOH, 33.4 g of Citric Acid (Sigma Aldrich), 385mL
of Isopropanol, water to 1 liter)) is added. The samples are
inverted twenty times and left to sit at room temperature for
10 minutes. Immediately following that, 1mL of Solution B (3
parts Ehrlich’s Reagent (3 g of p-dimethylaminobenzaldehyde
(Sigma Aldrich), 10mL of EtOH, 675 𝜇L of sulfuric acid
(Thermo Fischer Scientific, Waltham MA) (mixed in drop
by drop) to 13 parts isopropanol)) was added. The samples
are again inverted twenty times to mix and then immediately
placed into a 58∘C water bath. Following a 30 minute
incubation the samples are removed from the water bath,
quickly mixed, and then buried in ice to quench the reaction.
Cooled samples are then spun at 5 k for 1 minute, and 200𝜇L
of each sample is moved to a corresponding well in a 96-well
plate. Along with standards in triplicate (0, 50, 100, 500, 100,
500, 1000, and 2000mM Hydroxyproline (Sigma Aldrich))
the samples are assessed by a Bio-Tek Synergy HT (Bio-Tek,
Winooski VT) plate reader at 558 nm.The standards are used
to create a linear fit equation, which is then used to calculate
the mM hydroxyproline concentration of each sample. The
mM hydroxyproline concentration is then divided by the
initial tissue weight, giving a final mM hydroxyproline/tissue
weight (mg) concentration for each sample.

Plethysmography. Three days before harvest respiratory func-
tion was assessed for each mouse. The Buxco Small Animal
Plethysmography (Buxco/DSI, St. Paul MN) set-up, using
FinePointe (Buxco/DSI), was used. In brief, the machine is
calibrated before each day’s assessments.Mice are loaded into
chambers individually, given an adjustment period, and then
assessed for 15 minutes each. Each animal is assessed in at
least two chambers sequentially. Breath frequency (f ) was
used to cull extraneous data sets from any instances in which
the animal may have held its breath or breathed very rapidly.
This was done by finding the average f for each mouse per
total session. Standard deviation was calculated by Microsoft
Excel and any data sets falling outside of 1 standard deviation
were removed from that individual mouse’s data set.The new
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Figure 2: Consistent with severe pathology the Sgcg−/− D2 mice
weighed less that their wild type D2 controls throughout the 16
weeks. Wild type D2 mice weighed significantly more than the
Sgcg−/− D2 mice at 4 and 12 weeks. ∗𝑃 < 0.05 significance by
Student’s t-test versus Sgcg−/− D2 animals. 𝑛 = 4–20.

average for each mouse was then calculated. Enhanced pause
(Penh) is a mathematical comparison between early and late
expirations a higher value represents increased pathology due
to slower—more fibrotic—late expiration. It is calculated by
FinePointe as Penh = (PEF/PIF) × (Te/Rt − 1), where PEF is
peak expiratory height, PIF is peak inspiratory height, Te is
expiratory time, and Rt is time to expire 65% of the volume.

Echocardiography. Cardiac function was assessed by Dr.
Robert Gaffin of the UIC Center for Cardiovascular Research
Physiology Core Labs using a Vevo 2100, with the manufac-
ture’s supplied software.

Statistics. Statistical analysis was performed using Student t-
tests on Microsoft Excel.

3. Results

Multiple murine MD mouse lines have been utilized by
researchers to investigate the etiology, pathology, andpossible
treatments for various forms of this devastating disease. In
addition, various comparisons have also been conducted ([10,
15, 26] as examples) to identify the proper model for each
experiment. We now present data comparing two mutations
which model the most common form of MD that of MD
generated by mutations within the dystrophin-glycoprotein
proteins. We have time course comparisons of biochemical,
histological, and functional characterizations for themdx and
Sgcg−/− D2 mouse strains.

3.1. AnimalWeights. Animal weights are an initial test of MD
disease severity. It is well known that mild MD is associated
with an increase in animal mass. Alternatively, a more severe
MD is associated with decreased animal mass, likely as a
result of muscle atrophy [10, 27]. Others have reported that
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Figure 3:The Sgcg−/− D2mice displayed the most severe pathology
in histochemical assessments. By Pico Sirius Red staining the
quadriceps and diaphragm of the Sgcg−/− D2 displayed far more red
regions which correspond to fibrotic scarring than the mdx tissues.
The hematoxylin and eosin pictures demonstrated the same fibrosis.
The fibrosis in the cardiac left ventricles appeared quite similar
between the two genotypes. Both mouse models demonstrated
interstitial and perivascular fibrosis. Quadriceps and diaphragm
legend bars represent 400 𝜇m. Heart legend bars represent 200𝜇m.

the mdx mice gain weight with respect to their littermate
controls [27] indicating amild disease course and presumably
due to hypertrophy. We now show that the Sgcg−/− D2 mice
trend to lower weights than their WT controls at 4 and 12
weeks (Figure 2).We also show these animal weights to aid in
the comparative analysis of the functional assessments below.

3.2. Histologic Assessments. The Sgcg−/− D2 quadriceps mus-
cles have increased fibrosis, increased variation in fiber size,
and increased central nuclei compared to age matched mdx
mice (all 12 weeks old, Figure 3). In quadriceps the Pico
Sirius Red staining indicates increased red, fibrotic areas in
the Sgcg−/− D2 tissues (Figure 3). Similarly, the representative
hematoxylin and eosin (H&E) images demonstrate larger
blue/purple, fibrotic regions in the Sgcg−/− D2 mice in
quadriceps. Quadriceps muscles from two mdx and two
Sgcg−/− D2 mice were quantified for fiber size variability
(FSV) with ImageJ software. As only two quadriceps muscles
were compared, statistics were not performed. The Sgcg−/−

D2 mice had a wider variation in fiber size (Sgcg−/− D2; 3453
± 2023mm and mdx; 2470 ± 1830) indicating more ongoing
regeneration and a more severe phenotype.

As expected the diaphragms from both mouse groups
contained predominant interstitial fibrosis (central panels,
Figure 3) and were several cell layers thicker than wild type
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Figure 4:The Sgcg−/− D2muscles demonstrated significantly increased membrane permeability at 12 weeks old. (a) Sgcg−/− D2mice showed
statistically higher EBD in their Quadriceps at 12 weeks compared to the mdx mice. (b) Sgcg−/− D2 mice showed statistically higher EBD
in their Triceps-Brachii at 12 weeks compared to the mdx mice. (c) Sgcg−/− D2 showed statistically higher EBD in their Gastrocnemius and
Soleus at 8 and 12 weeks compared to themdxmice. (d) Sgcg−/− D2 Gluteus and Hamstrings showed higher EBD than themdxmice at 8, 12,
and 16 weeks. ∗𝑃 < 0.05 significance versus Sgcg−/− D2 animals. Sgcg+/+ D2 at 4, 12 weeks 𝑛 = 0, all others 𝑛 = 3–15.

(wild type images in [9, 10]). The Sgcg−/− D2 diaphragms
contained the most fibrotic areas by Pico Sirius Red staining
and the largest accumulation of blue/purple regions in the
H&E stained sections.

The cardiac ventricles appeared similarly affected by the
muscular dystrophy pathology. Both images demonstrate
interstitial and perivascular fibrosis. In addition the mdx
heart contains some myofibroblast replacement of myofibers
in the central portion of the H&E image.

3.3. Membrane Permeability. We assessed membrane perme-
ability by quantitatively measuring the amount of Evans blue
dye (EBD) that entered the damaged muscle fibers [10]. EBD
binds albumin and only enters damaged muscle fibers [28].
The Sgcg−/−D2 skeletalmuscle had significantly highermem-
brane permeability at 12 weeks across all four tissues assessed.
Additionally the Sgcg−/− D2 mice had greater membrane
permeability at 8 weeks in the Gastrocnemius/Soleus and
at 8 and 16 weeks in the Gluteus/Hamstrings. Interestingly
at 16 weeks an improvement in membrane permeability
was identified in all Sgcg−/− D2 skeletal muscles assessed
(Figure 4). The mdx disease was most severe at the 4-week

time point which was also followed by an improvement
(Figure 4). This result is consistent with published reports
that themdx limb based skeletal muscles are severely affected
at 4 weeks old and then improve [27, 29]. This indicates that
the Sgcg−/− D2 mice succumb more severely to early disease
pathology than the mdx mice and that both recover slightly
due to as yet unknown reasons.

3.4. Collagen Content. To assess fibrosis we performed a
quantitative hydroxyproline assay on the harvested muscles
[10]. Hydroxyproline is a modified amino acid, which is only
present in collagen and therefore is a quantitative marker
for intramuscular fibrosis.The Sgcg−/− D2muscles contained
the largest amount of hydroxyproline in all limb-based
muscles tested at almost all ages (Figure 5). This increase was
significant in quadriceps at 12 and 16 weeks, in triceps-brachii
at all times tested, Gastrocnemius/Soleus at 12 weeks, and
Gluteus/Hamstring at 12 weeks.The only point when themdx
tissue contained more hydroxyproline was at 4 weeks in the
gluteus/hamstring. Once again, the phenotype of the Sgcg−/−
D2 mice progressively worsened until 12 weeks of age and
then improved, while the mdx mouse phenotype improved
after 4 weeks of age.
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Figure 5: The Sgcg−/− D2 muscles were consistently more fibrotic than the age matchedmdxmice by hydroxyproline assay. Sgcg−/− D2 mice
showed significantly higher levels of Quadriceps fibrosis at 12 and 16 weeks versus the mdx mice and significantly more fibrosis than their
Sgcg+/+ D2 controls at 16 weeks. Sgcg−/− D2mice had significantly higher fibrosis content in their Triceps-Brachii at all-time points compared
to the mdx mice. At 12 weeks Sgcg−/− D2 mice have higher fibrosis content than the mdx mice in their Gastrocnemius/Soleus muscles. A
similar pattern was seen in the Gluteus/Hamstring muscle group, and the Sgcg−/− mice had significantly higher fibrosis content at 12 weeks
than the mdx mice. Sgcg−/− mice showed greater collagen content at 4, 8, and 12 weeks compared to the mdx mice. Additionally the Sgcg+/+

mice had higher collagen content than the Sgcg−/− mice at 16 weeks. ∗𝑃 < 0.05, #𝑃 < 0.001 significance versus Sgcg−/− D2 animals. Sgcg+/+

D2 at 4 and 12 weeks 𝑛 = 0; Sgcg+/+ D2 at 8 weeks 𝑛 = 2; all others 𝑛 = 3–16.

WT D2 mice displayed greater fibrosis at various time
points and across all tissues compared to the mdx mouse.
The D2 mouse line contains an in-frame deletion within the
LTBP-4 gene. This mutation induces greater TGF-𝛽1 activity
leading to increased fibrosis in theD2mouse line [11]. Fukada
et al. 2009 do show that the mdx mutation bred into the

D2 line is more severe than the mutation in the C57BL/10
line; however the assessment ages are drastically different
than those being used in the current study. Therefore, we
cannot compare the observed decrease in fibrosis in our mice
with the continuedworsening phenotype observed by Fukada
et al. [15].
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The fibrosis content of the diaphragm was considered
separately.The diaphragm develops differently than the limb-
based skeletal muscles [30], is innervated differently [30],
contains roughly the same quantity of Pax7 positive cells as
the EDL and Biceps [31], and is the most severely affected
muscle in the mdx [5] and Sgcg−/− D2 mice [10, Figure 3].
Many have conjectured as to why the diaphragm is the most
severely affected muscle [5], but a well-accepted hypothesis
has not been developed. Comparing themdx and Sgcg−/− D2
diaphragm fibrosis revealed no significant differences.

The cardiac ventricle fibrosis also displayed a different
pattern than the limb based skeletal muscles (Figure 5(e)).
Mdx mice had less cardiac fibrosis than the Sgcg−/− D2
animals at all ages and this reached significance at 4, 8, and
12 weeks. Interestingly, by 16 weeks of age the HOP values
showed no significant differences. Furthermore, hearts from
both animal groups demonstrated reduced fibrosis after 8
weeks of age.

3.5. Plethysmography. Wealso analyzed the two differentMD
mouse models for respiratory function. Plethysmography is
an often used and reliable assessment technique of diaphragm
function [32, 33]. The diaphragm is normally very thin and
very pliable. In muscular dystrophy the diaphragm becomes
thick and rigid due to scar tissue [10]. Once rigid, the lungs
require extended time for inspiration and expiration and a
longer pause is apparent on the breath wave [32, 33]. These
three metrics (times of inspiration (Ti), expiration (Te), and
pause (PenH)) allmeasure the elasticity of the diaphragm and
to a lesser extent the strength of the intercostal muscles.

Sgcg−/− D2 animals had significantly longer time inspi-
ration (Ti) and time expiration (Te) than the mdx mice at
8, 12, and 16 and 12 and 16 weeks, respectively. Ti and Te
are the measure of time that passes while the animal inhales
or exhales, respectively. Additionally the Sgcg−/− D2 animals
had significantly slower peak flows (fastest movement of
air into the lungs) for inspiration and expiration (Figures
6(c) and 6(e)). Consistent with the longer inspiration and
expiration parameters the Sgcg−/− D2 mice had significantly
reduced breath frequency (breathes per minute, Figure 6(a)).
The remainder of the plethysmography data can be accessed
online in Supplemental Figure 1 in Supplementary Mate-
rial available online at http://dx.doi.org/10.1155/2015/131436;
when evaluating some of these parameters please be aware
that the mdx mice are significantly larger than the D2 mice
(Figure 1) and that this will affect many of the volume
calculations. No difference was found in the Penh value
between themdx and Sgcg−/− D2 mice.

The D2 animals, regardless of genotype, were found to
have reduced Ti, Te, Peak flow inspiration, and expiration
at numerous time points compared to the mdx animals.
Presently it can be hypothesized that the LTBP-4 mutations
could be responsible for this impaired respiratory function
due to increased fibrosis.

Our data is consistent with previously published plethys-
mography data. The following parameters, frequency, PIF,
and PEF, were shown to be similar to the numbers presented
in the current paper for 12-week old mdx mice [32]. These

parameters were all statistically different from the wild type
C57BL/10 mice used as controls in that experiment. Themdx
animals also had pathologically lower frequency of breaths
and decreased peak flows than the C57BL/10 animals.

3.6. Echocardiography. To further assess the functional effects
ofMDon these twomouse strains an echocardiography time-
course was conducted. Despite demonstrating increased
ventricular fibrosis compared to the mdx mice (Figure 5(e)),
the Sgcg−/− D2 animal’s cardiac function was preserved at
wild type levels (Figure 7).Themdx animals had significantly
higher isovolumetric relaxation time (IVRT) and smaller
fractional shortening and ejection fraction. The mdx ani-
mals had significantly higher isovolumetric relaxation time
(IVRT), indicative of diastolic dysfunction, and smaller frac-
tional shortening and ejection fraction, indicative of systolic
dysfunction. Pulmonary artery acceleration time (PAAT) is
a surrogate measure of pulmonary hypertension. A decrease
in PAAT indicates increased pulmonary hypertension. PAAT
was lower in the Sgcg−/− D2 animals than the mdx and
significantly lower at 8 weeks of age, indicating that the
Sgcg−/− D2 animals were more severely affected than themdx
mice. Please see supplemental Figure 2 for complete echocar-
diography data, and the authors would like to urge caution
when comparing values that are dependent upon mouse size.

Despite increased fibrosis in the Sgcg−/− D2 hearts (Fig-
ures 3 and 5(e)) and previous publications [9], the mdxmice
demonstrated significantly more severe cardiac pathology by
echocardiography. Currently we do not have a full explana-
tion for this, although it is obvious that fibrosis is only one
of many pathologic occurrences in a muscular dystrophic
heart. Conduction system defects have been identified in the
mdxmouse heart [34]. In addition calcium is mislocalized in
dystrophy [35] and therefore excitation and contraction will
be detrimentally affected.

4. Conclusion

Animal models are an essential part of investigating disease
etiology, progression, and preclinical trials. As muscular
dystrophy (MD) is the most prevalent human genetic disease
thesemousemodels are essential and a clear understanding of
their pathology is required, including comparisons between
those models already available. Multiple mouse MD model
comparisons have been conducted. Fukada et al. previously
bred the mdx mutation into the D2 mouse strain and com-
pared the resulting strain to the historical mdx (C57BL/10)
mouse [15]. The mdx mutation was identified to be more
severe on the D2 background by muscle weights, fewer
myofibers, increased fibrosis, and decreased strength. These
authors identified that the D2 mouse strain has decreased
satellite cell self-renewal and reasoned that this was the
pertinent phenotypic causing difference [15]. An additional
pair of manuscripts phenotypically described the Sgcg−/−
mutation in four commonly used strains [10]. The D2 mice
were found to have the most severe disease and using GWAS
this was found to be largely due to a deletionwithin the Latent
TGF𝛽 Binding Protein 4 [11]. We now wished to directly
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Figure 6: The Sgcg−/− D2 mice consistently had a more severe respiratory phenotype by plethysmography then the mdx animals. (a) At 8
and 16 weeks the Sgcg−/− D2 mice breathed significantly slower than the Sgcg+/+ D2 mice. At 16 weeks the Sgcg−/− D2 mice also breathed
significantly slower than themdxmice. (b) Sgcg−/− D2mice inhaled (Ti) slower than themdxmice at 4 and 16 weeks. (c) Sgcg−/− D2mice had
a lower peak inspiratory flow (PIFb) than the mdx mice at all-time points and lower than the Sgcg+/+ D2 mice at 4 and 8 weeks. (d) Sgcg−/−

D2 mice exhaled slower than the mdx mice at 12 and 16 weeks. (e) Sgcg−/− D2 mice had a lower peak expiratory flow (PEFb) than the mdx
mice at all-time points and lower flow than the Sgcg+/+ D2 at 8 weeks. ∗𝑃 < 0.05, #𝑃 < 0.001 significance versus Sgcg−/− D2 animals. Sgcg+/+
D2 at 12 weeks 𝑛 = 0, all others 𝑛 = 4–10.

compare the severe Sgcg−/− D2mouse to the highly usedmdx
mouse histologically, biochemically, and functionally.

The Sgcg−/− D2 mice were found to have increased
membrane permeability and fibrosis in the limb based
skeletal muscles analyzed. Many of the Sgcg−/− D2 muscles
demonstrated statistically increased pathology for these two
characteristics at most time points analyzed after the initial
4 week time point. The histology confirmed a more severe
disease in the Sgcg−/− D2 mice at the 12-week time point.

Importantly the Sgcg−/− D2 mice demonstrated increased
pulmonary hypertension by echocardiography compared to
the mdx mice at all ages. Furthermore, by histology the
Sgcg−/− D2 mouse also displayed more severe pathology
in the quadriceps and diaphragm than the mdx model. In
addition, as has often been noted, the diaphragms from
both groups of mice are the most severely affected skeletal
tissues. The reason behind the robust diaphragm pathology
still eludes scientists.
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Figure 7:Themdxmice demonstrated amore severe cardiac functional pathology. (a) Sgcg−/− D2mice had a shorter isovolumetric relaxation
time (IVRT) than themdxmice at all-time points. (b) The Sgcg−/− mice have a higher fractional shortening (FS%). (c) Sgcg−/− have a greater
ejection fraction (EF%) than the mdx mice at 4, 8, and 12 weeks. (d) Pulmonary artery acceleration time (PA AT) was lower in the Sgcg−/−

mice at 8 weeks compared to the mdx mice. ∗𝑃 < 0.05, #𝑃 < 0.001 significance versus Sgcg−/− D2 animals. Sgcg+/+ D2 at 4 weeks 𝑛 = 0, all
others 𝑛 = 4–23.

Many of the phenotypic differences are trending to sig-
nificance. One limitation of these experiments is the limited
number of animals used, due to the time-course nature of the
data. Muscular dystrophy in mice and humans is notoriously
variable even within the same organism (mice [10] and
humans [36, 37]). Despite this caveat the trends are upheld
for many tissues and across many time points indicating that
the conclusions drawn are sound and the Sgcg−/− D2 mice
present a better model of the human disease.

Both themdx and Sgcg−/− D2mouse phenotypes improve
after an initial bout of pathology. Although this has been
identified and discussed in the mdx mice for many years [5]
we have not found an explanation for the reduction. In the
current experiments themdxmouse pathology ismost severe
at the 4 week time point, while the Sgcg−/− mice are most
severely affected at 12 weeks. Possible mechanisms behind
this phenotype recovery are; satellite cell recovery, immune
response is dampened, beneficial scar tissue remodeling,
reduced movement or, likely a combination of these and
other mechanisms. Additional important questions remain.
It would be of great interest to know why the different mouse

strains have their peak pathologies at different ages. And it
would be ideal to understand if this recovery mechanism can
be harnessed for human patients.

Even though we argue that the Sgcg−/− D2 mouse is
a better model of human muscular dystrophy we must
remember that it is still a model. There are many con-
siderations when using mouse models to represent human
disease (reviewed in [38]). There are the obvious differences:
bipedal versus quadripedal, free living with multiple stresses
versus caged generally without physical activity, age, and
size. The less obvious differences must also be considered.
Slight differences in gene expression patterns, in signaling
pathways, and in immune responses exist. As an example,
important interspecies differences in the Notch signaling
pathway have been identified [39].

To summarize, in this paper we provide data supporting
that the Sgcg−/− D2 mouse is a more appropriate mouse
model for muscular dystrophy research. While the mutations
responsible for the development of muscular dystrophy
within the strains are different, we set out to investigate which
model develops a more severe—more human—phenotype.



10 BioMed Research International

Gathered data demonstrates that the Sgcg−/− D2 mouse
develops a more severe phenotype in most assessed variables
with the exception of cardiac function.
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Null mutations in one copy of ATP2A2, the gene encoding sarco/endoplasmic reticulum Ca2+-ATPase isoform 2 (SERCA2),
cause Darier disease in humans, a skin condition involving keratinocytes. Cardiac function appears to be unimpaired in Darier
disease patients, with no evidence that SERCA2 haploinsufficiency itself causes heart disease. However, SERCA2 deficiency is
widely considered a contributing factor in heart failure. We therefore analyzed Atp2a2 heterozygous mice to determine whether
SERCA2 haploinsufficiency can exacerbate specific heart disease conditions. Despite reduced SERCA2a levels in heart, Atp2a2
heterozygous mice resembled humans in exhibiting normal cardiac physiology. When subjected to hypothyroidism or crossed
with a transgenic model of reduced myofibrillar Ca2+-sensitivity, SERCA2 deficiency caused no enhancement of the disease state.
However, when combined with a transgenic model of increased myofibrillar Ca2+-sensitivity, SERCA2 haploinsufficiency caused
rapid onset of hypertrophy, decompensation, and death.These effects were associated with reduced expression of the antiapoptotic
Hax1, increased levels of the proapoptotic genes Chop and Casp12, and evidence of perturbations in energy metabolism.These data
reveal myofibrillar Ca2+-sensitivity to be an important determinant of the cardiac effects of SERCA2 haploinsufficiency and raise
the possibility that Darier disease patients are more susceptible to heart failure under certain conditions.

1. Introduction

In humans, loss of one copy of theATP2A2 gene causesDarier
disease (DD), an acantholytic skin disease [1, 2]. ATP2A2
encodes two alternatively spliced variants of sarco/endoplas-
mic reticulum Ca2+-ATPase isoform 2 (SERCA2). These are
SERCA2b, the ubiquitous endoplasmic reticulum (ER) Ca2+
pump, and SERCA2a, the cardiac and slow-twitch skeletal
muscle sarcoplasmic reticulum (SR) Ca2+ pump [3]. In its
capacity as the primary cardiac SR Ca2+ pump, SERCA2a
facilitates muscle relaxation and replenishes SR Ca2+ stores
needed for contraction [3]. Because reduced SERCA2 activity
is often observed in heart disease [4] andDDmutations cause
reductions in SERCA2 expression and activity [5], one might

expect these mutations to lead to heart disease in humans.
However, two studies of DD patients with a mean age of
∼47 years indicated that cardiac performance is normal and
yielded no evidence of heart disease [6, 7]; these findings have
been interpreted to suggest that a role for SERCA2 deficiency
in heart disease, while relevant in rodent models, may be
less important in humans [7]. However, while these results
provide compelling evidence thatAtp2a2 heterozygosity does
not impair cardiac function in middle-aged humans, they do
not rule out the possibility that SERCA2 haploinsufficiency
can increase susceptibility to disease progression and heart
failure.

In earlier studies, ablation of one copy of the Atp2a2 gene
inmice of amixed 129Svj and Black Swiss background caused
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a reduction in cardiac SERCA2a protein expression to 65%
of wild-type (WT) levels, with impaired contractility and
relaxation [8]. However, true heart disease was not observed;
in fact, the major phenotype of the Atp2a2+/− mice was the
development of squamous cell tumors in keratinized epithe-
lial tissues [9, 10]. Later studies on these mice revealed an
increased susceptibility to pressure-overload cardiac hyper-
trophy [11] and a reduction of rate-dependent inotropy in
isolated mutant hearts, relative to WT controls [12]. In the
current study, we used Atp2a2+/− mice on an inbred FVB/N
background;while these heterozygous (HET)mice continued
to display effects of SERCA2 haploinsufficiency in keratinized
epithelia, cardiac performance was apparently normal, more
closely reflecting findings in DD patients [6, 7]. The HET
model was well suited to determine if SERCA2 deficiency,
while apparently benign under normal conditions, could
exacerbate cardiac disease progression. Specifically, we inves-
tigated the interaction of SERCA2 haploinsufficiency with
hypothyroidism, which is known to impair cardiac perfor-
mance [13], and alterations in myofibrillar Ca2+-sensitivity,
which causes pathological hypertrophy and heart failure
[14, 15]. For the latter, double mutant mice were generated
by crossing HET mice with transgenic lines expressing the
Glu54Lysmutant 𝛼-tropomyosin, which reduces myofibrillar
Ca2+-sensitivity and leads to dilated cardiomyopathy [16, 17],
and the Glu180Gly mutant 𝛼-tropomyosin, which increases
myofibrillar Ca2+ sensitivity and causes hypertrophic car-
diomyopathy [18, 19]. Our results reveal an unexpected selec-
tivity in the effects of SERCA2 haploinsufficiency in heart,
which should be taken into consideration in themanagement
of Darier disease patients.

2. Materials and Methods

2.1. Animal Models. The original Atp2a2+/− line was back-
crossed onto the inbred FVB/N background in excess of 15
generations to generate the HET mutant line utilized in this
study. This Atp2a2+/− mouse line has been made available to
researchers through the Jackson Labs repository. All other
mice used in this study, including the WT, the transgenic
mouse models carrying the Glu154Lys mutant 𝛼-tropomyo-
sin, which has dilated cardiomyopathy (DCM) [16], and the
Glu180Gly mutant 𝛼-tropomyosin, which has hypertrophic
cardiomyopathy (HCM) [18], were also on the inbred FVB/N
background. HET mice were bred with the DCM and
HCM lines to generate double (DCM/HET and HCM/HET)
and single mutant offspring. The hypothyroid model was
prepared by treating WT and HET mice with 6-n-propyl
thiouracil (PTU) exactly as previously described [20]. All
procedures conformed to guidelines published by the NIH
(Guide for the Care and Use of Laboratory Animals; publi-
cation number 86-23, revised 1996) and were approved by
the Institutional Animal Care and Use Committee at the
University of Cincinnati.

2.2. Evaluation of Cardiac Function. Anesthesia of mice with
ketamine and inactin, analysis of cardiovascular function
using pressure transducers inserted into the left ventricle

and right femoral vein, delivery of drugs via a cannula in
the right femoral vein, and recording and analysis of data
were performed exactly as described previously [13]. Analysis
of cardiac function by M-mode echocardiography of mice,
anesthetized using isoflurane inhalation, and analysis of data
were performed exactly as described previously [21].

2.3. Immunoblot Analyses. Hearts were harvested from anes-
thetized mice and processed for immunoblot analysis as pre-
viously described [22]. Phosphorylation of phospholamban
(PLN) in response to 𝛽-adrenergic stimulation was assessed
in ventricles from mice that were anesthetized and surgically
instrumented as described above and treated with dobu-
tamine (16 ng/g body weight/min). Estimation of protein
concentration in total homogenates, resolution of proteins by
discontinuous, reducing SDS-PAGE, and immunoblot analy-
ses were carried out as described [22]. All primary and sec-
ondary antibodies used have been previously described [22].

2.4. Real-Time Polymerase Chain Reaction. Hearts/ventricles
were harvested from anesthetized mice and processed for
real-time PCR (RT-PCR) analysis as previously described
[22]. In addition to the primer pairs that have been pre-
viously described [22, 23], the following were used: Hspa5
(GRP78/BiP), PrimerBank ID number 31981722a1; Hsp90b1
(GRP94), PrimerBank ID number 6755863a1; Casp12 (Cas-
pase 12), PrimerBank ID number 31981868a1;Ddit3 (CHOP),
PrimerBank ID number 31982415a1; Eif2ak3 (PERK), Primer-
Bank ID number 6857781a1; Acox1, PrimerBank ID num-
ber 26333821a1; Fabp3, PrimerBank ID number 6753810a1;
Orai1, PrimerBank ID number 93277106b1; Stim1, Primer-
Bank ID number 31981983a2; Hax1, PrimerBank ID number
6754160a1; Rcan2, PrimerBank ID number 46560586c1; and
Ppar𝛾, PrimerBank ID number 187960104c1; primers for Pln
(phospholamban) were adapted from PrimerBank ID num-
ber 213512815c1 (forward primer: 5 AAGTGCAATACC-
TCACTCG 3, reverse primer: 5 GATCAGCAGCAGACA-
TATC 3). mRNA levels forAtp2b1 (QT01072106) andAtp2b4
(QT01076271) were determined using QuantiTect Primer
Assay Kits (Qiagen).

2.5. Statistics. Results are presented as means ± standard
error (SE). Individual comparisons were performed using a
two-sided Student’s 𝑡-test, and a 𝑃 value of <0.05 was con-
sidered significant.

3. Results

3.1. Cardiovascular Performance in WT and HET Mice.
Cardiovascular performance of adult FVB/N WT and HET
mice was analyzed using a pressure transducer in the left
ventricle under both basal conditions and upon 𝛽-adrenergic
stimulation with dobutamine. No significant differences were
observed in basal heart rate, mean arterial pressure, left ven-
tricular end-diastolic pressure, or maximum rates of left ven-
tricular pressure development or decay (Figure 1). Treatment
with dobutamine led to similar changes in both genotypes,
with no impairment of chronotropic, inotropic, or lusitropic
responses. Rate of left ventricular pressure development was
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Figure 1: Cardiovascular function in Atp2a2 heterozygous mice. Ventricular and arterial pressures were measured in anesthetized adult
FVB/N wild-type and Atp2a2+/− mice under baseline conditions and upon 𝛽-adrenergic stimulation using dobutamine. (a) Heart rate
(HR); (b) mean arterial pressure (MAP); (c) left ventricular end-diastolic pressure (LVEDP); (d) maximal rate of left ventricular pressure
development (+dP/dt Max); (e) rate of left ventricular pressure development at 40mmHg (dP/dt40); and (f) maximal rate of decay of left
ventricular developed pressure (−dP/dt Max). Values are means ± SE. 𝑛 = at least 5 for each genotype.
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Figure 2: Continued.
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Figure 2: Effects of Atp2a2 heterozygosity on expression of Ca2+ handling proteins in heart. Adult WT and Atp2a2+/− (HET) hearts were
processed for analysis of mRNA and protein levels. (a) Atp2a2 mRNA determined by RT-PCR; (b) immunoblot analysis of SERCA2a,
ryanodine receptor isoform 2 (RYR2), 𝛼2 subunit of L-type Ca2+ channel (LTCC𝛼2), andNa+/Ca2+ exchanger isoform 1 (NCX1). Quantitation
of SERCA2a (c) and LTCC𝛼2 (d) protein levels. Immunoblot analyses of phospholamban (PLN) and PLN phosphorylated on Ser16 (PS16)
and Thr17 (PT17) were performed using heart samples from anesthetized surgically instrumented mice under both baseline conditions (e)
and after 𝛽-adrenergic stimulation with dobutamine at 16 ng/g body weight/min (f, g, h). mRNA levels were normalized toGapdh and protein
levels were normalized to sarcomeric actin (s.actin). Values are means ± SE. 𝑛 = at least 4 for each genotype. ∗𝑃 < 0.05 versus WT controls.

also calculated at 40mmHg, to assess possible effects of the
small but nonsignificant difference in mean arterial pressure
(Figure 1(b)); however the two genotypes had virtually iden-
tical responses.

3.2. Effects of Atp2a2 Heterozygosity on Proteins Implicated in
Ca2+-Handling. RT-PCR analysis of total RNA fromWT and
HET hearts revealed that mRNA levels of the Atp2a2 gene,
which codes for SERCA2, were reduced to 48 ± 5% of WT

levels (Figure 2(a)). However, immunoblot analysis of total
protein homogenates revealed a much smaller reduction in
SERCA2a protein levels (to 79±3%ofWT levels, Figures 2(b)
and 2(c)) in HET hearts. This reduction was associated with
an increase (to 137±11%ofWT levels, Figures 2(b) and 2(d))
in expression of the 𝛼2 subunit of the L-type Ca2+-channel,
which is the principal Ca2+-uptake mechanism on a beat-to-
beat basis. There were no changes in expression of either the
ryanodine receptor isoform 2, which mediates Ca2+-release
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from the SR, or the Na+/Ca2+ exchanger isoform 1 (NCX1,
Slc8a1), which is the predominant Ca2+-efflux mechanism in
cardiac myocytes, in HET hearts (Figure 2(b)).

SERCA2 activity is negatively regulated by phospholam-
ban (PLN), which binds to the Ca2+-pump in a phosphor-
ylation-dependent manner [24]. Reduced PLN expression
and increased PLN phosphorylation on residues Ser16 (PS16)
and Thr17 (PT17) can both enhance SERCA2a-mediated
SR Ca2+-sequestration [24]. However, immunoblot analysis
revealed that PLN expression and baseline phosphorylation
(Figure 2(e)) were unaltered in HET hearts. The inotropic
and lusitropic effects of 𝛽-adrenergic stimulation are medi-
ated, at least in part, via increased PLN phosphorylation,
which facilitates more robust Ca2+-cycling [24]. The normal
increase in the cardiovascular performance of stimulated
HET mice raised the possibility that 𝛽-adrenergic stimulated
PLN phosphorylation was augmented to compensate for the
reduction in SERCA2a levels. To test this hypothesis, PS16
and PT17 levels were determined in hearts fromWTandHET
mice stimulated with dobutamine. While PS16 levels were
comparable between stimulatedWTandHEThearts (Figures
2(f) and 2(g)), PT17 levels were elevated in stimulated HET
hearts (by 153 ± 13%), when compared to similarly treated
WT hearts (Figures 2(f) and 2(h)).

3.3. Atp2a2 Heterozygosity Does Not Exacerbate Cardiac
Dysfunction Caused by Hypothyroidism. Hypothyroidism is
a well-recognized cardiovascular disease risk factor [25].
Studies in rabbits and mice have shown that it is associ-
ated with a reduction in cardiac SERCA2 expression [20,
26], raising the possibility that the impairment of cardiac
function caused by hypothyroidism would be greater in
Atp2a2 heterozygous individuals. To test this hypothesis,
hypothyroidism was induced in WT and HET mice and
cardiac performance was assessed by in vivo catheterization.
Cardiovascular function was similarly diminished in both
WT and HET mice (Figures 3(a)–3(f)) under both baseline
conditions and upon 𝛽-adrenergic stimulation.

3.4. Atp2a2 Heterozygosity Has No Appreciable Effect on the
Cardiac Phenotype of TransgenicMice with Dilated Cardiomy-
opathy. Myofibrillar Ca2+-sensitivity is a major determinant
of cardiac function; in addition to altering force develop-
ment, changes in Ca2+-sensitivity can impact myofibrillar
Ca2+-buffering, diastolic Ca2+-levels, and SERCA2-mediated
cytosolic Ca2+-clearance [14, 15, 27–29]. Transgenic expres-
sion of Glu154Lys mutant 𝛼-tropomyosin in the DCMmouse
heart lowers myofibrillar Ca2+ sensitivity, impairs contrac-
tility, and leads to dilated cardiomyopathy [16]. In order to
determine the effects of SERCA2 haploinsufficiency, double
mutant DCM/HET mice were analyzed. DCM/HET mice
were viable and appeared normal. The increase in heart
weight : body weight (HW : BW) and heart weight : tibial
length ratios, determined in 8–10-week-old mice, was similar
in both single mutant DCM and double mutant DCM/HET
mice (Figure 4(a)). Echocardiographic analyses revealed
that cardiac function was not compromised in DCM/HET
mice when compared to DCM controls; in fact, fractional

shortening and ejection fraction trended slightly higher in
DCM/HET hearts (Figure 4(b)). RT-PCR analysis showed
that the increases in mRNA levels for Nppa (atrial natriuretic
peptide), Myh7 (𝛽-myosin heavy chain), and Acta1 (skeletal
𝛼-actin), as markers of pathological hypertrophy, were not
significantly different between DCM and DCM/HET hearts
(Figure 4(c)). Atp2a2 mRNA levels, which were reduced to
69 ± 4% of WT levels in DCM hearts, were lower in DCM/
HET hearts (42 ± 4% of WT levels; Figure 4(d)). However,
the reduction in SERCA2a protein was more modest, with
expression at 86 ± 2% of DCM levels in DCM/HET hearts
(Figure 4(e)).

3.5. Atp2a2 Heterozygosity Causes Rapid Progression of
Hypertrophy and Decompensation in Transgenic HCM Mice.
Increased myofibrillar Ca2+-sensitivity, which impairs relax-
ation, is associated with hypertrophic cardiomyopathy and
has also been reported in end-stage heart failure [14, 15].
Cardiac expression of Glu180Gly mutant 𝛼-tropomyosin in
the HCM transgenic model increases myofibrillar Ca2+-
sensitivity, impairs relaxation, leads to development of fibro-
sis and hypertrophy, and causes death at 5-6 months of age
[18]. To determine the effects of SERCA2 haploinsufficiency
on the HCM phenotype, double mutant HCM/HET mice
were generated as described above. SERCA2 haploinsuffi-
ciency caused a rapid onset of heart failure and death; 80%
of HCM/HET mice were dead by 5 weeks of age and none
survived beyond 6-7 weeks (Figure 5(a)). When compared
to age-matched HCM controls, HCM/HET hearts displayed
overt hypertrophy with pronounced left atrial remodeling
as early as 4 weeks of age (Figure 5(b)). HW : BW ratios
were higher in HCM/HET mice (Figure 5(c)), as were ratios
of ventricular weight : body weight (Figure 5(d)), indicating
that the increase in HW : BW was not simply a consequence
of atrial remodeling. Consistent with these changes, mRNA
levels for several markers of cardiac remodeling, which have
been shown to be elevated in 4-week-old HCM hearts [23],
were further increased in HCM/HET hearts; these included
Nppa (Figure 5(e)), Myh7 (Figure 5(f)), Acta1 (Figure 5(g)),
and Ctgf, encoding connective tissue growth factor (Fig-
ure 5(h)).

3.6. Effect of Atp2a2 Heterozygosity on Regulators of Ca2+-
Handling and Protein Phosphatases in HCM/HET Hearts.
RT-PCR analysis of 4-week-old WT, HCM, and HCM/HET
hearts revealed that Atp2a2 mRNA levels, which were
reduced to 72±5%ofWT levels in HCMhearts, were sharply
reduced in HCM/HET hearts (to 18 ± 2% of WT levels;
Figure 6(a)). mRNA levels for PLN, which were maintained
atWT levels inHCMhearts, were also reduced inHCM/HET
hearts (53 ± 3% of WT levels; Figure 6(b)). However, expres-
sion of SERCA2a protein showed a smaller reduction of just
23 ± 5% from HCM levels in HCM/HET hearts (Figures
6(c) and 6(d)), with no change seen in PLN protein levels
(Figure 6(c)).

In addition to its role in contractility, Ca2+ is a reg-
ulator of key signaling cascades in heart; the Ca2+-pools
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Figure 3: Effects of hypothyroidism on cardiovascular performance ofAtp2a2 heterozygousmice. Adult wild-type andAtp2a2+/− (HET)mice
were rendered hypothyroid and cardiovascular performance was assessed under both baseline conditions and after 𝛽-adrenergic stimulation.
(a) Heart rate (HR); (b) mean arterial pressure (MAP); (c) systolic left ventricular pressure (systolic LVP); (d) maximal rate of left ventricular
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left ventricular developed pressure (−dP/dt Max). Values are means ± SE. 𝑛 = at least 4 for each genotype.
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Figure 4: Continued.
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Figure 4: Effects ofAtp2a2heterozygosity in a transgenicmodel of reducedmyofibrillar Ca2+ sensitivity.WTmice, transgenicmice expressing
the Glu154Lysmutant 𝛼-tropomyosin, which causes dilated cardiomyopathy (DCM), and double mutant DCM/Atp2a2+/− (DCM/HET)mice
were analyzed.Morphometric analyses revealed similar heart weight : bodyweight (HW : BW) andheartweight : tibial length (HW :TL) ratios
in DCM and DCM/HET mice (a); echocardiographic analysis shows fractional shortening and ejection fraction in DCM and DCM/HET
mice (b); RT-PCR analysis shows mRNA levels for (c) atrial natriuretic peptide (Nppa), 𝛽-myosin heavy chain (Myh7), and skeletal 𝛼-actin
(Acta1) and for Atp2a2 (d). Immunoblot analysis of cardiac homogenates and quantitation show relative levels of SERCA2a (e) in DCM and
DCM/HEThearts. mRNA levels were normalized toGapdh and protein levels were normalized to sarcomeric actin (s.actin). Values aremeans
± SE. 𝑛 = at least 4 for each genotype. ∗𝑃 < 0.05 versus WT controls; #𝑃 = 0.06 versus WT controls; +𝑃 = 0.05 versus DCM; †𝑃 < 0.05 versus
DCM.

implicated in such regulatory functions are thought to exist
in microdomains spatially distinct from bulk SR Ca2+-
stores [30], which are probably regulated by sarcolemmal
Ca2+ pumps such as the plasma membrane Ca2+-ATPases
(PMCA). Impairments in cytosolic bulk Ca2+-handling have
the potential to perturb the spatial isolation of these Ca2+-
microdomains and can lead to a greater reliance on sar-
colemmal Ca2+ pumps for Ca2+-clearance. RT-PCR analysis
revealed that mRNA levels for PMCA4 were increased in
HCM hearts (141 ± 4% ofWT levels) and remained similarly
elevated in HCM/HET hearts (Figure 6(e)). In contrast,
mRNA levels for PMCA1, whichwere not significantly altered
in HCM hearts, were reduced in HCM/HET hearts (to 80 ±
6% of WT levels, Figure 6(f)).

As described above, increased myofibrillar Ca2+-buffer-
ing in HCM hearts has the potential to antagonize SR Ca2+-
sequestration, with effects on SR/ER Ca2+-store levels. How-
ever, as we have previously demonstrated [22], the amplitude

of stimulated Ca2+-transients is only modestly reduced in
HCMmyocytes, which raises the possibility that SR/ERCa2+-
stores may be replenished by alternativemechanisms in these
hearts. These can include mediators of store-operated Ca2+-
entry (SOCE); indeed, expression of mRNAs for both Orai1
(to 155 ± 19% of WT levels) and Stim1 (to 178 ± 9% of WT
levels), which encode proteins with well-characterized roles
in stress-induced SOCE activity [31, 32], was increased in
HCMhearts. Unexpectedly, this increase was reversed toWT
levels in HCM/HET hearts (Figures 6(g) and 6(h)).

Increased expression or activity of the protein phos-
phatases calcineurin, protein phosphatase 1 (PP1), and
protein phosphatase 2A (PP2A) is strongly associated with
pathological hypertrophy and heart failure [33–36]. Protein
levels of the catalytic subunits of calcineurin (CnA), PP1
(PP1-C), and PP2A (PP2A-C), which reflect expression of
the respective holoenzymes, were assessed. While CnA and
PP2A-C expression were comparable between HCM and
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Figure 5: Effects of Atp2a2 heterozygosity in a transgenic model of increased myofibrillar Ca2+ sensitivity. WT mice, mice expressing the
Glu180Gly mutant 𝛼-tropomyosin, which causes hypertrophic cardiomyopathy (HCM), and double mutant HCM/Atp2a2+/− (HCM/HET)
mice were analyzed. Survival of HCM and HCM/HETmice was assessed at 5 weeks of age (a). Gross morphometry at 4 weeks of age showed
(b) overt remodeling, (c) increased heart weight : body weight ratios (HW : BW), and (d) increased ventricular weight : body weight ratios
(VW : BW) in HCM/HET mice. RT-PCR shows elevated mRNA levels in HCM/HET hearts for (e) atrial natriuretic peptide (Nppa), (f) 𝛽-
myosin heavy chain (Myh7), (g) skeletal 𝛼-actin (Acta1), and (h) connective tissue growth factor (Ctgf ). mRNA levels were normalized to
Gapdh expression. Values shown are means ± SE. 𝑛 = at least 4 for each genotype. †𝑃 < 0.05 versus HCM controls.
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Figure 6: Effects of Atp2a2 heterozygosity on regulators of Ca2+-handling and phosphatases in HCM models. Hearts from WT mice, mice
expressing the Glu180Gly mutant 𝛼-tropomyosin (HCM), and HCM/Atp2a2+/− double mutant (HCM/HET) mice were processed for RT-
PCR and immunoblots. RT-PCR analysis of mRNA for (a) SERCA2 (Atp2a2) and (b) phospholamban (Pln), (c) immunoblot analysis of
SERCA2a and PLN, and (d) quantitation of SERCA2a protein. RT-PCR analyses of mRNA for (e) plasma membrane Ca2+-ATPase isoform 4
(Atp2b4), (f) plasmamembrane Ca2+-ATPase isoform 1 (Atp2b1), (g) sarcolemmal calcium release-activated calciummodulator 1 (Orai1), and
(h) stromal interaction molecule 1 (Stim1) and (i) immunoblot analyses of the catalytic subunits of calcineurin (CnA), protein phosphatase 1,
(PP1-C), and protein phosphatase 2A (PP2A-C) in HCM and HCM/HET hearts. (j) Quantitation of PP1-C protein levels. RT-PCR analyses
of mRNA for (k) regulator of calcineurin 1 (Rcan1) and (l) regulator of calcineurin 2 (Rcan2). mRNA levels were normalized to Gapdh and
protein levels were normalized to sarcomeric actin (s.actin). Values are means ± SE. 𝑛 = at least 4 for each genotype. ∗𝑃 < 0.05 versus WT
controls; †𝑃 < 0.05 versus HCM; #𝑃 = 0.08 versus WT controls.

HCM/HET hearts (Figure 6(i)), PP1-C levels were reduced
in HCM/HET hearts (Figures 6(i) and 6(j)). To address
the possibility that calcineurin activity was augmented
in HCM/HET hearts, mRNA levels for regulator of calcin-
eurin 1 (calcipressin-1, Rcan1), a marker of calcineurin
activity, were determined by RT-PCR analysis. While there
was no difference in Rcan1 levels between HCM and HCM/
HET hearts (Figure 6(k)), mRNA levels of Rcan2, which
codes for calcipressin-2, were significantly reduced

in HCM/HET hearts (58 ± 5% of WT levels; Figure
6(l)).

3.7. Expression of ER Stress Markers and Regulators of Apopto-
sis in HCM/HET Hearts. The reduction in SERCA2a protein
levels, coupled with the downregulation of SOCE-related
genes, raised the possibility that ER stress was elevated in
HCM/HET hearts. We initially assessed expression of key
ER stress markers in HCM hearts. RT-PCR analysis revealed
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Figure 7: Effect of Atp2a2 heterozygosity on markers of ER stress and apoptosis in HCM and HCM/HET hearts. Heart RNA fromWTmice,
mice expressing the Glu180Gly mutant 𝛼-tropomyosin (HCM), and HCM/Atp2a2+/− double mutant (HCM/HET) mice was analyzed by RT-
PCR. Panels (a)–(e) compare WT and HCM; panels (f)–(j) compare HCM and HCM/HET. mRNA levels are shown for (a, f) ER chaperones
BiP/GRP78 (Hspa4) and GRP94 (Hsp90b1); (b, g) PERK (Eif2ak3); (c, h) CHOP (Ddit3); (d, i) caspase 12 (Casp12); and (e, j) HCLS1 associated
protein X-1 (Hax1) in WT, HCM, and HCM/HET hearts. mRNA levels were normalized to Gapdh. Values shown are means ± SE. 𝑛 = at least
4 for each genotype. ∗𝑃 < 0.05 versus WT controls; †𝑃 < 0.05 versus HCM.

no increase in mRNA for the ER chaperones BiP/GRP78 or
GRP94 (Figure 7(a)). However, mRNA for PERK, a major
kinase involved in ER stress responses, was increased inHCM
hearts (to 147±12%ofWT levels; Figure 7(b)). Furthermore,
mRNAs for the ER stress related proapoptotic proteinsCHOP
(145 ± 12% of WT levels; Figure 7(c)) and CASP12 (164 ±
5% of WT levels; Figure 7(d)) were also increased in HCM
hearts. These changes were associated with an increase (to
148 ± 14% of WT levels; Figure 7(e)) in mRNA for the
antiapoptotic protein HCLS1 associated protein X-1 (HAX1),
which is localized to mitochondria and the SR [37].

Therewas no increase inmRNA levels forGRP78,GRP94,
or PERK in HCM/HET hearts when compared to HCM
controls (Figures 7(f) and 7(g)). However, mRNA levels for
CHOP (143 ± 16% of HCM levels; Figure 7(h)) and CASP12
(128 ± 9% of HCM levels; Figure 7(i)) were further elevated
in HCM/HET hearts. The increase seen in HAX1 mRNA in
HCM hearts was reversed in HCM/HET hearts (to 64 ± 4%
of HCM levels; Figure 7(j)).

3.8. Effect of Atp2a2 Heterozygosity on Regulators of Energy
Metabolism in HCM Hearts. Impaired relaxation resulting
from an increase inmyofibrillar Ca2+-sensitivity can energet-
ically stress the heart [38]. The resultant dysregulation of
energy metabolism has been suggested to contribute to the
hypertrophic phenotype associated with sarcomeric muta-
tions that increase myofibrillar Ca2+-sensitivity [39, 40].
mRNA levels of Ppar𝛾, encoding peroxisome proliferator-
activated receptor gamma, a regulator of lipid metabolism

that is implicated in the development of pathological
hypertrophy [41], were normal in HCM hearts but reduced
in HCM/HET hearts (to 81 ± 6% of WT levels; Figure 8(a)).
Hearts rely predominantly on lipids for their energy supply
[42] and FABP3 is the cardiac/muscle-isoform of fatty acid
binding proteins, which mediate the intracellular transport
of long-chain fatty acids. Expression of the Fabp3 gene was
downregulated (to 76 ± 9% of WT levels) in HCM hearts
and further reduced in HCM/HET hearts (to 49 ± 5%
of WT levels; Figure 8(b)). Mitochondrial uptake of long-
chain fatty acids ismediated by carnitine palmitoyltransferase
1b (CPT1b), the mRNA levels for which were reduced in
HCM (to 88 ± 3% of WT levels) and further reduced in
HCM/HET (to 61 ± 2% of WT levels) hearts (Figure 8(c)).
CPT1b-mediated transfer of long-chain fatty acids can be
inhibited by malonyl CoA, which is generated from acetyl-
CoA by acetyl-CoA carboxylase beta (encoded by Acacb).
While Acacb mRNA levels trended lower in HCM hearts,
they were downregulated in HCM/HET hearts (to 58 ± 7%
of WT levels; Figure 8(d)). In addition, mRNA levels for
acyl-CoA oxidase 1 (Acox1), which is the first enzyme of
the 𝛽-oxidation pathway, were also reduced (to 64 ± 5%
of WT levels) in HCM/HET hearts (Figure 8(e)). Besides
lipids, hearts also utilize glucose as an energy source [42].
Glucose uptake in heart is mediated by members of Slc2a
glucose transporter family, of which GLUT4 (Slc2a4) is the
predominant isoform in cardiac myocytes. mRNA levels for
GLUT4 were reduced (to 80 ± 2% of WT levels) in HCM
hearts, with a more pronounced reduction (to 47±2% ofWT
levels) in HCM/HET hearts (Figure 8(f)).
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Figure 8: Effect of Atp2a2 heterozygosity on regulators of energy metabolism in HCM and HCM/HET hearts. Heart RNA from WT mice,
mice expressing the Glu180Gly mutant 𝛼-tropomyosin (HCM), and HCM/Atp2a2+/− double mutant (HCM/HET) mice was analyzed by RT-
PCR. mRNA levels are shown for (a) peroxisome proliferator-activated receptor gamma (Ppar𝛾); (b) fatty acid binding protein 3 (Fabp3); (c)
the muscle-isoform of carnitine palmitoyltransferase 1 (Cpt1b); (d) acetyl CoA-carboxylase beta (Acacb); (e) acyl-CoA oxidase 1 (Acox1); and
(f) the GLUT4 glucose transporter (Slc2a4). mRNA levels were normalized to Gapdh. Values are means ± SE. 𝑛 = at least 4 for each genotype.
∗
𝑃 < 0.05 versus WT controls; †𝑃 < 0.05 versus HCM.



BioMed Research International 17

Table 1: Effect of Atp2a2 heterozygosity on regulators of apoptosis and energy metabolism in DCM and DCM/HET hearts.

Gene Relative mRNA levels (normalized to Gapdh)
WT¶ DCM DCM/HET

CHOP (Ddit3) 100 ± 10 103 ± 3 113 ± 10
Caspase 12 (Casp12) 100 ± 7 122 ± 3∗ 120 ± 16
HCLS1 associated protein X-1 (Hax1) 100 ± 5 91 ± 3 106 ± 12
Fatty acid binding protein 3 (Fabp3) 100 ± 7 70 ± 4∗ 75 ± 7∗

Carnitine palmitoyltransferase 1 (Cpt1b) 100 ± 2 77 ± 3∗ 70 ± 8∗

Glucose transporter 4 (Slc2a4) 100 ± 12 88 ± 2 95 ± 8
¶Heart RNA from wild-type (WT) mice, transgenic mice expressing Glu154Lys mutant 𝛼-tropomyosin (DCM), and DCM/Atp2a2+/− double mutant
(DCM/HET) mice was analyzed by RT-PCR. Values are mean ± SE; 𝑛 = at least 4 for each genotype; ∗𝑃 < 0.05 versus WT controls.

3.9. Biochemical Effects of Atp2a2 Heterozygosity Seen in
HCM/HET Hearts Are Lacking in DCM/HET Hearts. As
described above, Atp2a2 heterozygosity did not exacerbate
the cardiac disease phenotype of DCM mice. Given the
dramatic effects of SERCA2 haploinsufficiency inHCM/HET
hearts at the RNA/protein levels, we analyzed DCM/HET
hearts to identify possible underlying similarities. Several
mRNAs analyzed (Casp12, Fabp3, and Cpt1b) were altered
in DCM hearts relative to WT hearts. However, RT-PCR
analysis revealed that Atp2a2 heterozygosity did not impact
mRNA levels for Ddit3 (CHOP), Casp12, Hax1, Fabp3, Cpt1b,
or Slc2a4 (GLUT4) in DCM/HET hearts when compared
with DCM hearts (Table 1). Immunoblot analyses of total
ventricular homogenates of DCM and DCM/HET mice
showed no change in protein levels of CnA, PP1-C, or PP2A-C
(data not shown).

4. Discussion

While there is strong evidence that ATP2A2 heterozygosity
does not impair cardiovascular performance in humans
either at rest or during exercise [6, 7], the opportunities to
elucidate the molecular mechanisms that allow for cardiac
function to be preserved in otherwise healthyDDpatients are
obviously limited. For example, it remains unknown if loss
of one ATP2A2 allele elicits the compensatory upregulation
of the second functional allele or whether SERCA2a haploin-
sufficiency in human heart leads to a greater, and apparently
effective, reliance on transsarcolemmal Ca2+-flux.There have
also been no studies to determine if DDpatients aremore sus-
ceptible to heart failure and decompensation in the context
of secondary pathological insults. The Atp2a2 heterozygous
mouse model on the inbred FVB/N background offered a
unique opportunity to address these questions, as it resembles
humanDDpatients in displaying a skin/keratinized epithelial
phenotype with no overt effects on cardiovascular function.

Expression of SERCA2a protein levels at ∼80% of WT
levels in HET hearts demonstrated a remarkable ability to
upregulate expression of the single functional Atp2a2 allele.
This was unexpected given the evidence from transgenic
lines that it is difficult to appreciably overexpress SERCA2
protein in mouse hearts [43, 44]. Given that Atp2a2 mRNA
levels were reduced by ∼50% in HET hearts, it is reasonable

to assume that the increase in SERCA2a protein results
principally from posttranscriptional adaptations; these could
include augmented translation, extended SERCA2 protein
half-life, and/or diminished SERCA2 protein degradation.
The increase seen in LTCC𝛼2 protein levels is consistent with
the idea that even modest reductions in SERCA2a expression
might lead to a greater reliance on Ca2+-handling across
the sarcolemma. While such a shift would help preserve
Ca2+-homeostasis, it is likely to place a greater energetic
burden on the heart. SERCA2 is unique in its stoichiometry
of transporting 2 Ca2+ ions/ATP hydrolyzed. In comparison,
transsarcolemmal flux of Ca2+ via LTCC-influx, NCX1-efflux
(with a stoichiometry of 3Na+ : 1Ca2+), and Na+/K+-ATPase-
mediated Na+ removal effectively doubles the energy cost of
Ca2+-clearance.

Increased PLN phosphorylation can also serve to com-
pensate for the reduction in SERCA2 levels [23], with evi-
dence of a predominant role for phosphorylation at Ser16,
but not Thr17, in 𝛽-adrenergic stimulation of inotropy and
lusitropy in mouse hearts [45]. Therefore, it is difficult to
ascribe any part of the normal 𝛽-adrenergic response seen
in HET hearts to increased PLN phosphorylation, given that
PS16 levels were unaltered and only PT17 levels were elevated
in stimulated HET hearts. While phosphorylation at Thr17
is mediated by Ca2+/calmodulin-dependent kinase CaMKII,
dephosphorylation is mediated by PP1 [46, 47]. Although
immunoblot analysis showed no evidence of a reduction
in PP1 expression in HET hearts (data not shown), a clear
reduction in PP1 expression was observed in HCM/HET
hearts relative to HCM controls, probably providing some
compensation for the reduction in SERCA2 protein.

Reduction in SERCA2 expression/activity is closely asso-
ciated with progression of heart disease and failure. While
recent clinical trials provide strong evidence that enhancing
SERCA2a expression can alleviate impairment of cardiac
function [48–50], it remains unclear whether SERCA2a
deficiency can itself precipitate decompensation and heart
failure. This is highly relevant to DD patients, particularly
in the context of aging or secondary pathological conditions
affecting the heart. Hypothyroidism, which affects about
4.6% of the US population [51], is one such condition known
to compromise cardiac function [13, 24] and reduce SERCA2
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expression [20, 25]. The finding that Atp2a2 heterozygosity
does not exacerbate the effects of hypothyroidism in mice
may result from the switch in myosin heavy chain (MHC)
isoforms from 𝛼-MHC to the slower 𝛽-MHC, which occurs
in hypothyroidism, and is known to be energetically favorable
[52]. Whether the effects of hypothyroidism are similarly
unaffected by SERCA2 haploinsufficiency in human DD
patients is an issue that remains to be clarified; it should be
evaluated with no preconceptions, as the lack of an effect in
the rodent model does not discount possible consequences in
human DD patients.

A relative increase in 𝛽-MHC levels, which commonly
occurs in diseased conditions, renders hearts more suscepti-
ble to chronic myocardial stress [53]. Although this outcome
was not tested in the context of hypothyroidism inHETmice,
we investigated the effects ofAtp2a2 heterozygosity inmodels
of altered myofibrillar Ca2+-sensitivity, which impose signifi-
cant chronic contractile stress and are closely associated with
the pathogenesis of cardiomyopathies and heart failure [54].
DCM mice, with reduced myofibrillar Ca2+-sensitivity, have
been reported to develop hypertrophy at 2 months of age,
with significant dilation and myocyte disarray occurring by
5 months and mice starting to die at 4–6 months of age
[16]. These effects were shown to be associated with down-
regulation of SERCA2a, consistent with the possibility that
Atp2a2 heterozygosity would hasten disease pathogenesis.
The absence of such an effect in DCM/HET mice however
revealed that SERCA2 haploinsufficiency has limited effects
in the context of reduced myofibrillar Ca2+-sensitivity, which
occurs during pathological conditions such as inflammation
and sepsis [55].

The rapid onset of hypertrophy and decompensation
in HCM/HET mice on the other hand strongly suggests
that disease pathogenesis associated with increased myofib-
rillar Ca2+-sensitivity may be exacerbated in DD patients.
The catastrophic effects of SERCA2 haploinsufficiency in
HCM/HET occurred despite SERCA2a protein levels being
reduced by just 23% compared to levels in HCM hearts.
This indicates that relatively modest reductions in SERCA2a
expression can have profound effects in hearts with increased
myofibrillar Ca2+-sensitivity. This effect is likely due to
the fact that, besides factors such as mechanical load and
sarcolemmal Ca2+-flux, dissociation of Ca2+ from myofibrils
is facilitated by SERCA2-mediated Ca2+-clearance [56]. The
importance of this function is expected to be amplified in
the context of elevated myofibrillar Ca2+-sensitivity, making
even small changes in SERCA2 expression/function highly
consequential. Recent reports that elevating SERCA2 activity,
either by increased expression of SERCA2a or ablation of
phospholamban, attenuates disease progression in HCM
mice [57, 58] are consistent with this hypothesis.

Perturbations in cytosolic Ca2+-clearance are also asso-
ciated with the generation of ventricular arrhythmias [56],
which are strongly implicated in progression to heart failure
and sudden death [59, 60]. Targeted SERCA2a gene therapy
has been shown, in multiple models, to reduce ventricu-
lar arrhythmias in addition to improving cardiac function
[4]. The highly advanced disease condition observed in

HCM/HET mice as young as 4 weeks of age precluded
effective functional analyses of these mice. However, we
examined left ventricular pressure measurements in HET
mice and found no evidence of extrasystolic beats or other
arrhythmias under either basal conditions or upon maximal
𝛽-adrenergic stimulation (data not shown).

The more rapid decompensation in HCM/HET hearts
was associated with a reversal of the increase in Orai1 and
Stim1 levels seen in HCM hearts. The incidence of increased
SOCE via ORAI1 and STIM1 in pathological hypertrophy
has implicated these proteins in disease pathogenesis [31].
However, recent data from knockout models reveal a more
nuanced role for these proteins in heart, with effects on Ca2+-
homeostasis and the development of compensatory hypertro-
phy [61, 62]. Orai1 deficiency was found to exacerbate loss
of cardiac function and hasten progression to dilation and
was associatedwith increased apoptosis [63]. Indeed, levels of
proapoptotic Chop and Casp12 were elevated in HCM/HET
hearts and notably expression of antiapoptotic Hax1, which
was elevated in HCM hearts, was reduced to WT levels
in HCM/HET hearts. There is increasing evidence that the
antiapoptotic function of the HAX1 protein is linked to its
association with SR Ca2+-handling [37, 64], where HAX1 has
been shown to localize to the SR in a PLN-dependentmanner
[65]. HAX1 overexpression, which promotes cell survival,
downregulates SERCA2 protein levels, whereas SERCA2
overexpression has been shown to antagonize its protective
effects [66, 67]. Therefore, the reversion of HAX1 expression
to WT levels may contribute to the preservation of SERCA2
levels in HCM/HET hearts, with potentially maladaptive
effects on myocyte cell survival. Further detailed studies will
be necessary to fully elucidate possible interactions between
HAX1, which has been localized to mitochondria as well
[37], and SERCA2 during HCM pathogenesis. Additional
perturbations in myocardial energy metabolism, which are
strongly implicated in hypertrophy and heart failure [38–
41], are also likely to contribute to the rapid decompensation
observed in HCM/HET hearts. Reductions in both CPT1b
and GLUT4 have been shown to promote pathological
hypertrophy and heart failure [68–70]. Conversely, we have
recently demonstrated that protection against Tm180-related
hypertrophy is associated with preservation of CPT1b and
GLUT4 expression at WT levels [23].

In conclusion, our data show that the loss of one copy
of the Atp2a2 gene, which causes reduced expression of
SERCA2a in heart, appears to be benign under normal
conditions and even in some disease states. This finding is
consistent with the results of studies in human DD patients,
in which the loss of one ATP2a2 allele caused no impairment
of cardiac performance [6, 7]. However, our studies with the
mouse model of DD also reveal that loss of a single copy of
Atp2a2 can lead to much more rapid decompensation, heart
failure, and death in mice carrying an HCM mutation that
increases myofibrillar Ca2+ sensitivity. These results suggest
that DD patients may be less tolerant of the changes associ-
ated with increased myofibrillar Ca2+-sensitivity in heart. In
addition to being relevant to pathological conditions such as
end-stage heart failure [15], the implications of this finding
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could extend to the use of therapeutic agents that enhance
myofibrillar Ca2+-sensitivity in DD patients. For example,
although long-term treatment with the Ca2+-sensitizer lev-
osimendan improves cardiac function in a model with
cardiomyocyte-specific ablation of SERCA2, it also signif-
icantly increases fibrosis in SERCA2-deficient hearts [71].
While extrapolation of results from rodent models to human
disease merits caution, our results suggest that progression
of some types of heart disease is likely to be exacerbated
by DD mutations. DD patients and their physicians should
therefore be aware of the possibility of adverse interactions
between SERCA2 haploinsufficiency and certain pathological
conditions affecting cardiovascular health.
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In postmenopausal women, reduced bone mineral density at the hip and spine is associated with an increased risk of tooth loss,
possibly due to a loss of alveolar bone. In turn, having fewer natural teethmay lead to compromised food choices resulting in a poor
diet that can contribute to chronic disease risk.The tight link between alveolar bone preservation, tooth retention, better nutritional
status, and reduced risk of developing a chronic disease beginswith themitigation of postmenopausal bone loss.Theovariectomized
rat, a widely used preclinical model for studying postmenopausal bone loss that mimics deterioration of bone tissue in the hip
and spine, can also be used to study mineral and structural changes in alveolar bone to develop drug and/or dietary strategies
aimed at tooth retention. This review discusses key findings from studies investigating mandible health and alveolar bone in the
ovariectomized rat model. Considerations tomaximize the benefits of this model are also included.These include themeasurement
techniques used, the age at ovariectomy, the duration that a rat is studied after ovariectomy and habitual diet consumed.

1. Introduction

A decline in ovarian production of estrogens at menopause
often results in a rapid loss of trabecular microarchitec-
ture, increased endocortical bone resorption, and increased
cortical porosity; all culminating in the development of
osteoporosis and the associated increased risk for fragility
fracture (Figure 1) [1]. Specifically, the number of osteoclasts
increases to a point where the rate of bone resorption exceeds
the rate of bone formation [2].

Based on data from the WHO Global Burden of Disease
project in 2000, an estimated 56 million people around the
world experience disability caused by a fracture [3]. In 2010,
there were 2.32 million new hip fractures in adults over 50
years of age worldwide, and approximately half of those hip
fractures were due to osteoporosis in the femur neck (hip)
[4]. Based on osteoporosis prevalence rates reported in the
2010 Census and NHANES (2005–2010), it is estimated that
10.2 million Americans over the age of 50 have osteoporosis
while an additional 43.4 million have low bone mass that
predisposes them to the development of osteoporosis [5]. It is

well documented that women are disproportionally affected
by osteoporosis compared to men, primarily due to the
more sudden decline in estrogen production experienced at
menopause whereas sex steroid levels decline more gradually
in men [3–6]. In the majority of postmenopausal women, the
risk of experiencing a fragility fracture exceeds the risk of
developing invasive breast cancer, stroke, and cardiovascular
disease combined [7]. Moreover, there is substantive morbid-
ity [8] associatedwith a fragility fracture and an increased risk
of death, especially within the first year after fracture [9].

2. Osteoporosis, Estrogen, and Tooth Loss

Osteoporosis not only increases a woman’s risk of fragility
fracture at the hip, spine, and wrist, but it is also associated
with the loss of teeth and tooth supporting alveolar bone
[10–13]. For example, osteoporosis at the lumbar verte-
brae, femoral neck, or total hip is a significant predictor
of molar tooth loss [10]. A 5-year longitudinal study of
404 postmenopausal women confirmed that women in the
highest tertile of annual BMD loss at the lumbar spine and
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Figure 1: Overview of how osteoporosis develops after menopause.
With the loss of endogenous estrogen production by the ovaries
there is an increase in trabecular bone resorption, endocortical
bone resorption, and cortical porosity that elevate a woman’s risk
of experiencing a fragility fracture.

femoral neck had an adjusted relative risk of 1.38 and 1.27
for tooth loss, respectively [11]. In a longitudinal study of
even greater duration, 7 years, the relative risk of tooth
loss in 180 postmenopausal women (serum estradiol (E2) <
25 pg/mL) was 4.38 with each 1% annual decrease in whole
body BMD [12]. An increased loss of alveolar bone height
and decreased alveolar crestal and subcrestal bone mineral
density, all critical for providing support for teeth, were also
reported in a 2-year longitudinal study of 38 women with
osteopenia and osteoporosis at the lumbar spine. Between
the first and second molars in particular, estrogen-deficient
(mean serum E2 < 30 pg/mL) women lost more alveolar
crestal bone density compared to estrogen-sufficient (mean
serum E2 > 40 pg/mL) women [13]. Because tooth retention
[14, 15] and functional dentition [16, 17] are key determinants
of nutritional status the maintenance of alveolar bone is
important for overall health. Risk of many chronic diseases
such as obesity, type 2 diabetes, cardiovascular disease, and
some cancers is elevated by poor diet. Thus, strategies that
preserve the skeleton at key sites of fragility fracture—hip,
spine, and wrist—as well as alveolar bone in the jaw are
important for healthy aging.

While estrogen replacement therapy (ERT) has been
consistently shown to reduce fragility fractures at the hip,
spine, and wrist [18, 19] the effect on tooth retention and
preserving alveolar bone has been less studied. However, a
study of 42,171 postmenopausal women (aged ≤ 69 years)
over a 2-year period as part of the Nurses’ Health Study
cohort reported that current use of hormone replacement
therapy (HRT: estrogen alone, in combinationwith progestin,
or progestin alone) was associated with a 24% decrease in
the risk of tooth loss. In women using conjugated estrogen
alone, at a dose of 0.3mg per day, the risk of tooth loss
was 31% lower compared to nonusers [20]. In a cohort of
3,921 older women, median age of 81 years, current ERT

(with or without progesterone) was associated with a 27%
lower risk of tooth loss [21]. Another study showed that
a group of postmenopausal women (72–95 years of age)
who used ERT (reported as any use of estrogen) for greater
than 8 years retained an average of 3.6 more teeth than
women who never used ERT [22]. The duration of ERT
(estrogen alone or in combinationwith progestogen) was also
a significant predictor of total and posterior teeth remaining
in a group of 330 postmenopausal Japanese women [23].
The mechanism behind tooth retention and ERT remains
unclear, but one 3-year longitudinal study of 135 women
aged 41–70 years concluded that women receiving 0.625mg
conjugated equine estrogen with or without 2.5mg medrox-
yprogesterone acetate experienced a 0.9% increase in alveolar
bone mass, as assessed by digitized radiographs, compared
to nonusers [24]. HRT or ERT may therefore work to
increase the stability of the tooth-supporting alveolar bone
and thereby promote tooth retention and the opportunity to
consume a wide variety of foods.

3. Tooth Loss and Nutritional Status

Retention of natural teeth is associatedwith healthier nutrient
intakes that may have a role in prevention of chronic disease.
For example, dietary calcium has been studied in relation
to tooth loss because achieving recommended intakes of
dietary calcium, in particular, is important for attenuating
bone loss after menopause and during aging. As such, the
recommended intake of calcium is 1200mg per day inwomen
aged 51–70 years and men over the age of 70 [25]. Among
older men and women (≥65 years of age) with unknown
smoking status, higher daily intake of calcium (884 versus
805mg calcium) was associated with a greater number of
teeth (≥21 versus 11–20 teeth) [14]. Another study reported
lower tooth loss in a placebo-controlled 2-year study of
nonsmoking women taking a calcium supplement of 500mg
per day; smoking women were excluded because smoking is
a risk factor for tooth loss [12].

Fruit and vegetable intake in relation to tooth loss has
also been studied. Data from NHANES III, a large cross-
sectional study of Americans over the age of 50, showed
a reduced number of posterior occlusal teeth associated
with a lower daily intake of the recommended amount of
fruit servings as reflected in a lower Healthy Eating Index
(HEI) score and a higher BMI [16]. Additionally, having no
posterior occlusal teeth was associated with a lower daily
intake of the recommended amount of vegetable servings,
also reflected in a lowerHEI score [16]. Evenwhen controlling
for socioeconomic status, inadequate dentition (defined by
<21 teeth remaining) was associated with reduced intakes of
fruit (stone fruits and grapes/berries) and vegetable (stir-fried
ormixed vegetables, sweetcorn/corn on the cob, mushrooms,
lettuce, and soy beans/tofu) in a sample of 530 dentate
Australian men and women over the age of 55 [17]. The
link between tooth loss and reduced fruit and vegetable
intake is important since a recent comprehensive review
concluded that fruit and vegetable intake was associated with
a reduced risk of chronic diseases such as hypertension,
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Figure 2: Cyclical relationship among low BMD, tooth loss,
compromised nutrition, and risk for chronic disease. Estrogen or
hormone replacement therapy (ERT, HRT) or other interventions
that benefit other skeletal sites (hip, spine, and wrist) may prevent
or slow the progression from low BMD to tooth loss. Retention
of natural teeth allows individuals to eat a more healthful diet
associated with a reduced risk of developing a chronic disease.

coronary heart disease, and stroke [26]. Interestingly the
relationship between a reduced BMD in postmenopausal
osteoporosis, higher rates of tooth loss, and reduced fruit
and vegetable intake comes full circle given the study of
670 postmenopausal Chinese women that found higher fruit
and vegetable intake was associated with higher whole body,
lumbar spine, and hip BMD. Specifically, a daily increase of
100 g of fruits and vegetables was associated with a 6, 10, and
6mg/cm2 higher BMD at the whole body, lumbar spine, and
hip, respectively. [27].

The relationship between osteoporosis, tooth loss, and
compromised nutrition may prove to be cyclical (Figure 2)
since compromised nutrition could exacerbate osteoporosis.
As discussed in Section 2, HRT or ERT has been shown
to promote tooth retention and may intervene in this self-
perpetuating, negative cycle of tooth loss and the consequent
higher risk of chronic disease development. Moreover, there
are other pharmacological agents or diet interventions that
may prove useful in stopping the cycle shown in Figure 2.The
ovariectomized rat can be used to evaluate the effectiveness
of an intervention for preserving alveolar bone. Findings
from these studies provide an important step in developing
interventions to promote and support bone health, including
the retention of natural teeth, for postmenopausal women.

4. The Ovariectomized Rat Model

Theovariectomized (OVX) ratmodel is the approved preclin-
ical model by the Food and Drug Administration (FDA) [28]
for studying how the decline in endogenous estrogen produc-
tion by the ovaries at menopause leads to postmenopausal
osteoporosis and how potential interventions can preserve
bone metabolism in this state. Although the FDA guidelines
do not specify which strain of rat to use, it is important to be

aware that there can be differences in bone mineral density,
bone size, and biomechanical bone strength among inbred rat
strains [29]. Interventions include pharmacological agents as
well as lifestyle strategies such as diet. By 12 weeks of age, the
female Sprague-Dawley rat, among themost common strains
studied, has reached sexual maturity and has achieved peak
bone mass for the whole body, femora, and tibiae [30]. Peak
bone mass was defined as the point at which the rat skeleton
had accrued its highest amount of areal BMD determined
by dual-energy X-ray absorptiometry (DXA) in the whole
body, femur, and tibia. However, longitudinal bone growth
continues in the female rat until the epiphyseal growth plates
close. At 12 weeks of age, the distal tibia growth plate has
closed while the proximal tibia and lumbar vertebral growth
plates remain open until 15 and 21 months, respectively [31].
Despite the continued skeletal growth, rats are commonly
ovariectomized at 12 weeks of age since the rats are sexually
mature and therefore capable of modeling bone loss due to
estrogen deficiency [32]. By 9 months of age, longitudinal
bone growth at the proximal tibia metaphysis has slowed
to 3 𝜇m/day, while growth at the lumbar vertebral body has
slowed to <1 𝜇m/day [33].

Two developmental stages have been used to describe
the adult rat skeleton: “mature” from 3–6 months of age and
“aged” ≥ 6 months of age. Skeletal growth is rapid from 1–
3 months, reduced from 3–6 months, and negligible past 6
months of age [34]. In addition to continued longitudinal
bone growth, the extent of ovariectomy-induced bone loss
is dependent on both the skeletal site and the time since
ovariectomy. For example, in the proximal tibia, a significant
decrease in trabecular bone volume is observed 2 weeks
after ovariectomy compared to sham control with a plateau
by 14 weeks after ovariectomy [35]. At the femoral neck, a
significant decrease in trabecular bone volume occurred at
4 weeks after ovariectomy with a plateau by 39 weeks after
ovariectomy [36]. The lumbar vertebrae were much more
resistant to ovariectomy-induced changes in trabecular bone
volume than either the proximal tibia or femoral neck. It
was not until 7 weeks after ovariectomy that a decrease in
trabecular bone volume was significant and reached a plateau
between 39 and 77 weeks after ovariectomy [37].

The effect of time since ovariectomy on the rat mandible
is less clear so the studies discussed in this review are sub-
sequently divided into those that are ≤12 weeks in duration
and those that are ≥12 weeks in duration after ovariectomy.
This time point was chosen since a 12-week period after
ovariectomy has been shown to be sufficient to decrease
trabecular bone volume at the proximal tibia [35], femoral
neck [36], and lumbar vertebrae [37]. Additionally, only
studies reporting changes to alveolar bone of the mandible,
not maxilla, were included in this review. There is a broader
body of literature to support changes to alveolar bone in
the mandible of the OVX rat model and by limiting this
review to the mandible, with detailed descriptions of the
regions of interest (ROI) used in the studies, the changes to
alveolar bone are standardized and more focused. Figure 3
is an image of a hemimandible from a Sprague-Dawley rat
with key landmarks and directions highlighted and serves as
a guide to the specific studyROI discussed in the next section.
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Figure 3: Hemimandible from a 6-month-old Sprague-Dawley rat.
From left to right: incisor, 1stmolar (M1), 2ndmolar (M2), 3rdmolar
(M3), the coronoid process, and condyle. Mesial is the front, distal
the back, buccal the lateral side, lingual the medial side, and the
coronal plane divides the mandible into mesial and distal halves
(photo by B. Johnston).

Figure 4: 𝜇-CT 2D sagittal slice through molar 1 (M1) of a 6-
month-old Sprague-Dawley rat with interradicular septum. The
interradicular septum is highlighted in red and extends from the
furcation roof to the root apices. The occlusal surface of M1 is also
highlighted in blue and the arrowhead denotes the approximate area
of the central sulcus.The left side of the image is mesial and the right
side is distal (image by B. Johnston).

Similarly, Figures 4 through 6 are included to assist the
reader in identifying regions that have been analyzed in the
studies that are discussed in this review. Figure 4 is a sagittal
slice through the first molar (M1) with the interradicular
septum containing alveolar bone highlighted. Figure 5 is
a three-dimensional (3D) rendering of the 4 roots of M1
(mesial, lingual, buccal, and distal roots) and shows how these
roots enclose the alveolar bone of the interradicular septum.
Figure 6 is a 3D rendering ofM1 in its bony socket and viewed
as a cut-away to show landmarks used to define alveolar bone
ROI.

4.1. Short-Term Effects of Ovariectomy on Mandibular Health:
Findings from Studies Less Than 12 Weeks after Ovariectomy.
Since robust ovariectomy-induced changes to bone structure

Mesial root

Buccal root

Lingual root

Distal root

1mm

Figure 5: 𝜇-CT 3D reconstructed image of the four roots of molar
1 (M1). The mesial, distal, buccal, and lingual roots enclose the
alveolar bone of the interradicular septum (image by B. Johnston).

1mm

Figure 6: Landmarks to define ROI of alveolar bone at molar 1
(M1). M1 in its bony socket (left) with the distance between the
cementoenamel junction and bone crest (green) and themandibular
canal (orange). In a model of M1 with the bony socket removed
(right) the alveolar bone of the interradicular septum (purple) is
superior to the alveolar bone (red) between the incisor (blue) and
the apices of the mesial and distal roots (image by B. Johnston).

at the proximal tibia, femur neck, and lumbar vertebrae
are certainly manifest by 12 weeks and such changes only
begin to be detectable earlier, 2–7 weeks after ovariectomy,
it is likely difficult to detect changes in alveolar bone in
rats prior to 12 weeks after ovariectomy. Thus, in only 3
of the 6 studies with an ovariectomy duration < 12 weeks,
ovariectomy reduced either alveolar bone structure [38, 39]
or density [40] (Table 1). In the studies that showed an
effect from the ovariectomy, the time since ovariectomy
was approximately 9 weeks. Of those studies, rats were
ovariectomized at 17, 25, and 26 weeks of age [38–40]. The
first study used histomorphometry tomeasure theM1 sagittal
surface containing the central sulcus of the occlusal surface
and both the mesial and distal root canals. The ROI was
the entire interradicular septum of M1 extending from the
furcation roof to the mesial and distal root apices (Figure 4).
Relative to the sham group, there was lower bone volume
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Table 1: Summary of studies investigating changes in mandibular health in rats less than 12 weeks after ovariectomy.

Rat strain Sample size
per group

Age at OVX
(wks)

Time after OVX
(wks) Diet Technology Main findings for mandible,

compared to sham control Reference

Sprague-Dawley 𝑛 = 5 4 4 0.89% Ca Radiographs (i) No change in BMD
(ii) No alveolar bone loss [41]

Sprague-Dawley 𝑛 = 8 13 5 1.00% Ca
DXA,

histomorphometry
stereology

(i) No change in BMD,
bone area fraction, or area
moment of inertia

[42]

Fischer 𝑛 = 8 17 9 Unknown Histomorphometry

(i) 25% decrease in BV/TV
(ii) 17% decrease in Tb.N
(iii) 32% increase in Tb.Sp
(iv) No change in Tb.Th

[38]

Sprague-Dawley 𝑛 = 10 26 9 Unknown 𝜇-CT

(i) 7% increase in the tissue
mineral density
distribution grey values at
the 5th percentile
(ii) 25% increase in the
tissue mineral density
distribution coefficient of
variation

[40]

Wistar 𝑛 = 6 17 9 Unknown DXA (i) No change in BMD [43]

Wistar 𝑛 = 6 25 9 1.17% Ca,
0.91% P 𝜇-CT

(i) 15% decrease in BV/TV
(ii) 14% decrease in Tb.Th
(iii) 22% increase in Tb.Sp
(iv) No change in Tb.N

[39]

BMD, bone mineral density; BV/TV, bone volume; Tb.N, trabecular number; Tb.Sp, trabecular separation; Tb.Th, trabecular thickness; DXA, dual-energy X-
ray absorptiometry; 𝜇-CT, microcomputed tomography.

and trabecular number with higher trabecular separation but
no difference in trabecular thickness between the sham and
OVX groups.

Similar results were reported by a study that also inves-
tigated alveolar bone 9 weeks after ovariectomy, the only
difference being an older age at ovariectomy, 25 versus 17
weeks [39]. The hemimandibles were scanned via micro-
computed tomography (𝜇-CT) between the mesial and distal
roots of M1 at a resolution of 50𝜇m.The ROI was delineated
inferiorly by a plane connecting the apices of the buccal and
lingual roots (Figure 5) and superiorly by a contour along
the interradicular septum (Figure 4). Relative to the sham
group, there was lower bone volume and trabecular thickness
with higher trabecular separation. There was no difference
between the trabecular number of the sham andOVXgroups.

Changes in the alveolar bone density of Sprague-Dawley
rats ovariectomized at 26 weeks of age and maintained for
the same 9 weeks after ovariectomy were also reported [40].
To measure the tissue mineral density (TMD) distribution,
hemimandibles were cut into 5mm sections and scanned
via 𝜇-CT at a resolution of 20 𝜇m. The ROI was a volume
of alveolar bone extending 200 𝜇m from the surface of each
tooth along the 5mm section; if visualized in 3D the ROI
would be a 200 𝜇m thick cast of the tooth surfaces in direct
contact with the alveolar bone. This ROI included both the
periodontal ligament (∼150 𝜇m) and the alveolar bone in
direct contact with the tooth surface (∼50𝜇m). There was a
higher variability in themineralization of alveolar bone in the
OVX group than in the sham group. This higher variability
implied more immature bone formation due to accelerated

bone remodeling. In summary, these studies have shown that
by 9 weeks after ovariectomy there is a reduced alveolar bone
volume and increased trabecular separation [38, 39] and the
stability of the alveolar bone directly supporting the molars is
also compromised [40].

Of the studies with an OVX duration < 12 weeks that
did not report an effect on alveolar bone, two had times
after ovariectomy of less than 9 weeks [41, 42] and one
had a time after ovariectomy of exactly 9 weeks [43].
Methodological differences among the studies with an OVX
duration of approximately 9 weeks may also explain why
one study reported no effects [43] while 3 others reported
effects [38–40].The study with the shortest study period after
ovariectomymeasured mandibular BMD in Sprague-Dawley
rats ovariectomized at 4 weeks of age and X-ray radiographs
of hemimandibles were taken 4 weeks after ovariectomy [41].
The ROI began 1.5 cm mesial to M1 and extended until the
end of the alveolar bone supporting the distal root of M3
(Figure 3). The ROI was delineated inferiorly by the crest
of the incisor root and superiorly by the contours of the
molar roots (Figure 6). This ROI included the alveolar bone
supportingM1–M3 and the surrounding cortical bone.There
was no difference between the BMD of the sham and OVX
groups. Alveolar bone loss was also measured by calculating
the difference in height between the cementoenamel junction
(CEJ) and the bone crest at the midpoint of the mesial root
of each molar (Figure 6). There was no difference in alveolar
bone loss between the sham and OVX groups.

At 5 weeks after ovariectomy, the mandibular BMD
of Sprague-Dawley rats ovariectomized at 13 weeks was
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Table 2: Summary of studies investigating mandibular health in rats for 12 weeks or more after ovariectomy.

Rat strain Sample size
per group

Age at
OVX (wks)

OVX duration
(wks) Diet Technology Main findings for mandible,

compared to sham control Reference

Wistar 𝑛 = 5 6 12 1.15% Ca,
0.35% P Histomorphometry (i) 24% decrease in BV [44]

Wistar 𝑛 = 15 35 13 0.01% Ca pQCT
(i) 7% decrease in total BMD
(ii) 11% decrease in Tb.BMD
(iii) 1% decrease in Ct.BMD

[49]

Sprague-Dawley 𝑛 = 6 13 16 Unknown DXA,
pQCT

(i) No change in BMD
(ii) 13% decrease in Tb.BMD
(iii) No change in Ct.BMD

[51]

Lewis-Brown-Norway 𝑛 = 12 11 16 Unknown 𝜇-CT

(i) 18% decrease in BV/TV
(ii) 28% decrease in Tb.Th
(iii) 67% increase in Tb.Sp
(iv) 22% increase in SMI

[45]

Wistar 𝑛 = 12 26 16 0.1% Ca pQCT (i) 3% decrease in total BMD [50]

Sprague-Dawley 𝑛 = 11 28 17 1.1% Ca,
0.80% P

DXA,
𝜇-CT

(i) No change in BMD
(ii) 6% decrease in Tb.N
(iii) 19% decrease in Conn.D
(iv) No change in BV/TV
(v) No change in Tb.Th

[46]

Sprague-Dawley 𝑛 = 15 26 29 1.0% Ca DXA,
histomorphometry

(i) No change in total or molar
region BMD
(ii) 8% decrease in bone area
fraction
(iii) No change in area
moment of inertia

[47]

Lewis-Brown-Norway 𝑛 = 6 13 52 Unknown Radiograph (i) 16% decrease in Ct.Th [52]

Fischer 𝑛 = 6 26 52

1.15% Ca,
0.88% P,
0.80 IU/g
vit. D3

𝜇-CT

(i) 75% decrease in BV/TV
(ii) 46% decrease in Tb.Th
(iii) 58% decrease in Tb.N
(iv) 354% increase in Tb.Sp

[48]

BMD, bone mineral density; Tb.BMD, trabecular BMD; Ct.BMD, cortical BMD; BV, bone volume (2D); BV/TV, bone volume (3D); Tb.N, trabecular number;
Tb.Sp, trabecular separation; Tb.Th, trabecular thickness; Ct.Th, cortical thickness; SMI, structuremodel index; Conn.D, connective density; DXA, dual-energy
X-ray absorptiometry; 𝜇-CT, microcomputed tomography.

measured using DXA [42]. The ROI of left hemimandibles
was a rectangle extending from the angle mesial to M1 until
the distal root of M3 (Figure 3). The following were included
in the ROI: molars, alveolar bone, cortical bone, and the
incisor root. There was no difference in BMD between the
sham and OVX groups. Additionally, the mandibular bone
area fraction and area moment of inertia were measured
using coronal sections (Figure 3) of the distal most aspect
of the M1 mesial root (Figure 5). An image of the newly
exposed surface constituted the ROI and included the alve-
olar bone, cortical bone, and incisor root. There was no
difference between bone area fraction or area moment of
inertia between the sham and OVX groups.

Even 9 weeks after ovariectomy, Wistar rats ovariec-
tomized at 17 weeks reported no difference between the
mandibular BMD of the sham and OVX groups [43]. The
mandibular BMD was measured by DXA equipped with
small animal software. The ROI was a rectangle encompass-
ing the alveolar, condylar, and coronoid processes; the molar
crowns and incisor were removed (Figure 3). Since changes
in alveolar bone structure [38, 39] and density [40] have been
reported by ∼9 weeks after ovariectomy, it is possible that

DXAmay not be sensitive enough to detect the ovariectomy-
induced changes in the rat mandible. Studies that follow
for a longer time period after ovariectomy are likely needed
to detect ovariectomy-induced loss of mandibular BMD by
DXA. Future studies that use 𝜇-CT to measure changes in
alveolar bone structure in response to ovariectomy are also
needed. It is likely that 𝜇-CT would detect a more subtle
change in alveolar bone after a shorter amount of time
after ovariectomy than DXA due to its superior resolution,
ability to quantify structural changes, and highly specific
ROI in three-dimensions (3D). Also, in order to detect a
robust change in alveolar bone after ovariectomy, that can be
correlated with changes at other typical skeletal sites such as
the long bones and lumbar vertebrae, a time after ovariectomy
of greater than 12 weeks is likely needed.

4.2. Longer-Term Effects of Ovariectomy on Mandibular
Health: Findings from Studies That Are 12 Weeks or Longer
after Ovariectomy. All of the studies with an ovariectomy
duration of longer than 12 weeks (Table 2) report a reduction
in bone mineral and/or structural changes in alveolar bone.
Of these 9 studies, 5 reported changes in alveolar bone
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structure [44–48], 3 reported significant reductions in the
BMD of alveolar bone [49–51], and a single study reported
a decrease in the cortical thickness of alveolar bone [52].

Two studies used conventional histomorphometricmeth-
ods to report changes in alveolar bone structure following
ovariectomy [44, 47]. One study ovariectomized rats at 6
weeks of age and studied them until 12 weeks after ovariec-
tomy [44]. To measure the mandibular histomorphometry,
hemimandibles were sectioned coronally into 50𝜇m thick
slices (Figure 3). The ROI was a rectangle, with an area of
0.135mm2, inferior to the apices of the buccal and lingual
roots of M1 (Figure 5) and superior to the mandibular canal
(Figure 6). There was a lower bone volume in the OVX
group than in the sham group. Another study ovariectomized
Sprague-Dawley rats at 26 weeks andmaintained them for 29
weeks [47]. To measure the mandibular bone area fraction
and the area moment of inertia, the left hemimandibles were
sectioned coronally (Figure 3) between the mesial and buccal
roots of M1 (Figure 5) and also between the roots of M2.
The ROI for the bone area fraction was the entire surface
of the M1 section with the molar crown/roots and incisor
removed. The ROI for the area moment of inertia was the
entire surface of the M2 section with the incisor removed.
The bone area fraction of the OVX group was lower than the
sham group.There was no difference between the moment of
inertia between sham and OVX groups.

The remaining 3 studies to report changes in alveolar
bone structure used 𝜇-CT [45, 46, 48]. To measure the
mandibular morphometry of rats ovariectomized at 11 weeks
and maintained for 16 weeks, left hemimandibles were
scanned via 𝜇-CT beginning at the mesial plane of M1 and
extending 25 slices toward the distal root (Figure 5); the scan
was at a resolution of 15 𝜇m [45]. The ROI was delineated
superiorly by the apex of the M1 mesial root (Figure 5) and
inferiorly by the crest of the incisor socket (Figure 6). The
buccal and lingual walls of cortical bone that flanked the
ROI were removed. Relative to the sham group, there was
a lower bone volume, lower trabecular thickness, higher
trabecular separation, and a higher structure model index in
the OVX group. A higher structure model index indicated a
shift in trabeculae shape from plate-like to rod-like; rod-like
trabeculae are thinner trabeculae and are thus indicative of
structurally compromised alveolar bone.

Another study measured the mandibular morphometry
of rats ovariectomized at 28 weeks and studied 17 weeks
later by scanning the left hemimandibles using 𝜇-CT. This
analysis was done between the mesial and distal borders of
M1 (Figure 5) at a resolution of 16 𝜇m [46]. The ROI was an
interpolated shape encompassing the alveolar bone from the
apices of the buccal and lingual roots (Figure 5) to the crest of
the incisor (Figure 6) and from themesial to distal surfaces of
theM1 interradicular septum (Figure 5). Relative to the sham
group, there was a lower trabecular number and connectivity
density in the OVX group but no differences in bone volume
or trabecular thickness between the sham and OVX groups.
A higher resolution 𝜇-CT scan and an ROI limited to the
interradicular septum (Figure 4) are likely needed to observe
changes in bone volume or trabecular thickness.

To investigate longer-term changes in mandibular mor-
phometry, the right hemimandibles of rats ovariectomized at
26 weeks and studied 52weeks later were scanned using 𝜇-CT
at a resolution of 20𝜇m [48]. The ROI was the interradicular
septum of M1 delineated inferiorly by a straight line between
the mesial and distal roots (Figure 4). Only a single sagittal
slice exposing the interradicular septum of M1 was used for
the ROI, not the entire volume of the interradicular septum.
Relative to the sham group there was a lower bone volume,
a lower trabecular thickness, a lower trabecular number, and
a higher trabecular separation in the OVX group, indicating
compromised structure of alveolar bone.

Of the studies to evaluate changes in mandibular BMD
following ovariectomy using DXA, none reported any
changes in BMD while each of the studies reported changes
inmandibular density or structure by either pQCT [51], 𝜇-CT
[46], or histomorphometry [47]. Of the 3 studies to evaluate
changes in mandibular density by pQCT, all 3 reported a
loss of BMD after ovariectomy [49–51].These studies provide
evidence that mandibular BMD measured by DXA cannot
represent the changes in alveolar bone following ovariectomy
in the rat and that higher resolution techniques such as pQCT
or 𝜇-CT are needed.

In a study of rats ovariectomized at 35 weeks and studied
at 13 weeks after ovariectomy, the BMD of hemimandibles
was measured via pQCT between the mesial root of M1 and
the distal root of M2 (Figure 3) at a voxel size of 100 𝜇m and
a section thickness of 750𝜇m [49]. The ROI was the entire
surface of each coronal section with the molar crowns, roots,
and the incisor root removed; this included both trabecular
and cortical bone. Relative to the sham group, there was a
lower total trabecular and cortical BMD in the OVX group.

Another study in younger ovariectomized rats (13 weeks
old) that were studied 16 weeks after ovariectomy scanned
hemimandibles using pQCT from the mesial border of M1
to the distal border of M3 (Figure 3) [51]. The ROI was
the surface of each coronal pQCT section with the molar
crowns/roots and the incisor root removed. The lowest tra-
becular BMD in theOVX group compared to the sham group
was observed 3.5mm from the mesial border of M1. There
was no difference between the sham group and the OVX
group cortical BMD. Additionally, the hemimandibles of rats
ovariectomized at 26 weeks and maintained for 16 weeks
after ovariectomy were scanned via pQCT at one 750 𝜇m
thick coronal slice through the midpoint of M1 (Figure 3) at
a resolution of 100 𝜇m [50].The ROI was the entire surface of
the coronal slice with the molar crown/roots and the incisor
root removed. There was a lower total mandibular BMD in
the OVX group compared to the sham group.

A long-term study of rats ovariectomized at 13 weeks
and maintained for 52 weeks after ovariectomy measured
changes in mandibular cortical bone thickness [52]. Left
hemimandibles were exposed to a 70 kV, 7mA X-ray source
and images were digitally captured at a resolution of 12.5 line
pairs/mmwith a total image size of 640 by 480 pixels.TheROI
was a computer-generated contoured shape encompassing
the lower mandibular border; it began superiorly where
the lower border met the incisor root and extended to the
most inferior aspect of the lower border. There was a lower
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Table 3: Summary of studies investigating estrogen replacement therapy and mandibular health in ovariectomized rats.

Rat strain Sample size
per group

Age at
OVX (wks)

OVX duration
(wks)

Estrogen dose;
duration (wks)

Main findings for mandible,
compared to OVX Reference

Wistar 𝑛 = 4 Unknown 2

17𝛽-estradiol
1.5 𝜇g/day
continuous infusion;
2

(i) Less nuclei (osteoclasts) [54]

Sprague-Dawley 𝑛 = 5 13 7

17𝛽-estradiol
10 𝜇g/kg
5 days/wk;
7

(i) 36% less periodontal ligament space [55]

Wistar 𝑛 = 14 11 11
17𝛽-estradiol
20 𝜇g/kg daily;
11

(i) 41% greater bone density [56]

Wistar 𝑛 = 15 26 16

Estriol
100 𝜇g/kg
5 days/wk;
12

(i) Improved trabecular BMD and BMC [57]

Sprague-Dawley 𝑛 = 9 13 62

17𝛽-estradiol
10 𝜇g/kg
4 days/wk;
10

(i) 38% less periosteal mineralizing surface
(ii) 88% less endosteal double-labeled surface
(iii) 51% less endosteal mineralizing surface
(iv) 71% less endosteal mineral apposition rate

[58]

OVX, ovariectomized; BMD, bone mineral density; BMC, bone mineral content.

mandibular cortical thickness in the OVX group compared
to the sham group.

In summary, the longer the time since ovariectomy, the
greater the magnitude of the observed changes in alveolar
bone structure. Likewise the age of the rat at ovariectomy
determines its skeletal maturity, and thus changes in bone
density and structure in a mature rat (>3 months of age)
skeleton is more likely to mimic those in a mature adult
human skeleton. An immature rat (<3 months of age)
skeleton would experience competing skeletal growth after
ovariectomy and that may skew any ovariectomy-induced
changes. Robust changes to alveolar bone following ovariec-
tomy have consistently been reported in studies that analyze
mandible outcomes at or after 12 weeks after ovariectomy.
The combination of studying a rat with a mature skeleton
(at least 12 weeks of age (∼3 months) and ideally closer to
6 months of age at ovariectomy to exclude skeletal growth)
and a time after ovariectomy of at least 12 weeks would
yield changes to alveolar bone structure and density that
are optimal to represent postmenopausal bone loss. Future
studies developing interventions to preserve alveolar bone
should consider this time frame.

5. Effect of Dietary Calcium on Mandibular
Health in Ovariectomized Rats

In addition to considering age at ovariectomy and time
from ovariectomy, dietary calcium levels are also important
to consider. Two studies [44, 48] that used the same level
of calcium in the diet (1.15% Ca) but studied the rats for
different periods of time after ovariectomy reported different
percent changes in alveolar bone volume (24% versus 75%).
Thus, the observed differences in alveolar bone volume are
due to differences in the time after ovariectomy. In other

studies that were of similar length after ovariectomy (16
weeks [50] versus 13 weeks [49]), different dietary calcium
levels affected mandibular outcomes. For example, a tenfold
difference in dietary calcium, of which both levels were
considered “low calcium” (0.1% calcium and 0.01% calcium),
resulted in a 2.88% and 7.35% decrease in total mandibular
BMD, respectively. Thus, mandibular health is dependent on
the age at ovariectomy, time after ovariectomy, and the level of
dietary calcium. To control for such variation, future studies
could use semipurified diet such as the AIN93M that is
specially formulated tomeet the nutritional needs of the adult
rat [53] and facilitates a standardization of the effects of diet
on bone outcomes. Although not specifically studied in the
ovariectomized rat model, other aspects of a diet including
macronutrient or micronutrient content can also likely affect
the outcomes of mandibular health if not tightly controlled
among studies.

6. Estrogen Replacement Therapy Preserves
Mandibular Health in Ovariectomized Rats

A single human trial has reported higher alveolar bone
density with ERT [24], yet with the ovariectomized rat model
it is clear that estrogen treatment can preserve both the
periodontium [54, 55] and alveolar bone density [56, 57]
and also reduce mandibular bone turnover [58] (Table 3).
Rats that were ovariectomized at an unreported age and
maintained for 2 weeks were divided into sham, OVX, and
OVX + estrogen and were implanted with mini osmotic
pumps to continuously deliver either vehicle (sham and
OVX groups) or estrogen (OVX + estrogen group) [54].
The treatment that the OVX + estrogen group received was
1.5 𝜇g/day of 17 𝛽-estradiol; this dose was not standardized
to body weight so it is difficult to place in the context of
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the other studies. Tomeasure mandibular osteoclastogenesis,
right hemimandibles were sectioned into 5 𝜇m thick slices
at the M1 mesial root (Figure 5) and stained for tartrate-
resistant acid phosphatase (TRAP) activity. The ROI was the
buccal periodontium surrounding the mesial root of M1. At
2 weeks after ovariectomy, there was less nuclei/osteoclast
observed in the OVX + estrogen group compared to the
OVX group. There was no difference in the number of
nuclei/osteoclast between the sham and OVX + estrogen
groups.Thus, estrogen treatment attenuated the ovariectomy-
induced osteoclastogenesis observed in the rat buccal peri-
odontium of M1.

Another study indicates that rats that were ovariec-
tomized at 13 weeks of age were administered 17 𝛽-estradiol
by injection at a dose of 10 𝜇g/kg for 5 days/week, for 7
weeks after ovariectomy [55]. To measure the periodontal
ligament space, left hemimandibles were cut sagittally at the
buccal/lingual midpoint (Figure 5) to expose M1–M3 and
were scanned via scanning electronmicroscopy.The ROI was
the distance between amolar root surface and the supporting
alveolar bone at 3 randomly chosen sites per rat. There was a
greater periodontal ligament space in the OVX group than in
the sham group. Estrogen treatment inhibited the expansion
of the periodontal ligament space and, by extension, alveolar
bone resorption.

Rats ovariectomized at 11 weeks received a daily sub-
cutaneous injection of 17 𝛽-estradiol at a dose of 20𝜇g/kg
for 11 weeks [56]. To measure the alveolar bone density,
hemimandibles were sectioned into 6 𝜇m thick slices in the
coronal plane (Figure 3) between the mesial and distal roots
of M1 (Figure 5). The ROI was the volume of alveolar bone
within 1000 𝜇m of the furcation roof on 5 equally spaced
slices within theM1 interradicular septum.There was a lower
alveolar bone density in the OVX group compared to the
sham group.There was no difference in alveolar bone density
between the sham and the OVX + estrogen groups.

A similar study also used Wistar rats ovariectomized at
11 weeks but treated the rats with an oral dose of estriol
at 100 𝜇g/kg, 5 days/week for 12 weeks after ovariectomy
[57]. To measure changes in trabecular BMD and bone
mineral content (BMC), the hemimandibles were scanned
using pQCT at a resolution of 100 𝜇m at 11 slices beginning
0.5mm from the mesial boarder of M1 to the distal border
of M3 (Figure 3). The ROI extended from the superior edge
of the incisor root (Figure 6) to the molar furcation roof and
excluded the molar crown, roots, and surrounding cortical
bone. The OVX + estrogen treated group had a higher
trabecular BMD and BMC at multiple slices compared to the
OVX group; the sites of greatest alveolar bone preservation
were the slices directly beneath M1 and M2.

To measure longer-term changes in mandibular bone
remodeling rats were ovariectomized at 13 weeks and left
untreated for 52 weeks after ovariectomy [58]. After the 52-
week period, one group received estrogen treatment for 10
weeks as a subcutaneous injection of 17 𝛽-estradiol for 4 days
each week at a dose of 10 𝜇g/kg. Fluorochrome bone markers
were also administered at 17 and 7 days prior to necropsy.
To measure the mandibular histomorphometry, right hemi-
mandibles were sectioned coronally at M2 (Figure 3) into

30 𝜇m thick slices and visualized with a fluorescence micro-
scope to quantify bone turnover. There were two ROIs, the
periosteal bone surface around the outside of the mandibular
cortical bone and the endosteal bone surface around the
trabeculae within the M2 supporting alveolar bone. On the
periosteal surface, themineralizing surface of theOVX group
was higher than the OVX + estrogen group. On the endosteal
surface, the double-labeled surfaces, mineralizing surfaces,
and mineral apposition rates were all higher in the OVX
group compared to the OVX + estrogen group. By reducing
bone turnover in the rat mandible, estrogen treatment may
work to preserve existing alveolar bone mass.

Estrogen treatment reduced osteoclastogenesis, stabilized
bone turnover, and therefore preserved alveolar bonemass in
the ovariectomized rat. However, the preservation of alveolar
bone structure following estrogen treatment remains unclear.
Future studies should correlate the preservation of alveolar
bone structure following ERT with other key sites rich in
trabecular bone that are known to respond to ERT in order
to place the bone-sparing effects of ERT on alveolar bone in
the context of systemic bone health.

7. Conclusions

Our review of the literature indicates that the ovariectomized
rat experiences a deterioration of alveolar bone that resembles
the loss that can be experienced by postmenopausal women.
Moreover, the well-characterized loss of bone mineral and
structure that occurs in the long bones and lumbar spine
occurs concurrently with a loss of tooth-supporting alveolar
bone in the mandible of the ovariectomized rat. This link
between the traditional sites of bone loss (hip and lumbar
spine) and alveolar bone emphasizes the ability of future
intervention studies to have a bimodal effect on skeletal
health, targeting both fracture prevention and tooth reten-
tion. Some considerations to maximize the benefits of this
model include the measurement techniques used, the age
at ovariectomy, and the duration for which a rat is studied
after ovariectomy. Diet should also be controlled by adopting
standardized diets such as AIN93M to ensure that differences
among studies are not due to differences in specific nutrients
such as calcium.

Ovariectomy-induced changes to alveolar bone in the
preclinical rat model of postmenopausal osteoporosis are
detected by traditional histomorphometry, pQCT, and 𝜇-
CT, but not DXA. The rat should be at least 3 months of
age when ovariectomized (ideally closer to 6 months of age)
and the time after ovariectomy should also be at least 3
months.The alveolar bone region of interest should be limited
to the interradicular septum of the first molar because it
is the most well-characterized site and appears to respond
positively to the established bone sparing effect of estrogens.
The capacity of the alveolar bone to respond positively
to estrogen replacement therapy highlights the possibility
of additional interventions that target bone anabolism and
reduce bone turnover. To date alveolar bone turnover in
the ovariectomized rat has been reduced by bisphospho-
nate (alendronate [56] and risedronate [58]) treatment, and
alveolar bone formation has been stimulated by calcitonin
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[58] and intermittent parathyroid hormone treatment [59].
Such studies suggest that alveolar bone may be much more
sensitive to strategies targeting systemic bone preservation in
the preclinical model of postmenopausal bone loss than pre-
viously thought. Future studies investigating bone-preserving
strategies for the typical sites of ovariectomy-induced bone
loss such as the proximal tibia metaphysis, distal femur
epiphysis, femoral neck, and lumbar vertebral bodies should
include the alveolar bone of the M1 interradicular septum
as a region of interest. Studies that show preservation of
alveolar bone as well as skeletal sites that are well-established
for bone loss after ovariectomy in this preclinical model
will provide an important basis for interventions in post-
menopausal women. The tight link between alveolar bone
preservation, tooth retention, better nutritional status, and
the reduced risk of developing chronic disease beginswith the
mitigation of postmenopausal bone loss. The ovariectomized
rat model has the potential to be a preclinical model of
postmenopausal alveolar bone loss and could facilitate future
drug and nutritional strategies aimed at tooth retention and
thus a reduced risk of developing chronic disease.
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We assessed the effect of a novel and selective phosphodiesterase 4 (PDE4) inhibitor, ciclamilast, on chronic inflammation in
adjuvant-induced arthritis (AIA), a rat model of rheumatoid arthritis (RA), and acute inflammation in the rat and mouse model
of carrageenan-induced paw edema and peritonitis. Our results showed that daily oral administration of ciclamilast at 1, 3, and
10mg/kg dose-dependently inhibited the increase in hind paw volume of rats with AIA.The inhibition of paw edemawas associated
with inhibition of both the production of cytokines such as TNF-𝛼, IL-1𝛽, and IL-6 and cell infiltration assessed in subcutaneous paw
tissue. Moreover, there was significantly less tissue destruction in the ciclamilast-treated rats compared to the vehicle-treated rats,
as assessed by radiographic analysis and histopathological evaluation. In the two acute inflammation models, ciclamilast inhibited
carrageenan-induced paw edema in rats and inflammatory cell migration into the peritoneal cavity in mice in a dose-dependent
manner. These results not only suggest that ciclamilast, as a disease-modifying antirheumatic drug (DMARD), can attenuate RA
but also provide proof of principle that a PDE4 inhibitor may be useful for the treatment of arthritis.

1. Introduction

Rheumatoid arthritis (RA) is a chronic inflammatory autoim-
mune disease characterized by synovial joints and subsequent
progressive erosive destruction of articular cartilage, causing
progressive damage to the musculoskeletal system, which
contributes to loss of physical function and quality of life [1,
2]. RA prevalence rates in developed populations are approx-
imately 0.5% to 1% of the adult population. The standardized
mortality ratios vary from 1.28 to 2.98. Epidemiological
studies have consistently demonstrated increased mortality
in patients with RA compared with the expected rates in the
general population [3]. At present, the drugs used to treat RA
range from nonsteroidal anti-inflammatory drugs (NSAIDs)
to disease-modifying antirheumatic drugs (DMARDs) such
as methotrexate as the main treatment approach, while
biologicalDMARDs such as antitumor necrosis factor (TNF),
interleukin (IL)-1, and IL-6 are usually considered only when

patients fail to respond to conventional DMARDs. However,
the lack of reliable treatment for early RA is a troublesome
problem for doctors because most NSAID and DMARD
treatments cause severe side effects including stomach ulcers
and bleeding in the case of NSAIDs and high blood pressure,
osteoporosis, weight gain, and infections in the case of
DMARDs [4, 5].

There is therefore a need to develop effective anti-
inflammatory drugs with fewer side effects. Phosphodi-
esterases (PDEs) are a superfamily of enzymes that catalyze
the breakdown of cAMP and/or cyclic guanosinemonophos-
phate (GMP) to their inactive forms. PDE4 is the main
selective cAMP-metabolizing enzyme in inflammatory and
immune cells. Because PDE4 is highly expressed in leuko-
cytes and other inflammatory cells involved in the patho-
genesis of inflammatory lung diseases, such as asthma and
chronic obstructive pulmonary disease (COPD), inhibition
of PDE4 has been predicted to have an anti-inflammatory
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effect and thus therapeutic efficacy [6]. Targeting PDE4
has enormous clinical potential because it targets a central
pathogenic process that bypasses complex antigen receptor-
specific immunoregulatory mechanisms. Indeed, selective
PDE4 inhibitors have generated substantial interest as treat-
ment for several autoimmune conditions including rheuma-
toid arthritis, ankylosing spondylitis, Alzheimer’s disease,
psoriasis, psoriatic arthritis, sarcoidosis, systemic lupus ery-
thematosus, inflammatory bowel disease, atopic dermatitis,
and multiple sclerosis [7]. However, early PDE4 inhibitors
such as rolipram and piclamilast (RP 73401) have limited and
inconsistent efficacy and side effects that make their further
development as treatments for these autoimmune diseases
less desirable. Therefore, the search for novel structural
classes of PDE 4 inhibitors such as apremilast [8, 9] and
ciclamilast [10] that may not have the major side effects
(nausea, vomiting, and headache) of the archetypal rolipram
is ongoing. Ciclamilast is a structural analog of piclamilast.
Our previous studies have confirmed that the inhibitory
effect of orally administered ciclamilast on airway hyper-
responsiveness is due to its inhibition of PDE4 expression,
upregulation of cAMP-PDE activity, and downmodulation of
PDE4 activity.We have also demonstrated anti-inflammation
and antimucus hypersecretion effects in a murine model of
asthma [10] and cigarette smoke-induced airway inflamma-
tion and injury in mice (unpublished data).

In this study, ciclamilast was carefully evaluated for its
immunopharmacological efficacy against adjuvant-induced
arthritis (AIA) in rats and its relevant effects on immune
responses. We report that ciclamilast strongly inhibited AIA-
induced inflammatory responses in rats. Furthermore, it
significantly attenuated carrageenan-induced paw edema in
rats and carrageenan-induced peritonitis in mice.

2. Materials and Methods

2.1. Animals. Inbred, female and male, specific pathogen-
free ICR mice (22 ± 3 g, 8 weeks old) and Sprague-Dawley
(SD) rats (220 ± 20 g, 9-10 weeks old) were purchased from
the Shanghai Slac Laboratory Animal Co., Ltd. (China). The
animals were housed in a room maintained at 23 ± 2∘C with
50 ± 10% humidity and a 12-h light/12-h dark cycle (lights on
from 8 : 00 a.m. to 8 : 00 p.m.). The animals were allowed free
access to tap water and regular rodent chow. Rodent chow
was withheld for 8 h before the final experiments. All of the
animal care and handling procedures were approved by the
Institutional Animal Care and Use Committee of Zhejiang
University.

2.2. Adjuvant-Induced Arthritis (AIA) in Rats. Arthritis was
induced by inoculation of the rats with Freund’s complete
adjuvant (CFA). Briefly, on day 0, rats were anesthetized with
a mixture of ketamine and xylazine (80 : 10mg/kg, intraperi-
toneally) and then injected with 0.1mL CFA 1mg/mL of
heat-inactivated Mycobacterium tuberculosis in 85% paraffin
oil and 15% mannide monooleate (Sigma Aldrich, St. Louis,
MO, USA) intradermally at the base of the tail. Rats in the
control groups were injected with an equal volume of saline

instead of CFA. Treatment and group designations are as
follows: control (no adjuvant, no treatment); vehicle (2%
sodium carboxymethylcellulose (CMC), Sigma Aldrich, St.
Louis, MO, USA); 1, 3 and 10mg/kg ciclamilast (cic, Beijing
Joinn Drug Research Center, China); 0.1mg/kg methotrexate
(MTX, Sigma Aldrich, St. Louis, MO, USA), one of the most
utilized disease-modifying antirheumatic drugs was used as a
positive control and administered by oral gavage. Treatments
were given daily from the first injection for a period of 27
days.

2.3. Evaluation of Paw Edema in Arthritis. Paw edema was
determined by measurement of the paw volume using a
water-replacement plethysmometer (YLS-7A; Jinan Yiyan
Technology and Science Development Co., LTD, China).
Measurements were obtained at baseline (1 day before CFA
injection), and day 0 was the first CFA injection. Measure-
ments were also obtained on days 2, 4, 6, 8, 10, 12, 14, 16, 18,
20, 22, 24, 24, 26, and 28 following CFA injection.

2.4. Radiographic Analysis and Organ Weights. On day 28,
hind limbs were subjected to radiographic analysis using an
X-ray machine with a 0.5mm focal spot, beryllium window,
and X-OMAT TL film. The focal film distance was 61 cm,
and exposures were 30 s at 45 kVp and 3mA. Radiographs
were analyzed by a board-certified radiologist who was
blinded to the treatment groups. Semiquantitative scores
were generated for radiographic changes in the joints in the
following areas: soft-tissue volume, joint space, subchondral
erosion, periostitis, osteolysis, subluxation, and degenerative
joint changes. The values were based on increasing severity;
day 26 was considered the highest possible score per paw
[11]. The spleen and thymus were harvested from each rat,
and the wet weightmeasured to determine spleen and thymic
involution, which is the typical of AIA [11].

2.5. Histopathology Evaluation. Samples were obtained from
the knee joint 28 days after adjuvant injection.The specimens
were fixed in buffered 10% formalin and embedded in
paraffin. They were serially sectioned onto microscope slides
at a thickness of 5𝜇m and then deparaffinized, stained with
hematoxylin and eosin, and evaluated for morphological
changes and cellular infiltration. Histopathological changes
in the joints due to AIA were described and scored using
semiquantitative grading with five scores (0: unremarkable,
1: minimal, 2: mild, 3: moderate, and 4: marked). AIA was
scored as follows: 0: normal; 1: minimal synovitis without car-
tilage/bone erosion; 2: synovitis with some marginal erosion
but with joint architecturemaintained; 3: severe synovitis and
erosion with loss of normal joint architecture.

2.6. Determination of Tissue Cytokine Production. To mea-
sure tissue cytokine levels, the animals were killed on day
28 by deep ether inhalation, and subcutaneous paw tissues
were collected. Samples were placed in PBS containing 0.05%
Tween-80, 0.1mM phenylmethylsulfonyl fluoride, 0.1mM
benzethonium chloride, 10mM EDTA, and 20KI aprotinin
A, homogenized, and centrifuged at 3000 g for 10min.
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Figure 1: Anti-inflammatory effect of ciclamilast on AIA in rats. Time course of paw swelling on the contralateral paw and the area under
curve (AUC) of paw swelling on the contralateral paw in rats with AIA on day 28. Control (no adjuvant, no treatment); vehicle, 1, 3, and
10mg/kg ciclamilast (cic) and 0.1mg/kgMTX were administered by oral gavage. Hind paw volume (mL) was measured before and after drug
administration using a water-replacement plethysmometer. All drugs were administered by oral gavage. Statistical analysis was performed
by one-way ANOVA (Dunnett’s method) or Mann-Whitney t-test. ###𝑃 < 0.001 versus control; ∗𝑃 < 0.05, ∗∗𝑃 < 0.01 versus vehicle. Data
represent the mean ± S.E.M. (𝑛 = 9-10/group).

The supernatant was rapidly frozen and stored at −76∘C for
latermeasurement of IL-1𝛽, IL-6, and TNF-𝛼 levels. Cytokine
levels were evaluated using specific rat immunoassay ELISA
kits according to themanufacturer’s recommendations (eBio-
science, San Diego, CA, USA).

2.7. Carrageenan-Induced Paw Edema in Rats. Male and
female SD rats received a subplantar injection of 100𝜇L of
a 1% (w/v) suspension of 𝜆-carrageenan (Sigma Aldrich, St.
Louis, MO, USA) in the right hind paw [12]. Paw edema
was determined by measurement of the paw volume using
a water-replacement plethysmometer immediately before
subplantar injection of carrageenan and then at 2, 4, 6, and
8 h afterwards. The data are presented as the variation in the
paw volume (mL) and were compared to preinjection values.
Ciclamilast at 1, 3, 10mg/kg and 10mg/kg indomethacin
or vehicle (CMC 200 𝜇L) was administered via oral gavage
30min after intraplantar carrageenan injection.

2.8. Carrageenan-Induced Peritonitis in Mice. To study the
effect of ciclamilast on carrageenan-induced peritonitis in
mice, 1, 3, 10, and 20mg/mg ciclamilast was administered
by oral gavage. Male and female ICR mice received an
intraperitoneal injection of 100 𝜇L of a 1% (w/v) suspension
of carrageenan. The mice were killed by cervical dislocation
under anesthesia 4 h later, and the peritoneal cavity was
washed with 1.5mL heparinized phosphate-buffered saline
(PBS) to count peritoneal cells. Total cell counts were
performed in a Neubauer chamber, and a differential cell
(neutrophils) count of a total of 200 cells was performedusing

Giemsa staining. The results are presented as the number of
total leukocyte cells or neutrophils per milliliter of peritoneal
exudate.

2.9. Statistical Analysis. Parametric datawere evaluated using
analysis of variance followed by the one-way ANOVA (Dun-
nett’s method). Nonparametric data were assessed using the
Mann-Whitney test. Differences were considered statistically
significant at 𝑃 < 0.05. The experiments were repeated at
least two times.The SPSS statistical package 15.0 was used for
statistical analysis.

3. Results

3.1. Attenuation of Adjuvant-Induced Arthritis in Rats by
Ciclamilast. Paw volume significantly increased in the
vehicle-treated rats compared with control rats (𝑃 < 0.001)
from day 8 to day 28. Compared with the vehicle-treated
rats, the 3mg/kg or 10mg/kg ciclamilast-treated rats and the
0.1mg/kg MTX-treated rats showed an obvious decrease in
paw edema (𝑃 < 0.05 or 0.01). Similarly, the area under the
curve (AUC) of the 3mg/kg or 10mg/kg ciclamilast-treated
and the 0.1mg/kg MTX-treated groups also showed a trend
toward less paw edema compared with the vehicle-treated
rats (each 𝑃 < 0.05 or 0.01) (Figure 1).

3.2. Effect of Ciclamilast on Radiographic and Histopatho-
logical Changes. As illustrated in the representative day 28
radiographs shown in Figure 2(a), the vehicle-treated rats
displayed arthritic changes compared with the control rats.
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Figure 2: Continued.
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Figure 2: Radiographic (a) and histopathological images (b) of hind paws from representative rats on day 28. Note the evidence of swelling
and tissue damage in the treatment rats comparedwith the control rats (a). Ciclamilast displayed potent and dose-dependent inhibitory effects
on both swelling and bone changes and reduced the average radiographic (c) and histopathological scores (d).

These arthritic changes were characterized by tissue swelling
and evidence of bone changes. For example, the vehicle-
treated rats had an average radiographic score of 11.6 ± 1.9,
whereas the control rats had a mean score of 0 (Figure 2(a)).
When administered, ciclamilast displayed potent and dose-
dependent inhibitory effects on both swelling and bone
changes and showed a trend toward less paw swelling and
bone injury when compared with the vehicle-treated rats
(each 𝑃 < 0.05 or 0.01). The 0.1mg/kg MTX-treated
group also showed marked improvement compared with the
vehicle-treated rats (𝑃 < 0.01).

To further validate the antiarthritic effects of ciclami-
last, the synovial liningand bone erosionswere examined
(Figure 2(b)). In the control rats, synovial cells formed a
thin layer, and they were flat and quiescent. No leukocyte
infiltration or bone erosions were observed. In AIA rats
treated with vehicle, the synovial membrane cells became
hyperplastic, and it formed a thick, multicelled layer, suggest-
ing active proliferation. In addition, the synovial membrane
showed infiltration by leukocytes and hyperanemia with
dilated blood microvessels (Figure 2(b)). In the synovial
tissues of the ciclamilast- or MTX-treated rats (Figure 2(b)),
cell hyperplasia and hypertrophy were significantly inhibited,
fewer leukocytes were present, and fewer blood microvessels
and bone erosions were seen. The vehicle-treated rats had
an average histopathological score of 3.85 ± 0.43, whereas
control rats had a mean score of 0 (Figure 2(d)). When
administered, ciclamilast and MTX resulted in potent and
dose-dependent inhibitory effects on both changes to the

synovial lining and bone injury when compared with the
vehicle-treated rats (each 𝑃 < 0.05 or 0.01).

3.3. Effect of Ciclamilast on Body and Immune OrganWeights.
Animals treated with vehicle or MTX weighed substantially
less on day 28 compared with the control rats (𝑃 < 0.05;
Figure 3(a)). Treatment with MTX further reduced the rat
body weight compared with the vehicle-treated rats (𝑃 <
0.05). Ciclamilast at 1mg/kg had no effect on body weight
in comparison with the vehicle-treated rats. However, 3
and 10mg/kg ciclamilast-treated rats exhibited a significant
increase in body weight compared with the vehicle-treated
rats (𝑃 < 0.05). AIA rats treated with vehicle or ciclamilast
displayed a marked increase in spleen wet weight compared
with the control rats (𝑃 < 0.01; Figure 3(b)). However, the
MTX-treated rats had amarked decrease in spleenwet weight
compared with the control rats and the vehicle-treated rats
(𝑃 < 0.05; Figure 3(b)). By day 28, the thymus weight in the
vehicle-treated rats was markedly increased in comparison
with the control rats (𝑃 < 0.05; Figure 3(c)). Ciclamilast at
1, 3, and 10mg/kg had no effect on the thymus wet weight
compared with the vehicle-treated rats. However, the MTX-
treated rats exhibited amarked decrease in thymuswetweight
compared with the control rats and the vehicle-treated rats
(𝑃 < 0.05; Figure 3(c)).

3.4. Effects of Ciclamilast on the Cytokine Levels of Subcu-
taneous Paw Tissues. The IL-1, TNF-𝛼, and IL-6 levels in
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Figure 3: Effect of ciclamilast on body and immune organ weights. The wet weight of organs (spleen and thymus) harvested from rats with
adjuvant-induced arthritis on day 28. Statistical analysis was performed by one-way ANOVA (Dunnett’s method) or Mann-Whitney t-test.
#
𝑃 < 0.05, ##𝑃 < 0.01 versus control; ∗𝑃 < 0.05, ∗∗𝑃 < 0.01 versus vehicle rats. Data represent the mean ± S.E.M. (𝑛 = 9-10/group).

paw tissueswere significantly increased in vehicle-treated rats
compared with control rats (𝑃 < 0.01) at day 28. Compared
with the vehicle-treated rats, the 1, 3, and 10mg/kg ciclamilast
and the 0.1mg/kgMTX-treated rats showed an obvious dose-
dependent decrease in proinflammatory factors (each 𝑃 <
0.05 or 0.01) (Figure 4).

3.5. Attenuation of Carrageenan-Induced Edema in Rat Paws
by Ciclamilast. Paw volume was significantly increased in
vehicle-treated rats compared with the control rats (𝑃 <
0.001) from hour 2 to hour 8. Compared with the vehicle-
treated rats, the 3mg/kg and 10mg/kg ciclamilast and the
10mg/kg indomethacin groups showed an obvious decrease
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Figure 4: Effect of ciclamilast on the cytokine levels in paw tissue of rats with AIA. Rats with AIA were treated with vehicle or 1, 3,
or 10mg/kg ciclamilast or 0.1mg/kg MTX via oral gavage from days 0 to 28 after adjuvant induction. Twenty-four hours after the last
administration of ciclamilast, rats were killed. The subcutaneous tissue of the right hind paw and the surrounding tarsotibial joints were
removed, homogenized, and used for assessment of cytokine levels by ELISA. Statistical analysis was performed by one-way ANOVA
(Dunnett’s method) or Mann-Whitney t-test. #𝑃 < 0.05, ##𝑃 < 0.01 versus control; ∗𝑃 < 0.05, ∗∗𝑃 < 0.01 versus vehicle rats. Data represent
the mean ± S.E.M. (𝑛 = 9-10/group).

in paw edema (each 𝑃 < 0.05, 0.01 or 0.001). Treatment
with 1, 3, and 10mg/kg ciclamilast inhibited paw edema by
21.4%, 39.9%, and 50.4%, respectively, 8 h after carrageenan
administration (Figure 5). The inhibitory effect of 10mg/kg
indomethacin after the same time was 51.1%.

3.6. Attenuation of Carrageenan-Induced Peritonitis inMice by
Ciclamilast. Figure 6 shows that i.p. carrageenan increased
the migration of inflammatory cells into the peritoneal
cavity. However, ciclamilast significantly reduced the peri-
toneal total leukocyte count and neutrophil migration into
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the peritoneal cavity in a dose-dependent manner.This result
was consistent with the fact that neutrophils are the most
abundant cells in primary inflammatory exudates.

4. Discussion

In the present study, our results showed that daily oral
administration of the PDE 4 inhibitor ciclamilast dose-
dependently inhibited the increase in the hind paw volume
of rats with AIA.The inhibition of paw edema was associated
with inhibition of both the production of cytokines such as
TNF-𝛼, IL-1𝛽, and IL-6 and cell infiltration as assessed in
the subcutaneous paw tissues. Moreover, there was signif-
icantly less tissue destruction as assessed by radiographic
analysis and histopathology evaluation in the ciclamilast-
treated rats compared to the vehicle-treated rats.These results
are in remarkably good agreement with previous studies
demonstrating an inhibitory effect of rolipram in other
models of arthritis in mice [13, 14]. In addition, Nyman and
colleagues clearly demonstrated that the anti-inflammatory
effects of rolipram were sustained for at least 7 days after
the treatment had ceased [15]. Similarly, Francischi et al.
[16] showed that rolipram stopped disease progression for
several days in a collagen-induced arthritis model in rats.
Overall, these results clearly demonstrate that inhibition
of PDE 4 may be of clinical benefit in the treatment of
arthritis in humans. In contrast, piclamilast (RP 73401) was
not effective in an adjuvant-arthritis model and fluorescein-
isothiocyanate- (FITC-) induced ear edema. Cho et al. [17]
explained that its ineffectiveness may be due to the weak
in vitro immunopharmacological properties of RP73401 on
nitric oxide (NO) production, TNF-𝛼 release from differ-
entiated U937, homotypic aggregation of U937 cells, and
lymphocyte proliferation triggered by concanavalin A and
IL-2. Moreover, it is likely that some pathological inducers
such as phorbol 12-myristate 13-acetate (PMA) may alter
the pharmacological sensitivity of RP73401 against rheuma-
toid arthritis-related immunopathological conditions. In
the present study, we studied the antiarthritis effects of
ciclamilast, a RP73401 structural analog with different side
chain groups that was effective against inflammation in
AIA compared with RP73401. In addition, ciclamilast also
significantly attenuated carrageenan-induced paw edema in
rats and carrageenan-induced leukocyte infiltration during
peritonitis in mice. We suggest that the effectiveness of
ciclamilast in these models may be due to the different side
chain groups compared to the RP73401 structural formula.
The chemical name of RP73401 is 3-cyclopentyloxy-N-(3,5-
dichloro-4-pyridyl)-4-methoxybenzamide, and the molecu-
lar formula is C

18
H
18
Cl2N2O3.The chemical name of ciclami-

last is 2-exonorbornyl-3-cyclopentyloxy-N-(3,5-dichloro-4-
pyridyl)-4-methoxybenzamide, and its molecular formula is
C
20
H
20
Cl2N2O3.

Our previous studies indicated that oral ciclamilast is
effective in the treatment of experimentally induced airway
inflammation accompanied by reduction of TNF-𝛼 levels in
lung tissues [10]. However, whether ciclamilast can inhibit IL-
1𝛽 and IL-6 and protect against arthritis remained unknown.

To confirm our hypothesis of the effects of ciclamilast, we
used the AIA rat model. In this model, rats develop chronic
swelling in multiple joints accompanied by an influx of
inflammatory cells, erosion of joint cartilage, and destruction
of joint bone integrity and loss of function. This model of
chronic inflammation is due to a complex response involving
different proinflammatory cytokines; therefore, there is a
possibility of multiple interactions [18, 19]. The AIA model
is a well-established experimental model used to study the
pathophysiology of various types of human arthritis, partic-
ularly rheumatoid arthritis [20, 21]. It is also a good chronic
inflammation model for the development of potential anti-
inflammatory drugs useful for arthritis treatment [22, 23].

TNF-𝛼 is the major therapeutic target for rheumatoid
arthritis. A key issue in the treatment of chronic arthritis
is identifying the crucial molecules driving the transition
from the acute phase to the chronic phase of the disease.
However, IL-1𝛽 and IL-6, more than TNF-𝛼, appear to be
relevant in driving the transition, which suggests that these
molecules should be targets for early intervention to stop
the progression toward the chronic form of the disease
[22]. In the present study, unfortunately, we did not analyze
proinflammatory cytokines in the acute phase of the AIA
model; we only analyzed the cytokines on day 28. However,
we found a significant increase in IL-1𝛽 and IL-6 as well
as TNF-𝛼 in subcutaneous paw tissues associated with cell
infiltration and paw edema. We also found that ciclamilast
reduced the TNF-𝛼 level in addition to the IL-1𝛽 and IL-
6 levels (Figure 4). Our results suggested that ciclamilast
may have effects on both the acute and chronic phases of
arthritis. To demonstrate the effect of ciclamilast on the acute
phase in arthritis, we added two acute inflammatory models,
carrageenan-induced paw edema in rats and carrageenan-
induced peritonitis in mice. In the two models, ciclamilast
inhibited paw edema in rats (Figure 5) and inflammatory cell
migration into the peritoneal cavity in mice (Figure 6) in a
dose-dependent manner.

In the present study, we also examined joint pathology.
The affected hind paws of each animal were removed at
the end of the experiment and processed by radiographs
and H&E staining. Representative images of radiographs and
H&E-stained sections of the proximal interphalangeal joint
of the vehicle-treated and ciclamilast-treated rats are shown
in Figure 2. The radiographs showed significant bone loss,
soft-tissue swelling, periosteal bone formation coupled to a
narrowing of the joint spaces between the metatarsals, and
decreased bone radiolucency in the vehicle-treated rats. The
joint in the ciclamilast-treated rats showed a dose-dependent
decrease in tissue swelling, lower periosteal bone formation,
less narrowing of the joint spaces, and increased bone density
compared with vehicle-treated rats. Radiographic analysis
of the ankle joints confirmed destructive joint changes in
all AIA groups and the alleviating effects of ciclamilast on
joint pathology (Figure 2(a)). Ciclamilast treatment lowered
radiographic scores compared with the vehicle-treated rats
(Figure 2(c)). The images of H&E-stained sections showed
clear flooding of inflammatory cell infiltrate and severe loss
of architecture in the joints of the vehicle-treated rats. In
contrast, the joint in the ciclamilast-treated rats showed
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a dose-dependent decrease in inflammatory cell infiltrate
in the joint space and damage to the joint architecture
with articular cartilage (Figure 2(b)). Ciclamilast treatment
lowered the histopathological scores compared with the
vehicle-treated rats (Figure 2(d)).

Methotrexate (MTX) is a folate inhibitor; the first re-
ported application in RA was in 1962 [24]. Thereafter,
MTX became the most important and most frequently pre-
scribed RA treatment despite several new therapeutic options
[25]. The effect of MTX is due to competitive inhibition of
folate-dependent enzymes such as dihydrofolate reductase
and thymidylate synthase, leading to inhibition of lym-
phocyte proliferation, and 5-aminoimidazole-4-carboxamide
ribonucleotide-transformylase, causing high adenosine levels
that in turn have in anti-inflammatory effects [26]. In the
present study, we used MTX as the positive control because
of this variety of pharmacological actions that are likely
to account for its antiproliferative and immunosuppressive
effects in rheumatoid arthritis and associated clinical effects
[26]. Our results showed that MTX inhibited the increase
in hind paw volume of rats with AIA. The inhibition of
paw edema was associated with inhibition of both the
production of cytokines such as TNF-𝛼, IL-1𝛽, and IL-6 and
cell infiltration as assessed in the subcutaneous paw tissues.
Moreover, there was significantly less tissue destruction as
assessed by radiographic analysis and histopathology in the
MTX-treated rats compared to the vehicle control. The anti-
inflammatory effects of the PDE 4 inhibitor ciclamilast in
arthritis may be attributed to action on multiple targets, to
similar to MTX. However, unlike MTX, ciclamilast is not
an immunosuppressive agent and cannot reduce immune
organ weights such as the spleen and thymus in rats with
AIA (Figure 3). These results are consistent with previous
reports of MTX-mediated decreases in the weight of the
spleen and thymus [27–29]. In addition, one of the most
severe side effects of MTX treatment is the development of
hepatic fibrosis [30, 31].

5. Conclusion

Using an in vivo model of AIA in rats, we demonstrated
that treatment with ciclamilast resulted in a potent anti-
inflammatory effect and protection against tissue destruction
but no immunosuppressive action on immune organs.Mech-
anistically, ciclamilast inhibited an increase in the expression
level of IL-1𝛽, IL-6, and TNF-𝛼, leading to potential effects
on both the acute and chronic phases in the treatment of
rheumatoid arthritis.
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Nonalcoholic steatohepatitis (NASH) is a liver disease associated with metabolic syndrome. The aim of this work was to examine
whether eucalyptus (Eucalyptus globulus) leaf extract (ELE) and banaba (Lagerstroemia speciosa L.) leaf extract (BLE) inhibited
NASH induced by excessive ingestion of fructose in rats. Wistar rats were divided into four groups according to four distinct diets:
starch diet (ST), high-fructose/high-glucose diet (FG), FG diet supplemented with ELE, or FG diet supplemented with BLE. All
rats were killed after 5 weeks of treatment. Serum alanine aminotransferase and total cholesterol levels were significantly lower
in the BLE group than in the FG group. Liver histopathology, including steatosis, lipogranulomas, and perisinusoidal fibrosis, was
significantly attenuated in the ELE and BLE groups compared with the FG group. Levels of 2-thiobarbituric acid reactive substances
(TBARS), which reflect oxidative injury to the liver, were significantly suppressed by ELE and BLE. Western blotting analysis
indicated that interleukin-6 expression levels were significantly lower in the ELE and BLE groups than in the FG group. These
results suggest that ELE and BLE reduced lipogenesis, oxidative stress, and inflammatory cytokine expression and thus inhibited
NASH induced by excessive ingestion of fructose in rats.

1. Introduction

Nonalcoholic fatty liver disease (NAFLD) is a condition in
which excessive fat (primarily triacylglycerols (TAG)) accu-
mulates in the liver of a patient without a history of alcohol
abuse [1]. The histological spectrum of NAFLD pathology
includes simple steatosis and nonalcoholic steatohepatitis

(NASH), which is characterized by lobular inflammation and
hepatocellular injury, as well as hepatic steatosis. NASH is
a progressive disease that can advance to liver cirrhosis and
hepatocellular carcinoma [2, 3]. NAFLD/NASH is recognized
as a hepatic manifestation of metabolic syndrome [4, 5].
Notably, the disorder is a growing clinical and public health
concern, as the prevalence of NAFLD/NASH is rapidly
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increasing worldwide due to the increased rate of obesity. As
a result, it is currently themost common chronic liver disease
[6, 7].

Excessive consumption of fructose, largely resulting from
the rapid increase in the amount of high-fructose corn
syrups (HFCSs) in the human diet, is considered to be
one of the major factors contributing to the increasing
rate of obesity and metabolic syndrome [8, 9]. Our group
and others have shown that fructose-enriched diet causes
metabolic syndrome and NAFLD/NASH in experimental
animals [10–12]; therefore, fructose enrichment has become
a common nutritional animal model of NAFLD/NASH. It
has been reported that the amount of fructose consumption
is higher in patients with NAFLD and that their hepatic
ketohexokinase activity, which plays a crucial role in fructose
metabolism in the liver, is elevated compared to healthy
subjects [13].

Eucalyptus (Eucalyptus globulus) is an evergreen tree
native to Australia, which is widely distributed around the
world. The leaves of this plant are used as a traditional
remedy for diabetes mellitus in South America and Africa,
and its antihyperglycemic effect has been demonstrated in
streptozotocin-induced diabetic mice [14]. We have pre-
viously shown that eucalyptus leaf extract (ELE) inhibits
intestinal fructose absorption and suppresses the accumu-
lation of hepatic TAG induced by the excessive ingestion
of fructose in rats [15]. This inhibitory effect on intestinal
fructose absorption has also been observed in human subjects
[16]. Banaba (Lagerstroemia speciosa L.) is another folk
medicine used to treat diabetes mellitus in various parts of
the world, primarily Southeast Asia, and many clinical and
experimental studies have confirmed its antihyperglycemic
effect [17].

In the present study, we examined potential inhibitory
effects of ELE and banaba leaf extract (BLE) on NASH
induced by excessive ingestion of fructose in rats. We report
that ELE and BLE inhibited the development and progression
of hepatic lesions in our animal model of NAFLD/NASH.
These effects were associated primarily with decreased lipo-
genesis, presumably due to the suppression of intestinal
fructose absorption. In addition, assays for inflammation
and oxidative stress suggested that the antioxidative and
anti-inflammatory effects of ELE and BLE are important
mediators of NASH inhibition.

2. Materials and Methods

2.1. Ethics Statement. This study was carried out in strict
accordance with the recommendations of the Guide for the
Care andUse of LaboratoryAnimals of theNational Institutes
of Health. The protocol was approved by the Animal Care
and Use Committee of Osaka Prefecture University (permit
number: 21-2). All the animals received humane care, and all
efforts were taken to minimize suffering.

2.2. Preparation of ELE and BLE. Dried eucalyptus and
banaba leaves were purchased from K. Kobayashi & Co., Ltd.
(Kobe, Japan) and were extracted with boiling ethanol-water

Table 1: The composition of each experimental diet (g/1000 g diet).

ST FG BLE ELE
Cornstarch 700 0 0 0
Glucose 0 350 350 350
Fructose 0 350 350 350
Casein 170 170 170 170
Soybean oil 30 30 30 30
AIN-93G-MX mineral mix 35 35 35 35
Choline chloride 2 2 2 2
AIN-93VX vitamin mix 10 10 10 10
Methionine 3 3 3 3
Cellulose 50 50 40 40
BLE 0 0 10 0
ELE 0 0 0 10
BLE, banaba leaf extract; ELE, eucalyptus leaf extract.

(1 : 2, v/v) under reflux for 2 h. The extract was then filtered
and evaporated to dryness in vacuo.

2.3. Animals and Experimental Protocols. Thirty 5-week-old
male Wistar rats were purchased from Kiwa Laboratory
Animals Co., Ltd. (Wakayama, Japan), and maintained on a
starch diet for 1 week.Then, rats were divided into four groups
according to diet: starch (ST) (𝑛 = 7), high-fructose/high-
glucose (FG) (𝑛 = 9), FGdiet supplementedwith ELE (𝑛 = 7),
and FG diet supplemented with BLE (𝑛 = 7). The latter two
groups were termed ELE and BLE, respectively. The rats in
the ST and FG groupwere fed a starch and FG diet ad libitum,
respectively. The ELE and BLE groups were fed identically to
the FG group, but their feed was supplementedwith 1% (w/w)
ELE or BLE.The composition of each diet is shown in Table 1.
All rats were housed individually in a room with controlled
temperature (23±2∘C), humidity (60±10%), and light cycles
(09:00–21:00). The diets were stored in a refrigerator at 4∘C.
The feed containers were refilled with fresh diet 3 times a
week, and food consumption was recorded.

The rats were killed at 11 weeks of age, 5 weeks after
commencing the diet.The rats were starved for 16 h, and their
body weights were measured before killing them. Rats were
starved overnight to avoid influences of food consumption
on serum glucose and insulin levels. After the rats were
anesthetized with isoflurane, blood samples from each rat
were collected by cardiac puncture, and the serum was
separated by centrifugation. The liver of each rat was excised
and weighed, and samples were collected for histological
analysis and snap freezing.The weight of epididymal adipose
tissue (EAT) was also measured.

2.4. Biochemical Analysis of Serum. Serum aspartate amino-
transferase (AST), alanine aminotransferase (ALT), alkaline
phosphatase (ALP), cholinesterase (ChE), total cholesterol
(T-Cho), high density lipoprotein (HDL-Cho), and glucose
levels were determined by routine methods using the Hitachi
7700 Series (DDP) autoanalyzer (Hitachi High-Technologies
Corporation, Tokyo, Japan). Arteriosclerotic index (AI) was
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calculated as (T-Cho −HDL-Cho)/HDL-Cho. Serum insulin
and adiponectin levels were measured by enzyme-linked
immunosorbent assay (ELISA) using the rat insulin ELISAkit
(RTU) (Shibayagi Co., Ltd., Shibukawa, Japan) andmouse/rat
adiponectin ELISA kit (Otsuka Pharmaceutical Co., Ltd.,
Tokyo, Japan), respectively.

2.5. Histological Analysis. The central part of the largest liver
lobe was fixed in 10% formaldehyde solution and processed
for light microscopy by standard methods. The largest whole
section was histologically evaluated. Azan-Mallory staining
was performed in addition to hematoxylin and eosin stain-
ing to assess hepatic fibrosis. Histopathological features of
steatohepatitis were evaluated semiquantitatively according
to the validated histological scoring system of Kleiner et
al. [18]. The degree of macro- and microvesicular steatosis
was evaluated by the percentage of hepatocytes containing
macro- and microvesicular fat, respectively, and graded as
follows: grade 0 (<5%), grade 1 (5–33%), grade 2 (>33–66%),
and grade 3 (>66%). Lobular inflammation was classified as
follows: 0 (no foci), 1 (<2 foci per 200x field), 2 (2–4 foci per
200x field), or 3 (>4 foci per 200x field). Lipogranulomaswere
evaluated as follows: 0 (no foci), 1 (<1 foci per 200x field), 2
(1-2 foci per 200x field), or 3 (>2 foci per 200x field). Portal
inflammationwas graded as follows: 0 (none: no lymphocytes
observed), 1 (mild: sparse lymphocytes present in some or all
portal tracts), 2 (moderate: denser lymphocytic infiltration
in most portal tracts), or 3 (severe: dense lymphocytic
infiltration in most or all portal tracts). Portal fibrosis was
evaluated as follows: 0 (none), 1 (mild: portal expansion),
2 (moderate: portal fibrosis with septa), 3 (severe: portal-
portal or portal-central bridging septa without regenerative
nodules), or 4 (cirrhosis). Intralobular perisinusoidal fibrosis
was observed mainly in the periportal area and noted as
follows: 0 (none), 1 (mild), or 2 (moderate). Fibrosis staging
was classified as follows: 0 (none), 1 (perisinusoidal or portal),
2 (perisinusoidal and portal), 3 (bridging fibrosis), or 4
(cirrhosis).

2.6. Determination of TAGContent in the Liver. Wemeasured
TAG content in the liver to confirm the extent of hepatic
steatosis in each experimental group. TAG in the liver was
extracted according to the method described by Folch et al.
[19] and quantified using a commercially available kit (L-type
TG⋅H) (Wako Pure Chemical Industries, Ltd., Osaka, Japan)
according to the manufacturer’s instructions.

2.7. 2-Thiobarbituric Acid Reactive Substances (TBARS) Levels
in the Liver. To assess oxidative injury in the liver, we
measured the hepatic TBARS levels. The liver was homog-
enized with a polytron homogenizer in 1.15% KCl at 4∘C.
TBARS levels in the homogenate were determined using the
OXItec TBARS assay kit (ZeptoMetrix, NY, USA) according
to manufacturer instructions.

2.8. Determination of Glucose-6-Phosphate Dehydrogenase
(G6PDH). The liver was homogenized with a polytron
homogenizer in 25mmol/L HEPES-KOH buffer of pH 7.4,

containing 0.15mol/L KCl at 4∘C. After centrifugation at
10,000 g for 20min, we obtained supernatant for use as
a crude solution containing active liver enzymes. G6PDH
activity was measured as described previously [20]. Protein
concentration was determined by the Bradford method [21],
and activity of G6PDH was normalized to the protein
concentration.

2.9. Western Blotting. We examined protein expression lev-
els of inflammatory cytokines and cytokine receptor genes
in the liver by Western blotting to elucidate molecular
mechanisms of the effects of ELE and BLE. Liver samples
were homogenized and centrifuged at 10,000 g at 4∘C for
15min, and the protein concentration in eachwas determined
using a NanoDrop 2000 spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA). Aliquots of 50 𝜇g protein
were resolved by electrophoresis on 12.5% SDS-PAGE gels
and transferred onto polyvinylidene fluoride membranes.
These membranes were incubated in blocking buffer (5%
nonfat milk powder in phosphate buffered saline (PBS)) for
1 h followed by incubation with primary antibodies in 5%
bovine serum albumin (BSA) in PBS overnight at 4∘C, with
gentle agitation. The primary antibodies used for Western
blotting were as follows: Tumor Necrosis Factor- (TNF-) 𝛼
(1 : 250 dilution, R&DSystems,Minneapolis,MN,USA), TNF
Receptor 1 (TNFR1) (1 : 50 dilution, MBL, Nagoya, Japan),
interleukin- (IL-) 6 (1 : 200 dilution, Santa Cruz Biotechnol-
ogy, Dallas, TX, USA), and Monocyte Chemotactic Protein-
(MCP-) 1 (1 : 500 dilution, Abcam, Cambridge, UK). As a
loading control, blots were incubated with antibodies against
𝛽-actin (1 : 1000 dilution, Santa Cruz Biotechnology). The
membranes were subsequently washed with 0.1% Tween-20
in PBS and incubated with anti-rabbit or anti-goat secondary
antibodies (each 1 : 2000 in 0.1% Tween-20 in PBS) for 1 h at
room temperature. The blots were again washed with 0.1%
Tween-20 in PBS, and the expression of antibody-linked pro-
tein was determined using ECL Western Blotting Detection
Reagents (Amersham Pharmacia Biotech Inc., NJ, USA).The
optical density of the bands was quantified by ImageQuant
software (GE Healthcare Life Sciences, Little Chalfont, UK)
and reported in arbitrary units. The protein expression level
of each gene was normalized by the expression level of 𝛽-
actin.

2.10. Statistics. For continuous variables, data are presented
as mean ± standard deviation, and a one-way analysis of
variance (ANOVA) followed by Dunnett’s post hoc test was
performed to assess the significance of the differences. For
semiquantitative data obtained by histological assessment,
data are presented as the median (min. to max.), and a
Kruskal-Wallis test followed by Steel’s post hoc test was
performed to determine statistical significance. 𝑃 < 0.05 was
considered statistically significant.

3. Results

3.1. General Observations. No rats died during the experi-
ment. Table 2 shows data detailing food consumption levels,
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Table 2: Food consumption, calorie intake, and body, liver, and EAT weight of rats.

ST FG BLE ELE
Food consumption (g) 750.2 ± 32.2 705.6 ± 41.4 678.3 ± 72.6a 678.0 ± 44.9a

Calorie intake (kcal) 2598.7 ± 111.4 2511.1 ± 147.3 2414.2 ± 258.3 2413.1 ± 159.6
Body weight (g) 358.2 ± 14.4 330.1 ± 10.5a 310.5 ± 29.8a 316.4 ± 24.4a

Liver weight (g) 10.05 ± 1.46 10.43 ± 0.38 8.97 ± 1.18b 9.92 ± 1.34
Liver/body weight ratio (%) 2.86 ± 0.23 3.16 ± 0.12a 2.88 ± 0.19b 3.13 ± 0.31
EAT weight (g) 4.95 ± 0.80 5.37 ± 1.11 4.18 ± 1.21b 4.13 ± 1.01b

EAT/body weight ratio (%) 1.41 ± 0.17 1.63 ± 0.35 1.33 ± 0.28 1.30 ± 0.27b

Data are presented as mean ± standard deviation.
aSignificantly different from the ST group (𝑃 < 0.05). bSignificantly different from the FG group (𝑃 < 0.05).
EAT, epididymal adipose tissue.

Table 3: Serum data corresponding to each experimental group.

ST FG BLE ELE
AST (IU/L) 90.9 ± 14.6 91.1 ± 8.3 85.8 ± 7.8 87.1 ± 11.1
ALT (IU/L) 22.6 ± 6.7 28.7 ± 6.1a 20.0 ± 1.4b 23.7 ± 2.8
ALP (IU/L) 537.4 ± 153.6 552.4 ± 134.9 560.8 ± 128.5 518.6 ± 164.0
ChE (IU/L) 2.71 ± 0.95 2.89 ± 0.78 2.00 ± 0.89 2.43 ± 1.27
T-Cho (mg/dL) 92.8 ± 5.4 103.9 ± 15.7 84.1 ± 10.0b 97.1 ± 18.2
HDL-Cho (mg/dL) 28.0 ± 2.1 30.8 ± 3.0 28.0 ± 2.9 30.1 ± 3.8
AI 2.28 ± 0.08 2.37 ± 0.20 2.00 ± 0.20b 2.21 ± 0.33
Glucose (mg/dL) 114.3 ± 26.9 117.2 ± 22.3 117.0 ± 10.3 105.0 ± 4.8
Insulin (ng/mL) 1.56 ± 0.68 1.53 ± 0.99 1.21 ± 0.50 1.16 ± 0.14
Adiponectin (𝜇g/mL) 4.97 ± 1.30 4.78 ± 0.97 4.43 ± 0.98 4.79 ± 0.39
Data are presented as mean ± standard deviation.
aSignificantly different from the ST group (𝑃 < 0.05). bSignificantly different from the FG group (𝑃 < 0.05).
AI, arteriosclerotic index; ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; ChE, cholinesterase; HDL-Cho, high
density lipoprotein; T-Cho, total cholesterol.

calorie intake, and body, liver, and EATweights of rats in each
group. Food consumption levels were lower in the FG, ELE,
and BLE groups than in the ST group, and this difference was
statistically significant for the ELE and BLE groups. Calorie
intake also tended to be lower in the FG, ELE, and BLE
groups than in the ST group. Body weight was found to be
significantly lower in the FG, ELE, and BLE groups than in
the ST group. Liver weight was higher in the FG group than
in the ST group. In contrast, liver weight was lower in the ELE
and BLE groups than in the FG group, and this difference was
statistically significant for the BLE group. Liver/body weight
ratio was significantly higher in the FG group than in the ST
group, while it was significantly lower in the BLE group than
in the FG group. EATweight was higher in the FG group than
in the ST group, and it was significantly lower in the ELE and
BLE groups than in the FG group. EAT/body weight ratio was
also higher in the FG group than in the ST group. EAT/body
weight ratio was lower in the ELE and BLE groups than in
the FG group, and the difference was statistically significant
for the ELE group.

3.2. Biochemical Data for Serum. Table 3 shows the data
obtained through biochemical analysis of serum obtained
from each group. ALT levels were significantly higher in the
FG group than in the ST group, while they were lower in

the ELE and BLE groups than in the FG group.This difference
was statistically significant for the BLE group. T-Cho levels
were higher in the FG group than in the ST group.They were
lower in the ELE and BLE groups than in the FG group, and
the difference was statistically significant for the BLE group.
Similarly, AIwas higher in the FG group than in the ST group;
it was lower in the ELE and BLE groups than in the FG group
and the difference was statistically significant for the BLE
group. Assays for AST, ALP, ChE, HDL-Cho, glucose, insulin,
and adiponectin levels revealed no significant differences
among the experimental groups.

3.3. Histological Findings. Differences in the histological
appearance among liver lobules were not conspicuous in any
of the rats. Although rats in the ST group showed only mild
steatosis and inflammation, rats in the FG group showed liver
histopathology consistent with NASH (Figures 1(a) and 1(b)).
Steatosis and perisinusoidal fibrosis in the FG group was
mainly distributed in zone 1. Table 4 summarizes the histo-
logical findings of each group. The grade of macrovesicular
steatosis was significantly higher in the FG group than in the
ST group. In keeping with ELE and BLE preventing NASH-
related pathologies, macro- andmicrovesicular steatosis were
significantly lower in the ELE and BLE groups than in the
FG group (Figures 1(c) and 1(d)).The grade of microvesicular
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Table 4: Histological findings for each experimental group.

ST FG BLE ELE
Macrovesicular steatosis 0 (0-1) 2 (1–3)a 0 (0-1)b 0 (0-1)b

Microvesicular steatosis 2 (1–3) 2 (1–3) 1 (0-1)a,b 1 (1-2)b

Lobular inflammation 2 (0–2) 2 (1-2) 1 (0–2) 2 (1-2)
Portal inflammation 1 (1-1) 1 (1-1) 1 (0-1) 1 (1-1)
Lipogranulomas 0 (0-0) 2 (1–3)a 0 (0-1)b 0 (0-0)b

Portal fibrosis 0 (0-0) 1 (0-1)a 0 (0-1) 0 (0-1)
Perisinusoidal fibrosis 0 (0-0) 1 (1-1)a 0 (0-1)b 0 (0-1)b

Fibrosis stage 0 (0-0) 2 (1-2)a 0 (0–2) 1 (0–2)a

Data are presented as the median (min.–max.).
aSignificantly different from the ST group (𝑃 < 0.05). bSignificantly different from the FG group (𝑃 < 0.05).

100𝜇m

(a)

100𝜇m

(b)

100𝜇m

(c)

100𝜇m

(d)

Figure 1: Histological appearance of the liver. Although rats in the ST group show only mild steatosis and inflammation (a), rats in the FG
group show marked steatosis and scattered foci of lobular inflammation (arrows) (b). Steatosis is markedly alleviated in rats of the BLE (c)
and ELE (d) groups.

steatosis in the BLE group was also found to be significantly
lower than that of the ST group.

Lobular inflammation tended to be milder in the BLE
group than in the FG group, but statistically significant dif-
ferences were not observed among any experimental groups.
With regard to portal inflammation, there were no significant
differences among the experimental groups. The number of
lipogranulomaswas significantly higher in the FG group than
in the ST group, and the granuloma number was lowered by
ELE and BLE administration compared to the FG group.

We further tested the effects of ELE or BLE treatment on
the development of various forms of fibrosis in response to an
FG diet. The degree of portal fibrosis was significantly more

severe in the FG group than in the ST group and it was lower
in the ELE and BLE groups than in the FG group, but the
differences were not statistically significant. While the degree
of perisinusoidal fibrosis was significantly more severe in the
FG group than in the ST group, it was significantly milder
in the ELE and BLE groups than in the FG group. Fibrosis
stage was significantly higher in the FG and ELE groups than
in the ST group. Fibrosis stage also tended to be lower in the
ELE and BLE groups than in the FG group, but the differences
were not statistically significant.

3.4. TAG Content, TBARS Levels, and G6PDH Activity in the
Liver. TAG content, TBARS levels, and G6PDH activity in
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Figure 2: TAG content, TBARS levels, and G6PDH activity in the liver. TAG content (a), TBARS levels (b), and G6PDH activity (c) in the
liver are significantly higher in the FG group than in the ST group, and they are significantly lower in the ELE and BLE groups than in the
FG group. TBARS levels in the ELE and BLE groups are also significantly lower than those in the ST group. aSignificantly different from the
ST group (𝑃 < 0.05). bSignificantly different from the FG group (𝑃 < 0.05).

the liver were significantly higher in the FG group than in the
ST group, and they were significantly lower in the ELE and
BLE groups than in the FG group (Figure 2). TBARS levels in
the ELE and BLE groups were also found to be significantly
lower than those in the ST group.

3.5. Protein Expression Levels of Inflammatory Cytokine and
Receptor Genes. Figure 3 shows Western blotting results
revealing the protein expression levels of the inflammatory
cytokines or receptors: TNF-𝛼, TNFR1, IL-6, and MCP-1. IL-
6 expression levels were significantly higher in the FG group
than in the ST group, and they were significantly lower in the
ELE and BLE groups than in the FG group. With regard to
TNF-𝛼, TNFR1, and MCP-1 expression levels, there were no
significant differences among the experimental groups, with
the exception of significantly higher TNF-𝛼 expression in the
BLE group than in the ST group.

4. Discussion

In the present study, we have shown that ELE and BLE
attenuate NASH induced by a fructose-enriched diet in rats.

To the best of our knowledge, this is the first study to examine
the preventative effects and potential therapeutic benefits of
ELE and BLE on NAFLD/NASH in detail.

There are a variety of established nutritional animal mod-
els of NAFLD/NASH [22]. We focused on NAFLD/NASH
induced by excessive intake of fructose. Although the high-
fructose diet model of NASH is well established [10–12, 22],
in this study, we used a high-fructose/high-glucose diet to
render the experimental diet more similar to the human diet.
HFCSs, which are used as sweeteners and thought to sub-
stantially contribute to the increasing prevalence of obesity
and metabolic syndrome [23, 24], contain glucose as well as
fructose. Indeed, the levels of fructose and glucose contents
in most foodstuffs are practically identical. As evidence that
our method is an appropriate animal model of NASH, liver
histopathology similar to NASH and increased serum ALT
level were induced in rats as a result of a high-fructose/high-
glucose diet. Steatosis and perisinusoidal fibrosis in our
model was predominant in zone 1, in contrast to typical forms
ofNAFLD/NASH in adult humans.We obtained similar find-
ings in a previous study using a pure high-fructose diet [12].
Thus, this patternmay be the characteristic of NAFLD/NASH
caused by excessive consumption of fructose. Unexpectedly,
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Figure 3: Protein expression levels of inflammatory cytokine and receptor genes determined by Western blotting. IL-6 expression levels are
significantly higher in the FG group than in the ST group, and they are significantly lower in the ELE and BLE groups than in the FG group
((b), (e)). TNF-𝛼 ((a), (c)), TNFR1 (d), and MCP-1 (f) expression levels did not show significant differences among the experimental groups,
with the exception of significantly higher TNF-𝛼 expression in the BLE group than in the ST group. aSignificantly different from the ST group
(𝑃 < 0.05). bSignificantly different from the FG group (𝑃 < 0.05).

body weight in the FG group was significantly lower than
that of the ST group. This phenomenon is most probably
explained by our observation that food consumption and
calorie intake in the FG group tended to be lower than those
in the ST group. This was probably due to the taste of the
FG diet, which was less preferred compared to the ST diet.
We designed the ST diet to be tasty; however, the FG diet
contained large amount of fructose and glucose, whichmight
have made it too sweet. Furthermore, in our previous study,
the energy intake in the high-fructose diet groupwas found to
be significantly lower than that in the starch diet group [12].
Food consumption tended to be lower in the ELE and BLE
groups than in the FG group, although the differences were
not statistically significant. Possibly, the addition of ELE and
BLE resulted in a further taste loss of the diet. However, EAT
weight in the FG group was higher than that in the ST group;
this result was consistent with abdominal obesity typically
associated with metabolic syndrome.

Liver weight and liver/body weight ratios were signif-
icantly lower in the BLE group than in the FG group,
consistent with amelioration of NASH. We determined that

the decrease in liver weight was not due to hepatotoxicity, as
liver injury was not observed upon histological assessment.
Serum levels of ALT, T-Cho, and AI were significantly lower
in the BLE group than in the FG group.This suggests that BLE
administration significantly improved hypercholesterolemia
and hepatocellular injury. Although the differences were
not statistically significant, these serological data tended
to be lower in the ELE group than in the FG group as
well, suggesting there may be a similar, if perhaps not as
robust, effect of ELE. Statistically significant differences in the
serum levels of AST and ALP were not observed among the
experimental groups. However, these serological markers are
less specific to liver cell injury than ALT.

Evaluation of liver histopathology revealed that macro-
and microvesicular steatosis, lipogranulomas, and perisinu-
soidal fibrosis were significantly milder in both ELE and BLE
groups than in the FGgroup.These data indicate that ELE and
BLE attenuated pathological findings of NASH. Because the
largest whole section of the largest liver lobe was examined
and heterogeneity among liver lobules was not remarkable,
the observed histological findings likely reflected the whole
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aspect of the liver. A significant inhibitory effect of ELE and
BLEon liver steatosis was further confirmed by quantification
of TAG content in the liver.

Fructose absorbed in the small intestine is transported
mainly to the liver and metabolized to triose phosphates
by the action of ketohexokinase, aldolase B, and triokinase
without the participation of 6-phosphofructokinase, which is
the main rate-controlling step in glycolysis [25]. Therefore,
fructose can serve as a relatively unregulated acetyl-CoA and
is more lipogenic than glucose. Lipogenic enzymes such as
G6PDH and fatty acid synthase are activated and hepatic
TAG concentration is significantly elevated after excessive
consumption of sucrose or fructose [26, 27].

We previously reported that ELE inhibits intestinal fruc-
tose absorption [15]. A decrease in fructose absorption would
result in the reduction of lipogenesis in the liver. Indeed,
hepatic G6PDH activity was significantly lower in the ELE
group than in the FG group, and only very small amounts of
TAG accumulated in the liver of the ELE group, in contrast
to the FG group. When considering these and our previous
study, we speculated that ELE prevents NASH induced by
the excessive ingestion of fructose mainly by decreasing
its intestinal absorption. BLE also reduced lipogenesis and
prevented NASH in rats fed with the high-fructose/high-
glucose diet, suggesting that BLE as well as ELE inhibits the
intestinal absorption of fructose. In fact, when ratswere orally
given BLE 10min before the administration of fructose, the
intestinal fructose absorption, as determined by measuring
the elevated concentration of fructose in the portal vein, was
significantly suppressed (unpublished data), in accordance
with previous observations for ELE [15].

TBARS is a marker of lipid peroxidation. A “two-
hit” hypothesis has been proposed for the pathogenesis of
NASH [28], and oxidative stress is considered to be an
important cause of the “second hit.” Markers of oxidative
stress, including TBARS, are markedly elevated after fructose
administration in rodents [11, 29]. In the present study,
TBARS levels were significantly higher in the FG group than
in the ST group,while theywere significantly lower in the ELE
and BLE groups than in the FG group. These results suggest
that NASH induced by the high-fructose/high-glucose diet
was associated with increased oxidative stress, an effect that
was inhibited by ELE and BLE.

Weobserved byWestern blot analysis that IL-6 expression
levels were significantly higher in the FG group than in the ST
group, while they were significantly lower in the ELE and BLE
groups than in the FG group. IL-6 is hypothesized to sensitize
the liver to injury, stimulate hepatocyte apoptosis, induce
insulin resistance, and participate in NASH development
[30]. Our results thus suggest that NASH brought on by a
high-fructose/high-glucose diet is associated with increased
IL-6 expression and that inhibition of NASH by ELE and BLE
may be explained in part by decreased IL-6 expression.

It is well established that ELE and BLE contain a wide
spectrum of polyphenols with strong antioxidative effects,
such as hydrolysable tannins [17, 31]. Hydrolysable tannins
and aglycones ameliorated lipopolysaccharide-induced liver
injury by inhibition of inducible nitric oxide synthase (iNOS)
expression inmice [32]. It has been reported that fructose-fed

iNOS knockout mice did not exhibit increased levels of lipid
peroxidation, phospho-I𝜅B and nuclear factor 𝜅B activity,
and TNF-𝛼 expression in the liver of rats [33]. We thus
speculate that these physiological functions have a composite
effect on the suppression of inflammation in the liver.

5. Conclusions

We show that ELE and BLE inhibit NASH induced by high-
fructose/high-glucose diet in rats. This preventative effect
is primarily associated with reduced lipogenesis, possibly
due to the suppression of the intestinal fructose absorption.
In addition, decreased oxidative stress and inflammatory
cytokine expression might also provide a mechanism by
which NASH is inhibited by ELE and BLE.
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The transgenic E1-DN mice express a kinase-negative epidermal growth factor receptor in their pancreatic islets and are diabetic
from two weeks of age due to impaired postnatal growth of 𝛽-cell mass. Here, we characterize the development of hyperglycaemia-
induced renal injury in the E1-DN mice. Homozygous mice showed increased albumin excretion rate (AER) at the age of 10
weeks; the albuminuria increased over time and correlated with blood glucose. Morphometric analysis of PAS-stained histological
sections and electron microscopy images revealed mesangial expansion in homozygous E1-DNmice, and glomerular sclerosis was
observed in the most hyperglycaemic mice. The albuminuric homozygous mice developed also other structural changes in the
glomeruli, including thickening of the glomerular basement membrane and widening of podocyte foot processes that are typical
for diabetic nephropathy. Increased apoptosis of podocytes was identified as one mechanism contributing to glomerular injury. In
addition, nephrin expression was reduced in the podocytes of albuminuric homozygous E1-DN mice. Tubular changes included
altered epithelial cell morphology and increased proliferation. In conclusion, hyperglycaemic E1-DN mice develop albuminuria
and glomerular and tubular injury typical of human diabetic nephropathy and can serve as a new model to study the mechanisms
leading to the development of diabetic nephropathy.

1. Introduction

Diabetic nephropathy affects every third patient with type 1
diabetes [1]. Advances in the management of diabetes may
reduce or postpone the risk of renal complication [2], and,
indeed, the incidence of nephropathy in type 1 diabetes has
been reported to be declining [3]. Still, diabetic nephropathy
is an important cause of morbidity in patients with diabetes
and associates also with cardiovascular disease [4] and all-
cause mortality [5]. The number of patients needing renal
replacement therapy is rapidly increasing, mainly due to the
global increase in the prevalence of type 2 diabetes [6, 7].

The first clinical sign of diabetic nephropathy is microal-
buminuria [8], indicating an injury in the glomerular filtra-
tion barrier. The disease often progresses to macroalbumin-
uria (defined as urinary albumin excretion >300mg/24 h)
[9], and even nephrotic-range proteinuria is observed [10].
Subsequent decline in the glomerular filtration rate can lead
to end-stage renal disease [11].

Pathological characteristics of diabetic nephropathy con-
stitute predominantly of glomerular lesions [12]. Thickening
of the glomerular basement membrane (GBM) is observed
early in type 1 diabetes [13]. The most important pathologic
feature is mesangial expansion, which is correlated to clinical
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findings of nephropathy [14] and to progression in albumin
excretion [15]. The accumulation of mesangial matrix may
eventually lead to nodular glomerular sclerosis, described
first by Kimmelstiel andWilson [16]. In advanced nephropa-
thy, also tubular atrophy and interstitial fibrosis are observed
[17].

Glomerular epithelial cells, podocytes, form the glomeru-
lar filtration barrier together with endothelial cells and the
GBM. Both the structure and number of podocytes are
affected in diabetes. Widening of podocyte foot processes,
surrounding the glomerular capillaries, has been observed
in renal biopsies of diabetic patients with increased albumin
excretion [18, 19]. Reduced number of podocytes, reported
in both type 1 [20] and type 2 diabetes [21], can result from
podocyte detachment [22] or apoptosis [23].

The molecular pathways leading to albuminuria and
the pathologic glomerular alterations are far from completely
understood. There is an evident need for animal models for
studies of the pathogenesis and the potential treatment strate-
gies of diabetic nephropathy. The existing mouse models
include induction of diabetes by streptozotocin [24], natu-
rallymutatedmouse lines like db/db [25] andAkitamice [26],
and more recent genetically engineered models, for example,
Ove26 mice [27] and endothelial nitric oxide synthase defi-
cient diabetic mice [28]. Many of these models recapitulate
the features of early nephropathy, various degrees of albumin-
uria and mild-to-moderate mesangial expansion, but rarely
more advanced glomerulopathy [29, 30].

The homozygous transgenic mice expressing kinase-
negative epidermal growth factor receptor (EGF-R) under the
pancreatic duodenal homeobox-1 (pdx-1) promoter (E1-DN
mice) are diabetic due to impaired postnatal growth of 𝛽-
cell mass and subsequent reduced production of insulin [31].
Even the heterozygous E1-DN mice have impaired glucose
tolerance in intraperitoneal glucose tolerance test [31]. The
E1-DN mice are viable without insulin and can live up to
one year. Thus, they can serve as a model to study the effects
of long-term hyperglycaemia. The aim of this study was to
characterize the development of renal injury in the diabetic
E1-DN mice.

2. Materials and Methods

2.1. Animals. E1-DN mice in FVB background were gener-
ated previously [31]. The transgene comprised of a human
kinase-deficient EGF-R cDNA with a myc-tag and a growth
hormone polyA tail under mouse Pdx-1 promoter [31]. Mice
were genotyped by dot blot analysis as previously described,
and the homozygotes were identified based on blood glucose
levels [31, 32]. Animals were maintained according to the
principles of laboratory animal care, and the experiments
were approved by the National Animal Experiment Board.
Male E1-DN mice were examined, and male wild-type lit-
termates were used as controls. Kidney samples were also
collected from male nonlittermate controls of the same
mouse strain in the same animal facility. During the one-year
study period, mortality was 37.5% for the homozygous E1-DN
mice, 12.5% for the heterozygous E1-DNmice, and 10% for the
wild-type mice.

2.2. Blood Glucose and Urine Albumin Measurements. Ran-
dom-fed blood glucose values were measured from tail vein
with OneTouch Ultra Glucometer (Lifescan, Milpitas, CA,
USA). Urine was collected as 24-hour samples in individual
metabolic cages. The volume of urine was measured, and
albumin concentration determined with mouse albumin
ELISA kit (CellTrend, Luckenwalde, Germany).

2.3. Histology. Kidney samples were fixed in 10% formalin,
dehydrated, and embedded in paraffin. Sections (5𝜇m) were
deparaffinised, stained with haematoxylin-eosin or periodic
acid-Schiff (PAS) using standard procedures, and examined
with Nikon Eclipse 800microscope (Nikon Instruments Inc.,
Melville, NY, USA). Image-Pro Analyzer 6.0 (Media Cyber-
netics, Bethesda,MD,USA) softwarewas used tomeasure the
percentage of PAS-positive area in the glomerular tuft.

2.4. Immunohistochemistry. Immunoperoxidase stainingwas
performed as previously described [33] using anti-activated
caspase-3 (cleaved caspase-3, Asp175; Cell Signaling, Dan-
vers, MA, USA) and anti-Ki-67 IgGs (Bethyl Laboratories,
Montgomery, TX, USA) as primary antibodies, and VectaS-
tain EliteABCKit (Vector Laboratories, Burlingame,CA) and
3-amino-9-ethylcarbazole (AEC) reagent (Sigma-Aldrich, St.
Louis, MO, USA) for detection. Proliferation index was
defined as the percentage of Ki-67 positive tubular cells and
calculated from 100 microscope fields (approximately 10 000
cells) per mouse.

2.5. Immunofluorescence. Kidney samples were snap frozen
in Tissue-TekOCT-compound (Sakura, Alphen aan den Rijn,
The Netherlands). Sections (5 𝜇m) were fixed with ice-cold
acetone for 10 minutes, washed, blocked with CAS-block
(Zymed, South San Francisco, CA, USA), and incubated with
anti-nephrin GP-N2 (Progen Biotechnik GmbH, Heidel-
berg, Germany) and anti-activated caspase-3 (Cell Signaling)
IgGs diluted in ChemMate (Dako, Glostrup, Denmark) and
labeled with Alexafluor 488- and 555-conjugated secondary
antibodies (Invitrogen, Carlsbad, CA, USA). After mounting
in Moviol or Vectashield Mounting Medium (Vector Labo-
ratories), the slides were analyzed using Leica SP2 confocal
microscope (Leica Microsystems, Wetzlar, Germany). The
staining intensity of nephrin was measured from a stack of
five consecutive images using FIJI image analysis software
and divided by the glomerular area.

2.6. Electron Microscopy. Kidney cortical samples were fixed
in 2.5% glutaraldehyde in 0.1M phosphate buffer (pH 7.2–
7.4) at room temperature for 2 h, followed by postfixation in
1% osmium tetroxide for 2 h, stained en-bloc in 1% uranyl
acetate in 10% ethanol for 1 h, dehydrated in ethanol, and
embedded in LX-112 (Ladd Research Industries, Williston,
VT). Thin sections were stained with uranyl acetate and lead
citrate and examined in a JEM-1400 Transmission Electron
Microscope (Jeol, Tokyo, Japan) equipped with Olympus-
SIS Morada digital camera (Olympus Soft Imaging Solutions
GmbH, Münster, Germany). The mesangial volume fraction,
defined asmesangial cells, extracellularmatrix, and theGBM,
was calculated by morphometric analysis adapted from the
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method in [34], using the Fiji Software. The thickness of the
GBM was measured from random capillary loops. Capillary
loops with obvious bulging were excluded from the analysis
to avoid overestimating the thickness of the GBM. The foot
process width was determined as described in [35]. Shortly,
the number of foot processes per capillary loop was counted,
divided by the length of the GBM, and multiplied by 𝜋/4.
The mesangial volume fraction and the foot process width
are expressed as averages of measurements of three capillary
loops per glomerulus.

2.7. Statistics. The data are presented as means ± standard
error of mean (SEM), unless stated otherwise. Significance of
the differences between the groups was evaluated by Student’s
unpaired 𝑡-test for normally distributed variables and by
Mann-Whitney 𝑈 test for nonnormally distributed variables
or in case of a small sample size. For analyzing the correlation,
Spearman’s rho test was used. 𝑃 < 0.05 was used as the limit
for statistical significance. Analyses were performed using
Excel (Microsoft, Redmond,WA,USA) or SPSS PASWStatis-
tics (version 18) (IBM, Armonk, NY, USA) software.

3. Results

3.1. Diabetic E1-DN Mice Develop Albuminuria. Monitoring
of the blood glucose levels showed that the homozygousmale
E1-DN mice were overtly diabetic, as reported previously
[31]. The blood glucose level was highest in young animals
and stayed elevated during the whole follow-up (Figure 1(a)).
The E1-DN heterozygous male mice were significantly hyper-
glycaemic at young age (Figure 1(a)), but at older age their
blood glucose levels gradually decreased. Bodyweight did not
differ significantly between the homozygous and wild-type
mice at any time point (data not shown). Urinary albumin
excretion and urine volumes were followed by 24-hour urine
collections in metabolic cages. The E1-DN homozygous mice
were polyuric when compared to the wild-type mice (Fig-
ure 1(b)). At young age also the heterozygous E1-DN mice
had increased urine volumes (Figure 1(b)), consistent with
the hyperglycaemia. An increase in albumin excretion rate
(AER) in homozygous E1-DN mice was detected at the age
of 10 weeks when compared to wild-type mice (Figure 1(c)).
At 20 weeks some of the homozygous E1-DNmice developed
massive albuminuria, in range of milligrams per 24 hours.
Substantial variation was detected between individual mice
in the homozygous E1-DN group; the mice with the highest
blood glucose values developed the most severe albuminuria,
and a strong correlation between the albumin excretion and
blood glucose was evident at 20 weeks (𝑟 = 0.71, 𝑃 < 0.001)
(Figure 1(d)).

3.2. E1-DN Mice Develop Mesangial Expansion and Glomeru-
lar Sclerosis. Mesangial expansion is a characteristic finding
of diabetic glomerulopathy.Mesangial area, visualized by PAS
staining, was found to be increased by 25% in the homozy-
gous E1-DNmice when compared to the wild-typemice (35%
versus 28%, 𝑃 < 0.01, Students 𝑡-test, 𝑛 = 30–70 glomeruli
per group) (Figures 2(a)–2(e)). Electron microscopy con-
firmed an increase of 22% in the mesangial volume fraction

in the homozygous E1-DN mice (36% versus 29%, 𝑃 < 0.05,
Students 𝑡-test, 𝑛 = 14–38 glomeruli per group) (Figure 2(f)).
In two homozygous E1-DN mice with the highest albumin
excretion, the mesangial matrix accumulation was classified
as focal, global nodular sclerosis by an expert pathologist who
examined the samples blinded from the genotypes.

3.3. Albuminuric E1-DN Mice Exhibit Tubular Changes. Flat-
tened tubular epithelial cells and dilated tubular lumens were
observed in the kidneys of albuminuric homozygous E1-DN
mice in which the albumin excretion exceeded 1000𝜇g/24 h
at 20weeks of age (Figures 3(a) and 3(b)). To study the tubular
injury further, we stained proliferating cells with an antibody
for Ki-67 (Figures 3(c) and 3(d)). Significantly increased
tubular proliferation was observed in the albuminuric E1-DN
mice (proliferation index 0.70%), compared to the control
mice in which only sporadic proliferating cells were detected
(proliferation index 0.18%) (𝑃 < 0.01, Student’s 𝑡-test, 𝑛 = 3-4
mice per group).

3.4. Podocyte Apoptosis Is Increased in E1-DN Mice. To study
whether apoptosis plays a role in the glomerular injury in
the E1-DNmice, apoptotic glomerular cells were stained with
an antibody for activated caspase-3. Apoptotic cells were
counted from 10 glomeruli from each mouse (𝑛 = 4–8 mice
per group) by two researchers independently. Increased num-
ber of apoptotic cells was detected in the glomeruli of E1-
DN homozygous mice when compared to wild-type and
heterozygous E1-DN mice both at the age of 20 weeks (6.5
versus 1.0 apoptotic cells per 10 glomeruli, 𝑃 < 0.02, Mann-
Whitney 𝑈 test), and in the oldest age group of 56-57 weeks
(9.8 versus 4.4 apoptotic cells per 10 glomeruli, 𝑃 < 0.02,
Mann-Whitney 𝑈 test) (Figures 4(a)–4(c)), although the
amount of apoptotic glomerular cells was sparse in all mice.
To characterize the nature of the apoptotic glomerular cells,
we performed a double labelling for cleaved caspase-3 and
nephrin revealing that the apoptotic cells were podocytes
(Figure 4(d)).

3.5. Nephrin Expression Is Reduced in Diabetic E1-DN Mice.
The expression of nephrin, the key molecule of the slit
diaphragm structure connecting the podocyte foot processes,
was studied by immunofluorescence staining and confocal
microscopy (Figures 5(a) and 5(b)). Measurement of nephrin
staining intensity indicated lower expression level in albu-
minuric homozygous E1-DN mice when compared to wild-
type mice (Figure 5(c)). The expression patterns of other
podocyte proteins examined, podocin and ZO-1, were not
altered (data not shown).

3.6. E1-DN Mice Develop Glomerular Basement Membrane
Thickening and Podocyte Foot Process Widening. Electron
microscopic analysis of kidneys from two wild-type mice
(age 50 weeks) and three homozygous E1-DN mice (age 40–
50 weeks) revealed irregular thickening and bulging of the
GBM and widening of the podocyte foot processes in the
homozygous E1-DN mice (Figures 6(a)–6(c)). The width of
the GBMwasmeasured from random capillary loops in areas
where the basement membrane was regularly shaped and
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Figure 1: E1-DN mice develop hyperglycaemia and albuminuria. (a) Blood glucose is elevated in male E1-DN homozygous (hoz) mice (𝑛 =
8–16) compared to the wild-type (wt) mice (𝑛 = 6–10) at all the time points, ∗∗𝑃 < 0.01, ∗𝑃 < 0.05. At 6-7 weeks of age also the male E1-DN
heterozygous (hez) mice (𝑛 = 14–23) are hyperglycaemic, ‡𝑃 < 0.01, but at 40 weeks their blood glucose does not differ from the wt. (b)
Urine volumes of the male E1-DN hoz (𝑛 = 9–16), hez (𝑛 = 7–16), and wt mice (𝑛 = 6–10). ∗∗𝑃 < 0.01 and ∗𝑃 < 0.05 for hoz versus wt,
‡
𝑃 < 0.01 for hez versus wt. (c) Increased albumin excretion rate (AER) is detected at both 10 and 20 weeks of age in the homozygous E1-DN
male mice, ∗∗𝑃 < 0.01. Heterozygous mice do not develop albuminuria. In (a)–(c), data are shown as mean ± SEM. Mann-Whitney 𝑈 test
was used to compare groups. (d) AER is correlated to blood glucose at 20 weeks of age, 𝑟 = 0.71, 𝑃 < 0.001 (Spearman’s rho), 𝑛 = 22. As the
upper limit of the glucometer is 33.3mM, the samples giving the “high” code were analysed as 33.3mM.

foot processes appeared structurally normal and was found
to be 43% higher in the E1-DN homozygous mice when
compared to wild-type mice (258 nm versus 370 nm, 𝑃 =
0.025, Mann-Whitney 𝑈 test, 𝑛 = 3–8 glomeruli per group)
(Figure 6(d)). Podocyte foot processes were also 45% wider
in these hyperglycaemic and albuminuric E1-DN mice when
compared to wild-type mice (423 nm versus 613 nm, 𝑃 =
0.013, Mann-Whitney 𝑈 test, 𝑛 = 9-10 glomeruli per group)
(Figure 6(e)).

4. Discussion

This study describes the development of albuminuria in rela-
tion to hyperglycaemia in the diabetic E1-DN mice, a trans-
genic mouse model expressing kinase-negative EGF-R in
pancreatic islets [31], and characterizes the pathologic chan-
ges in glomeruli including mesangial expansion and glom-
erular sclerosis, thickening of the GBM and widening of
foot processes in albuminuric mice. Increased apoptosis was
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Figure 2: E1-DN mice present mesangial expansion and glomerular sclerosis. (a) Periodic acid-Schiff (PAS) staining of normal glomerulus
of the wild-type mouse aged 50 weeks. ((b), (c)) Global mesangial expansion (arrows) is observed by PAS staining in the homozygous E1-DN
mice aged 20 weeks (b) and 40 weeks (c). (d) Global nodular sclerosis (arrowheads) is seen in an E1-DN homozygous mouse aged 50 weeks.
(e) The percentage of mesangial area in the glomerular tuft determined by morphometry of PAS-stained histological sections indicates an
increase of 25% in the homozygous (hoz) E1-DN mice when compared to wild-type (wt) mice (𝑛 = 30 glomeruli from three 50 weeks old
wild-type mice and 𝑛 = 70 glomeruli from seven 20–50 weeks old homozygous mice). (f) Morphometric analysis performed on images
obtained by transmission electron microscopy (TEM) confirms the increase of mesangial volume fraction by 22% in the glomeruli of E1-DN
homozygous mice (𝑛 = 14 glomeruli from two 50 weeks old wild-type mice and 𝑛 = 38 glomeruli from six 20–50 weeks old homozygous
mice). In ((e), (f)), bars show mean ± SEM. ∗∗𝑃 < 0.01, ∗𝑃 < 0.05, Student’s 𝑡-test. Scale bar: 25 𝜇m.

identified as one mechanism contributing to glomerular
injury. In addition to glomerular changes, the E1-DN mice
showed flattened tubular epithelium with dilated lumens and
increased proliferation of tubular cells.

The kinase-negative EGF-R is expressed in the 𝛽-cells of
the pancreatic islets, and it functions in a dominant nega-
tive manner, reducing phosphorylation of the endogenous
EGF-R in response to EGF family ligands, resulting in a
significantly reduced 𝛽-cell mass, low insulin production and
subsequently high blood glucose, and early-onset diabetes
[31]. The renal phenotype we now report is purely secondary
to the long-acting hyperglycaemia. As blood glucose levels
were higher in male E1-DN mice when compared to females,
and male mice are generally more prone to renal injury, only
male mice were examined in this study.

Thehomozygous E1-DNmice developed substantial albu-
minuria. The mean AER was 2.5-fold higher in the homo-
zygous E1-DN mice compared to the wild-type littermates
already at the age of 10 weeks and nearly five-fold higher

at 20 weeks. The most severely affected mice had over 10-
fold increase in AER.The individual variation in the levels of
albuminuria can be explained by the variation in the blood
glucose levels, as AER and blood glucose correlated at the
age of 20 weeks. This reflects also the human diabetes, where
hyperglycaemia is themain risk factor for diabetic nephropa-
thy, as shown in several clinical studies [36, 37]. Intracellular
excess of glucose is known to result in the formation of
reactive oxygen species, which in turn cause inflammation
and formation of advanced glycosylation end products [38].

Histological analyses revealed mesangial expansion and
tubular changes in diabetic E1-DN mice. Mesangial expan-
sion is an important factor in the progression of diabetic
nephropathy [15], and mainly due to mesangial matrix accu-
mulation, which can eventually lead to formation of nodular
sclerosis, called Kimmelstiel-Wilson nodules [16]. The most
severely affected E1-DN mice developed glomerular sclerosis
resembling human diabetic glomerulopathy. Also tubular
changes belong to the histological features of human diabetic
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(a) (b)

(c) (d)

Figure 3: Renal tubules of E1-DN mice show morphological changes and increased proliferation. ((a), (b)) Hematoxylin and eosin staining
shows flattened tubular epithelial cells in the albuminuric E1-DN homozygous mice (b) when compared to normal tall cuboidal epithelium
in the wild-type mice (a). ((c), (d)) Immunostaining for Ki-67 reveals only occasional proliferating cells in the wild-type mice (c), whereas in
the albuminuric E1-DN homozygous mice groups of proliferating cells are observed (d). Scale bar: 50 𝜇m ((a), (b)); 25𝜇m ((c), (d)).

nephropathy [12] and have been shown to predict disease
progression in patients with type 2 diabetes and overt pro-
teinuria [39]. Increased proliferation of tubular cells, possibly
representing an adaptivemechanism to injury, has previously
been observed to contribute to the renal enlargement in
streptozotocin-induced diabetes in rats [40] and has been
detected also in db/db mice [41]. The data is in line with the
results of this study, showing increased proliferation in the
tubules of the albuminuric E1-DN mice.

Increased glomerular apoptosis has previously been
observed in kidney samples of human patients with diabetes
[23] and streptozotocin-treated diabetic rats [42]. Further,
reactive oxygen species have been shown tomediate podocyte
apoptosis in the db/db mouse model [43]. We observed an
increasednumber of apoptotic cells in the glomeruli of homo-
zygous E1-DN mice and found that the apoptotic cells were
podocytes. Apoptosis was rare in both diabetic and control

mice, but as podocytes are terminally differentiated cells,
even a small increase in the rate of apoptosis could affect the
development of glomerular injury. Another mechanism for
podocyte loss in diabetes is detachment. A recent study [22]
described severe disruption and detachment of podocyte foot
processes in patients with type 1 diabetes, leading to denuded
areas of GBM, previously described in focal segmental glom-
erulosclerosis [44], and considered as part of the process
leading to glomerular sclerosis [45]. In the E1-DN mice, no
denuded areas of GBM were observed. However, podocyte
foot process widening, a known feature of diabetic nephropa-
thy [18, 19], was evident in the most albuminuric E1-DN
mice. In addition, structural analysis by electron microscopy
revealed thickening of the GBM, which is a well-documented
and early finding in human diabetic nephropathy [13, 15].The
measurements of the thickness of the GBM were performed
on areas where the GBM was of regular shape, but in
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Figure 4: E1-DNmice show increased podocyte apoptosis. ((a), (b)) Staining for cleaved caspase-3was used to identify apoptotic cells (arrows)
in the glomeruli of wild-type (a) and homozygous E1-DNmice (b). (c) Apoptosis of glomerular cells is detectedmore often in the homozygous
(hoz) E1-DN mice when compared to heterozygous (hez) and wild-type (wt) mice. Bars show the mean number of apoptotic cells per 10
glomeruli ± SEM, 𝑛 = 4–8 mice/group. ∗𝑃 < 0.02, Mann-Whitney 𝑈 test. (d) Confocal microscopy of kidney sections of 20 weeks old
homozygous E1-DN mice stained for nephrin (green) and cleaved caspase-3 (red) indicates that the apoptotic cells in the glomeruli are
podocytes. Scale bar: 25 𝜇m.

addition, areas of irregular bulging of the membrane were
observed.

The expression of nephrin was found to be decreased in
the glomeruli of the albuminuric E1-DN mice, consistent
with previous results obtained with the streptozotocinmouse
model [46]. Also in human diabetic nephropathy the expres-
sion of nephrin protein [47] and mRNA [48] have been
reported to be reduced and inversely correlated with the
degree of proteinuria [48]. Whether this is causative or sec-
ondary to the disease progression and podocyte injury
remains to be investigated. However, it has been suggested
that the downregulation of nephrin is a selective change, as
the expression of podocin, another podocyte protein, has
been reported to remain unchanged in diabetes in humans
[49], as well as in a diabetic mouse model [46]. Consistent
with that, the expression of podocin and ZO-1 were not

altered in immunofluorescence stainings of the E1-DNmouse
glomeruli.

When compared to other mouse models of diabetes,
E1-DNmice develop substantial albuminuria and glomerular
pathology. It is notable that the renal changes are caused
by hyperglycaemia instead of direct effects of the EGF-R
transgene, and thus the E1-DN mouse model mimics human
diabetes with poor glycaemic control. In addition, there is
no need to consider the possible toxic effects on kidney, like
in one of the most widely used murine models of diabetes,
streptozotocin-induced destruction of pancreatic𝛽-cells.The
other widely usedmodel, the db/dbmouse, is insulin resistant
and diabetic due to a mutation in the leptin receptor gene.
Db/db mice serve as a good model for type 2 diabetes and
albuminuria but do not develop severe glomerulopathy [25].
E1-DN mice are hypoinsulinemic [31] and show similarities
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Figure 5: Expression of nephrin is reduced in the glomeruli of E1-DN mice. ((a), (b)) Confocal microscopy of wild-type (wt) (a) and
homozygous (hoz) (b) E1-DN mouse kidney sections stained for nephrin. (c) Quantification of the expression level of nephrin in two wild-
type mice and three albuminuric homozygous mice, five glomeruli per mice, reveals that the expression of nephrin is significantly lower in
the E1-DN homozygous mice. Bars show mean ± SEM. ∗∗𝑃 < 0.01, Student’s 𝑡-test. Scale bar: 20 𝜇m.

with the OVE26 and Akita mice. The OVE26 is a promis-
ing mouse model of diabetic renal disease, overexpress-
ing calmodulin in the pancreatic 𝛽-cells in mice in FVB
background, and presenting high albuminuria, as well as
severe glomerular pathology [27]. The Akita mice have a
spontaneous mutation in insulin 2 gene and were originally
described to have a modest renal phenotype in C57BL/6
strain [50]. When Akita mice were crossed to FVB/NJ
background, they, however, developed high proteinuria and
moderate mesangial expansion [26]. Recent studies thus
indicate that the background strain of the mouse model is
extremely important for the development of renal injury and
that the FVB background is susceptible for renal disease.
The FVB background may contribute to the relatively severe
phenotype of the E1-DN mice.

One disadvantage of the E1-DN model is the large
phenotypic variation between the individual mice, although
the intensity of the renal phenotype is directly correlated

to the blood glucose levels. Thus, designing an intervention
study with the E1-DN mouse model would require a large
number of mice. Histological and structural changes develop
relatively late; the most severe changes reported here were
detected at the age of 50 weeks. This is common for many of
the mouse models and not surprising, considering that overt
human diabetic nephropathy usually develops after 15 to 20
years of diabetes duration.

5. Conclusions

The hyperglycaemic E1-DN mice develop substantial albu-
minuria and histological and structural changes including
mesangial expansion, thickening of the GBM, podocyte foot
process widening, and altered tubular epithelial cell mor-
phology and proliferation. Reduced expression of nephrin
and increased apoptosis of podocytes might contribute to the
development of glomerular injury. Altogether, these changes
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Figure 6: Electron microscopy indicates glomerular basement membrane thickening and podocyte foot process effacement in E1-DN mice.
(a) In wild-type mouse (age 50 weeks) podocyte foot processes (FP) line regularly the glomerular basement membrane (GBM) around the
capillary loops (CL). (b) In the E1-DN homozygous mouse (age 40 weeks) irregular thickening of the GBM (arrowheads) and podocyte foot
process widening (arrow) are observed. (c) Foot process widening (arrows) is observed in 50 weeks old E1-DN homozygous mouse. (d) GBM
is thicker in the E1-DN homozygous (hoz) mice (age 40–50 weeks) compared to the wild-type (wt) mice (age 50 weeks). The thickness of the
GBMwas calculated from three glomeruli in twowild-type and eight glomeruli in three homozygous E1-DNmice. (e) Podocyte foot processes
are wider in the homozygous E1-DN mice (40–50 weeks of age) compared to the wild-type mice (50 weeks of age). Foot process width was
calculated from 10 glomeruli in two wild-type and 9 glomeruli in three homozygous E1-DN mice. Bars show mean ± SEM. ∗𝑃 < 0.025,
Mann-Whitney 𝑈 test. Scale bar: 2 𝜇m.

are typical of human diabetic nephropathy, and the E1-DN
mice can serve as a good model to study the pathogenesis of
the diabetic renal disease.

Conflict of Interests

The authors declare that they have no conflict of interests.

Acknowledgments

The authors thank Marcel Messing, Niina Ruoho, Kirsi
Lintula, Ulla Kiiski, and Tiiu Arümäe for skillful technical
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Objective. Technically primates and dogs represent ideal models to investigate diseases characterized by abnormal intracortical
remodeling. High expenses and ethical issues, however, restrict the use of those animals in research. Rodent models have been used
as alternatives instead, but their value is limited, if none, because these animals lack intracortical bone remodeling.This study aimed
at investigating the effect of ovariectomy onto the stimulation of intracortical remodeling in rat mandibles.Materials and Methods.
Sixteen 12-week-old Spraque-Dawly (SD) female rats were randomly assigned into two groups, receiving either ovariectomy or
sham operation. All the rats were sacrificed 18 weeks postoperatively. The entire mandibles were harvested for microcomputed
tomography (micro-CT) and histomorphometric assessments.Results.Micro-CT examination showed significantly decreased bone
mineral density (0.95 ± 0.01 versus 1.01 ± 0.02 g/cm3, 𝑃 < 0.001) and bone volume (65.78 ± 5.45 versus 87.41 ± 4.12%, 𝑃 < 0.001)
in ovariectomy group. Histomorphometric assessment detected a sixfold increased intracortical bone remodeling as well as an
increased bone modeling in mandibles of ovariectomized rats. Conclusion. For the first time, to the authors’ knowledge, it was
detected that ovariectomy stimulates intracortical remodeling in rat mandibles.This animal model might be of use to study various
bone diseases associated with an abnormal intracortical remodeling process.

1. Introduction

Bone remodeling plays a key role to maintain the skeletal
functional integrity. It is a site and time-specific event
combining bone resorption and formation. Higher mammals
with the harversian system undergo both cancellous and
intracortical bone remodeling, while lower mammals with-
out harversian system, such asmice and rats, do not normally
undergo intracortical remodeling [1–3].

Ovariectomized (OVX) rodents are a well-established
animal model in osteoporosis studies [4, 5]. Apart from tra-
becular bone turnover changes [6, 7], recent studies reported
that ovariectomymay induce intracortical remodeling in long
bones [8, 9].Whereas Kubek et al. found out that ovariectomy
induced intracortical remodeling of jawbones in mice [10],

stimulation of intracortical remodeling in rats has not yet
been investigated, so far.

The intracortical remodeling rate of human jawbones is
around 20 times higher than that of iliac crest [11]. Some
bone diseases associated with abnormal bone remodeling
such as bisphosphonate related osteonecrosis of the jaws
(BRONJ) always preferentially affect jawbones [12]. To study
this disease in vivo, an adequate animal model therefore
is of paramount interest. Even though primates and dogs
represent ideal models, high expenses and ethical issues do
restrict their use. Rodent models have been widely used
to investigate bone diseases, but lack of intracortical bone
remodeling [13] limited their value in investigating bone
diseases with abnormal bone remodeling.
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Figure 1: ROI selection inmicro-CT and histomorphometry assessment. (a) Trabecular bone inside the circle is selected as the ROI inmicro-
CT assessment. (b) The bone area above the yellow line is defined as alveolar cortical bone; nonalveolar cortical bone is defined as the area
below the yellow line except for trabecular bone (square).

This study investigated the stimulating effect of ovariec-
tomy onto intracortical bone remodeling in rat mandibles.

2. Materials and Methods

2.1. Animal Care. The animal experiment was approved
by the Committee on Use Live Animal for Teaching and
Research, The University of Hong Kong. All rats were held
in a 12:12 h light-dark circle with each rat separated in a
metal cage at 25 degree Celsius room temperature in the
Laboratory Animal Unit of the University of Hong Kong.
All animals were allowed free access to water and standard
rodent diet.Their general well-being was monitored by a 24 h
closed circuit television in the holding roomduring the entire
experimental period.

2.2. Ovariectomy (OVX) Surgery. Sixteen 12-week-old, fe-
male Spraque-Dawly (SD) rats were randomly assigned into
an OVX or a control group, with 8 in each. After a 7-day
acclimatization period, the rats of the OVX group underwent
a bilateral ovariectomy according to our standardized proto-
col already published elsewhere [14]. In brief, under general
anesthesia, a 2 cm abdominal skin incision was performed.
Using artery forceps, the ovarian fat pad was gently grasped
and the ovaries were exposed. After removing the bilateral
ovaries, the fat pad was repositioned into the abdomen.
Wound closure was performed in two layers, adapting the
muscle layer with single stitch sutures (Vicryl 5/0, Johnsons
and Johnson, Hong Kong) and the skin layer with stainless
steel wound clips. The control group animals underwent a
similar procedure without removing the ovaries. All rats were
given meloxicam (5mg in 250mL drinking water, Metacam,
Boehringer Ingelheim, Germany) for 5 days postoperatively
for pain relief [14].

2.3. Fluorochrome Sequential Labeling. Fluorochrome label-
ing using calcein green (15mg/kg; C0875, Sigma-Aldrich,
Saint Louis Mo, USA) and alizarin complexone (30mg/kg;
A3882, Sigma-Aldrich, Saint Louis, MO, USA) was per-
formed 10 days and 1 day before the sacrifice, respectively.The

reagents were dissolved in sodium bicarbonate solution and
administrated subcutaneously [15].

2.4. Sample Preparation. All rats were scarified 18 weeks
postoperatively. Mandibles were harvested entirely and the
attached soft tissue was carefully removed. All samples were
fixed in 10% neutral buffered formalin solution for 2 days and
then transferred to 70% ethanol for further use.

2.5. Micro-CT Examination. The changes of trabecular mi-
croarchitecture were assessed bymicro-CT (SkyScan-1076 X-
raymicrotomography, SkyScan, Kontich, Belgium) according
to the manufacturer’s instructions. The X-ray source was
supplied with 88 kV voltage and 100 𝜇A electrical current.
Three-dimensional (3D) images were obtained at a resolution
of 18 𝜇m/pixel. The raw images were reconstructed and ana-
lyzed using CTAn software (CTAn, version 1.12.0, SkyScan,
Kontich, Belgium).

Trabecular bone in the interradicular septum of the first
molar (M1) was selected as the region of interest (ROI)
(Figure 1(a)). Its microstructure was assessed according to
the following parameters: bone mineral density (BMD),
bone volume/tissue volume (BV/TV), trabecular thickness
(Tb.Th), trabecular number (Tb.N), and trabecular separa-
tion (Tb.Sp) [16].

2.6. Histomorphometric Assessment. Histomorphometric as-
sessment was performed to evaluate the intracortical remod-
eling. Nondecalcified mandibles were dehydrated in graded
ethanol (70%, 95%, and 100%) and embedded in methyl
methacrylate (MMA, Technovit 7500, Kulzer, Hamburg, Ger-
many). Mandibles were sectioned (∼100𝜇m thick) through-
out the molar region in a mesial-distal direction using a
diamond wire saw. The samples were mounted on slides and
ground to a thickness of 80 𝜇m.

To ensure the measurement was performed at a similar
region in all the animals, sections containing the deepest root
of first molar in each animal were selected.The sections were
examined under fluorescence microscope (Nikon, Tokyo,
Japan).
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Figure 2: OVX changes the microarchitecture in rat mandibles. Micro-CT images show remarkable trabecular bone loss in OVX rats (a)
compared with that in the control (b) group. BMD and BV/TV in OVX group are significantly decreased compared to those in control
group. Tb⋅Th decreases and Tb⋅Sp increases significantly in OVX group. Tb⋅N shows no significant difference in both groups. BMD: bone
mineral density; BV/TV: bone volume/tissue volume; Tb.Th: trabecular thickness; Tb.N: trabecular number; and Tb.Sp: trabecular separation.
∗∗
𝑃 < 0.01 and ∗∗∗𝑃 < 0.001.

2.6.1. Intracortical Remodeling. The alveolar cortical bone
was defined as the area above the root atM1 region; nonalveo-
lar cortical bone was defined as the area below the root except
for trabecular bone (Figure 1(b)) [10].

To assess the intracortical remodeling, the total bone
area (B.Ar), the bone surface (BS), the total length of the
labeled bone surface (LS), the single labeled bone surface
(sLS), the double labeled bone surface (dLS), and the mean
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Figure 3: Photomicrograph of mandible in OVX rats viewed with fluorescent light. Labeled osteons (indicated by arrow) are found.

interlabel width (Ir.L.Wi) were measured. The mineralizing
bone surface (MS) was calculated as 0.5sLS + dLs. Mineral
apposition rate (MAR, 𝜇m/day) was calculated as Ir.L.Wi/10
(10 was the interlabel time). For the osteons with only
single label, MAR was set as 0.3 [17]. Surface-based bone
formation rate (BFR) (𝜇m3/𝜇m2/day) was calculated as MAR
×MS/BS. Intracortical BFR (%/year) was calculated as (MAR
× 0.5BS/B.Ar) × 100 × 365. All measurements were in
accordance with a standard protocol [18].

2.6.2. Bone Modeling. Periodontal ligament attached bone
surfaces were selected to determine whether bone modeling
was affected by OVX. The parameters including MAR and
BFR (𝜇m3/𝜇m2/day) were calculated as described above.

2.7. Statistical Analysis. All data were presented as mean
values ± SD and analyzed by independent t-tests and non-
parametric tests using IBM SPSS statistics software (version
19.0, IBM Crop, Armonk, NY, USA). The significance level
was set as 𝑃 < 0.05.

3. Results

3.1. Clinical Examination. General well-being was defined as
normal daily food andwater intake, unremarkable behavioral
pattern, and normal daily activity of rats during entire
experimental period.

3.2. Micro-CT Examination. In the control group, the tra-
becular bone presented as a well-connected network, while
in the OVX group the trabecular bone withered and became
separated. Quantitative analysis revealed that the BMD (𝑃 <
0.001) and percentage of bone volume (BV/TV, 𝑃 < 0.001)
were significantly decreased in OVX rats compared to those
of the control group.The trabecular thickness decreased (𝑃 <
0.001) whereas the trabecular separation increased (𝑃 < 0.01)

significantly in rats of OVX group. There was an increase in
the number of trabeculae in OVX rats but the difference was
not significant (𝑃 = 0.75) (Figure 2).

3.3. Histomorphometric Assessment

3.3.1. Intracortical Remodeling. In the alveolar bone region,
there was no significant difference related to the bone area
between the OVX rats (3.19 ± 0.73mm2) and the control
group (2.81 ± 0.48mm2). Labeled osteons were found in all
OVX rats (Figure 3), indicating activated bone remodeling in
the area. The average number of labeled osteons in OVX rats
(2.48 ± 1.03 per mm2) was significantly higher (𝑃 < 0.01)
than the one in the control group (0.89 ± 0.43 per mm2).
Histomorphometric assessment disclosed that intracortical
MAR (𝑃 < 0.01), surface-based BFR (𝑃 < 0.01), and
intracortical BFR (𝑃 < 0.01) were all significantly stimulated
in OVX rats (Figure 4(a)).

In nonalveolar regions, no significant difference in the
bone area between OVX rats (4.28 ± 0.38mm2) and the
control group (4.33 ± 0.22mm2) was detected. The number
of labeled osteons in OVX rats (0.43 ± 0.18 per mm2) was
significantly higher (𝑃 < 0.05) than in the control group
(0.19 ± 0.17 per mm2). Compared to the alveolar bone
region, the number of labeled osteons was much less than
in the nonalveolar bone region in both OVX rats (2.48 ±
1.03 versus 0.43 ± 0.18 per mm2) and the control group
(0.89 ± 0.43 versus 0.19 ± 0.17 per mm2). In OVX rats,
intracortical BFR was significantly increased compared to
the control group. Regarding MAR and surface-based BFR,
no significant difference between OVX rats and the control
group was found (Figure 4(b)).

3.3.2. Bone Modeling. The MAR (1.47 ± 0.47 𝜇m/day) and
surface-based BFR (0.99 ± 0.36 𝜇m3/𝜇m2/day) in OVX rats
were significantly higher (𝑃 < 0.01) in the surface adjacent
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Figure 4: Ovariectomy stimulates remodeling activity in mandible of rat. In the alveolar cortical region (a), MAR, surface-based BFR
(𝜇m3/𝜇m2/day), and intracortical BFR (% year) are significantly higher in OVX rats than in the control group. In the nonalveolar region (b),
intracortical BFR (% year) is significantly increased in OVX group, whereasMAR and surface-based BFR (𝜇m3/𝜇m2/day) show no significant
differences. MAR: mineral apposition rate and BFR: bone formation rate. ∗∗𝑃 < 0.01.
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to the periodontal ligament compared to those in the control
group (0.53 ± 0.11 𝜇m/day; 0.16 ± 0.05 𝜇m3/𝜇m2/day).

4. Discussion

Primates and dogs represent ideal animal models to investi-
gate diseases characterized by abnormal intracortical remod-
eling. Bothmodels show intracortical remodeling throughout
the skeleton, just like humans [13, 19]. Ethical issues together
with high expenses, however, do restrict their laboratory use.
Rodents have been used instead to study these conditions, but
their model value is limited because these animals usually do
not display intracortical remodeling [13].

Some studies reported that intracortical remodeling in
rodents could be stimulated under pathological conditions
[8–10]. These findings raised the interest of using a “mod-
ified” rodent model mimicking human bone conditions to
investigate various bone diseases. Some studies have demon-
strated that ovariectomy remarkably stimulated intracortical
remodeling in long bones of rats and mice [8]; however, the
influence of ovariectomy on jawbones has not yet been fully
understood.

Jawbones have a unique structure and undergo the
highest intracortical remodeling rate throughout the skeleton
[11, 20].Many diseases associatedwith abnormal intracortical
remodeling, such as BRONJ, affect the alveolar bone only
[21]. Therefore it is of great interest to establish a rodent
model whichmimics the intracortical bone remodeling of the
human skeleton.

This study investigated radiographic and histomorpho-
metric changes in mandibular cancellous and cortical bones
of OVX rats. Consistent with previous studies, both tra-
becular bone volume and bone mineral density decreased
significantly after surgery [22, 23].

Histomorphometry is considered to be the gold stan-
dard in dynamic bone research. Better than other methods
which estimate the remodeling status detecting humeral
biomarkers, it may provide site-specific information directly
by measuring MAR and BFR at different time points using
the fluorochrome sequential labeling approach [15].

As mature mammals routinely undergo remodeling in
cortical bones, the place where bone resorption and bone
formation occur simultaneously, BFR evaluation might pro-
vide insight into the intracortical remodeling rate. In this
study, active intracortical bone remodeling characterized by
labeled osteons in the cortical bone region was found in both
OVX rats and the control group. Rats after sham surgery
manifested a very low-rate mandibular remodeling, whereas
OVX rats disclosed significantly increased remodeling rates.
In the alveolar region, ovariectomy stimulated a six-time
higher intracortical BFR compared with that in control
animals. These findings were similar to a previous report by
Kubek et al. which so far is the only study addressing this issue
in mandibles in a mouse model [10].

In the bone surface attached to the periodontal ligament,
where bone modeling primarily takes place [24], a signifi-
cantly increased bone formation rate was detected in OVX
rats. On the contrary to this study, Kubek et al. [10] did

not find any significant increase in bone formation. This
discrepancy may be attributed to the difference of animal
species (C3H mice versus SD rat) and/or the length of the
experiment, 8 weeks versus 18 weeks after surgery. Early
after ovariectomy, the bone resorption surpasses the bone
formation leading to bone loss; thereafter both processes
reach a steady state. The time needed to reach this steady
state varies in rats between 90 and 270 days [25]. To ensure
that the analysis was performed during the steady state, a
long experimental period of 18 weeks was selected in the here
presented study.

The study of Kubek et al. [10] confirmed that OVX mice
represented a useful tool to study BRONJ. Compared to
mice, rats might represent a more versatile animal model
in the research field of BRONJ as they also offer other
investigations related to bone remodeling processes such
as ligature induced-periodontal diseases or pulp-exposure
induced periapical infections inducing BRONJ. Such condi-
tions are technically difficult to be mimicked in mice because
of the smaller size of teeth and jawbones.

5. Conclusions

This study demonstrated that ovariectomy can stimulate
intracortical remodeling in rat jawbones, to the authors’
knowledge, for the first time. It might be taken into consider-
ation that OVX rats are useful to study various bone diseases
associated with abnormal intracortical bone remodeling
processes, such as BRONJ.
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[21] C.Walter, K.A.Grötz,M.Kunkel, andB.Al-Nawas, “Prevalence
of bisphosphonate associated osteonecrosis of the jawwithin the
field of osteonecrosis,” Supportive Care in Cancer, vol. 15, no. 2,
pp. 197–202, 2007.

[22] S. Kuroda, H. Mukohyama, H. Kondo et al., “Bone mineral
density of the mandible in ovariectomized rats: analyses using
dual energy X-ray absorptiometry and peripheral quantitative
computed tomography,” Oral Diseases, vol. 9, no. 1, pp. 24–28,
2003.

[23] S. Kawamoto and E. Nagaoka, “The effect of oestrogen defi-
ciency on the alveolar bone resorption caused by traumatic
occlusion,” Journal of Oral Rehabilitation, vol. 27, no. 7, pp. 587–
594, 2000.

[24] B. Melsen, “Tissue reaction to orthodontic tooth movement—a
new paradigm,” European Journal of Orthodontics, vol. 23, no. 6,
pp. 671–681, 2001.

[25] P. P. Lelovas, T. T. Xanthos, S. E. Thorma, G. P. Lyritis, and I. A.
Dontas, “The laboratory rat as an animalmodel for osteoporosis
research,” Comparative Medicine, vol. 58, no. 5, pp. 424–430,
2008.




