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Volume 2012, Article ID 718617, 13 pages

Posterior Circulation Stroke: Animal Models and Mechanism of Disease, Tim Lekic and Chizobam Ani
Volume 2012, Article ID 587590, 8 pages

Cytokines and VEGF Induction in Orthodontic Movement in Animal Models, M. Di Domenico,
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In this special issue we gather together 23 articles (15 reviews,
7 research articles, and 1 methodology report) with diverse
information presently available on animal models of human
disease.

The use of animal for studying human diseases, from the
pathogenesis to the clinical aspects of diagnosis and therapy,
has always been a very useful tool and indeed, has contrib-
uted enormously to our understanding of the mechanisms
of diseases and to the development of numerous drugs.

The 15 comprehensive reviews critically inform the
reader of the latest developments in the animal models of
diseases such as Parkinson (Blesa et al.), glaucoma (Bouhenni
et al.), dermatophytoses (Shimamura et al.), colitis (Perse
and Cerar), HCV infections (Carcamo and Nguyen), Glo-
merulonephritis (Urushihara et al.), and posterior circula-
tion stroke (Lekic and Ani). Moreover, Underbayev et al. pro-
vide a clear and concise review on the applications of induced
pluripotent stem cells (iPS) for human disease mouse mod-
eling, focusing on the use of microRNA manipulation in the
generation and differentiation of iPS. Goldsmith and Jobin
propose the use of zebrafish model to study human disease.
Moro and colleagues review the significance of mouse
models in the study of human cancer progression with
particular emphasis on the possible application of patient-
derived xenograft in the evaluation of chemoresistance, while
Mendes-Braz et al. review the mechanisms of hepatic
ischemia-reperfusion injury in animal models, and its trans-
lation to the clinical practice. Greco et al. describe the basic
principles of high resolution imaging ultrasound equipment
and the most important applications in preclinical studies, Li

et al. examine different MRI sequences to explore a murine
model of intracerebral hemorrhage, whereas Gargiulo et al.
provide a review of the use of PET/CT for examining mouse
models of myocardial ischemia and Sergi et al. propose an
important role of hepatocellular to cholangiocytic metapla-
sia (as expressed by switch in keratin expression) in the
causation of liver graft dysfunction (including cholestasis)
in case of ischemia/reperfusion injury, based on personal
observations and evidence from the literature. Di Domenico
et al. present an exhaustive analysis of the role played by
the vascular endothelial growth factor and some cytokines
in periodontal ligament remodeling and bone resorption at
the pressure side of orthodontic tooth movement.

The research articles deal with the molecular mechanisms
involved in the pathogenesis of a particular disease. Vitale et
al. report synaptic differences between wild-type and FDDki
mice, essentially in the expression levels of selected proteins,
in a model of familial dementia; Venancio et al. demonstrate
that sleep deprivation alters rat ventral prostate morphology;
Neri et al. analyze the effect of colic vein ligature in rats with
loperamide-induced constipation, and Allan et al. evaluate
the ability of an antimicrobial peripherally inserted central
catheter (PICC) to reduce microbial migration and colo-
nization compared to an uncoated PICC. Dunn and Pinkert
provide evidence supporting allotopic expression as a tool for
mtDNA disease research with implications in development
of DNA-based therapeutics, while Mingchang et al. propose
a pilot study to examine the use of T1, T2, and T2∗ weighted
images for evaluating hematoma size and extent of edema in
mouse brain at high field.
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In further contributions animal models have been used
to implement therapeutic approaches. It is the case of the
studies (a research article and a methodology report) by
Pereira et al. which develop an animal model to study deep
second-degree thermal burning and characterize in vivo
hydrogel formulation for burn healing.

In conclusion, as it is shown in the collection of con-
tributions assembled in this special issue, we believe that
animal models of human pathologies, because of the tremen-
dous bulk of information that they can supply to scientific
community, particularly genetic and alternative models,
might lead us into a new era of disease research and drug
discovery.
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Infection is the leading complication associated with intravascular devices, and these infections develop when a catheter becomes
colonized by microorganisms. To combat this issue, medical device manufacturers seek to provide healthcare facilities with
antimicrobial medical devices to prevent or reduce the colonization. In order to adequately evaluate these devices, an in vivo model
is required to accurately assess the performance of the antimicrobial devices in a clinical setting. The model presented herein was
designed to provide a simulation of the subcutaneous tunnel environment to evaluate the ability of an antimicrobial peripherally
inserted central catheter (PICC), coated with chlorhexidine based technology, to reduce microbial migration and colonization
compared to an uncoated PICC. Three samples of control, uncoated PICCs and three samples of coated PICCs were surgically
tunneled into the backs of female New Zealand White rabbits. The insertion sites were then challenged with Staphylococcus aureus
at the time of implantation. Animals were evaluated out to thirty days and sacrificed. Complete en bloc dissection and evaluation of
the catheter and surrounding tissue demonstrated that the chlorhexidine coated catheter was able to significantly reduce microbial
colonization and prevent microbial migration as compared to the standard, un-treated catheter.

1. Introduction

Indwelling intravascular devices, which are becoming inte-
gral components of modern medical practice, are associated
with the high incidence of nosocomial bloodstream infec-
tions especially in intensive care patients, those receiving
chemotherapy and those dependent upon haemodialysis.
Central venous catheters (CVCs) account for approximately
90% of all catheter-related bloodstream infections (CRBSIs)
[1]. PICCs are associated with similar rates of CRBSI as
CVCs, placed in internal jugular or subclavian veins (2
to 5 per 1,000 catheter days) [2]. It has been estimated
that nearly 80,000 CRBSIs occur in intensive care units
alone and result in costs approaching 2 billion dollars and
20,000 deaths annually [3–5]. Colonization of the catheter
by microorganisms forming a biofilm is the first stage of

the infection process [6]. Sources for microbial colonization
may be environmental contamination, skin organisms, post-
placement subcutaneous tract infection, intraluminal con-
tamination, or hematogenous seeding [7]. Whether derived
from the patient’s skin, hematogenously, or from a health
care worker, microorganisms present in the catheter display
the characteristic reduced susceptibility to antimicrobials,
which has become a hallmark of biofilms [8]. Biofilms are
a cohesive matrix of microorganisms, mucopolysaccharides
(slime), and extracellular constituents that exist in virtually
every natural environment [9]. They form on a solid surface
(such as a catheter or other implanted medical device) in the
presence of shear force or flow (as would be encountered in
the environment surrounding an implant medical device), as
a mechanism to avert being removed from that environment
[10]. Biofilm formation is a developmental process moving
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(a)

Organism-soaked gauze

Suture

Test catheters Control catheters

Catheter 1

Catheter 2

Catheter 3

8 cm tunnel

5 cm exposed

(b)

Figure 1: Left side image shows actual catheter placement (rabbit 10 shown) prior to challenge and bandaging. Right side is a cartoon
diagram representing catheter placement and challenge procedures. The diagram displays only those portions of the device which are
evaluated. Note that the test and control sides are randomized between animals and groups.

Table 1: A diagram and table describing the preparation of the
explanted catheter. Note that 13 cm sections are implanted, but
3 cm which is heat sealed and remains outside of the animal is
removed prior to evaluation.

(a) The bolded (underlined numbers) represent tissue segments and
catheter material that were exposed to the subcutaneous tunnel environ-
ment

1 2 3 4 5 6 7 8 9 10

(b) The table describes what the various segments were used for in the
analysis of each segment

Segment no. Microbiology Histology SEM

1 X

2 X

3 X

4 X

5 X X

6 X

7 X X

8 X

9 X X

10 X

from attachment to microcolony formation and then to
mature biofilm development under the control of specific
biofilm genes [11]. The production of a mucopolysaccharide
(slime) on the surface, which further protects the biofilm,
can often be seen with the naked eye [9]. Microbial

biofilms demonstrate recalcitrance towards a wide range
of antimicrobial treatments and have been reported to
be 100–1,000 times less susceptible than their planktonic
counterparts [12]. This resistance is due to the presence
of extracellular polysaccharide matrix, the physicochemical
heterogeneity developed within such consortia, acquiring of
multiantimicrobial resistance genes, and the presence of cells
of highly recalcitrant physiology (persisters) [13]. Thus, once
an implanted medical device (such as a PICC) is colonized
by biofilm bacteria, the bacteria are protected from both
immune response and antimicrobial therapy, and thus, such
infections are rarely resolved [14–16]. This fact often leads to
the failure of conventional antibiotic therapy and necessitates
the removal of infected devices. Removal of the infected
device is often not practical (as in the case in pace makers or
artificial joints) or not at good strategy as this can lead to the
production of detached, slime-enclosed, antibiotic-resistant
aggregates that can initiate endocarditis or pneumonia by
dissemination in the blood stream [17]. With this in mind,
medical device manufacturers and researchers in biofilm
microbiology have developed strategies and technologies to
prevent the initial colonization and prevent the subsequent
biofilm colonization of various implant medical devices. A
good approach to the reduction of CRBSI includes surface
modification of devices to reduce microbial attachment
and biofilm development as well as the use of CVCs
precoated with antimicrobials such as chlorhexidine and/or
silver sulfadiazine and antibiotics such as minocycline and
rifampin [18–22].

The proper development and evaluation of antibiofilm
efficacy of antimicrobial coated or eluting medical devices
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(a) (b)

(c) (d)

(e) (f)

Figure 2: Representative SEM micrographs taken of test catheter 3 (segment 7) and control catheter 3 (segment 7) from animal 10 on
day 21. (a) 1500x magnification of test catheter, (b) 750x magnification of test catheter, (c) 40x magnification of test catheter, (d) 1500x
magnification of control catheter, (e) 750x magnification of control catheter, and (f) 40x magnification of control catheter. Note: the fissures
seen in the biofilm in images D & E are artifacts from the SEM preparation process. Scale bars are presented on each image. Arrows point to
isolated cocci.

has proven to be a daunting task due to the limitations of
good in vitro evaluation tools. Rapid screening tools like the
MBEC assay can be utilized to evaluate short-term exposures
and isolated antimicrobials and potential antibiofilm agents
[23–25] but do not evaluate the antimicrobial agent as it is
presented on the actual medical device. Most commonly, the
testing of potential implant materials or medical devices is
often done by measuring planktonic growth in the presence
of the respective material or by “zone of inhibition” deter-
mination [26, 27]. Placing selected bacterial suspensions and
exposing them to short-term incubation (<24 hr) directly

on implant/coated materials and analyzing viable counts
is also a standardized method to examine antibacterial
activity (Japanese Industrial Standards, as described in [28]).
Capillary flow cells that study different biofilm stages under
constant nutrient, salt, and pH conditions [29] or disc/drip
flow reactors that expose implant/coated materials to biofilm
under shear [30] account for the dynamic environment the
devices may be exposed to and the biofilm state of the
organisms colonizing the device but are limited in that only
partial devices or components thereof can be assessed. The
so-called “roll plate,” method first described by Maki et al.
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(a) (b)

Figure 3: Representative digital micrographs taken during catheter explant and necropsy on rabbit 10. (a) Test article side: note that the
fibrous capsule is minimal, and there is no evidence of pus or irritation. (b) Control article side: the digital image demonstrates indicators of
infection uniformly across the three control replicates. Extensive pus, hyperemia, and fibrosis can be seen associated with the tissue around
the control catheters.

[31], can evaluate the entire surface of the catheter but is
also limited in its practicality and potential operator errors
associated with the manipulations of the catheters.

When evaluating and developing implant medical
devices with surface modifications, the study of the antibac-
terial/antibiofilm effects must take into account the actual
device itself and be tested while exposed to an appropri-
ate in vitro test system that mimics the environment in
which it is expected to perform. In addition, demands of
regulatory agencies such as the American Food and Drug
Administration (FDA) [32] require the utilization of effective
in vitro (preferably supported by in vivo) data to support
any label claims. This evaluation needs to simulate human
clinical situation which includes (1) using the actual device
(preferably sterile finished goods), (2) preconditioning or
exposure of the device to body fluid, (3) using a dynamic
(rather than static) environment, (4) evaluating the actual
contact time with the body, (5) at body temperature, and
(6) assuring that the organisms used are relevant to the label
claim [32, 33].

To address the needs and testing gaps described above,
we developed an in vivo test method to provide a high-
throughput, repeatable, and cost-effective simulation of the
subcutaneous tunnel environment with multiple end points
to evaluate the ability of an antimicrobial PICC to reduce
microbial migration and colonization as compared to an
uncoated PICC.

2. Methods and Materials

2.1. Animals. A total of 10 healthy, ∼15-week-old, ∼3 Kg,
New Zealand white female rabbits (Charles River Labora-
tories, Canada) were used in this study. Five rabbits were
allocated to each sample time (21 and 30 days, resp.). All
animals received a thorough physical examination before
entry into the study. Any animal that did not meet the health

and weight criteria was excluded from the study. Animals
with any infection, inflammation, dermatitis, muscular
disease, or apparent abnormalities of the urinary tract as well
as any animal deemed unsuitable by the study director were
also excluded from this study. The study was conducted in
compliance with the guidelines of the Canadian Council on
Animal Care after the appropriate review by the Institutional
Animal Care and Use Committee.

2.2. Catheters. All catheter materials were custom manu-
factured to 13 cm lengths from the tip and heat sealed
at ends. The catheters were individually packaged and
sterilized by Arrow International, Inc. (Reading, PA). The
test article consisted of 5.5 French (Fr) double lumen Arrow
Antimicrobial PICC with Chlorag + ard Technology (Teleflex
Medical Inc, Reading, PA). The control/predicate material
consisted of uncoated 5.5 Fr double lumen PICC material
(Teleflex Medical Inc, Reading, PA).

2.3. Experimental Design. Animals were allocated to test
groups using a random block procedure and randomly
assigned to groups 1 (21-day catheterization) and 2 (30-day
catheterization). As each animal served as its own control
and treatment, control/treatment sides were allocated to
each treatment group using a random block procedure and
randomly assigned to each rabbit. Test and control sides were
randomized between animals and groups (see Figure 1).

2.4. Preparation of Inoculum. Staphylococcus aureus ATCC
29213 (American Type Culture Collection, Manassas, VA)
was selected due to its role in CRBSI [33]. This strain
was selected because it has been used successfully based
on our experience to cause infection in NZW rabbits, and
this strain was used in an in vitro challenge experiment
using artificially aged PICC material and demonstrated as
significant (>Log10 4 reduction compared to controls). Using
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Table 2: Tissue (CFU/g) Log reduction summary tables for day 21.
Log reduction values higher than 4 are bold and underlined.

(a) For pairwise comparison, the mean Log10 CFU/g recovered from the
three replicates of test articles/rabbit was subtracted from the mean Log10

CFU/g recovered from the three replicates of control articles/rabbit per
segment

Sample location
Sample no. 3 4 6 8 10

Day Rabbit no. LogR (pairwise comparison)
21 1 0.81 4.28 6.03 289 2.44

P 0.50 0.05 0.00 0.31 0.83
21 4 −2.46 −1.54 −0.44 1.93 1.18

P 0.18 0.35 0.86 0.37 0.59
21 7 2.90 3.08 1.87 1.70 3.22

P 0.13 0.14 0.37 0.50 0.12
21 9 1.23 1.10 1.48 0.00 1.59

P 0.37 0.37 0.37 N/A 0.37
21 10 5.30 3.68 3.73 5.02 4.48

P 0.00 0.13 0.14 0.01 0.01

(b) For test article log reduction, the mean Log10 CFU/g recovered from
the three replicates of test articles/rabbit was subtracted from the mean
Log10 CFU from the initial inoculum counts that were exposed to the
catheters at implantation

Sample location

Sample no. 3 4 6 8 10

Day Rabbit no. Test article LogR (based on initial inoculum)

21 1 2.62 5.67 6.86 5.55 5.72

P 0.50 0.05 0.00 0.31 0.83

21 4 1.49 2.53 4.41 6.86 5.38

P 0.18 0.35 0.86 0.37 0.59

21 7 6.86 6.86 6.86 5.29 6.86

P 0.13 0.14 0.37 0.50 0.12

21 9 6.86 6.86 6.86 6.86 6.86

P 0.37 0.37 0.37 N/A 0.37

21 10 6.86 6.86 6.86 6.86 6.86

P 0.00 0.13 0.14 0.01 0.01

(c) For control article log reduction, the mean Log10 CFU/g recovered
from the three replicates of control articles/rabbit was subtracted from the
mean Log10 CFU from the initial inoculum counts that were exposed to
the catheters at implantation

Sample location

Sample no. 3 4 6 8 10

Day Rabbit no. Control article LogR

(based on initial inoculum)

21 1 1.81 1.39 0.82 265 3.28

P 0.50 0.05 0.00 0.31 0.83

21 4 3.95 4.07 4.85 4.93 4.20

P 0.18 0.35 0.86 0.37 0.59

21 7 3.96 3.77 4.99 3.59 3.64

P 0.13 0.14 0.37 0.50 0.12

21 9 5.63 5.75 5.38 6.86 5.26

P 0.37 0.37 0.37 N/A 0.37

21 10 1.56 3.18 3.13 1.84 2.38

P 0.00 0.13 0.14 0.01 0.01

Table 3: Catheter (CFU/catheter segment) Log reduction summary
tables for day 21. Log reduction values higher than 4 are bold and
underlined.

(a) For pairwise comparison, the mean Log10 CFU/g recovered from the
three replicates of test articles/rabbit was subtracted from the mean Log10

CFU/g recovered from the three replicates of control articles/rabbit per
segment

Sample location

Sample no. 1 2 3 4 6 8 10

Day Rabbit no. LogR (pairwise comparison)

21 1 −0.47 −0.07 1.58 2.44 0.49 0.00 0.87

P 0.78 0.94 0.37 0.15 0.78 1.00 0.37

21 4∗ −1.99 0.71 0.17 −0.87 1.45 1.95 0.00

P 0.23 0.76 0.93 0.50 0.27 0.27 1.00

21 7 1.84 2.38 1.31 0.97 1.03 1.03 0.00

P 0.12 0.12 0.37 0.37 0.37 0.37 1.00

21 9 −0.67 0.43 1.15 1.28 0.00 0.00 0.00

P 0.65 0.06 0.37 0.37 1.00 1.00 1.00

21 10 2.08 0.33 1.48 3.18 2.92 2.60 1.50

P 0.08 0.85 0.37 0.16 0.13 0.14 0.37

(b) For test article log reduction, the mean Log10 CFU/g recovered from the
three replicates of test articles/rabbit was subtracted from the mean Log10

CFU from the initial inoculum counts that were exposed to the catheters at
implantation

Sample location

Sample no. 1 2 3 4 6 8 10

Day Rabbit no. Test article LogR (based on initial inoculum)

21 1 1.33 2.49 6.86 6.86 5.99 6.86 6.86

P 0.78 0.94 0.37 0.15 0.78 1.00 0.37

21 4∗ 4.86 5.62 5.73 5.99 6.86 6.86 6.86

P 0.23 0.76 0.93 0.50 0.27 0.27 1.00

21 7 6.86 6.86 6.86 6.86 6.86 6.86 6.86

P 0.12 0.12 0.37 0.37 0.37 0.37 1.00

21 9 5.12 3.34 6.86 6.86 6.86 6.86 6.86

P 0.65 0.06 0.37 0.37 1.00 1.00 1.00

21 10 5.12 5.89 6.86 6.86 6.86 6.86 6.86

P 0.08 0.85 0.37 0.16 0.13 0.14 0.37

(c) For control article log reduction, the mean Log10 CFU/g recovered
from the three replicates of control articles/rabbit was subtracted from the
mean Log10 CFU from the initial inoculum counts that were exposed to the
catheters at implantation

Sample location

Sample no. 1 2 3 4 6 8 10

Day Rabbit no. Control article LogR (based on initial inoculum)

21 1 1.80 2.56 5.27 4.42 5.50 6.86 5.99

P 0.78 0.94 0.37 0.15 0.78 1.00 0.37

21 4∗ 6.86 4.90 5.55 6.86 5.40 4.90 6.86

P 0.23 0.76 0.93 0.50 0.27 0.27 1.00

21 7 5.02 4.47 5.54 5.89 5.83 5.83 6.86

P 0.12 0.12 0.37 0.37 0.37 0.37 1.00

21 9 5.79 2.90 5.71 5.58 6.86 6.86 6.86

P 0.65 0.06 0.37 0.37 1.00 1.00 1.00
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(c) Continued.

Sample location

Sample no. 1 2 3 4 6 8 10

Day Rabbit no. Control article LogR (based on initial inoculum)

21 10 3.04 5.56 5.37 3.68 3.94 4.25 5.35

P 0.08 0.85 0.37 0.16 0.13 0.14 0.37
∗

indicates that control catheter 3 on rabbit 4 was not available for analysis.

a cryogenic stock (at −70◦C), a first subculture of the
bacterial organisms listed above was streaked out on tryptic
soy agar (TSA) (Becton Dickinson, Sparks, MD). The plate
was incubated at 35 ± 2◦C for 24 hours and stored wrapped
in parafilm at 4 ± 2◦C. From the first sub-culture, a second
sub-culture was streaked out on TSA and incubated at
35 ± 2◦C for 24 hours. The second sub-culture was used
within 24 hours starting from the time it was first removed
from incubation. From a fresh streak plate, each study
organism was inoculated in 200 mL of sterile Trypticase Soy
Broth (TSB) (Becton Dickinson, Sparks, MD). Organisms
were grown in TSB at 37 ± 2◦C on a rotary shaker (at
approximately 150 rpm) for 12–18 hours. This achieved an
inoculum density of approximately 109 colony-forming units
(CFU)/mL. The inoculum was adjusted to an approximate
cell density of 106 CFU/mL by diluting Staphylococcus aureus
in sterile 0.9% saline (Baxter, Canada). The cell density was
confirmed by serially diluting and spot plating triplicate
samples of the inoculum.

2.5. Surgical Procedures and Catheterization. Rabbits were
fasted approximately 12 hours prior to surgery. Anesthesia
(Isoflurane) (Benson Medical, Markham, ON, Canada) was
administered by the qualified veterinary staff per test facility
standard operating procedure. Selection of the dose and
agents followed the standard operating procedures of the
test facility. The hair over the dorsal thorax and abdomen
was clipped with a number 40 Osler clipper blade and
scrubbed with a soap that did not contain any disinfectant
or antibiotic. Three incisions were made on either side of the
dorsal midline for catheter insertion. The catheters (13 cm
long) were inserted subcutaneously in each rabbit so ∼
8 cm tunneled under the skin and 6 cm was on the skin
surface (see Figure 1). The catheters were anchored to the
skin with adhesive tape and sutures. Animals were observed
for any adverse reactions. The catheters were challenged by
inoculating the insertion site with ∼1 mL of inoculum. To
supplement this significant challenge, a gauze sponge with
5 mL of the prepared bacterial suspension was also placed
over each insertion site. Opsite (Smith and Nephew, Hull,
England) was placed over all catheters and inoculum-soaked
sponges. Tensoplast (BSN Medical, Pinetown, South Africa),
an occlusive bandage, was then placed over all catheters
to prevent self-mutilation and removal of the catheters.
All animals were observed for morbidity and mortality,
overt signs of toxicity (including abstinence of water), and
any signs of distress throughout the study per test facility
procedures.

Table 4: Tissue (CFU/g) Log reduction summary tables for day 30.
Log reduction values higher than 4 are bold and underlined.

(a) For pairwise comparison, the mean Log10 CFU/g recovered from the
three replicates of test articles/rabbit was subtracted from the mean Log10

CFU/g recovered from the three replicates of control articles/rabbit per
segment

Sample location

Sample no. 3 4 6 8 10

Day Rabbit no. LogR (pairwise comparison)

30 2 0.98 0.00 0.00 0.00 −0.74

P 0.37 0.00 0.00 0.00 0.76

30 3 −1.05 2.43 1.16 2.48 4.52

P 0.37 0.13 0.37 0.12 0.00

30 5 −2.57 2.18 2.41 1.06 1.04

P 0.12 0.12 0.12 0.37 0.37

30 6∗∗ 3.91 0.00 0.00 0.00 0.00

P N/A N/A N/A N/A N/A

30 8 4.90 2.24 3.70 3.68 5.18

P 0.01 0.37 0.14 0.13 0.00

(b) For test article log reduction, the mean Log10 CFU/g recovered from the
three replicates of test articles/rabbit was subtracted from the mean Log10

CFU from the initial inoculum counts that were exposed to the catheters at
implantation

Sample location

Sample no. 3 4 6 8 10

Day Rabbit no. Test article LogR (based on initial inoculum)

30 2 6.86 6.86 6.86 6.86 5.02

P 0.37 0.00 0.00 0.00 0.76

30 3 5.81 6.86 6.86 6.86 6.86

P 0.37 0.13 0.37 0.12 0.00

30 5 4.28 6.86 6.86 6.86 6.86

P 0.12 0.12 0.12 0.37 0.37

30 6∗∗ 6.86 6.86 6.86 6.86 6.86

P N/A N/A N/A N/A N/A

30 8 6.86 6.86 6.86 6.86 6.86

P 0.01 0.37 0.14 0.13 0.00

(c) For control article log reduction, the mean Log10 CFU/g recovered
from the three replicates of control articles/rabbit was subtracted from the
mean Log10 CFU from the initial inoculum counts that were exposed to the
catheters at implantation

Sample location

Sample no. 3 4 6 8 10

Day Rabbit no. Control article LogR (based on initial inoculum)

30 2 5.87 6.86 6.86 6.86 5.76

P 0.37 0.00 0.00 0.00 0.76

30 3 6.86 4.42 5.70 4.37 2.34

P 0.37 0.13 0.37 0.12 0.00

30 5 6.86 4.67 4.44 5.80 5.81

P 0.12 0.12 0.12 0.37 0.37

30 6∗∗ 2.95 6.86 6.86 6.86 6.86

P N/A N/A N/A N/A N/A

30 8 1.95 4.62 3.15 3.18 1.67

P 0.01 0.37 0.14 0.13 0.00
∗∗

indicates that control tunnels 1 and 3 on rabbit 6 were not available for
analysis.
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Table 5: Catheter (CFU/catheter segment) Log reduction summary
tables for day 30. Log reduction values higher than 4 are bold and
underlined.

(a) For pairwise comparison, the mean Log10 CFU/g recovered from the
three replicates of test articles/rabbit was subtracted from the mean Log10

CFU/g recovered from the three replicates of control articles/rabbit per
segment

Sample location

Sample no. 1 2 3 4 6 8 10

Day Rabbit no. LogR (pairwise comparison)

30 2∗ 0.30 1.80 0.00 0.00 1.75 1.60 0.00

P 0.88 0.27 0.00 0.00 0.27 0.27 0.00

30 3 −1.72 2.98 3.43 3.49 0.87 2.71 1.19

P 0.34 0.10 0.00 0.00 0.37 0.12 0.37

30 5∗ 0.00 0.00 0.00 0.00 0.00 0.00 0.00

P 0.00 0.00 0.00 0.00 0.00 0.00 0.00

30 6∗∗ 0.00 0.00 2.60 0.00 0.00 0.00 0.00

P N/A N/A N/A N/A N/A N/A N/A

30 8 2.49 2.56 1.97 2.40 2.38 2.40 1.13

P 0.12 0.12 0.12 0.12 0.12 0.12 0.37

(b) For test article log reduction, the mean Log10 CFU/g recovered from the
three replicates of test articles/rabbit was subtracted from the mean Log10

CFU from the initial inoculum counts that were exposed to the catheters at
implantation

Sample location

Sample no. 1 2 3 4 6 8 10

Day Rabbit no. Test article LogR (based on initial inoculum)

30 2∗ 5.71 6.86 6.86 6.86 6.86 6.86 6.86

P 0.88 0.27 0.00 0.00 0.27 0.27 0.00

30 3 4.27 5.50 6.86 6.86 6.86 6.86 6.86

P 0.34 0.10 0.00 0.00 0.37 0.12 0.37

30 5∗ 6.86 6.86 6.86 6.86 6.86 6.86 6.86

P 0.00 0.00 0.00 0.00 0.00 0.00 0.00

30 6∗∗ 6.86 6.86 6.86 6.86 6.86 6.86 6.86

P N/A N/A N/A N/A N/A N/A N/A

30 8 6.86 6.86 6.86 6.86 6.86 6.86 6.86

P 0.12 0.12 0.12 0.12 0.12 0.12 0.37

(c) For control article log reduction, the mean Log10 CFU/g recovered
from the three replicates of control articles/rabbit was subtracted from the
mean Log10 CFU from the initial inoculum counts that were exposed to the
catheters at implantation

Sample location

Sample no. 1 2 3 4 6 8 10

Day Rabbit no. Control article LogR (based on initial inoculum)

30 2∗ 5.40 5.06 6.86 6.86 5.10 5.25 6.86

P 0.88 0.27 0.00 0.00 0.27 0.27 0.00

30 3 5.99 2.52 3.42 3.36 5.99 4.15 5.67

P 0.34 0.10 0.00 0.00 0.37 0.12 0.37

30 5∗ 6.86 6.86 6.86 6.86 6.86 6.86 6.86

P 0.00 0.00 0.00 0.00 0.00 0.00 0.00

30 6∗∗ 6.86 6.86 4.25 6.86 6.86 6.86 6.86

P N/A N/A N/A N/A N/A N/A N/A

(c) Continued.

Sample location

Sample no. 1 2 3 4 6 8 10

Day Rabbit no. Control article LogR (based on initial inoculum)

30 8 4.36 4.30 4.89 4.46 4.48 4.46 5.73

P 0.12 0.12 0.12 0.12 0.12 0.12 0.37
∗

indicates that control catheter 1 on rabbits 2 and 5 was not available for
analysis.
∗∗indicates that control catheters 1 and 3 on rabbit 6 were not available for
analysis.

Table 6: Infection prevention in the tissue samples: the total
number of samples where significant (≥3.0 Log) bacterial load was
recovered (from sample locations 4, 6, 8, and 10) is divided by the
total number of catheters/tracts in each group. This is separated by
sample type (tissue and catheter).

Sample
day

Test catheter
tunnel

Control catheter
tunnel

P∗

21 40% (6 of 15 tracts) 80% (12 of 15 tracts) 0.030216 (S)

30 6% (1 of 15 tracts) 76% (10 of 13 tracts) 0.000203 (S)
∗

Fisher exact test for statistical significance (for statistical significance (S),
P ≤ 0.05).

Table 7: Infection prevention on the catheter segments: the total
number of samples where significant (≥3.0 Log) bacterial load was
recovered (from sample locations 4, 6, 8, and 10) is divided by the
total number of catheters/tracts in each group. This is separated by
sample type (tissue and catheter).

Sample
day

Test catheter Control catheter P∗

21
0% (0 of 15

catheter segments)
43% (6 of 14

catheter segments)
0.006322 (S)

30
0% (0 of 15

catheter segments)
54% (6 of 11

catheter segments)
0.002007 (S)

∗
Fisher exact test for statistical significance (for statistical significance (S),

P ≤ 0.05).

2.6. Euthanasia and Harvesting of Samples. Animals were
euthanized with an overdose of intracardiac-injected sodium
pentobarbital at 21 (group 1) and 30 (group 2) days
after catheterization, based on Alberta Veterinary Medical
Association (AVMA) procedures and guidelines. Animals
were immediately prepared for aseptic collection of tissue
samples. A complete en bloc dissection was made excising
the skin and catheter at the insertion site and the tissue
underlying and surrounding the catheter. The distal and
proximal ends of the tissue were surgically stapled to the
PICC line to secure the location. A photo was taken to record
complete length of the catheter positioned in the tissue
bloc (in situ). The catheter (and surrounding tunnel) was
segmented into 10× 1 cm segments for analysis as described
in Table 1. The procedure was repeated for each catheter.

2.7. Microbiology Procedures

Catheter Segments. 1 cm segments were aseptically separated
from the surrounding tissue. Each catheter segment was
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inserted into a sterile 6-well plate (Becton Dickinson,
Franklin lakes, NJ) containing 4 mL of D/E neutralizing
broth (Becton Dickinson, Sparks, MD) in each well. The
entire 6-well plate assembled above was sonicated in a
bath sonicator (VWR 550T, VWR, Canada) for 30 minutes.
Following sonication, 100 μL from each well of the six-well
plates was placed into the first 12 empty wells of the first
row of a 96-well microtiter plate (Nunc, Roskilde, Denmark).
180 μL of 0.9% sterile saline was placed in the remaining
rows. A serial dilution (100–10−7) was prepared by moving
20 μL down each of the 8 rows. 10 μL was removed from
each well and spot plated on a prepared TSA plate. Plates
were incubated at 37± 2◦C and counted after approximately
24 hours of incubation. Data was evaluated as CFU/catheter
segment.

Tissue Segments. Each 1 cm tissue segment was aseptically
homogenized (Brinkman Polytron PT (VWR, Canada) in
2.5 sterile phosphate buffered saline (PBS: 2 g KCl, 2.4 g
KH2PO4, 80 g NaCl, and 14.4 g Na2HPO4, to 1000 mL;
pH 7.4)) in sterile preweighed 50 mL conical centrifuge
tubes (Fisher Scientific, Mexico). Following homogenization,
100 μL from each tissue homogenate specimen was placed
into the first 12 empty wells of the first row of 96-well
microtiter plates. The remaining wells all contained 180 μL of
0.9% sterile saline. A serial dilution (100–10−7) was prepared
by moving 20 μL down each of the 12 rows. From each well,
10 μL was removed and spot plated on TSA plates. Culture
plates were incubated at 37 ± 2◦C for 24 hours, after which
the numbers of CFU were counted as CFU per gram of tissue.

2.8. Calculation of Log Reduction. Catheter efficacy is pre-
sented by Log10 reduction [23–25, 32]. Sample calculations
to describe the data presented in Tables 2, 3, 4, and 5, are
presented below.

Tissue Log Reduction. Total CFU recovered per gram of tissue
= (raw plate count/0.01 mL {the volume plated}) ∗ 2.5 mL
{the total volume homogenized}/tissue sample weight. Log
transformed value = Log10(CFU/sample + 1) [23].

Log reduction (LogR) = (mean Log10 control)− (mean
Log10 test).

Catheter Log Reduction. Total CFU recovered per gram of
tissue = (raw plate count/0.01 mL {the volume plated})
∗ 4.0 mL {the total sonication volume}. Log transformed
value = Log10(CFU/sample + 1) [23].

Log reduction (LogR) = (mean Log10 control)− (mean
Log10 test).

For statistical analysis, a nonpairwise, two-tailed Stu-
dent’s t-test was used. P ≤ 0.05.

2.9. Scanning Electron Microscopy (SEM) Samples. One cm
catheter segments were aseptically separated from the sur-
rounding tissue. The samples were placed into empty receiver
vials. In a fume hood, primary fixative (5% glutaraldehyde
in 0.1 M Na cacodylate buffer pH= 7.5) was added to each

vial to completely cover all samples. The vials were capped
and incubated at 4 ± 2◦C for 16 to 24 hours. After-fixation,
the samples caps were loosely removed. The loosely capped
sample vials were placed into a fume hood, and the samples
were allowed to air dry for 72 to 96 hours. Appropriate
standard operating procedures (SOPs) for use of a Hitachi
S3700N Scanning Electron Microscope were followed. SEM
data was recorded as images and through notes describing
each sample.

2.10. Histopathology. Tissue specimens were excised and
fixed in 10% neutral buffered formalin. The samples were
embedded in paraffin and sectioned, mounted, and stained
with hematoxylin and eosin (H&E) per facility SOPs. Sam-
ples were reviewed by a blinded third-party board-certified
pathologist for a scored report detailing findings.

3. Results

Animals 2, 5, and 6 removed some of the control catheters
prior to the scheduled removal at day 30. This behavior
is associated with infection and inflammation of the tissue
around the catheters as animals cannot ethically be restrained
to totally prevent them from accessing the catheters. At the
time of sacrifice, the tissue tract associated with the catheter
could be clearly identified allowing removal and analysis on
animals 2 and 5. The loss of these samples is denoted by an
asterisk (∗) in the supporting data tables.

Animal models of infection of medical devices generally
tend to produce variability. Infections may be associated with
the test catheters due to the significant level of challenge.
Also, infection may not be observed in all control devices
due to the ability of the healthy (nonimmunocompromised)
animal to resist or eliminate the infection. In this model,
a significant and continual challenge was provided to
both the control and the test catheters. In spite of the
heavy challenge (106 CFU/mL), the test catheters consistently
demonstrated prevention of catheter and associated tissue
bacterial colonization and reduction in catheter and tissue
colonization by the challenge bacteria (see Tables 2–5). In
vivo efficacy was demonstrated by meeting the acceptance
criteria (4 Log reduction of adhered biomass) [32] over a
30-day time period. This is further demonstrated by the
observation that the test catheters significantly reduced tissue
colonization (40% test article tissue colonization versus
80% control tissue colonization) on day 21 and (6% test article
tissue colonization versus 76% control tissue colonization)
on day 30 (see Table 6). More significantly, the test catheters
significantly reduced catheter colonization (0% test article
colonization versus 43% control article colonization) on
day 21 and (0% test article colonization versus 54% control
article colonization) on day 30 (see Table 7). The plate
count data was further supported by the scanning electron
microscopic (SEM) evaluation of the selected catheter seg-
ments analyzed. Generally, irrespective of sample location
or time point, no major differences were seen between the
various samples of the coated catheter material. Occasional
patchy deposition of host proteins and occasional areas of



Journal of Biomedicine and Biotechnology 9

(a) (b)

(c) (d)

(e) (f)

Figure 4: Representative digital micrographs (100x magnification) taken during the histological review of tissue segments from animal 10.
(a) Test catheter 3, segment 5: neutrophils and/or macrophages are present, with inflammation in the lumen, (b) test catheter 3, segment 7:
neutrophils and/or macrophages are present, with inflammation in the lumen. There is an inner layer which would have been adjacent to the
catheter which is composed of well-vascularised immature connective tissue with a mild inflammatory reaction. There is also an outer layer
of mature, well-organized, and uninflamed fibrous connective tissue. (c) Test catheter 3, segment 5: neutrophils and/or macrophages are
present; inflammation extends to include the subcutis outside the connective tissue tunnel. (d) Control catheter 3, segment 5: neutrophils
and/or macrophages are present, with inflammation in the lumen. (e) Control catheter 3, segment 7: neutrophils and/or macrophages are
present; inflammation extends to include the subcutis outside the connective tissue tunnel. (f) Control catheter 3, segment 9: neutrophils,
macrophages and lymphocytes are present; inflammation extends to include the subcutis outside the connective tissue tunnel. There is a
thick necrotic mass of debris in lumen, with more general inflammation of wall.

aggregated host red blood cells (RBCs) were seen on the
catheter surfaces. The catheter surface was largely visible
on most samples. No significant amounts of bacteria were
observed indicating that the log reduction data obtained dur-
ing this study was due to the device preventing the adherence
of the challenge microorganism, rather than killing or inac-
tivating adhered cells (Figure 2). The control (or reference
catheters) on the other hand, typically presented with heavy

deposition of host proteins, RBCs, and bacterial proteins
and exopolysaccharide, was consistently observed across all
samples. Heavy fibrin deposition was observed on several
samples (data not shown). Most bacteria were embedded
in the host/bacterial extracellular protein/polysaccharide
matrix. Occasional healthy bacterial cocci were visible at the
surface (Figure 2(d)). These observations are consistent with
the viable cell count data obtained (Tables 2–5).
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Clinical Efficacy. In addition to the plate count data, gross
pathological findings clearly demonstrate the efficacy of the
antimicrobial PICC as demonstrated by the digital images
presented in Figure 3. The antimicrobial PICC presented
with minimal pathological signs of infection (device asso-
ciated swelling, capsule, pus), while the untreated control
devices uniformly demonstrated clinical signs of infection
(pus, swelling, extensive capsule surrounding the device,
and necrotic tissue). A sample comparison set (animal 10)
is presented to highlight this discussion point in Figure 3.
The impact on the surrounding tunnel tissue was further
examined by histological evaluation (Figure 4).

4. Discussion

This model was effective in comparing the patterns of
microbial migration along the catheter segments proximal
and distal to the entry site, comparing microbial coloniza-
tion for antimicrobial PICC to that for untreated PICC
and comparing the efficacy of the antimicrobial PICC for
microbial colonization and inflammation mitigation up to
21 and 30 days after catheter insertion as compared to
untreated catheters. In addition, the results showed that
chlorhexidine-based technology was effective in reducing
bacterial colonization on catheters and their surrounding
tissue for up to 30 days. This model represents the subcu-
taneous space and not the vasculature; however, it is the
subcutaneous space that is frequently infected, and tracking
of the infection leads to vasculitis and cellulitis. In addition,
the model does not simulate the use of the device in the
clinical setting that includes repeated manipulations of the
device under repeated challenge conditions and up to the
projected life of the device. Rather, this model simulates
the in vivo environment that the catheter is expected to
be in contact with up to the projected life of the device.
This feature of the model is important in that the risks of
CRBSI increase as the duration of implantation increases [34,
35], and the replacement of PICCs is not a recommended
strategy [17, 34] underlying the need for devices with long-
acting antimicrobial coatings and models that can accurately
evaluate these technologies.

The authors recognize that this model has several limi-
tations: the first is that not all organisms will reproducibly
colonize rabbit tissue, as such S. aureus was chosen for
this model due to reproducibility in this model and in the
literature and due to the fact that this species represents
the causative agent of the majority of clinical CRBSIs [33].
Therefore, for product label claims that seek to cover the full
spectrum of causative agents of CRBSI or catheter coloniza-
tion, it is recommended that this model be used in conjunc-
tion with other recognized in vitro assays that can specifically
test against this diverse group of organisms [33]. Secondly,
these are healthy animals, and their immune systems can
clear the infection over the duration of the study (see Tables
2–5). It can be hypothesized that the catheters may provide
protection for only a few days, and then the animal’s immune
system clears the infection. For that reason, it is critical that
control (nonantimicrobial) catheters be run concurrently

within the same animal to demonstrate that the antimi-
crobial effect is in fact due to the antimicrobial agent and
not just the animal’s immune response. This limitation was
not valid and pertinent in this study because antimicrobial
catheters did clearly demonstrate reduction in colonization
on catheter surface, surrounding tissue, and clinical/localized
infection symptoms. Lastly, to accurately predict and demon-
strate duration of the efficacy, it is important to run a
parallel in vitro study utilizing unchallenged 21- and 30-day
explant materials or artificially aged materials followed by
an in vitro challenge of the organism to test whether the
materials can still resist biofilm colonization. Also, chronic
irritation of a chronic wound will cause a rabbit to remove
its bandage and its catheter. It is ethically not possible
to provide such restraint to prevent removal of a severely irri-
tated catheter. However, despite these limitations, this model
does represent an effective in vivo assessment of antimicro-
bial implant medical device performance over an extended
time period. We present this work to further expand the
research tool box available to medical device manufacturers
and regulatory agencies to develop, review, and assess new
antimicrobial implant medical devices.

While many factors affect microbial colonization of the
catheter, duration of implantation is a major complication
leading to infection [33, 34]. Clearly preventing infections
on the surface of indwelling medical devices over extended
time frames is an important issue with the increased use of
medical devices. To provide healthcare facilities with another
tool to attain and sustain their goal of zero catheter-related
infections, Teleflex has developed both a 4.5 Fr single lumen
and a 5.5 Fr double lumen Arrow Antimicrobial PICC with
Chlorag + ard Technology to reduce the potential risk for
catheter colonization. Both the indwelling external surface
and entire fluid pathway of the catheters are treated with
chlorhexidine-based technology to address this issue. This
model successfully demonstrated that this technology was
effective in catheter colonization reduction up to 30 days and
showed promise in reducing CRBSI.
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We investigated the effect of 96 h paradoxical sleep deprivation (PSD) and 21-day sleep restriction (SR) on prostate morphology
using stereological assays in male rats. After euthanasia, the rat ventral prostate was removed, weighed, and prepared for con-
ventional light microscopy. Microscopic analysis of the prostate reveals that morphology of this gland was altered after 96 h of PSD
and 21 days of SR, with the most important alterations occurring in the epithelium and stroma in the course of both procedures
compared with the control group. Both 96 h PSD and 21-day SR rats showed lower serum testosterone and higher corticosterone
levels than control rats. The significance of our result referring to the sleep deprivation was responsible for deep morphological
alterations in ventral prostate tissue, like to castration microscopic modifications. This result is due to the marked alterations in
hormonal status caused by PSD and SR.

1. Introduction

Sleep deprivation (SD) is a frequent condition in modern life
due to the demands of our lifestyles [1], and sleep loss may
trigger several alterations in organisms, including immu-
nological effects [2–5], memory deficits [6–8], and hormonal
abnormalities [9–14]. Shift work, obstructive sleep apnea,
and other sleep disturbances may cause metabolic syn-
drome, which is strongly associated with male sex hormone
alterations [15]. For instance, men affected by SD showed
accentuated reduction of testosterone levels or hypogo-
nadism [16]. Additionally, obstructive sleep apnea syndrome
is frequently associated with decreased testosterone concen-
trations [17], fatigue, and erectile dysfunction [18, 19].

Our laboratory group has consistently demonstrated the
effects of paradoxical sleep deprivation (PSD) on overall
hormonal profiles in male rats; specifically we have found
lower testosterone and estrone levels, but higher levels of
progesterone, prolactin, corticosterone, and adrenocortico-
tropic hormone (ACTH) [11, 12]. Interestingly, in contrast
to humans, these rats showed increased genital reflexes, re-
flected in penile erections and ejaculatory frequency [9–
12, 20, 21]. In the male rat’s reproductive system, 4-day
PSD decreased the weight of the seminal vesicle and ventral
prostate, indicating reduced steroidogenesis or diminished
expression of androgens in target glands [22]. Indeed, PSD
is inherently a stress condition, and other stress modalities
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that have been examined, such as immobilization, also lead
to lower testosterone concentrations [9, 10]. This can impair
gonadal function by altering testicular maturation and the
production of maturing sperm [23]. Moreover, it has been
demonstrated that after castration, blood androgen levels as
well as blood flow in the prostate (which is controlled by
androgen levels) decrease abruptly. This reduction induces
apoptosis in both endothelial and secretory epithelial cells
[24]. However, the specific effects of PSD on prostate mor-
phology have not been determined. Therefore, our objective
was to examine the effect of PSD (96 h) and chronic sleep
restriction (21 days) on hormonal profiles and prostate histo-
logical patterns.

2. Material and Methods

2.1. Animals. Wistar male rats, aged 3 months and weighing
300–350 g at the beginning of the experiment, were obtained
from the Instituto Nacional de Farmacologia (INFAR) colony
at UNIFESP. The rats were housed inside standard poly-
propylene cages in a temperature-controlled (23 ± 1◦C)
room with a 12:12 h light-dark cycle (lights on at 06:00
hours). All procedures used in the present study complied
with the guide for care and use of laboratory animals, and the
experimental protocol was approved by the UNIFESP Ethical
Committee (0876/09).

2.2. Paradoxical Sleep Deprivation/Sleep Restriction Procedure.
Naı̈ve rats were randomly distributed into three groups:
paradoxical sleep deprivation (PSD), sleep restriction (SR),
and home-cage controls (CTRL). The chronic partial SR
group was subjected to SR for 18 h (beginning at 16:00 h)
per day for 21 consecutive days (SR21 n = 10). After each
18 h sleep deprivation period, the rats were allowed to sleep
for 6 h (sleep window beginning at 10:00). Throughout the
SR procedure, rats slept an average of 30–40% of the time,
corresponding to 8-9 h per day. This sleep interval (10:00–
16:00 h) was chosen because this is when paradoxical sleep
attains its highest expression, and slow wave-sleep homeo-
static pressure is generated [25–27].

The SD procedure consisted of placing rats in a container
with a narrow cylindrical platform 6.5 cm in diameter sur-
rounded by water about 1 cm below the platform surface.
Each rat was placed individually in the container, and food
and water were available ad libitum throughout the entire
experimental period. At the onset of a paradoxical sleep
episode, rats experienced loss of muscle tonus and fell into
the water, thus being awakened.

2.3. Hormonal Assay. After the PSD/SR period, the rats were
brought to an adjacent room and decapitated with minimum
discomfort between 09:00 h and noon. The control group
rats were euthanized at the same time as the experimental
group and the other 50% were euthanized on the first day
of the experimental procedure. Blood was collected in glass
tubes and centrifuged to obtain samples of serum or plasma.
The samples were maintained at −20◦C until assay. Each
hormone assay of the samples from the five groups was ana-
lyzed on the same day. The intraassay coefficient variations

are given in parentheses. Testosterone concentration (6.7%)
was measured by chemiluminescent immunometric assay
(Immulite Automated Analyses; Diagnostic Products Corpo-
ration, Los Angeles, CA, USA), with a detection threshold
of 10 ng dL−1. Corticosterone (10.3%) concentrations were
assayed by a double-antibody RIA method specifically for
rats and mice, using a commercial kit (ICN Biomedicals,
Costa Mesa, CA, USA). The sensitivity of the assay is
0.25 ng dL−1.

2.4. Tissue Collection. For light microscopy, the ventral pro-
states were removed and immediately fixed by a 24 h immer-
sion in Karnovsky fixative (0.1 M phosphate buffer, pH 7.2,
containing 4% paraformaldehyde and 2.5% glutaraldehyde).
Fixed tissues were dehydrated in a graded ethanol series and
embedded in paraffin or glycol methacrylate resin (Histo-
resin embedding kit, Leica, Heidelberg, Germany). Sections
were cut at 3 μm and stained with hematoxylin and eosin
(H&E) for general histological studies. Analyses were carried
out using either a Zeiss Jenaval light microscope (Carl Zeiss,
Jena, Germany) or an Olympus BX60 (Hamburg, Germany).

2.5. Morphometric and Stereological Analyses. Random pro-
static fields from H&E sections were analyzed using the
software Image-Pro-Plus version 4.5 for Windows (Media
Cybernetic). Stereological analyses were carried out using
Weibel’s multipurpose graticulate with 130 points and 60
test lines [28], to compare the relative proportion (relative
volume) of each prostatic tissue component (epithelium,
lumen, and stroma), as described by Huttunen and collab-
orators (1981) and modified by Vilamaior and collaborators
(2006) for prostatic tissue [29, 30]. Thirty microscopic fields
were chosen at random. In summary, the relative values
were determined by counting the coincident points of the
test grid and dividing them by the total number of points.
The absolute volume of each of these compartments was
determined by multiplying the relative volume value by the
mean prostatic weight, based on the determination that 1 mg
of fresh rat ventral tissue had a volume of approximately
1 mm3 [30]. For the morphometrical analyses, 200 random
measurements of epithelium height were also obtained.

2.6. Statistical Analysis. The quantitative results are express-
ed as means ± standard errors. One-way ANOVA was fol-
lowed by Tukey’s test. The level of statistical significance was
set at P ≤ 0.05.

3. Results

3.1. Hormonal Levels. Plasma testosterone fell drastically in
both groups. After 96 h PSD, testosterone was 87% lower
than in the control group (436.0 ± 68.0 versus 58.0 ±
8.2 ng dL−1; P < 0.01). The 21-day SR group’s testosterone
levels fell 65% in regarding control group (436.0 ± 68.0
versus 152.7 ± 22.2 ng dL−1; P < 0.01), as shown in Figure 1.

Corticosterone values are shown in Figure 2. The
ANOVA test showed the effect of the PSD and SR groups
on corticosterone levels [F(3.49) = 13.92; P < 0.001].
Subsequent post hoc analysis revealed that corticosterone
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Figure 1: Mean ± SD concentration of serum testosterone (in
ng dL−1) control group (CTRL), paradoxal sleep deprivation (PSP)
and sleep restriction (SR) at different time points. ∗Different from
control group (P < 0.01).
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Figure 2: Mean ± SD concentration of plasma corticosterone (in
ng dL−1) of control group (CTRL), sleep deprivation (PSP), and
sleep restriction (SR) at different time points. ∗Different from all
groups (P < 0.01); #different from control group (P < 0.01).

concentrations after 96 h of PSD (P < 0.001) were higher
than in the control 8 group and 21 days of SR. Furthermore,
corticosterone levels after 21 days of SR were statistically
different from the control group (P < 0.01).

3.2. Prostate Histology. Structural analysis of the ventral
prostate using ordinary light microscopy demonstrated that
the ventral prostate tissue was affected in the PSD 96-h and
SR 21-day protocols. Figure 3 shows major alterations in
prostatic tissue morphology, evidenced by epithelium alter-
ations. Epithelial infoldings of apoptotic figures appeared
and interestingly, there was an accumulation of fat cells in
prostatic gland stroma, particularly in rats subjected to the
SR procedure.

Morphometric and stereological evaluation of prostatic
compartments (Table 1) showed regression of epithelium
height in PSD96 and SR groups (P < 0.001) relative to the
control group. The relative epithelial volume did not show
any differences relative to the control groups. On the other
hand, relative volumes of the stroma and lumen in the

Table 1

Control PSD96 h SR21

Morphometry

Epithelium height
(μm)

43.42± 7.3 38.7± 5.4∗ 38.5± 5.2∗

Estereology

Epithelium

RV (%) 33.84± 2.33 31.6± 7.2 29.1± 7

AV (mg) 35.43± 2.44 25.88± 1.71∗ 22.52± 1.08∗

Stroma

RV (%) 10.7± 0.67 12.2± 6∗ 20.2± 8.7∗#

AV(mg) 11.17± 0.67 10.02± 0.97 15.65± 1.35∗#

Lumen

RV (%) 55.5± 13.3 56.2± 10 50.8± 9∗#

AV (mg) 58.07± 2.79 45.99± 1.63∗ 39.36± 1.40∗

Values represent means ± SEMs of the data obtained for stereological and
morphometrical analyses of three experimental groups: control, PSD96 h
and SR21. Statistical analyses based on ANOVA and Tukey tests. Significance
P < 0.05. ∗Different from control group and different from PSD96 h. RV:
relative volume. AV: absolute volume.

SR group were significantly different from the control and
PSD96 volumes (P < 0.001). However, the absolute volume
of the lumen in the SR group declined relative to both the
control and PSD96 rats (P < 0.001).

4. Discussion

The purpose of this study was to evaluate the effects of 96-
hour SD and 21-day SR on prostate morphology in rats.
The main findings were that prostate tissue responded to
96 h PSD with the presence of apoptotic bodies and dimin-
ished epithelium height, which indicates regression of the
prostatic secretion function (glandular atrophy). The SR
group showed diminished epithelium and lumen height.
In addition, fat cells were observed in the stroma in the
SR group. Both sleep-deprivation procedures caused higher
corticosterone and lower testosterone levels.

Our data confirm previous findings about how sleep dep-
rivation affects testosterone and corticosterone concentra-
tions [9, 10, 31, 32]. The abrupt fall in testosterone levels
may be influenced by an elevation of hormones involved in
the hypothalamic-pituitary-adrenal (HPA) axis, such as cor-
ticosterone. Therefore, it seems that glucocorticoids have the
ability to suppress endocrine signaling in the reproductive
axis [9, 10, 31, 33]. In vitro studies show that Leydig cells are
negatively regulated by the administration of corticosteroids
[34]. Indeed, glucocorticoids directly inhibit transcription of
genes responsible for the enzymatic mechanism that activates
testosterone synthesis. Hales and Payne [34] reported that
after treating Leydig cells with glucocorticoid in vitro,
the gene transcription and subsequent synthesis of the
protein responsible for cholesterol cleavage (which produces
testosterone) was also inhibited.
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Control group
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96 h 21 d

Figure 3: Haematoxylin and eosin stained histological sections of rat ventral prostatic tissue under different conditions of sleep deprivation.
The prostate of control group shows the acini (Ac) with great amount of secretion in the luminal region (Lu), and the epithelium (Ep) is
visualized with conspicuous Golgi’s region (star), indicative of high secretion activity. During the sleep deprivation conditions, the acini
compartment is decreased, and the presence of unilocular adipose tissue is evident (∗). The thin arrow indicates an apoptotic body in the
epithelium. Stroma (S).

High glucocorticoid concentrations downmodulate the
reproductive axis at the hypothalamus and pituitary levels,
showing that they have deleterious effects on the expression
of gonadotrophin-releasing hormone (GnRH) mRNA and
reduce LH plasma concentrations [35]. As shown by Ander-
sen and coworkers, plasma testosterone reduction during
sleep deprivation is directly related to higher corticosterone
levels [11, 12].

Testosterone is a critical hormone for prostate devel-
opment, growth, and maintenance [30]. Prostatic morpho-
genesis is determined not genetically, but by exposure to
androgens produced by the testes in the fetus [36, 37].
Therefore, insensitivity to androgens hinders prostate devel-
opment. It has been shown that androgen stimulation at the
correct time during embryogenesis can modulate prostate
tissue growth in both males and females [38]. Several
studies have shown that the prostate undergoes more marked
alterations in epithelial and stromal compartments after
hormonal and surgical ablation. These procedures lead to
a decrease in glandular function, with consequent declines

in epithelium thickness and stromal volume [39, 40]. In the
current study, we found diminished epithelium height in rats
subjected to PSD 96 h and SR. Androgen levels are clearly
lowered during sleep deprivation [9–12, 41]. Maintenance
of prostate physiology depends on circulating androgens
and more specifically on dihydrotestosterone levels [42, 43].
Therefore, this hormone seems to be more potent than
testosterone in stimulating epithelium growth and main-
tenance, although they have the same ability to prevent cell
death after castration [44]. Androgens play a central role in
regulating growth and maintenance of the active functional
state of the prostate gland in mammals and can stimulate and
inhibit the death of epithelial glandular cells [24, 45]. There
is strong evidence that the low levels of circulating androgens
seen in the PSD96 group may have started the apoptotic
process in the rat ventral prostate, which led to diminished
volume and thus glandular atrophy and decreased function.

Ribeiro and collaborators (2008) showed that dex-
amethasone treatment in male rats induced atrophy and
reduced the proliferative capacity of epithelial cells. The same
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treatment also led to altered epithelium-stroma interactions.
Smooth muscle cells showed an atrophic contractile pattern
and high electron density of the mitochondrial matrix [46].
The high concentration of circulating corticosterone may
have led to the reduced epithelium height in the experimental
groups studied here. In addition, accumulation of fat cells
in the stroma was observed in the group of rats subjected
to SR21. We do not know what impact reduced circulating
levels of androgens has in this phenomenon, since we
found that animals castrated after 21 days did not present
this phenomenon; it is not even known whether this may
be related to high levels of corticosterone or some other
hormone [47].

Taken as a whole, our results suggest that both paradoxi-
cal sleep deprivation and sleep restriction strongly influence
the ventral prostate alterations observed in this study. These
observed morphological alterations could be induced by two
mechanisms mediated by SD and/or SR: the drastic reduc-
tion in testosterone levels (important for organ morphology
maintenance) or the increase in corticosterone levels, which
can act directly on the cytoplasmic receptors of the prostate
cells.
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The intrarenal renin-angiotensin system (RAS) has several pathophysiologic functions not only in blood pressure regulation
but also in the development of glomerulonephritis (GN). Angiotensin II (Ang II) is the biologically active product of the RAS.
Locally produced Ang II induces inflammation, renal cell growth, mitogenesis, apoptosis, migration, and differentiation, regulates
the gene expression of bioactive substances, and activates multiple intracellular signaling pathways, leading to tissue damage.
Activation of the Ang II type 1 (AT1) receptor pathway results in the production of proinflammatory mediators, cell proliferation,
and extracellular matrix synthesis, which facilitates glomerular injury. Previous studies have shown that angiotensin-converting
enzyme inhibitors and/or AT1 receptor blockers have beneficial effects in experimental GN models and humans with various types
of GN, and that these effects are more significant than their suppressive effects on blood pressure. In this paper, we focus on
intrarenal RAS activation in the pathophysiology of experimental models of GN.

1. Introduction

The role of the renin-angiotensin system (RAS) in blood
pressure regulation and sodium and fluid homeostasis is well
recognized [1, 2]. The biologically active peptides that are
formed from angiotensinogen (AGT) include angiotensin
II (Ang II) and Ang 1-7. The balance between the vaso-
constricting actions of Ang II, which are mediated by
the Ang II type 1 (AT1) receptor, are countered by the
vasodilating actions of Ang II, which are mediated by the AT2
receptor [3] and the actions of Ang 1-7 on the G protein-
coupled receptor Mas [4]. Formation of Ang II is dependent
upon the substrate availability of AGT and Ang I and the
activities of renin, angiotensin-converting enzyme (ACE),
ACE2, and ACE-dependent enzymatic pathways, including
serine proteases, tonin, cathepsin G, trypsin, and kallikrein.
The actions of Ang II are determined by signaling via AT1
and AT2 receptors and the putative Ang 1-7 receptor Mas [5].

Local/tissue RAS in specific tissues has become the focus
of much recent interest [6]. Emerging evidence has demon-
strated the importance of tissue-specific RAS in the brain

[7], heart [8], adrenal glands [9], vasculature [10, 11], and
the kidneys [12]. Renal RAS in particular is unique, because
all of the components necessary to generate intrarenal Ang
II are present along the nephron in both interstitial and
intratubular compartments [2, 5]. AGT is the only known
substrate for renin that is a rate-limiting enzyme of the RAS.
Because the level of AGT is close to the Michaelis-Menten
constant for renin, not only renin levels but also AGT levels
can control RAS activity, and AGT upregulation may lead
to elevated angiotensin protein levels and increased blood
pressure [13]. Recent studies have shown that AGT plays
an important role in the development and progression of
hypertension and kidney disease [2, 12]. Renin mRNA and
renin-like activity have been observed in cultured proximal
tubular cells [14]. The brush border membrane of proximal
human kidney tubules also expresses abundant levels of ACE,
mRNA [15], and protein [16]. ACE has been measured in
proximal and distal tubular fluid, with greater concentrations
observed in proximal tubule fluid [17]. Therefore, all the
major components required to generate Ang II are expressed
within the kidneys [2, 12].
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Figure 1: Working schematic of the renin-angiotensin system
in glomerulonephritis. AGT: angiotensinogen, ACE: angiotensin-
converting enzyme, AT1 receptor: angiotensin II type 1 receptor,
and ECM: extracellular matrix.

Chronic glomerulonephritis (GN) resulting in substan-
tial renal damage is frequently characterized by relentless
progression to end-stage renal disease. Renal Ang II, the
production of which is enhanced in chronic GN, can elevate
intraglomerular pressure, increase glomerular cell hypertro-
phy, and augment extracellular matrix (ECM) accumulation
[18, 19] (Figure 1). ACE inhibitors and/or AT1 receptor
blockers (ARBs) are often administered to patients with
proteinuric nephropathies [20, 21]. The efficacy of these
agents in this indication suggests that factors other than
Ang II play an important role in the progression of renal
disease. This paper explores recent findings concerning the
involvement of intrarenal RAS activation in experimental
models of GN.

2. RAS Activation in a Model of Progressive
Mesangioproliferative GN

Anti-Thy-1 antibody-induced GN is the most common
model of experimental nephritis [22, 23], because selective
damage to mesangial cells (MCs) allows for the study of
mesangial function and pathophysiology. This antibody-
antigen reaction initiates complement activation to form a
membrane attack complex. Repeated anti-Thy-1 antibody
injections may produce progressive glomerular lesions end-
ing in sclerosis, resembling human progressive GN [24].
Glomerulosclerosis is characterized by a continuative accu-
mulation of the ECM, due to increased synthesis and
decreased degeneration of the ECM, and overproduction of
transforming growth factor (TGF)-β1 in the glomerulus.
Furthermore, uninephrectomized rats treated with a single
injection of the anti-Thy-1 antibody develop hypertension,
massive proteinuria, and severe glomerular injury, finally

resulting in chronic mesangioproliferative glomerulosclero-
sis [25].

To elucidate the involvement of intrarenal RAS activation
in the development of glomerulosclerosis during the course
of anti-Thy-1 GN with uninephrectomy, we performed
an interventional study using the ARB candesartan in a
rat model of progressive mesangioproliferative GN [26].
Reactive oxygen species (ROS) produced by NADPH oxidase
have been implicated in the development and progression
of GN [27, 28]. Ang II induces the activation of NADPH
oxidase and the development of oxidative stress in GN [29].
We therefore also examined whether the interaction between
the RAS and ROS is important for the development of
progressive GN. Nephritis was induced in rats by a single
intravenous injection of 2 mg of the nephritogenic anti-Thy-
1 antibody 1 week after uninephrectomy. Rats were divided
into 4 groups and administered daily oral doses of (1)
vehicle, (2) 1% probucol, a free radical scavenger, (3) 70 mg/L
candesartan in drinking water, or (4) probucol plus can-
desartan. Rats in each group were killed at 56 days after
the injection of anti-Thy1-1 antibody. As controls, rats
were injected with phosphate-buffered saline 1 week after
unilateral nephrectomy and were killed on day 56. The ARB
candesartan was found to considerably reduce proteinuria,
the level of TGF-β1, and ECM accumulation, finally inhibit-
ing the progression of glomerulosclerosis. The combination
of probucol and candesartan not only completely eliminated
NADPH oxidase components and superoxide production,
but also normalized urinary protein excretion and TGF-β1
expression and prevented ECM accumulation, resulting in
full prevention of the progression of GN. It seems likely
that the beneficial effect of such combined treatment is
due to the synergistic action of Ang II inhibition with a
receptor antagonist and the elimination of ROS with a radical
scavenger. These findings suggest that RAS activation and
NADPH oxidase-associated ROS production may play a
pivotal role in the progression of GN.

Hydrogen peroxide-inducible clone-5 (Hic-5) was orig-
inally discovered as a gene that is induced by TGF-β1
and hydrogen peroxide (H2O2), in a study on the growth-
inhibitory functions of TGF-β1 in cellular senescence [30].
Recently, Hic-5 has been shown to function as an adaptor
protein in focal adhesions and to be involved in integrin-
mediated signal transduction, remodeling of the actin
cytoskeleton, and regulation of the cellular phenotype [31–
33]. To investigate the significance of Hic-5 expression in
GN, we analyzed the changes in Hic-5 expression in a
rat model of progressive mesangial proliferative GN and
examined the combined effects of an ARB and probucol on
Hic-5 expression in GN [34]. Glomerular Hic-5 expression
increased in parallel with α-smooth muscle actin (SMA)
expression in progressive mesangial proliferative GN. Com-
bined therapy with an ARB and probucol in this model
improved the histology and expression of Hic-5 and α-SMA.
These results suggest that Hic-5 is involved in changes in the
MC phenotype, which produce abnormal ECM remolding in
GN.

The mitogen-activated protein kinase (MAPK) signaling
pathway is a highly conserved module involved in various
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cellular functions, including cell proliferation, cell survival,
differentiation, and migration [35]. Extracellular stimuli,
such as growth factors and environmental stress, induce
sequential activation of the MAPK cascade. At least 4 mem-
bers of the MAPK family have been identified, namely, extra-
cellular signal-regulated kinase 1/2 (ERK1/2), c-Jun-amino-
terminal kinase, p38, and ERK5 [35]. It was recently reported
that ERK1/2 activation occurs in the rat Thy-1 model of
mesangioproliferative nephritis, and that blocking of the
ERK1/2 pathway results in a significant reduction in MC
proliferation in this model [36]. In addition, ERK1/2
activation in human glomerulopathies is associated with
cell proliferation, histologic lesions, and renal dysfunction
[37]. ERK5-mediated MC growth has been reported to be
involved in the pathogenesis of diabetic nephropathy [38].
To further elucidate whether ERK signaling is involved in
the pathogenesis of GN, we examined the expression and
phosphorylation levels of glomerular ERK signals in progres-
sive models of rat mesangioproliferative GN characterized by
MC proliferation and ECM accumulation. In addition, the
potential role of ERK signaling in MC-mediated pathologic
mesangial remodeling was investigated in cultured MCs
[39]. Glomerular alterations in progressive models of rat
mesangial proliferative GN were examined on days 3, 7,
14, 28, and 56 after anti-Thy1 antibody injection. Light
microscopy revealed that almost all glomeruli exhibited faint
MC proliferation on day 3, followed by mesangial matrix
expansion on day 7. Thereafter, massive accumulation of
mesangial ECM and MC proliferation were the prominent
features of nephritic glomeruli on days 28 and 56. Immunos-
taining of kidneys obtained at different time points revealed
that phospho-ERK1/2 expression increased on day 7 during
the phase of enhanced MC proliferation and decreased
thereafter. On the other hand, phospho-ERK5 was weakly
expressed in control glomeruli but dramatically increased in
a typical mesangial pattern after 28 and 56 days of GN. Semi-
quantitative assessment indicated that glomerular phospho-
ERK5 expression closely paralleled the accumulation of
ECM and collagen type 1, as well as glomerular expression
of ROS and Ang II. The in vitro study revealed that
H2O2 and Ang II each induced ERK5 phosphorylation by
cultured MCs. Costimulation with both H2O2 and Ang
II synergistically increased ERK5 phosphorylation in MCs.
Cultured MCs transfected with ERK5-specific small inter-
ference RNA showed a significant decrease in H2O2 or
Ang II-induced cell viability and soluble collagen secretion
compared with control cells. Finally, treatment of GN rats
with an ARB resulted in a significant decrease in phospho-
ERK5 expression and collagen accumulation, accompanied
by remarkable histologic improvement. Taken together, these
results suggest that MC ERK5 phosphorylation by Ang II
or H2O2 enhances cell viability and ECM accumulation in
chronic GN.

Several studies demonstrated that the MAPK signaling
controls cell behaviors via under RAS activation in other
experimental GN models [40–42]. In diabetic conditions,
high glucose generates ROS as a result of glucose auto-
oxidation, metabolism, and formation of advanced glycation
end production [43]. All these signaling molecules are

involved into MAPK signaling pathways in glomerular
cells [44]. High-glucose-induced diabetic complications have
been implicated, in part, to the activation of MAPK [44].
Interestingly, the stimulation of Ang II by hyperglycemia
or oxidative stress activates the MAPK cascade [45]. These
results suggest that high-glucose-induced ROS/MAPK path-
way and intrarenal RAS activation play key roles in diabetic
nephropathy.

3. RAS Activation in a Model of Crescentic GN

Crescentic GN, also known as antiglomerular basement
membrane (anti-GBM) disease or Goodpasture’s syndrome,
is characterized by the formation and deposition of antibod-
ies on the basement membranes of glomeruli and alveoli
[46]. The disease progresses rapidly, and patients present
with renal failure, dyspnea, hemoptysis, a sudden decrease
in hemoglobin level, pallor, and circulatory disturbances.
Understanding the underlying proinflammatory responses
may help to facilitate the identification of therapeutic targets
for arresting the progression of anti-GBM disease. In Wistar-
Kyoto (WKY) rats, the administration of a minute dose
of anti-GBM antibodies induces severe proliferative and
necrotizing GN with crescent formation [47, 48]. In rat
models of anti-GBM disease, glomerular infiltration by
T lymphocytes, monocytes/macrophages, and some neu-
trophils is the earliest and most prominent pathologic change
[48]. To investigate whether local RAS activation occurs in
nephritic glomeruli with crescent formation and whether the
final effector molecule Ang II contributes to the induction
of ROS and inflammation, as well as glomerular pathologic
alterations, we studied the effects of an ARB on rat anti-GBM
antibody-induced GN by evaluating indexes of glomerular
RAS activation, oxidative stress, inflammation, and TGF-β1
expression in GN rats [49]. Progressive anti-GBM GN was
induced in 7-week-old male WKY rats by a single injection of
anti-GBM antiserum. Vehicle-treated nephritic rats showed
severe proteinuria and developed crescentic GN accom-
panied by marked macrophage infiltration and enhanced
expression of glomerular α-SMA, AGT, Ang II, AT1 recep-
tor, and NADPH oxidase on day 28. Treatment with an
ARB improved proteinuria and pathologic alterations such
as crescent formation and glomerulosclerosis, and had a
significant inhibitory effect on these parameters on day 28 of
GN. Enhanced superoxide production in nephritic glomeruli
was also decreased by the ARB. Moreover, Ang II and TGF-
β1 in the supernatant of cultured glomeruli was increased
significantly in vehicle-treated nephritic rats, whereas the
production of these compounds was significantly inhibited
in ARB-treated rats on day 28. These findings indicate that
increased glomerular RAS activity and the resulting increase
in Ang II production plays an important role in progressive
glomerular injury by inducing oxidative stress and TGF-β1
expression.

Recent studies have revealed that monocyte chemoat-
tractant protein-1 (MCP-1) is involved in the pathogenesis
of crescentic GN [50]. MCP-1 is presumed to be a key
mediator of chemotaxis and the activation of macrophages
[51]. Chronic Ang II infusion in rats activates MCP-1 and
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TGF-β1, which in turn induces macrophage infiltration in
renal tissues [52]. CC chemokine receptor 2 (CCR2), a
cognate receptor of MCP-1 expressed mainly on monocytes,
has been reported to be involved in human crescentic GN
[53]. Based on these principles, we hypothesized that ther-
apeutic management of anti-GBM disease may be achieved
by blocking the MCP-1/CCR2 signaling pathway and RAS
[54]. Whereas treatment with a CCR2 antagonist (CA) or
ARB alone only moderately ameliorated kidney injury in
a rat model of crescentic GN, combination treatment with
a CA and an ARB dramatically prevented proteinuria and
markedly reduced glomerular crescent formation. Further,
combination treatment suppressed macrophage infiltration,
reduced MCP-1, AGT, Ang II, and TGF-β1 expression, and
reversed the fibrotic change in glomeruli. Primary cultured
glomerular MCs stimulated by Ang II showed significant
increases in MCP-1 and TGF-β1 expression. Furthermore, a
coculture model consisting of MCs, parietal epithelial cells,
and macrophages showed an increase in Ang II-induced
cell proliferation and collagen secretion. ARB treatment
attenuated these effects. These data suggest that Ang II
enhances glomerular crescent formation, and inhibition of
the MCP-1/CCR2 pathway with a CA/ARB combination
effectively reduces renal injury in anti-GBM nephritis.

Recent reports indicated roles of RAS activation and
MCP-1/CCR2 pathway in other nephritis models [55–
58]. Most studies concluded that activation of RAS is an
important determinant of local MCP-1 expression, either
directly or indirectly through glomerular hemodynamic
effects. However, whether the manipulation of MCP-1/CCR2
pathway and RAS is beneficial with respect to the progression
of human and experimental GN remains to be investigated.

4. Conclusion

The present studies reveal that intrarenal RAS activation has
important pathophysiologic functions in the development
of progressive mesangioproliferative and crescentic GN.
Additional studies are needed to determine the relationship
between RAS activation and glomerular injury, such as
cell proliferation, sclerosis, and crescent formation, and to
clarify the mechanisms underlying Ang II-induced patho-
logic glomerular changes. Furthermore, it is necessary to
determine whether RAS inhibition may provide a clinically
significant pharmacologic strategy for the therapeutic treat-
ment of progressive GN.

Acknowledgments

The authors acknowledge the critical discussion and/or
excellent technical assistance from Maki Shimizu, Masanori
Takamatsu, Kenichi Suga, Sato Matuura, Naomi Okamoto
(The University of Tokushima Graduate School), and L.
Gabriel Navar, Hiroyuki Kobori (Tulane University). These
studies were supported by grants-in-aid from the Ministry
of Education, Culture, Sports, Science, and Technology of
Japan and the National Institute of Diabetes and Digestive
and Kidney Diseases and the National Center for Research
Resources.

References

[1] L. G. Navar, L. M. Harrison-Bernard, J. D. Imig, C. T. Wang,
L. Cervenka, and K. D. Mitchell, “Intrarenal angiotensin II
generation and renal effects of AT1 receptor blockade,” Journal
of the American Society of Nephrology, vol. 10, supplement 12,
pp. S266–S272, 1999.

[2] H. Kobori, M. Nangaku, L. G. Navar, and A. Nishiyama, “The
intrarenal renin-angiotensin system: from physiology to the
pathobiology of hypertension and kidney disease,” Pharmaco-
logical Reviews, vol. 59, no. 3, pp. 251–287, 2007.

[3] R. M. Carey and H. M. Siragy, “The intrarenal renin-
angiotensin system and diabetic nephropathy,” Trends in En-
docrinology and Metabolism, vol. 14, no. 6, pp. 274–281, 2003.

[4] R. A. S. Santos, A. C. Simoes e Silva, C. Maric et al.,
“Angiotensin-(1-7) is an endogenous ligand for the G protein-
coupled receptor Mas,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 100, no. 14, pp.
8258–8263, 2003.

[5] L. G. Navar, M. C. Prieto-Carrasquero, and H. Kobori, Chapter
1: Molecular Aspects of the Renal Renin-Angiotensin System,
Taylor & Francis Medical, Oxfordshine, UK, 1st edition, 2006.

[6] V. J. Dzau and R. Re, “Tissue angiotensin system in cardiovas-
cular medicine: a paradigm shift?” Circulation, vol. 89, no. 1,
pp. 493–498, 1994.

[7] O. Baltatu, J. A. Silva Jr., D. Ganten, and M. Bader, “The brain
renin-angiotensin system modulates angiotensin II-induced
hypertension and cardiac hypertrophy,” Hypertension, vol. 35,
no. 1, part 2, pp. 409–412, 2000.

[8] L. J. Dell’Italia, Q. C. Meng, E. Balcells et al., “Compartmental-
ization of angiotensin II generation in the dog heart: evidence
for independent mechanisms in intravascular and interstitial
spaces,” Journal of Clinical Investigation, vol. 100, no. 2, pp.
253–258, 1997.

[9] G. Mazzocchi, L. K. Malendowicz, A. Markowska, G. Albertin,
and G. G. Nussdorfer, “Role of adrenal renin-angiotensin
system in the control of aldosterone secretion in sodium-
restricted rats,” American Journal of Physiology, vol. 278, no.
6, pp. E1027–E1030, 2000.

[10] K. K. Griendling, C. A. Minieri, J. D. Ollerenshaw, and R.
W. Alexander, “Angiotensin II stimulates NADH and NADPH
oxidase activity in cultured vascular smooth muscle cells,”
Circulation Research, vol. 74, no. 6, pp. 1141–1148, 1994.

[11] A. H. J. Danser, P. J. J. Admiraal, F. H. M. Derkx, and M. A. D.
H. Schalekamp, “Angiotensin I-to-II conversion in the human
renal vascular bed,” Journal of Hypertension, vol. 16, no. 12,
part 2, pp. 2051–2056, 1998.

[12] L. G. Navar, L. M. Harrison-Bernard, A. Nishiyama, and H.
Kobori, “Regulation of intrarenal angiotensin II in hyperten-
sion,” Hypertension, vol. 39, no. 2, part 2, pp. 316–322, 2002.

[13] A. R. Brasier and J. Li, “Mechanisms for inducible control
of angiotensinogen gene transcription,” Hypertension, vol. 27,
no. 3, part 2, pp. 465–475, 1996.

[14] W. L. Henrich, E. A. McAllister, A. Eskue, T. Miller, and O.
W. Moe, “Renin regulation in cultured proximal tubular cells,”
Hypertension, vol. 27, no. 6, pp. 1337–1340, 1996.

[15] M. Sibony, J. M. Gasc, F. Soubrier, F. Alhenc-Gelas, and P.
Corvol, “Gene expression and tissue localization of the two
isoforms of angiotensin I converting enzyme,” Hypertension,
vol. 21, no. 6, part 1, pp. 827–835, 1993.

[16] C. P. Vı́o and V. A. Jeanneret, “Local induction of angiotensin-
converting enzyme in the kidney as a mechanism of progres-
sive renal diseases,” Kidney International, Supplement, vol. 64,
no. 86, pp. S57–S63, 2003.



Journal of Biomedicine and Biotechnology 5

[17] D. E. Casarini, M. A. Boim, R. C. R. Stella, M. H. Krieger-
Azzolini, J. E. Krieger, and N. Schor, “Angiotensin I-converting
enzyme activity in tubular fluid along the rat nephron,”
American Journal of Physiology, vol. 272, no. 3, part 2, pp.
F405–F409, 1997.

[18] D. E. Kohan, “Angiotensin II and endothelin in chronic glom-
erulonephritis,” Kidney International, vol. 54, no. 2, pp. 646–
647, 1998.

[19] M. Urushihara and H. Kobori, “Angiotensinogen expression is
enhanced in the progression of glomerular disease,” Interna-
tional Journal of Clinical Medicine, vol. 2, no. 4, pp. 378–387,
2011.

[20] Y. Horita, M. Tadokoro, K. Taura et al., “Low-dose combina-
tion therapy with temocapril and losartan reduces proteinuria
in normotensive patients with immunoglobulin A nephropa-
thy,” Hypertension Research, vol. 27, no. 12, pp. 963–970, 2004.

[21] P. Ruggenenti, A. Perna, G. Gherardi, F. Gaspari, R. Benini,
and G. Remuzzi, “Renal function and requirement for dialysis
in chronic nephropathy patients on long-term ramipril: REIN
follow-up trial,” The Lancet, vol. 352, no. 9136, pp. 1252–1256,
1998.

[22] M. Ishizaki, Y. Masuda, and Y. Fukuda, “Experimental mesan-
gioproliferative glomerulonephritis in rats induced by intra-
venous administration of anti-thymocyte serum,” Acta Patho-
logica Japonica, vol. 36, no. 8, pp. 1191–1203, 1986.

[23] N. Sakai, K. Iseki, S. Suzuki et al., “Uninephrectomy induces
progressive glomerulosclerosis and apoptosis in anti-Thy1
glomerulonephritis,” Pathology International, vol. 55, no. 1,
pp. 19–26, 2005.

[24] H. Kawachi, T. Iwanaga, S. Toyabe, T. Oite, and F. Shimizu,
“Mesangial sclerotic change with persistent proteinuria in rats
after two consecutive injections of monoclonal antibody 1-22-
3,” Clinical and Experimental Immunology, vol. 90, no. 1, pp.
129–134, 1992.

[25] T. Nakamura, J. E. Obata, H. Kimura et al., “Blocking angi-
otensin II ameliorates proteinuria and glomerular lesions in
progressive mesangioproliferative glomerulonephritis,” Kid-
ney International, vol. 55, no. 3, pp. 877–889, 1999.

[26] S. Kondo, M. Shimizu, M. Urushihara et al., “Addition of
the antioxidant probucol to angiotensin II type I receptor
antagonist arrests progressive mesangioproliferative glomeru-
lonephritis in the rat,” Journal of the American Society of
Nephrology, vol. 17, no. 3, pp. 783–794, 2006.

[27] S. A. Gaertner, U. Janssen, T. Ostendorf, K. M. Koch, J. Floege,
and W. Gwinner, “Glomerular oxidative and antioxidative sys-
tems in experimental mesangioproliferative glomerulonephri-
tis,” Journal of the American Society of Nephrology, vol. 13, no.
12, pp. 2930–2937, 2002.

[28] M. N. Budisavljevic, L. Hodge, K. Barber et al., “Oxidative
stress in the pathogenesis of experimental mesangial prolifer-
ative glomerulonephritis,” American Journal of Physiology, vol.
285, no. 6, pp. F1138–F1148, 2003.

[29] Y. Gorin, J. M. Ricono, B. Wagner et al., “Angiotensin II-
induced ERK1/ERK2 activation and protein synthesis are
redox-dependent in glomerular mesangial cells,” Biochemical
Journal, vol. 381, part 1, pp. 231–239, 2004.

[30] M. Shibanuma, J. I. Mashimo, T. Kuroki, and K. Nose, “Char-
acterization of the TGFβ1-inducible hic-5 gene that encodes a
putative novel zinc finger protein and its possible involvement
in cellular senescence,” Journal of Biological Chemistry, vol.
269, no. 43, pp. 26767–26774, 1994.

[31] M. Matsuya, H. Sasaki, H. Aoto et al., “Cell adhesion kinase
β forms a complex with a new member, Hic-5, of proteins

localized at focal adhesions,” Journal of Biological Chemistry,
vol. 273, no. 2, pp. 1003–1014, 1998.

[32] D. A. Tumbarello and C. E. Turner, “Hic-5 contributes
to epithelial-mesenchymal transformation through a RhoA/
ROCK-dependent pathway,” Journal of Cellular Physiology, vol.
211, no. 3, pp. 736–747, 2007.

[33] G. Dabiri, D. A. Tumbarello, C. E. Turner, and L. Van de
Water, “Hic-5 promotes the hypertrophic scar myofibroblast
phenotype by regulating the TGF-β1 autocrine loop,” Journal
of Investigative Dermatology, vol. 128, no. 10, pp. 2518–2525,
2008.

[34] K. Suga, S. Kondo, S. Matsuura et al., “Glomerular expression
of hydrogen peroxide inducible clone-5 in human and rat pro-
gressive mesagnial proliferative glomerulonephritis,” Nephron
Experimental Nephrology, vol. 120, no. 2, pp. e59–e68, 2012.

[35] S. Nishimoto and E. Nishida, “MAPK signalling: ERK5 versus
ERK1/2,” EMBO Reports, vol. 7, no. 8, pp. 782–786, 2006.

[36] D. Bokemeyer, D. Panek, H. J. Kramer et al., “In vivo
identification of the mitogen-activated protein kinase cascade
as a central pathogenic pathway in experimental mesangiopro-
liferative glomerulonephritis,” Journal of the American Society
of Nephrology, vol. 13, no. 6, pp. 1473–1480, 2002.

[37] T. Masaki, C. Stambe, P. A. Hill, J. Dowling, R. C. Atkins,
and D. J. Nikolic-Paterson, “Activation of the extracellular-
signal regulated protein kinase pathway in human glomeru-
lopathies,” Journal of the American Society of Nephrology, vol.
15, no. 7, pp. 1835–1843, 2004.

[38] Y. Suzaki, M. Yoshizumi, S. Kagami et al., “BMK1 is activated
in glomeruli of diabetic rats and in mesangial cells by high
glucose conditions,” Kidney International, vol. 65, no. 5, pp.
1749–1760, 2004.

[39] M. Urushihara, M. Takamatsu, M. Shimizu et al., “ERK5
activation enhances mesangial cell viability and collagen
matrix accumulation in rat progressive glomerulonephritis,”
American Journal of Physiology Renal Physiology, vol. 298, no.
1, pp. F167–F176, 2009.

[40] H. Okada, T. Inoue, T. Kikuta et al., “A possible anti-inflam-
matory role of angiotensin II type 2 receptor in immune-
mediated glomerulonephritis during type 1 receptor block-
ade,” American Journal of Pathology, vol. 169, no. 5, pp. 1577–
1589, 2006.

[41] N. Ohashi, M. Urushihara, R. Satou, and H. Kobori, “Glom-
erular angiotensinogen is induced in mesangial cells in
diabetic rats via reactive oxygen speciesERK/JNK pathways,”
Hypertension Research, vol. 33, no. 11, pp. 1174–1181, 2010.

[42] A. P. Lakshmanan, R. A. Thandavarayan, K. Watanabe et al.,
“Modulation of AT-1R/MAPK cascade by an olmesartan
treatment attenuates diabetic nephropathy in streptozotocin-
induced diabetic mice,” Molecular and cellular endocrinology,
vol. 348, no. 1, pp. 104–111, 2012.

[43] H. Ha and Hi Bahl Lee, “Reactive oxygen species as glucose
signaling molecules in mesangial cells cultured under high
glucose,” Kidney International, Supplement, vol. 58, no. 77, pp.
S19–S25, 2000.

[44] D. R. Tomlinson, “Mitogen-activated protein kinases as glu-
cose transducers for diabetic complications,” Diabetologia, vol.
42, no. 11, pp. 1271–1281, 1999.

[45] E. Tsiani, P. Lekas, I. G. Fantus et al., “High glucose-enhanced
activation of mesangial cell p38 MAPK by ET-1, ANG II, and
platelet-derived growth factor,” American Journal of Physiol-
ogy, vol. 282, no. 1, pp. E161–E169, 2002.

[46] B. G. Hudson, K. Tryggvason, M. Sundaramoorthy, and E.
G. Neilson, “Alport’s syndrome, Goodpasture’s syndrome, and



6 Journal of Biomedicine and Biotechnology

type IV collagen,” The New England Journal of Medicine, vol.
348, no. 25, pp. 2543–2556, 2003.

[47] M. Shimizu, S. Kondo, M. Urushihara et al., “Role of integrin-
linked kinase in epithelial-mesenchymal transition in crescent
formation of experimental glomerulonephritis,” Nephrology
Dialysis Transplantation, vol. 21, no. 9, pp. 2380–2390, 2006.

[48] T. Wada, H. Yokoyama, K. Furuichi et al., “Intervention
of crescentic glomerulonephritis by antibodies to monocyte
chemotactic and activating factor (MCAF/MCP-1),” The
FASEB Journal, vol. 10, no. 12, pp. 1418–1425, 1996.

[49] Y. Kinoshita, S. Kondo, M. Urushihara et al., “Angiotensin
II type I receptor blockade suppresses glomerular renin-
angiotensin system activation, oxidative stress, and progressive
glomerular injury in rat anti-glomerular basement membrane
glomerulonephritis,” Translational Research, vol. 158, no. 4,
pp. 235–248, 2011.

[50] T. Wada, K. Furuichi, N. Sakai et al., “A new anti-inflammatory
compound, FR167653, ameliorates crescentic glomerulo-
nephritis in Wistar-Kyoto rats,” Journal of the American Society
of Nephrology, vol. 11, no. 8, pp. 1534–1541, 2000.

[51] K. Matsushima, C. G. Larsen, G. C. DuBois, and J. J.
Oppenheim, “Purification and characterization of a novel
monocyte chemotactic and activating factor produced by a
human myelomonocytic cell line,” Journal of Experimental
Medicine, vol. 169, no. 4, pp. 1485–1490, 1989.

[52] Y. Ozawa, H. Kobori, Y. Suzaki, and L. G. Navar, “Sustained
renal interstitial macrophage infiltration following chronic
angiotensin II infusions,” The American Journal of Physiology,
vol. 292, no. 1, pp. F330–F339, 2007.

[53] S. Segerer, Y. Cui, K. L. Hudkins et al., “Expression of the
chemokine monocyte chemoattractant protein-1 and its
receptor chemokine receptor 2 in human crescentic glomeru-
lonephritis,” Journal of the American Society of Nephrology, vol.
11, no. 12, pp. 2231–2242, 2000.

[54] M. Urushihara, N. Ohashi, K. Miyata, R. Satou, O. W. Acres,
and H. Kobori, “Addition of angiotensin II Type 1 receptor
blocker to CCR2 antagonist markedly attenuates crescentic
glomerulonephritis,” Hypertension, vol. 57, no. 3, pp. 586–593,
2011.

[55] T. Wada, K. Matsushima, and K. I. Kobayashi, “Monocyte
chemoattractant protein-1: does it play a role in diabetic neph-
ropathy?” Nephrology Dialysis Transplantation, vol. 18, no. 3,
pp. 457–459, 2003.

[56] S. Kato, V. A. Luyckx, M. Ots et al., “Renin-angiotensin
blockade lowers MCP-1 expression in diabetic rats,” Kidney
International, vol. 56, no. 3, pp. 1037–1048, 1999.

[57] C. Zoja, D. Corna, D. Rottoli et al., “Effect of combining
ACE inhibitor and statin in severe experimental nephropathy,”
Kidney International, vol. 61, no. 5, pp. 1635–1645, 2002.

[58] Y. M. Chen, M. I. Hu-Tsai, S. L. Lin, T. J. Tsai, and B. S.
Hsieh, “Expression of CX3CL1/fractalkine by mesangial cells
in vitro and in acute anti-Thy1 glomerulonephritis in rats,”
Nephrology Dialysis Transplantation, vol. 18, no. 12, pp. 2505–
2514, 2003.



Hindawi Publishing Corporation
Journal of Biomedicine and Biotechnology
Volume 2012, Article ID 541245, 7 pages
doi:10.1155/2012/541245

Research Article

Nuclear Expression of a Mitochondrial DNA Gene:
Mitochondrial Targeting of
Allotopically Expressed Mutant ATP6 in Transgenic Mice

David A. Dunn and Carl A. Pinkert

Department of Pathobiology, College of Veterinary Medicine, Auburn University, 212 Samford Hall, Auburn, AL 36849, USA

Correspondence should be addressed to Carl A. Pinkert, cap@auburn.edu

Received 10 January 2012; Revised 13 April 2012; Accepted 16 April 2012

Academic Editor: Oreste Gualillo

Copyright © 2012 D. A. Dunn and C. A. Pinkert. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

Nuclear encoding of mitochondrial DNA transgenes followed by mitochondrial targeting of the expressed proteins (allotopic
expression; AE) represents a potentially powerful strategy for creating animal models of mtDNA disease. Mice were created that
allotopically express either a mutant (A6M) or wildtype (A6W) mt-Atp6 transgene. Compared to non-transgenic controls, A6M
mice displayed neuromuscular and motor deficiencies (wire hang, pole, and balance beam analyses; P < 0.05), no locomotor
differences (gait analysis; P < 0.05) and enhanced endurance in Rota-Rod evaluations (P < 0.05). A6W mice exhibited inferior
muscle strength (wire hang test; P < 0.05), no difference in balance beam footsteps, accelerating Rota-Rod, pole test and gait
analyses; (P < 0.05) and superior performance in balance beam time-to-cross and constant velocity Rota-Rod analyses (P < 0.05)
in comparison to non-transgenic control mice. Mice of both transgenic lines did not differ from non-transgenic controls in a
number of bioenergetic and biochemical tests including measurements of serum lactate and mitochondrial MnSOD protein levels,
ATP synthesis rate, and oxygen consumption (P > 0.05). This study illustrates a mouse model capable of circumventing in vivo
mitochondrial mutations. Moreover, it provides evidence supporting AE as a tool for mtDNA disease research with implications
in development of DNA-based therapeutics.

1. Introduction

Throughout mitochondrial evolution, gene transfer from
the mitochondrial compartment to the nucleus has been an
ongoing process [1]. Through AE, this phenomenon is rep-
licated in the laboratory. AE gene therapy was postulated
as a strategy for correcting diseases involving mitochondrial
DNA (mtDNA) mutation [2, 3] and as a means to overcome
the scarcity of animal models for diseases caused by mito-
chondrial DNA mutations [4, 5]. AE was shown to occur in
cultured cells [6–9] and in somatic tissues following delivery
via viral vector [10, 11]. Here, we report the first germline
competent transgenic model of AE.

Transversion of T to G at position 8993 of the human
mitochondrial genome causes substitution of arginine for a
conserved leucine in residue 156 (L156R) of the mito-
chondrial encoded MT-ATP6 gene [12]. This gives rise to
Neuropathy, Ataxia and Retinitis Pigmentosa (NARP) [13],

and Maternally Inherited Leigh Syndrome (MILS) [14]
disease states. Expression of a recoded mutated Atp6 in mice
was postulated to bring about mitochondrial and functional
deficits similar to those seen in human patients. To test
this hypothesis, two versions of a nuclear-coded mouse Atp6
gene element were expressed in transgenic mice. Our initial
transgenic mouse model coded for the protein sequence of
the wild-type murine Atp6. The second model encoded the
same sequence with the exception of amino acid 156 where
leucine was replaced with an arginine residue. Mitochondrial
physiology and motor function were assessed in resultant
transgenic lineages.

2. Materials and Methods

2.1. Gene Synthesis. Two forms of the nuclear-coded mito-
chondrial Atp6 gene were synthesized de novo. Gene
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Figure 1: Schematic representation of AE DNA constructs. High-level transcription is driven by the human EF1α promoter. Protein-coding
elements include the N-terminal mitochondrial transport signal of human cytochrome oxidase VIII, nuclear-coded wild-type (a) or mutant
(b) mouse Atp6 gene sequence and a C-terminal myc epitope tag.

synthesis was performed using a three-step polymerase chain
reaction (PCR)-based technique [15]. Atp6 genes were syn-
thesized coding for murine wild-type and mutated amino
acid sequences (L156R) using nuclear codons. Oligonucleot-
ides/primers (25nt) spanned forward and reverse sequences
to be synthesized.

2.2. Plasmid Cloning/Transgenic Mouse Production. Synthe-
sized Atp6 DNAs were cloned in frame into the pEF/ myc/
mito plasmid (Invitrogen). Elements in this expression
system include the promoter for human EF-1α [16], the
mitochondrial targeting sequence from the human cyto-
chrome c oxidase subunit VIII gene[17], and an in-frame
3′ myc epitope tag [18] (Figure 1). This gave rise to
two plasmids, pEF/myc/mito/A6W and pEF/myc/mito/
A6M procedures for generating transgenic mice were as
described [19]. A6M and A6W transgenic mice were pro-
duced on C57BL/6 and B6(B6SJLF1) genetic backgrounds,
respectively. Mice were genotyped by PCR analysis; for-
ward and reverse primers were 5′tggccattccactatggg3′and
5′gatggctggcaactagaagg3′; expected amplification product
size was 473 bp. All mouse procedures were approved by
the Auburn University Institutional Animal Care and Use
Committee.

2.3. Transmission Electron Microscopy. Electron microscopy
was performed to analyze mitochondrial localization of
allotopically expressed ATP6. Anaesthetized mice were per-
fused with 3% paraformaldehyde and 0.2% glutaraldehyde.
Striatum was diced into 1-2 mm pieces and fixed in the
same perfusion solution for 30–40 min. Tissue was rinsed,
dehydrated in a graded ethanol series, and embedded in LR
White Medium Grade Resin (Electron Microscopy Sciences).
Immune labeling of sections utilized 1 : 4000 rabbit poly-
clonal anti-myc antibody (Abcam) with 1 : 100 donkey anti-
rabbit Ultrasmall gold (Aurion) (diameter of average gold
cluster <0.8 nm) as secondary label. R-Gent SE-EM (Aurion)
was utilized for silver enhancement of samples.

2.4. Motor Assays. Forty mice were subjected to all motor
tests. Groups of 5 males and 5 females were hemizygous
A6M and nontransgenic (C57BL/6), hemizygous A6W and

nontransgenic (B6(B6SJL)). All neuromuscular and motor
tests followed a paradigm outlined earlier [20] and as
detailed below. Motor-testing analyses were initiated at
weaning (21 days of age) and progressed until completion
in the order described below. All neuromuscular and motor
tests were performed blinded as to the genotype of the mouse
being tested. Motor testing commenced with the wire hang
test, followed by the balance beam test, constant velocity
Rota-Rod, accelerating Rota-Rod, pole test, and gait test.

2.5. Wire Hang Test. Neuromuscular strength was measured
using a wire hang test [20]. Latency to fall was recorded with
a maximum time of 240 sec. Experimental data collection
began immediately without mouse training sessions. Twelve
trials were completed for each mouse consisting of four trials
per day over a three-day period; each trial was separated by
at least 20 min.

2.6. Balance Beam Test. Motor coordination was tested using
a balance beam [21]. Six beams of different sizes included
three square beams with 28, 12, and 5 mm widths and three
round beams with 27, 17, and 11 mm diameters. Data were
collected in two trials for each of the six beams. Latency
to cross the beam into the escape box and footslips was
recorded.

2.7. Rota-Rod Test. Two analyses were performed using a
Rota-Rod apparatus [20]. In the first analysis, mice ran on
the Rota-Rod at a constant rotational velocity of 36 RPM
for a maximum of 240 sec. In the second, rotational velocity
gradually increased from 5 to 40 RPM over a period of
300 sec. In both analyses, latency to fall was measured. Data
collection proceeded over a three-day period with four trials
performed each day separated by 30 min intervals.

2.8. Pole Test. Motor coordination was evaluated with a pole
test apparatus [20]. Mice were placed head-up near the top
of the pole. Latency to turn 180 degrees and reach the base
of the 50 cm pole was measured with a maximum time of
240 sec. Data collection continued over the course of three
days with four trials performed each day separated by 15 min
intervals.
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2.9. Gait Analysis. Gait was assessed as described [21]. Non-
toxic paint was applied to paws, and the mice were allowed to
run the length of a 50 cm chute at a 30◦ incline into an escape
box. Distances between footfalls were measured.

2.10. Biochemical Assays. Following motor testing, all mice
were subjected to a series of biochemical tests. ATP synthesis
and respirometry assays were performed the same day as
mitochondrial isolation; remaining mitochondria and sera
were frozen for lactate and SOD measurements. Mitochon-
drial isolation and ATP synthesis and respirometry tests were
performed on 10 groups of four mice each. Each group
contained one A6M hemizygous, one A6M nontransgenic,
one A6W hemizygous, and one A6W nontransgenic mouse.
A6M transgenic and wild-type mice were euthanized and
samples taken at a mean age of 58.7±1.3 and 57.8±1.6 weeks,
and at 28.9±5.3 and 46.0±3.3 weeks for A6W transgenic and
wild-type mice, respectively.

2.11. Mitochondrial Isolation. Mitochondria were isolated
from whole brain, heart, and gastrocnemius muscle as pre-
viously reported [22].

2.12. Oxygen Consumption. Aerobic respiration of isolated
mitochondria was measured using MitoXpress A65N-1
(Luxcel) [23] in 96 well plates with an Infinite M200 plate
reader (Tecan). 100 μg mitochondria were incubated with
12.5 mM of glutamate and malate (States II and III) and
1.65 mM ADP (State III only) in a total volume of 100 μL.
State II values were obtained by measuring oxygen consump-
tion in the absence of ADP; State III was measured with
ADP present. Respiratory control ratio (RCR) values were
calculated by dividing State III values by State II values.

2.13. ATP Synthesis Assay. ATP production rate was mea-
sured using the chemiluminescent ATP-consuming reaction
of Luciferase-Luciferin [24]. ATP consumption values were
calculated by comparing luminescence of a standard ATP
concentration curve to luminescent kinetics in the experi-
mental reaction.

2.14. MnSOD Protein Levels. Protein measurements of man-
ganese superoxide dismutase (MnSOD, SOD2) were gener-
ated with a SOD2 Protein Quantity Microplate Assay Kit
(MitoSciences) ELISA.

2.15. Serum Lactate Assay. Lactate was measured in serum of
all experimental mice using the Lactate Colorimetric Assay
Kit (Abcam). All samples were measured in duplicate.

2.16. Statistical Analyses. All statistical analyses were per-
formed using SAS software (SAS Institute). Hazard ratios
(HRs) with 95% confidence intervals were generated for all
measurements that produced censored values (wire hang,
balance beam time, Rota-Rod and pole measurements)
by proportional hazards regression analysis using PROC
PHREG. Analysis of gait measurements was performed with
repeated measures modeling using PROC MIXED. P values

of gait measurements were manually corrected using the
Bonferroni method. Odds ratios (OR) were calculated with
95% confidence intervals for balance beam slips analyses
with logistic regression using PROC LOGISTIC. t-test anal-
yses of oxygen consumption, ATP synthesis, MnSOD and
lactate measurements were performed using Proc t-test. All
data subjected to t-test analysis were presented as mean ±
SE.

3. Results and Discussion

Two synthesized, nuclear-coded ATP6 genes were each
cloned into vectors containing a high-level constitutive EF-
1α promoter, mitochondrial transport signal, myc epitope
tag, and polyadenylation signal (Figure 1).

The A6M expression construct was injected into 263
C57BL/6 and 97 B6(B6SJLF1) embryos from which 3
C57BL/6 and 7 B6(B6SJLF1) transgenic founder mice were
derived. The A6W expression construct was injected into
112 C57BL/6 and 78 B6(B6SJLF1) embryos from which
0 C57BL/6 and 5 B6(B6SJLF1) transgenic founder mice
resulted. One line of transgenic mice for each construct
was selected for further characterization based on transgene
expression and fertility in founder transgenic mice.

Allotopically expressed proteins from both A6M and
A6W lineages were found to colocalize with mitochondria in
electron micrographs of striatum sections (Figure 2). Thus,
nuclear expression of a mitochondrial gene can result in
mitochondrial localization of the cytoplasmically translated
protein.

A6M and A6W mice were compared to nontransgenic
control mice in a series of neuromuscular and motor assays
(Table 1). In wire hang testing, A6M and A6W mice did
not perform as well as nontransgenic control mice (A6M:
P = 0.0008; A6W: P = 0.002). Analysis of the time to
cross balance beams into an escape box showed that A6M
mice performed inferior to nontransgenic controls (P =
0.0004), while A6W mice displayed superior performance
compared to control mice P = 0.0067. Analysis of foot
slips in balance beam testing indicated a greater degree of
slips by A6M mice than control mice (P = 0.0191), but no
differences were seen in A6W mice (P = 0.6305). A6M and
A6W mice both outperformed their respective controls in
Rota-Rod testing at a constant rotational velocity (A6M: P <
0.0001; A6W: P = 0.0002). A6M animals displayed superior
performance in accelerating Rota-Rod analyses (P < 0.0001)
while A6W mice were not different from their nontransgenic
counterparts (P = 0.72). In the pole test, A6M mice did
not perform as well as controls (P = 0.022) and A6W mice
were not different than controls (P = 0.46). Gait analyses
did not detect any gait differences in either transgenic line
(Bonferroni-corrected P values range from 0.36 to 1.0 over
several measures).

Of the parameters measured in this group of tests (wire
hang, beam time, beam slips, constant Rota-Rod, acceler-
ating Rota-Rod, pole test, gait), A6M mice displayed per-
formance inferior to control mice in four out of seven tests
while A6W mice displayed inferior performance to their
controls in a single analysis. Additionally, both A6M and
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Table 1: Motor and biochemical analyses of A6M and A6W transgenic mice. Hazard and odds ratios are expressed with 95% confidence
intervals (95% CI) and P values. Biochemical data are expressed as mean ± standard error of the mean (SE).

A6M A6W

Wirehang hazard ratio (95% CI)
HR: 0.54 (0.376–0.770) HR: 0.424 (0.246–0.731)

P = 0.0008 P = 0.002

BB slips/crossing odds ratio (95% CI)
OR: 0.12 (0.021–0.709) OR: 0.68 (0.141–3.276)

P = 0.0191 P = 0.6305

BB time hazard ratio (95% CI)
HR: 1.72 (1.274–2.309) HR: 0.67 (0.506–0.896)

P = 0.0004 P = 0.0067

Constant Rota-Rod hazard ratio (95% CI)
HR: 2.28 (1.722–3.030) HR: 2.09 (1.414–3.097)

P < 0.0001 P = 0.0002

Accelerating Rota-Rod hazard ratio (95% CI)
HR: 2.37 (1.589–3.523) HR: 1.09 (0.681–1.739)

P < 0.0001 P = 0.72

Poletest hazard ratio (95% CI)
HR: 1.50 (1.156–1.941) HR: 1.10 (0.860–1.399)

P = 0.0022 P = 0.46

Gait

LF-LF P = 1.0 P = 1.0

LF-LR P = 1.0 P = 1.0

LF-RF P = 1.0 P = 1.0

LR-LR P = 1.0 P = 1.0

LR-RR P = 1.0 P = 1.0

RF-RF P = 1.0 P = 1.0

RF-RR P = 1.0 P = 1.0

RR-RR P = 0.36 P = 1.0

Brain state II (nmol O2/min/mg protein± SE)
Transgenic: 10.1± 1.2 Transgenic: 7.5± 0.7

Nontransgenic: 8.9± 1.9 Nontransgenic: 8.5± 0.8

P = 0.6094 P = 0.3149

Heart state II (nmol O2/min/mg protein± SE)
Transgenic: 20.2± 1.3 Transgenic: 21.1± 1.3

Nontransgenic: 21.5± 1.6 Nontransgenic: 21.1± 1.2

P = 0.5291 P = 0.9634

Skeletal muscle state II (nmol O2/min/mg protein± SE)
Transgenic: 14.5± 1.7 Transgenic: 15.4± 1.3

Nontransgenic: 16.3± 1.8 Nontransgenic: 14.6± 1.2

P = 0.4672 P = 0.6687

Brain state III (nmol O2/min/mg protein± SE)
Transgenic: 24.2± 2.7 Transgenic: 20.3± 1.1

Nontransgenic: 23.1± 1.2 Nontransgenic: 24.0± 2.2

P = 0.7128 P = 0.1508

Heart state III (nmol O2/min/mg protein± SE)
Transgenic: 31.4± 2.0 Transgenic: 31.6± 2.1

Nontransgenic: 33.1± 3.0 Nontransgenic: 32.8± 1.9

P = 0.5965 P = 0.6910

Skeletal muscle state III (nmol O2/min/mg protein± SE)
Transgenic: 35.1± 3.5 Transgenic: 34.4± 3.7

Nontransgenic: 34.7± 4.0 Nontransgenic: 31.0± 2.6

P = 0.9438 P = 0.5882

Brain respiratory control ratio
Transgenic: 2.48± 0.18 Transgenic: 2.84± 0.21

Nontransgenic: 3.19± 0.41 Nontransgenic: 3.01± 0.41

P = 0.1458 P = 0.7192

Heart respiratory control ratio
Transgenic: 1.57± 0.08 Transgenic: 1.51± 0.06

Nontransgenic: 1.53± 0.05 Nontransgenic: 1.58± 0.11

P = 0.6707 P = 0.5530

Skeletal muscle respiratory control ratio
Transgenic: 2.59± 0.26 Transgenic: 2.24± 0.17

Nontransgenic: 2.16± 0.12 Nontransgenic: 2.20± 0.11

P = 0.1595 P = 0.8709
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Table 1: Continued.

A6M A6W

Brain ATP synthesis (nmol/min/mg protein)
Transgenic: 60± 2.0 Transgenic: 65± 7.9

Nontransgenic: 64± 6.7 Nontransgenic: 62± 4.9

P = 0.5991 P = 0.7143

Heart ATP synthesis (nmol/min/mg protein)
Transgenic: 64± 10.8 Transgenic: 68± 8.3

Nontransgenic: 58± 5.7 Nontransgenic: 65± 4.7

P = 0.6006 P = 0.7549

Skeletal muscle ATP synthesis (nmol/min/mg protein)
Transgenic: 36± 2.9 Transgenic: 38± 2.1

Nontransgenic: 40± 3.6 Nontransgenic: 37± 2.3

P = 0.4167 P = 0.6902

Brain MnSOD protein levels (arbitrary colorimetric values)
Transgenic: 4.6± 0.66 Transgenic: 5.4± 1.11

Nontransgenic: 5.2± 0.47 Nontransgenic: 4.2± 0.39

P = 0.4098 P = 0.3514

Heart MnSOD protein levels arbitrary colorimetric values)
Transgenic: 3.7± 0.11 Transgenic: 4.6± 0.33

Nontransgenic: 4.0± 0.15 Nontransgenic: 4.2± 0.13

P = 0.2691 P = 0.2569

Skeletal muscle MnSOD protein levels (arbitrary colorimetric values)
Transgenic: 5.1± 0.93 Transgenic: 3.9± 0.35

Nontransgenic: 5.0± 0.57 Nontransgenic: 3.9± 0.46

P = 0.9361 P = 0.9590

Serum lactate (mM)
Transgenic: 11.2± 0.83 Transgenic: 9.6± 0.51

Nontransgenic: 12.5± 0.83 Nontransgenic: 11.6± 0.73

P = 0.2073 P = 0.0370

LF: left front; LR: left rear; RF: right front; RR: right rear.

C57BL/6NTac

(a)

A6M

(b)

A6W

(c)

Figure 2: Mitochondrial localization of allotopically expressed ATP6 in brain sections of nontransgenic, A6M and A6W mice. The
small amount of cytosolic nonmitochondrial staining is not unexpected as proteins are cytoplasmically translated prior to mitochondrial
translocalization.

A6W mice displayed enhanced performance in two measures
in comparison to their controls. The superior performance of
A6M mice in all Rota-Rod analyses, while surprising, might
be explained by differences in what is measured in each test
on a physiological or tissue level. This discrepancy of A6M
Rota-Rod results versus the other tests suggests that further
study and characterization of the functional consequences of
allotopic expression of mitochondrial genes is warranted.

A6M transgenic and wild-type mice were euthanized and
samples taken at a mean age of 58.7±1.3 and 57.8±1.6 weeks
(P = 0.667), and at 28.9 ± 5.3 and 46.0 ± 3.3 (P = 0.014)
weeks for A6W transgenic and wild-type mice. Mitochondria

from brain, heart and muscle tissues, and serum from the
same mice that underwent motor testing were collected and
subjected to a series of biochemical and physiological tests
(Table 1). In oxygen utilization studies, State II, III, and RCR
measurements showed no difference between mitochondria
from A6M and A6W mice and their respective controls
(P > 0.05). The rate of ATP synthesis in mitochondria
isolated from A6M and A6W mice did not differ from that
of mitochondria from nontransgenic control mice (P >
0.05). Protein levels of MnSOD in mitochondria also did
not differ between either transgenic line and its respective
control (P > 0.05). Serum concentrations of lactic acid were
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not different between A6M mice and nontransgenic control
mice (P = 0.297), but A6W hemizygous mice had lower
lactate concentrations than nontransgenic control mice (P =
0.037). Dissimilarities in A6W serum lactate concentrations
might be due to differences in age at time of euthanasia.

The absence of detectable differences in mitochondrial
function between transgenic mice and their nontransgenic
counterparts was somewhat surprising in light of the clear
differences seen in motor function in A6M mice. These
discrepancies may reflect a reduction of stress due to the lag
time between the end of motor tests and commencement of
mitochondrial isolation. Alternatively, levels of allotopically
expressed L156R ATP6 protein in mitochondria might vary
during an individual’s lifespan such that differences in ATP
synthesis that are undetectable in adult mice are of sufficient
magnitude in fetal and/or postnatal development to cause a
change in developmental trajectory that results in the func-
tional differences observed. Future experiments on mice that
undergo motor analysis and functional strain immediately
prior to biochemical analysis might yield different results.
The experiments reported here using genetically defined
mice might yield different results with modified genetic and/
or environmental variables.

4. Conclusion

While mtDNA mutations are primary etiologic agents in
mitochondrial disease, pathogenic phenotypes are intensi-
fied or attenuated by numerous secondary factors including
background mtDNA sequence [25], nuclear genetic and
environmental influences [26]. The utility of the transgenic
approach in allotopic expression of mitochondrial genes is
shown here to be successful in delivery of protein derived
from a nuclear transcript to mitochondria. Phenotypic char-
acterization of mice carrying a mutant ATP6 yielded mixed
results. In some tests, functional motor deficiencies similar
to those seen in human NARP patients were seen, while
enhanced performance was observed in others.

The results of these experiments have implications for the
potential future use of allotopic expression as a strategy for
gene therapy. Nuclear expression of one or more mitochon-
drial genes in a clinical setting could improve mitochondrial
function in the context of mitochondrial disease. This mod-
eling might also provide an effective method for protecting
the 13 genes encoded on the mitochondrial genome from
the oxidative damage that results from normal aging, age-
related neurodegenerative diseases and other pathological
states shown to have mitochondrial involvement.
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Thermal lesions were produced in 12 male Wistar rats, positioning a massive aluminum bar 10 mm in diameter (51 g), preheated
to 99◦C ± 2◦C/10 min. on the back of each animal for 15 sec. After 7, 14, 21, and 28 days, animals were euthanized. The edema
intensity was mild, with no bubble and formation of a thick and dry crust from the 3rd day. The percentage of tissue shrinkage at 28
days was 66.67 ± 1.66%. There was no sign of infection, bleeding, or secretion. Within 28 days reepithelialization was incomplete,
with fibroblastic proliferation and moderate fibrosis and presence of modeled dense collagen fibers. It is concluded that the model
established is applicable in obtaining deep second-degree thermal burns in order to evaluate the healing action of therapeutic
agents of topical use.

1. Introduction

Burns are tissue lesions from thermal origin for exposure
to flames, hot surfaces and liquids, extreme cold, chemicals,
radiation, or friction [1]. Even with improved prognosis [2]
and progress in the use of biological skin substitutes [3],
burns are an important cause of mortality [4].

Burns are classified depending on the lesion severity into
superficial or first degree, when lesion is restricted to the
epidermis or skin causing redness; partial thickness or second
degree that can be superficial when reaching the epidermis
and superficial dermis, showing hypersensitivity and pain,
or deep when it extends to the deepest layer of the dermis
and may have reduced sensitivity with red and/or white
coloration of the tissue; full-thickness or third degree when
lesion involves the subcutaneous layer, with no sensitivity
and white coloring [5].

The use of animals as experimental models in different
areas of biological research was encouraged by Claude

Bernard [6], who around 1865, described in his paper enti-
tled “Introduction to the Study of Experimental Medicine”
the use of animals as a model for study and transposition
into human physiology. Experimental models are essential
in mammals when studying on burns. There are literature
reports on the use of rabbits [7], pigs [8], dogs [9], rats [10],
and mice [11] as models in the study of burns.

The healing of skin lesions induces the burn-injured
tissue inflammation, edema, and hypertrophic and unsightly
scars [12]. Thus, the choice of a topical agent or the
type of coverage to be used in treating burns should
be conducted based on the assessment of lesion char-
acteristics and evidence reported in the specific litera-
ture. These products must have features such as antimi-
crobial or bacteriostatic activity, absence of toxicity and
hypersensitivity, compliance, reduced healing time, and
cost/benefit [13]. However, many of the methods used
in healing injuries caused by burns are controversial
[14].
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In this context, the objective of this study was to establish
an experimental protocol for induction of deep second-
degree thermal lesions in Wistar male rats to obtain clinical
and histopathologic data that will facilitate understanding
of results concerning the evolution of the healing action of
topical therapeutic agents.

2. Materials and Methods

2.1. Animals. The experiment was conducted at the Depart-
ment of Experimental Surgery, Federal University of Per-
nambuco, using albino Wistar male rats (Rattus norvegi-
cus) weighing 250 ± 50 g, kept in individual cages of
polypropylene measuring 30 × 20 × 19 cm and controlled
lighting conditions (12 h light/dark photoperiod), temper-
ature (24 ± 2◦C), receiving water, and food (Labina) ad
libitum. The experimental procedure was approved by the
ethics committee on animal experimentation of the Federal
University of Pernambuco (Case no. 23076.015015/2009-31).

2.2. Thermal Burn Experimental Model. Initially, 12 animals
were weighed and intramuscularly preanesthetized with
atropine sulfate (0.04 mg/kg) and 10 minutes after subjected
to anesthetic combination of 10% ketamine (90 mg/kg)
and 2% xylazine (10 mg/kg) intramuscularly [15, 16]. With
the animal properly anesthetized trichotomy of back was
performed and antisepsis with 1% polyvinylpyrrolidone
iodine. Thermal injuries were made with a solid aluminum
bar 10 mm in diameter (Figure 1(a)), previously heated in
boiling water and so that the temperature reached 100◦C
measured with a thermometer. The bar is maintained in
contact with the animal skin on the dorsal proximal region
for 15 sec (Figure 1(b)). The pressure exerted on the animal
skin corresponded to the mass of 51 g of aluminum bar
used in the burn induction. Immediately after the procedure,
analgesia with dipyrone sodium (40 mg/kg) was performed
intramuscularly, being maintained for three consecutive days
sodium dipyrone at 200 mg/kg orally administered in the
drinking water supplied to animals.

2.3. Clinical Evaluation. The clinical course of skin lesions
by burns was evaluated for 28 consecutive days based on
the following aspects: blistering, swelling, redness, crust,
bleeding, secretion, granulation tissue, and scar tissue.

The wound retraction was evaluated using a caliper in 7,
14, 21, and 28 days after burn induction. Wound contraction
was expressed as reduction in percentage of original wound
size. % wound contraction on day X = [(area on day 0− open
area on day X)/area on day 0] × 100 [17].

2.4. Microbiological Evaluation. Microbiological evaluation
was carried out using “swabs” in the injury area at the
moment of surgery and respective days of biopsies. This
sample was transferred to a Petri dish of 20 × 150 mm
containing nutrient agar medium in a laminar flow chamber.
After 24 h incubation, plates inoculated in triplicate for
each sample were evaluated. This routine evaluation was

(a) (b)

Figure 1: Experimental model of second-degree thermal burn in
male Wistar rats. (a) Solid aluminum bar of 10 mm in diameter and
51 g used in the induction of thermal burns by direct heat transfer-
ence. (b) Proximal dorsal region chosen for burn induction.

performed to evaluate the degree of contamination of in-
juries.

2.5. Histological Analysis. At the preestablished times for
biopsy (7, 14, 21, and 28 days after burn induction),
three animals randomly selected underwent anesthesia com-
bination of 10% ketamine (90 mg/kg) and 2% xylazine
(10 mg/kg), intramuscularly [15, 16] for tissue samples
collection. Euthanasia was performed by excessive doses of
sodium pentobarbital intraperitoneally (100 mg/kg) [18].

Tissue samples were immediately fixed by immersion in
4% formaldehyde (v/v) prepared in PBS (0.01 M, pH 7.2),
followed by routine histological processing paraffin embed-
ding, microtomy with 4 μm cuts, and Masson’s trichrome
staining. Histological study was performed by comparative
descriptive analysis of the experimental groups in binocular
optical microscope (Zeiss-Axiostar model) where were eval-
uated the evolution of skin healing after thermal trauma.

The histological analysis was performed by indepen-
dent pathologist who was experienced in the examination
of burn wound specimens, in the following ways: (1)
inflammatory response, characterized by the presence of
polymorphonuclear leukocytes (PNM), (2) granular tissue,
characterized by the presence of fibroblasts, myofibroblasts,
and neovascularization, (3) fibrosis, characterized by the
density of collagen fibers identified by the intensity of blue
color observed under optical microscopy due to staining by
Masson’s trichrome. A score was made for all parameters
evaluated : − = absent, + = mild presence, ++ = moderate
presence, and +++ = strong presence.
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(a) (b) (c)

(d) (e) (f)

Figure 2: Clinical evolution observed in the experimental model of deep second-degree thermal burns in male Wistar rats. (a) Animal’s skin
after shaving. (b) Thermal lesion obtained with 10 mm diameter bar, with presence of mild edema. (c) Injured tissue on day 7 after burn
induction, presence of thin and dry crust with homogeneous staining and discreet detachment on the edges. (d) Damaged tissue on day 14
after burn induction, presence of granulation tissue in the center of the lesion with a second discreet crust and formation of scar tissue at
the edge. (e) Injured tissue on day 21 after the burn induction, discreet presence of granulation tissue with the presence of scar tissue. (f)
Injured tissue at day 28 after burn induction, tissue with incomplete healing.

2.6. Statistical Analysis. Data were analyzed using nonpara-
metric tests. To detect differences between groups, the
Kruskal-Wallis was used. All results were expressed as
mean values for group ± standard deviation and analyzed
considering P < 0.05 as statistically significant.

3. Results and Discussion

3.1. Study Design. This experimental model was established
to standardize thermal burn injuries in order to obtain
injuries with the same size and depth degree. The choice
of Wistar rats due to these animals shows a great ease
of handling, accommodation and resistance to surgical

aggressions, and infectious processes, with low mortality
[19, 20]. However, the choice of male rats is due to variations
in hormonal cycles in females that could intervene in the
process of tissue repair [21]. The result of clinical evaluation
showed no signs of infection, secretion, bleeding, or death
in both groups. If wounds are not well treated, they can be
infected. Infected wounds heal more slowly, reepithelisation
is more prolonged, and there is also the risk of systemic
infection [22].

Shaving the back of the animals was performed by
manual traction of hair (Figure 2(a)) thus preventing sec-
ondary skin lesions that often occurs by the use of lam-
inated devices [23]. The option to induce only one burning
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Table 1: Clinical parameters evaluated in the experimental model
of deep second degree thermal burns in male Wistar rats.

Time Animal
Clinical signs of the experimental model

Edema Hyperemia Crust Scar tissue

7th day
1 + + ∗ −
2 + − ∗ −
3 + − ∗ −

14th day
1 − + − +

2 + − − +

3 − − − +

21st day
1 − − − +++

2 − − − +++

3 − − − +++

28th day
1 − − − ++

2 − − − +

3 − − − +

The intensity of clinical signs was scored as −: absent; ∗: present, +: mild,
++: moderate, +++: strong.

in the dorsal-proximal aimed at preventing the animal
itself could reach the burn so that altering the outcome
of the clinical evaluation of lesions. The use of individual
aluminum bar for each animal in the experimental group
is important in reducing the interval between the induction
of a burn and another within the same group, thus avoiding
large variations in the assessment of healing time. The size of
lesions showed uniform average distribution of 10 ± 1 mm
in diameter (Figure 2(b)). Similar studies by Heredero and
colleagues [20] and Meyer and Silva [24] revealed that it
is not possible to perform a perfectly uniform burn in all
experimental rats.

According to Vale [25], the burn depth depends on the
intensity of the thermal agent, generator or heat transmitter
and time of contact with the tissue, which is the determinant
of the aesthetic and functional result of the burn. Medeiros et
al. [26] caused thermal burns by using 5 cm2 aluminum plate
heated to 130◦C, which were pressed into the skin of the back
for 5 seconds. However, this method can generate lesions
with different depths depending on the pressure during the
procedure. In our study, the pressure was equivalent to the
mass of the aluminum bar (51 g) there being no interference
by researcher, thus ensuring the reproducibility of thermal
injuries.

The standardization of procedures, systematization, and
organization of knowledge about the interrelationships of
models is necessary to provide more reliable knowledge
advance [27]. The most common method for obtaining
second-degree thermal burns uses hot water as heat transfer
agent. Khorasani et al. [28] induced second-degree thermal
burns on the back of rats using submersion in hot water
(90◦C) for 6 seconds. In this experiment, 10% body surface
of the animal was injured producing lesions of variable size.
According to Orgaes et al. [23], burns when reaching 26% to
30% of total body surface area of these mice cause mortality
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Figure 3: Contraction area percentage of deep second-degree ther-
mal burns in the experimental model in male Wistar rats. n = 3.
Values are mean ± SEM. ∗P < 0.05.

rates of 40% after three days, 52.5% after 7 days, 57.5% after
15 days, and 62.5% after 25 days.

3.2. Macroscopic Evaluation. Results of this study revealed
thermal burns white in color, painful, with no bubbles,
mild edema until the 3rd day after injury (Figure 2(b)).
Similar definition is reported by [29, 30] that describes the
deep second-degree burns and injuries that have pale color
with pain in lower intensity compared to superficial second-
degree burn. In our evaluation variation of the degree of
hyperemia in the first three days of experiment that changed
from slight to absent was observed (Table 1). The formation
of a thick and dry crust was observed from day 3 after burn
induction. Signs of the scar tissue formation at the edge of
the lesion were observed from day 14 (Figure 2(d)).

The burn healing occurs by second intention, which
is a slow process with high risk of infection, producing
scar retraction, which depending on the area of injury
can cause extensive scarring and consequently high cost
in treatment [31]. The contraction of skin lesions occurs
centripetally fromthe injury edges being caused by the action
of myofibroblasts present at the site. In turn, myofibroblasts
may promote lesion retraction from 50 to 70% of original
size [32]. The percentage of lesion contraction at the end of
the experiment was 66.67 ± 1.66%. Values obtained in this
study are similar to those published by Zohdi and colleagues
[33], who observed 72.75± 1.8% of reduction in control rats
treated with hydrogel without drug (placebo) at 28 days of
study (Figure 3).

According to Mandelbaum and colleagues [34], the
mechanism of tissue repair is the integration of dynamic
cellular and molecular processes involving biochemical and
physiological phenomena aiming at ensuring tissue restora-
tion. For this reason, only the clinical evaluation of a burn
injury does not provide information on the evolution degree
of tissue healing, being of fundamental importance of the
histopathologic evaluation of these lesions.

3.3. Microscopic Evaluation. The histopathological findings
confirmed the acquisition of deep second-degree burns based
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Figure 4: Histopathological aspects of deep second-degree thermal burns. Masson’s trichrome staining. 100x Magnification. (a) Animal
showing thin crust and epithelial tissue with complete destruction of dermis and epidermis and hypodermis maintenance at the 7th day
after the thermal lesion induction. (b) Animal at day 14, with crust and tissue reepithelialization, showing collagen, not modeled and slight
fibrosis. (c) Animal at day 21, tissue repithelialization showing intense fibroblastic proliferation with the presence of dense collagen, not
modeled and moderate fibrosis. (d) Animal at day 28, with incomplete tissue repithelialization, moderate fibroblastic proliferation, presence
of modeled dense collagen mesh, and moderate fibrosis.

on the observation of total autolysis of both the dermis and
epidermis, without reaching the hypodermis. These data are
consistent with reports of several authors who characterize it
as deep second-degree burn injuries that cause partial or total
destruction of nerve endings, hair follicles, and sweat glands
[25, 35, 36].

Thermal injury was observed on the 7th day and
extensive inflammatory exudate featuring an intense inflam-
matory reaction. Inngjerdinger et al. [22] describe in their
study the occurrence in the control group, treated with
saline solution, an acute inflammatory process on the 6th
day of evaluation. By day 14 the inflammatory response
was classified as moderate with presence of macrophages,
progressing to discreet at day 21. By day 28 signs of
inflammatory response in the animals evaluated was not
observed (Table 2).

Tissue still presented a complete destruction of the
dermis and epidermis and maintenance of the hypoder-
mis (Figure 4(a)) on the 7th day after lesion induction.

Histopathology section of the burned skin of control animals
on 5th day showed denuded epidermis, diffuse infiltration
of plasma cells, lymphocytes, and polymorphs [37]. After
14 days the histopathological evaluation revealed moderate
autolysis of the tissue, with discrete neovascularization
and fibroblast proliferation, with loose collagen fibers, not
modeled with mild fibrosis and crust absence (Figure 4(b)).
Yaman and colleagues [38] confirm the presence of crust
formed by remnants of necrotic tissue and infiltration of
mononuclear cells on the 4th day of experimentation in the
control group. The crust detachment was only observed by
these authors on the 14th day of study.

By day 21 we observed the absence of autolysis, discrete
neovascularization and intense fibroblastic proliferation,
with dense collagen, not modeled and moderate fibrosis
(Figure 4(c)). By the end of the experiment at 28 days, his-
tological observations showed incomplete reepithelialization
of the injured tissue with autolysis and absent neovascu-
larization, showing moderate fibroblastic proliferation and
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Table 2: Histopathological analysis on the degree of inflammatory
intensity, presence of granulation tissue, and fibrosis in the skin after
deep second-degree thermal burn. Samples were obtained on days
7, 14, 21, and 28 after burn wound induction.

Time Animal
Inflammatory

response
Granulation

tissue
Fibrosis

7th day
1 +++ + −
2 +++ + −
3 +++ + −

14th day
1 + ++ +

2 ++ +++ +

3 ++ +++ +

21st day
1 + + +

2 + + ++

3 + ++ ++

28th day
1 − − ++

2 − − ++

3 − − ++

Intensity of the evaluated parameters was scored as −: absent, +: mild
presence, ++: moderate presence; +++: strong presence.

fibrosis with the presence of modeled dense collagen fibers
(Figure 4(d)).

Wound healing includes number of stages like clotting,
inflammation, granulation, fibrosis, arrangement of collagen
with spasm of wound, and epithelization. The time required
for complete healing of deep second-degree burns, without
the application of specific therapeutic agents, can be three to
six weeks or more, and these burns will leave a scar tissue that
may hypertrophy and contract itself [29, 30].

4. Conclusion

In this new model of second-degree thermal burns, injuries
are easy to create and easily reproducible. There are simi-
larities with the human second-degree burns in clinical and
pathologic aspects. Thus, the animal model presented in this
study is applicable in evaluating the use of therapeutic agents
in the healing evolution of deep second-degree burns.
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em queimaduras por escaldo em ratos,” Revista Brasileira de
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Although human pathologies have mostly been modeled using higher mammal systems such as mice, the lower vertebrate
zebrafish has gained tremendous attention as a model system. The advantages of zebrafish over classical vertebrate models are
multifactorial and include high genetic and organ system homology to humans, high fecundity, external fertilization, ease of
genetic manipulation, and transparency through early adulthood that enables powerful imaging modalities. This paper focuses on
four areas of human pathology that were developed and/or advanced significantly in zebrafish in the last decade. These areas are (1)
wound healing/restitution, (2) gastrointestinal diseases, (3) microbe-host interactions, and (4) genetic diseases and drug screens.
Important biological processes and pathologies explored include wound-healing responses, pancreatic cancer, inflammatory bowel
diseases, nonalcoholic fatty liver disease, and mycobacterium infection. The utility of zebrafish in screening for novel genes
important in various pathologies such as polycystic kidney disease is also discussed.

1. Introduction

Investigators have long utilized reductionist systems and
animal models to mimic and study basic processes regulating
cellular biology, organ function, and host homeostasis. While
much work has been accomplished and continues to be
undertaken in higher mammalian systems such as mice,
rats, and rabbits, important discoveries have also been made
using invertebrate systems such as Caenorhabditis elegans
and Drosophila melanogaster. For example, RNA interference
technology was first discovered in C. elegans [1], as was
the initial caspase enzyme, caspase-1 (ced-3 in C. elegans)
[2]. Similarly, it was in Drosophila melanogaster that
the innate signaling Toll-like receptors (TLRs) were first
identified via the discovery of the Toll gene, as was its
linkage to the nuclear factor kappa-light-chain-enhancer
of activated B cells (NF-κB) signaling cascade [3]. In the
last ∼15 years, there has been a growing appreciation for
the vertebrate organism Danio rerio (zebrafish) as a tool
to study human disease [4]. As opposed to C. elegans and
Drosophila melanogaster, zebrafish is a vertebrate organ-
ism with physiological and anatomical characteristics of

its higher organism counterparts (see Figure 1 for a dia-
gram of larval zebrafish anatomy), while maintaining the
ease of use of a lower organism. The characteristics of
zebrafish that make them desirable tools for the study of
embryogenesis/development also make them useful for the
study of human pathologies. Zebrafish have a fully mapped
genome (http://www.sanger.ac.uk/Projects/D rerio/), which
has significant homology with the human genome, including
noncoding regions (∼60 per gene globally across all genes)
[5] suggesting that numerous genes involved in human
diseases could be matched in the zebrafish genome. Reverse
(morpholino knock-down, Targeting Induced Local Lesions
in Genome—TILLING [6]) and forward genetic (muta-
genesis, transgenic) approaches are well established and
commonly used to manipulate and characterize zebrafish
gene function.

Zebrafish are highly fecund and breed rapidly; a pair of
zebrafish produces over 100 embryos per clutch that are
usable for larval experiments as early as 3 days post fertiliza-
tion (dpf). These larvae are transparent through 7 dpf, and
this can be extended to up to 9–14 dpf with the addition
of the melanocyte inhibitor phenylthiourea. Moreover, the
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Figure 1: Diagram of zebrafish anatomy. A representative image
of a transparent, 6 dpf larvae captured with brightfield microscopy.
Organs and anatomical features are denoted in the figure. SB: swim
bladder. Scale bar is 1 mm.

recent generation of transparent adult zebrafish such as
the Casper line adds new imaging possibilities [7]. The
transparency of zebrafish, in conjunction with sophisticated
utilization of fluorescent technology to mark signaling
proteins or cellular entities, allows for powerful time-lapse
imaging of biological and disease processes. Additionally, the
vertebrate zebrafish has many features commonly found in
mammals, including an innate immune system composed
of neutrophils, NK cells, and monocyte/macrophages with
functionality by 48 hours post fertilization (hpf) [8, 9] and
an adaptive immune system that is fully functional at 4–6
weeks post fertilization [10]. The adaptive immune system is
highly analogous to that of mammals, with T cells and B cells
that have Rag-dependent V(D)J recombination (reviewed
extensively in [9]). Finally, the zebrafish research community
benefits from an up-to-date database of techniques, genetic
strains, and other useful resources at http://zfin.org/.

In this paper, we focus our discussion on larval and adult
zebrafish models that recapitulate human diseases, focusing
on four separate branches of pathology: wound heal-
ing/restitution, gastrointestinal disease, microbe-host inter-
actions, and genetic diseases and drug screens.

2. Wound Healing/Restitution

Wound healing represents a critical biological response of
injured tissues and organs. Events causing epithelial injury
and barrier breakdown initiate a biological response known
as “restitution”, which is aimed at resealing the damaged
region and reestablishing host homeostasis. This “wound
healing” response involves migration of epithelial cells
toward the injured regions as well as epithelial cell prolifer-
ation to replenish the cell pool. Understanding the cellular
and molecular mechanisms regulating this response could
have profound translational impact for patients suffering
from chronic inflammation, ischemia/hypoxia, burn injury,
and cancer. The powerful imaging modalities available to
zebrafish researchers alongside their ease of genetic manip-
ulation make this vertebrate system an ideal model for
studying wound healing response to various injuries [11].
Additionally, the ability of zebrafish to regenerate both limbs
and cardiac tissue [12] makes them a powerful animal model
for understanding the molecular mechanisms involved in
regenerative signaling.

The most popular zebrafish injury model is the larval
tail wounding model, where a segment of the tail fin is
resected. Using this injury model with transgenic zebrafish
expressing EGFP under the transcriptional controlled of
the neutrophil-specific myeloperoxidase (MPO) promoter—
Tg(BACmpx:GFP)i114—investigators studied real-time neu-
trophil chemotaxis to the site of injury [13]. In this study,
they observed retrograde chemotaxis of neutrophils toward
the vasculature alongside where injury resolution was ob-
served, suggesting for the first time that retrograde chemo-
taxis may play an important role in the resolution phase of
the inflammatory response [13]. To determine the function
of the reactive oxygen species H2O2 in the wound healing
response, investigators injected mRNA encoding for the
hydrogen peroxide sensor HyPer to one-cell stage developing
zebrafish embryos [14]. Upon tail wounding of 3 dpf larvae,
the HyPer sensor demonstrated increased H2O2 production
along a gradient decreasing away from the wound site,
which signaled leukocyte chemotaxis to the injured location
[11]. Using pharmacological and morpholino blockade,
the authors showed that generation of the H2O2 gradient
is dependent on the activity of the dual oxidase (duox)
gene. This HyPer reporter system has also been utilized in
the study of neuronal regeneration, an important area of
study for the treatment of many human diseases. H2O2

produced by injured keratinocytes was shown to induce
somatosensory axonal regeneration in zebrafish. Similar to
the tail fin wounding model, neuronal regeneration required
activation of duox [15]. Moreover, H2O2 administration
promoted axonal regeneration following neuronal injury,
even without accompanying keratinocyte injury [15]. These
results expand the understanding of posttraumatic nerve
injury and subsequent loss of limb function in humans.
The healing-enhancing properties of H2O2 have since been
extended to studies in both rabbits [16] and horses [17] as
well as one reported case study in a human patient [18].

Beyond cutaneous wounds, zebrafish have been used for
the ability to regenerate cardiac tissue. Unlike mammals,
which form scars and do not regenerate cardiac tissue follow-
ing injury, zebrafish are able to fully regenerate their heart
within 2 months after 20% ventricular resection [19]. This
ability for zebrafish to overcome scar formation requires acti-
vation of Mps1, a mitotic checkpoint kinase [19]. Addition-
ally, cardiac regeneration involves upregulation of wound
healing genes and proliferative factors including apoeb, vegcf,
and granulina (all of which have human analogs) and likely
activation of platelet-derived growth factor B signaling [20].
Cardiac regeneration studies in zebrafish could produce
novel paradigms and identify unique pathways/targets with
profound translational impact for patients suffering from
ischemic heart disease.

3. Gastrointestinal Diseases

The zebrafish gastrointestinal system is highly homologous
to that of mammals, containing a liver, pancreas, gall bladder,
and a linearly segmented intestinal track with absorptive
and secretory functions [21, 22]. The intestinal epithe-
lium displays proximal-distal functional specification and
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Table 1: Zebrafish gastrointestinal models of pathology.

Model Mechanism of pathology Human relevancy/key features Key references

Pan-GI neoplasias Heterozygotic APC mutation
APC mutations drive spontaneous
and genetic intestinal
adenocarcinomas.

Haramis et al., 2006 [24]

Hepatocellular carcinoma
Thioacetamide ±
HCV-core-protein-zebrafish

Human genetic overlap. Rising
prevalence of HCV-driven HCC in
humans.

Lam and Gong, 2006 [25]
Rekha et al., 2008 [26]

Pancreatic cancer Transgenic ptf1a-KRAS zebrafish

Recapitulates hedgehog signaling
aberrations found in humans.
Elucidates a potential cellular origin
for pancreatic cancers.

Park et al., 2008 [27]

Inflammatory bowel disease
TNBS in the media of zebrafish
larvae

Model inflammatory and goblet
cell hypertrophy. Responds to
bacterial status and IBD
medications.

Flemming et al., 2010 [28]
Oehlers et al., 2011 [29]

Inflammatory bowel disease
Oxazolone enema in adult
zebrafish

Goblet cell depletion and eosinophil
infiltration. Responds to antibiotic
therapy.

Brugman et al., 2009 [30]

NAFLD

Mutation in a novel gene:
foigrhi1532b.
Alternative model involves
chemical induction with
thioacetamide

Large lipid filled hepatocytes and
cellular apoptosis; pathology linked
to ER stress responses. Alternative
model generates a fatty liver and
hepatocyte apoptosis.

Cinaroglu et al., 2011 [31]
Amali et al., 2006 [32]
(alternative model)

Alcoholic liver disease
2% ethanol to the water of 4 dpf
zebrafish for 32 days

Hepatomegaly and steatosis, with
upregulation of genes involved in
toxic alcohol metabolism. Model is
sensitive to sterol regulatory
binding protein, important in
human disease.

Passeri et al., 2009 [33]

Abbreviations: GI: gastrointestinal; APC: adenomatous polyposis coli; HCV: hepatitis C virus; TNBS: 2,4,6-trinitrobenzene sulfonic acid; IBD: inflammatory
bowel diseases; NAFLD: nonalcoholic fatty liver disease; ER: endoplasmic reticulum.

contains many of same epithelial cell lineages found in
mammals including absorptive enterocytes, goblet cells, and
enteroendocrine cells [21, 22]. Enterocytes have a basolateral
nuclei and form tight junctions, apical microvilli, and an
intestinal brush border [23]. In the last decade, numer-
ous gastrointestinal pathologies have been modeled in the
zebrafish, as summarized in Table 1.

Interestingly, a forward genetic mutagenesis screen (N-
ethyl-N-nitrosourea (ENU), see section five) generated ze-
brafish mutants that develop spontaneous intestinal, pan-
creatic, and hepatic neoplasias [24]. These mutants were
later found to be heterozygotic for a truncated form of
APC, thereby leading to accumulation of nuclear β-cate-
nin and increased expression of downstream genes such
as cmyc and axin2 [24]. Adding the carcinogen 7, 12-
dimethylbenz[a]anthracene to these mutant zebrafish in-
creases the frequency of tumor development. Since germ-
line-truncated APC mutations in both humans [34, 35] and
mice [36] result in the spontaneous development of a large
numbers of intestinal polyps, the APC zebrafish model could
be useful in genetic, drug screening, and toxicology studies.

There are roughly 24,000 new cases of hepatocellular
carcinoma (HCC) annually in the United States, resulting
in over 18,000 deaths per year [37]. Worldwide, the disease

incidence can be as much as 30-fold higher due to the
increased prevalence of hepatitis infections [38]; globally
estimated 564,000 new cases occur per year, accounting for
5.6% of all human cancers [38], and resulting in similar rates
of mortality as seen in the USA [38]. Oncogenomic profiling
of liver tumors showed a significant overlap between human
and zebrafish in 132 genes [25]. These genes included those
involved in β-catenin and Ras-MAPK signaling pathways
as well as genes implicated in cellular adhesion, apoptosis,
and liver-specific metabolism found in both organisms [25].
HCC can be induced in zebrafish with the liver toxin
thioacetamide, resulting in HCC-related pathology within 12
weeks of exposure. The timeline of thioacetamide-induced
HCC could be significantly accelerated (6 versus 12 weeks) by
using transgenic fish expressing the hepatitis C virus (HCV)
core protein (HCP-transgenic fish) [26]. The increasing
prevalence of HCC in humans has been attributed to the rise
of HCV infection [39], in particular through the oncogenic
action of the HCV core protein [40], making this model
particularly relevant to human disease.

Pancreatic cancer represents the fourth most common
cause of cancer-related mortality in the western world, likely
due to limited diagnostic tools and inability to survey the
disease. Exocrine pancreatic cells are responsible for more
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than 95% of pancreatic cancer [37]. The cell population in
the pancreas that gives rise to human exocrine pancreatic
cancer remains unknown and investigators have turned to
zebrafish models to investigate this important question.
Transgenic zebrafish were generated using a bacterial arti-
ficial chromosome (BAC) approach that expressed EGFP-
KRAS fusion protein under the control of the zebrafish
pancreatic locus ptf1a (Tg(pft1a:EGFP-Hsa.KRASG12V )jh7
[27]. Using these fish, investigators found that while normal
pancreatic cell progenitors differentiated normally, KRAS-
transgenic fish had blocked cellular differentiation, produc-
ing a pool of undifferentiated progenitors that progressed to
invasive pancreatic cancer over a course of 3 to 9 months.
These cancer cells also had increased expression of multiple
hedgehog genes (shh, dhh, ihha, ihhb) as well as the down-
stream hedgehog targets Ptc2, ptc1, and gli1. This aberrant
signaling pattern seen in these pancreatic tumor cells was
also typical of human pancreatic cancer [27]. This zebrafish
model established for the first time that oncogenic exocrine
pancreatic progenitor cells could be the cellular origin for
pancreatic cancer.

Outside of cancer models, one area of gastrointestinal
disease that has received significant attention in recent years
is the development of zebrafish models of Inflammatory
Bowel Disease (IBD). In humans, IBD is the result of dysreg-
ulated interactions between a genetically susceptible host and
their commensal gut microbiota [41–43]. IBD is primarily a
disease of the Western world; it affects 1.4 million Americans
and there is no cure for the disease [44]. Outside of North
America, similar disease burdens are seen in Europe but are
∼3-fold lower in Asia and the Middle East, with the exception
of Japan [45]. Pharmacological treatment centers around the
use of anti-inflammatories and immunosuppressants, and
surgical management of the disease is also possible though
not always curative [46]. Numerous chemicals and genetic
approaches are currently used by the IBD research commu-
nity to study this pathology. These models mimic various
aspects of the disease, such as disrupted barrier function
and impaired innate and adaptive immune responses [47,
48]. Among the chemical models, the hapten oxazolone has
been used for studies of acute intestinal inflammation. This
murine model consists of rectal administration of a single
dose of oxazolone dissolved in ethanol, resulting in an acute
colitis lasting up to 10 days, with peak inflammation at 2 days
post administration in mice [49]. The model is characterized
by a strong Th2-dependent immune response that can be
abrogated by IL-4 neutralizing antibodies and has similar
characteristics to human ulcerative colitis [48].

Investigators have tried to adapt the hapten oxazolone
model of colitis to adult zebrafish. Brugman et al. showed
intestinal epithelial damage and goblet cell depletion in
oxazolone-treated fish within 5 hours of treatment, which
lasts for up to 7 days [30]. This was accompanied by eos-
inophil infiltration into the intestine with increased il1b, tnf,
and il10 gene production compared to untreated zebrafish.
The inflammatory phenotype was reduced by the adminis-
tration of the gram-positive-specific antibiotic vancomycin,
suggesting a role for commensal bacteria in the inflammatory
process of this model. The main constraint of this model

is the need to use adult, nontransparent zebrafish which
severely limits imaging capability. In addition, the need to
rectally administer each individual zebrafish with oxazolone
represents a technical challenge.

The hapten 2,4,6-trinitrobenzene sulfonic acid (TNBS) is
another popular mammalian model of colitis characterized
by a Th1-driven immune response [48] that is used for the
study of both acute and chronic intestinal inflammation. In
the acute model, TNBS is dissolved in ethanol and rectally
administered in a single dose, while the chronic model can
have multiple administrations weekly over a period of
months [50]. The ethanol is responsible for disrupting the
intestinal barrier while the TNBS serves to activate the
immune system [48]. Two research groups have developed
a larval model of colitis by exposing 3 dpf zebrafish for 3–
5 days to TNBS in the fish media [28, 29]. Using the MPO
reporter strain (Tg(BACmpx:GFP)i114) these investigators
noticed neutrophil infiltration throughout the zebrafish [13],
gut-specific increases in il1b expression, altered intestinal
lipid metabolism, goblet cell hypertrophy, and intestinal
shortening. This larval TNBS model presents several advan-
tages, including a dose-dependent phenotype, a sensitivity to
antibiotics treatment, and a response to anti-inflammatory
agents (5-ASA and prednisolone) widely used to treat human
IBD [29]. However, the intestinal histopathologies are poorly
characterized in this model. In addition, the inflammatory
component appears mostly to be nonintestine specific. Fur-
thermore, no intestinal epithelial cell damage is observed
histologically [29], suggesting a lack of significant intestinal
injury. Finally, it is unclear how a hapten could cause an
inflammatory reaction in larvae missing a functional adapt-
ive immune system.

We have recently established a model of epithelial injury
in zebrafish using the NSAID glafenine [51]. Administration
of glafenine to 5 dpf zebrafish for 12 hours results in a
dramatic increase in intestinal epithelial cell apoptosis. This
intestinal-specific apoptotic response is mediated by induc-
tion of endoplasmic reticulum (ER) stress and is accompa-
nied by attenuation of the unfolded protein response (UPR)
coupled to an improper activation of downstream UPR
mediators such atf6 and s-xbp1. Interestingly, loss of XBP1 in
IECs results in the development of spontaneous enterocolitis
in mice [52] and polymorphisms of this gene are associated
with human IBD [53].

Chronic liver disease is responsible for over 25,000 deaths
annually in the United States and represents the tenth
leading cause of death, with a prevalence of over 5.5 million
patients in 1998 [54] and that has since been estimated to
affect up to 30% of the US population [55]. In the UK,
the picture is grimmer, as it is the fifth leading cause of
death [56]. Nonalcoholic fatty liver disease (NAFLD) is a
highly prevalent form of severe chronic liver disease, affecting
3% of all adults in America [57]. It also has significant
associated mortality, with a 5-year survival of 67% and 10-
year survival of 59% [57]. Additionally, up to one-third
of all Americans have some level of NAFLD [56]. Outside
of the USA, where obesity is less prevalent, rates are also
increasing. In Italy, which is traditionally considered low
risk, an incidence of NAFLD of 20–25% of the population
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has been recently been reported [56]. In China and Japan,
the disease incidence has been reported at 15% and 14%
of the population, respectively [56]. There is no identifiable
cause of NAFLD, but the pathology is linked to obesity,
diabetes, and hyperlipidemia. Treatment involves managing
these complex etiologies, and pharmacological therapies spe-
cific for NAFLD are not available for these patients [57].
Consequently, significant work has been invested to develop
reliable zebrafish larvae models of liver pathology that could
be easily utilized for drug targeting and screening.

The most characterized zebrafish model of NAFLD
involved a forward genetic screen using viral insertion and
screening for hepatomegaly. In the case of the NAFLD model,
a 172 bp gene trap cassette was found to be inserted in the
intron between exons 11 and 12 of the recently discovered
zebrafish gene foie gras (foigr) [58], which results in a
frame shift mutation, and generation of a stop codon. This
mutation (foigrhi1532b) results in the development of steatosis
(fatty liver disease) resembling human NAFLD, characterized
by large lipid filled hepatocytes and cellular apoptosis in
larvae as young as 5 dpf [58]. However, the exact function of
this gene, which is highly conserved across species including
humans, is not yet determined. Further studies with the foigr
mutant have shown that the apoptosis observed involves
increased ER stress and is regulated in part through the
UPR gene atf6. Morpholino blockade of atf6 ameliorates liver
injury during chronic ER stress in the foigr mutants [31].
However, atf6 blockade potentiates steatosis during acute
ER stress induced by the toxin tunicamycin [31], suggesting
that atf6 may have variable effects in different phases
(acute/chronic) of liver injury. Hepatic steatosis has also
been induced in zebrafish larvae using thioacetamide [32].
Investigators have showed that administration of 0.025%
thioacetamide into the fish media at 3 dpf resulted in liver
damage by 5 dpf, characterized by increased accumulation
of fatty droplets, hepatocyte apoptosis, and upregulation
of apoptotic genes such as bad, bax, p-38a, caspase-3 and
8, and jnk-1. Overall, the availability of NAFLD zebrafish
models is burgeoning, and they are poised to be screened
for pharmacological compounds that could for the first time
effectively treat this disease.

Alcoholic fatty liver disease (ALD) is estimated to be
involved in over 50% of all deaths due to liver failure second-
ary to liver cirrhosis, but accurate estimates for prevalence
are unavailable [54]. Binge drinking leads to transient fatty
liver disease, but chronic alcohol consumption can lead to
fibrosis, cirrhosis, and steatohepatitis [59]. An ALD model
has also been developed in zebrafish with administration
of 2% ethanol to the water of 4 dpf zebrafish for 32
days. This regimen results in hepatomegaly and steatosis,
alongside upregulation of hepatic cyp2e1, sod, and bip
gene expression—indicating hepatotoxic metabolism of the
ethanol [33]. Importantly, ethanol-induced steatosis was
prevented by morpholino blockade of the sterol regula-
tory binding protein (Srebps). Because Srebps activation is
important in chronic alcoholic liver disease [33] in humans,
the zebrafish ALD model could be utilized to identify
new therapeutic mechanisms and to screen for therapeutic
agents.

4. Microbe-Host Interactions

The ability to generate germ-free and gnotobiotic zebrafish
[60] has led to an increasing interest in understanding cellu-
lar and molecular mechanisms of microbial-host interactions
using zebrafish. Microbial-host interactions have received
significant interested in recent years and have been impli-
cated in a wide variety of human diseases, including CRC
[61], IBD [42, 43], obesity and diabetes [62], intestinal heal-
ing [63], irritable bowel syndrome [64], and inflammatory
nociception [65]. Zebrafish are host to gram-positive and
gram-negative bacteria, mycobacteria, protozoa, and viruses
[66], also allowing for their use as a model for infectious
diseases. In most cases, microorganisms associated with these
pathologies are not intrinsically pathogenic but are rather
part of the normal, commensal biota. The organ exposed to
the highest amount of microorganisms in the human body is
the gastrointestinal (GI) tract, especially the distal ileum and
colon. Because of the high prevalence of bacteria and bacte-
rial products in the GI tract, investigators have studied mech-
anisms controlling homeostasis in the face of such highly
antigenic materials. The zebrafish GI tract also harbors the
highest concentration of bacteria and as such represents an
interesting model to study bacterial/host interactions.

Bacteria and their associated products such as DNA,
RNA, and membrane structures (peptidoglycans, LPS—
lipopolysaccharide) are typically detected by a series of innate
sensors that are evolutionary conserved. A survey of the
zebrafish genome has identified numerous innate sensors
from the TLR and the Nod-like receptor family as well as
their associated signaling pathways [67]. An almost complete
set of TLRs (TLR1-5, 7-9, 21 [68]) exist in zebrafish, as do the
intracellular sensors Nod1 and Nod2 [69]. Associated innate
signaling proteins have also been identified in zebrafish such
as myeloid differentiation primary response gene (MyD88)
[68, 70], TIR domain-containing adaptor inducing IFN-β
(TRIF) [71], and NF-κB [72, 73].

The most studied bacterial product is arguably the gram-
negative-derived LPS. In mammals, LPS is detected by TLR4,
in association with the coreceptors MD2 and CD-14 [74].
Once engaged, TLR4 recruits the adapter protein Myd88
or TRIF to propagate the signal to NF-κB [75] and the
interferon responsive factor (IRF) 3, respectively [76]. This
signaling cascade plays a critical role in host response to
microbes and microbial products. As in humans, high doses
of LPS are toxic to zebrafish [77]. Studies using commensal
and germ-free zebrafish established that intestinal alkaline
phosphatase (iap), known to detoxify the endotoxic lipid
moiety A of LPS in mammals, is induced following micro-
bial colonization [77]. Knockout of iap resulted in exces-
sive intestinal neutrophil infiltration, a process involving
functional myd88 and tnfr as determined by morpholino
blockade [77].

Another important TLR system is TLR5, which detects
flagellin and activates various signaling pathways including
NF-κB [74]. Similarly to mammals, zebrafish detect flagellin
(Salmonella derived in these experiments) to induce multiple
matrix metalloproteinase genes as well as the inflammatory
markers il1b, il8, ifn, and cxcl-C1c [78]. Morpholino blockade
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showed that flagellin-induced Il1b and metalloproteinase 9
(mmp9) were myd88 dependent whereas ifn and il8 were
activated through another signaling system [78].

The functions of some of these TLR downstream
signaling adaptors have also been studied in zebrafish. Both
red and green transgenic Myd88 reporter strains such as
Tg(myd88:EGFP)z163 and Tg(myd88-DsRED2)z164 have
been developed [70]. These strains have been crossed to both
macrophage (Tg(lyz:DsRED2)nz50 [79]) and neutrophil
(Tg(BACmpx:GFP)i114 [13]) reporter strains to monitor
myd88 signaling. Studies with these dual-reporter fish
demonstrated that MyD88 colocalized with both macro-
phages and neutrophils and that these myd88-expressing
leukocytes migrated to wound sites and were involved in
bacterial phagocytosis [70].

Another downstream mediator of LPS signaling, acting
independently of MyD88, is TRIF. While zebrafish TRIF
shares only 32% homology with the human protein, like in
mammalian systems it can induce IFN and NF-κB luciferase-
reporter responses as seen using an overexpression system in
human HEK293T cells [71]. Interestingly TRIF-dependent
gene induction through the TLR4 pathway was found
to be nonfunctional in experiments with adult zebrafish
stimulated with LPS [71]; however, this is to be expected
given that zebrafish TLR4 paralogues (tlr4a and tlr4b) do not
recognize LPS [80, 81].

Outside of the TLRs, the intracellular sensors Nod1
and Nod2 are critical innate signaling systems in mammals.
Importantly, Nod2 was the first innate signaling molecule to
be genetically linked to Crohn’s disease susceptibility [82].
The exact protective role of Nod proteins in mammals is not
fully understood but defective bacterial killing appears to be
an important factor [82–84]. Both nod1 and nod2 genes are
expressed in IECs and neutrophils of zebrafish. Functional
studies using morpholino blockade showed that Nod2 plays
an important role in setting host antimicrobial properties
[69]. Interestingly, Nod1 or Nod2 depletion resulted in
increased susceptibility to Salmonella infection in a zebrafish
embryonic infection model [69]. This study suggests that the
antimicrobial properties of Nod2 are conserved in zebrafish.

As mentioned previously, NF-κB signaling is an impor-
tant effector pathway downstream of numerous innate
sensor systems [85]. Colonization of germ-free NF-κB; EGFP
reporter zebrafish Tg(NFkB:EGFP)nc1 with a commensal
microbiota induced NF-κB activation and expression of NF-
κB target genes including complement factor b (cfb) and serum
amyloid a (saa) in intestinal as well as in extraintestinal
tissues of the GI tract [86]. Activation of NF-κB signaling
in zebrafish indicates an important role of this transcription
factor in maintaining host homeostasis that is conserved
across species. The ability to longitudinally study NF-κB
activation in a cell-type specific fashion in response to
various microbial stimuli makes the zebrafish a powerful sys-
tem to decipher complex host-microbe interaction. Overall,
the recent development of the aforementioned technologies
makes the study of microbial-host interactions in zebrafish a
burgeoning area of research.

Response to infection is another area of microbial-
host interaction that has received significant attention in

zebrafish. The most studied and prominent zebrafish infec-
tious model is the M. marinum model, which is highly
analogous to the human infectious agent M. tuberculosis,
the etiologic agent for Tuberculosis (TB). TB is a growing
epidemic worldwide, with over 83 million cases reported
between 1990 and 1999, resulting in over 3 million deaths
annually [87]. Many strains of the infectious bacteria are
becoming drug resistant, resulting in an increase in global
disease burden, including in the Unites States [88]. Finding
new drugs to combat the ongoing threat of TB is conse-
quently essential, as the disease can no longer be contained
with current medications [89]. Coincubation of M. marinum
with 5 hpf embryos results in the formation of macrophage-
driven granulomas within 5 dpf [90], a hallmark of TB
pathology. In vivo imaging and macrophage depletion
showed that granulomas, traditionally thought to be a host-
protective mechanism, may in fact be a source of early TB
tissue dissemination by passing M. marinum into uninfected
macrophages during phagocytosis [91, 92]. Consequently,
this system has provided novel insights into the pathological
mechanisms of TB infection and its interactions with the host
immune system and is poised to be used as a drug screen to
identify novel anti-TB compounds.

Other pathogens have also been studied in zebrafish.
These include S. aureus, S. pyogenes, and S. typhimurium.
These and other infectious models in zebrafish have recently
been reviewed in detail by Meeker and Trede [9]. Although
very informative, these studies were not performed using a
natural route of infection but rather by using direct delivery
(injection) into embryos at various developmental stages.
However, oral gavage technology in larvae would likely
improve the physiological relevance of infectious models per-
form in zebrafish. Another limitation of zebrafish infection
models is the difference in host temperature; zebrafish and
their natural pathogens exist at a temperature of 28◦C, while
many human-relevant pathogens are only infectious at 37◦C
[9]. Finally, there is some evolutionary divergence in TLR
signaling that must be taken into account when working
with this organism. Specifically, in contrast to mammals, LPS
is not sensed by zebrafish TLR4 and the sensor negatively
regulates MyD88 signaling [80]. Despite these limitations,
zebrafish remain a powerful tool for studying microbe-host
interactions [67].

5. Genetic Diseases and Drug Screens

Because of their high fecundity, transparency, and ease
of imaging, zebrafish are particularly well suited for
genetic screening approaches. Forward and reverse genetic
approaches can be undertaken to generate new zebrafish
phenotypes and identify new genes of interest with potential
relevance to human disease phenotypes. Zebrafish disease
models can also be screened in a cost- and time-effective
manner to discover disease-suppressing compounds. Using
a whole organism is a particularly appealing aspect of
zebrafish-based screens, since complex cell-cell and organ-
organ interactions are kept intact.

There are two main approaches to forward-genetic
screens in zebrafish that have been undertaken thus far. The
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first involves exposing males to the mutagen ethylnitrosourea
(ENU) and then screening for a phenotype [93, 94] shared
by all mutants, such as renal cysts or heart failure. ENU
is an alkylating agent that typically induces A→T base
transversions. Zebrafish are relatively resistant to the ENU
toxic side effects, allowing for higher dosages and thus
increased rates of mutation [95]. An alternative mutagenesis
approach employs random retroviral insertion [96, 97].
While this retroviral method is only one-ninth as efficient at
generating a mutation as the ENU approach, it circumvents
the need for positional cloning by tagging each insertion
event, saving significant screening effort once a phenotype
is found.

Duchenne muscular dystrophy (DMD) affects 1 in 3500
males and causes progressive muscle degeneration that can
lead to death. DMD is the result of mutations in the sarcolem-
mal protein dystrophin located on the X-chromosome [98].
During an ENU screen of zebrafish [94], a mutation referred
to as sapje [99] was discovered. This mutation was later found
to be located in the zebrafish Duchenne muscular dystrophy
(dmd) gene and causes progressive muscular degeneration
in zebrafish larvae [100]. Electron microscopy showed that
muscular degeneration was the result of failure to form
proper muscle attachments at the myotendinous junction.
This pathological mechanism was hypothesized to occur in
mammals but was lacking concrete evidence, making the
zebrafish a novel system for studying the pathophysiology of
this devastating disease.

The most common form of heritable polycystic kidney
disease (PKD) is autosomal dominant PKD. This disease
affects more than 1 in 1000 live births and approximately
10% of patients with PKD will require kidney transplant
due to renal failure [101]. PKD has been linked to defects
in primary cilia formation and function in humans [101].
This disease has also been successfully modeled in zebrafish
by using retroviral insertion mutagenesis and screening for
cystic kidneys in 5 dpf larvae [102]. The screen discovered
12 genes whose loss formed cysts in the glomerular-tubular
region, including two already associated with human disease
(vhnf1 and pkd2), demonstrating genetic and phenotypic
homology between humans and zebrafish. Three of the
10 remaining genes are homologues of Chlamydomonas (a
genus of green algae) genes, which encode components of
intraflagellar transport particles involved in cilia formation
[102], but have yet to be analyzed in human PKD patients.
The other 7 genes discovered provide completely novel
targets for studying the underlying genetics and mechanisms
of PKD, as many of the genes that can result in PKD remain
unidentified in humans [101].

Dilated cardiomyopathy (DCM) is the cause of at least
half of the 5.8 million heart failure cases in the USA, typically
resulting from prior heart damage due to a myocardial
infarction or an infection [103]. Worldwide, DCM is the
leading indicator for heart transplant [104], with incidences
to be as high as 9.6 per 100,000 person-years in Europe
[104] and China [105]. DCM results in poor heart function
that eventually leads to death [103]. ENU zebrafish screens
discovered numerous fish with cardiac abnormalities [93,
106, 107]. Two of these mutants, sih and pickwickm171, were

found to have dilated hearts with thin walls and defective
contractility [108, 109]. Further analysis showed that the sih
(silent heart) mutants had a mutation in cardiac troponin T
gene [108], while the pickwickm171 mutants had a mutation
in the titin gene [109]. Since both of these genes are known
to be important in human DCM, these mutants zebrafish
represent interesting and complementary models to study
this pathology.

All of the aforementioned models demonstrate that
forward genetic screens in zebrafish can generate specific
phenotypes that are highly homologous to human diseases.
Further analysis of these mutants almost invariability leads
to the identification of a gene with high homology and
relevance to corresponding human disease.

Targeted, reverse genetic approaches are also quite suc-
cessful in generating models of disease, especially if a homo-
log exists between the human gene(s) driving the disease and
the zebrafish. One disease that has recently been modeled
in zebrafish using a reverse-genetic approach is Hutchinson-
Gilford progeria syndrome (HGPS), a rare (1 : 4,000,000 peo-
ple) premature senescence syndrome that generally results
from sporadic mutations that disrupts conversion of prel-
amin A to mature lamin A [110]. HGPS patients have
markedly aberrant development characterized by lipodys-
trophy, osteolysis that is most pronounced in the cranium,
and coronary dysfunction [110]. The mean life expectancy
for patients with HGPS is less than 13 years. In zebrafish,
investigators were able to use a combination of directed
loss of function mutations and morpholino knockdowns
of prelamin and progerin to generate zebrafish that were
able to live to adulthood (though with shortened lifespans).
These fish had both phenotypic and molecular signs of
early senescence, including lipodystrophy, aberrant muscu-
lature and craniofacial skeletal structure, increased cellular
apoptosis, and cell-cycle arrest [111]. These phenotypic
manifestations align remarkably well with those seen in
human HGPS, demonstrating a proof of concept for reverse
genetic approaches to developing zebrafish models of human
diseases.

Some of the mutants generated during forward-genetic
screens have been subsequently subjected to drug screening
methodologies. The ability to rapidly and easily image
large numbers of developing zebrafish makes them highly
tractable as a preclinical system for drug screens [112]. A pro-
totypical example of drug screening in mutant zebrafish dis-
covered with the ENU forward-genetic approaches involves
the gridlock (grl) mutant. The grl mutant lacks blood flow
to the posterior trunk and tail due to a localized block in
caudal blood flow at the base of the dorsal aorta [113].
This model has many characteristics similar to the human
congenital disease coarctation of the aorta, making it of
significant clinical interest. Coarctation of the aorta involves
narrowing of the aorta that affects 1 in 2,500 live births [114].
It is the fifth most common form of congenital heart defect,
and without surgical treatment the mean age of survival is
only 31 years of age [114]. Surgical intervention can prevent
early death, but significant morbidity, usually in the form
of hypertension, can persist and results in decreased life
expectancy [114]. Unfortunately, no clear etiology of the
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disease exists, and the grl model in zebrafish is the best
animal model currently in existence for the study of this
disease [114].

The grl zebrafish has a hypomorphic mutation in the
hey2 gene, a basic helix-loop-helix protein involved in aortic
development [115]. Gene titration studies using morpholino
technology demonstrated that dose-dependent loss of this
gene results in ablation of progressively larger sections of the
aorta and expansion of the contiguous region of vein [116].
A pharmacological screen, assessing restoration of blood
flood and survival of larvae using bright-field microscopy,
found that two structurally related compounds (GS3999
and GS4012, unknown targets) promoted activation of the
vascular endothelial growth factor (VEGF) pathway and
were able to rescue the phenotype [117]. Another unre-
lated screen found that phosphoinositide-3-kinase (PI3K)
inhibitors were also able to rescue the phenotype by driving
VEGF activation [118]. This included the uncharacterized
flavone GS4898, a structurally similar compound to the PI3K
inhibitor LY294002, and the PI3K inhibitor wortmannin.
This work also demonstrated for the first time that ERK sig-
naling in embryos drives aortic differentiation, while activa-
tion of PI3K signaling produces a venous fate. These findings
have since been recapitulated in a murine system and have
provided new insights into arterial morphogenesis [119] as
well as generated some of the first insights into the underly-
ing mechanisms behind coarctation of the aorta in humans.

A pair of robust screens has also been performed to eval-
uate compounds known to induce prolonged QT intervals in
humans in the hopes of developing a preclinical cardiac toxi-
city screen. Cardiac QT elongation, which can cause the fatal
heart arrhythmia known as Torsade de Pointes, is required
to be evaluated in clinical drug trials [120] and thus these
screens are of great clinical importance. Two such screens to
evaluate bradycardia, atrioventricular blockade and arrhyth-
mias in zebrafish have been performed thus far [121, 122].
In the first study 100 biologically active compounds were
screened and 18 of the 23 that caused arrhythmias in humans
were also positive in the zebrafish, while postscreen analysis
showed that poor absorption explained 4 out of 5 of the
false-negatives [122]. Additionally, the combination of ery-
thromycin and cisapride was also positive during screening
while each drug alone was not, recapitulating a known
drug-drug interaction that causes arrhythmias in humans.
Consequently, the zebrafish hold significant promise to be
used as a screen to evaluate new drugs for their potential to
generate this serious and often fatal side effect.

6. Overall Limitations

The use of zebrafish as a model organism for studying human
disease is a relatively new and emerging field of research.
Consequently, the number of available zebrafish strains
and facilities that house zebrafish is much smaller than
for well-developed model higher vertebrate organisms such
as the mouse. Additionally, very few validated zebrafish
reagents such as antibodies and cell lines are available to the
research community. This significantly curtails the in-depth

investigation of molecular and cellular details implicated in a
given phenotypes.

Zebrafish also have numerous duplicate genes [123],
which significantly complicate generation of knockout
strains using either forward or reverse-genetic approaches.
Forward-genetic approaches that disrupt one gene copy
likely will not disrupt the second copy, and duplicate genes
also make targeted knockout strategies more difficult as both
copies must be deleted. Additionally, while the zebrafish
genome has been fully sequenced, the annotation is still
limited and more of a work in progress. Furthermore com-
parative genomic analyses between zebrafish and the human
or murine genome counterparts have yet to be performed.

Zebrafish also have environmental conditions that differ
substantially from humans. They must be raised in water
with specific ionic concentrations and temperature (28◦C).
Consequently, some water-insoluble small molecules cannot
be administered to zebrafish because carrier solvents (such as
EtOH or DMSO) would reach toxic levels before solubility is
achieved. Additionally, since drugs are administered directly
to the fish media, bathing the entire fish in the test compound
can result in nondesired toxic side effects. An example in our
hands was the attempt to use dextran sodium sulfate (DSS)
to induce colitis in larval zebrafish. At concentrations as low
as 0.01% (v/v) the surfactant properties of the DSS choked
the gills of the zebrafish, resulting in their death before an
intestine-specific effect could be observed (Goldsmith and
Jobin, unpublished observation). As discussed in a previous
section, the development of an oral gavage approach could
circumvent this important limitation.

7. Perspectives

Animal models have been used since the inception of medical
research. For most models of human disease, the preferred
and most utilized animal system of human disease is
overwhelmingly the murine system. Despite the tremendous
gain of knowledge provided by using murine experimental
systems, the long gestation time (18–20 days) and sexual
maturation rate (6–8 weeks) combined with high cost
of housing and breeding represent significant limitations.
Furthermore, experiments with mice are labor intensive and
not particularly well suited for high-throughput screening.
These limitations have spurred the need to develop other
model organisms that could be used to provide initial gene
or drug targets information before beginning investigations
in more expensive systems.

Transparent, larval zebrafish models have the potential
to fill this important niche in the study of human disease,
enabling rapid, physiologically relevant in vivo screening.
The transparent nature of zebrafish also allows for real-
time imaging of pathogenesis, which has already provided
key insights into the molecular mechanisms of metastasis
[124–127] and tuberculosis dissemination [90–92]. The
recent advent of the Casper fish promises to extend the
imaging capacity beyond larvae to adult fish, permitting
studies in fish with a functional adaptive immune system.
The zebrafish has already demonstrated profound bench-to-
bedside power, as evidenced by the rapid translation time
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(∼2-years) from the initial reports of the role of H2O2 in
neutrophil chemotaxis during wound healing in zebrafish
[11] to the first utilizations of such knowledge in human
patients [18].

The zebrafish remains a relatively underdeveloped model
organism with large amounts of untapped potential. As more
is understood about the comparative genome, anatomy, and
physiology of zebrafish to that of humans, the relevance and
utility of this vertebrate model will only grow and provide
a powerful complement to the murine system. Two decades
of research has demonstrated the power and relevancy of the
zebrafish in modeling human disease. Its unique properties
make it an ideal in vivo system for initial use in the
interrogation of a given pathology before translating the
observations made in the model organism to more expensive
murine systems.
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Hepatitis C virus (HCV) is a pandemic disease affecting an estimated 180 million individuals worldwide and infecting each year
another ∼3-4 million people making HCV a global public health issue. HCV is the main cause for chronic hepatitis, cirrhosis, and
hepatocellular carcinoma. In the United States, HCV-related chronic liver disease is a leading cause of liver transplantation. Despite
significant improvements in antiviral drugs, only∼50% of treated patients with HCV have viral clearance after treatment. Showing
unique species specificity, HCV has a narrow range of potential hosts infecting only chimpanzees and humans. For decades, the
chimpanzee model has been the only and instrumental primate for studying HCV infection; however, availability, economic,
and ethical issues make the chimpanzee an unsuitable animal model today. Thus, significant research has been devoted to explore
different models that are suitable in studying the biology of the virus and application in the clinical research for developing efficient
and tolerable treatments for patients. This review focuses on experimental models that have been developed to date and their
findings related to HCV.

1. Introduction

Hepatitis C virus (HCV) is a small positive sense single-
stranded RNA virus that causes acute and chronic hepatitis C
in humans [1, 2]. HCV is one of the major causative agents of
liver disease worldwide, with more than 180 million people
infected [2, 3]. It is estimated that 3-4 million people are
newly infected each year [2]. In the United States, hepatitis-
C-related chronic liver disease is a leading cause of liver
transplantation and causes thousands of deaths annually [4].
Although therapeutic options are improving, viral clearance
fails in about 80% of infected patients, resulting in a chronic
viral disease [5]. In 4–20% of patients with chronic hepatitis
C, liver cirrhosis develops within 20 years, with 1–5% of
these patients developing hepatocellular carcinoma (HCC).
Persistent HCV infections are facilitated by the ability of
virus to incorporate adaptive mutations in the host and exist
as genetically distinct quasispecies. Moreover, the persistent

infection may also result from the ability of the virus to
disrupt host defense by blocking phosphorylation and func-
tion of interferon regulatory factor-3 (IRF-3), an antiviral
signaling molecule [6]. Unlike for hepatitis A and B, there
is no vaccine to prevent HCV infection; therefore, current
treatment is a combination therapy of pegylated interferon-
alpha (IFN-α) and ribavirin, which results in sustained
clearance of serum HCV-RNA. However, this treatment is
only efficacious in approximately 50% of patients [7–9].
Several host factors, such as age, stage of liver fibrosis, body
mass index (BMI), liver steatosis, insulin resistance, ethnicity,
and IL28B single nucleotide polymorphisms, as well as viral
genotype, can potentially influence the treatment outcome
[10, 11]. For instance, patients with HCV genotypes 2 and
3 respond more favorably to treatment than patients with
genotype 1 and 4 [12]. Therefore, new antiviral compounds
that are more efficacious and better-tolerated need to be
developed.
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Figure 1: HCV genome and polyprotein cleavage products. A schematic representation of the HCV genome indicating the structural
and nonstructural regions, including the 5′ and 3′ NTRs. The polyprotein cleavage products are drawn within. The cleavage site and the
corresponding protease are indicated (arrows).

One of the biggest challenges in developing and imple-
menting therapy for HCV infection is finding the appropriate
models to examine the translational capability. The focus of
this review emphasizes the biological importance of the virus
and discusses a number of relevant in vitro and in vivo small
animal models that are used for preclinical evaluations prior
to translating to clinical trials in humans.

2. HCV and Its Life Cycle

HCV was originally referred to as non-A non-B Hepatitis
(NANB). In 1989, a major breakthrough in HCV research
was discovered in which the complete sequence of the viral
genome was identified and cloned by Choo and collaborators
[13]. HCV is the only member of the Hepacivirus genus that
belongs to the Flaviviridae family [14, 15]. Structural analysis
of the virus revealed that the genetic material is surrounded
by a protective nucleocapside, composed mainly of the
protein core (C), and further protected by a lipid envelope
[16]. The lipid envelope contains two major glycoproteins,
envelope protein 1 (E1) and E2, that are embedded in the
envelope [17]. The genome consists of a single open-reading
frame (ORF), that is, ∼9,600 nucleotides long, which is
made into a single polyprotein (3,010 or 3,033 amino acids)
product (Figure 1) [18, 19]. The HCV genome is flanked by
two nontranslated regions (NTRs), which are essential in the
replication and synthesis of viral proteins. Viral and cellular
proteases mediate the processing of the polyprotein into
structural (core, E1, E2, and p7) and nonstructural proteins
(NS2, NS3, NS4A, NS4B, NS5A, and NS5B) as illustrated in
Figure 1 [20–22]. The HCV life cycle is entirely cytoplasmic
and replication occurs mainly in hepatocytes, but the virus
may also replicate in peripheral blood mononuclear cells
(PBMCs). The virus enters the host cells through a complex
interaction between virions and cell surface molecules CD81,
LDL receptor, scavenger receptor class B type 1 (SR-B1),
Claudin-1, and Occludin [23–26]. Recent studies by Ray et
al. and Sainz et al. have identified Niemann-Pick C1-like 1
(NPC1L1) cholesterol absorption receptor as a new HCV
entry factor [27, 28]. Once inside the cell, the virus takes
over the intracellular machinery to replicate [29]. Due to

its high-mutation rate caused by the virus’ RNA-dependent
RNA polymerase (NS5B), which lacks 3′-5′ exonuclease
activity [30], HCV is considered a quasispecies composed of
6 genotypes with several subtypes [12]. The eleven genotypes
have differences in geographic distribution, disease progres-
sion, and response to therapy. Genotypes 1, 2, and 3 are
distributed worldwide, with genotypes 1a and 1b accounting
for 60% of global infections. In the United States, genotypes
1a and 2b are more commonly encountered.

3. Development of Animal Models Used to
Study HCV

HCV infects only humans and chimpanzees. Although the
virus was discovered more than 20 years ago using molecular
biological methods and the entire genome of the virus
sequenced, acquiring further knowledge of the virus has
been hampered by the lack of a small animal model. Much
of the understanding of HCV replication has been based
on subgenomic and genomic replicon systems developed
by Bartenschlager and colleagues, described below [31].
Viruses are obligate intracellular parasites that require a
permissive host cell in order to study replication. There-
fore, development of a suitable small animal is critical in
understanding the pathogenesis of the virus, establishing
a relevant translational platform for therapeutic methods,
and developing effective vaccines. The following describes
various models used to study the pathogenicity of HCV and
its applicable progression into in vivo models, which are
summarized in Table 1.

4. Cell-Based or In Vitro Models

Viral infection and propagation requires specific host factors
that are mainly expressed in highly differentiated cells. To
mimic the host factors in an in vitro system, development
of a cell-based model is essential. A number of cell-based
models have been established; however, most of them have
yielded limited success. Poor reproducibility and low levels
of HCV replication mainly contribute to the shortfall of these
models. Furthermore, highly sensitive techniques are needed
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Table 1: In vitro and in vivo models to study HCV.

In Vitro In Vivo

Human fetal Hepatocytes Chimpanzee

Chimpanzee Hepatocytes Tree Shrew (Tupaias sp.)

Human Hepatocytes Chimeric mouse model

Peripheral Blood Mononuclear
Cells (PBMCs)

Humanized mouse model

HepG2

HuH-7

Li23

HEp3B

PH5CH

MOLT-4

MT-2

B-Cell Daudi

for transcript and protein detection. Strand-specific real-
time-polymerase chain reaction (rt-PCR) was used to detect
minus-strand RNA intermediates during HCV replication;
however, due to false priming, this technique is not reliable.
As a result, several other genetic and biological indicators
are refined and employed to show viral replication such as
detection of plus-strand RNA, inhibition of viral replication
using IFN-α or antisense oligonucleotides, transmission of
cell culture grown HCV to naı̈ve cells, detection of viral
antigens by immunofluorescences, and the long-term propa-
gation of HCV [22].

4.1. Primary Cell Lines. Primary cell lines obtained from
humans and chimpanzees have been used to study HCV
infection. Cultivation of HCV in tissue culture was achieved
by Iacovacci et al. in which primary fetal human hepatocytes
were injected with sera isolated from patients with HCV.
Although, these studies demonstrated an increase in copy
number of the minus-strand RNA [32, 33], the total ef-
ficiency after 24 days was low, expressing a maximum of
20,000 copies of RNA in 106 cells. Following a similar strategy
as used by Iacovacci, Lanford et al. demonstrated a rapid
increase in positive-strand RNA from days 1 to 4 and
sustained constant levels of transcripts using primary hep-
atocytes from chimpanzees [34]. Using strand-specific rt-
PCR, the authors detected minus-strand RNA replication
intermediates, which indicate that the virus is undergoing
replication within the hepatocytes. In addition, they showed
that primary liver cells obtained from baboons could not
be used to cultivate the virus. This observation supports the
concept that HCV is quite species selective and has a narrow
range of hosts. In 1999, Rumin et al. developed specific
tissue culture conditions that could support the culturing of
primary human hepatocytes for 4 months, without any
morphogenic changes [35]. Although they were able to detect
increasing levels of RNA during the 3 months of culturing,
the efficiency had many uncontrollable parameters such as
the infectivity of the sera and the quality of the hepatocytes.
In addition to the potential to infect hepatocytes, HCV has

also been shown to replicate in PBMCs, indicating its ability
to replicate in extrahepatic cells [35]. Consistent with this
observation, HCV has been reported to replicate within
PBMCs isolated from chronically infected patients. Cribier et
al. reported detection of viral RNA 28 days after infecting a
mixture of white blood cells (obtained from 10 donors) that
were infected in vitro with high-titer serum [36]. However,
the levels and quality of RNA were similar to those reported
in hepatocytes.

4.2. Nonprimary Cell Lines. The most critical shortfalls in
culturing primary cell lines have been the availability and
the technical challenges associated with culturing these cells
in vitro. As a result, tremendous efforts have been made in
developing a nonprimary cell line that is able to mimic phys-
iological hepatocytes. Although a number of cell lines have
been tested to show persistent replication, the most extensive
studies have been conducted with the non-neoplastic cell
line PH5CH, which was obtained from a human hepatocyte
immortalized with the simian virus 40 large T antigen.
Two important studies by Ikeda et al. and Kato et al. have
shown that HCV plus-strand RNA can be detected more
than 100 days after infection with HCV [37, 38]. In addition,
they determined that only certain variants, variants in the
hypervariable region 1 (HVR1) of the E2 protein, could
infect and replicate in PH5CH cells. More importantly, these
two groups demonstrated that infected PH5CH cells treated
with IFN-α showed significant loss of plus-strand RNA of
the virus; thereby, it can serve as an ideal in vitro platform
to examine potential therapeutic molecules.

In addition to nonneoplastic cell lines, human B- and
T-cell lines have been used as in vitro model to study HCV
infection. Mizutani et al. using the T-cell line MT2 isolated
a clone containing HCV RNA after 200 days postinfection
[39]. Moreover, T- and B-cell lines; HPB-Ma and Daudi,
respectively, have been shown to sustain virus propagation
lasting for more than one year [40]. A study by Shimizu et
al. has demonstrated that supernatant from HCV infected
Daudi cells exhibited remarkable infectious capacity in
chimpanzee [41]. HCV RNA was detected in the chimpanzee
serum after 5 weeks postinfection, however, the levels of
HCV replication in the infected animal were low and
gradually disappeared after 25 weeks postinfection.

5. Transfected Cell Lines

5.1. Cloned HCV Genomes. Generation of clones from the
HCV genome has permitted the genetic analysis of a variety
of different aspects in the HCV life cycle. Introduction of
cloned virus genome is superior to infection using HCV
infected patient serum because the clone is well defined and
can be generated in high quantities. Studies by Dash et al.
and Yoo et al. have shown that transfecting HepG2 and HuH-
7, respectively, with truncated HCV genomes that lacked
the 3′ NTR were able to maintain extended culture infected
with HCV [42, 43]. However, the usage of this truncated
genome contradicts the finding that the 3′ NTR is essential
for replicating in vivo [44, 45]. In addition, this method is not
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useful in infecting chimpanzee with HCV producing cells,
unlike other transfected cell methods.

5.2. Subgenomic Replicons. In 1999, Bartenschlager et al. de-
veloped a system that consisted of subgenomic replicons of
HCV that could replicate autonomously in hepatic cell cul-
tures [31, 46]. To obtain the subgenomic replicons, they
isolated sera from patients infected with HCV and purified
the viral genome. Complementary DNA was synthesized and
amplified; therefore, the final clones selected contained the
complete genome including the 5′ and 3′ NTR, which was
stably expressed in the pCR2.1 expression vector containing
a T7 promoter. The final replicon contained a gene resistant
to neomycin and the region encoding the structural proteins
was eliminated. The structural proteins were removed from
this replicon because it was previously observed that for sev-
eral plus-strand RNA viruses did not require the structural
proteins for RNA replication [47–49]. This replicon was able
to replicate itself within the cell; however, it was not capable
of producing infectious viruses. In addition, this replicon
was able to reproduce in HuH-7 cells with high efficiency
and for an extended period of time [50]. Studies have also
been conducted to determine if certain mutations improve
replication. It was determined that mutations in the NS5a
region and in the NS4b region increase replication more than
1,000 times [51, 52].

Subgenomes of other genotypes of HCV have been
shown to be efficient in maintaining high infectious potential
and long-term in vitro culture, for example, genotype 2a
clone isolated from a Japanese patient with a rare case of
fulminant hepatitis C, designated as JFH-1 (Japanese ful-
minant hepatitis C). The data have indicated the isolate
could replicate in HuH-7 cells without the requirements for
adaptive mutations that were required for previous isolates
[53]. HuH-7 cells infected with cloned JFH-1 genomes pro-
duced viruses (designated as HCVcc for cell culture derived
HCV) that were capable of infecting naı̈ve HuH-7 cells [54].
In addition, the virus particles could be neutralized with a
monoclonal antibody against the viral glycoprotein E2 [55].
The study was the first in vitro experiment that showed the
complete lifecycle of HCV. More importantly, virus obtained
from the cell culture was highly infectious in vivo by readily
infecting chimpanzees [54, 56] as well as immunodeficient
mice with partial human livers (chimeric mice) described
later [56].

In addition to HuH-7 cells supporting propagation of
HCVcc, additional cell lines have been developed. Human
hepatoma Li23-derived cells were found to possess the nec-
essary components required for HCV RNA replication
and persistent production of infectious HCV [57]. Similar
expression levels of HCV entry factors were observed be-
tween Li23- and HuH-7-derived cells, suggesting that certain
factors are necessary for infectivity and propagation of
HCVcc. Recent studies have shown that expression of a liver-
specific microRNA, miR-122, in HEp3B cells can propagate
HCVcc [58]. A lentiviral vector expressing miR-122 was
placed in HEp3B cells at comparable levels with HuH-7 cells,
which lead to the production of infectious particles. The
levels were comparable to those observed in HuH-7-infected

cells. Shimakami et al. have shown that miR-122 forms a
complex with Ago2 to protect and stabilize HCV RNA from
5′ exonuclease activity of the host mRNA decay machinery
[59]. This finding may explain why expression of miR-122 in
HEp3B cells can support HCV propagation.

6. Animal Model

6.1. Chimpanzees. The chimpanzee animal model (Pan trog-
lodytes) is currently the only established animal or primate
model for HCV infection. The chimpanzee model for HCV
infection was instrumental in the initial studies of non-A,
non-B hepatitis, including observations on the clinical course
of infection, determination of the physical properties of the
virus, and eventual cloning of the HCV nucleic acid [60]. The
chimpanzee model has been invaluable in demonstrating
that the cDNA clones of HCV developed from HCV strains of
genotypes 1a, 1b, and 2a were infectious. In addition, using
this primate model that is evolutionarily close and associated
with humans has provided important insight regarding the
etiology of liver disease caused by HCV. The chimpanzee
has provided evidence that infection with HCV did not
provide complete protective immunity when challenged with
homologous or heterologous viral strains [61, 62]. As a
result, it has been difficult to design effective vaccines against
the virus, even though chimpanzees have allowed for the
identification of important viral genetic elements. Several
studies have identified the importance of the active sites of
various enzymatic functions as well as the role of the p7
protein. Thus, chimpanzees are certainly one of the ideal
models to study the pathogenesis of the HCV and serve as
a great model for translation research; however, it is quite a
challenge to work with this model due to limited availability,
the costs associated with acquiring and maintaining the
animal for scientific research, and public resistance.

6.2. Tupaias. The tree shrew, Tupaias (T. belangeri chinen-
sis), was previously shown to be susceptible to the hepatitis B
virus [63, 64]. Xie et al. have demonstrated that Tupaia were
susceptible to HCV infection [65]. However, persistent HCV
infection could not be established and only 25% of infected
animals developed transient or intermittent viremia. In
addition, Tupaia must undergo severe immunosuppression
before they can be infected with HCV. However, sera or
plasmas obtained from patients with HCV were able to
infect primary Tupaia hepatocyte cultures [66]. The authors
demonstrated that the hepatocytes could produce infectious
viruses that were capable of infecting naı̈ve hepatocytes.
Sequence analysis of cloned Tupaia cDNA revealed a high
degree of homology between Tupaia and human CD81 large
extracellular loops (LELs), suggesting CD81 aids in viral
entry. In addition, the study indicated that viral entry can
also occur through receptors other than CD81 since cellular
binding of E2 and anti-CD81 antibodies or soluble CD81-
LEL could not inhibit HCV infection.

6.3. Chimeric Human Liver Mouse Model. By genetically
manipulating the uPA transgenic mouse, Mercer et al. have
generated a chimeric mouse model with human hepatocytes.
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This was done by transplanting normal human hepatocytes
into severe combined immunodeficiency (SCID) mice car-
rying a plasminogen activator transgene [67]. The human
hepatocytes transplanted were able to integrate into the
parenchyma and repopulate the diseased mouse liver without
losing their metabolic functions. Successfully generated
chimeric mice exhibited prolonged infection with high viral
titers following inoculation with HCV and HBV isolated
from human serum. In addition, the authors have demon-
strated that the model was able to exhibit horizontal trans-
mission in which HCV can be transmitted from one infected
animal to another. Since the mice were immunodeficient,
they were not appropriate models to study HCV patho-
genesis, although they were useful in assessing the activity
of antiviral compounds, specifically the effect of IFN-α,
HCV protease inhibitors and cyclophilin inhibitor DEBIO-
025 on virus propagation and infectivity [68]. Moreover,
this chimeric mouse model has been used to show that
neutralizing antibodies can prevent an HCV infection in vivo
[69].

6.4. Genetically Humanized Mouse Model. Studies by Ploss et
al. have previously shown that CD81 and occludin (OCLN)
were the minimum human factors required for HCV uptake
by rodent cells [70]. To determine these human factors for
efficient HCV infection, the authors constructed recombi-
nant adenovirus expressing human CD81, scavenger receptor
type B class 1 (SCARB1), claudin 1 (CLDN1), and OCLN.
Inoculating mice with these human factors expressed in
adenoviral vector was sufficient for HCV infection [71]. Fur-
thermore, the authors employed a bicistronic HCV genome
expressing CRE recombinase (Bi-nlsCre-Jc1FLAG2, abbre-
viated HCV-CRE), which activates a loxP-flanked luciferase
reporter in Rosa26-Fluc mice. The mice were infected with
the HCV-CRE and the mice that were expressing all four
transgenes had luciferase signal that peaked at 72 hours
postinfection. Interestingly, only animals that expressed both
human CD81 and OCLN displayed 6–10 fold increase
in virus infection. In addition, they were also able to
show that SCARB1 is a legitimate HCV entry factor. This
system allows for the studies of HCV coreceptor biology
in vivo and evaluation of passive immunization strategies.
This, therefore, represents the first immunocompetent small
animal model for HCV study.

7. Conclusions

Although, great strides in small animal models for the study
of HCV have been made in the past decades, HCV remains
a global public health issue. In past years, advancements
have been made in vitro and in vivo models for the study
of hepatitis C, in particular, the chimeric and genetically
humanized mouse models, which have provided a platform
to study new antiviral treatments and evaluate immunization
strategies. With the advent of autoantibodies recognizing
structural proteins found in HCV patients, both in vitro and
in vivo models could provide an important foundation for
the discovery of novel biomarkers for prognosis and treat-
ment [72, 73]. With new insights on HCV biology obtained

from in vitro models and the ability to infect animals with
active immune systems, it should be possible to develop new
therapies and possibly a vaccine for HCV.
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Glaucoma is a heterogeneous group of disorders that progressively lead to blindness due to loss of retinal ganglion cells and damage
to the optic nerve. It is a leading cause of blindness and visual impairment worldwide. Although research in the field of glaucoma is
substantial, the pathophysiologic mechanisms causing the disease are not completely understood. A wide variety of animal models
have been used to study glaucoma. These include monkeys, dogs, cats, rodents, and several other species. Although these models
have provided valuable information about the disease, there is still no ideal model for studying glaucoma due to its complexity. In
this paper we present a summary of most of the animal models that have been developed and used for the study of the different
types of glaucoma, the strengths and limitations associated with each species use, and some potential criteria to develop a suitable
model.

1. Introduction

Glaucoma is a leading cause of blindness and visual impair-
ment worldwide affecting 70 million people [1]. It is a
devastating disorder that leads to retinal ganglion cell (RGC)
degeneration, visual field loss, and, eventually, blindness. To
date, over 3 million Americans suffer from glaucoma, with
another 100,000 patients being diagnosed each year [1, 2].
Although efforts and research in the field of glaucoma are
substantial, its pathophysiology is not completely under-
stood.

Animal models have greatly improved our understanding
of the causes and progression of human diseases and have
proven to be a useful tool for discovering targets for ther-
apeutic drugs. However, several diseases remain incurable
because not all models used for studying these diseases
mimicked the human disorders completely.

In glaucoma, a wide variety of animal models of different
species have been used to study the disease [3, 4]. These
included large animals such as monkeys [5], dogs and cats
[6, 7], pigs [8], and small animals such as rodents [9]. Glau-
coma in these animals was either spontaneous or induced.

Although these models have provided valuable information
about the disease, they all had drawbacks and glaucoma
remains incurable.

Several types of glaucoma have been described. These
have been broadly classified as acute and chronic, secondary
and primary. In general, glaucoma in humans is classified
into three major types: Primary Open Angle Glaucoma
(POAG), Primary Angle Closure Glaucoma (PACG), and
Primary Congenital Glaucoma (PCG) with POAG being the
most common type in most populations [10]. Although
the final common pathway of tissue damage in all types of
glaucoma is the axonal damage that manifests as optic nerve
(ON) atrophy, causing progressive visual field defects that
eventually lead to blindness, each type of glaucoma may
be caused by a different mechanism. Elevated intraocular
pressure (IOP) is a common thread that connects most forms
of glaucoma and is a major risk factor for the disease. In this
paper, we describe a wide variety of the animal species that
have been developed and used to study the different types
of glaucoma and outline their features, unique strengths and
limitations, as well as some potential criteria to develop a
suitable model.
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Table 1: Summary of the animal models commonly used for glaucoma research.

Glaucoma type Animal Model mode, mechanism Reference

POAG

Monkey

Spontaneous inheritance [11]

Laser photocoagulation of entire TM, reduced outflow by PAS [12–17]

Intracameral injection of latex microspheres, TM blockage [18]

Intracameral injection of autologous fixed red blood cells, TM blockage [19, 20]

Dog Spontaneous inheritance [21, 22]

Mouse
Transgenic, Myoc mutation [23, 24]

Transgenic, alpha-1 subunit of collagen type I [25, 26]

Rat Topical application of dexamethasone [27]

Zebrafish
Transgenic, bug eye mutant [28, 29]

Transgenic, Irp2 mutation [30]

Transgenic, wdr36 mutation [31]

Rabbit
Subconjunctival injection of betamethasone [32–34]

Posterior chamber injection of α-chymotrypsin, TM blockage [35–37]

Sheep Topical application of prednisolone [38–40]

Cow Topical application of prednisolone [41, 42]

Birds Light-induced, reduced outflow facility [43–45]

PACG

Dog Spontaneous inheritance [46–53]

Turkey Spontaneous inheritance [54]

Rat

Episcleral vein injection of saline, obstruction of outflow [55]

Injection of polystyrene microbeads or hyaluronic acid, TM blockage [56, 57]

Cauterization of episcleral veins, reduced outflow by PAS [58]

Ligation of episcleral veins, obstruction of outflow [59]

Laser photocoagulation of translimbal region, reduced outflow by PAS [60]

Mouse
Transgenic, Vav2/Vav3 knockout [61]

Laser photocoagulation of episcleral veins, reduced outflow by PAS [62, 63]

Cauterization of episcleral veins, reduced outflow by PAS [64]

Rabbit
Water loading, decreased outflow facility [65, 66]

Laser photocoagulation of TM, obstruction of outflow [67–69]

PCG

Rabbit Spontaneous inheritance [70–75]

Rat
Spontaneous inheritance, WAG strain [76, 77]

Spontaneous inheritance, RCS strain [78, 79]

Cat Spontaneous inheritance [6, 21, 80, 81]

Mouse
Transgenic, Cyp1b1 mutation [82–84]

Transgenic, Cyp1b1 and Tyr mutations [85]

Quail Spontaneous inheritance, al mutant [86, 87]

Normal tension Mouse Transgenic, Glast or Eaac1 mutation [88]

Autoimmune Rat Immunization against HSP27 and HSP60, RGC loss [89, 90]

Pigmentary Mouse DBA/2J strain, Gpnmb, and Tyrp1 mutation [91–93]

TM: trabecular meshwork; PAS: peripheral anterior synechiae; RGC: retinal ganglion cell.

1.1. Primary Open Angle Glaucoma (POAG). POAG is the
most common form of glaucoma in most populations. More
than 20 genetic loci have been reported for POAG but only
three causative genes have been identified to date (Myocilin,
Optineurin, and WDR36) [94]. POAG is characterized by
elevated IOP and acquired loss of RGCs and atrophy of
the ON [10]. Animal models (spontaneous and induced)
that have been used to study POAG (Table 1), and provided
valuable information about the disease are described below.

1.1.1. Monkeys. Glaucoma in monkeys was first described in
1993, when a group of rhesus monkeys at the Cayo Santiago

monkey colony in Puerto Rico examined for potential dis-
eases in the posterior segment of the eye were found to have
both low and high (> or =22 mmHg) tension POAG [11].
POAG in the rhesus monkey was found to be of maternal
inheritance in more than 40% of the animals demonstrating
increased IOP. Affected animals exhibit a loss of RGCs,
excavation of the ON, and electrophysiological evidence of
damage to the retinal peripheral field.

Experimental monkey models have also been developed
for the study of POAG. Gaasterland and Kupfer developed
an experimental monkey model using argon laser pho-
tocoagulation [12]. They used a modified Koeppe-type
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goniolens to laser the entire circumference of the trabecular
meshwork (TM) which resulted in IOP elevation in 70% of
the animals. The IOP range was between 24 and 50 mmHg
after the 4th treatment and remained elevated for 25 days.
Histopathologic specimens from eyes with elevated IOP and
ON cupping showed selective loss of RGCs and thinning
of the nerve fiber layer compared with specimens from
untreated controls suggesting that glaucoma was achieved.
Several studies after that used the monkey model to describe
the functional and anatomic changes that occur within the
eye and ON in an effort to understand the reasons that lead to
elevated IOP [13–17]. Other experimental monkey models of
chronic IOP elevation were developed by Weber and Zelenak
using latex microspheres [18] and Quigley and Addicks using
autologous fixed red blood cells [19, 20]. Another model that
develops acute elevation of IOP was also used to study the
mechanism of ON damage [95].

The close phylogeny and high homology of the monkey
with humans makes it an excellent model for studying
glaucoma. Monkeys have retinal and ON anatomy that is
almost identical to humans. Unfortunately, monkeys are very
expensive, their availability is limited, and they are difficult
to handle. Experiments using monkeys require highly expe-
rienced teams and special housing facilities, making them
beyond the reach of many research laboratories.

1.1.2. Dogs. In 1981, Gelatt et al. described an inherited
POAG in the beagles bred in their laboratory [21]. The con-
dition appeared to be autosomal recessive. Elevation of IOP
(30 to 40 mmHg) in this model developed bilaterally at 1-2
years of age, tonographic recordings, and constant pressure
perfusions indicated a reduction in the aqueous humor
outflow. Gonioscopically, the disease had two phases: open
iridocorneal angle during the onset and the first 2–4 years
of the disease and closed iridocorneal angles associated with
lens subluxation and displacement from the anterior vitreous
patellar fossa. The animal also exhibited cupping and atrophy
of the optic disc, buphthalmia, cataract formation, vitreous
syneresis, and eventually phthisis bulbi. This model was
recently used in a genome wide SNP array study to map the
disease genes and led to the identification of the metallopro-
teinase ADAMTS10 as a candidate gene for POAG [22].

The advantage of using this model and dogs in general
in glaucoma research is the spontaneous inheritance of the
disease without congenital anomalies and the availability of
the genome sequence. Dogs have relatively large eyes but can
be aggressive and difficult to handle in the laboratory. Also,
anatomically, dogs have an intrascleral plexus, rather than a
Schlemm’s canal; this difference may be minor but can be a
limitation and their availability may be limited.

1.1.3. Mice. A mouse strain expressing the Tyr423His my-
ocilin point mutation corresponding to the human MYOC
Tyr437His mutation was developed to study POAG [23, 24].
Myocilin is one of the causative genes of POAG in humans
[96] and has been extensively studied. At 18 months of age,
the myocilin model demonstrated loss of ∼20% of the RGCs
in the peripheral retina, axonal degeneration in the ON,

detachment of the endothelial cells of the trabecular mesh-
work (TM), and moderate and persistent elevation of IOP
(2 mmHg higher than normal) [23].

Another transgenic mouse strain with a targeted muta-
tion in the gene for the α1 subunit of collagen type I has also
been developed to study POAG. This model demonstrated
open angles, progressive ON axonal loss, and gradual eleva-
tion of IOP suggesting an association between IOP regulation
and fibrillar collagen turnover [25, 26].

There are several advantages of using mice in glaucoma
research. These include the high degree of conservation
between mice and human genomes, enabling genetic manip-
ulation by altering the mouse genome, and the ability to
breed the animals as desired. In addition, they are inex-
pensive and easy to house and handle, their eyes are easy to
obtain, and the sample number for studies can be large. The
disadvantages of the mouse model in glaucoma are the
absence of the lamina cribrosa in the ON, the very small size
of the globe which makes it hard to access clinically, and the
availability of specific models may be limited.

1.1.4. Rats. A glaucoma rat model, induced by topical ap-
plication of dexamethasone, was also developed to study the
expression of myocilin. Although IOP was elevated after 2
weeks of treatment, the protein and mRNA levels of myocilin
in the TM and around Schlemm’s canal in the treated eyes
were not different from those of the controls suggesting that
myocilin may not be directly linked to ocular hypertension
[27].

Similar to mice, rats have many advantages. In contrast to
other nonprimate models, the rat shares similar anatomical
[97, 98] and developmental [99, 100] characteristics of the
anterior chamber, especially in the aqueous outflow pathway,
with the human. Therefore, results obtained from the rat
are expected to mimic changes that occur in the human. In
addition, there is reasonable IOP elevation as retinal and ON
changes are similar to those seen in humans. Also, reduction
of IOP in response to glaucoma medications has been des-
cribed but the medication effects were not all identical to
those observed in humans [101]. Furthermore, rats are easier
to maintain in the laboratory and similar to mice they enable
genetic manipulation and can be used in large numbers.

1.1.5. Zebrafish. Transgenic teleost Danio rerio (zebrafish)
models have been developed for studying glaucoma [102,
103]. The bug eye mutant that was developed by Simon et al.
shows RGC death and high IOP [28, 29]. The mutant
develops buphthalmia shortly after sexual maturation and an
average IOP of 32.9 ± 16.2 mmHg compared to that in the
wild type (14.7±3.6 mmHg). This model was recently used in
a study that led to the identification of a mutation in the low-
density lipoprotein receptor-related protein 2 (Lrp2) that is
important for myopia and other risk factors for glaucoma
[30]. The lrp2 mutant exhibited a phenotype that included
high IOP, enlarged eyes, decreased retinal neurons, activation
of RCG stress genes, and ON pathology. Another zebrafish
glaucoma model, the wdr36 mutant that was developed
by Skarie and Link, was used to characterize the wdr36



4 Journal of Biomedicine and Biotechnology

function [31]. This model, however, was only developed to
study the function of wdr36, as it did not show a typical
glaucoma phenotype [31].

The zebrafish model has received attention for its
usefulness in studying glaucoma and other human diseases
[104, 105] because of its short generation times and a well-
supported genomic infrastructure. It allows the combination
of forward and reverse genetic approaches in order to
identify critical genetic interactions required for normal and
pathological events. This model would be ideal for studying
developmental changes in glaucoma such as those occurring
in PCG. It is easily adapted to laboratory settings and can
be maintained in a relatively small space. The fish typically
reaches sexual maturity in 3 to 4 months, and a breeding pair
can produce more than 200 fertilized eggs per mating. Fertil-
ization is external, and the egg and embryo are transparent,
which makes it easy to visualize the changes with a regular
dissecting microscope. The fish develops quickly, and all
major organ systems are formed by 24 hrs after fertilization.
Mutagenesis in zebrafish is performed by gamma ray and
chemical approaches. The fish also enables haploid screens
and diploidization, transgenesis, and forward and reverse
genetic approaches which make it an attractive model for
genetic manipulations of the visual system.

1.1.6. Other POAG Models. Administration of glucocorti-
costeroids can lead to the development of ocular hyper-
tension and POAG through a reduction in aqueous humor
outflow [106, 107]. Models using steroid-induced ocular
hypertension have been developed in many animals such
as rabbits, bovine, and sheep [32–34, 38–42]. A topical
application of prednisolone acetate induced IOP elevation
in 100% of bovine and sheep (from 16-17 mmHg to 30–
35 mmHg and from 11.2 mmHg in to 23.2 mmHg in bovine
and sheep, resp.). IOP in these animals returned to normal
when the treatment was discontinued. In rabbits, injection
of betamethasone subconjunctivally or α-chymotrypsin into
the posterior chamber also resulted in elevated IOP that
lasted for 7 weeks [35–37]. The consistency and robustness
of the IOP response and the low cost of maintaining the
animals developed using steroids (rats, rabbit, sheep, and
cows) compared to primates are all advantages of this model.
However, the prolonged topical corticosteroid treatment
required to achieve glaucoma can cause significant adverse
effects such as cataracts and corneal ulcers.

Avians. Light induced avian models of POAG have also been
described [43, 44]. IOP in these models appeared to be
responsive to several antiglaucoma drugs [45]. At 8-9 weeks
of age, the chicks had significantly enlarged eyes and an IOP
that was slightly lower (13.79 v. 16.46 mmHg; P < 0.05).
At this age, the aqueous outflow was markedly reduced but
no change in aqueous inflow could be demonstrated. By 18
to 20 weeks the glaucomatous eyes were further enlarged
and the IOP was higher (mean IOP 29.85 v. 22.27 mmHg;
P < 0.05). Birds may be easy to handle in the laboratory and
are not expensive. This model could be potentially valuable
for studying the effect of glaucoma medications on IOP.

1.2. Primary Angle Closure Glaucoma (PACG). Similar to
POAG, PACG is characterized by elevated IOP, damage to the
ON, and visual field loss. The iris in PACG obstructs the TM,
whereas in POAG the TM is open and unobstructed [108].
There are several animal models that have been developed
for the study of PACG (Table 1), some of these are congenital
such as dogs and turkeys, and some are induced such as mice
and rats.

1.2.1. Dogs. Glaucoma in dogs has been identified in Beagles,
Cockers, Wirehaired Fox Terrier, Sealyham Terriers, and
Basset Hounds [46–51] and was described in the late 1960s
by veterinary ophthalmologists. Glaucoma in most species of
dogs is of the closed angle type. Dogs may also have con-
genital, primary, or secondary glaucoma [52]. It is a rare
condition and is caused by abnormalities in the aqueous
humor outflow pathways and mimics congenital glaucoma
in humans. Puppies generally present young (3–6 months of
age) with an acute onset of buphthalmia and corneal edema
with IOP reaching about 40 mmHg at 18 months. It may
be unilateral and bilateral and may be associated with other
ocular anomalies [53]. Since the disease is rare in dogs and
the genotype and phenotype of glaucoma have not been well
characterized, this model has not been used to study angle
closure or congenital glaucoma.

1.2.2. Turkeys. An inherited eye disease leading to secondary
angle closure glaucoma was also described in a slate line
of domestic turkeys (Meleagris gallopavo) [54]. The disease
was progressive and the model demonstrated buphthalmia,
low-grade aqueous cell, and flare associated with progressive
posterior synechiae formation resulting in papillary block
and iris bombe. IOP in this model was significantly increased
and was associated with an increase in corneal diameter. This
model is good for studying angle closure glaucoma; however,
its availability may be limited.

1.2.3. Mice. Genetically manipulated Vav2/Vav3-deficient
mice were also described and found to have elevated IOP,
which eventually manifests as buphthalmos [61]. Loss of
Vav2 and Vav3 expression in these mice is associated with
changes in the iridocorneal angle, which leads to chronic
angle closure. The elevation of IOP is accompanied by se-
lective loss of RGCs and optic nerve head (ONH) excavation.
The characteristics that make this model useful for glau-
coma research are as follows: (1) the elevated IOP occurs
spontaneously in these mice and does not require the ocular
manipulation necessary in induced models, (2) the frequency
of the ocular phenotype is high and onset occurs at a
relatively young age, and (3) ocular hypotensives commonly
used to treat human glaucoma show efficacy in lowering IOP
in this model. The most significant advantage of this mouse
glaucoma model is that the deleted genes, Vav2 and Vav3, are
well-focused targets that have been studied for over 20 years,
providing a useful starting point for further investigation
of the potential molecular mechanisms underlying this
phenotype.
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1.2.4. Additional PACG Models. A wide variety of rat and
mouse models have been developed to study the effect of
elevated IOP on the ON and RGC degeneration. Though
these models were primarily developed to study retinal
IOP-related posterior segment damage, the histopathological
examination showed varying degrees of angle closure. IOP
elevation has been induced by a number of techniques
that include the use of hypertonic saline injection into the
episcleral veins, cauterization or ligation of episcleral veins,
or laser photocoagulation of the perilimbal region.

(1) Rats. Episcleral vein saline injections of Brown Norway
rats resulted in sustained IOP elevations after 4 weeks in
45% of rats with 35% developing sustained elevations after
subsequent injections [55]. Of those having sustained ele-
vations, the mean IOP change from baseline ranged from 7
to 28 mmHg. IOP change of 10 to 20 mmHg for more than
3 weeks or greater than 20 mmHg for over 1 week resulted
in total involvement of the ON with occasional axons that
appeared morphologically normal. Electron micrographs of
eyes from this model showed axons within damaged nerves
which were frequently swollen associated with accumulation
of vesicles, dense bodies, and swollen mitochondria provid-
ing histological evidence of glaucoma. Additional models
using fluorescent polystyrene microbeads and hyaluronic
acid injections have also been developed [56, 57]. These
models showed a significant IOP elevation and glaucomatous
damage in the retina. Wistar rats injected with a solution
of microbeads demonstrated an IOP of 29.7 mmHg that
remained stable for 13 days and resulted in an axon density
that was 16% lower than that in the control groups [56].
Wistar rats receiving weekly injections of hyaluronic acid
had elevated IOP in the low 20 s for the duration of the 10
weeks. Eyes enucleated after 10 weeks showed significant loss
of RGCs [57].

When cauterization of episcleral veins of Wistar rats was
used [58], an IOP elevation from 13.2 mmHg to 53 mmHg
was noted. There was an increase of 2.3-fold above the mean
normal IOP at 2.5 months, whereas ligation of the episcleral
veins increased IOP from 20.2 mmHg to 27.7 mmHg after
one week and IOP elevation persisted for 7 months in 40.8%
of animals [59]. Further ligation was needed in 59.2% of ani-
mals for induced persistent IOP elevation. At 24 weeks there
was a 35% reduction in the RGC number compared with
control retinas. Intracameral India Ink injection resulted in a
dark circle along the circumference of the limbus. Translim-
bal photocoagulation of the darkened area raised IOP to
greater than 25 mmHg after 3 laser treatments; however,
further laser treatments were necessary to maintain IOP >
20 mmHg during the course of the study. The thickness of
the nerve fiber layer decreased in the glaucomatous eyes and
the surface nerve fiber layer and prelaminar region of the ON
were considerably atrophic. Another study using translimbal
photocoagulation with a diode laser (with laser settings of
0.7 seconds and 0.4 Watts) that was aimed at either the TM
and episcleral veins or only the TM of Wistar rats yielded an
elevated IOP and subsequent glaucomatous damage which
included RGC loss and abnormal outflow channels in the
anterior chamber [60]. Peak IOP was 49.0 mmHg in the

combination group and 34 mmHg in the TM only group.
IOP remained elevated for 3 weeks for both methods and
there was axonal loss with both methods.

As mentioned previously, rats are easy and more eco-
nomical to maintain, and a large number can be treated in
one day by one person reducing the cost associated with ad-
ditional personnel. However, similar to other induced animal
models, the technique may need multiple sessions to achieve
IOP elevation. Although IOP elevation is achieved, the
response to induction of glaucoma may be inconsistent. The
hypertonic saline model is likely to be the most consistent
model but is technically difficult to perform and has mainly
been used in Brown Norway rats. The IOP elevation in all
these models is sustained for a period of 2–6 weeks.

(2) Mice. Other mouse models that have been developed to
study PACG included those developed by photocoagulation
of the episcleral vessels [62, 63, 109] and episcleral vein
cauterization [64]. These models exhibited elevated IOP for
up to 4 weeks, loss of RGCs, and damage of RGC axons.
Translimbal-photocoagulation-treated eyes of Black Swiss
mice reached a maximum IOP of 39.6 mmHg with IOP ele-
vation being statistically significant compared with controls
for up to 6 weeks [109], whereas in photocoagulation of
episcleral- and limbal-vein-treated Albino CD1 mice eyes
had doubling of their IOP within 4 hours [62]. IOP in these
models remained stable through the second postoperative
day (27.6 mmHg) but returned to baseline after one week.
At day fourteen after treatment, there was a 42% loss of
RGCs. When C57BL/6J mice were treated in a similar fashion
as described previously, during the first four weeks after
laser treatment, the mean IOP was 20 mmHg compared
with 13 mmHg before treatment. Two weeks after laser
photocoagulation, the percentage of RCG lost in treated
eyes of these mice with elevated IOP compared to untreated
controls was about 17% and at 4 weeks, and the death rate
was 22.4% [63]. Using fluorescent polystyrene microbeads
injection in C57BL/6 mice as well, a consistent 30% elevation
in IOP that persisted for more than 3 weeks was achieved
using 1 single injection [56].

(3) Rabbits. Rabbit models for angle closure glaucoma were
also created by either water loading [65, 66] or argon laser
energy applied to the TM [67–69]. Both pigmented and
albino rabbits were used in these studies. Although elevated
IOP and buphthalmia were achieved in these animals, these
models all had drawbacks. For example, in the water loading
models, the damage produced included the whole eye and
the IOP rise was of insufficient duration (1 hr) and caused
selective loss of RGCs. In the laser-induced glaucoma models,
the IOP elevation lasted for a few weeks but it was hard
to achieve a successful model because of the structure
of the iridocorneal angle, which is different from that of
humans. The longest IOP elevation was reported in the α-
chymotrypsin-injected models.

1.3. Primary Congenital Glaucoma. Primary Congenital
Glaucoma (PCG) is an autosomal recessive disease caused
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by an abnormal development of the anterior chamber
angle. PCG has been linked to several genetic loci. CYP1B1
and LTBP2 are the only genes in which mutations are
currently known. However, the role that these genes play
in the pathophysiology of PCG and development of the ante-
rior chamber is not known. An assortment of spontaneous
glaucoma models has been described in different animal
species (Table 1). These included rabbits, dogs, monkeys,
mice, rats, cats, and albino quails. The study of these models
has provided valuable information on the pathophysiology
of glaucoma as it relates to changes in the anterior chamber
angle, the ON, and the retina but the mechanisms leading to
these changes are still elusive.

1.3.1. Rabbits. Spontaneous Congenital Glaucoma in rabbits
was first described in 1886 by Schloesser [70]. However,
research with this model did not advance until the 1960s
when Kolker et al. [73], Hanna et al. [72], and Fox et al. [71]
described a group of albino New Zealand rabbits that spon-
taneously exhibited congenital abnormalities in the develop-
ment of the anterior chamber. The abnormalities included
loss or compression of the iris pillars (pectinate ligaments)
and posterior displacement or poor development of the
aqueous plexus. Additional findings include dilated or com-
pressed intertrabecular spaces, disorganization of trabecular
lamellae, decreased trabecular endothelial cells, and a loss of
trabecular endothelial cell-to-cell associations. Others have
reported the replacement of the angular meshwork (the tra-
becular meshwork-like structure in rabbits) with abundant
extracellular matrix (ECM), basal-lamina like material, and
unidentified round cells just beneath the aqueous plexus
[74, 75]. The anterior chamber angle dysgenesis in the rabbit
appears to be secondary to an alteration in the differentiation
and maintenance of the structural integrity of the angular
meshwork. Some of these changes bear resemblance to
angle changes seen in PCG in humans [72]. The interest
in studying this model decreased in the 1990s when other
genetic models of glaucoma became available.

Many studies have indicated that glaucoma in rabbits is
most likely autosomal recessive with incomplete penetrance
(semi lethal) [72]. It typically manifests in the first 6 months
and is associated with variable IOP elevation, enlarged
cloudy corneas, and elongated globes. The outflow facility
is decreased, suggesting a defect in the outflow pathway,
which correlates with the reported histological findings. RGC
loss and cupping of the optic nerve were also observed in
these rabbits. The phenotypic similarities between rabbits
and human patients with congenital glaucoma include the
age of onset, IOP elevation, and buphthalmia. In addition,
the rabbit eye is also relatively large, which makes it a good
model for eye research. However, there are some limitations
that make this animal unsuitable for glaucoma research.
These include differences in the structure of the trabecular
meshwork and aqueous outflow pathways between the
human and the rabbit making it difficult to make direct cor-
relations between the developmental changes in the anterior
chamber angle in both species. In addition, IOP levels
in the buphthalmic rabbit were found to decrease with

age. IOP was found to be comparable to normal (18–
20 mmHg) until about 5 months of age, followed by in-
termittent elevation into the 30 mmHg range. A decrease in
outflow facility precedes the elevation of IOP. The IOP eleva-
tion among animals is variable (20–30 mmHg) up to about
18 months of age; then it decreases to near the normal range
between 24 and 48 months. The cause of IOP reduction to
normal levels despite decreased outflow facility is unclear.
The genome sequence of the rabbit was recently made
available at http://www.ncbi.nlm.nih.gov/projects/genome/
guide/rabbit/. This will help identify the genetic defects that
cause glaucoma. The biggest disadvantage of this model is
its limited availability from commercial vendors. This model
has recently been used to study the protein changes in
the aqueous humor and has provided valuable information
about proteomics and the histopathological changes seen
in the anterior chamber of this rabbit, although a CYP1B1
mutation could not be identified in this model [110].

1.3.2. Rats. Congenital glaucoma in rats was first described
in 1926 by Addison and How [76], and in 1974, Young et al.
also reported a spontaneous occurrence of buphthalmos in a
colony of WAG inbred rats [77]. The condition in the latter
appeared to be inherited but no completely satisfactory mode
of inheritance was given. These reports were followed by
another one in 1975 by Heywood [78]. Recently, an RCS-
rdy− rat model that develops glaucoma spontaneously was
also described [78, 79]. The mutant animals had either a
unilateral or bilateral enlargement of the globes with an IOP
that ranged from 25 to 45 mmHg, as compared to control
values of 12–16 mmHg. The IOP increased significantly with
age to reach a value of 35± 7.3 at 12–18 months of age. The
animals also had decreased number of RGCs with age as
well as atrophic ONHs. The anterior chamber was narrow
and the iridocorneal angle was open. These rats were used
in other studies in glaucoma research and yielded valuable
information about RGC loss [111].

1.3.3. Cats. Feline glaucoma is a rare condition. It has been
described in Burmese cats [80], domestic cats [6], and Sia-
mese cats [21, 81]. Examination of the Siamese cats revealed
bilateral mild-to-moderate buphthalmos and moderate ele-
vation in IOP, which was as high as 31.6 mmHg. Clinical
features identified in these cats were similar to those seen in
human PCG, though details such as IOP levels and clinical
course were not described in these reports. Structurally,
these cats had prominent, elongated ciliary processes, Haab’s
striae, and lens subluxation. Gonioscopic examination re-
vealed open or slightly narrowed iridocorneal angles, with
mild pectinate ligament dysplasia and sparse prominent iris
processes. Histological examination of Burmese cat eyes
revealed loss of RGC, corneal edema, and multifocal breaks
in Descemet’s membrane [112]. Similar to rabbits, the cat
eyes are relatively larger making them attractive for use in
glaucoma research. However, no further reports were pub-
lished describing clinical, pathological, and genetic charac-
terization of the disease in cats.
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1.3.4. Mice. A knockout model with Cyp1b1 has also been
developed to simulate PCG where CYP1B1 mutations are the
predominant cause of PCG in humans in some populations
[82]. Cyp1b1-deficient mice exhibit abnormalities in their
ocular drainage structure and TM that are similar to those
reported in human PCG patients [83]. However, other stud-
ies generated a Cyp1b1-null mouse that revealed no evidence
of glaucoma, and the animals were not blind [84]. A
mouse model with mutations in both Cyp1b1 and Tyr
(tyrosinase) was also developed. Studies using this model
showed that the anterior segment developmental pathway
involves a tyrosinase and that the Tyr mutation modifies the
phenotype associated with inheritance of mutant orthologs
of Cyp1b1 and Foxc1, which both have been shown to cause
PCG in humans [85]. Although results are contradictory,
studies using this model could lead to understanding the
abnormalities seen in the ocular drainage and the structure
of the TM. Similar to the buphthalmic rabbit described
previously, CYP1B1 mutation could be specific to the human
PCG only which makes this model and other PCG animal
models not suitable for studying the genetics in this disease.

1.3.5. Albino Quails. The albino quail model of glaucoma
(al mutant) was described in 1986 by Takatsuji et al. [86].
The al mutation is sex-linked semilethal recessive of known
penetrance. The gene mutation has not been described.
The bird exhibited enlargement of the eye, RGC degener-
ation, cupping of the optic disc, and cataract with retinal
histopathological features similar to those in animals with
experimentally induced or spontaneous glaucoma. Loss of
RGCs was similar to human [87]. The al mutant quails show
significantly higher IOP at 6 months of age. The iridocorneal
angle is initially open but eventually closes in later stages of
the disease [86]. The mutant bird would be a good model
to study glaucoma, as it is easy to maintain and to handle
in a laboratory. However, the cornea of these birds is very
small and IOP measurement may be challenging, although a
tonopen can be used. In addition, availability of the albino
quail is also limited.

1.4. Other Types of Glaucoma

1.4.1. Normal Tension Glaucoma. Normal Pressure or Nor-
mal Tension Glaucoma (NTG) is a condition where the clini-
cal features are largely identical to those seen in POAG except
the IOP, which, in affected patients, is below the statistically
normal upper limit (21 mmHg). The pathophysiology of
RGC degeneration and ON damage in NTG remains unclear.
A number of factors have been implicated as potential
mechanisms of RGC degeneration. Some of these include
poor blood flow to the ON, genetic mutations, and vascular
spasm [113–115]. To explore the possible pathways of RGC
degeneration, genetically modified mice with normal IOP
have been utilized as models of NTG as described below.

Because glutamate excitotoxicity and oxidative stress
have been implicated in RGC death, mice deficient in the glu-
tamate transporter genes Glast or Eaac1 have been developed

as models for normal tension glaucoma. These mice demon-
strate RGC and ON degeneration without IOP elevation [88]
suggesting that these transporters play important roles in
preventing RGC degeneration by keeping the extracellular
glutamate concentration below the neurotoxic level and
maintaining the glutathione levels in Müller cells by synthe-
sizing and transporting glutamate into the cells. Glutamate is
the substrate for glutathione synthesis. This model was used
to investigate ASK1 deficiency on neural cell death [116].
ASK1 is a mitogen-activated protein kinase (MAPK) kinase
kinase and has an important role in stress-induced RGC
apoptosis. The authors found that loss of ASK1 had no effects
on the production of glutathione or malondialdehyde in
the retina or on IOP. Tumor-necrosis-factor-(TNF-) induced
activation of p38 MAPK and the production of inducible
nitric oxide synthase were suppressed also in ASK1-deficient
Müller glial cells and RGCs which suggested that ASK1
activation is involved in NTG.

1.4.2. Autoimmune Glaucoma. Several reports have sug-
gested that an autoimmune response is one possible mech-
anism of RGC degeneration in normal pressure glaucoma
[117]. To test this hypothesis, some studies have examined
serum samples from glaucoma patients to look for auto-
antibodies and have found increased levels of heat shock
protein 27 (HSP27) and heat shock protein 60 (HSP60).
HSP27 and HSP60 immunization in the Lewis rat induced
RGC degeneration and axonal loss 1–4 months later in a
pattern similar to human glaucoma [89], suggesting the role
of these proteins in the development of glaucoma. The mod-
els also showed IOP-independent RGC loss and changes in
serum antibody patterns [90]. Experimental autoimmune
glaucoma offers a valuable tool to examine the diverse roles
of the immune system in glaucoma. It may also facilitate
the identification of treatment strategies to prevent pressure-
independent RGC degeneration as it may occur in select
patients with glaucoma. However, depending on the animal
used, limitations can be encountered such as the size of the
eye, the cost of the animal, and the anatomical similarities of
the animal’s eye to that of the human.

1.4.3. Pigmentary Glaucoma. The DBA/2J mouse, which
develops a progressive increase of IOP, was recognized in
1978 [118]. The glaucoma in this strain is caused by iris
abnormalities related to recessive mutations in two genes,
glycosylated protein nmb (Gpnmb) and tyrosinase-related
protein 1 (Tyrp1) [91, 92]. Both mutations show incomplete
penetrance. Therefore, only about 70% of animals develop
glaucoma [93]. The mechanism of glaucoma is related to iris
atrophy, pigment dispersion, and development of peripheral
anterior synechiae leading to angle closure. IOP elevation in
the DBA/2J mouse is seen at 8 months of age and remains
until death. The mouse develops pigment dispersion which
precedes iris atrophy, anterior synechiae, and elevated IOP.
These changes are accompanied by retinal and ON changes
consistent with glaucoma. The disease progresses with in-
creasing age similar to glaucoma in humans [92, 118].
However, there appears to be a closed angle component to
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the glaucoma unlike in humans where pigmentary glaucoma
is of an open angle form. Although this model has been
extensively studied, there is one limitation that makes this
model not ideal for studying glaucoma: The elevated IOP
phenotype is not primary, but secondary due to the systemic
pigment dispersion syndrome with the associated mutations
in the Gpnmb and Tyrp1 loci [91, 92]. In addition, mice with
spontaneous glaucoma other than the DBA/2J, such as the
DBA/2 and DBA/2NNia, are difficult to obtain commercially.

2. Conclusion

This paper describes most of the animal models utilized
in glaucoma research to date. These animal models have
provided valuable information about certain aspects of the
disease process but the search for models that address
knowledge gaps in specific forms of glaucoma must continue.
The validity of each of these models depends upon the degree
of similarity to the human condition as well as considerations
of the model being economical and practical. Since the
mechanisms of glaucoma differ among animal models, data
obtained from a particular model should not be generalized
and should be interpreted within the context of that model.
The animal model used should be selected based on the
experimental needs and the hypothesis being tested. For
example, genetically induced models might be preferable to
investigate the effects of elevated IOP on the ocular tissues
over prolonged periods without the superimposed effects of
experimental procedures or inflammation whereas sponta-
neously occurring large animal models such as monkeys,
dogs, rabbit, and the recently described pig [8] offer a unique
opportunity to collect data by using instrumentation identi-
cal to that used in human patients with glaucoma. Exper-
imentally induced models have the advantage of studying
some of the changes in glaucoma over a short period of time.
However, sophisticated equipment and trained personnel to
induce glaucoma are often needed. In addition, glaucoma
induction can be somewhat unpredictable. These models
may be useful in testing responses to medications. It is likely
that genetic models developed to address specific hypotheses
will provide valuable information on the pathophysiology of
the various types and aspects of glaucoma and potentially
lead to the discovery of new therapeutic targets.
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Inflammatory bowel disease (IBD) is a complex multifactorial disease of unknown etiology. Thus, dozens of different animal
models of IBD have been developed in past decades. Animal models of IBD are valuable and indispensable tools that provide
a wide range of options for investigating involvement of various factors into the pathogenesis of IBD and to evaluate different
therapeutic options. However, the dextran sulphate sodium (DSS-) induced colitis model has some advantages when compared to
other animal models of colitis. It is well appreciated and widely used model of inflammatory bowel disease because of its simplicity.
It has many similarities to human IBD, which are mentioned in the paper. In spite of its simplicity and wide applicability, there are
also traps that need to be taken into account when using DSS model. As demonstrated in the present paper, various factors may
affect susceptibility to DSS-induced lesions and modify results.

1. Introduction

Inflammatory bowel disease (IBD) is a complex multi-
factorial disease [1–3]. It commonly refers to ulcerative
colitis (UC) and Crohn’s disease (CD), the two chronic
conditions that involve inflammation of the intestine. IBD
is common in developed countries, with up to 1 in 200
of individuals of Northern European region affected by
these disease [4]. Patients with IBD present several clinically
challenging problems for physicians. Despite recent advances
in treatment, there remains a need for a safe, well-tolerated
therapy with a rapid onset, and increased capacity for
maintaining long-term remission [5].

In past decades, dozens of different animal models of
IBD have been developed. These models can be broadly
divided into spontaneous colitis models, inducible colitis
models, genetically modified models, and adoptive transfer
models [6–8]. Although these models do not represent
the complexity of human disease, they are valuable and
indispensable tools that provide a wide range of options
for investigating involvement of various factors into the
pathogenesis of IBD and evaluate different therapeutic
options. Chemically induced murine models of intestinal
inflammation are one of the most commonly used models
because they are simple to induce, the onset, duration, and

severity of inflammation are immediate and controllable.
Both dextran sulphate sodium (DSS) and trinitrobenzene
sulfonic acid (TNBS-) induced colitis are well-established
animal models of mucosal inflammation that have been used
for over 2 decades in the study of IBD pathogenesis and
preclinical studies [6–8]. The DSS-induced colitis model has
some advantages when compared to other animal models of
colitis. For example, an acute, chronic, or relapsing model
can be produced easily by changing the concentration of
administration of DSS (and cycle in rats and other strains
of mice). Moreover, dysplasia that resembles the clinical
course of human UC occurs frequently in the chronic phase
of DSS-induced colitis. DSS-induced model for studying
colitis-associated carcinogenesis has been recently reviewed
by others [9, 10]. Furthermore, studies that validated DSS
model by using different therapeutic agents for human IBD
show that DSS-induced colitis can be used as a relevant
model for the translation of mice data to human disease
[11]. Thus, the aim of the present paper is to give a concise
introduction of different factors that may be involved in the
patogenesis of DSS-induced colitis and need to be taken into
account when using this model. At the same time few aspects
of applicability and further investigation of this model are
mentioned.
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Figure 1: Schematic simplified representation of various factors that can influence the susceptibility, onset, severity, and responsiveness to
DSS-induced colitis.

2. Induction of DSS Colitis

First report on the use of DSS dates back in the year 1985,
when Ohkusa et al. published their investigation on DSS-
induced colitis in hamsters [12]. Thereafter, DSS colitis was
induced also in mice [13]. Today there are numerous studies
using DSS-induced colitis model to investigate pathogenesis
of colitis and different factors affecting colitis. Colitis is
induced by addition of DSS to drinking water. Depend-
ing on the concentration, the duration, and frequency of
DSS administration, the animals may develop acute or
chronic colitis or even colitis-induced dysplastic lesions.
Mice show differential susceptibilities and responsiveness to
DSS-induced colitis. The varying responses to DSS appear
to be dependent on not only DSS (concentration, molec-
ular weight, duration of DSS exposure, manufacturer, and
batch) but also genetic (strain and substrain, gender) and
microbiological (microbiological state and intestinal flora)
factors of animal, which are disscussed in the present paper
(Figure 1). Colitis onset and severity may vary with many
of these factors. Stress can be one of them [14]. Differences
in the DSS susceptibility do not correlate with differences in
the consumption of DSS-supplemented water [15]. However,
there is a need to monitor DSS consumption, especially when
animals are exposed to different therapeutic strategies that
may lower consumption of DSS (increased fluid intake or
thirst) [16].

3. The Molecular Weight of DSS

DSS is sulfated polysaccharide with a highly variable molec-
ular weight, ranging from 5 kDa to up to 1400 kDa. It was

found that the molecular weight of DSS is very important
factor in the induction of colitis [17] or colitis-induced
dysplastic lesions (carcinogenicity) [18]. The severity of
colitis [17] and carcinogenic activity [18] differs with the
administration of DSS at different molecular weights (i.e.,
5 kDa, 40 kDa, and 500 kDa). The most severe colitis in
BALB/c mice was observed when mice were treated with
DSS of 40 kDa molecular weight, while mice treated with
DSS of 5 kDa developed milder form of colitis. Mice treated
with DSS of 500 kDa had no lesions in the large bowel [17].
Similarly, carcinogenic activity in colon was induced by DSS
of 54 kDa, while DSS of larger (520 kDa) or smaller (9.5 kDa)
molecular weights induced no carcinogenic activity [18].
Examination of uptake and tissue distribution of DSS by his-
tochemical techniques showed that failure in the induction of
colitis with 500 kDa DSS is due to its high molecular weight
that prevents passage of the molecule through the mucosal
membrane [17]. Molecular weight of DSS can affect location
of colitis as well. Mice treated with 40 kDa DSS developed
most severe diffuse colitis in the middle and distal third of
the large bowel, while mice treated with 5 kDa DSS developed
relatively patchy lesions mainly in the cecum and upper colon
[17].

3.1. Uptake and Tissue Distribution of DSS. The histochem-
ical analyses of uptake and tissue distribution of DSS at
40 kDa molecular weight demonstrated that DSS penetrates
the mucosal membrane in the intestine. One day after DSS
treatment small amounts of DSS were found in macrophages
in large bowel and mesenteric lymph nodes and in the liver
Kupffer cells. At day 3 DSS was noticed in a few macrophages
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Figure 2: (a) Disappearance of crypts. (b) Erosion and phlegmonous inflammation of mucosa and submucosa. Kreyberg trichrom stain
(acid mucopolysaccharides are stained blue). C57BL/6JOlaHsd female mice are exposed to 3% DSS solution for 5 days followed by drinking
water for 7 days.
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Figure 3: (a) Vacuolar hydropic degeneration of cells. (b) Epithelial necrosis, cryptitis, and crypt abscesses. Kreyberg trichrom stain (acid
mucopolysaccharides are stained blue). C57BL/6JOlaHsd female mice exposed to 3% DSS solution for 5 days followed by drinking water for
21 days.

in the spleen and 7 days after the start of 5 day DSS
treatment in the kidney and in a few macrophages in the
small intestine. DSS was seen in the liver Kupffer cells even
8 weeks after DSS removal [19]. During chronic phase of
DSS colitis, considerable amounts of DSS were also found
in the spleen [20]. In other organs and tissues (for instance
brain, lung, heart, thymus, stomach, and duodenum), DSS
was not observed [19]. Major excretion routes of DSS are
urine and feces. Thus, presence of DSS in the epithelial cells
of the proximal renal tubules after 7 days of DSS treatment is
an indication of the excretion process of absorbed DSS [19].
DSS is resistant to degradation by intestinal microflora or
the effects of different pH conditions (4.0–7.5) and anaerobic
incubation [21].

4. Clinical and Histological Features of
DSS-Induced Colitis

Clinical and histopathological features of DSS-colitis reflect
those seen in human IBD. Acute colitis is usually induced by
continuous administration of 2–5% DSS for short period (4–
9 days). Chronic colitis may be induced by continuous treat-
ment of low concentrations of DSS or cyclical administration

of DSS. For instance, 4 cycles of DSS treatment for 7 days
followed by 10 days of water (Table 4). Clinical manifestation
of DSS colitis in acute phase may include weight loss,
diarrhea, occult blood in stools, piloerection, anaemia, and
eventually death. However, clinical manifestations in chronic
phase of colitis usually do not reflect severity of inflammation
or histologic features found in large bowel.

Histological changes in DSS-induced colitis can be clas-
sified as acute (early) and chronic (advanced). Typical histo-
logical changes of acute DSS-colitis are mucin depletion,
epithelial degeneration, and necrosis leading to disappear-
ance of epithelial cells (Figure 2(a)). The latter is accom-
panied by neutrophils infiltration of lamina propria and
submucosa, cryptitis, crypt abscesses (Figures 3(b) and 4),
and phlegmonous inflammation in mucosa and submu-
cosa (Figure 2(b)). Usually also shallow erosions appear
(Figure 2(b)). Rarely there is a vacuolar hydropic degener-
ation of cells (Figure 3(a)). Transepithelial migration of neu-
trophils into mucosal epithelium is termed cryptitis. Migra-
tion of numerous neutrophils through mucosal epithelium
into crypt lumen results in the formation of crypt abscess.
Cryptitis and crypt abscesses are common histological fea-
ture of human IBD but rarely reported in DSS-induced colitis
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Figure 4: Arrows denote crypt abscesses (neutrophils) in the lumen of crypts. Kreyberg trichrom stain (acid mucopolysaccharides are stained
blue). C57BL/6JOlaHsd male mice are exposed to 3% DSS solution for 5 days followed by drinking water for (a) 7 days and (b) 28 days.
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Figure 5: (a) Mononuclear leucocytes infiltration, crypt architectural disarray, and deep mucosal lymphocytosis. (b) Focally there is a
moderate epithelial regeneratory atypia simulating dysplasia (arrow). Kreyberg trichrom stain (acid mucopolysaccharides are stained blue).
C57BL/6JOlaHsd male mice are exposed to 3% DSS solution for 5 days followed by drinking water for 28 days.

using haematoxylin-eosin staining method [22]. In contrast,
we found cryptitis and crypt abscesses in half of DSS-
treated C57BL/6JOlaHsd mice, while in BALB/cAnNHsd
mice cryptitis was rarely observed (unpublished data).
However, we used Kreyberg-Jareg trichrom staining method
that differentially stains acid mucopolysaccharides blue and
thus contributes to better distinction between normal and
aberrant mucosa. Interestingly, the presence of neutrophils
in the epithelial lining of colon mucosa (cryptitis) and
in the lumen of crypts (crypt abscess) was reported in
DSS-treated C57BL/6OlaHsd mice when investigators used
immunofluorescent staining against neutrophils [23].

Chronic changes appear few weeks after DSS appli-
cation. They consist of mononuclear leucocytes infiltra-
tion, crypt architectural disarray (Figure 5(a)), increas-

ing the distance (widening of the gap) between crypt
bases and muscularis mucosa, deep mucosal lymphocytosis
(Figure 4(a)), and transmural inflammation (Figure 6). It is
widely believed that transmural inflammation is infrequent
feature of DSS-induced colitis. In contrast, we observed
transmural inflammation in C57BL/6JOlaHsd mice as well
as in BALB/cAnNHsd mice, consonant with observation
by Melgar et al. [22]. Moreover, in chronic colitis of
C57BL/6JOlaHsd mice we even observed transmural inflam-
mation with lymphoid follicles (Figure 6(b)), which is
histological feature of Crohn’s disease and was until now not
observed in DSS colitis model.

Rarely reported characteristic change is also reepithe-
lisation of rectal and distal colonic erosions by squamous
epithelium that evidently originates from anal squamous
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Figure 6: (a) Focal transmural chronic colitis (skip lesion). C57BL/6JOlaHsd female mice are exposed to 3% DSS solution for 5 days
followed by drinking water for 28 days. (b) Transmural inflammation with lymphoid follicles in subserosa (arrows) and chronic erosion.
C57BL/6JOlaHsd female mice are exposed to 3% DSS solution for 9 days followed by drinking water for 28 days. Kreyberg trichrom stain
(acid mucopolysaccharides are stained blue).
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Figure 7: (a) and (b) reepithelisation of rectal and distal colonic erosion by squamous epithelium (arrows). C57BL/6JOlaHsd male mice are
exposed to 3% DSS solution for 5 days followed by drinking water for 7 days. Kreyberg trichrom stain (acid mucopolysaccharides are stained
blue).

mucosa (Figure 7). In some slides islands of squamous
epithelium are found surrounded by colonic mucosa prox-
imally and distally, but in most cases with deeper sections
there appeared a continuity of squamous epithelium distally,
suggesting an irregular shape of a squamous cell regenerate.
Focally sometimes there is a moderate epithelial regeneratory
atypia simulating dysplasia (Figure 5(b)). Most frequently it
is found at the edge of chronic erosions.

We observed reepithelisation of distal part of colon as
early as day 5 of DSS treatment in C57BL/6JOlaHsd but
not in BALB/cAnNHsd mice. According to our experience
reepithelisation of distal colon with squamous epithelium is
frequent observation in C57BL/6JOlaHsd mice 1–4 weeks
after DSS removal. The distance of reepithelisation with
squamous epithelium that we measured under microscope
ranged from 0.5–6.5 mm of colon length.

Histological changes seen in mouse DSS-induced colitis
are the features of IBD in man, some of them of ulcerative
colitis (regular rectal localization) and some of Crohn’s dis-
ease (transmural inflammation with disseminated lymphoid
follicles, focal lesions) [24, 25].

Besides all in Figure 1, mentioned factors that affect
features of DSS-induced colitis preparation of tissues for

histological examination may also be one of the reasons
for discrepancy among studies. According to our experience
as well as recommendation of other investigators [15]
longitudinal sections as well as at least few sections of the
same slide at intermediate distance of not less than 0.1 mm
may better reflect the actual damage of DSS colitis than
cross sections because of the patchy nature of DSS-induced
lesions. In addition, the choice of staining method may also
affect histological observations. For instance, cryptitis, crypt
abscesses as well as squamous reepithelisation are easier to
diagnose in sections stained with Kreyberg-Jareg method
than hematoxylin-eosin method.

5. The Role of Intestinal Flora in
the Pathogenesis of DSS-Induced Colitis

Intestinal microflora and their products have been impli-
cated in the pathogenesis of human IBD [2, 26–28] and
in several animal models [29]. The importance of the
intestinal flora is directly supported by studies of some
murine models where colitis is not observed when they
are maintained in a gnotobiotic state but rapidly emerges
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Table 1: Susceptibility to DSS-induced colitis among inbred strains (adapted from [15]).

Cecum Proximal colon Middle colon Distal colon

DBA/2J BC — A A

NON/LtJ AB — A A

NON.H2g7 AB — AB AB

129/SvPas A — AB B

NOD-scid D A AB BC

C57BL/6J BC A B BC

C3H/HeJ D A AB C

NOD/LtJ CD — B BC

C3H/HeJBir D A AB C

Strains that do not share the same letter in a column have significat differences in histological score for particular part of the colon after DSS administration.
Letter A denotes the lowest histological score, while D denotes the highest histological score observed among the strains. — denotes no changes found in the
colon (normal mucosa).

when they are reconstituted with bacteria that are considered
normal constituents of luminal flora (explained in detail by
Nell et al. [29]). It has been demonstrated that intestinal flora
is implicated in the pathogenesis of DSS colitis in mice as
well. First who suggested contribution of colonic bacteria or
their products in the development of colitis in this model
were Okayasu et al. [13]. They observed increased numbers
of Enterobacteriaceae, Bacteroidaceae, and Clostridium spp.
in the colons of mice affected by DSS colitis [13]. Another
suggestion in this direction was given by Hans et al. [30], who
reported that treatment with antibiotics reduced infiltration
of granulocytes in the mucosa and improved histological
signs of DSS colitis in acute phase [30]. The role of com-
mensal bacteria and innate immunity in the development
of intestinal inflammation has been further demonstrated
by Hudcovic et al. [31]. When DSS-treated immunocom-
petent BALB/c and immunodeficient SCID mice (lacking T
and B lymphocytes) were maintained under conventional
conditions, both strains developed substantial changes in the
colon mucosa. BALB/c mice showed complete loss of the
surface epithelium and severe infiltration of inflammatory
cells. To evaluate susceptibility to DSS colitis in gnotobiotic
conditions BALB/c and SCID mice were transferred into
isolators for germ-free rearing by special gnotobiological
techniques. Interestingly, BALB/c and SCID mice reared
in germ-free conditions (lacking any intestinal microflora)
developed only minor signs of mucosal inflammation after
DSS treatment [31]. This finding indicates that the presence
of microflora facilitates the inflammation in DSS-induced
colitis. Similar findings were observed by Kitajima et al. [32].
They used IQI/Jic mice maintained in germ-free conditions
and their littermates that were conventionalized with feces
obtained from SPF BALB/c mice three weeks before DSS
administration. Histopathological findings revealed that
IQI/Jic mice under germ-free conditions had no lesions
indicative of colitis in the large intestine 3 days after 5% DSS
treatment, while IQI/Jic mice in conventional conditions
developed focal erosions in the large bowel, mostly in the
cecum and proximal colon. Interestingly, when both groups
of mice were treated with 1% DSS for 14 days, mice under
germ-free conditions developed slight inflammatory cell
infiltration and edema in the lamina propria of the cecum

and proximal colon and sever ulcerations, hemorrhages with
frequent thrombi, and slight inflammatory cell infiltration
in the distal colon. In the large bowel of IQI/Jic mice
in conventional conditions only focal lesions of slight
inflammatory cells infiltration and edema in mucosa along
the whole large bowel were observed [32]. These findings
demonstrate firstly that mucosal destruction caused by DSS
occurs without the involvement of intestinal microflora and
secondly that intestinal microflora may play an important
modifying role in the susceptibility and responsiveness to
DSS-induced damage of epithelial cells. The role of intestinal
microflora in DSS-induced colitis is further investigated in
mice deficient for different toll-like receptors (TLR), which
function as sensors of microbial infection and are critical
for the initiation of inflammatory and immune defence
responses [33].

6. The Role of Genetic Factors in
the Pathogenesis of DSS-Induced Colitis

Similar to IBD in humans [3], genetic factors play important
role in DSS-induced colitis. Differences in susceptibility
and responsiveness to DSS-induced colitis among inbred
strains and substrains of mice have been identified. A
quantitative histological analysis of DSS-induced colitis in
nine mouse strains using a standardized protocol (3.5% DSS
of 36–45 kDa molecular weight for 5 days) demonstrated
major differences in DSS responsiveness among strains [15].
C3H/HeJ, NOD/Ltj, and NOD-scid inbred strains are very
susceptible to DSS-induced lesions, which develop in severe
form mostly in the cecum. 129/SvPas and DBA/2J inbred
mice are less susceptible to DSS-induced lesions and show
various degrees of susceptibility to DSS, depending upon
anatomical site as schematically demonstrated in the Table 1.
Interestingly, severity of DSS-induced lesions in most inbred
strains increased from proximal to the distal colon. A greater
susceptibility to DSS-induced colonic but not cecal lesions
was observed in male mice [15].

Stevceva et al. [35] demonstrated that C3H mice are
more susceptible to DSS colitis than CBA/H and BALB/c.
C3H mice developed severe colitis with severe inflammatory
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Table 2: Differentially expressed genes in acute phase of DSS colitis that had been previously associated with human IBD [34].

Gene Name Expression Gene Name Expression

Cytokine Genes involved in tissue remodeling

IL-6 Interleukine-6 ↑ 2.6 Mmp3 Stromelysin 1 ↑ 22.5

IL-16 Interleukine-16 ↓ 2.7 Mmp14 Membrane type 1 MMP ↑ 2.1

IL-22 Interleukine-22 ↑ 2.4 Timp1 Tissue inhibitor of metalloproteinase 1 ↑ 3.6

Chemokine Regenerating islet-derived genes

CCL2 JE (human:MCP-1) ↑ 1.8 Reg3γ Regenerating islet-derived 3γ ↑ 14.0

CCL3 MIP-1α ↑ 3.3 Pap Pancreatitis-associated protein ↑ 79.1

CCL11 Eotaxin ↑ 3.3 S-100a9 S-100 calcium-binding protein A9 (calgranulin B) ↑ 14.0

CXCL1 KC (hu: GROα) ↑ 2.9 Prostaglandin metabolism

CXCL5 LIX (hu: ENA-78) ↑ 6.6 Ptgs2 Prostaglandin-endoperoxidase synthase 2 (COX-2) ↑ 4.1

Colitis was induced in 8 wk female BALB/c mice that received 3% DSS for 7 days and were sacrificed on day 7. ↑: significantly increased expression by denoted
factor, ↓: significantly decreased expression by denoted factor.

response predominantly involving ascending (proximal)
colon and cecum, while CBA/H and BALB/c mice developed
severe colitis mostly in distal colon. BALB/c mice, which are
frequently used strain in DSS-colitis, are also less susceptible
to DSS as IQI/Jic [32] or C57BL/6 [22]. The differences
in the susceptibility to DSS-induced lesions were either
due to genetic differences in the ability of the mucosa to
withstand inflammatory damage, differences in the ability to
limit the inflammatory response, or both. Melgar et al. [22]
demonstrated differences in the progression of DSS colitis
between two commonly used strains. After DSS withdrawal
(one cycle), BALB/c mice recovered of DSS colitis, while in
C57BL/6 mice colitis progressed into chronic phase [22]. The
genetic factors contributing to DSS susceptibility in mice
are unknown. Interestingly, some strains of mice are able to
limit and eliminate DSS-induced inflammatory response in
colon, while inflammatory process in C57BL/6 mice can not
be repared but progresses into chronic form of colitis [22].
This indicates that genetic factors are importantly involved
into regulations of inflammatory response, which is of great
interest for further research.

7. Pathogenesis of DSS-Induced Colitis

It is widely accepted that DSS is toxic to colonic epithelial
cells and causes defects in the epithelial barrier integrity,
whereby increasing the colonic mucosal permeability to
allow permeation of large molecules such as DSS. The mech-
anism of how DSS passes through the mucosal epithelial
cells (transcellularly or paracellularly mediated via tight
junctions) remains uncertain. First changes related to DSS
were observed after 1 day of DSS treatment. These changes
were loss of one of the components of tight junction complex
[36, 37] zonula occludens-1 (ZO-1) [38] and significantly
increased expression of proinflammatory cytokines (TNF-α,
IL-1β, IFN-γ, IL-10, and IL-12) in the colon [39]. By day
3 of DSS treatment significant increase in permeability to
Evan’s blue was observed [38]. At this time first histological
changes in the colonic mucosa in the form of basal crypts
loss and increased inflammatory cells infiltration can be seen.
In acute phase of DSS colitis the impairment of epithelial

barrier function is associated with loss and redistribution
of the tight junction proteins such as occludin, ZO-1 [38],
claudin-1, -3, -4, and -5 and an increased epithelial apoptotic
ratio [40]. Altered expression of tight junction proteins and
increased epithelial apoptosis were reported also in human
IBD. It was proposed that imbalance between apoptosis
and proliferation causes relevant leaks in the epithelial
barrier. This is supported by the finding that both increased
apoptosis and decreased proliferation of the epithelium take
place in the acute phase of DSS colitis [41]. The single layered
intestinal epithelium is a physical and immunological barrier
that prevents direct contact of the intestinal mucosa with the
luminal microbiota.

As evidenced by the amelioration of inflammation in
germ-free animals and in mice treated with antibiotics
[27, 30, 31], DSS-induced breakdown of mucosal epithelial
barrier function allows the entry of luminal antigens and
microorganisms into the mucosa resulting in overwhelming
inflammatory response.

Microarray analysis of the gene expression revealed that
173 genes were differentially and significantly expressed
in the colon of DSS-treated mice by a factor of two
or more when compared to control mice. Fifteen were
previously associated with IBD in humans (shown in Table 2)
[34]. Intestinal Na+-related transporters/channels and their
regulatory proteins (NHE1,3, β-ENaC, and NHERF1,2) have
been found to be downregulated in mouse colon in acute
phase of DSS colitis and in mucosal biopsies from IBD
patients (UC or CD) in active phase of disease [44].

7.1. Inflammatory Response and Mediators Involved in the
Pathogenesis of DSS Colitis . Numerous inflammatory medi-
ators have been implicated in the pathogenesis of human
IBD. These include cytokines, eicosanoids, reactive oxygen
species, nitric oxide, and complement system activation
products [45–48]. Similarly, DSS-induced colitis is associated
with the upregulation of different cytokines, chemokines,
nitric oxide [49, 50], and inducible nitric oxide synthase
(iNOS) [51]. Changes in production of inflammatory
mediators in DSS-treated mice were investigated during
different phases of colitis, in the serum and/or colon and by
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Table 3: Profile of inflammatory mediators in different phases of DSS-induced colitis in mice.

Tissue/method Analytes measured acute DSS colitis chronic DSS colitis Mouse strain ref.

7 days of DSS treatment

Colon/RT PCR
IL-1, IL-4, IL-10,

IL-12, IFNγ, TNFα
↑ IL-1, IL-10, IL-12,
↑ IFN-γ, TNFα

— BALB/c [42]

5 days of DSS treatment
5 days of DSS followed by

28 days of water

Colon/ELISA,
MSI

IL-1α, IL-1β, IL-12
p40, IL-12 p70, IL-17,
IL-6, G-CSF, IL-18

↑ IL-1α, IL-1β, IL-12 p40,
↑ IL-12 p70, IL-17, IL-6,

↑ G-CSF

↑ IL-1α, IL-1β, IL-12 p40,
↑ IL-12 p70, IL-17, IL-6,

↑ G-CSF
C57BL/6J [22]

↑ IL-1α, IL-1β, IL-6,
↑ IL-18, G-CSF

↑ IL-12 p40 BALB/c [22]

5 days of DSS treatment
5 days of DSS followed by 7

days of water

Colon/RT PCR
TNF-α, IL-1β, IL-6,
IL-10, IL-12, IFN-γ,

KC, MIP-2

↑ TNF-α, IL-1β, IL-6,
↑ IL-10, IL-12, IFN-γ,

↑ KC, MIP-2

↑ TNF-α, IL-1β, IL-6,
IL-10,

↑ IL-12, IFN-γ, KC, MIP-2
C57BL/6J [39]

7 days of DSS treatment
4 cycles of 7days of DSS

followed by 10 days of water

Serum/MSI

IL-1β, IL-2, IL-4,
IL-5, IL-6, IL-10,

IL-12, IL-17, IFN-γ,
TNF-α, GM-CSF,

IP-10, KC, MCP-1,
MIG, MIP-1α

↑ IL-6, IL-17, TNF-α, KC ↑ IL-6, IFN-γ, IL-4, IL-10 [43]

Colon/Western
IL-6, IL-12, IL-23,

IL-17, IFN-γ
↑ IL-6, IFN-γ, IL-17 ↑ IL-6 C57BL/6J [43]

RT PCR: real-time PCR; MSI: multiplex sandwich immunoassay; IFN-γ: interferone gama; IL: interleukine; GM-CSF: granulocyte-macrophage colony-
stimulating factor; IP-10: interferon-inducible protein; KC: keratinocyte-derived chemokine; MCP-1: monocyte chemoattractant protein; MIG: monokine
induced by IFN-γ; MIP-1α: macrophage inflammatory protein; TNF-α: tumor necrosis factor alpha.

different methods (shown in Table 3). Increased expression
of different inflammatory mediators (TNF-α, IL-1β, IFN-γ,
IL-10, and IL-12) was observed as early as the first day of
DSS treatment [39]. The production of these inflammatory
mediators increased progressively during DSS treatment.
Different profile of inflammatory mediators in acute and
chronic phase of DSS colitis was demonstrated. Acute
inflammation in DSS colitis converts to a predominant Th2-
mediated inflammatory response in the chronic state (lower
levels of TNF-α, IL-17, and KC and elevated levels of IL-
6, IFN-γ, and IL-4, IL-10) [43]. Progressive upregulation in
the transcripts for Th1 cytokines (IL-12, IFN-γ, IL-1, and
TNF-α) was observed with increasing dosage of DSS [42].
Different cytokine profile in chronic phase of DSS colitis was
found between BALB/c and C57BL/6J mice, which reflected
the severity of inflammation or infiltration of inflammatory
cells in the colon found histologically [22].

These inflammatory mediators not only play a role in
the pathogenesis of DSS-induced colitis but are important as
intervention targets against colitis as excellently described by
Kawada et al. [52]. Cytokine profile in DSS colitis correlates
with clinical and histological parameters as well as barrier
properties. Different expression depending on strain and
phase of colitis provides this model as a useful tool to dissect
the role of these cytokines in the induction of inflammation
and recovery from it.

Recently comprehensive study of mucosal and systemic
immune responses in C57BL/6OlaHsd mice exposed to 3%

DSS for 6 days has been performed using immunofluorescent
staining and flow cytometry analyses. It has been shown that
adaptive immune responses in this mouse strain are induced
during both acute and chronic phase of colitis in all organs
tested, that are, colon, spleen, and mesenteric lymph nodes
as early as day 1 of DSS treatment until the end (i.e., day 25)
[23]. Interplay of neutrophils, dendritic cells, macrophages,
and T and B cells among spleen, mesenteric lymph nodes,
and colon in DSS-treated C57BL/6OlaHsd mice in temporal
fashion is schematically represented in Figure 8.

8. Geneticaly Modified Mice and DSS Treatment

DSS-induced colitis is nowadays frequently used in geneti-
cally engineered mice (GEM), to study basic immunologic
mechanisms of IBD and to elucidate the role of particular
deleted (−/−) or inserted (Tg) gene in the pathogenesis of the
colitis.

Toll-like receptors (TLR) are critical receptors and
signal transducers for structurally conserved pathogen-
associated molecular patterns of bacterial cell components
(such as lipopolysaccharide) that provoke innate immune
responses by stimulating macrophages/dendritic cells to
produce proinflammatory cytokines. It has been shown that
mice deficient for different TLR (TLR2, TLR4) or other
molecules, which are implicated in signaling via TLR such
as myeloid differential protein (MyD88), are very susceptible
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Table 4: Genetically engineered mouse models in the pathogenesis of DSS colitis.

GEM model Background (breeder) Age gender N MS MW of DSS DSS treatment End S Ref

TLR2−/−

TLR4−/−

TLR2/4−/− C57BL/10ScSn N = 10–12 nr 40 kDa 3.5% for 7 days Day 8 ↑ [53]

5–8 wks

TLR4−/− C57BL/6J Male, female 2.5% for 5 days Day 5

MyD88−/− (Jax) N = 5-6 nr 36–50 kDa 2.5% for 5/7 days Day 12/14 ↑ [54]

TLR2−/−

TLR4−/− F2

MyD88−/− 129/SvJ × C57BL/6 SPF 40 kDa 2% for 7 days Day 0–28 ↑ [33]

8 wks

Male 1.2% for 8 days

MyD88−/− nr N = 10 SPF 50 kDa 2.5% for 8 days Day 8 ↑ [55]

10 wks

C57BL/6 Male [56, 57]

IL-18Tg (nr) N = 20 SPF 50 kDa 2% for 8 days Day 12 ↑
3 cycles of

C57BL/6 7–9 wks 2% for 5 days + Day 5

IL-15−/− (Taconic) N = 11 nr 36–50 kDa 5 days of water Day 25 ↓ [58]

C57BL/6J Male, female

TNF-α−/− (Shimizu, Japan) N = 15 nr 8 kDa 4.5% for 7 days Day 7 ↑ [51]

8–10 wks

Male

MRP1−/− FVB N = 8 SC 40 kDa 3% for 7days Day 7 ↑ [59]

C57BL/6 8-9 wks Day 4, 7

Mtgr1−/− (nr) Male, female nr 40–50 kDa 3% for 4days Wk 6, 10 ↑ [60]

7-8 wks

C57BL/6 Male, female 3% for 5 days

SOCS-1+/− (nr) N = 14 SPF 36–50 kDa (4% for 7 days) Day 14 ↑ [61]

5 cycles of

C57BL/6J 8–12 wk 2% for 7 days +

IRF-1−/− (Jax) N = 15 nr 40 kDa 7 days of water Wk 10 ↑ [62]

8–10 wk

Female

PPARγΔIEpC nr N = 20 nr 35–40 kDa 2.5% for 7 days Day 7 ↑ [63]

C57BL/6J

PPARγΔCD4+ (nr) N = 34 nr 36–44 kDa 2.5% for 7 days Day 0,2,7 ↑ [64]

C57BL/6

TPH1−/− (Taconic) N = 10 nr 40 kDa 5% for 5 days Day 5 ↓ [65]

Bk2R−/− C57BL/6 8–12 wk ns

C3−/− (Jax) N = 8 nr 36–40 kDa 3% for 10 days Day 10 ↓ [45]

C57BL/6 Male, female

iNOS−/− (Jax) N = 5 nr 40 kDa 2.5% for 9 days Day 3,9 ↓ [49, 50]

eNOS−/− ↓
nNOS−/− 129/Sv × C57BL/6 Male, female ↑
e/nNOS−/− (Jax) N = 5 nr 40 kDa 2.5% for 9 days Day 3,9 ns [49]
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Table 4: Continued.

GEM model Background (breeder) Age gender N MS MW of DSS DSS treatment End S Ref

5–10 wks

C57BL/6 Female

APN−/− (nr) N = 5–7 nr 40 kDa 2% for 5 days Day 5,10 ↓ [66]

8–10 wks

C57BL/6J Male

APN−/− (Clea Japan) N = 11 SPF 36–50 kDa 0.5% for 15 days Day 15 ↑ [67]

VhlΔF/F Day 5 ↑
Hif-1αΔF/F 6–8 wk 2.5% or 5% for 1 year ns

ArntΔF/F nr nr nr 35–40 kDa 5 days ns [68]

GEM: genetically engineered mice, N : number of mice pre group, MS: microbiological state, MW: molecular weight, S: susceptibility to DSS in comparison
to wild-type mice (mice of the same strain without deletion), ↓: significantly lower, SFP: specific pathogen-free conditions, SC: standard conditions, ns:
nonsignificant, nr: not reported, ↑: significantly higher, wk: week, TLR: toll-like receptor, MyD88: myeloid differential protein, IL: interleukine, MRP:
multi drug resistant protein, Mtgr: myeloid translocation gene related-1, SOCS: suppressor of cytokine signaling, IRF: Interferon regulatory factor, PPAR:
peroxisome proliferator-activated receptor, TPH: tryptophan hydroxylase, Bk2R: bradykinin type 2 receptor, C3: complement, APN: adiponectine, Vhl: von
Hippel-Lindau tumor suppressor protein, Hif: hypoxia-inducible factor, Arnt: aryl hydrocarbon nuclear translocator.
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Figure 8: Schematic representation of mucosal (colon) and systemic (spleen, MLN) immune responses in C57BL/6OlaHsd mice exposed
to 3% DSS for 6 days followed by water for 19 days. Measurements were made on day 0, 1, 3, 5, 8, 12, and 25 as denoted by numbers.
Schematic representation is based on results obtained by Hall et al. [23]. MLN: mesenteric lymph nodes, N: neutrophils, M: macrophages,
DC: dendritic cells, T: T cells, B: B cells.

to DSS colitis, indicating important protective role of these
molecules in colitis [33, 53–55]. Overproduction of IL-
18 or deletion of TNF-α has been shown to exacerbate
DSS colitis [51, 56]. On the other hand mice deficient for
IL-15 showed reduced susceptibility to DSS colitis [58].
Mice deficit for IL-12 developed mild DSS colitis, while
mice deficit for IL-18 developed severe colitis associated
with high lethality [69]. Deletion of suppressor of cytokine
signaling-1 (SOCS-1), which is a negative feedback molecule
for cytokine signaling, increased susceptibility to DSS col-
itis, suggesting that SOCS-1 plays preventive role in the

development of DSS-induced colitis in mice by inhibiting
IFN-γ/STAT1 signaling [61]. Interferon regulatory factor-1
(IRF-1) is a transcription factor stimulated by IFN-γ and
TNF-α that binds to the promoter region of inflammation-
related genes, such as IFN-α, IFN-β, and iNOS. It is
expressed in lymphocytes, monocytes, and a wide variety of
other cell types, including enterocytes. Mice lacking IRF-1
transcription factor developed significantly increased DSS-
induced colonic dysplasia [62]. Tryptophan hydroxylase-
1 (TPH1) catalyzes the rate-limiting step in the synthesis
of 5-hydroxytryptamine (5-HT) from tryptophan. It is an
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important enteric mucosal signaling molecule influencing
gut physiology (motor and secretory function) following
inflammation and is considered important in maintaining
intestinal homeostasis. However, mice lacking TPH1 had
significantly reduced susceptibility to DSS colitis [65].

Taken together, GEM treated with DSS are valuable
model to test different molecules, which are involved in the
mediation of inflammation such as cytokines (IL-12, IL-
15, IL-18, TNF-α), nitric oxides (iNOS, eNOS, and nNOS),
complement system activation products or other molecules
involved in signaling of inflammation (SOCS-1, IRF-1), to
further identify bacterial factors involved in maintaining
intestinal homeostasis (TLR, MyD88), to investigate the role
of particular factor when totally deleted or deleted only
in particular types of cells such as intestinal, (PPARγΔIEpC;
VhlΔF/F; Hif-1αΔF/F; ArntΔF/F) or CD4+ T cells (PPARγΔCD4+)
and to test therapeutic interventions based upon inhibition
of particular gene expression strategies (TPH1, APN, and
MRP1). In the Table 4 susceptibility to DSS-induced colitis
in mice deficient for a particular gene is shown. Mouse
background, gender, microbiological state, molecular weight
of DSS, and DSS treatment, factors that importantly affect
DSS colitis and need to be taken into account in designing
investigation or evaluating results, are also stated.

9. Conclusion

DSS-induced model is simple to induce and not expensive,
which makes it one of the most commonly used model of
IBD to study various aspects of IBD such as pathogenesis,
genetic predisposition to IBD, immune mechanisms, and
role of microflora in the pathogenesis of IBD as well
as bowel malignancy secondary to IBD. As demonstrated
above, various factors may affect susceptibility to DSS and
modify results. Representative examples of how important
can be all mentioned details are studies where two groups
of researchers investigated the role of adiponectine in DSS
colitis. Both groups used in their studies the same mice
model (mice with APN deletion) exposed to DSS treatment.
They observed quite opposite results [66, 67]. It is thus
advisable to state and describe all details and conditions that
may affect the DSS susceptibility.
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Posterior circulation stroke refers to the vascular occlusion or bleeding, arising from the vertebrobasilar vasculature of the brain.
Clinical studies show that individuals who experience posterior circulation stroke will develop significant brain injury, neurologic
dysfunction, or death. Yet the therapeutic needs of this patient subpopulation remain largely unknown. Thus understanding the
causative factors and the pathogenesis of brain damage is important, if posterior circulation stroke is to be prevented or treated.
Appropriate animal models are necessary to achieve this understanding. This paper critically integrates the neurovascular and
pathophysiological features gleaned from posterior circulation stroke animal models into clinical correlations.

1. Introduction

The posterior circulation is an understudied brain region
that is affected by stroke. When translational research pro-
gresses to clinical trials, most trials will enroll very few or
completely exclude posterior stroke patients [1–5]. Though
posterior circulation strokes are too uncommon in many
population centers to achieve sufficient numbers, other stud-
ies try to control for the heterogeneity between the anterior
and posterior circulations [6, 7]. This leads to evidence-based
guidelines which may not sufficiently represent some impor-
tant spectrums of stroke. For these reasons, experimental
animal models could be a useful tool to address emerging
posterior circulation treatment strategies [8]. In this paper,
we will integrate clinical features with animal models in
describing characteristics of posterior circulation strokes,
including the neurovascular features, and pathophysiology
mechanisms founded from these experimental models.

2. Hemodynamic Posterior Circulation

The posterior circulation originates from the paired vertebral
arteries and a single basilar artery, to supply the inferior
thalamus, occipital lobes, midbrain, cerebellum, and brain-

stem. At the pontomedullary junction, the vertebral arteries
fuse to form the basilar artery, which then courses along
the ventral aspect of the pons and mesencephalon [9]. From
the basilar artery, dorsolateral (circumferential) superficial
vessels branch out to the lateral sides and course toward
the cerebellum, while deep (paramedian) branches perforate
directly into the brainstem, along the ventral aspect. The
basilar artery terminates at the mesencephalic cistern, with
perforator branches to parts of the diencephalon, and
bifurcation into the paired posterior cerebral arteries (PCAs).
The PCAs course laterally to combine with the posterior
communicating arteries (PComAs) and then continue to
supply parts of the occipital and temporal cortices. The cir-
cumferential, paramedian, and other perforator branches are
called terminal vascular branches, which lack collateral flow
and may potentiate focal ischemia during vertebrobasilar
vessel occlusions. The pontine paramedian and the lateral
cerebellar circumferential branches are the most common
sites of hemorrhage. Several clinical syndromes (Table 1) are
described for posterior circulation vascular injuries [10, 11].

Vascular reserve within the basilar circulation includes
bidirectional flow through the AICA, PICA, and cer-ebellar
leptomeninges [12, 13]. The leptomeningeal interconnec-
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Table 1: Posterior circulation syndromes and associated brain region, clinical signs.

Syndrome(s) Vessel(s) Brain region(s) Contralateral sign(s) Ipsilateral sign(s)

None VA, PICA Cerebellum None Truncal, leg, and gait ataxia/dystaxia

Medial medullary,
Wallenberg

ASA, VA, PICA Caudal Medulla
Any sensory input loss

hemiplegia

Horner’s syndrome, tongue weakness,
dysphagia, hoarseness, loss of facial
sensation, nystagmus, vertigo, ataxia

Locked-in, Foville,
Millard-Gubler, Marie-foix

BA, AICA Pons
Loss of pain or temperature

sensation, hemiplegia
Facial or lateral gaze weakness,
dysarthria, hemiplegia, ataxia

Parinaud, Benedikt, Weber,
Claude

PCA Midbrain
Tremor, hemiplegia, motor

deficit, cerebellar ataxia
Paralysis of gaze and accommodation,

fixed pupils, CNIII palsy

Dejerine-Roussy PCA Thalamus
Pain syndrome, any sensory

input loss
None

Balint, Anton PCA
Occipital,

Temporal lobes
Vision loss, blindness

denial

Vision and eye movement loss,
misinterpretation of visual objects,

blindness denial, loss of visual-motor
coordination

VA: vertebral artery; PICA: posterior inferior cerebellar artery; ASA: anterior spinal artery; BA: basilar artery; AICA: anterior inferior cerebellar artery; PCA:
posterior cerebral artery; CNIII: cranial nerve three.

tions between cerebellar arteries are similar to the cerebral
pial network and can reverse blood flow back through the
tributaries of the basilar artery [14]. Outside the posterior
circulation, the direction of blood flow can be reversed
through hemodynamic connections between PComA (poste-
rior communicating artery), first PCA segment, and carotid
circulation [14]. Increased PComA vessel luminal size is
directly proportional to improved patient outcome after
basilar artery and first segmental PCA occlusions [15].
Patients with PComAs greater than 1 mm in diameter have
less ischemic injury during carotid territory occlusions [16].
During basilar artery occlusion, PComAs reverse blood flow
through the basilar bifurcation, PCA, and SCA (quadrigem-
inal plate) [14]. However, individual variations in arterial
anatomy and the collateral circulation are common (asym-
metric or single vertebral arteries, SCA and AICA branching
variants, small PComAs) and these can narrow the basilar
artery, diminishing vascular reserve, and leading to a greater
incidence and severity of stroke [14–18].

3. Transient Posterior Brain Injury

Around ten years ago (vertebrobasilar), transient ischemic
attack (TIA) was defined as follows: “a brief episode of
neurologic dysfunction caused by focal brain ischemia, with
clinical symptoms typically lasting less than one hour, and
without evidence of acute infarction” [19]. VTIAs are half
the duration of carotid territory TIAs [10] and generally
perceived by clinicians as having a more benign course
[20–25]. Consequently, VTIA patients receive less clinical
investigation and treatment [26–28]. However, a systematic
review of sixteen-thousand patients found no differences
between carotid and vertebrobasilar TIAs, in the rate of
stroke, death, or disability [26]. In fact, VTIAs are more likely
to convert into full-on strokes during the acute-phase, and a
third will have a stroke within 5 years [29, 30].

4. Ischemic Posterior Brain Injury

One-quarter of all ischemic strokes are located in the
vertebrobasilar (VB) territory [31, 32]. These are usually
caused by thrombi/emboli and rarely from vertebral artery
dissection of C1-2 vertebral level trauma [10]. Patients with
large vessel (basilar artery or intracranial VA) occlusions
affecting the brainstem tend to have a worse prognosis
while small lacunar occlusions generally do well, so long as
cardiorespiratory centers are intact ([6]; clinical features are
summarized in Table 1).

Patient outcomes after VB ischemic stroke have been
somewhat the subject of debate. The Oxfordshire Commu-
nity Stroke Project [31] prospectively followed 129 patients
and found a 14% mortality and 18% major disability rate,
while the New England Medical Centre Posterior Circulation
Registry (NEMC-PCR) [33] found a 4% (death) and 18%
(disability) rate, with a prospective study of 407 patients.
For basilar artery occlusion (BAO), the most severe form
of VB ischemic stroke, a systematic analysis of 10 published
case series and 344 patients, reported an overall death or
dependency rate of 76% [34], while the NEMC-PCR study
with 87 patients reported poor outcomes in 28–58% of
patients [35].

5. Hemorrhagic Posterior Brain Injury

One-fifth of all intracerebral hemorrhage (ICH) occurs in the
cerebellum or brainstem [36, 37]. Brainstem hemorrhages
have a 65% mortality rate and around 40% after cerebellar
hemorrhage [38–40]. Prolonged endovascular cerebrovas-
cular damage from uncontrolled hypertension leads to
arteriosclerotic and amyloid angiopathic changes, vessel
fragility, and rupture at the deep cerebellar vessels or brain-
stem basilar (paramedian) branches [37, 41]. Less common
relations to occurrence are cancer, coagulopathy, or vascu-
lar anomalies (arterial-venous malformations, aneurysms,
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cavernomas, and dural arteriovenous fistulas) [37, 41]. For
most patients, supportive care is the only treatment rendered,
since surgery is only available for one-quarter of hospitalized
cerebellar hemorrhage patients, and the brainstem is not
surgically accessible [42–45]. Mechanisms of infratentorial
hemorrhage have never been studied and to this end we have
developed animal models using collagenase to address this
brain hemorrhage subpopulation [46, 47].

6. Animal Studies

Experimental models are available to study ischemic pos-
terior circulation stroke [48]. Many animal studies of
anterior circulation ischemic stroke have demonstrated
impaired autoregulation after ischemic stroke. The extent of
which would depend on occlusion duration and extent of
reperfusion hyperemia [49–51]. These mechanisms warrant
further study—this can be achieved using available animal
models of posterior circulation stroke. Under experimental
conditions, the standardized progressive hypotension in rats
showed that autoregulatory kinetics remained intact at the
cerebrum, while a progressive loss of autoregulatory efficacy
in the cerebellum [52]. As a next step, however, changes
in mean arterial blood pressure (MABP) and CO2 levels
(in cats) while measuring blood flow (hydrogen clearance
method) in the cerebrum, cerebellum, and spinal cord
found greater susceptibility to pressure-dependant ischemia
in the cerebrum and spinal cord than cerebellum, which was
relatively resistant [53].

Corroborative studies [54] used transcranial Doppler
methods for comparing blood flow in supratentorial
and infratentorial brain compartments during increasing
intracranial pressures, in the rabbit experimental model.
Essentially, the maximum vasomotor activity amplitude of
occurred 30 seconds later in the basilar artery, compared
with the carotids. Such reports demonstrate that delays are
present in the effect of intracranial pressure upon hindbrain
microvascular tone. Using a canine experimental model of
permanent occlusion to posterior cerebral artery perfora-
tors [55] with the ability to monitor cerebral blood flow
(autoregulation) and carbon dioxide reactivity, in response
to induced hypotension/hypertension, it was found that cere-
bral cortex maintained autoregulation and carbon dioxide
reactivity, while thalamic autoregulation was maintained
in hypotension, but not during episodic hypertension. On
the other hand, the midbrain retained marked impaired
autoregulation and carbon dioxide reactivity. Such findings
reveal differential brain vulnerability following permanent
vascular occlusions. In essence, animal studies indicate that
brainstem nuclei decompensated compared to forebrain
regions, despite abundant amounts of posterior collateral
circulation.

The animal model of bilateral carotid ligation using
spontaneously hypertensive rats showed impaired autoreg-
ulation in the cerebrum [56]. However, the addition of
stepwise drops in mean arterial pressures caused impairment
of cerebellar autoregulation as well. Hypothetically, it is
possible that vulnerability to hypotension in areas distant

from the stroke ictus is modulated by alpha-adrenoceptor
(vasoconstrictive) neurons responding to cerebral (transten-
torial) hypertension signals [57]. The collateral vascular
compensation may be a function of age, since bilateral
carotid occlusion causes greater dependence upon basilar
flow in adult rats, compared to dependence upon extrac-
erebral midline collaterals in younger experimental animals
[58].

7. Animal Models: Vascular Responses to Stroke

Experimental studies reveal that similar cerebrovascular
mechanisms are found after ischemic and hemorrhagic
stroke [59]. Normally, cerebrovascular autoregulation main-
tains optimal brain tissue perfusion through arterial con-
striction/dilation in response to local levels of CO2 and
systemic variations of blood pressures (MABP) [60]. Human
stroke leads to damaged cerebral autoregulation capacity
and greater dependence upon systemic arterial pressure [61–
63] occurring after both carotid and vertebrobasilar-based
vascular territories [62, 64]. This impairment is recognized
as an important mechanism of secondary brain injury and
edema formation, following human ischemic stroke [65]
and intracerebral hemorrhage [66]. There is a rationale
behind the tight hemodynamic and respiratory control in the
intensive care units.

Animal studies show that the vertebrobasilar vessels
have a greater capacity to mechanically vasodilate and vaso-
constrict compared to carotid-based vasculature, suggesting
greater dynamic autoregulatory ability [67–69]. This may
be a mechanism enabling the hindbrain to divert blood
flow to the carotid system during cerebrovascular strain,
since drops in total brain perfusion lead to proportionally
greater diminished flow across the basilar compared to
the middle-cerebral artery [70]. When systemic CO2 and
blood pressure changes are superimposed upon permanent
posterior cerebral artery occlusion, in dogs, this showed
graded autoregulatory decompensation caudally from the
supratentorial region to the brainstem, while carotid-based
autoregulation was preserved [55]. Experiments in rats show
cerebral sparing, while systemic hypotension causes progres-
sive decline in cerebellar autoregulatory kinetics, and carotid
autoregulatory kinetics remain intact [52]. The impairment
of cerebellar autoregulation also occurs after bilateral carotid
ligation in spontaneously hypertensive rats [57]. Conversely,
the combination of hypocapnia with systemic hypotension,
in cats, caused greater ischemic susceptibility in cortical
brain-regions compared with the cerebellum [53]. Cerebellar
autoregulatory kinetics may, therefore, accommodate CO2

fluctuation more favorably, in the face of hypoperfusion,
while drops in arterial pressures, without systemic CO2

change, would affect the cerebellum more severely [52].

In most species, the cerebellum and brainstem have
an abundance of white matter tracts. Magnetic resonance
imaging (MRI) perfusion and diffusion studies in humans
have determined white matter to have an infarction threshold
of 20 mL/100 g/minute, while gray matter can sustain flow
down to infarctions starting at 12 mL/100 g/minute [71].
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A greater density of white matter tracts in the hindbrain
would imply greater vulnerability to ischemic injury. There-
fore the viability of brainstem cardiorespiratory centers dur-
ing periods of severe systemic hypotension, global cerebral
ischemia, and cardiac arrest will necessitate further study.

8. Animal Models: Neural Consequences
from Stroke

Animal models show that ischemic interruption of cerebral
blood flow leads to hypoxic and anoxic brain injury,
increased neuronal excitability, and cell death [72]. Reper-
fusion injury further augments this damage through free
radial production and mitochondrial dysfunction [73, 74]
and similar mechanisms are at play after hemorrhagic stroke
also [59]. Neurons in the CA1 hippocampal region are
particularly vulnerable to ischemia; yet, experimentally, these
cells are more resistant to damage than several areas of
the hindbrain [75, 76]. Electrophysiological studies after
hypoxic injury have shown greater neuronal excitability in
the hypoglossal (CNXII) and dorsal vagal motor (DVMN)
cranial nuclei of the brainstem compared to hippocampal
CA1 regions [76]. Animal models show that anoxia of the
hypoglossal nucleus will have both greater initial injury and
impaired recovery compared with these temporal lobe neu-
rons [77]. In vitro simulation of ischemic reperfusion injury,
using cell cultures of oxygen-glucose deprivation followed
by reoxygenation (OGD-R), showed greater free-radical
injury (lipid peroxidation) and mitochondrial impairment
in cerebellar cells compared to cerebral cortical cell culture
[78]. Experiments comparing cerebellum with brainstem
injury, after vertebral arterial occlusions in gerbils, showed
greatest amount of cell death near regions controlling
coordination and balance (cerebellar interpositus and lateral
vestibular nuclei), while brainstem cardiorespiratory areas
remain relatively more intact [75]. The scattered mosaic
nature of brainstem nuclei means that this is not simply a
redistribution of blood flow and is likely a feature of the
neuronal environment, and this deserves further study.

Experimental studies reveal significant cerebellar fastigial
nuclei (FN) involvement in the regulation of blood pressure
and flow [79–81]. This occurs via integration of autonomic
signals from vestibular and cerebellar Purkinje neurons [82,
83]. FN also modulate the function of adjacent medullary
structures and autonomic spinal intermediolateral column
neurons [84, 85]. In primates, these nuclei interconnect
with vestibular (lateral and inferior), reticular (lateral,
paramedian, and gigantocellular), and cervical spinal ante-
rior gray neurons [86]. Animal models demonstrate that
electrical stimulation of the FN leads to pressor responses
with tachycardia, as mediated by fibers passing through,
or very close to, the FN, while chemical activation causes
a depressor response, with bradycardia via intrinsic FN
neuronal activity [87–89]. Taken together, cerebellar fastigial
nuclei serve important cardiovascular functions, the manner
of which is of significant clinical interest, since cerebellar
injury in association with cardiopulmonary consequences is
a common occurrence [90–93].

Neurons of the area postrema (AP) also contribute to
cardiovascular regulation [94–97]. Biochemically, the cell-
surface receptors of circulating molecules: angiotensin II
(AT1), and vasopressin (V1), are expressed within this brain
region [98–100]. Here, the angiotensin II neurohormone can
reset the baroreflex to higher blood pressure levels through
indirect interactions with the nucleus of the solitary tract
and interconnections within the medulla [101–103]. These
nuclei can also modulate the cardiovascular regulatory effects
of other neuropeptides—such as vasopressin. While this
homeostatic effector readily binds somatic V2 type receptors,
causing peripheral vasoconstriction, V1 receptor binding-
interactions within the area postrema will paradoxically
enhance baroreflex sensitivity towards activation at lower
threshold pressure set-points [104–106]. All together, these
pathways help keep the balance of complex cerebrovascular
systems.

9. Development and Gender

Young children exhibit sex differences in the autoregulatory
capacity between anterior and posterior circulations. Female
children, ages 4–8 years, have higher flow velocities for both
the middle cerebral and basilar arteries, while both sexes
exhibit greater flow velocity in the middle cerebral compared
to basilar arteries [107]. Later, autoregulatory capacities
begin to emerge with females (10–16 years old) having
greater capacity in the basilar artery than males, but males
having the advantage of greater MCA autoregulatory index
[108]. Up through adolescence, however, females continue
to have higher flow velocities (compared to males) for both
the middle cerebral and basilar arteries. This may indicate a
gender-specific ability to handle an occlusive thrombus in the
hindbrain. Further studies are needed to understand these
gender differences.

10. Conclusion

The hindbrain injury pathogenesis, prevention, and treat-
ment remain largely unknown, and animal models may be
necessary to achieve this understanding. Furthermore, injury
to this area can be particularly devastating. This brain region
may have less innate neurovascular protective mechanisms
and greater amount of cell death and injury in comparison
to supratentorial strokes. Significant experimental study has
been done for posterior circulation stroke. Future studies can
choose from an array of animal models, to test interventions
for reversing the mechanisms of injury in this brain region.
The strength of this paper is related to the comprehensive
nature of the information presented. In limitation, future
reports will need to further critically appraise the reported
data in the context of available evidence.
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Orthodontics is a branch of dentistry that aims at the resolution of dental malocclusions. The specialist carries out the treatment
using intraoral or extraoral orthodontic appliances that require forces of a given load level to obtain a tooth movement in a certain
direction in dental arches. Orthodontic tooth movement is dependent on efficient remodeling of periodontal ligament and alveolar
bone, correlated with several biological and mechanical responses of the tissues surrounding the teeth. A periodontal ligament
placed under pressure will result in bone resorption whereas a periodontal ligament under tension results in bone formation. In the
primary stage of the application of orthodontic forces, an acute inflammation occurs in periodontium. Several proinflammatory
cytokines are produced by immune-competent cells migrating by means of dilated capillaries. In this paper we summarize, also
through the utilization of animal models, the role of some of these molecules, namely, interleukin-1β and vascular endothelial
growth factor, that are some proliferation markers of osteoclasts and osteoblasts, and the macrophage colony stimulating factor.

1. Orthodontic Movement and Inflammation

Orthodontic movement is correlated with an inflammatory
process, that, in concert with the mechanical responses of
periodontal and oral tissues, is essential for achieving tooth
movement clinically. Early effects of orthodontic forces are
of physical [1] and biological nature, and they involve extra-
cellular matrix and cells of the alveolar bone, periodontal
ligament, blood vessels, and neural elements. As consequ-
ence, many changes occur in these structures and various
molecules are produced or inducted, as well as cytokines,
growth factors, colony-stimulating factors, and neurotrans-
mitters [2]. The first stages before the orthodontic force
application are characterized by an acute inflammatory

response. In the periodontium this process involves the vaso-
dilatation of capillaries which allows the migration of leu-
cocytes in the periodontal tissue, where they are induced by
biochemical signals to synthesize and to secrete several proin-
flammatory cytokines and chemokines, growth factors and
enzymes.

Orthodontic appliances impose forces on the teeth with
a predetermined direction, and tooth movement occurs
through different phases. The biological responses of hard
tissue to mechanical loadings around the tooth are different
between a tension area and a compression area (Figure 1).
Mechanical forces are transduced to the cells triggering
the biologic response by means of an aseptic transitory
inflammatory process that involves several inflammatory
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Figure 1: Phases of tooth movement associated with the application of orthodontic forces.

mediators. This succession of local events is the base for achi-
eving the remodeling of the parodontium, so to allow the
tooth movement [3].

The following paragraphs of the paper are intended to
focus on the role of various chemical and cellular factors
primarily present after the application of orthodontic forces.

The goal of this paper is to provide to orthodontic clini-
cians and educators some basic information and the sum-
mary of some updated studies about the correlation between
tooth movement and inflammatory process. Understanding
of these molecular phenomena is crucial to share the notion
that orthodontic tooth movement is “the biologic response
to interference in the physiologic equilibrium of the dentofa-
cial complex by an externally applied force” [4].

1.1. Interleukine-1β Induction at Primary Stage of Orthodontic
Tooth Movement. Cytokine expression in the rat periodontal
ligament at the initial stage of orthodontic tooth movement
has been investigated to evaluate the change of periodontal
ligament. Interleukin (IL)-1β is one of the most abundant
cytokines in the periodontal environment during the initial
stage of orthodontic tooth movement because of its direct
implications in alveolar bone resorption induced in the pres-
sure side by mechanical loading [5].

IL-1β takes part in the survival, fusion, and activation of
osteoclasts and exerts an important role since the amount
of tooth movement correlates with the efficiency of bone
remodeling in the alveolar process [6]. Higher levels of ex-
pression of inflammatory cytokines and of their respective
receptors had been shown after an inducted inflammatory
process by perforating the buccal cortical plate of orthodon-
tically treated rats. The concentration of IL-1β mRNA in
the rats’ periodontal ligament is increased within 3 h after
orthodontic force loading, particularly on pressure side [7].
The soft tissues surrounding the teeth are involved in ortho-
dontic tooth shift such as the hard tissues, periodontal liga-
ment, and alveolar bone, and changes in gingival contour
always follow tooth movement. After the application of

mechanical loadings, IL-1β mRNA in pressure side gingival
is significantly increased in a rat model under orthodontic
treatment [8].

IL-1β can bind two types of receptors, IL-1RI and IL-1RII
[9]. Only the former is examined in this context [10, 11] since
the latter acts only as a “decoy” target for the cytokine. The
particular function as proinflammatory cytokine of IL-1β
has been demonstrated by the administration of exogenous
interleukin (IL)-1 receptor antagonist (IL-1Ra) in mice un-
dergoing orthodontic treatment [12]. The level of IL-1β dec-
reased by 66% in mice treated with IL-Ra therapy, and this
associated with a reduction of the number of osteoclasts in
the pressure side of periodontal tissues after histological cha-
racterization, and with a less rate of tooth displacement.
These results showed that IL-1Ra has an anti-inflammatory
role that leads to a downregulation of the orthodontic tooth
movement.

The production of IL-1β is inducted from the processing
and the activation of a pro-IL-1β by a protease, the caspase-1.
Indeed, an apoptosis process occurs in conjunction with the
inflammatory one that eliminates the hyalinized periodontal
tissue formed during the early stages of orthodontic move-
ment. Caspase-1 is the most important mediator of inflam-
mation and apoptosis responses, activated by inflammatory
signals as alterations in the intracellular ionic milieu. In a rat
model under orthodontic treatment, caspase-1 expression is
increased, and the level of caspase-1 changes with different
temporal phases of orthodontic tooth movement [13]. If the
local orthodontic application of force is excessive, or else if
in the body there is an hyper-expression of caspase-1 by a
kind of diseases like rheumatoid arthritis, an irreversible root
resorption and a deformation of periodontal tissues might
appear. Researchers propose that, because of the primary role
of caspase-1 in inflammatory response due to orthodontic
tooth movement, a method to preserve the structure of peri-
odontal ligament may be the administration of the inhibitors
of caspase-1 activity such as VX-765 [14] and Pralnacasan
[15].
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1.2. VEGF Localization during Orthodontic Tooth Movement
in Animal Models. Vascular endothelial growth factor is the
primary mediator of angiogenesis and it increases vascular
permeability. This cytokine is involved in tissue neoforma-
tion that is strictly correlated with the presence of blood
vessels. During orthodontic tooth movement, compressive
forces induce angiogenesis of periodontal ligament together
with the role of mediator of the VEGF. The localization of
VEGF was analyzed in vivo in rat periodontal tissues during
experimental tooth movement. In this analysis, 15 male
Wistar rats were used. A compressive force at 150 mN was
applied by means of a uniform standardized compressive
spring placed between the right and left upper first molars in
each rat’s mouths. The maxillary bone was removed by the
animals and it was analyzed with immunohistochemical
staining. In the experimental animals, VEGF immunoreac-
tivity was in vascular endothelial cells, osteoblasts, osteoclasts
in resorption lacunae, in fibroblasts adjacent to hyalinized
tissue, a local necrotic area in compressed zone, and in
mononuclear cells in periodontal tissues from the animals
[16]. VEGF mRNA was also detected in fibroblasts and osteo-
blasts in tension area of mice periodontal ligament dur-
ing experimental tooth orthodontic movement [17]. The
protocol included 10 mice, divided between experimen-
tal and control animals, and provided the analysis of
premaxillary bone frontal sections [18]. Therefore, VEGF
exerts a fundamental role in remodeling periodontal liga-
ment and is also involved in bone resorption and forma-
tion.

1.3. Relation among Some Markers of Bone Cell Proliferation
and M-CSF with Orthodontic Movement. There are other
studies that examine a variety of proliferation markers ex-
pressed during orthodontic tooth movement. For instance,
the high presence of the antigen KI-67, nuclear protein asso-
ciated with cellular proliferation and ribosomal RNA tran-
scription, and of RANKL, a key factor for osteoclast differ-
entiation and activation [19, 20], indicates the recruitment
of osteoclasts in compression areas [21], whereas, the expres-
sion of Runx2, a transcription factor associated with osteo-
blast differentiation, shows the increase of differentiated
osteoblasts in tension areas [6]. In other studies, researchers
analyzed the collagen type 1 (3.6Col1) and the bone sialo-
protein (BSP) in periodontal ligament, using transgenic mice
containing transgenes of these promoters fused with green
fluorescent proteins (GFP), and they discovered that
3.6Col1-GFP and BSP-GFP cells have an increase on the ten-
sion side of the periodontal ligament [22, 23].

Another important role in tooth movement is played by
the macrophage colony-stimulating factor (M-CSF), an early
osteoclast differentiation factor, that increases the rate of
osteoclastic recruitment and differentiation [24].

In particular, optimal dosages of M-CSF correlated with
measurable changes in tooth movement and gene expression,
providing potential for clinical studies in accelerating tooth
movement.

2. Rats as Models for Orthodontic Movement

Up to now, a large number of studies in various species of
animals, such as cats, dogs, and rats, have been done to en-
lighten the biological response to periodontal ligament. Rats
are the most used animals for studying tooth movement,
even if there are advantages and disadvantages [25]. Among
the disadvantages, it must be remembered that the alveolar
bone of rats is more dense than in humans, and there are no
osteons. Indeed, the osteoid tissue along the alveolar bone
surface in rats is less, their bone extracellular matrix has a few
mucopolysaccharides, and, finally, the calcium concentration
is more controlled by intestinal absorption. Disparities have
been reported also in the arrangement of the peritoneal
fibers and in the supporting structures, as in the root forma-
tions, which seem to be faster. Notwithstanding these dis-
advantages, rats are considered a good model to study ortho-
dontic tooth movement. Indeed, they are relatively inexpen-
sive, the histological preparation of their material is easier
than other animals, and transgenic strains are almost exclu-
sively developed in small rodents.

Clinical studies show that there are different phases in
tooth movement. The application of force during orthodon-
tic tooth movement results in bone resorption by osteoclasts
and deposition by osteoblasts on the pressure and tension
sides of the periodontal ligament. Recent studies in mice
demonstrate that preosteoclasts, and not monocytes, may be
recruited to the periodontal ligament during orthodontic
tooth movement, and these cells may be targeted for accel-
eration of tooth movement.

3. Concluding Remarks

Knowledge regarding the biological mechanisms involved in
orthodontic tooth movement appears to be of considerable
importance for orthodontists that may modulate mecha-
noresponses and inflammatory process, accelerating or
decelerating tooth movement, by adding various exogenous
substances, taking also in consideration the condition of
health of each orthodontically treated subject.
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The present review focuses on the numerous experimental models used to study the complexity of hepatic ischemia/reperfusion
(I/R) injury. Although experimental models of hepatic I/R injury represent a compromise between the clinical reality and
experimental simplification, the clinical transfer of experimental results is problematic because of anatomical and physiological
differences and the inevitable simplification of experimental work. In this review, the strengths and limitations of the various
models of hepatic I/R are discussed. Several strategies to protect the liver from I/R injury have been developed in animal models
and, some of these, might find their way into clinical practice. We also attempt to highlight the fact that the mechanisms responsible
for hepatic I/R injury depend on the experimental model used, and therefore the therapeutic strategies also differ according to the
model used. Thus, the choice of model must therefore be adapted to the clinical question being answered.

1. Introduction

Ischemia-reperfusion (I/R) injury is a phenomenon in which
cellular damage in a hypoxic organ is accentuated following
the restoration of oxygen delivery [1–3]. In the liver, this
form of injury was recognized as a clinically important
pathological disorder by Toledo-Pereyra et al. in 1975 during
studies of experimental liver transplantation (LT). However,
it was not until the mid-1980s that the term reperfusion
injury was generally used in the literature on LT [2]. I/R
injury is an important cause of liver damage occurring
during surgical procedures including hepatic resections and
LT [4–6]. The shortage of organs has led centers to expand
their criteria for the acceptance of marginal grafts that exhibit
poor tolerance to I/R [7]. Some of these include the use of
organs from older donors and grafts such as small-for-size or
steatotic livers. However, I/R injury is the underlying cause
of graft dysfunction in marginal organs [7]. Indeed, the use
of steatotic livers for transplantation is associated with an

increased risk of primary nonfunction or dysfunction after
surgery [8]. In addition, the occurrence of postoperative liver
failure after hepatic resection in a steatotic liver exposed to
normothermic ischemia has been reported [9]. Therefore,
minimizing the adverse effects of I/R injury could improve
outcomes in steatotic liver surgery, increasing the number of
patients who successfully recover from major liver surgery.

Animal models of cold and warm hepatic I/R are valuable
tools for understanding the physiopathology of hepatic I/R
injury and discovering novel therapeutic targets and drugs.
Some of the mechanisms and cell types involved in hepatic
I/R injury are described below.

The lack of oxygen in hepatocytes during ischemia causes
ATP depletion and alterations in H+, Na+, and Ca2+ home-
ostasis that activate hydrolytic enzymes and impair cell vol-
ume regulation leading to the swelling of sinusoidal endothe-
lial cells (SECs) and Kupffer cells (KCs) [10]. This fact,
together with the imbalance between nitric oxide (NO) and
endothelin production, contributes to the narrowing of the
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Figure 1: Mechanisms involved in hepatic ischemia-reperfusion injury. EC, endothelial cell; ET, endothelin; UPR/ER, unfolded protein
response/endoplasmic reticulum; IRE1, inositol-requiring enzyme 1; PERK, PKR-like ER kinase; SLP, secretory leukocyte protease inhibitor;
ICAM, intracellular cell adhesion molecule; VCAM, vascular cell adhesion molecule; GM-CSF, granulocyte-macrophage colony-stimulating
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sinusoidal lumen and thus to microcirculatory dysfunction
(Figure 1). Capillary narrowing also contributes to hepatic
neutrophil accumulation [11]. Concomitantly, the activation
of KCs releases reactive oxygen species (ROS) and proin-
flammatory cytokines, including tumour necrosis factor-
alpha (TNF-α) and interleukin-1 (IL-1) [12]. Similar to their
production in KCs, ROS can derive from mitochondria and
the xanthine dehydrogenase/xanthine oxidase (XDH/XOD)
pathway in activated SEC and hepatocytes. Cytokines release
through the induction of adhesion molecules (intercel-
lular cell adhesion molecule and vascular cell adhesion
molecule), and chemokines promote neutrophil activation
and accumulation, thereby contributing to the progression of
parenchymal injury by releasing ROS and proteases [1, 3, 12].
In addition, IL-1 and TNF-α recruit and activate CD4+
T lymphocytes, which produce granulocyte-macrophage
colony-stimulating factor, interferon gamma and TNF-β
(Figure 1). These cytokines amplify KC activation and TNF-α
and IL-1 secretion and promote neutrophil recruitment and

adherence into the liver sinusoids [13, 14]. Platelet-activating
factor can prime neutrophils for superoxide generation,
whereas leukotriene B4 contributes to the amplification of
the neutrophil response [1, 3].

2. Experimental Models

The speed of human studies is slow, the majority of human
tissues are not routinely accessible for research purposes,
and there is a very limited opportunity for interventional
studies. Although scientific research has always relied on the
use of cell cultures, information that is obtained through in
vitro studies can be extrapolated to biomedical research only
when analyzed within a complex organism with metabolic
functioning. Therefore, one avenue holding tremendous
potential in the search for therapies against I/R damage is
the use of intact living systems, in which complex biological
processes can be examined. There are many advantages of
animal studies: large numbers of animals (especially rodents)
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can be bred and studied, interventional studies can be
performed, and established and emerging tools for targeted
manipulation of gene expression levels provide insight into
the function of mediators in hepatic I/R injury.

Comparison of the results of animal studies and their ex-
trapolation to human beings is feasible, but with limitations.
Among the primary obstacles are differences in hypothermia
and ischemia tolerance, differences in the anatomy of the
livers of various species and subspecies, differences between
and within the experimental models used, and differences
in the modes of administration, dosage, and metabolic
breakdown of the drugs under investigation. Thus, it is very
important to choose the animal species and the experimental
model and to standardize the protocol according to the
clinical question under study.

2.1. Choice of the Animal Model. The species used for exper-
imental investigation of hepatic I/R injury range from mice
to pigs. Small animals such as mice and rats are exceptionally
useful because they are easy to manage, present minimal
logistical, financial, or ethical problems, and provide the
potential for genetic alterations (e.g., transgenic and knock-
out animals). However, an important drawback is that the
results of studies performed in small animals are of limited
applicability to human beings due to their varying size
and anatomy of the liver and their faster metabolism [15].
Large animals such as pigs, sheep, and dogs exhibit greater
similarity in their anatomy and physiology to human beings.
Thus, they are more suited for the study of problems of
direct clinical relevance. However, their use is restricted by
serious logistical and financial difficulties and often by ethical
concerns. Furthermore, the technical possibilities of blood
and tissue processing are extremely restricted because of the
limited availability of immunological tools for use in large
animal species [15].

When selecting an animal species, the age and sex of the
animals should be considered. Depending on the duration of
ischemia, young (35–50 g) and older rats (250–400 g) exhibit
significant differences in their hepatic microcirculation [16].
A mature rat weighing more than 250 g (14–16 weeks old) is
the most suitable because younger rats can present technical
problems, whereas older rats are more prone to respiratory
infections and fat accumulation. Sex selection also affects
experimental results, as hormone levels in female animals are
dependent on the estrous cycle, which certainly affects the
ischemia tolerance of the liver. For instance, a study demon-
strated that after normothermic liver ischemia, male rats
were less sensitive to reperfusion injury than female rats [17].

Considering the relevancy of hepatic steatosis in surgery,
experimental models of hepatic I/R injury in the presence
of steatosis have been developed. However, the mechanisms
involved in hepatic I/R injury, as it will be described in
following sections, are different depending on the method
used to induce steatosis. The different models of steatosis
include (1) induced genetic models such as db/db and
ob/ob mice and fa/fa rats, (2) animals fed diets with high
levels of saturated fat and/or carbohydrates and/or proteins,
(3) animals fed diets deficient in methyl groups (choline,

methionine, folates), and (4) animals fed modified high-fat
diets (lower methionine and choline and higher-fat content)
[18].

2.2. Standardization of the Experiment. The induction of I/R
injury must be performed under standardized experimental
conditions. Of primary importance are the conditions under
which the animals are kept such as adequate acclimatization
time, maintenance under climatized conditions with 12 h
light/12 h darkness, and standardized diets. The anesthetic
method and postoperative analgesic regimen must also be
standardized. When choosing the anesthetic and analgesic
procedures, possible interactions with liver metabolism must
be considered. Attention must be paid to adequate monitor-
ing of blood pressure, heart rate, and body temperature.

3. Normothermic Ischemia

3.1. Global Hepatic Ischemia with Portocaval Decompression.
The model of global liver ischemia with portal decompres-
sion ideally simulates the clinical situation of warm ischemia
after the Pringle maneuver for liver resection and LT. The
first successful shunt operation in humans was performed
by Vidal in 1903 [19]. Blakemore was one of the first
workers to report successful portal-systemic anastomosis in
rats working principally with endothelium-lined tubes [20].
Burnett et al. modified this technique to form a portocaval
shunt [21]. In 1959 Bernstein and Cheiker developed the
portosystemic shunt that conducted the portal blood after
functional hepatectomy into one of the iliac veins [22]. In
small animals, in addition to many other shunt techniques
such as the portofemoral shunt and the mesentericocaval
shunt via the jugular vein, in 1995, Spiegel et al. developed
the splenocaval shunt [23] (Figure 2). In large animals,
on the contrary, a portofemorojugular bypass is frequently
employed [24].

3.2. Global Liver Ischemia with Spleen Transposition. Beng-
mark et al. developed this model in 1970 for the surgical
treatment of portal hypertension [25]. In 1981 Meredith and
Wade presented a rat model that by transposition of the
spleen produced a portosystemic shunt in the anhepatic rat
[26]. A small incision is made in the left hypochondrium.
After transposition of the spleen into a subcutaneous pouch,
adequate portosystemic anastomoses arise after 2-3 weeks
(Figure 3). Reversal of blood flow in the splenic vein,
induced by the transposition, stimulates angiogenesis. In the
second step 2 weeks later, the surgeon performs a median
laparotomy and temporary occlusion of the hepatoduodenal
ligament. This decompression by spleen transposition does
not require microsurgical technique and is therefore easy to
perform [27]. Two-to-three weeks postoperatively, the spleen
will have been encapsulated without any signs of bleeding or
inflammation (Figure 3). One disadvantage of this model is
the long time lapse (3 weeks) until the formation of adequate
portosystemic collaterals. Not until this point in time are
the collaterals sufficiently large to take over portal vein flow
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Figure 2: Models of global normothermic liver ischemia. (a) Pringle maneuver. (b) Splecnocaval shunt. (c) Portojugular shunt. (d) Spleen
transposition.

completely. Furthermore, it is uncertain how the changes in
hepatic inflow will react upon the collaterals [28].

3.3. Partial Liver Ischemia. In 1982, Yamauchi et al. and
Hasselgren et al. described a model of hepatic ischemia
[29, 30]. In this technique, ischemia is induced by occlusion
of the hepatic artery, the portal vein, and the bile duct of
the left and median lobes. An extracorporeal shunt is not
necessary because blood flow continues through the right
and caudal liver lobes. This model of 70% partial ischemia
has been widely used in experimental studies of hepatic I/R
[31, 32]. Additionally, a experimental model of 30% partial
liver ischemia has been used in which blood supply to the
right lobe of the liver is interrupted by occlusion at the level
of the hepatic artery and portal vein [11, 33].

It is known that, in clinical situations, partial hepate-
ctomy under I/R is usually performed to control bleeding
during parenchymal dissection. Therefore, the use of a
experimental model including both hepatic regeneration
and I/R injury is advisable to simulate the clinical situation
of selective or hemihepatic vascular occlusion for liver
resections. In experimental model, after resection of left
hepatic lobe, a microvascular clamp is placed across the
portal triad supplying the median lobe (30%). Congestion
of the bowel is avoided during the clamping period by
preserving the portal flow through the right and caudate
lobes. At the end of ischemia time, the right lobe and
caudate lobes are resected, and reperfusion of the median
lobe is achieved by releasing the clamp. This model of hepatic
resection does not require any portal decompression and also
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Figure 3: (a) Transposition of the spleen to the subcutaneous tissue in the left hypochondrium. (b) Abdominal cavity after three weeks
of the transposition of the spleen. (c) Anhepatic phase in recipient with SPS. No intestinal congestion is observed secondary to clamping
of different vessels. (d) Anhepatic phase in recipient without SPS. Intestinal congestion is observed secondary to clamping of the different
vessels.

fulfills certain important criteria such as reversibility, good
reproducibility, and simple performance [34, 35].

4. Liver Transplantation

LT in larger laboratory animals such as dogs and pigs is
technically easier. However, the rat has become the most
important subject for experimental LT because of, among
other factors, the availability of genetically defined animals
[36].

Orthotopic liver transplantation (OLT) is a common yet
complex microsurgical technique. OLT in mice is technically
very difficult, even without reconstruction of the hepatic
artery. By contrast, OLT in rats is technically accessible,
producing more clinically relevant and reliable data [37].
The development of clinically relevant OLT models in rats
[37] has advanced clinical knowledge in LT. These experi-
mental models facilitate the study of new preservation
methods, tolerance induction, rejection mechanisms, and
novel immunosuppressor therapies [38].

OLT in rats was first reported in 1973 using hand-suture
techniques [39], and a modified model without hepatic
artery reconstruction and temporal shunt of the portojugular
venovenous bypass was documented in 1975 [40]. However,

these models were not widely used due to the prolonged
surgical time and technical demand. With the cuff method
being introduced in 1979 by Kamada and Calne [41], OLT in
rats without hepatic artery reconstruction became globally
accepted [37].

The donor operation, including the harvesting and
preparation of the donor liver, is usually performed accord-
ing to the procedure described by Kamada and Calne [41].
After arterial and portal perfusion, the suprahepatic vena
cava is dissected free from the diaphragmatic ring, and
the intrathoracic vena cava is transected. The aorta is cut
around the celiac axis to form the aortic patch. Finally, the
inferior vena cava, the portal vein, and the bile duct are cut,
and the graft is placed in a cold preservation solution [42]
(Figure 4). OLT is then performed by suture or mechanical
microvascular anastomoses. Sutured vascular anastomosis
reduces the incidence of thrombosis but takes a long time to
perform. Suprahepatic vena cava anastomosis is performed
by the continuous suturing technique. Then, portal vein
and infrahepatic vena cava anastomosis is performed in
the same manner. Hepatic artery reconstruction in rat LT
can prevent bile duct ischemia and preserve the structure
of the liver [43]. Several techniques of rearterialization by
suture have been proposed [42, 43], the best being the aortic
segment anastomosis technique [42]. After rearterialization,



6 Journal of Biomedicine and Biotechnology

(a) (b)

(c) (d)

(e) (f)

Figure 4: Liver transplantation procedure. (a) Suprahepatic cava vein prepared for the anastomosis. (b) Inferior vein cava cuff attachment.
(c) Anhepatic phase in the recipient rat. (d) Anastomosis of suprahepatic cava vein by continuous suture. (e) Portal vein anastomosis through
the cuff method. (f) Anastomosis of the bile duct.

the common bile duct is anastomosed. OLT by hand-sewn
microanastomosis is a very useful method because this
technique comes closest to the techniques used in human
transplantation surgery [42]. Alternatively, livers can be
satisfactorily allografted in rats by using the rapid cuff-
ligature technique for anastomosis [41, 42]. In the simplified
technique, the donor hepatic artery can be ligated because
it will not be anastomosed [38]. A mechanical microvascular
anastomosis for OLT in the rat using a quick-linker technique
that significantly reduces the warm ischaemia time has
recently been proposed [44].

In an attempt to expand the size of the donor pool, a
number of surgical techniques have been developed over the

past 15 years, including split LT and living donor LT [45].
One of the benefits of reduced-size grafts from living donors
is a graft of good quality with a short ischemic time, this
latter being possible because live donor procurements can be
electively timed with the recipient procedure. Conversely, the
major concern over the application of living-related LT for
adults is graft-size disparity. Small grafts require posterior
regeneration to restore the liver/body ratio. It is well
known that I/R significantly reduces liver regeneration after
hepatectomy [46]. Thus, the identification and subsequent
modulation of mechanism that are involved in liver injury
and regeneration might favor the recovery and functioning
of the transplanted organ.
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To mimic some of the pathophysiological events that
occur during such clinical situations, several experimen-
tal models of reduced-size LT have been developed. For
example, OLT with the implantation of liver grafts that
approximated 30%–70% of the normal mass of a rat liver
has been performed. Graft size is important for normal
liver function and host survival [45]. It has been reported
that 100% of recipient rats that were implanted with 40%,
50%, 60%, or 70% of the liver survived regardless of the
duration of preservation. This suggests that graft sizes of
40% or greater are sufficient to meet the metabolic demands
of the recipients. The transplantation of a graft of 30%
of the normal liver mass provides an extreme model of
hepatic reduction that presumably stimulated a maximal
regenerative response [45].

Three possibilities exist with respect to the timing of
the graft reduction: in the donor before perfusion, in the
container (ex situ), or in the recipient after reperfusion. If the
reduction is done in vivo prior to the removal of the donor
liver, then two concerns exist (1) excessive bleeding might
stimulate systemic responses that could alter the liver and
(2) the immediate phase of the regeneration response could
be initiated in the donor animal. The second choice, ex situ
reduction, can be done without the risk of damaging the graft
by manipulation or affecting anastomosis after reperfusion.
Finally, resection of the graft after implantation in the
recipient adds surgical stress and the risk of bleeding [47].

5. Optimizing the Graft

5.1. Static Organ Preservation. The introduction of the
University of Wisconsin (UW) solution by Belzer and
Southard for static cold storage was a breakthrough and
remains the conventional method of preservation. Reduction
of metabolic activity (by cooling) is the major principle of
organ preservation [48, 49]. Using this method, however,
organs undergo injury at several consecutive stages: warm
ischemia prior to preservation, cold preservation injury,

ischemic rewarming during surgical implantation, and repe-
rfusion injury [49]. Only a few studies have demonstrated
the optimization of graft function and survival with modifi-
cation of static preservation. It is doubtful that considerable
improvements in organ preservation and especially in the
rescue of marginal organs will be possible as long as the
strategy is based on static principles [48]. The improvements
in UW preservation solution are summarized in Table 1.

5.2. Machine Perfusion. Machine liver perfusion has emerged
with promising data over the past decade because it has
significant potential in graft preservation and even more
potential in graft optimization when the use of marginal
organs is the objective.

Compared with simple cold storage (SCS), machine per-
fusion (Figure 5) confers many anticipated advantages such
as the following: (1) provision of continuous circulation and
better preservation of the microcirculation, (2) continuous
nutrient and oxygen delivery to fulfill the organ’s metabolic
demands, (3) removal of metabolic waste products and
toxins, (4) opportunity to assess organ viability, (5) improved
clinical outcomes via improved immediate graft function
rates, (6) prolonged preservation time without increased
preservation damage, (7) administration of cytoprotective
and immunomodulating substances, and (8) lower graft
dysfunction incidence, shorter hospital stays, and better graft
survival rates [50].

5.3. Normothermic Machine Perfusion. Normothermic ma-
chine perfusion (NMP) maintains and mimics normal in
vivo liver conditions and function during the entire period
of preservation, thus avoiding hypothermia and hypoxia and
minimizing preservation injury [48, 50].

Schön et al. [51] studied NMP to preserve pig livers for
transplantation and to rescue them from warm ischemia in
a model of donor after cardiac death (DCD). Short (5 h)
or prolonged (20 h) NMP preservation is superior to SCS
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Table 1: Pharmacological treatments to protect liver against ischemia/reperfusion. AMP; activated protein kinase, AMPK; heme oxygenase-
1, HO-1; interleukin, IL; nitric oxide, NO; peroxisome proliferator-activated receptor-α, PPAR-α; peroxisome proliferator-activated receptor
(PPAR) γ, PPAR-γ; reactive oxygen species, ROS; tumour necrosis factor TNF;. xanthine dehydrogenase/xanthine oxidase, XDH/XOD.

Pharmacological therapy

Liver transplantation and warm hepatic ischemia

Drug Specie Experimental model
Ischemic

time
Effect

Chlorpromazine (Ca2+
channel antagonist)

Rat Liver transplantation 24 h
↑ ATP, ↓mitochondrial dysfunction and
alterations in lipid metabolism

Tauroursodeoxy-cholate Rat
Liver transplantation 8 h ↓ Endoplasmic reticulum stress

Warm ischemia +
hepatectomy

1 h

Cbz-Val-Phe methyl ester
(calpain inhibitor)

Rat Liver transplantation 24, 40 h ↓ Calpain activation and SEC apoptotic

Tocopherol (antioxidant) Rat
Liver transplantation 5 h ↓ Lipid peroxidation, ↓ SEC damage and

microcirculatory disturbancesWarm ischemia 45, 90 min

Glutathione (antioxidant) Rat
Warm ischemia 60, 90 min ↓Microcirculatory disturbances, ↑

detoxification of ROS,Liver transplantation 24 h

SOD (antioxidant) Rat
Warm ischemia

45 min
and 1 h

↓Microcirculatory disturbances and
leukocyte accumulation

Liver transplantation 8 h

Allopurinol (XOD
inhibitor)

Rat,
Mice

Liver transplantation 8, 16 h ↓ Oxidative stress
Warm ischemia 30, 60 min

Bucillamine (antioxidant) Rat Liver transplantation 24 h ↓ Oxidative stress

AMPK activators Rat Warm ischemia 90 min ↑ NO, and ATP

Adenosine Rat Warm ischemia 90 min ↑ NO

N-acetylcysteine
(glutathione precursor)

Rat Liver transplantation 24 h ↓Microcirculatory disturbances

L-arginine (NO precursor) Rat
Liver transplantation 18 h ↑ ATP, ↑ NO, ↓neutrophil accumulation

Warm ischemia 45 min

Spermine NONOate (NO
donor)

Rat Warm ischemia 60, 90 min ↓ IL-1α and oxidative stress

FK 409 (NO donor) Rat Liver transplantation 80 min ↓ SEC damage, ↓ IL-1 ↑HSP, and IL-10

EHNA (adenosine
deaminase inhibitor)

Rat Liver transplantation 24, 44 h
↑ Interstitial adenosine, ↓ leukocytes
rolling and microcirculatory disturbances

CGS-21680 (adenosine A2
receptor agonist)

Rat Liver transplantation 30 h ↓ SEC killing, ↑ cAMP

Anti-TNF antiserum Rat
Liver transplantation 6, 24 h ↓ TNF and leukocyte accumulation

Warm ischemia 90 min

FR167653 (IL-1β and
TNFα suppressor)

Rat Liver transplantation 48 h
↓ TNF and IL1-α and Kupffer cell
activation

IL-10 Rat Warm ischemia 60 min ↓ IL-1 and oxidative stress

Anti-ICAM-1 Rat
Liver transplantation 24 h ↓ Adherence of leukocytes in

postsinusoidal venulesWarm ischemia 1 h

PSGL-1 (P-selectin blocker) Rat Liver transplantation 6 h
↓ Neutrophil infiltration, ↓ INFγ, TNFα
and iNOS

CS1 peptides (FN-α4β1
interaction blocker)

Rat Liver transplantation 4 h
↓ Neutrophil and lymphocyte T
infiltration, ↓ TNFα and iNOS

sCR1 (complement
inhibitor)

Rat Liver transplantation 24 h
↓Microcirculatory disturbances, ↓
leukocyte adhesion

Sodium ozagrel
(thromboxane synthase
inhibitor)

Pig Liver transplantation 8 h ↓ ET-1

Glycine (Kupfer cell
modulator)

Rat Liver transplantation 24 h ↓ TNFα and neutrophil accumulation
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Table 1: Continued.

Pharmacological therapy

Liver transplantation and warm hepatic ischemia

Drug Specie Experimental model
Ischemic

time
Effect

GdCl3 (Kupffer cell
blocker)

Rat Liver transplantation 24 h ↓ TNFα and neutrophil accumulation,

Z-DEVD-FMK (caspase 3
and 7 inhibitor)

Rat Liver transplantation 16 h
↓ Apoptosis, ↑microvascular perfusion
and Bcl-2

Cobalt-protoporphyrin IX
(HO-1 inducer)

Rat Liver transplantation 6 h ↓ T-cell and macrophages infiltration

ANP (vasodilating peptide) Rat Liver transplantation 24 h ↓ Apoptosis, ↑ PI3K/Akt

Hemin (HO-1 inducer) Rat Liver transplantation 6 h ↑ Bcl-2

Cerulenin (fatty acid
synthase inhibitor)

Mice
Warm ischemia 15 min ↓ UCP2, ↑ ATP

Liver transplantation 80 min

Doxorubicin (heat shock
proteins inducer)

Rat Liver transplantation 48 h ↓ TNFα, MIP-2 and NF B

Catalase and derivatives Mice Warm ischemia 30 min ↓ Oxidative stress

Rosiglitazone (PPAR-α
agonist)

Rat Warm ischemia
30, 60,
90 min

↑ Autophagy, ↓ cytokines

Apocynin (NAPH oxidase
inhibitor)

Mice Warm ischemia 30 min ↓ Oxidative stress

TBC-1269 (PAN selectin) Mice Warm ischemia 90 min ↓ Inflammatory response, ↓ ERK 1/2

Melatonin (hormone) Rat Warm ischemia 40 min ↓ IKK and JNK pathways

Ascorbate (ROS scavenger) Rat Warm ischemia 30 min ↓ Apoptosis

FK506
(Immunosuppressant)

Rat Warm ischemia 60, 90 min ↓ TNF

Gabexate mesilate
(Protease inhibitor)

Rat Warm ischemia 60 min ↓ Leukocyte activation, ↓ TNFα

OP-2507 (Analogue of
prostacyclin)

Rat Warm ischemia 60 min ↓Microcirculatory disturbances

WY-14643 (PPAR-α
agonist)

Rat Warm ischemia 60 min
↓ Inflammatory cytokines, ↓oxidative
stress

α-Lipoic acid (Antioxidant) Rat Warm ischemia 90 min ↓ Apoptosis, ↑ liver regeneration

Sirolimus
(Immunossupressant)

Rat
Warm ischemia +

hepatectomy
60 min ↓ Linfocytes

IL-1ra (IL-1 receptor
antagonist)

Rat
Warm ischemia +

hepatectomy
90 min ↓ TNF and oxidative stress

FK 3311 (Cox-2 Inhibitor) Dog Warm ischemia 60 min ↓ Cox-2, ↓ neutrophil infiltration

for normal and ischemically damaged livers, respectively
[50]. The NMP circuit dually perfuses 1.5 L of autologous
heparinized blood at physiological pressures, which allows
hepatic blood flow autoregulation. Prostacyclin, taurocholic
acid, and essential amino acids are infused continuously.
Apart from logistics, one potential drawback of NMP is the
mandatory use of oxygen carriers if blood is not available
[50]. Perhaps the only weakness is that SCS prior to NMP
revokes its beneficial effect. Therefore, immediately after
cardiac asystole, normothermic perfusion in the donor
should be installed, as described by Fondevila et al. [52], for
the preservation of livers from uncontrolled DCD.

The use of non-heart-beating donors (NHBDs) as a
source of liver grafts for transplantation has long been
debated. The concept of normothermic recirculation in

the context of NHBDs was first developed by Garcı́a-
Valdecasas and Fondevila [53]. With 4 h of NMP, hepatic
damage incurred during 90 min of cardiac arrest can be
reverted, achieving 100% graft survival after 5 days of
postransplant followup. These results offer the hope that
NMP will be able to increase the clinical applicability of
NHBD LT over that offered by traditional cold storage [53].

5.4. Hypothermic Machine Perfusion. For decades, cooling
down organs to cold temperatures allowed successful organ
transplantation within a limited period. The first and
most prominent difference between SCS and (oxygenated)
hypothermic machine perfusion (HMP) is the restoration
of the tissue’s energy charge and glycogen content while
preventing ATP depletion [50]. In 1990, Pienaar et al. [54]
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reported that seven of eight dogs survived after LT with HMP
preservation for 72 h and a similar outcome after 48 h of SCS.

There is a substantial body of research, predominantly in
rodents, demonstrating improved preservation by providing
oxygen to livers [55]. Nevertheless, clear guidelines towards
target values/ranges for oxygen levels regarding the optimal
duration of oxygenation during HMP are lacking. HMP can
also be applied at the end of the cold storage period, which is
attractive for logistical reasons. The disadvantage here is the
time-dependent increase in vascular resistance, bearing the
risk of damage to the sinusoidal endothelium [48].

5.5. Subnormothermic Machine Perfusion. Subnormother-
mic machine perfusion (SNMP) preservation lies between
HMP and NMP, but it remained relatively unexplored until
recently despite holding promising applications [56]. In an
isolated rat liver perfusion model, SNMP enhanced the func-
tional integrity of steatotic livers compared with SCS find-
ings. Organ-protecting properties mediated by decreasing
the temperature to a 20–28◦C have been observed previously.
SNMP avoids some of the downsides of hypothermia while
maintaining mitochondrial function, and it may circumvent
the logistical restraints of NMP [50].

6. Factors to Be Considered before the Selection
of an Experimental Model of Hepatic I/R

Many investigators have used rodent models of warm (in
situ) liver I/R to mimic some of the pathophysiological
events that occur during LT. Although a great deal of
useful information has been generated from these studies, an
overriding question remains: Are the mechanisms respon-
sible for transplant-mediated liver injury and dysfunction
the same as those that have been reported for warm liver
I/R injury? The answer is yes and no; that is, some of
the mechanisms are similar, but many are dissimilar. It
is important to make a distinction between the different
types of ischemia, because there already is some controversy
regarding the pathophysiological mechanisms depending on
the type of ischemia (cold or normothermic), and it should
be considered that the type of ischemia, the extent and
time of ischemia, the type of liver submitted to I/R, and
the presence of liver regeneration, all lead to differences in
the pathophysiological mechanisms of hepatic I/R. These
are discussed below to provide the reader with a guide to
select the appropriate experimental model of hepatic I/R
depending on the aims being pursued.

6.1. Relevance of the Duration of Hepatic Ischemia. The
severity of hepatocyte damage depends on duration of
ischemia. Depending on the objectives of the research, it
is important to consider a specific ischemia duration. In
other words, if you want to study the mechanisms involved
in hepatic I/R injury or the protective mechanisms of a
drug, it is more appropriate to use a duration of ischemia
associated with high survival. If the purpose is to study the
relevance of a drug in hepatic I/R injury, then it is advisable
to assess survival, and, therefore, it is more adequate to

use experimental models in which the ischemic period is
associated with low survival. These observations are based
on the following data reported in the literature. It appears
that short periods (60 min) of warm ischemia result in
reversible cell injury, in which liver oxygen consumption
returns to control levels when oxygen is resupplied after
ischemia. Reperfusion after more prolonged periods of warm
ischemia (120–180 min) results in irreversible cell damage.
These observations agree with a previous report on rat liver
subjected to I/R, indicating a cellular endpoint for hepato-
cytes after 90 min of ischemia [57]. In human LT, a long
ischemic period is a predicting factor for posttransplantation
graft dysfunction, and some transplantation groups hesitate
to transplant liver grafts preserved for more than 10 h [58].
Some studies in experimental models of LT indicate that
cold ischemia for 24 h induces low survival at 24 h after LT.
However, LT, following shorter ischemic periods, may also
result in primary organ dysfunction. For animals subjected
to 8 h of cold ischemia, an ischemic period associated
with high survival, histological examination of the livers
at 24 h after LT revealed multifocal and extensive areas of
hepatocyte coagulative necrosis with neutrophil infiltration
and hemorrhage [10, 59].

The mechanisms of hepatic I/R injury are also different
depending on the duration of hepatic ischemia. For instance,
to clarify the importance of XDH/XOD versus mitochondria,
it should be considered that there are differences in the
experimental models evaluated, including the duration of
ischemia. Along these lines, XDH/XOD plays a crucial role in
hepatic I/R injury only in conditions under which significant
conversion of XDH to XOD occurs (80–90% of XOD) such
as 16 h of cold ischemia. However, this ROS generation
system does not appear to be crucial for shorter ischemic
periods such as 6 h of cold ischemia [59]. Thus, even after
prolonged periods of ischemia during which a significant
conversion of XDH to XOD occurs, these enzymes may only
play a minor role compared to mitochondria [60]. Similarly,
in assessing the relative contribution of intracellular versus
vascular oxidant stress to hepatic I/R injury, it should also be
noted that oxidative stress in hepatocytes and the stimulatory
state of KCs after I/R depend on the duration of ischemia and
may also differ between ischemia at 4◦C and that at 37◦C,
which probably leads to different developmental mechanisms
of liver damage [13].

6.2. Relevance of the Extent of Hepatic Ischemia. Another
factor to consider before selecting the experimental model of
hepatic I/R is the percentage of hepatic ischemia applied. It is
known that the extent of hepatic injury as well as the hepatic
I/R mechanisms, including the recovery of blood flow and
energy charge during hepatic reperfusion, is dependent on
the extent of ischemia—whether total or partial (70%)
hepatic ischemia is applied [34, 35]. This fact could be
explained by the stealing phenomenon. In contrast to 100%
hepatic ischemia, during ischemia in the left and median
lobes, the flow is shunted via the right lobes and following
the release of the occlusion of the left and median lobes,
a significant amount of shunting via the right lobes will
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continue during reperfusion until vascular resistance in the
postischemic lobes decreases. This occurs because blood
flows through the path of least resistance. The reasons for this
may be cellular swelling endothelial, stasis, or other changes.
Thus, the recovery of blood flow and hepatic perfusion of
the preischemic lobe is later in the case of 70% hepatic
ischemia than in 100% hepatic ischemia [61]. In line with
these observations, the benefits of some drugs such as ATP–
MgCl2 were dependent on the extent of hepatic ischemia
used [30, 62].

6.3. Relevance of the Type of Liver Submitted to I/R. A
variety of clinical factors including starvation, graft age, and
steatosis have been studied in different experimental models
of hepatic I/R because of the relevance of these factors in
clinical practice. These factors enhance liver susceptibility
to I/R injury, further increasing the patient risks related to
reperfusion injury [13].

6.3.1. Starvation. In clinical LT, starvation of the donor, due
to prolonged intensive care unit hospitalization or the lack
of adequate nutritional support, increases the incidence of
hepatocellular injury and primary nonfunction [63]. Fasting
exacerbates I/R injury because the low content of glycogen
stores results in more rapid ATP depletion during ischemia
[64]. In addition, fasting causes alterations in tissue antiox-
idant defenses, accelerates the conversion of XDH to XOD
during hypoxia and induces mitochondrial alterations [63].

Considering these observations, an artificial nutritional
support may represent a new approach for the prevention
of reperfusion injury in fasted livers [65]. On the contrary,
fasting has been reported to improve organ viability and
survival [66], as it reduces phagocytosis and the generation
of TNF-α [66]. To understand these apparent contradictory
results, it is important to consider the different experimental
conditions in these investigations. A beneficial effect of high
glycogen content can mainly be expected under conditions of
long preservation times and long periods of warm ischemia.
Under these conditions, high metabolic reserves of the liver
may attenuate ischemic cell injury and preserve defense
functions against cytotoxic mediators of KCs. Conversely,
short ischemic periods require lower metabolic reserves, and
the extent of KC activation can be the dominant factor in
early graft injury [10].

6.3.2. Age. A number of distinct age-related alterations have
been identified in the hepatic inflammatory response to hep-
atic I/R [10, 67]. Under warm hepatic ischemia, mature adult
mice had greatly increased neutrophil function, increased
intracellular oxidant levels, and decreased mitochondrial
function compared with the findings in young adult mice.
These alterations contributed to the increased liver injury
after I/R observed in mature adult mice compared with that
in young adult mice. The results obtained in an experimen-
tal model of isolated perfused liver indicate that, during
reperfusion, livers obtained from old rats generate a lower
amount of oxyradicals than livers from young rats. This fact
could be explained by the lower KC activity, the reduction of
liver blood flow, and the impaired functions and structural

alterations observed in the livers of old rats [68]. In fact,
in hepatocytes from mature adult mice, delayed activation
of nuclear factor kappa B (NF B) in response to TNF-α
and virtually no production of macrophage inflammatory
protein 2 have been detected, which may be due to an age-
related defect in hepatocytes [10, 67].

6.3.3. Steatosis. The first step to minimize the adverse effects
of I/R in steatotic livers is a full understanding of the
mechanisms involved in I/R injury in these marginal organs
[10]. This can be achieved only with the selection of an
appropriate method to induce steatosis in livers undergoing
I/R. It is well known that the mechanisms involved in
hepatic I/R injury are different depending on the type of
liver (nonsteatotic versus steatotic livers). In addition to
the impairment of microcirculation, mitochondrial ROS
generation dramatically increases during reperfusion in
steatotic livers [69–71]. Results obtained under warm hepatic
ischemia indicate that apoptosis is the predominant form of
hepatocyte death in the ischemic nonsteatotic liver, whereas
the steatotic livers develop massive necrosis after an ischemic
insult [72]. Steatotic livers differed from nonsteatotic livers
in their response to the unfolded protein response and endo-
plasmic reticulum stress since inositol-requiring enzyme 1
and PKR-like ER kinase were weaker in the presence of
steatosis [73]. Decreased ATP production and dysfunction
of regulators of apoptosis, such that Bcl-2, Bcl-xL and Bax
have been proposed to explain the failure of apoptosis in
steatotic livers. Differences were also observed when we
analyzed the role of the renin-angiotensin system, as the
nonsteatotic grafts exhibited higher angiotensin (Ang)-II
levels than steatotic grafts whereas steatotic grafts exhibited
higher Ang-(1–7) levels [74]. Moreover, reduced retinol-
binding protein 4 and increased peroxisome proliferator-
activated receptor gamma (PPAR)-γ levels were observed
in steatotic livers compared to nonsteatotic livers [75]. The
vulnerability of steatotic livers subjected to warm ischemia is
also associated with increased adiponectin, oxidative stress,
and IL-1 levels and a reduced ability to generate IL-10 and
PPAR-α [31, 76].

It should be considered that there are differences in
the mechanisms involved in hepatic I/R injury depending
on the method used to induce steatosis. In contrast with
other experimental models of steatosis, both dietary high fat
and alcohol exposure induced the production of superoxide
dismutase (SOD)/catalase-insensitive ROS, which may be
involved in the mechanism of steatotic liver failure after
OLT [77]. Neutrophils have been involved in the increased
vulnerability of steatotic livers to I/R injury, especially
in alcoholic steatotic livers. However, neutrophils do not
account for the differentially greater injury in nonalcoholic
steatotic livers during the early or late hours of reperfusion.
Similarly, the role of TNF in the vulnerability of steatotic
livers to I/R injury may be dependent on the type of steatosis
[4, 78].

6.4. Relevance of Regeneration in Experimental Models of
Hepatic I/R. It is known that different experimental models
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trigger different responses when a common mechanism or
the same drug is investigated. This situation is witnessed
when analyzing liver injury in models of I/R with or without
hepatectomy. This situation is illustrated by Ramalho et al.
[34] regarding the loss of protection of Ang-II receptor
antagonists against liver damage in conditions of partial
hepatectomy under I/R compared with the study of I/R
without hepatectomy, in which Ang-II receptor antagonists
reduced hepatic damage. These different results could not
be explained by differences in the dose or frequency of
drug administration but rather by differences in surgical
conditions (percentage of hepatic ischemia and the presence
or absence of hepatectomy). In the model of I/R without
hepatectomy [32], the blood supply to the left and median
liver lobes (70% hepatic mass) was interrupted, and the
other hepatic lobes remained intact. However, in partial
hepatectomy under I/R, only blood supply to the remnant
liver (30% hepatic mass) was interrupted and the other
hepatic lobes were excised [34]. It is well known that the
mechanisms of hepatic damage are different depending on
the percentage of hepatic mass that is deprived of blood
[10, 61, 62]. In addition, the inherent mechanisms of hepatic
damage derived from the extensive removal of hepatic mass
should be considered [34].

In line with the data above mentioned, ischemic precon-
ditioning (IP) (a surgical strategy that exert benefits in
hepatic I/R) reduced XDH/XOD in nonreduced liver grafts
during cold ischemia [72] whereas IP did not induce
changes in this ROS generating system in reduced-size liver
grafts [46]. In contrast to the conditions of I/R without
hepatectomy [79], hepatic regeneration was not correlated
to the ATP levels of the remaining liver in small-for-size liver
grafts [46]. The reduction in TNF release following hepatic
I/R induced by IP has been previously reported in cold
ischemia conditions without hepatectomy [72]. However, IP
did not modify the levels of TNF in reduced-size liver grafts
after transplantation [46].

7. Strategies Applied in Experimental
Models of Hepatic I/R

7.1. Pharmacological Treatment. Numerous experimental
studies have focused on the developing pharmacological
strategies aimed at inhibiting the harmful effects of I/R
[13, 59, 73, 76, 79–88]. Some of these studies are summarized
in Table 1. However, none of these treatments has managed
to prevent hepatic I/R injury. The possible side effects of
some drugs may frequently limit their use in human LT
[13]. For example, idiosyncratic liver injury in humans
is documented for chlorpromazine, pernicious systemic
effects have been described for NO donors, allopurinol
therapy can cause hematological changes and gadolinium
can induce coagulation disorders [13]. Some case reports
of acute hepatotoxicity attributed to rosiglitazone have been
published [89]. High dose of resveratrol aggravated liver
injury [90]. The development of therapeutic strategies that
utilize the protective effect of heme oxygenase-1 induction is

hampered by the fact that most pharmacological inducers of
this enzyme perturb organ function by themselves [91].

Pharmacological treatment-derived difficulties must also
be considered. In this regard, SOD and glutathione exhibit
inadequate delivery to intracellular sites of ROS action [92].
The administration of anti-TNF antibodies does not effec-
tively protect against hepatic I/R injury, and this finding has
been related to the failure of complete TNF-α neutralization
locally [93]. Although this also occurs in nonsteatotic livers,
modulating I/R injury in steatotic livers poses a greater
problem. Differences in the action mechanisms between
steatotic and nonsteatotic livers mean that therapies that
are effective in nonsteatotic livers may prove useless in the
presence of steatosis, and the effective drug dose may differ
between the two liver types. Findings such as these must
be considered when applying pharmacological strategies in
the same manner to steatotic and nonsteatotic livers because
the effects may be very different. For example, caspase
inhibition, a highly protective strategy in nonsteatotic livers,
had no effect on hepatocyte injury in steatotic livers [70].
Moreover, whereas in an LT experimental model, an NO
donor reduced oxidative stress in nonsteatotic livers, the
same dose increased the vulnerability of steatotic grafts
to I/R injury [94]. Furthermore, there may be drugs that
would only be effective in steatotic livers. This was the
case of compounds such as cerulenin, which reduce UCP-2
expression in steatotic livers [95, 96] and carnitine [97].

Further investigations are required to optimize some
treatments because long-term therapy (more of 10 days)
appears to be necessary to exert the desired effects [98]. How-
ever, there are obvious difficulties concerning the feasibility
of long-term drug administration in some I/R processes,
in particular, LT from cadaveric donors, because this is an
emergency procedure in which there is very little time to
pretreat the donor with drugs.

7.2. Preservation Solutions

7.2.1. Additives in Preservation Solutions. The inclusion of
some components in the UW solution has been both
advocated and criticized. For instance, adenosine has been
added to the UW solution as a substrate for the generation of
adenine nucleotides. However, simplified variants of the UW
solution in which adenosine was omitted were demonstrated
to have similar or even higher protective potential during
cold liver storage. Another limitation of the UW solution
is that some of its constituent compounds (allopurinol,
lactobionate) do not offer very good protection because they
are not present at a suitable concentration and encounter
problems in reaching their site of action [13, 99].

A number of ingredients, which have been summarized
in Table 2, have been introduced into UW solution in
experimental models of hepatic cold ischemia [13, 100–
106]. However, none of these modifications to the UW
solution composition have found their way into routine
clinical practice. For instance, studies aimed at enriching
the UW solution with caspase inhibitors revealed that this
prevents SEC apoptosis, but such inhibitors have little effect
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Table 2: Additives to UW solution to protect liver against ischemia/reperfusion. Nitric oxide, NO; platelet-activating factor, PAF; sinusoidal
endothelial cells, SEC.

Additives to UW solution

Liver transplantation

Drug Specie Ischemic time Effect

Ruthenium red (mitochondrial
Ca2+ uniporter inhibitor)

Rat 24 h ↓Mitocondrial dysfunction

OP-4183 (PGI2 analogue) Rat 24 h ↓ Oxidative stress

SAM (ATP precursor) Rat 24 h ↓ Oxidative stress

Trifluoperazine (calmodulin
inhibitor)

Dog 24 h
↓Microcirculatory
dysturbances

Sodium nitroprusside (NO donor) Rat 24, 48 h
↓Microcirculatory
dysturbances

E5880 (PAF antagonist) Pig 8 h
↓Microcirculatory
dysturbances

FR167653 (p38 inhibitor) Rat 30 h
↓Microcirculatory
dysturbances

EGF, IGF-1, NGF-α Pig 18 h ↑ ATP

LY294002 (PI3K inhibitor) Rat 3, 7, 9, 24 h ↓ Apoptosis

IDN-1965 (caspase inhibitors) Rat 24, 30 h ↓ Apoptosis

8br-cAMP and 8br-cGMP
(nucleotide analogs)

Rat 24 h
↓ NFα and neutrophil
accumulation,

GSNO (NO donor) Rat 48 h ↓ SEC damage

Pifithrin-alpha (p53 inhibitor) Rat 24, 48 h ↓ Apoptosis

OP-4183 (PGI2 analogue) Rat 24 h ↓ Oxidative stress

Tauroursodeoxy-cholate Rat 2 h
↓ Endoplasmic reticulum
stress

on necrosis [14]. Along these lines, the addition of precursors
for ATP resynthesis such as S-adenosyl methyltransferase
resulted in poor initial ATP recovery during liver reperfusion
[107].

7.2.2. Use of Perfluorochemicals in Preservation Solutions.
Perfluorochemicals (PFC) are hydrocarbons, in which all
or most of the hydrogen atoms have been replaced with
fluorine [108]. The most interesting property of PFC is
a very high capacity for dissolving respiratory and other
nonpolar gases. A negligible O2-binding constant of PFC
allows them to release O2 more effectively than hemoglobin
into the surrounding tissue (acts as an oxygen-supplying
agent) [109]. PFC differs from hemoglobin preparations in
that it is a totally synthetic compound formed on a liquid
hydrocarbon base. In contrast to hemoglobin, oxygen is not
chemically bound to the PFC carrier. Unlike hemoglobin,
acidosis, alkalosis, and temperature seem to have no or little
effect on the oxygen delivery of PFC, allowing this compound
to be used effectively during cold storage of organs [110].

Since the 1980s, PFC has been used intravenously as an
“artificial blood” [111]. Several small animal studies have
reported the beneficial effects of liver perfusion with PFC
emulsions. PFC was first used for liver graft preservation in
1980 by Kamada et al. [112] which perfused the livers of rat
with a PFC Fluosol (FC-43)-based solution for up to 25 hr,
demonstrating good survival rates after transplantation and

beneficial effect of PFCs [111, 112]. By using a similar rat
model, Tamaki et al. [113] showed that liver perfusion using
a combination of hemaccel-isotonic citrate solution with
FC-43 could prolong liver preservation for up to 48 hr. In
another liver rodent model, perfusion with a PFC emulsion
was also found to protect against nonparenchymal cell injury
[114]. Nonetheless, these techniques were not translated
successfully to the porcine liver with a report of increased
intravascular resistance during perfusion [115]. In this report
the authors concluded that possible causes related to the high
instability of the PFC-based solution, causing complement
activation leading to an increased leucocyte adhesion and
further macromolecules or that the perfusion technique itself
caused injury (a strong vasoconstriction caused by the inflow
of cold PDF-UW emulsion) [115, 116]. In recenting study,
used oxycyte, a PFC added to UW solution can be beneficial
after cardiac death liver graft preservation in a rat model
[111]. In such study, after cardiac arrest, livers were flushed
and preserved during 8 h in preoxygenated UW solution
containing Oxycyte. The authors show that the primary
mechanism of action is due to PFC’s ability to carry high
amounts of O2 along with rapid dissociation in the tissue.
This can help to minimize organ injury after prolonged
hypoxia. A possible secondary mechanism of this O2 action is
suppression of hypoxia-induced apoptosis mediated through
a mitochondrial pathway. PFC also appears to activate
downregulation or reversal of gene activation responsible
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Table 3: Gene therapy to protect liver againts ischemia/reperfusion. Heme oxygenase-1, HO-1; interleukin-13, IL-13; small interference
RNA, siRNA; superoxide dismutase, SOD; tumour necrosis factor TNF.

Gene therapy

Liver transplantation and warm hepatic ischemia

Drug Specie Experimental model Ischemic time Effect

Bag-1 (adenoviral transfer) Rat Liver transplantation 24 h
↓ TNFα, ↓neutrophil infiltration,
↓microcirculatory disturbances

Bcl-2 gene (adenoviral transfer) Rat Liver transplantation 16 h ↓ Apoptosis

Cu/Zn-SOD gene (adenoviral transfer) Rat Liver transplantation 24 h ↓ Oxidative stress

HO-1 gene (adenoviral transfer) Rat Liver transplantation 4 h
↓Macrophage infiltration, ↓
apoptosis

IL-13 (adenoviral transfer) Rat Liver transplantation 24 h
↓ Proinflammatory cytokines, ↓
liver neutrophil recruitment

Adiponectin (siRNA) Rat Warm ischemia 1 h ↓ Oxidative stress

ASMase (siRNA) Mice
Warm ischemia +

hepatectomy
90 min ↓ Ceramide, ↓ apoptosis

Caspase 3 (siRNA) Mice Warm ischemia 90 min ↓ Apoptosis

Caspase 8 (siRNA) Mice Warm ischemia 90 min ↓ Apoptosis

SOD gene (adenoviral transfer) Rat Warm ischemia 1 h ↓ Oxidative stress

IL-13 (adenoviral transfer) Rat Warm ischemia 30 min
↓ Proinflammatory cytokine, ↓
neutrophil recruitment

for apoptosis [111]. Although the benefits of preoxygenated
PFC have been reported on liver preservation, their effects
on reperfusion injury were not evaluated in that study. In
fact, the possibility that preoxygenated PFC exacerbates the
reactive oxygen species during reperfusion should not be
discarded. In fact, previous studies indicate that the use
of gaseous oxygen, applied to the livers during the storage
period via the caval vein was only effective in improving
hepatic viability upon reperfusion when antioxidants were
added to the UW rinse solution [117].

7.3. Gene Therapy. Advances in molecular biology have
provided new opportunities to reduce liver I/R injury
using gene therapy [13, 14, 31, 80, 118–120] (see Table 3).
However, the experimental data indicate that there are a
number of problems inherent in gene therapy, such as vector
toxicity, difficulties in increasing transfection efficiencies
and protein expression at the appropriate time and site,
and the problem of obtaining adequate mutants (in the
case of NF B) due to the controversy regarding NF B
activation [121, 122]. Although nonviral vectors (such as
naked DNA and liposomes) are likely to present fewer toxic
or immunological problems, they suffer from inefficient gene
transfer [122]. In addition, LT is an emergency procedure in
most cases, which leaves very little time to pretreat the donor
with genetic approaches.

7.4. Surgical Strategies. The response of hepatocyte to
ischemia never ceases to surprise. In fact, contrary to what
might be expected, the induction of consecutive periods of
ischemia in the liver does not induce an additive effect in
terms of hepatocyte lesions. IP based on brief periods of
ischemia followed by a short interval of reperfusion prior
to a prolonged ischemic stress protects the liver against

I/R injury by regulating different cell types and multiple
mechanisms such as energy metabolism, microcirculatory
disturbances, leukocyte adhesion, KC activation, proinflam-
matory cytokine release, oxidative stress, apoptosis, and
necrosis [13, 80] (Table 4). This is an advantage in relation
with the use of drugs that exerts its action on a specific
mechanism.

The benefits of IP observed in experimental models of
hepatic warm and cold ischemia [80, 123] prompted human
trials of IP. To date, IP has been successfully applied in human
liver resections in both steatotic and nonsteatotic livers. The
effectiveness of IP in hepatic surgery was first reported by
Clavien et al. in 2003 [124], preliminary clinical studies have
reported the benefits of IP in LT [125, 126], and additional
randomized clinical studies are necessary to confirm whether
this surgical strategy can be commonly used in clinical liver
surgery.

8. Conclusion and Perspectives

From the data obtained in experimental models of hepatic
I/R, we can state that I/R injury is a multifaceted and
intriguing phenomenon that probably cannot be reduced
to a single pathway. The increasing use of marginal donors
in major liver surgery and the fact that these organs are
more susceptible to ischemia highlight the need for further
research directed at the mechanisms of I/R injury. However,
the mechanisms by which metabolic changes due to age
or steatosis affect I/R injury and subsequently influence
protective strategies are poorly understood. Whether liver
machine perfusion will find its way into widespread clinical
application remains uncertain. Machine perfusion has been
criticized for its complicated logistics (e.g., portability) and
for possibly damaging the organ and vital structures such as
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the endothelium. On the contrary, NMP fulfils all ideal organ
preservation criteria by avoiding hypoxia and hypothermia.
Responses to the strategies aimed at reducing hepatic I/R
injury might depend on the surgical procedure and type
of liver. Whether the pharmacological approaches presented
in this review can be translated into treatments for human
disease remains unknown, but further research is required
to optimize the treatments. Surgical strategies such as IP
affect multiple aspects of IR injury, whereas pharmacological
approaches often affect only a few mediators and might have
systemic side effects. Only a full appraisal of the mechanisms
involved in hepatic I/R using experimental models will
permit the design of new protective strategies in clinical liver
surgery.
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Hepatico) Spain. This research was supported by the Minis-
terio de Ciencia e Innovación (project Grant BFU2009-07410)
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Introduction. Medical treatment in chronic constipation is not always successful. Surgery is indicated in unresponsive selected
severe cases. This study presents the distal venous colic ligation in rat as a novel surgical approach. Materials and Methods. 16 rats
(study group) were evaluated in 3 phases of 6 days each: A (normal conditions), B (loperamide-induced constipation), and C (colic
vein legation) and compared with rats treated in phase C with PEG 4,000 (control group). Blood biochemical and physiological
parameters, daily fecal water content (FWC), and histological analysis were performed in all study phases. Results. No biochemical
and physiological parameters changes were observed. FWC decreased in phase B and increased in phase C in both groups with a
grow up to 2.3-fold in study group compared to control (P < 0.0001). Moreover, in study group, a high number of colonic goblet
cells were detected (phase C versus phase B: P < 0.001) while no differences were registered in control. Conclusion. By ligature of
the colic vein in constipated rats, an increase in FWC and goblet cells higher than in PEG treated rats was detected. The described
surgical procedure appeared effective, simple, and safe; further studies in animal models, however, are necessary to assess its clinical
applicability.

1. Introduction

A consensus definition of constipation was reached in the
ROME conference held in 1992 with a further revision
in 2001 [1]. Two or more of the following symptoms,
present in the previous 3 months, were considered diagnostic
for constipation: symptom onset at least 6 months before
diagnosis; straining during at least 25% of defecations; lumpy
or hard stools in at least 25% of defecations; sensation
of incomplete evacuation for at least 25% of defecations;
sensation of anorectal obstruction/blockage for at least 25%
of defecations; manual maneuvers to facilitate at least 25% of
defecations; fewer than 3 defecations/week [1].

For its high prevalence constipation represents also
an extensive economical burden in terms of general and
specialistical medical care due to diagnostic procedures,
hospitalization, and therapy [2, 3]. The pathogenesis of
chronic constipation is often unclear; in only about 10%
of cases some metabolic or structural etiological conditions

are identified [4]. Generally, each patient’s complaint is
different, making it difficult to understand the problem
and find appropriate therapeutic measures. Lifestyle changes
are not often successful, and different types of laxatives
are usually necessary. Pharmacological treatment is the first
therapeutical choice for constipation and surgery is only
reserved as the last option when conservative treatments
have failed, and therefore it should be limited to refractory
constipation, in most cases due to mixed conditions [1].
Colon resection, in particular, seems to have beneficial effects
in some cases of inertia coli [5]. Although the great effort in
identifying the best treatment options for patients affected
by chronic constipation, the results are often still partial and
unsatisfactory [1–6].

In the attempt to address this issue we took inspiration
from our direct clinical experience [7]. In that occasion
we treated a 25-year-old women with acute liver failure for
intoxication from tetracycline, through the arterialization of
the portal vein. In particular, with the aim to increase the
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oxygenation of the blood coming to the liver through the
portal system, a branch of the inferior mesenteric artery
was connected to the inferior mesenteric vein. At long-
term follow-up, the patient referred a reversal of the chronic
constipation that she had always experienced before. We
hypothesized that the physiopathological mechanism for
the resolution of constipation was that the ligation of the
inferior mesenteric vein, performed to allow the anastomosis
between the arterial and the venous splanchnic system,
by impairing the colic vein drainage, must decrease the
reabsorption of the luminal solute and water, increasing the
colonic water content.

Loperamide is a synthetic opioid agonist, able to induce a
constipation in animal model by extension of the evacuation
time [8], inhibition of colonic peristalsis [9], and reduction
of colonic mucus [10]. In order to better characterize the
correlation between colic vein congestion and improved fecal
transit, the aim of this study was to evaluate the effect
of the colic vein ligature in rat with loperamide-induced
constipation.

2. Materials and Methods

2.1. Animals and Constipation Induction. In our study we
used 25 male Sprague-Dawley rats (Charles River Labo-
ratories, Calco, Italy) weighing about 400 g/b.w.: 16 rats
were enrolled in study group and 9 in control group. All
animal procedures were approved by the local committee
for care and use of laboratory animals of the University of
Bologna and performed according to Italian governmental
and international guidelines on animal experimentation.
Constipation in rats was induced by injection of loperamide
(Sigma-Aldrich) at the dose of 0.15 mg/100 g twice a day
subcutaneously.

2.2. Study Design. The animals were subjected to a three
study phases. The first phase (A; from day 1 to 6) was the
control period, useful to collect the basal physical parameters
of each animal. The second phase (B; from day 6 to 12)
was the period of loperamide-induced constipation. In the
third phase (C; from day 12 to 18) loperamide was continued
and animals of study group underwent colic vein ligation
(Figure 1), while animals of control group were administered
PEG 4,000 (Sigma-Aldrich) (250 mg/kg/day). The equivalent
dose for the drug to be administered to rat could not be
calculated by the usual formula corrected for the ratio of
human serum albumin Kg/rat serum albumin Kg [11], due
to the very poor intestinal absorption of PEG 4,000 (from
0.05 and 2.5%). Since this formula cannot apply to drugs
with little or no intestinal absorption, we chose a dose which
was 50% of the minimal dose inducing toxic effects, such
as severe diarrhoea and tremor, obtained by the previous
evaluation of the clinical effect of the drug in a dose-response
curve from 100 mg/kg/day to 1000 mg/kg/day in a cohort of
healthy rats (data non reported). To perform a histological
comparative analysis of the colic mucosa in the different
study phases, 4 of the 16 animals used were sacrificed at
the end of phase A, 4 at the end of phase B, and 8 at the
end of phase C. Three animals of the control group were

16

6

4

12 18

8Loperamide + Congestion

(days)

A B C4

Figure 1: Study group design.

similarly sacrificed at the end of each phase. Biochemical,
physiological, and histological parameters of the animals
were evaluated through the three sequential phases, for a
total of 18 days.

2.3. Biochemical and Physiological Parameters. We assessed
serum osmolarity and concentration of proteins, sodium,
and chloride. The analysis was performed at the end of the
three study phases (A, B, and C).

The physiological parameters daily evaluated in our study
were body weight, food and water intake, urine volume,
weight of wet, and dry fecal pellets. These parameters
were collected every morning at the same time in order
to minimize the physiological variables. The procedure
of feces drying was performed with UNIVAPOR vacuum
concentrator. The fecal samples were let to dry for 24 hours
at room temperature obtaining a complete removal of water
and other volatile substances. The water content of the fecal
pellet was calculated as the difference between the wet and
dry weights of the pellet.

2.4. Histology. The colic mucosa of all the animals was
examined using periodic acid-Shiff (PAS) staining to detect
the presence of the intracellular mucus, identifying the
number of goblet cells. For this experiment a standard
PAS staining protocol was adopted; after deparaffinization
and hydratation to water, the slides were oxidized in 0.5%
periodic acid solution for 5 minutes, then rinsed in distilled
water and placed in Schiff reagent for 15 minutes. Afterwards
the slides were washed under tap water for 5 minutes and
then counterstained in Mayer’s hematoxylin for 1 minute
before the dehydration and the placement of the mounting
medium and coverslip. The slides were then analyzed under
an optical microscope, and the number of PAS positive cells
in the crypts of colic epithelium among the different groups
was counted: three fields per slide at a magnification of 20X,
three slides per animal.

2.5. Surgical Procedure. The animals were anesthetized
through intraperitoneal injection of xylazine-tiletamine-
zolazepam (Zoletil, Virbac) at the dose of 0.1 mL/100 g.
A median xipho-pubic incision was performed in order
to expose the abdominal organs and the intestinal vessels.
The colic vein was identified at the inferior edge of the
pancreas and ligated and cut under microscope visualization
(Figure 2). After the procedure an immediate colic venous
congestion was observed below the ligation. The abdominal
wall was then closed in two layers.
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Figure 2: Ligation and cut of the colic vein.

3. Results

3.1. Biochemical and Physiological Parameters

Study Group. No significant differences of the biochemical
parameters evaluated were detected at the end of each of
the three phases of the study. Concerning physiological
parameters, the body weight was substantially unchanged
during the three phases of the study: 424 ± 12, 432 ± 10,
403 ± 7 g/b.w. respectively for phases A, B, and C. Food
and water intake remained constant in each phase; the mean
daily food intake value was 20.2, 23, and 19.6 g, respectively,
in phase A, B, and C. The volume of urine produced was
unchanged during phase A and B with a mean of 13 mL
±1 and increased slightly to 15 mL ±1 during phase C. The
weight of total daily fecal production also remained constant
around 7.5 g/day.

Concerning fecal water content, the mean water content
in the feces decreased from 49.4 ± 0.7% (phase A) to 47.1 ±
0.8% after induction of constipation with loperamide (phase
B). After the surgical procedure the water content of the
feces increased to 51.4 ± 1%, that was significantly higher
compared to the constipated rats (phase C versus phase B;
P < 0.0001). A similar trend was observed concerning the
water content of the single fecal pellet, that was reduced from
59.7±0.8% (phase A) to 55.0±0.7% (phase B) and increased
after the colic vein ligation to 62.6 ± 0.9% (phase C versus
phase B: P < 0.0001).

Control Group. No significant differences were found at
the end of each period in the biochemical parameters. As
for the physiological parameters, the body weight was not
significantly changed (420 ± 15, 438 ± 28, 407 ± 20 g/b.w.,
resp., during phase A, B, and C). Daily food intake was
not different in the three phases; the daily water intake was
increased in phase C with respect to both phases A and
B, but not significantly. The urine volume produced was

also similar in the three phases. The daily fecal weight was
increased, but not significantly in phase C: 7.5±0.5, 7.1±0.4
and 8.0 ± 0.2 g/day, respectively, for phase A, B, and C. The
fecal content of water was reduced from phase A (49.7 ±
0.6%) to phase B (46.7±0.5%). After the laxative assumption,
the water content of feces increased to 48.5± 0.9%; (phase C
versus phase B; P < 0.0001). Similarly, the water content of
the single fecal pellet was, respectively, 59.2± 0.8, 54.3 ± 0.8
and 58.0 ± 0.7% in the three phases (phase C versus phase
B; P < 0.0001). No case of diarrhoea was registered both in
study and control group.

3.2. Histology. We did not detect any signs of inflammation
or alteration of the colic mucosa in the animals sacrificed
at the different study time points, neither in the colic vein
ligation group nor in the control group. However a mild
mucosal edema was noticed in the animals sacrificed after
ligation of the colic vein (Figure 3). The average number of
PAS-positive cells detected in the crypts of colic epithelium of
study group rats, was respectively, 177±2 in phase A, 144±2
in phase B and 211 ± 2 cells/hpf in phase C (phase C versus
phase B: P < 0.001).

In the control group, no difference was found in the
histological parameters, and the average number of PAS
positive cell was not significantly different in the three study
phases.

4. Discussion

Chronic constipation is an important worldwide issue which
affects almost 25% of the western population [2]. The
general goal of all medical treatments for constipation is
to increase fecal water content by retention of intraluminal
water, increase of intestinal secretion, or shortening of
intestinal transit. However in some cases these treatments
are ineffective [1]. Once every medical therapeutical option
has failed, surgery can be proposed as a last remedy
to a selected and limited category of patients [5]. Slow
transit constipation, which is unresponsive to high doses of
laxatives, is considered the consequence of chronic intestinal
pseudoobstruction, a rare and severe neuropathic disorder
presenting with impaired gastrointestinal propulsion and
bowel obstruction, without any lesion occluding the gut
lumen. Patients suffering from this disease can view the
surgical approach as the last option to their condition; as
any surgical treatment, complication rate could be high [5].
Research for new therapeutical strategies addressing this
issue is therefore strongly encouraged.

The present investigation was prompted by the observa-
tion of bowel function normalization, following arterializa-
tion of the portal vein in a patient with acute liver failure,
who had previously complained of severe constipation. The
report of cases of portal hypertension due to a splenic
arteriovenous fistula with symptoms of diarrhea [12, 13]
confirmed us in the concept that intestinal congestion can
decrease water absorption in the colon and increase the
watery content of stools, thus improving the symptoms.

In this setting we focused on evaluating the effect of
the surgically induced colic vein congestion on chronic
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Figure 3: Histological images of the colic mucosa of study group animals sacrificed in the three different phases.

constipation. We employed a model of pharmacological
constipation induced by loperamide (Sigma-Aldrich) [10]
which can resemble the chronic functional constipation,
presenting less daily fecal excretion, lower water content,
and thinner mucus of fecal pellets [14]. The gastrointestinal
functionality of the rats was observed in terms of quantity
and water content of fecal pellets at basal condition, after
loperamide injection and after surgical procedure. We did
not observe a difference in the amount of feces in the
three phases of the study. However, we did notice a trend
of increase in water content of fecal pellets in animals
treated with colic vein ligation compared to the basal and
constipation phases. The results were higher than in the
PEG 4,000 treatment control group, thus showing that colic
vein ligation has more potent laxative effect in loperamide-
induced constipation than PEG 4,000. The osmotic force
for colonic fluid excretion of PEG 4,000 has already been
documented [15], and the results obtained by the two
different methods provide a sort of clinical validation of
the present surgical model, demonstrating the “laxative
like” effect of the colic vein ligation. The control group,
however, did not represent a refractory constipation model,
and the colic vein ligation should be preferred over the
noninvasive pharmacological treatment limited to cases of
medical treatment failure. Loperamide has shown to reduce
the amount of mucus secreted by colic mucosa [10]; in
the present investigation, we have demonstrated that the
colic vein ligation can increase the amount of mucus in
the colic mucosa and reverse the loperamide effect. We
observed a statistically significant increase in PAS positive
cells, containing mucus, in the groups of animals after
colic vein ligation compared to the basal and constipated
groups, suggesting that this surgical technique produces a
laxative effect and alleviates the symptoms of loperamide-
induced constipation. Since loperamide inhibits intestinal
water secretion, as seen in human jejunum [16], it is
possible that this mechanism should be compensated by the
inhibition of water reabsorption in the colon, induced by the
colic vein ligature with a resultant net fluid increase in the
lumen.

The described procedure in rats with pharmacologically
induced constipation showed to be easy and reproducible
without negative apparent side effects or histologically
detectable damages. These positive results prompt the
development of additional experimental studies to better
characterize the physiopathological mechanism beneath the
observed improvement of constipation and to confirm the
efficacy and safety of this surgical model in the long term and
in large size animals, as swines. This step, which is crucial
for the clinical translation of this research, would allow a
better understanding of the effect of this procedure on a
gastrointestinal system more similar to the human one. Once
assessed and verified the efficacy of this therapy on other
preclinical animal models, a laparoscopic approach could be
applied as well, allowing to perform the procedure through
minimally invasive surgery.

5. Conclusions

The present paper reports a tentative of surgical approach to
constipation by colic vein ligation. The described procedure
in rats with pharmacologically induced constipation showed
to be effective, easy, and reproducible without negative
apparent side effects or histologically detectable damages.
These positive results prompt the development of additional
experimental studies to better characterize the physiopatho-
logical mechanism beneath the observed improvement of
constipation and to confirm the efficacy and safety of this
surgical model in the long term and in large size animals.
If these studies will confirm and fortify our preliminary
results, the surgical procedure described could be considered
as a valid option for selected categories of patients suffering
from chronic constipation refractory to medical therapy. To
this end, it is critically important that translational medical
research bridges the gap between findings in basic science
and data in the clinical setting.
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Background and Purpose. Pilot study to examine the use of T1-, T2-, and T2∗-weighted images for evaluating hematoma size and
extent of edema in mouse brain at high field. Methods. Following collagenase-induced intracerebral hemorrhage, nine mice were
imaged at 4.7 T using T1-, T2-, and T2∗-weighted images for hematoma and edema quantitation on days 1, 3, 10, and 21 after
surgery. Values were compared with morphometric analysis of cryosections at the time of final MR imaging. Results. For hematoma
quantitation, the Spearman correlation coefficient (r) between T1 signal change and histology was 0.70 (P < 0.04) compared with
r = 0.61 (P < 0.09) for T2∗. The extent of perihematomal edema formation on cryosections was well reflected on T2 with r = 0.73
(P < 0.03). Conclusions. Within the limits of our pilot study, MR imaging on 4.7 T appears to approximate the temporal changes
in hematoma and edema sizes in murine ICH well, thus laying the groundwork for longitudinal studies on hematoma resorption
and edema formation.

1. Introduction

In humans, intracerebral hemorrhage (ICH) causes second-
ary damage in the brain through the induction of cerebral
edema and perihematomal injury [1, 2]. Perihematomal ede-
ma with mass effect is an almost universal complication of
ICH, elaborated over several days after the initial insult. Glu-
tamate release, bioenergetic failure, inflammation, and apop-
tosis play a key role in the pathogenesis of secondary injury
[3, 4]. In animal models of ICH, molecular and cellular
studies also indicate that hemorrhage induces inflammation,
apoptotic cell death, and progressive tissue destruction in
perihematomal tissue [5–7].

Various knockout mice have been bred to study the gene
expression of the pro-oxidants heme [8] and ferrous iron
[9], proteolytic enzymes such as metalloproteinases [10],
thrombin [10], and inducible nitric oxide synthase [11], as

well as leucocyte adhesion molecules (CD18) [12] in the
perihematomal area. Their genetic variability has turned the
mouse into a key study animal for intracerebral hemorrhage
despite the small size of its brain. The hematoma is either
induced by stereotactic injection of collagenase or autolo-
gous blood into the basal ganglia. Longitudinal studies of
hematoma kinetics in mice are sparse and generally use one
modality only [13]. The purpose of our pilot study was (i)
to develop T1-and T2-weighted MRI protocols for high-
resolution studies of mouse brain in vivo which allow for the
identification of hematoma and edema, and (ii) to perform
a direct comparison of hematoma and edema volumes on
MRI with morphometric studies on cryosections. Serial MR
imaging would allow longitudinal studies of the temporal
and spatial evolution of intracerebral hemorrhages and
perihematomal injury. That would not only substantially
reduce the amount of animals needed, but also better depict
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the time-dependent action mechanism of various pathoge-
netic factors.

2. Materials and Methods

2.1. Animals. C57BL/6 mice (Jackson Laboratories, Bar
Harbor, ME, USA) were maintained in the Department of
Laboratory Animal Research at Harvard Medical School with
access to food and water ad libitum. All experiments were
performed in accordance to the National Institutes of Health
guide for the care and use of laboratory animals as well as
the institutional guidelines established by the Institutional
Animal Care and Use Committee (IACUC) at Harvard Med-
ical School.

2.2. Intracerebral Hemorrhage Model. The procedure of
hematoma induction was previously described [14–17]. A
total of 11 male adult mice, 10–12 weeks of age, with a
body weight of 20–30 g, were used. Mice were anesthetized by
intraperitoneal injection of 0.5 mg/g body weight of avertin
(tribromoethanol, Sigma-Aldrich, St. Louis, MO, USA).
To induce hemorrhage, mice were injected with 0.075U
collagenase type VII-s (Sigma-Aldrich, St. Louis, MO, USA)
in 500 nL saline into the left caudate putamen using the
following stereotactic coordinates: 0.5 mm posterior, 3.0 mm
lateral to the bregma, and 4.0 mm in depth. Collagenase was
infused over 2 minutes using a stereotaxic injector (Stoelting,
Wood Dale, IL, USA) and the 1 μL-syringe (Hamilton, Reno,
NV) stayed in place for 10 minutes to prevent reflux.

2.3. MRI Setup. This study was performed in 2 parts. In
part 1, two mice underwent MR imaging 2, 8, and 24 hours
after collagenase injection to define the best early time points
for MR imaging. In part 2, nine mice were subjected to an
imaging schedule from days 1 (n = 9), 3 (n = 7), 10 (n = 5),
and 21 (n = 2) based on the different phases of edema
(hyperacute, acute, subacute, chronic) that bear their own
pathophysiology. Animals were evaluated using a modified
28-point neurological scoring system before isoflurane anes-
thesia for the MR [14]. The test included body symmetry,
gait, climbing, circling behaviours, front limb asymmetry,
and compulsory circling. Each point was graded from 0 to 4,
establishing a maximum deficit score of 24. MR imaging was
performed with a high-field 4.7 Tesla MR scanner (Biospin,
Bruker, Germany) at the Center for Basic MR Research at
Beth Israel Deaconess Medical Center. Anesthesia was in-
duced with 2% isoflurane and maintained with 1.6% isoflu-
rane in 100% O2 via an MR-compatible nose cone apparatus
to minimize motion artifacts. Mice were positioned headfirst
and prone inside a plexiglass “cradle” with respiratory mon-
itoring and a constant flow of isoflurane delivered directly
to the nose of the mouse. This method bypasses intubation
of the vulnerable trachea. The magnet compatible apparatus
allows a precise and reproducible fixation of the head at the
center of the Bruker linear birdcage radiofrequency coil with
an inner diameter of 22 mm. After the isoflurane adminis-
tration was discontinued, mice were monitored until awake
from anesthesia.

2.4. MRI Parameters. T1- and T2-weighted images were ac-
quired at a 256× 256 matrix and a 2.56× 2.56 cm2 field of
view. A relaxation enhancement (RARE) sequence was used
for both T1-weighted (echo time/relaxation time [TE/TR]=
12/500, RARE factor = 1) and T2-weighted (TE/TR = 75/
2000, RARE factor = 12) imaging. T2∗-weighted imaging
parameters were TE = 14 ms, TR = 1500 ms, FOV = 2.56×
2.56 cm2, and FA = 30◦, matrix 128× 128. In all acquisitions,
9 axial slices with 1 mm thickness were obtained. Hematoma
size was determined from T1 and T2∗ images, and T2 images
were used for edema quantification. The measurements were
performed by an examiner blinded to the exam date using
a computer-assisted image analysis program (ImageJ, NIH,
available at website http://rsb.info.nih.gov/ij/). The values for
hematoma and edema volumes were compared with those
determined from cryosections.

2.5. Histology. Following final MR imaging, brains were
removed, placed in 4% paraformaldehyde and cryoprotected
in 30% sucrose for 3 days at 4◦C before they were frozen.
Coronal sections of 20 μm-thickness were taken at 300 μm
intervals over the rostral-caudal extent of the lesion. Sections
were stained with Luxol Fast Blue and cresyl violet according
to previously published protocols [15, 17, 18]. Hematoma
and edema volumes were measured by digitally analyzing
stained sections with ImageJ. Lesion volumes (mm3) were
computed as running sums of lesion area multiplied by the
thickness of each section (300 μm) over the extent of the
lesion expressed as an orthogonal projection [19].

2.6. Statistical Analysis. Given the small sample size at differ-
ent examination dates, the correlation coefficient (Spearman
coefficient) for non-parametric correlations and two-tailed p
values at a confidence interval CI = 95% were analyzed using
one-way ANOVA.

3. Results

3.1. MR Appearance of Hematoma and Edema. In two
animals, MR imaging was performed as early as 2 hours after
hematoma induction, and the hematoma was observed as a
focal hypointensity on T1-, T2-, and T2∗-weighted images.
The hematoma remained stable without any evidence of
expansion when scanned again 8 hours and 24 hours follow-
ing collagenase injection (Figure 1).

In mice with serial MR imaging up to 72 hours, 10 and
21 days, the predominantly low-signal hematoma within the
left caudate/putamen in T1-, T2-, and T2∗-weighted images
were consistent with deoxyhemoglobin and intracellular
methemoglobin after 24 hours. The signal converted to
predominantly high intensity at 72 hours to 10 days on T2-
weighted RARE spin-echo images, consistent with extracel-
lular methemoglobin (Figure 2). The initially hypointense
hematoma on T1-weighted images became hyperintense on
days 3 and 10. Even on T2∗-weighted images, the signal of
the hematoma core became hyperintense at 10 days. On day
21, a low-signal streak was left at the site of the former space-
occupying hematoma on T1-, T2-, and T2∗-weighted images
(Figures 3 and 4).
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Figure 1: MR tomographic images on 4.7 T using T2∗- (a, d, and g), T2- (b, e, and h), and T1-weighted images (c, f, and i) in a mouse 2
(a–c), 8 (d–f), and 24 hours (g–i) after stereotactic collagenase injection. The hematoma appears hypointense on T1 as early as 2 hours after
collagenase injection and does not change in signal intensity and homogeneity over the first 24 hours. The blooming effect of T2∗-weighted
sequences makes the hematoma appear larger and needs referencing with T1- and T2-weighted images. T2-weighted images reveal a rim of
hyperintensity surrounding the hypointense core as early as 8 hours. There is no evidence of hematoma enlargement over the first 24 hours.

3.2. Quantification of Hematoma and Edema Volumes.
Table 1 illustrates the mean hematoma sizes on T1- and
T2∗-weighted images and the mean edema sizes on T2 on
day 1 for nine mice, on day 3 for seven mice, on day 10
for four mice, and for the remainder (n = 2) on day 21.
After final imaging, the equivalent hematoma and edema
volumes were compared with the hematoma and edema
areas on histology as also shown in Table 1. The Spearman
correlation coefficient between hematoma volume on T2∗-
weighted images and histology was r = 0.61 (P < 0.09) over
all times points, thus not reaching statistical significance. The
Spearman correlation coefficient between hematoma volume
on T1 and histology, however, was statistically significant
r = 0.7 (P < 0.04). So was the coefficient for edema volume
on T2 and histology on all examination dates with r = 0.73
(P < 0.03).

4. Discussion

Ongoing research in intracerebral hemorrhage and the pro-
spects of therapy have raised the need for a noninvasive
method to investigate ICH in rodent models. The quantifica-
tion of hematoma volume is currently based on spectropho-
tometry assays [8, 20], histomorphometry on stained brain
slices [15], or computer-assisted outlining of brain slices
[20], thus excluding follow-up measurements during the
disease progression and for the evaluation of novel therapeu-
tic interventions. The same accounts for edema volumetry
that uses brain water content measurements [11, 16, 17],
blood-brain barrier permeability for Evans blue dye on
histology [11], or hemispheric enlargement [8] for quanti-
tation. Among the biological imaging techniques, magnetic
resonance imaging (MRI) constitutes an excellent tool for
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Figure 2: T1- (a), T2- (b), and T2∗- (c) weighted images in a mouse 24 hours after hematoma induction reveal a hypointensity that matched
well with the hematoma size found on frozen section (d) and cryostat section stained with Luxol Fast Blue and cresyl violet [×10] (e). Again,
T2∗-weighted images need referencing with T1- and T2-weighted images for hematoma quantitation. Of note is an artefact on the left to
midventral surface (c).

Table 1: MR volumetry and histology.

Study dates
Mean hematoma

size± SD on T1 in
mm3

Mean hematoma
size± SD on T2∗

in mm3

Mean edema
size± SD on T2

in mm3

Mean edema size± SD
on T2 in mm3 for
euthanized mice

Mean edema size± SD
on histology in mm3

for euthanized mice

Median
neurological
score (0–24)

Day 1 14.0± 3.4 13.4± 3.4 11.1± 5.6 16.0± 4.0 10.6± 1.5 4

Day 3 7.4± 3.8 8.0± 4.4 8.9± 3.4 12.2± 1.3 27.2± 2.2 2

Day 10 6.1± 3.4 6.9± 3.5 1.6± 0.8 1.4± 0.6 1.5± 1.6 0

Day 21 3.4± 3.1 4.3± 0.9 0.8± 1.1 0.8± 1.1 0.1± 0.1 0

neuroimaging in rats [21] and pigs [22, 23]. Owing to the
variety of knockout genotypes in mice, repeated studies
of the same animal are important research tools to study
hematoma and edema evolution in a longitudinal fashion.
Previous MRI studies of the mouse brain have either been
postmortem imaging of excised specimen with a near-
microscopic spatial resolution [24, 25] or in vivo studies with

a high in-plane resolution at the expense of a much poorer
section thickness [26].

At high magnetic fields, the ratio between surface and
volume in the head is important because of the presence
of high susceptibility effects and poor magnetic field homo-
geneity in the whole head. Even with optimization of the
shimming procedure and a reduction in TR, it was not
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Figure 3: Temporal evolution of hematoma and edema after day 1 (a, b, and c), day 3 (d, e, and f), and day 10 (g, h, and i). On T1-weighted
images, the hyperintense hematoma on day 1 (a) gradually changes to a hyperintense core over 10 days (c). On T2-weighted images, the core
of the hematoma becomes hyperintense within 3 days (e) and develops a hypointense ring on day 10 (h) representing cavitation. The latter
could also be discerned on T2∗-weighted images on day 10 (i).

possible to suppress this artifact completely. For T1-weighted
sequence, the echo time was minimized to remove any T2
weighting and minimize susceptibility artifacts at air/tissue
interfaces. In T2-weighted sequence, a RARE factor of 12
increased the effective echo time and reduced the scan time.
The echo time in T2∗ sequence was optimized to provide
adequate signal-to-noise ratio while maximizing the contrast
for measurement of hematoma.

A review of the literature revealed only two reports
[13, 27] with murine experimental ICH and quantitation of
hematoma size on T2∗ [13] alone or T2-weighted images
[27]. Given these extremely limited data on the changes
in signal intensities in the course of hematoma resorption
and the lack of data for edema formation, we undertook
this study to describe the signal characteristics of hematoma
resorption and edema evolution in mice over time.

In our pilot study, we show for the first time that intra-
cerebral hemorrhages appear hypointense on T1 at high field
strength as early as 2 hours after the ictus. Although less
well demarcated compared to T2∗ images, the hematoma
remained discernable on T1 in the course of hematoma
resorption. Hematoma volumes on T1 correlated well with
those on histology (P < 0.04). T2 images approximated

edema size well in the acute to chronic phase of edema
formation in mice when compared with histology (P < 0.03).
Van der Weerd et al. [28] had found T2-weighted images
useful for quantitation of lesion volume 24 hours after stroke
in a MCAO model. As our results indicate, T2∗ changes do
not correlate with hematoma volumes on histology. That
might be due to blooming artifacts that render the suitability
of T2∗ images for quantification of hematoma at this field
strength questionable [13]. Knight et al. [29] assessed the
evolution of intracerebral hemorrhage in rats by MRI esti-
mates of T2 relaxation time and hematoma-induced changes
in cerebral blood flow and blood-brain barrier permeability
over 14 days using a 7-Tesla, 20-cm bore magnet. The lesion
core and adjacent rim were identified by windowing of
T2 values and changed in a consistent manner over time.
The MRI and histological estimates of tissue loss were well
correlated.

Despite the novel approach for following the temporal
and spatial resolutions of intracerebral hemorrhages in mice
by high field MR imaging, our pilot study has several limita-
tions. The small number of animals at different examination
dates precludes subgroup analysis. The high costs for exper-
imental MR imaging at high field are a major drawback to
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Figure 4: T2-weighted RARE spin-echo images at 24 hours (a) show predominantly low-signal hematoma within the left caudate/putamen,
consistent with deoxyhemoglobin and intracellular methemoglobin. At 72 hours (b), there is conversion to predominantly high-signal,
consistent with extracellular methemoglobin. In the course of hematoma resorption, the core hyperintensity (c) subsequently transforms to
a hypointense gliotic scar at 21 days (d). The cryostat section stained with Luxol Fast Blue and cresyl violet [×10] (e) also well delineates the
gliotic scar.

large study groups. The reproducibility of the murine ICH
model used in our study that was pioneered by Clark et al.
[14] made it one of the principal models of murine ICH
[11, 12, 15–17, 30]. It mimics the pathogenetic mechanism
of vessel wall rupture leading to intracerebral hemorrhage.
Theoretical concerns that bacterial collagenase might induce
an inflammatory response, independent of that elicited
by parenchymal blood, have not been confirmed for the
activation of microglia in cell cultures after the addition
of collagenase at various concentrations [16]. Whether the
morphological substrate of what we depict as hyperinten-
sity on T2-weighted images exclusively represents edema,

remains questionable. Alternate techniques imply the injec-
tion of autologous blood into the striatum [8, 10], but lack
the pathophysiologic event of vessel rupture.

5. Conclusions

Repetitive multimodal MRI scanning at 4.7 T in mice
with collagenase-induced ICH allows studying the individual
kinetics of signal intensities underlying hematoma resolution
and edema formation in a noninvasive manner. That would
allow studying a wide range of therapeutic treatments in a
longitudinal fashion in mice.
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Human disease animal models are absolutely invaluable tools for our understanding of mechanisms involved in both physiological
and pathological processes. By studying various genetic abnormalities in these organisms we can get a better insight into potential
candidate genes responsible for human disease development. To this point a mouse represents one of the most used and convenient
species for human disease modeling. Hundreds if not thousands of inbred, congenic, and transgenic mouse models have been
created and are now extensively utilized in the research labs worldwide. Importantly, pluripotent stem cells play a significant role
in developing new genetically engineered mice with the desired human disease-like phenotype. Induced pluripotent stem (iPS)
cells which represent reprogramming of somatic cells into pluripotent stem cells represent a significant advancement in research
armament. The novel application of microRNA manipulation both in the generation of iPS cells and subsequent lineage-directed
differentiation is discussed. Potential applications of induced pluripotent stem cell—a relatively new type of pluripotent stem
cells—for human disease modeling by employing human iPS cells derived from normal and diseased somatic cells and iPS cells
derived from mouse models of human disease may lead to uncovering of disease mechanisms and novel therapies.

1. Human Disease Mouse Models

Model organisms such as fruit flies, zebrafish, and mice
have provided great insights into gene function in humans
because they are easy to grow and genetically manipulate in
the laboratory setting. By evaluating different mutations in
these organisms, one can identify candidate genes that lead to
disease in humans and develop models to better understand
human disease pathogenesis [1]. The mouse is an ideal model
organism for human disease. Not only they are physiolog-
ically similar to humans, but a large genetic reservoir of
potential models of human disease has been accumulated
through the generation of radiation- or chemically induced
mutant loci. Multiple technological advances have dramati-
cally advanced our skills to create mouse models of human
diseases. High-resolution genetic and physical linkage maps
of the mouse genome have greatly facilitated the identifi-
cation and cloning of mouse disease genes. Furthermore,
transgenic approaches allowed us to ectopically express or
make germline mutations in virtually any gene in the mouse

genome by using homologous recombination in embryonic
stem (ES) cells [2, 3]. Inbred, congenic and transgenic strains
are widely used in current research labs as very valuable tools
to investigate human diseases pathogenesis and develop new
effective therapeutical strategies.

2. Embryonic Stem (ES) and Induced
Pluripotent Stem (iPS) Cells

Pluripotency is the ability of a cell to give rise to progeny
representing all types of cells in an organism [4]. Murine
embryonic stem cells derived from inner cell mass (ICM)
of the embryo exhibit two remarkable features in culture.
First, under certain conditions, they can be propagated
indefinitely as a stable self-renewing population where every
cell undergoes symmetrical division. This immortalized
phenotype allows ES cells to be cultured over extended
periods of time. Upon differentiation, this feature is lost
and progeny undergoes cellular aging (Hayflick limit) as has



2 Journal of Biomedicine and Biotechnology

Somatic cells 

iPS cells

Induction of 
pluripotency 

Viruses
Plasmids
Proteins
Transposons
mRNAs
MicroRNAs

Human disease
mouse model

strain

Colonies isolation and
expansion
Pluripotency markers analysis

3-4 weeks with LIF
and differentiation

inhibitors

Functional tests: teratoma
formation, chimera
contribution, germline
transmission

(e.g., tail tip fibroblasts)

Figure 1: Generation of induced pluripotent stem cells from mouse model somatic cells.

been previously documented for all other nontransformed
primary cells [5]. A second feature is that, during culture,
ES cells retain their pluripotency and can differentiate into
the same range of cell types as those seen in the embryo
from ICM. The value of ES cells is partly due to their
amenability to extensive gene manipulation. Homologous
recombination between genomic and the exogenous DNA is
a very inefficient and rare process, but it takes place in ES cells
with relatively higher efficiency than it does in other cell types
[4]. Gene targeting by homologous recombination in ES cells
has improved our ability to study many biological processes
[3]. Since ES cells contribute to all tissues upon injection into
a recipient blastocyst, including the germline [6, 7] modifica-
tion in an ES cell genome can be transmitted, by the breeding
of ES cell/wild-type chimaeras, to generate mice containing
the desired mutations in all cells. In this way mice with a
variety of modifications such as null and point mutations,
chromosomal rearrangements and large deletions have been
generated. In addition, it is possible to target reporter genes
under the control of specific promoters to study gene expres-
sion patterns in different cell types. Furthermore, the ability
of ES cells to differentiate in vitro to many different mature
somatic cell types, in combination with purification of the
cell of interest by methods such as directed differentiation
and lineage selection, opens up the opportunity to use these
mature cell types for various basic and therapeutical applica-
tions [3]. Unfortunately, not every mouse model is permis-
sive for true ES cells derivation. This makes it harder to inves-
tigate gene function and pathogenesis in those strains. With
the advent of iPS technology this issue has been overcome.

In 2006, Takahashi and Yamanaka initially reported
the direct reprogramming of murine embryonic fibroblasts
(MEFs) to pluripotent stem cells by introducing four

transcription factors [8]. Those factors, namely, Oct4, Sox2,
Klf4, and cMyc, that are important for self-renewal of embry-
onic stem cells (ESCs) have been shown to reprogram both
mouse and human somatic cells into ESC-like pluripotent
cells (Figure 1). Since then, a large number of laboratories
have derived induced pluripotent stem cells from somatic
cells, and many important advances have been made [9–15].
Most importantly these iPS cells have shown properties very
similar to the ones of ES cells such as pluripotency markers
expression, teratoma formation, chimeras contribution, and
germline transmission. Moreover, the critical advantages of
iPS cells over ES cells now seem to be obvious. First of all iPS
cells are being generated from the autologous recipient thus
obviating the graft-versus-host problem in transplantation
settings. The second benefit pertains to the ethical concerns.
Unlike in the past, one can now generate ES-like iPS cells
from human skin fibroblasts or hair-follicle cells without
the need to resort to the human ES cell lines and potentially
(in the future) apply them to the therapeutic and/or basic
science approaches [13].

3. Making Use of iPS Cells for Human
Disease Modeling

For the human disease animal modeling iPS cell technology
opened the way to even wider spectrum of available mouse
model strains. In 2009, Zhao et al. reported the generation of
all-iPS-derived viable, fertile live-born progeny by tetraploid
complementation [16] which further proved them to be
useful for the development of transgenic mice strains with
desired gene defects homologous to those seen in human
pathology.
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At present, with this valuable tool in hand one can take
literally any human disease mouse strain somatic cells (e.g.,
tail tip fibroblasts) and induce pluripotent stem cells from
them. These disease-specific iPS cells can be further used
to explore given disease mechanisms both in vitro and in
vivo. (Figure 2). For example, human chronic lymphocytic
leukemia (CLL) (CD5+ B-cell malignancy) mouse model—
New Zealand Black mouse—exhibits a defect in the miR-
15a/16–1 gene on chromosome 14 which results in decreased
levels of these microRNAs, which is also seen in more than
50% of CLL patients [17]. Unfortunately, this mouse strain
is refractory to true ES cells derivation which makes it
difficult to study the role of this microRNA gene defect in
B-cell development both in vitro and in vivo. In our lab, we
were able to successfully generate NZB iPS cells from spleen
stromal cells. Now they can be used as subjects for gene
targeting (correcting miR-15a/16–1 mutation and deletion)
followed by in vitro differentiation towards B-lineage. This
would help find out what role this particular gene defect
plays in B-cell lymphogenesis and how its correction might
alleviate malignant clonal expansion. Furthermore, NZB iPS
cells with corrected miR-15a defect could be differentiated
into hematopoietic stem cells (HSCs) followed by their
adoptive transfer into appropriate recipients in order to
observe the effect of gene correction on CLL development
in vivo.

Another way to utilize iPS cells to study human diseases
in animal models is xenograft transplantation assay. In this
case iPS cells would be generated from patient’s somatic
cells (Figure 3), differentiated into desired type of cells (e.g.,
HSC), and transplanted into immunodeficient murine recip-
ients. In a recent report, Yao et al. [18] have demonstrated
a generation of human iPS cells with zinc-finger nuclease,
mediated disruption of CCR5 locus which is known to be
a coreceptor for HIV entry. These patient-specific iPS cells
can now be differentiated into HSC and transplanted into
animal recipients to study the role of CCR5 in HIV infection
development in vivo. In another work, Lee et al. have used
human iPS-derived neural stem cells (NSCs) in a mouse

intracranial human glioma xenograft model [19]. In this
case, iPS-derived NSCs have been used as cellular vehicles
for targeted anticancer gene therapy since they will home
to the brain. As a proof of principle, Hanna and colleagues
have taken advantage of autologous iPS cells derived from
humanized mouse model of sickle cells anemia to correct
human sickle hemoglobin allele by gene-specific targeting
followed by their differentiation into hematopoietic stem
cells and transplantation into irradiated recipients [20]. It
has been shown that mice could be rescued from disease
progression after transplantation. This work has underlined
the benefits of iPS technology for the combined gene and cell
therapy approach to study human disease in animal models.
It is needless to say that currently various labs worldwide
use patient-specific iPS cells for animal modeling both in
vitro and in vivo. Such pathological conditions as Hunting-
ton disease, amyotrophic lateral sclerosis, spinal muscular
dystrophy, Gaucher disease type III, Down syndrome, type 1
diabetes, Parkinson’s disease, β-thalassemia, and hepatic fail-
ure have been investigated using iPS cells generation [20–29].

4. MicroRNAs

MicroRNAs (miRs) are small noncoding RNAs which are
known to be critical for the expression control of more than
a third of all protein coding genes [30] by means of binding
to the 3′ untranslated region (UTR) of target mRNAs via an
imperfect match to repress their translation and/or stability
[31]. They have been implicated in the regulation of many
biological processes, including the stem cells self-renewal and
pluripotency [32–34]. MiRNAs are generated from precursor
transcripts—primary miRNAs (pri-miRNAs)—that are first
processed in the nucleus into an intermediate pre-miRNAs
by the complex of enzymes containing Drosha and DGCR8
proteins [35–37]. The pre-miRNAs are then transported
by the exportin 5-RanGTP shuttle into the cytoplasm, in
which they are further processed by Dicer, into mature
miRNAs [38]. In ES cells a set of microRNAs (including
miR-302 and miR-17–92 clusters) closely interfere with the
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key pluripotency factors such as Oct4, Sox2, and Nanog
[39, 40] thereby preventing them from differentiation and
controlling their proper self-renewal potential [41]. Xu et
al. have demonstrated miR-145 to control the expression of
Oct4, Sox2, and Klf4 and repress self-renewal of human ES
cells [42]. On the other hand, c-Myc has been reported to
repress miRNAs such as miR-21, let-7a, and miR-29a during
reprogramming [43]. Tissue-specific miRNAs often play
important roles in normal tissues and organ formation [44,
45]. More importantly for the current review, microRNAs
proved to be effective tools for the iPS generation. In
particular, inhibition of miR-21, let-7a, or mir-29a has
been shown to enhance the reprogramming efficiency [43].
Alternatively, overexpression of the miR302/367 cluster has
been shown to rapidly and efficiently reprogram both mouse
and human somatic cells to iPS state without any exogenous
transcription factors delivery through Oct4 gene expression
activation and the suppression of Hdac2 [46]. MicroRNA
gene expression profiling in human ES cells revealed specific
miR-signatures of elevated expression of miR-302 cluster,
miR-200 family members as well as miR-520 cluster [47].
This might imply the possibility of them to be used as
tools to increase the efficiency of iPS generation without
any exogenous interventions into the genomic DNA of the
host cells and serve as additional iPS quality control markers.
Conversely, as the regulators of gene expression microRNAs
could be used to drive patient-specific iPS cells down the
specific cells lineage in vitro in order to produce the required
cell type to be studied [48].

Another promise that microRNAs are holding is the
development of microRNA-based gene targeting for the tem-
poral gene-of-interest silencing [49]. For instance, aberrant
expression of Pax5 (also known as BSAP), a critical regulator
of B-cell development, is known to correlate with aggressive
subsets of B-cell non-Hodgkin lymphoma [50]. It has been
previously shown that overexpression of miR-15a/16 reduces
endogenous c-Myb levels and compromises Pax5 function
[51]. Now one can produce iPS cells from Pax5-affected
non-Hodgkin lymphoma patient and apply in vitro B-cell
differentiation protocol along with miR-15a/16–1 delivery to
evaluate lymphomagenesis in the mouse xenograft model.
Potentially, the similar approach could be employed for the
discovery of leukemia (or more commonly cancer) stem
cells [52]. Finally, miRs can be used as biomarkers of
human disease progression in mouse model settings. Overall
diagram of microRNA application for mouse modeling is
shown in Figure 4.

5. Conclusion

The importance of disease mouse models and their impact
on medical research is hard to overestimate. Therefore
the value of animal modeling is very critical for our
understanding of human disease and development of new
effective approaches to therapy. Induced pluripotent stem
cells hold a great promise for both basic and applied science
and open the road for many more opportunities for human
disease research. Coupled with the use of fine-tune regulators
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of gene expression, microRNAs, and mouse modeling they
have a promising potential for subsequent discoveries and
new therapies development in the complex field of human
pathology.
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Dermatophytosis is superficial fungal infection caused by dermatophytes that invade the keratinized tissue of humans and animals.
Lesions from dermatophytosis exhibit an inflammatory reaction induced to eliminate the invading fungi by using the host’s normal
immune function. Many scientists have attempted to establish an experimental animal model to elucidate the pathogenesis of
human dermatophytosis and evaluate drug efficacy. However, current animal models have several issues. In the present paper, we
surveyed reports about the methodology of the dermatophytosis animal model for tinea corporis, tinea pedis, and tinea unguium
and discussed future prospects.

1. Introduction

Superficial mycoses affect 20% to 25% of the world’s popula-
tion, and the incidence is increasing [1]. However, the mech-
anisms of the characteristic pathology, the mechanisms of
host protection against infection, and the reason for intract-
able tinea pedis have not been clarified. Thus, experiments
to elucidate these questions regarding dermatophytosis are
needed using an animal model that closely resembles human
pathology.

However, the suggestion has been made that the model
of experimental infection on the backs of animals was insuffi-
cient to clarify the pathology of tinea corporis and tinea pedis
because the site of infection was as severe as in kerion celsi,
and the treatment duration was limited due to spontaneous
healing within 4 weeks after infection [2]. Concerning ony-
chomycosis, tinea unguium research in humans has not pro-
gressed due to the inability to biopsy nails. And the patho-
genesis and the invasion have not been fully understood.
Thus, there are few reports of a model of onychomycosis
because of the difficulty in setting up a model.

In this paper, we surveyed the reported animal models
of tinea corporis, tinea pedis, and tinea unguium and will
discuss the future direction of research to establish a der-
matophytosis animal model with high reproducibility for
human dermatophytosis.

2. Animal Model of Tinea Corporis

Tinea corporis in humans is mainly caused by Trichophyton
rubrum, Trichophyton mentagrophytes, and Microsporum
canis and take several clinical forms but commonly present
as classic ringworm [3]. Ringworm of the body is usually
observed on the trunk, shoulders, or limbs, and occasionally
the face (excluding the beard area). The infection may range
from mild to severe, commonly appearing as annular, scaly
patches with sharply marginated, raised erythematous vesic-
ular borders [4].

The efforts to establish an animal model of tinea corporis
began with the first report by Bloch in 1908 [5]. Sakai et al.
[6] were the first to report of animal studies evaluating the
efficacy of tinea corporis, and the research became the basis
for the tinea corporis model. Subsequently, many research
studies have been reported an animal model of tinea corporis
since 1962. To reproduce dermatophytosis in humans, the
examination of methods using animal models mainly fo-
cused on animal species, fungal selection, and the condition
of the infection (occlusion or open condition with or without
abrasion) of the skin.

2.1. Animal Species. The tinea corporis model has been
reported in a variety of different animals, such as cockscomb
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[7], germ-free guinea pigs [8], grafting guinea pig skin onto
congenitally athymic mice [9], mice [10], nude rats [11, 12],
rabbits [13], chickens [13], humans [14–16], and guinea pigs
[6, 7, 9, 10, 12, 13, 17–60].

According to reports of T. mentagrophytes on cockscomb
and guinea pigs [7], the skin of guinea pigs showed a greater
resemblance to human skin; however, cockscomb was more
suitable than the skin of guinea pigs for fungal growth.
Nonetheless, topical treatment of cockscomb with drugs is
difficult, especially a fluid excipient.

In germfree guinea pigs infected with T. mentagrophytes,
forming serious ulcers took twice the time as healing com-
pared with conventionally reared guinea pigs. Cutaneous
reinfection of germfree guinea pigs with T. mentagrophytes
was protracted. However, the lesions healed in about the
same time as the primary infection in conventionally reared
guinea pigs. These reactions were considered cell-mediated
hypersensitivity similar to contact dermatitis [8]. Thus, no
advantage was gained in using germfree guinea pigs as the
animal model for tinea corporis because tinea corporis in
humans shows no spontaneous healing.

The in vivo model using nude mice xenografted with
guinea pig skin showed well-grown dermatophytosis on the
xenograft but not on nude mouse skin [9]. On the other
hand, T. mentagrophytes could be cultured from the skin of
nude rats (rnu/rnu) for 90 days and euthymic rats (rnu/+)
for 35 days [11]. In these studies, the same strain of T. menta-
grophytes ATCC18748 was used. Thus, this difference in the
infection period between nude mice and nude rats was not
due to the organism. We suggest that this difference involved
the different structures of the skin. Fujita [61] reported
that hairless guinea pigs whose skin resembled human hair-
bearing skin could be induced to show clinical signs similar
to human hair-bearing skin lesions and suggested that the
difference in the skin structure, especially the density of
hair and the thickness of the horny cell layer, affected the
establishment of the infection.

Infectivity of two strains of human origin, Trichophyton
quinckeanum NCPF309 and T. mentagrophytes MRL 81/889,
were evaluated in seven inbred strain mice: BALB/c, AKR,
C3H, DBA/2, (CBA×DBA/2)F1, CBA, and C57BL/6 [10]. As
a result, variations were noted in susceptibility in different
inbred mice strains, and BALB/c mice showed greater sus-
ceptibility to the infection from both fungal strains.

Ringworm lesions developed in rabbits infected with
T. mentagrophytes B32663 (dog origin) after intravenous
administration in the same manner as lesions that developed
after percutaneous administration [13].

In experimental infections of humans [15], T. mentagro-
phytes ATCC18748 was applied to the ankles followed by 4-
day-continuous occlusion. The time course of the disease
was described in fine details as follows. (1) During the first
2 days following removal of the occlusive patches, no signs
of infection were present. (2) Erythema, edema, and small
vesicles appeared and the degree of inflammation steadily
increased from the 3rd to the 10th days. (3) The lesions
enlarged to fill nearly the entire area originally overlain by
the occlusive patch from the 11th to the 22nd days. (4) The
erythema and edema were replaced by scaling, and discrete

follicular infections became apparent from the 23rd to the
45th days. (5) Finally, the infections healed spontaneously
from the 46th to the 90th days. Furthermore, the volar
surface of the forearm was infected using the same method.
Pathological changes were the same as the lesions on the
ankles. However, the whole infection period was shortened,
and the lesions finally healed spontaneously within 60 days.
The sustainability of lesions may involve the skin structure
as well as immunity because involvement of immunity on
sustainability of the disease in nude rats (rnu/rnu) was clear
from the difference in the duration of complete healing using
euthymic rats (rnu/+) [11].

Guinea pigs have been widely used as a model due to
reproducibility, high susceptibility, and its easy handling.
However, different studies have been attempted because of
the suggestion that there were defects wherein the clinical
signs and the course of the pathology have not been similar
to that of humans [62].

2.2. Selection of Fungi. In the preparation of a guinea pig
model, the following fungi were examined: T. mentagro-
phytes, Trichophyton mentagrophytes var. quinckeanum (mice,
T. mentagrophytes is synonymous), Trichophyton mentagro-
phytes var. granulosum (rodents, now designated Trichophy-
ton interdigitale), Trichophyton mentagrophytes var. men-
tagrophytes (now designated T. interdigitale), Trichophyton
mentagrophytes var. erinacei (hedgehog), Trichophyton verru-
cosum (cattle, horse), T. rubrum (anthropophilic), Trichophy-
ton tonsurans (anthropophilic), Trichophyton asteroids, Tri-
chophyton violaceum (anthropophilic), Trichophyton concen-
tricum (anthropophilic), M. canis, Microsporum gypseum,
Microsporum pesicolor, Candida albicans, and Epidermophy-
ton floccosum. In general, zoophilic dermatophytes are more
pathogenic to laboratory animals than anthropophilic strains
[63, 64]. Thus, T. mentagrophytes and M. canis were specially
used for the study of susceptibility to infection [2, 61, 63].

2.3. Pre- and Posttreatment. In addition to the selection of
fungi, pre- or posttreatment included occlusion and abrasion
[23, 34, 37, 38, 42, 47, 51, 56]. Each occlusion method after
inoculation of fungi was reported as follows: covered with
ointment [56], covered by a sheet of polyethylene film with
an impermeable plastic tape for 24 hr [34], moistened gauze
pad with Teflon between 24 hr and 72 hr [38, 39, 42], covered
with a glass fiber filter [37], or covered with a chamber [51].
The occlusion method was suitable for the tinea corporis
model because it was closer to natural infection and achieved
high reproducibility [61]. On the other hand, Kerbs et al.
reported that the occlusive method had not been imple-
mented in the guinea pig model with T. mentagrophytes
ATCC18748 because occlusion treatment weakened the
infection [42]. Furthermore, Saunte et al. [51] suggested that
inoculation under occlusion showed no advantage in the
establishment of experimental infections. In consideration of
these reports, we should consider the need for occlusion to
infect fungi according to the procedure and fungal strains.

While there are some reports using nonabraded skin
without occlusion [44, 53, 55], abraded skin was used in
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many experiments to secure a high infection rate. The meth-
ods of abrading back skin include the use of sandpaper [22,
23, 25, 31, 33, 45, 47, 48, 54, 58], a roughened pestle [40, 41],
a steel brush [50], pumice stone [17], shaving [51, 57, 59],
and tape stripping [21, 26–30, 32, 35, 36, 46, 51, 52]. The
abrasion techniques using sandpaper, a roughened pestle,
and a pumice stone are simple and easy; however, such
techniques may lead to skin wounds such as an ulcer, which
subsequently can be confused with lesions produced during
dermatophyte infections [51]. Meanwhile, shaving and tape
stripping avoids the problem of creating ulcers by an artificial
procedure and can make the skin equally and superficially
traumatized prior to inoculation [51]. In addition, Saunte et
al. stated that pretreatment, such as shaving with a razor or
tape stripping, did not influence the nature of the infection
by M. canis [51].

2.4. Inoculation Size. An animal model using the occlusion
method without abrasion may be made with a small amount
of fungi (100 spores/3.8 cm2) [39, 42]. One report stated that
the optimal conditions for dermatophytosis in guinea pigs
were found to be an inoculum of 107 fungal cells applied to
abraded skin without occlusion and that of 108 fungal cells
induced severe lesions [47]. In almost all cases, the inoculum
of 107 fungal cells was applied to the area of infection made
by dermatophytosis in vivo by all kinds of abrasion methods
without occlusion.

2.5. Preparation Method of Tinea Corporis in Guinea Pigs
Model. The typical methods of infection using T. mentagro-
phytes are described below, which summarized the results
from a survey of the literature.

The nonocclusion method involved removing the back
hair of guinea pigs from the entire surface of the skin with
electric hair clippers and then preparing the inoculation site.
Next, the skin was abraded by applying and removing adhe-
sive tape three or four times, shaving the infection area using
a razor, or abrasion with sandpaper, a roughened pestle, a
steel brush, or a pumice stone. After pre-treatment to create
an abrasion, the skin was inoculated by applying a volume of
50–100 μL of T. mentagrophytes 106 cells/mL. However, the
application volume must be changed according to the area.

The occlusion method involved applying 100 cells/site
to a section of the skin to induce an infection [39, 42] and
did not include the abrasion procedure [2]. The duration of
occlusion was set from 24 hr to 72 hr [34, 37–39, 51].

2.6. Pathology of Tinea Corporis in Guinea Pig Model. The
pathophysiologic changes over time as a model of infection
in the guinea pig showed that the normal evolution of der-
matophytosis may be clearly divided into four phases [63]:
incubation phase, spreading phase, inflammation phase, and
healing or cleaning phase extending from days 25 to 60.
The length of each phase depends on the mode of infection,
fungal species, and strain [63].

Fujita [61] described the pathophysiology of changes
over time focusing on the biological responses of guinea pigs
infected with T. mentagrophytes as the tinea corporis model.

Briefly, erythema and red papules appeared between 4 and 6
days after inoculation, and then the reaction to trichophytin
was positive between 7 and 8 days. This positive reaction to
trichophytin indicated the establishment of cellular immu-
nity to T. mentagrophytes. Therefore, the erythema and
papules gradually increased in size and then fused together.
The lesions that climaxed at 14-15 days showed infiltrative
plaque-like erythema with thick scale and crusts. Subse-
quently, these eruptions gradually disappeared and almost
healed spontaneously within 4 weeks after inoculation.
Another report by Koga [64] described the pathophysiologic
changes over time as almost the same as stated above. Fur-
thermore, Koga reported histopathological changes in detail:
no findings except slight acanthosis thought to be formed by
abrasion on the 3rd day after inoculation. Fungal elements
were only confirmed in the horny cell layer of the epidermis
and epithelium of the follicular infundibulum. Acanthosis
and hyperkeratosis were noted over the entire surface of the
skin, and vasodilatation and inflammatory cell infiltration in
the upper layer of the dermis were observed on the 7th day.
In addition, there was a large amount of hyphae in the horny
cell layer of the epidermis. On the 14th day, spongiosis was
observed along with severe inflammatory cell infiltration in
the dermis, however, hyphae were present only in the follicles
and not in the horny cell layer of the epidermis. This disap-
pearance of hyphae in the horny cell layer of the epidermis
was understood as a result of exclusion by increased skin
turnover. In addition, hyphae in the follicles were excluded
before and after the 20th day as part of spontaneous healing.

2.7. Evaluation of Treatment and Prophylaxis by Tinea Cor-
poris Model. The tinea corporis animal model was used to
estimate the efficacy of antifungal agents like bifonazole [21,
22, 25, 26, 35, 46, 52], clotrimazole [22, 23, 25, 35, 37, 40,
46, 52], miconazole [37, 44], tolnaftate [12, 22, 25, 37, 40],
griseofulvin [28, 29, 37, 40, 65], ketoconazole [12, 18, 20,
29, 37, 40], omoconazole [32, 36], terbinafine [26, 29, 40,
41, 47, 48, 50, 58, 65], econazole [40], butenafine [22, 23,
33], naftifine [22], itraconazole [20, 27, 41, 50, 51, 59, 65],
amorolfine [21, 65], sertaconazole [44], saperconazole [24],
latoconazole [25], fluconazole [27, 28, 31, 41, 65], SCH
39304 [31, 54], lanoconazole [30, 33, 48], mupirocin [18],
laudamonium [17], KP-103 [33], neticonazole [33], R126638
[59], voriconazole [57], ciclopirox [58], pramiconazole [50],
luliconazole [48], and Astragalus verus Olivier [45].

In general, the timing of the start with oral or topical
administration of antifungal agents is when the primary
lesion begins to occur in each model or experiment. In most
cases, the time is from 3–5 days after infection. In a recent
study, Ghannoum et al. [47] started oral treatment of terbin-
afine on the day of infection considering pharmacokinetics.
That is, the start of oral therapy with terbinafine was set to
allow the drug to be absorbed by the gastrointestinal tract
and to reach the tissue by the time the infection was estab-
lished.

The prophylaxis effect of antifungal agents was evaluated
in the tinea corporis model. There was a wide range in the
start of administration between 5 days before infection and
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30 minutes after infection [12, 17, 22, 41, 59]. A clear
rationale for when to start administration has not been
described in detail in these reports. However, the start of
administration and the duration of treatment should be set
to consider the local skin pharmacokinetics of the drug.
Although relapse after treatment was reported [33], exam-
inations have not often been conducted because of sponta-
neous healing in the guinea pigs.

3. Animal Model of Tinea Pedis

The feet, especially the soles and toe webs, are the most
frequent site of tinea pedis in humans. The most common
clinical manifestation is intertriginous dermatitis, which
presents with maceration, peeling, and fissuring in the
spaces between the fourth and fifth toes. Another common
presentation is the chronic, squamous, hyperkeratotic type
in which fine silvery scales cover the pinkish skin of the
soles, heels, and sides of the foot (moccasin foot). An acute
inflammatory condition characterized by the formation of
vesicles, pustules, and sometimes bullae is most frequently
caused by T. mentagrophytes. The more chronic agents of
tinea pedis is caused by T. rubrum, T. mentagrophytes var.
interdigitale, and E. floccosum [4].

Fujita and Matsuyama reported an animal model of
tinea pedis using a paper disk [66]. Meanwhile, Uchida and
Yamaguchi reported another animal model using a sheer
adhesive bandage [67]. These two animal models of tinea
pedis in guinea pigs are superior because they showed clinical
and histopathological nonspontaneous healing similar to
human hyperkeratotic tinea pedis.

3.1. Selection of Fungi. In the first report on the establish-
ment of an animal model, Fujita and Matsuyama examined
the methodology in the fungal selection of T. mentagrophytes
strains using the paper disk method, anthropophilic or
zoophilic, and arthroconidia or microconidia [66]. As a
result, no clear difference was noted between arthroconidia
and microconidia by MFID50 (50% minimal foot infec-
tious dose). In the histopathological examination, both the
anthropophilic and zoophilic strains infected the horny cell
layer, and the fungal invasions apparently continued for 6
months. Furthermore, the zoophilic strain infected a deeper
layer than the anthropophilic strain. Thus, the zoophilic
strain is thought to be more suitable for the animal model
than the anthropophilic strain.

3.2. Inoculation Size. No reports discussed a direct compari-
son using inoculation size in each animal model. Thus, we
surveyed previously published reports using T. mentagro-
phytes TIMM2789 (SM-110), which was selected most often
for the tinea pedis model.

The inoculation sizes in the paper disk method ranged
from 5 × 104 to 5 × 106 fungal cells/planta [66, 68–72].
In the bandage method, inoculation size was only 1 × 107

fungal cells/planta in all reports [67, 72–77]. However, even
if either method was selected, inoculum concentrations

applied to the animal should be considered in the concept
of the experiment described in the next section.

3.3. Duration of Infection and Treatment. The determination
of the infection period can be divided into two major
concepts. One is the concept of an infinitely close association
with human pathology in order to accurately predict the
clinical effects in humans. Another concept is that it should
be evaluated easily and quickly as a screening method for
candidate drugs. In the former, because it has been reported
that it took more than 26 weeks to spread over the sole [66],
the drug treatment was started 2 or 3 weeks after inoculation
[73–76]. In this case, the duration of drug treatment had
been set from 2 weeks to 4 weeks followed by the clinical
application period. In the latter case, the drug treatment
was started from 3 days after inoculation, and the duration
of treatment was for 3 or 7 days [71, 72]. In addition, the
duration of being fixed by paper disk or bandage on the
planta pedis was 3 or 7 days in both cases.

3.4. Preparation Method of Tinea Pedis. The paper disk meth-
od involved two types of paper disks, with or without
aluminum foil. A paper disk with aluminum foil was covered
with a piece of aluminum foil on one side (1.5 mm thick by
8 mm in diameter), while the other side held the inoculum
suspension. Any type of disc was wetted with 50 μL of the
inoculum suspension and then fixed on the planta pedis of
the guinea pig foot with elastic adhesive tape. The disc was
removed on the 3rd or the 7th day after infection.

The bandage method was as follows. Sheer Adhesive
Bandages (Band-Aid; Johnson & Johnson Co., Ltd., Tokyo,
Japan) were wetted with 100 μL of the inoculum suspension
(1 × 108 conidia/mL) and then fixed on the sole of an
animal’s foot with elastic adhesive tape. The Sheer Adhesive
Bandages were removed on the 3rd or the 7th day after
infection.

3.5. Pathology of Tinea Pedis Model. A detailed histopatho-
logical examination of the guinea pig model was reported by
Fujita and Matsuyama [66]. With the anthropophilic strain T.
mentagrophytes NTM-105, the infecting fungi were observed
in the upper two-thirds of the horny cell layer. Vertical
invasions to the deeper part of the horny cell layer next
to the granular layer were not observed at any time. Thus,
infection was superficial, and no inflammatory response
was induced. The growing fungi spread horizontally in the
horny cell layer, and all parts of the plantar side of the foot
were infected. Clinical signs of erythema, hyperkeratosis, and
desquamation were absent. Such a silent infection persisted
throughout the observation period for 1 year.

In contrast to the anthropophilic strain T. mentagro-
phytes, the zoophilic strain T. mentagrophytes SM-110 in-
vaded the whole horny cell layer, and infecting fungi were
observed just above the granular layer. Vasodilatation in the
dermal papillae was noted. Two weeks after inoculation,
strong inflammatory responses were induced. Spongiosis
and vesicle formation were characteristic changes in the
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epidermis. Infiltrations of mononuclear and polymorphonu-
clear cells were recognized under the vesicles and in the
perivascular areas. Exocytosis of these cells into the spongi-
otic epidermis was also present. However, the strong inflam-
matory response subsided rapidly within a week, and mild
responses persisted thereafter. Three weeks after inoculation,
massive growth of fungi in the hair follicles and cellular
infiltration became prominent in the skin of the dorsal
foot area. Clinically, severe signs of indurated erythema and
formation of thick scale and crust developed. All fungi were
recovered by culture from the infected feet throughout the
observation period for 6 months.

Although the anthropophilic strain T. mentagrophytes
NTM-105 had spread only in a small area during 3 weeks,
the infected area steadily spread to an approximately 19 mm
radius at 13 weeks after inoculation. By contrast, the
zoophilic strain T. mentagrophytes SM-110 spread rapidly at
first, reaching sites approximately 8 mm from the point of
inoculation within 4 weeks, but the subsequent rate of spread
was much slower. Although the two strains spread differently,
most areas of the plantar part were infected in 26 weeks.

3.6. Evaluation of Treatment with Tinea Pedis Model. Anti-
fungal efficacy in the tinea pedis animal model was evaluated
with different antifungals, such as butenafine [73, 78, 79],
latoconazole [25, 80], naftifine [78], tolnaftate [25, 76, 78,
80], clotrimazole [25, 76, 78, 80], bifonazole [25, 74, 78–
80], terbinafine [67, 71–73], griseofulvin [67], lanoconazole
[70–72, 81], omoconazole [74], miconazole [75], NND-
502 (luliconazole) [72, 77], a combination drug of 0.2%
pyrrolnitrin and 0.4% clotrimazole [75], variotin [76],
phenyl-11-iodo-10-undecynoate [76], siccanin [76], KP-103
[81], and neticonazole [81]. Ohmi et al. compared antifungal
efficacy with two animal models, tinea corporis and tinea
pedis, using the same antifungal agents [80]. They suggested
that the conventional tinea corporis model produced on
the back of guinea pigs was sensitive to treatment with
several major topical antifungal agents, such as clotrimazole,
bifonazole, and tolnaftate, probably because of spontaneous
healing during the experimental period. However, the tinea
pedis model was much more resistant to treatment with
these drugs. The mycological cure rate of bifonazole 1%
cream in this report was 70%. In the clinical report, that of
bifonazole 1% cream for 4 weeks was 49.6% [82]. Thus, it is
possible to compare the efficacy of each drug in tinea pedis
model; however, it may not accurately reflect the clinical
effectiveness yet due to the difference of mycological cure rate
between human and animal.

3.7. Evaluation of Relapse by Tinea Pedis Model. The relapse
after drug treatment was examined in the tinea pedis model,
which would not have healed spontaneously, unlike the tinea
corporis animal model, using the antifungal agents, such as
butenafine [73, 79], bifonazole [79], terbinafine [73], KP-103
[81], neticonazole [81], lanoconazole [81], and NND-502
(luliconazole) [77]. The relapse of dermatophytosis, which
is highly dependent on environmental factors, is difficult to

determine accurately in clinical practice. Thus, verification of
relapse using an animal model is very important research.

4. Animal Model of Tinea Unguium

Invasion of the nail plate by a dermatophyte is referred to as
tinea unguium in humans. There are two main types of nail
involvement: invasive subungual (distal and proximal) and
superficial white mycotic infection (leukonychia trichophyt-
ica). T. rubrum and T. mentagrophytes, respectively, are the
most common dermatophytes of this infection [4].

There are few reports of the animal model of tinea ungui-
um. One study used guinea pigs [73, 83], and the other used
rabbits [84]. This section describes the two animal models.

4.1. Animal Model of Tinea Unguium in Guinea Pigs. Uchida
et al. reported that T. mentagrophytes could infect the nail
when the tinea pedis model in guinea pigs would extend
the duration of the experiment [73]. Subsequently, the tinea
unguium model, which was modified by the above model,
was reported and evaluated drug efficacy [83]. The method
and the evaluation results of drug efficacy in tinea unguium
using guinea pigs were as follows.

The arthrospores of T. mentagrophytes SM-110 were
suspended, and the suspension was adjusted to give a con-
centration of 108 spores/mL. Two paper disks were immersed
by the fungal suspension and applied between the toes of
the hind paw (between the second third toes and between
the third and fourth toes) with a foam pad, then fixed
with adhesive elastic tape (day 0 after infection). The disks
were removed on day 21 after infection. The antifungal
treatment, topical KP-103, amorolfine, and terbinafine and
oral terbinafine, started on day 60 after infection when the
invasion of T. mentagrophytes SM-110 into the nail was
confirmed; treatment continued for 30 consecutive days. The
therapeutic efficacy of tinea unguium was evaluated by the
culture method to avoid the drug carryover effects by using
dialyzed samples that have been digested by enzymes. In
the result, topical amorolfine and topical or oral terbinafine
were ineffective even in terms of reducing the fungal
burden. In contrast, topical KP-103 significantly reduced
the fungal burden in the infected nails compared with the
burdens found in the vehicle- and oral-terbinafine-treated
groups.

This model was able to evaluate drug efficacy by two
administration routes, oral and topical. Furthermore, this
model can prevent drug carryover in the recovery culture
and assess the pure viability of the fungi. However, this
evaluation method is applicable only to water-soluble drugs.
Thus, further consideration in the case of lipid-soluble drugs
is necessary.

4.2. Animal Model of Tinea Unguium in Rabbits. We estab-
lished an animal model using rabbits with confirmed fungi
in the deep layer of the nail under an immunosuppressive
condition [84]. In this section, we describe the method and
results of the drug efficacy of our model.
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In some preliminary studies, three points were con-
cluded: first, microconidia were more suitable than arthro-
conidia with regard to infection rate; second, the postinfec-
tion period from the end of infection to nail sampling was
needed to maintain high infection rates; and third, adminis-
tration of an immunosuppressant was essential to make T.
mentagrophytes invade the nail to establish a reproducible
infection. Subsequently, we performed experiments aimed at
setting the suitable postinfection period, and the protocol for
this experiment was as follows.

The nails of rabbits were immunosuppressed with injec-
tions of methylprednisolone acetate intramuscularly prior to
application of 0.2 mL of fungal suspension (108 microconi-
dia/mL) of T. mentagrophytes TIMM2789 at a site between
the lunula and the proximal nail fold. The nail plates of the
first-to-third toes of the hind paw were wrapped together
with a gauze patch and finger cot, and 0.5 mL of sterile
water was injected into the finger cot to produce a culture
environment around the nail that was seemed suitable for
fungal growth. This condition was maintained for the dura-
tion of the infection for 2 weeks with no other intervention.
The finger cot and the gauze patch were removed after
2 weeks of exposure, and this condition was maintained
during for 0, 2, or 6 weeks without finger cot and gauze
patch; this was termed the postinfection period. After each
postinfection period was completed, the animals were sacri-
ficed, and the nails were removed from the paw and treated
histopathologically.

In the results, some of the infected nails became cloudy
on gross appearance, which was similar to the findings with
human onychomycosis. With a longer postinfection period,
these findings were fully confirmed. On histopathological
examination, hyphae of T. mentagrophytes penetrated the
nail plate, and some invading fungi reached the nail bed. The
infection rate in the sample at 0, 2, and 6 weeks after infection
was 57%, 87%, and 93%, respectively. In addition, fungi
proliferated and moved distally into the nail plate depending
on the duration of infection. The presence of subungual
abscess with associated necrosis of the epithelium of the nail
bed or matrix was confirmed near the fungi in the nail plate.
Above all, a high infection rate was obtained by 2 weeks inoc-
ulation with microconidia of T. mentagrophytes TIMM2789
and postinfection periods of more than 2 weeks were re-
quired.

Subsequently, the experiment for drug efficacy was con-
firmed for the topical antifungal agents, 8% ciclopirox nail
lacquer and 5% amorolfine nail lacquer, using this model.
The therapeutic period was set as 4 weeks after a 2-week
infection period. The animals in the untreated control group
underwent the process of infection and removal of the
material used for this process, but they were not exposed
to the test agents. The next day after the last treatment, the
animals were sacrificed and the nails were removed from
the paw for histopathological and microbiological examina-
tions. In the microbiological examination, the infected nail
intended for evaluation using culture recovery was cut into
10 pieces in cross-sections, and each nail piece was cultured
on Sabouraud dextrose agar for 2 weeks at 28◦C. A nail piece
that had confirmed fungal growth was assessed as culture

positive, and a nail with more than one culture-positive piece
was considered fungus positive.

In the results of microbiological examination, a statisti-
cally significantly lower rate of culture positivity was found
in the 5% amorolfine nail lacquer group for comparing the
infection rate to that in both the control and 8% ciclopirox
nail lacquer groups. Additionally, when the rate of culture
positivity in the drug-treated groups was subtracted from
that in the nontreated group, the differences were 54.2% on
5% amorolfine nail lacquer and 8.3% on 8% ciclopirox nail
lacquer. This figure was similar in the clinical reports [85–
87].

This is the first report of fungal behavior in the nail
plate in an experimental animal model of onychomycosis.
Our experimental animal model succeeded in encouraging
T. mentagrophytes to invade the deeper layers of the nail
plate. The findings in our model were similar to the clinical
diagnoses of the proximal subungual type (PSO). Further-
more, the efficacy of this model was close to the clinical
cure rate. Further research using this model may be able to
clarify the pathogenesis of onychomycosis and contribute to
the development of drugs that match the clinical efficacy.

5. Approach to Accurately Evaluate
the Antifungal Agent In Vivo

Thus, animal models have been introduced to simulate hu-
man skin diseases, as well as changes in disease, and have
presented different ideas for antifungal evaluation. It is also
necessary to accurately evaluate the therapeutic effects that
have been provided to create an environment in various
pathological ways [88–90].

In evaluating the effectiveness of antifungal agents in
samples from animals and humans, it is necessary to pay
attention to the fact that the new medium can attenuate the
effects of antifungal agents remaining in the skin sections as
has been reported in in vitro experiments [88], as well as
the culture results that have been reported in human skin
sections [89]. In addition, methods have been reported to
evaluate the effects of antifungal agents in accordance with
the size of the expanding growth of fungal colonies [90].
Contributions have been made in the determination of in
vivo effects of antifungal agents in combination with the
previous medium has been suggested. Already a new method
against onychomycosis was proposed by Nakashima et al.
[91]. This approach is expected to be useful for evaluating
the preliminary antifungal effect.

6. Immunology

An understanding of the defense mechanism of humans with
regard to a fungus is very important in order to create a der-
matophytosis animal model that shows high reproducibility
of human disease. The major problem faced by animal
models is the occurrence of spontaneous healing, which does
not occur in humans.

Dermatophyte colonization on the human skin is char-
acteristically limited to the dead keratinized tissue of the
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stratum corneum and results in a mild or intense inflam-
matory reaction. The fungi invade the horny layer which
lacks a specific immune system to combat the infection are
eliminated by skin turnover with subsequent desquamation.
Nevertheless, both humoral and cell-mediated reactions and
specific and nonspecific host defense mechanisms respond
and eventually eliminate the fungus.

Detailed research on the relationship between fungi and
immunity has been reviewed by Weitzman and Summerbell
[4]. Briefly described below: (1) keratinases and glycopep-
tides are known as the two major classes of dermatophyte
antigens. Keratinases, produced by the dermatophytes to
enable skin invasion, elicit delayed-type hypersensitivity
(DTH) responses when injected intradermally into the
skin of animals. The protein portion of the glycopeptides
preferentially stimulates cell-mediated immunity (CMI),
whereas the polysaccharide portion preferentially stimu-
lates humoral immunity. However, antibodies produced by
humoral immunization do not help eliminate the infection
since the highest level of antibodies is found in those patients
with chronic infections. Rather, the development of CMI,
which is correlated with DTH, is usually associated with
a clinical cure and ridding the stratum corneum of the
offending dermatophyte. (2) Infections by anthropophilic
fungi like T. rubrum often elicit less of an inflammatory
response and are less likely to elicit an intense DTH response
than infections caused by geophilic or zoophilic dermato-
phytes which characteristically evoke an intense inflamma-
tory reaction. Much of this inflammation is produced by the
activated lymphocytes and macrophages which are involved
in the DTH reaction to the trichophytin glycopeptides. (3)
Enhanced proliferation of the skin in response to the inflam-
mation may be the final mechanism that removes the fungus
from the skin by epidermal desquamation. (4) Mannan, a
glycoprotein component of the fungal cell wall, may suppress
the inflammatory response especially in atopic or other
persons susceptible to the mannan-induced suppression of
CMI. Incubation of purified T. rubrum mannan (TRM)
inhibited the lymphocyte proliferation response to mitogens
and various antigenic stimuli. TRM also inhibits keratinocyte
proliferation, thus slowing epidermal turnover and allowing
for a more persistent chronic infection. (5) Chronic der-
matophytosis may be caused by the anthropophilic form of T.
mentagrophytes, T. mentagrophytes var. interdigitale (T. inter-
digitale). Primary chronic trichophytosis may be associated
with defective phagocytosis of peripheral blood leukocytes
and that this defect is probably caused by the fungus itself.

Keywords to note are keratinases, glycopeptides, CMI,
DTH, Mannan, phagocytosis of peripheral blood leukocytes,
and skin turnover. Thus, the factors of fungi such as ker-
atinase and glycopeptides including Mannan induce human
CMI which is specially correlated with DTH, phagocytosis of
peripheral blood leukocytes, and inhibition of skin turnover.
In other words, the loss or decrease of these host’s defense
mechanisms lead to unsuccessful elimination of the fungi
and may cause chronic dermatophytosis. We suggest that
future experiments will be required on the relationship
between fungi and immunity to overcome the challenges of
the current animal model.

7. Animal Ethics

Because reproduction of human pathophysiology is hardly
difficult in an in vitro experiment, the experiments using
animals are necessary for the elucidation of unknown patho-
genesis and the development of significant drugs for patients.
For now, animals will undergo invasive procedures and
may bleed for several weeks after surgical intervention or
another way in order to make a model of dermatophytosis
which must be essentially regarded as a category of chronic
inflammation. Thus, we will have to plan an experiment that
should follow the spirit of the 3Rs: reduction, refinement,
and replacement [92]. All experimental designs should be
reviewed by the Institutional Animal Care and Use Commit-
tees (IACUC) to determine whether the protocol follows the
experiment facility guidelines or national guidelines [93].

8. Conclusion and Future Prospects

Using the main dermatophytosis animal model for tinea
corporis, tinea pedis, and tinea unguium to elucidate the
pathophysiology of human dermatophytosis and to evaluate
antifungal agent efficacy, various experiments have been
conducted. Reports of the tinea corporis model have been
most published as comparisons of other dermatophytosis
models; however, a satisfactory model has not been reported
with regard to reproducibility and usefulness in the evalua-
tion of drug efficacy because of spontaneous healing. Thus,
antifungal efficacy may be estimated as greater than the
actual effect. For nonspontaneous healing, the tinea pedis
model has been said that the best model for dermatophytosis.
This model confirmed that drug efficacy was dependent on
MIC values. On the other hand, intractable tinea pedis is
observed in humans. The pathology of intractable tinea pedis
cannot be reproduced in this model, yet. The eradication of
onychomycosis is important because onychomycosis causes
the recurrence of tinea pedis or the spread of infection.
However, there is no animal model that can reproduce all
types of tine unguium in humans.

These difficulties in the establishment of a dermato-
phytosis animal model are thought to be attributed to the
differences between animals and humans: the skin structure,
immune system, and causative fungi. The differences in the
skin structure, such as the thickness of the epidermis and
horny cell layer and the number of follicles, may determine
whether fungi can attach to the skin surface because experi-
mentally infection was performed on the xenografted guinea
pig skin but not on the skin of xenograft nude mice. Com-
plex immune functions against organisms through fungal
attachment are activated in order to eliminate fungi by CMI
involved in DTH and skin turnover. Thus, the spontaneous
healing observed in the animal model is the host’s normal
response. Considering the situation that many challenges
remain in animal models, however, the loss or decrease in
normal immune functions may be necessary in order to
create a reproducible animal model. The characteristics of
the causative organisms are important in the animal model
because the causes to be eliminated are antigens against
metabolic products by fungi and a part of the fungus itself.
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With the rapid development of molecular biology in recent
years has come the gradual expansion of genetic studies of
Trichophyton spp. [94]. This body of research will enable
the transformation of fungi. The creation of a transformed
strain that causes lesions similar to humans, but also leads to
understanding human disease, can lead to proper verification
of the drug effect.
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A dominant mutation in the ITM2B/BRI2 gene causes familial Danish dementia (FDD) in humans. To model FDD in animal sys-
tems, a knock-in approach was recently implemented in mice expressing a wild-type and mutant allele, which bears the FDD-
associated mutation. Since these FDDKI mice show behavioural alterations and impaired synaptic function, we characterized their
synaptosomal proteome via two-dimensional differential in-gel electrophoresis. After identification by nanoliquid chromatog-
raphy coupled to electrospray-linear ion trap tandem mass spectrometry, the differentially expressed proteins were classified
according to their gene ontology descriptions and their predicted functional interactions. The Dlg4/Psd95 scaffold protein and
additional signalling proteins, including protein phosphatases, were revealed by STRING analysis as potential players in the altered
synaptic function of FDDKI mice. Immunoblotting analysis finally demonstrated the actual downregulation of the synaptosomal
scaffold protein Dlg4/Psd95 and of the dual-specificity phosphatase Dusp3 in the synaptosomes of FDDKI mice.

1. Introduction

Familial Danish Dementia (FDD) is a neurodegenerative dis-
ease characterized by early cataracts, deafness, progressive
ataxia, and dementia. Patients with FDD show diffuse brain
atrophy and widespread amyloid angiopathy. In FDD, neu-
rofibrillary tangles (NFTs) are the major histological finding
in the hippocampus [1–3]. FDD is an autosomal dominant
disease caused by the accumulation of the amyloidogenic C-
terminal 34 amino acid peptide of BRI2. BRI2, a product of
the ITM2B/BRI2 gene, is a type II transmembrane protein of
unknown function. Physiologically, BRI2 is cleaved at the C-
terminus by furin endoprotease, producing a 23-amino acid
soluble C-terminal fragment [2]. FDD is caused by a decamer
duplication in the 3′ region of the ITM2B/BRI2 gene. This
mutation produces a longer 34 amino acid C-terminal frag-
ment that accumulates as amyloid [4, 5].

FDD and Alzheimer’s disease (AD) share neuropatholog-
ical features, including amyloid deposition and neurodegen-
eration in the central nervous system [6–8]. The mature form

of BRI2 is able to reduce accumulation of the Aβ peptide [9–
12] while APP catabolites, including Aβ, were significantly
increased in the brain of FDD patients [13]. The interaction
between these two amyloidogenic proteins (BRI2 and APP)
can be relevant for the design of new therapeutic strategies
for FDD and AD.

To model FDD pathogenesis in animals, several mouse
lines have been generated and analyzed so far [14], which in-
clude transgenic mice expressing wild-type [15] or mutant
[16, 17] BRI2 proteins, as well as ITM2B/BRI2 gene knock-
out mice [10] or ITM2B/BRI2 knock-in mutant mice [18].
The transgenic mice overexpressing the FDD-associated mu-
tation of human ITM2B/BRI2 partially recapitulated the
main histopathological features of FDD; they indeed devel-
oped cerebral amyloid angiopathy, parenchymal amyloid
deposition, and neuroinflammation [14, 16]. Age-dependent
deposition of Danish amyloid peptide was also observed in
the brain of a second transgenic model, with associated
angiopathy and microhemorrhage, neuritic dystrophy, and
neuroinflammation [17]. In this model, deposition of
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the Danish peptide also accelerated Tau pathology in a dou-
ble transgenic model with mutant ITM2B/BRI2 and Tau
(P301S) constructs.

To study the pathogenesis of FDD in the absence of po-
tential artifacts due to transgenic overexpression of the mu-
tant protein, a refined mouse model has been recently gen-
erated, which is based on a knock-in approach where the
exon 6 of the murine ITM2B/BRI2 gene was substituted for
by a mutant sequence carrying the human FDD mutation
[18]. The analysis of FDDKI mouse model, carrying a
mutant and a wild-type ITM2B/BRI2 allele, has shown that
the Danish mutation causes impaired synaptic plasticity and
deficits in hippocampal memory, in the absence of cerebral
deposits and lesions [19]. A similar scenario applies to a
Familial British Dementia (FBD) knock-in model, in which
the dominant, mutant ITM2B/BRI2 allele responsible for
FBD is associated to memory deficits and loss of BRI2 func-
tion, without the histopathological alterations typical to neu-
rodegenerative disorders [20]. In agreement with the previ-
ously reported function of BRI2 in the stabilization of APP
holoprotein [9, 12], FDDKI mice also show decreased BRI2
protein levels and increased levels of APP catabolites [19];
the latter evidence recapitulated the occurrence of increased
APP metabolites in the brain of an FDD patient [13]. The
functional link between ITM2B/BRI2 and APP genes is also
strongly supported by the genetic suppression of memory
and synaptic dysfunctions in FDDKI mice by APP haplodefi-
ciency [19] or inhibition of APP cleavage by β-secretase [20].
The functional association between ITM2B/BRI2 and APP
genes strongly supports the participation of the encoded pro-
teins to synaptic dysfunction. Accordingly, decreased levels
of BRI2/APP complexes have been observed in the synaptic
membranes of FDDKI mice [19].

In this paper, we profiled the expression pattern of syn-
aptosomal proteins in the FDDKI mouse model, via differ-
ential expression analysis based on two-dimensional differ-
ential in-gel electrophoresis (2D-DIGE) in combination with
tandem mass spectrometry. Our validated results showed de-
creased representation of the synaptosomal scaffold protein
Psd95/Dlg4 and of the Dusp3 phosphatase in the FDDKI sy-
naptosomes.

2. Materials and Methods

2.1. Mice, Preparation of Synaptosomal Extracts, and 2D-
DIGE Analysis. Mice were handled according to the Ethical
Guidelines for Treatment of Laboratory Animals of the Al-
bert Einstein College of Medicine. The procedures were de-
scribed and approved in animal protocol number 200404.
FDDKI mice were on a C57BL/6J background. Crude synap-
tosomal fractions containing both membrane and soluble sy-
naptosomal proteins were obtained from three biological re-
plicates each of wild-type (C57BL/6J) or FDDKI mice, as de-
scribed in [13]. Briefly, mouse brain homogenates in Hepes-
sucrose buffer (20 mM Hepes/NaOH pH 7.4, 1 mM EDTA,
1 mM EGTA, and 0.25 M sucrose) supplemented with pro-
tease and phosphatase inhibitors (wt/vol = 10 mg tissue/
100 mL buffer) were centrifuged at 800×g for 10 min, at

4◦C. The supernatant (S1, total brain extract) was separated
into supernatant (S2) and pellet (P2) by centrifugation at
9,200×g for 15 min, at 4◦C. P2 fractions, representing the
crude synaptosomal fractions, were resuspended in 7 M urea,
2 M thiourea, 4% CHAPS to extract the whole synaptosomal
content, then precipitated in acetone/methanol (8 : 1, v : v)
for 16 h, at −20◦C, and finally recovered by centrifugation
at 16,000×g for 30 min, at 4◦C. The synaptosomal proteins
were resuspended in 7 M urea, 2 M thiourea, 4% CHAPS,
and 30 mM Tris-HCl; protein concentration was determined
by using the Bradford method (Bio-Rad). Before labelling,
the pH of the samples was adjusted to pH 8.5 with HCl sol-
utions; each labelling reaction was performed in a 10 μL vol-
ume with 50 μg of the synaptosomal proteins, in the presence
of 400 pmol of Cy2-, Cy3-, or Cy5-dyes (minimal labelling
dyes, GE Healthcare). A dye-swapping strategy was used to
label samples; accordingly, two samples from wild-type syn-
aptosomal extracts were labelled with Cy3, while the third
was labelled with Cy5; in a complementary manner, two sam-
ples from FDDKI extracts were labelled with Cy5, and the
third was labelled with Cy3. Three mixtures of the 6 sam-
ples (50 μg each) were also labelled with Cy2 dye, as the in-
ternal standard required for the 2D-DIGE procedure. The
labelling was performed for 30 min, at 0◦C, in the dark, and
was chased by the addition of 1 mM lysine. Three sample
mixtures, made of appropriate Cy3- and Cy5-labeled pairs
and a Cy2-labeled control, were supplemented with 1% (v/v)
IPG buffer, pH 3–10 NL (GE Healthcare), 1.4% (v/v) De-
Streak reagent (GE Healthcare), and 0.2% (w/v) DTT to a
final volume of 450 μL in 7 M urea, 2 M thiourea, and 4%
CHAPS. The mixtures (150 μg of total protein content) were
used to passively hydrate the immobilized pH gradient IPG
gel strips (24 cm, pH 3–10 NL) for 16 h, at 20◦C. Isoelectric
focusing (IEF) was carried out with an IPGphor II apparatus
(GE Healthcare) up to 75,000 V/h, at 20◦C (current limit set
to 50 μA per strip). The strips were equilibrated in 6 M urea,
2% SDS, 20% glycerol, and 0.375 M Tris-HCl (pH 8.8), for
15 min, in the dark, in the presence of 0.5% (w : v) DTT,
and then in the presence of 4.5% (w/v) iodoacetamide in the
same buffer, for additional 15 min. Equilibrated IPG stripss
were transferred onto 12% polyacrylamide gels, within
low-fluorescence glass plates (ETTAN-DALT 6 system, GE
Healthcare). The second-dimension SDS-PAGE was perfor-
med by using a DALT II electrophoresis unit (GE Healthcare)
at 2 W/gel for 12 h. Gels were scanned with a Typhoon 9400
variable mode imager (GE Healthcare), using appropriate
excitation/emission wavelengths for Cy2 (488/520 nm), Cy3
(532/580 nm), and Cy5 (633/670 nm). Images were acquired
in the Image-Quant software (GE Healthcare) and analyzed
by using the DeCyder 6.0 software (GE Healthcare). A De-
Cyder differential in-gel-analysis (DIA) module was used for
spot detection and pairwise comparison of each sample (Cy3
and Cy5) to the Cy2, mixed standard present in each gel.
The DeCyder biological variation analysis (BVA) module was
then used to simultaneously match all of the protein-spot
maps from the gels, and to calculate average abundance ratios
and P values across the triplicate sets of samples (Student’s t-
test).
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For preparative protein separations, 500 μg of unlabeled
protein samples from pooled, wild-type, and FDDKI synap-
tosomal samples were used for passive hydration of 24 cm
strips for the first gel dimension (pH 3–10 NL IPG strips, GE
Healthcare). The first and second dimension runs were car-
ried out as described above. After 2-DE, gels were fixed and
stained with SyproRuby fluorescent stain (Invitrogen). After
spot matching with the master gel from the analytical step
in the BVA module of DeCyder software, a pick list was ge-
nerated for spot picking by a robotic picker (Ettan spot
picker, GE Healthcare).

2.2. Protein Identification and Bioinformatic Analysis. Spots
from 2-DE were excised from gels, minced and washed with
water. Proteins were in-gel reduced, S-alkylated, and diges-
ted with trypsin, as previously reported [21]. Protein dig-
ests were subjected to a desalting/concentration step on
μZipTipC18 pipette tips (Millipore Corp., Bedford, MA,
USA) and then analyzed by nanoLC-ESI-LIT-MS/MS using a
LTQ XL mass spectrometer (ThermoFinnigan, USA) equip-
ped with Proxeon nanospray source connected to an Easy-
nanoLC (Proxeon, Denmark) [21, 22]. Peptide mixtures were
separated on an Easy C18 column (10× 0.075 mm, 3 μm)
(Proxeon) using a gradient of acetonitrile containing 0.1%
formic acid in aqueous 0.1% formic acid; acetonitrile ram-
ped from 5% to 35% over 15 min and from 35% to 95% over
2 min, at a flow rate of 300 nL/min. Spectra were acquired in
the range m/z 400–2000. Acquisition was controlled by a
data-dependent product ion-scanning procedure over the
three most abundant ions, enabling dynamic exclusion (re-
peat count 2 and exclusion duration 1 min). The mass iso-
lation window and collision energy were set to m/z 3 and
35%, respectively. MASCOT software package version 2.2.06
(Matrix Science, UK) [23] was used to identify spots un-
ambiguously from a nonredundant sequence database (all
taxa UniProtKB 2010/01/09). NanoLC-ESI-LIT-MS/MS data
were searched by using a mass tolerance value of 2 Da for
precursor ion and 0.8 Da for MS/MS fragments, trypsin as
proteolytic enzyme, a missed cleavages maximum value of
2 and Cys carbamidomethylation, and Met oxidation as fixed
and variable modification, respectively. Candidates with
more than 2 assigned peptides with an individual MASCOT
score >25, both corresponding to P < 0.05 for a significant
identification, were further evaluated by the comparison
with their calculated mass and pI values, using the experi-
mental values obtained from 2-DE.

Search for functional interaction between proteins iden-
tified by MS analysis was performed using the String v. 8.3
database (http://string83.embl.de/) [24]. Gene ontology clas-
sification of the identified proteins was performed through
the web-accessible DAVID (v 6.7) annotation system (http://
david.abcc.ncifcrf.gov/home.jsp) [25, 26]. Briefly, the iden-
tified proteins were converted into RefSeq-protein identifiers
through the DAVID Gene ID conversion tool; the new list was
then submitted to functional annotation clustering.

2.3. Antibodies and Western Blotting. Western blot analysis
was used to validate differential expression data obtained by

proteomic analysis. Triplicate synaptosomal samples from
wild-type and FDDKI mice were separated on 10% polyacry-
lamide gels by SDS-PAGE and then blotted on PVDF mem-
branes (GE Healthcare). Filters were blocked in PBS contain-
ing 5% nonfat dry milk and incubated with 1 : 250 dilutions
of the different primary antibodies, obtained from Santa
Cruz Biotechnology, except for α−tubulin (DM1A; Sigma)
antibody. Appropriate secondary IgG horseradish peroxidase
conjugated was used as secondary antibody (Southern Bio-
technology); bands were visualised by the ECL kit (GE
Healthcare).

3. Results and Discussion

3.1. Differentially Expressed Proteins in Synaptosomes of
FDDKI Mice. In order to characterize the synaptosomal pro-
teome of the available mouse model of FDD, we used the
differential in-gel electrophoresis approach (2D-DIGE),
which was applied to synaptosomal extracts from wild-type
and FDDKI mice. Indeed, three biological replicates of synap-
tosomal preparations from wild-type and FDDKI mice were
generated for protein extraction and fluorescence labelling
with Cy-dyes. Analysis of the 2D-DIGE images, according to
the DeCyder bioinformatic software, allowed us to detect
about 2,000 matched protein spots within the three gels.
We performed a quantitative and statistical analysis under
parameters defined as relative expression ratio in FDDKI ver-
sus WT mice of >1.25 for protein spots upregulated and of
<−1.25 for protein spots downregulated, with a P value
<0.05. We found that twelve spots appeared to be deregulated
(circled in Figure 1(a)); in particular, four protein spots were
upregulated, whereas eight protein spots were downregu-
lated, in FDDKI versus WT mice.

In order to identify the differentially expressed proteins,
the spots of interest were matched to the corresponding ones
from a preparative gel stained with fluorescent stain Sypro-
Ruby (yellow circles in Figure 1(b)), which were then indi-
vidually excised, digested with trypsin, and finally identified
by nanoLC-ESI-LIT-MS/MS analysis, as detailed in Methods.
Table 1 summarizes the relative spot expression ratios in
FDDKI versus WT mice as well as the mass spectrometry data
for the corresponding identified proteins.

3.2. Functional Classification of the Identified Proteins. In or-
der to find relevant proteins among the multiple identifica-
tions obtained by proteomic analysis, we subjected the list of
the 13 proteins from Table 1 to bioinformatic analysis in the
String database, which integrates interaction data from sev-
eral bioinformatic sources and provides information about
physical and functional, known and predicted interactions
of genes and their products [24] (Figure 2). String analysis
showed that Dlg4 protein is directly linked to 4 additional
proteins, namely Ppp3ca, Hspa8, Atp6v1a, and Gnb1. The
evidences responsible for those functional associations are
mainly experimental (purple line), and reflect protein-pro-
tein interactions [27–29]. Indeed, Dlg4, also known as post-
synaptic density protein 95 (Psd95), contributes to the or-
ganization of multiprotein complexes at the postsynaptic
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Figure 1: 2-DE map of the differentially expressed protein spots.
The figure shows the position on the master (a) and on the prepara-
tive (b) gels of the 12 deregulated spots, according to the differential
expression analysis of proteins from wild-type and FDDKI mouse
synaptosomes. In (a), the deregulated spots are surrounded by a
yellow border; matched spots within the preparative gel (b) are
highlighted by a yellow circle, which also denotes the picking surface
for the robotic spot picker. The representative image reported in (a)
shows the Cy2-labelled proteins on the scanned master gel; protein
spots in (b) were visualized by Sypro Ruby fluorescent staining. Mw:
molecular weight; pI: isoelectric point.

contact zone, via its multiple protein interaction domains.
This molecular network is made of receptors (i.e., NMDA
and AMPA receptors), small signalling proteins (i.e., Ras-
GAP), cell adhesion and cytoskeletal proteins, as well as
protein kinases (i.e., CaMKII), thus organizing receptors and
signal transduction molecules at the synaptic contact zone
[30, 31]. On its own, Gnb1 is also tightly connected to Gnb2;

indeed, the two proteins are the beta 1 and beta 2 compo-
nents of heterotrimeric G protein complexes, respectively.
These proteins share a high protein sequence identity
(>90%) in mouse, in fact they were coidentified in spot 2632
(Table 1). Additional associations involving the differentially
expressed proteins in FDDKI mice involved the kinesin
family member 5A (Kif5a), a microtubule-dependent motor
protein involved in the axonal transport of neurofilament
proteins and organelles, and the kinesin family member 5C
(Kif5c), involved in organelle transport. Interestingly, Kif5a
and an additional protein identified in this study in multiple
deregulated spots (spots 890, 891, 918, and 957), namely, di-
hydropyrimidinase-related protein 2 (Dpysl2), were found as
differentially expressed during a proteomic profiling of an
AD-transgenic model with preplaque (2 months) and plaque
(24 months) phenotypes [32].

The DAVID database, which analyzes gene or protein lists
deriving from high-throughput experiments and systemat-
ically extracts biological meaning from them [25, 26], was
also used to highlight the functional annotation clustering
inside the potential protein network identified by our pro-
teomic analysis. The main descriptor found for molecu-
lar functions was the “nucleoside-triphosphatase activity”
(GOTERM MF ALL; P = 6.2E − 5), which included 6 out
of the 13 identified proteins (Atp6v1a, Kif5a, Kif5c, Gnb1,
Gnb2, and Hspa8; Figure 2, proteins inside the blue box).
An additional cluster was associated to the “MAPK sig-
naling pathway” and included heat shock cognate 71 kDa
protein (Hspa8) and two phosphatases, namely, protein pho-
sphatase 3, catalytic subunit, alpha isoform (Ppp3ca), and
dual specificity phosphatase 3 (Dusp3) (KEGG Pathway P =
6.2E−2) (Figure 2, green box). These phosphatases, although
at a lower statistical value, were also annotated with the
ATPase, H+ transporting, lysosomal V1 subunit A (Atp6v1a)
in the biological process “phosphate metabolic process”
(GOTERM BP FAT P = 2.7E − 1).

3.3. Validation of 2D-DIGE Results by Western Blot Analysis
of Proteins Differentially Expressed in FDDKI Mice. Differen-
tially expressed proteins from 2D-DIGE analysis were mainly
classified according to their functional annotation into “nu-
cleoside-triphosphatase activity” or their involvement in
“MAPK signaling pathway” (Figure 2). We then selected
some representative members of the two groups, namely
Kif5a and Dpysl2, together with Ppp3ca and Dusp3, respec-
tively, to validate our expression results by an alternative me-
thod, such as western blotting. An additional downregulated
protein, namely Dlg4/Psd95, which is a prominent scaffold
protein in synaptosomal architecture/function, and is also as-
sociated with nucleoside-triphosphatase activity, was also as-
sayed.

Western blotting analysis definitively demonstrated that
Dlg4/Psd95 was slightly downregulated in synaptosomal
extracts from FDDKI mice, in strong agreement with 2D-
DIGE data (expression ratio −1.27, P = 0.025; see Table 1)
(Figure 3(a)). In contrast, no positive confirms were ob-
served for the selected proteins associated with “nucle-
oside-triphosphatase activity,” namely, Kif5a and Dpysl2
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Figure 2: Bioinformatic analysis of the differentially expressed proteins.The list of the MS-identified protein spots from 2D-DIGE was
subjected to String (v. 8.3) analysis to reveal functional interactions between the deregulated proteins. Interacting proteins are connected
by lines of different colors, according to the color code shown at the bottom of the figure. The reported values close to the lines indicate
the confidence scores, as revealed by the functional interaction analysis. The original graphic output was modified to fit the proteins in the
blue and green boxes, according to their classification under the gene ontology descriptors “Molecular function: nucleoside triphosphatase
activity” and “KEGG pathway: MAPK signaling pathway,” as revealed by the DAVID (v. 6.7) annotation system.

(Figure 3(a)). Alternative results were obtained for phos-
phatase members of the “MAPK signaling cascade.” In fact,
a good correlation between 2D-DIGE and western blotting
analysis was observed for Dusp3, while contradictory results
were obtained for Ppp3ca (Figure 3(a)). Negative correla-
tion data between the two analytical methods were easily
explained on the basis of the differential expression of specific
protein isoforms bearing posttranslational modifications.
Thus, post-transcriptional events should regulate abundance
of specific protein isoforms in FDDKI synaptosomes. In this
context, protein phosphorylation and dephosphorylation is
a relevant process in synaptic activity. For example, after
exocytosis for neurotransmitter release, the synaptic vesicles
are retrieved by endocytosis to accomplish additional cycles
of synaptic transmission. In the paradygm, several proteins
involved in synaptic function are dephosphorylated, during
synaptic vesicle endocytosis, and rephosphorylated after re-
cycling to guarantee the maintenance of synaptic transmis-
sion [33]. Ppp3ca phosphatase is associated to these activi-
ties. Although global levels of this protein seemed unchanged
in the FDDKI synaptosomes by western blotting, 2D-DIGE

analysis suggested downregulation of a specific Ppp3ca iso-
form. On the contrary, Dusp3 downregulation in the FDDKI

synaptosomes was definitively validated in the synaptosomal
preparations, as a nongeneralized phenomenon in mouse
brain. In fact, western blot analysis of Dusp3 in crude brain
lysates showed slightly increased protein levels in the un-
fractionated FDDKI samples (Figure 3(b)). Dual-specificity
phosphatases constitute a heterogeneous group of enzymes
with the ability to recognize either phospho-Tyr or phospho-
Ser/Thr substrates and act in the regulation of JNK- and
Erk-mediated pathways [34]. At the present, no evidences
have been published that support a Dusp3 function in the
nerve system and in synaptic functionality, although one
can speculate the involvement of this phosphatase also in
the central nerve system, given the relevant functions of the
ERK kinases in the signal transduction mechanisms in the
brain [35].

4. Conclusions

The results of this work outline a differential expression of se-
lected proteins in the synaptosomes of FDDKI mice. Eight
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Table 1: Relative expression and nanoLC-ESI-LIT-MS/MS-based identification of differentially expressed proteins, as revealed by 2D-DIGE
analysis of synaptosomal preparations.

Spot Ratio P value Accession Protein
Short
name

pI/Mw
theoretical
(kDa)

Peptides
Sequence
coverage

Mascot
score

144 −1.85 0.029 P33175 Kinesin heavy chain isoform 5A Kif5a 5.67/117 2 2 131

162 −1.53 0.049 P28738 Kinesin heavy chain isoform 5C Kif5c 5.84/109 6 8 281

288 −1.41 0.047 P17710 Hexokinase-1 Hk1 6.44/108 10 12 407

425 −1.27 0.025 Q62108 Disks large homolog 4 Dlg4 5.56/80 3 4 116

890 1.51 0.043
P50516

V-type proton ATPase catalytic
subunit A

Atp6v1a 5.42/68 5 11 323

P63017 Heat shock cognate 71 kDa protein Hspa8 5.37/71 7 12 264

O08553
Dihydropyrimidinase-related
protein 2

Dpysl2 5.95/62 3 6 163

891 −1.38 0.045
P50516

V-type proton ATPase catalytic
subunit A

Atp6v1a 5.42/68 8 14 430

P63017 Heat shock cognate 71 kDa protein Hspa8 5.37/71 5 9 287

O08553
Dihydropyrimidinase-related
protein 2

Dpysl2 5.95/62 3 5 123

918 1.38 0.014
P50516

V-type proton ATPase catalytic
subunit A

Atp6v1a 5.42/68 9 17 433

O08553
Dihydropyrimidinase-related
protein 2

Dpysl2 5.95/62 5 12 427

P63017 Heat shock cognate 71 kDa protein Hspa8 5.37/71 8 13 336

957 1.31 0.041
O08553

Dihydropyrimidinase-related
protein 2

Dpysl2 5.95/62 13 31 925

P97379
Ras GTPase-activating
protein-binding protein 2

G3bp2 5.44/54 3 6 146

1043 1.35 0.026 Q8BMF4

Dihydrolipoyllysine-residue
acetyltransferase component of
pyruvate dehydrogenase complex,
mitochondrial

Dlat 5.70/59 5 9 260

2632 −1.26 0.018
P62874

Guanine nucleotide-binding
protein G(I)/G(S)/G(T) subunit
beta-1

Gnb1 5.60/37 6 21 361

P62880
Guanine nucleotide-binding
protein G(I)/G(S)/G(T) subunit
beta-2

Gnb2 5.60/37 6 21 327

2872 −1.29 0.041 P63328
Serine/threonine-protein
phosphatase 2B catalytic subunit
alpha isoform

Ppp3ca 5.58/59 4 10 180

3391 −1.50 0.043 Q9D7X3
Dual specificity protein
phosphatase 3

Dusp3 6.07/20 3 24 217

protein spots were downregulated, while four protein spots
were upregulated in the FDDKI synaptosomal extracts. West-
ern blot analysis on selected proteins, guided by the results
of bioinformatic classification of the deregulated proteins,
showed that two signalling proteins, namely, Dlg4/Psd95 and
Dusp3, were actually downregulated in the available animal
model of FDD. The first one (Dlg4/Psd95) is a well-known
scaffold protein in synaptic function, and its downrepre-
sentation in the synaptosomes of FDDKI mice may impair

synaptic transmission and activity. The second protein
(Dusp3), a know regulator of Jnk- and Erk-mediated path-
ways, is not as well studied in the central nerve system. How-
ever, the evidence provided may stimulate further studies
at the phosphoproteomic and functional levels, to assess its
synaptosomal targets, and to define the role of its downreg-
ulation in brain physiology and in the mechanisms associ-
ated with FDD and additional neurodegenerative disorders,
including FBD and AD.
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Figure 3: Validation of the 2D-DIGE results by western blot analy-
sis. (a) Triplicate synaptosomal preparations from wild-type and
FDDKI mouse synaptosomes were separated on SDS-PAGE gels and
transferred to membranes for western blot analysis with antibodies
against the indicated proteins. Actual downregulation in the synap-
tosomal samples of FDDKI mice can be observed for Dlg4/Psd95 and
Dusp3 proteins. α-Tubulin antibody was used to show equal loading
of the protein extracts. (b) Total brain homogenates from wild-type
and FDDKI mice were analyzed by western blot with antibodies
against Dusp3. Actin antibody was used to show equal loading of
the protein extracts.
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Current chemotherapy regimens have unsatisfactory results in most advanced solid tumors. It is therefore imperative to devise
novel therapeutic strategies and to optimize selection of patients, identifying early those who could benefit from available
treatments. Mouse models are the most valuable tool for preclinical evaluation of novel therapeutic strategies in cancer and,
among them, patient-derived xenografts models (PDX) have made a recent comeback in popularity. These models, obtained by
direct implants of tissue fragments in immunocompromised mice, have great potential in drug development studies because they
faithfully reproduce the patient’s original tumor for both immunohistochemical markers and genetic alterations as well as in terms
of response to common therapeutics They also maintain the original tumor heterogeneity, allowing studies of specific cellular
subpopulations, including their modulation after drug treatment. Moreover PDXs maintain at least some aspects of the human
microenvironment for weeks with the complete substitution with murine stroma occurring only after 2-3 passages in mouse and
represent therefore a promising model for studies of tumor-microenvironment interaction. This review summarizes our present
knowledge on mouse preclinical cancer models, with a particular attention on patient-derived xenografts of non small cell lung
cancer and their relevance for preclinical and biological studies.

1. Introduction

The continuously growing body of knowledge about molecu-
lar events driving oncogenesis has led to the identification of
new potential targets for therapy and has consequently paved
the way for the design of targeted compounds, offering po-
tential new tools to improve the clinical outcome of cancer
patients. The therapeutic efficacy of this large number of
new compounds compared to standard treatments (or in
association with them) has to be ultimately assessed through
clinical trials [1] but drug development process includes
many steps and requires investments both in time and

resources as well as the recruitment of patients who agree to
take part in human clinical trials. Typically, the developmen-
tal plan for a cancer chemotherapy agent involves sequential
steps such as in vitro studies to identify the basic properties
of the compound; rodent studies to assess its potential
activity; pharmacology studies to define drug absorption,
distribution, metabolism, and elimination; toxicology stud-
ies to define a starting dose for humans [2]. The most
expensive steps are associated with preclinical toxicology and
pharmacology studies and for this reason it is of primary
importance to recognize early in the process compounds
unworthy of further development. Many different in vitro
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assays have been used to identify lead compounds as
exemplified by the 60 human tumor cell line anticancer drug
screen (NCI60) developed by the US National Cancer In-
stitute in the late 1980s as an in vitro drug discovery tool
which has proved valuable for high-throughput screens and
initial assessment of novel compounds. The subsequent
efficacy assessment in rodents, however, plays a crucial role in
identifying those drugs which deserve further development.
In fact, compounds that showed some activities as anticancer
drugs on the NCI60 panel must undergo in vivo studies to be
presented to the Drug Development Group as candidates for
NCI development or licensing [3] highlighting the need for
animal models that closely recapitulate human disease for
efficient drug development.

2. Mouse Preclinical Cancer Models

In general the reliability of rodent-based preclinical cancer
models can be questioned because of their imperfect corre-
lation with human clinical outcomes [4]. However, although
some drugs that show activity against human tumor xeno-
grafts (XGs) have failed to show activity in human clinical
trials, many of the clinically approved drugs in use today
have demonstrated and continue to demonstrate activity
in a variety of preclinical models [4–7]. In addition, it is
noteworthy to remember that mouse models are the most
valuable tool for preclinical evaluation of novel therapeutic
strategies in cancer primarily because humans and mice
are genetically closely related and consequently the major
signaling pathways are conserved between the two species.
The mouse is also small and relatively inexpensive to breed
and house. Moreover, the mouse germ line can be modified
to generate many different mouse strains modeling different
aspects of cancerogenesis. In the early 1980s, immunolog-
ically compromised mice, capable of supporting growth of
human tumors, became more widely available [8], resulting
in the development of human tumor xenografts models
which represent, together with genetically engineered models
(GEMs), the main categories of preclinical cancer models
used for current preclinical efficacy studies. Distinct advan-
tages and disadvantages of the different models are summa-
rized in Table 1.

2.1. Genetically Engineered Mice (GEMs). A genetically mod-
ified mouse is a mouse whose genome has been altered by
genetic engineering techniques. The genome of these mice is
altered in genes known to be involved in malignant trans-
formation, that can be mutated, deleted, or overexpressed;
subsequently, the effect of altering these genes is studied over
time to evaluate the effect on tumorigenesis (both sponta-
neous or induced) and eventually therapeutic responses may
be followed in vivo [9–11].

There are two basic technical approaches to produce
genetically modified mice. The first involves pronuclear
injection into a single cell of the mouse embryo, where it will
randomly integrate into the mouse genome [12] generating a
transgenic mouse. The second approach involves modifying
embryonic stem cells with a DNA construct containing

DNA sequences homologous to the target gene [13]. This
method is used to manipulate a single gene, in most cases
“knocking out” the target gene, although more subtle ge-
netic manipulation can occur (e.g., only changing single
nucleotides).

The peculiar features of GEMs (germline alterations)
make them particularly suitable to follow tumor develop-
ment from early time points. Moreover, the development of
a tumor resembling the human counterpart in a genetically
modified mouse can be very useful for refined studies of rela-
tionship with the microenvironment, that can also be manip-
ulated in mice trough specific genetic manipulations or using
bone marrow transplantation. Furthermore, the possibility
to cross GEMs with other inbred mice strains provides the
opportunity to investigate the role of different genetic
alterations in tumor development. It should however be
stressed that GEMs tumors are murine tumors and although
they might present characteristics closely resembling the hu-
man counterpart, they could never fully recapitulate a hu-
man tumor [14, 15]. Moreover, the number of modified
genes is usually too limited to be representative of the
heterogeneity of human solid tumors and the development
of a genetically modified mouse strain is very costly and time
consuming.

2.2. Mouse Xenograft Models. Xenotransplantation is defined
as any procedure that involves the transplantation of living
cells, tissues or organs from one species to another.

The growth of human tumors in a different species (e.g.,
mouse) requires immunodeficiency in the host animal to
prevent rejection of the transplanted foreign tissues. There
are many strains of genetically determined immunodeficient
mice containing single mutations (e.g., nude, scid, beige, xid,
rag-1 null, rag-2 null) or combined mutations, (e.g., bg/nu,
bg/nu/xid, nude/scid, nod/scid) available for cancer research
[16–18]. These strains have different immunological impair-
ment and the availability of more permissive mouse strains
can strongly increase the efficiency of xenotransplantation;
however severely immunocompromised mice also have a
higher cost and their manipulation can be extremely de-
manding requiring controlled husbandry environment and
highly trained personnel. It is therefore mandatory to choose
the immunocompromised strain with the best “efficiency of
transplantation/costs” ratio for each application.

Successful xenografting of human tumors into nude mice
was first reported in the late 1960s [19, 20]. Nude mouse
models are now extensively used in the development of po-
tential anticancer drugs and studies of tumor biology and
mice with severe combined immunodeficiencies (e.g., SCID,
beige, xid) have widened the spectrum of possible models
and enabled engraftments of human tumors that were pre-
viously difficult to implant.

Tumor xenograft (XG) models can be broadly derived
either from the injection in immunocompromised mice of
human established tumor cell lines or from direct implant
of patient’s tumor fragments. This latter model has been
referred to by different researchers as “tumorgraft,” “pri-
mary-tumor xenograft,” or “patient-derived xenograft” to
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Table 1: Main advantages and disadvantages of GEM, XG, and PDX mouse models.

Advantages Disadvantages

Genetically engineered mice
(GEM)

(i) Studies on defined mutations
(ii) Possibility to follow tumor development from
early time points
(iii) Tumor microenvironment is representative of
the studied tumor
(iv) Potential analysis of effects of mutations in
many genetic backgrounds by using a variety of
mouse strains

(i) Limited number of genes (usually not
representative of the heterogeneity of the tumor)
(ii) Development costly and time consuming
(iii) Tumor development in animals slow and
variable
(iv) Both, tumor and microenvironment are
murine

Xenograft
(XG)

(i) Allows a rapid analysis of response to a
therapeutic regimen
(ii) Source of material virtually unlimited for
immortal cell lines
(iii) Can predict drug response of human patient’s
tumor

(i) Human tumor microenvironment is not
represented
(ii) Orthotopic implant is often technically
complicated
(iii) Cells can undergo genetic modification as
well as subpopulation rearrangements when
cultured

Patient-derived xenograft
(PDX)

(i) Provides a realistic representation of the
heterogeneity of tumor cell subpopulations
(ii) Can predict drug response of human patient’s
tumor
(iii) Stromal component is representative of the
parental tumor in the initial passages

(i) Orthotopic implant is often technically
complicated
(ii) Surgical fragments must be processed rapidly
(iii) Limited source of original material

point out the difference from conventional “xenografts”
generally intended as injection of suspensions of tumor cell
lines. For clarity throughout this paper we will refer to the
implantation of patient’s tumor fragments as “patient-
derived xenograft” (PDX), while the whole cohort of mice
carrying the expansion of tumor fragments derived from the
same patient will be defined as “xenopatients” (XP).

In general, established tumor cell lines have a much
higher take rate when inoculated as a suspension into nude
mice than human solid tumors of the same histological type
that are transplanted directly from the patient [21]. On the
other hand, culturing tumor cells could lead to changes in
gene expression [22] as well as rearrangements in the com-
position of the cellular populations that constitute the
original human tumor resulting in the xenotransplant of
a cellular population that is not fully representative of the
original tumor heterogeneity. Moreover, studies on XGs of
human cell lines to test drug responses do not often correlate
with clinical activity in patients [23], especially when cells are
injected subcutaneously. By contrast, when cells are used as
an orthotopic XG, there is a stronger predictive response
value, especially when a clinically relevant drug dosage is
used [23–25].

Implantation of either cells or tumor fragments is usu-
ally performed subcutaneously rather than orthotopically,
because of the technical difficulties often encountered in
these assays. This can raise doubts about the development of
tumor vasculature and tumor-stroma interactions compared
to those observed in the human tumor of origin. Interest-
ingly, as will be discussed more in detail later in this paper,
PDXs maintain the whole structure of the human parental
tumor during the initial passages in mouse making them
suitable also for microenvironment studies.

3. Patient-Derived Xenografts

Direct implantation of small tumor fragments in immuno-
compromised mice can result in growth of patient-derived
xenografts that accurately reproduce the heterogeneity of
human cancers, especially if a large set of a different tumor
subtypes is available. These models can be serially propagated
in mice by subsequent passaging as tissue explants and
the use of standardized procedures for the assessment of
therapeutic efficacy of different drugs using PDXs allows a
rapid evaluation of combined therapies on a relatively large
set of tumors. However, in order to be relevant as a useful
tool for preclinical studies, a PDX panel should accurately
reproduce human cancers representing their various subcat-
egories and a particular PDX should accurately reproduce
the original patient’s tumor. Furthermore, there should be
a high correlation between preclinical and clinical results in
terms of therapeutic efficacy, with the gold standard being
represented by PDXs that closely mimic (or even predict)
the clinical response of the patient’s tumor they derive from.
All these features have been recently investigated in PDXs
from different human tumors resulting in the observation
that PDXs might represent a suitable model for preclinical
studies intended as a “quick” evaluation of the response to
different therapeutic treatments. Although the rapidity of
this kind of approach is relative, being dependent on the
rate of implant of the tumor, it can nonetheless give very
relevant information in different clinical settings. On the
one hand, while the models are being established and the
patients are undergoing first-line treatment, it is possible to
acquire proof-of-concept information on relative sensitivity
or resistance to the different regimens to be correlated with
the molecular features of the PDXs, while on the other it is
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possible to imagine an immediate clinically relevant use of
these models in selecting the best second line treatment for a
specific patient.

Hidalgo et al. recently reported their results obtained
with various advanced solid tumors resected from 14 pa-
tients, propagated in immunodeficient mice, and treated
with 63 drugs in 232 treatment regimens. They showed an
overall remarkable correlation between drug activity in the
model and clinical outcome, both in terms of resistance and
sensitivity. Their results emphasize the relevance of PDX
panels in preclinical studies of anticancer treatments. The
treatments they selected for each patient, based on the results
obtained with the correspondent PDX, would not have
been the first choice for a second- or third-line treatment,
nonetheless the objective response rate they obtained was
88% for treatments deemed effective by the model and tested
in the patient, with 11 of 14 patients achieving a partial
response. This work highlights that personalized PDXs can
be used to investigate drug response with the final aim to
select best personalized treatments to increase the response
rate of the patients [26].

Another preclinical setting in which PDXs can be
extremely relevant is represented by the evaluation of the
potential of new drugs in cancer treatment. Taking advantage
from a panel of PDX which faithfully represents the hetero-
geneity of a cancer type, new drugs can be tested and can
lead to the identification of the best treatment regimen for a
specific subtype of tumor as well as to the identification of
new biological pathways involved in the development of the
tumor.

Encouraging results, which emphasize the potential of
this kind of preclinical model, were recently obtained with
metastatic colorectal cancer (mCRC) by Bertotti et al. that
established a large PDX cohort from 85 patient-derived
mCRC samples. Firstly, they validated the robustness of
the cohort of xenopatients showing that they responded to
the anti-EGFR antibody Cetuximab with analogous rates
compared to those observed in the clinic. Then, they strat-
ified their PDXs in responders and nonresponders and found
an enrichment of tumors with HER2 amplification in Cetux-
imab-resistant KRAS/NRAS/BRAF/PIK3CA wild-type cases
(36% versus 2.7% in unselected tumors). This approach
allowed them to discover that inhibition of HER2 in com-
bination with anti-EGFR antibodies induced overt, long-
lasting tumor regression in Cetuximab-resistant colorectal
cancers, an observation worthy of further clinical investiga-
tion [27].

Cetuximab response was also investigated in 79 different
PDXs generated from colon, gastric, head and neck, lung
and mammary cancer, leading to the identification of MET
activation as a mechanism for drug resistance. In particular
these models were used for an in-depth analysis of different
molecular characteristics of the tumors, including EGFR
expression and activation, mutational status of KRAS, BRAF,
and NRAS, expression of EGFR ligands and activation of
HER3 (ErbB3), and hepatocyte growth factor receptor
(MET). High expression and activation of EGFR and its
ligands epiregulin or amphiregulin were identified as positive
predictive factors regulating Cetuximab response, whereas

negative factors were markers for downstream pathway acti-
vation independent of EGFR. Interestingly, overexpression
due to gene amplification and strong activation of MET was
specifically identified in Cetuximab resistant NSCL adeno-
carcinomas [28].

4. PDX Models of Non Small Cell Lung Cancer

4.1. Establishment and Preclinical Relevance. Due to its high
incidence and mortality lung cancer is the leading cause
of cancer deaths worldwide. The two major forms of lung,
cancer are non small cell lung cancer (NSCLC, about 85%
of all lung cancer) and small cell lung cancer (SCLC, about
15%). NSCLC can be divided into three major histological
subtypes: squamous cell carcinoma, adenocarcinoma, and
large cell carcinoma. Smoking is the main etiological factor
for all types of lung cancer although it is most strongly linked
with SCLC and squamous cell carcinoma; on the other hand
adenocarcinoma is the most common type of lung tumor in
patients who have never smoked [29, 30]. Currently most
NSCLC are diagnosed in advanced stages where five-year
survival rates are less than 10%. Since available therapies only
provide a modest survival benefit a better understanding of
the molecular basis of the disease and novel therapies are
needed to significantly improve patients’ outcome. The
establishment of PDXs from lung cancer specimens has
therefore been investigated by us and others both as a source
of therapeutically relevant information and as a supply of
precious biological material.

After approval from the internal review board, samples
of primary non small cell lung cancer are obtained from
patients undergoing surgical resection. Each sample is
immediately cut in small pieces (25–30 mm3) in antibiotic-
containing buffer (PBS 1x, 200 U/mL penicillin, 200 ug/mL
streptomycin) and implanted subcutaneously in the flank
region of 4 to 6 weeks old female nude or SCID (severe
combined immunodeficient) anesthetized mice. In detail,
animals are anesthetized with an intraperitoneal injection
of ketamine/xylazine/saline mixture (20 : 2.5 : 77.5 v/v/v) at a
dose of 10 mL/kg body weight. Fragments are then implanted
using a trocar gauge and mice are maintained in rooms with
constant temperature and humidity (Figure 1). Tumor size
is evaluated once per week by caliper measurements and the
relative tumor weight is estimated, assuming the PDX as an
ellipsoid with a specific density of 1.0 g/cm3, through the
(Lxl2)/2 (mg) formula, where L is the longest diameter and
l the shortest [31].

Typically, after a variable lag time, the tumor begins to
grow exponentially until it reaches a plateau level where the
growth slows down; it is important to transfer the tumor to a
new mouse in the period of exponential growth, mostly not
only for ethical reasons (tumor charge must never exceed
1/10 of the mouse body weight), but also because the
probability of necrotic areas within the PDX increases when
it reaches a higher mass. Highly necrotic tumors are difficult
to propagate and great care should be taken to avoid this
occurrence. Successive rounds of expansion from donor to
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Figure 1: Flow-chart of establishment of patient-derived xenografts. Fragments of primary tumor samples are initially implanted
subcutaneously in both flanks of 1-2 immunocompromised mice, depending on tissue availability (p0). When tumors reach the exponential
growth phase they are removed from donor mice, reduced into fragments, and serially transplanted in new recipient mice (p1). For
investigational purposes (i.e., drug treatments or subpopulation analysis) PDXs can be expanded in a higher number of mice in order
to obtain statistical relevant results or sufficient biological material for analysis, respectively. (p: sequential passage in immunocompromised
mouse; n: number of mice.)

recipient mice can produce a sizable cohort of xenopatients
suitable for pharmacological experiments.

Each model has its specific characteristics when implant-
ed subcutaneously in different immunodeficient mouse
strains, so it is very important to monitor tumor progression
using parameters that can be useful in subsequent ex-
periments designed to evaluate the effects of different com-
pounds on individual PDXs.

The first parameter that should be evaluated is the per-
centage of the tumor take in mice. Usually, for lung cancers

about 30–40% of the patient-derived tumors are successfully
implanted subcutaneously in nude mice. Interestingly, it
has been reported a correlation between the ability to
form PDXs and the risk of disease recurrence in early-
stage NSCLC [32]. In this study 40% of NSCLC implanted
resulted in a successful PDX with KRAS-mutated tumors
engrafting more efficiently than EGFR-mutated ones and
positive engraftment correlating with shorter disease-free
survival in a multivariate analysis including age, sex, stage,
and mutations.
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Other useful parameters are related to the growth char-
acteristics of the PDX. As previously described one feature
defining PDX is its lag time before exponential growth that
can be stable or variable during subsequent passages of the
tumor. In our experience the lag time is generally higher
for the first two-three passages and then reaches a steady
state level, probably due to the progressive substitution of the
original human tumor stroma with murine stroma.

Beyond the lag time, the parameters to follow during
PDX establishment are specifically related to the growth
characteristics of the model: growth rate, doubling time,
time before implantation in another mouse are all useful
tools to catalogue a panel of PDX in groups with similar
characteristics. Mouse general health should also be moni-
tored during the whole process of PDX implantation. Indeed
we have observed that some tumors can induce a general
health’s worsening when implanted subcutaneously in mice
in a way reminiscent to the cachexia-inducing potential of
some human tumors. In these situations, if the growth of
the model can be supported in a different strain, transferring
the PDX in a less immunocompromised mouse strain (i.e.,
from SCID to nude mice) can clear up these kind of cachexia-
related issues resulting in a fast-growing “healthy” PDX. This
could be suggestive of a higher aggressiveness of tumors with
such features, that are probably too aggressive to be sustained
by an organism with a deeply compromised immune system,
but further data are needed to confirm this observation.

According to our experience, PDXs can maintain the
same characteristics of the human primary tumor for several
passages (up to 20), highlighting their value as a resource
for multiple studies [33]. Since it can be very expensive
and unpractical to continuously passage PDXs in mice it is
therefore useful to set up a stock of frozen PDX samples.
A good practice is to store samples from earlier passage
and then other samples every ten–fifteen passages. To obtain
successful thawing of preserved samples, freshly processed
tissue fragments should be immediately frozen in a solution
of 90% fetal bovine serum and 10% DMSO and preserved at
−80◦C.

Also for lung cancer the relevance of PDXs for the evalua-
tion of new therapeutic strategies has been reported. Patient-
derived NSCLC PDXs have been established by Fichtner
and collaborators in order to identify predictive biomarkers.
Starting from 102 surgically resected early stage (T2/T3)
NSCLC specimens, they set up 25 transplantable PDXs. They
showed how, in early passages, PDXs maintain a high degree
of similarity with the original clinical tumor sample with
regard to histology, immunohistochemistry and mutational
status. Also the chemotherapeutic responsiveness of the
PDXs panel resembled the clinical situation. Interestingly,
they observed a correlation between KRAS mutations and
Erlotinib resistance but no correlation between anti-EGFR
therapy and mutations in EGFR or p53. Moreover, after
treatment with Cetuximab, a down regulation of EGFR was
observed in 2 of 6 sensitive PDXs but in none of the resistant
PDXs [34].

The same group used 22 well-characterized NSCLC PDX
to support the clinical development of the anticancer drug
Sagopilone (a fully synthetic low molecular weight analogue

of epothilone) involved in an integrative preclinical phase II
design. According to clinical trial criteria, 64% (14 of 22) of
lung cancer PDXs were sensible to Sagopilone. Interestingly,
tumors with wild-type TP53 as well as with a high expression
of genes involved in cell adhesion/angiogenesis were more
likely to be resistant to Sagopilone. Therefore a combination
of Sagopilone with Bevacizumab and Sorafenib, drugs target-
ing vascular endothelial growth factor signaling, was tested
in Sagopilone-resistant models, restoring antitumor activity
[35].

These data confirm the potential relevance of well-
annotated PDX panels to stratify the observed responses on
the basis of specific molecular alterations. This holds great
promise not only for evaluating conventional therapeutics,
but also for testing novel drug candidates as well as to identify
rationale combination therapies to be tested in clinical trials.

At the other end, for studies on personalized chemother-
apy, intended as a “quick” evaluation of the putative
treatment response of the individual patient, lung cancer
and in particular NSCLC-derived PDXs appear currently not
very suitable due to their relative low take rate (30–40%) if
implanted subcutaneously and also for the slow growth rate
(often several months). An interesting approach to bypass
these issues has been proposed by Dong and colleagues
who established PDX from 32 untreated, completely resected
patients’ NSCLCs. They obtained an engraftment rate of 90%
implanting small pieces of tumors under the renal capsules
of NOD/SCID mice. Treating these xenopatients with either
cisplatin + vinorelbine, cisplatin + docetaxel, or cisplatin +
gemcitabine they quickly assessed (in 6–8 weeks) the
chemosensitivity of patients’ cancers and selected the most
effective regimen. Only 16 of the 32 tumors provided suffi-
cient tissue for testing all three chemotherapeutic regimens,
but it is noteworthy that 11 patients had adjuvant therapy
that matched the regimen used for the corresponding PDX
with good concordance between the results obtained in the
animal model and clinical response, in particular in relation
to resistance to conventional therapy (six of seven patients
who developed recurrence/metastasis during followup were
nonresponsive in mice) highlighting the need for novel
strategies [36]. However, the technique of engraftment under
the renal capsules is certainly more difficult compared to
subcutaneous implantation of the tumor fragments and
NOD/SCID mice are more costly and also more difficult to
breed than SCID or nude mice, which are usually utilized to
set up a PDX model.

Setting up a panel of PDX that can be used to test
new agents is costly and time and resource consuming,
moreover the selection of compounds for advancement to
human clinical trials is based, in part, on in vivo efficacy
studies. It is therefore of primary importance to validate
the efficacy of the PDX panel in their representation of the
human tumor. As previously mentioned, PDXs must show
histological and genetic characteristics similar to patient’s
tumors they are derived from. These characteristics should
be checked to remain unvaried after several passages in
mouse, too. Furthermore, the panel of PDXs available for
a study must be representative of the heterogeneity of the
selected cancer type as well as possible. In the case of lung
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cancers it is mandatory to obtain a PDX panel covering all
the three major histological subtypes previously described
(i.e., squamous cell carcinoma, adenocarcinoma, and large
cell lung cancer; whereas a study on NSCLC in nonsmokers
should be mainly derived from adenocarcinomas) and to
evaluate the response to the common chemotherapeutic(s)
utilized in clinic (e.g., cisplatin), that should mimic the pa-
tients’ response tumor. These data, together with histological
and genetic characteristics, could provide the basis for a
classification of the PDXs in groups of tumors with similar
features and similar behavior and will be very useful in
testing the activity of new compounds for NSCLC.

4.2. Relevance for Biological Research. The availability of fresh
tissue from primary human lung cancers expanded in vivo as
PDXs also constitutes an important repository of biological
material for different studies ranging from investigation of
tumor-microenvironment interaction to evaluation of tumor
heterogeneity and investigation of dynamics of different
subpopulations during therapy.

Investigations have been carried out to define the
preservation of tissue architecture in PDXs, including stroma
components and resulted in the observation of a remarkable
stability of the models even when murine cells have substi-
tuted the human counterpart [37, 38]. On the other hand the
presence of human stroma in early passages of PDXs can
be initially exploited to study interaction between tumor
cells and microenvironment. In particular studies on tumor
microenvironment on PDXs of NSCLC at early passages have
been carried out by Simpson-Abelson and collaborators.
They implanted nondisrupted pieces of primary human lung
tumor in severely immunodeficient mouse (NOD/SCID
IL2Rgamma null mice) obtaining PDXs in which tissue
architecture, including tumor-associated leukocytes, stromal
fibroblasts, and tumor cells were preserved for prolonged
periods. They observed that plasma cells remained functional
in PDX-bearing mice, as evidenced by production of human
immunoglobulins, for up to 9 weeks after engraftment.
Moreover, tumor-associated T cells were found to migrate
from the microenvironment of the PDX to the lung, liver,
and primarily to the spleen at 8 weeks post engraftment.
These data confirmed the relevance of the PDX model in
studying tumor and tumor-stromal cell interactions in situ
[39]. Interestingly the same architecture was not maintained
when tissue fragments were implanted in CB17-scid mice,
indicating once more the need to select the appropriate
model for different biological investigations.

PDXs can also be very useful as a source of material for
studies on tumor subpopulations and their modulation after
drug treatments, leading to a more comprehensive knowl-
edge of tumor development as well as mechanisms of drug
resistance. Foci of resistant cells have been identified after
cisplatin + vinorelbine, cisplatin + docetaxel, or cisplatin +
gemcitabine treatment in responsive NSCLC PDXs by Dong
and collaborators [36]. The authors suggested that these
drug-resistant cells could be responsible for tumor recur-
rence as it frequently occurs in patients after partial or even
complete response. This observation fits very well with the

hypothesis of the presence of small subpopulations of tumor
initiating cells within the tumor. This theory, known as the
cancer stem cell (CSC) theory has been proposed to explain
tumor heterogeneity and the carcinogenesis process [40,
41]. Accordingly to this model, tumor can be represented
as the result of abnormal organogenesis driven by CSCs,
defined as self-renewing tumor cells able to initiate the tumor
formation and to maintain tumor heterogeneity [42, 43].
Cells with features of CSCs have been identified in acute
myeloid leukemia [44], glioblastoma [45–47], melanoma
[48, 49], and different epithelial cancers [50–56].

Two main techniques are generally used to identify tumor
initiating cells: (i) prospective flow cytometry-based cell
sorting using tissue-specific surface markers or (ii) sphere
forming assays in selective cells culture medium. Due to the
relative paucity of the cancer stem cell fraction in the tumor
population it is highly desirable to have a substantial amount
of tumor samples available for thorough investigation but
this is not easily obtained from surgical specimens. Since
human cancer PDX models are similar to the patients’
tumors not only in terms of genetic, immunohistochemical,
and microenvironment features but also in terms of hetero-
geneity of the tumor cellular composition they are a useful
model also in studies of subpopulations with cancer stem cell
characteristics (Figure 2). As a matter of fact the possibility to
expand the patient-derived tumor in immunocompromised
mice yields a large amount of material for studies such as
flow cytometry-based cell sorting. Using this approach our
group has recently been successful in identifying a highly
tumorigenic CD133+ subpopulation in non small cell lung
cancers which displays stem-like features and is spared by
cisplatin treatment [33, 57].

PDXs as a tool for CSC studies have been also devel-
oped for pancreatic cancer. Jimeno et al. showed that the
chemotherapeutic treatment of pancreatic PDXs resulted in
an increase of CSC markers (ALDH and CD24), in the resid-
ual tumor population, supporting the idea of an enhanced
chemoresistance of the cancer stem cells subpopulation.
Moreover, the authors showed that CSCs targeting could
increase the efficacy of conventional treatment. Combining
gemcitabine with an inhibitor of the hedgehog pathway, that
is fundamental for the maintenance of CSCs, they induced
tumor regression and a decrease in CSC fraction [58]. Similar
results were obtained with PDXs derived from other cancer
types [59, 60], suggesting that combination therapy using
conventional chemotherapy and drugs against CSC specific
targets can lead to better therapeutic results, both in terms of
tumor growth as well as in terms or tumor relapse.

Furthermore, subpopulations isolated from expanded
PDXs can also be studied in vivo if reinjected in immuno-
compromised mice and their characteristics in terms of
tumorigenicity as well as in term of response to chemother-
apeutics can be directly compared with the characteristics
of the parental tumor. This gives the possibility to identify
treatment resistant subpopulations and to study the tumori-
genic potential of prospectively identified putative CSCs.
The relevance of these models in identifying and isolating
CSC subpopulation has been proved also for other cancer
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Figure 2: Frequency of CD133+ cells in primary tumors is maintained in PDXs during passaging in mice independently of their initial
content. Dot plots showing that the percentage of CD133+ cells, previously demonstrated to display stem-like features and to be spared
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types, such as breast cancer [60], colon carcinoma [61], and
pancreatic adenocarcinoma [62, 63].

5. Conclusive Remarks

A growing number of research groups have established
panels of patient-derived xenografts, demonstrating their
relevance in drug development studies as well as in the
discovery of novel predictive biomarkers to be used in the
clinical setting.

It is therefore of primary importance to set up panels
of PDXs highly representative of the cancer type under in-
vestigation and to validate the models through extensive

immunohistochemical and genetic characterization to con-
firm similarities with the human tumor and also in terms
of response to common chemotherapeutics to confirm the
robustness of the model in testing the efficacy of new
treatments. In our experience, growth features of PDX such
as lag time and growth rate reach stability after two-three
passages in mouse; it is therefore advisable to carry out drug
efficacy tests with PDXs that have reached a certain stability
in their growth characteristics.

This kind of preclinical model is also exploitable in
research fields such as tumor-microenvironment interaction,
cancer stem cells identification and modulation after drug
treatment. Human cancer PDXs are particularly suitable for
this kind of research because they provide a large amount
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of material reproducing the original human tumor and its
microenvironment and could therefore be more extensively
utilized not only in preclinical studies but also in basic
research. However, it is always noteworthy to remember
that when using animal models for biological purposes,
the guidelines for the welfare and use of animals in cancer
research should be always kept in mind and strictly followed
[64].
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Liver transplantation has been a successful therapy for liver failure. However, a significant number of recipients suffer from graft
dysfunction. Considerably, ischemia and reperfusion (I/R) injury is the most important factor leading to organ dysfunction,
although the pathogenesis has not been fully described. I/R injury have several established features that are accompanied by and/or
linked to bile duct loss or ductopenia, cholestasis, and biliary ductular proliferations in the posttransplant liver biopsy. However,
biliary marker levels increase usually only 5–7 days after transplantation. Intermediate filaments are one of the three cytoskeletal
proteins that have a major role in liver protection and maintaining both cellular structure and integrity of eukaryotic cells. We
reviewed the canine liver transplantation model as I/R injury model to delineate the intermediate filaments of the cytoskeleton that
are probably the determinants in changing the phenotype of hepatocytes to cholangiocytes. Remarkably, this interesting feature
seems to occur earlier than frank cholestasis. We speculate that I/R liver injury through a phenotypical switch of the hepatocytes
may contribute to the poor outcome of the liver graft.

1. Introduction

Liver transplantation is an established therapy for both acute
and chronic liver failure. However, graft dysfunction remains
a problem affecting up to one-third of the recipients, despite
reports of good to excellent long-term outcome. The organ
dysfunction is considered multifactorial, but ischemia and
reperfusion (I/R) injury is probably the most important con-
tributing factor, although the detailed steps of pathogenesis
are controversially debated. I/R injury is a major cause of
liver graft dysfunction resulting in adenosine triphosphate
(ATP) decrease, evidence of intracellular acidosis, and cell
swelling of the hepatocytes. This aspect is also accompanied
by or linked to bile duct loss or ductopenia, cholestasis,
and biliary ductular proliferations in the posttransplant
liver biopsy. However, biliary marker levels increase usually
only 5–7 days after transplantation stimulating several fields
of research in the last couple of decades. Cholestasis is
associated with high morbidity and mortality in patients

undergoing liver transplantation, and the steps reaching this
state are not completely understood. We reviewed the canine
liver transplantation model as I/R injury model to delineate
in detail the intermediate filaments of the cytoskeleton that
are probably the determinants in changing the phenotype
of hepatocytes to cholangiocytes, which seems to be a post-
transplant event occurring in the liver at an earlier stage
than frank cholestasis. Here, we speculate that I/R liver
injury through a phenotypical switch of the liver cells may
contribute to the poor outcome of the liver graft.

2. Liver Transplantation

Liver transplantation is widely known as the most effective
therapy for both acute and chronic liver failure [1]. In
1963, Thomas Starzl, an American surgeon, Northwestern
University Medical School graduate with degrees in anatomy,
neurophysiology, and medicine, was the first to perform the
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liver transplantation on a child suffering from biliary atresia
[2]. Despite the significant success of liver transplantation,
infection, poor graft function, and rejection are major prob-
lems that may still contribute to death of the transplanted
patient or to deterioration of the graft. Reperfusion following
long ischemia of liver during liver transplantation causes
severe injury, which is now universally indicated as I/R injury
[1]. I/R injury of liver is a major cause of morbidity and mor-
tality in patients undergoing liver transplantation [3]. Several
mechanisms and distinct pathways may involve I/R leading
to both initial poor function and primary nonfunction of the
liver allograft [4]. Three cytoskeletal proteins form a network
that provide the cellular structure and fundamental integrity
of the eukaryotic cells: microfilaments, microtubules, and
intermediate filaments. The intermediate filament proteins
have an important role in liver protection against mechanical
and nonmechanical injury, which have been demonstrated
in animal models. Overexpression of proteins and mutations
of the corresponding keratin genes have been reported to
contribute to several human oncological and nononcological
diseases [5].

3. Cytoskeleton and Keratins Are Involved in
the Development of the Intrahepatic Biliary
System (K19 and K7)

Eukaryotic cells have a unique cytoplasmic structure labeled
as cytoskeleton, which consists of three distinct kinds
of cytoskeletal filaments, including microfilaments, micro-
tubules, and intermediate filaments. Besides giving the
rigidity of the cell and maintaining cell shape and borders or
cell “scaffolding,” cytoskeleton plays important and probably
crucial roles in intracellular transport, cell division, gene
regulation, and signal transduction of the genetic infor-
mation [6, 7]. Actin, which is widely accepted to be a
highly conserved structure among different species, is the
major protein that constitutes the microfilaments. There
are three known classes of human actin gene that have
been identified as β-, α-, and γ-actin. Cell-cell interaction,
signal transduction, cell shape maintenance, and cell motility
are the central functions of actin [7]. Microtubules, which
have a diameter of around 23 nm, are protofilaments that
are important for the intracellular transport, movement of
cilia and flagella, mitotic spindle, and cell wall synthesis.
Tubulins are the major component of microtubules. Both
microfilaments and microtubules have several groups of
binding proteins that modulate their stability and biological
functions, such as signal transduction [7]. Intermediate
filaments with around 10 nm of diameter are more stable
than actin filaments and function in the maintenance of
cell shape by carrying tension. Intermediate filaments, which
include, for example, vimentin, glial fibrillary acidic protein,
neurofilament proteins, keratins, and nuclear lamins, orga-
nize the internal 3D cell structure anchoring cyto-organelles
and serving as structural scaffolds of the nucleus and cyto-
plasm. Cytokeratins (Ks) are the main protein family that
constitutes the intermediate filaments with more than fifty
members that have been identified [8]. Polypeptides of the

Ks are variants and have been divided into type I and type II,
or acidic and basic, respectively [9]. Studies have shown that
each epithelial cell has a distinct content of cytokeratins (i.e.,
expression of keratins is described as tissue-specific manner)
playing a major role in the tissue identification of metastasis
of unknown primary carcinomas [10]. Ks usually present
in cells as heteropolymers pairs composed of type I (K9–
K20) and type II (K1–K8). Similar to microfilaments and
microtubules, keratins have numbers of their preferential
binding proteins. K8 (MW 52KD) and K18 (MW 45KD)
are considered as the only Ks that are normally expressed
in human hepatocytes [10]. Moreover, both K8 and K18
have been found to be expressed in early development stage
of mouse embryos [11]. Immunohistochemical studies have
revealed that cholangiocytes (bile duct cells) express K7 (54
KD) and K19 (40 KD) in addition to K8 and K18 [12],
and those Ks have been used as valid markers for both
studies on development of the intrahepatic biliary system
and for assessment of bile duct damage [9]. It has also
been well established that cholangiocytes are derived from
hepatoblasts found around portal vein [13]. These cells show
a particularly intense expression of K8 and K18. As indicated
above, K7 and K19 have been linked to development of the
intrahepatic bile duct system in both humans and animal
models. The expression of K19 is useful to identify primitive
biliary cells, while the expression of K7 appears after 20
weeks of gestation in humans [13]. Both K7 and K19 are
consistently expressed in the development of the intrahepatic
bile duct with elevated levels until one month of postnatal
age. Thus, in order to phenotypically switch hepatoblasts into
cholangiocytes, these cells should firstly express K19 followed
by expression of K7 [13]. However, it has been shown
that hepatocytes might express K7 in response to different
conditions, such as ductopenia and cholestasis [14], and,
interestingly, it has been found that hepatocellular carcinoma
cells expressing K19 are significantly associated with reoccur-
rence of neoplasm after transplantation [15]. A recent study
has demonstrated that hepatocytes are frequently expressing
K7 in case of chronic liver allograft rejection [14]. Sergi et al.
have demonstrated that hepatocytes intensively expressed K7
and K19 early following cold ischemia in a canine isolated
perfused liver transplantation model [16]. Furthermore,
they demonstrated that bile duct cytokeratins are very
useful markers to diagnose an early sign of cholestasis. It
has become clear that cholestasis is significantly associated
with high morbidity and mortality in patients undergoing
liver transplantation. Therefore, investigations that lead to
discover the mechanisms of the cholestasis are dramatically
required.

4. Ischemia/Reperfusion (I/R) Injury

I/R injury is a phenomenon that occurs when blood flow
and oxygen delivery return to reperfused tissue [17]. It
is considered one of the major causes of morbidity and
mortality among patients undergoing liver transplantation
[3]. I/R injury has been demonstrated in several diseases
such as cerebrovascular diseases, peripheral vascular diseases,
sepsis, myocardial infarction, and organ transplantation
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[18]. It involves several mechanisms, which lead to organ
failure, circulatory dysfunction, and, finally, death of the
transplanted patient [1]. Cellular mechanisms of I/R injury
include a few essential cell cascades that suggest the role of
activation of endothelial cells, Kupffer cells, reactive oxygen
species (ROS), and polymorphonuclear leukocytes (PMN)
or neutrophils in the pathogenesis of I/R injury [19]. There
may also be mechanisms involving T lymphocytes that seem
to have a key role in short- and long-term damage during
I/R injury. T lymphocytes act as mediator in the subacute
inflammatory phase of neutrophilic recruitment following
I/R injury [20]. Another important constituent of tissue
injury following I/R injury that needs to be emphasized
is the production of oxygen free radicals (OFRs). These
OFRs can arise from different sources, such as Kupffer
cells, PMN [1], and xanthine oxidase (XO) that is the
most significant source [21]. Several etiological factors
are involved in I/R injury, including ATP reduction [16],
activation of proteases, and alteration in the intracellular
concentration of cytokines and chemokines [22], and cell
swelling [16]. Investigations of posttransplantation surgery
have indicated that reperfusion plays an essential role in
primary graft nonfunction, which is one of the most serious
complications of liver transplantation [23]. The incidence of
primary graft dysfunction is up to 20% [16]. I/R injury also
causes early organ failure up to 10% as well as increases the
acute and chronic rejection [1]. Several studies demonstrated
that during I/R injury, morphological changes of liver tissues
occur, and these changes can have a prognostic significance.

5. Intermediate Filaments of Cytoskeleton

The intermediate filament (IF) cytoskeletal protein is one of
the three major cytoskeletal proteins whose result is impor-
tant in maintaining both cellular structure and integrity
of eukaryotic cells. The other two filament proteins are
microfilaments (MF) and microtubules (MT) [5]. Beside
their cellular functions like cell motility, division, and
stress responses, they also have an essential role in human
diseases due to mutations in filament proteins. For example,
mutation in actin microfilaments will cause cardiac and
noncardiac myopathies [5]. IF proteins consist of five types of
keratins according to structure of genome and composition
of amino acid, IF proteins types I–IV are cytoplasmic,
and type V IF contain nuclear lamins [7]. The keratins
are obligating noncovalently heteropolymers because they
consist of one of each type I and type II keratins as pairs [9].
Type I or “acidic” and type II or “neutral to basic” keratins
are the largest group of IF proteins [7] classified as type
I (K9–K20) and type II (K1–K8) [24]. Another type of IF
proteins is type III IF that includes vimentin, peripherin,
glial fibrillary acidic protein, and desmin of mesenchymal
cells, peripheral neurons, glia cells and astrocytes, and
muscle cells, respectively [7]. Type IV IF proteins include
neurofilament proteins (NF-L, NF-M, and NF-H), synemin,
nestin, syncoilin, and α-internexin; lamins A–C for type
V IF proteins [24]. They are the major IF proteins in the
liver [5]. As indicated above, the adult hepatocytes express
K8 and K18 only compared to other epithelial cells that

express 2 or more type I or type II keratins [9] such as
bile duct, which expresses additional keratins K7 and K19
[8]. Furthermore, alteration of the cytoskeletal proteins leads
to several diseases and disorders. The first disease to be
discovered related to keratin mutation was epidermolysis
bullosa simplex (EBS) with mutations in K5 and K14.
White sponge nevus syndrome is another disease caused by
mutations in K4 and K13. It affects noncornifying stratified
squamous epithelia in mouth, esophagus, and anogenital
mucosa [25]. Additionally, mutations in K8 and/or K18
lead to acute or chronic liver diseases [26]. Normally in
hepatocytes, the microfilaments are distributed in plasma
membrane and region of the bile canaliculus. Further
studies indicated that reperfusion alone causes alteration
of theses microfilaments (F-actin) leading to contraction
of canaliculi, relocalization of enzymes and transporters
of canaliculi, and increasing permeability of cellular tight
junction [16]. Cholestatic liver disease occurs when there is
a decrease in bile flow, which is an abnormal physiologic
state, and retention of toxic bile acids [27]. All three filament
cytoskeletal proteins are remarkably altered in cholestatic
liver disease. Clear cytoplasmic hepatocytes (cholate stasis)
presented in cirrhotic nodules and showed a decrease in
keratin IF network in the cytoplasm [28]. Studies on mice
reported that keratin was overexpressed in epithelia of bile
duct due to ligation of bile duct and in hepatocytes. In
cholestatic liver disease, bile duct epithelial-type keratin (K7
and K19) was expressed in hepatocytes, too. Intermediate
hepatocytes express K7, while reactive bile ductules express
K7 and K19 [28]. In post-transplant period, morphological
changes in liver tissue have also been demonstrated. Keratins
of biliary type were detected in the hepatocytes in the early
period of I/R injury. Moreover, bile canaliculus progressively
dilate after ischemia, and a change of the microvillous
integrity is demonstrable [16].

6. Canine Liver Transplantation Model

The liver is one of the organs with an incredible capacity
for in vivo tissue engineering which allow restoration of
the liver architecture and reestablishment of certain vital
functions. The study of liver regeneration in humans arise
ethical issues, and it is difficult to carry out because of a
plethora of heterogeneous liver lesions. Accordingly, using
experimental animal models is more useful and helpful for
studying liver regeneration [29]. In vitro studies need to
be followed by in vivo ones to simulate the interaction
between liver cell populations. In our opinion, the use of
large animals such as dog, pig, or sheep is more advantageous
than small animals like rat or mouse; large animals are
similar to human beings in their physiology and anatomy,
and techniques of microsurgery are not necessary to carry
out determinate experiments [29]. Only few studies have
been carried out on I/R animal models in liver [21].
The canine liver model following I/R injury has been
used as a liver transplantation model to study excretion
of bile and intrahepatic intermediate filaments expression
involved in morphological changes of the biliary system [16].
To the best of our knowledge, in a canine isolated and
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perfused liver model, there was the first clear-cut evidence
of cholestatic changes starting early following cold ischemia
despite prompt recovery of the bile flow. According to some
other authors, the use of the canine liver transplantation
model seems to allow a better vascular perfusion under
ex vivo conditions in contrast to the rat model [5]. Sergi
et al.’s study revealed an ischemia-dependent impairment
of an experimental biliary dye excretion during early stage
of reperfusion and a progressive cytokeratin expression of
biliary type in the hepatocytes despite a prompt recovery
of the bile flow after I/R. The recovery of the bile output
after I/R represents a key event in LT. The nonstimulated
bile flow rate was unaffected by cold ischemia up to 10 h in
our canine isolated perfused liver model, but the decrease of
the biliary dye excretion during early stage of reperfusion
correlated with the peak output rate of the dye across the
canalicular membrane. The transhepatic transit time was
prolonged with increasing ischemia time. Remarkably, the
dye uptake at the sinusoidal membrane was not affected
by cold ischemia, leading to a possible accumulation of
toxic compounds in the hepatocytes. Hepatic elimination
of the dye following I/R has been analyzed mainly by
plasma clearance [4]. Very importantly was the study of
the hepatic elimination of the dye after a bolus injection
by compartmental spectrophotometric analysis both in the
perfusate by transhepatic sampling and in the bile. In fact,
this reflects the “effective” vectorial hepatocellular transport.
Differential mechanisms can be suggested for the impaired
biliary excretion of organic anions following I/R. Previously,
a positive correlation between biliary dye excretion, viability
of the graft, and hepatic ATP content has been found in
cholestatic liver disease, and reduced biliary dye excretion has
been attributed to the lack of ATP [17]. ATP content does not
seem to be the main limiting factor for the hepatocellular
transport following I/R. An impairment of the intracellular
transport or a decreased transport rate across the canalicular
membrane might play a major role as contributing factor.
The step across the canalicular membrane generally repre-
sents the rate-limiting one in the hepatocellular transport
[18]. In the canine liver transplantation model, the flow
in the portal vein was continuous, because roller pump,
oxygenator, and heat exchanger in the perfusion line were
connected in series with the roller pump upstream. The
oxygen content of the saline reperfusion solution was 2% in
volume (10% of arterial hepatic blood and about 15% of the
portal venous blood). The pO2 values were almost five times
higher than in blood. Thus, one can expect to have reactive-
oxygen-species- (ROS-) linked damage at the beginning of
the reperfusion after 8 or 10 h of ischemia. However, the
excellent reperfusion results of the control group and data
of the 2 h ischemia group indicate that this is not a general
problem, but may be an ischemia-time-linked problem. High
O2 partial pressure in the liver stimulates ROS formation
after extensive long ischemia times, and this may be one of
the most important limiting factors of the ischemia tolerance
[22]. Electron microscopy studies in hepatocytes revealed
microfilaments, which are distributed along the plasma
membrane and in the region of the bile canaliculus. As indi-
cated above, cytoskeleton filaments are also essential for the

maintenance of cell shape, bile canalicular architecture, and
integrity of the cellular tight junctions. The microfilaments
network surrounding the canalicular pole and extending
into the canalicular microvilli is damaged during cholestasis.
Reperfusion, but not ischemia, has been considered faulty,
inducing an alteration of F-actin microfilaments, suggesting
an impairment of the canalicular contraction, an increase of
the tight junction permeability, and a probable relocalization
of canalicular enzymes and transporters. Bile canalicular size
change as detected in our study may be coincident with
the reorganization of the pericanalicular filaments and the
colocalization of actin and myosin. In fact, contraction in this
study has been associated with shortening and/or twisting of
bile canaliculi [5].

7. Summary

Liver transplantation is an established therapy for both acute
and chronic liver failure. However, graft dysfunction remains
a problem affecting up to one-third of the recipients, despite
good to excellent long-term outcome. The organ dysfunction
is considered multifactorial, but I/R injury is probably the
most important contributing factor. The detailed steps of
the pathogenesis of I/R injury continue to be a topic of
vivid debate. I/R injury is a major cause of liver graft
dysfunction resulting in ATP decrease, intracellular acidosis,
and cell swelling of the hepatocytes. This feature is also
linked to bile duct loss or ductopenia, cholestasis, and biliary
ductular proliferations in the liver biopsy. However, the
plasmatic levels of biliary markers increase usually only 5–
7 days after transplantation prompting on-going research
to address new markers of early liver damage. This could
also be a stimulus to support more grant approvals for liver
posttransplantation studies. Cholestasis is associated with
high morbidity and mortality in patients undergoing liver
transplantation, but the steps reaching this state are still
deemed elusive. We reviewed the canine LT model as an I/R
injury model and reviewed the intermediate filaments of the
cytoskeleton that are probably the determinants in changing
the phenotype of hepatocytes to cholangiocytes. In fact, this
phenotypic switch of the liver cells, which is also sometimes
called pseudo- or neoacinar transformation in diseases with
cholestasis [30], seems to occur at a stage earlier than frank
cholestasis. We emphasized that I/R injury through this
peculiar phenotypic switch of the hepatocytes may be a
milestone to investigate the pathways contributing to the
poor outcome of the liver graft. Reperfusion injury following
ischemia affects graft function in liver transplantation by
induction of phenotypical changes in hepatocellular keratins.
Keratin phenotype of hepatocytes leads to hepatocellular
damage that is intimately connected to several intracellular
processes, which are under intense investigation in our
laboratory, and the appropriate choice of an animal model
is crucial in forwarding research in very complex areas
requiring not only human, but also comparative (veterinary)
pathology knowledge.
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Neurological disorders can be modeled in animals so as to recreate specific pathogenic events and behavioral outcomes. Parkinson’s
Disease (PD) is the second most common neurodegenerative disease of an aging population, and although there have been several
significant findings about the PD disease process, much of this process still remains a mystery. Breakthroughs in the last two
decades using animal models have offered insights into the understanding of the PD disease process, its etiology, pathology, and
molecular mechanisms. Furthermore, while cellular models have helped to identify specific events, animal models, both toxic
and genetic, have replicated almost all of the hallmarks of PD and are useful for testing new neuroprotective or neurorestorative
strategies. Moreover, significant advances in the modeling of additional PD features have come to light in both classic and newer
models. In this review, we try to provide an updated summary of the main characteristics of these models as well as the strengths
and weaknesses of what we believe to be the most popular PD animal models. These models include those produced by 6-
hydroxydopamine (6-OHDA), 1-methyl-1,2,3,6-tetrahydropiridine (MPTP), rotenone, and paraquat, as well as several genetic
models like those related to alpha-synuclein, PINK1, Parkin and LRRK2 alterations.

1. Introduction

Parkinson’s disease (PD) is the second most common neu-
rodegenerative disease, affecting 1% of the population over
55 years of age [1]. This disease is characterized by the loss
of ∼50–70% of the dopaminergic neurons in the substantia
nigra pars compacta (SNc), a profound loss of dopamine
(DA) in the striatum, and the presence of intracytoplasmic
inclusions called Lewy bodies (LB), which are composed
mainly of α-synuclein and ubiquitin. Although mutations
in the α-synuclein gene have thus far been associated only
with rare familial cases of PD, α-synuclein is found in all
LBs [2]. Therefore, this protein may play an important role
in the pathogenesis of this disease. The main features of PD
are tremor, rigidity, bradykinesia, and postural instability;
however, these motor manifestations can be accompanied by
nonmotor symptoms such as olfactory deficits, sleep impair-
ments, and neuropsychiatric disorders [3–5]. Although the
complete PD disease process is not yet understood, we have
gained a better understanding of its etiology, pathology, and
molecular mechanisms, thanks to various animal models [6].

For example, reserpine administration in animals was found
to produce a profound depletion of monoamines, including
DA, in the brains of injected animals resulting in reserpine
syndrome. The symptoms of this syndrome consisted of
slowness of movement and rigidity [7] now commonly
associated with PD. Interestingly, it was found that L-DOPA
was able to reverse many of the symptoms associated with
reserpine administration [8], furthering the hypothesis that
DA depletion was at the root of PD symptomatology.

For the past several decades, animal models of PD have
come in a variety of forms. Typically, they can be divided
into those using environmental or synthetic neurotoxins or
those utilizing the in vivo expression of PD-related mutations
(genetic).

Of the neurotoxic models, compounds that produce both
reversible (reserpine) and irreversible (MPTP, 6-OHDA,
paraquat, rotenone) effects have been used effectively; how-
ever recent studies have focused more on irreversible toxins
to produce PD-related pathology and symptomatology.
Therefore, the neurotoxins covered in this paper will focus on
those that produce an irreversible effect. Neurotoxin-based
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models produced by 6-hydroxydopamine (6-OHDA) and 1-
methyl-1,2,3,6-tetrahydropyridine (MPTP) administration
are the most widely used toxic models, while paraquat
and rotenone are more recent additions to the stable of
toxic agents used to model PD [6, 9]. A common feature
of all toxin-induced models is their ability to produce an
oxidative stress and to cause cell death in DA neuronal
populations that reflect what is seen in PD. Oxidative stress
results from increased production of extremely reactive free
radicals, including reactive oxidative species (ROS) and per-
oxynitrite. ROS may be formed during a number of cellular
processes, including mitochondrial oxidative respiration and
metabolism. There are some drawbacks to the use of these
models such as the time factor in these models versus the
time factor in the human condition, but these do not negate
the value of neurotoxin-based animal models in the study of
PD.

Recently, the identification of different genetic mutations
(α-synuclein, parkin, LRKK2, PINK1, DJ-1) has led to the
development of genetic models of PD [10]. It is important
to remember that, at best, only ∼10% of PD cases are due
to genetic mutations [6], while the vast majority of PD cases
arise as sporadic, that is, from unknown origins. Although
the above-mentioned genes are mutated in PD and are not
overexpressed or knocked out, nonetheless, these animal
models are important in that they may reveal specific molec-
ular events that lead to the death of the DA neurons and
potential therapeutic targets. In this paper, we try to describe
the advantages and disadvantages of all of these animal
models and their potential roles in revealing the mechanisms
for PD pathogenesis and in testing experimental therapeutics
(Table 1).

2. Neurotoxic Models

2.1. 6-Hydroxydopamine. 6-OHDA is the classic and oft
utilized toxin-based animal model of PD [11–13]. A lot of
information on the behavioral, biochemical, and physiologi-
cal effects of dopamine in the CNS has been derived from this
model. 6-OHDA was first isolated in the 1950s [14]. Unger-
sted [15] first used this neurotoxin to lesion the nigro-striatal
dopaminergic pathway in the rat nearly 50 years ago, and the
use of 6-OHDA remains widespread today for both in vitro
and in vivo investigations. Mice, cats, dogs, and monkeys
are all sensitive to 6-OHDA; however it is used much more
frequently in rats [16–19]. Even though 6-OHDA exhibits
a high affinity for several catecholaminergic transporters
such as the dopamine transporter (DAT) and norepinephrine
transporter (NET) [20], it is often used in conjunction
with a selective noradrenaline reuptake inhibitor such as
desipramine in order to spare the noradrenergic neurons
from damage in animal models of PD [21].

Although the structure of 6-OHDA is similar to that
of dopamine, the presence of an additional hydroxyl group
makes it toxic to dopaminergic neurons. This compound
does not cross the blood-brain barrier, which necessitates
its direct injection into the SNpc, medial forebrain bundle
(MFB), or the striatum [22, 23]. It is well known that 6-
OHDA destroys catecholaminergic neurons by a combined

Figure 1: Photomicrograph of a 6-OHDA lesioned rat striatum
immunostained for tyrosine hydroxylase (TH). Densities of TH-
immunoreactivity striatal fibers are clearly reduced after the 6-
OHDA injection (right side) as compared to the densities of striatal
TH-immunoreactivity fibers in control rat (left side).

effect of ROS and quinones [24], and it can induce inflam-
mation in the brain which tends to wane over time. The
most common use of 6-OHDA is via unilateral injection
into the rat medial forebrain bundle. Injection of 6-OHDA
into the SNpc kills approximately 60% of the tyrosine
hydroxylase- (TH-) containing neurons in this area of the
rodent brain with subsequent loss of TH-positive terminals
in the striatum [25] (Figure 1). Several studies have injected
this compound directly into the striatum in order to test
the hypothesis of retrograde degeneration, explicitly, that
TH-positive terminals in the striatum die prior to TH-
positive neurons in the SNpc, seemingly a replicate of PD in
humans [23, 26, 27]. The magnitude of the lesion depends
on the amount of 6-OHDA injected, the site of injection,
and the animal species used. This model does not mimic all
of the clinical features of PD. Dopamine depletion, nigral
dopamine cell loss, and neurobehavioral deficits have been
successfully achieved using this model, but it does not seem
to affect other brain regions, such as olfactory structures,
lower brain stem areas, or locus coeruleus. Although 6-
OHDA does not produce or induce proteinaceous aggregates
or Lewy-like inclusions like those seen in PD, it has been
reported that 6-OHDA does interact with α-synuclein [25].
6-OHDA is frequently used as a unilateral model because
the bilateral injection of this compound into the striatum
produces severe adipsia, aphagia, and also death [28, 29]
due to the animal’s inability to care for itself. One of the
most attractive features of the unilateral 6-OHDA model
is the fact that each animal can serve as its own control
as there is a lesioned and an unlesioned hemisphere. This
is particularly useful in behavioral analyses [15] as turning
behavior to amphetamine or apomorphine following the
unilateral application of 6-OHDA gauges the extent of the
induced SNpc or striatal lesion and the efficacy of potential
PD therapeutic agents and gene therapies [11, 30].

6-OHDA is an attractive candidate as a possible endoge-
nous toxin for the initiation of the PD neurodegenerative
process as it is a product of dopamine metabolism [31], and
it is the result of hydroxyl radical attack with the presence of
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Table 1

Model
Behavioral
symptoms

Nigrostriatal damage
Synuclein
aggregation/Lewy body
formation

Uses of the model Disadvantages

6-OHDA

Rotational
behavior after
unilateral
injection

Loss of DA innervation
at injection site
(striatum)

No inclusions

Screen therapies
that may improve
PD symptoms.
Study mechanisms
of cell death

Requires intracerebral
injection, very little
synuclein
involvement.

MPTP

Motor
impairments in
primates
Less obvious
motor
impairments in
acute rodent
models

Loss of DA neurons
dependent on dosing
regimen, reaching 95%
in acute high-dose
conditions.
Reduced DA levels in
striatum concurrent
with midbrain DA
neuron loss

Inclusions not prevalent.
Few cases of synuclein
aggregation in
nonhuman primates, as
well as increased
synuclein
immunoreactivity in
rodents.

Screen therapies
that may improve
PD symptoms.
Study mechanisms
of cell death

Nonprogressive
model of cell death.
Inclusiones are rare.

Rotenone

Reports of
decreased motor
activity in
rodents

Loss of DA neurons
accompanied by reduced
DA innervation in
striatum

Synuclein aggregation in
DA neurons.

Test
neuroprotective
compounds

Substantial morbidity
and mortality. Labor
and time intensive.

Paraquat
No clear motor
deficits

Decreased striatal TH
immunoreactivity

No inclusions present,
but increased synuclein
immunoreactivity in DA
neurons of the SN

Test
neuroprotective
strategies

Not extensively tested.
Effects in other
neurotransmitter
systems.

α-synuclein

Severe motor
deficits in the
A53T model,
less in the A30P
model

Generally no DA neuron
degeneration observed

Synuclein aggregation
found in DA neurons,
generally restricted to
A53T model

Study the role of
synuclein
aggregation in PD,
as well as the
normal role of
synuclein

Generally no DA
neuron death
observed with
synuclein models

LRRK2

Few behavioral
deficits seen in
Drosophila
mutation
models

No effect on DA
development or
maintenance in
knockouts, minimal
levels of degeneration in
mutation models

Generally not observed
Study the role of
LRRK2 mutations
related to PD

General lack of
degeneration and
general lack of
synuclein
aggregation.

excess dopamine; as a neurotoxin, it does produce lesions in
the nigrostriatal DA pathway. However, although it has been
measured in the brains of levodopa-treated rats subjected to
MPTP treatment, 6-OHDA has yet to be recovered from the
PD brain. Despite its limitations, this model has contributed
enormously to our understanding of PD pathology. 6-OHDA
will continue to afford PD researchers a useful animal model
for PD research for long time.

2.2. MPTP. In 1982, MPTP was accidentally discovered in a
synthesis process gone awry, and, although it may have
caused some mayhem in certain circles, today it represents
the most important and most frequently used parkinsonian
toxin applied in animal models. Young drug addicts devel-
oped an idiopathic parkinsonian syndrome after intravenous
injection of this compound. After investigating the etiology
of their condition, it was found that MPTP was the neu-
rotoxic contaminant responsible for the parkinsonian effect

[32]. Oxidative stress, ROS, energy failure, and inflammation
have consistently been pointed to as hallmarks of PD. It
has been repeatedly demonstrated that MPTP is indeed the
gold standard for toxin-based animal models of PD among
PD researchers for replicating almost all of these hallmarks
[32]. Unfortunately, lacking in this list is the definitive
characteristic of PD, LB formation [33, 34]. Interestingly,
some studies have demonstrated the production of Lewy
body-like inclusions after MPTP administration [35, 36]
although these studies have been difficult to replicate. These
studies suggest that, under the right circumstances, we may
be able to reproduce the majority of hallmarks found in PD.

MPTP is highly lipophilic and after systemic admin-
istration rapidly crosses the blood-brain barrier. Once in
the brain, MPTP enters astrocytes and is metabolized into
MPP+, its active metabolite, by monoamine oxidase-B
(MAO-B). Recent findings show that once released from
the astrocytes into the extracellular space via the OCT-3
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Figure 2: Photomicrographs of nonhuman primate immunos-
tained for tyrosine hydroxylase (TH). Dopaminergic neurons
located in the substantia nigra compacta (SNc) project to the
caudate (CD) and putamen (PUT). Note the markedly reduced TH
immunoreactivity in the substantia nigra and striatum (CD and
PUT) in the MPTP-treated monkey (b) compared to control (a).

transporter [37], MPP+ is taken up into the neuron by the
dopamine transporter (DAT) and can be stored in vesicles via
uptake by the vesicular monoamine transporter (VMAT2)
[38]. Consequently, mice lacking the DAT are protected from
MPTP toxicity [39]. Once inside the neuron, MPP+ is able
to inhibit complex 1 of the mitochondrial electron transport
chain, resulting in the release of ROS as well as reduced ATP
production. Storing into vesicles can decrease MPP+ toxicity
[40–42]. Additionally, MPP+ stored in vesicles is thought
to expel DA out into the intercellular space where it can be
metabolized into a number of compounds, including toxic
metabolites, such as DOPAL and where it is can be subjected
to superoxide radical (5-cysteinyl-DA) and hydroxyl radical
(6-OHDA) attack [43, 44].

MPTP is used mainly in nonhuman primates and mice
but has also been used in many other species such as dogs and
cats [45]. For unknown reasons, rats are resistant to MPTP
and mouse strains vary widely in their sensitivity to the toxin
[46]. MPTP can be administered by a variety of regimens,
but the most common and reproducible form is still systemic
injection (subcutaneous, intravenous) [47]. When MPTP is
administered to nonhuman primates, they exhibit behavioral
and neuroanatomical similarities to the human condition
showing a bilateral parkinsonian syndrome [48] (Figure 2).
Another commonly used route is the unilateral intracarotid
injection. This causes mostly a unilateral parkinsonism,
whose benefits as an animal model were described earlier, but
is technically more complicated to perform [49].

Usually monkeys are treated with high doses of MPTP for
a short time (acute model). Recently, however, new schedules
have introduced lower doses of the neurotoxin for longer
periods of time (subacute to chronic) to replicate more
closely the human pathology [50]. There are recent studies
attempting to develop a more progressive model of PD.
In addition, models are being developed to study com-
pensatory mechanisms or recovery. These models use low

to intermittent doses administered once or twice per week
[51–54]. It is well known that monkeys exhibit variability
in MPTP susceptibility and that older primates are often
more susceptible to MPTP [55]. MPTP-treated monkeys
respond well to antiparkinsonian treatments like L-DOPA or
apomorphine and, like human pathology, after the treatment
develop dyskinesias. Recently, some studies have been taken
in order to study and evaluate the nonmotor symptoms
of the disease using this model [56–61]. This model has
also been used for electrophysiological studies, leading to
important findings, including the emergence of deep brain
stimulation, which is currently the best surgical method to
ameliorate symptoms in PD patients [62, 63].

Currently, the MPTP model is used more in mice than
in monkeys. Aside from the obvious financial benefits, the
mouse model is employed to test theories about cell death in
PD, to work out events in the neuronal death process, and
to study other pathological effects of PD. It is also extremely
useful as an initial screening tool to test potential treatments
for PD. On the other hand, the MPTP monkey model is
mainly used to discern behavioral and symptomatic compo-
nents of PD, as mice do not develop a level of impairment
equal to the human condition. Monkeys also represent the
last level of PD treatment research prior to any treatment
being administered to humans [64]. However, the data
generated by mouse models has led to a better understanding
of molecular mechanisms involved in PD, and its utility
has proven invaluable. One of the most important aspects
of the MPTP mouse model is the possibility to work with
genetically modified mice [65, 66]. This model can be useful
for testing neuroprotective therapies. Currently, MPTP is the
standard bearer for toxin-based PD animal models.

3. Pesticide/Herbicide Models

3.1. Paraquat. Paraquat (N,N′-dimethyl-4-4-4′-bypiridini-
um) (PQ) is a herbicide widely used in agriculture that ex-
hibits a structural resemblance to MPP+, and, because of this
structural similarity, it was reasoned that PQ should behave
like MPP+. Epidemiological reports suggest that pesticide
use increases the risk of developing PD, but, in the case of PQ,
there have been only 95 cases of PD linked to its toxicity in
humans [67]. PQ exerts its deleterious effects through oxida-
tive stress mediated by redox cycling, which generates ROS.
In particular, the superoxide radical, hydrogen peroxide, and
hydroxyl radicals lead to the damage of lipids, proteins, DNA
and RNA [68, 69]. Recent evidence on the effects of PQ in
the nigrostriatal DA system is somewhat ambiguous as some
researchers report that, following the systemic application
of this herbicide to mice, animals exhibit reduced motor
activity and a dose-dependent loss of striatal TH-positive
striatal fibers and midbrain SNpc neurons [70, 71]. Other
researchers claim that no PQ-induced changes occur in the
nigrostriatal DA system [72, 73]. However, in a newer recent
study, Rappold et al. [74] demonstrate that PQ, in high
doses, employs the organic cationic transporter-3 (OCT-
3) and the dopamine transporter (DAT) and is toxic to
the DA neurons in the SN. Furthermore, they suggest that
the damage done by PQ is caused by radicalized PQ and
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facilitated by the glial cells. This means that PQ behaves
like MPP+ in exerting its toxic effects. Although this study
increases our understanding of how PQ may work, it does
not end the controversy about PQ and PD.

PQ’s importance to PD researchers is its ability to induce
increases in α-synuclein in individual DA neurons in the
SNpc and its ability to induce LB-like structures in DA neu-
rons of the SNpc [75]. The relation of dopaminergic neuron
loss with α-synuclein upregulation and aggregation suggests
that this model could be valuable for capturing a PD-like
pathology. However, the molecular link between oxidative
stress and cell death in this model is still unknown. Thus, the
significance of PQ in PD research is often limited to the study
of the process of LB formation in DA neurons as well as the
role of α-synuclein in PD. PQ is only one of the many agricul-
tural chemicals known to cause damage to the dopaminergic
system. Maneb (manganese ethylenebisdithiocarbamate) has
been shown to decrease locomotor activity and potentiate
both the MPTP and the PQ effects [73, 76, 77]. Moreover,
the combination of PQ and maneb produced greater effects
on the dopaminergic system than either of these chemicals
alone. These compounds give credence to the theory that
environmental pesticides can cause PD [67, 78–80]. In fact,
recent studies have demonstrated that those exposed to
PQ or fungicides like maneb or ziram experience a greater
risk of developing PD [81, 82]. Further investigations using
these models are needed to determine the involvement of
environmental exposures in the etiology of PD.

3.2. Rotenone. Unlike PQ, which is a pure herbicide roten-
one, is both a herbicide and an insecticide [83]. It is the most
potent member of the rotenoid family of neurotoxins found
naturally in tropical plants. The half-life of rotenone is 3–5
days depending on its exposure to sunlight, and it is rapidly
broken down in soil and in water [83]. For these reasons,
rotenone is not considered to be a groundwater pollutant.
Rotenone is highly lipophilic and readily crosses the blood-
brain barrier. Chronic exposure to low doses of rotenone
results in inhibition of the mitochondrial electron transport
chain in the rat brain. In animals, rotenone has been admin-
istered by different routes. Oral administration appears
to cause little neurotoxicity [84, 85]. Chronic systemic
administration using osmotic pumps has been the most
common delivery regimen, especially in the Lewis rat, which
may be more sensitive to rotenone than other strains of
rats [86]. Intraperitoneal injections have been reported
to elicit behavioral and neurochemical deficits, although
mortality is very high [87]. Intravenous administration is
able to cause damage to nigrostriatal DA neurons that is
accompanied by α-synuclein aggregation, Lewy-like body
formation, oxidative stress, and gastrointestinal problems
[88]. The apparent beauty of this model is that, like paraquat,
it seems to replicate almost all of the hallmarks of PD
including causing α-synuclein aggregation and Lewy-like
body formation [89, 90]. Interestingly, a subsequent study
has found that rotenone is not specific to the DA system
and has deleterious effects on other neuronal populations.
Likewise, in PD in which neurodegeneration extends beyond
the dopaminergic system, rotenone is associated with 35%

reduction in serotonin, 26% in noradrenergic, and 29%
in cholinergic neurons [89]. However, when rotenone was
administered chronically at lower doses to achieve complex
I inhibition similar to that observed in patients, it seems
to produce a highly selective nigrostriatal degeneration [86]
although only about 50% of the treated rats exhibit nigros-
triatal lesions. The controversy about the use of rotenone as a
model of PD is that although it does augment DA oxidation,
evidence is slim on depletion of DA in the nigrostriatal
system [91]. Attempts to lesion other animal species such
as mice or monkeys have not been successful at all [72, 92].
However, recent studies by two groups have demonstrated
that oral administration of rotenone to mice causes nigral
degeneration, a decrease of striatal dopamine levels, and
motor dysfunction [85, 93, 94]. They also demonstrated α-
synuclein aggregation in different areas of the brain [95].
Furthermore, there are no documented cases of rotenone-
induced PD in humans. Thus, it is not clear that this model
offers any advantage over other toxic models, such as that of
6-OHDA or MPTP.

4. Genetic Models

The underlying principle for studying genetic mutations of
a disease is the belief that the clinical similarities between
the inherited and sporadic forms of the disease share a
common mechanism that can lead to the identification of
molecular and biochemical pathways involved in the disease
pathogenesis. Genetic mutations in PD are rare and represent
only about 10% of all PD cases [6]. And animal models
of these mutations (α-synuclein and LRRK2, autosomal
dominant PD) and (PINK1/Parkin and DJ-1, autosomal
recessive PD) are important as they represent potential
therapeutic targets. However, we must first understand the
workings of these animal models because it is becoming
clearer that there are many facets to PD disease.

Mutations to the α-synuclein gene, which is normally
thought to play a role in the synaptic vesicle recycling,
were the earliest evidence for genetic link to PD. Two
mutations in the α-synuclein gene (A53T, A30P) cause
a dominantly inherited form of PD [96] and have been
used to create transgenic mice in an effort to recapitulate
the pathophysiology of PD. Studies done using α-synuclein
transgenic mice have yielded considerable progress, showing
that A53T mutations in mice can result in a severe motor
phenotype which can eventually lead to paralysis and death
[97]. Additionally, mutations to the α-synuclein gene in mice
produce inclusions that resemble LBs [98]. However this
phenotype is generally restricted to the A53T mutation and
not found in A30P transgenic mice. Indeed, it has been
shown that knocking out α-synuclein does not affect DA
neuron development or maintenance [99, 100] suggesting
that the loss of α-synuclein probably plays no role in the
degeneration of DA neurons that is seen in PD. Interestingly,
studies done in Drosophila expressing mutant α-synuclein
show dopaminergic cell loss, reduced TH expression in
the SN, filamentous intraneuronal inclusions, and motor
deficits [101]. Some of the α-synuclein transgenic mice have
olfactory impairments and colonic dysfunction, and it seems
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that there are other nonmotor abnormalities [102]. Under-
standing these nonmotor symptoms could offer new model
for testing therapies focused on the nonmotor symptoms.
However, since the function of α-synuclein has yet to be
figured out, the actual role of α-synuclein in PD still remains
elusive.

Mutations to the LRRK2 gene have been shown to cause
a dominant form of PD [103]. Unlike α-synuclein which is
ubiquitous, LRRK2 (leucine rich repeat kinase 2) is localized
to membranes. However, similar to α-synuclein transgenic
mice, it has been determined that knocking out LRRK2
has no effect on DA neuron development and maintenance
[102]. Moreover, Drosophila models are limited in their
translation to the human condition, and the LRRK2 mouse
model is not particularly a strong model as it shows only
minimal levels of neurodegeneration [104].

Mutations to parkin (which accounts for about 50%
of the familial cases of PD and 20% of the young onset
PD cases), DJ1 (a redox sensitive molecular chaperone and
regulator of antioxidant gene expression), and PINK1 (phos-
phatase and tensin homolog—PTEN-induced novel kinase 1,
which is localized to the mitochondrial intermembrane
space) cause autosomal recessive forms of PD. Knock-out
rodent models of these genes do not demonstrate any nigros-
triatal degeneration, present with intranucelar inclusions,
or displays any form of DA neuron loss that resembles
idiopathic or inherited PD and fail to develope any type of
behavioral or pathological phenotype (only PINK1 knock-
out mice display reduced DA release in the striatum) [105].
However, recently it has been shown that knocking out
parkin in mice at adult age causes neurodegeneration in the
SNc [106].

Overall, this genetic mouse models are able to recapit-
ulate specific aspects of PD, although none produce the
neuronal degeneration associated with PD; therefore these
themselves may be defective and may require additional
modulations or modifications, like for example the human
environment [107].

5. Conclusions

Animal model systems are the closest to humans that we
are able to study. A number of animal models of PD have
been developed to understand the pathogenesis and test
potential therapeutics of this disease. In this paper we have
summarized the most prominent aspects characterizing the
most popular toxic and genetic models of PD. Each model
has advantages and disadvantages as we have discussed in
this paper. Toxic models offer some of the hallmarks of
PD while genetic models offer others. Meanwhile the toxic
models are useful to screen drugs for symptomatic treatment
of the disease; transgenic or knockout models are useful for
evaluating the role of genetics in PD. The drawback of the
toxin models is that most of them resemble PD at late stages,
whereas genetic animal models use either overexpression or
knock-out technology to model disease from early on. The
choice of the model to be used depends on the questions
being asked. With toxin models, we are working toward
developing a progressive model by tempering the toxic doses

used. With genetic models, we are trying to come up with the
right balance of contributing components through knock-in
or conditional technology. However, there is much progress
to be made, because it seems unlikely that a single model,
be it toxic or genetic, can fully recapitulate the complexity of
human PD. Future models should involve a combination of
neurotoxin-induced and genetically induced models ideally
taking into account factors of aging and environmental
insults.
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Different species have been used to reproduce myocardial infarction models but in the last years mice became the animals of
choice for the analysis of several diseases, due to their short life cycle and the possibility of genetic manipulation. Many techniques
are currently used for cardiovascular imaging in mice, including X-ray computed tomography (CT), high-resolution ultrasound,
magnetic resonance imaging, and nuclear medicine procedures. Cardiac positron emission tomography (PET) allows to examine
noninvasively, on a molecular level and with high sensitivity, regional changes in myocardial perfusion, metabolism, apoptosis,
inflammation, and gene expression or to measure changes in anatomical and functional parameters in heart diseases. Currently
hybrid PET/CT scanners for small laboratory animals are available, where CT adds high-resolution anatomical information. This
paper reviews mouse models of myocardial infarction and discusses the applications of dedicated PET/CT systems technology,
including animal preparation, anesthesia, radiotracers, and images postprocessing.

1. Introduction

Cardiovascular diseases, such as coronary heart disease
(CHD), are common causes of morbidity and mortality
in developed countries. Currently CHD is a relevant cause
of permanent disability in workers and congestive heart
failure, which is frequently secondary to myocardial infarc-
tion (MI). Despite progress in the diagnosis and treatment
of CHD, appropriate animal models play a central role
to investigate the mechanisms involved in the pathogen-
esis and for the advancement of diagnosis and therapies.
Rodents, in particular mice, are often used in cardio-
vascular research, since they are not expensive, easy to
handle and to house, are easily prone to genetic manipu-
lations and show anatomic similarity in developmental and
postnatal heart compared with humans. Therefore, conven-
tional wild-type and genetically altered mice are becoming

interesting models for better understanding the pathogenesis
and improvement in diagnosis, prevention, and therapy
of CHD in humans. Noninvasive in vivo imaging has
acquired a critical role in mouse cardiovascular research;
however, the small size and rapid rate of the mouse heart
pose significant challenges for cardiac imaging, requiring
expensive equipment and established expertise (Figure 1).
Since the left ventricle wall is thinner than 1 mm, high
spatial resolution is mandatory. At the same time, the rapid
heart movement requires high temporal resolution. Table 1
indicates several imaging techniques that are currently used
for morphological and functional phenotyping of mouse
cardiovascular system, including high-resolution ultrasound,
X-ray computed tomography (CT), magnetic resonance,
and nuclear medicine procedures. Molecular imaging with
positron emission tomography (PET) allows evaluating, in a
non-invasive and longitudinal manner, biological processes
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Table 1: Principal characteristics of small animal imaging techniques in cardiovascular research.

Imaging
technique

Physical
principle

Spatial
resolution

Advantages Disadvantages

UBM
High frequency
sound waves

50 μm
Real-time cardiovascular
morphofunctional assessment

Strongly operator dependent,
difficult assessing of right
ventricle

CT X-rays 100 μm Left ventricle morphology Radiation dose

MRI
High intensity
magnetic field

200 μm
High tissue contrast and
functional parameters

Most expensive and availability

SPECT
Gamma
emitters

Max 0.62 mm
FWHM

Molecular imaging, myocardial
metabolism and perfusion,
10−10-10−11 M sensitivity

Low spatial resolution, radiation
dose

PET
Positron
emitters

Max 1 mm
FWHM

Molecular imaging, myocardial
metabolism and perfusion,
10−11-10−12 M sensitivity

Low spatial resolution, radiation
dose

UBM: ultrasound biomicroscopy; CT: computed tomography; MRI: magnetic resonance imaging; SPECT: single-photon emission computed tomography;
PET: positron emission tomography; FWHM: full width at half maximum.

Figure 1: Longitudinal and transversal dimensions (mm) of mouse
heart.

at a cellular and subcellular level in early steps of heart
diseases, to perform quantitative analysis, to study apopto-
sis, angiogenesis, hypoxia, inflammation, receptor density,
and gene expression. In spite of the great specificity and
sensitivity of PET, molecular imaging approach can take
advantage from simultaneous acquisition of morphological
information for localization and quantification. Therefore,
hybrid imaging with PET/CT systems is becoming the most
used approach in cardiovascular imaging. In this paper we
review mouse models of myocardial infarction and discuss
the applications of dedicated PET/CT systems technology,
including animal preparation, anesthesia, radiotracers, and
images postprocessing.

2. Models of Myocardial Infarction

In an animal model the induced disorder should closely
resemble the disorder in human. None of the currently avail-
able animal models can entirely reproduce the full spectrum
of cardiovascular diseases in humans. Rodents, especially rats
and mice, are commonly used in cardiovascular research
because they are less expensive and are easier to handle and
to house compared to large animals [1]. Since a broad variety
of genetically modified mice are produced and knockin and
knockout techniques are well developed on mice, mouse
models are increasingly adopted to study cardiovascular
human diseases and to identify new therapeutic targets. The
most frequently used include MI or ischemia-reperfusion by
ligation of the left coronary artery [2, 3]. Despite several
anatomic differences, the value and clinical translatability
of mouse models of cardiac diseases have been proven. The
mouse heart is similar to the human concerning ventricular
structure and valves. The major anatomical differences are
seen in the atria and venous pole of the heart (Figure 2). In
human, left atrium receives four pulmonary veins, while in
the mouse the pulmonary veins join in a single vessel. During
organogenesis, in human left cranial caval vein regresses and
the proximal portion becomes the coronary sinus, while the
distal portion gives rise to the ligament of Marshall and the
oblique vein [4]. In the mouse, the left cranial caval vein does
not regress and persist in postnatal life. These differences in
venous tributaries into atrial chambers are the likely reasons
for the relatively small size of atria in murine heart [5]. The
mouse coronary anatomy has some differences compared to
human. Mice have a single septal coronary artery, arising
from separate ostia from the right sinus of Valsalva or as a
proximal branch of the right coronary artery, while in man
the interventricular septum is perfused by septal perforator
arteries arising from the left anterior descending or posterior
descending coronary arteries. Mouse left coronary artery
does not divide proximally into left anterior descending
and circumflex artery, but courses obliquely across the
left ventricular (LV) free wall and branches in a variable
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Figure 2: Tridimensional reconstruction of mouse heart, represent-
ing the peculiar features of venous pole and left coronary artery
anatomy.

fashion, similar to the ramous intermedius artery in man.
The right coronary artery branches proximal into a right
ventricular and circumflex vessel supplying the LV posterior
wall. Therefore, the distinct mouse coronary artery anatomy
results in different regionality of infarction compared with
human, because ligation of the left coronary artery in mice
produces ischemia in the anterolateral, posterior, and apical
regions of the heart, sparing the septum [2]. Also the
anatomy of conduction system is different from human,
because the sinoatrial node is located in the superior caval
vein above its junction with the right atrium, not in the
atrium itself [6]. Mouse model of myocardial ischemia has
highlighted the mechanisms of infarct and LV remodeling
and is often the first choice for testing new therapies such
as stem cell myocardial repair. Animal models mimicking
the characteristics and development of human MI and heart
failure related to CHD have been developed with various
strategies and methods. In humans CHD is related to chronic
narrowing by atherosclerotic plaques or by acute occlusion
by thrombosis of coronary arteries. In animals, atherosclero-
sis can be reproduced inducing hypercholesterolemia by fat-
/cholesterol- rich diet or by genetic manipulation. However,
time point and site of coronary occlusion occur accidentally
in these models and, in the latter case, the etiology is different
from that naturally occurring in humans. Various pathologic

conditions mimicking human cardiovascular diseases can be
induced by microsurgery. For example, surgical induction
of narrowing or occlusion of coronary arteries allows
facilitating a precise timing, location, reproducibility, and
extent of coronary disease. According to the duration and
extent of coronary blood flow impairment, surgical models
can be classified as MI, cardiac ischemia-reperfusion injury,
and chronic cardiac ischemia. In recent years, the mouse is
the species increasingly used to characterize MI induced by
coronary artery ligation. This is the major animal model
of LV dysfunction progressing to failure. A main technical
challenge to perform cardiovascular surgery in mice is the
little size of mouse heart and coronary arteries. A microscope
is required to clearly detect and bind the small left coronary
artery. Moreover, dedicated microsurgical instruments, thin
sutures and needles, and a customized mouse ventilator
should be employed. To perform surgery, the mouse is
anesthetized with intraperitoneal or inhalant agents. It is
important to not disturb the animal prematurely, since this
will induce stress and affect the quality of the subsequent
procedure. After an adequate depth of anesthesia is attained,
the mouse is fixed in a supine position on a heating table
to prevent hypothermia and is intubated to provide assisted
ventilation. Tracheal intubation of mice is challenging, due
to their small mouth and then the difficulty to visualize vocal
cord opening. If performed by nontrained operators, there is
a high risk of pharyngeal or tracheal damage, such as perfo-
ration or stenosis. Intubation can be made with a customized
tracheal cannula or a modified 18–20 gauge intravenous
Teflon catheter, of about 25 mm of length, inserted through
the oral cavity or after tracheotomy/tracheostomy. Visualiza-
tion of vocal cord opening can be facilitated with appropriate
positioning and using dedicated “self-made” device [7–12].
A drop of 1% lidocaine can be applied on the tip of the
tracheal cannula to reduce laryngeal reflex. After intubation,
the mouse is connected to a mouse ventilator, providing
oxygen 2 liters/min and in case an inhalant anesthetic, with
a tidal volume of 200 μL and a respiratory rate of about 133
breaths/min. Prior to the incision, the chest is trichotomized
and disinfected with iodopovidone solution, and 0.1 mL of
0.1% lidocaine is injected subcutaneously. The thoracotomy
is performed by a transverse 5 mm incision of the left fourth
intercostal space, 2 mm away from the left sternal border. It
is important to avoid bleeding caused by damage intercostal
or internal thoracic veins. Chest retractor is gently inserted
to facilitate heart exposition. The pericardial sac is gently
opened, taking care to avoid the rupture of the wall of the
left superior vena cava. The left coronary artery is visualized
as a pulsating bright red vessel, running in the middle of the
heart wall from the left atrium toward the apex. Ligation
is performed with a 7-0 suture passed with a thin needle
under the artery, 1-2 mm lower than the tip of the left auricle,
which induces 40–50% ischemia of the left ventricle. It is
important to not enter the cavity of the ventricle with the
needle, but also to not be too superficial, as suture will cut
through the wall ventricle. Blanching of the tissue distal to
the ligation can recognize the occlusion of the artery. It is
important to overinflate lungs by shutting off with a finger
the outflow of the ventilator for 1-2 seconds. In fact, the
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lungs could be partially compressed by the retractor and
their collapse could result in respiratory distress and poor
recovery after surgery. The chest cavity is closed by bringing
together the 4th and the 5th ribs, muscles, and skin with 7-
0 absorbable sutures. The duration of the whole procedure
is reported of about 20 minutes for trained personnel. The
permanent occlusion of left coronary artery is followed by an
extensive myocardial remodeling, a hypertrophy of the viable
myocardium and thinning of the necrotic area [13]. Genetic
background, age, and sex of animals should be considered
because they can influence both infarct size and the disease
progression [14, 15]. Similar to the MI animal models,
to perform ischemia-reperfusion models the left coronary
artery is legated, but a small plastic tube is placed between the
legated vessel and the node, allowing for easier and safe relief
of the occlusion. Ischemia can be verified by sudden regional
paleness of the myocardium, whereas reperfusion is verified
by the appearance of hyperemia in the previously pale region.
During the period of occlusion, the chest opening should
be covered with a sterile gauze to prevent drying and loss
of heat. This model is characterized by a high infiltration
of inflammatory cells, attenuated fibrotic remodeling and
angiogenesis in the necrotic area [13]. To minimize the
influence of surgery on inflammatory process, a “closed
chest” ligation model of myocardial ischemia-reperfusion
injury in the mouse has also been developed: briefly, after
thoracotomy, a thin suture is passed under the left coronary
artery and the end of the suture are inserted into a piece of
polyethylene-10 tubing and exteriorized through the chest
wall [16]. Then thoracic incision is closed and ischemia-
reperfusion experiment is performed a few days later, pulling
or releasing the suture ends, when inflammatory process
induced by surgery is ended. The surgical murine model
of MI is different from human pathological condition for
several aspects: left coronary artery ligation produces in
mice a transmural MI, whereas in human the development
of collateral circulation and the potential cardioprotective
effects of repeated mild ischemic events associated with
CHD produce smaller, nontransmural infarct. In 1994,
Miller and colleagues showed that “preconditioning” in the
myocardium can induce a reduction of the infarct size of
about 50%. For preconditioning, the mouse undergoes three
cycles of 5 minutes of artery occlusion, followed by 5 minutes
of reperfusion, and then 30 minutes of artery occlusion
followed by 2 hours of reperfusion. Mortality associated with
MI induction in mice is about 10%, due to acute malignant
arrhythmias such as ventricular fibrillation after reperfusion
or within 1 hour after surgery, that can be prevented by
intraperitoneal injection of lidocaine (6 mg/kg) [13].

3. Cardiac PET/CT Imaging

Traditional cardiac imaging is based on detection of changes
in the anatomy and physiological features of heart, such
as blood flow or contractile function. Instead, molecular
imaging is characterized by visualization and measurement
of biochemical and cellular mechanisms of diseases, includ-
ing altered energy metabolism, inflammation, apoptosis,

thrombosis, and angiogenesis, thus improving early diag-
nosis and therapeutic approaches. Cardiac imaging in mice
is difficult, due to the small ventricle volume and high
heart rate. The use of molecular imaging in preclinical
cardiovascular research has become possible by advances
in imaging technology. In the last years, small animal PET
systems with high spatial resolution and great sensitivity
have been developed. The advantages of PET include
higher sensitivity enabling dynamic imaging, creation of
radiolabeled probes with natural radioisotopes that do
not alter chemical behavior, well-established methods for
attenuation correction, and the potential of absolute and
semiquantitative accurate image quantification. PET allows
measurement of functional processes like myocardial blood
flow, cardiac output, metabolism of glucose or free fatty acid,
or oxygen consumption in absolute units or, more simply,
in a semiquantitative manner. Dynamic scans are required
to measure the arterial input function and the tissue time
activity curve. In humans and in larger animal models, these
parameters are evaluated through repeated blood samples,
or noninvasively by assessing the activity of the arterial
blood pool in the LV cavity on PET images. Catheter-
based arterial blood sampling is the gold standard method
for measuring the input function in mice. Nevertheless, in
mice arterial sampling is technically difficult because of the
relatively small diameters and fragility of the mouse blood
arteries [17]. In addition, the total blood volume of a mouse
is very limited (1.7 mL), making repeated blood sampling
impossible without affecting the homeostasis of the mice.
To minimize blood loss and difficulty in sampling blood
from a mouse during a dynamic small animal PET scan,
a microblood sampling technique has been developed [18],
but the number of blood samples that can be withdrawn
is limited. To avoid these problems, various methods have
been proposed to estimate the input function noninvasively,
such as the derivation of liver time-activity curve from small-
animal PET dynamic images [17, 19] or measurement of
blood pool activity from a LV volume of interest [20–24].
However, in small animal imaging, hearts and arteries are
small compared with the scanner spatial resolution and
in association with cardiac and respiratory motion causes
blurring and partial volume effect artifacts. The correction
of the partial volume related underestimation of the blood
tracer concentration could be made determining recovery
coefficient by different sizes rod phantoms [22] or using a
four-dimensional virtual mouse phantom [25]. Moreover,
the fast heart rate needs the correction for tracer recircu-
lation. Since blood samples could not be obtained rapidly
during the initial bolus transits through the central circula-
tion, an early time point 20–35 seconds after injection has
been proposed for blood-sampling-derived values. At this
time, equivalent to several circulation times, the radiotracer
concentration is relatively constant [20]. Implementation of
clustering [26] or factor analysis algorithms [27] enables
minimally invasive extraction of accurate input functions
and myocardial time-activity curves from dynamic micro-
PET images of rodents without the need to draw regions
of interest, and overcoming the limitation related to partial-
volume effect, spillover from the myocardium and motion
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blurring. Therefore, although the quantification of the
metabolic rate of energetic substrates utilization improves
the accuracy of measuring the extent of the infarct, in
mice are commonly adopted semiquantitative approaches
for analysis of the distribution of radiotracers. Measurement
of infarct size is an important clinical goal for prognostic
assessment and evaluation of therapeutic interventions [28].
Although the quantification of infarct size has been well-
established in humans, this approach is more challenging
in small animals due to their smaller size. In cardiovascular
research, histological measurements are widely accepted as
the gold standard for quantifying infarct size, also to validate
imaging-based approach. Nevertheless, histomorphometry
cannot provide serial measurements in the same animal over
time, which are useful to monitor the evolution of a disease
or the response to a treatment. Therefore, there is a great
interest to develop an accurate and noninvasive method to
evaluate infarct size in living mice, improving the knowledge
of metabolic and functional changes related to MI and the
efficacy of interventional, pharmacological, or molecular
therapies. Several imaging-based approaches to measure
infarct size have been developed on animal models. It has
been reported that infarct size quantification in mice can be
obtained in an accurate and repeatable way with CT [29],
magnetic resonance [30], single-photon emission computed
tomography (SPECT) [31], or PET [32]. In particular, PET
has several advantages, such as high spatial resolution and
sensitivity. Since tridimensional images can be reconstructed
from PET datasets, this technique is more suitable than oth-
ers, such as 2D echocardiography, to study MI models, which
are characterized by greatly modified ventricular shape and
irregular wall thickness [14]. Furthermore, with the advent of
dedicated image reconstruction and quantification software,
it is now possible to perform quantitative clinical measures
in rodent heart.

Disadvantages of PET include the use of ionizing radia-
tion and the physic intrinsic limit to the maximum spatial
resolution achievable. Currently most micro-PET imaging
systems are fused with micro-CT, to create hybrid-imaging
systems that overcome the inherent low resolution of the
very sensitive nuclear imaging techniques and provide the
site of molecular tracers uptake in greater anatomic detail.
Hybrid imaging systems will facilitate the translation of
molecular imaging-based approaches to man. CT is also
useful to perform accurate correction for partial volume
errors. Disadvantages of CT include the use of ionizing
radiation and the limited spatial resolution achievable in
vivo, related to the radiation dose administered to the
animals.

4. PET Tracers for Models of
Myocardial Infarction

Alterations in myocardial substrate metabolism are critical
in the pathogenesis of many cardiovascular diseases. MI
is associated with numerous biochemical and functional
changes in the necrotic tissue, in the area at risk, and in
the remote myocardium. PET imaging can provide in vivo

a noninvasive, serial and quantitative assessment of myocar-
dial perfusion, metabolism, apoptosis, and gene expression.
Moreover, electrocardiographic and respiratory gating PET
imaging can also be used to analyze anatomic and functional
parameters, such as LV shape, end-diastolic and end-systolic
volumes, stroke volume, cardiac output, ejection fraction,
and regional contractility [32]. The principal characteristics
of the most commonly used PET tracers are illustrated in
Table 2. PET radiotracers used for evaluation of myocardial
blood flow include N-13 ammonia, rubidium-82, and O-
15 water [33]. However, their short half-life limits their
widespread clinical use, because of the need for nearby
cyclotron or generator. Among these, N-13 ammonia is the
most widely used in preclinical studies, due to its rela-
tively longer half-life of ten minutes, the high myocardium
extraction, and reduced persistence in blood pool [34]. F-
18 fluorodeoxyglucose (FDG) is the most widely used PET
tracer and its uptake provides an established method in
clinical practice to measure tissue viability in patients with
advanced CHD and impaired LV function. Compared with
the other tracers, FDG is more readily available in most
PET centers and allows for better resolution images [35].
FDG traces myocyte glucose uptake and phosphorylation
and can be used to quantify regional myocardial glucose
metabolism in normal mice and in those with myocardial
infarction (Figure 3). The uptake of FDG reflects the activity
of various glucose transporters and hexokinase in manner
similar to glucose, but unlike glucose-6-phosphate, FDG-
6-phosphate is not further metabolized and is trapped
into the cells, enhancing imaging quality. This radiotracer
is also useful to study inflammation in course of acute
myocardial ischemia-reperfusion injury and LV remodeling.
As an alternative to glucose metabolism, PET studies with
a variety of compounds with similar structure to the fatty
acids radiolabeled with [18F] are useful for studying cardiac
metabolism, since an ischemic event induces the use of
glucose as preferential energy substrate instead of fatty
acids, for a long time. C-11 acetate has been proposed as a
marker of myocardial viability, because it evaluates residual
oxidative metabolism, that is preserved in dysfunctional
but viable myocardium, whereas it is severely depressed in
irreversibly dysfunctional segments [27]. In the literature it
has been described preclinical studies in rat with [18F]-RGD,
a cyclic peptide that specifically recognizes receptors ανβ3,
and useful to evaluate angiogenesis after myocardial ischemia
[36] and with 11C-epinephrine, demonstrating impaired
uptake and storage of catecholamines in the myocardium
after ischemia induction [37].

5. Technological Features of Dedicated
PET/CT Systems

The development of PET systems dedicated to small labora-
tory animals started in the early 1990s. The first dedicated
scanner commercialized was the “RatPET” in 1995 [38].
Since then, the main objective has been the improvement
of the performances of these devices, considering that heart
size is 10 times smaller and heart rate is 10 times faster
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Table 2: Principal characteristics of PET tracers for cardiovascular imaging.

Tracer Production Half-life Extraction Myocardial uptake mechanism
13N-ammonia Cyclotron 10 min 80% Diffusion/metabolic trapping (perfusion)
82Rubidium Generator 78 sec 50–60% Na/K-ATPase (perfusion)
15O-water Cyclotron 2.1 min 100% Free diffusion (perfusion)

F-18 FDG Cyclotron 110 min 1–3% Glucose transport/hexokinase (viability)

PET: positron emission tomography; Na/K-ATPase: sodium/potassium-ATPase; FDG: fluorodeoxyglucose.

Figure 3: [18F] FDG cardiac PET/CT in a normal mouse (top) and in a mouse with myocardial infarction (lower). FDG cardiac uptake is
uniform in the normal mouse, while there is an area of absent uptake in the anteroapical region of the mouse with myocardial infarction.

in mice than humans. It is well known that PET is char-
acterized by two intrinsic physical limits to the maximum
spatial resolution achievable: the finite range of positron
and the acollinearity of the two annihilation photons. It
has been estimated that the distance which F-18 travels
prior to annihilation produces a blurring effect of about
0.1–0.2 mm, whereas the deviation of annihilation photons
from the 180◦ direction will produce an additional blur of
0.3 mm for a 15 cm detector diameter scanner. Therefore,
the highest theoretically resolution achievable with F-18 is
about 0.6 mm. Dedicated systems to date available have
a spatial resolution between 1 and 2 mm full width at
half maximum (FWHM) [39–41]. Problems related to
nonuniformity of spatial resolution can be limited measuring
depth of interaction of gamma rays in detectors composed of
two joined scintillators with different decay time constant,
for example LSO and GSO crystals. Nowadays the small
animal scanner with higher spatial resolution is characterized
by a detector system formed by layers of laminated lead

with several holes that convert the incident gamma rays
in electrons, and gas ionization chambers that detect these
electrons. This peculiar detector system, associated with
the use of a “resolution recovery” reconstruction algorithm,
allows to achieve a spatial resolution of 1 mm FWHM [41].
System sensitivity, defined as the fraction of radioactive
decays detected per volumetric resolution elements, is the
other important parameter affecting image quality. The
detector material, thickness, and geometry are the main
factors affecting sensitivity. Currently both human and
preclinical PET scanners detect about 2–5% of the coincident
annihilation photons at the center of field of view. The
main challenge of dedicated imaging systems is to obtain at
the same time a high spatial resolution and sensitivity. The
difficulty to reach this goal is in the design and realization
of the detectors. To achieve a high spatial resolution in
a dedicated PET scanner with inorganic crystals (BGO,
LSO(Ce), GSO(Ce)) detectors, the size of the crystals cross-
section must be reduced. As a consequence, the solid angle
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covered by a single detector is limited, decreasing the system
sensitivity. Moreover, a reduction of crystals size increases the
number of gamma rays obliquely incident on their surface,
causing parallax error that degrades spatial resolution from
the center toward the edge of the field of view. On the other
hand, the increase in the numbers of discrete small crystals
poses some difficulties in terms of light collection and
readout electronics. Theoretically, the coincidence photon
detection efficiency should be improved by a factor of 1000
scaling from clinical to mouse imaging, but it is possible to
achieve a 200-fold increase in 2D and a 30-fold increase in 3D
data acquisition mode. The resolution-sensitivity offset also
strongly affects dynamic scans, because reconstruction of
short time frames of PET data may result in unacceptable low
signal-to-noise ratio [40]. Iterative statistical algorithms can
optimize tradeoff between signal-to-noise ratio and spatial
resolution [42]. Image quality is also influenced by the total
amount of radioactivity in the field of view, and the scan
time. In order to collect an adequate amount of events for
good quality image reconstruction, administered dose can
be increased securely for probes of endogenous compounds
such as the analogue of glucose FDG, overcoming some of
the sensitivity limitations. For probes targeting biological
markers in nanomolar concentration in tissues, an increase
in specific activity allows more radioactivity to be injected
into an animal. The number of detected events can be also
incremented by long scan time, whereas this approach is
limited by radionuclide half-life, radiotracers clearance, and
animal anesthesia duration [40]. In molecular imaging, PET
provides the possibility to visualize metabolic processes at
cellular level noninvasively, quantitatively, and repeatedly,
but does not allows a precise anatomic localization of
lesions. The introduction of micro-PET/CT hybrid systems
for imaging of small animals has greatly enhanced the
performance and the accuracy of nuclear imaging, allowing
a fine spatial localization of the radiotracer biodistribution
and will facilitate the translation of molecular-based imaging
to humans. Delayed enhancement micro-CT, using blood-
pool and conventional iodinated contrast agent can help
to optimize measurement of infarct size, since molecu-
lar targets and biological processes differ greatly between
necrotic and remote myocardium [29]. Micro-CT can be
also useful to perform attenuation correction that can result
in underestimation of regional radiotracer activity. Whereas
attenuation of the 511 KeV photons is about 22% for a mouse
[41], CT-based attenuation correction has been shown to
be accurate in small animal PET, allowing to reduce noise
and significantly improve the accuracy of semiquantitative
uptake measurements [43]. Several scanner designs are
suited for different preclinical research fields. Generally,
micro-CT provides higher spatial resolution (<500 μm) than
current clinical scanner (from 450 to 600 μm). Scaling down
CT imaging to the size of a mouse is challenging: to acquire
CT data with detail of internal organs comparable to clinical
CT scan, a resolution of about 100 μm is required. The
heart rate of a mouse is about 400–600 min−1 and to use
the diastole as the phase of the heart cycle that show the
minimum amount of motion, a CT temporal resolution
of almost 50 ms is necessary in comparison to 300 ms in

humans. In order to achieve high spatial and contrast
resolution, high X-ray doses are needed, ranging from 250 to
500 mGy, in comparison to <50 mGy for a clinical scanner.
Currently, flat-panel-based mini-CT systems offer a valuable
tradeoff among resolution (200 μm), scan time (0.5 s), and
applied X-ray dose. Although these values remain below
the lethal level for the mouse (6 Gy), repeated exposure to
small X-ray dosages can have biological effects, which might
interfere with longitudinal imaging protocols, for example,
on tumor growth or hematopoiesis [44].

6. Animal Preparation for Cardiac
PET/CT Imaging

Parallel to the development of dedicated PET scanners,
the need to optimize the operative protocols for small
rodents imaging has been profiled. For human F-18 FDG
studies, standard protocols have been established, whereas
procedures for animal imaging vary widely. In planning
longitudinal PET studies in mice, many variables interfering
with the accuracy of the experimental results must be taken
into account. Several factors may influence the kinetics and
biodistribution of radiopharmaceuticals, such as the mouse
preparation, the type of radiotracer employed, methods
and timing of radiopharmaceutical administration, and
anesthesia. Mice attending personnel should be trained for
resolutel and gentle manipulation. In fact, stress related to
physical restraint can induce corticosteroid and epinephrine
release, stimulate cardiovascular and respiratory functions,
and increase glucose levels, body temperature, and anesthetic
dosages [45]. Moreover, restraint distress during F-18 FDG
injection can cause evident uptake of radiotracer in inter-
scapular brown fat and paraspinal muscles, interfering with
visualization of heart [45]. Several studies have investigated
the effects of fasting, warming, and anesthesia on small
animal PET studies with FDG [46]. Under normal resting
conditions, myocardium derives the majority of energy from
long chain fatty acids, but it can rapidly change their energy
source to glucose in response to catecholamine or insulin
stimulation, or acute ischemia. It is reported that in fasted
mice myocardium should use fatty acids as its major energy
source, with consequently reduced glucose or FDG uptake
[47, 48]. In humans, glucose loading and insulin adminis-
tration are commonly used to improve image quality and
diagnostic accuracy. A glucose/insulin stimulation protocol
was successfully applied in rats [49] and in mice [50], to
standardize metabolic conditions for all animals and produce
a 50-fold increase of FDG uptake into the myocardium. This
protocol provides intraperitoneal administration of 8 mU/g
of human insulin and 1 mg/g of glucose thirty minutes before
FDG injection, and a biodistribution of thirty minutes prior
to a static PET scan of heart. Keeping patients warm from
before the FDG injection to the end of PET scanning is a
standard practice, commonly adopted for reducing inter-
scapular brown fat uptake [45]. Fueger et al. [46] reported
that in mice warming significantly reduces the intense FDG
uptake in brown adipose tissue, which could interfere with
a clear visualization of heart. In fact, at a so-called “zone
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of thermoneutrality” room temperature (30–34◦C), body
temperature is controlled by heat convection and activation
of brown adipose tissue and muscle activity are not required
to maintain it stable. Anesthesia can influence myocardial
metabolism and several haemodynamic parameters, such
as myocardial blood flow. Lee et al. [51] compared the
effects of ketamine-xylazine and pentobarbital anesthesia on
FDG biodistribution in fasted mice. They found that after 4
hours fast, both anesthetic protocols reduced FDG uptake in
myocardium. This finding can be explained by the significant
increase in plasma glucose level brought by xylazine and
by the increased insulin level brought by pentobarbital.
Hildebrandt et al. [45] reported that isoflurane, compared
to ketamine-xylazine, induces mild hyperglycemia, reduces
FDG uptake by brown adipose tissue and increases it in
myocardium. Woo et al. [52] observed a dose-dependent
increase in FDG uptake in heart under isoflurane anesthesia,
likely related to a dose-dependent decrease in blood pressure,
proportional to anesthetic depth.

Kober et al. [53] carried out regional myocardial blood
flow under two commonly used anesthetic regimens in mice.
They reported that under ketamine 100 mg/kg and xylazine
5 mg/kg or isoflurane 1.25% the mean blood flow value
in the LV myocardium was comparable. However, under
isoflurane concentration of about 2%, myocardial blood
flow, and then the uptake of FDG or other radiotracers
increased remarkably. In fact, isoflurane has been shown to
have effects on blood flow and vascular resistance in many
tissues including the heart. Its dose-dependent vasodilatory
effect on coronary microvessels has been assessed in vivo in
various animal models and in tissue preparations [53] and is
based on a mechanism of mitochondrial adenosine triphos-
phate regulated potassium (mitoKATP) channels opening
[54]. Ketamine/xylazine could enhance myocardial uptake of
radiotracers that interact with catecholamine receptors. Such
behavior seems to be due to a reduced blood norepinephrine
concentration and radiolabeled analogues activity, brought
about by the inhibition of norepinephrine release via α2-
adrenoreceptors agonist [55]. The volume of radiotracer
bolus should not exceed in mice 200 μL for the risk of
iatrogenic hypervolemia and lung edema. Therefore, short
half-life radionuclides have a maximum time of use in
small rodents. Moreover their specific activity decreases over
time, increasing the number of molecules injected and the
potential appearance of side effects. This problem is critical
in mice, because they receive a radiotracer dose greater of
humans: for example, in mouse is commonly used a dosage
of 0.2 mCi of F-18 FDG, that is, 50 times greater than the
human one (10 mCi), taking into account the body weight.
This factor is important to improve image quality but is
related to a higher radiation dose (about 40 cGy for F-18
PET) [45]. The route of administration is another factor
that could influence kinetics and biodistribution of radio-
pharmaceuticals. In humans, radiotracers are commonly
administered intravenously and injection error occurs in
about 1% of patients [56]. The two most common ways
used in mice are intravenous and intraperitoneal injection.
In preclinical PET studies, intravenous injection is preferred,
because the circulation time is faster, the behavior of tracer

kinetic is analogue to human and no residual tracer remains
in peritoneum. The intraperitoneal route can be associated
with modifications in tracer kinetics, wide variability of
acquired data, wrong radiotracer injection in internal organs,
and interference with abdominal studies. However, due to the
very small diameter of murine tail veins, partial paravenous
injection is common, leading to a net underestimation of the
injected dose. Therefore, like in humans [56], it has been
suggested the opportunity to measure residual radioactivity
in the tail with a short PET scan to correct the injected dose
for radioactivity deposition [57]. Moreover, Fueger et al. [46]
found that at 60 minutes after injection, FDG biodistribution
is comparable for intravenous and intraperitoneal route.

7. Postprocessing of PET/CT Images in
Models of Myocardial Infarction

The use of N-13 ammonia, rubidium-82, and F-18 FDG PET
for myocardial perfusion and viability imaging in patients
with CHD has increased significantly over the last decade
[58–60]. PET allows noninvasive measurements of physio-
logical parameters in absolute units or semiquantitative data.
The quantitative assessment of regional tracer distribution
has represented the main improvement in clinical nuclear
cardiology. A reliable, automated, and reproducible analysis
of cardiac SPECT or PET data is an important goal and
several software programs perform quantitative analysis of
myocardial perfusion and viability, according to a scheme
divided into some basic steps. First, the myocardial emission
activity from the left ventricle is “segmented,” that is isolated
from any other adjacent emission activity. Since tomographic
PET images are usually acquired transaxially to the long
axis of the patient, the cardiac images must be reoriented
by defining its long axis. Some software programs also
allow defining the valve plane and the junction between
left and right ventricle. At this point, the tomographic PET
data of the heart can be reprocessed into short axis slices
(from apex to the base, perpendicularly to the long axis of
the heart), vertical long axis slices (from the posterior to
anterior wall, parallel to long axis of the heart), horizontal
long axis (from the lateral wall to septum, parallel to the
long axis of the heart) to help the user in validating the
reorientation. Assuming a simplified structural model of
the left ventricle, described as a cylindrical structure in its
basal two-thirds and spherical at the base, a regular sampling
of maximal activity (in 30–60 equally spaced points) is
conducted from each short axis section, and along rays
normal to the myocardium. These data are used to compute
a two-dimensional representation of midmyocardium called
“circumferential profile.” The epicardial and endocardial
surfaces are located at fixed standard deviation values below
the midmyocardial maxima. Circumferential profiles are
arranged as a series of concentric circles, proportionally
to the number of short axis slices, in a “polar map.” A
polar map is a two-dimensional representation of the three-
dimensional distribution of the radiotracer in the heart, with
the apex corresponding to the center, and the outermost



Journal of Biomedicine and Biotechnology 9

Figure 4: [18F] FDG PET. Left ventricular polar map obtained in a normal mouse (top) and in a mouse with myocardial infarction (lower)
by MunichHeart software.

circle corresponding to the base of the left ventricle [61–
63]. Epicardial and endocardial surfaces can be used for
displaying 3D rendering of myocardial perfusion that can be
rotated and viewed as a color mapping of perfusion or as
a wire-mesh frame. The regional distribution of radiotracer
activity in LV myocardium (lateral, anterior, septal, inferior,
and apical quadrant of the polar display) can be expressed
in MBq/mL, standard uptake value, and standard deviation
from maximal myocardial activity. However, a normal
threshold for quantify infarct size has not yet been reported.
Several algorithms for quantification of myocardial perfusion
are based on the development and validation of a normal
database or by measures obtained from anthropomorphic
phantoms; others display all perfusion values below 50%
as blackout pixels [61, 63, 64]. Generally polar maps are
normalized for maximum activity value and scaled from
0 to maximum activity of 100%. Consequently, defects in
perfusion are commonly expressed in percentage value by
counting the number of pixels in the polar map whose
the activity is below normal threshold and relate this value
to the total number of pixels. Moreover, it is possible to
determine the standard deviation from the normal threshold
value for the pixels whose count is considered below normal
[62] or measure infarct size in cm2 using the calculated
individual element size [61, 63]. Blackout pixels in the polar
map are used as visual indication of perfusion defect size.
Although the quantification of infarct size has been well
established in humans with PET, this approach is more

challenging in small animals due to their smaller size.
In preclinical cardiovascular research, FDG PET is useful
to accurately evaluate myocardial glucose metabolism and
infarct size, monitoring in vivo and noninvasively the same
animal. Its accurate and serial quantification may allow
future applications in different knockout and to evaluate
postischemic treatments, such as new drugs, gene therapy,
or stem cells. The assessment of myocardial perfusion
and viability by PET has been described in rodents, with
the help of automated software owners [32, 65], clinical
software’s (Scion Image, ImageJ) [64, 66], or dedicated
programs [31, 33, 49]. The validation of quantitative PET
analysis methods developed for small laboratory rodents has
been performed by histomorphometry [31, 49, 66] or by
autoradiography as the gold standard [32, 64]. The threshold
value of normal myocardial perfusion to accurately measure
the extent of the necrotic area was determined by linear
regression for comparison with histological measurements
[46], or based on the method described by O’Connor et al.
[67], providing that the pixel values less than 50% of
maximum activity correspond to myocardial hypoperfused
areas. Necrotic pattern was defined as relative tracer uptake
of <50% of maximal myocardial uptake. PET can also
be used to measure changes in anatomic and functional
parameters, such as LV shape, end-diastolic and end systolic,
volumes, stroke volumes, cardiac output, ejection fraction,
and regional contractility [32], occurring in postinfarction
cardiac remodeling (Figure 4).
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8. Conclusions

In the last decades, murine models of MI have become
useful tools to highlight the mechanisms underlying CHD
and to test new therapeutic approaches, such as gene or stem
cells therapy. At the same time, with technological advance-
ments, small laboratory PET/CT imaging has emerged in
cardiovascular research, providing in vivo a noninvasive,
serial and quantitative assessment of myocardial perfusion
and metabolism at a molecular level. PET/CT studies of
myocardial perfusion and viability have been successful
tools to perform a quantitative evaluation of myocardial
metabolism and to measure infarct size in an accurate and
repeatable way both in clinical and in preclinical research.
Since the same animal can be imaged repeatedly and each
animal can be its own control, the number of animals
examined is significantly reduced and the variability caused
by interindividual differences is removed, according to the
principle of “refinement, reduction, and replacement.”
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4 Divisão de Radiofarmácia, Instituto de Engenharia Nuclear, 21941-906 Rio de Janeiro, RJ, Brazil
5 Departamento de Patologia, Universidade Federal de Pernambuco, 50670-901 Recife, PE, Brazil
6 Departamento de Bioquı́mica, Centro de Ciências Biológicas, Universidade Federal de Pernambuco, 50670-901 Recife, PE, Brazil

Correspondence should be addressed to Danielle dos Santos Tavares Pereira, dstpereira@yahoo.com.br

Received 24 August 2011; Revised 31 October 2011; Accepted 8 November 2011

Academic Editor: Monica Fedele

Copyright © 2012 Danielle dos Santos Tavares Pereira et al. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

This study aimed at evaluating the use of hydrogel isolectin in the treatment of second-degree burns. Twenty male rats were
randomly divided into two groups (G1 = treatment with hydrogel containing 100 μg/mL Cramoll 1,4 and G2 = Control, hydrogel).
After 7, 14, 21, 28, and 35 days, animals were euthanized. On the 7th day, G1 showed intense exudates, necrosis and edema.
On the 14th day, G1 showed tissue reepithelialization and moderate autolysis. On the 21st day, G1 showed intense fibroblastic
proliferation, presence of dense collagen, and moderate fibrosis. On the 28th day, G1 showed complete tissue epithelialization.
On the 35th day, G1 showed modeled dense collagen. The significant wound contraction was initiated from day, 14 in the G1.
There were no significant differences in biochemical and hematological parameters analyzed. These results extend the potential of
therapeutic applications for Cramoll 1,4 in the treatment of thermal burns.

1. Introduction

Since prehistory, plants and their by-products were used to
treat wounds. Cramoll 1.4 is lectin extracted from seeds
of Cratylia mollis Mart, a plant native to northeastern
Brazil. Cramoll is specific for glucose/mannose. Four mul-
tiple forms have been purified from C. mollis—Cramoll
1, Cramoll 2, Cramoll 3, Cramoll 4—and preparations
containing multiple combined forms as 1 and 4, named
Cramoll 1.4 [2]. Studies have demonstrated that Cramoll 1,4
is capable of (i) isolating glycoproteins from human plasma
[3], (ii) characterizing transformed mammary tissue [4], (iii)
inducing mitogenic activity in human lymphocytes [5], (iv)
producing IFN-y and nitric oxide [6], and (v) antitumor
activities [7].

Burn wounds are one of the health problems in modern
societies associated with irreparable harms and side many
problems for patients and their families [8]. Burns are clas-
sified by their depth and severity such as 1st, 2nd, 3rd, and
4th degrees. The pathophysiologic reaction to a burn injury
is complex and varies with the cause (thermal, chemical,
electrical, or radiation). In thermal injuries, changes in the
burn wound are mainly caused by heat direct effects, but
superimposed on these are changes associated with the acute
inflammatory process. It is these latter changes that account
for the widespread and devastating effects of major burns on
the entire body’s homeostatic function [9]. In addition to the
physiological morbidity of burns, these types of injuries are
associated with a huge financial burden on the public health
system.



2 Journal of Biomedicine and Biotechnology

In order to ease the pain of burning and minimize the
number of dressing changes, several studies have been carried
out in search of formulations that help in healing. The advent
of dry bandages occurred in the nineteenth century due to
the germ theory authored by Louis Pasteur. In the twentieth
century, with advances in knowledge about the mechanisms
involved in tissue lesion healing, the theory that the wounds
in a wet environment have better healing capacity was
developed [10]. In order to meet this need, the wet bandages
containing natural and synthetic molecules have shown
significant effect on the healing mechanism. In this sense,
aiming to evaluate the effects of topical application of hydro-
gel containing 1, 4 Cramoll isolectin, this study investigated
in vivo the clinical and histopathological features of second-
degree thermal burns demonstrated experimentally in rats of
Wistar strain.

2. Materials and Methods

2.1. Plant Material

2.1.1. Cratylia Mollis (Extraction and Purification). Cramoll
1,4 isolectin was purified from a 10% (w/v) seed extract of
Cratylia mollis in 0.15 M NaCl according to the protocol
reported in Correia and Coelho [11]. Briefly, all seeds
(Camaratu bean) collected in Ibimirim City, State of Per-
nambuco, were washed with distilled water, dried at room
temperature, and blended in 0.15 M NaCl. After 16 h of
gently stirring at 4◦C, the extract was filtered and centrifuged
for 12 000 g. The extract was ammonium sulfate fractionated,
dialysed against 0.15 M NaCl (fraction 40–60%) and affinity
chromatographed on Sephadex G-75 (Sigma Chemical Com-
pany) in column (70.0 × 1.9 cm) containing 200 mL packed
matrix, balanced with 0.15 M NaCl. After sample application,
0.15 M NaCl was passed through the column until A280 nm
was less than 0.1; isolectin was eluted with 0.3 M glucose in
0.15 M NaCl. Fractions with highest A280 nm were pooled,
exhaustively dialysed in buffer citrate phosphate and then
lyophilized. The native isolectin has 8.5-8.6 pI measured by
isoelectric focusing in polyacrylamide gel and 31 Kda main
polypeptide.

2.2. Isolectin Hydrogel. Carbopol was used as vehicle sus-
pended in boric acid buffer (pH 6.0) at 25◦C. After extraction
and purification, Cramoll 1,4 solutions were added in
sufficient quantity to achieve the final concentration of
100 μg Cramoll 1,4 per mL of hydrogel. Irradiation was
performed at room temperature using Co60 at 15 kGy h−2

[12].

2.2.1. Evaluation of Hemagglutinating Activity of the Isolectin
Hydrogel. The hemagglutinating activity was performed in
microtiter plates according to Correia and Coelho [11].
Samples of isolectin hydrogel (50 μL) were serially diluted
in 0.15 M NaCl before adding 5 μL of a 2.5% (v/v) rabbit
erythrocytes suspension previously treated with glutaralde-
hyde. The title was expressed as the highest dilution showing
hemagglutinating activity. Assay performed in triplicate.

2.3. Animals and Experimental Wounds

2.3.1. Animals. All animals received humane care, and
studies reported in this paper have been carried out in
accordance with the guidelines for human treatment of
animals set by the Brazilian College of Animal Experiment.
The study was approved by the Committee on Animal
Research at the Federal University of Pernambuco, Brazil
(23076.015015/2009-31). A total of twenty male Wistar rats
(Rattus norvegicus, albinus), 8–10-week-old and weighing
approximately 250–300 g, were used in this study. Food
pellets and water were provided ad libitum throughout the
experiment.

2.3.2. Burn Injury. Animals were divided randomly into two
groups of 10 (G1 and G2) and preanesthetized with atropine
sulfate at 0.04 mg kg−1 intramuscularly. After ten minute, an
anesthetic combination was used through an intramuscular
injection of xylazine 10 mg kg−1 and ketamine 90 mg kg−1

with subsequent dorsum trichotomy by direct hair tension
(area measuring approximately 3 cm2) (Figure 1(a)) and
antisepsis with 1% polyvinylpyrrolidone-iodine. Burns were
symmetrically caused on depilated areas through contact
with an aluminum bar (r = 10 mm), preheated for 100◦C for
15 s (Figure 1(b)). After burn injury and animal awakening,
once the procedure completed, analgesia was processed by
means of intramuscular dipyrane application (0.01 mg kg−1)
to prevent pain. Injuries were observed during 35 consecutive
days followed by the application of 100 μL hydrogel on
the burn (Figure 1(c)). Group-1 was treated with empty
hydrogel containing 100 μg Cramoll 1,4. Group-2 (control)
was treated with hydrogel without isolectin.

2.4. Pathological Observations

2.4.1. Clinical Parameters. Burns surface was evaluated based
on the following parameters for 35 consecutive days: edema,
hyperemia, exudation and the firmness of wound surface,
and presence or absence of granulation tissue and scar
tissue. Wounds were considered closed if moist granulation
tissue was no longer apparent and wounds seemed covered
with new epithelium. Body weight was determined using
electronic balance (accuracy to g) on the day of burn
induction as well as days 7, 14, 21, 28, and 35 after wounding.

2.4.2. Wound Retraction Quantification. All the rats were
examined weekly under anesthesia for observation of wound
contracture. The wound retraction was evaluated in 7, 14, 21,
28, and 35 days after burn induction. Wound contraction was
expressed as reduction in percentage of original wound size.
% wound contraction on day-X = [(area on day 0 − open
area on day X)/area on day 0] × 100 [13].

2.4.3. Biochemical and Hematological Evaluations. Blood
from two animals per group were collected on days 7,
14, 21, 28, and 35 after burn induction for biochemical
determination. Levels of creatinine, urea, glutamic pyruvic
transaminase, glutamic oxalacetic transaminase, gamma
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(a) (b) (c)

Figure 1: Induction of second-degree thermal burns in male Wistar rats. (a) Back trichotomy by direct hair tension, (b) depth second-degree
thermal burn with r = 10 mm, (c) treatment of thermal burn using 100 μL hydrogel.
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Figure 2: Evaluation of hemagglutinating activity of 1,4 Cramoll
isolectin combined to the hydrogel excipient. Cra 50: Pure Cramoll
1,4 isolectin at 50 μg/mL. Cra 50 I: Pure Cramoll 1,4 isolectin
at 50 μg/mL irradiated (15 k Gy h−2). Cra IG: Pure Cramoll 1,4
isolectin at 50 μg/mL associated with hydrogel excipient and
irradiated (15 k Gy h−2). Cra 100: Pure Cramoll 1,4 isolectin at
100 μg/mL. Cra 100 I: Pure Cramoll 1,4 isolectin at 100 μg/mL
irradiated (15 k Gy h−2). Cra IG 100: Pure Cramoll 1,4 isolectin
at 100 μg/mL associated with hydrogel excipient and irradiated
(15 k Gy h−2). Hydrogel irradiated without lectin. The title was
expressed as the highest dilution showing hemagglutinating activity.
Values are mean ± SEM.

glutamyl transferase, amylase, alkaline phosphatase, calcium,
prothrombin, and fibrinogen were determined. Hematologi-
cal parameters (erythrocytes, leukocytes, and platelets) were
determined immediately after blood collection. Evaluations
performed in triplicate. Animals in both G1 and G2 were
sacrificed by injecting 30 mg kg−1 thiopental sodium.

2.4.4. Histopathology. After collection, tissue samples were
fixed in 4% formaldehyde (v/v) prepared in PBS (0.01 M,

pH 7.2) followed by histological processing through paraf-
fin embedding, microtome with 4 μm cuts, and Mas-
son’s trichrome and hematoxylin-eosin staining. Histological
analysis was performed by comparative descriptive analysis
of experimental groups in binocular optical microscope
(Zeiss-Axiostar model), where cellular and tissue charac-
teristics of skin were evaluated after thermal injury and
subsequent healing pattern.

2.5. Statistical Analysis. Data were analyzed using nonpara-
metric tests. To detect differences between groups, the Mann-
Whitney U test was used. All results were expressed as
mean values of groups ± standard deviation and analyzed
considering P < 0.05 as statistically significant.

3. Results and Discussion

Overall, all animals were clinically well (showing normal
behavior of species and ingestion of food and water) during
the experiments. There was no bleeding during surgery.
Neither the rats under treatment nor the control group
showed any statistically significant changes on the body
weight throughout the experiments, showing that analgesia
was adequate for the injury caused. As reported by Helle-
brekers [1], the main signs of pain in laboratory animals
subjected to experimental procedures are directly related to
changes in behavior, with anorexia being one of the most
significant signs.

3.1. Hemagglutinating Activity. Due to the immunostimulat-
ing and mitogenic activities attributed to lectins, the ther-
apeutic use of these proteins in tissue repair processes has
been subject of much research either related to the lectin
concentration or the formulation used [14].

Lectins or hemagglutinins can be detected and charac-
terized by their ability to agglutinate erythrocytes. In the
evaluation of hydrogel containing 1,4 isolectin Cramoll was
observed that Cramoll-1,4 at 50 μg/mL in both pure and
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G1

(a) (b) (c) (d) (e)

(f) (g) (h) (i) (j)

G2

Figure 3: Clinical evaluation of second-degree burn healing in Wistar male rats. G1: experimental group treated with hydrogel containing
isolectin Cramoll 1,4 at 100 μg/mL. (a) Thermal lesion aspect after 7 days: macroscopically shows thin and dry crust with detachment of
edges. (b) Thermal lesion aspect after 14 days of treatment: absence of crust and the presence of scar tissue. (c) Thermal lesion aspect
after 21 days of treatment: presence of scar tissue and a small detachment point of the crust. (d) Thermal lesion aspect after 28 days of
treatment: presence of scar tissue only. (e) Thermal lesion aspect after 35 days of treatment: view of a discrete scar tissue. G2: control group
treated by topical application of hydrogel excipient. (f) Thermal lesion aspect in control animals after 7 days: view of thin and dry crust with
detachment of edges. (g) Thermal lesion aspect in control animals after 14 days: absence of crust and the presence of scar tissue. (h) Thermal
lesion aspect in control animals after 21 days: presence of scar tissue, with the point of detachment of the crust. (i) Thermal lesion aspect in
control animals after 28 days: presence of scar tissue and a second crust. (j) Thermal lesion aspect in control animals after 35 days: view of
scar tissue.

gel formulation after irradiation lost their hemagglutinating
activity. On the other hand, the concentration 100 μg/mL
remained constant for the irradiated pure isolectin and that
combined to the hydrogel excipient (Figure 2).

Several aspects make the hydrogel an ideal bandage for
treatment of tissue lesions, such as hydrophilicity, biocom-
patibility, nontoxicity, biodegradability, easy replacement,
transparency, adhesion, absorption, and prevention of body
fluid losses [15, 16]. Burd [17] evaluated the use of hydrogel
sheet dressings in comprehensive burn wound care, noting
that use of hydrogel in burn wound care reduces patient’s
pain sensation. Osti [18] evaluated the use of a transparent

adhesive film possessing selective permeability combined
with a hydrogel (Burnshield) in burns treatment. For about 2
years, this type of therapy was used in the first aid treatment
of 48 burn patients, 4 were lost during therapy and 4 were
unavailable for followingup. In the reepithelialization phase
complications were recorded in 8 of the 40 patients: 7 (18%)
had residual inflammation and 1 (2%) had hypertrophic scar.
During the followup, late complications were recorded in 2
(5%) of the 40 patients. A gel was used in 8 patients: in 6 of
the 7 patients with residual inflammation, the complication
was solved, while in 1, despite therapy, the residual inflam-
mation evolved into hypertrophic scarring.



Journal of Biomedicine and Biotechnology 5

0

20

40

60

80

100

G1

G2

W
ou

n
d 

co
n

tr
ac

ti
on

 (
%

)

7th 14th 21th 28th 35th

(day)

∗

∗
∗

∗

Figure 4: Effect of hydrogel topical application on the burn wound
expressed as percentage of wound contraction. G1 = Treatment,
G2 = Control. n = 2. Values are mean ± SEM. ∗P < 0.05.

3.2. Clinical Parameters. Wound cooling caused by burn
is an urgency measure, which proved to be beneficial in
clinical and experimental practices. Hydrogels are cross-
linking three-dimensional structures with high water per-
centage that can be transferred from the gel to the scar
wound to facilitate hydration. The healing process of animals
with aseptic experimental thermal burns treated topically
with isolectin had better response than the control in the
clinical examination in several ways such as (1) presence
of edema in the first 24 h after induction of second-degree
thermal burn, (2) thickening of the crust, which began to
emerge spontaneously in 6 days of experiment, (3) discrete
hyperemia observed in the range between 24 and 48 h
after injury and (4) presence of scar tissue with 13 days
of experiment (Figure 3). During the study period, lesions
showed no signs of infection. Severely burned skin ceases to
perform its natural protective and barrier role and allows
a dramatic increase in water loss and can become a portal
for bacterial invasion. The local treatment of second-degree
burns is targeted at maintaining a wet microenvironment
and stimulating the formation of a well-vascularised gran-
ulation tissue, and the reepithelization of the lesion while
counteracting the development of microorganisms, which
is able to delay or prevent the biological phenomena of
cicatrization and reepithelization [19].

3.3. Wound Retraction Quantification. The wound contrac-
tion is a parameter used for assessing wound healing. The
lesion area decreased gradually with the progress of healing
time in both groups. The significant wound contraction was
initiated from day 14 in the G1 that showed highest rate
of lesion contraction compared with G2, indicating that
isolectin has an inducing effect on the lesion contraction
as illustrated in Figure 4. These results are consistent with
studies in vitro and in vivo performed by Sezer et al.
[20], which demonstrated the efficacy of hydrogels in the

treatment of dermal burns in rabbit model revealing that the
application of fucoidan-chitosan hydrogel promotes burn
wound contraction and induces healing.

Wound contraction, wound shrinking process, depends
on the tissue’s reparative abilities, type, and damage extent
and tissue health general state [21]. On the other hand, the
wound contraction is rarely able to take to its permanent
closure, which is mainly due to the presence of fibroblasts
found in the granulation tissue that later differentiates into
myofibroblasts [22].

3.4. Biochemical and Hematological Evaluation. Hematolog-
ical values obtained in this study showed no significant
changes as a function of burn induction during the period
analyzed (erythrocytes: 7.6 ± 0.48, hemoglobin, 13.65 ± 0.5;
platelets: 846400 ± 0.71, leukocytes: 7980 ± 0.71, basophils:
0.2±0.05, eosinophils: 1.38±0.18, lymphocytes: 82.37±0.83,
and Monocytes: 1.9± 0.2) (Table 1), revealing normal values
in rats [23]. Rats, like other mammals, have to maintain
strict control of the internal environment thus ensuring
homeostasis. It is known that rats can produce changes in
these parameters as a result of pathological processes or
external factors such as sex, ancestry, age, diet, handling, and
environment [24].

However, average values of biochemical parameters ana-
lyzed in this study were consistent with previously reported
specific data to normal animals (calcium: 10.04 ± 0.42, pro-
Thrombin: 9.94 ± 0.16, fibrinogen: 457.32 ± 0.25, alkaline
phosphatase: 212.68 ± 0.52, glutamic oxalic transaminase:
180.02 ± 0.35, glutamic pyruvic transaminase: 53.28 ± 0.41,
gamma-glutamyl transpeptidase: 5.76±0.23, creatine: 0.54±
0.04, urea: 46.34±0.04 and amylase: 842.06±0.48) (Table 2).
The biochemical evaluation revealed increased ALT levels
in response to injury by burning and alkaline phosphatase-
related to inflammatory period of the healing process. On
the other hand, metabolic changes are considered high risk in
third-degree burns with hyperglycemia [25] and high protein
catabolism [26] as the main aggravating factors to the injury.

After burn trauma, inflammatory mediators, oxygen-free
radicals, and arachidonic acid metabolites and complement
[27], released in the wounds, promote a great edema.
According to Beukelman et al. [28], liposomal hydrogel
with 3% povidone-iodine (PVP-ILH, Repithel) has shown
clinical benefit in settings where inflammation and/or reac-
tive oxygen species are thought to impede wound healing
(e.g., burns and chronic wounds in smokers). According
to Møller-Kristensen et al. [29], the MBL, mannan-binding
lectin, modulates not only inflammatory factors such as
cytokines and chemokines, but also cell adhesion molecules,
the binding growth factor protein, and, MPPs in particular,
metalloproteinase matrix, which are most likely the direct
effectors in scabs detachment.

Considering the influence of carbohydrates in numerous
cell signaling phenomena whether physiological or patholog-
ical, the use of lectins in the treatment of cutaneous lesions
among other diseases stimulates the activation and modula-
tion events such as communication, cellular differentiation,
and proliferation [30–32].
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(a) (b)

(c) (d)

(e) (f)

Figure 5: Epithelial tissue of rats in group 1 subjected to second-degree thermal burns. Masson’s trichrome staining. 100x Magnification.
(a) Normal epithelial tissue with all skin appendages. (b) Animal presenting epithelial tissue with complete destruction of the dermis
and epidermis showing exudates albumin/leukocyte/macrophage intense, necrosis, edema, and crust at the 7th day after injury induction.
(c) Animal at the 14th day with tissue reepithelialization, moderate autolysis, moderate exudate albumin/leukocyte/macrophage, intense
neovascularization, and discrete fibroblast proliferation with the presence of loose collagen and mild fibrosis. (d) Animal at the 21st day
with incomplete tissue reepithelialization, mild exudate albumin/leukocyte/macrophage, moderate neovascularization, intense fibroblastic
proliferation, and presence of dense collagen, not modeled and moderate fibrosis. (e) Animal at the 28th day with complete tissue
epithelialization, exudate albumin/leukocyte/macrophage discrete in the epidermis, moderate fibroblastic proliferation, presence of modeled
dense collagen mesh and moderate fibrosis. (f) Animal at the 35th day with complete reepithelialization, mild fibroblastic proliferation, and
presence of modeled dense collagen mesh and moderate fibrosis.

3.5. Histopathology. Deep partial thickness burns are injuries
that cause partial or total destruction of nerve endings, hair
follicles, and sweat glands. On the seventh day was observed
intense fibroblastic proliferation, neovascularization, necro-
sis, and edema. In upper layer of dermis, most hair follicle

walls, sebaceous follicles, and sudoriparous glands disap-
peared and only their residual bodies could be found. Cap-
illary vessels were fractured. The epidermis showed necro-
sis with infiltration of large numbers of neutrophils and
few monocytes, leukocytes, and plasma of the dermis
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(Figure 5(b)). These data are similar to observations reported
by Nunes et al. [33] that when evaluating the application
of a collagen film containing acid usnic as bandage to treat
second-degree thermal burns, an intense inflammatory re-
sponse after 7 days with presence of neutrophils distributed
throughout the length of the burn was found.

With 14 days of experiment, G1 and G2 showed granula-
tion tissue with presence of discrete neovascularization and
neoformation of skin appendages. Angiogenesis is essential
to restore the supply of nutrients and oxygen during tissue
healing [34]. In group 1, an increased number of fibroblasts
was observed, and presence of collagen was organized in
the lesion center (Figure 5(c)). Experiments performed by
Sezer et al. [35] demonstrated that fibroblast and collagen
amounts in fucosphere-treated groups increased at day 14
compared to that at day seven, but decreased at day 21. The
reepithelialization time was lower for animals treated with
isolectin hydrogel and started around the burn edge on the
14th day. Epithelialization is necessary in the repair of all type
of wounds if water tight seal occurs. Protection from fluid
and particulate-matter contamination and maintenance of
internal milieu are dependent on keratin’s physical character-
istic [36]. The experimentally induced thermal injuries have
been completely reepithelialized in both groups with 35 days.

Histopathology revealed the intense fibroblast prolifera-
tion at 21st day, presence of dense collagen, and not modeled
and moderate fibrosis (Figure 5(d)). Collagen deposition in
the fibroplasia phase is required for the efficient arrival of
fibroblasts to the burn site. Mature fibroblasts produce a
delicate matrix that gives mechanical support to the new
capillaries [37]. The collagen deposited at the injury site
will not have the same unique organization of an intact
tissue, being required a period of two months to complete
restructure [38]. The decrease in epithelium thickness on
the day 21 was considered by Sezer et al. [39] as the result
of higher healing rate, particularly on the superficial burn
wound treated with chitosan film containing fucoidan.

After 28 days, both G1 and G2 showed gradual decrease
in the number of fibroblasts with greater organization of
the collagen matrix with reduced inflammatory infiltration
(Figure 5(e)). Finally, 35 days after burn procedures, the
injured tissue of group 1 is at the stage of maturation
and remodeling, with the presence of few fibroblasts and
inflammatory cells (Figure 5(f)). The histological analysis
of liver sections in group G1 showed no cytotoxic effects
resulting from topical application of isolectin hydrogel at the
end of treatment after 35 days. These results are consistent
with previous studies performed by our group that found the
healing action of isoforms 1 and 4 of Cratylia mollis lectin in
the repair of skin wounds in normal and immunosuppressed
mice [40].

Several studies have confirmed the use of lectins
in the immune system activation, enlisting neutrophils
through indirect mechanisms [41], promoting proinflam-
matory effects in polymorphonuclear cells and inducing the
cytokines release [42], as well as triggering fibroblasts prolif-
eration [43]. Previous assays accomplished by our group have
shown a potential proinflammatory and immunomodula-
tory activity induced by Cramoll 1,4 lectin. The importance

of glycoproteins (including lectins) as components of Aloe
vera extract gel has been asserted for promoting wound,
burn, and frost-bite healing, and showing anti-inflammatory
and antifungal properties [44]. Sell and Costa [45] also
described improved effect of PHA lectin in the skin tissue
repair process of Wistar rats compared to Triticum vulgaris
(WGA) and Artocarpus integrifolia (jacalin) lectin.

4. Conclusion

The present study has demonstrated that the regular topical
application of Cramoll 1,4 hydrogel containing in the treat-
ment of second-degree burns accelerates the granulation,
reepithelialization process, and wound retraction. These
results extend the potential of therapeutic applications of
isolectin Cramoll 1,4, which can be used in combination with
other byproducts in the treatment of thermal burns.
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Ultrasound biomicroscopy (UBM) is a noninvasive multimodality technique that allows high-resolution imaging in mice. It is
affordable, widely available, and portable. When it is coupled to Doppler ultrasound with color and power Doppler, it can be used
to quantify blood flow and to image microcirculation as well as the response of tumor blood supply to cancer therapy. Target
contrast ultrasound combines ultrasound with novel molecular targeted contrast agent to assess biological processes at molecular
level. UBM is useful to investigate the growth and differentiation of tumors as well as to detect early molecular expression of
cancer-related biomarkers in vivo and to monitor the effects of cancer therapies. It can be also used to visualize the embryological
development of mice in uterus or to examine their cardiovascular development. The availability of real-time imaging of mice
anatomy allows performing aspiration procedures under ultrasound guidance as well as the microinjection of cells, viruses, or
other agents into precise locations. This paper will describe some basic principles of high-resolution imaging equipment, and the
most important applications in molecular and preclinical imaging in small animal research.

1. Introduction

Mice are widely used as models for studying many human
diseases. The main advantage of research conducted in
small animals is owed to their short life cycle and the
possibility of genetic manipulation. However, most of the
observations in small animals have been based in the past
on surgery and histological postmortem analysis. Few years
ago, research applications of noninvasive imaging methods
such as optical imaging, computed tomography, magnetic
resonance, micro-PET-SPECT, and ultrasound were limited
to larger animals such as dogs and nonhuman primates.
In the recent years, a new ultrasound technology, called
ultrasound biomicroscopy (UBM) was optimized to evaluate
animal models of human disease. UBM is a noninvasive real-
time technique that allows accurate and reliable images of

the heart and other organs in mice [1–3]. Additionally, this
technique is useful to image the fetal mouse [4–6] and to
obtain high-resolution images of mice tumors [7, 8]. The
consistent ultrasound image obtained with the UBM can
be used to visualize and guide injection into target organs
[9, 10], including mouse embryo, to aid in targeted delivery
of drugs and viral particles [7, 11]. UBM allows longitudinal
data acquisition at low cost and noninvasively to investigate
the growth and differentiation of tumors as well as to
monitor the effects of cancer therapies; therefore, it reduces
the number of animals needed to perform experiments [12].

The basic modalities include B-mode, M-mode, Doppler
mode, 3D reconstruction, power mode, and an ECG-based
Kilo-Herz visualization technology. Doppler ultrasound with
color and power Doppler can be used to quantify blood flow
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and to image microcirculation and the response of a tumor
blood supply to cancer therapy [13]. Recently, the introduc-
tion of ultrasound contrast agents (lipid shell gas-filled 1–
4 micron sized microbubbles) enhances UBM applications
for detection and characterization of focal lesions. Recently,
the introduction of ultrasound contrast microbubbles that is
targeted to molecular markers expressed on the vasculature is
able to image molecular events of disease and could be used
for various applications including quantitative analysis of
molecular biomarkers, perfusion studies, microvasculature
targeting, and gene and drug delivery [7, 11].

Current applications of UBM are the following:

(i) studies on mouse development from early embryonic
period to adulthood,

(ii) in vivo morphological and functional phenotyping
of wild-type, transgenic and mutant mice and other
mouse disease models,

(iii) tumor growth monitoring,

(iv) evaluation of effects of therapeutic interventions,

(v) imaging-guided intervention on mice,

(vi) microinjection for introducing genes or cells into
the developing mouse embryos and follow-up of the
effects,

(vii) ultrasound-guided catheterization (veins or bladder).

This paper describe basic principles of high-resolution
imaging equipment and some applications in molecular and
preclinical imaging in small animal research.

2. UBM Methodology

Human ultrasound scanners are limited to 2–20 MHz fre-
quencies, since deep penetration and a axial spatial reso-
lutions of 0.2–1 mm is required. UBM uses frequencies of
40–100 MHz. Higher frequencies are used to image cellular
structures: the scanning acoustic microscopy (SAM) uses
frequencies of 100 MHz-1 GHz for the evaluation of thickly
sliced biological tissue or cells [14] and explore the acoustic
properties of single cells with submicrometric resolution.

The choice of ultrasound frequency and the type of
transducer represents a balance between image resolution
and penetration depth.

The high-frequency ultrasound (20–100 MHz range) is
used in mice imaging with mechanical sector scanhead
with fixed focus or with electric probes with multiple
focus. These transducers allow high-resolution imaging and
require a mechanical support to perform the necessary
micromovements for mice examinations (Figure 1).

At these frequencies, sound waves are transmitted
through soft tissue relatively to the acoustic impedance of
each tissues. The acoustic impedance of a particular tissue
is the product of sound transmission velocity and tissue
density. The transmission velocity in most soft tissue is nearly
uniform at 1540 m/s; therefore, the acoustic impedance of
most soft tissue is primarily a function of tissue density.
In the frequency ranging from 20 to 100 MHz, only few
studies of attenuation, backscatter, and speed of sound have

been performed. The frequency dependence of attenuation
is strongly dependence on the tissue type. The mechanism
of the differences between various transducers is not well
understood, but it is known that the concentration of colla-
gen and other structural protein are of primary importance.
In the case of a homogeneous soft tissue, an attenuation
coefficient of 6.5 dB/mm can be expected at 60 MHz probe
frequency [15]; therefore, a penetration of 6 mm would be
expected for a system dynamic range of 80 dB.

Backscatter from blood at lower frequencies used in
human diagnostic applications is predominantly dependent
on shear rate due to the formation of red cells aggregates
called “Roleaux.” At frequencies greater than 40 MHz, the
backscatter appears less dependent on shear rate, because
the red blood cells begin to act as mirroring reflectors.
At higher frequencies, the lumen of the vessel becomes
isoechoic with the surrounding tissue, impeding accurate
boundary discrimination. This natural enhancement of the
blood signal is a benefit for Doppler analysis but at the
expense of B-mode imaging quality.

Resolution is the ability to accurately distinguish two
closely situated structures and becomes a crucial factor when
imaging small targets like mouse organs (the diameter of
an internal carotid artery is 0.2 mm, and the left ventricular
posterior wall is approximately 1 mm thick [16]. Axial and
lateral resolution improves with increasing frequencies. The
axial resolution is dependent of the pulse spatial length and,
therefore, for fixed cycles number is due to the wavelength.

The lateral resolution is the product of the transducer
diameter, focal length, f-number, and wavelength. Therefore,
the lateral resolution depends from transducers geometry
and wavelength. The f-number equals the depth of returning
echo (focal length) divided by the aperture of the beam
(transducer diameter). It will be best (smallest) if there is
a large aperture of the transducers and short wavelength
(higher frequency).

Utilizing frequency of 40–60 MHz and a narrow beam
width, a spatial resolution of 30–50 microns can be obtained.
At these frequencies, the penetration is reduced to 1-2 cm.
Hence, increasing axial and lateral resolution by increasing
the frequency limits the depth penetration; however, this
does not affect mice imaging, because most of the target
organs are in the penetration depth range of the high
frequency used.

Temporal resolution is the ability to distinguish two
events in time and is an important factor when imaging mice
hearts that have a heart rate of 400–600 beats/min. At heart
rate of 400 beats/min, a frame rate of 30 Hz would result in
only about 4 images for each cardiac cycle. Each image frame
acquires 25% of the cardiac cycle, making the determination
of the systolic and diastolic phase inaccurate. High-frequency
ultrasound has low imaging frame rates (5–10 Hz) with
relatively poor temporal resolution for moving structures.
It is not important when imaging static or slow moving
organs such as liver or xenografts, but it is indispensable
for the evaluation of the heart. The Kilo-Herz visualization
technology use B-mode frame synchronized with ECG trace
that produce a postprocessing imaging equal to a real-time
1,000 Hz frame rate.
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Figure 1: Ultrasound biomicroscopy integrated mechanical support with rail system. The microinjection system for visualization and
guidance of injection and extraction procedures in real time. Ultrasound probe is mounted on a system securing the probe in a stationary
position when the ultrasound scan is in the desired image plane. After anesthesia, the mouse is positioned on a termoregulated pad to
monitor ECG and temperature (with endorectal probe) and ensure mouse comfort during imaging.

The UBM Doppler system using a typical duplex Doppler
configuration operates at 20–55 MHz with a pulse repetition
frequency of 1–20 KHz. The transducer is held stationary to
obtain Doppler flow velocity spectra in real time for a sample
volume located on the B-mode image. The default setting of
Doppler system are pulse repetition frequency (PRF) from
1.0 to 120.0 kHz (transmit setting), the wall filter from 0 to
1000 Hz, and the Doppler gain from 1.0 to 10 dB (receive
settings).

The Doppler sample volume size changes with the
number of cycle per pulse and insonation frequency from
2.18 to 4.36 μL for 20 MHz to 0.46 to 0.93 μL for 40 MHz
and 8–16 numbers of cycles per pulse. The high-frequency
Doppler system is able to measure velocity from 37 cm/sec
(max analyzed velocity at 0◦) to a minimum velocity of
1 mm/sec. The system is able to detect low blood velocities in
small vessels, and it can calculate blood flow with dedicated
software.

3D UBM imaging allows viewing of the tissue of interest
as a whole organ in different orientations. This application
in experimental medicine can be useful in the detection of
xenograft tumors in mice and in longitudinal growth. A set of
consecutive 2D image planes of the tumor are acquired then
reconstructed into 3D views for tumor estimation analysis
[17, 18].

An automated method acquires the images, using dedi-
cated 2D transducers. The probe is mounted on a rail system
equipped with a 3D motor stage.

Based on operator-defined parameters, the 3D motor
stage travels a set distance across the target object in a
series of tiny steps. At each step, the probe takes a two-
dimensional “slice.” Each two-dimensional B-mode image

slice is assembled with the other slices of acquired data
and rendered by the software into a three-dimensional
data set. The digitally stored volume data can be presented
in a three-dimensional view of the acquired data (cube
view), a three single, slidable image slice views (cross view),
“transverse view,” straight-on perspective of the x-y plane
image slice, “sagittal view” and “coronal view” (Figure 2).
3D volumes can be created in 3D-mode or power 3D
mode using parallel or rotational segmentation. For either
method of segmentation, the system can perform a manual
or semiautomated segmentation of the volume. When the
manual segmentation procedure is followed, the operator
draws each contour of the volume. After the semiautomated
segmentation procedure is followed, the system draws two or
more contours automatically.

Vascularization of tissues within the region of interest
can also be assessed using 3D power-Doppler ultrasound
and a percent vascularity value (PV) is provided after the
volume has been created. The PV provides the percentage of
the volume that contains flow detected from power Doppler
mode.

3. Contrast Agent

The most used US contrast agents (both in preclinical
and clinical research) consist of small, stabilized gas-
encapsulated microparticles (<10 μm) defined microbubble
contrast agents that we injected into the bloodstream
behave similarly to red blood cells in the microcircu-
lation providing a strongly reflective blood/gas interface.
This allows the detection of purely intravascular molecular
targets, whereas intracellular molecular events cannot be
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Figure 2: Various view of three-dimensional reconstructions of a subcutaneous tumor from two bidimensional successive parallel cross-
section images. (a) Cube view. On the bottom, the segmentational volumetric analysis with a volume estimation of 48.02 mm3. (b) Surface
view. (c) Cross view. (d) Quantitative analysis of tumor growth in a mice model of mammary tumor. The tumor growth curve over time is
showed in the diagram.

imaged. The microbubbles signal is dependent on a number
of factors such as the filling gas property, for example,
compressibility and solubility, the surrounding medium
properties as viscosity and density, the frequency and power
of ultrasound applied, the bubble size, and shell properties
as elastic modules, thickness, and damping effects. The
behavior of microbubbles depends on the amplitude of
ultrasound to which they are exposed. A very low acoustic
power (mechanical index <0.05–0.1) produces ultrasound
scattering equal to the transmitted frequency. A slightly
higher mechanical index of 0.1–0.3 produces a backscatter
of a variety of frequencies (harmonics, subharmonics, and
ultraharmonics). Higher acoustic pressures (MI > 0.3–0.6)
destroy the microbubbles (Figure 3). This occurrence pro-
duces a high-intensity broadband signal, changes in the
microenvironment, or even shell ballistic events that are
important features for both perfusion imaging and therapeu-
tic applications as local delivery of drug or genes.

It is possible to target microbubbles to specific region
of disease. Actually, there are two mechanisms for targeting

the contrast agent: a passive and an active mechanism of
targeting.

The passive targeting mechanism is based on an
unspecific electrostatic or chemical interaction between the
microbubble shell and the receptors of the endothelial wall
expressed by diseased tissues.

The active targeting mechanism is based on the specific
binding between shell microbubbles’ ligands and surface
disease antigens. The “active targeting” uses the attachment
of specific antibodies, such as anti-VEGF for example, to the
surface of microbubbles with streptavidine-biotin interac-
tion (Figure 4). This leads to the accumulation of targeted
contrast agent to specific sites due to the use of adhesion
ligands including antibodies, peptides, and polysaccharides.
Since the microbubbles remain within the vasculature,
because of their size in the micron range, specific marker
molecules have to be located in the intravascular space
and on the endothelium to be targeted during pathological
events. Specific ultrasound imaging protocols are used to
detect retention of targeted microbubbles (Figure 5). After
the bolus injection of the targeted ultrasound contrast agent,
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Figure 3: Behavior of microbubbles depends on the amplitude
of ultrasound to which they are exposed. At very low acoustic
power (mechanical index <0.05–0.1), microbubble oscillates in
relatively symmetrical backscattering at the same frequency of
incident ultrasound. At a slightly higher mechanical index of 0.1–
0.3, the microbubble becomes somewhat oscillates in a nonlinear
manner (nonlinear response), backscattering a variety of frequen-
cies (harmonic). Higher acoustic pressures (MI > 0.3–0.6) destroy
the microbubbles with high-intensity backscatter response.

Figure 4: Schematic representation of active targeting of biotin-
streptavidine bridges. Streptavidine is used for attachment of
biotinylated ligands onto the shell of ultrasound contrast microbub-
bles. Molecularly targeted microbubbles selective bind to sites of
molecular expression on the endothelium.

it is necessary to wait for 4 to 15 minutes before starting
the contrast-enhanced imaging. This elapsed time allows
retention and clearance of most circulating microbubbles
from the blood pool. Sets of 300 frames (temporal resolution
of 30 Hz in a period of 10 seconds) are then captured
to obtain a signal from the tumor tissue background
and contrast agent accumulated in the target site both

retained and freely circulating microbubbles. Therefore,
using destruction-subtraction algorithm the residual cir-
culating contrast signal is measured. After destruction of
microbubbles by 2 to 3 seconds of “break” frames performed
with high mechanical index, a new set of 300 frames is
captured to derive the signal only from tumor tissue and
freely circulating microbubbles. The images acquired before
breaking pulses and after breaking pulses are averaged and
digitally subtracted to derive the signal representing only
retained microbubbles. Late imaging modality of single
intravenous injection of contrast media optimizes the signal
coming from retained microbubbles with respect to the one
coming from freely circulating microbubbles, since these
latter are gradually removed from the blood pool. The signal
from freely circulating microbubbles is very low, accounting
for 15% of the contrast signal intensity on initial frames with
the targeted agents. The entire imaging procedure typically
lasts 30 minutes, then data analysis is performed offline,
consisting mainly of digital subtraction and frame alignment,
region-of-interest quantification and color map processing.
Many researchers have used microbubbles in small animals
for the detection of molecular markers of inflammation,
angiogenesis, and atherosclerosis [19–22].

Ultrasound contrast agents are viable candidates for
gene delivery/therapy. Ultrasound energy determines an
increase of cell membrane permeability (a process known
as sonoporation), which is being increasingly exploited for
its role in drug-delivery applications to transfer therapeutic
agents including genetic material, proteins, plasmid DNA,
and chemotherapeutic agents, directly to the pathological
tissue and organs. The use of US is based on the fact
that the contrast agent can be identified at the target site
and it can readily be insonated causing ultrasound-induced
rupture of the drug-loaded microbubbles hence achieving
targeted drug release. Most targeted ultrasound contrast
agents are microbubbles, but other vehicles can be used
including acoustically active liposomes and perfluorocarbon
emulsions.

Echogenic liposomes can readily be conjugated to anti-
bodies or other adhesion ligands, and thus are readily
configured as targeted agents. Liposomes, are less than 1 mm
in diameter and due to the small diameter, these agents
are not entrapped in the microvasculature of the lung and
have a long circulating time. Additionally, the liquid-like
composition of liposomes makes them more resistant to
pressure and mechanical stress than microbubbles. Another
advantage of liposomes have been used to entrap gas and
drugs for ultrasound controlled drug release and ultrasound-
enhanced drug delivery [23]. Echogenic liposomes have
been produced by different preparation methods, including
lyophilization, pressurization, and biotin-avidin binding
[24]. Additional benefits of liposomes are that lipids are small
molecular structures and the lipid complexes can be made
smaller by filtering or sonication techniques. Proteins and
delivery agents made of proteins tend to break if they are
manipulated to make them smaller. The difference lies in the
rigidity of the protein, which has covalent bonds, versus the
lipid, which is composed of small molecules held together by
hydrophobic interactions [25].
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Figure 5: Targeted US of endothelial antigens in vessels of a tumor tissue. On the top of the figure time/video intensity analysis before and
after high-power destructive pulse and bottom a diagram representation of destructive methodology. Endothelial cells of vessels (orange) of
tumor tissues expresses specific antigens. After intravenous administration targeted microbubbles float in vessels and remaining exclusively in
the vascular compartment. Many of them bind to antigens of endothelial cells , whereas others remains in the vessel lumen freely circulating.
After high-power destructive pulse, all microbubbles are destroyed (bound + circulating), following circulating microbubbles that arrive
from outside of scan plane, which remain freely circulating for several seconds. Contrast intensity is the sum of the intensity from tissue,
intensity from microbubbles not bound to receptors (circulating microbubbles), and intensity from microbubbles bound to receptors on
endothelial cells. After digital subtraction of the video intensity calculated on 300 predestruction frames from video intensity calculated on
300 postdestruction frames, resulting video intensity is due only to bound microbubbles.

Perfluorocarbon emulsion nanoparticles can be used as
an ultrasound contrast agent. Due to their size (approxi-
mately 250 nm) in diameter and composition, these agents
have the same qualities of gas encapsulated microbubble con-
trast agent and the liposomes [23, 26]. These nanoparticles
avoid lung entrapment. They consist of a lipid encapsulated
perfluorocarbon, which is a liquid at room temperature.
The liquid composition makes it resistant to pressure and
mechanical stress. However, due to their small size, their
echogenicity is weak until they are deposited in a layer. This
can be an advantage, as the low free-floating echogenicity
results in a decreased background noise level. Submicron

particles filled with liquid perfluorocarbon are currently
being studied as a potential ultrasound targeted contrast
agent.

Nanoparticles with directly conjugated tissue factor
antibody demonstrated acoustic enhancement similar to that
demonstrated with the avidin-biotin targeting approach with
the advantage of one step targeting method [27].

Recently, acoustically activated submicron droplets of
liquid perfluorocarbon have investigated as a “new class”
of ultrasound contrast agent. In the liquid state, intravas-
cular droplets can extrasavasated within tumors, resulting
a candidate for an extravascular ultrasound contrast agent.
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Table 1: Specific procedures related to UBM.

Procedures Applications References

Vein injection (jugular vein, femoral vein,
and tail vein)

Contrast agent administration in single bolus
Genes and drugs delivery

[34]
[31]

Blood vessels cannulation Contrast agent administration in repeated bolus [31, 32, 35, 36]

Ultrasound-guided microinjections

Viral vectors and gene delivery [37]

Drugs delivery [38]

Guided in utero microinjection [33, 39, 40]

Stem cells therapy [9]

Biopsy Tumor and organ histology

Activation was accomplished by using burst of ultrasound to
vaporize the droplets [28].

Finally, Bekeredjan et al. tested gold-bound microtubules
to provide a backscattering that allowed microtubules to be
potentially useful as an ultrasound contrast agent. Gold-
bound microtubules provide a persistent contrast effect,
suggesting their use as an ultrasonic contrast agent with the
feasibility of antibody conjugation [29].

4. Animals Preparation to UBM Studies

Mice are anesthetized using 1.5%–2% isoflurane vaporized
in oxygen with the aid of a precision vaporizer (we used the
vaporizer manufactured by Vetequip Inc., Pleasanton, Calif,
USA) to deliver the appropriate amount of anesthetic, with
constant monitoring of their body temperature (with a rectal
probe) and heart rate. Body temperature is maintained at
35◦C–38◦C using an infrared lamp and a heating pad. Hair
is removed from the area of interest with a chemical hair
remover to obtain a direct contact of the ultrasound gel to
the skin of the animal and to minimize US attenuation. To
provide a coupling medium for the transducer a prewarmed
low-density ultrasound gel is used (we utilize the Aquasonic
100 ultrasound transmission gel, Parker, USA). Using all
these cautions is possible to perform a safe UBM study on
mice without particular regards to the anesthesia duration.
The position of the two-dimensional image plane is obtained
with the ultrasound probe fixed to a rail system that allows
repeatable and precise examinations (Vevo Integrated rail
System II).

5. Specific UBM Procedures

Some surgery procedures on mice can be necessary during
studies: tail vein injection, cannulations, and microinjections
(Table 1).

Tail vein injection is used to perform contrast UBM
imaging for perfusion studies, for the administration of
drugs or genetic materials contained in microbubbles. Before
the injection, a vasodilatation is induced to better localize the
lateral tail vein. It is important to avoid injection exceeding
200 μL to avoid hypervolaemia and lung edema.

Cannulation has several advantages compared to tail vein
injection: it allows making injections in the jugular vein, and
it is less traumatic for wall vessels and allows controlled and

repeated injections during the same imaging study without
changing the scanning plane.

Cannulation of the jugular vein [30] is an established
method for studying drug pharmacokinetics and effects.
After anesthesia, the skin between the ears and the right-
hand side of the neck of the mouse needs to be shaven
and the skin disinfected. A longitudinal incision of about
15 mm is made in the neck of the animal. After careful
removal of the connective tissue surrounding the jugular
vein, the cannula, filled with heparin solution (750 units/mL
in water), is inserted into the vein in the caudal direction. The
cannula is fixed to the jugular vein by ligation. Finally, the
incision in the neck of the animal is closed using 5/0 Ethilon
silk suture and a metal spring is firmly attached to the stitches
(Figure 6(a)).

Cannulation of the lateral tail veins [31, 32] can also be
performed in the mouse to inject contrast ultrasound agent.
Animals are immobilized by taping the tail to an 18 cm ×
7 cm plexiglass rectangle and by fastening a restraint tube
(125 mL half-Nalgene bottle) using rubber bands. The tail
is then washed and immersed in warm water (42◦C) for
approximately 45 seconds to dilate the tail veins. After this,
the tail is cleaned and wiped with ethanol. A 27-gauge needle
connected by PE 10 tubing to a 1 mL saline-filled syringe is
inserted into the right lateral vein approximately 2 cm from
the body and its intravascular position confirmed by drawing
blood (Figure 6(b)). The needle is then removed, and a
saline-heparin- (SH; 150 IU/mL) filled catheter is introduced
through the access site. Proper position of the catheter in the
vein is verified by the observation of blood backflow. The
catheter is then secured to the tail using cyanoacrylate glue
(we use Histoacryl, B Braun, Am Aesculap-Platz, Germany)
at the point of insertion.

UBM-guided injections, such as targeted injections of
retroviruses, cells, or genetic materials in mouse embryos,
can be done manually [10] or by mechanical guide [33]
and can be performed transcutaneously or with surgical
exposure of the target organ. Injections can be performed
with 50 μL Hamilton syringe and a 30 gauge needle [10] or
with microinjector units and capillary glass needle that can
inject very small volume (about 10 nL).

6. In Utero Microinjections

In utero ultrasound-guided microinjection of mouse
embryos has proven a valuable tool for exploring the
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Figure 6: Cannulation of jugular and tail veins. The anesthetized mouse is immobilized by taping its harms on a termoregulated pad. A
side of the neck or the tail of the mouse are disinfected. A 27-gauge needle connected by polyethylene tubing (PE10) to a 1 mL saline-filled
cannula is inserted into the jugular vein or in the lateral tail vein approximately 2 cm from the body. The cannula, filled with heparin solution
(750 units/mL in water), is inserted into the vein in caudal direction and fixed to the vein with cyanoacrylate glue (Histoacryl, B Braun, Am
Aesculap-Platz, Germany). The proof of the correct position of the needle is given by blood visualization in the cannula. (a) Cannulation of
jugular vein. (b) Cannulation of lateral tail vein.
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Figure 7: In utero microinjection: laparoscopy along the linea alba. The uterine horns are gently exteriorized to record implantation sites
and simply positioned on sterile gauze and covered with sterile acoustic gel (a). A 40 Mhz probe is used to image in real time the embryos,
and the microinjection is performed by an automatic microinjector equipped with a capillary glass needle. The needle is advanced with
the use a micromanipulator under echo guidance until the needle tip is in the desired location (b). UBM images of a capillary glass needle
advanced under echo guidance until the needle tip is in the amnions (c).
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developmental consequences of altering gene expression
using viral vectors and for injecting cells to study cell
lineage or migration and to validate gene therapies.
Pregnant females need to be monitored during anesthesia.
Physiological parameters such as heart rate, respiratory
frequency, and temperature are useful to assess anesthetic
depth during the procedure and the maternal-fetal well-
being. Microinjection procedure contemplate a laparoscopy
along the linea alba after skin disinfection with 70% ethanol.
The mouse is mounted on the stage of a rail system, which
permits the operator to readily adjust the position of
the mouse while maintaining the microinjection pipette
within the transducer-imaging plane. The uterine horns are
gently exteriorized to record implantation sites and simply
positioned on sterile gauze and covered with sterile acoustic
gel (Figure 7(a)).

A 40 Mhz probe is used to image in real time the
embryos, and microinjection is performed with an automatic
microinjector equipped with a capillary glass needle. The
needle is advanced with the use a micromanipulator under
echo guidance until the needle tip is in the desired location
(Figure 7(b)). In this way, the procedure is less traumatic
for the embryos, and a very small amounts of material can
be injected, significantly reducing the risk of embryonic
death. After microinjecting all sites, the gel is removed with
a squeeze bottle containing sterile PBS, and embryos are
placed back into the body cavity. The maternal abdomen is
then closed using a 8–0 silk suture using a continuous stitch
up, anesthesia is discontinued, and the mouse is placed in a
heated recovery chamber. UBM is performed in the following
two days to test the fetuses’ health status.

Commonly, microinjection is performed at embryonic
day 9.5 (E9.5) or greater, but recently, with advances in
technology, it has been reported the possibility to accurately
target specific regions of the embryos under high-resolution
ultrasound guidance at E6.5 to E7.5 of gestation [33].

7. Applications

7.1. Oncology. High-Frequency ultrasound represents a sig-
nificant advancement in the phenotypic assessment of mouse
cancer models. Tumor size can be quantified by 2D and
3D ultrasound imaging in several xenograft models. Pezold
et al. [41] demonstrated in a murine orthotopic oral
cavity tumor model that tumor dimensions acquired with
ultrasound measurements were not significantly different
compared to histological measurement [42]. Moreover, high-
frequency ultrasound allows noninvasive longitudinal assays
[17]; UBM detects small tumor nodules in early stage with
lower limit of detection at approximately 0.4 mm in volume
(Figure 8). In a model of thyroid cancer UBM detected
the presence of malignant thyroid nodules quite early, long
before they were palpable, and UBM results were compared
with histological findings [2].

In a model of human mammary cancer, 3D was used
to monitor tumor growth every week and to detect tumor
response after therapy, showing a better correlation with
postmortem findings in comparison to other imaging tech-
nique like bioluminescence and positron emission tomogra-
phy [43] (Figure 9).

Recently, Banihashemi et al. [44] demonstrated that
UBM is able to detect apoptotic cell death in a preclinical
tumor model of melanoma after treatment with photody-
namic therapy in models of bladder and colorectal cancer.

Power Doppler ultrasound captures flow-dependent
signals in blood vessels and can be used to assess neo-
angiogenesis. However, its sensitivity is limited to ves-
sels larger than capillaries. Xuan et al. [13] reported the
first application of high-frequency three-dimensional power
Doppler ultrasound imaging in a genetically engineered
mouse prostate cancer model. Tumor vascularity was quan-
tified in power Doppler images by computing the color pixel
density for the entire tumor and the peripheral part of the
prostate tumor. The vascular architecture at different stages
of tumor growth was detected comparing 3D power Doppler
with contrast-enhanced micro-CT. Comparisons suggested
that the smallest vessels reliably detected by power Doppler
were from 100 to 150 μm diameter. Contrast agents revealed
all perfused vessels by assessing stimulated acoustic emissions
from microbubbles. Angiogenesis can be enhanced in neo-
plastic tissues by several mechanisms such as overexpression
of angiogenetic factors or mobilization of angiogenetic
proteins in the extracellular matrix [45], and the amount of
new blood vessel growth is correlated with poor prognosis in
several tumor types [46]. Therefore, there is a great interest
in the development of antiangiogenetic drugs such as anti-
VEGF treatments and of imaging techniques that could be
helpful in quantifying tumor vasculature and the VEGF
expression.

More recently, Willman et al. [35] demonstrated that
angiogenesis is detected in angiosarcoma and malignant
glioma in mice using microbubbles labeled with mono-
clonal antibodies against murine VEGF-R2. A dual-targeted
contrast-enhanced US directed at both VEGF-R2 and
alpha(v)beta(3) integrin improves in vivo visualization of
tumor angiogenesis in a human ovarian cancer xenograft
tumor model in mice.

A major challenge for tumor therapy is to obtain effects
directly into an affected tissue of nucleic acids delivered in
systemic circulation. Intravenous injections of a replication
incompetent adenovirus with a cytokine displaying can-
cer selective-apoptosis profoundly inhibits prostate cancer
growth in animals in which the tumor was insonated in com-
parison with the control groups injected with adenovirus but
not insonated. These findings demonstrate the utility and
the potential therapeutic applications of novel microbubbles
guided gene therapy technology [7].

7.2. Cardiology. UBM provide an opportunity to character-
ize anatomy and physiology of heart and great vessels in a
safe, reliable, and noninvasive modality in adult mice.

2D and 3D imaging have been used to evaluate cardiac
structure and valves morphology and function in mice
[1, 47, 48], to calculate cardiac function parameters such
as stroke volume, cardiac output, ejection fraction, and
fractional shortening, and to assess global left ventricular
function and LV mass [8, 47–49] in normal and in models
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Figure 8: (a) UBM microimaging of thyroid in living mice performed with a 35 MHz probe in a genetically engineered mice model of
thyroid disease (TRK). The figure shows an enlarged left lobe with hypoechoic nodule (arrows). (b) Histopathology analysis shows a thyroid
adenoma. From Mancini et al. Endocrinology [2].
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Figure 9: Multimodality imaging of the lesion: human mammary tumor cells were implanted in the mammary fat pad of an athymic nude
mice, 6 weeks old. There is a good correspondence between the morphology and the size of the tumor detected by UBM and necroscopic
findings. (a) Bioluminescence of the tumor. (b) 18F-flourothymidine total body PET, tumor uptake is evident (arrow). (c) UBM with
measurements of neoplasia. (d) Post mortem dimension of the explanted tumor.

of cardiovascular diseases [50–54]. Pharmacological effects
of various agents tested in mouse models have also been
evaluated with echocardiography [55, 56].

Small heart size hampers accurate injection into the left
ventricular (LV) wall and require surgical visualization of
the heart, but that, however, do not prevent unintentional
injection into the LV cavity. High-resolution echocardiog-
raphy is able to guide cardiac injections accurately into the
myocardial wall of mice with closet chest. This system was
successful to target the injection of labeled cells into specific
cardiac regions such as myocardium adjacent to ischemic
area in a mouse myocardial infarction model or to treat
ischemic myocardium implanting bone marrow cells and to
guide left ventricular catheterization [9, 10].

Microbubbles have been applied mainly as blood pool
agents to enhance the echogenicity of the cardiac cham-
bers during echocardiography for better delineation of the
myocardial borders and for perfusion assessment of the
myocardium [57].

Using 2D B-mode imaging, fetal heart development can
be detected in mice as early as embryonic day 8.5, when the

linear heart tube begins to beat. On day 9.5, the U-shaped
heart tube is clearly visible, and Doppler blood velocity
waveforms can be recorded separately from the inflow and
outflow regions of the heart tube (Figure 10(a)). On day 11.5,
it is possible to detect the process of division of the outflow
tract into the ascending aorta and main pulmonary artery
(Figure 10(b)). At E12.5, the separation of the aorta and main
pulmonary artery appears complete, but the interventricular
septum is visibly incomplete, and flow streams from both
ventricles can be seen entering the aorta (Figure 10(c)). At
day 13.5, the embryonic ventricles are fully separated by a
septum, the atrioventricular valves are visible, and the heart
has a mature fetal form (Figure 10(d)). After day 15.5, the
heart chambers begin to darken in the ultrasound image, and
the ventricular wall, endocardium, and septum are easier to
be discerned (Figure 10(e)). The improved contrast seen after
day 15.5 means that ventricular chamber dimensions and
wall thickness measurements become feasible [5, 58]. Fetal
blood is echodense at UBM frequencies, due to nucleated
erythroblasts, and this may facilitate assessment of major
vascular development.
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Figure 10: (a) E9.5: heart tube and doppler spectral trace of ventricular inflow and outflow at 9.5 gestational age. (b) E11.5: doppler
spectral trace of ascending aorta outflow at 11.5 gestational age. (c) E12.5: bidimensional image of atrio-ventricular chambers (a–V)
interventricular septum (IVS); and doppler spectral trace of ascending aorta outflow at 12.5 gestational age. (d) E13.5: bidimensional image
of atrioventricular chambers, interventricular septum, and left ventricle wall (LV wall); doppler spectral trace of ventricular inflow and
outflow at 13.5 gestational age. The atrial wave (A-wave) was dominant. The rapid ventricular filling (E-wave) is a measure of ventricular
compliance. (e) E15.5: bidimensional image of ventricular chambers, interventricular septum, and left ventricle wall in telesystolic and
telediastolic fase of heart cycle in a 15.5 days mouse embryo.

Noninvasive transthoracic echocardiography in newborn
C57BL mice has been shown to define normal cardiac and
great vessel anatomic measurements [59].

The mouse has become a powerful tool for studying
genetic models of cardiac development and congenital
heart disease and echocardiography is an ideal method for
detecting and studying congenital malformations in living
fetus, as it allows early recognition of abnormalities and
the progression of disease can be followed in utero with
longitudinal studies [5, 48, 59, 60].

7.3. Developmental Biology. In utero imaging of live mouse
embryos allows studies of early embryonic developmental
stages, embryonic neural tubes and heart development, and
the effects of mutant phenotypes during embryogenesis.

UBM resolution is sufficient to visualize small anatomical
structures, especially at embryonic and early postnatal stages
[61] and to study the morphology of various organ systems
throughout development.

The feasibility of UBM for in vivo morphometric quan-
tification of embryonic growth and for estimating gestational

age and embryonic body weight in utero as discussed
elsewhere [62, 63].

At the earlier stage (E11.5), major features of the embryo
can be identified, including amniotic membrane and cavity,
yolk sac, placenta, umbilical vessels, and heart and brain
ventricles. At later stages (>E13.5), brain, mouth, eyes, lungs,
heart chambers, liver, kidneys, chest wall, spine, limbs, and
tail are also clearly visualized.

In the semi-invasive approach, a small incision is made in
the abdominal wall, and one or two embryos are exteriorized.
It has the advantage to exclude the maternal abdominal wall,
and intra-abdominal content to provide a better resolution
of embryonic structures.

Doppler flow in the developing brain has also been
obtained [59, 64]. Investigations about eyes limbs and spine
and skin oculodentodigital dysplasias in mouse embryos
have also been reported using this technology [39, 40, 65].

7.4. Ocular Applications. UBM is a good tool for imaging the
anterior ocular segment anatomy and pathology, including
the cornea, anterior chamber, iris, ciliary body, and lens
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[31, 32, 34, 36, 66–69]. Throughout development until E18.5,
anterior segment structures appear compressed, revealing
little structural detail or differentiation from surrounding
tissues. It is possible to perform several quantitative analysis:
measurements of the corneal thickness, of the anterior
chamber depth, of the trabecular-iris angle, and of the
iridozonular distance. It is, thus, applicable for diagnostic
imaging of corneal diseases, glaucoma, cysts, and tumors.
Imaging of posterior structures of the eye, and in particular,
the retina and the optical nerve can also be obtained.
Normal embryonic development of the mouse eye can
be studied by ultrasound biomicroscopy with a focus on
the formation of the retina, lens, and cornea. The earliest
stages of development that can be successfully imaged are at
approximately E8.5, coinciding with the appearance of the
optic placode and vesicle. At this point, the morphogenesis
of the eye is very primitive, and features of the developing
tissues are close to the resolution limit of the scanner.
Subsequent development of the lens vesicle, retina, cornea,
vitreous, and conjunctiva can be observed up to the birth of
the mouse. No evidence of flow has yet been observed in the
developing prenatal mouse eye.

8. Conclusions

Advantages of ultrasound imaging over other imaging tech-
niques that use ionizing radiation (e.g., PET, SPECT, and CT)
is that it less invasive, does not require specialized ancillary
equipments, is safer for the animals and the operators, and,
finally, is a low-cost technology.

However, ultrasound imaging has also some limitations
as a research tool. In fact, it requires the knowledge and
expertise of a well-trained sonographer to obtain accurate
and repeatable images and is limited by bone- and gas-filled
structures; therefore, ultrasound is not routinely used in
brain, spinal cord, and lung imaging. The development of
novel targeted contrast agents will foster future applications
to study the molecular basis of animal models. UBM provide
a noninvasive imaging of both embryos and adult mice
anatomy and pathology. It is an excellent tool for cancer
research and cardiovascular investigations to analyze ocular
and abdominal structures and embryos development.
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