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INTRODUCTION

Cardiovascular disease is considered the major cause of
morbidity and mortality throughout the world. Over the past
several years, great achievement has been made in the treat-
ment/management of cardiovascular diseases, which have
depended on the use of experimental animal models. With
the use of disease models in preclinical research, a large
amount of information has been generated, which has out-
lined the pathogenesis, progression and mechanisms under-
lying cardiovascular diseases at the cellular and molecular
level. This has allowed the development of many effective
treatment strategies.

Cardiovascular disease models have been developed in
many species, including large animals such as swines and
dogs [1, 2], as well as, small animals such as rats and mice
[3-5]. Small animal models are more applicable to research
work compared to large animal models due to their inexpen-
siveness, convenience in handling and the vast amount of
scientific literature available [6]. In this review, we mainly
focus on various methods used by investigators to create
small animal models of cardiac disease, such as myocardial
infarction (M), dilated cardiomyopathy (DCM), heart failure
(HF), myocarditis and cardiac hypertrophy (CH) and the
related stem cell treatment for these diseases.

*Address correspondence to this author at the Department of Cardiac
Surgery, University Rostock, Schillingallee 69, 18057 Rostock, Germany;
Tel: +49-381-494 6215; Fax: +49-381-494 6214;

E-mail: wenzhong.li@med.uni-rostock.de

*These authors contributed equally.

1874-1924/10

1. ANIMAL MODEL OF MYOCARDIAL INFARC-
TION (MI)

1.1. Introduction

Ml is one of the leading causes of death in the world,
induced by a blockage in coronary arteries as a result of
atherosclerosis or thrombosis [7]. It is characterized by ne-
crosis of myocardiocytes due to a reduction in blood supply.
The conventional clinical treatments, such as percutaneous
coronary intervention, coronary-artery bypass graft surgery
and anti- or dissolution- thrombotic therapy can reduce death
rate to a certain extent [8]. Heart transplantation is greatly
restricted due to the limited source of donor hearts. There-
fore, more effective approaches are urgently needed to treat
this disease.

On the basis of animal models established in experimen-
tal research, the mechanisms underlying the development of
cardiovascular diseases at the cellular and molecular level
have been clarified and the potential treatment options using
protein, gene and stem cell therapy have been proposed,
which have achieved satisfactory results [9-17].

1.2. Animal Models of M1

Ml in animal models can be mainly achieved by two
methods. The first is to fully block or partially narrow the
coronary artery, which often leads to acute ischemia. This
can be achieved by a surgical procedure or by drug interven-
tion. The other method is to induce atherosclerosis in coro-
nary arteries, which would more closely mimic the disease
progression in humans; however, this approach is rarely
adopted in research studies, since it is time-consuming [18].
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In this section we focus on the commonly used methods to
create Ml in small animals.

1.2.1. Surgical Ligation Model

Occluding different regions of the coronary arteries via a
thoracotomy to induce MI has been used for decades [19].
Ligation of the left anterior descending coronary artery
(LAD) to create anterior wall infarction of the left ventricle
(LV) has been described by many workers [19-23]. The sur-
gical procedure can be divided into three steps. In brief, the
heart of an animal under anaesthesia is exposed following a
left thoracotomy at the fourth intercostal space. The pericar-
dium is carefully broken and the LAD ligated with a suture
placed just distally (Imm) from tip of the left auricle. The
procedure is considered successful if the electrocardiogram
(ECG) shows ST-segment elevation and the anterior wall of
the left ventricle becomes whitish. Finally, the lungs are in-
flated and the chest closed.

This permanent ligation of the LAD can cause irreversi-
ble damage to the myocardium, which is stable and easily
reproduced. It has been extensively employed in studies on
Ml therapy using techniques such as; cell implantation,
genetic modification and the administration of cytokines [24-
28]. Further ligation of the LAD can also produce a HF
model or an ischemia—reperfusion model by subsequently
removing the occlusion [29, 30]. However, the difficulty
in operating on small rodents, particularly mice and the
relatively high surgical mortality, due to the size of the
wound created has to be addressed. In addition, the coronary
ligation procedure often gives rise to apical aneurysmatic
infarcts of variable size.

1.2.2. Cauterization and Cryo-Injury Model

The surgical procedures for cauterization or cryo-injury-
induced MI have been previously studied using various ani-
mal models. In brief, the heart is exposed following intercos-
tal thoracotomy. Cauterization or cryo-injury is induced with
an electrocoagulation knife for 1 to 2 seconds or a cryoprobe
for 10s, respectively, on the anterior LV free wall [31, 32].
The position of the probe can be set accurately using the
pulmonary artery as an anatomical landmark.

The MI caused by cauterization or cryo-injury is stable
and easily produced in a short period of time, without the
interference of the coronary arteries collateral circulation
[31]. It is particularly suitable for use in small animal such as
the mouse. The necrosis of myocardiocytes is ascribed to
tissue damage caused by burning or the ultra-low tempera-
ture. Unfortunately, cauterization or cryo-injury is not guar-
anteed to induce myocardium ischemia [33] or tissue damage
that closely mimics the natural ischemia-initiated infarction.
In fact, myocardial injury from cauterization or cryo-injury
shows pathophysiological changes that are not associated
with myocardial infarction [33].

1.2.3. Balloon Occlusion Model

The balloon occlusion model was developed from percu-
tanous translaminal coronary angioplasty and was applied in
large animal models [6, 34]. Cohen et al. developed this oc-
clusion model in small animals by encircling a superficial
branch of the rabbit left coronary artery with a balloon oc-
cluder [6]. Briefly, after left thoracotomy, the open end of a
balloon occluder is placed around the branch of the exposed
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left coronary artery (LCA). The occluder is connected to a
vacuum pump or compressed air to control balloon inflation
and coronary occlusion. The use of this model reduces mor-
tality and the size of the surgical wound when compared
with LAD ligation-induced MI. The procedure is reliable and
reproducible, allowing the accurate positioning of the bal-
loon, making it the first choice model to induce post-infarct
reperfusion. However, balloon angioplasty requires a high
level of surgical expertise and is not easily applicable in
small animals without extensive training [35-38].

1.2.4. Pharmacologically-Induced Model

Drug-induced myocardial ischemia is a convenient pro-
cedure, since it does not require complicated surgery. Isopro-
terenol, adriamycin and ergonovine have been often used to
induce MI. Signal et al. induced myocardial ischemia in rats
with isoproterenol (a synthetic B-adrenergic agonist) [39].
Similarly, Chagoya et al. developed a rat MI model by utilis-
ing isoproterenol [40]; and Arteaga de Murphy and his group
successfully duplicated the MI model in rats with a subcuta-
neous injection of isoproterenol [41]. While, Arnolde et al.
created an ischemia model in rabbits by the intraperitoneal
injection of adriamycin [42].

Drug-induced ischemia can be easily achieved, since it
increases myocardial oxygen consumption or induces coro-
nary artery spasm to reduce blood flow; however, drug
safety and the difficulty in accurately positioning the infarct
region make this model rarely used in clinical research.

1.3. The use of Stem Cells to Study Ml

Studies using myocardial infarct animal models have
indicated that transplantation of mesenchymal stem cells
(MSC) [23, 43-45], umbilical cord blood cells [46, 47],
bone-marrow-derived haematopoietic stem cells [32, 48],
skeletal myoblasts [49], endothelial progenitor cell (EPC)
[50], cardiac stem cells [51, 52], embryonic stem cells (ESC)
[25], or induced-pluripotent stem cell [53] have the potential
to improve the function of ventricular muscle after MI.
Clinical trials have also produced some encouraging results.
However, the current experimental evidence suggests that
the benefits of cell therapy are modest. Several recent re-
views have summarized systematically the application of
stem cell following MI [54, 55]. The past decade has shown
that translating the potential benefit of stem cell therapy into
actual clinical practice still needs a lot of work and many
barriers would need to be overcome before this therapy can
attain its full potential.

2. ANIMAL MODEL OF DILATED CARDIOMYOPA-
THY (DCM)

2.1. Introduction

DCM is a primary myocardial disease characterized by
chamber dilation associated with impaired systolic and dia-
stolic function [56, 57]. It starts from asymptomatic LV dila-
tation or impaired systolic function, exercise-induced symp-
toms, and finally to overt congestive heart failure (CHF).
The onset of DCM can be linked to viral infection, genetic
abnormalities, and autoimmune mechanisms [58]. A number
of animal models of DCM have been developed to elucidate
the mechanism responsible for the pathophysiological fea-
tures of DCM and to establish potential treatment strategies.
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This section of the review focuses on viral infection, genetic
abnormalities, and autoimmune animal model and the appli-
cation of stem cells to treat DCM.

2.2. Immunization Model of DCM

Increasing evidence shows that a large proportion of
DCM cases are mediated by autoimmune processes [59, 60].
Various antimyocardial antibodies circulating in the serum
are associated with myocyte injury, which is detected in 85%
of DCM patients [61]. Furthermore, familial occurrence of
DCM with the presence of autoantibodies and abnormal cy-
tokine profiles in relatives with asymptomatic LV enlarge-
ment can account for 20-30% of cases [62, 63], suggesting
the involvement of abnormal humoral and cellular immunity
in the early development of the disease.

B1-ECII the anti-p1-adrenergic receptor antibody against
the second extracellular receptor loop represents a potent
“self-antigen” that induces DCM [64, 65]. Matsui et al. using
a rabbit model were the first to presented data on the devel-
opment of biventricular dilatation. They found an upregula-
tion of total cardiac B-AR (B-adrenergic receptor) following
immunization with B1-EClI-homologous peptide [66]. In-
traperitoneal injection of blood lymphocytes either from
immunized anti- B1-ECII-positive rabbits [67], or from anti-
B1-AR-positive DCM patients [68] into immunodeficient
mice can avoid the expected immune reaction against rabbit
or human non-self proteins, which can lead to the early stage
of cardiac dilatation. Treatment of mice with certain human
leukocyte antigen alleles can also induce autoimmune myo-
carditis followed by the subsequent development of DCM
[69]. Daniel et al. induced DCM in a mouse model with the
application of KXXS-motif [70]. The autoimmune DCM
model can also be created by viral infection, immunization
with heart-specific autoantigens, or from genetically predis-
posed strains.

2.3. Viral Infection Model of DCM

Viral myocarditis is a common cause of acquired DCM
in humans. The pathogenesis of viral myocarditis and the
pathophysiological features of DCM depend on the viral
strain and the genetic background [71].

Transduction of Coxsackie virus genomic constructs with
a cardiac-specific promoter in transgenic mice induced DCM
with features consistent with human cardiomyopathy [72].
Recent evidence showed that Coxsackie virus myocarditis
can lead to DCM [73]. Acute coronavirus infection can also
results in virus-induced myocarditis and CHF. After infec-
tion, nearly half of the rabbits showed an increased heart
weight and heart weight-to-body weight ratios, biventricular
dilation, myocyte hypertrophy, myocardial fibrosis, and
myocarditis similar to the development of DCM [74]. LP-
BMS5 murine AIDS (MAIDS) retrovirus induced DCM in the
absence of chronic cardiac inflammation, suggesting MAIDS
retroviral infection can lead to DCM without myocarditis
[75].

2.4. Genetic Abnormality Models of DCM

Approximately 20% of DCM patients have a gene muta-
tion [62], which affects the myosin heavy chain [76], cardiac
actin [77], tropomyosin [78], or troponin [79], inducing a
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functional impairment of the referred proteins. Recent inves-
tigations have focused on the genetic mechanisms and stress
pathways [76], cytoskeletal abnormalities [77] and signaling
pathways for CH and HF in DCM [77]. Yasuhiro et al. fo-
cused on the mouse models of DCM, together with commen-
tary on the naturally occurring DCM in the hamster [80]
based on the subcellular localization and the potential func-
tional importance of the gene products involved.

2.5. Stem Cell Therapy for DCM

A number of experimental studies and clinical trials sup-
port cellular cardiomyoplasty as a promising therapeutic
strategy to improve cardiac function after acute Ml [81, 82],
however, much less information is available on the therapeu-
tic potential of MSCs for DCM. Noritoshi et al. investigated
the effect of MSCs on DCM in animals following immuniza-
tion [83]. The results showed that MSC transplantation in-
creased capillary density and decreased the collagen volume
fraction in the myocardium, resulting in decreased LV end-
diastolic pressure. Bone marrow-derived mononuclear cell
therapy in DCM limited cellular apoptosis, inflammatory and
oxidative responses, up-regulated the expressions of Cx43,
PKC, and energy transcription factors and improved LV
function [84]. In addition, intracoronary administration of
bone marrow-derived progenitor cells improved coronary
microvascular function in DCM [85]. Hence, stem cell trans-
plantation has great potential as a new therapeutic strategy
for the treatment of DCM.

3. ANIMAL MODELS OF HEART FAILURE (HF)
3.1. Introduction

HF is associated with 50% survival at 5 years. The use of
animal models is indispensable in understanding the patho-
physiology of HF and to evaluate the efficacy and efficiency
of novel therapeutic approaches such as gene therapy, the
use of mechanical devices and new surgical procedures. This
section presents the most common in vivo models used to
study HF.

3.2 Models of acute HF
3.2.1. Hydraulic Occluder and Ameroid Constrictor

These methods allow complete or partial occlusion of
coronary artery branches in animal models. Hence, they are
applicable to induce HF [86, 87], and coronary stenosis for
the investigation of hibernating myocardium. Briefly, a left
anterolateral thoracotomy is performed followed by an inci-
sion of the pericardium; a branch of the LCA is exposed and
the hydraulic occluder placed around the vessel. The oc-
cluder is then inflated to induce partial stenosis or complete
occlusion. An ultrasonic flow probe can be placed distally
to the occluder to control the degree of occlusion and record
the downstream flow through the LCA [88]. An ameroid
constrictor can also be implanted in a similar way. At body
temperature, the casein plastic ring around the vessel will
gradually narrow, due to the hygroscopic property of the
material. The complexity of placing the hydraulic occluder
and ameroid constrictor mean that these procedures are not
appropriate for use in small animal models for investigating
Ml-induced HF [86, 87].
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3.2.2. Coronary Artery Ligation

Pfeffer et al. created HF in rats by coronary artery liga-
tion [89]. Rats with an infarction size greater than 46% de-
veloped CHF after 21 days, with symptoms of elevated fill-
ing pressures, reduced cardiac output, and a minimal capac-
ity to respond to pre- and after-load stress. The impairment
of LV function was closely associated with the extent of
myocardial loss [89]. Animal mortality from HF seems to be
strain-dependent, since Sprague-Dawley and Lewis rats have
a mortality rate of 36% and 16%, respectively [90].

3.2.3. Coronary Artery Embolisation

Coronary artery embolisation-induced HF is based on
intracoronary embolisation with microspheres [91], agarose
or polystyrene beads or the intracoronary injection of throm-
bin and autogenous blood with fibrinogen [92]. Sabbah et al.
used dogs that underwent 3 to 9 catheter-mediated intracoro-
nary embolisation 1-3 weeks apart [90]. The embolisation
was discontinued when the ejection fraction of the LV was
less than 35%. In this model coronary artery embolisation
increased the LV end-diastolic pressure, which was accom-
panied by a significant rise in pulmonary artery wedge pres-
sure and systemic vascular resistance. Three months after the
embolisation, patchy myocardial fibrosis and LV hypertro-
phy were observed in the heart. There was also an increase in
plasma levels of atrial natriuretic peptide and norepineph-
rine, as well as, a reduction in the number of B-AR and L-
type calcium channels and the activity and protein levels of
SR Ca2+-ATPase [93].

This model can mimic the clinical situation, of patients
with HF and acute coronary syndrome, since embolisation-
induced atherosclerotic and thrombotic debris are deposited
into the coronary microcirculation. However, one disadvan-
tage of the model is the difficulty in accurately controlling
the location or the length of coronary artery occlusion.

3.2.4. Models of Chronic Heart Failure

Incomplete narrowing of coronary arteries similar to that
observed in the coronary artery occlusion animal model has
been established to mimic chronic HF. In brief, a thora-
cotomy is performed on the chosen animal model; a probe or
copper wire is inserted into the epicardium along the LCA.
The LCA is ligated with the probe inside 1-2 mm from its
origin. The probe is then removed, resulting in an average
reduction in the luminal diameter by 42% [94]. The ST seg-
ment of the ECG should be transiently elevated during coro-
nary occlusion if the operation is successful. An excessive
coronary artery occlusion may induce persisting ST segment
elevation even after removal of the probe. HF may occur as a
result of chronic cardiac ischemia [95]. The coronary liga-
tion procedure may inevitably include the ligature of some
muscle mass, which could induce vessel stenosis. The
maximal resting coronary blood flow can decrease by 43%
5-7 days following the operation [96]. Reparative fibrosis,
myocytolytic necrosis, as well as, myocyte hypertrophy can
also occur [97].

This model lacks predictability and reliability and the
degree and progression of the stenosis cannot be adjusted.
After several weeks a complete occlusion of the coronary
artery can develop [98]. Interestingly, the gradually increas-
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ing stenosis may prompt the formation of collateral vessels,
similar to the situation observed in some patients.

3.3. Stem Cells Therapy for HF

Current therapies aim largely to attenuate the pathologi-
cal remodelling that occurs after injury and to reduce risk
factors for HF. Studies in animal models indicate that trans-
plantation of bone-marrow derived stem cells, MSC, EPC or
autologous umbilical cord blood mononuclear cells [99]
have the potential to improve the function of ventricular
muscle after HF. A number of studies showed improvement
in cardiac function when bone marrow-derived stem cells
were directly implanted. However, limited or no differentia-
tion of bone marrow cells to cardiovascular cell types [100,
101] suggested that the beneficial effect was independent of
tissue regeneration [102]. Some groups have shown that EPC
has great promise as a potential therapeutic agent [103, 104].
However, further research is required to enhance the thera-
peutic efficiency of EPCs in HF.

4. ANIMAL MODELS OF MYOCARDITIS
4.1. Introduction

Myocarditis can be defined as inflammation of heart
muscle. It resembles a heart attack without the blockage of
coronary artery. Myocarditis is often induced by a viral in-
fection such as parvovirus B19 or less commonly non-viral
pathogens such as borrelia burgdorferi (Lyme disease) or
trypanosoma cruzi, or as a hypersensitivity response to drugs
[105]. Myocarditis is, therefore, an infection of the heart,
with inflammatory infiltrate, causing damage to the heart
muscle [106], which may or may not result in the death of
heart tissue.

4.2. Experimental Autoimmune Myocarditis (EAM)
Animal Model

EAM can be induced in susceptible mice by immuniza-
tion with murine cardiac myosin or cardiac myosin peptides
[107, 108], or by adoptive transfer of myosin-stimulated T
cells [109]. Myosin-induced EAM is a model of inflamma-
tory heart disease initiated by CD4+ T cells [109]. The im-
mune-mediated cardiac damage could play a role in the
pathogenesis of a subset of post-infectious human cardiomy-
opathies [110]. It is also possible to induce myocarditis in
Lewis rats by immunization with cardiac myosin [111] or by
adoptive transfer of T cells stimulated by specific peptides
from cardiac myosin [112].

4.2.1. Induction of EAM by Active Immunization with
Cardiac Myosin

The procedure to produce the animal model of EAM by
active immunization with cardiac myocin has previously
been described [107]. The immunogen is injected subcutane-
ously into mouse; 7 days later a second dose of immunogen
emulsified in Complete Freund’s adjuvant (CFA) is adminis-
tered; 21 days after the first immunization the mouse is
euthanized. The heart is immediately removed, fixed in for-
malin for 24 hours, stained and a histopathological assess-
ment performed to ascertain whether EAM is established. A
rapid determination of the induction of EAM can be also
made by analyzing specific serum markers for cardiac injury.
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Cardiac troponin | (cTnl) and cardiac troponin T (cTnT), are
two proteins associated with the myocyte contractile appara-
tus, which will be released into the serum when myocytes
are injured and can serve as markers of myocyte injury. cTnl
is highly sensitive and specific for myocarditis in mice 17 —
21 days after immunization. The sensitivity of cTnT meas-
urement is maximal at day 16. Both cTnl and ¢cTnT meas-
urements are superior to the measurement of CK-MB for the
detection of murine EAM.

4.2.2. Induction of EAM by Adoptive Transfer of Cardiac
Myosin-Stimulated T Cells

The protocol for EAM induction with adoptive transfer
of cardiac myosin-stimulated T cells has been reported [113,
114]. In breif, the donor mice (6 to 8 weeks old) is immu-
nized with cardiac myosin emulsified in CFA, the spleens
are harvest from these mice 12-14 days after the first immu-
nization. The spleens are incubated in sterile tissue culture
flasks for 72 hours at 37°C. Lymphocytes are separated from
the red blood cells and dead cells by Ficoll-Hypaque gradi-
ent centrifugation. The T cells are enriched and the B cells
removed by cytotoxic elimination using an anti-MHC class
Il antibody and complement. T cells are injected intrave-
nously into the tail veins of recipient SCID mice; 21 days
after the first immunization the mouse is euthanized. The
heart is immediately removed, fixed in formalin for 24
hours, stained and a histopathological assessment performed
to ascertain whether EAM is established.

This model is ideal for studying the role of specific cellu-
lar effectors on the induction and pathogenesis of EAM, but
it is only applicable to SCID mice, which have no functional
B and T cells.

4.2.3. Induction of EAM by Active Immunization with
Bordetella

The protocol to induce EAM by active immunization
with bordetella is known [111]. In brief, an emulsion of the
selected immunogen (cardiac myosin or cardiac myosin pep-
tide) is prepared. On day O and 7, an appropriate volume of
immunogen is subcutaneously injected into female Lewis
rats. A solution of B. pertussis is prepared in PBS and in-
jected into the rats intravenously on day 1 and 3; 21 days
after the first immunization the rat is euthanized. The heart is
immediately removed, fixed in formalin for 24 hours, stained
and a histopathological assessment performed to ascertain
whether EAM is established.

The injection of cardiac myosin and B. pertussis is the
only way to induce EAM in rats, allowing the comparative
study of the mechanism underlying disease development.

4.3. Virus-Induced Myocarditis Animal Model

Humans infected with common viruses such as; adenovi-
rus, enterovirus, Epstein-Barr virus, human herpes virus 6,
parvovirus B19 and cytomegalovirus may have activated T-
cells and associated cytokine mechanisms, [115] resulting in
autoimmune myocarditis [116]. Viruses induce the initial
myocardial injury, and can cause continuous low grade in-
flammation and enduring myocardial damage and reparative
fibrosis. Inflammatory cells also produce matrix-degrading
proteases [117, 118], leading to LV dilatation and cardiac
dysfunction [119].
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Similar to autoimmune myocarditis, direct virus injection
can cause myocarditis in three phases. The initial phase fre-
quently passes without symptoms, since the initial damage is
often prevented by the innate immune response [120]. The
second phase results from immune dysregulation, triggered
by the initial cardiomyocyte injury. The initial cellular and
humoral immune responses may improve the outcome dur-
ing phase 1; conversely, they are responsible for the harmful
effect during phase 2. This is in part due to molecular mim-
icry [121], which is caused by mimicked epitopes shared
between the viral and cardiac antigens [122]. Finally, in the
third phase, a typical DCM develops as a result of extensive
myocardial injury.

It is, however, difficult to determine the virus dose/
concentration required to induce myocarditis and detect
the inflammation of the myocardium during the first phase,
limiting its application in preclinical research.

4.4. Stem Cell Therapy for Myocarditis

Stem cells play a critical role in the pathogenesis and
outcome of myocarditis. Recent studies have described the
role of different stem cell types and subtypes and their prod-
ucts in mediating cardiac dysfunction in myocarditis. Kania
G et al. in vitro culture-expanded a specific population of
bone marrow-derived prominin-1-expressing progenitor cells
from healthy heart tissue and injected these cells intrave-
nously into autoimmune-myocarditis animal model [123].
MSCs also have angiogenic, myogenic, and paracrine ac-
tions in the treatment of EAM. Okada H et al. determined
whether MSC transplantation attenuated EAM [124]. Their
results showed that MSC transplantation reduced the severity
of EAM by inducing neovascularization and inhibiting in-
flammatory cytokine production. Weener et al. investigated
the effect of delivering spleen-derived EPC into a rat model
of inflammatory-mediated myocardial damage [125]. They
found that EPC caused a functional improvement in cardiac
performance evident by higher fractional shortening, reduced
scar tissue and thickened ventricular walls. Wang et al. used
ESC to attenuate viral myocarditis [126]. They found that a
tail vein injection of ESC significantly increased the survival
of viral myocarditis mice and decreased the necrosis
and infiltration of inflammatory cells. These studies taken
together, demonstrate the potential stem cell therapy has in
treating myocarditis.

5. ANIMAL MODEL OF CARDIAC HYPERTROPHY
(CH)

CH is an adaptive response of the heart to pressure over-
load. However, long term hypertrophy of cardiomyocytes
can not maintain normal function and eventually HF will
develop. CH is a common feature of the failing myocardium
in the progression of some cardiovascular diseases (e.g. hy-
pertension, Ml and HF) and is closely related to the patho-
logical changes [127-130].

Many investigators have studied the mechanism underly-
ing CH [131-133]. Recent research has showed that CH is a
complicated and dynamic process. It is associated with many
genetic and molecular changes related to the regulation of a
series of signaling pathways, expression of some cardiac
fetal genes, and enhanced of protein synthesis. Interestingly,
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the increase in cardiac protein synthesis directly causes the
enlargement of cardiomyocytes [134,135].

Various chemical factors, as well as, mechanical stimula-
tion contribute to the development of the hypertrophic re-
sponse, which is also the basis of establishing cell and ani-
mal models [136-138]. Many laboratories induce hypertro-
phic phenotypes on neonatal or adult cardiomyocytes using
mediators such as endothelin-1, angiotensin Il and leptin
[139-142]. Akimasa Koga and his group constructed an ade-
novirus vector carrying human wild-type caveolin-3 gene,
which was able to prevent phenylephrine and endothelin-1-
induced hypertrophic responses [143]. While, Galindo and
his colleagues compared the transcriptional difference be-
tween isoproterenol-induced and exercise-induced CH in
mice [144].

There have been a few reports on stem cell therapy fol-
lowing CH. In general, CH can be suppressed as an accom-
panying symptom following ischemic injury or HF during
treatment. Our team has found that the post-infarct hypertro-
phic phenotype can be inhibited after erythropoietin treat-
ment, which activated stem cell mobilization and migrate to
the infarcted heart [145].

SUMMARY

With the use of small animal disease models in preclini-
cal research, workers have aquirred a large amount of infor-
mation on the pathogenesis/progression of cardiovascular
disease, which has aided the development of effective treat-
ment options. These animal models are effective scientific
tools to study the molecular mechanisms of stem cell based
therapies for cardiovascular diseases, which potentially pro-
vide a powerful approach for discovering new drugs.

ABBREVIATIONS

CH = Cardiac hypertrophy

cTnl = Cardiac troponin |

cTnT = Cardiac troponin T

CFA = Complete Freund’s adjuvant

CHF = Congestive heart failure

CK-MB = Creatine kinase-MB

DCM = Dilated cardiomyopathy

ECG = Electrocardiogram

EPC = Endothelial progenitor cell

EAM = Experimantal autoimmune myocarditis

ESC =  Embryonic stem cell

HF = Heart failure

LAD = Left anterior descending coronary artery

LCA = Left coronary artery

LV = Left ventricle

MHC = Major histocompatibility complete

MSCs = Mesenchymal stem cells

MAIDS = Murine acquired immune deficiency
syndrome
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Ml = Myocardial infarction
PBS = Phosphate buffered saline
PKC = Protein kinase C
SCID = Severe combined immunodeficiency
SRCa” = Sarcoplasmic reticulum Ca®* ATPase
ATPase
B1-ECII = Anti-Bl-adrenergic receptor antibody against

the second extracellular receptor loop
B-AR = Beta adrenergic receptor
ACKNOWLEDGEMENT

This work was supported by Sonderforschungsbereich/
Transregio 37 (B5, B2 and A4); German Federal Ministry of
Education and Research, BioChancePlus program (0313191);
The German Helmholtz Association, Mecklenburg-
Vorpommern, German Federal Ministry of Education and
Research, German Research Foundation (Nachwuchsgruppe
Regenerative Medizin Regulation der Stammzellmigration
0402710); the Reference and Translation Center for Cardiac
Stem Cell Therapy (RTC).

DISCLOSURE STATEMENT

No competing financial interests exist.

REFERENCES

[1] Yang ZJ, Ma DC, Wang W, et al. Experimental study of bone
marrow-derived mesenchymal stem cells combined with hepato-
cyte growth factor transplantation via noninfarct-relative artery in
acute myocardial infarction. Gene Ther 2006; 13: 1564-8.

[2] Murasato Y, Nagamoto Y, Urabe T, Kuraoka F, Nakashima Y,
Kuroiwa A. Effects of lidocaine and diltiazem on recovery of elec-
trophysiologic activity during partial reperfusion following severe
myocardial ischemia in canine hearts. J Electrocardiol 1997; 30:
113-25.

[3] Imanishi Y, Saito A, Komoda H, et al. Allogenic mesenchymal
stem cell transplantation has a therapeutic effect in acute myocar-
dial infarction in rats. J Mol Cell Cardiol 2008; 44: 662-71.

[4] Das H, George JC, Joseph M, et al. Stem cell therapy with overex-
pressed VEGF and PDGF genes improves cardiac function in a rat
infarct model. PLoS One 2009; 4: e7325.

[5] Lin HH, Chen YH, Chang PF, Lee YT, Yet SF, Chau LY. Heme
oxygenase-1 promotes neovascularization in ischemic heart by
coinduction of VEGF and SDF-1. J Mol Cell Cardiol 2008; 45: 44-
55.

[6] Cohen MV, Yang XM, Liu Y, Snell KS, Downey JM. A new ani-
mal model of controlled coronary artery occlusion in conscious
rabbits. Cardiovasc Res 1994; 28: 61-5.

[7] Thygesen K, Alpert JS, White HD. Universal definition of myocar-
dial infarction. Eur Heart J 2007; 28: 2525-38.

[8] Choi D, Hwang KC, Lee KY, Kim YH. Ischemic heart diseases:
current treatments and future. J Control Release 2009; 140: 194-
202.

[9] Olivetti G, Capasso JM, Meggs LG, Sonnenblick EH, Anversa P.
Cellular basis of chronic ventricular remodeling after myocardial
infarction in rats. Circ Res 1991; 68: 856-69.

[10] Trescher K, Bernecker O, Fellner B, et al. Inflammation and
postinfarct remodeling: overexpression of IkappaB prevents ven-
tricular dilation via increasing TIMP levels. Cardiovasc Res 2006;
69: 746-54.

[11] Li W, Ma N, Ong LL, et al. Enhanced thoracic gene delivery by
magnetic nanobead-mediated vector. J Gene Med. 2008; 10: 897-
909.

[12] Nagaya N, Fujii T, Iwase T, et al. Intravenous administration of
mesenchymal stem cells improves cardiac function in rats with
acute myocardial infarction through angiogenesis and myogenesis.
Am J Physiol Heart Circ Physiol 2004; 287: H2670-6.



Small Animal Models and Stem Cell Therapy

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

Pons J, Huang Y, Takagawa J, et al. Combining angiogenic gene
and stem cell therapies for myocardial infarction. J Gene Med
2009; 11: 743-53.

Li WZ, Nesselmann C, Zhou ZH, et al. Gene delivery to the heart
by magnetic nanobeads. J Magn Magn Mater 2007; 311: 336-41.
Wang WW, Li WZ, Ong LL, et al. Localized and sustained SDF-1
gene release mediated by fibronectin films: A potential method for
recruiting stem cells. Int J Artif Organs 2009; 32: 141-9.

Wang W, Li W, Ong LL, et al. Localized SDF-1alpha gene release
mediated by collagen substrate induces CD117+ stem cell homing.
J Cell Mol Med 2010; 14: 392-402.

Ong L, Li W, Oldigs JK, et al. Hypoxic/normoxic preconditioning
increases endothelial differentiation potential of human bone mar-
row CD133+ cells. Tissue Eng Part C Methods 2010 (in press).
Russell JC, Proctor SD. Small animal models of cardiovascular
disease: tools for the study of the roles of metabolic syndrome,
dyslipidemia, and atherosclerosis. Cardiovasc Pathol 2006; 15:
318-30.

Johns TN, Olson BJ. Experimental myocardial infarction. 1. A
method of coronary occlusion in small animals. Ann Surg 1954;
140: 675-82.

Camilleri JP, Joseph D, Fabiani JN, et al. Experimental myocardial
infarction in the rat as a quantitative model for the study of anti-
ischemic interventions. Pathol Res Pract 1981; 172: 42-52.
Williams DO, Boatwright RB, Rugh KS, Garner HE, Griggs DM,
Jr. Myocardial blood flow, metabolism, and function with repeated
brief coronary occlusions in conscious ponies. Am J Physiol. 1991;
260: H100-9.

Michael LH, Entman ML, Hartley CJ, et al. Myocardial ischemia
and reperfusion: a murine model. Am J Physiol 1995; 269: H2147-
54.

Li W, Ma N, Ong LL, et al. Bcl-2 engineered MSCs inhibited
apoptosis and improved heart function. Stem Cells 2007; 25: 2118-
27.

Berry MF, Engler AJ, Woo YJ, et al. Mesenchymal stem cell injec-
tion after myocardial infarction improves myocardial compliance.
Am J Physiol Heart Circ Physiol 2006; 290: H2196-203.

Singla DK, Hacker TA, Ma L, et al. Transplantation of embryonic
stem cells into the infarcted mouse heart: formation of multiple cell
types. J Mol Cell Cardiol 2006; 40: 195-200.

Fan L, Lin C, Zhuo S, et al. Transplantation with survivin-
engineered mesenchymal stem cells results in better prognosis in a
rat model of myocardial infarction. Eur J Heart Fail 2009; 11:
1023-30.

Wang M, Tan J, Wang Y, et al. IL-18 binding protein-expressing
mesenchymal stem cells improve myocardial protection after
ischemia or infarction. Proc Natl Acad Sci USA 2009; 106: 17499-
504.

Cheng Z, Ou L, Liu Y, et al. Granulocyte colony-stimulating
factor exacerbates cardiac fibrosis after myocardial infarction in a
rat model of permanent occlusion. Cardiovasc Res 2008; 80: 425-
34.

Jain M, DerSimonian H, Brenner DA, et al. Cell therapy attenuates
deleterious ventricular remodeling and improves cardiac perform-
ance after myocardial infarction. Circulation 2001; 103: 1920-7.
Miyahara Y, Nagaya N, Kataoka M, et al. Monolayered mesen-
chymal stem cells repair scarred myocardium after myocardial in-
farction. Nat Med 2006; 12: 459-65.

van den Bos EJ, Mees BM, de Waard MC, de Crom R, Duncker
DJ. A novel model of cryoinjury-induced myocardial infarction in
the mouse: a comparison with coronary artery ligation. Am J
Physiol Heart Circ Physiol 2005; 289: H1291-300.

Ma N, Ladilov Y, Moebius JM, et al. Intramyocardial delivery of
human CD133+ cells in a SCID mouse cryoinjury model: Bone
marrow vs. cord blood-derived cells. Cardiovasc Res 2006; 71:
158-69.

Kuzma L, Kalemba D, Rozalski M, et al. Chemical composition
and biological activities of essential oil from Salvia sclarea plants
regenerated in vitro. Molecules 2009; 14: 1438-47.

Rugh KS, Garner HE, Hatfield DG, Miramonti JR. Ischaemia in-
duced development of functional coronary collateral circulation in
ponies. Cardiovasc Res 1987; 21: 730-6.

Laguens R, Cabeza Meckert P, Vera Janavel G, et al. Entrance in
mitosis of adult cardiomyocytes in ischemic pig hearts after plas-
mid-mediated rhVEGF165 gene transfer. Gene Ther 2002; 9: 1676-
81.

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

The Open Cardiovascular Medicine Journal, 2010, Volume 4 237

Basso C, Thiene G, Della Barbera M, et al. Endothelin A-receptor
antagonist administration immediately after experimental myocar-
dial infarction with reperfusion does not affect scar healing in dogs.
Cardiovasc Res 2002; 55: 113-21.

Reffelmann T, Sensebat O, Birnbaum Y, et al. A novel minimal-
invasive model of chronic myocardial infarction in swine. Coron
Artery Dis 2004; 15: 7-12.

Krombach GA, Kinzel S, Mahnken AH, Gunther RW, Buecker A.
Minimally invasive close-chest method for creating reperfused or
occlusive myocardial infarction in swine. Invest Radiol 2005; 40:
14-8.

Singal PK, Kapur N, Dhillon KS, Beamish RE, Dhalla NS. Role of
free radicals in catecholamine-induced cardiomyopathy. Can J
Physiol Pharmacol 1982; 60: 1390-7.

Chagoya de Sanchez V, Hernandez-Munoz R, Lopez-Barrera F,
et al. Sequential changes of energy metabolism and mitochondrial
function in myocardial infarction induced by isoproterenol in rats: a
long-term and integrative study. Can J Physiol Pharmacol 1997; 75:
1300-11.

Arteaga de Murphy C, Ferro-Flores G, Villanueva-Sanchez O,
et al. 99mTc-glucarate for detection of isoproterenol-induced
myocardial infarction in rats. Int J Pharm 2002; 233: 29-34.
Arnolda L, McGrath B, Cocks M, Sumithran E, Johnston C.
Adriamycin cardiomyopathy in the rabbit: an animal model of low
output cardiac failure with activation of vasoconstrictor mecha-
nisms. Cardiovasc Res 1985; 19: 378-82.

Cheng Z, Ou L, Zhou X, et al. Targeted migration of mesenchymal
stem cells modified with CXCR4 gene to infarcted myocardium
improves cardiac performance. Mol Ther 2008; 16: 571-9.
Nesselmann C, Ma N, Bieback K, et al. Mesenchymal stem cells
and cardiac repair. J Cell Mol Med 2008; 12: 1795-810.

Furlani D, Li W, Pittermann E, et al. A transformed cell population
derived from cultured mesenchymal stem cells has no functional
effect after transplantation into the injured heart. Cell Transplant
2009; 18: 319-31.

Ma N, Stamm C, Kaminski A, et al. Human cord blood cells induce
angiogenesis following myocardial infarction in NOD/scid-mice.
Cardiovasc Res 2005; 66: 45-54.

Ma N, Ladilov Y, Kaminski A, et al. Umbilical cord blood cell
transplantation for myocardial regeneration. Transplant Proc 2006;
38: 771-3.

Zhao TC, Tseng A, Yano N, et al. Targeting human CD34+ hema-
topoietic stem cells with anti-CD45 x anti-myosin light-chain bis-
pecific antibody preserves cardiac function in myocardial infarc-
tion. J Appl Physiol 2008; 104: 1793-800.

Bonaros N, Rauf R, Wolf D, et al. Combined transplantation of
skeletal myoblasts and angiopoietic progenitor cells reduces infarct
size and apoptosis and improves cardiac function in chronic
ischemic heart failure. J Thorac Cardiovasc Surg 2006; 132: 1321-
8.

Jujo K, li M, Losordo DW. Endothelial progenitor cells in neovas-
cularization of infarcted myocardium. J Mol Cell Cardiol 2008; 45:
530-44.

Winter EM, van Oorschot AA, Hogers B, et al. A new direction for
cardiac regeneration therapy: application of synergistically acting
epicardium-derived cells and cardiomyocyte progenitor cells. Circ
Heart Fail 2009; 2: 643-53.

Nesselmann C, Li W, Ma N, Steinhoff G. Stem cell-mediated
neovascularization in heart repair. Ther Adv Cardiovasc Dis. 2010;
4:27-42.

Nelson TJ, Martinez-Fernandez A, Yamada S, Perez-Terzic C,
Ikeda Y, Terzic A. Repair of acute myocardial infarction by human
stemness factors induced pluripotent stem cells. Circulation 2009;
120: 408-16.

George JC. Stem cell therapy in acute myocardial infarction: a
review of clinical trials. Transl Res 155: 10-9.

Joggerst SJ, Hatzopoulos AK. Stem cell therapy for cardiac repair:
benefits and barriers. Expert Rev Mol Med 2009; 11: e20 (Pubmed
ahead of print).

Greenberg MD. Idiopathic dilated cardiomyopathy. N Engl J Med
1995; 332: 1384; author reply 5-6.

Manolio TA, Baughman KL, Rodeheffer R, et al. Prevalence and
etiology of idiopathic dilated cardiomyopathy (summary of a Na-
tional Heart, Lung, and Blood Institute workshop. Am J Cardiol
1992; 69: 1458-66.



238 The Open Cardiovascular Medicine Journal, 2010, Volume 4

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]
[80]

[81]

Maron BJ, Towbin JA, Thiene G, et al. Contemporary definitions
and classification of the cardiomyopathies: an American Heart As-
sociation Scientific Statement from the Council on Clinical Cardi-
ology, Heart Failure and Transplantation Committee; Quality of
Care and Outcomes Research and Functional Genomics and Trans-
lational Biology Interdisciplinary Working Groups; and Council on
Epidemiology and Prevention. Circulation 2006; 113: 1807-16.
Yoshikawa T, Baba A, Nagatomo Y. Autoimmune mechanisms
underlying dilated cardiomyopathy. Circ J 2009; 73: 602-7.

Mobini R, Andersson B. The therapeutic potential of immune ther-
apy in idiopathic dilated cardiomyopathy. Future Cardiol 2005; 1:
675-82.

Baba A, Yoshikawa T, Chino M, et al. Characterization of anti-
myocardial autoantibodies in Japanese patients with dilated car-
diomyopathy. Jpn Circ J 2001; 65: 867-73.

Michels VV, Moll PP, Miller FA, et al. The frequency of familial
dilated cardiomyopathy in a series of patients with idiopathic di-
lated cardiomyopathy. N Engl J Med 1992; 326: 77-82.

Keeling PJ, Gang Y, Smith G, et al. Familial dilated cardiomyopa-
thy in the United Kingdom. Br Heart J 1995; 73: 417-21.
Magnusson Y, Hoyer S, Lengagne R, et al. Antigenic analysis of
the second extra-cellular loop of the human beta-adrenergic recep-
tors. Clin Exp Immunol 1989; 78: 42-8.

Tate K, Magnusson Y, Viguier M, et al. Epitope analysis of T- and
B-cell response against the human beta 1-adrenoceptor. Biochimie
1994; 76: 159-64.

Matsui S, Fu ML, Katsuda S, et al. Peptides derived from cardio-
vascular G-protein-coupled receptors induce morphological car-
diomyopathic changes in immunized rabbits. J Mol Cell Cardiol
1997; 29: 641-55.

Matsui S, Fu M, Hayase M, et al. Transfer of rabbit autoimmune
cardiomyopathy into severe combined immunodeficiency mice. J
Cardiovasc Pharmacol 2003; 42 Suppl 1: S99-103.

Omerovic E, Bollano E, Andersson B, et al. Induction of cardio-
myopathy in severe combined immunodeficiency mice by transfer
of lymphocytes from patients with idiopathic dilated cardiomyopa-
thy. Autoimmunity 2000; 32: 271-80.

lwata M, Yoshikawa T, Baba A, Anzai T, Mitamura H, Ogawa S.
Autoantibodies against the second extracellular loop of betal-
adrenergic receptors predict ventricular tachycardia and sudden
death in patients with idiopathic dilated cardiomyopathy. J Am Coll
Cardiol 2001; 37: 418-24.

Jane-wit D, Yu M, Edling AE, et al. A novel class Il-binding motif
selects peptides that mediate organ-specific autoimmune disease in
SWXJ, SJLAJ, and SWR/J mice. J Immunol 2002; 169: 6507-14.
Kawai C. From myocarditis to cardiomyopathy: mechanisms of
inflammation and cell death: learning from the past for the future.
Circulation 1999; 99: 1091-100.

Wessely R, Klingel K, Santana LF, et al. Transgenic expression of
replication-restricted enteroviral genomes in heart muscle induces
defective excitation-contraction coupling and dilated cardiomyopa-
thy. J Clin Invest 1998; 102: 1444-53.

Badorff C, Lee GH, Lamphear BJ, et al. Enteroviral protease 2A
cleaves dystrophin: evidence of cytoskeletal disruption in an ac-
quired cardiomyopathy. Nat Med. 1999; 5: 320-6.

Alexander LK, Small JD, Edwards S, Baric RS. An experimental
model for dilated cardiomyopathy after rabbit coronavirus infec-
tion. J Infect Dis 1992; 166: 978-85.

Beischel J, Larson DF, Yu Q, et al. Dilated cardiomyopathy in
retrovirally infected mice: a novel model for silent viral DCM?
Cardiovasc Toxicol 2004; 4: 317-25.

Villard E, Duboscg-Bidot L, Charron P, et al. Mutation screening
in dilated cardiomyopathy: prominent role of the beta myosin
heavy chain gene. Eur Heart J 2005; 26: 794-803.

Olson TM, Michels VV, Thibodeau SN, Tai YS, Keating MT.
Actin mutations in dilated cardiomyopathy, a heritable form of
heart failure. Science 1998; 280: 750-2.

Schupp M, Kintscher U, Fielitz J, et al. Cardiac PPARalpha ex-
pression in patients with dilated cardiomyopathy. Eur J Heart Fail
2006; 8: 290-4.

Chang AN, Parvatiyar MS, Potter JD. Troponin and cardiomyopa-
thy. Biochem Biophys Res Commun 2008; 369: 74-81.

Ikeda Y, Ross J, Jr. Models of dilated cardiomyopathy in the mouse
and the hamster. Curr Opin Cardiol 2000; 15: 197-201.

Templin C, Kotlarz D, Marquart F, et al. Transcoronary delivery of
bone marrow cells to the infarcted murine myocardium: feasibility,

[82]

[83]

[84]

[85]

[86]

[87]

(88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

OQuetal.

cellular kinetics, and improvement in cardiac function. Basic Res
Cardiol 2006; 101: 301-10.

Meyer GP, Wollert KC, Lotz J, et al. Intracoronary bone marrow
cell transfer after myocardial infarction: eighteen months' follow-
up data from the randomized, controlled BOOST (BOne marrOw
transfer to enhance ST-elevation infarct regeneration) trial. Circula-
tion 2006; 113: 1287-94.

Nagaya N, Kangawa K, Itoh T, et al. Transplantation of mesen-
chymal stem cells improves cardiac function in a rat model of di-
lated cardiomyopathy. Circulation 2005; 112: 1128-35.

Sun CK, Chang LT, Sheu JJ, et al. Bone marrow-derived mononu-
clear cell therapy alleviates left ventricular remodeling and im-
proves heart function in rat-dilated cardiomyopathy. Crit Care Med
2009; 37: 1197-205.

Jin B, Luo XP, Ni HC, Li Y, Shi HM. Cardiac matrix remodeling
following intracoronary cell transplantation in dilated cardiomy-
opathic rabbits. Mol Biol Rep 2009 (Pubmed ahead of print).
Harada K, Grossman W, Friedman M, et al. Basic fibroblast
growth factor improves myocardial function in chronically
ischemic porcine hearts. J Clin Invest 1994; 94: 623-30.

Roth DM, White FC, Mathieu-Costello O, et al. Effects of left
circumflex Ameroid constrictor placement on adrenergic innerva-
tion of myocardium. Am J Physiol 1987; 253: H1425-34.

St Louis JD, Hughes GC, Kypson AP, et al. An experimental
model of chronic myocardial hibernation. Ann Thorac Surg 2000;
69: 1351-7.

Pfeffer MA, Pfeffer JM, Fishbein MC, et al. Myocardial infarct
size and ventricular function in rats. Circ Res. 1979; 44: 503-12.
Liu YH, Yang XP, Nass O, Sabbah HN, Peterson E, Carretero OA.
Chronic heart failure induced by coronary artery ligation in Lewis
inbred rats. Am J Physiol 1997; 272: H722-7.

Sabbah HN, Stein PD, Kono T, et al. A canine model of chronic
heart failure produced by multiple sequential coronary microem-
bolizations. Am J Physiol 1991; 260: H1379-84.

Suzuki M, Asano H, Tanaka H, Usuda S. Development and evalua-
tion of a new canine myocardial infarction model using a closed-
chest injection of thrombogenic material. Jpn Circ J 1999; 63: 900-
5.

Gengo PJ, Sabbah HN, Steffen RP, et al. Myocardial beta adreno-
ceptor and voltage sensitive calcium channel changes in a canine
model of chronic heart failure. J Mol Cell Cardiol 1992; 24: 1361-
9.

Gupta RC, Shimoyama H, Tanimura M, Nair R, Lesch M, Sabbah
HN. SR Ca(2+)-ATPase activity and expression in ventricular
myocardium of dogs with heart failure. Am J Physiol 1997; 273:
H12-8.

Capasso JM, Jeanty MW, Palackal T, Olivetti G, Anversa P. Ven-
tricular remodeling induced by acute nonocclusive constriction of
coronary artery in rats. Am J Physiol 1989; 257: H1983-93.

Li B, Li Q, Wang X, et al. Coronary constriction impairs cardiac
function and induces myocardial damage and ventricular remodel-
ing in mice. Am J Physiol 1997; 273: H2508-19.

Capasso JM, Li P, Anversa P. Nonischemic myocardial damage
induced by nonocclusive constriction of coronary artery in rats. Am
J Physiol 1991; 260: H651-61.

Domkowski PW, Hughes GC, Lowe JE. Ameroid constrictor ver-
sus hydraulic occluder: creation of hibernating myocardium. Ann
Thorac Surg 2000; 69: 1984.

Yerebakan C, Sandica E, Prietz S, et al. Autologous umbilical cord
blood mononuclear cell transplantation preserves right ventricular
function in a novel model of chronic right ventricular volume over-
load. Cell Transplant 2009; 18: 855-68.

Balsam LB, Wagers AJ, Christensen JL, Kofidis T, Weissman IL,
Robbins RC. Haematopoietic stem cells adopt mature haema-
topoietic fates in ischaemic myocardium. Nature 2004; 428: 668-
73.

Murry CE, Soonpaa MH, Reinecke H, et al. Haematopoietic stem
cells do not transdifferentiate into cardiac myocytes in myocardial
infarcts. Nature 2004; 428: 664-8.

Kamihata H, Matsubara H, Nishiue T, et al. Implantation of bone
marrow mononuclear cells into ischemic myocardium enhances
collateral perfusion and regional function via side supply of an-
gioblasts, angiogenic ligands, and cytokines. Circulation 2001; 104:
1046-52.

Murayama T, Tepper OM, Silver M, et al. Determination of bone
marrow-derived endothelial progenitor cell significance in angio-



Small Animal Models and Stem Cell Therapy

[104]
[105]
[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

genic growth factor-induced neovascularization in vivo. Exp Hema-
tol 2002; 30: 967-72.

Crosby JR, Kaminski WE, Schatteman G, et al. Endothelial cells of
hematopoietic origin make a significant contribution to adult blood
vessel formation. Circ Res 2000; 87: 728-30.

Cooper LT, Jr. Myocarditis. N Engl J Med 2009; 360: 1526-38.
Baughman KL. Diagnosis of myocarditis: death of Dallas criteria.
Circulation. 2006; 113: 593-5.

Neu N, Rose NR, Beisel KW, Herskowitz A, Gurri-Glass G, Craig
SW. Cardiac myosin induces myocarditis in genetically predis-
posed mice. J Immunol 1987; 139: 3630-6.

Donermeyer DL, Beisel KW, Allen PM, Smith SC. Myocarditis-
inducing epitope of myosin binds constitutively and stably to 1-Ak
on antigen-presenting cells in the heart. J Exp Med 1995; 182:
1291-300.

Smith SC, Allen PM. Expression of myosin-class 1l major histo-
compatibility complexes in the normal myocardium occurs before
induction of autoimmune myocarditis. Proc Natl Acad Sci USA
1992; 89: 9131-5.

Rose NR, Herskowitz A, Neumann DA. Autoimmunity in myo-
carditis: models and mechanisms. Clin Immunol Immunopathol
1993; 68: 95-9.

Kodama M, Matsumoto Y, Fujiwara M, Masani F, lzumi T,
Shibata A. A novel experimental model of giant cell myocarditis
induced in rats by immunization with cardiac myosin fraction. Clin
Immunol Immunopathol 1990; 57: 250-62.

Cadoret RJ, Winokur G, Langbehn D, Troughton E, Yates WR,
Stewart MA. Depression spectrum disease, I: The role of gene-
environment interaction. Am J Psychiatry 1996; 153: 892-9.

Smith SC, Allen PM. Myosin-induced acute myocarditisisa T cell-
mediated disease. J Immunol 1991; 147: 2141-7.

Wegmann KW, Zhao W, Griffin AC, Hickey WF. Identification of
myocarditogenic peptides derived from cardiac myosin capable of
inducing experimental allergic myocarditis in the Lewis rat. The
utility of a class Il binding motif in selecting self-reactive peptides.
J Immunol 1994; 153: 892-900.

Shioi T, Matsumori A, Sasayama S. Persistent expression of cyto-
kine in the chronic stage of viral myocarditis in mice. Circulation
1996; 94: 2930-7.

Horwitz MS, La Cava A, Fine C, Rodriguez E, llic A, Sarvetnick
N. Pancreatic expression of interferon-gamma protects mice from
lethal coxsackievirus B3 infection and subsequent myocarditis. Nat
Med 2000; 6: 693-7.

Pauschinger M, Chandrasekharan K, Schultheiss HP. Myocardial
remodeling in viral heart disease: possible interactions between in-
flammatory mediators and MMP-TIMP system. Heart Fail Rev
2004; 9: 21-31.

Heymans S, Pauschinger M, De Palma A, et al. Inhibition of
urokinase-type plasminogen activator or matrix metalloproteinases
prevents cardiac injury and dysfunction during viral myocarditis.
Circulation 2006; 114: 565-73.

Sivasubramanian N, Coker ML, Kurrelmeyer KM, et al. Left
ventricular remodeling in transgenic mice with cardiac restricted
overexpression of tumor necrosis factor. Circulation 2001; 104:
826-31.

McCarthy RE, 3rd, Boehmer JP, Hruban RH, et al. Long-term
outcome of fulminant myocarditis as compared with acute (non-
fulminant) myocarditis. N Engl J Med 2000; 342: 690-5.

Lawson CM. Evidence for mimicry by viral antigens in animal
models of autoimmune disease including myocarditis. Cell Mol
Life Sci 2000; 57: 552-60.

Badorff C, Knowlton KU. Dystrophin disruption in enterovirus-
induced myocarditis and dilated cardiomyopathy: from bench to
bedside. Med Microbiol Immunol 2004; 193: 121-6.

Kania G, Blyszczuk P, Valaperti A, et al. Prominin-1+/CD133+
bone marrow-derived heart-resident cells suppress experimental
autoimmune myocarditis. Cardiovasc Res 2008; 80: 236-45.

Okada H, Suzuki J, Futamatsu H, Maejima Y, Hirao K, Isobe M.
Attenuation of autoimmune myocarditis in rats by mesenchymal

[125]

[126]

[127]
[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

The Open Cardiovascular Medicine Journal, 2010, Volume 4 239

stem cell transplantation through enhanced expression of hepato-
cyte growth factor. Int Heart J 2007; 48: 649-61.

Werner L, Deutsch V, Barshack I, Miller H, Keren G, George J.
Transfer of endothelial progenitor cells improves myocardial per-
formance in rats with dilated cardiomyopathy induced following
experimental myocarditis. J Mol Cell Cardiol 2005; 39: 691-7.
Wang JF, Yang Y, Wang G, et al. Embryonic stem cells attenuate
viral myocarditis in murine model. Cell Transplant 2002; 11: 753-
8.

Frohlich ED. Cardiac hypertrophy in hypertension. N Engl J Med
1987; 317: 831-3.

Agabiti-Rosei E, Muiesan ML. Cardiac hypertrophy and hyperten-
sion. Curr Opin Nephrol Hypertens 1998; 7: 211-6.

Sutton MG, Sharpe N. Left ventricular remodeling after myocardial
infarction: pathophysiology and therapy. Circulation 2000; 101:
2981-8.

Nadal-Ginard B, Kajstura J, Leri A, Anversa P. Myocyte death,
growth, and regeneration in cardiac hypertrophy and failure. Circ
Res 2003; 92: 139-50.

Pracyk JB, Tanaka K, Hegland DD, et al. A requirement for the
racl GTPase in the signal transduction pathway leading to cardiac
myocyte hypertrophy. J Clin Invest 1998; 102: 929-37.

Pfeffer MA, Braunwald E. Ventricular remodeling after myocardial
infarction. Experimental observations and clinical implications.
Circulation 1990; 81: 1161-72.

Takemoto M, Node K, Nakagami H, et al. Statins as antioxidant
therapy for preventing cardiac myocyte hypertrophy. J Clin Invest
2001; 108: 1429-37.

Oka T, Komuro I. Molecular mechanisms underlying the transition
of cardiac hypertrophy to heart failure. Circ J 2008; 72 Suppl A:
Al13-6.

Gupta S, Das B, Sen S. Cardiac hypertrophy: mechanisms and
therapeutic opportunities. Antioxid Redox Signal 2007; 9: 623-52.
Simpson P. Stimulation of hypertrophy of cultured neonatal rat
heart cells through an alpha 1-adrenergic receptor and induction of
beating through an alpha 1- and beta 1-adrenergic receptor interac-
tion. Evidence for independent regulation of growth and beating.
Circ Res 1985; 56: 884-94.

Teiger E, Than VD, Richard L, et al. Apoptosis in pressure over-
load-induced heart hypertrophy in the rat. J Clin Invest 1996; 97:
2891-7.

Aikawa R, Komuro I, Yamazaki T, et al. Rho family small G pro-
teins play critical roles in mechanical stress-induced hypertrophic
responses in cardiac myocytes. Circ Res. 1999; 84: 458-66.
Shimojo N, Jesmin S, Zaedi S, et al. Contributory role of VEGF
overexpression in endothelin-1-induced cardiomyocyte hypertro-
phy. Am J Physiol Heart Circ Physiol 2007; 293: H474-81.

Ye Y, Hu SJ, Li L. Inhibition of farnesylpyrophosphate synthase
prevents angiotensin Il-induced hypertrophic responses in rat neo-
natal cardiomyocytes: involvement of the RhoA/Rho kinase path-
way. FEBS Lett 2009; 583: 2997-3003.

Zeidan A, Javadov S, Chakrabarti S, Karmazyn M. Leptin-induced
cardiomyocyte hypertrophy involves selective caveolae and
RhoA/ROCK-dependent p38 MAPK translocation to nuclei. Car-
diovasc Res 2008; 77: 64-72.

Rajapurohitam V, Gan XT, Kirshenbaum LA, Karmazyn M. The
obesity-associated peptide leptin induces hypertrophy in neonatal
rat ventricular myocytes. Circ Res 2003; 93: 277-9.

Koga A, Oka N, Kikuchi T, Miyazaki H, Kato S, Imaizumi T.
Adenovirus-mediated overexpression of caveolin-3 inhibits rat car-
diomyocyte hypertrophy. Hypertension 2003; 42: 213-9.

Galindo CL, Skinner MA, Errami M, et al. Transcriptional profile
of isoproterenol-induced cardiomyopathy and comparison to exer-
cise-induced cardiac hypertrophy and human cardiac failure. BMC
Physiol 2009; 9: 23.

Klopsch C, Furlani D, Gabel R, et al. Intracardiac injection of
erythropoietin induces stem cell recruitment and improves cardiac
functions in a rat myocardial infarction model. J Cell Mol Med
2009; 13: 664-79.

Received: September 13, 2010

© Ou et al.; Licensee Bentham Open.

This is an open access article licensed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
by-nc/3.0/) which permits unrestricted, non-commercial use, distribution and reproduction in any medium, provided the work is properly cited.

Revised: September 30, 2010

Accepted: October 04, 2010



