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Overview

Transgenic Rabbit Models for Studying Human
Cardiovascular Diseases

Xuwen Peng

Cardiovascular diseases involve the heart or blood vessels and remain a leading cause of morbidity and mortality in developed
countries. A variety of animal models have been used to study cardiovascular diseases and have contributed to our understanding
of their pathophysiology and treatment. However, mutations or abnormal expression of specific genes play important roles in the
pathophysiology of some heart diseases, for which a closely similar animal model often is not naturally available. With the advent
of techniques for specific genomic modification, several transgenic and knockout mouse models have been developed for cardio-
vascular conditions that result from spontaneous mutations. However, mouse and human heart show marked electrophysiologic
differences. In addition, cardiac studies in mouse models are extremely difficult because of their small heart size and fast heart rate.
Therefore, larger genetically engineered animal models are needed to overcome the limitations of the mouse models. This review
summarizes the transgenic rabbit models that have been developed to study cardiovascular diseases.

Abbreviations: APD, action potential duration; apo, apolipoprotein; LCAT, lecithin-cholesterol acyltransferase; LPL, lipoprotein lipase;
LQT, long QT; MHC, myosin heavy chain; MMP, matrix metalloproteinase.

Since the generation of the first transgenic rabbit was reported
in 1985,%% transgenic rabbit lines have been established and used
as animal models for a variety of human diseases, especially car-
diovascular diseases. Although transgenic and knockout mice
are predominantly used as models for many human diseases,
the causative mutations of some human diseases do not lead to
corresponding pathologic changes in mice.” In addition, whereas
the major myosin heavy chain (MHC) in rodents is o-MHC, 3-
MHC is predominantly expressed in larger mammals, including
rabbits and humans.'>* Moreover, rats and mice are considered
inappropriate for modeling cardiac ion channel disorders such
as long QT (LQT) syndrome because the ionic mechanisms of
repolarization in adult rats and mice differ from those in larger
species, including humans.* In addition, various techniques—
such as those for studies of the LQT syndrome and hypertrophic
cardiomyopathy—are difficult to apply to mice due to their small
size and phylogenetic features.%4452 Alternatively, because of
their intermediate size between rodents and farm animals, rabbits
(Oryctolagus cuniculus) are well-suited to various physiologic ma-
nipulations; these attributes have made rabbits appealing models
of diverse human diseases. Since the generation of transgenic
rabbits that overexpressed hepatic lipase,” transgenic rabbits
have often been generated for use as models of cardiovascular
diseases, including atherosclerosis, hypertrophic cardiomyopa-
thy, and LQT syndrome. The current review focuses on recent
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publications involving transgenic rabbit models of human cardio-
vascular diseases.

Transgenic Rabbit Models for Atherosclerosis

Atherosclerosis, which is characterized by thickened artery
walls due to the accumulation of fatty materials such as cholester-
ol, remains a leading cause of death and disability in developed
countries. High plasma concentrations of cholesterol (hypercho-
lesterolemia), especially LDL cholesterol, are an important risk
factor in the formation of atherosclerotic lesions. Because of their
intermediate size between rodents and the large-animal species
commonly used for research, ease of manipulation, quick re-
sponse to dietary cholesterol, and similar lipoprotein metabolism
to that of humans, laboratory rabbits have been used widely in
studies of atherosclerosis. Hypercholesterolemia can be induced
rapidly in rabbits by administration of a high-cholesterol diet for
only a few days.® Cholesterol-fed rabbits have become the classic
model for studying lipoproteins and their roles in atherosclerosis.
The unique characteristics of this rabbit model include low plas-
ma concentrations of total cholesterol, high activity of cholesterol
ester transfer protein, low hepatic lipase activity, and the lack of
an analog of human apolipoprotein (apo) A2.° The generation and
use of transgenic rabbits have attracted great interest in the study
of the pathogenesis of atherosclerosis during the last decade. The
number of applications of transgenic rabbit models for the studies
of lipid metabolism and atherosclerosis has gradually increased
since 1994, when the first report of a transgenic rabbit model was
published.” To date, transgenic rabbit lines expressing nearly a
dozen proteins involved in atherogenesis have been established,
including those for human apo a, apoAl, apoA2, apoB, apoE2,



apoE3, hepatic lipase, lecithin—cholesterol acyltransferase (LCAT),
lipoprotein lipase (LPL), 15-lipoxygenase, matrix metalloprotein-
ase (MMP) 12, and macrophage metalloelastase (Figure 1). Most
of these transgenic rabbit models have been well characterized
and are discussed in other review articles.”? Studies of these
transgenic rabbits have helped to elucidate the metabolic roles of
diverse proteins in atherogenesis.

apo a. Apolipoproteins are a group of proteins that bind with
lipids to form lipoproteins and transport the lipids through the
lymphatic and circulatory systems. apo a is a component of li-
poprotein a and occurs naturally only in humans and Old World
nonhuman primates. apo a can be bound to apoB100 through a
disulfide linkage to form the lipoprotein a complex.'? Increased
plasma levels of lipoprotein a are associated with increased inci-
dence of cardiovascular disease, stroke, and restenosis.*”* To fur-
ther investigate the assembly of the lipoprotein a complex and its
role in atherosclerosis, transgenic rabbit lines expressing human
apo a were established by 2 independent groups.’*®? In the plasma
of the transgenic rabbits, human apo a associated with rabbit en-
dogenous apoB to form a chimeric lipoprotein a complex. In con-
trast, human apo a cannot bind to murine apoB in the plasma of
transgenic mice. Therefore, results from studies in the transgenic
rabbits provide new insights into the expression of apo a and the
assembly of the lipoprotein a complex. In addition, these trans-
genic rabbits are a potential model for studying the lipoprotein
a complex and its role in promoting atherosclerosis. When fed
a diet containing 0.3% cholesterol for 16 wk, rabbits transgenic
for human apo a showed more extensive atherosclerotic lesions
than did nontransgenic controls, although both groups showed
similarly increased plasma cholesterol levels® Results from the
cited study suggest that lipoprotein a may have proatherogenic
effects in rabbits transgenic for apo a that were fed a cholesterol-
rich diet.

apoA. apoAl is the major protein component of HDL in plasma.
Prospective epidemiologic studies suggest that high levels of HDL
and apoA1 protect against the progression of atherosclerosis.***
To study the effect of apoAl in the inhibition of atherosclerosis,
transgenic rabbits expressing human apoA1l were fed a cholester-
ol-rich diet (0.48 g cholesterol per 120 g of the diet).!* The plasma
level of HDL cholesterol in the transgenic group was twice that
of the control group. Correspondingly, the atherosclerotic lesions
in the thoracic aorta were reduced by 50% in transgenic rabbits
compared with nontransgenic controls. Results from the cited
study indicated that the protective effects of human apoAl on
cholesterol-rich diet-induced atherosclerosis were associated with
increased HDL levels, possibly through the mechanism of reverse
cholesterol transport.”* However, a later study showed that hu-
man apoAl transgenic rabbits with high HDL cholesterol levels
were not protected against the development of atherosclerosis
when the rabbits were fed a cholesterol-rich diet, which induced
dramatic hypercholesterolemia.® Therefore, the role of human
apoAl in atherogenesis needs to be further characterized.

A recent study reported the production of transgenic rabbits
expressing human apoA2* Data from preliminary analyses of
apoA2 expression in these rabbits indicate that apoA2 plays an
important role in the metabolism of both VLDL and HDL by
promoting apparent hyperlipidemia and decreasing HDL levels.
Although the precise mechanism remains to be elucidated, rab-
bits transgenic for apoA2 may provide a new model for studying
human familial combined hyperlipidemia.

Transgenic rabbit models for cardiovascular diseases

apoB100. The development of transgenic rabbits expressing
human apoB100 was reported in 1995.® Analysis of plasma lipid
concentrations demonstrated that total plasma cholesterol and
triglyceride levels were 2 to 3 times higher in rabbits transgenic
for human apoB100 than in nontransgenic controls. In addition,
cholesterol and human apoB100 were found predominantly in the
LDL fraction and were accompanied by significant enrichment of
the triglyceride content.” Further study indicated that the LDL
of the apoB100-transgenic rabbits contained large amounts of
apoC3 and apoE, suggesting that overexpression of apoB100 in
liver might lead to the assembly in these animals of nascent trig-
lyceride-rich particles that had the size and density of LDL rather
than of VLDL’ However, the susceptibility of apoB100-transgenic
rabbits to atherosclerosis has not been determined.

apoE2. The apoE2 variant is associated with the human genetic
disorder type Il hyperlipoproteinemia.” The generation of trans-
genic rabbits that overexpressed human apoE2 in their plasma
was reported in 1997.7 Overexpression (30 to 70 mg/dL) of human
apoE2 in these transgenic rabbits led to marked accumulation of
B-migrating VLDL and significantly increased concentrations of
VLDL and IDL, suggesting type III hyperlipoproteinemia. In ad-
dition, susceptibility to atherosclerosis was assessed in both male
and female transgenic rabbits and nontransgenic controls, all of
which received a normal rabbit diet. The study” demonstrated
that both male and female transgenic rabbits, but not nontrans-
genic controls, developed spontaneous atherosclerosis in the aor-
tic arch and proximal abdominal aorta. However, male transgenic
rabbits showed more extensive atherosclerosis than did female
transgenic rabbits, suggesting that sex hormones may play a role
in modulating type III hyperlipoproteinemia.”

Hepatic lipase. Hepatic lipase is expressed in the liver and ad-
renal glands, and one of its principal functions is to convert IDL
to LDL.® Transgenic rabbits that overexpressed human hepatic li-
pase were generated for studying the effects of this enzyme in de-
velopment of atherosclerosis.! Overexpression of human hepatic
lipase showed significant effects on plasma lipid and lipoprotein
levels in the transgenic rabbits. Total cholesterol and triglyceride
levels were reduced by 42% and 58%, respectively, in the trans-
genic rabbits in comparison to wildtype controls. Lipoprotein
analysis revealed a significant reduction of HDL, VLDL, and IDL
in the transgenic rabbits. When rabbits were fed a diet with 0.3%
cholesterol, attenuated hypercholesterolemia developed in the
transgenic rabbits but not in nontransgenic littermates.” Data
from a subsequent study suggest that the attenuated hypercholes-
terolemia in hepatic lipase transgenic rabbits might be associated
with a diminished extent of aortic atherosclerosis.”

LCAT. The enzyme LCAT is involved in cholesterol and HDL
metabolism. The study of transgenic rabbits revealed that over-
expression of human LCAT substantially changed plasma lipid
and lipoprotein concentrations.? Plasma total, free, and esterified
cholesterol concentrations as well as phospholipid concentrations
were significantly increased in transgenic rabbits in comparison
to their wildtype littermates.” The elevation in plasma total cho-
lesterol contents was associated with a marked increase in HDL
concentration. Analyses of other lipoproteins also revealed mark-
edly increased apoA1 and apoE concentrations but reduced levels
of apoB in the plasma of the LCAT transgenic rabbits.?® In addi-
tion, the LCAT transgenic rabbits showed significantly reduced
atherosclerosis after they had been fed a diet containing 0.3%
cholesterol for 17 d.
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Human gene expressed Predominant phenotype Reference
Apolipoprotein a Lipoprotein(a) assembly with rabbit apo B 62
Increased atherosclerosis on cholesterol-rich diet 19
Apolipoprotein Al Protection against diet-induced atherosclerosis 13
Increased HDL; ineffective inhibition of atherosclerosis 8
Apolipoprotein A2 Apparent hyperlipidemia and decreased HDL 32
Apolipoprotein B100 Increased LDL; decreased HDL; effect on atherosclerosis not determined 18
Apolipoprotein E2 Type III hyperlipoproteinemia and spontaneous atherosclerosis on 27
regular diet
Apolipoprotein E3 Reduced VLDL; increased LDL; effect on diet-induced 17
atherosclerosis not fully determined
Hepatic lipase Decreased VLDL, IDL, and HDL; lower response to diet-induced 21
hypercholesterolemia and atherosclerosis
Lecithin-cholesterol acyltransferase Decreased LDL; increased HDL; protection against diet-induced 26
atherosclerosis
Lipoprotein lipase Protection against diet-induced atherosclerosis at lower plasma 20
cholesterol than controls
Increased small dense LDL and promoted atherosclerosis at equal 28
plasma cholesterol as that in controls
15-Lipoxygenase Protection against diet-induced atherosclerosis 68, 69
Matrix metalloproteinase 12 Increased atherosclerosis at higher hypercholesterolemia 33
for longer period
Faster initiation and progression of atherosclerosis by 82

degradation of internal elastic layer or basement

membrane

Figure 1. Transgenic rabbit models for lipid metabolism and atherosclerosis.

Lipoprotein lipase. LPL is a key enzyme involved in hydroly-
sis of triglyceride-rich lipoproteins in lipid and lipoprotein me-
tabolism. To further study its physiologic role, transgenic rabbits
expressing human LPL were established.! Compared with levels
in nontrangenic controls, LPL activity was 4 times higher in the
transgenic rabbits, but plasma triglyceride was decreased by 80%
and HDL by 59%. Analysis of the lipoprotein-dense fractions from
transgenic rabbits revealed that overexpression of human LPL
led to remarkably decreased levels of VLDL and IDL. An initial
study for susceptibility to atherosclerosis in the transgenic rabbits
showed marked protection against diet-induced hypercholes-
terolemia and development of aortic atherosclerosis.’ However,
plasma cholesterol levels in the transgenic rabbits were signifi-
cantly lower than those in control rabbits.”® The antiatherogenic-
ity may have been due to the increased LPL activity itself or the
antiatherogenic effect of LPL may have been dependent on the
LPL lipid-lowering effect. To clarify these possibilities, LPL trans-
genic rabbits and control littermates were fed diets with different
amounts of cholesterol (0.3% to 0.6%) to adjust and maintain their
plasma cholesterol concentrations to similarly high levels for 16
wk.? This subsequent study demonstrated that the aortic athero-
sclerosis in the transgenic rabbits was nearly twice as extensive
as that in control rabbits, even though both lines had the same
level of high hypercholesterolemia. In addition, overexpression of
human LPL in transgenic rabbits decreased remnant lipoproteins
(that is, B-VLDL) but concomitantly significantly increased large
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and small LDL compared with the levels in nontransgenic con-
trols.?® The results of these studies led to the conclusion that “LPL
exerts a dual function in terms of its atherogenicity, namely an-
tiatherogenicity, through enhancing receptor-mediated remnant
lipoprotein catabolism, and proatherogenicity, by the generation
of a large amount of small-sized LDL.”*

MMP12. MMP are zinc-dependent endopeptidases, belonging
to a large family of proteases known as the metzincin superfami-
ly.> MMP12 was first identified as a potent elastolytic metallo-
proteinase specifically secreted by macrophages.” The activity of
MMP12 subsequently was noted to be increased in many inflam-
matory processes, including atherosclerosis, and expression of
MMP12 was prominently upregulated in atherosclerotic lesions in
cholesterol-fed rabbits.>*>”” To further study the pathophysiologic
roles of MMP12 in atherosclerosis, expression of human MMP12
gene was targeted in macrophages of transgenic rabbits.?** A pre-
liminary study showed no significant difference in either aortic
atherosclerotic lesion size or quality between transgenic and non-
transgenic rabbits with lower hypercholesterolemia.®® However,
transgenic rabbits with higher hypercholesterolemia for longer
periods developed more extensive atherosclerosis in the aortas
and coronary arteries than did nontransgenic controls.** More-
over, increased expression of MMP12 derived from macrophages
was associated with elevated expression of MMP3. Results from
these studies suggested that macrophage-derived MMP12 plays
a pivotal role in the cascade action of other MMP, which may be



involved in exacerbating degradation of the extracellular matrix
during the progression of atherosclerosis.* In a subsequent study
to investigate the relationship between macrophage migration
and elastolysis to fatty streaks, MMP12 transgenic rabbits fed a
1% cholesterol diet for 6 wk developed more pronounced fatty
streaks, associated with more significant degradation of the in-
ternal elastic layer, than did nontransgenic controls.®! In addition,
transgenic rabbits had more infiltrating macrophages and smooth
muscle cells in the lesions than did control rabbits, suggesting
that MMP12 may be critical to both initiation and progression of
atherosclerosis by degradation of the elastic layers or basement
membrane and indicating that these transgenic rabbits may pro-
vide a potential system to test specific MMP12 inhibitors for the
treatment of progressive atherosclerosis.®!

Other factors involved in atherogenesis. Other transgenic rabbit
lines that have been reported for studying atherosclerosis include
those involving apoE3, apoB mRNA editing enzyme catalytic
polypeptide 1, and 15-lipoxygenase.'” %5 In addition, the gen-
eration of double-transgenic rabbits through the crossbreeding
of 2 different single-transgenic lines and of Watanabe transgenic
rabbits is well addressed elsewhere.”?

Transgenic Rabbit Models for LQT Syndrome

LQT syndrome is an inherited disorder of cardiac rhythm that
usually is associated with an autosomal dominant or autosomal
recessive mutation.* The condition is characterized by prolonga-
tion of the QT interval, as detected by electrocardiography, due to
delayed ventricular repolarization and concomitant prolonged ac-
tion potential duration (APD), which usually lead to spontaneous
polymorphic ventricular tachycardia and sudden cardiac death in
young patients.”” At least 9 different forms of the LQT syndrome
have been identified so far. Among genotyped patients, muta-
tions in genes encoding repolarizing K* channels (LQT1:KCNQ1;
LQT2:KCNH?2) are found in 90% of affected persons, given that
the underlying causes and many of the mutations show a domi-
nant negative mechanism.® Ventricular arrhythmias and sud-
den death in general are often triggered by emotional stress or
physical exercise.* In addition, an increase in the incidence of
arrhythmias has been associated with menses and during early
postpartum months in female patients with LQT syndrome.®

Transgenic mouse models of LQT syndrome have been instru-
mental in improving our understanding of the assembly and role
of potassium channels in regulating heart repolarization.”> How-
ever, the small heart size, rapid heart rates (more than 300 per
minute at rest), and very short APD of mice have limited their
uses in cardiac studies. In addition, the main repolarizing cur-
rents in mice are carried by channels that differ from those in hu-
mans, thereby hindering the translation of findings from mouse
models to human medicine.” In contrast to that in mice, the rabbit
heart is much larger and beats much more slowly (130 beats per
minute at rest). Furthermore, compared with the mouse heart,
the rabbit heart is more similar to the human heart in terms of the
contractile proteins and the ion channels important for repolar-
ization.” In addition, the rabbit heart has the same K* current—
the rapidly activating component (I, ) and the slowly activating
component (I, )—which determine the repolarization of action
potential. Therefore, the rabbit represents a more physiologically
relevant model system to study human diseases involving these
channels.

Transgenic rabbit models for cardiovascular diseases

Transgenic rabbits expressing pore mutants of the human genes
KCNQ1 (KvLQT1-y315S) and KCNH2 (HERG-G628S), which re-
spectively are the causes of the LQT1 and LQT?2 phenotypes, have
successfully been created and characterized.’ Overexpression
of these dominant-negative mutant genes is targeted to the car-
diomyocytes of rabbits by the B-myosin heavy chain (3-MHC)
promoter. The KvLQT1-y315S and HERG-G628S transgenic rab-
bits have been characterized as having prolongation of the QT
interval and APD at 90% repolarization (APD90) due to the elimi-
nation of I, _and I, currents, respectively.’® Clinical studies have
revealed that the elimination of I, and I, has different effects.
LQT1 rabbits show QT prolongation but neither spontaneous
arrhythmias nor an increase in sudden death.! In contrast, LQT2
rabbits show a more pronounced QT prolongation at slow heart
rates as well as spontaneous arrhythmias and a significant in-
crease in sudden death with the end of puberty at the age of about
6 mo. In addition, spatial dispersion of APD in LQT2 rabbits is
increased across the epicardial surface, and this increased APD
dispersion is linked to their arrhythmogenesis.! Furthermore,
electrophysiologic studies in LQT1 and LQT2 rabbits revealed
genotype-specific differences in ventricular refractoriness and
His conduction.® These studies demonstrated the occurrence of
infraHis blocks in LQT2 rabbits under isoflurane anesthesia and
intraHis block in LQT1 rabbits after dofetilide, suggesting differ-
ential regional sensitivities of the rabbit His—Purkinje system to
drugs blocking [ _and I,.

Data from studies of drug-induced animal models for LQT syn-
drome suggest that discordant alternans may be involved in LQT-
related arrhythmias." The mechanisms underlying discordant
alternans in LQT syndrome and its relationship to LQT-related
ventricular arrhythmias was further investigated in LQT?2 rabbits
by using optical mapping techniques.®® Results from that study
indicate that tissue spatial heterogeneity plays a significant role
in the formation of discordant alternans and vulnerability to re-
entrant arrhythmias in LQT2 rabbits.® In addition, female LQT2
rabbits exhibit a high incidence of sudden death during lacta-
tion, similar to the increased incidence of arrhythmias in women
with LQT2 syndrome postpartum.® Sex hormones may modulate
cardiac repolarization and arrhythmogenesis in female humans
and rabbits with LQT2. Data from a recent study using ovariecto-
mized LQT?2 rabbits revealed that treatment with high-dose estra-
diol resulted in a higher degree of arrhythmias and sudden death
than did treatment with progesterone or dihydrotesterone.>**”
These studies further indicated that the underlying mechanisms
are an increased I, _current that contributes to the steepening of
the QT and RR intervals by shortening QT at fast heart rates and
a substantially increased I, that contributes to both prolonged
refractoriness and an increased propensity to depolarize the
membrane in response to Ca** oscillations.>*” In contrast, proges-
terone exerts an antiarrhythmic effect by preventing early after
depolarization.

Rabbit models for LQT syndrome have also been used to test
potential side effects of anesthetic agents in subjects genetically
predisposed to sudden cardiac death.® The study investigated
5 common anesthetic agents: isoflurane, thiopental, midazolam,
propofol, and ketamine. Isoflurane resulted in a prolonged QT
interval in LQT2 but not in LQT1 rabbits; thiopental prolonged
the QT interval in both LQT1 and LQT2 models but was less pro-
nounced in LQT1 rabbits; midazolam prolonged the QT duration
in both LQT1 and LQT?2 transgenic but not control rabbits; and
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propofol significantly increased the QT interval in both LQT1 and
LQT?2 rabbits as well as controls.” In addition, signs for indication
of altered repolarization and arrhythmias were monitored only in
LQT2 rabbits under anesthesia. Multiple premature ventricular
contractions, which can have a marked effect in humans, were
noted in many LQT2 rabbits that had been anesthetized with mi-
dazolam, ketamine, or thiopental. Furthermore, isoflurane and
propofol were especially proarrhythmic in LQT2 rabbits and led
to a 30% sudden death.” These findings indicate the importance
of careful evaluation of electrocardiograms by anesthesiologists
prior to surgery, to facilitate the selection of appropriate anes-
thetic agents for individual patients. LQT transgenic rabbits may
play a key role in studying the mechanisms of sudden cardiac
death and may be useful in screening for drugs that interact with
the HERG potassium channel, thereby causing QT prolongation
and potentially fatal arrhythmias.

In 2 recent studies,** LQT1 rabbits were used to evaluate can-
didate therapeutic compounds for the treatment or prevention
of LQT syndrome. One study showed that nicorandil, an opener
of ATP-sensitive potassium channels, ameliorated repolarization
abnormalities and heterogeneities in LQT1 rabbits.* In the other
study, the effect of NS1643, a Kv11.1 (HERG) activator, on repo-
larization was investigated in LQT1 rabbits.* The data indicate
that NS1643 shortens cardiac APD in LQT1 rabbits via Kv11.1
channel activation. However, administration of NS1643 in the
ex vivo study was associated with increased risk of spontaneous
and induced arrhythmias. The study suggested that “indiscrimi-
nate Kv11.1 activation could be detrimental, and Kv11.1 channel
activation might have the highest propensity as a successful treat-
ment in situations with severely impaired repolarization.”

Transgenic Rabbit Models for Hypertrophic
Cardiomyopathy

Hypertrophic cardiomyopathy is a genetic disease character-
ized by cardiac hypertrophy, myocyte disarray, interstitial fibro-
sis, and left ventricular dysfunction.** Mutation in various genes
encoding sarcomeric proteins has been identified as causes of
hypertrophic cardiomyopathy.*” The most common gene linked to
hypertrophic cardiomyopathy is f- MHC; a point mutation in this
gene occurs in 35% to 50% of hypertrophic cardiomyopathy cas-
es.”® The mechanism and molecular pathogenesis of the mutant
sarcomeric proteins, including mutant B-MHC, in hypertrophic
cardiomyopathy has been well studied.*® However, an attractive
small animal model for identifying new therapeutic targets and
diagnostic methods for hypertrophic cardiomyopathy had not
been available until a transgenic rabbit model for hypertrophic
cardiomyopathy was established in 1999.% Although transgenic
mice expressing a variety of mutant sarcomeric proteins show
various disease phenotypes, including cardiac myocyte disar-
ray, interstitial fibrosis, systolic and diastolic dysfunction, and
premature death, they did not develop left ventricular hyper-
trophy, the hallmark of hypertrophic cardiomyopathy in human
patients.*?37¢ In addition, the composition of cardiac sarcomeric
proteins differs greatly between humans and mice, in that B-MHC
is predominant in human ventricles but o-MHC is predominant
in mouse ventricles.” Similar to the situation in humans, B-MHC
is the major myosin isoform in rabbit myocardium.* In addition,
rabbit B-MHC is approximately 98% homologous to the human
B-MyHC protein.?” Given that various MHC isoforms show
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significantly different actin-activated myosin—-ATPase activity
and cross-bridge kinetics,” differences in cardiac sarcomeric pro-
tein composition likely can affect the phenotypic response of the
heart to a mutant protein. Therefore, rabbits provide an excellent
model for studying hypertrophic cardiomyopathy.

Transgenic rabbits with targeted cardiac expression of the
mutant B-MHC-Q403, which is associated with familial hyper-
trophic cardiomyopathy in humans, have been generated.” The
phenotype of transgenic rabbits in which B-MHC-Q403 protein
was expressed was identical to that of the hypertrophic cardio-
myopathy caused by the same mutant gene in humans; disease
signs included cardiac hypertrophy, myocyte and myofibrillar
disarray, excess interstitial collagen, and high incidence of pre-
mature death.” In light of its comprehensive phenotype of hy-
pertrophic cardiomyopathy and the feasibility of high-resolution
serial echocardiography, the f-MyHC-Q403 transgenic rabbit has
become an ideal model for pathogenic and therapeutic studies of
hypertrophic cardiomyopathy.

In a series of studies,®**% B-MyHC-Q403 transgenic rabbits
were used to test the effects of several drugs on hypertrophic car-
diomyopathy. Results from these studies indicated that atorvasta-
tin prevented the development of hypertrophic cardiomyopathy
in young transgenic rabbits,* and simvastatin induced regression
of cardiac hypertrophy and fibrosis and improvement of cardi-
ac function.”® A subsequent study demonstrated that treatment
with N-acetylcysteine resulted in reversion of established cardiac
hypertrophy and fibrosis and prevented systolic dysfunction in
the transgenic rabbits.* Moreover, this transgenic rabbit model
has been used to explore novel methods with increased sensi-
tivity and accuracy for early diagnosis of hypertrophic cardio-
myopathy. Results from one study* indicated that tissue Doppler
imaging consistently detected myocardial contraction and relax-
ation abnormalities, irrespective of cardiac hypertrophy in the
transgenic rabbits and was more sensitive than was conventional
echocardiography for screening for hypertrophic cardiomyopa-
thy.* A preclinical trial in human patients with hypertrophic car-
diomyopathy confirmed that Doppler imaging is an accurate and
sensitive method for early diagnosis before and independent of
hypertrophy.*

Transgenic Rabbit Models for Tachycardia-
Induced Cardiomyopathy

The mammalian heart expresses 2 cardiac myosin isoforms, -
MHC and o-MHC. In larger adult mammals, including humans
and rabbits, B-MHC is the isoform that is expressed predominant-
ly, whereas o-MHC is expressed at high levels in rodents.'>?'7>
The relative expression of these 2 isoforms is species-dependent
and is regulated developmentally and hormonally.>*¢ Isoform
composition varies during development and can be shifted by
various stimuli, including thyroid hormone and pressure over-
load.* Significant downregulation of o-MHC mRNA expres-
sion may indeed be of some consequence to the failing human
heart.”* Furthermore reduced expression of o-MHC, from 5% to
7% of total MHC to virtually undetectable levels, was reported to
occur in failing hearts.***° These results suggest that even modest
shifts in the relative amounts of these isoforms can be functionally
significant.

To study the effects and mechanism of cardiac myosin iso-
form variation in human heart failure, transgenic rabbits were



produced that expressed different o-MHC contents in the B-MHC
background.” In transgenic rabbits that expressed 40% and 15%
o-MHC, echocardiograms during the resting state did not show
differences in cardiac dimensions or shortening, compared with
those in control rabbits. However, the presence of 40% o-MHC
partially protected the rabbits from pacing-tachycardia-induced
cardiomyopathy.® The studies further revealed that the expres-
sion of 40% 0-MHC in the rabbits increased myofilament power
production and hastened crossbridge cycling. These changes fa-
cilitated ejection and relengthening during short cycle intervals
and thus protected against tachycardia-induced cardiomyopathy
in the rabbits.”" Results from these studies help us to understand
and identify a myofilament-based mechanism underlying the
tachycardia-induced cardiomyopathy protection and to extrapo-
late the effect of MHC isoform variation on myofilament func-
tion in human hearts. However, these results also suggest that,
even compared with the virtual absence of o-MHC in the failing
heart, the 5% to 7% o-MHC content of the normal human heart
has little, if any, functional significance.”

Because of their intermediate size, similar ion channels and
lipoprotein metabolism as in humans, and quick response to di-
etary cholesterol to develop hypercholesterolemia, laboratory
rabbits have been used widely as models for human cardiovascu-
lar diseases. These features, combined with transgenesis for spe-
cific human genes, have made rabbits even more powerful tools
to gain insight into pathogenic mechanisms of diverse human
cardiovascular diseases. With the advent of novel genetic tech-
nologies, such as zinc-finger nuclease-mediated gene deletion,
new genetically modified rabbits likely soon will be generated to
model still other human diseases.
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