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INTRODUCTION

A variety of interacting genetic and environmental
factors contribute to the onset of cardiovascular disease.
Diet, exercise, other lifestyle changes, and hereditary
factors are all associated with heart disease. Because of
its complex etiology, however, heart disease is difficult
to treat. The recombinant DNA revolution in the 1970s
provided the technology for biomedical researchers to
investigate the genetic and molecular basis for many
complex human diseases such as heart disease.
Molecular genetic techniques enable scientists to create
animal models that mimic various aspects of
cardiovascular disease. Studying the effect of highly
specific genetically engineered changes offers insight
into the genetic and molecular mechanisms that
underlie the onset of heart disease. Recently, the mouse
has emerged as the most prevalent experimental model
for cardiovascular research. Formerly, larger mammals
such as pigs and rabbits had been the preferred
experimental animals. Many researchers perceived the
differences in cardiac size and morphology to be so
large as to preclude the use of mice as a relevant
experimental model for human cardiovascular disease.
As the comparative ease in applying recombinant DNA
technology in mice (relative to other species) became
apparent, the popularity of murine experimental models
grew. The advantages of short gestation periods, cost-
effective maintenance, and awell-characterized genome
make the mouse the ideal experimental model (1).
Animal models are useful not only to elucidate the
molecular mechanisms that underlie heart disease, but
also to test experimental therapies. Recently, the
miniaturization of technologies for measuring cardiac
endpoints has vastly increased the variety of
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cardiovascular traits that can be modeled. In 1992, a
mouse deficient in apolipoprotein E, the apoE -/-
mouse, was generated as the first mouse-line with a
stable genetic background that developed spontaneous
arterial lesions and coronary artery occlusion (2,3).
Since that time, the size and scope of cardiovascular
research on genetically engineered mouse models has
grown prodigiously. The purpose of this review is to
survey some important murine models and the available
procedures for measuring cardiac endpoints as well as
to explore new directions for the use of murine models
in cardiovascular research.

PROMINENT MODELS
Atherosclerosis

Atherosclerosis, the progressive hardening of the
arteries that leads to their blockage and rupture, is a
very complex disease that progresses steadily for many
years before clinical symptoms can be seen. The
pathophysiology of atherosclerosis is initiated by the
development of streaks of fatty material on the interior
of the vessel wall. Damage to vascular endothelium by
circulating mediators and physical forces leads to
endothelial dysfunction and precedes fatty-streak
formation. Oxidized low-density lipoprotein (Ox-LDL)
is one of the mediators of endothelial damage. The
transport of Ox-LDL across the endothelium into the
arterial wall is necessary for the formation of fatty
streaks and their progression to advanced
atherosclerotic lesions (4). As these lesions, which are
covered by proliferating smooth muscle cells, grow in
size, the vessel lumen is narrowed, resulting in
disturbed blood flow and hemodynamic forces that
ultimately lead to fibrous plagues. In acute coronary
syndromes, fibrous plagues rupture and initiate
thrombus formation that results in vessel occlusion (5).

There is currently no existent mouse strain that
generates spontaneous arterial lesions while on a
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normal diet. Of the inbred strains, C57BL/6 is the most

susceptible to atherosclerosis and it is therefore the
strain of choice to be genetically manipulated to
produce atherosclerotic models (6). Even in this strain,

however, diet-induced atherosclerosis is restricted to
small-lesion growth in the aortic root. In the apoE
knockout mouse, gene-targeting techniques were used

to delete the gene that coded for apolipoprotein E, a
lipoprotein surface component and ligand necessary for

interaction with a number of lipoprotein-related

receptors (3). All apoE -/- mice develop hyperlipidemia
and atherosclerosis on both normal and high-fat diets,

although the severity of the phenotype is significantly

strain-dependent. This has been the most studied and

best characterized model for atherosclerosis. ApoE -/-

mice often serve as a background for additional genetic
manipulation and this approach allows for the
assessment of the role of individual genes in the
progression of atherosclerosis or their function under

atherosclerotic conditions. Unfortunately, the apoE -/-

background is not a wholly accurate model for human

atherosclerosis; the lipoprotein profiles of apoE -/- mice
differ significantly from those of typical human patients

and the absence of apoE is a rare condition in humans
(8).

Another atherosclerosis model, the LDL receptor -/-
mouse, is one of the most common backgrounds used
for compound genetic manipulation. The deficiency in
LDL receptors results in a less severe form of
hypercholesterolemia (9). On high-fat diets, animals
develop hypercholesterolemia and atherosclerosis
manifests. This mouse model is particularly susceptible
to dietary influence; a small change in diet is sufficient
to reveal the atherosclerotic phenotype. Interestingly,
LDL receptor deficiency is a phenotype that is found in
humans (8). In addition to the gene-targeted knockout
models, there are a number of transgenic models for
atherosclerosis. Most transgenic models involve the
insertion of either human or mutant forms of
apolipoprotein E, such as apoE2 or apoE3-Leiden (7).
A number of human isoforms of apoE have been
expressed in mice to isolate the isoforms' influence on
the development of atherosclerosis. When given ahigh-
fat diet, mutant and human transgenic apoE mouse
strains typically experience moderate
hypercholesterolemia and produce atherosclerotic
lesions (3). The third type of mouse model for
atherosclerosis is based on a gene-replacement method
that is known as a 'knock-in'. In contrast to transgenic
mice, where the gene of choice can express from a
number of copies in various chromosomal locations, in
knock-in mice, the endogenous allele is replaced by a
variant of the gene in the same location in the genome.
This enables the same tissue-specific expression of the

variant as that of the endogenous gene (6). Knock-in
mice expressing human apoE2 exhibit a plasma-
lipoprotein protein profile similar to that of type Ill

hyperlipidemic subjects; they are defectivein clearing -

migrating VLDL (very-low-density lipoprotein)
particles and develop atherosclerotic lesions even on a
regular diet (10).

Vascular Remodeling

Angioplasty is a medical procedure in which a
balloon is used to open coronary arteries narrowed or
blocked by the progression of atherosclerosis.
Angioplasty isthe most common treatment for coronary
artery disease; it is less invasive and has a shorter
recovery period than bypass surgery (11). The most
common complication of angioplasty is the long-term
risk of restenosis, or reclosure of the treated artery, a
form of vascular remodeling. Restenosis becomes
problematic with this procedure because of the arterial
injury that is often inflicted during balloon angioplasty
that frequently results in chronic narrowing of the
lumen due to constrictive remodeling of the vessel wall.
Recently, to prevent restenosis, the use of drug-eluting
stents have gained wider acceptance in angioplasty.
These stents are small, self-expanding stainless-steel
mesh tubes that prevent reclosure of the blood vessel by
the slow release of antimitotic agents (12).

Several murineinjury models have been developed to
study the molecular basis of vascular remodeling in
response to arterial injury. In mechanical injury models,
anylon wire is used to mechanically injure the murine
carotid artery (13). This approach allows for the study
of the molecular basis of the smooth muscle cell
response to arterial injury. More specifically, this model
focuses on the consequences of endothelial denudation
and medial injury in the absence of complicating factors
such as thrombosis and inflammation. This method
produces a model that is particularly relevant to balloon
angioplasty in humans and allows preclinical testing of
new therapies. Another widespread approach is the
perivascular electric injury model in which an electric
current is sent through the wall of carotid arteries using
an electromicrocoagulator (11). The current induces a
severe injury destroying all the cells along the vessel
wall. The massive and total cellular death along the site
of the injury causes vascular healing to begin at the
uninjured sites along the edges of the wound. New
endothelial and smooth muscle cells migrate over the
injury site. This rapid smooth muscle cell migration
and reendothelialization makes the perivascular injury
model useful for studying the molecular basis of smooth
muscle cell migration during conditions of thrombosis
or inflammation. Traditionally, murine injury model
experiments have been found to be highly background-
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dependent. Unfortunately, these experiments have been
performed on only a limited number of transgenic
mouse backgrounds. Local gene transfer in murine
arteries has thus far proved unsuccessful because of
technical difficulties associated with size constraints,
however, systemic gene-transfer strategies appear to
show promise. The use of transgenic mice in injury
experiments continue to be important as the molecular
mechanisms in vascular remodeling are likely to be
quite distinct in diseased arteries.

Hypertrophy

Cardiac hypertrophy is an adaptive process that
improves ventricular function in the face of a growing
workload. Although beneficial in the short-term,
persistent hypertrophy is detrimental to cardiac
efficiency. Reduced contractility and an increased risk
of heart failure are associated with sustained cardiac
hypertrophy. The adult myocardial cell is a fully
differentiated type of cell. Consequently, cardiac
hypertrophy results in an increase in the size of cells as
opposed to an increase in cell number. Hypertrophic
responses are not limited to external stressors, such as
increased afterload, but can also be congenital. For
example, in Familial Hypertrophic Cardiomyopathy
(FHC), ventricular hypertrophy has been associated
with mutations that encode sarcomeric proteins (14).
More than 100 different models have been devel oped to
study the molecular changes present in hypertrophic
cells, but the molecular mechanisms that differentiate
its adaptive and pathologic effects are not yet fully
understood.

One common use of murine models for hypertrophy
has been in the investigation of contractile protein
abnormalities. Mutations in myosin, actin, and many
other filament proteins have been genetically
manipulated to model hypertrophy. In most of these
cases, the homozygous knockout mice have fatal
complications before adulthood, whereas heterozygous
knockouts or expression of specific mutant forms
produce hypertrophic symptoms. Alphacardiac myosin
heavy chain point mutation R403Q has produced a
murine phenotype that closely resembles human FHC
(15). Cytoskeletal proteins have also been identified as
proteins of conseguence in cardiac hypertrophy because
of the involvement of mutant isoforms in genetically
based forms of dilated cardiomyopathy. In particular,
muscle-LIM protein-deficient mice express a phenotype
that approximates heart failure and cardiomyopathy in
humans (16). Cell surface receptors and the complex
signal cascades that are activated are responsible for
differentiating the cellular responses to external stimuli.
Many receptors and signaling molecules play critical
roles in mediating the hypertrophic response in

cardiomyocytes. A large number of transgenic and
knockout models have been created to elucidate these
signaling pathways whose activation leads to eventual
heart failure. An example of this is the b-adrenergic
receptor (b-AR) signaling pathway, which serves as the
interface between the sympathetic nervous system and
the cardiovascular system. This pathway is
dramatically altered in a number of cardiovascular
diseases, including hypertrophy, and it is one of the best
characterized signaling pathways in the heart (17).
Genetically manipulated models exist for many of the
member molecules of this pathway, such as b-
adrenergic receptor kinase-1 (18). One potential
therapeutic approach for heart failure that has been
revealed from this research is the systemic
overexpression of the b2-AR (19). Murine models
demonstrated that overexpression of b2-ARs produces
enhanced contractility.

Myocardial 1schemia, Reperfusion and Angiogenesis
Myocardial ischemia is the principal cause of
mortality in Western countries. Temporary coronary
ischemia and reperfusion in humans who suffered
myocardial infarction followed by thrombolytic therapy
or cardiac catheterization can be mimicked in mouse
models. In these models, the left anterior descending
coronary artery is occluded for 30 min followed by
reperfusion of blood through the previously occluded
coronary artery bed (20). Prompt reperfusion of
ischemic myocardium is essential for restoring heart
function. However, this return of blood flow can
paradoxically augment the destruction of reversibly
damaged myocytes, thus exacerbating myocardial
dysfunction and infarction (21). Murine models of
ischemia and reperfusion help to understand the
molecular mechanisms of myocardial response to
ischemia in humans and enhance treatment options. In
these mice, the area at risk, infarct size, and cardiac
function are determined by ultrasound biomicroscopy
and histopathologic techniques. Understanding
angiogenesis, the sprouting of new blood vessels from
existing ones, is important because the extent of
myocardial infarction after coronary artery occlusion is
substantially influenced by collateral circulation. Also,
therapeutic angiogenesis may be the only treatment
option in certain pathologic conditions (22). In models
of angiogenesis, limb ischemiaisinduced by permanent
ligation of the femoral artery and collateral vessel
formation is monitored by microangiography.

TECHNOLOGY
Genetic Technology

Transgenesis, the transfer of cloned genetic material,
is used to introduce a gene of interest into the animal
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model for study. Expression is restricted to a specific
tissue by fusing the candidate gene to a cardiac-specific
promoter in the transgenic construct. To produce a
stable genetic modification, the construct is injected
into the pronucleus of a one-cell embryo. The embryo
is then implanted into a pseudopregnant female mouse.
Mouse pups are genotyped and the transgenic mice, the
founders, are mated to produce the stable line (6).
Transgenesis is typically used to induce overexpression
of transcriptional levels of the candidate gene.
However, neither the copy number nor the point of
insertion can be controlled, and both the transgene and
the native gene are expressed. Consequently, it is
necessary for the transgene expression to be dominant
over its homologue in order to produce a phenotype.
Furthermore, DNA insertion can result in mutagenic
effectsin the flanking DNA, complicating any resultant
phenotype. Hence, several independent founders are
generated to check the levels and sites of transgene
expression and compare the phenotypes. Transgenesis
is typically used to investigate endogenous protein
function and signal transduction pathways.
Alternatively, gene-targeting procedures are used to
disable or 'knock out' acandidate gene (23). A construct
is designed that has two regions of homology to the
target gene, flanking a selectable marker. These
markers are bacterial genes that offer resistance to
neomycin, hygromycin, or puromycin, which will
disrupt the segments of DNA that are either essential for
transcription and/or translation.  Recombination
between the flanking sequences of homology in the
targeting construct and the genomic locus replaces the
host gene sequence with the selectable marker. The
cells that have the selectable marker integrated into
their genome are chosen by means of molecular
screening techniques prior to being microinjected into
blastocysts and implanted into pseudopregnant mice.
The heterozygous mice that are produced are mated
together to generate homozygous knockout mice, which
lack a functional copy of the candidate gene. Gene-
targeting is sometimes used to generate mice with a
mutation in, rather than inactivation of, the candidate
gene. In these cases, a construct identical to the
endogenous DNA (other than the desired mutation) is
made. Compared to transgenesis, gene-targeting is an
elegant system because it can control both the number
of copies as well as the point of insertion. More
accurate cardiac-phenotype modeling is achieved via
the absence of insertional mutagenic effects, the
complete elimination of the endogenous candidate gene,
and its expression in specific cells and tissues.
Furthermore, in cases where gene-targeting is used for
expressing mutated genes, the mutated gene will be
expressed under the same transcriptional patterns as the

gene of interest. The experimental advantages of gene-
targeting are offset to some degree by its relative labor-
intensiveness, transgenesis can yield a stable mouse-
linein amatter of months, whereas a gene-targeting line
can take years to come to fruition.

MRI (Magnetic Resonance Imaging) in Murine
Cardiac Research

MRI is a well-established diagnostic technique that
uses a magnetic field to generate high-contrast images
of structures inside the human body on the basis of
proton magnetic fields. Traditionally, MRI has been
used for detecting tumors and structural abnormalities
in soft-tissue organs such as the brain, spinal cord,
heart, and eye. Information from MRI can help to
determine when a stroke occurred, support a diagnosis
of multiple sclerosis, and identify problems of the brain
and spinal cord, which might not be detectable with
other imaging techniques. MRI can also be used for
such subtle applications as distinguishing between a
tumor and benign fibrocystic disease. Recently, MRI
has been adapted for use in murine cardiac research.
MRI is ideal for these studies because it can generate
high-resolution images across many time-points. Inthe
past, studies about the physical changes involved in
cardiovascular disease (such as hypertrophy, arterial
stenosis and remodeling, or atherosclerotic lesions)
were constrained by the need to maintain multiple
experimental groups with alarge number of micekilled
at different time-points. Currently, cardiac MRI is an
effective detector of hypertrophy and arterial
remodeling/stenosis (24). The technique can also
effectively identify and characterize atherosclerotic
lesion burden in live mouse subjects. The clinical and
laboratory applications of cardiac MRI are advancing
hand-in-hand. MRI is already used for imaging the
aorta and carotid arteries in human patients. The
viability of MRI characterization of human
atherosclerotic plague has already been demonstrated
(25). Once fully adapted to murine cardiology, MRI
could yield information about the progression of
cardiovascul ar disease by characterizing the size, scope,
and biochemical complexion of atherosclerotic plaque
buildup in blood vessels.

Echocar diogram

Echocardiograms, among the most widely applicable
technologies in clinical cardiology, have been adapted
for noninvasive physiologic studies in mice.
Echocardiograms are particularly useful because they
can provide a generalized picture of the structure and
function of the heart throughout the life of the
specimen. Motion mode, or M-mode, analysis of
echocardiography is the procedure most often used in
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mouse studies. The M-mode analysis is optimized for
higher sampling frequency and smaller heart size to
accommodate the mouse's diminutive size and resultant
rapid heart rate (26). Typically the specimen isweighed
and anesthetized before the echocardiogram is
performed. Measurements for the anterior and inferior
wall-thickness, |eft-ventricular end-diastolic dimension,
and left-ventricular and cardiac mass can all be
measured to a high degree of precision by
echocardiography (27). Other cardiac endpoints such as
contractility, left-ventricular dilation, and fractional
shortening can also be determined from images
produced by echocardiograms (26). Factors such as
heart rate can be controlled through the use of different
anesthesia protocols. The data from these procedures
provide a detailed and holistic view of cardiac function;
data comparisons from normal and genetically altered
models can be used to understand the effect of the
genetic alteration in the context of whole heart function.

Ultrasound Biomicroscopy

Similar to the ultrasound scanners in hospitals,
ultrasound biomicroscopes can evaluate cardiac
structure and function in mice. This system, in addition
to using M-Mode imaging for echocardiogram, uses
two-dimensional B-Mode for anatomical imaging, and
pulsed Doppler processing to measure blood flow in the
mouse cardiovascular system. This non-invasive
procedure would allow researchers to observe a number
of changes over time, such as 1) during the devel opment
phase, changes in the ventricular diastolic filling
patterns that are due to genetic manipulation, 2) disease
progression, and 3) real-time responses to experimental
treatment in a single mouse. This would enable
investigators to screen large numbers of mice as models
of human disease.

NEW DIRECTIONS

Since the arrival of molecular genetics technology,
transgenic and knockout mice models have proven to be
elegant and powerful experimental models for
answering questions about the function of individual
molecules and genes. However, recent evidence
suggests that researchers should exercise caution when
drawing conclusions about the role of molecules in
pathogenesis.  From the beginning, researchers
observed that the genetic background of specific strains
could potentially affect the severity of the phenotype
that is expressed, as the atherosclerosis and
hyperlipidemia apoE -/- phenotypes were only fully
expressed in the C57BL/6 background. Researchers
who use the apoE deficient mice for additional genetic
manipulation must make the effort to backcross with
C57BL/6 multiple times or risk skewed results (28).

Precautions must also be taken to prevent position-
dependent non-specific events caused by random
insertional mutations during transgenesis. Transgenic
expression of presumably ectopic proteins can also
compromise results, as it has been shown that
transgenic expression of GFP, normally considered non-
reactive, can cause dilated cardiomyopathy (29).
Perhaps even more worrying are the consequences of
gene redundancy and compensatory responses (30).
Evidence indicates that the molecular events under
investigation are part of immensely complex biological
processes governed by multiple genetic and molecular
influences. Crudely knocking out or overexpressing a
protein may activate normally dormant compensatory
mechanisms. In such a scenario, the phenotype
expressed would not be indicative of a loss of actual
function. This sort of difficulty will be eliminated with
the emergence of more refined genetic technol ogies that
will alow for more cell type-specific and time-
governed genetic manipulation.

There are several collaborative projects underway to
improve the resources available to researchers using
genetically manipulated models. Two of the most
ambitious are the Mouse Phenome Project undertaken
by Jackson Laboratories (Bar Harbor, Maine;
www.jax.org) and a Complex Trait initiative begun by
Complex Trait Organization (Memphis, Tennessee;
www.complextrait.org). The Mouse Phenome Project
is an attempt to create a public database of detailed
phenotypic data on the most common inbred strains.
They also hope to generate new lines that closely
represent human disease through directed breeding
based on the natural variation among extant mouse
strains and chemically induced, whole-genome
mutagenized mice. The creation of the database and the
generation of new models will alow researchers to
make informed decisions about what background to use
for genetic manipulation when making new models.
The information will also help scientists sort out strain-
dependent effects when interpreting data. Geneticists at
the Complex Trait Organization want to locate genes
involved in complex traits by creating 1000 new lines of
"recombinant inbred" mice. Each line would be a
combination of eight existing strains, the scientists
would outcross the mice for four generations and then
breed brother-sister pairs for 20 generations to create
inbred lines. Researchers hope the new lines will be
able to reveal the genes that interact to produce
complex, non-Mendelian traits and represent the
variation in natural mouse populations. The emergence
of functional genomics presents a great new opportunity
for research involving genetically manipulated mouse
models. New technologies such as gene microarrays let
researchers look at the activation of thousands of genes
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