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ABSTRACT: Atherosclerosis is a complex disease in
which progressive cellular changes occur for decades
before the acute manifestation of cardiovascular disease.
Definition of atherogenic mechanisms in humans is
hindered by the complexity and chronicity of the disease
process, combined with the inability to sequentially
characterize lesions in an individual patient because of
shortcomings in noninvasive detection modalities.
Therefore, there has been a reliance on animal models
of the disease to define mechanistic pathways. Over the
last decade, the mouse has become the predominant
species used to create models of atherosclerosis. The
initial interest was based on the great diversity of inbred
strains with defined genetic backgrounds that provides a
means of linking genes to the development of athero-

therosclerosis is a complex and progressive dis-

age process in which the description of cellular

and biochemical events has relied on complimentary
data obtained from human and animal atheroscle-
rotic lesions.’-# The disease starts in the form of a
fatty streak that is characterized by a predominance
of lipid-laden macrophages. Fatty streaks progress
to fibro-lipid lesions containing an acellular lipid
core encased by smooth musecle cell fibrous caps.
This progression of the disease oceurs in a clinically-
silent manner over many decades before the disease

is overtly manifested by occlusive events that are

precipitated by rupture or erosion of atherosclerotic
lesions. b

Until recently, the majority of atherosclerotic re-
. search focused on mechanisms in rabbits, with a
lesser number of studies in pigs and nonhuman
primates. These large animal models have provided
invaluable insight. For example, the use of pig mod-
els of the disease initially revealed that monocyte
infiltration was one of the primary cellular events in
the atherogenic process.® Additionally, studies in
monkeys and rabbits have been pivotal in defining
the cellular events in the initiation and development
of lesions.”® In recent years, there has been an
explosion in the number of in vivo studies that is
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sclerosis. More recently, the ability to genetically modify
mice to over or under express specific genes has facili-
tated the definition of pathways in the atherogenic pro-
cess. All of the current mouse models of atherosclerosis
are based on perturbations of lipoprotein metabolism
through dietary and/or genetic manipulations. Although
hyperlipidemia is necessary for the development of ath-
erosclerosis, mouse models have demonstrated that
many nonlipid factors can influence the severity and
characteristics of lesions. This review selectively high-
lights some of the most commonly used mouse models
of atherosclerosis and compare their lesions to those
formed in the human disease. KEY INDEXING TERMS:
Atherosclerosis; Mouse; Lipoproteins; Genetic manipu-
lations. [Am ] Med Sci 2002;323(1):3-10.]

largely attributable to the use of mouse models to
study atherogenic mechanisms.

The Use of Mice in Atherosclerosis Research

The mouse has become an increasingly used spe-
cies for biomedical investigations,® as is evident
from their application in many disease areas inelud-
ing vascular pathology. This brief review will focus
on the highlights of the most commonly used mouse
models of atherosclerosis. :

The use of mice in atherosclerosis research has
several advantages over other species. A general
advantage, exploited in many biological applica-
tions, is the extensive genetic information available
on the numerous inbred strains. This knowledge
permits the elucidation of specific genomic loci with
a phenotype. Furthermore, the mouse is the most
commonly used mammal for genetic manipulations.
These genetically engineered changes include the
random insertion of new genes, the insertion of
specific mutants in place of the wild-type allele, and
the disruption of a specific allele. All of the genetic
manipulations offer highly specific changes that per-
mit mechanistic insight to be derived. The use of
mice also has a considerable advantage in studies on
novel pharmacological agents. Because novel drugs
can not be routinely synthesized in large amounts,
the small size of mice offers considerable practical
advantages to define anti-atherosclerotic efficacy.

In addition to the general advantage of the use of
mice in biomedical research, the evolving mouse
models offer the advantage of being able to generate
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a range of atherosclerotic lesions from those of sim-
ple macrophage foam cell morphology to more com-
plex lesions consisting of acellular lipid cores, fi-
brous caps, and calcification. In common with all
animal models of atherosclerosis, to date, no mouse
model reliably exhibits lesion rupture or erosion
that precipitates the acute cardiovascular events in
humans.1?

The small size of mice also facilitates the use of
large group numbers when studying a specific
atherogenic mechanism. This is particularly impor-
tant in the studies of atherosclerosis, because the
gize of lesions seems to have a large degree of inher-
ent variability. This variance is particularly surpris-
ing in mice, because they are genetically homoge-
nous in addition to being maintained in highly
controlled environments. Therefore, large numbers
are frequently required to develop statistically ro-
bust data.

Use of mice provides a convenient animal for bone
marrow transplantation studies. This technique is now
used extensively gince the early reports in atherosclero-
sis research!'2 and provides insight into the role of
genetic manipulations that are specific for hematopaietic
cells on the development of atherosclerosis.

The small size of mice has offered some technical
challenges, such as the acquisition of sufficient blood
to characterize cellular and chemical entities and
characterization of small tissues. However, these
are generally minor impediments compared with the
significant advantages afforded by this species in
atherosclerosis research.

Quantification of Atherosclerosis in Mice

Quantification of atherosclerosis in humans and
animal models provides considerable technical chal-
lenges due to the range of parameters that may be
quantified. These parameters are limited not only to
the physical size of lesions but also to the many
cellular and chemical changes that occur in athero-
sclerosis. Further complexity arises from the differ-
ing characteristics of lesions that may occur in dis-
tinct regions of vasculature.

There are several methods for the quantification
of atherosclerotic lesions in mice. The lesions formed
in the initial atherosclerosis studies on mice were
restricted to the aortic root. This arterial region
remains the most commonly used in the quantifica-
tion and characterization of atherosclerosis in these
models.?3 The initial description of quantification in
the aortic root described measurement of lesions in
the ascending aorta 400 um above the coronary
ostia. Many studies now also include lesions in the
aortic sinus in the analysis.

An alternative method of analysis, often referred
to as en fuce, involves the aorta being removed in its
entirety and opened longitudinally. The aortas are
pinned on a surface and the area of intima that is
covered by lesions is determined. This can be per-
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formed on either unstained tissue or aorta that has
been stained with a lipid stain such as Sudan IV.14.15

The vascular regions of most interest to the clini-
cal manifestation of atherosclerosis are the carotid
and coronary beds. There has been recent interest in
quantifying extent of atherosclerosis in the innomi-
nate artery.'® However, although there have been
frequent descriptions of lesions present in randomly
selected coronary vessels, there currently has been
no attempt to provide a systematic quantitative
method for evaluation in this region.

Inbred Strain-Specific Susceptibility of Mice

Inbred strains have provided considerable insight
into mechanisms of selected discases due to the
well-defined genetics of these mice. No known in-
bred strains spontaneously develop atherosclerosis.
However, extensive literature now exists on the dif-
fering susceptibilities of inbred mouse strains to
develop atherosclerosis during feeding a meodified
diet that promotes hyperlipidemia. The modified
diet used most commonly is enriched in saturated
fat, cholesterol, and cholate. This diet is commonly
referred to as the “Paigen” diet after the investigator
who has contributed extensively to the early evolu-
tion of mice in atherosclerosis research. The inclu-
sion of cholate in this diet is particularly controver-
gial because it may produce inflammatory
responses.5¢ Feeding of modified diets increases
plasma cholesterol concentrations by increasing the
very-low-density lipoprotein (VLDL) fraction; mice
fed a normal diet carry virtually all their cholesterol
in the high-density lipoprotein (HDL) fraction.

Among the inbred strains, C57BL/6 mice are most
susceptible to the development of diet-induced ath-
erosclerosis. The C3H strain is among the most
resistant to the development of atherosclerosis; the
BALB/c strain is an example of intermediate suscep-
tibility.” Even after prolonged feeding of hyperlip-
idemic diets, the lesions formed in C57BL/6 mice are
restricted to the aortic root. These lesions are char-
acterized by deposition of cholesterol, some in crys-
tal form, and macrophages. After prolonged feeding,
some investigators have noted more advanced le-
sions containing cellular debris and collagen.'® How-
ever, in general, these lesions are small, restricted to
the aortic root, and do not generally evolve beyond
lesions containing lipid-laden macrophages. Also, it
is interesting to note that, unlike the incidence of
cardiovascular disease in humans, female mice gen-
erate larger lesions than male mice.??

A major benefit of using specific mouse strains for
definition of atherogenic mechanisms is the ability
to develop recombinant inbred (RI) strains. These
are developed by the interbreeding of 2 parental
strains. There are subsequent brother-sister breed-
ing of the F2 strains. The offspring are subsequently
interbred for multiple generations. This results in
RI strains that have specific genetic mixtures be-
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tween the parental strain. Therefore, after develop-
ment of these RI strains, their propensity to develop
atherosclerosis can be associated with a scan of
genomic regions to identify alleles that are related to
the phenotype. The first use of this approach dem-
onstrated the presence of an Athl gene that was
localized on chromosome 1 near the apolipoprotein
AII gene.!® Subsequent studies have demonstrated
several other loci associated with increased athero-
sclerosis, although these have not been related to
specific genes.?® However, there are some shortecom-
ings in the use of quantitative trait analysis with a
complex phenotype which may account for contra-
dictory reports on the relationship of Athl to the
development of atherosclerosis.?*

There have been extensive studies in inbred
strains of mice to define a number of atherogenic
mechanisms, such as acquired immunity?223 gnd
inflammation.24-26 Although the C5H7BL/6 inbred
strain of mouse has been used extensively in athero-
sclerosis research, its use has diminished with the
development of other mouse models of atherosclero-
sis that develop larger lesions of greater complexity
when fed a more physiological diet. However, as
discussed below, this strain has important conse-
quences on mouse models of atherosclerosis that
have been developed by gene targeting.

Transgenic Models

Several transgenic mice have been generated that
develop atherosclerotic lesions. The enhanced sus-
ceptibility of transgenic mice to develop atheroscle-
rosis has been provided by overexpressing an array
of genes that have the common property of being
involved in some step of regulating lipoprotein me-
tabolism. Listed below is a selected list of some of
these transgenic mice to provide an indication of the
lipid abnormalities generated in these mice and the
types of atherosclerotic lesions formed.

Apolipoprotein B. Apolipoprotein B (apoB) is
the major protein directing the metabolic fate of
both VLDL and LDL, and its increased plasma con-
centrations are associated with the development of
cardiovascular diseases. Therefore, it may be ex-
pected that the increased presence of apoB in the
plasma of transgenic mice would lead to enhanced
atherosclerosis. The development of transgenic mice
that express human apoB led to mice that had
plasma concentrations similar to those of normolipi-
demic humans, but no pronounced vascular dis-
ease.?? To promote atherosclerosis, the apoB trans-
genic mice were placed on a diet enriched in
saturated fat and cholesterol.?® Consistent with
findings in C57BL/6 mice, the extent of atheroscle-
rosis was greater in fermale mice than in male mice.
The lesions formed in these mice have a simple
morphology that primarily consists of macrophage
foam cells.

THE AMERICAN JOURNAL OF THE MEDICAL SCIENCES

Daugherty

Mutant Forms of Apolipoprotein E. Apoli-
poprotein E (apoE) is present on the surface of gev-
eral lipoproteins, including chylomicrons, VLDL and
HDL particles. It is an important modulator of li-
poprotein interactions with several receptors, in-
cluding low-density lipoprotein (LDL) receptors and
LDL-related receptor.2¢.30 In humans there are 3
major isoforms for apoE, which have been desig-
nated apoEZ2, -3, and -4; apoE3 is the most common
allelic form. In addition, there are a number of
mutant forms of apoE that impact the biological
functions of the protein.2!

Transgenic mice have been created to express the
human apoE2 isoform, although the development of
atherosclerosis in these mice has not been studied
extensively. Lesion development has been defined
more extensively in transgenic mice that express 2
more uncommon forms of apoE, apoE3-Leiden, 3 and
human apoE2 (Arg112,Cys142).17 Both these trans-
genic mice develop an abnormal g-migrating form of
VLDL consistent with a prominent characteristic of
type I hyperlipidemia. This occurs in these mige
despite the continued presence of endogenous
apok.33.3¢ These mutant apoE transpenic strains
respond to diets enriched in saturated fat, choles-
terol, and cholate with a hypercholesterolemic re-
sponse and develop atherosclerosis in the aortic root.
The lesions are initially rich in foam ecells and
progress to lesions that have fibrous caps. 3588

In addition to transgenic animals, an apoE-based
mouse model of atherosclerosis has been created by
gene replacement in a process that is commonly
referred to as “knock-in.” Unlike transgenic mice, in
which it is common to express from a number of gene
copies in various chromosomal locations, the {tech-
nique of gene replacement converts an endngenous
allele to a variant at the same position in the ge-
nome. This provides the same tissue-specific expres-
sion of the mutant gene as that of the endogenous
gene. The development of mice that express apoE2
exhibited plasma lipoprotein characteristics that are
equivalent to those of type III hyperlipidemic sub-
jects, including the presence of p-migrating VLDL
particles.?” These mice spontaneously develop ath-
erosclerotic lesions that are predominantly macro-
phage foam cells with small fibrous caps. These mice
are responsive to supplementation of dietary satu-
rated fats and cholesterol in generating a hypercho-
lesterolemic response and augmenting atheroscle-
rotic - development. Lesions formed during the
feeding of modified diets were also predominantly
macrophage foam cells, although there was an in-
creased incidence of fibrous caps, cholesterol clefts,
and necrotic areas.

Gene-Targeted Models.

In gene-targeted mice, a specific allele is deleted
that permits definition of a protein with very high
specificity. Because these models are genetically en-
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Table 1. Characteristics of Selected Mouse Models of Atherosclerosis

Model Characteristics Reference
Inbred Mice
C57BL/6 Small lesions formed only in the aortic root 17
Transgenic/Gene Replacements
apoB Requires modified diet to form lesions of simple 28
morphology only in the aortie root.
apeF variants Requires modified diet to form lesions of simple 35,43,74,75
morphology only in the aortic root.
Gene Targeted
Apo E—/— Mice are hyperlipidemic and also respond to modified 46,4776
diets. Lesions progress to an intermediate complexity
of macrophage foam cells, necrotic cores, and fibrous
caps. Lesions oceur in several vascular beds.
LDL receptor —/— Requires a modified diet to promote atherosclerosis. 43
Lesions are representative of early lesions with a
predominancy of macrophage foam cells.
‘Compound Genetic Manipulations
apoBEC-] ~/— X LDL receptor —/— Miece are hyperlipidemic and form pronounced 59
atherosclerotic lesions in many vascular regions.
apoB transgenic X LDL receptor —/— Mice are hyperlipidemic and form pronounced 60
atherosclerotic lesions in many vascular regions.
* apoCIII tg X LDL receptor —/— Lesions require the feeding of a modified diet. 62

gineered to ablate a specific gene, these mice are
commonly referred to by the colloquial term of
“knock-out.”

LDL. receptor—/—. Deficiency of L.DL receptors
in humans leads to a dramatic phenotype of pro-
nounced hypercholesterolemia.?® Individuals af-
flicted with the homozygous forms of this disease
usually succumb to a myocardial infarction during
the second decade of life.3® A naturally occurring
mutation in rabbits also leads to greatly elevated
plasma cholesterol concentrations and the develop-
ment of atherosclerotic lesions.<¢ In contrast, dele-
tion of LD receptors in mice leads to only a modest
hypercholesterolemia when fed a normal diet.¢
However, these mice are very susceptible to dietary
modification. In the initial description of atheroscle-
rosis in these LDL receptor—/— mice, they were fed
the diet developed by Paigen et alé? that contains
saturated fat, cholesterol, and cholate for prolonged
intervals. This led to the appearance of atheroscle-
rotic lesions throughout the aorta and large lesions
in the aortic root and coronary arteries.*® Subse-
quent studies have demonstrated that large athero-
sclerotic lesions are formed in these mice fed diets
enriched in saturated fat without cholate.4 '

The lesions formed in these mice are of simple
morphology consisting predominantly of lipid-laden
macrophages.** Some of the features of advanced
lesions, including necrotic cores and calcification,
are generated only after prolonged feeding of high
fat diets.

ApoE—/—. As noted above, apoE has a profound
effect on lipoprotein metabolism. Therefore, as may
be expected, deficiency of this apolipoprotein leads
to hyperlipidemia, with an elevation of VLDL sized
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particles. Three groups have developed apoE /-
mice by genetic engineering, and all have reported
similar phenotype of hyperlipidemia and atheroscle-
rosis, even when fed a normal diet.%5-47 Of all the
models of mouse atherosclerosis, the apoE—/-
mouse has been studied the most extengively for the
effects of genetic and pharmacological interventions
on the development of lesions.

The progression of lesions in this strain has been
characterized during feeding of both normal and
high-fat diets. Monocyte adhesion to intact endothe-
lium, one of the earliest cellular events in athero-
genesig, was detected in 2-month-old apoE /- mice
maintained on a normal diet. Lesions that predom-
inantly contain macrophage foam cells occurred at
10 to 30 weeks, and intermediate and fibro-lipid
lesions became more apparent from 15 weeks on-
ward.*® Complex lesions were also associated with
localized media degeneration.® Feeding apoE—/—
mice a diet enriched in saturated fat greatly accel-
erated the progression of these lesions. Complex
lesions were formed in many vascular areas of
apoE~/— mice on normal and modified diets. These
included the aortic sinus, several regions of the
aorta including the ascending region, the arch, and
the renal area, and the innominate and coronary
vessels. 164850  Although intraplagque hemorrhage
has been demonstrated in mature lesions in the
innominate artery of apoE mice,’® there has not
been a demonstration of spontaneous rupture.

As mentioned previously, although wild-type
C57BL/6 mice provide a limited model of the athero-
genic process, this strain background also infers
susceptibility of the disease in the genetically mod-
ified mice. Therefore, although the deficiency of
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apoE leads to the development of hyperlipidemia,
the severity of atherosclerosis formed is dependent
on the strain of the mice.51-58 This is dramatically
shown in the comparison of apoE deficient mice that
are either in a C57BL/6 or FVB/NJ background.
ApoE deficiency in the FVB/NJ strain led to higher
plasma cholesterol concentrations than in the
CB57BL/6 background. Despite the more pronounced
hyperlipidemic response, atherosclerotic lesion area
in the aortic root was approximately 8 times greater
in the C57BL/6 strain. Therefore, other genetically
determined factors are acting in concert- with the
effects of apoE deficiency to determine the severity
of the disease process.

In addition to genetically engineered mice, a
mouse strain has been identified with a natural
mutation that leads to deficiency of apoE. This spon-
taneous hyperlipidemic mouse also develops severe
hypercholesterolemia,5¢ although the atherosclero-
sis is not as severe as in apoE —/— mice, possibly
because of the strain background. The deficiency of
apoE has consistently generated mice that are spon-
taneously hyperlipidemic and have lipoprotein pro-
files that resemble humans described with this de-
fect.55 A major shortecoming of apoE—/— mice is that
their lipoprotein profiles are dissimilar from most
human subjects. In these mice, most plasma choles-
terol is carried in VLDL, rather than in LDL as in
humans. Despite this aberrant lipoprotein profile,
the characteristics of the atherosclerotic lesions
formed in these mice have some of the closest simi-
larities to humans of any available animal model.

Compound Genetic Manipulations

ApoBEC-1~/- x LDL receptor—/-. As noted
above, LDL receptor—/- mice develop only modest
hypercholesterolemia when maintained on normal
laboratory diets. A potential reason for this lack of
increased plasma cholesterol concentrations is the
presence of the synthesis of apoB48 in the liver of
mice, leading to a predominance of this form of apoB
on circulating LDL. In humans, full-length apoB
(referred to as apoB100) is synthesized in the liver,
whereas the truncated form of apoB48 is generated
only in the intestine. The presence of this truncated
form of apoB on LDL would permit an enhanced
binding of apoE and subsequent clearance with
mechanisms other than the LDL receptor, such as
LDL-related receptors.5s

The truncated form of apoB arises because of an
RNA editing mechanism in which a deamination at
cytosine 6666 results in a translational stop codon.
This editing is regulated by the enzyme termed
apoBEC-1.57 Deletion of this enzyme does not influ-
ence plasma cholesterol concentrations.58 However,
when apoBEC-1 deficiency is combined with abla-
tion of LDL receptors, there is a large increase in
plasma cholesterol concentrations, caused exclu-
sively by increased LDL cholesterol.5?
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These mice develop extensive lesions throughout
the aorta, including most of the branch points. Al-
though the lesions that form in these mice have not
been extensively described, they seem to range from
simple lesion morphology of macrophage foam cells
to more complex lesions containing smooth muscle
cells and extracellular matrix.5¢ Feeding a diet en-
riched in saturated fat enhances the progression of
the disease.

ApoB100 transgenic x LDL receptor—/—, Both
the apoB100 transgenic and LDL receptor—/—
mouse models of atherosclerosis has been described
above, and in both cases, feeding a modified diet is
required for the development of significant athero-
sclerotic lesions. However, the combination of the
apoB100 transgenic and LDL receptor—/— manipu-
lations had a greater hypercholesterolemic response
than the individual genetically manipulated mice
when maintained on a normal diet.®° In accord with
the endogenous hyperlipidemia in apoB100 trans-
genic X LDL receptor —/— mice, there was a pro-
nounced presence of atherosclerotic lesions through-
out the aortic intimal surface.

ApoCHI transgenic x LDL receptor—/—. Fa-
milial combined hyperlipidemia is a relatively com-
mon lipid disorder and is associated with an en-
hanced incidence and severity of atherosclerotic
diseases.! A mouse model that recapitulates some
of the features of familial combined hyperlipidemia
was generated by developing a mouse that ex-
pressed the human apolipoprotein CIII in combina-
tion with LDL receptor deficiency.%? Formation of
atherosclerotic lesions in the aortic root required the
feeding a diet enriched in saturated fat and choles-
terol. There is currently no description of the char-
acteristics of the atherosclerotic lesions formed in
these mice.

Conclusions

This is a selected review of some of the most
commmonly used mouse models of atheroselerosis. In
each case, these models involve a defect in lipid
metabolism to initiate the disease. However, there
has been a wide range of mechanisms studied that
could alter the extent and characteristics of the
disease. This has mostly been achieved by. inter-
breeding an atherosclerosis susceptible mouse to
other knockout or transgenic animals. These inter-
breedings have studied the role of many factors in
the development of atherosclerosis, for example,
chemokines,83.6¢ adhesion molecules,5 acquired im-
munity,15:66 and cytokines?* (recently reviewed in
Knowles and Maeda$7?). In addition, mouse models of
atherosclerosis have been used in many pharmaco-
logical studies in multiple areas such as antioxidant
therapy,®® steroid hormone replacement, and the
inhibition of the renin angjotensin system.70.7

Mouse models are now used routinely in athero-
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sclerosis research. How accurately these models
mimic the process in humans is difficult to ascertain
given our lack of detailed knowledge of the human
disease. However, this is a generic concern that
applies to all animal models of atherosclerosis. Cer-
tainly, the atherosclerotic lesions formed in mouse
models do not progress to the stage in which lesions
promote the clinical manifestations observed in hu-
mans. There have been few descriptions of myocar-
dial infarction or stroke in mice as a consequence of
atherosclerotic lesion formation,” despite the pres-
ence of extensive lesions that display characteristics
similar to that of “vulnerable” lesions in humans.”
However there are some striking similarities in the
morphology of lesions formed in mice compared with
specific stages of the human disease. Therefore, it is
likely that mouse models will be increasingly used to
define mechanisms in the atherogenic process.

References

1. Natural higtory of aortic and coronary atherosclerotic lesions
in youth. Findings from the PDAY Study. Pathobiological
Determinants of Atherosclerosis in Youth (PDAY) Research
Group. Arterioscler Thromb 1893;13:1291--8.

2. Faggiotto A, Ross R, Harker L. Studies of hypercholester-
olemia in the nonhuman primate. I. Changes that lead to
fatty streak formation. Arteriosclerosizs 1984;4:328-40.

3. Rosenfeld ME, Tsukada T, Gown AM, et al. Fatty streak
initiation in Watanabe heritable hyperlipidemic and compa-
rably hypercholesterolemic fat-fed rabbits. Arterioscleresis
1987,7:9-23,

4. Stary HC, Chandler AB, Dinsmore RE, et al. A definition
of advanced types of atherosclerotic lesions and a histological
classification of atherosclerosis. A report from the Committee
on Vascular Lesions of the Council on Arteriosclerosis, Amer-
ican Heart Association. Circulation 1995;92:1355-74.

5. Virmani R, RKolodgie FD, Burke AP, et al. Lessons from
sudden coronary death: a comprebensive morphological clas-
sification scheme for atherosclerotic lesions. Arterioscler
Thromb Vasc Biol 2000;20:1262-75.

6. Gerrity RG. The role of the monocyte in atherogenesis. 1.
Transition of blood-borne monocytes into foam cells in fatty
lesions. Am J Pathel 1981;103:181-90.

7. Faggiotto A, Ross R. Studies of hypercholesterolemia in the
nonhuman primate. II. Fatty streak conversion to fibrous
placque. Arteriosclerosis 1984;4:341-56.

8. Rosenfeld ME, Tsukada T, Chait A, et al. Fatty streak
expansion and maturation in Watanabe heritable hyperlipid-

emic and comparably hypercholesterolemic fat-fed rabbits.

Arteriosclerosis 1987;7:24-34.

9. Malakoff D. The rise of the mouse, biomedicine’s model :

mammal. Science 2000;288:248--53.

10. Kristensen SD, Ravn HB, Falk E. Insights into the patho-
physiclogy of unstable coronary artery disease. Am J Cardiol
1997;80.E5-9.

11. Linton MF, Atkinson JB, Fazio 8. Prevention of athero-
sclerosis in apolipoprotein E-deficient mice by bone marrow
transplantation. Science 1995;267:1034 7.

12, Boisvert WA, Spangenberg J, Curtiss LK. Treatment of
severe hypercholesterolemia in apolipoprotein E-deficient
mice by bone marrow transplantation. J Clin Invest 1995;96:
1118-24.

.

13. Paigen B, Morrow A, Holmes P, et al. Quantitative as-
sessment of atherosclerotic lesions in mice. Atherosclerosis
1987,68:231-40. .

14. Tangirala RK, Rubin EM, Palinski W. Quantitation of
atherosclerosis in murine models: Correlation between le-
gions in the aortic origin and in the entire aorta, and differ-
ences in the extent of lesions between sexes in LDL receptor-
deficient and apolipoprotein E-deficient mice. J Lipid Res
1995;36:2320--8.

15. Daugherty A, Pure E, Delfel-Butteiger D, et al. The
effects of total lymphocyte deficiency on the extent of athero-
sclerosis in apolipoprotein E—/—mice. J Clin Invest 1997;100:
1575-80.

16. Rosenfeld ME, Polinsky P, Virmani R, et al. Advanced
atherosclerotic lesions in the innominate artery of the ApoE
knockout mouse. Arterioscler Thromb Vasc Biol 2000;20:
2587-92.

17. Paigen B, Holmes PA, Mitchell D, et al. Comparison of
atherosclerotic lesions and HDL-lipid levels in male, female,
and testosterone-treated female mice from straing C57BL/S,
BALB/c, and C3H. Atherosclerosis 1987;64:215-21.

18. Stewart-Phillips JL, Lough J. Pathology of atherosclerosis
in cholesterol-fed, susceptible mice. Atherosclerosis 1991;90:
211-8.

19. Paigen B, Mitchell D, Reue K, et al. Ath-1, a gene deter-
mining atherosclerosis susceptibility and high density 5-
poprotein levels in mice. Proc Natl Acad 8ei U B A 1987;84:
3763-7.

20. Paigen B. Geneties of responsiveness to high-fat and high-
cholesterol diets in the mouse. Am J Clin Nutr 1995;62:8458-
62.

21. Machleder D, Ivandic B, Welch C, et al. Complex genetic
control of HDL levels in mice in response to an atherogenic
diet. Coordinate regulation of HDL levels and bile acid me-
tabolism. J Clin Invest 1997;99:1406-19.

22. Fyfe Al, Qiao JH, Lusis AJ. Immune-deficient mice develop
typical atherosclerotic fatty streaks when fed an atherogenic
diet. J Clin Invest 1994;94:2616--20.

23. Emeson EE, Shen ML, Bell CGH, et al. Inhibition of
atherosclerosis in CD4 T.cell-ablated and nude (numu)
C57BL/6 hyperlipidemic mice. Am J Pathol 19986;149:675—85.

24. Oslund LJP, Hedrick CC, Olvera T, et al. Interleukin-10
blocks atherosclerotic events in vitro and in vivo. 99;18:
12:2847-53.

25. Mallat Z, Besnard S, Duriez M, et al. Protective role of
interleukin-10 in atherosclerosis. Circ Res 1999;85:E17--24.

26. Schreyer SA, Peschon JJ, LeBoeuf RC. Accelerated ath-
erosclerosis in mice lacking tumor necrosis factor receptor
p56. J Biol Chem 1996;271:26174~8.

27. Linton MF, Farese RV, Chiesa G, et al, Transgenic mice
expressing high plasma cencentrations of human apelipopro-
tein B100 and lipoprotein,. J Clin Invest 1993;92:3029-37.

28. Purcell-Huynh DA, Farese RV, et al. Transgenic mice
expressing high levels of human apolipoprotein B develop
severe atherosclerotic lesions in response to a high-fat diet.
J Clin Invest 1995;95:2246-57.

29. Krieger M, Herz J. Structures and functions of multiligand
lipoprotein receptors: Macrophage scavenger receptors and
LDL receptor-related protein (LRP). Annu Rev Biochem
1994;63:601-37.

30. Mahley RW. Apclipoprotein E: Cholesterol transport protein
with expanding role in cell biology. Science 1988;240:622-30.

31. de Knijff P, van den Maagdenberg AM, Franis RR, ef al.
Genetic heterogeneity of apolipoprotein E and its influence on
plasma lipid and lipoprotein levels. Hum Mutat 1994;4:178
94.

January 2002 Volume 323 Number 1




32.

33.

34.

35.

36.

a7..

38.

39.

40.

41.

42.

43.

46.

41.

49.

Groot PH, vanVlijmen BJ, Benson GM, et al. Quantita-
tive assessment of aortic atherosclerosis in APOE*3 Leiden
transgenic mice and its relationship to serum cholesterol
exposure. Arterioscler Thromb Vasc Biol 1996;16:926-33.
Fazio B, Lee YL, Ji Z8, et al. Type-III hyperlipoproteinemic
phenotype in transgenic mice expressing dysfunctional apo-
lipoprotein-E. J. Clin. Invest. 1993;92:1497-503,

van den Maagdenberg AM, Hofker MH, Krimpenfort
PJd, et al. Transgenic mice carrying the apolipoprotein E3-
Leiden gene exhibit hyperlipoproteinemia. J Biol Chem 1993;
268:10540-5.

Fazio 8, Sanan DA, Lee YL, et al. Susceptibility to diet-
induced atherosclerosis in transgenic mice expressing a dys-
functional human apolipoprotein E(Arg 112,Cys142). Arterio
Thromb 1994;14:1873-9.

Leppanen P, Luoma J8S, Hofker MH, et al. Characteriza-
tion of atherosclerotic lesions in apo E3-leiden transgenic
mice. Atherosclerosis 1998;136:147-52.

Sullivan PM, Mezdour H, Quarfordt SH, et al. Type III
hyperlipoproteinemia and spontaneous atherosclerosis in
mice resulting from gene replacement of mouse Apoe with
human APOE*2, J Clin Invest 1998;102:130-5.

Goldstein J1., Brown MBS, Binding and degradation of low
density lipoproteins by cultured human fibreblasts. Compar-
ison of cells from a normal subject and from a patient with
homozygous familial hypercholesterolemia. J Biol Chem
1974;249:5153--62.

Brown MS, Goldstein J1L. Lipoprotein receptors: therapeu-
tic implications. J Hypertens Suppl 1990;8:533-6.

Buja LM, Kita T, Goldstein JL, et al. Cellular pathology of
progressive atherosclerosis in the WHHL rabbit. Arterioscle-
rosis 1983;3:87-101.

Ishibashi 8, Brown MS, Goldstein JL, et al. Hypercho-
lesterclemia in low density lipoprotein receptor knockout
mice and its reversal by adenovirus-mediated gene delivery.
J Clin Invest 1993;92:883--98.

Nishina PM, Verstuyft J, Paigen B. Synthetic low and
high fat diets for the study of atherosclerosis in the mouse. J
Lipid Res 1990;31:859—69.

Ishibashi 8, Goldstein JL, Brown MS, et al. Massive
xanthomatosis and atherosclerosis in cholesterol-fed low-den-
sity lipoprotein receptor-negative mice. J Clin Invest 1994;
93:1885--93,

. Roselaar SE, Kakkanathu PX, Daugherty A. Lymphocyte

populations in atherosclerotic lesions of apoE ~/~ and LDL
receptor —/— mice. Decreasing density with disease progres-
sion. Arterioscler Thromb Vasc Biol 1996;16:1013-8.

. Piedrahita JA, Zhang SH, Hagaman JR, et al. Genera-

tion of mice carrying a mutant apolipoprotein-E gene inacti-
vated by gene targeting in embryonic stem cells. Proe Natl
Acad Sci U S A 1992;89:4471-5.

Plump AS, Smith JD, Hayek T, et al. Severe hypercholes-
terolemia and atherosclerosis in apolipoprotein-E-deficient
mice created by homologous recombination in ES cells. Cell
1992;71:343-53.
van Ree JH, van den Broek WJAA, Dahimans VEH, et
al. Diet-induced hypercholesterolemia and atherosclerosis in
heterozygous apolipoprotein E-deficient mice. Atherosclero-
sis 1994;111:25-37.

. Nakashima Y, Plump AS, Raines EW, et al. ApoE-defi-

cient mice develop lesions of all phases of atherosclerosis
throughout the arterial tree. Arterioscler Thromb 1994;14:
133-40.

Carmeliet P, Moons L, Lijnen R, et al. Urckinase-gener-
ated plasmin activates matrix metalloproteinases during an-
eurysm formation. Nat Geqet 1997;17:439-44,

THE AMERICAN JOURNAL OF THE MEDICAL SCIENCES

50.

51.

B2.

53.

54,

55.

56.

57.

58.

59.

60.

61

62,

85.

66.

67.

Daugherty

Reddick RL, Zhang SH, Maeda N, Atherosclerosis in mice
lacking apo E. Evaluation of lesional development and pro-
gression, Arterioscler Thromb 1994;14:141-7.

Dansky HM, Chariton SA, Sikes JL, et al. Genetic back-
ground determines the extent of atherosclerosis in ApoE-defi-
cient mice. Arterioscler Thromho Vasc Biol 1999;19:1960-8.
Shi WB, Wang NJ, Shih DM, et al. Determinants of ath-
erosclerosis susceptibility in the C3H and C57BL/6 mouse
meodel: evidence for involvement of endothelial cells but not
blood cells or cholesterol metabolism. Cire Res 2000;86:1078 -
84.

van Ree JH, van den Broek WJAA, Dahlmans VEH, et
al. Variability in cholesterol content in serum and aortic
tissue in apolipoprotein E-deficient mice is comparable in
inbred (129/8v) and outbred (mixed 129/8v and C57BL/6)
mice. Atherosclerosis 1995;118:165-7.

Matsushima ¥, Hayashi 8, Tachibana M. Spontaneously
hyperlipidemic (SHL) mice: Japanese wild mice with apoli-
poprotein E deficiency. Mamm Genome 1999;10:352--7,
Schaefer EJ, Gregg RE, Ghiselli G, et al. Familial apo-
liprotein E deficiency. J Clin Invest 1986;78:1206-19.
Beisiegel U, Weber W, Thrke G, Herz J, et al, The LDL-
receptor-related protein, LRP, is an apolipoprotein E-binding
protein. Nature 1989;341:162-4.

Teng BB, Burant CF, Davidson NO. Mslecular cloning of
an apoliprotein B messenger RNA editing protein. Science
1993;260:1816-20.

Hirano K, Young SG, Farese RV Jr, et al. Targeted
disruption of the mouse apobec-1 gene abaolishes apolipopro-
tein B mRNA editing and eliminates apolipoprotein B48.
J Biol Chem 1996;271:9887--80.

Powell-Braxton L, Veniant M, Latvala RD, et al. A
mouse model of human familial hypercholesterclemia: Mark-
edly elevated low density lipoprotein cholesterol levels and
severe atherosclerosis on a low-fat chow diet. Nat Med 1998;
4:934-8.

Sanan DA, Newland DL, Tao R, et al. Low density lipopro-
tein receptor-negative mice expressing human apolipoprotein
B-100 develop complex atherosclerotic lesions on a chow diet:
no accentuation by apolipoprotein(a). Proc Nat] Acad Sci U S
A 1898;95:4544 -9,

Goldstein JL, Schrott HG, Hazzard WR, et al. Hyperlip-
idemia in coronary heart disease. II. Genetic analysis of lipid
levels in 176 families and delineation of a new inherited
disorder, combined hyperlipidemia. J Clin Invest 1973;52:
1544 -68.

Masucci-Magoulas L, Goldberg 1J, et al. A mouse model
with features of familial combined hyperlipidemia. Science
1997,275:391-4.

. Boring L, Gosling J, Cleary M, et al. Decreased lesion

formation in CCR2(—/—) mice reveals a role for chemokines
in the initiation of atherosclerosis. Nature 1998;394:894-7,

. Gu L, Okada Y, Clinton SK, et al. Absence of monocyte

chemoattractant protein-1 reduces atherosclerosis in low
density lipoprotein receptor-deficient mice. Mol Cell 1998;2:
27581,

Dong ZM, Chapman SM, Brown AA, et al. Combined role
of P- and E-selectins in atherosclerosis. J Clin Invest 1998;
102:145-52.

Dansky HM, Charlton SA, Harper MM, et al. T and B
lymphocytes play a minor role in atherosclerotic plague for-
mation in the apolipoprotein E-deficient mouse. Proe Natl
Acad Sci U S A 1997,94:4642-6.

Knowles JW, Maeda N. Genetic modifiers of atheresclerosis
in mice. 2000;20:11:2336—-45,




Mouse Models of Atherosclerosis

68.

69.

70.

71.

72.

10

Bird DA, Tangirala RK, Fruebis J, et al. Effect of probucol
on LDL oxidation and atherosclerosis in LDL receptor-defi-
cient mice, J Lipid Res 1998;39:1079--90.

Reckless J, Metealfe JC, Grainger Dd. Tamoxifen de-
ereases cholesterol sevenfold and abolishes lipid lesion devel-
opment in apolipoprotein E knockout mice. Circulation 1997;
95:1542-8.

Keidar 8, Attias J, Smith J, et al. The angiotensin-II
receptor antagonist, losartan, inhibits LDL lipid peroxidation
and atheroseleresis in apolipoprotein E-deficient mice. Bio-
chem Biophys Res Commun 1997,236:622-5.

Daugherty A, Manning MW, Cassis LA. Angiotensin II
promotes atheresclerotic lesions and aneurysms in apoli-
poprotein E-deficient mice. J Clin Invest 2000;105:1605~
12.

Caligiuri G, Levy B, Pernow J, et al. Myocardial infarc-
tion mediated by endothelin receptor signaling in hyper-

78.

74.

75.

76.

cholesterolemic mice. Proc Natl Acad Sci U 8 A 1988;96:
6920-4.

Muller JE, Abela GS, Nesto RW, et al. Triggers, acute risk
factors and vulnerable plaques: the lexicon of a new frontier.
J Am Coll Cardiol 1994:809~13.

van Vlijmen BJ, van den Maagdenberg AM, Gijbels MJ,
et al. Diet-induced hyperlipoproteinemia and atheresclerosis
in apolipoprotein E3 Leiden transgenic mice. J Clin Invest
1994;93:1403-10,

Sullivan PM, Mezdour H, Aratani Y, et al. Targeted replace-
ment of the mouse apolipoprotein E gene with the common
human APOES3 allele enhances diet-induced hypercholesterol-
emia and atherosclerosis. J Biol Chem 1997;272:17972-80.
Zhang SH, Reddick RL, Piedrahita JA, et al. Spontane-
ous hypercholesterolemia and arterial lesions in mice lacking
apolipoprotein E. Science 1992;258:468--71.

January 2002 Volume 323 Number 1




