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Animal models are designed to be preliminary tools
for better understanding of the pathogenesis, im-
provement in diagnosis, prevention, and therapy of
arteriosclerosis in humans. Attracted by the well-de-
fined genetic systems, a number of investigators have
begun to use the mouse as an experimental system for
arteriosclerosis research. Hundreds of inbred lines
have been established, and the genetic map is rela-
tively well defined, and both congenic strains and
recombinant strains are available to facilitate genetic
experimentation. Because arteriosclerosis is a com-
plicated disease, which includes spontaneous (native)
atherosclerosis, transplant arteriosclerosis, vein graft
atherosclerosis, and angioplasty-induced restenosis,
several mouse models for studying all types of arte-
riosclerosis have recently been established. Using
these mouse models, much knowledge concerning
the pathogenesis of the disease and therapeutic inter-
vention has been gained, eg, origins of endothelial
and smooth muscle cells in lesions of transplant and
vein graft atherosclerosis. This review will not at-
tempt to cover all aspects of mouse models, rather
focus on models of arterial injuries, vein grafts, and
transplant arteriosclerosis, by which the major
progress in understanding the mechanisms of the
disease has been made. This article will also point out
(dis)advantages of a variety of models, and how the
models can be appropriately chosen for different pur-
poses of study. (Am J Pathol 2004, 165:1–10)

Arteriosclerosis is characterized by smooth muscle cell
hyperplasia or hypertrophy and matrix protein accumu-
lation in the intima and/or media with or without lipid
deposition, resulting in thickening and stiffness of the
arterial wall.1 Arteriosclerosis includes (spontaneous)
atherosclerosis, accelerated arteriosclerosis (namely,
transplant arteriosclerosis), restenosis after percutane-

ous transluminal coronary angioplasty, and vein graft
atherosclerosis.2 Atherosclerosis research with animal
models, as known today, is nearly 100 years old.3 Knowl-
edge of the pathogenesis and therapy of atherosclerotic
disease and the use of animal models in arteriosclerosis
research have evolved almost simultaneously. The use of
animal models in the study of arteriosclerosis is essential
to answer many questions. For instance, evaluation of a
risk factor as a single independent variable, with almost
complete exclusion of other factors, can best be per-
formed in animals free of intercurrent diseases or abnor-
malities and with well known genetic characteristics.4 On
the other hand, the role of vascular injury because of
angioplasty, alloimmune responses, or vein grafts can be
investigated alone or in combination with other factors
that either aggravate or have beneficial effects. Further-
more, experiments using animals are the only way to
develop and test new diagnostic, preventive, and thera-
peutic procedures for both ethical and practical reasons.
The investigator can choose the species, time, and
method, as well as obtain tissue, and serum samples as
well as other material needed for measurements under
optimal conditions, selective circumstances that are dif-
ficult, if not impossible, in studies with human patients.

Attracted by the availability of well-defined genetic
systems of transgenic and knockout mice, a number of
investigators have begun to use the mouse as an exper-
imental system for arteriosclerosis research.4 Hundreds
of inbred lines have been established, and the genetic
map is relatively well defined, and both congenic strains
and recombinant strains are available to facilitate genetic
experimentation. The animal model of hyperlipidemia and
atherosclerosis in apoE- and low-density lipoprotein re-
ceptor-deficient mice has been widely used.4–6 Such
mouse models have considerable advantages over other
animal systems in that they overcome the need to admin-

Supported by grants from British Heart Foundation (PG/01/170) and the
Oak Foundation.

Accepted for publication February 27, 2004.

Address reprint requests to Qingbo Xu, M.D., Ph.D., Department of
Cardiac and Vascular Sciences, St. George’s Hospital Medical School,
Cranmer Terrace, London SW17 0RE, UK. E-mail: q.xu@sghms.ac.uk.

American Journal of Pathology, Vol. 165, No. 1, July 2004

Copyright © American Society for Investigative Pathology

1



ister a cholesterol diet. Since several reviews summariz-
ing the effects of a variety of genes on native atheroscle-
rosis have been published,5,7 the present subtitle will not
cover the animal models of spontaneous atherosclerosis,
ie, hyperlipidemia-induced atherosclerosis, rather focus
on other types of mouse models for arteriosclerosis, in-
cluding arterial injuries, vein graft, and vessel transplan-
tation.

Arterial Injuries

Angioplasty is very often used to treat patients with se-
vere coronary artery disease. The coronary blood flow in
the majority of patients is recovered after the treatment.
The problem is restenosis of the vessel because of the
formation of neointimal lesions.8 The hallmarks of neoin-
tima lesions are smooth muscle cell proliferation and
extracellular matrix deposition.9 The pathogenesis of this
disease remains poorly understood. Most knowledge
concerning the mechanisms of restenosis formation was
derived from studies of animal models. In the late 1970s,
Clowes and colleagues10 established the rat arterial in-
jury model, by which a great number of articles describ-
ing the process of restenosis were published. In 1993,
Lindner and colleagues11 developed the first mouse
model of arterial injury using a flexible wire. Subse-
quently, ligation and electronic injury models were also
established.12,13 These models are being widely used by
many laboratories and have generated a large number of
publications during the last 5 years.14–19 Because it is
difficult to include all of the data derived from the use of
these models, a brief summary on several of the models
follows (Table 1).

Wire-Injury Model

Technically, this model is similar to that of rat carotid
arterial injury. Briefly, the bifurcation of the carotid artery
was exposed and two ligations were placed around the
external carotid artery, which was then tied off with
the distal ligature. An incision hole was made between
the two ligatures, where a flexible wire was introduced
into the common carotid artery. After passing the vessel
three times, Lindner and colleagues11 observed that
complete removal of the endothelium was achieved with
a flexible wire. A platelet monolayer covered the denuded
surface, and damage to underlying medial smooth mus-
cle cells was detected. Injection of [3H]thymidine dis-
played replication of medial smooth muscle cells, which

was found to be 1.6% at 2 days after denudation and
9.8% at 5 days. Smooth muscle cells were observed in
the intima by day 8, and by 2 weeks the intimal lesion had
a similar cell content as the media. In most animals,
repair of the endothelial lining was complete 3 weeks
after injury. Using an outbred strain, they found that within
2 weeks after injury, intimal lesions would form in areas
that were still denuded. These intimal lesions, however,
were not very extensive and usually did not exceed two or
three cell layers in thickness.11,12

Carotid Artery Ligation

An alteration in blood flow has been shown to increase
intimal lesion formation in vascular grafts and balloon-
injured vessels,20 thus indicating that alterations in bio-
mechanical stress will affect the proliferative response of
smooth muscle cells.21,22 Furthermore, a number of stud-
ies have demonstrated that vessels adapt to chronic
changes in blood flow by undergoing compensatory ad-
justments in their lumen size.23,24 Based on this knowl-
edge, Kumer and Lindner12 developed a murine model of
carotid artery ligation, in which blood flow in the common
carotid artery was disrupted by ligating the vessel near
the distal bifurcation. The surgery procedure for this
model is relatively simple, ie, ligating the common carotid
artery near the bifurcation. Neointimal lesions in the com-
mon carotid artery can be seen 2 to 4 weeks after ligation.
This model differs from others in that they do not require
mechanical trauma and widespread endothelial denuda-
tion to induce smooth muscle cell proliferation. It should
be noted that the model might not mimic a physiological
or pathological situation. However, vascular lesions in
humans often develop at sites of altered hemodynamics
associated with low shear stress.25 Therefore, it is con-
ceivable that the factors responsible for intimal lesion
formation at these sites might differ from those involved in
intimal hyperplasia after arterial injury associated with
endothelial denudation. Nevertheless, this model is often
used to test the functions of genes in the neointimal
formation in knockout mice because of its simplicity.

Other Types of Arterial Injury

Carmeliet and colleagues13 described a mouse model of
carotid artery injury induced by perivascular electric stim-
ulation, in which femoral arteries in mice were injured
perivascularly via a single delivery of an electric current.
They found that electric injury destroyed all medial

Table 1. Comparison of Vascular Injury Models

Wire injury Electronic injury Ligation Collar

EC integrity No No Yes Yes
Medial injury Yes Yes No No
Blood flow Unchanged Unchanged Changed Unchanged
Thrombosis Slightly Heavily Possibly No
Neointima �� ���� ��� ��
Surgery difficulties ��� � � ��

EC, endothelial cell.
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smooth muscle cells, denuded the injured segment of
intact endothelium, and transiently induced platelet-rich
mural thrombosis. A vascular wound-healing response
resulted that was characterized by degradation of the
mural thrombus, transient infiltration of the vessel wall by
inflammatory cells, and progressive removal of the ne-
crotic debris. Topographic analysis revealed repopula-
tion of the media and accumulation in the neointima of
smooth muscle cells originating from the uninjured bor-
ders and progressing into the necrotic center. Thus, elec-
tric injury of arteries provides a model of vascular wound
healing with arterial neointima formation and re-endothe-
lialization that may be useful for the genetic analysis of its
molecular mechanisms in transgenic mice.

In 1989, Booth and colleagues26 established the rabbit
model by placing a perivascular collar resulting in the
neointimal formation in the carotid artery. Moroi and col-
leagues27 adapted this model to mice, in which the left
femoral artery was isolated and loosely sheathed with a
2.0-mm polyethylene tube made of PE-50 tubing (inner
diameter, 0.56 mm; outer diameter, 0.965 mm) and tied in
place with an 8-0 suture. The tube is larger than the
vessel, and does not obstruct blood flow. It results in
predictable formation of neointima in mice throughout a
14-day period. In this tube model, the endothelial cells
are not directly manipulated or removed, allowing study
of the effect of individual endothelial factors, including
endothelium-derived nitric oxide (NO). In this model, the
primary endpoint is neointimal formation, and is comple-
mentary to other models. This model has been proven to
be reproducible, easily quantitated, and lends itself well
to analysis of individual gene products that can be ma-
nipulated by transgenic approaches and targeted gene
disruption, albeit the mechanism of intimal formation is
unknown.

Vein Graft Atherosclerosis

Vascular grafts are widely used in aortocoronary bypass
graft surgery.28 The small caliber autogenous saphenous
vein is usually used as a graft, but occlusion of the graft
vein often occurs after bypass operations. A small frac-
tion (perhaps 5 to 10%) of saphenous vein grafts used as
aortocoronary bypass vessels occlude within 1 month,
�10 to 20% occlude within 1 year, and by 10 to 12 years
postoperatively, only �50 to 60% remain patent. Three
pathological processes are primarily responsible for graft
occlusion: thrombosis (early closure), intimal hyperplasia
(a few months to a few years), and atherosclerosis (usu-
ally after 1 year).29 Understanding the pathogenesis of
vein graft atherosclerosis is often extrapolated from stud-
ies on (spontaneous) atherosclerosis in arteries, but the
features of the lesions and the pathogenic processes of
graft-induced atherosclerosis differ from spontaneous
atherosclerosis. Therefore, appropriate mouse models
for vein grafts would be needed for studying this disease.

Technical Feasibility of the Mouse Model

Before the first mouse model of vein graft arteriosclerosis
was successfully established, we tested several methods

to anastomose the ends of the vein segment and arteries,
including using a suture, a nylon membrane, a plastic
tube, and a cuff. Finally, we found that only a cuff tech-
nique is feasible to obtain a reproducible result30 (Figure
1). Because the vein graft procedure was previously
described in detail,30 here I just briefly describe the
method and include a 3-minute movie (supplement),
which would be helpful for the investigators who wish to
use this model. When you watch the movie, you see that
the right common carotid artery was mobilized free from
the bifurcation at the distal end toward the proximal, cut
in the middle, and a cuff placed at the end. The cuff was
made of an autoclavable nylon tube 0.63 mm in diameter
outside and 0.5 mm inside. The artery was turned inside
out over the cuff and ligated. The vessel segment of
either vena cava or jugular vein from donor was grafted
between the two ends of the carotid artery by sleeving the
ends of the vein over the artery cuff and ligating them
together with the 8-0 suture. As displayed in the movie,
pulsation can be seen after removing the clamps. The
complete grafting procedure required 30 to 40 minutes.

This simplified mouse model of vein grafts has several
advantages: first, the operation procedure is simple and
easy to learn. The vast majority of investigators could
perform the surgery after a short period of training. Sec-

Figure 1. Schematic representation of vein bypass graft (adapted from Zou
et al30). The right common carotid artery was ligated with 8-0 silk suture,
dissected between the middle ties, and passed through cuffs, respectively.
The vessel, together with the cuff handle, was fixed with microhemostat
clamps, the suture at the end of the artery was removed and a segment of the
artery turned inside out to cover the cuff body. The vena cava vein segment
was harvested and grafted between the two ends of the carotid artery by
sleeving the ends of the vein over the artery cuff and suturing them together
with an 8-0 suture ligation.

Mouse Models of Arteriosclerosis 3
AJP July 2004, Vol. 165, No. 1



ond, the traumatic and ischemic injuries to the grafts are
minimal. Half an hour is needed to perform the whole
operation by our trained surgeon, and the ischemia time
of artery segments is between 5 to 10 minutes. Third, the
successful rate of surgery is higher because the opera-
tion is performed in the neck region and takes a shorter
time. Finally, two types of donor organs, jugular vein and
vena cava, have been grafted into carotid arteries in the
present experiments. Although accelerated arteriosclero-
sis develops in both vein grafts, the following differences
exist. Vena cava is relatively easy to be sleeved over the
cuff, which can be used for grafting the vessel donated
by another mouse in a same strain or littermate. Because
it is an isograft, the role of the specific gene tested in the
disease development could be distinguished between
the vessel wall and the host, eg, apoE�/� vena cava
grafted to an apoE�/� recipient. Therefore, both donor
organs can be used for vein grafts and the technique is
feasible for the investigators.

The Pathogenesis of Vein Graft Atherosclerosis

With the help of the mouse model, it is possible to under-
stand the cellular and molecular mechanisms of vein
graft atherosclerosis. It was demonstrated that one of the
earliest cellular events in neointima formation in arterio-
sclerosis is cell death, in which biomechanical stress is a
critical initiator.31 After cell death, massive mononuclear
cell infiltration into the vessel wall occurs. The mechanism
by which monocytes/macrophages are continuously re-
cruited to the neointima of the vessel wall may involve two

factors: Biomechanical stress directly stimulating endo-
thelial cell and smooth muscle cell expression of adhe-
sion molecules and chemokines; secondly dead cells
may be an additional force for the induction of inflamma-
tory responses in the vessel wall.21 Eventually, cell differ-
entiation, proliferation, and accumulation in the intima
progress. In this process, biomechanical stress activates
platelet-derived growth factor receptor-MAPK pathways,
leading to cell proliferation.22 Additional factors stimulat-
ing cell growth could be cytokines and growth factors
released from inflammatory cells. Finally, vein graft ath-
eroma could be observed in vein grafts performed in
apoE�/�32 or apoE*3-Leiden33 transgenic mice, which
are morphologically similar to the lesion in humans
(Figure 2).

Based on the knowledge of the cellular processes
obtained using the mouse model, we could then test the
role of specific genes in the pathogenesis of atheroscle-
rosis. For instance, mice lacking transcription factor p53,
which is crucial in cell apoptosis, developed neointimal
lesions in vein grafts with a twofold increase compared to
wild-type controls.34 Importantly, vascular cell apoptosis
was significantly reduced in p53�/� vein grafts, which
coincided with oxidative DNA damage in vein grafts. In
cultured smooth muscle cells from p53�/� mice, apopto-
sis was increased in response to the death receptor
ligand tumor necrosis factor-�, but decreased in re-
sponse to the NO donor sodium nitroprusside, suggest-
ing that different signaling pathways are involved in tumor
necrosis factor-�- and NO-induced apoptosis, respec-
tively.35 Recent observations have shown that upstream

Figure 2. Morphology of neointimal and atherosclerotic lesions of vein grafts in mice. Vena cava (a, b) of the mouse was grafted into carotid arteries of wild-type
(c, d) or apoE�/� (e, f) mice. Animals were sacrificed 8 weeks after surgery, and the grafted tissue fragments fixed, embedded in paraffin, sectioned, and stained
with H&E. Arrows indicate the surface of vessel intima. Note that a proportion of lesions is shown in d and f.
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activators of p53 were involving p38 MAPK-integrin path-
ways in mechanical stress-induced apoptosis.36,37

Mechanical stretch has a critical role in lesion forma-
tion and so Lardenoye et al38 investigated the effect of
using an external stent to reduce wall stress. The result
was more than 80% reduction in vein graft atherosclero-
sis and less vascular cell apoptosis. Cell death in vein
grafts is followed by an inflammatory response during
which expression of endothelial molecules, eg, ICAM-1.
When vein grafts were performed in ICAM-1 knockout
mice, a 50% reduction of arteriosclerotic lesions was
seen. Similarly, interruption of cell migration and prolifer-
ation by locally applied drugs, eg, suramin,39 and gene
transfer, eg, tissue inhibitor of MMP2,40 resulted in either
reduced lesions or alterations in the process of graft
remodeling.

Cell Origins of Vein Graft Lesions

Another significant progression made by using the
mouse model is to answer the question of where lesional
cells are derived from. After cell death in the early stage
of vein grafts, endothelial regeneration and smooth mus-
cle accumulation in the intima occur. Traditionally, it was
believed that denuded endothelium can be replaced by
the remaining cells in the vicinity and smooth muscle
cells migrate from the media.41 However, data of vein
grafts in mice do not support this hypothesis and rather
suggest a role of stem cells in repairing the damaged
vessels. Using transgenic mice expressing LacZ gene
only in endothelial cells, we provided the first evidence
that the regenerated endothelial cells of vein grafts orig-
inated from recipient circulating blood, and not the re-
maining endothelial cells of donor vessels.42 We also
demonstrate that approximately one third of endothelial
cells of vein grafts are derived from bone marrow stem
cells. These data establish that circulating progenitor
endothelial cells adhere to the graft and subsequently
cover the surface of neointimal and atherosclerotic le-
sions of vein grafts.

Similarly, we provide solid evidence that neointimal
and atherosclerotic smooth muscle cells of vein grafts
originate from recipients and donor vessels, as identified
directly by smooth muscle SM22-driven �-gal expres-
sion.43 We observed that �22% of smooth muscle cells in
atherosclerotic lesions were derived from recipients and
69% from grafted vessels.43 These data establish the
heterogeneous origins of smooth muscle cells in both
neointimal and atherosclerotic lesions of vein grafts.
Thus, these findings are crucial for understanding the
pathogenesis of vein graft atherosclerosis, and for estab-
lishing a new strategy of therapeutic intervention for the
disease.

Transplant Arteriosclerosis

Allograft-accelerated transplant arteriosclerosis is the
main limitation of long-term survival of patients with solid
organ transplantation. Characteristics of the lesions in-

clude endothelial damage, mononuclear cell infiltration,
smooth muscle cell proliferation, and matrix protein dep-
osition in the intima of the vessel wall.44–46 The lesions
eventually culminate in vascular stenosis and ischemic
graft failure. In comparison to other types of arterioscle-
rosis, the initiating cause of the disease is relatively clear,
ie, alloimmune reactions to the vessel wall. However, the
pathogenesis of transplant arteriosclerosis is not fully
understood, and mouse models would be helpful for
clarifying the molecular mechanisms of the disease. So
far, three types of mouse models have been established,
including side-to-end grafting to carotid artery,47 end-to-
end to infrarenal aorta,48 and end-to-end to carotid artery
using a cuff technique.49

Shi and colleagues47 have established the first mouse
model of transplant arteriosclerosis by suturing end-to-
side of vessel segments to carotid arteries, and Koulack
and colleagues48 developed an aortic transplantation to
infrarenal aorta by end-to-end anastomosis. These
mouse models have been proven to be useful tools in
studying the pathogenesis of transplant arteriosclero-
sis.50–54 In 2000, we described a simplified mouse model
of transplant arteriosclerosis,49 which was performed by
end-to-end anastomosis to carotid artery using a cuff
technique (Figure 1) similar to the method described for
vein bypass grafts.30 In our experience, this model has
some advantages, eg, a simple operation procedure,
less traumatic and ischemic injuries to the grafts, and a
high surgical success rate. Neointimal lesion develop-
ment in transplanted vessel segments of both carotid and
aortic arteries is comparable to that of transplanted ar-
teries by other methods. For instance, Shi and col-
leagues54 demonstrated that neointimal lesions were re-
duced 52% in allograft arteries donated by ICAM-1�/�
mice, whereas our observations indicate a 60% reduction
in neointimal lesions of ICAM-1�/� arteries.49

Usage of Knockout Mice

Accumulating data indicates that knockout mice are a
powerful tool for studying the genes or molecules con-
tributing to transplant arteriosclerosis. Many reports have
shown the role of cytokines in the development of trans-
plant arteriosclerosis, eg, IL-10, tumor necrosis factor-�,
and interferon (IFN)-�.55–57 Others have demonstrated
the effects of genes related to cell proliferation, lipid
metabolism, and NO production on disease progress.58

In this review I will not cover all knockout mice studied in
transplant arteriosclerosis, but give some examples to
emphasize the role of the murine model.

IFN-� regulates the proliferation and function of acti-
vated T lymphocytes, and plays a pivotal role in rejection
by activating macrophages.59 Two groups studied the
effects of IFN-� on transplant arteriosclerosis using IFN-
�-deficient mice.56,57 They found that T lymphocytes and
macrophages infiltrated coronary arteries of allografts in
the wild-type recipients. In contrast, IFN-�-deficient recip-
ients did not develop thickening of the arterial intima,
despite a T lymphocyte and macrophage infiltrate in the
parenchyma. IFN-� powerfully stimulates the increased
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synthesis and cell surface expression of both class I and
II major histocompatibility complex antigens in vivo, in-
cluding bone marrow-derived immunocompetent cells,
as well as cells of vessel wall. It can directly activate
macrophages, and enhance expression of major histo-
compatibility complex products, other components of the
antigen presentation pathway, and adhesion mole-
cules.60 This result was also confirmed by treatment with
a neutralizing antibody against IFN-�.

A second example is that the data obtained from the
use of NO synthase (NOS) knockout mice. Inducible nitric
oxide synthase (iNOS) is up-regulated in rejecting allo-
grafts and is protective against allograft arteriosclerosis;
it suppresses neointimal smooth muscle cell accumula-
tion and inhibits adhesion of platelets and leukocytes to
the endothelium.61 Lee and colleagues62 examined the
effects of selective eNOS deficiency in aortic allografts in
a murine chronic rejection model using grafts from eNOS
knockout mice (C57BL/6) and normal C3H as recipients.
eNOS-deficient grafts showed significantly increased in-
tima/media ratios at day 30 compared to controls. Immu-
nostaining demonstrated that in eNOS KO grafts, eNOS
was not detectable whereas iNOS was expressed prom-
inently in infiltrating recipient mononuclear cells. They
further demonstrated that early overexpression of iNOS
by ex vivo gene transfer completely prevented the devel-
opment of arteriosclerosis associated with eNOS defi-
ciency. Therefore, eNOS plays a protective role in allo-
grafts, and in eNOS-deficient allografts, early
overexpression of iNOS is capable of preventing the
development of allograft arteriosclerosis. These data
support the notion of the usefulness of knockout mice in
investigating transplant arteriosclerosis.

Cell Origins in Transplant Arteriosclerosis

Another important contribution to our understanding the
pathogenesis of transplant arteriosclerosis by using
mouse models is clarification of cell origins in arterioscle-
rotic lesions of allografts. For a considerable time, it was
believed that donor vessel cells contribute to the forma-
tion of arteriosclerotic lesions in allografts.63 However,
the results of mouse models from several laboratories
have established that smooth muscle cells within the
intimal lesions are completely derived from the recipi-
ents.64–67

Concerning the source of recipient-derived smooth
muscle cells, Shimizu and colleagues64 and Sata and
colleagues65 demonstrated that �10 to 20% of �-actin�
cells in the neointimal lesions of allografts were co-local-
ized with �-galactosidase� (gal) cells in a chimeric
mouse expressing �-gal in bone marrow cells. They con-
cluded that host bone-marrow cells are, at least in part, a
source of smooth muscle-like cells in transplant neointi-
mal lesions. In fact, a large number of leukocytes infiltrate
the vessel wall of allografts in the development of the
disease, and they are in close contact with smooth mus-
cle cells in the lesion. This would make it difficult to
distinguish whether the �-actin/�-gal double-stained
cell(s) in tissue sections are from one cell or two adjacent

cells. For better identification of smooth muscle cell ori-
gins, we designed experiments with aortic allografts in
three types of transgenic mice expressing �-gal, ie, 1) all
tissues (ROSA26), 2) only smooth muscle cells (SM-
LacZ68), and 3) apoE knockout mice carrying LacZ
genes in smooth muscle cells (SM-LacZ/apoE�/�69). We
confirmed the recipient origin of smooth muscle cells in
both neointimal and atherosclerotic lesions of allografts,
but no �-gal-positive cells were found in the lesions of
vessels grafted to mice with SM-LacZ bone marrow.67

Therefore, bone marrow is unlikely to be a source of
neointimal smooth muscle cells in transplant atheroscle-
rosis.

Mouse models also simplify the identification of the
origin of endothelial cells in transplant vessels. Very re-
cently, we demonstrated that the regenerated endothelial
cells of arterial allografts are originated from recipient
circulating blood, rather than from remaining endothelial
cells of donor vessels.70 These data establish that circu-
lating progenitor cells are sources of cells that contribute
to neointimal lesions of allografts (Figure 3). This means
that all cells of lesions are derived from the recipients,
rather than donor vessel wall per se. Interestingly, this
result was confirmed to be true for transplant arterioscle-
rosis in humans, ie, recipient origins of smooth muscle
cells,71 indicating a possibility of direct data translation
from the mouse model to the human disease.

Choosing the Model

Although the mouse model is widely used by many lab-
oratories, some problems might occasionally appear be-
cause of insufficient knowledge of the specific animal

Figure 3. En face staining of aortic endothelial cells demonstrating the
recipient origin. Freshly harvested aorta segments (a) from TIE2-LacZ mice
were allografted into the carotid arteries of BALB/c mice (b). Freshly har-
vested aortic segments (c) from a BALB/c mouse were allografted into the
carotid arteries of TIE2-LacZ mice (d). The grafts were harvested 4 weeks
postoperatively and incubated with a substrate X-gal. After processing, en
face photographs were taken. Blue color indicates �-gal� cells.
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models. Investigators, who are not experienced with the
mouse model, would need to consider several issues
before starting their experiments. Because the author’s
laboratory has experience with the generation of double-
knockout mice in apoE�/� background, developed the
model of vein graft arteriosclerosis, adapted a transplant
model, and tested other models as well,30,32,33,43,49,67,72,73

in this review, an attempt is made to provide some updated
guidelines for the selection of animals that are most appro-
priate for the study of different aspects of arteriosclerosis.

Aim of the Research

Obviously, each study has different aims and requires
different animal models. Some of them are clear and easy
to determine. For instance, allograft transplantation would
be needed to test the effects of genes or drugs on allo-
immune responses in the development of transplant ar-
teriosclerosis. If functions of genes related to endothelial
cells are studied, endothelial injury models may be not
suitable, which is also less suitable for studying inflam-
matory process, because of less inflammation in wire-
injured models compared to vessel grafts. Thus, the re-
searcher should carefully choose the model according to
the nature of a variety of models described above. It is
necessary to compromise and to select animals with
characteristics that most satisfactorily fit the problem un-
der study, ie, meet the aim of your study.

Genetic Background

It is well known that the genetic background of mice
significantly influences the formation of atherosclerotic
lesions in hyperlipidemic models.7 Mice commonly used
for studying hyperlipidemia-induced atherosclerosis are
C57BL/6J strain, whereas C3H/HeJ, BALB/cJ and A/J are
not sensitive to a cholesterol diet. Concerning the injury
models, data indicate that neointimal lesions vary be-
tween different stains, but differ from diet-induced ath-
erosclerosis, suggesting that injury-induced neointimal
hyperplasia and diet-induced atherosclerosis are con-
trolled by distinct sets of genes; the former appeared to
be determined by recessive genes at �2 loci.74 We com-
pared neointimal lesions in vein isografts between
C57BL/6J and BALB/c strains and did not find a signifi-
cant difference in either inflammatory responses or the
thickness of lesions, suggesting there is less effect of
genetics on vein graft models (unpublished data). For
transplant arteriosclerosis, different major histocompati-
bility complex class II antigens between donors and re-
cipients are needed, eg, between C57BL/6J and BALB/c
mice. Thus, careful selection of the model with different
genetic background for your experiments is essential for
the successful performance of the study.

Surgical Scale

Because of the small size, microsurgery is needed for all
types of mouse models for studying arteriosclerosis. Be-
fore the model is selected, the investigator should con-

sider the technical issues in establishing animal models.
For instance, the quantification of atherosclerotic lesions
in the root regions of the aorta and on aortic en face would
be needed for hyperlipidemia-induced atherosclerosis.
The technique for preparing sections and integrated aor-
tas is relatively easier, but appropriate training is still
required. Technically, the most difficult models would be
vein bypass grafts and vessel transplant, although the
cuff method makes the surgery much simplified.30 How-
ever, it is possible for a trainee to get the first mouse living
after surgery within 1 week. The supplemented movie for
vein bypass grafts in mice could be helpful for research-
ers who are interested in the model (supplement). The
level of surgical difficulties in establishing mouse models
of vessel injury is much lower than that of vessel grafts.
Especially, the model of carotid artery ligation could be
managed by staff with minimal training in the laboratory.
Therefore, it is fortunate that there are several models
from which to choose to gain maximum applicability of
the results to a greater understanding of arteriosclerosis.

Economic and Ethic Concerns

Choosing the most appropriate animal model for the
study of a specific problem almost always presents a
dilemma. In the consideration and fulfillment of primary
requirements, which are the suitable and pertinent char-
acteristics for the problems under investigation, one can-
not ignore the availability and the expense of the required
mice. Thus, quite often, compromises have to be made if
an investigator is to fulfill the essential needs of a well-
planned study. However, if one is to venture in to giving
advice regarding a choice of the most satisfactory animal
models for selected studies, there are a few examples.
These include generation of double-knockout mice and
establishment of plaque rupture models. Both models are
time consuming and expensive. For example, if you have
a knockout mouse with 129/B6 genetic background and
want to cross to apoE�/� mice (C57BL/6J), it will take at
least 2 years to obtain double-knockout mice in C57BL/6J
background. The cost for the personnel and animal hos-
pitalization for 2 years will be a great amount. In addition,
because of ethic concerns, both project and personal
licenses are usually required for all animal experiments. It
takes 6 to 8 months in some countries from the applica-
tion to obtain both licenses. Therefore, the investigators
have to take account of the time schedule before plan-
ning their animal experiments.

Limitation

Although the mouse offers an incredibly valuable tool for
the study of arteriosclerosis in the laboratory, it is essen-
tial for the investigator to be aware of similarities and
differences that exist between animal models and human
disease, and between various strains. This knowledge
will prevent the likelihood of drawing false conclusions,
and will allow an accurate evaluation of results.
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The Difference between the Mouse and Human

During the last decade, a large proportion of our knowl-
edge concerning the molecular and cellular mechanisms
of arteriosclerosis comes from the use of mouse models.
However, we must bear in mind that results obtained in
the experimental animals may not translate directly to
humans. Several crucial issues should be addressed
when the data from mice are interpreted to the equivalent
situation in humans. First, mice do not develop sponta-
neous atherosclerosis without genetic manipulation.
Atherogenesis in humans usually occurs at lower lipid
levels and throughout a much more prolonged time scale
than generally used in experiments on mice genetically
altered to enhance their susceptibility to atherosclerosis.
Second, mice weigh �25 g, some 3000 times less than
the average man. Anatomical and physiological condi-
tions vary between the mouse and human. For instance,
a section of coronary artery in the mouse contains �3000
times fewer cells than an equivalent section of human
coronary artery. This is reflected in the histology of mouse
arteries, in which the endothelial layer lies directly on the
internal elastic lamina and the media consists of only two
or three layers of smooth muscle cells. Finally, some
models of mice, eg, vessel ligation, electric injury, and
collar placement in the artery, do not mimic a physiolog-
ical or pathological situations in humans. Therefore, cau-
tion must be advised when extrapolating from mouse
model data to supposed human equivalents.

Genetic Background

As mentioned above, genetic background significantly
influences the results of atherosclerosis, especially in
hyperlipidemia animal models. For example, the extent of
atherosclerosis among apoE knockout mice on a stan-
dard atherosclerosis-prone C57BL/6 background was
found to be seven times greater than apoE knockout mice
with an atherosclerosis-resistant FVB genetic back-
ground.5 The ideal solution to this problem is to use
inbred isogenic strains in which the experimental and
control mice differ only at the target locus. For other
models, genetic background of mice is also important.
Therefore, a detailed description of the genetic back-
ground of all mouse models used in transgenic experi-
ments should be given, and that the genetic background
should always be taken into account when assessing
experimental results.

Lesion Quantification

One of major impacts of the mouse on our understanding
of arteriosclerosis has involved its genetic manipulation
(ie, transgenic and knockout models) and treatment to
examine the difference in lesion size in aortic roots or
grafted/injured vessels. Most investigators are using the
methods described by Paigen and colleagues75 in 1987
to quantify the lesion areas on sections of aortic sinus in
mouse models of hyperlipidemia-induced atherosclero-
sis. Two factors can markedly influence the results of

lesion quantification. One is the angle of the heart that is
fixed to the head of cryocut machine, which can lead to a
variable size of lesions. Another is that the lesion size at
the different levels of sections derived from aortic sinus
(�300 �m) of different animals cannot be compared
between two groups. This means that false results could
be obtained if a different angle or levels of sections are
compared between two groups. Similarly, injured vessels
and vessel grafts from different groups can only be com-
pared if the sections are derived from similar angle and
location when sections are prepared from the vessel.

Perspectives

Studies aimed at testing and documenting either mech-
anistic or therapeutic interactions in mouse models have
significantly improved our understanding of atherogene-
sis. For instance, smooth muscle cells in lesions of trans-
plant arteriosclerosis in mice were derived from donor
stem cells, which was verified to be similar to the cell
origin of lesions in humans.71 Therefore, because of re-
sults from animal studies, combined therapy, using di-
etary intervention and one or more drugs, eg, statin, is
used in a variety of preventive and therapeutic ap-
proaches in humans. With the use of existing and newly
developed mouse models to study atherosclerosis, one
can anticipate that, in addition to already acquired knowl-
edge concerning interrelationships between inflamma-
tion, lipid metabolism, the role of the artery wall, and
genetic influences, there will be more opportunities to
increase our comprehension of the lesion at the cellular
and molecular levels. This knowledge should help us to
acquire the scientific means to control the untoward dis-
ease process of arteriosclerosis in humans.
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