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Abstract Disruption and thrombosis of atherosclerotic
plaques cause most acute cardiovascular events, but their
systematic study has been hampered by the lack of suitable
animal models. To assess the value of a modified rabbit
model of atherothrombosis, we performed detailed histol-
ogy of rabbit aortic plaques. Atherosclerosis was induced
with a high cholesterol diet fed 2 weeks prior to and 6 weeks
after balloon injury of the aorta, followed by 4 weeks of
normal diet. We found six out of eight types of plaques
cataloged by the American Heart Association in the rabbit
aorta. Vulnerable plaques were defined as those with at-
tached platelet and fibrin-rich thrombi after pharmacologi-
cal triggering with Russellʼs viper venom and histamine.
Ruptured plaques had, as also described for human plaques:
i) marked medial and adventitial changes, including neovas-
cularization and inflammation; ii) cholesterol monohydrate
crystals and liquid crystalline cholesterol esters in the intima
and the fibrous cap; and iii) inflamed, thin fibrous caps.
Increased cholesterol monohydrate area, internal elastic
lamina area, positive remodeling, fibrous cap inflammation,
adventitia breakdown, and inflammation were independent
predictors of plaque disruption. Our findings reveal novel
insights into plaque vulnerability and could guide the design
of noninvasive imaging approaches for detecting and treat-
ing high-risk plaques.—Phinikaridou, A., K. J. Hallock, Y.
Qiao, and J. A. Hamilton. A robust rabbit model of human
atherosclerosis and atherothrombosis. J. Lipid Res. 2009.
50: 787–797.
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Histological studies have shown that acute coronary syn-
dromes are caused by sudden rupture/erosion of athero-
sclerotic plaques that result in thrombosis (1, 2). These
plaques have been termed “vulnerable” or “high-risk.” In
contrast, stable plaques may remain asymptomatic for

years. Ruptured human plaques (postmortem) typically
exhibit a thin (2), inflamed (3, 4) fibrous cap overlaying
a lipid core, increased neovascularization (5), medial and
adventitial changes (6), intraplaque hemorrhage (7), and
positive remodeling (8). Conversely, in eroded plaques, the
thrombus forms over an intima without endothelial cells
and a fibrous cap rich in smooth muscle cells (SMCs)
and proteoglycans. These plaques have variable degrees
of inflammation (9) and rarely contain a necrotic core.

The inability to study atherosclerosis and sudden throm-
bosis in a controlled manner in humans necessitates the
use of animal models (10–12), such as fat-fed New Zealand
White (NZW) rabbits. These rabbits developed foam-cell-
rich (fatty steaks) plaques when short-term (6–10 weeks)
high-fat diets were the only stimulus used to induce athero-
sclerosis (13, 14). However, intermittent cycles of fat feed-
ing with periods of normal diet (15–17) induced plaques
at more advanced stages that resembled human atheroma.
Moreover, with the combination of arterial wall injury and
hyperlipidemia, advanced lesions formed in shorter periods
(18, 19).

The addition of pharmacological triggering at the end
of the atherogenic diet (16) provided the first evidence
of thrombosis associated with plaques in an experimental
animal model, the Constantinides New Zealand white
(CNZW) rabbit model, with similarities to thrombosis seen
in human coronary arteries. The first in vivo magnetic res-
onance images of thrombus associated with plaque disrup-
tion were obtained in a CNZW rabbit model (20), and the
detection of the thrombus was enhanced by molecular-
targeted imaging using a fibrin binding peptide conju-
gated to gadolinium (21).
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Although the CNZW rabbit model has great potential
for studying atherothrombosis, its similarity to human
atherothrombosis has been questioned (22–24) because
of reports that rabbits frequently form foam-cell-rich
rather than complicated plaques and concerns about the
triggering method used to induce plaque disruption and
thrombosis.

The goal of this study was to evaluate the applicability of
a modified CNZW rabbit model that included intermittent
feeding to study the human disease by performing a sys-
tematic histological analysis of aortic plaques after trigger-
ing for plaque disruption.

METHODS

Animal model
Twenty one, adult (3 months old, 2.8 kg), male, New Zealand

white rabbits were purchased from Charles River Laboratories
(Wilmington, MA). All rabbits were fed a 1% cholesterol diet
(PharmaServe, Framingham, MA) 2 weeks prior to and 6 weeks
after balloon injury of the abdominal aorta, followed by 4 weeks
of normal chow diet. Under general anesthesia (acepromazine
[0.75 mg/kg], ketamine [35 mg/kg], and xylazine [2.5 mg/kg],
administered intramuscular), balloon injury of the abdominal
aortic wall was performed using a 3F Fogarty catheter introduced
through a right femoral artery cutdown. After the catheter was
advanced to the diaphragm, the balloon was inflated and the
catheter was gently retracted toward the iliofemoral artery. This
was repeated three times. One age- and gender-matched un-
injured rabbit was fed a normal diet and used as control to com-
pare the normal histological appearance of the media and
adventitia to that of disease rabbits.

At the end of the 12 weeks of preparatory period, plaque dis-
ruption was pharmacologically triggered with intraperitoneal in-
jection of Russellʼs viper venom (0.15 mg/kg; Enzyme Research,
South Bend, IN) followed 30 min later by intravenous injection of
histamine (0.02 mg/kg; Sigma-Aldrich, St. Louis, MO). This pro-
cedure was performed twice within 48 h on two consecutive days
(at 1PM of each day). Russellʼs viper venom is a procoagulant fac-
tor (25) and endothelial toxin (26), and histamine acts as a vaso-
pressor in rabbits (27). Heparin (1,000 USP units; Sigma-Aldrich)
was administered intravenously prior to euthanasia to prevent
postmortem blood clotting.

Seven rabbits did not complete the study. Three died before the
pharmacological triggering due to respiratory distress, chronic
ischemic heart disease, and liver failure. Two became anorexic
before the completion of the cholesterol diet. Two more became
paralyzed from the waist down after the first pharmacological trig-
gering due to occlusive thrombosis in the subrenal aorta. All ex-
periments were done in accordance with Public Health Service
Policy on Humane Care and Use of Laboratory Animals as well
as guidelines approved by the Institutional Animal Care and
Use Committee of Boston University.

In vivo magnetic resonance imaging experiments
See supplementary data.

Matching the in vivo magnetic resonance imaging slices
with histology

The distances from the renal branches and the iliac bifurca-
tion were used as internal reference points to match the in vivo
magnetic resonance imaging (MRI) slices with histology. During

extraction, the aortas were marked with suture ligature at dis-
tances above and below the left renal branch that matched the
total length covered by the in vivo MRI slices. After extraction,
the ligatures were used to reextend the aortas to their physio-
logical length, at which time they were fixed with 10% formalin
solution (Thermo Scientific, Waltham, MA) and cut in 1.5–2.0 cm
segments. The proximal end of each segment was marked with
ink on its anterior side. This procedure was used to avoid poten-
tial errors in the calculation of the percentage of stenosis, as pre-
viously reported (28). The segments where cryoprotected in 30%
sucrose, embedded in tissue freezing medium (Thermo Scientific),
and frozen in 280°C. Serial, 10 mm-thick cross sections were col-
lected throughout the length of each segment.

The sections were stained with Massonʼs trichrome (Sigma-
Aldrich) for cellular components (SMCs: pink, and red blood
cells: red), fibrous tissue (blue), fibrin, and platelet-rich throm-
bus (purple). Picrosirius red (Electron Microscopy Sciences,
Hatfield, PA) staining was used to identify the type of collagen
fibers (type I: orange, and type III: green, under polarized light).
Hot-stage polarized light microscopy using unstained sections was
used to detect cholesteryl esters (CEs) and cholesterol mono-
hydrate (CholM) crystals based on their birefringence (29, 30)
(Figs. 4, 5; and Methods in supplementary data).

Atherosclerotic plaques (n 5 58) were sectioned into 388 sec-
tions and categorized into early (type II, fatty streak, and type III,
preatheroma) and advanced (type IV, atheroma; typeVa, fibro-
atheroma; typeVc, fibrotic; and typeVI, complicated) plaques ac-
cording to the American Heart Association (AHA) criteria (31, 32)
(Fig. 1). Type VI plaques were subdivided into VI, ruptured, and VI,
eroded. Rupture was defined as a discontinuity of the fibrous cap
with a contact between the thrombus and the underlying lipid
core. Erosion was identified when the thrombus was attached to
an intima without endothelium and a fibrous cap rich in SMCs
and proteoglycans.

Morphometry
Structural changes of the vessel wall as seen in sections stained

with Massonʼs trichrome and/or unstained sections viewed under
polarized light were recorded as categorical variables (present or
absent). They included the following: i) rupture of the internal
elastic lamina (IEL) (intimomedial change), ii) medial fibrosis,
iii) media atrophy, iv) media breakdown, v) medial inflamma-
tion, vi) media neovascularization, vii) adventitial breakdown,
viii) adventitial inflammation, and ix) adventitial neovasculariza-
tion. Some of these changes have been previously described in an
autopsy study of human aortic plaques (6). Rupture of the IEL
was identified as a fracture of the IEL resulting in contact be-
tween the intima and media. Medial fibrosis was defined as the
presence of increased collagen deposition in parts of the media.
Since the media of the abdominal aorta of nondisease rabbits
usually consisted of 16 6 1.5 lamellar units, medial atrophy in dis-
ease rabbits was defined as the loss of more than 4 units and/or
lamellar collapse as previously described for human plaques (6).
Medial breakdown was identified when the elastic lamellae ap-
peared fragmented and intracellular or extracellular lipid depos-
its were present. Adventitial breakdown was assigned when the
overlying media was destroyed and lipid infiltration progressed
into the adventitia. Inflammation was assigned when at least 25
or more round mononuclear cells were present within a field
viewed with a 340 magnification (33). Neovascularization was
identified when red blood cells containing channels spanning
the media and the adventitia were present.

The thicknesses of the fibrous cap, plaque area (PA), lipid area
(LA), and cholesterol monohydrate crystals area were quantified
in mm and mm2, respectively, by computerized planimetry using

788 Journal of Lipid Research Volume 50, 2009
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ImageJ (National Institutes of Health). The fibrous cap thickness
was measured by drawing lines perpendicular to the lumen at five
different locations of the fibrous cap on sections stained with
Massonʼs trichrome, and the mean value was calculated. At the
lesion site, the area of the lumen without plaque (lumen area)
and the area circumscribed by the IEL (the potential lumen area
in the absence of atherosclerosis) were traced on sections stained
with Massonʼs trichrome. The PA was calculated by subtracting
the lumen area from the IEL area. However, in plaques with dis-
continued IEL, the portion of the plaque that invaded the media
was also included in the calculation of the PA. The cross-sectional
narrowing (CSN) was defined as the extent to which the PA oc-
cupied the potential lumen area and was calculated as %CSN 5
(PA/IEL area)*100. The percentage of luminal stenosis was cal-
culated by comparing the lumen area of every cross section to that
of a reference site as follows: % stenosis 5 [12(lumen arealesion/
lumen areareference)*100]. A positive value indicates luminal
narrowing, whereas a negative value indicates luminal dilation.
The arterial remodeling ratio (RR) was calculated by comparing
the IEL area at the lesion site to that of a reference site RR 5
IELlesion/IELreference. Two remodeling categories were defined:
positive RR . 1.05 and negative RR , 0.95 as previously de-
scribed (34). Calculations of percentage of luminal stenosis and
arterial remodeling were performed after correcting for arterial
tapering and interindividual variability of arterial size as previ-
ously described (35, 36). In each rabbit, the cross section with
the least amount of plaque (PA 5 0.76 6 0.33mm2, IEL area 5
11.5 6 0.2 mm2, lumen area 5 10.95 6 0.6mm2, and %CSN 5
5.47 6 02.3) was chosen as a reference site, assuming that it was
least affected by the disease. The percentage of total LA (cho-
lesteryl esters and cholesterol monohydrate crystals) was calcu-
lated using polarized light photomicrographs taken at 25°C as:
% lipids 5 (LA/PA)*100. The area occupied by CholM crystals was
calculated using polarized light photomicrographs taken at 60°C.

Statistical analysis
The Statistical Package for the Social Sciences (SPSS) 11.0 was

used for the analysis. Data are presented as mean 6 SD. Probabil-
ity values of P , 0.05 were considered significant. For two-group
comparisons, continuous variables were compared using a two-
tailed, Studentʼs t-test or by the Mann-Whitney test after the vari-
ables were ranked. Multiple group comparisons were performed
by one-way ANOVA test. Categorical variables were compared
using the x2 test. Qualitative data are presented as frequencies.
Independent predictors of plaque disruption were identified
using logistic regression analysis after the plaques where catego-
rized as vulnerable and stable. Vulnerable plaques (rupture and
eroded) were defined as those with attached platelet and fibrin-
rich thrombi after pharmacological triggering for plaque disrup-
tion, whereas stable plaques had no overlying thrombus.

RESULTS

Histological features and topographic distribution of
rabbit plaques

We used in vivo MRI to localize the plaques in the rabbit
aorta and preselect regions for histological analysis. Six to
eight plaques were detected by MRI in each aorta, all of
which were validated by histology. After pharmacological
triggering, 8/14 (57%) rabbits and 37% of the plaques
formed thrombi. We found that each rabbit developed
six out of eight types of plaques cataloged by the AHA cri-

teria for human plaques. Examples and detailed histologi-
cal characteristics of plaques classified based on the AHA
criteria are shown in Fig. 1 and Table 1.

The topographic distribution of each plaque type, clas-
sified based on the AHA criteria, along the aorta is illus-
trated in Fig. 2. Figure 2A shows an in vivo angiogram of
the abdominal aorta and the corresponding excised aorta
(Fig. 2B). Using the left renal branch as a reference, we
found that the topological distribution of plaques along
the aorta was similar between rabbits (P 5 0.96); 74.8%
of the plaques were located below the left renal branch,

Fig. 1. Histological classification of rabbit plaques based on the
AHA criteria. A: Type II plaque. B: Higher magnification taken
from the black box in A identifies foamy macrophages in the intima
(arrow). C: Type III plaque. D: Higher magnification taken from
the black box in C reveals foamy macrophages, foamy SMCs (arrow),
and degraded tissue (*). E: Type IV plaque. F: Higher magnification
taken from the black box in E shows a forming fibrous cap over a
lipid core. The necrotic core is located deeper in the intima. G: Type
Va plaque. H: Higher magnification of the region taken with the
black box in G shows a thick fibrous cap overlaying a lipid core.
I: Type Vc plaque. J: Higher magnification of the region taken with
the black box identified in I demonstrates deposition of collagen
fibers (type I, orange, and type III, green). K: Type VI ruptured
plaque with an attached thrombus (*). L: Higher-magnification view
of the ruptured site (outlined by the black box in K) revealed a dis-
continued fibrous cap (arrow) at which a platelet and fibrin-rich
thrombus is attached. Massonʼs trichrome (A–H, K, and L) and
Picrosirius Red viewed under polarized light (I and J). Bars 5
1 mm in A, C, E, G, I, and K, 114 mm in B, D, F, H, and J, and
25 mm in L. M, media; FM, foamy macrophages; A, adventitia; FC,
fibrous cap; LC, lipid core; NC, necrotic core.

Rabbit model of controlled atherothrombosis 789
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6.3% were located at the site of the left renal branch, and
18.9% were located above the left renal branch. The dis-
tribution of plaque types tabulated based on the AHA cri-
teria relative to the left renal branch is shown in Fig. 2C.
Early plaques (types II and III) were more frequently
found above and at the site of the left renal branch. In con-
trast, advanced plaque types (IV, Va, and Vc) were predom-
inately found below the left renal branch. All plaque
ruptures and the majority of plaque erosions occurred
1–6.5 cm below the left renal branch. The consistency be-
tween animals regarding the types of plaques found in the
aorta is shown in Table 2. The frequency of each plaque
type (ranging from II–Vc) was similar between rabbits with
and without thrombosis.

Medial and adventitial changes found in advanced plaques
The development of advanced rabbit plaques in this

model involved not only structural and compositional
changes in the intima, as described in Fig. 1, but concur-
rent changes in the media and adventitia. Figure 3 shows
medial and adventitial changes observed in rabbit plaques
compared with an aorta extracted from a control rabbit.
Plaques categorized as types II and III did not show
changes in the media and adventitia. In contrast, advanced
plaques showed marked changes that are illustrated in de-
tail in Fig. 3 and supplementary Tables I and II.

Ruptured and eroded plaques
Figure 4A shows a cross section of a ruptured plaque. At

the site where the fibrous cap became discontinuous, a
thrombus is attached (Fig. 4B). The underlying plaque
was rich in lipids that appear bright under polarized light
(Fig. 4C). Some lipid leaked into the thrombus at the site
of rupture. Higher-magnification view shows that the cen-
tral region of the thrombus was rich in platelets, whereas
the periphery was enriched in fibrin (Fig. 4D).

Figure 4E shows a cross section of an eroded plaque. A
higher magnification (Fig. 4F) shows a platelet and fibrin-
rich thrombus attached on a fibrous cap rich in SMCs and
proteoglycans. The region of the fibrous cap without
thrombus is covered by endothelial cells (Fig. 4F). In con-
trast, a higher-magnification view of the eroded site (Fig. 4G)
revealed the absence of endothelial cells underneath the
thrombus. The corresponding polarized light micrograph
shows no contact between the thrombus and the lipids
(Fig. 4H).

Although intraplaque hemorrhage was rarely observed
in the rabbit plaques, one example is illustrated in supple-
mentary Figure II.

Infiltration of CEs, CholM crystals, and inflammatory cells
into the fibrous cap of ruptured plaques

Figure 5A shows a cross section of a ruptured plaque.
Higher-magnification view (Fig. 5B) of the rupture site shows
a loose fibrous cap (red) at which a thrombus is attached
(brown). The corresponding polarized light micrograph
at 25°C identified lipids as bright spots (Fig. 5C). An overlay
of 5B and 5C under polarized light (Fig. 5D) demonstrated
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extensive collagen degradation and heavy infiltration by
lipids at the site of fibrous cap rupture. The lipids also
leaked into the thrombus. At 60°C the birefringence disap-
peared, indicating that the lipids infiltrating the fibrous cap
at the site of rupture were crystalline cholesteryl esters that
melted to an isotropic liquid (Fig. 5E).

Figure 5F shows a cross section of another plaque with a
ruptured fibrous cap (arrow). Higher magnification shows
a degraded fibrous cap (Fig. 5G, arrow) and abundant
lipids (Fig. 5H). A higher-magnification overlay of 5G
and 5H (Fig. 5I) revealed not only cholesteryl esters but
also CholM crystals within the fibrous cap at 25°C. The
plate-like birefringent that remained at 60°C (Fig. 5J) veri-
fied the presence of CholM crystals within the fibrous cap.
Figure 5K shows that at the site of rupture (Fig. 5F, arrow)
the fibrous cap is heavily inflamed. At a higher magnifica-
tion the fibrous cap appeared porous and was infiltrated by
lymphocytes and monocytes (Fig. 5L) as well as eosinophils
(Fig. 5M). Fibrous cap inflammation was a prominent char-
acteristic of ruptured plaques, as discussed below.

Comparison of ruptured, eroded, and advanced
nonthrombosed (types IV, Va, and Vc) plaques

Ruptured plaques had a similar percentage of luminal
stenosis (P 5 0.08) and lower percentage of CSN (P ,
0.001) compared with nonthrombosed plaques (Table 3).
The LA and percentage of lipids were similar in ruptured
and nonthrombosed plaques (P 5 0.23 and 0.07, respec-
tively). However, ruptured plaques more frequently had
CholM crystals (P , 0.001), which occupied a larger area
(P 5 0.009), thinner fibrous cap (P , 0.001) with greater
infiltration by foam cells (P , 0.001) and inflammatory
cells (P , 0.001), higher frequencies of rupture of the
IEL (P , 0.001), as well as medial and adventitial changes.

Eroded plaques had a similar percentage of luminal ste-
nosis (P 5 0.05), percentage of CSN (0.08), LA (P 5 0.3),
CholM area (P 5 0.3), frequency of CholM crystals (P 5
0.12), and less percentage of lipid (P , 0.001) compared
with nonthrombosed plaques. Fibrous cap inflammation
(P 5 0.01), medial fibrosis (P 5 0.006), and atrophy (P 5
0.03) were more prevalent in eroded plaques compared
with nonthrombosed plaques.

Comparison of stable and vulnerable (ruptured and
eroded) plaques

The plaque area (P , 0.001) and IEL area (P , 0.001)
were significantly larger in vulnerable plaques compared
to stable plaques whereas the luminal area (P 5 0.1), per-
centage of luminal stenosis (P 5 0.1), and percentage of
CSN (P 5 0.3) were similar between the two groups. The
RR was significantly higher in vulnerable compared to stable
plaques (1.05 6 0.1 versus 0.85 6 0.2, P , 0.001) (Table 4).

Regression analysis identified increased CholM area
[P , 0.001, odds ratio (OR)51.14], IEL area (P , 0.001,
OR5 3.5), positive remodeling (P, 0.001, OR5 1.12), the

Fig. 2. Topographic distribution of plaque types classified based on the AHA criteria. A: In vivo magnetic
resonance angiogram identifies the abdominal aorta and its renal branches. The vena cava runs parallel to
the aorta. B: Corresponding excised segment of the abdominal aorta. The distribution of plaques in the
aorta is described with reference to the left renal branch. C: Topographic distribution of plaques classified
based on the AHA criteria. Early plaque types (II and III) are predominantly located above and at the region
of the left renal branch, whereas advanced plaques (IV, Va, and Vc), including all ruptured and most of the
eroded plaques, are located in the subrenal aorta. MRA, magnetic resonance angiogram.

TABLE 2. Frequencies of plaque types classified by the AHA criteria
found in rabbits with and without thrombosis

AHA type

Percentage of
Plaque Types
in Rabbits

with Thrombosis

Percentage of
Plaque Types
in Rabbits

without Thrombosis P

Fatty Streak, II 9.20 14.3 0.50
Preatheroma, III 11.00 28.5 0.05
Atheroma, IV 19.50 29.0 0.40
Fibroatheroma, Va 9.30 14.5 0.50
Fibrotic, Vc 14.00 13.7 0.65
Complicated, VI ruptured 22.60 – –
Complicated, VI eroded 14.40 – –
P total 0.23 0.9 –
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presence of fibrous cap inflammation (P 5 0.001, OR 5
14.2) CholM crystals (P 5 0.1, OR 5 12.3), breakdown of
the adventitia (P 5 0.002, OR 5 18.4), and adventitial in-
flammation (P 5 0.008, OR 5 16.6) as independent pre-
dictors of thrombosis.

Effects of PA on IEL area and lumen area and effects of
plaque composition on remodeling

There was a strong linear correlation between plaque
area and IEL area (P , 0.001; see supplementary Fig-
ure III), indicating a change of the arterial area in response
to plaque size. There was also a linear correlation between
the IEL area and the lumen area (P , 0.001), suggesting
that vessel wall remodeling influences the lumen area
and could explain the lack of association between plaque
size and lumen area (P 5 0.15).

We also found that several plaque components were lin-
early associated with positive remodeling, such as the cho-
lesterol monohydrate area (P , 0.001), lipid area (P 5
0.02), media breakdown (P , 0.001), inflammation (P ,
0.001) and fibrosis (inverse relation, P, 0.001), adventitial
breakdown (P , 0.001), inflammation (P 5 0.002), and
neovascularization (P 5 0.005).

DISCUSSION

In this study, we developed a modified protocol of the
CNZW rabbit that reproduces features of atherothrom-
bosis observed in humans. We retained the procedure
of balloon injury because it accelerates atherosclerosis
(18, 19) and the rabbits do not have to be kept on the cho-
lesterol diet for longer durations, which leads to lipid tox-
icity (37). Furthermore, balloon injury mimics one of the
postulated mechanisms for atherogenesis, i.e., injury of the
endothelial cells lining the luminal site of the vessel wall
(38, 39). In the rabbit aorta, we observed regeneration
of endothelial cells (except in regions of plaque erosion)
at 10 weeks after balloon injury, although we did not assess
their functionality. In all the cases, we observed that the
plaque with its constituents, including lipid, proliferating
SMCs, collagen fibers, inflammatory cells, etc., accumu-
lated under the regenerated endothelium.

Initially, we used a protocol of aortic injury followed by
6 weeks of cholesterol diet prior to pharmacological trigger-
ing. No thrombi were found, and the majority of plaques
were early, while only a few were advanced (type IV). To in-
duce plaques at more advanced stages, we included two
cycles of cholesterol diet followed by normal diet prior to
pharmacological triggering. We chose to perform balloon
injury at 2 weeks after initiating the high-cholesterol diet so
that endothelial damage occurred in a setting of increased
blood lipid levels, which could further accelerate plaque
formation. Subsequently, we returned the rabbits to nor-
mal chow diet for 4 weeks to extend the time interval for
plaque progression and development of more advanced
features without continuous feeding of cholesterol. With
this protocol the rabbits developed both early (types II
and III) and advanced (IV, Va, Vc, and VI) plaques. Our
observations suggested that there is a limit to the severity
of the lesions that rabbits develop within a short time inter-
val. This limit could not be exceeded by simply extending
the time on the cholesterol diet because the rabbits could
be safely feed 1% cholesterol for only 8 weeks. Beyond that
point animal mortality increased because of other adverse
effects of lipid toxicity. However, the effects of the high
plasma cholesterol on plaque development could be ex-
tended for longer periods by switching from the choles-
terol diet to the normal diet for 4 weeks. We found that
during this period the plaques developed more advanced
features even though the total plasma cholesterol levels
slightly decreased.

Some of the key findings of our study were that the rab-
bit and human plaques had remarkable similarities. In
addition, several novel findings enhance our understanding

Fig. 3. Histological examples of medial and adventitial changes in
advanced rabbit plaques stained with Massonʼs trichrome. A: Con-
trol aorta. The intima (*) is covered by endothelial cells. Medial
SMCs (red) form ordered units surrounded by collagen fibers (blue).
The adventitia contains collagen and elastic fibers. B: Type IV plaque
with fragmentation of medial elastic lamellae (arrows). The SMCs are
reoriented longitudinally and appear as dots (circle). C: Type IV
plaque with medial breakdown (arrow) and deposition of extra-
cellular lipids and cholesterol monohydrate crystals (cholesterol
clefts). D: Type Va plaque with adventitial breakdown (arrow). Foamy
macrophages infiltrate the adventitia. E: Type VI eroded plaque with
rupture of the IEL (arrows). F: Type VI rupture plaque with medial
fibrosis (blue). G: Type VI eroded plaque with medial atrophy. Loss
of SMCs starts in the upper part of the media (double arrow). H
and I: Medial and adventitial neovascularization in type VI rupture
plaque. The neovessels run longitudinally and contain red blood
cells (red dots; arrows). J and K: Medial and adventitial inflamma-
tion in a type VI rupture plaque. Mononuclear cells are seen within
neovessels (yellow arrow in J) and between the extracellular matrix
(white arrows in J and K). Bars 5 40 mm in A–I and 25 mm in J and
K. Adv, adventitia.
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of the mechanisms that promote plaque vulnerability and
could guide the design of noninvasive imaging approaches
for the detection of vulnerable plaque. We found that the
fibrous cap is a critical factor in plaque stability, and rabbit
ruptured plaques had a discontinuous fibrous cap with an
attached thrombus. The fibrous cap of ruptured plaques
was the thinnest (57 6 15 mm) and had the highest fre-
quency of inflammation (89%) and infiltration by macro-
phages (91%), consistent with studies of human plaques (40).

Ruptured plaques had abundant liquid CE and CholM
crystals in the fibrous cap. Using polarized light micros-
copy and without sample exposure to organic solvents,
we identified the chemical composition and phases of
the lipids. In contrast, previous studies concluded that
CholM crystals were present in ruptured human (41)
and rabbit plaques (42) by the indirect observation of
“cholesterol clefts.” Abela and Aziz (43) showed that dur-
ing cholesterol crystallization, the expansion of sharp-
edged crystals could damage the fibrous cap.

Together with other medial and adventitial changes,
neovascularization was increased in ruptured plaques,
especially in the adventitia compared with the media, as
shown in human lesions (44, 45). Although neovasculariza-
tion is rare in the absence of atherosclerosis, it increases
concurrently with intimal thickening (5, 44) and in our
study it was first seen in rabbit type IV plaques with intimal
thickness ?560 mm. Since neovessels may facilitate the
delivery of inflammatory cells, this could explain the in-
creased inflammation observed in the adventitia.

Positive remodeling was associated with vulnerable
plaques and that explains why although vulnerable plaques
had larger plaque areas they caused similar percentage of
luminal stenosis as stable plaques. These findings are con-
sistent with reports that human vulnerable plaques are
frequently mildly stenotic (46) and emphasize that the
percentage of luminal stenosis that is frequently used to
triage patients in different intervention groups may not
reflect the severity of the disease.

Positive remodeling was linearly associated with plaque
components, such as CholM and lipid area, as well as struc-
tural changes in the media and adventitia (media breakdown
and inflammation, adventitial breakdown, inflammation,
and neovascularization). However, it was inversely associated
with medial fibrosis. Our data are consistent with previous
histological studies of coronary arteries from humans who
died of acute cardiovascular events (33) and intravascular
studies of patients with unstable angina (47). These findings
emphasize the role of lipid-laden macrophages that secrete
matrix metalloproteinases and inflammation of the media
and adventitia on the disorganization of the vessel wall that
might promote the expansion of the IEL.

The frequency of each plaque type was consistent be-
tween animals and plaques at more advanced stages fre-
quently developed in the subrenal aorta. The topological
distribution of rabbit plaques was similar to that reported
in human aortas (48, 49). To understand the preferential
accumulation of lipids in certain parts of the aorta, Barakat,
Uhthoff, and Colton (50) studied the permeability of the

Fig. 4. Histological examples of ruptured (A–D) and eroded (E–H) rabbit plaques associated with throm-
bosis. All slices were obtained from the same rabbit. A: A cross section of a ruptured plaque. B: Higher mag-
nification of the ruptured site shows a discontinuous fibrous cap (arrow) and an attached thrombus (*).
C: Corresponding polarized light micrograph shows that lipids (bright) leaked into the thrombus at the site
of rupture (arrow). D: Higher-power view of the rupture site (white arrow) shows that the center of the
thrombus (*) is rich in platelets and the periphery in fibrin (yellow arrows). The detachment of the throm-
bus from the plaque is a cutting artifact. E: Cross section of an eroded plaque located 4.5 cm distally to the
ruptured site shown in A–D. F: The luminal side adjacent to the thrombus is covered by endothelial cells
(black arrow), whereas the thrombus (blue arrow) is attached to the fibrous cap. G: Higher magnification
of the erosion site shows no endothelial cells underneath the thrombus and a fibrous cap rich in SMCs and
proteoglycans (double arrow). H: Corresponding polarized light micrograph shows no contact between
the lipid core (bright) and the thrombus. Massonʼs trichrome (D–G), Picrosirius red under polarized light
(A, B), and polarized light microscopy (C, H). Bars 5 1mm in A and E, 114 mm in B, C, and F, 40 mm in D,
and 62 mm in G and H. FC, fibrous cap; LC, lipid core.
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endothelium to horseradish peroxidase in the aorta of nor-
mal rabbits. They found that the highest uptake of horse-
radish peroxidase was in the aortic arch; it decreased
distally and reached a minimum in the lower descending

aorta, and then it gradually increased toward the distal seg-
ments of the abdominal aorta. Interestingly, the region of
highest uptake in the arch followed a helical turn in a clock-
wise direction, from the posterior to the anterior surface.

Fig. 5. Infiltration of lipids (A–J) and inflammatory (K–M) cells within the fibrous cap of ruptured rabbit plaques. A: Cross section of a
ruptured plaque. B: Picrosirius stain (under bright light) of the region identified by the black box in A shows the ruptured site (red arrow)
and the attachment of the thrombus (black arrow). C: Corresponding polarized light micrograph at 25°C shows lipids (bright spots).
D: Overlay of B and C viewed under polarized light shows that the fibrous cap was heavily infiltrated by lipids at the site of rupture. Lipids
leaked into the lumen and the thrombus (white arrow). E: Polarized light micrograph at 60°C of the section shown in C. The loss of
birefringence identified the lipids as CE. F: Cross section of another ruptured plaque. G: Organized (bracket) and degraded (arrow) fibrous
cap. H: Corresponding polarized light micrograph identifies lipids (bright spots). I: A higher-magnification overlay of G and H revealed
lipids in the intima (*) and the fibrous cap (double arrow). J: High-power view obtained at 60°C from the region indicated by the black
rectangle in I, verified the presence of cholesterol monohydrate crystals within the fibrous cap. K: Photomicrograph of the fibrous cap at the
site of plaque rupture indicated by the arrow in F shows an inflamed fibrous cap. The fibrous cap appears porous and is infiltrated by
lymphocytes and monocytes (L, taken from the white box in K) and eosinophils (M, taken from the black box in K). Massonʼs trichrome
(A, F, K, L, and M), Picrosirius red (B and G), polarized light microscopy (C, E, H, and J), overlays (D and I). Bars 5 1 mm in A and F,
40 mm in B–E, 114 mm in G and H, 50 mm in I, 25 mm in J and K, and 10 mm in L and M.

TABLE 3. Comparison between ruptured, eroded, and advanced nonthrombosed plaques

Ruptured (n 5 78) Eroded (n 5 22)
Nonthrombosed

(types IV, Va, and Vc) (n 5 207) P1 P2

Intima
PA mm2 4.2 6 1 4.8 6 0.8 4.3 6 1.3 0.39 0.12
Luminal stenosis, % 17 6 11.6 30 6 11.5 37 6 16.8 0.08 0.05
CSN, % 43 6 11.2 50.8 6 7.4 57 6 12.7 ,0.001 0.08
LA, mm2 2.5 6 1 1.7 6 1.2 2 6 1 0.23 0.3
Lipids, % 46 6 12.6 27 6 20 48 6 23 0.07 ,0.001
ChloM crystals 78 (100) 8 (36) 111 (54) ,0.001 0.12
ChloM crystals area (mm2) 0.5 6 0.2 0.04 6 0.01 0.08 6 0.1 0.009 0.3
Intimomedial change
Rupture of the IEL, % 70 (90) 13 (59) 120 (58) ,0.001 0.9
Fibrous Cap
FC thickness, mm 57 6 15 230 6 60 204 6 162 ,0.001 0.67
FC macrophages, %; FC inflammation, % 69 (89), 71 (91) 9 (40), 7 (31) 89 (43), 26 (12) ,0.001, ,0.001 0.8, 0.01
Media
Breakdown, % 78 (100) 12 (54) 130 (63) ,0.001 0.45
Fibrosis, % 66 (85) 12 (54) 57 (27) ,0.001 0.006
Atrophy, % 61 (78) 13 (59) 75 (36) ,0.001 0.03
Inflammation, % 63 (81) 1 (4) 18 (9) ,0.001 0.5
Neovascularization, % 65 (83) 15 (68) 100 (48) ,0.001 0.07
Adventitia
Breakdown, % 70 (90) 5 (23) 4 (36) ,0.001 0.22
Inflammation, % 72 (92) 12 (54) 80 (39) ,0.001 0.14
Neovascularization, % 69 (88) 15 (68) 141 (68) 0.001 0.9

P1 and P2 compare the ruptured and eroded versus nonthrombosed plaques, respectively. FC, fibrous cap.
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These data could explain our observations that more ad-
vanced rabbit plaques were located in the subrenal aorta
and also why rabbit plaques were mostly eccentric.

Conclusions and limitations of the rabbit model
The short-term feeding produced a low incidence of

intraplaque hemorrhage and no calcification, unlike ad-
vanced human plaques (7). In the original CNZW model
with longer preparatory periods (8.5 months) and higher
exposure to dietary cholesterol (15, 16), both components
were present, but animal mortality was increased. The
modified CNZW rabbit model as presented here, which de-
velops a range of human-like plaques and provides a func-
tional rather than a histological definition of vulnerable
plaque, is suitable for developing noninvasive diagnostic
methods and testing of possible dietary and pharmacologi-
cal interventions.

A number of animal (51–53) and human (54, 55) stud-
ies have shown that alterations in diet, including switching
from a high to low lipid diet or consumption of v3-fatty
acids (56) as well as administration of drugs such as statins,
can promote plaque stability. However, these studies did
not establish the effect of such interventions on plaque dis-
ruption. We have previously demonstrated that an angio-
tensin receptor blocker attenuated atherosclerosis and
reduced plaque disruption in a rabbit model of endothe-
lial denudation followed by cholesterol feeding and phar-
macological triggering for thrombosis (57). In this study,
the rabbits received candesartan beginning 2 days before
aortic balloon injury and continued for the 8 weeks of the
cholesterol diet. However, other studies without phar-
macological triggering employed different experimental
protocols in which the timing of the balloon injury, the
duration of cholesterol feeding, and treatment varied
(52, 53). Therefore, the experimental design should be tai-
lored to the aims of each study.

Our modified rabbit model might also offer a unique
opportunity to study the effects of treatments prior to or
after thrombus formation by administrating a drug before
or after pharmacological triggering. For example, an anti-
platelet or antithrombotic drug could be administered
prior to triggering to determine its effect on reducing the
size of the thrombus or even prevent its formation. Fur-
thermore, the effect of thrombolytic drugs to dissolve the
thrombus could be tested by administrating the drug after
triggering. Finally, since these rabbits form nonocclusive
thrombi after triggering, they could allow investigations
of how to manage disrupted but nonlethal plaques such
as those reported in human studies (58, 59).

The rabbit aorta offers several advantages for in vivo
imaging techniques, such as MRI, computed tomography,
positron emission tomography, and ultrasound: i) it is
about the size (?5 mm diameter) of a human coronary
artery; ii) it has a less circuitous course; and iii) it is less
prone to motion artifacts. All the rabbit aortas included
in this study were also studied in detail by MRI, both in
the live animal at 3 Tesla and ex vivo at 11.7 Tesla. Al-
though we have not studied the histological characteristics
of plaques prior to pharmacological triggering, our cur-
rent in vivo MRI experiments, which commenced before
and 48 h after pharmacological triggering, showed that
the image features of the nondisrupted plaques did not
change between the two imaging sessions. However, the
triggering protocol makes it possible to time plaque dis-
ruption and observe the disrupted plaques with newly
formed thrombi. Image features of disrupted and non-
disrupted plaques can be compared, and subsequently his-
tology can be used to interpret the images and provide
additional details of plaque morphology, as illustrated
herein. We will show that in vivo MRI at 3 Tesla can differ-
entiate rabbit plaques that disrupt from plaques that do
not disrupt (A. Phinikaridou et al., unpublished observa-
tions). In vivo identification of high-risk plaques in humans
would have major clinical implications because current
treatments rely on the degree of stenosis, which frequently
fails to predict cardiac events.

The authors thank Dr. Caroline Genco, Dr. Stephen Anderson,
and Dr. Alexandros Tzatsos for their comments on the manu-
script and Dr. Michael LaValley for assistance with the statisti-
cal analysis.
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