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Abstract: In WHHLMI rabbits, arterial lesions develop spontaneously in various arteries even with
standard chow. Here, we examined the development of arterial lesions in various arteries to
demonstrate standard characteristics of arterial lesions in WHHLMI rabbits. For WHHLMI rabbits at
6, 12, 20, and 30 months of age, lesion areas and areas of arterial lumen surfaces were measured
using image analysis software. Histopathological sections of arterial lesions were stained with elastic
van Gieson staining. Arterial lesions developed around bifurcations and expanded with aging. In the
aorta, atheromatous lesions were severe in the thoracic aorta but were mild in the distal part of the
abdominal aorta. Carotid artery lesions progressed in the proximal region and at bifurcations, and
the histopathological features were similar to those of coronary lesions. Pulmonary artery lesions
contained many foam cells. Fibrous lesions were observed in the proximal and distal areas of the
renal arteries, at the bifurcation of the iliac-femoral artery and mesenteric artery, and around the
anastomosis of vertebral arteries. Lesions in the celiac artery contained foam cells and/or lipid droplets
within fibrous lesions. In a pair of right and left arteries, the arterial lesions tended to progress more
in the right artery. Gender did not affect analysis of arterial lesions. In conclusion, the arterial lesions
expanded from bifurcations, and the morphological features of the arterial lesions varied depending
on the type of artery. These results serve as reference data for arterial lesions in studies using
WHHLMI rabbits.
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Introduction 9], ischemic nephropathy [1], gastric ischemia [20], and

peripheral artery disease [S]. However, there are few

Atherosclerosis causes many diseases, such as acute  studies using laboratory animals with spontaneous arte-
coronary syndromes [4, 8], cerebrovascular diseases [2,  rial lesions in the major arteries of the whole body. The
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WHHLMI rabbit is an animal model developed by selec-
tive breeding of WHHL rabbits [23], and arterial lesions
spontaneously develop in various arteries, including
coronary arteries, even when feeding standard chow.
Although detailed examination of coronary lesions in
this rabbit has been reported [30], no detailed examina-
tion of arterial lesions on other arteries has been re-
ported. The colony of WHHLMI rabbits at Kobe Uni-
versity (Kobe, Japan) was closed, but the WHHLMI
rabbit strain is maintained at several research institutes
in several countries. Because the characteristics of an
animal model should not differ depending on the research
institute, it is important to demonstrate standardized
characteristics in WHHLMI rabbits. Here, we examined
the development of arterial lesions and representative
histopathological features in various arteries to serve as
reference data for arterial lesions in studies using
WHHLMI rabbits.

Materials and Methods

Animals

We used 37 WHHLMI rabbits aged 6-30 months old
to examine the distribution of arterial lesions and histo-
pathological features. Rabbits were bred at the Institute
for Experimental Animals, Kobe University Graduate
School of Medicine (Kobe, Japan). They were housed
individually in metal cages (550 mm x 600 mm x 450
mm for width x depth x height) with a flat metal floor
and fed standard rabbit chow (LRC4, Oriental Yeast Co.,
Ltd., Tokyo, Japan) at 120 g/day. The animals were main-
tained under SPF conditions with a constant temperature
(22 £2°C), relative humidity (50-60%), ventilation rate
(15 cycles/hour), air supply (through a HEPA filter), and
lighting cycle (12-h light/dark). This study was approved
by the Kobe University Animal Care and Use Committee
(approval numbers: P150501, P110511-R1, and
P140501), and all animal experiments were conducted
in accordance with the Regulations for Animal Experi-
mentation of Kobe University, the Act on Welfare and
Management of Animals (Law No. 105, 1973, revised
in 2006), Standards Relating to the Care and Manage-
ment of Laboratory Animals and Relief of Pain (Notifi-
cation No. 88, 2006), and Fundamental Guidelines for
the Proper Conduct of Animal Experiments and Related
Activities in Academic Research Institutions under the
Jurisdiction of the Ministry of Education, Culture,
Sports, Science and Technology (Notice No. 71, 2006).

Evaluation of arterial lesions

The extent of arterial lesions was evaluated macro-
scopically as a percentage of the surface lesion area by
dividing the lesion area on the surface of the arterial
lumen by the surface area of the arterial lumen. Detailed
methods are shown in Supplementary Fig. 1 to Supple-
mentary Fig. 5. Although there were differences in the
percentage of the surface lesion area between females
and males in some segments of the arteries, the percent-
ages of the surface lesion area were reversed between
females and males or similar in females and males at
adjacent segments or at ages that were younger or older
than the analysis age (Supplementary Table 1 to Supple-
mentary Table 7). These results indicate that the differ-
ence in the percentage of the surface lesion area between
females and males does not seriously affect the analysis
of lesion progression with aging. Therefore, changes in
arterial lesions due to aging were examined using both
females and males.

Preparation of histopathological sections for arterial
lesions

Arteries and hearts were extracted after euthanasia by
intravenous injection of pentobarbital sodium solution
(100 mg/kg), and were immersion-fixed in 10% buffered
neutral formalin solution. Arterial sections were prepared
from the thoracic aorta, the proximal area of the carotid
artery, the pulmonary trunk, the proximal area of the
renal artery, the proximal area of the celiac artery, the
proximal area of the mesenteric artery, near the anasto-
motic site of the vertebral arteries, and the left circumflex
coronary arteries. Coronary sections and cerebral sec-
tions were prepared by a method reported previously
[13, 22]. Sections were stained with elastic van Gieson
staining.

Other assays

After more than 12 h of fasting, total cholesterol and
triglyceride levels in serum were assayed by dry chem-
istry using a Fuji DRI-CHEM 3500SV (Fuji Film Co.,
Ltd., Tokyo, Japan) [29].

Statistical analyses

Data are presented as the mean + standard error of the
mean (SEM). Statistical analyses were performed on
mean values with Student’s ¢-test, Welch’s ¢-test, or the
Tukey test. A value of P<0.05 was considered significant.
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Results

Serum lipid levels of WHHLMI rabbits

Supplementary Table 8 shows the serum lipid levels
of the WHHLMI rabbits. The serum cholesterol level
was 1131 + 29 mg/dl in females and 1122 + 30 mg/dl in
males at 6 months old, and it then gradually decreased
with aging. The serum cholesterol level decreased fast-
er in males than in females. The serum triglyceride
level showed no gender differences and no age-depen-
dent decreases.

Thoracic aorta

Distribution of arterial lesions on the aorta

Figure 1 shows the distribution of aortic lesions at
each age. The percentage of the surface lesion area be-
came smaller as close to the distal portion at each age.
Excluding the distal part of the abdominal aorta (seg-
ments A-4 to A-7), aortic lesions progressed with aging
(Supplementary Table 9).

Distribution of arterial lesions on the carotid arteries
Figure 2 shows the distribution of lesions at carotid
arteries. Arterial lesions were observed in the proximal
region, around the orifice of the anterior thyroid artery,
and in the carotid sinus and progressed with aging (Sup-
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Fig. 1. Distribution of arterial lesions on the aorta in WHHLMI rabbits aged 6 (open circles, 2 females
and 5 males), 12 (closed circles, 5 females and males), 20 (open diamonds, 5 females and
males), and 30 (closed diamonds, 5 females and males) months old. AsA, ascending aorta;
AA, aortic arch; T-1 to T-9, thoracic segments from the proximal to the distal region; A-1 to
A-7, abdominal segments from the proximal to the distal region. Error bars indicate the SEM.
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Fig. 2. Distribution of arterial lesions on carotid arteries in WHHLMI rabbits aged 6 (open circles,

2 females and 5 males), 12 (closed circles, 5 females and males), 20 (open diamonds, 5
females and males), and 30 (closed diamonds, 5 females and males) months old. C-1,
proximal area of the carotid artery; C-2, area between C-1 and C-3; C-3, area around the
orifice of the anterior thyroid artery; C-4, area between C-3 and C-5; C-5, carotid sinus.

Error bars indicate the SEM.
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Fig. 3. Distribution of arterial lesions on pulmonary arteries in
WHHLMI rabbits aged 6 (open columns, 2 females and 5
males), 12 (hatched columns, 5 females and males), 20
(dotted columns, 5 females and males), and 30 (closed
columns, 5 females and males) months old. Error bars in-
dicate the SEM.
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plementary Table 10). At 12 months old, the percentage
of the surface lesion area was higher in the left carotid
artery than in the right carotid artery, whereas at 20
months old and 30 months old, the percentage was
higher in the right carotid artery than in the left carotid
artery (Supplementary Table 11).

Distribution of arterial lesions on the pulmonary arteries

Figure 3 shows the distribution of arterial lesions on
pulmonary arteries. Pulmonary lesions were frequently
observed in the pulmonary trunk, pulmonary sinus, and
right pulmonary arteries and progressed with aging
(Supplementary Table 12). The percentage of the surface
lesion area was higher in the right pulmonary artery than
in the left pulmonary artery (Supplementary Table 13).

Left renal artery
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Fig. 4. Distribution of arterial lesions on renal arteries in WHHLMI rabbits aged 6 (open circles, 2
females and 5 males), 12 (closed circles, 5 females and males), 20 (open diamonds, 5 females
and males), and 30 (closed diamonds, 5 females and males) months old. R-1, the proximal area
immediately after branching from the abdominal aorta; R-2, area between R-1 and R-3; R-3,
the distal area on the kidney side. Error bars indicate the SEM.
Right iliac-femoral artery Left iliac-femoral artery
© 30
o
©
c
o 20 20
"
Q
8
& 10 10
5
1%}
O
-1 12 I3 14 15 I-6 17 -1 12 I3 14 15 I-6 17
Proximal > Distal Proximal > Distal
Fig. 5. Distribution of arterial lesions on iliac-femoral arteries in WHHLMI rabbits aged 6 (open

circles, 2 females and 5 males), 12 (closed circles, 5 females and males), 20 (open diamonds,
5 females and males), and 30 (closed diamonds, 5 females and males) months old. I-1, common
iliac artery; 1-2, the proximal site between the deep iliac artery branch and the internal iliac
artery branch; I-3, the distal site between the deep iliac artery branch and the internal iliac
artery branch; I-4, internal iliac artery branch; I-5, the proximal site between the internal iliac
artery branch and the femoral bifurcation; I-6, the distal site between the internal iliac artery
branch and the femoral bifurcation; I-7, femoral bifurcation. Error bars indicate the SEM.
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Fig. 6. Microphotographs of arterial lesions on the thoracic aorta, carotid artery, pulmonary artery, renal artery, celiac artery, mesen-
teric artery, vertebral artery, and coronary artery. Arterial sections were stained with elastic van Gieson staining. 12M, 12 months

old; 20M, 20 months old; Ca, calcium accumulation.

Distribution of arterial lesions on the renal arteries

Figure 4 shows arterial lesions of renal arteries. Le-
sions in the proximal and distal parts were larger than in
the middle part, and lesion area increased with aging
(Supplementary Table 14). The percentage of the surface
lesion area was higher in the right renal artery than in
the left renal artery (Supplementary Table 13).

Distribution of arterial lesions on the iliac-femoral
arteries

Figure 5 shows the arterial lesions of the iliac-femoral
arteries. Lesions were observed in rabbits aged more
than 19 months old (Supplementary Table 15). The le-
sions were observed at common iliac arteries, around the
internal iliac artery branch, and around the deep femoral
artery branch. At 20 months old, the percentage of the
surface lesion area was higher in the right iliac-femoral

artery than in the left iliac-femoral artery, but there was
no difference at 30 months old (Supplementary Table
16).

Difference in features of arterial lesions depending on
artery type

Figure 6 shows photomicrographs of arterial lesions
in various arteries. Macrophage-rich lesions were ob-
served in pulmonary arteries. Lesions with a lipid core
covered by a fibrous cap were observed in thoracic aor-
tas, carotid arteries, and coronary arteries. Calcium ac-
cumulation was also observed in aortic lesions. Lesions
on the distal area of the abdominal aorta were relatively
fibrous (data not shown). Carotid and coronary lesions
with various features, such as fibrous lesions, layered
lesions with layers of fibrous components and layers with
lipid components, and other types of lesions, were also
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observed (Fig. 6). Celiac lesions contained foam cells
and/or lipid droplets within the fibrous lesions. Lesions
observed in the renal arteries, mesenteric arteries, and
vertebral arteries were fibrous lesions. Lesions observed
in the iliac-femoral arteries were also fibrous lesions
(data not shown).

Discussion

In the present study, we examined arterial lesions in
various arteries of WHHLMI rabbits to provide reference
data for arterial lesions in studies using WHHLMI rab-
bits. This is the first systematic examination of lesion
sites and histopathological features of various arteries.
Arterial lesions were frequently observed around bifur-
cations, and histopathological features varied greatly
depending on the artery.

For aortic lesions, thoracic lesions were more ad-
vanced than abdominal lesions, and the lesions distal to
the left renal artery orifice (from segment A-4 to segment
A-7) were mild. In humans who died as a result of ac-
cidents, aortic lesions were located around the intercos-
tal ostia and the origin of the superior mesenteric and
celiac arteries, and the lesions covered 5-40% of the
aortic surface [24]. In addition, atherosclerotic lesions
are frequently observed in the abdominal aorta not only
at the visceral artery branching site [27] but also in the
area of the terminal abdominal aorta [6]. Therefore, the
predominant site of lesions in WHHLMI rabbits was
different from that in humans. In patients with familial
hypercholesterolemia, the aorta is covered throughout
with atherosclerotic lesions, and lesions are more severe
in the ascending aorta than in the thoracic and abdominal
aorta [31]. Those aortic lesions are composed of various
amounts of fibrous tissue,inflammatory cells,cholesterol
clefts,and foam cells [31]. The extent of lesion spread
and lesion composition are similar between WHHLMI
rabbits and humans, especially for familial hypercholes-
terolemia.

Carotid lesions were frequently observed in the area
of the carotid sinus and the proximal area of the carotid
artery. These findings are similar to those of human ca-
rotid lesions [6]. Carotid artery lesions with various
histopathological features, such as fibrous lesions, ath-
eromatous lesions, and lesions with a lipid core covered
with a thin fibrous cap, were observed, as in the case of
coronary lesions [21, 30]. The histopathological features
of carotid artery lesions in humans resembled those of

WHHLMI rabbits [12, 16]. In addition, the composition
of carotid plaques in humans is associated with coronary
plaque composition [16], future onset of acute coronary
syndromes [10], and stroke [26]. The features of carotid
lesions in WHHLMI rabbits were similar to those of
humans.

In vertebral arteries, fibrous lesions with less than 50%
narrowing were observed in WHHLMI rabbits, which
was consistent with results from WHHL rabbits, a previ-
ous strain of WHHLMI rabbits [12]. In patients with
familial hypercholesterolemia, cerebral arterial lesions
are composed of fibrous components with no macro-
phage infiltration and are mild compared with aortic and
coronary lesions [31]. The features of vertebral artery
lesions in WHHLMI rabbits were similar to those of
humans, but there are no animal models of spontaneous
cerebral atherosclerosis.

The pulmonary artery lesions exhibited marked ac-
cumulation of macrophages and foam cells. However,
Hansen et al. [11] reported that pulmonary lesions are
fibrous or advanced in WHHL rabbits. Higher serum
lipid levels in WHHLMI rabbits than in WHHL rabbits
[23] may be responsible for the macrophage-rich lesions
in pulmonary arteries. In humans, pulmonary lesions are
detected by echocardiography at the main trunk and right
pulmonary artery, but these lesions are not correlated
with clinical findings [19].

The renal artery lesions were mainly fibrous lesions
in WHHLMI rabbits and were observed in the proximal
area just after branching from the abdominal aorta. Ka-
mimura et al. [15] reported intimal thickening in renal
arteries at the hilum of the kidney in WHHL rabbits. In
humans, most renal artery lesions are fibrous [16], but
some renal arteries also have atherosclerotic lesions [7].
These lesions occur mainly in the proximal one-third of
the renal artery [14]. Chronic renal failure develops
within 6 years in up to 27% of patients with atheroscle-
rotic renal artery stenosis [28], and these patients have
a higher incidence of acute coronary syndromes [9].
Renal artery stenosis is an important disease, but there
are no animal models besides WHHL and WHHLMI
rabbits that spontaneously develop the disease.

Layered lesions with foam cells and/or lipid droplets
within fibrous lesions were observed in the proximal area
of the celiac artery and superior mesenteric artery in
WHHLMI rabbits. In humans, these lesions consist of
fatty streaks, fibrolipid lesions, and complicated lesions
[17]. Downstream of the celiac artery, splenic artery,
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common hepatic artery, pancreatic artery, gastric artery,
and superior mesenteric artery are other arteries in the
pancreaticoduodenal area and mesentery. Fibrocellular
intimal thickening of the superior pancreaticoduodenal
artery may cause focal pancreatic changes under isch-
emic conditions [25], and celiac or mesenteric stenosis
causes gastric ischemia in humans [20]. Therefore,
WHHLMI rabbits may be an animal model of gastric
ischemia.

Fibrous lesions were observed in the common iliac
artery and large branching sites in the iliac-femoral artery
in WHHLMI rabbits. In humans, arterial lesions are fre-
quently observed in the iliac-femoral artery [6]. Most
peripheral artery lesions are fibrous lesions, such as
pathological intimal thickening and fibrocalcific lesions,
and atheromatous lesions are rare [16]. The risk factors
for these lesions are smoking and diabetes rather than
hypercholesterolemia [3]. Therefore, fibrous lesions
observed in the iliac-femoral arteries of WHHLMI rab-
bits may be different from those in humans.

Differences between lesions that developed in the right
and left pairs of arteries, such as in the carotid artery and
renal artery, may have resulted from changes in blood
flow because of differences in branch location and the
distribution of other branches in the surrounding area.
In WHHLMI rabbits, the features of the arterial lesions
depended on the artery, which is similar to humans [16].
Various factors, such as the structure or thickness of the
arterial wall, blood pressure in the arteries, arterial cur-
vature [18], or other unknown factors, may explain dif-
ferences in lesion features in different arteries.

In the present study, we examined the development of
arterial lesions in the major arteries of WHHLMI rabbits.
The arterial lesions expanded from bifurcations, and the
morphological features of the arterial lesions varied from
artery to artery. These results will provide reference data
for arterial lesions in studies using WHHLMI rabbits.
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