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ABSTRACT

The WHHL rabbit is often used to investigate the pathogenesis of atherosclerosis. Here
we elucidate differences in the pathogenesis of atherosclerosis in coronary arteries (CA) and
aorta (AO) by comparing dynamic changes in the distribution of vascular smooth muscle cells
(VSMCs), macrophages, collagen and extracellular deposit during atherosclerosis in WHHL
rabbits. Sections of CA and AO were obtained at the early, transitional and advanced stages
of atherosclerosis and stained with hematoxilin-eosin, elastica van Gieson, antibodies specific
to the above components, antibody against proliferated cell nuclear antigen (PCNA) and
TUNEL. The relative areas of VSMCs, macrophages, collagen fibers and lipid deposits were
calculated. In the early-stage atherosclerosis, VSMCs were predominant in CA lesions, while
macrophages were predominant in AO lesions. PCNA-positive VSMCs and macrophages were
noted in early-stage atherosclerosis in CA and AO. Collagen type I, III-V fibers were present in
early-stage lesions of the AO, while type VI increased in the deep layer during the progression
of atherosclerosis. The proportion of apoptotic cells increased in CA and AO lesions with the
progression in atherosclerosis. Our results showed differences in the distribution patterns of
VSMCs and macrophages at various stages of atherosclerosis in CA and AO of WHHL rabbits.
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It is well known that disorders of lipid metab-
olism are associated with atherosclerosis and
resultant coronary artery and cerebrovascular
diseases. Since mortality from coronary heart dis-
ease has gradually increased worldwide, including
in Japan, elucidation of the mechanism of athero-
sclerosis is important in order to design appro-
priate therapeutic regimens and programs for
prevention of coronary heart disease.

The Watanabe heritable hyperlipidemic (WHHL)
rabbit was inbred by Watanabe et al in 1973 and
since then has been used to investigate human
familial hypercholesterolemia often associated
with high atherosclerotic vascular diseases8%26:27,
In WHHL rabbits, atherosclerosis is commonly

observed in the aorta, where it appears from 2
months of age and is observed in almost all 5-
month old rabbits. In contrast to the aorta, ath-
erosclerotic changes in coronary lesions appear
from 4 months of age and are present in 70% of
20-month old rabbits??. This difference in the pro-
gression of atherosclerosis between the aorta and
coronary artery is quite similar to that in human
familial hypercholesterolemia.

The present study was designed to elucidate
the different mechanism involved in the progres-
sion of atherosclerosis affecting coronary arteries
and the aorta. For this purpose, we compared the
pathological changes in atherosclerosis including
vascular smooth muscle cells (VSMCs), macro-
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phages and collagen fibers (type I, III, IV, V and
VI collagens), which are considered to be main
components of atherosclerotic lesions, between
the coronary artery and aorta at the early, tran-
sitional and advanced stages by histological and
immunohistochemical examinations. We also
determined the contribution of different cellular
components to cell proliferation or death at each
stage of atherosclerosis by proliferated cell nucle-
ar antigen (PCNA) staining and terminal-deoxy-
nucleotidyl transferase medicated d-UTP nick end
labeling (TUNEL) at each stage in both coronary
and aortic lesions.

MATERIALS AND METHODS

Animals and sample preparation

Fourteen 4- to 6-week old male WHHL rabbits
with an averaged body weight were kindly given
by Dr. Shiomi at Kobe University. The rabbits
were fed 120 g/day of regular chaw and tap water
ad libitum, and bred until 12 to 28 weeks. After
midline section of the abdomen under pentobarbi-
turate anesthesia, the aorta and heart were dis-
sected out, and the heart was cut into 7 pieces and
the aorta into 10 pieces??. Four of 7 pieces of the
heart and 5 of 10 pieces of the aorta were imme-
diately mounted in optimal cutting temperature
(OCT) compound (Miles Laboratories, Elkhart)
and frozen in liquid nitrogen to prepare sample
slices for immunohistochemistry. The other sam-
ples were fixed in 4% formalin and mounted in
paraffin, and 4-pm thick consecutive slices were
prepared for staining by hematoxylin-eosin (HE)
and elastica van Gieson. Progression of the ath-
erosclerosis was classified according to the degree
of intimal thickening into early, transitional and
advanced stages after examination of 40 sequen-
tial slices. The early stage was defined as intimal
thickening of <10 pm in both coronary arteries
and aorta. The transitional stage represented inti-
mal thickening of 40 to 100 um in coronary arter-
ies and 100 to 250 pm in the aorta. The advanced
stage represented intimal thickening of >150 pm
in coronary arteries and >300 pm in the aorta. The
experimental protocol was approved by the Ethics
Review Committee for Animal Experimentation of
Hiroshima University.

Immunohistochemistry

Specific antibodies against rabbit macro-
phage (RAM-11, Dako Corporation, Carpinteria,
CA), alpha-smooth muscle actin (aSMA, IA4,
Dako), PCNA (PCNA, PC10, Dako) and colla-
gen fibers (anti-collagen I, IT, IV, V and VI, Fuji
Pharmaseutical Co., Tokyo, Japan) were pur-
chased from commercial companies. The sample
slices fixed in 4% formalin and mounted in par-
affin were subjected to immunohistochemical
staining with RAM-11, IA4 and PC10 by the ABC

method after removal of paraffin according to the
protocol provided by the manufacturer. (Histo-
fine SAB-PO(M) kit, Nichirei Co., Tokyo). Briefly,
the sample was treated with methanol containing
0.3% Hz0; for 30 min at room temperature. After
rinsing with tapped water, non-specific block-
ing was performed with 10% rabbit serum for 30
min at room temperature. Then, the sample was
incubated overnight with the primary antibody at
4°C. After rinsing with phosphate-buffered saline
(PBS), the sample was treated with biotin-con-
jugated secondary antibody for 30 min, and then
with peroxidase-conjugated streptoavidin for 30
min. After development by reaction with diamino-
benzidin, the sample was immersed in hematoxy-
lin for staining the nuclei. For PCNA staining, the
sample was immersed in new-fuccin to observe
macrophages. For the immunohistochemical stain-
ing of collagen fibers, frozen samples were cut at
40-pm thick and fixed in acetone at —20°C before
the staining.

TdT-mediated dUTP-biotin nick end labeling
(TUNEL)

To evaluate apoptotic cell death in the vessel
wall, the TUNEL method was performed using
ApopTag® kit (Onco Inc.) and paraffin-fixed
sample slices. After deparaffinization, protein-
digestion and blocking of endogenous peroxidase
activity, the sample was reacted with digoxigen-
in-conjugated dUTP by TdT enzyme. After ter-
mination of the reaction, the sample was treated
with antidigoxigenin antibody conjugated with
peroxidase, developed by 3,3-diaminobenzidine
tetrahydrochloride (DAB), and then stained with
hematoxylin.

Quantification of histological and immuno-
histochemical findings

The stained slices were examined under a light
microscope and images were digitized into a per-
sonal computer using a 3CCD camera. Stored
images were analyzed for the following param-
eters using the National Institute of Health (NIH)
image analysis software: the areas of VSMCs and
macrophages within the intima relative to that
of a-SMA or RAM 11- positive cells. In a similar
manner, we calculated the relative area of colla-
gen and extracellular deposits containing lipid
and calcification.

Statistical analysis

Comparison of histological and immunohisto-
chemical changes between the different stages of
atherosclerosis was performed by Student t-test.
Values were expressed as mean=*SD. A p value
less than 0.05 denoted the presence of a statisti-
cally significant difference.
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RESULTS

Histological changes

In both coronary artery and aortic lesions, the
internal lamina was preserved at the early stage
of atherosclerosis, but was partially damaged at
the transitional stage, and completely destroyed
at the advanced stage (Fig. 1). Lipid deposits were
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Fig. 1. Hematoxylin-eosin staining of atherosclerotic
lesion in coronary artery (A, B, C) and aorta (D, E, F)
at each pathological stage.

Arrow and arrowhead show internal elastic lamina
and lipid core, respectively. Numbers in the right
upper corner represent magnifications.

Early Transitional Advanced

A :200‘ *B % x33 C , X132

Fig. 2. Immunohistochemical staining of atherosclerotic
lesion in coronary artery (A, B, C) and aorta (D, E, F)

with anti- a -SMA at each pathological stage.

VSMCs are stained brown. Numbers in the right upper

corner represent magnifications.
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Fig. 4. Immunohistochemical double staining of ath-
erosclerotic lesion in coronary artery (A, B, C) and
aorta (D, E, F) with anti- PCNA and RAM 11 at each
pathological stage.

PCNA is stained brown and macrophages are stained
red. Numbers in the right upper corner represent mag-
nifications.

observed in the extracellular space from the tran-
gitional stage in both coronary artery and aortic
lesions, but the size of these deposits was signifi-
cantly larger and their numbers higher in aortic
lesions, especially in the media and adventitia.
Scattered areas of calcification were observed
in the advanced stage in coronary artery lesions
while they were abundant in the aortic lesions at
a similar stage.

Changes in vascular smooth muscle cells

At the early stage of atherosclerosis, a few
VSMCs were observed in atherosclerotic lesions
of the coronary arteries, but few spindle-shaped
VSMCs were found in aortic lesions. At the tran-
sitional stage, although several VSMCs were
observed in both coronary artery and aortic
lesions, the distribution of these cells was differ-
ent between the vessels (Fig. 2). In coronary artery
lesions, VSMCs were found in the superficial to
middle layer of the intimal wall, while most of
those cells were localized in the superficial layer
of intimal lesions in the aorta. At the advanced
stage, VSMCs were present in the superficial
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Fig. 3. Immunohistochemical staining of atheroscle-
rotic lesion in coronary artery (A, B, C) and aorta (D,
E, F) with RAM 11 at each pathological stage.
Macrophages are stained brown. Arrowhead shows
stained macrophages located in media. Numbers in
the right upper corner represent magnifications.
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Fig. 5. TUNEL staining of atherosclerotic lesion in
coronary artery (A, B, C) and aorta (D, E, F).

TUNEL positive cells are stained red-brown.
Magnification of all panels is X 132.
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layer of both coronary artery and aortic lesions.
Interestingly, thinning of the media and reduction
of VSMCs stained with anti-smooth muscle actin
in that area were observed in some parts of the
vessels, suggesting that change in medial VSMCs
is characteristic of the progression of atheroscle-
rosis.

Changes in macrophages
In coronary artery lesions, few macrophages
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Fig. 6. Elastica van Gieson staining of atheroscle-
rotic lesion in coronary artery (A, B, C) and aorta (D,
E, F) at each pathological stage.

Numbers in the right upper corner represent magni-
fications.
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Fig. 8. Inmunohistochemical staining of type III col-
lagen in atherosclerotic lesion of coronary artery (4,
B, C) and aorta (D, E, ) at each pathological stage.
Collagen fibers are stained red. Numbers in the
right upper corner represent magnifications.
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Fig. 10. Immunohistochemical staining of type V col-
lagen in atherosclerotic lesion of coronary artery (A,
B, C) and aorta (D, E, F) at each pathological stage.
Collagen fibers are stained red. Numbers in the
right upper corner represent magnifications.

were found at the early stage of atherosclerosis,
and such cells were localized in the superficial
layer of intima at the transitional stage (Fig. 3). At
the advanced stage of atherosclerosis, foamy cells
were observed in the middle layer of the intima.
In aortic lesions, the whole intima was occupied
by foamy cells during the progression of athero-
sclerosis. At the advanced stage of aortic lesions,
foamy cells were observed even beyond the lami-
na interna, suggesting that the macrophages had
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Fig. 7. Inmunohistochemical staining of type I collagen
in atherosclerotic lesion of coronary artery (A, B, C) and
aorta (D, E, I) at each pathological stage.

Collagen fibers are stained red. Numbers in the right
upper corner represent magnifications.
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Fig. 9. Immunohistochemical staining of type IV col-
lagen in atherosclerotic lesion of coronary artery (A, B,
C) and aorta (D, E, F) at each pathological stage.
Collagen fibers are stained red. Numbers in the right
upper corner represent magnifications.
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Fig. 11. Immunohistochemical staining of type VI col-
lagen in atherosclerotic lesion of coronary artery (A, B,
C) and aorta (D, E, I) at each pathological stage.
Collagen fibers are stained red. Numbers in the right
upper corner represent magnifications.
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invaded the microvessels generated by neovascu-
larization.

Proliferation and apoptosis of cells during
progression of atherosclerosis

Figure 4 shows immunohistochemical stain-
ing of cells stained with anti-PCNA antibody. In
early stage lesions, few PCNA-positive cells were
found only in the superficial layer of the thickened
intima layer of coronary arteries. However, these
cells were observed throughout the entire intima
layer of early-stage aortic lesions. In transitional
to advanced stage atherosclerosis, PCNA-positive
cells were also detected in the inner layer that
contained foamy cells in coronary artery lesions,
while large numbers of VSMCs and macrophages
present throughout the whole layer of aortic
lesions were stained with anti-PCNA antibody.

Figure 5 shows apoptotic cells stained by the
TUNEL method at each stage in aortic lesions.
TUNEL-positive cells gradually increased during
the progression of atherosclerotic aortic lesions
and were identified as both VSMCs and macro-
phages. In contrast, few TUNEL-positive cells
were identified in coronary artery lesions at all
stages of atherosclerosis.

Change in collagen fibers

The number of collagen fibers stained by elas-
tica van Gieson increased with the progression of
atherosclerosis in both coronary artery and aortic
lesions. Comparison between the coronary artery
and aortic lesions shows that number of collagen
fibers was higher in coronary artery than in aortic
lesions at early and transitional stages of athero-
sclerosis (Fig. 6).

The distribution of collagen isoforms type I and
type III was similar (Fig. 7, Fig. 8). Both types
were observed in early stage lesions in both the
coronary arteries and aorta, and were distributed
throughout the proliferated intima. In advanced
stage lesions, they were mainly located in the
superficial to intermediate layers of the prolifer-
ated intima, and there was no difference in their
distribution pattern in the coronary artery and
aortic lesions.

Type IV collagen was generally observed in the
extracellular space of the media in intact vessels.
In atherosclerotic lesions, type IV collagen was
also distributed widely in the proliferated intima
throughout the different stages of atherosclerosis
in both coronary artery and aortic lesions (Fig.
9). The amount of collagen fiber was larger in the
intima than in the media and the distribution was
not different between coronary artery and aortic
lesions irrespective of the stage of atherosclerosis.

Type V collagen was expressed a little later
than other collagen fibers (Fig. 10). In early-stage
atherosclerosis, a few type V collagen fibers were
identified in the superficial layer only of prolifer-

ated intima. With the progression of atherosclero-
sis, the expression of this collagen type increased
to the whole layer of the intima, but the expres-
sion was weaker than that of other collagens. The
distribution was not different between coronary
artery and aortic lesions.

Expression of type VI collagen also appeared
also later than type I, III and IV collagen fibers
(Fig. 11). No expression was observed at the early
stage, whereas, at the transitional to advanced
stage, the expression was limited to the internal
lamina of the proliferated intima. The distribution
of type VI collagen was similar in both coronary
artery and aortic lesions.

Quantitation of macrophages, VSMCs, collagen
fibers and extracellular deposits during different
stages of atherosclerosis

Figure 12 shows quantitative analysis of the
area of macrophages, VSMCs, collagen and extra-
cellular deposits relative to intimal thickening
during different stages in coronary artery and
aortic atherosclerotic lesions. In coronary lesions,
VSMCs and collagen formed significant areas of
the intima in early-stage atherosclerosis. However,
progression of atherosclerosis from the transition-
al to advanced stages was associated with a reduc-
tion of VSMCs while the relative area of collagen
fibers remained stable.

Macrophages were not prevalent during the
different stages of atherosclerosis in coronary
arteries. In contrast to coronary artery lesions,
macrophages occupied most of the intima in aor-
tic lesions, but became fewer with the progression
of atherosclerosis. In contrast, the relative area of
collagen fibers gradually increased with the pro-
gression of atherosclerosis, whereas the content
of VSMCs remained similar at different stages of
atherosclerosis. The proportional area of extracel-
lular deposits, including lipid and calcification,
increased with the progression of atherosclerosis
in both coronary artery and aortic lesions. At the
advanced stage of atherosclerosis, the relative
areas of macrophages, VSMCs, collagen fibers and
extracellular deposits were identical in coronary
artery and aortic lesions.

DISCUSSION

The WHHL rabbit is generally used as a model
of familial hypercholesterolemia and for the inves-
tigation of atherosclerosis®26:27, It is also suitable
as an experimental model to investigate the ath-
erosclerotic process in the aorta because almost
all rabbits develop atherosclerosis of the aorta at
3 months after birth?227, Although several inves-
tigators have described the atherosclerotic chang-
es in the aorta of the WHHL rabbit, only a few
reports have investigated atherosclerosis in the
coronary artery of these rabbits??. This is proba-
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Fig. 12, Relative content of macrophages (mg), VSMCs
(smc), collagen fibers (collagen) and extracellular
matrix deposit (ECD) containing calcification and lipid
core in intimal thickness.

Calculation of the ratio is described in Materials and
Methods. * indicates a significant difference (p<0.05)
between aorta and coronary artery, and § between the
stages (p<0.05).

bly due to the belief that coronary heart disease is
rare in WHHL rabbits. However, it is important to
investigate the pathological changes in coronary
arteries of WHHL rabbits to determine whether
the pathogenesis of atherosclerosis in coronary
arteries is different from that in the aorta. In the
present study, we examined simultaneous patho-
logical changes, including changes in collagen
fiber composition, in atherosclerotic lesions in
both the aorta and coronary arteries at the early,
transitional and advanced stages.

Our results showed that the process of ath-
erosclerosis is quite different between the aorta
and coronary arteries of WHHL rabbits. In the
coronary artery, proliferation of VSMCs and accu-
mulation of collagen fibers (which might be gen-
erated from differentiated and migrated VSMCs)
were predominant events from the early stage of
atherosclerosis. In comparison, only few macro-

phages were observed at the early stage of athero-
sclerosis in the coronary artery lesions. With the
progression of atherosclerotic lesions, the num-
ber of VSMCs gradually decreased, while apop-
totic cells were widely observed, suggesting that
the decrease in VSMCs in the transitional and
advanced stages was due to apoptosis of these
cells. The content of collagen fibers in the coronary
artery lesions did not change during the different
stages of atherosclerosis despite the apoptosis of
VSMCs. These results suggest that the collagen
fibers produced by VSMCs at the early stage are
retained without any degradation in the late stag-
es of atherosclerosis.

The pathological data of the aorta in the pres-
ent study is consistent with the mechanism of
atherosclerosis as a response to injury urgued by
Ross?9, but those of coronary artery do not accord
with the hypothesis. Siomi et al pointed out in
their report that the pathogenesis of atherosclero-
sis in WHHL rabbits was quite different between
the aorta and coronary artery?>2%, This might be
the result of the different histological construction
of the vessels. It is also reported that the pathol-
ogy of atherosclerosis in human coronary artery is
characterized by intimal thickening rather than
the lipid deposits which are usually observed
in the aortic lesion, and that the arteriosclerotic
lesion is mostly occupied by VSMCs in coronary
artery and by macrophages in aortal®,

Six types of collagen fibers, type I, III, IV, V, VI,
and VIII, are distributed in the human arterial
wall, and constitute 20% of the dried weight of
large arteries and in 40% of middle to small arter-
ies?. Morton and Burleigh et al reported that the
ratio of type I to type III collagen fibers was about
3 to 1 in both media of normal aorta and intima of
atherosclerotic lesions618, In the present study,
more type I and III collagen fibers were distrib-
uted in the thickening intima than in the media
of the coronary artery lesion, and the expressions
were maintained during the stages. Furthermore,
it was observed that expressions of type IV, V and
VI collagen gradually increased with the progres-
sion in arteriosclerosis, and that type V collagen
was expressed in the superficial layer of the lesion
and type VI in the profound. These data suggest-
ed that the expression pattern of collagen fibers
might be related to the pathogenesis of progres-
sion in atherosclerosis!:15:16.19) Ross et al demon-
strated that type VI collagen was distributed in
plunged lesions, suggesting that type VI collagen
might serve as a protector against blood flow pres-
sure?D, In the present study, the expression of type
VI collagen was observed in the profound lesion
of thickening intima of coronary artery. Type VI
collagen might be generated to maintain the pro-
found structure which becomes fragile with the
progression in atherosclerosis1%1224, In contrast,
type V and VI collagens were observed less in aor-
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tic lesions, although type I and III collagens were
expressed at similar stages to coronary artery.
Although the functions of collagen fibers are
unclear in each lesion, the different distribution
in collagen fibers may reflect the different patho-
genesis of progression in atherosclerosis between
coronary artery and aorta.

It is generally demonstrated that apoptotic cells
are more common in atherosclerotic lesions than
in normal vessels during all stages of the progres-
sion of atherosclerosis”™, and that the expression
of apoptosis-related signals such as Fas, Bcl-2,
Bax and p53 is more elevated in atherosclerotic
lesions in comparison with normal vessels?1425). Tt
is also reported that VSMCs in coronary athero-
sclerotic lesions are more sensitive to the induc-
tion of apoptosis than those in normal arterial
wall?. In the present study, TUNEL positive cells
were found in the lesions of both coronary artery
and aorta together with a proliferation of VSMCs
and macrophages during the study period. These
data suggest that the apoptosis of VSMCs and
macrophages may be a protective response to
cell migration and proliferation during progres-
sion in atherosclerosis. It has been demonstrated
that unstable plaque in which the fibrous cap
constructed by proliferated VSMCs and collagen
fibers is fragile and may give rise to an acute coro-
nary event®, Therefore, excretion of matrix metal-
loproteinase from foam cells and apoptosis of
VSMCs might negatively contribute to the stabili-
zation of atherosclerotic plaque, leading to plaque
rupture®17.29, Although the relationship between
apoptotic cells and stabilization of atherosclerotic
plaque was unclear in the present study, apopto-
sis of the VSMCs and macrophages found during
the study period may be an inhibitory response to
proliferation of the cells.

In summary, we demonstrated the different dis-
tribution of macrophages, VSMCs, apoptotic cells
and collagen fibers in atherosclerotic lesions of the
aorta and coronary artery in WHHL rabbits. This
difference in distribution is attributed to func-
tional disparities of endothelial cells and VSMCs
between the aorta and coronary artery. Although
rabbits and humans are different species, the
present data may be useful for understanding the
atherosclerotic lesions of the aorta and coronary
artery in patients with familial hypercholesterol-
emia.

(Received December 19, 2007)
(Accepted February 14, 2008)

REFERENCES

1. Aikawa, M., Rabkin, E., Okada, Y., Voglic, S.J.,
Clinton, S.K., Brinckerhoff, C.E., Sukhova, G.K.
and Libby, P. 1998. Lipid lowering by diet reduces
matrix metalloproteinase activity and increases col-

10.

11.

12,

13.

14.

15.

16.

lagen content of rabbit atheroma. Circulation 97:
2433-2444.

. Barnes, M.J. 1985. Collagens in atherosclerosis.

Collagen Rel. Res. 5: 65-97.

. Benett, M.R., Littlewood, T.D., Schwartz, S.M.

and Weissberg, P.L. 1997. Increased sensitivity of
human vascular smooth muscle cells from athero-
sclerotic plaques to p53-mediated apoptosis. Circ.
Res. 181: 591-599.

. Burleigh, M.C,, Briggs, A.D., Lendon, C.L., Davies,

M.J.,, Born, G.VR. and Richardson, P.D. 1992.
Collagen type I and III, collagen content, GAGs
and mechanical strength of human atherosclerotic

plaque caps: span-wise variations. Atherosclerosis
96: 71-81.

. Davies, M.J. 1996. Stability and instability: two

faces of coronary atherosclerosis. The Paul Dudley
white lecture 1995, Circulation 94: 2013-2020

. Fleischmajer, R., MacDonald, E.D., Perlish, J.S.,

Burgeson, R.E. and Fisher, L.W. 1990. Dermal
collagen fibrils are hybrids of type I and type III col-
lagen molecules. J. Struct. Biol. 105: 162-169.

. Geng, Y.J. and Libby, P. 1995. Evidence for apop-

tosis in advanced human atheroma. Colocalization
with interleukin-15 -converting enzyme. Am. J.
Pathol. 147: 251-226.

. Goldstein, J.L., Kita, T. and Brown, M.S. 1983.

Defective lipoprotein receptors and atherosclerosis.
N. Engl. J. Med. 309: 288-296.

. Harada, K., Chen, Z., Ishibashi, S., Osuga, J.,,

Yagyu, H., Ohashi, K., Yahagi, N., Shionori, F.,
Sun, L., Yazaki, Y. and Yamada, N. 1997. Apoptotic
cell death in atherosclerotic plaques of hyperlipid-
emic knockout mice. Atherosclerosis 135: 235-239.
Henney, A.M., Wakeley, P.R., Davies, M.dJ., Foster,
K., Hembry, R., Murphy, G. and Humphries, S.
1991. Localization of stromelysin gene expression
in atherosclerotic plaques by in situ hybridization.
Proc. Natl. Acad. Sci. USA 88: 8154-8158.

Katsuda, S., Okada, Y., Minamoto, T., Oda, Y.,
Matsui, Y. and Nakanishi, I. 1992, Collagens in
human atherosclerosis.Immunohistochemical analysis
using Collagen type-specific antibodies. Atheroscler.
Thromb. 12: 494-502.

Kielty, C.M., Lees, M., Shuttleworth, C.A. and
Woolley, D. 1993. Catabolism of intact type VI col-
lagen microfibrils: Susceptibility to degradation by
serine proteinases. Biochem. Biophys. Res. Commun.
191: 1230-1236.

Klurfeld, D.M. 1985. Identification of foam cells
in human atherosclerotic lesions as macrophages
using monoclonal antibodies. Arch. Pathol. Lab.
Med. 109: 445-449.

Kockx, M.M., De Meyer, R.Y., Muhring, J., Jacob,
W., Bult, H. and Herman, G. 1998. Apoptosis and
related proteins in different stages of human ath-
erosclerotic plaques. Circulation 97: 2307-2315.
Linsenmayer, T.F., Gibney, E., Igoe, F., Gordon,
M.K,, Fitch, J.M., Fessler, L.I. and Birk, D.E. 1993.
Type V collagen: Molecular structure and fibril-
lar organization of the chicken al(v)NH2-terminal
domain, a putative regulator of corneal fibrinogen-
esis. J. Cell Biol. 121: 1181-1189.

McCullagh, K.C. and Ehrhart, L.A. 1974. Increased
arterial collagen synthesis in experimental canine



60

17.

18.

19.

20.

21.

22.

H. Ohtani et al

atherosclerosis. Atherosclerosis 19: 13-28.

Moreno, P.R,, Falk, E., Palacios, LF., Newell, J.B.,
Fuster, V. and Fallon, J.T. 1994. Macrophage infil-
tration in acute coronary syndromes, implications
for plaque rupture. Circulation 90: 775-778.
Morton, L.F. and Barnes, M.J. 1984. Collagen
polymorphism in the normal diseased blood ves-
sel wall. Investigation of collagens type I, III and V.
Atherosclerosis 42: 41-51.

Ooshima, A. 1981. Collagen aB chain: Increased
proportion in human atherosclerosis. Science 213:
666-668.

Ross, R. 1993. The pathogenesis of atherosclerosis:
a perspective for the 1990s. Nature 362: 801-809.
Ross, R., Wight, T.N., Strandness, E. and Thiele,
B. 1984. Human atherosclerosis. Cell constitution
and characteristics of advanced lesions of the super-
ficial femoral artery. Am. J. Pathol. 144: 79-93.
Shiomi, M., Ito, T., Shiraishi, M. and Watanabe,
Y. 1992. Inheritability of atherosclerosis and the
role of lipoproteins as risk factors in the develop-
ment of atherosclerosis in WHHL rabbits: Risk

23.

24.

25.

26.

27.

factors related to coronary atherosclerosis are dif-
ferent from those related to aortic atherosclerosis.
Atherosclerosis 96: 43-52.

Shiomi, M., Ito, T., Tsukada, T., Yata, T. and Ueda,
M. 1994. Cell composition of coronary and aor-
tic atherosclerotic lesions in WHHL rabbits differ.
Arterioscler. Thromb. 14: 931-937.

Stallcup, W.B., Dahilin, K. and Herly, P. 1990.
Interaction of the NG2 chondroitin sulfate proteo-
glycan with type VI collagen. J. Cell Biol. 111: 3177-
3188.

Takemura, G. 1996. Ultrastructure of apoptosis of
smooth muscle cells. Circulation 94: 1787-1788.
Tanzawa, K., Shimada, Y., Kuroda, M., Tsujita,
Y., Arai, M. and Watanabe, H. 1980. WHHL rab-
bit: a low density lipoprotein receptor-deficient ani-
mal model for familial hypercholesterolemia. FEBS
Lett. 118: 81-84.

Watanabe, Y. 1980. Serial inbreeding of rabbit
with hereditary hyperlipidemia (WHHL-Rabbit).
Atherosclerosis 36: 261-268.





