
Summary. Expansive vascular remodeling is considered
a feature of vulnerable plaques. Although inflammation
is upregulated in the media and adventitia of
atherosclerotic lesions, its contribution to expansive
remodeling is unclear. We investigated this issue in
injured femoral arteries of normo- and hyperlipidemic
rabbits fed with a conventional (CD group; n=20) or a
0.5% cholesterol (ChD group; n=20) diet. Four weeks
after balloon injury of the femoral arteries, we examined
vascular wall alterations, localization of macrophages
and matrix metalloproteases (MMP)-1, -2, -9, and
extracellular matrix. Neointimal formation with luminal
stenosis was evident in both groups, while expansive
remodeling was observed only in the ChD group. Areas
immunopositive for macrophages, MMP-1, -2 and -9
were larger not only in the neointima, but also in the
media and/or adventitia in the injured arterial walls of
the ChD, than in the CD group. Areas containing smooth
muscle cells (SMCs), elastin and collagen were smaller
in the injured arterial walls of the ChD group. MMP-1, 
-2 and -9 were mainly localized in infiltrating
macrophages. MMP-2 was also found in SMCs and
adventitial fibroblasts. Vasa vasorum density was
significantly increased in injured arteries of ChD group
than in those of CD group. These results suggest that
macrophages in the media and adventitia play an
important role in expansive atherosclerotic remodeling
via extracellular matrix degradation and SMC reduction. 
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Introduction

Plaque growth initially induces expansive
remodeling in coronary arteries. Although expansive
remodeling allows the preservation of blood flow, it is
currently considered a feature of vulnerable plaques
(Glagov et al., 1987; Varnava et al., 2002). Although the
prevalence and clinical presentation of expansively
remodeled lesions may differ among vascular beds, all
types of expansive atherosclerotic vessels have
inflammatory cells and subsequent protease activities
(Pasterkamp et al., 2004). Matrix metalloprotease
(MMP)s belong to a group of zinc- and calcium-
dependent proteases, and regulate not only matrix
turnover but also tissue remodeling, inflammation and
various other aspects of cell biology (Galis and Khatri,
2002). Areas immunostained for macrophages, MMP-1,
MMP-2 and MMP-9 tend to be more prevalent in
plaques of expansively, than constrictively remodeled
segments (Pasterkamp et al., 2000; Orbe et al., 2003).
Aikawa et al. (1998) clearly demonstrated an inverse
relationship between MMP expression by macrophages
and collagen content using balloon injured, high-
cholesterol fed rabbit. The results of one animal study
suggest that macrophages facilitate expansive arterial
remodeling through increased matrix degradation by
MMPs (Ivan et al., 2002).

Atherogenesis involves not only the intima but also
the media and adventitia. Features of expansively
remodeled arteries include medial atrophy and the
expansion of external elastic lamina (Clarkson et al.,
1994; Burke et al., 2002). Increasing evidence shows
that inflammation in the media and adventitia is
upregulated underneath advanced atherosclerotic
plaques, and closely associated with ischemic heart
disease (Kohchi et al., 1985; Moreno et al., 2002). These
findings suggest that medial and adventitial
inflammation plays a critical role in the remodeling of
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atherosclerotic vessels. However, its role is not
understood in detail. We investigated this issue in the
injured arteries of normo- and hyperlipidemic rabbits. 

Materials and methods

Experimental design

The Animal Care Committee of Miyazaki University
approved our animal research protocols. This
investigation also conformed to the Guide for the Care
and Use of Laboratory Animals published by the US
National Institutes of Health (1996). 

Forty male Japanese white rabbits weighing 2.5 to
3.0 kg were fed with a conventional diet (CD group;
n=20) or a 0.5% cholesterol diet ChD group; (n=20) for
1 week before and 4 weeks after balloon injury. All
surgical procedures proceeded under aseptic conditions
and general anesthesia was applied through an
intravenous injection of pentobarbital (25 mg/kg, body
weight). One week after starting the diets, an angioplasty
balloon catheter (2.5-mm diameter, 9-mm length;
QUANTUM, Boston Scientific, Galway, Ireland) was
inserted via the carotid artery into the left femoral
arteries under fluoroscopic guidance. The catheter was
inflated to 1.5 atm (balloon-to-artery ratio; 1.1:1 to
1.2:1) and retracted by 5 cm three times to denude the
endothelium (Yamashita et al., 2004). Immediately and 4
weeks after balloon injury, the femoral arteries were
imaged by conventional angiography, and the luminal
diameters were measured at the most stenotic portion.
Thirty minutes and 4 weeks after procedures, the rabbits
were injected with heparin (500 U/kg, i.v.) and then
killed with an overdose of pentobarbital (60 mg/kg, i.v.)
5 minutes later. The animals were perfused with 50 ml of
0.01 mol/L phosphate buffered saline and then
perfusion-fixed with 4% paraformaldehyde for
histological and immunohistochemical evaluation. 

Serum lipid marker sampling and analysis

Blood samples were collected from the peripheral
ear arteries of the rabbits after a 12-h fast and before
starting the cholesterol diet, and again 4 weeks after
injury. Serum total cholesterol (TC) and triglyceride
(TG) levels were measured using the Eiken T-CHO
(Eiken Kagaku, Tokyo, Japan) and Triglyceride G test
(Wako Chemical, Osaka, Japan) kits, respectively. 

Light microscopy and immunohistochemistry

The femoral arteries were fixed in 4%
paraformaldehyde for 24 hours at 4°C, cut into 3
sections, and embedded in paraffin. Sections (3 µm
thick) were morphologically evaluated by staining with
hematoxylin and eosin/Victoria blue dye. Collagen or
elastin density was determined by staining with Sirius
red or Victoria blue, respectively (Wohlrab, 1991;
Nakamura et al., 2004). The serial sections were
immunohistochemically examined using the following

primary antibodies: mouse monoclonal anti-smooth
muscle actin (HHF35, Dako, Glostrup, Denmark),
mouse monoclonal anti-macrophage (RAM11, Dako),
mouse monoclonal anti-MMP-1 (DAIICHI FINE
CHEMICAL, Takaoka, Japan), mouse monoclonal anti-
MMP-2 (DAIICHI FINE CHEMICAL, Takaoka, Japan),
mouse monoclonal anti-MMP-9 (DAIICHI FINE
CHEMICAL), and goat anti-von Willebrand factor
(VWF) (Santa Cruz Biotechnology, Santa Cruz, CA), an
endothelial marker. The sections were stained with
Envision (Dako) or donkey anti-goat IgG secondary
antibody (Jackson ImmunoResearch, Baltimore, MA).
The activity of horseradish peroxidase was visualized
using 3,3’-diaminobenzidine tetrahydrochloride, and the
sections were faintly counterstained with Meyer's
hematoxylin. Immunostaining controls included non-
immune mouse IgG1 or goat serum instead of the
primary antibodies. Lumen (µm2), intimal, internal
elastic lamina (IEL), and external elastic lamina (EEL)
areas (µm2) were measured at the most stenotic section
using an image-analysis system (Axio Vision 2.05, Carl
Zeiss, Munich, Germany). IEL and EEL areas were
defined as inside areas of IEL and EEL. Vasa vasorum
densities in rabbit femoral arteries before and 4 weeks
after balloon injury were expressed as the numbers of
VWF immunopositive lumen per 10,000 mm2. Areas of
collagen, elastin, and positive immunostaining in the
intima, media, and adventitia were analyzed using a
color imaging morphometry system (Win Roof, Mitani,
Fukui, Japan). Briefly, the commands for the extraction
of specified colors were used to extract the Sirius red
positive, Victoria blue positive, or immunopositive
areas. Extraction of each color was carried out using
specific protocols based on the hue, lightness, saturation
(HLS) color parameters. Data were expressed as
percentage of the Sirius red positive, Victoria blue
positive, or immunopositive areas in corresponding areas
(Yamashita et al., 2006). Adventitia was defined as
fibrous connective tissue outside the EEL. Two
investigators (K. S. and M. T.) who were blinded to the
treatment assignments performed the morphological
analyses.

Zymographic MMP activity

Zymographic MMP activities were determined as
described (Tsuruda et al., 2002). Non-fixed femoral
arteries from both groups 4 weeks after balloon injury
were homogenized in protein lysis buffer with proteinase
inhibitor cocktail (Sigma, Saint Louis, MO, USA).
Homogenate (50 mg protein) concentrated by filter
centrifugation (Microcon, Millipore, Bedford, MA,
USA), was mixed with Laemmli sample buffer (Bio-
Rad, Hercules, CA, USA) for 10 minutes at room
temperature. These samples were then loaded onto 10%
Tris-glycine gels with 0.1% gelatin. The gels were
stained with 0.5% (w/v) Coomassie Brilliant Blue (Bio-
Rad) and destained with Coomassie R-250 destaining
solution and then zymographic MMP abundance was
densitometrically analyzed (ChemiDoc XRS, Bio-Rad).
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We confirmed that the lytic banding represented Ca2+-
dependent MMP abundance by soaking a separate set of
gels in developing buffer containing 20 mmol/L
ethylenediaminetetraacetic acid, a Ca2+ chelator (data
not shown).

Statistical analysis

All data are presented as median and range or
interquartile range. Differences for individual groups
were tested using the U-test of Mann-Whitney
(StatView; SAS Institute Inc., Berkeley, CA, USA). A P
value less than 0.05 was considered statistically
significant (n indicates the number of animals). 

Results

Serum concentrations of TC and TG

The serum concentration of TC was significantly
higher in ChD, than in CD rabbits (madian; 677 mg/dl,

range; 510-887 mg/dl vs. 51 mg/dl, 21-96 mg/dl,
p<0.001; n=8). The serum TG level was significantly
higher in the ChD than the CD rabbits (median; 272
mg/dl, range; 129-375 mg/dl vs. 34 mg/dl, 3-101 mg/dl,
p<0.001; n=8). The weight of both groups of rabbits 4
weeks after balloon injury did not differ (CD vs. ChD
groups: median; 3.7 kg, range; 3.0-4.0 kg vs. 3.5 kg ,
3.0-4.2 kg, p=0.37; n=8). 

Luminal stenosis 4 weeks after balloon injury

Conventional angiograms of the femoral arteries
obtained 4 weeks after balloon injury (left femoral
artery) revealed luminal stenosis in both groups of
rabbits (Fig. 1A-C). However, the degree of luminal
stenosis in the injured arteries was significantly smaller
in ChD than in CD rabbits (Fig. 1C). 

Morphological characteristics 

Figure 2 shows the histological characteristics of
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Fig. 1. Representative angiograms of rabbit femoral arteries.
Angiograms of CD (A) and ChD (B) rabbits. Injured femoral arteries
(right) of both groups show luminal narrowing (arrows) compared
with uninjured arteries. Luminal diameters of arteries before (open
box), as well as 30 minutes (thin dotted box) and 4 weeks (dense
dotted box) after balloon injury (C). (n=8 each; *p<0.001 and
†p<0.05, respectively). Data are given as median (horizontal bar),
quartile range (boxes), and 90th percentile (error bar).



uninjured and injured femoral arteries. Neointimal
formation with luminal stenosis was obvious in the
injured arteries of both groups. The IEL and EEL areas
of injured arteries in the ChD group were significantly
larger at 4 weeks, than at 30 minutes after balloon injury
whereas those of CD group did not significantly differ.
Four weeks after balloon injury, the areas of the lumen,
intima, IEL and EEL were significantly larger in the
ChD, than in the CD group. More IEL were disrupted

per cross-section in the ChD, than in the CD group
(median; 2, range; 0-5 vs. 0, 0-1 p<0.01; n=8). 

Zymographic MMP-2 and MMP-9 activity in injured
arteries

Lytic bands appeared at a molecular mass
corresponding to each of MMP-2 (72 and 68 kDa) and
MMP-9 (83 and 92 kDa) (Fig. 3A). The abundance of
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Fig. 2. Representative microphotographs and histological parameters of rabbit femoral artery. Injured arteries (right) show luminal narrowing by
neointimal formation compared with uninjured arteries (left). Injured artery in ChD rabbits shows more intimal formation, IEL disruption (arrows), and
expansive remodeling. Luminal, intimal, IEL and EEL areas of femoral arteries before (open box), 30 minutes (thin dotted box) and 4 weeks (dense
dotted box) after balloon injury (n=8 each; *p<0.001, †p<0.05 and ‡p<0.01, respectively). Data are given as median (horizontal bar), quartile range
(boxes), and 90th percentile (error bar).



zymographic MMP-2 and MMP-9 in injured arteries was
significantly increased in ChD rabbits compared with the
CD group (Fig. 3B). 

Localization of macrophages, MMP-1, MMP-2 and MMP-
9 in injured arteries

Figure 4 shows the areas that were immunopositive
for smooth muscle cells (SMCs), macrophages, MMP-1,
MMP-2 and MMP-9 in arteries 4 weeks after balloon
injury. The neointima and media of the injured femoral
artery in the CD group was diffusely immunopositive for
SMC, and immunoreactivity for macrophages, MMP-1,
MMP-2, and MMP-9 was slight or mottled. In contrast,
the whole wall of the injured femoral artery in the ChD
group was more immunopositive for macrophages and
less so for SMCs. MMP-1, MMP-2, and MMP-9 were
mainly localized in macrophages (Fig. 4A), whereas
some of SMCs and adventitial fibroblasts were positive
for MMP-2 (Fig. 4B). The areas that were positive for
macrophages, MMP-1, MMP-2 and MMP-9 were
significantly larger in the ChD, than in the CD group,
except for MMP-1, MMP-2 in the adventitia. Replacing
primary antibodies with non-immune mouse IgG1
resulted in no immunoreaction (data not shown).

Matrix density in injured femoral artery

Figure 5 shows representative images of arteries
stained with Sirius-Red (Fig. 5A-D) and Victoria blue
(Fig. 5E-F) as well as the density of the extracellular
matrix. Sirius-Red staining detected significantly less
collagen density in the media and adventitia (Fig. 5G) in
the ChD, than in the CD groups of rabbits. Victoria blue
staining detected significantly less elastin density in the
neointima and media of rabbits in the ChD, than in the C
group (Fig. 5H). 

Vaso vasorum density in injured femoral artery

Figure 6 shows representative immunohistochemical
microphotographs and vaso vasorum density in injured
femoral arteries. Immunohistochemistry for VWF
revealed vaso vasorum in CD group (A) and ChD group
(B). Vasa vasorum density was significantly increased in
injured femoral arteries of ChD group than those in
injured femoral arteries of CD group (C). Replacing
primary antibodies with non-immune goat serum
resulted in no immunoreaction (data not shown). 

Discussion

The present results showed that the femoral arteries
of hypercholesterolemic rabbits 4 weeks after balloon
injury became expansively remodeled, suggesting that
infiltrating macrophages, MMP-1, MMP-2 and MMP-9
played a significant role in this process not only in the
intima but also in the media and adventitia. 

Expansive arterial remodeling is considered a natural
response that compensates for plaque formation and it is
initially beneficial as it preserves the lumen. However,
increasing experimental and clinical evidence has
revealed that such remodeling would ultimately increase
the likelihood of plaque instability and rupture
(Schoenhagen et al., 2000). Therefore, the underlying
mechanisms of expansive remodeling should be
understood. Since medial SMCs, elastic fibers and
interstitial collagens in the media and adventitia
determine much of the structural integrity and stability
of arteries, the excessive loss of medial SMCs and
extracellular matrix from the media and adventitia is
considered to significantly contribute to expansive
remodeling (Pasterkamp et al., 2004). Although their
triggers and clinical presentation may differ,
inflammatory responses are prevalent in expansive
remodeling as well as aneurysm formation (Freestone et
al., 1997; Pasterkamp et al., 2000). The obvious
inflammatory infiltrates as well as decreased amounts of
collagen and SMCs in the caps and shoulders of
atheromas that are hallmarks of plaque instability, are
associated with expansive remodeling (Pasterkamp et al.,
1998). The present study found more neointimal
formation with luminal stenosis, and more significant
expansion of IEL and EEL in the femoral arteries 4
weeks after balloon injury in the ChD, than in the CD
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Fig. 3. Representative zymographic MMP abundance and densitometric
findings of femoral arteries 4 weeks after balloon injury. A. Zymogram
showing gelatinase activity in homogenates (50 µg protein); rMMP2,
recombinant MMP-2; rMMP9, recombinant MMP-9. B. Densitometric
findings of MMP-2 and MMP-9 abundance in 50 µg protein (n=4 per
group; *p<0.05). Data are given as median (horizontal bar), quartile
range (boxes), and 90th percentile (error bar).
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Fig. 4. Representative immunohistomicrographs and immunopositive areas in femoral arteries 4 weeks after balloon injury. Injured femoral artery of CD
rabbit: diffuse SMC immunoreactivity in neointima and media, and slight or spotty immunoreactivity for macrophages, MMP-1, MMP-2 and MMP-9.
Injured femoral artery of ChD rabbit: closely localized macrophage, MMP-1, MMP-2 and MMP-9 in whole wall (A). M, media; Ad, adventitia. Adventitial
fibroblasts and SMCs are also positive for MMP-2 (B). M, media; Ad, adventitia. C. Areas immunopositive (%) for smooth muscle cells, macrophages,
MMP-1, MMP-2 and MMP-9 in rabbit femoral arteries of CD group (open box) or ChD group (dotted box) 4 weeks after balloon injury (n=8 per group;
*p<0.01, †p<0.001 and ‡p<0.05, respectively). Data are given as median (horizontal bar), quartile range (boxes), and 90th percentile (error bar).



group. The expanded arteries had more macrophage
infiltrate, MMP-1, MMP-2 and MMP-9 in the wall, not
only in the neointima, but also in the media and/or
adventitia. These findings are compatible with those of
human atherosclerotic vessels with expansive
remodeling (Galis and Khatri, 2002; Pasterkamp et al.,
2004). 

Inflammation is upregulated in the medial and
adventitial regions of advanced atherosclerotic lesions as
well as in the intima (Kohchi et al., 1985; Burke et al.,
2002; Moreno et al., 2002). Both macrophages and
MMP expression have been associated with the
expansive enlargement of atherosclerotic arteries. In this
study, medial and adventitial macrophages were
increased concomitant with MMP activation as well as
decreased collagen and elastin density in the injured
femoral arteries of the ChD group. The close localization
of macrophages, MMP-1, MMP-2 and MMP-9
immunoreactivity suggests that the medial and

adventitial macrophages contribute to expansive
remodeling through extracellular matrix degradation. In
addition to macrophages, SMCs and fibroblasts of the
injured vessels in the ChD group tended to be more
immunopositive for MMP-2. One report indicates that
some cytokines released from monocytes induce SMCs
to secrete MMP (Lee et al., 1995). These findings imply
that interactions among monocytes, SMCs and
fibroblasts promote MMP production, and that
macrophages and MMPs expressed not only in the
neointima, but also in the media and adventitia, affect
expansive remodeling by modulating such intercellular
interaction. 

Although both MMP-2 and MMP-9 share substrates,
their effects are not always identical during the
remodeling process. Animal studies have revealed that a
deficiency of MMP-2 reduces SMC migration and
inhibits neointimal formation, and that the absence of
MMP-9 protects against atherosclerotic plaque
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Fig. 5. Representative staining and density of matrix in rabbit femoral arteries 4 weeks after balloon injury. Injured femoral arteries were stained with
Sirius red (A-D) and Victoria blue (E, F). Intense refraction under polarized light in adventitia of injured femoral artery from CD rabbits (C), and less
collagen density in ChD group (D). Elastin is less dense and IEL is more disrupted (arrow) in injured femoral artery of ChD rabbits (F). G. Sirius red
stained areas (%) in CD (open box) and ChD (dotted box) groups (n=8 per group; *p<0.01 and †p<0.001, respectively). H. Victoria blue stained area
(%) in CD (open box) and ChD (dotted box) groups (n=8 per group; *p<0.05 and †p<0.001, respectively). Data are given as median (horizontal bar),
quartile range (boxes), and 90th percentile (error bar).



formation, medial destruction and ectasia (Kuzuya et al.,
2003; Lutten et al., 2004), whereas MMP-9 over-
expression affects vessel diameter (Mason et al., 1999).
The expression and activation of MMP-2 and MMP-9 is
increased during flow-induced arterial remodeling
(Karwowski et al., 1999; Tronc et al., 2000). These
findings suggest that the contributions of medial and
adventitial MMP-2 and MMP-9 to expansive remodeling
overlap, but they are not identical. 

The roles of MMPs other than MMP-1, MMP-2 and
MMP-9 in vascular remodeling have been described
(Galis and Khatri, 2002). Our results might represent one
aspect of MMP involvement in positive remodeling.
Because of their enzymatic nature, areas immuno-
positive for MMPs do not necessarily mean that these

enzymes are active. All secreted MMP zymogens require
further proteolytic processing to exert matrix-degrading
potential. In fact, the collagen density of the neointima
of rabbits fed with dietary cholesterol tended to increase,
becoming even more immunopositive for MMPs.
However, the medial and adventitial localization of
MMPs with a concomitant decrease in matrix density
suggest that MMPs and inhibitors are unbalanced in the
media and adventitia of this model. 

It is generally considered that vasa vasorum plays an
important role in development and progression of
atherosclerotic lesions (Williams et al., 1988; Moreno et
al., 2004). Vaso vasorum density was significantly
increased in injured femoral arteries of ChD group than
those of CD group. Whether it is a cause and/or
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Fig. 6. Representative immunomicrophotographs for VWF (A
and B) and vasa vasorum density in femoral arteries 4 weeks
after balloon injury (C). M, media; Ad, adventitia. (n=8 per
group; *p<0.001). Data are given as median (horizontal bar),
quartile range (boxes), and 90th percentile (error bar). 



consequence remains still unclear. Vasa vasorum
enhanced the recruitment of macrophages in
atherosclerotic lesion (Moulton et al., 2003). Moreover,
activated macrophages can secrete inflammatory
cytokines, growth factors, and angiogenic stimuli, which
might enchance inflammatory response and development
of vasa vasorum (Ross 1999). Our results suggest that
vasa vasorum plays an important role in arterial
expansive remodeling as well as atherogenesis.

The amounts of medial and adventitial extracellular
matrix, collagen and elastin were decreased in
expansively remodeled rabbit femoral arteries. The
decreased collagen density in the arteries seems
questionable, because adventitial fibrosis is a consistent
feature of expansive positive remodeling such as that
associated with human abdominal aortic aneurysms
(AAA) (Freestone et al., 1995). Inflammatory cell
infiltration and MMP activity are more intense in AAA
than in the non-aneurysmal aorta (Lopez-Candales et al.,
1997). An adventitial response might differ between
aneurismal and non-aneurysmal vessels. Matrix turnover
and fibrosing processes might differ in the adventitia
between the human aorta and the rabbit femoral artery,
and anatomical differences (muscular vs. arterial
elasticity) might also exert an effect. 

There is a limitation in the present animal model.
Because the arterial lesions were induced by balloon
injury and cholesterol diet, the lesions are not always
identical to human atherosclerotic lesions. Moreover, the
hyperlipidemic state in blood does not always reflect that
of the arterial wall. To investigate the mechanisms of
vascular remodeling of atherosclerotic vessels, further
studies using animal models with more complicated
lesions are needed. 

In summary, the present findings suggest that
macrophages not in the intima, but in the media and
adventitia play an important role in expansive
atherosclerotic remodeling via matrix degradation and
SMC reduction. 
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