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Abstract Abstract Both smooth muscle cell migration and replication are known to be responsible for neointima
formation. Recent reports based on in vitro studies and animal models of neointima formation highlight the possible
importance of avb3 and avb5 integrins in mediating neointima formation. Clinical data suggest that specific avb3
blockade may limit restenosis. The aim of this study was to identify the expression of avb3 and avb5 and their ligand
osteopontin in the very early phases of neointima formation in a rabbit model. A non-occlusive cuff placed around the
rabbit femoral artery resulted in a complete, concentric neointima that formed by 14 days. Antibodies specific for the
integrin heterodimers and for osteopontin, along with a probe specific for osteopontin mRNA, were used to identify
expression at early time points (6 h, 1 day, 3 days, 5 days) post-cuffing. Immunohistochemistry and in situ hybridization
expression results were quantitated by image analysis and tested for statistical significance by a two-tailed t-test. The data
demonstrated the rapid (within 6 h) and abundant upregulation of avb3 and avb5 integrins and their ligand during very
early time points of neointima formation. The very early (6 h) upregulation of avb3 underscores a potentially important
clinical intervention point in limiting restenosis following clinical angioplasty procedures. J. Cell. Biochem. 75:492–
504, 1999. r 1999 Wiley-Liss, Inc.
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Neointima formation, a complex process in-
volving smooth muscle cell adhesion, migra-
tion, and proliferation, commonly occurs follow-
ing injury to blood vessels and is associated
with both atherosclerotic and restenotic vascu-
lar lesions. Approximately 30% of patients de-
velop significant coronary restenosis within 4
to 6 months of successful PTCA [Serruys et al.,
1988; Nobuyoshi et al., 1988]. Since the etio-
logic cellular mechanisms of human restenosis
are unknown, the area is the subject of intense
investigation. Cell culture studies focusing on
vascular smooth muscle cell (SMC) adhesion
and migration have implicated a critical role for
integrin heterodimers in mediating cell-matrix
interactions and smooth muscle cell migration
Brown et al., 1994; Jones et al., 1996; Liaw et
al., 1995a]. Osteopontin, a ligand for avb3, avb5,

and avb1, has been shown to specifically sup-
port SMC adhesion to all three integrins and to
mediate SMC migration specifically via the avb3
receptor [Liaw et al., 1995a]. In view of the
possible importance these cellular receptors
may have in pathological processes, recent ef-
forts have been directed towards examining in
vivo vascular expression and distribution of
integrins. avb3, avb5, and osteopontin are all
known to be expressed by vascular SMC [Liaw
et al., 1995a; Giachelli et al., 1995]. avb3 is
widely expressed throughout normal vascula-
ture [Corjay et al., 1996; Hoshiga et al., 1995].
In addition, avb3 is expressed in human athero-
sclerotic arteries [Hoshiga et al., 1995] and its
ligand osteopontin has been shown to be upreg-
ulated in human atherosclerotic and restenotic
lesions as well as in animal models of neo-
intima formation [Giachelli et al., 1993; O’Brien
et al., 1994; Hirota et al., 1993; Shanahan et al.,
1993].

The potential role of integrins in the process
of intimal thickening is suggested by clinical
pharmacological intervention studies. Data
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from the EPIC trial suggest that blockade of b3
activity, specifically aIIbb3 and avb3, signifi-
cantly reduces post-angioplasty restenosis [To-
pol et al., 1994]. Subsequent clinical studies
with antagonists specific for aIIbb3 failed to
limit restenosis, indicating that the therapeutic
effect of ReoPro may be due to specific avb3
blockade [Lincoff et al., 1995]. In addition, RGD-
antagonists have been shown to inhibit neo-
intima formation in rabbit and hamster injury
models [Choi et al., 1994; Matsuno et al., 1994].
Specific avb3 antagonists have been shown to
limit vascular neointima formation in porcine
and guinea pig injury models [Srivatsa et al.,
1997; Le Breton et al., 1996]. Neutralizing anti-
bodies to osteopontin have been shown to limit
neointimal thickening in rat carotid artery fol-
lowing balloon catheterization [Liaw et al.,
1997]. Taken together, these data underscore a
potential functional role for integrin and osteo-
pontin mediated cell adhesion and migration in
the neointima growth process.

The process of neointima formation has been
investigated using animal models employing
either intraluminal or perivascular injury to
blood vessels [De Meyer et al., 1991, 1997;
Kockx et al., 1992, 1993]. Previously published
reports have shown that placement of a noncon-
strictive, flexible cuff around the rabbit carotid
artery results in neointima formation. In this
model, a superficial injury is produced and char-
acterized by small foci of endothelial denuda-
tion at 6 h that is followed by complete re-
endothelialization by 24 h [Kockx et al., 1992,
1993]. It has been demonstrated that SMC rep-
lication in the media precedes neointimal forma-
tion at 2 weeks [Kockx et al., 1992]. This model
has been well characterized by histopathologic
methods, making it suitable for the study of
SMC replication, migration, and neointima for-
mation [Kockx et al., 1992, 1993]. The aim of
the present study was to investigate the spatial
and temporal regulation of avb3, avb5, and
osteopontin at early time points in a rabbit
perivascular injury model of neointima forma-
tion. A non-occlusive cuff was placed around the
rabbit femoral artery, which resulted in maxi-
mal SMC proliferation at 3 to 5 days post-
injury. A complete, concentric neointima formed
by 14 days. The data presented here demon-
strate a rapid (within 6 h post-cuffing) and
abundant upregulation of avb3 and avb5 inte-
grins and their ligand osteopontin. The upregu-
lation exhibits a specific temporal and spatial

expression pattern, suggesting that avb3 and
avb5 integrins and their ligand osteopontin
together may play a functional role in mediat-
ing SMC adhesion and migration leading to
neointima formation.

MATERIALS AND METHODS
Experimental Design

Male New Zealand rabbits (2.2 to 2.7 kg)
were anesthetized with Ketaminet (40 mg/kg
i.m.), Xylazinet (5 mg/kg i.m.) and isoflurane
maintenance. Femoral arteries were surgically
exposed using aseptic techniques and a nonoc-
clusive, flexible silicone cuff (Cole-Parmer, Ver-
non Hills, IL; 1 cm in length, 1.6 mm internal
diameter, 0.8 mm wall thickness) was placed
around the left femoral artery [Kockx et al.,
1992, 1993]. The centrally acting analgesic Nu-
baint (2 mg/kg, s.c.) was administered postop-
eratively. Five animals with uncuffed arteries
were evaluated for integrin and osteopontin
expression, and five animals were evaluated for
integrin and osteopontin expression at each of
the following time points after cuff placement: 6
h, 1 day, 3 days, and 5 days. At 2 weeks, five
animals were evaluated for neointima forma-
tion. Rabbits were anesthetized with Ketaminet

(80 mg/kg i.m.), Xylazinet (10 mg/kg i.m.), and
Nembutalt (20 mg/kg i.v.). The vasculature was
flushed with PBS prior to perfusion fixation
with 4% paraformaldehyde. The cuff was iso-
lated from the femoral artery, and the area of
the cuffed region was immersion fixed for 4 h in
4% paraformaldehyde, dehydrated, cleared, and
infiltrated with paraffin in a Tissue-Tek II auto-
matic tissue processor (Sakura Finetechnical,
Tokyo, Japan). Prior to tissue embedding, the
artery was transected at the center point of the
cuff. Sections (4 µM) were cut and mounted on
Superfrost Plus microscope slides (VWR Scien-
tific, Bridgeport, NJ). Animal studies were ap-
proved by the DuPont Pharmaceuticals Re-
search Laboratories Institutional Committee
for the Care and Use of Animals and the inves-
tigation conforms with the Guide for the Care
and Use of Laboratory Animals published by
the US National Institutes of Health (NIH pub-
lication No. 85–23, revised l996).

Paraffin-embedded human multi-tissue slides
were obtained from Dako Corporation (Carpin-
teria, CA).
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Fig. 1. Specificity of antibodies and in situ hybridization
probe. A: Rabbit kidney stained with anti-avb3 monoclonal
antibody (right) or with an isotype matched monoclonal control
antibody (left). B: Rabbit spleen stained with anti-avb5 mono-
clonal antibody (right) or with an isotype matched monoclonal
control antibody (left). C: Rabbit kidney stained with guinea pig
anti-osteopontin antiserum (right) or with antigen-depleted anti-

serum (left). D: Rabbit kidney hybridized with osteopontin
anti-sense probe (right) or with control sense probe (left). E:
Western blot of rabbit kidney extract run on a native gel and
probed with the anti-avb3 monoclonal, HB4; rabbit spleen
extract probed with the anti-avb5 monoclonal, P1F6; and rabbit
kidney extract probed with the polyclonal anti-osteopontin
serum.
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Western Blot Analysis

Excised tissue was rinsed in cold phosphate-
buffered saline, weighed and diced in phos-
phate buffered saline containing 100 mM
n-octylglucoside (Calbiochem, San Diego, CA),
5 mM PMSF, 10 mg/ml benzamidine, and 1 U/ml
aprotinin. Solubilization for 1 h at room tem-
perature was followed by freeze/thaw and cen-
trifugation at 14,000g at 4°C. Protein concentra-
tions of samples were determined using a micro-
BCA assay (Pierce Chemical Company,
Rockford, IL). Samples were diluted 1:2 in
Seprasol without b-mercaptoethanol (Inte-
grated Separations Systems, Natick, MA) and
750 µg total protein loaded per lane. Samples
were run on 10–18% gradient gels and trans-
ferred overnight onto PVDF membrane. Blots
were blocked with 0.5% I-block (Tropix, Bed-
ford, MA) and were subsequently incubated
with anti-avb3 monoclonal antibody, HB4 (15
µg/ml); anti-avb5 monoclonal antibody, P1F6
(15 µg/ml) or with anti-osteopontin antisera
(1:500) overnight at 4°C. Following washes in
Tris pH 7.4, containing 0.05% Tween 20, blots
were incubated with secondary antibody for 2 h
at room temperature. Blots were developed us-
ing CPD Star Chemiluminescence (Tropix). Ex-
posure was for 30 to 60 s.

Immunohistochemistry

The monoclonal antibody specific for the avb5
complex, clone P1F6, was purchased from Bec-

ton Dickinson (San Jose, CA) and used at 15
µg/ml [Smith et al., 1990]. Clone P1F6, raised
against human avb5, has been shown to cross-
react with rabbit avb5 [Friedlander et al., 1995].
However, the specificity of this reaction was
confirmed by Western blotting (Fig. 1E). Stain-
ing was demonstrated to be mediated by anti-
gen recognition, as incubation of a isotype
matched antibody that recognizes a protein nei-
ther expressed or inducible in mammalian cells,
demonstrated no staining (Fig. 1B). The mono-
clonal antibody HB4 was raised against the
avb3 integrin purified from human placental
tissue. This antibody was shown to recognize
the intact rabbit avb3 complex by Western blot
(Fig. 1E) and to inhibit osteopontin-mediated
migration of human smooth muscle cells [Wal-
ton et al., 1996]. In addition, HB4 was shown to
react with avb3 receptors on human 293 cells
transfected with an avb3 expressing construct,
whereas the avb3 negative parent cell line dem-
onstrated no reactivity with the antibody [Wal-
ton et al., 1996]. Both HB4 and the prototypical
avb3 antibody LM609 (Chemicon, Temecula,
CA) were shown to have the identical, previ-
ously reported characteristic staining pattern
on rabbit kidney (Fig. 1A) [Rabb et al., 1996].
HB4 was diluted to an optimum concentration
of 1.25 µg/ml and LM609 was used at 15 µg/ml.
Serial sections of rabbit femoral artery were
immunostained with both avb3 specific antibod-
ies, yielding identical results. A polyclonal anti-
body was raised in guinea pig against human
osteopontin and was delipidated and filter ster-
ilized before immunostaining.Antibody specific-
ity for osteopontin was demonstrated by West-
ern blotting (Fig. 1E) and by affinity depletion
of osteopontin-specific antibodies from the poly-
clonal antisera, which effectively eliminated
staining (Fig. 1C). When diluted 1/1,000, the
osteopontin polyclonal antibody demonstrated
specificity for osteopontin present on luminal
epithelial surfaces in human tissues and rabbit
kidney [Brown et al., 1992; Lopez et al., 1993].
Controls were diluted to the same concentra-
tion as the corresponding primary antibodies
and included IgG isotype clone DAK-GO1(IgG1,
Dako) for the monoclonal antibodies and pre-
immune sera for the polyclonal antibody. The
study was designed such that serial sections
were evaluated with each specific antibody and
its corresponding control, with each done in
triplicate. In addition, adjacent sections were

E

Figure 1. (Continued.)
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used to compare integrin and osteopontin ex-
pression.

Immunostaining was performed by an indi-
rect peroxidase antibody conjugate method us-
ing the Vectastain ABC Elite (Vector Laborato-
ries, Burlingame, CA) peroxidase system with a
DAB substrate. Primary antibody was incu-
bated on sections at 4° C overnight, the sections
were incubated with secondary and conjugated
antibodies according to the manufacturer’s in-
structions, and DAB substrate was applied to
detect positive immunostaining. Slides were
rinsed with distilled water and counterstained
lightly with Harris hematoxylin using a regres-
sive method.

In Situ Hybridization

Asynthetic oligonucleotide probe complemen-
tary to bases 204 to 247 of rabbit osteopontin
cDNA [Tezuka et al., 1992] and to bases 229 to
272 of human osteopontin cDNA [Kiefer et al.,
1989] was shown to be specific for osteopontin
mRNA in rabbit kidney and human epithelial
cells, whereas the sense probe from the same
region did not hybridize (Fig. 1D). The probe is
from regions of 100% homology between rabbit
and human osteopontin and did not exhibit
complementarity to other sequences in the gene
data base. Rabbit tissues for in situ hybridiza-
tion were processed as described above for im-
munohistochemistry, with precautions taken to
ensure RNase-free conditions. The enzyme 38-
Terminal deoxynucleotidyl transferase (Pro-
mega, Madison, WI) was used to label sense
and anti-sense probes with S-dATP. In situ hy-
bridization was performed as previously de-
scribed [Wilcox, 1993]. Briefly, paraffin-embed-
ded tissues were deparaffinized, fixed in 4%
paraformaldehyde, pH 7.4, at 4°C for 10 min,
pretreated with proteinase K at 1 µg/ml, and
prehybridized in hybridization buffer (10 mM
DTT, 1 3 Denhardt’s, 5 3 SSC, 100 µg/ml
salmon sperm DNA, 100 µg/ml tRNA, 10% dex-
tran sulfate, 20% formamide) for 1 to 3 h at
room temperature. Hybridization buffer con-
taining 300,000 cpm of 35S-labeled sense and
antisense probes was added to prehybridized
tissue sections and hybridization was per-
formed overnight at 42°C. Slides were washed
with 2 3 SSC containing 10 mM b-mercaptoeth-
anol and 1 mM EDTA at room temperature.
Slides were washed in a high stringency wash
of 0.1 3 SSC with 10 mM b-mercaptoethanol

and 1 mM EDTA for 2 h at 47°C. Slides were
washed with 0.1 3 SSC and dehydrated in
graded alcohols containing 0.3 M ammonium
acetate. Slides were dried, coated with NTB2
nuclear track emulsion (Eastman Kodak Co.,
New Haven, CT), and exposed in the dark at
4°C for 6 weeks. After development, slides were
counterstained with hematoxylin and eosin.

Analysis of Results

Five rabbits with uncuffed femorals and five
rabbits with cuffed femorals were analyzed at
each time point post-cuffing (6 h, 1 day, 3 days,
and 5 days) for avb3, avb5, and osteopontin
protein expression by immunohistochemistry
and analyzed for osteopontin mRNA by in situ
hybridization. Each femoral was cut at the mid-
point of cuff location and embedded so that
three sections per specimen were analyzed for
each protein and mRNA. Therefore, fifteen sec-
tions in total were analyzed for the expression
level of each molecule at each time point. An
Olympus microscope linked to a MicroCom-
puter Imaging Device (MCID) M4 system (On-
tario, Canada) equipped with a DAGE-MTI
model 72S solid state CCD camera was used to
capture and quantitate images. In order to
eliminate the counting of nuclei (hematoxylin
stained) or eosin-stained cytoplasm, density
levels greater than a threshold level were
measured as corresponding to DAB substrate,
indicating positive immunoreactivity.All immu-
nohistochemistry samples were analyzed using
the same shading correction and density thresh-
old. Rather than calibrating density levels to a
standard stained tissue, data are reported as
density per unit area. Results of in situ hybrid-
ization were quantitated by automated grain
counting of the DAGE camera-captured im-
ages. Results are reported as grain pixels per
total area pixels.

RESULTS

The objective of the study was to examine the
early expression of avb3 and avb5 integrins
and their ligand, osteopontin, in a rabbit model
of neointima formation. The specificity of the
antibodies and in situ hybridization probe used
in this study is shown in Figure 1. The concen-
tric neointima that formed by 2 weeks after
placement of the non-occlusive cuff around the
femoral artery is demonstrated in Figure 2. The
neointima formation was preceded by prolifera-
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Fig. 2. Neointima formation after cuffing the femoral artery. A
complete, concentric neointima was formed by 2 weeks follow-
ing the placement of a non-occlusive cuff around the rabbit
femoral artery. Vessels were fixed in 4% paraformaldehyde,
paraffin embedded, cut into 4 µM sections, and counterstained
with Harris’ hematoxylin and eosin. The small arrowhead points
to neointima; the large arrowhead points to internal elastic
lamina. Original magnification, 3200.

Fig. 3. Expression of avb3 in uncuffed and cuffed femoral
arteries. avb3 integrin heterodimer (immunoperoxidase, brown-
color) was detected by immunohistochemistry. A: uncuffed (un);
B: 6 h post-cuffing (6h); C: one day post-cuffing (1d); D: 3 days
post-cuffing (3d); E: 5 days post-cuffing (5d). avb3 expression
was upregulated by 6 h post-cuffing in the luminal and medial
areas of the vessel (B). Upregulation of avb3 expression per-
sisted and increased throughout the vessel, including the adven-
titia, at later time points (C–E). Original magnification, 3200.
Nuclei were counterstained with hematoxylin.
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tion that occurred maximally between days 3
and 5 post-cuffing, as determined by bromode-
oxyuridine incorporation (data not shown). Al-
though cuffing resulted in neointima formation,
sham-operated vessels did not form a neo-
intima (data not shown). These data are consis-
tent with previously published results in this
model of neointima formation [Kockx et al.,
1992, 1993].

Expression of avb3 integrin in normal rabbit
femoral artery and at 6 h, 1 day, 3 days, and 5
days post-cuffing is shown in Figure 3. Basal
expression of avb3 in normal rabbit femoral
artery was shown to be low (Fig. 3A). At 6 h
post-cuffing, avb3 expression was upregulated
in the luminal and medial areas (Fig. 3B). At
one day post-cuffing (Fig. 3C), avb3 upregula-

tion increased in the luminal and medial areas,
where the expression was characterized by a
distinct mottled appearance. At one day, ad-
ventitial upregulation was also noted. At 3 and
5 days post-cuffing (Fig. 3D and E), avb3 ex-
pression was maintained at high levels through-
out the vessel, with significant upregulation in
the media and along the extreme luminal pe-
riphery of the femoral artery, the luminal bor-
der.

Expression of avb5 integrin was evaluated in
sections adjacent to those analyzed for avb3
expression (Fig. 4). Expression of avb5 integrin
was extremely low to non-existent in normal,
control femoral arteries (Fig. 4A). Observable
changes post-cuffing did not occur until day one,
when significant upregulation was detected in

Fig. 4. Expression of avb5 in uncuffed and cuffed femoral
arteries. avb5 integrin heterodimer (immunoperoxidase, brown
color) was detected by immunohistochemistry. A: uncuffed (un);
B: 6 h post-cuffing (6h); C: one day post-cuffing (1d); D: 3 days
post-cuffing (3d); E: 5 days post-cuffing (5d). avb5 expression
was low to non-existent in uncuffed vessels. Upregulation of
avb5 expression was not evident until one day post-cuffing (C),
when avb5 was observed in the luminal border, media and
adventitia. At 3 days (D) and 5 days (E) post-cuffing, avb5 was
observed throughout the vessel. Original magnification, 3200.
Nuclei were counterstained with hematoxylin.
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patches throughout the artery (Fig. 4C). By 3
days post-cuffing, avb5 expression was ob-
served to be more diffuse than at one day, and
was detected throughout the vessel (Fig. 4D).
By 5 days post-cuffing, avb5 was confined to a
more limited area of the vessel (Fig. 4E). Over-
all, avb5 expression was distributed in a more
mottled pattern than was avb3 expression.

While the uninjured artery demonstrated
little or no osteopontin expression (Fig. 5A),
osteopontin was upregulated in the media and
interior periphery of the artery as early as six
hours post-cuffing (Fig. 5B). Expression of osteo-
pontin in the medial area at one day was mottled
(Fig. 5C), while by day 3 osteopontin immuno-
staining was more widely dispersed throughout

the medial area. In the adventitia, osteopontin
expression was detected at one day post-cuffing
and upregulated levels were maintained
through the 5-day post-cuffing period.

Although representative photomicrographs
are shown here, in order to thoroughly analyze
results from all five animals at each time point,
quantitative densitometric analysis was per-
formed with the MCID M4 Image Analysis Sys-
tem. These results were then subjected to statis-
tical analysis comparing expression levels of
each protein within a particular region of the
arterial cross-section. Specifically, expression
was analyzed with respect to adventitial levels,
medial levels, and the luminal adjacent border
region and were subsequently tested for statis-

Fig. 5. Expression of osteopontin in uncuffed and cuffed
femoral arteries. Osteopontin was detected by immunohisto-
chemistry (immunoperoxidase, brown color). A: uncuffed (un);
B: 6 h post-cuffing (6h); C: one day post-cuffing (1d); D: 3 days
post-cuffing (3d); E: 5 days post-cuffing (5d). Osteopontin expres-
sion was low to non-existent in uncuffed arteries (A). Upregula-
tion of osteopontin occurred by 6 h post-cuffing in the luminal
and medial areas of the vessel. Upregulation of osteopontin
expression persisted and increased throughout the vessel on
days one (C) and three (D) post-cuffing. Osteopontin continued
to be detected on day five (E) post-cuffing. Original magnifica-
tion, 3200. Nuclei were counterstained with hematoxylin.

Integrin Expression in Neointima Formation 499



tical significance using a two-tailed t-test, N 5
15. In order to compensate for slight variations
in counterstaining, subtracted background read-
ings were derived for each section separately.
After analysis, integrin and osteopontin expres-
sion levels were plotted vs. time (Fig. 6). This
analysis demonstrated that avb3 upregulation
appeared by 6 h and peaked at 3 days both in
the media and luminal border. Likewise, both
avb5 and osteopontin levels peaked at 3 days.

Osteopontin mRNA expression as detected
by in situ hybridization methods is shown in
Figure 6. In normal, uninjured femoral arteries
(Fig. 7A), osteopontin was highly expressed in
the adventitia while little or no hybridization
signal was evident in the luminal border and
media. At 6 h post-cuffing, osteopontin mRNA
was diffusely expressed throughout the media
and persisted at high levels in the adventitia.
Small foci of osteopontin mRNA were observed
along the luminal border. By one day post-
cuffing, prominent foci of osteopontin mRNA
were noted in discrete areas along the luminal
border, in the media, and in the adventitial
region. In contrast, by 3 days the number of
intense foci had diminished and signal for osteo-
pontin mRNA was diffuse throughout the arte-

rial cross-section. By day 5 post-cuffing, dis-
crete foci of intense osteopontin mRNA
expression were observed in conjunction with
diffuse mRNA expression, particularly in the
adventitia and luminal border regions. Quaniti-
tation of osteopontin mRNA expression by auto-
mated grain counting of DAGE captured im-
ages is shown in Figure 8. The highest level of
osteopontin mRNA expression was observed in
the adventitia. Notably, the level of osteopontin
mRNA also peaked at 3 days post-cuffing.

DISCUSSION

This study reports the coordinated expres-
sion of avb3 and avb5 integrins and their li-
gand, osteopontin, in a rabbit model of neo-
intima formation. Although this model is not
likely to fully represent human restenosis, the
processess that occur in the formation of neo-
intima in this setting, such as cellular migra-
tion, are also likely to be involved in clinical
restenosis. By the use of antibodies specific for
avb3 and avb5 heterodimers and osteopontin,
and an oligonucleotide probe specific for osteo-
pontin, a temporal and spatial regulation of
expression of these molecules during the very
early time points (within 6 h) of neointima

Fig. 6. Expression of avb3, avb5, and osteopontin in un-
cuffed femoral arteries and post-cuffing (see x-axis for time
points) in the luminal border (A), media (B), and adventitia (C) as
detected by immumohistochemistry and quantitated by the
MCID M4 Image Analysis System. Density levels greater than a
threshold level (to subtract away hematoxylin-stained nuclei)
represent DAB substrate and correspond to positive immunohis-
tochemistry. A standard shading correction and density thresh-
old were applied to all analyses. Results were calculated as

density per unit area (Y-axis). With respect to control uncuffed
arteries, there was a statistically significant difference (P , 0.05,
two-tailed t-test, N 5 15 sections) for all expression levels
post-cuffing, with three exceptions having a lower level of
significance (**P #0.09) and some levels at 6 h representing no
difference from control (*P . 0.5). Overall, the greatest changes
in integrin and osteopontin expression were observed in the
medial area and luminal border region.
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formation was observed. An additional signifi-
cant obersvation in this study is the upregula-
tion of avb3, avb5 and osteopontin followed by
a later decrease in the level of expression. This
study not only demonstrates the very early
upregulation, but also by utilizing serial sec-
tions in the analysis, this study permitted an
analysis of the relative spatial expression of
each of the integrins and their ligand osteopon-
tin relative to each other.

A previously published report on the cuffing
injury model employed in these studies detailed
three distinct phases that occur in neointima
formation [Kockx et al., 1992]. First, minimal

endothelial denudation is accompanied by in-
creased endothelial permeability and a single
wave of polymorphonuclear leukocyte infiltra-
tion, which peaks between 6 and 24 h. Next,
medial SMC replication was reported to begin
at 12 h and to diminish after 7 days. Finally,
SMC accumulation in the subendothelial space
is first observed at 3 days, and a concentric
neointima is formed by 2 weeks. It was reported
that sham-operated vessels did not produce a
neointima, whereas cuffed vessels did. It was
also previously reported that endothelial cells
(ECs) in the cuffed vessel were altered morpho-
logically and contained higher levels of von

Fig. 7. Expression of osteopontin mRNA in uncuffed and cuffed
femoral arteries detected by in situ hybridization. A: uncuffed (un); B:
6 h post-cuffing (6h); C: one day post-cuffing (1d); D: 3 days post-
cuffing (3d); E: 5 days post-cuffing (5d). Osteopontin mRNA expres-
sion was low to non-existent in uncuffed arteries, although higher
levels of diffuse expression were observed in the adventitia. Upregu-
lation of expression was observed by 6 h post-cuffing along the
luminal border and diffusely within the media (B). By one day
post-cuffing, osteopontin mRNAwas highly expressed in discrete foci
along the luminal border and in the medial and adventitial areas (C).
Upregulation of osteopontin expression persisted, but was spread
more uniformly throughout the vessel at three days post-cuffing (D).
By 5 days post-cuffing (E), foci of high levels of osteopontin mRNA
were again observed, primarily in the adventitia. Original magnifica-
tion, 3100, darkfield.
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Willebrand factor deposition [Kockx et al., 1993].
These data suggest that altered EC function
contributes to increased adhesiveness and plays
a role in neointima formation. Furthermore,
minimal SMC damage was noted as a result of
cuffing injury. A recent investigation demon-
strates that the extent of neointimal thickening
corresponds directly to the tightness of the col-
lar around the artery [DeMeyer et al., 1997].
The authors suggest that interruption of trans-
mural flow and trapping of cytokines within the
cuffed segment contribute to the mechanism of
neointima formation.

The data presented in this study demon-
strated the specific elevation of osteopontin and
integrin expression on the luminal border of the
artery during the 6-h to 1-day time frame, the
period when there may be increased permeabil-
ity and the endothelium is regenerating. Dur-
ing the 3- to 5-day time interval, when SMC are
proliferating and beginning to migrate, a dra-
matic increase in medial expression of avb3,
avb5, and osteopontin was noted. At later time
points (2 weeks, data not shown), integrin and
osteopontin expression levels returned to levels
approaching those observed in the uninjured
state. Notably, at this later time point there is
minimal SMC proliferation and little addi-
tional accumulation of neointima occurring. Ac-
cordingly, these data demonstrate a coordi-
nated upregulation of avb3, avb5, and
osteopontin as an early event preceding neo-
intima formation. The specific localization of

abundant osteopontin mRNA in the vessel wall
indicated that this secreted protein was synthe-
sized in the femoral artery itself, and was not
produced in some other location. However, the
expression of osteopontin mRNA in the adventi-
tia of uninjured femorals, along with the lack of
immunoreactivity in the uninjured vessel, indi-
cate that the protein does not normally accumu-
late in the normal femoral.

In addition to integrins and their ligands,
other factors have been implicated in the neo-
intima growth process. The release of various
chemoattractants, growth factors, and cyto-
kines is associated with neointima formation
[Liu et al., 1989; Ip et al., 1990]. Medial SMC
have been shown to proliferate in response to
the endogenous release of basic fibroblast
growth factor (bFGF) by injured arterial cells
[Lindner et al., 1990]. Additionally, bFGF and
PDGF have been demonstrated to stimulate
the migration of SMC in denuded arteries [Lind-
ner et al., 1990; Jawien et al., 1992]. Further-
more, in vitro studies demonstrate a link be-
tween these factors and integrin and
osteopontin expression. Three factors impli-
cated in the rat arterial response to injury
process, bFGF, TGF-b, and angiotensin II, all
stimulate vascular SMC to produce osteopontin
[Giachelli et al., 1993]. The growth factors,
PDGF and TGF-b, induce b3 expression in rab-
bit and bovine SMC in vitro [Janat et al., 1992;
Basson et al., 1992].

Fig. 8. Osteopontin mRNA
expression in uncuffed and
cuffed rabbit femoral arteries as
measured by MCID M4 Analy-
sis of DAGE captured images.
Results were determined from
automated grain counting per
total area in the luminal border,
media, and adventitia. Results
are reported as grain pixels per
area pixels.
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The focus of this investigation, avb3, was
chosen in view of the accumulating data sug-
gesting that this integrin may be a critical
mediator in restenosis and atherosclerosis [To-
pol et al., 1994; Lincoff et al., 1995; Choi et al.,
1994; Matsuno et al., 1994; Srivatsa et al.,
1997; Le Breton et al., 1996]. A ligand for avb3,
osteopontin, has also been implicated as a poten-
tial mediator of restenosis and atherosclerosis
[Liaw et al., 1997]. Although osteopontin has
been shown to interact with at least three inte-
grin receptors, avb3, avb5, and avb1, it was not
possible to evaluate avb1 in this investigation
because there are no avb1 heterodimer specific
probes or antibodies available at this time. The
decision to focus on avb3 stems from reports on
its unique role with osteopontin in mediating
smooth muscle cell migration [Liaw et al.,
1995a]. In addition, a recently published study
has demonstrated a functional role for osteopon-
tin in the process of neointimal thickening in
vivo [Liaw et al., 1997]. Specifically, neutraliz-
ing antibodies to osteopontin significantly de-
creased both neointimal areas and cell num-
bers in a rat carotid artery model employing
endothelial denudation via balloon catheteriza-
tion.

These data confirm previously published re-
ports and extend the original observations to
include another species and another model of
neointimal formation. In a rat balloon injury
model, elevated osteopontin and b3 mRNA lev-
els were observed at early time points and
osteopontin protein levels were shown to paral-
lel the time course of mRNA expression [Liaw
et al., 1995b]. Other investigators used a rat
aortic balloon injury model to demonstrate up-
regulated mRNA and protein expression of the
integrin receptor subunits av, b3, and b5 at
early time points in the process of neointima
formation [Graf et al., 1996]. The present inves-
tigation is the first to evaluate and identify the
specific integrin heterodimers, avb3 and avb5,
and both protein and mRNAexpression of osteo-
pontin, in the setting of neointima formation.
As such, these data demonstrate the rapid in-
crease in expression of osteopontin and two of
its integrin receptors during the early time
points of neointima formation, and suggest that
their interaction may mediate adhesion and
migration in the early phases of neointima for-
mation.
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