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Integrin avb3 Is Involved in Stimulated Migration of
Vascular Adventitial Fibroblasts by Basic Fibroblast
Growth Factor but not Platelet-Derived Growth Factor
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Abstract We examined the effects of basic ®broblast growth factor (bFGF) and platelet-derived growth factor
(PDGF) on the migration of vascular adventitial ®broblasts (VAFs) isolated from rat aortic adventitiae. Both bFGF and
PDGF signi®cantly stimulated VAF migration in vitro. An antibody to rat b3 integrin reduced bFGF-stimulated migration
in a dose dependent manner. Moreover, VAF migration was inhibited in the presence of cyclic RGD (cRGD) peptide.
However, PDGF-directed migration was blocked only by equivalent cRGD peptide but not by antibody to b3 integrin.
These data suggest that avb3 integrin mediates VAF migration stimulated by bFGF and that chemoattractant directed
migration may be through distinct integrins. J. Cell. Biochem. 83: 129±135, 2001. ß 2001 Wiley-Liss, Inc.
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Restenosis following coronary angioplasty is
one of the major problems in cardiology today.
The proliferation and migration of medial
smooth muscle cells (SMCs) are thought to be
responsible in early stages of intimal thickening
[Clowes et al., 1983; Ross et al., 1984; Austin
et al., 1985; Reidy et al., 1992]. Recent in vivo
studies suggested that the vascular adventitial
®broblasts may proliferate and migrate in
response to coronary artery injury in a porcine
model [Scott et al., 1996; Shi et al., 1996; Wilcox
et al., 1996, 1997; De Leon et al., 1997]. These
®ndings demonstrate a new source of cells for
vascular repair and indicate that the adventitia
may play an important role in restenosis after
balloon angioplasty. The mechanisms by which
the ®broblasts translocate from the adventitia
and contribute to the cellular mass in the
neointima, however, are unknown.

Many growth factors have been considered to
be involved in cell migration and vascular
remodeling. bFGF and PDGF are potent mito-
gens and chemoattractants for vascular cells.

The systemic infusion of recombinant bFGF in a
rat model after balloon catheter denudation
markedly increased SMC proliferation and the
size of the intimal lesion [Lindner et al., 1991;
Reidy et al., 1992], whereas the administration
of neutralizing antibodies to bFGF caused an
80% reduction in proliferation response after
injury to the carotid artery [Lindner and Reidy,
1991]. bFGF induces DNA synthesis and pro-
liferation of ®broblasts and SMCs, and is also a
potent mitogen and chemoattractant for
endothelial cells in vitro [Folkman and Klags-
brun, 1987]. Vascular adventitial ®broblasts
(VAFs) are much less studied than SMCs and
endothelial cells. PDGF is a potent mitogen
[Ross, 1993] and chemotactic agent [Groten-
dorst et al., 1982] for both SMCs and ®broblasts
in vitro and is identi®ed also as an important
chemotactic agent for SMCs in vivo [Reidy et al.,
1992]. Moreover, PDGF is a strong mitogen for
®broblasts at the wound site [Pierce et al., 1991].
The adventitia is also the site of PDGF receptor
expression as determined by in situ hybridiza-
tion one week after angioplasty [Scott et al.,
1996].

Integrin cell surface proteins can transmit
signals both in and out of cells regulating cell
adhesion, migration, growth, and differentia-
tion [Hynes, 1992]. Among integrins, b3-con-
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taining integrins are critical molecules in
cardiovascular diseases including atherosclero-
sis and restenosis [Brooks et al., 1994; O'Brien
et al., 1994; Hoshiga et al., 1995]. Antagonists to
avb3 integrin effectively inhibited the ®bropro-
liferative response in animal models of rest-
enosis [Choi et al., 1994; Matsuno et al., 1994].
Moreover, a humanized b3 integrin antibody
exhibited a bene®cial effect in reducing rest-
enosis in a clinical trial [Topol et al., 1994]. One
mechanism by which chemoattractants affect
VAF migration may be through the regulation
of integrin receptor activity. In other words,
the expression and function of integrins may
be in¯uenced directly or indirectly by growth
factors.

In this study, we examined the effects of
bFGF and PDGF on the migration of cultured
VAFs, and determined if these actions are
regulated by avb3 integrins.

MATERIALS AND METHODS

Materials and Reagents

Recombinant human bFGF and PDGF-BB
were obtained from Upstate Biotechnology
(Lake Placid, NY). Monoclonal antibody F11,
directed against rat b3-containing integrins,
was purchased from Pharmingen (San Diego,
CA). Mouse IgG1 isotype control was from
Sigma (St. Louis, MO). Cyclic RGD peptide
(GPenGRGDSPCA) was purchased from
GIBCO BRL (Frederick, MD). Vitrogen (vitro-
gen 100 collagen), a 99.9% pure bovine dermal
collagen consisting of 95±98% collagen type I
with the remainder being type III, was pur-
chased from Collagen Corporation (Palo Alto,
CA). All reagents mentioned above were freshly
prepared for each experiment. All other
reagents and materials for cell culture were
from GIBCO BRL unless otherwise indicated.

Cell Isolation and Culture

Thoracic aortae (n� 3±4) of male Sprague±
Dawley rats (3±12 months) were harvested and
cleaned by dissecting away the fat and con-
nective tissue. Under a dissecting microscope,
the adventitia was gently stripped along a
cleavage plane beginning at the aortic arch,
and placed in Hanks' balanced salt solution
at 48C [Das et al., 1995]. The adventitial strips
were either placed as 1±2 mm explants into
culture dishes, or enzymatically dissociated in
200 U/ml collagenase (Worthington CLS type I

in Dulbecco's modi®cation of Eagle's Medium
(DMEM)) in a beaker and agitated in a 378C
water bath for 1.5 h [Battle et al., 1994]. The
explants or cell suspensions were maintained in
DMEM supplemented with 10% fetal bovine
serum (FBS), 1% glutamine and antibiotics (100
U/ml penicillin and 100 mg/ml streptomycin) at
378C, in a humidi®ed atmosphere of 5% CO2 in
air. SMCs were isolated from the media which
remained after adventitial stripping, after
removing the endothelium with a cotton swab.
SMCs were explanted or enzymatically disso-
ciated under the same conditions as ®broblasts.
Both cell types were used in migration assays at
passages 2±5. Hematoxylin and eosin stained
light microscopic sections of adventitial strips
were compared to cross sections of intact aorta
to con®rm separation of adventitia from media.

Immuno¯uorescence Staining

VAFs isolated by enzymatic digestion were
seeded in 4-well chambers, and on Day 3 they
were ®xed with 10% formalin for 10 min and
blocked with normal nonimmune horse serum
(Vector Laboratories, CA) for 30 min. After
washing with phosphate-buffered saline (PBS),
cells were incubated with primary antibody,
a monoclonal mouse 1A4 antibody recognizing
a-SM actin (1:100, Sigma), for 1 h at room
temperature. Negative controls were incubated
with nonimmune serum instead of primary
antibody. Subsequently, the slides were washed
and incubated with ¯uorescein tagged goat
anti-mouse IgG (H�L) for 1 h, then counter
stained with diluted hematoxylin and examined
under an Olympus IMT-2 microscope.

Migration Assay

Migration assays were performed in modi®ed
Boyden chambers (Neuroprobe, blind well
chambers) [Bilato et al., 1995]. Polycarbonate
®lters (PVP free, 8 mm pores; OSMONICS,
Livermore, CA) were coated overnight with
20 mg/ml of vitrogen and dried in a laminar ¯ow
hood. DMEM containing 0.1% bovine serum
albumin (BSA) with various concentrations of
bFGF or PDGF were placed in the bottom wells
of the chambers, and the ®lters were placed over
the bottom wells. Cells were trypsinized, rinsed
with 0.1% BSA/DMEM, and washed twice in
PBS. A total of 25,000 cells in 100 ml 0.1% BSA/
DMEM were then seeded into the upper
chambers. (The cell seeding density was kept
constant to minimize any effect on the results.)
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After 4 h incubation at 378C, the ®lters were
stained in Diff-Quik (Data Behring, Miami, FL)
and mounted on slides, and non-migrated cells
were gently scraped from the top sides of the
®lters with a cotton swab. Migrated cells (four
high power ®elds per ®lter) were counted at
400�magni®cation.

For the inhibition assay, serum-free DMEM
with growth factor was placed in the bottom
wells of the Boyden chambers. Antibody (F11)
directed against rat b3-containing integrins or
cRGD peptide, which speci®cally bind to integ-
rin avb1, avb3, and avb5 were added in the upper
chambers at the time of cell seeding at the
concentrations indicated.

All experiments were run in triplicate and
were repeated at least three times with different
VAF preparations.

Statistical Analysis

All results were expressed as means�stan-
dard deviation (SD). The comparison of the
mean values among the different groups was
assessed by a paired Student's test or by an
analysis of variance (ANOVA) test when appro-
priate. A value of P< 0.05 was considered
signi®cant.

RESULTS

Immunostaining

The identity of the VAFs was based on
absence of positive a-SM actin immunostaining
in primary culture. Primary cultures of SMC
were uniformly positive for a-SM actin, whereas
in the primary VAFs such staining was rare.

Migratory Response of VAF vs. SMC to bFGF

VAFs migrated dose dependently to bFGF at
the concentrations of 0.1 to 3 ng/ml as compared
to control BSA (13.3� 1.2 cells/®eld) (Fig. 1a).
Maximum stimulation was observed at 1 ng/ml

of bFGF (30.3� 3.5 cells/®eld). SMCs isolated
from the same aortae showed no signi®cant
response to bFGF stimulation (Fig. 1b), further
con®rming the phenotypic expression of the
isolated cell populations [Grotendorst et al.,
1982; Bilato et al., 1995].

PDGF Stimulates VAF Migration

Using PDGF as the chemoattractant, VAFs
markedly migrated to the underside of the ®lter
compared to BSA alone. The VAF migration
stimulated by PDGF occurred in a concentra-
tion-dependent manner in the range from 1 to
20 ng/ml (Fig. 2). The maximal increase was
four-fold (53.6�5.2) compared to control
(13.3�2.6).

Effects of Integrin b3 Antibody and cRGD
Peptide on bFGF and PDGF-Stimulated

VAF Migration

To determine if b3 integrins were involved in
VAF migration induced by chemoattractants, a
monoclonal antibody, F11, directed against rat
b3-containing integrins, and cRGD peptide
targeting av-containing integrin complexes,
were used in migration assays. The results of
these experiments are shown in Figure 3. When
the rat b3 integrin antibody was added to the
upper chamber, there was a dose-dependent
reduction in bFGF-stimulated migration, with
50% inhibition at 0.5 mg/ml and 68% inhibition
at 50 mg/ml. In contrast, equivalent amount of
isotype-matched nonimmune mouse IgG1 had
no signi®cant effect on bFGF-directed migra-
tion (Fig. 3a). Likewise, bFGF-stimulated cell
migration was inhibited in the presence of
cRGD peptide in a dose-dependent manner
(Fig. 3b). Maximum reduction (53%) was seen
at a high dose of 2 mg/ml relative to cells exposed
to bFGF alone.

Unexpectedly, the antibody to b3 integrin had
no signi®cant inhibition on PDGF-directed

Fig. 1. Comparison between
adventitial ®broblast (a) and
smooth muscle cell (b) migration
in response to bFGF. Plotted
values are means�SD for four
separate experiments run in tripli-
cate. A value of *P<0.05 was
considered signi®cantly different
from control BSA.
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migration as compared to PDGF alone (Fig. 3c).
However, when cRGD was added to the upper
chambers, PDGF-directed chemotactic res-
ponse was signi®cantly blocked, with 38% re-
duction at a concentration as low as 0.5 mg/ml
and 45% reduction at a higher dosage of 2 mg/ml
of cRGD (Fig. 3d).

DISCUSSION

In this study, we have focused on VAF
migration and the possible mechanisms
involved. Our results demonstrate that bFGF

and PDGF are chemoattractants for VAF
migration in vitro. An antibody to ratb3 integrin
inhibited VAF migration induced by bFGF, but
not by PDGF. Because the monoclonal antibody
speci®c to rat avb3 integrin complex is not
available, the effect of cRGD peptide, which
speci®cally recognizes integrins avb1, avb3, and
avb5 [Pierschbacher and Ruoslahti, 1987; Cly-
man et al., 1992; Dahm and Bowers, 1998], was
examined in these experiments. The cRGD
peptide decreased VAF migration stimulated
either by bFGF or by PDGF. The fact that both
b3 integrin antibody and cRGD peptide signi®-
cantly inhibit bFGF-stimulated VAF migration
suggests that the responsible receptors are avb3

complexes. PDGF-induced VAF migration was
reduced only by cRGD peptide but not by an
antibody to b3 integrin. We speculate that the
responsible receptor might be avb1 or avb5.
However, because the antibodies to rat avb1 or
avb5 integrin are not available, further studies
are needed to clarify the role of these integrins.

The absence of speci®c markers to distinguish
VAFs from SMCs in culture has made in vitro
comparisons of these cell types dif®cult. The
presence of desmin, a cytoskeletal protein
characteristic of differentiated SMCs,
diminishes rapidly in primary cultures of
SMCs. The standard marker accepted for SMC
identity in culture is presence of a-SM actin

Fig. 2. Dose effect of PDGF on migration of cultured rat aortic
adventitial ®broblasts. Plotted values are means�SD for four
separate experiments run in triplicate. A value of *P<0.05 was
considered signi®cantly different from control BSA.

Fig. 3. a: b3 integrin antibody inhibits
bFGF-directed migration in rat aortic
adventitial ®broblasts; no signi®cant
inhibition was observed for IgG1. b:
Inhibitory effect of cRGD peptide on
bFGF-directed adventitial ®broblast
migration. c: Effects of b3 integrin anti-
body, and (d) cRGD peptide on PDGF-
stimulated adventitial ®broblast migra-
tion. Results represent at least three
independent experiments, and are
expressed relative to migration in the
absence of antibody or peptide after
subtraction of background migration in
response to 0.1% BSA. Values are
means�SD. A value of *P<0.05 was
considered signi®cantly different from
bFGF or PDGF alone.
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[Skalli et al., 1986]. However, in primary
culture VAFs acquire the ability to synthesize
a-SM actin, and it may be that a subpopulation
of VAFs possess a-SM actin in vivo [Skalli et al.,
1986; Desmouliere and Gabbiani, 1992]. The
separation between media and adventitia can
be distinguished in cross sections of the intact
aortic wall, thus examination of adventitial
strips from which ®broblasts are harvested
seems an appropriate means of distinguishing
populations of VAFs from SMCs. Contamina-
tion of the VAF cultures with SMCs and vice
versa is still possible. However, as shown in
Figure 1, the VAFs migrate dose dependently to
bFGF, while the SMCs do not.

A number of studies have demonstrated that
bFGF alone is not chemotactic for SMCs
isolated from the vessels of human [Pickering
et al., 1997], cattle [Grotendorst et al., 1982],
and rat [Ferns et al., 1991; Bilato et al., 1995],
even though other investigators have shown
indirect effects of bFGF for primate or mouse
[Herbert et al., 1997; Kenagy et al., 1997]. In
this present study, we found that bFGF alone
did not stimulate migration of rat aortic SMCs.
The migration of SMCs in response to PDGF is
well established [Grotendorst et al., 1981; Ferns
et al., 1991; Kundra et al., 1994]. We have shown
that the dose response of VAFs to PDGF as
chemoattractant is similar to that of SMCs.

The molecular mechanisms for vascular cell
migration are complex and poorly understood.
Chemoattractants, integrins, as well as many
other factors including extracellular matrix
(ECM), calcium, urokinase type plasminogen
activator (uPA), and protein kinase may all be
involved. The vascular components of extracel-
lular matrix including ®bronectin (FN), laminin
(LN), vitronectin (VN), and collagen type I (I)
and IV(IV) [Ross and Klebanoff, 1971; Heick-
endorff, 1988; de Reeder et al., 1989] can
mediate cell adhesion and migration [Schor
et al., 1981; Goodman and Newgreen, 1985;
Lanir et al., 1988; Nickoloff et al., 1988;
Aznavoorian et al., 1990]. A study by Clyman
et al. [1992] demonstrated that SMC adhesion
to FN, LN, I, and IV, but not VN, mainly
depended on functioning b1 integrin; while cell
migration over these substrates depended
exclusively on the avb3 receptor. These data
suggest that avb3 can mediate cell migration on
various extracellular matrix coated substrates.
In our experiments, bFGF-directed VAF migra-
tion on coated collagen type I was inhibited by

either anti-rat b3 and cRGD peptide, which
demonstrates that it was regulated by avb3.
Additional studies need to be conducted to shed
light on the effect of the substrate on the results.

Previous studies showed that bFGF upregu-
lated the expression and mRNA level of avb3 in
cultured vascular endothelial cells [Sepp et al.,
1994], and that the avb3 promoted human
vascular endothelial cell migration is in a
calcium-dependent manner [Leavesley et al.,
1993]. Moreover, calcium/calmodulin-depen-
dent protein kinase II reversed PDGF-directed
SMC migration, which had been inhibited by
anti-avb3 [Bilato et al., 1997]. Furthermore, the
expression of uPA�uPAR (uPA bound to its
receptor) induced by growth factor is a pre-
requisite for avb5-dependent migration but not
for avb3-dependent migration [Yebra et al.,
1996]. Our data support previous ®ndings on
SMCs and endothelial cells that growth factor
stimulated vascular cell migration may be
mediated through different integrins and dis-
tinct signal pathways. We also believe that the
same stimuli may in¯uence distinct integrin
expression in different cell types, and different
cell types may respond to the same stimuli
differently. Integrin avb3, for example, regu-
lates PDGF-stimulated SMC migration [Bilato
et al., 1997], but not VAF migration, as shown in
our study. In addition, bFGF can stimulate VAF
migration but not SMC migration. The molecu-
lar mechanism for VAF migration and the
integrin-mediated signal pathways will be
investigated further.

This is the ®rst report that bFGF-stimulated
VAF migration is avb3 dependent and enhances
our understanding of the pathology of vascular
diseases, particularly restenosis following bal-
loon angioplasty, in which VAF migration may
be a contributing factor. The elucidation of the
cellular mechanisms involved in this response
may offer helpful new evidence for therapy of
restenosis in the future.
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