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Abstract

 

Remodeling of the extracellular matrix by activated mesen-

chymal cells (myofibroblasts) is a critical aspect of wound

repair in all adult organs. Collagen-dependent gel contrac-

tion, a process requiring integrin function, is an established

in vitro assay thought to mimic in vivo matrix remodeling.

 

Numerous data have implicated the 

 

a

 

2

 

b

 

1 integrin in vari-

ous cell types as the primary collagen receptor responsible

for collagen gel contraction. However, evidence from the lit-

erature suggests that the major collagen binding integrin ex-

pressed on mesenchymally derived cells in situ is the 
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1

integrin, not the 

 

a

 

2

 

b

 

1 integrin. In this report, we use a rat

vascular injury model to illustrate that the 

 

a

 

1
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1 integrin is

the major collagen receptor expressed on vascular smooth

muscle cells after injury. Using two smooth muscle cell

lines, expressing either the 

 

a

 

1

 

b

 

1 integrin alone or both the

 

a
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1 and 

 

a

 

2

 

b

 

1 integrins, along with Chinese hamster ovary

cells transfected with the 

 

a

 

1 integrin, we demonstrate that

 

a

 

1
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1 supports not only collagen-dependent adhesion and

migration, but also gel contraction. These data suggest that

in vivo the 

 

a

 

1

 

b

 

1 integrin is a critical collagen receptor on

mesenchymally derived cells potentially involved in matrix

 

remodeling after injury. (

 

J. Clin. Invest.
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Introduction

 

Remodeling of the extracellular matrix (ECM)

 

1

 

 is a critical
component of wound healing and related pathophysiological
events (1–3). Response to tissue injury results in the activation
of resident mesenchymal cells or myofibroblasts (4) which syn-

thesize and secrete molecules necessary for the remodeling of
the ECM. The molecular phenotype shared by these activated
mesenchymal cells is the constitutive or transient expression of
smooth muscle specific genes (4, 5). Examples include: dermal
myofibroblasts, vascular smooth muscle cells (SMC), lipocytes
in the liver; mesangial cells in the kidney; and stromal myofi-
broblasts in different carcinomas (4). Interaction between these
cells and the surrounding ECM is critical for the repair response.

Integrins, heterodimeric transmembrane cell surface recep-
tors, are required for both movement through and communi-
cation with the ECM (6), and are thought to be a key compo-
nent of wound healing (2). The major cell surface receptors for
collagens, components of both basement membranes and in-

 

terstitial matrices, are the 

 

a

 

1

 

b

 

1 and 

 

a

 

2

 

b

 

1 integrins (7–9).
Collagen gel contraction, an integrin-dependent process

(10), is an accepted in vitro model of collagenous tissue remod-
eling. Tensile forces imparted by fibroblasts that develop dur-
ing gel contraction are thought to be similar to those forces
generated during wound contraction (11, 12). Integrin-depen-
dent collagen gel contraction has been attributed to the 

 

a

 

2

 

b

 

1
integrin (13–15). By extension, this integrin has been impli-
cated in a number of pathophysiological processes which in-
volve the production and remodeling of extracellular matrices
(16, 17). However, evidence from the literature suggests that in
adult tissue the 

 

a

 

2

 

b

 

1 integrin is expressed primarily on epithe-
lial cells (18) while 

 

a

 

1

 

b

 

1 integrin is expressed primarily on
mesenchymally derived cells (19, 20) suggesting a role for

 

a

 

1

 

b

 

1 integrin in myofibroblast function during wound repair.
Therefore, we investigated the possibility that collagen-medi-
ated in vitro behaviors, which may reflect in vivo function,
could be assigned to the 

 

a

 

1

 

b

 

1 integrin.
We have begun to examine the role of the 

 

a

 

1

 

b

 

1 integrin us-
ing a rat vascular injury model and demonstrate that the 

 

a

 

1

 

b

 

1,
but not the 

 

a

 

2

 

b

 

1, integrin is expressed on neointimal SMC.
Using two SMC lines, expressing either the 

 

a

 

1

 

b

 

1 integrin
alone or both the 

 

a

 

1

 

b

 

1 and 

 

a

 

2

 

b

 

1 integrin, along with Chinese
hamster ovary (CHO) cells transfected with the 

 

a

 

1 integrin
subunit, we demonstrate that 

 

a

 

1

 

b

 

1 integrin supports not only
collagen-dependent adhesion and migration, but also gel con-
traction. These data suggest that in vivo the 

 

a

 

1

 

b

 

1 integrin is
likely to be a critical collagen receptor involved in matrix re-
modeling by mesenchymally derived cells, and that improper
regulation of this integrin may result in certain pathological
conditions.

 

Methods

 

Antibodies and adhesive proteins.

 

Antibodies against rat 

 

a

 

1 (clone
Ha31/8), 

 

a

 

2 (clone Ha21/9), and 

 

b

 

1 (clone Ha2/11) integrin subunits
were gifts from Dr. Donna Mendrick (21, 22) (Boston, MA). Anti-
body against the rat 

 

a

 

1 integrin subunit (clone 3A3) was a gift from
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Dr. Salvatore Carbonetto (23) (Montreal, Quebec). Polyclonal anti-
bodies against the cytoplasmic domains of human integrins 

 

a

 

1, 

 

a

 

2,

 

a

 

5, and 

 

a

 

v subunits were gifts from Dr. Guido Tarone (Torino, Italy);
and mAb against VLA-4 (HP1/2) was a gift from Dr. Roy Lobb
(Cambridge, MA). Antibodies to vinculin (24), calponin (25), and
phosphoglucomutase (26) were described previously. Antibody to
smooth muscle 

 

a

 

-actin was purchased from Sigma Immunochemicals
(St. Louis, MO).

Rat fibronectin and bovine vitronectin were purchased from
GIBCO BRL (Gaithersburg, MD); type I rat tail collagen was pur-
chased from Collaborative Research Inc. (Bedford, MA); and type
IV collagen and laminin were gifts from Dr. Hynda Kleinman (Be-
thesda, MD).

 

Arterial injury model.

 

Male Sprague-Dawley rats (400 grams, 3–4-mo
old; Bantin and Kingman, Inc., Edmonds, WA) were used in all ex-
periments. All surgical procedures were carried out under general an-
esthesia. The left common carotid artery and the aorta were denuded
with a 2F balloon catheter as described (27). Deendothelialized seg-
ments of arteries were identified by intravenous injection of Evans
blue (0.3 ml in 5% saline solution) 10 min before killing. All animals
were perfusion-fixed at 8, 14, and 28 d after balloon catheter denuda-
tion (three rats per time point) and both carotid arteries and the aorta
were excised. For immunostaining on frozen sections, tissue was em-
bedded in OCT compound (Miles, Kankakee, IL). Immunostaining
of luminal cells was carried out on en face preparations as described
(28). In situ hybridization was performed on en face preparations as
well as on paraffin-embedded sections.

 

Immunostaining.

 

Immunostaining was carried out on cross-sections
and on en face preparations as described (29) using mouse mAb 3A3
(2 

 

m

 

g/ml) (23); rabbit antisera raised to the cytoplasmic domains of
the human 

 

a

 

1 or 

 

a

 

2 integrin subunits; hamster mAb Ha21/9 (10 

 

m

 

g/
ml) (22); or matching concentrations of normal mouse IgG and nor-
mal rabbit serum as controls.

 

In situ hybridization.

 

Sense and antisense probes were generated
from a fragment of pH

 

b

 

Apr-

 

a

 

1 (described below) subcloned into
pBluescriptSK

 

1

 

 (Stratagene, La Jolla, CA). In situ hybridization was
carried out on sections and on en face preparations of vessel seg-
ments as described (29, 30). The Häutchen procedure for en face
preparations was carried out after hybridizations (31).

 

Cell culture.

 

Rat pulmonary artery SMC (PAC1) (32) were main-
tained in M199 (GIBCO BRL), and rat aortic SMC (WKY) (33) were
maintained in D–MEM (GIBCO BRL). Both media contained 10%
FCS (JRH Biosciences, Lenexa, KS), 100 U/ml penicillin and strepto-
mycin, and 2 mM 

 

l

 

-glutamine (BioWhittaker, Inc., Walkersville,
MD). CHO cells were maintained in 

 

a

 

-MEM (GIBCO BRL) supple-
mented with 10% FCS and 4 mM 

 

l

 

-glutamine. All cultures were
maintained in a humidified incubator with 5% CO

 

2

 

/95% air at 37

 

8

 

C.

 

Flow cytometry.

 

Cells were incubated with primary antibody, washed,
resuspended in the appropriate FITC-conjugated secondary antibody
(Caltag Laboratories, San Francisco, CA; or Amersham, Arlington
Heights, IL), and analyzed for fluorescence on a FACStar

 

PLUS®

 

 flow
cytometer (Becton Dickinson, San Jose, CA). 

 

x 

 

and 

 

y

 

 axes represent
log fluorescent intensity and cell number, respectively. CHO cells se-
lected for high 

 

a

 

1 integrin expression were collected sterilely and
maintained in selective medium.

 

Western blot analysis.

 

Samples were electrophoresed, transferred
to nitrocellulose (MSI, Westborough, MA), and incubated at room
temperature as follows. Nonspecific sites were blocked with blocking
buffer (2% BSA, 0.3% gelatin, 150 mM NaCl, 0.05% Tween-20, 25
mM Tris-HCl, pH 7.6) for 1 h. Antibodies appropriately diluted in
blocking buffer were added to the filter and incubated for 2 h. The fil-
ter was washed three times with 0.3% Tween-20 in TBS (150 mM
NaCl, 10 mm Tris-HCl, pH 7.5), and subsequently incubated with 

 

125

 

I
anti-IgG (Amersham) at 1–2 

 

3

 

 10

 

5 

 

cpm/ml in blocking buffer. After
extensive washing, the filter was blotted, wrapped in plastic, and ex-
posed to XAR-5 film (Kodak, Rochester, NY).

 

Transfection.

 

Plasmid pH

 

b

 

APr-

 

a

 

1, which contains a neomycin-
resistance gene and a full-length 

 

a

 

1 integrin cDNA expressed from a

 

b

 

-actin promoter, was a gift from Dr. Michael Ignatious (Berkeley,
CA). A control plasmid lacking the 

 

a

 

1 integrin cDNA (pH

 

b

 

APr) was
prepared by releasing the 

 

a

 

1 integrin cDNA insert and religating the
vector.

10

 

7

 

 CHO cells, resuspended in 20 mM Hepes, pH 7.05, 137 mM
NaCl, 5 mM KCl, 0.7 mM Na

 

2

 

PO

 

4

 

, 6 mM dextrose containing 100 

 

m

 

g
of either pH

 

b

 

APr-

 

a

 

1 or pH

 

b

 

APr, and 100 

 

m

 

g salmon sperm DNA,
were electroporated for 10 s at 0.29 V in a gene pulser (Bio-Rad,
Richmond, CA). Cells were washed once in media, plated, and al-
lowed to recover for 72 h. Cells were then transferred to media con-
taining 0.5 mg/ml geneticin (GIBCO BRL) and maintained in selec-
tive medium. Cells expressing high levels of the 

 

a

 

1 integrin were
selected by two sequential FACS

 

®

 

 sortings (see above).

 

Adhesion assay.

 

The minimum concentration of each adhesive
molecule required to give maximum cell adhesion was determined:
collagen type I (5 

 

m

 

g/ml), collagen type IV (5 

 

m

 

g/ml), laminin (25 

 

m

 

g/
ml), fibronectin (2.5 

 

m

 

g/ml), and vitronectin (1 

 

m

 

g/ml). 96-well Maxi-
Sorp plates (Nunc, Naperville, IL) were coated overnight at 4

 

8

 

C with
50 

 

m

 

l of adhesive substrates diluted in PBS to the stated concentra-
tions. Wells were washed twice with PBS, and nonspecific binding
sites were blocked with 1% BSA in PBS for 1 h at room temperature.
Control wells were treated with BSA alone. 3 3 104 cells, labeled with
2 mM BCECF [29,79-bis(carboxyethyl)-5(6) carboxyl fluorescein
penta acetoxymethylester] or Calcein-AM (Molecular Probes, Eu-
gene, OR), in 100 ml, untreated or treated with appropriate neutraliz-
ing antibodies, were plated in each well for 60 min at 378C. Unbound
cells were removed by washing wells three times with 0.25% BSA in
DMEM. Adhesion was quantified by measuring the fluorescence in a
CytoFluor 2350 fluorescent plate reader (Millipore, Bedford, MA).
Percent adhesion was calculated by dividing the fluorescence in an
experimental well by fluorescence of input cells and multiplying by
100. Background values due to cell adhesion on wells coated with
BSA alone were subtracted from those values due to adhesion on the
various ECM proteins.

Migration assay. Migration assays were performed using a modi-
fied Boyden chamber as described previously (34). 400 ml of 4 mg/ml
type I collagen, diluted in D–MEM containing 0.25% BSA, experi-
mentally determined to be the optimal concentration for migration,
was added to the lower chamber of an MBA96 microtiter plate
(Neuro Probe Inc., Cabin John, MD). Control wells contained no col-
lagen. 6–7.5 3 104 cells, labeled with Calcein-AM, and either un-
treated or treated with appropriate antibodies for 15 min at 378C,
were added to the top wells. Migration was allowed to proceed for 4 h
at 378C. Migration was quantified by measuring the fluorescence in-
dex in a CytoFluor 2350 fluorescent plate reader (Millipore). The flu-
orescent index is proportional to cell number over a range of 250 to
3.5 3 104 cells. Background values due to cell migration to wells con-
taining no collagen were subtracted from those values due to col-
lagen-dependent migration.

Gel contraction assay. Collagen gel contraction assays were per-
formed as described (35). Briefly, 2-ml aliquots of D–MEM contain-
ing 1 mg/ml neutralized type I collagen, 10% FCS, and 1.5–3 3 105

cells were pipetted into wells of a 24-well plate (Corning, Corning,
NY), previously coated with 1% BSA in PBS. For antibody blocking
experiments, the appropriate antibodies were added to the cells in
media before the addition of collagen and incubated for 15 min at
378C. Gels were allowed to contract for 8–48 h at 378C in a humidified
cell culture incubator. The contracted gels were photographed and
the area of the gel was determined. In some experiments, the kinetics
of contraction was determined by measuring the area of the gel at de-
fined time intervals.

Results

The a1b1 integrin is expressed by intimal SMC in response to

vessel injury. The a2b1 integrin has been implicated in patho-
physiological events after vessel injury based on in vitro stud-



a1b1 Integrin Expression and Function in Vascular Smooth Muscle Cells 2471

ies using human vascular SMC lines (17, 36). a2b1 integrin ex-
pression has not been detected on vascular SMC in the vessel
wall (36), and no assessment of either a1b1 or a2b1 integrin
expression in injured vessels has been made. Therefore, we ex-
amined the distribution of both a2b1 and a1b1 integrins in the
rat carotid artery after balloon injury. Uninjured vessels ex-
press little or no a2b1 or a1b1 integrin (Fig. 1 A). Neointimal
SMC express both a1 mRNA (Fig. 2 A) and protein (Fig. 1 B)
by day 8 after injury. En face preparations demonstrate that
immunostaining is primarily localized at the cell borders, con-
sistent with cell surface expression (Fig. 1 E). Expression of
the a1b1 integrin persists for at least an additional 3 wk after
injury but is largely confined to the luminal three to four layers
of neointimal SMC (Fig. 1, C and D), and, therefore, may be
indicative of replicating or migrating SMC. There is also less

intensive, but identifiable, a1b1 integrin staining in the adven-
titia (Fig. 1 B). This staining may reflect expression by adventi-
tial myofibroblasts, which have been implicated in vascular re-
modeling associated with injury (37). There is no evidence that
the a2b1 integrin is expressed on either medial or neointimal
SMC (Fig. 1 F). However, a2b1 is expressed on regenerating
endothelium (data not shown). Neither regenerating nor qui-
escent endothelial cells express the a1 integrin (Fig. 2 B).
These data suggest that, at least in rat, the major collagen bind-
ing integrin on vascular SMC that could be involved in events
after vascular injury is a1b1.

Identification of a vascular SMC line that expresses a1b1,

but not a2b1 integrin. To study the function of a1b1 integrin
on vascular SMC, we characterized the expression of integrins
and SMC markers in two rat vascular SMC lines. Vascular

Figure 1. Expression of the a1b1 and a2b1 integrins in uninjured and injured rat carotid artery. Cross-sections (A–D, F) or en face preparation 
(E) of a normal rat carotid artery (A) or 8 (B), 14 (C, E, F), or 28 (D) d after injury immunostained with rabbit serum generated to the human a1 
(A–E) or a2(F) integrin cytoplasmic domains. Immunostaining with mAb 3A3 (anti–rat a1 integrin) gave results identical to the rabbit serum. 
Note that a1 integrin immunostaining is stronger near cell borders (E, narrow arrows). Broad arrows mark the internal elastic lamina. a, adven-
titia; m, media; i, neointima. 3400.
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SMC typically express the a1b1 integrin as the major collagen
binding integrin in vivo (36, 38, 39), while cultured vascular
SMC downregulate a1b1 and express a2b1 integrin (36). The
rat pulmonary SMC line PAC1 is unique among cultured vas-
cular SMC cell lines analyzed to date in that it expresses high
levels of a1b1, but not a2b1 integrin (Fig. 3). In contrast, the
rat aortic vascular SMC line WKY is more typical of vascular
SMC in culture in that it exhibits both a1b1 and a2b1 integrin
surface expression (Fig. 3). Both cell lines express the a3, a5,
av, and b1 integrin subunits (Table I). The a4 subunit is ex-
pressed in PAC1 cells, but not WKY cells. Of interest, PAC1

express the a8 subunit which, in adult mammalian tissues, is
expressed predominantly in smooth muscle and smooth mus-
cle–like contractile cells (40). In contrast, WKY cells express
limited amounts of the a8 integrin subunit.

PAC1 expression of the a1 and a8 integrin suggested that
this cell line might bear a greater resemblance to vascular SMC
in vivo than many other cultured SMC lines. Therefore, we
compared the PAC1 and WKY cells for a variety of SMC
markers (41) which identify vascular SMC in vivo. PAC1 cells,
known to express a set of smooth muscle–specific cytoskeletal
proteins (32), were also found to express high levels of the
SMC markers smooth muscle a-actin, meta-vinculin, phospho-
glucomutase, and calponin (38) by Western blot and immuno-
histochemistry (Table II). For comparison, WKY cells express
limited amounts of smooth muscle a-actin and none of the
other SMC markers (Table II). Typically, vascular SMC rap-
idly change phenotype when they are placed in culture losing
expression of the a1 integrin and SMC-specific cytoskeletal
proteins. However, the PAC1 cell line retains expression of
SMC markers and may be representative of vascular SMC in
vivo.

PAC1 cell adhesion to and migration on collagen are a1b1

integrin dependent. To assess the functionality of the a1b1 in-

Figure 2. a1 integrin mRNA expression after rat carotid artery in-
jury. Sections were counterstained with hematoxylin to identify nu-
clei. An antisense a1 integrin probe hybridizes to intimal SMC (A), 
but not to regenerating endothelial cells (B) on the luminal surface of 
a carotid artery 8 d after injury. En face preparation of a normal ca-
rotid artery hybridized with an a1 integrin sense probe shows low 
background hybridization (C). 3630.

Figure 3. Expression of the a1b1 and a2b1 integrins on the surface 
on PAC1 and WKY cells. Cells were fixed and incubated with ei-
ther control IgG, Ha31/8 (anti-a1), Ha21/9 (anti-a2), and Ha 2/11 
(anti-b1). An FITC-conjugated secondary antibody was applied and 
surface expression was analyzed by flow cytometry. The x axis re-
flects log fluorescence intensity, and the y axis reflects cell number.

Table I. Expression of Selected Integrins on PAC1 and WKY 
Cells

a1 a2 a3 a4 a5 a8 av b1

PAC1 1 2 1 1 1 1 1 1

WKY 1 1 1 2 1 6 1 1
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tegrin on vascular SMC, we tested PAC1 cells for their ability
to migrate on type I collagen in a modified Boyden chamber
assay and for their ability to adhere to collagen (types I and
IV) and laminin. Collagen-dependent PAC1 cell migration is
completely inhibited by antibodies against either the a1 or the
b1 integrin subunit (Fig. 4 A) demonstrating that migration on
collagen is completely a1b1 integrin dependent. WKY cells
migrate more efficiently than PAC1 cells (30 vs. 15%). Anti-
bodies against both the a1 and the a2 integrin subunits are re-
quired to block WKY migration on collagen (Fig. 4 B), consis-
tent with the integrin repertoire on these cells.

PAC1 cells adhere to both type IV and type I collagen, and
laminin. Adhesion to these substrates can be completely
blocked by antibodies to either the a1 or b1 integrin subunits
(Fig. 5 A). For comparison, WKY cells also adhere to type I
and type IV collagen, and laminin, but antibodies directed
against both the a1 and a2 integrin subunits are required to

completely inhibit adhesion (Fig. 5 B). These data demon-
strate that the a1b1 integrin is the only functional collagen/
laminin receptor on the surface of PAC1 cells, while WKY
cells use both the a1b1 and the a2b1 integrins as collagen/
laminin receptors. PAC1 is the first mesenchymal cell line
identified which expresses the a1b1 integrin in the absence of
a2b1 expression and should prove useful for functional studies
of the a1b1 integrin.

The a1b1 integrin mediates collagen matrix reorganization.

Hydrated collagen gel contraction is a well established in vitro
model of matrix remodeling during wound contraction (2, 12).
If the a1b1 integrin plays a role in the remodeling of the ECM
after tissue injury, one would expect it to mediate collagen ma-
trix reorganization in vitro. We compared the relative abilities
of both PAC1 and WKY cells to contract hydrated collagen
gels. WKY cells efficiently contract collagen gels in a b1 inte-
grin–dependent manner (Fig. 6), and both the a1 and the a2
integrin chains appear to play a role. Contraction after 8 h in
culture is completely blocked by antibodies against both the a1
and a2 chains used in combination, but not when the antibod-
ies are used independently (Fig. 6). The observation that the
a2 integrin can mediate collagen gel contraction is consistent
with data in the literature (13, 15–17). PAC1 cells also contract
collagen gels efficiently, but in an a1b1 integrin–dependent
manner. Antibodies directed against the a1 integrin chain or
the b1 integrin chain, but not the a2 integrin chain, completely
block matrix reorganization (Fig. 7). Because the a2b1 inte-
grin is upregulated in certain cell types during gel contraction
(15), we tested by FACS®, but failed to detect, a2 integrin ex-
pression during PAC1 gel contraction (data not shown), con-
sistent with the antibody blocking results.

CHO cells express no collagen binding integrins and do not
mediate gel contraction. To directly test whether the a1b1 in-
tegrin can mediate matrix reorganization, we transfected CHO
cells with a cDNA encoding the full-length rat a1 integrin
(pHbAPr-a1). Selected pools of cells expressing high levels of
the a1 integrin (Fig. 8 A) were compared with cells transfected
with pHbAPr alone for their ability to contract collagen gels.
Only those cells expressing the a1b1 integrin were able to con-
tract gels, and contraction was completely blocked by two dif-
ferent monoclonal antibodies directed against the a1 integrin,
but not by an anti–a2 integrin antibody (Fig. 8 B). These data
directly demonstrate that the a1 integrin, both in the context
of vascular SMC and a heterologous cell type, is able to medi-
ate collagen matrix reorganization.

Discussion

Integrins have emerged as critical cell surface receptors in a
wide variety of developmental, physiological, and pathological
processes. Using a vessel injury model, we have begun to in-
vestigate those integrins expressed on vascular SMC that may
play a role in events associated with wound repair. We have fo-
cused specifically on the collagen binding integrins a2b1 and
a1b1 because collagens are associated with pathological events
in response to injury.

The a2b1 collagen binding integrin has been implicated in
processes associated with tissue repair, in general, and vessel
injury specifically based on its in vitro expression on vascular
SMC and the ability of the a2b1 integrin to mediate vascular
SMC adhesion (36), migration (36), and collagen matrix reor-

Table II. Expression of SMC Markers on PAC1 and WKY 
Cells

a-sm m-vn ppg cpn

PAC1 11 1 11 11

WKY 6 2 2 2

a-sm, smooth muscle a-actin; m-vn, meta-vinculin; ppg, phosphogluco-
mutase; and cpn, calponin.

Figure 4. Collagen-mediated PAC1 and WKY cell migration. 6–7.5 3 
104 PAC1 (A) or WKY (B) cells were labeled with Calcein-AM, left 
untreated or treated with the indicated antibodies, and added to the 
upper well of a modified Boyden chamber containing a membrane 
coated on the lower side with 4 mg/ml type I collagen. Cells, untreated 
or treated with 2 (PAC1) or 4 (WKY) mg/ml mAb Ha31/8, or 2 
(PAC1) or 4 (WKY) mg/ml mAb Ha21/9, 4 mg/ml mAb Ha31/8 1 4 
mg/ml mAb Ha21/9, 5 (PAC1) or 10 (WKY) mg/ml mAb Ha2/11 as 
indicated, were allowed to migrate for 4 h at 378C in a tissue culture 
incubator. Each experiment contained quadruplicate samples, and 
measurements were calculated from two to four independent experi-
ments. Migration is expressed as mean percentage of total input cells 
6SEM.
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ganization (13, 16, 17). However, there is little or no evidence
demonstrating that a2b1 is expressed on either vascular SMC
in the vessel wall or activated mesenchymal cells in other tis-
sues (20, 36). On the other hand, the a1b1 integrin is expressed
on many mesenchymally derived cells in adult tissue including
vascular SMC (20, 39). Furthermore, the a1b1 integrin, but not
the a2b1 integrin, is expressed on myofibroblasts resident in
tumor stroma(5), and therefore could be involved in repair

events after injury. In this report, we demonstrate that the a1b1
integrin has both appropriate expression in a rat model of vessel
injury and appropriate in vitro function in the context of vascu-
lar SMC to be involved in pathophysiological events after injury.

a1b1 integrin expression after vessel injury. Because there are
no data directly addressing which collagen binding integrins
are expressed on vascular SMC after vessel injury, we investi-
gated the expression of both the a1b1 and a2b1 integrins after

Figure 5. Integrin-dependent binding of 
PAC1 and WKY cells to collagen and lami-
nin. Wells were coated with 5 mg/ml col-
lagen type IV (IV), 5 mg/ml collagen type I 
(I), and 25 mg/ml laminin (LN). 3 3 104 
PAC1 (A) or WKY (B) cells, labeled with 
Calcein-AM, and untreated or treated with 
indicated antibodies for 15 min before plat-
ing, were added to coated wells and incu-
bated for 60 min. Percent adhesion was cal-
culated by dividing the fluorescence in an 
experimental well by fluorescence of input 
cells, and multiplying by 100. Background 
values due to cell adhesion on wells coated 
with BSA alone were subtracted from those 
values due to adhesion on the various ECM 

molecules. Adhesion assays were done in triplicate and at least three independent experiments were performed. Data are expressed as 
mean6SEM. Black bars, no antibody; white bars, 2 mg/ml mAb Ha31/8; horizontally striped bars, 2 mg/ml mAb Ha21/9; stippled bars, 2 mg/ml 
mAb Ha31/8 1 2 mg/ml mAb Ha21/9; diagonally striped bars, 5 mg/ml mAb Ha2/11.

Figure 6. Collagen gel contraction is mediated by the a1b1 and 
a2b1 integrins in WKY cells. 1.5 3 106 WKY cells, untreated or 
treated with 4 mg/ml mAb Ha31/8, or 4 mg/ml mAb Ha21/9, 4 mg/ml 
mAb Ha31/8 1 4 mg/ml mAb Ha21/9, 10 mg/ml mAb Ha2/11 as indi-
cated, were suspended in 3.0 ml of hydrated collagen solution and 
added to BSA-coated wells of a 24-well dish. Contraction was al-
lowed to proceed for 8 h, after which gels were photographed and 
measured. A representative experiment is shown. Data are ex-
pressed as area of gel (mm2) after contraction.

Figure 7. Collagen gel contraction is mediated by the a1b1 integrin in 
PAC1 cells. 3.0 3 106 PAC1 cells, untreated or treated with 2 mg/ml 
mAb 3A3, 2 mg/ml mAb Ha31/8, or 2 mg/ml mAb Ha21/9, 5 mg/ml 
mAb Ha2/11 as indicated, were suspended in 3.0 ml of hydrated col-
lagen solution and added to BSA-coated wells of a 24-well dish. Con-
traction was allowed to proceed for 24 h, after which gels were photo-
graphed and measured. A representative experiment is shown. Data 
are expressed as area of gel (mm2) after contraction.



a1b1 Integrin Expression and Function in Vascular Smooth Muscle Cells 2475

balloon injury to the rat carotid artery. Uninjured carotid and
aortic arteries express neither the a1b1 nor a2b1 integrins.
However, SMC of smaller vessels such as small muscular arter-
ies do express a1b1 (Lindner, V., unpublished observations).
By 8 d after injury, the a1b1, but not the a2b1, integrin is ex-
pressed in neointimal cells and expression persists for at least
an additional 3 wk. a1b1 expression is confined largely to the
three to four most luminal layers of the developing neointima
correlating with sites of SMC involved in processes affecting
vessel repair such as replication, migration, and contraction.
SMC appear in the neointima of the carotid artery as early as
4 d after injury, followed by replication and collagen matrix
deposition over the following weeks (27, 42). Therefore, the

a1b1 integrin is expressed both on the proper cell type as well
as at the correct time to be involved with pathophysiological
events associated with repair processes after vessel injury.

We were surprised to find that rat medial SMC in large ves-
sels expressed little or no a1 integrin because both human and
chicken medial SMC express high levels of this integrin (39,
43). The medial SMC of large vessels in mouse also do not ex-
press the a1 integrin (Gardner, H., and V. Koteliansky, unpub-
lished observation) suggesting an evolutionary change in the
regulation of a1 integrin expression. Regardless of medial
SMC expression, neointimal SMC in both humans and rat ex-
press the a1 integrin subunit which is consistent with this inte-
grin being involved in the response to injury.

PAC1 cells express molecular markers typical of vascular

SMC in vivo. The study of vascular SMC in vitro is made diffi-
cult by the fact that most cultured SMC are phenotypically
very different from SMC in vivo (41). Primary cultures of vas-
cular SMC rapidly loose the expression of smooth muscle spe-
cific cytoskeletal proteins, de-differentiate, and change from a
contractile to a synthetic state. In an effort to identify an im-
mortalized cell line that resembles vascular SMC in vivo, we
screened a number of vascular SMC lines with antibodies to a
battery of SMC markers and cell surface integrins and found a
uniquely representative rat SMC line, PAC1.

PAC1 cells express high levels of the a1b1 and a8b1 inte-
grins, typical of SMC in vivo. In most cultured SMC lines such
as WKY, expression of a8b1 is lost, while a1b1 is often supple-
mented or replaced by a2b1. PAC1 cells also express a set of
SMC specific cytoskeletal proteins including smooth muscle
a-actin, myosin heavy chain, myosin regulatory light chain,
and a-tropomyosin (32). We have extended this work to show
that these cells also express SMC markers meta-vinculin,
calponin, and phosphoglucomutase. In contrast, WKY cells ex-
press only limited amounts of smooth muscle a-actin and are
more typical of cultured SMC. Based on both the integrin and
SMC marker expression patterns, we believe that the PAC1
cells are phenotypically related to vascular SMC in situ and
relevant for the study of vascular SMC function.

a1b1 mediates collagen matrix reorganization. The ability of
cells to contract and organize collagen matrices is a critical
component of any wound healing response. After damage to
the skin, for instance, myofibroblasts at the site of injury con-
tract loose granulation tissue to close the wound and form a
strong scar (1–3). Similarly, after vascular injury, intimal SMC
(44, 45) as well as adventitial myofibroblasts (37) contribute to
vascular remodeling by reorganizing interstitial collagen matri-
ces. A dense collagenous matrix is often seen in atherosclerotic
plaques (46). In vitro collagen gel contraction has long been
thought to mimic the physical forces generated during wound
contraction (12). Contraction is b1 integrin dependent (10),
and numerous studies have demonstrated that this process can
be mediated through the a2 chain (13, 15–17). If the a1b1 inte-
grin is involved in wound healing events after vessel injury,
one would expect it to mediate collagen gel contraction. Three
lines of evidence demonstrate this to be the case. PAC1 cells
express the a1b1, but not the a2b1, integrin on their surface,
and contract collagen gels in a completely a1b1-dependent
manner. WKY SMC express both the a1b1 and a2b1 integrins
and require function blocking antibodies against both a chains
to completely block contraction. Finally, CHO cells trans-
fected with a1 integrin reorganize collagen matrices in an
a1b1-dependent manner. Therefore, the a1b1 integrin can

Figure 8. CHO cells transfected with the a1 integrin mediate col-
lagen gel contraction. (A) CHO cells transfected with the a1 integrin 
(pHbAPr-a1) were selected for a1 integrin surface expression by 
flow cytometry using mAb 3A3. A representative FACS® scan com-
pares the expression of a1 integrin in pHbApr-a1–transfected cells 
with those cells transfected with pHbAPr alone. The x axis reflects 
log fluorescence intensity, and the y axis reflects cell number. (B) 
CHO cells transfected with pHbAPr or with pHbApr-a1,untreated 
or treated with 2 mg/ml mAb 3A3, 2 mg/ml mAb Ha31/8, or 2 mg/ml 
mAb Ha21/9 as indicated, were used in collagen gel contraction as-
says as outlined in the legend to Fig. 6.
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confer gel contraction behavior. It has also been shown re-
cently that rat cardiac fibroblasts, which express both the a1b1
and a2b1 integrins, are at least partially dependent on the
a1b1 integrin for collagen gel contraction (47).

Lee et al. (17) concluded from blocking antibody studies
that the a1b1 integrin did not play a role in collagen gel con-
traction by human SMC. We believe there are a number of
possibilities for the discrepancy between our data. Lee et al.
note that the anti-b1 integrin antibody TS2/16 blocks gel con-
traction but stimulates adhesion, demonstrating that antibody
effects are assay dependent. One cannot assume that antibod-
ies that block a1-dependent adhesion to collagen in two dimen-
sions will necessarily block three-dimensional collagen gel con-
traction. The antibodies used in our studies happen to block
both processes. Second, the primary human SMC that Lee et
al. use express both the a1 and the a2 integrins, although the
relative amounts are not clear. We know from our studies that
cells that express both these integrins can use either one for
contraction. Under the experimental conditions used by Lee et
al., there may be no blocking effect of the anti-a1 integrin anti-
body because the action of a2 is simply masking that of a1.

Finally, Lee et al. do not control for the possibility that the
primary human SMC which they use may lose a1 integrin ex-
pression during gel contraction. It is clear that the surface inte-
grin expression of primary SMC can rapidly change due to en-
vironmental condition (36, 39). Klein et al. (15) have
demonstrated that a2b1 integrin can be upregulated during gel
contraction. Note that we controlled for the possible upregula-
tion of a2 in our studies.

The data presented here demonstrate that the a1b1 inte-
grin is not only expressed on the proper cell type at the proper
time, but also has in vitro functions expected for a collagen re-
ceptor involved in vascular wound healing. These data, in con-
cert with observations from the literature demonstrating that
myofibroblast-like cells express a1b1 integrin as the predomi-
nant collagen binding integrin, suggest that this receptor may
be involved in both the normal and pathophysiological re-
sponses to tissue injury.

Acknowledgments

We are very grateful to Dr. Abraham Rothman (San Diego, CA) for
supplying the PAC1 cell line and to Dr. Cecelia Giacelli (Seattle,
WA) for the WKY cell line. We are also grateful to Dr. Lynn
Schnapp (San Francisco, CA) for analysis of a8 integrin expression in
PAC1 and WKY cells. We thank Dr. Salvatore Carbonetto (Mont-
real, Quebec) for the 3A3 antibody and Dr. Betty Chao (Biogen,
Inc.) for purification; Dr. Donna Mendrick (Boston, MA) for the
Ha31/8, Ha21/9, and Ha2/11 antibodies; Dr. Guido Tarone (Torino,
Italy) for rabbit serum to the cytoplasmic domains of human a1, a2,
a5, and av integrin subunits; Dr. Marina Glukhova (Paris, France)
for antibodies to vinculin, calponin, and phosphoglucomutase; Dr.
Michael Ignatious (Berkeley, CA) for the rat a1 integrin transfection
vector; Dr. Hynda Kleinman (Bethesda, MD) for type IV collagen
and laminin; and Jackie Ashook-Saleh for help with FACS® analysis.
Thanks also go to Oliver Langholz (Cologne, Germany) for advice on
the gel contraction assays and to Dr. Eugene Marcantonio (New
York, NY) for illuminating discussions.

References

1. Gailit, J., and R.A.F. Clark. 1994. Wound repair in the context of extra-
cellular matrix. Curr. Opin. Cell Biol. 6:717–725.

2. Grinnell, F. 1994. Fibroblasts, myofibroblasts, and wound contraction. J.

Cell Biol. 124:401–404.
3. Raghow, R. 1994. The role of the extracellular matrix in postinflamma-

tory wound healing and fibrosis. FASEB (Fed. Am. Soc. Exp. Biol.) J. 8:823–831.
4. Sappino, A.P., W. Schürch, and G. Gabbiani. 1990. Biology of disease.

Differentiation repertoire of fibroblastic cells: expression of cytoskeletal pro-
teins as marker of phenotypic modulations. Lab. Invest. 63:144–161.

5. Lazard, D., X. Sastre, M.G. Frid, M.A. Glukhova, J.-P. Thiery, and V.E.
Koteliansky. 1993. Expression of smooth muscle-specific proteins in myoepi-
thelium and stromal myofibroblasts of normal and malignant human breast tis-
sue. Proc. Natl. Acad. Sci. USA. 90:999–1003.

6. Hynes, R.O. 1992. Integrins: versatility, modulation, and signaling in cell
adhesion. Cell. 69:11–25.

7. Gullberg, D., K.R. Gehlsen, D.C. Turner, K. Åhlén, L.S. Zijenah, M.J.
Barnes, and K. Rubin. 1992. Analysis of a1b1, a2b1 and a3b1 integrins in cell-
collagen interactions: identification of conformation dependent a1b1 binding
sites in collagen type I. EMBO (Eur. Mol. Biol. Organ.) J. 11:3865–3873.

8. Kern, A., J. Eble, R. Golbik, and K. Kühn. 1993. Interaction of type IV col-
lagen with the isolated integrins a1b1 and a2b1. Eur. J. Biochem. 215:151–159.

9. Vandenberg, P., A. Kern, A. Ries, L. Luckenbill-Eds, K. Mann, and K.
Kühn. 1991. Characterization of a type IV collagen major cell binding site with
affinity to the a1b1 and the a2b1 integrins. J. Cell Biol. 113:1475–1483.

10. Gullberg, D., A. Tingström, A.-C. Thuresson, L. Olsson, L. Terracio,
T.K. Borg, and K. Rubin. 1990. b1 integrin-mediated collagen gel contraction is
stimulated by PDGF. Exp. Cell Res. 186:264–272.

11. Harris, A.K., D. Stopak, and P. Wild. 1981. Fibroblast traction as a
mechanism for collagen morphogenesis. Nature (Lond.). 290:249–251.

12. Bell, E., B. Ivarsson, and C. Merrill. 1979. Production of a tissue-like
structure by contraction of collagen lattices by human fibroblasts of different
proliferative potential in vitro. Proc. Natl. Acad. Sci. USA. 76:1274–1278.

13. Schiro, J.A., B.M.C. Chan, W.T. Roswit, P.D. Kassner, A.P. Pentland,
M.E. Hemler, A.Z. Eisen, and T.S. Kupper. 1991. Integrin a2b1 (VLA-2) medi-
ates reorganization and contraction of collagen matrices by human cells. Cell.

67:403–410.
14. Chan, B.M.C., P.D. Kassner, J.A. Schiro, H.R. Byers, T.S. Kupper, and

M.E. Hemler. 1992. Distinct cellular functions mediated by different VLA inte-
grin a subunit cytoplasmic domains. Cell. 68:1051–1060.

15. Klein, C.E., D. Dressel, T. Steinmayer, C. Mauch, B. Eckes, T. Kreig,
R.B. Bankert, and L. Weber. 1991. Integrin a2b1 is upregulated in fibroblasts
and highly aggressive melanoma cells in three-dimensional collagen lattices and
mediates the reorganization of collagen I fibrils. J. Cell Biol. 115:1427–1436.

16. Kupper, T.S., and T.A. Ferguson. 1993. A potential pathophysiological
role for the a2b1 integrin in human eye diseases involving vitroretinal traction.
FASEB (Fed. Am. Soc. Exp. Biol.) J. 7:1401–1406.

17. Lee, R.T., F. Berditchevski, G.C. Cheng, and M.E. Hemler. 1995. Inte-
grin-mediated collagen matrix reorganization by cultured human vascular
smooth muscle cells. Circ. Res. 76:209–214.

18. Zutter, M.M., and S. Santoro. 1990. Widespread histological distribution
of the a2b1 integrin cell-surface collagen receptor. Am. J. Pathol. 137:113–120.

19. Miettinen, M., R. Castello, E. Wayner, and R. Schwarting. 1993. Distri-
bution of VLA integrins in solid tumors. Am. J. Pathol. 142:1009–1018.

20. Mechtersheimer, G., T. Barth, A. Quentmeier, and P. Möller. 1994. Dif-
ferential expression of b1 integrins in nonneoplastic smooth and striated muscle
cells and in tumors derived from these cells. Am. J. Pathol. 144:1172–1182.

21. Mendrick, D.L., D.W. Kelly, S.S. duMont, and D.J. Sandstrom. 1995.
Glomerular epithelial and mesangial cells differentially modulate the binding
specificities of VLA-1 and VLA-2. Lab. Invest. 72:367–375.

22. Mendrick, D.L., and D.M. Kelly. 1993. Temporal expression of VLA-2
and modulation of its ligand specificity by rat glomerular epithelial cells in vitro.

Lab. Invest. 69:690–702.
23. Turner, D.C., L.A. Flier, and S. Carbonetto. 1989. Identification of a

cell-surface protein involved in PC12 cell-substratum adhesion and neurite out-
growth on laminin and collagen. J. Neurosci. 9:3287–3296.

24. Belkin, A.M., O.I. Ornatsky, A.E. Kabakov, M.A. Glukhova, and V.E.
Koteliansky. 1988. Diversity of vinculin/meta-vinculin in human tissues and cul-
tivated cells. Expression of muscle specific variants in human aorta smooth
muscle cells. J. Biol. Chem. 263:6631–6635.

25. Frid, M.G., B.V. Shekhonin, V.E. Koteliansky, and M.A. Glukhova.
1992. Phenotypic changes in human smooth muscle cells during development:
late expression of heavy caldesmon and calponin. Dev. Biol. 153:185–193.

26. Belkin, A.M., I.V. Kliminskaya, M.E. Lukashev, K. Lilley, D.R. Critch-
ley, and V.E. Koteliansky. 1994. A novel phosphoglucomutase-related protein
is concentrated in adherens junctions of muscle and nonmuscle cells. J. Cell Sci.

107:159–173.
27. Clowes, A., M. Clowes, and M. Reidy. 1983. Kinetics of cellular prolifer-

ation after arterial injury. I. Smooth muscle growth in the absence of endothe-
lium. Lab. Invest. 49:327–333.

28. Lindner, V., C.M. Giacelli, S.M. Schwartz, and M.A. Reidy. 1995. A
subpopulation of smooth muscle cells in injured rat arteries expresses platelet-
derived growth factor B-chain mRNA. Circ. Res. 76:951–957.

29. Lindner, V., and M.A. Reidy. 1993. Expression of basic fibroblast
growth factor and its receptor by smooth muscle cells and endothelium in in-
jured rat arteries. An en face study. Circ. Res. 73:589–595.



a1b1 Integrin Expression and Function in Vascular Smooth Muscle Cells 2477

30. Wilcox, J.N., K.M. Smith, L.T. Williams, S.M. Schwartz, and M.A.
Reidy. 1988. Platelet-derived growth factor mRNA detection in human athero-
sclerotic plaques by in situ hybridization. J. Clin. Invest. 82:1134–1143.

31. Schwartz, S.M., and E.P. Benditt. 1973. Cell replication in the aortic en-
dothelium: a new method for study of the problem. Lab. Invest. 28:699–707.

32. Rothman, A., T.J. Kulik, M.B. Taubman, B.C. Berk, C.W.J. Smith, and
B. Nadal-Ginard. 1992. Development and characterization of a cloned rat pul-
monary arterial smooth muscle cell line that maintains differentiated properties
through multiple subcultures. Circulation. 86:1977–1986.

33. Lemire, J.M., C.W. Covin, S. White, C.M. Giacelli, and S.M. Schwartz.
1994. Characterization of cloned aortic smooth muscle cells from young rats.
Am. J. Pathol. 144:1068–1081.

34. Junger, W.G., T.A. Cardoza, F.C. Liu, D.B. Hoyt, and R. Goodwin.
1995. Improved rapid photometric assay for quantitative measurement of PMN
migration. J. Immunol. Methods. 160:73–79.

35. Eckes, B., C. Mauch, G. Hüppe, and T. Kreig. 1993. Downregulation of
collagen synthesis in fibroblasts within three-dimensional collagen lattices in-
volves transcriptional and posttranscriptional mechanisms. FEBS Lett. 318:129–133.

36. Skinner, M.P., E.W. Raines, and R. Ross. 1994. Dynamic expression of
the a1b1 and a2b1 integrin receptors by human vascular smooth muscle cells.
Am. J. Pathol. 145:1070–1081.

37. Rekhter, M., S. Yoon, V. Zukauskas, and D. Gordon. 1995. Type I col-
lagen gene expression in a rabbit aortic allograft model of transplant arterio-
sclerosis. FASEB (Fed. Am. Soc. Exp. Biol.) J. 9:A855.

38. Glukhova, M.A., and V.E. Koteliansky. 1995. Integrins, cytoskeletal
and extracellular matrix proteins in developing smooth muscle cells of human
aorta. In The Vascular Smooth Muscle Cell. S.M. Schwartz and R.P. Mechams,
editors. Academic Press, New York. 37–79.

39. Belkin, V.M., A.M. Belkin, and V.E. Koteliansky. 1990. Human smooth
muscle VLA-1 integrin: purification, substrate specificity, localization in the
aorta, and expression during development. J. Cell Biol. 111:2159–2167.

40. Schnapp, L.M., J.M. Breuss, D.M. Ramos, D. Sheppard, and R. Pytela.
1995. Sequence and tissue distribution of the human integrin a8 subunit: a b1-
associated a subunit expressed in smooth muscle cells. J. Cell Sci. 108:537–544.

41. Owens, G.K. 1995. Regulation of differentiation of vascular smooth
muscle cells. Physiol. Rev. 75:487–517.

42. Majewsky, M., V. Lindner, D.R. Twardzik, S.M. Schwartz, and M.A.
Reidy. 1991. Production of transforming growth factor b-1 during repair of ar-
terial injury. J. Clin. Invest. 88:904–910.

43. Dubond, J.-L., A.M. Belkin, J. Syfrig, J.P. Thiery, and V.E. Koteliansky.
1992. Expression of a1 integrin, a laminin-collagen receptor, during myogenesis
and neurogenesis in the avian embryo. Development (Camb.). 116:585–600.

44. Orlandi, A., H.P. Ehrlich, P. Ropraz, L.G. Spagnoli, and G. Gabbiani.
1994. Rat aortic smooth muscle cells isolated from different layers and at differ-
ent times after endothelial denudation show distinct biological features in vitro.
Arterioscler. Thromb. 14:982–989.

45. Michel, J.B., N. De Roux, D. Plissonnier, S. Anidjar, J.L. Salzmann, and
B. Levy. 1990. Pathophysiological role of the vascular smooth muscle cell. J.

Cardiovasc. Pharmacol. 16:S4–S11.
46. Rekhter, M.D., K. Zhang, A.S. Narayanan, S. Phan, M.A. Schork, and

D. Gordon. 1993. Type I collagen gene expression in human atherosclerosis.
Am. J. Pathol. 143:1634–1648.

47. Carver, W., I. Molano, T.A. Reaves, T.K. Borg, and L. Terracio. 1995.
Role of the a1b1 integrin complex in collagen gel contraction in vitro by rat
heart fibroblasts. J. Cell. Physiol. 165:425–437.


