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Abstract

 

Migration of smooth muscle cells (SMCs) and collagen syn-
thesis by SMCs are central to the pathophysiology of vascu-
lar disease. Both processes can be induced shortly after vas-
cular injury; however, a functional relationship between
them has not been established. In this study, we determined
if collagen synthesis was required for SMC migration, using
ethyl-3,4-dihydroxybenzoate (EDHB), an inhibitor of pro-

 

lyl-4-hydroxylase, and 3,4-

 

DL

 

-dehydroproline (DHP), a pro-
line analogue, which we demonstrate inhibit collagen elabo-
ration by porcine arterial SMCs. SMCs exposed to EDHB or
DHP attached normally to collagen- and vitronectin-coated
substrates; however, spreading on collagen but not vitronec-
tin was inhibited. SMC migration speed, quantified by digital
time-lapse video microscopy, was significantly and revers-
ibly reduced by EDHB and DHP. Flow cytometry revealed

 

that expression of 

 

b

 

1 integrins, through which SMCs inter-
act with collagen, was unaffected by EDHB or DHP. How-
ever, both inhibitors prevented normal clustering of 

 

b

 

1 in-
tegrins on the surface of SMCs, consistent with a lack of
appropriate matrix ligands for integrin engagement. More-
over, there was impaired recruitment of vinculin into focal
adhesion complexes of spreading SMCs and disassembly of
the smooth muscle 

 

a

 

-actin–containing cytoskeleton. These
findings suggest that de novo collagen synthesis plays a role
in SMC migration and implicates a mechanism whereby
newly synthesized collagen may be necessary to maintain
the transcellular traction system required for effective loco-

 

motion. (

 

J. Clin. Invest.

 

 1998. 101:1889–1898.) Key words:
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Introduction

 

Migration of vascular smooth muscle cells (SMCs)

 

1

 

 is a funda-
mental aspect of arterial restructuring. Translocation of SMCs

from the media to the intima, or within the intima, is consid-
ered to be critical to atherogenesis (1), to restenosis formation
after balloon angioplasty (2), and to repair of disrupted ath-
erosclerotic plaque (3). Environmental signals that can regu-
late SMC migration include growth factors such as platelet-
derived growth factor (4, 5), fibroblast growth factor-2 (6, 7),
and transforming growth factor-

 

b

 

 (8, 9). SMC locomotion may
also be controlled by components of the extracellular matrix
(ECM) including fibrinogen and fibrin (10), fibronectin (11),
and hyaluronic acid (12).

Collagens are among the most abundant ECM proteins of
the normal and diseased vessel wall (13–17). They can exist as
a meshwork surrounding individual SMCs (type IV or base-
ment membrane collagen) or as interstitial dense fibers that
occupy a substantial volume of the tissue (type I and III fibril-
lar collagens) (16). In each of these biochemical and structural
forms, the collagen network can be expected to serve as a me-
chanical barrier to SMC migration. However, there is also evi-
dence that collagens can be effective substrates for SMC motil-
ity. It is well established, for example, that type I collagen is a
suitable substrate for SMC migration in vitro (18), superior in
some circumstances to vitronectin (19) and fibronectin (6).
Furthermore, growth factor–mediated SMC migration on type
I collagen has been shown in two studies to be dependent on
the 

 

a

 

2

 

b

 

1 integrin-type collagen receptor (6, 18).
Although there is abundant collagen in the normal vessel

wall, vascular cells are induced to synthesize new collagen
shortly after arterial injury. Strauss and co-workers observed
increased collagen synthesis 1 wk after angioplasty to the rab-
bit iliac artery (20). Similarly, increased expression of type I
(21) and type VIII (22) collagen have been detected during the
first week after balloon injury to the rat carotid artery. Expres-
sion of collagens at these relatively early times after injury co-
incides with SMC migration into the intima and lesion forma-
tion (23, 24). These expression data thus raise the possibility
that de novo production of collagen by SMCs, perhaps in con-
cert with degradation of preexisting collagen, may be impor-
tant in establishing a suitable extracellular environment for
SMC migration. To date, however, it has not been determined
whether there is a specific need for new collagen production in
SMC migration.

Hydroxylation of proline is a key step in the collagen syn-
thesis pathway. A critical number of prolyl residues in 

 

a

 

 chains
of procollagen must be hydroxylated in order for the nascent
pro-

 

a

 

 chains to fold into a stable triple helical conformation.
Triple helix formation, in turn, is necessary for normal secre-
tion of procollagen into the extracellular milieu. This require-
ment for proline hydroxylation is the basis for the design of
pharmacological inhibitors of collagen accumulation (25, 26).
One class of such compounds serves as competitive inhibitors
of prolyl-4-hydroxylase, the enzyme that catalyzes the hydrox-
ylation reaction (27, 28). A second class of inhibitors consists
of structural analogues of proline which incorporate into pro-

 

a

 

collagen chains but, because they are not substrates for prolyl-
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4-hydroxylase, do not become hydroxylated (29). Both types
of agents have been shown to markedly impair the secretion of
functional collagen (27, 29, 30).

In this study, we have used both classes of collagen synthe-
sis inhibitors to address the question of the need for endoge-
nous collagen production in SMC migration. Our results indi-
cate that ethyl-3,4-dihydroxybenzoate (EDHB), an inhibitor
of prolyl-4-hydroxylase, and 3,4-

 

DL

 

-dehydroproline (DHP), a
proline analogue, reversibly inhibit in vitro migration of arte-
rial SMCs. Furthermore, we demonstrate that SMCs incubated
with collagen synthesis inhibitors fail to cluster 

 

b

 

1 integrins
and to form focal adhesion contacts at their periphery, while
spreading over an ECM substrate. Moreover, inhibition of col-
lagen synthesis in SMCs led to complete disassembly of the
smooth muscle 

 

a

 

-actin–containing cytoskeleton. The actions
were not attributable to toxic effects of the reagents and were
similar with the two mechanistically distinct collagen synthesis
inhibitors. These findings indicate that locomotion of SMCs
requires de novo collagen synthesis and implicate a mecha-
nism whereby newly synthesized collagen is required for integ-
rin clustering and linkage to the cytoskeleton, so that move-
ment can effectively proceed.

 

Methods

 

Reagents, antibodies, and adhesive ligands.

 

EDHB and DHP were
purchased from Sigma Chemical Co. (St. Louis, MO). Type I collagen
elaboration was probed using LF 67, rabbit antiserum to the C-telo-
peptide region of the 

 

a

 

1(I) chain of human type I collagen (gift of Dr.
L.W. Fisher, National Institute of Dental Research, Bethesda, MD)
(31, 32). 

 

b

 

1 integrin expression was studied using anti–human 

 

b

 

1 in-
tegrin subunit specific mAb HB1.1 (Chemicon Inc., Temecula, CA),
which we established cross-reacts with porcine 

 

b

 

1 integrin. Other
mAbs used included antivinculin mAb VIN-11-5 (Sigma), and a mAb
against smooth muscle 

 

a

 

-actin (clone 1A4; Dako, Glostrup, Den-
mark). Flow cytometry was performed using an isotype-matched con-
trol antibody (P3; American Type Culture Collection, Rockville,
MD). Rat tail collagen solubilized in acetic acid was used as a source
of type I collagen and was prepared as described previously (33).
Human fibronectin was isolated from human plasma by gelatin-
Sepharose chromatography (34). Vitronectin was purchased from
Life Technologies, Inc. (Gaithersburg, MD).

 

Cell culture.

 

Primary cultures of vascular SMCs were isolated by
enzymatic dispersion of porcine carotid arteries retrieved from a local
abattoir using modifications of previously described methods (35).
Before dispersion, the adventitia and outer one-third of the media
were discarded and endothelial cells were removed by scraping. Arte-
rial strips were then incubated in dissociation medium containing 0.8
mg/ml collagenase (Sigma blend type H), 1 mg/ml papain, 1.2 mg/ml
BSA, 0.09 mg/ml DTT, and 0.25 mM EDTA in PBS pH 7.0 for, se-
quentially, 6 h at 4

 

8

 

C, 30 min at room temperature, and 2 h at 35

 

8

 

C.
Identity of SMCs in culture was confirmed by positive immunostain-
ing for smooth muscle 

 

a

 

-actin. Cells were maintained in DME (Life
Technologies, Inc.) supplemented with 4% fetal bovine serum, unless
otherwise indicated, and were studied in the second to fourth subcul-
tures.

 

Collagen production by Western blot analysis.

 

SMCs were incu-
bated with either EDHB or DHP and media were harvested with
phenylmethylsulfonyl fluoride (0.1 mM) and leupeptin (10 

 

m

 

g/ml).
Total protein content of conditioned media was measured by Lowry
assay (Biorad Canada, Mississauga, Ontario, Canada). Samples were
mixed with an equal volume of 2

 

3

 

 SDS gel loading buffer (100 mM
Tris-Cl, pH 6.8, 4% SDS, 20% glycerol, 200 mM DTT, 0.2% bro-

 

mophenol blue) and equal amounts of protein were resolved on 6%
(for collagen) or 15% (for smooth muscle 

 

a

 

-actin) polyacrylamide
gels under reducing conditions. Proteins were transferred electro-
phoretically to a PVDF membrane (Immobilon P; Millipore Corp.,
Bedford, MA). After overnight blocking, membranes were incubated
with the designated primary antibody for 3 h at room temperature.
Primary antibodies used were LF 67 (for type I collagen) and mAb
1A4 (for smooth muscle 

 

a

 

-actin). Bound primary antibody was re-
acted with anti–rabbit peroxidase-conjugated IgG or anti–mouse per-
oxidase-conjugated Fab fragments for 1 h and detected by chemi-
luminescence, according to the manufacturer’s recommendations
(Boehringer Mannheim, Laval, Quebec, Canada). Washed blots were
exposed to x-ray film (XAR-5; Eastman Kodak, Rochester, NY).

 

Attachment and spreading assays.

 

SMCs treated for 4 d with ei-
ther EDHB (400 

 

m

 

M) or DHP (1 mM) were detached with trypsin-
EDTA and subsequent attachment to matrix-coated substrates was
evaluated as previously described (36). Briefly, SMCs were resus-
pended in serum-free DME containing 1% BSA, and cells (10,000
cells/cm

 

2

 

) were seeded on glass coverslips that had been precoated
overnight at 4

 

8

 

C with the adhesive ligands (15 

 

m

 

g/ml for collagens and
fibronectin, 1 

 

m

 

g/ml for vitronectin, concentrations based on prior ti-
tering to optimize adhesion of SMCs). After 1 h, nonadherent cells
were removed by gentle washing with PBS and attached cells were
fixed with ice-cold acetone and stained with Giemsa (Sigma). Cell at-
tachment was measured by counting 10 microscopic (

 

3

 

40 objective)
fields. Attachment to BSA-coated wells (1 mg/ml) served as control
for background adhesion and each assay was done in triplicate. Cell
spreading was studied under similar conditions to that for cell attach-
ment except SMCs were fixed 6 h after seeding instead of 1 h. A digi-
tized video microscopic image of the fixed cells was then acquired.
The borders of 30 cells per condition were traced and cell area was
determined using calibrated image analysis software (Jandel Scien-
tific, Corte Madera, CA).

 

Time-lapse video microscopy.

 

SMC migration was evaluated us-
ing time-lapse monitoring with a digital video recording system. Mi-
gration was monitored with an inverted microscope (Axiovert S100;
Carl Zeiss, Inc., Thornwood, NY) using a 

 

3

 

10 objective and a halo-
gen light source. A CCD video camera (Sony XC-75/75CE) attached
to the microscope was used to generate video images which were dig-
itally acquired over a 6–8-h recording period using custom-written
time-lapse software. Ambient temperature was maintained at 37

 

8

 

C by
mounting the culture dish in a temperature control cell (CC-100; 20/20
Technology Inc. Wilmington, NC) and applying a stream of warmed
air (37

 

8

 

C) above the culture lid to prevent condensation. Cells were
incubated in bicarbonate-reduced medium (M199 with Hanks’ salts
and 25 mM Hepes; Life Technologies Inc.) to maintain physiologic
pH in room air. Migration was measured from digital images by
tracking the location of cell centroids at hourly intervals. Migration
speed was determined as the sum of hourly distances divided by the
total time as described previously (37).

 

Immunofluorescence microscopy.

 

SMCs seeded onto matrix-
coated glass slides were fixed in ice-cold acetone and immunostained
using previously described methods (38). Bound primary antibody
was detected with FITC-labeled anti–rabbit or anti–mouse IgG and
visualized using an Olympus BX microscope equipped for fluorescein
and Hoescht 33258 fluorescence.

 

Flow cytometry.

 

Flow cytometry for detection of integrin expres-
sion was carried out by indirect immunofluorescence staining as de-
scribed previously (39, 40). Early confluent SMCs were trypsinized
and washed in cold PBS with 1% BSA. Cells were incubated for 30
min on ice with mAb HB1.1 or isotype-matched control mAb at pre-
determined saturating concentrations. Washed cells were incubated
with FITC-labeled anti–mouse F(ab

 

9

 

)

 

2

 

 fragment and fluorescence
staining was analyzed using a FACScan

 

®

 

 (Becton Dickinson, Moun-
tain View, CA).

 

Statistics.

 

Data are expressed as mean

 

6

 

SEM. Comparisons were
made by 

 

t

 

 test or ANOVA with Scheffé’s post-hoc test. Statistical sig-
nificance was set at

 

 P 

 

, 

 

0.05.
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Results

 

EDHB and DHP inhibit type I collagen production by SMCs.

 

To characterize the effects of EDHB and DHP on collagen
production by SMCs, near confluent cells were incubated with
inhibitors for 4 d and the amount of type I collagen secreted
into medium over the final 2 d was evaluated by Western blot
analysis. Blots were probed using antiserum LF67. This antise-
rum recognizes the C-telopeptide triple helical domain of

 

a

 

1(I) collagen and we have shown previously that on immuno-
blots it identifies full-length pro-

 

a

 

1(I) collagen chain, partially
processed pro-

 

a

 

1(I) collagen chains lacking NH

 

2

 

- or COOH-
terminal propeptides, and mature 

 

a

 

1(I) collagen chain (38).
As shown in Fig. 1, both EDHB and DHP induced a concen-
tration-dependent decrease in each of these forms. The con-
centration range of EDHB over which collagen production
was inhibited was similar to that observed in other cell types
(27, 41, 42), and a dose of 400 

 

m

 

M EDHB was used for further

inhibition studies. DHP was less effective on a molar basis
than EDHB in reducing collagen secretion, although it should
be noted that DL enantomers of DHP were used of which only
the L form is biologically active. A dose of 1 mM DHP was
used for further inhibition studies which is similar to the effec-
tive concentration found in other cell types (43). No toxicity
with either EDHB or DHP at these concentrations was ob-
served, as evidenced by trypan blue exclusion. A modest de-
crease in SMC proliferation was observed, consistent with
reports using other collagen synthesis inhibitors (44, 45), how-
ever total protein synthesis per microgram of DNA, deter-
mined by [

 

3

 

H] leucine incorporation into TCA precipitable
material, was unaffected by the inhibitors (data not shown).
Because EDHB is an analogue of 

 

a

 

-ketoglutarate, a compo-
nent of intermediary metabolism, the effect of the collagen
synthesis inhibitors on cellular ATP content was assessed by
luciferase assay. ATP content fell in postconfluent SMCs and
in SMCs exposed to ATP-depleting agents (antimycin A and

Figure 1. Effect of EDHB and DHP on elaboration of type I collagen by arterial SMCs. (A and B) SMCs were incubated for 4 d with the desig-
nated concentrations of EDHB (A) or DHP (B) and conditioned media from the final 48 h of incubation were subjected to Western blot analy-
sis. Bands detected by the antibody LF67 include pro-a1(I) collagen chain, partially processed pro-a1(I) collagen chain lacking either the NH2- 
or COOH-terminal propeptides, and fully processed a1(I) collagen chain (38). The level of each species is reduced by the inhibitors. (C and D) 
Immunofluorescence micrographs of 10-d SMC cultures under control conditions (C) and cultures incubated for the final 4 d with 400 mM 
EDHB (D). Formation of an extracellular collagen fiber network is inhibited by EDHB and only amorphous, focal accumulations of immunore-
active collagen is evident (arrow).
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2-deoxy 

 

D

 

-glucose) but there was no detectable reduction in
ATP content of SMCs incubated for 3–4 d with EDHB or
DHP (data not shown).

To determine the effect of the inhibitors on elaboration of
an insoluble collagen fiber matrix, SMC cultures were immuno-
stained using LF67. This revealed a marked reduction in the
formation of an insoluble collagen fiber matrix. Fig. 1 

 

C

 

 illus-
trates the elaborate collagen fiber network detectable in con-
trol cultures after 10 d. Fig. 1 

 

D

 

 illustrates the findings ob-
served in 10-d cultures when SMCs were exposed to EDHB
(400 

 

m

 

M) for the final 4 d. Here, only sparse extracellular im-
munoreactivity was evident which had an amorphous, non-
fibrillar appearance, consistent with abnormal fibrillogenesis
of underhydroxylated collagen or accelerated degradation of
abnormal fibers (Fig. 1 

 

D

 

, 

 

arrow

 

) (46).

 

SMC spreading but not attachment is inhibited by EDHB
and DHP.

 

To determine the effect of the inhibitors on SMC
attachment, SMCs were treated with collagen synthesis inhibi-
tors for 4 d, trypsinized, and seeded onto a given matrix pro-
tein. Under control (untreated) conditions, the percentage of
total cells added that attached to type I collagen and vitronec-
tin was 76

 

6

 

9 and 80

 

6

 

10%, respectively. As shown in Fig. 2 

 

A

 

,
prior treatment of SMCs with inhibitors did not affect cell at-
tachment to either of these substrates. Attachment to type IV
collagen, type V collagen, and fibronectin was also unaffected
by the inhibitors (data not shown).

We next determined the effect of inhibitors on the ability
of SMCs to spread over a preformed collagen substrate, by
quantifying SMC area 6 h after seeding. As shown in Fig. 2 

 

B

 

,
SMCs pretreated with either EDHB or DHP spread on type I
collagen substantially less than did vehicle-treated cells (

 

P 

 

,

 

0.01). Impaired spreading was also observed when SMCs were
seeded on type III collagen, type IV collagen, and type V col-
lagen (data not shown). Addition of 20 

 

m

 

g/ml ascorbate to
EDHP-treated SMCs partially reversed the abnormality in
spreading (40% restoration of the response,

 

 P 

 

, 

 

0.05); higher
doses of ascorbate were associated with cell toxicity (data not
shown). In contrast to the substantially impaired spreading on
collagen substrates, EDHB and DHP had no significant effect
on SMC spreading on vitronectin (Fig. 2 

 

B

 

).

 

EDHB and DHP inhibit SMC locomotion and migration
speed.

 

To evaluate the effect of EDHB and DHP on SMC
movement, digital time-lapse video microscopy was used. This
was performed initially with cells seeded on uncoated sub-
strates and allowed to grow for 4 d in the absence of inhibitors
to permit endogenous formation of a primordial ECM. EDHB,
DHP, or vehicle was then added for a further 4 d and the mi-
gration path of individual cells was tracked over 7 h. The
migration speed for each cell was also determined. Migration
was also studied 2–3 d after washout of the respective inhibi-
tor. Representative migration paths shown in Fig. 3 illustrate a
striking decrease in motility of SMCs after exposure to either
EDHB or DHP. This effect was fully reversible upon washout
of the inhibitor. The mean migration speed of SMCs treated
with EDHB was reduced by 42% (

 

P

 

 , 

 

0.05) and the speed of
SMCs treated with DHP was reduced by 45% (

 

P

 

 , 

 

0.05).
Mean cell migration speed in both instances returned to con-
trol levels 2–3 d after removal of the inhibitor. An apparent
trend toward suprabasal migration speeds after washout of the
inhibitors was not statistically significant.

We then determined if the antimigratory effect of the col-
lagen synthesis inhibitors was influenced by specific exogenous

 

ECM constituents. SMCs were treated with inhibitors for 30 h,
detached with trypsin-EDTA, and reseeded onto substrates
precoated with type I collagen (15 

 

m

 

g/ml), fibronectin (15

 

m

 

g/ml), or vitronectin (1 

 

m

 

g/ml). Cells were allowed to attach
and spread for a further 24 h in the presence of the respective
inhibitor and single cell migration was assessed as described
above. As illustrated in Fig. 3 

 

I

 

, treatment with EDHB or DHP
decreased migration speed on collagen by 42% (

 

P

 

 , 

 

0.01) and
33% (

 

P

 

 , 

 

0.05), respectively; on fibronectin by 50% (

 

P

 

 ,

 

0.01) and 33% (

 

P

 

 , 

 

0.05), respectively; and on vitronectin by
32% (

 

P

 

 , 

 

0.05) and 21% (

 

P

 

 , 

 

0.05), respectively.

 

b

 

1 integrin clustering and focal adhesion complex forma-
tion is inhibited by EDHB and DHP.

 

Collagen interacts with
SMCs through 

 

b

 

1 integrins and this interaction can mediate
adhesion, migration, and ECM signaling (47–49). When not
engaged by ligand, integrins exist diffusely on the cell surface

Figure 2. Effect of inhibiting collagen synthesis on SMC attachment 
and spreading. (A) SMCs, incubated for 4 d with or without EDHB 
(400 mM) or DHP (1 mM), were seeded onto matrix-coated glass cov-
erslips and attachment after 1 h was determined as described in 
Methods. No effect of the inhibitors on attachment to type I collagen 
or vitronectin was observed. (B) SMC spreading was determined 6 h 
after seeding cells on the designated substrate by tracing cell borders 
of a digitized image. *P , 0.01 vs. control.
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but upon ligand binding they aggregate into clusters (50), a
process central to integrin-mediated function (51). To examine
whether de novo collagen synthesis is required for integrin
clustering, SMCs were treated for 4 d with EDHB (400 mm) or
DHP (1 mM) and added to type I collagen-coated glass cover-
slips in serum-free conditions. Cells were allowed to spread
over 6 h, after which they were fixed and stained with mAb
HB1.1, an anti-b1 antibody. In control SMCs, b1 integrins dis-
tributed into adhesion complexes beneath the cell body and at
the cell periphery (Fig. 4). However, in cells treated with col-
lagen inhibitors, b1 integrin complexes were poorly visualized
and at best rudimentary. Importantly, neither EDHB nor
DHP inhibited the total surface expression of b1 integrins on
SMCs as measured by flow cytometry (Fig. 4, bottom), impli-
cating a selective defect in integrin aggregation. In agreement
with the quantitative data on cell spreading (Fig. 2 B), treated
cells were poorly spread and often assumed atypical shapes.

Ligation and clustering of integrins occurs in concert with
recruitment of cytoskeletal proteins into focal adhesion com-
plexes on the inner face of the cell membrane (for review see
reference 52). To visualize focal complex assembly, spreading
cells were immunostained for vinculin. As shown in Fig. 5, vin-
culin-containing focal adhesion complexes were clearly evi-
dent in control cells seeded on collagen, both 1 and 6 h after
seeding. In contrast, in SMCs preincubated with collagen syn-
thesis inhibitors, focal adhesions were much less apparent. In
some cells, a dispersed accumulation of vinculin was apparent
at the edge of atypical cell extensions (Fig. 5 C, arrow), sug-
gesting a failed or retarded attempt at focal contact assembly.

EDHB and DHP induce disassembly of the actin cytoskele-
ton. Several focal adhesion proteins, including vinculin, are
capable of binding actin (53) and this linkage to the actin cy-

toskeleton is critical for cell motility (54). To determine the ef-
fect of collagen synthesis inhibitors on actin organization,
SMCs were immunostained for smooth muscle a-actin. As
shown in Fig. 6 collagen synthesis inhibitors led to nearly com-
plete loss of smooth muscle a-actin–containing stress fibers af-
ter 4 d of incubation. Western blot analysis for smooth muscle
a-actin monomers demonstrated that actin expression was un-
affected by the inhibitors (Fig. 6 C), implying that the loss of fi-
ber staining was due to microfilament disassembly (or lack of
assembly) rather than an effect on smooth muscle a-actin ex-
pression.

Discussion

To investigate a functional linkage between SMC motility and
collagen synthesis, we exploited the physiologic requirement
of prolyl-4-hydroxylase in the production of collagen. The
cotranslational hydroxylation of proline is known to play a
critical role in stabilizing the triple helix in the collagen mole-
cule. When proline hydroxylation is inhibited, cells continue to
make pro-a chains, but these chains remain in an unstructured,
nonhelical conformation. The resultant molecule can be se-
creted from the cell as a nonfunctioning protein but most of it
accumulates intracellularly within the endoplasmic reticulum
(46). The two inhibitors used in the current study, EDHB and
DHP, have both been shown to reduce proline hydroxylation
and collagen production; however, they do so through distinct
actions. EDHB is a structural analogue of ascorbate and a-keto-
glutarate, two essential cofactors for prolyl-4-hydroxylase. DHP
does not directly inhibit prolyl-4-hydroxylase but instead in-
corporates into pro-a chains where, unlike proline, it does not
become hydroxylated. Both reagents were found to inhibit

Figure 3. Effect of inhibiting collagen syn-
thesis on SMC migration path (A–C, E–G) 
and migration speed (D and H) as moni-
tored by digital time-lapse video micros-
copy. Migration paths depict hourly trans-
locations of 10 cells per experimental 
condition, over a period of 7 h. (A) Control 
SMCs. (B) SMCs treated for 4 d with
400 mM EDHB. (C) EDHB-treated SMCs 
shown in B, 2 d after removal of the inhibi-
tor. (D) Mean migration speed of the 
SMCs depicted in A–C. (E) Control SMCs 
for F and G. (F) SMCs treated for 4 d
with 1 mM DHP. (G) DHP-treated SMCs 
shown in F, 3 d after removal of the inhibi-
tor. (H) Mean migration speed of SMCs 
depicted in E–G. (I) Migration speed of 
control and treated SMCs migrating on 
type I collagen, fibronectin, and vitronec-
tin. *P , 0.05 vs. untreated SMCs; †P , 

0.01 vs. untreated SMCs.
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production of type I collagen by SMCs in a dose-dependent
fashion: there was a decline in the amount of collagen secreted
into the culture medium and a striking decrease in the amount
of collagen deposited on the culture substrate.

Several lines of evidence indicate that the inhibitors used
were not toxic to SMCs and that the effect on collagen produc-
tion was specific: (a) trypan blue exclusion was unaffected by
the inhibitors; (b) there was no effect of inhibitors on SMC at-
tachment to an ECM substrate; (c) the effect of EDHB and
DHP on SMC migration was fully reversible upon washout of
the reagents; (d) SMC total protein synthesis, as measured by
incorporation of [3H]leucine, was unaffected by the inhibitors;
(e) there was no effect of inhibitors on the expression of either
smooth muscle a-actin or of b1 integrins, as assessed by West-

ern blot analysis and flow cytometry, respectively; (f) addition
of 20 mg/ml ascorbate partially overcame the effects of EDHB;
and (g) cellular ATP levels did not fall in response to either
EDHB or DHP. In addition to these data, previous studies
with proline hydroxylation inhibitors have shown that elastin
secretion is unaffected (55, 56).

What is the mechanism by which the collagen synthesis in-
hibitors retarded SMC spreading and migration? It has been
shown previously that the integrity of the ECM-cytoskeletal
linkage is critical for force generation and directed movement
of the cell membrane (48). We propose that the collagen syn-
thesis inhibitors prevented efficient shape change and migra-
tion of SMCs by disrupting this linkage. Specifically, by failing
to elaborate a primordial collagen fiber substrate, SMCs were

Figure 3 (Continued)
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unable to optimally interact with the ECM to generate the
traction and force required for normal movement. This inter-
pretation is supported by the observation that b1 integrin ag-
gregation was impaired by the inhibitors. Clustering of in-
tegrins is dependent on integrin binding to a multivalent ECM
ligand (57, 58). By preventing the elaboration of suitable adhe-
sive ligand, the inhibitors may have abrogated, or at least im-
paired, this clustering reaction. The observed abnormality in
focal contact formation, studied by staining for vinculin, is con-
sistent with this view, recognizing that recruitment of focal
adhesion proteins into focal contacts is dependent on integrin
occupancy by ligand and integrin clustering (51). Finally, dis-
ruption of smooth muscle a-actin–containing microfilament
bundles by the inhibitors also supports this paradigm. Focal
adhesions are the major sites of attachment of actin stress fi-
bers to the cell surface. The loss of actin stress fibers, in the ab-

sence of any decrease in expression of the monomeric G
forms, suggests that the fibers disassembled in response to los-
ing contact with the focal adhesion proteins to which they are
normally anchored. Taken together, the findings suggest that
the lack of newly elaborated collagen in the immediate vicinity
of the SMC prevented the normal chain of transmembrane
linkages required for motility.

It remains possible that effects of EDHB and DHP other
than decreased collagen secretion may have altered the migra-
tory behavior of cells. For example, substitution of DHP for
proline in noncollagenous proteins might alter conformation
and function of such proteins. However, the observation that
two mechanistically distinct collagen synthesis inhibitors yielded
similar effects in all endpoints studied strongly supports the
notion that the decrease in SMC motility, as well as in integrin
and cytoskeleton organization, was a consequence of inhibited

Figure 5. Immunofluorescence photomi-
crographs showing the effect of collagen 
synthesis inhibitors on focal contact assem-
bly in spreading SMCs. SMCs treated with 
or without collagen synthesis inhibitors for 
4 d were seeded onto type I collagen and 
immunostained for vinculin after 1 h (top) 
or 6 h (bottom). Vinculin-containing focal 
adhesion contacts are evident in the pe-
riphery of control cells (A and D, short
arrows) but are absent or atypical (C, long 
arrow) in cells treated with 400 mM EDHB 
(B and E) or 1 mM DHP (C and F).

Figure 4. Effect of collagen synthesis in-
hibitors on localization and expression of 
b1 integrins in arterial SMCs. (Top) Immu-
nofluorescence photomicrographs of con-
trol SMCs and cells exposed to collagen 
synthesis inhibitors. Untreated SMCs and 
SMCs treated for 4 d with either EDHB or 
DHP were released from cultures with 
trypsin-EDTA, seeded onto type I col-
lagen-coated glass coverslips, and fixed and 
immunostained for b1 integrins using mAb 
HB1.1 after 6 h. Arrows depict b1 integrin 
clusters at the periphery of a spreading, un-
treated SMC. (Bottom) Flow cytometry 
analysis using the same antiintegrin anti-
body showing no effect of collagen synthe-
sis inhibitors on total surface expression of 
b1 integrins. The tracing on the left of each 
histogram depicts background signal of the 
isotype-matched control antibody.
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collagen production. We also cannot discount the possibility
that the effect of the inhibitors on spreading and migration was
partly a consequence of intracellular accumulation of abnor-
mal collagen. However, the observation that SMCs incubated
with EDHB and DHP spread normally on vitronectin suggests
that the effect was primarily an extracellular one and that the
spreading impairment could be overcome by an ECM environ-
ment that supplied other adhesive ligands, such as vitronectin,
that could be efficiently harnessed by the cell.

The inhibitory effects of EDHB and DHP on SMC spread-
ing were observed for cells seeded on collagen-coated sub-
strates, including collagen types I, III, IV, and V. Similarly,
SMC migration on collagen remained impaired. The failure of
exogenous collagen to support normal spreading or migration
of cells treated with collagen synthesis inhibitors is consistent
with previous studies of epithelial cell outgrowth from mouse
skin explants (59) and implies a functional difference between
newly elaborated collagen and preformed, exogenous col-
lagen. One possibility is that a specific collagen other than
those tested may be essential for SMC spreading and motility,
and would have corrected the abnormality if it were added.
Type VIII collagen has been shown recently to be expressed
by rat SMCs after balloon injury (22, 60) and is a candidate in
this regard. However, it is also recognized that purified pre-
formed collagens do not mimic the ECM environment that de-
velops de novo either in vitro or in vivo as they differ in fiber
size, fiber organization, and degree of polymerization. It is
thus unlikely that the biochemical and structural features of
newly and continually elaborated collagen are similar to those
of a preexisting collagen fiber matrix. Our results suggest that

SMC attachment to a preformed fiber lattice is not dependent
on the production of new collagen; however, SMC spreading
and migration are dependent on this additional response. That
is, the preformed lattice was not sufficient to mediate the dy-
namic cell surface rearrangements required for cell spreading
and migration and concomitant deposition of newly synthe-
sized collagen was required.

It is noteworthy that the collagen synthesis inhibitors im-
paired migration not only on a collagen substrate but also on
fibronectin and vitronectin. Thus, elaboration of new collagen
may be important for SMC motility in a variety of ECM envi-
ronments. It is well established that both fibronectin and vit-
ronectin bind collagen fibers and appropriate interaction with
nascent collagen may optimize ECM assembly and organiza-
tion, which in turn could affect migration (61, 62). Of note,
even though spreading of SMCs on vitronectin was not influ-
enced by the inhibitors, migration was inhibited. This may re-
flect the fact that migration is a more complex phenomenon
than spreading, and that whereas av integrin-based interaction
with vitronectin may be sufficient for normal spreading on this
substrate, additional elaboration of nascent collagen is neces-
sary to facilitate the coordinated and sustained movement pat-
terns required for migration on this and other substrates.

The role of de novo synthesized collagen in cell motility
might be similar to that previously described for fibronectin.
Fibronectin matrices can be endowed with positional informa-
tion that contributes to directional migration and have been
shown to provide migratory tracks for mesoderm cells during
development (63, 64). Early collagen matrices might also act as
migratory paths for motile cells, either alone or through their

Figure 6. Effect of inhibiting collagen 
synthesis on smooth muscle a-actin or-
ganization. (A–C) Fluorescence photo-
micrographs of control SMCs (A), 
SMCs incubated for 2 d with 400 mm 
EDHB (B), and SMCs incubated for
4 d with 400 mm EDHB (C) and immu-
nostained for smooth muscle a-actin. 
Nuclei are stained with Hoechst 33258. 
(D) Western blot of cell lysates of 
SMCs incubated for 4 d with EDHB. 
Cellular proteins were resolved on a 
15% polyacrylamide gel and trans-
ferred proteins were immunodetected 
using smooth muscle a-actin–specific 
mAb (clone 1A4). Despite inducing a 
loss of stress fibers, EDHB had no ef-
fect on cellular abundance of mono-
meric smooth muscle a-actin.
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interaction with other ECM constituents. In this regard it is
noteworthy that the migration speed of SMCs preincubated
with inhibitors was reduced by z 40%, while the effect on mi-
gration path was even more striking. Motion analysis of indi-
vidual SMCs revealed small oscillatory-like changes in cen-
troid location, with minimal persistent movement away from
the cell’s point of origin (e.g., Fig. 3 F), consistent with the ab-
sence of a structural path for crawling.

In summary, we have demonstrated that SMCs require de
novo production of collagen to sustain normal migration in
vitro. We propose that this biosynthetic response is necessary
to ensure that the collagenous ECM is appropriately struc-
tured to maintain the transcellular traction system required for
locomotion. Recent studies have established that deposition of
new collagen is an early response to vascular injury (20–22,
65). The current studies suggest that this response may be im-
portant for facilitating SMC migration during the remodeling
process. Inhibition of collagen synthesis may thus be a novel
approach to controlling SMC migration during pathologic ar-
terial restructuring.
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