
American Journal ofPathology, Vol. 143, No. 4, October 1993
Copyright s) American Societyfor Investigative Pathology

Short Communication
Basic Fibroblast Growth Factor: Its Role in the
Control of Smooth Muscle Cell Migration

Christopher L. Jackson and Michael A. Reidy
From the Department of Pathology, University of
Washington, Seattle, Washington

Theformation ofan intimal lesion in an injured
artery is the consequence of the replication and
migration ofsmooth muscle ceUs. Recent studies
have implicated basic fibroblast growth factor
(bFGF) as an important mediatorofreplication in
the arterial media, and platelet-derived growth
factor as an important mediator of migration.
However, the degree ofarterialtraumaproduced
during injury has a significant influence on the
time of onset of intimal thickening, suggesting
that factors released from damaged smooth
muscle ceUs may affect migration. We have inves-
tigated the role ofone ofthesefactors, bFGF, in
smooth muscle cell migration in vivo. Wefound
that 1) deendothelialization ofthe rat carotid ar-
tery results in significantly more migration when
it is accompanied by traumatic injury to the un-
derlying smooth muscle; 2) the rate ofmigration
in arteries that have been gently deendothelial-
ized is significantly stimulated by systemic injec-
tion of bFGF; and 3) inhibition of bFGF with a
blocking antibody significantly reduces the
amount of migration after traumatic deendothe-
lializing injury with a baloon catheter. These
findings suggest that bFGF plays an important
role in the mediation of smooth muscle ceU mi-
gration after arterial injury. (AmJ Pathol 1993,
143:1024-1031)

Recent reports have shown that the replication and
migration of smooth muscle cells are both key events
in the development of arterial lesions, and there is
evidence to suggest that these events are controlled
by different factors. For example, platelet-derived

growth factor (PDGF), a potent mitogen for smooth
muscle cells in vitro, has only a minimal effect on
smooth muscle cell replication in injured rat arteries
yet significantly increases the migration of smooth
muscle cells from the media into the intima. 1X2 In con-
trast, basic fibroblast growth factor (bFGF), which is
expressed and synthesized by rat arterial smooth
muscle cells,3 markedly increases smooth muscle
cell replication in injured arteries4 but little is known
about its effect on smooth muscle cell migration. With
respect to the role of bFGF in migration, in one study
we found that a single administration of neutralizing
antibody to this growth factor immediately before bal-
loon catheter injury did not inhibit intimal lesion de-
velopment and by inference was thought not to block
smooth muscle cell migration.5
We have observed a close correlation in injured

arteries between the onset of smooth muscle cell mi-
gration and the synthesis of tissue plasminogen ac-
tivator (tPA).6 Furthermore, the presence of a plasmin
inhibitor, tranexamic acid, markedly inhibits the ability
of smooth muscle cells to migrate into the intima.
bFGF has been shown to influence the synthesis of
plasminogen activators7 and certain collagenases.8,9
It has been suggested that the effect of PDGF, a
known chemotactic agent, on smooth muscle cell mi-
gration is indirect and is mediated via synthesis of
bFGF.10 One possibility therefore is that bFGF, which
is known to be released after vascular injury, not only
stimulates smooth muscle cells to replicate but also
induces their migration toward the intima.

In this study, we examined smooth muscle cell mi-
gration in arteries subjected either to balloon catheter
injury or to gentle denudation, a procedure that pro-
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duces total endothelial denudation with little medial
damage.11 We found that gentle denudation caused
significantly less smooth muscle cell migration than
balloon catheter injury. The administration of bFGF at
the time of gentle denudation caused a marked in-
crease in smooth muscle cell migration 4 days after
surgery. Finally, smooth muscle cell migration after
balloon injury was inhibited by administration of a
blocking antibody to bFGF. These results strongly
suggest that bFGF plays a role in smooth muscle cell
migration and potentiates the movement of smooth
muscle cells into the intima.

Materials and Methods

Administration of bFGF

Immediately after arterial injury by the gentle denu-
dation technique, human recombinant bFGF (a gen-
erous gift from Synergen, Inc., Boulder, CO) was
administered in a bolus intravenous dose of 60 pg.
Control animals received an equivalent volume of
vehicle (26 mmol/L glycerol, 0.9 mmol/L sodium
phosphate, pH 7.3).

Administration of Neutralizing Antibody to
bFGF

An antibody to bFGF was raised in rabbits, as pre-
viously described.5 Immunoglobulin G (IgG) was
purified by protein G-Sepharose (Pharmacia LKB,
Uppsala, Sweden) chromatography and was dis-
solved in phosphate-buffered saline (PBS) at a con-
centration of 7.5 mg/ml. Nonimmune rabbit IgG was
produced the same way. To facilitate the penetration
of the IgG into the arterial wall, the endothelium was
removed from the left common carotid artery by the
gentle denudation technique, and 10 mg of IgG or
1.33 ml of PBS was injected intravenously. Five min-
utes later, the artery was injured with a balloon cath-
eter. Every 24 hours thereafter, 5 mg of IgG or 0.67
ml of PBS was injected intravenously.

Arterial Injury

Male Sprague-Dawley rats were obtained from Tyler
Laboratories (Bellevue, WA) and were surgically
anesthetized by intraperitoneal injection under ether
anesthesia of a mixture of ketamine hydrochloride
(Ketaset, Aveco Company, Fort Dodge, IA; 71.7 mg/
kg) and xylazine (AnaSed, Lloyd Laboratories,
Shenandoah, IA; 4.6 mg/kg). The common carotid
arteries were injured by three rotating passes with

either a size 2 French arterial embolectomy catheter
(American Edwards Laboratories, Aniasco, Puerto
Rico) inflated with saline, or in the case of gentle
denudation, with a loop of 5-0 nylon monofilament
suture.

Quantification of Smooth Muscle Cell
Migration

Animals were killed 4 days after arterial injury by
intravenous overdose of sodium pentobarbital (An-
thony Products Company, Arcadia, CA) and were
exsanguinated by perfusion with Lactated Ringer's
Injection U.S.P. (Baxter Healthcare Corporation,
Deerfield, IL) at a pressure of 120 mmHg. The ani-
mals were fixed by perfusion with Chi's fixative (1%
paraformaldehyde, 2% glutaraldehyde in 0.1 mol/L
cacodylate buffer, pH 7.2). The common carotid ar-
teries were removed, and in one study, a small piece
was removed for assay of smooth muscle cell prolif-
eration as described below. The remaining tissue
was postfixed overnight in Chi's fixative at 4 C. The
vessels were opened longitudinally and pinned out
on teflon cards. They were dehydrated through an
ethanol series before being dried in a critical point
drier (Tousimis Research Corporation, Rockville,
MD). The dried specimens were mounted on alumi-
num stubs with colloidal silver paste. After sputter
coating with gold/palladium, the specimens were ex-
amined in a JEOL 35C scanning electron micro-
scope at an accelerating voltage of 15 kV and at 86x
magnification. An acetate sheet with a ruled grid was
placed over the electron microscope screen. Each
square of the grid was 81 mm2 in area, correspond-
ing to 4,133 p2 on the specimen. The total area of the
specimen and the area occupied by intimal smooth
muscle cells were determined by counting squares.
Intimal smooth muscle cells were clearly distinguish-
able from adherent platelets on the criteria of size,
morphology, and orientation. Smooth muscle cells
were generally arranged in a longitudinal orientation
parallel to the direction of blood flow. The long axis
was approximately 20 p to 40 p, and the short axis
was approximately 5 p to 15 p, giving an average
surface area of about 270 p2. Platelets were spheres
of approximately 3 p diameter before spreading,
after which they took on a stellate appearance with
an approximate diameter of 6 p. Leukocytes were
occasionally seen adhering to the intimal surface.
They were, in contrast to smooth muscle cells, highly
electron-reflective. They were spherical in shape with
a diameter of approximately 10 p.
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Quantification of Smooth Muscle Cell
Proliferation

In animals treated with neutralizing anti-bFGF
antibody, osmotic minipumps (Alza Corporation,
Palo Alto, CA) were implanted intraperitoneally at
the time of arterial injury. The pumps delivered
[methyl-3H]thymidine (6.7 mCi/mmol/L; Du Pont
Company, NEN Research Products, Boston, MA) at
a constant rate of 10 p1/hour. Four days after balloon
injury, the animals were killed with an intravenous
overdose of sodium pentobarbital and then
perfusion-fixed with 4% paraformaldehyde at a
pressure of 120 mmHg for 5 minutes. A small piece
of the left common carotid artery was removed and
embedded in paraffin. Cross-sections were depar-
affinized in xylene and then dipped in NTB-2 emul-
sion (Eastman Kodak Company, Rochester, NY).
After exposure for 2 weeks at 4 C, the slides were
developed, counterstained with hematoxylin, and
mounted under coverslips. The numbers of labeled
and unlabeled nuclei were counted, and the thymi-
dine index was calculated as the percentage of to-
tal nuclei bearing autoradiographically detectable
label.

Measurement of Plasminogen Activator
Activity

Rats were killed by intravenous injection of sodium
pentobarbital and were exsanguinated by perfusion
with Lactated Ringer's Injection U.S.P. at a pressure
of 120 mmHg. The left common carotid artery was
dissected and removed. Adventitial fat and connec-
tive tissue were carefully removed, and each artery
was homogenized in 1 ml of ice-cold 50 mmol/L
Tris-HCI buffer, pH 9.0. Insoluble matter was re-
moved by centrifugation at 14,000g. Parallel ali-
quots of the supernatant were incubated with hu-
man plasminogen (essentially plasmin-free, Sigma
Chemical Co., St. Louis, MO; 0.3 U/ml), des-AA-
fibrinogen (Desafib, American Diagnostica Inc.,
Greenwich, CN; 100 pg/ml), amiloride dihydrate
(Sigma: 1 mmol/L) and a chromogenic substrate for
plasmin (Spectrozyme-PL, American Diagnostica
Inc., Greenwich, CN; 0.5 pmol/L). Standard curves
were prepared using human high-molecular weight
urokinase-type plasminogen activator (uPA; Calbio-
chem Corporation, La Jolla, CA) and human single-
chain tPA (American Diagnostica Inc., Greenwich,
CN). The absorbances of the reaction mixtures were
determined at the signal wavelength of 405 nm and
at a reference wavelength of 630 nm using a micro-

plate reader (Bio-Tek Instruments Inc., Winooski,
VT). Absorbances were measured again after incu-
bation of the reaction mixtures for 1 hour at 37 C.
The change in the absorbance differences between
the signal and reference wavelengths was calcu-
lated. The protein concentrations of the tissue
samples were determined using the bicinchoninic
acid method (Pierce, Rockford, IL) against a cali-
bration curve constructed with bovine serum albu-
min (Sigma). The total plasmin-generating activity of
each tissue sample was expressed in terms of the
activity of human uPA and was normalized in terms
of the protein content. The relative contributions of
uPA and tPA to the total plasmin-generating activity
were determined by comparing parallel aliquots in-
cubated with and without amiloride, which specifi-
cally quenches uPA.

Statistical Analysis

The significances of differences between group
mean values were determined using Student's
t-test. Two-tailed probability values less than 0.05
were considered to be significant.

Results

Rate of Smooth Muscle Cell Migration
after Injury

The number of smooth muscle cells that migrated
into the rat carotid arterial intima was measured 4
days after denuding injury. Arteries were injured ei-
ther with the balloon catheter or by gentle denuda-
tion.11 As shown in Figure 1, there were fewer
smooth muscle cells in the intima following gentle
injury (4.0 ± 1.4% of the intimal surface area) com-
pared with balloon injury (10.5 ± 2.0% of the intimal
surface area: P < 0.05). The plasmin activity was
also determined in these two sets of arteries, and
significant decreases in tPA activity (-46%: P <
0.01) and plasmin activity (-47%: P < 0.01) were
found after gentle injury, when compared with bal-
loon injury (Table 1). No significant change was ob-
served in the uPA activity of these vessels.
We have suggested that the low rate of smooth

muscle cell replication after gentle injury is due to
the lack of smooth muscle cell injury11 and a conse-
quent reduction in the release of bFGF.3'5 We tested
this hypothesis by injecting bFGF into animals
whose carotid arteries were subjected to gentle in-
jury. The number of smooth muscle cells that mi-
grated into the intima was quantitated after 4 days,
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significant effect of the neutralizing antibody on
smooth muscle cell replication as assessed con-
tinuously over the 4-day period.

Discussion

Arterial Injury and Smooth Muscle Cell
Migration

p < 0.05

Balloon Injury Gentie Denudadon
Figure 1. Rat carotid arteries were injured either with a balloon
catheter or by gentle injury with a rotating loop offine nylon mono-

filament. 7The animals were killed 4 days after injury. Smooth muscle
cell migration was determined by surveying with a scanning electron
microscope the proportion of the intimal surface area that was occu-

pied by smooth muscle cells.

and, as is shown in Figure 2, there was a 15-fold in-
crease in migration in animals treated with bFGF
(P < 0.01). The addition of bFGF significantly in-

creased total plasmin activity in these arteries
(+ 164%: P < 0.05): both uPA activity (+256%: P <
0.05) and tPA activity (+141%: P < 0.05) were sig-
nificantly increased (Table 2).
The above data suggest that bFGF plays a role in

stimulating smooth muscle cell movement. This is-
sue was addressed by administering an antibody
that blocks the mitogenic action of bFGF both in
vitro and in vivo.5 A bolus of immune IgG was given
immediately after balloon catheter injury, and then
every 24 hours until the end of the experiment. Con-
trol animals received nonimmune rabbit IgG. As Fig-
ure 3 shows, in animals receiving the antibody the
number of smooth muscle cells that migrated to the
intima was 80% lower than in controls (P < 0.001).
Interestingly, no significant decrease in arterial wall
tPA, uPA, or plasmin activity was detected after an-

tibody treatment (Table 3). To investigate the possi-
bility that the decrease in smooth muscle cell migra-
tion in these animals was an indirect consequence
of inhibition of smooth muscle cell proliferation, we

measured the [3H]thymidine labeling index in the
same vessels. As is shown in Figure 4, there was no

The migration of smooth muscle cells to the intima
is an important and essential step for the develop-
ment of intimal lesions in rat arteries. In common
with many small mammals, rats do not have smooth
muscle cells normally resident in the arterial in-
tima.12 Therefore, the development of intimal lesions
in rat arteries requires the migration of smooth
muscle cells from the media into the intima. The im-
portance of this phase of lesion progression has
been made clear in recent reports that show that in-
hibition of PDGF with a blocking antibody markedly
reduces the size of intimal lesions though having
little effect on smooth muscle cell replication.2 This
finding is supported by the observation that the ad-
ministration of exogenous PDGF causes an approxi-
mate doubling of the size of intimal lesions but has
no effect on smooth muscle cell replication.1 bFGF
is a growth factor known to be capable of stimulat-
ing the replication of smooth muscle cells in injured
arteries,4 and there is some evidence from work in
this laboratory that it may also be active in influenc-
ing smooth muscle cell migration. This was inferred
from a study in which intimal lesion growth was
compared in rats whose carotid arteries had either
been injured with a balloon catheter or by the gentle
injury procedure.11 Not only was there a lower rate
of smooth muscle cell replication following gentle
injury, but also there was a marked delay in the on-
set of smooth muscle cell migration into the intima.
Because we have proposed that a major difference
between these injuries is the degree of cellular in-
jury and release of bFGF,13 it seemed appropriate
to determine the influence of bFGF on smooth
muscle cell migration.

In the present study, smooth muscle cell migra-
tion was studied in arteries that were subjected to
total endothelial denudation. Two types of injury
were used, both of which cause similar endothelial
cell loss and similar platelet interaction with the ex-
posed subendothelial surface.11 These injuries
have also been found to be similar in terms of
stimulation of expression of certain genes, and of
particular note is the finding that they do not differ in
terms of the expression of PDGF-A chain and

in L-U'
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PDGF-B chain.11 If PDGF alone were responsible
for controlling smooth muscle cell migration, we

might expect to see similar rates of migration into
the intima in these injured arteries. However, the
rates of smooth muscle cell migration were mark-
edly different. This suggests that PDGF cannot be
totally responsible for smooth muscle cell migration
and also suggests that the rate of migration is de-
pendent upon the severity of the denuding injury.
We have previously shown that a major difference
between these two injury protocols is the extent of
medial damage and the amount of bFGF released.
This fact is important in explaining the differences
in smooth muscle cell replication, and it could
possibly explain the difference in the observed
rates of smooth muscle cell migration. After balloon
injury, where there is cell trauma and release of
bFGF,5 smooth muscle cell migration occurs at a

significantly higher rate than in arteries subjected to
gentle injury, where little trauma and little release of
bFGF is thought to occur. Thus the rate of smooth
muscle cell migration in injured arteries is influ-
enced by the severity of the initial denuding injury,
which suggests that factors other than PDGF also
play a role in stimulating smooth muscle cell migra-
tion.

bFGF and Smooth Muscle Cell Migration

The difference in smooth muscle cell migration
caused by these two types of arterial injury sug-

gests that bFGF is involved in this process. This hy-
pothesis is supported by the data showing that ad-
ministration of bFGF to rats significantly increases
the number of migrating smooth muscle cells. If re-

lease of bFGF is important in stimulating the migra-
tion of medial smooth muscle cells into the intima,
then migration should be inhibited by blocking en-

dogenously released bFGF. We have previously
shown that a single injection of a polyclonal anti-
body made against bFGF does not result in a

smaller intimal lesion.5 In the present study, we

show that the use of this antibody reduces by 80%
the number of smooth muscle cells migrating to the
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Figure 2. Rat carotid arteries were injured with a rotating loop of
fine nylon monofilament. Immediately after injuy, an intravenous
injection of 60 yg of bFGF or vehicle was given. Tbe animals were

killed 4 days after injury. Smooth muscle cell migration was deter-
mined by surveying with a scanning electron microscope the propor-
tion of the intimal surface area that was occupied by smooth muscle
cells.

intima. On first inspection this result would seem to
disagree with our earlier data. In the previous study,
however, the antibody was given in a single bolus
immediately before injury, whereas in this study it
was also given every day during the experiment.
We now know that migration starts after 3 days,6
and a single injection of antibody given at the time
of surgery would be cleared by this time. The need
for multiple injections of the bFGF antibody to inhibit
migration suggests that bFGF is active in the injured
artery for several days following balloon catheter-
ization. One explanation for the prolonged activity of
bFGF activity may be that the released protein
binds to the extracellular matrix and then is re-

leased from this site for several days after injury. In

Table 1. Effects ofArterial Injury on Plasminogen Activator Activity

tPA activity uPA activity Total plasmin activity
(IU uPA/mg protein) (IU uPA/mg protein) (IU uPA/mg protein)

Group n Mean SEM Mean SEM Mean SEM

Balloon injury 27 3.41 0.33 1.13 0.22 4.54 0.47
Gentle denudation 11 1.85* 0.32 0.56 0.16 2.42* 0.43

Rat carotid arteries were injured either with a balloon catheter or by gentle injury with a rotating loop of fine nylon monofilament. The ani-
mals were killed 4 days after injury. The activities of tPA and uPA were determined using an amidolytic assay on arterial homogenates, and
were expressed in terms of the activity of a standard preparation of human uPA. SEM: standard error of the mean. * P < 0.01.
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Table 2. Effect ofExogenous bFGF on Arterial Plasminogen Activator Activity

tPA activity uPA activity Total plasmin activity
(IU uPA/mg protein) (IU uPA/mg protein) (IU uPA/mg protein)

Group n Mean SEM Mean SEM Mean SEM

Vehicle 5 2.20
Basic FGF 4 5.30*

0.59
0.91

0.55
1.96*

0.24
0.56

2.75
7.25*

0.80
1.46

Rat carotid arteries were injured with a rotating loop of fine nylon monofilament. Immediately after injury, an intravenous injection of 60 pg
of bFGF or of vehicle was given. The animals were killed 4 days after injury. The activities of tPA and uPA were determined using an amidolytic
assay on arterial homogenates and were expressed in terms of the activity of a standard preparation of human uPA. SEM: standard error of
the mean. * P < 0.05.
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Figure 3. Rat carotid arteries were injured with a rotating loop of
fine nylon monofilament, and then an intravenous injection ofPBS,
nionimmune rabbit IgG, or a neutralizing anti-bFGF antibody was

given. Five minutes later the vessels were reinjured with a balloon
catheter. Further injections of antibody were given every 24 houts,
and the animals were killed 4 days after injury. Smooth muscle cell
migration was determined by surveying with a scanning electron mi-
croscope the proportion of the intimal surface area that was occupied
by smooth muscle cells.

this way, bFGF might be available to stimulate
smooth muscle cell migration and replication at
later times after injury. We have no direct evidence
of this occurrence, but we do know that balloon
catheter injury displaces most of the bFGF in the ar-

terial wall into an extracellular pool.14 This finding
could explain why bFGF must be inhibited for sev-

eral days to block smooth muscle cell migration.
In a previous study, we showed that neutralization

of bFGF inhibited the first wave of smooth muscle
cell proliferation after balloon injury.5 A concern in
the present study, therefore, was that the observed
inhibition of smooth muscle cell migration might

simply have been the consequence of an antiprolif-
erative effect of antibody treatment. In fact, this was
not the case, because migration was inhibited by
80%, but there was no effect on proliferation in the
same vessels. However, the lack of effect on prolif-
eration is surprising when considered in the light of
our previous study.5 One explanation for this differ-
ence relates to the protocols used for administration
of [3H]thymidine. In the earlier study, three injec-
tions of [3H]thymidine were given between 23 and
39 hours after balloon injury, and animals were
killed at 40 hours. In the present study, [3H]thymi-
dine was administered by continuous infusion from
the time of injury until the time of killing at 96 hours.
It is possible that the proliferation of medial smooth
muscle cells was delayed by antibody treatment, so
that the rate of proliferation measured at 40 hours
was decreased but the total proliferation over the
course of 4 days was not affected. Further studies
will be required to resolve this issue. However, the
data do suggest that treatment with the anti-bFGF
antibody directly influenced smooth muscle cell mi-
gration in the absence of any overall change in cel-
lular replication.
The data presented above reinforce our sugges-

tion that bFGF plays an important role in smooth
muscle cell migration. Interestingly, recent data has
shown that PDGF also plays an important role in
smooth muscle cell migration.2 It would seem there-
fore that migration may be controlled by multiple
factors that perhaps may act in concert. Cells nor-
mally migrate along a concentration gradient of a
chemotactic agent and in a balloon-injured artery
where bFGF seems to be ubiquitous,3 it is difficult to
envisage how a gradient of this factor could be es-
tablished. Also, bFGF does not seem to be chemo-
tactic for smooth muscle cells in vitro.215 Platelet
PDGF, on the other hand, is released on to the lumi-
nal surface of injured vessels and therefore should
be present in high concentration at this site. Be-
cause bFGF is known to stimulate migration of cells
by activating proteolytic enzymes,9 1016-19 it is pos-
sible that these two factors may regulate migration.

u-
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Table 3. Effect of Neutralizing Anti-bFGF Antibody on Arterial Plasminogen Activity

tPA activity uPA activity Total plasmin activity
(IU uPA/mg protein) (IU uPA/mg protein) (IU uPA/mg protein)

Group n Mean SEM Mean SEM Mean SEM

PBS 6 3.69 0.63 1.24 0.35 4.93 0.97
Nonimmune IgG 5 3.59 0.61 1.43 0.55 5.02 1.16
Anti-bFGF IgG 7 2.47 0.24 0.78 0.16 3.24 0.31

Rat carotid arteries were injured with a rotating loop of fine nylon monofilament, and then an intravenous injection of PBS, nonimmune rab-
bit IgG, or a neutralizing anti-bFGF antibody was given. Five minutes later the vessels were reinjured with a balloon catheter. Further injections
were given every 24 hours, and the animals were killed 4 days after injury. The activities of tPA and uPA were determined using an amidolytic
assay on arterial homogenates, and were expressed in terms of the activity of a standard preparation of human uPA. SEM: standard error of
the mean. There were no significant differences.
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Figure 4. Rat carotid arteries wvere injured with a rotating loop of
fine nylon monofilament, and then an intravenous injection of PBS,
nonimmune rabbit IgG, or a neutralizing anti-bFGF antibody was

given. An osmotic minipump loaded with [methyl-WHlthymidine was

implanted into the peritoneal cavity. Five minutes later, the carotid
arteries were reinjured with a balloon catheter. Further injections of
antibody were given every 24 bours, and the animals were killed 4
days after injury. Smooth muscle cell proliferation in arterial sections
was determined by autoradiography.

bFGF may be required to switch on the machinery
required for movement, such as plasminogen acti-
vators or other proteases, with PDGF providing the
signal for directional migration. In the absence of ei-
ther factor, migration of the cells could be reduced.
The data from this and other studies would support
this idea.

Smooth Muscle Cell Migration and
Proteases

In a recent study, we observed a relationship be-
tween smooth muscle cell migration and the ability of

arterial cells to generate plasmin.6 Plasmin is a ser-
ine protease with broad specificity that is thought to
play a role in the metastasis of malignant cells. The
expression of plasminogen activator genes is in-
creased in arteries 3 days after injury and is accom-
panied by an increase in plasmin activity. We and
others have proposed6,20'21 that this change in pro-
teolytic activity may be important for smooth muscle
cell migration, a concept supported by data showing
that tranexamic acid, an inhibitor of plasmin activity,
significantly reduces the migration of smooth muscle
cells into the intima. In the current study, we noted
that the migration of smooth muscle cells into the
intima is less pronounced after gentle injury than
after balloon injury and that plasmin activity is also
significantly reduced. Moreover, administration of
bFGF markedly increases the plasmin activity in
gently denuded arteries. These findings support our
concept that bFGF can regulate plasminogen acti-
vators and plasmin generation, which in turn influ-
ence migration. We therefore anticipated that the ad-
dition of the bFGF antibody would significantly inhibit
migration, but were surprised to find that plasmin
activity was not reduced in this experiment. This find-
ing could suggest that other proteolytic enzymes,
also controlled by bFGF, are involved in smooth
muscle cell migration. It is known that smooth muscle
cells can synthesize a variety of metalloproteinases,
and bFGF has been found to stimulate collagenases
in other vascular cells.8'9 16 19 Thus the bFGF anti-
body might interfere with smooth muscle cell migra-
tion by acting on other, as yet unidentified, proteo-
lytic pathways. Regardless of the pathway involved
in smooth muscle cell migration, this result reinforces
the suggestion that bFGF plays a critical role in the
migration of smooth muscle cells into the intima.

In summary, these studies show that bFGF plays
an important role in stimulating the migration of
smooth muscle cell into the intima. The administra-
tion of bFGF increased plasminogen activator and
plasmin activity in denuded arteries and also stimu-
lated smooth muscle cell migration. An antibody

35 1
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that neutralizes bFGF significantly inhibited smooth
muscle cell migration, but did not inhibit plasmin
synthesis. Other bFGF-stimulated proteolytic path-
ways may therefore be involved in smooth muscle
cell migration.
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