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Basic fibroblast growth factor (bFGF) has been shown to play an instrumental role in
the cascade of events leading to restenosis; however, the mechanisms of bFGF activation
following vascular injury have remained elusive. We have demonstrated that hepara-
nase and platelet factor-4 (PF4), released from activated platelets at the site of injury,
liberate bFGF from the extracellular matrix (ECM) of vascular smooth muscle cells
(SMC), resulting in the induction of SMC proliferation and migration. Increases in pro-
liferation and migration were inhibited by treatment with a bFGF-neutralizing anti-
body, suggesting that proliferation and migration in response to heparanase or PF4 are
mediated by bFGF activation. When platelets were seeded on top of SMCs, degranula-
tion products were found to release bFGF from the ECM, increasing cell proliferation
and cell migration. Again, these increases in SMC proliferation and migration were
inhibited by treatment with an anti-bFGF antibody. Furthermore, these increases in
proliferation were completely inhibited by treatment with an anti-heparanase antibody.
Platelet degranulation products, such as heparanase and PF4, may liberate bFGF from
extracellular sequestration, activating the growth factor and inducing the SMC prolifer-
ation and migration that contribute to the wound healing response following vascular
injury.
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Basic FGF is a prototype of the heparin-binding growth fac-
tor family (1) that has been determined to be an important
vascular SMC mitogen (2). Despite the lack of a traditional
signal peptide for secretion, bFGF has been localized to the
ECM and has been ubiquitously detected in the basement
membranes of blood vessels (3, 4). Heparan sulfate proteo-
glycans (HSPG) in the ECM and basement membrane bind
bFGF in an inactive form (5) and protect it from proteolytic
degradation (6). ECM sequestration may provide a local-
ized source of growth factors that can be released and acti-
vated during developmental and wound healing processes,
such as angiogenesis and restenosis. The release of bFGF
from the ECM is thought to contribute to the prolonged
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proliferative response of SMCs following vascular injury
(7). However, the mechanism of bFGF release from immobi-
lized HSPGs in the ECM in response to vascular injury is
currently not known.

Approximately 30-50% of all percutaneous transluminal
coronary angioplasty (PTCA) procedures fail due to rest-
enosis, re-narrowing of the vessel lumen (8). Restenosis is
largely due to SMC proliferation, migration and matrix de-
position, resulting in the formation of an occlusive neointi-
mal layer (9). bFGF is thought to be an important SMC
mitogen in the restenosis process (7, 10). For example, the
addition of exogenous bFGF has been shown to signifi-
cantly increase SMC proliferation following balloon injury
(11-13), and intravenous treatment with bFGF-neutraliz-
ing antibodies has been shown to significantly decrease
SMC proliferation following vascular injury (14). Further-
more, bFGF is stored at high levels in the medial layer of
the arterial wall, and bFGF content in the arterial wall has
been shown to dramatically decrease following injury (15,
16).

The release of bFGF from extracellular sequestration
may be initiated by platelet degranulation products at the
site of injury. Deendothelialization of the vessel wall follow-
ing procedures such as balloon angioplasty induces platelet
adhesion and the localized release of degranulation prod-
ucts including the heparan sulfate-degrading endoglycosi-
dase, heparanase, and PF4, a heparin-binding protein (17,
18). Heparinase, a bacterial analog to mammalian hepara-
nase, has been shown to release a high molecular weight
heparan sulfate-bFGF complex that has mitogenic activity
(19)r Release of- bFGF as a complex with heparan sulfate
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(HS) fragments has been suggested to increase the bioactiv-
ity of the growth factor by protecting the growth factor
from proteolytic degradation (6, 20), decreasing re-binding
to the ECM (21) and enhancing binding to the cell surface
fibroblast growth factor receptor (FGFR) (22). Recent stud-
ies reporting the crystal structure of the FGF-FGFR-hep-
arin ternary complex, where simultaneous binding of FGF
and heparin were found to induce receptor dimerization,
have provided a structural basis for the essential role of HS
in FGF signal transduction (23). PF4, a heparin-binding
protein found at the site of vascular injury, has been deter-
mined to exhibit a greater affinity for HSPGs than bFGF
and is proposed to compete with bFGF for HS binding sites
in the ECM (24), thereby releasing soluble bFGF. Due to
the necessity of HS in bFGF signal transduction, soluble
bFGF has been proposed to be dependent upon HSPGs in
close proximity to cell surface FGFRs for mitogenic signal-
ing (23).

While many therapeutic strategies are being developed
for the prevention of restenosis, a better understanding of
the cascade of events leading to restenosis will permit more
rational approaches. In this study, we have shown that
heparanase and PF4, released from platelets at the site of
vascular injury (17, 18), release bFGF from sequestration
in the ECM. Furthermore, the specific activation of bFGF
has been found to stimulate cell proliferation and is pro-
posed to induce cell migration by increasing plasminogen
activator activity. These studies indicate a role for hepara-
nase and PF4 in the induction of intimal thickening follow-
ing vascular injury via the activation of bFGF and subse-
quent induction of medial SMC proliferation and migra-
tion. These studies may also elucidate the mechanisms by
which heparin-binding growth factors can be stored in close
proximity to cells without emitting a mitogenic signal and
can be activated as needed via liberation from the ECM.

EXPERIMENTAL PROCEDURES

Heparanase Purification—Heparanase was purified from
human platelets (Human Blood Center, Houston, TX) as
described by Freeman and Parish (1998). Platelet lysis was
achieved via three freeze/thaw cycles, the platelet homoge-
nate was centrifuged at 35,000 xg, supernatant was col-
lected and the pelleted material was resuspended in 15
mM sodium dimethyl glutarate buffer (Sigma Chemicals),
pH 6.0, containing 0.5 M NaCl (Sigma Chemicals). Resus-
pended homogenate was freeze/thawed, centrifuged, and
supernatant was collected as before. This process was re-
peated a total of three times. Purification was carried out at
4°C by running platelet supernatant through a series of
affinity chromatography and size exclusion columns includ-
ing: concanavalin A-sepharose (Pharmacia Fine Chemi-
cals), Zn2+-chelating sepharose (Pharmacia Fine Chemi-
cals), Blue A-agarose (Pharmacia Fine Chemicals), octyl-
agarose (Pharmacia Fine Chemicals), and Superose 12 10/
30 chromatography (Pharmacia Fine Chemicals) as de-
scribed by Freeman and Parish (1998). Enzyme was con-
centrated by Centricon 30 centrifugation (Amicon). Total
protein concentration was determined by bicinchoninic acid
analysis (Pierce). Protein purity was examined following
reduction with p-mercaptoethanol (Sigma Chemicals), elec-
trophoresis of 1 \x,g of total protein in a 10% polyacrylamide
gel (Bio-Rad Laboratories) and staining with Coomassie

brilliant blue R250 (Sigma Chemicals). Platelet-derived he-
paranase activity was assayed by incubating 2 |xg of puri-
fied protein with 2 jjig of heparan sulfate polysaccharide
chains isolated from bovine kidneys (Sigma Chemicals) for
3 h at 37°C. Degradation was examined by reduction with
p-mercaptoethanol, electrophoresis of 2 (i,g of total protein
in a 10% polyacrylamide gel, and staining with methylene
blue (Sigma Chemicals). Protein activity was assessed by
decreased staining and increased mobility of degradation
products.

Cell Culture—Human aortic smooth muscle cells
(HASMCs; Clonetics) were maintained in a 5% CO2 envi-
ronment at 37°C in Minimum Essential Medium Eagle
(MEME; Sigma Chemicals) supplemented with 10% fetal
bovine serum (Sigma Chemicals) and 1% L-glutamine-peni-
cillin-streptomycin (Sigma Chemicals). Cells were used at
passages 8-12.

Platelet Preparation—Blood was drawn directly into a
syringe containing 1:7 volume acid citrate dextrose (ACD;
65 mM citric acid, 85 mM sodium citrate, 111 mM dextrose,
pH 4.5; Sigma Chemicals). The pH was then adjusted to 6.5
by addition of ACD. Platelet-rich plasma was prepared by
centrifugation at 150 xg for 15 min. Platelets were then pel-
leted by centrifugation at 1,900 xg for 15 min, washed and
resuspended in HEPES buffer solution (HBS; 10 mM AT-2-
hydroxyethylpiperazine-./V'-2-ethanesulfonic acid, 145 mM
NaCl, 5 mM KC1, 0.5 mM N^HPO^ 1 mM MgSO4, 5.5 mM
glucose, 3.5 g/liter bovine serum albumin, 0.1 mM CaCl2,
50 U/ml sodium heparin, and 2.5 U/ml apyrase, pH 7.0;
Sigma Chemicals). Resuspended platelets were incubated
for 45 min at room temperature, repelleted by centrifuga-
tion at 1,900 xg for 10 min, and resuspended in HBS which
also contained 1 mM CaClj at pH 7.4, to initiate platelet
degranulation. Fresh platelet preparations were used for
all experiments.

bFGF Release—Experiments were either conducted
before significant ECM deposition by cells or following the
development of a robust ECM in order to distinguish the
interaction of heparanase, PF4 or platelet degranulation
products with cell surface proteoglycans and the ECM. For
experiments with minimal ECM, HASMCs were seeded in
tissue culture-treated 24-well plates (Fisher) at 4,000 cells/
cm2, maintained for 3 d and then incubated with hepara-
nase isolated and purified as described above (10 pg/ml, 0.1
ng/ml, 1 ng/ml, 5 ng/ml, 25 ng/ml, and 100 ng/ml), 25 ng/ml
heparinase III (Sigma Chemicals) or PF4 (10 pg/ml, 0.1 ng/
ml, 1 ng/ml, 5 ng/ml, 25 ng/ml, and 100 ng/ml; Cal Bio-
chem) for 15 min at 37°C. Control wells were left untreated.
We chose the 15-min incubation period based on previous
studies employing incubation periods ranging from 15 min
to 48 h. For experiments in the presence of an ECM,
HASMCs were seeded as previously described, allowed to
reach confluence (3 d), and maintained for an additional 7 d
to allow for the production of a robust ECM. Cells were
removed by incubation in 2.5 mM ammonium hydroxide
(Sigma Chemicals) for 1 h, and then the remaining ECM
structure was washed with 70% ethanol (Fisher Chemicals)
prior to incubation with heparanase, heparinase III or PF4
for 15 min as described above. Alternatively, HASMCs were
cultured for 10 days to deposit an ECM, cells were removed
as described above, and the remaining intact ECM was
treated with platelets (500/cm2), prepared as described
above, 25 ng/ml heparanase, or 25 ng/ml PF4 for 4 h. To
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exclude the possibility of positive bFGF readings due to
serum content, the culture medium was replaced by serum-
free medium prior to each treatment. Following incubation,
media samples were examined for bFGF levels via ELISA.
Media samples and bFGF standards (10 pg/ml tolOO ng/ml)
coated onto non-tissue culture treated 96-well plates (Nalge
Nunc International) were incubated at 4°C overnight. Wells
were blocked with incubation buffer (phosphate buffer
saline, PBS; pH 7.4, 5 mg/ml bovine serum albumin, 0.05%
tween 20, 0.02% NaN3; Sigma Chemicals) for 1 h at 37°C,
incubated with rabbit anti-human bFGF IgG (Biodesign)
diluted 1:250 in incubation buffer for 1 h at 37°C, washed 4
times with PBS, incubated with horseradish peroxidase
(HRP)-conjugated goat anti-rabbit IgG (Biodesign) diluted
1:250 in incubation buffer for 1 h at 37°C, washed 4 times
with PBS, and reacted with 3,3',5,5'-tetramethylbenzidine
(Sigma Chemicals) as the HRP substrate. Absorbance read-
ings were taken on a microplate reader (450 nm; Bio-tek
Instruments).

Cell Proliferation—To assess the effects of heparanase
and PF4 on cell proliferation in the presence of a minimal
ECM, HASMCs were seeded as previously described and
immediately incubated with heparanase (10 pg/ml, 0.1 ng/
ml, 1 ng/ml, 5 ng/ml, 25 ng/ml, and 100 ng/ml), 25 ng/ml
heparinase III or PF4 (10 pg/ml, 0.1 ng/ml, 1 ng/ml, 5 ng/
ml, 25 ng/ml, and 100 ng/ml) for 24 h at 37°C. Control wells
were either left untreated or received 25 ng/ml bFGF
(Sigma Chemicals). Additional studies were carried out
where HASMCs were seeded as previously described,
allowed to adhere overnight, then treated with platelets
(500/cm2), 25 ng/ml heparanase, 25 ng/ml PF4 or 25 ng/ml
bFGF for 24 h at 37°C. For experiments in the presence of
an ECM, HASMCs were seeded as previously described,
allowed to reach confluence, and maintained for an addi-
tional 7 d to allow for the production of a robust ECM. Fol-
lowing ECM deposition, cells were incubated with the
concentrations listed above of bFGF, heparanase, hepari-
nase III, PF4 or platelets for 24 h at 37°C. Immunohis-
tochemical staining for proliferating cell nuclear antigen
(PCNA) was carried out to examine proliferative activity.
Cells were washed with PBS, fixed in 10% buffered forma-
lin (Stephens Scientific) for 10 min, permeabilized with
methanol (Sigma Chemicals) for 2 min, and incubated in
3% H2O2 (Fisher Chemicals) to quench endogenous peroxi-
dase activity. Cells were incubated with mouse anti-human
PCNA IgG (Dako) diluted 1:100 in PBS containing 3% fetal
bovine serum (FBS) for 1 h, washed 3 times with PBS, in-
cubated with rabbit anti-mouse IgG HRP (Dako) diluted
1:100 in PBS containing 3% FBS for 1 h, washed 3 times
with PBS and incubated with aminoethylcarbazole chroma-
gen (AEC; Dako) for 15 min to form a red precipitate. Cells
were counterstained with Mayer's hematoxylin (Dako).

Cell Proliferation Following Anti-bFGF IgG or Anti-
Heparanase IgG Treatment—HASMCs were seeded and
maintained for 7 d beyond confluence as described above to
allow for the production of a robust ECM and then incu-
bated with 0.2 jig/ml anti-bFGF IgG (Biodesign), 25 ng/ml
heparanase ± 0.2 p-g/ml anti-bFGF IgG, 25 ng/ml hepari-
nase III ± 0.2 (xg/ml anti-bFGF IgG, 25 ng/ml PF4 ± 0.2 ^g/
ml anti-bFGF IgG for 72 h at 37°C, or platelets (500/cm2) ±
0.2 |xg/ml anti-bFGF IgG, 25 ng/ml heparanase ± 0.25 (xg/
ml anti-heparanase IgG (Sigma Genosys) or platelets (500/
cm2) ± 0.25 n-g/ml anti-heparanase IgG for 24 h at 37°C.

The anti-bFGF IgG used in this study has been previously
shown to neutralize bFGF activity (14). The anti-hepara-
nase IgG used in this study was prepared in rabbit against
a 20-amino-acid peptide fragment corresponding to the pro-
posed heparanase active site; G215 through D234 (26; Sigma
Genosys). Neutralizing activity of this antibody was con-
firmed using the heparan sulfate degradation assay de-
scribed above. Negative controls were left untreated, while
positive controls were treated with 25 ng/ml bFGF. Prolifer-
ation was assessed via immunohistochemical staining
using the PCNA-HRP conjugate followed by reaction with
AEC chromagen as described above.

Plasminogen Activator Activity—HASMCs, seeded as de-
scribed above, were either allowed to adhere overnight or
maintained for 10 d to allow for the deposition of a robust
ECM. Cell culture medium was replaced with indicator-free
MEME (Sigma Chemicals) prior to incubation with hepara-
nase (10 pg/ml to 100 ng/ml), 25 ng/ml heparinase III, PF4
(10 pg/ml to 100 ng/ml) or platelets (500/cm2) for 18 h at
37°C. In both cases, negative controls were left untreated,
while positive controls were treated with 25 ng/ml bFGF.
Plasminogen activator activity was assessed via a chro-
mogenic substrate assay (American Diagnostica). Tris-buff-
ered solution (6 mM 6-aminohexanoic acid, Sigma Chemi-
cals; 0.1 mg/ml bovine plasminogen, American Diagnostica;
50 mM Tris buffer, Sigma Chemicals; and 0.1% PEG 6000,
pH 7.4, Fluka), filtered media sample and the spectrozyme
chromagen (American Diagnostica) were mixed in equal
volumes (50 |xl each) and incubated for 3 min at 37°C.
Absorbance readings were taken on a microplate reader
(405 nm; Bio-tek Instruments).

Cell Migration—To assess the effects of heparanase, PF4
or activated platelets on cell migration in the presence of a
minimal ECM, HASMCs were seeded on glass slides
(Fisher Scientific) fitted with 8-well flexi-perms (Sigma) at
4,000 cells/cm2 and allowed to adhere overnight. Flexi-
perms were then removed, and cells were incubated with
25 ng/ml bFGF, 0.2 (jLg/ml anti-bFGF IgG, 25 ng/ml hepara-
nase ± 0.2 |xg/ml anti-bFGF IgG, 25 ng/ml heparinase III ±
0.2 |j.g/ml anti-bFGF IgG, 25 ng/ml PF4 ± 0.2 (jLg/ml anti-
bFGF IgG, or platelets (500/cm2) ± 0.2 (jig/ml anti-bFGF
IgG for 24 h at 37°C. For experiments in the presence of an
ECM, HASMCs were seeded as previously described and
maintained for 10 d to allow for the deposition of a robust
ECM. Flexi-perms were then removed, and cells were incu-
bated with the previously described concentrations of
bFGF, heparanase, heparinase III, PF4, platelets or a com-
bination of each and 0.2 |j,g/ml anti-bFGF IgG for 24 h at
37°C. Following incubation, cells were washed with PBS,
fixed with 10% buffered formalin and stained with Mayer's
hematoxylin. Cell migration was quantified by counting the
number of cells beyond the initial cell culture perimeter.

Statistical Analysis—All experiments were performed
minimally in triplicate. Error bars reflect the standard
deviation, and p-values were assessed using two-tailed,
unpaired i-tests. P-values less than 0.05 were determined
to be significant.

RESULTS

Human Platelet Heparanase Purification and Activity—
Recent advances in the purification of the heparanase pro-
tein (25-28) have enabled us to examine the effects of the
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mammalian form of the enzyme. Although both bacterial
heparinase and mammalian heparanase have been shown
to degrade HSPGs in the ECM and basement membrane,
the mammalian enzyme cleaves glycosidic bonds with a
hydrolase mechanism distinct from bacterial heparinase,
which functions as an eliminase (29, 30). This functional
difference leads to the generation of different HS-bFGF
complexes and may affect FGFR binding and mitogenic
potential. Thus, we purified heparanase from human plate-
let-rich plasma (as described by Freeman and Parish 1998)
in addition to conducting studies with flavobacterium-
derived heparinase. Protein purity was examined via SDS-
PAGE and a single band of the appropriate molecular mass
(50 kDa) was obtained when loading 1 u,g total protein (Fig.
1). Protein activity was initially investigated by examining

Heparanase

Fig. 1. SDS-PAGE of HS incubated at 37'C with purified
heparanase. Lane 1, HS; lane 2, heparanase; lane 3, HS incubated
with heparanase, t = 0; lane 4, HS incubated with heparanase, t = 3
h. Samples were reduced with beta-mercaptoethanol, electrophore-
sed in a 10% polyacrylamide gel and stained with methylene blue.

the ability of purified heparanase to catalyze the degrada-
tion of HS polysaccharide chains isolated from bovine kid-
neys. HS (Mr -30,000-100,000) was incubated at 37°C with
purified heparanase for 3 h; incubation of HS with hepara-
nase significantly degraded the HS substrate, as indicated
by the absence of HS staining in the gel (Fig. 1).

bFGF Release Induced by Heparanase and PF4—To
determine whether platelet-derived heparanase or PF4 re-
leases bFGF from the ECM, soluble bFGF levels following
exposure to heparanase or PF4 were assessed. To evaluate
bFGF release in an experimental setting with minimal
ECM deposition, HASMCs were maintained for 3 d and in-
cubated with varying concentrations of heparanase or PF4,
and bFGF levels in the media were examined by ELISA. To
compare the activity of platelet-derived heparanase and he-
parinase derived from flavobacterium, cells were also
treated with 25 ng/ml heparinase. Treatment with hepara-
nase, heparinase (Fig. 2A) or PF4 (Fig. 2C) was not found
to elicit bFGF release in the absence of an ECM.

Following the deposition of an ECM by cultured cells,
growth factors such as bFGF are sequestered and available
for release. Therefore, further studies were carried out ex-
amining soluble bFGF levels after treatment with hepara-
nase or PF4 in an experimental setting where HASMCs
were cultured beyond confluence to deposit an ECM. In
these studies cells were removed non-enzymatically follow-
ing ECM deposition, and the remaining intact ECM was
incubated with varying concentrations of heparanase, or
PF4 or 25 ng/ml heparinase. bFGF levels in the media were
examined via ELISA. Media samples taken from ECM
treated with at least 10 pg/ml heparanase (p < 0.001; Fig.
2B), or 1 ng/ml PF4 (p < 0.05; Fig. 2D) were found to con-
tain significantly higher levels of bFGF than control sam-
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Fig. 2. Liberation of bFGF, assessed via ELISA. HASMCs were incubated with 10 pg/ml to 100 ng/ml heparanase (A) or 10 pg/ml to 100
ng/ml PF4 (C) in the absence of an ECM or the same concentrations of heparanase (B) or PF4 (D) following ECM deposition and cell removal.
Controls were left untreated. FH indicates 25 ng/ml flavobacterium heparinase.
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pies. Media samples taken from ECM treated with 25 ng/
mrheparinase^wefe"found to contain "similar levels of bFGF
to that observed following treatment with heparanase (Fig.
2B).

Proliferation Following Exposure to Heparanase—To
evaluate the effects of heparanase and growth factor re-
lease on cell proliferation, cultured HASMCs were treated
with varying concentrations of heparanase in both the
presence and absence of an ECM. In the absence of an
ECM, no significant increases in HASMC proliferation
were observed with heparanase or heparinase treatment.
However, in the experimental setting where cells were
incubated with the same concentrations of heparanase fol-
lowing ECM deposition, HASMCs were found to undergo
significant increases in proliferation (p < 0.04; Fig. 3E). In
addition, mammalian heparanase was found to induce sig-
nificantly greater proliferation than treatment with 25 ng/
ml bFGF (p < 0.03). Heparanase treatment may induce
greater proliferation than soluble bFGF due to the presence
of HS fragments, which have been proposed to increase the
bioactivity of the growth factor (6, 20-22). Furthermore,
while heparanase and heparinase were previously found to
release similar levels of bFGF from the ECM, heparanase
exposure was found to induce significantly greater in-
creases in proliferation than flavobacterium-derived hepa-
rinase (p < 0.001). Heparanase treatment may produce HS-
bFGF complexes distinct from and more active in the

2 urn

~ 60, E

w 50. .

•Illlllll
^ control .01 .1 1 5 25 100 FH bFGF

Heparanase Concentration (ng/ml)

Fig. 3. HASMC proliferation following ECM deposition and
treatment with platelet-derived heparanase, heparinase, or
bFGF. Immunohistochemical staining for PCNA; A, control (un-
treated); B, 25 ng/ml platelet-derived heparanase; C, 25 ng/ml hepa-
rinase; or D, 25 ng/ml bFGF. The number of cells in S-phase was
determined by PCNA-HRP staining following treatment with 10 pg/
ml to 100 ng/ml heparanase, 25 ng/ml flavobacterium heparinase
(FH), or 25 ng/ml bFGF (E). - '

induction of cell proliferation than those obtained following
h^pannase"treatment7

Proliferation Following Exposure to PF4—PF4, released
by platelets following vascular injury (18), is thought to
bind HSPGs in the ECM, thereby displacing bFGF (24). To
evaluate the effects of PF4 and growth factor release on cell
proliferation, HASMCs were treated with varying concen-
trations of PF4 in both the presence and absence of an
ECM. In the experimental setting where cells were exposed
to PF4 after minimal ECM production, no significant in-
creases in cell proliferation were observed. However, in the
experimental setting where cells were exposed to PF4 fol-
lowing ECM deposition, HASMCs treated with at least 1
ng/ml PF4 were found to undergo significant increases in
proliferation (p < 0.02; Fig. 4). Furthermore, increases in
proliferation following PF4 treatment were found to be sim-
ilar to proliferation increases induced by the administra-
tion of soluble bFGF, supporting the hypothesis that PF4
releases soluble bFGF from the ECM, activating the
growth factor and inducing cell proliferation.

Proliferation Following ECM Deposition and Treatment
with Anti-bFGF IgG—To determine if the increased prolif-
eration after treatment with heparanase, heparinase or
PF4 was due to bFGF, we simultaneously treated HASMCs
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Fig. 4. HASMC proliferation following ECM deposition and
treatment with PF4 or bFGF. The number of cells in S-phase was
determined by PCNA-HRP staining following treatment with 10 pg/
ml to 100 ng/ml PF4 or 25 ng/ml bFGF. Controls were left untreated.

|_

Fig. 5. HASMC proliferation following ECM deposition and
treatment with a bFGF-neutralizing antibody. The number of
cells in S-phase was determined by PCNA-HRP staining following
treatment with: A, control (untreated); B, 25 ng/ml bFGF; C, 0.2 (jig/
ml anti-bFGF IgG; D, 25 ng/ml heparanase; E, 25 ng/ml heparanase
+ 0.2 pug/ml anti-bFGF IgG; F, 25 ng/ml heparinase; G, 25 ng/ml he-
parinase + 0.2 jig/ml anti-bFGF IgG; H, 25 ng/ml PF4; I, 25 ng/ml
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with heparanase, heparinase or PF4 and a bFGF-neutraliz-
ing antibody. While HASMCs treated with 25 ng/ml he-
paranase, 25 ng/ml heparinase or 25 ng/ml PF4 alone were
found to experience significant increases in proliferation (p
< 0.007), addition of 0.2 |xg/ml bFGF-neutralizing antibody
was found to completely inhibit these increases (Fig. 5).

Plasminogen Activator Activity after Exposure to Hepara-
nase or PF4—During restenosis, medial SMCs migrate
from the medial layer of the vessel wall to the intima. In-
creased plasminogen activator (PA) activity has been
shown to correlate with bFGF activity and is indicative of a

=
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Fig. 6. PA activity following ECM deposition. HASMCs were in-
cubated with 10 pg/ml to 100 ng/ml heparanase (A), or 10 pg/ml to
100 ng/ml PF4 (B). Negative controls were left untreated, while pos-
itive controls were treated with 25 ng/ml bFGF. FH indicates 25 ng/
ml flavobacterium heparinase.
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Fig. 7. Migration following ECM deposition. HASMCs were
treated with: A, control (untreated); B, 25 ng/ml bFGF; C, 0.2 (j.g/ml
anti-bFGF IgG; D, 25 ng/ml heparanase; E, 25 ng/ml heparanase +
0.2 |xg/ml anti-bFGF IgG; F, 25 ng/ml heparinase; G, 25 ng/ml hepa-
rinase + 0.2 |xg/ml anti-bFGF IgG; H, 25 ng/ml PF4; I, 25 ng/ml PF4
+ 0.2 |xg/ml anti-bFGF IgG. Migration was assessed by quantifying
the number of cells beyond the initial cell culture perimeter.

migratory phenotype (31). Thus, cultured HASMCs were
evaluated for PA activity following exposure to varying con-
centrations of heparanase or PF4 or 25 ng/ml heparinase.
PA activity was found not to increase following treatment
with heparanase, heparinase, or PF4 in the absence of an
ECM, but to increase significantly following heparanase (p
< 0.002; Fig. 6A), heparinase (p < 0.01; Fig. 6A), or PF4 (p <
0.0005; Fig. 6B) treatment in the presence of an ECM.

SMC Migration after Exposure to Heparanase or PF4—
Given the indication that heparanase and PF4 may induce
cell migration by activating bFGF and increasing PA activ-
ity, we directly examined cell migration following hepara-
nase or PF4 treatment in both the presence and absence of
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Fig. 8. Platelets liberate bFGF and stimulate HASMC prolif-
eration following ECM deposition. A: Liberation of bFGF, as-
sessed via ELISA, from HASMCs incubated with: control (un-
treated), platelets (500/cm2), 25 ng/ml heparanase, or 25 ng/ml PF4
following ECM deposition and cell removal. B: HASMC proliferation
following ECM deposition and treatment with: control (untreated),
platelets (500/cm2), platelets (500/cm2) + 0.2 |xg/ml anti-bFGF IgG
(+), 25 ng/ml heparanase (hep) or 25 ng/ml PF4. C: HASMC prolifer-
ation following ECM deposition and treatment with: control (un-
treated), platelets (500/cm2), platelets (500/cm2) + 0.25 |xg/ml anti-
heparanase IgG (pi + anti-hep). The number of cells in S-phase was
determined by PCNA-HRP staining.
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an ECM. In the absence of an ECM, bFGF increased cell
migration but treatment with heparanase, heparinase or
PF4 did not. However, in the presence of an ECM, hepara-
nase, heparinase, PF4 and bFGF were all found to signifi-
cantly increase cell migration (Fig. 7; p < 0.0000008).
Furthermore, treatment with the bFGF-neutralizing anti-
body was shown to significantly decrease migration in all
cases (Fig. 7), suggesting that migration is facilitated by
bFGF activation.

bFGF Release and SMC Proliferation after Exposure to
Platelets—Following vascular injury, platelets adhere to the
subendothelial vascular wall, aggregate and release de-
granulation products, many of which are believed to in-
crease SMC proliferation. To mimic this process, we seeded
platelets on top of cultured HASMCs following ECM depo-
sition, and assessed bFGF release and cell proliferation.
Exposure of the ECM produced by cultured HASMCs to
platelets resulted in significant bFGF release (Fig. 8A; p <
0.000002). In addition, platelet degranulation products
were determined to release similar levels of bFGF as 25 ng/
ml heparanase, and 25 ng/ml PF4. Platelet degranulation
products alone did not contain measurable amounts of
bFGF. Treatment of HASMCs with platelets in the pres-
ence of an ECM was also found to induce significant in-
creases in proliferation (Fig. 8B; p < 0.000005), and these
increases in proliferation were similar to those obtained by
the addition of 25 ng/ml heparanase. Furthermore, prolifer-
ation increases were found to be completely inhibited by
the addition of 0.2 |xg/ml bFGF-neutralizing antibody (Fig.
8B), suggesting that the increases in cell proliferation were
mediated in large part by bFGF activation. Further studies
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ml PF4. B: HASMC migration following treatment with: control (un-
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bFGF IgG (+), 25 ng/ml heparanase (hep) or 25 ng/ml PF4. Migra-
tion was evaluated by quantifying the number of cells beyond the
initial cell culture-perimeter. - . - _. .. . . _

were carried out where HASMCs were treated with plate-
lets andean ^antibody_against heparanase following ECM
deposition. While platelets alone were found to significantly
increase SMC proliferation (Fig. 8C), joint treatment with
0.25 |xg/ml anti-heparanase IgG was found to completely
inhibit these increases in proliferation (Fig. 8C). HASMCs
treated with platelets in the absence of an ECM did not
increase proliferation, further indicating that increased
proliferation in the presence of an ECM was specifically
due to the release of endogenous bFGF and not due to addi-
tional platelet-derived mitogenic factors at this low dosage
of platelets.

PA Activity and SMC Migration after Exposure to Plate-
lets—PA activity in cultured HASMCs was significantly
increased after exposure to platelets when an ECM was
present (Fig. 9A; p < 0.000006). Additionally, exposure to
platelets increased the number of migrating SMCs when
an ECM was present (Fig. 9B; p < 0.003) and these in-
creases in migration were similar to those obtained by the
addition of 25 ng/ml heparanase. Furthermore, platelet-
induced migration was inhibited by the addition of 0.2 u,g/
ml bFGF-neutralizing antibody, suggesting that the in-
creases in cell migration were largely due to bFGF activity.

DISCUSSION

The ECM is a biologically active constituent of the arterial
wall. Dynamic interactions between cells and the surround-
ing ECM are critical for the maintenance of cell functions,
developmental processes, and the response of tissues to
injury (5, 32). Heparan sulfate proteoglycans (HSPG)
located on the cell surface and in the ECM play crucial
roles in cell-cell and cell-matrix interactions. HS binds and
localizes structural proteins, such as fibronectin and col-
lagen, in the ECM and tethers chemokines and growth fac-
tors, such as bFGF, vascular endothelial growth factor, and
hepatocyte growth factor, to the ECM, which then can func-
tion as a storage depot for bioactive signaling molecules (5,
33). Tissue injury triggers the rapid localized release of
these growth factors to facilitate cellular responses such as
proliferation and migration (32-35), though the mecha-
nisms of this are as yet poorly understood.

bFGF is an important SMC mitogen that has been deter-
mined to be present in the arterial media both intracellu-
larly and extracellularly (36, 37). HSPGs in the ECM,
basement membrane and on the cell surface bind bFGF in
inactive form, sequestering the growth factor (5) and pro-
tecting it from denaturation (34) and proteolytic degrada-
tion (6, 20). Sequestration of bFGF in the ECM has been
suggested to inhibit ongoing proliferation under normal
conditions (5, 37). The liberation of bFGF from the ECM
may provide a mechanism for the induction of cell prolifera-
tion and migration during events such as angiogenesis and
wound healing (5). One source of bFGF following injury is
thought to be due to cellular damage in which punctured
cells release intracellular stores of the growth factor (34).
Another source of bFGF is proposed to be due to the disrup-
tion of the ECM and basement membrane where seques-
tered bFGF is liberated, thus becoming biologically avail-
able to nearby cells (37). Liberation from the ECM may
occur by displacement or by enzymatic activity. Studies car-
ried out by West and Hubbell (1996), employing a non-
thrombogenic hydrogel barrier formed on the luminal
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surface of the rat carotid artery following balloon injury,
found that SMC proliferation and migration were not
induced in the absence of blood contact, and further, that
bFGF was not liberated. This suggests that a luminal fac-
tor may be required for bFGF mobilization and subsequent
activation.

Platelets are a rich repository of growth factors, such as
PDGF, and have been determined to play an important role
in driving the early events following vascular injury (16,18,
38, 39). PDGF has been determined to function as a mito-
gen and chemoattractant for vascular SMCs in vitro but
has been found to induce minimal increases in medial SMC
proliferation following vascular injury in the rat carotid
artery (38). Additionally, PDGF has been found to increase
intimal thickening through the induction of SMC migration
from the media to the intima rather than through in-
creased proliferation (38). Furthermore, while PDGF-BB
has been found to enhance intimal thickening following
vascular injury, it was found not to induce intimal thicken-
ing in the absence of additional luminal factors (16).

Evidence suggests bFGF to play a crucial role in early
SMC proliferation and possibly SMC migration and matrix
elaboration (13-16). The dominant effects of bFGF on SMC
proliferation following arterial injury have been demon-
strated in studies where treatment with bFGF-neutralizing
antibodies after injury were shown to decrease SMC prolif-
eration by approximately 80% (14). Undetectable amounts
of bFGF are released from platelets at the site of vascular
injury, but the ECM in the medial layer of the vessel wall is
a rich source of this factor (2). However, the mechanisms by
which this stored bFGF is released and activated following
vascular injury remain unclear. The objective of our study
was to investigate the role of platelet-derived factors on
bFGF liberation from the ECM and the subsequent induc-
tion of cell proliferation and migration. Specifically, we have
evaluated the effects of platelet-derived heparanase and
PF4.

In examining the hypothesis that heparanase and PF4
release bFGF from sequestration in the ECM, thereby acti-
vating the growth factor and inducing mitogenesis, prolifer-
ation was assessed following exposure to heparanase or
PF4. While heparanase and PF4 were found not to induce
proliferation in the absence of an ECM, both were found to
induce significant increases in proliferation following ECM
deposition. These data indicate that heparanase and PF4
do not directly induce mitogenesis, but that proliferation
increases are achieved following interaction with the ECM.
Because these proliferation increases were completely in-
hibited by the addition of a bFGF-neutralizing antibody, we
suggest that heparanase and PF4 induce cell proliferation
solely by activating bFGF. These data correlate with the
inhibition of medial SMC proliferation and intimal thicken-
ing observed by Lindner and Reidy (1991) when adminis-
tering a bFGF-neutralizing antibody to the rat carotid
artery following injury. In the experimental setting where
platelets were seeded on top of HASMCs, an extremely low
number of platelets were used to eliminate the effects of
platelet-derived mitogens (approximately 1 platelet per 40
SMCs). For example, 500 platelets are estimated to release
only 0.00003 ng of PDGF (40), whereas heparanase re-
leased from 500 platelets was found to release approxi-
mately 4.5 ng of bFGF. These data correlate with studies
where low platelet concentrations (1 to 11 platelets per

SMC) were found not to induce proliferation in SMCs cul-
tured in the absence of a robust ECM (41).

Heparanase and PF4 have been determined to release
similar concentrations of bFGF, but heparanase has been
found to induce significantly greater proliferation than
PF4. This difference in mitogenic potential is thought to be
due to the increased bioactivity of the growth factor in the
presence of HS fragments. While soluble bFGF has been
proposed to be dependent on HSPGs in close proximity to
cell surface FGFRs to mediate signal transduction (22, 23),
the release of bFGF as a complex with HS by heparanase
negates this limitation. Release of bFGF as a complex with
HS fragments has been suggested to increase the bioactiv-
ity of the growth factor by protecting it from proteolytic
degradation (6, 20), decreasing re-binding to the ECM (21)
and enhancing binding to the cell surface FGFR (22). Thus
bFGF activity, thought to be mediated by HS fragments, is
affected by enzymes such as heparanase that modulate HS
fragment conformation and dynamics. Mammalian hepara-
nase cleaves glycosidic bonds with a hydrolase mechanism
distinct from bacterial heparinase, which functions as an
eliminase (29), and this functional difference is thought to
lead to the generation of different HS-bFGF complexes. It
is this difference in HS conformation that is thought to reg-
ulate bFGF binding affinity for cell surface FGFRs and
subsequent mitogenic potential. In addition, cell- and tis-
sue-specific variations in HS structure may further modu-
late bFGF activity (5, 19-23, 30, 37). High concentrations of
PF4 have shown to inhibit cell proliferation (data not
shown), while exposure to lower concentrations has been
found to stimulate cell proliferation. This may be due to the
saturation of cell-surface HSPGs required to facilitate
bFGF signaling. The inhibitory effects of high concentra-
tions of PF4 can be overcome by exogenous heparin (42),
further suggesting that PF4 inhibition of mitogenesis is
caused by binding of PF4 to cell-surface HSPGs. PF4
releases soluble bFGF, and rapid re-binding to the ECM
may contribute to the difficulties in bFGF detection during
release studies.

Plasminogen activator converts inactive plasminogen to
active plasmin, which has been shown to degrade ECM
components and to activate matrix metalloproteinases (43).
Activation of these proteolytic enzymes correlates with the
ability of cells to migrate through an intact ECM into the
arterial wound (44). Furthermore, PA activity that is indic-
ative of a migratory phenotype and has been shown to cor-
relate with bFGF activity and SMC migration into the
arterial intima, has been found to be inhibited by a plasmin
inhibitor (31, 44). We found PA activity to increase follow-
ing heparanase and PF4 treatment in the presence of an
ECM, indicating a role for heparanase and PF4 in the
induction of migration through bFGF activation. Further
studies were carried out showing the direct induction of cell
migration following heparanase or PF4 treatment in the
presence of an ECM, where migration was primarily attrib-
uted to bFGF activation. These data correlate with the
inhibition of SMC migration and intimal thickening ob-
served by Jackson and Reidy (1993) when administering a
bFGF-neutralizing antibody to the rat carotid artery follow-
ing injury. Heparan sulfate is an important constituent of
the ECM and basement membrane of blood vessels pre-
senting a physical barrier (25). Administration of the
bFGF-neutralizing antibody in conjunction with hepara-
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nase was found not to completely inhibit migration, sug-
gesting-that- the ECM-degrading activity of heparanase
may contribute to ability of cells to migrate.

We have confirmed a role for heparanase and discovered
a novel role for PF4 in the induction of cell proliferation by
releasing active bFGF from sequestration in the ECM.
Given our preliminary studies, we propose that heparanase
and PF4, released from activated platelets following vascu-
lar injury, liberate bFGF in active form from the subendot-
helial basement membrane and ECM of blood vessels,
thereby inducing the medial SMC proliferation and migra-
tion that contributes to the formation of a neointima during
restenosis. Furthermore, sequestration of heparin-binding
growth factors in the ECM provides a local source of mito-
genic and chemotactic agents that may be mobilized by
heparan sulfate-degrading enzymes and heparan sulfate-
binding proteins, such as heparanase and PF4 in response
to vascular injury and during vascular development. In
addition, similar regulatory mechanisms of heparin-bind-
ing growth factor sequestration and activation may be uti-
lized in many tissues during proliferation and differentia-
tion processes.

We thank Gina Tran for her technical assistance.
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