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Abstract

 

Treatment of quiescent rat aortic smooth muscle cells with
either 

 

a

 

-thrombin or a thrombin receptor–derived agonist
peptide (SFLLRNP) resulted in pronounced increases in
[

 

3

 

H]thymidine incorporation that were concentration de-
pendent and reached a maximum of 

 

z 

 

15-fold above se-
rum-starved controls. However, in contrast to FBS, PDGF-
BB, or basic fibroblast growth factor (bFGF), that initiated
DNA synthesis promptly after 16–19 h, thymidine incorpo-
ration in response to thrombin was delayed by an additional
3–6 h. Delayed mitogenesis correlated with the appearance
of a potent mitogenic activity in conditioned media samples
obtained from thrombin-stimulated rat aortic smooth mus-
cle cells, as assayed using Swiss 3T3 fibroblasts. This activ-
ity was not inhibited by neutralizing antibodies directed
against PDGF or bFGF. Furthermore, in the Swiss 3T3
cells, simple addition of either 

 

a

 

-thrombin or SFLLRNP
failed to elicit a significant mitogenic response. In signal
transduction studies, both thrombin and SFLLRNP treat-
ment led to rapid tyrosine phosphorylation of proteins with
apparent molecular masses of 42, 44, 75, 120, and 190 kD,
respectively, as assessed by antiphosphotyrosine immuno-
blotting. The overall pattern of protein tyrosine phosphory-
lation was distinct from that observed after PDGF-BB addi-
tion. Activation of Raf-1 and the mitogen-activated protein
(MAP) kinases p44

 

mapk 

 

and p42

 

mapk

 

 was also observed. How-
ever, the time course and duration of Raf-1/MAP kinase ac-
tivation after thrombin stimulation were similar to those
elicited by PDGF-BB. Taken together, our results indicate
that thrombin-stimulated vascular smooth muscle prolifera-
tion is delayed and requires the de novo expression of one or
more autocrine mitogens. In addition, the rapid induction
of discrete intracellular signaling mechanisms by thrombin,
including the Raf-1/MAP kinase pathway, appears to be in-

sufficient alone to promote vascular smooth muscle cell mi-
togenesis. (

 

J. Clin. Invest.

 

 1996. 97:1173–1183.) Key words:
atherosclerosis 

 

•

 

 restenosis 

 

•

 

 smooth muscle 

 

•

 

 platelet-
derived growth factor 

 

•

 

 basic fibroblast growth factor

 

Introduction

 

The serine protease thrombin catalyzes fibrin clot formation
and is a potent stimulator of blood platelets, vascular smooth
muscle, and vascular endothelium. In blood vessels that have
had their endothelium removed and in some vessels (e.g., rab-
bit aorta) with intact endothelium, catalytically active throm-
bin causes smooth muscle contraction (for review see refer-
ence 1). Since localized platelet deposition and organized
thrombus formation accompany proliferative vascular lesions,
thrombin has been implicated to play a role in atherogenesis
and restenosis after balloon angioplasty (2–4). However, the
exact role of thrombin on vascular cell growth and chronic vas-
cular remodeling in vivo remains unclear.

In cultured rat aortic smooth muscle (RASM)

 

1

 

 cells,
thrombin has been reported to activate Na

 

1

 

/H

 

1

 

 exchange and
calcium mobilization (5). An increase in intracellular calcium
was required for thrombin-induced expression of c-

 

fos 

 

mRNA,
a protooncogene associated with cell growth. However, throm-
bin stimulation of RASM cell DNA synthesis was not ob-
served by these investigators, in spite of an increase in cell size,
which was indicated by enhanced protein synthesis. These
studies conflict with others that have demonstrated that
thrombin is mitogenic in neonatal rat vascular smooth muscle
(6), as well as various fibroblast cell lines (7, 8). More recently,
thrombin has been shown to stimulate mitogenesis in cultured
vascular smooth muscle cells (9). Furthermore, the mitogenic
effects of thrombin could be mimicked by thrombin receptor–
derived peptides that activate the thrombin receptor (9).
These results have implicated thrombin as a potential media-
tor of vascular smooth muscle cell proliferation in the vessel wall.

The cellular actions of thrombin are mediated by a novel
membrane-spanning receptor (10; for a recent review see ref-
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erence 11). Thrombin receptors have been identified on plate-
lets (10), endothelial cells (10, 12), fibroblasts (13, 14), vascular
smooth muscle cells (9, 15), and other cell types. The thrombin
receptor contains seven hydrophobic (membrane-spanning)
domains and belongs to the family of G protein–coupled
receptors (10). 

 

a

 

-Thrombin binds to this receptor via an anion-
binding exosite domain that interacts with the receptor
sequence TR

 

52–60

 

 (10, 16). Bound thrombin then cleaves a pep-
tide bond on the carboxyl side of Arg

 

41

 

 exposing a new amino
terminus (NH

 

2

 

 terminus) on the receptor. This new NH

 

2

 

 ter-
minus acts as a “tethered ligand” activating the receptor. Pep-
tides containing the NH

 

2

 

-terminal receptor sequence SFLLR
or SFFLR (of the human or rodent receptor, respectively), can
activate the thrombin receptor without prior receptor cleav-
age. Accordingly, the involvement of the thrombin receptor in
many of thrombin’s actions on cells has been implicated using
SFLLR-containing peptides.

Some of the thrombin-stimulated signaling mechanisms ac-
tivated in cells expressing high-affinity receptors have been
characterized (for review see reference 17). For example, in
several cell types, thrombin stimulates phosphatidylinositol-
specific phospholipase C activity through the activation of at
least one closely coupled G protein (18–20). This results in the
generation of the second messengers inositol trisphosphate
and diacylglycerol, which are involved in intracellular Ca

 

2

 

1

 

mobilization and protein kinase C activation, respectively.
Similarly, in common with many other growth factors, throm-
bin has been shown to activate cellular protein kinases that
have been linked to mitogenesis. For example, thrombin stim-
ulation of platelets (21, 22) and vascular smooth muscle cells
(23) leads to rapid protein tyrosine phosphorylation of several
proteins. However, the relevance of these early signaling
events to the biological effects of thrombin is unclear, although
recent studies implicate protein tyrosine kinase activity as a
critical event in thrombin-stimulated growth (23).

In this report, we have characterized both the biological
and biochemical consequences of thrombin receptor activation
in cultures of RASM cells that display a neointimal phenotype.
These studies confirm that thrombin receptor activation leads
to productive mitogenic signaling, although stimulation of
DNA synthesis is significantly delayed in comparison to mito-
gens such as FBS, PDGF-BB, or basic fibroblast growth factor
(bFGF). Delayed mitogenesis correlates with the appearance
of a mitogenic activity in RASM cell conditioned medium,
thus representing a possible autocrine mediator of cell prolif-
eration that is upregulated by thrombin receptor activation. Of
interest, some early downstream signal transduction events
stimulated by thrombin and agonist peptide are similar to
those activated by polypeptide growth factors, including rapid
protein tyrosine phosphorylation of a subset of intracellular
proteins and concomitant activation of ancillary protein ki-
nases. Taken together, these data indicate that early signaling
events stimulated after thrombin receptor activation may be
only indirectly involved in the induction of DNA synthesis, via
stimulation of a productive autocrine loop involving one or
more endogenously produced mitogens.

 

Methods

 

Cell culture.

 

Primary RASM cells were generously provided by Dr.
Marschall Runge (Emory University, Atlanta, GA). These cells stain
positively for smooth muscle 

 

a

 

-actin, express angiotensin type I

(AT

 

1

 

) receptors, and secrete osteopontin, a phosphorylated glycopro-
tein marker for the neointimal vascular smooth muscle phenotype
(24). All cells were routinely analyzed for mycoplasma contamination
before use. Cells were grown in DME (with 

 

d

 

-glucose [4,500 mg/li-
ter], 

 

l

 

-glutamine, and Hepes buffer [25 mM]) containing FBS (10%
vol/vol) and penicillin (100 U/ml)–streptomycin (100 mg/ml). Cells
were passaged at 80–90% confluence with 0.25% trypsin and were
used between passages 10 and 18. Swiss 3T3 mouse fibroblasts were
obtained from American Type Culture Collection (Rockville, MD).
Fibroblasts were maintained in DME plus 10% calf serum and antibi-
otics. All culture reagents were obtained from GIBCO-BRL (Grand
Island, NY) unless otherwise specified.

 

Growth factors, antibodies, and other reagents.

 

Recombinant hu-
man PDGF-AA and -BB homodimers were purchased from R&D
Systems (Minneapolis, MN). Polyclonal goat anti-PDGF (A- and
B-chain) and polyclonal sheep anti-bFGF neutralizing antibodies
were from Collaborative Research Inc. (Bedford, MA). Recombinant
human bFGF was from Genzyme Corp. (Boston, MA). Polyclonal
rabbit anti–PDGF-AA and monoclonal anti-bFGF (bovine) neutral-
izing antibodies, anti–mitogen-activated protein (MAP) kinase (R2)
and anti–phosphatidylinositol-3-kinase (PI-3-kinase) antisera, as well
as murine monoclonal antibodies directed against phospholipase C-

 

g

 

(PLC-

 

g

 

) and phosphotyrosine (anti–P-TYR), were purchased from
Upstate Biotechnology, Inc. (Lake Placid, NY). Antipeptide antise-
rum to the p21

 

ras 

 

GTPase–activating protein (GAP) was prepared as
previously described (25). Polyclonal anti–Raf-1 peptide antiserum
was generously provided by Dr. Keith Robbins (National Institutes of
Health, Rockville, MD). Mouse monoclonal anti–MAP kinase anti-
bodies were purchased from Zymed Laboratories, Inc. (South San
Francisco, CA). Human 

 

a

 

-thrombin (3,080 U/mg, 4,096 U/ml) was
obtained from Enzyme Research Laboratories (South Bend, IN). The
thrombin receptor activating peptide, SFLLRNP-amide (SFLLRNP),
was synthesized by automated solid phase synthesis on a Milligen/
Biosearch 9600 using standard t-Boc protocols (26) or was purchased
from BACHEM Bioscience Inc. (Philadelphia, PA). Hirudin was
purchased from Calbiochem-Novabiochem Corp. (San Diego, CA).
Prestained molecular weight standards for polyacrylamide gels were
obtained from Amersham Corp. (Arlington Heights, IL).

 

Conditioned media collection.

 

To obtain samples of conditioned
media, confluent cultures of RASM cells were first growth-arrested
by incubation for 48 h in a chemically defined serum-free medium
(SF-DME) (DME supplemented with 10 nM selenium [GIBCO/
BRL] and 10 

 

m

 

g of transferrin/ml [Collaborative Research Inc.]). The
cells were then either left untreated or stimulated with thrombin (10
nM) or SFLLRNP (100 

 

m

 

M) for the indicated times. Samples of con-
ditioned media from the RASM cells were collected, and aliquots
were either used immediately or were frozen on dry ice and stored at

 

2

 

80

 

8

 

C.

 

Mitogenic assays.

 

RASM cells were plated in serum-containing
medium on fibronectin-coated 24-well tissue culture plates. After at-
tachment, cells were rinsed twice with PBS and incubated for 72 h in
SF-DME. Quiescent cells were labeled with [

 

3

 

H]thymidine (1 

 

m

 

Ci/ml,
70–90 Ci/mmol) (DuPont/NEN Research Products, Boston, MA) in
the absence or presence of FBS (10% vol/vol) or test mitogens for
24–48 h. In some experiments, insulin (10 

 

m

 

g/ml) was also added to
SF-DME, and cells were pulse-labeled with [

 

3

 

H]thymidine for the fi-
nal 3 h of the time course. In instances that required thrombin inacti-
vation, hirudin (4 U/ml) was also included 30 min before the addition
of test mitogens and coincubated throughout the experiment. Rela-
tive [

 

3

 

H]thymidine incorporation was determined by liquid scintilla-
tion spectrometry after precipitation with ice-cold trichloroacetic acid
(5% wt/vol) and solubilization (37

 

8

 

C) in NaOH (0.25 M).
For assays of RASM cell–derived conditioned medium samples,

Swiss 3T3 cells were plated as described then serum-starved for 18 h
in SF-DME supplemented with 0.1% bovine serum albumin. Control
growth factors or conditioned media were incubated (37

 

8

 

C, 30 min) in
the absence or presence of growth factor neutralizing antibodies be-
fore addition to the cells. The cells were incubated for 16 h followed
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by pulse-labeling with [

 

3

 

H]thymidine for an additional 6 h. Relative
[

 

3

 

H]thymidine incorporation was determined as described above.

 

Cell proliferation assays.

 

RASM cells (5 

 

3 

 

10

 

4

 

 cells/ml) were
plated in 96-well microtiter plates and grown in serum-containing me-
dia. After 24 h, growth medium was removed and replaced with SF-
DME for 24 h. Cells were then treated with increasing concentrations
of thrombin in SF-DME supplemented with 0.5% FBS to promote
cytokinesis. In some experiments, hirudin was also included (10 U/ml).
After 48 h, viable cell number was determined using the CellTiter 96™
AQueous

 

 

 

Non-Radioactive Cell Proliferation Assay kit (Promega Inc.,
Madison, WI). In this assay, dehydrogenase enzymes in metabolically
active cells reduce the combination of [3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-

 

2

 

H-tetrazolium, MTS]
and an electron coupling reagent (phenazine methosulfate) to pro-
duce formazan, detectable at 490 nm using a microtiter plate reader
(UV

 

max

 

; Molecular Devices, Menlo Park, CA). Product formation is
directly proportional to viable cell number.

 

Immunoprecipitation and immunoblot analyses.

 

Confluent cul-
tures of cells were incubated for 48 h in SF-DME to induce quies-
cence. The cells were then either left untreated or stimulated with ag-
onists for the indicated times. In experiments in which hirudin was
used as a thrombin antagonist, the compound was added to cells 30
min before agonist addition. Cultures were rinsed twice in ice-cold
PBS containing 1 mM Na

 

3

 

VO

 

4

 

, and then lysed on ice in 0.5 ml of
P-TYR lysis buffer (50 mM Hepes, pH 7.5, 1% Triton X-100, 50 mM
NaCl, 50 mM NaF, 10 mM sodium pyrophosphate, 5 mM EDTA,
1 mM Na

 

3

 

VO

 

4

 

, 1 mM PMSF, plus 10 

 

m

 

g/ml of aprotinin and leupep-
tin). Lysates were sonicated for 10 s and then centrifuged at 14,000 

 

g

 

for 10 min at 4

 

8

 

C. Equal protein aliquots (typically, 1–2 mg protein)
were used for immunoprecipitations. For antiphosphotyrosine analy-
sis, 2 

 

m

 

g of anti–P-TYR was used per milligram of cell lysate. For im-
munoprecipitation of MAP kinases, cell lysates were first boiled for
5 min in the presence of 1% SDS, and then diluted with nine parts
P-TYR lysis buffer before addition of anti–MAP kinase antibodies
(10 

 

m

 

g). All immunoprecipitations were carried out for 2 h at 4

 

8

 

C,
and immune complexes were recovered using protein G–agarose
(GammaBind G; Pharmacia Biotech Inc., Piscataway, NJ). Immuno-
precipitates were washed five times in P-TYR lysis buffer, solubilized
in SDS-PAGE sample buffer, and resolved by SDS-polyacrylamide
electrophoresis and immunoblotting as described (27, 28). Aliquots
of the whole cell lysates (100 

 

m

 

g) removed before immunoprecipita-
tion were routinely analyzed by immunoblotting. Immunoreactive
bands were visualized using [

 

125

 

I]-protein A (Amersham Inc.), fol-
lowed by autoradiography.

 

MAP kinase activation assays.

 

Immune complex kinase reactions
were performed as previously described with minor modifications
(29). Briefly, confluent cultures of RASM cells were serum deprived
for 48 h in SF-DME. The cells were stimulated with either 

 

a

 

-throm-
bin (10 nM) or PDGF-BB (50 ng/ml) for the indicated times at 37

 

8

 

C.
Cell lysates were prepared in P-TYR lysis buffer as described above
and p44

 

mapk 

 

was immunoprecipitated using 5 

 

m

 

g of anti–rat MAP ki-
nase (R2) antiserum per 400 

 

m

 

g of cell lysate. The immunoprecipita-
tions were carried out for 2 h at 4

 

8

 

C, and immune complexes were re-
covered using GammaBind G. The immunoprecipitates were washed
four times with P-TYR lysis buffer and once with kinase buffer (20
mM Hepes, pH 7.4, 10 mM MgCl

 

2

 

, 1 mM DTT, and 10 mM 

 

p

 

-nitro-
phenylphosphate). p44

 

mapk

 

 activity was determined by measuring the
incorporation of [

 

32

 

P] into myelin basic protein (MBP). The immuno-
precipitates were resuspended in 50 

 

m

 

l of kinase buffer, and the reac-
tions were initiated by the addition of 5 

 

m

 

g of MBP and ATP (20 mM
final, 5 

 

m

 

Ci [

 

g

 

-

 

32

 

P]ATP per reaction). The kinase reactions were car-
ried out for 10 min at 30

 

8

 

C, quenched by the addition of 12 

 

m

 

l of 5

 

3

 

SDS-PAGE sample buffer, and heated for 5 min at 95

 

8

 

C. The sam-
ples were resolved by 12.5% SDS-PAGE, and the proteins were elec-
trophoretically transferred to PVDF membranes (Immobilon P; Mil-
lipore Corp., Bedford, MA). Incorporation of [

 

32

 

P] into MBP was
determined by PhosphorImager analysis (Molecular Dynamics, Inc.,
Sunnyvale, CA).

 

Results

 

In cultured RASM cells, 

 

a

 

-thrombin and SFLLRNP are weakly
mitogenic after 24 h, but stimulate a pronounced increase in
DNA synthesis evident after 48 h.

 

To evaluate the effects of
thrombin on vascular smooth muscle cell proliferation, mito-
genic assays were performed using cultured primary RASM
cells. In control experiments, cells were incubated without (se-
rum-free, SF) or with the potent mitogenic factors FBS,
PDGF-BB, or bFGF. In parallel dishes, cells were treated with

 

a

 

-thrombin, 

 

a

 

-thrombin plus hirudin, SFLLRNP, and an inac-
tive acetylated SFLLRNP control (ac-SFLLRNP). When
DNA synthesis was measured after 24 h, 

 

a

 

-thrombin and
SFLLRNP stimulated only minor (two- to threefold) increases
in [

 

3

 

H]thymidine incorporation (Fig. 1). In contrast, FBS,
PDGF-BB, and bFGF induced 15-, 19-, and 15-fold increases
over the serum-free control, respectively.

Mitogenic assays were then extended to 48 h to determine
if mitogenic effects induced by thrombin might be delayed in
comparison to those produced by FBS, PDGF-BB, or bFGF.
Under these conditions, the relative levels of DNA synthesis
stimulated by FBS, PDGF-BB, and bFGF were 14-, 11-, and
10-fold above the serum-starved controls, respectively. How-
ever, in contrast to results observed at 24 h, after 48 h throm-
bin and SFLLRNP each stimulated 10- and 8-fold increases in
DNA synthesis in comparison to quiescent controls (Fig. 1,

 

solid bars

 

). Furthermore, thrombin-stimulated DNA synthesis
was inhibited by hirudin, a specific thrombin antagonist. The
acetylated SFLLRNP control peptide failed to stimulate DNA
synthesis.

To further investigate the mechanisms involved in thrombin-
stimulated growth, we determined the time course of [

 

3

 

H]thy-

Figure 1. Delayed mitogenic effects of a-thrombin and SFLLRNP on 
RASM cells. Cells were incubated for 24 h (open bars) or 48 h (solid 
bars) with [3H]thymidine in SF-DME plus the indicated treatments. 
Treatments included: FBS (10% vol/vol), PDGF-BB (20 ng/ml), 
bFGF (20 ng/ml), a-thrombin (10 nM), a-thrombin plus hirudin (10 
U/ml), SFLLRNP (200 mM), and an inactive acetylated SFLLRNP 
control (200 mM). Results are expressed as a percentage of the un-
stimulated serum free (SF) controls. Baseline [3H]thymidine incorpo-
ration was 7,45061,400 cpm at 24 h; 13,38064,550 cpm at 48 h. Bars 
represent the mean6SD of three treatment wells from a representa-
tive experiment.
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midine incorporation in the RASM cells by two methods. In
the first series of experiments, serum-starved cells were stimu-
lated with either FBS, PDGF-BB homodimer, or 

 

a

 

-thrombin
and total [

 

3

 

H]thymidine incorporation was determined after
various time intervals. As shown in Fig. 2 

 

A

 

, FBS and PDGF-
BB each initiated RASM cell DNA synthesis between 16 and
19 h, with peak incorporation at 

 

z 

 

28 h. In contrast, thrombin
stimulated more modest levels of DNA synthesis in the RASM
cells which were delayed until 

 

z 

 

25 h after ligand addition,
with a peak at 32–36 h.

In a second series of experiments, the time course analysis
was repeated using cells that were pulse-labeled with [

 

3

 

H]thy-
midine for 3 h before extraction. In these experiments, insulin
was also included as cofactor (30, 31). As shown in Fig. 2 

 

B

 

,
the insulin addition alone had no effect on [

 

3

 

H]thymidine in-
corporation in the controls. After addition of PDGF-BB,
DNA synthesis was observed to begin before the 16 h time
point with a peak of incorporation at 25 h. Under these condi-
tions, thrombin-stimulated [

 

3

 

H]thymidine incorporation was
not observed until 22 h (a delay of at least 3 h compared with
PDGF-BB), with peak incorporation occurring at 28 h. Taken
together, these data confirm that the mitogenic response of
RASM cells to thrombin is delayed 3–6 h in comparison to
PDGF-BB or FBS.

 

Thrombin and SFLLRNP stimulate concentration-depen-
dent increases in DNA synthesis and cell proliferation in cul-
tured RASM cells.

 

Additional experiments were performed to
determine if stimulation of delayed DNA synthesis by throm-
bin and SFLLRNP was concentration dependent. In these
studies, quiescent RASM cells were exposed to increasing con-
centrations of either 

 

a

 

-thrombin or SFLLRNP, and relative
levels of DNA synthesis were determined after 48 h. For

 

a

 

-thrombin, maximal DNA synthesis (15-fold above control)
was observed at a concentration of 

 

z 

 

1 nM (Fig. 3 

 

A

 

). This re-
sponse was half-maximal at a concentration of 

 

z 

 

0.3 nM.
SFLLRNP was less potent than 

 

a

 

-thrombin as a mitogen.
Maximal SFLLRNP-stimulated DNA synthesis was observed
at 300 

 

m

 

M.
In addition to mitogenic assays, the effects of thrombin on

RASM cell proliferation were examined. Thrombin stimulated
a concentration-dependent increase in RASM cell number af-
ter treatment for 48 h (Fig. 3 

 

B

 

). Maximal increases in cell pro-
liferation were observed at a thrombin concentration of 10
nM. Thrombin-stimulated proliferation was blocked by inclu-
sion of hirudin (10 U/ml). Hirudin had no effect on serum- or
PDGF-stimulated cell proliferation (data not shown).

 

Thrombin stimulates the secretion of a mitogenic activity
from RASM cells and acts as a comitogenic factor: detection by
Swiss 3T3 fibroblast mitogenic assays.

 

To determine whether
thrombin receptor activation induced the secretion of mito-
genic factor(s) from RASM cells, matched conditioned me-
dium samples from serum-starved RASM cells (control) and
cells stimulated by thrombin or SFLLRNP for various times
were added to quiescent cultures of Swiss 3T3 cells, and
[

 

3

 

H]thymidine incorporation was measured after 22 h. As con-
trols, some of the cells were stimulated directly with either
thrombin or SFLLRNP. As shown in Fig. 4 A, purified throm-
bin or SFLLRNP failed to stimulate significant DNA synthesis
in the Swiss 3T3 cells, despite the fact that these cells express
thrombin receptors (Seiler, S.M., unpublished observations)
(32). In contrast, conditioned media samples obtained from
RASM cells stimulated with either thrombin or SFLLRNP

(6–24 h) demonstrated increased mitogenic activity compared
with conditioned media samples from unstimulated cells. This
finding supports the hypothesis that thrombin receptor ago-
nists stimulate the release of autocrine mitogens from the
RASM cells.

In studies using cultured vascular smooth muscle cells,
thrombin has been reported to be synergistic with specific mi-
togens, including bFGF (33), PDGF, and FBS (34). Therefore,

Figure 2. Time course of [3H]thymidine incorporation in thrombin-
stimulated RASM cells. (A) Quiescent RASM cells (5 3 104 cells/
well) were stimulated for the indicated times with FBS (10%, closed 
circles), PDGF-BB (20 ng/ml, closed squares), or a-thrombin (10 nM, 
open circles) in the presence of [3H]thymidine. Relative [3H]thymi-
dine incorporation was determined by liquid scintillation spectrome-
try. Results are expressed as a percentage of the serum-free control 
levels; points are the mean6SD of three treatment wells from a rep-
resentative experiment. (B) Serum-starved RASM cells were treated 
for the indicated times with SF-DME supplemented with insulin (10 
mg/ml, open triangles), insulin plus PDGF-BB (20 ng/ml, closed 
squares), or insulin plus a-thrombin (10 nM, open circles). Cells were 
labeled with [3H]thymidine for the final 3 h. Results are expressed as 
mean [3H]thymidine incorporation (cpm 3 1023) 6SD of three treat-
ment wells.
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since mitogenic samples of conditioned media obtained from
thrombin-stimulated cells also contained thrombin, we investi-
gated whether thrombin augmented mitogenic activity in these
samples. The comitogenic effects of thrombin were evaluated
using Swiss 3T3 cells (Fig. 4 B). In these experiments, the mito-
genic activity of conditioned media samples from unstimu-
lated, control RASM cells (SF CM, 24 h) was determined in
the absence or presence of added thrombin and compared
with that produced by conditioned medium obtained from

thrombin-stimulated RASM cells (Thrombin CM, 24 h). In ad-
dition, in some of the assays, hirudin was added to the condi-
tioned media samples before exposure to the cells. As shown
in Fig. 4 B, pure thrombin elicited only a minor, twofold in-
crease in [3H]thymidine incorporation in the Swiss 3T3 cells

Figure 3. Concentration-dependent stimulation of DNA synthesis 
and cell proliferation by thrombin and SFLLRNP in cultured RASM 
cells. (A) Serum-starved cultures of RASM cells were incubated with 
[3H]thymidine and exposed to various concentrations of either 
a-thrombin (open circles) or SFLLRNP (closed triangles) for 48 h. 
Relative levels of cellular DNA synthesis were expressed as a per-
centage of serum-starved control group. Data points represent the 
mean6SD of three treatment wells from a representative experi-
ment. (B) Serum-starved RASM cells (5 3 104 cells/ml) were treated 
with increasing concentrations of thrombin in SF-DME containing 
0.5% FBS and were incubated for 48 h (open circles). In some plates, 
cells were first pretreated with hirudin (10 U/ml, closed circles). The 
number of viable cells was then determined using the Promega Cell 
Proliferation Assay kit as described in the Methods.

Figure 4. The time-dependent appearance of thrombin/SFLLRNP-
stimulated mitogenic activity in RASM cell conditioned media. (A) 
Swiss 3T3 cells (7 3 104 cells/well) were incubated for 22 h with either 
serum-free medium (SF), SFLLRNP (100 mM), a-thrombin (10 nM), 
or conditioned media (CM) samples as indicated. CM samples were 
collected at the indicated times from unstimulated RASM cells (con-
trol, open bars) or cells treated with either SFLLRNP (100 mM, solid 
bars) or a-thrombin (10 nM, hatched bars). Mitogenic activity was 
measured as [3H]thymidine incorporation as described in Methods 
and represents the mean6SD of three measurements from a repre-
sentative experiment. Baseline [3H]thymidine incorporation of the SF 
sample was 5,7006760 cpm. (B) Mitogenic activity was measured in 
Swiss 3T3 cells treated with either serum-free medium (SF), thrombin 
(10 nM), or samples of control conditioned media from RASM cells 
incubated for 24 h in serum-free conditions (SF CM), in the presence 
of thrombin (10 nM, Thrombin CM), or SF CM plus freshly added 
thrombin (10 nM). In some of the samples, recombinant hirudin 
(4 U/ml) was added before addition to the cells (solid bars). The data 
are expressed as the mean6SD of three measurements from a repre-
sentative experiment. Baseline [3H]thymidine incorporation of the SF 
sample was 3,0406590 cpm.
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that was blocked by hirudin. In contrast, conditioned media
samples from control and thrombin-stimulated RASM cells
produced 4- and 15-fold increases in [3H]thymidine incorpora-
tion. Of interest, we found that the addition of thrombin to
control conditioned media samples increased [3H]thymidine
incorporation significantly, to z 10-fold in Swiss 3T3 cells. Fur-
thermore, this increased mitogenic activity was completely
blocked by hirudin. These data imply that thrombin is a potent
comitogen for RASM conditioned media factors, since its ad-
dition alone to the Swiss 3T3 cells failed to stimulate DNA
synthesis.

Fig. 4 B also shows that hirudin reduced the mitogenic ef-
fects of thrombin-stimulated RASM conditioned media sam-
ples, presumably by blocking comitogenic effects of residual
thrombin. However, the hirudin-insensitive mitogenic activity
of these samples remained at least twofold greater than that
elicited by control conditioned media samples (Fig. 4 B). Thus,
these data imply that thrombin stimulates the secretion of mi-
togenic factor(s) from RASM cells. Whether thrombin stimu-
lates an increase in basally expressed RASM cell mitogenic
factors or induces the expression of new factors is currently be-
ing explored.

Neutralizing antibodies directed against PDGF or bFGF fail
to inhibit the mitogenic activity present in conditioned media
samples derived from thrombin-stimulated RASM cells. Auto-
crine  production of the growth factors PDGF-AA (34, 35) and
bFGF (33) has been proposed to contribute to thrombin-
induced mitogenesis in vascular smooth muscle cells. There-
fore, PDGF and bFGF neutralizing antibodies were used to
identify these factors as possible mitogenic components in con-
ditioned media samples obtained from thrombin-stimulated
RASM cells (Fig. 5). As shown in Fig. 5 A, in control experi-
ments, DNA synthesis stimulated by PDGF-AA, -BB, or
bFGF in the Swiss 3T3 cells was effectively inhibited by prein-
cubation with the appropriate specific neutralizing antibodies.
Furthermore, when a combination of PDGF-AA and bFGF
was used as a mitogenic stimulus, only coaddition of neutraliz-
ing antibodies directed against both PDGF-AA and bFGF
completely inhibited Swiss 3T3 DNA synthesis. In contrast,
when samples of thrombin-stimulated RASM cell conditioned
media were pretreated with growth factor neutralizing anti-
bodies, either alone or in combination, we failed to observe
any significant inhibition of mitogenic activity toward the
Swiss 3T3 cells (Fig. 5 B). Although it is theoretically possible
that some of the growth factor neutralizing antibodies might
not have efficiently recognized endogenous rat proteins, simi-
lar results were also obtained using several other commercially
available PDGF and bFGF neutralizing antibody prepa-
rations2 (see also reference 36). Taken together these results
imply that neither PDGF nor bFGF contributes significantly
to the mitogenic activity present in conditioned medium de-
rived from thrombin-stimulated RASM cells.

Thrombin and agonist peptide stimulate rapid protein ty-
rosine phosphorylation in cultured RASM cells. To evaluate the
effects of thrombin and SFLLRNP on protein tyrosine phos-
phorylation, confluent quiescent cultures of RASM cells were
either left untreated (control) or were challenged with either
a-thrombin or SFLLRNP for different times. Cell lysates were
then prepared and subjected to immunoblot analysis with

monoclonal antiphosphotyrosine antibodies. Both thrombin
and SFLLRNP stimulated tyrosine phosphorylation of cellular
proteins of apparent molecular masses of 42, 44, 75, 120, and
190 kD (Fig. 6 A). Tyrosine phosphorylation of these bands
was observed within 1 min and was maximal at z 10 min after

Figure 5. Effect of growth factor neutralizing antibodies on [3H]thy-
midine incorporation in Swiss 3T3 cells stimulated with conditioned 
medium from thrombin-treated RASM cells. (A) Serum-starved 
Swiss 3T3 cells in 24-well tissue culture plates were treated with bFGF 
(5 ng/ml), PDGF-AA (5 ng/ml), PDGF-BB (5 ng/ml), or a combina-
tion of bFGF plus PDGF-AA for 24 h. Where indicated, growth fac-
tor neutralizing antibodies (sheep polyclonal anti-bFGF, rabbit poly-
clonal anti–PDGF-AA, goat polyclonal anti–PDGF-AB; 25 mg/ml of 
each) were mixed with the growth factors for 30 min before addition 
to the cells. Cells were labeled with [3H]thymidine for the final 3 h as 
described in Methods. Relative levels of DNA synthesis were ex-
pressed as a percentage of serum-starved control group. Data points 
represent the mean6SD of three treatment wells from a representa-
tive experiment. (B) Quiescent Swiss 3T3 cells were treated with mi-
togenic conditioned medium obtained from RASM cells treated with 
10 nM thrombin for 24 h. Where indicated, the conditioned medium 
samples were preincubated with specific growth factor neutralizing 
antibodies (25 mg/ml), alone or in combination, for 30 min.

2. Molloy, C.J., unpublished observations.
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exposure of the cells to the respective agonists, with the excep-
tion of p190. Protein tyrosine phosphorylation of the 120- and
75-kD proteins was sustained for . 90 min from the time of a
single addition of each agonist. Tyrosine phosphorylation of
p190 was decreased as early as 5 min after thrombin receptor
activation, whereas phosphorylation of the 42- and 44-kD
bands decreased substantially by 60 min (Fig. 6 A). It should
be noted that the pattern of protein tyrosine phosphorylation
induced after thrombin receptor activation in the RASM cells
was identical to that elicited by angiotensin II and endothelin-1
(37, 38), suggesting that these agonists may act by a common
mechanism.

Characterization of thrombin-stimulated tyrosine phosphor-
ylated proteins in RASM cells. Several protein substrates for
activated growth factor receptor tyrosine kinases have been
implicated in cellular mitogenesis (for recent reviews see refer-
ences 39–41). These include molecules such as PLC-g (145
kD), p21ras GAP (125 kD), and PI-3-kinase (85 kD). Using
antibodies to these proteins, we analyzed anti–P-TYR immu-
noprecipitates from cells stimulated by a-thrombin and com-
pared these with anti–P-TYR recovered proteins after stimula-
tion of cells with PDGF-BB. As shown in Fig. 5 B, anti–P-TYR
recovery of PLC-g, PI-3-kinase, and GAP was observed after
stimulation of RASM cells with PDGF-BB (Fig. 6 B, lane 2).
However, we failed to detect significant tyrosine phosphoryla-
tion of these molecules in response to thrombin (Fig. 6 B, lane
3). These data further indicate that thrombin stimulates a dis-
tinct pattern of protein tyrosine phosphorylation from that of
the receptor tyrosine kinases in RASM cells.

The 42- and 44-kD tyrosine phosphorylated proteins ob-
served in response to thrombin receptor activation correspond
to MAP kinases. Recent studies have demonstrated that p44mapk

and p42mapk undergo rapid tyrosine and threonine phosphory-
lations in response to growth factors, as well as angiotensin II
and endothelin-1, leading to stimulation of their intrinsic ki-

nase activities (for reviews see references 42 and 43). Since
thrombin-stimulated cells contained 42/44-kD tyrosine phos-
phorylated proteins, we sought to determine if these proteins
corresponded to the MAP kinases. Thrombin- and SFLLRNP-
stimulated RASM cell lysates were first immunoprecipitated
with anti–p42/44 MAP kinase antibodies, and the immune
complexes were resolved on SDS gels and immunoblotted
with anti–P-TYR (Fig. 7 A). In these experiments, anti–MAP
kinase antiserum recovered two tyrosine phosphorylated
bands of 42 and 44 kD. Unstimulated cells had no detectable
levels of tyrosine phosphorylation of these proteins, corre-
sponding to p42mapk and p44mapk, respectively. These results im-
ply that thrombin receptor activation leads to rapid tyrosine
phosphorylation of MAP kinases, similar to many polypeptide
growth factors and peptide agonists, including angiotensin II
and endothelin-1.

Kinetics of thrombin-stimulated MAP kinase activation in
comparison with that induced by PDGF-BB. A time course of
MAP kinase activation in RASM cells was performed to deter-
mine whether the delayed mitogenic responses associated with
a-thrombin correlated with delayed activation of MAP kinase.
Quiescent cultures of RASM cells were stimulated with either
a-thrombin or PDGF-BB, and MAP kinase activity was deter-
mined by quantitation of relative level MBP phosphorylation
in p44mapk immunoprecipitates. As shown in Fig. 8 B, the
p44mapk activation profile in response to either a-thrombin or
PDGF-BB exhibited similar kinetics, with the peak MAP ki-
nase activity (z 20-fold above control) occurring at 5 min.
Thrombin consistently stimulated MAP kinase activity to a
greater extent than PDGF-BB, at least at the early time points
(1–30 min). We also observed that MAP kinase activity stimu-
lated by either agonist was sustained for up to 6 h, with no sig-
nificant differences between the two agonists at later times.

It should be noted that although thrombin elicited weaker
and delayed mitogenic responses in comparison to PDGF-BB

Figure 6. a-Thrombin and SFLLRNP induce rapid protein tyrosine phosphorylation in RASM cells. (A) Anti–P-TYR immunoblot analysis of 
whole cell lysates from unstimulated RASM cells (lane 1) and cells stimulated by either a-thrombin (10 nM, lanes 2–7) or SFLLRNP (100 mM, 
lanes 8–10) for the indicated times. Arrows denote tyrosine phosphorylated proteins at 190 (p190), 120 (p120), 75 (p75), and 42/44 kD (p42/44). 
(B) Serum-starved RASM cells were left untreated or were stimulated with either thrombin (10 nM) or PDGF-BB (50 ng/ml) for 10 min as indi-
cated. (Lanes 1–3) Anti–P-TYR recovered proteins, resolved on SDS gels (8% acrylamide), were subjected to immunoblotting using a combina-
tion of antibodies directed against GAP, PI-3-K, and PLC-g. (Lanes 4 and 5) Immunoblot of whole cell lysates using same combination of anti-
bodies. Note that thrombin did not stimulate anti–P-TYR recovery of the PDGF-receptor substrates (compare lanes 2 and 3). Data are 
representative of independent experiments that were performed at least three times.
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in the RASM cells, it was found to activate p44mapk to a greater
extent. Furthermore, since the kinetics of activation for p44mapk

were comparable between PDGF-BB and thrombin, these re-
sults imply that the MAP kinase pathway alone is not suffi-
cient to induce mitogenesis in these cells.

a-Thrombin and SFLLRNP induce rapid activation of the
cellular protein kinase, Raf-1. Activation of Raf-1 is accompa-
nied by multiple phosphorylations of the molecule on serine

and threonine residues, which results in a characteristic retar-
dation of the protein as it is resolved in SDS polyacrylamide
gels (“gel shift,” for reviews see references 44 and 45). Experi-
ments were performed to evaluate the effects of thrombin and
SFLLRNP on the activation of Raf-1 (Fig. 8). Quiescent
RASM cells were stimulated with a-thrombin or SFLLRNP
for various times, and cell lysates containing equal protein
were subjected to immunoblot analysis using an anti–Raf-1
peptide antiserum. Raf-1 was observed as a protein band
which migrated with an apparent molecular mass of 70 kD in
unstimulated cells. Both a-thrombin and SFLLRNP stimula-
tion led to a rapid decrease in mobility of Raf-1, which was de-
tected within 5 min of agonist addition. Under these condi-
tions, the positively identified Raf-1 protein migrated at a
molecular mass of z 74 kD. Gel-retarded Raf-1 persisted for
. 2 h after thrombin/SFLLRNP stimulation, indicating that
activation of the thrombin receptor causes rapid and sustained
activation of Raf-1 in RASM cells. Consequently, this mecha-
nism is likely involved in the rapid activation of MAP kinases
stimulated by thrombin in these cells.

Discussion

This study demonstrates that activation of thrombin receptors
in a well defined RASM cell line results in potent stimulation
of DNA synthesis and cell proliferation. These findings sup-
port the concept that thrombin, aside from its well known ef-
fects in blood coagulation, may also directly regulate vascular
smooth muscle cell proliferation in the vessel wall and poten-
tially contribute to such processes as neointimal formation in
restenosis and atherosclerosis. These data are consistent with
recent studies reporting that a-thrombin stimulates smooth
muscle cell growth in culture (5, 6, 9, 18, 23). Furthermore,
they support in vivo studies that implicate thrombin in smooth
muscle cell proliferation and neointimal formation after arte-
rial injury (2–4).

An interesting observation in these studies was that throm-
bin-stimulated DNA synthesis was delayed in comparison to
potent polypeptide growth factors or serum. These data are in
agreement with previous studies using both rat (9) and human
arterial smooth muscle cell lines (34, 46). Furthermore, the de-
layed mitogenic responses of RASM cells after thrombin re-
ceptor activation are similar to our previous studies on angio-
tensin II and endothelin-1, two other potent vasoactive agonists
that bind to distinct G protein–coupled receptors (36, 38).
Taken together, these data support the hypothesis that various
peptidic, G protein–coupled receptor agonists each stimulate
RASM cell growth by a similar indirect mechanism (Fig. 9). In
this model, delayed mitogenesis after stimulation of thrombin,
angiotensin II (i.e., AT1), or endothelin-1 (ETA) receptors is
preceded by the increased expression of a common subset of
new gene products in RASM cells. These genes may code for
known as well as “novel” growth factors that then act as the
“proximal” autocrine mitogens that are ultimately responsible
for cell growth.

Confirmation of this model has important therapeutic im-
plications in vascular pathology. For example, specific vasoac-
tive antagonists (e.g., ACE inhibitors, AT1, ETA receptor an-
tagonists) would be predicted to be partially or completely
ineffective in vascular proliferative disorders if sufficient
amounts of a complimentary agonist (e.g., thrombin) predomi-
nate in affected vessels. In addition, individual vasoactive an-

Figure 7. Thrombin receptor stimulation leads to tyrosine phosphor-
ylation and activation of MAP kinases. (A) Serum-starved RASM 
cells were left untreated (control) or were stimulated with thrombin 
(10 nM), SFLLRNP (100 mM), acetylated SFLLRNP (100 mM), or 
PDGF-BB (50 ng/ml) for 5 min as indicated. (Lanes 1–5) Anti–P-
TYR immunoblot of proteins immunoprecipitated with anti–MAP 
kinase antibodies. (Lane 6) Anti–MAP kinase immunoblot of anti–
MAP-kinase recovered proteins from serum-starved RASM cells. 
Arrows denote two forms of MAP kinases in RASM cells, p42mapk 
and p44mapk. HC indicates the immunoglobulin heavy chain of the 
anti-MAPk antibody that also binds [125I]-protein A. (B) Confluent 
cultures of quiescent RASM cells were stimulated with either 
a-thrombin (10 nM, open circles) or PDGF-BB (50 ng/ml, closed 
squares) for the indicated times. Immunoprecipitates containing 
p44mapk were measured for their ability to stimulate incorporation of 
[32P] into MBP as described in Methods. Results are expressed as fold 
stimulation over serum-starved control cells and represent the 
mean6SD of three independent experiments.
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tagonists should be additive in their ability to attenuate neo-
intimal formation by reducing the net expression of common
autocrine mediators (Fig. 9). Thus, this model may partly ex-
plain the failure of some agents to attenuate post-PTCA rest-
enosis (for reviews see references 47–49). Furthermore, it sug-
gests a key role for thrombin in hyperproliferative vascular
processes, which is supported by several studies describing a
high incidence of thrombosis and concomitant overexpression
of thrombin receptors in arterial lesions (3, 50–52).

Additional support for an autocrine mechanism for throm-
bin-stimulated proliferation has been derived from studies
demonstrating increased expression of PDGF-A chain, bFGF,
or heparin-binding epidermal growth factor–like growth factor
in cultured vascular smooth muscle cells in response to throm-
bin (33, 35, 53, 54). Thus, these growth factors represent candi-
date proximal mitogens associated with thrombin-stimulated
DNA synthesis. However, in these studies we have excluded
PDGF and bFGF as significant external autocrine mitogens in-
duced by thrombin in RASM cells. Furthermore, in prelimi-
nary experiments we have failed to identify a significant mito-

genic contribution of heparin-binding epidermal growth
factor–like growth factor in conditioned media samples ob-
tained from thrombin-stimulated RASM cells.2 Thus, while it
is possible that some of these factors may contribute to cell
growth via an intracellular autocrine mechanism, additional
studies will be required to identify the specific mitogens, intra-
cellular and/or secreted, that are responsible for thrombin-
induced smooth muscle cell proliferation.

Thrombin receptor activation was also associated with
stimulation of protein tyrosine phosphorylation in the RASM
cells. Although the activation of this mechanism was rapid,
some of the specific tyrosine phosphorylated proteins stimu-
lated by thrombin or SFLLRNP were distinct from those in-
duced by potent vascular smooth muscle mitogens such as
PDGF. Thus, thrombin treatment did not stimulate tyrosine
phosphorylation of PLC-g, p21ras GAP, or PI-3-kinase, three
direct substrates of receptor tyrosine kinases implicated in mi-
togenic signal transduction (39–41). In contrast, thrombin re-
ceptor activation resulted in tyrosine phosphorylation of two
proteins of 75 and 125 kD which we have identified as paxillin

Figure 8. Thrombin receptor activation leads to hyper-
phosphorylation of Raf-1. Serum-starved RASM cells 
were left untreated (lanes 1 and 8) or were stimulated 
with thrombin (10 nM, lanes 2–7) or SFLLRNP (100 
mM, lanes 9–14) for the indicated times. Immunoblots 
of total cell lysates equal to 100 mg protein/lane were 
probed with rabbit anti–Raf-1 antiserum. Note that 
both thrombin and SFLLRNP addition to the cells 
caused a decreased mobility (gel-shift) of the major 
Raf-1 band from 70 kD (unstimulated) to z 74 kD, 
due to hyperphosphorylation of this protein (see text).

Figure 9. Autocrine model of delayed mi-
togenesis stimulated by G protein–coupled 
receptor agonists in cultured RASM cells. 
Binding of ligands to the appropriate recep-
tor results in rapid intracellular signal trans-
duction, including G protein–stimulated 
phosphatidylinositol (PtdIns) metabolism 
via phospholipase C-b1 (PLC-b), protein 
kinase C (PKC) activation, intracellular 
calcium (Ca21) mobilization, and calcium-
dependent protein kinase (Ca21 kinases) 
activation. Intracellular protein tyrosine ki-
nase(s) are also activated, leading to ty-
rosine phosphorylation of focal adhesion 
proteins, including paxillin. Downstream 
components in the early signaling cascade 
include Raf-1 and MAP kinases. These 
early signaling events are hypothesized to 
lead to nuclear protooncogene transcrip-
tional activation (c-fos, c-jun, c-myc) and 
increased expression of endogenous mito-
genic factors. The secretion of one or more 
mitogenic factors results in the formation of 
a productive autocrine loop, resulting in 
cellular proliferation and/or migration (see 
text).
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and pp125FAK, respectively (Molloy, C.J., and C.E. Turner, un-
published observations; and references 55 and 56). Since ty-
rosine phosphorylation of these molecules was very rapid, they
represent possible direct targets for the protein tyrosine ki-
nase(s) associated with thrombin receptor activation. How-
ever, their exact role in thrombin-initiated signal transduction
and cell proliferation remains to be determined.

The precise mechanisms responsible for functional cou-
pling of activated thrombin receptors and protein tyrosine ki-
nase activity are presently unknown. Thus, thrombin receptor
activation may induce additional coupling to an intracellular
protein tyrosine kinase or kinase cascade. However, the rele-
vant tyrosine kinases involved in this process have yet to be
identified. One candidate molecule is c-src. This nonreceptor
tyrosine kinase is activated in mesangial cells in response to
endothelin-1 (57) and appears to be transiently activated in
CCL39 hamster lung fibroblasts in response to thrombin (58).
A similar activation of c-src may occur in RASM cells, al-
though in preliminary experiments we failed to observe any
significant c-src activation after treatment of the cells with ei-
ther thrombin or angiotensin II.2

A second candidate kinase is the focal adhesion kinase
pp125FAK. Previous studies have demonstrated that phosphor-
ylation of pp125FAK frequently increases in parallel with paxil-
lin tyrosine phosphorylation (56, 59). Furthermore, pp125FAK

becomes tyrosine phosphorylated in response to angiotensin II
in RASM cells (55). Thus it is likely that this kinase is also acti-
vated by thrombin and may be involved in stimulation of paxil-
lin phosphorylation.

Raf-1 and MAP kinases represent additional downstream
signaling molecules in the thrombin receptor–initiated signal
transduction cascade (Fig. 9). These data agree with similar
results reported in astrocytoma cells (60) and platelets (61,
62). In this regard, thrombin receptor signaling shares some
common features with other mitogenic factors, including
growth factors and vasoconstrictors such as bFGF and PDGF,
endothelin-1, and angiotensin II (37, 38, 40, 45). However,
since the mitogenic effects of thrombin, angiotensin II, and
endothelin-1 are delayed by several hours when compared
with growth factors, these early biochemical signaling events
apparently are not sufficient to induce DNA synthesis in
RASM cells. These data are supported by various other stud-
ies. For example, Sakurai et al. (63) have shown that mitogen-
esis stimulated by activin A in Swiss 3T3 fibroblasts does not
require activation of MAP kinases. Likewise, in our experi-
ments we found that thrombin failed to stimulate significant
levels of DNA synthesis in Swiss 3T3 cells, even though these
cells contain thrombin receptors and elicit rapid intracellular
Ca21 mobilization, phosphoinositide metabolism, and MAP
kinase activation in response to thrombin (Seiler, S.M., un-
published observations) (32).

These results imply that additional intracellular events are
required for productive mitogenesis in RASM cells. These
may include the delayed activation of molecules such as
PLC-g, GAP, p21ras and/or PI-3-kinase, implicated in mito-
genic signaling initiated by certain growth factors, including
PDGF, but not the G protein–coupled receptors (39–41). Fur-
thermore, according to the autocrine RASM cell proliferation
model (Fig. 9), the critical signaling events required for DNA
synthesis in vascular smooth muscle cells should be affected
specifically by endogenously produced mitogens elicited after
thrombin receptor activation. Thus, comparisons between the

early biochemical signaling pathways stimulated by both prox-
imal and delayed (autocrine) mitogens in RASM cells may
lead to identification of the precise biochemical mechanisms
controlling DNA synthesis and cell cycle progression in this
model system.
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