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SUMMARY

Thromboxane A, stimulation of smooth muscle cells contrib-
utes to the development of vascular lesions after percutaneous
transluminal coronary angioplasty. In view of this, we examined
the signaling pathways stimulated by a thromboxane receptor
agonist, U-46619, in cultures of rat aortic smooth muscle cells.
Treatment of rat aortic smooth muscle cells with U-46619 in-
duced cellular hypertrophy (['“CJleucine incorporation) without
stimulating mitogenesis ([*H]jthymidine incorporation). Analysis
of signaling pathways elicited by U-46619 revealed enhanced
tyrosine phosphorylation and increased enzymatic activity of
mitogen-activated protein (MAP) kinase (Erk2). U-46619 also
activated signaling proteins upstream of p21-ras, inducing ty-
rosine phosphorylation on Shc and complex formation between

Shc and growth factor receptor binding protein-2 (GRB2). Ex-
posure of cells to a stable prostacyclin analogue, ciprostene
calcium, attenuated U-46619-induced cellular hypertrophy and
MAP kinase activity. Ciprostene treatment elevated cellular
cAMP and inhibited U-46619-induced tyrosine phosphorylation
on Shc and Shc/GRB2 complex formation. These results dem-
onstrate that stimulation of thromboxane A, and prostacyclin
receptors have opposing effects on smooth muscle cell hyper-
trophy and the signaling pathways associated with this pro-
cess. We conclude that inhibition of Shc/GRB2 complex for-
mation and MAP kinase activity by ciprostene may contribute
to its ability to limit restenosis injury.

Production of thromboxane A, at sites of vascular injury
contributes to lesion formation characteristic of restenosis
and atherosclerosis (1). Although well known as a potent
vasoconstrictor, thromboxane A, may also induce smooth
muscle cell migration and growth that is typical of vascular
occlusion. Several investigators have reported mitogenic or
hypertrophic activities of thromboxane A,/prostaglandin en-
doperoxide receptor agonists in studies of cultured vascular
smooth muscle cells (2-6). Consistent with the growth-induc-
ing properties of thromboxane A, is the apparent stimulation
of mitogen-activated and S6 protein kinases in cultured
smooth muscle cells exposed to a thromboxane A,/prostag-
landin endoperoxide receptor agonist, U-46619. Biochemical,
pharmacological, and molecular cloning studies have placed
the thromboxane A,/prostaglandin endoperoxide receptor in
the G protein-coupled, seven membrane-spanning receptor
superfamily (7, 8). In the vasculature, the actions of throm-
boxane A, are opposed by prostacyclin to maintain normal
hemostasis and vascular tone. Release of thromboxane by
platelets is a potent signal for vasoconstriction and platelet

aggregation. In contrast, prostacyclin is a potent vasodilator
and antiaggregatory substance for platelets. Thromboxane
actions are believed to occur primarily through activation of
phospholipase C, whereas prostacyclin elicits responses
through a G protein-coupled receptor linked to adenylate
cyclase. Perturbation of the thromboxane A,/prostacyclin
balance may exacerbate vascular injury in restenosis and
atherosclerosis by eliciting both vasoconstriction and smooth
muscle cell growth. A stable analogue of prostacyclin has
recently demonstrated efficacy in clinical trials for the pre-
vention of vascular lesion formation after PTCA (9). Simi-
larly, a prostacyclin analogue limited lesion formation in a
rat model of restenosis (10).

The mechanism through which thromboxane and other G
protein-coupled receptors transduce signals to MAP kinases
is unclear. Induction of MAP kinase activity by platelet-
derived and other growth factors appears subsequent to ac-
tivation of p21-ras. Proteins upstream of p21-ras have re-
cently been identified that detect growth factor receptor
activation and stimulate guanine nucleotide exchange on

ABBREVIATIONS: PDGF, platelet-derived growth factor; EGF, epidermal growth factor; GRB2, growth factor receptor binding protein-2; SH2, src
homology-2; SH3, src homology-3; PAGE, polyacrylamide gel electrophoresis; PBS, phosphate-buffered saline; PVDF, polyvinyldifluoride; MAP,
mitogen-activated protein; RASMC, rat aortic smooth muscle cells; PTCA, percutaneous transluminal coronary angioplasty; EGTA, ethylene glycol
bis(B-aminoethyl ether)-N,N,N',N’-tetraacetic acid; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; SDS, sodium dodecy! sulfate;

PBS-T, PBS containing 0.1% Tween 20; SOS, son-of-sevenless.
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p21-ras (11-16). GRB2 senses activated receptors by binding
specific, phosphorylated tyrosine residues via its SH2 do-
main. In addition to binding to phosphorylated tyrosine ki-
nase receptors, GRB2 recognizes phosphorylated tyrosine
residues on Shc proteins. A number of smooth muscle cell
growth factors, including platelet-derived growth factor and
angiotensin II, stimulate tyrosine phosphorylation on Shc
(17-20). She can bind directly to PDGF B-receptors in stim-
ulated cells and may, through recruitment of GRB2, relay
receptor activation to downstream signaling proteins (18—
19). The SH3 domains of GRB2 facilitate stable complex
formation with the nucleotide exchange factor SOS. This
Shc/GRB2/SOS complex thereby transmits receptor ligand
binding to p21-ras. Sh¢/GRB2 complex formation appears to
be necessary for activation of p21-ras by insulin and EGF and
the transformation of fibroblasts by overexpression of Shc
proteins (21-23).

We investigated the signaling mechanisms through which
U-46619 induces MAP kinase activity and the effects of cipro-
stene on this signaling cascade in RASMC. Our data show
that U-46619 stimulates tyrosine phosphorylation on Shc
and Shc/GRB2 complex formation in parallel with stimula-
tion of MAP kinases. Consistent with the abilities of prosta-
cyclin to oppose thromboxane in other biological systems,
ciprostene attenuated U-46619-induced Shc/GRB2 complex
formation and subsequent activation of MAP kinases. This
observation suggests a mechanism for the ability of cipro-
stene to reduce lesion formation in patients after PTCA.

Experimental Procedures

Materials. All reagents were from Sigma Chemical Co. unless
indicated otherwise. U-46619 and ciprostene were from The Upjohn
Company. Antibodies specific for phosphotyrosine, She, Erk2, and
GRB2 were from Upstate Biotechnology, Transduction Laboratories,
or Santa Cruz Biotechnology. Cell culture reagents and protein G-
agarose were from GIBCO. Secondary antibodies were purchased
from Jackson ImmunoResearch. ECL reagents were from Amersham
Chemical Co.

Cell culture. RASMC were isolated as described (24) and main-
tained in Dulbecco’s modified Eagle’s medium containing 15% fetal
calf serum. Cells were split at confluence and fed every third day.
Cultures were used between passages 5 and 10.

Immunoprecipitations. Cells were grown to confluence and se-
rum-starved in Dulbecco’s modified Eagle’s medium lacking fetal calf
serum for 18 hr. After stimulation, cell medium was removed, and
cells were rinsed twice with ice-cold PBS (Ca?* and Mg?* free). Cells
were scraped into lysis buffer (20 mM HEPES, pH 7.4, 1% Triton
X-100, 50 mM sodium chloride, 1 mM EGTA, 5 mM B-glycerophos-
phate, 30 mM sodium pyrophosphate, 100 uM sodium orthovanadate,
1 mM phenylmethylsulfonyl fluoride, 10 ug/ml aprotinin, and 10
pug/ml leupeptin) (25). Cell debris was removed by centrifugation at
12,000 X g for 10 min. Supernatants (350 ug of protein) were trans-
ferred to new tubes containing 2 ug of indicated antibody and incu-
bated at 4° for 2.5 hr. Protein G-agarose was added, and lysates were
incubated for an additional 30 min. Precipitates were washed three
times in ice-cold lysis buffer and resuspended finally in SDS-PAGE
(26) sample buffer. Complexes were boiled for 5 min and electropho-
resed through 10% SDS-PAGE gels. Proteins were transferred to
PVDF membranes (Immobilon, Millipore Corp) and processed for
immunoblot analysis.

Immunoblot analysis. Nonspecific binding sites were blocked in
PBS-T and 1% bovine serum albumin for 1 hr at 20°. Primary
antibodies were diluted in blocking solution and incubated with the
membranes for 1 hr at room temperature. Excess primary antibody

was removed by washing the membranes four times in PBS-T. The
blots were incubated with appropriate secondary antibodies in
PBS-T containing 5% milk diluent (Kirkegaard and Perry Laborato-
ries) for 1 hr. Membranes were washed as before and processed for
ECL. In certain experiments, the filters were reprobed after strip-
ping in 0.1 M Tris'HC], pH 8.0, 2% SDS, and 100 mM B-mercapto-
ethanol for 30 min at 52°.

MAP kinase enzyme assays. After stimulation, RASMC were
harvested in lysis buffer as described. Supernatants containing ~50
ug of protein were analyzed using a p42/p44 MAP kinase enzyme
assay kit from Amersham. Assays were performed as directed, and
32p.phosphate incorporated into the substrate peptide was deter-
mined by liquid scintillation spectroscopy.

Determination of cAMP levels. After stimulation, RASMC
were harvested in 100 ul of 4 mM EDTA, boiled to denature protein,
and centrifuged to remove cellular debris. Supernatants (50 ul) were
analyzed for cAMP using a radioimmunoassay kit from Amersham.
Assays were performed as directed, and cAMP levels were deter-
mined from a standard curve.

Measurement of RASMC mitogenesis and hypertrophy. Se-
rum-starved RASMC were treated for 24 hr with U-46619 in the
presence of 0.5 uCi [**Clleucine and 0.5 uCi [*Hlthymidine per
16-mm well. Unincorporated label was removed by washing with
ice-cold 10% trichloroacetic acid. Acid-insoluble material was hydro-
lyzed by the addition of 0.25 N NaOH, and label incorporation was
determined by liquid scintillation spectroscopy. Before U-46619
treatment, some cells received either vehicle or 10 uM ciprostene.
U-46619 was then added directly to these cultures for 24 hr, and
label incorporation was determined as described. All statistical com-
parisons were made using one-way analysis of variance. Statistical
significance was assessed using an unpaired Student’s ¢ test.

Results

Data describing the role of thromboxane as a mitogenic or
hypertrophic stimulus are inconsistent and may be cell type
specific (2-6). We first examined the ability of thromboxane
to induce [*H]thymidine and [**C]leucine uptake in cultures
of quiescent RASMC. Cells were stimulated with various
concentrations of U-46619 in the presence of [*H]lthymidine
and [**Clleucine for 24 hr. After stimulation, acid-insoluble
fractions of the cells were harvested, and radiolabel incorpo-
ration was determined. Fig. 1 illustrates a concentration-
dependent increase in [**C]leucine incorporation after a
24-hr incubation with U-46619. Stimulation of [**Clleucine
uptake was significantly different from control with as little
as 0.01 uM and maximal with 1 uM U-46619. In the same
experiments, measurement of [*’Hlthymidine uptake failed to
demonstrate significant increases in DNA synthesis by
RASMC at any U-46619 concentration examined (data not
shown). Confirmation that the hypertrophic actions of
U-46619 are facilitated through direct binding to the throm-
boxane receptor was provided by preincubation of RASMC
cultures with the thromboxane receptor antagonist U-77433.
Preincubation of RASMC with 100 uM U-77433 resulted in an
81 *+ 6% (eight experiments) inhibition of [*H]leucine incor-
poration in cells stimulated with 10 uM U-46619.

I-BOP, a thromboxane receptor agonist, stimulates MAP
kinases in cultures of guinea pig coronary smooth muscle
cells (5). Therefore, we evaluated whether activation of these
kinases preceded the hypertrophic phenotype elicited by
U-46619 in RASMC. Quiescent cultures of RASMC were
stimulated with 10 umM U-46619 for various times. After stim-
ulation, cell lysates were prepared and analyzed for tyrosine
phosphorylation on MAP kinases and MAP kinase enzyme
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Fig. 1. U-46619 induces hypertrophy in cultures of RASMC. Quiescent
cultures of RASMC were stimulated with various concentrations of
U-46619 in the presence of [*“Clleucine for 24 hr. After incubation,
acid-insoluble fractions of the cells were harvested, and ['“C]leucine
incorporation was determined by scintillation spectroscopy. Results
shown were performed in quadruplicate and are expressed as the
mean * standard error. *, Significantly different (p < 0.05) from vehi-
cle-treated cells.

activity. Analysis of lysates from cells exposed to U-46619
demonstrated a time-dependent increase in tyrosine phos-
phorylation on a 42-kDa protein, consistent with the erk 2
isoform of the MAP kinases (Fig. 2A). Phosphorylation on the
42-kDa protein was rapid and transient. Maximal tyrosine
phosphorylation occurred within 5 min, and the signal de-
cayed to near-resting levels by 30 min. Confirmation of the
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Fig. 2. Stimulation of MAP kinase phosphorylation in RASMC exposed
to U-46619. Serum-deprived cultures of RASMC were stimulated with
10 um U-46619 for various times. Cell lysates were then analyzed for
activation of MAP kinases. A, Phosphotyrosine-containing proteins
were visualized by immunoblotting with an antibody specific for phos-
photyrosine (apY). B, The membrane in A was stripped and reprobed
with an antibody specific for Erk2. Results shown are typical of five
individual experiments.

p42 tyrosine phosphorylated protein as a MAP kinase was
provided by analyzing the membrane with an antibody spe-
cific for Erk2 (Fig. 2B). Levels of Erk2 detected in the lysates
remained constant throughout the time course studied, indi-
cating that changes in tyrosine phosphorylation, not protein
amounts, accounted for the results observed in Fig. 2A. Sim-
ilar experiments demonstrated concentration-dependent
phosphorylation on Erk2 in response to U-46619 that corre-
sponded with the hypertrophic effects observed in Fig. 1.
Phosphorylation on Erk2 was detectable with 0.01 uM
U-46619 and plateaued at concentrations of U-46619 be-
tween 1 and 10 uM (data not shown). In parallel cultures, we
used a specific assay for quantifying MAP kinase enzyme
activity. MAP kinase activity increased rapidly and corre-
sponded closely with tyrosine phosphorylation on Erk2. Ki-
nase activity was significantly elevated compared with con-
trol cells at 5 and 15 min after the addition of 10 um U-46619
and was indistinguishable from vehicle-treated cultures by
30 min (Fig. 3).

Because MAP kinase activation occurs subsequent to acti-
vation of p21-ras, we next investigated whether U-46619
activated signaling proteins upstream of p21-ras in RASMC.
Activation of Shc/GRB2 complexes was measured in cells
treated with 10 uM U-46619 for various times. After incuba-
tion, cell lysates were precipitated with an antibody specific
for Shc. She signaling complexes were resolved by PAGE and
analyzed for phosphotyrosine-containing proteins and GRB2
by immunoblot analysis. Fig. 4A shows the time-dependent
phosphorylation of 46-, 52-, and 66-kDa Shc isoforms. Phos-
phorylation of these proteins paralleled activation of MAP
kinases both temporally and with respect to U-46619 concen-
tration. Phosphorylation on Shc was stimulated within §
min, increased until 15 min, and remained elevated for up to
120 min. Coincident with Shc phosphorylation was the re-
cruitment of GRB2 to Shc immune complexes. GRB2 ob-
served in Shc immune precipitations increased at 5 min and
remained elevated throughout the time course evaluated
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Fig. 3. Stimulation of MAP kinase enzyme activity in RASMC exposed
to U-46619. Serum-deprived cultures of RASMC were stimulated with
10 um U-46619 for various times. MAP kinase enzymatic activity
present in cell lysates was determined by measuring phosphate incor-
poration into a synthetic MAP kinase substrate peptide. Results shown
represent the mean * standard error of seven or eight determinations.
=, Significantly different (p < 0.05) from vehicle-treated cells.
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Fig. 4. U-46619 induces tyrosine phosphorylation on Shc and com-
plex formation with GRB2. Quiescent RASMC monolayers were treated
with 10 um U-46619 for varying lengths of time. Cells were lysed, and
Shc signaling complexes were immunoprecipitated. Proteins were re-
solved by SDS-PAGE and transferred to PVDF membranes. The mem-
branes were cut at 30 kDa. A, The top portion (30-200 kDa) was probed
with an antibody against phosphotyrosine (apY). B, The bottom portion
(21.5-30 kDa) was probed with an antibody specific for GRB2. C, The
blot in A was stripped and reprobed with an antibody directed against
Shc. Similar responses were observed in five individual experiments.

(Fig. 4B). Analysis of the blot with an antibody directed
against Shc confirmed the identity of the phosphorylated
proteins and ensured equivalent Shc precipitation (Fig. 4C).

Prostacyclin balances the actions of thromboxane in main-
taining vascular hemostasis and tone. This prompted us to
examine whether a stable analogue of prostacyclin, cipro-
stene calcium, would interfere with U-46619 induction of
hypertrophy and related signaling pathways. Serum-de-
prived confluent monolayers of RASMC were pretreated with
10 uM ciprostene for 60 min and then stimulated with various
concentrations of U-46619 for 24 hr. [**C]Leucine present in
extracted proteins was then quantified by scintillation spec-
troscopy. Fig. 5 illustrates a typical profile of ciprostene ef-
fects on ['“Clleucine incorporation stimulated by U-46619.
Ciprostene attenuated [**Clleucine incorporation at all con-
centrations of U-46619, consistent with the opposing actions
of these compounds in other systems.

Because ciprostene blocked U-46619-induced smooth mus-
cle cell hypertrophy, we investigated whether this inhibition
was accomplished through blockade of the MAP kinase sig-
naling pathway. RASMC were pretreated with ciprostene for
various times before the addition of 10 uM U-46619. After
incubation for 5 min, cell lysates were examined for tyrosine
phosphorylation on Erk2 and corresponding enzyme activity.
Ciprostene alone evoked little change in Erk2 phosphoryla-
tion (Fig. 6A). Ciprostene did, however, demonstrate time-
dependent inhibition of U-46619-induced Erk2 phosphoryla-
tion. Inhibition of MAP kinase phosphorylation was evident
after 15 min of pretreatment with ciprostene and persisted
for at least 120 min. Analysis of the blot with an Erk2-specific
antibody demonstrated that expression of Erk2 protein was
unaffected by ciprostene throughout the time course (Fig.
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Fig. 5. Ciprostene calcium inhibits RASMC hypertrophy induced by
U-46619. Serum-deprived RASMC were preincubated with 10 um
ciprostene calcium for 60 min before the addition of U-46619 at various
concentrations. Cells were incubated for 24 hr in media supplemented
with ['“CJleucine. After incubation, acid-insoluble material from the cells
was harvested, and ['“C]leucine incorporation was determined by scin-
tillation spectroscopy. Results shown were obtained from quadrupli-
cate samples and are expressed as mean * standard error. *, Signif-
icantly different (p < 0.05) from vehicle-treated cells.

6B). Consistent with the observed inhibition of Erk2 phos-
phorylation was a ciprostene-dependent decline in MAP ki-
nase enzyme activity elicited by U-46619 (Fig. 7). Inhibition
of MAP kinase activity correlated closely with inhibition of
Erk2 tyrosine phosphorylation. Activity levels declined after
15 min of pretreatment with ciprostene and were signifi-
cantly inhibited after 30 min of preincubation. MAP kinase
activity remained significantly below that seen in control
cells for the duration of the experiment.

To delineate the point at which ciprostene inhibits the
MAP kinase signaling pathway, we evaluated whether cipro-
stene affected Shc/GRB2 complex formation in response to
U-46619. Again, cells were pretreated with ciprostene at 10
M for 0-120 min. Cells were then stimulated with 10 um
U-46619 for 15 min. Shc immune complexes were isolated
from cell lysates and analyzed for phosphotyrosine incorpo-
ration and recruitment of GRB2. Fig. 8A demonstrates a
decline in phosphotyrosine incorporation into Shc and a cor-
responding decrease in GRB2 recruitment (Fig. 8B) when
Shc was precipitated from cells pretreated with 10 uM cipro-
stene. In agreement with inhibition of MAP kinase tyrosine
phosphorylation and enzyme activity, Shc activation and
complex formation with GRB2 were maximally inhibited af-
ter ciprostene pretreatment for 30-120 min.

Prostacyclin exerts its biological actions through elevation
of cAMP and subsequent activation of protein kinase A. El-
evation of cCAMP can inhibit smooth muscle cell mitogenesis
(27-29). Furthermore, activation of protein kinase A inhibits
MAP kinase activation in response to several growth factors
(30-32). We therefore measured cAMP levels in RASMC
responding to ciprostene. Ciprostene stimulated a significant
increase in cAMP content of RASMC within 5 min that re-
mained elevated for 120 min (Fig. 9). This rapid increase in
cAMP preceded inhibition of Sh¢/GRB2 complex formation
and MAP kinase activation and suggests a cAMP-indepen-
dent component to the inhibitory action of ciprostene.
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Fig. 7. Time-dependent blockade of MAP kinase enzyme activity by
ciprostene calcium. Serum-deprived RASMC were preincubated with
10 uM ciprostene calcium for various times before the addition of 10 um
U-46619 for an additional 5 min. Cell lysates were then analyzed for
activation of MAP kinases. MAP kinase enzymatic activity present in
cell lysates was determined by measuring phosphate incorporation into
a synthetic MAP kinase substrate peptide. Results shown represent
mean * standard error from triplicate samples. *, Significantly different
(p < 0.05) from vehicle-treated cells.

Discussion

Thromboxane A, and prostacyclin have important effects
on vascular smooth muscle cell contractility and growth. In
this report, we demonstrate that G protein-coupled throm-
boxane A,/prostaglandin endoperoxide and prostacyclin re-
ceptors converge on the MAP kinase signal transduction
cascade with opposing actions. Data describing U-46619 as a
mitogenic or hypertrophic agonist for smooth muscle cells are
contradictory and inconsistent (2-6). Our results demon-
strate little effect of U-46619 on DNA synthesis by RASMC
but dramatic increases in protein synthesis. This supports
the hypothesis that U-46619 elicits hypertrophy rather than

Fig. 6. Time-dependent blockade of
MAP kinase phosphorylation by cipro-
stene calcium. Serum-deprived RASMC
were preincubated with 10 um cipro-
stene calcium for various times before
the addition of 10 um U-46619 for an
additional 5 min. Cell lysates were then
analyzed for activation of MAP kinases.
A, Phosphotyrosine-containing proteins
were visualized by immunoblotting with
e W — 48 an antibody specific for phosphotyrosine
T (apY). B, The membrane in A was
stripped and reprobed with an antibody
specific for Erk2. Similar inhibition pro-

e T files were observed in four separate ex-
Al <l S periments.
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Fig. 8. Ciprostene calcium attenuates Shc phosphorylation and com-
plex formation with GRB2 in RASMC responding to U-46619. Serum-
deprived RASMC were preincubated with 10 um ciprostene calcium for
various times before the addition of 10 um U-46619 for an additional 15
min. Cells were lysed, and Shc signaling complexes were immunopre-
cipitated. Proteins were resolved by SDS-PAGE and transferred to
PVDF membranes. The membranes were cut at 30 kDa. A, The top
portion (30-200 kDa) was probed with an antibody against phospho-
tyrosine (apY). B, The bottom portion (21.5-30 kDa) was probed with an
antibody specific for GRB2. Similar pattems were observed in three
separate experiments.

mitogenesis in cultured RASMC. Consistent with the hyper-
trophic nature of thromboxane, U-46619 stimulated MAP
kinase phosphorylation and enzymatic activity with a time
course similar to that elicited by known growth factors for
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Fig. 9. Ciprostene calcium stimulates a rapid and persistent elevation
of cAMP in RASMC. Serum-deprived RASMC were incubated with 10
pm ciprostene calcium for various times. After incubation, cells were
harvested, and cCAMP content was measured using a sensitive radio-
immunoassay specific for CAMP. Results represent the mean + stan-
dard error for six determinations. *, Significantly different (o < 0.05)
from vehicle-treated cells.

smooth muscle cells. Activation of MAP kinases is a common
feature of hypertrophic agents on muscle cells derived from
various tissues. Angiotensin II, for example, elicits hypertro-
phic responses from vascular smooth muscle cells and cardiac
myocytes (33-35). In each cell type, the hypertrophic re-
sponse is preceded by activation of MAP kinases and expres-
sion of immediate early genes. Activation of MAP kinases by
U-46619 in RASMC concurs with results presented by Mo-
rinelli et al. demonstrating activation of S6 and MAP kinases
in guinea pig coronary smooth muscle cells (5). These inves-
tigators, however, found that U-46619 induced mitogenesis.
Although they did not evaluate the hypertrophic effects of
U-46619, this may suggest a species- or tissue-specific re-
sponse. Rapid and transient activation of the MAP kinases by
U-46619 in RASMC suggests direct activation of the hyper-
trophic signaling cascade and is in agreement with studies
demonstrating that transient activation of these kinases pre-
cedes smooth muscle cell hypertrophy in response to angio-
tensin II (33, 34).

We also observed that U-46619 activates signaling proteins
upstream of MAP kinases and p21-ras. Activation of Shc/
GRB2 complexes is a previously undefined mechanism link-
ing the G protein-coupled thromboxane receptor to growth
factor signaling pathways. Shc plays a critical role in the
transduction of growth factor receptor tyrosine kinase acti-
vation of the p21-ras signaling cascade. Complex formation
between Shc and GRB2 appears to be required for p21-ras
activation in cells exposed to insulin or EGF and in oncogenic
transformation of rat fibroblasts by introduction of Shc (21—
23). Activation of Shc in response to U-46619, therefore, is
consistent with the hypothesis that thromboxane A,/prostag-
landin endoperoxide receptor activation stimulates cell
growth. Activation of Shc/GRB2 complexes is also involved in
the signal transduction cascade elicited by other G protein-
coupled receptors. Angiotensin II stimulates Shc phosphory-
lation and GRB2 recruitment in cardiac fibroblasts (20). It is
interesting that agonists using Sh¢/GRB2 complex formation

for signal transduction elicit both vasoconstrictor and growth
promoting responses in vascular smooth muscle cells, regard-
less of the receptor class eliciting the response. This expands
the role of Sh¢/GRB2 complex formation from a growth reg-
ulating context and implicates it in contractility responses.
Hollenberg recently implicated Src family tyrosine kinases in
smooth muscle contractility responses (36). The action of
U-46619 fits with this hypothesis in that Src is a putative
activator of Shc. Furthermore, coprecipitation of Src with
Shce/GRB2 complexes from smooth muscle cells responding to
PDGF has been demonstrated (19).

Our data also point to a mechanism through which pros-
tacyclin inhibits smooth muscle cell growth in response to
U-46619. We demonstrate that the prostacyclin analogue
ciprostene attenuates MAP kinase phosphorylation and en-
zymatic activity induced by U-46619. Inhibition of this pro-
cess correlated with inhibition of cellular hypertrophy. Re-
cently, elevation of intracellular cAMP has been shown to
inhibit MAP kinase activation in cells responding to EGF and
PDGF (30-32). These investigators identified the blockade
as far upstream as raf-1. Although ciprostene elevates cAMP
in RASMC (Fig. 9), the time course of elevation diverges from
that for inhibition of MAP kinase activity and phosphoryla-
tion. Inhibition of MAP kinase activation in RASMC required
at least a 15-min preincubation with ciprostene. In contrast,
cAMP levels were maximal within 5 min. The delayed inhi-
bition of MAP kinase is unusual for a direct effect of protein
kinase A activation on c-raf as observed previously (30-32).
Convergence at a point distinct for c-raf is consistent with our
observation that Shc/GRB2 complex formation was inhibited
by ciprostene with a time course that paralleled MAP kinase
inhibition. The mechanism of this upstream blockade re-
quires further investigation but could stem from desensitiza-
tion of the thromboxane receptor (37) or the kinase that links
the thromboxane receptor to Shc. The ability of ciprostene to
inhibit the MAP kinase signaling pathway warrants atten-
tion in that ciprostene limits lesion formation in patients
after PTCA (9). The mechanism through which ciprostene
affords this protection in vivo is unknown but may be due to
a combination of vasodilator actions and antigrowth-promot-
ing properties. The present study and previous findings sug-
gest that blockade of the MAP kinase signaling cascade could
facilitate these activities. The role of thromboxane in this
process should be viewed with some caution. Aspirin effec-
tively reduces recurrence of myocardial and cerebral infarc-
tion by limiting platelet thromboxane synthesis (38). This
strategy, however, has proved to be disappointing in the
prevention of vascular injury after PTCA and suggests that
factors in addition to thromboxane contribute to lesion devel-
opment (39, 40). The efficacy of ciprostene may stem from the
blockade of multiple stimuli. In this regard, PDGF and an-
giotensin II are also released at sites of vascular injury.
Because U-46619 shares upstream signaling pathways with
PDGF and angiotensin II, it will be of interest to examine
whether ciprostene prevents activation of this signaling
pathway in response to other growth factors.
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