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Abstract

 

Mitogen-activated protein (MAP) kinases are rapidly acti-

vated in cells stimulated with various extracellular signals

by dual phosphorylation of tyrosine and threonine residues.

They are thought to play a pivotal role in transmitting

transmembrane signals required for cell growth and differ-

entiation. Herein we provide evidence that two distinct

classes of MAP kinases, the extracellular signal-regulated

kinases (ERK) and the c-Jun NH

 

2

 

-terminal kinases (JNK),

are transiently activated in rat arteries (aorta, carotid and

femoral arteries) in response to an acute elevation in blood

pressure induced by either restraint or administration of hy-

pertensive agents (i.e., phenylephrine and angiotensin II).

Kinase activation is followed by an increase in c-

 

fos and

 

c

 

-jun 

 

gene expression and enhanced activating protein 1

(AP-1) DNA-binding activity. Activation of ERK and JNK

could contribute to smooth muscle cell hypertrophy/hyper-

plasia during arterial remodeling due to frequent and/or

persistent elevations in blood pressure. (

 

J. Clin. Invest.

 

1996. 97:508–514.) Key words: hypertension 
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Introduction

 

Many factors ranging from physical exertion to psychological
stress lead to neuroendocrine responses including release of
catecholamines into the circulation and activation of the renin-
angiotensin system resulting in a transient rise in blood pres-
sure (1–3). This process is largely due to enhanced cardiac out-
put and increased resistance of peripheral arterioles (3, 4). If
the factors are persistent and the process repeated often, the
arteriole walls gradually thicken resulting in chronic hyperten-
sion (1–5). Large arteries, such as the aorta, coronary and ca-
rotid arteries, undergo adaptation or remodeling in response
to elevated blood pressure showing medial hypertrophy and/or
intimal hyperplasia of the arterial wall (6). The precise mecha-
nisms by which such hemodynamic and/or mechanical stimuli
are converted into biochemical signals that lead to quantita-
tive, as well as qualitative, changes in gene expression in
smooth muscle cells of artery wall are largely unknown.

MAP kinases comprise a ubiquitious group of serine/threo-
nine kinases that are activated in response to external signals

including growth factors, tumor promoters (7–9), cytokines
(10, 11), and a variety of stresses including stretch (12–13). At
least two distinct subfamilies of MAP kinases exist, the extra-
cellular signal-regulated kinases (ERK)

 

1

 

 and the c-Jun NH

 

2

 

-
terminal kinases (JNK) or stress-activated protein kinases
(SAPK), which are distinguished by their phosphorylation mo-
tif in the kinase domain VIII (14). These kinases are responsi-
ble for the activation and phosphorylation of a variety of other
regulatory proteins including transcription factors required for
the expression of genes involved in cell growth and/or prolifer-
ation (15, 16).

Most of our knowledge concerning the activation and func-
tion of MAP kinases has come from studies on cultured cells.
Little is known about their activation in vivo, or their physio-
logic role or relevance to pathologic conditions in either ani-
mals or humans. In the present study, we examined the rela-
tionship between blood pressure and MAP kinase (ERK2/
JNK1) activation in the vasculature. We demonstrate that
acute hypertension elicited by either restraint or hypertensive
agents leads to the rapid activation of both ERK2 and JNK1
MAP kinases in rat arteries. This kinase activation is associ-
ated with upregulation of c-

 

fos

 

, c-

 

jun

 

, and 

 

junD

 

 gene expres-
sion and enhanced DNA-binding activity of AP-1 transcrip-
tion factor complexes.

 

Methods

 

Animals and restraint model.

 

4-mo-old male Wistar rats were ob-

tained from Hilltop Lab Animals, Inc. (Scottdale, PA), and accli-

mated in individual cages for one week prior to experimentation.

Rats were maintained on a light/dark (12/12 h) cycle at 24

 

8

 

C and re-

ceived food and water ad libitum. All procedures were performed ac-

cording to protocols approved by National Institute on Aging Com-

mittee for use and care of laboratory animals in accordance with

guidelines established by the National Institutes of Health. For re-

straint experiments, individual animals were placed in clear venti-

lated plexiglass chambers as described previously (17).

 

Blood pressure measurements.

 

Rats underwent light anesthesia

with thiopental (40 mg/kg i.m.) followed by insertion of polyethylene

catheters via the common femoral artery and vein into the abdominal

aorta and inferior vena cava, respectively (17). The aortic catheter

was connected to a pressure transducer (COBE, Lakewood, CO) and

a blood pressure analyzer (Micro-MED, Inc., Louisville, KY). A bo-

lus injection of various agents or saline was administered via the vena

cava catheter and blood pressure measurements were made every

30 s up to 30 min. The doses of the pharmacologic agents were calcu-

lated on a microgram per kilogram basis as determined by their abil-

ity to produce consistent hypertensive responses without demonstrat-

able side effects (18).

 

Chronic catheterization procedure and drug administration.

 

Poly-

ethylene catheters were inserted via the common femoral vein into
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the inferior vena cava under thiopental (40 mg/kg i.m.) anesthesia

(19). The catheters were tunneled through the subcutaneous tissue to

exit from the back where they were connected to a swivel device (Ro-

dent Multi-fluid Channel Swivel; Stoelting Co., Wood Dall, IL). This

model allows for complete animal mobility so that subsequent experi-

ments could be performed in conscious, unstressed animals. Saline

(0.4 ml) was injected through the catheter daily for 3 d after catheter

insertion. Phenylephrine (140 

 

m

 

g/kg), angiotensin II (2 

 

m

 

g/kg) and so-

dium nitroprusside (1 mg/kg) (Sigma Chemical Co., St. Louis, MO)

were administered via the catheter into the vena cava.

 

RNA extraction and northern analysis.

 

Freshly harvested tissues

were homogenized and the RNA extracted using RNA Stat-60

 

TM

 

(Tel-Test “B”, Inc., Friendswood, TX). Total RNA (10 

 

m

 

g/lane) was

analyzed using [

 

a

 

-

 

32

 

P-labeled cDNA probes for specific mRNA spe-

cies and standard procedures as described previously (17, 19).

 

Protein extractions.

 

For kinase assays, fresh or rapidly thawed tis-

sue was homogenized with a Polytron homogenizer (PT1200; Kine-

matica AG, Littau, Switzerland) at the number 6 setting for 30 s (ar-

teries, heart and skeleton muscle) or for 5 s (other tissues) on ice in

buffer A containing 20 mM Hepes (pH 7.4), 50 mM 

 

b

 

-glycerophos-

phate, 2 mM EGTA, 1 mM DTT, 1 mM Na

 

3

 

VO

 

4

 

, 1% Triton X-100,

10% Glycerol, 2 

 

m

 

M leupeptin, 400 

 

m

 

M PMSF, and 10 U/ml aproti-

nin. The homogenate was incubated on ice for 15 min, and centri-

fuged at 17,000 

 

g

 

 for 30 min. The supernatant was harvested and pro-

tein concentration was measured with Bio-Rad protein assay reagent

(Bio-Rad Laboratories, Richmond, CA). Protein A–Sepharose 4B

suspension (Sigma Chemical Co.) was added to the supernatant (100

 

m

 

l/ml) and rotated for 2 h at 4

 

8

 

C. After centrifugation at 17,000 

 

g

 

 for

10 min, the supernatant was harvested.

For gel shift analysis, the procedure for protein extraction was

similar to that described above except that the buffer contained 20 mM

Hepes (pH 7.5), 1.5 mM MgCl

 

2

 

, 0.2 mM EDTA, 0.4 M NaCl, 0.2 mM

DTT, 1 mM Pefablock SC (Boehringer Mannheim, Mannheim, Ger-

many) 20% glycerol and 1 

 

m

 

g/ml leupeptin. The supernatant was used

for the assay after protein concentration was measured.

 

Kinase assays.

 

1 ml of the supernatant containing 0.5 mg proteins

was incubated with 10 

 

m

 

l of antibodies against mammalian ERK2 or

JNK1 (Santa Cruz Biochem., Santa Cruz, CA) for 2 h at 4

 

8

 

C with ro-

tation. These antibodies have been shown specifically to recognize

mammalian p42

 

ERK

 

 and p45

 

JNK1

 

 (20, 21, Liu et al., manuscript submit-

ted for publication). Subsequently, 40 

 

m

 

l of protein A–Sepharose 4B

suspension was added and the samples further incubated with rota-

tion for 1 h at 4

 

8

 

C. The immunocomplexes were precipitated by cen-

trifugation and washed 2 times with the buffer A (500 mM LiCl, 100

mM Tris, 1 mM DDT, 0.1% Triton X-100; pH 7.6), B, and C (20 mM

Mops, 2 mM EGTA, 10 mM MgCl

 

2

 

, 1 mM DDT, 0.1% Triton X-100;

pH 7.2), respectively.

The activities of ERK2 in the immunocomplexes were measured

as described previously (11, 21, 22). Briefly, the immunocomplexes

were incubated with 35 

 

m

 

l of the buffer C supplemented with myelin

basic protein (MBP; 6 

 

m

 

g; Sigma Chemical Co.), 

 

g

 

-

 

32

 

P-ATP (15 

 

m

 

Ci),

MgCl

 

2

 

 (50 mM) and ATP (30 

 

m

 

M) for 20 min at 37

 

8

 

C with vortexing

every 3 min. To stop the reaction, 15 

 

m

 

l of 4

 

3

 

 Laemmli buffer was

added and the mixture was boiled for 5 min. Proteins in the kinase re-

action were resolved by SDS-PAGE (15% gel) and subjected to auto-

radiography.

The assay for JNK1 activity was performed similarly as described

above. The substrate used was GST-c-Jun which was produced in 

 

E.

coli

 

 and isolated using glutathione Sepharose 4B RediPack Columns

(pharmacia Biotech Inc., Piscataway, NJ) according to the manufac-

turer’s protocol. Proteins in the kinase reaction were resolved by

SDS-PAGE (12% gel) and subjected to autoradiography (11, 21, 22).

 

Gel mobility shift assays.

 

The procedure used was similar to that

described previously (23). In short, 20 

 

m

 

g of aortic tissue protein ex-

tract was incubated with 0.5 ng of an oligonucleotide containing the

AP-1 binding sequence (5

 

9

 

-CGCTTGATGACTCAGCCGGAA-3

 

9

 

;

ref. 24) labeled with [

 

g

 

-

 

32

 

P] ATP. For competition experiment, a mu-

tant AP-1 oligonucleotide (5

 

9

 

-CGCTTGATGACTTGGCCGGAA-

3

 

9

 

) was also used. Reaction buffer contained 10 mM Tris, (pH 7.5) 1 mM

DTT, 1 mM EDTA, 50 mM NaCl, 5% glycerol and 1 

 

m

 

g poly(dIdC)

as a nonspecific competitor. Samples were electrophoresed through a

4% polyacrylamide gel and exposed to autoradiographic film. Super-

shift assays were performed using antibodies against Fos or Jun

(Santa Cruz Biochem.). The antibodies were added to samples after

the initial binding reactions between protein extracts and oligonucle-

otides were allowed to take place.

 

Statistical analysis.

 

Analysis of variance (ANOVA) was per-

formed when more than two groups were compared. An unpaired

Student’s 

 

t

 

 test was used to assess differences between two groups. A

 

P

 

 value 

 

,

 

 0.05 was considered significant.

 

Results

 

Activation of ERK2 and JNK1 in response to acute hyper-

tension.

 

We have shown previously that restraint, a moderate
physical stress, results in a rapid elevation in systemic blood

Figure 1. Effect of restraint on blood pressure and 

ERK2 and JNK1 activities in rat aorta. (A) Arterial 

systolic blood pressure is increased in rats subjected to 

restraint. (B) ERK2 and JNK1 kinase activity in aorta 

of restrained rats. Rats were killed at the indicated 

time points during or after restraint for up to 30 min. 

For the 60- and 180-min time points, rats were re-

turned to their cages after restraint. The aorta was 

freed of adventitia and homogenized. ERK2 and 

JNK1 proteins were immunoprecipitated from the ho-

mogenized preparations and their kinase activities 

measured based on phosphorylation of myelin basic 

protein (MBP) or GST–c-Jun fusion protein (c-Jun) 

substrates, respectively. The upper portion of panel B 

shows results of a representative experiment examin-

ing ERK2 and JNK1 activity at the time points, 0, 5, 

10, 20, 30, 60, 180 min; the lower portion summarizes 

the mean (6SD) kinase activities obtained in 3 inde-

pendent experiments.
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pressure (18). To determine if this elevation in blood pressure
was correlated with the activation of MAP kinases in the vas-
culature, arterial blood pressure was measured and ERK2 and
JNK1 activities were determined after placement of animals in
the restraint device for various lengths of time. As shown in
Fig. 1 

 

A

 

, restraint resulted in a rapid rise in systemic blood
pressure (systolic, from 120 to 150–160 mm Hg) which was
maintained for the entire period of restraint (30 min). The ef-
fect of this treatment on the kinase activity of ERK2 and JNK1
isolated from rat aorta is shown in Fig. 1 

 

B

 

. Restraint resulted
in the rapid activation of both ERK2 and JNK1 with maximum
activity (

 

.

 

 fourfold elevation over those of untreated control)
achieved within 5–10 min of restraint. Despite the fact that the
blood pressure remained elevated, the kinase activity declined
with longer periods of restraint.

Examination of ERK2 and JNK1 activity in other tissues of
restrained animals revealed that most of these did not show
any significant change in the activity of either ERK2 or JNK1
(Fig. 2). However, activation of ERK2 was observed in skele-
tal muscle, and a slight activation of JNK1 was seen in lung.
The mechanism of the activation in these tissues is unknown,
but may reflect the effects of muscle contraction and rapid res-
piration during restraint stress.

Activation of ERK2 and JNK1 was likewise seen following
treatment of rats with hypertensive agents including phenyl-
ephrine (see Fig. 5 below) and angiotensin II. Fig. 3 depicts the
dose-response relations for angiotensin II-induced acute hy-
pertension and aortic ERK2 and JNK1 activation. As can be
seen, blood pressure levels and activities of both kinases in-
creased in parallel as a function of the dose of angiotensin II.
Importantly, the activation of these MAP kinases in response
to high blood pressure was not restricted to the aorta but also
occurred in other vessels including the carotid and femoral ar-
teries (Fig. 4).

 

Sodium nitroprusside prevents kinase activation.

 

Phenyl-
ephrine and angiotensin II interact with distinct receptors
(

 

a

 

1

 

-adrenergic and Angiotensin II receptors, respectively) to
exert their effects on systemic blood pressure. Restraint-
induced hypertension is also believed to be mediated through

 

a

 

1

 

-adrenergic receptors (19). Phenylephrine and angiotensin II
have been shown to be effective inducers of ERK activation in
cultured muscle cells through receptor-mediated stimulation
attributed to growth factor effects (25–27). Therefore, we
sought to determine whether the activation we observed in
vivo was dependent on changes in blood pressure. The antihy-
pertensive agent sodium nitroprusside, which induces vascular
relaxation through release of nitric oxide (NO; reference 28),
was used for this purpose. As shown in Fig. 5 

 

A

 

, administration
of sodium nitroprusside alone to rats caused a pronounced de-
crease in systemic blood pressure. In addition, it prevented the
elevation in blood pressure by phenylephrine, angiotensin II,
and restraint. Determination of ERK2 and JNK1 activity in
similarly treated animals revealed that while sodium nitroprus-
side treatment alone did not alter the activities of ERK and
JNK, it greatly abrogated the activation of both kinases by the
hypertensive agents (Fig. 5, 

 

B

 

 and 

 

C

 

).

Figure 2. Specificity of ERK2 and JNK1 activation in response to re-

straint. ERK2 and JNK1 were isolated from the indicated tissues ob-

tained from rats either restrained for 10 min (1) or left untreated 

(2). The activities of ERK2 and JNK1 were measured as described in 

the Methodology.

Figure 3. Dose-dependent increases in blood pressure 

and kinase activities with angiotensin II treatment. 

Rats were killed 5 min after injection of either saline 

(control) or angiotensin II (i.v.), and aortic protein ex-

tracts were prepared for kinase assays. (A) Changes in 

systolic blood pressure after administration of saline 

or angiotensin II. (B) The upper portion shows results 

of a representative experiment examining ERK2 and 

JNK1 activity at the indicated doses; the lower portion 

summarizes the mean (6SD) kinase activities ob-

tained in two independent experiments. *Significant 

difference from the control (0; saline injection).
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MAP kinase activities during repetitive challenge by phen-

ylephrine.

 

Fluctuations in blood pressure above the normal
level are believed to be an early stage of chronic hypertension.
In animal models, hypertension can be achieved through the
long-term administration of hypertensive agents. To deter-
mine if ERK and JNK MAP kinase activities are attenuated by
repeated challenge with hypertensive agents, rats were in-
jected daily with phenylephrine up to 1 wk. The data shown in

Fig. 6 demonstrate significant activation of ERK2 and JNK1 at
all time points tested. No significant difference in activity of ei-
ther kinase was found from day 0 to day 7. That is, the animals
did not become sensitized or tolerant to treatment with the hy-
pertensive agent. These results suggest that frequent and/or
continued activation of MAP kinases could be responsible for
increased gene expression during early stages of chronic hy-
pertension.

 

c-fos and jun gene expression.

 

Both c-

 

fos

 

 and c-

 

jun

 

 gene
expression have been shown to rely on MAP kinase-depen-
dent phosphorylation of transcription factors including p62

 

TCF

 

and Jun (29, 30). Therefore, we examined whether restraint-

Figure 4. Activation of ERK2 and JNK1 in carotid and femoral arter-

ies of angiotensin II-treatments. Rats were treated with saline or an-

giotensin II (2 mg/kg), and 5 min post-treatment aorta, carotid, and 

femoral arteries were prepared for the kinase assays. Data represent 

ERK2 and JNK1 activities from two or three individual animals per 

group.

Figure 5. Sodium nitroprusside prevents elevations in blood pressure and abolishes activation of ERK2 and JNK1 in response to restraint and 

treatment with hypertensive agents. (A) Systolic blood pressure measurements achieved with the various treatments. (B and C) Activities of 

ERK2 and JNK1. Results shown are the mean activities (6SD) for four individual animals examined for each treatment condition. *Significant 

difference from untreated control (P , 0.01). SN, sodium nitroprusside was added immediately prior to restraint, phenylephrine, or angioten-

sinII treatment.

Figure 6. Kinase activities after repeated challenge by phenyleph-

rine. Rats were daily treated with saline or phenylephrine (140 mg/kg) 

up to 1 wk, and 5 min after injection, aorta was prepared for the ki-

nase assays. Data represent ERK2 and JNK1 activities from day (d) 0 

to day 7.
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induced MAP kinase activation was associated with enhanced
expression of these genes. As shown in Fig. 7, both c-

 

fos

 

 and
c-

 

jun

 

 mRNA expression was induced in response to restraint.

 

junD

 

, a second member of the 

 

jun

 

 family, also showed in-
creased expression while a third member, 

 

junB

 

, did not. The
induction was rapid and transient, consistent with the kinetics
of activation for ERK2 and JNK1.

 

AP-1 binding activation.

 

Members of the Fos and Jun pro-
tein family dimerize to form AP-1 transcription factor com-
plexes that regulate the expression of other genes (31, 32). To
determine if AP-1 binding activity was increased in aortas of

restrained rats, gel mobility shift assays using an oligonucle-
otide containing an AP-1 binding site were performed. Fig. 8 

 

A

 

shows a time course for AP-1 activation in rat aorta in re-
sponse to restraint. Consistent with our previous studies (23),
two regions of binding activity were apparent. The broad
slower migrating region designated with a half bracket was
found to represent specific binding since it was successfully
competed for by cold oligonucleotides corresponding to the
AP-1 binding site, but not by a mutated AP-1 oligonucleotide
that fails to bind the transcription factor (Fig. 8 

 

B

 

). The faster
migrating band, designated NS, is presumed to represent non-
specific interaction as this binding activity was present in simi-
lar levels in aortic extracts from both treated and untreated an-
imals, and was not affected by the addition of cold AP-1
oligonucleotides. Increased AP-1-binding activity was evident
within 20 min of restraint, but maximum DNA-binding was
not achieved until 6 h after restraint. 

Fig. 8 

 

B

 

 also shows the results of gel mobility shift assays
performed in the presence of antibodies specific to c-Fos or
c-Jun proteins. Addition of either antibody to the binding re-
action resulted in a shift of the binding complexes to a slow mi-
grating species, indicating the presence of both Fos and Jun
proteins in the DNA-binding complexes.

 

Discussion

 

Most of our current knowledge concerning the activities and
functions of the ERK and JNK MAP kinases in regulating
gene expression has come from in vitro studies using non-
physiologic treatment conditions (7–16). In the present study
we have demonstrated the in vivo activation of ERK2 and
JNK1 in the arteries of rats following treatments resulting in
an acute elevation in blood pressure. That this response occurs
with relatively mild increases in blood pressure, akin to those

Figure 7. Northern blot 

analysis of c-fos and jun 

expression in rat aorta. To-

tal RNA was isolated from 

aortas of rats restrained 

for a period of time up to 

30 min and killed at the in-

dicated time points. North-

ern blots (10 mg of RNA 

per lane) were hybridized 

sequentially with c-fos, 

c-jun, junB, or junD 

cDNA probes and with an 

oligonucleotide probe to 

18 s rRNA.

Figure 8. Analysis of AP-1-bind-

ing activity in aortic extracts. (A) 

Gel mobility shift assay per-

formed using whole tissue ex-

tracts (20 mg protein per lane) 

from aortas of unrestrained rats 

or rats restrained for the indi-

cated time. The bracket indicates 

specific AP-1–binding com-

plexes; NS, nonspecific binding. 

(B) Extracts obtained from 

aorta of unrestrained rats or rats 

restrained for 30 min and re-

turned to their cages up to 6 h 

(two per group) were incubated 

with a radiolabeled oligonucle-

otide containing an AP-1 binding 

site with no addition (2), in the 

presence of unlabeled AP-1, or 

unlabeled mutant AP-1, oligonu-

cleotides (1:1 and 50:1); or in the 

presence of antibodies (1:20) spe-

cific to c-Fos or c-Jun. Super-

shifted DNA-binding complexes 

indicative of c-Fos and c-Jun pro-

tein-containing complexes are in-

dicated by the arrow head. F, 

mobility of unbound labeled 

AP-1 oligonucleotide without 

proteins.
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humans frequently encounter, implies an important role for
these kinases in the arterial adaptation to fluctuations in blood
pressure. Their activation may also contribute directly to
pathologic changes, i.e., smooth muscle cell hypertrophy and/
or proliferation, associated with large artery remodeling that
occurs in response to hypertension.

The precise signal responsible for the activation of these ki-
nases during acute hypertension is unclear, but likely involves
a direct effect of elevated blood pressure on the arterial wall.
There is accumulating evidence that stretching of cultured cells
can indeed activate MAP kinases (12, 13, 33, 34) and induce
c-fos and c-jun gene expression (35–38). However, agents such
as angiotensin II and phenylephrine have also been show to di-
rectly activate ERK kinase and induce gene expression in cul-
tured cells (25–27). The complexity of the response is further
emphasized by recent studies demonstrating that activation of
ERK after stretching of cardiac myocytes is mediated in part
by angiotensin II that is secreted from the stretched myocytes
(33, 34). That an elevation in blood pressure is likely to be the
primary stimulus for MAP kinase activation in restrained,
phenylephrine- and angiotensin-treated animals is supported
by several observations. First, the responses are specific to the
vasculature, despite the presence of a1-adrenergic and angio-
tensin receptors in other tissues. Second, the dose-response re-
lationships for angiotensin II–induced elevations in blood
pressure and MAP kinase activation are closely correlated.
Third, JNK and ERK MAP kinases are equally activated by
acute hypertension. It has been demonstrated in vitro that
while ERK can be activated by both growth factors and
stresses, JNK (also referred to stress-activated protein kinase)
is less affected by mitogenic stimuli (11, 14, 39). Finally, the va-
sodilator sodium nitroprusside, which prevents increases in
blood pressure in response to restraint and hypertensive
agents, likewise abrogates the kinase activation by these treat-
ments. These findings support the hypothesis that kinase acti-
vation in the arterial wall occurs as a physiologic response to
acute hypertension. The mechanical stretch to the arterial wall
may be at least partially responsible for this effect. However,
we cannot exclude the possibility that angiotensin II and phen-
ylephrine directly contribute to the activation of MAP kinases
in the arterial wall through other mechanisms, e.g., growth fac-
tor receptors, as both agents can activate ERK in cultured
smooth muscle cells (25–27). Supporting this view is the fact
that sodium nitroprusside completely prevented the elevation
in blood pressure, but did not fully abolish the activation of the
kinases (Fig. 5).

Several families of transcription factors and regulatory pro-
teins have been shown to be phosphorylated by ERK and JNK
resulting in their activation (39). For example, ERK phosphor-
ylates Elk1/TCF transcription factors which forms a ternary
complex with the serum response factor p67SRF (29, 30). Phos-
phorylation enhances complex formation and its binding to the
serum response element located in the promoters of stress re-
sponse genes such as c-fos. JNK was identified based on its
ability to phosphorylate the c-Jun onco-protein leading to its
enhanced transcriptional activity (40). A more recent report
has shown activation of TCF by JNK as well (41). In the
present study, we demonstrated that ERK and JNK activation
was followed by c-fos and c-jun gene expression, suggesting
that such correlation also occurs in vivo.

The activities of both pre-existing and newly synthesized
c-Fos and c-Jun proteins are modulated through their phos-

phorylation by the MAP kinases. Fos and Jun proteins com-
bine to form stable AP-1 heterodimers, which bind to AP-1
consensus sequences present in numerous genes associated
with cell proliferative and hypertrophic responses (42), e.g.,
a-actin (42), myosin light chain (43), TGF-b (44), collagenase,
endothelin-1 (45,46). Our data support the notion that the acti-
vated AP-1 binding complexes in arterial wall contain mainly
heterodimers of c-Fos and c-Jun since antibodies directed to
either c-Fos or c-Jun significantly altered the mobility of AP-1
binding complexes in supershift analysis (Fig. 8). Activation of
AP-1 could lead to significant alterations in the genetic pro-
gram of smooth muscle cells resulting in phenotypic changes
and cell proliferation.

Growth and proliferation of smooth muscle cells has been
shown to be associated with a number of vascular disease
states including medial hypertrophy in hypertension (47, 48),
intimal thickening in atherosclerosis (49, 50), and restenosis af-
ter angioplasty (51). Multiple factors including growth factors,
cytokines, mechanical stress, neurotransmitters and hormones
are believed to contribute to the processes leading to smooth
muscle cell growth (47–51). However, little is known regarding
how the stimuli are transduced into a signal to direct gene ex-
pression in vivo. Our findings provide evidence for the possi-
ble signal transduction pathway through which acute hyper-
tension serves as a stimulus for enhanced gene expression in
the arterial wall. Thus, stimulated arterial smooth muscle cells
initiate the synthesis of proteins necessary for cell proliferation
or for accumulation of extracellular matrix resulting in arterial
stiffening.
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