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ABSTRACT

In Rat-1 fibroblasts, endothelin-1 and a protein kinase C-stim-
ulating phorbol ester stimulated extracellular signal-regulated
kinase (ERK), whereas phenylephrine, acting at stably trans-
fected human a4 5-adrenoceptors, inhibited basal and endothe-
lin-1- and phorbol ester-stimulated ERK. On the other hand,
phenylephrine stimulated p38 mitogen-activated protein kinase
(MAPK). Anisomycin caused p38 activation and ERK inhibition
quantitatively similar to those produced by phenylephrine. SB
203,580, an inhibitor of p38, significantly attenuated phenyl-
ephrine- and anisomycin-induced ERK inhibition. The ERK in-
hibition by phenylephrine was not affected by the cytosolic

phospholipase A, inhibitor arachidonyltrifluoromethyl ketone or
the cyclooxygenase inhibitor indomethacin but was signifi-
cantly attenuated by a combination of the phosphatase inhib-
itors NazVO, and okadaic acid. Neither SB 203,580 nor the
phosphatase inhibitors significantly affected ERK inhibition by
the adenylyl cyclase activator forskolin. We conclude that there
is a previously unrecognized interaction between ERK and p38
MAPK, in which activation of p38 causes inhibition of ERK; this
may at least partly involve MAPK phosphatases that inactivate
ERK.

Receptors that are coupled to G proteins of the G, family
can promote cellular growth in various tissues and cell types
(Post and Brown, 1996). Stimulation of cellular hypertrophy
and/or hyperplasia after activation of G,-coupled «;-adreno-
ceptors has been observed in various cell types, including
cardiomyocytes (Schliter and Piper, 1992; Knowlton et al.,
1993), vascular smooth muscle cells (Chen et al., 1995; Xin et
al., 1997), and renal tubular cells (Yang et al., 1998). The role
of a;-adrenoceptors as mediators of cellular growth is sup-
ported by the observation that the «,-adrenoceptor antago-
nist prazosin did not affect the blood pressure elevation ob-
served upon chronic infusion of angiotensin II but inhibited
angiotensin II-induced vascular hypertrophy, indicating that
the growth-promoting effects of angiotensin II can occur in-
directly via «;-adrenoceptor stimulation (van Kleef et al.,
1992).

MAPKs are a family of protein kinases that are thought to
play a central role in the regulation of cellular growth; they
can be divided into subfamilies, designated ERK, JNK (also
known as stress-activated protein kinase), and p38 (Neary,
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1997). MAPK can be activated in response to various stimuli,
including the stimulation of receptors with intrinsic tyrosine
kinase activity or G protein-coupled receptors (van Biesen et
al., 1996). Activation of ERK via a;-adrenoceptors has been
shown in, for example, rat cardiomyocytes (Clerk et al., 1994;
Thorburn, 1994; Thorburn and Thorburn, 1994; Gillespie-
Brown et al., 1995; Yamazaki et al., 1997), rat and human
vascular smooth muscle cells (Hu et al., 1996; Xu et al., 1996;
Xin et al., 1997), rat hepatocytes (Spector et al., 1997), canine
renal tubular cells (Xing and Insel, 1996), and COS or PC-12
cells expressing cloned «;-adrenoceptors (Koch et al., 1994;
Hawes et al., 1995; Zhong et al., 1998). Much less is known
about the effects of a;-adrenoceptor stimulation on JNK and
p38 activation, but stimulation of JNK in aortic smooth mus-
cle cells (Nishio et al., 1996; Xu et al., 1996) and of JNK and
p38 in hepatocytes has also been reported (Spector et al.,
1997). Moreover, activation of ERK, JNK, and p38 has been
found upon stimulation of a; ,-adrenoceptors transfected into
PC-12 cells (Zhong et al., 1998). In this study, we have inves-
tigated the role of cloned human «,,-adrenoceptors, stably
expressed in Rat-1 fibroblasts (Schwinn et al., 1995), in the
regulation of ERK and p38. We demonstrate that «;-adreno-
ceptor stimulation in these cells inhibits ERK and stimulates
p38 and that the two effects are causally related.

ABBREVIATIONS: MAPK, mitogen-activated protein kinase; AACOF3, arachidonyltrifluoromethyl ketone; ERK, extracellular signal-regulated
kinase; JNK, c-Jun amino-terminal protein kinase; PMA, phorbol-12-myristate-13-acetate.
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Materials and Methods

Cell cultures. Rat-1 fibroblasts, which express endogenous endo-
thelin receptors (Daub et al., 1996) and which had been stably
transfected with human «;,-adrenoceptors (Schwinn et al., 1995),
were obtained from Pfizer Central Research (Sandwich, Kent, UK).
They were grown in an atmosphere of 5% CO,/95% air at 37°, in
Dulbecco’s modified Eagle’s medium supplemented with 10% heat-
inactivated fetal calf serum, 2 mMm glutamine, 100 units/ml penicillin,
and 0.1 mg/ml streptomycin. Subconfluent cells were subcultured
every 3—4 days with a solution containing 0.5 g/liter trypsin and 0.2
g/liter Na,EDTA. The antibiotic G418 (400 pg/ml) was added to all
growing cells, to maintain selection pressure, but was not present
during the experiments. For all experiments, the cells were cultured
in the absence of serum for 24 hr before the experiments, to avoid
interference of serum factors with MAPK stimulation.

MAPK assays. Because the activation of MAPK relies on tyrosine
phosphorylation, we assessed the activity of ERK, JNK, and p38 with
respect to the extent of tyrosine phosphorylation, using commercially
available, epitope-specific, antiphosphotyrosine antibodies. For this
purpose, Rat-1 fibroblasts grown in 60-mm dishes were incubated in
the absence or presence of the indicated agents at 37° for 10 min,
unless otherwise indicated. After aspiration of the culture medium,
the cells were washed twice with ice-cold, Ca®"-free, phosphate-
buffered saline, and then 200 ul of sample buffer (2% sodium dodecyl
sulfate, 50 mM dithiothreitol, 10% glycerol, 0.1% bromphenol blue,
62.5 mm Tris, pH 6.8 at 25°) was added. The cells were scraped off the
dishes immediately and sonicated four times, for 10 sec each time,
with continuous ice-cooling. The homogenates were boiled for 5 min
and centrifuged at 14,000 X g for 5 min, and 20-ul aliquots of the
supernatants from each experiment were loaded in parallel on two
sodium dodecyl sulfate gels. The proteins were separated by electro-
phoresis (22 pA, for 2 hr), and the separated proteins were trans-
ferred to nitrocellulose membranes by electroblotting (40 V, over-
night). The resulting blots were incubated for 2 hr (according to the
instructions provided by the manufacturer) either with an antiserum
recognizing total ERK, JNK, or p38 or with an antiserum specific for
their tyrosine-phosphorylated forms. The blots were washed four
times, for 10 min each time, with 80 ml of washing buffer (150 mm
NaCl, 0.1% Tween-20, 50 mM Tris, pH 7.4 at 25°) and were then
incubated for 1 hr with a secondary antibody (anti-rabbit immuno-
globulin linked to horseradish peroxidase). After four more washes
with buffer, detection was by enhanced chemiluminescence, accord-
ing to the instructions provided by the manufacturer. The resulting
autoradiographs were analyzed by quantitative two-dimensional
densitometry, using commercially available software (Herolab,
Wiesloch, Germany). The two-dimensional band intensity of ty-
rosine-phosphorylated MAPK was expressed relative to that of total
MAPK, as assessed with a parallel blot prepared identically. The
ratio for the control sample (i.e., no stimulator or inhibitor present)
was set as 100%, and values for all other samples from the same blot
were then expressed as percentages of control.

Chemicals. Kits for immunodetection of total and tyrosine-phos-
phorylated ERK, JNK, and p38 were obtained from New England
Biolabs (Beverly, MA). The following reagents were purchased from
the indicated sources: AACOF3 from Biomol (Plymouth Meeting,
PA), endothelin-1 from Bachem (La Jolla, CA), forskolin from Cal-
biochem (La Jolla, CA), prazosin HCI from Tocris (Bristol, UK), SB
203,580 [4-(4-fluorophenyl)-2-(4-methylsulfinylphenyl)-5-(4-pyri-
dyl)-1H-imidazole] from Alexis (San Diego, CA), and anisomycin,
indomethacin, okadaic acid, L-phenylephrine HCl, PMA, DL-propran-
olol HCI, and NazVO, from Sigma Chemical Co. (St. Louis, MO).

Data analysis. Data are shown as means * standard errors of the
indicated number of experiments. The statistical significance of dif-
ferences between groups was tested by two-tailed, paired ¢ tests or by
repeated-measures analysis of variance followed by Dunnett’s mul-
tiple-comparison tests, as indicated. All statistical calculations were

performed with the Instat program (Graphpad Software, San Diego,
CA), and p < 0.05 was considered significant.

Results

Incubation of the Rat-1 cells with 100 nMm endothelin-1 or 1
uM PMA for 3-10 min significantly enhanced ERK tyrosine
phosphorylation, by 58 = 22 and 33 = 6% over basal values,
respectively (Fig. 1). In contrast, incubation with 100 um
levels of the a;-adrenoceptor agonist phenylephrine did not
stimulate ERK phosphorylation; rather, it significantly in-
hibited stimulation, by 69 *+ 9% (Fig. 1). Phenylephrine also
significantly inhibited ERK activation by endothelin-1 and
PMA, by 58 = 8 and 68 *= 8%, respectively (Fig. 1). The
a;-adrenoceptor antagonist prazosin (300 nm) and the B-ad-
renoceptor antagonist propranolol (1 um) did not affect ERK
activation (Fig. 2). However, prazosin completely abolished
the inhibition of ERK activation by phenylephrine; propran-
olol was without effect (Fig. 2).

The basal level of tyrosine phosphorylation of JNK in Rat-1
fibroblasts was too low for reliable quantitative detection by
our methods, and phenylephrine, endothelin-1, and PMA did
not cause consistent activation of JNK in these cells (data not
shown). Although endothelin-1 and PMA did not cause sig-
nificant activation of p38, phenylephrine enhanced p38 ty-
rosine phosphorylation approximately 6-fold; quantitatively
similar activation of p38 was achieved with the positive con-
trol, anisomycin (50 ug/ml) (Fig. 3). The stimulatory effect of
anisomycin was inhibited by 70 = 12% by 20 uMm levels of the
p38 inhibitor SB 203,580 (four experiments, p < 0.01).

The p38 activator anisomycin inhibited ERK activation to
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Fig. 1. Effects of the a;-adrenoceptor agonist phenylephrine (PHE) (100
uM), endothelin-1 (ET) (100 nM), and a protein kinase C-activating phor-
bol ester (PMA) (1 uM) on the tyrosine phosphorylation of ERK. Cells
were incubated in the absence (control) or presence of the indicated
agonists (upper) or in the presence of the indicated agonists plus phen-
ylephrine (lower). Data are means * standard errors from the indicated
numbers of experiments (n) and are expressed as percentages of control
values (upper) or as percentages of the values measured in the absence of
phenylephrine (lower). Experiments with 3-min (three experiments) and
10-min (all others) incubations yielded similar results and were pooled for
this analysis. *, p < 0.05; **, p < 0.01; ***, p < 0.001, compared with
values measured in the absence of agonist, in a two-tailed, paired ¢ test.
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a similar extent as did phenylephrine, whereas the p38 in-
hibitor SB 203,580 significantly enhanced activation (Fig. 4).
SB 203,580 also significantly attenuated the inhibition by
phenylephrine and anisomycin (Fig. 4). Therefore, additional
experiments were designed to identify pathways leading
from p38 activation to inhibition of ERK. A 30-min pretreat-
ment with the cyclooxygenase inhibitor indomethacin (10 uM)
or with the cytosolic phospholipase A, inhibitor AACOF3 (10
uM) did not affect ERK phosphorylation (Fig. 5). Moreover,
the two inhibitors did not affect the ability of phenylephrine
to inhibit ERK activation (Fig. 5). On the other hand, a
combination of the phosphatase inhibitors Na;VO, (0.2 mm)
and okadaic acid (1 um) did not affect ERK activation but
significantly attenuated the inhibitory effects of phenyleph-
rine (Fig. 6). To assess whether SB 203,580 or the phospha-
tase inhibitors might have nonspecific effects in our cells, we
investigated whether they affected the inhibition of ERK
activation by forskolin. Forskolin (10 uM) markedly inhibited
ERK activation, and this was not significantly affected by the
presence of SB 203,580 or the phosphatase inhibitors (Fig. 7).

Discussion

Natively expressed and transfected cloned «;-adrenocep-
tors can couple to activation of the ERK form of MAPK in a
variety of cell systems (Clerk et al., 1994; Koch et al., 1994,
Thorburn, 1994; Thorburn and Thorburn, 1994; Gillespie-
Brown et al., 1995; Hawes et al., 1995; Hu et al., 1996; Xing
and Insel, 1996; Xu et al., 1996; Spector et al., 1997; Xin et al.,
1997; Yamazaki et al., 1997), and only a few exceptions have
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Fig. 2. Effects of adrenoceptor antagonists on the inhibition of ERK by
phenylephrine (PHE). Cells were incubated in the absence (control) or
presence of the a;-adrenoceptor antagonist prazosin (PRA) (300 nM) or
the B-adrenoceptor antagonist propranolol (PRO) (1 um). Data are
means * standard errors from four experiments and are expressed as
percentages of the values measured in the absence of phenylephrine and
the antagonists. #*, p < 0.01, compared with control values, in a repeated-
measures, one-way analysis of variance, followed by Dunnett’s multiple-
comparison test. Endothelin-1 (100 nM) or a protein kinase C-activating
phorbol ester (1 uMm) was used to stimulate ERK activation (two experi-
ments each); results obtained with the two stimulators were similar and
were pooled for this analysis.
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been reported (Nishio et al., 1996). In the present study, we
observed that phenylephrine did not stimulate ERK but,
rather, inhibited basal and endothelin-1- and PMA-stimu-
lated ERK tyrosine phosphorylation in Rat-1 fibroblasts sta-
bly expressing cloned human «; ,-adrenoceptors. Our exper-
iments with prazosin and propranolol confirm that the ERK
inhibition by phenylephrine is mediated by «,-adrenoceptors.

It is assumed that G,-coupled receptors such as the a;4-
adrenoceptor activate ERK via their stimulatory effects on
phospholipase C/protein kinase C pathways (Post and
Brown, 1996; van Biesen et al., 1996). We previously demon-
strated that phenylephrine stimulation of our human «a;,-
adrenoceptor-expressing Rat-1 fibroblasts causes Ca®" ele-
vations similar to those produced by endothelin-1
stimulation and causes protein kinase C activation similar to
that produced by PMA stimulation (Taguchi et al., 1998).
Thus, the lack of ERK activation by «;-adrenoceptor stimu-
lation in the present study does not seem to be related to a
lack of efficient phospholipase C/protein kinase C stimula-
tion. In many cell types, «;-adrenoceptor stimulation can
activate phospholipase A, to release arachidonic acid (Weiss
and Insel, 1991; Perez et al., 1993). Stimulation of cytosolic
phospholipase A, may occur secondary to p38 activation for
some receptors (Borsch-Haubold et al., 1997), and cyclooxy-
genase- and lipoxygenase-derived arachidonic acid metabo-
lites may inhibit cellular ERK activation and growth effects
after a,-adrenoceptor stimulation (Li et al., 1995; Nishio and
Watanabe, 1997). However, our findings with the cytosolic
phospholipase A, inhibitor AACOF3 and the cyclooxygenase
inhibitor indomethacin do not support a role for either en-
zyme in the inhibition of ERK by phenylephrine.
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Fig. 3. Effects of phenylephrine (PHE) (100 uM), endothelin-1 (E7T) (100
nM), a protein kinase C-activating phorbol ester (PMA) (1 um), and ani-
somycin (ANISO) (50 ug/ml), relative to control (CON), on tyrosine phos-
phorylation of p38 MAPK. Upper, data are from a representative exper-
iment; lower, data are means * standard errors of five or six experiments
and are shown as percentages of control values measured in the absence
of the agonists. *, p < 0.05, compared with control values, in a two-tailed,
paired ¢ test.
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Stimulation of p38, another member of the MAPK family,
was previously demonstrated with endogenous «;-adrenocep-
tors in rat hepatocytes (Spector et al., 1997) and with cloned
a; a-adrenoceptors transfected into PC-12 cells (Zhong et al.,
1998). Our present findings with cloned «;,-adrenoceptors
expressed in Rat-1 cells demonstrated marked stimulation of
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Fig. 4. Effects of the p38 inhibitor SB 203,580 (SB) (20 um) on the
inhibition of ERK by phenylephrine (PHE) (100 uM) and anisomycin
(ANISO) (50 ug/ml). A protein kinase C-activating phorbol ester (PMA) (1
uM, two or three experiments) or endothelin-1 (ET) (100 nw, all other
experiments) was used to stimulate ERK activation. Data are from a
representative experiment (upper) or are means * standard errors of
6-11 experiments (lower). Because results obtained with the two stimu-
lators were similar (upper), they were pooled for quantitative analysis
and are shown as percentages of values measured in the absence of
phenylephrine, anisomycin, and SB 203,580 (control). ++, p < 0.01;
+++, p < 0.001, compared with control values; **, p < 0.01, compared
with data obtained in the absence of SB 203,580, in a two-tailed, paired
t test. Upper, left lane, tyrosine-phosphorylated ERK standard (42-kDa
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Fig. 5. Effects of the cyclooxygenase inhibitor indomethacin (10 uM) and
the cytosolic phospholipase A, inhibitor AACOF3 (10 uM) on tyrosine
phosphorylation of ERK. Cells were incubated with 100 nM endothelin-1
in the absence (vehicle) or presence of the inhibitors and in the absence
(control) ([J) and presence of 100 uM phenylephrine (&). Data are
means * standard errors of four to eight experiments and are shown as
percentages of values measured in the presence of endothelin-1 alone
(vehicle control). #*, p < 0.01, compared with data obtained in the ab-
sence of phenylephrine, in a two-tailed, paired ¢ test.
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p38, which was quantitatively similar to that seen with ani-
somycin (i.e., approximately 6-fold). Interestingly, much less
(if any) p38 activation was seen with endothelin-1 and PMA,
although these two agonists produce similar activation of the
phospholipase C/protein kinase C pathway in our cells (Tagu-
chi et al., 1998). Thus, p38 activation may occur via an
additional signal generated by stimulation of «;-adrenocep-
tors that is not generated by endothelin receptors or direct
protein kinase C activation.

Several lines of evidence in our study suggest that p38
activation by «;-adrenoceptor stimulation is the cause of
ERK inhibition. First, quantitatively similar p38 activation,
independent of «;-adrenoceptors, by anisomycin caused
quantitatively similar ERK inhibition. Second, SB 203,580,
at a concentration that inhibits anisomycin-induced p38 ac-
tivation by 70%, at least partly prevented ERK inhibition by
phenylephrine and anisomycin. On the other hand, SB
203,580 did not affect ERK inhibition by forskolin, which is
known to inhibit ERK via Raf inhibition (van Biesen et al.,
1996). Third, SB 203,580 alone activated ERK. Finally, a
recent study of baboon smooth muscle cells also suggested
ERK inhibition secondary to p38 activation (Daum et al.,
1998). Taken together, these data clearly demonstrate cross-
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Fig. 6. Effects of the phosphatase inhibitors (inhibitors) Na,VO, (0.2
mM) and okadaic acid (1 uM) on the inhibition of ERK by phenylephrine
(PHE) (100 pMm). Endothelin-1 (100 nM) was used to stimulate ERK
activation. Data are means * standard errors of four to six experiments
and are shown as percentages of values measured in the absence of
phenylephrine and the inhibitors (control). ++, p < 0.01, compared with
control values; *, p < 0.05, compared with data obtained in the absence of
the inhibitors, in a two-tailed, paired ¢ test.
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Fig. 7. Effects of forskolin (10 um), alone or in combination with the p38
MAPK inhibitor SB 203,580 (SB) (20 uMm) or the phosphatase inhibitors
(inhibitors) Nas;VO, (0.2 mM) and okadaic acid (1 uM), on endothelin-1
(100 nm)-stimulated phosphorylation of ERK. Data are means * standard
errors of seven experiments and are shown as percentages of values
measured in the presence of endothelin-1 alone (control). **, p < 0.01,
compared with control values, in a two-tailed, paired ¢ test. Data obtained
with forskolin in the presence of the inhibitors were not significantly
different from data measured in their absence, in a repeated-measures
analysis of variance (p = 0.3378).
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talk between the p38 and ERK forms of MAPK, in which the
former causes inhibition of the latter. In Rat-1 fibroblasts
this inhibition may be tonically active, because the p38 in-
hibitor alone significantly enhanced ERK activity.

Inhibition of ERK could result from reduced activation
and/or accelerated inactivation. Inactivation of ERK and
other MAPKSs occurs via specific phosphatases, several of
which have been identified (Chu et al., 1996; Groom et al.,
1996; Muda et al., 1996). To test the involvement of MAPK
phosphatases in ERK inhibition, we used a combination of
the general phosphatase inhibitors Na;VO, and okadaic acid,
which blocks MAPK phosphatase activity in Madin-Darby
canine kidney cells (Itoh et al., 1995). These phosphatase
inhibitors significantly attenuated ERK inhibition by «;-ad-
renoceptor stimulation but did not affect endothelin-1-in-
duced ERK activation, indicating the possible involvement of
MAPK phosphatases in phenylephrine-induced ERK inhibi-
tion. Although the phosphatase inhibitors were specific an-
tagonists of the inhibitory effects of «; ,-adrenoceptor stimu-
lation, relative to those of forskolin, in the present study, it
should be noted that the inhibitors act on many types of
protein phosphatases and are not specific for MAPK phos-
phatases. Previous reports on the activation of MAPK phos-
phatases have largely focused on their transcriptional regu-
lation (Bokemeyer et al., 1996; Brondello et al., 1997).
However, this is unlikely to account for ERK inhibition in our
experiments, because we detected ERK inhibition after only
3 min. Therefore, nontranscriptional activation of MAPK
phosphatases may be involved in phenylephrine-induced
ERK inhibition in Rat-1 cells. Unfortunately, the mecha-
nisms of nontranscriptional control of MAPK phosphatase
activity are largely unknown.

ERK inhibition by phenylephrine and other p38 activators
could also occur via reduced ERK activation. The activation
of ERK by G,-coupled receptors involves parallel p21**/raf-
dependent and -independent pathways (Post and Brown,
1996; van Biesen et al., 1996). The adenylyl cyclase stimula-
tor forskolin can block ERK activation downstream of p2172°,
at the level of Raf (van Biesen et al., 1996). Whereas forskolin
effectively reduced ERK activation in the present study, nei-
ther the p38 inhibitor SB 203,580 nor the phosphatase in-
hibitors Na;VO, and okadaic acid significantly altered the
forskolin effects. Thus, inhibitors that were effective against
phenylephrine-induced ERK inhibition did not affect inhibi-
tion based on interference with the ERK-activating path-
ways, at least not those that are Raf-dependent. Although
these data cannot exclude the possibility of reduced activa-
tion of ERK upon phenylephrine-induced p38 activation, they
are consistent with our hypothesis that ERK inhibition by
a;-adrenoceptor stimulation involves accelerated inactiva-
tion by phosphatases.

In summary, our data show that stimulation of human
a;x-adrenoceptors expressed in Rat-1 fibroblasts, in contrast
to endothelin-1 and the protein kinase C activator PMA,
activates p38. The p38 activation results in inhibition of ERK
activation, revealing previously unrecognized cross-talk be-
tween these two members of the MAPK family. We propose
that the ERK inhibition may involve accelerated ERK inac-
tivation by MAPK phosphatases, but the exact links between
p38, the MAPK phosphatase, and ERK remain to be eluci-
dated. Therefore, the effects of «;-adrenoceptor stimulation
on cellular growth processes may depend on the balance
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between ERK and p38 activation and their roles in growth
regulation in a given cell type. Whether such effects also
occur with a;5- and «;p-adrenoceptors is not known, but
studies of other signal transduction pathways of «;-adreno-
ceptors suggest that differences between the subtypes are
largely quantitative, rather than qualitative (Theroux et al.,
1996; Taguchi et al., 1998).
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