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Stimulation of Mitogen-Activated Protein Kinase Pathway
in Rat Somatotrophs by Growth Hormone-Releasing Hormone

Philip Zeitler and Gamini Siriwardana

Department of Pediatrics, University of Colorado Health Sciences Center, Denver, CO

Growth hormone-releasing hormone (GHRH) is an
important regulator of somatotroph development and
function. However, GHRH signaling is still not
completely understood. Signaling through the
mitogen-activated protein kinase (MAPK) pathway
has been observed in a wide variety of cell types
but has not been explored as a mediator of GHRH
action. In this study, we examined the phosphoryla-
tion of MAPK pathway intermediates in response to
GHRH. After treatment of the GH4 rat somatotroph
cell line with rGHRH (107 M) for 2.5 min, there was
robust phosphorylation of MAPK not seen in vehicle-
treated cells. Treatment of Hela cells with GHRH
resulted in no activation of MAPK, but activation was
conferred by transfection with the GHRH receptor
cDNA. MAPK activation by GHRH was dose depen-
dent from 1 to 100 nM, was evident at 2.5 min, peaked
at 5 min, and returned to baseline by 20 min. Pretreat-
ment of GH4 cells with somatostatin analog BIM23014
or the MEK1 inhibitor PD98095 prevented the activation
of MAPK. Finally, treatment with GHRH increased GH4
proliferation in culture, and this response was prevented
by pretreatment with BIM23014 and PD98095. These
resultsindicate that GHRH activates the MAPK pathway.
Furthermore, activation of MAPK may mediate, at least
in part, the effects of GHRH on somatotroph cell line
proliferation. The findings support the concept that
multiple pathways mediate the effects of GHRH.
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Introduction

Growth hormone-releasing hormone (GHRH) promotes
growth hormone (GH) synthesis and secretion, as well as
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the differentiation and proliferation of pituitary somatotrophs
(1). GHRH is produced in the arcuate nucleus of the hypo-
thalamus, is released into the pituitary portal system from the
axon terminals in the median eminence, and exerts its influ-
ence on pituitary function through a G-protein-coupled
receptor (GHRH receptor [GHRHTr]) that is a member of the
secretin/VIP/glucagon receptor subfamily (2—4). However,
despite the importance of GHRH in regulating somatotroph
function, intracellular signaling by GHRH has not been as
extensively studied as the pathways mediating the actions of
other classic hypothalamic-releasing hormones (adrenocor-
ticotropic hormone, thyrotropin-releasing hormone [TRH],
gonadotropin-releasing hormone [GnRH]) or somatosta-
tin. Consequently, our understanding of GHRH signaling
remains incomplete.

Elevation of intracellular cyclic adenosine monophos-
phate (cAMP), either exogenously (5,6) or endogenously
(7), can mimic many, but not all, of the pituitary actions of
GHRH. Although early studies established that GHRH-
induced GH secretion can be mimicked by exogenous
cAMP alone (8,9), the elevation of cAMP cannot fully
account for the secretory actions of GHRH on pituitary
cells. In the dwarf rat, the intracellular cAMP response to
GHRH was completely abolished, whereas 10-15% of the
GH secretion persisted (/). Similarly, in superfused
pituitary cells (/0), GHRH elicited a rapid rise in intracel-
lular cAMP, but cAMP could not itself sustain GH release.
Conversely, desensitization of the GH secretory response
to repeated GHRH pulses or inhibition of GH secretion
with somatostatin was not temporally accompanied by
a reduction in cAMP. Similarly, reduction in GH release
following exposure to a GHRHr antagonist preceded
the reduction in cAMP generation, and the return of GH
release following removal of the antagonist occurred sooner
than the recovery of cAMP generation (/7). Changes in GH
were not preceded by changes in cAMP concentration. In
ovine pituitary cells, cAMP activation of protein kinese A
alone was unable to reproduce the effect of GHRH stimu-
lation on GH release (/2). An examination of the effects of
changing intracellular pH on GHRH-stimulated cAMP
generation and GH release also demonstrated a dissocia-
tion of these two GHRH responses (/3). Finally, nitric oxide
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(NO) is able to completely abolish GH release in response
to cAMP, while being only partially effective in inhibiting
the response to GHRH, suggesting the involvement of
NO-insensitive pathways (/4). Taken together, these
results suggest that signaling by GHRH is complex, with
the participation of more than one signal transduction
mechanismnecessary to explain fully the secretory responses
of the somatotroph to GHRH.

Several alternate signaling pathways capable of mediat-
ing GHRH action have been proposed. These include cell
depolarization secondary to sodium channel activation
(15), increased intracellular free calcium (/5-17), and
protein kinase C (PKC) activation (/8). However, the
relationship among GHRHr binding, generation of cAMP,
and activation of these alternate pathways remains unclear.

While our understanding of the secretory actions of
GHRH remains incomplete, even less is known about the
intracellular pathways mediating the proliferative effects of
GHRH on somatotrophs. Analogs of cAMP or somatotroph-
targeted expression of cholera toxin in transgenic animals
induce GH synthesis and cellular proliferation in primary
somatotroph cells in culture (7,19). Conversely, GH
promoter-driven overexpression of a dominant negative
variant of cAMP-responsive element binding protein
(CREB) intransgenic mice leads to decreased GH synthe-
sis and somatotroph hypoplasia (20), a finding interpreted
to indicate that inhibition of the transcriptional effects of
cAMP prevents the genomic and proliferative effects of
GHRH. However, phosphorylation/activation of CREB can
occur by alternate intracellular pathways (2/-23), render-
ing the interpretation of these earlier experiments more
difficult. The concept that GHRH-induced somatotroph
proliferation is aresult of cAMP generation without activa-
tion of other intracellular signaling pathways is not well
supported in the literature and would represent a nearly
unique example of cAMP-promoted cell proliferation (24).

The mitogen-activated protein kinase (MAPK) pathway
has been implicated in cellular proliferation in a wide
variety of cell types (25), including proliferative responses
to other G-protein receptor ligands (26-29). Although
GHRH clearly plays an important role in regulating
somatotroph proliferation, the participation of the MAPK
pathway in GHRH signaling has not previously been
examined. We report here that GHRH induces robust, dose-
dependent activation of MAPK signaling components in
the GH4 rat somatotroph cell line, that this activation of
MAPK is associated with somatotroph proliferation, and
that this activation is antagonized by somatostatin.

Results

To determine whether GHRH activates MAPK, rat GH4
cells were serum starved as indicated, followed by treatment
with rat GHRH (rGHRH) (107 M) or vehicle. Epidermal
growth factor (EGF), a known activator of MAPK in

somatotrophs (30), was used as a positive control. Activa-
tion of MAPK was examined by Western blot analysis of
equally loaded protein samples with a phospho-MAPK
specific antibody. As shown in Fig. 1, after exposure to
vehicle, no phosphorylation of MAPK was evident. However,
after exposure torGHRH for 2.5 min, there was robust stimu-
lation of MAPK in GH4 cells. Activation of MAPK by EGF
was evident after 10 min.

Activation of MAPK by GHRH is specific for cells
expressing the GHRHr. As shown in Fig. 2, exposure of
HeLa cells to GHRH at doses as high as 100 nM resulted in
no activation of MAPK, whereas exposure EGF (25 nM)
resulted in activation similar to that seen in GH4 cells.
However, transfection of HelLa cells with a mammalian
expression vector encoding the rtGHRHr cDNA conferred
the ability to activate MAPK in response to 1 nM GHRH.
The reduced activation of MAPK by GHRH in transfected
HeLa cells seen in Fig. 2. compared with that seen in wild-
type GH4 cells (Fig. 1) reflects the fact that only a minority
of HeL a cells in the culture are successfully transfected by
the protocol used (data not shown). Similarly, tGHRH had
no effect on MAPK activation in a-T3 thyrotrophs (37) that
lack GHRH receptors.

The MAPK response to GHRH was dose dependent.
GH4 cells were exposed for 3 min to GHRH (1-1000 nM)
or vehicle. For comparison, the ED50 for cAMP generation
inresponse to GHRH is approx 10nM (2). Following chemi-
luminescent visualization (ECL, Amersham), the image
density of the phospho-MAPK band was quantitated by
video densitometry as described in Materials and Methods.
AsseeninFig. 3, GHRH promoted distinct MAPK activation
at doses as low as 1 nM. This response peaks at 100 nM,
similar to that for cAMP, and then decreases at higher doses.

To determine the time course of MAPK activation in
response to GHRH, GH4 cells were exposed to 1 or 10 nM
GHRH for 1-20 min. As shown in Fig. 4, GHRH activation
of MAPK is rapid and followed by rapid extinction,
characteristics shared by MAPK activation by other
hormones and growth factors. Furthermore, the details of
the time course depend on the dose of GHRH. In response
to I nM GHRH, activation was evident at 2.5 min, peaked
at5 min, and returned to baseline or slightly below by 20 min.
When the higher dose of 10 nM was used, MAPK phospho-
rylation peaked at 2.5 min followed by steady decay.

We next examined the effect of somatostatin, a physi-
ological antagonist of GHRH, and of PD98095, an agent
that prevents MAPK phosphorylation by blocking the
activity of the MAPK kinase MEK1 (32), on GHRH
activation of MAPK. GH4 cells were exposed to the soma-
tostatin analog BIM23014 or PD98095 for 10 mins,
followed by 10 nM GHRH for 1-5 min. The resulting
activation of MAPK was examined as described and
compared to the response to GHRH without pretreatment
with the inhibitor. As seen in Fig. 5A, exposure to vehicle
had no effect on MAPK phosphorylation. GHRH (10 nM)
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Fig. 1. GHRH induces phosphorylation of MAPK in GH4 cells. Serum-starved GH4 cells (2.5 x 10° cells/dish) were exposed for 2.5
min to GHRH (10 nM) or for 10 min to EGF (25 nM). Equal protein samples of cell extracts were separated by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) followed by transfer to nitrocellulose, Western blot analysis with antiphosphospecific
MAPK antibody, and visualization by chemiluminescence as described in Materials and Methods. After visualization, membranes
were stripped as described in Materials and Methods and reprobed with antibody to p42/p44 MAPK (Total MAPK) to verify equal
protein loading. Each lane represents the extract of an independent dish.
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Fig. 2. GHRH induces MAPK phosphorylation in HeLa cells transiently transfected with GHRHr. HeLa cells (2.5 x 10° cells/200 uL
of Dulbecco's modified Eagle's medium [DMEM]/10% fetal calf serum [FCS]) were transfected with 5 ug of pcDNA3.1 or 5 ug of vector
containing full-length GHRHr cDNA at 220 V and 500 uF. Following incubation overnight in 3 uL. of DMEM/0.6% FCS, cells were
serum starved for 4 h. Mock transfected HeLa cells were treated with 100 nM GHRH for 2.5 min or 25 nM EGF for 10 min. GHRHr
transfected cells were treated with 1 nM GHRH for 2.5 min. Equal protein samples of cell extracts were separated by SDS-PAGE
followed by transfer to nitrocellulose, Western blot analysis with antiphosphospecific MAPK antibody, and visualization by
chemiluminescence as described in Materials and Methods. Phospho-MAPK standard was run in parallel as a control (pMAPK). After
visualization, membranes were stripped as described in Materials and Methods and reprobed with antibody to p42/p44 MAPK (Total
MAPK) to verify equal protein loading. Each lane represents the extract of an independent dish.
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Fig. 3. GHRH induction of MAPK phosphorylation is dose dependent. Serum-starved GH4 cells (2.5 x 10° cells/dish) were exposed for
3 min to rat GHRH in doses ranging from 1 to 1000 nM or vehicle alone. Equal protein samples of cell extracts were separated by SDS-
PAGE followed by transfer to nitrocellulose, Western blot analysis with antiphosphospecific MAPK antibody, and visualization by
chemiluminescence. Optical density (OD) of resulting autoradiographs following chemiluminescence was determined using video
densitometry. Bars represent mean OD + SEM (n = 3).
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Fig. 4. Time course of MAPK activation by GHRH is dose dependent. Serum-starved GH4 cells (2.5 x 10° cells/dish) were exposed
(2.5-20 min) to rtGHRH (1 or 10 nM) or vehicle alone. Equal protein samples of cell extracts were separated by SDS-PAGE followed
by transfer to nitrocellulose, Western blot analysis with antiphosphospecific MAPK antibody, and visualization by chemiluminescence.
After visualization, membranes were stripped as described in Materials and Methods and reprobed with antibody to p42/p44 MAPK
(Total MAPK) to verify equal protein loading. Each lane represents the extract of an independent dish.

resulted in the expected activation of MAPK, with a peak
at 2.5 min followed by a rapid decline to below baseline.
BIM23014 by itself had no effect on MAPK activation.
However, pretreatment with BIM23014 resulted in complete
inhibition of MAPK activation in response to GHRH. Simi-
larly, as shown in Fig. 5B, pretreatment with PD98095
completely prevented the activation of MAPK by GHRH.
Activation of MAPK has been implicated in the regula-
tion of receptor-induced cellular proliferation in a wide
variety of systems. To investigate the potential role of
MAPK in GHRH-induced somatotroph proliferation, we
examined the proliferation of GH4 cell proliferation in
response to GHRH in the absence and presence of inhibi-
tors of MAPK. As shown in Fig. 6, treatment with GHRH
increased somatotroph cell number between 24 and 48 h
(p < 0.01) compared with cells maintained in serum-ree
medium. Stimulation of somatotroph proliferation by
GHRH has been demonstrated previously using primary rat
pituitary somatotrophs (5). However, this is the first
demonstration of the effect of GHRH on a somatotroph cell
line. Pretreatment of the cells with BIM23014, which inhibits
activation of MAPK by GHRH, completely prevented the
GHRH-induced increase in cell number, but had no effect on
basal GH4 proliferation (Fig. 6A). Similarly, pretreatment
of the cells with PD98095 prevented GHRH-induced cell
proliferation (Fig. 6B). Furthermore, unlike BIM23014,
PD98095 inhibited the proliferation of GH4 cells in the
absence of GHRH stimulation, confirming that the MAPK
pathway likely plays arole in basal somatotroph proliferation.

Discussion

The results presented herein demonstrate that GHRH
activates the MAPK pathway in the GH4 rat somatotroph
cell line. This activation is dose dependent in a physiologi-
cal dose range, rapid, and reversible. Furthermore, the
activation is prevented by somatostatin, a physiological
antagonist of many of the effects of GHRH, as well as by

the MEK inhibitor PD98095. Finally, the activation of
MAPK by GHRH appears to play an important role in
mediating the effects of this hypothalamic neuropeptide on
somatotroph cell line proliferation. These results broaden
our current understanding of intracellular signaling by GHRH
and raise the possibility that distinct intracellular pathways
mediate the various actions of GHRH on somatotroph cells.

Activation of the MAPK pathway by G-protein-coupled
receptors has been reported in a number of systems (26—
28,31), including adrenergic receptors, muscarinic
receptors, as well as receptors for the hypothalamic
neuropeptides TRH (28) and GnRH (317). Therefore, it
would appear that activation of MAPK by GHRH,
although not previously reported, is not unexpected and
may be a relatively common feature of signaling by
neuroendocrine G-protein-coupled receptors.

GHRH appears to be a critical trophic factor promoting
development and proliferation of the pituitary somatotroph
population (5,6). In animal models, GHRH deficiency or
resistance leads to failure in somatotroph development (33—
35). In the Gsh-1 knockout mouse (33), absence of GHRH
expression in the arcuate nucleus is accompanied by profound
GH deficiency and dramatically reduced somatotroph popu-
lation in the adult pituitary. Similarly, GHRH resistance in the
Little (/it) mouse and the Dwarf (dw) rat (34—39) is accompa-
nied by GH deficiency and a 95% deficit in the number of
pituitary somatotrophs; the other pituitary cell types are intact.

Although these experiments strongly imply an impor-
tant role for GHRH in somatotroph proliferation in vivo,
the effect of GHRH on proliferation of somatotrophs in
vitro has been more difficult to document. GHRH has been
shown to stimulate proliferation of rat somatotrophs in
primary culture, but this response was slow and resulted
in an increase of only a few percent of cells after many
weeks of treatment (5). Similarly, GHRH stimulates
expression of c-fos in primary rat somatotrophs, a response
thought to represent early stages in cellular proliferation (6).
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Fig. 5. GHRH induction of MAPK phosphorylation is inhibited by somatostatin and MEKK inhibitor. (A) Serum-starved GH4 cells (2.5
x 10° cells/dish) were exposed to vehicle or rGHRH (10 nM) for 1-5 min with or without preincubation for 10 min with the somatostatin
analog BIM23014, (B) Serum-starved GH4 cells (2.5 x 10° cells/dish) were exposed to rGHRH (10 nM) for 2.5 min with or without
preincubation for 10 min with the MEKK inhibitor PD98095 (20 uM). Equal protein samples of cell extracts were separated by SDS-
PAGE followed by transfer to nitrocellulose, Western blot analysis with antiphosphospecific MAPK antibody, and visualization by
chemiluminescence as described in Materials and Methods. Phospho-MAPK standard was run in parallel as a control. After visualiza-
tion, membranes were stripped as described in Materials and Methods and reprobed with antibody to p42/p44 MAPK (Total MAPK)
to verify equal protein loading. Each lane represents the extract of an independent dish.
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We demonstrate herein that GHRH stimulates proliferation
of GH4 cells in culture, increasing proliferation by approx
25% after 48 h. Although a small increase, this result is
reproducible, confirms in vitro the implication drawn from
the animal models, and provides an experimental system in
which to investigate the mechanism of the proliferative
effects of GHRH .

Agents that prevent activation of MAPK obliterate
proliferation of somatotroph cell lines in response to
GHRH. Thus, the MEK inhibitor PD98095 completely
blocks the effects of GHRH on both activation of MAPK

Fig. 6. GHRH promotes increased proliferation of GH4
somatotrophs, and this effect is blocked by somatostatin and
inhibition of MEKK. GH4 cells (3000 cells/well in 96-well
plates in 200 uL. of DMEM) were serum starved for 48 h,
followed by preincubation with BIM23014 (10 nM) (A),
PD98095 (20 uM) (B), or vehicle for 10 min. Cells were then
treated with GHRH (10 nM) or vehicle, and treatments were
renewed every 24 h. At appropriate time intervals, plates were
assayed using the Cell Titer AQ assay, and OD was deter-
mined at 490 nM. Points represent mean + SEM (n = 6 for each
treatment at each time point).a=p <0.01 vs control;b=p <0.01
vs GHRH-treated cells.
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and cell proliferation. Furthermore, PD98095, at a dose
that is highly selective for inhibition of MAPK activity
(32), reduced the basal rate of somatotroph proliferation,
suggesting a role for MAPK in basal proliferation, as has
been observed in a wide variety of cell types. These results
strongly imply that GHRH promotes somatotroph cell line
proliferation, at least in part, through activation of the
MAPK pathway.

GHRH and somatostatin are physiological antagonists
that reciprocally regulate somatotroph function and prolif-
eration. The interaction of GHRH and somatostatin to
regulate GH secretion and synthesis has been well studied
and involves antagonistic effects on multiple intracellular
mediators including cAMP, intracellular calcium, and cell
depolarization. However, the interaction of these two neu-
ropeptides toregulate somatotroph proliferation is less well
understood. Somatostatin has antiproliferative effects in
both pituitary and extrapituitary tissues (40,41), an effect
thatis thought to be mediated by interaction with the MAPK
cascade (42). The effect of somatostatin on phosphoryla-
tion of MAPK appears to depend on the receptor subtype(s)
available to mediate the signal. Studies in vitro indicate that
MAPK phosphorylation/activation is increased by SSTR1
(43) and SSTR4 (44) but inhibited by SSTR2A and SSTRS
(45,46). While multiple somatostatin receptor subtypes are
expressed on pituitary somatotrophs (47) and GH4 cells
(48), SSTR2 and SSTRS predominate. Therefore, we
hypothesized that antagonistic effects of these two agents
on MAPK activation mediate the reciprocal effects of
somatostatin and GHRH on somatotroph proliferation. In
the experiments reported herein, a long-acting, relatively
SSTR2-specific analog of somatostatin, BIM23014,
effectively blocked both activation of MAPK and GH4
proliferation by GHRH. Somatostatin, unlike PD98095,
had no effect on basal proliferation. Thus, not only does
activation of MAPK appear to mediate the effects of
GHRH on somatotroph proliferation, reciprocal effects of
these two neuropeptides on MAPK activation may account
for their physiological antagonism in the regulation of
somatotroph populations.

The mechanism by which G-protein-coupled receptors,
including GHRH, activate the MAPK pathway is unclear.
Growth factor receptors generally activate MAPK through
a phosphorylation cascade involving Grb2-SOS, ras, Raf,
and Mek (25). On the other hand, G-protein-mediated
activation of MAPK may occur through alternate pathways,
including indirect activation mediated through fy stimula-
tion of PI3-kinase or a membrane-bound src-like kinase
(49-51). Alternatively, activation of ERK by PKC has
recently been reported (26,27) for TRH stimulation of GH3
cells (28) and GnRH stimulation of aT3-1 cells (317).
Finally, cAMP may activate ERK via a Raf-1-independent
route (52), possibly involving B-Raf (53). The pathway
mediating GHRH activation of MAPK is currently under

examination in our laboratory, with particular attention to
the question, IS MAPK activation distinct from, or coupled
to, generation of cAMP by this ligand?

In summary, we have demonstrated here the novel find-
ing that GHRH leads to dosedependent and reversible
activation of the MAPK pathway in the GH4 rat somatotroph
cell line, a standard model for somatotroph function.
Furthermore, we have demonstrated that activation of MAPK
mediates, at least in part, the effects of GHRH on GH4
proliferation in vitro. Finally, we have shown that reciprocal
actions of somatostatin and GHRH on the MAPK pathway
may mediate the effects of these physiological antagonists
in the regulation of somatotroph proliferation. These find-
ings expand our current understanding of intracellular
GHRH signaling and raise the exciting possibility that, as
now seems to be the case for a wide variety of ligands (54),
several distinct and mutually interacting signaling path-
ways may mediate the effects of GHRH.

Materials and Methods

Cell Culture

Previous studies have suggested that GH4 cells do not
respond to GHRH with increased secretion of GH (55,56).
Therefore, it has been assumed that these cell lines do not
have GHRH receptors. However, synthesis of GH by these
cell lines is minimal and using GH secretion as the end
point limits the sensitivity of assessment of response to
GHRH. As shown in Fig. 7, GHRHr mRNA is easily
isolated from GH4 cells by polymerase chain reaction
(PCR) and is present in quantities grossly equivalent to that
present in rat pituitary cells (Fig. 7A). Furthermore, GH4
cells respond to GHRH with increased intracellular cAMP
production, indicating the presence of an intact intracellu-
lar signaling response to GHRH (Fig. 1B). Therefore, we
utilized GH4 cells for the present studies to avoid the
technical problems associated with the use of primary pitu-
itary cells in short-term signaling studies.

GH4 cells were maintained in DMEM supplemented with
15% horse serum/2.5% FCS in a humidified incubator at 37°C
in 5% CO,. Cells were passaged at 75% confluency using
phosphate-buffered saline (PBS)/EDTA. Prior toexperiments,
cells (2.5 x 10%plate) were transferred to 6-cm culture dishes
in 15% horse serum/2.5% FCS. After 24 h, cells were serum
starved overnight in 3 mL of DMEM with 0.6% FCS prior to
use in the following experiments, unless otherwise stated.

Transfection

HeLa cells (2.5 x 10° cells/200 uL. of DMEM/10% FCS)
were transfected by electroporation with 5 ug of empty
vector (pcDNA3.1; Invitrogen, Carlsbad, CA) or 5 ug of
vector containing full-length GHRHr cDNA (57) at 220 V
and 500 uF. Following incubation overnight in 3 mL of
DMEM/0.6% FCS, cells were serum starved for 4 h and
treated with GHRH or vehicle as described.
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Fig. 7. GH4 cells contain GHRHr mRNA and respond to GHRH
with cAMP generation. (A) GH4 cells were grown in culture
as described in Materials and Methods, and total RNA was
extracted with RNAstat 60 (Tel-Test) according to the
manufacturer’s directions. For comparison, adult male rats were
decapitated following CO, narcoses. Rat pituitaries were removed
rapidly and frozen on dry ice, and the total RNA was extracted
with RNAstat 60. Reverse transcriptase (30 cycles) was per-
formed on 2 ug of total GH4 and pituitary RNA as previously
described (32) using primers that amplify a 240-bp product
(5'TTGCTGAACCTGTGGGGAGTTG3'and 5'GGGTCT
GAGCCAAAATGAGAGAAG3").PCR products were electro-
phoresed through 1% agarose and visualized with ethidium
bromide. (B) Serum-starved GH4 cells (2.5 x 10° cells/dish)
were exposed for 0-30 min to GHRH (10 or 100 nM). At
indicated times, cells were lysed in assay buffer and the
generation of intracellular cAMP was determined on cell lysates
using the Biotrak cAMP EIA kit (Amersham, Arlington Heights,
IL) according to the manufacturer's instructions. Values
represent mean = SEM (n = 6).

Western Blot Analysis

Serum-starved cells were treated with varying doses of
rGHRH (Sigma, St. Louis, MO) or vehicle (0.1% bovine
serum albumin (BSA), 0.01M acetic acid, 0.1 mM ascorbic
acid) alone. Treatment with EGF (25 nM for 10 min) served
as a positive control. In some experiments, cells were
preincubated for 10 min with the somatostatin analog
BIM23014 (10 nM) (Bachem, Philadelphia, PA) or the
MEK1/MAPK inhibitor PD98095 (20 uM) (New England
Biolabs, Beverly, MA). At the indicated times after treat-
ment, the medium was aspirated, and the cells were quickly
rinsed with cold PBS and extracted directly into 200 uL of
sample loading buffer (0.25 M Tris, pH 6.8; 2% SDS; 10%
B-mercaptoethanol; 30% glycerol; 0.01% bromophenol
blue). Extract from equal numbers of cells in an equal
volume of sample was separated by electrophoresis through

10% SDS-PAGE and electrotransferred to Immobilon-P
membranes (Millipore, Bedford, MA). Membranes were
immunoblotted with primary antibodies to the tyrosine-phos-
phorylated form of MAPK (New England Biolabs)(1:1000),
followed by horseradish peroxidase-conjugated goat anti-
rabbit antibody (Bio-Rad, Hercules, CA) (1:10,000 in block-
ing buffer). Protein-antibody complexes were detected by
chemiluminescence (ECL; Amersham) according to the
manufacturer’s protocol, followed by autoradiography
(Kodak Biomax MR, Eastman Kodak, Rochester, NY).
Following autoradiography, membranes were stripped for
30 min at 50°C according to the ECL protocol and reprobed
with a p42/p44 MAPK antibody (“‘total MAPK”’) as described
for the phospho MAPK antibody. OD of autoradiographs
following chemiluminescence was determined using video
densitometry (alphaimager 2000; Alpha Innotech, San
Leandro, CA).

Cell Proliferation

GH4 cells were plated (3000 cells/well) in 96-well plates
in200 uL DMEM and serum-starved for 48 hours to quiesce
the cells. A separate 96-well plate was used for each time
point. Cells were then treated with 20 uM PD98095, 10 nM
BIM 23014, or vehicle for 10 min, followed by GHRH (10
nM), FCS (final concentration of 10%), or vehicle (n = 6
wells for each treatment at each time point). Media were
renewed every 24 h. At appropriate time intervals, plates
were assayed for cell count using the Cell Titer AQ assay
(Promega, Madison, WI) according to the manufacturer’s
directions. OD of the bioreduced MTS (Owen’s reagent:
3[4,5-dimethylthiazol-2-yl]-5-[3-carboxymethoxyphenyl]-
2-[4-sulfophenyl]-2H-tetrazolium) was determined at 490
nM on an MRX OD reader (Dynatech, Chantilly, VA).

Statistical Analysis

Where indicated, data were analyzed by one-way
ANOVA followed by post-hoc analysis with the Neuman-
Keuls test.

Acknowledgments

We wish would like to express our gratitude to Drs. John
Tentler and Scott Diamond for helpful discussions and criti-
cal review of the manuscript. We also wish to thank Dr.
Arthur Gutierrez-Hartmann for his support, advice, and
assistance with review of the manuscript. This work was
supported by grants from the University of Colorado Health
Sciences Center Howard Hughes Medical Institute, the
Children’s Hospital Research Institute, and an unrestricted
research grant from Pharmacia and Upjohn.

References

1. Frohman, L. A., Downs, T. R., and Chomczynski, P. (1992).
Frontiers Neuroendocrinol. 13, 344-405.
2. Mayo, K. E. (1992). Mol. Endocrinol. 6, 1734—1744.



264

GHRH Stimulation of MAPK/Zeitler and Siriwardana

Endocrine

10.

11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.
28.

29.

. Lin,C.,Lin, S.-C.,Chang, C.-P.,and Rosenfeld, M. G. (1992).

Nature 360, 765-768.

. Gaylinn, B.D., Harrison, J.K., Zysk, J.R., Lyons, C.E., Lynch,

K.R., and Thorner, M.O. (1993). Mol.Endocrinol. 7, 77-84.

. Billestrup, N., Swanson, L. W., and Vale, W. (1986). Proc.

Natl. Acad. Sci. USA 83, 6854-6857.

Billestrup, N., Mitchell, R. L., Vale, W., and Verma, 1. M.
(1987). Mol. Endocrinol. 1, 300-305.

Burton, F. H., Hasel, K. W., Bloom, F. E., and Sutcliffe, J. G.
(1991). Nature 350, 74-717.

. Narayanan, N., Lussier, B., French, M., Moor, B., and Kraicer,

J. (1989). Endocrinology 124, 484-495.

Nakagawa, K., Ishizuka, T., Shimizu, C., Matsuura, Y., Wada,
N., Kijima, H., Ito, Y., Aida, T., and Abe, H. (1992). Horm.
Metab. Res. 24, 446,447.

Horvath, J. E., Groot, K., and Schally, A. V. (1997). Proc.
Natl. Acad. Sci. USA 92, 1856-1860.

Horvath, J. E., Zarandi, M., Groot, K., and Schally, A.V.
(1995). Endocrinology 136, 3849-3855.

Sartin, J. L., Coleman, E. S., and Steele, B. (1996). Dom.
Anim. Endocrinol. 13,229-238.

Puttagunta, A. L., Chik, C. L., Girard, M., O’Brien, L., and
Ho, A. K. (1992). J. Endocrinol. 135, 343-352.

Kato, M. (1992). Endocrinology 131, 2133-2138.

Lussier, B., French, M., Moor, B., and Kraicer, J. (1991).
Endocrinology 128, 592—-603.

Takei, T., Takano, K., Yasufuku-Takano, J., Fujita, T., and
Yamashita, N. (1996). Am. J. Physiol. 271, E807.

Cuttler, L., Glaum, S. R., Collins, B. A., and Miller, R. J.
(1992). Endocrinology 130, 945-953.

Haymes, A.A. and Hinkle, P.M. (1993). Am.J.Physiol.Cell
Physiol. 264, C1020-C1028.

Clayton, R. N., Bailey, L. C., Abbot, S. D., Detta, A., and
Docherty, K. (1986). J. Endocrinol. 110, 51-57.

Struthers, R. S., Vale, W. W., Arias, C., Sawchenko, P. E., and
Montminy, M. R. (1991). Nature 350, 622-624.

Lev, S., Moreno, H., Martinez, R., Canoll, P., Peles, E.,
Musacchio, J. M., Plowman, G. D., Rudy, B., and Schlessinger,
J. (1995). Nature 376, 745.

Sun, P., Enslen, H., Myung, P. S., and Maurer, R. A. (1994).
Genes Dev. 8, 2527-2533.

Ginty, D. D., Bonni, A., and Greenberg, M. E. (1994). Cell 77,
713-725.

Vanbiesen, T., Luttrell, L. M., Hawes, B. E., and Lefkowitz,
R.J. (1996). Endocr. Rev. 17, 698-714.

Robinson, M. J. and Cobb, M. H. (1997). Curr. Opin. Biol. 9,
180-186.

Kolch, W., Heidecker, G., Kochs, G., Hummel, R., Vahidi, H.,
Mischak, H., Finkenzeller, G., Marme, D., and Rapp, U. R.
(1993). Nature 364, 249-252.

Grammer, T. C. and Blenis, J. (1997). Oncogene 14,1635-1642.
Ohmichi, M., Sawada, T., Kanda, Y., Koike, K., Hirota, K.,
Miyake, A., and Saltiel, A. R. (1994). J. Biol. Chem. 269,
3783-3788.

Reiss, N., Llevi, L., Shacham, S., Harris, D., Seger, R., and
Naor, Z. (1997). Endocrinology 138, 1673-1682.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.
47.
48.
49.
50.
51.

52.

Pickett, C. A. and Gutierrez-Hartmann, A. (1995). Mol. Cell.
Biol. 15, 6777-6784.

Reiss, N., Llevi, L., Schacham, S., Harris, D., Seger, R., and
Naor, Z. (1998). Endocrinology 138, 1673—-1682.

Pang, L., Sawada, T., Decker, S. J., and Saltiel, A. R. (1996).
J. Biol. Chem. 270, 13,585-13,588.

Li, H., Zeitler, P. S., Valerius, M. T., Small, K., and Potter, S.
S. (1996). EMBO J. 15, 714-724.

Cheng, T., Beamer, W., Phillips, J., Bartke, A., and Mallonee,
R. (1983). Endocrinology 113, 1669-1678.

Zeitler, P., Downs, T. R., and Frohman, L. A. (1993). Endocri-
nology 133, 2782-2786.

Lin, S.-C., Lin, C. R., Gukovsky, L., Lusis, A. J., Sawchenko,
P. E., and Rosenfeld, M. G. (1993). Nature 364, 208-213.
Jansson, J.-O., Downs, T.R., Beamer, W. G., and Frohman, L.
A. (1986). Science 232, 511-512.

Godfrey, P., Rahal, J. O., Beamer, W. G., Copeland, N. G.,
Jenkins, N. A., and Mayo, K. E. (1993). Nat. Genetics 4,
227-232.

Zeitler, P.,Downs, T.R.,and Frohman, L. A. (1994). Endocrine
2,729-733.

Wynick, D. and Bloom, S. (1991). J. Clin. Endocrinol. Metab.
73, 1-3.

Bontenbal, M., Foekens, J. A., Lamberts, S. W., De Jong, F. H.,
Van Putten, W. L., Braun, H. J., Burghouts, J. T., Van Der Lin-
den, G. H., and Kliman, B. (1998). Br. J. Cancer 77, 115-122.
Cattaneo, M. G., Amoroso, D., Gusson, G., Sanguini, A. M.,
and Vincenti, L. M. (1996). FEBS Lett. 397, 164—-168.
Florio, T., Yao, H., Carey, K. D., Dillon, T. J., and Stork, P.
J. (1999). Mol. Endocrinol. 13, 24-37.

Bito, H., Mori, M., Sakanak, C., Takano, T., Honda, Z., Gotoh,
Y., Noshio, E., and Shimizu, T. (1994). J. Biol. Chem. 269,
12,722-12,730.

Yoshitomi, H., Fujii, Y., Miyazaki, M., Nakajima, M., Inagaki,
N., and Seino, S. (1997). Am. J. Physiol. Endocrinol. Metab.
35, E774.

Cordelier, P., Esteve, J. P., and Bousquet, C. (1997). Proc.
Natl. Acad. Sci. USA 94, 9343-9348.

Patel, Y. C. (1999). Frontiers Neuroendocrinol. 20, 157-198.
Patel, Y. C. (1997). J. Endocrinol. Invest. 20, 348-367.
Luttrell, L. M., Vanbiesen, T., Hawes, B. E., Krueger, K. M.,
Touhara, K., and Lefkowtiz, R. J. (1997). Adv. Second Messen-
ger Phosphoprotein Res. 31, 263-277.

Lopez-Ilasaca, M., Crespo, P., Pellici, P. G., Gutkind, J. S.,
and Wetzker, R. (1997). Science 275, 394-397.

Luttrell, L. M., Dellarocca, G. J., Vanbiesen, T., Luttrell, D. K.,
and Lefkowitz, R. J. (1997). J. Biol. Chem. 272, 4637-4644.
Morrison, D. K. and Cutler, R. E. (1997). Curr. Opin. Biol. 9,
174-179.

. Vossler, M.R., Yao, H., York, R. D., Pan, M., Rim, C. S., and

Stork, P. S. (1997). Cell 89, 73-82.

. Bhalla, U. S. and Iyengar, R. (1999). Science 283, 381-387.
. Frohman, L. and Jansson, J.-O. (1986). Endocr. Rev.7,223-253.
. Tashjian, A. H. (1979). Methods Enzymol. 58, 527-535.

Zeitler, P., Stevens, P. H., and Siriwardana, G. (1998). J. Mol.
Endocrinol. 21, 363-371.



