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We prepared a stable cell line expressing the glucagon receptor to
characterize the effect of Gs-coupled receptor stimulation on ex-
tracellular signal-regulated protein kinase 1y2 (ERK1y2) activity.
Glucagon treatment of the cell line caused a dose-dependent
increase in cAMP concentration, activation of cAMP-dependent
protein kinase (PKA), and transient release of intracellular calcium.
Glucagon treatment also caused rapid dose-dependent phosphor-
ylation and activation of mitogen-activated protein kinase kinasey
ERK kinase (MEK1y2) and ERK1y2. Inhibition of either PKA or
MEK1y2 blocked ERK1y2 activation by glucagon. However, no
significant activation of several upstream activators of MEK, in-
cluding Ras, Rap1, and Raf, was observed in response to glucagon
treatment. In addition, chelation of intracellular calcium reduced
glucagon-mediated ERK1y2 activation. In transient transfection
experiments, glucagon receptor mutants that bound glucagon but
failed to increase intracellular cAMP and calcium concentrations
showed no glucagon-stimulated ERK1y2 phosphorylation. We con-
clude that glucagon-induced MEK1y2 and ERK1y2 activation is
mediated by PKA and that an increase in intracellular calcium
concentration is required for maximal ERK activation.

G lucagon exerts its regulatory effects on hepatic glucose
production by binding to the glucagon receptor (GR) (1).

GR belongs to the superfamily of heptahelical transmembrane
G protein-coupled receptors (GPCRs), which is divided into
subfamilies based on amino acid sequence comparison. Most
GPCRs fall into family A, the opsinyadrenergic receptor sub-
family. GR is in family B, which shares few amino acid sequence
similarities with the other GPCRs. Nevertheless, family B re-
ceptors generally couple to the same heterotrimeric G protein
classes and activate the same sets of downstream effectors and
signaling networks as the family A receptors.

One set of downstream effectors is the mitogen-activated
protein (MAP) kinases, which include extracellular signal-
regulated protein kinase 1y2 (ERK1y2), p38, and c-Jun N-
terminal kinaseystress-activated protein kinase. These cytoplas-
mic serineythreonine protein kinases are critical points of
convergence for cellular signal transduction pathways leading to
cellular differentiation, proliferation, and transformation (2).
ERK1y2 MAP kinases originally were shown to be activated by
receptor tyrosine kinases that relied on a cascade of protein–
protein interactions and phosphorylations proceeding through
Ras, Raf, and MAP kinase kinaseyERK kinase (MEK1y2) (3).
It has since been shown that each of the four families of
heterotrimeric G proteins (Gs, Gi, Gq, and G12) activates, or
sometimes inhibits, MAP kinase activity (4, 5). Although much
attention has been focused on regulation of MAP kinases by
family A GPCRs, much less is known about how family B
receptors regulate MAP kinase activity.

We prepared a clonal cell line from human embryonic kidney
(HEK) 293 cells that stably expressed a synthetic gene for the rat
GR. Glucagon treatment of the cells caused dose-dependent
activation of ERK1y2 MAP kinases and increases in cAMP and
intracellular calcium. We used pharmacological and molecular

approaches to identify the signaling pathway leading from GR
activation to ERK1y2 activation. Although activation of
MEK1y2 was required for glucagon-induced ERK1y2 activation,
no significant activation of Ras, Rap1, or Raf was observed.
Glucagon-induced MEK1y2 and ERK1y2 activation was medi-
ated by cAMP-dependent protein kinase (PKA), and an increase
in intracellular calcium concentration ([Ca21]i) was required for
PKA to activate ERK1y2 maximally.

Materials and Methods
Cell Lines Expressing GR. HEK 293 cells (ATCC CRL 1573) were
grown in DMEM supplemented with 10% FBS. The synthetic rat
GR gene was subcloned into the pcDNA3 mammalian expres-
sion vector (Invitrogen) and transfected into HEK 293 cells via
Lipofectamine (GIBCOyBRL). Clones were selected in the
presence of 200 mgyml G418 (GIBCOyBRL) and expanded.
Clone H22 was selected for stable expression of GR based on
specific glucagon binding and glucagon-induced signaling assays
(1, 6, 7). Transient transfection of HEK 293 cells was performed
on 80% confluent monolayers in 60-mm plates by using Lipo-
fectamine. Empty pcDNA3 vector was added when needed to
keep the amount of DNAydish constant.

Immunoblot Analysis of ERK1y2 and MEK1y2 Activity. Cells were
serum-starved overnight and then changed to 2 ml of fresh
DMEMy0.5% FBS for another 2 h before exposure to agonist
[glucagon, forskolin, or epidermal growth factor (EGF)]. Cells
were exposed to the desired concentration of agonist for 5 min
and then lysed with Nonidet P-40 lysis buffer [25 mM TriszHCl,
pH 7.5y137 mM NaCly10% (vol/vol) glyceroly1% (vol/vol)
Nonidet P-40y2 mM EDTAy0.1 mM PMSFy10 mg/ml leupep-
tiny10 mg/ml aprotininy5 mM sodium orthovanadate]. The cel-
lular debris was removed by centrifugation at 7,000 3 g for 10
min, and the total protein content was measured by using
Bio-Rad DC Protein Assay. Aliquots (20–30 mg of protein) were
separated on a 10% SDSypolyacrylamide gel and transferred
semidry onto poly(vinylidene difluoride) membrane (Millipore).
Phosphorylation and activation of ERK1y2 or MEK1y2 were
detected by immunoblotting using rabbit polyclonal anti-
phospho-ERK1y2 antibody or anti-phospho-MEK1y2 antibody
(New England Biolabs), and visualized by enhanced chemilu-
minescence using horseradish peroxidase-conjugated goat anti-
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rabbit IgG secondary antibody. In addition, aliquots were im-
munoblotted with anti-ERK1y2 antibody or anti-MEK1y2
antibody (phosphorylation-state independent) to detect total
ERK1y2 or MEK1y2. For quantitation of ERK1y2 phosphory-
lation, films were scanned for analysis by using Scion IMAGE
software.

Ras and Rap1 Activity Assays. Glutathione S-transferase (GST)-
RalGDS-Rap1 binding domain was expressed in Escherichia coli
and affinity-purified on a glutathione-Sepharose column
(CLONTECH) from the supernatant fraction of a lysate pre-
pared by sonicating a bacterial suspension in PBS then adding
1% (volyvol) Triton X-100. Rap1 activation was measured as
described (8). Ras activation in H22 cells was measured with
agarose-coupled GST-Raf-1-Ras binding domain according to
the manufacturer’s protocol (Upstate Biotechnology, Lake
Placid, NY). Briefly, serum-starved H22 cells were stimulated at
37°C with different agonists for 5 min and immediately lysed.
Equal amounts of supernatant fractions were incubated with
agarose-coupled GST-Raf-1-Ras binding domain at 4°C for 30
min. The bound proteins were separated on a 15% SDSy
polyacrylamide gel and transferred onto poly(vinylidene diflu-
oride) membrane. The membrane was probed for activated Ras
with anti-Ras antibody.

Assays of Intracellular cAMP, Inositol Phosphates, and Calcium Con-
centrations. Adenylyl cyclase (AC) activity was determined by
measuring cAMP levels as a function of hormone concentration
essentially as reported (6). Intracellular calcium flux was mea-
sured by using Fluo-3AM (Molecular Probes) indicator dye as
described (9). To measure inositol phosphates, H22 cells were
incubated with [3H]myo-inositol (NEN) at 37°C for 20 h and then
washed once with EBSSH buffer [26 mM Hepes, pH 7.4y125 mM
NaCly20 mM LiCly5 mM KCly2 mM CaCl2y1 mM MgSO4y1
mM NaH2PO4y5.6 mM glucosey0.1% (wt/vol) BSA). The cells
were incubated in EBSSH at 37°C for 30 min, followed by
incubation with glucagon or carbachol at 37°C for another 30
min. Inositol phosphates were extracted by aspirating buffer and
adding 20 mM formic acid at 4°C for 60 min, followed by
neutralization with 60 mM ammonium formate. The extracts
were loaded onto AG 1-X8 200–400 mesh prepacked anion
exchange columns that were pre-equilibrated with 3 M ammo-
nium formatey100 mM formic acid followed by 10 mM formic
acidy10 mM inositol. Columns were washed with 10 mM formic
acidy10 mM inositol to wash off the [3H]inositol, then 5 mM
boraxy60 mM sodium formate to remove the glycerophosphate
inositol. Columns were developed with 1 M ammonium for-
matey0.1 M formic acid. Radioactivity was measured after
adding ReadySafe scintillation mixture (Beckman Coulter). The
dpm was converted to fmol of inositol phosphates by comparing
the counts of the eluates with a set of standards eluted in parallel.

Data Analysis. The cAMP, inositol phosphate, and ERK1y2
activity assays were performed at least three times on indepen-
dent samples. For an individual experiment, the data at each
concentration of glucagon were fit to a logistic function. The
effective concentration at 50% stimulation (EC50) was calculated
from the inflection point of the best-fit curve (SIGMAPLOT,
Jandel, San Rafael, CA).

Results
To study glucagon-dependent ERK1y2 MAP kinase phosphor-
ylation, we prepared HEK 293 cells stably expressing the GR
(H22). H22 cell membranes were incubated with radiolabeled
glucagon and increasing concentrations of unlabeled glucagon.
The competition binding curves were well described by a logistic
function characteristic of ligand-receptor equilibrium binding
(data not shown) (7). The concentration of unlabeled glucagon

required to displace 50% of receptor-bound 125I-glucagon (IC50

value) was 13 nM, which is consistent with previous reports for
the GR in both tissue samples and heterologous expression
systems (1, 6, 7).

GR coupled to the stimulatory heterotrimeric G protein, Gs,
in the H22 cells as demonstrated by glucagon-dependent AC
stimulation (Fig. 1A). Treatment of H22 cells with glucagon led
to a dose-dependent increase in cAMP level with an EC50 value
of 6.1 6 2.8 nM. As a control, carbachol stimulation of endog-
enous Gq-coupled muscarinic receptors caused no change in
cAMP accumulation above basal levels (Fig. 1 A). Glucagon has
been reported to induce small increases in inositol phosphates in
some cell types (10, 11). In the H22 cells, glucagon treatment did
not cause a significant increase in inositol phosphates (Fig. 1B).
As a positive control, carbachol induced a Gq-mediated stimu-
lation of phospholipase C-b (PLC-b) to generate a nearly 5-fold
increase in inositol phosphates (Fig. 1B). The results of the
cAMP and inositol phosphate assays suggest that the expressed
GR couples primarily to Gs and not to Gq to mediate signal
transduction in the H22 cells.

Many GPCRs have been shown either to activate or inhibit
ERK1y2 MAP kinase activity, but little is known about regu-

Fig. 1. AC and PLC activities in H22 clonal cell line stably expressing the
synthetic GR gene. (A) Intracellular cAMP levels were measured in H22 cells
incubated at 37°C for 30 min with increasing concentrations of glucagon or
carbachol. The EC50 value for glucagon is 6.1 6 2.8 nM (mean 6 SE). (B) H22
cells were loaded with [3H]myo-inositol for 20 h and incubated at 37°C for 30
min with increasing concentrations of carbachol. The EC50 value for carbachol
is 30 6 8.3 mM (mean 6 SE). Each symbol represents the mean of duplicate
determinations. Data shown are representative of at least three sets of
determinations. (Inset) The glucagon-induced change in [3H]inositol phos-
phates at a glucagon concentration of 300 nM is shown. Glucagon did not
cause a statistically significant increase in inositol phosphates when expressed
as a percent of control (114.0 6 12.8, mean 6 SE, n 5 5).
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lation of ERK1y2 activation by GR. We set out to evaluate
ERK1y2 activation in H22 cells in response to glucagon stimu-
lation. ERK1y2 is activated by the phosphorylation of both
Thr-183 and Tyr-185 residues. Therefore, ERK1y2 activation
was detected by immunoblot using phospho-specific anti-
ERK1y2 antibody, which only recognizes the dually phosphor-
ylated ERK1y2 (12). Fig. 2A shows the dose response of
glucagon-induced phosphorylation of ERK1y2. There was a
characteristic dose-response curve with an EC50 of 160 6 10 pM.
The glucagon-induced phosphorylation of ERK1y2 peaked at 5
min and maintained a high level for at least 1 h (data not shown).

To investigate whether or not glucagon-induced ERK1y2
phosphorylation was mediated by MEK1y2 activation, we ana-
lyzed the effect of a MEK-specific inhibitor (PD98059) on the
phosphorylation of ERK1y2. As shown in Fig. 2B, ERK1y2
phosphorylation induced by glucagon or EGF was mostly sup-
pressed by pretreatment of H22 cells with PD98059. Because
MEK1y2 is activated through phosphorylation of Ser-217 and
Ser-221 residues, MEK1y2 activation was examined by immu-
noblot using phospho-specific anti-MEK1y2 antibody, which

recognizes only the Ser-217y221-phosphorylated MEK1y2. As
shown in Fig. 2C, both glucagon and EGF stimulated MEK1y2
phosphorylation to the extent consistent with ERK1y2 phos-
phorylation. These results indicate that MEK1y2 activation
mediates glucagon-induced ERK1y2 phosphorylation. However,
in glucagon-stimulated H22 cells, we did not observe a significant
increase in B-Raf activity or c-Raf-1 activity in immune complex
kinase assays using MEK as a substrate (data not shown). These
data suggest that GR may mediate its effect on MEK and ERK
activation through signaling molecules other than the seriney
threonine kinases of the Raf family.

GR couples to Gs to elevate intracellular cAMP concentra-
tion. Depending on cell type, cAMP can activate PKA to exert
either stimulatory or inhibitory effects on MAP kinase (13–17).
We previously prepared a series of GR mutants that have
essentially normal affinity for glucagon but different abilities to
produce cAMP (7, 9). These mutants were expressed in HEK 293
cells to assess the regulatory effect of cAMP on ERK1y2 activity.
The C-terminal-truncated GR mutant T7a, which can bind
glucagon and increase cAMP comparably to wild-type GR,
exerted the same effect on ERK1y2 phosphorylation as GR (Fig.
3 A and B). The chimeric receptor mutants G2D1 and G3D1,
whose second or third intracellular loops, respectively were
replaced with the first intracellular loop of the D4 dopamine
receptor, were severely impaired in their ability to elevate
intracellular cAMP (9). In response to glucagon treatment, the
G2D1 and G3D1 mutants caused significantly lower ERK1y2
phosphorylation than that caused by GR. The chimeric receptor
mutant G23D1, in which both intracellular loops were replaced,
was completely unable to elevate intracellular cAMP in response
to glucagon. G23D1 also completely failed to induce glucagon-
dependent ERK1y2 phosphorylation (Fig. 3 A and B). These
data suggest that glucagon-induced cAMP generation might be
critical for ERK1y2 phosphorylation.

We next determined whether or not cAMP-dependent PKA
played a role in mediating ERK1y2 phosphorylation. As shown
in Fig. 3C, pretreatment with PKA-specific inhibitor (H-89)
significantly abolished ERK1y2 phosphorylation by glucagon in
HEK 293 cells transiently transfected with GR. The role of PKA
in glucagon-mediated ERK1y2 phosphorylation was further
confirmed by evaluating the effect of forskolin, which stimulates
AC directly. Pretreatment with H-89 also eliminated forskolin-
induced ERK1y2 phosphorylation in HEK 293 cells. As a
control, H-89 pretreatment had no inhibitory effect on EGF-
induced ERK1y2 phosphorylation, which is mediated via the
Ras and Raf kinase cascade (Fig. 3C).

In some cell types, PKA stimulates MAP kinase activity via a
Ras-related small G protein, Rap1, and the downstream kinase,
B-Raf (15). Therefore, we examined whether glucagon activates
endogenous Rap1 in H22 cells. Rap1 activation was measured
with a GST-RalGDS-Rap1 binding domain fusion protein, which
associates exclusively with the GTP-bound form, but not the
GDP-bound form of Rap1 in vitro (8). Thrombin stimulated
endogenous Rap1 activity and induced ERK1y2 activation in
H22 cells. However, EGF, glucagon, and forskolin each failed to
activate Rap1 under conditions where ERK1y2 was phosphor-
ylated in H22 cells (Fig. 4A). Thus, in response to glucagon and
forskolin stimulation, PKA-mediated ERK1y2 phosphorylation
was independent of Rap1 activation.

Because some GPCRs have been reported to activate MAP
kinase via the small G protein Ras (18–20), we examined the
activation of endogenous Ras in H22 cells in response to agonist
stimulation. As shown in Fig. 4B, a high basal level of the
GTP-bound form of Ras was detected by GST-Raf-1-Ras bind-
ing domain, which binds exclusively to activated Ras. As a
positive control, EGF treatment increased the GTP-bound form
of Ras. However, glucagon or forskolin treatment did not induce
a significant increase in the GTP-bound form of Ras, suggesting

Fig. 2. GR mediates ERK1y2 activation via MEK1y2 in H22 cells. (A) H22 cells
were stimulated at 37°C for 5 min with indicated concentrations of glucagon
and lysed to determine ERK1y2 phosphorylation (ppERK1y2). Phosphorylation
and activation of ERK1y2 was detected by immunoblotting (Upper). ERK2 and
ppERK2 represent 1 ng of nonphosphorylated and phosphorylated forms of
ERK2, respectively. The quantification of band intensities from the immuno-
blot is expressed as the percent of maximal ERK1y2 phosphorylation (Lower).
The EC50 value for ERK1y2 phosphorylation is 160 6 10 pM (mean 6 SE). (B) H22
cells were preincubated at 37°C for 20 min with 10 mM PD98059 before
stimulation for 5 min with 100 nM glucagon or 10 ngyml EGF. Cells were lysed
to determine ERK1y2 phosphorylation (Upper) and the total ERK1y2 (Lower).
(C) H22 cells were stimulated at 37°C for 5 min with 100 nM glucagon or
10 ngyml EGF. Cells were lysed to determine MEK1y2 phosphorylation
(ppMEK1y2, Upper) and the total MEK1y2 (Lower). The data shown are repre-
sentative of three independent sets of experiments with identical results.
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that glucagon-stimulated ERK1y2 phosphorylation was inde-
pendent of Ras activation (Fig. 4B). To further confirm that
glucagon-stimulated ERK1y2 activation was independent of Ras
or Rap1 activation, we cotransfected GR with the dominant-
negative Ras (N17) or Rap1 (N17) and measured ERK1y2
phosphorylation induced by glucagon. As shown in Fig. 4C, the
dominant negative Ras and Rap1 did not prevent ERK1y2
phosphorylation in response to glucagon stimulation. Consistent
with this result, overexpression of Rap1 had no effect on
GR-mediated ERK1y2 phosphorylation (data not shown).

In HEK 293 cells, the b2 adrenergic receptor switches its G
protein coupling specificity from Gs to Gi upon PKA-dependent
phosphorylation (21). Pertussis toxin, an irreversible GiayGoa-
specific antagonist that uncouples receptor and G protein, was
used to determine whether GR couples to pertussis toxin-
sensitive G proteins in MAP kinase activation. Preincubation
with pertussis toxin did not inhibit ERK1y2 phosphorylation by
glucagon in HEK 293 cells transiently transfected with GR (Fig.
4D). In combination with the findings in Fig. 1 on Gs coupling,
this result suggests that GR mediates ERK1y2 phosphorylation
by coupling to Gsa and not to Gqa or GiayGoa.

Gq-coupled receptors stimulate PLC-b to activate protein
kinase C (PKC). Activation of MAP kinases by Gq-coupled
receptors has been shown to be PKC-dependent or PKC-
independent (reviewed in ref. 5). Because glucagon did not
activate PLC-b to generate inositol phosphates in H22 cells (Fig.
1B), we hypothesized that PKC activation may not play a role in
ERK1y2 activation by glucagon. Pretreatment with GF 109203X,
a broad range PKC inhibitor, had no effect on glucagon-
mediated ERK1y2 phosphorylation in HEK 293 cells expressing
GR (Fig. 4D), suggesting that GR-mediated ERK activation was
independent of PKC activation.

Activation of Gq- or Gi-coupled receptors releases Gbg
subunits, which in turn stimulate Ras to activate MAP kinase.
Gbg mediates Ras activation via signaling pathways including
tyrosine kinases, adaptor molecules, phosphoinositide 3-kinases,
PKC, and novel molecular mediators (reviewed in ref. 5).
However, the Gbg subunits released by Gs-coupled receptors
may not mediate ERK1y2 activation (16, 17). We coexpressed
the a subunit of transducin (Gta) with GR to sequester Gbg
subunits (22) and then determined the effect of Gbg sequestra-
tion on ERK1y2 phosphorylation. As shown in Fig. 4D, Gta had
no inhibitory effect on ERK1y2 phosphorylation, suggesting that
GR-mediated ERK activation was independent of Gbg release.

Fig. 3. GR-mediated ERK1y2 phosphorylation is cAMP- and PKA-dependent.
(A) HEK 293 cells were transiently transfected with pcDNA3 vector or pcDNA3
vectors containing GR, a C-terminal truncation mutant of GR (T7a), and
chimeric mutants of GR (G2D1, G3D1, and G23D1). Cells were stimulated at
37°C for 5 min with glucagon (100 nM) and lysed to determine ERK1y2
phosphorylation (Upper) and total ERK1y2 (Lower). (B) ERK1y2 phosphoryla-
tion from several independent experiments is expressed as the percent of
maximal ERK1y2 phosphorylation in cells expressing GR. Each bar is the
mean 6 SE of pooled data from multiple experiments. * indicates P , 0.01 and

** indicates P , 0.05, by paired Student’s t test. GR and GR mutants were
expressed to the same levels as determined by immunoblot (data not shown).
(C) HEK 293 cells were transiently transfected with GR expression vector.
Serum-starved cells were preincubated at 37°C for 30 min with H-89 (20 mM)
before stimulation for 5 min with glucagon (100 nM), forskolin (10 mM), or EGF
(10 ngyml). Cells were lysed to determine ERK1y2 phosphorylation (Upper)
and total ERK1y2 (Lower). The data shown are representative of three inde-
pendent experiments with identical results.

Fig. 4. Effects of Rap1, Ras, and different inhibitors on GR-mediated ERK1y2
phosphorylation. H22 cells were stimulated at 37°C for 5 min with glucagon
(100 nM), forskolin (10 mM), EGF (10 ngyml), or thrombin (0.1 unitsyml). (A)
GTP-bound Rap1 in cell lysates was affinity-precipitated and immunoblotted
with Rap-1yKrev-1 antibody (Upper). The corresponding ERK1y2 phosphory-
lation is shown (Lower). (B) GTP-bound Ras was affinity-precipitated and
immunoblotted with anti-Ras antibody (Upper). The corresponding ERK1y2
phosphorylation is shown (Lower). (C) HEK 293 cells were transiently cotrans-
fected with GR and dominant negative Ras (RasN17) or dominant negative
Rap1 (Rap1N17) expression vectors. Cells were incubated at 37°C for 5 min
with glucagon and lysed to determine ERK1y2 phosphorylation (Upper) and
the total ERK1y2 (Lower). (D) HEK 293 cells were transiently transfected with
GR expression vector. Cells were preincubated at 37°C for 24 h with pertussis
toxin (PTx, 100 ngyml) or for 30 min with H-89 (20 mM) or GF 109203X (GF-X,
2 mM) before stimulation for 5 min with glucagon. HEK 293 cells were
transiently cotransfected with Gta and GR expression vectors and stimulated
at 37°C for 5 min with glucagon. Cells were lysed to determine ERK1y2
phosphorylation (Upper) and the total ERK1y2 (Lower). The data shown are
representative of three independent experiments with identical results.
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Glucagon and forskolin both induce increases in cAMP and
[Ca21]i. The origin of glucagon-dependent increase in [Ca21]i
have been discussed (9). GR chimeric mutants G2D1, G3D1,
and G23D1 bind glucagon but fail to mediate increases in cAMP
and [Ca21]i levels (9). Because the effect of [Ca21]i on ERK1y2
activation is not well characterized, we assessed whether reduc-
tion of [Ca21]i affected ERK1y2 activation by glucagon in HEK
293 cells transiently expressing GR. As shown in Fig. 5A,
glucagon-stimulated ERK1y2 phosphorylation was partially
blocked when cells were pretreated with the intracellular calcium
chelator BAPTAyAM [1,2-bis(2-aminophenoxy)ethane-
N,N,N9,N9-tetraacetateyacetoxymethyl ester]. The reduced
ERK1y2 phosphorylation was not due to the nonspecific inhib-
itory effects of BAPTAyAM pretreatment. As a positive control,
BAPTAyAM pretreatment abolished ERK1y2 phosphorylation
that was induced by the calcium mobilizer thapsigargin and the
calcium ionophore A23187 (Fig. 5A). BAPTAyAM pretreat-
ment chelated intracellular calcium that was induced by gluca-
gon, thapsigargin, or A23187 (Fig. 5C). These results suggest
that [Ca21]i does not appear to be essential for glucagon-
induced ERK1y2 phosphorylation, but is required for maximal
phosphorylation.

The effect of transient elevations of [Ca21]i on PKA-mediated
ERK1y2 phosphorylation was further evaluated by cotreatment
with glucagon and low-dose 8-Br-cAMP. High-dose 8-Br-cAMP
(1–2 mM), a partially membrane-permeable cAMP analogue,
activated both PKA and ERK1y2 (data not shown). Treatment
with low dose of 8-Br-cAMP (0.1 mM) neither increased [Ca21]i
(data not shown) nor stimulated ERK1y2 phosphorylation (Fig.
5B). If an increase in [Ca21]i had no effect on PKA-mediated
ERK1y2 phosphorylation, then the effect induced by cotreat-
ment would be only slightly higher than that induced by glucagon
alone, because glucagon and 8-Br-cAMP both would act on PKA
to cause an additive effect on ERK1y2 phosphorylation. How-
ever, if the glucagon-induced increase in [Ca21]i exerted some
effect on PKA-mediated ERK1y2 phosphorylation, then co-
treatment would stimulate significantly higher phosphorylation
than either glucagon or 8-Br-cAMP alone. In fact, the cotreat-
ment with glucagon and 8-Br-cAMP caused a synergistic phos-
phorylation of ERK1y2 in the cells expressing GR, but not in the
cells expressing the mutant receptor G23D1 (Fig. 5B). The
synergistic ERK1y2 activation suggests that a glucagon-induced
elevation of [Ca21]i is required for cAMP-dependent PKA to
activate ERK1y2 maximally.

Discussion
GPCRs can regulate MAP kinase activity through various
signaling pathways. For example, certain GPCRs activate recep-
tor and nonreceptor tyrosine kinases. Tyrosine phosphorylation
creates docking sites where proteins containing phosphoty-
rosine-binding domains can assemble in multimeric signaling
complexes to stimulate a Ras-dependent RafyMEKyMAP ki-
nase cascade. Gq-, Gi-, and G13-coupled receptors can transac-
tivate EGF receptor. This transactivation is mediated by GPCR-
induced metalloprotease activity, which cleaves the heparin
binding EGF precursor and allows the released growth factor to
bind and activate EGF receptor (reviewed in ref. 23). GPCR-G
protein interaction releases Gbg dimers that mediate MAP
kinase activation via additional signaling pathways: (i) activation
of PLC-b to increase [Ca21]i and diacylglycerol levels, which
activate PKC and lead to MAP kinase activation; (ii) tyrosine
phosphorylation of Shc to form a signaling complex for Ras
activation; and (iii) recruitment of phosphoinositide 3-kinase g
to activate the Ras pathway (reviewed in ref. 5). Gia activates
MAP kinase by associating with Rap1 GTPase-activating pro-
tein, Rap1GAPII, to reduce GTP-bound Rap1, which antago-
nizes Ras function by competing with Ras for binding to Raf-1
and A-Raf (24). However, up to now there has been no evidence
to show analogous functions of Gs-coupled receptors.

The GR, which has been widely used as a model Gs-coupled
GPCR, activates AC to increase intracellular cAMP and [Ca21]i
(9). In our studies, glucagon activation of cAMP-dependent
PKA, in concert with an increase in [Ca21]i, exerted a full
stimulatory effect on MEK1y2 and ERK1y2 activation. GR did
not activate PLC-b to generate inositol phosphates to cause
ERK1y2 activation. Unlike the b2-adrenergic receptor (21), GR
does not switch its G protein coupling specificity from Gs to Gi
upon PKA-dependent phosphorylation. In our studies, seques-
tration of Gbg dimers, inhibition of PKC, or expression of
dominant negative Ras and Rap1 did not affect glucagon-
stimulated ERK1y2 activation. The Gs-coupled GR seems to be
unable to transactivate EGF receptor and its downstream Ras
signaling pathway: (i) glucagon did not induce Ras activation and
(ii) dominant-negative Ras had no inhibitory effect on glucagon-
induced ERK1y2 activation. To mediate MAP kinase activation,
GR does not require many of the signaling molecules that are
involved in other GPCR signaling pathways, including EGF
receptor, Gbg subunits, Ras, and PKC.

Intracellular cAMP is an important second messenger that
allows GR to activate downstream PKA for protein phosphor-

Fig. 5. Intracellular calcium is required for maximal ERK1y2 activation. (A)
HEK 293 cells were transiently transfected with pcDNA3 vector or GR expres-
sion vector. Cells were preincubated at 37°C for 30 min with EGTA (2 mM) and
BAPTAyAM (50 mM). Cells expressing GR were stimulated with glucagon (100
nM) and pcDNA3 cells were treated with thapsigargin (10 mM) or A23187 (10
mM) at 37°C for 5 min. Cells were lysed to determine ERK1y2 phosphorylation
(Upper) and total ERK1y2 (Lower). (B) HEK 293 cells were transiently trans-
fected with GR or G23D1 expression vectors. Cells were stimulated at 37°C for
5 min with glucagon (100 nM), 8-Br-cAMP (0.1 mM), or both together and
lysed to determine ERK1y2 phosphorylation. (C) HEK 293 cells were transiently
transfected with pcDNA3 vector or GR expression vector. Cells were collected
and incubated at room temperature for 60 min with Fluo-3AM (2 mM) in the
presence or absence of EGTA (2 mM) and BAPTAyAM (50 mM), and then
stimulated with glucagon, thapsigargin, or A23187. Fluorescence was mea-
sured as a function of time at room temperature. The fluorescence in response
to EGTA and BAPTAyAM pretreatment with A23187 stimulation is shown. The
same results were observed in response to EGTA and BAPTAyAM pretreat-
ment with glucagon or thapsigargin stimulation (data not shown). The data
shown are representative of three independent experiments with identical
results.
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ylation. Depending on cell types, PKA exerts different regulatory
effects on MAP kinase activation. In the Ras-dependent Rafy
MEKyMAP kinase cascade, PKA inhibits Raf-1 to suppress
MAP kinase activation for cell proliferation (13, 14). On the
other hand, PKA activates Rap1 to form a Rap1yB-Raf signaling
complex, which in turn stimulates MEK and MAP kinase
activation in PC12 cells (15). Recent reports identify other
cAMP targets, including cAMP-regulated guanine nucleotide
exchange factors and exchange protein directly activated by
cAMP. These proteins regulate Rap1 activity in a cAMP-
dependent, but PKA-independent, manner to regulate Ras
signaling pathways (25, 26).

In our studies, glucagon-stimulated ERK1y2 activation was
eliminated by a PKA inhibitor and was absent in GR mutants
that failed to increase cAMP levels. Hence, glucagon-stimulated
ERK1y2 activation was mediated by cAMP-activated PKA, but
was independent of other cAMP targets such as cAMP-guanine
nucleotide exchange factors and exchange protein directly acti-
vated by cAMP. Glucagon treatment could stimulate MEK1y2
and ERK1y2 activation, but neither Rap1yB-Raf activation nor
RasyRaf activation, suggesting that PKA activated the MEKy
ERK kinase cascade in a Rap-, Ras-, and Raf-independent
signaling pathway.

In many cells, [Ca21]i and cAMP signal transduction pathways
are tightly coupled. [Ca21]i has been shown to stimulate MAP
kinase activation through different signaling molecules, which
converge to activate a Ras-dependent RafyMEKyMAPK kinase
cascade (27, 28). Thapsigargin and A23187 treatments induce a
strong increase in [Ca21]i, which may stimulate Raf to activate
MAP kinase. There is evidence to show that the dominant-
negative mutant of Raf inhibits thapsigargin-induced MAP
kinase phosphorylation (29). BAPTA-AM treatment clamped

[Ca21]i to inactivate Raf for ERK1y2 phosphorylation by thap-
sigargin and A23187. However, in response to glucagon and
forskolin treatment, cAMP activates PKA to inhibit Raf activa-
tion, which might prevent [Ca21]i from directly mediating
ERK1y2 phosphorylation via Raf. Under these conditions, a
glucagon-mediated increase in [Ca21]i may alternatively play a
role to help PKA activate ERK1y2. In our studies, glucagon-
stimulated ERK1y2 activation was partially blocked when intra-
cellular calcium was chelated by BAPTAyAM. ERK1y2 was
activated by high-dose 8-Br-cAMP, but the level of activation
was not as significant as that induced by glucagon, most likely
because 8-Br-cAMP caused little, if any, increase in [Ca21]i
compared with glucagon (data not shown). Cotreatment with
glucagon and a low dose of 8-Br-cAMP, which alone did not
significantly activate ERK1y2, caused a synergistic activation of
ERK1y2. This synergistic activation did not seem to result from
additive activation of PKA by 8-Br-cAMP and glucagon-induced
cAMP, but rather from the coordinated action of glucagon-
induced elevation of [Ca21]i and cAMP-dependent PKA. In
conclusion, although an increase in [Ca21]i appears not to be
essential, it is clearly required to observe maximal ERK1y2
activation by PKA.
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