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G-protein-coupled receptors (GPCRs) induce the phosphoryla-
tion of mitogen-activated protein (MAP) kinase by actions on
any of a number of signal transduction systems. Previous stud-
ies have revealed that activation of the Gq-coupled metabo-
tropic glutamate receptor 5 (mGluR5) induces phosphorylation
of the MAP kinase extracellular signal-regulated kinase 2
(ERK2) in cultured rat cortical astrocytes. We performed a
series of studies to determine the mechanisms underlying
mGluR5-induced phosphorylation of MAP kinase in these cells.
Interestingly, our studies suggest that mGluR5-mediated ERK2
phosphorylation is dependent on the activation of G�q but is not
mediated by the activation of phospholipase C�1, activation of
protein kinase C, or increases in intracellular calcium. Studies
with peptide inhibitors suggest that this response is not depen-

dent on G�� subunits. However, the activation of ERK2 was
dependent on activation of the epidermal growth factor (EGF)
receptor and activation of a Src family tyrosine kinase. Further-
more, activation of mGluR5 induced an association of this
receptor and the EGF receptor, suggesting the formation of a
signaling complex involved in the activation of ERK2. These
data suggest that mGluR5 increases ERK2 phosphorylation in
astrocytes by a novel mechanism involving the activation of G�q

and both receptor and nonreceptor tyrosine kinases but that is
independent of the activation of phospholipase C�1.
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G-protein-coupled receptors (GPCRs) activate mitogen-activated
protein (MAP) kinase signaling cascades by a wide variety of
mechanisms. These include the activation of classical second
messenger systems, G-protein subunits coupling to novel effec-
tors, and receptor coupling directly to effectors independently of
G-proteins. MAP kinases also are regulated tightly by receptor
tyrosine kinases, and GPCRs activate MAP kinase signaling in
some systems by mechanisms that involve the transactivation of
receptor tyrosine kinases (Hall et al., 1999). Although the phys-
iological roles of MAP kinase activation may be diverse, a con-
vergence of signals resulting from GPCRs and growth factors on
this pathway often leads to physiological responses associated
with the activation of the mitogenic pathway, i.e., cell prolifera-
tion and differentiation. In addition, MAP kinase-dependent
mechanisms of receptor desensitization and internalization via
the formation of multiprotein signaling complexes have been
reported (Maudsley et al., 2000).

We recently reported that the activation of metabotropic glu-
tamate receptors (mGluRs) induces an increase in phosphoryla-
tion of the MAP kinase extracellular signal-regulated kinase 2
(ERK2) in cultured rat cortical astrocytes (Peavy and Conn,
1998). To date, eight mGluR subtypes (mGluR1–mGluR8) have
been identified by molecular cloning. These receptors have been
classified into three major groups on the basis of sequence ho-
mology, pharmacological profile, and coupling to G-proteins and
effector systems. Group I mGluRs (mGluR1 and mGluR5) couple
to the Gq/11 family of G-proteins and activation of phospholipase
C�1 and phosphoinositide hydrolysis. mGluRs belonging to
groups II (mGluR2 and mGluR3) and III (mGluRs 4, 6, 7, and 8)
couple to Gi/o and associated effectors such as ion channels and
inhibition of adenylyl cyclase (Conn and Pin, 1997). In cortical
astrocytes, ERK2 phosphorylation can be induced by the group I
mGluR agonist (RS)-3,5-dihydroxyphenylglycine (DHPG), but
not by agonists of group II and group III mGluRs (Peavy and
Conn, 1998). This, coupled with the abundant expression of
mGluR5 in these cells, suggests that this response likely is medi-
ated by mGluR5. However, mGluR1 also can activate MAP
kinases in some cell types (Ferraguti et al., 1999), and an exclu-
sive role of mGluR5 in mediating this response has not been
established rigorously. Furthermore, the precise mechanism by
which group I mGluRs activate ERK2 in these cells is not known.
We now have taken advantage of selective agonists and antago-
nists for mGluR1 and mGluR5 to show that mGluR5 is respon-
sible for the activation of ERK2 phosphorylation in cortical
astrocytes. Furthermore, we have investigated the mechanism by
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which mGluR5 activates this signaling cascade. Interestingly, our
studies suggest that mGluR5 induces ERK2 phosphorylation by a
mechanism that is independent of the activation of phospholipase
C�1 but is dependent on the activation of G�q and transactivation
of the epidermal growth factor (EGF) receptor.

MATERIALS AND METHODS
Cell culture. Purified secondary astrocytic cultures were prepared by the
method of McCarthy and de Vellis (1980) as modified by Miller et al.
(1993). In brief, neocortices from 2- to 4-d-old Sprague Dawley rat pups
were dissected and dissociated in medium by trituration. The cells were
centrifuged and resuspended in DMEM supplemented with 10% FBS, 1
mM sodium pyruvate, 2 mM L-glutamine, and PenStrep in tissue culture
flasks; the medium was changed the next day. Cell cultures were main-
tained at 37°C in an atmosphere of 95% air/5% carbon dioxide for 6–8
d. At 1 d after overnight shaking (280–310 rpm) to remove oligodendro-
cytes and microglia, the cells were trypsinized and replated into poly-D-
lysine-precoated plastic multiwell plates in DMEM with 10% FBS. After
1 d the medium was replaced with DMEM and G-5 supplement (Life
Technologies, Gaithersburg, MD) containing EGF (10 ng/ml), basic
fibroblast growth factor (5 ng/ml), insulin (5 �g/ml), and other factors.
Within 2 d the cells were nearly confluent and resembled the stellate
appearance of astrocytes in vivo. When the cultures were used in exper-
iments 3–5 d after adding G-5-supplemented DMEM, almost no other
cell morphologies were evident. Immunostaining verified that the cul-
tures were �95% GFAP-positive. The day before each experiment was
conducted, the medium was removed and replaced with L-glutamine-free
DMEM supplemented with PenStrep.

Treatment of astrocytic cultures and preparation of samples for immuno-
precipitation and gel electrophoresis. For ERK2 phosphorylation and EGF
receptor phosphorylation experiments, aliquots of concentrated agonist,
antagonist, or inhibitor stock solutions were added to triplicate wells and
incubated at 37°C in an atmosphere of 95% air/5% carbon dioxide. At
the end of the incubation the solutions were aspirated quickly, an aliquot
of cold homogenization buffer [containing (in mM) 50 Tris-HCl, 50
NaCl, 5 EDTA, 10 EGTA, 1 Na3VO4, 2 Na4P2O7�10 H2O, 4 magnesium
para-nitrophenyl phosphate, and 1 phenylmethylsulfonyl fluoride plus 10
�g/ml leupeptin and 2 �g/ml aprotinin] was added to each well, and the
cells were frozen in liquid nitrogen. The cells were harvested, transferred
to Eppendorf tubes, homogenized by brief sonication, and solubilized in
SDS sample buffer. Protein concentrations were determined by the
bicinchonic acid assay (Pierce, Rockford, IL), using bovine serum albu-
min as the standard. For immunoprecipitation experiments the cells were
treated with agonists, antagonists, and inhibitors and then incubated at
37°C in 95% air/5% carbon dioxide. At the end of the incubation the
solutions were aspirated quickly, and the cells were solubilized with cold
homogenization buffer with 1% Triton X-100.

Immunoblotting and quantitative densitometry. Aliquots of astrocytic
homogenates containing equal amounts of protein were subjected to
SDS-PAGE and transferred to Immobilon-P membranes (Millipore,
Bedford, MA) by electroblotting. Blots were blocked for 1 hr in Tris-
buffered saline (TBS) and 0.1% Tween 20 (TBS-T) and incubated
overnight at 4°C in phospho-specific (Thr 202/Tyr 204) p44/p42 MAP
kinases (ERK1/2) antibody (1:1000) or in p44/p42 MAP kinases antibody
(1:1000) or in phospho-specific (Tyr 1173) EGF receptor antibody (1:500)
or EGF receptor antibody (1:1000). Blots for ERK2 phosphorylation
experiments were washed with TBS-T and then with 5% nonfat milk in
TBS-T, incubated for 1 hr in horseradish peroxidase-conjugated goat
anti-rabbit IgG (1:10,000; Bio-Rad, Hercules, CA), washed again with
5% nonfat milk in TBS-T and in TBS, and processed for immunoreac-
tivity via enhanced chemiluminescence (Amersham Pharmacia Biotech,
Uppsala, Sweden). Blots for EGF receptor phosphorylation experiments
were washed with TBS-T and then with TBS, incubated for 1 hr in
horseradish peroxidase-conjugated goat anti-mouse IgG (1:3000; Bio-
Rad) for phospho-specific EGF receptor or goat anti-rabbit IgG (1:3000;
Bio-Rad) for EGF receptor, washed again with TBS-T and TBS, and
processed for immunoreactivity via enhanced chemiluminescence (Am-
ersham Pharmacia Biotech). Densitometry of immunoblots (Lynx densi-
tometry) was used to quantify the changes in levels of ERK2 phosphor-
ylation by comparing levels of phospho-specific ERK2 with basal levels
and similarly for EGF receptor phosphorylation. Values are expressed as
a percentage of basal.

Immunoprecipitation. Solubilized astrocytic cells were centrifuged at
14,000 rpm for 10 min. The supernatant was transferred to Eppendorf

tubes and incubated with anti-mGluR5 (4 �g/ml) or anti-EGF receptor
(3.5 �g/ml) overnight at 4°C. Protein A-Sepharose beads were added and
incubated at 4°C for 3 hr. Beads were pelleted and washed once with 50
mM Tris-HCl, pH 7.4, and 0.1% Triton X-100, then twice with 50 mM
Tris-HCl, and then pelleted again. Gel-loading sample buffer (50 �l, 2�)
was added to the samples and incubated at room temperature for 30 min,
then boiled for 5 min, and centrifuged for 10 min at 14,000 rpm. An
aliquot (35 �l) was taken from each sample and run on an SDS-
polyacrylamide gel and then transferred to Immobilon-P membrane.
Blots were blocked for 1 hr in TBS-T (for phosphotyrosine) or for 30 min
in 3% nonfat milk/TBS (for mGluR5 and EGF receptor) or for 30 min
in 5%nonfat milk/TBS (for GLT-1) and incubated overnight at 4°C with
primary antibody for phosphotyrosine (1:2000 in TBS-T), mGluR5 (1:
1000 in 3% nonfat milk/TBS), the EGF receptor (1:2000 in 3% nonfat
milk/TBS), or GLT-1 (1:500 in 5% nonfat milk/TBS). Phosphotyrosine
blots were washed with TBS-T and then with 5% nonfat milk in TBS-T,
incubated for 1 hr in horseradish peroxidase-conjugated goat anti-mouse
IgG (1:1000; Bio-Rad), and washed again with 5% nonfat milk in TBS-T
and in TBS; mGluR5 and EGF receptor blots were washed twice with
water, incubated for 1 hr in horseradish peroxidase-conjugated goat
anti-rabbit IgG (1:10,000; Bio-Rad), and washed again with water and
TBS. GLT-1 blots were washed three times with TBS, incubated for 1 hr
in horseradish peroxidase-conjugated goat anti-guinea pig IgG (1:10,000;
Chemicon, Temecula, CA), washed again with TBS, and processed for
immunoreactivity via enhanced chemiluminescence (Amersham Phar-
macia Biotech). Densitometry of phosphotyrosine immunoblots was used
to quantify the changes in levels of phosphotyrosine compared with basal
levels. Values are expressed as a percentage of basal.

Phosphoinositide hydrolysis. Phosphoinositide hydrolysis was deter-
mined by measuring the accumulation of tritiated inositol monophos-
phate in the presence of lithium. Astrocytes in 24-well plates were
incubated for 24 hr with 2 �Ci of myo-[ 3H]-inositol. Next the cells were
washed three times with Krebs buffer [lsqb[containing (in mM) 108 NaCl,
4.7 KCl, 2.5 CaCl2�2 H2O, 1.2 MgSO4�7 H2O, 1.2 KH2PO4] and then
were incubated for 30 min in the presence or absence of MPS-PLC�1
peptide inhibitor in Krebs buffer at 37°C in an atmosphere of 95% air/5%
carbon dioxide. After treatment with DHPG the solutions were aspi-
rated, and 0.75 ml of cold methanol was added to terminate the reaction.
Cells were scraped, washed with 0.75 ml of H2O, and transferred to tubes
containing 0.75 ml of chloroform. After brief sonication and vortex
mixing, the aqueous and organic phases were separated by centrifugation
at 4000 rpm for 10 min. An 0.75 ml aliquot from the aqueous phase was
added to anion exchange columns containing Dowex-1 (200–300 mesh in
the formate form) for the separation of [ 3H]-inositol-containing com-
pounds. [ 3H]-inositol monophosphate was eluted into scintillation vials
and measured by liquid scintillation counting.

Calcium fluorescence measurements. Astrocytes were plated onto cov-
erslips, treated with DMEM/G-5, and switched to L-glutamine-free
DMEM the day before the experiments. The cells were washed once in
a saline buffer [containing (in mM) 135 NaCl, 5 KCl, 1 MgCl2, 10
HEPES, 25 D-glucose, 2 CaCl2, pH 7.4, plus sucrose to adjust the
osmolarity to that of DMEM] and then were incubated for 30 min in 5
�M fluo-3 at 37°C in an atmosphere of 95% air/5% carbon dioxide. The
cells were washed again with buffer and incubated for 30 min in buffer
with BAPTA-AM (30 �M). To eliminate calcium signals generated by
the release of ATP and glutamate from astrocytes and the activation of
purinergic and ionotropic glutamate receptors, we added the antagonists
PPADS (100 �M) and CNQX (10 �M) to the buffer that was used during
the perfusion. Coverslips were placed in the perfusion chamber; after a
baseline period (3 min) of perfusion with buffer the DHPG (100 �M, 30
sec) was applied, and images were acquired every 2 sec after 25 msec
exposure to 450–490 nm light. Fluorescence was recorded through a
bandpass filter (500–550 nm), using a Princeton MicroMax camera
(Princeton Instruments, Trenton, NJ). Fluorescence intensity was mea-
sured in cell bodies via the Axon imaging workbench program (Axon
Instruments, Foster City, CA) and expressed as F/Fo, where Fo is the
fluorescence intensity before DHPG treatment.

Materials. Chemicals and reagents were obtained from the following
sources: DHPG, (RS)-2-chloro-5-hydroxyphenylglycine (CHPG), 2-me-
thyl-6-(phenylethynyl)-pyridinehydrochloride(MPEP),7-(hydroxyimino)
cyclopropa[b]chromen-1a-carboxylate ethyl ester (CPCCOEt), pyridoxal-
phosphate-6-azophenyl-2�,4�-disulfonic acid tetrasodium salt (PPADS),
and 6-cyano-7-nitroquinoxaline-2,3-dione disodium salt (CNQX)
from Tocris-Cookson (Ballwin, MO); 1,2-bis(o-amino-5-fluorophenoxy)
ethane-N,N,N�,N�-tetra(acetoxymethyl) ester (BAPTA-AM), 1-[6-((17�-
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3-methoxyestra-1,3,5(10)-trien-17-yl)amino)hexyl]-1H-pyrrole-2,5-dione
(U73122), pertussis toxin (PTX), 4-amino-5-(4-methylphenyl)-7-(t-butyl)
pyrazolo[3,4-d]-pyrimidine (PP1), 4-hydroxy-3-methoxy-5-(benzothia-
zolylthiomethyl)benzylidenecyanoacetamide (AG825), and 4-(3-chloro-
anilino)-6,7-dimethoxyquinazoline (AG1478) from Calbiochem (San
Diego, CA); genistein, L-�-lysophosphatidic acid, oleoyl (LPA), and
phorbol 12,13-dibutyrate (PDBu) from Sigma (St. Louis, MO); recom-
binant human epidermal growth factor (EGF) from Life Technologies.
Protein A-Sepharose CL-4B beads were purchased from Amersham
Pharmacia Biotech. Rabbit affinity-purified antibodies to phospho-
specific (Thr 202/Tyr 204) p44/p42 MAP kinases (ERK1/2) were pur-
chased from New England Biolabs (Beverly, MA). Anti-rat mGluR5 and
EGF receptor polyclonal antibodies and monoclonal anti-
phosphotyrosine antibody (4G10) were purchased from Upstate Biotech-
nology (Lake Placid, NY). Guinea pig anti-glutamate transporter GLT-1
polyclonal antibody was purchased from Chemicon. Anti-rat EGF recep-
tor polyclonal antibody and anti-mouse phospho-specific (Tyr 1173) EGF
receptor monoclonal antibody were purchased from Calbiochem. Fluo-3
AM fluorescent calcium indicator was purchased from Molecular Probes
(Eugene, OR). Myo-[ 3H]-inositol was purchased from American Radio-
labeled Chemicals (St. Louis, MO). Medium and supplements were
purchased from Life Technologies. Membrane preparations used in
positive controls for mGluR5 immunoblots were prepared from human
embryonic kidney cells stably transfected to express mGluR5 by Dr.
Carmelo Romano (Washington University, St. Louis, MO). The synthe-
sis of the membrane-permeable peptides, MPS-PLC�1 and MPS-PLC�2,
is described in a previous report (Chang et al., 2000).

Statistical analysis. Experimental data were analyzed by one-way
ANOVA for multiple comparisons, followed by post-testing with Dun-
nett’s or Newman–Keuls tests of critical difference for comparisons of
each condition with controls, as appropriate. Where appropriate, the
Student’s t test was used to evaluate differences between means. A p
value � 0.05 was considered significant.

RESULTS

mGluR5 induces ERK2 phosphorylation in cultured rat
cortical astrocytes
A series of studies was performed to test the hypothesis that
DHPG-induced increases in ERK2 phosphorylation are medi-
ated by mGluR5. First, cultured rat cortical astrocytes were
incubated with the mGluR5 subtype-selective agonist CHPG
(Doherty et al., 1997), and ERK2 phosphorylation was measured
with a phospho-specific antibody to detect the dually phosphory-
lated (threonine and tyrosine) form of ERK1/2; then total ERK2
protein was measured by using an antibody to detect ERK1/2.
CHPG (2 mM, 10 min) caused a significant increase in ERK2
phosphorylation in cultured rat cortical astrocytes comparable
with that induced by DHPG (100 �M; Fig. 1A). Consistent with
our previous report, the treatment of astrocytes with CHPG or
DHPG induced no change in total ERK2 protein (Peavy and
Conn, 1998). When we treated cortical astrocytes with the non-
competitive mGluR5-selective antagonist MPEP (10 �M, 10 min;
Gasparini et al., 1999), the ERK2 phosphorylation induced by
DHPG (12 �M, 10 min) was inhibited to basal levels. In contrast,
treatment with the noncompetitive mGluR1-selective antagonist
CPCCOEt (100 �M, 10 min; Litschig et al., 1999) did not inhibit
the DHPG-induced ERK2 phosphorylation (Fig. 1B). Immuno-
blots prepared with ERK1/2 antibody showed again that changes
in ERK2 phosphorylation were not attributable to changes in the
levels of total ERK2 protein (Fig. 1B). Together with our previ-
ous report that mGluR5 is expressed selectively in these cells,
these data suggest that the DHPG-induced increase in ERK2
phosphorylation in cultured rat cortical astrocytes is mediated by
mGluR5.

mGluR5-induced phosphorylation of ERK2 is
dependent on G�q, but not on PLC�1
Activation of ERK1 and ERK2 by a variety of G-protein-coupled
receptors can be mediated by a number of signaling pathways that
are dependent on the activation of either G� or G�� subunits of
the heterotrimeric G-proteins (Della Rocca et al., 1997). How-
ever, previous studies suggest that group I mGluRs also can
activate tyrosine kinase signaling cascades by a mechanism that is
independent of G-protein activation (Heuss et al., 1999). To

Figure 1. mGluR5-mediated ERK2 phosphorylation in cultured cortical
astrocytes. A, Treatment of rat astrocytes with CHPG (2 mM, 10 min)
caused increased phosphorylation of ERK2 no different from that of the
effect of DHPG (100 �M, 10 min), with no change in the total ERK2
protein. Samples were prepared and measured as described in Materials
and Methods. Representative immunoblots with a phospho-specific anti-
body that recognizes the dually phosphorylated form of ERK1/2 (Thr 202/
Tyr 204) and with an antibody that recognizes total ERK1/2 are shown
above the summarized data analyzed from three separate experiments
performed in triplicate (mean � SEM, n � 3). B, Previous treatment of
rat astrocytes with the mGluR5-selective antagonist MPEP (10 �M, 10
min) completely inhibited ERK2 phosphorylation induced by DHPG (100
�M, 10 min), whereas treatment with the mGluR1-selective antagonist
CPCCOEt (100 �M, 10 min) did not. Representative immunoblots are
shown above the summarized data (mean � SEM, n � 3 or 4; *p � 0.05).
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determine whether the mGluR5-induced phosphorylation of
ERK2 is dependent on G� or G�� subunits, we used a strategy of
targeted disruption of protein–protein interactions involved in
G-protein signaling. Membrane-permeable inhibitors, composed
of a membrane-permeable sequence conjugated to a peptide
sequence targeted to interaction domains of the G-protein sub-
units, were used to interfere with specific steps in the signaling
cascade. These peptides were used in a previous study to dissect
the signaling pathways of 5-HT2C receptors (Chang et al., 2000).
Treatment of cultured cortical astrocytes with the peptide MPS-
PLC�1 (100 �M, 30 min), which is based on the PLC�1 sequence
that interacts with activated G�q, inhibited ERK2 phosphoryla-
tion induced by a subsequent 10 min application of DHPG (100
�M; Fig. 2A). Consistent with the inhibition of G�q, treatment
with MPS-PLC�1 (100 �M, 30 min) also inhibited DHPG-
induced phosphoinositide (PI) hydrolysis in cultured cortical as-
trocytes (Fig. 2A). In contrast, MPS-PLC�1 did not inhibit LPA-
induced (10 �M, 15 min) phosphorylation of ERK2 in cultured
astrocytes (Fig. 2A). LPA has been shown to activate MAP
kinase signaling in astrocytic cells (Pebay et al., 1999) and in
COS-7 cells (Luttrell et al., 1996) by a pertussis toxin-sensitive,
G��-dependent mechanism. Thus, MPS-PLC�1 is likely to inhibit
the response to mGluR5 activation by disrupting G�q signaling.

In contrast to MPS-PLC�1, treatment of cultured cortical as-
trocytes with MPS-PLC�2 peptide (10 �M, 30 min) had no effect
on DHPG-induced (100 �M, 10 min) or EGF-induced (10 ng/ml,
10 min) ERK2 phosphorylation (Fig. 2B). MPS-PLC�2 peptide is
based on the PLC�2 sequence that interacts with free G��.
Consistent with an ability to block G��-mediated signaling, MPS-
PLC�2 inhibited LPA-induced phosphorylation of ERK2 (Fig.
2B). Furthermore, treatment of cultured cortical astrocytes over-
night with pertussis toxin (100 ng/ml) did not inhibit the DHPG-
induced ERK2 phosphorylation, suggesting a lack of involvement
of G-proteins of the Gi/o family in this signal cascade (data not
shown). Together, these results suggest that mGluR5-mediated
ERK2 activation is dependent on the activation of G�q and is not
mediated by G�� subunits.

The predominant effector protein activated by G�q is PLC�1.
Thus, the finding that the DHPG-induced increase in ERK2
phosphorylation is dependent on G�q activation raises the possi-
bility that this response is mediated by the activation of PLC�1
and the hydrolysis of phosphoinositides. Consistent with this
idea, both of the major PLC�1-derived second messenger systems
(i.e., inositol trisphosphate/calcium and diacylglycerol /protein ki-
nase C) can increase ERK2 phosphorylation in other systems
(Della Rocca et al., 1997). We have reported previously that the
inhibition of protein kinase C had no effect on DHPG-induced
ERK2 phosphorylation, suggesting that this response is not me-
diated by the activation of PKC (Peavy and Conn, 1998). To test
the involvement of PLC�1, we used U73122, an amino steroid
inhibitor of this enzyme. Consistent with the ability to inhibit
PLC�1, U73122 (10 �M, 30 min) completely blocked DHPG-
induced (100 �M, 10 min) increases in PI hydrolysis (Fig. 3A). In
contrast, U73122 failed to inhibit the DHPG-induced (100 �M, 10
min) increases in ERK2 phosphorylation (Fig. 3A). Furthermore,
to test the involvement of increases in intracellular calcium, we
used the cell-permeable calcium chelator BAPTA-AM.
BAPTA-AM completely inhibited the DHPG-induced increase
in intracellular calcium concentration as measured by calcium
fluo-3 fluorescence (Fig. 3B). However, a concentration of
BAPTA-AM (30 �M, 30 min) that was maximally effective in
inhibiting the calcium response in these cells failed to inhibit

DHPG-induced (100 �M, 10 min) ERK2 phosphorylation (Fig.
3B). Together, these results provide strong evidence that
mGluR5-mediated increases in ERK2 phosphorylation are not
dependent on the activation of PLC�1 and downstream second
messengers that are generated by PLC�1 activity.

mGluR5-mediated ERK2 phosphorylation is dependent
on a Src family tyrosine kinase
Given evidence for the absence of PLC�1 involvement in the
mGluR5-mediated ERK2 phosphorylation, we investigated the

Figure 2. G-protein dependence of mGluR5-mediated ERK2 phosphor-
ylation. A, Previous treatment of rat astrocytes with the G�q-targeted
peptide MPS-PLC�1 (100 �M, 30 min) inhibited DHPG-induced (100
�M, 10 min) ERK2 phosphorylation and phosphoinositide hydrolysis. In
contrast, LPA-induced (10 �M, 15 min) ERK2 phosphorylation was not
inhibited by MPS-PLC�1 treatment. Representative immunoblots are
shown above the summarized data (mean � SEM, n � 5 or 6; *p � 0.05).
B, Previous treatment with the G��-targeted peptide MPS-PLC�2 (10 �M,
30 min) did not inhibit DHPG- or EGF-induced ERK2 phosphorylation
but did inhibit the effect of LPA (10 �M, 10 min). Representative immu-
noblots are shown above the summarized data (mean � SEM, n � 6, 7,
or 11; *p � 0.05).
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possible role of tyrosine kinases, which often have been demon-
strated as necessary for ERK activation. We noted that mGluR5
stimulation in cultured astrocytes resulted in tyrosine phosphor-
ylation of several proteins in addition to ERK2 (Peavy and Conn,
1998). It has been reported that tyrosine kinases can serve as
effectors for G�q (Bence et al., 1997; Ma and Huang, 1998), and
some models of G-protein-coupled receptor activation of ERKs
require recruitment of Src family tyrosine kinases (Daub et al.,
1997; Della Rocca et al., 1997; Luttrell et al., 1996, 1997). We
therefore used genistein (Akiyama and Ogawara, 1991), a general
tyrosine kinase inhibitor, to determine whether activation of
tyrosine kinases was required for DHPG-induced ERK2 phos-
phorylation. Genistein (100 �M, 30 min) inhibited ERK2 phos-
phorylation that was induced by the application of DHPG (100

�M, 10 min; Fig. 4A). A more selective inhibitor of the Src family
of tyrosine kinases, PP1 (5 �M, 30 min; Hanke et al., 1996), also
substantially decreased both basal and DHPG-induced ERK2
phosphorylation (Fig. 4B). Accounting for the reduction in basal
levels of ERK2 phosphorylation when treated with PP1 alone, we
found that PP1 completely blocked the DHPG-induced phos-
phorylation of ERK2. These data suggest that Src activity both
contributes to basal ERK2 phosphorylation and is required for
mGluR5-mediated ERK2 phosphorylation. Consistent with other
reports of activation of ERK1/2 by G-protein-coupled receptors,
these data implicated a Src family tyrosine kinase in the mGluR5-
mediated phosphorylation of ERK2 but in a manner independent
of G��, PLC�1, PKC, or increased intracellular calcium.

EGF receptor activation is required for mGluR5-
mediated ERK2 phosphorylation
In the recent years receptor tyrosine kinases, such as the EGF
receptor or platelet-derived growth factor receptor, have been

Figure 3. PLC�1 inhibition does not block mGluR5-mediated ERK2
phosphorylation. A, Treatment with the PLC�1 inhibitor U73122 (10 �M,
30 min) completely blocked DHPG-induced (100 �M, 10 min) phospho-
inositide hydrolysis but did not inhibit ERK2 phosphorylation in rat
astrocytes. Representative immunoblots are shown above the summa-
rized data (mean � SEM, n � 4 or 5; *p � 0.05). B, Previous incubation
with the calcium chelator BAPTA-AM (30 �M, 30 min) completely
inhibited increases in intracellular calcium from the application of DHPG
(100 �M, 30 sec) to rat astrocytes but did not inhibit DHPG-induced (100
�M, 10 min) ERK2 phosphorylation. Representative immunoblots are
shown above the summarized data (mean � SEM, n � 3 or 12; *p � 0.05).

Figure 4. Src dependence of mGluR5-mediated ERK2 phosphorylation.
A, Treatment with the tyrosine kinase inhibitor genistein (100 �M, 30
min) inhibited DHPG-induced (100 �M, 10 min) ERK2 phosphorylation
in rat astrocytes. Representative immunoblots are shown above the sum-
marized data (mean � SEM, n � 3; *p � 0.05). B, The Src family
inhibitor PP1 (5 �M, 30 min) also completely inhibited DHPG-induced
(100 �M, 10 min) phosphorylation of ERK2 in rat astrocytes. Represen-
tative immunoblots are shown above the summarized data (mean � SEM,
n � 3; *p � 0.05).
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implicated in signaling from G-protein-coupled receptors to
ERK1/2 (Daub et al., 1997; Luttrell et al., 1999a; Leserer et al.,
2000). Thus, we tested the hypothesis that mGluR5-mediated
transactivation of a receptor tyrosine kinase might be responsible
for the DHPG-induced phosphorylation of ERK2. The tyrphos-
tin, AG1478, is a selective inhibitor of the EGF receptor (ErbB1;
Levitzki and Gazit, 1995). Interestingly, AG1478 (100 nM, 10
min) markedly inhibited DHPG-induced (100 �M, 10 min) in-
creases in ERK2 phosphorylation (Fig. 5). Consistent with its
ability to inhibit the EGF receptor, AG1478 also inhibited EGF-
induced (10 ng/ml, 10 min) ERK2 phosphorylation. However,
AG1478 did not inhibit increases in ERK2 phosphorylation in
response to the PKC activator PDBu (1 �M, 10 min). AG825, a
related tyrphostin that selectivity inhibits the related receptor
tyrosine kinase ErbB2 with no effects on ErbB1 (Osherov et al.,
1993), had no effect on the DHPG-induced (100 �M, 10 min)
phosphorylation of ERK2 when applied at a higher concentration
(5 �M, 10 min).

With activation, receptor tyrosine kinases dimerize and auto-
phosphorylate at specific tyrosine residues (Leserer et al., 2000).
As an additional measure of EGF receptor activation, we mea-
sured the tyrosine phosphorylation by immunoprecipitation of
the native EGF receptors from astrocytic cell lysates, followed by
immunoblotting with an anti-phosphotyrosine antibody. DHPG
(100 �M) induced an increase in the tyrosine phosphorylation of
the EGF receptor that could be inhibited by previous treatment
with AG1478 (100 nM, 10 min; Fig. 6). Immunoblotting with the
EGF receptor antibody showed that mGluR5 stimulation did not
alter the overall expression of the EGF receptor. Similar results
were obtained when astrocytes were treated with DHPG (100 �M,
10 min), and we measured EGF receptor phosphorylation by

using a phospho-specific antibody that recognizes the major au-
tophosphorylation site (Tyr1173) of the EGF receptor (Fig. 7).
Together, these results provide strong evidence for mGluR5-
mediated transactivation of the EGF receptor and subsequent
phosphorylation of ERK2. Because our ERK2 experiments with
the G�q-targeted peptide MPS-PLC�1 (Fig. 2A) suggested a role
for G�q in the DHPG-induced phosphorylation of ERK2, we also
measured DHPG-induced phosphorylation of the EGF receptor
in the presence and absence of MPS-PLC�1 to test the hypoth-
esis that mGluR5 mediates transactivation of the EGF receptor
via G�q. Previous treatment with MPS-PLC�1 (100 �M, 30 min)
blocked the DHPG-induced increase in EGF receptor phosphor-
ylation (Fig. 7). These results suggest that mGluR5-mediated
transactivation of the EGF receptor is dependent on active G�q

and are consistent with those seen in DHPG-induced ERK2
phosphorylation, which was inhibited by MPS-PLC�1 (Fig. 2A).

Models for GPCR transactivation of receptor tyrosine kinases
include Src-dependent and Src-independent mechanisms (Daub
et al., 1997; Maudsley et al., 2000). To examine the role of Src
tyrosine kinases in the mGluR5-mediated transactivation of the
EGF receptor, we treated astrocytes with the selective Src inhib-
itor PP1 (5 �M, 30 min). PP1 had no effect on the DHPG-induced
(100 �M, 5 min) tyrosine phosphorylation of the EGF receptor
(Fig. 8A). Furthermore, the PLC�1 inhibitor U73122 (10 �M, 30
min) also had no effect on DHPG-induced (100 �M, 3 min)

Figure 5. EGF receptor inhibition blocks mGluR5-mediated ERK2
phosphorylation. Previous treatment of rat astrocytes with the EGF
receptor inhibitor AG1478 (100 nM, 10 min) blocked DHPG-induced (100
�M, 10 min) as well as EGF-induced (10 ng/ml, 10 min) ERK2 phosphor-
ylation. In contrast, ERK2 phosphorylation induced by PDBu (1 �M, 10
min) was not inhibited by AG1478. Representative immunoblots are
shown above the summarized data (mean � SEM, n � 3 or 4; *p � 0.05).

Figure 6. mGluR5-mediated EGF receptor phosphorylation. Treatment
of rat astrocytes with DHPG (100 �M) caused increases in tyrosine
phosphorylation of the EGF receptor but no change in total EGF receptor
expression. The DHPG- and EGF-induced increases in EGF receptor
tyrosine phosphorylation were blocked by previous treatment with the
EGF receptor inhibitor AG1478. Samples were prepared and measured as
described in Materials and Methods. After immunoprecipitation of the
EGF receptor with a selective antibody, the immunoblots were prepared
with a phosphotyrosine antibody. Representative immunoblots are shown
above the summarized and analyzed data from five separate experiments
(mean � SEM, n � 5; *p � 0.05).
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tyrosine phosphorylation of the EGF receptor, as expected from
our results measuring mGluR5-mediated ERK2 phosphorylation
(Fig. 8B). These results suggest that mGluR5-mediated phos-
phorylation of ERK2 is dependent on activation of the EGF
receptor, followed by the downstream activation of Src and the
phosphorylation of ERK2.

DHPG induces mGluR5 and EGF receptor association
A recent report (Maudsley et al., 2000) suggested a model for the
�2-adrenergic receptor activation of ERK1/2 via an agonist-
dependent formation of a multiprotein complex of Src, the EGF
receptor, and the �2-adrenergic receptor. With this model in

mind, we used a coimmunoprecipitation protocol to examine the
physical association of mGluR5 and the EGF receptor in cultured
cortical astrocytes. DHPG (100 �M) induced an increase in the
amount of mGluR5 detected in EGF receptor immunoprecipi-
tates and the amount of EGF receptor detected in mGluR5
immunoprecipitates (Fig. 9). In contrast, the glutamate trans-
porter GLT-1, which also is expressed in cortical astrocytes
(Gegelashvili et al., 2000), did not coimmunoprecipitate with
either the EGF receptor or mGluR5 when treated with DHPG
(data not shown). These results are consistent with the model for
multiprotein complexes containing G-protein-coupled receptors
and receptor tyrosine kinases signaling to ERK1/2 activation.

DISCUSSION
The data that were presented suggest that mGluR5 couples to the
activation of ERK2 in cortical astrocytes by a novel signaling
pathway. We found that mGluR5-mediated phosphorylation of
ERK2 is dependent on the activation of G�q and transactivation
of the EGF receptor but is independent of PLC�1. Furthermore,
our results suggest that a Src family tyrosine kinase is required for
ERK2 phosphorylation, but Src is activated downstream from the
activation of the EGF receptor. Finally, coimmunoprecipitation
studies reveal an association of the mGluR5 and the EGF recep-
tor. This represents a novel signaling mechanism for group I
mGluRs and a novel mechanism for GPCR activation of MAP
kinases that is primarily consistent with many previously de-
scribed models, yet with some distinct differences.

Figure 7. mGluR5-mediated phosphorylation of the EGF receptor is
dependent on active G�q. Previous treatment of rat astrocytes with the
G�q-targeted peptide MPS-PLC�1 (100 �M, 30 min) inhibited DHPG-
induced (100 �M, 10 min) EGF receptor phosphorylation. Expression of
the EGF receptor was not altered by treatments. Samples were prepared
and measured as described in Materials and Methods. Representative
immunoblots with a phospho-specific antibody that recognizes the major
autophosphorylation site of the EGF receptor (Tyr 1173) and with an
antibody that recognizes total EGF receptor are shown above the sum-
marized data analyzed from duplicate samples from three separate ex-
periments (mean � SEM, n � 3; *p � 0.05).

Figure 8. mGluR5-mediated transactivation of the EGF receptor is not
Src-dependent. A, The Src family-selective inhibitor PP1 (5 �M, 30 min)
did not inhibit DHPG-induced (100 �M, 5 min) phosphorylation of
tyrosine residues on the EGF receptor (mean � SEM, n � 4; p � 0.05).
B, The PLC�1 inhibitor U73122 (10 �M, 30 min) also did not inhibit
DHPG-induced (100 �M, 3 min) tyrosine phosphorylation of the EGF
receptor (mean � SEM, n � 3; p � 0.05).

Figure 9. mGluR5 and EGF receptors coimmunoprecipitate. Treatment
of rat astrocytes with DHPG (100 �M) caused an increase in the associ-
ation of the EGF receptor with mGluR5. Samples were prepared and
measured as indicated in Materials and Methods. After immunoprecipi-
tation of the EGF receptor with a selective antibody, the immunoblots
were prepared by using an antibody for mGluR5. Also, immunoprecipi-
tates with the mGluR5 antibody were used to prepare immunoblots
probed with the EGF receptor antibody. Representative immunoblots
from 10 separate experiments (4 with mGluR5 and 6 with EGF receptor
immunoprecipitation) are shown at the top. Controls immunoblots with
the immunoprecipitating antibody are shown also. Summarized data for
mGluR–EGF receptor coimmunoprecipitation at 3 min are shown at the
bottom (mean � SEM, n � 4 or 6; *p � 0.05).
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Signaling from mGluR5 to ERK2 in cultured rat
cortical astrocytes
Our conclusion that mGluR5 induces activation of ERK2 via
transactivation of the EGF receptor is supported by two com-
monly used measures of receptor tyrosine kinase transactivation:
tyrosine phosphorylation of the EGF receptor and the inhibition
of the phosphorylation of downstream substrates (i.e., ERK2) by
the tyrphostin AG1478. Activation of the EGF receptor occurs
when the binding of extracellular ligands or transactivation by
GPCRs causes dimerization of the EGF receptors and autophos-
phorylation of specific tyrosine residues. Activation of the EGF
receptor by autophosphorylation leads to a rapid increase in the
tyrosine phosphorylation of adaptor proteins such as Shc and
Gab1, the assembly of Shc–Grb2–SoS complexes, and the subse-
quent activation of the Ras–Raf mitogenic pathway, which leads
to activation of the MAP kinases such as ERK1/2. Stimulation of
endogenous mGluR5 in astrocytes by DHPG caused an increase
in the tyrosine phosphorylation of the EGF receptor. DHPG-
induced phosphorylation of the EGF receptor was evident at the
earliest time point measured (1 min) and was consistent with the
time course of ERK2 phosphorylation reported in our previous
study (Peavy and Conn, 1998). DHPG-induced tyrosine phos-
phorylation of the EGF receptor was blocked by the tyrphostin
AG1478, which is selective for the inhibition of EGF receptor
signaling. AG1478 also inhibited DHPG-induced phosphoryla-
tion of ERK2. Similar results have been reported for a variety of
Gi/o- and Gq-coupled receptors, including thrombin, angiotensin
II, bradykinin, endothelin, purinergic, and LPA (Daub et al.,
1997; Soltoff, 1998; Adomeit et al., 1999; Della Rocca et al., 1999;
Prenzel et al., 1999; Seo et al., 2000), suggesting that transactiva-
tion of receptor tyrosine kinases is a common mechanism for
activation of MAP kinase pathways by GPCRs.

It will be of interest to determine whether transactivation of
receptor tyrosine kinases by a mechanism that is dependent on
G�q but independent of PLC�1 or G�� is shared by other GPCRs.
Consistent with this possibility, neither increases in intracellular
calcium nor activation of PKC are required for �-1A adrenergic
receptor-mediated activation of MAP kinases in PC12 cells
(Berts et al., 1999), although these receptors are known to couple
to G�q. Thrombin and Pasteurella multocida toxin-induced acti-
vation of MAP kinases also exhibits similar characteristics in
human embryonic kidney (HEK) 293 cells, including dependence
on activated G�q, EGF receptor transactivation, and Ras, but not
PKC activation (Seo et al., 2000). Our results with the PLC�1
inhibitor U73122 demonstrate that activation of PLC�1 is not
necessary for mGluR5-mediated ERK2 phosphorylation and are
supported by evidence that PKC activation and increases in
intracellular calcium downstream from PLC�1 also are without
effect on this response. Inhibition of the mGluR5-mediated
ERK2 phosphorylation by the peptide inhibitor MPS-PLC�1,
targeted to activated G�q subunits, suggests that the signal path-
way may diverge upstream from PLC�1 activation and introduces
the possibility of coupling of another effector to G�q.

Although the details of the mechanism involved in mGluR5-
mediated activation of MAP kinase signaling are not clear, we
must consider the possibility of direct coupling to a tyrosine
kinase via G�q. We have reported previously that mGluR stimu-
lation in astrocytes induced tyrosine phosphorylation of several
proteins (Peavy and Conn, 1998). Furthermore, glutamate in-
duces tyrosine phosphorylation of Pyk2 and FAK in rat hip-
pocampal slices and in astrocytes via a pathway that could be

inhibited by the tyrosine kinase inhibitor genistein (Siciliano et
al., 1994, 1996). There are reports of tyrosine kinases coupling to
G� subunits, including Bruton’s tyrosine kinase (Bence et al.,
1997; Ma and Huang, 1998) and Src (Ma et al., 2000).

It is important to note that glutamate-stimulated activation of
MAP kinase in astrocytes recently was reported to be mediated
by a pertussis toxin-sensitive, calcium- and PKC-dependent path-
way (Schinkmann et al., 2000). However, our studies used differ-
ent cell cultures, protocols, and assay systems and used selective
agonists to distinguish among glutamate receptors. More impor-
tantly, it is possible that the activation of both ionotropic and
metabotropic receptors in astrocytes by glutamate could induce a
response that is dependent on the activation of pathways that are
distinct from those activated by selective group I mGluR agonists.
In fact, there is evidence for ionotropic glutamate receptors in
association with G�i and coupling to MAP kinases via a pertussis
toxin-sensitive pathway (Dingledine et al., 1999).

The association of mGluR5 and the EGF receptor suggested by
the results of coimmunoprecipitation experiments is consistent
with the model for mitogenic signaling complexes proposed in
recent reports, with the EGF receptor serving as a scaffold for the
assembly of desensitized G-protein-coupled receptors, Src,
�-arrestin, and adaptor proteins as structural components of the
complex (Luttrell et al., 1999b; Maudsley et al., 2000). In our
study we have not endeavored to determine whether additional
components of a signaling complex are present in mGluR5 or
EGF receptor immunoprecipitates. However, several reports
point to possible GRK and arrestin-mediated mechanisms for
mGluR desensitization and internalization consistent with mod-
els for a multiprotein signaling complex. In catfish olfactory
neurons glutamate stimulates clathrin-dependent internalization
of mGluR1 (Rankin et al., 1999), and DHPG induces internal-
ization of mGluR5 in cultured guinea pig enteric neurons (Liu
and Kirchgessner, 2000). Coexpression of GRKs with mGluR1a
in HEK 293 cells demonstrated that mGluR1a activity may be
regulated by GRKs (Dale et al., 2000). In Purkinje neurons
GRK4 regulates mGluR1a, mediating receptor desensitization
and internalization and GRK redistribution; mGluR1a and
GRK4 colocalize and, with agonist stimulation, redistribute to
intracellular vesicles (Sallese et al., 2000). GRK2 and GRK3 are
expressed in cultured rat astrocytes and appear to regulate re-
ceptor signaling when coexpressed with mGluR5 in HEK 293
cells (S. D. Sorensen and P. J. Conn, unpublished observations).

Physiological significance of EGF receptor activation
and MAP kinase stimulation in astrocytes
The potential physiological consequences of mGluR5-mediated
ERK2 activation in astrocytes have not been determined fully. As
has been exhibited by other G-protein-coupled receptors, the
activation of MAP kinases via a pathway common to receptor
tyrosine kinases results in increases in cell proliferation and
protein synthesis. Consistent with this, glutamate and DHPG
increase [methyl- 3H]thymidine incorporation in cultured astro-
cytes, indicative of increased cell proliferation (Ciccarelli et al.,
1997; Schinkmann et al., 2000). In astrocytes mGluR activation
also induces expression of primary response genes, upregulates
mRNA for growth factors, and alters expression of the glutamate
transporter GLAST. EGF receptor activation also has a number
of effects in these cells, including regulation of expression of the
glutamate transporter GLT-1 as well as mGluRs 3 and 5 (Pechan
et al., 1993; Miller et al., 1995; Yamaguchi and Nakanishi, 1998;
Minoshima and Nakanishi, 1999; Gegelashvili et al., 2000;
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Zelenaia et al., 2000). However, the possible role of ERK2 in
mediating these responses has not been investigated. Interest-
ingly, pathological conditions, such as focal ischemia and epilepsy,
exhibit profound changes in astrocytic morphologies and protein
expression, including upregulation of mGluR5, EGF, and the
EGF receptor (Planas et al., 1998; Rabchevsky et al., 1998;
Aronica et al., 2000; Ulas et al., 2000). The combined increases in
these proteins could increase the net MAP kinase response to
extracellular glutamate in these pathological conditions.
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