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Activation of ATP/P2Y purinergic receptors stimulates prolifer-
ation of astrocytes, but the mitogenic signaling pathway linked
to these G-protein-coupled receptors is unknown. We have
investigated the role of extracellular signal-regulated protein
kinase (ERK) in P2Y receptor-stimulated mitogenic signaling as
well as the pathway that couples P2Y receptors to ERK. Down-
regulation of protein kinase C (PKC) in primary cultures of rat
cerebral cortical astrocytes greatly reduced the ability of extra-
cellular ATP to stimulate ERK. Because occupancy of P2Y
receptors also leads to inositol phosphate formation, calcium
mobilization, and PKC activation, we explored the possibility
that signaling from P2Y receptors to ERK is mediated by a
phosphatidylinositol-specific phospholipase C (PI-PLC)/cal-
cium pathway. However, neither inhibition of PI-PLC nor che-
lation of calcium significantly reduced ATP-stimulated ERK ac-
tivity. Moreover, a preferential inhibitor of calcium-dependent
PKC isoforms, Gö 6976, was significantly less effective in

blocking ATP-stimulated ERK activity than GF102903X, an in-
hibitor of both calcium-dependent and -independent PKC iso-
forms. Furthermore, ATP stimulated a rapid translocation of
PKCd, a calcium-independent PKC isoform, but not PKCg, a
calcium-dependent PKC isoform. ATP also stimulated a rapid
increase in choline, and inhibition of phosphatidylcholine hy-
drolysis blocked ATP-evoked ERK activation. These results
indicate that P2Y receptors in astrocytes are coupled indepen-
dently to PI-PLC/calcium and ERK pathways and suggest that
signaling from P2Y receptors to ERK involves a calcium-
independent PKC isoform and hydrolysis of phosphatidylcho-
line by phospholipase D. In addition, we found that inhibition of
ERK activation blocked extracellular ATP-stimulated DNA syn-
thesis, thereby indicating that the ERK pathway mediates mi-
togenic signaling by P2Y receptors.
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Emerging evidence points to a crucial role for extracellular
signal-regulated protein kinases (ERK1 and ERK2) in regulating
cellular proliferation and differentiation (for review, see Marshall,
1995; Neary, 1997). ERKs are part of a family of serine/threonine
protein kinases known as mitogen-activated protein kinases
(MAPKs) (Seger and Krebs, 1995). These enzymes are compo-
nents of a signaling cascade consisting of at least three cytoplas-
mic protein kinases that are activated sequentially. ERKs are
activated by phosphorylation on tyrosine and threonine residues
by a dual-specificity protein kinase termed MAPK/ERK kinase
(MEK). MEK in turn is activated by phosphorylation on serine/
threonine residues, which can be catalyzed either by the Raf
family of protein kinases, the protooncogene product Mos, or
MEK kinases (Avruch et al., 1994). The ERK/MAPK cascade is
stimulated shortly after extracellular signals bind to cell surface
receptor tyrosine kinases or heterotrimeric G-protein-coupled
receptors (GPCRs). These receptors are linked to the ERK/
MAPK cascade by a sequence of protein–protein interactions
and by upstream protein kinases such as protein kinase C (PKC).
The activated ERK can then translocate to the nucleus where it

can activate or induce transcription factors such as Elk-1 and
c-Fos (Karin, 1995). In this manner, ERKs provide a link be-
tween cytoplasmic and nuclear signaling, ultimately leading to
changes in gene expression involved in proliferation and
differentiation.

Recent studies on the role of extracellular ATP in the brain
have demonstrated that in addition to serving as an excitatory
neurotransmitter (Edwards et al., 1992; Harms et al., 1992; Shen
and North, 1993), ATP can also exert mitogenic and morphogenic
activity on glial and neuronal cells (Neary et al., 1996). For
example, treatment of astrocytes with ATP leads to increases in
DNA synthesis (Rathbone et al., 1992; Abbracchio et al., 1994;
Neary et al., 1994b), in process formation (Neary et al., 1994b)
and elongation (Abbracchio et al., 1994, 1995), and in the content
of glial fibrillary acidic protein (Neary et al., 1994b), an astrocyte-
specific marker that is upregulated after brain injury (Eng, 1988).
These trophic actions of ATP may be important in development
and synaptogenesis as well as in tissue injury and repair, but the
signaling mechanisms underlying the trophic activity of ATP are
unknown.

The biological actions of extracellular ATP are mediated by
cell surface receptors designated as P2 purinoceptors (Burnstock,
1978). This general class of receptors has been categorized into
two major types: ligand-gated ionotropic receptors (P2X) and
G-protein-coupled metabotropic receptors (P2Y) (Abbracchio

Received Nov. 16, 1998; revised March 9, 1999; accepted March 15, 1999.
This work was supported by the Department of Veterans Affairs.
Correspondence should be addressed to Dr. J. T. Neary, Research Service 151,

Veterans Affairs Medical Center, 1201 NW 16th Street, Miami, FL 33125.
Copyright © 1999 Society for Neuroscience 0270-6474/99/194211-10$05.00/0

The Journal of Neuroscience, June 1, 1999, 19(11):4211–4220



and Burnstock, 1994). P2Y receptors are expressed in astrocytes,
and these receptors are coupled to phosphatidylinositol-specific
phospholipase C (PI-PLC), leading to inositol phosphate forma-
tion and calcium mobilization (Pearce et al., 1989; Neary et al.,
1991; Kastritsis et al., 1992; Salter and Hicks, 1994, 1995; King et
al., 1996; Centemeri et al., 1997). After activation of the PI-PLC/
calcium pathway, PKC is then activated.

We have shown that P2Y receptors in astrocytes are also linked
to the ERK/MAPK cascade (Neary and Zhu, 1994; King et al.,
1996). However, the signaling elements that couple the P2Y
receptors to the ERK/MAPK cascade have not been defined.
Preliminary evidence indicates that signaling from P2Y receptors
to ERK in astrocytes is dependent on PKC (Neary, 1996). Be-
cause P2Y receptor signaling can involve PKC in both PI-PLC
and ERK pathways, we have investigated the hypothesis that
PI-PLC/calcium are upstream of ERK. We report here for the
first time that P2Y receptors are coupled independently to PI-
PLC and ERK pathways and that the latter pathway involves
hydrolysis of phosphatidylcholine (PC) and a calcium-
independent isoform of PKC. We also provide evidence that the
ERK pathway mediates ATP-induced mitogenic signaling in
astrocytes.

MATERIALS AND METHODS
Cell culture and treatment. Primary astrocytes were obtained from neo-
natal rat (Fischer) cerebral cortices as described previously (Neary et al.,
1994a). Cells were seeded at densities of 150,000 cells/well in 24-well
plates (for DNA synthesis studies) or at 300,000 cells/35 mm or 600,000
cells/60 mm plates (for ERK studies); cells were not replated before use.
At least 99% of the cell population were astrocytes, as determined by
staining with cell-specific markers (Neary et al., 1994a). Experiments
were conducted with 3- to 6-week-old cultures. Before treatment with
nucleotides or other agents, cells that had been maintained in DMEM
containing 10% horse serum were shifted to the quiescent phase by
incubation in DMEM containing 0.5% horse serum for 48–72 hr. Stock
solutions of nucleotides and drugs were divided into single-use aliquots
and stored at 280°C, except for D609 (Research Biochemicals Interna-
tional, Natick, MA), which was prepared fresh for each experiment.

DNA synthesis. 3H-thymidine incorporation was measured as described
previously (Neary et al., 1994a) using confluent cells in the stationary
phase of growth. In brief, nucleotides or PD 098059 (Research Biochemi-
cals International) or both at the indicated final concentrations were
added to the media in the wells in triplicate or quadruplicate. PD 098059
was added 60 min before addition of nucleotides. As a positive control,
some wells were treated with 10% horse serum, whereas untreated
cultures were used for negative controls. After 18 hr, 3H-thymidine (0.5
mCi/ml culture media; 83 Ci/mmol; ICN Biochemicals, Costa Mesa, CA)
was added to the media in the wells for an additional 4 hr. Cells were then
rinsed with Dulbecco’s PBS (D-PBS), incubated in 10% trichloroacetic
acid for 30 min on ice, rinsed again with D-PBS, and lysed in 1% SDS,
0.3 N NaOH. Aliquots were neutralized and counted by liquid scintilla-
tion spectrometry.

ERK activity. After treatment with nucleotides or other agents for the
times and concentrations indicated, cells were rinsed quickly in ice-cold
D-PBS and lysed in a buffer containing 20 mM Tris, pH 7.0, 0.27 M
sucrose, 1 mM EDTA, 1 mM EGTA, 50 mM NaF, 1 mM dithiothreitol
(DTT), 1 mM sodium orthovanadate, 10 mM b-glycerophosphate, 5 mM
sodium pyrophosphate, and 1% Triton X-100. In some cases, cells were
lysed in a buffer containing 20 mM Tris, pH 7.5, 100 mM NaCl, 50 mM
NaF, 2 mM EGTA, 50 mM b-glycerophosphate, 1 mM sodium orthovana-
date, 100 mg/ml 4-(2-aminoethyl) benzenesulfonylfluoride (AEBSF; Cal-
biochem, La Jolla, CA), 0.3 U/ml aprotinin, and 1% Triton X-100. The
lysates were centrifuged in a microfuge for 5 min at 4°C. ERK activity
was measured as described previously (Neary and Zhu, 1994). In brief,
aliquots (20 ml containing 10–20 mg protein) of the supernatants were
assayed at 30°C for 20 min in a final reaction solution containing 10 mM
ATP (0.2 mCi [g32P]ATP; 3000 Ci/mmol; New England Nuclear), 10 mM
MgCl2 , 1 mM okadaic acid, and 0.33 mg/ml bovine brain myelin basic
protein (MBP) in a final volume of 40 ml. Under these conditions, the
reaction is linear with respect to time and enzyme concentration. Reac-

tions were stopped by pipetting 20 ml aliquots onto 1 3 2 cm strips of
phosphocellulose paper (Sevetson et al., 1993) and immediately placing
the strips in 75 mM phosphoric acid. Strips were washed for a minimum
of 2 hr and rinsed three times for 5 min each in 75 mM phosphoric acid
and once in ethanol. Strips were dried and transferred to scintillation
vials, and radioactivity was assessed by liquid scintillation counting. ERK
activity was expressed as picomoles of 32P transferred per minute per
milligram of protein. Protein concentrations were determined by the
modified Lowry procedure as described (Peterson, 1983), with bovine
serum albumin as standard. The validity of the phosphocellulose strip
assay under these conditions was confirmed by comparing the data with
phosphorylation of MBP obtained by SDS-PAGE of the samples fol-
lowed by autoradiography and densitometry (Bio-Rad GS-670 imaging
densitometer; Bio-Rad, Hercules, CA); a correlation coefficient of 0.935
was obtained (Neary and Zhu, 1994). Results obtained by this procedure
were consistent with those obtained by immunocomplex kinase assays
after immunoprecipitation with anti-ERK1/2 (Santa Cruz Biotechnology,
Santa Cruz, CA) as described previously (Neary and Zhu, 1994) or by
determination of phosphorylated ERK1/2 as described below.

Anion exchange chromatography. The procedure of Ahn et al. (1990)
was used with some modifications. After treatment of cultures with ATP
(six 60 mm plates per group), plates were rinsed quickly in ice-cold PBS.
Cells were scraped and homogenized in buffer A (50 mM

b-glycerophosphate, pH 7.3, 0.1 mM sodium orthovanadate, 1.5 mM

EGTA, 1 mM DTT), and the homogenate was centrifuged at 13,000 3 g
for 10 min at 4°C. Supernatants were stored at 270°C. Before chroma-
tography, supernatants were thawed and centrifuged for 30 min at
23,000 3 g, 4°C. Supernatants containing equivalent amounts of protein
were loaded onto a 1 ml Hi-Trap Q (Amersham Pharmacia Biotech)
column at a flow rate of 0.5 ml/min. Fractions (1 ml) were collected with
a Gradifrac protein purification system (Amersham Pharmacia Biotech),
and the column was washed with 8 ml buffer A. Elution was conducted
with a 60 ml, linear NaCl gradient (0–400 mM NaCl in buffer A).
Fractions (20 ml) were assayed for ERK activity as described above using
MBP as substrate. In addition, ERK1/2 was detected in column fractions
and cellular extracts by immunoblotting as described below.

Membrane preparation. After quiescent cultures were treated with ATP
or 12-O-tetradecanoylphorbol-13-acetate (TPA) for the time periods
indicated in the text, cells were quickly rinsed twice with ice-cold PBS
and collected in 200 ml (per 35 mm plate; four plates/group) of a buffer
containing 50 mM Tris, pH 7.7, 2 mM EGTA, 5 mM DTT, 100 mg/ml
AEBSF, and 10 mg/ml leupeptin. Cells were homogenized (20 strokes)
using a Teflon–glass homogenizer, and homogenates were centrifuged at
100,00 3 g for 60 min, 4°C, in a Beckman TL-100 centrifuge. Pellets were
suspended in 800 ml of the homogenizing buffer containing 1% Triton
X-100. Suspensions were incubated on ice for 30 min and sonicated for
5–10 sec (Ultrasonic 40W, Heat Systems, Farmingdale, NY). Protein
concentrations were determined by the modified Lowry procedure
(Peterson, 1983). Fractions were diluted in 23 Laemmli SDS sample
buffer (Laemmli, 1970) and heated in a boiling water bath for 5 min.

Immunoblotting. Samples containing equal amounts of protein were
subjected to SDS-PAGE (Laemmli, 1970) using 11% acrylamide and
transferred to nitrocellulose filters with a Genie electrophoretic blotter
(Idea Scientific, Minneapolis, MN) for 1 hr at 12 V in a transfer buffer
containing 25 mM Tris, 192 mM glycine, and 20% methanol. Filters were
incubated with a blocking solution containing 20 mM Tris, pH 7.7, 137
mM NaCl, 0.1% Tween 20 (TTBS), and 5% nonfat dry milk for 1 hr at
room temperature, rinsed in TTBS, and then incubated for 1 hr at room
temperature with specific antibodies diluted in TTBS [anti-phospho-
ERK1/2 (1/20,000; Promega, Madison, WI), anti-ERK1/2 (1/500; Santa
Cruz Biotechnology), anti-PKCd (1/200; Transduction Laboratories, Lex-
ington, KY), or anti-PKCg (1/5000; Transduction Laboratories)]. After
three rinses in TTBS, filters were incubated for 1 hr at room temperature
with peroxidase-conjugated anti-rabbit or anti-mouse IgG diluted in
TTBS (1/20,000 or 1/10,000, respectively; Amersham Life Sciences, Ar-
lington Heights, IL). Filters were washed three times in TTBS, and
proteins were detected by enhanced chemiluminescence (Amersham
Life Sciences).

Inositol phosphate formation. Inositol phosphates were measured by a
previously described procedure that involves prelabeling cells overnight
with myo-[2-3H(N)]inositol (12.3Ci /mmol; New England Nuclear), stim-
ulating with ATP as described in the text, applying aqueous extracts to
Dowex AG 1-X8 columns, and eluting inositol phosphates with 1 M

ammonium formate/0.1 M formic acid (Bender et al., 1993). The 3H
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recovered in inositol phosphates was then standardized to an incorpora-
tion of 10 5 cpm in the lipid fraction.

PC hydrolysis. Cells were incubated with 3H-choline, and water-soluble
3H-choline-labeled metabolites were separated and quantitated as de-
scribed (Vance et al., 1980) with some modifications. In brief, cultures
grown on 35 mm dishes were incubated in DMEM/0.5% horse serum
containing 2.5 mCi [methyl-3H]-choline (NEN; 60–90 Ci/mmol)/ml for
48 hr followed by a 24 hr incubation in DMEM/0.5% horse serum. After
treatment with ATP for the times indicated, the media was quickly
removed, and 2.1 ml of extraction solution (methanol /10 mM glycine, pH
3.0; 5:2, v/v) was added immediately. Dishes were scraped, and the
extract was transferred to 15 ml centrifuge tubes. Chloroform (0.8 ml)
was added, tubes were vortexed, 0.8 ml water and 0.8 ml chloroform were
added, tubes were vortexed again, and phases were separated by centrif-
ugation at 660 3 g for 5 min. The lipid phase was removed, and the
aqueous phase was re-extracted with 0.8 ml chloroform, followed by
vortexing and centrifugation as described above. Aqueous phases were
combined, and carrier choline, phosphocholine, cytidine 59-diphospho-
choline, and glycerophosphocholine (50 mg each) were added to a 0.5 ml
aliquot that was concentrated to 25 ml by vacuum centrifugation. Samples
were applied to a silica gel thin layer plate that was developed in 0.5%
NaCl, ethanol, methanol, NH4OH (5:3:2:0.5; v/v). The plate was dried at
room temperature, and spots were detected by iodine vapor, scraped into
scintillation vials containing 0.75 ml 0.1N NaOH, and incubated over-
night at room temperature. Acetic acid (75 ml of 1.5N) was added to each
vial, and radioactivity was determined by scintillation spectrometry. The
3H recovered in the choline-containing fractions was then standardized
to an incorporation of 10 5 cpm in the aqueous phase.

Statistical analyses. All experiments were conducted a minimum of
three times, each time with cultures from different seedings. Data were
analyzed by Student’s t tests for two groups or ANOVA followed by post
hoc comparisons for multiple groups with an Instat software package
(GraphPad Software).

RESULTS
Signaling from ATP/P2Y receptors to ERK in
astrocytes is dependent on PKC
P2Y receptors are members of the heterotrimeric GPCR super-
family (Abbracchio and Burnstock, 1994). Signaling from GPCRs
to the ERK/MAPK cascade can proceed by several distinct
pathways, some of which involve PKC (van Biesen et al., 1996b;
Neary, 1997). To determine whether signaling from astrocytic
P2Y receptors to ERK is dependent on PKC, primary cultures of
rat cortical astrocytes were treated overnight with phorbol ester
(TPA; 100 nM) to downregulate PKC; such chronic treatment
with TPA reduces PKC activity in astrocytes by at least 90%
(Neary et al., 1988). After addition of extracellular ATP, cellular
homogenates were then prepared and fractionated by anion ex-
change chromatography under conditions that separate p42 and
p44 isoforms of ERK (Ahn et al., 1990). After stimulation of
astrocytes with ATP (100 mM, 15 min), two peaks of ERK activity
were eluted at ;110 and 175 mM NaCl (Fig. 1). Downregulation
of PKC by chronic phorbol ester treatment reduced the ability of
extracellular ATP to stimulate the two regions of ERK activity by
;85% (Fig. 1). To confirm the presence of ERK in these two
regions of activity, immunoblots of peak fractions and of a frac-
tion between the peaks were probed with an antibody that rec-
ognizes both ERK1 and ERK2. As shown in the inset of Figure
1, the first peak contained ERK2 and the second peak contained
ERK1. In separate experiments, astrocytes were treated acutely
with phorbol ester (100 nM, 5 min); ERK activity was stimulated

Figure 1. Signaling from P2Y receptors to ERK is dependent on PKC. Primary rat astrocyte cultures were treated with 100 mM ATP for 15 min (F–F),
with 100 nM TPA for 24 hr before application of 100 mM ATP for 15 min (E–E), or were untreated (3–3). Homogenates were centrifuged, and
supernatants containing equivalent amounts of protein were applied to a 1 ml Hi-Trap Q anion exchange column as described in Materials and Methods.
Fractions (1 ml) were collected at a flow rate of 0.5 ml/min, and proteins were eluted with a linear, 60 ml NaCl gradient (0–400 mM). Two peaks of ERK
activity eluted at 110 and 175 mM NaCl. Inset, Immunoblot of column fractions from the peak ERK regions and a fraction between the peaks. The
indicated column fractions and the cellular extract (EXT ) from the ATP-treated, normal cells were subjected to SDS-PAGE, and immunoblots were
probed with anti-ERK1/2. The arrows indicate the two ERK isoforms p42 and p44, before and after fractionation by anion exchange chromatography.
Similar results were obtained by chromatography on a 1 ml Resource Q (Amersham Pharmacia Biotech) column.
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2.95 6 0.13-fold, thereby indicating that PKC can activate ERK in
astrocytes.

Inhibition of PI-PLC or chelation of calcium does not
block ATP-stimulated ERK activation
In astrocytes as in other cells, activation of P2Y receptors leads to
mobilization of intracellular calcium via the PI-PLC pathway; the
increased calcium, together with the PI-PLC-catalyzed increase
in diacylglycerol, can then activate PKC. The finding that signal-
ing from P2Y receptors to ERK is dependent on PKC raised the
possibility that PI-PLC, calcium, PKC, and ERK are part of the
same signal transduction pathway. To determine whether PI-PLC
and calcium are upstream of ERK, several approaches were used.
To block signaling from P2Y receptors to ERK via PI-PLC, we
used an inhibitor of PI-PLC, the steroidalamine U73122 (Bleas-
dale et al., 1990; Salter and Hicks, 1995). Cultures were treated
with U73122 (10 mM) for 30 min before application of extracel-
lular ATP, after which ERK activity and inositol phosphate
formation were measured. As shown in Figure 2A, U73122 did
not diminish the ability of ATP to activate ERK. However,
U73122 was effective in blocking ATP-evoked inositol phosphate
formation (Fig. 2B). These findings suggest that activation of
ERK by stimulation of P2Y receptors can proceed independently
of the PI-PLC pathway.

The ability of extracellular ATP to stimulate ERK indepen-
dently of PI-PLC suggests that calcium mobilization is not re-
quired for activation of ERK by P2Y receptors. To test this, we
used BAPTA-AM to chelate intracellular calcium. Treatment of

cells with 30 mM BAPTA-AM for 30 min before application of
ATP did not significantly reduce ERK activation (fold-stimula-
tion: ATP, 2.64 6 0.05; BAPTA 1 ATP, 2.68 6 0.12; p . 0.05).
As another approach, EGTA was used to minimize entry of
extracellular calcium across the plasma membrane, an event that
can occur in response to depletion of intracellular stores after
application of ATP. However, treatment with 3 mM EGTA for 5
min, a condition known to block carbachol- and bradykinin-
evoked activation of ERK (Lev et al., 1995), did not significantly
reduce ATP-stimulated ERK activity (fold-stimulation: ATP,
2.57 6 0.25; EGTA 1 ATP, 2.47 6 0.20; p . 0.05).

A calcium-independent PKC isoform mediates
signaling from P2Y receptors to ERK
Because P2Y receptor signaling to ERK is independent of PI-
PLC and calcium, but dependent on PKC, we reasoned that a
calcium-independent isoform of PKC may be involved in the
P2Y/ERK pathway. If this is the case, a preferential inhibitor of
calcium-dependent PKCs, Gö 6976 (Martiny-Baron et al., 1993),
should have less of an effect on the stimulation of ERK by
agonists of P2Y receptors than GF102903X, an inhibitor of both
calcium-dependent and independent PKCs. To test this, cultures
were treated with varying concentrations (1, 2.5, or 5 mM) of Gö
6976 or GF102903X for 20 min before addition of ATP (100 mM;
5 min). As shown in Figure 3A, Gö 6976 was less effective than
GF102903X in inhibiting ATP stimulation of ERK activity. The
greater degree of inhibition observed with GF109203X was sig-
nificantly different from that observed with Gö 6976 for each of

Figure 2. Inhibition of PI-specific PLC does not block ATP-stimulated ERK activity. In A, primary rat astrocyte cultures were treated with 10 mM
U73122 for 30 min before addition of ATP (100 mM, 15 min). ERK activity data (mean 6 SEM) were obtained from three experiments, each conducted
with duplicate culture plates. ERK activity in untreated cultures was 43.5 6 8.2 pmol phosphate transferred per minute per milligram of protein. In B,
primary rat astrocyte cultures were treated with 10 mM U73122 for 30 min before addition of ATP (500 mM, 30 min), and inositol phosphates were
extracted and measured as described in Materials and Methods.
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the concentrations used ( p , 0.01). To confirm this observation,
we tested the effect of these inhibitors on ATP-evoked ERK
phosphorylation, which was measured by immunoblot analysis
with an antibody that recognizes dually phosphorylated ERK1
and ERK2 (Thr183, Tyr185). As shown in Figure 3B, phosphor-
ylation of ERK1 and ERK2 was only slightly reduced by Gö 6976,
whereas GF102903X almost completely blocked ATP-evoked
phosphorylation. These experiments support the concept that
P2Y receptors are coupled to ERK by a calcium-independent
isoform of PKC.

To determine whether activation of P2Y receptors leads to
translocation of a calcium-independent PKC isoform, membrane
fractions from untreated and ATP-treated astrocytes were immu-
noblotted and probed with antibodies raised against PKCd, a
calcium-independent PKC isoform present in astrocytes (Gott et
al., 1994). For comparison, translocation of PKCg, a calcium-
dependent PKC isoform, was also examined. As shown in Figure
4A, ATP stimulated a rapid translocation (15 sec) of PKCd, but
not PKCg. By contrast, PKCg was translocated by a phorbol ester
TPA (100 nM, 5 min) (Fig. 4A). Time course studies revealed that
ATP-evoked translocation of PKCd was observed at 5 sec,

reached a peak at 15 sec, and declined from 30 to 60 sec (Fig. 4B).
This rapid translocation of PKCd can be compared with time
course studies of ERK activation, which showed that ATP-
stimulated ERK activity was detected at 1.5 min (Neary and Zhu,
1994), thereby indicating that PKCd translocation occurs before
ERK activation.

Signaling from P2Y receptors to ERK is dependent on
hydrolysis of phosphatidylcholine
If P2Y receptors signal to ERK by a pathway that involves a
calcium-independent PKC and is independent of PI hydrolysis,
we reasoned that the diacylglycerol needed to activate PKC may
come from the hydrolysis of PC. To test this, time course studies
were conducted to examine the ability of ATP to stimulate PC
hydrolysis. We found that treatment of cultures with ATP led to
the production of choline, which was observed at 15 sec and
peaked at 30 to 60 sec (Fig. 5). This finding, together with a lack
of increase in phosphocholine (data not shown), suggests that
astrocytic P2Y receptors are coupled to phospholipase D (PLD)
rather than PC-specific PLC. The time course of choline forma-
tion is consistent with the rapid translocation of PKCd and
subsequent activation of ERK.

To determine whether PC hydrolysis is upstream of ERK
activation, we used tricyclodecan-9-yl-xanthogenate (D609),
which inhibits the hydrolysis of PC but not PI (Muller-Decker,
1989; Schutze et al., 1992; Cai et al., 1993; Inui et al., 1994; Kiss

Figure 3. Effects of inhibitors of calcium-independent and -dependent
PKC isoforms on signaling from P2Y receptors to ERK. In A, primary rat
astrocyte cultures were treated with ATP (100 mM, 5 min) or with Gö 6976
(1–5 mM, 20 min), which preferentially inhibits calcium-dependent PKC
isoforms, or GF109203X (1–5 mM, 20 min), an inhibitor of both calcium-
dependent and -independent PKC isoforms, before addition of ATP (100
mM, 5 min). ERK activity data were obtained from a minimum of three
experiments, each conducted with duplicate culture plates. In B, primary
rat astrocyte cultures were treated with ATP (100 mM, 5 min) or with Gö
6976 (2.5 mM) or GF109203X (2.5 mM) for 20 min before addition of ATP
(100 mM, 5 min), cells were lysed, and lysates containing equivalent
amounts of protein were subjected to SDS-PAGE. Immunoblots were
probed with antibodies that recognize phosphorylated ERK1/ERK2 (top
panel ) or ERK1/ERK2 (bottom panel ).

Figure 4. Extracellular ATP stimulates translocation of a calcium-
independent PKC isoform. In A, primary rat astrocyte cultures were
treated with or without (CON ) 100 mM ATP for 15 sec, or with 100 nM
TPA for 5 min, and particulate fractions were prepared as described in
Materials and Methods. Equal amounts of protein (3.9 mg) were subjected
to SDS-PAGE and analyzed by immunoblotting with monoclonal anti-
bodies raised against PKCd or PKCg. In B, astrocytes were treated with
100 mM ATP for the times indicated, and particulate fractions were
obtained. Equal amounts of protein within each experiment (ranging
from 4 to 5 mg) were analyzed by immunoblotting with a monoclonal
antibody raised against PKCd. Values given are mean 6 SEM; densito-
metric analysis (Bio-Rad GS-670) was conducted on a minimum of four to
six independent experiments, each representing different culture
seedings.
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and Tomono, 1995; van Dijk et al., 1997). Cultures were treated
with D609 for 60 min before stimulation by ATP (100 mM, 5 min).
We found that D609 inhibited ATP-stimulated phosphorylation
of ERK1 and ERK2 (Fig. 6A) and ERK activity (Fig. 6B) in a
dose-dependent manner. At 50 mg/ml D609, a concentration
frequently used to inhibit PC hydrolysis and diacyglycerol forma-
tion in intact cells (Muller-Decker, 1989; Schutze et al., 1992; Inui
et al., 1994; Kiss and Tomono, 1995), ATP-stimulated ERK
activity was reduced by ;75%, thereby indicating that signaling
from P2Y receptors to ERK involves PC hydrolysis.

Signaling from P2Y receptors to ERK via pertussis
toxin-sensitive and -insensitive G-proteins
The type(s) of G-proteins involved in the P2Y/ERK pathway was
studied by using pertussis toxin; this agent inactivates a subunits
of the Gi and Go families but does not affect Gs or Gq subunits
(Yahame and Fung, 1993). Cultures were treated with 100 ng/ml
pertussis toxin overnight (18–20 hr) before addition of ATP (100
mM) for 5 min. We found that pertussis toxin diminished the
ability of ATP to stimulate ERK activity by 68 6 3% (mean 6
SEM; p , 0.0001; n 5 8). These results suggest that coupling of
P2Y receptors in astrocytes to the ERK/MAPK cascade is
mainly via pertussis toxin-sensitive G-proteins.

Role of the ERK/MAPK cascade in mediating
mitogenic signaling by P2Y receptors
To determine whether the ERK/MAPK cascade is involved in
extracellular ATP-induced mitogenesis, we used PD 098059
[2-(29amino-39methoxypheny)-oxanaphthalen-4-one], a selective
inhibitor of MEK1 that was shown to inhibit growth factor-
induced DNA synthesis without altering cell viability (Dudley et
al., 1995). First, we examined the ability of PD 098059 to inhibit
activation of ERK by extracellular ATP. Primary cultures of
astrocytes were treated with PD 098059 (50 mM) for 30 min before
addition of ATP (100 mM, 5 min), cellular lysates were subjected
to SDS-PAGE, and phosphorylated ERK1 and ERK2 were de-
tected by immunoblot analysis. As shown in Figure 7A, PD
098059 greatly reduced extracellular ATP-evoked phosphoryla-
tion of ERK1 and ERK2. ERK activity assays confirmed this

finding (data not shown). We then investigated the ability of PD
098059 to inhibit ATP-induced mitogenic signaling. Primary cul-
tures of astrocytes were treated with PD 098059 (50 mM) for 30
min before the addition of ATP (100 mM), and its effect on
ATP-induced DNA synthesis was measured. As shown in Figure
7B, PD 098059 blocked the ability of ATP to stimulate DNA
synthesis. Additional experiments demonstrated that 50 mM PD
098059 did not affect cellular viability as assessed by measuring
protein synthesis (3H-leucine incorporation; data not shown).
These results demonstrate that the ERK/MAPK cascade medi-
ates mitogenic signaling by P2Y receptors.

DISCUSSION
The main findings of the studies presented here are that (1)
signaling from P2Y receptors to ERK is independent of the
PI-PLC/calcium pathway and involves a calcium-independent
PKC isoform as well as PC hydrolysis, which may be catalyzed by
PLD, and (2) the ERK/MAPK cascade mediates mitogenic sig-
naling by P2Y receptors.

Components of the signaling pathway from P2Y
purinergic receptors to the ERK/MAPK cascade in
primary cultures of rat cortical astrocytes
The role of PKC in GPCR/ERK signaling pathways has not been
completely defined. In some cases, GPCRs can be coupled to

Figure 5. Extracellular ATP rapidly stimulates choline formation. Pri-
mary rat astrocyte cultures were incubated with 3H-choline (2.5 mCi/ml)
for 48 hr followed by 24 hr in choline-free culture medium before treat-
ment with ATP (100 mM) for the indicated times. Choline formation was
measured as described in Materials and Methods. Similar results were
obtained in two additional experiments.

Figure 6. Inhibition of PC hydrolysis decreases the ability of ATP to
stimulate ERK activity. Primary rat astrocytes were treated without or
with the indicated concentrations of D609 for 60 min before addition of
ATP (100 mM) for 5 min. In A, phosphorylated ERK1/ERK2 (top panel )
and ERK1/ERK2 (bottom panel ) were detected by immunoblotting as
described in Materials and Methods. In B, ERK activity data (mean 6
SEM) were obtained from three independent experiments, each repre-
senting different seedings and conducted with duplicate culture plates. “0”
indicates cultures treated with ATP only. ERK activity in untreated
cultures was 43.3 6 4.9 pmol phosphate transferred per minute per
milligram of protein. **p , 0.001; *p , 0.05 for comparisons of ATP
versus D609 1 ATP.
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ERK by both PKC-dependent and -independent pathways,
thereby suggesting multiple signaling pathways from a specific
receptor to ERK. For example, signaling from endothelin-1 re-
ceptors to ERK was reduced ;50% by chronic phorbol ester
treatment in mesangial cells (Wang et al., 1992), cardiac myocytes
(Bogoyevitch et al., 1994), and astrocytes (Cazaubon et al., 1993).
The studies presented here indicate that PKC is a crucial element
of the pathway linking P2Y receptors to the ERK/MAPK cas-
cade in primary cultures of cortical astrocytes because inhibition
or downregulation of PKC reduced the ability of extracellular
ATP to stimulate ERK activity by ;90%. To our knowledge,
these studies are the first to document in brain cells that PKC is
upstream of ERK in this P2Y receptor signaling pathway.

It is well established that P2Y receptors in astrocytes are also
coupled to PI-PLC (Pearce et al., 1989; Neary et al., 1991;
Kastritsis et al., 1992; Salter and Hicks, 1994, 1995; King et al.,
1996; Centemeri et al., 1997). Because signaling from P2Y recep-
tors to ERK is dependent on PKC, this raised the possibility that
P2Y receptors signal to ERK via PI-PLC. However, evidence
presented here indicates that this is not the case. Inhibition of
PI-PLC blocked the ability of extracellular ATP to stimulate

formation of inositol phosphates but did not significantly reduce
activation of ERK, thereby indicating that P2Y receptors are
coupled independently to PI-PLC and ERK. Moreover, chelation
of intracellular or extracellular calcium did not decrease the
ability of extracellular ATP to activate ERK, thereby suggesting
that calcium-dependent protein kinases such as Pyk2 (Lev et al.,
1995) or calcium-dependent isoforms of PKC are not upstream
of ERK. Consistent with this was the finding that Gö 6976,
which preferentially inhibits calcium-dependent PKC isoforms
(Martiny-Baron et al., 1993), was significantly less effective in
reducing the ability of extracellular ATP to activate ERK
than GF10290X, an inhibitor of both calcium-dependent and
-independent PKC isoforms. A previous study using the PKC
inhibitor CGP 41251, which displays selectivity for calcium-
dependent PKC isoforms, implicated the involvement of a
calcium-independent PKC isoform in signaling from P2Y recep-
tors to ERK in renal mesangial cells, but this report did not
examine PKC translocation induced by ATP (Huwiler and
Pfeilschifter, 1994). Here we have found that a calcium-
independent isoform, PKCd, was rapidly translocated from the
cytosol to the membrane on stimulation of P2Y receptors, and
this translocation occurred before ERK activation. Although
studies with antisense oligonucleotides or dominant negative mu-
tants are needed to further establish the role of PKCd, our
findings in primary cells are in agreement with a recent report
using COS cells in which overexpression of a constitutively active
mutant of PKCd was sufficient to activate MEK and ERK (Ueda
et al., 1996). Overexpression of another calcium-dependent iso-
form, PKCe, or a calcium-dependent isoform, PKCa, did not
activate MEK or ERK. In addition, PKCd-evoked activation of
MEK and ERK was not blocked by overexpression of an inactive
mutant of Ras, thereby indicating that PKCd can activate the
ERK/MAPK cascade in a manner independent of Ras. Previous
studies suggest that signaling from P2Y receptors to ERK in
astrocytes does not involve Ras (Neary and Zhu, 1994; Neary,
1996).

Because a calcium-independent PKC isoform mediates signal-
ing from P2Y receptors to the ERK/MAPK cascade in primary
cultures of rat cortical astrocytes, we investigated the possibility
that P2Y receptors are coupled to ERK by phospholipases that
are not directly linked to calcium signaling and yet can generate
diacylglycerol for PKC activation. PC-PLC and PLD are two such
enzymes that have been implicated in mitogenesis (Cai et al.,
1993; Boarder, 1994). Hydrolysis of PC by PC-PLC yields diac-
ylglycerol, which can then activate PKC isoforms. Alternatively,
PC hydrolysis by PLD generates choline and phosphatidic acid;
the latter can be converted to diacylglycerol by phosphatidic acid
phosphohydrolase. Because ATP stimulated a rapid formation of
choline rather than phosphocholine, PLD rather than PC-PLC
may catalyze PC hydrolysis after occupancy of P2Y receptors.
Previous studies have reported that P2Y receptors are linked to
PLD in astrocytes (Gustavsson et al., 1993) as well as endothelial
cells (Martin and Michaelis, 1989; Pirotton et al., 1990; Purkiss
and Boarder, 1992), promyelocytic leukemia cells (Xie et al.,
1991), renal mesangial cells (Pfeilschifter and Merriweather,
1993), and canine kidney cells (Balboa et al., 1994). However, no
information is available on the role of PLD-catalyzed PC hydro-
lysis in coupling P2Y receptors to the ERK/MAPK cascade.

To determine the involvement of PC hydrolysis in signaling
from P2Y receptors to ERK, we used an inhibitor of PC hydro-
lysis and diacylglycerol production, D609 (Muller-Decker, 1989;
Schutze et al., 1992; Cai et al., 1993; Inui et al., 1994; Kiss and

Figure 7. Extracellular ATP-evoked mitogenic signaling is mediated by
the ERK/MAPK cascade. In A, primary rat astrocyte cultures were
treated with ATP (100 mM, 5 min), or with PD 098059 (50 mM) for 30 min
before addition of ATP (100 mM, 5 min), cells were lysed, and lysates
containing equivalent amounts of protein were subjected to SDS-PAGE.
Immunoblots were probed with antibodies that recognize phosphorylated
ERK1/ERK2 (top panel ) or ERK1/ERK2 (bottom panel ). In B, primary
rat astrocyte cultures were treated with ATP (100 mM), or with PD 098059
(50 mM) for 30 min before addition of ATP, and DNA synthesis was
determined as described in Materials and Methods. Values are given as
the mean 6 SE of the mean and were obtained from three independent
experiments, each conducted in quadruplicate and with different seedings.
3H-thymidine incorporation in untreated cultures was 1055 6 358 cpm per
culture well. *p , 0.001 for comparison of ATP versus PD 098059 1 ATP.
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Tomono, 1995; van Dijk et al., 1997). Studies with this inhibitor
have shown that PC hydrolysis is upstream of the ERK/MAPK
cascade in some signaling systems. For example, in NIH 3T3 cells,
D609 inhibited EGF-, TPA-, and serum-evoked phosphorylation
of Raf (Cai et al., 1993). In Rat-1 fibroblasts, D609 inhibited
PDGF-induced activation of ERK, but EGF-induced activation
of ERK was unaffected by D609 (van Dijk et al., 1997). Expres-
sion of the G-protein-coupled 5-HT1A receptor in Chinese ham-
ster ovary cells promoted activation of ERK2, and this activation
was partially inhibited by D609 (Cowen et al., 1996). As reported
here, we found that D609 inhibited extracellular ATP stimulation
of ERK activity, thereby indicating for the first time that PC
hydrolysis plays an important role in coupling P2Y receptors to
the ERK/MAPK cascade.

Inhibition of the ATP-evoked activation of ERK/MAPK by
pertussis toxin suggests that the response is mediated at least in
part by Ga subunits such as Gi or Go, which are sensitive to
pertussis toxin. By contrast, previous work has shown that per-
tussis toxin does not affect ATP-evoked mobilization of intracel-
lular calcium in astrocytes from rat cerebral cortex (Bruner and
Murphy, 1993a,b) and spinal cord (Ho et al., 1995; Salter and
Hicks, 1995), thereby indicating that signaling from P2Y recep-
tors to PI-PLC involves a G-protein insensitive to pertussis toxin,
such as Gq/G11 subclass, which lacks a site for ADP ribosylation.
Our finding that the coupling of P2Y receptors to the ERK/
MAPK cascade is not dependent on PI-PLC is consistent with
these results because if PI-PLC were involved in signaling from
P2Y receptors to ERK, pertussis toxin would not be expected to
diminish the ability of ATP to activate ERK. Instead, we found
that signaling from P2Y receptors to ERK was reduced by 65–
70%, thereby suggesting the involvement of a pertussis toxin-
sensitive G-protein. Interestingly, pertussis toxin did not inhibit
hypo-osmotic activation of ERK in astrocytes; in this case, ERK
activation was dependent on calcium but independent of PKC
(Schliess et al., 1996). Thus, hypo-osmotic signaling to the ERK/
MAPK cascade in astrocytes differs markedly from the P2Y/ERK
pathway, because in the latter case our findings indicate that
signaling is dependent on PKC, independent of calcium, and
partially blocked by pertussis toxin. The pertussis toxin-sensitive
protein involved in signaling from P2Y receptors to the ERK/
MAPK cascade may be Gi or Go. On the basis of the findings of
van Biesen et al. (1996a), we speculate that Go is more likely to be
implicated because coupling of GPCRs to the ERK/MAPK cas-
cade by Gi involved a protein tyrosine kinase but not PKC,
whereas coupling of GPCRs to the ERK/MAPK cascade via
PKC involved a Go protein.

As demonstrated here, signaling from P2Y receptors to the
ERK cascade in astrocytes is independent of the PI-PLC/calcium
pathway. Activation of signaling pathways by GPCRs may depend
on the type of G-protein that links receptors to specific effectors,
e.g., P2Y receptors may be coupled to PI-PLC via Gq and to ERK
signaling via Go or Gi. Another possibility is that because four
subtypes of P2Y receptors, P2Y1, P2Y2, P2Y4, and P2Y6, have
been cloned from rat tissues, ERK and PI-PLC pathways could be
activated by separate subtypes. The P2Y receptor agonists ATP,
UTP, and 2-methylthio-ATP (2-MeSATP) stimulate both calcium
mobilization and ERK activation in rat cortical astrocytes (King
et al., 1996). This suggests that receptor subtypes such as P2Y1

(2-MeSATP- and ATP-preferring), P2Y2 and P2Y4 (ATP- and
UTP-preferring), and P2Y6 (UTP-preferring) may be coupled to
both pathways. However, further studies are needed to determine
the array of P2Y receptor subtypes expressed in astrocytes and

their linkage to specific signaling pathways. Such efforts would be
aided by the development of highly selective agonists and antag-
onists to distinguish between endogenous P2Y receptor subtypes.

The ERK/MAPK cascade mediates mitogenic signaling
by ATP/P2Y receptors in astrocytes
Recent studies have demonstrated the importance of the ERK/
MAPK cascade in cellular proliferation and differentiation (for
review, see Marshall, 1995; Seger and Krebs, 1995). Much of the
evidence for the critical role of the ERK/MAPK cascade in cell
growth has come from experiments in which active or inactive
mutants of members of the cascade or upstream signaling ele-
ments have been overexpressed in transformed cells. This infor-
mation can then be used as a basis to investigate the role of the
ERK/MAPK cascade in mitogenic signaling from specific recep-
tors in nontransformed, primary cultures as well as the compo-
nents of the pathway that link the receptors to the cascade.
Extracellular ATP acts as a mitogenic signal in primary cultures
of cerebral cortical astrocytes from newborn rats (Neary et al.,
1994a,b). Because ATP also stimulates ERK activity in these cells
(Neary and Zhu, 1994; King et al., 1996), this suggests that ERK
is involved in ATP-induced mitogenesis. However, in addition to
phosphorylating and activating transcription factors involved in
gene expression needed for proliferation and differentiation,
ERK has other targets, including proteins in the cytoplasm,
membrane, and cytoskeleton; therefore, ERK may have other
roles besides regulating cell growth (Seger and Krebs, 1995). For
example, by phosphorylating myosin light-chain kinase, ERK can
regulate cell motility by a pathway independent of gene transcrip-
tion (Klemke et al., 1997). Thus, the stimulation of ERK by
extracellular ATP does not provide sufficient evidence to con-
clude that ERK mediates mitogenic signaling by ATP/P2Y recep-
tors in astrocytes. To investigate this question, we used PD
098059, an inhibitor of the ERK activator MEK1 (Dudley et al.,
1995). PD 098059 has been shown to block ERK stimulation and
to inhibit growth factor-induced proliferation in Swiss 3T3 mouse
fibroblasts and rat kidney cells at concentrations that were not
cytotoxic. PD 098059 is highly selective for MEK1, as evidenced
by its failure to inhibit 18 other serine/threonine protein kinases
in vitro and in vivo, including the ERK homolog Jun N-terminal
kinase (also known as stress-activated protein kinase) (Alessi et
al., 1995). If the ATP-evoked activation of ERK and the ATP-
induced mitogenic response are causally related, PD 098059
should block the ability of ATP to stimulate DNA synthesis.
Indeed, this was observed (Fig. 7B), thereby indicating the im-
portance of the ERK/MAPK cascade in mediating mitogenic
signaling by ATP receptors in astrocytes.
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