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Abstract

In the mammalian nervous system, P2 nucleotide receptors mediate neurotransmission, release of
proinflammatory cytokines, and reactive astrogliosis. Extracellular nucleotides activate multiple P2
receptors in neurons and glial cells, including G protein-coupled P2Y receptors and P2X receptors,
which are ligand-gated ion channels. In glial cells, the P2Y> receptor subtype, distinguished by its
ability to be equipotently activated by ATP and UTP, is coupled to pro-inflammatory signaling path-
ways. In situ hybridization studies with rodent brain slices indicate that P2Y> receptors are expressed
primarily in the hippocampus and cerebellum. Astrocytes express several P2 receptor subtypes,
including P2Y> receptors whose activation stimulates cell proliferation and migration. P2Y> recep-
tors, via an RGD (Arg-Gly-Asp) motif in their first extracellular loop, bind to oxf3/Bs integrins,
whereupon P2Y> receptor activation stimulates integrin signaling pathways that regulate cytoskeletal
reorganization and cell motility. The C-terminus of the P2Y> receptor contains two Src-homology-3
(SH3)-binding domains that upon receptor activation, promote association with Src and transactiva-
tion of growth factor receptors. Together, our results indicate that P2Y> receptors complex with both
integrins and growth factor receptors to activate multiple signaling pathways. Thus, P2Y> receptors
present novel targets to control reactive astrogliosis in neurodegenerative diseases.

Index Entries: Astrocytes; astrogliosis; growth factor receptors; inflammation; P2Y> receptors;
nucleotides; proliferation; RGD motif; SH3-binding domain; integrins.
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Introduction

Astrocytes and microglia, two types of glial
cells in the brain, are activated under a variety
of pathological conditions and can contribute
to neurodegeneration (1). Activated astrocytes
undergo reactive astrogliosis characterized by
cell hypertrophy and hyperplasia and
increased motility (2). Extracellular nucleotides
activate P2 nucleotide receptors in glial cells
and neurons that regulate inflammatory res-
ponses and neurotransmission, respectively
(3,4). We have investigated the function of a
P2Y> nucleotide receptor for ATP and UTP
expressed in glial cells that can regulate cell
proliferation and motility through stimulation
of signal transduction pathways, including
intracellular calcium mobilization, activation
of G proteins, mitogen-activated protein
kinases (MAPK), integrins and growth factor
receptors (5). This review will focus on the
structure and function of P2Y> receptors and
their role in inflammatory and proliferative
responses in astrocytes.

P2 Receptor Classification

In the early 1970s, it was reported that ATP
was released into the extracellular space by stim-
ulation of nonadrenergic, noncholinergic nerves
to activate responses postulated to be mediated
by P2 purinergic receptors for nucleotides (6,7).
Over the next few decades, it has been recog-
nized that activation of P2 nucleotide receptors
can modulate a variety of responses in cells of
the mammalian central nervous system (CNS),
including neurotransmission, cell growth, and
apoptosis (8-10). It is known that nucleotides
can be released from excitatory neurons, injured
cells, cells undergoing mechanical or oxidative
stress, aggregating platelets, degranulating
macrophages, and astrocytes (11-14) by mecha-
nisms including exocytosis from ATP/UTP-con-
taining vesicles, facilitated diffusion via putative
ABC transporters, cytoplasmic leakage, or
poorly understood electrodiffusional move-
ments through ATP /nucleotide channels (15,16).
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Extracellular nucleotides act as signaling mole-
cules by activating cell surface P2 receptors
belonging to two structurally distinct families:
the G protein-coupled receptors (P2YR) and the
ligand-gated ion channels (P2XR). Nine P2Y
receptors have been cloned and identified as G
protein-coupled receptors (GPCRs), including
P2Y1, P2Y>, P2Ys, P2Ys, P2Y11, P2Y12, P2Y13,
P2Y14, and P2Y15 (17,18), although the P2Yis
receptor has not been conclusively established to
be a P2 nucleotide receptor. Seven P2X receptors
have been cloned and identified as ligand-gated
ion channels, including P2X1, P2X5, P2X3, P2Xy,
P2Xs, P2Xe, and P2X7 (19). Functional responses
to activation of these P2 receptor subtypes in
neurons and glial cells under normal and patho-
logical conditions include cell apoptosis, prolif-
eration, migration, inflammation, ion transport,
and neurotransmission (19,20). Therefore, P2
receptors in the CNS might be potential targets
for pharmaceutical therapies in neurological dis-
orders. Among these P2 receptors, our research
has focused on the P2Y>R and its signaling path-
ways in the regulation of responses in astrocytes
associated with reactive astrogliosis, a process
that contributes to neurodegeneration.

P2 Receptors in Astrocytes

Previous studies revealed that ATP acts as a
neurotransmitter when it is released from
presynaptic neuronal vesicles and stimulates
electrical responses in postsynaptic neurons,
although the physiological role of P2 receptors
in astrocytes is less well studied. Under patho-
logical conditions such as neurodegenerative
diseases or brain trauma, nucleotides released
from damaged neurons can stimulate glial cells
to become reactive and undergo a series of
changes that are collectively termed reactive
astrogliosis (2). Depending on the conditions,
reactive astrogliosis can have either neurotoxic
or neuroprotective effects (21-23). Reactive
astrogliosis is characterized by increased astro-
cyte proliferation and morphological changes,
including extensive cellular hypertrophy, fiber
extension, and increased expression of GFAP
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Fig. 1. Expression of P2 receptors in rat cortical astrocytes and neurons. Total RNA was isolated from primary
rat cortical (A) astrocytes or (B) neurons with the RNeasy Mini Kit (Qiagen, Chatsworth, CA). DNase | (Qiagen)
was added to remove genomic DNA. The first strand of cDNA was synthesized from total RNA with or without
reverse transcriptase (+ RT) by the First Strand cDNA Synthesis Kit for RT-PCR (polymerase chain reaction)
(Roche, Indianapolis IN). Ten percent of the cDNA product (+ RT) was used as the template for PCR amplifica-
tion with the Expand High Fidelity PCR System (Roche, Indianapolis IN). Oligonucleotide primers were
designed to selectively amplify cDNA for specific subtypes of P2Y and P2X receptors and G3PDH (glyceralde-
hyde 3-phosphate dehydrogenase), as previously described (44,109,110). Thirty-five amplification cycles were
used with annealing temperatures of 60°C. PCR products were resolved by 1.5% agarose gel electrophoresis
with 10 ug/mL ethidium bromide in the gel solution. Pictures of the gels were taken using an electrophoresis
system (Fisher Scientific, Pittsburgh, PA) under ultraviolet illumination. A 1-kb DNA extension ladder (Invitro-
gen, CA) was used to indicate the size of an amplified PCR product. The + and — symbols indicate reaction
products in the presence or absence of reverse transcriptase (only the +RT samples are shown in (A) and ++

indicates amplification of a G3PDH-positive control sample (B).

(glial fibrillary acidic protein) (2,24). Moreover,
activated astrocytes migrate to the edge of an
injury similar to macrophages in the cardiovas-
cular system and they form a “reactive astro-
cyte wall” to separate healthy from injured
brain cells and to secrete cytokines, chemo-
kines, growth factors, antigens, and cell adhe-
sion molecules (25). Recent studies have
demonstrated that extracellular nucleotides
can stimulate GFAP expression, astrocyte pro-
liferation, and activation of cyclo-oxygenase-2,
which are cellular responses associated with
reactive astrogliosis (26-32). Astrocytes express
numerous subtypes of P2 nucleotide receptor.
For example, studies with primary cultures of
cortical astrocytes obtained from 1-d-old rat
pups revealed the presence of P2Y1, P2Y>, and
P2Y4 receptors (33) as well as P2X1, P2X5, P2X3,
P2X4, P2X6, and P2X7 receptors (34). Studies
with cortical astrocyte cultures from 7-d-old
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rats indicated the presence of all P2 nucleotide
receptors except P2Xs (35). As shown in Fig.
1A, primary astrocytes isolated from rat brain
express several P2 nucleotide receptor sub-
types, including P2Xs, P2Xs, P2X7, P2Y1, P2Y>,
P2Y4, and P2Ye, but not P2Y11, P2X1, or P2Xs.
Differences in subtype expression might be the
result of differences in developmental patterns
of receptor expression or variations in culture
conditions. In vivo studies also have demon-
strated the expression of P2 nucleotide recep-
tors in astrocytes from different brain regions
(30,36).

As modulators of cell-to-cell communication
in brain astrocytes, ATP and other nucleotides
can increase the intracellular calcium concen-
tration ([Ca?*];) by stimulating calcium influx
from the extracellular milieu through activation
of P2X receptors (37) or by stimulation of inosi-
tol-1,4,5-triphosphate (IP3)-mediated calcium
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mobilization from intracellular stores through
G protein-coupling to phospholipase C (PLC)
via activation of P2Y receptors (38). P2Y1 recep-
tors involved in d-amphetamine-induced brain
sensitization and calcium signaling affect
neural progenitor cell proliferation and migra-
tion during early CNS development (4,39).
Together with P2Y> receptors, P2Y:1 receptor
activation caused arachidonic acid (AA) release
from cultured astrocytes (40). P2Y> and P2X7
nucleotide receptors also mediate neuro-
inflammatory responses in astrocytes and
microglial cells (3). Other studies suggest that
P2Y¢ receptor activation prevents astrocyte
apoptosis (41). The recently identified P2Y14
receptor for UDP-glucose in astrocytes was
found to be upregulated by lipopolysaccha-
ride, suggesting that these receptors might reg-
ulate immune responses in the brain (42).
Elucidation of the signaling pathways regu-
lated by P2 receptors in astrocytes will help in
understanding the inflammatory/proliferative
responses that occur in reactive astrogliosis,
leading to neuronal loss in neurodegenerative
diseases.

P2Y> Nucleotide Receptor

Activation of G protein-coupled P2Y2Rs stim-
ulates PLC and leads to the production of IP3
and diacylglycerol (DAG) (5,43), second messen-
gers for calcium release from intracellular stor-
age sites and protein kinase C (PKC) activation,
respectively. The P2Y2R is expressed in epithelial
cells, smooth muscle cells, endothelial cells,
leukocytes, and cardiomyocytes (43—47). In cells
derived from the peripheral nervous system and
the CNS, P2Y2Rs have been identified in immor-
talized astrocytes, NG108-15 neuroblastoma x
glioma hybrid cells, Schwann cells, dorsal horn
and cortical astrocytes, astrocytoma cells, rat cor-
tical neurons, and oligodendrocytes (3,5,48-50).
P2Y>Rs mediate pro-inflammatory responses,
including increased cell proliferation, cell motil-
ity, and expression of cell adhesion molecules
and cytokines (44,51-53). The P2Y>R subtype is
distinguished in its ability to be upregulated
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under conditions of stress or injury in activated
thymocytes, salivary gland epithelial cells, and
models of vascular tissue injury (44,54,55). For
example, a vascular collar placed around a rab-
bit carotid artery was found to cause a dramatic
increase in P2Y2R expression in smooth muscle
cells and endothelium leading to intimal thick-
ening that is significantly enhanced by local
application of the P2Y2R agonist UTP and corre-
lated with the increased expression of osteopon-
tin and the proliferation of smooth muscle cells
(44). In addition, binding of monocytes to
endothelium because of P2Y>R-mediated upreg-
ulation of vascular cell adhesion molecule-1
(VCAM-1) promotes monocyte infiltration into
neointima, suggesting that P2Y2R activation can
mediate an inflammatory response (53). Very
few studies have investigated the role of P2Y2Rs
in the brain in vivo. We utilized in situ hybridiza-
tion and reverse transcriptase—polymerase chain
reaction (RT-PCR) to determine that P2Y>R mes-
senger RNA (mRNA) was expressed at rela-
tively low levels in normal rodent (ie. rat,
mouse, and gerbil) brain slices, but it was most
abundant in the hippocampus and cerebellum
(unpublished data). In the hippocampus, P2Y2R
mRNA was highly expressed in the dentate
gyrus, and we also detected P2Y>2R mRINA in rat
primary astrocytes (Fig. 1A), primary neurons
(Fig. 1B), and microglial cells (3). Thus, the
P2Y>R is an intriguing new target for anti-
inflammatory and antiproliferative therapies in
neurodegenerative diseases and atherosclerosis.

P2Y2Rs and Inflammatory Responses

P2Y>Rs mediate the synthesis of pro-inflam-
matory mediators and cell adhesion molecules
and the release of AA (53,56,57). P2Y2Rs also
regulate the synthesis of prostaglandins, nitric
oxide, and cytokines (56,58-60). P2Y2R expres-
sion is upregulated by agents that mediate
inflammation, including cytokines, interleukin
(IL)-1B, interferon (IFN)-y, and tumor necrosis
factor (TNF)-o (61,62). In several cell types,
upregulation of P2Y2Rs is associated with
nucleotide-induced stimulation of PKC, cyclo-
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oxygenase, and MAPKs (55,63-65). In primary
murine astrocytes, P2Y>Rs mediate the acti-
vation of calcium-dependent and calcium-
independent PKCs and extracellular signal-
regulated protein kinases 1 and 2 (ERK1/2) to
regulate the activity of cytosolic phospholipase
Az (cPLA2) (3,57), which hydrolyzes cell mem-
brane phospholipids to produce AA (66), a pre-
cursor of pro-inflammatory chemokines such
as eicosanoids, prostaglandins, and leuko-
trienes (67). Furthermore, P2YR-mediated
release of AA and activation of type 2 cyclo-
oxygenase (COX-2) play a role in inflammation
and reactive astrogliosis in neurodegenerative
diseases (27,28). Consistent with a role for
P2Y5Rs in the proliferative phenotype, P2Y>R
mRNA expression has been found to be down-
regulated during cell differentiation (68). The
P2Y>R agonist UTP stimulates expression of
mRNA of the cytokine transforming growth
factor-B (TGF-) in astrocytes (3). In turn, TGF-
B regulates cell proliferation and differentia-
tion that is dependent on activation of p38 and
c-Jun NHa-terminal kinase (JNK) in cultured
astrocytes (3). Our data have shown that acti-
vation of the P2Y;R and the P2X7R induces
phosphorylation of ERK, JNK, and p38 in
astrocytes and microglial cells, suggesting that
P2Y>Rs regulate pro-inflammatory responses
in these cells (3,69).

Prostaglandin E> (PGEz) is a mediator of
inflammation in the neuroendocrine and
immune systems (70,71) and a potent vasodila-
tor that acts with other chemokines to increase
microvascular permeability in the peripheral
nervous system (72,73). AA is the rate-limiting
substrate for PGE2 synthesis by COX-1 and/or
COX-2 (67). Phospholipase Az (PLAz), the
enzyme primarily responsible for hydrolyzing
membrane phospholipids to yield free AA, is
activated by ATP/UTP via P2Y2Rs in primary
murine astrocytes in a PKC- and MAPK-depen-
dent manner (57). ATP in combination with
TNF-o, IL-1B and IFN-y increased PGEx pro-
duction about 13-fold compared to untreated
astrocytes and 2-fold over cytokines alone,
indicating that cytokines and nucleotides
coregulate PGE2 production in astrocytes (56).
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PGs, including PGE», have been shown to pro-
mote inflammatory responses associated with a
number of diseases (70,71), and the ability of
ATP and UTP to enhance cytokine-induced
inflammation strongly suggests that P2Y>
receptors modulate the actions of cytokines in
neurodegenerative diseases.

P2Y2R and Integrin Interactions:
Functional Consequences

The P2Y2R contains the consensus integrin-
binding motif, Arg-Gly-Asp (RGD) in its first
extracellular loop (see Fig. 2) (74). Recent stud-
ies in our laboratory have demonstrated that
the wild-type P2Y2R colocalizes with o inte-
grins when the recombinant P2Y>R is expressed
in human 1321NT1 astrocytoma cells, a cell line
devoid of endogenous G protein-coupled P2Y
receptors. In contrast, a mutant P2Y2R in which
the RGD motif was replaced with Arg-Gly-Glu
(RGE) that does not have high affinity for inte-
grins, exhibited 10-fold less colocalization with
ow integrins than the wild-type receptor. The
ECsp for nucleotide-induced calcium mobiliza-
tion was approx 1000-fold greater for the RGE
mutant than the wild-type P2Y2R, suggesting
that the RGD-dependent association between
the P2Y2R and owf3/Bs5 integrins is necessary to
maintain the P2Y>R in a high-affinity ligand-
binding state. It also was noted that the acti-
vated RGE-mutant P2Y?R lost the pertussis
toxin sensitivity of the wild-type P2Y2R, sug-
gesting that association with owf3/PBs integrins
enables signaling paths access to the Go- possi-
bly through interaction with the integrin-asso-
ciated thrombospondin receptor (CD47) that is
known to interact with both owf3 integrins and
G proteins in the Gi/o family (74).

The owfBs/Bs integrins are widely expressed in
cells of the cardiovascular system and play criti-
cal roles in angiogenesis and inflammatory
responses, including cell proliferation, migra-
tion, adhesion, and infiltration (75-78). Activa-
tion of P2Y>Rs by UTP or ATP induces
proliferation and/or migration of human epi-
dermal keratinocytes, lung epithelial tumor
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Fig. 2. Two-dimensional structure of the human P2Y;R. Highlighted features include the consensus RGD
integrin-binding domain, positively charged amino acid residues involved in agonist binding, two consensus
PXXP SH3-binding domains, and an incorporated hemagglutinin (HA) tag used for immunofluorescence and
immunoprecipitation of various P2Y2R constructs. The dotted line indicates the location of a truncation site for

creation of a sequestration-resistant P2Y3R.

cells, and smooth muscle cells (79-81). There-
fore, we examined whether interactions between
P2Y>Rs and owf3/Ps integrins enabled the
P2Y>R to modulate integrin-mediated cell
migration by comparing responses of wild-type
and RGE-mutant P2Y>Rs. Results indicated that
the presence of the RGD domain in the P2Y>R
is necessary for the receptor to mediate
nucleotide-induced chemotaxis and the forma-
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tion of actin stress fibers (unpublished data).
Antibodies to owB3/Bs integrins also inhibited
P2Y:R-mediated stress fiber formation and cell
migration (unpublished data). These data
demonstrate that integrin/P2Y2R interactions
are required for nucleotide modulation of inte-
grin-associated responses such as cytoskeletal
rearrangements that control cell migration.
Based on findings in other laboratories on the
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Fig. 3. A schematic outline of the signaling pathways mediated by the activated P2Y2R. The activation of the
P2Y2R by ATP or UTP transactivates avf3/Bs integrin and growth factor receptor signaling pathways involving
ERK, JNK, p38, PI3-K, and the small GTPase Rac that regulate cell proliferation and/or migration. Also shown is
the classical P2Y2R coupling to the Gq-protein that mediates activation of PLC and the formation of IP3 and
PKC, second messengers for stimulation of intracellular calcium mobilization and PKC, respectively.

regulation of cytoskeletal rearrangements
(82,83), it can be predicted that small GTPases
such as Rho, Cdc42, and Rac play a role in
nucleotide-induced cell migration (see Fig. 3).
Other studies indicate that phosphatidylinositol
3-kinase (PI3-K) and other intracellular kinases,
including mitogen-activated protein (MAP) and
stress-activated protein (SAP) kinases are key
regulators of integrin-mediated actin stress fiber
formation and cell migration (84). Our studies
have found that compared with the wild-type
P2Y>R, the RGE-mutant P2Y>R requires approx
1000-fold higher UTP concentration to activate
ERK, downstream kinase of PI3-K (Akt), and
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isoforms of p54 Jun kinase (JNK), a SAP kinase
(74). Inhibitors of ERK, JNK, and PI3-K
decreased UTP-induced chemotaxis, support-
ing a role for these kinases in P2Y>R-mediated
cell migration (unpublished data).

Glial cell migration in the CNS under physio-
logical conditions facilitates axonal growth dur-
ing development (85). In the adult brain,
astrocyte migration is critical for the structural
plasticity and repair of damaged brain cells (2).
Under pathological conditions involving neu-
ronal cell loss, reactive astrocytes migrate to the
site of damage in a wound-healing response
(25). It has been reported that in response to
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focal ischemia, expression of the integrin owps is
increased in astrocytes in the peri-infarct region
(86). Osteopontin (OPN), a ligand of owf3, also
is elevated after ischemia in both the peri-infarct
region and the infarct area, and within 15 d of
focal ischemia, astrocytes expressing owf3 are
localized in an osteopontin-rich region within
the core infarct, which is concomitant with the
astrocyte barrier. These studies suggest that
OPN and owf3 play roles in reactive astrocyte
migration and wound healing in neurodegener-
ative diseases. We have found that the P2Y>R
agonist UTP is chemotactic for primary rat
astrocytes, a response that is inhibited by anti-
ovBs or anti-osteopontin anti-bodies (unpub-
lished results). Other unpublished results
indicate that UTP causes upregulation of
owP3/PBs and OPN in rat astrocytes in a dose-
and time-dependent manner. These data sug-
gest that interactions between P2Y>Rs and
owP3/Ps integrins are essential for nucleotide-
induced astrocyte migration during wound
healing and tissue remodeling in the CNS.

SH3-Binding Domains in the P2Y2R
Regulate Transactivation of
Growth Factor Receptors

Proline-rich peptide sequences have been
shown to play important roles in protein—pro-
tein interactions that occur in signal transduc-
tion pathways. For example, the proline-rich
consensus  Src-homology-3  (SH3)-binding
sequences, PXXP (P is proline and X is any
amino acid), in the B3 adrenergic receptor inter-
act directly with Src to activate ERK1/2 (87).
PXXP motifs in the B1 adrenergic and dopamine
D4 receptor interact with endophilins, SH3
domain-containing proteins, to mediate recep-
tor internalization and receptor coupling to G
proteins (88,89), adenylyl cyclase, and MAP
kinase (90). Activation of GPCRs often causes
the concomitant activation of growth factor
receptors, although the mechanism controlling
this transactivation is unclear (91,92). Previous
studies have indicated that Src and Pyk2 are
involved in the signaling pathway for growth
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factor receptor (GFR) transactivation by some
GPCRs, including P2Y>Rs (91-93), although
researchers are divided on the role of this path-
way in the activation of downstream mitogenic
signaling by GPCRs. For example, studies with
EGFR/Src/Pyk2 dominant negative mutants
or an EGFR kinase inhibitor demonstrated the
importance of EGFR/Src/Pyk2 in P2Y2R-medi-
ated MAPK activation in rat-1 fibroblasts and
PC12 cells (94). In contrast, studies with embry-
onic fibroblasts derived from Src~/~, Pyk2-/-, or
Src/-Pyk2~/- mice suggested that Src/Pyk2 are
essential for GPCR-mediated transactivation of
the EGFR but are dispensable for GPCR-medi-
ated MAPK activation (92).

We have identified two PXXP motifs in the
intracellular carboxy-terminal tail of the
human P2Y:;R that mediate GFR transactiva-
tion induced by ATP or UTP (95). Immunofluo-
rescence experiments showed that the SH3
binding domains in the P2Y2R facilitates its
colocalization with the EGFR in response to
P2Y,;R activation by nucleotides. Although
activation of the P2Y>R mediates ERK1/2
phosphorylation, our studies indicate that
deletion of the SH3-binding motifs of the
P2Y>R does not suppress ERK1/2 activation
when the mutant receptors are expressed in
1321IN1 astrocytoma cells (95), most likely
because of the ability of the P2Y>R to also acti-
vate Src and ERK1/2 via alternative routes (see
Fig. 3). Consistent with this conclusion, the Src
inhibitor PP2 prevented nucleotide-induced
P2Y>R/EGEFR colocalization and ERK1/2 acti-
vation in 1321N1 cells expressing the wild-type
P2Y;R. Furthermore, immunoprecipitation
experiments with UTP-treated cells showed
that the wild-type P2Y2R, but not the SH3-
binding domain deletion mutant P2Y2R, copre-
cipitates with Src. These results strongly
suggest that activation of the P2Y>R promotes
Src binding to the PXXP motifs in the P2Y2R to
transactivate the EGFR or other GFRs and
enables extracellular nucleotides to stimulate
GFR-mediated signaling pathways that upreg-
ulate expression of cell adhesion proteins.

Our results also suggest that the P2Y>R medi-
ates Src-dependent Pyk2 phosphorylation at
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Tyr881. A SH2-binding site is formed in Pyk2
after its activation at Tyr881, which enhances
association of Pyk2 with several SH2 domain-
containing proteins, including Src (92) and the
adaptor protein Grb2 (96). Because activation of
Pyk2 has been associated with cytoskeletal
reorganization and cell proliferation (96,97),
P2Y>R-mediated Pyk2 activation is postulated
to have similar physiological consequences.

P2Y> Receptors Regulate Cell
Proliferation

Both ATP and UTP induce cell cycle transi-
tion from the G1 to S and M phases in primary
vascular smooth muscle cell cultures, indicat-
ing that P2Y>R activation can regulate cell pro-
liferation (51). The P2Y2R has been shown to
mediate smooth muscle cell proliferation that
leads to the development of neointimal hyper-
plasia, (44). Proliferation of smooth muscle cells
by ATP was reported to require independent
activation of PI3-K and ERK1/2 (81). In HeLa
cells, activation of the P2Y,R causes PI3-K-
dependent activation of ERK1/2, which
induces cell proliferation through activation
and expression of the early response protein c-
fos (52). These cell-dependent differences might
reflect the ability of ATP to activate multiple P2
receptors in some cell types. In primary astro-
cytes, extracellular ATP increases GFAP protein
expression and DNA synthesis (26,32), whereas
injection of ATP or its analogs in the rat nucleus
accumbens causes upregulation of GFAP-posi-
tive and GFAP/BrdU-positive cells, suggesting
that nucleotides regulate astrocyte proliferation
in vivo (31).

ERK1/2 regulates cell proliferation in HeLa
cells, human dermal microvascular endothelial
cells, keloids, pancreatic tumor cells, and
myeloma cells (52,98-101). Various extracellu-
lar agents, including cytokines, growth factors,
and agonists of GPCRs, activate ERK1/2 sig-
naling pathways (102,103). PI3-K transduces
the signal between GFRs and ERK1/2 to regu-
late cell proliferation in endothelial cells and
tumor cells (99,104). PI3-K also regulates

Molecular Neurobiology

177

diverse cellular processes, including cell apop-
tosis, survival, and migration (105).

The signaling cascade for ATP-induced astro-
cyte proliferation has been investigated (32,106),
and it has been shown that ERK1/2 induces
gene expression via activation of AP-1 tran-
scriptional complexes (107). ATP also causes
sequential activation of phospholipase D and
calcium-independent PKC$ in astrocytes, and
the activation of the SAP kinase p38 has been
shown to regulate AP-1-mediated astrocyte pro-
liferation (108). Recent studies in our laboratory
have investigated the pathways whereby
P2Y>Rs mediate nucleotide-stimulated activa-
tion of ERK1/2 and PI3-K. Inhibitors of c-Src
and calcium-independent isoforms of PKC, but
not calcium-dependent PKC were found to pre-
vent UTP-induced ERK1/2 phosphorylation
(95,109), suggesting that calcium-independent
PKC and c-Src lie upstream of ERK1/2 activa-
tion in P2Y>R-mediated signaling pathways.
The inhibitors of PI3-K, LY294002 and wort-
mannin, and the Gi/, inhibitor pertussis toxin
also decreased P2Y>R-mediated ERK1/2 activa-
tion, but not G¢- and PLC-dependent calcium
mobilization, suggesting that both the integrin-
binding and SH3-binding domains of the P2Y>2R
comodulate ERK1/2 activation. We have found
that ERK1/2 activation by the wild-type but not
the RGE mutant P2Y>R, is partially inhibited by
the calcium chelator BAPTA, suggesting that
interactions with integrins are required for the
P2Y>R to activate calcium-dependent ERK1/2
activation. Furthermore, anti-o antibody and
RGDs tetrapeptide partially inhibited UTP-
induced ERK1/2 phosphorylation (74). We also
have found that cell proliferation induced by
P2Y;R activation in primary astrocytes is
dependent on PI3-K and ERK1/2 and that
transactivation of the EGFR could play a role in
this process (unpublished data). Taken together,
our studies indicate that activation of the P2Y>R
promotes cell proliferation through transactiva-
tion of integrin and GFR signaling pathways
that stimulate MAP and SAP kinases, although
G protein-mediated activation of PLC might
contribute to signal amplification (Fig. 3). Fur-
ther studies on protein—protein interactions
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within the multiple signaling pathways of the
P2Y>R complex should lead to a better under-
standing of nucleotide-induced astrocyte pro-
liferation and the inflammatory response,
information that should yield new insight into
treatments for Alzheimer’s and other neurolog-
ical diseases.
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