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Inhibition of Apoptosis by P2Y2 Receptor Activation: Novel
Pathways for Neuronal Survival
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Cell survival is an essential function in the development and maintenance of the nervous system. We demonstrate here a previously
unappreciated role for extracellular nucleotide signaling through the P2Y2 receptor in the survival of neurons: PC12 (pheochromocytoma
12) cells and dorsal root ganglion neurons are protected from serum starvation-induced apoptosis by ATP, UTP, and ATP�S, an effect
mediated via P2Y2 receptors, as demonstrated by small interfering RNA and genetic knock-out models. This protection occurs indepen-
dently of neurophin signaling but requires Src activation of ERK (extracellular signal-regulated kinase) and Akt. Moreover, ATP�S and
NGF act synergistically to enhance neuronal survival through enhanced TrkA signaling. The results, which define a novel mechanism for
inhibition of apoptosis, implicate parallel, interacting systems— extracellular nucleotides/P2Y2 receptors and neurotrophin/TrkA—to
sustain neuronal survival.

Key words: dorsal root ganglion (DRG); nucleotide; ATP; purinergic; P2Y; Akt; Src; PC12; NGF

Introduction
The regulation of cell development and organismal growth is a
highly regulated process that involves maintaining a balance be-
tween proliferation and apoptosis (Duque-Parra, 2005). A large
body of data document that both intrinsic and extrinsic apoptotic
pathways result in distinct morphological and biochemical cellu-
lar changes (Saunders, 1966; Twomey and McCarthy, 2005). In-
jury, oxidative stress, and reduced extracellular levels of trophic
factors are examples of inciting stimuli that can result in cells
initiating apoptotic pathways (Twomey and McCarthy, 2005).

The maintenance of cell survival is a crucial component of
neuronal function. Survival of neurons, in particular the inhibi-
tion of apoptosis, is dependent on the presence of trophic and
nontrophic factors to maintain function (Akassoglou, 2005;
Shaw, 2005). Nerve growth factor (NGF) is one of the best stud-
ied examples of an extracellular stimulant that regulates neuronal
survival by antiapoptotic effects. NGF acts via its cognate recep-
tor, TrkA, with subsequent activation of extracellular signal-
regulated kinase 1/2 (ERK1/2) and Akt kinases that inhibit apo-
ptotic signaling in neurons (Greene, 1978; Chao, 2003).

Extracellular nucleotide signaling via nucleotide (P2) recep-
tors is a mechanism that may regulate apoptosis (Burnstock and
Williams, 2000). P2 receptors, which are comprised of P2X
(ionotropic) and P2Y (metabotropic, G-protein-coupled) sub-

types, respond to a variety of nucleotide agonists. The role of P2
receptors, particularly P2X receptors, in apoptosis has been dem-
onstrated in both non-neuronal and neuronal cells, including
most prominently the P2X7 receptor in initiating spinal neuron
apoptosis (Franke et al., 2004; Wang et al., 2004; Coutinho-Silva
et al., 2005). In contrast, the role of P2Y receptors in neuronal
apoptosis remains mostly unexplored.

In this study, we tested the hypothesis that extracellular nu-
cleotides, signaling through P2Y2 receptors, modulate neuronal
apoptosis. Using a series of complementary approaches, we dem-
onstrate a role for P2Y2-mediated inhibition of neuronal apopto-
sis through signaling pathways that are both neurotrophin-
dependent and -independent, resulting in enhanced survival in
response to trophic factor withdrawal.

Materials and Methods
Reagents. The following reagents were used: ATP�S, ATP, UTP, hista-
mine (Sigma, St. Louis, MO), NGF (Invitrogen, Carlsbad, CA), methyl-
9-( S)-12( R)-epoxy-1 H-diindolo[1,2,3-fg: 3�2�1�-kl]pyrrolo[3,4-i][1,6]
benzodiazocine-2,3,9,10,11,12-hexahydro-10-( R)-hydroxy-9-methyl-
1-oxo-10-carboxilate (K252a), 4-amino-5-(4-chlorophenyl)-7-(t-
butyl)pyrazolo[3,4-d]pyrimidine (PP2), 3-[1–3-(amidinothio)-propyl-
1 H-indol-3-yl]-3-(1-methyl-1 H-indol-3-yl)maleimide (Ro-31-8220),
2-(2-diamino-3-methoxyphenyl-4 H-1-benzopyran-4-one (PD98059),
2,3-dihydro- N, N-dimethyl-2-oxo-3-[(4,5,6,7-tetrahydro-1 H-indol-2-
yl)methylene]-1 H-indole-5-sulfonamide (SU6656), 1-[6-((17�-3-
methoxyestra-1,3,5(10)-trien-17-yl)amino)hexyl]-1H-pyrrole-2,5-
dione (U73122), BAPTA-AM, Raf kinase inhibitor (Calbiochem, San
Diego, CA), 1,4-diamino-2,3-dicyano-1,4-bis(o-aminophenylmercap-
to)butadiene (U0126), and 2-(4-morpholinyl)-8-phenyl-1(4 H)-benzo-
pyran-4-one (LY294002) (Cell Signaling, Beverly, MA).

Cell isolation and culture. DRG neurons were dissected and trypsin
dissociated from adult wild-type (wt) or P2Y2

�/� mice (Cressman et al.,
1999) (gift from Dr. Beverly Koller, University of North Carolina, Chapel
Hill, NC), as previously described (Arthur et al., 2005). Dissociated cul-
tures were grown on laminin/poly-D-lysine/collagen-coated plates for
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96 h in Neurobasal A (Invitrogen) with B27 supplement (Invitrogen) and
FUDR (fluoro-2�-deoxyuridine) (Sigma). Pheochromocytoma 12
(PC12) cells were grown as described previously (Taupenot et al., 1999).

PC12 cell transfection. PC12 cells were transfected with predesigned
small interfering RNA (siRNA) (ID numbers 50110, 143692; Ambion,
Austin, TX) for P2Y2 with Lipofectamine 2000 (Invitrogen) according to
the manufacturer’s instructions.

Apoptosis. PC12 cells and DRG neurons were incubated in serum-free
medium for 12 h with ATP�S (10 �M), ATP (100 �M), UTP (100 �M),
NGF (10 ng/ml), K252a (10 nM), PP2 (10 �M), Raf kinase inhibitor (50
nM), SU6656 (5 �M), U0126 (10 �M), LY294002 (10 �M) (unless other-
wise noted) where indicated. Cells were lysed and were ELISA assayed for
DNA fragmentation (Roche, Indianapolis, IN), caspase 3 (Roche), and
membrane inversion (APOPercentage; Biocolor, Newtonabbey, UK). All
conditions were assessed in triplicate.

Immunoblot analysis. Protein samples, loaded at equal concentrations,
were separated on 10 or 12% precast SDS polyacrylamide gels (Invitro-
gen) and then transferred to polyvinylidene difluoride membranes.
Membranes were blocked in 20 mM PBS, 1% Tween with 1.5% nonfat dry
milk, and then incubated with primary antibody at 4°C overnight. Anti-
bodies used were as follows: P-TrkA, P-ERK1/2, ERK1/2, P-Src, Src,
P-B-Raf, P-Akt, Akt (Cell Signaling), P2Y2 (Alomone Labs, Jerusalem,
Israel), actin, TrkA (Santa Cruz Biotechnology, Santa Cruz, CA),
glyceraldehyde-3-phosphate dehydrogenase (Novus Biologicals, Little-
ton, CO), B-Raf (Abcam, Cambridge, MA). Secondary antibodies con-
jugated to horseradish peroxidase (Cell Signaling) were visualized with
ECL reagent (Amersham Biosciences, Piscataway, NJ). All immunoblots
were done in triplicate.

NGF ELISA. DRG cultures were serum-deprived and treated with ei-
ther 10 �M histamine (a stimulant of NGF secretion) or 10 �M ATP�S for

24 h. NGF concentrations in conditioned me-
dium prepared from DRG cultures were mea-
sured in triplicate by ELISA (R&D Systems,
Minneapolis, MN) as previously described
(Lipnik-Stangelj and Carman-Krzan, 2004).

Statistical analysis. All experiments were
conducted in triplicate. Data were analyzed by a
one-way ANOVA followed by Tukey’s multiple
comparison test or linear regression. Signifi-
cance was assigned to p � 0.05.

Results
P2Y2 activation inhibits apoptosis of
PC12 cells
Serum starvation for 12 h significantly
( p � 0.001) increases DNA fragmentation
in PC12 cells, a result indicative of apopto-
sis (Fig. 1A) (Batistatou and Greene,
1993). NGF treatment prevents apoptosis
produced in this manner (Fig. 1A). Be-
cause of our recent findings demonstrat-
ing interaction between expression of nu-
cleotide/P2Y2 and NGF/TrkA signaling in
enhancing neuronal differentiation and
growth (Arthur et al., 2005), we tested
whether nucleotide/P2Y2 receptor activa-
tion might also promote neuronal sur-
vival. In initial studies, we treated cells
with ATP (100 �M), UTP (100 �M), or
ATP�S (10 �M), all agonists of P2Y2 re-
ceptors (Burnstock and Williams, 2000)
and found that all three agonists reduced
serum starvation-induced DNA fragmen-
tation, ATP�S more significantly ( p �
0.05) than ATP or UTP (Figs. 1A, 2A), an
effect likely attributable to the resistance
of ATP�S to hydrolysis. We used ATP�S

for subsequent experiments.
As a more direct test of the role of P2Y2 receptors, we trans-

fected PC12 cells with each of two nonoverlapping siRNA se-
quences directed against P2Y2 (Arthur et al., 2005). Incubation
with NGF reduced the level of DNA fragmentation in both
scrambled and P2Y2 siRNA (sequence 1)-treated cells; ATP�S
only significantly ( p � 0.001) reduced serum starvation-induced
DNA fragmentation in control (scrambled), but not P2Y2

siRNA-treated, cells (Fig. 1A). These results implicate the P2Y2

receptor as crucial for the ATP�S-promoted protection from ap-
optosis. Similar results were obtained using P2Y2 siRNA se-
quence 2 (data not shown). In addition to the effect on DNA
fragmentation, ATP�S inhibited caspase 3 activation and mem-
brane inversion, both measures of apoptosis (Fernandes-Alnemri
et al., 1994; Martin et al., 1995; Zhou et al., 1997); these responses
were also independent of NGF and reversed by reduction of P2Y2

receptor protein by the P2Y2 siRNA (Fig. 1C,D).

Inhibition of apoptosis of PC12 cells by P2Y2 activation is
independent of NGF/TrkA
K252a, an inhibitor of Trk phosphorylation (P-TrkA) (MacInnis
et al., 2003), reversed the NGF-mediated, but not the ATP�S-
mediated, inhibition of DNA fragmentation (Fig. 1A). Immuno-
blotting of serum-starved PC12 cells showed activation of TrkA
(P-TrkA) with NGF treatment (blocked by 10 nM K252a), but not
with ATP�S (Fig. 1B). P2Y2 siRNA-treated PC12 cells showed

Figure 1. ATP�S inhibits serum starvation-induced PC12 apoptosis via P2Y2 receptors independent of NGF/TrkA signaling.
PC12 cells were transfected with P2Y2 siRNA and then grown for 12 h in the presence or absence of serum, ATP�S (10 �M), NGF (10
ng/ml), and/or K252a (10 nM) and analyzed for apoptosis by quantitation of DNA fragmentation (A). P2Y2 receptor expression in
cells transfected with P2Y2 siRNA decreased by �70% versus cells transfected with a scrambled siRNA sequence. Treatment with
the P2Y2-targeted siRNAs failed to alter serum starvation-induced apoptosis. An immunoblot of PC12 cells treated as in A and
probed for TrkA activation is shown (B). Densitometry was measured as P-TrkA/TrkA and normalized to NGF treatment alone. PC12
cells transfected with P2Y2 siRNA and serum-starved for 12 h with the indicated treatments were analyzed for apoptosis by caspase
3 activation/expression (C) and an assay for plasma membrane inversion (D). ***p � 0.001 versus serum starvation alone, with
values normalized to serum starvation alone. Error bars indicate SE.
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similar levels of P-TrkA with NGF and
lack of activation with ATP�S (data not
shown).

P2Y2 and TrkA synergistically
inhibit apoptosis
Based on findings showing that ATP�S
enhances P-TrkA formation in the pres-
ence of NGF (Arthur et al., 2005), we
tested the potential interaction of nucleo-
tide and neurotrophin signaling in the in-
hibition of apoptosis. Lower concentra-
tions of NGF (3 ng/ml) or ATP�S (1 �M)
individually did not prevent DNA frag-
mentation in serum-starved PC12 cells
(Fig. 2A), but the combination of these
suboptimal concentrations resulted in a
significant ( p � 0.01) inhibition of DNA
fragmentation (Fig. 2A). Immunoblot
analysis of serum-starved PC12 cells
treated with the combination of lower
concentrations of NGF and ATP�S re-
vealed that these cells expressed more
P-TrkA than cells treated with a low con-
centration of NGF alone (Fig. 2B), imply-
ing that enhancement in TrkA signaling by ATP�S contributes to
the promotion of survival by the synergistic combination of
ATP�S and NGF.

P2Y2 activation inhibits apoptosis via both ERK and Akt
Agonists of P2Y2 receptors in PC12 cells are able to activate
ERK1/2 (P-ERK1/2) (D’Ambrosi et al., 2001; Arthur et al., 2005),
a kinase that inhibits apoptosis (Xia et al., 1995). We thus tested
the role of ERK1/2 in inhibition of apoptosis by activation of
P2Y2 receptors and found that PC12 cells serum-starved in the
presence of ATP�S and the ERK1/2 inhibitor, U0126 (10 �M)
(Xie et al., 2000), had similar levels of DNA fragmentation as did
cells incubated with ATP�S alone (Fig. 3A). Serum-starved PC12
cells incubated with LY294002 (10 �M), an inhibitor of Akt acti-
vation (P-Akt formation), another kinase that can inhibit apo-
ptosis (Crowder and Freeman, 1998), also showed no difference
in the ability of ATP�S to reduce DNA fragmentation (Fig. 3A).
However, combined inhibition of ERK1/2 and Akt by U0126 and
LY294002 blocked ATP�S-mediated inhibition of serum
starvation-induced DNA fragmentation (Fig. 3A).

Treatment of serum-starved PC12 cells with either ATP�S or
NGF activated both Akt and ERK1/2 (Fig. 3B) and cells treated
with low concentrations of NGF and ATP�S had a synergistic
enhancement in P-Akt and P-ERK1/2 formation, consistent with
the impact of the two classes of agonists on DNA fragmentation
and P-TrkA expression (compare Figs. 2, 3B). ATP�S treatment
of serum-starved PC12 cells increased expression of both P-Akt
and P-ERK1/2, responses that could be blocked by inhibition of
the kinases by LY294002 or U0126, respectively (Fig. 3C). Inhi-
bition of the two kinases blocked formation of both phosphory-
lated species, implying that both of these signaling molecules
contribute to the prevention of apoptosis (Fig. 3A) in response to
activation of P2Y2 receptors.

ERK and Akt activation by P2Y2 requires Src
To further elucidate components involved in the inhibition of
apoptosis via P2Y2 activation, we assayed several additional sig-
naling molecules that might contribute to the downstream

Figure 3. ATP�S inhibits apoptosis via activation of ERK1/2 and Akt. Serum-starved PC12
cells were treated with U0126 (10 �M) or LY294002 (10 �M), and the indicated treatments
were analyzed for apoptosis by quantitation of DNA fragmentation (A). An immunoblot of
serum-starved PC12 cells left untreated, treated with 10 ng/ml NGF, 10 �M ATP�S, or as indi-
cated and probed for activated Akt and ERK1/2 is shown (B). Densitometry was measured as
P-Akt/Akt and P-ERK1/2/ERK1/2 and normalized to untreated. Immunoblot of serum-starved
PC12 cells treated as in A and probed for Akt and ERK1/2 activation is shown (C). Densitometry
was measured as P-Akt/Akt and P-ERK1/2/ERK1/2 and normalized to ATP�S-treated alone.
***p�0.001 versus serum starvation alone, with values normalized to serum starvation alone.
Error bars indicate SE.

Figure 2. ATP�S/NGF interact to enhance inhibition of apoptosis. Serum-starved PC12 cells were treated with ATP (100 �M),
UTP (100 �M), NGF, and/or ATP�S at the indicated concentrations. Apoptosis was quantitated using DNA fragmentation (A). An
immunoblot analysis of cells treated with NGF (10 or 3 ng/ml), ATP�S (10 or 1 �M), or 3 ng/ml NGF together with 1 �M ATP�S and
probed for TrkA activation is shown (B). Densitometry was measured as P-TrkA/TrkA and normalized to 3 ng/ml NGF treatment
alone. *p � 0.05, **p � 0.01, ***p � 0.001 versus serum starvation alone, with values normalized to serum starvation alone.
Error bars indicate SE.
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responses. Inhibitors of phospholipase C (U73122) (Nussenzveig
et al., 1993), protein kinase C (PKC) (Ro-31-8220; 1 �M) (Bacon
and Camp, 1990), and intracellular calcium (BAPTA-AM; 50
�M) had no effect on the ATP�S-mediated inhibition of serum
starvation-induced apoptosis (supplemental Fig. 1, available at
www.
jneurosci.org as supplemental material) (data not shown). In
contrast, we found that Src appears to play an important regula-
tory role in the signal transduction pathway that mediates this
inhibition. PP2, an inhibitor of Src phosphorylation (Nagao et
al., 1998), reversed the ATP�S/P2Y2-mediated inhibition of DNA
fragmentation in both PC12 cells and dorsal root ganglion
(DRG) neurons, a peripheral nerve cell known to express P2Y2

receptors (Sanada et al., 2002; Arthur et al., 2005) (Fig. 4A).
Another Src inhibitor, SU6656 (Blake et al., 2000), produced
similar results (data not shown). Immunoblot analysis of serum-
starved PC12 cells treated with ATP�S showed activated Src (P-
Src) expression, whereas inhibition of ATP�S-mediated P-Src
formation by PP2 (10 �M) abolished P-Akt and P-ERK1/2 for-
mation (Fig. 4B). Together, these results indicate that Src activa-
tion is a necessary step in the ATP�S/P2Y2-receptor-mediated
inhibition of neuronal apoptosis.

ERK activation by P2Y2 requires B-Raf
Based on previous data showing that acti-
vation of ERK1/2 by TrkA occurs via
B-Raf (Chao, 2003), we tested the poten-
tial role of B-Raf in the regulation of
ERK1/2 activation in the ATP�S/P2Y2

receptor-mediated inhibition of neuronal
apoptosis. Inhibition of Raf kinase (Cal-
biochem; 50 nM; catalog #553008) in
ATP�S-treated serum-starved PC12 cells
and DRG neurons did not alter the reduc-
tion in apoptotic DNA fragmentation
(Fig. 4C) but decreased P-ERK1/2 forma-
tion by ATP�S in serum-starved PC12
cells (Fig. 4D). However, simultaneous in-
hibition of Raf and Akt activation (by
LY294002) blocked formation of
P-ERK1/2 and P-Akt (Fig. 4D) and inhib-
ited DNA fragmentation ascribed to
ATP�S activation of P2Y2 receptors (Fig.
4C). These results place Raf activation up-
stream of ERK1/2 activation, but not Src
or Akt activation.

P2Y2 activation in DRG neurons
inhibits apoptosis independent of TrkA
Because no specific antagonists exist for
the P2Y2 receptor (Burnstock and Wil-
liams, 2000), we used two alternative ap-
proaches, siRNA (Fig. 1) and genetic
knock-outs (Fig. 5) to evaluate the role of
these receptors in the inhibition of apo-
ptosis by extracellular nucleotides. Using
P2Y2

�/� mice, we assessed adult DRG
neurons, which do not require NGF for
survival (Lindsay, 1988). Serum starvation
of DRG neurons for 12 h in the absence of
presence of NGF or ATP�S revealed that
ATP�S inhibited DNA fragmentation and
caspase 3 activation to levels similar to
those produced by treatment with NGF

(Fig. 5A,B). In contrast, DRG neurons derived from P2Y2
�/�

mice responded to NGF but did not demonstrate inhibition by
ATP�S of serum starvation-induced apoptotic DNA fragmenta-
tion or caspase 3 activation (Fig. 5A,B).

Because a synergistic inhibition of apoptosis occurs with
ATP�S and NGF (Fig. 2A), we assessed the concentration of NGF
in DRG cultures (supplemental Fig. 2, available at www.jneurosci.
org as supplemental material) and found that the concentration
of NGF was �80 pg/ml after 72 h growth in serum-containing
medium. Serum starvation, alone or together with ATP�S, did
not stimulate NGF secretion, whereas histamine, a known stim-
ulator of NGF secretion (Lipnik-Stangelj and Carman-Krzan,
2004), significantly ( p � 0.01) increased NGF concentrations in
DRG cultures (supplemental Fig. 2, available at www.jneuro-
sci.org as supplemental material). These NGF concentrations are
lower than those needed for synergistic inhibition of apoptosis by
ATP�S and NGF in PC12 cell cultures [compare Fig. 2A, supple-
mental Fig. 2 (available at www.jneurosci.org as supplemental
material)].

Inhibition of TrkA activation by K252a reversed NGF-
promoted inhibition of DNA fragmentation in response to serum
starvation in both wt and P2Y2

�/� DRG neurons (compare Fig.

Figure 4. ATP�S inhibits apoptosis via Src activation of Akt and B-Raf-mediated ERK1/2 activation. Serum-starved PC12 cells
and DRG neurons were treated with 10 �M PP2 and 10 �M ATP�S. Cells were analyzed for apoptosis by quantitation of DNA
fragmentation (A). An immunoblot of PC12 cells treated as in A and probed for Src, Akt, and ERK activation is shown (B).
Densitometry was measured as P-Src/Src, P-Akt/Akt, and P-ERK1/2/ERK1/2 and normalized to ATP�S-treated alone. Serum-
starved PC12 cells and DRG neurons were treated with a Raf kinase inhibitor (50 nM) and/or an Akt inhibitor (LY294002; 10 �M).
Cells were analyzed for apoptosis by quantitation of DNA fragmentation (C). An immunoblot of PC12 cells treated as in C and
probed for B-Raf, Akt, and ERK activation is shown (D). Densitometry was measured as P-B-Raf/Raf, P-Akt/Akt, and P-ERK1/2/
ERK1/2 and normalized to ATP�S-treated alone. ***p � 0.001 versus serum starvation alone, with values normalized to serum
starvation alone. Error bars indicate SE.
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5A,C) and blocked P-TrkA formation in
both wt and P2Y2

�/� DRG neurons (Fig.
5D). Immunoblotting demonstrated that
ATP�S did not activate TrkA in either wt
or P2Y2

�/� DRG neurons (Fig. 5D), con-
firming results obtained with PC12 cells
(compare Figs. 5D; 1B,D) and providing
additional evidence for the role of P2Y2

receptors in mediating extracellular nu-
cleotide inhibition of apoptosis in a TrkA-
independent manner.

Discussion
The ability of ATP�S, ATP, or UTP to in-
hibit neuronal apoptosis through the P2Y2

receptor, as demonstrated by both siRNA
and genetic knock-out mice, represents a
previously unidentified receptor target for
the modulation of programmed cell death
in the nervous system. Our data also reveal
key elements in the signal transduction
pathway that mediate this antiapoptotic
effect (Fig. 6): P2Y2 receptor activation
leads to Src activation/phosphorylation,
which, in turn, activates B-Raf and PI3 ki-
nase. These events lead to activation of
ERK1/2 and Akt, respectively. Activation
of ERK1/2 and Akt inhibits apoptosis by
suppression of molecules such as c-Jun
N-terminal kinase (JNK), p38, and vari-
ous caspases (Berra et al., 1998; Shimoke et
al., 1999; Horn et al., 2005). In addition to
its direct activation of antiapoptotic
events, agonist stimulation of P2Y2 recep-
tors can indirectly inhibit apoptosis by po-
tentiating NGF-promoted activation of
TrkA, leading to enhanced ERK1/2 and Akt activation.

P2Y, unlike P2X, receptors respond to UTP; P2Y2 are the only
human P2Y receptors that respond to ATP and UTP with similar
affinity (Burnstock and Williams, 2000). P2Y2 receptors couple
to Gq/11-proteins, which activate phospholipase C, leading to for-
mation of inositol-1,4,5-trisphosphate, which increases levels of
intracellular Ca 2� and diacylglycerol, which activates protein ki-
nase C (Gonzalez et al., 2005). Activation of ERK1/2 by P2Y2

receptors has been shown to occur through elevated intracellular
Ca 2� and PKC activation (Soltoff et al., 1998), whereas activation
of Akt by P2Y2 receptors has been demonstrated in renal mesan-
gial cells (Huwiler et al., 2002), but not previously in neuronal
cells.

The studies here thus present a novel pathway for P2Y2 signal-
ing and regulation of neuronal apoptosis by both neurotro-
phin-dependent and neurotrophin-independent mechanisms.
Inhibition of “classical” components of P2Y2 G-protein signal
transduction (i.e., Ca 2� and PKC) did not affect the inhibition of
apoptosis, as measured by DNA fragmentation, caspase 3 activa-
tion, and membrane inversion (supplemental Fig. 1, available at
www.jneurosci.org as supplemental material) (data not shown).
G-protein-coupled receptors, such as P2Y2 receptors, are capable
of transducing signals independent of G-proteins, particularly
with respect to modulation of signals involved in neurotransmis-
sion (Heuss and Gerber, 2000; Pierce et al., 2002). Signal trans-
duction by GPCRs independent of G-proteins can occur through
molecules such as �-arrestins, which scaffold and regulate kinases

such as JNK, p38, Src, and ERK1/2 (Luttrell and Luttrell, 2004;
Lefkowitz and Shenoy, 2005; Shenoy et al., 2005). Such nontra-
ditional (i.e., G-protein-independent) signal transduction path-
ways may be involved in the ability of P2Y2 receptors to activate
Src, ERK, and Akt, leading to the inhibition of apoptosis.

A possible mechanism for the linkage to Src may involve a
unique property of the P2Y2 receptor itself: association with Src
via a SH3 (Src homology 3) binding domain located in the
C-terminal region of the P2Y2 receptor; mutations to this domain
alter signaling and receptor association with tyrosine kinases
(Zhang et al., 2001; Liu et al., 2004; Gonzalez et al., 2005; Weis-
man et al., 2005). Because Src is able to activate ERK1/2 [via Raf
(Troppmair et al., 1994) and Akt in PC12 cells and DRG neurons
(Figs. 3, 4) as well as in other cell types (Zachary, 2003; Mehdi et
al., 2005)], activation of Src by P2Y2 receptors may provide a
mechanism that contributes to the maintenance of neuronal
survival.

Neurotrophins such as NGF are well established inhibitors of
neuronal apoptosis, but the current data imply that P2Y2 recep-
tors, stimulated by ATP and UTP, are another physiologically
relevant means by which neuronal survival is regulated. In addi-
tion, adenosine, a metabolic product of ATP hydrolysis, is able to
inhibit neuronal apoptosis in a TrkA-dependent manner by acti-
vation of the A2A P1 receptors (Lee and Chao, 2001; Wakade et al.,
2001; Lee et al., 2002). Our results define a TrkA-independent
mechanism for inhibition of apoptosis that does not require ATP
hydrolysis. P2Y receptor transcripts are widely expressed in cen-

Figure 5. ATP�S inhibits serum starvation-induced DRG apoptosis via P2Y2 independent of NGF/TrkA signaling. DRG neurons
from wt and P2Y2

�/� mice were serum-deprived for 12 h alone, with 10 ng/ml NGF, or with 10 �M ATP�S. Apoptosis was
quantitated by DNA fragmentation (A) or caspase 3 expression (B). DRG neurons from wt and P2Y2

�/� mice were serum-starved
for 12 h in the presence of the TrkA inhibitor K252a (10 nM) and the indicated treatments (compare with A). Cells were lysed and
analyzed for apoptosis by DNA fragmentation (C). An immunoblot analysis of DRG neurons treated as in C and probed for TrkA
activation is shown (D). Densitometry was measured as P-TrkA/TrkA and normalized to NGF treatment alone. ***p�0.001 versus
serum starvation alone, values normalized to serum starvation alone. Error bars indicate SE.
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tral and peripheral nervous tissue samples, and P2Y2 receptors
have been shown to play an important role in neuronal differen-
tiation (Moore et al., 2001; Arthur et al., 2005; Franke and Illes,
2005). We propose that release of nucleotides from glia, neurons,
or perhaps other cell types (e.g., vascular elements) (Lazarowski
and Boucher, 2001; Hansson and Ronnback, 2003; Newman,
2003; Brockhaus et al., 2004; Wang et al., 2005) may serve as
autocrine–paracrine sources of extracellular nucleotides that
promote survival, either acting alone or through potentiation of
neurotrophin signaling. As such, ATP (and perhaps UTP) may
serve as key extracellular regulators of neuronal development that
protect developing neurons from proapoptotic stimuli. More-
over, because neurotrophin signaling and innervation of periph-
eral target tissues declines with age (Gavazzi and Cowen, 1996;
Santer et al., 2002), based on the current findings, drugs that
activate P2Y2 receptors would appear to have potential to prevent
this age-related decline, as well as apoptosis triggered by disease
or injury.

The current findings define a previously unappreciated aspect
of function of nucleotides/P2Y2 receptors in the nervous system
in addition to enhancement of neuronal differentiation by these
receptors (Arthur et al., 2005). Together with the latter results
and recent evidence obtained with P2Y2

�/� mice indicating that
P2Y2 receptors are critically involved in allodynia and processing
of pain stimuli (Davis et al., 2005), the data described herein
identify extracellular nucleotides and their activation of P2Y2 re-
ceptors as a physiologically important system involved in the
regulation of development, survival, and function of neurons.
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