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ABSTRACT

ADP is the endogenous agonist for both P2Y; and P2Y;, receptors, which are important
therapeutic targets. It was previously demonstrated that ADP and a synthetic agonist,
2-methylthioadenosine 5'-diphosphate (2MeSADP), can induce apoptosis by activating
the human P2Y; receptor heterologously expressed in astrocytoma cells. However, it was
not known whether the P2Y;, receptor behaved similarly. We demonstrated here that,
unlike with the Gq-coupled P2Y, receptor, activation of the Gi-coupled P2Y, receptor does
not induce apoptosis. Furthermore, activation of the P2Y;, receptor by either ADP or
2MeSADP significantly attenuates the tumor necrosis factor a (TNFa)-induced apoptosis
in 1321N1 human astrocytoma cells. This protective effect was blocked by the P2Y, receptor
antagonist 2-methylthioAMP and by inhibitors of phospholipase C (U73122) and protein
kinase C (chelerythrin), but not by the P2Y; receptor antagonist MRS2179. Toward a greater
mechanistic understanding, we showed that hP2Y,, receptor activation by 10 nM 2MeSADP,
activates Erk1/2, Akt, and JNK by phosphorylation. However, at a lower protective concen-
tration of 100 pM 2MeSADP, activation of the hP2Y;, receptor involves only phosphorylated
Erk1/2, but not Akt or JNK. This activation is hypothesized as the major mechanism for the
protective effect induced by P2Y;, receptor activation. Apyrase did not affect the ability of
TNFa to induce apoptosis in hP2Y;,-1321N1 cells, suggesting that the endogenous nucleo-
tides are not involved. These results may have important implications for understanding
the signaling cascades that follow activation of P2Y; and P2Y, receptors and their opposing
effects on cell death pathways.
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MRS2179, N®-methyl-2'-
deoxyadenosine-3',5'-bisphosphate
PI, propidium iodide

PI3-K, phosphatidylinositol 3-kinase
PKC, protein kinase C

PTX, pertussis toxin

TNF, tumor necrosis factor

TUNEL, Terminal Deoxynucleotidyl
Transferase dUTP Nick End Labeling
U73122, 1-[6-((17b-3-Methoxyestra-
1,3,5(10)-trien-17-yl)-amino)hexyl]-
1Hpyrrole-2,5-dione

1. Introduction

P2Y,; and P2Y,, purinergic receptors are G protein-coupled
receptors that are activated by endogenous ADP and are
important drug targets [1,2]. Activation of both Gg-coupled
P2Y,; and Gj-coupled P2Y;, receptors in platelets induces
aggregation, although via different mechanisms [3-5]. The
P2Y, receptor is the site of action of several clinically used
antithrombotic agents, i.e. clopidogrel (also known as
Plavix) and ticlopidine [1,4-6], which must be metabolized
in vivo prior to receptor inhibition. Recently, the wide
distribution of P2Y,, mRNA in human, mouse, and rat brain
tissues was reported [7,8], and the evidence indicates that
this receptor is associated with astrocyte function. However,
the role of the P2Y;, receptor in brain function is largely
unclear.

Activation of the widely distributed P2Y; receptor
was demonstrated to induce apoptosis in 1321N1 astro-
cytoma cells heterologously expressing the receptor [9].
In the present study, we explore the intriguing possi-
bility that the effects of ADP and its analogues on
intracellular signaling pathways involving the Ras/extra-
cellular signal-regulated protein kinase (Erk) and phospha-
tidylinositol 3-kinase (PI3-K) may depend on both of
these purinergic receptors. Erk1/2 and PI3-K are associ-
ated with cell proliferation and differentiation [10,11].
The aims of this study were to determine whether the
ADP-sensitive P2Y,, nucleotide receptor affects apoptotic
pathways involving the regulation of Erk1/2 and PI3-K
activity and to investigate the possible bridge between
signaling pathways triggered by the P2Y; and P2Y;,
receptors. For this purpose, we used 1321N1 astrocytoma
cells stably expressing the human (h) P2Y; or P2Y;,
receptor. This study demonstrated that the activation
of the P2Y; receptor induced apoptosis, but the P2Y;,
receptor activation did not. Furthermore, it was demon-
strated that 2-methylthioadenosine 5'-diphosphate (2Me-
SADP) activates the P2Y;, receptor to antagonize tumor
necrosis factor a (TNFa)-induced apoptosis and that this
protection occurs principally with modulation of Erk1/2
phosphorylation, with possible involvement of pAkt and
phosphorylated c-Jun N-terminal kinase (pJNK) signaling
pathways.

2. Materials and methods
2.1. Materials

The 1321N1 astrocytoma cells stably transfected with the hP2Y,
or hP2Y,, receptor were generously provided by Prof. TK.
Harden (University of North Carolina, Chapel Hill, NC).
Dulbecco’s modified Eagle’s medium (DMEM) and fetal bovine
serum (FBS) were purchased from Life Technologies (Rockville,
MD). Plastic collagen-coated cellware was purchased from
Becton Dickinson (Bedford, MA). Horseradish peroxidase (HRP)-
linked anti-rabbit IgG, HRP-linked anti-mouse IgG antibodies,
p38, Akt1/2, caspase-3, Erkl and Erk2, JNK, and «, B isoforms of
protein kinase C (PKC) were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). The antibodies to the phos-
phorylated forms were also supplied by Santa Cruz Biotechnol-
ogy. TNFa was purchased from Biosource International
(Camarillo, CA). The rabbit polyclonal antibodies for P2Y; and
P2Y;, receptors were purchased from Alomone Labs, Ltd.
(Jerusalem, Israel). APO-BrdU TUNEL Assay Kit was purchased
from Molecular Probes (Invitrogen Detection Technologies,
Carlsbad, CA). ATP Assay Kit was purchased from Perkin-Elmer
(Boston, MA). Calcium Mobilization Assay Kit was purchased
from Molecular Devices (Sunnyvale, CA). Phospholipase C (PLC)
inhibitor 1-[6-((17b-3-Methoxyestra-1,3,5(10)-trien-17-yl)-ami-
no)hexyl]-1Hpyrrole-2,5-dione (U73122), IP; (inositol trispho-
sphate) receptor inhibitor 2-APB, hematoxylin solution,
cycloheximide, pertussis toxin (PTX), and all other reagents
were purchased from Sigma (St. Louis, MO).

2.2. Cell culture

Human 1321N1 astrocytoma cells stably transfected with the
hP2Y,, receptor were grown at 37 °C in a humidified incubator
with 5% C0O42/95% air in DMEM/F-12 medium (1:1) supplemen-
ted with 10% FBS, 100 U/ml penicillin, 100 p.g/ml streptomycin,
and 2mM i-glutamine. The cells were passaged using
trypsinization every 4-5 days.

2.3. Induction and detection of apoptosis

Cells were plated in six-well collagen-coated plates at an
original seeding density of 200,000-500,000 cells per well and
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cultured to ~70% confluence for the experiments. Cells were
used at this stage since fully confluent cultures are easily
detached and generally express a reduced number of receptors
per cell [12]. TNFa was used to induce apoptosis in the
astrocytoma cells [13]. Medium containing 5 pg/ml cyclohex-
imide was added to the cells grown to ~70% confluence.
Cycloheximide, an inhibitor of protein synthesis, was included
in all experiments concerning TNFa-induced apoptosis. The
cells were treated with both 2MeSADP and TNFa for 4 h.
Antagonists were added to the incubation medium 20 min
prior to addition of 2MeSADP (1-10 nM) and TNF« (10-20 ng/
ml). After 4 h, the medium was changed and was left for 16 h.
The medium contained 5ng/ml cycloheximide during the
entire incubation. Cell death was observed 16 h later.

The cleavage of genomic DNA into small oligonucleosomal
fragments is a late hallmark of cells that succumb to
apoptosis. DNA fragmentation of apoptotic cells is detected
by exploiting the fact that the DNA breaks expose a large
number of 3’-hydroxyl ends. These fragments can be labeled in
cells by the Terminal Deoxynucleotidyl Transferase dUTP Nick
End Labeling (TUNEL) method. Briefly, treated cells were fixed
with 1% paraformaldehyde for 15 min at 4 °C and permeabi-
lized with 70% ethanol at —20°C for at least 12-18 h. After
washing, the presence in apoptotic cells of ladder fragments
was detected by labeling their termini with 5-bromo-2’-
deoxyuridine 5'-triphosphate (BrdUTP) and incubating the
cells in the DNA-labeling solution for 60min at 37°C.
Subsequently, the reaction was blocked by the anti-BrdU
antibody, and then propidium iodide (PI)/RNase A staining
buffer was added for 30 min at room temperature. For
microscopy applications, the cells were deposited onto slides.

2.4.  Histochemical staining and cell viability

Cells were grown on poly-L-lysine-treated (100 pM/ml) or
collagen-coated six-well plates until they reached ~70%
confluence. For histochemical staining, the medium was
removed from the wells, and the plates were rinsed with
phosphate-buffered saline (PBS), fixed with methanol for
10 min, and washed three times with PBS for 5 min each. The
cells were incubated for 3 min in 4 g/l hematoxylin solution
(35.2 g/l aluminum sulfate, 0.4 g/l sodium iodate). After three
additional washes for 5min each in PBS, the plates were
allowed to air dry before adding glycerol. The image was
visualized with a Zeiss (Thornwood, NY) wide-field microscope.

For the cell viability assay, after treatment to induce apop-
tosis, cells detached by trypsin-EDTA were combined and cent-
rifuged. The cells were washed with PBS and resuspended to
2-5 x 10° ml~* in PBS. The cells were then treated with PI solu-
tion (final concentration: 2 pg/ml). After 10 min incubation at
room temperature in the dark, the PI-positive cell fraction was
analyzed by flow cytometry (BD FacsCalibur, Becton Dickinson).

2.5. ATP assay

Control and treated cells were resuspended in ice-cold lysis
buffer, and the cells extracts were used to measure ATP
content with a luciferin-luciferase bioluminescence kit (ATP
Lite, Perkin-Elmer, USA) following the manufacturer’s proto-
col. The values are expressed as nmol/mg protein.

2.6. Western blotting

Cells were washed with PBS and solubilized in 2 mM EGTA,
25 mM B-glycerophosphate, 1% Triton X-100, 10% glycerol,
1mMDTT, 1 mMNasVO,, 5 mM NaF, 10 pg/pl leupeptin, 10 pg/
pl aprotinin, 1 mM PMSF, and 20 mM HEPES.

Whole-cell lysates (50 ng) were separated on 10% SDS-
PAGE, then transfered to a nitrocellulose membrane (Invitro-
gen), and incubated with primary antibodies at the appro-
priate dilution: antibodies to JNK1 (1:800), caspase-3 (1:800),
p38 (1:500), Aktl1/2 (1:1000), or PKC « and BI (1:800). For
detection of the phosphorylated forms of the kinases, the
nitrocellulose membrane was incubated with a 1:800 dilution
of the antiphosphospecific antibodies.

For analysis of Erk activation, Western blots were generated
as described above but developed with an affinity-purified
mouse monoclonal antibody that specifically recognizes the
dually Thr?®%Tyr***-phosphorylated, active form of Erk (anti-
phospho-Erk; 1:1000; Santa Cruz Biotechnology). The Western
blots shown are representative of three separate experiments,
and each panel is taken from a single immunoblot.

2.7.  Calcium mobilization assay

Cells were grown overnight in 100 pl of medium in 96-well flat-
bottom plates at 37 °C at 5% CO, or until they reached ~60-80%
confluency. The calcium assay kit (Molecular Devices) was
used as directed with no washing of cells and with probenecid
added to the loading dye at a final concentration of 2.5 mM to
increase dye retention. Cells were loaded with 50 pl dye with
probenecid in each well and incubated for 45 min at room
temperature. The compound plate was prepared with dilu-
tions of various compounds in Hank’s Buffer at pH 7.2. For
antagonist studies, both agonist and antagonist were added to
the sample plate. Samples were run in duplicate with a
Flexstation I (Molecular Devices) at room temperature. Cell
fluorescence (excitation =485 nm; emission=525nm) was
monitored following exposure to a compound. Increases in
intracellular calcium are reported as the maximum fluores-
cence value after exposure minus the basal fluorescence value
before exposure.

2.8. Statistical analysis

Pharmacological parameters were analyzed with the Graph-
PAD Prism software (Version 4.0, GraphPAD Prism, San Diego,
CA). Data were expressed as mean =+ standard error. Statistical
significance was calculated using the Student’s t-test. P values
less than 0.05 (P < 0.05) were considered to be statistically
significant.

3. Results

3.1. Detection of the hP2Y; and hP2Y, receptors by
specific anti-rabbit antibodies

Nucleotide effects in 1321N1 astrocytoma cells stably expres-
sing the hP2Y receptors have been studied extensively [14].
Expression of hP2Y receptors was confirmed using specific
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Fig. 1 - (A) Western blot detection of the hP2Y,, receptor expressed in various cells. Band 1, control 1321N1 astrocytoma
cells; 2, stably transfected hP2Y,-1321N1 cells; 3, stably transfected hP2Y,-expressing CHO cells; 4, stably transfected
hP2Y,,-1321N1 cells; 5, rat C6 glioma cells. For measurement of apoptotic effects, the control 1321N1 cells and hP2Y, and
hP2Y,,-expressing 1321N1 cells were pretreated with 2MeSADP at the concentration indicated for 20 min and further
treated with TNF« (20 ng/ml) for 4 h. The medium was then replaced with fresh medium following washing with Ca®*-free
PBS. The medium always contained 5 pg/ml cycloheximide. In all experiments, cell death was observed on the following
day (total of 16 h incubation). Groups labeled * are significantly different from control (P < 0.05). (B) Effects of 2MeSADP
(100 nM) in control astrocytoma cells. Data shown are mean * S.D. from two independent experiments in triplicate. (C)
Effects of 2MeSADP (300 nM) detected by the PI method in hP2Y,-1321N1 cells. The PI-positive cells were analyzed with a
FacsCalibur instrument. Data shown are mean + S.D. from two independent experiments in duplicate. (D) Concentration-
dependent protection by 2MeSADP (0.001-100 nM) in hP2Y,,-1321N1 cells. Data shown are mean = S.D. from three
independent experiments in triplicate.
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anti-rabbit antibodies (against hP2Y; and hP2Y;,). We were
unsuccessful to demonstrate modulation of cAMP levels by
2MeSADP in either astrocytoma cells or CHO cells stably
transfected with the hP2Y;, receptor (data not shown).
However, Western blot analysis demonstrated the presence
of the hP2Y;, receptor (Fig. 1A) but not the P2Y; receptor, in
astrocytoma cells stably transfected with the hP2Y;, receptor.
The P2Y, receptor was not expressed in control astrocytoma
cells. As a positive control experiment, we also detected the
P2Y, receptor in rat C6 glioma cells, as reported [15]. Similar
positive results were shown for detection of the hP2Y,
receptor in astrocytoma cells stably transfected with this
subtype (data not shown).

3.2.  TNF« induced cell death in 1321N1 astrocytoma cells
and effects of nucleotides

As shown in Fig. 1A, TNFa induced cell death in 1321N1
astrocytoma cells stably expressing the hP2Y;, receptor.
There was no protection following TNFa treatment upon
activation of control 132IN1 astrocytoma cells and cells
stably expressing the P2Y, receptor by the agonist 2MeSADP
(100nM) (Fig. 1B and C). It was found previously that

50 1
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Fig. 2 - Effect of P2Y,, and P2Y, receptor antagonists on the
protection by 2MeSADP against TNFa-induced apoptosis.
The P2Y,,-expressing cells were pretreated with
2MeSAMP, an antagonist of the P2Y;, receptor (50 nM),
and MRS2179, an antagonist of the P2Y, receptor (100 nM),
20 min before treatment with 2MeSADP (10 nM) and TNF«
20 ng/ml for 4 h. The medium was then replaced

with fresh medium following washing with Ca”*-free PBS.
Cell death was observed on the following day

(total of 16 h incubation). The medium always contained
5 ng/ml cycloheximide. The cell suspension was stained
with a PI solution (final concentration: 2 pg/ml).

The PI-positive cells were analyzed with a FacsCalibur
instrument. Data shown are mean =+ S.D. from three
independent experiments in duplicate.

Groups labeled * are significantly different from control

(P < 0.05).
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Fig. 3 - Effect of apyrase on TNFa-treated hP2Y,,-1321N1
cells. Apyrase (2 U/ml) was added 20 min before treatment
with 2MeSADP (10 nM) and TNFa 20 ng/ml for 4 h. The
medium was then replaced with fresh medium following
washing with Ca®*-free PBS. Cell death was observed on
the following day (total of 16 h incubation). The medium
always contained 5 pg/ml cycloheximide. The cell
suspension was stained with a PI solution (final
concentration: 2 pg/ml). The PI-positive cells were
analyzed with a FacsCalibur instrument. Data shown are
mean =* S.D. from three independent experiments in
duplicate. Groups labeled * are significantly different from
control (P < 0.05).

2MeSADP (300 nM) induced cell death in 1321N1 cells stably
expressing P2Y; receptors [9]; we made the same observa-
tions (Fig. 1C). It was demonstrated that activation of the
P2Y,, receptor by 2MeSADP protects against TNFa induced
cell death in a concentration dependent manner (Fig. 1D).
Thus, 2MeSADP activates the P2Y;, receptor to protect
against cell death and activates the P2Y; receptor to induce
cell death. However, administration of 2MeSADP alone in
P2Y,,-expressing cells did not influence the percentage of PI-
positive cells indicative of the degree of cell death, although
at a concentration of 100 pM it protected against TNFa-
induced cell death by 40%.

The protective effect of hP2Y;, receptor activation was
antagonized by a relatively nonselective antagonist of the
P2Y,, receptor, 2MeSAMP [16], but not by a selective antagonist
of the P2Y; receptor, NG-methyl-Z’-deoxyadenosine-3’,5’-
bisphosphate (MRS2179; Fig. 2) at 30nM. MRS2179 at a
concentration of 100 nM also did not show any blocking effect
(data not shown).

Basal constitutive release of nucleotides occurs from most,
if notall, cell types [17-20], and this release is counterbalanced
by ectonucleotidase-catalyzed degradation [19,21]. Baseline
apoptosis in the presence of TNFa depends on extracellular
calcium, and ATP is released from most eukaryotic cells into
the extracellular environment [22]. Treatment with apyrase
(2 U/ml) did not affect the ability of TNFa to induce apoptosis
in hP2Y,,-1321N1 cells (Fig. 3). Therefore, there was no
indication of an effect of endogenous nucleotides on the
outcome of the apoptosis experiments.
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Fig. 4 - ATP levels in hP2Y,,-1321N1 cells following
treatment with TNFa to induce cell death. The cells were
pretreated with 2MeSADP (10 nM) for 20 min and further
treated with TNF« 20 ng/ml for 4 h. The medium was then
replaced with fresh medium following washing with Ca?*-
free PBS. Cell death was observed on the following day
(total of 16 h incubation). The ATP levels were analyzed by
the luciferin-luciferase bioluminescence kit (ATP Lite,
Perkin-Elmer) following the manufacturer’s protocol. Data
shown are mean =+ S.D. from three independent
experiments in duplicate. ‘Significantly different from
control (P < 0.05).

3.3.  Measurement of ATP levels

Apoptosis requires energy in the form of intracellular ATP,
indicating that programmed cell death, as opposed to necrosis,
is an energy-dependent, active physiological and pathophy-
siological phenomenon. In this study, we measured ATP levels
in homogenates of P2Y;, receptor-expressing astrocytoma
cells after apoptotic treatment. It was shown that the level of
ATP decreased upon TNFa-induced apoptosis in P2Y,
receptor-expressing astrocytoma cells (Fig. 4). Under condi-
tions of protection against apoptosis by P2Y;, receptor
activation, the level of intracellular ATP was partially restored,
and this protective effect was blocked by the P2Y;, receptor
antagonist 2MeSAMP.

3.4. Morphological analysis of apoptosis by the APO-BrdU
TUNEL assay and by histochemical staining with hematoxylin

Histochemical stainingand TUNEL assay results clearly showed
that activation of the P2Y;, receptor by 2MeSADP protected the
cells from TNFa-induced apoptosis (Fig. SA-L). The cells that
were treated with TNFa and 2MeSADP in the presence of
cycloheximide and were fixed with methanol and stained with
hematoxylin solution demonstrated that activation of the P2Y,
receptor by 2MeSADP protects the cells from TNFa-induced
apoptosis. The DNA fragmentation assay also provides evi-
dence of the protective effect of 2MeSADP. The corresponding
picture illustrates apoptotic cells visualized by the TUNEL
method (Fig. 5F-H) in comparison to control cells (Fig. 5B-D). The
protective effect of 2MeSADP was demonstrated in Fig. 5-L.

3.5. P2Y,, receptor-elicited activation of mitogen-activated
protein kinases (MAPKs)

We observed that the level of phosphorylated Erk1/2 in cells
increased within 5min after the application of 10nM
2MeSADP, and this effect persisted for 1h (Fig. 6B). There
was no change in the basal level of Erk1/2 (Fig. 6A).

2MeSADP also increased phosphorylation of both Akt and
JNK (Fig. 6B) but did not induce expression or phosphorylation
of p38 (data not shown). However, induction of phosphory-
lated JNK displayed different time characteristics. While
induction of phosphorylated Akt increased within 5 min after
application of 2MeSADP, phosphorylated JNK began to
increase only 20 min after application of 2MeSADP.

Consistent with the inability of the P2Y;, receptor to induce
apoptosis demonstrated by the PI method, additional Western
blot results for caspase-3 also demonstrated that 2MeSADP
did not induce this mediator of apoptosis in astrocytoma
cells expressing the P2Y;, receptor (data not shown).
However, 2MeSADP inhibited the activation of caspase-3 that
was induced by TNFa in astrocytoma cells expressing the
P2Y,, receptor (data not shown).

Consistent with the observation that hP2Y;, receptor
activation by pM concentrations of 2MeSADP protected
against TNFa-induced apoptosis, we observed changes in
the level of phosphorylated Erk1/2 in P2Y;, receptor-expres-
sing astrocytoma cells at a low agonist concentration.
Phosphorylated Erk1/2 increased within 20 min following
the application of 100 pM 2MeSADP, and this effect persisted
for 1h (Fig. 6C). However, following exposure to 100 pM
2MeSADP there was no detectable phosphorylation of Akt or
JNK.

3.6. Probing the involvement of calcium, PKC, and IP3
pathways in the protective effects of 2MeSADP

We first used the calcium chelator BAPTA-AM (5-10 nM) to see
if calcium-dependent PKC is responsible for the P2Y;,
receptor-induced protective effect. Also, we used the PKC
inhibitor chelerythrin (10 nM); a PLC inhibitor, U73122 (10 pM);
and an IP; receptor inhibitor, 2ABP (10 uM), to determine if this
protection occurs through activation of PKC. Exposure to
BAPTA-AM, U73122, 2ABP, and chelerythrin increased the PI-
positive cell fraction in the 2MeSADP-treated group in
comparison to control (Fig. 7). The effect of the PLC inhibitor
U73122 was more pronounced than that of other pathway
inhibitors. The addition of the PLC inhibitor U73122 (10 n.M)
and the PKC inhibitor chelerythrin (10 pM) 30 min prior to the
activation of P2Y, receptors inhibited the 2MeSADP-induced
phosphorylation of Erk (Fig. 6D).

3.7.  P2Yy, receptor-elicited [Ca®*]; elevation

Exposure of 1321N1 cells expressing the P2Y;, receptor to ADP
or 2MeSADP induced a concentration-dependent rise in [Ca*];
levels, with ECso values of 191 + 66 and 23 + 6 nM, respectively
(Fig. 8A). This agonist effect was inhibited by PTX (Fig. 8B). The
P2Y,, competitive antagonist 2MeSAMP (10 pM) right-shifted
the concentration-response curve for 2MeSADP, indicative of
action at the hP2Y,, receptor (Fig. 8C).
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Fig. 5 - Histochemical staining by hematoxylin and TUNEL in hP2Y,,-1321N1 astrocytoma cells. Morphological changes of
hP2Y,, receptor-transfected 1321N1 astrocytoma cells 16 h after the treatments as indicated in Section 2. Cells were stained
by hematoxylin and TUNEL. Light microscope pictures by hematoxylin staining in astrocytoma cells stably transfected with
the hP2Y,, receptor. (A) Nontreated control cells, (E) TNFa-treated cells, and (I) TNFa + 2MeSADP-treated cells. Fluorescence
micrographs of TUNEL-assayed cells. Nontreated control cells (B) stained with PI, (C) negative TUNEL-stained, and (D)
negative stained TUNEL with PI. TNFa-treated cells: (F) cells stained by PI, (G) positive TUNEL-stained cells, and (H) positive
TUNEL-stained with PI. TNFa + 2MeSADP-treated cells (protected cells), (J) PI-stained cells, (K) negative TUNEL-stained cells,
and (L) negative TUNEL-stained cells with PI. Pictures were taken by Zeiss wide-field microscopy. Magnification of figures
was 63x (TUNEL) or 20x (hematoxylin). Bars = 10 pm. Each image is representative of three experiments.

4, Discussion

In this study, we demonstrated that the activation of P2Y;,
receptors by both the endogenous agonist, ADP, and a
synthetic agonist, 2MeSADP, significantly protected astrocy-
toma cells from TNFa-induced cell death. This result comple-
ments an earlier report that activation of P2Y; receptors
induces cell death under the same conditions [9], which is also
confirmed in the present study. Thus, it was demonstrated
that ADP might simultaneously activate both P2Y; and P2Y,
receptors, which might play a role in balancing cell growth and
cell death.

Native astrocytes have been reported to express both P2Y;
and P2Y,;, receptors [7,23]. In the present study, stably
transfected astrocytoma cells that do not express these
receptors endogenously were used. We did not create a stable
cell line expressing both receptors in order to examine the
interplay of the two subtypes.

Also, it should be noted that cells expressing transfected
receptors are good models for receptor/ligand studies and
cellular biochemical processing studies but may not repre-
sent cell signaling in the same manner as cells that naturally
express the receptor. There also may be differences in
internalization. Both receptors (P2Y, and P2Y;,) are inter-
nalized, however, with different kinetics and through

different pathways. This resulted in a greater persistence
of the P2Y,, receptor at the plasma membrane in the presence
of nucleotide in the medium, while the P2Y; receptor
remained internalized [24-26].

The mechanism by which P2Y;, receptor activation
protects cells was explored. Western blots showed that
2MeSADP induced activation of Erk1/2 but had no effect on
the activity of p38 kinase. Activation of the hP2Y, receptor
expressed in astrocytoma cells also protected against TNFa-
induced apoptosis through activation of Erk [27]. Also, both
U73122 and chelerythrin reversed the protective effect of
2MeSADP, suggesting that both PLC and PKC are required for
the antiapoptotic effect of P2Y, receptors.

ADP is an agonist for both P2Y; and P2Y;, receptors.
Activation of the P2Y; receptor is coupled to the Gq-PLC
pathway, and P2Y, receptor activation is negatively coupled
to the adenylyl cyclase pathway via Gy, [1,2,20] and positively
coupled to PLC through GBvy subunits. Consequently, different
signaling pathways are activated in response to ADP in
systems such as platelets, which express both P2Y; and
P2Y,, receptors, and astroglial cells. The present study
demonstrated that 2MeSADP-induced calcium mobilization
is abolished by treatment with PTX, suggesting that G is not
involved. All three groups of PKC (conventional, novel, and
atypical) are able to activate p42 MAPK as well as its immediate
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Fig. 6 - (A) Effect of 2MeSADP on the expression of Erk1/2, after incubation of hP2Y,,-1321N1 cells with the agonist
2MeSADP (10 nM) for a period ranging from 5 to 120 min. (B) The effect of 2MeSADP (10 nM) on the phosphorylation

of Erk1/2, JNK, and Akt. (C) The effect of 2MeSADP (100 pM) on the phosphorylation of Erk1/2. (D) Effects of U73122

and chelerythrin on 2MeSADP-induced (100 pM) Erk phosphorylation in hP2Y,,-1321N1 cells, compared to 20 min
control. The cells were pretreated for 30 min with 10 pM U73122 and 10 pM chelerythrin. 2MeSADP (100 pM) was added
for 20 min, and then proteins were extracted and applied to immunoblotting as described in Section 2. A total of 40 pg of
protein was applied to each lane. The Western blots are representative of two separate transfections, and each panel is
taken from a single immunoblot. Following separation by 10% polyacrylamide gel electrophoresis and transfer onto
nitrocellulose, detection was made with an anti-B-actin antibody to demonstrate consistency of protein loading

(not shown).

upstream activator, MEK-1 [28]. Thus, one signaling pathway
generated by P2Y, receptor activation is attributable to the
activation of PLCPB leading to the formation of diacylglycerol
and IP; and the mobilization of [Ca®*];, and most significantly
the subsequent activation of PKCB1, 2, and v. It is known that
activation of certain isoforms of PKC can activate Erks. In this
study, the protective effect of 2MeSADP was blocked by
BAPTA-AM, indicative of a Ca®*-dependent mechanism,
however, elevation of [Ca®"]; levels required relatively high
concentrations of ADP or 2MeSADP. The calcium mobilization
was antagonized by a PLC inhibitor (U73122) and an IP;
receptor inhibitor (2-ABP). In addition to an apoptotic signal,
TNFa can induce a survival signal through NF-kB, which
inhibits caspase 3 [29]. We did not examine the effects of P2Y;,
receptor signaling on NF-«B.

The anti-apoptotic effect of extracellular ADP has been
reported [30], but it was not known previously if the P2Y,
receptor was involved. Both G;-dependent and -independent
mechanisms downstream of P2Y;, receptors have been
reported [31]. Crosstalk between the downstream pathways
of P2Y; and P2Y, receptors was demonstrated to be critical
for various events, including platelet aggregation and cell
proliferation [2,32,33].

Caspases are responsible for the deliberate disassembly of
a cell into apoptotic bodies. Caspases are present as inactive
proenzymes, most of which are activated by proteolytic
cleavage. Caspase-9 can activate caspase-3 by proteolytic
cleavage, which can in turn cleave vital cellular proteins,
leading to apoptosis [34]. Activation of the P2Y;, receptor
significantly suppresses the induction of caspases by TNFa.
The present study demonstrated that activation of the P2Y;,
receptor by 2MeSADP or ADP did not stimulate caspase-3.

We have shown that a chelator of intracellular calcium
eliminated the protective effect of 2MeSADP, suggesting a
possible role of calcium in the antiapoptotic pathway.
Recently, several other examples of Ca?* channel modulation
via endogenous P2Y receptors were reported [35]. It was found
that adenine nucleotides activate P2Y;, receptors to inhibit
voltage-gated Ca®* currents in PC12 cells via a voltage-
dependent and PTX-sensitive mechanism [36,37]. P2Y;»
receptors in rat sympathetic neurons were shown to mediate
a voltage-dependent and PTX-sensitive inhibition of N-type
calcium channels [38,39].

Although the activation mechanisms of JNK have been
extensively investigated, the biological consequence of JNK
activation in cell death is still controversial [29,40-43]. While
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Fig. 7 - Effect of a calcium chelator, BAPTA-AM (10 pM); a
PLC inhibitor, U73122 (10 pM), an IP; receptor inhibitor,
2ABP (10 pM), and a PKC inhibitor, chelerythrin (10 pM), on
protection by 2MeSADP against TNFa-induced cell death
in hP2Y,,-1321N1 cells. The cells were pretreated with
various inhibitors for 10 min and treated further with
TNFa 20 ng/ml for 4 h in the absence or presence of 10 nM
2MeSADP. The medium was then replaced with fresh
medium following washing with PBS. Cell death was
observed on the following day (total of 16 h incubation).
The medium always contained 5 pg/ml cycloheximide.
The PI-positive cells were analyzed with a FacsCalibur
instrument. Data shown are mean + S.D. from a
representative result in triplicate, out of three independent
experiments performed in duplicate. Groups labeled * are
significantly different from control (P < 0.05).

the functions of the JNKs under physiological conditions are
diverse and incompletely understood, there is increasing
evidence that JNKs are potent effectors of apoptosis in both the
brain and the mammalian inner ear following a variety of
injuries. The activation of the inducible transcription factor c-
Jun by N-terminal phosphorylation is a central event in JNK-
mediated neural and inner ear hair cell death [44]. Our results
demonstrated that P2Y;, receptor stimulation by 10nM
2MeSADP activates phosphorylation of JNK. However, activa-
tion begins slowly, only after 20 min of incubation with
2MeSADRP. It is possible that the transient activation of pJNK
through P2Y;, receptor activation may regulate apoptotic
events rather than induce cell death. However, a lower
concentration of 2MeSADP (100 pM), which significantly
protected against cell death, did not activate phosphorylation
of JNK. Interestingly, the induction of phosphorylated Akt was
detected after 5min of incubation with 10 nM 2MeSADP,
however, no phosphorylation was detected in the presence of
100 pM 2MeSADP. Thus, activation of JNK and Akt pathways
may not contribute significantly to the antiapoptotic effect of
low concentrations of 2MeSADP via the P2Y,, receptor.
Thus, ADP and 2MeSADP have dual effects on cell death
and survival, inducing apoptosis via activation of the P2Y;
receptor and protecting cells against TNFa-induced apoptosis
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Fig. 8 - (A) Concentration-response curves for the increase in
[Ca?*]; induced by the endogenous agonist, ADP, in hP2Y,-
1321N1 cells. (B) Effects of PTX on the [Ca?*]; response to the
agonist 2MeSADP in hP2Y;,-1321N1 cells. The cells were
pretreated with PTX (200 ng/ml) and in the absence and
presence of 2MeSADP for 24 h. For all experiments, before
measurement cells were washed with Ca?*-free PBS and
incubated with a Ca®* dye as provided in a kit. [Ca®*]; levels
were measured with a Flexstation I instrument. (C) Effects
of 10 uM 2MeSAMP on the [Ca®*]; response to the agonist
2MeSADP in hP2Y,,-1321N1 cells. The cells were pretreated
with 2MeSAMP for 25 min before the assay.

through the activation of the P2Y;, receptor. P2Y,, receptors
protect cells against TNFa-induced apoptosis, at least in part,
through the activation of the PLC-PKC-Erk pathway, and this
protection might also involve activation of Akt and JNK. Future
experiments will be needed to determine the effects of ADP
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treatment on normal astrocytes expressing both P2Y; and
P2Y,, receptors.
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