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ABSTRACT ADP is an important platelet agonist causing
shape change and aggregation required for physiological
hemostasis. We recently demonstrated the existence of two
distinct G protein-coupled ADP receptors on platelets, one
coupled to phospholipase C, P2Y1, and the other to inhibition
of adenylyl cyclase, P2Tc. In this study, using specific an-
tagonists for these two receptors, we demonstrated that con-
comitant intracellular signaling from both the P2T,c and
P2Y1 receptors is essential for ADP-induced platelet aggre-
gation. Inhibition of signaling through either receptor, by
specific antagonists, is sufficient to block ADP-induced plate-
let aggregation. Furthermore, signaling through the P2T,c
receptor could be replaced by activation of a;a-adrenergic
receptors. On the other hand, activation of serotonin receptors
supplements signaling through the P2Y1 receptor. Moreover,
this mechanism of ADP-induced platelet aggregation could be
mimicked by coactivation of two non-ADP receptors coupled
to Gi and Gy, neither of which can cause platelet aggregation
by itself. We propose that platelet aggregation results from
concomitant signaling from both the G; and G4, a mechanism
by which G protein-coupled receptors elicit a physiological
response.

ADP is the first small molecular weight platelet agonist to be
identified (1). When stimulated with ADP, platelets undergo
shape change, release granule contents, and produce throm-
boxane A; (2, 3). In addition, ADP activates the fibrinogen
receptor, causing platelets to bind fibrinogen and aggregate (2,
3). The receptors through which extracellular nucleotides elicit
physiological responses have been classified as P2 receptors
and are divided into P2X ligand-gated ion channels and P2Y
G protein-coupled receptors (4). These receptor subtypes are
numbered in the order of cloning, and to date 7 subtypes of
P2X receptors and 10 subtypes of P2Y receptors have been
cloned (5, 6). Sage and coworkers (7) recently demonstrated a
P2X receptor in platelets and proposed that this receptor is the
P2X1 receptor subtype mediating rapid calcium influx. We
have provided evidence for two distinct G protein-coupled
ADP receptors, one coupled to the inhibition of adenylyl
cyclase, the P2Tsc receptor, and the other coupled to the
activation of phospholipase C, the P2Y1 receptor, in human
platelets (8, 9). Several compounds, including ARL 66096,
ticlopidine, and clopidogrel, have been utilized to block ADP-
induced inhibition of adenylyl cyclase and subsequent platelet
aggregation both in vitro and in vivo (3, 8), suggesting that the
P2T oc receptor mediates ADP-induced platelet aggregation.

Here, we delineate the role of the three ADP receptors, the
P2Tac, P2Y1, and P2X1 receptors, in ADP-induced human
platelet aggregation and demonstrate that some agonist-
induced physiological responses may require simultaneous
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activation of multiple receptor subtypes by the same agonist,
resulting in converging signal transduction pathways leading to
a physiological response.

EXPERIMENTAL PROCEDURES

Materials. Adenosine 3’-phosphate 5’-phosphosulfate
(A3P5PS), adenosine 3’-phosphate 5’-phosphate (A3P5P),
adenosine 2'-phosphate 5’-phosphate (A2P5P), serotonin, and
epinephrine were obtained from Sigma. ARL 66096 was a gift
from Astra Research Laboratories (Loughborough, UK
formerly Fisons). All other materials and methods used have
been described (8, 10, 11).

Isolation of Platelets. Blood was collected from informed
healthy human volunteers in acid/citrate/dextrose after the
nature and possible consequences of the studies were ex-
plained. Platelet-rich plasma was obtained by centrifugation at
180 X g for 15 min at ambient temperature, incubated with 1
mM aspirin for 1 h at 37°C, and recentrifuged at 800 X g for
15 min at ambient temperature. Platelets were isolated from
plasma by centrifugation at 800 X g for 15 min and resuspended
in the final buffer consisting of 137 mM NaCl, 2.7 mM KCI, 1
mM MgCl,, 3.0 mM NaH,PO,, 5 mM glucose, 10 mM Hepes
(pH 7.4), 0.2% BSA, and 20 ug/ml apyrase. The platelet count
was adjusted to 2 X 108 cells per ml. All experiments were
carried out in buffers with no added Ca?* unless otherwise
noted.

Platelet Aggregation. Platelet shape change and aggregation
(0.5-ml samples) were measured in a lumi-aggregometer
(Chrono-Log, Havertown, PA) with stirring at 37°C. Fibrino-
gen (1 mg/ml) was added to all samples. The base line was set
by using the platelet suspension diluted 1:1 with platelet
suspension buffer to increase the gain of the aggregometer
output.

Measurement of cAMP. Platelet-rich plasma was incubated
with 2 pCi/ml [*H]adenine and aspirin (1 mM) for 1 h at 37°C.
Platelets were isolated from plasma by centrifugation at 800 X
g for 15 min and resuspended in the same buffer as was used
for aggregation. Reactions were stopped with 1 M HCI, and
4,000 dpm of ['*C]cAMP was added as the recovery standard.
cAMP was determined as detailed earlier (8) and expressed as
a percentage of total [*H]adenine nucleotides.

RESULTS AND DISCUSSION

We recently demonstrated that the P2Y1 receptor is coupled
to phospholipase C activation in platelets (9). In the present
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study we investigated the role of the P2Y1 receptor in ADP-
induced platelet aggregation by using aspirin treated and
washed human platelets in the presence of exogenous fibrin-
ogen (1 mg/ml). We eliminated the contribution of throm-
boxane A,, produced by ADP-induced activation of phospho-
lipase A2, by using aspirin to inactivate cyclooxygenase. The
P2Y1 receptor-selective antagonist A3PSPS (12) inhibited
both the rate and extent of ADP-induced platelet aggregation
in a concentration-dependent manner (Fig. 1). These results
were confirmed with two other P2Y1 receptor-selective an-
tagonists (12), A3P5P and A2P5P (Fig. 1B). The potency of the
antagonists (A3P5PS > A3P5P ~ A2P5P) at the extent of
ADP-induced platelet aggregation is similar to that at the
cloned P2Y1 receptor (12). Similar results were obtained with
2-methylthio-ADP (2-MeSADP) as an agonist (not shown).
These data indicate that activation of the P2Y1 receptor is
required for ADP-induced platelet aggregation.

Several lines of evidence have implicated the ADP receptor
coupled to the inhibition of adenylyl cyclase, P2T ¢, in platelet
aggregation induced by ADP. Synthetic agonists of the P2Tac
receptor, generally 2-substituted derivatives of ADP, are also
inducers of platelet aggregation (13, 14). Antagonists of this
receptor, such as ATP and ARL 66096, have been shown to
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Fic. 1. Effect of P2Y1 receptor-selective antagonists on 10 uM
ADP-induced platelet aggregation. Human platelets were washed and
resuspended in Tyrode’s buffer, and aggregation was measured in the
absence of added extracellular calcium, as described in Experimental
Procedures. (A) Representative traces of various concentrations of
A3P5PS on ADP-induced aggregation of aspirin-treated and washed
platelets (8). Additions are shown with an arrow. Concentrations of
A3PS5PS are shown on the right. (B) Effect of P2Y1 receptor-selective
antagonists on the extent of ADP-induced aggregation. The extent of
aggregation in the presence of antagonists was normalized to that in
the absence of the antagonist (taken as 100%).
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block both ADP-induced adenylyl cyclase inhibition (8, 15) and
platelet aggregation (15, 16). Furthermore, a significant cor-
relation was found between affinity constant values for eight
different nucleotide analogs as blockers of both ADP-induced
adenylyl cyclase inhibition and aggregation (17). The thien-
opyridines, ticlopidine and clopidogrel, when administered in
vivo, abrogate ADP-induced inhibition of adenylyl cyclase and
platelet aggregation (18-20). Finally, two patients with con-
genital defects in ADP-induced inhibition of adenylyl cyclase
in platelets are also deficient in ADP-induced platelet aggre-
gation (21, 22). Hence, it is believed that P2Tsc receptor
activation by ADP leads to platelet aggregation.

In light of our interesting observation that inhibition of the
P2Y1 receptor could also block ADP-induced platelet aggre-
gation, we further investigated the nature of inhibition of
ADP-induced platelet aggregation by ARL 66096, a P2Tac
receptor-selective antagonist, and the P2Y1 antagonists.

Platelet aggregation can be inhibited by increased cAMP
levels, and physiological agonists, such as prostacyclin, inhibit
platelet aggregation through this mechanism (23). Hence, we
investigated whether the P2TAc or P2Y1 receptor-selective
antagonists inhibit platelet aggregation by stimulation of ad-
enylyl cyclase. None of these P2 receptor antagonists increased
intracellular cAMP levels, whereas iloprost (a stable analog of
prostacyclin) did (not shown). The P2Y1 receptor-selective
antagonists A3P5PS, A3P5P, and A2P5P have been shown to
be competitive inhibitors of agonist-stimulated inositol phos-
phate formation (12) and do not block ADP-induced adenylyl
cyclase inhibition in platelets (9). We have shown that ARL
66096 abrogates ADP-induced inhibition of adenylyl cyclase in
platelets (9). Investigations of the mechanism of action of ARL
66096 reveal that this compound caused a rightward shift of the
ADP dose-response curve (Fig. 2), confirming that ARL
66096 acts by simple competition at the P2Tsc receptor. We
previously demonstrated that ARL 66096 has no effect on
ADP-induced inositol phosphate formation in platelets (8).
These results conclusively demonstrate the specificity of ARL
66096 for the P2T ¢ receptor and A3P5PS, A3P5P, and A2P5P
for the P2Y1 receptor.

The human P2Y1 receptor is known to couple to mobiliza-
tion of calcium from intracellular stores through activation of
phospholipase C and formation of inositol trisphosphate,
possibly by coupling to the heterotrimeric G protein, Gq (11,
24). Thus, signaling through G4 must be essential for ADP-
induced platelet aggregation. Our conclusion is supported by
at least two other studies (25, 26). A patient with a congenital
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F16.2. Effect of ARL 66096 on ADP-induced inhibition of platelet
adenylyl cyclase. Effect of ADP on platelet adenylyl cyclase was
determined at various concentrations in the presence and absence of
a single dose of 50 nM ARL 66096. The data are normalized to
response to the maximal concentration of ADP (taken as 100%).
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Mimicking ADP-induced platelet aggregation by activation of two different G protein-coupled receptors on platelets. Aggregation was

measured in the absence of added extracellular calcium. Representative aggregation traces are shown with additions as indicated by arrows. The
following were used: 5 uM serotonin, 1 uM epinephrine, 10 uM ADP, 300 nM ARL 66096, and 200 uM A3P5PS.

defect with decreased amounts of Gag was reported to have
abnormal ADP-induced platelet aggregation (25). Further-
more, ADP-induced platelet aggregation and shape change
were abolished in Gag-deficient mice, confirming the role of
G4 in ADP-induced platelet aggregation (26). Our studies
reveal that the signaling events through both G4 and G;j are
essential for platelet aggregation. In the case of ADP, signaling
via Gq and G; is achieved by simultaneous activation of two
different receptors. The thrombin receptor has been shown to
couple to both the activation of phospholipase C and inhibition
of adenylyl cyclase, by coupling to different G proteins, G4 and
G;j, (27), and hence thrombin causes platelet aggregation by
activation of G4 and G; pathways with the same receptor (28).
Similarly, thromboxane A, receptors also can couple to G; and
G, although it is not clear whether this is achieved by different
receptor subtypes (or splice variants) (29, 30). Interestingly,
platelet aggregation induced by thrombin or U46619, a throm-
boxane mimetic, was also abrogated in mice lacking Gaq (26),
corroborating the essential role of the Gy-mediated signaling
pathway in platelet aggregation. Of the other platelet-
aggregating agents, lysophosphatidic acid can couple to both
G; and G4 (31), whereas the phorbol ester phorbol 12-
myristate 13-acetate and the calcium ionophore A23187 prob-
ably activate a downstream signaling molecule in both of the
pathways. Whether the Gj-mediated signaling is essential for
all aggregating agents still remains to be evaluated.
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40 uM o, BMeATP

Platelets also contain several other G proteins, including,
Gy, G, Gi2, Gi3, and Gy (32, 33). Although increase in cAMP
levels through activation of G, inhibits agonist-induced platelet
aggregation (23), the functional role of the other G proteins in
this response needs to be determined. Platelet shape change
induced by ADP, but not by thrombin and thromboxane, was
abolished in mouse platelets lacking G, and it was proposed
that thrombin and thromboxane might cause platelet shape
change through coupling to other G proteins (26).

We tested the paradigm of coactivation of ADP receptors by
mimicking the signaling with two independent G protein-
coupled receptors on platelets. Serotonin, a weak platelet
agonist, activates the 5-hydroxytryptamine receptor subtype
24 on platelets, which is coupled to activation of phospholipase
Cbut not to inhibition of adenylyl cyclase (34). Thus, activation
of platelets by serotonin is similar to the activation of the P2Y1
receptor by ADP. On the other hand, analogous to the P2Txc
receptor activation, epinephrine causes inhibition of adenylyl
cyclase, through activation of the aya-adrenergic receptors on
platelets. Epinephrine, which promotes only inhibition of
adenylyl cyclase, by coupling to G;j, does not cause platelet
aggregation, although it potentiates platelet aggregation in-
duced by other agonists, which activate G4 (35, 36). As shown
in Fig. 3, activation of either the apa-adrenergic receptor or the
serotonin receptor alone failed to cause platelet aggregation.
Similar to selective activation of the P2Y1 receptor (8),
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Effect of P2X receptor-selective agonist on platelet aggregation. Representative aggregation traces are shown with additions indicated
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F1G. 5. Model depicting the signal transduction and physiological events mediated by the three ADP receptors on platelets.

activation by serotonin alone caused platelet shape change.
When signaling through the P2T ¢ receptor was blocked with
ARL 66096 (Fig. 3C), it could be replaced by activation of
aza-adrenergic receptors to result in platelet aggregation (Fig.
3D). On the other hand, P2Y1 receptor-mediated signaling
(Fig. 3E) could be replaced by serotonin receptor activation
(Fig. 3F). Furthermore, coactivation of the ays-adrenergic and
serotonin receptors, mimicking the activation of the P2Tac
and the P2Y1 receptors, respectively, also resulted in platelet
aggregation (Fig. 3G). The simultaneous addition of agonists
is important for coactivation of signaling pathways. Delayed
addition of the second agonist (30 s apart) resulted in no
aggregation, whereas shorter intervals resulted in partial ag-
gregation. The overall extent and rate of aggregation appear to
be a reflection of the combined strength of the G4- and
Gi-coupled signaling pathways. These data clearly demonstrate
that concomitant signaling by G4-coupled and the Gj-coupled
pathways is essential for platelet aggregation.

The requirement of converging signaling pathways from two
different G proteins has been previously demonstrated in
agonist-induced DNA synthesis and cell proliferation (31, 37).
Signaling through both pertussis toxin-sensitive and -insensi-
tive G proteins is essential for the mitogenic action of thrombin
and serotonin in Chinese hamster lung cells (37, 38) and for
lysophosphatidic acid in rat 1 cells (39). Microinjection of
inhibitory antibodies to different a-subunits of G proteins and
subsequent activation by thrombin confirmed that the dual
signaling from G4 and G; or G, is required for thrombin-
induced DNA synthesis (40, 41). Thus, it is conceivable that a
similar mechanism is responsible for the activation of fibrin-
ogen receptor in platelets.

2-Substituted derivatives of ADP have been found to induce
platelet aggregation that correlates with their ability to inhibit
platelet adenylyl cyclase, indicating that these compounds are
potent agonists at the P2Tac receptor. We (8) and others (42)
have shown that 2-MeSADP is a potent agonist at the platelet
P2Y1 receptor, mediating inositol trisphosphate formation
and mobilization of calcium from intracellular stores. Hence,
we believe that the 2-substituted ADP analogs are also agonists
at the P2Y1 receptor, and these synthetic agonists cause
platelet aggregation through dual activation of the P2T ¢ and
P2Y1 receptors.

MacKenzie et al. (7) demonstrated an ADP-gated channel
on platelets, suggested to be the P2X1 receptor, that could
cause rapid calcium influx. We investigated whether coactiva-
tion of the P2X1 receptor and the P2Tsc or P2Y1 receptor
could cause platelet aggregation. A P2X receptor-selective
agonist [a,B-methylene]ATP («,8-MeATP), has previously

been shown to have no effect on the P2Y1 or P2T5¢ receptors.
In the presence of extracellular calcium, «,3-MeATP neither
caused nor potentiated platelet aggregation induced by ADP
(Fig. 44-C). In addition, «,8-MeATP did not inhibit ADP-
induced platelet aggregation, whereas the P2Tsc antagonist
ARL 66096 or the P2Y1 antagonist A3P5PS did (Fig. 4C-E).
As observed earlier (8), unlike A3P5SPS, ARL 66096 did not
abrogate ADP-induced platelet shape change. These data
indicate that the P2X1 receptor does not play a significant role
in ADP-induced platelet aggregation. Furthermore, coactiva-
tion of the P2X1 receptor and either the P2Y1 or P2Tac
receptor is also not sufficient to cause platelet aggregation.
Thus, rapid calcium influx mediated by the P2X1 receptor is
not sufficient to elicit either shape change (9) or platelet
aggregation.

The coactivation mechanism of two different subtypes of P2
receptors in ADP-induced platelet activation is depicted in Fig.
5. Although the P2Y1 receptor alone can mediate ADP-
induced platelet shape change (9), signaling events from both
the P2Y1 and P2T ¢ receptors are essential for ADP-induced
platelet aggregation. This model also explains the inability of
epinephrine to cause platelet aggregation in the absence of
positive feedback from thromboxane A, or ADP, although it
can potentiate other platelet-aggregating agents (35, 36). We
propose that concomitant signaling through Gj and G is the
general mechanism by which fibrinogen receptor activation
and subsequent platelet aggregation occurs.

Note Added in Proof. Subsequent to the original submission of this
manuscript, Savi and coworkers (43) reported that A3P5P blocks
2MeSADP-induced rabbit platelet aggregation, which was restored by
activation with serotonin.
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