
Platelets are normally activated at
sites of vascular injury by a combina-
tion of collagen exposure, local
thrombin generation, and the release
of ADP from damaged cells and other
activated platelets. Drugs targeting
ADP receptors have proved to be clin-
ically useful in settings where platelet
activation contributes to arterial
thrombosis. However, until the past
few years, relatively little was known
about the mechanisms by which
platelets respond to ADP. Indirect evi-
dence suggested that 1 or more G pro-
teins and G protein–coupled receptors
were involved, but none of the recep-
tors known to respond to adenine
nucleotides appeared to have the nec-
essary pharmacological profile. In
vitro, ADP causes platelets to change
shape (undergo cytoskeletal reorgani-
zation), secrete their storage granules,
expose binding sites for fibrinogen on
the α IIbβ3 integrin, and aggregate.
These events all require an increase in
cytosolic Ca2+ concentration and are
facilitated by the ability of ADP to
inhibit cAMP formation by adenylyl
cyclase (1, 2).

It now appears that no single recep-
tor can mediate the full response of
platelets to ADP. Based on pharmaco-
logical studies with selective agonists
and antagonists, human platelets
seem to display at least 3 distinct
receptors for ADP. Two of these, P2Y1

and P2YAC (also referred to as P2cyc
and a variety of other names), are, as
predicted, G protein–coupled recep-
tors (2–5). The third, P2X1, is a Ca2+

channel (6–8). P2YAC has been defined
pharmacologically but has not yet
been identified. P2Y1 has been cloned,
and as reported in the article by Léon
and colleagues in this issue of the JCI
(9) and in an essentially simultaneous
report by Fabre and coworkers (10),
has been knocked out in mice.

Studies of platelets from genetically
engineered mice are not necessarily
informative about human platelets,
but in the case of the 2 P2Y1 receptor
knockouts, the results are very consis-
tent with those predicted by pharma-
cological approaches to human
platelets. In the absence of P2Y1, ADP
is still able to inhibit cAMP formation
in mouse platelets, but the ability of
ADP to cause an increase in cytosolic
Ca2+, shape change, and aggregation is
greatly impaired. The mice have a min-
imal increase in bleeding times and
show some resistance to thromboem-
bolic mortality after injection of ADP,
but they are not predisposed to spon-
taneous hemorrhage. Furthermore,
despite the presence of P2Y1 in cells
other than platelets, the animals
appear to be otherwise normal, and
primary responses to platelet agonists
other than ADP were unaffected. In
combination with serotonin, another
weak activator of phospholipase C in
platelets, ADP still promotes aggrega-
tion of P2Y1

–/– platelets. Thus, the in
vitro results with these platelets agree
with the data of Kunapuli and cowork-
ers (4, 11) who treated human platelets
with selective antagonists of P2Y1.

The identification and deletion of
the P2Y1 receptor helps to define a use-
ful target for antiplatelet drug devel-
opment. The information also fits
within the broader context of efforts
to understand the mechanisms by
which platelets are activated in vivo.
With the notable exception of colla-
gen, most agonists activate platelets by
binding to G protein–coupled recep-
tors on the platelet surface. Thus,
thrombin binds to and cleaves the
NH2 terminus of 2 G protein–coupled
receptors, PAR1 and PAR4 (PAR3 and
PAR4 on mouse platelets). Similarly,
the receptor for the aspirin-sensitive
arachidonate metabolite thromboxane

A2 belongs to this class of proteins, as
does the α2A adrenergic receptor,
which activates platelets in response to
epinephrine. Now, the 2 ADP recep-
tors join this list. Collagen, on the
other hand, activates platelets via the
integrins α2β1 and αIIbβ3, and the cell
surface glycoproteins GPIb and GPVI,
none of which has an obvious link to
G proteins. Some endogenous anti-
platelet agents, such as the endothelial
cell–derived PGI2, also work via G pro-
tein–coupled receptors. The number
of copies of each G protein–coupled
receptor on the platelet surface varies,
but typically ranges from a few hun-
dred to a few thousand per platelet.
The relative abilities of these receptors
to cause platelet activation seem to be
related less to expression level than to
their intrinsic efficiency of coupling to
different G proteins.

As illustrated in Figure 1, the vari-
ous G protein–coupled receptors
cause platelet activation by serving as
guanine nucleotide exchange factors
(GEFs) for heterotrimeric G proteins.
Activated receptors allow G proteins
to reach the GTP-bound active state
by displacing GDP from the G pro-
tein’s guanine nucleotide–binding
site. To a large extent, it is the selec-
tion of G proteins that determines
which pathways are activated by a
particular agonist. Both the GTP-
bound α subunit of the G protein
(Gα) and the heterodimer formed by
the β and γ subunits (Gβγ) play roles
in signal transduction. Human
platelets contain at least 10 forms of
Gα, including members of the Gi fam-
ily (Gi1α, Gi2α, Gi3α, and Gzα), the Gq

family (Gqα and G16α), and the G12

family (G12α and G13α), as well as Gsα.
A number of studies, including
patient descriptions and some recent
knockouts in mice, have helped to
define the roles of particular recep-
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tors, G proteins, and downstream
molecules in platelet aggregation.
Some of those results are summa-
rized in Figure 1.

A number of principles regarding
platelet activation have emerged from
those studies. First, agonist potency
often seems to correlate best with the
ability of the agonist to activate
phospholipase C. Strong agonists,
such as thrombin, tend to drive phos-
pholipase C (and, by extension, phos-
phoinositide hydrolysis) harder than
do weaker agonists. Weaker agonists,
such as ADP and epinephrine, are
more heavily dependent on their
simultaneous ability to inhibit cAMP
formation. Typically, strong coupling
to phospholipase C is thought to be
mediated by the G proteins of the Gq

family, whereas weaker coupling is
activated by the pertussis toxin–sen-
sitive members of the Gi family via
their Gβγ heterodimer. However, this
general observation oversimplifies
matters. In mice lacking Gqα (appar-
ently the major Gq family member in
mouse platelets), neither thrombin,
ADP, or any of the other agonists test-
ed could induce platelet aggregation
(12), implying that all of these ago-
nists activate receptors that are cou-
pled to phospholipase C through Gq.
Second, agonists that inhibit cAMP
formation as well as activating phos-
pholipase C do so via members of the
Gi family. Of the 4 members of this
family expressed in human platelets,
Gi2α is the most abundant, and Gzα is
the least similar to the others. Inter-
estingly, recent studies show that
these proteins are not functionally
interchangeable, because knockouts
of Gi2α and Gzα in mice produce dis-
tinguishable phenotypes of platelet

dysfunction. Those studies also sug-
gest additional roles for Gi family
members beyond the activation of
phospholipase C and inhibition of
adenylyl cyclase (J. Yang and L. Brass,
unpublished observations). In some
cases, such as for thrombin, inactiva-
tion of adenylyl cyclase is accom-
plished using the same receptor that
activates phospholipase C, whereas
for ADP, the tasks are split between 2
or more receptors. Third, weaker ago-
nists that primarily stimulate phos-
pholipase C (such as serotonin) can
combine with agonists that primarily
inhibit adenylyl cyclase (such as epi-
nephrine) to cause platelet activation.
In the case of ADP, the effects of P2Y1

or P2YAC antagonists can be overcome
by combining ADP with an agonist
that is coupled only to phospholipase
C activation or to adenylyl cyclase
inhibition (11). Fourth, for reasons
that remain unclear, increasing
adenylyl cyclase activity in platelets
induces a state of tonic inhibition of
platelet activation that can be relieved
by reversing the activation of this
enzyme. Removal of the inhibition
(such as occurs in mice lacking PGI2

receptors) results in increased throm-
bosis in models of vascular injury
(13). Finally, the reorganization of the
actin cytoskeleton that is responsible
for platelet shape change is probably
mediated by a G12 family member. In
Gqα knockout mice, platelet agonists

still caused shape change, even
though they failed to cause platelet
aggregation (12). G12α null mice have
not been reported; lack of G13α leads
to intrauterine death (14). Recent
studies in other cells have shown that
p115 Rho-GEF can provide a link
between members of the G12 family
and the members of the Rho family of
low molecular weight GTP-binding
proteins that regulate actin filament
formation. It remains to be seen
whether it does so in platelets.
Because platelets from P2Y1 null mice
fail to change shape in response to
ADP and also fail to aggregate, it is
reasonable to think that P2Y1 is cou-
pled to G12 as well as to Gq.

By their very nature, human
platelets are nontransfectable. They
are also (inconveniently enough)
impenetrable to agents such as per-
tussis toxin that allow the selective
inactivation of some members of the
Gi subfamily of G proteins. Thus,
pharmacological studies with selec-
tive receptor agonists and antago-
nists, combined with selected knock-
outs of receptors and G proteins (15),
have provided many new insights
into the earliest events of platelet
activation. Many pieces of the puzzle
remain. The identity of the ADP
receptor that inhibits cAMP forma-
tion (and triggers any other events
that are mediated by Gi family mem-
bers) is still unknown. The features
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Figure1
Effects of ADP and some of the other rela-
tively well understood thrombotic media-
tors on signaling in platelets. Most platelet
agonists work using G protein–coupled
receptors that act as guanine nucleotide
exchange factors for 1 or more G proteins.
An asterisk next to a receptor or G protein
indicates that mice lacking that gene have
been created but have not necessarily been
studied for platelet function in the absence
of the protein. PLC, phospholipase C.



of the various receptors that are
responsible for the differences in effi-
ciency with which they couple to var-
ious G proteins and discriminate
between members of the same close-
ly related family are still largely
unidentified. The mechanism by
which cAMP inhibits G protein–cou-
pled signaling, and the basis of the
failure of collagen-induced platelet
aggregation in mouse platelets lack-
ing Gq are still poorly understood.
Finally, except for phospholipase C,
the links from G protein–coupled
receptors to the pathways involved in
fibrinogen receptor activation, aggre-
gation, and secretion remain myste-
rious. Our ability to draw large num-
bers of arrows on maps such as
Figure 1 should not obscure the fact
that a large number of gaps remains
to be filled. In platelet biology, it is
often clear where things start and
finish, but defining the steps along

the way and determining how they
are regulated should provide a fruit-
ful subject for research for a number
of years to come.
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