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Foreword
Adenosine-5’-diphosphate (ADP) was recognized
as an inducer of platelet aggregation in the early sixties.1,2 Although itself a weak platelet agonist, ADP
plays a key role in platelet function because, when it
is secreted from the platelet dense granules where it
is stored, it amplifies the platelet responses induced
by other platelet agonists.3 The amplifying effect of
ADP on platelet aggregation may account for the
critical role played by ADP in hemostasis and in the
pathogenesis of arterial thrombosis, which is documented by a number of observations: 1) pharmacologic inhibition of ADP-induced platelet aggregation
decreases the risk of arterial thrombosis;4 2) patients
lacking releasable ADP in granule stores or with congenital abnormalities of the platelet ADP receptors
have a bleeding diathesis;5-7 3) CD39, the endothelial cell ecto-ADPase, is a critical component in the
regulation of thrombogenesis.8,9
Despite the early recognition of ADP as a platelet
aggregating agent, the molecular basis of ADPinduced platelet activation is only beginning to be
understood. Biochemical, pharmacologic and clinical studies led to the proposal of a model of three
purinergic receptors contributing separately to the
complex process of ADP-induced platelet aggregation: the P2X1 ionotropic receptor responsible for
rapid influx of ionized calcium into the cytosol, the
P2Y1 metabotropic receptor responsible for mobilization of ionized calcium from internal stores which
initiates aggregation, and an as yet unidentified P2Y
receptor coupled to adenylyl cyclase inhibition
(named in different ways by different authors: P2cyc,
P2YADP, P2TAC), which is essential for the full platelet
aggregation response to ADP, although no causal
relationship exists between adenylyl cyclase inhibition and platelet aggregation.3,10-13 It is probable that
this as yet unidentified receptor is the molecular target of the ADP-selective antiaggregating drugs, ticlopidine and clopidogrel. In addition, it is probably
defective in patients with a bleeding diathesis that is
characterized by selective impairment of platelet
responses to ADP.6,7,14,15 On the other hand, studies
with P2Y1 receptor-deficient mice clearly demonstrated the critical role of this receptor in hemostasis and in thrombosis16,17. Despite the recent progresses in the understanding of the mechanisms
involved in ADP-induced platelet responses, many
issues are still unknown or remain controversial: 1)
the role of P2X1 receptor in platelet function; 2) the
molecular identity of P2cyc; 3) the nature of the
effector(s) in the Gi pathway of ADP-induced
platelet aggregation, to name but a few.
In consideration of the very important recent
achievements and the rapid evolution of this area of
research we thought that time was ripe for organizing a meeting in which some of the most distinguished scientists in this research field could gather
to exchange their experiences and to clarify the state
of the art and future perspectives. The meeting took

place in La Thuile, a small village in the Italian Alps,
which provided a beautiful frame to what proved to
be a very stimulating and interesting scientific meeting.
Marco Cattaneo,
Angelo Bianchi Bonomi Hemophilia and Thrombosis Center,
Department of Internal Medicine, IRCCS Ospedale Maggiore,
University of Milan, Milan, Italy
Christian Gachet,
INSERM U.311. Biologie et Pharmacologie de l’Hémostase
et de la Thrombose, Etablissement Francais de Sang-Alsace,
Strasbourg, France
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HISTORICAL OVERVIEW OF THE ROLE OF PLATELETS IN HEMOSTASIS
AND THROMBOSIS
GIOVANNI DE GAETANO
Istituto di Ricerche Farmacologiche Mario Negri, Consorzio Mario Negri Sud, Santa Maria Imbaro, Italy

ABSTRACT
Platelets were discovered by G. Bizzozero in 1882
and rediscovered in the 1960s after many decades
of oblivion. Interestingly enough, their role was initially more clearly associated with thrombosis than
with hemostasis. For many years a serious unresolved problem was that the clotting time was normal even in severe thrombocytopenia. The concept
of coagulation as an enzymatic cascade had not yet
been elaborated. During the 1960s, the interest of
many experts moved from the interaction of
platelets with the process of blood coagulation to
the interaction of these cells with the vascular wall
(adhesion) and each other (aggregation). The discovery of the role of ADP as the principles of platelet
aggregation stimuli was rapidly followed by other
important discoveries such as the aggregating properties of collagen and thrombin, the release reaction, the metabolism of arachidonic acid, and the
inhibitory effect of aspirin. The use of aspirin as a
potential antithrombotic drug has made the history
of clinical trials in the last 30 years. The last two
decades have been characterized by an explosion of
cell and molecular biology approaches. There are
presently people who study platelet signal transduction or platelet-leucocyte interactions but who
know almost nothing about hemostasis or thrombosis! This is due not only to the intrinsic limitations
of the biological approach but also to the progressive recognition of the role of platelets in other physiopathologic and clinical conditions such as inflammation, cancer growth and dissemination, and organ
transplant rejection. Overlooked for more than two
centuries after the microscope was made available
to hematologists, considered as an artifact or a Cinderella, the platelet has mainly been considered in
the past 30 years as a dangerous cell to be inhibited by (ever more expensive) drugs. But the taming
of the shrew is far from being achieved.
©2000, Ferrata Storti Foundation
Key words: platelets, hemostasis, thrombosis, history

Correspondence: Giovanni de Gaetano, MD., PhD. Director, Consorzio
Mario Negri Sud, via Nazionale, 66030 Santa Maria Imbaro (CH). Tel:
international +39.0872.570307 – Fax: international +39.0872.57112
– E-mail: degaetan@cmns.mnegri.it

There is no platelet history.There are only facts and experiences that deserve narration.
This review is neither a systematic or critical analysis nor
a research into documented past events, but rather a personal
account of imaginary or real happenings that contributed to
my past.

In the beginning …
«The existence of a constant blood particle, differing from red and white blood cells, has been suspected by several authors for some time».
With this simple opening statement, in 1882
Giulio Bizzozero started his paper on a new blood
particle and its role in thrombosis and blood coagulation.1 One will be surprised by the fact that hemostasis was not mentioned (unless incidentally) in Bizzozero’s work. Bizzozero quoted Zahn’s2 observation
that following incision of a vessel wall, bleeding was
not arrested by coagulation of extravasated blood,
but rather by formation of a white thrombus at the
site of the lesion.
However, in a footnote at the end of his monumental paper, Bizzozero mentions with astonishment that Professor Hayem in Paris had claimed «to
have discovered that the thrombotic mass, responsible for hemostasis after injury to blood vessels, is
formed by accumulation and mutual fusion of its
hematoblasts». «The phenomenon which Hayem
claims as his own discovery» – Bizzozero states – «i.e.
events leading to thrombus formation … were
observed and published by myself already several
months earlier». Thus Bizzozero considered the role
of platelets (or hematoblasts) to be the same both
in the arrest of hemorrhage and in thrombus formation. No doubt, Bizzozero did not recognize platelets
as a factor in hemorrhagic conditions such as purpura. Instead he stated that «one may assume that
their increased number alters the conditions of blood
circulation». It was only in 1883 – the year after Bizzozero’s publication – that Krauss, in his inaugural
dissertation in Heidelberg, mentioned that his chief,
Dr. Brohme, had noted a marked decrease of
platelets in the blood of children with purpura hemorrhagica.3 It was, however, Hayem who firmly established the relationship of platelets to purpura a few
years later.4
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Both Bizzozero and Hayem presented evidence that
platelets (or hematoblasts) participate in the early
phase of blood coagulation, as they observed that
fibrin strands appear at loci where platelets adhere
and undergo morphologic changes. «The more rapid
coagulation of blood, flowing from a wound which
had been open for some time, is probably due to the
presence of aggregates of blood platelets which have
formed after the time of the first incision, on the surface of vascular lesions and the margins of incision».1
Both investigators concluded that platelets supply a
factor needed in the clotting reaction. However, the
observation that the clotting time was normal even in
severe thrombocytopenia led many other investigators to conclude that platelets are not necessary in
the coagulation of blood5 although Roskam6 had
already described in 1923 the presence of fibrinogen
on the platelet surface, suggesting that the fibrinogen-fibrin transition on the platelet surface might be
of importance. According to Quick,7 it was his prothrombin consumption time test that supplied a clear
answer to the role of platelets in coagulation. This
procedure, indeed, showed that even when the clotting time is normal, the prothrombin consumption is
markedly reduced when normal plasma depleted of
platelets is clotted. Mixed experiments with plateletpoor normal plasma and platelet-rich plasma from
patients with hemophilia A suggested that a clotting
principle in platelets (surface phospholipids) reacting
with a plasma factor lacking in hemophilia (factor
VIII) accelerates the intrinsic coagulation process.

From Cinderella to royal prominence
Despite the excellency of these and other contributions, the platelet remained for many years the
neglected stepchild in the family of blood cells. Finally, around 1960, the platelet emerged from the Cinderella stage to that of royal promince.8 The work by
Hugues and Bounameaux in Roskam’s group in
Liège9 showed that the collagen component of connective tissue leads to platelet adhesion and aggregation culminating in viscous metamorphosis. Some other important discoveries were made at about the
same time: the isolation and description of a contractile protein resembling actomyosin in platelets,10
and the recognition that adenosine-5’-diphosphate
(ADP) is a potent inducer of platelet aggregation.11
This latter finding was originally based on the liberation of platelet aggregating material from red cells
(factor R of Hellem).12 This only attained its full significance with the observation that platelets themselves, under the influence of a suitable agent such as
thrombin, release enough of this dinucleotide to
induce their own aggregation.13 The recognition of
this phenomenon remains a most important step in
the understanding of the mechanism of platelet
aggregation, which accordingly appeared as a selfperpetuating process.14 In the early Sixties, Born and
Cross15 and O’Brien16 described an optical platelet
aggregation test, roughly based on the decrease of
optical density of a platelet suspension corresponding to platelet clump formation by a given stimulus.
Very soon, this appeared to be an easy and practical
method and platelet aggregation could be studied in

dozens of laboratories all around the world. Now,
about 40 years later, the molecular basis of ADPinduced platelet activation is only beginning to be
understood and a model of three purinergic receptors, each contributing separately to ADP-induced
mechanisms has been proposed.17

Meeting with aspirin
In the years 1967-1968, aspirin and the platelet
met each other officially for the first time and a never-ending story was begun. In reality, already in the
fifties French investigators18,19 had observed that
aspirin, in relatively small doses, resulted in a prolongation of bleeding time. They also noted that this
effect was exaggerated in patients who had underlying bleeding disorders. These clinical observations
were confirmed in the USA by Quick20 who also made
the important observation that, unlike aspirin, sodium salicylate had no effect on bleeding time. Weiss
and Aledort21 first showed that prolongation of the
bleeding time by aspirin (3 grams/day for two and a
quarter days!) was associated with a marked impairment of collagen-induced platelet aggregation. By
constrast, aspirin ingestion did not inhibit ADPinduced aggregation. Sodium salicylate failed to prevent platelet aggregation either by collagen or ADP.
Other groups22-24 confirmed and extended the original findings of Weiss and Aledort. The general conclusion was that aspirin – possibly by a poorly defined
platelet membrane stabilizing effect25 – inhibited the
platelet release reaction. The effects of aspirin ingestion occurred very rapidly but were of long duration
(4 to 7 days), suggesting an irreversible damage to
platelet population, which persisted until the affected platelets had been replaced by a sufficient number of new platelets. The critical role of the acetyl
group in the aspirin effect was also rapidly singled
out. Altogether, these findings reasonably explained
the mild hemostatic defect produced by aspirin and
indicated that it should be avoided in patients whom
control of hemostasis could be a problem.
«The Antichrist» – says William in The Name of the
Rose – «can be born from piety itself, from excessive
love of God or of the truth, as the heretic is born from
the saint and the possessed from the sear».26 No surprise, therefore, that a more intriguing outcome of
these studies was the possibility that, by inhibiting
platelet aggregation, aspirin might be a useful antithrombotic agent. Platelet aggregates may form on
collagen fibers which are exposed after the vascular
intima has been broken. If aspirin was capable of
inhibiting collagen-induced platelet aggregation,
might it also prevent arterial thrombus formation? It
was soon realized that this question could only be
answered by clinical trials.27 In the early seventies, the
opinion was prevalent that anticoagulant drugs –
though effective in the management of venous thromboembolism – had not produced any significant effect
on the overall morbidity and mortality from the complications of arterial disease, such as myocardial
infarction and stroke. Researchers such as the Canadian group of J.F. Mustard28 were reasoning that
«assuming that thrombosis is involved in the death of
patients with vascular disease who die from strokes or
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myocardial infarction …, the rationale behind the use
of anticoagulant drugs in conditions where the initial
accumulation of a platelet mass is the primary event
in thrombus formation, is open to serious question».
The case for testing aspirin in the prevention of
myocardial infarction and other arterial occlusion disease became therefore very strong, although «aspirin
is a drug that any idiot can buy in any quantity he
chooses and take for whatever condition he chooses».29 Strangely enough, aspirin was probably first
tested in Europe as a prophylactic measure in postoperative venous thromboembolism!30 The results of
this Medical Research Council of England’s trial were
negative. We had to wait until the late eighties to be
assured, by one of the largest and most complex
meta-analyses performed in the past decade, that
aspirin (and other antiplatelet drugs) were effective in
the secondary prevention of different ischemic arterial diseases such as myocardial infarction and stroke
and were possibly effective in the primary reduction of
non-fatal vascular events in healthy subjects.31

Development of platelet pharmacology
But let’s go back to the end of the sixties, when
many different inhibitors of platelet function had
already been described. In that period, two review
articles were published which collated most of the
information available on platelet inhibitors.32,33 Both
articles made a distinction between inhibitors of ADPinduced aggregation and inhibitors of the platelet
release reaction. Table 1 sets out the classification of
anti-platelet compounds presented in these two
review articles. On the basis of the evidence available
in 1970, ADP appeared to be the principal mediator
of platelet aggregation in physiological conditions. It
is interesting to note that aspirin, dipyridamole and
sulfinpyrazone, the first three drugs tested in large
clinical trials for thrombosis prevention were identified as anti-platelet compounds between 1965 and
1968: they were all three already in clinical use for
other indications and for many years no «new»
antiplatelet compound came to the stage of clinical
investigation. A few months after the publication of
both review articles32,33 and of a book discussing the
background for a clinical trial of aspirin in the prevention of stroke,27 a group of three articles34-36 in
Nature New Biology reported that aspirin blocked the
production of PGE2 and PGF2a in human platelets
(and other experimental systems) and proposed –
after more than 70 years of clinical use of this drug –
that prostaglandin inhibition might explain some or
even all pharmacologic properties and clinical effects
of aspirin (and of all other non-steroidal anti-inflammatory drugs). The pharmacology of the anti-platelet
drugs available in the late eighties (Table 2) with a
historical review of the data and the concepts underlying their use was discussed in a chapter of a successful book.37 The interested reader will find there
are several topics of some historical interest in the
context of the present paper, the discovery of platelet
and vascular arachidonic acid metabolism as a fashionable target for all anti-platelet drugs, the so called
aspirin dilemma and its solution, the disappointment
with the thromboxane A2-synthase inhibitors and

sulfinpyrazone, the liaison between dipyridamole and
adenosine, the development of ticlopidine as a mimic of Glanzmann’s thrombastenia and many other
intriguing observations. I shall recount here only some
details of the aspirin dilemma.

Intermezzo: «The aspirin dilemma»
As already mentioned, on the basis of the knowledge available in the early seventies concerning the
action of aspirin on platelets many clinical trials using
aspirin as an antithrombotic agent in the secondary
prevention of myocardial infarction and of cerebrovascular complications were initiated. However,
very soon the discovery of PGI2, a potent antiaggregating and vasodilating agent produced by vascular
cells via the cyclo-oxygenase-initiated metabolism of
arachidonic acid,38 cast serious doubt on the usefulness of aspirin as an antithrombotic drug. The simultaneous inhibition of TxA2 and PGI2 synthesis could
have been the reason for the disappointing results of
early clinical trials on the antithrombotic effect of
aspirin; failure of clinical trials still in progress was
also anticipated. It was even shown that animals
treated with high doses of aspirin, which inhibited
PGI2 synthesis, might have an increased thrombotic
tendency.39 Moreover, humans taking high doses of
aspirin exhibited a shortened bleeding time (Moncada, 1978). The assumption was made, and popularized, that to achieve antithrombotic efficacy, the
inhibitory effect of aspirin on platelet cyclo-oxygenase should be retained, while that on the vascular
enzyme should be minimized. Many clinicians were
fascinated by this aspirin dilemma and urged pharmacologists to solve it rapidly. Several experimental
approaches were therefore adopted to estimate the
dose of aspirin which suppresses the synthesis of
thromboxane A2 but not of prostacyclin. The initial
approach was based on the assumption that the
platelet enzyme would be more sensitive to aspirin
than the vascular enzyme.41 Consequently, low dose
aspirin was expected to achieve biochemical selectivity as
only platelet cyclo-oxygenase would be affected.
Although studies in vitro comparing platelets with cultured human endothelial cells, showed that aspirin
exerted a similar inhibitory profile,42 the search for
the lowest active dose of aspirin was intense; all
attempts using single oral doses of aspirin failed to
dissociate significantly the drug's pharmacological
effects on platelets and vascular cells, both in experimental animals43 and in man.44 Biochemical selectivity
of aspirin was achieved for the first time in rats in a
rather unusual way: an animal made thrombocytopenic by antiplatelet antibodies was exchangetransfused with blood from another animal pretreated wich aspirin a few hours before (in order to
allow complete elimination of the intact drug from
the peripheral circulation). The recipient rat had
therefore aspirinated platelets but non-aspirinated vessel
walls. Notwithstanding this pharmacologic success,
the bleeding time of the animals did not change significantly.45 Biochemical selectivity was more easily
demonstrated by administration of repeated small
doses of aspirin.46 This was explained by the fact that
platelet cyclo-oxygenase, once irreversibly acetylated
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Table 1. Inhibitors of platelet aggregation in vitro as classified by Mustard and Packham32 and de Gaetano et al.33
Mustard and Packham

de Gaetano, Vermylen and Verstraete

I. Inhibitors of ADP-induced aggregation

I. Inhibitors of the aggregating effect of ADP

a Inhibitors with structural similarities to ADP
b Inhibitors that bind calcium
c Inhibitors that affect the platelet membrane
- Sulfydryl group inhibitors
- Antihistamines
- Local anesthetics
- Antidepressants and tranquillizers
- Heparin
- Fibrinogen degradation products
d Factors influencing platelet metabolism or
contractile protein
e Miscellaneous (dextran, clofibrate...)

1. Synthetic inhibitors
a Calcium-chelating agents
b Arginine and guanidine derivatives
c Sulfydryl (dipyridamole and congeners,
glycerylguaiacolate, nialamide ...)
2. Biological inhibitors
a Adenosine and analogous substances
b Prostaglandins (PGE1, through adenyl
cyclase?)
c Fibrin(ogen) degradation products

II. Inhibitors of platelet release reaction
a Chelators of divalent cations
b Metabolic inhibitors
c Adenine compounds
d Prostaglandin E1
e Colchicine
f Methylxanthines
g Imipramine and amytriptiline
h Orthophosphonates
i Salicylaldoxime
j Adrenergic alpha-receptor antagonists
k Non-steroidal anti-inflammatory drugs and
related compounds (sulphinpyrazone...)
l Phosphatidyl and sulfated polysaccharides
m Heparin and sulfated polysaccharides
n Glucosamine
o Dipyridamole and related compounds
p Fibrinogen degradation products

II. Inhibitors of release of platelet ADP (inhibitors of ‘release reaction’)

by aspirin, could not be replaced as long as the affected platelets remained in circulation. As a consequence, the effects of single, partially effective doses
of aspirin could be expected to accumulate – and
this, in fact, occurred. However, the lack of effect of
small dose aspirin treatment on vascular PGI2 generation was less uniformly accepted. For instance,
cumulative inhibition of PGI2 synthesis measured on
vascular segments was reported after repeated low
doses of aspirin.47 One point of debate was that suppression of platelet TxA2 biosynthesis might not necessarily result in inhibition of platelet function in vivo.
Evidence for an inhibitory effect of repeated low doses of aspirin on platelet function was provided by
Weksler et al.47 and De Caterina et al.48 studying
platelet aggregation induced by single aggregating
stimuli (agonists). However, when pairs of agonists
(such as PAF and adrenaline) were used to induce
platelet aggregation, repeated low doses of aspirin
appeared to be no longer effective.49,50 The low-dose
aspirin concept, though still debated at the experimental level, and before being evaluated in controlled
clinical trials, received an enthusiastic reception from
many clinicians. They were fascinated not only by the
apparent simplicity of this pharmacologic approach,

but welcomed the foreseeable reduction, or even disappearance, of side effects (mainly gastrointestinal)
related to the chronic intake of relatively high doses
of aspirin. This widespread attitude (at least in Italy)
was soon supported by the results of six controlled
clinical trials showing a dose-unrelated beneficial
effect of aspirin in the secondary prevention of mortality in patients with myocardial infarction.51 The
dose-unrelated beneficial effect of aspirin was confirmed in patients with unstable angina.52,53 To understand the clinical problem of the lack of doseresponse relationship of aspirin better, some groups
became interested in the possible effects of salicylate
– this metabolite has a longer plasma half-life than
the parent molecule and may accumulate during
repeated drug administration. The importance of
plasma salicylate levels in regulating the interaction
between aspirin and cyclo-oxygenase54 suggested that
better knoweledge of the pharmacokinetics of aspirin
and salicylate might help resolve the aspirin dilemma.
The pharmacokinetics of aspirin have been given little consideration in thrombosis prevention trials. The
necessity to consider the pharmacokinetics of aspirin
was strengthened by the observation that serum TxB2
generation was suppressed, even when there was no

1. Synthetic inhibitors
a Acetylsalicylic acid and other
anti-inflammatory agents (sulphinpyrazone...)
b Antidepressant drugs
c Miscellaneous (dextran, clofibrate...)
2. Biological inhibitors
a Serotonin
b Heparin
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Table 2. Inhibitors of platelet aggregation available in 1987.37

ASPIRIN
I. Drugs interfering with arachidonic acid metabolism
• Cyclo-oxygenase inhibitors
– aspirin
– sulfinpyrazone
• Thromboxane TxA2-synthase inhibitors
– imidazole
– dazoxiben
• Prostaglandin endoperoxide/TxA2 receptor antagonists
– SQ 29548
– SKF 88046
II. Drugs increasing c-AMP levels
• Prostacyclin (PGI2) and stable PGI2 analogues
– epoprostenol
– carbacyclin
– iloprost
• PGD2
• Dipyridamole
III. Drugs interfering with adenosine
• Dipyridamole and pyrimido-pyrimidine derivatives
IV. Drugs interfering with fibrinogen binding
• Ticlopidine
• RGD peptides and derivatives
• Some snake venoms
V. Drugs interfering with serotonin (5HT)
• Ketanserin
VI. Drugs interfering with platelet activating factor (PAF)
• CV 3988
• Kadsurenone
• BN 52021
VII. Drugs interfering primarily with platelet-unrelated mechanisms
• β blockers
• Calcium antagonists (Ca++ channel blockers)
• Antithrombin drugs

PORTAL
CIRCULATION

platelets

inhibited

SALICYLATE
(aspirin)

“presystemic”
vessels (portal vein)

inhibited

SYSTEMIC
PERIPHERAL
CIRCULATION

“systemic”
vessels (vena cava, aorta)

not inhibited

Figure 1. Scheme of the “first-pass” de-acetylation of acetylsalicylic acid after oral ingestion of aspirin.

detactable aspirin in the peripheral blood in subjects
taking oral aspirin.55-58 It was suggested that pre-systemic circulation first-pass deacetylation of aspirin
within the entero-hepatic circulation was responsible for the low (or absent) peripheral drug levels (Figure 1). Thus, platelets passing through the gut capillaries could be acetylated by aspirin before reaching
the systemic circulation, resulting in suppression of
serum TxB2 generation, and the extent to which
peripheral vascular cyclo-oxygenase might be affected
could merely reflect the amount of intact aspirin
which escaped first-pass metabolism (as well as
hydrolysis by plasma esterases). The sparing of vascular cyclo-oxygenase after oral (compared with intravenous) administration of the same dose of aspirin
was clearly shown in rats.59,60 It now appears that the
concepts of low and high doses of aspirin, and of its
biochemical selectivity in relation to platelet and vascular cyclo-oxygenase, are relative rather than absolute,
and require to be qualified in relation to the drug’s
pharmacokinetics. The aspirin dilemma was solved
finally by determining the optimal conditions for
presystemic acetylation of platelet cyclo-oxygenase in
patients at risk for thrombosis. In young healthy subjects high-dose aspirin (650mg x 2) and indobufen
(200mg x 2) – a cyclo-oxygenase inhibitor unrelated

to salicylate – significantly inhibited serum TxB2 generation and the rise in tissue plasminogen activator
actively induced by venous occlusion, without affecting the pre-occlusion values. In contrast, salicylate
(569mg x 2, a dose equimolar to 650mg x 2 of
aspirin) did not affect the fibrinolytic response. Moreover, low-dose aspirin (20mg x 7 days) while reducing serum TxB2 generation by about 90%, did not
modify the increased fibrinolytic response to venous
occlusion.61 The hypothesis that the rise in fibrinolytic activity occurring during this hypoxemic challenge
is mediated by local generation of vascular PGI2 was
clearly demonstrated both in humans62 and in experimental animals.63
Thus, any dose of aspirin which spares vascular
cyclo-oxygenase activity would leave intact not only
the antiaggregating (i.e. PGI2) but also the fibrinolytic
potential of the vessel wall. The aspirin dilemma
could therefore have wider implications than simply
the platelet-oriented TxA2-PGI2 balance.

The Knights of the Round Table
There may be moments in our life when we are
either strongly convinced about something old or
desperately looking for something new. In these very
moments, either very near to or very far from us,
something is happening that will dramatically change
the rest of our lives. But quite rarely are we aware
that the still unknown truth – within one hour or ten
years – will not allow us to think in the same way every
again. In September 1970, a Round-the-Table Conference on Normal and Modified Platelet Aggregation was held in Leuven, Belgium.64 The intention was
to assemble some European scientists who had contributed significantly to the rapidly developing field of
platelet aggregation and allow these workers to discuss a number of open questions. It may be of interest in this context to read the 15 questions asked by
the Organizers (Table 3).
Among the 46 participants, almost all the historical contributors to platelet and hemostasis history in
Europe were present, e.g. G.V.R. Born, K. Breddin, J.
Caen, A.S. Douglas, R. Gross, R.M. Hardisty, H.
Holmsen, J. Hugues, M.J. Larrieu, Y. Legrand, E.F.
Lüscher, J.R. O’Brien, H. Poller, A. Sharp, J.J. Sixma,
J.W. ten Cate, J. Vermylen and M. Verstraete. The Ital-
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ians present were S. Coccheri, M.B. Donati, G. Leone,
P.M. Mannucci, C. Praga and the author of this
chapter. The structure of the meeting was rather
unusual, as for each question prepared by the Organisers, there were two or three short introductory
answers, followed by a lively and free discussion.
Going now through these discussions may give the
reader a unique flavor of what was the platelet and
its role in hemostasis and thrombosis in Europe three
decades ago. To the question «In which clinical conditions would pharmacologic inhibition of platelet
aggregation be useful?», the answers were: cancer,
hypertension, chronic glomerulonephritis, diabetes
with thrombotic tendency, primary pulmonary hypertension... Summarizing recent data on Glanzmann’s
thrombasthenia, J. Caen stated that this is «the most
clearly defined disorder of hemostasis» yet «one does
not know why the thrombasthenic palatelets do not
aggregate in the presence of ADP». «We have» – concluded Caen – «many new findings on thrombas-

Figure 2. Hypothetical sequence of interactions between
PMN leukocytes and activated platelets or injured endothelial cells. Reprinted from ref. 70, with permission.

Table 4. Platelets. A multidisciplinar approach.68
Table of contents
I.

Introduction (platelet physiology, morphology, biochemistry,
metabolism. Species specificities. Platelet-drug interactions)
II. Platelets, endothelium, smooth muscle cells
III. Platelets and inflammation
IV. Platelets and immunological reactions
V. Platelets and synaptosomes
VI. Platelets and tumor cells

Table 3. Discussion to a panel of European experts of platelets
in 1970.64
Question N. 1
A. Which hypothesis on platelet aggregation by ADP would seem to be
most plausible?
B. Are cofactors of a protein nature involved in normal platelet aggregation?
Question N. 2
What does the optical platelet aggregation test actually measure?
Question N. 3
Which physical or chemical alterations of the platelet surface are provoked by different aggregating substances?
Question N. 4
Role of the release reaction in platelet aggregation
Question N. 5
How is platelet aggregation linked with increased availability of platelet
factors 3 and 4?
Question N. 6
Does rapid disaggregation following ADP-induced aggregation have any
significance?
Question N. 7
Are comparable results obtained with different “collagen” preparations?
Question N. 8
Is aggregation by collagen and thrombin the consequence of ADP release
only?
Question N. 9
Do immunologic reactions provoke or modify the release reaction?
Question N. 10
How does adenosine inhibit platelet aggregation?
Question N. 11
Cyclic AMP, prostaglandins and platelet aggregation
Question N. 12
Significance of congenital or acquired modifications of platelet aggregation
Question N. 13
Inhibition of platelet aggregation by chemicals and drugs
Question N. 14
In which clinical conditions would pharmacologic inhibition of platelet
aggregation be useful?
Question N. 15
Does an impaired release reaction really cause a haemorrhagic diathesis?

thenic platelets, but we do not know what is or are
the underlying anomalies responsible for the absence
of platelet aggregation in this disease». Four years
later, Nurden and Caen65 made the seminal observations on platelet membrane glycoproteins which provided the basis for the tremendous development of
our knowledge on hemostasis and thrombosis prevention.66,67

The other face of the moon
Possibly due to a continuous intellectual orientation towards America «buscando el oriente por el
ponente», I was always attracted by the other face of
the moon... In 1977 an International Symposium68
was organized in Florence to discuss the platelet as a
model of other cells and to evaluate its possible role
in physiopathologic phenomena not directly related
to hemostasis and thrombosis. Table 4 reports the
titles of the six sessions of that Symposium. Now,
many years after that Florence meeting, I am personally no longer directly engaged in platelet research,
but younger people at the Mario Negri Sud research
institute are actively involved in a new fascinating
chapter of platelet function, namely the complex
interaction of activated platelets with white cells
(both polymorphonuclear and lympho-monocytes)
and of activated leukocytes with platelets, the whole
picture being taken – in flowing conditions – on the
background of endothelial cells.69,70 I shall therefore
close this chapter with a sketch («la Fantasie au pouvoir») presented a few months ago by Chiara Cerletti at the ISTH Washington Congress.70 Whether the
supposed new thrombogenic role of platelets summarized in Figure 2 is of any clinical relevance will
only be revealed in another historical overview, some
time from now.
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HISTORICAL OVERVIEW OF THE ROLE OF ADP IN PLATELET FUNCTION
DAVID C.B. MILLS
Sol Sherry Thrombosis Research Center, Temple University Hospital Philadelphia, USA

y discussion will cover some aspects of the
interaction between ADP and blood
platelets, starting in 1961 when I first
became involved with this topic. I shall take a personal approach, and concentrate on those aspects
with which I have been most intimately associated.
This will allow me a chance to pay tribute to the
many brilliant and creative scientists with whom it
has been my privilege and pleasure to collaborate.
Since my days as an apprentice in Gustav Born's laboratory in London I have been convinced that the
action of ADP on platelets is mediated by a receptor
of some sort and a constant thread of interest for me
has been to find out more about this interaction,
and eventually to identify the receptor protein. In this
endeavour there have been some failures and some
successes, but I doubt whether there are many who
still regard the non-receptor theories as competitive.
I look forward to the day that the receptor is eventually cloned and I am able to see if some of the predictions that I have made on the basis of indirect evidence prove to be true.
My first encounter with a platelet was the result of
a friendship between my then boss, W.F.J.Cuthbertson, for whom I was working at Glaxo Labs, and
Soren Laland, who was Professor of Biochemistry at
Oslo University. He persuaded Cuthbertson to send
me to Vienna, to a meeting of the European Society
for Haematology in 1961, where his student, Anna
Gaarder was to describe their work on the identification of Hellem’s “factor R” extracted from red
cells, which made platelets stick to glass beads. The
full paper,1 identifying the factor as ADP appeared
shortly after and generated a flurry of excitement,
particularly among a group in London including
Gustav Born at the Royal College of Surgeons and
Helen Payling-Wright, herself one of the pioneers of
attempts to quantify platelet adhesion to glass.
Unfortunately, Anna was killed shortly afterwards in
an automobile accident and I never had the opportunity to get to know her.
I was then sent to Paul Owren's lab at the Rikshospitalet in Oslo to learn Hellem's technique of
pumping blood through a column of glass beads
and counting the platelets before and after the passage. About this time broke the affair that tainted
Owren's reputation. As a wealthy and influential fig-
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ure in Norwegian scientific politics, he had used his
pull to promote the use of unsaturated fats as a
dietary supplement on the basis of experiments that
claimed to show that eating these fatty acids reduced
the tendency of platelets to adhere to glass. These
experiments proved unreproducable, and it was eventually decided that the results were due to deficiencies in the technique employed, which was counting
the platelets by eye – before the introduction of the
Coulter Counter – with no attempt to conceal the
identity of the samples. The experiments were performed in the main by a clinician with little training
in scientific method, who was ultimately used a
scapegoat for what to me seemed clearly the responsibility of Hellem and, ultimately, of Owren.
Back in England I struggled for a while with counting millions of platelets, until a couple of papers
appeared at about the same time describing the
aggregometer. One was from Born2 and the other
from John O'Brien in Portsmouth.3 Their descriptions
were eerily similar, and there was a distinct suspicion
of hanky panky. Relations between the two were not
very cordial thereafter. I was thrilled at the idea of
being able to study platelets without all that counting, and set out to build my own aggregometer.4 I
also introduced a couple of improvements, which
have since become standard - a water jacket to maintain the temperature at 37°, and a stirring device that
permitted continuous recording of the optical density. Both Born and O'Brien had used converted spectrophotometers and had to stop the stirrer to take
manual readings. When I showed my device to Born
and his colleague Michael Cross, they were pleased
and invited me to come to the Royal College for a
couple of months on loan from Glaxo, to which
Cuthbertson agreed. While I was there Michael was
tragically killed in an air crash while lecturing in the
United States. This left open a position at the College
for someone interested in working on platelets, and
it was offered to me along with the opportunity to
work for a Ph.D.
My thesis was to investigate the metabolism of
ADP and other nucleotides in blood which I had
begun to study at Glaxo with Dennis Ireland,5 so I
taught myself how to prepare radioactive nucleotides
using the exchange reaction catalyzed by phosphoglycerate kinase. At this time Richard Haslam spent
some time at the Lab, between finishing his D Phil in
Hans Krebs' Lab in Oxford, and resuming his work at
ICI in Cheshire. He showed an interest in my studies
and together we showed that in shed blood, the most
significant route for the degradation of ADP was
through the action of adenylate kinase released from
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red cells6. I also showed, using 32P labeled ATP that
there is an enzyme in plasma that cleaves nucleotides
at the α−β pyrophosphate bridge giving AMP and
pyrophosphate from ATP, and AMP and phosphate
from ADP.7
At this time I was joined by Gordon Roberts, an
accomplished pharmacologist and we set ourselves
to study the recently discovered interaction of
platelets with adrenaline and serotonin and the phenomenon of secondary aggregation, which we
showed was correlated with the release of ADP from
the platelets themselves. When in Oxford, Born had
studied the uptake and storage of radioactive serotonin by platelets with Hugh Blashko, whose main
interest was the release of catacholamines from the
adrenal medullary chromaffin cells, and we had
access to the techniques involved. Release of ADP
was correlated with release of stored serotonin and
of certain lysosmal enzymes.8,9 Frazer Mustard, who
lured Richard Haslam to Macmaster University in
Ontario, were he remains to this day, has shown that
secondary aggregation by ADP is an in vitro artifact of
the reduction of calcium ion concentration due to
the use of citrate as anticoagulant. However it has
been a very fruitful phenomenon to study, as it led in
part to the discovery of the mechanism of action of
aspirin by Smith and Willis.10
Born had shown that adenosine and 2-chloroadenosine were antagonists of the aggregation of
platelets by ADP.2 The close chemical similarity of
agonist to antagonist led him to propose the receptor hypothesis for the action of ADP, with the nucleosides acting as competitors for binding. However
there were two things about this hypothesis that in
my opinion did not fit well. The potency of the
inhibitors increased with time during incubation with
platelets, and with human platelets adenosine proved
much more active than AMP, a compound even more
similar to the agonist. When Sattin and Rall showed
that adenosine can raise cyclic AMP levels in brain
slices,11 Brian Smith and I decided to measure cyclic
AMP in platelets and eventually showed not only that
adenosine raises platelet cAMP, but that ADP and
adrenaline could both dramatically antagonize this
effect.12
At the same time I was continuing to collaborate
with Haslam, although it now meant travelling to
Cheshire whenever we wanted to do an experiment.
Our objective was to prove the receptor hypothesis by
measuring the binding of high specific activity 32P
labeled ADP using centrifugation through silicone oil
with a special swing-out head I had built for the
Eppendorff centrifuge. Earlier attempts by Born and
others using ADP labeled with 14C or 3H were defeated by the rapid dephosphorylation of ADP in plasma
and the equally rapid uptake of the labeled adenosine
produced, and its incorporation into intracellular
adenine nucleotides.13 Our technique allowed us to
estimate the number of binding sites as less than
1,000 per platelet. This result suggested that to make
this measurement either an improvement in the technique or the use of a higher affinity ligand would be
necessary. Eventually both were employed.
These experiments were interrupted when in 1971
I emigrated to the States. At that time the receptor

theory for the action of ADP on platelets was in competition with the proposal that ADP and calcium ions
formed a physical bridge between the cells,14 and the
theory that ADP formed either a source of energy for
a reaction catalyzed by nucleoside diphosphate
kinase,15 or as the recipient of a phosphate group
donated by an exofacial kinase.16 No new evidence
supported the receptor theory, no other instances
were known of nucleotides acting through a receptor
mechanism and Born's suggestion that adenosine
was a competitive antagonist was discredited. Our
work on the inhibition of adenylate cyclase stongly
suggested a receptor dependent mechanism, but its
relevance to the induction of aggregation was not
clear. Haslam had shown that, contrary to Salzman's
suggestion,17 inhibition of the cyclase was of itself
insufficient to cause aggregation.18
New evidence came from work done by Donald
Macfarlane, completing his thesis in Born's lab. He
showed that freshly purified ATP was a strictly competitive inhibitor of aggregation with an apparent Ki
of 20 µM. When Donald joined me in Philadelphia,
we set out to show that ATP was also a competitive
inhibitor of the effect of ADP on adenylate cyclase
and on platelet shape change, and that it was specific
for ADP, having no ability to inhibit other aggregating agents other than collagen.19 These results stimulated us to resume the search for a receptor. It was
clear by that time, largely due to the work of Helen
Maguire and her colleagues in Australia,20 that whereas almost all of the modifications of the ADP molecule that had been tried led to a reduction in affinity, substitution in the 2- position of the purine ring
actually increased affinity. Donald then set out to
synthesize 2-azido ADP, on the theory that this molecule would act as a photoaffinity probe with which
the receptor could be identified. In this we failed,
though the compound was as active as ADP as an
aggregating agent and more active as an inhibitor of
adenylate cyclase. Also we were able to estimate the
number of receptors by measuring equilibrium binding of the 32P labeled compound.22
When 2-azido ADP was irradiated with UV light it,
as expected, underwent a profound chemical change,
most probably with the intermediate formation of a
reactive nitrene radical. In the presence of platelets
several membrane proteins were covalently labeled,
but in no case could we demonstrate protection by
either ADP or ATP. We attempted to explain this failure by proposing that when ADP or its analogues are
bound to the receptor, it is oriented such that the 2position is held out of reach of the receptor. This
would be consistent with the observation of Graham
Jamieson that a bulky spin label attached at the 2position still gave an active compound.21 It also suggested that we might have more success with a compound in which the generated nitrene was attached
to ADP by means of a spacer group. In the meantime
we made some 2-methylthio ADP, the most active
aggregating agent known. We found that whereas it
was about 20 fold more active than ADP as an aggregating agent, it was 100-fold more active as an
inhibitor of the cyclase. This discrepancy suggested to
us that the receptor involved in aggregation might be
distinct from that coupled to the cyclase.23
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We labeled 2-methylthio ADP with 32P and measured its binding to platelets. The binding, which was
independent of the presence of divalent cations had
an equilibrium dissociation constant of 5nM, an
affinity that was high enough for us to confirm this
measurement dynamically by measuring dissociation
and association rates. The binding affinity was closer to the apparent affinity as a cyclase inhibitor than
to the apparent affinity as an aggregating agent, so
we concluded that 2-methylthio ADP was binding to
the cyclase coupled receptor.23 Binding was completely blocked in the presence of the non-penetrating
thiol reagent, p-chloromercuribenzene sulphonate
(pCMBS), which also blocks the effect of ADP on
adenylate cyclase, but does not prevent platelets from
responding to ADP by changing shape, though aggregation is blocked. This was also consistent with a two
receptor model. Though ADP and ATP have similar
affinities for the two receptors, the 2- substituted
derivatives have higher affinity for the cyclase receptor which, we postulated, probably contains a thiol
group in the vicinity of the agonist binding pocket.
When Donald left for the University of Iowa to continue his medical career, I abandoned this project,
regarding it as more his pigeon than mine. Also, being
a lousy chemist, I was ill equipped to proceed along
the lines that we had mapped out. At this time I was
working closely with Ed Kirby who came to Temple
from Earl Davie’s lab in Seattle. Ed was a hemophiliac, severely crippled as a result, and rather naturally
interested in factor VIII and its carrier protein, which
turned out to be von Willebrand factor. Ed had purified von Willebrand factor from bovine blood and
we found that it aggregated human platelets, without
the need for ristocetin. We also found that agglutination by bovine von Willebrand factor was inhibited by prior exposure of platelets to ADP.24 Ed was
one of the most optimistic, cheerful and generous of
people I have known, and when he died of hepatitis
as a result of treatment of his hemophilia, a bright
light went out of my life.
I was not able to get back into the hunt for the
ADP receptor until Gloria Cristalli from the University of Camarino came to Philadelphia for a year with
her husband and came to my lab to learn about
platelets. Gloria is an expert nucleoside chemist and
I encouraged her to make the compound that I had
been dreaming about, 2-(p-azidophenyl) ethylthioAMP, (AzPET-AMP) which I would then phosphorylate to the corresponding ADP derivative. This she
did but the phosphorylation step caused more problems than I had anticipated and none of my efforts
was successful until after Gloria had left to return to
Italy. She therefore missed the excitement of finally
being able to label the receptor when at last I managed to produce an active compound25. AzPET ADP
was active in the cyclase assay and as an aggregating
agent and shape change inducer. The radioactive
compound bound to the same number of sites –
about 500 – as 2-azido ADP and 2-methylthio ADP
and the binding was inhibited by ADP and ATP.
When photolyzed in the presence of platelets a number of proteins were covalently labeled, with the
notable exception of the dominant intracellular proteins, actin and myosin, demonstrating that the label-

ing was confined to exofacial proteins. A protein of
roughly 43 kDa was strongly labeled and the labeling
was progressively inhibited by increasing concentrations of ADP, ATP and a wide range of analogs, in
direct proportion to their potency as agonists or
inhibitors at the adenylate cyclase coupled receptor.
The labeling was also inhibited by pCMBS, which
suggested that this protein is the receptor though
which ADP and its analogues inhibit adenylate
cyclase. In some experiments the labeled protein
appeared as a doublet, though this was attributable
to splitting of the band by unlabeled actin. In a few
experiments a faint doublet at 56 kDa was seen which
showed a similar pattern of labeling and protection
as the 43 kDa band. This may correspond to the P2y
and P2x receptors now known to be present. One
thing that I found surprising was the extraordinary
efficiency of the labeling. Normally in comparable
experiments, the reactive nitrene generated by photolysis is believed to insert into C-C or C-H bonds.
However, it will react in preference with a nucleophile. Inhibition of labeling by pCMBS suggests that
the efficiency of labeling might be explained by the
presence of a thiol group within the range of the
nitrene radical when AzPET ADP is bound to the
receptor. The high efficiency of labeling suggested the
possibility of using AzPET ADP as a tag for isolating
and purifying the receptor protein.
These experiments using 32P labeled ligands were
very arduous to perform, owing to the short half life
of the isotope and the consequent need to prepare
and purify the reagent at frequent intervals. For this
reason also attempts to purify enough of the protein
to enable a partial sequence to be obtained proved
unrewarding. This approach might prove successful
if the compound could be labeled with tritium, or
with a non-radioactive tag.
Finally I would like to mention a study done with
Robert Colman. I was not involved in the planning of
this study, which was therefore not a true collaboration. However it did show that the novel anti platelet
drug clopidogrel blocks the binding of 2-methylthio
ADP to platelets, suggesting that drugs of this type
may act in vivo to inactivate the ADP receptor.26 This
finding could prove to have significance for the development of new therapeutic agents aimed at controlling platelet responsiveness in vivo.
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ABSTRACT
The current nomenclature of P2Y receptors needs
revising since it encompasses genuine nucleotide
receptors as well as orphan receptors mistakenly
included in the P2Y family on the basis of limited
homology, but in the absence of functional response
to nucleotides. A revised nomenclature includes the
following human subtypes: P2Y1, P2Y2, P2Y4, P2Y6
and P2Y11. These are all coupled to phospholipase
C activation, the P2Y11 subtype also being coupled
to adenylyl cyclase stimulation. Although Gi is partially involved in the coupling of P2Y1 and P2Y4
receptors to phospholipase C, the tp2y receptor,
an avian ortholog of the P2Y4 receptor, is the only
recombinant P2Y receptor which has so far been
shown to couple to adenylyl cyclase inhibition. The
so-called P2TAC receptor, involved in Gi-mediated
inhibition of adenylyl cyclase by ADP in platelets,
has so far resisted all cloning attempts. Also
expressed in the hematopoietic system, the P2Y11
receptor is involved in the cAMP-mediated effect of
ATP on the granulocytic differentiation of HL-60
human promyelocytic leukemia cells, a model of
neutrophil maturation.
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Classification of P2Y receptors
The first clonings of heptahelical P2 receptors coupled to G proteins were reported in 1993.1,2 The old
pharmacologic nomenclature of P2 receptors (P2Y,
P2X, P2U, P2Z …) was then rapidly replaced by a new
molecular nomenclature based on the existence of
two families: the P2X receptors, which are ligandgated ion channels, and the G-protein-coupled P2Y
receptors.3 The first P2Y receptors to be cloned
(P2Y1, P2Y2) closely corresponded to receptors previously characterized by pharmacologic criteria (P2Y,
P2U). Since then several new subtypes have been isolated by homology cloning and have been assigned
a subscript on the basis of the cloning chronology.
Some of the cloned receptors are genuine nucleotide
receptors, while others have been mistakenly included in the P2Y family on the basis of limited structural homology, but in the absence of a demonstrated
functional responsiveness to nucleotides.

Genuine P2Y receptors
P2Y1 receptor
P2Y1 orthologs have been cloned in various species:
avian,1,4 murine,5 rodent,5 bovine6 and human.7,8 The
human gene is on chromosome 3. In all species the
physiologic agonist of the receptor is ADP. ATP has
a lower intrinsic efficacy than ADP: its apparent activity varies from competitive antagonism to full agonism, depending on the size of the P2Y1 receptor
reserve.9,10 Substitution by a long thioether chain on
the C2 position in the adenine moiety increased the
agonist potency and also converted the corresponding AMP derivatives into full agonists, whereas AMP
itself was totally inactive.11-13 On the other hand
adenosine bisphosphates, bearing a phosphate on
the 2’ or 3’ position of the ribose moiety, behaved as
partial agonists or competitive antagonists.14,15
Mutagenicity studies have identified critical residues
on the exofacial side of TM3 and TM7 domains.16,17
The P2Y1 receptor is coupled to phospholipase C in
a pertussis toxin-independent way. Additional signaling mechanisms have been detected. In platelets,
the ADP-induced shape change is mediated by the
phospholipase C-coupled P2Y1 receptor. Following
intracytoplasmic calcium chelation by BAPTA, the
shape change and associated myosin light chain
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phosphorylation were delayed, but not abolished,
and became sensitive to the selective Rho-dependent
kinase (ROCK) inhibitor Y-27632. This suggests that
the P2Y1 receptor is coupled to the RhoA-p160ROCK
pathway in addition to phospholipase C.18 It remains
unclear whether this coupling involves Gq/11 or G12/13.
Expression of the human P2Y1 receptor in Xenopus
oocytes led to a nucleotide-induced cation (K+>Na+)
current that was not observed following expression of
the P2Y2 receptor.19 That cation current was insensitive to GDPβS, which did, however, block the Ca2+activated Cl- current. It was concluded that the P2Y1
receptor may generate a G protein-independent
ionotropic response, but the significance of this
observation remains unclear. Interestingly, the
sequence of the P2Y1 receptor, but not of other P2Y
subtypes, contains the C-terminal motif DTSL which
recognizes a PDZ domain of the Na+/H+ exchanger
regulatory factor (NHERF).20 This structural feature
provides a basis for G-protein-independent signaling
by the P2Y1 receptor. Northern blotting has revealed
a rather widespread expression of the P2Y1 receptor.8
The phenotype of P2Y1-/- mice was mainly characterized by decreased platelet aggregation by ADP and a
resistance to thromboembolism:21,22 this is consistent
with the known expression of the P2Y1 receptor in
platelets, its specific involvement in the ADP-induced
shape change and its co-operation with the P2TAC
receptor in the generation of a full aggregation
response to ADP.23 No other phenotypic alteration
has been found so far.
P2Y2 receptor
The murine,2 rodent24 and human25 P2Y2 receptors
have been cloned and the human gene found to be
localized to chromosome 11q13.5-q14.26 The recombinant receptors are activated almost equipotently
by ATP and UTP. When adequate methodologic care
was taken, agonist activity of ADP or UDP could not
be detected.27 Indeed, identification of P2Y receptor
agonists and characterization of their rank order of
potency is complicated by several factors: cross-contamination of nucleotide preparations, degradation
by ectonucleotidases, interconversion between adenine and uracil nucleotides.28 Therefore definite conclusions can only be drawn from studies performed
with HPLC-purified nucleotides, short incubation
periods and tricks such as the addition of hexokinase
to the medium in order to consume extracellular ATP
and prevent the transphosphorylation of added UDP
into UTP by uridine diphosphokinase.29 Mutagenicity studies revealed the critical involvement of positively charged residues at the exofacial extremity of
the TM6 and TM7 domains.30 The P2Y2 receptor is
coupled to phospholipase C and this response is partially inhibited by pertussis toxin (see below). It is also
coupled via Gi to the opening of inward-rectifier K+
channels and to the closure of N-type voltage-gated
Ca2+ channels.31,32 MAP kinase activation has also
been described, but is probably an indirect effect
downstream of phospholipase C activation. Tissue
distribution of P2Y2 mRNA is widespread.25 The P2Y2
mRNA was rapidly upregulated by T-cell receptor
cross-linking and glucocorticoids in rat thymocytes33

and by G-CSF and retinoic acid in human promyelocytic leukemia HL-60 cells:34 both effects seem to represent an immediate early gene response. In P2Y2-/mice, the stimulatory effect of nucleotides on epithelial chloride secretion was almost completely abolished in the trachea, whereas a partial response was
maintained in the gallbladder and a full response in
the jejunum.35
P2Y4 receptors
Human36,37 and rat38,39 P2Y4 receptors have been
cloned. The human gene is localized to chromosome
Xq13. These receptors are activated by UTP, but not
by UDP; the effect of ATP is species-dependent, it
being a full agonist for the rat receptor and a partial
agonist for the human one. Thus, the agonist profile
of the rat P2Y4 receptor is very similar to that of the
P2Y2 subtype. The Xenopus xp2y40 and turkey tp2y41
are probably orthologs of the P2Y4 receptor. They
are activated by ATP and UTP, as well as by other
nucleotide triphosphates. The coupling of the P2Y4
receptor to phospholipase C is partially inhibited by
pertussis toxin.42 In the rat, P2Y4 mRNA was detected by RT-PCR as being positive, whereas Northern
blotting gave negative results, thus suggesting that
the level of expression is low.39 Expression is higher in
the neonatal rat than the adult animal. Northern
blotting revealed expression of P2Y4 mRNA in the
human lung and in a human cell line derived from
lung submucosal cells,43 suggesting that besides the
P2Y2 receptor, the P2Y4 subtype contributes to
nucleotide control of the airways.
P2Y6 receptor
Rat44 and human45 P2Y6 receptors have been
cloned. The human P2Y6 gene is localized to chromosome 11q13.5, close to the P2Y2 gene.26 The
chicken p2y3 receptor,46 which has a similar pharmacology, is probably its avian ortholog.47 Indeed,
although the shared amino acid identity between
cp2y3 and hP2Y6 sequences is only 60%, which is less
than the identity common to chick and human P2Y1
receptors (86%), this is nevertheless higher than that
found between distinct subtypes (35-40%) and the 2
receptors have similar profiles of agonist potency.
Furthermore, using Southern blotting and screening
of genomic libraries, it was demonstrated that the
human genome does not contain a receptor more
homologous to the avian p2y3 receptor than the P2Y6
receptor.47 The P2Y6 receptor is a selective UDP receptor. The existence of pyrimidinoceptors, claimed on
the basis of circumstantial pharmacologic evidence,48
was therefore thus definitely proved by the cloning
of the P2Y6 receptor. ADP is a weak partial agonist for
this receptor whereas ATP is completely inactive: this
suggests that uracil nucleotides may play a role as
intercellular messengers, independently of adenine
nuleotides. The P2Y6 receptor is coupled to phospholipase C in a pertussis toxin-insensitive way. Inhibition of M-type K+ current has also been reported.49
P2Y6 messengers are expressed in human placenta,45,50 spleen, thymus and peripheral blood leukocytes,45 as well as in various immune-derived human
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cell lines (Jurkat, MOLT-4, JM-1, THP-1) and in Tlymphocytes infiltrating lesions of inflammatory bowel disease.51 Both Northern blotting and functional
studies have also revealed expression in airway epithelial cells.43, 52
P2Y11 receptor
Among the P2Y receptors, human P2Y11 receptor
has a unique feature: the open reading frame is
intron-interrupted.53 The gene has been localized to
chromosome 19p31-35. It is the only ATP-selective
receptor characterized so far.53 The structure-activity
relationship is quite different from that characterizing the P2Y1 receptor: indeed ADP was barely active
and substitution on the C2 position of the adenine
moiety reduced the potency instead of enhancing it.54
The P2Y11 receptor is coupled to phospholipase C
activation in a pertussis toxin-insensitive way. It is
unique among P2Y receptors in its ability to stimulate
adenylyl cyclase, by a mechanism which appears to
be direct coupling. Indeed, rapid accumulation of
cAMP in response to ATP was observed following stable expression of the P2Y11 receptor in CHO cells,
which do not express an endogenous A2 receptor,
and this effect was not inhibited by methylxanthines,
thus excluding an indirect mechanism involving ATP
degradation into adenosine and activation of A2
receptors.54 Furthermore, the role of prostaglandins,
kinase C or [Ca2+]i was also excluded. Northern blotting revealed that this receptor is expressed in human
spleen, thymus and intestine,53 as well as in HL-60
human promyelocytic leukemia cells (see below).

Receptors mistakenly included in the
P2Y family
Other receptors have been mistakenly included in
the P2Y family on the basis of sequence homology,
but in the absence of a functional demonstration that
they responded to nucleotides. The p2y7 receptor is
actually a leukotriene B4 receptor.55 The p2y5, p2y5like (=p2y9) and p2y10 receptors share only about
30% amino acid identity with the genuine P2Y receptors, which is no greater than their amino acid identity with other receptor families.56-59 More specifically, they lack positively charged amino acid residues
which are present in TM6 and TM7 of genuine P2Y
receptors and seem to play a role in nucleotide binding via electrostatic interaction with the negatively
charged phosphate groups.30 The p2y5 and p2y9
receptors are the most closely related and, therefore,
putative members of a new orphan receptors family,
to which p2y10, as well as some other orphan receptors homologous to P2Y receptors, such as GPR17
and GPR55,60 might also belong. Northern blotting
had shown that the expression of the cp2y5 receptor
is restricted to chicken activated T-cells.56 More
recently, the hp2y5 messenger was detected in a T-cell
line (MOLT-4 cells) derived from a human leukemia.
Expression of the hp2y9 mRNA was also very restricted, since no messenger could be detected in 16
human organs.59 Recently, expression was detected in
a pre-B lymphocyte cell line (JM-1 cells). The p2y10
messenger expression is lymphoid-restricted, occurring in spleen, thymus, immature and mature B- and

Table 1. Human P2Y receptors: subtypes, preferential agonists, G protein coupling and effectors
Subtype

Agonist

G protein

Effector

P2Y1
P2Y2
P2Y4
P2Y6
P2Y11

ADP
ATP=UTP
UTP
UDP
ATP

Gq/11
Gq/11 + Gi
Gq/11 + Gi
Gq/11
Gq/11
Gs

↑ PLC
↑ PLC
↑ PLC
↑ PLC
↑ PLC
↑ AC

PLC: phospholipase C; AC: adenylyl cyclase.

T-cells. Its expression is regulated directly by the PU.1
and Spi-B transcription factors.61 These data suggest
that these receptors may have a role in the immune
system. It is obvious that a fundamental revision of
the nomenclature is needed in order to clarify that, at
present, the P2Y family has five members and encompasses selective purinoceptors (P2Y1, P2Y11), selective pyrimidinoceptors (P2Y6=cp2y3) and receptors
of mixed selectivity (P2Y2, P2Y4) (Table 1).

Coupling of P2Y receptors to Gi and
adenylyl cyclase inhibition
All genuine P2Y receptors cloned so far (P2Y1, P2Y2,
P2Y4, P2Y6, P2Y11) are coupled to phospholipase C
activation. Sensitivity to pertussis toxin is variable
from one subtype to another suggesting the involvement of distinct G proteins. The inositol phosphate
response mediated by P2Y1,4 P2Y6 44- 62 and P2Y11 53
receptors was not inhibited by pertussis toxin, whereas the P2Y2 25-63 and P2Y4 42 receptors exhibited partial sensitivity. Initial studies of the recombinant P2Y2
receptor revealed that pertussis toxin produced a 2535% inhibition of the effect of maximal agonist concentrations.25 Further studies showed that the sensitivity to pertussis toxin is critically dependent on the
agonist concentration as well as on kinetics.63 The
inhibition was complete at low nucleotide concentrations, but tended to disappear at agonist concentrations inducing a maximal effect. The pertussis toxin inhibition was also greater early in the stimulation.63 These data suggest that at least two G proteins
are involved, a conclusion consistent with results
obtained on native P2Y2 (or P2U) receptors. The
degree of inhibition by pertussis toxin was indeed
variable: partial in HL-60 cells64 but complete in aortic endothelial cells.65 In HEL cells, phospholipase C
activation by ATP/UTP was inhibited partially by pertussis toxin and completely by a Gα16 antisense.66 In
gastric smooth muscle cells, the ATP/UTP-induced
activation of phospholipase C was partially inhibited
by polyclonal antibodies against Gαq/11 or Gβ, while
the combination of the two antibodies produced
complete inhibition.67 Similarly a complete inhibition
was obtained by combining the anti-Gαq/11 antibody
and pertussis toxin treatment. Results from combining antibodies against specific G proteins and phospholipase C isoenzymes led to the conclusion that
the P2Y2 receptor is coupled to PLC-β1 via Gαq/11
and to PLC-β3 via Gβγi3. Partial sensitivity to pertussis toxin was also a feature of the human recombi-
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nant P2Y4 receptor: indeed the toxin inhibited the
rapid and transient peak of inositol phosphates accumulation induced by UTP, but the sustained stimulation which followed was unaffected.42 Interestingly, many Gi/o–coupled receptors contain a threonine
residue close to the junction between the third intracellular loop and the sixth transmembrane domain:68
such a residue is present in the sequence of human
P2Y2 and P2Y4, but not P2Y1, P2Y6 and P2Y11 receptors. It would, however, be misleading to overemphasize this association: determinants of the selectivity of G-protein recognition are complex 69 and the
tp2y receptor, recently shown to couple to Gi, does
not contain such a threonine residue.41
Inhibition of cAMP accumulation by nucleotides
has been demonstrated in several cell types, such as
human platelets,70 rat hepatocytes,71 mouse ventricular myocytes,72 LLC-PK1 renal epithelial cells,73 rat
C6 glioma,74,75 rat Schwann cells76 and rat B10 brain
microvascular endothelial cells.77 The C6 model has
been studied extensively. An inhibitory effect of ADP
on adenylyl cyclase was documented in cell membranes78 and the inhibition of cAMP accumulation
was abolished following cell treatment with pertussis
toxin,75 indicating that Gi was involved. ADP and ATP
had similar potencies, while their respective 2methylthio derivatives were much more potent
inhibitors.75 The pharmacologic profile was quite different from that of the P2Y1 receptor coupled to
phospholipase C activation. For instance pyridoxal
phosphate 6-azophenyl 2’,4’-disulfonic acid (PPADS)
was a competitive antagonist of the stimulation of
phospholipase C in turkey erythrocytes, which express
a P2Y1 receptor, but did not affect the inhibition of
cAMP accumulation in C6 glioma cells.79 On the other hand 2-thioether derivatives of ATP, such as 2hexylthioATP or 2-cyclohexylthioATP, were much
more potent as inhibitors of adenylyl cyclase in C6
glioma cells than as activators of phospholipase C in
turkey erythrocytes.80 Following stable expression of
the human P2Y1 receptor in 1321N1 cells, the formation of inositol phosphates was stimulated by
ADP, but no inhibition of cAMP accumulation by
nucleotides was detectable,81,82 thus demonstrating
the involvement of a distinct receptor. Inhibition of
cAMP accumulation in platelets exhibited similar features, except that in platelets, unlike C6 glioma and
B10 endothelial cells, the inhibitory effect of ADP and
2-MesADP was antagonized rather than mimicked
by the corresponding triphosphonucleotides.83 In
platelets of P2Y1-/- mice, the inhibition of cAMP accumulation by ADP was maintained, whereas its effect
on Ca2+ mobilization and platelet shape change was
abolished.21,22 This result constitutes the ultimate
demonstration that adenylyl cyclase inhibition by
ADP is mediated by a receptor distinct and independent from the P2Y1 receptor: this receptor has been
provisionally called P2TAC, P2CYC or P2YADP.
The only P2Y subtype which has so far been
demonstrated to couple to Gi and adenylyl cyclase
inhibition is the tp2y receptor, the probable avian
ortholog of the P2Y4 receptor.41,84 This receptor is
activated by purine and pyrimidine triphosphonu-

cleotides and thus has a pharmacology completely
different from that of the P2TAC receptor. The P2TAC
receptor, as well as the closely related receptor
expressed in rat C6 glioma or B10 brain microvascular endothelial cells, has so far resisted all cloning
efforts. The hypothesis that it is actually a P2Y1 gene
product either modified by RNA editing85 or associated with a specific RAMP (receptor activity modifying protein)86 can be rejected since a typical P2TAC
response is maintained in P2Y1-/- mice. Although it is
a remote possibility, one cannot entirely exclude that
the P2TAC receptor does not belong to the family of
G-protein-coupled receptors family: indeed thrombospondin activates Gi via an interaction with an
integrin-CD47 protein complex.87 However it is more
likely to be a member of the P2Y family distantly related to the other subtypes, in the same way as the H3
receptor has little homology with H1 and H2 subtypes.88

Role of the P2Y11 receptor in
granulocytopoiesis
The discovery that, via a rise in cAMP, ATP triggers,
the differentiation of HL-60 human promyelocytic
leukemia cells into neutrophil-like cells is a recent
one.89-91 Differentiation was documented by the
appearance of fMLP-stimulated secretion of β-glucuronidase and was accompanied by cell growth
suppression. ATP increased the cAMP level in HL-60
cells more potently than ADP and AMP or adenosine
did, and its action was insensitive to xanthine inhibition, suggesting the unusual involvement of a P2
receptor coupled to adenylyl cyclase stimulation.
Dibutyryl-cAMP is a well-known inducer of the granulocytic differentiation of these cells and the differentiating effect of ATP was abolished by a protein
kinase A antagonist.90 The same year cloning of the
P2Y11 receptor, dually coupled to phospholipase C
and adenylyl cyclase activation, was reported.53 P2Y11
mRNA was detected in HL-60 cells,53 but not in
mature neutrophils,34 and the pharmacologic profile
of the recombinant P2Y11 receptor closely matched
that of the stimulatory effect of ATP on cAMP in HL60 cells.54 In particular, in both HL-60 cells and CHO
cells expressing the recombinant human P2Y11 receptor, the rank order of potency characterizing the stimulation of cAMP by nucleotides was: ATPγS≈BzATP>
dATP>ATP>ADPβS>2-MeSATP. The P2TAC antagonist AR-C67085X is the most potent agonist of the
recombinant P2Y11 receptor so far identified. It
increases the cAMP level of HL-60 cells more potently than ATP itself.54 Interestingly, P2Y11 transcripts
were upregulated, rapidly (within 1 hour) and independently from protein synthesis, by all the agents
which induce granulocytic differentiation of HL-60
cells (DMSO, retinoic acid, G-CSF, dibutyryl-cAMP),
but not by agents which differentiate them into
monocytes (phorbol-12 ,13-myristate-acetate, 1,25dihydroxy-vitamin D3) 34. The Gs-coupled P2Y11
receptor seems, therefore, to be involved in
hematopoiesis and might constitute a new therapeutic target in the treatment of some forms of
leukemia and neutropenia.
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LIGAND SPECIFICTY, REGULATION AND CROSS-TALK
OF HUMAN PLATELET ADP RECEPTORS
JÖRG GEIGER
Institute for Clinical Biochemistry and Pathobiochemistry, University of Würzburg, Germany

ABSTRACT
Platelet activation and aggregation stimulated by
ADP plays a key role in arterial thrombosis. Therefore, the mechanisms of human platelet activation
by ADP are of considerable biochemical, pharmacologic and medical interest. Three main signaling
pathways induced by ADP have been described for
platelets: the activation of a ligand gated cation
channel with low selectivity, the activation of intracellular calcium mobilization via activation of phospholipase C, and the inhibition of adenylyl cyclase
by activation of Gi-protein. The activation of
platelets by ADP ultimately results in shape
change, adhesion and aggregation of the cells and
secretion of vasoactive substances. Two of the ADP
receptors mediating the platelet responses have
been identified as being P2X1 and P2Y1 receptors
respectively. The Gi-coupled receptor is provisionally termed P2YAC or P2cyc because it has not so
far been able to identify it and its characteristics do
not resemble any known purinoceptor. Though for
the initial signaling the receptors could be successfully attributed to platelet function, the link to
final platelet responses, such as shape change,
secretion and aggregation has not yet been found.
For detailed study of platelet purinergic receptor
pharmacology and biochemistry, the two known
receptors were cloned from human platelet RNA
and stably expressed in the 1321N1 astrocytoma
cell line. Pharmacologic and biochemical experiments were performed with these cells. Experiments with ADP derivatives known to be selective
activators of human platelet purinergic receptors
were mainly in accordance with the results obtained
from platelets. The biochemical experiments were
focused on the regulation of the purinergic receptors by cyclic nucleotides. The inhibitory effect of
cGMP elevating agents is mediated by cGMPdependent protein kinase (PKG) and is only directed against the P2Y1/Gq pathway but does not
affect the P2X1 ligand gated calcium channel.
Kinetic analysis proved that the inhibitory effect of
PKG activation has two components: an inhibition
of calcium influx and of calcium mobilization. Addi-

Correspondence: Versbacher Str. 5, 97078 Würzburg, Germany,
geiger@klin-biochem.uni-wuerzburg.de

tionally, PKG activation not only inhibits sP2Y1
mediated platelet responses, but also responses by
the yet unidentified P2YAC receptor. The observed
inhibition of Gi-protein mediated pathways by cGMPPK activation is probably responsible for the synergistic effects of stimulators of platelet guanylyl
cyclase and adenylyl cyclase.
©2000, Ferrata Storti Foundation

Introduction
Receptors for a wide variety of endogenous substances and drugs are expressed on human platelets.
Receptors for nucleotides, nucleosides, proteins,
hormones, lipids and phospholipids, and eicosanoids are found. While some of these receptors are
stimulatory receptors such as the ADP, thrombin or
thromboxane receptors, others such as the adenosine or prostaglandin receptors exert inhibitory
effects on platelet function. The stimulatory receptors are coupled to signaling pathways mediating the
final platelet responses of adhesion, shape change,
secretion and aggregation. The supergroup of
purinergic receptors is subdivided into two main
groups: the nucleoside receptors P1 and the
nucleotide receptors P2.1 Members of both major
families of purinergic receptors are present on
platelets. The P1 receptor is an inhibitory platelet
receptor and activates adenylyl cyclase via Gs-protein upon stimulation by adenosine. The increased
concentration of cAMP then leads to a protein
kinase A (PKA) mediated inhibition of platelet function (Figure 1). Besides this, three different P2 receptors are found on platelets. These receptors are stimulatory in nature and sensitive to ADP.2 Although
stimulation of platelet aggregation by ADP was well
established a long time ago,3 the associated receptors remained unidentified until recently. A proposed
three receptor model for platelet activation has new
been confirmed in several publications.4-6 Two of the
receptors have been characterized and identified as
P2X17 and P2Y1.8,9 The P2X1 receptor forms a ligand
gated cation channel with low selectivity;10 the P2Y1
receptor is Gq-protein coupled and induces the
release of calcium ions from dense granules into the
cytosol by a phosphatidyl inositol pathway.11 The
third, as yet unidentified receptor, termed provi-
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Figure 1. Overview of human platelet signal transduction
mechanisms. ADP stimulation leads to activation of three
different pathways: activation of a ligand gated cation channel (LGC) inducing rapid calcium influx, stimulation of phospholipase C (PLC) and mobilization of calcium ions from
intracellular calcium stores by inositol-trisphosphate (IP3)
and inhibition of adenylyl cyclase. The initial rise of intracellular calcium concentration further stimulates various
protein kinases such as myosin light chain kinase (MLCK)
or protein kinase C (PKC) as well as other calcium dependent proteins, e.g. phospholipase A2 (PLA2). Besides this
ADP stimulates protein tyrosine kinases (PTK). In summary, these signals lead to platelet shape change, adhesion,
degranulation and finally aggregation. Increased cGMP,
stimulated by nitric oxide, and cAMP levels, stimulated by
adenosine or prostaglandins, and subsequent activation of
the respective protein kinases PKG and PKA lead to an inhibition of platelet activation.

sionally P2YAC or P2cyc, is coupled via a Gi-protein
to adenylyl cyclase (AC).12 While the role of P2X1
receptor in platelet activation is still unclear, P2Y1 is
obviously necessary but not sufficient for the activation of intracellular signaling pathways. Additional
activation of P2YAC receptors seems to be essential
for full platelet activation.13,14

Purinoceptor mediated human platelet
calcium responses
Human platelet intracellular calcium concentration is increased upon ADP stimulation by three different mechanisms. The initial stimulation of a ligand gated cation channel with low cation selectivity
leads to a fast increase in intracellular calcium concentration.15 This P2X1 receptor mediated calcium
signal is reversible and returns back to the resting calcium concentration within seconds if no additional
signal is stimulated. The second calcium response is
a phospholipase C and IP3 mediated mobilization
of calcium ions from platelet granules. This calcium
signal is delayed with regard to the opening of the
cation channel.16 The calcium increase resulting from
this process declines only slowly. While the calcium
ions are released from the granules a further influx of
calcium ions from the surrounding medium takes
place. The biochemical mechanisms underlying this
store related calcium influx have not yet been identified. Several experimental approaches allow the separation of the calcium elevating signals in platelets.
Stopped flow fluorometry makes it possible to
observe the different phases of calcium increase on

Figure 2. Human platelet calcium responses evoked by varying ADP concentrations. Calcium responses of Fura-2
loaded human platelets to ADP concentrations ranging from
0.08 µM to 50 µM are shown. Manganese influx, representing total calcium influx, was determined in the presence of 0.5 µM MnCl2. The total calcium response was measured in the presence of 1 µM CaCl2, the mobilization of
calcium from intracellular stores in the presence of 4 mM
EGTA. The ADP was added at the concentrations indicated
in the legend at 0 seconds.

the basis of their different kinetics.16 By adding manganese ions to the platelet buffer it is possible to
observe ion influx alone because the P2X1 cation
channel and the store related calcium influx channel
are permeable to manganese (Figure 2). Another
method is based on the fact that elevated cAMP levels lead to a protein kinase A mediated inhibition of
human platelet calcium mobilization and secondary
influx4. So calcium influx via the ligand gated cation
channel can be observed without being concealed by
other calcium signals. Experiments with varying concentrations of ADP in the range from 0.08 to 50 µM
showed that the ligand gated cation channel is activated only with low ADP concentrations (Figure 2).
The secondary calcium influx could be stimulated by
high concentrations of high ADP. The threshold ADP
concentration for inducing this calcium influx was
significantly higher than the ADP concentration stimulating maximal calcium mobilization. These data
indicate that the secondary calcium influx is based on
a mechanism which probably needs additional signaling, while the initial calcium responses are maximal at agonist concentrations of 2 µM.

Correlation of platelet receptor stimulation with macroscopic phenomena
One of the most relevant questions regarding
human platelet signaling is how the initiating signals,
such as G-protein activation, increase of intracellular
calcium concentration and adenylyl cyclase inhibition are linked to the macroscopic phenomena of
platelet shape change and aggregation. We tried to
elucidate these mechanisms by comparing platelet
responses evoked at increasing ADP concentrations
and by different ADP derivatives. While at 2 µM ADP
the calcium mobilization signal and the activation of
the ligand gated cation channel are maximal, platelet
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Figure 3. Pharmacology of heterologously expressed native
P2Y1 receptor in 1321N1 astrocytoma cells. The traces
represent calcium responses of single 1321N1 cells transfected with native platelet P2Y1 receptor to 10 mM ADP,
ATP, 1-methyl ADP and 2'-deoxy ADP respectively. The stimulants were added at the time points indicated by arrows.

aggregation is only weak in platelet rich plasma
(PRP). Apart from the 2-substituted derivatives which
exhibit even stronger platelet responses than ADP
there are several derivatives with stimulate only weak
responses. Medium-strong agonists, e.g. ADP-βS,
can stimulate all kinds of purinergic platelet responses, calcium influx, calcium mobilization, adenylyl
cyclase inhibition, shape change and reversible aggregation in citrated platelet rich plasma. The weak agonist 2'-deoxy ADP only stimulates calcium mobilization and shape change but has no effect on platelet
cAMP levels. Another weak agonist, 1-methyl ADP
causes calcium mobilization to the same extent as
ADP itself at the same concentration, but does not
stimulate any other signaling pathway. This indicates
that platelet shape change is not necessarily coupled
to calcium mobilization, but probably needs additional activation signals.

Pharmacology of the P2Y1 receptor
Although the P2Y1 receptor has been cloned, overexpressed in several cell types and extensively studied, the results from pharmacologic surveys are still
contradictory. While in platelets ATP is unambigously
a competitive antagonist of the P2Y1 receptor11 it has
been proven that in other cell types ATP may stimulate this receptor.17 It has been claimed that ATP can
act as a partial agonist of this receptor. This may
explain the observation that ATP can cause calcium
responses in cells in which the receptor is overexpressed. The different sensitivities of P2Y1 to ADP
and ATP have also been explained by receptor heterogeneity. Small structural differences may account
for different ligand binding profiles.18 Almost all
investigations on heterologously expressed P2Y1
receptors were carried out with tagged receptors. We
transfected the native P2Y1 receptor without any tag
in the 1321N1 astrocytoma cell line. The positive
clones were selected by means of single cell calcium
fluorometry. In contrast to transfection with the
tagged receptor the expression level of native P2Y1
was remarkably lower. Every ADP derivative capable
of stimulating P2Y1 in platelets also had a stimulat-

ing effect on the native P2Y1 receptor (Figure 3). The
P2Y1 agonists 1-methyl ADP and 2'-deoxy ADP both
stimulated the expressed P2Y1 receptor, whereas the
calcium response was weaker than the ADP response
in the astrocytoma cell line. This is in contradiction
to the observation on human platelets in which these
derivatives could induce calcium mobilization to
almost the same extent as ADP at the same concentration. Even ATP could evoke a calcium response
comparable to the calcium response induced by ADP
in this cell line. Furthermore these cells lacked the fast
desensitization of the P2Y1 receptor observed in
platelets (Figure 3). Only for ADP itself and some
ADP derivatives was the calcium response to ADP
remarkably reduced in the prestimulated cells.

Crosstalk of protein kinase G activation
and purinergic receptor stimulation
The inhibition of platelet function by cGMP elevating substances is a well established fact in platelet
biochemistry.19 Initial experiments provided evidence
for the inhibition of platelet aggregation by stimulation of cGMP-dependent protein kinase (protein
kinase G, PKG). Yet the target of PKG activation could
not be conclusively identified. In previous studies we
pinpointed the effects of elevated cGMP levels in
human platelets to calcium regulatory mechanisms. It
could definitely be shown that only calcium release
and secondary influx mechanisms were affected by
PKG stimulation, but the underlying biochemical
processes were still hidden from direct observation.
With a new kinetic approach we tried to separate the
contributing mechanisms. In the usual experiments
regarding guanylyl cyclase (GC) and PKG activation
effects, cells are stimulated either by nitric oxide
donors or cell permeable cGMP-derivatives. In our
new approach we used authentic nitric oxide dissolved in degassed water. Thus the rate limiting step
of nitric oxide production in the case of nitric oxide
donors or the slow diffusion of cGMP derivatives
through the cell membrane, could be avoided. The
effects of guanylyl cyclase activation could therefore
be observed almost instantly. Addition of nitric oxide
to a suspension of washed human platelets in physiologic buffer did not significantly alter intracellular
calcium levels in resting platelets. However in ADP
stimulated platelets intracellular calcium levels
decreased almost immediately upon nitric oxide addition in the presence of calcium ions in the medium.
The calcium concentration is reduced approximately
to the amount obtained with ADP stimulation in the
absence of extracellular calcium. When ADP and
nitric oxide were added simultaneously to the platelet
suspension in the presence of 1 mM CaCl2 the calcium signal was nearly identical to the one caused by
ADP in calcium-free medium. These results indicate
that nitric oxide has a direct effect upon secondary
platelet calcium influx, while P2Y1 mediated calcium
mobilization remains initially unaffected. Only when
the platelets are incubated with nitric oxide for a
longer time does the calcium mobilization also
reduce. Already after 15 seconds of preincubation
with nitric oxide ADP-evoked calcium mobilization
was significantly reduced. After 60 seconds incuba-
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tion with nitric oxide calcium mobilization was compeletely diminished. These observations indicate that
purinergic receptors are regulated by PKG stimulation. To obtain further proof, P2Y1 transfected
1321N1 astrocytoma cells were transfected with PKG
Ib by adenoviral gene transfer. The control cells were
transfected with a dysfunctional PKG Ib mutant to
exclude any artifacts which might arise from the transfection procedure. After preincubation with a membrane permeable cGMP analogue the cells were stimulated with ADP and the calcium signal was monitored with fura-2 by single cell fluorometry. Despite
the variation in the intensity of the calcium signals
observed a clear cut difference in the calcium signal
between the two groups was found. Another potential target for the regulation of platelet purinergic
receptors by PKG is presumably the yet unidentified
adenylyl cyclase coupled P2YAC or P2Ycyc receptor.
To analyze effects of elevated cGMP levels in human
platelets upon purinoceptor mediated adenylyl
cyclase inhibition, washed platelets were pretreated
with sodium nitroprusside (SNP), prostaglandin E1
(PG-E1), ADP or combinations of these substances in
physiological buffers. The basal cAMP level in
platelets remains essentially unchanged after SNP or
ADP treatment, while PG-E1 stimulated cAMP
increase is remarkably reduced by SNP pretreatment,
indicating an inhibition of cAMP production by GC
stimulation. cAMP levels by Combinations of SNP
and ADP were, therefore, be expected to cause a further reduction in cAMP levels. Surprisingly quite the
reverse was observed. The cAMP level after treatment
of platelets with PG-E1, SNP and ADP together lies
approximately between the cAMP concentration of
platelets stimulated with PG-E1 and SNP and the
cAMP concentration from PG-E1 and ADP stimulated platelets. These results indicate that there are two
opposite mechanisms of cAMP regulation in platelets.
The reduced cAMP levels after treatment with SNP
can be explained by stimulation of cGMP-dependent
phosphodiesterase PDE II leading to enhanced degradation of cAMP. In order to exclude any effects from
phosphodiesterase activation or inhibition, the experiments were carried out with the selective PKG stimulator pCPT-cGMP. When platelets were treated with
this substance PG-E1 stimulated cAMP increase was
virtually identical to that obtained in cells stimulated
only with PG-E1. This indicates that the lower cAMP
concentration in PG-E1 and SNP treated cells than in
PG-E1 treated cells results indeed results completely
from PDE II stimulation. However, the inhibition of
the ADP stimulated decrease of cAMP concentration
in PG-E1 treated cells by GC stimulation was also
observed after PKG stimulation. These observations
indicate a complex crosstalk of purinergic and cyclic
nucleotide mediated signal transduction in human
platelets. The inhibition of P2YAC mediated signal
transduction can be clearly attributed to a PKG mediated protein phosphorylation. It has yet to be established whether the receptor itself or proteins participating in the signaling cascade are the targets of activated PKG. The coupling of cGMP and cAMP mediated pathways are supposedly the biochemical basis
for the inhibition of platelets by endothelium-derived
factors.20 The synergistic effect of both prostaglandins

Figure 4. Crosstalk of purinergic signaling and cGMP-dependent protein kinase. Activation of cGMP-dependent protein
kinase leads to inhibition of ADP stimulated and Gi mediated inhibition of adenylyl cyclase, Gq mediated activation of
phospholipase C, intracellular calcium stores and secondary
calcium influx. ADP stimulated calcium influx through the
ligand gated cation channel remains unaffected by PKG activation.

and nitric oxide may contribute to efficient inhibition
of platelets in the circulation. If both factors are
absent, platelets may become more susceptible to
spontaneous activation and aggregation.

Summary
Investigation of the pharmacology and biochemistry of the two known platelet purinoceptors cloned
from human platelet RNA and stably expressed in the
1321N1 astrocytoma cell line revealed some remarkable differences from their properties observed in
platelets. Though experiments with ADP derivatives
known to be selective activators of platelet purinergic receptors were in accordance with the results
obtained from platelets, the inhibitory effect of ATP
and the fast desensitization were not observed with
the heterologously expressed receptors. The crosstalk
of cyclic nucleotide signaling pathways and purinergic receptor activation were investigated both in
human platelets and in the cell line transfected with
the cloned receptors. Inhibition of ADP stimulated
calcium increase by PKG activation results from the
inhibition of two calcium elevating pathways: the
store related calcium influx and P2Y1 mediated calcium mobilization (Figure 4). Besides inhibition of
platelet calcium responses, cGMP also inhibits
P2YAC and Gi-protein mediated cAMP reduction in
human platelets, thus leading to reduced decrease of
cAMP levels in platelets upon ADP stimulation. These
mechanisms probably contribute to the efficient inhibition of platelet aggregation by cGMP elevating
agents. In vivo these effects may be responsible for the
synergism of the endothelium-derived factors, nitric
oxide and prostacyclin.

Perspective
The experiments conducted on platelets and P2Y1
transfected astrocytoma cells show that our current
knowledge on the P2Y1 receptor is still unsatisfactory. Particularly the structure-activity relationship for
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ADP and its derivatives and the pharmacology of the
P2Y1 receptor need further investigation. Interaction
of this receptor with other purinoceptors of the same
or different type or G-proteins may modulate the
properties of the receptor. The linkage of receptor
activation to the final platelet responses is also still
unresolved. The role of protein kinases, G-protein βγ
subunits and small GTP binding proteins has yet to
be studied in detail. How far secondary effects of
platelet activation, e.g. secretion or outside-in signaling, are involved or are responsible for some of
the cellular responses observed has yet to be established. Finally, the most important task remains the
identification of the still elusive adenylyl cyclase coupled platelet purinoceptor.

References
1. Fredholm BB, Abbracchio MP, Burnstock G, et al.
Towards a revised nomenclature for P1 and P2 receptors. Trends Pharmacol Sci 1997; 18:79-82.
2. Mills DCB. ADP receptors on platelets. Thromb
Hemost 1996; 76:835-56.
3. Born GVR. Adenosine diphosphate as a mediator of
platelet aggregation in vivo: an editorial point of view.
Circulation 1985; 72:741-2.
4. Geiger J, Hönig-Liedl P, Schanzenbächer P, Walter U.
Ligand specificity and ticlopidine effects distinguish
three human platelet ADP receptors. Eur J Pharmacol
1998; 351:235-46.
5. Gachet C, Hechler B, Léon C, et al. Activation of ADP
receptors and platelet function. Thromb Haemost
1997; 78:271-5.
6. Kunapuli SP. Multiple P2 receptor subtypes on
platelets: a new interpretation of their function.
Trends Pharmacol Sci 1998; 19:391-4.
7. MacKenzie AB, Mahaut-Smith MP, Sage SO. Activation of receptor-operated cation channels via P2X1
not P2T purinoceptors in human platelets. J Biol
Chem 1996; 271:2879-81.
8. Savi P, Beauverger P, Labouret C, et al. Role of P2Y1

9.
10.
11.

12.
13.

14.

15.

16.
17.
18.
19.

20.

purinoceptor in ADP-induced platelet activation. FEBS
Lett. 1998; 422:291-5.
Léon C, Vial C, Cazenave JP, Gachet C. Cloning and
sequencing of a human cDNA encoding endothelial
P2Y1 purinoceptor. Gene 1995; 171:295-7.
Valera S, Hussy N, Evans RJ, et al. A new class of ligand-gated ion channel defined by P2X receptor for
extracellular ATP. Nature 1994; 371:516-9.
Léon C, Hechler B, Vial C, Leray C, Cazenave JP,
Gachet C. The P2Y1 receptor is an ADP receptor
antagonized by ATP and expressed in platelets and
megakaryoblastic cells. FEBS Lett. 1997; 403:26-30.
Ohlmann P, Laugwitz KL, Nürnberg B, et al. The
human platelet ADP receptor activates Gi2 proteins.
Biochem J 1995; 312:775-9.
Léon C, Hechler B, Freund M, et al. Defective platelet
aggregation and increased resistance to thrombosis
in purinergic P2Y1 receptor-null mice. Clin Invest
1999; 104:1731-7.
Jin J, Kunapuli SP. Coactivation of two different G protein-coupled receptors is essential for ADP-induced
platelet aggregation. Proc Natl Acad Sci USA 1998;
95:8070-4.
Mahaut-Smith MP, Sage SO, Rink TJ. Rapid ADPevoked currents in human platelets recorded with the
nystatin permeabilized patch technique. J Biol Chem
1992; 267:3060-5.
Rink TJ, Sage SO. Calcium signaling in human
platelets. Annu Rev Physiol 1990; 52:431-49.
Webb TE, Simon J, Krishek BJ, et al. Cloning and functional expression of a brain G-protein-coupled ATP
receptor. FEBS Lett 1993; 324:219-25.
Ralevic V, Burnstock G. Receptors for purines and
pyrimidines. Pharamcol Rev 1998; 50: 413-92.
Geiger J, Nolte C, Sage SO, Walter U. Role of cGMP
and cGMP-dependent protein kinase in nitrovasodilator inhibition of agonist-evoked calcium elevation in human platelets. Proc Natl Acad Sci USA 1992;
89:1031-5.
Geiger J, Nolte C, Walter U. Regulation of calcium
mobilization and influx in human platelets by endothelium derived factors. Am J Physiol 1994; 267:
C236-44.

Haematologica vol. 85 (the Platelet ADP Receptors supplement), June 2000

Haematologica 2000; 85(the Platelet ADP Receptors Supplement):27-31
INTERPLAY OF P2 RECEPTOR SUBTYPES IN PLATELET FUNCTION
SATYA P. KUNAPULI
Department of Physiology and the Sol Sherry Thrombosis Research Center, Temple University Medical School, Philadelphia, USA

ABSTRACT
During vascular injury ADP plays an important role
in hemostasis by activating platelets. In platelets,
the classical P2T receptor is now resolved into
three P2 receptor subtypes, the P2Y1, the P2X1,
and the P2TAC receptor, which remains to be
cloned. Both pharmacologic and molecular biological approaches have confirmed the role of the P2Y1
receptor in ADP-induced platelet shape change and
fibrinogen receptor activation. Sufficient pharmacologic data exist to support the notion that both
P2Y1 and P2TAC receptors are required for complete platelet aggregation. The function of the P2X1
receptor on platelets remains elusive and yet to be
determined.
©2000, Ferrata Storti Foundation

Introduction
Platelets aggregate at the site of vascular damage
to prevent bleeding but abnormal activation in the
blood vessels leads to thrombosis, and thus to stroke
and myocardial infarction.1 Platelets are activated
by a number of agonists, including thrombin, thromboxane, ADP, and collagen.2 Nearly four decades
ago, ADP was identified as a platelet-activating agent
from erythrocytes.3 ADP, along with ATP and serotonin, is a major constituent of the platelet dense
granules and is released upon activation of platelets.4
The importance of ADP as a platelet aggregating
agent is substantiated by the observation that
patients with deficiencies in storage of ADP or in
ADP receptors have bleeding diatheses.5-8

Nomenclature of P2 receptors
Following the introduction of the concept of
receptors for extracellular nucleotides by Burnstock,9
several physiologic effects of adenine nucleotides
have been identified.10 Receptors for nucleotides,
designated P2 receptors, are divided into two classes: ligand gated ion channels (P2X) and G protein-
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coupled receptors (P2Y).11 All the physiologic and
intracellular signaling events triggered by ADP in
platelets were attributed initially to a single cell surface receptor. Since the molecular nature of this
receptor was unknown it was designated P2T (thrombocyte P2 receptor).12 The IUPHAR has recommended that the P2T receptor be designated P2YADP,
indicating a G protein-coupled P2 receptor at which
ADP is the most important agonist.11 The historic
studies and theories on the nature of the P2T receptor have been dealt in recent review articles including
one in this issue.13-15

ADP-induced intracellular signaling
events in platelets
ADP, acting on cell surface P2 receptors, regulates
several second messenger systems in platelets.13-16
ADP inhibits stimulated platelet adenylyl cyclase
through coupling to Gi protein, possibly Gαi2,17 and
thereby decreases intracellular cAMP levels.18 ADP
also causes rapid calcium influx into platelets in the
presence of physiologic calcium ion concentrations.19,20 Even in the absence of extracellular calcium,
ADP causes mobilization of intracellular calcium
stores.21 ADP activates platelet phospholipase C
(PLC), resulting in inositol 1,4,5-trisphosphate formation.22 Several investigators disputed this finding23,27 but, recently, we have confirmed that ADP
induces inositol trisphosphate formation, well correlated with mobilization of intracellular calcium
stores, in human platelets.28 In addition, ADP also
causes release of arachidonic acid from membrane
phospholipids through activation of phospholipase
A2 (PLA2).29

Physiologic effects of ADP on platelets
Activation of platelets by a low concentration of
ADP results in shape change, in that discoid-shaped
resting cells are rapidly converted to spiculated
spheres.30 Platelet shape change involves phosphorylation of myosin light chains by a calcium calmodulin kinase and rearrangement of actin-myosin filaments.31 Higher concentrations (2-5 µM) of ADP
causes platelet aggregation and granule secretion.4,30
Platelet aggregation is due to the exposure of fibrinogen binding site on the αIIbβ3 integrin (fibrinogen
receptor; glycoprotein IIb/IIIa).32 ADP causes prima-

Haematologica vol. 85 (the Platelet ADP Receptors supplement), June 2000

28

ry aggregation which is reversible under physiological
concentrations of extracellular calciu.33 ADP-induced
release of arachidonic acid and subsequently produced thromboxane A2 along with granule secretion
contribute to the irreversible secondary aggregation.29
However, platelets resuspended in physiological concentrations of calcium (1-2 mM) fail to generate
thromboxane A2,34 indicating a regulatory role for
extracellular calcium in ADP-induced thromboxane
A2 generation. ADP causes release of the contents of
both alpha granules and dense granules4,30 when the
extracellular calcium concentration is low.35 ADPinduced dense granule release depends on thromboxane A2, since ADP fails to release dense granule
contents in aspirin-treated and washed platelets.4
Whether ADP can cause the release of alpha granule
contents directly remains controversial. Several investigators reported the direct role of ADP in the alpha
granule release reactio,13,36,37 but unpublished results
from our laboratory and reports from other investigators have shown that ADP fails to expose Pselectin38 or β-thromboglobulin39 in aspirin-treated
and washed platelets, suggesting that this event may
also require thromboxane A2 generation.

A model for ADP-induced platelet
activation
All the physiologic and intracellular signaling events
triggered by ADP in platelets were attributed initially
to a single cell surface receptor, P2T. We have
resolved the P2T receptor into three components
based on the effects of AR-C 66096, a potent antagonist of ADP-induced platelet aggregation, and α,βmeATP, a P2X1 receptor agonist, to distinguish the
ADP-induced intracellular events.28 AR-C 66096
blocked ADP-induced inhibition of adenylyl cyclase,
but failed to inhibit ADP-mediated intracellular calcium increases, inositol trisphosphate formation, or
shape change. α,β-MeATP neither affected the inositol trisphosphate formation nor stimulated adenylyl
cyclase. Based on these observations we proposed
the presence of three distinct P2 receptor subtypes on
platelets:28 one coupled to inhibition of adenylyl
cyclase, designated P2TAC receptor, the second coupled to mobilization of calcium from intracellular
stores through activation of phospholipase C and
inositol trisphosphate formation, designated P2TPLC,
and the third an ionotropic P2X1 receptor coupled to
rapid calcium influx. We have isolated a cDNA clone
encoding the P2Y1 receptor from a human platelet
cDNA library and demonstrated that the P2Y1 receptor is the P2TPLC, using the P2Y1 receptor selective
antagonists,40 adenosine-3’-phosphate-5’-phosphosulfate (A3P5PS), adenosine-3’-phosphate-5’-phosphate (A3P5P), and adenosine-2’-phosphate-5’phosphate (A2P5P).41 Thus the concept of ‘P2T’
receptor12 is resolved into three P2 receptor subtypes
with distinct functions. Four other studies42-45 independently confirmed the three-receptor model by
pharmacologic approaches. Furthermore, two recent
independent studies also provided support for the
three-receptor model by gene disruption approaches.46,47

A note on nomenclature
We have resolved the platelet ADP receptor, originally designated the P2T receptor,12 into three subtypes with different signal transduction properties
and designated the receptor on platelets mediating
ADP-induced inhibition of adenylyl cyclase as P2TAC
(a component of the P2T receptor coupled to inhibition of adenylyl cyclase and antagonized by Astra
Compounds).28,41 The rationale for this designation
and deviation from the standard IUPAC nomenclature of P2YADP were discussed in our original paper.28
Subsequently, several laboratories designated the
adenylyl cyclase coupled ADP receptor on platelets
differently. Hence the P2TAC receptor is also called
P2cyc,44 P2YADP,45 P2YAC,43 46, P2Y,48 and P2T.42

Modulators of platelet P2 receptor
subtypes
Many agents have been identified as selective agonists and antagonists at the P2 receptor subtypes in
platelets and can be used to delineate the function of
these subtypes. Hydrolysis-resistant derivatives of ATP,
e.g. AR-C 66096, have been developed as potent
inhibitors of ADP-induced platelet aggregation49 and
have been shown to be selective antagonists of the
P2TAC receptor subtype.28 These compounds have
been shown to have no effect on other subtypes when
used at limited concentrations.41 The thienopyridine
derivatives, ticlopidine and clopidogrel, when administered in vivo, selectively abrogate ADP-induced inhibition of adenylyl cyclase and platelet aggregation50-52
indicating that these compounds, or an active
metabolite, act at the P2TAC receptor, but not at the
P2Y1 receptor.53 Finally, 2-methylthio-AMP
(2MeSAMP) is identified as a selective antagonist of
the P2TAC receptor.45 Adenosine bis phosphates have
been developed as selective competitive antagonists
of the P2Y1 receptor40 and these compounds have
been shown to act selectively at the platelet P2Y1
receptor without any effect on P2TAC receptors.41 α,βmethylene ATP (α,β-MeATP) was identified as a selective agonist on ligand gated P2X1 channels on
platelets, leading to rapid influx of calcium.20,28,41

Mechanism of ADP-induced platelet
shape change

In the presence of extracellular calcium, α,βMeATP, a P2X1 selective agonist, causes rapid calcium influx, but fails to elicit platelet shape change.41
α,β-MeATP neither causes nor inhibits shape change
induced by ADP,41 suggesting that the signaling
through the P2X1 receptor does not contribute to
ADP-induced platelet shape change. AR-C 66096, a
selective antagonist of the P2TAC receptor, did not
inhibit ADP-induced shape change,28 indicating that
neither does the P2TAC receptor play any significant
role in shape change induced by ADP. P2Y1 receptor
selective antagonists,40 A3P5PS, A3P5P, and A2P5P,
inhibit ADP- or 2MeSADP-induced intracellular calcium mobilization and shape change in platelets.41
The EC50 for ADP at the cloned P2Y1 receptor is ~0.3
µM54 which is also the dose sufficient for platelet
shape change.30 Studies with mice lacking Gq revealed
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that signaling through Gq is essential for ADPinduced shape change.55 All the agents that cause
platelet shape change, such as thrombin, thromboxane, and serotonin, also activate PLC.2 Hence, PLC
activation is the essential step in platelet shape
change. Thus the P2Y1 receptor solely mediates ADPinduced platelet shape change. The signal transduction events downstream of the P2Y1 receptor contributing to ADP-induced platelet shape change have
been recently discussed.56-58

Mechanism of ADP-induced platelet
aggregation
What is the contribution of these three P2 receptor
subtypes to ADP-induced fibrinogen receptor activation? The P2TAC receptor is essential for ADP-induced
platelet aggregation. Selective antagonists of the
P2TAC receptor, ATP, AR-C 66096, and 2MeSAMP
have been shown to block both ADP-induced adenylyl cyclase inhibition28,45,59 and platelet fibrinogen
receptor activation.49,59 In addition, a significant correlation was found between antagonist affinity constant values for eight nucleotide analogs, as blockers
of ADP-induced aggregation and adenylyl cyclase
inhibition.60 In vivo administration of ticlopidine and
clopidogrel results in abolishment of both ADPinduced inhibition of adenylyl cyclase and aggregation.52 Two patients with defective ADP-induced
platelet adenylyl cyclase inhibition also had abnormal
aggregation suggesting that the receptor coupled to
inhibition of adenylyl cyclase is essential for platelet
aggregation.7,8 Hence P2TAC receptor activation is
required for ADP-induced platelet aggregation. The
P2Y1 receptor selective antagonists, A3P5PS, A3P5P,
and A2P5P, also inhibit ADP-induced human61 and
mouse62 platelet aggregation, without affecting ADPinduced inhibition of adenylyl cyclase. Platelets from
mice lacking the P2Y1 receptor failed to mobilize calcium from intracellular stores, change shape, or
aggregate in response to ADP.46, 47 Hence, intracellular signaling events from both the P2TAC and P2Y1
receptors are essential for ADP-induced platelet
aggregation. Inhibition of signaling through either
receptor, by specific antagonists, is sufficient to block
ADP-induced platelet fibrinogen receptor activation.
The P2Y1 receptor presumably couples to Gq and
causes intracellular calcium mobilization through the
inositol trisphosphate pathway, and platelets from
mice lacking Gq fail to aggregate in response to
ADP.55 In the presence of AR-C 66096, signaling
through the P2TAC receptor can be substituted by epinephrine acting on a2A adrenergic receptors, also
coupled to Gi.61 On the other hand, activation of
serotonin receptors can replace signaling through the
P2Y1 receptor in human,61 rabbit,63 or mouse47
platelets. Moreover, this novel mechanism of ADPinduced platelet aggregation can be mimicked by coactivation of two non-ADP receptors coupled to Gi
and Gq, α2A adrenergic receptors and serotonin
receptors, respectively.61 Thus, ADP-induced platelet
aggregation results from concomitant signaling from
both the P2TAC and P2Y1 receptors, a novel mechanism by which G protein-coupled receptors elicit a
physiologic response.61 α,β-MeATP, a P2X1 selective

agonist, causes rapid calcium influx in the presence
of extracellular calcium, but neither causes platelet
aggregation nor modulates ADP-induced platelet
aggregation.61, 64 Furthermore, selective co-activation
of the P2X1 receptor and either the P2TAC or P2Y1
receptors also does not cause platelet aggregation.61
Thus the P2X1 receptor mediated rapid calcium
influx does not play any significant role in ADPinduced platelet aggregation. Activation of a single
receptor by its agonist is believed to trigger a physiologic event, and hence, receptor subtype specific
antagonists have been used to delineate the physiologic function of various receptors. The mechanism
of ADP-induced platelet aggregation now suggests
that some agonist-induced physiologic responses
may require simultaneous activation of multiple
receptor subtypes by the same agonist, resulting in
converging signal transduction pathways leading to
a physiologic response. Thus, conclusions derived
from receptor specific antagonists may not exclude
the role of another receptor subtype in an agonistinduced physiological event.

Conclusions and future directions
Molecular mechanisms of ADP-induced platelet
activation are becoming clear only now. First the resolution of the concept of a P2T receptor into three
components, P2TAC, P2Y1 and P2X1 receptors,
helped to explain the intracellular and physiologic
effects of ADP on platelets. The interaction of signaling events downstream of the P2Y1 and P2TAC
receptors is a novel mechanism of physiologic
response and may indeed be a general mechanism of
αIIbβ3 integrin activation by all physiologic agonists.
We speculate that the integrin activation on other
cells also requires similar signaling mechanisms but
this remains to be established. Interestingly, mouse
platelets deficient in P2Y1 receptor can undergo partial aggregation in the presence of high concentrations of ADP.47 The implications of this observation
range from a fourth P2 receptor subtype on platelets
to P2TAC receptor coupling to other G proteins. The
molecular structure of the P2TAC receptor is not
known and future investigations will depend on molecular cloning of this receptor. Selective antagonists
for the P2X1 receptor need be developed to delineate
the functional role, if any, of this receptor subtype in
ADP-induced platelet activation. The signaling mechanisms and cascades mediated by these three receptors will provide a better understanding of
ADP–mediated physiologic responses in platelets
and, generally, the molecular mechanisms of agonistinduced platelet activation.
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ABSTRACT
Adenosine diphosphate (ADP), a weak platelet agonist per se, plays a key role as a cofactor in human
blood platelet activation in vitro and in vivo. However, little is known about how a signaling pathway
initiated by a specific primary agonist can be modulated by secreted ADP. Recently, we observed that
although ADP by itself is a very poor activator of
phosphoinositide 3-kinase (PI 3-kinase) it can play
an important role as a cofactor of some platelet
agonists to get an efficient synthesis of PI 3-kinase
products (D3-phosphoinositides). The D3-phosphoinositides are important intracellular second messengers involved in the initiation and the temperoraspatial organization of several key signaling
pathways. Different PI 3-kinases have been shown
to be activated in platelets and some of them are
thought to play an essential role in key platelet
functions. For instance, the late, integrin-dependent
accumulation of phosphatidylinositol 3,4-bisphosphate (PtdIns(3,4)P2) observed upon stimulation
through the thrombin receptor PAR1, seems to be
necessary for the irreversible phase of aggregation.
Interestingly, secreted ADP appears to be specifically required for PAR1-induced accumulation of
this phosphoinositide and irreversible platelet
aggregation. From a molecular point of view, a signaling pathway initiated by the ADP receptor coupled to Gi synergizes with PAR1-dependent signaling for a significant accumulation of PtdIns(3,4)P2
and the irreversible platelet aggregation. In this
review, we also discuss the critical role of ADP in
FcγRIIA–dependent platelet activation, possibly
through modulation of the early activation of a PI 3kinase.
©2000, Ferrata Storti Foundation
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DP plays a key role in hemostasis and thrombosis.1 Despite its early identification in 1961
as the first known aggregating agent, the molecular basis of ADP-induced platelet activation is
only beginning to be understood. Three purinergic
receptors contribute separately to the complex
process of ADP-induced platelet aggregation: the
P2X1 ionotropic receptor responsible for rapid influx
of ionized calcium into the cytosol, the P2Y1
metabotropic receptor responsible for mobilization
of ionized calcium from internal stores and an as yet
unidentified P2 receptor coupled to adenylyl cyclase
inhibition which is essential for the full aggregation
response to ADP2 and likely for the important cofactor effect of ADP.

A

A role for PI 3-kinase in the irreversible
phase of platelet aggregation induced
by TRAP
The PI 3-kinases are a family of enzymes that phosphorylate the D3 hydroxyl group of phosphoinositides. These lipid kinases have been implicated in
multiple biological responses such as cytoskeletal
rearrangements, cellular migration, cell proliferation,
protection against apoptosis or insulin-dependent
metabolic processes.3 On the basis of structural characteristics, substrate specificity and mechanism of
regulation, PI 3-kinases have been divided into three
main classes.4 However, the biological functions of
each PI 3-kinase are just starting to be investigated in
detail. The D3-phosphoinositides generated by the
various PI 3-kinases are considered as second messengers capable of binding functional protein modules such as pleckstrin homology (PH) domains3 and
by this function are able to regulate spatially and temporally specific membrane targeting of signaling proteins.3,4 Several targets of D3-phosphoinositides have
been recently identified including the serine/threonine kinases Akt, PDK or PKCξ, the tyrosine kinases
of the Tec kinase family as well as exchange factors for
small GTPases such as Vav or GRP1.3 Several PI 3kinases have been described in human blood platelets
and they may be sequentially activated during platelet
stimulation.5 Although it is still difficult to assign a
precise function of each platelet PI 3-kinase, it is
thought that at least some of them play an important
role in the platelet activation process. For instance,
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an important physiologic platelet response controlled
by PI 3-kinase is the irreversible phase of aggregation.
In platelets stimulated by thrombin or by the thrombin receptor (PAR1) activating peptide (TRAP), the
synthesis of phosphatidylinositol3,4,5 trisphosphate
(PtdIns(3,4,5)P3) is rapid and transient, whereas
PtdIns(3,4)P2 accumulates upon increasing stimulation times.6-8 Using platelets from thrombasthenic
patients or RGDS-treated platelets, we have demonstrated that the synthesis of a major part of
PtdIns(3,4)P2 is dependent upon the engagement of
αIIbβ3 integrin.5,7,9 Fibrinogen binding to its receptor
αIIbβ3 is however not sufficient per se to induce full
activation of this pathway since aggregation is also
required, as demonstrated by using thrombin-treated
platelets in the absence of stirring.7,9 The mechanisms
involved in the regulation of the level of PtdIns(3,4)P2
are still unclear. Several possibilities have been suggested including the hydrolysis of PtdIns(3,4,5)P3 by
a 5-phosphatase possibly regulated through integrin
engagement,5,10 inhibition of a PtdIns(3,4)P2 4-phosphatase11 or activation of a C2-domain containing PI
3-kinase producing PtdIns(3)P then phosphorylated
by a PtdIns(3)P4-kinase.12 Using two structurally distinct inhibitors of PI 3-kinase (wortmannin or
LY294002) Kovacsovics et al.13 suggested that PI3kinases may be involved in the irreversible phase of
aggregation induced by TRAP. Moreover, a parallelism between aggregation extent and PtdIns(3,4)P2
labeling was also observed in thrombin-stimulated
platelets.7 Finally, using washed platelets stimulated
with ADP alone, in the presence of exogenous fibrinogen to allow αIIbβ3 engagement, we observed a
relationship between reversible aggregation, absence
of PtdIns(3,4)P2 accumulation and a large reduction
of the amount of myosin heavy chain and RhoA in
the cytoskeleton.14 Altogether these data suggested
that irreversible aggregation may be linked to the late
accumulation of PtdIns(3,4)P2 in human platelets,
based on these results alone, it was difficult to know
whether the accumulation of this lipid is a cause or a
consequence of the irreversible aggregation. Recently, we showed that PI3-kinase inhibitors, added when
aggregation is at its maximum, after 2 min of TRAP
stimulation, were able to induce a very rapid and dramatic decrease in the level of PtdIns(3,4)P2, followed
by a disaggregation of platelets.15 These results
strongly suggested a role for the late accumulation of
PtdIns(3,4)P2 in strengthening aggregation. The particularly active turnover of this phosphoinositide indicates that its accumulation results from sustained PI
3-kinase activation rather than inhibition of
PtdIns(3,4)P2 hydrolysis. The platelet disaggregation
induced by PI3-kinase inhibitors is accompanied by
rapid destabilization of the signaling complexes associated with the cytoskeleton and specific release of
myosin heavy chains.15 It is important to note that
addition of PI3-kinase inhibitors after 2 min of stimulation by FcγRIIA cross-linking also leads to platelet
disaggregation (Gratacap MP, unpublished observation). Thus PtdIns(3,4)P2 appears as a central molecule of a positive feed-back loop. Indeed, aggregation
is required for its production and in turn this lipid
influences the strengthening and the irreversibility of

aggregation. The targets of PtdIns(3,4)P2 that may
explain its role in the irreversible phase of aggregation
are, however, still unknown.

A key role of ADP in TRAP-induced
PtdIns(3,4)P2 accumulation
Interestingly, among all platelet-released substances, ADP has been shown to be selectively responsible for the stabilization of thrombin-induced platelet
aggregates.1,16-18 Indeed, ADP scavengers, like PI3kinase inhibitors, are able to transform the classical
irreversible aggregation induced by TRAP into a
reversible platelet aggregation.19 In agreement, TRAPdependent accumulation of PtdIns3,4 P2 in human
platelets is strongly and specifically impaired in the
presence of the ADP scavengers.15 In fact, TRAP or
ADP alone14 is not sufficient per se to induce the accumulation of PtdIns(3,4)P2 but both induce reversible
platelet aggegation, even in the presence of fibrinogen. The critical role of secreted ADP for the accumulation of PtdIns(3,4)P2 is also observed in thrombin–stimulated platelets.20 An exciting question is:
how can a combination of these agents induce the
accumulation of PtdIns(3,4)P2 and irreversible
platelet aggregation? The P2 family of ADP receptors
is composed of two classes, namely the P2X receptors, which are ligand-gated ion channels, and the
P2Y receptors, which belong to the serpentine G protein-coupled receptor family.21 In the case of platelets,
the P2Y1 receptor is coupled to calcium mobilization
and has been shown to be responsible for ADPinduced shape change.22-24 In addition, a not yet identified P2 receptor negatively coupled to adenylyl
cyclase seems to be necessary for the completion of
ADP–induced aggregation response.22 Recently, selective antagonists and inhibitors have been developed,
allowing specific discrimination between P2Y1 and
P2/adenylyl cyclase–dependent responses.25,26 Adenosine 2’-phosphate 5’-phosphate (A2P5P) is a selective P2Y1 antagonist 22-24,27 while AR-C66096 selectively blocks the inhibitory effect of ADP on adenylyl
cyclase.22 The pharmacology of AR-C66096 is strikingly similar to that of the antiplatelet drug clopidogrel, which inhibits selectively ADP-induced platelet
aggregation by blocking the effect of ADP on adenylyl cyclase.25 Using these pharmacologic tools, we
found that ADP plays a key and specific role in the late
accumulation of PtdIns(3,4)P2 induced by TRAP
through its receptor coupled to inhibition of adenylyl
cyclase. This observation is of consequence in terms
of antithrombotic pharmacology, since clopidogrel,
acting through this ADP receptor, inhibits thrombosis in humans.25 The intracellular machinery involved
in this process is currently under investigation but one
can speculate that, besides the inhibition of cAMP
formation, the release of β/γ subunits from the heterotrimeric G-protein may be critical. In this respect,
an important point is to determine the type of PI3kinase that may be regulated through the synergistic
effects of TRAP and ADP. A C2 domain -containing
PI3-kinase, activated by αIIbβ3 engagement, has
recently been described in platelets.12 This enzyme
produces PtdIns(3)P, which is then phosphorylated to
PtdIns(3,4)P2 by a PtdIns(3)P4-kinase. This new route
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could be compatible with our results. However, since
ADP-dependent signaling is clearly necessary, one
explanation might be that αIIbβ3 exposure to its ligand
must reach a certain level, obtained upon addition of
two weak agonists (i.e. TRAP and ADP), so that the
formation of strong focal complexes might occur. The
outside-in signaling of αIIbβ3 is linked to the recruitment, around the β3 cytoplasmic tail, of signaling
complexes and cytoskeletal proteins.28 These complexes may be different according to the degree of
αIIbβ3 activation and the mechanical strengths acting
through this integrin. Myosin has been shown to
interact with the tyrosine phosphorylated β3 tail of
αIIbβ3 in vitro and these tyrosine residues are indeed
required for outside-in signaling and stable platelet
aggregation in vivo,29 possibly by controlling the extent
of integrin clustering. Induction of actin-myosin contractility might be important for integrin clustering
and formation of mature adhesion plaques that are
linked to irreversible aggregation. Interestingly, both
ADP antagonists and PI 3-kinase inhibitors are able to
induce a rapid release of myosin heavy chains from
the integrin cytoskeletal complexes and to destabilize
the signaling machinery linked to integrin and the
cytoskeleton.15 Another possibility, based on the role
of ADP in enhancing the secretion response induced
by other agonists30 could be that other adhesive
receptors have to co-operate with αIIbβ3 for full signaling through the integrin. Consistent with this idea,
a recent study suggests a modulation of αIIbβ3 function by thrombospondin31 which is released upon
platelet activation. It is also noteworthy that ADP is
involved in platelet spreading on fibrinogen,32-34 a
mechanism that requires PI3-kinase activity.34 The
study of the molecular mechanisms involved in ADPdependent regulation of the accumulation of
PtdIns(3,4)P2 in TRAP-stimulated platelets will probably bring new insights into the cross-talk between
different signal transduction mechanisms that controls platelet aggregation or spreading. This synergistic effect of ADP is probably not restricted to
PtdIns(3,4)P2 accumulation since phospholipase D35
and the late and sustained phosphorylation of myosin
light chain (Missy K. et al., submitted) are also controlled by secreted ADP in TRAP–stimulated platelets.

ADP and PI 3-kinase are critical for
platelet activation induced by FcγRIIA
cross-linking
Platelets express a single class of Fcγ receptor
(FcγRIIA), which is involved in heparin-associated
thrombocytopenia (HIT) and possibly in inflammation.36-40 HIT is an auto-immune, rare (2%) but severe
complication of treatment with heparin. In vitro crosslinking of FcγRIIA by specific antibodies induces
platelet secretion and aggregation.41 Activation of
FcγRIIA leads to rapid tyrosine phosphorylation of
intracellular signaling proteins, activation of phospholipase C-γ2 (PLC-γ2) and calcium signaling.42-46
We have recently shown that FcγRIIA cross-linking
also induces a rapid production of PtdIns3,4,5 P3 and
a slower accumulation of PtdIns3,4 P2. Interestingly,
inhibition of PI 3-kinase by wortmannin or LY294002
fully abolished platelet secretion and aggregation, as

well as PLCγ2 activation and calcium mobilization.
46,47 A PI 3-kinase (possibly PI3-kinase α) therefore
plays a critical role in the early phase of platelet activation.46,47 Interestingly, PI 3-kinase inhibition does
not affect the tyrosine phosphorylation of PLC-γ2,
but one of its product, PtdIns(3,4,5)P3, appears to be
required for activation of PLC-γ2 probably by supporting its recruitment to the membrane through
binding to its N-terminal PH domain and/or its SH2
domain.46 It is noteworthy that activation of PLC-γ2
via GPVI also requires the early production of
PtdIns(3,4,5)P3 to occur.48 This is in sharp contrast
with the above described situation in which PI 3kinase is not necessary for the initiation of platelet
activation by TRAP. This is consistent with the fact
that PAR1 activates, through Gq, a PLCβ which is
stimulated independently of PI 3-kinase. Interestingly, Hérault et al. 49 and Polgàr et al.50 have shown that
ADP plays a major role in platelet activation and
aggregation induced by FcγRIIA cross-linking or by
sera from HIT patients. Recently, we obtained pharmacologic evidence that the ADP receptor coupled to
Gi was required for HIT sera or FcγRIIA clusteringinduced platelet secretion and aggregation (Gratacap et al. submitted). These observations suggest that
ADP receptor antagonists such as clopidogrel may
be effective as therapeutic agents for prevention or
treatment of HIT. They also raise several intriguing
questions concerning the early molecular mechanisms evoked by ADP to synergize FcγRIIA -mediated
platelet activation. Our data suggest that converging
signaling pathways from Gi and tyrosine kinases are
required for platelet secretion and aggregation
induced by FcγRIIA (Gratacap MP et al., submitted).
Preliminary results indicate that ADP does not influence the tyrosine kinase-dependent pathway initiated by FcγRIIA but is required for PLCγ2 activation
and calcium mobilization. One possibility would be
that ADP dependent pathway and FcγRIIA cross-linking–induced signaling converge to regulate the early
production of PtdIns3,4,5 P3 which is critical in the
process of PLCγ2 activation. This attractive hypothesis is currently under investigation.
In conclusion, the recent developments in the exciting research area of ADP-induced signaling, on its
own or as a cofactor of platelet activation, have
already yielded surprises and suggested new hypotheses for the regulation of platelet functions. For
instance, a concomitant signaling through Gi and
either Gq26 or tyrosine kinases (Gratacap MP et al.
submitted), according to the primary agonist used,
might be envisaged as a general mechanism by which
efficient platelet activation and aggregation occur.
Obviously, a better understanding of the molecular
basis of the role of ADP as a cofactor of platelet activation should lead to new pharmacologic strategies
to modulate platelet functions according to the
pathologic situation.
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CONGENITAL DISORDERS OF PLATELET FUNCTION
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ABSTRACT
The study of inherited platelet defects has been critical in identifying important platelet receptors and
characterizing their function. More recently, these
studies have been extended to defects in signal
transduction mechanisms. In both cases, the ability to produce knock-out mice allows the reproduction of clinical conditions and a much more detailed
analysis of the defects and therefore the function of
the affected molecules. Glanzmann’s thrombocytopenia caused by defects in GPIIb/IIIa and
Bernard-Soulier syndrome caused by defects in
GPIb/IX although rare are the commonest of these
inherited disorders and have been studied on a molecular level since the 1970s. Since the 1980s a
wide range of other receptor defects have been recognized including two collagen receptors, α2β1 and
GP VI, thromboxane receptors and ADP receptors.
Several defects have been reported to affect signaling pathways though the analysis of such disorders remains difficult. A few better characterized
cases exist involving defects in a PLC β2 isoform or
in the Wiskott-Aldrich syndrome protein. Other congenital bleeding disorders are related to problems
in storage or release from storage granules which
play an important role in hemostasis. These included grey platelet syndrome and Quebec platelet disorder affecting α-granules and Hermansky-Pudlak
and Chediak-Higashi syndromes affecting δ-(or
dense) granules. In rare bleeding disorders the procoagulant activity of platelets is affected, concerning the exposure of negatively-charged phospholipids on the platelet surface. In Scott syndrome, the patient’s platelets were unable to
expose negatively charged phospholipids and, in
another, Stormorken syndrome, the platelets continuously expose negatively charged phospholipids.
©2000, Ferrata Storti Foundation
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he molecular analysis of platelet defects causing bleeding disorders has been an invaluable
tool in the identification of the critical platelet
molecules participating in hemostasis. Since the first
description of Glanzmann’s thrombasthenia in
19181 to the more recent discoveries of patients with
defects in the collagen receptor GPVI2 and in the ADP
receptor P2AC,3 studies on the origin of a disorder
have often been a key step in establishing a function
for the molecules concerned. More recently, other
approaches have been used to supplement this, such
as knock-out mice, but these are only possible once
a molecule has been identified and characterized.
Platelet related bleeding disorders have the possible
advantage that they may indicate new molecules
with an essential role. At first the molecules identified were membrane receptors but, more recently,
with improvement in basic knowledge and in analytic
techniques, other classes of molecule, such as signaling kinases, phosphatases and adapter molecules, have started to be implicated and molecules
with a role in other critical platelet functions will no
doubt be found as platelets from other patients are
analyzed. The types of defects recognized fall into
several categories; so-called “classic” or “type I” disorders, in which the causative molecule (so far generally a receptor) is totally or almost totally absent.
There is then a category referred to as “type II” or
“variant” disorders in which reduced expression of a
normal or abnormal molecule, respectively, is
observed. These categories are useful for clinical
description and are also closely related to the types
of molecular defects. Bleeding disorders caused by
platelet defects that are well-characterized include
defects in major receptors such as Glanzmann’s
thrombasthenia (GPIIb/IIIa) and Bernard-Soulier
syndrome (GPIb/IX) as well as defects in other primary or secondary receptors, such as α2β1, GPVI,
thromboxane receptors and ADP receptors. Some
defects could be identified in signaling molecules
downstream from the major receptors including
PLCβ2 and the Wiskott-Aldrich syndrome protein
(WASP). A range of bleeding disorders is caused by
defects in molecules involved in the transport of substances to, or organization of, storage granules, in
particular α-granules in grey platelet syndrome and
Quebec platelet disorder, and dense or δ-granules
in Hermansky-Pudlak and Chediak-Higashi syndromes. There are also αδ-disorders affecting both
types of granule. A different category of disorder
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affects the procoagulant activity of platelets, also an
essential part of hemostasis. Although the defective
molecule has not yet been identified, two types of
disorder are known. The first is manifested as Scott
syndrome, in which the exposure of negatively
charged phospholipids is abnormal, leading to defective prothrombinase activity on activated platelets.
The other is Stormorken syndrome in which resting
platelets have exposed negatively charged phospholipids causing full procoagulant activity in the
absence of agonists, surprisingly leading to a bleeding tendency. Several of these defects have been replicated in mouse models allowing a more detailed
analysis of the biochemical defects and the pathology of these disorders. The possibility of making
knock-out mice has widened the scope of such studies to molecules for which no human “knock-out”
exists (or has not yet been found).

Disorders of platelet membrane
receptors
(A) Glanzmann’s thrombasthenia
Glanzmann’s thrombasthenia (GT) is a disorder
affecting GPIIb/IIIa.4,5 Platelets have a deficient aggregation response to all agonists tested but agglutinate
normally in response to ristocetin/von Willebrand
factor. Clot retraction is absent in the classic or type
I variety of the disorder but maybe only slightly affected in type II disease in which GPIIb/IIIa is present,
but in reduced amounts.6 In the classic disease fibrinogen may be completely absent from the a-granules whereas in type II disease it may be present in
normal amounts.7 The absence of aggregation in
these platelets has consequences beyond simply preventing the formation of thrombi. GPIIb/IIIa has an
accessory role in signaling and is critical for the development of procoagulant activity.8 In its absence these
functions are abnormal. Genetic defects in Glanzmann’s thrombasthenia affect either the gene coding
for the GPIIb (αIIb) or GPIIIa (β3). In the classic disease the phenotype could be affected depending on
the gene involved since β3 is also a partner in another platelet integrin αvβ3, the vitronectin receptor.9
Glanzmann’s thrombasthenia is particularly common in populations in which consanguineous marriages are frequent either because of tradition or due
to the isolation of minority groups. The GPIIb and
GPIIIa genes are large and complex, with 17.2 kbp
and 30 exons and 65 kbp and 15 exons, respectively.10,11 A large number of mutations leading to amino
acid substitutions, deletions, splice site mutations,
and deletions have been described as well as mutations leading to a premature stop codon. These have
been described in detail elsewhere in the literature.1219 The problems that they cause in protein folding or
complex formation leading to the manifested disorders can be divided into several broad categories;
deletions which affect the transmembrane region or
mutations causing a frame shift and leading to a premature stop codon.20 These cause type I disease
because the affected subunit is secreted and the other subunit is not expressed. Other mutations, for
example, in residues important for calcium binding

domains in GPIIb,21 affect levels of expression of the
protein but do not prevent it completely, leading to
type II disease. Depending whether the defect is in
GPIIb22 or GPIIIa (β3)23 another integrin (αvβ3) may
be affected. If GPIIb is absent, levels of αvβ3 are
increased, whereas if β3 is defective both GPIIb/GPIIIa and αvβ3 can be absent.9 Physiologic differences
resulting from the absence of one or the other subunit have not yet been noted. Recently, a β3 knockout mouse has been described24. Mutations affecting
disulphides in β3 can also give rise to folding defects
and to lower levels of expression in type II disease.25
More interesting variants of Glanzmann’s thrombasthenia involve mutations in the cytoplasmic domain
of either subunit. In such cases the glycoproteins are
often expressed in normal amounts but receptor
function is affected.26 Such variants often have normal levels of α-granule fibrinogen suggesting that the
acquisition of this protein does not require insideout activation of GPIIb-IIIa.
(B) Bernard-Soulier syndrome
Bernard-Soulier syndrome (BSS) is a disorder of
GPIb/IX.27 Patients have a prolonged bleeding time,
often giant platelets, a variable but generally reduced
platelet count and increased platelet turnover.28,29
Aggregation is normal to a wide range of platelet agonists but is abnormal to von Willebrand factor (vWF)
in the presence of ristocetin or botrocetin. Responses to thrombin are abnormal at low doses of thrombin but are apparently normal at higher doses.30 Resting platelets have a higher procoagulant activity than
normal but show a defective, lower expression than
normal when activated.31 The GPIb/V/IX complex
consists of four subunits, GPIbα, GPIbβ, GPIX and
GPV,32,33 all belonging to the leucine-rich repeat family.34-37 The stoichiometry of the complex appears to
be 2:2:2:1 suggesting a sandwich-like structure.
Defects leading to BSS have been reported in all of
the genes except that for GPV. In classic BSS all four
subunits are absent from the platelet surface
although traces may be found in platelets after lysis
with detergent. As in Glanzmann’s thrombasthenia
variants are known in which the glycoprotein is
expressed at a lower level. Expression of GPV, or its
stability at the platelet surface is dependent on
expression of the rest of the complex and the stoichiometry appears to be maintained. However, it has
now been shown clearly in GPV knock-out mice that
neither the expression of the rest of the complex, nor
its function, is affected by the lack of GPV.38,39 Again
as in Glanzmann’s thrombasthenia, the phenotype
is related to the type of defect. Deletions affecting
the transmembrane region of GPIbα or mutations
causing a frame-shift and leading to a premature stop
codon coding for a protein lacking the transmembrane domain so that the mutant protein cannot
anchor in the membrane cause the classic type of BSS
and the other subunits are also absent.40,41 In such
patients as well as in the heterozygotes, the circulating levels of glycocalicin may be much higher than
normal, with unknown effects. A case was also
described with a mutation in the binding site for the
GATA-1 transcription factor in the promoter for
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GPIbβ for one allele leading to BSS because of a deletion in the other allele.42 Likewise, point mutations
which lead to severe folding problems in either GPIbα, GPIbβ or GPIX cause BSS with a strong decrease
but not total absence of the subunits.43-47 In fact it is
often possible to deduce which subunit contains the
mutation, based upon Western blotting or surface
labeling methods as it often shows an even lower level of expression than the others. Point mutations in
any of the GPIb/IX subunits which cause such marked
folding problems are generally either in cysteines
forming disulphide bridges or in strongly conserved
residues of the leucine-rich repeats, typically leucines
or asparagines. Mutation of other amino acids to
cysteine can also disrupt the disulphide bridge pattern. Although folding problems in either GPIbβ or
GPIX do not directly affect the GPIbα binding sites
they do affect complex formation between the subunits and hence surface expression of the complex.
Typical examples of such mutations are Cys209->Ser
in GPIbα,44 Asn45->Ser in GPIX46,47 and Tyr88->Cys in
GPIbβ.45 In practice, relatively few mutations in
GPIbβ have been detected, with mutations in GPIba
and GPIX predominating. In populations of Northern
and Central European origin the Asn45->Ser mutation in GPIX is particularly common and may be
responsible for up to 50% cases of BSS. Finally, as in
Glanzmann’s thrombasthenia there are occasional
mutations in which the GPIb/V/IX complex is
expressed in amounts varying from strongly reduced
up to normal levels but has impaired function. Several of these are mutations in the leucine-rich repeats
affecting less conserved residues or a conservative
mutation of a conserved residue. Thus, the Leu57>Phe mutation of GPIbα had only a slight effect on
the function of the complex.48 In the Bolzano variant
the mutation is Ala156->Val in GPIbα.49 This must
have a partial effect on local folding leading to a dysfunctional expressed protein since not only is vWF
binding absent but also various monoclonal antibodies fail to recognize the mutant protein; thrombin binding was, however, reported to be normal. In
variant Nancy I,50 a Leu179 of GPIbα is deleted giving partial expression of a misprocessed molecule
with missing O-glycosylation and, again differences in
monoclonal antibody recognition.
The fact that any glicoprotein is expressed at all
suggests that in this case the deletion of one conserved leucine from a sequence of three in a row
allows one of the others to partly compensate. An
unusual mutation of a conserved leucine, Leu129>Pro, in GPIbα gave about 40% normal vWF binding
but with 100% GPV expression implying again only a
minor effect on conformation.51 Note that this mutation lies near a β-sheet/α-helix boundary and that
proline is often found at such sites. Several mutations
affecting the transmembrane region or associations
with other subunits allowed some expression of a correctly folded extracellular domain. Nevertheless,
because the connection to the cytoskeleton or to
cytoplasmic signaling molecules is abnormal the
receptor does not function correctly.45,52 Such mutations are very useful for exploring the function of the
GPIb/V/IX complex.

(C) Platelet-type (or pseudo-) von Willebrand
disease
Platelet-type von Willebrand disease (vWD) is also
a disorder of GPIb/IX but since its symptoms resemble those of type IIB von Willebrand disease it
acquired this rather misleading name (also accounting for the Pseudo). In this disorder mutations in
GPIb cause an enhanced interaction with von Willebrand factor.53,54 In fact, resting platelets in this disorder can bind vWF and aggregate, unlike normal
platelets. As a consequence, the plasma of these
patients becomes depleted in higher multimers of
vWF and the platelet/vWF aggregates are removed
by the spleen. The patients may therefore show symptoms similar to the commoner type IIB vWD which is
also caused by an inhanced interaction between GPIb
and vWF but in which the mutation is in the vWF.
Platelet-type vWD is a very rare disease but still needs
to be differentiated from type IIB disease. The classic
approach is by crossed aggregation experiments in
which plasma or washed platelets from the patient
are mixed with washed platelets or plasma, respectively, from a normal donor. The combination giving
spontaneous platelet aggregation is diagnostic for
the disorder, whether the platelets or vWF are abnormal. This first diagnostic step needs to be confirmed
by the presence of a mutation in GPIb or vWF. Surprisingly, patients with platelet-type vWD seem to
have a tendency to increased microthrombotic disease which might reflect oscillations in platelet/vWF
multimer stoichiometry. In platelet-type vWD,
patients with either of two different mutations
(Gly233->Val and Met239->Val) within the larger
loop of the GPIbα double-loops have been
described.53-55
(D) Bolin-Jamieson syndrome
This is still a poorly characterized disorder for
which only three known cases have been described.
The patients have a mild bleeding disorder linked to
a larger form of GPIbα from one allele.56-58 The disorder is therefore dominant. The larger form of GPIb
is thought to be caused by a higher multimer form of
the size polymorphism which occurs normally in the
mucin-like domain. The common polymorphisms are
the single (D) and double (C) copies of a 13 amino
acid segment in this region, complete with O-glycosylation. Rarer forms are the triple (B) and quadruple copies (A) found in European and East Asian
populations, respectively. It has been suggested that
in Bolin-Jamieson syndrome a still larger version with
seven copies exists.59 Even if this explanation is correct, it still remains to be shown why this should
cause a bleeding tendency. A possible explanation
might be that the mixture of long and normal (C or
D) forms on the platelet surface leads to a situation
in which vWF can bind less well than in the normal
situation with the more similar length C and D forms
alone. The B and A forms are fairly rare and it is not
known whether the A/C or B/D phenotypes show a
less marked bleeding tendency. This disorder awaits
input from expression of specific size polymorphisms
of GPIb in model cells or in the GPIb knock-out
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mouse. Studies on a role for size polymorphisms of
GPIb in cardiovascular disease have been rather
inconclusive.
(E) Collagen receptors
i) α2β1 (or GPIa/IIa)
Two cases of bleeding disorders related to α2β1
have been described, both involving female patients
with mild bleeding disorders.60,61 In the first case a
strong decrease but not an absence of this receptor
was observed. Studies with platelets from the patient
in a perfusion chamber model on stripped inverted
rabbit arteries showed a much decreased adhesion of
marginally activated platelets suggesting that initial
adhesion via GPIb/vWF had not lead to collagen
based adhesion. A second older patient described
soon after had similar symptoms also accompanied
by a much decreased expression of this receptor on
platelets. In addition, this patient also lacked intact
thrombospondin. Surprisingly, soon after, and coinciding with the patient reaching the menopause, her
bleeding problem disappeared and platelet protein
expression became normal. The first patient also
recently passed the menopause and her condition
has apparently also normalized (J.J. Sixma, personal
communication). Thus, the origin of this disorder
could lie in hormonal regulation of a transcription
factor for the promoter of the α2 gene, since other β1
integrins were not affected. Expression levels of α2β1
are variable within a normal population and are regulated by two silent polymorphisms in the α2 gene.62
Knock-out mice for the β1 integrin subunit have been
prepared but no differences in platelet phenotype
have not yet been reported.63 Knockout mice for the
α2 integrin are currently being prepared.
ii) GPVI
A patient with a deficiency in GPVI was first
described in 1989 in Japan2. The patient had a mild
bleeding disorder and only the aggregation response
to collagen was affected. Since then several other
patients have been described, including one in whom
10% of normal levels of GPVI were expressed,64 and
another case in which despite the absence of GPVI
the patient had made auto-antibodies to this receptor.65 So far the molecular defects have not been identified but the recent cloning of GPVI66 should allow
rapid progress in this area. In future, other cases may
be identified in which GPVI is normal but does not
function because of defects in the Fcγ subunit or in
coupling between the two.
iii) CD36
The role of CD36 as a collagen receptor is still controversial. Although there is some evidence that CD
36 is a collagen receptor,67,68 the fact that about 7%
of Japanese and sub-Saharan Africans as well as 0.3%
of Americans lack this receptor but show absolutely
no hemostatic problems, argues against an important function.69,70 In fact, there is more evidence that
CD36 functions as a scavenging receptor.71 The molecular basis has been identified as a polymorphism in
codon 90 which, if expressed, would lead to a Ser ->
Pro shift.72

(F) ADP receptors
Over the past few years several families have been
described with defects in their response to ADP leading to bleeding problems.3,73 Platelets from these
patients had a normal shape change and cytoplasmic
calcium signal in response to ADP, however ADP was
unable to cause a reduction in cAMP levels in PGE1treated platelets. Platelets also showed almost zero
binding of 2-Me-thio ADP. At present, platelets are
thought to have three ADP receptors, P2X1, P2Y1 and
P2T (also variously called P2YAC or P2YCYC).74 The
defect in these families therefore appears to lie in the
P2T receptor. Since this receptor has not yet been
cloned the molecular origin is still unknown. Recently, a child was identified in Belgium with a heterozygous defect in P2X1 causing a bleeding syndrome.
The molecular defect was localized to a leucine deletion in one of the two transmembrane domains.75
Since this receptor consists of three molecules forming a calcium channel the presence of one defective
molecule is sufficient to prevent a channel functioning. Although there are no known cases of disease
caused by a defect in the P2Y1 receptor, knock-out
mice for this molecule were recently prepared and
had a prolonged bleeding time.76 Thus, this receptor
must also be intact for a normal platelet response to
ADP.
(G) Thromboxane receptors
Patients have been identified with a bleeding disorder in which the platelet response to TXA2 is defective and an Arg60 ->Leu mutation was found in the
TXA2 receptor.77 Platelets contain many other receptors of the seven transmembrane domain/G-proteincoupled family, including thrombin receptors PAR-1
and PAR-4, serotonin, platelet activating factor,
lysophosphatidic acid, and chemokine receptors.
Thus, there is still plenty of scope for explaining
platelet-related bleeding syndromes.

Disorders of signal pathways
Only a small number of hereditary bleeding disorders have so far been ascribed to defects in signaling
molecules.78 The main reason for this is that this type
of molecular diagnosis remains quite difficult to perform. Signaling molecules are generally common to
many types of cells and defects may not produce
symptoms characteristic of a platelet defect. However, there are many patients with slight to moderate
bleeding problems in whom a molecular diagnosis
has not yet been made. Many mouse models from
which genes for specific signaling molecules have
been ablated have been prepared and have provided
much insight into the roles of these genes.79 The function of platelets has not been examined in all of these
models.
(A) Wiskott-Aldrich syndrome
Two forms of this disease have been described. The
more severe form is an X-linked recessive disease characterized by problems of the immune system. Involvement of platelets is also indicated as the platelets are
smaller than normal and function abnormally.80
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Hereditary X-linked thrombocytopenia is a milder
form affecting platelets but lacking immunological
problems.81 The gene affected in Wiskott-Aldrich syndrome codes for a 502 amino acid protein called
Wiskott-Aldrich syndrome protein (WASP).82 A wide
range of defects has been found in the WASP gene
causing absence or decreased expression of the protein.83 WASP is a cytoplasmic protein which is thought
to regulate actin filament assembly during platelet
activation. It has adaptor protein function and contains tyrosine phosphorylation sites. Through prolinerich motifs it can also bind to signaling proteins containing SH3 domains.
(B) Phospholipase C β2 isoform defect
One patient has been described with a selective
defect in a phospholipase Cβ2 isoform.84 This leads
to deficient responses to thrombin because cleavage
of phosphatidylinositol to IP3 and diacylglycerol is
decreased. The IP3 causes release of Ca2+ from sarcoplasmic reticulum, whereas the diacylglycerol activates protein kinase C. Both of these steps are important in the signaling pathways leading to activation
of GPIIb/IIIa. Consequently, this defect leads to a
bleeding disorder.
(C) Gα protein defect
A patient has been described with a specific defect
of Gα protein in platelets85 resulting in a poor
response to several agonists which have receptors
coupled to this protein. As above, failure to activate
appropriate pathways leads to inadequate activation
of GPIIb/IIIa and therefore to a bleeding disorder.

Secretion defects
Many different disorders fall within this category.
Platelets contain α-granules, which are the storage
site for a large group of proteins synthesized in
megakaryocytes, or endocytosed from plasma, dense
(δ-) granules, which contain nucleotides such as ADP
and ATP, serotonin and calcium, and lysosomes
which contain various enzymes. Disorders can affect
one or more of these granules or the transport pathways leading to them.86
(A) Grey platelet syndrome
This is a mild bleeding disorder affecting the alpha
granules.87 In many patients proteins synthesized in
megakaryocytes are constitutively secreted, indicating
a defect in the pathway to the alpha granules. It is
thought that the alpha granule membrane systems are
still formed and contain typical marker proteins such
as P-selectin. Many patients develop myelofibrosis
because growth factors are directly secreted by megakaryocytes. Platelet aggregation responses, particularly to thrombin, are affected. α-granule contents also
have a role in platelet procoagulant activity.88
(B) Quebec platelet disorder
This disorder has been described in two families
from Quebec.89 The α-granule proteins synthesized in
the megakaryocytes are heavily degraded whereas

plasma derived proteins are unaffected. Proteins
affected include multimerin, von Willebrand factor
and thrombospondin, all with important roles in
hemostasis. A possible cause could be a defective targeting of a protease intended for lysosomes or for
storage elsewhere in the α-granule.
(C) Hermansky-Pudlak syndrome
Hermansky-Pudlak syndrome is an autosomal
recessive disorder characterized by oculocutaneous
albinism and a bleeding tendency.90 Lysosomal storage is defective. In platelets both lysosomes and
dense granules are affected. Several varieties caused
by different defects are known. A major form is common in Puerto Rico and is caused by a 16 bp duplication in the gene producing a frameshift. Another
form also involving a frameshift was described in a
Swiss family. The protein involved is a 79 kDa transmembrane (crossing the membrane twice) and is a
component of multiple cytoplasmic organelles.91,92 It
is probably involved in organelle development.
(D) Chediak-Higashi syndrome
This is another rare autosomal recessive disorder
characterized by oculocutaneous albinism, immunologic deficiency (impaired chemotaxis and bactericidal activity), neutropenia, abnormal natural killer cell
function and a bleeding tendency.93 The platelets
(and other granule-containing cells) have giant inclusion bodies and organelles. The defective protein has
been characterized as a cytosolic 1501 amino acid
protein involved in vacuolar sorting and regulating
lysosomal traffic. Overexpression in fibroblasts leads
to smaller lysosomes. The protein contains hydrophobic helices and repeat motifs suggesting a role in regulating membrane-membrane interactions.94
(E) αδ-storage pool deficiency
In rare cases, both α- and δ-granules are affected
in a disorder with autosomal dominant inheritance.87
As might be expected, platelet aggregation is more
strongly affected than in disorders of only one type of
granule and adhesion may also be reduced.

Membrane organization defects
(procoagulant activity)
Formation of a stable thrombus, necessary to prevent bleeding and to initiate tissue repair, requires
the generation of thrombin from plasma prothrombin via the coagulation cascade. A vital part of this
process is the exposure of negatively charged phospholipids at the platelet surface.95 In all cells, including platelets, there is a mechanism to remove phosphatidylserine, -inositol and -ethanolamine from the
outer plasma membrane leaflet and transfer them to
the inner leaflet. The enzyme thought to be involved
and called an aminophospholipid transferase has not
yet been characterized.96 Likewise, for the programmed mixing of lipids of the inner leaflet with the
outer, a specific enzyme called scramblase was postulated, then characterized.97 Recently, there have
been doubts about whether or not other molecules
(flippases) are critical for this process98 but scram-
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blase was hypothesized to be possibly defective in a
new class of bleeding disorder.
(A) Scott syndrome
This is a rare, inherited disorder of phospholipid
scrambling on the surface of blood cells including
platelets.99 The asymmetry of the lipid bilayer is maintained under conditions in which, normally, the negatively charged phospholipids are exposed on the outer surface. Because of this thrombin generation is
reduced, leading to a low level of fibrin formation and
poor wound closure and healing. As mentioned above
the scramblase enzyme was thought to be affected in
this disorder but this now seems less likely.100
(B) Stormorken syndrome
Only one family has been found with this disorder
which appears to be due to the reverse situation from
that in Scott syndrome. Described in 1985, members
of three generations have several health problems
including a bleeding tendency.101 A common feature
is almost full procoagulant activity on resting
platelets and a high number of microvesicles in plasma. Platelets showed a normal response to all agonists except collagen. It is surprising that the clinical
aspect of this syndrome is not an enhanced thrombotic tendency but rather a bleeding tendency. Ex vivo
perfusion chamber studies showed that platelet
adhesion to a collagen surface was enhanced in these
patients whereas thrombus growth was decreased. It
is not clear why the negatively charged phospholipids
are present on the outer leaflet, nor whether this
reflects a defective aminophospholipid translocase
nor yet a constantly active scramblase.102
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CONGENITAL DEFECTS OF ADP RECEPTORS ON PLATELETS
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ABSTRACT
Of at least three classes of ADP receptor on
platelets, two have been cloned. The first, P2X1,
belongs to the ionotropic receptor family; the second, P2Y1, is a seven transmembrane domain
receptor associated with Gq. P2Y1 is involved in
the mobilization of Ca2+ and the shape change of
platelets treated with ADP. The third receptor,
termed P2TAC, is coupled to Gi and mediates inhibition of adenylyl cyclase. It is responsible for
macroscopic platelet aggregation. The congenital
defect described in the literature concerns this so
far uncloned receptor. Patients described by Cattaneo and his colleagues, and by us, have a specifically impaired platelet aggregation to ADP. The
intensity of the response is reduced and the aggregation is rapidly reversible at all doses of ADP. A
receptor defect was indicated, for while epinephrine normally lowered cAMP levels of PGE1-treated
platelets from the patients, ADP was without effect.
Another feature is a clear decrease in the number
of platelet binding sites for 2-MeS-ADP, a stable
analog of ADP. In contrast, shape change and Ca2+
mobilization are unaffected, and P2Y1 appears to be
normally present. Interestingly, the platelet abnormalities of these patients are paralleled by those
induced in normal platelets by the thienopyridine
anti-platelet drugs, ticlopidine and clopidogrel.
These compounds are widely used in the prevention
of thrombotic syndromes in patients with atherosclerotic disease. In this review, we report the principal clinical and biological features of the inherited syndrome associated with abnormal ADP receptors.
©2000, Ferrata Storti Foundation

Introduction
ADP is an important platelet agonist for thrombus
formation in vivo, being liberated not only from
platelets themselves but also from damaged vascular cells at the site of vessel injury and, perhaps, from
shear-affected erythrocytes.1 At least 3 classes of
ADP receptor are now known to be present on
platelets, and recently two of them have been characterized and cloned. The first is P2X1, an ATP-gated cation channel, first identified by whole cell patch
clamp studies, which mediates Ca2+-influx into
platelets.2,3 Somewhat surprisingly P2X1, which has
two transmembrane domains, appears not to be
required for platelet aggregation.4 The second receptor to be cloned is P2Y1, a seven transmembrane
domain protein, also present in endothelial cells and
many types of tissue.5-7 The principal responses of
P2Y1 engagement in platelets are Gq activation, Ca2+
mobilization from internal stores and shape change.
P2Y1 is coupled to phospholipase C and possibly
also to the low molecular weight G protein, RhoA.8,9
This receptor has a specific antagonist, adenosine-3’phosphate-5’-phosphate (A3P5P).10 Notwithstanding these advances, the congenital defect of the ADPdependent platelet activation pathway described by
Cattaneo and his colleagues11,12 and by us13,14 concerns another receptor yet to be cloned. This receptor has been termed P2TAC. In this review, we analyze
the results obtained in studies of this receptor and
patients with a unique pathology, which confirm
that a full platelet aggregation response to ADP
requires signaling through at least two receptor pathways.

The P2TAC receptor
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The receptor responsible for macroscopic platelet
aggregation induced by ADP has still not been structurally characterized. This receptor called P2TAC or
simply P2T (T=thrombocyte), has been presumed but
not proven to be unique to the megakaryocyte lineage. It is coupled to Gi (more specifically Gαi2) and
receptor occupancy leads to inhibition of adenylyl
cyclase.8 A family of competitive antagonists of the
P2TAC receptor was studied. These antagonists,
modified analogs of adenosine triphosphate (ATP),
have been demonstrated to reproduce inhibition of
adenylate cyclase, and to inhibit platelet aggregation
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induced by ADP.10,15,16 Antagonists such as ARC66096 and AR-C67085 are useful since they can be
used to inhibit platelet aggregation in vitro. They
therefore differ from the thienopyridines which are
pro-drugs with no activity in vitro but which give rise
to active metabolites after their metabolism in the
liver.17 AR-C66096 and AR-C67085 have a major
inhibitory effect on platelet aggregation without inhibition of platelet shape change and Ca2+-mobilization.10,18,19 Significantly, stimulation through another seven transmembrane domain receptor coupled
to Gi, as by epinephrine, can correct the inhibitory
effect produced by the antagonist AR-C66096 on
ADP-induced platelet aggregation.20

The Patients
(i) Clinical features: the patient (ML) we studied, is
a French male with a bleeding syndrome that has
been principally observed after trauma and surgery.
The initial diagnosis was made when he was 45 years
old, after an unexplained hemoptysis.13 The patient
is now 73 years old, and he has developed no signs
of atherosclerosis. His sister, now dead after suffering breast cancer, was similarly affected. The hemorrhagic syndrome was more severe in her case. She
had spontaneous episodes of bleeding, menorraghia
and prolonged epistaxis throughout her life. The
patient (VR) reported by Cattaneo et al.11 is an Italian man who was also diagnosed during adult life
despite a lifelong history of excessive bleeding.
Thrombin-induced clot retraction was normal in
both families.
(ii) Inheritance: consanguinity was reported in both
families, with the parents being first cousins with no
history of bleeding. The daughter of patient ML and
that of his affected sister have reported no excessive
bleeding, although the daughter of ML had intermediate levels of binding sites for 2-MeS-ADP and
appeared to be heterozygous for the disease.13 From
these observations, the inheritance of the defect may
be autosomal and recessive.
(iii) Platelet aggregation in citrated PRP: a decreased
response to ADP in citrated PRP is a common finding
in clinical situations. A distinguishing characteristic
of the patients described here is the very low maximal
intensity of aggregation (less than 30% in citrated PRP
even with 10 µM ADP) followed by a rapid and virtually complete disaggregation. Interestingly in patient
ML, 100 µM ADP did induce a partial improvement
although disaggregation again occurred. The
response observed in ML differs from that in citrated
PRP from patients with a cyclo-oxygenase defect (or
those who have taken aspirin), in whom ADP induces
a virtually normal first wave of aggregation even if the
second wave of aggregation is inhibited.21 Classically, in platelet storage pool diseases arising from a
decreased dense granule content and/or an abnormal secretory response, the response to collagen is
much reduced over a range of concentrations.22 In
both our patient and the Italian one, low doses of
collagen gave a significantly reduced response. However this tended to be corrected at higher doses of
collagen. A normal number of mepacrine-labeled
dense bodies and normal platelet storage pools of

ADP and ATP showed that the purported P2TAC deficiency had no influence on ADP storage or dense
granule maturation.13 The response to ristocetin was
normal, although waves of aggregation and disaggregation were sometimes observed, thereby resembling the response seen in Glanzmann’s thrombasthenia.23 Epinephrine induced an almost normal
aggregation in citrated PRP. Platelets from ML
responded to a low concentration of TRAP (thrombin
receptor activating peptide) by showing a reduced
aggregation, whereas normal results were seen with
high doses (such as 50 µM)13. Release of secreted
ADP has been shown to synergize the platelet
response obtained with a TXA2 agonist20 and recently also with TRAP acting through the PAR-1 receptor.24
(iv) Platelet glycoproteins and fibrinogen binding:
platelets from patient ML possess a normal complement of the major membrane glycoproteins as determined by either flow cytometry or SDS-polyacrylamide gel electrophoresis.13 In particular, GP IIb-IIIa
complexes were present in usual amounts on the
platelet surface and GP IIb and GP IIIa showed a normal migration and staining intensity when examined
by 2-dimensional electrophoresis. Flow cytometry
using FITC-fibrinogen or a rabbit anti-fibrinogen antibody showed that in unstirred suspensions ML’s
platelets bound small but much reduced amounts of
fibrinogen and that binding occurred within one
minute of adding the ADP.13 Interestingly, the fibrinogen binding appeared not to be reversible. The
use of a range of monoclonal antibodies (MoAbs)
recognizing activation-dependent epitopes on GP IIbIIIa showed only partial activation of GP IIb-IIIa complexes.13 These antibodies included (i) PAC-1, which
recognizes activated but unoccupied GP IIb-IIIa, (ii)
AP-6, an anti-LIBS (ligand-induced binding site)
MoAb that recognizes GP IIb-IIIa complexes after fibrinogen has bound, and F26, an anti-RIBS (receptorinduced binding site) MoAb that recognizes fibrinogen exclusively bound to GP IIb-IIIa. More information on these MoAbs and their epitopes is to be
found in the paper by Nurden.25 Typical results using
PAC-1, AP-6 and 5H10, a MoAb to P-selectin,25 are
shown in Figure 1.
(v) Combinations of agonists and washed platelets: the
results of Cattaneo et al.11 suggested that the platelets
of patient VR responded even less well to ADP after
washing, and we have observed a similar finding for
patient ML. This may be because in citrated PRP, the
low levels of extracellular Ca2+ potentiate the formation of TXA2, which then acts synergistically with
ADP. We therefore decided to test different combinations of agonists after the platelets in PRP had
been incubated with aspirin as described by Paul et
al.,20 then sedimented in the presence of 0.05 U/mL
apyrase, 100 nM PGE1 and ACD-A prior to being
resuspended in a Tyrode buffer26 containing 0.05
U/mL apyrase to avoid ADP receptor desensitization.
Experiments were performed in order to verify
whether synergic activation of Gi or Gq proteins by
way of other seven transmembrane domain receptors, could restore the impaired response of the
patient’s platelets to ADP. Thus Gi was stimulated by
epinephrine, whereas Gq was tested by the addition
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Figure 1. Flow cytometric analysis of activation-dependent
markers on GP IIb-IIIa complexes. Citrated whole blood from
patient ML or a control donor (C) was added to tubes containing fibrinogen (for AP-6) and a MoAb to an activationdeterminant of platelets (see Figure). Tubes were incubated for 15 min without agitation in the presence (shaded
histograms) or not of 10 µM ADP prior to the addition of
dichlorotriazinylamino fluorescein conjugated F(ab’)2 fragments of donkey anti-mouse IgM or FITC-labeled F(ab’)2
fragments of sheep anti-mouse IgG. After 15 min, aliquots
(10,000 cells) were analyzed by flow cytometry. Further
technical details are given elsewhere.13 Results showed
that GP IIb-IIIa complexes on platelets from ML showed limited activation (PAC-1) and bound little fibrinogen (AP-6).
Some α-granule secretion occurred from the control
platelets; this was not seen for the patient.

of serotonin.20 If the hypothesis that the defective
receptor for ADP in this platelet disorder is a seven
transmembrane domain receptor coupled to Gi were
correct,27, 28 then these experiments would help in
clarifying the defect. Association of a low amount of
epinephrine with ADP induced a substantial correction of the aggregation of washed platelets for
patient ML (see Figure 2). Somewhat surprisingly,
addition of serotonin to ADP also partially corrected
the platelet aggregation. The fact that a major correction of the response to ADP was obtained after
stimulation of Gi with epinephrine is in agreement
with the presence of a genetic defect affecting P2TAC.
Nevertheless, the partial correction observed with
serotonin suggests that the defect in ML’s platelets
may extend beyond the Gi protein-signaling pathway.
(vi) Ultrastructural examination of ADP-induced platelet
aggregates: the characteristic morphology of a normal
platelet aggregate obtained when platelets are stirred
with 10 µM ADP in citrated PRP is illustrated in Figure 3. One feature is the presence of partially degranulated platelets in the center of the aggregate and a
ring formed of often entirely degranulated platelets at
the periphery. In contrast, aggregates of ML’s
platelets obtained under identical conditions were
small being composed of a few loosely bound and
partially degranulated platelets (Figure 4). Pseudopodia were, however, frequently seen, thereby confirming that shape change was occurring. It should be

Figure 2. Platelet aggregation patterns for the patient ML
as compared with a control donor (C). Washed platelets
were prepared as described by Paul et al.20 and stimulated
with 10 µM ADP (A), 10 µM ADP + 1 µM epinephrine (B),
and 10 µM ADP + 5 µM 5-hydroxytryptamine (C). Note the
substantial correction of the aggregation response of the
patient’s platelets by epinephrine reacting through Gi and
the partial correction by 5-hydroxytryptamine reacting
through Gq.

emphasized that the samples were taken at the peak
of the aggregation. One possible factor in the disaggregation observed for patient ML is the absence of
the ring of degranulated platelets. Secretion of adhesive proteins within the aggregates of normal donors
may result in stronger contacts between platelets.
Immunogold labeling with AP-6 (an anti-LIBS, see
above), or with an anti-fibrinogen antibody, confirmed that activation of the GP IIb-IIIa complex after
ADP stimulation was much reduced for patient ML,
with there being a much lower number of contact
points (and presumably fibrinogen bridges) between
platelet.13,14 Nevertheless, fibrinogen was normally
localized to the α-granules in the unstimulated
platelets, confirming that the purported P2TAC defect
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Figure 3. Electron micrograph showing the typical ultrastructure of a platelet aggregate obtained when citrated
PRP from a control subject was incubated with 10 µM ADP
in a platelet aggregometer. Samples were fixed at the peak
of platelet aggregation and observed by transmission electron microscopy as described elsewhere.14 Note that
platelets at the periphery of the aggregate are degranulated whereas a-granules (arrow heads) can still be seen in
some platelets at the center. Bar=1 µm.

is of no consequence to fibrinogen uptake and storage by platelets (Figure 4). The reduced number of
contact points between platelets may also help to
explain why the disaggregation occurred. Interestingly, once dissociated, the patient’s platelets
returned progressively to a discoid shape. Much
decreased fibrinogen and von Willebrand factor
binding to the ADP-stimulated platelets of the Italian
patient has also been reported.11,29
(vii) Intracellular signaling: the inability of ADP to lower the PGE1-increased level of platelet cAMP in
platelets from these patients showed that no activation of adenylyl cyclase was obtained and that signaling to Gi through P2TAC was not occurring. A similar abnormality was found in the patients described
by Cattaneo et al.11 and by us.13 When platelets from
the Italian patient were loaded with Fura 2/AM,
treatment of platelets with 10 µM ADP induced an
increase in [Ca2+]i although the intensity of the
increase was somewhat lower than for control
platelets. When platelets from patient ML were stimulated with ADP, Ca2+ uptake and mobilization from
internal stores were normal (JMP, unpublished
results). Tyrosine protein phosphorylation in ML
platelets stirred with ADP in the presence of fibrinogen was reduced with little phosphorylation of proteins of 80-85 kDa (cortactin), 100-105 kDa and
125-130 kDa.30 The latter are aggregation-dependent
phosphorylations in normal platelets and are the
result of ‘outside-in’ signaling through GP IIb-IIIa.31
Our results for platelets from patient ML confirm that
full integrin engagement following ADP stimulation
requires the P2TAC–activation pathway. They may
also signify a decreased formation of cytoskeletal

Figure 4. Electron micrograph showing the typical ultrastructure of a platelet aggregate obtained when citrated
PRP from patient ML was incubated with 10 µM ADP in a
platelet aggregometer. Samples were fixed at the peak of
the aggregation response. Ultrathin sections of samples
subsequently embedded in Lowicryl K4M were incubated
with rabbit anti-fibrinogen antibody followed by goat antirabbit IgG adsorbed on 5-nm gold particles.13 Note that αgranules (G) are abundantly labeled for fibrinogen but that
the platelet surface has few gold particles. Pseudopodia
can be seen, but the platelets are loosely bound and have
few contact points (arrow heads). Bar=1 µm.

complexes in ADP-activated platelets. A normal
phosphorylation profile with high doses of thrombin
showed that the platelet tyrosine kinases were present
and Western blotting showed that all G protein subunits tested (including Gi and Gq) were normally
located. A surprise result was the weak aggregation
of the patient’s washed platelets to IBOP, a TXA2
analog.30 Furthermore, tyrosine protein phosphorylation was decreased with IBOP and cortactin phosphorylation was transient. Identical results to those
obtained for the patient with IBOP were seen when
normal platelets were incubated with this agonist in
the presence of the CP/CPK scavenging system for
ADP. Both the aggregation and secretion responses,
measured in flow cytometry by P-selectin expression,
were decreased at lower doses of TRAP.13,30 Recently, a role for secreted ADP in platelet aggregation
induced by both U 46619 and thrombin has been
confirmed.20,24 More specifically, a role for secreted
ADP (and P2TAC) in the late activation of phosphoinositide 3-kinase has been established.24 Thus results
from our patient provide a physiologic basis showing
that crosstalk between receptor systems on platelets
is required for normal hemostasis and confirming the
importance of the receptor pathway that is defective
in this patient.
(viii) Quantification of platelet ADP receptors: the binding of [3H] 2-MeS-ADP decreased from 836±126
molecules per platelet from control subjects to 30±17
molecules per platelet from patient ML.13 A similar
Kd was found for the patient and for the controls. For
the Italian patient, comparable experiments with
[33P] 2-MeS-ADP showed a Kd = 5.4±2.1 nM with a
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Bmax = 601±125 sites/platelet for controls and a Kd
= 3.9±1.8 nM with a Bmax = 170±70 for the
patient.12 Thus, this patient showed a less severe
decrease in the total number of binding sites. In both
cases, the defect in agonist binding concerned the
number of binding sites but not their affinity. The
fact that the binding curves did not show two or
more classes of receptor for the controls suggests that
P2TAC and P2Y1 are binding 2-MeS-ADP with similar
kinetics. In experiments performed with A3P5PS, a
selective and competitive antagonist of P2Y1, Savi
and his colleagues showed a 27% inhibition of [33P]
2-MeS-ADP binding suggesting that P2TAC receptor
density is higher than P2Y1.32 Overall, the above
results provide strong evidence for deficient platelet
reactivity with ADP in the respective families but do
not exclude that patient ML shows additional defects
to the Italian patient.

Other ADP receptors
P2X receptors belong to the family of purinergic
receptor channels. The presence of P2X1 has been
reported in human platelets, but its precise physiologic role in platelets is not as yet known.2,3,33 Its structure as an ATP-gated cation channel suggests that it
is involved in Ca2+-uptake from the extracellular medium. No human pathology has so far been linked to
an abnormality of this receptor.
P2Y1 is a member of the seven transmembrane
domain family (see Introduction). The use of A3P5P
has shown that this receptor in platelets mediates
ADP-dependent shape change and Ca2+-mobilization
from internal stores.7 Two groups have produced
mice ‘knock-out’ for P2Y1.34,35 Platelets from these
mice show a severely decreased platelet aggregation
to ADP, and intracellular Ca2+-mobilization and their
shape did not change. A very high concentration of
ADP (100 µM) induced aggregation without shape
change. Nevertheless, ADP-induced inhibition of
adenylyl cyclase still occurred. The mice had no
apparent bleeding tendency. As expected, aggregation was impaired with other agonists under conditions in which ADP acts synergistically. The results
are therefore different from those reported for the
French and Italian patients who are the subject of
this review. Recently, the P2Y1 receptor was shown to
be normally present in the platelets of the Italian
patient.36 An interesting preliminary report concerns
a patient with a mild bleeding tendency and occasional weak ADP-induced platelet aggregation.37 In
this patient ADP normally activated Gi, but induced
no Ca2+-mobilization. Significantly, mRNA for P2Y1
was reduced by an estimated 75%. It will be interesting to learn more about this family. A nucleotidebinding site on GP IIb has been reported.38 This was
localized to an 18-kDa extracellular domain beginning at Tyr198. However, the significance of this finding remains obscure. Platelets from a patient with
Glanzmann’s thrombasthenia that lacked GP IIb and
GP IIIa bound [3H] 2-MeS-ADP with normal kinetics,
while PCR amplification and direct sequencing of the
cDNA encoding the corresponding region of GP IIb
of patient ML showed no changes (J Ruan and A Nurden, unpublished finding).

P2TAC - partial defects

Cattaneo et al.39 have highlighted a heterogeneous
group of platelet abnormalities characterized by the
association of a normal primary wave of aggregation
to ADP and other agonists, a normal platelet content
of granule constituents, a normal production of
TXA2, and an intermediate number of binding sites
for 2-MeS-ADP. These pathologies were called ‘Primary Secretion Defects’ (PSD). It was hypothesized
that a partial deficiency of the ADP P2TAC receptor
permitted primary aggregation but that release of
ADP did not occur. According to their hypothesis, an
initial release of ADP promotes amplification of the
secretion response. In the patients, this did not occur
and thus large irreversible macroaggregates did not
form. The relationship between this group of patients
and those described in this review in whom the ADP
functional response of platelets is more severely
affected is unclear. The adult daughter of patient ML
also had an intermediate number of binding sites for
2-MeS-ADP and the aggregation to ADP of her
platelets in citrated PRP was found to be normal
although reversible platelet aggregation was once
reported when she was a child. Whether the PSD
patients are true heterozygotes for a P2TAC gene
abnormality will only be answered when the gene has
been identified and sequenced.

Comparison of the platelet congenital
defects with the effects of anti-platelet
drugs acting against ADP receptors
Orally taken thienopyridines, ticlopidine and clopidogrel give rise to active metabolites that modify the
platelet functional response in a way that is very close
to that observed for patients with the congenital
defects described above.14 Thus, in both situations,
there is a specifically impaired response to ADP, with
a decreased intensity of platelet aggregation and
aggregates that rapidly dissociate. In neither situation is shape change or Ca2+-mobilization affected,
whereas ADP-induced inhibition of adenylyl cyclase
through Gi is impaired. Interestingly, clopidogrel
reduced the binding of 2-MeS-ADP to rat platelets by
about 70%.12,40 However, Savi et al.41 subsequently
reported that clopidogrel-treated human platelets
showed a more severe decrease with the results being
very similar to those seen for patient ML. This apparent difference in the sensitivity of rat and human
platelets to clopidogrel remains to be explained.
Studies on the tyrosine phosphorylation of rat
platelet proteins showed that clopidogrel inhibited
the phosphorylation of several proteins in platelets
stimulated by 2-MeS-ADP40 These inhibitions paralleled the inhibition of platelet aggregation. However,
the early phosphorylation of cortactin, a process
associated with shape change, was not inhibited.
Protein kinase C-mediated phosphorylations of plekstrin and myosin light chain kinase were little
changed. As already mentioned, a series of antagonists of P2TAC have been developed which are active
in vitro. They are analogues of ATP, which is a weak,
non-selective but competitive P2TAC receptor antagonist1. Successive, structural modifications have
resulted in molecules with high affinity for P2TAC,

Haematologica vol. 85 (the Platelet ADP Receptors supplement), June 2000

51

such as AR-C69931 (a therapeutically useful analog
of AR-C66096), which are potent and selective
antagonists.16 When tested in vitro using heparinized
PRP10 or washed platelets,42 these compounds
showed marked, selective inhibition of ADP-induced
aggregation.10,15,42 Their infusion in vivo in the rat produced a dose-dependent inhibition of ADP-induced
platelet aggregation.43

4.
5.
6.

Conclusions
A hereditary disorder of the platelet response to
ADP has clearly been identified, but the receptor
responsible for the abnormality has not yet been
characterized structurally. This situation contrasts to
that for P2Y1; the receptor has been identified, but
there is only a preliminary report of a human pathology. Thus the purported defects of P2TAC that are
responsible for the platelet abnormalities in the rare
patients described above, and which are very similar
to those induced in human platelets after subjects
have ingested clopidogrel or ticlopidine, require molecular confirmation. Indeed, it is not yet established
whether the P2TAC receptor is (i) absent or present in
severely decreased amounts, or (ii) it is present but
functionally defective. It remains conceivable that the
receptor is present but is permanently downregulated or desensitized. Whether the purported functions
of P2TAC correspond to a single uncloned receptor or
more is also difficult to determine. If P2TAC is a seven transmembrane receptor coupled to Gi, what is
the functional role (if any) of the inhibition of adenylate cyclase? Early studies suggested that cAMP was
not involved.1 More specifically, direct inhibitors of
adenylate cyclase such as SQ22536 do not induce
platelet aggregation or restore the response to ADP
from animals pretreated with clopidogrel.43 An alternative explanation is that whereas the Gi α-subunit
gives a functional measure of P2TAC activity, the signal that leads to platelet aggregation is transmitted
by the Gi βγ dimer. Thus an ADP-mediated activation
pathway probably remains to be identified. The
involvement of another G protein cannot be excluded, although mice deficient in Gq showed much more
extensive platelet activation defects than those
reported for the patients described here.44 Many
interesting questions wait to be resolved, not least of
these being whether these patients will prove to be
protected against atherosclerosis or arterial thrombosis. Significantly, the Italian patient also showed a
defective shear-induced platelet aggregation,45 confirming that ADP plays an important role in a process
that may have a key role in the development of coronary artery thrombosis.
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HUMAN ECTO-ADPASE/CD39: THROMBOREGULATION
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ABSTRACT
Vascular injury in coronary, carotid, and peripheral
arteries evokes local platelet activation, recruitment and thrombotic occlusion. Platelets are unresponsive to agonists in the presence of endothelial
cells, even in the absence of eicosanoids and nitric
oxide. We have characterized endothelial cell
CD39/ecto-ADPase as the prime thromboregulator.
CD39 rapidly and preferentially metabolizes ADP
released from activated platelets, thereby abolishing aggregation and recruitment. Our recombinant,
soluble form of human CD39, solCD39, a glycosylated 66 kD protein, possesses the same enzymatic and biological properties as full-length CD39. SolCD39 blocked ADP-induced human platelet aggregation in vitro, and inhibited collagen- and TRAPinduced platelet reactivity. SolCD39 was studied in
vivo in a murine stroke model driven by excessive
platelet recruitment. In CD39 +/+ mice, solCD39
completely abolished ADP-induced platelet aggregation, and strongly inhibited collagen- and arachidonate-induced aggregates ex vivo. When administered prior to transient intraluminal right middle
cerebral artery occlusion, solCD39 reduced ipsilateral fibrin deposition, decreased 111In-platelet deposition, and increased post-ischemic blood flow twofold at 24 hr. These results were better than those
obtained with aspirin. CD39 –/– mice, generated by
deleting exons 4-6 (apyrase conserved regions 2-4),
had normal phenotypes, hematologic profiles and
bleeding times, but exhibited a decrease in postischemic perfusion and an increase in cerebral
infarct volume as compared to genotypic CD39 +/+
controls. CD39 –/– mice, reconstituted with solCD39, had increased post-ischemic flow and were
rescued from cerebral injury. We conclude that solCD39 has potential as a novel therapeutic agent
for thrombotic diatheses.
© 2000, Ferrata Storti Foundation
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Introduction
Cell-cell interactions and cell-vessel wall interactions are of critical importance for hemostasis.
Many of these interactions occur via transcellular
metabolism, a locution that indicates reciprocal or
collaborative metabolism of signaling molecules by
different cells. This is particularly pertinent in the
case of endothelial cells and platelets. We currently
believe that endothelial cells downregulate platelet
reactivity via at least three different pathways: a cellassociated aspirin-insensitive nucleotidase,1 and two
independent short-lived fluid-phase signaling systems - eicosanoids such as prostacyclin (PGI2);2 and
the nitric oxide (NO) system.3 In 1991, we documented that platelet reactivity remained inhibited by
endothelial cells under experimental conditions
which rendered NO ineffective, even when both cell
types were aspirin-treated, to delete PGI2 from the
system. Using biochemical and functional measurement techniques, we determined that aspirin-treated human umbilical vein endothelial cells (HUVEC)
inhibited platelet function in vitro largely via metabolism of ADP from the releasate generated by platelets
activated by a variety of agonists. This metabolism of
ADP resulted in loss of platelet activation, release,
recruitment, and aggregation.1 This paradigm of
platelet inhibition is unique in that it does not interfere with platelet function except for removal of the
soluble phase agonist responsible for excessive
platelet activation and recruitment. Such conditions
would otherwise promote thrombosis. Our data suggest that enhancing the activity of this pathway has
a strong antithrombotic action, without significantly reducing the hemostatic effectiveness of platelets.

Identification of CD39 as the endothelial cell ecto-ADPase responsible for
Inhibition of platelet function
We initially identified the ability of endothelial cells
to inhibit platelet reactivity via metabolism of ADP,
rather than via eicosanoids or NO: aspirin-treated
HUVEC were incubated with radio-labeled ADP.
Under these conditions, no PGI2 was formed, and
any NO generated rapidly decayed or was blocked by
addition of purified oxyhemoglobin. Radio-TLC was
employed to separate and identify ADP and its
metabolites (Figure 1). Cell-free supernatant from
the incubation of HUVEC with ADP was transferred
to aggregometry cuvettes containing platelet-rich
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Figure 1. UVEC metabolism of ADP. HUVEC were incubated
for 5 min with 50 µM [14C]-ADP. ADP metabolites were separated by radio-TLC. The activity of 5’nucleotidase, as well
as adenosine deaminase is inferred from the rapid appearance of adenosine and inosine in these and other scans.
COS cells do not possess ecto-ATPase, -ADPase or
5’nucleotidase (data not shown). Was performed with An
InstantImager® (Packard Instrument Co., Meriden, CT, USA)
were used for detection and quantification.

plasma (PRP) to result in addition of 5 µM ADP if the
ADP had not been metabolized. However, the data
demonstrated that 14C-ADP and induction of platelet
activation decreased concurrently and rapidly. In
addition, AMP, accumulated transiently, was further
metabolized to adenosine and then deaminated to
inosine (Figure 1).1 We next sought to identify the
molecule(s) responsible for this presumed ADPase
activity. Initially, we established that the HUVEC
ADPase was a membrane-associated ecto-nucleotidase of the E-type.4 Characteristics of this enzyme
included Ca/Mg dependence, ineffectiveness of specific inhibitors of P-, F-, and V-type ATPases, and the
capacity to metabolize both ATP and ADP, but not
AMP. Such properties identified the HUVEC enzyme
as an apyrase (ATP diphosphohydrolase), ATPDase,
EC3.6.1.5.4 At the time, ecto-nucleotidase research
was severely hindered by difficulties in protein isolation. This was due to the low abundance of the protein(s) in a setting of high enzyme activity and their
sensitivity to denaturing agents.4-7 The HUVEC
enzyme is indeed an example of this.
A new nomenclature has recently been proposed to
unify usage in this rapidly evolving and broadening
field.8 According to this nomenclature, HUVEC ectoADPase/CD39 is human E-NTPDase-1.
In 1996, a soluble apyrase was purified from pota-

to tubers, and its cDNA cloned.9 Sequence analysis
revealed 25% amino acid identity and 48% amino
acid homology with human CD39.9 CD39 had been
cloned as a cell-surface glycoprotein,10 expressed on
activated B-cells, NK cells, and subsets of T-cells as
well as on some HUVEC cell lines.11 Nucleotidases
with homology to CD39 and potato apyrase are
expressed throughout nature in species as varied as
the garden pea, C. elegans and Toxoplasma.9 Interestingly, at least 4 regions within these molecules had
extraordinary homology, and were designated
apyrase conserved regions (ACR).9 From these
reports, we proposed that HUVEC ADPase is identical to CD39.12 This was based on the following observations: more than 95% of the ADPase activity from
an ADPase preparation purified from HUVEC membranes can be immunoprecipitated with any of several anti-human CD39 antibodies. Confocal microscopy and indirect immunofluorescence studies localized CD39 to the HUVEC cell surface. Most importantly, when we transfected COS cells with a vector
containing the cDNA for either human or murine
CD39, we could demonstrate expression of both
CD39 and ecto-ADPase activity on the COS cell surface. Polymerase chain reaction (PCR) analyses using
either authentic human CD39 cDNA or cDNA synthesized from HUVEC mRNA resulted in products of
identical size for each of four different CD39-specific primer pairs. Sequencing of the PCR products confirmed their identity in each instance. The PCR products encompassed 75% of the coding region of
CD39, including the original 4 ACR (apyrase domain,
Figure 2). In addition, Northern analyses demonstrated that HUVEC and MP-1 cells (from which
CD39 was originally cloned) contained same sized
messages for CD39. Protein purification studies of
ecto-ATPDases from different cell sources were
reported from other laboratories as well.13,14 Of critical importance were experiments in which COS cells
transfected with human CD39 cDNA acquired the
ability to block ADP-induced platelet aggregation.12
This occurred with COS cells transfected with either
human or murine CD39. Transfectants metabolized
ADP to AMP within 3 minutes. These observations
are especially pertinent to the time frame of events
leading to formation of a hemostatic platelet plug or
thrombus. We know that platelet adhesion to injured
subendothelium leads to immediate release of ADP
and recruitment of additional platelets to form an
occlusive thrombus in less than 4 minutes. This
chronology parallels the time-course we observed for
platelet inhibition by CD39-expressing cells and was
also commensurate with their respective ADPase
activities (Figure 3). These results amplify the importance of CD39 as a thromboregulator. They also represent the first direct demonstration of a physiological function for CD39 as an ADPase, i.e. blockade of
platelet responsiveness to the prothrombotic agonist
ADP via its metabolism to AMP. This phenomenon
might represent evolution of an endothelial mechanism targeted toward metabolism of prothrombotic
platelet-derived ADP in preference to ATP, thereby
controlling excessive platelet accumulation. The biological properties of CD39 suggested a novel strategy for therapeutic intervention. While aspirin treat-
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Figure 2. Domain structure of ecto-ADPase/CD39. Two
transmembrane regions are located near the amino and carboxy termini; a hydrophobic sequence is centrally located.
The putative apyrase conserved region (ACR) is shown on
the left side as apyrase domain, adjacent to the N-terminal
portion. Cysteine residues are marked as C. The engineered
soluble form of CD39, containing a Flag tag and IL-2 secretion leader, and lacking the two transmembrane regions, is
presented below for comparison.19

ment controls the prothrombotic action of thromboxane, it also prevents formation of the antithrombotic eicosanoid, prostacyclin, thereby limiting the
effectiveness of aspirin. Aspirin is also a relatively
promiscuous acetylating agent, as we demonstrated
in 1970,15 with undesirable side effects. Another
endothelial thromboregulator, NO, is an aspirininsensitive inhibitor of platelet function. However, it
is inhibited in vitro and in vivo by hemoglobin following its rapid diffusion into erythrocytes,16,17 or reaction with albumin.18 Importantly, CD39 is aspirinindependent, and completely inhibits platelet reactivity even when eicosanoid formation and NO production are blocked. Based on the observation that
ADPase/CD39 is an effective physiologic and constitutively expressed endothelial cell inhibitor of platelet
reactivity, we postulated that a soluble form of the
human enzyme might represent a promising new
antithrombotic modality that could be evaluated in
vivo and ex vivo.

Inhibition of platelet reactivity by
recombinant soluble ecto-ADPase/CD39
(solCD39)
We hypothesized that a soluble form of human
CD39, retaining nucleotidase activities, could constitute a new antithrombotic agent to be administered to patients with a low threshold for platelet
activation. A recombinant, soluble form of human
CD39 was designed based upon the structure of
CD39 (Figure 2). CD39 contains two putative transmembrane regions near the amino and carboxyl termini, respectively. These serve to anchor the native
protein in the cell membrane. Modeling studies, antibody epitope analyses and sequence homology
demonstrated that the portion of the molecule
between the transmembrane regions is external to the
cell.10 The extracellular region contains the 4 ACR
characteristic of members of the apyrase family, in
concordance with the notion that the external portion of CD39 is critical for its ecto-ADPase activity.
To generate a soluble form of CD39, the extracellular domain, encoding 439 amino acids, was isolated
using oligonucleotide cassettes and PCR and placed

Figure 3. Blockade and reversal of platelet aggregation to
ADP by intact HUVEC, MP-1 cells (an activated B-cellline10), and COS cells transfected with full-length human or
murine CD39. PRP from a donor who had ingested aspirin
was stimulated with 10 µM ADP (A) in the presence of COS
cells transfected with empty vector; (B) in the absence of
any additions; and in the presence of (C) MP-1 cells, (D)
HUVEC, and COS cells transfected with (E) human CD39 or
(F) murine CD39. Expression of CD39 led to metabolism of
ADP in the platelet releasate, and acquisition of platelet
inhibitory activity.1

in a mammalian expression vector.19 Secretion of the
recombinant molecule was ensured by addition of
the IL-2 leader sequence. Following transfection with
this solCD39-encoding plasmid, COS cells generated
levels of ATPase and ADPase activity in their conditioned medium which increased linearly with time for
a 5-day period. No nucleotidase activity was generated following transfection with an empty or a truncated vector. SolCD39 was isolated from conditioned media derived from transiently transfected
COS cells using immunoaffinity column chromatography using an anti-CD39 monoclonal antibody, and
yielded a single ~66 kD protein with both ATPase and
ADPase activities. This suggested that the molecule
was properly glycosylated in this cell system, and this
is supported by the remarkable stability of the enzyme
both in vitro and in vivo. Incubation of the purified
protein with N-glycanase to remove N-linked oligosaccharides yielded a band with the predicted mole-
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Figure 5. SolCD39 is inactivated by FSBA (5’-p-fluorosulfonylbenzoyladenosine, an ATP analog which binds irreversibly to several ATPDases). ASA-treated PRP was incubated with 4.4 µg/mL solCD39, pre-treated with FSBA, or
without FSBA (mock). Platelets were stimulated with 10
µM ADP, and the aggregation response recorded. A full
aggregation response was obtained without added FSBA as
well as with FSBA-treated solCD39, but mock-FSBA-treated solCD39 inhibited ADP-induced aggregation to a similar
extent as untreated, buffer-exchanged solCD39.19

Figure 4. Inhibition and reversal of platelet aggregation.
PRP from a donor who had ingested aspirin was stimulated
with 5 µM ADP, 2.5 µg/mL collagen (Chrono-Log), or TRAP6
as indicated. In vitro platelet responses to these agonists
were strongly inhibited by both abciximab and solCD39.

cular weight of 52 kDa.19 Purified solCD39 blocked
ADP-induced platelet aggregation in vitro and inhibited collagen-induced platelet reactivity.19 In more
recent experiments, aggregation induced by the
thrombin receptor activation peptide (TRAP) was
also strongly blocked by CD39 (Figure 4). Based on
these data we postulate that collagen and TRAP
depend more on released ADP for recruitment and
aggregation than previously appreciated. A modified
CHO cell-based solCD39 expression system was
developed to increase protein production. Such production could be maintained as a stably expressing
line and could be grown in defined, serum-free medium to facilitate protein purification. Thus, the conditioned medium from these CHO cells contained
20-fold more ATPase and ADPase activity than that
from COS cells.19 Following administration of solCD39 to mice, enzyme activity was measurable for an
extended period of time. The elimination phase halflife was ~2 days.19 The ability of sol CD39 to inhibit
platelet activation was due to the enzymatic activity
of solCD39 and not to a covering up of some site for
essential for platelet responsiveness to ADP. This was
demonstrated by reacting solCD39 with FSBA (5’-pfluorosulfonyl-benzoyl-adenosine), an ATP analog
that blocks collagen-induced platelet activation and
reacts irreversibly with ATPDases found in several cell
types. Incubation of platelets with FSBA-treated sol-

Figure 6. Schematic depiction of thromboregulation by
endothelial cell ecto-ADPase/CD39. Platelet activation on
or proximal to a site of vascular injury induces release of
ADP from platelet dense granules (inset lower right).
Released ADP activates and thereby recruits additional
platelets which have arrived into the local microenvironment in the evolving thrombus. Activation and recruitment
of platelets in proximity to endothelial cells is inhibited by
metabolism of released ADP to AMP by endothelial cell
ecto-ADPase/CD39. CD39 does not act on the platelet per
se, but on the platelet “releasate”. These platelets then
return to an unstimulated state, thereby limiting thrombus
formation (inset upper left). Ecto-ADPase/CD39 has been
identified and functionally characterized as a physiologic,
constitutively expressed thromboregulator.1
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CD39 prevented inhibition of platelet reactivity to
ADP.19 The extent of inactivation of the enzymatic
activity of solCD39 paralleled the loss of platelet
inhibitory activity (Figure 5).19

Conclusions
Our data, obtained with a novel, soluble form of
recombinant human ecto-ADPase, solCD39, indicates potential for a new class of antithrombotic
agent acting via metabolism of a critical mediator.
SolCD39 blocks and reverses platelet activation, preventing recruitment of additional platelets into a
growing thrombus. In this manner, the extent of
occlusion as well as vascular wall damage during and
immediately after cardio- and cerebrovascular events
such as stroke, myocardial infarction, angioplasty,
and stenting might largely be prevented (Figure 6).
Importantly, because of its independent mode of
action, solCD39 could be combined with currently
utilized therapeutic agents, including heparin,
aspirin, and GPIIb/IIIa antagonists. Future plans
include generation of dose-response curves in mammalian stroke and coronary artery disease models
and, subsequently, initiation of phase I toxicity studies in man.
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ABSTRACT
The effects of purine nucleotides on platelets have
been known since the 1960s, when Born demonstrated aggregation induced by ADP and inhibited
by ATP. However, the mechanism of action of ADP
is not fully understood, and there has been controversy about the number of ADP receptors on
platelets. ADP causes shape change, aggregation,
mobilization of calcium from intracellular stores,
rapid calcium influx and inhibition of adenylate
cyclase, and the relationship between these is
becoming clearer. Two cloned P2 receptors have
been detected on platelets, one a cation channel
(P2X1), the other G protein-coupled (P2Y1), and a
third G protein-coupled receptor ("P2YAC") may also
exist. The P2X1 receptor is responsible for rapid
calcium influx and is activated by ATP as well as by
ADP, but is likely to be desensitized under normal
experimental conditions and its role is uncertain.
The P2Y1 receptor is thought to be responsible for
calcium mobilization, shape change and the initiation of aggregation, while the P2YAC receptor is
responsible for inhibition of adenylate cyclase and
is required for full aggregation. The structure-activity relationships for agonists and antagonists at
these receptors have been investigated to a limited extent, and while in general they are similar
some differences do exist. In particular, 2-alkylthiosubstituted analogues of ATP and AMP are selective competitive antagonists at the P2YAC receptor,
3’-substituted AMP analogs are selective P2Y1
receptor antagonists and the phosphorothioate
analogs of ADP have a lower efficacy for the P2YAC
receptor than for the P2Y1 receptor.
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Introduction
It has been known for many years that ADP aggregates platelets and that this aggregation is competitively inhibited by ATP, so these naturally-occurring
nucleotides have been regarded as the archetypal
agonist and antagonist respectively at platelet ADP
receptors.1,2 Indeed, the P2T receptor was originally
defined on this basis and thought to be different
from the other known P2 receptors in that ATP was
an antagonist rather than an agonist.3 The structureactivity relationships of this receptor have been
extensively investigated by looking at the effect on
platelet aggregation of a wide range of analogs of
ADP and ATP or AMP (also a weak antagonist). In
general it has been found that analogs substituted at
the 2 position of the adenine ring (for example 2methylthioadenosine 5’-diphosphate; 2-MeS-ADP)
retain activity and in some cases are more potent
than the unsubstituted endogenous compounds,
while alterations of the ribose ring or the phosphate
chain (for example replacement of a bridging oxygen with a methylene group, as in adenosine 5’-(α,βmethylene)-diphosphonate); α,β-me-ADP) in general reduce activity and substitutions at the 8 or N6
positions abolish activity.4,5 Overall these structureactivity relationships are most similar to those of the
functionally-defined P2Y receptor,5,6 now known to
be the cloned P2Y1 receptor.7,8

Comparison of aggregation and inhibition
of adenylate cyclase
Even in 1985 when the P2T receptor was so named,
it was a matter of controversy whether all the effects
of ADP on platelets were indeed mediated by a single receptor or whether more than one existed.4,9,10,11
In particular, interest focused on whether the ability
of ADP to inhibit adenylate cyclase was mediated by
a different receptor from that by which ADP induced
the functional effects of shape change and aggregation. Two lines of evidence first suggested that there
might be two ADP receptors on platelets, one concerning the effects of agonists and the other the
effects of non-competitive inhibitors of the effects of
ADP. With regard to agonists, it was reported that
two analogs of ADP substituted at the 2-position of
the adenine ring, 2-azidoadenosine 5’-diphosphate
(2-azido-ADP) and 2-MeS-ADP, were more potent

Haematologica vol. 85 (the Platelet ADP Receptors supplement), June 2000

59

as inhibitors of adenylate cyclase than they were as
aggregating agents.9,11,12 Whereas ADP itself is roughly equipotent for each effect, 2-azido-ADP and 2MeS-ADP are both about 5-fold more potent than
ADP as aggregating agents but around 20 and 200
times more potent respectively than ADP as inhibitors
of adenylate cyclase.9,11 This is not true for all 2-substituted analogs of ADP, as 2-chloroadenosine 5’diphosphate (2-chloro-ADP), like ADP, is roughly
equipotent for each effect.12 The enhanced potency
of 2-azido-ADP and 2-MeS-ADP for inhibition of
adenylate cyclase is not due to any other, non-receptor-mediated effect of these compounds, as they are
both competitively inhibited by ATP with an apparent pA2 value (a measure of antagonist affinity) similar to the pA2 value of ATP for inhibiting these
actions of ADP, indicating an action solely at an ADP
receptor.12 However, differences in potency for agonists are not by themselves strong evidence for different receptors, as potency reflects not only binding
affinity but also the ability to activate receptors (efficacy) and coupling of a single receptor to two different effector systems with different efficiencies could
explain these differences in potency. For example,
cloned 5-HT1A receptors expressed in HeLa cells couple to both inhibition of adenylate cyclase and stimulation of phospholipase C but the coupling to
adenylate cyclase appears to be stronger, so that agonists have a higher potency in this assay than if their
ability to mobilize calcium is measured, and compounds which are partial agonists for inhibition of
adenylate cyclase act as antagonists of the calcium
response.13 For antagonists however the pKB values
obtained (estimates of affinity) were independent of
the assay used, as expected because their effects
reflect simply binding to the receptor independent of
any effects of coupling. Differential effects for aggregation and inhibition of adenylate cyclase were also
obtained with three phosphate-modifed analogs of
ADP, adenosine 5’-O-(2-thiodiphosphate) (ADP-βS) and the RP and SP diastereoisomers of adenosine
5’-O-(1-thiodiphosphate) (ADP-α-S). ADP-β-S was a
partial agonist both for aggregation and for inhibition of adenylate cyclase, but its efficacy for aggregation was greater than its efficacy as an inhibitor of
adenylate cyclase, as it achieved 75% and 50% respectively of the maximal response to ADP in these
assays.14 The discrepancy was even more marked for
both isomers of ADP-α-S, which were partial agonists for aggregation with a similar efficacy to ADPβ-S, but actually acted as antagonists of ADP for inhibition of adenylate cyclase. The SP isomer was about
five-fold more potent than the RP isomer as an aggregating agent and as an inhibitor of the effect of ADP
on adenylate cyclase.15 These results were interpreted as suggesting that both effects of ADP and of these
analogs were mediated by a single receptor but that
the efficacy of the analogues in inducing the two
responses differed. These results, taken together with
those from the 2-substituted analogs discussed
above, do not fit with a model of a single receptor
coupled preferentially to inhibition of adenylate
cyclase,13 as the efficacy of the phosphorothioate
analogs is lower for inhibition of adenylate cyclase
than for aggregation. Instead, they would support a

model of agonist trafficking, in which different agonists
can activate receptors so that they preferentially interact with a certain signaling pathway.16 In this model
too the effects of antagonists would be expected to
be independent of the signaling pathway activated.
With regard to inhibitors of the effects of ADP, thiol
reagents such as p-mercuribenzene sulphonate were
reported to inhibit the ability of ADP to inhibit adenylate cyclase but not to cause shape change or aggregation,17 and it was suggested that they might selectively bind to an ADP receptor coupled to adenylate
cyclase.9,11 However, these compounds are clearly not
competitive antagonists and indeed also block the
inhibitory effect of adrenaline on adenylate cyclase,18
suggesting that their site of action is not in fact the
ADP receptor. Of more potential significance is the
action of an adenosine analog with some structural
similarities to ADP, 5’-fluorosulfonylbenzoyladenosine (FSBA), which has been used as an affinity
reagent for nucleotide-binding sites. FSBA inhibits
ADP-induced shape change and aggregation but not
the effect of ADP on adenylate cyclase, and this has
been taken as further evidence for the existence of
two ADP receptors on platelets.19,20,21,22,23 The 100
kDa protein labeled by FSBA has been called aggregin
and suggested to be the receptor by which ADP
induces shape change and aggregation,22,23 although
this has not been universally accepted, largely
because of the rather non-specific nature of the inhibition caused by FSBA24,25,26 and the difficulty of interpreting experiments carried out with an irreversible
affinity reagent of this type.27 An additional problem
with FSBA is that it has been reported not to inhibit
the increase in cytoplasmic calcium induced by
ADP,28 although this increase in calcium is believed
to be intimately involved with platelet activation by all
receptor agonists, not just ADP.29 Because of the irreversible nature of these inhibitors, an attempt was
made to find a number of truly competitive antagonists which could be used to investigate whether the
two effects of ADP are mediated by a single receptor.
ATP itself was used, together with 2-chloroadenosine
5’-triphosphate (2-chloro-ATP), adenylyl 5’-(β,γmethylene)-diphosphonate (β,γ-me-ATP), P1,P5diadenosine pentaphosphate (Ap5A), adenosine 5’O-(3-fluorotriphosphate) (ATP-γ-F), 2-chloroadenosine 5’-phosphorothioate (2-chloro-AMPS) and the
RP and SP diastereoisomers of adenosine 5’-O-(1thiotriphosphate) (ATP-α-S), and the competitivity
of these antagonists was tested and their affinity calculated using the rigorous pharmacologic approach
of Schild analysis.30 All these eight nucleotide analogs
were shown to act as competitive antagonists, and
there was a significant correlation between their
affinities calculated as antagonists of aggregation
and as antagonists of the effect of ADP on adenylate
cyclase.10 This suggested that these two effects are
mediated by a single type of receptor, although
another explanation of course is that these compounds were unable to discriminate between two different receptors. The non-specific P2 antagonist
suramin, which has a completely different structure,
was later also shown to inhibit both these effects of
ADP.31,32 Because of the suggestion, based on the
reported effect of FSBA, that ADP-induced calcium

Haematologica vol. 85 (the Platelet ADP Receptors supplement), June 2000

60

mobilization is mediated by a separate receptor from
that mediating aggregation,28 some of the analogs
mentioned above were also tested for their effects on
cytoplasmic calcium, measured in washed platelets
using fura-2. A good correlation was found for all
agonists and antagonists tested, including suramin,
2-MeSADP, ADP-α-S and ADP-β-S, between their
effects on aggregation and their effects on calcium.31,32,33,34 This strongly suggests that the effect of
FSBA on aggregation is not truly an effect via the ADP
receptor, but at some site distal to activation of the
receptor and activation of phospholipase C. Overall
there was also a significant correlation between the
effects of these compounds on calcium and their
effects on inhibition of adenylate cyclase.35 During
the search for competitive antagonists for ADPinduced aggregation, the actions of a series of 2alkylthio-substituted ATP and AMP analogs was
studied, and these compounds (including 2-methylthioadenosine 5’-triphosphate; 2-MeS-ATP) were
noted to be specific but apparently non-competitive
inhibitors, unable to inhibit ADP-induced aggregation completely but instead resulting in a partial
(approximately 50%) inhibition even at the highest
concentrations used.36 One of these AMP analogs,
2-ethylthioadenosine 5’-monophosphate (2-EtSAMP) was investigated further, together with an analogue of 2-MeS-ATP which had been stabilized to
avoid enzymic degradation to 2-MeS-ADP by the
replacement of the β,γ bridging oxygen by a methylene linkage (2-methylthioadenylyl 5’-(β,γ-methylene)diphosphonate; 2-MeS-β,γ-me-ATP).37,38 Each of
these compounds, like 2-MeS-ATP, partially inhibited ADP-induced platelet aggregation in a highly specific manner, but even at high concentrations could
only achieve about 50% inhibition. However, they
were each able to inhibit the effect of ADP on adenylate cyclase in an apparently competitive manner, and
their IC50 values for this were similar to their IC50 values as inhibitors of aggregation. This suggested that
they act by inhibiting only one component of the
action of ADP responsible for the induction of aggregation, and that this component is inhibition of
adenylate cyclase. This suggestion was strengthened
by the finding that 2-MeS-β,γ-me-ATP inhibited
aggregation induced by ADP-β-S (which does inhibit adenylate cyclase weakly), but not aggregation
induced by ADP-α-S (which does not inhibit adenylate cyclase).37,38 The overall conclusion from this
study was that ADP may induce aggregation by interacting
with two forms of a calcium-mobilizing P2T-purinoceptor, only
one of which is coupled to inhibition of adenylate cyclase and
at which alkylthio analogs of ATP and AMP are specific competitive antagonists.38 A series of ATP analogs structurally similar to 2-MeS−β,γ-me-ATP including 2propylthioadenylyl
5’-(β,γ-difluoromethylene)diphosphonate (ARL 66096) and 2-propylthioadenylyl 5’-(β,γ-dichloromethylene)-diphosphonate
(ARL 67085) have been shown to inhibit ADPinduced aggregation and are being developed as antithrombotic drugs.39,40 ARL 66096 also inhibits the
effect of ADP on adenylate cyclase but has little effect
on ADP-induced increases in calcium, phospholipase
C activation or shape change.41,42,43 2-MeS-ATP also
has only a weak effect on ADP-induced shape change

compared with its effect on aggregation, and like its
stable analogue 2-MeS-β,γ-me-ATP is a powerful
inhibitor of the effect of ADP on adenylate cyclase.44
It should be noted however that the effects of the 2alkyl substituted compounds on ADP-induced aggregation may depend on the experimental conditions
used, as 2-MeS-ATP and 2-MeS-β,γ-me-ATP are able
to abolish aggregation in washed platelets and
appear competitive but only cause a partial inhibition
in platelets in plasma.36, 37, 38, 39, 44
Although in the original classification of P2 receptors 2-MeS-ATP and ATP were reported to be agonists with a potency order of 2-MeS-ATP > ATP at the
functionally-defined P2Y receptor6 and also at the
cloned P2Y1 receptor,7 when carefully-purified compounds were used it was demonstrated that in fact
they were antagonists, as in the platelets, and indeed
the presence of the P2Y1 receptor on platelets was
directly demonstrated.45,46 In this study 2-MeS-ATP
had a slightly lower affinity for the cloned P2Y1 receptor than did ATP, suggesting that its previouslyreported higher potency as an agonist probably
reflects the relative potency as agonists of their breakdown products, 2-MeS-ADP and ADP respectively.
Interestingly, ARL 66096 was reported to be a very
weak antagonist of the cloned P2Y1 receptor,41 suggesting that the inhibitory actions of these compounds on platelets cannot be accounted for by
antagonism of the P2Y1 receptor. Two ADP analogs
with methylene linkages in the phosphate chain, α,βme-ADP and adenosine 5’-(α,β-ethylene) diphosphonate (α,β-ethyl-ADP) were shown to act as antagonists for ADP-induced aggregation but to have neither agonist nor antagonist activity for inhibition of
adenylate cyclase.47 The related analogue adenosine
5’-(α,β-imido) diphosphonate (α,β-imido-ADP) was
similar, having weak partial agonist activity for aggregation but again being neither an agonist nor an
antagonist for inhibition of adenylate cyclase.47 This
finding also did not support the idea that both effects
are mediated by a single receptor, but the very weak
effects of these compounds on aggregation made it
hard to investigate their mechanism of action rigorously. More usefully, a series of AMP analogs substituted on the 3’ position of the adenine ring such as
adenosine 3’-phosphate 5’-phosphosulfate (A3P5PS)
also have differential effects on ADP-induced
responses, and inhibit ADP-induced aggregation,
shape change and the increase in calcium, but not
the effect of ADP on adenylate cyclase.48,49,50,51,52,53 As
these compounds have been shown to be competitive
antagonists at the P2Y1 receptor,54 this suggested the
involvement of the P2Y1 receptor only in shape
change, aggregation and the activation of phospholipase C, but not in the inhibition of adenylate
cyclase, and led to the development of the currentlyaccepted model of ADP-induced aggregation. In this
model the P2Y1 receptor is responsible for the activation of phospholipase C, calcium mobilization and
shape change and another receptor, not yet cloned
but called P2YAC, P2YADP or P2T, for the inhibition of
adenylate cyclase, while the activation of both are
required for aggregation.48,49,50,55 That there are
indeed two G protein-coupled receptors for ADP on
platelets has recently been strongly supported by the
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generation of genetically-modified mice lacking the
P2Y1 receptor, in which shape change, calcium
increases and aggregation in response to ADP were
greatly reduced while the inhibition of adenylate
cyclase by ADP was unaffected.56 It is perhaps surprising that the adenylate cyclase linked P2YAC receptor has so far resisted attempts to clone it, which may
suggest that it has low sequence homology with the
known members of the P2Y family57 in spite of the
fact that its structure-activity relationships are quite
similar to those of the P2Y1 receptor (see below). It
clearly must be a member of the G protein-coupled
P2Y family of receptors, and indeed the inhibitory
effect of ADP on adenylate cyclase is thought to be
via activation of the G protein Gi2.58

Comparison of the P2Y1 and P2YAC
receptors
The current model requires some re-evaluation of
the known effects of agonists and antagonists on
platelet function, and explains many previous findings. In particular, it means that simply looking at
the effects of compounds on aggregation, although
functionally important, does not give clear information as to their effects on either the P2Y1 or the P2YAC
receptor but is a composite of the two effects.
Instead, to compare effects of agonists and antagonists on the two receptors it is more informative to
study increases in calcium or shape change as a measure of P2Y1 activation and inhibition of adenylate
cyclase for the P2YAC. This information is available
for a few compounds only (see Table 1), but some
conclusions can be drawn which give hints as to the
characteristics of the P2YAC receptor and how it differs from the P2Y1 receptor. ADP is an agonist with
equal potency and ATP an antagonist with equal
affinities for both receptors, and indeed it seems that
it is free unliganded form (ADP3-and ATP4-respectively) which is the active form in each case, as indicated by a comparison of shape change and adenylate cyclase inhibition in the presence and absence
of divalent cations.59 2-MeS-ADP is around 10-fold
more potent than ADP and in fact appears to act
with equal potency at each receptor, which is perhaps surprising given that the original suggestion that
there might be two receptors on platelets was made
at least partly because its potency in aggregation was
less than its potency as an inhibitor of adenylate
cyclase.11 2-chloro-ATP is roughly 10-fold more
potent as an antagonist of the effect of ADP on calcium than as an antagonist of its effect on adenylate
cyclase, while SP-ATP-α-S, Ap5A, β,γ-me-ATP and
suramin have apparently equal affinities for both
receptors. The 2-alkylthio-substituted analogs, 2MeS-ATP and 2-MeS-β,γ-me-ATP have approximately 100-fold higher affinity for the adenylate cyclase
coupled receptor compared to the P2Y1 receptor,
while A3P5PS has no effect on the P2YAC receptor at
a concentration of 100 µM but inhibits shape change
with a pA2 value of around 6, similar to the value
reported for the P2Y1 receptor in turkey erythrocytes.54 The two phosphorothioate analogs of ADP
are very interesting, as they appear to have much the
same affinity but different efficacies at the two recep-

tors. ADP-β-S acts as a full agonist for shape change
but is around 10-fold less potent than ADP, while it
acts as a partial agonist for inhibition of adenylate
cyclase but its pD2 value is similar in each assay. SPADP-α-S is also a full agonist for shape change and
is almost equipotent with ADP with a pD2 value of
5.9, but acts as an antagonist at the P2YAC receptor,
with a pA2 value of 5.1, similar to that of ATP. Overall the potency order for agonists at the P2Y1 receptor (judged by shape change or calcium mobilization) is 2-MeS-ADP > ADP = SP-ADP-α-S > ADP-β-S,
while for the adenylate cyclase coupled P2YAC receptor it is 2-MeS-ADP > ADP = ADP-β-S with SP-ADPα-S being an antagonist. For antagonists there are
some differences between the results obtained for
shape change and for calcium mobilization, but overall the affinity order at the P2Y1 receptor is SP-ATPα-S = 2-chloro-ATP = A3P5PS > 2-MeS-ATP = Ap5A
= ATP = suramin > β,γ-me-ATP = 2-MeS-β,γ-me-ATP,
while at the adenylate cyclase linked receptor it is 2MeS-β,γ-me-ATP = 2-MeS-ATP > ATP = SP-ATP-α-S
= Ap5A = SP-ADP-α-S = suramin > 2-chloro-ATP >
β,γ-me-ATP >> A3P5PS. ARL 66096 is clearly similar
to 2-MeS-β,γ-me-ATP in being selective for the P2YAC
receptor,41,42,43 but its affinity for the two receptors
has not been reported in such a way as to allow quantitative comparison. From published data it appears
to inhibit the effect of 10 µM ADP on adenylate
cyclase with an IC50 value of around 30 nM giving a
pIC50 value of 7.5,42 suggesting that it may have a
higher affinity for the P2YAC receptor than the 2methylthio substituted analogs, and it had no effect
on ADP-induced shape change at 10 µM,43 suggesting that its pA2 value for antagonism of the P2Y1
receptor must be less than 5. As an inhibitor of ADPinduced aggregation a pA2 value of around 9 has
been calculated,60 and by analogy with 2-MeS-ATP
this may indeed reflect its affinity for the P2YAC receptor. Indeed in general for antagonists, as expected,
the observed pA2 values for antagonists do reflect the
higher of their affinities for the two receptors.

Roles of the P2Y1 and P2YAC receptors
in platelets
Because aggregation is a complex process, the
results obtained using this measure of activation
depend greatly on the experimental conditions used.
In particular, as shown in Table 1, there are profound
differences for some compounds depending on
whether platelets are used in plasma or are washed
and resuspended in buffer. The differences are particularly pronounced for those compounds which
discriminate between the two receptors, such as the
2-alkylthio analogs and the phosphorothioate
analogs. In plasma the phosphorothioate analogs
ADP-α-S and ADP-β-S act as partial agonists, but in
washed platelets their efficacy is greatly reduced and
ADP-α-S acts as a pure antagonist. For the 2alkylthio analogs, in plasma their inhibition is only
partial whereas in washed platelets they can abolish
aggregation. In both these cases their effects in
washed platelets closely reflect their effects on adenylate cyclase, whereas in plasma the adenylate cyclase
effect can only account for part of their action. It
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Table 1. pD2 values for agonists and pA2 values for antagonists for aggregation, shape change, increases in calcium and inhibition of adenylate cyclase in human platelets.
Aggregation (PRP)

Agonists
ADP
2-MeS-ADP
ADP-β-S
SP-ADP-α-S
Antagonists
ATP
2-chloro-ATP
SP-ATP-α-S
Ap5A
α,β-me-ATP
2-MeS-ATP
2-MeS-β,γ-me-ATP
SP-ADP-α-S
A3P5PS
Suramin

Aggregation (washed)

Shape change

Increases in calcium

Inhibition of adenylate cyclase

(washed)

(washed)

(PRP)

5.5
6.5
4.7 (75%)†
5.4 (75%)†

5.7
7.0
<4
Antagonist (see below)

6.2
7.2
5.2
5.9

6.1
7.4
5.4 (60%)†
6.3 (60%)†

5.5
7.5
5.3 (50%)†
Antagonist (see below)

4.6
4.1
5.4
4.5
4.1
pIC50 = 6 (60%)#
pIC50 = 6.2 (50%)#
Partial agonist
(see above)
ND
Inactive

4.9
ND
ND
4.8
<4
7.0
ND
5.4

4.6
ND
ND
4.6
<4
5.2
4 (PRP)*
Agonist
(see above)
6.0
5.0

5.0
5.6
5.9
5.1
4.3
5.3? §
ND
Partial agonist
(see above)
5.4
4.6

5.2
4.5
5.3
4.8
4.2
7.2(washed)
7.3 pIC50 = 6.3
5.1

5.2
4.6

Inactive (washed)
5.1 (washed)

Values were measured in platelets either in plasma (PRP) or washed by centrifugation and resuspended in HEPES buffered saline, as indicated. pD2 = negative log
of the molar concentration of agonist required to achieve 50% of the maximal response. pA2 = negative log of the molar concentration of antagonist required to
cause a 2-fold shift of the concentration-response curve to ADP. †Partial agonist for this effect; the maximal response as a percentage of maximal response to ADP
is given in parentheses. #Partial inhibition of the response to ADP; the percentage inhibition achieved is given in parentheses. pIC50 values were calculated from
inhibition of the effects of 5 µM ADP. §The nature of the inhibition was not determined but did not appear to be simply competitive; however, this value was calculated from the shift in the concentration-response curve to ADP assuming competitive inhibition. ND: not determined. Data are taken from refs. #10, 12, 14, 15,
31, 32, 33, 36, 38, 44, 52, 59. * Hourani, Welford & Cusack, unpublished results.

appears likely that in unwashed platelets the P2Y1
receptor is capable of inducing a partial aggregation
which is greatly enhanced by coactivation of the
P2YAC receptor, whereas in washed platelets coactivation is necessary for any aggregation to be
observed. A study of platelets in plasma comparing
the effects of adenosine 3’-phosphate 5’-phosphate
(A3P5P, similar to A3P5PS) with those of ARL 67085
suggested that the P2Y1 receptor is responsible for
the initiation of a transient aggregation while the
P2YAC receptor determines the final extent of sustained aggregation.61 One explanation for the difference between washed platelets and platelets in plasma is that the act of washing the platelets results in
the release of ADP which selectively desensitizes the
P2Y1 receptor, reducing its ability to induce aggregation alone so that coactivation is now required. That
the P2Y1 receptor does desensitize more readily than
the P2YAC receptor was also suggested by the generation of genetically modified mice lacking CD39, the
main vascular ATPdiphosphohydrolase. Platelets
from these mice appeared to have been desensitized
in vivo as ADP-induced aggregation was much
reduced, and a selective desensitization of the P2Y1
receptor was suggested because ADP-induced aggregation could be enhanced by the addition of serotonin (which activates phospholipase C) but not by

adrenaline (which inhibits adenylate cyclase).62
Another possible explanation for the difference
between platelets in plasma and washed platelets is
that the presence of the plasma somehow enhances
the effect of the P2Y1 receptor. This is an important
issue because if the P2Y1 receptor does readily desensitize, then even in platelet-rich plasma the observed
responses to nucleotides may not be the same as in
vivo, as the very act of taking blood for experiments
will cause release of high concentrations of
nucleotides63 and and almost certainly some desensitization. This may help to explain why in studies on
platelets ATP has always been observed to be antagonist, whereas there is still controversy over whether
triphosphates are agonists or antagonists at the
cloned P2Y1 receptor.41,45,46,64,65 Whether this is also
the case for the P2YAC receptor is of course unknown
as this receptor has not been cloned yet.

The P2X1 receptor

The question of desensitization is also very important when considering the role of the third proposed
P2 receptor on platelets, the P2X1 receptor. The presence of an ADP receptor-operated channel allowing
entry of calcium was first suggested from functional
studies,66,67 and the presence of a P2X1 receptor has
now been directly demonstrated by molecular tech-
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niques.68,69,70,71 However, the significance of this
receptor is not clear, as ATP is more potent than ADP
at the cloned P2X1 receptor71,72 but as discussed
above agonist responses to ATP are not detected in
vitro under the normal experimental conditions. The
actions of ATP at the P2X1 receptor can only be
detected if the platelets are pre-treated with apyrase,
presumably to remove adenine nucleotides and
reverse the densitization caused by release of ATP and
ADP.73 Adenosine 5’-(α,β-methylene)-triphosphonate (α,β-me-ATP) and adenosine 5’-O-(3-thiotriphosphate) (ATP-γ-S) were also able to activate the
channel, but were less potent than ADP, and AMP
and UTP were inactive.73 In a direct study of the ability of analogs to stimulate a rapid calcium influx corresponding to activation of this channel a potency
order of ADP, 2-chloro-ADP, 2-MeS-ADP > ADP-βS, α,β-me-ATP > ATP, β,γ-imido-ATP was reported,
which is not identical to that expected for a P2X1
receptor.74 Again this suggests that the responses of
platelets in vivo may be rather different from the
responses observed in vitro. Indeed, when cells are
damaged or when platelets aggregate, both of which
are considered to be triggers for further agregation,
both ADP and ATP will be released so one might
expect that they would both cause platelet activation.

Conclusions
Overall, the current model of platelet activation by
ADP therefore includes three receptors, each with
rather different structure-activity relationships, which
act together to cause the functionally important
response of aggregation, a crucial event in hemostasis and thrombosis. The importance of the P2Y1
receptor is shown by the prolonged bleeding time and
resistance to thromboembolism (induced by a mixture of collagen and ADP) in the P2Y1 knockout
mice;56 the importance of the P2YAC receptor is shown
by the anti-thrombotic effects of the P2YAC-selective
antagonist ARL 6708540 and the clinical effectiveness
as antithrombotic drugs of ticlopidine and clopidogrel, which are believed to down-regulate the P2YAC
receptor in vivo by some unknown mechanism.75 The
physiologic and pathologic importance of the platelet
P2X1 receptor has yet to be established, although
investigation of the platelets from the recently-generated P2X1-knockout mice76 should prove very valuable. A fuller understanding of the ways in which these
three receptors interact to control platelet function in
vivo is essential for the future development of effective
antithrombotic drugs.
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PHARMACOLOGY OF AR-C69931MX AND RELATED COMPOUNDS:
FROM PHARMACOLOGICAL TOOLS TO CLINICAL TRIALS
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ABSTRACT
A pivotal role for adenosine diphosphate (ADP) in
platelet activation, aggregation and arterial thrombosis was proposed almost 40 years ago. However,
it is only recently that the identification of potent
and selective pharmacologic agents has enabled
definition of the mechanisms involved in the various
platelet responses to ADP. Pharmacologic studies
have identified the presence of P2X1 (cation influx)
and P2X1 (calcium mobilization) receptor subtypes
on platelets. The functional significance of the P2X1
receptor remains unclear, whilst P2X1 receptor activation has been linked to shape change (an early
event in platelet activation), and to transient
(loose) platelet aggregation. Importantly, sustained
platelet aggregation is dependent on stimulation of
a third subtype of P2 receptor which has a unique
pharmacology and, although G-protein coupled, has
been neither cloned nor identified in other cell types
and, therefore, cannot be allocated a definitive
home in the P2Y family. Thus, this P2 receptor can,
at present, retain the historical P2T designation
and is defined pharmacologically by highly potent,
selective, specific and competitive P2T antagonists, such as AR-C69931MX and AR-C67085MX.
In addition to their value in defining the P2 receptor pharmacology of the platelet in vitro, ARC69931MX and related compounds, unlike the
available P2X1 and P2X1 ligands, have properties
suitable for probing the pathophysiologic significance of P2T receptor-mediated platelet aggregation in vivo. Intravenous administration of ARC69931MX and AR-C67085MX in models of arterial thrombosis has shown that blockade of the P2T
receptor confers a unique anti-thrombotic profile,
characterized by anti-thrombotic efficacy superior
to that of aspirin and equivalent to that of fibrinogen receptor (GPIIb/IIIa) antagonists, without the
degree of compromise of hemostasis associated
with the latter class of agent. Similarly, in man,
potent inhibition of ADP-induced platelet aggregation by AR-C69931MX has been confirmed ex vivo
in both healthy volunteers and acute coronary syndrome patients, with a kinetic and dynamic profile
enabling a rapid degree of control of the anti-aggregatory effect with minimal effect on bleeding time.

The preclinical findings described above indicate
that P2T receptor-mediated platelet aggregation
plays a pivotal role in experimental arterial thrombosis. An important role for this pathway in arterial
thrombosis in man is suggested by clinical studies
with ticlopidine and clopidogrel, agents which indirectly (as prodrugs) attenuate P2T receptor-mediated platelet aggregation, albeit to a limited extent.
The ability of direct P2T receptor antagonists such
as AR-C69931MX to provide full inhibition of ADPinduced platelet aggregation in man in a controllable manner and without significant compromise of
haemostasis supports development of these agents
as novel anti-thrombotic drugs. Experience gained
with intravenous representatives of this class provides considerable encouragement for development
of orally-active P2T receptor antagonists and an
expectation that these will have significant advantages over other existing and emerging oral antithrombotic agents.
©2000 Ferrata Storti Foundation
Key words: AR-C69931MX, P2T receptor, platelets, ADP
receptors

pivotal role for adenosine diphosphate (ADP)
in platelet activation, aggregation and arterial
thrombosis was proposed almost 40 years
ago.1 Over the following decades, much effort has
been devoted to a deeper understanding of many
aspects of ADP-induced platelet activation: its role in
responses to other platelet stimuli; characterization
of receptor subtype(s) involved; the signal transduction mechanisms involved; its role in platelet-mediated thrombosis; the potential of inhibitors of ADPinduced platelet activation as anti-thrombotic drugs.
However, significant progress with many of these
investigations has been hampered by the lack of suitable pharmacologic tools and it is only recently that
the identification of potent and selective P2T receptor
antagonists has enabled definition of the mechanisms involved in the various platelet responses to
ADP. This overview summarizes some of the key
advances made using these compounds.

A

AR-C69931MX and related compounds
Correspondence: RG Humphries, Department of Discovery Bioscience,
AstraZeneca R&D Charnwood, Bakewell Road, Loughborough Leics,
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The properties of adenosine triphosphate (ATP)
as a competitive antagonist of ADP-induced platelet
aggregation were first described by Macfarlane and
Mills in 1975.2 This led to the original definition of
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Subsequent to the initial descriptions of ARC66096MX (pICP50 against ADP-induced aggregation of human washed platelets = 8.2) and ARC67085MX (pICP50 8.6), studies conducted by ourselves and other groups have revealed some additional properties of these compounds at high concentrations: partial P2YP1 agonist behavior of ARC66096MX in a high expression system;10 P2YP11 agonism with AR-C67085MX.11 These effects are less evident with AR-C69931MX and, with its anti-aggregatory potency advantage (pICP50 9.4), it has become
the compound of choice for ongoing investigations
by ourselves and other groups.
Further experience with these compounds has also
emphasized the importance of very careful definition
and control of agonist/antagonist incubation conditions, particularly when conducting quantitative pharmacologic studies for receptor characterization. This
reflects the observation that, while all 3 compounds
are competitive P2T antagonists under equilibrium
conditions, apparent non-competitive properties are
evident under non-equilibrium conditions.12,13 This
feature is particularly evident with AR-C69931MX and
can be a problem in functional studies in platelets
where the tendency for spontaneous platelet activation to occur with prolonged incubation times can
make it difficult to achieve true equilibrium.

the P2T subtype with the (then) unique pharmacologic profile of ADP as agonist and ATP as competitive antagonist.3 However, ATP is by definition a nonselective P2 receptor ligand, with low potency and
poor metabolic stability. These properties preclude
its use both as a pharmacologic tool for definitive
receptor classification in vitro and for exploring the
importance of the P2T receptor in thrombosis in vivo.
During the 1980s, significant advances were made
in the identification of analogues of ATP which were
resistant to breakdown by ectonucleotidases with
increased affinity for the P2T receptor. The key structure-activity relationships (SAR) observed were the
affinity-conferring properties of substituents in the 2position of the adenine ring4,5 and the metabolic stability afforded by α,β methylene substitution in the
triphosphate component of the molecule.6 While far
from optimal in respect of P2T potency and selectivity, these analogs provided a valuable SAR platform
for the subsequent medicinal chemical program conducted within our group. In a broad exploration of
SAR at a number of P2 receptor subtypes, a significant discovery was that unprecedented affinity and
selectivity for the P2T subtype was achieved with
extended alkylthio substitutions at the 2-position of
the adenine ring, resulting in identification of the
potent, selective P2T receptor antagonists, ARC66096MX7 and AR-C67085MX8 (FPL or ARL prefixes were used in early descriptions of these compounds; MX = tetrasodium salt). A continued synthesis/screening campaign led to identification of ARC69931MX, substituted in both the 2- and 6-positions.9 The structures of these 3 compounds, compared to that of ATP, are presented in Figure 1. All 3
compounds are potent inhibitors of ADP-induced
(P2T-mediated) aggregation of human washed
platelets and show at least a 3000-fold selectivity for
the P2T receptor over other P2 receptor subtypes
(P2YP1/P2XP1, see below) now known to be present
on platelets.
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The concluding sentence in the original description
of AR-C (then FPL) 66096MX read: «Identification of
FPL 66096, a P2T-purinoceptor antagonist of unprecedented potency and selectivity, provides a novel pharmacological
tool to clarify this issue further, to investigate the role of ADP
in platelet aggregation produced by other agents and for use
in the classification of P2-purinoceptors in general».7 While
the main thrust of our subsequent research activities
has been to evaluate the potential of P2T antagonists
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Figure 1. Chemical structures of
adenosine triphosphate (ATP), ARC66096MX, AR-C67085MX and ARC69931MX.
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as novel anti-thrombotic agents, arguably the most
significant scientific advance arising from availability
of AR-C69931MX and analogs has been resolution of
the long-running debate over whether 1 or 2 subtypes
of receptor are responsible for ADP-mediated platelet
activation. Thus, use by a number of groups10,14-16 of
selective P2T and P2Y1 antagonists, and/or exploitation of the susceptibility of P2Y1 receptors to desensitization, has led to the now widely accepted 3 receptor model, illustrated in Figure 2.
While the functional significance of the P2Y1 receptor on platelets remains unclear, P2Y1 receptor activation has been linked to shape change and to transient (loose) platelet aggregation. Importantly, sustained platelet aggregation is dependent on stimulation of the third (currently uncloned) subtype of P2
receptor,17,18 defined pharmacologically by highly
selective and potent competitive antagonism by ARC69931MX and analogues. To date, we have
retained use of the term “P2T” for this receptor, consistent with the original functional definition provided by ADP (agonist) and ATP (competitive antagonist).2 However, it is important to note that this profile alone, in the absence of confirmation by use of
one of the AR-C compounds, can no longer be considered definitive of the P2T subtype since recent findings indicate that, under conditions of low receptor
density, this agonist/antagonist profile can apply
equally to the P2Y1 receptor.10 This observation also
invalidates the use of the term P2YADP19 as an alternative to P2T since, under the conditions pertaining at
the platelet membrane, both the P2T and P2Y1 subtypes are “ADP receptors” within the P2Y family. Other terms in common usage (“P2TAC”, “P2YAC”,
“P2TCYC”) can be considered synonymous with P2T.

ADP/ATP
P2X1

P2Y1

A pivotal role for ADP in platelet
activation
Early studies designed to determine the importance
of released ADP in platelet responses initiated by other agonists provided conflicting results, principally
due to the inadequacy of the available tools: the ADP
scavenging enzyme, apyrase, or the ATP-regenerating
system creatine phosphate/creatine phosphokinase.20-22 The recent availability of selective P2T (and
P2Y1) antagonists has contributed to a growing body
of evidence indicative of a central and, in some cases, permissive role for ADP in responses to other
platelet stimuli. Thus, in human washed platelets in
a 96-well assay format (see below for importance of
defining assay system), an intact ADP/P2T axis is an
important component of collagen-induced platelet
aggregation and is essential to support aggregation
to the thromboxane mimetic, U44619, or platelet
activating factor (PAF).23 This pivotal role of the
ADP/P2T pathway has also been observed in human
blood when aggregation is induced by collagen, 5hydroxytryptamine (5HT), PAF, thrombin receptor
activating peptide (TRAP), U46619 and adrenaline.24
Although most stimuli of platelet activation cause
release of ADP from dense granules it has still, until
recently, been somewhat difficult to reconcile the
broad-spectrum inhibitory profile of P2T antagonists
with the fact that these compounds selectively target
just one receptor subtype for a single platelet agonist. However, building on the model of ADP-induced
platelet activation outlined in Figure 2, the initial finding that rapid and full expression of an ADP response
requires activation of both P2T (Gi-coupled) and P2Y1
(Gq-coupled) receptors25 has been expanded to a
working hypothesis that most platelet stimuli require
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Figure 2. The 3 receptor model
of ADP-induced platelet activation indicating site of action of
AR-C69931MX and analogs
and of thienopyridines.
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co-activation of both the Gi and Gq pathways and
that, certainly in the case of U46619-induced aggregation, the Gi component is provided predominantly via the P2T receptor.26 However, it is important to
note that experimental observations and interpretation regarding the relative contribution from the P2T
pathway can be significantly influenced by assay conditions. One example of this is that in a 96-well format with agitation by shaking of the plate, platelet
aggregation induced by U46619 is absolutely dependent on an intact P2T pathway.23 In contrast, with agitation by stirring in an aggregometer, the aggregation response to U46619 is only partially inhibited
by a P2T antagonist.7 One possible explanation for
this difference is that, in the latter system, other agonists signaling through Gi (eg. adrenaline) are better
able to substitute for removal of the P2T component.
It is likely that during thrombogenesis in vivo, the Gi
signal will be provided predominantly via the P2T
pathway due to the presence of very high local concentrations of ADP.27,28

ADP and other platelet responses
In addition to inhibition of platelet aggregation,
significant effects of P2T antagonism on other aspects
of platelet activation ([14C]5HT release, P-selectin
expression) have been observed following stimulation by the same range of agonists listed in the previous section.24 The effect on P-selectin expression is
particularly intriguing since, in addition to being
implicated in thrombosis,29 the platelet P-selectin/
monocyte sialyl Lewis X interaction, as one mechanism of localizing inflammatory cells to the vessel wall
as part of a growing thrombus, may be implicated in
both acute and chronic disease progression.30,31
Thus, it can be speculated that, by preventing this
interaction, P2T antagonists may have disease-modifying as well as anti-thrombotic properties. In sup-

port of this possibility, results obtained in the first
Phase II clinical study with AR-C69931MX showed
that intravenous infusion of the P2T antagonist abolished ADP-induced platelet/monocyte conjugate formation measured ex vivo.32

ADP in arterial thrombosis: hypothesis
testing with AR-C69931MX and analogs
In addition to their value in defining the P2 receptor pharmacology of the platelet and the role of ADP
in platelet activation in vitro, AR-C69931MX and
related compounds, unlike available P2X1 and P2Y1
ligands, have properties suitable for probing the
pathophysiological significance of P2T receptor-mediated platelet aggregation in vivo. Experience with these
compounds in a number of animal models (Table 1)
indicates that P2T receptor activation contributes significantly to arterial thrombosis and, therefore, that
P2T antagonists have considerable potential as a novel class of anti-thrombotic agent. An important
aspect of all these models is that there is no dependence on addition of exogenous ADP. Thus, they
serve as true hypothesis tests for the role of endogenous ADP in thrombosis. The physicochemical properties of the triphosphate P2T antagonists make them
suitable for parenteral administration only and the
kinetic properties of AR-C69931MX and ARC67085MX were designed to provide a rapid onset of
action when administered by intravenous infusion,
with a rapid reversal of effect following cessation of
infusion.
Consistent with the high degree of selectivity and
specificity observed in vitro, administration of antithrombotic doses of AR-C69931MX or ARC67085MX did not produce any hemodynamic
(blood pressure, heart rate) or hematologic (platelet,
red and white cell counts, prothrombin time, activated partial thromboplastin time) effects in vivo.

Table 1. Summary of the effects of intravenous infusion of the P2T receptor antagonists, AR-C69931MX and AR-C67085MX in
animal models of thrombosis.

Model

Endpoint

P2T antagonist

Comparator

Main Findings

Reference

Cyclic Flow
Reductions (CFR) in
dog femoral artery

Inhibition of CFR vs
prolongation of
bleeding time

AR-C69931MX
AR-C67085MX

Ro449883, GR144053,
Aspirin

Greater anti-thrombotic efficacy cf
aspirin. Equivalent efficacy cf
GPIIb/IIIa antagonists with markedly
greater anti-thrombotic/antihaemostatic separation.

(9, 33)

Prosthetic graft in dog
femoral arterial/arterial
shunt

Occlusion time

AR-C67085MX

Aspirin

Significant increase in time to
occlusion cf aspirin

(33)

Electrically damaged,
stenosed rabbit carotid
artery

Occlusion time

AR-C67085MX

Aspirin

Significant increase in time to
occlusion cf control. Aspirin no effect.

(33)

tPA lysis of dog
coronary artery
thrombus

Coronary artery
patency

AR-C69931MX

tPA + placebo

Significant improvement in post-lysis
patency cf placebo

(34)
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Comparison with other anti-thrombotic
approaches
Having demonstrated the anti-thrombotic potential
of P2T receptor antagonists, an important further consideration before progressing to clinical development
was to be confident that this novel approach can offer
some advantage compared to other established and
emerging anti-thrombotic therapies. Thus, an important component of our work in animal models of
thrombosis has been to obtain comparative data,
with particular focus on aspirin (as the established
“benchmark” anti-platelet therapy) and glycoprotein
(GP) IIb/IIIa antagonists (as the key emerging therapy, particularly in the acute, intravenous setting). In
studies conducted to date, AR-C67085MX has been
shown to be more effective than aspirin in preventing
thrombosis in the damaged, stenosed carotid artery
of the rabbit and in preventing thrombotic occlusion
of prosthetic (Dacron) grafts inserted in a femoral
arterial-arterial shunt in the dog.33 Of particular note
is the observation that intravenous infusion of either
AR-C69931MX9 or AR-C67085MX33 in a model of
dynamic arterial thrombosis (modified from Folts,35)
confers a unique anti-thrombotic profile, characterized by anti-thrombotic efficacy superior to that of
aspirin and equivalent to that of fibrinogen receptor
(GPIIb/IIIa) antagonists, without the degree of compromise of hemostasis associated with the latter class
of agent. Another interesting observation in these
experiments is that, for both the P2T antagonist and
GPIIb/IIIa antagonist mechanisms, substantial
(>90%) inhibition of ADP-induced platelet aggregation measured ex vivo is required for a full anti-thrombotic effect. While the relationship between the
degree of inhibition of platelet aggregation and clinical benefit remains to be fully established in clinical
practice, a recent study36 indicates that, in patients
undergoing coronary intervention, inhibition of
platelet function by GPIIb/IIIa antagonists by ≤ 70%
was associated with a higher risk of adverse events
compared with inhibition of > 70%. The preclinical
anti-thrombotic/anti-hemostatic profile observed for
P2T receptor antagonists suggests that, with this class
of agent, it may be possible to target high levels of
platelet inhibition with less concern regarding bleeding complications compared to the GPIIb/IIIa antagonists. For intravenous P2T antagonists such as ARC69931MX, this potential pharmacodynamic advantage is augmented by the high degree of control of
effect provided by the rapid onset/offset kinetic properties.

Comparison with thienopyridines
The foregoing discussion has highlighted the
importance of the ADP/P2T axis in platelet activation and in experimental arterial thrombosis. An
important role for this pathway in arterial thrombosis in man is suggested by clinical studies37,39 with the
thienopyridines, ticlopidine and clopidogrel, agents
which indirectly (as prodrugs, see Figure 2) attenuate
P2T receptor-mediated platelet aggregation, albeit to
a limited extent.40 As a result of the CAPRIE study,37
clopidogrel is now indicated for «the reduction of atherosclerotic events (myocardial infarction, stroke, vascular

death) in patients with atherosclerosis documented by recent
stroke, myocardial infarction, or established peripheral arterial disease». However, the degree of clinical benefit
observed with clopidogrel over aspirin in CAPRIE was
modest (relative risk reduction of 8.7% vs. aspirin)
and a crucial question for our program was whether
“direct” acting P2T receptor antagonists such as ARC69931MX have the potential to provide a greater
level of efficacy. At the current stage of development,
a comparison on the basis of relative clinical efficacy
was not feasible but, given the potential linkage
between anti-platelet and anti-thrombotic efficacy
(see above), a comparison of effects of ARC69931MX and clopidogrel on ADP-induced platelet
aggregation seemed worthwhile. Using whole blood
impedance aggregometry, we compared the effects of
a clinically-relevant concentration of AR-C69931MX
added in vitro with that of clopidogrel administered
orally at the approved therapeutic dose (75 mg/day)
to 8 healthy male volunteers for 11 days. Our findings41 of limited inhibition ex vivo of ADP-induced
platelet aggregation by clopidogrel (46% inhibition vs
10 mM ADP) were consistent with published data40
and contrasted markedly with the near complete inhibition observed with the direct P2T antagonist, ARC69931MX, added in vitro (97% inhibition vs 10 mM
ADP). These results are also consistent with preclinical findings in the rat indicating greater anti-aggregatory efficacy of AR-C67085MX compared with
ticlopidine.42

Clinical experience
The attractive preclinical properties of ARC67085MX and AR-C69931MX supported progression to clinical evaluation as a potential novel class
of anti-thrombotic agent and AR-C69931MX is currently completing its phase II program.
In phase I studies, intravenous infusion of ARC69931MX was well tolerated in healthy subjects and
produced dose-related inhibition of ADP-induced
platelet aggregation measured ex vivo.43 Full inhibition of the aggregation response occurred at doses
producing only modest prolongation of bleeding
time and reversal of effects was rapid and complete
within 20 min of cessation of infusion at the highest
dose (4 µg/kg/min iv).
The dynamic and kinetic profile of AR-C69931MX
makes it ideally suited as an anti-thrombotic for use
in acute coronary syndromes. In phase II evaluation in
patients with unstable angina/non Q-wave myocardial infarction44,45 or in those undergoing coronary
intervention,46 addition of AR-C69931MX (up to 4
µg/kg/min iv) to standard therapy with aspirin and
heparin (or low molecular weight heparin) has proven
to be well tolerated and not associated with any significant increase in major bleeding or major adverse
events.

Summary and conclusion
Understanding of structure-activity requirements
for the platelet P2T receptor has enabled development
of a series of highly potent and selective P2T receptor
antagonists. As such, AR-C69931MX and related
compounds have proven to be valuable pharmaco-
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logic tools in defining the P2 receptor pharmacology
of the platelet and in defining the role of ADP in
platelet activation in vitro. In addition, AR-C69931MX
and AR-C67085MX have properties suitable for
probing the pathophysiologic significance of P2T
receptor-mediated platelet aggregation in models of
arterial thrombosis in vivo. This has enabled demonstration that blockade of the P2T receptor confers a
unique anti-thrombotic:anti-hemostatic profile
which offers potential advantages over other antithrombotic approaches. Results from phase I clinical
evaluation of AR-C69931MX have shown that full
inhibition of ADP-induced platelet aggregation can
be achieved in man in a controllable manner and
without significant compromise of hemostasis. ARC69931MX is currently in late Phase II clinical development as an acute use anti-thrombotic agent,
intended for intravenous administration to patients
with acute coronary syndromes being managed with
or without intervention.
Experience gained with AR-C69931MX and
analogs provides considerable encouragement for
development of orally-active P2T receptor antagonists
and an expectation that these will have significant
advantages over other existing and emerging oral
anti-thrombotic agents.
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PHARMACOLOGY OF TICLOPIDINE AND CLOPIDOGREL
PIERRE SAVI, JEAN M. HERBERT
Cardiovascular-Thrombosis Department, Sanofi~Synthelabo, France

ABSTRACT
Large clinical trials performed with ticlopidine in
patients with atherosclerotic arterial diseases have
shown that it is of benefit to patients who are at
high risk of vascular events and have demonstrated to be more efficacious than aspirin. The search
for other active antiplatelet drugs within the original chemical class of the thienopyridines led to the
discovery of a new molecule: clopidogrel. Clopidogrel is a novel ADP-selective agent whose antiaggregating properties are several times greater than
those of ticlopidine and are apparently due to the
same mechanism of action (i.e. inhibition of ADP
binding to one of its platelet receptors). This effect
has been seen in various experimental animal
species as well as in healthy volunteers and in atherosclerotic patients. Of particular interest is the
ability of this drug to prevent arterial as well as
venous thrombosis in animals and also to reduce
myointimal thickening occurring after endothelial
injury of the rabbit carotid artery. Clopidogrel seems
to be better tolerated than ticlopidine and, on the
basis of the activity/toxicity ratio observed, is a
promising compound for evaluation in atherosclerotic cardiovascular and cerebrovascular diseases.
The clopidogrel anti-aggregating activity has been
attributed to a recently evidenced active metabolite, generated by hepatic metabolism, which reproduces in vitro all the antiplatelet effects of clopidogrel. This compound irreversibly affects the not
yet cloned ADP receptor P2YAC, triggering the activation of the GpIIb-IIIa complex and the platelet
aggregation when co-stimulated with P2Y1. The
efficacy of thienopyridines in preventing thrombosis
in atherosclerotic patients demonstrates that
P2YAC is a relevant target for antithrombotic drugs.
©2000, Ferrata Storti Foundation

Introduction
Over the last decade, considerable interest has
been focused on the role of platelets and platelet
inhibitor therapy in atherosclerosis-derived diseases.
The well-established role of platelets in arterial
thrombosis provided the rationale for the development of many drugs which inhibit platelet functions1
and the treatment of cardiovascular diseases and, in
particular, ischemic heart disease, has been unquestionably transformed by the use of anti-platelet therapy. Fortunately, there has been remarkable growth
in our understanding of the molecular mechanisms
of platelet aggregation and several new antiplatelet
agents have recently emerged. Ticlopidine was discovered in 1972 and developed as an antithrombotic
drug some years later. In 1978, ticlopidine was introduced on the market with a very narrow indication,
that of extracorporeal circulation. Then, having
proved its benefit, it became a useful antithrombotic drug. Ticlopidine has been shown to exhibit beneficial effects in patients with a transient ischemic
attack (TIA) or a reversible ischemic neurologic
deficit (RIND) or a minor stroke,2 in patients with a
recent history of a major ischemic cerebral event
related to atherosclerosis3 and in patients with
peripheral vascular disease.4 In this high-risk population, ticlopidine reduced cardiovascular morbidity
and mortality by 60% whereas there was no evidence
that aspirin was effective. Clopidogrel was discovered in 1986 and approved for use in western countries in 1997. This compound has been demonstrated to prevent cardiovascular death in atherosclerotic patients in CAPRIE, a randomized phase-III, tripleblinded clinical trial enroling more than 19,000
patients with atherosclerotic disease. It was shown in
this trial that clopidogrel was more effective than
aspirin in reducing the combined risk of ischemic
stroke, myocardial infarction or vascular death and
it might be used for widespread prevention of fatal
or non-fatal systemic ischemic events.5 The CAPRIE
study also showed that the overall safety profile of
clopidogrel was at least as good as that of mediumdose aspirin.

Pharmacology

Correspondence:Pierre Savi, M.D., Cardiovascular-Thrombosis Department, Sanofi-Synthelabo, France.E-mail: pierre.savi@sanofi.synthelabo.com

Ticlopidine and clopidogrel belong to the thienopyridine family of drugs. That having been said, the
presence of a methoxy carbonyl group on the benzylic position in the clopidogrel molecule provides
increased pharmacologic activity and gives this drug
a better safety profile. Clopidogrel is an S enan-
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tiomer, and when tested in animals, the corresponding R enantiomer was devoid of antithrombotic activity, indicating that this position is critical for the pharmacologic activity of the drug. The antithrombotic
activity of thienopyridines has been demonstrated in
several animal species and models of arterial thrombosis, some of which were insensitive to aspirin.6-8 In
various arterial-type models of thrombosis, clopidogrel exhibited a potent, dose-dependent antithrombotic activity, being approximately 50 times more
potent than ticlopidine and about 100 fold more
active than aspirin.6-15 In experiments aimed at determining the role of platelets in experimental venous
thrombosis, we showed that ADP-mediated platelet
activation played a major role in the development of
venous thrombosis under low thrombogenic conditions16 and suggested that clopidogrel may be of therapeutic interest in pathologies involving venous
thrombosis. A recent study from our laboratory17
gave further insight into these processes, showing
that clopidogrel was able to alter thrombin generation in rat platelet rich plasma, therefore confirming
that ADP-induced platelet aggregation is of particular importance in the triggering of venous-type
thrombosis. Since these compounds have been chosen for their ability to affect platelet aggregation
when tested ex vivo, their antithrombotic activity has
been attributed to this property but some attempts
have been made to find other pharmacologic effects
of thienopyridines, which could be relevant to their
antithrombotic effects. These include decrease of the
levels of circulating fibrinogen,18 increase of erythrocyte filterability,19 and stimulation of nitric oxide production.20 However, these effects, although contributing to the overall protective effect of these
drugs, seem to be of secondary interest with regard
to their antiplatelet activity. The effects of ticlopidine
and clopidogrel on platelet function have been extensively studied. A reduction of platelet aggregability
has been reported for numerous agonists, but the
effects against ADP were the most frequently
observed.6,7 Antagonism of the fibrinogen receptor
Gp IIb-IIIa,21 inhibition of the generation of
prostanoids,22 activation of adenylyl cyclase, and
inhibition of phosphodiesterases23 were first proposed as mechanisms responsible for the anti-aggregating activity of these compounds, but these
hypotheses were invalidated in further studies24,25,26,27
and it is now clearly admitted that these compounds
are selective inhibitors of ADP-induced aggregation.28

Mode of action of thienopyridines
ADP has been demonstrated to induce several
changes in platelets, only some of which are affected
by thienopyridines. In the 80s, this observation suggested that ticlopidine and clopidogrel interacted
with different transduction pathways but the recent
demonstration of the presence of different ADP
receptor types at the platelet surface now explains
the observed results. In the past, the ADP receptor
had not been identified as the target of thienopyridines, but by measuring the binding of [32P]-2-MeSADP to platelets, Mills et al. clearly demonstrated that
clopidogrel treatment affected ADP receptors on

human platelets.29 This inhibitory property of clopidogrel and ticlopidine was then confirmed by us in
rats.30 At the same time, based on clopidogrel selectivity and differences in ADP affinity, the presence of
two different ADP receptor types was first shown on
rat platelets.31
Thienopyridine-resistant platelet purinoceptors:
P2Y1
The clopidogrel-resistant effects of ADP were
attributed to platelet high affinity receptors, which
were recently identified as P2Y1.32 This receptor represents almost 20% of the receptors recognized by 2MeS-ADP at the platelet surface. When expressed in
Jurkat cells, P2Y1 behaves as a Gq-coupled receptor
triggering the activation of inositol phosphate metabolism and cytosolic calcium increase. These effects
are inhibited by A3P5P.33 The stimulation of platelets
with low ADP concentrations induces shape change,
release of calcium from internal pools and IP metabolism in a P2Y1-dependent manner, as shown by the
inhibition by A3P5P and the lack of effect of the
thienopyridines.32,33,34,35 Consequently, in rat platelets
treated with clopidogrel, no major changes were
observed in the ADP-induced phosphorylation of
plekstrine (p47) or myosin light chain (p20) phosphorylation, two processes linked to P2Y1 activation
by ADP.36 Recently, two different groups have generated P2Y1-deficient mice.37,38 These animals have pronounced defects in platelet functions including shape
change, cytosolic calcium increased and IP metabolism, but also aggregation. These observations clearly indicate that the P2Y1 pathway is activated during
ADP-induced aggregation, as proposed previously by
several authors.32,33,34 It should also be noted that
purine dependent calcium influx has been associated with the activation of another purinoreceptor present at the platelet surface: P2X1.34 The importance
of this calcium channel in platelet activation remains
controversial. We found that activation of this receptor by its major ligand α-β methylene-ATP neither
potentiated nor attenuated ADP-induced shapechange or aggregation.39 Similar findings were also
found in human platelets,40 but a recent report states
that platelets from a subject with a defect in P2X1
failed to aggregate after an ADP challenge.41 Clopidogrel has been shown not to affect P2X1 in rat
platelets.39
Thienopyridine-sensitive platelet purinoceptor:
P2YAC
The thienopyridine-sensitive receptor, named P2t
or P2YAC, whose structure has not been defined yet,
down regulates adenylyl cyclase through a Gi-dependent pathway when stimulated by micromolar concentrations of ADP.42 The presence of this receptor
does not seem to be restricted to platelets, since
ADP-dependent downregulation of adenylyl cyclase
has been observed in other cells, including rat C6
glioma cells43 and rat B10 cerebral capillary endothelial cells.44 However, attempts to find similar receptors linked to the same kind of regulation in cells of
hemapoietic lineage, including megakaryocytoblas-
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tic cell lines, have not been successful.45 The thienopyridine-related prevention of the ADP-induced inhibition of adenylyl cyclase is not directly responsible for
the anti-aggregating effect of thienopyridines, since
direct inhibition of adenylyl cyclase by SQ 22536 did
not affect the inhibition of the ADP-induced platelet
aggregation by clopidogrel.46 This, added to the fact
that adenylyl cyclase inhibition by SQ 22536 does
not potentiate platelet aggregation induced by
threshold concentrations of ADP, clearly indicates
that cyclase downregulation is an epiphenomenon
of platelet aggregation. This finding was controversially discussed by Weber47 but confirmed recently by
Kunapuli.48 Inherited defects of this pathway have
been reported by two independent groups, in both
cases being strongly comparable to subjects treated
by thienopyridines,49,50 including defective binding of
2MeS-ADP, defective ADP-induced cyclase downregulation and aggregation and defective hemostasis.
These observations, together with the pharmacologic effects of thienopyridines demonstrate the significance of the P2YAC in platelet aggregation.
Purinoreceptor-dependent platelet aggregation
Both ADP receptors have been demonstrated to
act in synergy to trigger platelet aggregation, each of
them being ineffective alone.32,33,34 Therefore, the inhibition of only one pathway results in a potent inhibition of ADP-triggered platelet aggregation. This
correlates perfectly with the in vitro effects of A3P5P,
the ex vivo activity of thienopyridines and the defects
observed in P2Y1-deficient mice and in patients with
a defective ADP pathway. Gp IIb-IIIa complex activation, which allows the binding of fibrinogen to
platelets has been demonstrated to be inhibited in
subjects treated with thienopyridines24,51 and in ADP
pathway defective patients,49,50 when platelet aggregation was stimulated by ADP. In the same way, by
electronic microscopy, strong similarities were noted
between platelet clots from clopidogrel-treated subjects and from ADP pathway defective patients,52
showing a loose-woven structure, with only few interplatelet contacts. Activation of P2Y1 and P2YAC pathways have been found to be mimicked by 5HT2A32
and alpha1-AR respectively,53 thus indicating that
they share common elements in their transducing
pathways. All the information acquired with
thienopyridines as pharmacologic tools has since
been confirmed with another P2YAC receptor antagonist, ARL66096.54

Metabolism
Ticlopidine and clopidogrel need to be administered in vivo to exhibit anti-aggregating activity. However, some direct effects of thienopyridines in vitro
have been reported: inhibition of platelet aggregation,55 inhibition of mitochondrial oxidative metabolism,56 anti-angiogenic57 and pro-apoptotic effects.58
Nevertheless, these effects (most of them being
observed at non-relevant doses) do not seem to
account for the ex vivo anti-aggregant activity of these
drugs, responsible for their antithrombotic properties. The anti-aggregating activity of ticlopidine only
occurs after repeated oral administration,6 whilst a

similar effect is obtained approximately 2 hours after
oral or intravenous administration of a single dose of
clopidogrel.7 The achievement of an anti-aggregating effect only after in vivo administration suggests
that the thienopyridines do not act directly on
platelets, and shows that an active anti-aggregant
substance must be produced through a metabolic
process. A study performed on clopidogrel confirmed
this hypothesis.59 We showed that the liver was the
metabolic site from which the anti-aggregant activity of clopidogrel originates. This was demonstrated
by functional hepatectomy, achieved by inserting a
portal-jugular shunt, which abolished the anti-aggregant effect of clopidogrel and by liver perfusion studies. We further showed that the hepatic bioactivation of clopidogrel required a cytochrome P450-1Adependent metabolism.60 A study of the metabolism
of ticlopidine resulted in the identification of about
twenty separate metabolites,8 representing approximately 30% of the initial compound, but none of
them had in vitro activity. The other metabolites representing approximately 70% of the initial compound
have not yet been identified but no study has been
able to demonstrate an anti-aggregant activity in the
plasma of treated subjects.51,61 This suggests that the
active metabolite(s) circulate at very low concentrations and/or may have a very short half-life/lives. Furthermore, since the platelets of clopidogrel-treated
subjects remain resistant to ADP even after washing,
the anti-platelet effects of clopidogrel are irreversible.51,61 The inhibition of platelet aggregation
continues after the end of treatment, and the rate at
which aggregation is restored correlates closely with
platelet production.7,8 These observations suggested
the presence of an active metabolite of clopidogrel,
produced by the liver, acting in an irreversible manner on platelets. This compound has recently been
purified and its chemical structure determined.62 It is
a thiol reactive of clopidogrel which directly targets
the P2YAC receptor at the ADP-binding site on
platelets. This interaction is highly specific and irreversible, two features which correspond to the antiaggregating activity observed after clopidogrel treatment.

Conclusions
In conclusion, thienopyridines, by irreversibly
antagonizing the P2YAC receptor on platelets, provide long lasting protection of platelets against ADP,
a key mediator of thrombosis. The selectivity of
thienopyridines with regard to platelet activation by
ADP has allowed the significance of the latter to be
evaluated in platelet physiology, pathophysiology,
hemostasis and thrombosis. These compounds have
enabled the discovery of several ADP receptors present at the platelet surface and allowed several biochemical changes to be clearly attributed to one of
these platelet ADP receptors. The existence of a congenital deficiency in ADP receptors, which duplicates
perfectly the effects of a thienopyridine treatment,
has confirmed these observations. Beyond the
observed cellular events, the effects on hemostasis
and thrombosis demonstrate the in vivo importance
of the P2YAC platelet purinoreceptor. Clopidogrel’s
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specificity for such a relevant activation pathway,
associated with it good tolerance profile are indicators of its efficacy and safety, such that this drug is
presently considered as the Gold Standard in secondary prevention in atherosclerotic patients.
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CLINICAL TRIALS WITH ADP RECEPTOR ANTAGONISTS
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ardiovascular disorders represent the first
cause of mortality and morbility in the western
world, therefore knowledge of the mechanism
leading to vascular occlusion is one of the major
objectives of future research. Cardiovascular disease
is essentially due to atherosclerosis of arterial wall,
plaque erosion or fissuring, representing a crucial
event in the formation of occlusive thrombi. Platelets
play a major role in vascular occlusion because clinical trials with antiplatelet demonstrated 25% reduction in the incidence of vascular death, myocardial
infarction and stroke in patients with several forms
of atherosclerosis. The pathophysiologic role of
platelets in vascular events is particularly evident in
the acute coronary syndrome in which this drug category significantly reduces cardiovascular events. The
role of platelets in the atherosclerosis progression is
still controversial as only meta-analysis provides
clear-cut evidence that inhibition of platelet functon
is really associated with reduction of cardiovascular
events.
Most trials with antiplatelet drugs, in the setting of
cardiovascular events, have been done with aspirin,
that inhibits cyclo-oxygenase enzyme and in turn
thromboxane A2, a potent aggregating and vasocostrictive substance. In the last two decades new
compounds have been developed with the aim of
inhibiting platelet function with alternative mechanisms of action.
Thienopyridines represent a relative novel category of drug that inhibit the aggregation of platelet
induced by ADP. Ticlopidine is the first compound
of this class of drug, that has been used in several settings of atherosclerosis disease. More recently clopidogel, a derivative of ticlopidine, has been developed and used for clinical purpose. This review will
focus on beneficial effects of this drug category in
several settings of cardiovascular disease.

C

Peripheral vascular disease (PVD)
PVD is essentially due to atherosclerosis of peripheral vessel; however it is also characterised by high
rate of mortality and morbility as a consequence of
cardiovascular accidents occurring in coronary and
cerebral vessel. Ticlopidine has been used in this setting with 2 aims:
1. preventing deterioration of peripheral vessels;
2. reducing cardiovascular mortality and morbility.

Correspondence: Prof. Francesco Violi, Institute of I Clinical Medicine,
University of Rome, “La Sapienza” University, Rome, Italy.

As far as peripheral vascular deterioration is concerned, ticlopidine has been shown to improve walking distance in patients with claudication. In a follow-up of 21 months we also showed that patients
with claudication treated with ticlopidine did not
show worsering of ankle/arm pressure ratio, which
is a good marker of atherosclerosis progression and
complication; conversely patients treated with placebo showed a progressive decrease of this index, thus
providing indirect evidence that ticlopidine could be
useful to retard atherosclerosis progression.1
As far as the prevention of cardiovascular disease
is concerned, ticlopidine has been investigated, compared to placebo-controlled groups, in claudicant
patients.2 During a follow-up of 5-6 years, ticlopidine-treated patients had a significant reduction of
fatal and non-fatal events, that did not, however,
reach statistical significance on an intention to treat
basis; conversely, on treatment analysis demonstrated a significant reduction of cardiovascular
events on ticlopidine-treated patients (Table 1).
Cerebrovascular disease
Two clinical trials have been done with ticlopidine
in patients with previous cerebrovascular disease
(CVD) for preventing further cardiovascular events3,4
(Table 2). In CATS study patients with definite stroke
were randomly allocated to placebo or ticlopidine
and followed-up for 2 years; end-points of the study
was a combination of ischemic stroke, myocardial
infarction and vascular death. The overall relative
reduction in the risk of the major vascular outcomes
was 23.3% (p=0.02) in the intervention to treat analysis and 30.2% (p=0.006) in the efficacy analysis. Clinical advantages were similar in men (–28.1%) and
females (–32.4%). In the TASS patients with TIA,
RIND or minor stroke were randomly allocated to
ticlopidine (250 mg b.i.d.) or aspirin (650 mg b.i.d.)
and followed-up for 3 years; primary end points of
the study were a cluster of stroke or death. Using
intention-to-treat analysis ticlopidine reduced by 21%
(p<0.005) the risk of stroke and by 12% (p=0.02) the
risk of non fatal stroke or vascular death when compared to aspirin. The reduction of relative risk was
particularly evident in the first year of follow-up and
tended to diminuish after 2 and 3 years of follow-up.
Unstable angina
Efficacy of antiplatelet drugs in unstable angina
has also been analyzed using ticlopidine, following
the same methodologic approach used in the American study, but including male and female unstable
angina patients treated with a standard therapy or a
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Table 3. STAI.

Table 1. STIMS.

STAI

STIMS
Patients

Chronic peripheral arterial disease.
Abnormal systolic pressure gradient
between upper arm and ankle

Intention to treat

All randomized

Efficacy

All intention-to-treat within 15 days of
drug discontinuation

Primary analysis

Intention to treat (2 tailed)

Primary outcome cluster

• Protocol endpoints fatal or non-fatal
or myocardial infarction and stroke plus
TIAs
• Study endpoints as above +
sudden death

Secondary outcome cluster(s)

—

Study size – patient numbers

687 patients:
ticlopidine: 346, placebo: 341

Mean follow-up

5.6 years

Patients
Intention to treat
Efficacy
Primary analysis
Primary outcome cluster
Study size – patient numbers
Follow-up

standard therapy plus ticlopidine (250 mg twice a
day)5 (Table 3).
After 3-6 months of follow-up, the study showed a
significant reduction in vascular death and non-fatal
myocardial infarction (46.3%) and in fatal and nonfatal myocardial infarction (53.2%). The effect
appeared after 15 days of treatment and was most
evident in patients with a previous history of myocardial infarction. Side effects observed in the group taking ticlopidine were most frequently gastrointestinal
disturbances (9.7%) and skin rash (1.9%). Fifteen

Unstable angina
All randomized
All intention-to-treat treat within
28 days after drug discontinuation
Intention to treat (2 tailed)
Fatal and non-fatal
MI or vascular death
652
3-6 months

patients (4.9%) taking ticlopidine discontinued treatment, 10 because of gastrointestinal discomfort, and
five for skin reactions.
These findings support the key role played by
platelets in the clinical evolution of unstable angina.
Comparison of risk reduction obtained with aspirin
or ticlopidine clearly shows that both drugs can
reduce the occurrence of serious vascular complications by about 50%. Comparison between these two
drugs is necessary in order to assess their risk/benefit in unstable angina patients.
CAPRIE
CAPRIE was a randomized, blinded, international
trial designed to assess the relative efficacy of clopidogrel (75 mg once daily) and aspirin (325 mg once
daily) in reducing the risk of a composite outcome
cluster of ischemic stroke, myocardial infarction, or
vascular death6 (Table 4).
After 1-3 years of follow-up, the study showed that
patients treated with clopidogrel had an annual

Table 2. TASS and CATS.
TASS

CATS

Patients

Stroke precursor/minor stroke

Completed stroke

Intention to treat

All randomized

All randomized but “truly ineligible”

Efficacy

All intention-to-treat except ineligibles and
within 10 days of drug discontinuation

All intention-to-treat within 28 days after drug discontinuation

Primary analysis

Intention-to-treat
(2 tailed)

Efficacy
(1 tailed)

Primary outcome cluster

Stroke or death

Ischemic stroke, myocardial infarction (MI), vascular death

Secondary outcome cluster(s)

Fatal or non-fatal stroke

• Stroke, MI, death
• Fatal or non-fatal stroke
• Vascular death
• Death

Study size – patient numbers

3069 patients
ticlopidine: 1529
aspirin: 1540

1,072 patients
ticlopidine: 531
placebo: 541

Mean follow-up

3.2 years

2 years
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Table 4. CAPRIE.
CAPRIE

Patients

Intention to treat
Efficacy
Primary analysis
Primary outcome cluster

Secondary outcome cluster(s)
Study size – patient numbers
Follow-up

Atherosclerotic vascular disease
(recent ischemic stroke, recent
myocardial infarction,
symptomatic peripheral arterial
disease)
All randomized
All intention-to-treat treat within 28
days after drug discontinuation
Intention to treat
Ischemic stroke,
Myocardial infarction,
Vascular death
• Amputation
• Death
19,185
Clopidogrel: 9599; Aspirin: 9586
1-3 years

5.32% risk of ischemic stroke, myocardial infarction,
or vascular death compared with 5.83 with aspirin.
These findings demonstrate that there was a significant (p=0.043) relative-risk reduction of 8.7% in favor
of clopidogrel (95% CI 0.3-16.5).
Side effects
The most frequent side effects with ticlopidine are
localized in the gastrointestinal tract and include
diarrhea, nausea, dyspepsia, and vomiting. Cutaneous rash is another frequent side effect occurring
in about 10% of patients. A severe side effect occurring in ticlopidine-treated patients is leukopenia; this
complication is described in <2% of patients partic-

ularly in the first 4 months of follow-up. This adverse
effect, however, was not observed with clopidogrel
treatment, that showed a rate of neutropenia of the
same magnitude (0.5%) showed by the aspirin group.
Conclusions
On the basis of the above reported studies with
ticlopidine and clopidogrel, it can be affirmed that
thienopyridines are as effective as aspirin in reducing
cardiovascular events in patients with atherothrombosis. Since these drugs affect two different pathways
of platelet aggregation, their combination has been
suggested as a valid approach for further preventing
cardiovascular events in acute coronary syndromes.
Clinical trials are in progress to answer this important
clinical issue.

References
1. Balsano F, Coccheri S, Libretti A, et al. Ticlopidine in
the treatment of intermittent calaudication: a 21
month double blind trial. J Lab Clin Med 1989; 114;
84-91.
2. Janzon L, Bergqvist D, Boberg J, et al. Prevention of
myocardial infarction and stroke in patients with intermittent claudication; effects of ticlopidine. Results
from STIMS, the Swedish Ticlopidine Multicentre
Study. J Int Med 1990; 227:301-8.
3. Gent M, Blakely JA, Easton JD, et al. The Canadian
American Ticlopidine Study (CATS) in thromboembolic stroke. Lancet 1989;1:1215-20.
4. Hass WK, Easton JD, Adams HP, et al. A randomised
trial comparing ticlopidine hydrochloride with aspirin
for the prevention of stroke in high-risk patients. N
Engl J Med 1989; 321:501-7.
5. Balsano F, Rizzon P, Violi F, et al. Antiplatelet treatment with ticlopidine in unstable angina. A controlled
multicenter clinical trial. Circulation 1990; 82:17-26.
6. A randomised, blinded, trial of clopidogrel versus
aspirin in patients at risk of ischaemic events
(CAPRIE). CAPRIE Steering Committee. Lancet 1996;
348:1329-39.

Haematologica vol. 85 (the Platelet ADP Receptors supplement), June 2000

Haematologica 2000; 85(the Platelet ADP Receptors Supplement):81-82

Closing remarks
Well established points
The model of three purinergic receptors mediating
all the effects of ADP on platelets, namely the ligandgated non-selective cation channel P2X1 responsible
for a rapid calcium entry, the P2Y1 receptor, coupled
to Gq, responsible for calcium mobilization, shape
change and initiation of platelet aggregation by ADP
and the yet unknown P2 receptor negatively coupled
to adenylyl cyclase (P2cyc), responsible for amplification and completion of the platelet response to
ADP is now well established and agreed by all the
investigators working in the field. Also well established, albeit less well known, are the methododologic problems in the study of platelet responses
to ADP. A special homage was rendered to J. Fraser
Mustard who defined factors influencing ADPinduced platelet aggregation. The role of external ionized calcium as well as of albumin in the suspensions
of washed platelets, the quality of the blood samples, the choice of anticoagulants, and comparison
between species, among other aspects, were discussed. Finally, there is consensus concerning the
structures of the cloned P2Y receptors and the pharmacology of 5 of them: P2Y1, P2Y2, P2Y4, P2Y6 and
P2Y11. The pharmacologic properties of the so-called
AR-C compounds as well as of the thienopyridine
compounds, selective antagonists and inhibitors of
P2cyc are also clearly accepted by all although some
controversies remained in terms of comparison of the
two classes of drugs. Finally, congenital disorders of
platelet function, among which the selective defect of
ADP-induced platelet aggregation related to a P2cyc
defect, were extensively reviewed.
New data
The following new data were presented:
1) ADP is an important cofactor in phosphatidylinositol 3-kinase (PI-3K) activation both in the
stabilization of TRAP-induced platelet aggregation and in FcγRIIa-induced platelet activation.
2) Gαi2 deficiency results in partial impairment of
ADP-induced platelet activation, confirming a
role for Gαi2 in ADP signaling.
3) The Gi pathway is a necessary complementary signal in platelet aggregation, independently of the
starting stimulus (PKC or PLC).
4) In Gαq knockout mice, ADP can restore collagen-induced platelet aggregation and, at very
high concentrations (100 µM), promotes partial
aggregation in the absence of calcium signaling
and shape change. Similarities of the Gαq deficient mice with the P2Y1 receptor knockout mice
were underlined.
5) The P2cyc receptor plays important roles in the
potentiation of platelet dense granule secretion
and in the exposure of phosphatidylserine and

thus, probably in thrombin generation. All these
points unravel the molecular mechanisms underlying the crucial role of ADP as a cofactor in all
aspects of platelet activation and emphasize the
involvement of the P2cyc receptor in these
processes. The effects of the new AR-C compound, AR-C69931MX, a selective P2cyc receptor antagonist, globally confirm these findings
since it was widely used either as a tool or as a
drug both in vitro and in vivo.
6) P2Y1 knockout mice are resistant to a thrombin
dependent-thromboembolism model. Moreover,
in vivo pharmacologic modulation of the P2Y1
receptor with MRS2179 results in a similar resistance to acute thrombosis induced either by collagen-adrenalin or by tissue factor. Thus, the P2Y1
receptor is a promising target for new antiplatelet
agents. The regulation of its gene expression by
thrombopoietin was also reported.
7) The well known refractory state of platelets to
ADP results entirely from the selective desensitization of the P2Y1 receptor probably by internalization while the P2cyc receptor is still functional
and responsive to ADP. A role for ADP in modulating platelet adhesion and limiting the expansion of the thrombus was also shown.
8) Recombinant CD39, the ectoATPDase or apyrase-like ectoenzyme, is active both in vitro and in
vivo as an antiplatelet agent, and seems to be a
potent and promising antithrombotic drug in
stroke.
Controversies
New but controversial were three reports dealing
with a possible role of the P2X1 receptor in platelet
activation and in hemostasis. The case of a patient
with a bleeding disorder that might be due to the
presence of a mutated form of the P2X1 receptor was
described. The reasons for the discrepancy between
the severity of the bleeding diathesis and the mild
inhibition of platelet agregation and calcium signals
reported were unclear. Two studies reporting on
functional properties of the P2X1 receptor, one on
shape change induced by a selective P2X1 agonist,
one on activation of ERK/MAP kinase through the
P2X1 receptor, were extensively discussed and left
some key questions unanswered. Further studies are
certainly required to unravel the role of this receptor
in platelet physiology.
Perspectives
It was planned to organize a second ADP meeting
in two years. The hope is the following questions will
be answered by then:
What is the role of the P2X1 receptor in platelet
activation, hemostasis and thrombosis? The availability of P2X1 knockout mice would certainly be of
great help, also in consideration of the lack of appropriate selective agonists.
What is the molecular identity of the P2cyc (or
P2TAC, or P2YADP) receptor? The current attempts to
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identify it are expression cloning, protein purification
or examination of patients’ platelets. So far, no molecular structure has been proposed although it seems
obvious to many of us that it should be a G-protein
coupled receptor since Gαi2 is involved in this pathway.
In terms of pharmacology, the use of new drugs
selective for ADP, P2Y1 or P2cyc antagonists as well
as recombinant CD39 should be better characterized
both in animal models and in clinical studies.
Marco Cattaneo,
Angelo Bianchi Bonomi Hemophilia and Thrombosis Center,
Department of Internal Medicine, IRCCS Ospedale Maggiore.
University of Milan, Milan, Italy
Christian Gachet,
INSERM U.311, Biologie et Pharmacologie de l’Hémostase
et de la Thrombose, Etablissement Francais de Sang-Alsace,
Strasbourg, France
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ORAL COMMUNICATIONS
IMPAIRED PLATELET ACTIVATION IN Gαi2-DEFICIENT
MICE
Jantzen HM,* Milstone DS,° Gousset L,* Conley PB,*
Mortensen R°
*COR Therapeutics, Inc., South San Francisco, CA; °Brigham
and Women’s Hospital, Harvard Medical School, Endocrine Division and Dept. of Pathology, Boston, MA, USA

Pharmacologic evidence suggests that ADP-dependent platelet aggregation requires activation of two
receptors. One ADP receptor, termed P2Y1, stimulates intracellular calcium mobilization and apparently couples to Gq and other G proteins. The second
ADP receptor, which is the target of the anti-thrombotic drugs ticlopidine and clopidogrel, mediates the
inhibition of adenylyl cyclase and therefore likely couples to Gi or Gz proteins. However, since repression
of cAMP levels is required but not sufficient for
platelet aggregation, other G proteins might be critical in this signaling pathway. In the present study we
have first examined the role of the Gi2 pathway in
ADP- and thrombin-induced platelet activation using
mice in which the gene for the α subunit of the predominant platelet Gαi subtype, Gαi2, has been disrupted. Second, the selective ADP receptor antagonist 2MeSAMP has been used to determine the contribution of released ADP activating the Gi-linked
receptor in thrombin-induced platelet signaling.
When the inhibition of adenylyl cyclase by ADP was
compared in platelets from Gαi2-deficient and wildtype mice, a strong but incomplete impairment of
cAMP signaling was observed. This supports the
hypothesis that Giα2 and possibly other G proteins,
e.g. Gi3 or Gz are involved in ADP-dependent cAMP
signaling in vivo. Gαi2-deficient platelets were also
partially defective in thrombin-dependent repression
of cAMP levels. Since inhibition by thrombin of
adenylyl cyclase in wild-type platelets was blocked by
the selective antagonist 2MeSAMP, this effect is likely to be indirectly mediated by released ADP activating the Gi-linked ADP receptor. ADP-dependent
aggregation was also strongly reduced with platelets
from Gαi2-deficient mice, indicating a major role for
this G protein subtype in platelet aggregation. Aggregation induced by threshold levels of thrombin was
impaired in the Gαi2-deficient platelets and this
effect was mimicked by 2MeSAMP with wild-type
platelets. This suggests a role for released ADP and
Gαi2 in the stabilization of thrombin-induced aggregates. By contrast, platelet shape change was not
affected, indicating that Gαi2 is not required for
shape change. Finally, activation of the platelet mem-

brane integrin αIIbβ3 (GPIIb-IIIa), which is a critical
prerequisite for platelet aggregation, was analyzed
using FITC-fibrinogen binding and flow cytometry.
Consistent with the diminished aggregation, integrin
activation was severely impaired in ADP-stimulated
platelets from Gαi2-deficient mice, and to a lesser
degree in thrombin-stimulated mouse platelets. In
conclusion, these observations suggest that, (a) Gαi2
is involved in the inhibition of adenylyl cyclase by ADP
in vivo, (b) Gαi2 is a critical component in the signaling pathway for ADP-dependent activation of integrin
αIIbβ3 resulting in platelet aggregation, and (c)
thrombin-dependent repression of cAMP levels and
aggregation are mediated, at least in part, by secreted ADP and the Gi2-linked ADP receptor.
INDEPENDENT ACTIVATION OF PROTEIN KINASE C OR
PHOSPHOLIPASE C CAN INDUCE PLATELET AGGREGATION PROVIDED A Gi PROTEIN-COUPLED RECEPTOR IS
ACTIVATED
Pulcinelli FM, Di Santo S, Coletti V,* Pignatelli P, Riondino S,
Gazzaniga PP
Department of Experimental Medicine and Pathology and
*Department of Cellular Biotechnology and Haematology, University La Sapienza, Rome, Italy

Concomitant activation of two different G-proteincoupled receptors, one responsible for the activation
of PLC, Gq, and the other that reduces cAMP concentration, Gi, is essential for the exposure of the fibrinogen binding site on the integrin αIIbβ3. The aim
of the present study was thus to verify whether the
activation of biochemical pathways downstream of
Gq protein activation is sufficient in order to induce
platelet aggregation provided a Gi protein-coupled
receptor is activated. For this purpose we studied
aggregation in a platelet suspension treated both with
aspirin, to eliminate the formation of TxA2, and with
the ADP scavenger system creatine phosphate/creatine kinase (CP/CPK), in response to epinephrine,
used as Gi activator, and to the snake venom toxin
convulxin, a PLCγ2, but not Gq-protein, activator,
and to phorbol myristate acetate (PMA), a PKC activator. The results obtained showed: 1) convulxin or
PMA alone are not able to induce platelet aggregation; the response was obtained only if epinephrine
was added concomitantly; 2) PKC inhibitor, Ro 318220, did not suppress platelet aggregation in
response to convulxin plus ADP or epinephrine; 3) the
cytosolic calcium chelator BAPTA did not inhibit the
aggregometric response to the combined stimulation
by convulxin or PMA plus ADP or epinephrine. These
data suggest that the activation of an enzyme downstream of Gq, such as phospholipase C (PLC) or protein-kinase C (PKC), is sufficient to induce platelet
aggregation provided a Gi coupled receptor is activated; both pathways involved are not dependent on
enhancement of the calcium concentration. In conclusion, we demonstrated that direct Gq activation is
not required for platelet aggregation.
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ADP INDUCES PARTIAL PLATELET AGGREGATION WITHOUT SHAPE CHANGE AND POTENTIATES COLLAGEN
INDUCED AGGREGATION IN THE ABSENCE OF Gαq

P2cyc did not appear to be restricted to the inhibition
of adenylyl cyclase through Gi2. In conclusion, the present work provides insight into the role of the P2cyc
receptor in the unique platelet aggregatory properties
of the physiologic autocrine agonist ADP.

Ohlmann P, Eckly A, Freund M, Cassel D, Cazenave JP,
Offermanns S, Gachet C
INSERM U.311, ETS Alsace, BP 36, Strasbourg Cedex, France
and Institut für Pharmakologie, Universitätsklinikum Benjamin,
Freie Universität Berlin, Berlin, Germany

Platelets from Gαq knockout mice are unable to
aggregate in response to physiologic agonists like
ADP, thromboxane A2, thrombin or collagen,
although shape change still occurs in response to all
these agonists except ADP. ADP-induced platelet
aggregation results from simultaneous activation of
the purinergic P2Y1 receptor coupled to calcium
mobilization and shape change and of a distinct P2
receptor, P2cyc, coupled through Gi to adenylyl
cyclase inhibition, which is responsible for completion and amplification of the response. P2cyc could be
the molecular target of the antithrombotic drug
clopidogrel and the ATP analogs ARC-69931MX,
67085 and 66096. The aim of the present study was
to determine whether externally added ADP could
still act through the Gi pathway in Gαq deficient
mouse platelets and thereby amplify the residual
responses to agonists such as collagen.
Although ADP was not able to induce platelet
aggregation or an intracellular calcium rise in Gαq
deficient mouse platelets, it still inhibited cAMP production to a similar extent as in wild type platelets.
This effect was selectively blocked by clopidogrel or
ARC-69931MX, suggesting the P2cyc receptor to be
functional in these platelets. Collagen induced only
shape change or weak aggregation and a low secretion response, whereas strong irreversible aggregation
occurred when ADP and collagen were added together. Similar results were obtained using adrenaline,
which suggested that restoration of the full aggregation induced by collagen was dependent on activation of the Gi pathway. The potentiating effect of ADP
on collagen induced aggregation was strongly inhibited in vitro by the ATP analog ARC-69931MX and ex
vivo by clopidogrel. Conversely, the potentiating effect
of adrenaline was not affected by clopidogrel or ARC69931MX, indicating that ADP was acting through
the P2cyc receptor. Finally, in an attempt to highlight
the consequences of strong activation of the Gi pathway in platelets, we added high concentrations (100
µM) of ADP or adrenaline to Gαq deficient mouse
platelets. ADP (100 µM) induced the formation of
small aggregates of platelets which did not change
shape as observed by scanning and transmission electron microscopy. Again, this effect of ADP was inhibited by clopidogrel or ARC-69931MX, indicating that
it resulted from activation of the P2cyc receptor. The
P2cyc mediated aggregation was also integrin dependent, since it was inhibited by a monoclonal antimouse GPIIb-IIIa antibody. However, as high concentrations of adrenaline had no such impact on Gαq
deficient platelets, the effects of ADP mediated by

ADP POTENTIATES PLATELET DENSE GRANULE SECRETION INDUCED BY U46619 OR TRAP THROUGH ITS
INTERACTION WITH THE P2cyc RECEPTOR
Cattaneo M, Lecchi A
A. Bianchi Bonomi Hemophilia and Thrombosis Center, Dept of
Internal Medicine, IRCCS Ospedale Maggiore, University of
Milan, Italy

Background. ADP is a weak agonist. As such, it does
not induce secretion of the platelet dense granule constituents directly, but through the aggregation-mediated synthesis of thromboxane A2 (TxA2), which is
greatly enhanced when [Ca2+]out is decreased by sodium citrate. However, we recently showed that, when
secretion has been triggered by an agonist, secreted
ADP potentiates platelet secretion independently of
aggregation and the synthesis of TxA2. Aims. To assess
which of the 3 platelet receptors for ADP (P2X1, P2Y1
and P2cyc) is involved in the potentiation of platelet
secretion by ADP. Subjects. Four normal volunteers and
patient VR (congenitally deficient in the platelet P2cyc
receptor). Methods. [14C]5HT secretion was measured
2 min after the addition of U46619 (1 µmol/L) or
TRAP (20 µmol/L, which stimulates the PAR1 thrombin receptor) to pre-labeled, aspirin-treated washed
platelets suspensions containing 2 mmol/L CaCl2 and
apyrase (to prevent desensitization to ADP), which
were not stirred (to prevent platelet aggregation). The
effects of epinephrine (10 µmol/L) and the following
compounds were investigated: AR-C69931MX (P2cyc
antagonist, 0.1 µmol/L), MRS-2179 (P2Y1 antagonist,
50 µmol/L), α,β-me-ATP (P2X1 agonist, 10 µmol/L).
Results. ADP and epinephrine, when added alone to
platelet suspensions, did not induce detectable
platelet secretion. The table shows the percent platelet
[14C]5HT secretion induced by U46619 or TRAP:
Additions
Tyrode
AR-C69931MX
MRS-2179
AR-C + MRS
AR-C + MRS + α,β-me-ATP
AR-C + MRS + epinephrine

U46619
Controls*
V.R.
41.2
6.6
31.2
5.4
4.5
28.8

6.9
6.6
4.5
5.9
4.3
25.1

TRAP
Controls* V.R.
38.9
24.3
39.3
24.5
22.0
32.8

18.5
18.4
17.5
18.7
717.4
25.1

*Values are means of 4 experiments.

Conclusions. P2cyc, which is negatively coupled to
adenylyl cyclase (AC) mediates the potentiation of
platelet secretion by released ADP. Epinephrine,
whose receptor is also negatively coupled to AC,
potentiates secretion similarly to ADP. Therefore, the
Gi pathway seems to be required for full platelet
secretion.

Haematologica vol. 85 (the Platelet ADP Receptors supplement), June 2000

87

DESENSITIZATION OF THE PLATELET AGGREGATION
RESPONSE TO ADP: DIFFERENTIAL DOWNREGULATION
OF THE P2Y1 AND P2CYC RECEPTORS
Baurand A, Eckly A, Bari N, Léon C, Hechler B, Cazenave JP,
Gachet C
INSERM U.311, Etablissement de Transfusion Sanguine, BP 36,
Strasbourg Cedex, France

Platelets activated by ADP become refractory to
restimulation, but the mechanism of this process is
not well understood. A normal platelet response to
ADP requires coactivation of the P2Y1 receptor
responsible for shape change and the P2cyc receptor,
responsible for completion and amplification of the
response.
The aim of the present study was to characterize
the desensitization of platelets to ADP and to determine whether or not these two receptors are desensitized simultaneously through identical pathways
when platelets become refractory to ADP.
Full inhibition of platelet aggregation in response to
restimulation by ADP required the presence of ADP in
the medium or use of a high concentration (1 mM)
of its non-hydrolysable analog ADPβS. Platelets incubated for 1 hour at 37°C with 1 mM ADPβS and
resuspended in Tyrode’s buffer containing apyrase
displayed a stable refractory state characterized by
the inability to aggregate or change shape in response
to ADP. ADPβS treated platelets loaded with fura2/AM showed complete blockade of the calcium signal in response to ADP, whereas the capacity of ADP
to inhibit PGE1 stimulated cAMP accumulation in
these platelets was only diminished. Consequently,
serotonin was able to promote ADP induced aggregation through activation of the Gq coupled 5HT2A
receptor while adrenaline had no such effect. These
results suggested that the refractory state of ADPβS
treated platelets was entirely due to desensitization
of the P2Y1 receptor, the P2cyc receptor remaining
functional. Binding studies were performed to determine whether the P2Y1 and/or the P2cyc binding site
was modified in refractory platelets. Using selective
P2Y1 and P2cyc antagonists (A3P5P and AR-C66096
respectively), we could demonstrate that the decrease
in [33P]2MeSADP binding sites on refractory platelets
corresponded to disappearance of the P2Y1 site with
no change in the number of P2cyc sites, suggesting
internalization of the P2Y1 receptor. This was confirmed by flow cytometric analysis of Jurkat cells
expressing an epitope-tagged P2Y1 receptor, in which
ADPβS treatment resulted in complete loss of the
receptor from the cell surface.
Our overall results indicate that the inhibition of
platelet aggregation in response to restimulation by
ADP is due to full desensitization of the P2Y1 receptor through its internalization, whereas activation of
the P2cyc receptor is only weakly downregulated. Thus,
the two platelet ADP receptors are differentially regulated during platelet activation, which might be of
importance in hemostasis and should be kept in
mind in antiplatelet therapy.

TRANSIENT ADHESION REFRACTORINESS OF PLATELETS
UNDER FLOW CONDITIONS: THE ROLE OF PARTIAL
ACTIVATION AND MICROAGGREGATE FORMATION BY
SUBOPTIMAL ADP CONCENTRATION
Varon D,* Shenkman B,* Tamarin I,° Dardik R,* Frojmovic M,#
Savion N#
*National Hemophilia Center and Inst. of Thrombosis and Hemostasis, Sheba Medical Center, Tel-Hashomer, Israel, °Dept. of
Physiology, McGill University, Montreal, Canada and #Eye Res.
Inst., Sackler Faculty of Medicine, Tel-Aviv University, Israel

Exposure of whole blood (WB) to subendothelial
extracellular matrix (ECM) under flow conditions
results in platelet adhesion followed by release reaction and aggregation of circulating platelets on the
adherent platelets. The effect of released ADP on the
properties of circulating non-adhered platelets was
studied. WB was exposed to ECM at a high shear rate
(1,300 s–1) for 2 min (1st run); the suspension phase
was transferred to a new ECM coated well for a second run (2nd run) under similar conditions. An
almost complete absence of platelet adhesion to the
ECM in the 2nd run was observed. This adhesion
refractoriness was transient since after 10 to 20 min
incubation the treated platelets regained their ability
to interact with the ECM. At the refractory stage, a
fraction of the platelets transiently form microaggregates in the suspension. The adhesion refractoriness
was dependent on platelet activation at the 1st run as
indicated by the ability of PGE1 and anti GPIIb-IIIa
antibody (ReoPro®) to inhibit this process. It was prevented also by addition of apyrase (ADP scavenger)
suggesting a role for ADP in mediating this response.
Furthermore, exposure of WB samples to a suboptimal concentration of ADP (0.75-1 µM) for 2 min
resulted in a similar transient platelet adhesion refractoriness to ECM under flow conditions. FACS analysis of WB single platelets before and immediately after
the 1st run on ECM or after an addition of a suboptimal concentration of ADP, revealed a transient
reduction in the expression of GPIb (35 to 55%) and
an increase in fibrinogen binding on platelet membrane (80 to 100%) without any change in GPIIbIIIa
expression. In conclusion, activation followed by
release reaction of adherent platelets on the ECM
induced transient reduction in GPIb and increased
fibrinogen binding associated with formation of
microaggregates by circulating platelets, resulting in
transient platelet adhesion refractoriness. These data
suggest a role for ADP at suboptimal concentrations
in modulating platelet function and limiting the
expansion of the thrombus.
P2T RECEPTOR ACTIVATION BY ADP: A PERMISSIVE
ROLE IN AGGREGATION OF HUMAN WASHED
PLATELETS INDUCED BY PAF OR U46619
Tomlinson W, Kirk IP, Humphries RG, Leff P
AstraZeneca R&D Charnwood, Bakewell Road, Loughborough, UK

Background. P2 receptor-mediated platelet activation by ADP plays a major role in hemostasis and
thrombosis, with full expression of the aggregation
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response requiring concomitant activation of both
the P2T and P2Y1 receptor subtypes. While a permissive or amplifying role of ADP in platelet responses to
other agonists is accepted, the relative contribution
of the P2T and P2Y1 receptor subtypes in this context
remains unclear. Aim. In the present study we have
used the competitive P2T antagonist, AR-C67085
(pKB 9.1), and the P2Y1 antagonist, A3P5P (pKB
6.0), to assess the relative importance of ADP activation of these two receptor subtypes in aggregation
induced by PAF, U46619, or collagen. Methods.
Aggregation of human washed platelets was assessed
turbidimetrically in 96 well plates as a decrease in
absorbance (650 nm). Concentration/effect curves
were obtained to each of the agonists in the absence
(control) or presence of either AR-C67085 (10, 100
nM) or A3P5P (10, 100 µM) added 5 min before the
agonist. These concentrations are 10 and 100 fold
above the pKB for the respective receptors. Results.
(% aggregation) are presented below for both a submaximal and maximal concentration of each agonist.
Responses to collagen, PAF and U46619 were significantly inhibited by the P2T antagonist, AR-C67085
(Figure 1), and, in the case of the latter two agonists,
this inhibition was not overcome by a 30-fold
increase in the agonist concentration. In contrast,
the P2Y1 antagonist, A3P5P (Figure 2), at a concentration 100-fold above its pKB had no significant
effect on any of the agonist responses.
Conclusions. These results indicate that, in this assay
system, collagen-induced platelet aggregation is
amplified by ADP acting via the P2T and not the P2Y1
receptor. In the case of PAF- and U46619-induced
aggregation, P2T receptor stimulation by ADP is an
absolute requirement, indicative of a permissive role
for P2T receptor activation in responses to these agonists.

THE CENTRAL ROLE OF THE P2T RECEPTOR IN
AMPLIFICATION OF PLATELET AGGREGATION,
SECRETION AND PROCOAGULANT ACTIVITY
Storey RF, Sanderson HM, White AE, May JA, Newby LJ,
Heptinstall S
Cardiovascular Medicine, University Hospital, Nottingham, UK

Background. ADP plays a major role in hemostasis
and thrombosis by acting as an agonist for platelet
activation via P2X1, P2Y1 and P2T receptors. Previous
studies both of patients with congenital bleeding disorder and of the effects of the thienopyridines, ticlopidine and clopidogrel, have suggested an important
role for the P2T receptor in amplification of platelet
aggregation and secretion. AR-C69931MX is a direct
P2T receptor antagonist that is currently being
assessed as intravenous antithrombotic therapy in
patients with acute coronary syndromes. Aim. We
aimed to study the role of the P2T receptor in platelet
function using AR-C69931MX. Methods. We studied a
wide range of agonists including ADP, collagen,
TRAP, PAF, 5HT, epinephrine, U46619, streptokinase
and some non-ionic X-ray contrast media. We used
both whole-blood single-platelet counting and PRP
turbidimetry to study aggregation, P-selectin expression as measured by flow cytometry to assess α-granule release, 14C-5HT release from labeled platelets to
assess dense granule release, and annexin V binding
and microparticle formation measured by flow
cytometry to assess platelet procoagulant activity.
Hirudin was predominantly used as anticoagulant,
although the effect of citrate anticoagulation was also
studied. The inhibitory effects of a range of ARC69931MX concentrations were studied with blood
concentrations of 100 to 1,000 nM encompassing
the therapeutic concentrations achieved by ARC69931MX infusion. The effects of aspirin were also
assessed both in vitro and ex vivo. Results. ARC69931MX potently inhibited ADP-induced aggregation and secretion. AR-C69931MX inhibited whole
blood aggregation induced by maximal concentrations of 5HT, epinephrine and streptokinase, and submaximal concentrations of collagen, TRAP, PAF and
U46619. AR-C69931MX also substantially inhibited
P-selectin expression (median fluorescence) and 5HT
release in response to all the agonists (including nonionic contrast media), even at concentrations giving
maximal aggregation. For example, AR-C69931MX
100 nM inhibited P-selectin expression and 5HT
release in response to U46619 1 µM by 78% and 83%,
respectively. In PRP, AR-C69931MX rendered aggregation induced by TRAP 20 µM reversible, in a concentration-dependent manner, with complete reversal
of aggregation by AR-C69931MX 800 nM, and the
pattern of inhibition of 14C-5HT release in response to
ADP, collagen and TRAP was similar to that seen in
whole blood. AR-C69931MX dramatically inhibited
the platelet procoagulant response induced by TRAP
in a concentration-dependent manner. The effects of
aspirin on aggregation and secretion were much more
limited: responses to collagen and streptokinase were
inhibited but not responses to the other agonists.
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Aspirin only inhibited ADP-induced responses when
citrate was used as anticoagulant. Aspirin had no significant effect on TRAP-induced procoagulant activity. AR-C69931MX and aspirin had additive effects on
collagen- and streptokinase-induced responses. The
effects of the P2Y1 antagonist A2P5P (30-300 µM)
were also assessed, alone or in combination with ARC69931MX, and we found that the P2Y1 receptor also
has an important role in determining the responses to
agonists other than ADP with additive effects to those
mediated by the P2T receptor. For example, ARC69931MX and A2P5P inhibited collagen-induced
aggregation equally with additive or synergistic effects
of the combination and further additive or synergistic effects when aspirin was added. Conclusions: These
results show the extent to which activation of the P2T
receptor by ADP released in response to other agonists amplifies the overall response to those agonists.
The role of thromboxane A2, on the other hand, is
more limited, particularly when studies are performed
at physiologic divalent cation levels.

A DOMINANT NEGATIVE MUTATION IN THE PLATELET
P2X1 ADP RECEPTOR CAUSES A SEVERE BLEEDING
DISORDER
Oury C, Toth-Zsamboki E, Van Geet C, Wei L,* Thys C, Nilius B,*
Vermylen J, Hoylaerts M
Center for Molecular and Vascular Biology, Division for Bleeding
and Vascular Disorders, and *Laboratory of Physiology, University of Leuven, Belgium

ADP is an important platelet agonist for physiologic hemostasis. Two ADP receptors, the Gq protein-coupled P2Y1 receptor, and the so-called P2TAC
receptor, coupled to a Gi protein subtype, are both
needed during ADP-induced platelet aggregation.
Upon ADP binding, rapid calcium influx occurs
through the platelet P2X1 ligand-gated ion channel
but the function of this receptor remains unclear. We
report on a 6-year old patient with selective impairment of ADP-induced platelet aggregation and secretion, leading to a severe bleeding disorder. This
patient had no abnormal P2Y1 or P2TAC receptors.
We show that a patient’s platelets express non-functional P2X1 channels due to a cell lineage-specific de
novo mutation in one allele of the P2X1 gene. This
mutation leads to loss of one leucine residue in the
second transmembrane domain of the P2X1 receptor. Voltage-clamped HEK293 cells expressing mutated P2X1 channels failed to develop a significant ATP
or ADP-induced current. Furthermore, when coexpressed with the wild type receptor in Xenopus
oocytes, the mutated protein exhibited a dose-dependent dominant negative effect on the normal ATP or
ADP-induced P2X1 channel activity. These data suggest that the patient’s platelet dysfunction is due to
the expression of non-functional trimeric P2X1 channels in platelet membranes. Thus, we provide the first
clinical evidence for a possible involvement of the
ionotropic P2X1 receptor during physiologic ADPinduced platelet aggregation.

FUNCTIONAL ROLES OF P2X1 PURINOCEPTORS IN
HUMAN PLATELETS
Rolf MG, Mahaut-Smith MP
Department of Physiology, University of Cambridge, UK

In human platelets, metabotropic P2Y1 and P2YAC
receptors stimulate shape change and aggregation
whereas the importance of ionotropic P2X1 receptors
during platelet activation is unclear. We investigated the functional roles of the P2X1 purinoceptor using
simultaneous measurements of fluorescence and
light transmission in platelet suspensions. [Ca2+]i was
measured using fura-2 (in saline) or fluo-3 (plasma:saline mixtures). Shape change and aggregation
were monitored from the transmission of 578 nm
light. Platelets were prepared as described previously (MacKenzie et al. J Biol Chem 1996; 271:2879) except
that an initial 2-3 mL of blood was discarded; blood
was also drawn directly into anticoagulant to limit
purinoceptor desensitization. The effects of citrate
on pH0 and [Ca2+]0 were compensated for in plasma:saline experiments. Stimulation with the P2X-specific agonist α,β-methylene ATP caused a transient
increase in [Ca2+]i and a delayed, transient decrease
in light transmission, consistent with platelet shape
change, in both saline and plasma: saline mixtures.
The light transmission decrease was unaffected by
Reopro (4 µg mL–1) and was abolished by omission of
apyrase or external Ca2+; either condition also prevented P2X1 receptor-dependent calcium influx.
Experiments conducted at 13°C slowed the calcium
responses elicited by the metabotropic receptors
compared to the ionotropic P2X1 receptors, allowing further elucidation of the relative roles of these
receptors in the [Ca2+]i signals.
Supported by the British Heart Foundation (FS/97052
& BS/10)
ADP-INDUCED ACTIVATION OF THE EXTRACELLULARREGULATED KINASE/MITOGEN-ACTIVATED PROTEIN
KINASE PATHWAY VIA THE IONOTROPIC P2X1
RECEPTOR IN PLATELETS
Oury C, Toth-Zsamboki E, Thys C, Vermylen J, Hoylaerts M
Center for Molecular and Vascular Biology, Division for Bleeding
and Vascular Disorders, University of Leuven, Belgium

The intracellular signaling mechanisms underlying
the complex process of ADP-induced platelet activation have become the focus of great interest. Exposure
of platelets to ADP leads to several intracellular
changes linked to three ADP receptors: 1) P2Y1,
responsible for the activation of phospholipase C,
which process results in the release of Ca2+ from
platelet internal stores and stimulation of PKC, 2) the
unknown, so-called P2TAC receptor, linked to the inhibition of stimulated adenylyl cyclase, and 3) the P2X1
ligand-gated ion channel, causing a rapid Ca2+ influx.
It has recently been shown that the P2Y1 receptor
mediates p38 MAP kinase activation in non-aspirinated platelets stimulated with ADP. The presence of

Haematologica vol. 85 (the Platelet ADP Receptors supplement), June 2000

90

two other MAP kinases, ERK1 and ERK2, has also
been reported in platelets, but the role for platelet
function of these MAP kinase cascades during ADP
induced activation remains to be determined. The
object of the present study was to investigate whether
the ERK1/ERK2 signaling pathway was activated during platelet activation with ADP and to identify the
ADP receptors involved. By performing phosphoERK1/ERK2 blotting, we found that ADP (5 µM)
induced a rapid (2 min), quickly reversible, ERK2
phosphorylation in washed, aspirin-treated platelets.
Interestingly, a similar activation could also be
achieved by the P2X1 -specific agonist, α,βMeATP (5
µM), suggesting that ADP-induced ERK2 activation
was mediated through P2X1. These data were confirmed in the Dami megakaryocytic cell line, endogeneously expressing the three ADP receptors, in which
α,βMeATP, like ADP, induced ERK1 and ERK2 phosphorylation. In order to determine whether P2X1 was
able to mediate ERK2/1 activation in the absence of
P2Y1 and P2TAC, two different cell lines, 1321N1 and
HEK293, stably expressing the P2X1 receptor were
developed. In these transfected cells, ADP and
α,βMeATP induced ERK2/1 activation, a phenomenon totally abolished by EGTA, indicating that the
activation of ERK2/1 depends on the P2X1-generated
Ca2+ influx. No such activation was observed in nontransfected cells stimulated by the same agonists. In
addition, stable transfection of Dami or HEK293 cells
with the dominant negative P2X1 delL protein, generated cells not able to induce ERK2/1 phosphorylation
in response to α,βMeATP or ADP, further demonstrating the selective involvement of P2X1 in this major
intracellular pathway. In conclusion, the ionotropic
P2X1 receptor mediates ADP-induced ERK2 activation
in platelets, providing the first indication of a role of
P2X1 in platelet activation.

plasma thrombin-antithrombin III (TAT) complexes
were quantified by ELISA. This model of acute thromboembolism leads to death of the animals within
some minutes, depending on the dose of thromboplastin. After injection of 200 µL/kg thromboplastin,
only 53% of the wild-type mice as compared to 73% of
the P2Y1 -deficient mice survived and recovered. A lower dose of thromboplastin (100 µL/kg) was used to
study the effects on platelet count. In blood drawn 2
minutes after thromboplastin injection, the platelet
count was strongly reduced in wild-type mice relative
to control mice receiving physiologic saline (mean
±sem: 451,280±119,217 and 1168,514±57,003
platelets/µL, respectively). Surprisingly, no significant
decrease in platelet count was observed in P2Y1-knockout mice as compared to the corresponding control
(1027,086±67,657 and 1176,000±81,302 platelets/
µL, respectively). The platelet consumption in wildtype mice was most probably due to thrombin generation since this effect of thromboplastin injection was
abolished by prior subcutaneous injection of 50 µg/kg
hirudin. Thromboplastin injection also led to a rise in
TAT complexes in plasma, again reflecting thrombin
generation. TAT complexes nevertheless increased less
strongly in P2Y1 -knockout mice than in wild-type
mice, indicating that less thrombin was generated in
vivo in response to thromboplastin in the P2Y1 -deficient mice. However, it remains to be determined
whether this is the cause of the greater thromboresistance of the knockout mice, as it could also be due to
a lesser procoagulant effect of P2Y1 -/- platelets or to
weaker interactions between platelets and the vasculature. Our results demonstrate a role of the P2Y1
receptor in thrombotic states involving blood clotting
and emphasize the potential relevance of this receptor
as a target for antithrombotic drugs.
1.

TISSUE FACTOR-INDUCED ACUTE THROMBOEMBOLISM
IS REDUCED IN P2Y1-KNOCKOUT MICE

Léon C, et al. Defective platelet aggregation and increased
resistance to thrombosis in purinergic P2Y1 receptor null mice.
J Clin Invest 1999; 104:1731-7.

Léon C, Freund M, Ravanat C, Cassel D, Cazenave JP, Gachet C
INSERM U.311, Etablissement de Transfusion Sanguine, BP 36,
Strasbourg, France

ADP plays a key role in hemostasis as it is itself an
aggregating agent and is released from dense granules
during platelet activation, thus potentiating the aggregation responses induced by other agents. Two
platelet ADP receptors are necessary to obtain full
aggregation in response to ADP. The P2Y1 receptor is
responsible for shape change through intracellular calcium mobilization, while an unidentified P2 receptor
(P2cyc) coupled to adenylyl cyclase inhibition is responsible for completion and amplification of the platelet
response. Recently, we showed that the P2Y1 receptor
plays an essential part in the thrombotic states
induced by ADP or by a combination of collagen and
adrenaline.1 The aim of the present study was to assess
the role of this receptor in tissue factor-induced
thromboembolism. Human thromboplastin (Thromborel S®) was injected intravenously into P2Y1-deficient mice or control wild-type mice and the effects on
mortality and platelet count were determined and

N6-METHYL 2’-DEOXYADENOSINE 3’-5’-BISPHOSPHATE,
A POTENT AND SELECTIVE P2Y1 ANTAGONIST, INHIBITS
ADP-INDUCED PLATELET AGGREGATION IN VITRO AND
EX VIVO AND PROLONGS THE BLEEDING TIME
Baurand A, Freund M, Cassel D, Cazenave JP, Gachet C
INSERM U.311, Etablissement de Transfusion Sanguine de
Strasbourg, BP 36, Strasbourg Cedex, France

Concomitant intracellular signaling through the
P2Y1 receptor coupled to phospholipase C and the
P2cyc receptor coupled to adenylyl cyclase inhibition is
essential for full ADP-induced platelet aggregation.
The P2Y1 receptor is necessary for ADP to trigger aggregation through an increase in intracellular calcium,
since its inhibition by selective antagonists such as
adenosine-2’-5’ (A2P5P) and 3’-5’-bisphosphate
(A3P5P) totally abolishes ADP-induced platelet aggregation, shape change and calcium mobilization. In
addition, a lack of P2Y1 expression confers resistance
to the thromboembolism induced by intravenous
injection of ADP or collagen and adrenaline (Léon et al
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1999). Thus, the P2Y1 receptor plays an essential role
in thrombotic states and represents a potential target
for antithrombotic drugs. The aim of the present study
was to evaluate the effects of a potent and selective
P2Y1 antagonist, N6-methyl 2’-deoxyadenosine-3’-5’bisphosphate (MRS2179, Boyer et al, 1998), on ADPinduced human and rat platelet aggregation in vitro, on
rat platelet aggregation ex vivo and on the bleeding
time in vivo.
In suspensions of washed human platelets,
MRS2179 displaced the dose-response curves for
ADP-induced platelet aggregation to the right in a
concentration dependent manner (pA2 = 6.55±
0.05). As expected for a P2Y1 antagonist, MRS2179
inhibited ADP-induced calcium mobilization in fura2
loaded washed human platelets, but had no effect on
ADP-induced inhibition of adenylyl cyclase in a
radioimmunoassay. The anti-aggregatory properties
of MRS2179 were not influenced by the presence of
apyrase (ATP-diphosphohydrolase) and it was stable in rat plasma suggesting the compound to be
non-hydrolysable. A bolus i.v. injection of MRS2179
(50 mg/kg) resulted in complete inhibition of ADPinduced (1-10 µM) rat platelet aggregation in citrated platelet rich plasma prepared from blood samples drawn five minutes after injection. The bleeding
time, measured from a longitudinal incision made in
the rat tail one minute after MRS2179 injection, was
prolonged (> 15 min) as compared to that in control
rats (3 min). These results suggest this potent and
selective P2Y1 antagonist to be a promising tool to
evaluate the in vivo effects of pharmacologically targeting the P2Y1 receptor with a view to antithrombotic therapy.
EFFECT OF THE NOVEL P2T RECEPTOR ANTAGONIST,
AR-C69931MX, ON THROMBOSIS AND HEMOSTASIS IN
THE DOG: COMPARISON WITH GPIIb/IIIa ANTAGONISTS
Humphries RG, Nicol AK, Tomlinson W, Robertson MJ, Ingall AH,
Leff P
AstraZeneca R&D Charnwood, Bakewell Road, Loughborough, UK

Background. ADP-induced platelet aggregation (APA)
is subserved by the P2T-subtype of receptor which
appears to be located uniquely on platelets. From a
series of novel P2T receptor antagonists, AR-C69931MX
(2-trifluoropropylthio, N-(2-(methylthio) ethyl)-β,γdichloromethylene ATP), a potent and selective
(>1,000-fold) inhibitor of APA in human washed
platelets (IC50 0.45 nM) and human blood (IC50 0.71
nM) has been selected for clinical development as an
intravenous (i.v.) anti-thrombotic agent. In the present
study, we compared the anti-thrombotic and antihemostatic effects of AR-C69931MX with those of
three GPIIb/IIIa antagonists, Ro449883, GR144053
and TP9201. Methods. Arterial thrombosis (cyclic flow
reductions (CFR) in the femoral artery), APA and
bleeding time (BT) were measured in male anesthetized
dogs. AR-C69931MX (n = 5), Ro449883 (n = 5),
GR144053 (n = 5) and TP9201 (n = 7) were administered to separate groups of animals by stepped (30
min) i.v. infusion over dose ranges of 2.3-7,720, 4714,000, 30-10,000 and 300-30,000 ng.kg-1.min-1,

Figure 1. Effect of AR-C69931MX (a), Ro 44-9883 (b),
GR144053 (c), and TP-9201 (d) on thrombosis (λ), hemostasis (σ) and ADP-induced platelet aggregation (ν) in the
anesthetized dog (n = 5-6).

respectively. Results. All compounds produced doserelated inhibition of APA and CFR and prolongation of
BT (Figure 1). The effective dose (CFR abolition) of
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each GPIIb/IIIa antagonist produced a significant (p
< 0.05, 2-way ANOVA) increase in BT (fold increase
from baseline, mean±se: Ro449883, 4.0±0.9;
GR144053, 4.3±0.5; TP9201, 3.7±0.8). In contrast,
AR-C69931MX (geometric mean dose (95% confidence limits): 109 (25-479) ng.kg-1.min-1 iv) abolished
CFR with minimal effect on BT (fold increase:
1.4±0.3). BT was increased significantly (4.3±0.5-fold,
p < 0.01) at the highest dose of AR-C69931MX but,
even at this substantial (71-fold) increment on the antithrombotic dose, full restoration of hemostasis was
achieved within 10 min of stopping infusion. Conclusions. These data support a pivotal role for ADP in arterial thrombosis and indicate that, in the clinical setting,
anti-thrombotic efficacy of P2T receptor antagonists
may be associated with a reduced and, in the case of
AR-C69931MX, controllable risk of bleeding compared to GPIIb/IIIa antagonists.
SUPERIOR ANTIPLATELET EFFECTS OF AR-C69931MX
COMPARED TO CLOPIDOGREL IN PATIENTS WITH
ISCHEMIC HEART DISEASE
Storey RF, Henderson RA,* Wilcox RG, Heptinstall S
Cardiovascular Medicine, University Hospital, Nottingham, United Kingdom; *Department of Cardiology, City Hospital, Nottingham, UK

Background. ADP plays a major role in hemostasis
and thrombosis by acting as an agonist for platelet
activation via P2X1, P2Y1 and P2T receptors. The
thienopyridine clopidogrel is now recognized to act at
the level of the P2T receptor and has proven efficacy in
reduction of thrombotic complications of atherosclerotic disease and, in combination with aspirin, in
reducing thrombotic complications of intracoronary
stent implantation. AR-C69931MX is a direct-acting
P2T receptor antagonist that is currently being assessed
as intravenous antithrombotic therapy in patients with
ischemic heart disease. Aim: We aimed to compare the
effects of clopidogrel and AR-C69931MX in ischemic
heart disease patients. Methods. In Group 1, 13
patients with unstable angina or non-Q wave myocardial infarction received open-label intravenous ARC69931MX infusion either 2 µg/kg/min (n=8) or 4
µg/kg/min (n=5) in addition to aspirin, with infusion
duration of 24-72 hours. ADP-induced aggregation
was studied using whole blood single-platelet counting and hirudin anticoagulation, before and during
infusion. In Group 2, 8 patients treated with percutaneous intracoronary stent implantation were studied
before and 4-7 days after this intervention. All patients
received a 300 mg oral loading dose of clopidogrel at
the time of stent implantation followed by 75 mg daily. At both timepoints, the effects of adding ARC69931MX in vitro were studied. ADP-induced aggregation was studied using exactly the same methodology as employed in the first study. Additional measurements were performed using both whole blood
single-platelet counting and 14C-5HT release in
response to ADP, collagen and TRAP, and PRP turbidimetry in response to ADP (2 and 20 µM) and
TRAP 20 µM. Data were analyzed using ANOVA and
are expressed as mean ± standard deviation. Results.

There was no difference between patients in groups 1
and 2 in the baseline responses to ADP in whole blood
with mean EC50 values for ADP-induced aggregation at
4 minutes in Group 1 of 2.26±1.87 mM and in group
2 of 1.39±0.57 µM (p=0.22). AR-C69931MX, at both
infusion doses in group 1, produced substantially
greater inhibition of aggregation than that achieved by
clopidogrel in group 2: mean inhibition of aggregation induced by ADP 10 µM was 85±7% and 90±10%
for AR-C69931MX 2 and 4 µg/kg/min, respectively,
and 39±36% for clopidogrel (p<0.001 AR-C69931MX
superior). In group 2 studies, the in vitro addition of
AR-C69931MX 100 nM (whole blood concentration)
or 150 nM (PRP concentration), approximately equivalent to the lowest plasma levels achieved in the group
1 patients, yielded superior inhibition of aggregation
and 14C-5HT responses to ADP and TRAP in whole
blood and PRP. This partly reflected greater uniformity of response to AR-C69931MX, with some patients
responding relatively poorly to clopidogrel. Furthermore, the effects of AR-C69931MX and clopidogrel
on ADP-induced aggregation were additive. For example, maximum turbidimetric responses to ADP 2 µM
were 54±9% (baseline), 10±7% (baseline + ARC69931MX), 22±12% (clopidogrel; p<0.05 ARC69931MX superior) and 7±5% (clopidogrel + ARC69931MX; p<0.05 additive effect); turbidimetric
responses to TRAP 20 µM at 4 min, after reversal of
aggregation had been allowed to occur, were 63±10%
(baseline), 23±26% (p<0.05), 53±8% (p=ns) and
30±7% (p=ns), respectively. There was a trend towards
greater inhibition of collagen-induced aggregation and
14C-5HT release by AR-C69931MX compared to clopidogrel but no significant additive effects of the combination of the two agents. Conclusions. Therapeutic
administration of AR-C69931MX results in superior
P2T receptor blockade, measured ex vivo, than clopidogrel in patients with ischemic heart disease. Direct
P2T receptor antagonists such as AR-C69931MX therefore have the potential to achieve greater antithrombotic efficacy than clopidogrel.
CLOPIDOGREL PRODUCES INCOMPLETE INHIBITION OF
[33P]-2MeSADP BINDING TO HUMAN PLATELETS AND
LESS INHIBITION OF ADP-INDUCED PLATELET
AGGREGATION THAN THE P2T ANTAGONIST AR-C69931MX
Jarvis GE, Nassim MA, Humphries RG, Kirk IP, Tomlinson W,
Cusworth EA, Midha A, Perrett JH, Mobbs EJ, Hammersley MD,
Watts IS
AstraZeneca R&D Charnwood, Bakewell Road, Loughborough, UK

Background. Clinical findings with clopidogrel, a
pro-drug which, at the approved dose, partially
inhibits ADP-induced platelet aggregation (APA),
indicate a critical role for ADP in arterial thrombosis
and imply that a more effective inhibitor may confer
greater clinical benefit. AR-C69931MX, currently in
phase II clinical trials, is a potent competitive antagonist at the platelet P2T receptor. Aim. In this study,
we compared the effects of a clinically relevant concentration of AR-C69931MX added in vitro with the
approved oral dose of clopidogrel ex vivo on APA. The
effect of clopidogrel on binding of [33P]-2MeSADP
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In the remaining subject, control binding was substantially reduced (Figure 2). Results on day 0 were
consistent with a single non-cooperative binding site
(Hill coefficient 1.22±0.21) with a pK of 9.03±0.00
and a Bmax of 859±17 binding sites per platelet.
Clopidogrel reduced binding (day 11 cf day 0) by
approximately 70% for all concentrations of [33P]2MeSADP tested. Conclusions. Our findings confirm
previous reports of slow onset partial inhibition of
APA by clopidogrel and importantly, demonstrate
that functional P2T receptors remain following clopidogrel treatment. The failure of clopidogrel to abolish binding is consistent with this view, although
definitive conclusions about the pharmacological
nature of the residual binding cannot be drawn in
this case. In hWB, the limited effect of clopidogrel
was particularly evident and contrasted markedly
with that of AR-C69931MX. If anti-thrombotic efficacy is a function of inhibition of APA, these results
suggest that direct P2T receptor antagonists such as
AR-C69931MX will provide significant improvement
over the modest clinical benefit demonstrated to date
with clopidogrel.

Binding site per platelets
mean ± SE n = 13

Response (Ω)
mean ± SE n = 8

to human platelets was also measured. Methods.
Clopidogrel (75 mg po once daily) was administered
to 8 healthy male volunteers for 11 days. APA concentration-response curves (0.1-300 µM) were measured on days 0 (pre-dose control), 1, 2, 3 and 11 in
heparinized whole blood (hWB) using impedance
aggregometry and turbidimetrically in citrated PRP
(cPRP) in the absence and presence of ARC69931MX (500 nM) added in vitro. Binding of [33P]2MeSADP (0.01-30 nM) to washed platelets was
measured in subjects 5 to 8 on days 0, 2 and 11.
Results. Figure 1 shows APA results in hWB. The antiaggregatory effect of clopidogrel was slow to develop, incomplete and variable: inhibition of APA (day
11 cf day 0 vs 10 µM ADP) was 46±10% (mean ±
s.e.). By contrast, the effect of AR-C69931MX added
in vitro was complete and consistent: inhibition of
APA (day 0 vs 10 µM ADP) was 97±2%. A similar pattern was observed in cPRP, with less inhibition (53 ±
5%) of the maximum extent of APA (10 µM) observed
after 11 days administration of clopidogrel than with
AR-C69931MX on day 0 (80±3%). Reproducible
binding data were obtained for 3/4 subjects tested.
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INVOLVEMENT OF THE P2CYC BUT NOT THE P2Y1 ADP
RECEPTOR IN THE PHOSPHATIDYLSERINE EXPOSURE
OF ACTIVATED PLATELETS
Ravanat C, Léon C, Cazenave JP, Gachet C
INSERM U.311, Etablissement de Transfusion Sanguine, BP 36,
Strasbourg, France

The activation of platelets and coagulation are
related events. Platelet activation leads to secretion
and aggregation and simultaneously to the exposure
of negatively charged phospholipids which provide a
catalytic surface for the generation of thrombin. ADP
is itself a key agonist and enhances the platelet
response to strong agonists such as thrombin and
collagen, thereby acting as an essential cofactor in
many platelet functions. However, little is known
about the role of ADP in the exposure of procoagulant phospholipids by platelets.
The aim of this study was to examine in vitro the
role of ADP and its receptors in the exposure of phosphatidylserine at the surface of activated platelets.
Two ADP receptors are potentially involved: P2Y1, the
metabotropic receptor responsible for the mobilization of ionized calcium from internal stores, which
initiates aggregation, and/or the unidentified P2cyc
receptor, coupled to adenylyl cyclase inhibition,
which is essential for the full aggregation response to
ADP. FITC-annexin V was used to detect exposure of
phosphatidylserine at the surface of washed platelets
activated with thrombin or a mixture of thrombin
and collagen. Adenosine-3’-phosphate-5’-phosphate
(A3P5P), a selective P2Y1 antagonist, and ARC69931MX, a selective P2cyc antagonist, were
employed to distinguish between the two pathways.
Experiments were performed using normal human
platelets and wild type and P2Y1 deficient (P2Y1-/-)
mouse plalelets. Washed human or mouse platelets
(1.5x105 platelets/µL) resuspended in Tyrode’s buffer
containing 0.1% (w/v) fatty acid free albumin were
activated with thrombin (0, 0.05, 0.1, 1 U/mL),
alone or in the presence of collagen (25 µg/mL), for
10 min at 37°C. Activation was stopped by 10 fold
dilution with the same buffer containing 50 U/mL
hirudin. Aliquots (20 µL) were incubated with FITCannexin V (10 µg/mL) for 10 min at room temperature and annexin V binding was detected by flow
cytometry. Quadrant analyses were performed by
plotting FSC against FL1 and determining the percentage of annexin V labeled platelets.
In vitro treatment of human platelets with collagen
and increasing concentrations of thrombin raised the

percentage of annexin V labeled cells by 4 to 15 fold
as compared to resting platelets. The proportion of
annexin V labeled platelets decreased by 30 to 60% in
the presence of AR-C69931MX (10 µM), whereas
A3P5P (400 µM) had no significant effect. When wild
type or P2Y1 -/- mouse platelets were treated with
thrombin and/or collagen, FITC-annexin V labeled
P2Y1-/- and wild type platelets to a comparable
extent. AR-C69931MX (10 µM) reduced the percentage of annexin V labeled P2Y1-/- or wild type
platelets by 30 to 60% depending on the dose of
thrombin, while A3P5P (200 µM) again had no significant effect. Thus, when the P2Y1 receptor was
blocked either with a specific antagonist or by gene
knock-out in mice, human and mouse platelets were
still able to expose procoagulant phospholipids at
their membrane surface. In contrast, phospholipid
exposure was inhibited when the P2cyc receptor was
blocked with a specific antagonist. These results suggest that ADP is involved in the exposure of negatively charged phospholipids at the surface of activated platelets and that this function of ADP is
dependent on the P2cyc pathway. Our data are consistent with the observation of Hérault et al. (Thromb
Haemost 1999) that clopidogrel inhibits thrombin
generation on rat platelets and support the idea that
antiplatelet agents affecting the P2cyc pathway may
also act as antithrombotic agents by reducing thrombin generation.
THROMBOPOIETIN UPREGULATES P2Y1 RECEPTOR
GENE EXPRESSION AND P2Y1 mRNA LEVELS IN
MEGAKARYOCYTES
Hechler B, Ravid K
Department of Biochemistry, Boston University School of Medicine, Boston, MA, USA

Pharmacologic data and studies on P2Y1 knockout mice have clearly established that two independent receptors contribute to the platelet aggregation
induced by adenosine 5’-diphosphate (ADP): the
P2Y1 metabotropic receptor responsible for the mobilization of ionized calcium from internal stores which
initiates aggregation and as yet unidendified P2Y
receptor coupled to adenylyl cyclase inhibition,
termed P2YADP, P2TAC or P2CYC, which is essential for
a full aggregation response to ADP (Hechler et al.,
Blood 1998; Léon et al., J Clin Invest 1999). Although it
has been shown that the P2Y1 receptor is expressed
early in the megakaryocytic lineage, the regulation of
its expression in the process of megakaryocyte maturation is unknown. Thrombopoietin (TPO) is the pivotal physiologic regulator of megakaryocytopoiesis
and platelet production. It stimulates megakaryocyte
progenitor cell proliferation, induces the expression
of platelet specific proteins and increases endomitosis. We wondered if TPO affected the expression of
the P2Y1 receptor during differentiation of megakaryocytes. In this issue, we took advantage of the
Y10/L8057 mouse megakaryocytic cell line, a subclone of the megakaryocytic cell line L8057, which
has been shown to respond to recombinant TPO
(PEG-rHuMGDF, generous gift of Amgen, Inc. CA,
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USA) (Zhang et al., J Biol Chem 1998). Northern blot
analysis indicated that PEG-rHuMGDF (25 ng/mL)
increased P2Y1 mRNA levels by two fold in Y10/L8057
cells. The enhancement of P2Y1 receptor mRNA by
TPO was associated with the upregulation of platelet
factor 4 (PF4) and glycoprotein IIb (GPIIb) mRNA.
The P2Y1 receptor mRNA upregulation appeared to
be selective, since PEG-rHuMGDF did not induce an
increase of the adenosine A2a receptor mRNA in
Y10/L8057 cells. The half-life of the P2Y1 receptor
mRNA in megakaryocytes was determined to be 2.5
hours and this was not affected by PEG-rHuMGDF
treatment. In contrast, PEG-rHuMGDF increased the
transcription of the P2Y1 gene in Y10/L8057 cells, as
assessed by nuclear run-on experiments. Moreover, in
vivo studies consisting of injection of 50 µg/kg PEGrmMGDF in FVB mice induced an increase in the P2Y1
receptor mRNA level in megakaryocytes from spleen,
as shown by in situ hybridization analysis. These
results show that TPO upregulates P2Y1 receptor
mRNA expression in the process of megakaryocyte
maturation, both in vivo and in vitro. Whether the
TPO-induced increase in P2Y1 receptor mRNA level
correlates with an increase in P2Y1 receptor protein
and whether it affects platelet functions remains to
be determined.
DIFFERENTIAL INVOLVEMENT OF THE P2Y1 AND P2cyc
RECEPTORS IN MORPHOLOGICAL CHANGES DURING
PLATELET AGGREGATION
Eckly A, Cassel D, Cazenave JP, Gachet C
INSERM U.311, Etablissement de Transfusion Sanguine, BP 36,
Strasbourg, France

Platelets are discoid in their resting state but upon
activation by various stimuli rapidly change their morphology to become spherical and form two distinct
types of surface protusion, lamellipodia and filopodia. This shape change precedes platelet aggregation
and secretion. ADP is stored at high concentrations in
the dense granules of platelets, from which it is
released during platelet activation, thus potentiating
aggregation in response to other agonists. ADPinduced platelet aggregation results from simultaneous activation of the P2Y1 and P2cyc receptors, coupled to calcium mobilization and adenylyl cyclase inhibition, respectively. The aim of the present work was
to assess the relative contributions of these two receptors to the morphologic changes induced by ADP itself
and by ADP releasing agonists such as thrombin and
U46619. The effects of selective antagonists of P2Y1
(A2P5P) and P2cyc (AR-C67085) on the ultrastructure
of platelet aggregates were examined by scanning and
transmission electron microscopy.
A2P5P (1 mM) totally blocked platelets stimulated with ADP (5 µM) in the discoid shape typical of
resting cells. When platelets were activated with a low
concentration of thrombin (0.02 U/mL), A2P5P prevented aggregation and markedly affected shape
change, as demonstrated by the presence of a large
proportion of discoid cells (75%) and only some isolated platelets extruding lamellipodia and filopodia
(25%). At a higher concentration of thrombin (1

U/mL) A2P5P had no effect on the ultrastructure of
platelet aggregates. When platelets were stimulated
with a low concentration of U46619 (0.25 µM),
A2P5P inhibited the formation of filopodia without
significantly affecting lamellipodia, while at a higher
concentration of U46619 (10 µM) A2P5P was again
ineffective. These results point to a role of the P2Y1
receptor in the formation of filopodia in weakly activated platelets. In contrast, AR-C67085 (1 µM),
which blocks the action of ADP on adenylyl cyclase,
did not affect platelet shape change but led to a
decrease in the size of the aggregates induced by ADP
(5 µM), thrombin (0.02 U/mL) or U46619 (0.25
µM). These aggregates were composed of loosely
packed platelets with few contact points, as compared to the tight macroaggregates formed under
control conditions. In the presence of a higher concentration of thrombin (1 U/mL) or U46619 (10
µM), AR-C67085 did not significantly modify the
morphologic changes of platelet aggregation.
It is concluded that the P2Y1 and P2cyc receptors
are differently involved in the morphologic changes of
the platelet aggregation induced by ADP or low concentrations of thrombin or U46619, conditions
under which aggregation is dependent on released
ADP. Activation of the P2cyc receptor appears to be
essential for the formation of stable macroaggregates, whereas P2Y1 seems to be involved in shape
change and to play a role in the extrusion of filopodia. Studies are currently underway to elucidate the
molecular mechanisms through which the P2Y1
receptor regulates the cytoskeletal reorganization
induced by ADP.
CHARACTERIZATION OF THE P2T RECEPTOR
ANTAGONIST PROPERTIES OF AR-C69931MX IN
HUMAN WASHED PLATELETS IN VITRO
Tomlinson W, Cusworth E, Midha A, Kirk IP, Humphries RG,
Leff P
AstraZeneca R&D Charnwood, Bakewell Road, Loughborough, UK

Background. The P2T antagonists, AR-C66096 and
AR-C67085 inhibit ADP-induced platelet aggregation in a competitive manner when tested under equilibrium conditions. However, because they dissociate relatively slowly from the receptor, the antagonism can be insurmountable under conditions of
hemi-equilibrium. Aim. The aim of this study was to
investigate the pharmacology of the structural analog, AR-C69931MX, which is currently in phase II
clinical development. Methods. Aggregation of human
washed platelets (WP) was assessed turbidimetrically as a decrease in absorbance (650 nm), 5, 10 and
60 min after the addition of ADP to aliquots (150 µL)
of platelet suspension in 96-well microtiter plates.
Concentration/effect (E/[A]) curves to ADP (0.031,000 µM) were constructed in the absence and presence of AR-C69931MX (3-100 nM) added either 5
min before or simultaneously with ADP and, in the
latter case, left for 15 min before the response was
initiated by shaking. Protection experiments were also
performed in the presence of the non-depressing,
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this parameter constrained to unity, the pKB value
was 9.35±0.14 (mean±s.e., n = 4). This was consistent with the pKi value for AR-C69931MX of 9.5± 0.1
(mean±s.e., n = 6) for the displacement of [33P]2MeSADP binding from human washed platelets. In
addition, the asymptote at 10 min in the presence of
AR-C69931MX (10 nM) was increased from 43% to
69% of maximum when the P2T antagonist ARC67938MX was used to protect the receptor. At a
concentration of up to 100 µM, AR-C69931MX had
no effect on an ADP independent aggregation
response and showed no agonist or antagonist activity at P2Y1 or P2X1 receptors. Conclusions. ARC69931MX is a potent, selective, competitive P2T
receptor antagonist which, under non-equilibrium
conditions, can exhibit non-competitive properties.
INHIBITION OF ADP-INDUCED PLATELET AGGREGATION
BY AR-C69931MX: COMPARISON OF EFFECTS IN
HUMAN WHOLE BLOOD AND PLATELET RICH PLASMA
IN VITRO
Jarvis GE, Humphries RG, Leff P
AstraZeneca R&D Charnwood, Bakewell Road, Loughborough, UK

Figure 1. The effect of AR-C69931MX pre-incubated for 5
min on ADP-induced platelet aggregation read after a) 5
min, b) 60 min. Values are means ± s.e. (n = 4).

competitive P2T antagonist, AR-C67938MX. Binding
data were obtained in WP in 96-well plates, with each
well containing [33P]-2MeSADP (0.36 nM), putative
displacers and WP. After a 30 min incubation, the
reaction was terminated by filtration. Specificity of
the antiplatelet effect was tested against responses to
a combination of the TxA2 mimetic, U46619 (3 µM)
and adrenaline (0.3 µM), rendered ADP-independent
by addition of the standard P2T antagonist, ARC67085 (1 µM). Selectivity data were obtained
against other P2 receptor subtypes found on platelets
by measuring ADP- (P2Y1) or (in the presence of
apyrase) ATP-induced (P2Y1) calcium increases.
Results. When pre-incubated for 5 min before the
addition of ADP, with the response measured at 5
min after this addition, AR-C69931MX caused a concentration-dependent rightward displacement of the
E/[A] relationship and depressed the asymptote
(Figure 1a). Less depression was observed when
responses were measured following a longer co-incubation period (60 min reading, Figure 1b). Under
conditions in which equilibrium was believed to be
achieved, AR-C69931MX caused parallel rightward
displacement consistent with simple competition.
The Clark slope parameter was 1.08±0.13 and, with

Background. AR-C69931MX, currently in phase II
clinical development for the treatment of acute coronary syndromes, is a potent, selective and competitive antagonist at the platelet P2T receptor. Platelet
aggregation can be measured using a variety of techniques, each capable of producing different results
which require specific interpretation. For example,
the response is commonly measured in citrated
platelet rich plasma (cPRP) using optical aggregometry, but an alternative is impedance aggregometry
using the more physiologic milieu of whole blood.
Aim. The aim of this study was to characterize the
inhibition of ADP-induced platelet aggregation (APA)
by AR-C69931MX in cPRP using optical aggregometry, and in heparinized whole blood (hWB) using
impedance aggregometry. Methods. Impedance aggregometry was performed in hWB (heparin, 10 U/mL)
from 5 subjects and optical aggregometry in cPRP
(citrate, 0.11M, 3.2%) from 4 subjects. Concentration-response curves to ADP were generated in the
absence (control) and presence of increasing concentrations of AR-C69931MX (3-1,000 nM). The
response in hWB was measured in ohms 5 min after
the addition of ADP. In cPRP, 3 indices of aggregation were measured: final extent, maximum extent
and rate. Data were fitted to a 4 parameter logistic
model incorporating a model of competitive antagonism. Statistical tests were carried out to assess
whether any inhibition conformed to standard conditions of competitive antagonism. p values of >0.10
were considered non-significant; p values of <0.01
were considered significant. Intermediate values were
considered of borderline significance. Data are presented as mean ± s.e. Results. AR-C69931MX inhibited APA in both hWB and cPRP. In 2/5 subjects in
hWB, there was no significant deviation from parallelism and, in the remaining 3 subjects, there was a
borderline deviation. In 3/5 subjects, the Schild slope
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did not differ significantly from unity and in the
remaining 2 there was a borderline deviation. The
pKB of AR-C69931MX in hWB was 9.11±0.22 and
the Schild slope was 1.06±0.07. The effect of ARC69931MX on the maximum extent of aggregation in
cPRP was characterized by a concentration-related
reduction in the Hill coefficient, caused by the persistence of a transient P2Y1-mediated aggregation.
The effect on rate of aggregation was a concentration-related depression of the agonist curve. The
effect on the final extent differed from that observed
previously in heparinized PRP, in that the inhibition
did not conform strictly to the criteria of competitive
antagonism, but manifest a concentration-related
reduction in the Hill coefficient. In particular, the
control curves were markedly steeper than those previously observed (7.1±3.2). The extent of rightward
shift of the curves however was consistent with competitive antagonism (Schild slope = 1.04±0.02). Conclusions. These data demonstrate that AR-C69931MX
is a potent inhibitor of APA in both hWB and cPRP.
The competitive nature of the antagonism in hWB
illustrates that the extent of the response is determined by the occupancy of the P2T receptor while the
P2Y1 receptor remains activated. The steepness of the
control agonist curve for the final extent of aggregation in cPRP may have been due to TxA2 generation
and release of dense granule contents, a phenomenon which is not observed in heparinized PRP, under
which circumstances, antagonism by P2T antagonists
is competitive. It is concluded that while both methods can clearly demonstrate the anti-aggregatory
properties of AR-C69931MX, the impedance technique is a more appropriate method for monitoring
and quantifying this effect owing to its direct dependence on activation of the P2T receptor.
EFFICIENCY OF PLATELET ADHESION TO FIBRINOGEN
DEPENDS ON BOTH CELL ACTIVATION AND FLOW
Bonnefoy A, Liu Q*, Legrand C, Frojmovic M*
Unité 353 INSERM, Institut d’Hématologie, Université Paris VII,
Hôpital St. Louis, Paris, France; *Department of Physiology,
McGill University, Montreal, Quebec, Canada

The kinetics of adhesion of platelets to fibrinogen
(Fg) immobilized on polystyrene latex beads (Fgbeads) was determined in suspensions undergoing
Couette flow at well-defined homogeneous shear
rates. The efficiency of platelets adhesion to Fg-beads
was compared for ADP-activated versus resting
platelets.
The effects of the shear rate (100 to 2000 s–1), Fgdensity on the beads (24 to 2,882 Fg/mm2), the concentration of ADP used to activate the platelets, and
the presence of soluble fibrinogen were assessed. Resting platelets did not specifically adhere to Fg-beads at
levels detectable with our methodology. The apparent efficiency of platelet adhesion to Fg-beads readily correlated with the proportion of platelets quantally activated by doses of ADP, i.e. only ADP-activated platelets appeared to adhere to Fg-beads, with
a maximal adhesion efficiency of 6-10% at shear rates
of 100-300 s-1, decreasing with increasing shear rates

up to 2000 s-1. The adhesion efficiency was found to
decrease by only threefold when decreasing the density of Fg at the surface of the beads by 100-fold, with
only moderate decreases in the presence of physiologic concentrations of soluble Fg. These adhesive
interactions were also compared using activated GPIIbIIIa-coated beads. Our studies provide novel model particles for studying platelet adhesion relevant to
hemostasis and thrombosis, and show how the state
of activation of the platelet and the local flow conditions regulate Fg-dependent adhesion.
CONTROL OF ADP-EVOKED CALCIUM RELEASE BY THE
CELL POTENTIAL IN THE RAT MEGAKARYOCYTE
Mahaut-Smith MP, Hussain JF, Mason MJ
Department of Physiology, University of Cambridge, UK

Platelets and megakaryocytes lack voltage-dependent calcium channels, therefore the cell potential
(Em) is believed to control [Ca2+]i only by altering the
driving force for Ca2+ entry. However we now show
that Em can modulate Ca2+ release from intracellular
stores in a more direct manner during stimulation of
metabotropic purinoceptors in the rat megakaryocyte. Whole-cell patch clamp recordings and simultaneous measurements of intracellular Ca2+ (fluo-3 or
fura-2) demonstrated that voltage steps from –75mV
to either 0mV or –115mV had no effect on [Ca2+]i in
unstimulated cells. During exposure to 1 µM ADP,
depolarization evoked an increase, and hyperpolarization a decrease in [[Ca2+]i. The control of [Ca2+]i by
Em was observed in Ca2+-free medium and was
blocked by several treatments known to inhibit
endogenous IP3 receptors: dialysis with heparin (10
mg mL–1 in the pipette), cyclic AMP elevation with
carbacyclin or flash photolysis, and exposure to caffeine. A physiologically relevant oscillating Em command paradigm (range -75 to -45mV) induced synchronous [Ca2+]i oscillations. These experiments suggest that membrane potential changes may have an
active role in the control of Ca2+ release during
purinoceptor signaling in hematopoietic cells.
Funded by the British Heart Foundation (BS/10 and
PG/94151 & 95005)
REVERSAL OF ADP-INDUCED AGGREGATION BY APYRASE
MODULATED BY WORTMANNIN, A NEW METHOD TO
ASSESS PLATELET ACTIVATION IN VIVO
Murer EH
GCRC, Temple University School of Medicine, Philadelphia, PA, USA

Background. Addition of apyrase (AP) to platelet suspensions to protect platelets against unwanted exposure to ADP was introduced by Mustard et al. in 1972.
Recently Marcus et al. have shown that a similar mechanism exists in circulation, where the scavenger is the
ecto-ADPases of endothelial cells. The introduction of
ADP to platelets in the presence of apyrase results in
a spike of platelet aggregation/deaggregation when
observed in an aggregometer. Aim. We propose that

Haematologica vol. 85 (the Platelet ADP Receptors supplement), June 2000

98

when apyrase is added after the addition of ADP, the
speed and completeness of the return of the aggregation tracing to baseline indicates the extent to
which platelets have undergone activation in circulation. Methods. Blood was collected in green-top vacutainers. Ten min before centrifugation to prepare
platelet-rich plasma 0 or 1 µL Wortmannin (W) was
added (5 mM in DMSO). An additional 2 µM W was
added in plasma. Aggregation was initiated in a
ChronoLog aggregometer with 10 or 25 µM ADP,
and at least 1 unit/mL apyrase added 3 min later. Percent drop in OD was noted at the peak of aggregation
and 1, 2 and 4 min after apyrase addition.
Results.
[W], µM

Spike 1’ after AP 2’ after AP 4’ after AP

Low activity
platelets

0
0.5
2.5

43.8
41.5
31.0

42.5
22.0
1.5

24.3
2.3
-0.8

13.8
-0.3
0.3

Hyperactive
platelets

0.5
2.5

45.0
41.7

42.7
19.0

17.0
2.7

3.0
1.3

n=4

n=3

The figure presents results obtained when a donor
with hyperactive platelets was given a 75 mg tablet of
Plavix™ (clopidogrel) per day for 2 days. Column 14, spike result before Plavix; 5-8, day 1 after Plavix; 912, day 2 after Plavix.
Conclusion. Using the spike modulated by W we can
quantify the degree of activation of platelets in vivo.
The in vivo effect of Plavix indicates that in the present
case platelet hyperactivity is linked to activation of
the P2Tac receptor.

tion in anticoagulated whole blood. The measurement scheme of the system is based on the original
principle described by Kratzer and Born. The instrument aspirates a blood sample under constant vacuum form the sample reservoir through a capillary
and a microscopic hole cut into a membrane. The
membrane is coated with collagen and ephinephrine
or adenosine 5’-diphosphate. The instrument is useful as a screening test for hemorragic disease.
The aim of our study is to evaluate this type of technology also in thrombophilic diseases such as the
ischemic cerebrovascular events. Herein, we report
the results obtained from the general population
(n=100, 70 males and 30 females, aged 37±11.5 yrs)
referred to our laboratory of Haemostasis and
Thrombosis and those found in cerebrovascular
ischemic patients (n= 60, 41 males and 19 females)
suffering from ischemic stroke (aged 59±17 yrs).
Forty patients have a documented diagnosis of
atherothrombotic stroke (lacunar and large vessell
disease) and 20 a diagnosis of cardioembolic stroke.
Samples from cerebrovascular patients were
obtained within 24 hours the onset of ischemic event.
The results obtained in our general population
were 136±13 seconds for collagen and ephinephrine
membrane and 125±40 seconds for adenosine 5’diphosphate membrane, respectively. In the group of
patients we found significant lower results compared
to those found in controls (59±35 seconds for collagene and ephinephrine membrane and 75±28 seconds for adenosine 5’-diphosphate membrane,
respectively). Notably the lowest levels of PFA100™
tests were found in patients with a cardioembolic
stroke (45±20.5 sec. and 60.5±17.5 sec., respectively; p<.0001, Fisher exact test).
Our findings demonstrate that the PFA100™ may
have potential applications in routine evaluation of
platelet function in the clinical setting because of its
accurancy, easy of operation and rapid turnaround
of results. Therefore, it may be of great interest also
for studying patients not only with hemorrhagic phenomena but with cerebrovascular ischemic episodes
under high shear stress rates of flow such as the brain
territory.

THE INFLUENCE OF DEMOGRAPHY ON THE VARIABILITY
OF ADP-INDUCED PLATELET AGGREGATION IN HUMAN
BLOOD IN VITRO
IN VITRO EVALUATION OF BLOOD PLATELET FUNCTION
DURING THE ACUTE PHASE OF CEREBROVASCULAR
ISCHEMIC DISEASE
De Lucia D, Maisto G, Marotta R, Lauretano M, Sorrentino M,
Quarantiello M,# Carbone R,# Caiazzo P,# Papa ML*
Institute of General Pathology and Oncology, II University of
Naples; #Stroke Unit, General Hospital; Caserta; *Hemophilia
and Thrombosis Center at Pellegrini Hospital; Naples, Italy

A new in vitro system for the detection of platelet
dyfunction PFA100™, has been developed. PFA100™
is a system for in vitro measurement of platelet func-

Jarvis GE, Beers G, McCormack P, Nassim MA
AstraZeneca R&D Charnwood, Bakewell Road, Loughborough, UK

Background. Aggregation of blood platelets is
believed to be a critical process in hemostasis and
the pathogenesis of arterial thrombosis. Moreover,
ADP is considered to be an important mediator of
the aggregation response in vivo. Optical techniques
are used commonly to measure ADP-induced platelet
aggregation (APA) although other methods exist,
including impedance aggregometry. Although this
latter technique has been criticized for its variability,
it has not been considered that this variability may
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reflect actual differences between subjects. Aim: The
aim of this study was to investigate whether demographic or clinical differences between subjects have
any influence upon APA measured using impedance
aggregometry. Methods: The concentration-response
profile of APA was measured in heparinized whole
blood from 100 subjects using impedance aggregometry. Demographic data (age, sex, height, weight,
smoking status) and coagulation parameters (including von Willebrand factor (vWF) and fibrinogen) were
collected for each individual. The structural model
used to fit the data was a three parameter logistic
equation which generated mean and variance (inter
and intra individual) estimates of the following parameters: Maximum response (Max); -log concentration giving a 50% response (pA50); Hill coefficient
(nH). By using non-linear mixed effects modeling
demographic and clinical data were incorporated
into the model to explain differences observed
between subjects response profiles. Results. 48 males
and 52 females were recruited into the study. The
average age was 36 years (s.d. = 10) and ranged from
21 to 57. Ten subjects were current smokers. The
analysis showed that Max differed significantly
(p<0.001) between males and females [male: 21.7±
0.4 ohms; female: 23.5±0.4 ohms (mean ± s.e.)]. The
pA50 was significantly affected by sex (p<0.001) and
age (p<0.001), being greater in females than males,
and increasing with age, as illustrated by the predicted values in Table 1. Fibrinogen concentration,
but not vWF, positively correlated with Max (p<0.01)
and was significantly higher in females than males (p
= 0.027); however, fibrinogen concentration did not
contribute to Max independently of its association
with sex which was the dominant contributor in the
model. Conclusions. It is concluded that demographic factors have a significant influence on APA. The
dominant demographic factor is sex, with females
showing both increased sensitivity to ADP and a
greater maximum response compared to males.
Increasing age increased sensitivity alone. It is likely
that the higher levels of fibrinogen in females contributed to the increase in Max seen in this sex. However, the fact that the effect of sex was not wholly
explained by fibrinogen, suggests that other unidentified gender specific factors also contributed to this
phenomenon. This study also shows that whole
blood impedance aggregometry and non-linear
mixed effects modeling are valuable methods for
investigating population-based variability in platelet
responsiveness.
Table 1. Predicted pA50 values as a function of age and sex.
Age (years)
Sex

25

35

45

55

Male

6.00

6.03

6.06

6.09

Female

6.12

6.20

6.28

6.35

MECHANISM OF ATP-MEDIATED PLATELET AGGREGATION
Birk AV, Szeto HH
Department of Pharmacology, Weill Medical College of Cornell
University, New York, USA

ATP and ADP are both released from activated
platelets during thrombosis, and are thought to have
absolutely different actions on platelet reactivity.
According to the two-receptor model for ADPinduced platelet aggregation, simultaneous activation of P2Y1 and P2T receptors by ADP, followed by
coupling to Gq and Gi, respectively, are required to
cause platelet aggregation. In this model, the
inhibitory effects of ATP were explained by its antagonistic action at the P2T receptor. However, ATP, as
an agonist at P2Y1 receptors, should also promote
platelet aggregation. Using optical measurement of
platelet aggregation, we have demonstrated that,
although ATP by itself is unlikely to induce platelet
aggregation, it can substantially stimulate platelets in
the presence of epinephrine or norepinephrine. We
have evidence that ATP induces platelet aggregation
via P2Y1 receptors. Since both catecholamines act at
α2A receptors coupled to Gi in platelets, these results
are consistent with the proposal that concomitant
activation of Gi and Gq are necessary and sufficient
for platelet aggregation. In addition, these data suggest a possible prothrombotic role of extracellular
ATP during ischemia and stress when concentrations
of both catecholamines are significantly increased in
blood.
SYNERGY BETWEEN CONVULXIN AND ADP IN PLATELET
AGGREGATION
Atkinson BT*, Stafford MJ*°, Marshall SJ, Pears C ,° Watson
SP
Department of Pharmacology and °Department of Biochemistry, University of Oxford, UK

Convulxin is a specific agonist for the platelet
receptor GPVI, which signals through a tyrosine
kinase-dependent pathway leading to platelet aggregation. The G protein-coupled receptor agonist ADP
induces platelet aggregation via two receptors, P2TAC
and P2Y1. It has been suggested that co-activation of
these two receptors is critical for aggregation by ADP
although the underlying mechanism is not understood. In cases in which aggregation is induced by a
Gq-coupled receptor, e.g. thromboxane receptor, the
Gi component is supplied through transmitter
release, which can be blocked by a PKC inhibitor. In
the present study we investigate whether activation of
PLCγ2 by GPVI requires co-activation of a Gi-regulated pathway to cause platelet aggregation. The PKC
inhibitor, Ro 31-8220 was used to investigate the
involvement of transmitter release dependent on PKC
in aggregation by convulxin. We have also investigated whether there is synergy between convulxin and,
P2TAC and/or P2Y1 ADP receptors. Ro 31-8220 causes a 95.6±2.1% (n=4) decrease in the aggregation
response to convulxin measured in a Born-aggre-
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gometer, whereas it only causes a 15.1±3.6% (n=3)
decrease in response to ADP. We found that the ability of Ro 31-8220 treated platelets to respond to convulxin was restored by the addition of adrenaline (a
Gi-coupled receptor agonist). We also found that the
addition of ADP just prior to addition of convulxin
causes a 3-fold (n=4) leftward shift in the dose
response curve to convulxin. The largest effect was
seen at low concentrations of convulxin where the
platelet response can be shifted from minimal aggregation up to 50% aggregation in the presence of
ADP. We can conclude that aggregation to convulx-

in is largely dependent on the activity of PKC and this
may be an indirect effect due to release of a Gi-coupled receptor agonist. From the observed shift in the
dose response curve we can conclude that ADP does
potentiate platelet aggregation to convulxin. Since
activation of platelets by convulxin/collagen causes
ADP release, this synergy may be an important physiologic mechanism for the amplification of the aggregation response in hemostasis.
*These two authors contributed equally to this work, which
was supported by the British Heart Foundation.
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