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Abstract

X Ž .Human platelets express adenosine 5 -diphosphate ADP -specific purinoceptors of the P and P receptor superfamily, but their2X 2Y

structure, diversity, and precise pharmacological profile is not well understood. Here, functional assays with intact platelets and
well-characterized nucleotide derivatives were performed in order to characterize the ligand specificity of these platelet-specific

Ž 2q 2q 2qpurinoceptors. For the signalling pathways investigated aggregation, rapid Ca -influx, desensitization of Ca -influx, Ca -mobiliza-
.tion, inhibition of adenylyl cyclase , significant differences in ligand specificity were demonstrated. ADP activated all purinoceptors of
X Ž .human platelets, while adenosine 5 -triphosphate ATP was a weak agonist for the P receptor and an antagonist for the P receptors.2X 2Y

The ADP-receptor pathway-antagonist ticlopidine inhibited ADP-evoked aggregation and adenylyl cyclase inhibition but did not affect
platelet purinoceptors associated with Ca2q-influx and Ca2q-mobilization. These results indicate the presence of three distinct
ADP-selective purinoceptors on human platelets. q 1998 Elsevier Science B.V. All rights reserved.

Keywords: ADP derivative; Thienopyridine; Ca2q; G-protein; Purinoceptor

1. Introduction

Human platelets are activated by numerous vasoactive
agents, hormones and drugs. Platelet activation and aggre-

X Ž .gation by adenosine 5 -diphosphate ADP plays a key role
in the development and pathogenesis of arterial thrombosis
Ž .Gaardner et al., 1961; Born, 1985 . This concept is sup-
ported by the recent demonstration that thienopyridines,
such as ticlopidine- and clopidogrel-specific inhibitors of
the ADP activation pathways, are very effective in reduc-

Žing the risk of atherosclerotic vascular disease Schror,¨
1993; Savi et al., 1996; CAPRIE Steering Committee,

. Ž .1996 . Therefore, the mechanism s of human platelet
activation by ADP are of considerable biochemical, phar-
macological and medical interest. Platelets are presently
the only cells known which express ADP-specific,
purinoceptors. Several purinoceptors of the P -subtype have2

been characterized and cloned within the last few years
indicating the existence of the growing receptor superfam-

Žily of the P and P subtypes North and Barnard, 1997;2X 2Y

) Corresponding author. Tel.: q49-931-201-5144r5479; fax: q49-
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.Fredholm et al., 1997 . However, very little is known
about the structure, diversity and function of human platelet

Ž .ADP P receptors despite many attempts to determine2T

the number and types of human platelet ADP receptors
Ž .Mills, 1996; Gachet et al., 1997 . Major problems with
respect to the analysis of platelet purinoceptors include the
existence of several nonspecific nucleotide binding sites on
platelet membranes, the rapid desensitization of platelet
ADP receptors and the degradation and impurity of com-

Ž .mercial nucleotide preparations Gachet et al., 1997 . Three
main signalling pathways induced by ADP have been
described for platelets: The activation of a putative recep-

Žtor operated channel with low cation selectivity Mahaut-
. 2qSmith et al., 1992 , the activation of intracellular Ca

mobilization probably via activation of phospholipase C
2q Žand subsequent store dependent Ca influx Rink and

.Sage, 1990 , and the inhibition of adenylyl cyclase by
Ž .activation of G -protein Cole et al., 1971 . The activationi

of platelets by ADP ultimately results in shape change,
adhesion, secretion and aggregation of the cells. In line

Žwith the recent classification of purinoceptors Fredholm et
. 2qal., 1997 , the platelet purinoceptors mediating rapid Ca

influx have to be designated as P receptors, the G-pro-2X
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tein coupled receptorrreceptors mediating Ca2q mobiliza-
tion and adenylyl cyclase inhibition as P receptors. Here,2Y

we report the characterization of human platelet ADP
receptors with respect to their ligand specificity and phar-
macological profile of ADP evoked signalling in intact
human platelets.

2. Materials and methods

2.1. Materials

X Ž .6-Chloropurine 5 -diphosphate 6-Cl-PuDP , 7-
X Ž Xdeaazaadenosine 5 -diphosphate tubercidine 5 -diphos-

. X Žphate, TuDP , 1-methyladenosine 5 -diphosphate 1-Me-
. X Ž .ADP and 2-chloroadenosine 5 -diphosphate 2-Cl-ADP

Ž .were obtained from Biolog Bremen, Germany . Adeno-
X Ž .sine 5 -g-thiotriphosphate ATP-g-S was obtained from

Ž .Boehringer Mannheim, Germany , pyridoxal phosphate
X X Ž .6-azophenyl-2 ,4 disulfonate sodium salt PPADS , reac-

Žtive blue and suramin from RBI-Biotrend Cologne, Ger-
.many . All other ADP derivatives and chemicals were

Ž .obtained from Sigma Deisenhofen, Germany . The purity
of all derivatives was tested prior to use by high perfor-

Ž .mance liquid chromatography HPLC , and only sub-
stances with a purity better than 99% were used in the

Ž .study. Ticlopidine Tiklyd; Sanofi Winthrop is commer-
cially available.

2.2. Methods

2.2.1. Platelet preparation
Platelets were prepared from freshly drawn whole hu-

man blood obtained from healthy volunteers who had not
received any medical treatment within two weeks before
Ž .Geiger et al., 1992 . Briefly, the blood was collected in a

Žcitrate buffer 100-mM sodium citrate, 7-mM citric acid,
.140-mM glucose, pH 6.5 containing 0.1-mM aspirine

Ž .except for aggregation experiments . Platelet-rich plasma
was separated by centrifugation for 20 min at 300=g
Ž . Ž .Sigma 3K-1 . The platelet-rich plasma upper phase was
then removed with a plastic pipette and transferred into
plastic tubes for further utilization. Washed platelets were
prepared from platelet-rich plasma by centrifugation for 10

Ž .min at 500=g Sigma 3K-1 . The platelet pellet was
Žresuspended in HEPES buffer 145-mM NaCl, 5-mM KCl,

.1-mM MgCl , 10-mM HEPES, 10-mM glucose, pH 7.4 .2

For Fura-2 measurements, the platelet-rich plasma was
Žincubated with 4-mM Fura-2 acetoxymethylester Fura-

. Ž2rAM final concentration, 1% dimethylsulfoxide
Ž . Ž ..DMSO vrv for 45 min at 378C in presence of 0.1
urml apyrase and 0.1-mM aspirin. The platelets were then

Žpelleted by centrifugation for 10 min at 500=g Sigma
.3K-1 . The platelet pellet was resuspended in HEPES

buffer.

2.2.2. Ticlopidine-treated platelets
The action of the platelet inhibitor ticlopidine was

analysed using platelets obtained from healthy,
ticlopidine-treated volunteers and patients undergoing an

Ž .elective coronary stent implantation Markert et al., 1996 .
Blood was taken with informed consent of both patients
and volunteers. Patients received a 3-day treatment with

Ž . Ž .ticlopidine 500 mgrday and aspirin 100 mgrday
Ž .Markert et al., 1996 . Samples were taken before treat-
ment and after 3 days of treatment. Volunteers received a
7-day ticlopidine medication with 500 mgrday. Samples

ŽŽ . .were taken before treatment 1 control , after 7 days of
Ž .medication during treatment and 3 weeks after treatment

ŽŽ . .with ticlopidine 2 control . Determination of platelet
aggregation, cAMP regulation and stimulated Ca2q tran-
sients were performed analogous to the experiments with
ADP derivatives. While the results of platelets from ticlo-

Ž .pidine-treated patients which also received other drugs
Žand ticlopidine-treated volunteers which did not receive

.any other medication were principally similar, only data
from volunteer platelets are shown. All studies reported
here were approved by the ethics committee of our univer-
sity and performed according to the guidelines of the
declaration of Helsinki.

2.2.3. Platelet aggregation
Platelet aggregation was measured with platelet aggre-

Ž .gation profiler PAP-4, Biodata . For the experiments,
0.3-ml platelet-rich plasma were transferred into sili-
conized glass cuvettes with a plastic pipette and a mag-
netic stir bar added. Data were captured via the analog
output port of the PAP-4, digitised with an ArD converter,
and stored on a microcomputer. For the inhibition experi-
ments, platelets were pretreated 10 s with the appropriate
derivative and then stimulated with ADP.

2.2.4. Platelet cAMP content
Both platelet-rich plasma and washed platelets were

used for the determination of G -protein stimulation. Fori

the experiments, 0.3-ml aliquots of platelet suspension in
siliconized Eppendorf caps were either incubated with

Ž Ž .. Ž .ethanol 1% ethanol vrv alone for 1 min base control ,
Ž10-mM prostaglandine E ethanol solved, final concentra-1

Ž ..tion 1% ethanol vrv for 1 min or 10-mM prostaglandine
Ž .E for 1 min maximum control and an ADP derivative,1

added 15 s after addition of prostaglandine E , for 45 s.1

Prostaglandine E was added prior to ADP to prevent1

secondary changes of platelet responses due to platelet
activation by ADP. In inhibition experiments, the deriva-
tive was added immediately after the addition of
prostaglandine E and ADP was added 15 s after addition1

of prostaglandine E . The cells were stopped with 0.5-ml1
Ž .70% vrv ice-cold ethanol and kept on ice for 30 min.

The precipitate was pelleted by centrifugation for 10 min
at 5000=g at 48C. The supernatant was transferred to an
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Eppendorf cap and the precipitate was extracted twice with
Ž .0.5-ml 70% vrv ethanol. The extracts were combined

and evaporated in membrane pump vacuum. The resulting
Žextract was solved in 0.5 ml of assay buffer 50-mM

.sodium acetate, pH 5.8 . The cAMP determination was
performed using the Amersham Biotrak cAMP RIA kit.
Dose–response curves were determined by weighted Mar-
quardt–Levenberg approximation of the raw data.

2.2.5. Ca2 q regulation
Ca2q concentration transients were observed either with

a Perkin Elmer LS-50 fluorescence spectrometer or a
Ž .Schoeffl fluorescence spectrometer Geiger et al., 1992 .

For the experiments with the LS-50 fluorimeter, 2 ml of a
suspension of Fura-2-loaded platelets were transferred in

Ž .10-mm pathlength quartz cuvettes Hellma, Germany ,
with a magnetic stir bar added, and placed in a ther-

Ž .mostated 378C and stirring cuvette holder.
The total Ca2q response of human platelets was deter-

mined with Fura-2-loaded human platelets, stimulated in
presence of 1-mM CaCl with ADP or ADP derivatives.2

The fluorescence emission was measured at an excitation
Ž .wavelength of 340 nm slit width 5 nm and an emission
Ž .wavelength of 510 nm slit width 5 nm . If the substances

applied showed spectral interference with Fura-2, the exci-
Ž .tation wavelength was set to 380 nm slit width 7 nm .

For the Ca2q-mobilization experiments, extracellular
Ca2q was removed by addition of 4-mM sodium EGTA.
Fluorescence measurement was performed as with extra-
cellular Ca2q.

For the separation of Ca2q-influx from Ca2q-mobiliza-
Ž .tion, the manganese quench method Geiger et al., 1992

was applied. Prior to stimulation, 0.5-mM MnCl and2

0.5-mM CaCl were added to the platelet suspension and2

the fluorescence signal was observed at the isosbestic point
Žof the Fura-2 spectrum excitation: 360 nm, slit width: 5

.nm; emission: 510 nm, slit width: 5 nm .
In order to distinguish the Ca2q-influx through the

receptor-operated Ca2q-channel from store dependent
Ca2q-influx, two methods were applied. Platelet Ca2q-
mobilization and store-dependent Ca2q-influx were inhib-
ited by a 3-min preincubation with 10-mM prostaglandine

Ž .E at 378C Geiger et al., 1994 , and then the cells were1

stimulated by ADP andror the appropriate derivative. The
different phases of stimulated increase of the intracellular
Ca2q-concentration could also be separated on the basis of

Žtheir time constants by stopped-flow fluorometry Sage et
.al., 1990 . Stopped-flow fluorometry was performed with a

Schoeffl fluorescence spectrometer fitted with a stopped-
flow setup constructed at our institute. The setup consists

Žof two gastight 200-ml Hamilton syringes providing the
.reaction components and one 500-ml Hamilton syringe

serving as stop syringe, the piston being connected to a
microswitch. The microswitch provides the necessary trig-
ger signal. The syringes are connected by teflon tubes to
the Y-shaped mixing chamber and a 75-ml Hellma flow

Fig. 1. Structure of ADP and the ADP derivatives used in the study.
1 - 2y Ž . 3y Ž . ŽSubstituents: X s-O , -PO ATP , -P O AP , -NH b-NH -3 2 6 4 2 2

. 2 Ž . 3 Ž . 1ADP ; X s-O, -S ADP-b-S ; X s-O-, -CH - AMPCP ; R s-OH, -H2
Ž . 2 Ž . Ž . 3dADP ; R s-H, -Cl 2-Cl-ADP , -SCH 2-MeS-ADP ; R s-H, -Br3
Ž . Ž .8-Br-ADP , -N 8-N -ADP .3 3

through quartz cuvette. The syringes are manually driven.
In previous tests, the dead time of the stopped-flow setup
was determined to be 10–20 ms.

One of the syringes was filled with a suspension of
Indo-1-loaded human platelets in HEPES buffer, the other
one with the agonist solved in HEPES buffer. Loading
with Indo-1 was performed identical to Fura-2 loading of
platelets. Fluorescence emission was determined at an

Ž .excitation wavelength of 350 nm slit width 5 nm and an
Ž .emission wavelength of 460 nm slit width 5 nm for the

free dye and 410 nm for the Ca2q bound complex. The
ratio was evaluated in real time with an analogue com-
puter. Data were collected with a Linseis L8200 data
acquisition system at an acquisition rate of 1 kHz and
transferred to a microcomputer.

2.2.6. Selection of ADP deriÕatiÕes
A wide variety of ADP derivatives was used in this

study in order to characterize the interaction of the nu-
Ž .cleotide with the receptor protein Fig. 1 . The influence of

the phosphate group was tested with elongated or short-
Ž .ened phosphate chains e.g., ATP, AMP and substitutions

of oxygen in the phosphate chain by sulfur, amino groups
or methylene groups. The ribose ring is expected to inter-
act mainly via the 2X- and 3X-hydroxo groups. Therefore the

Ž X .reduced form 2 -deoxy and the oxidized and acyclic
Ž .forms dialdehyde and dialcohol of ADP were applied.

The interaction of the purine base with the receptor protein
was tested by exchange or blocking of potential hydrogen
bond donors and acceptors, i.e., nitrogen in the heterocycle
Ž . Ž .positions 1 and 7 or amino substituents position 6 . The
1, 2, 6 and 8 positions of the purine ring were tested for
their sterical susceptibility by use of bulky substituents.

3. Results

3.1. Aggregation

Compared to the well-known effect of ADP, only 2-
substituted ADP derivatives stimulated a similar extent of
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Table 1
Stimulation of human platelet aggregation by ADP derivatives

Ž .Derivative Aggr. rel.% "S.E.

ADP-b-S 6.6 "3.1
2-Cl-ADP 125.0 "14

adADP y6.5 "1.2
1-Me-ADP 8.9 "2.7
N-etheno-ADP 11.3 "4.0
TuDP 12.5 "2.8

Human platelets were stimulated with 20 mM of the appropriate ADP
derivative. Aggregation responses given are the maxima reached within 3
min after stimulation relative to the aggregation response evoked by
20-mM ADP. Data are means of five individual platelet preparations"S.E.
a With dADP, only shape change was observed.

Ž .platelet aggregation Table 1 . 2-Cl-ADP had a similar,
X Ž .2-methylthioadenosine 5 -diphosphate 2-MeS-ADP an

Ž .even higher potency when compared to ADP Fig. 2 .
1-Me ADP and the 1, N 6-ethenoadenosine 5X-diphosphate

Ž .N-etheno ADP caused very weak and reversible aggrega-
Ž .tion responses Fig. 2C and D; Table 1 . The 6-substituted

6-Cl-PuDP did not show any effects on platelet aggrega-
Ž . Ž .tion data not shown . TuDP at low concentration 10 mM

produced only weak, reversible or no platelet aggregation
at all while a biphasic aggregation response of 40% was

Ž . Žobserved at higher 100 mM concentration Fig. 2C and
.D . The inhibitory effects of 8-substituted ADP derivatives

Ž .already observed previously Hourani and Hall, 1994
could be confirmed although this inhibition was less effec-

Ž .tive in our hands Table 2 . An acyclic ADP derivative,
X X X Žadenosine 5 -diphosphate acyclic 2 3 -dialcohol ADP-dial-

. Žcohol , was neither stimulatory nor inhibitory data not
. X X Xshown . Adenosine 5 -diphosphate acyclic 2 3 -dialdehyde

Ž .ADP-dialdehyde was a weak inhibitor of ADP induced
Ž . X Xplatelet aggregation Table 2 . 2 -Deoxyadenosine 5 -di-

Ž .phosphate dADP stimulated a weak, reversible aggrega-
Ž .tion response at high concentration 100 mM and only

Ž .Fig. 2. Platelet aggregation caused by ADP and ADP derivatives. Platelets of freshly prepared platelet rich plasma were stimulated with ADP trace 1 ,
Ž . Ž . Ž Ž . Ž . . Ž . Ž . Ž . Ž Ž .ADP-b-S trace 2 or dADP trace 3 panel A : 100 mM, panel B : 10 mM or 2-Cl-ADP trace 1 , TuDP trace 2 or 1-Me-ADP trace 3 panel C :

Ž . .100 mM, panel D : 10 mM . The stimulant was added at time point 0. The results are representative for several independent experiments also summarized
in Table 5.
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Table 2
Inhibition of ADP-induced human platelet aggregation by ADP deriva-
tives

Ž .Derivative Aggr. rel.% "S.E.

AP 38.3 "4.24

AMPPNP 55.1 "1.4
ATP 57.9 "2.5
8-Br-ADP 79.0 "9.2
ADP-dialdehyde 79.8 "6.2

Human platelets were treated 10 s with 20 mM of the appropriate ADP
derivative prior to stimulation with 20-mM ADP. Aggregation responses
are given relative to the aggregation response evoked by 20-mM ADP

Ž .alone 100% . Data are means of five individual platelet preparations"

S.E.

Žshape change or no response at all at lower 20 mM, 10
. Ž .mM concentrations Table 1; Fig. 2A and B . Adenosine

X Ž .5 -triphosphate ATP and its derivatives acted, similar to
other adenosine polyphosphates like adenosine 5X-tetra-

Ž .phosphate AP and diadenosine polyphosphates like4
1 4 X Ž .P ,P -diadenosine 5 -tetraphosphate A P , as inhibitors2 4

Ž . Xof platelet aggregation Table 2 . Adenosine 5 -monophos-
Ž .phate AMP exhibited neither a stimulatory nor an in-

Ž .hibitory effect on platelet aggregation data not shown .
Substitution at the terminal ADP phosphate with hydrogen
bond donors other than oxygen reduced the potency to

X Žcause aggregation. Adenosine 5 -b-thiodiphosphate ADP-
. X Ž . Žb-S and adenylyl 5 -phosphoramidate ADP-b-NH at2

.100 mM each stimulated a biphasic aggregation response
of about 40–50% and, at 10 mM, only a weak and

Ž .reversible aggregation Fig. 2A and B . Lipophilic substi-
Žtution at the bridging oxygen of the diphosphate adeno-

X Ž ..sine 5 -ab-methylenediphosphonate AMPCP produced a
Žplatelet aggregation inhibitor of medium strength Table

. X2 . Other nucleotide 5 -diphosphates and triphosphates like
Ž .guanosine 5-diphosphate GDP , inosine 5-diphosphate

Table 3
Ž .Concentration of ADP-derivatives EC values causing half-maximal50

inhibition of prostaglandine E -stimulated adenylyl cyclase in intact1

human platelets

Ž .Derivative EC mM "S.E.50

2-Cl-ADP 0.2748 "0.0021
ADP 0.8804 "0.019
ADP-b-S 2.1543 "0.054
TUDP 2.778 "0.045
N-etheno-ADP 5.003 "0.063
1-Me-ADP 50.82 "0.62

Ž . ŽProstaglandine E 10 mM was added to human platelets 0 min of the1
.incubation time , followed by the addition of ADP or the appropriate

ŽADP derivative at 15 s. After an additional 45 s 60 s total incubation
.time cells were stopped with ethanol, and their cAMP content was

determined. Data represent means of 5–7 experiments"66% confidence
interval.

Ž . Y Ž .IDP and uridine 5 -triphosphate UTP had no effect on
Ž .platelet aggregation data not shown . Pretreatment of

platelets with the prominent purinoceptor antagonists
PPADS, suramine and reactive blue only slightly affected
ADP-evoked platelet aggregation even when used at high

Ž .concentrations up to 1 mM data not shown . Platelets of
ticlopidine-treated individuals did show only weak, re-
versible aggregation or no aggregation at all in response to

Ž . Ž .ADP Fig. 3A , while ADP-caused shape change Fig. 3A
Žand the thrombin-induced response was almost intact Fig.

.3B .

3.2. Inhibition of adenylyl cyclase

The inhibition of prostaglandine-E -stimulated cAMP1
Ž .elevation due to G -protein activation by ADP and ADPi

derivatives exhibited a similar selectivity for ADP deriva-
tives as the platelet aggregation in response to purinergic

Ž .agents Tables 3 and 5 . Also, most substances which

Fig. 3. Effect of ticlopidine treatment on human platelet aggregation. Platelets were prepared from ticlopidine-treated volunteers as described in Section
Ž Ž .. Ž Ž .. Ž . Ž .2.2.2 and stimulated with 10 mM ADP panel A or 1 urml thrombin panel B before trace 1 , after 1 week treatment trace 2 and 2 weeks after

Ž .treatment had been discontinued trace 3 . The results are representative for several independent experiments.
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Table 4
Ž .Concentration of purinergic derivatives IC values resulting in half-50

maximal inhibition of the ADP-caused downregulation of adenylyl cy-
clase in intact human platelets

Ž .Derivative IC mM "S.E.50

ATP 61.31 "1.1
6-Cl-PuDP 64.12 "1.1
AP 80.70 "0.64

ADP-dialdehyde 138.7 "4.5
A P 152.9 "0.72 4

AMPPNP 167.3 "4.8
AMPPCP 183.9 "5.3
FSBA 210.9 "4.7
dADP 333.8 "6.0
AMPCPP 465.2 "1.7
AMPCP )0.5 mM
8-Br-ADP )0.5 mM
Suramin )1 mM
PPADS )2 mM

Ž . ŽProstaglandine E 10 mM was added to human platelets 0 min of the1
.incubation time followed the addition of the tested ADP derivative at 10

Žs and 20-mM ADP at 15 s. After an additional 45 s 60 s total incubation
.time , platelets were stopped with ethanol, and their cAMP content was

determined. Data represent means of 5–7 experiments"66% confidence
interval.

Fig. 4. Inhibition of ADP stimulated Ca2q-influx by dADP in prostaglan-
dine E pretreated platelets. Fura-2 loaded human platelets were preincu-1

bated with 10 mM prostaglandine E for 3 min and then stimulated with1
Ž . Ž . Ž . Ž . ŽADP 20 mM alone trace 1 or ADP 20 mM qdADP 20 mM trace

.2 in the presence of 1-mM CaCl . The stimulants were added at time2

point 0. The results are representative for several independent experi-
ments.

Table 5
Effects of nucleotide derivatives and purinoceptor inhibitors on human platelet purinergic responses

2q Ž .Derivative Ca -regulation Adenylyl cyclase inhibition G Aggregationi

ROC Mobilization

Stimulators
ADP qqq qqq qqq qqq
2-Cl-ADP qqq qqq qqq qqq
2-MeS-ADP qqq qqq qqq qqqq

bADP-b-S qq qqq qq qq
bTuDP q q q q

b1-Me-ADP 0 qq q qr0

Inhibitors
8-Br-ADP 0 y 0 y
AP4 y yy yyy yy
A P 0 yy yy yy2 4

ADP-dialdehyde 0 y yy yy
AMPPCP 0 y yy y
AMPCP 0 0 0 y
PPADS N.D. 0 0 yy
6-Cl-PuDP 0 0 yyy 0

Stimulators and inhibitors
AMPCPP qq yy y yy
ATP q yy yyy yy

cAMPPNP q yy yy yyy
ddADP y qq y 0

Inactive
ADP-dialcohol 0 0 0 0
GDP 0 0 0 0
UDP 0 0 0 0
IDP 0 0 0 0

Ž . Ž .Qualitative representation of nucleotide derivative effects on human platelets are presented. q -signs indicate stimulatory effects, y -signs inhibitory
Ž . Ž . Ž . Žeffects and 0 no effect on platelet purinoceptor mediated responses. The number of q and y -signs are a qualitative representation of strong qqq;

. Ž .yyy or relatively weak q; y effects observed.
bReversible aggregation; c unclear effect; donly shape change observed.
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Fig. 5. Stimulation of Ca2q-influx by adenosine triphosphates in
prostaglandine E -pretreated platelets. Fura-2-loaded human platelets were1

preincubated with 10-mM prostaglandine E for 3 min and, then, stimu-1
Ž . Ž . Ž . Ž .lated with ADP 20 mM trace 1 , ATP 100 mM trace 2 or AMPCPP

Ž . Ž .100 mM trace 3 in the presence of 1-mM CaCl . The stimulant was2

added at time point 0. Further 20-mM ADP was added at the point
indicated with arrows. The results are representative for several indepen-
dent experiments.

inhibited ADP-induced platelet aggregation were also ef-
fective inhibitors of the ADP-caused G -protein activationi
Ž X Xe.g., adenosine 5 -triphosphate and adenosine 5 -polyphos-

. Ž .phates Table 4 . The 8-substituted ADP derivatives did
not show any significant inhibition of the ADP evoked
down regulation of adenylyl cyclase up to 0.5 mM concen-

Ž . Žtration Table 4 . However some ADP derivatives e.g.,
.dADP which had only minor effects on platelet aggrega-

tion inhibited G -protein activation by ADP. Other sub-i
Ž .stances e.g., ADP-b-S which induced only weak aggrega-

tion responses could stimulate G -protein quite effectivelyi
Ž .Tables 3 and 5 . Treatment with AMP lead to an increase
of cAMP, most likely due to AMP breakdown and subse-

Ž .quent G -stimulation by the adenosine formed not shown .s

Suramin and other nonnucleotide purinoceptor antagonists
Ž .PPADS and reactive blue were without effect Table 4 . In

agreement with the effects reported for the thienopyridine
Ž .clopidogrel Savi et al., 1996 , ticlopidine treatment inhib-

ited the ADP-caused downregulation of prostaglandine
E -stimulated adenylyl cyclase although the effects were1

somewhat variable when relatively high concentrations
Ž . Ži.e., 10 mM of prostaglandine E were used data not1

.shown . Also, prostaglandine E -induced phosphorylation1
Ž . Žof vasodilator-stimulated phosphoprotein VASP Geiger

.et al., 1994 was significantly inhibited by ADP, which
Žwas not observed in ticlopidine-treated platelets Geiger,

.unpublished data .

3.3. Ca2 q regulation

3.3.1. Ca2 q-influx
Only a small number of ADP derivatives clearly stimu-

lated ligand-gated Ca2q-influx detected by both the
stopped-flow approach and by the analysis of Ca2q-influx
during prostaglandine E -inhibited Ca2q-mobi-1

lizationrstore-dependent influx. The 2-substituted ADP
derivatives were as efficient as ADP itself, while deriva-

Ž .tives substituted in the phosphate moiety e.g., ADP-b-S
and TuDP were less effective than ADP in stimulating
Ca2q-influx through the receptor-operated cation channel
Ž .Table 5 . Most other derivatives did not influence the
ligand-gated Ca2q-influx at all or showed only a weak
inhibitory action similar to that of dADP, which caused a
30% inhibition of the ADP-induced Fura-2-fluorescence-

Fig. 6. Lack of ticlopidine effects on stimulated Ca2q-influx and Ca2q-mobilization in human platelets. Platelets from ticlopidine treated volunteers were
Žloaded with Fura-2 AM and stimulated with 10-mM ADP in the presence of 0.5-mM MnCl and CaCl manganese influx, fluorescence measurement at2 2

Ž .. Ž 2q Ž .. Ž 2q Ž ..360 nm; panel A , 1-mM CaCl total Ca signal; panel B or 4-mM EGTA Ca -mobilization; panel C . Platelets were obtained before medication2
Ž . Ž . Ž .trace 1 , after 1 week of medication trace 2 and 2 weeks after the treatment had been discontinued trace 3 . The results are representative for several
independent experiments.
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Fig. 7. Stimulation of platelet Ca2q-mobilization from intracellular stores by ADP derivatives. Fura-2-loaded human platelets were stimulated with 20-mM
Ž . Ž . Ž Ž .. Ž . Ž . Ž Ž ..ADP trace 1 , 2-Cl-ADP trace 2 panel A , 1-Me-ADP trace 1 or dADP trace 2 panel B in the presence of 4-mM EGTA. The stimulants were

added at time point 0. The results are representative for several independent experiments.

Ž .increase at a concentration of 20 mM Fig. 4 . ATP and
X Ž .adenosine 5 -ab-methylenetriphosphate AMPCPP acted

2q Ž .as weak activators of human platelet Ca -influx Fig. 5 .
100 mM of AMPCPP, an established activator of P -re-2X1

Ž . 2qceptors Evans et al., 1995 , and ATP stimulated Ca -in-
flux of about 70% or 40%, respectively, when compared to

Žthe maximal response evoked by 20-mM ADP Fig. 5;
. Ž . XTable 5 . Suramin 1 mM , adenosine 5 -bg-methylen-

Ž .etriphosphate AMPPCP and adenosine polyphosphates
Ž . 2qe.g., AP inhibited ADP-stimulated Ca -influx, whereas4

reactive blue at concentrations up to 0.5 mM was without
Ž .effect not shown . Ticlopidine treatment had no signifi-

cant effect on ADP induced Ca2q-influx of human platelets
Ž .Fig. 6A .

3.3.2. Desensitization of Ca2 q-influx
The fast desensitization of the ligand-gated Ca2q-influx

is one of the main characteristics of the associated ADP
Ž .receptor in human platelets Mahaut-Smith et al., 1992 .

All agonists of the rapid Ca2q-influx in human platelets
caused a comparable rate of desensitization. Whereas
platelets stimulated with ADP no longer respond to a
second stimulation with ADP or ADP derivatives, the
application of 20-mM ADP 10 s after stimulation with
some ADP derivatives lead to weak but significant Ca2q-
influx in human platelets as shown for ATP and AMPCPP
Ž . Ž .Fig. 5 and with 20-mM ADP-b-S not shown .

3.3.3. Ca2 q-mobilization
Platelet Ca2q-mobilization from intracellular stores

could be observed in response to most ADP derivatives,
Žthus demonstrating the least nucleotide specificity Table

. Ž5 . Derivatives which activated G -proteins as measuredi

by the inhibition of prostaglandine E -stimulated adenylyl1
. 2qcyclase were also activators of Ca -mobilization in

Ž .platelets Fig. 7 but their relative potency was higher for
2q Ž .Ca -mobilization e.g., 1-Me-ADP, Fig. 7B . Also, most

derivatives which inhibited G -protein activation were alsoi
2q Ž .inhibitors of Ca -mobilization Table 5 . However, dADP

was an exception, as it was a relatively good activator of
2q Ž .platelet Ca -mobilization Fig. 7B . The 8-Bromoadeno-

X Ž .sine 5 -diphosphate 8-Br-ADP turned out being a weak
inhibitor of ADP induced Ca2q-mobilization. The P -re-2

ceptor antagonists PPADS, suramin and reactive blue did
2q Žnot remarkably influence platelet Ca -mobilization not

.shown . Ticlopidine treatment did not significantly affect
2q Ž .ADP induced Ca -mobilization Fig. 6C .

4. Discussion

Platelet receptors responsive to the small-molecule ADP
Žhave been collectively termed P receptors Fredholm et2T

.al., 1997 . However, the P receptor was very recently2T

considered more as a pharmacological concept rather that a
Ž .molecular entity Gachet et al., 1997 despite multiple

attempts to identify platelet ADP receptors by pharmaco-
logical, biochemical and molecular biology methods. Con-
siderable evidence supports the concept of more than one
ADP receptor including a P ionotropic receptor2X
ŽMahaut-Smith et al., 1992; MacKenzie et al., 1996; Ga-

. Ž .chet et al., 1997 and P receptor s linked to G-proteins2Y

which stimulate phospholipase CrCa2q-mobilization from
Žintracellular stores andror inhibit adenylyl cyclase Cole

et al., 1971; Geiger and Walter, 1993; Geiger et al., 1994;
Hourani and Hall, 1994; Savi et al., 1996; Gachet et al.,

.1997; Savi et al., 1998 . However, whether these effects
are mediated by two or more receptors which can be
distinguished by biochemical or pharmacological methods
is not established. One major problem in defining ADP-
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selective receptors has been the impurity and contamina-
Ž .tion of commercial nucleotides Gachet et al., 1997 . Here,

we attempted to define the human platelet ADP receptors
by a variety of biochemical and pharmacological func-
tional assays with intact human platelets using a series of

Ž .pure HPLC criteria: )99% nucleotides in combination
with short incubation times and other inhibitors of ADP

Žstimulated pathways such as thienopyridines Savi et al.,
. Ž1996 and prostaglandine E Geiger and Walter, 1993;1

.Geiger et al., 1994 .
Ž 2qIn all ADP responses analysed rapid Ca -influx,

Ca2q-mobilization from intracellular stores, inhibition of
.adenlyl cyclase, shape change, aggregation , the purine

ring is obviously essential for receptor interaction. Non-
purine nucleotides are completely inactive at human platelet

Ž .purinoceptors Table 5 . Substitution of the 2-position of
the purine ring produced a stronger agonist while substitu-
tion at the 8-position resulted in inactive derivatives or

Ž .even inhibitors Tables 1–5 . This can be explained by a
conformational change of the ADP molecule. Substitution
at the 8-position leads to a rotation of the purine ring out
of the anti conformation towards syn conformation, while
large 2-substituents stabilize the anti conformation. There-

Ž .fore, the platelet ADP receptor s appear to prefer the anti
conformation of ADP. In addition, there may also be
lipophilic interaction of the 2-substituent with the receptor
protein. The 6-amino group appears to be essential for
receptor interaction due to hydrogen bridges, while the 1-
and the 7-positions are less sensitive. Obviously, no essen-
tial interaction of the agonists with the ADP receptor take
place via the ring nitrogen. Binding of the agonist via the
ribose 2X-and 3X-hydroxo groups is necessary for stimula-

2q Ž .tion of rapid Ca -influx ROC , while the activation of
Ca2q-mobilization from intracellular stores does not de-
pend on the formation of hydrogen bridges with the ribose
ring. However, the rigid structure of the ribose ring is
essential in terms of receptor interaction. The acyclic ADP
derivative ADP-dialcohol has neither stimulatory nor in-
hibitory effects on human platelet ADP receptors. The
inhibition of human platelet ADP responses by ADP-dial-
dehyde may be due to the reactivity of the aldehyde groups
with proteins. Also, the length of the phosphate chain
appears to be essential for receptor interaction. Only
diphosphates are able to stimulate aggregation, Ca2q-
mobilization and G -protein, while polyphosphates do in-i

hibit these responses and monophosphates are inactive.
The substitution of the phosphate oxygen by polar sub-
stituents only slightly affects the activity of the agonist
whereas substitution of the P ,P bridging oxygen with the1 2

unpolar methylene group gives a weak inhibitor of platelet
aggregation. There is presently no clear explanation for
this effect since the methylene group does not significantly
influence both bond angle and polarity of the neighbouring
phosphates. Though most adenosine 5X-triphosphate deriva-
tives and adenosine 5X-polyphosphates act as antagonists at
the platelet ADP receptors, ATP and AMPCPP stimulated

a small extent of rapid Ca2q-influx in agreement with the
Ž .results of a recent study MacKenzie et al., 1996 . How-

ever, the Ca2q responses evoked by ATP and AMPCPP
were weaker than the ADP responses at the same concen-

Ž .tration Fig. 5 . Nevertheless, it is difficult to rule out in
these types of experiments that the effects of ATP and its
derivatives on the ligand-gated Ca2q channel of platelets
are due to minor impurities present in the derivatives
applied andror produced during the incubation period
Ž .e.g., by ectonucleotidases . As mentioned before, here we

Ž .used only HPLC checked nucleotides purity )99% and
short incubation times. Commercial nucleotides such as
ATP and ATP-g-S are known to contain biologically

Žactive impurities Geiger and Walter, 1993; Gachet et al.,
.1997 . In our present HPLC analysis, most commercially

available ATP derivatives contained ATP and ADP up to
Ž .5% data not shown requiring additional purification pro-

cedures.
The results obtained with dADP clearly indicate that the

purinoceptors mediating G -protein activation and Ca2q-i

mobilization differ in their binding characteristics while
G -protein activation and aggregation responses appear toi

Žbe similar with all ADP derivatives applied Figs. 2 and 7;
.Tables 1, 4 and 5 . Therefore, G -protein stimulation andi

platelet aggregation are closely connected.
Our present data with ADP, ATP, and their derivatives

already suggest the existence of three different ADP-bind-
ing sites on human platelets. All three sites do show high

Žselectivity for ADP, since ATP and ATP derivatives which
.are activators for most purinoceptors known are only

relatively weak inhibitors of platelet purinergic responses
except for Ca2q-influx. Here, ATP appears to be a weak

Ž .activator Fig. 5 . Clearly, binding properties of platelet
purinergic binding sites responsible for rapid Ca2q-influx,
Ca2q-mobilization and adenylyl cyclase inhibition differ in
their affinity and specificity for nucleotides. Conferring to

Žthe rules for the nomenclature of purinoceptors Kennedy
.and Leff, 1995; Fredholm et al., 1997 , the ligand-gated

Ca2q channel belongs to the P receptor family while the2X

receptors involved in Ca2q-mobilization and adenylyl cy-
Ž .clase inhibition G-protein mediated responses belong to

the P receptor family. However, the pharmacology of2Y

human platelet ADP receptors does not indicate any clear
similarity to any of the known P receptors. Although our2

Ca2q-influx data do, in part, resemble the pharmacological
profile of P receptors, they do not entirely support the2X1

Ž .hypothesis put forward by MacKenzie et al. 1996 who
suggested that the human platelet P receptor is identical2X

to the P receptor already described by Valera et al.2X1
Ž .1994 . Our experiments show that ATP and AMPCPP are
much weaker agonists than ADP at the platelet receptor
Ž .Fig. 5 , whereas ATP is clearly a stronger agonist than

ŽADP at the authentic P receptor Valera et al., 1994;2X1
.Evans et al., 1995 . Our observation of an AMPCPP-insen-

sitive component of platelet Ca2q-influx which is stimu-
lated only by ADP perhaps indicates the presence of a



( )J. Geiger et al.rEuropean Journal of Pharmacology 351 1998 235–246244

Table 6
Characteristics of human platelet purinoceptors

2qSensitivity for: Ca -regulation G -stimulation Aggregationi

ROC Mobilization

ADP q q q q
ATP q y y y
AMPCPP q y y y
Suramin y 0 0 y
PPADS N.D. 0 0 y
Ticlopidine 0 0 y y
Desensitization q qr0 0 0

Summary of the effects of ADP, ATP, AMPCPP, suramin PPADS and
ticlopidine treatment and of desensitization with respect to human platelet

Ž . Ž .purinergic responses. q -signs indicate stimulatory, y -signs indicate
Ž .inhibitory, 0 no effects on human platelet purinergic responses.

heteromultimeric assembly of purinoceptors in human
platelets which has been described recently for other sys-

Ž .tems Radford et al., 1997 .
With respect to P responses, the only P purinocep-2Y 2Y

tors known to be activated by ADP are the P and P2Y1 2Y3
Ž .subtypes Schachter et al., 1996; Webb et al., 1996 . But

even at these purinoceptors, ATP acts more as an agonist
Ž .rather than antagonist. Recently, Gachet et al. 1997

proposed the P receptor as the major, if not only, P2Y1 2Y

receptor present on human platelets. Our data suggest the
existence of two different binding sites mediating either
Ca2q-mobilization or adenylyl cyclase down regulation.
However, pharmacological data alone cannot distinguish
between the possibilities that these G-protein coupled re-
sponses are mediated by distinct receptors or by only one

receptor whose binding characteristics changes upon bind-
ing to different G-proteins. Evidence was presented for

Ž . 2qmice that a common G-protein G mediates both Ca -q
Ž .mobilization and aggregation Offermanns et al., 1997 ,

supporting our present conclusion that two different P2Y

receptors are present on human platelets, although species
differences are possible. However, the possibility of two
distinct P receptors is also supported by the observed2Y

effects of the thienopyridine ticlopidine. Ticlopidine treat-
Ž .ment inhibited ADP-induced platelet aggregation Fig. 3

Žand ADP-evoked adenylyl cyclase inhibition Savi et al.,
.1996; data not shown but did not affect ADP-induced

rapid Ca2q-influx and Ca2q-mobilization from intracellular
Ž .stores Fig. 6 . Whereas a pretreatment with a cAMP-

elevating agent such as prostaglandine E can distinguish1
2q 2q Žbetween ROC Ca -influx and Ca -mobilization Geiger

.and Walter, 1993; Geiger et al., 1994 , a pretreatment with
Ž .a thienopyridine ticlopidine or clopidogrel can distin-

guish ADP responses coupled to Ca2q-mobilization and
adenylyl cyclase inhibition. The extremely high concentra-
tions of other purinoceptor antagonists required to inhibit

Ž .platelet ADP responses Tables 4–6 indicate a low speci-
ficity of these drugs. It is possible that these antagonists do
not interact directly with the ADP receptors at the agonist-
binding site but affect the receptor conformation or a later
step of the signal-transduction cascade. For suramin and
PPADS, it has already been shown by binding assays that
the competition with ATP is not competitive but allosteric
Ž .Michel et al., 1997 .

As summarized in Fig. 8, our data provide evidence for
the existence of at least three different functional nu-

2q Ž .Fig. 8. Pathways affected by ADP receptors in human platelets. ADP activates a P receptor-operated Ca channel on the platelet membrane ROC2X
2q Ž 2q Ž 2q.. Ž .leading to a fast Ca -influx Ca Ca . Additionally, phospholipase C PLC is activated via G-protein stimulation by a P receptor on the plasmae i 2Y

Ž . Ž 2q . 2q Ž 2q.membrane. PLC activation leads to the formation of inositolphosphates IP and liberation of intracellular bound Ca -pools Ca -ions Ca . Further3 p

Ca2q influx through a store-dependent Ca2q channel by a yet unknown mechanism is then induced by the loss of Ca2q-ions from the intracellular stores.
Ž .Activation of G -proteins by stimulation of another P receptor results in an inhibition of adenylyl cyclase AC , leading to a reduction of intracellulari 2Y

cAMP levels. Functional and pharmacological evidence indicates that these ADP effects are mediated by three distinct purinoceptors.
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cleotide binding sites on human platelets. One important
unresolved issue is the coupling of these platelet
purinoceptors to G-proteins and G-protein effector sys-
tems. Human platelets are known to express heterotrimeric
G-proteins of all four major subfamilies which, upon acti-

Žvation, release the different classes of G subunits G , G ,a s i
. ŽG and G and concomitantly the bg-complexes Koe-q 12

.sling and Nurnberg, 1997 . Receptors which directly in-¨
Žhibit platelets receptors for adenosine, b-adrenergic

.agents, prostacyclin, prostaglandine E stimulate adenylyl1

cyclase via G -proteins, while platelet activating receptorss

are thought to couple to more than one G-protein, i.e., G ,q
Ž .G , G , G , G in the case of thrombin , G , G , G12 13 i2 i3 q 12 13

Ž . Žin the case of thromboxane A and G in the case of2 i2
.ADP although it should be emphasized that many of these

conclusions are based on in vitro experiments with platelet
Žmembranes Ohlmann et al., 1995; Koesling and Nurnberg,¨

.1997 . This distinct, platelet-specific pattern of G-protein
coupling may be the basis why a ticlopidinerclopidogrel

Žtreatment which impairs the ADP inhibition of adenylyl
.cyclase selectively impairs the ADP-induced aggregation

with no or minor effect on thrombin or thromboxane
A -induced aggregation of human platelets, respectively2
Ž Ž ..Fig. 4; see also Savi et al. 1996 . The observation that
ticlopidine treatment neither affects ADP-stimulated rapid

2q Ž . 2qCa -influx ROC and Ca -mobilization from intra-
Ž .cellular stores Fig. 6 nor ADP-induced shape change

Ž .Fig. 3 but impairs ADP-evoked aggregation and adenylyl
cyclase inhibition strongly suggests a prominent role for an
ADP-activated, G -protein coupled purinoceptor with re-i

spect to the activation of human platelet aggregation.
Whether this ADP receptor which remains to be identified
at the molecular level achieves its effect on aggregation by

Ž .the G-protein alpha subunits a , a or by bg-com-i2 i3

plexes remains to be elucidated. The activation and release
of the a ra -subunits would inhibit the adenylyl cyclase,i2 i3

decrease the intracellular level of cAMP which is associ-
ated with a decreased extent of vasodilator stimulated

Ž . Žphosphoprotein VASP phosphorylation Geiger, unpub-
.lished experiments . Interestingly, the extent of vasodilator

stimulated phosphoprotein phosphorylation closely corre-
Žlated with the inhibition of platelet aggregation Horstrup

.et al., 1994 . Alternatively, the release of b-complexes are
known to separately stimulate phospholipase C, in particu-

Ž .lar PLC b and PLC b , Koesling and Nurnberg, 1997¨2 3

but also interact with other targets such as phosphoinosi-
Ž .tide 3-kinases Thomason et al., 1994 . Recently, further

evidence was provided that phosphoinositide 3-kinase acti-
vation is an important component for integrin a bIIb 3

Žactivation and associated platelet aggregation Zhang et al.,
.1996 . Although our data presented here strongly suggest

the presence of 3 distinct human platelet ADP receptors as
summarized in Fig. 8, it remains a challenging task to
identify the molecular details of these three receptors and
their signal transduction pathways coupled to the various
aspects of platelet activation.

5. Note added in proof

During the reviewrrevision process of this paper, three
publications appeared dealing with related topics. Jin and

Ž . Ž .Kunapuli 1998 and Daniel et al. 1998 also presented
pharmacological evidence for the presence of three distinct
platelet ADP receptors and actually identified a new P2Y1

receptor which mediates ADP-induced calcium mobiliza-
Ž .tion. Savi et al. 1998 also demonstrated the presence of a

P receptor on human platelets and showed that activa-2Y1

tion of this receptor is not sufficient for platelet aggrega-
tion. All three papers and our present paper, although
based on different experimental approaches and results,
support the concept of three distinct ADP receptors on
human platelets.

Acknowledgements

ŽWe thank B. Knoblauch Department of Pharmacy,
.University of Wurzburg and M. Kuhn for HPLC analysis¨

and purification of the nucleotides and Dr. E. Butt for
helpful discussion. The authors are supported by a grant

Ž .from the BMBF IKFZ Wurzburg, TP E1 .¨

References

Born, G.V.R., 1985. Adenosine diphosphate as a mediator of platelet
aggregation in vivo: an editorial point of view. Circulation 72,
741–742.

CAPRIE Steering Committee, 1996. A randomised, blinded, trial of
clopidogrel versus aspirin in patients at risk of ischaemic events
Ž .CAPRIE . Lancet 348, 1329–1339.

Cole, B., Robinson, G.P., Hartmann, R.C., 1971. Studies on the role of
cyclic AMP in platelet function. Ann. NY Acad. Sci. 185, 477–487.

Daniel, J.L., Dangelmaier, C., Jin, J., Ashby, B., Smith, J.B., Kunapuli,
Ž .S.P., 1998. Molecular basis for ADP-induced platelet activation I . J.

Biol. Chem. 273, 2024–2029.
Evans, R.J., Lewis, C., Buell, G., Valera, S., North, R.A., Surprenant, A.,

1995. Pharmacological characterization of heterologously expressed
Ž .ATP-gated cation channels P purinoceptors . Mol. Pharmacol. 48,2X

178–183.
Fredholm, B.B., Abbracchio, M.P., Burnstock, G., Dubyak, G.R., Harden,

T.K., Jacobson, K.A., Schwabe, U., Williams, M., 1997. Towards a
revised nomenclature for P and P receptors. Trends Pharmacol. Sci.1 2

18, 79–82.
Gaardner, A., Jonsen, J., Laland, S., Hellem, A., Owen, P.A., 1961.

Adenosine diphosphate in red cells as a factor in the adhesiveness of
human blood platelets. Nature 192, 531–532.

Gachet, C., Hechler, B., Leon, C., Vial, C., Leray, C., Ohlmann, P.,´
Cazenave, J.-P., 1997. Activation of ADP receptors and platelet
function. Thromb. Haemost. 78, 271–275.

Geiger, J., Walter, U., 1993. Properties and regulation of human platelet
cation channels. EXS 66, 281–288.

Geiger, J., Nolte, C., Walter, U., 1994. Regulation of calcium mobiliza-
tion and entry in human platelets by endothelium derived factors. Am.
J. Physiol. 267, C236–C244.

Geiger, J., Nolte, C., Butt, E., Sage, S.O., Walter, U., 1992. Role of
cGMP and cGMP-dependent protein kinase in nitrovasodilator inhibi-



( )J. Geiger et al.rEuropean Journal of Pharmacology 351 1998 235–246246

tion of agonist-evoked calcium elevation in human platelets. Proc.
Natl. Acad. Sci. USA 89, 1031–1035.

Horstrup, K., Jablonka, B., Honig-Liedl, P., Just, M., Kochsiek, K.,¨
Walter, U., 1994. Phosphorylation of the focal adhesion protein
vasodilator stimulated phosphoprotein at serine 157 in intact human
platelets correlates with fibrinogen receptor inhibition. Eur. J.
Biochem. 225, 21–27.

Hourani, S.M., Hall, D.A., 1994. Receptors for ADP on human blood
platelets. Trends Pharmacol. Sci. 15, 103–108.

Jin, J., Daniel, J.L., Kunapuli, S.P., 1998. Molecular basis for ADP-in-
Ž .duced platelet activation II . J. Biol. Chem. 273, 2030–2034.

Kennedy, C., Leff, P., 1995. How should P purinoceptors be classified2X

pharmacologically?. Trends Pharmacol. Sci. 16, 168–174.
Koesling, D., Nurnberg, B., 1997. Platelet G proteins and adenylyl and¨

Ž .guanylyl cyclases. In: von Bruchhausen, F., Walter, U. Eds. , Hand-
book of Experimental Pharmacology, Vol. 126, Platelets and Their
Factors, Springer, Berlin, pp. 181–218.

MacKenzie, A.B., Mahaut-Smith, M.P., Sage, S.O., 1996. Activation of
receptor-operated cation channels via P not P purinoceptors in2X1 2T

human platelets. J. Biol. Chem. 271, 2879–2881.
Mahaut-Smith, M.P., Sage, S.O., Rink, T.J., 1992. Rapid ADP-evoked

currents in human platelets recorded with the nystatin permeabilized
patch technique. J. Biol. Chem. 267, 3060–3065.

Markert, T., Bertsch, G., Langenfeld, H., Schanzenbacher, P., 1996.¨
Elective coronary implantation of a new stent without conventional
anticoagulation. Dtsch. Med. Wochenschr. 121, 1213–1219.

Michel, A.D., Lundstrom, K., Buell, G.N., Humphrey, P.P.A., 1997.
Radiolabeling of the rat P purinoceptor: evidence for allosteric2X4

interactions of purinoceptor antagonists and monovalent cations with
P purinoceptors. Mol. Pharmacol. 51, 524–532.2X

Mills, D.C.B., 1996. ADP receptors on platelets. Thromb. Haemost. 76,
835–856.

North, R.A., Barnard, E.A., 1997. Nucleotide receptors. Curr. Opin.
Neurobiol. 7, 346–357.

Offermanns, S., Toombs, C.F., Hu, Y.H., Simon, M.I., 1997. Defective
platelet activation in G -deficient mice. Nature 389, 183–186.a Žq.

Ohlmann, P., Laugwitz, K.L., Nurnberg, B., Spicher, K., Schultz, G.,¨
Cazenave, J.P., Gachet, C., 1995. The human platelet ADP receptor
activates G proteins. Biochem. J. 312, 775–779.i2

Radford, K.M., Virginio, C., Surprenant, A., North, R.A., Kawashima,
E., 1997. Baculovirus expression provides direct evidence for het-
eromeric assembly of P and P receptors. J. Neurosci. 17,2X2 2X3

6529–6533.
Rink, T.J., Sage, S.O., 1990. Calcium signaling in human platelets. Annu.

Rev. Physiol. 52, 431–449.
Sage, S.O., Reast, R., Rink, T.J., 1990. ADP evokes biphasic Ca2q-influx

in Fura-2-loaded human platelets. Biochem. J. 265, 675–680.
Savi, P., Heilmann, E., Nurden, P., Laplace, M.-C., Bihour, C., Kieffer,

G., Nurden, A.T., Herbert, J.-M., 1996. Clopidogrel: an antithrom-
botic drug acting on the ADP-dependent activation pathway of human
platelets. Clin. Appl. Thromb. Haemost. 2, 35–42.

Savi, P., Beauverger, P., Labouret, C., Delfaud, M., Salel, V., Kaghad,
M., Herbert, J.M., 1998. Role of P purinoceptor in ADP-induced2Y1

platelet activation. FEBS Lett. 422, 291–295.
Schachter, J.B., Li, Q., Boyer, J.L., Nicholas, R.A., Harden, T.K., 1996.

Second-messenger cascade specificity and pharmacological selectivity
of the human P -purinoceptor. Brit. J. Pharmacol. 118, 167–173.2Y1

Schror, K., 1993. The basic pharmacology of ticlopidine and clopidogrel.¨
Platelets 4, 252–261.

Thomason, P.A., James, S.R., Casey, P.J., Downes, C.P., 1994. A
G-protein bg-subunit-responsive phosphoinositide 3-kinase activity in
human platelet cytosol. J. Biol. Chem. 269, 16525–16528.

Valera, S., Hussy, N., Evans, R.J., Adami, N., North, R.A., Surprenant,
A., Buell, G., 1994. A new class of ligand-gated ion channel defined
by P receptor for extracellular ATP. Nature 371, 516–519.2X

Webb, T.E., Henderson, D., King, B.F., Wang, S., Simon, J., Bateson,
A.N., Burnstock, G., Barnard, E.A., 1996. A novel G-protein-coupled

Ž .P purinoceptor P activated preferentially by nucleoside diphos-2 2Y3

phates. Mol. Pharmacol. 50, 258–265.
Zhang, J., Zhang, J., Shattil, S.J., Cunningham, M.C., Rittenhouse, S.E.,

1996. Phosphoinositide 3-kinase g and p85rphosphoinositide 3-kinase
in platelets. J. Biol. Chem. 271, 6265–6272.


