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1 Adenosine 5'-diphosphate (ADP) induces human blood platelets to aggregate and change shape,
and it has been suggested that these two responses are mediated by more than one subtype of ADP
receptor.

2 The structure-activity relationships for several analogues of adenine nucleotides in causing
aggregation and shape change were measured and compared in washed platelets using an
aggregometer. ADP and its analogues 2-methylthioadenosine 5'-diphosphate (2-methylthio-ADP),
adenosine 5'(a,b-methylene)diphosphonate (AMPCP), SP-adenosine 5'-O-(1-thiodiphosphate) (AD-P
aS) and adenosine 5'-O-(2-thiodiphosphate) (ADPbS) were used as agonists. Adenosine 5'-
triphosphate (ATP) and its analogues, P1, P5-diadenosine pentaphosphate (Ap5A), adenosine (5'-
(a,b-methylene)triphosphonate (AMPCPP), 2-methylthioadenosine 5'-triphosphate (2-methylthio-
ATP) and uridine 5'-triphosphate (UTP), as well as the trypanocidal drug suramin, were used as
antagonists.

3 In general, the structure-activity relationships for both responses were similar, but for some
analogues di�erences were observed. ADPaS and ADPbS were much more potent agonists relative
to ADP for shape change than for aggregation and indeed ADPaS antagonized ADP-induced
aggregation with an apparent pKB value of 5.5+0.1. 2-Methylthio-ATP also had di�erent e�ects in
aggregation and shape change, being a much higher a�nity antagonist of aggregation than of shape
change with an apparent pKB value of 7.0+0.2 for aggregation and 5.2+0.2 for shape change.

4 These results support the suggestion that these two responses are mediated by multiple ADP
receptors on human platelets, and are consistent with shape change being mediated via one receptor
(the P2Y1 receptor) with aggregation requiring the activation of two receptors (the P2Y1 and
another P2Y receptor).
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Abbreviations: ADP, adenosine 5'-diphosphate; ADPaS, SP-adenosine 5'-O-(1-thiodiphosphate); ADPbS, adenosine 5'-O-(2-
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triphosphate; cyclic AMP, adenosine 3',5'-cyclic monophosphonate; DEAE, diethylaminoethyl; HEPES, N-[2-
hydroxyethyl]piperazine-N'-[2-ethanesulphonic acid]; IBMX, isobutylmethylxanthine; 2-methylthio-ADP, 2-
methylthioadenosine 5'-diphosphate; 2-methylthio-ATP, 2-methylthioadenosine 5'-triphosphate; PGE1, prosta-
glandin E1; UTP, uridine 5'-triphosphate

Introduction

In human platelets adenosine 5'-diphosphate (ADP) causes
aggregation, shape change, increase in cytosolic calcium

concentration and inhibition of stimulated adenylate cyclase.
Although all these responses are stimulated by ADP, whether
these multiple e�ects of ADP on platelets can be explained by
interaction with a single receptor subtype has been for many

years the subject of controversy and a number of models have
been proposed which include two or more ADP receptors (see
e.g., Colman, 1992; Hourani & Hall, 1994; 1996; Mills, 1996;

Gachet et al., 1996; Hourani et al., 1998; Kunapuli, 1998).
Recently however two families of nucleotide receptors (P2
receptors) have been cloned, the P2Y (G protein-coupled) and

P2X (ion channel) types, and of these the P2Y1 and P2X1 have
been shown to be present on platelets, with the P2Y1 being
involved in aggregation as discussed below while the P2X1

subtype, although shown to be involved in ADP-induced

calcium entry, does not appear to play an important functional
role (LeÂ on et al., 1997; Vial et al., 1997). Some adenine

nucleotide derivatives including adenosine 3'-phosphate 5'-
phosphosulphate (A3P5PS) have been reported to act as
speci®c P2Y1 antagonists (Boyer et al., 1996) and this
compound has been shown by a number of groups to inhibit

competitively the e�ects of ADP in causing aggregation, shape
change and intracellular Ca2+ mobilization, suggesting that
these responses, but not the ability of ADP to inhibit adenylate

cyclase, are mediated wholly or in part via the P2Y1 receptor
(Hechler et al., 1998a; Savi et al., 1998; Jin & Kunapuli, 1998;
Jin et al., 1998; Park et al., 1998). This suggests the existence of

another platelet ADP receptor, tentatively called P2YAC

(sometimes P2T or P2YADP), coupled to Gi-mediated inhibiton
of adenylate cyclase. The 2-alkylthio-substituted analogues 2-

methylthioadenosine 5'-(b,g-methylene)triphosphonate and 2-
ethylthioadenosine 5'-monophosphate both competitively
inhibit the e�ect of ADP on adenylate cyclase but only
partially inhibit aggregation, suggesting that there are two*Author for correspondence; E-mail: s.hourani@surrey.ac.uk

British Journal of Pharmacology (1999) 127, 1359 ± 1366 ã 1999 Stockton Press All rights reserved 0007 ± 1188/99 $12.00

http://www.stockton-press.co.uk/bjp



components to aggregation, only one of which is associated
with inhibition of adenylate cyclase (Hourani et al., 1986;
1996). The structurally-related compound 2-propylthioadeno-

sine 5'-(b,g-di¯uoromethene)triphosphonate (ARL66096), a
potent inhibitor of ADP-induced platelet aggregation
(Humphries et al., 1995), also blocks ADP-induced inhibition
of adenylate cyclase, but does not inhibit ADP-mediated

intracellular Ca2+ mobilization, inositol trisphosphate forma-
tion, or shape change (Sanderson et al., 1996; Daniel et al.,
1998). A model has been proposed in which there are two

separate G protein-coupled receptors for ADP on platelets (in
addition to the P2X1 receptor), one (P2YAC) coupled to
inhibition of adenylate cyclase and the other (P2Y1)

responsible for shape change and coupled to phospholipase
C and Ca2+ mobilization, and that coactivation of these two
receptors is essential for full expression of ADP-induced

platelet aggregation (Jin et al., 1998; Jin & Kunapuli, 1998;
Kunapuli, 1998; Hechler et al., 1998a).

Various adenine nucleotide derivatives have been tested for
their e�ects on ADP induced aggregation, intracellular Ca2+

mobilization and inhibition of stimulated adenylate cyclase
activity in human blood platelets (Cusack & Hourani, 1981a,b;
1982a,b; Hall et al., 1994; Hall & Hourani, 1993; 1994;

Hourani et al., 1992; Hourani & Hall, 1996; Geiger et al.,
1998). However, the e�ects of these derivatives on shape
change in comparison to the other responses of platelets have

not been quantitatively investigated. In the present study we
therefore investigated the e�ects of a range of nucleotides on
the two functional responses, aggregation and shape change, in

human washed platelets and compared them to allow further
characterization of the platelet ADP receptors mediating these
responses. Some of these results have been previously reported
in abstract form (Park & Hourani, 1998; 1999).

Methods

Preparation of washed platelets

Venous blood from healthy human volunteers, who had not
taken any drugs for the previous 10 days, was drawn into one
sixth of the volume of acid-citrate-dextrose anticoagulant
(25 g l71 tri-sodium citrate dihydrate, 15 g l71 citric acid

monohydrate, 20 g l71 glucose) and centrifuged at 2606g for
20 min. The supernatant platelet-rich plasma was removed and
centrifuged at 6806g for 20 min in the presence of

prostacyclin (1 mM) to precipitate the platelets. The super-
natant plasma was discarded and the platelets were suspended
in 10 ml of HEPES-saline (NaCl 145 mM, KCl 5 mM, glucose

10 mM, N-[2-hydroxyethyl]piperazine-N'-[2-ethanesulphonic
acid] (HEPES) 10 mM, 2 mg ml71 bovine serum albumin
adjusted to pH 7.4 with 1 M NaOH). The platelets were again

collected by centrifugation at 6806g for 20 min in the
presence of prostacyclin (1 mM) and resuspended at
26108 ml71 in HEPES-saline.

Aggregation and shape change

250 ml aliquots of washed platelets were taken into siliconized

glass aggregometer tubes and incubated at 378C for 3 min
prior to transfer to a Chronolog lumi-aggregometer (Haver-
town, U.S.A.). The platelet suspension was maintained at 378C
within the aggregometer and stirred at 1000 r.p.m. Agonists
were added in 10 ml of water and antagonists, when used, were
added simultaneously with the agonist to avoid possible
complicating e�ects of pharmacologically active degradation

products. Calcium (CaCl2) was added to the platelets at a ®nal
concentration of 1 mM 3 min before addition of agonist, and
for aggregation experiments ®brinogen was added to the

platelets 10 s before agonist at a ®nal concentration of
0.3 mg ml71. Aggregation was quanti®ed as the maximal rate
of increase in light transmission (in arbitrary units per min)
through the stirred sample relative to HEPES-saline, on

addition of agonist. To quantify shape change, the maximal
decrease (in arbitrary units) in light transmission through the
stirred sample at 378C on addition of the agonist was

measured. In the absence of ®brinogen aggregation in response
to ADP was negligible as measured in the aggregometer.
Aggregation and shape change experiments were both carried

out in parallel, usually in triplicate, on platelets from each
donor, and log concentration-response curves were obtained
on platelets obtained from at least three donors.

Measurement of adenylate cyclase activity

Adenylate cyclase activity was measured by the method of

Haslam & Rosson (1975) as described in detail in Hall &
Hourani (1994) by measuring levels of [14C]-adenosine 3',5'-
cyclic monophosphate (cyclic AMP) present after stimulation

of platelets preincubated in plasma for 45 min at 378C with
[14C]-adenine. The labelled platelets were washed as before and
resuspended in HEPES bu�er, and aliquots (450 ml) were

taken and preincubated for 3 min with CaCl2 (1 mM).
Adenylate cyclase was stimulated for 30 s at 378C by addition
of prostaglandin E1 (PGE1) (1 mM) in the presence of the

phosphodiesterase inhibitor isobutylmethylxanthine (IBMX)
(0.1 mM) and in the presence or absence of ADP and/or 2-
methylthioadenosine 5'-triphosphate (2-methylthio-ATP), all
added simultaneously in a volume of 50 ml. The adenylate

cyclase activity was expressed as d.p.m. derived from [14C]-
cyclic AMP in the samples, corrected for recovery during the
extraction procedure.

Data analysis

All values were expressed as mean+s.e.mean. Agonist
concentrations giving 50% maximal response were determined
from the midpoint of lines drawn through the linear parts of
the individual log concentration-response curves and expressed

as the negative log of the concentration (p[A]50). For
antagonist studies the concentration-ratios were calculated
from the shift in the [A]50 values, and the inhibitor

concentration divided by (concentration-ratio-1) was taken as
the apparent dissociation constant of the inhibitor and
expressed as a negative logarithm (pKB). All lines were drawn

by linear regression analysis. The signi®cance of di�erences
between mean p[A]50 or pKB values for the two e�ects was
assessed by unpaired Student's t-test, and P50.05 was

considered statistically signi®cant.

Drugs

ADP, adenosine 5'-(a,b-methylene)diphosphonate (AMPCP),
ATP, P1,P5-diadenosine pentaphosphate (Ap5A), adenosine 5'-
(a,b-methylene)triphosphonate (AMPCPP), uridine 5'-tripho-
sphate (UTP), bovine serum albumin, prostacyclin, and
diethlaminoethyl (DEAE)-Sephadex A-25 were obtained from
Sigma Chemicals Company (Poole, U.K.). Adenosine 5'-O-(2-

thiodiphosphate) (ADPbS) was obtained from Boehringer
Mannheim (Germany) and Sp-adenosine 5'-O-(1-thiotripho-
sphate) (ADPaS) was obtained from BIOLOG Life Science
Institute (Bremen, Germany). 2-Methylthio-ATP and 2-
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methylthioadenosine 5'-diphosphate (2-methylthio-ADP) were
obtained from Research Biochemicals Incorporated (Poole,
U.K.). Suramin was a generous gift from Bayer, U.K. Most of

the analogues were used as they were purchased, except for 2-
methylthio-ATP, which contained about 20% 2-methylthio-
ADP as an impurity when it was analysed by high pressure
liquid chromatography. It was therefore puri®ed before use by

ion-exchange chromatography on DEAE-Sephadex eluted by
a linear gradient of 1 ± 800 mM triethylammonium bicarbo-
nate.

Results

ADP concentration-dependently induced aggregation and
shape change and had a slightly higher potency for shape

change (Figures 1 ± 6; Table 1). 2-Methylthio-ADP also
induced aggregation and shape change with a similar potency,
and was approximately ten times more potent than ADP for
each e�ect (Figure 1a and b). AMPCP appeared to be a low

e�cacy partial agonist for aggregation, causing a response at
1 mM but achieving less than 25% of the response to ADP at
100 mM (Figure 1c). No agonist e�ect was observed for shape

change at concentrations of AMPCP up to 100 mM (Figure
1d). ADPbS was a much more potent agonist for shape change
than for aggregation (Figure 2). It caused shape change with 8

fold less potency than ADP, but was almost inactive in causing

Table 1 p[A]50 values for agonists and apparent pKB values
for antagonists for ADP-induced aggregation and shape
change of human washed platelets

Platelet responses (p[A]50 or
apparent pKB)

Aggregation Shape change

Agonists (p[A]50)
ADP
2-methylthio-ADP
AMPCP
ADPbS
ADPaS

5.7+0.1
7.0+0.4
54{
54{
±{

6.2+0.1*
7.2+0.2
54{

5.2+0.1
5.9+0.2

Antagonists (apparent pKB)
ADPaS
ATP
Ap5A
AMPCPP
UTP
2-methylthio-ATP
Suramin

5.4+0.1
4.9+0.1
4.8+0.2
54{
54{

7.0+0.2
4.6#

±
4.6+0.1
4.6+0.1
54{
54{

5.2+0.2*
5.0+0.1

For abbreviations see text. Each value is the mean+s.e.mean
of results obtained from three experiments using three
donors, except for ADP where the results are the mean+
s.e.mean of results from at least 20 experiments using blood
from at least 20 donors. *Signi®cant di�erence between
mean values for aggregation and for shape change,
P50.005, unpaired Student's t-test. {Response at 100 mM
less than 30% of the response to ADP. {Concentration ratio
at 100 mM less than 2. #Hourani et al., 1992.

Figure 1 E�ects of ADP (a ± d), 2-methylthio-ADP (a and b) or AMPCP (c and d) on aggregation (a and c) and shape change (b
and d) of human washed platelets. Each point is the mean of at least three determinations and vertical bars show the s.e.mean. For
abbreviations, see text.
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aggregation, achieving at 100 mM only 26% of the maximum
aggregation induced by ADP. ADPaS also showed di�erential
e�ects on the responses, being almost as potent as ADP for

shape change (Figure 3c), whereas it was almost inactive in
causing aggregation (Figure 3a). Log concentration-response
curves to ADP in the presence and absence of ADPaS (10 mM)
showed that ADPaS antagonized the e�ect of ADP as an

aggregating agent in an apparently competitive manner with
an apparent pKB of 5.4+0.1 (Figure 3b). Overall, the potency
order of agonists was 2-methylthio-ADP>ADP>AMPCP,

ADPbS for aggregation with ADPaS being an antagonist,
and 2-methylthio-ADP>ADP4ADPaS4ADPbS>AMPCP
for shape change (see Table 1).

Both responses of ADP were inhibited by ATP (100 mM),
which caused parallel shifts to the right of the log
concentration-response curve to ADP to a similar extent for

both responses (Figure 4a and b). The e�ects of ADP on
aggregation and shape change were also inhibited to a similar
extent in an apparently competitive manner by Ap5A (100 mM)
(Figure 4c and d), but little inhibition was observed either for

aggregation or for shape change by AMPCPP (100 mM) (Figure
4e and f) or UTP (100 mM) (Figure 4g and h). Suramin
(100 mM), which has been reported to be a non-selective P2

antagonist, acted as an antagonist for shape change, having an
apparent pKB value of 5.0+0.1 (Figure 5), which is similar to
the previously reported pKB for aggregation of 4.6 (Hourani et

al., 1992). 2-Methylthio-ATP was a much higher a�nity

antagonist of aggregation than of shape change, being inactive
as an antagonist for shape change at 1 or 10 mM (results not
shown) while at 100 mM it caused a parallel shift to the right of

the concentration-response curve with an apparent pKB of
5.2+0.2 (Figure 6b). However, 2-methylthio-ATP (10 or
100 mM) almost abolished the aggregation induced by ADP
(Figure 6a), and an apparent pKB value of 7.0+7.2 was

calculated for this e�ect, which is highly signi®cantly di�erent
from the apparent pKB value for inhibition of shape change. In
addition 2-methylthio-ATP (1 mM) antagonized the inhibition

by ADP of PGE1-stimulated adenylate cyclase in an apparently
competitive manner with an apparent pKB value of 7.2+0.2,
which is not signi®cantly di�erent from the apparent pKB value

for inhibition of aggregation (Figure 6c). Overall, the apparent
a�nity order for antagonists was 2-methylthio-ATP>ADPaS
4ATP=Ap5A5 suramin4AMPCPP,UTP for aggregation,

and 2-methylthio-ATP5suramin4ATP=Ap5A4AMPCPP
UTP for shape change (Table 1).

Figure 2 E�ects of ADPbS and ADP on (a) aggregation and (b)
shape change of human washed platelets. Each point is the mean of
at least three determinations and the vertical bars show the s.e.mean.
For abbreviations, see text.

Figure 3 E�ects of ADPaS and ADP on (a) aggregation and (c)
shape change of human washed platelets. (b) Aggregation of washed
platelets induced by ADP alone or in the presence of 10 mM ADPaS.
Each point is the mean of at least three determinations and the
vertical bars show the s.e.mean. For abbreviations, see text.
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Discussion

These results represent the ®rst detailed comparison of the

structure-activity relationships of a group of nucleotide
analogues at the human platelet ADP receptors mediating
aggregation and shape change in platelets. The e�ects of
various adenine nucleotide analogues on aggregation, in-

creases in calcium and inhibition of adenylate cyclase have
already been tested, but it is important to compare directly the
structure-activity relationships for shape change and for

aggregation since it is still not clear whether both these
functional responses are mediated by one common ADP
receptor. Also, in our previous studies aggregation was
measured in plasma, but in the current experiments all the

Figure 4 E�ects of ATP analogues on ADP-induced aggregation (a, c, e and g) and shape change (b, d, f and h) of human washed
platelets. Responses to ADP are shown alone or in the presence of 100 mM ATP (a and b), Ap5A (c and d), AMPCPP (e and f) or
UTP (g and h). Each point is the mean of at least three determinations and the vertical bars show the s.e.mean. For abbreviations,
see text.
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conditions (including the calcium concentration) were kept the
same for the aggregation and the shape change measurements,
which were carried out in parallel on the same platelet

preparations in bu�er. The fact that the calcium concentration
was the same is particularly important as this has been shown

to a�ect both ADP-induced shape change and the e�ect of
ADP on adenylate cyclase (Hall et al., 1994). The only
di�erence in the studies presented here was the presence and

absence of ®brinogen which was necessary for aggregation but
not for shape change. It should be noted however that for most
of the antagonists only a single concentration was tested so
only an apparent pKB could be calculated, and that the

antagonists were not preincubated with the platelets (to avoid
breakdown) and the system was unlikely to be at equilibrium.
In addition, the measure of aggregation used was the initial

rate of aggregation and there is some evidence that di�erent
conclusions can be drawn when using di�erent measures, at
least in plasma (Jarvis et al., 1998), although as discussed

below the situation may be di�erent in washed platelets.
Among the agonists we tested, the phosphorothioate

analogues of ADP, ADPaS and ADPbS, showed di�erent

e�ects for aggregation and shape change. ADPbS caused shape
change with a much higher potency relative to ADP than
aggregation while ADPaS showed an even greater di�erence,
being as potent as ADP for shape change but acting as an

antagonist for ADP-induced aggregation. The extent of
aggregation caused by these two analogues were much lower
in washed platelets than previously reported in platelets in

plasma, where they were both partial agonists achieving
approximately 50% of the maximal response to ADP (Cusack
& Hourani, 1981a,b). This either suggests that some unknown

factors are lost from the plasma when they are washed, or that
di�erent conditions (e.g., calcium concentrations) a�ect the
responses. Alternatively, the fact of washing the platelets may

selectively desensitize some components of the aggregation
process. ADPbS has also been shown to act as a partial agonist
for inhibition of PGE1-stimulated adenylate cyclase and for
increases in cytosolic calcium concentration (Cusack &

Hourani, 1981a; Hall & Hourani, 1993). However, ADPaS
acts as an antagonist for inhibition of PGE1-stimulated
adenylate cyclase, whilst acting as a partial agonist for

increases in cytosolic calcium concentration (Cusack &
Hourani, 1981b; Hall & Hourani, 1993). The results presented
here demonstrate clearly that the two compounds exhibit

di�erent e�ects with regard to shape change and aggregation,
supporting the idea that these two responses of platelets are
mediated by multiple ADP receptors. In the case of ADPaS the
results can be explained in terms of the two-receptor model

with ADPaS being an antagonist at the P2YAC receptor but an
agonist at the P2Y1 receptor, as its apparent KB value
calculated here for inhibition of aggregation (5.4) is very

similar to that previously reported for its antagonism of the
e�ect of ADP on adenylate cyclase (5.13; Cusack & Hourani,
1981b).

Of the agents tested as antagonists, ATP, Ap5A and
suramin showed similar apparent a�nities as antagonists for
ADP-induced aggregation and shape change, causing the log

concentration-response curve to ADP to shift to the right in a
parallel fashion. AMPCPP and UTP were essentially inactive
as inhibitors for both aggregation and shape change. We and
others have shown that P2Y1 antagonists such as A3P5PS also

inhibit both responses in a similar manner (Park et al., 1998;
Hechler et al., 1998b; Savi et al., 1998; Jin et al., 1998). Indeed
in our experiments, carried out using an identical protocol to

the experiments described here, A3P5PS (100 mM) had
apparent pKB values of 5.2 and 5.8 as an antagonist of
ADP-induced aggregation and shape change respectively (Park

et al., 1998). However, like ADPbS and ADPaS, 2-methylthio-
ATP is another compound which can pharmacologically
discriminate aggregation and shape change, showing much
higher a�nity antagonism of ADP-induced aggregation than

Figure 5 E�ects of suramin (100 mM) on ADP-induced shape change
of human washed platelets. Each point is the mean of at least three
determinations and the vertical bars show s.e.mean. For abbrevia-
tions, see text.

Figure 6 E�ects of 2-methylthio-ATP on ADP-induced aggregation
(a), shape change (b) and adenylate cyclase activity (c) of washed
platelets. Responses to ADP are shown alone or in the presence of
0.1, 1, 10 or 100 mM 2-methylthio-ATP. The dotted line on (c) shows
the adenylate cyclase activity in the presence of IBMX (0.1 mM)
alone. Each point is the mean of at least three determinations, and
the vertical bars show the s.e.mean. For abbreviations, see text.
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of shape change. Similar discrimination has been observed for
the structurally related analogue ARL66096 (Sanderson et al.,
1996). In addition, 2-methylthio-ATP (like the related

analogues ARL66096, 2-methylthioadenosine 5'-(b,g-methyle-
netriphosphonate) and 2-ethylthioadenosine 5'-monopho-
sphate (Hourani et al., 1986; 1996; Daniel et al., 1998; Jin et
al., 1998)) inhibited the e�ect of ADP on adenylate cyclase

activity in an apparently competitive manner, and its apparent
pKB for this (7.2) is very similar to its apparent pKB value for
inhibition of aggregation (7.0). 2-Methylthio-ATP (50 mM)

also inhibited ADP-induced increases in cytosolic calcium
concentration and an apparent pKB value of around 5.3
(similar to its apparent pKB value of 5.2 for inhibition of shape

change) can be calculated from the results reported, although
some depression of the maximal response to ADP was
observed (Hall & Hourani, 1993). These values are similar to

the pKi value of 5.2 reported for inhibition of calcium
mobilization in Jurkat cells transfected with the human P2Y1

receptor (Hechler et al., 1998b). Again, these results are
consistent with a two-receptor model for platelet aggregation,

with 2-methylthio-ATP having a higher a�nity for the P2YAC

receptor than for the P2Y1 receptor. It should be noted
however that the apparently competitive antagonist e�ect of 2-

methylthio-ATP for aggregation seen here in washed platelets
was di�erent from the non-competitive inhibition previously
seen in platelets in plasma, where a component of the response

was clearly resistant to inhibition (Cusack & Hourani, 1982c).
According to the present study, ADP-induced responses of

washed platelets appear to be well explained by a model

involving two G protein-coupled receptors, with one (P2Y1)
coupled to phospholipase C via Gq and responsible for shape
change, and the other (P2YAC) coupled to G1 mediating
inhibition of adenylate cyclase, with both receptors being

required to be activated for aggregation, at least in washed
platelets (Jin et al., 1998; Jin & Kunapuli, 1998; Kunapuli,
1998; Hechler et al., 1998a). In this model 2-methylthio-ATP

has a higher a�nity for P2YAC than P2Y1, ADPbS has a
higher potency at P2Y1 than P2YAC, and ADPaS acts as an
agonist at the P2Y1 but an antagonist at P2YAC. If both

receptors need to be activated simultaneously to cause
aggregation, then for any agonists which have a di�erent
potency for P2Y1 and P2YAC, the extent of aggregation will
be determined by the lower potency receptor. It should be

noted however that the relative potency of ADPbS compared
to ADP obtained here for shape change is rather lower than
that previously reported for the turkey P2Y1 receptor where

ADPbS has been reported to be approximately twice as
potent as ADP as an activator of phospholipase C (Filtz et
al., 1994). For antagonists, however, binding to only one
receptor, P2Y1 or P2YAC, is enough to inhibit aggregation, so

the pKB for inhibition of aggregation re¯ects the higher of
the two pKB values.

However, although this model ®ts the responses in washed

platelets, the responses of platelets in plasma are not identical.
In plasma, ADPbS and ADPaS act as partial agonists for
aggregation achieving a much higher maximal response

compared to washed platelets (Cusack & Hourani, 1981a,b).
Also in the case of 2-methylthio-ATP, ADP-induced aggrega-
tion was only inhibited by about 50% even at a high

concentration of 2-methylthio-ATP (100 mM) (Cusack &
Hourani, 1982c), which completely abolished ADP-induced
aggregation in washed platelets. Similar di�erences in the
extent of inhibition was reported for 2-methylthioadenosine 5'-
(b,g-methylenetriphosphonate) (Humphries et al., 1994). It is
possible that the P2Y1 receptors of washed platelets are in
some way desensitized compared to those of platelets in

plasma so that while in plasma activation of P2Y1 alone can
induce aggregation, in washed platelets aggregation is
absolutely dependent on co-activation of both receptors. That

the P2Y1 receptors on washed platelets may be at low density
or poorly coupled has been suggested from a comparison of
[Ca2+]i responses between bovine P2Y1 receptors transfected

into Jurkat cells and human washed platelets (Fagura et al.,
1998). It has been suggested that P2Y1 and P2YAC contribute
to cause aggregation of platlets in di�erent ways, with P2Y1

being involved in rapid transient aggregation while P2YAC

mediates later sustained aggregation (Jarvis et al., 1998). This
is more consistent with the results obtained with platelets in
plasma, where stimulation of P2Y1 receptors alone appears to

be able to induce a sub-maximal aggregation, with activation
of P2YAC being required for full expression of aggregation.

In conclusion, the results presented here not only provide

further evidence in favour of a two-receptor model of platelet
activation, but also indicate important di�erences between
washed platelets and platelets in plasma which can greatly
a�ect the results obtained with agonists and antagonists.
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