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1 Antiplatelet drugs have been demonstrated to reduce the incidence of recurrent events in patients
with symptomatic vascular disease. However, there is no experimental data indicating the e�ects of
these agents when given together on platelets and leukocytes. We investigated the ability of aspirin
(an inhibitor of cyclo-oxygenase), dipyridamole (an inhibitor of phospodiesterases and adenosine
uptake) and AR-C69931 (a direct acting P2T antagonist with e�ects similar to those of clopidogrel
which can be used in vitro) when used alone or in combination to inhibit platelet and leukocyte
function.

2 Measurements of platelet and leukocyte function were performed in blood taken from normal
volunteers, and the inhibitory e�ects of aspirin (100 mmol l71), dipyridamole (10 mmol l71) and AR-
C66931 (100 nmol l71) were determined. Platelet aggregation was induced by stirring blood with and
without adenosine diphosphate (ADP) or platelet activating factor (PAF) and measured by platelet
counting. Platelet P-selectin expression, platelet-leukocyte conjugate formation, and leukocyte
activation were determined by ¯ow cytometry.

3 Dipyridamole, AR-C69931, dipyridamole and AR-C69931, dipyridamole and aspirin, AR-
C69931 and aspirin, and all three agents together inhibited platelet aggregation induced by stirring,
ADP and PAF (P50.01). However, it was only the combination of all three agents inhibited P-
selectin expression (P50.01). Similarly, it was the combination of all three antiplatelet agents that
most consistently inhibited platelet-monocyte and platelet-neutrophil conjugate formation and
monocyte and neutrophil activation.

4 Since both platelets and leukocytes are thought to contribute to arterial thrombosis and
atherosclerosis, it is possible that combinations of di�erent antiplatelet agents with di�erent
mechanisms of action may a�ord better protection than individual or pairs of agents used on their
own.
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Introduction

The use of antiplatelet agents is now a routine part of
secondary prevention following ischaemic stroke and myo-
cardial infarction (Antiplatelet Trialists, 1994; Lees et al.,

2000). The three agents that are used most are aspirin,
dipyridamole and clopidogrel, all of which have a di�erent
mechanism of action. Aspirin is an inhibitor of cyclo-

oxygenase, clopidogrel is an ADP P2T receptor antagonist
whilst dipyridamole inhibits adenosine uptake and guanosine
3'5' cyclic monophosphate (cyclic GMP) and adenosine cyclic

monophosphate (cyclic AMP) phosphodiesterases. Since all
three drugs, used individually, have been shown to be
e�ective as anti-thrombotic agents (Diener et al., 1996;

Muller et al., 2000), it is possible that combinations of these
drugs might be more e�ective. The Second European Stroke
Prevention Study (ESPS II) indicated that the combined use
of aspirin and dipyridamole has an additive e�ect in patients

with transient ischaemic attack or ischaemic stroke as
compared with either drug alone on reducing recurrent

vascular events (Diener et al., 1996). Combined aspirin and
clopidogrel are frequently used in the prevention of subacute
thrombosis following coronary stent implantation, and

appear to be a safe and e�ective therapy (Muller et al.,
2000; Kolansky et al., 2000).
Increased platelet activation is well-documented in acute

vascular syndromes including ischaemic stroke and myocar-
dial infarction (Kolansky et al., 2000; Joseph et al., 1989;
Butterworth & Bath, 1998; Smith et al., 1999), where platelets

act as the ®rst responsive elements triggering thrombosis.
There is a growing interest in the role of leukocytes in
thrombosis. Studies have shown that platelet activation can

lead to the formation of platelet-leukocyte conjugates and
leukocyte activation (Mickelson et al., 1996; Serrano et al.,
1997; Rinder et al., 1994; Gawaz et al., 1996; Ott et al., 1996;
Furman et al., 1997). The process of the interaction of

platelets with leukocytes involves a P-selectin-dependent
recognition step followed by an adhesion-strengthening
interaction mediated by the b2 integrin Mac-1 (CD11b) (de

Gaetano et al., 1999). Stimulated platelets adhere to
leukocytes triggering their activation, leukocytes then mod-
ulate platelet responsiveness thereby contributing to the
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pathogenesis of thrombotic and in¯ammatory processes
(Marcus, 1990; Bazzoni et al., 1991).
Here we looked at the in vitro e�ects of aspirin, AR-

C69931 and dipyridamole used singly, in pairwise combina-
tions and all together, on platelet aggregation and platelet P-
selectin expression (CD62P, a marker of platelet activation),
platelet-leukocyte conjugate formation and leukocyte CD11b

expression (a marker of leukocyte activation). AR-C69931, a
direct acting P2T receptor antagonist was used since
clopidogrel is a pro drug requiring hepatic metabolism.

All studies were performed in whole blood containing
hirudin as the anticoagulant. Hirudin was used because,
unlike citrate, plasma divalent cation concentrations are

maintained at physiological levels (Evans et al., 1997).
Platelet aggregation was assessed directly in the whole blood
using a platelet counting technique which provides a very

sensitive means of monitoring the aggregation process and
the results of which correlate well with aggregation measured
using other approaches (Story et al., 1999). Other assays were
performed by ¯ow cytometry.

Methods

Subjects

Forty-two non-fasted volunteers who denied taking any
antiplatelet drugs in the previous 2 weeks were recruited in
this study. The study protocol was reviewed and approved by

the local ethics committee.

Blood preparation

Blood (16 ml) from each subject was collected into two
plastic tubes. One tube contained hirudin provided by
Rhone-Poulenc-Rorer (Kent, U.K.) and stored at a concen-

tration of 5 mg ml71 in 150 mmol l71 NaCl (®nal concentra-
tion (fc) 50 mg ml71) to anticoagulate the blood. The other
tube contained hirudin together with one of the drugs or drug

combinations that was to be investigated. This was aspirin
from Sigma (Poole, fc 100 mmol l71), AR-C69931, a gift from
AstraZeneca (Charnwood, fc 100 nmol l71), dipyridamole
from Boehringer Ingelheim Ltd (Germany, fc 10 mmol l71)

or the various combinations of these. The ®rst tube contained
150 mmol l71 NaCl in place of the drug being tested. The
blood samples were then incubated at 378C for 30 min. Each

drug or drug combination was tested using blood from six
di�erent volunteers.

Platelet aggregation

Aliquots of blood (500 ml) were stirred in a Multi-Sample

Agitator without an agonist, and following addition of ADP
(fc 3 mmol l71) or PAF (fc 1 mmol l71), both from Sigma
(Poole). Platelet aggregation was measured at 10 min after
adding the agonist. This was achieved by removing and ®xing

15 ml of the samples in ®xing solution that was 150 mmol l71

NaCl that contained 0.16% w v71 formaldehyde,
4.6 mmol l71 disodium EDTA, 4.5 mmol l71 Na2HPO4 and

1.6 mmol l71 KH2PO4, pH 7.4, and counting the number of
single platelets using an Ultra-Flo 100 Whole Blood Platelet
Counter (Fox et al., 1982). The percentage fall in number of

single platelets compared with the initial platelet count was
used to indicate the percentage of platelet aggregation that
had occurred.

Platelet activation

Separate aliquots (500 ml) of blood were used to determine

the e�ects of the drug(s) on platelet CD62P expression. In
this case the samples were incubated unstirred for 10 min
with or without ADP (fc 3 mmol l71) or PAF (fc 1 mmol l71).

These samples were then ®xed, centrifuged at 380 6 g for
10 min and the cell pellets resuspended in PBS that was
Dulbecco's A tablets dissolved in distilled water purchased

from Unipath Ltd (Bedford), Aliquots (30 ml) was then
incubated with a saturating concentration of anti-
CD62P:FITC or mouse IgG1:FITC control antibody, both

purchased from Serotec Ltd (Oxford).

Platelet-leukocyte conjugates and leukocyte activation

Measurement of platelet-leukocyte conjugate formation and
leukocyte activation was also performed at 10 min after
adding the agonist. A further 100 ml of the stirred blood

(from the same sample in which platelet aggregation was
measured) was transferred to 2 ml Erythrolyse solution
(Serotec Ltd) and left for 10 min at room temperature. The

lysed samples were then centrifuged at 380 6 g for 10 min,
the pellet washed with PBS, and then re-centrifuged. The
pellet was resuspended in 100 ml PBS containing 10% (v v71)

new born calf serum from Gibco (Middlesex, U.S.A.).
Aliquots of the resuspended material (30 ml) was then
incubated with a saturating concentration of anti-CD14:PE
(Becton Dickinson) which recognizes monocytes and either

anti-CD42a:FITC (for platelet-leukocyte conjugates) or
CD11b:FITC (for activated leukocytes), both from Serotec
Ltd. Non-speci®c binding was determined using a FITC

conjugated control antibody (Serotec Ltd).

Flow cytometry

Platelet-leukocyte conjugates, leukocyte activation (CD11b
expression) and platelet activation (CD62P expression) were
measured using a FACScan ¯ow cytometry (Becton Dick-

inson) equipped with a 5 W laser operating at 15 mW power
and a wavelength of 488 nm, and attached to an Apple Mac
G3 computer. The method was as previously described

(Sanderson et al., 1998). To determine platelet-leukocyte
conjugates, a total of 5000 leukocyte events were collected
using a combination of forward scatter (approximating to cell

size) and side scatter (approximating to cell granularity) with
linear ampli®cation. All ¯uorescence parameters were
acquired with logarithmic ampli®cation. Leukocyte subsets

were distinguished from one another on the basis of their
di�erential light scatter characteristics and positive anti-CD14
¯uorescence. Platelet-leukocyte conjugates were identi®ed as
the percentage of leukocytes with CD42a:FITC ¯uorescence

greater than non-speci®c antibody control. In addition, the
median platelet ¯uorescence of whole monocyte and neu-
trophil population was determined (CD42a). The measure-

ment of leukocyte activation was performed using anti-
CD11b antibody, a marker of monocyte and neutrophil
activation. Activated monocytes and neutrophils were
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quanti®ed as the median CD11b ¯uorescent intensity of the
whole monocyte and neutrophil populations. For determina-
tion of the percentage of platelet expression CD62P, forward

light scatter and side scatter and FITC ¯uorescence were
acquired using logarithmic ampli®cation. A total of 2000
platelet events were collected. An isotype-matched control
antibody was used to set a threshold (99% of events below

threshold) for CD62P positivity.

Statistical analyses

Data were analysed by comparing the mean (+s.d.) of data
from each of the six samples for each antagonist with their

control (saline, Table 1). These results are presented in
Figures 1 ± 5. Statistical analysis was via Student's t-test for
paired values. In view of the number of comparisons that

were performed P50.01 was considered to be signi®cant.

Results

Platelet aggregation

Platelet aggregation occurred as a result of stirring whole
blood both in the absence and presence of a platelet agonist.
The extents of the aggregation that occurred in the absence of

any antiplatelet agents are shown in Table 1. Overall it can
be seen that ADP and PAF enhanced the extent of
aggregation in the absence of drug(s) in comparison with

blood without agonist (P50.01 for both ADP and PAF,
n=42). The e�ects of the various antiplatelet agents on the
aggregation are shown in Figure 1. In each case the
aggregation obtained in the presence of a drug (hatched

histogram) is compared with the aggregation obtained in the
absence of the drug (open histogram), n=6. AR-C69931
(100 nmol l71), dipyridamole (10 mmol l71), the combination

of AR-C69931 and dipyridamole, the combination of AR-
C69931 and aspirin (100 mmol l71), the combination of
dipyridamole and aspirin, and the combination of all three

drugs all signi®cantly (P50.01) reduced the extent of the
platelet aggregation. This was the case whether the blood was
stirred with or without an agonist. Aspirin alone did not
reduce the extent of the platelet aggregation.

Table 1 Platelet aggregation, P-selectin expression, platelet-leukocyte conjugate formation and leukocyte activation following addition
of saline, ADP or PAF

Unstirred Stirred
Saline ADP PAF Saline ADP PAF

Agg % 32+7 53+4{ 51+4{
CD62P % 20+2 34+3{ 39+3{
P/M % 27+3 98+1* 100+1* 100+0.4*

MF 6+1 44+4* 83+9*{ 165+35*{
P/N % 26+7 45+7* 67+6*{ 77+5*{

MF 25+4 35+3* 43+4*{ 52+5*{
M^ MF 55+6 107+12* 124+13*{ 158+18*{
N^ MF 136+16 154+14 163+15{ 206+15*{

Mean values (+s.d.) for per cent platelet aggregation (Agg), % P-selectin (CD62P) positive platelets, % CD42a positive platelet/
monocyte (P/M) conjugates, median CD42a ¯uorescence (MF) of platelet/monocyte (P/M) conjugates, % CD42a positive platelet/
neutrophil (P/N) conjugates, median CD42a ¯uorescence of platelet/neutrophil (P/N) conjugates, and median CD11b ¯uorescence of
monocytes (M^) and neutrophils (N^) obtained in seven sets of experiments each involving six subjects (n=42). *P50.01 (stirred
blood compared with unstirred blood), {P50.01 (ADP or PAF compared with saline).

Figure 1 Inhibition of platelet aggregation in whole blood in vitro
by AR-C69931 (ARC 100 nmol l71), dipyridamole (dip 10 mmol l71),
aspirin (ASA 100 mmol l71) and combinations of these. (a)
Spontaneous aggregation; (b) with 3 mmol l71 ADP; (c) with
1 mmol l71 PAF. Percentage of platelet aggregation is shown
(mean+s.d.), n=6, *P50.01.
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Platelet P-selectin expression

a-Granule secretion occurs following platelet activation and
results in increased expression of CD62P on the platelet
surface. CD62P expression was enhanced (Table 1) by ADP

and by PAF (P50.01, n=42). In these experiments the blood
was left unstirred so as to avoid any platelet aggregation so
that the CD62P expression on single platelets could be

determined. On average 20% of platelets expressed CD62P
before addition of any agonist (Table 1) and this was not
signi®cantly reduced in the presence of AR-C69931
(100 nmol l71), aspirin (100 mmol l71) and dipyridamole

(10 mmol l71) singly or in any combination. In contrast,
34% and 39% of platelets were CD62P positive following
incubation with ADP or PAF (Table 1). Only the

combination of all three drugs signi®cantly (P50.01)
inhibited the increased CD62P expression that occurred
following incubation with ADP or PAF.

Platelet-monocyte and platelet-neutrophil conjugates

Platelet-leukocyte conjugate formation was quantitated both
by determining the percentage of monocytes and of

neutrophils positive for the platelet marker CD42a and as
the median CD42a:FITC ¯uorescence of monocytes and
neutrophils. Mean results obtained for unstirred samples of

blood after stirring with and without ADP and PAF are
shown in Table 1. It can be seen that all the monocytes were
positive for the platelet marker following stirring with or

without agonist, and that 45 ± 77% of the neutrophils were
adherent to platelets depending on the precise conditions
used. There were also signi®cant increases in the median
¯uorescence values for the monocytes and neutrophils after

stirring the blood and further signi®cant increases induced by
ADP and PAF (all P50.01, n=42). It was possible to inhibit
the extent of platelet-monocyte (Figure 2) and platelet-

neutrophil conjugate formation (Figure 3) using some drug
combination but not by any of the drugs used singly. In
Figure 2 it can be seen that the combination of AR-C69931

Figure 2 Inhibition of platelet-monocyte conjugate formation in
whole blood in vitro by AR-C69931 (ARC 100 nmol l71), dipyr-
idamole (dip 10 mmol l71), aspirin (ASA 100 mmol l71) and
combinations of these. (a) Spontaneous conjugates; (b) with
3 mmol l71 ADP; (c) with 1 mmol l71 PAF. The median ¯uorescence
of CD42a positive platelets is shown (mean+s.d.), n=6, *P50.01.

Figure 3 Inhibition of platelet-neutrophil conjugate formation in
whole blood in vitro by AR-C69931 (ARC 100 nmol l71), dipyr-
idamole (dip 10 mmol l71), aspirin (ASA 100 mmol l71) and
combinations of these. (a) Spontaneous conjugates; (b) with
3 mmol l71 ADP; (c) with 1 mmol l71 PAF. The median ¯uorescence
of CD42a positive platelets is shown (mean+s.d.), n=6, *P50.01.
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(100 nmol l71) and dipyridamole (10 mmol l71) and/or the
combination of AR-C69931, dipyridamole and aspirin
(100 mmol l71) inhibited platelet-monocyte conjugate forma-

tion. In Figure 3 it can be seen that the combination of all
three drugs was required to inhibit ADP- and PAF-induced
platelet-neutrophil conjugate formation.

Monocyte and neutrophil CD11b expression

Leukocyte activation results in increased expression of
CD11b on the leukocyte surface and can be quantitated by
determining the median CD11b:FITC ¯uorescence of mono-
cytes and neutrophils. Table 1 shows the mean results

obtained overall in unstirred samples and following stirring
with and without ADP and PAF. Simply stirring blood
signi®cantly increased monocyte activation and adding ADP

or PAF increased CD11b expression on monocytes and
neutrophils further (all P50.01, n=42). The presence of
ADP or PAF was required to bring about a signi®cant

increase in neutrophil activation. Monocyte activation was

inhibited using the combination of dipyridamole

(10 mmol l71) and aspirin (100 mmol l71) and/or the combina-
tion of AR-C69931 (100 nmol l71), dipyridamole and aspirin
(Figure 4). Neutrophil activation induced by PAF was
inhibited by the combination of AR-C69931, dipyridamole

and aspirin only (Figure 5).

Discussion

Overall the aggregation induced by stirring whole blood and

in response to ADP or PAF was inhibited by AR-C69931,
dipyridamole and the combination of these drugs but not by
aspirin. Aspirin did not interfere with the inhibitory e�ects of
AR-C69931 and of dipyridamole. AR-C69931 is a direct

acting P2T antagonist and interferes speci®cally with ADP-
induced aggregation, thus inhibition of the aggregation
induced by stirring and PAF by AR-C6993 con®rms a role

for ADP in these processes (Ishii-Watabe et al., 2000;
Kuanpuli et al., 1999). Dipyridamole provided an alternative

Figure 4 Inhibition of monocyte activation in whole blood in vitro
by AR-C69931 (ARC 100 nmol l71), dipyridamole (dip 10 mmol l71),
aspirin (ASA 100 mmol l71) and combinations of these. (a)
Spontaneous activation; (b) with 3 mmol l71 ADP; (c) with
1 mmol l71 PAF. The median ¯uorescence of CD11b positive
monocytes is shown (mean+s.d.), n=6, *P50.01.

Figure 5 Inhibition of neutrophil activation in whole blood in vitro
by AR-C69931 (ARC 100 nmol l71), dipyridamole (dip 10 mmol l71),
aspirin (ASA 100 mmol l71) and combinations of these. (a)
Spontaneous activation; (b) with 3 mmol l71 ADP; (c) with
1 mmol l71 PAF. The median ¯uorescence of CD11b positive
monocytes is shown (mean+s.d.), n=6, *P50.01.
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means of inhibiting platelet aggregation. Presumably dipyr-
idamole inhibited aggregation through a mechanism invol-
ving cyclic AMP (Fitzgerald, 1987) The lack of e�ect of

aspirin, an inhibitor of thromboxane A2 (TXA2) synthesis in
platelets suggests that TXA2 did not contribute to the platelet
aggregation in these experiments.
Interestingly, it was only the combination of AR-C69931,

dipyridamole and aspirin that signi®cantly inhibited ADP-
and PAF-induced P-selectin expression on platelets in these
experiments. Clearly individual drugs were not as e�ective as

the three drugs together. The same was true for platelet-
leukocyte conjugate formation, with the combination of all
three drugs providing the most e�ective inhibition of

conjugate formation. These results are entirely consistent
with platelet-leukocyte conjugate formation being mainly
mediated by P-selectin with several di�erent processes (ADP,

cyclic AMP and TXA2) contributing to a-granule release and
promotion of platelet-leukocyte adhesion.
Since the combination of all three drugs was also most

e�ective in inhibiting monocyte and neutrophil activation

(CD11b expression), it would appear that the more
completely platelet activation is inhibited, the more likely it
is that leukocyte activation is inhibited also.

In summary, the overall message of our work is that
combinations of three antiplatelet drugs which work through
di�erent mechanism are superior to any single agent alone, or
pairs of agents, in modifying platelet activity and heterotypic

cell adhesion and leukocyte activation. Combining three
di�erent antiplatelet agents may be a new mechanistic
strategy for antiplatelet therapy, speci®cally in the secondary

prevention of vascular disease. We are now studying the
e�ect of combining aspirin, dipyridamole and clopidogrel on
platelet and leukocyte activity measured ex vivo in normal

volunteers and patients with prior ischaemic stroke.
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