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Interaction ofprostaglandin D2 with prostacyclin,
carbacyclin and the hydantoin prostaglandin, BW245C,
in guinea-pig platelets
S. Hamid & B.J.R. Whittle
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1 The anti-aggregating actions of prostaglandin D2 (PGD2) have been compared to prostacyclin
(PGI2), its stable analogue carbacyclin and a hydantoin prostaglandin, BW245C, in guinea-pig
platelets in vitro.
2 PGI2, carbacyclin and BW245C were potent inhibitors ofADP-induced aggregation in guinea-pig
platelets, with ID50 values comparable to those obtained in human platelet-rich-plasma.
3 In contrast, PGD2 acted as a weak and partial inhibitor in guinea-pig platelet aggregation,
producing a bell-shaped dose-response relationship.
4 PGD2 induced a dose-related antagonism of the inhibitory actions of BW245C, prostacyclin and
carbacyclin on guinea-pig platelets.
5 However, PGD2 did not antagonize the inhibitory actions of either forskolin or dibutyryl cyclic
AMP on this platelet preparation.
6 The results suggest a non-specific interaction of PGD2 with these prostanoid binding sites on

guinea-pig platelets.

Introduction

Prostaglandin D2 (PGD2) is a potent inhibitor of
platelet aggregation in human, sheep and horse
plasma but is a weak inhibitor in dog, rabbit and rat
plasma (Smith et al., 1974; Whittle et al., 1978). PGD2
has been shown to be generated by human platelets
(Oelz et al., 1977) and the non-enzymatic conversion
of the endoperoxide, PGH2 to PGD2, which can occur
in plasma, is greatly enhanced by the presence of
plasma protein (Hamberg & Fredholm, 1976; Christ-
Hazelhof et al., 1976). Pharmacological and receptor-
binding studies suggest that PGE1 interacts at the same
site on human platelets as does prostacyclin and that
PGD2 acts at platelet sites distinct from those of
prostacyclin and PGE1 (Whittle et al., 1978; Siegl et
al., 1979; Schafer et al., 1979; Miller & Gorman, 1979).
The hydantoin prostaglandin analogue (BW245C)

inhibits human platelet aggregation but differs con-
siderably in structure from either prostacyclin, PGEI
or PGD2 (Whittle et al., 1983). However, it has been
suggested that BW245C interacts with similar binding
sites to PGD2 on platelets ofvarious species (Whittle et
al., 1983; Town et al., 1983). In the present study the

potency and inhibitory characteristics of PGD2 as an
anti-aggregating agent in platelet-rich-plasma (PRP)
from guinea-pig has been compared to prostacyclin,
its stable analogue carbacyclin (Whittle et al., 1980)
and the hydantoin prostaglandin BW245C.
A preliminary account of this work has been

presented to the British Pharmacological Society
(Hamid & Whittle, 1984).

Methods

Male Halls guinea-pigs (350-450g) were anaesth-
etized with sodium pentobarbitone (60mg kg-', i.p.)
and 15 ml of blood was collected from the abdominal
aorta, using needle pucture (Braunula size 1), into 5 ml
plastic Sarstedt neutral tubes containing trisodium
citrate (final concentration 0.315%). The blood was
centrifuged (3000 r.p.m. for 2 min) at room tem-
perature in a Petalfuge I bench centrifuge to obtain
platelet-rich-plasma (PRP). The PRP was then
carefully removed using a plastic syringe, mixed and
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transferred to plastic universal 30 ml containers
(Sterilin) and was kept at room temperature. The
platelet count in the PRP, determined using a Coulter
Counter (modelZF), was 2.8-3.5 x 108 ml1'. All
equipment used in the preparation and study of PRP
and platelet-poor-plasma (PPP) was plastic or silicon-
ized glass.

Platelet aggregation was measured in a Payton dual
channel aggregation module connected to a 'W + W'
recorder 1200 as described previously (Whittle et al.,
1978). Aliquots (0.5 ml) of PRP were incubated for
1 min at 370C, stirred with teflon-coated magnetic
stirrers at 900 r.p.m., with or without the prostaglan-
din under investigation, before the addition of sub-
maximal dose ofadenosine diphosphate (ADP) to just
cause a non-reversible control aggregation. The con-
centration of ADP used for guinea-pig PRP was
2-41aM.
The inhibition of ADP-induced aggregation was

determined by preincubation (1 min at 370C) with the
prostaglandin under investigation before the addition
of a sub-maximal dose of ADP. Dose-inhibition
curves were constructed for PGI2, BW245C, carbacy-
clin and PGD2 and the ID_0 (dose causing 50%
inhibition) was calculated as the dose required to
reduce the aggregation to 50% of its control
amplitude.
To study the interaction of PGD2 with the other

prostaglandins, doses producing approximately
80-95% inhibition ofADP-induced aggregation were
chosen (PGI2, 4 ngml '; BW245C, 6 ng ml ' car-
bacyclin, 40 ng ml'). PRP was pre-incubated (1 min
at 37°C) with PGD2 (100-2000 ng ml ') before adding
the appropriate concentration of the prostaglandin
under investigation for a further 1 min incubation at
37°C. The sub-maximal dose ofADP was then added.
In further studies, full dose-inhibition curves were
constructed for BW245C in the presence of PGD2
(500, 2000 and 5000 ng ml-'). The interaction of
PGD2 with forskolin (10 pg ml -) and dibutyryl aden-
osine 3'5'-cyclic monophosphoric acid (dibutyryl
cyclic AMP; 2.9 mg ml') was also studied.
To prepare human PRP, approximately 200 ml of

human blood was freshly collected following venepun-
cture in volunteers (who had not taken any non-
steroidal anti-inflammatory agents for I week before
the study) into a plastic 150cm2 tissue culture flask
(Coming) containing trisodium citrate (3.15% w/v
solution to give a final citrate concentration of0.315%
w/v). Whole blood was then centrifuged in plastic
tubes at 1100 r.p.m. (200g) in an MSE bench cen-
trifuge for 15-20 min at room temperature. The PRP
was then carefully removed using a plastic syringe,
mixed and transferred to plastic universal 30 ml con-
tainers (Sterilin) and kept at room temperature.
Platelet aggregation in human PRP was carried out as
described for guinea-pig PRP above.

Drugs

Prostacyclin as the sodium salt was freshly dissolved in
1 M Tris Buffer (pH 9.6 at 4°C) and stored on ice;
subsequent dilutions were made with 50mM Tris
buffer (pH 9 at 4C) immediately before use. Pros-
taglandin D2 and carbacyclin, (supplied by the Upjohn
Company, Kalamazoo) and the hydantoin pros-
taglandin, 5-(6-carboxyhexyl)- 1-(3-cyclohexyl-3-hy-
droxypropyl)-hydantoin (BW245C; from the Depart-
ment of Therapeutic Chemistry, Wellcome Research
Laboratories) were stored in ethanol (l0mgml -';
4°C) and diluted with 50mM Tris buffer (pH7.5 at
4°C) when required. Forskolin (Calbiochem-Behring
Corp., La Jolla, Calif.) was stored in ethanol
(10mgml-') and diluted when required with 50mM
Tris buffer. Adenosine diphosphate (Sigma Chemical
Co.) and dibutyryl adenosine 3'5'-cyclic monophos-
phoric acid (Sigma Chemical Co.) were dissolved in
distilled water when required and kept on ice.

Statistical analysis

Results are expressed as mean ± standard error of
mean (s.e.mean), where n is the number of values.
The difference between groups was evaluated using
Student's t test for unpaired data. P< 0.05 was taken
as significant.

Results

Pre-incubation of prostacyclin (PGI2), BW245C and
carbacyclin with guinea-pig or human PRP caused a
dose-dependent inhibition of platelet aggregation in-
duced by ADP (Figure 1). The ID50 for prostacyclin,
BW245C and carbacyclin in guinea-pig PRP was
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Figure 1 Inhibition of ADP-induced platelet aggrega-
tion in guinea-pig platelet-rich-plasma by prostacyclin
(0), BW245C (0), carbacyclin (U) and prostaglandin
D2 (0) following 1 min pre-incubation at 37C. Results
show as means, with vertical lines representing s.e.means,
from 3-6 experiments.
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Figure 2 Antagonism of prostanoid-induced inhibition
of platelet aggregation in guinea-pig PRP by prostaglan-
din D2 (PGD2). Inhibition of platelet aggregation by
prostacyclin (PGI2, 4 ng ml-'; n = 6), BW245C
(6 ng ml- '; n = 6) and carbacyclin (40 ng ml-'; n = 6) was
antagonized by pre-incubation (1 min) with PGD2
(100-2000ngml') in a dose-related manner. Control,
open columns; plus PGD2: 100 ng ml ' stippled columns;
500 ng ml ', hatched columns, 2000 ng ml ', cross-hat-
ched columns. Results, expressed as % inhibition of
platelet aggregation compared to the initial controls, are

shown as the mean ± s.e.mean (vertical lines) of n

experiments. **P<0.01; *** <0.001.

approximately similar to those in human PRP
(Table 1). Thus, guinea-pig PRP provides one of the
more sensitive animal platelets to the anti-aggregating
actions of these prostanoids (see Whittle et al., 1978)
and is comparable to human platelets in this respect.

In contrast, PGD2 gave a bell-shaped dose-response
relationship, with a maximum inhibition of aggrega-
tion of 53.2 ± 6% (n = 7) at 200 ng ml-' which was
significantly lower at 2000 ng ml-1 (29.2 ± 3.4% in-
hibition, n= 8; P<0.01) and 5000ngml'
(10.4 ± 3.5% inhibition, n = 7; P <0.01), as shown in
Figure 1. Furthermore, pre-incubation (I min) with
PGD2 (200- 5000 ng ml- 1) caused a significant
(P< 0.01) dose-related antagonism of the near-max-
imal anti-aggregating actions of PGI2 (4ngml'),
carbacyclin (40 ng ml-') and BW245C (6 ng ml-'), as
shown in Figure2. The degree of antagonism with

Figure 3 Antagonism of BW245C (4-80ngml-') in-
duced inhibition of platelet aggregation in guinea-pig

PRP by prostaglandin D2 (PGD2; 500-500Ongml-').
The control BW245C (0, n = 6) dose-inhibition curve

was shifted to the right in the presence ofPGD2 in a dose-
related manner; PGD2 (500 ngml- (U, n = 3), 2000
ngml-' (A, n=4) and 5000ngml-' (0, 0=3). Re-
sults, expressed as % inhibition of platelet aggregation
compared to initial controls, are shown as the mean of n

experiments with vertical lines representing s.e.means.

PGD2 (500-2000ngml-') of the actions of PGI2,
carbacyclin and BW245C was comparable (Figure 2).

In further studies, the dose-inhibition curve of
BW245C and ofcarbacyclin was shifted to the right in
the presence of PGD2 (500-5000 ng ml') in a dose-
related manner. Thus the ID50 of BW245C was

significantly increased 350 fold from 7.3 ± 3 ngml-'
to 2.5 ± 0.6Agml- (P<0.001), by PGD2
(2000 ng ml-') as shown in Figure 3, and that of
carbacyclin 1000 fold from 18.6 ± 0.6 ngml' to
20.3 ± 9.8 yg ml-' (P< 0.05) in the presence ofPGD2
(2000 ng ml') (results not illustrated). Since PGD2
has intrinsic activity as an inhibitor of platelet
aggregation, especially at the lower concentrations,
the nature of the dose-inhibition relationships was
complex. Thus, in the presence of PGD2, the minimal
effective concentrations of the anti-aggregating agents
BW245C or carbacyclin, and the shape of their
concentration-response curves were dependent on the
concurrent concentration of PGD2 (Figure 3).

Pre-incubation (1 min) with PGD2 (2000 and

Table 1 Inhibition of ADP-induced platelet aggregation by prostacyclin (PGI2), BW245C, carbacyclin and
prostaglandin D2 (PGD2).

PGI2
ID50 (ngml-')

BW245C Carbacyclin PGD2

Human 0.5 ± 0.1(15) 1.4 ± 0.1(10) 11.0 ± 3.0(10) 11.0 ± 1.6(15)
Guinea-pig 0.8 ± 0.2 (6) 7.3 ± 3.0(14) 18.6 ± 0.6 (5) *162.0 ± 30.7 (5)

Results, expressed as concentration of prostanoid causing 50% inhibition of ADP-induced platelet aggregation in
human and guinea-pig platelet-rich-plasma (PRP), are mean ± s.e.mean from (number in parentheses) experiments.
* PGD2 produced a bell-shaped curve in guinea-pig PRP.
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1005000 ng ml') did not cause any antagonism of the
near-maximal anti-aggregating actions of forskolin
(10 fig ml-') and dibutyryl cyclic AMP (2.9 mg ml-'),
as shown in Figure 4. Indeed, PGD2 in these concen-
trations significantly (P<0.01) enhanced the anti-
aggregating actions of both forskolin and dibutyryl
cyclic AMP.

Discussion

The response and potency ofvarious prostaglandins in
guinea-pig platelets aggregated with ADP has not
previously been described in detail. In this study, a
technique for the collection of blood from the guinea-
pig abdominal aorta has been utilized for the prepara-
tion of platelet-rich-plasma (PRP). The inhibition of
ADP-induced aggregation of guinea-pig platelets with
prostacyclin, BW245C and carbacyclin had compara-
ble potency to that with human PRP (Table 1). Thus,
guinea-pig PRP provides one of the more sensitive
animal platelets to the anti-aggregating actions of
these prostanoids. In contrast, PGD2 provided a
different profile in the guinea-pig platelets, acting as a
weak partial inhibitor and producing a bell-shaped
dose-response relationship, whereas in human PRP,
PGD2 acts as a full potent inhibitor of ADP-induced
aggregation.

Previous studies have suggested that BW245C can
interact with PGD2 binding sites on platelets from
different species (Whittle et al., 1983; Town et al.,
1983). However, in guinea-pig PRP, where PGD2 was
found to be only a weak partial inhibitor of platelet
aggregation, BW245C acted as a potent full inhibitor
of platelet aggregation. Thus, in the guinea-pig
platelets BW245C does not simply act as a PGD2
mimetic, but possibly acts at sites distinct from those
of PGD2, perhaps at the prostacyclin-sensitive site.

Because of the characteristics of the PGD2 dose-
response curves, further studies with PGD2 as a
potential antagonist of the inhibitory actions of the
other prostanoids were conducted. The interpretation
ofthe interactions ofPGD2 is complicated since it does
not behave as a typical partial agonist, exhibiting a
bell-shaped dose-response curve rather than reaching
a plateau inhibitory response at submaximal doses of
inhibition. PGD2 antagonized the inhibitory actions
of not only BW245C, but also of prostacyclin and
carbacyclin (Figure2). Furthermore, the rightward
shift of the control dose-response curves ih, the
presence of PGD2 was far greater than one would
expect of a competitive antagonist (Figure 3). Thus,
PGD2 appears to act as a non-specific antagonist of
the inhibitory actions of various prostanoids in
guinea-pig platelets.
The diterpene, forskolin, has been shown to be a

potent general activator of adenylate cyclase in mem-
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Figure 4 Failure of prostaglandin D2 (PGD2;
2-Sfgml-') to antagonize forskolin (10 fgml'1) and
dibutyryl adenosine 3'5'-cyclic monophosphoric acid
(dibutyryl cyclic AMP; 2.9 mgml-') induced inhibition
ofplatelet aggregation in guinea-pig PRP. Controls, open
columns; plus PGD2: 2 jg ml -, cross-hatched columns;
5 leg ml-', stippled columns. Results, expressed as %
inhibition of platelet aggregation compared to the initial
controls, are shown as the mean of n (number in
parentheses) experiments with vertical lines representing
s.e.mean.

brane preparations and in intact cells from a variety of
tissues, and thus an elevator of cyclic AMP levels
(Seamon et al., 1981). Thus, forskolin is a useful agent
for the general activation of adenylate cyclase and
hence for the investigation of the relationship of cyclic
AMP levels to physiological functions in a variety of
systems. Platelet aggregation can be inhibited by any
agent or process which elevates platelet intracellular
cyclic AMP levels (Salzman & Levin, 1971; Haslam,
1975). Elevated cyclic AMP levels appear to regulate
platelet cytoplasmic calcium levels by stimulating
calcium removal by a membrane system, probably the
dense tubular system (Kaser-Glanzmann et al., 1977).
Thus forskolin has been shown to be a potent inhibitor
of aggregation of human platelets induced by a wide
variety of aggregating agents (Siegel et al., 1982). In
this study, the platelet inhibitory actions of forskolin,
in contrast to those ofPGI2 and carbacyclin, were not
antagonized by PGD2. Since forskolin circumvents
receptor interaction and stimulates adenylate cyclase
more directly, these findings suggest that PGD2 does
not interact by non-specifically suppressing adenylate
cyclase activation. Further, PGD2 did not antagonize
the anti-aggregating actions of dibutyryl cyclic AMP,
the stable and more lipophilic analogue ofcyclicAMP,
which is not metabolized by phosphodiesterases. Thus
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PGD2 does not appear to act as a direct antagonist of
the actions of intracellular cyclic AMP in these
platelets.
The underlying mechanism of the bell-shaped curve

and the antagonist actions of PGD2 in guinea-pig
platelets is not clear. One possibility is that there are
two types of PGD2 receptors, one specific for inhibi-
tion and the other, at high concentrations, for stimula-
tion of platelet aggregation. Another possibility is that
auto-inhibition of the PGD2 receptor occurs; as the
concentration of PGD2 increases, it antagonizes its
own responses.
PGD2 may also cause a non-specific desensitization

and prostanoid receptor down regulation. Blair et al.
(1982) have shown carbacyclin to cause a decrease in
affinity of the prostacyclin-receptor interaction, as
well as a decrease in the total receptor numbers of
cultures of NCB-20 cells. Exposure to carbacyclin
(1gM) over a 4-16 h period also caused a progressive
decrease in the prostaglandin-dependent activaton of
adenylate cyclase in cell homogenates. However, such
desensitization with PGD2 seems unlikely in the
present study since PGD2 was in contact with the

platelets for only 1 min before the addition ofthe anti-
aggregating prostanoids.
At high concentrations PGD2 may also interact with

other stimulatory and pro-aggregatory receptors on
guinea-pig platelets, such as those for thromboxane A2
(Svensson et al., 1975; Armstrong et al., 1983), alth-
ough PGD2 did not itself induce aggregation in this
species and is a full inhibitor of platelet aggregation in
most other species (Whittle et al., 1978; 1983). The
complex interactions between the potential pro- and
anti-aggregating properties with PGD2 may thus be
unmasked by the use of selective prostanoid-receptor
antagonists.

This study shows PGD2 to be an antagonist of the
anti-aggregating actions of several prostanoids but
not a non-specific inhibitor of adenylate cyclase or
antagonist of cyclic AMP in guinea-pig platelets. It is
not yet known whether such antagonistic effects of
PGD2 reflect direct interactions of the binding or
receptor sites for the other anti-aggregating prosta-
noids on the platelets. The development of specific
prostanoid receptor antagonists would assist in the
interpretation of the current findings.
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