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1. The involvement of intracellular 3': 5'-cyclic AMP in the inhibition of platelet
aggregation by prostaglandin E1, isoprenaline and adenosine has been examined
by a radiochemical technique. Platelet-rich plasma was incubated with radio-
active adenine to incorporate 14C radioactivity into platelet nucleotides. Pairs
of identically treated samples were taken, one for the photoinetric measurement of
platelet aggregation induced by ADP, the other for estimation of the radioactivity
of 3': 5'-cyclic AMP. 2. Theophylline, papaverine, dipyridamole and 2,6-bis-
(diethanolamino)-4-piperidinopyrimido[5,4d]pyrimidine (compound RA233) were

found to inhibit 3': 5'-cyclic AMP phosphodiesterase from platelets. At concentra-
tions of 3': 5'-cyclic AMP greater than 50,uM the most active inhibitor was dipyrida-
mole; at 3': 5'-cyclicAMP concentrations less than 19 PM, papaverine and compound
RA233 were more active than dipyridamole. 3. In the presence of compound
RA233 (50,UM), the effectiveness of prostaglandin E1 as an inhibitor of platelet
aggregation was increased tenfold. Compound RA233 also increased the stimu-
lation by prostaglandin E1 of the incorporation of radioactivity into 3': 5'-cyclic
AMP. 4. Compound RA233 (50pM) increased the effectiveness ofboth adenosine and
2-chloroadenosine as inhibitors of aggregation by 70-100-fold, and in the presence
of compound RA233 both adenosine and 2-chloroadenosine stimulated the in-
corporation of radioactivity into 3': 5'-cyclic AMP; the extent of the stimulation
was proportional to the logarithm of the nucleoside concentration. 5. Compound
RA233 (100-500,UM) inhibited platelet aggregation by itself and caused small
increases in the radioactivity of 3': 5'-cyclic AMP. Partial positive correlations
were found between the radioactivity of 3': 5'-cyclic AMP in platelets measured
at the time of addition of the aggregating agent (ADP) and the extent to which
the aggregation was inhibited. 6. The results are interpreted as indicating that
adenosine, 2-chloroadenosine, isoprenaline, prostaglandin E1 and drugs that
inhibit platelet 3': 5'-cyclic AMP phosphodiesterase all inhibit aggregation by a
common mechanism involving intracellular 3': 5'-cyclic AMP.

Human blood platelets in citrated platelet-rich
plasma aggregate on the addition of ADP, and the
effect of ADP is inhibited by the structurally
similar compounds adenosine (Born, 1962; Born &
Cross, 1963), AMP (Born, 1962; Packham, Ardlie &
Mustard, 1969) and by 2-chloroadenosine (Born,
1964; Maguire & Michal, 1968). The kinetics of this
inhibition suggest a degree of competition between
the inhibitors and ADP for a binding site at the
platelet membrane (Skoza, Zucker, Jerushalmy &
Grant, 1967; Maguire & Michal, 1968), although this
does not explain the fact that inhibition by adeno-
sine and 2-chloroadenosine increases with time
(Bom & Cross, 1963; Bom, 1964). Also, AMP is less
effective an inhibitor than adenosine, though more

similar in structure to ADP. In human platelet-rich
plasma the inhibitory effect ofAMP can largely be
attributed to breakdown to adenosine, and is
greatly diminished by the addition of adenosine
deaminase to the plasma (Rozenberg & Holmsen,
1968).

Platelet aggregation is also inhibited by PGE1*
(Kloeze, 1967; Emmons, Hampton, Harrison,
Honour & Mitchell, 1967) which stimulates adenyl-
ate cyclase in particulate fractions of platelet homo-
genates (Wolfe & Shulman, 1969; Zieve & Green-
ough, 1969; Marquis, Vigdahl & Tavormina, 1969;
Abdulla, 1969). In the presence of theophylline,
PGE1 increases platelet 3': 5'-cyclic AMP content

* Abbreviation: PGEI, prostaglandin E1.
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(Robison, Arnold & Hartmann, 1969) and increases
the radioactivity of 3': 5'-cyclic AMP in platelets
with nucleotides labelled by the incorporation of
radioactive adenosine (Vigdahl, Marquis &
Tavormina, 1969) or adenine (Mills, Smith & Born,
1970). Inhibition of aggregation by both PGE1 and
by isopropylnoradrenaline (isoprenaline) is poten-
tiated by theophylline, an inhibitor of 3': 5'-cyclic
AMP phosphodiesterase, at concentrations of
theophylline that themselves do not inhibit (Mills
et al. 1970). Ardlie, Glew & Schwartz (1967) found
that higher concentrations of methylxanthines
(theophylline and caffeine) inhibit aggregation and
suggested that inhibition might involve 3': 5'-cyclic
AMP. A variable increase in the concentration of
3': 5'-cyclic AMP in platelets treated with caffeine
has been shown (Salzman & Neri, 1969).
The drugs dipyridamole and papaverine, which

block the incorporation of adenosine into platelets
(Markwardt, Barthel, Glusa & Hoffman, 1967;
Born & Mills, 1969; Mills et al. 1970) potentiate the
inhibition of aggregation that adenosine causes.
Adenosine and adenine nucleotides cause increases
in 3': 5'-cyclic AMP in guinea-pig brain (Sattin &
Rall, 1970) though subcellular preparations of
adenylate cyclase from rat liver are inhibited by
adenosine and by nucleotides (Moriwaki & Foa,
1970). Dipyridamole and papaverine inhibit
phosphodiesterase from ox heart (Poch, Juan &
Kukovetz, 1969) and this suggests a possible
alternative explanation for their action on platelets.
We have investigated the effects of papaverine

and of dipyridamole and its analogues 2,6-
bis(diethanolamino) - 4 - piperidinopyrimido[5, 4d]-
pyrimidine (compound RA233) and 2,4,6-tri-
morpholinopyrimido[5, 4d]pyrimidine (compound
RA433) on platelet phosphodiesterase activity and
on the inhibition of aggregation produced by
PGE1 and by adenosine and 2-chloroadenosine-to
determine the extent to which the formation of
3': 5'-cyclic AMP within the platelets is implicated
in the inhibition of aggregation.

METHODS

Preparation of labelled platelet8. Citrated platelet-rich
plasma was prepared from normal healthy donors by the
method of Mills & Roberts (1967) and the platelets were
labelled with [U-14C]adenine (sp. radioactivity 231mCi/
mmol) by the technique described by Ball, Fulwood,
Ireland & Yates (1969). [U_14C]Adenine (1-1.5BM) was
added to platelet-rich plasma and incubated for 45-80min.
Samples were taken during this period and centrifuged to
determine the extent of incorporation of 14C by counting
the radioactivity ofthe supernatant plasma. A maximum
of 85-90% of the added radioactivity was taken up and
thereafter the plasma radioactivity increased by 5-10%
of the total over the next 2 h.

Platelet aggregation. Aggregation was studied photo-

metrically (Born, 1962) as described in detail by Mills &
Roberts (1967), and measured as the maximum rate of
change of optical transmission occurring 10-30s after
addition of ADP. High concentrations of ADP (100-
500y&M) were used because at low concentrations of ADP
the kinetics of adenosine inhibition suggest competition
with ADP (Skoza et al. 1967) whereas at higher concentra-

tions this is not the case (Salzman, Ashford, Chambers,
Neri & Dempster, 1969). Preliminary experiments
showed that when aggregation induced by 5,M-ADP was
just completely suppressed by combinations of PGE, and
theopbylline (Mills et al. 1970), increasing the ADP
concentrations by 20-100-fold did not cause aggregation.
Thus the inhibition was shown to be not competitive with
respect to ADP. All experiments were carried out at 370C.

Mea&urement of3':5'-cyclicAMP radioactivity. Samples
(1 ml) of platelet-rich plasma were incubated with drugs
in the aggregometer, and successive samples were used for
measurement ofplatelet aggregation and fordetermination
ofradioactive 3': 5'-cyclic AMP. Forthelatter, the sample
was removed from the aggregometer with a syringe and
injected into 0.5ml of 2 m-HC104 containing 0.12pmol of
3':5'-cyclic AMP and 0.05ACi of 3':5'-cyclic [3H]AMP as
an internal marker to control for variations in recovery at

subsequent stages. Precipitated proteins were removed
by centrifugation at 12000g for 2min (Eppendorf
Microfuge) and a portion (1.2ml) of the supernatant was

transferred to 1.Oml columns of Dowex 50W (X4) resin
packed in Pasteur pipettes. The columns were washed
twice with 1.0ml of water and eluted with two successive
portions of 1.0ml of water. The eluates were treated twice
with ZnSO4 and Ba(OH)2 as described by Krishna, Weiss
& Brodie (1968). The final supernatant (about 2.6m1)
was decanted into scintillation vials and the radioactivity
was counted with 15ml of dioxan-naphthalene-5-(4-bi-
phenylyl)-2-(4-tert.-butylphenyl)- 1-oxa-3,4-diazole scintil-
lant (Scales, 1967) for 50-100min in a Packard Tri-Carb
scintillation counter. The radioactivity was corrected for
channel crossover and for recovery of internal 3': 5'-cyclic
[3H]AMP standard, which varied from 25-35%, and was
expressed as a percentage of the total counts in the plate-
lets in I.Oml of plasma. In one experiment, 14C-labelled
platelets were isolated by addingEDTA (5mm) to platelet-
rich plasma, centrifuging at 2300g for 10min at 4°C, and re-
suspending in 0.15 vol. of iso-osmotic saline (0.134M-NaCl,
0.015M-tris-HCI buffer, pH7.4, 0.005M-glucose). Radio-
activity of 3':5'-cyclic AMP was measured after isolation
by paper chromatography (see Table 5 for details).

Preparation and assay of platelet 3':5'-cyclic AMP
phosphodie8terase. Washed human platelets from 80ml
of platelet-rich plasma were resuspended in 5ml of
0.154M-NaCl, sonicated twice for 10s (Dawe Soniprobe,
model 1130A) and the homogenate was centrifuged at
17500g for 20min at 0C0. The supernatant, which
contained essentially all the activity, was then dialysed
overnight against 1 litre of 10mM-tris-HCl buffer, pH7.4,
and the dialysed enzyme was stored at -15°C. Enzyme
activity was retained on storage for at least 2 weeks, but
was lost on successively thawing and refreezing. Phospho-
diesterase activity was measured in 0.lOml incubation
mixtures containing 5mM-MgSO4, 20mM-tris-HCI buffer,
pH7.4, and 35000c.p.m. of 3':5'-cyclic [3H]AMP (13-
130tM). After 10 or 20min at 370C the reaction was
stopped by the addition of 1.0ml of 0.5M-HO104 con-
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taining 1000c.p.m. of 3':5'-cyclic [14C]AMP as internal
standard. Unchanged 3':5'-cyclic [3H]AMP was deter-
mined by the procedure used for platelet extracts. By
this method the reaction rate was linear with increasing
enzyme concentration up to 80% conversion. With
initial concentrations of 3': 5'-cyclic AMP of 3-100,UM, the
apparent Km of the platelet phosphodiesterase for
3': 5'-cyclic AMP was 71 and 83 eM in two experiments.

Protein. Protein content was measured by the biuret
reaction (Gornall, Bardawill & David, 1949).

Special materials. [U-14C]Adenine (sp. radioactivity
231mCi/mmol) and [8-3H]adenosine 3':5'-cyclic mono-

phosphate (sp. radioactivity 3000mCi/mmol) were ob-
tainedfrom The Radiochemical Centre,Amersham,Bucks.,
U.K. L8-14C]Adenosine 3':5'-cyclic monophosphate (sp.
radioactivity 40.91 mCi/mmol) was from Schwartz
BioResearch Inc., Orangeburg, N.Y., U.S.A.

Non-radioactive 3': 5'-cyclicAMPand ox heart phospho-
diesterase (0.1 unit/mg) were obtained from Boehringer
Corp. (London) Ltd., London W.5, U.K. PGE, was a gift
from Dr J. E. Pike, The Upjohn Co., Kalamazoo, Mich.,
U.S.A.; 2-chloroadenosine was given by Dr J. A. Mont-
gomery, Southern Research Institute, Birmingham, Ala.,
U.S.A.
AGS0W(X4) resin was obtained from Bio-Rad Labora-

tories, Richmond, Calif., U.S.A. 5-(4-biphenylyl)-2-(4-
tert.-butylphenyl)-1-oxa-3,4-diazole was from CIBA (ARL)
Ltd., Duxford, Cambs., U.K. Dipyridamole [Persantin,
2, 6-bis-(diethanolamino)-4, 8-dipiperidinopyrimido[5,4d]-
pyrimidine] and compound RA233 [2,6-bis-(diethanol-
amino) - 4 - piperidinopyrimido[5,4d]pyrimidine] and
compound RA433 [2,4,6-trimorpholinopyrimido[5,4d]-
pyrimidine] were kindly provided by Dr J. W. Bell of
Boehringer Ingelheim Ltd., Isleworth, Middx., U.K.

RESULTS

Platelet pho8phodie8tera8e. The activity of a

number of compounds as inhibitors of platelet
3': 5'-cyclic AMP phosphodiesterase was assessed at

different concentrations of the 3': 5'-cyclic AMP
substrate (Tables 1 and 2). Papaverine, dipyrida-
mole and the dipyridamole analogues were tested
at a final concentration in the incubation mixture
of 50,uM; theophylline was tested at 1mm (Table 1).
The order of activity of the inhibitors varied
according to the concentration of substrate used.
Dipyridamole, which was the most active of the
inhibitors at a high 3': 5'-cyclic AMP concentration

(130,UM) was less effective than papaverine, and
compounds RA233 and RA433 at 3': 5'-cyclic AMP
concentrations of 19 uM or less.

Adenosine, 5'-AMP and 2-chloroadenosine were

also tested (Table 2). AMP at concentrations up to

3mM did not inhibit the enzyme; adenosine and
2-chloroadenosine caused partial inhibition at

0.3-3mM.
Platelet aggregation. In the experiment shown in

Fig. 1, isoprenaline, PGE1 and adenosine were

tested as inhibitors of aggregation with and without
the addition of compound RA233 (50tM, a con-

Table 1. Inhibition of platelet 3': 5'-cyclic AMP
phosphodiesterase

Results are expressed as percentage inhibition of the
destruction of 3':5'-cyclic [3H]AMP during 20min in-
cubation at 37°C with platelet extract containing 0.06mg
of protein/tube. For details see the Methods section.

3': 5'-cyclic [3H]AMP
conen. (,UM)

% conversion in controls

Drug
Theophylline (1 mM)
Papaverine (50imM)
Dipyridamole (50ILM)
Compound RA233 (50uM)
Compound RA433 (50,uM)

130 39 19 13
48.8 60.5 69.0 79.3

% inhibition

47.1
59.0
65.3
49.6
63.1

45.6
56.1
55.3
53.4
50.7

42.4
59.5
43.0
48.5
47.6

44.6
62.5
38.6
50.3
52.8

Table 2. Effects of adenosine, 2-chloroadeno8ine and
5'-AMP on platelet phosphodieterase activity

Enzyme activity was measured in 0.10ml samples
incubated for 10min at 37°C with 20,uM-3':5'-cyclic AMP
containing 50000c.p.m. of 3':5'-cyclic [8-3H]AMP and
with 0.24mg of platelet-extract protein/tube. In the
control tubes containing no inhibitor the rate of 3': 5'-cyclic
AMP disappearance was 1.23nmol/0.1 ml in 10min.
Other details were as described for Table 1.

% inhibition of
3': 5'-cyclic AMP destruction

Conen. of
inhibitor 2-Chloro-

(J,M) Inhibitor ... Adenosine adenosine 5'-AMP

30 -1.9 -4.5 -10.6
300 2.0 11.7 -15.0

3000 27.1 57.6 -13.4

centration that by itself had little effect on aggre-
gation). Fig. 1 shows that there was a qualitatively
similar synergism between compound RA233 and
isoprenaline, PGE1 and adenosine. Concentrations
of these compounds that by themselves had no
effect on aggregation caused considerable inhibition
in the presence of compound RA233. The shape of
the aggregation curve in the presence of these
combinations of inhibitors was different from the
shape seen with various concentrations of ADP
alone; for a given final change in transmission, the
rate of change was lower in the inhibited samples
than that brought about by low concentrations of
ADP.
The radioactivity of 3': 5'-cyclic AMP was deter-

mined in samples of the same plasma prelabelled
with radioactive adenine, by using the same drug
concentrations and incubation times as were used
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(a)
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Fig. 1. Records of platelet aggregation in stirred human citrated platelet-rich plasma at 370C, induced by
ADP in the presence of an inhibitor of platelet 3':5'-cyclic AMP phosphodiesterase (compound RA233)
and of isoprenaline, PGE1 and adenosine. Aggregation is represented by a downward deflexion of the trace.
(a) ADP added alone to give final concentrations of 2, 5 and 5OO/tM (superimposed tracings). (b), (c) and
(d) In each case aggregation was induced by the addition of ADP (final concentration 500IM). C represents
the control response in the presence of compound RA233 (50M). - represents the response in the presence

of the drug (isoprenaline, PGE1 or adenosine) without compound RA233. + represents the response in the
presence of the drug plus compound RA233 (50,uM).

for investigating aggregation. The results are

shown in Table 3. There was little effect on 3': 5'-
cyclic AMP radioactivity with concentrations of
isoprenaline, PGE1 or adenosine that by themselves
caused little or no inhibition of aggregation, though
3': 5'-cyclic AMP radioactivity was increased with
higher concentrations of both PGE1 and adenosine
that did inhibit. In the presence of compound
RA233, the effects of isoprenaline, PGE1 and
adenosine on 3': 5'-cyclic AMP radioactivity, were

enhanced to an extent that was roughly proportional
to the increased inhibition of aggregation.

ProBtaglandin E1. Inhibition of aggregation by a

number of inhibitors of platelet phosphodiesterase
in the presence and absence of PGE1 is shown in
Table 4. Comparison of Tables 1 and 4 shows that
there was a direct relationship between the activities
ofthedrugs as inhibitors ofphosphodiesterase at low
substrate concentrations and their ability to
potentiate the inhibition of aggregation by PGE1.
Dipyridamole was only effective as a potentiator of
the action of PGE1 at high concentrations of the
latter (see Table 5). In an experiment with platelets
isolated after labelling and resuspended in buffered

188
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Table 3. Effect of inhibitors of platelet aggregation on the radioactivity of platelet 3': 5'-cyclic AMP

Samples (1.Oml) of platelet-rich plasma, prelabelled with [14C]adenine, were incubated for 20s with or
without compound RA233 (50ILM) before the addition of the second drug. Incubation was continued for a
further 40s and the reaction was stopped by the addition of 50,1O of 11.4m-HC104 and transferring the tubes
to an ice-bath. Samples for measurement of aggregation were treated in a similar manner, but the incubations
were performed in the aggregometer and ADP (final concentration 500ILM) was added in place of HC104,
and the rate of aggregation recorded (see Fig. 1).

Without compound
RA233

Second addition

None
Adenosine (2,uM)
Adenosine (10ILM)
PGE, (0.056MM)
PGE, (0.28tiM)
Isoprenaline (501im)

% 3': 5'-cyclic
%I* [14C]AMP

0 0.090
6 0.095

17 0.113
1 0.116

49 0.320
3 0.099

With compound
RA233

% 3':5'-cyclic
%I* [14C]AMP
11 0.096
69 0.143
95 0.175
78 0.173
98 0.324
58 0.126

* %I = % inhibition of platelet aggregation measured as maximum rate of change of optical transmission.

Table 4. Potentiation of the effect of PGE1 on platelet aggregation by inhibitors of platelet 3': 5'-cyclic AMP
phosphodiestera8e

Tubes containing I.Oml of platelet-rich plasma were warmed to 370C for 5min before being transferred to
the aggregometer. The plasma was stirred for IOs before the addition of the phosphodiesterase inhibitor, and
PGE1 (final concentration 0.014IUM) was added 10s later. ADP (final concentration 100juM) was added 40s
later to induce aggregation. Rates of aggregation of control samples measured at intervals through the
experiment were 310, 270 and 236mm/min without PGE1, and 278 and 276mm/min with PGE,.

Drug

Theophylline

Caffeine

Papaverine

Dipyridamole

Compound RA233

Compound RA433

Concentration
(pM)
500
1000
1000
2000
4000

50
100
250
100
250
500
50
100
150
150
250
500

% inhibition of aggregation

Without PGE,
0
0
0.5

11.3
15.0
0
0
1.5

12.5
18.3
5.2

16.0
21.5
38.5
6.8

28.2
23.7

With PGE,
11.0
52.6
16.0
48.5
96.7
3.5

37.5
90.7
6.4

13.7
10.5
22.2
67.2
93.9
65.3
88.1
100

saline (see the Methods section), dipyridamole
increased the effects of PGE1 on the radioactivity
of 3': 5'-cyclic AMP measured 4min after the
addition of PGE1. In this experiment 3': 5'-cyclic
AMP was separated from other radioactive com-
pounds by paper chromatography and higher
control values were found than with the Dowex

column procedure. For this reason, only increases
in 3': 5'-cyclic AMP radioactivity are given.
However, this procedure allowed a complete
investigation of the distribution of radioactivity in
the major fractions of platelet nucleotides as well as
in 3': 5'-cyclic AMP. Neither compound RA233,
theophylline nor PGEI, alone or in combination,
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Table 5. Effects of theophyUline, dipyridamole and compound RA233 on the radioactivity of 3': 5'-cyclicAMP
in platelets re8uspended in saline

Samples of the platelet suspension containing 7.68 x 108 platelets in 0.5ml were incubated for 2min at 370C
with phosphodiesterase inhibitors before the addition of PGEI. The incubation was continued for 4min and
stopped by the addition of 1.0ml of ice-cold 0.139m-NaCl containing lOmm-EDTA and 2% (w/v) formalde-
hyde. The platelets were sedimented by centrifuging at 12000g for 30s (Eppendorf Microfuge) and after
removal of the supernatant medium were homogenized with 20,1 of 1.OM-HC104 containing adenine nucleo-
tides and nucleosides (5Onmol each of ATP, ADP, AMP, 3':5'-cyclic AMP, IMP, adenosine, inosine and
hypoxanthine). The mixture was adjusted to pH4 with 2m-K2C03, and protein and KC104 were removed by
centrifugation. Samples (IO,lI) ofthe extract were streaked on Whatman no. 541 paper and chromatographed
by downward development in butan-l-ol-acetone-acetic acid-5% (v/v) aq. ammonia (sp.gr. 0.88)-water
(9:3:2:2:4, by vol.) (Randerath & Struck, 1961). Spots corresponding to the various carriers were located
under u.v. light, cut out and placed in a toluene-based scintillation mixture for liquid-scintillation counting
(see the Methods section). Untreated platelets contained 0.136% radioactivity as 3':5'-cyclic [14C]AMP.

Increase in % 3':5'-cyclic [14C]AMP

Drug PGE1 concn. (M)..x .

Theophylline (200,um)
Theophylline (2mx)
Dipyridamole (50MM)
Dipyridamole (5OO,UM)
Compound RA233 (50tmM)
Compound RA233 (500 LM)

0

0.002

0.019

0.56

0.014
0.036
0.065
0.161
0.064
0.327

5.6

0.061
0.105
0.145
0.605
0.145
1.060

caused any consistent change in the pattem of
radioactivity ofATP, ADP, AMP or IMP. Dipyrid-
amole (500 pM) caused an increase in the proportion
ofradioactivity recovered as IMP from 4.13 ±0.16%
to 6.72% (range 6.66-6.78%).

PGE, by itself, added 40s before ADP, caused
inhibition of aggregation, with an S-shaped log
(dose)-response curve at concentrationsof 0.02-1 KM
(Fig. 2). In the presence of compound RA233

(501%M) the dose-response curve was unaltered in
shape but was shifted to the left to an extent
equivalent to tenfold increase in the effectiveness
of PGE1. Measurements of 3': 5'-cyclic AMP
radioactivity made in the same experiment with
labelled platelets are shown in Fig. 3. PGE1 alone
caused increases in the radioactivity of 3': 5'-cyclic
AMP and in the presence of compound RA233 the
increases were greater. However, compound RA233
caused a smaller potentiation of the effect of PGE1
on radioactive 3': 5'-cyclic AMP concentrations
than on inhibition of aggregation. When the
radioactivity of platelet 3': 5'-cyclic AMP was
plotted against percentage inhibition of aggregation
(Fig. 4), three distinct curves were obtained,
representing the effects of PGE1 alone, PGE1
together with compound RA233 (50tM) and high
concentrations (100-250 tM) of compound RA233
alone. Under each of these conditions there was a
relationship between the increase in radioactive
3': 5'-cyclic AMP measured at the time of addition
of ADP and the inhibition of aggregation, but the
relationship was different in each case. An increase

100

0

0co

bo

0

S

D
Cs

4-
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60 F

40 F

20 F

-9

,,'

I

I

I
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-8 -7 -6

log(Molar concn. of PGEI)

-5

Fig. 2. Effect of PGE, in the presence (e) and absence
(o) of an inhibitor of platelet phosphodiesterase (com-
pound RA233, 5OUM) on the aggregation of platelets
induced by ADP (final concentration 100[tm). Aggrega-
tion was measured as the maximum rate of change of
optical transmission. Compound RA233 was added 10O
before PGE1 and ADP was added 40s after PGE1.

of 20% in the radioactivity of 3': 5'-cyclic AMP
brought about by PGE1 in combination with
compound RA233 was associated with 20%
inhibition of aggregation. The same increase in
3': 5'-cyclic AMP radioactivity brought about by
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Fig. 4. Relation between incorporation of radioactivity
into 3': 5'-cyclic AMP and inhibition of aggregation with
PGE, alone (0), PGE1 in the presence of compound
RA233 (50,SOm) (K) and compound RA233 (50-500,uM)
alone (A). Results from the experiment of Figs. 2 and 3.

-6

Fig. 3. Effects of PGE1 on the incorporation of radio-
activity into 3':5'-cyclic AMP in platelets prelabelled
with L14C]adenine. PGE, alone (o) and PGE1 in the
presence of compound RA233, (50,M) (-). Compound
RA233 was added 1Os after PGE, and the reaction was

stopped 40s later by the addition of HCI04 (see Fig. 2).
Control values in samples to which no PGE, was added are

also shown: A, with compound RA233; A, without
compound RA233.

PGE1 alone and by compound RA233 alone was

associated with 10 and 60% inhibition of aggrega-

tion respectively.
Adenofrne and 2-chloroadeno8ine. When added

40s before ADP, adenosine and 2-chloroadenosine
inhibited aggregation to an extent that depended
on concentration (Fig. 5). Inhibition by 2-chloro-
adenosine increased linearly with the logarithm of
the concentration and approached 100%; with
adenosine inhibition increased up to 50% and then
remained almost constant as the adenosine con-

centration was increased. In the presence of
compound RA233 (50,UM) the dose-response curves

were displaced to the left to an extent indicating
about a 100-fold increase in effectiveness. In
addition, the dose-response curve for adenosine in
the presence of compound RA233 approached
100% inhibition.
Adenosine incubated for 40s with labelled

platelets caused a small and variable increase in the
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Fig. 5. Potentiation of the inhibition of platelet aggre-

gation caused by adenosine and by 2-chloroadenosine by
compound RA233. o, Adenosine alone; *, adenosine
added 10s after compound RA233 (50,UM); 0, 2-chloro-
adenosine alone; *, 2-chloroadenosine added 1Os after
compound RA233 (5O0AM). Platelet-rich plasma was

incubated for 40s with the nucleoside before the initiation
of aggregation by ADP (10O j&m).
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Table 6. Specificity of the isolation procedure

Nucleotides were extracted from samples of labelled platelets containing 6.2 x 109 cells at 000 with 0.lOml
of 1.5m-HC104 containing 0.1 umol each of AMP, adenosine and inosine. 3': 5'-Cyclic [14C]AMP (0.02t,Ci) was
added to an extract of unlabelled platelets. The extracts were neutralized and 50,1l portions were incubated
for 10min at 370C with 201d of a reaction mixture containing I11mM-MgCl2, 68mM-tris-HlI buffer, pH7.4,
and 50Lg ofox heart phosphodiesterase. Another 501d sample was incubated with the same reaction mixture
without phosphodiesterase. The reaction was stopped by boiling for 2min and diluting with 1.Oml of water
containing 3':5'-cyclic [3H]AMP (0.05jtCi). Samples (0.lOml) were taken for measurement of total radio-
activity and the remainder used for the measurement of 3': 5'-cyclic AMP radioactivity (see the Methods
section). Sample 1, labelled platelets without addition. Sample 2, labelled platelets incubated for 40s with
compound RA233 (50!LM). Sample 3, labelled platelets incubated for 40s with compound RA233 (50,M)
and adenosine (100,UM). Sample 4, unlabelled platelets with added 3':5'-cyclic ['4C]AMP.

3': 5'-Cyclic ['4C]AMP

c.p.m.

Sample

1. Control
2. Compound RA233
3. Compound RA233

+ adenosine
4. Standard

Total [14C]
(c.p.m.)
363853
340950
318929

Phosphodiesterase _+

185.7
285.0
427.9

8667

39.7
22.0
78.7

7573.0 710.0

I %
- + hydrolysed

0.051 0.011 78
0.084 0.006 93
0.134 0.025 81

87.4 8.2 91

0. 15

00

e)
'.-4C

:C

c;
N

oc)
0

F- Pa~
'o ?
o>

c)
H

0. 10

0.05

-6 -5 -4

log (Molar concn. of adenosine)

Fig. 6. Correlation between adenosine concentration and
increased incorporation of radioactivity into 3':5'-cyclic
AMP in platelets prelabelled with [14C]adenine. Results
from five experiments are given. The diagonal line is the
regression of increase in % radioactivity as 3': 5'-cyclic
AMP on the logarithm of the adenosine concentration;
the correlation coefficient was calculated as r = 0.88.
Expt. 1, 3.96 x 101 platelets/ml; compound RA233,
40,UM; 3':5'-cyclic ['4C]AMP in controls, 0.071%; (v).
Expt. 2, 4.85 x 108 platelets/ml; compound RA233,

50Wpm; 3':5'-cyclic [14C]AMP in controls, 0.090%; (o).
Expt. 3, 5.15x 108 platelets/ml; compound RA233,

WOpUM; 3':5'-cyclic [14C]AMP in controls, 0.096%; (A).
Expt. 4, 5.01 x 108 platelets/ml; compound RA233,
50Ntm; 3':5'-cyclic ['4C]AMP in controls, 0.106%; (o).
Expt. 5, 4.73 x 108 platelets/ml; compound RA233,

100tPM; 3':5'-cyclic [14C]AMP in controls, 0.085%; (0).

that the observed increases were due to radioactive
3': 5'-cyclic AMP, extracts of labelled platelets were
incubated with ox heart phosphodiesterase before
the isolation procedure; ofthe radioactivity isolated
as 3': 5'-cyclic AMP, 78% in the untreated platelets
and 81% in the stimulated platelets was susceptible
to the action of phosphodiesterase (Table 6).
Fig. 6 shows results from five experiments with
blood from different donors in which increases in
the radioactivity of platelet 3': 5'-cyclic AMP
are plotted against adenosine concentration. The
concentration of compound RA233 used in the
different experiments was chosen to have little
effect on aggregation but to potentiate the action
of adenosine to about the same extent. A similar
relationship between dose and increased 3': 5'-cyclic
AMP radioactivity was found in three experiments
with 2-chloroadenosine (Fig. 7). Aggregation was
measured in the same three experiments and Fig. 8
shows the relationship between increases in the
radioactivity of platelet 3': 5'-cyclic AMP and
percentage inhibition of aggregation. For a given
increase in 3': 5'-cyclic AMP radioactivity there was
a greater degree ofinhibition ofaggregation with the
higher concentration of compound RA233. With
combinations of adenosine and compound RA233
there was a general correlation between increases in
3': 5'-cyclic AMP radioactivity and inhibition of
aggregation (r = 0.86, n = 11 in five experiments).
Comparisons between PGE1 and adenosine. The

effects of theophylline and compound RA233 on
inhibition of aggregation and on radioactive
3': 5'-cyclic AMP increases produced by PGE1 and
by adenosine were compared in the experiment
summarized in Table 7. This shows that compound
RA233 (20,UM) was less effective than theophylline

192 971

radioactivity of platelet 3': 5'-cyclic AMP (Tables
3 and 7). In the presence of coinpound RA233
(20-100UMm) these effects were magnified. To verify
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0.10
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Cae 0.08-

;->0 0064
Ca~~~~~~~

. 0.04

ce 0.02 A
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-7 -6 -5 -4

log (Molar conen. of 2-chloroadenosine)

Fig. 7. Correlation between concentration of 2-cbloro-
adenosine and increased incorporation of radioactivity
into 3':5'-cyclic AMP in labelled platelets. Results from
three experiments are given. The diagonal line represents
the regression of increase in % radioactivity as 3': 5'-cyclic
AMP on the logarithm of the 2-chloroadenosine concen-

tration. The correlation coefficient was calculated as

r = 0.93. Expt. 1, 4.52 x 108 platelets/ml; compound
RA233, 20,M; control 3': 5'-cyclic [14C]AMP, 0.146%; (0):
compound RA233, 50,LM; control 3':5'-cyclic [14C]AMP,
0.170%; (0). Expt. 2, 5.36 x 108 platelets/ml; compound
RA233, 20,tM; control 3':5'-cyclic [14C]AMP, 0.050%;
(A): compound RA233, 50,uM; control 3':5'-cyclic
[14C]AMP, 0.065%; (A). Expt. 3, 4.58x 108 platelets/ml;
compound RA233, 50 pM; control 3': 5'-cyclic [I4C]AMP,
0.090%; (M).

other than inhibition of platelet phosphodiesterase
is involvedinthe effects ofeithermethylxanthines or

of the other compounds. The known abilities of
papaverine and dipyridamole to inhibit the in-
corporation of adenosine by platelets, and the
structural similarity between the RA compounds
and dipyridamole, suggested the investigation ofthe
effects of phosphodiesterase inhibitors on adenosine
uptake.

Inhibition of adeno8ine uptake. Dipyridamole,
compound RA233 and theophylline were compared
as iinhibitors of the uptake of radioactive adenosine
by platelets (Table 8). Dipyridamole inhibited
adenosine uptake at low concentrations (0.5-51M)
and compound RA233 also caused inhibition of up-
take but at slightly higher concentrations; theophyl-
line did not inhibit at up to 800 times the effective
concentration of dipyridamole. Dipyridamole, the
most active of the uptake inhibitors, did not cause

any major potentiation of inhibition of aggregation
produced by adenosine, nor was a combination of
dipyridamole with theophylline more effective than
theophylline alone. This indicates that the dif-
ferences between these compounds as potentiators of
adenosine and PGE, cannot be attributed to their
effects on adenosine uptake.

100

0

*+ 80
Ca

60

bo

o 40
.0

20

.,-

o

-o-

s

/x
/1

A

/

0 0.02 0.04 0.06 0.08 0.10 0.12

Increase in % radioactivity as 3': 5'-eyelic AMP

Fig. 8. Relation between increased incorporation of
radioactivity into 3':5'-cyclic AMP and inhibition of
aggregation with 2-chloroadenosine in the presence of
compound RA233 in three experiments. The symbols
refer to the caption of Fig. 7.

(1.5mM) in potentiating PGE1, but was more

effective in combination with adenosine. In most
experiments theophylline caused a slight inhibition
of the adenosine effect. Both compound RA433 and
papaverine behaved in a similar way to compound
RA233. These differences suggest that some action

7

DISCUSSION

A controlling function for intracellular 3': 5'-
cyclic AMP on platelet aggregation has been put
forward to explain the effects of drugs that inhibit
3': 5'-cyclic AMP phosphodiesterase (Ardlie et al.
1967) and of drugs that stimulate adenylate cyclase
(Wolfe & Shulman, 1969; Zieve & Greenough,
1969; Marquis et al. 1969; Abdulla, 1969). It has
also been claimedthat there is anassociationbetween
the degree of inhibition of aggregation and the
increased incorporation of radioactivity into 3': 5'-
cyclic AMP in platelets containing radioactive
ATP (Vigdahl et al. 1969). In these latter experi-
ments radioactive 3': 5'-cyclic AMP formation in
the presence of 50mM-caffeine was compared with
aggregation in the absence of caffeine. This con-

centration of caffeine strongly inhibits platelet
aggregation by itself (Ardlie et al. 1967).
We have attempted to correlate increases in

radioactive 3': 5'-cyclicAMP formation with changes
in platelet responsiveness to the aggregating effect
of ADP under identical conditions. Such a corre-

lation was observed with PGE1 over the concen-

tration range 0.05-1,uM (Fig. 4). The synergistic
action of mixtures of PGE1 and theophylline on

platelet aggregation (Mills et al. 1970) has been
shown to be related to the co-operative effects of
these drugs on the incorporation of radioactivity
into platelet 3': 5'-cyclic AMP (Table 7). This
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Table 7. Potertiation of the effecte of PGE1 and adenosine on platelet aggregation and platelet 3': 5'-cyclicAMP
radioactivity by pho8phodiemterame inhibitors

Samples of platelet-rich plasma containing 5.30 x 108 platelets in 1.Oml prelabelled with [14C]adenine were
incubated at 370C in the aggregometer for lOs after addition ofthe phosphodiesterase inhibitor (first addition).
The second addition was then made and the incubation continued for a further 40s before transferring the
contents of the aggregometer tube into a centrifuge tube containing 0.5ml of 2M-HC104 and 3':5'-cyclic
[3H]AMP as recovery standard. A l.0ml plastic syringe with a wide-bore needle with the bevel removed by
grinding was used for the transfer. Aggregation was studied under identical conditions with samples of
platelet-rich plasma preincubated with non-radioactive adenine. The basal 3':5'-cyclic AMP radioactivity
was taken as the mean of three determinations made at the beginning, middle and end of the experiment
(0.074, 0.064 and 0.085% as 3': 5'-cyclic AMP respectively).

First addition
.~~~~~~~~~~~~~A

Compound RA233 Theophylline
None (20IAm) (1.5mM)

,^ . . s . , ^ r~~~~~

% 3':5'-cyclic
Second addition %I* [140]AMP

None 0 0.074
Adenosine (2,uM) 24 0.096

(5PM) 37 0.091

PGE, (14nm) -10 0.099
(56nm) 20 0.081

% 3': 5'-cyclic
%I* [14C]AMP

6 0.079
86 0.122
94 0.136
15 0.077
64 0.130

6
1

19
74
100

% 3':5'-cyclic
[14C]AMP

0.070
0.095
0.076
0.125
0.189

* %I = % inhibition of aggregation (induced by 100,umL-ADP).

Table 8. Inhibition of incorporation of adenosine into platelets by phosphodiesterase inhibitors

Samples of platelet-rich plasma (5.Oml) were incubated at 370C with [8-14C]adenosine (15mCi/mmol) at a

final concentration of 1.00UM. Subsamples of 1.Oml were taken at 5, 10, 20 and 30min, centrifuged for 30s at
12000g and after removal of the plasma by suction the platelet pellet was mopped up with 0.1 ml of 1% (vfv)
Triton X-100 and a small piece of glass-fibre filter paper and transferred to a scintillation-counting vial together
with one 0.1 ml wash for the determination of radioactivity by liquid-scintillation counting (see the Methods
section). In the absence of inhibitors the control rate of uptake was linear up to 30min, when 33.7% of the
radioactivity (equivalent to 81.2pmol of adenosine/108 platelets) had been taken up.

Dipyridamole

Conen. (,uM) %I*

0.5 34
1.0 48
5.0 89

Compound RA233

Concn. (/uM) %I*

1 1.5
5 48

20 77

Theophylline

Concn. (pM) %I*

50 -5
100 6
400 6

* %I = % inhibition of uptake of radioactivity.

supports the involvement of 3': 5'-cyclic AMP in the
control of platelet aggregation.
A number of drugs have been found that are more

powerful than theophylline as inhibitors of the
3': 5'-cyclic AMP phosphodiesterase of platelets.
These include papaverine and dipyridamole and
derivatives of the latter known as compounds
RA233 and RA433 (Table 1). The drugs that were

most active as inhibitors of platelet phosphodiester-
ase at low substrate concentrations were also the
most powerful potentiators of the inhibitory effects
of low concentrations of PGE1 on platelet aggre-
gation (Table 4). Dipyridamole potentiated the

effects of high concentrations of PGEE1 (Table 5)
though not of low concentrations (Table 4). This is
consistent with the greater inhibition of platelet
phosphodiesterase by dipyridamole at high, as com-

pared with low, substrate concentrations (Table 1).
The effects ofcompound RA233 were investigated

in detail. The increased activity of PGE1 as an

inhibitor of aggregation caused by compound
RA233 cannot be attributed to additive effects of
the two drugs, but is a true potentiation or syner-
gistic effect (Fig. 2). As with different concentrations
of PGE1 alone, different concentrations of PGE, in
the presence of compound RA233 caused a dose-
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dependent increase in the degree of inhibition of
aggregation that was correlated with increased
accumulation of radioactive 3': 5'-cyclic AMP. This
was also observed with increasing concentrations
of compound RA233 alone. However, the slope of
the correlation was different in the three cases
(Fig. 4), and the extent of the inhibition of aggre-
gation associated with a given radioactive 3': 5'-
cyclic AMP concentration was increased by the
presence of compound RA233. This implies that
the rate of aggregation is not directly related to the
3': 5'-cyclic AMP concentration measured at the
time of addition of the aggregating agent. During
aggregation induced by ADP there is a fall in the
concentration (Salzman & Neri, 1969) and radio-
activity (D. C. B. Mills & J. B. Smith, unpublished
work) of platelet 3': 5'-cyclic AMP. If aggregation
is controlled by the concentration of 3': 5'-cyclic
AMP present during the course of, rather than
immediately before, aggregation, an apparent
increase in the effectiveness of 3': 5'-cyclic AMP by
inhibitors of phosphodiesterase would be expected.
When low concentrations of ADP are used to

induce aggregation, both dipyridamole and papa-
verine potentiate the inhibition of aggregation
produced by adenosine and also block the incor-
poration of radioactive adenosine into the platelets
(Bom & Mills, 1969). This was interpreted as
evidence that adenosine acts at the platelet mem-
brane rather than during or after its penetration
into the cells. Since the inhibition of aggregation
by adenosine is, like that produced by PGE1 and by
isoprenaline, potentiated by inhibitors of platelet
3': 5'-cyclic AMP phosphodiesterase, it could be
explained as an activation of platelet membrane
adenylate cyclase. Platelets incubated with adeno-
sine and with 2-chloroadenosine showed small in-
creases in radioactive 3': 5'-cyclic AMP formation
over controls, but without any demonstrable dose-
dependence; this could be because the increases are
transient, as they are with PGE, (Ball, Brereton,
Fulwood, Ireland & Yates, 1970). In the presence
of the phosphodiesterase inhibitor compound
RA233, the increases observed were larger and
clearly correlated with the concentration of adeno-
sine (Fig. 6) or 2-chloroadenosine (Fig. 7) and with
the degree of inhibition of aggregation produced
(Fig. 8).

IfPGE1 and adenosine were acting solely through
stimulation of adenylate cyclase, and theophylline
and compound RA233 solely through inhibition of
phosphodiesterase, then the relative extent of
potentiation ofPGE1 and ofadenosine by compound
RA233 should match thatproduced by theophylline.
Table 7 shows that compound RA233 was more
active than theophylline as a potentiator of the
effects of adenosine at concentrations that caused
similar degrees ofpotentiation ofPGE1. Compound

RA233, but not theophylline, inhibited the uptake
of adenosine by platelets (Table 8). However,
dipyridamole, an even more effective inhibitor of
adenosine uptake than compound RA233, caused
little or no potentiation of adenosine inhibition
under these conditions (with aggregation induced
by 100,uM-ADP) and a combination ofdipyridamole
with theophylline was no more effective than theo-
phylline alone. This appears to rule out the possi-
bility that the ability of compound RA233 to block
the uptake of adenosine by platelets contributes to
its activity as an adenosine potentiator. Theo-
phylline antagonizes the effects of adenosine on
3': 5'-cyclic AMP concentration in guinea-pig
cerebral-cortex slices (Sattin & Rall, 1970). A
similar effect in platelets would explain our results.

Adenosine and 2-chloroadenosine inhibit 3': 5'-
cyclic AMP phosphodiesterase from ox heart
(Horlington & Watson, 1970). We found that
2-chloroadenosine and, to a lesser extent, adenosine,
inhibited phosphodiesterase from human platelets,
but only when present at relatively high concentra-
tions (Table 2). As adenosine is phosphorylated to
nucleotides as rapidly as it is incorporated into
platelets (Ireland & Mills, 1966), it is unlikely that
the concentration of adenosine available to interact
with intracellular phosphodiesterase can reach the
high concentrations that cause inhibition of the
enzyme. Uptake and metabolism of 2-chloro-
adenosine by platelets have not been studied and
inhibition of phosphodiesterase in intact cells by
this compound cannot be excluded. The similarity
in the effects of adenosine and 2-chloroadenosine
suggest that this is not the case.
Assuming 3': 5'-cyclic AMP to be in equilibrium

with the rapidly labelled fraction of platelet
nucleotides (6,umol/1011 platelets; Mills & Thomas,
1969) the radioactivity of 3': 5'-cyclic AMP in
untreated platelets corresponds to 3-7nmol/1011
platelets, increasing to 48nmol 40s after addition
of 1 /uM-PGE1. This can be compared with the
results of Robison et al. (1969), who found a basal
concentration of 2nmol/10'1 platelets, increasing
to 14nmol 20min after addition of 1 ,aM-PGE1.
The similarities in the effects on platelet aggre-

gation and on platelet 3': 5'-cyclicAMP radioactivity
of low concentrations of PGE1 with those of adeno-
sine and of 2-chloroadenosine suggest that these
nucleosides inhibit aggregation by the same
mechanism as does PGE1. The correlations obtained
between increased radioactivity of 3': 5'-cyclic AMP
and inhibition of aggregation indicate that this
mechanism may involve the activation of platelet
adenylate cyclase.
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