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Effect of some Inhibitors of Platelet Aggregation on Platelet Nucleotides

By G. BAL, MARY FuLWOOD, D. M. IRELAND and PATRICIA YATES
Glazo Research Ltd., Greenford, Middx.

(Received 17 July 1969)

ADP-induced adhesion and aggregation of plate-
lets (Murer, Hellem & Rozenberg, 1967), thrombin-
induced release of platelet nucleotide (Murer, 1968)
and clot retraction (Murer, 1969) are dependent on
platelet ATP.
Human platelets contain at least two pools of

ATP and ADP, one that readily incorporates radio-
activity from [32P]phosphate or [14C]adenosine and
one that does not. Thrombin or collagen treatment
of labelled platelets causes both a breakdown of
radioactive ATP, the nucleoside and purine pro-
ducts of which are found extracellularly, and a
release of non-radioactive ATP andADP (Holmsen,
1965; Ireland, 1967). The released ADP causes
platelet aggregation (Haslam, 1967).

This communication describes the effect of some
inhibitors of collagen-induced aggregation on
radioactive platelet ATP and on release of non-
radioactive ATP and ADP. Radioactivity was
incorporated in the platelets by incubation with
[14C]adenine (Holmsen & Rozenberg, 1968).
Methods and materials. Citrated platelet-rich

plasma was prepared at 370 from freshly withdrawn
human blood (Ireland, 1967) and incubated at 370
with [U-14C]adenine (25nc/ml. of plasma) for
30min., by which time only trace amounts of radio-
activity were present as adenine. The plasma was
kept at 370 and aggregation was followed in a
modified absorptiometer (Mills & Roberts, 1967a,b),
after initiation with bovine collagen [Sigma
(London) Chemical Co. Ltd., London S.W.6]. The
collagen was prepared in 0.9% NaCl as described by
Evans, Packham, Nishizawa, Mustard & Murphy
(1968).
For radioactivity assays of platelet-rich plasma,

incubations were terminated by adding 4'5ml. of
10% (w/v) trichloroacetic acid containing carrier
compounds to the plasma and radioactivity was
measured by scintillation counting (Packard Tri-
Carb 3320) after charcoal treatment and chromato-
graphy with solvent system 1 (Ireland & Mills, 1966;
Ireland, 1967). The counting efficiency was about
65%. For assays of ATP and ADP released to the
supernatant, incubations were terminated by add-
ing 0-Iml. of 77mm-disodium EDTA, pH7*4, to
the plasma and cooling the mixture to 00 in ice-
methanol (- 5°). Cells were removed by two centri-
fugations at 2-4O, each for 15min. at 2410g.
Portions ofthe supernatants were mixed with equal

volumes of ethanol and after centrifugation ATP
and ADP were measured in the supernatant by a
firefly bioluminescence method (Holmsen, Holmsen
& Bernhardsen, 1966). For assays of radioactivity
released to the supematant, incubations were
terminated with EDTA and cooling. After centri-
fugation, 1 ml. of platelet-free plasma was added to
4-5ml. of trichloroacetic acid containing carrier
compounds and treated as before.

[U-14C]Adenine (231 mc/m-mole) was supplied by
The Radiochemical Centre, Amersham, Bucks.;
PCMBS* was supplied by Sigma (London) Chemical
Co. Ltd.; NEM, monoiodoacetic acid and ouabain
were supplied by British Drug Houses Ltd., Poole,
Dorset; amitriptyline hydrochloride was supplied
by Allen and Hanburys Ltd., Ware, Herts.; acetyl-
salicylic acid (aspirin) was supplied by Albright and
Wilson Ltd., Birmingham.

Results and diwussion. The results are summa-
rized in Table 1. Collagen caused a non-reversible
aggregation (see Constantine, 1967) accompanied
by release of ATP and ADP and by breakdown of
radioactive ATP. Curves of ATP breakdown
plotted against time were asymptotic, and 4min.
after the addition of collagen 21-23% of the radio-
active ATP present in untreated samples had been
degraded. The products were found as ADP, AMP,
IMP, inosine and hypoxanthine. Inosine and
hypoxanthine were present in the supernatant, but
most of the radioactivity present as nucleotide
remained in the cells, only about 4% of the initial
radioactive nucleotide occurring as nucleotide in
the supematant. When aggregation was inhibited
by addition of test compounds this value decreased
to about 0.5%, which was the amount found
without collagen treatment. The pattem of break-
down of ATP in these experiments was thus similar
to that found with platelets labelled with [14C]-
adenosine, suspended in saline and treated with
thrombin (Ireland, 1967).

Zucker & Jerushalmy (1967) reported that iodo-
acetate and KCN together inhibited collagen-
induced aggregation, although neither was effective
alone. We found that iodoacetate caused the break-
down ofradioactiveATP to hypoxanthine and some
ADP, AMP, IMP and inosine, and also inhibited
collagen-induced aggregation and release of ATP

* Abbreviations: PCMBS, p-chloromercuribenzenesul-
phonate; NEM, N-ethylmaleimide.
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and ADP. KCN alone had no effect, although, like
iodoacetate, it enhanced the breakdown of radio-
active ATP induced by collagen. KCN also en-
hanced the effects of iodoacetate, leading to an
almost complete depletion of radioactive ATP and
to complete inhibition of aggregation and nucleo-
tide release by collagen. Assay of ATP in platelets
depleted of radioactive ATP by treatment with
iodoacetate and KCN for 7 min. indicated that non-
radioactive ATP was not degraded. Miirer (1969)
showed with [32P]phosphate-labelled platelets that
iodoacetate caused the disappearance ofradioactive
ATP and the formation of radioactive fructose
6-phosphate and fructose 1,6-diphosphate, which
he interpreted as inhibition ofglycolysis. It appears
that the rapid loss of radioactive ATP and accumu-
lation of IMP, inosine and hypoxanthine is due to
inhibition ofATP synthesis by iodoacetate.

Other compounds shown to inhibit platelet
aggregation or the release of nucleotides are NEM
(Zucker & Jerushalmy, 1967), PCMBS (Aledort,
Troup & Weed, 1968), amitriptyline (Mills &
Roberts, 1967a,b) and aspirin (Weiss & Aledort,
1967; Evans et al. 1968). We found that these
compounds inhibited collagen-induced aggregation,
release of adenine nucleotide and breakdown of
radioactive ATP. PCMBS inhibits platelet Mg2+-
dependent adenosine triphosphatase and Na++ K+-
dependent ouabain-sensitive adenosine triphos-
phatase, both of which enzymes probably occur in
platelet membranes since PCMBS does not pene-
trate the platelet and does not inhibit clot retraction
(Aledort et al. 1968), a process dependent on ATP-
regenerating systems (Miirer, 1969). Ouabain at
concentrations up to 1OmM in the plasma did not
inhibit collagen-induced aggregation, release of
adenine nucleotide or breakdown of radioactive
ATP.
On the basis of these results, the inhibitors of

collagen-induced platelet aggregation can be divided
into two groups. The metabolic inhibitors, iodo-
acetate and iodoacetate plus cyanide, inhibit
aggregation and nucleotide release to an extent

proportional to the degree ofdepletion ofradioactive
ATP they produce. This suggests that the release
process is dependent on the availability of this
fraction ofplatelet ATP. By contrast, amitriptyline,
aspirin and the thiol-blocking reagents do not affect
the distribution of radioactivity in platelets but
produce a degree of inhibition of aggregation and
nucleotide release proportional to the extent to
which they inhibit the collagen-induced breakdown
of radioactive ATP. Hence the release of nucleo-
tides from platelets appears to be an energy-
dependent process and inhibitors of release may
work by interfering either with the supply ofenergy
or with the reactions by which it is made available.

We are most grateful to Mr D. C. B. Mills for his interest
and helpful suggestions.
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