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PRESENT CONCEPTS ON THE MECHANISMS OF PLATELET
AGGREGATION
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*Institut Pasteur, Paris, and 1INSERM U 200, Clamart/Paris, France

Platelets, the smallest circulating cell fragments of
mammals, are pivotal for haemostasis and for its
pathological perversion, thrombosis. Platelet acti-
vation is a sequence of morphological and functional
changes, with pseudopode formation, centralisation
of the platelet granules due to the shortening of the
contractile proteins, accompanied by the formation
and secretion of a variety of substances. The primary
stimulus for platelet activation appears to involve
membrane glycoproteins, and receptors have been
partially identified for the most studied platelet-
stimulating agent, thrombin [1-4]. At a certain stage
of their activation, platelets undergo rapid mem-
brane modifications, prior to their aggregation. The
latter, as opposed to agglutination, is an active pro-
cess, dependent upon the platelet metabolism. Thus
platelets pre-treated with formaldehyde do not
aggregate, despite their reactivity to an agglutinating
substance, such as ristocetin [5]. The release reac-
tion, which may accompany aggregation, consists of
the release of intragranular materials to the extra-
cellular medium. Serotonin, ATP, ADP, calcium,
and the various metabolites of arachodonic acid
(AA), are thus released [6, 7].
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THE FIRST PATHWAY OF AGGREGATION

Early studies suggested that ADP released from
the first stimulated platelets was responsible for the
further recruitment of the remaining ones, and thus
for the formation of the aggregates [8]. ADP is
indeed a specific platelet-stimulating agent, which
induces a typical biphasic curve of aggregation when
added to human, guinea-pig or beagle dog citrated
platelet-rich plasma (Fig. 1). Other adenosine
nucleotides are inactive, or even inhibit the effects
of ADP. The role of ADP as the mediator of aggre-
gation due to other agents, such as collagen or throm-
bin, is supported by its dose-dependent release dur-
ing platelet stimulation, and by the reduction of
platelet aggregation in the presence of scavengers
of ADP [9,10]. Aspirin, indomethacin and other
non-steroidal anti-inflammatory drugs (NSAID)
inhibit altogether the second wave of ADP-induced
aggregation, the accompanying release reaction, and
that due to small to moderate amounts of thrombin
and collagen. These indirect pieces of evidence are
contradicted by results obtained with thrombin-
degranulated platelets, demonstrating that when
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Fig. 1. Interference of indomethacin with aggregation of platelets from a beagle dog. Superimposed
tracings of aggregation of beagle dog platelets, stimulated with ADP, arachidonic acid (AA), and
convulxin (Cx) in the presence and in the absence of 50 uM of indomethacin as indicated. The
concentrations of Cx (ug/ml) are indicated near each tracing and the amounts of ATP released (nM/ml)
are inside the boxes. ADP induces a double-waved aggregation curve, which is shortcut in presence
of indomethacin. Moreover, and contrary to most mongrel dogs, AA induces aggregation, which is
blocked by indomethacin. Aggregation and release of ATP by the threshold amount of Cx is suppressed
by indomethacin but inhibition is overcome by increasing the concentration of Cx, as shown by the
tracing in the last panel where aggregation is triggered by Cx (0.16 ug/ml) despite the presence of
indomethacin.
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platelets lose the content of their granules after being
challenged by large amounts of thrombin, and are
recovered in appropriate conditions. both AA and
ADP retain their aggregating activity, even though
there is no further release of granular ADP, which
has been exhausted initially [10-13]. This indicates
that ADP-independent mechanisms can account for
aggregation.

THE SECOND PATHWAY OF AGGREGATION

The discovery of the second pathway of aggre-
gation, arachidonate-dependent, arose from studies
performed in a completely distinct area of research.
Since the early 1960’s it had been shown that aspirin
and other NSAID interfere with bronchoconstriction
induced in the guinea-pig by different substances:
“slow reacting substance of anaphyiaxis”, bradyki-
nin, ATP, and AA [14]. At that time no particular
importance was given to the fact that AA displayed
very peculiar properties, distinct from those of parent
fatty acids. Bradykinin exerts another aspirin-sen-
sitive effect, since its hypotensive effects are curtailed
by the various NSAID. One hypothesis to explain
this activity was that bradykinin releases another
mediator, and Piper and Vane demonstrated that
such a mechanism might exist [15]. Indeed, brady-
kinin releases from the isolated guinea-pig lungs an
unstable material, named “rabbit aorta contracting
substance” (RCS), and now identified to thrombox-
ane A2 (TxA2). Release of RCS was inhibited by
NSAID. Since NSAID inhibit the hypotensive
response to another “slow reacting substance”
(SRS-C), released from egg yolk or tissue phospho-
lipids by phospholipases A2 [16-17], it became clear,
around 1970, that NSAID interfere at some stage
with the effects of the direct administration or of the
release of a specific fatty acid, namely AA. This was
confirmed by the finding that AA is converted by
the guinea-pig lungs into a RCS similar to that
released by bradykinin. This conversion was blocked
by NSAID [18]. At that time, we thought that RCS
was a mixture of the endoperoxides formed during
prostaglandin biosynthesis (PGG2 and PGH2), and
this led to the discovery that indeed aspirin and other
NSAID inhibit the synthesis of prostaglandins [19].
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This was found at the same time (and independently)
for the lung [19] and spleen tissues [20], on one side,
and for the thrombin-stimulated platelets on the
other [21]. Since we were working on the mechanisms
of release of RCS by AA and by SRS-C, particularly
from blood [22], we raised the hypothesis, largely
confirmed since then, that prostaglandins and other
lipid-related mediators are formed and released upon
stimulation of a sequential pathway. consisting of
activation of phospholipases A2 and subsequently
of the metabolisation of the released unsaturated
fatty acids, particularly AA [23-26]. More largely,
this reinforced the concept that a variety of lipid and
lipid-related substances exert injurious or protective
effects when released at sufficient concentrations at
the proper sites. The initial trigger for the release
of these mediators is Ca’*-dependent activation of
phospholipase A2, the presently recognized limiting
step for prostaglandin biosynthesis. (see [27] for
initial evidence).

The identification of RCS with TxA2 [28] enabled
this general concept to be adapted to platelet aggre-
gation, and to arterial thrombosis. A membrane
signal facilitates the entry and/or translocation of
Ca’" to sites containing phospholipase A2, leading
to release of AA from available phospholipids or,
more precisely, from those situated in the dense
tubular system, where cyclooxygenase and in certain
cells or fragments, thromboxane synthetase are
found as well [29-31].

The arachidonate pathway is considered presently
as a second pathway for aggregation [6.32,33],
mediated by TxA2 formed from the PG endoperox-
ides. The correlation between inhibition of cyclo-
oxygenase and suppression of platelet aggregation
by AA [34], led to an overestimation of the role of
the metabolites of AA for aggregation in general,
and thus to undue hopes that NSAID would show
clinically useful anti-thrombotic properties, because
they prevent the synthesis of TxA2. In fact, there
is no doubt that inhibition of the synthesis of PG
correlates with antagonism of AA-induced aggre-
gation. This can be clearly observed with the use of
stereoisomers of anti-inflammatory drugs (Fig. 2).
Even though platelet aggregation due to thrombin
and to collagen is accompanied by synthesis of TxA2,
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Fig. 2. Stercospecificity of inhibition of arachidonic acid-induced aggregation of rabbit platelets.
Superimposed tracings of aggregation induced by 0.1 mM (final concentration) of arachidonic acid
(AA), in the presence and in the absence of the indicated concentration (ug/ml) of the anti-inflammatory
agent di-6-methoxy-1.2.3.4 tetrahydrocarbazole-2-carboxylic acid (8223 is the code number for the
racemate, 8259 for the levo-isomer. which is the active species, and 8260 for the dextro-isomer, which
is the inactive species). Large concentrations of the latter (above 300 ug/ml) suppress aggregation by
ADP as well, indicating a non-specific effect. 8223 and 8259 are effective anti-inflammatory agents
(drugs kindly provided by Organon).
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which is inhibited by NSAID, the anti-aggregating
activity of these drugs does not extend automatically
from AA to other, more relevant, aggregating agents
(see below: ‘Thrombin-induced Aggregation’).
Moreover, the mode of action of the NSAID is not
only limited to inhibition of cyclo-oxygenase : aspirin-
like drugs (which in fact should not be called any
further by this generic and trivial denomination,
because of the multiplicity of their effects); they
inhibit peroxidase of human platelets [35], and
indomethacin has been reported to inhibit human
platelet phospholipase A2 [36], when directly applied
to a platelet fraction displaying such activity upon
a semi-synthetic substrate. However, we failed to
confirm this inhibition, when indomethacin was
applied to human platelets, with or without drugs
removal, before the platelets were stimulated with
thrombin, according to refs [30] and [37] (Vargaftig,
Fouque and Chignard, in preparation).

It should also be stressed that Tx's are detected
in the supernatant of thrombin stimulated platelets
only when the concentrations applied are quite above
those which are needed to trigger aggregation: for
low amounts of thrombin, when aggregation is
inhibitable by NSAID, no TxAZ2 nor TxB2 (Fig. 3)
can be found, even though these amounts of throm-
bin do trigger full aggregation. Even though TxA2
can be released by the outer membrane the important
event for Tx-dependent aggregation is its release
within the platelet: TxA2 is rather an intracellular
mediator than a cell-to-cell messenger.

Finally, if platelet cyclooxygenase is inactivated
by aspirin, aggregation induced by threshold
amounts of thrombin is inhibited, but it suffices to
increase by 2 or 4 fold the amounts of thrombin, to
overcome inhibition, and obtain a full platelet
reponse even though the underlying formation of
TxA2 remains inhibited [6.9,32, 33, 38]. Further-
more, the association of an enzymatic system which
destroys ADP as soon as it is released from the
platelet, with aspirin or with indomethacin. also fails
to inhibit aggregation by moderate to high concen-
trations of thrombin [6,9]. When the ADP stocks
of the platelets are exhausted by submitting the
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Fig. 3. Release of thromboxane B2 by thrombin-stimulated
rabbit platelets. Rabbit platelets suspended in Tyrode's
solution were stimulated with thrombin. at concentrations
indicated near each curve, in U/ml. Samples were collected
at the indicated intervals (min. horizontal scale), and
thromboxane B2 was determined by radioimmune assay
(ng/ml, vertical scale). Thromboxane was undetectable
when the platelets were stimulated with 0.025 U/ml of
thrombin, even though aggregation was immediate.
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platelets to thrombin, before their resuspension,
reactivity to thrombin itself is lost, but the platelets
respond to ADP or to AA, provided fibrinogen is
added to the suspension [11, 39]. Thrombin-treated
platelets aggregate also when stimulated with con-
vulxin, a substance contained in the venom of rat-
tlesnakes [40], even when indomethacin is present
(Fig. 1). This all confirms that the first and the second
pathways can be suppressed and platelets still main-
tain their reactivity (see below: ‘Convulxin, Another
Thromboxane and ADP-independent Platelet
Stimulator’).

THE THIRD PATHWAY OF AGGREGATION

We recently obtained evidence that a phospho-
lipid, namely 1-O-alkyl-2-O-acetyl-2sn-glyceryl-3-
phosphorylcholine (platelet-activating factor, PAF-
acether) [41-44] may account for the third pathway
of aggregation [45-49]. PAF-acether is known to be
released from various cells types upon immune and
non-immune challenge [50], and is one of the most
powerful aggregating substances so far described,
since concentrations as low as 1nM trigger the
aggregation of washed rabbit platelets (Fig. 4). In
the presence of plasma, its activity is markedly
reduced, but since PAF-acether appears to be
released within the platelet (as is TXA2. see above),
the reduction of its activity by plasma should not be
retained as evidence against its role. As seen in Fig.
5, guinea-pig platelets are more sensitive to PAF-
acether than rabbit platelets, whereas human
platelets are even less. Aggregation by PAF-acether
is not affected by the ADP scavenging system crea-
tine phosphate/creatine phosphokinase, nor by the
inhibitors of cyclooxygenase [45,50]. Moreover,
thrombin-degranulated platelets also aggregate
when stimulated with PAF-acether [45]. Aggregation
of guinea-pig [51] and of rabbit [45] platelets appears
not to be accompanied by formation of TxA2, but
there is evidence for formation of TXxA2 in one case
[52]. Both ADP and ATP are released by PAF-
acether. Since prostacyclin and bivalent metal che-
lating-agents suppress aggregation by PAF-acether
[51], and since the cytoplasmatic marker lactic
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Fig. 4. Concentration—activity relationship between PAF-
acether and aggregation of plasma-free rabbit platelets.
The light transmission across the platelet suspension
increases with increasing amounts of PAF-acether added.
The figure also provides the correspondence between the
previously used arbitrary units of aggregation, and actual
concentrations of synthetic PAF-acether (kindly provided
by Dr. J.-F. Godfroid, University of Paris VI).
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Fig. 5. Species-dependent responsiveness of platelets in

plasma to PAF-acether. Superimposed tracings of platelet

aggregation by synthetic PAF-acether (nM) for the indi-
cated species.

dehydrogenase is not released, one may conclude
that PAF-acether induces authentic aggregation,
liable to inhibition by increasing the adenylate
cyclase activity of the platelet.

Aspirin does not inhibit the platelet aggregation
by PAF-acether [45, 46, 51], but when administered
together with anti-histaminic and anti-serotonin
agents, which alone fail to interfere with the effects
of PAF-acether, and the latter’s bronchoconstrictor
effects in the guinea-pig are suppressed (to be pub-
lished). Furthermore, a similar synergism is present
for indomethacin, and for the non-cyclooxygenase
inhibitor salicylic acid, when administered together
with the antiamine substances. Finally, sulfinpyra-
zone, presently used as a anti-thrombotic agent,
alone inhibits aggregation by PAF-acether in vitro,
and bronchoconstriction in vivo., whereas the
accompanying thrombocytopenia is unaffected (Var-
gaftig, Lefort, Chignard, Wal and Benveniste, in
preparation).

The mode of release of PAF-acether from the
platelets is presently unknown. The most active
releasing agent is the Ca** ionophore A23187, but
large amounts, enough to account for aggregation,
are released from rabbit platelets by collagen and
by thrombin. In contrast. ADP and AA fail to
trigger release of PAF-acether [48, 49], giving weight
for our hypothesis for a specific role of this mediator.
Release of PAF-acether differs from that of all other
mediators, in that it is a phospholipid, a piece of the
membrane. In this respect, it might be argued that
release of PAF-acether from platelets is indicative,
rather than a cause. of membrane alterations
accompanying aggregation. Failure of ADP and of
AA to imitate collagen or thrombin with respect to
PAF-acether argues against this possibility. When
thrombin or collagen activate platelets, phospholi-
pase A2 is activated as well, and this accounts for
the release of the PG precursor AA from the
phospholipids. As stated below (see ‘Role of Phos-
pholipase A2’), three inhibitors of phospholipase A2
(bromophenacyl bromide, a compound known as
CB 874 and mepacrine) block platelet aggregation
by thrombin, and the accompanying release of AA
and of TxA2. The phospholipase A2 inhibitors also
suppress aggregation by, and release of, PAF-
acether. The specificity of each individual inhibitor
of phospholipase A2 is questionable, and their

activity may result in profound membrane disturb-
ances (see below: ‘Membrane Phospholipids and
Phospholipase A2’). Inhibition of the release of
PAF-acether by these reagents may in fact be due
to these membrane effects, and not really to enzyme
inhibition. This is furthermore supported by the fact
that the so-called membrane-active drugs are very
active in suppressing the direct effects of PAF-
acether [45]. The latter would thus be a very par-
ticular reagent, in that both its release from the
platelets, as well as its effect on the platelet, result
from membrane disturbances controllable by inhibi-
tors of phospholipase A2.

Convulxin, another thromboxane and AD P-indepen-
dent platelet stimulator

Convulxin(Cx) is a glycoprotein present in the
venom of snakes belonging to the genus Crotalus
(South American rattlesnakes). It is active in releas-
ing serotonin and ATP from rabbit platelets, and it
triggers aggregation. accompanied by the release
reaction. when applied to platelets of rabbits, guinea-
pigs. mice, humans and dogs ([40, 53]: Marlas and
Joseph, in preparation; Fig. 1). Platelet activation
by threshold amounts of Cx. as measured by aggre-
gation and by the release of ATP. is reduced by
scavengers of ADP and by aspirin, "ut it suffices to
increase by 2 or 4 times the concentration of Cx
used, to overcome inhibition (Fig. 1}. It thus appears
that Cx induces ADP and TxA2-independent aggre-
gation, involving a third mechanism. This concept
is confirmed by our unpublished results. showing
that rabbit platelets stimulated by thrombin, which
do not respond to a second stimulus with thrombin
itself, and are depleted from their granular ADP,
are still aggregated by Cx. Furthermore, when the
thrombinized platelets are recovered. and further
stimulated with Cx, TxA2 is released. and phospho-
lipase A2 is activated, as indicated by loss of labelled
arachidonate from phospholipids. Thus, even though
platelets are desensitized to thrombin. they remain
responsive to other stimulants of phospholipase A2.

Evidence for a pivotal role of phospholipase A2

As stated above. phospholipase A2 appears to be
the limiting step for the synthesis of TxA2 [27.30].
Activation of this enzyme should nevertheless lead
to release of other substances as well [33]. which
appear to be involved with the ADP and TxA2-
independent platelet aggregation, and are discussed
in the following paragraphs.

Platelets contain phospholipases and in their
pioneering study Smith and Willis [21] demonstrated
the presence of a poorly characterized phospholipase
in the supernatant of thrombin-stimulated platclets.
The concept that prostaglandins are released from
endogenous precursors only after the activation of
an acylhydrolase such as phospholipase A2 arose
from the early work of Vogt [27]. and was later
adapted for platelets. The rapid development of a
methodology for the study of enzvme activation in
whole platelets. allowed for a rapid progress in the
identification of the phospholipid pools which pro-
vide arachidonate for the cyclooxygenase complex,
i.e. phosphatidylcholine and/or phosphatidylinosi-
tol. There is no doubt presently that TxA2 and TxB2,
released from platelets stimulated with thrombin,
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with collagen and with the calcium ionophore
A23187, are formed from the AA hydrolized from
those phospholipids. Inhibition of the cyclooxygen-
ase-dependent pathway by aspirin is followed by a
large rise in the yield of aliphatic derivatives of
arachidonate, which come from the same phospho-
lipids, giving further weight to the critical role of
phospholipase A2. Platelet phospholipase A2 can be
inhibited with mepacrine [54, 55] found previously
to inhibit the release of thromboxane A2 from
guinea-pig lungs injected with bradykinin [23].
Aggregation by collagen is also inhibited by mepa-
crine but the concentrations required are close to
those which block primary aggregation by ADP as
well. The first irreversible inhibitor of phospholipase
A2 to be tested on the platelets was bromophenacyl
bromide [33] previously shown to inhibit the phos-
pholipase A2 activity of soluble enzymes [56]. It
blocks aggregation of washed rabbit and human pla-
telets induced by thrombin and by the calcium ion-
ophore A23187. Use of bromophenacyl bromide
requires caution, since it is a potent membrane-active
agent, and in proper amounts and time of contact
with the platelets, it reduces the yield of thrombox-
ane A2 formed directly from added AA [37]. It
shows nevertheless a preferential effect over phos-
pholipase A2 when incubated for short intervals only
with the platelets [37]. Compound CB 874 also
inhibits phospholipase A2 and shows anti-inflam-
matory properties in the rat, as well as anti-platelet
aggregating activity [57]. CB 874 is relatively specific
for phospholipase A2 as compared to cyclooxygen-
ase, but is probably toxic for the platelet membrane,
since it induces the release of lactic dehydrogenase
(Vargaftig, Fouque and Chignard, unpublished).

Corticosteroids inhibit the release of the metab-
olites of AA from tissues other than platelets. This
has been attributed to three possible mechanisms:a
membrane protective effect, similar to that described
for the inhibition of the release of lysosomal enzymes
from leukocytes, interference with the availability
of AA (a sort of pseudo-inhibition of phospholipase
A2 or of its activation), and finally, a classical recep-
tor-mediated effect, with synthesis of polypeptide
with anti-phospholipase A2 properties [55, 58-61].
Failure of corticosteroids to inhibit phospholipase
A2 activity of blood platelets might be due to the
absence of nucleus, and consequently, of the ability
to synthesize the hypothetical inhibitory peptide.
Nevertheless, when chicken thrombocytes, which
are nucleated, were used in place of anucleated
platelets, glucocorticoids were still inactive against
collagen-induced aggregation and formation of
TxB2. Under those conditions, the aggregating
effects of AA are observed, and are inhibited by
NSAID. Thus, glucocorticoids do not inhibit the
activity of phospholipase A2 in blood platelets and
thrombocytes, when applied in vitro (F. Russo-Marie
and C. Ody, unpublished). In vivo experiments,
where megakaryocytes might have been affected,
were not reported.

Platelet membrane phospholipids and
phospholipase A2

Platelet membrane phospholipids may participate
in the modulation of the platelet release reaction
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[62]. Furthermore, recent works on mast cells [63],
on chromaffin granules of the adrenal gland [64], on
rabbit leukocytes [65], murine T lymphocytes [66]
and rat reticulocyte ghosts [67] show that cell acti-
vation causes a transient increase in the methylation
of phosphatidylethanolamine to phosphatidyl cho-
line by two very different methyltransferases. Accu-
mulation of intermediate phosphatidyl mono-
methylethanolamine increases the membrane
fluidity of T lymphocytes [66], leading presumably
to increased Ca?* influx and activation of phospho-
lipases. Mepacrine and hydrocortisone inhibit the
degradation of methylated phospholipids of rabbit
leukocytes stimulated by chemoattractant peptides
(65], again suggesting a close association between
metabolism of methylated phospholipids and
chemotaxis.

Evidence against the pivotal role of
phospholipase A2

Recent results casted some doubt on the role of
phospholipase A2 for platelet aggregation. This
includes our results with carrageenan and new con-
cepts on the early activation of phopholipase C.

Carrageenan

Aggregation of washed human and rabbit platelets
by the polysaccharide carrageenan is reduced by
NSAID [33, 68-77], but this partial inhibition is not
seen when the inhibitors of cyclooxygenase are
removed, even though inhibition of formation of
prostaglandins and of TxA2 or TxB2 remains. More-
over, salicylic acid inhibits aggregation by carra-
geenan under conditions similar to those of aspirin.
Since salicylic acid is not an inhibitor of cyclooxy-
genase, we concluded that its inhibiting activity
towards aggregation by carrageenan resulted from
its physical presence in the medium, possibly
because, at the concentrations required to affect
carrageenan, the NSAID interfere with Ca®* move-
ments through the various platelet membranes. In
contrast, application of bromophenacyl bromide or
of CB 874 to carrageenan-stimulated platelets, sup-
presses altogether aggregation and the accompany-
ing release reaction [70]. Nevertheless, only the rab-
bit platelets form thromboxane when stimulated by
carrageenan, whereas human platelets fail to do so.
This means that the phospholipase inhibitors also
interfere with aggregation when phospholipase is not
involved. In agreement, carrageenan fails to trigger
the release of labelled arachidonate, from human
platelets, under conditions where thrombin is active.
The examination of the phospholipid subspecies one
by one, with thin-layer chromatography, failed to
demonstrate a specific site in which carrageenan
would act when human platelets are used. It might
be argued that the methods used for demonstrating
activation of phospholipase A2 are not sufficiently
sharp to show activation on a critical site, over-
shadowed by the bulk of the full platelet activity.
This is still open to controversy.

The phospholipase C hypothesis

Release of arachidonate by a pathway other than
activation of phospholipase A2 has recently been
described. Tt consists of the activation of a phos-
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Fig. 6. The two enzymatic pathways triggering arachidonic acid release.

phatidylinositol phosphodiesterase (phospholipase
C), with formation of diglycerides [72-79]. The pres-
ence of phospholipase C in platelets was indicated
by the stimulation of the production of phosphatidic
acid in platelets before the release of AA [73]. The
diglycerides formed from phosphatidylinositol upon
stimulation of phospholipase C are the immediate
precursors of phosphatidic acid, formed upon stimu-
lation of a diglyceride kinase [73, 74-76]. Alterna-
tively, under certain conditions, such as platelet
stimulation with the ionophore A23187, a diglyceride
lipase is stimulated, and l-acylglycerol and AA are
thus formed [75, 78]. Arachidonate comes thus from
at least two different pathways:phospholipase A2,
acting preferentially on phosphatidylethanolamine
and phosphatidylcholine, and phospholipase C, act-
ing on phosphatidylinositol (Fig. 6; see also ref.
[80]). Both enzymes are Ca’*-dependent and under
the control of the cyclic AMP system. The phos-
pholipase C pathway provides high amounts of phos-
phatidic acid [72, 73, 76-80], a potential trigger for
aggregation, which releases Ca®' from a platelet
membrane fraction, and is thus a Ca’* ionophore
[81]. Phosphatidic acid does not cross the platelet
membrane, and thus cannot trigger aggregation
when added to a platelet suspension.

Exogenous phospholipases C from different
sources have been tested on platelets. Bacillus cereus
phospholipase C, which does not aggregate platelets,
degrades glycerophospholipids other than phospha-
tidylinositol whereas Clostridium perfringens phos-
pholipase C, which aggregates platelets, hydrolyses
all phospholipids including sphingomyelin [72, 78,
79, 82]. The difference in platelet activity of the two
phospholipases is probably due to the hydrolysis of
sphingomyelin, rather than of phosphatidylinositol,
since a combination of a specific sphingomyelinase
C from Staphvlococcus aureus with the phospholi-
pase C from B. cereus triggers aggregation
accompanied by a release reaction and by the for-
mation of TxA2 [79]. At the highest concentrations
of C. perfringens phospholipase C platelet lysis is
rapid (Fig. 7). In contrast, for low concentrations of
this phospholipase C, lysis appears slowly and prob-
ably does not account for the release of ATP nor for

the increase in light transmission, since the kinetics
of the different events is not coincidental (Fig. 7).
Synthesis of phosphatidic acid is also increased dur-
ing platelet aggregation by C. perfringens phospho-
lipase C [78]. Under those conditions, it is possible
that phosphatidic acid formed within the platelet is
responsible for aggregation, since the amounts of
TxA2 formed are low (around fifteen times below
those found after stimulation with thrombin), and
furthermore aspirin fails to block aggregation by the
phospholipase C, in contrast to effectiveness against
phospholipase A2 [83]. Inhibitors of the latter, such
as bromophenacyl bromide or CB 874, fail to inter-
fere with platelet lysis due to C. perfringens phos-
pholipase C, but inhibit the underlying aggregation,
particularly when due to threshold concentrations
of the enzyme. This does not prove that phospho-
lipase C triggers aggregation via phospholipase A2,
since the inhibitors display unclear membrane
effects, as stated above (unpublished results).

CONCLUDING REMARKS

The different mechanisms of platelet aggregation
(at least for rabbit) can be schematically represented
by an hydraulic system in which the different aggre-
gating agents can push specific pistons (Fig. 8). Thus
the calcium ionophore. thrombin and collagen put
pressure on phospholipase A2 (PLA2) which can be
suppressed by closure of a floodgate triggered by
bromophenacyl bromide (BPB) or dibutyryl AMP
cyclic (dbAMPc). It can be further speculated that
the fluid is formed by calcium ions. Pressure is then
transmitted by means of two other fluids which are
arachidonic acid (AA) and PAF-acether (PAF). This
phospholipase A2 (PLA2) step can be short-cut by
adding directly AA or PAF-acether to the system.
After its passage through the cyclooxygenase (CO)
enzyme system, AA originates thromboxane A2
(TxA2), which triggers aggregation directly and
indirectly by transmission of the pressure to ADP.
The same mechanism is applicable to PAF-acether,
which acts directly and indirectly via ADP.

This scheme is clearly an oversimplification of the
living system. Thus it does not take into account the
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Fig. 7. Comparison between the release of ATP and the
formation of thromboxane B2 by human platelets chal-
lenged with phospholipase C. A suspension of plasma-free
washed human platelets was challenged with C. perfringens
phospholipase C, which had been preincubated with cho-
lesterol, to inactivate the contaminant 0 toxin. The release
of ATP is indicated in the upper panel, and the formation
of TxB2 in the lower panel, for three concentrations of
phospholipase C (0.3 U/ml, circles; 0.1 U/ml, triangles;
0.03 U/ml, squares). The lytic activity of the lowest and of
the highest concentration of phospholipase C was moni-
tored by measuring the lactic dehydrogenase activity in the
platelet supernatant (dotted lines). Platelet lysis cannot
account for aggregation (not shown) and release of ATP
induced by the lowest concentration of phospholipase C.
In contrast, lysis induced by the highest concentration of
the enzyme is probably responsible for the increase in light
transmission observed as being aggregation. Formation of
TxB2 appears to be due to plateiet lysis, at both concen-
trations of phospholipase, particularly since aggregation
induced by thrombin is accompanied by a markedly higher
amount of TxB2 (see Fig. 3).

product of the enzymatic activity of the phospholi-
pase C such as phosphatidic acid and lysophospha-
tidic acid which can play arole in aggregation. Never-
theless it shows that when cyclo-oxygenase is
inhibited and ADP is scavenged the third mechanism
still operates. Only phospholipase A2 inhibitors can

269
Aggregation -@
Apyrase
crrerk U H 1L B
e A<
g 3
ADP—
NSAID {3
A — B
PAF —

lonophore
Thrombin -~ BPB b
Collagen dbAMPc

Fig. 8. Hypothetical scheme demonstrating the implication
of the three different pathways leading to aggregation of
rabbit platelets. (See commentary in text.)

block the three pathways altogether. Moreover, this
scheme considers collagen as a trigger of the third
pathway, which has not always been the opinion of
all authors {6, 9, 10]. It appears presently that indeed
collagen-induced aggregation can proceed when the
first and the second pathways are suppressed, and
that contradictory results were due to the use of
insufficient amounts of collagen, together with a
competitive ADP-scavenger such as the creatine
phosphate/creatine phosphokinase system [84].

The PAF-acether hypothesis for the third pathway
of platelet aggregation may be validated or elimin-
ated in the near future. Many aspects of platelet
activation remain obscure, and were not reviewed
here, including the role of calmodulin, of Ca** as a
multipotent mediator, or of glycoproteins, platelet
fibrinogen, and the products of the lipooxygenase
pathway. A better understanding of the third path-
way of aggregation, in connection with the other
platelet properties, should allow us to build up better
anti-thrombotic drugs, and to better understand the
mode of action of the present ones.
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