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ABSTRACT  Stimulation of platelets labeled with [4C}
arachidonate by ionophore A23187 or thrombin produces rapid
deﬁxadation of specific membrane phospholipids. This is aliso
reflected by the release of [14Clarachidonate, which is imme-
diately transformed into products of the cycloxygenase and
lipoxygenase enzyme systems, and by increased labeling of
pE:sphatidic acid. Arachidonate metabolism can be effectively
prevented by preincubation with indomethacin and eicosate-
traynoic acid, but platelet aggregation induced by ionophore
A23187 or thrombin is not blocked under these conditions.
Nevertheless, in the virtually total absence of metabolism of
arachidonate, platelet aggregation still occurs concomitantly
with phospholipid brealgcﬁ:wn and with increased labeling of
phosphatidic acid. Increased levels of cyclic AMP block both
phospholipase activation and aggregation induced by ionophore
A23187 and thrombin. These data suggest that some early con-
sequence of phospholipase activation, independent of a meta-
bolic product of arachidonate but possibly related to the pro-
duction of phosphatidic acid, may play a central, causative role
in mediating platelet aggregation.

Metabolism of arachidonic acid by the cycloxygenase enzyme
system leads to production of the active cyclic endoperoxides,
prostaglandins G and Hp (PGG3 and PGHj), and of throm-
boxane As (TXAjg). Although these products are capable of in-
ducing platelet aggregation (1-5), their relevance in mediating
the normal process of aggregation induced by physiological
stimuli has been questioned (4, 6, 7). Arachidonate is released
from phospholipids when platelets are stimulated by thrombin,
ionophore A23187, and collagen. This arachidonate is utilized
immediately by the cycloxygenase and lipoxygenase enzyme
systems (8-15). ,

Thrombin- and ionophore A23187-induced platelet aggre-
gation can be blocked by dibutyryl adenosine 3’:5’-cyclic mo-
nophosphate (BtocAMP), cyclic AMP (cAMP) phosphodies-
terase inhibitors, and stimulators of adenylate cyclase (10, 12,
14-17). Very recently, it has been shown that elevation of cAMP
inhibits release of arachidonate from phospholipids, and it was
suggested that this action of cAMP might, at least in part, ex-
plain its inhibitory effect on platelet aggregation (10, 12, 14,
15). It seems, however, that the cycloxygenase products that
appear during platelet stimulation may not be involved in
mediating the aggregation or release reaction since aspirin and
indomethacin do not block thrombin- and ionophore
A23187-induced aggregation (16-19). If this interpretation is
correct, then it is apparent that if the phospholipid /arachido-
nate system is to be involved at all in a causative role, some step
proximal to arachidonate metabolism must be considered.

We have shown that phospholipase activation and aggre-
gation induced by thrombin or ionophore A23187 are blocked
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by increased levels of cAMP. Indomethacin inhibits cycloxy-
genase activity and eicosatetraynoic acid inhibits both cyclox-
ygenase activity. Since neither of these inhibitors prevents
aggregation by thrombin or ionophore A23187, the possible role
of arachidonate metabolites, but not of other products of
membrane phospholipases, must be further questioned as
causative agents.

MATERIALS AND METHODS

Most of these have already been essentially described (10).
Platelet-rich plasma was obtained from 1 unit of horse blood
anticoagulated with anticoagulant citrate dextrose. Samples (50
ml) of the plasma were incubated with 2 uCi of [1-14Clara-
chidonate at 37° for 2 hr. Platelets were then isolated by cen-
trifugation, resuspended in Tris/saline/EDTA buffer (NaCl,
134 mM/15 mM Tris-HCI, pH 7.4/1 mM EDTA /5 mM D-glu-
cose), centrifuged again, and finally resuspended in 10-20 ml
of the same buffer. Samples of 0.5 ml (3-6 mg of protein) were
incubated with ionophore A23187 (2 uM) (Eli Lilly and Co.),
or thrombin (1 unit/ml) for 5 min. Preincubations with or
without BtacAMP, aminophylline plus methylisobutylxanthine,
or eicosatetraynoic acid (Hoffman-La Roche, Inc.) were for
10-15 min followed by a 5-min incubation with or without
thrombiri or ionophore A23187. Platelets were treated with
indomethacin during the 2 hr of [14Clarachidonate-labeling or
they were not treated with indomethacin. Duplicate incubations
were stopped with chloroform/methanol and partitioned with
chloroform and water. Lipids from the lower phases were dried
under N; and redissolved in chloroform (10). One of the du-
plicate incubation mixtures was placed on thin-layer chroma-
tography plates for phospholipid separation (chloroform/
methanol/acetic acid/water, 50:30:8:4, vol/vol) (10, 20) and
the other one for separation of phosphatidic acid, TXBg, 12-
hydroxy-5,8,10,-heptadecatrienoic acid (HHT), 12-hydroxy-
5,8,10,14-eicosatetraenoic acid (HETE), and arachidonate (top
phase of ethyl acetate/2,2,4-trimethylpentane/acetic acid/
water, 90:50:20:100, vol/vol) (10). ,

In all experiments of thrombin-induced release of [14Clara-
chidonate metabolites we noticed a marked increase of radio-
activity in a spot that runs very close to the origin. This spot does
not chromatograph with known standard prostaglandins and
it is degraded by phospholipase Ay with release of [14Clara-
chidonate. The compound incorporates 32P; and it is quanti-
tatively recovered with the solvent front in our usual phos-
pholipid separations where phosphatidic acid is present. Au-
thentic phosphatidic acid cochromatographs with this active
spot and not with other phospholipds, which remain together

Abbreviations: cAMP, cyclic AMP; BtocAMP, dibutyryl cAMP; TX,
thromboxane; HHT, 12-hydroxy-5,8,10-heptadecatriencic acid;
HETE, 12-hydroxy-5,8,10,14-eicosatetraenoic acid.
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F1G. 1. Effect of different concentrations of ionophore A23187
on [C]arachidonate-labeled platelets. ®, HETE; 0, HHT; m, TXB;
0, phosphatidic acid.

at the origin (phosphatidylcholine, phosphatidylethanolamine,
phosphatidylinositol, and sphingomyelin).

Radioactive spots were localized by radioautography and
quantitated by liquid scintillation counting. Platelet aggregation
of 0.5-ml samples of platelet-rich plasma or washed platelets
(0.5-2 mg of protein) was measured by continuous recording
of light transmission at 37° (Chronolog Corp., Broomall, PA)

RESULTS

Effect of Ionophore A23187 on Redistribution of Radio-
activity from [14C]Arachidonate-Labeled Platelets. As shown
previously (10, 14), incubation of platelet-rich plasma with
[14C)arachidonate for 2 hr leads to its incorporation into the
phospholipids of horse platelets. When the labeled platelets are
washed and treated with ionophore A23187, radioactivity is
detected in arachidonate and products of lipoxygenase (HETE)
and cycloxygenase (HHT and TXBg), and there is increased
incorporation of label in phosphatidic acid (Fig. 1). Except for
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F1G. 2. Time-course of ionophore A23187 (2 uM) effect on
[*4Clarachidonate-labeled platelets. A, Arachidonate; other symbols
as in legend of Fig. 1.
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F1G. 3. Effect of cAMP phosphodiesterase inhibitors and
BtocAMP on ionophore A23187 and thrombin action on [4C]ara-
chidonate-labeled phospholipids. Preincubations with or without
aminophylline (2.5 mM) plus methylisobutylxanthine (0.22 mM) or
BtecAMP (1 mM) were for 10 min followed by a 5-min incubation with
or without ionophore A23187 (2 uM) or thrombin (1 unit/ml). C,
control without additions; Aj, action of ionophore A23187; As,
preincubation with aminophylline plus methylisobutylxanthine fol-
lowed by ionophore A23187; A, preincubation of BtocAMP followed
by ionophore A23187. Ty, Ts, and T3 are as in Ay, Ao, and A3, respec-
tively, but incubations were with thrombin.

HETE, between 2 and 5 uM of ionophore A23187 gives the
maximal incorporation into the [14CJarachidonate products.
At very short time intervals (e.g., 10 sec) there is release of
[*Clarachidonate which is immediately metabolized to HETE,
HHT, and TXB; (Fig. 2). Increase labeling of phosphatidic acid
is also observed at short time intervals. After 30 sec there is
virtually no further increase in HHT, TXB;, and phosphatidic
acid, but there is continued incorporation of radioactivity into
HETE.

cAMP Inhibits Thrombin- and Ionophore A23187-Induced
Phospholipid Breakdown. Ionophore A23187 decreases the
[4C]arachidonate radioactivity present as phosphatidylcholine
and phosphatidylinositol, but not phosphatidylethanolamine
(Fig. 3). This ionophore-induced degradation is substantially
inhibited by aminophylline and methylisobutylxanthine and
by BtacAMP (Fig, 3). Thrombin degrades all these phospholipid
classes, and this is prevented by BtocAMP, aminophylline plus
methylbutylxanthine, and by prostacyclin, a potent stimulant
of adenylate cyclase (refs. 10 and 14; Fig. 3). Thrombin also
increases incorporation of [!4Clarachidonate into phosphatidic
acid, perhaps even more effectively than the ionophore, and
this is also blocked by cAMP (Figs. 3 and 5). The ionophore
A23187- and thrombin-induced phospholipid degradation
occurs in parallel to formation of HETE, HHT, TXB;, and
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" FIG. 4. Effect of cAMP phosphodiesterase inhibitors and
Bt2cAMP on ionophore A23187- and thrombin-induced production
of oxygenated metabolites from [14C]arachidonate-labeled platelets.
All details as in legend of Fig. 3. AA, arachidonate.

arachidonate, the formation of which is also concomitantly
blocked by BtocAMP and by aminophylline plus methyliso-
butylxanthine (Fig. 4) in a concentration-dependent manner
(Fig. 5).

Effects of Indomethacin and Eicosatetraynoic Acid.
Pretreatment of platelet-rich plasma with indomethacin is ef-
fective in blocking the cycloxygenase products, as reflected by
HHT and TXB; when platelets are stimulated with ionophore
A23187 and thrombin/ (Fig. 6). The'decrease in HHT and
TXB; is accompanied by increased labeling in HETE. Further
addition of indomethacin to washed platelets before or during
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FI1G. 5. Action of different concentrations of cAMP phosphodi-
esterase inhibitors on the ionophore A23187 effect on [14Clarachi-
donate-labeled platelets. Preincubations with aminophylline (AM)
plus methylisobutylxanthine (MIX) were for 15 min followed by io-
nophore A23187 for 5 min. Symbols: see legend of Fig. 1.
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FIG. 6. Effect of ionophore A23187 and thrombin on [!4C]ara-
chidonate-labeled platelets pretreated with indomethacin. Plate-
let-rich plasma was labeled with [4C]arachidonate for 2 hr with and
without indomethacin (10 uM). Platelets were then isolated and in-
cubated without further additions (C) or with 2 uM ionophore (A) or
1 unit of thrombin per ml (T) for 5 min. Subscript I refers to platelets
that have been pretreated with indomethacin. PA, phosphatidic acid;
AA, arachidonate.

treatment with jonophore A23187 and thrombin has no further
effect. The increased 14C labeling into phosphatidic acid in-
duced by ionophore A23187 or by thrombin is not affected by
indomethacin.

Pretreatment of washed platelets with eicosatetraynoic acid
(7-28 uM) inhibits nearly completely the formation of products
derived from lipoxygenase and cycloxygenasé activities induced
by ionophore A23187 and thrombin (Fig. 7). Radioactive
HETE, HHT, and TXB; are profoundly decreased, whereas
free [14Clarachidonate is increased. Eicosatetraynoic acid also
slightly inhibits phospholipase activity, as reflected by the total
phospholipid radioactivity (Fig. 7).

Effect of Indomethacin and Eicosatetraynoic Acid on
Platelet Aggregation. Ionophore A23187 (0.5-4 uM) induces
aggregation of horse blood platelet-rich plasma, and this
aggregation is not blocked by preincubating the plasma with
10 uM indomethacin for 2 hr (data not shown). Ionophore
A23187 (0.5-1 uM) also induces aggregation of washed platelets
that have been isolated from platelet-rich plasma treated or not
treated with 10 uM indomethacin for 2 hr. In both cases
aggregation is inhibited by aminophylline plus methyliso-
butylxanthine or BtocAMP (Fig. 8). Although thrombin-in-
duced aggregation (washed platelets) is also similarly inhibited
by cAMP (10, 14), aggregation is not prevented by preincu-
bation of the platelet-rich plasma with indomethacin (Fig. 8).
Further addition of indomethacin (10-50 uM) to the washed
platelets from the pretreated platelet-rich plasma also does not
prevent aggregation by 0.2-0.4 unit of thrombin per ml (data
not shown). Furthermore, ionophore A23187- and thrombin-
induced aggregation is also not blocked by preincubation (1-4
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F1G. 7. Effect of eicosatetraynoic acid on ionophore A23187 and
thrombin action on !4C-labeled platelets. Preincubation with or
without eicosatetraynoic acid (28 uM) was for 10 min followed by a
5-min incubation with or without ionophore A23187 (2 uM) or
thrombin (1 unit/ml). C, Control without additions; A, action of io-
nophore A23187; T, action of thrombin. Subscript e refers to platelets
preincubated with eicosatetraynoic acid. PA, phosphatldlc acid; AA,
arachidonate.

min) with 10 uM eicosatetraynoic acid under conditions under
which all arachidonate metabolism is virtually blocked (Fig.

8).

DISCUSSION

Indomethacin, which is clearly shown to block cycloxygenase
product formation (ref. 8 and Fig. 6), does not inhibit thrombin-
or ionophore A23187-induced aggregation. Eicosatetraynoic
acid inhibits both cycloxygenase and lipoxygenase activities
profoundly (ref. 8 and Fig. 7) but does not affect aggregation.
Several reports from other laboratories describe the inability
of aspirin and indomethacin to block thrombin- and iono-
phore-induced aggregation (16-19). All these observations
suggest that products derived from known metabolic routes of
arachidonate metabolism are not essential mediators of platelet
aggregation.* However, these data do not completely exclude
the possibility that the production of only minute or unde-
tectable amounts of endoperoxides or thromboxanes are suffi-
cient to initiate aggregation.

Despite the lack of evidence for an obligatory role of an
arachidonate metabolic product for aggregation, much evi-
dence still suggests that some process related to phospholipid
degradation may be an early and specific event. The early ex-
pression of phospholipase activity, which also leads to the for-
mation of products other than arachidonate, is greatly favored
by thrombin and ionophore A23187 as well as virtually all other
stimuli of primary platelet aggregation. Further, inhibition of
phospholipase activity by cAMP correlates well with the
blockade of platelet aggregation. Since phospholipase activity

* It is well known that indomethacin inhibits platelet “aggregation,”
but, as summanzed recently (21) this mdomethacm-sensmve
aggregation is of a “secondary” (i.e., “second wave”) type and thus
is different from the “primary” aggregation events studied here.
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FIG. 8. Action of cAMP phosphodiesterase inhibitors, BtoccAMP,
indomethacin, and eicosatetraynoic acid, on ionophore A23187- and
thrombin-induced aggregation of washed platelets. (A) Aggregometer
tracings of different concentrations of ionophore A23187; (B) effect
of a 1-min preincubation with aminophylline (2.5 mM) plus methyl-
isobutylxanthine (0.22 mM); (C) effect of a 1-min preincubation with
Bt2cAMP (1 mM); (D) as in B but platelets were pretreated with 10
uM indomethacin as indicated in Fig. 6; (E) thrombin; (F) throm-
bin-induced aggregation of indomethacin-pretreated platelets; (G)
action of a 1-min preincubation with 10 uM eicosatetraynoic acid
(ETA) on thrombin-induced aggregation; (H) action of a 4-min
preincubation with 10 uM eicosatetraynoic acid on ionophore
A23187-induced aggregation.

is calcium dependent (22), the action of cAMP could in theory
be explained by a reduction of this divalent action. It has re-
cently been shown that platelet vesicles can concentrate calcium
when incubated in the presence of cAMP, ATP, and protein
kinase (23). In order to examine the possible role of phospho-
lipase activity independent of calcium mobilization, we tried
a more specific phospholipase Ag inhibitor, bromophenacyl-
bromide (24), which produces inhibition of aggregation in
rabbit platelets (7). However, under our usual experimental
design, bromophenacylbromide (1-50 uM) fails to inhibit
thrombin- and ionophore A23187-induced phospholipid deg-
radation. Mepacrine is reputedly another potential phospho-
lipase Az inhibitor that also inhibits rabbit platelet aggregation,
but it is questionable whether its action on phospholipase is
specific (7, 9).

At present, the precise physnologlca.l role of this phospholipase
activity cannot be ascertained. It is quite possible, as has been
supposed before (11, 13), that the phospholipase activation and
phospholipid breakdown during platelet stimulation is simply
secondary to this stimulation or an independent consequence
of Ca2* mobilization. However, virtually no information is
currently available about the calcium requirements, if indeed
any such exist, for activation of a critical phospholipase during
platelet stimulation. The activity of a phospholipase that spe-
cifically releases arachidonate in platelet homogenates and
membranes is greatly stimulated in the presence of 10 mM Ca?*
(22).

Thrombin and ionophore A23187 increase [14Clarachidonate
labeling of phosphatidic acid (Figs. 1-3 and 5-7) almost cer-
tainly on the basis of phospholipid degradation since washed,
labeled platelets are virtually devoid of free [14C]arachidonate.
Increased labeling of phosphatidic acid is detected 2 sec after
addition of thrombin, and probably reflects the production of
diacylglycerol and its phosphorylation by diacylglycerol kinase.
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Notably, cAMP also inhibits thrombin- and ionophore
A23187-induced labeling of phosphatidic acid in parallel with
the inhibition of aggregation. It is reasonable to speculate that
the appearance of phosphatidic acid may be reflecting the
activity of a very specific phospholipase (probably of the C-
type) possibly related in an important way to the early events
of platelet aggregation. It has also been reported that ADP,
thrombin, and collagen increase 32P labeling into phosphatidic
acid in rabbit platelets (25, 26). Very recently, the same group
has also reported that [14Clarachidonate labeling of phospha-
tidic is increased by thrombin (27).
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