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HEMOSTASIS, THROMBOSIS, AND VASCULAR BIOLOGY

A Key Role of Adenosine Diphosphate in the Irreversible Platelet Aggregation
Induced by the PAR1-Activating Peptide Through the Late Activation
of Phosphoinositide 3-Kinase

By Catherine Trumel, Bernard Payrastre, Monique Plantavid, Béatrice Hechler, Cécile Viala, Peter Presek,
Elizabeth A. Martinson, Jean-Pierre Cazenave, Hugues Chap, and Christian Gachet

Although adenosine diphosphate (ADP), per se, is a weak
platelet agonist, its role as a crucial cofactor in human blood
platelet functions has now been clearly demonstrated in
vitro and in vivo. The molecular basis of the ADP-induced
platelet activation is starting to be understood since the
discovery that 2 separate P2 purinergic receptors may be
involved simultaneously in the activation process. However,
little is known about how ADP plays its role as a cofactor in
platelet activation and which signaling pathway initiated by
a specific agonist can be modulated by the released ADP. To
investigate these points, we took advantage of a model of
platelet activation through the thrombin receptor PARL in
which both ADP scavengers and phosphoinositide 3-kinase

ucts, the accumulation of phosphatidylinositol 3,4-bisphos-
phate [PtdIns(3,4)P,] was dramatically and specifically attenu-
ated when ADP was removed by apyrase treatment. A
comparison between the effects of Pl 3-kinase inhibitors and
apyrase strongly suggest that the late, ADP-dependent,
PtdIns(3,4)P, accumulation is necessary for PAR1-induced
irreversible aggregation. Using selective antagonists, we
found that the effect of ADP was due to the ADP receptor
coupled to inhibition of adenylyl cyclase. Finally, we found
that both ADP and Pl 3-kinase play an important role in
PAR1-dependent reorganization of the cytoskeleton through
a control of myosin heavy chain translocation and the stable
association of signaling complexes with the actin cytoskel-

(PI 3-kinase) inhibitors have been shown to transform the eton.
classical irreversible aggregation into a reversible one. We © 1999 by The American Society of Hematology.
have observed that, among the different Pl 3-kinase prod-

HROMBIN, A POTENT agonist for platelets, is known to spreading, phosphorylation of focal adhesion kinase (25
induce the synthesis of both phosphatidylinositol 3,4-and synthesis of Ptdins(3,4)# These results suggest that the
bisphosphate [Ptdins(3,4)Pand phosphatidylinositol 3,4,5- level of PtdIns(3,4)Pis regulated by complex mechanisms
trisphosphate [PtdIns(3,4,5)P2 phosphoinositides phosphory- involving cross-talk between different signaling pathways.
lated at the D3 position of the inositol ring by phosphoinositide Although the accumulation of Ptdins(3,4)fh stimulated
3-kinases (PI 3-kinases). The D3-phosphoinositides generategslatelets is thought to play an important réie?its function and
by the various Pl 3-kinases are now considered as secontarget remain unknown. It has been suggested that Pl 3-kinase
messengers capable of binding protein modules, including srand its products may play a role in irreversible aggregation,
homology region 2 (SH2) or pleckstrin homology (PH) do- possibly by maintaining thex,,B; integrin in its activated
mains, present in their targétshus regulating specific signal- statel® These lipids may also be involved in mediating actin
ing pathways. In platelets stimulated by thrombin, the synthesisilament uncapping and specific filopodial actin asserfibly.
of PtdIns(3,4,5)Pis rapid and transieri® whereas PtdIns(3,4)P We have recently shown that washed human platelets stimu-
accumulates upon increasing stimulation tirfiéslsing plate-  lated by ADP in the presence of fibrinogen were unable to
lets from thrombasthenic patients or Arg-Gly-Asp-Ser (RGDS)-accumulate significant amounts of Ptdins(34fPndeed, as
treated platelets, we have demonstrated that the synthesis ofc@mpared with thrombin, ADP is a weak platelet agonist
major part of Ptdins(3,4)Hs dependent on the engagement of inducing only reversible aggregation with partial and reversible
a3 integrin’ Itis important to note that fibrinogen binding to  cytoskeleton reorganizatidé4 Again, this observation indi-
its receptoraypBs is not sufficient per se to induce a full cates that fibrinogen binding ta;,B5 is not sufficient per se to
activation of this pathway, because aggregation is also requiregaduce the accumulation of Ptdins(3,4)hd that the absence
as demonstrated by using thrombin-treated platelets in thef accumulation of this lipid correlates with a reversible
absence of stirring. Furthermore, platelets adhering to a aggregation. However, although ADP is a weak agonist per se,
fibrinogen matrix require adenosine diphosphate (ADP) forthe use of ADP receptor antagonists or of enzymes capable of
degrading ADP leads to clear attenuation of platelet responses
to low thrombin concentrations or other agonist-like colla-
From Institut Felératif de Recherche en Immunologie Cellulaire et gent®15Present at very high concentrations in the platelet dense
Moléculaire, INSERM U 326, Haital Purpan, Toulouse, France; granulesi®*ADP is secreted when platelets are stimulated by
INSERM U 311, ETS, Strasbourg, France; and Rudolf-Buchheim-other aggregating agents. Among all platelet-released sub-
Institut fir Pharmakologie, Giessen, Germany. stances, ADP has been shown to be selectively responsible for
Submitted February 3, 1999; accepted August 10, 1999. the stabilization of thrombin-induced platelet aggregatés.
AAc_!dress reprint requests to Bernard Payrastre, PhD, INSERM U 326, The molecular basis of ADP-induced platelet activation is
Hopital Purpan, 31059 Toulou.se' France. . only beginning to be understood with the finding that 2 separate
The publication costs of this article were defrayed in part by page P2 receptors could be involved simultaneously in the activation
charge payment. This article must therefore be hereby mdikeder- . ;
tisement”in accordance with 18 U.S.C. section 1734 solely to indicate process®??The P2 family of receptors is composed of 2 classes
this fact. of receptors, namely the P2X receptors, which are ligand-gated
© 1999 by The American Society of Hematology. ion channels, and the P2Y receptors, which belong to the
0006-4971/99/9412-0029$3.00/0 serpentine G protein-coupled receptor famflyn the case of
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platelets, the P2Yreceptor is coupled to calcium mobilization ~ Platelet aggregation studies.Aggregation was measured at 37°C

and has been shown to be responsible for ADP-induced shap® a turbidimetric method using a dual-channel Payton aggregometer
change. In addition, a not yet identified P2 receptor negativel)ﬂpayton Associates, Scarborough, Ontario, anada). A }.45-mL aliquot
coupled to adenylyl cyclase seems to be necessary for thgf nonlabeled or?P-labeled platelet suspension was stirred at 1,100

completion of the agaregation respoR&&’ Selective antado- rpm and activated by the addition of TRAP in the absence or presence of
plet ggregat P ’ v 9 1 U/mL apyrase or one of the following selective ADP receptor

nists and inhibitors have recently been developed that a”o"‘éntagonists: 100 pmol/L ATES, an antagonist of both P2Yeceptor
specific discrimination between P2#nd P2/adenylyl cyclase— and the unidentified P2 receptor coupled to adenylyl cyclase; 100
dependent responses. AdenosinepRosphate Sphosphate  umol/L A2P5P, a selective P2Yantagonist®24 or 1 pmol/L of the
(A2P5P) is a selective P2Yantagonist®20.24 whereas AR-  recently described ATP analogue AR-C66096, a strong and selective
C66096 has been found to selectively block the inhibitory effectantagonist of the P2 receptor coupled to inhibition of adenylyl
of ADP on adenylyl cyclasté The pharmacology of AR- Cyclasei®? o _

C66096 is strikingly similar to that of the well-known antiplate-  Measurement of adenylyl cyclase activitys 450-pL aliquot of

. . . . washed platelets was stirred at 1,100 rpm in an aggregometer cuvette
let drug clopidogrel, which inhibits selectively ADP-induced and the following reagents were added at 30-second intervals: prosta-

platelet aggregation by blocking the effect of ADP on adenylyl glandin E (PGE); A2P5P, AR-C66096, or AT®S; and TRAP at
cyclase?® indicated concentrations. One minute later, the reaction was stopped by

We have investigated here how ADP plays its role as aaddition of 50 L of ice-cold 6.6 mol/L perchloric acid. Perchloric acid
cofactor in platelet activation and whether a specific signalingextracts were centrifuged at 11,@f@r 5 minutes to eliminate protein
pathway, PI 3-kinase activation, is modulated by released ADPprecipitate, and cyclic adenosine monophosphate (cCAMP) was isolated
We took advantage of 2 models of reversible aggregatiorirom the supernatants as descrifédthe upper aqueous phase was
previously describé@26in which the PAR1 thrombin receptor fr(_eeze-dried, and the dry_ r(_esidue was dissplved in the buffer provided
is stimulated by the peptide SFLLRNP (TRAP) in the presencew'th the commercial radioimmunoassay kit for cCAMP measurement
of an ADP-scavengét or in the presence of Pl 3-kinase (Amersham).

S ... Cytoskeleton extraction.Reactions were stopped and the cytoskel-
10
inhibitors®We demonstrate that ADP plays a key and SpeCIfICeton was immediately isolated as described previouglytoskeletal

role in the late accumulation of PtdIns(3,4)Rduced by TRAP  aterial was collected by centrifugation (12,80@r 10 minutes at
through its receptor coupled to inhibition of adenylyl cyclase. 4°c), washed once with Csk buffer (50 mmol/L Tris-HCI, pH 7.4, 10
The late and sustained activation of a Pl 3-kinase, which ismmol/L EGTA, 1 mmol/L NavO,, 2 pg/mL aprotinin, 2 pg/mL
responsible for the ADP-dependent production of Ptdins(3,4)P leupeptin, and 1 mmol/L phenylmethylsulfonylfluoride) containing
was found to be necessary for the irreversible aggregation of-5% (vol/vol) Triton X-100 and then twice with Csk buffer without
platelets stimulated by TRAP. Finally, we show that the Triton X-100. o _ _
cytoskeletons from TRAP-stimulated platelets display major Gel electrophoresis and immunoblottingCytoskeletal proteins were

- . . - . solubilized in the electrophoresis sample buffer, boiled for 5 minutes,
differences in their myosin heavy chain and RhoA content, 0 . .
d nding on the presence of ADP and svnthesis o eparated on 7.5% sodium dodecyl! sulfate-polyacrylamide gel electro-
epe g P y horesis (SDS-PAGE), and visualized by Coomassie Blue staining or

Ptdins(3,4)R. transferred onto a nitrocellulose membrane (Gelman Sciences, Ann
Arbor, MI) for immunoblotting as reported previouslymmunodetec-
tions were performed with relevant antibodies and reactions were
visualized using the ECL chemiluminescent system.

Reagents. Apyrase was purified from potatoes as previously de- Lipid extraction and analysis. Reactions were stopped by the
scribed?” Its specific ADPase activity was 12.5 U/mg. TRAP was addition of 2 vol of chloroform/methanol and lipids were extracted,
purchased from Bachem (Budendorf, Switzerland), rabbit anti¢p85 separated, deacylated, and finally analyzed by high-performance liquid
antibody from Upstate Biotechnology Inc (Lake Placid, NY), rabbit chromatography (HPLC) on a partisphere SAX column (Whatman
anti-p12%~K, and anti-RhoA antibodies from Santa Cruz Biotechnology International Ltd, Maidstone, UK) as reported previou8ly.

Inc (Santa Cruz, CA). LY294002 was purchased from Biomol Research

Laboratories, Inc (Plymouth, PA). Enhanced chemiluminescence (ECL) RESULTS

Western blotting reagents andi]-orthophosphate were obtained from . . .

Amersham International (Buckinghamshire, UK). AR-C66096, for- _The apyrase-induced revgrSIbIe aggrega“P” of TRAP-
merly known as FLP66096 or ARL66096, was a generous gift from Stimulated human platelets is associated with a lack of
ASTRA Charnwood (Loughborough, UK). All other reagents were PtdIns(3,4)B accumulation. As previously shown by Lau et
from Sigma (St Louis, MO) unless otherwise indicated. al, 26 when platelets were stimulated with 40 umol/L TRAP, the

Preparation of washed human plateletsduman blood was col- addition of apyrase caused a reversion of aggregation, starting
lected from a forearm vein, and platelet suspensions were prepared ag 60 to 80 seconds (Fig 1A). Figure 1B indicates that treatment
previously describedf’ In some experiments, platelets were labeled of platelets with the ADP scavenger led to a dramatic change in
with sodium [ZP]-orthophosphate (400 pCi/mL) for 1 hour at 37°C [32p]ptdins(3,4)R accumulation induced by TRAP. Interest-
during a first washing step in Tyrode's buffer lacking phosphate. Theing)y the responses were quite similar until 40 seconds, and
final resuspending medium (pH 7.35) was a Tyrode’s buffer containingy, o, 5 1arge decrease in the intensity of labeling was observed in

2 mmol/L C&", 1 mmolll. Mg, 0.35% human serum _albumin the presence of apyrase, followed by a rapid disappearance of
(Etablissement de Transfusion Sanguine, Strasbourg, France), and. p_ . . py ' y . P pp
is lipid, which was complete at 3 minutes. This strongly

apyrase (0.02 U/mL) to prevent desensitization of platelet responses t . - o :
ADP. Platelets were stored at 37°C throughout the experiments, and theUdgests a lack of sustained Pl 3-kinase activation and points
cell count was adjusted in the final suspension toX? 50°/uL usinga ~ Out @ degradation pathway occurring under these conditions.
Sysmex 100 particle counter (Merck Clevenot, Nogent-sur-Marne,These results clearly indicate a major role of ADP in the late
France). increase in PtdIns(3,4)Poccurring after 1 minute in TRAP-

MATERIALS AND METHODS
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Fig 1. ADP is involved in the accumulation of [32P]PtdIns(3,4)P,
induced by TRAP. [32P]-labeled human platelets (7.5 x 108/mL) were
stimulated with 40 umol/L TRAP in the absence or the presence of 1
U/mL apyrase (— and + in [A], ® and O in [B] and [C]) for various
periods of time. (A) Aggregation was measured as described in
Materials and Methods. (B) Time course of Ptdins(3,4)P, accumula-
tion. (C) Time course of PtdIns(3,4,5)P; accumulation. Lipids were
analyzed using an HPLC technique as indicated in Materials and
Methods. Data are from 1 representative experiment of 3 indepen-
dent experiments that gave very similar results.
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tion either in the presence or in the absence of apyrase (not
shown).

Effect of apyrase on PtdIns, Ptdins(4)P, Ptdins(4:5)hd
phosphatidic acid metabolism induced by TRAPhe specific-
ity of ADP action as a cofactor in the accumulation of
Ptdins(3,4)R induced by TRAP was further assessed by
measuring the level of the other classes of phosphoinositides
and of phosphatidic acid (PtdOH). As shown in Fig 2, when
TRAP was used as an agonist, Ptdins, Ptdins 4P, and
Ptdins(4,5)R displayed a characteristic pattern of labeling not
significantly modified by suppression of ADP. As previously
observed by Hartwig et ), we could measure a net and steady
increase in PtdIins(4)P labeling in TRAP-treated platelets. This
increase was much more obvious than upon thrombin adé8lition
and probably subsequent, beside an increased synthesis, to an
absence of persistent phospholipase C activation. The activation
of PtdIns 4-kinase was not dependent on the presence of ADP.
The increase in PtdIns(4,5)Rabeling (Fig 2) presented some
fluctuations from one experiment to another, as is often the case
in platelet phosphoinositide metabolic studies, yet apyrase
effects were always negligible. Apyrase did not modify the
overall kinetics of PtdOH formation (Fig 2), although removal
of ADP did lead to a more rapid decrease in PtdOH levels. It is
noteworthy that, in contrast to the sustained increase of
[32P]PtdOH synthesis observed upon thrombin addition, even at
low thrombin concentrations (unpublished results), 40 umol/L
TRAP induced a transient increase in the labeling of PtdOH.
This time course of PtdOH production might be correlated with
the more transient cytosolic free €ancrease measured in the
presence of TRAP in comparison with thromBhTogether, the
results from Figs 1B and 2 indicate that ADP has a specific
effect as a cofactor of TRAP on PtdIins(3,4)Retabolism,
because TRAP alone (Fig 1B) or ADP aléhwere unable to
induce the late accumulation of this phosphoinositide.

The late and sustained activation of Pl 3-kinase is required
for PtdIns(3,4)B accumulation and irreversible aggregation.
As already reporteél, when platelets were pretreated with Pl
3-kinase inhibitors, the aggregation induced by TRAP became
reversible (not shown), as in the absence of ADP (Fig 1).
However, under these conditions, the synthesis of all Pl
3-kinase products was fully inhibited (not shown). Interestingly,
addition of the 2 unrelated PI 3-kinase inhibitors after 2 minutes
of stimulation, when aggregation and PtdIns(34)Rduction
were at their maximum, induced the reversion of aggregation in
a dose-dependent manner (Fig 3A and B). At this stage of
stimulation, the rapid and transient PtdIns(3,4;53nthesis
(Fig 1) has already occurred and was not affected (not shown).
In contrast, Fig 3C shows that the level of Ptdins(3;4)P
dramatically decreased immediately upon addition of the PI
3-kinase inhibitors, demonstrating a very active turnover of this
phosphoinositide and a sustained activation of Pl 3-kinase
between 2 and 4 minutes. Interestingly, the decrease in
Ptdins(3,4)R was rapidly followed by the disaggregation
mechanism. Moreover, the addition of PI 3-kinase inhibitors at

stimulated platelets. In contrast, the production of any time up to 2 minutes of stimulation was without effect on
[32P]PtdIns(3,4,5)Pevoked by TRAP was rapid (maximal at 20 the aggregation response until 2 minutes, but, once at its
seconds), transient, and not significantly affected by apyrasenaximum, the aggregation became reversible (not shown).
(Fig 1C). The level of #P]PtdIns(3)P was low under resting These results demonstrate a key role of a Pl 3-kinase active after
conditions and did not change significantly upon TRAP stimula-2 minutes of stimulation in the accumulation of PtdIns(3;4)P
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Fig 2. Time courses of [32P]PtdIns, [32P]PtdIns(4)P, [32P]PtdIns(4,5)P,, and [32P]PtdOH production and effects of released ADP in TRAP-
stimulated platelets. Time courses of [32P]-labeling of Ptdins, Ptdins(4)P, PtdIns(4,5)P,, and PtdOH in [32P]-labeled platelets activated by 40 pmol/L
TRAP in the absence (®) or the presence (O) of 1 U/mL apyrase. Radioactivity incorporated into various phospholipids was quantified using HPLC
as in Fig 1. Results are representative of 3 experiments with similar results.

and the stabilization of aggregation induced by TRAP. Result?GE, in the presence of ADP receptor antagonists and, 1
from Fig 3 also strongly suggest that the late formation of minute later, the addition of ADP or TRAP. As shown in Fig 5A,
Ptdins(3,4)RPwas actually the cause of irreversible aggregation.apyrase, ATRS, and AR-C66096 were able to block the
Effect of selective ADP receptor antagonists on TRAP-inhibitory effect of ADP on adenylyl cyclase, whereas A2P5P
induced platelet aggregation and Ptdins(3,4@cumulation.  did not, which confirmed previous woik2° Under these
To assess which ADP receptor may be involved in the contribu-experimental conditions, reversion of cCAMP formation by a
tion to PtdIns(3,4)R formation by TRAP, we used selective high concentration of TRAP (100 umol/L) was due to released
antagonists that are known to discriminate between themADP, because this effect was inhibited in a dose-dependent
Figure 4A shows that 100 pmol/L ABS and 1 pmol/L  manner by ATB.S and AR-C66096, with a complete inhibition
AR-C66096 could reverse TRAP-induced platelet aggregatiorat 10-* mol/L and 10°® mol/L, respectively (Fig 5B and C).
in a manner similar to that of apyrase, whereas 100 umol/L of ADP scavengers and Pl 3-kinase inhibitors alter similarly
the selective P2Yantagonist A2P5P did not. In relation to this, the cytoskeleton reorganization induced by TRAPhe dra-
ATPaS or AR-C66096 inhibited TRAP-induced accumulation matic reorganization of the actin cytoskeleton observed during
of PtdIns(3,4)R, whereas A2P5P was ineffective (Fig 4B). platelet aggregation is thought to play an important role in the
Again, this effect was selective for this lipid, because the otherstabilization of aggregation and in the formation of functional
phosphoinositides were not affected by these compounds (datignaling complexes. Based on the results described above, we
not shown). These results strongly suggest that the cofactor roldecided to investigate the potential changes that may occur in
of ADP in PtdIns(3,4)Paccumulation and irreversible aggrega- TRAP-induced actin cytoskeleton reorganization in the absence
tion may be due to its P2 receptor coupled to inhibition of of ADP or when PI 3-kinase is inhibited. Interestingly, Fig 6A
adenylyl cyclase. clearly indicates that, among the major proteins found in the
TRAP-induced reversion of cAMP formation by PGE- actin cytoskeleton from TRAP-aggregated platelets, the content
volves released ADP.To assess further the role of this of 200-kD myosin heavy chain was strongly decreased when
signaling pathway, apyrase and the various ADP receptoADP was absent or when Pl 3-kinase was inhibited. In contrast,
antagonists were tested for their ability to inhibit the effect of these inhibitors did not induce significant changes in the content
TRAP on cAMP accumulation. For this purpose, adenylyl of F-actin, a actinin, and actin-binding protein (ABP). To
cyclase was stimulated by incubation of platelets with 1 umol/Levaluate the formation of signaling complexes linked to the
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Fig 3. The late and sustained activation of Pl

C 3-kinase is required for PtdIns(3,4)P, accumulation
and irreversible aggregation induced by TRAP in the

presence of ADP. Platelet aggregation was measured
as described in Materials and Methods. Various
concentrations of the 2 unrelated Pl 3-kinase inhibi-
tors, wortmannin (A) or LY294002 (B), were added 2
minutes after stimulation with 40 pmol/L TRAP, as
indicated by the arrow. Data are representative of 3
independent experiments with very similar results.
(C) [32P]-labeled human platelets (7.5 x 108/mL) were
e, stimulated with 40 pmol/L TRAP. After 2 minutes, 50
nmol/L wortmannin (@), 25 pmol/L LY 294002 (O), or

0.1% Me,SO (M) was added. The reactions were
stopped at different times by addition of chloroform/
methanol and the level of [32P]PtdIns(3,4)P, was
measured by HPLC as indicated in Materials and

5

Ptdins(3,4)P2 (cpm X 102)

0 50 100 150 200 250

Time (sec) Methods.
actin cytoskeleton, we compared the time courses of relocation DISCUSSION
to the cytoskeleton of the p@Subunit of PI 3-kinase and ofits |y a recent study dealing with ADP stimulation of washed

potential regulator, RhoA. Figure 6B indicates that TRAP platelets, in the presence of exogenous fibrinogen to allow
induced a significant association of p8#ith the cytoskeleton, o, 8. engagement, we have observed a relationship between
reaching a plateau at approximately 2 minutes. In contrast, iteversible aggregation, absence of Ptdins(3,d)eumulation,

the presence of apyrase or Pl 3-kinase inhibitors, after Zand a large reduction of the amount of myosin heavy chain and
minutes, a reversion of the association of @8&ith the  RhoA in the cytoskeletot? These data, together with our
cytoskeleton was observed. An even more dramatic differenc@revious report of a parallelism between aggregation extent and
was found in the translocation of RhoA upon addition of Ptdins(3,4)R labeling in thrombin-stimulated plateletsug-
apyrase or Pl 3-kinase inhibitors (Fig 6B) that paralleled effectsgest that irreversible aggregation may be linked to the late
of these agents on p8&5 accumulation of PtdIns(3,4)fn human platelets. The present
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Fig 4. Effect of selective ADP receptor antago-
nists on TRAP-induced platelet aggregation and
PtIns(3,4)P, accumulation. [32P]-labeled human plate-
lets (7.5 x 108/mL) were stimulated with 40 pmol/L 140
TRAP in the absence or in the presence of the
selective P2Y; antagonist A2P5P (100 pmol/L), the o 120
selective antagonist of the P2 receptor coupled to o~ 100
adenylyl cyclase AR-C66096 (1 pmol/L), or an antago- q‘_“ = TRAP
nist of both ADP receptors ATPaS (100 pmol/L). (A) & 80 o= TRAP +
Aggregation was m.easured as described in Materials g’)_: 60 AR-C66096
andI Methods. éB) Time coursedof Pltdlns(3,4)P2daccud— g -o- TRAP + ATP0S
mulation. Lipids were immediately extracted an = 40 -0~ TRAP + A2P5P
[32P]PtdIns(3,4)P, was separated and quantified as in E *
Fig 1. Results are expressed as the percentage of 20
PtdIns(3,4)P, produced, with 100% being the maxi- 0 ————O——
mal production observed upon' TRAP stlmulatlor.l, 0 50 100 150 200 250 300
and are the means + SD from 2 independent experi- .
ments. Time (sec)

study shows that, in another model of reversible aggregation, ierather than the inhibition of PtdIns(3,4)Rydrolysis. Moreover,
activation of human platelets by TRAP in the presence of thethe fact that PtdIns(3,4,5)Boes not accumulate in the presence
ADP scavenger apyrasé Ptdins(3,4)R is synthesized in the of ADP scavengers suggests that a 5-phosph&taess not
very early stages of activation but then quickly disappears. Inplay a critical role in the late and large increase of PtdIns(3,4)P
contrast, in the presence of released ADP, TRAP leads to aifherefore, we propose that ADP is playing its essential role as
irreversible aggregation and to a large increase in the productionofactor of TRAP via, notably, the late activation of a PI
of PtdIns(3,4)Rup to 3 minutes of stimulation. The metabolism 3-kinase and the production of Ptdins(3,4)R C2 domain-
of the other phosphoinositides, including Ptdins(3,45Rd  containing Pl 3-kinase, activated hy,B3; engagement, has
Ptdins(3)P, is not significantly modified by apyrase, indicatingrecently been described in platelétsThis enzyme produces
the specificity of this mechanism. Ptdins(3)P, which is then phosphorylated to Ptdins(3,6)Pa
However, based on these results alone, it is difficult to knowPtdIns(3)P 4-kinase. This new route could be compatible with
whether the accumulation of this lipid is a cause or consequenceur results; however, in our model, the binding of fibrinogen to
of the irreversible aggregation. We show here that Pl 3-kinaséts receptoky,[33 is not sufficient per se to lead to Ptdins(3,4)P
inhibitors, added when aggregation is at its maximum after 2production, because ADP-dependent signaling is clearly neces-
minutes of stimulation, are able to induce a very rapid andsary.
dramatic decrease in the level of Ptdins(3fillowed by a Because we have shown that TRAP (Fig 1) or ADP aléne
disaggregation of platelets. Although a potential role of Plare not sufficient per se to induce the accumulation of
3-kinase as a protein kinase cannot be totally excluded, thesetdins(3,4)R, an important question is how a combination of
results strongly suggest a role for the late accumulation othese agents can induce a full activation. One explanation might
Ptdins(3,4)R in strengthening aggregation. The particularly be thato, 33 exposure to its ligand must reach a certain level,
active turnover of this phosphoinositide indicates that itsobtained upon addition of 2 weak agonists (ie, TRAP and
accumulation results from a sustained Pl 3-kinase activatio’ADP) 24 so that the formation of strong focal complexes might
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Fig 5. TRAP-induced rever-
sion of cAMP formation by PGE;
C involves released ADP. The ef-
fects of apyrase and various ADP
receptor antagonists on cAMP
—_ 154 ; accumulation were measured in
.:J_"! —= vehicle intact platelets stimulated by 5
°© —= PGE, 10uM pmol/L ADP (A). The effects of
© o e various concentrations of AR-C
"o oD + TRAP 100 uM 66096 and ATPa:S on cAMP accu-
'f:, I + ATPaS 105M/TRAP mulation were measured in in-
Ay 5 tact platelets stimulated by a
E 3 + ATPuS 10°M/TRAP high concentration of TRAP (100
g 1+ ATPuS 10-4 M/TRAP pmol/L) (B) as described in Mate-
o 54 rials and Methods. Results are
E_’ the means of triplicates = SEM
= from 1 representative experi-
g ment of 3 independent experi-
0 ments that gave very similar re-

sults.

occur. The outside/in signaling of;,33 is thought to be linked  other adhesive receptors have to cooperate wijtfs for full

to the recruitment, around tigy cytoplasmic tail, of signaling  signaling through the integrin. Consistent with this idea, a

complexes and cytoskeletal protefisThese complexes may recent study suggests a modulation @f,8s; function by

be different according to the degreecqf,3; activation and the  thrombospondiri® which is released upon platelet activation.

mechanical strengths acting through this integrin. The results obtained using selective ADP receptor antago-
Another possibility, based on the role of ADP in enhancing nists strongly suggest that the P2 receptor negatively coupled to

the secretion response induced by other agoffistsilld be that  adenylyl cyclase is the ADP receptor required for the reinforc-
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ing role of ADP. This observation is of consequence in terms ofA
antithrombotic pharmacolody;3°because the antiplatelet drug
clopidogrel, acting through this ADP receptor, inhibits thrombo-
sis in humang?® The intracellular machinery involved in these
processes is currently under investigation. One can speculai
that, beside the inhibition of cCAMP formation, the releasg/ef
subunits from heterotrimeric G-proteins may be critical.

Surprisingly, the purinergic antagonists were able to totally
reverse the inhibition of cAMP formation caused by TRAP (Fig
5). At first glance, this is in apparent contradiction with
previously published work showing that PAR1 stimulation
leads to ADP-independent inhibition of adenylyl cyclase by a
Gi coupling mechanism in isolated platelet membrat&sor
intact cells*? This discrepancy may come from the fact that
inhibition of adenylyl cyclase is not measurable without stimu-
lation of cAMP production by PGEor PGL and that, in
contrast to Giesberts et & who first stimulated platelets by
TRAP or thrombin and then, 5 minutes later, added P&
increased the cCAMP levels by PGEminute before stimulation
by TRAP. This increase in CAMP level may result in a decrease
of efficiency of TRAP to directly activate Gi, probably via a
partial desensitization of the receptérand thus may exacer-
bate the effect of secreted ADP. This is consistent with the fac
that, in similar experiments, we observed that thrombin at high*
concentration $0.05 U/mL) did inhibit cAMP production by
PGE in an ADP-independent manner, whereas, at lower
concentrations, the role of ADP was clear (not shown). More-
over, we show here that PAR1 does not require ADP to induce
the reversible phase of platelet aggregation. In contrast, ADF
plays a pivotal role to get an irreversible aggregation, indicating
its involvement in a rather late phase of platelet activation
induced by TRAP. Based on recent results demonstrating th
necessity of both Gi and Gq pathways to obtain ADP-inducec
reversible aggregatiof;?2 it is conceivable that PAR1-
mediated reversible aggregation by itself also requires these
pathways.

The impact of released ADP and the importance of newly
synthesized PtdIns(3,4)Rr reorganization of the cytoskeleton
and translocation of signaling enzymes were also evaluated i
this study. The cytoskeletal content of actin binding protein,
«-actinin, and F-actin increases upon TRAP stimulation, with
no effect of apyrase or wortmannin. In contrast, these treatment
markedly reduce the amount of myosin associated with the
cytoskeletal fraction and affect the stability of the signaling
complexes associated with the actin cytoskeleton. It is likely
that the translocation of myosin to the cytoskeleton results fronm
its binding to actin filament$}a process regulated by phosphor-
ylation of myosin light chain (MLC). Beside the role of the
C&*/calmodulin-dependent MLC kinase in the initial re-
sponses induced by thrombin, the RhoA-dependent regulatio
of MLC phosphorylation might also occtfrThis is supported
by the striking parallelism observed here between the low
cytoskeletal content of myosin and RhoA and the reversible
aggregation. Because Pl 3-kinase inhibitors and apyrase he
similar effects, it is tempting to suggest that ADP may play its
role in the reorganization of the cytoskeleton via potentiating
PtdIns(3,4)Rsynthesis. We are currently investigating whether
this lipid could contribute to the stabilization of focal contacts
and, in turn, to the irreversible ligand binding ,B5* in
TRAP-stimulated platelets.
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Fig 6. Both apyrase and the Pl 3-kinase inhibitor wortmannin specifically affect the association of myosin heavy chain with the cytoskeleton
and the organization of signaling complexes. (A) Cytoskeletons were isolated from 40 wumol/L TRAP-treated platelets at various time points in
the absence (@) or in the presence of 1 U/mL apyrase (O) or 100 nmol/L wortmannin (J). Cytoskeletal proteins were separated by a 7.5%
SDS-PAGE and visualized by Coomassie Blue staining. Actin and the major actin-binding proteins were quantified by densitometric analysis
(ScanMaker IIHR, Microtek, Germany). The relocation of p85«a (B) and RhoA (C) to the cytoskeleton was analyzed by Western blotting with
specific antibodies. Data shown are representative of 3 independent experiments with similar results.

Together, our results emphasize the role of ADP as a cofactoited phosphoinositides in responsetthrombin, U46619, or GT#S.
and may explain its involvement in stabilizing platelet aggre-J Biol Chem 265:5345, 1990
gates induced by other agoni$tg’ It is also noteworthy that 7. Sultan C, Plantavid M, Bachelot C, Grondin P, Breton M, Mauco
ADP is involved in platelet spreadiri, a mechanism that G.Levy-Toledano S, Caen J, Chap H: Involvement of platelet glycopro-
requires Pl 3-kinase activity. A better understanding of the tein l1b-1lla (ap-B3 integrin) in thrombin-induced synthesis of phospha-
molecular mechanisms involved in ADP-dependent regulatiorf'dYlinositol 3-4'-bisphosphate. J Biol Chem 266:23554, 1991
of the accumulation of Ptdins(3,4)Fin TRAP-stimulated 8: Haimovich B, Lipfert L, Brugge J.S, S.hatt|| SJ: Tyrosine phosphor-
platelets, as well as the identification of the targets of thisY/ation and cytoskeletal reorganization in platelets are triggered by
phosphoinositide, may lead to new pharmacological Strategiegteracnon of integrin receptors with their immobilized ligands. J Biol

to modulate platelet aggregation or spreading in vivo. hem 268:15868, 1993
9. Gironcel D, Racaud-Sultan C, Payrastre B, Haricot M, Borcher G,
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1. Toker A, Cantley LC: Signalling through the lipid products of Cantley LC, Hartwig JH: Phosphoinositide 3-kinase inhibition spares

phosphoinositide-3-OH kinase. Nature 387:673, 1997 actin assembly in activating platelets but reverses platelet aggregation. J
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