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Summary

Platelet activation induced by von Willebrand factor (VWF)
binding to the membrane GPIb-IX-V receptor involves mul-
tiple signal transduction pathways. Among these, recruitment
and activation of the FcyRIIA and stimulation of phospholipase
A, represent independent events equally essential to support a
complete platelet response. Phospholipase A, is activated by
calcium and by phosphorylation through MAP kinases. In this
work, we found that VWF stimulated the rapid and sustained
phosphorylation of p38 MAP kinase (p38MAPK). In vitro kinase
assay revealed that VWF-stimulated phosphorylation of
p38MAPK was associated with increased kinase activity. Binding
of VWF to GPIb-IX-V, but not to integrin a,3;, was required to
support phosphorylation of pP38MAPK. Neither the blockade of
the membrane FcyRIIA by a specific monoclonal antibody or
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the prevention of thromboxane A, synthesis by cyclooxygenase
inhibitors affected VWF-induced p38MAPK activation. How-
ever, phosphorylation of pP38MAPK was prevented by the tyro-
sine kinase Syk inhibitor piceatannol. Treatment of platelets
with the p38MAPK inhibitor SB203580 totally prevented VWF-
stimulated platelet aggregation. Moreover, release of arachidon-
ic acid induced by VWF was strongly impaired by inhibition of
p38MAPK.We also found that VWF induced phosphorylation of
cytosolic phospholipase A,, and that this process was prevent-
ed by the p38MAPK inhibitor SB203580. These results demon-
strate that p38MAPK is a key element in the FcyRIIA-indepen-
dent pathway for VWF-induced platelet activation, and is involv-
ed in the stimulation of phospholipase A, and arachidonic acid
release.

Thromb Haemost 2004; 91:102-10

Introduction

Mitogen-activated protein kinases (MAP kinases) are a family
of serine-threonine kinases activated by a dual phosphorylation
on threonine and tyrosine residues separated by a single amino
acid (1). Three major groups of MAP kinases have been
described: the extracellular signal-regulated kinases (ERKS),
the c-Jun-NH.-terminal kinases (INKs), and the p38 MAP

kinases (2). The ERKs, that include ERK1 and ERK?2, are acti-
vated by a number of growth factors and mitogens, and are
mainly involved in cell proliferation and differentiation (3).
ERKSs are phosphorylated by specific MAP kinase kinases
(MEK1/2), that are in turn regulated by a Ras-Raf pathway (3-
5). The INKs (INK1 and JNK2) are activated in response to
different physical and chemical stresses and cytokines, and are
implicated in apoptosis (6, 7). The p38 MAP kinases include
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several members (p38a, p38B3, p38y, and p38d) activated by
many stimuli, including hormones, stresses, and cytokines, and
are involved in inflammation and apoptosis (8). A role for
MEK3/6 and the small GTPases Rac and cdc42 in the activation
of p38 MAP kinases has been documented (8, 9).

Different members of the MAP kinase family of proteins
have been identified in human platelets, including ERK1,
ERK?2, p38a MAP kinase (or simply p38MAPK) and JNK1
(10-12). ERK2 isthe predominant ERK in platelets, and is acti-
vated in response to thrombin, vasopressin and collagen, aswell
as upon clustering of the low affinity receptor for 1gG, FeyRIIA
(10, 13-16). Moreover, activation of ERK?2 has been recently
described in platelets activated by von Willebrand factor (VWF)
(17). Activation of ERK2 has been shown to be down-regul ated
by integrin o35 engagement during platelet aggregation (18).
JNK 1 seemsto be regulated in human plateletsin a manner very
similar to ERK?2, as it is activated in response to thrombin and
down-regulated by integrin o,,,8;-mediated platelet aggregation
(12). Platelet p38BMAPK has been found to be phosphorylated in
response to a number of stimuli, including thrombin, collagen,
the thromboxane A, analogue U46619, and low density lipopro-
teins (11, 15, 19, 20). The role of ERKs in platelets is till
unclear, since pharmacological inhibition of these kinases does
not impair primary activation induced by extracellular agonists
(21). However, it has been recently proposed that ERK2 may
mediate integrin o,,,3; activation promoted by platelet interac-
tion with VWF (17). By contrast, inhibition of p38MAPK by
SB203580 has been reported to reduce platelet aggregation in
response to low concentrations of collagen and U46619, but not
thrombin (19). A possible target for p38MAPK in plateletsisthe
cytosolic phospholipase A, (CPLA,). In fact p38MAPK, but not
ERK?2, has been shown to phosphorylate cPLA, on Ser’%, an
event associated with the activation of the enzyme (16, 22, 23).
However, the physiologica relevance of cPLA, phosphoryla-
tion by p38MAPK in intact platelets is still controversial.
Prevention of cPLA, phosphorylation by inhibition of
p38MAPK inhibits arachidonic acid release induced by low
concentration of collagen, but not by thrombin (16, 22).
However, since cPLA, can aso be activated by cacium (24,
25), it is possible that an adequate increase of the intracellular
concentration of this ion may compensate the prevention of
Ser®% phosphorylation of cPLA, by p38MAPK.

Although p38MAPK has been widely investigated in throm-
hin- or collagen-stimulated platelets, very little is known about
its possible involvement in platelet activation by VWF. VWF is
a multimeric adhesive protein able to trigger platelet adhesion
and activation associated with stimulation of phospholipase C
(PLC) and PLA,, as well as protein tyrosine kinases (26-29).
The main platelet receptor for VWF, glycoprotein (GP) Ib-1X-V
is physically associated with FcyRIIA (30, 31), and a recent
work has demonstrated that this association occurs within the
membrane lipid rafts (32). We have previously shown that

FcyRIIA is actually activated through tyrosine phosphorylation
upon VWF hinding to GPIb-1X-V, and that this event initiates a
signalling cascade that is required for PLC activation and cyto-
skeleton reorganisation (27, 33). However, we have also shown
that binding of VWF to GPIb-IX-V leads to the FcyRIIA-inde-
pendent activation of cPLA,, and that the consequent produc-
tion of TXA, is absolutely required to complement the FcyRIIA-
mediated signalling pathway for platelet aggregation (32).

In order to further characterise details and players in the
VWEF-activated signalling pathways, we have examined in this
study the role of MAP kinases. We have found that p38MAPK
is activated upon platelet stimulation by VWF by a mechanism
independent of FcyRIIA engagement. Moreover, we have pro-
vided evidence that p38MAPK may be involved in the phos-
phorylation and activation of cPLA, promoted by VWF.

Materials and methods

Materials

Sepharose CL-2B and protein A-Sepharose were from
Amersham Pharmacia Biotech. Thrombin, ristocetin, acetylsal-
icylic acid, indomethacin, piceatannol and mouse IgG were
from Sigma. von Willebrand Factor (Haemate P) was obtained
from Behringwerke. Purified VWF was a gift from Dr. M.
Berndt (Baker Medical Research Institute, Melbourne,
Australia). Polyclona antibodies against p38MAPK and cPLA,
were from Santa Cruz Biotechnology. Anti-phosphotyrosine
antibody 4G10 was purchased from UBI. Polyclonal anti-phos-
pho-p38MAPK (Thr180/Tyr182) and the p38MAPK assay kit
were from Cell Signaling. The monoclonal antibody V.3
against FcyRIIA was obtained from Medarex. The anti-glyco-
protein b antibody AK2 was a gift of Dr. Patrizia Noris
(IRCCS, Paliclinico San Matteo, Pavia, Italy). Arachidonic acid
[5,6,8,9,11,12,14,15-*H(N)] was from PerkinElmer Life
Science.

Platelet preparation and stimulation

Blood from healthy volunteers was taken into tri-sodium citrate
(3.2% wiv) for platelet-rich plasma (PRP) studies, and into cit-
ric acid/citrate/dextrose (ACD; 130 mM citric acid; 152 mM
sodium citrate; 112 mM glucose) for gel-filtered platelet stud-
ies. In both cases, aratio of anticoagulant to whole blood of 1:9
was used. PRPwas isolated from whole blood by centrifugation
at 200 X g for 10 mins, and directly used for aggregation stud-
ies. Alternatively, platelets were isolated from PRP by gel-filtra-
tion on Sepharose CL-2B and eluted with HEPES buffer (10
mM HEPES, 137 mM NaCl, 2.9 mM KCl, 12 mM NaHCO,, pH
7.4) as previoudly described (34). Platelet samples (0.1-0.4 ml,
10° platelets/ml) were incubated at 37°C under constant stirring,
and then stimulated with 10 ug/ml VWF and 0.5 mg/ml ristoc-
etin or with 0.6 U/ml thrombin. In some experiments platelets
were preincubated with 1 mM RGDS, 20 pg/ml V.3 monoclo-
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nal antibody or 20 ug/ml control 1gG for 2 mins before the addi-
tion of the agonists. Preincubation with 5 or 10 pg/ml piceatan-
nol, or with 2 or 10 uM SB203580 was performed for 10 mins,
while preincubation with 1 mM acetylsalicylic acid or 10 pM
indomethacin was for 30 mins. Except for the time course
experiments, the reactions were blocked after 1 min.

Analysis of p38MAPK phosphorylation

Platelet stimulation was stopped by addition of 0.5 volumes of
SDS-sample buffer 3X (37.5 mM Tris, 288 mM glycine, pH 8.3,
6% SDS, 1.5% DTT, 30% glycerol, 0.03% bromophenol blug),
and samples were heated a 95°C for 5 mins. Platelet proteins
were separated by SDS-PAGE on 12% acrylamide gels and
transferred to nitrocellulose. Nitrocellulose membranes were
blocked with 6% BSA in Tris buffer sdine (20 mM TrigHCI,
pH 7.5, 0.2 M NaCl) for 3 hours at room temperature, and then
incubated overnight at 4°C with anti-phospho-p38MAPK
(:1.000 dilution). Membranes were washed with 50 mM
TrigHCl, pH 7.4, 0.2 M NaCl, 1 mg/ml polyethylene glycol
20000, 1% BSA, 0.05% Tween 20, and incubated with peroxi-
dase-conjugated secondary antibody (1:4000 dilution) for
45 mins. Reactive proteins were visualised with a chemilumi-
nescence reaction. Nitrocellulose filters where then stripped by
incubation with 62.5 mM TriHCI, pH 6.7, 2% SDS, 100 mM
B-mercaptoethanol for 30 mins at 50°C, and reprobed with
antibodies against p38MAPK (4 pg/ml). Phosphorylation of
P3BMAPK was also investigated by immunoprecipitation and
immunoblotting. Samples of resting and stimulated platelets
were lysed with an equal volume of ice-cold immunoprecipita-
tion buffer 2X (20 mM Trig/HCI, pH 7.2, 300 mM NaCl, 2 mM
EGTA, 20 pug/ml leupeptin, 20 pg/ml apratinin, 2 mM PMSF, 4
mM NaVO, 2 mM NaF, 2% Triton X-100, 0.2% SDS, 2%
sodium deoxycholate). Insoluble material was removed by cen-
trifugation, and lysates were precleared for 1 hour at 4°C with
90 I of protein A-Sepharose (50 mg/ml stock solution). The
cleared supernatants were incubated with 2 pg of anti-
p38MAPK antibody for 2 hours at 4°C, and the immunocom-
plexes were precipitated by the addition of 90 ul of protein
A-Sepharose for 45 mins. After brief centrifugation, immuno-
precipitates were washed three times with 1 ml of immuno-
precipitation buffer 1X, resuspended in 25 pl of SDS-sample
buffer, and heated at 95°C for 5 mins. Precipitated proteinswere
separated by SDS-PAGE on 12% acrylamide gels and trans-
ferred to nitrocellulose. Tyrosine phosphorylation of p38MAPK
was detected by immunoblotting with anti-phosphotyrosine
antibody (1 pg/ml) followed by a second staining with antibod-
ies against p38BMAPK. All the reported figures are representa-
tive of at least three different experiments giving similar results.

Analysis of cPLA, phosphorylation
Platelet stimulation was stopped by addition of 0.5 volumes of
SDS-sample buffer 3X, and samples were heated a 95°C for

5 mins. Platelet proteins were separated by SDS-PAGE on
7.5% acrylamide gels and transferred to nitrocellulose.
Phosphorylation of cPLA, was evaluated based on the typica
mobility shift on SDS-PAGE, revealed through immunoblotting
with a specific antibody.

p38MAPK activity assay

P3BMAPK activation was evaluated using a p38MAPK assay
kit, exploiting the ability of activated kinase to phosphorylate
the transcription factor ATF2. Briefly, resting or stimulated
platelets were lysed by adding an equal volume of lysis buffer
2X (40 mM TrigHCI pH 7.5, 300 mM NaCl, 2 mM EDTA,
2 mM EGTA, 2% Triton X-100, 5 mM sodium pyrophosphate,
2 mM B-glycerophosphate, 2 mM NagVO,, 2 pg/ml leupeptin,
2 mM PMSF). p38BMAPK was immunoprecipitated from cell
lysates with 20 ul of immobilised anti-phospho-p38MAPK
monoclonal antibody for 2 hours at 4°C. After brief centrifuga-
tion, immunocomplexes were washed twice with lysis buffer,
and twice with kinase buffer 1X (25 mM Tris, 5 mM B-glyce-
rophosphate, 2 mM DTT, 0.1 mM Na\VO,, 10 mM MgCl,).
Immunocomplexes were then resuspended in 50 pl of kinase
buffer, and incubated for 10 min at 30°C in the presence of 50
UM ATP and 1 pg of the substrate ATF2. The reaction was
stopped by adding 25 ul of SDS-sample buffer 3X, and ATF-2
phosphorylation was detected by immunoblotting using an anti-
phospho-ATF2 antibody.

Release of [*H]arachidonic acid

Gel-filtered platelets (0.5 X 10° platelets/ml) were labelled with
[®H]arachidonic acid (1 uCi/ml) for 90 mins at 37°C. Platelets
were then recovered by centrifugation in the presence of 5 mM
EDTA and resuspended in the origina volume of HEPES buf-
fer. Platelet samples (0.2 ml) were stimulated with 10 pg/mi
VWEF and 0.5 mg/ml ristocetin or with 0.6 U/ml thrombin for
the indicated times, and reaction was stopped by the addition of
0.8 ml of 10 mM EDTA and 10 pM indomethacin. After centrif-
ugation a 10000 x g for 3 mins, the [*H]arachidonic acid
released in the supernatant was measured by liquid scintillation
counting.

Results

Phosphorylation of p38MAPK in
VWEF-stimulated platelets

We investigated the ability of VWF to stimulate the phosphory-
lation of p38MAPK expressed in human platelets using a dou-
ble experimental approach. Samples of gel-filtered platelets
were stimulated with 10 pg/ml VWF and 0.5 mg/ml ristocetin
or with 0.6 U/ml thrombin at 37°C for 1 min under constant stir-
ring. Tyrosine phosphorylation of p3BMAPK wasinitialy eval-
uated by immunoprecipitation of the protein and immunoblot-
ting with anti-phosphotyrosine antibody. Figure 1A shows that
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Figure |: Phosphorylation of p38MAPK in VWF-stimulated
platelets. Gel-filtered platelets were treated with buffer (bas) or
stimulated with 10 pg/ml (or 50pg/ml, when indicated) VWF and
0.5 mg/ml ristocetin (VWF) or with 0.6 U/ml thrombin (thr) for
I min at 37°C under constant stirring. (A) Reaction was stopped
by lysis with immunoprecipitation buffer. p38MAPK was immu-
noprecipitated with a specific antibody, and analysed by immuno-
blotting with anti-phosphotyrosine antibody (P-Tyr). Blots was
then reprobed with the same anti-p38MAPK antibody used for
immunoprecipitation (p38MAPK), as indicated on the right. (B)
Reaction was stopped by addition of 0.5 volumes of SDS-sample

p3BMAPK was only weakly tyrosine phosphorylated when
immunopreci pitated from resting platelets. Stimulation of plate-
lets with either thrombin or VWF dignificantly increased the
reactivity of immunoprecipitated p38MAPK to anti-phosphoty-
rosine antibody. VWF-induced tyrosine phosphorylation of
p38BMAPK was weaker than that induced by thrombin (about
30%, as evaluated by densitometric analysis). By reprobing the
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Figure 2: Time course of VWF-induced p38MAPK phosphoryla-
tion. Platelet samples were stimulated with 10 pg/ml VWF and
0.5 mg/ml ristocetin (VWF) for the indicated times, where 0
represents unstimulated platelets. Upon platelet lysis, phosphor-
ylated p38MAPK was detected by immunoblotting with a phos-
pho-specific antibody (P-p38MAPK). Control for equal loading
was performed by reprobing the same nitrocellulose with an
anti-p38MAPK antibody, as indicated on the right.

buffer 3X, and 25 pl aliquots of total platelet lysates were sub-
jected to SDS-PAGE on 2% acrylamide gels. Proteins were
transferred to nitrocellulose and probed with an antibody specif-
ic for phosphorylated form of p38MAPK (P-p38MAPK) and sub-
sequently with an anti-p38MAPK antibody. (C) p38MAPK kinase
activity was measured on the immunoprecipitated protein using
a kinase assay kit, exploiting the ability of the active kinase to
phosphorylate the transcription factor ATF2.The reaction prod-
ucts were separated by SDS-PAGE on 12% acrylamide gel, and
analysed by immunoblotting with an antibody specific for the
phosphorylated form of ATF2 (P-ATF2).

same nitrocellulose filter with the anti-p38MAPK antibody
used for the immunoprecipitation, we confirmed that similar
amount of protein was immunoprecipitated from each sample.

Similar results were also obtained when whole platelet
lysates were directly immunoblotted with an antibody recognis-
ing the phosphorylated form of p38MAPK (Thr180/Tyr182).
Figure 1B shows that even this approach was able to detect a
VWF-induced phosphorylation of p38MAPK, and confirms that
this event was weaker to that detected in thrombin-stimulated
platelets. Moreover, Figure 1B also shows that increasing the
concentration of VWF to 50 pg/ml did not result in a further
increase in the level of phosphorylation of p38MAPK, indicat-
ing that maximal response was aready triggered by 10 pug/mi
VWEF. Similar results were obtained using a highly purified
VWEF from a different source, thus excluding a contribution of
possible contaminating molecules (data not shown).

We next analysed whether VWF-induced phosphorylation
of p3BMAPK was associated with activation of the enzyme.
Using a non radioactive kinase assay kit we found that the cat-
aytic activity of p38MAPK, measured as the ahility to promote
the phosphorylation of the transcription factor ATF2, was
increased in both thrombin- and VWF-stimulated platelets
(Fig. 1C). Thisindicates that VWF actually induces both phos-
phorylation and activation of p38MAPK.
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Figure 3:Role of GPIb-IX-V and integrin d,3; on VWF-induced
phosphorylation of p38MAPK. Platelet samples were incubated
with buffer (none), or stimulated with 10 pg/ml VWF and 0.5
mg/ml ristocetin (VWF) for | min under constant stirring in the
absence (none) or presence of | pl of AK2 ascitic fluid, | mM
RGDS, or | mM EGTA. Alternatively, stimulation with VWF was
performed without stirring (ns). Phosphorylation of p38MAPK
was evaluated by immunoblotting analysis with anti-phospho-
p38MAPK, and anti-p38MAPK antibodies, as indicated on the
right.

Phosphorylation of p38MAPK in VWF-
stimulated platelets requires agonist binding
to GPIb-I1X-V, is independent of both FcyRIIA
and TxA,, and involves the tyrosine kinase Syk
The kinetics of VWF-induced phosphorylation of p38MAPK
was investigated in platelets stimulated with VWF for increas-
ing times. Figure 2 shows that phosphorylation of p38MAPK
was very rapid and sustained, as it was clearly detected as early
as 30 seconds after platelet stimulation. This indicates that this
event occurs in an early phase of VWF-induced platelet activa-
tion.

We next investigated the role of GPIb-1X-V, integrin o;,B;,
and platelet agglutination on VWF-induced phosphorylation of
p38MAPK. Figure 3 shows that preincubation of platelets with
AK?2, amonoclonal antibody against the membrane glycopro-
tein GPlba subunit, totally prevented phosphorylation of
p38MAPK induced by VWF. Moreover, the omission of plate-
let stirring, that dlows VWF hinding but prevents the cell-
cell contact leading to platelet agglutination, also blocked phos-
phorylation of p38MAPK. By contrast, phosphorylation of
p38BMAPK wasindependent of ligand binding to integrin a;;,3s,
as it was not dtered in the presence of the RGDS peptide or
EGTA (Fig. 3).

We have previously demonstrated that VWF binding to
GPIb-1X-V activates platel ets through the coordinated action of
FcyRIIA and TxA, (33). To investigate the role of FcyRIIA on
p38MAPK phosphorylation, platelets were preincubated with
the anti-FcyRIIA antibody 1.3, or control 1gG, and then stimu-
lated with VWF. Interestingly, the blockade of FcyRIIA had no
effect on phosphorylation of p38MAPK (Fig. 4A). Therefore,
VWF-induced p38MAPK phosphorylation occurs independent-
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Figure 4: Phosphorylation of p38MAPK is independent of
FcYRIIA activation and TxA, production. (A) Platelet samples
were incubated with buffer (none), with 20 pg/ml IV.3 (IV.3) or
20 pg/ml unrelated IgG (IgG) for 2 mins and then stimulated
with 10 pg/ml VWF and 0.5 mg/ml ristocetin for | min (VWF).
Phosphorylation of p38MAPK was analysed by immunoblotting
with an antibody recognising the phosphorylated form of
p38MAPK, and an antibody recognising the total p38MAPK, as
indicated on the right. (B) Platelet samples were incubated with
buffer (none), with | mM acetylsalicylic acid (ASA) or with

10 UM indomethacin (indo) for 30 mins and stimulated with

10 pg/mlVWEF and 0.5 mg/ml ristocetin for | min (VWF).
Phosphorylation of p38MAPK was analysed by immunoblotting
with anti-phospho-p38MAPK, and anti-p38MAPK antibodies.

ly of FcyRIIA engagement. To evaluate the role of TxA,, plate-
lets were preincubated with two different cyclooxygenase inhib-
itors, acetylsalicylic acid and indomethacin. Figure 4B shows
that neither inhibitors affected VWF-induced phosphorylation
of p38BMAPK, demonstrating that this event is also independent
of TxA, production. Identical results were also obtained by ana-
lysing the tyrosine phosphorylation of immunoprecipitated
p38BMAPK (data not shown).

VWF binding to its receptor induces the activation of the
tyrosine kinase Syk, by a mechanism that is only partialy
dependent on FcyRIIA recruitment (29, 33). We found that the
kinetics of Syk activationin VWF-stimulated platelets was very
similar to that of p38MAPK phosphorylation, being rapid and
sustained (data not shown). Therefore, we investigated whether
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Figure 5: p38MAPK phosphorylation lies downstream Syk acti-
vation. Platelet samples were treated with 5 or 10 pg/ml picea-
tannol (corresponding to about 20 and 40 PM, respectively) or

with an equivalent volume of dimethylsulfoxide, and stimulated

with 10 pg/ml VWF and 0.5 mg/ml ristocetin for | min (VWF).

Phosphorylation of p38MAPK was analysed by immunoblotting

with anti-phospho-p38MAPK, and anti-p38MAPK antibodies.
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Figure 6: Effect of p38MAPK inhibition on ristocetin-induced
platelet aggregation. (A) Gel-filtered platelets were incubated
with 10 uM SB203580 for 10 mins and then stimulated with

10 pg/ml VWF and 0.5 mg/ml ristocetin (VWF). p38MAPK activ-
ity was measured on the immunoprecipitated protein, by evalu-
ating the phosphorylation of the substrate ATF2 revealed by
immunoblotting with a specific anti-phospho-ATF2 antibody. (B)
Platelet aggregation was measured using PRP treated with

0.75 mg/ml ristocetin (added as indicated by the arrows), in the
absence of inhibitors (none), in the presence of | mM RGDS,
upon incubation with 10 uM SB203580 for 10 mins, upon incu-
bation with | mM acetylsalicylic acid (ASA) for 30 mins, or upon
incubation with both acetylsalicylic acid and SB203580, as indi-
cated.

phosphorylation of p38MAPK could be regulated by Syk. Gel-
filtered platelets were preincubated with 5 pug/ml or 10 pg/mi
piceatannol, a selective Syk inhibitor, and then stimulated with
VWEF. Figure 5 shows that piceatannol completely blocked
phosphorylation of p3BMAPK induced by VWF.

Role of p38MAPK in VWF-induced platelet
activation

We next investigated the physiological role of p38MAPK in
VWF-induced platelet activation by analysing the effects of a
widely used selective inhibitor of p38MAPK, SB203580. Using
ap38MAPK assay kit, we found that preincubation of platelets
with 10 pM SB203580 for 10 mins completely inhibited the
kinase activity of p38MAPK, as demonstrated by the lack of
phosphorylation of the transcription factor ATF2 (Fig. 6A).
Incidentally, these results al so indicate that, at the concentration
used, SB203580 does not dissociate from the enzyme during the
washing steps of immunoprecipitated p38MAPK. The effect of
SB203580 on VWF-induced platelet aggregation was then ana-
lysed using platelets in PRP. Addition of ristocetin to PRP
caused a biphasic platelet aggregation (Fig. 6B). Thefirst phase
was probably due to platelet agglutination by the multimeric
nature of plasma VWEF, while the second phase was a real inte-
grin a,,,B5-dependent aggregation, as demongtrated by the find-
ing that it was prevented by the integrin o,,,3; antagonist pep-
tide RGDS (Fig. 6B). We found that the integrin-dependent
platelet aggregation was totally prevented by SB203580, and
that a very similar effect was also observed in aspirin-treated
platelets (Fig. 6B). Moreover, the combined addition of aspirin
and SB203580 to platelets did not result in a greater inhibitory
effect.

To better clarify the relationship between p38BMAPK and
TxA, production in VWF-stimulated platelets, we analysed the
effect of SB203580 on arachidonic acid release from [3H]arach-
idonic acid labelled platelets. Figure 7A shows the time course
of arachidonic acid release in VWF- and thrombin-stimulated
platelets. VWF was able to promote a significant release of
arachidonic acid, although less efficiently than thrombin. The
maximal amount of arachidonic acid released in VWF-stimul at-
ed platelets accounted for about 4% of the total incorporated
arachidonic acid, while the amount released by thrombin was
about three times higher. This is in agreement with previous
finding showing that a relatively small amount of TxA, is pro-
duced upon platelet stimulation with VWF (26, 33). However,
figure 7B shows that release of arachidonic acid induced by
VWF was strongly and significantly inhibited by preincubation
of platelets with either 2 uM or 10 uM p38MAPK inhibitor
SB203580 (p<0.001). By contrast, aless remarkable effect was
observed in thrombin-stimulated platelets. The inhibitory effect
of SB203580 on VWF-induced release of arachidonic acid was
not due to the reported ability of this compound to inhibit cyclo-
oxygenase. In fact, figure 7B also shows that aspirin only mini-
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mally affected arachidonic acid release in VWF-stimulated
platelets. Moreover, preincubation of aspirin-treated platelets
with 2 pM SB203580 still resulted in a strong inhibition of
arachidonic acid release comparable to that observed in control
cells.

Arachidonic acid is released by the action of cPLA,, and a
role for p38MAPK in agonist-induced phosphorylation and
activation of cPLA, has been proposed (16, 22). Therefore, we
investigated the phosphorylation of cPLA, in VWF-stimulated
platelets. Figure 7C shows that treatment of platelets with VWF
resulted in atypical band shift of cPLA,, revealed by immuno-
blotting with a specific anti-cPLA, antibody and supposed to be
related to the phosphorylation of the enzyme. Pretreatment of
platelets with 10 M SB203580 totally prevented cPLA, phos-
phorylation and suppressed the VWF-induced shift in electro-
phoretic mobility. Moreover, figure 7C aso shows that VWF-
induced band shift of cPLA, still occurred in aspirin-treated
platelets, and that it was still prevented by SB203580 even at 2
UM. This indicates that the observed effect of SB203580 was
not due to the high concentration of the inhibitor or to its abil-
ity to inhibit cyclooxygenase These results suggest that
p3BMAPK may be responsible for the phosphorylation of
cPLA, promoted by VWF.

Discussion

We have previously shown that platelet activation by VWF
requires the concomitant activation of two independent signal-
ling pathways, involving the recruitment of FcyRIIA, that leads
to the Syk-dependent phosphorylation of PLCy2, and the activa:
tion of PLA,, that leads to the production of TxA,, respectively
(33). Inthiswork we have identified p38MAPK as an important
element in the FcyRI1A-independent, but TxA,-dependent path-
way for platelet activation induced by VWEF, and we have pro-
vided evidence that p38MAPK activation lies upstream TxA,
production and may regulate cPLA,.

By using a double experimental approach, we found that
p38MAPK is actually phosphorylated upon platelet stimulation
by VWF. Phosphorylation of p38MAPK was an early event
upon VWF binding to GPIb-1X-V, being aready evident 30 sec-
onds after agonist addition. Moreover, as expected, phosphory-
|ation of p38MAPK was associated with an increase of its enzy-
matic activity as detected by an “in vitro” kinase assay using the
transcription factor ATF2 as exogenous substrate. Previous
works have reported phosphorylation and activation of
p38MAPK in thrombin or collagen stimulated platelets (11, 15,
19). Moreover, p38MAPK activation has been shown to be also
triggered by LDL binding to platelets (20). p38MAPK phos-
phorylation induced by thrombin was aso confirmed in our
study, and found to be stronger than that promoted by VWF.

We have also characterised the modality of p38MAPK acti-
vation induced by VWF. We have found that phosphorylation of
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Figure 7: Role of p38MAPK on VWF-induced arachidonic acid
release and phosphorylation of cPLA, (A) Time course of arach-
idonic acid release in thrombin- and VWF-stimulated platelets.
[*H]arachidonic acid labelled-platelets were stimulated with 0.6
U/ml thrombin (black squares) or with 10 pg/ml VWF and 0.5
mg/ml ristocetin (black circles) for increasing times. Upon cen-
trifugation, [*H]arachidonic acid released in the supernatant was
measured by liquid scintillation counting. The data represent the
percentage of total [*H]arachidonic acid incorporated, after sub-
traction of the radioactivity measured in the supernatant from
unstimulated platelets, and are the mean * SD of three different
experiments. Typical measured radioactivity in the supernatant
from resting platelets was 808 + 92 cpm (n = 6), representing
1.62 % 0.18% of total [*H]arachidonic acid incorporated. (B)
Effect of SB203580 on arachidonic acid release. [*H]arachidonic
acid labelled-platelets were preincubated at 37 °C in the
absence or presence of | mM acetylsalicylic acid (ASA) for

30 mins, and then treated with vehicle or with SB203580 (2 uM
or 10 pM, as indicated) for 10 mins. Stimulation was performed
with 0.6 U/ml thrombin (thr) or with 10 pg/mlVWF and 0.5
mg/ml ristocetin (VWF) for 5 mins. Released [*H]arachidonic
acid in the supernatant was evaluated by liquid scintillation
counting. Data are presented as % of maximal arachidonic acid
released by each agonist in the absence of p38MAPK inhibitor,
and represent the mean + SD of four different experiments;

* p<0.001 (C) Phosphorylation of cPLA, in VWF-stimulated
platelets. Gel-filtered platelets and aspirin-treated gel-filtered
platelets were incubated with vehicle or with 2 M or 10 pM
SB203580 for 10 mins, and then stimulated with 10 pg/ml VWF
and 0.5 mg/ml ristocetin (VWF).Aliquots of total platelet pro-
teins were separated by SDS-PAGE on 7.5% acrylamide gel and
analysed by immunoblotting with an anti-cPLA, antibody.
Phosphorylation of cPLA, is evidenced by a typical shift in the
electrophoretic mobility of the protein.
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P38MAPK was dependent on VWF binding to GPIb-1X-V, but
not to integrin a,,B;. Moreover, athough many intracellular
events elicited by VWF have been shown to be directly trig-
gered by the recruitment of FcyRIIA, we found that VWF-
induced phosphorylation of p38MAPK was not atered in the
presence of the FcyRITA blocking antibody 1V.3. This indicates
that phosphorylation of p38MAPK is part of the previously
identified FcyRIIA-independent pathway for VWF-induced
platelet activation, that also includes the production of TxA,
and the activation of the tyrosine kinase Pyk2 (33, 35). We have
also found that VWF-induced phosphorylation of p38MAPK is
prevented by the Syk inhibitor piceatannol, suggesting that Syk
lies upstream p38MAPK. Since the specificity of piceatannol
has been recently questioned (36), the involvement of other
kinases in the phosphorylation of p38MAPK cannot be confi-
dently excluded. However, we have previoudy shown some
selective effects of piceatannol on platelet activation by differ-
ent agonists, and the crucial role of Syk in the early phase of
platelet activation by VWF has been well documented (29, 33).
We have previously shown that activation of Syk is partialy
mediated by the recruitment of FcyRIIA (33). The possibility
that the FcyRI1A-independent phosphorylation of p38MAPK is
mediated by Syk indicates that the pool of Syk activated by a
FeyRIIA-independent mechanism is sufficient to fully support
p38MAPK phosphorylation. In this regards, it is interesting to
note that arole of a different ITAM containing receptor, FCR y-
chain in GPIb-1X-V-triggered activation of Syk has been
reported (37). Although several mediators, such as MAPKK 3
and 6, and the small GTPases Rac and cdc42, have been impli-
cated in p38MAPK activation in nucleated cells, the mechanism
regulating this kinase in platelets has been poorly investigated.
The possible role of Syk suggested in the present study is most
likely to be indirect, and to be mediated by other effectors.
Previous findings have implicated the tyrosine kinase Pyk2 in
P3BMAPK activation in a number of nucleated cells (38, 39).
We have recently shown that Pyk2 israpidly activated in VWF-
stimulated platelets by a FeyRI1A-independent mechanism that
involves the kinase Syk (34). Therefore, it is possible that Pyk2
represents a link between Syk and p38BMAPK activation. This
hypothesis, however, awaits specific inhibitors of Pyk2 to be
experimentally verified.

A key element of the FcyRIIA-independent pathway for
VWEF-induced platelet activation is TxA,. Since inhibition of
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