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First, collagen-induced platelet activation is known to
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Human platelets were activated either by glycopro-
ein (GP) Ia/IIa agonist (rhodocytin) or by a GPVI ag-
nist (collagen-related peptide, CRP), and the intra-
ellular signal transduction pathways were compared
n the presence of various inhibitors. Rhodocytin iso-
ated from Calloselasma rhodostoma venom was veri-
ed as a GPIa/IIa agonist, based on the inhibitory ef-

ects of three mAbs directed against GPIa. Platelet
ctivation mediated by GPIa/IIa led to overt platelet
ggregation, elevation of intracellular Ca21, and ty-
osine phosphorylation of several proteins, similar to
hat of GPVI. p72syk and phospholipase Cg2 (PLCg2)
yrosine phosphorylation were also observed with
PIa/IIa-mediated platelet aggregation, although they
eaked slightly later than that of GPVI. In contrast to
PVI-mediated platelet activation, most of these phe-
omena induced by GPIa/IIa activation were mark-
dly suppressed by acetylsalicylic acid (ASA) or cy-
ochalasin D. These findings suggest that the
equirements for thromboxane A2 (TXA2) production
nd actin polymerization, which are the characteris-
ics of collagen-induced platelet activation, are de-
ived from the GPIa/IIa-mediated signal transduction,
ut not from that of GPVI. © 1999 Academic Press

Key Words: platelet; collagen; glycoprotein Ia/IIa;
lycoproteinVI; snake venom; rhodocytin.

Collagen is one of the major extracellular matrix
roteins present in blood vessel subendothelium.
latelets adhere to collagen fibers exposed at the site of
amage to the endothelial lining and become activated
hrough specific membrane receptors for collagen.
ollagen-induced platelet activation has several char-
cteristic properties, distinct from other agonists.
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713. E-mail: yozaki@res.yamanashi-med.ac.jp.
114006-291X/99 $30.00
opyright © 1999 by Academic Press
ll rights of reproduction in any form reserved.
e particularly sensitive to ASA, which inhibits the
roduction of thromboxane A2 and cytochalasins,
hich interfere with actin polymerization (1, 2). Sec-
nd, collagen and FcgRII cross-linking, but neither
hrombin nor thromboxane A2, elicit PLCg2 activation
3, 4). However, which putative collagen receptor (see
elow) is responsible for these properties has not been
etermined.
Many candidates have been proposed for putative

ollagen receptors on platelet membranes. Of these,
PIa/IIa and GPVI have now established their roles as

ollagen receptors (5); It has been reported that human
lood platelets which showed no response to collagen
acked the surface expression of GPIa, indicating that
PIa/IIa is a putative collagen receptor (6–8). Several
roups reported that platelets deficient in GPVI lacked
ollagen-induced aggregation, indicating that GPVI is
lso a collagen receptor (9–11).
Collagen-related peptide (CRP) containing repeats of

he Gly-Pro-Hyp sequence (12–15), and convulxin,
hich is a C-type lectin obtained from the tropical

attlesnake venom, activate platelets, interacting with
PVI (16, 17). These proteins have offered great help

or investigating the signal transduction pathways me-
iated by GPVI; GPVI-related platelet activation is
ediated via a tyrosine kinase-dependent pathway,

esulting in phosphorylation of the Fc receptor g-chain,
inding of p72syk to the g chain, which induces the
hosphorylation of PLCg2 (18–20). PLCg2 then in-
uces intracellular Ca21 mobilization via the inositol
hospholipid-dependent pathway.
On the other hand, there have been few GPIa/IIa

gonists appropriate for investigating the GPIa/IIa-
elated signal transduction pathway. JBS2, an anti-m2

ntegrin mAb stimulated tyrosine phosphorylation of
LCg2 in human platelets. However, this phosphory-
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nactive (21). Aggretin purified from the Calloselasma
hodostoma venom, is reported to induce platelet ag-
regation acting as a GPIa/IIa agonist, although its
unctional property has not been fully elucidated (22).
herefore, although it has been well established that
PIa/IIa plays a major role in platelet adhesion to

ollagen (5, 23), it remains unclear what signals GPIa/
Ia mediates, which lead to platelet activation.

Recently, we have isolated and characterized a func-
ionally novel platelet agonist, designated as rhodocy-
in, from the Calloselasma rhodostoma venom. Rhodo-
ytin belongs to the heterodimeric C-type lectin family
nd induces platelet aggregation independently of gly-
oprotein Ib (24).

In this study, we present evidence to indicate that
hodocytin induces platelet activation by interacting
ith GPIa/IIa. Using this venom as a GPIa/IIa agonist,
e have attempted to characterize the GPIa/IIa-
ediated signal transduction pathway in platelets,

ompared with the GPVI-mediated pathway, using
RP.

ATERIALS AND METHODS

Materials. Rhodocytin was purified from the venom of Cal-
oselasma rhodostoma as described previously (24). Collagen-related
eptide (CRP) was a generous gift from Dr. M. Moroi (Department of
rotein Biochemistry, Institute of Life Science, Kurume University,
ukuoka, Japan). Anti-integrin alpha2 mAb (6F1) was kindly pro-
ided by Dr. B. S. Coller (Mt. Sinai Medical Center, New York, NY).
6H12, anti-IAP (integrin-associated protein) mAb was kindly do-
ated by Dr. K. Fujimura (Department of Hematology and Oncology,
iroshima University, Japan). The following materials were ob-

ained from the indicated suppliers: Anti-p72syk mAb, (Wako Pure
hemical Industries, Ltd., Tokyo, Japan); anti-PLCg2 polyclonal
ntibody (pAb) (Santa Cruz, CA); anti-phosphotyrosine mAb (PY20)
Transduction Laboratories, Lexington, KY); anti-phosphotyrosine
Ab (4G10), anti-integrin alpha2 mAb (A2-IIE10) (Upstate Biotech-
ology, Inc. Lake Placid, NY); anti-GPIa/IIa mAb (Gi9) (Immunotech
. A. Marseilles, France).

Platelet preparation, platelet aggregation, and [Ca21]i measure-
ent. Platelets obtained from healthy donors were washed, and

uspended in a Hepes–Tyrode’s buffer. In some experiments,
latelet-rich plasma was incubated with 1 mM ASA for 30 min before
ashing. When indicated, washed platelets were preincubated with
0 mg/ml of cytochalasin D, the indicated concentration of A2-IIE10,
F1, Gi9 or B6H12 for 5 min at 37°C. Platelet aggregation was
easured by the conventional turbidimetric method. In some exper-

ments, intracellular Ca21 mobilization was measured by the Fura-2
ethod as described previously (25). Fura-2 fluorescence was mea-

ured with an excitation wave length alternating every 0.5 s from
40 to 380 nm, and the emission wavelength was set at 510 nm. The
Ca21]i values were determined from the ratio of Fura-2 fluorescence
ntensity at 340 and 380 nm excitation.

Immunoprecipitation and Western blotting. Washed platelets
retreated with or without various inhibitors were stimulated with
he indicated agonist. Reactions were terminated with lysis buffer,
nd after sonication, the supernatant was isolated by centrifugation.
LCg2 and p72syk were immunoprecipitated from the supernatant
sing anti-PLCg2 and p72syk antibodies. To identify phosphotyro-
ine-containing platelet proteins, reactions terminated with an equal
olume of Laemmli sodium dodecyl sulfate reducing buffer (25). The
115
horesis and western blotting, as described previously (25).

ESULTS

nhibition by Anti-GPIa mAbs of Platelet Aggregation
Induced by Rhodocytin

As we described previously, rhodocytin at concentra-
ions higher than 5 nM induced aggregation of washed
latelets with a long lag time, as well as platelets in
latelet-rich plasma. Aggregation started with a lag
ime which became shorter with higher concentrations
f rhodocytin (Fig. 1A, a–d). However, even at highest
oncentrations of rhodocytin tested (30 nM), there re-
ained a distinct lag time.
We have already shown that rhodocytin elicits plate-

et aggregation independently of GPIb (24). Since the
resence of a long lag time before aggregation, the
usceptibility to ASA and cytochalasin D treatment are
ll reminiscent of collagen-induced platelet aggrega-
ion, we then evaluated the effects of mAbs that block
ollagen-induced platelet adhesion on rhodocytin-
nduced platelet aggregation. 6F1, A2-IIE10, and Gi9
re mAbs directed against GPIa, the former two mAbs
lmost completely blocked collagen-induced platelet
ggregation, while the latter only partially inhibited
ollagen-induced platelet aggregation even at a concen-
ration of 100 mg/ml (data not shown). 6F1 at 100 mg/ml
nd Gi9 at 50 mg/ml completely inhibited platelet ag-
regation induced by rhodocytin in most cases (Fig.
B), whereas the inhibition was partial in some cases.
n the other hand, rhodocytin-induced platelet aggre-
ation was completely inhibited by A2-IIE10 at 25
g/ml (Fig. 1A, e, 1B), the concentration which also

nhibits collagen-induced platelet aggregation (data
ot shown). None of these anti-GPIa antibodies inhib-

ted platelet aggregation induced by CRP or thrombin
data not shown). B6H12, a mAb directed to the
ntegrin-associated protein, was without effects on
hodocytin-induced platelet aggregation even at a con-
entration of 100 mg/ml (Fig. 1B). These findings sug-
est that rhodocytin activates platelets by interacting
ith GPIa/IIa.

ntracellular Ca21 Mobilization and Protein–Tyrosine
Phosphorylation Induced by Rhodocytin

We then evaluated the signal transduction pathways
ediated by GPIa/IIa using rhodocytin. Ten nanomo-

ar rhodocytin elevated the intracellular Ca21 concen-
ration with a distinct lag time and a gentle slope in the
resence and absence of extracellular Ca21 (Fig. 2A). It
s well known that tyrosine kinases play an important
ole in platelet activation, especially of collagen stim-
lation. Similar to collagen-induced activation (25),
hodocytin stimulation (Fig. 2B) resulted in tyrosine
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hosphorylation of 64-, 70- to 75-, 97-, and 125-kDa
roteins in platelets, which peaked at about 1–5 min
fter activation. Since we reported that the most
eavily tyrosine-phosphorylated 70- to 75-kDa band in
ollagen-stimulated platelets includes p72syk (25), we
hecked whether rhodocytin also induced p72syk ty-
osine phosphorylation. Immunoprecipitation of p72syk

ith an anti-p72syk antibody, followed by Western blot-
ing with an anti-phosphotyrosine antibody, revealed
hat the autophosphorylated level of p72syk increased,
lthough slightly, 1–2 min after rhodocytin stimulation
Fig. 2C). PLCg2 lies downstream of p72syk activation
n platelets (26). In platelets, collagen and FcgRII
ross-linking, but not thrombin or thromboxane A2,
licit PLCg2 activation, which can be assessed by the
evel of its tyrosine phosphorylation (3, 4). Hence, we
valuated PLCg2 tyrosine phosphorylation in platelet
ctivation induced by rhodocytin. Rhodocytin induced
LCg2 tyrosine phosphorylation, which peaked 2 min-
tes after stimulation (Fig. 2D).
All these findings suggest that GPIa/IIa-mediated

ignals involve p72Syk and PLCg2 tyrosine phosphory-
ations and subsequent Ca21 mobilization, which then
eads to platelet aggregation.

ffects of Various Inhibitors on Platelet Activation
Induced by Rhodocytin or CRP

The findings hitherto obtained demonstrate that
PIa/IIa-mediated signals induce platelet aggrega-

ion, intracellular Ca21 mobilization, activation of
72syk and of PLCg2. We then compared characteris-
ics of GPIa/IIa-mediated platelet activation and
hat of GPVI-mediated platelet activation, using
hodocytin and CRP.

FIG. 1. Platelet aggregation induced by rhodocytin and its inhib
0 nM (a), 10 nM (b), 5 nM (C), or 2.5 nM (d) rhodocytin, added at th
f A2-IIE10 for 5 min, then activated with 10 nM rhodocytin (e). The
re representative of at least three experiments. In B, platelets were
2-IIE10, 6F1, Gi9 or B6H12 for 5 min, then stimulated with 10 nM rh

n light transmission within 10 min.
116
Platelet aggregation and intracellular Ca21 mobiliza-
ion. Platelets pretreated with 1 mM ASA for 30 min
id not aggregate in response to rhodocytin (Fig. 3A, a,
). Rhodocytin did not induce aggregation of platelets
ncubated with 10 mg/ml of cytochalasin D for 5 min
Fig. 3A, a, c). Inhibitors such as 1 mM ASA and 10
g/ml of cytochalasin D also blocked rhodocytin-

nduced intracellular Ca21 mobilization (Fig. 3B, a–c),
hereas CRP-induced platelet aggregation (Fig. 3A,
–f) were not blocked by ASA or by cytochalasin D.

ytochalasin D slightly inhibited the initial slope on
he light transmission curve, but did not affect the
aximum light transmission. Intracellular Ca21 mobi-

ization induced by CRP was not inhibited by ASA and
ytochalasin D (Fig. 3B, d–f).

Tyrosine phosphorylation of p72syk and PLCg2. We
ound that p72syk was slightly tyrosine-phosphorylated
-2 min after rhodocytin stimulation. This phosphory-
ation was markedly suppressed by ASA, and the inhi-
ition was complete with cytochalasin D (Fig. 4A). It is
f interest that cytochalasin D totally inhibited the
esting level of p72syk tyrosine phosphorylation, as well
s the change after rhodocytin stimulation. In contrast,
RP induced rapid and intense tyrosine phosphoryla-

ion of p72syk (15 s after stimulation), which was not
locked by ASA (Fig. 4B). The CRP-induced tyrosine
hosphorylation of p72syk was slightly inhibited by cy-
ochalasin D. However, the inhibition was far from
omplete, as seen with rhodocytin. With rhodocytin
timulation, PLCg2 phosphorylation occurred 2 min
fter stimulation. It was markedly suppressed by ASA
nd was completely inhibited by cytochalasin D (Fig.
C). In contrast, CRP induced PLCg2 tyrosine-
hosphorylation earlier than rhodocytin and its phos-

n by anti-GPIa mAbs. In A, washed platelets were stimulated with
ime indicated by an arrow. Platelets were pretreated with 25 mg/ml
inate represents percentage changes in light transmission. The data
incubated with a vehicle solution or the indicated concentrations of

ocytin. Platelet aggregation was evaluated by the maximum changes
itio
e t

ord
pre
od
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horylation was hardly inhibited by ASA, while slight
nhibition was observed in cytochalasin D pretreat-

ent (Fig. 4D).

ISCUSSION

We showed that rhodocytin, purified from the Cal-
oselasma rhodostoma venom, induces platelet aggre-
ation independently of GPIb (24). We have extended
nvestigation to suggest that rhodocytin activates
latelets by interacting with GPIa/IIa, which is one of
he major collagen receptors.

The evidence is derived from the effects of anti-
ollagen receptor mAbs. Platelet aggregation induced
y rhodocytin was completely blocked by three kinds of
nti-GPIa mAbs. Of these, A2-IIE10 inhibited
hodocytin-induced platelet aggregation at concentra-
ions from 20 to 25 mg/ml, which fall in the same
oncentration range needed for inhibition of collagen-

FIG. 2. Intracellular Ca21 mobilization, protein-tyrosine phosp
nduced by rhodocytin. In A, platelets were incubated with buffer
timulated with 10 nM rhodocytin, added at the time indicated b
uorescence for 300 s. The ordinate represents the ratio of fura-2 flu

ndicated periods and reactions were stopped with Laemmli sampl
hosphorylated proteins were detected with Western blotting using a
ctivated by 20 nM rhodocytin and reactions were terminated by add
ith p72syk (C) and PLCg2 (D) were immunoprecipitated with anti-
estern-blotted using the anti-phosphotyrosine mAbs. The data are
117
nduced platelet aggregation. Platelet aggregation in-
uced by rhodocytin was inhibited by 6F1 at concen-
rations which are substantially higher than for
ollagen. The difference in the concentrations among
nti-GPIa mAbs is probably due to the differences in
he sites of interaction between GPIa/IIa and collagen,
nd between GPIa/IIa and rhodocytin. A2-IIE10 may
ecognize an epitope closely shared by collagen and
hdocytin, while 6F1 may bind to a site more related to
he collagen binding site.

Watson and his group, and Okuma and his group
ave already shown that GPVI-related platelet activa-
ion is mediated via a tyrosine kinase-dependent path-
ay, resulting in the phosphorylation of PLCg2 (18–
0). On the other hand, relatively little has been
lucidated regarding the GPIa/IIa-mediated signal
ransduction system. Kehrel et al. demonstrated that
PVI-deficient platelets bound to fibrinogen in re-

ponse to collagen, but not to CRP. Since collagen but

ylation (PTP) and tyrosine phosphorylation of p72syk and PLCg2
taining 1 mM CaCl2 (a) or 200 mM EGTA (b) for 5 min, and then
rrows. The [Ca21]i elevation was monitored as changes in fura-2
escence. In B, platelets were activated by 20 nM rhodocytin for the
uffer. Platelet proteins were applied to SDS–PAGE, and tyrosine-
phosphotyrosine mAbs (4G10 plus PY20). In C and D, platelets were
lysis buffer after the indicated periods. Platelet proteins associated

syk mAb and anti-PLCg2 pAb, respectively. The samples were then
presentative of at least three experiments.
hor
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ot CRP contains the binding sites for GPIa/IIa, it is
uggested that GPIa/IIa also induces certain intracel-
ular signals leading to activation of GPIIb/IIIa (13).
owever, what intracellular signal is related with
PIa/IIa itself, leading to platelet activation, has been
nknown, for few GPIa/IIa agonists have been avail-
ble to date. To the best of our knowledge, this is the
rst report which demonstrates that GPIa/IIa medi-
tes tyrosine phosphorylation of several proteins, syk
nd PLCg2 activation.
Collagen-induced platelet activation has several

haracteristic properties, distinct from other agonists.
irst, collagen-induced platelet activation, especially
hat induced by low concentrations of collagen (,10
g/ml), is known to be particularly sensitive to ASA.
econd, cytochalasins, which interfere with actin poly-
erization, blocks collagen-induced platelet activation

FIG. 3. Effects of ASA and cytochalasin D on platelet aggregati
latelets were preincubated with a vehicle solution (a, d), 1 mM ASA
ethods, then stimulated with 10 nM rhodocytin (a–c) or 0.5 mg/ml C

urbidmetric method. The ordinate represents percentage changes in
n fura-2 fluorescence for 300 s. The ordinate represents the ratio
xperiments.
118
uch as aggregation, intracellular Ca21 mobilization
nd arachidonic acid release (1, 2). In contrast, these
arameters of platelet activation induced by soluble
gonists such as thrombin or ADP are only slightly
odified by cytochalasins. Third, collagen and FcgRII

ross-linking, but neither thrombin nor thromboxane
2, elicit PLCg2 activation (3, 4). However, which pu-

ative receptor (GPIa/IIa, GPVI, or others) is responsi-
le for these properties has not been determined.
We also investigated the differences in activation

ignals between GPIa/IIa- and GPVI- mediated plate-
et activation. We showed that ASA and cytochalasin D
ompletely inhibited platelet aggregation, intracellular
a21 mobilization, and tyrosine-phosphorylation of
72syk and PLCg2 mediated by GPIa/IIa, whereas
PVI-related platelet activation was almost totally re-

istant to them. As we mentioned above, collagen-

and intracellular Ca21 mobilization induced by rhodocytin or CRP.
e) and 10 mg/ml of cytochalasin D (c, f) as described in Materials and

(d–f). In A, platelet aggregation was measured by the conventional
t transmission. In B, the [Ca21]i elevation was monitored as changes
fura-2 fluorescence. The data are representative of at least three
on
(b,
RP

ligh
of
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nduced platelet activation is known to be particularly
ensitive to ASA and cytochalasins (1, 2). These prop-
rties, which characterize collagen-induced platelet ac-
ivation, can be ascribed to the GPIa/IIa-related signal
ransduction pathway. Our findings also suggest that
XA2 production and actin polymerization plays an

mportant role in the GPIa/IIa-mediated pathway, and
he requirement of actin polymerization may further
mply that dimerization or clustering of GPIa/IIa is
ecessary for platelet activation.
In conclusion, we have found that GPIa/IIa stimu-

ation induces p72syk and PLCg2 activation, which
s similar to GPVI stimulation. However, distinct
rom GPVI-mediated platelet activation, GPIa/IIa-
ediated platelet activation was sensitive to ASA

nd cytochalasin D. These findings suggest that the
equirement for TXA2 production and actin polymer-
zation, which is the characteristic property of
ollagen-induced platelet activation, is derived from
he GPIa/IIa-mediated signal transduction pathway,
ut not from that of GPVI.
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FIG. 4. Effects of ASA and cytochalasin D on p72syk and PLCg2 t
ncubated with a vehicle solution (a), 1 mM ASA (b) or 10 mg/ml o
ctivated by 20 nM rhodocytin (A, C) or 0.5 mg/ml of CRP (B, D) for
nd platelet proteins associated with p72syk or PLCg2 were immunop
ample was then Western-blotted with the anti-phosphotyrosine mA
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