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Abstract

The hypothesis that von Willebrand factor (vWF) binding to
platelet membrane glycoprotein lb (GpIb) initiates intracellu-
lar pathways of platelet activation was studied. We measured
the biochemical responses of intact human platelets treated
with ristocetin plus vWF multimers purified from human cryo-
precipitate. vWF plus ristocetin causes the breakdown of phos-
phatidylinositol 4,5-bisphosphate, the production of phospha-
tidic acid (PA), the activation of protein kinase C (PKC), in-
crease of ionized cytoplasmic calcium (ICa2`J), and the
synthesis of thromboxane A2. PA production, PKC activation,
and the rise of [Ca211 stimulated by the ristocetin-induced bind-
ing ofvWF multimers to platelets are inhibited by an anti-GpIb
monoclonal antibody, but are unaffected by anti-GpIIb-IIIa
monoclonal antibodies. Indomethacin also inhibits these re-
sponses without impairing platelet aggregation induced by
vWF plus ristocetin. These results indicate that vWF binding
to platelets initiates specific intraplatelet signaling pathways.
The mechanism by which this occurs involves an arachidonic
acid metabolite-dependent activation of phospholipase C after
vWF binding to platelet membrane GpIb. This signal then
causes PKC activation and increases of [Ca2+'], which promote
platelet secretion and potentiate aggregation. (J. Clin. Invest.
1991. 88:1568-1573.) Key words: thrombosis * adhesion
phospholipases * protein kinase C * calcium

Introduction

Platelet plug formation is initiated by the adherence ofplatelets
to sites of vascular injury. The components of this response
include the subendothelial extracellular matrix, von Wille-
brand factor (vWF),1 and platelet membrane glycoprotein (Gp)
lb. The multivalent vWF protein bridges constituents of the
subendothelium to GpIb on the surface ofcirculating platelets.
The fundamental importance ofthis adhesion event in normal
hemostasis is demonstrated by the severe hemorrhagic diathe-
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sis suffered by individuals with quantitatively deficient or quali-
tatively aberrant vWF (1).

Under physiological conditions, platelet aggregation and
secretion follow vWF-mediated adhesion. These functional re-
sponses are essential for establishing a hemostatically effective
platelet plug, and are the culmination of a series of regulated
intracellular biochemical reactions (2). Although much is
known about the molecular mechanisms of platelet adhesion
and activation, little data are available regarding the mecha-
nism by which the adhesion and activation phenomena are
coupled. Adhesion-activation coupling may be indirect, i.e.,
the adherent platelet may be subjected to exogenous stimuli
arising from damaged endothelium, other blood cells, soluble
clotting factors, or vasoreactive molecules (2-4). Alternatively,
platelet adhesion may trigger activation through biochemical
pathways directly coupled to the adhesive ligand-receptor in-
teraction. Weiss et al. showed that normal platelets in platelet-
rich plasma release ADP and serotonin in response to ristoce-
tin, a macrolide antibiotic known to cause GpIb-dependent
binding of vWF to unstimulated human platelets (5). More
recently, it has been shown that asialo vWF, which is capable of
ristocetin-independent binding to GpIb of resting platelets,
causes the release of platelet adenine nucleotides, the synthesis
of thromboxane A2, and the binding of fibrinogen to GpIIb-
IIIa (6-9). Moake et al. have shown that high shear forces in-
duce large vWF multimers to bind to platelet GpIb in the ab-
sence of ristocetin or chemical modification of vWF, and this
ligand-receptor interaction leads to the release of ADP and
platelet aggregation (10).

This report presents data from experiments examining the
hypothesis that vWF mediates adhesion-activation coupling in
human platelets. Our results indicate thatvWF binding to plate-
let GpIb initiates specific platelet signal transduction pathways
that may couple adhesion to subsequent aggregate formation.

Methods

Materials. Human alpha thrombin was from United States Biochemi-
cal Corp. (Cleveland, OH). Ristocetin, creatinine phosphate (CP), creat-
inine phosphokinase (CPK), Sepharose 2B-300, fatty acid-free BSA,
and indomethacin were from Sigma Chemical Co. (St. Louis, MO).
Lipid standards were from Sigma Chemical Co. and Calbiochem-Behr-
ing Corp. (San Diego, CA). [32P]Orthophosphoric acid and [14C]-
arachidonic acid were from New England Nuclear (Boston, MA).
Fura2 acetooxymethyl ester was from Molecular Probes, Inc. (Eugene,
OR). Whatman silica gel K5 and LK5D plates were from Fisher Scien-
tific Co. (Fairlawn, NJ). HPLC grade organic solvents were from Ameri-
can Burdick and Johnson (Muskegon, MI). Monoclonal antibodies
7E3, 1OE5, and 6D1 were provided generously by Dr. Barry Coller
(SUNY Health Sciences Center, Stony Brook, NY).

Preparation ofvon Willebrandfactor. vWF was purified from nor-
mal human cryoprecipitate as previously described (1 1), and quanti-
fied by solid-phase immunoradiometric assay (12). The multimeric
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composition ofthe vWF preparations was determined by SDS-agarose
gel electrophoresis using 1% agarose and a continuous buffer system,
followed by gel overlay with rabbit '251-antihuman vWF IgG and auto-
radiography (1 1).

Platelet preparation. Venous blood from healthy volunteer donors
who had not taken medications affecting platelets for at least 10 d
before blood drawing was collected in 15% (vol/vol) acid-citrate-dex-
trose (ACD, NIH formula A). Blood was centrifuged at 180 g for 12
min and the platelet-rich plasma was acidified to pH 6.5 with ACD and
treated with creatine phosphate and creatine phosphokinase (5 mM
and 25 U/ml, respectively). This preparation was layered over a gra-
dient of fatty-acid free BSA and centrifuged at 1,500 g for 15 min, as
described by Walsh et al. (13). Interface platelets were collected and
subjected to repeat albumin density gradient separation. Platelets iso-
lated in this manner were then suspended in bufferA containing 6 mM
glucose, 130 mM NaCl, 9 mM NaHCO3, 10 mM Na citrate, 10 mM
Tris base, 3 mM KCI, 2 mM Hepes, and 0.9 mM MgCI2, pH 7.35.

The collected platelets were suspended in a small volume ofbuffer
A (except where noted) and either radiolabeled or loaded with fura2 by
incubating the platelets with the appropriate reagent for 1 h at 370C in
a gently shaking water bath. Platelets were radiolabeled with 0.5 mCi
[32P]orthophosphate or 20 uCi [14C]arachidonic acid; or were loaded
with 2 gM fura2 acetooxymethyl ester. After this, the platelet suspen-
sion was gel-filtered through Sepharose 2B-300 equilibrated with buffer
A, and resuspended in bufferA containing 1 mM CaCl2 at a concentra-
tion of 2.5 x 108 platelets/ml (except where noted). All reactions were
carried out in a dual channel aggregometer (Payton Scientific, Buffalo,
NY) in stirring platelet aliquots at 37°C.

Analyses ofphospholipids andprotein phosphorylation. 32P-labeled
platelets were mixed for 30 s with 1 mg/ml ristocetin, followed by the
addition ofpurified vWF (antigen level = 100% ofnormal plasma [100
U/dl], unless otherwise stated). For platelet lipid measurements, the
reactions were terminated at the designated time points by adding 3.8
x reaction volume ofice-cold MeOH/CHC13 (2:1, vol/vol) and extract-
ing the lipids as previously described (14). [32PJOrthophosphate-labeled
phospholipids were separated on Whatman K5 plates previously
dipped in 1% K oxalate/2 mM EDTA, using the solvent system
CHCl3/acetone/MeOH/glacial acetic acid/H20 (40:15:13:13:12:7, vol/
vol) according to the method of van Dongen et al. (15). For platelet
protein phosphorylation experiments, 32P-labeled platelets were stimu-
lated as described and the reactions stopped by the addition of a solu-
tion of 50% glycerol, 10% dithiothreitol, 8% SDS, and trace brom-
phenol blue, followed by immediate boiling for 5 min. SDS-PAGE was
performed on 7-17% gradient slab gels as described by Laemmli (16).
The gels were stained with Coomassie brilliant blue R, destained, fixed,
dried, and the radiophosphorylated proteins located by autoradiogra-
phy. Protein phosphorylation was quantified by transmittance densi-
tometry using a laser densitometer (LKB Instruments, Bromma, Swe-
den). Lipid bands were detected by autoradiography, identified by
cochromatography with unlabeled standards, scraped, and counted for
radioactivity.

Arachidonic acid release experiments. ['4CJArachidonate-labeled
platelets were assayed for free ['4C]arachidonic acid on Whatman
LKSD plates using the solvents diethyl ether/hexane/glacial acetic acid
(60:40:1, vol/vol) as previously described (14). Lipid bands were de-
tected and reported by autoradiography.

Thromboxane A2 measurements. Production of thromboxane A2
was quantified by radioimmunoassay of its stable breakdown product,
TXB2, using a polyclonal rabbit antiserum from Seragen (Boston,
MA), as previously described (14).

Measurement ofplatelet cytosolic calcium. Measurements of plate-
let ionized cytosolic calcium ([Ca2+]i) were made in a Deltascan spec-
trofluorometer (Photon Technologies International, Princeton, NJ)
having dual wavelength excitation capacity. Albumin-washed platelets
were loaded with 2 MM fura 2 acetooxymethyl ester, gel-filtered, and
resuspended in buffer B (10mM Na Hepes, 135 mM NaCl, 5 mM KCG,
5.5 mM glucose, and I mM MgCl2, pH 7.3) with 1 mM CaC12. [(a2+J
was measured in a 1.5-ml cuvette of stirring fura 2-loaded platelets at

370C by measuring absorbance at 510 nm after excitation at 340 and
380 nm. The ratio of absorbance 340/380 nm was used to calculate
[Ca2+]j, using a kd for fura 2 of224 nM, as described by Grynkiewicz et
al. (17).

Results

The responses of 32P-labeled platelets to ristocetin-induced
binding of purified vWF multimers to GpIb molecules on in-
tact human platelets were studied. Fig. 1 shows SDS-polyacryl-
amide and agarose gel electrophoretograms of the purified
vWF used in these studies. The largest vWF multimers found
in normal plasma were present in the purified vWF prepara-
tions.

Washed stirred platelets treated with 1 mg/ml ristocetin
alone, or washed unstirred platelets treated with ristocetin plus
vWF, do not demonstrate any biochemical responses (data not
shown). Fig. 2 shows that ristocetin-induced vWF binding to
platelets, under stirred conditions, stimulates platelet produc-
tion of phosphatidic acid (PA), a product of phosphoinositide
turnover that may be an intracellular stimulatory molecule
(14). Because PA can be generated as a consequence of the
phospholipase C-mediated hydrolysis ofphosphatidylinositol-
4,5-bisphosphate (PIP2), we measured changes in PIP2 after
ristocetin-induced vWF binding. The breakdown of PIP2 pre-
cedes PA production: PIP2 decreases to 69.3±5.2% of basal
levels (mean±SEM; n = 6) 45 s after the addition of purified
vWF multimers.

Phospholipase C-mediated signal transduction in platelets
results in the activation of protein kinase C (PKC) and eleva-
tion of [Ca2+]i. To determine if the binding of purified vWF
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Figure 1. The homogeneity and multimeric structure of purified vWF
used in these studies. vWF was purified from human cryoprecipitate
as described in Methods, quantified by IRMA, and analysed by SDS-
PAGE through 4% acrylamide under reducing conditions, and by
electrophoresis through SDS-l% agarose. The left side of the figure
shows a homogeneous Coomassie-stained band ofM, 225,000,
representing the reduced vWF monomer; the right side is an autora-
diogram that shows the multimeric pattern compared to vWF in
normal pooled platelet-poor plasma (NP) and vWF secreted from
human umbilical vein endothelial cells (EC). EC vWF includes un-
usually large vWF forms.
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Figure 2. Ristocetin-induced vWF multimer binding stimulates
platelet phosphatidic acid (PA) generation. Stirring 32P-loaded ali-
quots of 2.5 x 108 platelets/ml in buffer A with 1 mM CaCl2 were
pretreated for 30 s with ristocetin (1 mg/ml) to which was added pu-
rified vWF multimers (antigen level = 100%). Radiolabeled PA was
extracted from platelet phospholipids, separated by thin-layer chro-
matography, and quantified by liquid scintillation counting. The or-
dinate is the percent increase in PA production above basal levels at
time 0. Each point represents the mean±SEM of four separate exper-
iments.

multimers to platelets activates PKC, the phosphorylation of
its Mr 47,000 substrate (p47) was measured in 32P-labeled plate-
lets exposed to ristocetin. Fig. 3 shows that p47 phosphoryla-
tion of platelets binding vWF increases over a period of4 min.
To determine if platelet [Ca2+]i changes after ristocetin-in-
duced binding ofpurified vWF multimers, fura 2-loaded plate-
lets were analyzed spectrofluorometrically. Fig. 4 snows that
platelet [Ca2+]i responses to ristocetin plus vWF occur and that
[Ca2+Ji increases as the vWF antigen concentration is raised
from 10 to 100%. A similar dose-response relationship was ob-
served for platelet PA production and p47 phosphorylation
(data not shown).

To determine the receptor specificity of vWF-induced sig-
nals, platelets were preincubated with monoclonal antibodies
to platelet GpIb (6D1, [18]) or GpIIb-IIIa (7E3 [19] or lOE5
[20]). Fig. 5 shows that platelet PA production and p47 phos-
phorylation 2 min after the ristocetin-induced binding ofpuri-
fied vWF multimers are completely inhibited by 6D1, but are
unaffected, by 7E3. Fig. 6 shows similar results for [Ca2+]j
changes associated with the ristocetin-induced binding ofpuri-
fied vWF multimers after platelets were incubated with 6D1 or
IOE5, and demonstrates that the inhibition by 6D1 observed at
2 min in Fig. 5 is due to an ablated response, rather than due to
a delayed response.

An important consequence of some platelet activation sig-
nals is the production of thromboxane A2 (TXA2). This eico-
sanoid has proaggregatory and vasoconstrictor properties that
amplify the initiating stimulus and contribute to platelet plug
formation. It is produced as a consequence of release of free
arachidonic acid from membrane phospholipids, followed by
the metabolism of this substrate to prostagandin endoperox-
ides (catalyzed by cyclooxygenase) which are converted to
TXA2 (catalyzed by TXA2 synthase). To directly demonstrate
this, we measured the release of [14C]arachidonic acid and the
production of TXB2, the stable breakdown product of TXA2,
in platelets after the ristocetin-induced binding of purified

vWF multimers. Fig. 7 demonstrates the time-course of plate-
let arachidonic acid release and TXB2 production after ristoce-
tin-induced binding of purified vWF multimers to platelets.
This figure also shows that TXB2 generation is slower than with
thrombin (1 U/ml). The release and metabolism ofarachidonic
acid observed in these experiments appear to occur after the
elevation of [Ca2+]i (Fig. 4). This suggests that this eicosanoid-
generating signal pathway is activated as a consequence of the
rise of [Ca2+]j, probably resulting in the stimulation of platelet
phospholipase A2 (2).

Another molecule that is released from aggregating platelets
is ADP. ADP is secreted from platelet dense granules, and can
further activate and thereby recruit circulating platelets into
the developing thrombus (2). To determine ifADP released as
a consequence ofplatelet aggregation affects platelet signal gen-
eration, we pretreated platelets with CP/CPK (5 mM/25 U/ml,
respectively), and measured PA production and p47 phosphor-
ylation in response to risocetin and vWF. CP/CPK, which scav-
enges ADP and eliminates the effect of released ADP on plate-
lets, has no significant inhibitory effect on platelet PA produc-
tion and p47 phosphorylation in response to risocetin and vWF
(data not shown).

The weak agonists ADP and epinephrine activate platelets
through a mechanism that depends on the release and metabo-
lism of small (and generally unmeasurable) amounts ofarachi-
donic acid (2, 21). To determine if the vWF-GpIb interaction
initiates a cyclooxygenase-dependent pathway of intracellular
signal generation that subsequently activates platelet phospho-
lipase C, platelets were pretreated with indomethacin, stimu-
lated with purified vWF multimers and ristocetin, and assayed

Ristocetin + vWF
.. 0~.R

Thr

Mr

47,000-

0 .5m 1m 2m 4m 6m

.m

1m
Figure 3. The ristocetin-induced binding of vWF multimers to plate-
lets is associated with an increase in the phosphorylation of p47, a
Mr 47,000 substrate of platelet protein kinase C. Stirring 32P-loaded
aliquots of 2.5 X 108 platelets/ml in buffer A with I mM CaCl2 were
treated for 30 s with ristocetin (1 mg/ml) and then mixed with puri-
fied vWF multimers (antigen level = 100%). Platelet phosphoproteins
were separated by 7-17% gradient SDS-PAGE, fixed, dried, and re-
ported by autoradiography. The phosphorylation response of platelets
treated with 1 U/ml thrombin (Thr) is given for comparison. This
autoradiogram is representative of eight separate experiments.
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Figure 4. Ristocetin-induced binding ofvWF multimers is associated
with elevations ofplatelet-ionized cytosolic calcium ([Ca2f]j). Washed
platelets loaded with fura 2, in buffer B with 1 mM CaC12, were
treated for 30 s with ristocetin (1 mg/ml) followed by purified vWF
multimers (antigen levels of 100, 50, or 10%). [Ca2+]i was determined
by measuring fluorescence emmission at 510 nm after the dual exci-
tation of the platelets at 340 and 380 nm. The ratio of emission at
510 nm after excitation at 340 nm and 380 nm (denominator) was
used to calculate [Ca2+]i as described in Methods. This figure is rep-
resentative of four separate experiments.

for changes in lipid and protein phosphorylation. Fig. 8 shows
that platelet PA production and p47 phosphorylation 2 min
after the initiation of vWF-mediated aggregation are inhibited
by indomethacin, and Fig. 9 shows that indomethacin inhibits
the platelet [Ca2+]i response to ristocetin plus vWF.

The aggregation of platelets induced by vWF multimers
and ristocetin does not require a living cell. To corroborate that
platelet signals generated during ristocetin-induced vWF bind-
ing are not due to passive platelet agglutination, we measured
simultaneously, in separate aliquots, aggregation and [Ca2+ji of
indomethacin-pretreated, fura 2-loaded platelets. Fig. 9 shows
that indomethacin inhibits changes of [Ca2"]i without inhibit-
ing vWF-induced platelet aggregation. This divergence of the
platelet aggregation response from the [Ca2+]i response is also
observed with a lower concentration of purified vWF mul-
timers in the absence of indomethacin: a 10% antigen level
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Figure 5. Platelet phosphatidic acid (PA) production and protein ki-
nase C-dependent protein phosphorylation (p47) are inhibited by a

monoclonal antibody to GpIb (6D1) but unaffected by a monoclonal
antibody to GpIIb-IIIa (7E3). Stirring 32P-loaded aliquots of 2.5 X
108 platelets/ml in buffer A with 1 mM CaCl2 were treated for 30 s

with ristocetin (1 mg/ml) followed by purified vWF multimers (anti-
gen level = 100%) for 2 min. p47 phosphorylation and PA production
were quantified as described in Methods. Each bar represents the
mean±SEM of the increase from basal levels for three to six separate
experiments.

Figure 6. vWF-induced elevations of platelet ionized cytosolic cal-
cium ([Ca2]i) are inhibited by a monoclonal antibody to GpIb (6D1)
but less affected by a monoclonal antibody to GpIIb-IIIa (1OE5).
Washed platelets loaded with fura 2, in buffer B with 1 mM CaCl2,
were treated for 30 s with ristocetin (1 mg/ml) and then mixed with
purified vWF multimers (antigen level = 100%). [Ca2+]i was deter-
mined as described in Methods. This figure is representative of four
separate experiments.

causes full aggregation of intact platelets (not shown) but no
change in their [Ca2+]i (Fig. 4).

Discussion

Data presented here demonstrate that ristocetin-induced vWF
binding to platelets initiates specific intracellular signals for
platelet activation. We have found that vWF and ristocetin
cause platelets to hydrolyze PIP2, generate PA, phosphorylate
p47, and increase [Ca2+]i. Because the platelet has two binding
sites for vWF, GpIb, and GpIIb-IIIa, the receptor specificity of
platelet biochemical responses tovWFand ristocetin was exam-
ined. We found that platelet signals in response to vWF and
ristocetin are inhibited by a monoclonal antibody to platelet
GpIb, but not by antibodies to GpIIb-IIIa. This suggests that
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Figure 7. Platelets treated with purified vWF multimers (antigen level
= 100%) in the presence of ristocetin (1 mg/ml) release free [14C]-
arachidonic acid and synthesize thromboxane A2 (TXA2). The pro-
duction of ['4C]arachidonic acid was measured as described in Meth-
ods, and reported by autoradiography. TXA2 was measured by radio-
immunoassay of its stable breakdown product TXB2. The time course
of platelet TXA2 production in response to vWF binding is compared
to both a buffer control and thrombin (1 U/ml). Each point represents
the mean±SEM of three to six determinations.
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Figure 8. Indomethacin (0.27 mM) inhibits vWF-induced platelet
phosphatidic acid (PA) production and protein kinase C-dependent
protein (p47) phosphorylation. Stirring 32P-loaded aliquots of 2.5
x 108 platelets/ml in buffer A with 1 mM CaCl2 were treated for 30 s
with ristocetin (1 mg/ml) followed by vWF (antigen level = 100%)
for 2 min. Platelet phosphoproteins were separated by 7-17% gradient
SDS-PAGE, fixed, dried, and autoradiographed. p47 phosphorylation
and PA production were quantified as described in Methods. Each
bar represents the mean±SEM of the increase from basal levels for
three separate experiments.

the specific interaction between vWF and platelet GpIb leads
directly to intraplatelet biochemical responses.

The kinetics ofvWF-mediated generation ofplatelet signals
are different from those observed with the strong agonist
thrombin, which rapidly (within 15 s) activates platelet PKC
and stimulates changes in [Ca2+]i (2). The lag phase of signal
generation that was observed in our experiments is similar to
that reported by Weiss et al. who measured the release ofADP
and serotonin from intact platelets in platelet-rich plasma
treated with ristocetin (5). The reason for this delay is not
known. We have considered that the lag phase ofplatelet signal
generation in response to the binding of large vWF multimers
may be due to an initial requirement forthe release and metabo-
lism of arachidonic acid, as occurs with the weak platelet ago-
nists ADP or epinephrine (21). When ADP or epinephrine
binds to its specific platelet receptor, phospholipase C is acti-
vated as a consequence ofan initiating cyclooxygenase metabo-
lite-dependent signal. Our observations that indomethacin in-
hibits vWF/ristocetin-mediated platelet PA production, PKC
activation, and changes of[Ca2+]i, without suppressing platelet
aggregation, are consistent with this hypothesis. Because phos-
pholipase A2 (PLA2)-mediated hydrolysis of membrane phos-
pholipids is the major pathway of mobilization of endogenous
arachidonic acid for prostaglandin endoperoxide and TXA2
synthesis in stimulated platelets, our data are consistent with
the hypothesis that there is an initial activation of PLA2 after
vWF binding to GpIb, and that this then leads to the release of
free arachidonic acid and to the formation of cyclooxygenase
products capable of activating phospholipase C.

The molecular mechanisms ofvWF/GpIb-induced platelet
signal generation are not known. Studies of thrombin-platelet
interactions have demonstrated that this platelet agonist binds
to GpIb, but the consequences of this for platelet signal trans-
duction are uncertain (22, 23). GpIb is a transmembranous
heterodimer that may interact with other platelet surface glyco-
proteins, including the Fc receptor and the CD9 complex, both
of which are putative extracellular signal-transducing proteins
(24, 25). No unequivocally established signaling function has
been demonstrated for platelet GpIb although there is, in addi-

tion to evidence for its possible role in mediating thrombin-in-
duced platelet activation, further indirect evidence that GpIb is
a signal transducing protein: cAMP phosphorylates the # chain
ofGpIb (26), decreases thrombin binding to platelets (27), and
inhibits platelet activation (2). Our data suggest the possibility
that platelet membrane GpIb, after the binding ofvWF, under-
goes a conformational change that directly, or indirectly
through a coupling protein, causes the activation of platelet
PLA2 to initiate the sequence of intracellular signaling events
reported in this study. vWF/GpIb-mediated signaling may also
require interplatelet bridging through this specific receptor/li-
gand interaction. This hypothesis is based on our observations
that the biochemical responses of platelets to ristocetin plus
vWFdo not occur in unstirred platelet suspensions where plate-
let-platelet interactions are minimal. Such platelet-platelet in-
teractions, although they may be required for vWF-induced
activation to occur, are insufficient for platelet signals to be
generated: indomethacin inhibits signals in response to vWF
binding to GpIb without inhibiting aggregation.

In summary, we have demonstrated that ristocetin-induced
vWF binding to platelet membrane GpIb initiates specific bio-
chemical pathways of platelet activation. These results suggest
that platelet adhesion mediated by vWF multimers may lead
directly to platelet secretion and aggregation through a mecha-
nism that is intrinsic to the adherent platelet. The relevant
ligand is vWF (derived from plasma, platelets, or the suben-
dothelium), and the receptor that couples this extracellular sig-
nal to an intracellular response is platelet membrane GpIb:
vWF binds to GpIb, thus mediating not only the process of
adhesion, but also simultaneously activating intracellular sig-
nal pathways that cause PKC activation and the elevation of
[Ca2+]i. These signals then lead to the release reaction and the

vWF
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Transmission
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[Ca211
(nM)

Indo + vWF

Time

Figure 9. Indomethacin (0.27 mM) inhibits vWF-induced elevations
of platelet cytosolic calcium ([Ca2+Ji) without inhibiting platelet ag-
gregation. Washed platelets loaded with fura 2, in buffer B with 1 mM
CaC12, were treated for 30 s with ristocetin (1 mg/ml) and then mixed
with purified vWF multimers (antigen level = 100%). [Ca2f]i was
determined as described in Methods. Aggregation of identically pre-
pared platelets was measured simultaneously by light transmittance
in an aggregometer (Chronolog, Haverton, PA).
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recruitment of circulating platelets to the site of vascular in-
jury. It is not yet known if, in vivo, vWF-mediated platelet
adhesion to subendothelium is directly coupled to activation
pathways that promote platelet aggregate formation. Studies of
the molecular mechanisms of these responses, and of ristoce-
tin-independent vWF binding to platelets, should help to clar-
ify the physiological importance of vWF-mediated adhesion-
activation coupling.

Acknowledgments

The authors thank Dr. J. David Hellums for helpful discussions and
Nancy Turner for preparation of the purified vWF. Supported in part
by grants HL02311, HL36045, HL35387, HL18584, and HL34787
from the National Institutes of Health, and by grants provided by the
Veterans Affairs (to M. H. Kroll and A. I. Schafer). M. H. Kroll is the
recipient of a Clinical Investigator Award from the National Heart,
Lung and Blood Institute and an award from the Biomedical Research
Support Group of the Baylor College of Medicine (PHS RR-05425).

References

1. Ruggieri, Z. M., and T. S. Zimmerman. 1987. von Willebrand factor and
von Willebrand disease. Blood. 70:895-904.

2. Kroll, M. H., and A. I. Schafer. 1989. Biochemical mechanisms of platelet
activation. Blood. 74:1181-1195.

3. Rodgers, G. R. 1988. Hemostatic properties ofnormal and perturbed vascu-
lar cells. FASEB (Fed. Am. Soc. Exp. Biol.) J. 2:116-123.

4. Alkhamis, T. M., R. L. Beissinger, and J. R. Chediak. 1990. Artificial
surface effect on red blood cells and platelets in laminar shear flow. Blood.
75:1568-1575.

5. Weiss, H. J., J. Rodgers, and H. Brand. 1973. Defective ristocetin-induced
platelet aggregation in von Willebrand's disease and its correction by factor VIII.
J. Clin. Invest. 52:2697-2707.

6. Gralnick, H. R., S. B. Williams, and B. S. Coller. 1985. Asialo von Wille-
brand factor interactions with platelets. Interdependence ofglycoproteins lb and
IIb/IIIa for binding and aggregation. J. Clin. Invest. 75:19-25.

7. De Marco, L., A. Girolami, S. Russell, and Z. M. Ruggieri. 1985. Interac-
tion of Asialo von Willebrand factor with glycoprotein lb induces fibrinogen
binding to the glycoprotein IIb/IIla complex and mediates platelet aggregation. J.
Clin. Invest. 75:1198-1203.

8. Williams, S. B., L. P. McKeown, and H. R. Gralnick. 1987. Asialo von
Willebrand factor binding to and aggregation of platelets: effects of inhibitors of
platelet metabolism and function. J. Lab. Clin. Med. 109:560-565.

9. Cattaneo, M., J. F. Mustard, M. T. Canciani, M. Richardson, A. B. Fede-
rici, and P. M. Mannucci. 1988. Conditions influencing the interaction ofAsialo
von Willebrand factor with human platelets: the effects of external ionized cal-
cium concentration and the role ofthe arachidonate pathway. Thromb. Haemos-
tasis. 60:280-288.

10. Moake, J. L., N. A. Turner, N. A. Stathopoulos, L. Nolasco, and J. D.
Hellums. 1988. Shear-induced platelet aggregation can be mediated by vWF re-

leased from platelets, as well as by exogenous large or unusually large vWF mul-
timers, requires adenosine diphosphate, and is resistant to aspirin. Blood.
71:1366-1374.

11. Moake, J. L., N. A. Turner, N. A. Stathopoulos, L. H. Nolasco, and J. D.
Hellums. 1986. Involvement of large plasma von Willebrand factor (vWF) mul-
timers and unusually large vWF forms derived from endothelial cells in shear
stress-induced platelet aggregation. J. Clin. Invest. 78:1456-1461.

12. Moake, J. L., C. K. Rudy, J. H. Troll, M. J. Weinstein, N. M. Colannino,
J. Azocar, R. H. Seder, S. L. Hong, and D. Deykin. 1982. Unusually large plasma
factor VIII: von Willebrand factor multimers in chronic relapsing thrombotic
thrombocytopenic purpura. N. Engl. J. Med. 307:1432-1435.

13. Walsh, P. N., D. C. B. Mills, and J. G. White. 1977. Metabolism and
function ofhuman platelets washed by albumin density gradient separation. Br.
J. Haemotol. 36:281-296.

14. Kroll, M H., G. B. Zavoico, and A. I. Schafer. 1989. Second messenger
function ofphosphatidic acid in platelet activation. J. Cell. Physiol. 139:558-564.

15. van Dongen, C. J., H. Zwiers, and W. H. Gispen. 1985. Microdetermina-
tion of phosphoinositides in a single extract. Anal. Biochem. 144:104-109.

16. Laemmli, U. K 1970. Cleavage ofstructural proteins during the assembly
of the head of bacteriophage T4. Nature (Lond.). 227:680-685.

17. Grynkiewicz, G., M. Poenie, and R. Y. Tsien. 1985. A new generation of
Ca2+ indicators with greatly improved fluorescence properties. J. Biol. Chem.
260:3440-3450.

18. Coller, B. S., E. I. Peerschke, L. E. Scudder, and C. A. Sullivan. 1983.
Studies with a murine monoclonal antibody that abolishes ristocetin-induced
binding of von Willebrand factor to platelets: additional evidence in support of
GpIB as a platelet receptor for Von Willebrand factor. Blood. 61:99-110.

19. Coller, B. S. 1985. A new murine monoclonal antibody reports an activa-
tion-dependent change in the conformation and/or microenvironment of the
platelet glycoprotein IIb/Illa complex. J. Clin. Invest. 76:101-108.

20. Coller, B. S., E. I. Peerschke, L. E. Scudder, and C. A. Sullivan. 1983. A
murine monoclonal antibody that completely blocks the binding offibrinogen to
platelets produces a thrombasthenic-like state in normal platelets and binds to
glycoproteins Ilb and/or I1a. J. Clin. Invest. 72:325-338.

21. Sweatt, J. D., I. A. Blair, E. J. Cragoe, and L. E. Limbird. 1986. Inhibitors
ofNa+/H' exchange block epinephrine- and ADP-induced stimulation ofhuman
platelet phospholipase C by blockade ofatachidonic acid release at a prior step. J.
Biol. Chem. 261:8660-8666.

22. Fitzgerald, L. A., and D. R. Phillips. 1987. Platelet membrane glycopro-
teins. In Hemostasis and Thrombosis. 2nd ed. R. W. Colman, J. Hirsh, V. J.
Marder, and E. W. Salzman, editors. J. B. Lippincott Co., Philadelphia. 572-593.

23. Yamamoto, N., N. J. Greco, M. R. Barnard, K. Tanoue, H. Yamazaki,
G. A. Jamieson, and A. D. Michelson. 1991. Glycoprotein lb (Gplb)-dependent
and GpIb-independent pathways ofthrombin-induced platelet activation. Blood.
77:1740-1748.

24. Jennings, L. K, C. F. Fox, W. C. Kouns, C. P. McKay, L. R. Ballou, and
H. I. Schulz. 1990. The activation of human platelets mediated by anti-human
platelet p24/CD9 monoclonal antibodies. J. Biol. Chem. 265:3815-3822.

25. Worthington, R. E., R. C. Carroll, and C. Boucheix. 1990. Platelet activa-
tion by CD9 monoclonal antibodies is mediated by the Fc gamma II receptor. Br.
J. Haematol. 74:216-222.

26. Fox, J. E. B., C. F. Reynolds, and M. M. Johnson. 1987. Identification of
glycoprotein lb, as one of the major proteins phosphorylated during exposure of
intact platelets to agents that activate cyclic AMP-dependent protein kinase. J.
Biol. Chem. 262:12627-12631.

27. Lerea, K. M., J. A. Glomset, and E. G. Krebs. 1987. Agents that elevate
cAMP levels in platelets decrease thrombin binding. J. Biol. Chem. 262:282-288.

von Willebrand Factor-induced Platelet Activation 1573


