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Abstract

von Willebrand factor (vWF) is necessary for the initial
attachment of platelets to exposed subendothelium, particularly
under flow conditions like those prevailing in the microcircu-
lation. Little is known about its possible participation in
subsequent events leading to formation of platelet thrombi at
sites of vascular injury. Weaddressed this question by studying
the mechanisms by which desialylated vWF induces platelet
aggregation in the absence of any other stimulus. Asialo vWF,
unlike the native molecule, does not require ristocetin to
interact with platelets. Agglutination induced by ristocetin is
largely independent of active platelet metabolism and only
partially reflects physiological events. We have shown here
that binding of asialo vWF to platelets was accompanied by
release of dense granule content and subsequent ADP-dependent
fibrinogen binding to receptors on the glycoprotein (GP)
IIb/IIa complex. The initial interaction of asialo vWF with
platelets was mediated by GPIb, as shown by blocking obtained
with monoclonal antibody. Inhibition of this initial interaction
completely abolished platelet aggregation induced by asialo
vWF. The same effect was obtained with a monoclonal anti-
GPIIb/IIIa antibody. This, however, did not block asialo vWF
binding to platelets, but rather inhibited subsequent fibrinogen
binding induced by asialo vWF. Therefore, the latter process
was also essential for platelet aggregation under the conditions
described. At saturation, asialo vWFinduced binding of between
3.2 and 27.7 X 103 fibrinogen molecules/platelet, with an
apparent dissociation constant between 0.28 and 1.18 X 10'
M. This study shows that asialo, and possibly native, vWF
acts as a platelet agonist after its binding to GPIb and induces
aggregation through a pathway dependent on GPIIb/IIIa-
related receptors.

Introduction

Normal platelet function requires the participation of specific
plasma proteins. Among these, von Willebrand factor (vWF)'
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mediates platelet adhesion to exposed subendothelium (1), and
fibrinogen is necessary for platelet-platelet interaction (aggre-
gation) (2). These proteins have been shown to bind to specific
sites on the platelet membrane, but only in the presence of
appropriate agonists. The antibiotic ristocetin induces binding
of vWFto the platelet membrane glycoprotein (GP) Ib (3, 4).
ADP, thrombin, and epinephrine, on the other hand, stim-
ulate the binding of fibrinogen to the GP IIb/IIIa complex
(2, 5-10).

Ristocetin-induced platelet agglutination is independent of
divalent cations and platelet metabolism (3) and, in this
respect, does not reflect the processes that, in vivo, lead to the
formation of a platelet thrombus. Recently, it has been shown
that desialylated human vWFaggregates platelets directly when
added to platelet-rich plasma (1 1-13). Since native vWFdoes
not interact with unstimulated platelets, we used asialo vWF
to explore the mechanisms by which platelets are activated in
the absence of ristocetin or any other platelet agonist. In
contrast to ristocetin-induced agglutination, aggregation induced
by asialo vWF requires divalent cations and one or more
plasma cofactors (13).

In this report we show that one such cofactor is fibrinogen.
In addition we show that, as a consequence of asialo vWF
binding to GPIb, specific fibrinogen receptors related to the
GPIIb/IIIa complex become exposed on platelets. Thus, vWF
not only promotes platelet adhesion to the subendothelium,
but also induces fibrinogen-dependent platelet aggregation.
Therefore, the role of vWF in initiating the hemostatic mech-
anism may be more complex than previously suspected.

Methods

Purification of vWFandfibrinogen. The method used for the purification
of vWF from plasma was recently published in detail (13-15). The
purified vWFused in these experiments was in 0.02 MTris, 0.15 M
NaCI, pH 7.3, and had a protein concentration between 1.5 and 3.5
mg/ml. Each preparation was tested for ristocetin cofactor activity,
using a method previously described (16), and found to contain
between 107 and 142 U/mg. The multimeric composition was assessed
in all samples using agarose electrophoresis in the presence of sodium
dodecyl sulfate (SDS) (17). Multimers of all sizes were present and the
complex multimeric structure was similar to that of plasma vWF(17).
Purity was assessed as described previously (4).

Blood for the purification of fibrinogen was collected into one-

tenth final volume of citrate-phosphate-dextrose anticoagulant, con-

taining I M e-aminocaproic acid. The purification scheme used was

1. Abbreviations used in this paper: FSBA, 5'-p-fluorosulfonylbenzoyl-
adenosine; GP, glycoprotein; GPlb, GPIlb, and GP IIa, glycoproteins
lb, UIb, and lIla; Kd, dissociation constant; vWF, von Willebrand
factor.
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that described by Kazal et al. (18), with few modifications (13). The
purified fibrinogen was finally concentrated to 11-34 mg/ml and
dialyzed against 0.02 MTris, 0.15 MNaCI, pH 7.3. Clottability was
>93%. SDS-polyacrylamide gel electrophoresis (10% acrylamide with
5% cross-linking) under reducing conditions (19) showed the typical
Aa, BE3, and y chains.

Desialylation of vWF. The purified vWFwas treated with protease-
free neuraminidase from Vibrio cholerae (Calbiochem-Behring Corp.,
La Jolla, CA) as previously described (13). Desialylated vWFwas freed
of active enzyme and released sialic acid as reported (13, 20). The
sialic acid content was measured by the method of Warren (21). Asialo
vWF was concentrated to 0.74-1.5 mg/ml, and then extensively
dialyzed against 0.02 M Tris, 0.15 M NaCl, pH 7.3. In six different
preparations, the sialic acid content after treatment with neuraminidase
was (mean±SD) 5.2±1.7 nmol/mg protein, as opposed to 132.4±16.7
nmol/mg protein in the corresponding native vWF. This represented
a removal of >95%. The multimeric structure and ristocetin cofactor
activity of asialo vWFwere identical to those of native vWF(20).

Radioiodination of proteins. This was performed with 1251I by the
method of Fraker and Speck (22) to 0.6-0.9 mCi/mg sp act. In
preliminary experiments we determined that the preparations of 1251I
vWF, both native and asialo, had a multimeric composition identical
to that of the unlabeled proteins (4). The '25I-fibrinogen was 92%
clottable.

Monoclonal antibodies. The anti-GPIb and the anti-GP Ilb/Illa
monoclonal antibodies were a gift from Dr. Robert R. Montgomery
and Dr. Thomas J. Kunicki (The Blood Center of S. E. Wisconsin,
Milwaukee, WI). Both antibodies, designated AP.1 and AP.2, respec-
tively, have been fully characterized (23). The control monoclonal
antibody used (B 33.1) is an anti-HLA-D-related commondeterminant
that does not react with platelets (24). Monoclonal IgG were prepared
from ascites fluid by adsorption-elution from staphylococcal protein A
covalently coupled to Sepharose CL-4B (Sigma Chemical Co., St.
Louis, MO), according to the method of Ey et al. (25). Reduced SDS-
polyacrylamide gels (10% acrylamide with 5% cross-linking) demon-
strated that the purified fractions essentially contained only the heavy
and light chains of IgG.

Preparation of washed platelet suspensions. Washed platelets for
aggregation and binding studies were prepared from blood drawn into
one-sixth final volume of acid/citrate/dextrose, pH 4.5. Platelet-rich
plasma was obtained as described previously (4). For some experiments,
it was labeled before washing by incubating 20 ml with 0.5 ,uCi
['4C]serotonin (5-hydroxy[2-'4C]tryptamine creatinine sulfate; Amer-
sham Corp., Arlington Heights, IL). Platelets were washed free of
plasma constituents by the albumin density-gradient technique of
Walsh et al. (26), with minor modifications, consisting essentially of
the addition of apyrase (grade III; Sigma Chemical Co.) to the platelet-
rich plasma (5 U/ml, based on 5'-ATPase activity) and to the buffer
used in the two subsequent washes (1 and 0.2 U/ml, respectively). The
platelets were finally resuspended in Tyrode buffer, pH 7.35 (4). The
albumin concentration in the platelet suspension was, at that point,
between 29 and 42 mg/ml (range of 15 measurements) and represented
carry-over from the washing procedure. All subsequent dilutions were
made in Tyrode buffer, pH 7.35, containing 20 mg/ml albumin.

Aggregation studies. The normal volunteers and patients studied
gave their informed consent, according to the Declaration of Helsinki.
All reported that they had taken no medications during the week
before testing. The three patients with severe afibrinogenemia had
unmeasurable plasma fibrinogen levels and platelet fibrinogen content
of 4.4, 4.5, and 7 qg/109 platelets (normal range of platelet fibrinogen
concentration, 360-550 gg/10' platelets), respectively. These determi-
nations were obtained by radioimmunoassay (kindly performed by Dr.
E. F. Plow, Scripps Clinic and Research Foundation, La Jolla, CA).
All aggregation studies were performed in siliconized glass cuvettes
placed in an aggregometer (Chrono-Log Corp., Havertown, PA) at
37°C. The platelet suspension was constantly stirred at 1,200 rpm
using a Teflon-coated magnetic stirrer. ADP (sodium salt, grade X),
ristocetin (sulfate salt, >90% ristocetin A), and 5'-p-fluorosulfonylben-

zoyladenosine (FSBA) were from Sigma Chemical Co.; a-thrombin
was a gift from Dr. J. W. Fenton II (New York State Department of
Health, Albany, NY). Release of ['4C]serotonin was measured as
previously reported (4).

Binding experiments. The binding of '25I-asialo vWFto unstimulated
platelets was measured in platelet-rich plasma using a final platelet
count of between 2.5 and 3.0 X 108/ml and 125I-asialo vWF concen-
trations from 1.5 to 100 ,g/ml. After incubation for 30 min at room
temperature (22-250C) without stirring, separation of platelet-bound
from free ligand was achieved by centrifugation through 20% sucrose
in Tyrode buffer, as previously described, followed by measurement of
bound radioactivity (4, 27). Appropriate concentrations of monoclonal
IgG against GPIb or GPIlb/Il1a, or control monoclonal IgG, were used
in some experiments and incubated with the platelets for 10 min at
room temperature before the radiolabeled ligand was added. Each
anti-platelet antibody was used in excess of the concentration that
gave at least 90% saturation as determined by specific binding isotherms
obtained with '25I-labeled IgG. These values were, under the conditions
used, 30 gg/ml for AP. 1 and 90 gg/ml for AP.2. In some experiments,
'25I-native vWFwas used instead of asialo vWF.

The binding of '251-fibrinogen to washed platelets in the presence
of asialo vWFwas measured as follows. Washed platelets (2-4 X 108/
ml) were mixed with asialo vWFand calcium chloride (1-2 mMfinal
concentration) and stirred in the aggregometer cuvette at 1,200 rpm
for 5 min at 37°C. In some experiments, this incubation was done at
room temperature and without stirring, but the results observed were
similar. The mixture was then removed from the aggregometer, and
appropriate aliquots were mixed with 125I-fibrinogen either in the
presence or absence of excess unlabeled fibrinogen. The platelet count
at that point was 1-2 X 108/ml. After incubation at room temperature
without stirring for 30 min or a variable period of time in time course

experiments, phase separation was achieved as described above. In
some experiments, monoclonal anti-GPIb IgG or anti-GPIIb/IIIa IgG,
or ADPscavangers were added to the platelets together with the asialo
vWF. The binding of '25I-fibrinogen induced by ADP (20 ,M) was
measured by adding the ADP to the platelet mixture containing
calcium and the ligand, without stirring. For the measurement of
thrombin-induced binding, platelets at the concentration of 2.5 X 108/
ml were stimulated with 0.5 NIH U/ml of a-thrombin for 10 min at
room temperature without stirring. Hirudin (Sigma Chemical Co.) was
then added at a 16-fold excess over thrombin. After 5 min, 125I-
fibrinogen was added for 30 min, and binding was measured as
described above.

Binding isotherms were fitted to the experimental data, each one
being the mean of duplicate or triplicate readings that agreed within
20%, using least squares regression analysis. Proportionate standard
error weighting (28) was used to analyze double-reciprocal plots.

Results

Platelet aggregation induced by asialo vWF. Suspensions of
normal washed platelets stirred in the aggregometer failed to
show detectable aggregation upon addition of asialo vWF(Fig.
1). Subsequent addition of either calcium chloride or fibrinogen
also failed to produce any response. When both calcium and
fibrinogen were added to the mixture of platelets and asialo
vWF, however, prompt aggregation was observed (Fig. 1).
Fibrinogen and calcium, in the absence of asialo vWF, had no
effect (Fig. 1). Aggregation of washed platelets in the presence
of asialo vWF, fibrinogen, and calcium, was completely blocked
by both the monoclonal antibody against GPIb and the one
against GPIIb/IIIa (Fig. 2). Similar results were observed in
platelet-rich plasma. Aggregation was also blocked by apyrase,
at a concentration of 5 U/ml based on 5'-ATPase activity (Fig.
2), and by FSBA at 1 X l0-4 M.

Fibrinogen was a necessary cofactor for platelet aggregation
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Figure 1. Aggregation of normal washed platelets induced by asialo
vWF. Washed platelets, prepared as described in the Methods sec-

tion, were added into the aggregometer cuvette (0.336 ml with 2.38
X 108 platelet/ml) and mixed with either 20 ,l of asialo vWF(0.82
mg/ml) or 40 Ml of fibrinogen (20 mg/ml) plus 4 Ml of calcium
chloride (0.1 M), as indicated. After the mixture was stirred in the
aggregometer and lack of aggregation was observed, fibrinogen (40 Ml)
was added to one of the mixtures containing asialo vWF(left trace),
and calcium chloride (4 Ml) was added to the other (middle trace).
Asialo vWF(20 Ml) was added to the mixture containing fibrinogen
and calcium chloride (right trace). Aggregation was observed, at this
point, in the latter mixture, but not in the others. Aggregation was

prompt, however, when calcium chloride (4 Ml) was added to the
mixture already containing fibrinogen (left trace), or fibrinogen (40
Al) was added to the mixture already containing calcium chloride
(middle trace). The final concentrations in each mixture were as

follows: asialo vWF, 41 Mg/ml; fibrinogen, 2 mg/ml; calcium chlo-
ride, I mM.

induced by asialo vWFand acted in a dose-dependent manner.

Whena constant concentration of asialo vWFwas maintained,
increasing the concentration of fibrinogen resulted in a more

prompt and pronounced aggregation (Fig. 3). Conversely,
when fibrinogen was present at concentrations that were

maximally effective, the onset and extent of aggregation were

dependent on the amount of asialo vWFadded to the mixture
(Fig. 3). In accordance with the results observed with washed
normal platelets, the response of afibrinogenemic platelet-rich
plasma to asialo vWF was markedly impaired, but it was

restored to normal by the addition of fibrinogen. Similar results
have been previously reported (12).

Release of ['4C]serotonin was observed when asialo vWF
was stirred with washed platelets in the absence of fibrinogen
and calcium, and, therefore, in the absence of macroscopic
aggregation. The release was related to the amount of asialo
vWFadded to the mixture and was always consistently greater
than in control experiments where platelets were mixed with
native vWFor fibrinogen alone. Release was more pronounced
when aggregation occurred in the presence of asialo vWF,
calcium, and fibrinogen (Table I).

Binding of 251I-asialo vWF to unstimulated platelets. 25I-
asialo vWF bound in a saturable manner to unstimulated
platelets in platelet-rich plasma, without stirring (Fig. 4). In
five separate experiments it was determined that total binding
at saturation was 0.59±0.21 (SD) Mg/108 platelets, with an

apparent dissociation constant (Kd) of 28±4.3 ,g/ml. The

Increased Light Transmittance

Figure 2. Aggregation of normal washed platelets induced by asialo
vWF. Washed platelets (0.316 ml with 2.53 X 108 platelet/ml) were

mixed with 20 Mul of asialo vWF(0.82 mg/ml), 4 Ml of CaCl2 (0.1 M),
and 20 of one of the following reagents, as indicated: 0.02 MTris,
0.15 MNaCl buffer, pH 7.3 (control trace); anti-PIb (0.6 mg/ml)
or anti-PlIb/IlIa monoclonal IgG (1.8 mg/ml); or apyrase (100
U/ml, based on 5'-ATPase activity). After the mixture was stirred in
the aggregometer and lack of aggregation was observed, 40 Ml of
fibrinogen (20 mg/ml) was added to all mixtures. Aggregation was

observed only in the control mixture.

anti-GPIb antibody inhibited the binding >75%, whereas the
anti-GP Ilb/Illa antibody had only a minimal effect (Fig. 4).
The binding of '25I-native vWF to unstimulated platelets was

similar to that of '251I-asialo vWF in the presence of the anti-
GPIb antibody (Fig. 4). In these two cases the binding was not
saturable. Neither apyrase nor FSBA, at concentrations that
inhibited fibrinogen binding (see below), had any effect on the
binding of asialo vWFto unstimulated platelets.

Binding of '25I-fibrinogen to platelets in the presence of
asialo vWF. Asialo vWF induced the time-dependent binding
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Figure 3. Effect of asialo vWFand fibrinogen concentrations on

aggregation of washed platelets. Washed platelets (0.316 ml with 2.53
X I0 platelet/ml) were mixed with 4 Al of calcium chloride (0.1 M)
and 40 Ml of asialo vWFto give either a final concentration of 40
Mg/ml for the four traces on the left, or the concentration indicated

for each one of the traces on the right. After the mixture was stirred
in the aggregometer to set a baseline, 40 Ml of fibrinogen, or 0.02 M

Tris, 0.15 MNaCl, pH 7.3, was added to each mixture to achieve
either the final concentration indicated for each trace on the left, or a

concentration of 1 mg/ml for the three traces on the right. Changes
in light transmittance were then recorded.
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Table l. Release of [14C]Serotonin Induced by Asialo vWF

Agonist Release Aggregation

Asialo vWF (20 ,g/ml) 9.9-13.3* -

(40 ;ig/ml) 14-27* -

(60 jig/ml) 15.7-33* -

Native vWF (60 jig/ml) 4.3 -

(240 jg/ml) 7.9 -

Asialo vWF (60 ALg/ml) 50.3 +

(Fibrinogen
+ CaC12)

Fibrinogen + CaCi2 5.1

The mixture of washed platelets (final count 2 X 108/ml) and vWF,
at the final concentrations indicated, was stirred (1,200 rpm) in the
aggregometer at 370C for 5 min. Imipramine was present at 5 MiM to
block any reuptake of serotonin. When fibrinogen and CaC12 were
present, they were at 1 mg/ml and 2 mM, respectively. The mixture
was then rapidly transferred into a microcentrifuge tube and the
platelets sedimented for 4 min at 13,000 g. The radioactivity in 5 Il
of the supernatant obtained after spinning out the platelets was
counted in a liquid scintillation spectrometer and expressed as per-
centage of releasable serotonin. The latter was determined by adding
to the platelets a-thrombin at a final concentration of 1 NIH U/ml.
Releasable serotonin accounted for >80% of the total content in
lysed platelets. Aggregation, as indicated in the last column, was
monitored in the aggregometer.
* Starred results represent the range of three experiments. All other
results represent single experiments.

of '251-fibrinogen to washed platelets, and equilibrium was
reached in 20 min at room temperature. The binding of 12511
fibrinogen was maximal at concentrations of asialo vWF
between 20 and 40 jig/ml, but then decreased as the concen-
tration of asialo vWFwas increased (Fig. 5). The binding of
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0.3 - Anti-GPlbIMa

¢0.2 ~ > Anti-GPIb

0.1

- 10 10 20 30 40 50 60 70 80

'251-Asialo vWF Added (jg/ml)
Figure 4. Binding of '25I-asialo vWFto unstimulated platelets. Plate-
let-rich plasma (70 ul; final concentration 3 X 108 platelet/ml) was
mixed with 30 Ail of 0.02 MTris, 0.15 MNaCI, pH 7.3 (-, control),
anti-GPIb IgG (o), or anti-GPIIb/IIIa IgG (A; final concentration 30
jig/ml and 90 jg/ml, respectively), for 10 min at 22-250C without
agitation. '25I-Asialo vWF (25 jil) was then added in final concentra-
tions from 1.6 to 78 ug/ml and incubated for 30 min under the same
conditions. Binding was measured as described in the text. Open
squares indicate the curve obtained in a control experiment in which
platelets were incubated with '25I-native vWF.

o~ Asialo vWF
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Asialo vWF
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CU
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1251-Fibrinogen Added (pKM)
Figure 5. Effect of asialo vWFconcentration on the binding of '25I-
fibrinogen to platelets. Washed platelets (0.356 ml with 3.37 X 10"
platelet/ml) were mixed in the aggregometer cuvette with 4 41 of
calcium chloride (0.1 M) and 40 jIl of asialo vWFto give a final
concentration of 20 jig/ml (e) or 80 jig/ml (i), as indicated. The
mixture was stirred at 370C for 5 min, while changes in light
transmission were recorded to ensure that no macroscopic aggrega-
tion was occurring. The mixture was then divided into 40-ji1 aliquots,
and 25 ul of '25I-fibrinogen was added to give the final concentrations
indicated. This was immediately followed by 55 ul of either 0.02 M
Tris, 0.15 MNaCi, pH 7.3, to measure total binding, or a 20-fold
excess of unlabeled fibrinogen to measure nonspecific binding. The
incubation was continued for 30 min at 22-250C without stirring,
and platelet-bound radioactivity was then measured as described in
the Methods section. Results shown represent specific binding.

251-fibrinogen induced by asialo vWF was saturable, and it
was inhibited >75% by excess unlabeled fibrinogen (Fig. 6). It
required 1-2 mMCa2" and was completely blocked by 2 mM
EDTA. In 11 separate experiments, performed with platelets

D 16 Total

A,14 - , f t14 0 NonSpecific
CD
o 012 -

810

6 Anti-GPlBI/Ma

1281*Fibrinogen Added ({.M)
Figure 6. Saturation binding of '251-fibrinogen induced by asialo
vWF. This experiment was performed essentially as described in the
legend to Fig. 5, except that platelets and asialo vWFwere incubated
at 22-250C without stirring. The mixtures also contained mono-
clonal anti-GPIb IgG (A; 30 Ig/ml), or anti-GPIIb/IIIa IgG (0; 90
jig/mi), as indicated, or 0.02 MTris, 0.15 MNaCi, pH 7.3 (curves
for total [oJ and nonspecific [A] binding). Specific binding (-) was
calculated by subtracting nonspecific (determined in the presence of a
20-fold excess of unlabeled fibrinogen) from total binding. The bind-
ing measured in the presence of the monoclonal antibodies is re-
ported as total binding.
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from different donors, specific binding at saturation was between
3.2 and 27.7 X 103 molecule/platelet, with an apparent Kd
between 0.28 and 1.18 X 1O-6 M. The binding of '251-fibrinogen
induced by asialo vWF was markedly reduced by the anti-
GPIb monoclonal antibody (Fig. 6). This antibody had no
effect on the binding of fibrinogen induced by thrombin or
ADP (4). In addition, the anti-GPIIb/IIIa antibody inhibited
the binding of '251-fibrinogen induced by asialo vWF(Fig. 6),
but in this case, the inhibition was similar to that observed
when ADP or thrombin were used as agonists. Apyrase (5
U/ml) and FSBA (1 X 10-4 M), at concentrations that blocked
the thrombin-induced binding of fibrinogen, also inhibited the
binding induced by asialo vWF.

Discussion

This study shows that asialo vWFinduces platelet aggregation
by interacting with the membrane GPIb, followed by release
of dense granule content and fibrinogen binding to sites
exposed on the GPIIb/IIIa complex. These latter receptors are
identical, or closely related, to those involved in platelet
aggregation induced by agonists like ADPand thrombin (4, 9,
10), as shown by blocking obtained with the same monoclonal
antibody (4, 23). As with other platelet agonists (2, 6-8),
endogenous ADP is essential for fibrinogen binding induced
by asialo vWF. This was demonstrated by the inhibitory effect
of apyrase, which degrades ADP to AMP, and FSBA, a
competitive receptor antagonist of ADP.

Previous studies using Bernard-Soulier platelets had sug-
gested the possibility that asialo vWFinteracts with GPIb (13).
Further evidence in favor of this hypothesis is provided here
by the experiments performed with the anti-GPIb antibody,
which blocked asialo vWF binding. Since the same antibody
also blocks ristocetin-induced binding of native vWF(4), both
ligands must interact with the same or closely related epitopes
on GPIb. Moreover, the vWF binding sites appear to be
expressed on unstimulated platelets. The direct interaction of
asialo vWF with GPIb is probably related to asialo vWFs
decreased negative charge as compared with the native molecule
(29). Such a concept is in agreement with the proposed
mechanism of action of the electropositive ristocetin molecule
in promoting vWFbinding to platelets (30).

Asialo vWF induces ADP-mediated fibrinogen binding to
platelets with an apparent Kd similar to that measured with
other agonists (2, 5-8). Competition existed, however, between
the two ligands for binding to GPIIb/IIIa, as suggested by the
fact that less fibrinogen bound to platelets when higher con-
centrations of asialo vWFwere present. Such a finding is in
agreement with direct competition binding studies performed
with native vWF (31), as well as with asialo vWF(De Marco,
L., R. Bader, S. Russell, and Z. M. Ruggeri, unpublished
observation). These results are not likely to be due to increased
release of platelet fibrinogen induced by the higher concentra-
tions of asialo vWF. In fact, it has been shown that the binding
of exogenous fibrinogen (32), as well as of vWF(27), to ADP-
or thrombin-stimulated platelets is the same in normal and
afibrinogenemic individuals, suggesting that released platelet
fibrinogen has little influence on it. This is possibly due to the
fact that additional GPIIb/IIIa molecules, contained in the
membrane of a-granules, may be involved in interacting with
intracellular ligands when they emerge on the platelet surface
in a process of membrane fusion (33).

Our results indicate that platelet aggregation induced by
asialo vWFrequired exogenous fibrinogen and was correlated
to the amount of asialo vWF present, even though the latter
competed with fibrinogen for binding to GPIIb/IIIa. In agree-
ment with previously reported results (34), we found that
aggregation occurred at concentrations of asialo vWF that
caused occupancy of only a small fraction of the total available
sites on GPIb. The fact that more asialo vWFwas required to
stimulate washed platelets than platelet-rich plasma (13) may
reflect functional damage incurred during the isolation proce-
dure. Altogether, these findings suggest that vWFand fibrinogen
cooperate in promoting aggregation.

Asialo vWF is not known to occur in vivo, although its
local generation at sites of vascular injury has been postulated
( 13). There is evidence, however, that platelet aggregation after
the ristocetin-induced binding of native vWFto GPIb requires,
as in the case of asialo vWF, availability of divalent cations
and secretion of dense granule content (35). Moreover, integrity
of the GPIIb/IIIa complex is also necessary (36). These events
are difficult to appreciate, as they are masked by the concurrent
ristocetin-induced agglutination of platelets that is independent
of active platelet metabolism (37). Based on these observations,
and on the mechanisms here described, we propose that the
interaction of either native or asialo vWFwith GPIb not only
promotes the initial attachment of platelets to the subendothe-
lium, but also plays a role in subsequent events leading to the
formation of platelet thrombi at sites of vascular injury.
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