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In this study we have examined the mechanism of platelet aggregation under physiological flow con-
ditions using an in vitro flow-based platelet aggregation assay and an in vivo rat thrombosis model. Our
studies demonstrate an unexpected complexity to the platelet aggregation process in which platelets in
flowing blood continuously tether, translocate, and/or detach from the luminal surface of a growing
platelet thrombus at both arterial and venous shear rates. Studies of platelets congenitally deficient in
von Willebrand factor (vWf) or integrin Oyp3; demonstrated a key role for platelet vWf in mediating
platelet tethering and translocation, whereas integrin 0,33 mediated cell arrest. Platelet aggregation
under flow appears to be a multistep process involving: (a) exposure of vIWf on the surface of immobi-
lized platelets; (b) a reversible phase of platelet aggregation mediated by the binding of GPIba on the
surface of free-flowing platelets to vWf on the surface of immobilized platelets; and (c) an irreversible
phase of aggregation dependent on integrin OpPs. Studies of platelet thrombus formation in vivo
demonstrate that this multistep adhesion mechanism is indispensable for platelet aggregation in arte-
rioles and also appears to promote platelet aggregate formation in venules. Together, our studies
demonstrate an important role for platelet vIWf in initiating the platelet aggregation process under flow
and challenge the currently accepted view that the vIWf-GPIba interaction is exclusively involved in ini-
tiating platelet aggregation at elevated shear rates.

J. Clin. Invest. 105:783-791 (2000).

Introduction
Platelet aggregation at sites of vascular injury is essential
for the formation of the primary hemostatic plug and
also for the development of pathological thrombi at sites
of atherosclerotic plaque rupture. The initial contact of
platelets with the injured vessel wall (platelet adhesion)
is a complex process involving multiple adhesive sub-
strates (von Willebrand factor [vWf], collagen) and recep-
tors on the platelet surface (GPIb/V/IX, integrins O3
and 0,031) (1). The interaction between matrix-bound
vWfand GPIba on the platelet surface serves primarily
to tether platelets to the area of vascular injury (2, 3), pat-
ticularly under conditions of high shear stress, as a pre-
requisite step for integrin-mediated cell arrest (4).
Whereas the molecular events underlying platelet adhe-
sion under different shear conditions have been well
delineated, the mechanism(s) by which platelets in free-
flowing blood subsequently adhere to the initial layer of
adherent platelets (platelet cohesion or aggregation)
under flow have been less clearly defined.

The traditional model of platelet aggregation, in
which integrin 0,33 was thought to have an exclusive

role in mediating platelet-platelet adhesion contacts,
has been largely determined from studies using a
platelet aggregometer (5). With this method, the addi-
tion of a soluble agonist to a stirred platelet suspension
induces activation of integrin O[3 converting it from
alow- to a high-affinity receptor capable of binding sol-
uble fibrinogen. The dimeric nature of fibrinogen
enables it to cross-link adjacent activated platelets lead-
ing to stable platelet aggregation. Studies of platelet
aggregation under high shear conditions, using a cone-
plate viscometer, have demonstrated that plasma vWf
becomes the relevant ligand responsible for platelet acti-
vation (6). Shear-induced binding of soluble vWf to
GPIba initiates platelet activation independent of the
addition of exogenous stimuli. Whereas the vWf-GPIba
interaction is indispensable for the initiation of
platelet-platelet adhesion contacts under high shear,
irreversible platelet aggregation requires a second adhe-
sive interaction between vWf and integrin O3 (7).
The molecular events governing the formation of sta-
ble adhesion contacts between platelets in suspension
have been well delineated; however, the mechanism by
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which platelets in free-flowing blood adhere to the sur-
face of immobilized platelets has been less clearly
defined. This is a critical issue, because platelet aggre-
gation at sites of vascular injury does not generally
occur between platelets in suspension, but rather
involves the accrual of platelets from free-flowing
blood onto the luminal surface of a developing throm-
bus. Thus, platelets immobilized at sites of vessel wall
injury provide a highly reactive surface for the recruit-
ment of additional platelets from flowing blood.
Despite its fundamental importance for hemostasis
and thrombogenesis, the nature of this reactive surface
has remained incompletely understood.

In this study we have examined the mechanism by
which platelets in flowing blood adhere to the surface of
immobilized platelets using an in vitro flow-based aggre-
gation assay and an in vivo rat thrombosis model. These
studies demonstrated that platelet aggregation in vivo is
a dynamic process in which platelets in flowing blood
continuously tether, translocate, and/or detach from the
luminal surface of a developing thrombus, with only a
small percentage of tethering platelets forming station-
ary adhesion contacts. The tethering/translocation
process is mediated by the binding of GPIba on free-flow-
ing platelets to vWf expressed on the surface of immobi-
lized platelets. This tethering mechanism is indispensa-
ble for the formation of platelet adhesion contacts at
arterial shear rates and also may enhance the efticiency of
the platelet aggregation process at venous levels of shear.

Methods

Antibodies, constructs, and cell lines. Anti-Oy,B; c7E3 Fab
was from Eli-Lilly (Centocor, Leiden, the Netherlands).
Anti-GPIba antibody, ANS51, was from DAKO (Botany,
New South Wales, Australia). Anti-0,[33 F(ab),’ RPM1,
anti-GPIba Fab RPM 135, or the anti-GPV F(ab),’ RPM9,
against rat glycoproteins, were generated and charac-
terized as reported previously (8). The anti-vWf Al
domain antibody, 5D2, was a generous gift from
Michael Berndt (Baker Medical Research Institute, Mel-
borne, Australia). The recombinant Al domain was gen-
erated and characterized as reported elsewhere (9). Chi-
nese hamster ovary (CHO) cells were transfected with
the GPIb/IX complex (CHOIb/IX) or vector alone
(CHOpDX), as described previously (10).

In vitro flow studies. Blood was collected from healthy
donors or individuals with Type III von Willebrand’s dis-
ease (VWD; < 1% plasma and platelet vWf) or Glanz-
mann’s thrombasthenia (GT; < 1% 0Opfs). Washed
platelets were prepared from human donors (11) or Wis-
tar rats as reported previously (12). Flow-based assays
were performed according to a modified method of
Cooke et al. (13). Confluent platelet monolayers (> 90%
surface coverage) were obtained by allowing washed
platelets (2 X 108/mL) to spread (30-60 minutes, 37°C)
on glass microcapillary tubes (Vitro Dynamics Inc., Rock-
away, New Jersey, USA). Microcapillaries were coated with
type I equine tendon fibrillar collagen (2.5 mg/mlL)
overnight at 4°C. Anticoagulated whole blood (15 mM

trisodium citrate, pH 7.4) was incubated with the fluo-
rescent dye DiOCs (1 UM, 10 minutes; Molecular Probes
Inc., Eugene, Oregon, USA), then perfused over pre-
formed rat or human platelet monolayers at 150, 600, or
1800 s7! for 1 minute. The majority of studies were per-
formed with citrated blood, although similar findings
were obtained with D-phenylalanyl-L-prolyl-L-arginine
chloromethyl ketone-anticoagulated (PPACK-anticoag-
ulated) blood (40 UM). The interaction of flowing
platelets with pre-formed platelet monolayers was viewed
in real time using fluorescence microscopy and recorded
on video for off-line analysis (see http://www.jci.org for
supplementary data). In some experiments, human
blood was preincubated for 10 minutes with ¢7E3 (20
Mg/mL), ANS51 (0.6 pg/mL), or the recombinant Al
domain of vWf (60 plg/mL), whereas rat blood was prein-
cubated for 10 minutes with the mAb RPM1 (10 pg/mL),
RPM1S (50 pg/mL), or RPM9 (50 pg/mL).

Real-time analysis of platelet—platelet adbesion contacts. The
number of platelets tethering to the surface of mono-
layers was analyzed frame by frame (50 frames per sec-
ond) over the first 5-10 seconds of flow. In all studies,
any cell forming an adhesion contact for more than 40
milliseconds was scored as a tethered platelet. Translo-
cation was defined as platelet movement more than 1
cell diameter from the point of initial attachment. Sta-
tionary adhesion was defined as cells not moving more
than a single cell diameter over a 10-second time period.

Platelet-imaging studies. Inmunofluorescence studies
of human platelets were performed as described previ-
ously (11), using the 5D2 antibody (0.76 pg/mL). For
scanning electron microscopy (SEM) studies, antico-
agulated whole blood was perfused over spread platelet
monolayers at 600 s~! for 2 minutes. Adherent platelets
were prepared for SEM as described previously (14). For
the imaging of thrombus formation in real time (see
Figure 3c), platelet-collagen interactions and subse-
quent thrombus growth was viewed using fluorescence
confocal microscopy (X63; Leica TCS SP; Leica, Heidel-
berg, Germany) and monitored at 1-minute intervals
over a S-minute time period. Thrombi were recon-
structed in Voxblast (Vaytek Inc., Fairfield, Iowa, USA),
and total thrombus volume and maximum height of
thrombi in a given field (covering 25,192 Um?) were cal-
culated using ImageTool (University of Texas Health
and Science Center of San Antonio, University of Texas,
San Antonio, Texas, USA).

In vivo studies. In vivo rat thrombosis studies were pet-
formed according to a modified method of Denis et al.
(15). Mesenteric arterioles and venules (30-40 pm) of
male Wistar rats were injured by photoactivation (excita-
tion wavelength 550 nm, 10-30 seconds) of systemically
administered Rose Bengal (30 mg/kg) (16). The free rad-
icals released from photoactivated Rose Bengal cause
structural damage to the vessel wall resulting in the initi-
ation of platelet thrombus formation (16). The dynamics
of platelet interaction with the damaged vessel wall and
with growing platelet thrombi were subsequently viewed
using fluorescence or differential interference contrast
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(DIC) microscopy using a Leica DMIRB microscope (%63
1.2NA lens) and recorded on video for off-line analysis. In
some experiments, washed rat platelets were fluorescent-
ly labeled with DiOCs and preincubated for 10 minutes
with either buffer alone (control) or RPM1 (10 pg/mL),
RPM15 (50 pg/mL), or RPM9 (50 pg/mL). Preincubated
platelets were injected in the jugular vein, and their inter-
action with pre-formed arterial and venous thrombi were
viewed using fluorescence microscopy. In vivo rat platelet
survival upon pretreatment with the RPM antibodies was
examined as described previously (12, 17). Shear rates in
mesenteric vessels were determined by intravenous injec-
tion of fluorescent beads (0.25 pm diameter; Molecular
Probes) through a jugular catheter (18). The velocities of
beads in arterioles (9-31.8 pm diameter) and venules
(26.9-90.1 um diameter) were calculated according to
Tangelder et al. (19). Shear rates were: arterioles, mean
1144 %176 s7! (range 580-1906, 7 = 3); and venules, mean
343 47 s7! (range 152-697,n = 3).

Results
To investigate the mechanism of platelet aggregation as it
occurs at sites of vascular injury, we established an in vitro
flow-based aggregation assay, wherein fluorescently
labeled platelets in whole blood were perfused over a non-
labeled spread platelet monolayer at venous (150 s™!), arte-
rial (600 s1), or arteriolar shear rates (1800 s!) (20). As
demonstrated in Figure 1a, spread platelet monolayers
were able to support the adhesion of platelets from flow-
ing blood, with the number of platelets adhering to the
surface of the immobilized monolayer increasing as a
function of shear. Analysis of the dynamics of individual
platelet-platelet adhesion contacts demonstrated that the
majority of platelets tethering to the surface of immobi-
lized platelets subsequently translocated and/or detached
(Figure 1b). At low shear (150 s7t), 45 + 8% (n = 6) of teth-
ered platelets formed immediate stationary adhesion con-
tacts (defined as cell movement < 1 cell diameter from the
point of initial contact over a 10-second time frame; Fig-
ure 1c), 36 + 5% of cells translocated (defined as cell
movement > 1 cell diameter from the point of initial con-
tact), and 31 + 9% detached from the platelet monolayer
(Figure 1b). With increasing shear, fewer platelets formed
immediate stationary adhesion contacts (9 + 4% at 600 s~
and 3 + 1% at 1800 s°%; Figure 1c), with the majority of cells
translocating (63 + 4% at 600 s™! and 60 + 2% at 1800 s!)
and/or detaching from the platelet monolayer (57 + 6% at
600 s and 64 = 10% at 1800 s°; Figure 1b). The dynam-
ics of platelet—platelet interaction under flow were similar
when using confluent platelet monolayers prepared on
glass, immobilized vWf, or fibrinogen (data not shown),
demonstrating that the phenomenon was not unique to
glass-activated platelets. Moreover, platelet translocation
and detachment was a prominent feature of thrombus
growth, particularly at elevated shear rates (600 and 1800
s71), when perfusing whole blood over pre-formed platelet
thrombi (data not shown).

To examine the role of integrin Oy;PB3 in mediating
platelet aggregation under flow, whole blood was pre-

treated with functional blocking antibodies against
integrin OpPs and perfused over a normal platelet
monolayer. As demonstrated in Figure 1d, anti-integrin
OmpBs antibodies did not prevent platelet tethering or
translocation on the platelet monolayer at 150, 600, or
1800 s7!, but inhibited the formation of stationary
adhesion contacts by 97 + 2% at 150 571, 98 + 1% at 600
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Figure 1

Dynamics of platelet aggregation under flow. Fluorescently labeled
human platelets in whole blood were perfused over confluent spread
platelet monolayers at 150, 600, and 1800 s~ for 1T minute. (a) The
images depict the shear-dependent increase in platelet adhesion after 1
minute of flow. The number of platelets tethering over a 10-second time
period is demonstrated in the line graph. Each tethered platelet was
examined over a further 10-second time period, and the percentage of
(b) platelets translocating and/or detaching and/or (c) forming sta-
tionary (immediate stationary or translocating then stationary) con-
tacts was determined. Results represent mean + SEM (n = 4). (d) Role
of GPIbat in mediating platelet-platelet interactions under flow. Before
perfusion, blood was incubated for 10 minutes with buffer (control),
anti-0p 3 (-AypPs), anti-GPIba (a-1bay), or both -0 and Iba anti-
bodies. In other studies GT platelets were perfused over normal platelet
monolayers. (e) Fluorescently labeled platelets from a normal donor or
a patient with GT were perfused over platelet monolayers prepared from
anormal (normal) ora GT donor (normal on GT; GT on GT). The level
of platelet tethering in the first 5 seconds of perfusion was determined.
These results are representative of 3 experiments and are indicative of
the tethering process over the full 1-minute perfusion period.
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Figure 2

Role of platelet VWWf in mediating platelet tethering under flow. (a) Flu-
orescently labeled human platelets in whole blood from a normal
donor were perfused over a platelet monolayer prepared from a nor-
mal donor (normal) or, alternatively, whole blood from an individual
with VWD was perfused over a vWf-deficient platelet monolayer
(VWD), in the presence or absence of an anti-0;s[33 (0-0luB3) anti-
body at the indicated shear rates. (b) Quantitation of platelet tether-
ing in the first 5 seconds of perfusion. These results are representative
of 5 experiments and are indicative of the tethering process over the
full 1-minute perfusion period. (c) Platelet-platelet interactions occur
at the site of vWf localization. Whole blood was perfused over a
spread platelet monolayer at 600 s' for 2 minutes. Upper panels:
These scanning electron micrographs demonstrate platelet tethering
onto the granulomere of spread platelets (left image) and the early
formation of a platelet aggregate (right image). These images are rep-
resentative of over 100 cells examined. Lower panels: The images with
white immunofluorescence (0-vWf; right half) partially overlaid onto
the DIC image (left half) demonstrate that vWf becomes expressed on
the surface of activated (spread) platelets and is specifically localized
to the granulomere (right image). Note in the left image that vWfis
not present on the surface of resting platelets. Bar, 5 um.

s71,and 100% at 1800 s-!. Similar results were obtained
using platelets congenitally deficient in 0,33 (GT; Fig-
ure 1d). It is interesting that in the absence of function-
al integrin O35 there was a paradoxical increase in the
number of platelets tethering to immobilized platelets;
however, the significance of this is not clear. To confirm
that flowing platelets could tether to the surface of
immobilized platelets in the complete absence of inte-
grin O3 GT platelets in whole blood were perfused
over immobilized GT platelets at 150, 600, or 1800 s1.
As demonstrated in Figure le, these cells effectively
tethered and translocated at all shear rates examined
but failed to form stationary adhesion contacts. Note
that GT platelets spread poorly on glass, indicating that
the tethering of flowing platelets to immobilized
platelets is not dependent on platelet spreading.

To investigate the role of GPIba in initiating platelet
aggregation under flow, whole blood was treated with
a blocking antibody against GPIba. As demonstrated
in Figure 1d, blocking ligand binding to GPIba on the
surface of flowing platelets completely abolished
platelet tethering at 600 and 1800 s™! and resulted in
approximately a 60% reduction in the number of teth-
ered platelets at low shear (150 s7!). Concurrent block-
ade of both GPIba and integrin 033 resulted in more
than 95% reduction in platelet-platelet interaction
under all shear conditions. These results suggest an
indispensable role for GPIba on the surface of flowing
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platelets in mediating platelet tethering at arterial
shear rates and also indicate the involvement of this
receptor in promoting platelet-platelet interactions at
venous levels of shear.

To determine the relevant adhesive substrate on
immobilized platelets responsible for platelet tethering,
perfusion studies were performed on platelet monolay-
ers prepared from individuals with severe Type III von
Willebrand’s disease (< 1% vWf). Perfusion of vWD
whole blood over the vWi{-deficient platelet monolayer
under low shear conditions (150 s™!) resulted in approx-
imately a 50% reduction in platelet tethering relative to
normal blood on a normal platelet monolayer (Figure
2,aand b). At higher shear rates (600 and 1800 s!), vWi-
deficient platelets supported minimal platelet tethering
(< 5%), and at all shear rates tested platelet translocation
was not observed (data not shown). Together, these
results suggest a key role for viWf on the surface of
immobilized platelets and GPIba on the surface of
flowing platelets in mediating platelet tethering and
translocation under flow. Three further independent
lines of evidence confirmed that platelet tethering and
translocation on the surface of immobilized platelets
was mediated by the vWf-GPIba interaction. First,
GPIb/IX-transfected CHO cells, but not vector
alone-transfected cells, tethered and translocated on
immobilized normal platelets in a ristocetin-dependent
manner, but failed to interact with vWD platelet mono-
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layers (data not shown). Second, the recombinant
human vWf Al domain completely abolished tethering
of normal platelets under high shear conditions (data
not shown). The inhibitory effect of the vWf Al domain
was specific to platelets because it had no effect on P-
selectin-dependent leukocyte tethering and rolling on
platelet monolayers. Third, analysis of more than 100
individual platelet-platelet adhesion contacts under
flow demonstrated that all platelets tethered to the
granulomere of immobilized platelets (Figure 2¢, upper
panel) at the site of vWflocalization (Figure 2¢, lower
panel). Furthermore, all platelets translocated in a stop-
start manner between granulomeres of immobilized
platelets before forming irreversible adhesion contacts.

It has been shown that vWfis present in plasma as well
as in the a-granules and membranes of the surface con-
necting canalicular system of resting platelets (21). The rel-
ative ability of plasma and platelet viWf to support tether-
ing of platelets in whole blood was investigated by
perfusing vWD whole blood over a normal platelet mono-
layer, or conversely, by perfusing normal whole blood over
avWi-deficient platelet monolayer. As demonstrated in
Figure 3a, normal platelet monolayers were highly effec-

tive at supporting tethering of platelets from vWD blood
at 150,600, and 1800 571, despite the complete absence of
plasma vW£. In contrast, vWi-deficient platelet monolay-
ers supported only 20 + 3% and 23 + 4% platelet tethering
compared with normal platelet monolayers at 600 and
1800 s, respectively (Figure 3a), despite normal levels of
plasma vWt. Note that the data in Figure 3a was obtained
during the earliest phase of the platelet aggregation
process, i.e.,in the first S seconds of perfusion. At this early
time point sufficient plasma vWf may not have adsorbed
on the surface of immobilized platelets. To investigate this
possibility we examined the efficiency of platelet tethering
over a S-minute time period and found that the reactivity
of either normal or vWf-deficient platelet monolayers was
maximal within the first 30 seconds of perfusion (data not
shown). At the 30-second time point (Figure 3b), plasma
vWf could restore platelet tethering by 69 +21% (n = 4) at
600 st and by 35 + 8% (n = 4) at 1800 s}, relative to nor-
mal platelet monolayers. These findings suggest that plas-
ma vWf can only partially compensate for the absence of
platelet vIWf in initiating platelet aggregation.

A potential limitation of our experimental approach
was that the spread platelet monolayers were formed
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Figure 3

Relative roles of plasma and platelet vWf in initiating platelet aggregation under flow. Fluorescently labeled whole blood from a normal
donor (normal blood) or a VWD patient (VWD blood) was perfused over pre-formed monolayers prepared with platelets from a normal
donor (normal monolayer) or from a vWD patient (WD monolayer) at the indicated shear rates. The level of platelet tethering in the first
5 seconds of flow (a) and the 5 seconds of flow after 30 seconds of perfusion (b) was determined. Results are presented as mean + SEM (n
=5). Note: The reduction in number of tethering platelets between 30-35 seconds relative to 0-5 seconds reflects a decrease in the number
of reactive sites available for platelet capture as a consequence of increased platelet adhesion. (c and d) Role of platelet vWfin promoting
thrombus growth at high shear. Fluorescently labeled whole blood from a normal donor or from a vVWD patient was perfused over collagen
at 150 s7' for 2 minutes. This was followed by immediate perfusion of normal blood (normal), VWD blood (WD), or vWD blood supple-
mented with purified soluble vWf (10 pg/mL; vWD + vWf) over the pre-formed reactive platelet surface at 1800 s-'. Thrombus growth was
monitored in real time by confocal microscopy at 1-minute intervals for 5 minutes. (c) Platelet thrombi formed after 5 minutes of perfusion
were reconstructed using a computer-assisted image-analysis program. The upper panels represent an oblique view to demonstrate surface
coverage while the lower panels represent a side-on view to demonstrate differences in thrombus height. (d) Total thrombus volume in a
field of interest (25,192 um?) was calculated using Image Tool. Note: When calculating thrombus volumes, the first 2 pm were omitted from
analysis to exclude the pre-formed platelet monolayers. The results are from 1 experiment representative of 2.
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Figure 4
Dynamics of rat platelet aggregation in
vitro and in vivo. Fluorescently labeled rat
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heads) were viewed by differential interference contrast (upper panels; DIC) whereas tethering of injected platelets to the surface of pre-
formed thrombi was observed by fluorescence microscopy (lower panels; X63). For clarity, the mesenteric arteriole walls have been demar-
cated using continuous lines, whereas the surface of thrombi have been outlined using discontinuous lines. Uninjured refers to a
mesenteric vessel that has not been subjected to photo-induced injury. These images are from 5 experiments and are representative of
more than 50 independent experiments. Note the -0, p3-treated platelets that adhered to the surface of arterial thrombi formed tran-

sient tethers. All these cells subsequently translocated and/or detached from the thrombus.
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under static assay conditions in the absence of plas-
ma fibrinogen or vWf, conditions that may preferen-
tially favor the adhesive function of platelet vWf. To
investigate further the relative role of platelet and
plasma vWf'in promoting platelet aggregation under
more physiological conditions, a 2-step flow assay was
established. In these studies, normal blood was ini-
tially perfused over type 1 fibrillar collagen at low
shear (150 s7!) for 2 minutes to allow platelet coverage
of the reactive surface. This was immediately followed
by perfusion of normal blood, vWD blood, or viWD
blood supplemented with purified vWf (10 pg/mL)
over the adherent platelets at a wall shear rate of 1800
s, and the subsequent growth in thrombi was mon-
itored by confocal imaging. As demonstrated in Fig-
ure 3, ¢ and d, perfusion of normal blood over the
reactive platelet surface resulted in a time-dependent
increase in thrombus volume. In contrast, viWD blood
formed small thrombi under these conditions. Addi-
tion of purified vWf (10 pg/mL) to the viWD blood
partially restored the rate and extent of thrombus
growth, albeit to approximately half the level observed
in normal blood (maximal thrombus height of 22 um
for normal blood versus 13 pum for vWD blood con-
taining purified vWf). Addition of higher concentra-
tions of purified vWf (20-40 pg/mL) to vWD blood
failed to restore normal thrombus growth (data not

shown), demonstrating that supraphysiological con-
centrations of plasma vWf do not fully compensate
for the loss of platelet vWT£.

To investigate the physiological significance of our in
vitro findings, we examined the dynamics of platelet
aggregation in vivo using a rat thrombosis model (15).
We initially confirmed that the dynamics of rat platelet
aggregation in vitro were similar to what we had
observed using human platelets. As demonstrated in
Figure 4a, the majority of rat platelets tethering to the
surface of a spread rat platelet monolayer subsequent-
ly translocated and/or detached at all shear rates exam-
ined. Moreover, pretreating whole blood with a block-
ing antibody Fab fragment against GPIba or an F(ab),'
fragment against integrin O35 yielded results similar
to that observed with human platelets (Figure 4b). To
investigate the dynamics of platelet aggregation in vivo,
we performed intravital microscopy on injured rat
mesenteric arterioles and venules, according to a mod-
ified method of Denis et al. (15). Analysis of the early
stages of platelet thrombus formation in rat arterioles
using high-magnification DIC microscopy demon-
strated adhesion of platelets to the vessel wall within
1-2 minutes of photoactivation followed by platelet
accrual onto the developing thrombus. Interestingly,
more than 95% of platelets tethering to the luminal
surface of growing thrombi in both arterioles and

The Journal of Clinical Investigation |

March 2000 |

Volume 105 | Number6



a Aggregometer

venules subsequently translocated and/or detached.
The dynamics of platelet aggregation were consistent
in all vessels examined (n = 100) and at all stages of
thrombus growth. Moreover, there was a strong corre-
lation between the dynamics of platelet aggregation in
vivo to that observed in vitro (Figure 4c). To investigate
the role of GPIba and integrin O3 in mediating
platelet tethering to pre-formed thrombi in vivo (Fig-
ure 4d, upper panels), fluorescently labeled washed rat
platelets were pretreated with the anti-GPIba and inte-
grin OipPBs; Fab and F(ab),' fragments, respectively,
before intravenous injection. As observed in the in vitro
flow experiments, blocking ligand binding to integrin
OmpPs did not appear to markedly reduce the number
of platelets tethering to the surface of pre-formed
thrombi. In contrast, blocking ligand binding to
GPIba completely abolished the ability of platelets to
tether to the luminal surface of pre-formed thrombi in
arterioles (Figure 4d, lower middle panel), and reduced
platelet tethering to venous thrombi (data not shown).
As observed in vitro, platelets pretreated with the anti-
GPIba antibody that tethered to venous thrombi failed
to translocate, confirming that this process is a GPIba-
dependent phenomenon. In control studies, F(ab),'
fragments against GPV did not appear to affect
platelet-platelet interactions in either the arterial or
venous circulation. Additionally, we confirmed that the
reduced interaction of anti-GPIba-treated platelets
with thrombi was not an artifact of platelet sequestra-

tion because the majority of the infused platelets
((b3%) remained circulating 30 minutes after injection
(data not shown).

Discussion

The studies presented here demonstrate an unexpected
complexity to the platelet aggregation process in vivo,
in which the majority of platelets tethering to the lumi-
nal surface of a developing thrombus subsequently
translocate and/or detach, with only a small percentage
of tethered platelets forming stationary adhesion con-
tacts at both arterial and venous shear rates. Moreover,
we demonstrate an important role for platelet vW£ in
mediating platelet tethering and translocation through
a specific interaction with GPIba. The vW{-GPIba
interaction is indispensable for platelet tethering at arte-
rial shear rates and also appears to promote platelet
aggregation at venous levels of shear.

Our studies demonstrate an important role for vWf
in recruiting platelets from flowing blood onto the
luminal surface of a developing thrombus (see Figure
5). Several lines of evidence suggest that this tethering
mechanism is not only operative at arterial flow rates
but also at venous levels of shear. First, pretreating free-
flowing platelets with the anti-GPIba antibody
reduced platelet tethering by approximately 60% at 150
s7l. Second, monolayers prepared from vWD platelets
supported approximately 50% less tethering than
monolayers prepared from normal platelets. Third,
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A revised model of platelet aggregation. (a and b) The mechanisms by which platelets in suspension aggregate following exposure to a sol-
uble agonist or high shear stress are depicted. (c) The multistep mechanism by which circulating platelets form stationary adhesion contacts
with the luminal surface of a growing thrombus under physiological flow conditions is demonstrated. (a) The addition of a soluble agonist
to a stirred platelet suspension leads to the activation of integrin 0533 (GPIIb-Illa) and its subsequent binding to soluble fibrinogen. Fib-
rinogen’s dimeric structure enables it to cross-link adjacent activated platelets and mediate stable platelet aggregation (5, 38). (b) Under
high shear conditions, vWf becomes the relevant ligand responsible for platelet activation. Shear-induced binding of soluble vWf to GPIb-
V-IX induces platelet activation. At elevated levels of shear, stable platelet aggregation is thought to be dependent primarily on vWf binding
to GPlIb-llla (7, 39). (c) Upon vascular injury, platelets are recruited to the subendothelium where they become activated, releasing their
granule contents. vWf expressed on the surface of immobilized platelets tethers circulating platelets by binding GPIba. The majority of
platelets that tether subsequently translocate or detach from the surface of immobilized platelets. The formation of stationary adhesion
contacts is dependent on the cross-linking of integrin 0533 on the surface of free-flowing and immobilized platelets by plasma vWf or fib-
rinogen. This multistep adhesion process operates at both arterial and venous levels of shear and appears to be the predominant mecha-
nism by which platelets aggregate in vivo. However, note that at venous levels of shear, platelets can also form immediate stationary adhe-
sion contacts with immobilized platelets independent of the VWf-GPIba interaction.
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approximately 40% of rat and human platelets translo-
cated on immobilized platelets at low shear rates.
Fourth, normal platelets tethered and translocated on
a GT platelet monolayer in a GPIba-dependent man-
ner at venous shear rates. Fifth, platelet translocation
at all shear rates was completely abolished by pretreat-
ing whole blood with the anti-GPIba antibody and was
not observed on a vWD platelet monolayer. Finally, pre-
treating rat platelets with an anti-GPIba antibody
reduced their ability to tether to pre-formed venous
thrombi in vivo. These observations are consistent with
two previous reports suggesting that the viWf-GPIba
interaction may participate in adhesion processes at
venous shear rates (22, 23).

The involvement of the vW{-GPIba interaction in pro-
moting platelet aggregation at low shear appears to con-
tradict previous findings demonstrating that thrombus
growth on type 1 fibrillar collagen under low shear con-
ditions occurs independent of both vWf and GPIba.
(23, 24). A possible explanation for this apparent para-
dox requires consideration of the relevant roles of
GPIb/IX and integrin O3 in promoting thrombus
growth under different shear conditions. The impor-
tance of GPIb/IX in initiating platelet aggregation at
high shear is consistent with the unique biomechanical
properties of the vW{-GPIba bond that enables efficient
capture of platelets from rapidly flowing blood. In con-
trast, ligand binding to integrin Op; is characterized
by an intrinsically slow on-off rate, a characteristic that
is ideal for sustaining platelet adhesion contacts but less
optimal for initiating platelet-surface interactions, espe-
cially in high flow situations. It is therefore not surpris-
ing that the vWf-GPIba interaction may facilitate the
initial interaction of platelets with a growing thrombus
even at low shear rates. However, the critical determi-
nant of thrombus growth is not the number of platelets
tethering to the surface of a growing thrombus, but the
number of tethering cells forming stable adhesion con-
tacts, primarily a reflection of the activation status of
integrin Oypfs. Thus a potent thrombogenic surface
such as type 1 fibrillar collagen, which readily induces
integrin Oypfs activation and thereby increases the
probability of a tethered platelet forming an irreversible
adhesion contact, is likely to rapidly induce platelet
aggregation independent of vWf and GPIba. It remains
to be established, however, whether other adhesive sub-
strates, such as collagen type VI, which tethers platelets
inefficiently under shear conditions as low as 100 s!
(23), require the synergistic contribution of GPIb/IX
and other adhesion receptors to promote thrombus
growth at venous shear rates.

A key finding in this study is the important role of
platelet vWfin initiating platelet aggregation under flow.
Platelet vWf represents between 8% (25) and 15% (26) of
the total circulating vWf and is stored in the a-granules
and membranes of the surface-connecting canalicular
system (21). Previous studies have suggested that
60-70% of released platelet vWf binds to the surface of
platelets in an integrin Oy,B3-dependent manner (27).

Our studies using Glanzmann platelet monolayers
demonstrate that functionally relevant levels of platelet
vWI can be expressed on the platelet surface independ-
ent of integrin OypB3. Whereas these findings do not
exclude a potentially important role for integrin a3 in
enhancing surface expression of platelet vWIf, they point
to the existence of additional binding sites on the cell
surface. To date, a role for GPIbal in localizing platelet
vWf to the cell surface has not been established. Platelet
vWif binds to GPIba with a significantly lower affinity
than the plasma protein despite the fact that platelet
vWf consists of higher-molecular-weight multimers (28)
and that these multimers are preferentially expressed on
the cell surface (29, 30). Whether GPIba can functional-
ly compensate in the absence of integrin Oypf3; or an
additional receptor is involved in vWf surface expression
is an important issue for future investigation.

Our findings that platelet vW£ plays a key role in initi-
ating platelet aggregation under flow are in keeping with
previous clinical and experimental studies suggesting an
important hemostatic function for this pool of vWf (see
review by Mannucci [31]). For example, it is well estab-
lished that the level of platelet vVIWf acts as a major deter-
minant of the skin bleeding time in healthy individuals
and in Type 1 vWD (25, 32). Furthermore, correction of
the hemostatic defect in Type III vWD requires replace-
ment of both the plasma and platelet pools of vWf (33).
Additional evidence for a role for platelet vWfin hemo-
stasis stems from studies of vIWD pigs following trans-
plantation with normal bone marrow. The bleeding
times in these pigs, expressing normal levels of platelet
vWI, was significantly shortened despite low levels of the
plasma protein (34). Moreover, in ex vivo perfusion
experiments these platelets adhere poorly to fibrillar col-
lagen and have impaired thrombus formation at elevat-
ed shear rates (35, 36). It has generally been assumed that
this reduction in thrombus growth is primarily a reflec-
tion of defective platelet adhesion rather than impaired
aggregation. By analyzing thrombus growth on a pre-
formed platelet surface, thereby eliminating the contri-
bution of defective platelet-substratum interactions to
thrombus growth, we have highlighted the important
contribution of platelet vIWf to the aggregation process.

Our findings suggest an important synergistic rela-
tionship between the plasma and platelet pools of vWf
in supporting platelet aggregation under flow. The
inability of plasma vWf to fully compensate for defi-
ciency of platelet vWf in our flow experiments would
explain why an isolated deficiency of platelet vWf leads
to a prolonged bleeding time and why replacement of
plasma vWf in severe vWD only partially corrects the
hemostatic defect (33). The reason(s) why plasma vWf
does not fully compensate for loss of the platelet protein
remains unclear. Differences in the multimer composi-
tion of plasma and platelet vWf (28), the ability of plas-
ma fibrinogen to effectively compete with plasma vWf
for binding sites on the surface of immobilized platelets
(37), and the possibility of distinct binding sites for the
platelet protein may partly explain the functional differ-
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ences between these two proteins. A key issue for future
investigation will be to determine the relative contribu-
tion of the platelet and plasma pools of both vWf and
fibrinogen in supporting the various stages of platelet
thrombus growth and to delineate the mechanisms reg-
ulating surface immobilization of these individual adhe-
sive substrates. Unraveling the mechanism(s) regulating
vWf surface expression on platelets will not only be
important for an improved understanding of the hemo-
static and thrombotic processes, but may also allow the
development of novel therapeutic strategies aimed at
reducing platelet thrombus formation in vivo.
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