
Platelets, anucleated cells that originate
from the cytoplasm of bone marrow
megakaryocytes (1), circulate through
the blood, surveying the integrity of the
vascular system. Platelets act in response
to traumatic injuries in which the con-
tinuity of the vessel wall is interrupted
and blood begins to pour outside (2, 3).
The arrest of posttraumatic hemor-
rhage depends on a complex set of reg-
ulated events collectively defined as
hemostasis, which include the clotting
of fibrinogen into insoluble fibrin, as
well as platelet adhesion to exposed tis-
sues and to one another with the for-
mation of masses known as thrombi (4).
However, neither platelets nor other
components of the hemostatic process
can distinguish between traumatic
wounds and other lesions that may
develop in the vessel wall. Thus, when
occlusive thrombi form within the vas-
culature, an otherwise beneficial func-
tion, which limits blood loss after tissue
injury, becomes a potentially life-threat-
ening disease mechanism. Such a course
of events is usually initiated by destabi-
lizing conditions in arteries affected by
chronic degeneration, as when an ath-
erosclerotic plaque suddenly ruptures
(5, 6). Platelet-rich thrombi that acutely
curtail the supply of blood to vital
organs may cause death or serious
pathological conditions, such as
ischemic syndromes of the heart and
brain. Knowledge of the mechanisms of
platelet function has informed the
development of potent and selective
antithrombotic drugs, and first-genera-
tion antiplatelet compounds that

specifically block adhesion receptors
have already proved beneficial in the
clinic (7–9).

In response to vascular and tissue
trauma, platelets establish adhesive
interactions with exposed subendothe-
lial structures. They become activated
through contact with thrombogenic
surfaces or through stimulation by
locally released or generated chemical
agonists. Once activated, platelets bind
soluble adhesive molecules and become
the reactive surface for continuing
platelet deposition (Figure 1). Initial
platelet tethering to a surface and sub-
sequent platelet-platelet cohesion are
typically identified as 2 separate stages
of thrombus formation, defined as
adhesion and aggregation, respectively.
In support of this distinction, adhesion
requires a more diverse repertoire of
substrates and platelet receptors than
does aggregation (10, 11). For example,
thrombus formation initiated by
platelet adhesion to extracellular matrix
(ECM) involves the synergistic function
of at least 4 receptors, the glycoprotein
(GP) Ib-IX-V complex and the integrins
α2β1 (GP Ia-IIa), αIIbβ3 (GP Iib-IIIa), and
α5β1 (GP Ic-IIIa) (10). Aggregation, in
contrast, may depend only on the GP
Ib-IX-V complex and αIIbβ3 (11). On the
other hand, adhesion and aggregation
are similar with respect to the effects of
blood flow: To form stable bonds either
with ECM components or with other
platelets (11), circulating platelets must
attach to a reactive substrate, resisting
the force of flowing blood, which
would tend to move platelets with the

layer of fluid adjacent to the vessel wall.
During adhesion, subendothelial and
extravascular ECM components pro-
vide this substrate, and during aggrega-
tion activated platelets that are already
firmly adherent play this role; but in
either case, fluid drag opposes the ini-
tial establishment and subsequent
enlargement of the thrombus. Conse-
quently, it can be surmised that
shear-dependent phenomena are par-
ticularly relevant where forces generat-
ed by flow are greater, namely in arter-
ies more than in veins and, particularly,
in arterioles (10, 11).

Experimental models used in the
study of platelet aggregation often cre-
ate conditions that deviate from those
in an intact organism. In particular,
models of platelet function usually
highlight only one or a few aspects of a
more complex reality, in regard to either
the stimuli that initiate aggregation or
the modulating effects of fluid dynam-
ic forces. For example, the notion that
fibrinogen binding to αIIbβ3 represents
the only interaction relevant for aggre-
gation, long a dogma in the field, relies
on the study of stimulated platelets in
stirred suspensions (12). This condition
reflects only blood flowing at low veloc-
ity, such as in veins, and provides results
that are not applicable to all areas of the
circulation. Indeed, von Willebrand fac-
tor (vWF) can substitute for fibrinogen
as the αIIbβ3 ligand mediating platelet
aggregation (13–16), and vWF becomes
absolutely required when platelets
aggregate under the effect of elevated
shear stress in the absence of exogenous

The Journal of Clinical Investigation | March 2000 | Volume 105 | Number 6 699

Old concepts and new developments 
in the study of platelet aggregation

Zaverio M. Ruggeri

The Scripps Research Institute, Molecular and Experimental Medicine-175, 10550 N. Torrey Pines Road, La Jolla, California 92037, USA.
Phone: (858) 784-8950; Fax: (858) 784-2026; E-mail: ruggeri@scripps.edu.

Figure 1
Interactions proposed to mediate platelet adhesion and aggregation during thrombus formation.
Events are depicted from left to right as they may occur in temporal sequence, initiating with platelet
tethering to a reactive surface. At shear rates of less than 500–1,000 s–1, stable adhesion may occur
independently of the initial vWF–GP Ibα interaction. The scheme considers only known adhesive
interactions and does not exclude the relevance of other ligand-receptor pairs for platelet thrombus
formation and other agonists in platelet activation. The 2 arrows connecting activation and stable
adhesion express the hypothesis that activation usually precedes stable adhesion, particularly when
thrombus formation occurs under the influence of high shear stress, but specific adhesive bonds
may also enhance activation. (Modified from Savage et al. [10] and reprinted with permission.)
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agonists (17, 18). There is also good evi-
dence that whenever vWF mediates sta-
ble surface adhesion (19) or aggregation
(11, 18) of platelets, it must engage both
of its platelet receptors (GP Ibα in the
GP Ib-IX-V complex and αIIbβ3) sequen-
tially (15). The synergism between these
2 receptors occurs irrespective of shear
forces (19) and can even be demonstrat-
ed under static conditions (20). Never-
theless, only high shear stress condi-
tions in rapidly flowing blood, as found
in arterioles or larger arteries with
obstructed lumina, highlight the indis-
pensable role of vWF in adhesion and
aggregation. At high shear rates, only
the bond between the vWF A1 domain
and GP Ibα can initiate the capture and
tethering of platelets to a surface,
whether an ECM component (10) or
another platelet (11). However, this
interaction is intrinsically short-lived. By
itself, it can only mediate platelet rolling
and does not result in firm adhesive
contacts (19), which are typically sup-
ported by binding of integrins to vWF
or other substrates (10, 11).

In this issue of the JCI, Kulkarni and
co-workers discuss a revised model of

platelet aggregation (21). They also con-
firm mechanisms that have been well
outlined in other studies, demonstrat-
ing in particular that platelet-bound
vWF contributes to platelet recruit-
ment into a growing thrombus. The
vWF present at a site of vascular injury
originates both from plasma and from
platelet α-granules, the latter being
released after activation (22, 23). More-
over, vWF acutely released from
endothelial cells, under the influence of
fibrin or other stimuli associated with a
vascular lesion (24), may also act local-
ly before diffusing into the circulating
pool (25). In any case, plasma vWF
appears to play a central role in throm-
bus formation under high shear stress
conditions, because it can mediate ini-
tial steps in the process, even before the
release of α-granule or endothelial pro-
teins. This may explain, for example,
the apparent association between ele-
vated circulating vWF and increased
risk of acute coronary artery occlusion
(26). Regardless of its origin, vWF may
not act alone under conditions of high
shear stress to link platelets to one
another. Fibrinogen (or fibrin) also

apparently helps stabilize the forming
thrombus, even under conditions in
which vWF is absolutely required to ini-
tiate platelet recruitment (11, 27). Thus,
at both early and late stages of throm-
bus formation, platelet adhesive mech-
anisms in rapidly flowing blood depend
on multiple synergistic bonds, involv-
ing different receptors and ligands with
specific functions (Figure 2).

Kulkarni and co-workers also con-
clude that vWF participates in platelet
function even at shear rates lower than
those typical of the arterial circulation
(21). This is possible because, as
already discussed here, all the neces-
sary interactions involving immobi-
lized vWF and its platelet receptors can
take place irrespective of hemodynam-
ic conditions. In an experimental set-
ting, such phenomena can be effec-
tively demonstrated by creating an
environment in which vWF is the pre-
dominant adhesive ligand, as in the
case of a monolayer of activated
platelets (21). In an intact organism,
however, other adhesive proteins are
available that can effectively support
the recruitment of platelets onto a
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Figure 2
Schematic representation of the mechanisms of platelet adhesion and aggregation in flowing blood. In a cylindrical vessel, the velocity profile
of particles contained in circulating blood is parabolic; the shear rate decreases from the wall to the center of the lumen inversely to the flow
velocity. In a flow field with high shear rate, only GP Ibα interaction with immobilized vWF multimers can initiate the tethering of circulating
platelets to the vessel wall and to already adherent platelets. This GP Ibα–dependent interaction supports initially transient bonds, depicted
by the ongoing detachment of the 2 top platelets from vWF multimers bound to already activated platelets. The process is amplified by the
activation of αIIbβ3, which may occur during the transient tethering or through the action of other receptors that bind collagen or other com-
ponents of exposed vascular or extravascular surfaces (see also Figure 1). The final result is stable attachment of recruited platelets and irre-
versible membrane binding of soluble adhesive ligand (fibrinogen and vWF), thus providing the substrate for additional recruitment of non-
activated platelets and leading to thrombus growth. Note that nonactivated α IIbβ3 cannot bind soluble ligands. The bridging effect of
fibrinogen, which is required to stabilize platelet aggregation and resist the effects of high shear stress, only occurs after initial tethering of
platelets through the interaction of vWF and GP Ibα. At shear rates less than 500–1,000 s–1, the adhesive functions of vWF are no longer indis-
pensable, either for initial attachment to a thrombogenic surface or for aggregation. Thus, even in the absence of vWF, collagen receptors
(among others) can permit stable adhesive interactions to form rapidly, and fibrin or fibrinogen can bind to platelets to permit aggregation.



thrombogenic surface and mediate
aggregation even without the partici-
pation of vWF, provided that shear
rates do not exceed certain limits.

In this regard, it is important to real-
ize that the stated values for shear rates
in experimental flow models may be
easily misinterpreted. Reported shear
rates typically indicate values at the
surface exposed to laminar flow before
platelet deposition occurs. A growing
thrombus significantly alters these ini-
tial conditions, because shear rates
increase where the flow path becomes
restricted, and areas of disturbed flow
may appear where the streaming fluid
separates around an obstacle. Thus,
vWF may not be required to initiate
platelet adhesion and aggregation in
experiments conducted at a nominal
wall shear rate of 300 s–1, but its func-
tional inhibition limits the height
reached by thrombi (11), because
hemodynamic forces are greater at the
tip of a growing thrombus. As throm-
bus height increases levels of shear
stress may exceed the limit at which
fibrinogen-dependent binding is suc-
cessful. At this point, further platelet
recruitment is impaired unless initial
tethering can occur through the bind-
ing of vWF and GP Ibα (11) (Figure 2).

In spite of considerable advances dur-
ing the last several years, key aspects of
the mechanisms that regulate platelet
function in hemostasis and thrombosis
remain to be elucidated. Experimental
models in genetically altered animals
indicate that other, still unidentified
adhesive ligands may play a direct role
in mediating some degree of platelet
aggregation even in the absence of fib-
rinogen and vWF (28). The interpreta-
tion of such findings, yet to be reported
in full detail, may not be straightfor-
ward. No condition is known in which
both vWF and fibrinogen are deficient
in humans, and it is possible that the
absence of these 2 key platelet ligands
permits interactions to occur that
would otherwise be functionally irrele-
vant. Nevertheless, observations of this
kind have the exciting potential to iden-
tify new components of ECM and/or
blood capable of initiating or inhibiting
the response of platelets at sites of vas-
cular injury. Mouse models have pro-
vided unexpected findings, for example

with respect to the involvement of
thrombospondin-2 in hemostasis (29).
The sudden occurrence of acute arteri-
al occlusion, such as in the coronary
arteries, is likely determined by the rate
of thrombus growth and may be influ-
enced by the nature and relative abun-
dance in the vessel wall of different sub-
strates for platelet adhesion and
activation. The ECM composition may
vary as a result of inflammatory
processes developing in an atheroscle-
rotic lesion (30), and plaque rupture
may have different outcomes depend-
ing on which substrates become
exposed to flowing blood.

Future research should offer a more
global view of the processes underlying
hemostasis and thrombosis. To this
end, the adhesive mechanisms that sup-
port platelet function and the signals
that activate platelets or dampen their
responses (31) must be considered in
association with the reactions that lead
to fibrin deposition and activate antico-
agulant and fibrinolytic pathways on
platelet and vascular surfaces. With
appropriate experimental models, the
results of such studies will enhance our
ability to understand, diagnose, and
treat disturbances of platelet function.
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