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Abstract
Platelet adhesive mechanisms play a well-defined role in hemostasis and thrombosis, but evidence
continues to emerge for a relevant contribution to other pathophysiological processes including
inflammation, immune-mediated responses to microbial and viral pathogens, and cancer
metastasis. Hemostasis and thrombosis are related aspects of the response to vascular injury, but
the former protects from bleeding after trauma while the latter is a disease mechanism. In either
situation, adhesive interactions mediated by specific membrane receptors support the initial
attachment of single platelets to cellular and extracellular matrix constituents of the vessel wall
and tissues. In the subsequent steps of thrombus growth and stabilization, adhesive interactions
mediate platelet to platelet cohesion (aggregation) and anchoring to the fibrin clot. A key
functional aspect of platelets is their ability to circulate in a quiescent state surveying the integrity
of the inner vascular surface, coupled to a prompt reaction wherever alterations are detected. In
many respects, therefore, platelet adhesion to vascular wall structures, to one another or to other
blood cells are facets of the same fundamental biological process. The adaptation of platelet
adhesive functions to the effects of blood flow is the main focus of this review.
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Physiopathological significance of platelet adhesion
Mammalian platelets are fragments of cytoplasm released into circulating blood by
megakaryocytes, a precursor hematopoietic cell residing in the bone marrow [1,2]. Without
a nucleus, platelets have no control on gene expression but possess a translational machinery
that can direct protein synthesis [3]. The physiological role of platelets consists in a
fundamental contribution to hemostasis, the defense mechanism that prevents blood loss
when the continuity of the vascular tree is interrupted by traumatic injury to tissues [4,5]. To
exert their function, platelets survey the vascular system and adhere where alterations of the
endothelial cell lining, accompanied or not by exposure of subendothelial matrix
components, are detected [6]. More recent studies have highlighted a different and equally
important host defense role of platelets, namely the ability to maintain normal vascular
permeability and direct other effector cells to sites where microbial and viral pathogens
induce inflammatory responses [7]. As evidenced in a mouse model of infection by
lymphocytic choriomeningitis virus, a reduced platelet count of 10–20% of normal is
sufficient to maintain a normal hematocrit and permit viral clearance dependent on antigen-
specific cytotoxic T-lymphocytes. Spontaneous hemorrhage, mostly mucocutaneous in
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nature, and death develop when platelets are further reduced in number to ~1% of normal or
their function is pharmacologically inhibited. These findings suggest that platelets
interacting with the inner vessel lining provide an essential control over vascular
permeability. Because this activity is maintained with a low number of platelets, if they can
be normally activated, and is independent of coagulation function [7], it is likely not
mediated by the formation of thrombi, i.e. the platelet aggregates with clotted fibrin that seal
broken vessel. Indeed, histological evaluation of infected mice that developed acute anemia
demonstrated diffuse red cell extravasation around healthy looking skin capillaries and
microvessels, suggesting that normal permeability may be maintained by transient
interactions of single layers of platelets with the endothelial cell lining. Local platelet
adhesion to virus-induced vascular alterations may also be the cue for the recruitment of
cytotoxic T-lymphocytes required for clearing the infection. In essence, the adhesive
properties of platelets contribute to maintaining vascular integrity and defending from
external pathogens, thus playing a role that goes beyond the sealing of ruptured vessels and
provides a link between the fundamental processes of hemostasis and inflammation [8,9]. In
this regard, mammalian platelets function like the nucleated thrombocytes found in all other
vertebrates [10–12].

Adherent platelets can rapidly recruit to the site of injury additional platelets, necessary to
achieve hemostasis, or different types of leukocytes, which set off host defense responses.
Such selective recruitment is orchestrated by activation pathways [13] stimulated by the
initial adhesive interactions and by soluble agonists released or generated locally, which lead
to the appearance on the platelet membrane of different molecules capable of attracting
distinct circulating cells. All these functions depend on regulated adhesive properties and, as
they develop in flowing blood, are influenced by fluid dynamic parameters. Platelets and the
hemostatic system, however, cannot discriminate between alterations of the vessel wall
caused by traumatic wounds and those resulting from pathologic processes. As a
consequence, chronic vascular diseases can acutely induce massive platelet responses,
usually initiated by the occurrence of destabilizing events such as the sudden rupture of an
atherosclerotic plaque, which lead to the formation of intravascular occluding aggregates
and fibrin clots (thrombi) [14]. Under such circumstances, the same processes that underlie
the beneficial hemostatic function become a life-threatening disease mechanism that, by
curtailing the supply of blood to vital organs, may cause ischemic syndromes of the heart
and brain leading to death. In a similar fashion, inflammatory signal originating from
pathological processes within organs may induce local platelet reactivity and thus attract
cytotoxic T-lymphocytes capable of causing cell death and tissue damage. Such a platelet-
mediated immunopathogenetic mechanism has been documented in a mouse model of viral
hepatitis, in which platelet depletion prevents the destruction of hepatocytes expressing a
specific hepatitis B virus antigen [15,16]. It is apparent, therefore, that the adhesive
properties of platelets are of key relevance for essential host defense mechanisms but may
also turn into mediators of serious illness, suggesting that anti-platelet therapy, now well
established in the treatment of ischemic coronary artery disease, will likely be considered in
the future for novel applications in acute and chronic inflammatory and infectious diseases
[17].

Blood flow as a modulator of platelet adhesive functions
Fluid dynamic parameters influence platelet adhesion and aggregation

The adhesive properties of platelets support attachment to extracellular matrix (ECM)
components or to the membrane of other cells, as well as homotypic intercellular contacts
that link platelets to one another during thrombus growth. The latter process is designated as
platelet aggregation and is often treated as separate from adhesion. The main reason for this
dichotomy can be traced to the different experimental conditions typically used to study the
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two phenomena ex vivo. Historically, aggregation has been evaluated with platelets in
suspension in the absence of interactions with immobilized substrates other than on the
platelet membrane, thus with continuous motion in a stirred fluid and poorly defined fluid
dynamic parameters. Moreover, under such conditions aggregation can only follow platelet
activation by an appropriate agonist. With respect to function in vivo, however, both
adhesion and aggregation involve the transition from free flow to arrest onto a surface, a
step that likely precedes activation under most situations, and may even depend on the same
adhesive ligand and receptor pairs. In the case of adhesion, the surface onto which flowing
platelets are captured is the vessel wall and surrounding tissues, and the adhesive substrates
are endogenous matrix or cell membrane proteins and proteoglycans along with locally
bound selected plasma components. In the case of aggregation, the surface is the membrane
of other platelets that have already become immobilized at sites of thrombus formation and
present membrane-bound adhesive substrates, either following activation-induced
translocation from internal storage compartments or bound from plasma. An important
consideration is that, by virtue of the mechanistic similarities, the same fluid dynamic
constraints influence both platelet adhesion and aggregation.

Rheological properties of blood
Platelets are components of blood and perform their functions in an environment
characterized by constant fluid motion. The function of blood is transport - of cells,
chemicals, heat - to all areas of an organism, and motion (circulation) is the very essence of
such a function. In the specific case of platelets, circulation is fundamental for surveying the
integrity of all the conduits within the vascular tree. The effects of different flow regimens
on thrombus formation are well recognized, for example by the fact that thrombi developing
in the arterial side of the circulation – where flow velocity is higher - tend to be rich in
platelets (white thrombi), while those developing in the venous side - characterized by a
lower flow velocity - contain more red cells within a fibrin clot with relatively few platelets
(red thrombi) [18]. Blood is a viscous fluid suspension constituted by a continuous part -
plasma - and a suspended component - cells - that may become separated by the action of
forces such as gravity or shear stress [19,20]. In flowing blood, gravity has a negligible
effect and cells tend to move towards areas of higher fluid velocity. In a normal vessel
containing blood with normal cell counts, erythrocytes represent most of the circulating
cellular mass. As a consequence of lateral migration and erratic motion, they occupy the
greatest part of the lumen [21,22], pushing white blood cells and platelets to the sides and
creating a near wall platelet excess [23–25]. Interactions between erythrocytes mediated by
fibrinogen tend to increase viscosity and are the main reason for the deviation of blood from
the ideal behavior of a Newtonian fluid at low shear rates [26]. By definition, a Newtonian
fluid is one that has constant viscosity at all shear rates, i.e. irrespective of velocity fields.
Higher shear forces tend to break these interactions, thus at shear rates above 200 s−1 the
behavior of blood can be considered Newtonian [21,27].

Blood flow is caused by the pump action of the heart and is driven by pressure differences
and counteracting boundary movements due to the elastic properties of the vessel wall. The
velocity profile of an incompressible Newtonian fluid moving steadily in a long cylindrical
tube of constant cross-sectional area is parabolic (Poiseuille flow), meaning that at a given
flow rate the fluid velocity is maximal in the center of the tube lumen and decreases towards
the wall as a parabolic function of the radial distance from the central axis (Fig. 1).
Consequently, the fluid can be imagined as divided in a series of adjacent layers (laminae or
planes) moving at different velocity relative to one another (laminar flow). The velocity
differential dependent on the distance from the center of the lumen creates the shearing flow,
namely the sliding motion between two adjacent planes moving at different speed. Shear
rate (γ) is the difference in flow velocity as a function of distance from the wall and is
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expressed in cm/s per cm or the equivalent inverse second (s−1). Shear stress (τ) is the
resulting tangential force per unit area of contact between laminae resulting primarily from
pressure differences within the vascular system, and represents the determinant cause of the
shearing motion. The unit of shear stress in the International System of Units (SI) is the
pascal (Pa), equivalent to one newton/m2 (N/m2), and in the CGS (centimeter/gram/second)
system is the dyn/cm2 (1 Pa = 10 dyne/cm2). In ideal Newtonian fluids, the relationship
between shear stress and shear rate is linear and the corresponding proportionality constant
(τ/γ) defines the viscosity of the fluid (μ), which is expressed in Pa⊕s or dyne/cm2⊕s, the
latter equivalent to poise (P); thus, 1 P = 0.1 Pa⊕s. In blood, with a viscosity of ~3–4
millipascal (mPa)⊕s or ~3–4 centipoise (cP), a shear rate of 25 s−1 causes a shear stress of
~1 dyne/cm2 (0.1 Pa). The highest wall shear rate in the normal human circulation,
estimated to vary between 500 and 5,000 s−1 (corresponding to a shear stress of ~20–200
dyne/cm2), has been estimated to occur in arterioles of ~50 μm diameter [28].

Although blood exhibits a pulsatile (not-steady) flow in arteries and a non-Newtonian
behavior at lower (venous) shear rates, the principles of Poiseuille flow outlined above can
be reasonably applied to events in the circulation. As mentioned above, in a flow field with
high shear rate erythrocytes tend to move towards the center of the vessel creating a cell-
depleted plasma sleeve near the wall [29,30] that can be considered as an ideal Newtonian
fluid [31]. This layer of blood flows more rapidly than it would in a homogeneous liquid,
such that the resulting velocity profile is not parabolic but more blunted (Fig. 1). The near-
wall platelet excess facilitates adhesive interactions with the vascular surface. In fact, blood
perfusion over immobilized von Willebrand factor (VWF) at relatively high shear rate
results in efficient surface coverage by adherent platelets even when the blood platelet count
is decreased by up to 90%, and only a more drastic reduction limits the extent of adhesion
(Fig. 2). Such experimental findings confirm with functional evidence the existence of a
near-wall platelet excess and explain the clinical observation - as well as the results in a
mouse model of viral infection [7] that bleeding, particularly spontaneous, is usually not a
serious problem until the platelet count drops below ~10,000/μl [32]. In fact, while
formation of the large platelet aggregates required to seal post-traumatic wounds in vessels
may be affected by even a relatively small reduction in platelet number, the platelet
monolayer required to ensure control of vascular permeability (thus prevent spontaneous
hemorrhage) is largely undepleted until the platelet counts drops significantly (Fig. 2). By
the same token, since the near-wall platelet excess results from the presence of the
erythrocyte mass, it is clear why anemia (low erythrocyte number) may predispose to
excessive bleeding [33].

Differential effects of shear rate and shear stress on platelet adhesive interactions
Circulating platelets and the vessel wall can be viewed as two juxtaposed surfaces one of
which the platelet membrane - is moving while the other is stationary. Molecules on the two
surfaces are separated by a layer of viscous fluid, the plasma, and cannot interact as long as
the separation distance is greater than 100 nm. As this decreases, long-range forces
including electrostatic interactions become stronger, and at 10 nm or less proper
intermolecular bonds can form. The minimum distance compatible with an adhesive
receptor-ligand interaction depends also on the length of the molecules involved and on the
position of the reacting sites. The question of what forces can bring two surfaces in close
juxtaposition, and how, has not yet been fully answered with definitive quantitative and
theoretical approaches, but deviations from perfect planarity appear to be important for
enhancing bond formation across surfaces. Once a flowing platelet is at a “latching distance”
from reactive sites on the vessel wall, membrane receptor binding to adhesive ligands occurs
if the corresponding intrinsic association rate is faster than the relative velocity at which the
molecules move with respect to each other. In other words, binding must be established
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while the two molecules are sufficiently close to interact, a time that shortens as the velocity
of platelets, i.e. the shear rate, increases. As a consequence, cell recruitment onto the surface
decreases with increasing shear rate. Shear stress, in contrast, influences the lifetime of an
adhesive bond once formed, thus the off rate of the interaction, resulting in detachment of
adherent cells with increasing shear stress [34]. Different pathways of platelet adhesion are
variably affected by shear force depending on the biomechanical properties of each receptor-
ligand pair. Above a threshold shear rate of 500–800 s−1 in human blood [35,36] and 2,000–
5,000 s−1 in mouse blood [37], under controlled experimental conditions, only the
interaction between immobilized VWF A1 domain (VWF-A1) and membrane glycoprotein
(GP) Ibα has a sufficiently fast on-rate to initiate platelet adhesion [38]. The higher
threshold in the mouse is likely the consequence of a smaller platelet size, which reduces the
drag on the particle for a given shear stress. Thrombus development alters the hemodynamic
conditions by restricting the lumen through which blood flows. To maintain the same
volumetric flow rate (i.e., the volume of blood transported per unit time) in spite of the
restriction, the velocity of flow must increase resulting in higher shear rate and stress. This
explains why shear rates in excess of 20,000–40,000 s−1 develop at or just upstream of a
severe stenosis in a human atherosclerotic coronary artery [39–41]. For the same reason, the
shear rate on the membrane of immobilized platelets exposed to flowing blood at the surface
of an arterial thrombus is progressively higher as the protrusion into the vessel lumen
increases. Thus, the fluid dynamic constraints influencing the adhesion of single platelets to
the vessel wall affect also the recruitment of circulating platelets into a growing thrombus,
as demonstrated by the required function of GP Ibα and VWF-A1 to support platelet
aggregation above a threshold shear rate (Fig. 3). It is important to note that the threshold
discussed here is not a minimum shear rate value to engage the function of immobilized
VWF-A1, which can mediate platelet tethering even under venous slow flow conditions
[38]; rather, it is an upper limit for the function of most other platelet adhesive bonds in the
absence of VWF. variably affected by shear force depending on the biomechanical
properties of each receptor-ligand pair. Above a threshold shear rate of 500–800 s−1 in
human blood [35,36] and 2,000–5,000 s−1 in mouse blood [37], under controlled
experimental conditions, only the interaction between immobilized VWF A1 domain (VWF-
A1) and membrane glycoprotein (GP) Ibα has a sufficiently fast on-rate to initiate platelet
adhesion [38]. The higher threshold in the mouse is likely the consequence of a smaller
platelet size, which reduces the drag on the particle for a given shear stress. Thrombus
development alters the hemodynamic conditions by restricting the lumen through which
blood flows. To maintain the same volumetric flow rate (i.e., the volume of blood
transported per unit time) in spite of the restriction, the velocity of flow must increase
resulting in higher shear rate and stress. This explains why shear rates in excess of 20,000–
40,000 s−1 develop at or just upstream of a severe stenosis in a human atherosclerotic
coronary artery [39–41]. For the same reason, the shear rate on the membrane of
immobilized platelets exposed to flowing blood at the surface of an arterial thrombus is
progressively higher as the protrusion into the vessel lumen increases. Thus, the fluid
dynamic constraints influencing the adhesion of single platelets to the vessel wall affect also
the recruitment of circulating platelets into a growing thrombus, as demonstrated by the
required function of GP Ibα and VWF-A1 to support platelet aggregation above a threshold
shear rate (Fig. 3). It is important to note that the threshold discussed here is not a minimum
shear rate value to engage the function of immobilized VWF-A1, which can mediate platelet
tethering even under venous slow flow conditions [38]; rather, it is an upper limit for the
function of most other platelet adhesive bonds in the absence of VWF.

Substrates and receptors for platelet adhesion to the vessel wall
Platelets circulate close to the endothelial cell lining of the vascular wall without displaying
any stable interaction, mainly because endothelial cells actively maintain an anti-adhesive
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phenotype [42,43]. Perturbation of this normal equilibrium, caused either by mechanical
disruption of vascular integrity (wound) or pathogenic stimuli, promptly leads to platelet
adhesion onto the injured site. The interaction with the vessel wall, including endothelial
cells, smooth muscle cells, fibroblasts and ECM components, is the key initiating event in
all host defense activities of platelets as well as in the pathological processes in which they
are involved. The response to vascular injury is contingent on the nature of the lesion.
Depending on the matrix proteins exposed to blood and the hemodynamic conditions,
platelet adhesion requires the synergistic function of different receptors ultimately leading to
activation and aggregation. A brief description of the main interactions that support the
adhesive properties of platelets in flowing blood is presented below, followed by a more
extensive analysis of the platelet-VWF interaction as the uniquely relevant pathway for
adhesion under elevated shear stress.

Platelet adhesion to collagen
Different collagens are present in the vessel wall. Of these, types I, III, and VI are known to
support platelet adhesion and aggregation [44]. Several putative collagen-binding proteins
have been identified on platelets, including the integrin α2β1 (GP Ia–IIa in the pre-integrin
era) [45–47], GP VI [48,49], GP IV (CD-36) [50], and the 65 kDa protein (p65) reportedly
specific for type I collagen [51]. Of the latter two, however, GP IV can be absent from
platelets [52], as in 5% of Japanese, without affecting platelet function [53] and hemostasis
[54], and no confirmed information has followed the original report on p65 existence. Thus,
only α2β1 and GP VI have an undisputed potential role in collagen-mediated platelet
adhesion and aggregation, but their relative importance remains debated [6,55–57].
Conflicting opinions supported by results obtained with genetically manipulated or
pharmacologically treated mice may be explained by factors that are only beginning to
emerge, such as the role of modifier genes controlling the expression of proteins with still
ill-defined effects on thrombus formation. One cogent example of this is represented by he
identification of the Modifier of Hemostasis (MH) locus on mouse chromosome 4, which
influences the prothrombotic and hemostatic phenotype in GP VI-deficient mice [58].
Moreover, native collagen is an insoluble protein whose thrombogenic activity is likely
influenced by multiple interactions with other matrix components in a complex
supramolecular assembly. Collagen preparations used in ex vivo experiments undergo
manipulations that alter the structurally integrity present in the matrix, with poorly
understood and, possibly, underestimated consequences on the interaction with platelet
receptors. For example, acid-insoluble fibers display a characteristic banded pattern due to
the regular staggering of collagen monomers [44,59], while pepsin-solubilized microfibrils
lack this pattern and form spiral structures [60]. Spiraled collagen formed by fibrils in
helical assembly has been found in both normal and pathological vascular tissues, and may
result from the degradation of fibers by matrix metalloproteases (MMP), particularly
MMP-1 [61]. When immobilized, all these substrates are thrombogenic but elicit platelet
adhesion and aggregation through different mechanisms. This is best illustrated by the
distinct consequences of blocking one of the platelet collagen receptors, the integrin α2β1,
which impairs thrombus formation on spiral microfibrils but not on banded collagen fibers
[60]. In contrast, blocking the other receptor, GP VI, impairs thrombus formation on all
types of collagen fibers [62,63]. At the present state of knowledge, it seems reasonable to
assume that both α2β1 and GP VI play a physiopathological role in mediating platelet
interactions with collagens. In the future, it should be possible to define clearly how the
relative function of these two receptors may vary as a result of differences in the
composition of the thrombogenic surface exposed to flowing blood at a site of vascular
injury, in turn dependent on the causing trauma or underlying disease process.
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Platelet adhesion to fibrinogen/fibrin
Fibrinogen is present in blood as a soluble protein and a releasable pool is also contained
within the α-granules of platelets, but it is not a normal constituent of ECM. As such,
fibrinogen is required for normal platelet aggregation (see below) but may not contribute to
the first localization of platelets onto an injured vascular surface. Nonetheless, in
experimental conditions, immobilized fibrinogen is a substrate for platelet arrest under flow,
selectively mediated by αIIbβ3 in the conformation present on nonactivated platelets [38].
Fibrin, the final product of the coagulation process, is a cross-linked insoluble polymer of
fibrinogen that is essential for the definitive consolidation of platelet aggregates in thrombi
but also retains the ability to support platelet adhesion. Thus, fibrin deposited onto injured
vascular surfaces may become a substrate for initial platelet adhesion, and in so doing may
synergize with immobilized VWF bound to its GP Ib receptor [64]. Because fibrin is rapidly
generated in vessels with low shear rate, its contribution to initial platelet adhesion may be
more relevant in the venous than arterial circulation. In perfusion systems, platelets adhere
to purified fibrinogen and fibrin in a shear rate-limited fashion, with decreasing efficiency
up to a limit of 1,000–2,000 s−1 [38]. Of note, adherent platelets activate and spread on
surfaces coated with immobilized fibrinogen/fibrin, but only small thrombi form in the
absence of other adhesive substrates.

Platelet adhesion to fibronectin
Fibronectin is an essential adhesive substrate in many fundamental biological processes
[65]. Platelets possess two main receptors for this protein, α5β1 and αIIbβ3 [66], of which
the latter requires activation in order to function [67]. It has been known for some time that
α5β1 supports platelet adhesion to endothelial ECM [36], and more recently direct evidence
has been presented that fibronectin may contribute to thrombus formation. A key
observation has been that platelets from mice deficient in both VWF and fibrinogen can
form thrombi at sites of vascular damage [68]. Typically, in these animals there is no
occlusion at the site of lesion, which can be explained by the required role of VWF in an
area of increasing shear rate, but platelet aggregates are unstable and embolize causing
downstream blockage of flow. In contrast, mice that lack αIIbβ3 are unable to form thrombi
under the same conditions [69], suggesting that a β3 ligand different from VWF and
fibrinogen can contribute to platelet cohesion. A candidate for this function has been
identified by demonstrating that mice with a conditional depletion of plasma fibronectin
exhibit a delayed thrombus growth and decreased stability of platelet aggregates [70],
suggesting that fibronectin can synergize with VWF and fibrinogen in supporting inter-
platelet cohesion through activated αIIbβ3. This apparently satisfactory explanation is
challenged by a recent report that highlights the complexity of the issue. In fact, mice with a
triple deficiency of VWF, fibrinogen and plasma fibronectin, which would be expected to
have a very marked diminution of thrombus formation, display a less severe abnormality
than mice with the double deficiency of VWF and fibrinogen [71]. The conclusion
supported by these new findings is that plasma fibronectin is not essential for VWF/
fibrinogen-independent thrombus formation; rather, soluble plasma fibronectin appears to be
an inhibitory factor for platelet aggregation. To address the contradiction at hand - plasma
fibronectin deficiency causes unstable thrombi when isolated [70], but ameliorates the defect
of VWF/fibrinogen-deficient mice [71] – the suggestion has been made that plasma
(soluble) fibronectin may inhibit the function of pro-adhesive αIIbβ3 ligands, but after
transitioning to insoluble ECM-like fibrils might support thrombus formation [71].

The above-mentioned hypothesis is not yet proven and still cannot explain while the
switching of plasma fibronectin from inhibitory to supportive of thrombus formation would
occur differently in wild type as opposed to VWF/fibrinogen-deficient mice. It is known,
however, that soluble plasma fibronectin can assemble into fibrillar networks on the surface
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of fibroblasts, platelets [72] and, possibly, other cells, thus providing a substrate that can
contribute to the stable attachment of platelet aggregates [73]. Fibronectin assembled into
fibrillar structures may also support initial platelet adhesion, either directly or indirectly by
association with collagen and/or VWF. In experimental conditions ex vivo, purified
fibronectin is a rather inefficient substrate for platelet adhesion [74], and this may reflect the
importance of supramolecular assembly with other ligands for the synergistic expression of
adhesive function. Of note, a fibronectin isoform containing Extra Domain A (EDA), which
is absent from normal plasma but elevated in several pathological conditions, has been
found to accelerate thrombus formation both in perfusion experiments ex vivo and in mouse
models of vascular injury [75]. Its significance as a risk factor for thrombotic disease in
humans remains to be established.

Platelet adhesion to thrombospondin
Thrombospondins are a family of adhesive proteins [76], of which thrombospondin-1 is
contained in platelet α-granules. After activation-induced secretion, thrombospondin-1 binds
to the platelet membrane and mediates adhesion [77]. The significance of thrombospondin-1
in platelet thrombus formation is still unclear, although it is intriguing to note that this
glycoprotein is abundant in atherosclerotic plaques. In experimental models, immobilized
thrombospondin-1 has been shown to support stable platelet attachment up to a shear rate of
4,000 s−1, a value typically associated with the participation of VWF in the process.
Adhesion to thrombospondin-1, however, was proven to be independent of VWF albeit
mediated by GP Ib with a minor contribution by GP IV (CD36) only when platelets were
activated [78]. The suggestion that thrombospondin-1 may mediate platelet adhesion under
arterial flow conditions in lieu of VWF remains to be verified.

Thrombospondin-2 is a relevant constituent of ECM but is not present in platelets;
nonetheless, its absence has been associated with a congenital hemostatic defect in mice
[79]. The extent to which this abnormality is directly associated with impaired adhesion is
not clear, and alternative explanations are possible as megakaryocytes from
thrombospondin-2 deficient mice produce platelets that are not fully activated by agonist
stimulation [80]. This may exemplify a mechanism for an indirect effect on platelet
thrombus formation caused by an adhesive molecule required during megakaryocytic
maturation and/or thrombocytopoiesis.

Platelet adhesion to laminin
Different forms of laminin are highly expressed in the subendothelial ECM, and when
exposed to blood are potential substrates for platelet adhesion. The subendothelial forms are
laminins 8 (α4β1γ1) and 10 (α5β1γ1). Platelets also contain and secrete upon activation
laminins 8 and 10, as well as laminin 11 (α5β2γ1) [81]. It has been reported that platelets
can adhere to laminin [82] but are not directly activated following the interaction [81]. Other
investigators, however, found that human laminin stimulates formation of filopodia and
lamellipodia in human and mouse platelets through an adhesion/activation pathway that
involves the integrin α6β1, a well-known laminin receptor, and GP VI. Adhesion to laminin
appears to depend on α6β1 with no required contribution by GP VI, while the latter is
necessary for the formation of lamellipodia but not filopodia [83]. These findings delineate a
synergistic role for α6β1 and GP VI as laminin receptors, coupled to distinct activation
pathways convergent on the function of the Syk tyrosine kinase [83]. The relative
contribution of adhesion to laminin in platelet thrombus formation remains to be delineated.

Platelet adhesion to other ECM components
Other ECM components have shown the potential of interacting with platelets, but their
contribution to the mechanisms of adhesion and thrombus formation is still uncertain.
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Among these are fibulin [84] and vitronectin [85]. After the initial interest [86], limited
confirmatory work has been published on fibulin and the uncertainty about its role in
relation to platelet function persists. The contribution of vitronectin to thrombus formation is
also controversial, since both inhibitory and supportive roles have been reported, but recent
evidence obtained in vitronectin-deficient mice supports a clearer definition of the issue
[87]. In ex vivo studies, the thrombin-induced aggregation of plasma-free platelets obtained
from vitronectin-deficient animals was impaired, but aggregation induced by ADP in
vitronectin-deficient platelet-rich plasma was enhanced. This enhancement was reduced by
plasma-derived vitronectin, suggesting that vitronectin released from platelets may
contribute to a more stable platelet aggregation, while plasma vitronectin may be inhibitory.
While this conclusion may still be debatable, the evidence from in vivo studies using
vascular injury models indicates more unequivocally that thrombi formed in the absence of
vitronectin are unstable, resulting in delayed vessel occlusion and frequent reopening [88].
Vitronectin binds to and stabilizes plasminogen activator inhibitor 1 (PAI-1) and thus could
protect fibrin from premature lysis acting as a thrombus stabilizer. Indeed, the thrombotic
phenotype of mice with a combined deficiency in PAI-1 and vitronectin does not differ
significantly from that of mice with the corresponding single deficiencies, suggesting that
PAI-1 and vitronectin may influence thrombus stability by regulating a common pathway
[89].

A recent addition to the list of matrix components with a potential role in supporting platelet
adhesive functions is microfibril-associated glycoprotein-1 (MAGP1), a component of
microfibrils and vascular elastic fibers that is not found in plasma or platelets. Mice lacking
this protein exhibit delayed thrombus formation following arterial injury and a prolonged
tail-bleeding time, suggesting that MAGP1 may play a role in hemostasis and thrombosis
[90]. Of note, infusion of recombinant MAGP1 before injury appeared to restore function in
deficient animals, a finding not necessarily expected with an integral matrix protein. The
mechanism of action of MAGP1 during platelet thrombus formation remains to be
elucidated, and a complicating factor is that MAGP1-deficient mice have a lower than
normal platelet count. The protein appears to have the potential to interact with fibronectin,
fibrinogen, and VWF, but has no effect on blood coagulation or platelet aggregation tested
ex vivo [90].

In general, one can assume that all tissue components capable of interacting with platelets
can contribute to the initiation of thrombus formation when exposed to blood, even though
only a few may be essential. Of note, experiments with purified proteins are useful to
establish specific mechanisms of action but may not reflect functions within the complex
supramolecular assembly of ECM. As a consequence, it remains to be elucidated in detail
the relative role that several adhesive interactions may play in supporting platelet adhesion
to vascular surfaces. This is true in particular for insoluble proteins that exist only in the
ECM, such as collagen, or for proteins that may exist in a soluble form in plasma, such as
fibronectin, but differ in their structure and conformation when they assemble into complex
matrices [65,72].

The unique role of von Willebrand factor in platelet adhesion under flow
Subendothelial matrix VWF and immobilized plasma-derived VWF

Among the substrates required for thrombus formation, VWF is thought to be unique for its
role in initiating platelet adhesion and sustaining platelet aggregation under conditions of
elevated shear stress [36,38]. These functions are carried out primarily trough the tethering
of GP Ibα in the platelet membrane GP Ib-IX-V receptor complex [91] to the A1 domain of
immobilized VWF exposed to flowing blood. As a constitutive component of the ECM of
endothelial cells [92], in which it is associated with collagen type VI filaments [93,94],
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subendothelial VWF can directly support platelet adhesion [95–98]. Nonetheless, hemostasis
can be normal in the absence of endogenous endothelial VWF if plasma VWF is present.
The relative contribution of these two forms of VWF to platelet adhesion was elucidated by
studies on the transplant of normal pig bone marrow into pigs affected by severe von
Willebrand disease, characterized by a complete deficiency of VWF [99]. As expected, the
procedure could not correct the endothelial cell defect, thus there continued to be no VWF
secretion into blood or subendothelial matrix while the VWF content in platelet α-granules
was normalized. This was not sufficient to restore a normal hemostasis, although some
transplanted animals showed a partial amelioration of the prolonged bleeding time. The
latter finding is in agreement with the concept that α-granule-derived VWF, released after
activation, can contribute to thrombus growth but not to the initial platelet adhesion
occurring before activation [100]. In contrast, hemostasis was completely normal in the
transplanted pigs after infusion of normal plasma VWF. The prolonged bleeding time of
pigs with severe von Willebrand disease was also normalized by transfusion of VWF
concentrates alone, even though their platelet VWF remained absent, but a considerably
higher dose was required than in transplanted pigs with normal platelet VWF [101]. These
results prove that plasma VWF can initiate platelet adhesion after binding to the vessel wall
in the absence of matrix VWF and support subsequent thrombus growth with the
contribution of platelet-released VWF, even though the latter is not strictly essential.
Consequently, the interaction of circulating VWF with exposed vascular and perivascular
tissues is a key early event in thrombus formation.

The transition from soluble to immobilized VWF
Plasma VWF can become immobilized onto subendothelial surfaces through the binding to
ECM components and through self-association with other VWF multimers. The main
substrate capable of binding VWF is collagen, particularly types I and III present in deeper
layers of the vessel wall and microfibrillar collagen type VI in the subendothelial matrix.
VWF-A1, comprising residues 497–716 of the mature subunit (add 763 to obtain the
corresponding residue number in pre-pro-VWF) [102], was initially shown to interact with
collagen types I and III [103], but its main role may be binding to collagen type VI
[104,105]. The latter contains VWF type A domains in its non-collagenous regions [106]
that may become engaged in homotypic interactions with VWF-A1. The VWF A3 domain
(VWF-A3), comprising residues 910–1111, also binds to collagen types I and III, and is
apparently necessary and sufficient to mediate the interaction with fibrillar collagens
[36,107]. The VWF-A3 residues involved in collagen binding have been mapped [108,109],
and a high affinity binding site for VWF has been identified in collagen type III [110]. Fluid
dynamic conditions and mechanical forces may modulate the VWF-collagen interaction, and
the interplay of domains A1 and A3 may be necessary to support VWF immobilization onto
extracellular matrices containing various collagen types [105,111]. Of note, VWF multimer
size directly correlates with the affinity for collagen binding [112].

Contrasting the information on the role played by VWF-A3 in the interaction with fibrillar
collagens in vitro, supported by the demonstrated anti-thrombotic activity of a function-
blocking anti-VWF A3 antibody [113], stands the evidence that mutations preventing
collagen binding (such as Ser968Thr) are compatible with normal hemostasis in vivo
[114,115]. It appears, therefore, that different VWF domains can ensure the interaction with
collagen in ECM, possibly depending on the nature of a lesion, and/or extracellular
substrates other than collagen can support VWF in initiating platelet adhesion. In favor of
the first hypothesis, evidence has been obtained that collagen type VI may play an important
role in VWF binding by interacting with the A1 domain [94]. Moreover, particularly under
flow conditions, VWF-A1 can substitute for VWF-A3 in supporting binding to collagen, in
which the sites interacting with the two domains appear to be overlapping [111]. Concerning
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the second hypothesis, it is known that VWF can interact with ECM components
independently of collagen. The A1 domain contains a heparin-binding site [116,117] that
has been localized to the sequence Tyr565-Ala587 [118]. A second, lower affinity heparin-
binding sequence exists within the first 272 residues of the mature VWF subunit [119].28

These heparin-binding sites may reflect the ability to interact with matrix proteoglycans that
contain sulfated carbohydrates. For example, the small proteoglycan decorin, which
associates with several matrix components and contributes to matrix assembly, has been
reported to bind VWF in an interaction mediated by the glycosaminoglycan chain and
regulated by the degree of sulfation [120]. In addition, VWF binds to sulfated
glycosphingolipids (sulfatides) [121] that are present on cellular membranes and may serve
an accessory role in promoting localization on wounded tissues. The binding site for
sulfatides has been localized within A1 domain residues 512–673, possibly with a more
direct involvement of residues 569–584 [122] and/or 626–646 [123]. Sulfatides can inhibit
platelet adhesion to VWF mediated by GP Ibα, suggesting an overlap of interacting sites
[124]. Because VWF is multimeric, sulfatides may mediate binding to surfaces and still
allow platelet adhesion to different A1 domains in the same immobilized polymer, and the
same may be true for heparin bound to the A1 domain [125]. Another pathway to VWF
immobilization may be through interaction with a forming clot. Thus, the cross-linking of
VWF to the α-chain of fibrin [126,127] can contribute to platelet deposition onto altered
vascular surfaces, and this may become a relevant adhesion mechanism in areas where acute
or chronic inflammation causes fibrin formation.

The ability to self-associate on a surface represents an additional mechanism supporting the
transition from soluble to immobilized VWF, in which case circulating multimers interact
with matrix-bound and endogenous subendothelial VWF [128]. This mechanism was
demonstrated by immobilizing a mutant VWF devoid of domain A1 (ΔA1-VWF), thus
unable to promote platelet adhesion, onto collagen and showing that GP Ibα-mediated
tethering was restored by the presence of soluble VWF in plasma (Fig. 4). As reported, this
phenomenon is fully reversible. Very large VWF multimers locally released by stimulated
endothelial cells [129]42may enhance the efficiency of the process, as these molecules form
high strength bonds with GP Ibα [130]. Self-association of VWF multimers can occur onto
the platelet surface [131] under conditions of hydrodynamic shear that favor the binding of
soluble VWF [132]. The self-association of VWF apparently involves multiple domains
[133] and none has been identified as essential, including A1 and A3 [128].

A distinct form of self-association may involve thiol-disulfide exchange. In this mechanism,
as recently reported, surface-exposed free thiols present in at least some circulating VWF
multimers can form new disulfide bonds under the effect of shear stress >50–100 dynes/cm2,
and the resulting increase in VWF multimer size may support enhanced binding to platelets
[134]. This process of self-association apparently applies to VWF multimers in solution, i.e.
precedes immobilization onto a surface, but a similar mechanism involving free thiol groups
has been shown to support the elongation of ultralarge VWF strings released from
endothelial cells. In this case, VWF strings on the endothelial surface, i.e. immobilized,
increase in size through the covalent association of plasma VWF multimers that are
recruited from solution [135]. Of note, inter-subunit disulfide bonds formed during
biosynthesis inside the cell are the foundation of the polymeric VWF structure. The reported
findings, which need to be confirmed, indicate that disulfide exchange involving VWF
multimers may continue after secretion of the molecule into blood and potentially represent
a relevant mechanism regulating adhesive functions dependent on platelet binding. One
obvious question posed by these experiments concerns the possibility that shear-induced
enhancement of VWF adhesive functions could be irreversible, a conclusion that apparently
conflicts with the evidence that shear-induced VWF-mediated platelet aggregation is largely
reversible if shear stress decreases before platelet activation takes place.
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In summary, the available evidence suggests that different types of injury may elicit distinct
pathways for the local immobilization of soluble VWF. As a consequence, for example,
VWF binding to collagen may not be essential to ensure normal hemostasis, but may be a
primary determinant of the pathological thrombogenic response caused by the rupture of
collagen-rich atherosclerotic plaques. From an experimental point of view, it is difficult to
recreate such a functional diversity using purified molecules, which can explain some of the
inconsistencies found in the literature with respect to the mechanisms of VWF binding to
vascular surfaces.

The distinctive functional properties of immobilized and soluble VWF
Platelets have no measurable interaction with circulating VWF in solution, but adhere to
immobilized VWF. Such a regulation prevents intravascular platelet aggregation, and has
led to the concept that the interaction with GP Ibα depends on a conformational change in
surface-bound VWF. Indeed, VWF molecules may change shape depending on
hemodynamic conditions, so that upon binding to the vessel wall under high shear stress
they appear as elongated filaments rather than the loosely coiled structures seen under static
or low shear stress conditions [136]. Uncoiling may expose the repeating functional sites
present in multimeric VWF, allowing a more efficient multivalent binding to platelets.
Three-dimensional structural studies [137] have shown that more subtle conformational
changes can occur in the GP Ibα-binding VWF A1 domain as a result of amino acid
substitutions, such as those causing type 2B von Willebrand disease [138], which overcome
the affinity barrier for soluble VWF binding to platelets. These findings indicate that
conformation can influence the interaction between VWF-A1 and GP Ibα, but they provide
no evidence that conformational changes occur as a result of the transition from soluble to
surface-immobilized VWF. Studies with a specific “nanobody” [139] support the concept of
a common “active” conformation in the VWF A1 domain of surface-bound multimers,
soluble ultralarge multimers released by endothelial cells and mutant type 2B plasma VWF,
in contrast to the “inactive” conformation of normal plasma VWF. In fact, the “nanobody”
binds preferentially to the A1 domain of VWF species with enhanced affinity for GP Ibα,
indicating that they may share the same conformation. It remains to be determined whether
such a conformation is dynamically transient or reflects one of the known crystallized
structures seen in the VWF-A1 complex with GP Ibα [140,141]. A particularly relevant
“active” form of soluble VWF is represented by the ultralarge multimers released from the
storage granules of stimulated endothelial cells and platelets [142,143]. Ultralarge VWF
multimers function locally, but under normal conditions they do not accumulate in
circulating blood [144] because they are processed by a specific protease, ADAMTS-13
(ADAMTS: A Disintegrin And Metalloproteinase with a TromboSpondin type 1 motif)
[145].

ADAMTS-13 and the regulation of VWF-mediated platelet adhesion and aggregation
VWF released by endothelial cells and/or activated platelets at sites of vascular injury
promotes both platelet adhesion and aggregation, particularly under high shear stress
conditions, thus exerting a potent prothrombotic effect. The largest, most active VWF
multimers are present inside cellular storage granules but are not normally found in the
circulation. The reason for this is the efficient processing of all secreted VWF by the
metalloprotease, ADAMTS-13, which cleaves one single peptide bond in the VWF subunit
[146] and in so doing reduces multimer size [147]. Absence of ADAMTS-13 results in a
thrombotic microangiopathy [148], suggesting that the physiologic function of the protease
is to limit the activity of the most active VWF multimers to the sites where they are released
from cells. Recently, the results of ex vivo perfusion experiments have added to this concept
by showing that ADAMTS-13 can further cleave circulating VWF multimers while they
mediate activation-independent inter-platelet cohesion induced by elevated shear stress,
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resulting in a time-dependent dispersion of the aggregates [149]. In contrast, the protease
appeared to have no effect, at least under the ex vivo conditions studied, when thrombus
formation was induced by blood exposure to a collagen surface.

The latter finding stands in apparent contradiction with the results of in vivo studies in
mouse thrombosis models, which have shown the ability of recombinant ADAMTS-13 to
dissolve experimentally-induced thrombi in the arteriolar circulation leading to the
conclusion that the protease could be used as an antithrombotic agent [150]. While the effect
of ADAMTS-13 on microarteriolar thrombi is in agreement with the phenotype caused by
its deficiency, i.e. microarteriolar thrombosis, the situation may be different in larger
arteries. In this case, the antithrombotic activity of ADAMTS-13 may depend on the extent
to which adhesive molecules such as fibrinogen and fibronectin, rather than VWF,
contribute to platelet aggregation. Thus, the antithrombotic activity of ADAMTS-13 may be
selective for platelet aggregation under high shear stress conditions in which VWF is
important for platelet cohesion [151]. During hemostasis, ADAMTS-13 activity may be
needed to avoid the propagation of platelet aggregates beyond the limits of a vascular
wound, which typically involves the microarteriolar circulation with rapidly flowing blood.
It remains to be demonstrated whether ADAMTS-13 may limit the potential role of VWF in
mediating the occlusion of stenotic arteries where pathologically elevated shear rates
develop. In this regard, it is intriguing to observe that a recent study found a positive
correlation between ADAMTS-13 levels and the risk of myocardial infarction in men [152],
a finding that is in apparent contrast with the suggestion that ADAMTS-13 may act as an
anti-thrombotic agent. The mechanism through which increased ADAMTS-13 levels and/or
activity might constitute a risk for arterial thrombosis remains to be understood.

Membrane receptors and the mechanism of platelet tethering to VWF
Platelets have two main binding sites for VWF [153,154], GP Ibα in the GP Ib-IX-V
complex [91] and the integrin αIIbβ3 [155], which recognizes the ligand Arg-Gly-Asp
(RGD) sequence. A second β3 integrin, αvβ3, albeit present at much lower density than
αIIbβ3 [156], may contribute to VWF binding, a function shown on endothelial cells [157].
Both platelet receptors for VWF are promiscuous and bind several ligands that may mediate
adhesion to other platelets and cells. In particular, the GP Ib-IX-V complex is a counter-
receptor for P-selectin [158] and for the leukocyte integrin Mac-1 (α2βM) [159], supporting
two interactions that may contribute more to inflammatory responses than to platelet
thrombus formation. The integrin αIIbβ3, on the other hand, binds several ligands, in
addition to VWF, that are key to the process of platelet adhesion and aggregation, primarily
fibrinogen [160], fibronectin [67] and CD40 ligand [161].

The distinguishing feature of the interaction between GP Ibα and VWF-A1 is the ability to
support activation-independent platelet tethering to thrombogenic surfaces even when the
velocity of blood is elevated. The bond has a fast dissociation rate and, for this property, it is
considered selectin-like [162]. Also akin to selectin-mediated bonds [163], recent studies
have shown that increasing tensile stress prolongs the lifetime of the interaction between
VWF-A1 and GP Ibα when force is relatively small but shortens it above a certain threshold,
indicating a shear dependent transition from the properties of a “catch” bond to those of a
“slip” bond [164]. A catch bond requires a high shear stress to achieve functionally efficient
lifetimes, and such a property could prevent VWF-A1 from interacting with platelets in the
circulation. Intuitively, when a molecule in solution interacts with a membrane receptor on a
flowing cell, the resulting bond is unlikely to be subjected to significant tensile stress as long
as the bound ligand flows with the cell, thus a catch bond would not achieve a significant
lifetime. Of interest, VWF-A1 containing type 2B mutations does not appear to form catch
bonds with GP Ib, rather it forms typical slip bonds with relatively long bond lifetimes even
when exposed to low shear stress [164]. Such a functional property is consistent with the
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significantly slower rolling velocity of platelets interacting with immobilized type 2B VWF-
A1 [137], and can explain the ability of soluble type 2B VWF to induce platelet
agglutination in circulating blood [165]. In fact, the lifetime of the bond between type 2B
VWF-A1 and GP Ib on circulating platelets may be sufficient to mediate efficient adhesion
even without exposure to a minimum level of tensile stress [164]. Recent results of
molecular dynamics simulation have suggested a structural basis to explain how flow-
induced conformational changes in GP Ibα, in addition to the intrinsic properties of VWF-
A1 discussed above, can contribute to the functional modulation as well as enhanced
adhesive properties of the GP Ib/VWF-A1 adhesive bond under increasing shear stress
[166].

Under most circumstances, platelets tethered to the vessel wall solely through VWF-GP Ibα
move slowly in the direction of flow and, until recently, it was thought that this interaction
by itself cannot support irreversible adhesion [38]. Initial transient interactions between
platelets and reactive surfaces my be essential for allowing a modulated response to injury,
as commitment to irreversible adhesion after each initial contact could have adverse
consequences, including tissue damage. In inflamed tissues, this function may mediate
platelet contact with stimulated endothelial cells [167], a surface onto which the only
adhesive substrates may be membrane-bound VWF and P-selectin, which also mediates cell
adhesion and rolling [168]. The presence of additional structures signifying a serious lesion
may be the required trigger for subsequent steps such as irreversible platelet adhesion and
accumulation. The GP Ibα-mediated translocation velocity onto immobilized VWF is
typically less than 2% of the free flow velocity of non-interacting platelets at the same
distance from the luminal surface. This slow motion allows the establishment of additional
bonds through receptors that belong mostly, but not necessarily, to the integrin superfamily.
Such receptors, many of which depend on platelet activation to express function, typically
have an intrinsically slower rate of bond formation but are capable of mediating stable
interactions that lead to the definitive arrest of individual platelets and subsequent thrombus
development. Notable in this regard is the role of the activated integrin αIIbβ3 and of
collagen receptors. When VWF is bound to collagen, the transition from rolling to stable
adhesion occurs more rapidly than on immobilized VWF alone and thrombus development
occurs at higher shear rates than on collagen without VWF [36]. Such considerations
highlight the true synergistic function of the VWF-collagen complex.

An integrated view of VWF-mediated platelet adhesion and aggregation
The concept that the VWF-GP Ibα interaction cannot support long-lasting adhesion must be
modified in view of the recently demonstrated ability of non-activated platelets to form
aggregates that attach firmly to immobilized VWF under extremely high shear stress
conditions (Fig. 5) [169]. Several unique features characterize this mechanism of platelet
adhesion to extracellular surfaces and to one another, marking substantial differences with
the process of single platelet rolling. Perhaps the most relevant distinction is that GP Ibα-
mediated long-lasting adhesion and aggregation only occur above a threshold shear rate of
~10,000 s−1, a feature that highlights its potential importance for pathological arterial
thrombosis. Platelets that become firmly adherent to the surface are stretched considerably
in the direction of flow, but whether this morphological change is the cause or consequence
of adhesion under elevated shear stress remains to be established [169]. Of note, a 3-D
multi-scale computational model has been used to calculate the shear rate threshold required
for measurable VWF-mediated platelet aggregation [170,171], and the zero efficiency of
binding predicted for shear rates <8000 s−1 is in remarkable agreement with experimental
findings obtained independently [169]. It is also noteworthy that, at the levels of shear stress
required for VWF-mediated and activation-independent platelet aggregation (>400 dyne/
cm2 wall shear stress), the bond between VWF-A1 and GP Ibα exhibits the properties of a
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slip bond (the transition from catch to slip bond occurring at 10–20 dyne/cm2 wall shear
stress; see reference [164]), thus should become less efficient with increasing shear stress.
Experimental evidence is in contrast with such a conclusion [169], indicating that
mechanisms not directly dependent on the intrinsic biomechanical properties of single bonds
(for example, regulation of the number of bonds formed) may play a key role in VWF and
GP Ib-mediated platelet adhesion/aggregation. A second key distinction is that platelet
adhesion and aggregation at pathologically elevated shear rates depends on soluble as well
as surface-bound VWF, while single platelet adhesion and rolling require only immobilized
VWF [169]. A third and equally relevant feature is that GP Ibα-mediated and VWF-
dependent firm platelet adhesion and aggregation occur without any requirement for platelet
activation and integrin function. Such a statement should not be taken to indicate that
activation has no influence on platelet thrombus formation at pathologically elevated shear
rates, as it remains essential for the stability of aggregates [13]. It is intuitive, however, that
the ability of platelets to aggregate onto surfaces even before activation greatly favors the
establishment of growing thrombi in a high shear rate environment, in which elevated tensile
stress limits the efficiency of adhesive bonds and rapid flow reduces the concentration of
agonists required for activation. Under challenging hydrodynamic conditions, therefore,
platelet interactions with adhesive surfaces and with one another appear to be synergistic. Of
note, ADAMTS-13 can cleave circulating VWF multimers while they mediate activation-
independent inter-platelet cohesion under high shear stress, thus dispersing the aggregates
[149].

Substrates and receptors for platelet aggregation
Following the initial events that lead to adhesion and activation at sites of vascular injury,
platelets bind soluble adhesive proteins and form a reactive surface for continuing platelet
deposition. Subsequent thrombus growth is therefore strictly dependent on the formation of
inter-platelet bonds. Aggregation has typically been studied with agonist-stimulated platelets
in suspension, without surface interactions, and under stirring conditions that create a
turbulent flow with low shear rates [172]. Studies of this kind have led to the assumption
that fibrinogen binding to αIIbβ3 is the only interaction relevant for platelet aggregation
[173]. The view has changed with the use of the cone-and-plate viscometer, where platelets
in suspension can be exposed to defined levels of shear stress in a laminar flow field. High
shear stress by itself, without addition of exogenous agonists, can lead to platelet
aggregation that is mediated by VWF and its two membrane receptors [174,175]. Indeed, at
elevated shear rates, typically in excess of 5000 s−1, VWF binds specifically to platelets in a
process that involves sequentially GP Ibα and αIIbβ3 [176]. Thus, fibrinogen and VWF, as
well as GP Ibα and αIIbβ3, have distinct but complementary roles in platelet aggregation
depending on fluid dynamic conditions.

The study of platelet aggregation in suspension fails to reproduce the correct spatial and
temporal sequence of events that occur during thrombus growth in vivo, but alternative
experimental approaches can measure in real time the three-dimensional growth of platelet
aggregates under defined hemodynamic conditions [151]. Ex vivo perfusion experiments
indicate a synergistic role for fibrinogen and VWF in supporting platelet aggregation onto
collagen fibrils. Without fibrinogen, thrombi mediated by VWF grow rapidly at high shear
rate but are unstable; with both VWF and fibrinogen, thrombi grow more slowly but are
stable [151]. In mice selectively deficient in VWF, platelet adhesion at sites of experimental
vascular lesion is delayed, but stable platelet aggregates eventually develop even though
arterial occlusion is often impaired [68]. Because these studies have been performed in the
microcirculation, their significance with respect to the role of VWF in the thrombotic
occlusion of larger arteries remains to be defined. In mice selectively deficient in fibrinogen,
in contrast, platelet thrombi develop rapidly but detach from the surface and embolize
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causing vascular occlusion downstream of the lesion [68]. Thus, in agreement with the ex
vivo perfusion studies outline above, both VWF and fibrinogen are required to ensure stable
aggregates. These results provide a plausible explanation for the altered hemostatic
properties of platelets from patients with isolated congenital deficiency of either fibrinogen
[177] or VWF [178]. Because neither protein by itself can sustain the development of stable
thrombi under relevant flow conditions, hemostasis cannot be normal unless both are present
and functional.

Platelet adhesion and thrombus stabilization
Platelet aggregation in itself is not an irreversible process, which is an important
characteristic allowing for the intervention of regulatory mechanisms capable of preventing
an excessive, and potentially dangerous, propagation of thrombus growth. After activation
and aggregation have occurred in response to a vascular lesion, distinct adhesive
mechanisms become operative that consolidate the stability of the forming thrombus. The
identification and characterization of the molecules involved in these processes have become
the focus of increasing attention in recent years because of their seemingly important
influence on hemostatic efficiency and, in pathological conditions, arterial thrombotic
complications. It is apparent that newly recruited platelets at the growing edge of a thrombus
transmit feedback signals to aggregated platelets in deeper layers that are necessary to
prevent disaggregation. The propagation of these signals throughout the thrombus is visible
as recurrent cycles of intracytoplasmic Ca2+ elevations (Fig. 6) [179]. Both ADP receptors,
P2Y1 and P2Y12, are involved in the process, as demonstrated experimentally by two-stage
perfusion experiments in which normal blood is first exposed to a thrombogenic surface,
such as collagen type I fibers, followed by blood containing specific inhibitors. In such a
manner, it has been shown that a thrombus can begin to disperse even after several minutes
of growth if ADP activation pathways are blocked, intracytoplasmic Ca2+ elevations are
prevented or inhibitors of αIIbβ3 function are added [180]. These findings indicate that
platelet activation must be sustained in order to keep adhesive ligands bound to αIIbβ3 in a
stable manner. It should be considered, however, that ex vivo experiments might
overemphasize platelet-dependent mechanisms of this kind because anticoagulants used to
handle blood outside of vessels markedly suppress α-thrombin generation and/or activity
and reduce the deposition of fibrin that normally contributes to thrombus stability.
Nevertheless, sustained platelet activation may be critical for maintaining the integrity of
platelet aggregates, particularly in rapid arterial flow conditions and in the early stages of
thrombus development.

Adhesive molecules bound to or expressed onto the membrane of activated platelet are
crucial for the rapid growth of stable thrombi. One example of this function is the role that
fibrinogen (likely after conversion to fibrin) plays in anchoring aggregated platelets to the
site of vascular injury, thus preventing downstream embolization under the effects of flow
[68]. Several specific interactions have been identified that directly enhance the cohesion
between platelets initially established through well-known adhesive ligands (VWF,
fibrinogen, fibronectin) and receptors (GP Ibα and αIIbβ3). Two main mechanisms can be
envisioned to operate in this regard, one resulting in the generation of signals that enhance
or sustain platelet activation, and the other based on homophilic or heterophilic interactions
that add adhesive strength to platelet aggregates. The hormone leptin is an example of the
first type of action, as it may reinforce the response of platelets to weak agonist stimulation
thus contributing to the stability of platelet aggregation [181]. The effect of leptin on
thrombus growth has been confirmed with in vivo experiments in obese mice, who lack
leptin and exhibit delayed thrombotic occlusion with frequent embolization in injured
arteries [182]. Moreover, inhibition of endogenous leptin has been found to protect mice
from arterial and venous thrombosis [183]. In human obesity, therefore, in which leptin
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resistance leads to high circulating levels of the hormone, the effect of leptin on platelet
activation may represent an additional prothrombotic factor. It should be noted, however,
that the reported effect of leptin on platelet aggregation has not yet been confirmed and, for
reasons still unknown, may be detectable only in a subpopulation of individuals.

Cellular pathways involved in inflammatory and immune responses also appear to have
prothrombotic effects. CD40 ligand (CD40L), a member of the tumor necrosis factor family
of ligands, has been detected on the surface of activated platelets where it interacts with
αIIbβ3 through an integrin recognition sequence (KGD). In the absence of CD40L, platelet
aggregates formed in experimental in vivo models of thrombosis are unstable, confirming
the ability of this protein to support platelet-platelet cohesion under high shear stress
conditions via an αIIbβ3-dependent mechanism [161].

Growth arrest-specific gene 6 product (Gas6) is a vitamin K-dependent protein homologous
to the anticoagulant cofactor, protein S, whose absence or inactivation was reported to
protect mice from fatal thromboembolism [184]. Gas6 is present in plasma and in the α-
granules of mouse platelets, from which it is secreted upon activation, but may be absent in
human platelets [185]. Because of the latter observation, the relevance of Gas6 in human
platelet physiology is being reevaluated as it may depend on the function of the plasma-
derived protein only. On the other hand, all three known Gas6 receptors (Axl, Sky, and Mer)
are present on mouse and human platelets, and their inactivation or stimulation results in the
expected inhibition or enhancement, respectively, of agonist-induced platelet activation
responses [186]. Thus, Gas6-dependent pathways may represent an amplification
mechanism for platelet aggregate stability.

Eph kinases and ephrins are families of membrane bound molecules that interact with each
other, exhibiting a major role in neuronal organization and as early markers for vascular
commitment to arterial or venous development. Platelet-expressed Eph/ephrins include
EphA4 and ephrinB1, which appear to contribute to “outside-in” signals originating from
ligand-occupied αIIbβ3. Inhibition of Eph/ephrin interactions results in a diminution of the
volume of thrombi formed on a collagen type I surface, presumably as a consequence of
decreased aggregate cohesion [187].

A strategy has been proposed to identify molecules that are phosphorylated following the
induction of platelet aggregation, as this could indicate a specific role in controlling
thrombus stability [188]. Two studies have recently verified the validity of this hypothesis.
In one, a novel membrane protein has been identified, platelet endothelial aggregation
receptor 1 (PEAR1), that appears to signal secondary to αIIbβ3-mediated platelet-platelet
contacts [188]. Future studies will indicate the pathophysiological significance of this
finding. In another study, evidence has been presented for the prothrombotic function of
CD84 and SLAM (signaling lymphocyte activation molecule), both members of the same
family of homophilic adhesion receptors. Immobilized CD84 can promote platelet
microaggregation, and SLAM−/− mice exhibit decreased agonist-induced platelet
aggregation, a defect confirmed by intravital studies of thrombus formation in injured
vessels [189]. Because numerous cell signaling and adhesive pathways potentially involved
in controlling platelet thrombus integrity have already been identified, an obvious challenge
for the future will be the integration of this analytical knowledge into a comprehensive
representation of the mechanisms of platelet response to vascular injury.

Conclusions
The last few years have witnessed major advances in our understanding of the mechanisms
that support platelet thrombus formation in flowing blood. The results of ex vivo flow
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experiments and intravital microscopy studies have shed new light on the processes
underlying hemostasis and thrombosis. Animal models with targeted gene deletions or
mutations have greatly contributed to these advances and will certainly provide more
insights in the future. Significant progress in genomics and proteomics has generated
information relevant to elucidating the integrated processes that link platelet-substrate
interactions and signaling pathways to thrombus growth and stability. Finally, the advent of
improved drug development technologies is likely to permit the translation of this
fundamental knowledge into more efficient therapeutic approaches to prevent excessive
bleeding and thrombosis.

Acknowledgments
We gratefully acknowledge the many contributions that all the colleagues in the Ruggeri laboratory have made to
the original work discussed here. The original work by the author referred to in this review was supported by grants
from the National Heart Lung and Blood Institute of the National Institutes of Health (HL-78784, HL-31950,
HL-42846 and HL-80718).

Abbreviations

ECM extracellular matrix

VWF von Willebrand factor

VWF-A1 A1 domain of VWF

GP glycoprotein

MMP matrix metalloproteinases

MAGP1 microfibril-associated glycoprotein-1

VWF-A3 A3 domain of VWF

ADAMTS A Disintegrin And Metalloproteinase with a TromboSpondin type 1 motif

CD40L CD40 ligand

Gas6 Growth arrest-specific gene 6 product

PEAR1 platelet endothelial aggregation receptor 1

SLAM signaling lymphocyte activation molecule
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Figure 1. Schematic representation of blood flow in a vessel
Normal endothelial cells are non reactive for platelets, but exposed subendothelial structures
induce rapid platelet adhesion and aggregation. Blood flow in a cylindrical vessel can be
visualized as a series of fluid layers (laminae) moving at different velocity. The laminae near
the center of the vessel have greater velocity than those near the wall (depicted by arrows of
different length). The corresponding velocity profile (solid line) is more blunted than the
parabolic profile expected with a homogeneous suspension (dotted line) because of cell
depletion in the boundary layer near the wall. The shear rate is the rate of change of velocity
with respect to distance measured perpendicularly to the direction of flow. The negative sign
indicates that the gradient is defined from the center (where velocity is maximal) to the wall
(where velocity is minimal).
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Figure 2. Platelet count and surface adhesion
These images are derived from a real time experiment recorded at the video rate of 30
frames per second. Whole blood containing the α-thrombin inhibitor D-phenylalanyl-L-
prolyl-L-arginine chloromethyl ketone dihydrochloride (PPACK) as the anticoagulant was
perfused over surfaces coated with immobilized VWF at the wall shear rate of 1,500 s−1.
Each fluorescent (white) particle is a single platelet tethered to the surface. The platelet
count in the perfused blood was decreased by sedimenting the cells at low g force, removing
the platelet rich plasma layer and replacing it with the same volume of homologous platelet
poor plasma. Each image represents a single frame recorded one minute after initiating
blood perfusion. Typically, surface coverage was maximal within 10 seconds from the
beginning of flow. Note the decrease in surface coverage only at the lowest platelet count
tested.
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Figure 3. Role of GP Ibα in platelet aggregation during thrombus growth
Blood containing PPACK as the anticoagulant was perfused over collagen type I fibers for
100 seconds at the wall shear rate of 1500 s−1. At this point, the height of thrombi was
measured from confocal (z) sections, as shown in the stacks labeled A, while the perfusion
continued for an additional 740 seconds with blood containing either buffer or function-
blocking monoclonal antibodies directed against GP Ibα or αIIb-β3, or both, as indicated.
The flow rate was decreased such that the calculated shear rate was 300 s−1 at the collagen
coated surface but >1000 s−1 at the surface of thrombi with a height >20 mμ. After a total
perfusion time of 840 seconds, thrombus height was measured by confocal sections, as
shown in the stacks labeled B. The results demonstrate that the adhesive function of GP Ibα
is as necessary as that of αIIbβ3 to sustain platelet aggregation at the edge of a growing
thrombus. Modified from Ruggeri ZM et al [151] and reprinted with permission.
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Figure 4. Functional self-association of VWF multimers
A washed blood cells suspensions devoid of plasma proteins and containing EDTA to block
integrin function and prostaglandin E1 to block platelet activation was perfused over
immobilized collagen type I fibers at the wall shear rate of 1500 s−1. (A) Control experiment
with normal multimeric VWF added to the cell suspension. The A3 domain mediates VWF
binding to collagen, and the A1 domain interacts with platelet GP Ibα. Tethered platelets are
seen rolling on the surface, which is represented by an electron micrograph of collagen
fibrils. (B, C) Experiments performed after adding to the cell suspension, respectively,
recombinant VWF devoid of the A3 domain (ΔA3-VWF), which cannot bind to collagen, or
devoid of the A1 domain (ΔA1-VWF), which binds to collagen but cannot interact with
platelet GP Ibα. In either case, no platelets are seen tethered to the surface. (D) Collagen was
pre-coated with ΔA1-VWF multimers, which cannot initiate platelet tethering, and then
exposed to the blood cell suspension containing ΔA3-VWF. Although the latter cannot bind
directly to collagen (see b), it could compensate for the lack of A1 domain in the surface-
bound VWF and restore platelet tethering. The association of VWF multimers with one
another can explain this result; the two-sided arrows between multimers indicate that the
association is reversible. The images are single frames from a real time recording
representing an area of 65,536 μm2. The bar graph (E) shows the number of platelets
tethered to the surface under the different experimental conditions described above (mean ±
SEM of two separate experiments). Modified from Savage B et al [128] and reprinted with
permission.
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Figure 5. Activation-independent platelet adhesion and aggregation at the interface of
immobilized and soluble VWF
(A). Blood containing 93 μM PPACK as anticoagulant, the fluorescent dye mepacrine (10
μM), prostaglandin (PG) E1 (10 μM) to inhibit platelet activation, and EDTA (5 mM) to
prevent ligand binding to integrins, was perfused over immobilized VWF (20 μg/ml coating
concentration). The white line delimits VWF-coated (to the left) from uncoated glass. Single
platelets adhere when the shear rate is 3,000 s−1 (top); rolling aggregates (some identified by
arrowheads) form at 20,000 s−1 (bottom). (B). Perfusion over immobilized VWF of washed
blood cells suspended in buffer (20 mM Hepes, 150 mM NaCl, pH 7.4). In the absence of
soluble VWF, single platelets adhere when the shear rate is 3,000 s−1 (upper left), and fewer
single platelets adhere at 24,000 s−1 (upper right). After adding soluble VWF (20 μg/ml),
single platelets adhere at 3,000 s−1 (lower left; an arrow points to a single platelet shown for
reference), but aggregates form at 24,000 s−1 (lower right; arrows point to a rolling
aggregate and an inset highlights a stretched aggregate during stationary adhesion). (C).
Perfusion over immobilized VWF of washed blood cells with added soluble VWF and anti-
VWF A1 domain monoclonal antibody (NMC-4, 20 μg/ml).133 No platelet adhesion is
detected. Modified from Ruggeri ZM et al [169] and reprinted with permission.
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Figure 6. Real time analysis of [Ca++]i during platelet translocation and aggregate formation on
immobilized VWF
Platelets loaded with fluo-3 AM (2×107/ml) were suspended with washed erythrocytes in
homologous plasma and perfused over immobilized VWF for 3 min at the shear rate of 1500
s−1. The sequence of images at the top shows an example of aggregate formation. At 0 s,
platelet 1 appears in the optical field; at 10 s, it has moved in the direction of flow by
approximately 20 μm; at 20 s, it has moved by an additional few μm; at 30 s, it is in the
same position, and two new platelets (2 and 3) are attached in close proximity forming a
small aggregate. The diagrams in the middle show [Ca++]i and instant velocity of platelets 1,
2 and 3. The translocation of platelet 1 occurs mostly during a few seconds of relatively
rapid movement, coincident with the appearance of transient [Ca++]i peaks (α/β); a higher
and longer lasting increase in [Ca++]i (γ) develops while the platelet is stationary. Cytosolic
Ca++ oscillations appear also when platelets 2 and 3 arrest on the surface, without a clear
sequence from α/β to γ. The images at the bottom, captured between 60 and 63 s after the
appearance of platelet 1 in the field, show the long lasting synchronous increase of [Ca++]i
in platelets forming a large aggregate. The 3D diagrams below each image show the
measurement of [Ca++]i in all the platelets in the field. Modified from Mazzucato M et al
[190]and reprinted with permission.
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