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Hemostasis and pathological thrombus formation are dynamic processes that require a co-ordinated series of events
involving platelet membrane receptors, bidirectional intracellular signals, and release of platelet proteins and inflammatory substances. This review aims to summarize current knowledge in the key steps in the dynamics of thrombus formation, with special emphasis on the crucial participation of platelet receptors and signaling in this process. Initial tethering and firm adhesion of platelets to the exposed subendothelium is mediated by glycoprotein (GP) Ib/IX/V complex
and collagen receptors, GP VI and α2β1 integrin, in the platelet surface, and by VWF and fibrillar collagen in the vascular
site. Interactions between these elements are largely influenced by flow and trigger signaling events that reinforce adhesion and promote platelet activation. Thereafter, soluble agonists, ADP, thrombin, TxA2, produced/released at the site of
vascular injury act in autocrine and paracrine mode to amplify platelet activation and to recruit circulating platelets to the
developing thrombus. Specific interactions of these agonists with their G-protein coupled receptors generate inside-out
signaling leading to conformational activation of integrins, in particular αIIbβ3, increasing their ligand affinity. Binding of
αIIbβ3 to its ligands, mainly fibrinogen, supports processes such as clot retraction and platelet aggregation. Stabilization of
thrombi is supported by the late wave of signaling events promoted by close contact between aggregated platelets. The
best known contact-dependent signaling is outside-in signaling through αIIbβ3, but new ones are being clarified such as
those mediated by interaction of Eph receptors with ephrins, or by Sema 4D and Gas-6 binding to their receptors. Finally,
newly identified mechanisms appear to control thrombus growth, including back-shifting of activated integrins and actuation of compensatory molecules such as ESAM or PECAM-1. The expanding knowledge of thrombotic disease is expected to translate into the development of new drugs to help management and prevention of thrombosis.
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Introduction
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Platelet receptors are at the forefront of recent research and
major advances have been made in understanding their molecular functions and their downstream signaling pathways.
Studies with animal models, including pharmacological inhibition and knocking out of nearly all known receptors, adhesion molecules, and many signaling molecules have helped to
reveal new mechanisms for how the thrombotic and hemorrhagic propensity of platelets is controlled in health and disease. A wide variety of mobile transmembrane receptors covers the platelet membrane, including many integrins (αIIbβ3,
α2β1, α5β1, α6β1, αVβ3), leucine-rich repeated (LRR) receptors
(Glycoprotein [GP] Ib/IX/V, Toll-like receptors), G-protein
coupled seven transmembrane receptors (GPCR) (PAR-1 and

PAR-4 thrombin receptors, P2Y1 and P2Y12 ADP receptors, TPα
and TPβ TxA2 receptors), proteins belonging to the
immunoglobulin superfamily (GP VI, FcγRIIA), C-type lectin
receptors (P-selectin), tyrosine kinase receptors (thrombopoietin receptor, Gas-6, ephrins and Eph kinases) and a miscellaneous of other types (CD63, CD36, P-selectin ligand 1, TNF
receptor type, etc). Many of these receptors are shared by
other cell types, but some are only expressed on platelets.
Nowadays, it is well established that the major platelet receptors have a prominent role in the hemostatic function of
platelets, allowing specific interactions and functional
responses of vascular adhesive proteins and of soluble platelet
agonists (Figure 1). In addition, it is increasingly recognized
that a range of receptors are involved in other less well-understood platelet functions such as inflammation, tumor growth
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insight into the elements and signals regulating platelet
adhesion, activation and aggregation. Emergent highspeed imaging techniques with arrays of fluorescent
and chemiluminescent probes now allow the study of
hemostasis and thrombus formation in live animals, and
activation signaling events in live cells. These new technologies will help to unravel the complex role of
platelets in physiological and pathological thrombus
formation, and to the design of effective and specific
antithrombotic drugs.6
This review addresses the steps in the thrombus formation process in the arterial circulation, emphasizing
our current knowledge on the role of platelet receptors
and signaling.
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and metastasis, or immunological host defense.1
Internally, platelets contain a cytoskeleton, a dense
tubular system, few mitochondrias, glycogen granules,
dense (δ) and α storage granules and peroxisomes. The
α-granules retain relevant proteins for the hemostatic
function of platelets, such as von Willebrand factor
(VWF), fibrinogen, P-selectin, PECAM-1, CD40 ligand
(CD154), platelet factor-4, β-thromboglobulin, thrombospondin, platelet derived growth factor (PDGF), FV,
as well as a back-up of GP IIb/IIIa (αIIbβ3). δ granules, on
the other hand, are rich in nucleotides (ADP and ATP),
serotonin, histamine, pyrophosphate, and calcium.
Upon activation, granule contents are stepwise released
to further promote platelet adhesion and activation.2
The primary function of platelets is to stop blood loss
after tissue trauma and exposure of the subendothelial
matrix.2,3 However, the frontier between physiological
hemostasis and pathological thrombosis is very narrow,
and it is increasingly recognized that platelets are at
least partially liable for the pathological development of
atherothrombosis, the leading cause of death in the
developed world.4 The contribution of platelets to
thrombus growth is highly dependent on its location
within the blood circulation. Venous thrombosis is to a
large extent due to changes in the composition of the
blood favoring coagulation, while in the arterial circulation, the high flow rate precludes accumulation of activated coagulation factors thus limiting fibrin formation,
with platelets however playing a crucial role in the
establishment of these thrombi. Nevertheless, the classical nature of arterial and venous thrombosis has been
recently challenged, and recent evidence suggests a
potential link between these disorders.5
The participation of platelets in hemostasis and
thrombosis has been extensively studied in the last
decades. Traditional research in this area, with techniques common to the study of biochemical processes,
cell and molecular biology, has provided a valuable
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Figure 1. Major platelet receptor-ligand interactions.

Dynamics of platelet plug formation
Formation of platelet plugs at sites of vascular damage
requires a co-ordinated, both in time and place, series of
events leading to: i) platelet arrest onto the exposed
subendothelium creating a monolayer of activated cells
(initiation phase); ii) recruitment and activation of additional platelets through the local release of major
platelet agonists (extension phase); iii) stabilization of
the platelet plug preventing premature disaggregation
until wound healing occurs (stabilization phase).
Currently, the existing static model of thrombus formation has been visualized as a dynamic model of thrombus build-up and stabilization in which continuous signaling is needed to stabilize thrombi and prevent their
dissolution.7
Additionally, negative regulation of platelets is essential to prevent uncontrolled thrombosis, and therefore
the balance between inhibitory and activatory signaling
in platelets regulates the balance between platelet inhibition and activation, which is important to ensure that
the thrombus is restricted to the initial site of injury.
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ized and may provide a promising therapeutic
antithrombotic alternative.17
The model of how the VWF-GP Ibα interaction onto
the vessel wall signals and contributes to subsequent
platelet activation has still not been completely defined.
The cytoplasmic region of GP Ibα is associated with filamin (also referred to as actin binding protein), calmodulin, and 14-3-3ζ, thus providing potential links to relevant signaling proteins such as phosphatidylinositol 3kinase (PI-3K), focal adhesion kinase (FAK), Src-related
tyrosine kinases, GTPase-activating protein and tyrosine
phosphatases (PTP1b and SHPTP10).18,19 In addition,
recent evidence shows topographical association of the
GP Ib/IX/V complex with other important proteins in
platelet signaling such as GP VI, FcR γ-chain, α2β1,
FcγRIIA, most likely within specialized membrane
microdomains known as lipid rafts,20 supporting a crosslinking mechanism involved in GP Ibα signaling. Thus,
despite the fact that GP Ib/IX/V lacks built-in tyrosine
kinase activity, is not directly coupled to G-proteins, nor
contains phosphorylatable tyrosine residues to directly
link signaling molecules, it profits from all these signaling mechanisms by associating with other platelet receptors. The engagement of GP Ibα by immobilized VWF
elicits typical activation signals such as transient cytoplasmic Ca2+ elevations, protein phosphorylation
(PLCγ2, ERK-1/2, Syk), TxA2 synthesis, ADP release and
ultimately activation of αIIbβ318,19 (Figure 2). The picture of
how all this occurs remains to be fully clarified.
Initiation of platelet adhesion to the injured vessel
wall also requires platelet interaction with exposed collagen. Indeed, collagen and VWF form a functional unit
for thrombus formation in flowing blood, with VWF
contributing to the initial capturing of platelets on the
vessel surface and collagen allowing the establishment
of stable bonds for firm adhesion and triggering platelet
activation. The mechanism by which the collagen structure influences platelet adhesion and activation is still
poorly understood and, although platelets can adhere to
monomeric collagen, the more complex structure of fibrillar collagen is required for optimal platelet activation
by this adhesive protein.22 Two receptors have been
demonstrated in the platelet surface that bind directly to
collagen, the GP VI immunoglobulin superfamily member and the integrin α2β1.
GP VI (62kDa) is a platelet–specific low-affinity collagen receptor of high potency in terms of initiating signal
generation.23 It has two extracellular immunoglobulin
domains, a mucin-like core, a short peptide linker
sequence, a transmembrane domain and a short cytoplasmic tail that binds Fyn and Lyn Src kinases. GP VI is
also constitutively complexed with FcR γ-chain dimer,
which bears an immunoreceptor tyrosine-based activation motif (ITAM) acting as the signal-transducing subunit of the receptor. When the GP VI receptor is crosslinked by binding to collagen or by GP VI specific ligands
such as convulxin or alborhagin, the constitutively
bound Src kinases phosphorylate the ITAM sequence in
the FcR γ-chain allowing the assembly and activation of
Syk and initiating activation of a downstream signaling
pathway that has many similarities with that employed
by immune receptors. Central to this signaling cascade is
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Thrombus formation in response to tissue trauma initiates with platelet interactions with the extracellular
matrix components exposed to blood, particularly VWF,
collagen, fibronectin, thrombospondin, and laminin. The
rheological conditions largely influence these adhesive
interactions. Thus, while at low shear rate, such as that
in veins and larger arteries, platelet adhesion to the vessel wall primarily involves binding to fibrilar collagen,
fibronectin and laminin, under conditions of elevated
shear stress, such as those encountered in the microvasculature or in stenotic arteries, platelet tethering to the
damaged subendothelium is critically dependent on
their interaction with subendothelial bound VWF.8,9
Several collagens are present in the vessel wall, of which
collagens I and III are considered the most important in
supporting platelet adhesion to the damaged vasculature. Type I, III, and VI collagen filaments have affinity
for VWF and the two molecules are associated in the
extracellular matrix. While soluble VWF does not bind to
platelets to prevent aggregation in the normal circulation, immobilized VWF onto collagen is highly reactive
toward flowing platelets. This may be because immobilized VWF assumes an extended shape under the effect
of shear allowing its A1 domain to interact with
platelets.10,11 Perfusion assays simulating in vivo flow conditions have revealed that platelet adhesion to VWF is a
dynamic process in which initial platelet tethering is
characterized by transient interactions mediated
through GP Ibα. This deceleration then allows platelets
to form new bonds with slower intrinsic binding kinetics (collagen to platelet collagen receptors, VWF to integrin αIIbβ3) and to become activated.8,9
It has long been known that the GP Ib/IX/V complex
is the major platelet receptor mediating interaction with
VWF. This complex consists of leucine-rich repeat glycoproteins: GP Ibα (130 kDa) and GP Ibβ that are disulfidelinked and non-covalently associated with GP IX
(22kDa) and GP V as a 2:4:2:1 complex.12,13 In humans,
lack or dysfunction of this receptor is associated with
the Bernard Soulier syndrome (BSS), a congenital bleeding disorder characterized by macrothrombocytopenia
and inability of these platelets to aggregate in response
to the antibiotic ristocetin. In addition to VWF, the GP
Ib/IX/V complex also binds to other adhesive proteins
(collagen, thrombospondin-1), α-thrombin and coagulation factors (kininogen, FXI, FXII). It also plays a substantial role in platelet interaction with activated
endothelial cells and with leukocytes, through the binding of P-selectin and Mac-1 (αMβ2), respectively. The Nterminal globular domain of GP Ibα (residues 1-282)
contains the non-identical but overlapping binding sites
for all these ligands. In vivo, experiments with VWF
knockout mice and mice expressing modified GP Ibα
have demonstrated that GP Ibα is absolutely essential
for arterial thrombus formation, while absence of VWF
can be somehow overcome by the binding of the receptor with alternative ligands.14,15 Fab fragments of the
monoclonal antibody 6B4, that blocks the GP Ibα-binding site for VWF, exhibit a powerful antithrombotic
effect in baboons without significant prolongation of the
skin bleeding time.16 This antibody was recently human-
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Figure 2. Platelet signaling through GP VI and GP Ib/IX/V
complex. Adapted with permission.21

gen, and seems to require inside-out signaling events
that might be driven by engagement of GP VI with collagen23 and/or by activation of αIIbβ3.35 Recent findings
indicate that the mechanism of activation of α2β1 is similar to that of other integrins and involve unclasping of
the corresponding transmembane domain upon interaction of the α1 cytoplasmic tail with talin and kindlin-3.36
Moreover, collagen binding to α2β1 also triggers outsidein signaling resembling that induced by GP VI,23 that
reinforces platelet activation. It is noteworthy that combined deficiency of α2β1 and GP VI in mice causes complete inhibition of thrombus formation as compared
with the partial defect in formation of thrombi associated with isolated deficiency of either collagen receptor.37
Thus, it is widely recognized that α2β1 and GP VI act
synergistically for optimal platelet adhesion and activation by collagen, and that their relative contribution to
the dynamics of thrombus formation depends on the
nature of the vascular lesion, flow conditions, and other
still unknown factors. Even though deficiency of α2β1
and GP VI in humans does not seem to be associated
with major hemostatic defects,30,38 targeting α2β1, and
the collagen itself, is being considered as a potential
antithrombotic strategy.39
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the formation of the signalosome, composed of various
adapter and effector proteins (LAT, SLP-76, Gads),
which associates to and activates PLCγ2, thus leading to
liberation of 1, 2 diacylglycerol and inositol 1,4,5triphosphate and to promotion of full platelet activation24 (Figure 2). Mice that lack either GP VI or the FcR
γ-chain have significantly impaired platelet response to
collagen and reduced thrombus formation in the ferric
chloride injury model.25,26 Additionally, the Fab fragment
of a novel monoclonal antihuman GP VI antibody,
OM4, inhibits thrombosis in vivo in a model of thrombosis in rats without the prolongation of bleeding time
that is seen with anti-GP IIb/IIIa antibodies.27 Further
studies are needed to investigate whether OM4 and the
other anti-GPVI antibodies can be developed for future
clinical use.
The α2β1 integrin, commonly referred to as GP Ia/IIa,
VLA-2 or CD49b/CD29, also plays a role in the adhesion of platelets to collagen and for subsequent optimal
activation. The expression level of α2β1, as that of GP VI,
is controlled by silent polymorphisms and correlates
with the in vitro rapidity in platelet adhesion and responsiveness to collagen.28,29 The involvement of α2β1 in
hemostasis had been anticipated by the mild bleeding
tendency and impaired platelet responses to collagen
displayed by subjects with heritable reduced expression
of this integrin.30 Mice deficient in α2 or β1 have normal
bleeding times, and display minor defects on platelet
adhesion and aggregation to collagen.31,32 Studies of
experimental in vivo arterial thrombosis in these mice
have led to conflicting results showing both unaltered
formation of thrombi32 and mildly delayed, reduced and
unstable thrombi.33,34 Like other integrins, conformational activation of α2β1 increases its affinity for colla-

Extension phase
After deposition of a platelet monolayer over the
exposed VWF and collagen, the next step required for
thrombus formation is the recruitment of additional
platelets from the flowing blood, which upon activation
acquire the ability to stick to each other in a process
commonly referred to as platelet aggregation. This is
made possible by the local accumulation of soluble agonists that are secreted/produced by adherent-activated
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full range of activation events including intraplatelet Ca2+
elevation, TxA2 synthesis, protein phosphorylation,
shape change, granule secretion, activation of αIIbβ3, and
aggregation. All these events are mediated by interaction
with two classes of purinergic GPCR, P2Y1 and P2Y12,
which couple to Gqα and Giα, respectively.47 Recent
studies in knockout mice for P2Y1 and P2Y12 have helped
to define the probably different and complementary role
of these two receptors in thrombus formation.48 P2Y1
deficient mice show minimal increase in bleeding time,
no spontaneous hemorrhage, and some resistance to
thromboembolic mortality upon injection of ADP, a
mixture of collagen and epinephrine, or tissue factor.
Platelet responses to ADP and collagen, but not cAMP
synthesis, are impaired in these mice. At high concentration or in combination with serotonin, a mild activator
of PLC, ADP causes aggregation of P2Y1−/− platelets. In
contrast, in P2Y12−/− mice ADP does not induce aggregation nor inhibits cAMP synthesis, despite the maintenance of other P2Y1-mediated responses, such as shape
change or PLC activation.46-48 The platelet responses to
other agonists are also severely affected in P2Y12-deficient mice, which have a significantly prolonged bleeding time and are protected from arterial thrombosis in
the FeCl3 model. Few patients have been identified with
hemorrhagic diathesis associated to P2Y12 congenital
defects, whereas so far there has been no report of
patients with a P2Y1 deficiency.49 Together with results
from in vitro studies using specific inhibitors, such data
identify P2Y12 as the major receptor to amplify and sustain ADP-mediated platelet activation initiated via P2Y1.
Indeed, P2Y12 is the target of thienopyridine drugs (ticlopidine, clopidogrel, prasugrel) widely used and with
probed efficacy in the prevention of vascular events in
patients with cardiovascular disease, specially those
having stent insertion.39 Despite their likely categorized
roles, co-activation of both P2Y1 and P2Y12 seems to be
required for optimal ADP-induced aggregation and
ADP-promoted thrombus growth. The observation that
over-expressing the P2Y1 receptor results in full ADPinduced secretion and irreversible aggregation, shortened bleeding time and more susceptibility to ADP and
collagen-induced thromboembolism and arterial thrombosis triggered by FeCl350 reinforces the physiological relevance of this receptor and the rationale for its consideration as target of new antithrombotic compounds.39,47 In
addition to P2Y1 and P2Y12, human platelets express a
third purinergic receptor P2X1, with a significant role in
platelet function. P2X1 is an ATP-driven calcium channel
unable to trigger platelet aggregation by itself, but under
high shear conditions acts as a positive regulator of
platelet responses to collagen and thus plays a significant
role in thrombus formation. P2X1-deficient mice show a
normal bleeding time but resistance to thromboembolism upon collagen-epinephrine injection, while mice
overexpressing this receptor display increased systemic
thrombosis. These results indicate that drugs targeting
P2X1 might be effective antithrombotics specially at sites
of severe stenosis where shear forces are high.47
Thromboxane A2 is a labile prostanoid synthesized by
activated platelets through the sequential actions of
cyclooxygenase (COX) and TxA2 synthase enzymes.
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platelets, including ADP, TxA2, epinephrine and thrombin. The final step is activation of αIIbβ3, causing a conformational change that enables it to bind fibrinogen and
VWF, allowing stable bridges between platelets. The
great number of αIIbβ3 copies on the platelet surface,
(40,000-80,000), allows the assembly of large aggregates
at the site of vascular injury. Activation of αIIbβ3 integrin
requires agonist-driven activation events in recruited
platelets, referred to as inside-out signaling, including
the sequential activation of one or more PLC isoforms
yielding a rise in cytosolic Ca2+, activation of PKC and PI3K, reorganization of the platelet cytoskeleton and activation of cytoskeletal proteins such as talin. The activated talin can bind to the cytoplasmic domain of the β3
subunit causing dissociation of the cytoplasmic tails and
transmembrane domains of αIIb and β3, and promoting
integrin oligomerization and fibrinogen binding.40 A
novel integrin activation pathway, which links insideout signals to αIIbβ3 affinity modulation via a Rap1–RIAM–talin signaling complex was recently identified.41 Moreover, the adhesion plaque protein kindlin-3,
has been shown to directly bind to regions of β-integrin
tails distinct from those of talin and trigger integrin activation in mice platelets.42 The relevance of these two elements for platelet integrin activation has been revealed
in patients suffering from the rare leukocyte adhesion
deficiency (LAD) syndrome, associated with severe
defects in leukocyte and platelet integrin activation causing a Glanzmann-type bleeding disorder. Such disease
has been shown to be caused by an aberrant Rap-1 activity43 or kindlin-3 protein expression.44
GPCRs are important seven-transmembrane spanning
signaling molecules that play crucial roles in the extension of the platelet plug by most soluble platelet agonists.45,46 GPCRs can activate associated heterotrimeric
guanine nucleotide–binding proteins (G proteins), which
in turn act on various effectors (adenylyl cyclase, PLC,
PI-3K, p115-RhoGEF). In an orchestrated manner, in
platelets, agonists acting through GPCRs: i) stimulate
PLCβ isoforms via Gqα, causing an increase in cytosolic
Ca2+ and activation of PKC; ii) reorganize the actin
cytoskeleton via G12α and G13α promoting the microtubular ring change and the filopodia and lamellopodia
formation that drive platelet shape change; iii) suppress
cAMP synthesis via Giα family members by inhibiting
adenylyl cyclase, which is particularly relevant when
intracellular cAMP levels are high due to the action of
endothelial cell-derived prostaglandin I2 (PGI2) and nitric
oxide (NO). There is evidence that Giα-associated Gβγ
subunits also activate other signaling pathways such as
PI-3Kψ, Src kinases and the Rap1B Ras family protein,
which is an important contributor to pathways converging on the activation of αIIbβ3.46 Studies on mice deficient
in specific G-proteins have helped to establish the role of
these proteins in platelet activation and thrombus formation.46
Platelet agonists with a prominent role in the process
of extension of the platelet plug are ADP, TxA2, thrombin and epinephrine.
As mentioned above, ADP is stored in δ-granules and
secreted upon platelet activation. Red cells at sites of
vascular injury also release ADP. This agonist causes a
| 704 |
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dogma may need to be reconsidered according to recent
evidence. For instance, mice deficient in the PAR-4
thrombin receptor, refractory to thrombin-induced
platelet activation, do not develop a significant platelet
thrombus but generate normal amounts of fibrin around
the vessel injury.60 This invites the question as to
whether the required procoagulant surfaces come from
other sources such as endothelial cells or microparticles
instead of platelets. In vivo, experiments also show that
thrombin activity is distributed throughout the platelet
thrombus and not only at the thrombus-blood interface,
indicating that the arterial thrombi are porous and allow
the flow of agonists within.6 Thrombin is perhaps the
most effective platelet activator, and provokes a full
range of responses (shape change, secretion, TxA2 generation, Ca2+ mobilization, protein phosphorylation and
aggregation). It is capable of activating platelets at very
low concentrations (0.1 nM) and no other platelet agonist seems to be as efficiently coupled to PLCβ activation. Within seconds, thrombin increases ten-fold the
cytosolic level of Ca2+, triggering downstream events as
activation of PLA2.46 The thrombin-induced platelet
responses are mediated at least partially by the GP
Ib/IX/V complex,12-19 and mainly by two protease activated receptors (PAR), namely PAR-1 and PAR-4 in humans
and PAR-3 and PAR-4 in mice.61
The GP Ibα subunit of the GP Ib/IX/V complex contains a high affinity binding site for α-thrombin,
accounting for as much as 90% of the total protease that
can bind to platelets.62 This binding site is located within residues 268-287 at the N-terminal globular domain
of GP Ibα and can bind two separate thrombin molecules by interacting with both exosite I and II of the protease.63,64 Binding of α-thrombin to GP Ibα induces
platelet adhesion and spreading, secretion and aggregation,62,65 and thus, platelets from patients with the BSS
which lack GP Ibα display impaired thrombin responsiveness.66 Antibodies that block the thrombin binding
to GP Ibα attenuate platelet activation by thrombin.67
Blood banking storage of platelet concentrates causes
proteolysis of GP Ibα, reduces the number of high affinity binding sites for thrombin, and impairs platelet
responsiveness towards thrombin.68 These observations
strongly support the view that GP Ibα participates in
platelet activation by thrombin, but its exact role
remains unclear. Since blockade of the thrombin- GP
Ibα interaction with antibodies impairs the cleavage of
PAR-1, it has been proposed that GP Ibα may serve as a
co-factor that localizes thrombin to the platelet surface
allowing its proteolytic action over PARs.61,63,69 Apart
from GP Ibα, GP V may also be involved in this scenario, since it is a prominent α-thrombin substrate and
GP V–/– mice display enhanced platelet sensitivity to low
doses of thrombin leading to in vivo increased thrombogenesis and embolus formation.70,71 It has been suggested that proteolysis of GP V by α-thrombin reveals the
ability of GP Ibα to act as a thrombin ligand and induce
stimulatory responses.72
Despite recognizing that an intact GP Ib/IX/V complex may be required for optimal thrombin responsiveness, there is little doubt that PARs are sufficient to activate platelets and account for most, if not all, of the
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TxA2 is a vasoconstrictor and a potent platelet agonist
causing shape change, phosphoinositide hydrolysis,
Ca2+ mobilization, protein phosphorylation, secretion,
and aggregation.51
Once synthesized, it diffuses across the platelet membrane and activates other recruited platelets, thus favoring the growth of the platelet plug.
Overproduction of TxA2 has been implicated in the
pathogenesis of thrombotic diseases, including myocardial infarction, unstable angina, pulmonary embolism
and atherosclerosis.52 Indeed, as established by current
clinical guidelines, blockade of TxA2 synthesis through
COX inhibition by aspirin represents a valuable
approach for managing high cardiovascular risk
patients.53 However, the role of TxA2 in thrombus formation under pathological conditions of high shear
remains unclear, with studies showing that aspirin has
no inhibitory effect either on in vitro thrombus formation at high shear and disturbed laminar flow in a parallel-plate perfusion chamber device or on in vivo highdegree coronary artery stenosis in a dog animal
model.54,55 This may be among the causes of clinical
resistance or inefficacy of aspirin in patients with a high
degree of arterial stenosis.53,56 The TxA2 receptor (TP)
exists in two splice variants (TPα and TPβ) which differ
only in their C-terminal cytoplasmic domains and that
are encoded by a single gen located at 19p13.3. It is
assumed that the ligand binding characteristics (mainly
in the extracellular region of TPs) are identical for both
splice variants. However, several reports have shown a
different pattern of coupling to G protein effectors
between TPα and TPβ.56,57 In human platelets, TPα is the
only translated isoform, although mRNA for TPβ is also
present.56 Biochemical studies have shown that TPs in
platelets couple to Gqα and G13α activating pathways,
but not to Giα. Loss of Gqα abolishes IP3 formation and
Ca2+ mobilization, but not the G12/13α mediated activation of Rho GTPases and shape change, after activation with U46619, a TxA2 analogue. In contrast,
platelets deficient in both Gqα and G13α do not
respond to TxA2. Similarly, TP–/– mice are unable to
aggregate in response to TxA2 analogs, display impaired
responses to collagen, and show a prolonged bleeding
time.48,58 Several homozygous and heterozygous
patients suffering from lifelong mucosal bleeding due to
genetic changes in TP or in other elements of the TxA2
signaling pathway have also been reported.49 All these
data, in addition to the compelling evidence about the
benefit of aspirin in the prevention/therapy of cardiovascular diseases, fully demonstrate the major contribution of TxA2 in platelet plug formation.
It is well established that thrombin rapidly generated
at sites of vascular injury plays a major role in promoting and stabilizing thrombi under all shear conditions.9,59
Generation of thrombin requires several surface-mediated reactions carried out by the tenase complex (FIXa
in complex with FVIIa, which activate FX) and by the
prothrombinase complex (FXa in complex with FVa,
which activate FII). It has long been assumed that the
activated platelet membrane, with phosphatidylserine
translocated from the inner to the outer leaflet, mainly
provides such a procoagulant surface. However, this
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by thrombin triggers release of VWF and surface expression of P-selectin, facilitating the rolling and adhesion of
platelets and leukocytes. Also the protease induces the
production
of
bioactive
compounds
(PAF,
prostaglandins, chemokines, etc.) from the various cells
in the diseased scenario promoting inflammation.61
In the light of their critical role in hemostasis and
thrombosis, PARs are looked at as a potential target for
new antithrombotics. Several peptide and non-peptide
antagonists have been developed, and clinical studies are
underway in the context of coronary artery disease and
percutaneous coronary intervention.39,61 Other potential
antithrombotic strategies targeting the thrombin signaling pathway include inhibitors of cell-surface promoters
of thrombin generation, or direct thrombin inhibitors.
Although the contribution of catecholamines to the
hemostatic/thrombotic process is generally thought to
occur through its constrictive action on the vascular
wall, circulating or locally secreted epinephrine also
favors platelet activation in the growing platelet plug. A
reduced number of epinephrine receptors has been related to mild bleeding disorders in a few patients.78 In contrast to other agonists, epinephrine is considered to be a
weak agonist unable to directly activate PLC or to cause
shape change. However, it acts sinergically with many
other agonists at low concentrations significantly
increasing their activatory effect. This potentiating
action of epinephrine is due to its capacity to inhibit
cAMP formation throughout the coupling of its platelet
α2A-adrenergic receptor to the Giα family member
Gzα.79 Recent studies in α2A-adrenergic-deficient mice
have shown variable tail bleeding time, normal in vitro
platelet response to thrombin or collagen, and normal
thrombus formation over collagen-coated surface.
However, these mice display defective responses to epinephrine which, even at high concentration, is incapable
of potentiating the activation response to ADP or TxA2
analogs. Moreover, these mice are protected against
lethal pulmonary thromboembolism induced by injection of collagen/epinephrine. In two in vivo models of
thrombosis, FeCl3 induced injury of mesenteric arterioles
and mechanical firm compression of the aorta, α2Aadrenergic-deficient mice displayed increased embolus
formation suggesting a certain degree of thrombus instability.80 Variable responsiveness to epinephrine in relation to factors such as age, strenuous exercise or pathological conditions such as heart disease or myeloproliferative syndromes has been related to changes in the
platelet expression level of α2A-adrenergic receptors.81,82
Some polymorphisms in the α2A-adrenergic receptor
influence in vitro shear mediated platelet function.83
Additionally, it has been shown that inherited robust
aggregation to a submaximal concentration of epinephrine establishes a true hyperreactive platelet phenotype
which may influence the risk for arterial thrombosis.84,85.All these findings strengthen the relevance of signaling initiated by epinephrine through the α2A-adrenergic receptor on thrombus formation.
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thrombin-induced signaling. Unlike other GPCRs, such
as those for ADP or TxA2 which signal through standard
receptor/ligand interactions, PAR-1 and PAR-4 are activated by a unique irreversible proteolytic cleavage within the first extracellular loop exposing a new N-terminus
that serves as a tethered ligand. Short synthetic peptidomimetics of the new N-terminus sequences generated
by thrombin (SFLLR and GYPGQV for PAR-1 and PAR4, respectively) can activate these receptors and reproduce most of the platelet action of thrombin in
platelets.61 Although activation of either PAR-1 or PAR-4
can trigger platelet secretion and aggregation, PAR-1 is
probably the most important receptor in thrombin
responsiveness. Thus, blockade of PAR-1 with antibodies or specific antagonists abolishes platelet activation at
low concentration (1 nM) of thrombin, whereas similar
blockade of PAR-4 has no inhibitory effect.61 However,
blockade of both PAR-1 and PAR-4 are required for complete abrogation of platelet responses to higher thrombin concentration (30 nM). Thus, a dual-receptor signaling model for thrombin-induced platelet activation is
proposed, in which PAR-1 is the primary mediator of
activation at low concentrations of the protease and
PAR-4 has a role as a back-up receptor. Indeed, there are
qualitative differences in the dynamics of activation of
PAR-1 and PAR-4, which might be relevant for sustained
optimal platelet responses to thrombin. Thus, PAR-4
mediated Ca2+ mobilization is slower and more prolonged than that of PAR-1, and the former receptor is
switched off more slowly.73 Both PAR-1 and PAR-4 couple to Gqα and G12/13α, and PAR-1 also seems capable
of activating Giα. Through these coupling mechanisms,
thrombin gains access to the major network of platelet
signaling pathways, thus causing full platelet activation.61
To our knowledge, no patient has been identified with
congenital deficiencies of PAR receptors. However,
mouse models have been developed that strengthen the
relevance of PARs in platelet function.48 Mouse platelets
express PAR-3 instead of PAR-1, but the latter is found in
mice in tissues such as endothelium. It is to be noted
that PAR-1–/– mice show normal hemostasis and respond
to thrombin, consistent with PAR-3 assuming in mice
the role of PAR-1 in human platelets and with a major
role of PAR-4 in thrombin responsiveness. However,
about half of PAR-1–/– mice die in the uterus with signs
of deficient vasculogenesis. It seems that expression of
PAR-1 and normal thrombin signaling in the endothelium, together with actions of other upstream coagulation
factors, are critical for appropriate angiogenesis and vascular development.74 Platelets from PAR-4–/– mice display
a complete loss of responsiveness to even high concentrations of thrombin despite a normal expression of
PAR-3, thus supporting the two-receptor model of
thrombin activation, with PAR-4 as the major signaling
receptor in mouse.75 While PAR-3 and PAR-4 knockout
mice are protected against thrombosis and demonstrate
defective thrombus formation,75,76 direct PAR-1 inhibition in primate models also abrogates arterial thrombosis.77 In humans, PARs may also be significantly implicated in atherothrombosis by acting in other cells.61 For
instance, PAR-1 mediated activation of endothelial cells
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Stabilization phase
The last phase in the formation of an effective thrombus that arrests blood loss at the site of vascular injury
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and female deficient mice displayed a marked decrease
in platelet plug formation in a mesenteric vascular injury
model.88
The CD40 ligand (CD40L, CD154), a protein member
of the TNF family present on the surface of activated
platelets, also seems to be important in this context.
This protein, progressively shed from the platelet surface producing a soluble form, sCD40L, can bind to its
receptor CD40 but also to αIIbβ3 through a KGD domain
(or RGD in mice) favoring the outside-in integrin signaling.89 It is noteworthy that CD40L deficient mice show
delayed occlusion following vascular injury and
decreased thrombus stability.90
The family of Eph receptor tyrosine kinases and their
ligands, known as ephrins, provide another mechanism
of signaling promoted by direct contact between
platelets.88,91 Human platelets express EphA4, EphB1 and
ephrinB. The former is constitutively associated with
αIIbβ3 in both resting and activated platelets. Clustering
of either EphA4 or ephrinB1 causes platelet adhesion to
immobilized fibrinogen. In contrast, blockade of
Eph/ephrin interaction hampers clot retraction by
impairing β3 phosphorylation, inhibits platelet aggregation at low concentrations of agonists, and results in
smaller thrombi on collagen–coated surfaces under arterial flow conditions.88
Two additional ligand/receptor interactions generated
by close platelet-platelet contact are binding of semaphorin 4D (Sema4D) and Gas-6 to their platelet receptors. Sema4D (CD100) is a type I membrane GP with a
previously recognized role in T-cell activation also
expressed in human platelets. Binding of Sema4D to its
receptors, CD72 and plexin-B1, also seems to contribute
to the regulation of thrombus formation as suggested by
studies in Sema4D–/– mice. These mice exhibit impaired
platelet responses to collagen, but normal to ADP and
PAR-4, and decreased occlusive thrombi in various arterial thrombosis models.88,92 In addition to promoting
thrombus formation, an ADAMTS17 cleaved fragment
of Sema4D acts on endothelial cells favoring tissue
repair. Gas-6, the product of the growth arrest-specific
gene 6, is a vitamin K-dependent protein implicated in
cell growth, adhesion, and migration, through its interactions with the Axl, Tyro 3 and Mer tyrosine kinase
receptors. In mouse, Gas-6 is found in plasma and in the
α-granules from which it is secreted upon activation.
Mice deficient in Gas-6 or in any of its receptors show
abnormal platelet responses to agonists and are protected against thrombosis, suggesting a major role of this
axis in thrombus formation and vascular wall homeostasis.93,94 Biochemical studies have shown that Gas-6
mediated signaling reinforces αIIbβ3 outside-in signaling
by activation of PI3-K and Akt, and promotes β3 phosphorylation and therefore clot retraction. Due to these
actions, inhibition of Gas-6 signaling has been proposed
as an attractive target for novel antithrombotic drugs.39
However, the role of Gas-6 in human platelet function
must still be fully clarified since while the protein was
demonstrated to be present in plasma, it has not been
detected in human platelets.95
The current list of molecules that have a specific role
in thrombus stability is probably far from complete.
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has been named stabilization or perpetuation. It refers
to the late wave of signaling events promoted by the
close contact between recruited platelets once aggregation has started. Despite there being no evidence that
these platelets form tight junctions, as do endothelial
cells for instance, activated platelets within the forming
plug come into sufficiently close contact (with gaps
below 50 nm) to allow direct or indirect bridges
between adjacent platelets and to allow paracrine action
of platelet released molecules, favoring the transfer of
information as in a neurological or immunological
synapse. This narrow contact also restricts the diffusion
of plasma factors within the gaps, preventing for
instance a premature fibrinolytic action of plasmin over
the growing thrombus. These late events consolidate
the stability of the forming thrombus avoiding early disaggregation and/or embolization.
The most relevant, or at least the best known, contact-dependent signaling events during this stabilization
phase is outside-in signaling through integrins, particularly αIIbβ3. This consists of those signals emanating from
αIIbβ3 once ligand binding, predominantly fibrinogen,
has occurred, which trigger essential events for thrombus growth and stabilization, such as cytoskeletal reorganization, formation and stabilization of large platelet
aggregates, development of a procoagulant surface and
a clot retraction that helps to narrow the gaps between
platelets and to increase the local concentration of soluble platelet agonists.24,46 αIIbβ3 is a proven therapeutic target for antithrombotic therapy in patients undergoing
percutaneous coronary interventions (PCI) and/or treatment for unstable angina, but ongoing studies are still
underway to improve on the currently available drugs.86
Apart from αIIbβ3 clustering, much evidence indicates
that integrin outside-in signaling relays on tyrosine
phosphorylation of αIIbβ3 upon inside-out signals, and on
the formation of large protein signaling complexes
between the cytoplasmic domains of αIIbβ3 and
intraplatelet proteins such as FAK, talin, myosin, β3endonexin, CIB1, Shc, Src and Syk, the PRP-1b tyrosine
phosphatase and PKCα, among others.87 The importance of αIIbβ3 outside-in signaling in the enhancement of
platelet aggregation was demonstrated by the generation of knock-in mice where tyrosine residues Tyr-747
and Tyr-759 were mutated to phenylalanine. These socalled DiYF mice displayed selective impairment of outside-in signaling, resulting in the formation of unstable
aggregates. The specific mechanisms of the links of
intraplatelet proteins with αIIbβ3 and their physiological
relevance for integrin outside-in signaling are now starting to be revealed.87
Integrins are by no means the only actors in the scene
of perpetuation of the platelet plug. Thus, platelets
express junctional adhesion molecules (JAM-A and
JAM-C) which are thought to support cohesive and signaling interactions between adjacent platelets and
between platelets and leukocytes favoring thrombus
stabilization.88 Similarly, SLAM (CD150), a member of
the CD2 family of adhesion molecules, is expressed in
platelets and is tyrosine phosphorylated during platelet
aggregation. Analysis of SLAM–/– mice revealed an
impaired aggregation response to collagen and PAR-4,
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of PECAM-1 contains an immunoreceptor tyrosinebased inhibitory motif (ITIM) which becomes phosphorylated upon stimulation by homophilic interactions
and/or clustering, facilitating the recruitment of tyrosine,
serine/threonine or possibly lipid phosphatases, and the
consequent inhibition of kinase-dependent signaling.
PECAM-1 plays a role in attenuating thrombus formation involving GP VI, GP Ib, and thrombin-mediated
platelet activation, as well as normal integrin αIIbβ3-mediated platelet function.105-108 Like PECAM-1, ESAM, a molecule on the platelet surface, seems to have a restraining
role on thrombus growth and stability.88
Recent data also suggest that activation of αIIβb3, and
likely that of other integrins, is not an irreversible
process but rather a dynamic and bi-directional process,
in particular for some agonists such as ADP and for
strongly activated procoagulant or coated platelets with
prolonged calcium elevation.36 Shifting activated integrins back to their resting state is a newly identified
mechanism to control thrombus growth, and may represent a novel antithrombotic strategy. Moreover, balance
between signaling through activatory adhesion receptors and platelet-surface sheddases, particularly of the
metalloproteinase-disintegrin (ADAM) family, provides
layers of regulation (proteinase and receptor), and a
higher order of control of cellular function. Thus,
ectodomain shedding of platelet adheso-signaling receptors, GP Ibα and GP VI, would provide an attractive
mechanism for limiting thrombus growth and stability.109 Another mechanism contributing to restrict thrombus growth under flow is the cleavage by ADAMS13 of
VWF engaged in thrombi surface, as suggested by recent
perfusion experiments in the presence of a functionblocking antibody against this metalloprotease.110
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Novel proteomic or genomic strategies are being used to
identify new candidate molecules phosphorylated upon
platelet-platelet interaction. Thus, proteomic assays and
molecular profiling of platelet RNA in custom arrays has
served to recognize CD84, a protein homologous to
SLAM, and PEAR-1 (platelet endothelial aggregation
receptor 1), as new tyrosine/serine phosphorylated
receptors. Recently, it has been shown that genetic variants in PEAR-1 associate with increasing overall platelet
aggregation and reduced responsiveness to aspirin in
subjects with premature cardiovascular disease.96
Signaling by these new receptors seems to be dependent
on αIIbβ3 mediated platelet-platelet contacts, again resembling the immune synapse model.97
The formation of a fibrin network upon activation of
the coagulation cascade is generally considered the last
critical event contributing to thrombus stability. Recent
studies with the laser-injury induced thrombosis model
in mice expressing a low level of tissue factor (TF) have
shown that this fibrin formation depends on the monocyte-derived TF carried out by microparticles, with minimal contribution of vessel wall TF.98 These microparticles are captured by the thrombus through the interaction between P-selectin expressed on the surface of activated platelets and PSGL-1 present on the microparticles.99 Thus, mice deficient in either PSGL-1 or P-selectin
display thrombi with little TF and thrombin. However,
certain questions are raised. First, other studies using
models of photochemical induced injury in the carotid
artery and vena cava ligation have found that vessel wall
TF plays a critical role in thrombin generation inside the
thrombus.100 Second, since circulating microparticles are
present in blood, a mechanism must exist to prevent the
initiation of blood coagulation. A suggested hypothesis
is that TF normally is in a latent or encrypted form
which lacks coagulant activity. How TF is encrypted and
transformed to the active form is not yet fully known,
but there is evidence that it may involve formation/disruption of disulfide bonds within the molecule. It is proposed that at the site of vascular injury, TF can be activated by the action of disulphide isomerase released
from activated platelets and endothelial cells. Adding
controversy to this issue, plateles themselves can carry
or synthesize TF which can also play a role in thrombus
formation.101,102

Negative regulation of platelet activation and
thrombus growth
Arterial thrombus formation in vivo is a dynamic
process, with developing thrombus at the site of injury
gradually building up over time before either entirely
occluding the blood vessel, or reaching a state of surface
passification where thrombus growth is limited and
thrombus size is stabilized. The essential roles of nitric
oxide (NO) and prostacyclin (PGI2) in the negative regulation of platelets to prevent uncontrolled thrombosis
have been well established.103,104 However, platelet activation can also be inhibited by signaling through the
adhesion molecule PECAM-1 (also known as CD31).
Like GP VI, PECAM-1 is a member of the Ig superfamily, with 6 extracellular Ig domains, transmembrane
domain, and cytoplasmic tail. The cytoplasmic domain
| 708 |

Conclusions
Over the last few years we have seen impressive
advances in our understanding of the mechanisms of
hemostasis and thrombosis. There is now ample evidence that platelets play a paramount role in all stages of
the complex, dynamic process of thrombus formation.
Platelet receptors, signaling events and release/shedding
of platelet proteins and inflammatory substances act in
an orchestrated manner with the vascular endothelium
and other blood cells and coagulation factors to permit
the initial tethering of platelets over the vascular injury,
to promote the growth of the platelet plug by recruiting
and aggregating new platelets, and to consolidate the
thrombus by means of post-aggregation signaling
events, clot retraction, and controlled formation of a fibrin network. Compensatory molecules and signaling
events have the opposite effect to limit undesirable
platelet accumulation and pathological thrombosis.
Translation of this knowledge to drug development will
guarantee novel therapeutic approaches in the prevention of bleeding and thrombosis.
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