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Abstract

Platelets are cell fragments which circulate in blood. They are of pivotal importance in blood clot formation,
affecting thrombosis and haemostasis. By rapidly altering the activation and expression of surface receptors,
platelets are able to quickly undergo structural and phenotypic changes in response to stimulation, such as
collagen exposure on injured vascular endothelium. This response to stimulation allows platelets to become
adhesive, aggregate to form a thrombus, and release a variety of mediators affecting coagulation,
inflammation, and chemotaxis at the site of injury. Therefore, in addition to their critical role in thrombosis
and haemostasis, platelets also play a role in immunity, inflammation, wound healing, haematologic malig-
nancies, and metabolic disorders. The role of platelets in disease, particularly in atherothrombosis, is
increasingly the focus of current research and antiplatelet therapy plays a significant role in the prevention
and treatment of atherothrombotic and inflammatory diseases.
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1 Introduction

Platelets are small cells of large importance in medicine. They are
involved in many pathophysiological processes, such as thrombo-
sis, haemorrhage, inflammation, and cancer. The involvement of
platelets in disease may be a direct primary disorder of platelet
number and function, or an indirect result of the critical role of
platelets in thrombosis, such as with coronary artery disease, stroke,
peripheral vascular disease, and diabetes.

2 Platelet Structure

Platelets are subcellular fragments released from megakaryocytes
that circulate in blood as small, granular, anuclear discs. These 3.0
by 0.5 wm discoid cells circulate in laminar blood flow near the
apical surface of the endothelium for about 7 days or until they
become activated, whereupon they undergo rapid metamorphic
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2.1 The Platelet
Cytoskeleton

changes to spread and adhere to damaged endothelial surfaces,
release granules and aggregate with other platelets (1).

Platelets have a dynamic glycocalyx covered with glycoprotein
receptors necessary to facilitate platelet adhesion, aggregation, and
signal activation, principally the mobile receptors glycoprotein
(GP) Ib-IX-V complex and integrin o B, (the GPIIb-IIIa com-
plex) (2). Anionic phospholipid, phosphatidylserine from the plate-
let membrane facilitates and acts as the site of formation of the
prothrombinase complex of coagulation, and contains tissue
factors—exposed on activation and decrypted with the release
of microparticles—which also contributes to coagulation.

Below the plasma membrane of platelets lies a complex microtu-
bule and microfilament cytoskeleton capable of dynamically chang-
ing platelet cell shape and surface area with activation (2). They
contain many granules and bodies with haemostatic mediators, adhe-
sion molecules, signaling molecules, calcium, ATP, ADP, and sero-
tonin which can be released to the site of clot formation or expressed
on the platelet surface in response to platelet activation (3).

The cytoskeleton of platelets is a spectrin mesh reinforced by a
microtubule core and a rigid network of cross-linked actin filaments
which maintains the discoid shape and maintains cell integrity
against high shear forces as blood flow forces platelets against
endothelium, and allows for transformation of the platelet shape
with activation (1).

The spectrin membrane of platelets is a two-dimensional
assembly of spectrin strands interconnected to each other in a mesh
by actin filaments (4). Each molecular end of the spectrin molecule
has an actin-binding site. Actin is the most abundant molecule in
platelets; much of it is cross-linked into a rigid cytoplasmic net-
work by homodimeric filamin (FLNa and FLNb) and o-actinin
(5). These proteins act as “scaffolding molecules” which bind, via
the carboxyl terminus, and localize molecules such as GTPase, sal
A, sac, rho, cdc42, Trio and Toll, kinases, phosphatases, and trans-
membrane proteins, particularly the glycoprotein Ib_ subunit of
the von Willebrand factor (VWF) receptor, adjacent to the plasma
membrane (6).

A single coiled microtubule core, which sits in the cytoplasm,
just beneath the plasma membrane, along the thin edge of the
platelet, is responsible for the characteristic discoid shape of resting
platelets (7).

When activated, the platelet cytoskeleton undergoes significant
alteration to facilitate shape change, attachment to and spreading
of platelets over the damaged endothelium. Activation also initi-
ates other platelet responses such as secretion of granules (see
Subheading 2.2) which moves adhesion receptors to the cell sur-
face and releases agonists and mediators to the circulation, acti-
vates biochemical pathways—such as stimulating the synthesis and
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release of thromboxane, and causes conformational changes in
platelet surface receptors—such as activation of the o, f3, integ-
rin to allow fibrinogen and vWF binding and thus platelet aggre-
gation (8).

Platelet shape change is a complex, actin-dependent process
that involves reorganization of the platelet cytoskeleton and assem-
bly of new actin filaments. This process follows a reproducible
sequence as the platelet activates and spreads, beginning with spher-
ing as a result of a transient rise in cytosolic calcium concentration in
response to activation of phospholipase C secondary to platelet
receptor binding (9). Phospholipase C hydrolyzes membrane-bound
polyphosphoinositide P, (PIP,) into inositol triphosphate (IP,)
(9). IP, then binds to dense granules, releasing the calcium stored
in them (9). Furthermore, active transport of extracellular calcium
across the plasma membrane by calcium channels occurs (10). The
increased intracellular calcium causes a conformational change in
gelsolin, allowing it to bind and F-actin and cleave filaments, result-
ing in the loss of normal discoid platelet shape and sphering of the
cell (10).

New actin filaments are assembled from unpolymerized pools
of actin in the cytoplasm and attach to the barbed end of the
filaments fragmented by gelsolin (11). These filaments extend,
causing lamellar spreading of the platelet, before the actin is
capped by CapZ, preventing further filament assembly (11, 12).
This extension unfolds invaginations of the plasma membrane-
and surface-connected open canalicular system to increase surface
area of the platelet. During activation, underlying actin filaments
also become tethered to integrin o, B,. Through calcium- and
rho kinase-stimulated phosphorylation of platelet myosin, con-
tractile force is applied to the actin, o, f,, and the fibrinogen
bound to it, causing clot retraction (13). The action of myosin
phosphorylation is also involved in the secretion of granules and
the modulation of platelet surface receptors, such as the down-
regulation of glycoprotein Ib (GPIb)-IX-V complex from the
surface after activation (1).

Platelets contain o-granules, dense granules, and lysosomes (3).
Secretion of granule contents releases haemostatic mediators at the
site of vascular injury, or causes expression of surface molecules
which facilitate cellular adhesion. o-granules are the most numer-
ous of the platelet organelles, and are 200-500 nm in diameter
with a highly organized interior substructure divided into different
zones. They contain a variety of adhesion molecules, chemokines,
coagulation and fibrinolysis proteins, growth factors, immunologic
molecules, and other proteins (Table 1) (3, 14). Dense granules
contain ionic calcium, magnesium, phosphate, and pyrophosphate
as well as ATP, GTP, ADP, and GDP nucleotides and the transmit-
ter serotonin (15). Platelet lysosomes, though few in number,
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Table 1

Components of alpha granules

Adhesion molecules

Chemokines

Coagulation proteins

Fibrinolysis proteins

Growth factors

Immunologic molecules

Other proteins

Fibr(.)nectin, fibrinogen, integrin o B, integrin o B P-selectin, von
Willebrand factor

B-Thromboglobulin, growth-regulated oncogene o, interleukin 8, macrophage
inflammatory protein 1o, monocyte chemotactic protein 3, neutrophil-
activating protein, platelet factor 4, RANTES

Factor V, factor VIII, high-molecular-weight kininogen, multimerin
o,,-Macroglobulin, plasminogen, plasminogen activator inhibitor 1

Basic fibroblast growth factor, epidermal growth factor, hepatocyte growth
factor, insulin-like growth factor 1, platelet-derived growth factor,
transforming growth factor f, vascular endothelial growth factor

B1H globulin, cl inhibitor, factor D, IgG

o, antitrypsin, albumin, osteonectin

2.3 Microparticles

contain acid hydrolases, cathepsins, and lysosomal membrane
proteins similar to lysosomes in other cells (3).

Exocytosis of platelet granules and secretion of granular con-
tents occur after cells are activated by specific ligands that interact
with platelet membrane receptors through G-protein couple sig-
naling. Diglycerol, which results from the cleavage of membrane
phosphatidylinositol 4,5 bisphosphate (PIP,) to IP,, activates pro-
tein kinase C (PKC) which acts in synergy with calcium ions
released from dense granules by IP, to amplify the secretion of
granules (see Subheading 4). Changes to the cytoskeleton associ-
ated with platelet activation facilitate the development, targeting,
and exocytosis of secretory granules (16, 17). Platelet shape change
can occur without secretion, particularly when signaling via the G,
but not G pathways takes place, but secretion cannot take place if
the cytoskeletal rearrangement is inhibited (18).

Activated platelets release two types of membrane vesicles: (1)
platelet-derived microparticles (PMPs) budded from the plasma
membrane, and (2) exosomes, which are smaller than PMP and
released from o-granules during secretion (19).

Signal transduction resulting from agonists such as thrombin
or collagen-binding receptors on the surface of platelets, and the
resulting elevation of intracellular calcium, results in the activation
of several enzymes, such as calpain and PKC, which facilitate PMP
production by degrading structural proteinsincluding actin-binding
protein, talin, and the heavy chain of myosin (20, 21). Concurrently,
the platelet cell membrane loses its organized asymmetrical distri-
bution and negatively charged aminophospholipids phosphatidyl-
serine (PS) and phosphatidylethanolamine (PE) become expressed
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on the surface, facilitating interaction with the coagulation
system and the tenase complex (see Subheading 5). PS and PE
are therefore also expressed on the PMPs which bud oft from
the platelet, and thus PMPs are procoagulant particles (22, 23).
Furthermore, platelets and PMPs share glycoprotein receptors
such as GPIb, PECAM-1, and integrin o ., and subpopula-
tions may express P-selectin from platelet granules, suggesting
that PMPs can participate in cellular interactions, adhesion, and
aggregation (19).

In addition to being formed as a result of agonist-induced
platelet activation, PMPs may form as a result of complement
activation /damage to platelets, and platelet aging and destruction,
and may be released directly from megakaryocytes in platelet
genesis (19).

3 Platelet Receptors

3.1 GPIb-IX-V

Platelets express a variety of different receptors on their surface,
most having a direct role in haemostasis by activating the platelet
in response to agonists, as adhesive receptors interacting with the
damaged cell wall, or aggregating with other platelets and other
cells to contribute to thrombus formation (24). By changing the
expression and activation status of these surface molecules, plate-
lets are able to markedly change their phenotype to carry out phys-
iological functions or deal with pathological events. Table 2
summarizes the known platelet receptors, their structural family,
function, and importance. A number of the more major receptors
are discussed in detail.

GPIb is a heterodimeric transmembrane protein consisting of
a disulfide-linked 140 kDa alpha chain and 22 kDa beta chain
(25, 26). It exists on the platelet surface in complex non-covalent
association with GPIX and platelet GPV to form the receptor for
vWF and mediates platelet adhesion to the arterial circulation (27).
vWE, which is present in blood, must undergo conformational
alterations through binding to collagen prior to being recognized
and bound by the GPIb alpha chain of the receptor complex on
platelets. Furthermore, this process is much more efficient when
high shear stress exerts conformational changes on both the vWF
and the GPIb-IX-V complex (27).

Interaction between the GPIb-IX-V complex on the surface
of platelets and vVWEF bound to collagen, while insufficient to firmly
adhere platelets to the matrix, allows them to roll along the matrix
and facilitates firm adhesion via other surface proteins. However,
binding of VWF to the receptor complex causes transmembrane
signaling through phosphorylation of the intracellular chain of

GPIDb beta, resulting in activation of o B, to its ligand-receptive
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Table 2

state (see Subheading 3.2), and acts synergistically with signals
generated from the binding of collagen to GPVI and o3, (Table 2)
(28, 29).

In addition to binding collagen—vWF and causing platelet
activation, GPIb-IX-V also acts as a receptor for Mac-1 on leuko-
cytes (30). Leukocytes and activated platelets bind primarily
through interaction of P-selectin on the activated platelet to con-
stitutively express P-selectin glycoprotein ligand 1 (PSGL-1) on
the leukocyte (31). This proximity and heterotypic aggregation of
cells allow the N-terminal region globular region of GPIb alpha to
recognize the alpha chain of activated Mac-1 (25, 32). This pro-
cess is thought to mediate firm aggregation of the platelet and

Platelet membrane receptors

Class

Receptor Function

Integrins

Leucine-rich
repeat (LRR)

o The glycoprotein IIb—IIIa complex, also CD61/
CD41. A unique platelet receptor that is
essential for fibrinogen binding and platelet

aggregation

TIbF3

o, Vitronectin receptor of low importance and low
expression on platelets

o,B, The glycoprotein Ia—IIa complex, also CD49b.
A major collagen adhesion receptor on
platelets. In combination with GPIb-IX-V
complex, allows firm adhesion and platelet
activation in response to collagen stimulation

o, Fibronectin receptor with a supplementary role in
platelet adhesion at injury sites
o, Laminin receptor with a supplementary role in
platelet adhesion at injury sites
o.B, May play a role in regulation or caspase
activation. Expressed in platelet granules and
only found on the surface of platelets that
have undergone activation and secretion
GPIb-IX-V Pivotal platelet receptor in initiating and
propagating haemostasis and thrombosis with
a number of ligands including collagen, von
Willebrand Factor (VWEF), thrombospondin,
P-selectin, and leukocyte integrin Mac-1
Toll-like TLR1 Lipopolysaccharide receptors which increase
receptors  TLR2 platelet adhesion to fibrinogen and increase
TLR4 platelet activation to agonists such as thrombin.
TLR6 Present on about 40% of human platelets
TLR9

(continued)
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Table 2
(continued)
Class Family Receptor Function
Seven- Thrombin PARI1 After cleavage by thrombin acts as a ligand and
transmembrane  receptors  PAR4 receptor signaling platelet activation
receptors ADP P2Y, Mediates transient platelet shape change and
receptors aggregation by ADP binding via G_ signaling
leading to calcium release and activation of
phospholipase C
P2y , Inhibits adenylyl cyclase by ADP binding via
G, signaling and amplified mobilization of
cytoplasmic calcium by P2Y,
Pr;)esz:gjl;rics:hn T}i(:;;btgfze Activates platelets via phopholipase A2 and
phospholipase C through G, G, and G,, ..
Important for autocrine amplification of
platelet activation following binding of other
receptors
PGI, receptor Binds endothelial prostacyclin to inhibit platelet
activation via G signaling and adenylate cyclase
PGD, receptor  Similar in mechanism but distinct from PGI,
receptor
PGE, receptor ~ Potentiates platelet response to ADP at low
concentrations, but inhibits aggregation at
high concentrations
Lipid Platelet- Activates platelet via G and G, protein signaling
receptors activating
factor receptor
Lysophosphatidic Causes shape change, degranulation, and
acid receptor aggregation
Chemokine  CXCR4 May be involved in megakaryocytosis and
receptors  CCR4 platelet—leukocyte interactions
CCR3
CCR1
Vasopressin ~ V,_receptor Causes rapid but reversible platelet activation via
receptor G, ), signaling
Adenosine A, receptor Inhibits vasopressin or PAF-induced platelet
receptor activation via G, signaling
Epinephrine  B2-Adrenergic ~ Augments platelet activation caused by other
receptor receptor agonists
Serotonin 5-HT,, receptor ~Causes autocrine platelet activation and degranu-
receptor lation via G-protein and calcium signaling
Dopamine D3 Involved in dopamine uptake and may inhibit
receptor D5 platelet function
Immunoglobulin GPVI GPVI Major collagen receptor

superfamily
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32 ao,p,

3.3 Thrombin
Receptors

leukocyte, as well as transmigration of the leukocyte through the
mural thrombus to sites of vascular injury, thus providing a poten-
tially important role for this receptor in inflammation.

GPIb-IX-V also plays a role in tethering of platelets to
endothelium via binding of the receptor to P-selectin expressed by
endothelial cells (33), and has two binding sites for thrombin,
important in the response of platelets to low concentrations
(<0.1 U/mL) of thrombin (32, 34), while the PAR family of recep-
tors are more important where higher concentrations are present
(see Subheading 3.3). The receptor complex also contributes to
the soluble coagulation system through interactions with high-
molecular-weight (HMW) kininogen, as well as coagulation factors
XII and XI (34, 35).

Despite the advances in understanding of the role of GPIb-1X-V
in vVWF tethering, maintenance of coagulation, inflammation, and
signaling, much remains to be learned about the functions of this
unique and complicated receptor complex (25).

Integrin o, 3, also known as the GPIIb-IIIa complex, is the most
abundant glycoprotein on platelet membranes, and plays an impor-
tant role in platelet aggregation and signaling as well as interaction
with the blood coagulation system and other cell types—such as
endothelial cells. o, 3, binds several adhesive proteins, including
fibrinogen (coagulation factor I), prothrombin (coagulation
factor II), vVWE, fibronectin, neural cell adhesion molecule L1, and
vitronectin (36). Much of its binding activity is due to KQAGDV
and RGD recognition sequences and binding sites (37).

o, B, maintains a low affinity for ligand binding on resting
circulating platelets. However conformational changes in o B, as
a result of inside-out signaling secondary to ligand binding of ago-
nist receptors (such as ADP, thrombin), as well as clustering of the
receptor following release of o B, from the cytoskeleton, lead to a
large increase in receptor affinity for its various ligands and increased
adhesive capacity (8). Once activated, o, 3, results in both platelet
adhesion to the site of vascular injury and aggregation of platelets
causing thrombus propagation. Binding of activated o [, to
immobilized fibrinogen and vWEF at the site of vascular injury
results in spreading of the platelet, firm adhesion of the platelet to
the vascular wall, and outside-in signaling leading to amplification
of platelet activity, while binding of activated o B, to soluble
fibrinogen and vWF promotes cell-to-cell adhesion and platelet
aggregation as well as outside-in signaling (36). Therefore o B, is
both critical to the adhesive and aggregatory properties of acti-
vated platelets as well as essential in the amplification of activation
signaling from agonist receptors.

Thrombin plays a critical role in the regulation of haemostasis and
thrombosis primarily through its proteolytic function within the
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coagulation cascade. In addition to this action, thrombin also exerts
profound effects on a diverse range of cells, including platelets,
through cleavage of a number of G-protein-coupled, seven-
transmembrane domain, protease-activated receptors (PARs) (38).

PARI is the predominant receptor for thrombin-mediated
platelet activation and secretion in humans (39, 40). Thrombin
interacts with a hirudin-like DKEYPF binding domain on the
N-terminus of PARI, facilitating cleavage at an LDPR/SFLLR
sessile bond and generating a new amino terminus, leading to self-
activation via a tethered ligand mechanism, resulting in G-protein
signaling (40—42). Synthetic peptides containing at least the first five
amino acids of the tethered ligand (SFLLR), known as thrombin
receptor-activating peptides (TRAP), are able to effect receptor acti-
vation without the need for receptor proteolysis, and is commonly
employed in laboratory analysis of PARI activation without trigger-
ing the coagulation system (39, 43). PARI is the primary low-dose
thrombin receptor on human platelets.

PARS3 is minimally expressed in human platelets. Like PARI,
PAR3 is thought to utilize a hirudin-like domain for thrombin
interaction and cleavage at a LPIKTFRGAP sequence generating a
tethered ligand (44). However, synthetic peptides of the tethered
ligand do not cause PAR3 activation, suggesting that a conforma-
tional change in the receptor caused by cleavage is required before
the tethered ligand is recognized. PAR3 is the primary low-dose
thrombin receptor in mice, but plays little role in humans due to
its minimal expression on human platelets.

PAR4, while less abundant than PARI, is readily expressed on
human platelets, although it is much less sensitive to cleavage by
thrombin than PARI1 or PAR3 as it lacks the hirudin-like binding
sequence of these molecules (45). Instead, thrombin cleaves PAR4
at the Arg-Gly bond in the PAPRGYPGQYV sequence, resulting in
an exposure of a tethered ligand that binds the PAR4 receptor and
activates G-protein signaling. Like PARI1, synthetic peptidomimet-
ics of the tethered ligand can elicit a thrombin-like response from
PAR4 without the need for cleavage (45). PAR4 is the principal
high-dose thrombin receptor on both mouse and human
platelets.

Upon PAR activation, a series of distinct signaling pathways
mediated by Ga,, Ga,, Go, and Ga, ,; proteins are initiated (see
Subheading 4). These s1gnal1ng events involve phosphoinositide
hydrolysis, protein phosphorylation, increased cytosolic calcium,
and suppression of cyclic AMP and ultimately converge in cytoskel-
etal actin reorganization and integrin activation (10, 46). Shape
change resulting in actin reorganization results in the internaliza-
tion or blebbing off (microparticles) of cleaved thrombin recep-
tors, while cell spreading exposes PAR receptors from the canalicular
system to the platelet surface, increasing the potential for further
platelet activation by thrombin (47).
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3.4 P2Y Nucleotide
Receptors

The platelet GPIb-IX complex is also a receptor for thrombin
(see Subheading 3.1). While the functional relevance of thrombin—
GPIb-IX binding on platelet activation is unclear, functional
GPIb-IX-V complex is required for optimal thrombin responsive-
ness in humans, although not necessarily functioning directly in
the signal transduction mechanism, and may simply be a result
of localization of thrombin to the platelet surface through GPIb-
IX-V binding.

Nucleotide receptors are classified into P1 (A, through A, adenos-
ine receptors) and P2 (ATP and ADP receptors) (24). The P2
receptors are further categorized as ion-channel linked (P2X) or
G-protein linked (P2Y). Two P2Y receptors play a major role in
platelet aggregation; these are the G -coupled receptor P2Y, and
the G.-coupled receptor P2Y , (48, 49). Both receptors are bound
to and activated by adenosine diphosphate (ADP), while adenosine
triphosphate (ATP) acts as an antagonist for both.

P2Y, signals through phospholipase C and is responsible for
the mobilization of intracellular calcium ions, thereby mediating
shape change and aggregation (50). P2Y , inhibits adenylate
cyclase, thus inhibiting cyclic adenosine monophosphate (cAMP)
production, leading to increased platelet activation via dephospho-
rylation of vasodilator-stimulated phosphoprotein (VASP), which
in turn leads to activation of the o B, integrin and decreased inhi-
bition of calcium mobilization and granule release (50).

4 Platelet Signaling

The link between the myriad of surface receptors and their etfects
on platelet function is network of signaling molecules and regula-
tors including heterotrimeric G-proteins that associate surface
receptors and intracellular effectors, Ras proteins that act as GTP-
binding switches, and phospholipases that signal via hydrolysis of
phosphoinositides and formation of prostanoids, lipid kinases, pro-
tein tyrosine kinases, and serine/threonine kinases that regulate
enzyme activity (24). In general, this involves activation of phos-
pholipase C and PI 3-kinase-dependent pathways and suppression
of cAMP and adenylyl cyclase, which normally act to prevent plate-
let activation.

In vivo platelet activation is usually initiated by collagen and
VWFEF or, in the case of pathology, thrombin. In collagen-induced
platelet activation, collagen and vWEF bind to several molecules on
the platelet membrane (see Subheading 2) including GPIb-I1X-V
complex, GPVI, and integrin o B, and o, 3,. Collagen causes clus-
tering of GPVI and its constitutively associated Fc receptor y-chain
(51). This leads to phosphorylation of the y-chain by Src kinases
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which associate with Syk and phosphorylation and activation of
phospholipase Cy, (PLCy,). This results in the production of IP,—
which opens Ca?* channels and thus increases intracellular calcium,
and diacylglycerol (DAG) which activates PKC, which phosphory-
lates serine/threonine to activate o, f, to expose fibrinogen-
binding sites for aggregation, shape change, and activation. Thus
the activation of platelets is a slow process, requiring polymerized
collagen and clustering of GPVI. Coincident binding of vVWF to
o, B, to GPIb slows the platelet and localizes it to the endothe-
lium long enough for this process to occur (24).

In contrast, thrombin induces platelet activation via a
G-protein-dependent mechanism which results in faster and more
intense activation of PLCB. Thrombin binds to and cleaves the
N-terminus of the PAR 1 and 4 in humans. This cleavage exposes
a new N-terminus which acts as a tethered ligand (39), signaling
via an, G,,, and G, with downstream activation to a host of intra-
cellular effectors (38, 52). G,, activates PLCB, resulting in the
generation of IP, from PIP, and release of intracytosolic calcium,
and activated PKC from DAG (53, 54). Thus G, is responsible for
integrin activation and fibrinogen binding and increased cytosolic
calcium. G, is coupled to guanine nucleotide exchange factors
(GEF) which activate Rac and Rho signaling pathways to uncap
actin filaments and reorganize the cytoskeleton to produce shape
change, degranulation, and spreading (55). G, inhibits adenylyl
cyclase, resulting in diminished cAMP and thus promoting platelet
activation (38).

Following initial activation of the platelet, additional circulat-
ing platelets are activated and recruited to the thrombus by the
local accumulation of molecules that are secreted by the platelets in
the primary thrombus, such as ADP or thromboxane A, (TxA,)
(Fig. 1). The signaling pathways involved in this extension phase of
platelet thrombus formation are predominantly through high-
affinity G-protein-coupled receptors similar to thrombin, often
with multiple G-proteins activated by the same receptor, and thus
rapid amplification of activation can take place. ADP is released by
degranulation, while thromboxane is generated by cyclooxygenase
from arachidonic acid in response to platelet activation. Both ADP
and TxA, release result in further platelet activation and recruit-
ment of nearby resting platelets into the growing thrombus in a
self-propagating cycle. Binding of the thromboxane prostanoid
(TP) receptor leads to shape change via G_and Rho signaling, and
activation of PKC via PLCP and G,,, similar to P2Y,. This stimu-
lated further release of TxA, and amplification of the platelet
thrombus formation.

Once o, B, has been activated by PLC, it binds fibrinogen and
platelet aggregation can occur. The close cell-to-cell contact
between platelets in aggregation gives rise to another phase of



24 Matthew D. Linden

Subendothelial
Collagen

vWF |
GPVI
GPlb-1X-V

PLC

= \ i /_ P2Y,,

PKC
2

TxA

/Wen/

GPllb-llla

Fig. 1 Platelet activation is normally initiated by exposure of collagen and vWF. This leads to release of ADP
through degranulation and synthesis of thromboxane A,. Both of these bind constitutively expressed receptors
on the platelet surface, and represent a self-perpetuating signal amplification loop, and a means of recruiting
nearby resting platelets. An activation-dependent conformational change in GPIlIb—llla allows fibrinogen binding
and therefore platelet aggregation

Table 3

G-protein-coupled receptors expressed on human platelets

G-protein  Receptors Function

G, A, ,-adrenergic, CXCR4, P2Y ,, PARI Decrease cAMP by inhibiting adenylyl cyclase
Increase IP,/DAG via PLC
Increase 3-PPIs

Gq PAF, PARI, PAR4, P2Y , TPa, TPB, Increase IP,/DAG via PLC

vasopressin 1
G, PARI, PAR4, P2Y , TPo, TP Actin assembly and reorganization
G, Prostaglandin I receptor Increases cAMP by adenylyl cyclase

signaling that results in outside-in signaling through integrins and
binding of ephrins to Eph kinases (56). Table 3 lists the G-proteins
expressed on human platelets, their associated receptors, and
function.
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5 Platelet Interactions

5.1 Platelet-
Leukocyte Interactions

Platelet physiology cannot be considered in isolation from the
other components of blood and the vascular system which interact
to contribute to haemostasis and thrombosis. Platelets bind to
injured or activated endothelium, while leukocytes bind to acti-
vated platelets and the heterotypic thrombus serves as a major pro-
coagulant site (57) and plays an important role in inflammation.
These multicellular interactions are mediated by adhesive mole-
cules such as P-selectin from platelet granules, PSGL-1 on leuko-
cytes and endothelium, and GPIb (31).

Platelets are a central cellular interface of thrombotic and
inflammatory processes (58) and modulate this interface by binding
to leukocytes and altering their function (57, 59). Correspondingly,
platelets play a pivotal role in recruitment of monocytes and neu-
trophils to sites of vascular injury, and thus to the atherosclerotic
plaque (60). Platelet activation, formation of leukocyte—platelet
aggregates (monocyte—platelet aggregates and neutrophil—platelet
aggregates), and platelet secretion of inflammatory modulators
that affect leukocyte function, such as CD40 ligand (CD40L), are
associated with the development of atherosclerosis (61-63), stable
coronary artery disease (CAD) (64), unstable angina (65), myo-
cardial infarction (MI) (66), and events following percutaneous
coronary intervention (PCI) (66), with a greater magnitude in
patients experiencing late clinical events (67).

P-selectin (CD62P) is a component of the a-granule mem-
brane and is not normally expressed on the surface of platelets
(59, 68-70). Upon platelet activation a-granule-soluble contents
are released and P-selectin is exposed on the platelet surface (59,
69, 70). In vitro, the activation-dependent increase in platelet sur-
face P-selectin is not reversible over time (71, 72). However,
in vivo, circulating degranulated platelets rapidly lose their surface
P-selectin, yet continue to circulate and function (73).

Surface expression of P-selectin on platelets mediates the initial
adhesion of activated platelets to monocytes and neutrophils via
PSGL-1, which is constitutively expressed on the surface of these
leukocytes (59, 74-76).

Following initial tethering to activated platelets via P-selectin/
PSGL-1 interaction, leukocyte activation occurs through signaling
via PSGL-1 and platelet-secreted chemokines and lipid mediators
(77-82). This response in turn causes activation and upregulation
of the Mac-1 integrin (o 3,, CD11b/CD18) on the monocyte
surface, allowing firm adhesion to platelets via bridging fibrinogen
bound to the activated glycoprotein IIb-IIIa integrin (o, fB,,
CD61,/CD41) (57, 80), and via direct interaction with GPIbo
(30) on the platelet surface. Other adhesion molecules such as
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5.2 Platelet-
Endothelial Cell
Interaction

5.3 Platelet-
Coagulation System
Interaction

LFA-1 on the monocytes interacting with ICAM-2 on platelets
may play a role in stabilizing heterotypic aggregates (83). However,
P-selectin/PSGL-1 interaction is first required before these stable
secondary adhesions may take place. The exact physiologic
significance of leukocyte—platelet aggregation is unknown, but it
may represent targeting of both cell types to appropriate
inflammatory or haemostatic sites (84).

Resting platelets under shear roll on activated endothelial cells via
interaction of endothelial P-selectin with platelet surface GPIba
or PSGL-1 (33, 85) and vWF interaction with GPIba (86). This
rolling accumulates platelets at the site of injury, and allows for
other interactions to take place (85). Following platelet activation,
a more stable association between endothelial cells and platelets
occurs, mediated by GPIIb-IIla-bound fibrinogen on platelets
binding to ICAM-1 and o 3, on endothelial cells (87).

Platelet adherence and aggregation at the site of vascular injury not
only serves to form a platelet-rich haemostatic plug or thrombus
but also serves as a site of activation and assembly of the coagula-
tion system, to direct its haemostatic potential to the site of injury
and prevent systematic widespread intravascular clot formation.
Activated platelets regulate propagation of the coagulation system
by releasing granule components that trigger and propagate the
coagulation cascade, express specific high-affinity receptors for coag-
ulation components which protect them from inactivation, act as the
site for assembly of the tenase and prothrombinase complex forma-
tion, and amplify the initial stimulus leading to a rapid and localized
thrombin burst (88).

6 Summary

Platelets are specialized, anuclear cells not only of pivotal impor-
tance in thrombosis and haemostasis but which also play a role in
innate immunity, inflammation, wound healing, haematologic
malignancies, and metabolic disorders. Platelets have considerable
cross talk with other cells, including other platelets, leukocytes,
and endothelial cells. They also interact with the coagulation cas-
cade and the humoral immune system. This is accomplished by a
complex array of surface receptors, adhesion proteins, integrins,
and glycoproteins coupled to multiple signaling pathways which
orchestrate initiation, extension, and propagation of platelet acti-
vation both with redundancy and the ability to modulate function.
The role of platelets in disease, particularly in atherothrombosis, is
increasingly the focus of current research and antiplatelet therapy
plays a significant role in the prevention and treatment of athero-
thrombotic and inflammatory diseases.
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