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p 6, para 3. line 1: Change " canuliculi" for " canaliculi"
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Summary.

The arrest of bleeding is critically dependent on the ability of blood platelets to

adhere and to form a haemostatic plug at sites of vascular injury. The interat 'ion of

circulating platelets with injured blood vessels is mediated through the binding o! specific

surface receptors with immobilised adhesive proteins in the vascular subcndothelium. It is

generally accepted that the initial recruitment of platelets to the vessel wall is mediated by

the binding of the GP Ib/V/IX receptor with immobilised vWf on the subendothelium. This

interaction not only mediates platelet adhesion, but also results in signalling processes

leading to the activation of the major platelet intcgrin, ccm^, and subsequently to firm

adhesion, spreading and aggregation. There is now strong evidence to suggest that this

multi-step adhesion process also underlies the formation of occlusive thrombi that

precipitate stroke and myocardial infarction. While the importance of GP Ib/V/IX and

ocnbP.i in platelet function is undisputed, the precise signalling mechanisms regulating the

conversion from surface translocation to stationary adhesion, and subsequent aggregation,

remain unclear. Recent studies have demonstrated that binding of vWf to GP Ib/V/IX

results in the elevation of cytosolic calcium and in the activation of a key calcium

dependent signalling protein, protein kinase C (PKC). Both calcium and PKC have been

shown to play important roles in integrin ttnbP.i activation and soluble agonist secretion,

however, the exact signalling relationship between calcium and PKC in co-ordinating these

• .occsses remains controvcr lal. Another key unresolved issue that is fundamental to

hacmostasis and thrombosis is the mechanism regulating the extent of thrombus formation

at sites of vascular injury. It is unclear if platelet adhesion receptors alone are sufficient to

regulate platelet aggregation, or whether this process requires co-stimulation through other

platelet agonist receptors.
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The first section of this thesis examines the requirement for cytosolie calcium in intcgrin

bfK activation, in response to stimulation by adhesive substrates and soluble agonists.

These studies demonstrated that cytosolie calcium is absolutely essential for platelet a ^

activation in response to multiple physiological platelet agonists. Prc-trcatment of platelets

with the membrane permeable calcium dictator dimcthyl-Bapta-AM (DM-BAPT/VAM)

totally abolished the ability of platelets to bind PAC-1 and aggregate in response to

thrombin, soluble type I collagen and ADP, and also inhibits the ability of platelets to

spread on vWf and adhere irreversibly to vWf and collagen under high shear conditions.

Detailed analysis of cytosolie calcium changes in both suspension and adhesion based

assays demonstrated that platelet intcgrin (XnbPs activation is only observed in association

with elevated cytosolie calcium levels, and that treatment with sufficiently high

concentrations (l00u.M) of DM-BAPTA,AM abolishes cytosolie calcium transients

induced by weak and strong platelet agonists.

The second section of this thesis investigates the role of PKC in regulating cxnbp3

activation and calcium flux on immobilised vWf. These studies demonstrated a complex

signalling relationship between calcium, PKC and (XnbPv The requirement for PKC during

vWf-mediated ant,p3 activation was highlighted by the fact that PKC inhibitors could

reduce anbP? activation on vWf. However, contrary to previous studies suggesting a major

role for GP Ib/V/IX in PKC activation, the present studies demonstrated that PKC is

primarily activated through cxnbp̂  signalling. Moreover, these studies demonstrated that

PKC is involved in potentiating platelet calcium flux by promoting intcgrin (XubPr

dependent calcium mobilisation and establishing a positive feedback loop leading to

stationary adhesion formation and sustained cytosolie calcium oscillations. Furthermore,

these studies demonstrated that while PKC is a key early signalling event during cxubl̂

ix



activation, when the cytosolic calcium levels exceeds a certain threshold, intcgrin

activation could proceed in the absence of PKC activity.

The studies in the third section of this thesis examine the role of calcium in

regulating platelet thrombus formation under flow conditions. These studies demonstrate

that the ability of platelets to form stable aggregates under high shear depends on the

propagation of calcium through a population of coherent platelets. This process, termed

inter-platelet calcium communication (ICC), was found to determine the rate and extent of

thrombus growth. A key finding of these investigations was that the propagation of ICC is

mediated largely by secretion of endogenous ADP. These studies define a novel syncrgistic

signalling mechanism operating through intcgrin cxm,^, and the purinergic ADP receptor,

P2Yi2, promoting thrombus development.

In the last section of this thesis, the role of ADP in primary platelet adhesion to

vWf was investigated. These studies demonstrated that platelet activation and stationary

adhesion formation on immobilised vWf could occur directly through adhesion receptor

engagement, independent of ADP co-stimulation. However, the efficiency of this process

was shown to be very low, with only a small proportion of the vWf adherent population

under flow conditions forming stationary adhesion contacts. These studies demonstrated

that co-stimulation of v\Vf-adherent platelets with ADP resulted in a dramatic increase in

the ability of platelets to form irreversible adhesion contacts on vWf, supporting further a

synergisiic relationship between intcgrin 0Cnbjj3 and ADP receptors during platelet

activation. Moreover, the results of these studies suggest a multi-step signalling process

regulating (Xm^ activation, whereby signalling through the purinergic Gq-linked P2Yi

receptor mediates transient and reversible integrin activation, while concomitant signalling

through the G.-lmkcd P2Y,2 receptor stabilises the am^ receptor and promotes

irreversible stationary adhesion.
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INTRODUCTION



Chapter I.

Introduction.

1.1 Historical Overview of Platelet Research.

The platelet is a specialised blood cell that plays a major role in the control of

bleeding at sites of vascular injury and in the repair of damaged blood vessels. Platelets arc

the smallest of the known blood cells found in the human circulatory system. Platelets are

generally capable of most cellular metabolic processes, but because they arc derived from

the fragmented cytoplasm of larger parent cells called megakaryocytes, (found in the bone

marrow and the lungs), they do not possess a nucleus and therefore virtually lack protein

synthesising ability (George, 1985; Heyncs Adu, 1985; Holmscn, 1986). In their resting

state, most circulating platelets arc discoid in shape and have an average size of

approximately 3(.im in diameter and a mean thickness of around lujn (Tangeldcr ct al.,

1989). In humans, ihc number of circulating platelets ranges between 150 and 400 x 10°

per litre, and whilst the platelet count between individuals varies greatly, the number of

circulating platelets within one individual is generally regulated within narrow limits

(Hcynes Adu, 1985).

Platelets were first identified by Donne in 1842. however at the time they were

assumed to be artefacts of the preparation of blood specimens rather than a normal

constituent of healthy blood, and consequently attracted very little scientific interest

(Donne, 1842). It was not until the late 1800's that a physiological role for platelets was

defined and they were described as the first blood elements to accrue at sites of vascular

injury. A study published in 1882 by Giulio Bizzozero, (who is today accredited with the

discovery of platelets), described for the first time the presence of platelets in blood and

their role in thrombosis and coagulation. In his paper, Bizzozero published the first



observations that following incision of a vessel wall, bleeding was not arrested by

coagulation of extravasatcd blood, but by the formation of a white thrombus at the site of

the lesion (Bizzozero, 1882; de Gactano, 2001; Donne, 1842). In the two decades

following Bizzozero's publication, other investigators also reported a role for platelets in

thrombus formation and coagulation at sites of vascular injury (Ebcrth, I8S6; Haycm,

18S2). In 18S3, Krauss (18S3) and later Haycm (1900), discovered that the number of

platelets in the blood of children suffering from purpura hacmorrhagica was severely

decreased, thereby defining an important functional role for platelets in haemorrhagic (or

bleeding) conditions, such as purpura. Whilst these landmark observations defined a

physiological role for platelets, these blood cells remained neglected by researchers for

many years following their initial discovery. The late 1950's and early 60's, saw a renewed

interest in platelet function and revealed the critical role for platelets in initiating the early

stages of thrombus formation. These studies demonstrated the unique ability of platelets to

adhere to and aggregate at the site of vascular injury and arrest bleeding (Hughes, 1959;

Lusher, 1960).

In 1961 it was demonstrated that it was the collagen component of connective

tissue exposed during vascular injury that leads to platelet adhesion and aggregation

"culminating in viscous metamorphosis" (Roskam, 1961). Subsequently the role of

platelets in promoting the normal haemostatic and pathological thrombotic responses

became an area of much interest and a number of in-viiro flow-based assays WLMC

developed to study the interaction of platelets with the vascular surfaces under

physiological and pathophysiological flow conditions. Such studies demonstrated for the

first time that patients presenting with various bleeding disorders, and prolonged bleeding

times, often displayed defective platelet adhesion to the vascular subendothclium (Tschopp

and Baumgartner, 1977; Tschopp et al.. 1974: Weiss. 1975b). These studies also



demonstrated that rhcological factors including the velocity of blood flow, vessel geometry

and differences in viscosity due to the presence o\' other blood cells, could significantly

influence the adhesion of platelets to the vessel wall (Baumgartner, 1973; Turitto and

Baumgartner, 1974; Turitto and Baumgartner, 1975; Turitto, 1974; Virchow, 1856).

Moreover, with the observation that von Willebrand's disease patients, who lack von

Willcbrand's factor (vWQ, display significantly decreased platelet adhesion to the

subcndothclium, the critical role for vWf in mediating platelet adhesion to the

subendothelium was recognised (Tschopp et al., 1974).

An improved understanding of the role of platelets in the formation of occlusivc

thrombi precipitating disease states such as acute myocardial infarctions and

cerebrovascular accidents quickly developed. Studies by Baumgartner (1975)

demonstrated that denudation o\' the vascular endothclium and exposure of the

subendolhelium to circulating platelets was not enough on it's own to induce the formation

o\' occlusivc thrombi. However, exposure of deeper more thrombogenic layers of the

subcndothelium enriched in collagen (van Zanten et al., 1994) resulting from

atherosclerotic plaque rupture was a major factor contributi g to the development of life-

threatening thrombosis (Fustcr and Chescbro, 19S6).

More recent developments in the field of thrombosis and haemostasis have lead to a

significant advance in our understanding of the important adhesive proteins, v\Vf, collagen

and fibrinogen, (and their specific platelet adhesion receptors), in mediating the normal and

pathological function of platelets under various physiological and pathophysiological flow

conditions. These proteins appear to have distinct and complementary functions in the

normal haemostatic process and support platelet adhesion by engaging one or more

receptors on the platelet surface.

3



The introduction to this thesis presents an overview of the current knowledge of

platelet functional responses at sites of vascular injury. Specifically, it will present the

signalling mechanisms thought to regulate adhesion to the vessel wall and the relative

contribution of the platelet adhesion receptors, GP Ib/V/IX, integrin «nb[K intcgrin (X:[V

and GP VI, and their respective ligands (fibrinogen, vVVf and collagen) to the haemostatic

process.
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1.2 Platelet Formation.

Platelets are produced by specialised parent cells called megakaryocytes.

Megakaryocytes arc large haematopoietic cells present in the bone marrow and in the

lungs. Megakaryocytes produce their progeny, the platelets, using a unique mechanism of

cytoplasmic fragmentation. As platelets arc derived from the cytoplasm of megakaryocytes

they are devoid of a nucleus (Holmscn, 1986) and usually lack ribosomes, yet they have a

well defined cellular structure and possess numerous organcllcs that allow platelets to

perform finely tuned functions in haemostasis and coagulation (Zucker-Franklin, 1996).

During their maturation and development, megakaryocytes undergo a number of

endomitoses during which their chromosomal DNA replicates sevcra* limes to give

megakaryocytes a ploidy of between 16N and 64N. This results in a significant

enlargement of the nucleus and expansion of the cytoplasm, as well as an increase in ti...

number of granules and mitochondria present within the cytoplasm, however the

megakaryocyte cytoplasm does not divide (Zucker-Franklin, 1996). instead, the cytoplasm

of mature megakaryocytes fragments, and in so doing, gives rise to the megakaryocytic

cell progeny, the platelet. Studies dating back to the <w, h iV70's have suggested that at ihe

end of their maturation, megakaryocytes residing in the bone marrow extend several

processes that egress out of marrow sinusoids thus gaining access to the circulating blood.

The membrane processes, filled with granules, mrcrotubulcs and other structural features

typical of platelets, eventually undergo fragmentation into the bloodstream to give rise to

blood platelets (Tavassoli and Aoki, 198!).



1.2.1 Platelet Ultrastnieture.

Resting platelets present themselves in the circulation as flat discoid shaped cells

(White, 1981; While and Gcrrard, 1982) (Fig 1.1). They are maintained in this discoid

morphology by a cytoskeleton consisting of circumferential microtuhules forming a tightly

coiled bundle found just beneath the plasma membrane, ami an underlying support of actin

filaments (Sixma and Molenaar, 1966; White, 1987). Upon platelet activation there arc

dramatic alterations in the assembly of actin filaments and microtubulcs, which result in

significant moiphological changes.

Immediately beneath the periphery of the platelet plasma membrane lies an intricate

system of endomembrane that forms a structure known as the surface connected

canalicular system (SCCS). This structure is in fact a continuation of the platelet plasma

membrane that invaginates into the cytoplasm to form a system of branching internal

vesicles. The imaginations of the SCCS can be seen by electron microscopy as small

openings on the platelet surface (Werner and Morgenstern, 1980). Two functions have

been described for the SCCS. It is thought that the SCCS serves as a transport pathway for

endocytic processes and for secretion of material from the platelet (holme, 1973; White

and Clawson, 1980). It also forms an extensive reservoir of internal membrane that allows

the dramatic increase in surface plasma membrane observed upon filopodia formation and

spreading (Escolaret al., 1989).

Platelets also contain a second interconnected tubular network of narrow canuliculi

known as the dense tubular system (DTS). The DTS is generally located in the centre of

resting platelets and is not continuous with the plasma membrane. The many projections of

the DTS come into close contact with every structural element within the platelet including

the SCCS, dense granules, a-granules and the mitochondria (Werner and Morgenstem,

1980). This tubular system serves as a calcium storage organelle in the platelet and is able



Figure 1.1 Schematic representation of platelet ultrastructure (modified from Holmsen. 1986).

Platelets are maintained in their resting discoid morphology by a network of microtubules and an actin cytoskeleton lying directly beneath the

plasma membrane (Note: the actin cytoskeleton is not shown in this schematic). Platelets also contain various intracellular granules and

organelles including mitochondria, a-granules, dense granules and lysosomes, as well as two membrane complexes, the dense tubular system

and the open canilicular system.
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to regulate cytosolic calcium ion concentration in much the same way as the sarcoplasmic

reticulum of nucleated cells (Cutler ct al., 1978; Kascr-Glanzmann ct al., 1977; White and

Geirard, 1976). The platelet dense tubular system has not only been implicated in the

regulation of calcium flux, but has also been found to contain enzymes involved in

prostaglandin (endoperoxide and thromboxane) synthesis (Gerrard and White, 1976;

Geirard ct al., 1978; Kaser-Glanzmann et al., 1977).

Platelets have been found to contain a small number of mitochondria and various

secretory organelles located centrally within the cytoplasm in an area called the organclle

zone (White, 1987). Platelets contain three types of secretory granules, the cx-granules,

dense granules and lysosomes. The most prominent of the secretory organelles within the

platelet are the a-granules (Stahl et al., 1978), which serve as a storage site for (3-

thromboglobulin, platelet factor 4, platelet-derived growth factor, Factor V and various

adhesive proteins (fibrinogen, thombospondin, von Willebrand factor and fibronectin)

(Kaplan et al., 1979). Dense granules are fewer in number and they contain adenine

nucleotides (ADP and ATP), calcium and serotonin (Fukami and Salganicoff, 1977).

Lysosomes contain hydrolytic enzymes and catalasc-containing peroxisomes, however

their physiological role remains unclear.

1.3 Platelet Physiology.

The process of haemostasis at sites of vascular injury can be divided into two distinct

phases. The first phase, which is important for the immediate prevention of blood loss, is

the formation of the primary haemostatic plug, mediated by adhesion and aggregation of

platelets to the site of vascular injury. The second phase is the activation of the coagulation

process, which culminates in the formation of a fibrin mesh that serves to reinforce the

platelet plug.



Table 1.1 Platelet Adhesion Receptors
(Modified from Shattil et«/., 1994)
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adhesion, spreading and aggregation is mediated by vWf binding to integrin c tu^ (Savage

etal., 1996).

Adhesion of platelets to exposed subcndothelial matrix proteins, including vWf and

collagen, resulls not only in rapid recruitment of platelets at the sites of injury, but also

induces platelet activation. This is characterised by the dramatic conversion of platelets

from resting discoid structures to spherical cells extending numerous membrane processes

called filopodia (Allen et al., 1979; Mannucci and Sharp, 1967), giving them the

appearance of spiny spheres. Activated platelets then form stable adhesion contacts with

the matrix and ultimately extend lamellipodial sheets between the filopodial processes,

which results in full platelet spreading thereby forming a platelet monolayer known as the

pseudoendothelium (fig. 1.2) (Savage et al., 1992; Yuan et al., 1997). This platelet

monolayer subsequently provides a reactive surface that recruits additional platelets from

the circulation leading to the development of platelet aggregates, which form a primary

haemostatic plug. Platelet adhesion is associated with the secretion of various platelet-

activating factors such as adrenaline and ADP, and the generation of thromboxane A2

(TXA2), which participate in a positive feedback loop to further accelerate platelet

activation (Holmsen and Weiss, 1979).

The same processes used by platelets during haemostatic plug formation arc also

involved in the development of pathological thrombi. Occlusive thrombi generally develop

at sites of atherosclerotic plaque formation. Rupture of the plaques is believed to expose

tissue factor and deeper more thrombogenic constituents of the subendothclial matrix to the

circulation, leading to rapid platelet thrombus formation at the site of the lesion. It has been

demonstrated that the likelihood of occlusive thrombus formation increases significantly as

the level of stenosis increases (Falk, 1983; Forrester, 1991; Forrester et al., 1991; Maalej et

al., 1998; Qiao and Fishbein, 1991). Occlusion of blood flow in the coronary and cerebral



Figure 1.2 Diagramatic representation of platelet shape change and spreading (modified from Hartvvig and De Sisto, 1991; Hartwig

1992)

Scanning electron micrographs of the process of platelet spreading. In their resting state, platelets are found in a discoid morphology (a). Platelet

adhesion and activation triggers platelet sphering, reorganisation of the actin cytoskeleton and bundling of actin polymers into membrane

projections called filopodia (b). Further orthagonal actin elongation promotes the extension of lammelipodial sheets between the filopodia,

which results in full platelet spreading (c). Scale bar = 2p.m.
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circulation results in a reduced oxygen supply to these tissues (Forrester, 1991; Vcrhcugt

and Brugada, 1991) leading to ischacmic injury precipitating myocardial infarction and

stroke, respectively.

1.3.2 Blood Coagulation in Haemostasis.

Coagulation is a complex cascade of enzymatic reactions involving the conversion

of numerous plasma coagulation proteins from their inactive precursor forms (zymogens),

to their active enzymatic forms (Davie et al., 1991; Fiore and Deykin, 1994). The

coagulation cascade can be triggered through two pathways; the intrinsic and extrinsic

pathways (fig. 1.3). The extrinsic pathway, which is believed to be important

physiologically, is initiated by the expression of tissue factor (factor III) on the surface of

endothelial cells, smooth muscle cells and monocytcs. The intrinsic pathway is initiated by

the exposure of a clotting factor called factor XII, to negatively charged surfaces (such as

glass or collagen), but the physiological relevance of this pathway is unclear (Collins el al.,

1995; Holmsen, 1986). Both pathways ultimately lead to the activation of a common

protein known as factor X. Conversion of factor X to its active form (factor Xa) then

mediates the generation of thrombin at sites of vascular injury, through the cleavage of the

inactive precursor, prothrombin (Bevers et al., 1987). Thrombin subsequently catalyses the

conversion of soluble plasma fibrinogen to insoluble fibrin. The formation of a fibrin clot

serves to stabilise and strengthen the primary haemostatic plug.

Coagulation is accelerated at sites of platelet deposition due to the procoagulant

activity of platelets. The activation of factor Xa is facilitated by the assembly of an

enzymatic complex at surface of active platelets called the tenase complex. This consists of

calcium, factors Villa, IXa and X. Subsequent activation of prothrombin to thrombin by

factor Xa is facilitated by yet another enzymatic complex that assembles at the platelet
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Figure 1.3 The clotting cascade in humans.

Schematic representation of the clotting cascade illustrating the intrinsic and extrinsic

pathways. The intrinsic pathway is activated by exposure of factor XII to negatively

charged surfaces, such as glass or collagen, while the extrinsic pathway is activated

by exposure of tissue factor (also known as factor III). The extrinsic pathway is the

primary mechanism by which coagulation is initiated //; vivo. The two pathways

converge at the conversion of factor X to Xa (note: the active form of the clotting

factors are designated by the letter -a). Factor Xa is responsible for the conversion of

prothrombin to active thrombin, which is ultimately responsible for converting

fibrinogen to fibrin.
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surface called the prothrombinasc complex, which consists of calcium, factors Va, Xa and

prothrombin. Active platelets express charged phospholipids such as platelet factor 111

(PF3) on their surface, which provides a favourable surface for the assembly of the tenasc

and prothrombinase complex, and for the conversion of prothrombin to thrombin by factor

Xa (Bcvers et al., 1987). Activated platelets also release other coagulation factors such as

fibrinogen, factor V and vWf that further enhance the process of coagulation.

1.4 Adhesive Proteins.

Platelet adhesion and aggregation at sites of vessel damage is mediated by the

interaction of multiple surface receptors with adhesive proteins present in the

subendothelial matrix or in plasma. Though there are numerous proteins that platelets are

capable of binding to, the substrates that appear to play the most important roles in platelet

recruitment and activation at sites of vessel damage arc vWf and collagen. Of the

numerous proteins found circulating in the plasma, fibrinogen is known to be important for

promoting platelet aggregation and reinforcing the primary haemostatic plug through the

formation o'i a fibrin clot.

1.4.1 von Willebrand factor (vWf).

As mentioned above, vWf is arguably the most important protein required for the

adhesion and aggregation of platelets at sites of vascular injury. In fact, lack of this

adhesive protein, or expression of functionally defective vWf, leads to a severe bleeding

disorder called von Willebrand's disease (vWD) (Ruggeri and Zimmerman, 1987). vWf is

found within the vascular subendothelium, in Weible-Palade bodies of cndotheli;' cells, in

platelet a-granules and also in the circulation as a complex with coagulation factor VIII. At

least two distinct roles have been described for vWf during normal hacmostasis. The first
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and most important is its ability to mediate platelet adhesion and aggregation at sites of

injury under high shear conditions, through its interaction with the platelet surface

receptor, GP Ib/V/'IX. The second is its ability to act as a carrier for procoagulant factor

VIII in the circulation (Weiss, 1975a). More recent studies of platelet adhesion and

thrombus formation have revealed that vWf can also bind active integrin Mnhfti and plays

an important role in supporting platelet aggregation and thrombus growth at high shear

rates (Kulkarni et al., 2000; Ruggeri, 1999).

vWf is synthesised by megakaryocytes and endothelial cells as a 2,050 amino acid

(250 kDa) monomer, however it is assembled into high molecular weight multimers

ranging from dimers of 500 kDa up to 20,000 kDa in mass. Multimers are made up o\'

subunits of vWf that are arranged in a repeating head-to-head, tail-to-tail, configuration

that are linked together by disulfide bonds (Chopek et al., 1986; Marti ct al., 1987). The

vWf multimers that are synthesised by endothelial cells are stored in structures called

Weible-Palade bodies, while vWf synthesised by megakaryocytes are stored in platelet a-

granules. In general, the largest vWf multimers are found within the subendothclium

(secreted from endothelial cells) or stored within platelets and endothelial cells. These

larger vWf multimers are very effective in promoting platelet adhesion and aggregation

(Meyer and Girma, 1993). On the other hand, plasma vWf multimers are characteristically

smaller than subendothelial vWf, and are less efficient in promoting platelet adhesion

(Dcntetal., 1991).

Upon secretion into the blood stream the size of vWf multimers is reduced via the

cleavage of large multimers by a plasma metallopro':ease known as vWf cleaving protease

or ADAMTS-13 (Fujikawa et al., 2001; Tsai, 1996; Zheng et al., 2001; Zheng ct al., 2002).

Patients who lack this protease have been shown to have excessive amounts of large vWf

multimers and suffer from a condition called thrombotic thrombocytopenia purpura (TTP)
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D-

rcsulting from vWf-induced platelet clumping and microvascular thrombus formation

(Moakeetal., 1982).

The vWf molecule consists of a number of homologous domains through which it

is able to interact with platelet adhesion receptors and with other subcndothelial matrix

proteins. There are three A-domains (A1-A3), two C-domains (C1-C2) and three

domains (O1-D3) (fig. i.3). The three A-domains are about 200 amino acid residues each,

and have been implicated in a number of cell adhesion events (Colombatti and Bonaldo,

1991). The Al and A3 domain, contain cysteinc residues that participate in the formation

of two intra-chain disulphidc bridges. This causes the vWf molecule to fold back on itself

and gives rise to large flexible loop structures in the Al and A3 domains (fig. 1.4) (Marti et

al.. 1987). The Ai domain has been shown to perform a critical role in supporting platelet

adhesion by mediating the interaction between vWf and GP ib/V/JX receptors on the

platelet surface. It contains three recognition sequences for the binding of GP Iba (residues

474-488, 514-542 and 694-708) (Berndt et al., 1992; Mohri et al., 1988), however, it

appears that this interaction requires a conformational change in the vWf molecule to

expose these binding sites. This hypothesis is based on the fact that soluble vWf is unable

to bind GP lh/V/IX. Binding of artificial modulators, such as ristocetin and botrocetin,

immobilisation onto subendothelial surfaces and pathological shear stresses are all believed

to cause changes in the vWf molecule that enhance the affinity of vWf for GP lb/V/lX

(Howard et al., 1973; Scott et al., 1991; Sugimoto et al., 1991a; Sugimoto ct al., 1991b;

Weiss, i995). It has also been shown that mutations occurring within the Al domain of

individuals with type II von Willebrand disease, result in spontaneous soluUe vWf binding

to platelet GP Ib/V/IX (Cooney et al., 1991; Randi et al., 1991; Ruggeri et a!., 1980). Both

the Al and A3 domain have also been shown to contain binding sites for collagen,

sulphatides and heparin (Mohri et al., 1989; Roth et al., 1986). The presence of these
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Figure 1.4 The structure of von Willebrand factor (modified from Ruggeri and. Ware, 1992; Meyer and Girma, 1993)

Schematic representation of a mature vWf molecule including its functional domains and the various subendothelial ligands and platelet

receptors that it can potentially interact with (C-C, disulphide bonds).
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collagen-binding sites allows vWf to adsorb to the subcndothclial matrix and mediate

platelet recruitment to sites of vascular injury. The Cl domain of the vWf subunit is also

important for platelet adhesion as it contains an Arg-Gly-Asp (RGD) motif at residues

1744 to 1746 of the carboxyl terminal Cl domain. This is a conserved recognition

sequence for intcgrin binding and is critical for allowing platelet integrin c/\\\$) to bind to

vWl'and mediate stable adhesion and aggregation.

1.4.2 Collagen.

Collagen has been recognised for many years as a key component of the

subendothelium that determines the thrombogenicit} of an injured vessel wall. It has been

shown to play a major role in mediating stable platelet adhesion and induce platelet

aggregation at sites of vascular injury. Up to 19 different types of collagens have been

discovered to date and at least nine have been found to exist within the subcndothelial

matrix of human blood vessels (types 1, III, IV. V. VI, VIII, XII, XIII, XIV) (Kchrel,

1995). Depending on their tertiary and quaternary structures, collagen proteins can present

themselves as either monomeric or fibrillar forms. Particularly noted for their

thrombogenicity are the fibrillar collagen types I and III which are present in the highest

concentrations in the subendothelium and arc able to induce both strong platelet adhesion

and activation (Rauterbcrg et al., 1993).

All of the collagen proteins have similar molecular structures consisting of three a

polypcptidc chains that are arranged in a triple helical conformation, with each a chain

containing repeating Glycine-Proline-Hydroxyproline (Gly-Pro-Hyp) sequences that serve

to stabilise the triple helical structure (Morton et al., 1993). Synthetic peptides containing

these Gly-Pro-Hyp repeats spontaneously arrange into a triple helix conformation are able
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to support platelet adhesion and activation under static conditions (Morton et al., 1995), but

cannot mediate stable adhesion under How (Vcrkleij ct al., 1998).

Platelets express at least four collagen receptors; GPVI, integrin a^pY GP IV and

p65. The two most important and well-characterised collagen receptors arc GP VI and

otTpY For many years it was believed that integrin (X2P1 was the primary adhesive receptor

for co!h:y.n (Morton et al., 1989; Santoro et al., 1991). This was highlighted by the fact

that patients deficient in the (XT integrin subunit display severely reduced platelet adhesion

to collagen and that normal platelet adhesion to collagen under flow can be blocked using

antibodies against ct^Pi (Nieuwenhuis et al., 1985). GP VI was believed to play a minor

role in mediating platelet adhesion to collagen. Instead GP VI was thought to be

responsible for collagen-induced signal transuuetion and platelet activation through its

association with the FcRy chain in platelets (Moroi ct al., 1996; Nieswandt ct al., 2000)

(sec section 1.8.3). This was highlighted by the finding that deletion of the FcRy chain in

mouse platelets resulted in a lack of GP VI expression and impaired activation in response

to collagen stimulation (Nieswandt ct al., 2000). More recent studies reported by

Nieswandt ct al., (2001), and Holtkottcr (2002), suggest that GP VI is very important for

promoting both platelet adhesion and activation on collagen.

Contrary to early reports suggesting a critical role for integrin a2Pi in platelet

adhesion to collagen, studies by Nieswandt et al., (2001), and Holtkottcr (2002), have

demonstrated that integrin (XzPi docs not play a central role platelet adhesion to collagen

unless collagen binding to GP VI is impaired. These studies also suggested that integrin

o^Pi plays only a supportive role in promoting collagen induced platelet aggregation.
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1.4.3 Fibrinogen.

Fibrinogen is a 340-kDa dimcric protein found in plasma that is critically involved

in the process of platelet aggregation and clot stabilisation. Fibrinogcn monomers are

elongated 45 nm structures comprised of two sets of three polypeplide chains termed the

Aa, Bp\ and y polypcptidc chains (Doolittlc ct al., 1979; Moscsson ct al., 2001), that

assemble in an anti-parallel fashion to form two outer D domains which arc connected

through a coilcd-coil segment to a central E domain. The Aa chain contains 610 amino

acid residues, the B(3 461 and the y chain contains 411 residues (Henschen, 1983). The N-

terminal regions of the six polypcptides are joined to each other by disulfidc bridges to

form the E domain of the fibrinogen molecule. One pair of disulfide bonds are found at

position Aa28, two pairs between positions Aa36 and Bf}65 and a third pair between the

yS and y9 positions (Blomback ct al., 1976). The carboxy termini of the B[3 and y

polypcptides, and the central region of the Aa chains form the two distal D domains of the

fibrinogen molecule (fig. 1.5).

The Aa chain of fibrinogen has two RGD containing sequences at position Aa 95-

98 (RGDS) and position Aa 572-575 (RODS), which are involved in mediating platelet

adhesion through the integrin anbP? (Asakura et al., 1997; Dejana et al., 1985; Henschen,

1983). These two RGD sequences on the Aa chain appear to reside within a hidden region

in the triple helical coiled-coil structure of the E domain. The C-terminus of the fibrinogen

y chain also contains a 12-residue sequence y400-411, which is thought to be the major

recognition sequence for integrin otubP.i (Bennett and Vilaire, 1979; Farrcll et al., 1992;

Kloczewiak et al., 1983; Kloczcwiak et al., 1984; Margueric et al., 1979). It is believed that

structural changes occur following integrin binding, or adsoiption of fibrinogen onto
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Figure 1.5 The structure of dimeric fibrinogen (modified from Ruggeri, 1993)

Schematic representation of a fibrinogen molecule showing the recognition sequences for integrin anbP3 [RGDS and the dodecapaptide

(HHLGGAKQAGDV)]. The fibrinogen monomer comprises of three chains, an Aa, B(3 and a y chain linked to each other by intrachain

disulphide bonds (broken lines). Linking of two monomers in an antiparallel fashion results in the formation of fibrinogen dimers.
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surfaces such as glass or plastic, which can reveal the binding sites within the Aa and y

chains and allow intcgrin ttiihP.i-fibrinogcn interactions to occur (Ugarova et al., 19")3).

The importance of fibrinogen in mediating platelet aggregate and thrombus

formation is highlighted by the fact that patients with a hereditary deficiency in fibrinogfi,

known as afibrinogenemia (Gugler and Luschcr, 1965), suffer from a bleeding diathesis. It

is thought that at low shear rates such as those typically found in the venous circulation,

fibrinogen is the main ligand mediating platelet adhesion and aggregation. This concept is

supported by studies demonstrating that, aggregation in stirred platelet suspensions and

adhesion to immobilised fibrinogen at low shear rates, is not inhibited by GP Ib/V/IX

blocking antibodies (Phillips et al., 1991; Ruggcri, 1999). Recent studies by Ruggeri ct al.,

(1999), have suggested that thrombi formed at high shear in the presence of vWf alone, arc

unstable, and that addition of fibrinogen to this system results in larger thrombi that are

resistant to the destabilising effect of rapid blood flow. Similar finding have been shown /'//

vivo using fibrinogen knockout mice in which developing thrombi were found to

continuously detach from the subendothclium (Ni et al., 2000). Together these studies

demonstrate that at high shear r.\2s, fibrinogen acts in synergy with vWf to stabilise and

strengthen developing thrombi, however it is unclear whether this effect is due to

fibrinogen binding to integrin cxubft.i* °'" c'uc to the generation of a fibrin network.

1.5 Platelet Adhesion Receptors.

Platelets express several specific cell surface receptors, including members of the

leucine-rich glycoprotein gene family, immunoglobulin gene family, integrins, and

sclcctins (Table 1.1), that allow them to bind a multitude of subendothelial and plasma

proteins.
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1.5.1 Glycoprotcin Ib/V/IX.

The v\Vf receptor complex, GP Ib/V/IX, is composed of four transmembrane

subunits, GP Ibex, GP lbp, GP IX, GP V, (fig. 1.6) each of which is a member of the

leucine-rich repeat supcrfamily (Lopez, 1994). The subunits of the GP Ib/V/IX complex

arc thought to combine in a 2:2:2:1 ratio, such that each receptor complex contains two

copies of the GP Iba protein, two of the GP Ib{3, two GP IX subunits and one GP V

subunit. GP Iba is disulfidc linked to the GP Ib(3 subunit via cysteine residues in the

extracellular portion of the complex. This GP Ib complex is non-covalently associated with

GP IX in a 1:1 ratio to produce a GP ib/IX complex, and the GP V molecule links two GP

Ib/IX complexes in a 1:2 ratio. GP Iba is the most functionally important subunil of the GP

Ib/V/IX complex as it contains the binding site for vWf (Handa ct al., 1986; Harmon and

Jamieson, 1986). The physiological role for GP lbp, GP IX and GP V subunits within the

complex is not known.

The GP Iba subunit is a 135 kDa glycoprotcin that consists of several distinct

structural domains. The extracellular portion of the subunit has a 300 residue N-tcrminal

globular domain that contains seven leucine-repcats flanked by conserved N- and C-

terminai flanking sequences. It is believed that one or more of the seven leucinc repeat

sequences contains binding sites for the vWf Al domain, as well as a high affinity binding

site for thrombin (De Marco et al., 1994; Gralnick ct al., 1994; Jandrot-Perrus et al., 1992;

Lopez et al., 1987; Shen et al., 2000; Titani ct al., 1987). The globular ami no terminus is

followed by a long flexible rod-like stalk known as the macroglyeopcptide domain that is

rich in serinc, thrconine and prolinc residues and is highly O-glycosylatcd. Electron

microscopy studies by Fox et al., (1988) have revealed that the niacroglycopeptide domain

of this subunit measures approximately 60 nm in length and allows the vWf binding

domain within the globular amino terminus of GP Iba to extend well above any other
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Figure 1.6 The glycoprotein Ib/V/IX complex (modified from Lopez, 1994)

Diagram of the GP Ib/V/IX complex illustrating the functional and structural domains of the GP Iba, GP Ibp1, GP V and GP IX subunits.

(NH2, amino terminus; COOH, carboxy terminus; C-C, disulphide bond)
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platelet surface receptor thus facilitating its interaction with exposed vWf (Fox ct al.,

19SS). Directly following the macroglycopcplide domain, lying just above the plasma

membrane, is a protease-sensitivc domain. GP Iba can be cleaved at the proiease-sensitive

domain //; vitro by proteases such as calpain, trypsin, plasmin and elastase (Adelman el al.,

1985; Cerndt and Phillips, 19Sla; Bcrndt and Phillips, 19Slb; Browcr ct al., 1985; LaRosa

et al., 1994; Michelson and Barnard, 1990; Wicki and Clemetson, 1985). Cleavage of GP

Iba at this site in vivo results in the release of a 120 kDa soluble fragment called

glycocalicin (Clemetson ct al., 1981). The significance of this cleavage in vivo is not clear,

but it has been proposed to be a mechanism used by platelets to control the level of GP

ib/V/IX on the platelet surface, and hence limit platelet adhesion and thrombus formation.

The cytoplasmic tail of GP Iba consists of 96 amino acid residues (Lopez et al.,

1987) and it contains binding sites for actin binding protein and the signalling protein 14-3-

3£ (Andrews and Fox, 1991; Fox, 1985a; Fox, 1985b). The interaction with actin binding

protein is thought to be important for maintaining the surface distribution of the complex in

the platelet membrane (Dong et al., 1997), and to prevent membrane extraction under flow

conditions (Williamson et al., 2002). The presence of binding sites for the signalling

protein, 14-3-3C implies a role for GP Iba in mediating signalling events following vWf

engagement of GP Ib/V/IX (Andrews and Berndt, 199S; Calverlcy et al., 1998; Du ct al.,

1994).

The GP IbP subunit of GP Ib/V/IX contains similar structural features to GP Iba.

The amino-terminal region of the GP Ib(3 subunit consists of a leucine-rich repeat flanked

on either side by two disulphide loop structures. The GP Ib(3 subunit is covalently linked to

GP Iba through a single cystcine residue immediately above the transmembranc region.

Similar to the GP Iba subunit, the carboxyl-terminal end of the GP Ib(3 immediately

following the transmembrane region also contains a distinct binding site for the signalling
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protein 14-3-3£, implying a role for GP lb{3 during GP Ib/V/IX signal transduction

(Andrews and Berndt, 199S; Calvcrlcy et al., 199S; Du et al., 1994). The amino-tcrminal

region of the GP IX subunit of the GP Ib/V/IX complex is composed of a single leucine-

rich repeat flanked again by two disulphide loops, followed by a transinembrane region

and a short cytoplasniic region. GP V consists of a leucine-rich repeat region lying

between two disulphide loops. This subunit has a cleavage site lying immediately above

the transinembrane domain that is sensitive to cleavage by a range of proteases including

endogenous platelet calpain.

Platelets express approximately 25,000 copies of the GP Ib/V/IX complex on their

surface (Kroll et al., 1996). It is thought that in resting platelets, this receptor is evenly

distributed across the platelet membrane. Due to its multimeric nature, vWf is able to bind

numerous GP Ib/V/IX receptors. This is believed to induce clustering of the receptor

complex, which has been proposed to facilitate signal transduction processes mediated by

GP Ib/V/IX (Berndt et al., 1995; Clemctson, 1995; Clcmctson and Clcmetson, 1995). The

clustering of GP Ib/V/IX is thought to increase the avidity of binding between GP Ib/V/IX

and vWf, which may be critical for platelet adhesion to sites of vascular damage under

high shear conditions (Berndt et al., 1995; Clcmetson, 1995; Clcmetson and Clemctson,

1995;Rungeri, 1991).

1.5.2 Integrins.

Integrins arc a family of cell surface glycoprotcins that play a major role in

regulating cell adhesion to the extracellular matrix (ECM), and also in regulating cell-cell

interactions. All integrins arc transinembrane hcterodimeric glycoprotcins that are

composed of one a and one (3 subunit (Hyncs, 1987; Ruoslahti, 1991). To date, 16

individual a subimits and S (3 subunits have been identified, and at least 20 different

1
i
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combinations of these a and P subunits have been described. The unique combination of a

and P subunits defines individual integrin receptors and confers ligand binding specificity

to each integrin (Calvctc, 1995; Hyncs, 1992; Parise, 1989; Springer, 1990). Integrin

receptors provide a physical link between the extracellular matrix (ECM) and intracellular

cytoskeletal proteins. Integrins play an important function in cell signalling and the

regulation of numerous cell processes such as cytokinesis, migration, cytoskeletal

reorganisation, protein phosphorylation, calcium flux and gene expression (Calderwood et

al., 2000; Coppolino and Dcdhar, 2000; Hughes and Pfaff, 1998). Integrin a and (3 subunits

consist of a large extracellular N-tcrminal domain, a iransmembrane region and short

cytoplasmic tail (fig. 1.7A). The amino-terminal extracellular region of the cc subunit

contains a stretch of seven homologous amino acid sequence repeats. It has been shown

that repeats IV-VII contain sequence motifs that resemble those of the EF-hand structure

responsible for the binding of divalent cations Ca2+ or Mg2+, found in proteins such as

calmodulin. These four calcium-binding domains are important for maintaining the

integrity of the cxP dimers and for their interaction with ligands (Ruoslahti, 1991). Most

integrins interact with their extracellular ligands though a common sequence called the

Arg-Gly-Asp (RGD) motif, found in many ECM proteins (Humphries, 1996; Mould et al.,

1996). Several different integrin receptors, including a2Pi, «m,p3, ocvp3, OC5P1, and ov,Pi, arc

expressed on the platelet surface. The most abundant (80,000 copies per platelet), and most

important integrin in terms of platelet haemostatic function is the fibrinogen and vWf

receptor, integrin am,P3 (Payrastre et al., 2000).

21



Figure 1.7 Structure of integrin am,P3 (modified from Phillips et al., 1991; Kuhn

and Eble, 1994; Leftkovitz et al., 1995)

Schematic representation depicting the functional domains of the a - and |3- subunits

of integrin receptors (a). Diagram of intcgrin ctubp1} structure including the fibrinogen

binding domains of the receptor (b).



a. a-subunit

Repeat domaiins I-VII

I II

NH,

NH,

III IV V VI VII

Divalent-cation
binding site

Divalent-cation Cysteine-rich
binding site domains

p-su burnt

i

1 2 4 s

COOH

Transmembrane
domains

COOH

b.

NH

a lib

Dodecapeptide

iFibrinogen binding
domains

COOH COOH



1.5.2.1 Integrin

Intcgrin anb(3.-? is important for promoting stable platelet adhesion, spreading,

aggregation and clot retraction at sites of vascular damage. In resting platelets, integrin

bP.-? docs not bind soluble ligands, but upon platelet activation conformational changes

occur in the integrin cxiibPs molecule that allow it to bind a number of adhesive ligands

including vWf, fibrinogen, fibronectin, and vitronectin. Intcgrin QnbP? binds to at least two

recognition sequences, the common integrin binding motif, RGD, that is present within all

of the intcgrin (XnbPs ligands (Ruoslahti and Pierschbacher, 1986), and also to the

dodecapeptide sequence located within the carboxy-tcrminus of the fibrinogen Y-chain (fig.

1.7b) (Kloczewiak et al., 1984). The integrin ajibPs. also known a? the GP Ilb/UIa receptor,

consists of an am, (GP lib) and a p3 (GP Ilia) subunit. The a.m, subunit is a 140-kDa

protein that consists of an extracellular heavy chain, which is disulfide bonded to a light

chain that comprises of three domains; a short extracellular N-terminal domain, a

transmembrane region and a short intracellular C-terminal domain (fig. 1.7b). The P?

subunit is a single polypeptide of 105-kDa, which also has an extracellular region, a

transmembrane domain and a shcrt cytoplasmic tail (Naik and Parise, 1997). Membrane

proximal cytoplasmic sequences of the ex (KxGFFKR) and P (LLVXIHDR) subunits, are

thought to participate in the formation of a salt bridge that maintains the receptor in a

default inactive conformation in the resting platelet (Hughes ct al., 1996). It is believed that

upon platelet activation, intracellular signalling events induce disruption of the salt bridge

between the am, and p3 subunits. This results in a conformational change that converts the

intcgrin ttubP.-? into a high affinity state capable of binding soluble or immobilised ligands,

and mediating platelet spreading and aggregation. The precise molecular Mechanisms that

induce disruption of this salt-bridge are still unknown (Coppolino and Dcdhar, 2000;



Hughes et al.. 1996; Sims ct al., 1991). Activation of integrin cxnbP.i, and subsequent ligand

binding, induces clustering of the receptor and attachment to the platelet cytoskclcton.

Activation also results in the recruitment of a number of structural and signalling proteins

;FAK
including; pp6(V""" , pp l25" and PI 3-kinasc to the cytoskelcton giving rise to integrin

signalling complexes (Calvetc, 1994; Fox, 1993; Fox el al., 1993; Grondin ct al., 1991).

1.5.2.2 Other Integrin Receptors.

Platelets have the ability to adhere to several of the proteins found in the

subendothelial matrix due to the expression of a large number of integrin receptors on their

surface, including those that bind to collagen (CZ2P1), fibronectin (otsPi), laminin (a<,Pi) and

vitronectin (cCvP?)- Like integrin (XnhP:,, all of these integrin receptors are typical 0$ dimers

but the different combination of a and (3 subunits results in varied degrees of ligand

specificity. Most of these integrins, such as ocnbP.i, CAP.} and CC5P1, bind to the typical

intcgrin-binding motif (RGD), contained in a variety of adhesive ligands including

fibrinogen, vWf, vitronectin and fibronectin. In contrast, the (.X2P1 and o^Pi receptors

specifically bind to collagen and laminin respectively and do not recognise the RGD motif.

Notwithstanding the large number of integrin receptors expressed by platelets and the

various adhesive proteins found in the subendothelium, integrin otnbP.i is absolutely crucial

for maintaining the normal haemostatic function of platelets (Lerea et al., 1999;

Nieuwcnhuis ct al., 1986; Weiss et al., 19S9; Weiss et al., 1993).

1.6 Platelet Adhesion Under Flow.

The association of platelet surface receptors with the various adhesive proteins

present in plasma and the vascular subendothelium is crucial for allowing platelet adhesion

to the damaged vessel wall. Under physiological conditions, these adhesive interactions
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occur in the presence of fluid shear stresses generated by local blood flow conditions and

arc influenced by alterations in blood constituents, changes in the local blood flow

conditions and chaimcs in the vessel wall itself.

1.6.1 Efl'ect of Blood Flow on Platelet Function.

Throughout the circulation, both the blood and the blood vessels are subjected to a

variety of mechanical forces that have a significant influence on the process of thrombosis

and haemostasis. Pressure changes within the vessel lumen due to the pumping of blood

through the vessels at different velocities, and transmural pressure changes that cause the

blood vessel to expand or contract during the cardiac cycle, generate mechanical forces

known as shear stress and tensile stress. The flow of a viscous fluid, such as blood, through

a vessel, creates a force per unit area known as fluid shear stress that is measured in dynes

per square centimetre. Shear forces arise in the circulation as a result of differential blood

How velocities across the vessel diameter. The velocity of blood flow is generally greatest

at the centre of the vessel and tends to decrease progressively as the vessel wall is

approached because of the viscous drag exerted by the vessel wall on the flowing blood

(Bird, 1960; Kroll et al., 1996; Lowe, 1999). This results in a parabolic velocity profile

across the vessel lumen which creates a shearing effect between adjacent layers of fluid

moving across each other at different speeds. The greatest shearing effect occurs at the

vessel wall, which is stationary with respect to flowing blood, and decreases to zero at the

centre oi' the vessel where blood flow is fastest (fig. 1.8). Poiseuille law relates the flow of

a simple fluid through a straight tube to the flow rate along the tube, the radius of the tube

and the viscosity of the fluid (Lowe, 1999). The wall shear rate is measured in cm/s per cm

or s"1 and can be derived using the following equation:
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Figure 1.8 Schematic representation of blood flow velocity profile through a cylindrical vessel (modified from Goldsmith and Turitto,

1986; Krolletal., 1996)

The flowing of a Newtonian fluid through a vessel resembles a series of concentric cylinders flowing across each other at different velocities (a).

The layer in contact with the vessel wall is at rest and the velocity of each adjacent layer increase to a maximum velocity at the centre of the

vessel. This creates a parabolic velocity profile with maximum velocity (V max) and minimal shear (y mm) at the centre of the vessel (b). The

differential flow velocities across the vessel are responsible for generating shearing forces in blood vessels.
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Wall shear rate (y) = 4.Q

71.R'

where Q is the flow rate (ml/sec) and R is the radius of the vessel (mm).

Fluid shear stress generated by the blood flow exerts tensile stress on cells adherent to the

vessel wall, this is known as wall shear stress (x). If we assume that the viscosity of blood

remains constant with respect to changes in shear rate, that is, if blood is assumed to be a

Newtonian fluid, then the shear stress (measured in Pascals-Pa) is directly proportional to

the shear rate and the viscosity of blood:

wall shear stress (t) = r|.Y

where (r)) is the blood viscosity (Pa.s) and y is the wall shear rate (s"1).

Since blood cells experience a variety of shear forces, the ability of these cells to

adhere to the vessel wall depends on the efficiency of bond formation between adhesive

proteins and their receptors, and also on the ability of those bonds to resist the mechanical

forces generated by flowing blood. Platelets are required to adhere and aggregate at sites of

vascular injury over a broad range of shear rates (from 150 s"1 up to 10,000 s'1) (table 1.2).

It is important therefore, that platelets are equipped with appropriate adhesive mechanisms

for the various shear environments encountered in the circulation.

1.6.2 Effect of Blood Constituents on Platelet Function.

A number of factors are known to influence shear forces in the circulation, one of

which is the viscosity of the blood which can vary depending on plasma protein

concentration, red blood cell number and red blood cell deformability (Blann and Lip,

2001; Lowe, 1999; Pearson, 1997). Calculations of shear forces in the vasculaturc are
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Table 1.2 Typical Ranges of Wall Shear Rates & Stresses
Found in the Vasculature* (Modified from KrolI et aL, 1996)

Veins
Large Arteries
Arterioles
Stenotic Vessels

20 - 200
300 - 800
500-1,600
800 - 10,000

0.076-0.76
1.14-3.04
1.9-6.08
3.04-38.0

* Wall shear stresses are calculated on the assumption that the viscosity of whole blood is 0.038 Poise.



usually based on the assumption that blood behaves as a "Newtonian fluid" whose

viscosity is constant throughout the vasculature and between individuals. However, in vitro

studies of blood viscosity have revealed that blood is in fact, a non-Newtonian fluid that

behaves very differently depending on the shear environment.

Blood is essentially a highly concentrated suspension of cells (approximately 45%

red blood cells by volume) and proteins ((50 - 80 mg/ml). The concentration of red blood

cells (RBC) in the blood (haematocrit) is thought to have the greatest influence on blood

viscosity and platelet adhesion. Platelets flowing through blood vessels in the absence of

RBC's tend to stream towards the centre of the vessel lumen where the flow velocity is

greatest, and do not interact efficiently with the vessel wall. With increasing haematocrit

levels, a rise in blood viscosity and RBC collisions result in an outward displacement of

the small and relatively rigid platelets towards the vessel wall. The RBC's on the other

hand, migrate away from the vessel wall towards the centre of the vessel. This inwards

displacement of RBC's is aided by their ability to deform and squeeze past each other

(Chienctal., 1970).

1.6.3 Effect of the Blood Vessel on Platelet Function.

As discussed in section 1.2.1, in the normal healthy vasculature, platelets interact

passively with the vessel wall because of an endothelial cell layer that functions as a non-

thrombogenic barrier between the circulating platelets and the underlying subendothelium

(Gryglewski ct al., 1976; Schror, 1991; Yurchenco, 1990; Yurchenco and Schittny, 1990).

At sites of vascular injury where the endothelial cell layer is breached, a number of highly

reactive subendothclial matrix structures become exposed, resulting in rapid platelet

adhesion and aggregation. The subendothelium consists of a number of highly

thrombogenie matrix proteins that associate to form distinct structures. The region
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immediately underlying the endothelial cell layer is called the basement membrane and is

rich in type IV collagen and laminin (Yurchenco, 1990; Yurchenco and Schittny, 1990).

The collagen and laminin proteins of the basement membrane form a thin network

interconnected by the sulphated glycoprotein entacten/indogen. Hepurin sulphate

proteoglycan complexes are also found anchored to the collagen/laminin networks.

Beneath the basement membrane lies a structure called the strima. The strima is perhaps

the most platelet reactive structure in the subendothelium as it consists of several, highly

thrombogenic proteins including collagen tyi, * 1 and III fibres, multimeric vWf, eiastin,

fibronectin, vitronectin and thrombospondin.

1.7 Platelet Adhesion and Aggregation Under Flow.

Platelet adhesion to the vessel wall under the flow conditions encountered in the

circulation occurs through a multi-step process involving several platelet adhesion

receptors and subendothclial matrix proteins (fig. 1.9) (Savage et al., 1996). The first step

in this process is mediated by GP Ib/V/IX binding to vWf, which allows initial platelet

recruitment and translocation at the site of vascular injury. This is followed by a phase of

irreversible adhesion mediated by one or more platelet integrins, and a third phase of

platelet-platelet adhesion (aggregation) that is critically dependent on the activation of the

major platelet integrin anbpV

1.7.1 Platelet Capture or Tethering.

The initial tethcrim; of platelets to exposed subendothelium under high shear

conditions is mediated by the interaction between vWf and GP Ib/V/IX (Andrews et al.,

1997; Lopez, 1994; Lopez and Dong, 1997; Savage et al., 1996; Weiss, 1995). This

interaction is characterised by rapid association and dissociation rates, and high tensile
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Figure 1.9 The mechanism of platelet adhesion and spreading on immobilised vWf under flow (modified from Ruggeri, 1997)

Schematic representation of the multistep mechanism promoting tethering and stable adhesion of circulating platelets to vWf under high shear.

The initial tethering of circulating platelets to immobilised vWf is mediated through GP Ib/V/IX binding to the AI domain of vWf. This

interaction is characterised by a high mechanical strength as well as fast association and dissociation rates making the GPIb-vWf binding

resistant to high shear and allowing platelets to roll across the vWf surface (translocation). Engagement of the GP Ib/V/IX receptor also results

in intracellular signal transduction leading to the activation of integrin anbP3. Integrin anbp3 activation then supports the fonnation of stationary

adhesion contacts and platelet spreading.
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strength. The rapid association rate allows binding to occur efficiently even under high

shear conditions, and the rapid dissociation rate makes the binding reversible. The high

| tensile strength of this interaction makes tethered platelets inherently resistant to

i detachment even under high shear conditions such as those present in arteriolcs and

stenosed arteries. As a result, platelets that tether to subcndothelial vWf through GP

Ib/V/IX tend to translocate or roll on the matrix in the direction of blood flow (Savage ct

al., 1998; Savage et al., 1996). The ability of the GP Ib/V/IX-vWf interaction to resist the

effects of high shear stresses can be attributed to the high density of GP lb/V/IX on the

platelet surface and the multivalcnt nature of vWf (Ruggeri, 1993b; Ruggeri ct al., 1983;

Ruggeri and Ware, 1993). vWf binding to GP Ib/V/IX also results in signal iransduction

events that induce platelet activation and morphological changes in these cells.

Consequently, upon adhesion to vWf, platelets rapidly transform from disc shaped cells to

spherical cells extending multiple filopodia, a morphology that may facilitate platelet

rolling (Yuan et al., 1999).

1.7.2 Integrin-Mediated Arrest.

Platelet tethering to vWf serves to decrease their velocity with respect to flowing

blood, allowing other receptors with relatively slow binding kinetics such as intcgrins, to

;\? interact with subendothelial matrix proteins and stabilise adhesion. As opposed to the

• ;; reversible interaction between GP Ib/V/IX and vWf, integrin receptors are able to mediate

*j irreversible adhesion due to their characteristically slow rate of bond dissociation. The two

1 major integrin receptors that promote stationary platelet adhesion to the subendothelium

[j
U are integrin aUb$i and a2pi (Ni ct al., 2001; Savage et al., 1998).

i:| In resting platelets, integrin aubP.i adopts a resting conformation, unable to bind

| vWf. During platelet translocation in vitro, the binding of vWf to GP Ib/V/IX triggers
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intraccllular signalling events that lead to the activation of integrin anbP.i, enabling it to

recognise the RGD motif found within the Cl domain of the vWf molecule and to mediate

irreversible adhesion and spreading (fig. 1.9) (Kroll ct al., 1991). This process is believed

to be potentiated in vivo by the synergistic effects of soluble platelet agonists (ADP,

thrombin and epincphrine) generated at the site of injury, and to the presence of other

• highly thrombogenic subendothelial components such as collagen (Baumgartner, 1974;

Baumgartner, 1977b; Baumgartner et al., 1977; Kroll and Schafer, 1989).

Unlike ctnbP.i, for many years integrin aifii was not believed to require activation in

order to bind to immobilised collagen following platelet tethering. However, recent studies

have shown that integrin otipi can become activated in response to soluble agonist

stimulation (Jung and Moroi, 1998; Jung and Moroi, 2000a; Jung and Moroi, 2000b).

'i These studies demonstrate that aS\ can be converted from a resting state to at least two

active conformations capable of binding soluble collagen with increasing affinities. Platelet

"\ adhesion to collagen through integrin o^Pi allows a second collagen receptor, GP VI to

% bind to the triple helical repeat sequences (Gly-Pro-Hyp) within the collagen molecule

(Morton ct al., 1995). While o^Pi is responsible for platelet adhesion to collagen, collagen

induced platelet activation is primarily mediated by GP VI (Watson ct al., 2001). GP VI

binding to collagen induces a signalling pathway that is dependent on dimcrisation and

phosphorylation of the FcR y-chain that ultimately leads to integrin ocubP.i activation

(Gibbins et al., 1997; Inouc et al., 1999; Nakamuraet al., 1999; Tsuji ct al., 1997).

' 1.7.3 Aggregation and Thrombus Formation.

The conversion of integrin o.\\\$-$ into a high affinity conformation is essential for

platelet aggregation and thrombus formation. Much of our current understanding of platelet

r

"{ aggregate formation and thrombus growth has come from suspension based aggregation
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studies performed at low shear and in the presence of excess soluble platelet agonists.

These studies demonstrated that platelet aggregation is mediated by the binding of

fibrinogen to activated intcgrin a.\\\$i receptors expressed on adherent platelets following

platelet activation with soluble agonists (Holmsen 1986; Lcfkovits ct a!,, 1995). Later

studies using suspension based, cone and plate viscometcr assays, revealed that vWf

binding sequentially to GP Ib/V/IX and intcgrin anbfb, can also support aggregate

formation. The binding of intcgrin ocnbfb to vWf and subsequent platelet aggregation was

believed to occur only at abnormally high shear conditions of over 5000 s"1 generated by

the cone and plate viscometer (Goto ct al., 1998; Ikcda et al., 1991; Peterson et al., 1987).

Recent studies examining thrombus growth using in vivo and in vitro thrombosis assays,

have demonstrated that vWf can also support ihrombus growth on immobilised adhesive

substrates (Kulkami et al., 2000; Ni et al., 2000; Ruggeri, 1999; Ruggeri ct al., 1999).

These studies have shown that circulating platelets interacting with a developing thrombus

initially tether and translocate over the thrombus surface through GP Ib/V/IX binding to

vWf which is expressed on the thrombus surface following oc-granule release (fig. 1.10)

(Kulkami ct al., 2000). Subsequent irreversible platelet adhesion and aggregation is

mediated by active intcgrin ctubP.i binding to the RGD motif within the vWf molecule (Ni

et al., 2000; Ruggeri, 1993b; Ruggeri, 1999; Ruggeri et al., 1999).

1.8 Signalling Processes Regulating Platelet Adhesion and Activation.

Activation of platelet integrin ocnbp\ is a crucial functional response required for

normal platelet adhesion, spreading and aggregation. Integrin (XnbP̂  is normally found on

the platelet surface in an inactive conformation unable to bind adhesive ligands such as

soluble fibrinogen and vWf. Ligand binding to integrin cxm,̂ ;, requires conversion of the

integrin from a low affinity binding state (inactive conformation), to a high affinity binding
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Figure 1.10 The mechanism of platelet-platelet cohesion (aggregation) under flow (modified from Kulkarni et al., 2000)

Platelets that become activated through adhesion to vWf, spread over the vWf surface to form a mcnolayer, and release their granule contents.

During this process, vWf adsorbed from plasma and released from a-granules, is expressed on the surface of spread platelets and serves to

recruit more circulating platelets through the binding of GP Ib/WIX, these platelets also become activated and adhere irreversibly to the platelet

expressed vWf through integrin ajibpV This results in the formation of platelet aggregates or thrombi.
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state (active conformation) through a process known as inside-out signalling. Inside-out

signalling pathways that lead to intcgrin otnbP.i activation arc stimulated by the binding of

soluble platelet agonists such as adenosinc diphosphate (ADP), thrombin, cpincphrine,
t

serotonin and TXA2, °i" by platelet adhesion to subcndothelial proteins such as vWf or

collagen (Brass et al., 1991; Shattil, 1995). The specific signalling mechanisms stimulated

by individual receptors are incompletely understood but several studies have demonstrated

that common signalling pathways can be activated by structurally unrelated platelet surface

receptors (Shattil et al., 1998). In fact, platelet stimulation with soluble agonists has been

shown to result in similar protein phosphorylation events induced by adhesion receptors

such as the vWf or collagen receptors, GP Ib/V/lX and GP VI (Bachelot ct al., 1992;

Golden et al., 1990; Jackson et al., 1994; Nakamura and Yamamura, 1989; Razdan et al.,

1994; Yuan et al., 1997). Furthermore, most platelet agonists appear to demonstrate similar

calcium and protein kinasc C (PKC) requirements to induce integrin (XnbP.-? activation (Gu

ct al., 1999; Yap et al., 2000).

The majority of platelet agonists capable of initiating inside-out signalling

processes, including thrombin, ADP, TXA2 and serotonin, are known to bind to G-protein

coupled receptors on the platelet surface. Binding of ligands to these receptors induces the

activation of the associated hetcrotrimcric G proteins. These proteins consist of three

subunits a, P and y. A number of different G-proteins have been identified, each differing

in the specific a subunit that they contain. These G-proteins are membrane associated

through their (3y subunits. Upon activation the a subunits dissociate from the membrane

bound Py subunits. Both the a subunit and the Py subunits can initiate multiple inside-out

signalling pathways by interacting with various downstream effectors. To date, platelets

have been shown to express six different G-proteins; Go*, Go;,, Ga^/u, Gaz, GC(J2, and

Gai3 (Brass et al., 1997: Oda et al., 2000; Ohlrr.ann ei al., 1995; Williams et al., 1990).
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These G-proteins appear to regulate different signalling processes in the cells. The Gs

protein has been found to mediate prostacyclin-dcpendcnt platelet inhibition by stimuliiting

adenylate cyclase and elevating cAMP levels in the cytosol. Conversely, Gz, is known to

inhibit adenylate cyclase leading to reduced cAMP levels in platelets. The a subunits of

GJ: and GJ3 have also been shown to inhibit cAMP formation whereas the (3y subunits of

these proteins are thought to be able to activate phospholipase C(3 or other signalling

molecules on their own accord (Brass et al., 1997; Offermanns, 2000). Recent evidence

has suggested a critically important role for Gq for platelet activation by most physiological

platelet agonists (Offermanns et al., 1997). Gq has been shown to activate phospholipase C,

resulting in release of intracellular calcium and activation of protein kinase C (sec section

1.9.1). Platelets from mice that lack Gq have been found to be defective in calcium

mobilisation and aggregation by ail agonists (Offermanns ct al., 1997). Recent studies

examining platelet responses to ADP have demonstrated that the Gj pathway is also an

important signalling molecule required for platelet activation.

1.9 ADP.

ADP is recognised as one of the most important factors regulating platelet activation

and thrombosis (Gachct ct al., 1997; Mills, 1996). Despite being the first soluble agonist

known to stimulate platelet aggregation, the molecular mechanisms regulating ADP-

induced platelet activation have only recently been elucidated. ADP is present at near

molar concentrations in the platelet dense granules and is secreted during platelet

stimulation by other agonists, such as thrombin or collagen, and appears to reinforce

aggregation in response other platelet agonists (Moritz et al., 1983). Its role in thrombosis

and haemostasis has been highlighted by recent studies showing that pharmacological

inhibitors of ADP-induced platelet aggregation arc very effective antithrombotic drugs
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(Humphries ct al., 1995; Schror, 1995; Schror, 199S). Moreover, patients with congenital

A\DP receptor defects, and those lacking endogenous ADP altogether, suffer from bleeding

diatheses (Cattaneo and Gachet, 1999; Cattanco et al., 1992; Rao, 1993).

Platelets express three purincrgic receptors on their surface that act in synergy to

promote platelet aggregation. The ionotropic P2Xi receptor is a ligand gated ion channel

that appears to be responsible for rapid influx of ionised calcium into the cytosol. The

P2Yi metabotropic receptor, linked to the Gaq protein, which is responsible for

mobilisation of ionised calcium from internal stores, and a third metabotropic receptor,

P2Y)2, is coupled to Gj, and is essential for the full platelet aggregation in response to

ADP. The latter receptor is the molecular target of the ADP-sclective antithrombotic drugs

ticlopidine and clopidogrel, and is known to be defective in patients with a bleeding

diathesis that is characterised by selective impairment of platelet responses to ADP

(Gachet, 2001a; Gachet, 2001b). All studies to date suggest that all three ADP receptors

are involved in the complex process o[' platelet activation and aggregation.

1.9.1 ADP Induced Platelet Activation.

In platelets ADP stimulation activates multiple signal transduction pathways. These

result in the inhibition of adenylate cyclase, through activation of the Gi linked P2Y|2

receptor, and also a concomitant transient rise in free cytoplasmic calcium, due to both

calcium influx through the P2X receptor, and mobilisation of internal calcium stores

through P2Y, (Gachet et al., 1997; Mills, 1996). Full aggregation in response to ADP is

only achieved when ADP concomitantly binds to the Gj coupled P2Yi2 receptor and the G(,

coupled P2Yi receptor.

Recent studies have demonstrated impaired ADP aggregation in platelets from mice

lacking the heterotrimeric Gaq (Offermanns ct al., 1997). This suggests that activation of
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the PLC(3 pathway leading to intraccllular calcium mobilisation after ADP stimulation is

essential for platelet aggregation. However, blockade of the Gi-linkcd P2Yi2 receptor, has

been found to impair ADP induced platelet aggregation without inhibiting platelet shape

change. Similar results were found in platelets from mice deficient in Gaj, suggesting that

binding of ADP to the P2Yi receptor alone is sufficient to induce platelet shape change,

but it is not enough to support full platelet aggregation (Fagura et al.. 1998; Geiger et al.,

1998; Hechler et al., 1998a; Hollopeter et al., 2001; Jantzen et al., 1999; Jantzen ct al.,

2001; Jin et al., 1998; Jin and Kunapuli, 1998; Suvi et al., 1998). In both cases, ADP-

dependent aggregation could be rescued by cpinephrine, which lowers cAMP levels

through a Gj-independent pathway (Hechler et al., 1998a; Jin and Kunapuli, 1998). The

exact mechanism by which Gj-dependent, inhibition of adenylate cyclase mediates intcgrin

ociibP.-? activation remains unclear as reduced cAMP levels do not appear to have a direct

causal relationship to ADP induced platelet aggregation (Gachct ct al., 1997; Mills, 1996).

The role of the P2Xi ionotropic receptor during platelet activation remains to be

established.

1.10 Signalling Through Platelet Adhesion Receptors.

It has become increasingly clear that the platelet adhesion receptors GP Ib/V/IX,

CX|U,P3, (X2P1 and GP VI, not only mediate adhesion of platelets but arc also capable of

transducing signals leading to platelet activation.

1.10.1 Signalling Through GP Ib/V/IX.

Several studies over the past decade have demonstrated that GP Ib/V/IX is capable

of transducing intracellular signals leading to platelet shape change, intcgrin a^fa

> ' activation and aggregate formation (De Marco ct al., 1985a; Dc Marco ct al., 1985b;



) ,-A

1 J Grainick et al., 1985; Kroll et al., 1991; Savage et al., 1996; Savage ct al., 1992). The

ability of GP Ib/V/lX to initiate signal transduction was first described in the mid-1980's

following studies using desialylated vWf (a'sialo vWf). Asialo vWf spontaneously binds to

GP ib/V/IX in solution inducing granule release, TXA2 production and integrin OL\\b$i

activation (De Marco ct al., 1985a; Grainick et al., 1985). Subsequent shear-induced

• J platelet activation (SIPA) studies using a device called a cone and plate viscometer,

I demonstrated that induction of vWf-GPIb binding under pathological shear conditions

'[ : could also result in integrin a^y, activation (Moake et al., 1988; Moritz et al., 1983).

'2 Studies of SIPA have provided significant insight into the mechanism by which vWf
i -;

| • binding to GP Ib/V/IX may induce integrin (XubP;? activation (lkcda ct al., 1991; Peterson et

•• al., 1987). These studies highlighted the critical requirement for ADP release (Moake et al.,

; ' 1988; Oda et al., 1995), protein kinase C (PKC) activation and transmembrane calcium

, ; influx during shear induced platelet activation (Chow ct al., 1992; lkcda et al., 1993; Kroll

i et al., 1993). Furthermore, shear induced platelet aggregation was also found to be

: associated with the activation of tyrosine kinases, further supporting a signalling role for

;; GP Ib/V/IX (Oda et al., 1995; Razdan et al., 1994; Yanabu et al., 1997). Similar

• suspension-based studies of vWf-induced platelet aggregation using artificial modulators

, ; such as ristocetin and botrocetin have demonstrated increased cytosolic calcium and PKC

; activation (Kroll et al., 1991), as well as the activation of PI 3-kinase (Jackson ct al., 1994),

;; and tyrosine kinases such as p72syk (Asazuma et al., 1997). Furthermore, inhibition of PKC

I : was found to abolish stationary adhesion to immobilised vWf supporting a role for PKC in

' j vWf-induccd signalling in adhesion based assays (Savage et al., 1992). Together these

: v studies have established that GP Ib/V/IX is capable of promoting intracellular signalling

!̂ pathways leading to integrin cxnb^ activation following vWf engagement. It is unclear

u
I y however whether integrin auh^ activation induced by GP Ib/V/IX signalling occurs

14
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I f directly as a result of intraccllular second messenger generation, or indirectly through the

i

1 i release of endogenous agonists such as ADP and TXA.>.

Studies of shear induced platelet activation have provided evidence to support an

indirect mechanism by which GP Ib/V/IX induced signalling promotes intcgrin (Xm^

activation. The current dogma derived from these studies proposes that vWf binding to GP

Ib/V/IX under high shear conditions results in calcium influx through the plasma

membrane and the activation of PKC and other tyrosine kinases (Ikeda ct al., 1993; Kroll

1 et al., 1993; Razdan et al., 1994). The spike in cytosolic calcium concentration is thought

, : to promote the secretion of endogenous platelet agonists, such as dense granule ADP and

! '4 the generation of T X A T (fig. l.l 1) (Chow et al., 1992). These soluble agonists feed back

i onto their respective platelet surface receptors (Daniel et al., 1998; Hcchlcr ct al., 1998a;

•.' Hcchler et al., 1998b; Jin et al., 1998; MacKcnzie et al., 1996), and stimulate inside-out

1 signalling pathways that ultimately lead to integrin aiibP.i activation (Gachet et al., 1997).

While GP Ib/V/IX is known to induce signal transduction, it has not been shown to

have any intrinsic enzymatic activity, nor has it been shown to couple to G proteins or to

be phosphorylated by tyrosine kinases. Despite intense research, little is known about the

exact signalling mechanisms through which GP Ib/V/IX mediates platelet activation/

However, it appears likely that the GP Ib/V/IX complex induces signal transduction by

recruiting several signalling proteins from the cytosol. For example, it has been

demonstrated that the GP Iba and GP lb(j subunits of the GP Ib/V/IX complex associate

! with the 14.3.3^ signalling protein (Du et al., 1994), which can potentially link GP Ib/V/IX
i

to a variety of intracellular signalling pathways. The members of the 14.3.3 protein family

are known to bind and regulate the activity of several key cytosolic signalling proteins that
i

are believed to be involved in platelet activation such as PI 3-Kinasc, PKC, Raf-1/B-Raf

protein kinases, Bcr or Bcr-Abl kinases, the BCL-2 family member BAD and the adaptor
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Figure 1.11 GP Ib/V/IX-induced activation of integrin anbP3 under pathological shear conditions (modified from Yap et al., 2000)

Schematic representation of a model of GP Ib/V7IX-induced integrin anbP3 activation derived from shear-induced platelet aggregation studies. In

this model, GP Ib/V/IX binding to vWf is induced by high shear forces. This results in transmembrane calcium influx, v/hich leads to secretion

of endogenous ADP from platelet dense granules. The binding of ADP to punnergic receptors expressed on the platelet surface results in inside-

out signalling processes leading to integrin anbp3 activation, binding of multimeric vWf and platelet aggregation. The top left-hand panel

illustrates shear-induced platelet aggregation occurring in a cone and plate viscometer.
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protein Cbl (Bonncfoy ct al., 2000; Fantl et al., 1994; Freed ct al., 1994a; Freed ct al.,

1994b; Fu ct al., 1994; Isobc ct al., 1992; Liu ct al., 2000; Rcuthcr ct al., 1994; Tanji ct al.,

1994; Tokcr cl al., 1990). Binding of 14.3.3£ to the cytoplasmic tail of GP Ibex has been

shown to require phosphorylalion of scrinc residue 609 (Bodnar et al., 1999), and binding

of 14.3.3£, to GP Ib(3 appears to be regulated by protein kinase A (PKA) phosphorylation

of Serl6() (Andrews and Bcrndt, 1998; Calverley et al., 1998). The functional importance of

the interaction between the 14.3.3£ protein and GP Ib/V/XI in integrin OLuulh activation is

unclear. One recent study demonstrated that disruption if the 14.3.3^ binding site of GP

Iboc results in impaired vWf induced integrin (XnbP? activation (Gu ct al., 1999). while

f
i '

others have suggested that disrupting this interaction does not effect integrin

activation at all (Zaffran et al., 2000).

Another protein interaction of potential importance for GP Ib/V/IX signalling is the

interaction between GP Ib/V/IX and platelet Fc Receptors. The potential involvement of

FcR Y-chain and/or FcYRIIa was suggested following the demonstration of tyrosine

phosphorylation and activation of the non-receptor tyrosine kinase, p72syk upon vWf

stimulation of platelets (Asazuma et al., 1997; Yanabu et al., 1997). p72syk has "been found

to play a crucial role in collagen-induced platelet activation (Asselin ct al., 1997; Ezumi et

al., 1998; Gibbins et al., 1997; Ichinohe et al., 1997; Poole et al., 1997; Yanaga et al.,

1995). Activation of p72syk requires engagement of its tandem Src homology 2 (SH2)

domains with proteins containing phosphorylated immuno-rcceptor tyrosine containing

activation motif (ITAM). The only platelet proteins that contain such ITAM motifs are the

FcyRIIa and FcR Y-chain (Asselin ct al., 1997; Chacko et al., 1996; Gibbins et al., 1996),

both of which have been shown to associate with the GP Ib/V/IX complex (Falati ct al.,

1999; Marshall ct al., 2002; Sullam et al., 1998; Sun et al., 1999). This raises the

possibility that GP Ib/V/IX can also induce signal transduction through a Fc receptor
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H dependent mechanism (Falati ct al., 1999; Sullam ct al., 1998). In this model of GP

Ib/V/IX-induced activation, vWf binding to GP Ib/V/IX results in the

phosphorylation of Fc receptors on their ITAM motifs. This drives the formation of large

signalling complexes and activation of a number of non-receptor tyrosine kinascs including

p72syk, p59ly" and p53/56lyn, resulting in a cascade of events leading to phosphoUpasc Cy2

(PLCY2) activation in a similar process as described for collagen induced signalling (Falati

ct al., 1999).

1.10.2 Integrin am^-Mediated Signalling Events.

The platelet integrin cciibP? is able to transduce biochemical signals across the

plasma membrane in a bi-directional manner, through inside-out and outside-in signalling

pathways. It is well established that initially upon integrin ccubP:? activation, Iigand binding

is reversible, but becomes progressively more stable as time goes on (Pecrschke, 1995;

Shattil et al., 1998). Integrin (XnbP.i activation has been shown to result not only in affinity

modulation requiring conformational changes in the receptor, but also :"> .ividity

modulation through clustering of the receptor (Halo et al., 1998).

Affinity modulation is believed to be important for the initial reversible phase of

integrin o.nbP;, activation, and is thought to be mediated by the association of the

cytoplasmic portions of integrin a.\\bfo with regulatory proteins in the cytoplasm. This

results in conformationa! changes in the extracellular pouiun of th2 integrin and exposure

of encrypted Iigand binding sites allowing the integrin to interact with soluble fibrinogen

or vWf. Naturally occurring mutations in the cytoplasmic domain of integrin c/ubP.-?, have

been found to result in both defective integrin activation and also in constitutive

activation of this receptor (Ambo et al., 1998a; Ambo et al., 1998b; Chen ct a!., 1992; Liu

et al., 1998; Shattil et al., 1998; Wang ct al.. 1997). Numerous regulatory proteins have
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been shown to associate with the cytoplasmic tails of both the cxm, and P3 subunits of

integrin (Xiu,p3, eg. caicium-and-intcgrin binding protein (CIB), which associates with the

, cytoplasmic tail, and p3-cndoncxin, which binds to the cytoplasmic region of integrin

p\i as well as to a number of structural proteins (Naik and Parise, 1997; Shattil, 1995;

Shattil et al., 1995), however, the role ofsueh proteins in affinity modulation is unclear.

Avidity modulation is believed to promote the iiTeversible phase of integrin

activation. Ligand binding and clustering of integrin am,^ induces a host of outside-in

signalling events. These integrin mediated signalling processes lead to the activation of

protein tyrosine kinases and cytoskeletal reorganisation which ultimately determine the

extent of platelet aggregation, spreading, secretion and clot retraction (Abrams et al., 1994;

Clark and Brugge, 1995; Narumiya, 1996; Peerschke, 1995; Shattil and Brugge, 1991).

Similar to GP/Ib/V/IX, the integrin auhP.s receptor does not possess intrinsic catalytic

activity. Following activation and clustering, integrin ctubP? recruit various structural

proteins (talin, vinculin, cx-actinin, lensin, paxillin) and signalling molecules (FAK, Src

kinases, PI 3-kinase, PKC, PLCy2, Calpain) to form large cytoskeletal signalling

complexes called focal complexes (Burridge and Chrzanowska-Wodnicka, 1996;

Chrzanovvska-Wodnicka and Burridge, 1996; Hemler, 1998).

The P:, subunit of the (Xnhp.-? receptor is thought to play a major role in integrin-

mediatcd signalling and focal contact formation. The cytoplasmic domain of this subunit

becomes tyrosine phosphorylaled during platelet activation and has been shown to

associate with several cytosolic proteins including, talin (Knezevic et al., 1996), She and

Grb2 (Law et al., 1996), p.vendonexin (Shattil, 1995; Shattil ct al., 1995) and calcium- and

integrin binding protein (CIB) (Naik and Parise, 1997; Naik et al., 1997).
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\ \ Ligand binding to integrin ocm,^ induces the activation of two independent

signalling pathways leading to two distinct waves of protein tyrosinc phosphorylation. The

first is an early outsidc-in signalling event linked to the activation of Syk by a Src family

tyrosinc kinase (Gao et al., 1997) following am,P3 receptor clustering. This pathway

coincides with filopodial extension and the rapid tyrosiuc phosphorylation of various

cytosolic proteins ranging between 50 - 72 kDa and 140 kDa (Hartwig, 1992; Hartwig et

al., 1996; Huang et al., 1993; Shattil et al., 1994; Yuan et al., 1997), and requires intact am,

and pN cytoplasmic domains (Clark et al., 1994; Gao et al., 1997; Hato ct al., 1998; Miranti

et al., 1998). Following this first wave of phosphorylation is a second signalling event

coinciding with maximal platelet spreading and/or aggregation involving Src, and the

activation of ppl25FAK. This results in the tyrosine phosphorylation of the as yet

unidentified proteins of 95 kDa, 97 kDa, 101 kDa and 105 kDa, as well as the

phosphorylation of the tyrosine kinases. Tec kinase, ppl251AK and the 5-phosphatase SHIP

(Giuriato et al., 2000; Laffargue et al., 1997; Shattil et al., 1994). Eventually, the initial

increase in protein tyrosine phosphorylation is followed by a down-regulation of tyrosine

kinase activity due to proteolysis of protein tyrosine kinases by the cystcinc protease

calpain (Cooray et al., 1996; Oda et al., 1993), and the recruitment of a number tyrosine

phosphatases such as PTP-1B and SHIP-1 (Ezumi et a!., 1995; Frangioni ct al., 1993; Li et

al., 1994).

Signalling events other than protein phosphorylation that have been shown to occur

post-integrin am,P:, activation, include calcium mobilisation, activation of PKC and PI 3-

kinase, and arachidonic acid metabolism. Of particular importance, is the role of the

second messenger calcium during integrin signalling. Calcium release from intracellular

stores by the action of inositol triphosphate (IP3) is important for mediating platelet

activation in response to various agonists. Cytosolic calcium mobilisation plays a critical
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role in inside-out signalling events leading to platelet shape change, secretion and integrin

to ccnbP;? activation (Bcrridge, 1934; Bcrridge and Irvine, 1984; Gcrrard and Carroll, 19S1;

Rink and Sanchez, 1984; Yoshida et al., 1988), and also in the subsequent outsidc-in

signalling events generated through the active integrin (Heemskerk ct al., 1994;

Hccmskerk et al., 1992; Heemskerk ct al., 1993; Kuvvahara ct al., 1999; Sage et al., 1993;

Yap et al., 2000). More recently it has been demonstrated that cytosolic calcium is not only

required for initial integrin ocubP.-* activation, but it is also involved in a positive feedback

mechanism required for amplifying and maintaining the activation status of this receptor

(Nesbitt et al., 2002; Yap et al., 2000).

1.10.3 Collagen Receptor Signalling.

Platelet adhesion and activation on a collagen matrix under flow requires the

synergistie contribution of integrin OC2P1 and the GPVI/FcRy complex (Nieswandt et al.,

2001a; Savage et al., 1998), with recent evidence supporting a major role for the

GPVI/FCRY complex in the collagen induced signalling process (Moroi et al., 1996; Tsuji

et al., 1997). The initial interaction of platelets with collagen is mainly mediated by

integrin OC2P1, while subsequent platelet activation and firm adhesion is mediated by the GP

VI/FcRy complex (Moroi ct al., 1996). Signalling through the GP VI collagen receptor

occurs through a similar pathway to immune receptor signalling (Watson et al., 2001), ie.

through association of GP VI with the ITAM motif of the Fc receptor /-chain (Gibbins ct

al., 1996). Data supporting an important role for GPVI/FcRy-derivcd activating signals was

derived from studies using FcRy-deficient mice (Poole et al., 1997; Tsuji et al., 1997). The

FcR y-chain is co-expressed with GP VI in platelets. Binding of GP VI to collagen results

in clustering of GP IV/FcRy complex, leading to autophosphorylation of tyrosine residues
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within the 1TAM domain of the FcRy chain (fig. 1.12) (Gibbins et al., 1996; Gibbins ct al.,

1997; Nicswandt ct al., 2000; Quek ct al., 199S; Tsuji ct al., 1997). Phosphorylation of the

FcR Y-chain triggers a signalling cascade resulting in the activation of non-receptor

tyrosine kinases including p72s-vk, p59fyn and p53/56ly" (Briddon and Watson, 1999; Ezumi

et al., 1998). This is believed to promote the downstream activation of PLCy2, via the

action of adaptor proteins such as SLP-76 and LAT (linker for activation of T cells), and

this subsequently leads to calcium mobilisation from intracellular stores (Clemetson, 1999;

Pasquetetal., 1999b).

Unlike most soluble platelet agonists that promote calcium mobilisation through G-

protein coupled signalling mechanisms leading to PLCfJ activation, GP Vl-induced

calcium mobilisation and protein kinase C (PKC) activation occurs through a PLCy2-

dependent mechanism and is independent of G-protein activity. The central role for SLP-

76 for the activation of PLCy2 was demonstrated in studies using SLP-76 knockout mice,

which showed impaired PLCy2 activation and calcium mobilisation in response to collagen

stimulation (Clements ct al., 1999; Gross et al., 1999). Apart from promoting PLCy2

activation, the adaptor protein SLP-76 is also known to regulate other proteins involved in

GP VI signal transduction including Vav, SLAP-130, Fyn and Lyn (Gross ct al., 1999),

however the importance of these molecules in collagen induced activation in platelets is

unknown. There is also some evidence supporting a role for PI 3-kinase in the regulation of

PLCy2. It has been shown that a PI 3-kinase lipid product, phosphatidylinositol (3,4,5)-

triphosphate (sec section 1.9), can bind to PLCy2 and induce its activation (Gratacap et al.,

1998). Furthermore, in studies using murine megakaryocytes, rnicroinjection of peptides

containing pleckstrin homology domains that interact with phosphatidylinositol (3,4,5)-

triphosphatc, results in impaired PLC-mcdiated calcium mobilisation (Pasquct ct al.,

1999a).
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Figure 1.12 The mechanism of collagen induced platelet activation (modified from Watson, 1999)

Collagen binding to the major collagen receptor GP VI, results in the association of this receptor with the FcR y-chain. This leads to clustering of

and autophosphorylation of the FcR y-chain, which results in the subsequent activation of Syk and LAT, and the recruitment of several signalling

proteins including PI 3-Kinase (PI 3-K), PLCy2 (PLC), SLP-76 and the Src family kinases Fyn/Lyn to the platelet membrane. Membrane

associated PLC is then phosphorylated by the Src family kinases Fyn/Lyn, leading to mobilisation of intracellular calcium and activation of

PKC. This signalling cascade ultimately promotes integrin anbP3 activation.
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l.l 1 Role of Phospholipids and Phosphoinositidc (PI) Turnover in Platelet Signalling.

The propagation of cytosolic signals upon agonist stimulation generally occurs

through the generation of intracellular second messengers such as 1,2-diacylglycerol

(DAG) and inositol triphosphate (IP3). In platelets, IP3 binds to its receptor on the dense

tubular system resulting in calcium release from intracellular stores, while DAG is a key

intermediate for PKC activation. These molecules are responsible, for activating a

multitude of downstream effector pathways that regulate platelet function, including shape

change, aggregation and secretion (Castagna et al., 1982; Kajikawa ct al., 1983; Kuwahara

et al., 2002; Kuwahara ei al., 1999; Nunn and Watson, 1987; O'Rourke ct al., 1987).

The generation of such second messengers is critically dependent on a particularly

important class of membrane phospholipid called the phosphatidylinositols (Ptdlns)

(Majerus et al., 1984). These phospholipids constitute about 8% of total membrane

phospholipids (Esko and Ractz, 1980; Henry et al., 1977), and are found in abundance in

the inner leaflet of the platelet plasma membrane (Mauco et al., 1987).

Phosphatidylinositols are believed to function by acting as precursor molecules for a

variety of second messengers including DAG and IP3, and the turnover of

phosphoinositides has been shown to be an important signalling mechanism for platelet

activation (Bell and Majerus, 1980; Mauco et al., i979; Rittenhouse, 1983).

Phosphatidylinositols (Ptdlns) consist of a myo-inositol ring containing five

hydroxyl (OH) groups that provide reactive sites for substitution with phosphate groups.

This is linked to a glycerol backbone through a phosphodiester bond at the 1-hydroxyl

position of the ring. In addition, the glycerol backbone is ester linked to two fatty-acid

chains (fig. 1.13). There arc three major myo-inositol-containing phospholipids expressed

in the platelet membrane that vary in their extent of phosphorylation. They are

phoshatidylinositol [Ptdlns], which contains only hydroxyl groups on the myo-inositol
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Figure 1.13 Schematic representation of membrane phosplioinositides

The molecular structure of Ptdlnt, Ptdlnt(4) P, Ptdlnt(4,5) P2, arc illustrated

highlighting the myo-inositol ring, glyccrol backbone and fatty acid tails.
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ring, phoshatidylinositol 4-phosphatc [Ptdlns(4)P] which contains a phosphate group at

position 4 of the myo-inositol ring, and phoshatidylinositol 4,5-bisphosphatc fPtdlns

(4,5)P2], which contains two phosphate groups at position 4 and 5 of the ring. In platelets,

Ptcl?ns accounts for up to 7% of total membrane phospholipids, Ptdlns (4)P accounts for

1% and Ptdlns (4,5)P2 for 0.4% (Majerus et al., 1984). The levels of these phospholipids

are regulated in resting platelets through a dynamic process of phosphorylation and

dephosphorylation events mediated by specific kinases and phosphatases (Berridge, 19S4;

Michell, 1975).

The mechanism by which phosphatidylinositides promote cell activation is known

as phoshoinositide (PI) turnover. This process is dependent on the activation of PLC and

the subsequent hydrolysis of membrane bound phosphoinositides. Al. three

phosphoinositides can be hydrolysed by PLC following platelet stimulation, however

Ptdlns (4,5)P2 is considered to be the preferred substrate in vivo. The hydrolysis of

PtdIns(4,5)P2 results in the generation of lipid soluble DAG, and the water soluble IP3

(Agranoff, 1983; Billah and Lapetina, 1982a; Billah and Lapetina, 1982b; Kuwahara et al.,

1999; Rittenhouse, 1983).

1.11.1 Role of Calcium in Platelet Function.

Calcium is a key second messenger involved in many biological processes

including the control of gene transcription (Dolmetsch et al., 199S; Li et al., 1998), cell

proliferation, organ development and muscle contraction (Clapham, 1995). Platelet

stimulation by most platelet agonists is accompanied by a rise in cytosolic calcium levels

(Saitoh ct al., 1989). The role of calcium in platelet function has been the subject of intense

investigation for many years (Hccmskerk et al., 1994; Kroil and Schafer. 1989). There are

two main sources of calcium in the platelet, (i) internal calcium stored within the platelets
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dense tubular system, and (ii) calcium channels in the plasma membrane that allow

calcium to enter the cell from the extracellular environment. Following platelet stimulation

with an activating agonist, the initial rise in cytosolic calcium is mainly derived from

mobilisation of calcium from the platelet dense tubular system (ie. from intraceilular

calcium stores). It is believed that depiction of intraceilular calcium stores triggers the

opening of membrane calcium channels allowing calcium influx from the extracellular

environment through a process known as storc-rcgulated calcium entry (SRCE) (fig. 1.14)

(Alonso et al., 1991; Rosado et al., 2000a; Rosado et al., 2000b; Sage et al., 1990). An

alternative mode of cytosolic calcium elevation is through calcium entry facilitated by

surface receptors directly opening calcium channels in the plasma membrane, an example

of which is the ionotropic ADP receptor, P2X which is believed to allow calcium influx

upon ADP binding (Gachet, 2001a; Gachet, 2001b). Recent studies have also proposed a

role for PI 3-kinase in regulating both calcium mobilisation and influx in platelets. PI 3-

kinase is thought to promote transmembrane influx through the generation of the PI 3-

kinase lipid product PtdIns(3,4,5)P3. This hypothesis is supported by studies demonstrating

that platelets derived from mice that lack the Src-homology 2 (SH2)-containing inositol 5'

phosphatase (SHIP), display elevated levels of Ptdlns(3,4,5)p3 and enhanced calcium

influx (Huber ct al., 1998a; Hubcr et al., 1998b; Pasquet et al., 2000). The mechanism by

which PtdIns(3,4,5)P3 promotes influx is not understood. In platelets, inhibition of PI 3-

kinase has been found to reduce the level of IP3 generation leading to a reduction in

calcium mobilisation (Pasquet ct al., 1999b). The role of PI 3-kinase in promoting calcium

mobilisation also seems to involve Ptdlns (3,4,5)p3 as microinjection of pleckstrin

homology (PH) domains that bind to this lipid product has been shown to reduce IP3 levels

and calcium mobilisation in COS-1 cells and megakaryocytes (Falasca et al., 1998; Pasquet

et al., 1999a; Pasquet ct al., 1999b).
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Figure 1.14 Schematic representation of the mechanisms regulating cytosolic calcium levels in platelets

Two processes are believed to result in elevated cytosolic calcium levels in activated platelets. Platelets contain receptor operated calcium

channels (ROCs) on their surface. Binding of agonists to these receptors (eg. ADP binding to P2X ionotropic receptor), results in transmembrane

calcium influx. Also, agonists binding to G-protein-linked platelet surface receptors leads to PLC activation and the subsequent hydrolysis of

the membrane phospholipid, phosphatidylinositol (4,5)-bis phosphate (PIP2)- The products of this hydrolysis are membrane bound diacylglycerol

(DAG) and water soluble inositol triphosphate (TP3). IP3 binds to its receptor on the dense iubular system and induces release of calcium from

intracellular calcium stores. Depletion of intracellular calcium from the dense tubular system is believed to induce further calcium influx through

unidentified calcium channels in the plasma membrane. Decreases in cytosolic calcium are achieved by the re-uptake of calcium into

intracellular stores (calcium re-uptake) and also by active calcium efflux through membrane calcium ATPase pumps.
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Prolonged periods of elevated calcium arc toxic to most cell types therefore,

cytosolic calcium levels in all cell systems tend to be very tightly regulated to ensure

effective functional responses without cytoioxicity. Following plateiet activation, basal

cytosolic calcium levels are restored in platelets through the action of calcium ATPases.

These are found on the dense tubular system, which help to re-sequester calcium back into

ihc intraccllular storage organellcs, and also on the plasma membrane, which actively

pump calcium out of the cell through the plasma membrane (fig. 1.14) (Gcrrard, 1986).

f U

1.12 Prctein Kinase C (PKC).

The Protein kinase C (PKC) family includes 12 structurally related serine/threonine

kinases that are d'fferentially expressed in many cell types (Nishizuka, 1988a; Nishizuka,

1988b). Since their discovery by Nishizuka et al., (1977), these enzymes have been shown

to regulate such diverse cellular functions as differentiation, proliferation, secretion and

metabolism (Blobc et al,, 1996; Mellor and Parker, 1998; Newton, 1997; Slater el al.,

2000; Toker, 1998; Vaughan et al.. 1998). In platelets these proteins have been shown to

play central roles in regulating platelet adhesion, shape change, secretion, and aggregation

(Siess and Lupetim:, 1989a; Toulleo et al., 1991). The PKC superfamily can be subdivided

into three groups based on their isoform structure (described in detail in section 1.5.1), and

or. their co-factor requirements for activation. The three groups are, (i) the

conventional/classical PKC group (cPKC) including a, (31/(311 and y isoforms, (ii) a novel

PKC group (nPKC) including 8, e, r| and 0 isoforms; and (iii) an atypical PKC group

(aPKC) including "[, A., and JLI. The conventional PKC isGforms are activated by the

concerted efforts of calcium, diacylglycerol (DAG) or phorbol esters (eg. PMA and TPA),

and membrane phosphoiipids such as phosphatidyl scrine (PS) and phoshatidyl

cthanloamine (PFA The novel PKC isofor>r>.s lack a calcium-binding domain. They arc
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therefore calcium independent and can be activated by phorbol esters and phospholipids

alone. The atypical PKC isoforms lack both a calcium binding and phorbol ester-binding

domain and are therefore insensitive to either calcium or phorbol esters. The mechanism of

activation of the atypical PKC isoforms remains unknown. To date only six of the twelve

known PKC isoforms have been found in platelets, they arc the a, (31/(311, £, 8, r] and 0

isoforms (Baldassare et al., 1992; Crabos ct al., 1991; Selbie et al., 1993).

1.12.1 Structure of PKC.

Protein kinase C isozymes consist of a single polypeptidc chain that contains an

amino-tenr.inal regulatory region (of 20-70 kDa) and a carboxy-terminal kinase domain (of

approximately 45 kDa) (fig. 1.15) (Nishizuka. 1988b). The regulatory half of the

conventional PKC molecules contains an autoinhibitory domain called the pseudosubstrate

domain, followed immediately by one or two membrane targeting domains called, the Cl

and C2 domains. The Cl domain contains the phorbol ester and DAG-binding site, while

the C2 domain contains the phospholipid binding and calcium binding domains. The novel

PKC isoforms contain a Cl domain but lack a functional C2 domain making them calcium

independent isoforms, and the atypical isoforms lack both the Cl and C2 domain and are

therefore unresponsive to calcium, phorbol esters or phospholipids. The catalytic half of

the PKC enzymes contains the C3 and C4 domains, which comprise the ATP- and

substrate-binding lobes of the kinase core. The catalytic domain is separated from the

regulatory domain by a short hinge region that allows the enzyme to fold back on itself in

its resting conformation. In resting cells, PKC is maintained in its inactive state by the

interaction of the pseudosubstrate domain with the catalytic domain of the PKC isozymes

(Newton, 1997).
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Figure 1.15 Structure of protein kinase C (modified from Newton, 1997)

Schematic representation of the structures of conventional, novel and atypical forms of PKC. The diagrams highlight the pseudosubstrate

domain, the Cl domain which binds to DAG and phorbol esters, the C2 domain which binds acidic lipids (such as phosphatidyl serine) and

calcium, and the C3 and C4 domains which contain the ATP- and substrate-binding sites of the active subunit of the enzyme. The novel isoforms

lack a C2 (calcium binding) domain making them insensitive to calcium, and the atypical isoforms lack both a Cl and a C2 domain making them

insensitive to both calcium and phorbol esters (note: the members of each isoform class are listed on the left).
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.] 1.12.2 PKC Activation.

It is well established that PKC activation is mediated by the concerted efforts of

calcium, phospholipids and diacylglycerol, though the requirements for these co-factors

differ widely between PKC isoforms as discussed above. Studies by Hannun et al., in the

mid 19JO'S, using mixed micelle assays, helped elucidate the precise interactions between

calcium, phospholipids and diacylglycerol during PKC activation (Hannun and Bell, 1986;

Hannun et al., 1985; Hannun et al., 1986a; Hannun et al., 1986b). These studies suggested

a two step mechanism of PKC activation whereby calcium and/or phospholipid binding to

the C2 domain is sufficient to induce PKC translocation to the plasma membrane and low

affinity association between the PKC enzyme and the membrane phospholipids. The

enzyme however, remains catalytically inactive until phorbol ester or diacylglycerol binds

the Cl domain. This induces a conformational change that causes the pseudosubstrate

region to dissociate from the catalytic domain and also increases the affinity of binding

between PKC and membrane phospholipids.

1.12.3 Physiological Function of PKC in Platelets.

In platelets, PKC regulates multiple responses including shape change, secretion

and aggregation (Crouch and Lapetina, 198S; Salari et al., 1990; Siess and Lapetina,

1989a; Siess and Lapetina, 1989b; Toullec et al., 1991; Walker et al., 1990). Several

independent lines of evidence support an important role for PKC in both inside-out and

outside-in signalling leading to integrin OL\U$T, activation. For instance, PKC activation, as

measured by enzyme translocation from the cytosol to the membrane, has been

demonstrated in platelets stimulated by all agonists known to induce cxubP:? activation

(Siess and Lapetina, 1989b; Crouch and Lapetina, 1988; Salari et al., 1990;Walker et al.,



1990). Moreover, direct evidence for PKC involvement comes from studies using PKC-

specific activators and inhibitors. Exogenous phorbol esters, such as phorbol 12-myristate

13-acctatc (PMA), directly activate PKC by acting as a non-labile substitute for DAG.

Addition of PMA to platelets results in (XnbP;? activation, leading to platelet aggregation

and spreading on fibrinogen and vWf matrices (Marguerie et al., 1980; Shattil and Brass,

19S7). Conversely, inhibition of PKC with specific inhibitors, such as bisindoylmalcimide

(B1M), blocks anbP.T activation, platelet aggregation, and platelet spreading on fibrinogen

and vWf matrices (Shattil and Brass, 1987). Finally, activation of am,P3 and subsequent

platelet aggregation correlates with the phosphorylalion of a 47-kDa protein called

pleckstrin. This protein is exclusively expressed in haematopoietic cells and is a major

PKC substrate in platelets.

Several translocation studies have demonstrated that different platelet agonists are

able to preferentially activate different PKC isozymes. Thrombin and PMA have been

shown to activate PKC ex, P and £, PAF activates r\ and 0, and the Mab-Fll activating

antibody has been found to cause transient activation of a and C, and prolonged activation

of a, p, i], and 0 (Baldassare et al., 1992; Crabos et al., 1991; Wang ct al., 1993; Wang ct

al., 1995). While these studies indicate specific isozyme activation following platelet

activation with different stimuli, definitive information is lacking on the identity of the

specific PKC isozymes responsible for anbp3 regulation. Furthermore, although several

signalling molecules have been identified as downstream targets of PKC in platelets,

including pleckstrin and myrisoylated alanine-rich C kinase substrate (MARKS), their role

in inside-out signalling has yet to be identified.

In addition to the wealth of evidence implicating PKC as a critical component of

the inside-out signalling cascade in platelets, there is increasing evidence to support a role

for PKC in downstream (outside-in) signalling events linked to integrin (XiibP.i ligation and
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a
platelet aggregation (Shattil el al., 1994). For example, platelet integrin a.\\$i engagement

M

is known to mediate platelet spreading on fibrinogen and to induce tyrosinc

phosphorylation of the focal adhesion kinase, pp!25FAK. PKC has been shown to play an

important role in both of these processes. Pharmacological inhibitors of PKC activation

were found to inhibit both platelet spreading and FAK phosphorylation on fibrinogen

(Haimovich et al., 1996). It has also been demonstrated that platelet spreading on

fibrinogen and FAK phosphnrylation can be blocked using the ADP scavenging enzyme,

apyrase (Haimovich et al., 1993). Treatment of platelets with PMA, which directly

activates PKC, was found to effectively restore platelet spreading on fibrinogen and FAK

phosphorylation in apyrase treated platelets (Haimovich et al., 1996). Furthermore, it was

recently demonstrated that PKC inhibition abrogates platelet adhesion and spreading on a

vWf matrix under both static and flow conditions thus establishing a critical role for PKC

in promoting integrin otnbP.-? activation on the surface of piatclets adhering to vWf (Yap et

al., 2000).

1.12.4 Pleckstrin (p47) and MARCKS.

Pleckstrin is a major PKC substrate found in platelets and other haematopoietic

cells. In most cases, phosphorylation of the 47 kDa substrate of PKC (p47) accompanies

platelet secretion and aggregation (Hasiam ct al.. 1979). Two functionally important

domains have been identified in pleckstrin, a nleckstrin homology (PH) domain, which is

believed to target pleckstrin binding to phosphoinositides, G-proteins, and PKC; and the

DEP-domain which is thought to regulate GTP-GDP exchange by Ras-Iikc molecules

(Pouting and Benjamin, 1996). Following platelet activation, pleckstrin is thought to

interact directly with the a.Uivated forms of PKC through its PH domain (Zhang et al.,

1996). Once bound, PKC may phosphorylatc pleckstrin on three closely localised residues

(Seii 13, Thrl 14, and Scrl 17), enabling it to localise to membranes where its DEP domain
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'* is proposed to regulate GTP-GDP exchange on one or more Ras-likc molecules. While Ras

1 proteins appear to have a role in a\\\,fa activation, it is unujar if they have a positive or

j negative effect on ocnbf̂  activation process. For example, in (XiibfK transfected CHO cells

R-Ras activates OL\n$i whereas H-Ras suppresses activation (Gabbcta ct al., 1996; Hughes

et al., 1997). The strongest evidence to date that pleckstrin can promote cxm,^ activation is

derived from the study of a patient with a mucutancous bleeding disorder who showed

, impaired platelet aggregation and secretion associated with a reduced pleckstrin

phosphorylation (Gabbcta ct al., 1996). Another PKC substrate in platelets is a protein

called myristoylated alanine-rich C kinasc substrate (MARCKS). MARCKS has been

\ shown to bind and cross-link actin filaments in platelets (Elzagallaai et al., 2000), and
r-

although to date MARCKS has only been implicated in the platelet secretion pathway, this

does not exclude a role for MARCKS in inside-out signalling. MARKS and pleckstrin

' have different phosphorylation profiles, implying different functions for the two signalling

proteins.
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Methods.

: 2.1 Blood Collection and Preparation.

'< 5 For all s tudies b lood w a s col lec ted by venesec t ion from the antecubital vein of

« healthy vo lun tee rs w h o had not taken any anti-platelet medica t ion in the preced ing

' fortnight. For washed platelet preparations, blood was collected into acid-citrate-dextrose

(ACD) anticoagulant containing 100 mM theophyllinc For whole blood studies, blood was
i
i

! •, collected into either 15 mlvl trisodium citrate or 200 U/ml of the oc-thrombin inhibitor,

hirudin. Blood was kept at room temperature without agitation and was used within the

four hours following collection.

2.1.1 Preparation of Washed Human Platelets.

Whole blood was drawn into syringes containing a 1:10 ratio (v/v) of acid-citrate-

dextrose (ACD) anticoagulant containing theophyllinc [90 mM sodium citrate, 70 mM

citric acid, 140 mM dextrose, 100 mM theophyllinc, pH 4.6]. Platelet Rich Plasma (PRP)

was isolated from whole blood by centrifugation of anticoagulated blood at 200 x g for 30

minutes. Platelets were isolated by further centrifugation of PRP at 2,000 x g for 10

minutes. The platelet pellet isolated by this procedure was then resuspended in one-tenth of

the original whole blood volume in Platelet Washing Buffer (PWB) [4.3 mM Na2HPO4,

24.3 mM NaH2PO4, pH 6.5, 113 mM NaCl, 5.5 mM glucose, 0.5% (w/v) bovine serum

albumin (BSA) and 10 mM theophyllinej. Immediately priorto use, platelets in PWB were

pelleted by centrifugation at 2,000 x g for 10 minutes, resuspended in modified Tyrode's

4 buffer [10 mM HEPES, pH 7.5, 12 mM NaHCO3, 137 mM NaCl, 2.7 M KC1, 5 mM
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glucose] supplemented with 1 mM CaCh or 1 mM EGTA and I mM MgCh, where

indicated, and equilibrated for 10 minutes at 37°C.

2.1.3 Preparation of Washed Red Blood Cells.

After isolation of PRP (section 2.1.1), the remaining red blood cell (RBC) pellet

was washed three times in RBC washing buffer [140 mM NaCl, 10 mM HEPES, pH 7.4, 5

mM glucose]. The RBC's were resuspended in an equal volume of RBC washing buffer

and pelleted by centrifugation at 2000 x g for 10 minutes. The washed RBC suspension

was supplemented with 0.025 U/ml apyrase (ADPasc activity), and 1 U/ml of the o-

thrombin inhibitor, hirudin, to remove and ADP and/or thrombin that may have been

generated during RBC washing procedure.

2.1.5 Preparation of Human Strum.

Whole blood was collected into glass tubes in the absence of anticoagulant or

platelet inhibitors, and allowed clot at 37°C for 3 hours. The fibrin rich clot was then

removed manually from the tube using a thin wooden taper, and the supernatant was

clarified of any remnant cells and debris by centrifugation at 2000 x g for 10 minutes. The

resulting serum was heat-inactivated at 56°C for 30 minutes, to denature complement

enzymes and thrombin. Heat inactivated human scrum was cooled and stored in small

aliquots at -20°C. Adhesive matrices in all experiments were blocked with 10% serum in

Tyrodc's buffer supplemented with 50 |ig/ml of phenylmethylsulphonyl fluoride (PMSF)

to inhibit residual thrombin activity.

(A

A
'•-Si
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2.2 Preparation of Adhesion Proteins.

2.2.1 Purification of von Willebnind Factor (vWf).

von Willcbrand factor was purified from human plasma according the method of

(Montgomery and Zimmerman, 1978). Cryoprecipitate was produced from 20 litres of

pooled human plasma, by initially freezing the plasma at -70°C and then allowing it to

thaw at 4°C over 24 - 36 hours. The insoluble cryoprecipitate formed at 4°C was pelleted

by centrifugation at 15000 x g for 1 hour at 4°C and dissolved at one-tenth of the original

plasma volume in Tris-saline buffer containing protease inhibitors [20 mM Tris, pH 7.2,

150 mM NaCI, 1 mM EDTA, 10 mM benzamidincj. Lipoprotcins were removed from the

cryoprecipitate by density centrifugation, 25% (w/v) sucrose was added to the resuspended

cryoprecipitate and this was then centrifuged at 100,000 x # for 60 minutes at room

temperature. Using this method, the relatively low-density lipoprotein fraction was

concentrated in the upper layer of the supernatant and was easily decanted from the

clarified cryoprecipitate. The clarified solution was loaded onto a Tris-saline equilibrated

Sepharose CL-6B size exclusion column and elutcd with Tris-saline buffer. Multiple 20 ml

fractions of cluent were collected and analysed for the presence of vWf antigen using

ristocetin-inducecl washed platelet aggregations (fig. 2.1a) followed by SDS-PAGE

analysis (fig. 2.1b). The purest fractions (determined by SDS-PAGE analysis) showing the

greatest vWf activity were pooled and concentrated using a YM-30 membrane to a final

concentration of approximately 100 |ig/ml. Small aliquots (1 ml) were stored at -20°C

prior to use. The multimeric composition of different purified vWf preparations was

periodically assessed by native SDS-agarosc gel to exclude any differences between

preparations.

54



r

Figure 2.1 Analysis of purified vWf

vWf was purified from clarified human cryoprecipitate by size-exclusion chromatography using Tris-saline equilibrated sepharose CL-2B. 200 x

20 ml fractions were collected and the functional activity of eluted fractions was determined in ristocetin-induced platelet aggregation assays (a).

The purity of active fractions was ascertained by SDS-PAGE (b). Purified vWf bands and contaminating fibrinogen bands are indicated.
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2.2.2 Purification of Fibrinogen.

Fibrinogen was purified from human Plasma using the method of (Jackobscn,

1970). Initially vWf and fibroncclin were removed by adding 250 ml of 6 M P-alaninc

drop-wise to 1 litre of human plasma while stirring continuously for 60 minutes at room

temperature. The resulting precipitate was then pelleted by ccntrifugation at 2,000 x £ for

30 minutes. The pellet was discarded and a further 375 ml of 6 M P-alanine was stirred

into the remaining supernatant for 30 minutes to precipitate fibrinogen from the solution,

and this was then centrifuged at 5,000 x g for 30 minutes. The supernatant was discarded

and the fibrinogen enriched pellet was resuspended in 250 ml of Buffer A [20 mM Tris, pH

7.4, 150 mM NaCi, 25 ng/ml PMSF, 1 mM benzamidine, 10 mM e-amino-n-caproic acid].

Fibrinogen was re-precipitated from the Buffer A solution by adding 750 ml of 6 M p-

alanine and stirring overnight at 4°C. The fibrinogen was again pelleted by ccntrifugation

at 5,000 x g for 30 minutes, and resuspended in another 250 ml of Buffer A. Prior to use,

the fibrinogen preparation was dialyscd against Buffer B [20 mM Tris, pH 7.4, 150 mM

NaCl] for 24 hours at 4°C. The purity of the fibrinogen was assessed by SDS-PAGE, and

the functional activity of the preparation was determined using a clotting assay as well as

platelet spreading and aggregation assays. SDS-PAGE of the purified fibrinogen showed

three bands with molecular weights of 66.5, 52.5 and 46.5 kDa corresponding to the Aa,

B(3 and y subunits of fibrinogen respectively (fig. 2.2) (Doolittle et al., 1979).

2.2.3 Preparation of Purified Collagen.

Type 1 fibrillar collagen was prepared using a modified method of (Cazanavc,

1983). 2.5 mg/ml (w/v) of lyophiliscd type 1 fibrillar collagen derived from equine tendon

was reconstituted in 3% acetic acid (v/v) overnight at 4°C, and the resulting highly

paniculate solution was homogenised on ice using a tissue homogeniser equipped with a
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Figure 2.2 Analysis of purified fibrinogen

Fibrinogen was purified from pooled plasma samples. Image of purified fibrinogen subjected to SDS-PAGE under reduced and non-reduced

conditions illustrating bands corresponding to intact fibrinogen molecule and the individual Aa, Bp and y chains.
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fine cutting blade. The homogenate was centrifuged at 3000 x # at room tcniperalure to

remove remnant paniculate material and the supernatant stored at 4CC until further use.

2.3 Analysis of Purified and Cellular Proteins.

2.3.1 Estimation of Protein Concentration.

Protein concentrations were measured using the Bio-Rad protein assay described by

(Bradford, 1976). Absorbance readings at a visible light wavelength of 595 nm were

measured using spectrophotometry, and compared to standard curves prepared from known

concentrations of BSA.

2.3.2 Sodium Dodecyl Sulphate Polyacrylamide Gei Electrophoresis (SDS-PAGE).

SDS-PAGE protein analysis was performed according to the method of (Laemmli,

1970) using a Bio-Rad Mini-Protean II dual slab gel apparatus. A 7.5 % resolving ge!

consisting of; 0.375 M Tris-HCl, pH 8.8, 0.1% (w/v) SDS, 7.5% (w/v) acrylamide:bis-

acrylamidc (30:0.8), 0.7 mg/ml ammonium persulphate and 1.0% (v/v) TEMED, was

prepared and poured into the gel casting apparatus. This was overlaid with distilled water

and allowed to set for 30 minutes. A stacking gel consisting of; 0.125 M Tris-HCi, pH 6.8,

0.1% (w/v) SDS, 4% (w/v) acrylamide:bis-acrylamide (30'O.S), 0.7 mg/ml ammonium

persulphate, 1.0% (v/v) TEMED, was poured over the preset resolving gel in the presence

of a gel comb and allowed to set for 30 minutes. Protein samples were mixed with an equal

volume of 2X reducing buffer [0.5 ml of 0.25 M Tris-HCl, pH 6.8, 0.2 ml glycerol, 0.6 ml

of 25% SDS (w/v), 0.04 ml of 0.05%) bromop.iencl blue, 0.1 ml P-mercaptoethanol], and

boiled at 100°C for 5 minutes to denature the proteins. The boiled protein samples were

then loaded into individual wells of the stacking gel and were resolved in the presence of
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SDS-PAGE running buffer [25 mM Tris, pH 8.7, 192 mM glycinc and 0.1% (w/v) SDS] at

a constant voltage of 200 volts (variable current), for 45 minutes.

2.3.3 Coomassic Brilliant Blue Staining of SDS-PAGE Gels.

To visualise protein bands, SDS-PAGE gels were bathed in Coomassic Brilliant

Blue staining solution [10% (v/v) acetic acid, 25% (v/v) mcthanol, 0.2% (w/v) Coomassic

Brilliant Blue] for 15 minutes. Following Coomassic Brilliant Blue staining, the gels were

washed in a destain solution [ 10% (v/v) acetic acid, _5% (v/v) methanol] until only protein

bands were stained with Coomassic Brilliant Blue and areas of the gel not containing

protein material were clear. The gels were washed in water to remove acetic acid and dried

onto blotting paper under vacuum.

2.4 Studies with Platelets in Suspension.

2.4.1 Platelet Aggregation Assays.

Washed human platelets were resuspended in 400 [i\ Tyrode's buffer containing 1

mM CaCb at a final concentration of 3 x 108/ml prior to stimulation. For vWf

aggregations, 20 u.1 of each fraction elutcd from the size exclusion column were added to

the final platelet suspension and aggregation was initiated by the addition of 1 mg/ml

ristocetin in the presence of stirring (950 rpm) at 37°C. Aggregation was monitored for 10

minutes. In agonist-induced aggregation studies, a final concentration of 0.5 mg/ml of

purified fibrinogen was included in the washed platelet suspension and aggregation was

initiated by stimulation with 12.5 JLIM ADP, 200 nM PMA or 5 (Xg/ml acid soluble type I

collagen. Thrombin (I U/ml) induced platelet aggregation studies were performed in the

absence of fibrinogen. The extent of platelet aggregation was expressed arbitrarily as the
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percentage change in light transmission, as measured by an automated platelet aggregation

analyser, were an increase in light transmission correlates with a reduction in single

platelet count in the platelet sample.

2.4.2 Pleckstrin Phosphorylation Assays.

Washed platelets were resuspended in phosphate free Tyrodc's buffer

supplemented with 10 mM theophylline and loaded for 2 hours with 0.5 |.iCi of [32P]-Pj.

They were then washed three times to remove unincoiporatcd radioactive label. [32P]-Pj-

labclled platelets were then incubated with the indicated concentrations of c7E3 Fab,

GF109203X or Apyrase, before stimulation. In suspension based assays, ['i2P]-Pi-labellcd

platelets were exposed for 5 minutes to PMA or thrombin as indicated, and in adhesion

based assays, [32P]-Pj-labelled platelets were applied to a purified vWf matrix for 60

minutes as described below under static adhesion assays. Whole platelet lysates were

prepared by directly lysing the platelets in reducing buffer (supplemented with 2 mM

EDTA), and these were subjected to SDS-PAGE and autoradiography for detection of

[3~P]-Pi incoipoiation. Protein standards of known molecular weight were eleetrophoresed

along-side the platelet protein samples, and the sizes of unknown protein bands were

estimated in comparison to the relative mobility of the known protein standards according

to the method of (Shapiro, 1976).

'1

2.5 Static Adhesion Assays.

Static adhesion assays were performed using a modified method of (Yuan ct al.,

1997). Round glass coverslips were coated with human vWf (10 (.ig/ml) or fibrinogen (100

u.g/ml) or type I fibril Iar collagen (2.5 mg/ml) overnight at 4°C. Unbound proteins were

washed from the coverslips with Tyrode's buffer and any exposed glass was blocked with
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10% human serum for 30 minutes at room temperature. Excess blocking solution was also

removed by washing with Tyrodc's buffer. Washed piatelcts (1 x 107/ml) were allowed to

adhere and spread on the matrix for 60 minutes under static conditions in Tyrodc's buffer

supplemented with lmM CaCN + 1 mM MgCh and l|Ag/ml PAC-1. In some studies,

platelets were incubated with the anti (33 antibody, c7E3 Fab (20 u.g/ml), the membrane

permeable calcium dictators EGTA-AM (100 ^iM), BAPTA-AM (100 uM) or DM-

BAPTA,AM (30 or 100 (.iM), or the protein kinase C inhibitors GF1O92O3X (0 - 500 nM)

or Calphostin (0 - 500 nM), for 30 minutes prior to exposure to vWf or collagen coated

cover slides. In experiments examining the activation of integrin am,^, platelets were

allowed to adhere and spread in the presence of the activation specific integrin ctmfij

antibody, PAC-1 (1 mg/ml). Non-adherent platelets were aspirated at the end of the

incubation period and the remaining adherent platelets fixed for I hour in 3.7 %

formaldehyde. Fixed platelets were then stained for 30 minutes with FITC-conjugated

secondary antibody and then mounted in Permafluor. The morphology of adherent platelets

and the expression of platelet proteins were examined by DIC microscopy and

fluorescence microscopy, respectively, using a Lcica TCS-SP coufocal microscope (63x

water objective). For siatic adhesion assays involving calcium measurement, platelets were

loaded with the calcium indicator dyes Oregon Green 488 BAPTA-1, AM (1 (.tM) and Fura

Red, AM (1.25 f-tM), for 30 minutes at 37°C, and monitored by confocal microscopy as

described in section 2.7.1 below.

2.5.2 Indirect Immunofluorescence Studies.

To examine the expression of surface proteins in suspended platelets, washed

piatelcts were resuspended in Tyrode's buffer containing cither 1 mM CaCh or 1 mM

EGTA/MgCh and primary antibodies against the active conformation of (X\\\$i (PAC-1, 2
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u.g/ml), or the GPlba subunit (WM-23, 1 |Ag/ml), and were then stimulated with ADP,

thrombin, PMA or collagen. After 5 minutes platelets were fixed in 3.7% formaldehyde for

30 minutes and washed twice with Tyrode's buffer to remove excess PAC-l. They were

then incubated with FITC-conjugatcd sheep anti-rabbit or goat anti-mouse secondary

antibody (1 }.ig/ml) for 30 minu';s at room temperature. After removal of unbound

secondary antibody, platelets were washed in phosphate buffered saline (PBS) + \% BSA

I'Mbefore being subjected to FACS analysis using a Bccton Dickinson FACScalibur ' flow

cytometer (BD Immunocytometry systems, San Jose, CA).

2.6 In Vitro Perfusion Studies.

2.6.1 Coating of Microcapillary Tubes with Adhesive Proteins.

For /'/; vitro flow studies, glass microcapillary tubes were coated with 100 u.g/ml of

human vWf (hvWf) or with 2.5 mg/ml type I fibrillar collagen overnight at 4°C. Unbound

protein was removed by flushing the microcapillary tubes with Tyrode's buffer. Any

remaining uncoatcd glass surface was blocked with 10 % human serum for 30 minutes at

room temperature. Excess human scrum was again washed away by flushing the

microcapillary tube with Tyrode's buffer. For whole blood studies, microcapillary tubes

were left unblocked as it has been previously shown thai platelets in whole blood do not

adhere to glass under flow (Savage et al., 1998).

2.6.2 Labelling Platelets with DiOC,, in Whole Blood.

DiOQ, is a non-specific lipid dye belonging to the family of short (Ci-Q,) alkyl

chain carbocyanines. When added to whole blood it incorporates into all phospholipid-

containing membranes and emits green fluorescence when excited at 488 nm. However,
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the haemoglobin found in RBCs acts as a fluorescence quencher (Savage et al., 1998) and

thus, in whole blood, only platelets and leukocytes appear fluoresccntly labelled. In our

experiments, anticoagulated whole blood was incubated with 1 JLIM of DiOQ, for at least

10 minutes prior to use.

2.6.3 Platelet Adhesion to Purified Matrices.

In vitro flow-based adhesion studies were performed according to a modified

method of (Cooke et al., 1993). Washed platelets reconstituted in 50 % RBCs and 50 %

Tyrodc's buffer (supplemented with CaCb or EGTA/MgCh and with platelet protein

specific antibodies where indicated), or DiOC6 labelled whole blood was perfused through

microcapillary tubes coated with either human vWf or type 1 collagen at a defined shear

rate of 1800 s"1. Non-adherent cells were removed by washing the tubes with excess

supplemented Tyrode's buffer. Platelet adhesion was visualised in real time by differential

interference contrast (D1C) microscopy using a 63x water objective (DiMIRB Leica

microscope), and video-recorded for off-line analysis. In the indicated experiments,

washed platelets were incubated with"DM-BAPTA,AM (100 JLIM), NP-EGTA,AM (10

\xM) or GF109203X (0.2-0.5 |iM) for 30 minutes at 37°C, prior to reconstitution with red

blood cells.

In control experiments, the effect of blocking integrin ocnbP.-? (with a 20 jLig/ml of

c7E3 Fab or 500 nM aggrastat, for 10 minutes) on the ability of platelets to tether to vWf

was also examined. In all cases inhibition of integrin aiibP.i abolished stationary adhesion

formation but did not affect the ability of platelets to tether to vWf.
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2.6.4 Examination of Platelet Thrombus formation.

For thrombus studies, washed platelets were reconstituted with autologous RBC's

(50% haematocril) and plasma (anticoagulatcd with hirudin 200 units/ml), prior to

perfusion through collagen-coated microcapillary tubes at 1800 s'1 for 5 minutes. Non-

adhcrcnt cells were removed by washing the microcapiilary tubes with Tyrode's buffer,

and thrombi fixed for 1 hour with 4% formaldehyde. Fixed thrombi were stained with

DiOQ, overnight and imaged by fluorescence confocal microscopy. To examine the effect

of cytosolic calcium chelation on thrombus growth, washed platelets were incubated with

membrnne permeable calcium chelators EGTA-AM, BAPTA-AM or DM.BAPTA-AM for

30 minutes prior to perfusion. Platelet adhesion and thrombus growth was measured by

capturing I f.im confocal sections in five randomly selected fields (x63; Leica TCS SP;

Leica, Heidelberg, Germany). 3-D reconstruction of confocal images was performed usin£

VoxBlast image analysis software, (Vaytek Inc., Fairficld, Iowa, USA) and the height and

volume of thrombi in an individual field (26,192 (.im") calculated using Image Tool

software (University of Texas Health and Science Centre of San Antonio, University of

Texas, San Antonio, Texas, USA).

2.6.5 Off-line Analysis of Platelet-matrix Interactions.

Analysis of platelet adhesion to the surface of immobilised vWf or collagen

matrices, was performed by counting the total number of platelets in five, randomly

chosen, visual fields at the indicated time points. The number of platelets tethering to the

immobilised surface was analysed frame-by-framc (50 frames/sec) over the first 60

seconds of flow. Any cell forming an adhesion contact for greater than 40 milliseconds

was scored as a tethered platelet. Stationary adhesion was defined as cells not moving

more than a single cell diameter over a 10 to 30-second time period. Translocaiion was
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defined as platelet movement greater than one cell diameter from the point of initial

attachment.

2.7 Analysis of Cytosolic Calcium.

2.7.1 In Vitro calcium assay.

For platelet calcium studies, washed platelets in PWB (1.5 x 10°/ml) were loaded

for 30 minutes at 37°C with the membrane permeable calcium indicator dyes (OG) Oregon

Green BAPTA-1 (lu.M) and (FR) Fura Red (1.25 uM) according to (Yap ct al., 2000).

The platelets were washed twice with PWB and reconstituted in Tyrode's buffer containing

either 1 mM CaCh or 1 mM EGTA/MgCli and 50 % washed red blood cells prior to their

application to coverslides under static conditions or perfusion through vWf-coatcd

microcapillary slides. Both of these compounds are calcium binding fluorescent dyes. The

excitation wavelength of both dyes is 488 nm but each has a different emission spectra,

500 - 570 nm for OG and 600 - 710 nm for FR which allows detection of emitted

fluorescence in two different channels. Increased calcium binding to OG as a result of

elevated cytosolic calcium levels leads to an increase in green fluorescence intensity, while

FR decreases in fluorescence intensity upon calcium elevation. The resulting ratio of OG

relative to FR fluorescence can be calculated and used as an indication ofcytosolic calcium

levels in adherent ceils. Basal calcium levels in resting platelets were obtained by

analysing -200 dye-loaded platekts resuspended in Tyrode's buffer containing 1 mM

CaCI? prior to adhesion to reactive surfaces.

Platelet calcium flux in adherent platelets was monitored by recording the first 3

minutes of flow as sequential 37.5-second series (0.586 frames per second capture rate) by

confocal microscopy. The fluorescence intensities in the OG and FR channels were

analysed in a population of cells using MCIO image analysis software OG/FR ratios were
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calculated. Fluorescence ratios were then converted to relative cytosolic calcium

concentration units according to equation 1,

2+
A[Ca-+]c = 170 x (R-RinJ/(Rnux-R) x (Fnias/Fmin) <&,.,,

2+where 170 = K{\ of Oregon Green Ca" binding; R = fluorescence ratio; Rmax and Rm\n

represent the fluorescence ratio of platelets that have been incubated with 50 |LiM A23187

+ 10 mM CaCl2 or 70 uM DM-BAPTA,AM + 2 mM EGTA, respectively; /<mill and Fmmax

represent the mean fluorescence values (arbitrary units) of Oregon Green BAPTA-1

fluorescence for RnuK and Rmin respectively. The calculated calcium flux are designated

2+AfCa' ]c to indicate that all calcium concentration estimates are relative to a zero point set

by DM-BAPTA calcium chelation. Changes in OG/FR ratios were also analysed in single

adherent platelets using TCS-NT Leica confocal software. In the indicated experiments,

washed platelets were incubated with DM-BAPTA.AM (100 uM) or GF109203X (0.2-0.5

f.iM) for 30 minutes at 37°C, or with the sarco-endoplasmic reticulum calcium ATPase

inhibitor, thapsigargin (25 nM) for 2 minutes prior to reconstitution with red blood cells.

2.7.2 NP-EGTA 'Caged Calcium' Assay.

In experiments examining the effect of transient calcium release on platelet

adhesion, Oregon Green BAPTA-1/Fura-Rcd loaded platelets were incubated for a further

30 minutes at 37°C with the UV-sensitive caged calcium chclator, NP-EGTA (10U.M)

(Molecular Probes) as per (Nesbitt et al., 2002). These platelets were perfused through

v\Vf-coatcd microcapillary tubes as described above, and the release of caged calcium

induced by transient exposure to near UV (300-400 nm) light generated by a 100W Hg

lamp, directed through the optical path of a Lcica DMIRBE confocal microscope, for an
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interval of 0.6seconcls as described by (Ncsbitt et al., 2002). The calculated calcium flux

arc designated A[Ca"+]i to indicate that all calcium concentration estimates arc relative to a

zero point set by DM-BAPTA calcium cbclation. Prior to UV stimulation, NP-EGTA

loaded platelets exhibited translocation and adhesive properties equivalent to untreated

controls. Control studies were carried out with unloaded control platelets and demonstrated

that the brief (0.6-s) UV exposure did not lead to photodynamic damage or activation of

the platelets under How.

2.7.3 Determination of Calcium in Platelets Interacting With Preformed Thrombi.

Microeapillary tubes were coated with type 1 equine tendon fibrillar collagen (2.5

mg/ml) overnight at 4°C as described above. Platelet thrombi were allowed to form on

collagen following perfusion of washed platelets reconstituted with autologous red blood

cells (50% haematocrit) and plasma for 10 minutes at 1800 s"1. Washed platelets loaded

with the calcium responsive dyes Oregon BAPTA and pura Red were then perfused

through the microeapillary tubes subsequent to thrombus formation. A single con focal

section approximately 1 f.un deep was taken at least 10 \xm from the collagen matrix

surface. The first 3 minutes of platelet flow within this focal plane was captured as a

sequential 37.5-s series (0.586 frames per second capture rate) and analysed off-line using

Leica Physiology software.
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Chapter 3.

Absolute Requirement for Cytosolic Calcium Flux for Platelet Integrin

pjt Activation.

3.1 Introduction.

The level of platelet activation at sites of vascular injury is influenced by three

main determinants: the nature of the adhesive substrate; the presence of soluble co-stimuli;

and the level of haemodynarnic force experienced by the cell. Regardless of the nature of

the primary platelet stimulus, a characteristic feature of platelet activation is an increase in

the cytosolic calcium concentration, which has been shown to correlate with platelet

secretion, spreading and aggregation. Despite the vast number of enzymatic pathways that

can contribute to the process of platelet activation, most platelet agonists known to induce

platelet aggregation generally induce some level of calcium mobilisation (Cavallini and

Alexandra, 1994; Crabos et al., 1992; Dalla Via et al., 1996; Rosado and Sage, 2001: Sloan

and Haslam, 1997). Despite the wealth of evidence supporting a key role for cytosolic

calcium in regulating integrin (XubPs activation, there are a number of reports suggesting

the involvement of calcium-independent pathways in this process, r̂ or example, several

studies utilising intracellular calcium chclators (Haimovich et at 1996; Jen et al., 1996;

Kuwahara et al., 1999; Quinton ct al., 2002a; Rotondo et al., 1997), have concluded that

cytosolic calcium is not essential for integrin anhP.i activation induced by soluble agonists.

Moreover, calcium-independent integrin ocribP.i activation has been described in several

studies following stimulation with various combinations of Gi and Gq-protcin coupled

receptor agonists (Pulcinclli et al., 1998; Rotondo ct al., 1997; Watson and Hambleton,

1989). More recently it has been demonstrated that platelets from Gaq-knockout mice
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undergo shape change and microaggrcgatc formation in the absence of a measurable

calcium response (Ohlmann et al., 2000). In this chapter a con focal-based imaging

technique was used to examine the hypothesis that cytosolic calcium is absolutely critical

for integrin (Xnbfo activation in response to soluble agonist and adhesive matrix stimulation

in vitro.

3.2 Effect of Cytosolic Calcium Chelation on Agonist-Induced Integrin

Activation.

The absolute requirement for cytosolic calcium to support integrin CL\\\^ activation

was investigated initially in suspension-based platelet activation assays. In these studies,

platelets were pre-treatcd with dimethyl-BAPTA,AM (DM-BAPTA,AM), a membrane

permeable calcium chclating compound that has previously been shown to be a potent

inhibitor of integrin OLmfii activation and platelet aggregation (Jen et al., 1996; Paul et al..

1999). These platelets were then stimulated with soluble agonists in a four-channel

aggregometer. Initially, the concentrations of DM-.BAPTA,AM required to inhibit integrin

hP} activation and platelet aggregate formation induced by weak (ADP and low dose

(0.01 U/ml) thrombin) or strong soluble agonists (high dose (I U/inl) thrombin) were

examined. Integrin am,P3 activafion was assessed in two ways: indirectly, by the ability of

platelets to form macroscopic and microscopic platelet aggregates, and directly, by the

ability of platelets to bind the activation-specific monoclonal antibody to integrin ain,[3.7,

PAC-1. As demonstrated in figure 3.1a and b, 30 /iM DM-BAPTA,AM inhibited platelet

aggregation induced by ADP (12.5j.iM) and low dose (0.01 U/ml) thrombin by >90%, but

had minimal effect on platelet aggregation induced by high dose (1 U/ml) thrombin (fig.

3.1c). Increasing the concentration of DM-BAPTA,AM to lOOjitM completely abolished

macroscopic and microscopic platelet aggregation induced by ADP and low dose thrombin
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Figure 3.1 Effect of chelnting cytosolic calcium on thrombin and ADP induced

intcgrin anbP^ activation and platelet aggregation.

Washed platelets were treated with (i) vehicle (0.25% Mc^SO), (ii) 30j.iM DM-

BAPTA,AM (dm-B) or (iii) 100f.iM DM-BAPTA,AM, prior to stimulation with (a)

12.5 uM ADP, (b) 0.01 U/ml thrombin or (c)l U/ml thrombin. Platelets were stirred

continuously for 10 minutes at 37°C and the rate and extent of aggregation monitored

in real-time using a four-channel platelet aggregometer. The aggregation tracings are

from one experiment representative of four individual experiments. At the end of 10

minutes stimulation, platelets treated with 100f.iM DM-BAPTA,AM were fixed in 1%

paraformaldehyde and imaged by fluorescence con focal microscopy. Red staining

indicates the binding of WM23 mAb to GPIb and green staining indicates binding of

PAC-1 mAb to activated
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(fig. 3.1a & b aggregation tracings), and abolished PAC-1 binding to individual cells (fig

3.1a & b fluorescence images). DM-BAPTA,AM (100/iM) was also found to effectively

inhibited large aggregate formation in response to high dose thrombin stimulation,

however, small aggregates (micro aggregates of typically 10-20 cells) still formed and a

high proportion of cells in these aggregates stained strongly with PAC-1 (fig 3.1c

fluorescence images). These studies suggest that cytosolic calcium is important for platelet

aggregation in response to soluble agonist stimulation and are consistent with previous

studies demonstrating that DM-BAPTA,AM is a potent inhibitor of integrin

activation in suspension-activated platelets (Jen ct al., 1996; Paul et til., 1999). However,

the persistence of PAC-1 binding and microaggrcgatc formation in DM-BAPTA,AM

(100(.iM) treated platelets in response to high dose thrombin (1 U/ml) (fig. 3.2a), raises the

possibility that ocnbfo activation in some platelets in response to thrombin occurs through a

calcium independent mechanism. Alternatively, calcium in these cells may not have been

completely chelated with DM BAPTA,AM.

A potential concern associated with loading platelets with high concentrations of

DM-BAPTA,AM is that hydrolysis of the AM-ester by cytosolic esterases results in the.

release of acetic acid and formaldehyde in the cell cytosol. This may result in cell toxicity

and consequently to non-specific inhibition of platelet activation. However, two lines of

evidence suggest that the ef'ects of DM-BAPTA,AM (100 u.M) are likely to be due to

calcium chelation, rather than a non-specific inhibitory effect of these metabolites. First,

stimulating DM-BAPTA,AM-treated platelets with calcium ionophore A231S7 (200 nM),

induced platelet aggregation and PAC-1 binding to the surface of platelets treated with 100

j.iM DM-BAPTA,AM (fig. 3.2a). Second, the same concentration (100 f.iM) of lower

affinity membrane-permeable calcium chelators, EGTA-AM (Kd 268 versus Kd 40 nM for

DM-BAPTA.AM) did not inhibit platelet aggregation induced by high dose (1 U/ml)
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Figure 3.2 Reversibility of the cytosolic calcium chelators DM-BAPTA,AM, EGTA-AM and BAPTA-AM by platelet

stimulation with calcium ionophore or high dose thrombin.

(a) Washed platelets were treated with vehicle (0.25% Me2SO) or 100 uM DM-BAPTA,AM (dm-B), prior to stimulation with 200 nM

calcium ionophore (A23187). In (b) platelets were treated with (0.25% Me2SO) or with 100 uM of either EGTA-AM or BAPTA-AM

prior to stimulation with 1 U/ml thrombin. Platelets were stirred continuously for 10 minutes as described in figure 3.1. The

aggregation tracings are from one experiment representative of four individual experiments. At the end of 10 minutes stimulation,

platelets treated with lOOuM DM-BAPTA,AM were fixed in 1 % paraformaldehyde and imaged by fluorescence confocal microscopy.

Red staining indicates the binding of WM23 mAb to GPIb and green staining indicates binding of PAC-1 mAb to activated anbp3 (a-

fluorescence image).
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thrombin (fig. 3.2b). Identical results were observed using high concentrations (100 j.iM) of

another cytosolic calcium chclator BAPTA-AM (Kd = 160 nM) (data not shown). These

studies demonstrate a key role for cytosolic calcium during integrin ttnbP? activation in

response to soluble agonist stimulation.

3.3 Effect of DM-BAPTA,AM on Platelet Adlwsion and Integrin anbp3 Activation

Induced by vWf and Collagen.

Next the requirement for cytosolic calcium flux for integrin aiibP:, activation in

response to stimulation by adhesive matrices was examined. In these studies, flow based

adhesion assays were performed on vWf and collagen matrices, using DM-BAPTA,AM-

treated platelets. Integrin ccnbPs activation in these studies was assessed in by the ability of

platelets to form stationary adhesion contacts with immobilised vWf and more directly, by

the ability of platelets to bind PAC-1 following exposure to vWf or collagen.

To examine the requirement for cytosolic calcium for platelet adhesion to vWf,

washed platelets were treated with vehicle (0.25% Me2SO) or DM-BAPTA,AM (30 or 100

(.iM), then reconstituted with washed red blood cells (50% haematocrit) and perfused at

1800s"1 over purified vWf (100 fig/ml). Platelet adhesion was quantified by counting the

mean number of tethered platelets in five random fields, and stationary adhesion was

defined as platelets moving less than one cell diameter for a period of at least 10 seconds.

Figure 3.3a shows the level of platelet tethering and figure 3.3b shows the level of

stationary adhesion formation of vehicle and DM-BAPTA,AM-treated platelets perfused in

the presence of PAC-1 antibody (Img/ml), over an immobilised vWf matrix. Pcrfusion of

vehicle treated platelet? over a vWf matrix at 1S00 s'1 demonstrated that 30 % of the

tethered platelet population was able to form stationary adhesion contacts with the vWf

matrix and to bind PAC-1 (fig. 3.3c), indicating that integrin an-P.i is activated in
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Figure 3.3 Effect of iielating cytosolic calcium on platelet adhesion and integrin

hP.i activation on v\Vf under »: w.

Washed platelets (1 x 107 cells/niP, were treated with vehicle (0.25% M.e2SO), 30 (.iM

-i
or 100 nM DM-BAPTA,AM (dm-B) and then perfused at 1800 s" through vWf-

coated (100 ug/ml) microcapillary tubes in the presence of PAC-1 antibody (1 |ag/ml)

for 2 minutes. The number of platelets tethering over the first 90 seconds of flow was

detennined (a). Individual tethered platelets were monitored for a further 30 seconds

and the percentage of platelets forming stationary adhesion contacts for a period of at

least 10 seconds was detennined in five random fields (b). The results represent the

mean ± SEM from three separate experiments, and are expressed as a percentage

relative to the results obtained from control platelets. Non-adherent cells were washed

from the microcapillary tubes and irreversibly adherent platelets were fixed, labelled

with a FITC-conjugated secondary antibody to PAC-1 and imaged by differential

interference contrast (DIC) and fluorescence microscopy, (c) DIC images of vWf

adherent platelets and fluorescence images showing PAC-1 binding to single vWf-

adhcrent platelets.
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stationary platelets. Both 30 and 100 uM DM-BAPTA,AM, totally abolished the ability oi'

platelets to form stationary adhesion contacts with vWf and to bind PAC-1 (fig. 3.3b &. c),

but did not affect GP Ib mediated tethering of platelets to the matrix (fig. 3.3c). This data

demonstrates an important role for cytosolic calcium in vWf-mediatcd intcgrin «nbp\i

activation and stationary contact formation on a vWf matrix.

To investigate the requirement for cytosolic calcium for intcgrin (XiihfVi activation

by collagen, flow-based adhesion assays were performed on a collagen matrix in the

presence of the PAC-1 antibody in order to directly assess intcgrin ain,P;, activation under

these conditions. As shown in figure 3.4a, vehicle treated platelets were able to adhere to

collagen fibres under high shear conditions (1800 s"1) and to bind PAC-1, indicating that

intcgrin ocubP;, is activated in response to collagen binding. Loading platelets with 100 îM

D M - B A P T A , A \ M inhibited irreversible platelet adhesion to the collagen matrix by >95%

(fig. 3.4b). Unlike platelets perfused over a vWf matrix which remain tethered to the

matrix even in the absence of stationary adhesion formation, ihc majority of DM-

BAPTA,AM treated platelets interacted only briefly with the collagen matrix before

detaching and returning to the bulk flow. Of the remaining 5% of DM-BAPTA,AM-treatcd

platelets that retained the ability to adhere irreversibly to collagen fibres, all cells bound

PAC-1 (fig. 3.4a). Furthermore, the importance of intracellular calcium flux for pi itelct

adhesion and thrombus formation on a collagen matrix was assessed by perfusing DM-

BAPTA,AM (100 u.M) treated platelets, at high density over type 1 collagen at 1800 s '.

Figure 3.5 (a and b) demonstrates a profound inhibitory effect of DM-BAPTA,AM on

thrombus growth, suggesting an important role of cytosolic calcium during platelet primary

adhesion and thrombus formation on collagen. These results highlight the critical

importance for cytosolic calcium in promoting platelet adhesion to collagen, however, the

existence of a residua! population of collagen adherent DM-BAPTA,AM treated platelet
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Figure 3.4 Effect of DM-BAPTA,AM on platelet adhesion and intcgrin

activation in response to collagen.

Washed platelets (1 x 107 cells/ml) were treated with vehicle (0.25% Mc2SO) or 100

uM DM-BAPTA,AM (dm-B) and then perfused at 1S00 s'1 through type 1 fibrillar

collagen-coated (2.5 mg/ml) microeapillary tubes in the presence of PAC-1 antibody

(1 |ig/ml). Non-adherent cells were washed from the microeapillary tubes and

irreversibly adherent platelets were fixed, labelled with a FITC-conjugated secondary

antibody and imaged by differential interference contrast and fluorescence

microscopy, (a) DIC images of platelets adherent to collagen fibres under flow and

fluorescence images showing PAC-1 binding to single collagen-adherent platelets, (b)

The percentage of platelets forming stationary adhesion contacts was detennined in

five random fields. The results represent the mean ± SEM from three separate

experiments, and are expressed as a percentage relative to the results obtained from

control platelets.

(a)
DIC PAC-1 100i



Figure 3.5 Effect of DM-BAPTA,AM on platelet thrombus formation on

immobilised collagen under flow.

Washed platelets (1 x 107 cells/ml) were treated with vehicle (0.25% Mc2SO) or 100

|.iM DM-BAPTA,AM (dm-B) as indicated prior to perfusion through collagen-coated

microcapillary tubes at 1800 s"1 for 5 minutes as described in section 2.6.4. Platelet

thrombi formed after 5 minutes were subsequently imaged by confocal microscopy

and reconstructed using image analysis software, (a) The upper panels show an

oblique view of the imaged area to demonstrate surface coverage, while the lower

panel shows a side view to demonstrate differences in thrombus height, (b) Total

thrombus volume in the field of interest was calculated using image tool software.

The results represent the mean ± SEM from four separate experiments. In (c), washed

platelets were treated with either 0.25% Me2SO (i and ii) or 100 (.iM DM-B (iii and

iv). Platelet aggregation assays were then performed using collagen at 5 ug/ml (i and

iii) or 0.5 ug/ml (ii and iv). Platelet aggregates were fixed in suspension and imaged

by fluorescence confocal microscopy. Red fluorescence indicates binding of WM23

to GPIb and green fluorescence indicates binding of PAC-1 to activated am>P3. The

aggregation tracings are from one experiment representative of four individual

experiments.

(a)

(c)

Time (min)

(i) 5ug/ml Collagen (iii) 5ug/ml Collagen + 100uM dm-B
(ii) 0.5ug/ml Collagen (iv) 0.5ug/ml Collagen + 100|iM dm-B



that express active (XubP.i-. suggest that cytosolic calcium may not be completely chclalcd in

all platelets, or that adhesion of this platelet population to collagen occurs through the

activation of calcium-independent mechanisms.

Given the profound inhibition of irreversible platelet adhesion to collagen upon

DM-BAPTA,AM treatment, it was not possible to directly examine integrin

activation on the majority of cells that tethered only transiently to the collagen surface. To

assess anbP? activation in response to collagen stimulation in non-adherent platelets.

suspension-based platelet aggregation studies were performed using acid-soluble type 1

collagen. As demonstrated in figure 3.5c, DM-BAPTA,AM (100 u.M) inhibited

macroscopic and microscopic aggregation induced by low dose collagen (0.5 (.ig/ml) and

completely eliminated PAC-1 binding to individual cells. In contrast, stimulation of DM-

BAPTA,AM-loaded platelets with high dose collagen (5 |.ig/ml) resulted in the formation

of small platelets aggregates (-10-20 cells) that readily bound PAC-1 (Fig 3.5c

fluorescence images). Together, these results suggest that cylosolic calcium is important to

support activation of integrin (XiibP.i in response to collagen binding.

3.4 Measurement of Cytosolic Calcium Transients during Platelet Stimulation with

Soluble Agonssts.

The observation that high dose (1 U/ml) thrombin (fig. 3.1c) induced small

aggregate formation in DM-BAPTA,AM treated cells, and that a small population of DM-

BAPTA,AM treated cells retained the ability to adhere irreversibly lo collagen fibres under

flow (fig. 3.4a), raised the possibility that DM-BAPTA,AM, even at high concentrations

(100 p-M), did not completely chelate calcium in all cells. To test this possibility,

intracellular calcium levels were measured directly in suspension-based and adhesion-

based platelet activation assays.
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To measure cytosolic calcium changes induced by soluble agonists, a con focal

based ratiometric calcium assay was used in non-stirred platelet suspensions. This assay

allows direct cytosolic calcium measurements to be made both at a population level and at

a single platelet level. In these studies, washed platelets were loaded with the calcium

indicator dyes Oregon-green BAPTA-AM and Fura Rcd-AM as described in section 2.7,

and allowed to settle onto a non-reactive surface (human serum blocked glass covcrslides)

prior to stimulation with ADP (12.5 u,M) or thrombin (1 U/ml). Population analysis of

cytosolic calcium levels in resting platelets demonstrated a mean basal calcium level of

A[Ca2+], = 50 ± 35 nM (fig. 3.6aV Figure 3.6b shows the typical non-oscillatory calcium

profile of three single representative resting platelets. Addition of ADP (12.5 JAM) resulted

in 100 % of platelets undergoing a transient calcium response (fig. 3.6c & g) peaking at

A[Ca2+l, = 1 lOOnM ± 300 nM, and returning back to basal levels within 8.5 ± 3.5 seconds

post ADP addition (fig. 3.6c). Pretrcatment of washed platelets with 100 fiM DM-

BAPTA,AM reduced the mean cytosolic calcium levels of unstimulatcd platelets to

A[Or+], < 25 nM (fig. 3.6a), and totally abolished ADP induced calcium transients (fig.

3.6d & g). This data demonstrates that 100 U.M DM-BAPTA,AM completely abolishes

calcium transients induced by ADP.

Addition of 1 U/ml thrombin resulted in 100% of platelets undergoing an elevation

in cytosolic calcium (fig. 3.6g). As shown in figure 3.6e, the calcium profiles of platelets

stimulated with thrombin were very different from that induced by A.DP. Cytosolic

calcium levels in thrombin-stimulated platelets rose rapidly to levels approaching A[Ca2+],

= 2000 nM and remained elevated for the duration of the 2 minute monitoring period. DM-

BAPTA,AM-pretrcatment of thrombin stimulated platelets abolished calcium mobilisation

in 98% of the platelet population (fig. 3.6g). Single cell calcium analysis of the remaining

2% of platelets that did undergo a calcium response, revealed that these platelets also

72



Figure 3.6 Effect of DM-B APT A,AM on thrombin and ADP induced calcium

flux in platelets.

Calcium dye loaded washed platelets were allowed to settle under static conditions

onto the surface of 10% (v/v) human serum blocked cover slides. Changes in

cytosolic calcium concentrations in vehicle (0.25% Me2SO) or 100 |.iM DM-

BAPTA,AM (dm-B) treated platelets were monitored by fluorescence confocal

microscopy. The scatter-plots in (a) show the distribution of cytosolic calcium

concentrations expressed in a platelet population in contact with the non-reactive

surface. The data presented is from one experiment representative of five individual

experiments. (Note: the mean cytosolic calcium concentration around which calcium

levels oscillate is demonstrated by the thick solid line in the scatter plots), (b) Typical

cytosolic calcium profiles of single resting platelets on serum blocked cover slides.

Typical calcium response of single platelets treated with (c and e) vehicle or (d and f)

dm-B (100 f.iM) upon addition of ADP (12.5 |.iM) (c and d) or thrombin (1 U/ml) (e

and f). The arrows mark the time of agonist addition, (g) The proportion of vehicle

and dm-B treated platelets undergoing defined calcium spikes was quantitated in the

presence or absence of ADP (12.5 uM) or thrombin (1 U/ml). The results represent

the mean ± SEM from three separate experiments, and are expressed as a percentage

relative to the results obtained from control platelets.
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expressed sustained cytosolic calcium levels, although the amplitude of the calcium

response in DM-BAPTA,AM treated platelets was much lower (peak A|Ca2+], = 500 nM)

(fig. 3.6Q than observed in control platelets. This data highlights the difference in the

cytosolic calcium responses induced by weak (ADP) and strong (thrombin) platelet

agonists. Moreover, these results suggest that DM-BAPTA,AM does not load equally

throughout the platelet population and that while it is present at saturating levels capable of

abolishing calcium flux in most platelets, a subset of platelets (-2%) loads inefficiently

with DM-BAPTA,AM and are able to express sufficient levels of calcium (~500nM) to

support integrin (XnbP.i activation and aggregation. This data supports the hypothesis that

residual platelet aggregation, and integrin ocnbp.-? activation, in thrombin stimulated platelets

treated with DM-BAPTA,AM (100 |.iM), is due to incomplete chelation of cytosolic

calcium rather than the activation of alternative, calcium independent activation pathways.

3.5 Effect of DM-BAPTA,AM on Cytosolic Calcium Transients During Platelet

Adhesion to vYVf and Collagen.

To investigate more closely the relationship between cylosolic calcium levels and

platelet adhesion to vWf and collagen under shear conditions, washed platelets were

loaded with calcium indicator dyes and calcium levels were determined dining platelet

adhesion to vWf and collagen under flow conditions (see section 2.7). The advantage of

this system over suspension-based calcium assays is that it allows simultaneous

measurement of platelet translocation and cytosolic calcium in individual platelets. To

investigate the effects of DM-BAPTA,AM on cytosolic calcium levels during platelet

adhesion to immobilised vWf or collagen, calcium dye loaded platelets were perfused at a

density of 5 x 10'VL through vWf or collagen-coated microcapillary tubes at 1800 s"1. To

facilitate accurate correlation of platelet translocation with cytosolic calcium
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measurements in individual platelets, platelets were classified as stationary if they did not

move more than one platelet diameter for al least 10 seconds.

Consistent with data reported by (Nesbitt et al., 2002). perfusion of platelets over

vWf revealed three sub-populations of platelets that could be divided according to their

calcium profiles and translocation behaviour. A small proportion (-5%) of platelets

tethering to the vWf surface were found to form prolonged and firm stationary adhesion

contacts (10 seconds) with the vWf matrix and these platelets displayed sustained high-

range A[Ca2+],- approaching 1200nM (mean = 100 nM) (fig. 3.7a). A second population of

platelets tethered to the vWf matrix translocated rapidly and continuously over the vWf

surface with A[Ca2+], < 20 nM (fig. 3.7b), and a third population consisted of platelets that

translocated on the vWf matrix with a stop-start pattern in which periods of stationary

adhesion coincided with the generation of transient calcium flux ranging between A[Ca~+]j

= 20 and 65 nM (fig. 3.7c). Prctreatmcnt of platelets with DM-BAPTA,AM (100 JLIM) prior

to perfusion over immobilised vVVf, reduced mean cytosolic calcium concentrations of the

adherent population to below basal levels (A[Ca2+J,- < 20 nM) and totally abolished

stationary adhesion formation on vWf (fig. 3.7d), demonstrating that stationary adhesion

formation on this matrix is absolutely dependent on cytosolic calcium.

Similar perfusion studies were conducted on type I fibrillar collagen. In these

experiments, 100% of vehicle treated platelets tethering to the matrix adhered essentially

instantaneously and irreversibly, with all adherent cells displaying high oscillatory calcium

responses approaching A[Ca2t], = 2000 nM (mean calcium level of 550+50 nM; n = 5) (fig

3.8a, b & c). As shown in figure 3.8b, 94 % of platelets loaded with 100 JLIM DM-

BAPTA,AM failed to form stationary adhesion contacts with the collagen matrix. Analysis

of cytosolic calcium in DM-BAPTA,AM treated platelets showed a major reduction in the

mean calcium level in the platelet population down to A[Ca2+], = 45 ± 7 nM. Moreover,
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Figure 3.7 Cytosolic calcium flux during platelet adhesion and translocation over

vWf.

Dye loaded platelets (5 x 10° cells/L) were treated with vehicle (0.25% Me2SO) or

100 uM DM-BAPTA,AM (dm-B) and then perfused at 1800 s'1 through vWf-coated

(100 jug/ml) microcapillary tubes. Changes in cytosolic calcium levels (A[Ca2+],-) in

individual platelets were measured by confocal microscopy and correlated with

translocation behaviour on vWf under (low. Single cell calcium profiles and

concomitant displacement over time graphs of representative platelets are shown, (a)

Typical high-range, sustained oscillatory calcium profile of platelets forming

stationary adhesion contacts with the vWf matrix, (b) Represents the low level

calcium profile of platelets translocating rapidly and continuously over the vWf

matrix, (c) Shows the typical intermediate A[Ca2+], expressed in platelets

translocating on vWf with a stop-start translocation behaviour, (d) Demonstrates the

inhibitory effect of cytosolic calcium chelation with dm-B (100 (.iM) on calcium flux

and the translocation behaviour of vWf adherent platelets.
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Figure 3.tt Effect of DM-BAPTA,AM on cytosolic calcium flux and platelet

adhesion on immobilised collagen under flow.

Washed platelets (1 x 107 cells/ml) were treated with vehicle (0.25% Me2SO), 30 u_M

or 100 }.iM DM-BAPTA,AM (dm-B) as indicated, then perfused at 1800 s"1 through

collagen-coated (2.5 mg/ml) microcapillary tubes for 2 minutes. Changes in cytosolic

calcium concentrations during platelet adhesion to collagen fibres were monitored by

conlbcal microscopy, (a) The distribution of cytosolic calcium concentrations

expressed in a resting platelet population, and in platelets adhering to collagen fibres

under flow. The data presented is from one experiment representative of five

individual experiments. (Note: the mean cytosolic calcium concentration around

which calcium levels oscillate is demonstrated by the thick solid line in the scatter

plots, while the shaded box marks the 100 nM calcium level). The proportion of

recorded calcium events lying above 100 nM (grey bars, n=5) was determined and

expressed as a percentage of all calcium events recorded in the adherent platelet

population over a 30 second time frame (b, right axis). The level of irreversible

adhesion (black bars) was determined and expressed as a percentage relative to the

results obtained from control platelets. The results presented represent the mean ±

SEM from five separate experiments (b, left axis). Representative single platelet

oscillatory calcium flux recorded in vehicle (0.25% Me2SO) treated (c) dm-B treated

platelets (d) forming irreversible adhesions on type I fibrillar collagen.
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analysis of cytosoiic calcium levels in the collagen adherent platelet population showed a

close correlation between the percentage of platelets that retain the ability to form

stationary adhesion contacts on type I collagen, and the proportion of calcium events lying

above A[Ca2+], = lOOnM (fig. 3.8b). Subsequent single cell analysis of the remaining 6 %

of cells forming stationary adhesion contacts with the collagen matrix confirmed that all

cells exhibited A[Ca2+], > 100 nM (fig. 3.8d).

To investigate whether cytosoiic calcium is essential ;br stationary platelet

adhesion when these cells are exposed to multiple platelet activating stimuli, flow

experiments were performed on a type 1 collagen matrix in the presence of thrombin (1

U/ml). In these experiments, platelets were perfused over collagen for 90 seconds urn"! ?hen

exposed to 1 U/ml of thrombin for a further 30 seconds. As shown in figure 3.9a, addition

of thrombin induced only a slight enhancement in the mean cytosoiic calcium level in

platelets adherent to immobilised collagen, suggesting near maximal physiological calcium

release induced by collagen stimulation alone. Pretreating the cells with DM-BAPTA,AM

(l00|aM) reduced the mean cytosoiic calcium level to A[Ca"+],- = 52 nM and 63 nM in the

absence and presence of thrombin respectively, and inhibited stationary platelet adhesion

in 91 % of cells (fig. 3.9b). In the remaining 9 % of stationary cells, all cells had a residual

calcium level above A[Ca2+], = 100 nM. Combined with the results presented in figure 3.8,

these studies provide further evidence to suggest that the inability of DM-BAPTA,AM to

completely eliminate irreversible platelet adhesion (fig. 3.5a - c) and aggregation (fig. 3.1a

- c) is not due to the existence of a calcium-independent pathway responsible for integrin

activation, but due to incomplete chelation of calcium in a subset of cells.
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Figure 3.9 Effect of thrombin and collagen co-stimulation on platelet adhesion

and cytosolic calcium flux in platelets loaded with DM-BAPTA,AM.

Calcium dye-loaded platelets were treated with vehicle (0.25% Mc^SO) or 100 uM

DM-BAPTA,AM (dm-B) prior to perfusion through collagen-coated microcapillary

tubes at 1800 s"1. Where indicated, adherent platelets were exposed to 1 U/ml

thrombin (Thr). The scatter plots in (a) demonstrate the distribution of cytosolic

calcium concentrations in the platelet population adherent to collagen fibres. The data

presented is from one experiment representative of three individual experiments, (b)

The number of irreversibly adherent platelets were qiiantitaled in five random fields

and the data expressed as a percentage of total adherent (reversible and irreversible)

platelets. The data represents the mean ± SEM of three individual experiments.
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3.6 Discussion.

The results presented in this chapter support previous findings for a central role of

calcium in regulating the affinity status of integrin cxm,^ (Lapctina et al., 1985; Quinton ct

al., 2002a; Saitoh et al., 1989; Walker and Watson, 1993). Whether calcium is

indispensable for integrin aiibfb activation has remained less clearly defined, with several

recent reports suggesting the possible existence of calcium-independent pathways

involving phosphoinositide 3-kinases, calcium-independent forms of PKC, non-receptor

tyrosine kinases and small molecular weight GTPases (Haimovich et al., 1996; Jen et al.,

1996; Kuwahara et al., 1999; Quinton et al., 2002a; Rotondo et al., 1997; Watson and

Hambleton, 1989). The nature and importance of these alternative pathways, remains

unclear. While the studies in this chapter do not exclude a potentially important role for

these enzymes in regulating integrin ccm,^ activation, they nonetheless suggest an

indispensable role for calcium in this process. The apparent discrepancy between the

conclusions drawn in this chapter and those derived from previous reports may primarily

reflect methodological differences in the experimental approaches used. For example,

many studies have been performed using lower doses of DM-BAPTA,AM or using lower

affinity calcium chelators such as EGTA-AM and BAPTA-AM. The present studies have

demonstrated that high concentrations of DM-BAPTA,AM (100 JLIM) are required to

effectively prevent increases in cytosolic calcium in response to strong agonist stimulation.

Loading platelets with 30 |.iM DM-BAPTA,AM or high concentrations (100 uM) of lower

affinity calcium chelators, such as EGTA-AM or BAPTA-AM, does not completely inhibit

activation induced by strong platelet agonists, and thus, may lead to erroneous

interpretation of the role of calcium in platelet functional responses. The studies presented

in this chapter also highlight the importance of analysing calcium levels at the single cell

level when assessing the efficiency of calcium chelators. For example, at a population level
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high concentrations of DM-BAPTA,AM (100 u.M) appear to completely eliminate agonist-

induced increases in cytosolic calcium. However, single cell analysis detected a sub-

population of platelets in which calcium was incompletely chelated. By monitoring

cytosolic calcium changes and platelet adhesion concomitantly, it was demonstrated that

these incompletely chelated cells were able to maintain stable platelet adhesion on type 1

collagen under flow. These observations provide the simplest and .nost likely explanation

for why a residual level of platelet aggregation occurs when platelets arc exposed to potent

activating stimuli, such as thrombin and collagen. The reason why the cytosolic calcium in

this small proportion of platelets is not completely chelated is unknown, but may reflect

the fact that DM-BAPTA,AM does not load equally well in all platelets, or that it is

actively extruded from the cytosol of these platelets at a greater rate.

In addition to its central role in promoting integrin anbp3 activation, the above

studies also suggest a critical role for cytosolic calcium in stable platelet adhesion on

collagen. This conclusion is based on the observation that DM-BAPTA,AM-treated

platelets that did not maintain a relative cytosolic calcium level greater than 100 nM, were

unable to sustain stable adhesion contacts and withstand the detaching effects of high

shear. Sustained platelet adhesion to collagen under flow requires the synergistic

contribution of integrins (X2(3i and the GPVI/FcRy complex (Nieswandt et al., 2001a;

Savage et al., 1998), with recent evidence supporting a major role for the GPVI/FCRY

complex in this process (Tsuji et al., 1997). Integrin CC2P1, like ocnbP.-?, is subject to affinity

regulation by signals generated from within the cell (Jung and Moroi, 1998; Moroi et al.,

1996), however to date, there is no evidence for a similar mode of regulation for the

GPVI/FcRy complex. However, there is data supporting an important role for GPVI/FcRy-

derived activating signals, based on studies from FcRy-deficicnt mice (Poole ct al., 1997;

Tsuji et al., 1997), in enabling platelets to remain firmly adherent to collagen. These
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observations, combined with the studies reported in this chapter, suggest that GPVl/FcRy-

mediatcd PLCy activation and subsequent intraccllular calcium mobilisation are critical

signalling events required to support the normal adhesive function of integrins (XiibP}, o^Pi

and the GPVI/FcRy complex.

While the precise mechanism by which calcium regulates the affinity status of

integrins has not been clearly defined, it is of interest that a number of calcium-binding

proteins, including calreticulin, calcium and integrin-binding protein (CIB) and calpain,

have been demonstrated to be physically or functionally linked to integrins in a number of

cell types. Future studies will be required to delineate the relative roles of these calcium-

binding proteins in regulating integrin otuhP? affinity.
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Chapter 4.

Complex Signalling Relationship between Cytosolic Calcium and Protein

Kinase C in Regulating Integrin (Xm^ Activation and Platelet Adhesion

to vWf.

4.1 Introduction.

The studies presented thus far have established a critical requirement for cytosolic

calcium flux for integrin cxuhp\ activation. Previous studies have demonstrated that PKC

activation is a key calcium-dependent signalling event required for integrin

activation in response to stimulation with soluble agonists (Shattil, 1999). However, there

is conflicting evidence as to the absolute requirement for PKC in inducing integrin a\\b\h

activation. While several studies have demonstrated a central role for PKC in platelet

integrin aHb(3;, activation (Kaibuchi et al., 1983; Rink et al., 1983; Rotondo et al., 1997;

Saitoh et al., 1989; Walker and Watson, 1993), others have shown that platelet secretion

(Sloan and Haslam, 1997) and integrin (XnbP;, activation (lorio ct al., 1996; Q'^nton et al.,

2002a) can occur independent of PKC activity. Another area of controversy involves the

signalling mechanisms utilised by PKC to promote platelet activation. For instance, while

many studies have suggested that PKC and cytosolic calcium operate synergystically to

promote integrin (XnbP.-? activation (Kaibuchi et al., 1983; Rink et al., 19S3; Rotondo et al.,

1997; Saitoh et al., 1989; Walker and Watson, 1993), others have demonstrated a that PKC

can induce integrin (XnbPn activation in the absence of a measurable calcium response (Rink

ct al., 1983; Watanabc et al., 2001). Therefore, while the important role for PKC in platelet

signal transduction and activation is well established, several issues includinu the absolute
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requirement for PKC, and the exact signalling relationship between cytosolic calcium and

PKC for intcgrin VL\\\$i activation remain unclear,

Another important unresolved issue is the mechanism by which PKC becomes

activated in response to vWf stimulation. It has become increasingly clear that upon

binding of vWf, GP lb/V/IX is able to mediate intracellular signalling events leading to

integrin (XiibP.i activation. Much of the current understanding of vWf-induced platelet

aggregation and PKC activation is derived from suspension-based activation studies. In

these studies GP Ib-vWf binding was induced in two ways, (i) by the application of high

shear stresses, Shear-Induced Platelet Aggregation (SIPA), or (ii) by the use of artificial

modulators (such as ristocetin) (Ikcda ct al., 1993; Kroll ct al., 1991; Kroll et al., 1993;

Moake et al., 1988; Oda ct al., 1995; Peterson et al., 1987). These studies have

demonstrated tl it GP Ib binding of vWf at high shear promotes calcium influx (Chow et

al., 1992), ADP release (Moake et al., 1988; (Chow et al., 1992) and PKC activation (Kroll

et al., 1993). The results of these studies have lead to the establishment of a model of PKC

activation whereby vWf binding to GPIb/V/IX induces an initial transmembranc calcium

influx, which promotes the release of endogenous soluble agonists such as TXA: and ADP.

These agonists then bind to their receptors on the platelet surface and induce intracellular

signalling mechanisms leading to PKC activation and subsequently to integrin CLmfii

activation (Dopheidc et al., 2001). This model suggests that release of endogenous agonists

is important for vWf-mediated PKC and integrin cxuhP.-? activation. Recent adhesion based

platelet activation studies have challenged the importance of TXA: and ADP release in GP

Ib-induced integrin ocm^ activation, demonstrating that intcgrin ctnbP:, activation on a vWf

surface under both static and high shear conditions is not abolished in the presence of ADP

or TXAT inhibitors (Ncsbitt et al., 2002; Yap ct al., 2000). However, it is not known under

these conditions if inhibitors of ADP and TXA-. affect PKC activation.
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Tli? specific roles of GP Ib/V/IX and integrin otiibP? play in regulating PKC activity

in platelets arc also unclear. Studies in CHO cells, He La cells and vascular smooth muscle

cells have demonstrated a role for integrin mediated outside-in signalling in PKC

activation and cell spreading (Chun et al., 1996; Disatnik and Rando, 1999; Hallcr et al.,

1998; Vuori and Ruoslahti, 1993). While early suspension based studies have suggested

that in platelets, PKC can be activated downstream of GP Ib/V/IX engagement, little is

known about the role of integrin ccm^ outside-in signalling in promoting PKC activation

in platelets.

The studies presented in this chapter aim to provide further insight into the role of

GP Ib/V/IX, integrin OLmfa and endogenous agonist release in the regulation of PKC in

platelets, and to investigate the mechanism by which PKC and calcium co-operate to

promote integrin (XnbP? activation and stable platelet adhesion on vWf.

1 81



4.2 GP Ib and Integrin OLm$$ Regulation of Protein Kinase C.

Previous studies have demonstrated that PKC activation in vWf stimulated platelets

primarily occurs downstream of GPlb. These studies demonstrated that PKC activation

was sensitive to ADP and TXAT inhibition, but was not significantly inhibited by intcgrin

,$3 antagonists (Kroll et al., 1991; Kroll et al., 1993). These studies were performed in

suspension-based assays in which soluble vWf was induced to bind GPlb by the

application of high shear, or alternatively by the use of an artificial modulator (Kroll et al.,

1991; Kroll etal., 1993).

In initial studies, the relative roles of GPlb and integrin cxnbP̂  in promoting PKC

activation on vWf under static conditions were investigated. In recent adhesion based

studies on immobilised vWf, it was demonstrated that platelet spreading under static

conditions is also dependent on PKC activation. Under these conditions spreading could

occur independent of endogenous agonist secretion, but the rate of platelet spreading on

vWf could be reduced by the presence of the ADP scavenging enzyme, apyrase (Yap et al.,

2000). To determine the time-point at which platelet spreading on vWf proceeds

independent of endogenous agonists, platelet spreading was monitored over 60 minutes in

the presence or absence of aspirin and apyrase. Consistent the studies of (Yap et al., 2000),

figure 4.1 demonstrates that aspirin and apyrase treatment had no significant effect on the

extent of spreading observed at CO minutes, suggesting that integrin ociibfo activation and

platelet spreading at this time point is not dependent on ADP or TXAi secretion.

In subsequent studies, '2P-HPO4-loaded platelets were applied to a human vWf

matrix for 60 minutes in the presence or absence of the integrin ctnbP.-? antagonist, c7E3

Fab, and PKC activation was monitored indirectly by examining phosphorylation of the

PKC-specific substrate, pleckstrin. As demonstrated in figures 4.2a and c, in the absence of
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Figure 4.1. Ro'e of the Endogenous Agonists ADP and Thromboxane A2 in Promoting Platelet Spreading on vWf.

Washed platelets were allowed to spread under static conditions on vWf-coated coverslips for 60 minutes in the presence or absence of 0.25%

Me2SO (vehicle), 1.5 raM aspirin (ASA), 2 U/ml apyrase (APY) or c7E3 mAb (c7E3) as indicated. Mean surface area measurements of platelets

spreading on purified vWf were quantitated at the indicated time points by analysing five random fields of platelets using MCID lV software. The

data presented shows mean ± S.E.M of three independent experiments performed in duplicate.
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Figure 4.2. PKC Activation and Pleckstrin Phosphorylation during Platelet Adhesion to vWf.

Washed platelets loaded with [32P]-P,- were allowed to spread under static conditions on vWf-coated coverslips for 60 minutes, in the presence of

Ristocetin (Risto) and/or c7E3 as indicated, (a) and ^b) Platelet lysates were then harvested and analysed by autoradiography according to the

procedure outlined in section 2.4.2 and 2.5. (a) Treatment of platelets with (ASA) aspirin or (APY) apyrase does not inhibit pleckstrin

phosphorylation (labelled p47) on vWf. (b) Demonstrates a reduction in level of pleckstrin phosphorylation in the presence of c7E3 Fab. (c)

Densitometric analysis was performed on p47 bands to quantitated the level of pleckstrin phosphorylation, the histogram represents mean ±

S.E.M of three independent experiments (n = 3), the results of which are presented as band density in arbitrary units.
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c7E3 Fab, pleckstrin pliosphorylation was readily observed in platelets spreading on vWf

(mean ± S.E.M = 369.4 ± 22.74 arbitrary units). Increasing the affinity of vWf for GPIb by

addir.g ristocetin to the adhesion assays, did not show any significant effect on pleckstrin

phosphorylation (mean ± S.E.M= 376.8 ± 7.09 arbitrary units), whereas pretreating

platelets with c7E3 Fab, inhibited pleckstrin phosphorylation by -87% (fig. 4.2b and c)

(mean ± S.E.M = 46.89 ± 12.47 arbitrary units), even when ristocetin was present in the

assay (mean ± S.E.M = 47.44 ± 18.67 arbitrary units). The ability of integrin ctnbp^ to

promote PKC activation was not dependent on the release of endogenous agonists, such as

ADP or TXA2, as similar levels of pleckstrin phosphorylation were also observed in aspirin

and apyrase-treated platelets (fig. 4.2a - c, vWf + ASA/APY). These studies suggest a

major role for integrin (XubP? in regulating PKC activation during platelet adhesion on vWf.

4.3 PKC-Dependent and Independent Signalling Mechanisms Regulating Platelet

Adhesion Under Flow.

A key unresolved issue relates to the role of PKC inside-out and oulside-in

signalling in regulating integrin <X\\\$i activation. The studies described above demonstrate

that PKC activation is primarily mediated through integrin otnbP.-? engagement, suggesting

an important role for PKC in signalling events occurring post integrin (Xnt,pVbinding of

vWf. On the other hand, it has previously been established that PKC activation is essential

for the inside-out signalling pathway(s) leading to the initial integrin 0 :^3 activation

(Shattil, 1999; Yap ct al., 2000).

To determine if PKC activation is absolutely necessary for initial integrin (XnbP.i

activation leading to platelet spreading and stationary adhesion formation on immobilised

vWf, static and flow based platelet adhesion studies were performed in the presence of

GF109203X (IC50 = 10 nM), a competitive antagonist of the ATP-binding site on all PKC
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isoforms (Gekcler ct al., 1996). Consistent with recent studies by (Shattil, 1999; Yap et al.,

2000), platelet treatment with 500 nM GF109203X completely eliminated PAC-1 binding

and platelet spreading on vWf under static conditions (fig. 4.3a), suggesting that under

these conditions, PKC is critical for inside-out signalling mechanisms that lead to ocnbP}

activation.

To investigate the importance of PKC in promoting integrin am,p3 activation and

stationary adhesion formation under flow conditions, platelet were perfused over vWf at

1800s'1 in the presence of GF109203X and PAC-1. As demonstrated in figure 4.3b,

GF109203X treatment dosc-dependently reduced the level of stationary adhesion

formation on vWf. In contrast to the static adhesion assays, where platelet spreading was

completely abolished by PKC inhibition, under shear conditions, up tc 20-30% of platelets

treated with the PKC inhibitor retained their capacity to form stationary adhesion contacts

with the vWf matrix and bind the activation-specific antibody against integrin (Xiibp\ PAC-

1 (fig. 4.3b & c) (Shattil, 1999; Yap et al., 2000). This data raises the possibility that under

high shear conditions, GF109203X only partially inhibits PKC activation in platelets.

To investigate the latter hypothesis, PKC activity was measured in the presence or

absence of GF109203X. Prctreating platelets with GF109203X at concentrations as low as

100 nM, totally abolished pleckstrin phosphorylation induced by immobilised vWf (fig.

4.3d). Furthermore, 500 nM GF109203X was able to completely inhibit pleckstrin

phosphorylation induced by potent PKC activators, including the phorbol ester, PMA, and

ihronibin (1 U/ml) (fig. 4.3e & f). This evidence suggests that incomplete PKC inhibition

does not account for the incomplete inhibition of stationary adhesion formation by

GF109203X. An alternative explanation for this phenomenon may be that a subset of

platelets utilises PKC-indepcndent signalling mechanisms to regulate integrin

activation under flow.
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Figure 4.3. Effect of the PKC inhibitor GF109203X on pleckstrin phosphorylation and platelet adhesion.

Washed platelets treated with vehicle (0.25% Me2SO) or GF109203X (200 or 500 nM as indicated) were allowed to spread on a vWf matrix

under static conditions (a), or under shear conditions at 1800s"1 (b and c), in the presence of PAC-1 mAb. Platelets were subsequently fixed with

3.8 % paraformaldehyde and imaged by DIC and fluorescence microscopy, (a) DIC images of platelet morphology, and fluorescence images of

PAC-1 binding to vWf adherent platelets, (b) Demonstrates the reduction in the level of irreversible adhesion on vWf in response to 200 nM and

500 nM GF109203X (mean ± SEM, n = 4). (c) DIC images of platelets forming stationary adhesion contacts on the vWf matrix under flow, and

fluorescence images demonstrating PAC-1 binding to the adherent platelets. Washed platelets loaded with [32P]-P,- were incubated with the

indicated concentrations of GF109203X prior to exposure for 60 minutes to (d) a purified vWf matrix, or for 5 minutes to (e) 200 nM PMA or (f)

1 U/ml of thrombin (Thr) as indicated. Whole platelet lysates were prepared as described in section 2.4.2 and 2.5, and subjected to SDS-PAGE

and autoradiography. The results in (d) and (e) demonstrate the dose-dependent effects of GF109203X on pleckstrin phosphorylation induced by

vWf or PMA. (f) Demonstrates the inhibition of PMA and thrombin-induced pleckstrin phosphorylation by 500 nM GF109203X.

.:,^2&\



I

oo00

tC
L

\-3
\d

I/)
OO90

"c5

ra
.

u
oooooo

oO
N

oo

ra
.

ooooooJ
.\

©

3
K

!
I-3V

d



4.4 Relationship Between Protein Kinase C Activation, Calcium Mobilisation and

Integrin 0Ciii,f3.wicpendent Platelet Adhesion.

Studies presented in section 3.5 and in previous studies (Ncsbitt ct al., 2002),

demonstrated a strong correlation between cytosolie calcium levels and the translocalion

behaviour of platelets under flow conditions (fig. 3.7). To gain further insight into the role

of PKC in promoting intcgrin (XnbP.i activation and platelet adhesion under flow conditions

on vWf, the effect of PKC inhibition on cylosolic calcium flux was examined in individual

platelets during surface translocation on vWf. In these studies, real-time analysis of platelet

translocation behaviour was performed and correlated with temporal changes in cytosolie

calcium responses. Pretrcating platelets with GF109203X (500 nM) had no effect on the

basal cytosolie calcium levels in resting platelets (fig. 4.4a). Consistent with data presented

in figure 4.3, GF109203X (500 nM) treatment significantly reduced the proportion of

platelets forming irreversible stationary adhesions (fig. 4.4b), and hence undergoing a

sustained oscillatory cytosolie calcium response (fig. 4.4a & b). This resulted in a

reduction in the mean calcium level (from -100 to 60 nM) in the entire population of

translocating platelets (fig. 4.4a). Detailed analysis of the calcium response in individual

platelets revealed that inhibiting PKC significantly increased the proportion of rapidly

translocating platelets (11.4 to 70%) exhibiting low cytosolie calcium levels (AfCa2"1'],- <20

nM). This increase in rapidly translocating platelets was associated with a proportional

reduction in the percentage of platelets showing stop-start translocation behaviour (58.7 to

12.6%), and expressing intermediate calcium levels (AfCa"""1], = 20-65 nM), and in platelets

expressing high range calcium levels (A[Ca"+], approaching 1200 nM) forming stationary

adhesions (29.9 to 17.4%) (fig. 4.4c). While most GF109203X-treatcd platelets failed to

form stationary adhesion contacts and showed very low cytosolie calcium levels (fig.

4.4d), all of the platelets that retained their ability to form stationary adhesion contacts with

•A
; • ' . ' ' •
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Figure 4.4. Effect of the PKC inhibitor GF109203X on platelet adhesion and calcium mobilisation on immobilised vWf.

Cytosolic calcium flux was measured in platelets as described in section 2.7. (a) Shows the mean cytosolic calcium concentrations in a

population of platelets in suspension undergoing non-synchronised calcium flux in the presence or absence of 500 nM GF109203X (1st and 2n

bars), or during adhesion to vWf under flow (3rd and 4th bars) (mean ± S.E.M, n=5). Washed platelets (1 x 107 cells/ml) were treated with vehicle

(0.25% iMe2SO) or GF109203X (200 nM or 500 nxM) prior to perfusion through vWf-coated microcapillary tubes at 1800 s"1. (b) Dose dependent

reduction in the number of platelets undergoing sustained calcium oscillations (right axis) and in the level of irreversible adhesion (left axis) on

vWf in the presence of GF109203X (mean ± SEM, n = 4). Figure (c) shows the proportion of vehicle (Me2SO) and (500 nM) GF109203X-

treated platelets displaying stationary adhesion, continuous or stop-start translocation behaviours. Typical calcium profiles of single vWf

adherent platelets either translocating rapidly across the vWf matrix (d), or forming stationary adhesion contacts (e), in the presence of

GF109203X. The solid line shows platelet displacement over time while the dotted line demonstrates cytosolic calcium flux profiles.
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the vWf matrix, displayed high oscillatory calcium levels (peak levels > 800 nM) (fig.

4.4c). These results raise the possibility that PKC regulation of platelet adhesion under

flow is at least in part due to an effect on cytosolic calcium levels. These studies alsr>

suggest that when cytosolic calcium levels arc elevated beyond a certain threshold (100

nM), PKC activation is no longer absolutely necessary for intcgrin ccnbP.i activation and

stationary adhesion formation on vWf. In control experiments, c7E3 was added to

GF109203X-pretreated platelets prior to perfusion over vWf. Integrin (XnbP? blockade was

found to completely abolish s: Nonary adhesion formation and sustained calcium

oscillations (fig. 4.4b), suggcsl^ig that the calcium flux displayed in stationary

GF109203X-treated platelets was integrin (XubPrdependent.

4.5 Threshold Cytosolic Calcium Concentration Required for Protein Kinase C-

dependent Integrin ccin>p3 Activation and Platelet Adhesion.

To investigate the possibility that high levels of cytosolic calcium can induce

integrin (XiibP.i activation independent of PKC, the effects o( artificially elevating cytosolic

calcium levels on the ability of GF109203X to inhibit stable platciet adhesion on vWf were

investigated. In initial studies, cytosolic calcium levels were elevated by treating platelets

with thapsigargin, an inhibitor of the sarco/cndoplasmic rcticulum Ca2+-ATPase. This

compound inhibits active re-uptake of cytosolic calcium into the platelet dense tubular

system, thereby allowing accumulation of calcium within the cytosol. Platelets were

pretrcated with 100 nM thapsigargin prior to perfusion over immobilised vWf at 1800 s'1.

As shown in figure 4.5a, treatment with 100 nM thapsigargin dramatically elevated the

mean cytosolic calcium levels in vWf adherent platelets from A[Ca2+], = 100 nM, to

A[Ca2+], = 550 ± 15 nM. This increase in cytosolic calcium was associated with 100% of

translocating cells forming stationary adhesion contacts with the vWf matrix (fig. 4.5a).
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Figure 4.5. Effect of artificially elevating cytosolic calcium on platelet translocation and integrin activation, and the ability' of

GF109203X to inhibit platelet adhesion on vWf.

Washed platelets (1 x 107 cells/ml) were treated with vehicle (0.25% Me2SO) or 500 nM GF109203X, prior to the addition of 100 nM

thapsigargin (Tg). Platelets were then perfused through vWf-coated microcapiliary tubes at 1800 s"1. (a) Demonstrates the mean cytosolic

calcium concentrations expressed by the adherent platelet population (left axis), and the increase in the number of irreversibly adherent platelets

upon thapsigargin treatment (right axis) both in the presence or absence of GF109203X (mean ± SEM, n = 4). (b - d) Washed platelets were

loaded with 10/iM of the caged calcium compound NP-EGTA and perfused through vWf coated microcapiliary slides at 1800s"1. The platelets

were allowed to translocate for approximately 18 seconds before being exposed to a near UV light source for 0.6 seconds (marked by the arrow),

(b) Demonstrates the displacement vs. time graph of a representative control NP-EGTA loaded platelet exposed to UV light, (c) and (d) show

displacement vs. time graphs of a representative NP-EGTA loaded platelet treated with 500nM GF109203X or c7E3 Fab respectively, prior to

exposure to UV light.
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Prctrcating platelets with GF109203X (500 nM) had minimal inhibitory effect on the

platelet calcium response or on the ability of thapsigargin-trcated platelets to form

stationary adhesion contacts with the vWf surface (fig. 4.5a). In control studies, stationary

adhesion formation was inhibited by treated platelets with the integrin ocm^ antagonist,

c7E3 Fab, confirming that the increase in stationary adhesion under these experimental

conditions was due to activation of integrin (XnbP3 (fig. 4.5a). These studies support the

hypothesis that PKC activity is not an absolute requirement for integrin otnbP.i activation

aiu. 'hat accumulation of high cytosolic calcium levels can trigger cxnbP.-? activation through

signalling mechanisms not requiring PKC activation.

Thapsigargin treatment of translocating platelets induced high, sustained cytosolic

calcium levels, and as such, acted as a very potent stimulus of platelet activation. Recent

studies by (Nesbitt et al., 2002) have demonstrated that a subset of platelets translocating

on a vWf matrix may experience high range but transient elevations in cytosolic calcium

which correspond to temporary arrest of platelet translocation. To investigate whether

transient calcium elevation could also induce integrin (XubPs activation independent of

PKC, a caged calcium platelet activation assay was adopted. In these studies, platelets were

loaded with a membrane permeable caged calcium chelator called nitrophenyl EGTA (NP-

EGTA). This is a UV sensitive calcium chelator, which exhibits a marked increase in Kd

for calcium following exposure to UV light. Briefly, NP-EGTA entering the platelet

cytosol binds free cytosolic calcium. Exposure of NP-EGTA-loaded platelets to UV or

near UV light (wavelengths of 300 - 400 nm), leads to an irreversible change in the

chemical structure of the NP-HGTA that results in a rapid release of relatively large

quantities of calcium within the cytosol.

As demonstrated in figure 4.5b, initiation of high-range transient calcium spikes

(peak calcium levels approaching 2000 nM), in NP-EGTA-trcatcd platelets translocating
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on a vWf matrix under flow conditions, resulted in all cells forming transient stationary

adhesion contacts with the vWf matrix, which returned to translocation as cytosolic

caicium concentrations returned to basal levels (-1G3 nM). Prctrcating NP-EGTA-loadcd

platelets with GF109203X resulted in a reduction in the percentage of cells forming

stationary adhesion contacts prior to uncaging of calcium, however, similar to vehicle

treated platelets, upon exposure to UV light, all platelets formed transient stationary

adhesion contacts with the vWf matrix (fig. 4.5c). In control studies, it was confirmed that

stationary adhesion under these conditions was mediated by integrin ccnbp1}, as it was

completely abolished by prctrcating platelets with the a.ubp3 antagonists, c7E3 Fab (fig.

4.5d). Together, these studies suggest that the induction of high cytosolic calcium levels

(mean cytosolic calcium levels >5GC nM) promotes integrin ctimPj activation independent

of PKC, whereas integrin ocnbP} activation at lower cytosolic calcium levels arc dependent

on PKC activation.

4.6 Role of PKC in GP Ib and Integrin ocubP.i Derived Calcium Signals.

Recent studies have shown that during adhesion to vWf, GP Ib and integrin GCnbP}

elicit distinct calcium signals that serve to co-operatively regulate platelet adhesion and

activation on immobilised vWf (Nesbitt et al., 2002). Moreover, there is evidence that both

PKC activation and intracellular calcium elevation are critical signalling events required to

regulate integrin OL\\$3 on an immobilised vWf matrix under both static and high shear

conditions (Shattil, 1999; Yap et al., 2000). However, to date the precise signalling

relationship between the GPlb and integrin ctnbPrderived calcium signals and PKC

activation has not been defined.

To examine the relationship between PKC and the GPlb and aubpVderived calcium

signals during platelet adhesion to vWf calcium dye-loaded washed platelets were
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reconstituted with washed red blood cells (50 % haematocrii) and perfused over a vWf

matrix at 1800 s'1 in the presence or absence of GF109203X. Initially to investigate the

GPIb derived calcium signals, c7E3 Fab-treated platelets were perfused over an

immobilised vWf matrix in the presence of the artificial modulator ristocetin, and real-time

changes in cytosolic calcium flux were monitored. Ristocetin increases the binding affinity

between GP 1b and vWf, such that, even in the absence of integrin (XiibP3 engagement,

platelets remain stationary through the GP Ib-vWf interaction in a shear field. Figure 4.6a,

shows the typical GP ib-derived calcium profile of individual platelets adhering to vWf in

the presence of ristocetin and c7E3 Fab under flow conditions. This figure illustrates the

transient and infrequent nature of the cytosolic calcium flux induced by GPIb signalling.

PKC inhibition with a dose of GF109203X (500 nM), which has been previously shown to

specifically inhibit PKC activation and prevent platelet spreading and stationary adhesion

on vWf (Davis et al., 1992a; Davis et al., 1992b; Toullec et al., 1991; Yap et al., 2000), had

no effect on GPIb-derived calcium signals. All platelets exhibited transient GPIb-induced

calcium flux both on the presence or absence of GF109203X (fig. 4.6a & b), demonstrating

that GPIb induced calcium signalling is not PKC sensitive.

Studies presented in section 3.5 of this thesis demonstrated that the formation of

integrin anbp3-dependent stationary adhesion contacts on vWf under high shear (1800s1)

conditions, coincides with the generation of a sustained oscillatory cytosolic calcium

response (fig. 3.7). Figure 4.6c, demonstrates that in the absence of the integrin

antagonist c7E3 Fab, vWf adherent platelets display a similar sustained oscillatory calcium

flux in the presence of ristocetin. GF109203X (500 nM) treatment reduced the proportion

of platelets undergoing a sustained, ocnbpYderived oscillatory calcium response by 75 %

and converted the calcium profiles in these cells to GPIb-like transient spikes (fig. 4.6c &
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Figure 4.6. Effect of GF109203X on the GP IbAVIX and aubPa derived calcium mobilisation on vWf under flow.

Washed platelets (1 x 107 cells/ml) were treated with vehicle (0.25% Me2SO) or 500 nM GF109203X, prior to perfusiun through vWf coated

microcapillary tubes at 1800 s"1 i'.i the presence of ristocetin (Risto) and/or c7E3 Fab as indicated, (a) Demonstrates that GP Ib-derived cytosolic

calcium transients in single adherent platelet are not effected by 500 nM GF109203X. (b) Demonstrates that GF109203X treatment has no effect

on the percentage of the platelet population undergoing transient calcium spiking, (c) Demonstrates that sustained oscillatory calcium flux

induced by anbp3 are blocked by GF109203X treatment, (c) Indicates the reduction in the percentage of platelets undergoing a sustained calcium

oscillation on vWf in the presence of GF109203X. Figure (a) and (c) show the calcium responses of single platelets representative of 25

independent platelets per experiment.
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d). These studies demonstrate a potentially important role for PKC in regulating cytosol ie

calcium flux in platelets by regulating integrin ttnh[Vdcpendcnt calcium signals.

4.7 Protein Kinasc C Potentiates Calcium Mobilisation via an Integrin

Dependent Mechanism.

The studies presented in this chapter so far have established that PKC can modulate

calcium flux induced by integrin CL\u,fa signalling. The exact mechanism through which

this occurs remains unclear. Previous studies have demonstrated that PKC can directly

phosphorylatc the IP:, receptor in reconstituted lipid vesicles (Ferris et al., 1991),

suggesting that a potential means for PKC to regulate calcium flux may be through

modulating the IP;, receptor. To investigate further the mechanism through which PKC

induces calcium signalling, the effect of PMA stimulation on platelet integrin

activation and calcium transients was investigated in suspension and adhesion-based assays

on vWf. As demonstrated in figure 4.7a, stimulating platelets in suspension with 200 nM

PMA did not result in a significant increase in the mean cytosolic calcium level, suggesting

that PKC is not able to directly mobilise calcium from intraccllular stores. Interestingly, it

induced an approximate 3 fold increase in the level of PAC-1 binding to the surface of

these cells (fig. 4.7b\ suggesting that direct PKC stimulation can induce a low level of

integrin (Xm^ activation in the absence of a detectable calcium rise. This raises the

possibility that PKC acts through an indirect ocubfK dependent mechanism to potentiate

calcium (lux. It should be noted that the extent of calcium elevation and magnitude of

PAC-1 binding induced by PMA under these experimental conditions was low relative to

that induced by ionophorc A231S7 or thrombin (fig. 4.7a & b) confirming a dominant role

for calcium in integrin cenbpo activation.
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Figure 4.7. Relationship between PKC and integrin aiTbp3 activation in regulating cytosolic calcium flux.

Calcium dye-loaded platelets were stimulated in suspension under non-stirred conditions with 200 nM PMA, 1 U/ml thrombin (Thr) or 100 nM

ionophore A23187. (a) Demonstrates that PMA stimulation of platelets in suspension does not induce a significant rise in the mean cytosolic

calcium level in the platelet population while a dramatic calcium rise is induced by thrombin and ionophore stimulation (mean ± SEM, n = 4).

(b) Demonstrates the level of PAC-1 binding to platelets stimulated with 200 nM PMA, 1 U/ml thrombin or 100 nM ionophore A23187 under

non-stirred conditions. The level of PAC-1 binding is expressed as a percentage relative to the results obtained from thrombin-stimulated

platelets (mean ± SEM, n = 6). (c and d) Calcium dye-loaded platelets treated with vehicle (0.25% Me2SO) or 200 nM PMA were allowed to

settle on a vV/f matrix under static conditions for 60 minutes at 37°C, in the presence or absence of the anti-a[[bP3 antagonist, aggrastat (AS), (c)

Demonstrates the percental, ^ of cells spread on the vWf matrix over a 60 minute time period, (d) Demonstrates real-time changes in mean

cytosolic calcium concentrations over 60 minutes. These results are expressed as mean ± SEM from four individual experiments.
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In contrast to suspension-based assays, stimulating v\Vf adherent platelets under

static conditions with PMA, resulted in an increase in the overall level of platelet adhesion

and spreading on this matrix, and this coincided with an enhanced cytosolic calcium

response throughout the entire platelet population adherent to vWf (fig. 4.7c and d).

Prctreating platelets with aggrastat abolished stable adhesion and calcium flux in control

and PMA-stimulatcd platelets, suggesting that the potentiating effects oi' PKC on cytosolic

calcium flux occurs indirectly, as a result of the upregulation of the adhesive and signalling

function of intcgrin (Xw^O'ig. 4.7c & d).

To investigate further the relationship between PKC activation, calcium

mobilisation and (Xnt,pN engagement, platelets were perfused through v\Vf-coated

microcapillary tubes in the presence or absence o\ PMA. In control studies, 379r o\' washed

platelets tethering to the v\Vf matrix formed stationary adhesion contacts. Analysis o( the

effects o\' PMA on platelet adhesion to vWf under flow conditions demonstrated a dramatic

increase in the proportion of cells forming firm adhesion contacts with the vWf matrix

(>°S%) (fig. 4.8a). Detailed analysis of the translocation behaviour of individual platelets

and the corresponding cytosolic calcium levels in these cells revealed thai vehicle treated

platelets translocating over the v\\T surface typically exhibiting a relatively low basal

calcium level (below lOOnM), prior to forming stationary adhesion contacts. In all cells

analysed (>100 individual platelets), the on-.et of sustained calcium oscillations coincided

with the moment of firm adhesion contact formation. Similar single cell analysis o( PMA-

treated platelets revealed that unlike vehicle treated platelets, there was a considerable lag

time (-15 seconds) between the onset of stationary adhesion and the subsequent oscillatory

calcium response in platelets stimulated with PMA (fig. 4.8b, c &. d). The initiation o(

stationary adhesion contacts, as well as the sustained oscillatory calcium response, in both

vehicle and P.MA-treated platelets was dependent on intcgrin (Xm,[Vi engagement o( vWI'as



Figure 4.8. Relationship between PKC and calcium in regulating integrin a.ub$3 activation under flow conditions.

Calcium dye-loaded platelets (1 x 10' cells/ml) were perfused through vWf-coated microcapillary slides at 1800s"! in the presence of vehicle

(0.25% Me2SO) or 200 n.M PMA. Where indicated, platelets where also pre-incubated with aggrastat (AS) or 100 uM dimethyl BAPTA.AM

(drn-B) prior to perfusion. (a) Demonstrates the level of stationary platelet adhesion on immobilised vWf in response to 200 nM PMA

stimulation in the presence of aggrastat (AS) or dm-B (mean ± SEM. n = 4). (b) Demonstrates the lag time between stationary adhesion contact

foiTnation and the onset of calcium oscillations in adherent platelets, (c and d) indicate typical translocation behaviours and calcium profiles of

single platelets adherent to vWf in the presence (d) or absence of PMA (c). The arrows in (c and d) indicate the onset of stationary adhesion (i)

and the subsequent onset of calcium mobilisation (ii).
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both were abolished by prelrcating platelets with Aggrastat (AS) (fig. 4.8a & b). The

demonstration of a temporal dissociation between rtnh(Vi dependent stationary adhesion and

the onset o( an oscillatory calcium response further supports the hypothesis that PKC

primes integrin (Xm ;̂, outside-in signalling, and has an indirect effect on calcium signalling

in vWf adherent platelets.

4.8 Protein Kinase C Potentiates Integrin GCubPj- activation Through a Calcium

Dependent Mechanism.

Finally, to investigate whether PKC regulation of integrin «m,pM activation, is

absolutely dependent on intracellular calcium mobilisation, flow studies were performed

on platelets prctreatcd wi'h the membrane permeable calcium chelator DM-I3APTA.AM.

to chelate cytosolic calcium. As demonstrated in figure 4.()a, PMA was able to induce

stationary adhesion contact formation in 10()rr o( vehicle treated platelets but was unable

to induce stationary adhesion of DM-BAPTA,AM-treated platelets, with all platelets

translocating in a rapid continuous manner. Furthermore, PMA-induced PAC-1 binding to

the surface of platelets was completely eliminated by pretreating platelets with DM-

BAPTA.AM (fig. 4.9b). The inability of PMA to induce integrin tXni,(V, activation under

these experimental conditions was not due to the inhibition of pleckstrin phosphorylation

(fig. 4.()c), as PMA induced robust pleckstrin phosphorylation in DM-BAPTA,AM-lreated

platelets, presumably through the activation of one or more calcium-independent (atypical

and/or novel) isoforms of PKC. Moreover, DM-BAPTA,AM also inhibited PAC-1 binding

to thrombin stimulated platelets (fig. 4.%). even though pleckstrin phosphorylation was

unaffected in these platelets (fig. 4.l)c). These studies support a complex co-operative

relationship between cytosolic calcium and PKC during integrn (Xni-.fV̂  activation.
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Figure 4.9. Effect of extracellular and intracellular calcium chelation on integrin

induced by P.MA.

activation and pleckstrin phosphorylation

Calcium dye-loaded platelets treated with vehicle (0.25% Me2SO) or 100 uM dimethyl-BAPTA,AM (dm-B), were perfused through vWf-coated

microcapillary slides at 1800s"', in the presence or absence of 200 nM PMA. (a) Demonstrates a significant increase in the level of stationary

adhesion on immobilised vWf in response to 200nM PMA stimulation. The data also shows PMA induced stationary adhesion formation can be

abolished by pre-treatment of platelets with 100 uM dm-B (mean ± SEM. n = 4). Washed platelets treated with vehicle (0.25% Me2SO) or 100

uM dm-B, were stimulated in suspension under non-stirred conditions with 200 nM PMA or 1 U/ml thrombin (Thr) ir .ie presence of PAC-1

mAb. (b) Demonstrates the level of PAC-1 binding to PMA or thrombin-stimulated platelets in suspension. The level of PAC-1 binding is

expressed as a percentage relative tc the results obtained from thrombin-stinulated platelets (mean ± SEM, n = 6). Washed platelets loaded with

[32P]-P, were incubated with or without 100 m.M DM-B prior to exposure for 5 minutes to 200 nM PMA or 1 U/ml of thrombin (Thr) as

indicated, (c) Demonstrates that 100 uM dm-B treatment does not inhibit thrombin or PMA induced pleckstrin phosphorylation (p47).
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4.9 Discussion.

Unravelling the signalling mechanisms regulating integrin ttin,|Vi activation during

platelet adhesion under shear conditions is oi' fundamental importance for haemostasis and

thrombosis. To date, the signalling processes regulating integrin «w,(Vi activation during

platelet adhesion on vWf have been relatively poorly defined, although recent studies have

suggested a potentially important role for integrin am^-dcrived calcium signals in this

process (Nesbitt ct al., 2002). The studies presented in this chapter have demonstrated the

existence ol' a complex signalling relationship operating between PKC, calcium and

integrin (XubfV̂  that serves to regulate the transition from surface translocation to

irreversible platelet adhesion. More specifically, they demonstrate that bi-directional

integrin (XnbP;, signalling through PKC is important for initiating and maintaining integrin

hp̂ , activation and stationary platelet adhesion on vWf. Moreover, the present studies

have established that Ihe level of the eytosolic calcium response in the platelet cvtosol

dictates the requirement for PKC during the process o\' integrin «III,(V, activation.

An unexpected finding from the current study was the demonstration that PKC

activation during platelet adhesion on vWf primarily occurred as a consequence of vWf

binding to integrin (Xm,(Vv This contradicts previous findings demonstrating that PKC

activation primarily occurs downstream of GPlb (Kroll et al.. 1991; Kroll et al., 1993). The

difference between the present studies and the data reported by Kroll et al., may reflect

technical differences in the experimental approaches of these two studies. For example, our

studies were performed on immobilised vWf matrices to which platelets bind under

physiological flow conditions. Under these conditions. GPlb plays a minor role in PKC

activation and most PKC activity occurs primarily via direct outside-in signal transduct.ion

downstream integrin Uin,[V On the other-hand, earlier studies o\' v\Vf induced integrin

4^ activation were performed using artificial modulators of vWf binding or under



pathological shear conditions (Kroll et al., 1991; Kroll et al., 1993) where PKC activation

occurs primarily through inside-out signalling as a results of released soluble agonists

binding to their respective surface receptors following GPlb engagement. These findings

indicate that a level oi' caution should be exercised when attempting to directly extrapolate

findings based on aggregation studies from those obtained from adhesion experiments.

Defining the relative contribution of GPlb and integrin am,(V^ in regulating PKC

activation and calcium flux is a critical issue with respect to the mechanism by v\Vf

induces integrin (XH^;, activation. For example, if PKC and calcium are primarily regulated

downstream of GPlb, with little contribution o\' integrin (XIH4M outside-in signalling, this

would support a model in which these molecules participate in a direct linear signalling

pathway linking GP Ib to integrin cxni4b activation. However, this long-held view of GPlb

signalling is not consistent with the current findings that PKC is primarily regulated

downstream of integrin (Xm,(V,, and that integrin (Xui4-Vrdcpendent ea'nutn flux is required

for sustained integrin (Xub(V, activation and firm platelet adhesion on v\Vf (Nesbitt et al.,

2002). Moreover, the studies presented in this chapter have demonstrated that while direct

PKC activation with PiVIA results in a low level of integrin UiujV, activation, sustained

integrin ftm4Vvdcpcndcnt stationary adhesion formation on vWf does not require ongoing

PKC activity if cytosolic calcium levels are sufficiently elevated. These studies suggest

that PKC may be important for priming integrin (Xm4Vdependent outside-in signalling

processes leading to the establishment oi' a positive feedback kn.p that promotes the

mobilisation oi' intracellular calcium and hence further integrin (Xm4V, activation and stable

adhesion formation. This also suggests that the current linear model of GPlb-dependent

integrin «m4V̂  activation does not adequately explain the signalling relationship between

calcium, PKC and inlegrm «m4V; activation. The present studies support an alternative
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model in which PKC inside-out signalling primar "rves t '*. .;uc iniegiin (%P(V-i

activation and transient stable adhesion, who. as suhsequent wii'-K^-in signalling

establishes a posiljve feedback loop that promotes intracellular calcium mobilisation, and

further integrin (XnblVi activation.

Studies examining the effects o( PKC inhibitors and phorbol esters on calcium flux

during platelet adhesion on vWf revealed that, despite its ability to promote integrin (X,;-,!̂

activation, direct PKC activation does not induce a cytosolic calcium response.

Furthermore, enhanced calcium flux was only observed following platelet integrin (XubbN

engagement o\' the vWf substrate and was specifically abolished by blocking ligand

binding to cxm,^, supporting an indirect role for PKC in promoting calcium release from

internal stores. These results were unexpected in light o\' the fact that PKC has previously

been shown to promote an increase in calcium decay rates in acivated platelet, rather than

promoting calcium flux. The signalling mechanism by which PKC potentiates (Xw4V,-

induced calcium mobilisation is unclear. It has previously been established that PKC can

phosphorylate the IP;, receptor in reconstituted ipid vesicles presenting as a potential

means o( regulating intracellular release (Ferris ct al., 1991). However, the studies in this

chapter do not support a direct effect o\' PKC on the IP;, receptor, rather, they demonstrate

that the effects of PKC on calcium flux are mediated indirectly, through enhancement of

integrin (Xnt,fVrdepcndent calcium mobilisation. One possible mechanism by which PKC

promotes cytosolic calcium flux is by promoting integrin (Xmi(V; activation, thereby

enhancing platelet adhesion contact formation with the vYVT substrate and indirectly

potentiating outside-in signalling events linked to inlracellular calcium mobilisation.

The present studies also demonstrate that the requirement for PKC during integrin

i/.in,(V, activation is dictated by the cytosolic calcium concentration. Figure 4.8

demonstrates that in the presence o{ intracellular calcium chelators, direct activation of



PKC is unable to induce integrin QL\\\$I activation, despite robust plcckstrin

phosphorylivlion under these experimental conditions These findings suggest that the

calcium-activated (conventional) isoforms of PKC may be required for integrin (XiibP?

activation. Additionally, these studies have demonstrated that when the mean cytosolic

calcium levels are sufficiently elevated, PKC is no longer required for integrin GL\\\,\h

activation. These findings suggest that PKC regulation of integrin (X1U1P3 occurs within a

limited calcium concentration range, a finding that may explain previous observations that

PKC inhibitors do not prevent platelet aggregation induced by potent platelet activating

stimuli, including thrombin (Iorio et al., 1996; Watson and Hambleton, 1989; Watson ct

al., 1988).

Numerous studies have established an important synergistic role for PKC and

calcium in promoting integrin (XnbP;, activation (Kaibuchi et al., 1983; Rotondo ct al., 1997;

Saitoh ct al., 1989; Walker and Watson, 1993). While this synergy undoubtedly plays an

important role in potentiating platelet activation, these studies raise the interesting

possibility that it may also be important for limiting the irreversible platelet activating

effects of calcium. For example, previous studies have demonstrated that a low, transient

cytosolic signal induces a sufficient level of integrin a w ^ activation to reduce platelet

translocation velocity on the vWf surface, however adhesion contact formation under these

conditions always remains reversible. In contrast, the induction of a high, sustained

cytosolic calcium response induces irreversible platelet activation, leading to stable platelet

adhesion, spreading and granule release. Thus, the modest effects of PKC on integrin

bP:, affinity at basal calcium levels (see Fig. 4.6a &b), provides a potential mechanism

for 'fine-tuning' the transition from surface translocation to sU.ionary platelet adhesion.

Finally our studies demonstrate that the iow level of anbp3 activation induced by PMA in

platelet suspensions, was sufficient to promote stationary contact formation in almost all
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platelets tethered to an immobilised vWf matrix. However, the onset of the sustained

oscillatory calcium response in stationary PMA-trcatcd platclcis was delayed significantly

compared to vehicle treated platelets, where stationary adhesion coincides exactly with the

onset of the sustained calcium flux. The reason for such a delay is unclear. Recent studies

have suggested that low levels of calcium in the cytosol are able to sensitise the IP3

receptor responsible for intraccllular calcium mobilisation, such that lower levels of the IP3

metabolite can mediate calcium release from intraccllular stores (Bootman et al., 1997;

Merchant, 2001; Merchant, 1999; Tovey ct al., 2001). One could speculate that under

normal conditions, GP Ib/V/IX engagement of vWf results in signalling events that

promote both a low level of PKC activation and also in transient GP Ib/V/IX-derivcd

calcium spikes. This low level calcium signalling may prime the IP3 receptor in platelets

such that, when integrin ccnt^ is engaged, the resulting outside in signalling results in

rapid calcium mobilisation. Platelet activation with excess phorbol ester treatment

bypasses the initial calcium signalling events required to prime the IP3 receptor which

might account for the delay in calcium flux downstream of integrin ccm,^ activation.

However further studies are required to clarify this issue. Regardless of the exact

mechanism, these studies support an important role for PKC in promoting integrin

bi-directional signalling relevant to platelet adhesion under flow.
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CHAPTER 5:

INTERCELLULAR CALCIUM SIGNALLING REGULATES

PLATELET AGGREGATION AND THROMBUS GROWTH
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Chapter 5.

Intercellular Calcium Signalling Regulates Platelet Aggregation and

Thrombus Growth.

5.1 Introduction.

The extent of plateiet activation at sites of vascular injury is regulated by several

factors. These include, the generation of soluble agonists such as thrombin, ADP and

TXA2 at the site of vessel injury (Hourani and Cusack, 1991; Shattil et al., 1998), the

exposure of highly reactive subendothelial matrix proteins such as collagen type I and III

(Baumgartner, 1977a; Baumgartncr, 1977b; Fuster and Chesebro, 1986; van Zanten ct al.,

1994; Weiss et al., 1989), and on the shear forces generated at areas of stenosis (Goto et

al., 1998; Ruggeri, 1993a). While collagen appears to be the most potent thrombogenic

protein expressed in the subendothelial matrix (Baurngartner ct al., 1977), recent in vitro

and /// vivo studies have demonstrated that platelet adhesion to collagen at high shear rates

requires a second adhesive protein, vWf. In fact, it is well established that vWf itself is

able to mediate both primary platelet adhesion and subsequent thrombus growth under high

shear conditions (Badimon et al., 1989a; Badimon et al., 1989b; Denis ct al., 1998; Goto et

a!., 1998; Kulkami ct al., 2000; Mazzucalo et al., 1999; Ni et al., 2000; Ruggeri et al.,

1999; Savage et al., 1998; Savage et al., 1996; Tsuji et al., 1999). The molecular

mcchanism(s) underlying the differences in the thrombogenic potential of these two

matrices is unknown.

Platelet adhesion to vWf occurs through a multi-step mechanism involving the

sequential binding of platelet GPlb, which mediates the initial (reversible) tethering of

platelets to the v\Vf surface, and the subsequent binding of intcgrin anhP?, which promotes
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firm (irreversible) adhesion to the vWf matrix (Ruggcri, 2000; Savage et al., 1996). This

multi-step adhesion mechanism appears to be equally relevant for platelet adhesion and

thrombus growth under high shear conditions. Recent intravital studies have highlighted

the dynamic nature of platelet thrombus growth in vivo, and have confirmed the

importance of the sequential interaction between vWf expressed on the platelet surface

with GPIb and integrin o.\\\$i on flowing platelets in this process (Denis ct al., 1998;

Kulkarni et al., 2000; Ni et al., 2000). Intravital microscopy studies have demonstrated that

platelets tethering to the luminal surface of thrombi tend to translocate for a variable period

of time before either forming stationary adhesion contacts or detaching from the thrombus

surface altogether (Kulkami et al., 2000).

The rate of conversion from reversible to irreversible platelet adhesion on a

thrombus surface may ultimately determine the extent of thrombus growth in blood

vessels. While it is well known that stationary platelet adhesion to the surface of

developing thrombi requires active integrin anbPs. to date, the mcchanism(s) regulating the

conversion from surface translocation to firm platelet adhesion on vWf have been poorly

defined. It has been shown in leukocytes that the conversion from surface translocation, to

stationary adhesion is mediated by inside-out signalling events induced by soluble

cytokines which increase the binding strength of p2-integrins (von Andrian et al., 1991).

The studies presented in chapter 3 and 4 of this thesis and by (Nesbitt et al., 2002), have

demonstrated that calcium signalling events generated by GPIb and integrin (XubP.-?

engagement are sufficient to promote stationary platelet adhesion to vWf independent of

soluble platelet agonists Recent studies by (Kuwahara et al., 1999) have also demonstrated

a potentially important role for integrin aubP.vdepcndent calcium flux in promoting platelet

aggregation and thrombus growth on vWf.
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Given the importance of the GPlb and intcgrin cxnbP* derived calcium signals in

promoting stationary platelet adhesion on vWf under high shear conditions, it is

conceivable that the calcium signals generated downstream of GPlb and cxm^ engagement

may also play an important role in regulating platelet aggregation. In this chapter a

confocal based imaging technique that enables real-time analysis of platelet calcium flux

was used to assess the role of calcium during thrombus formation.

5.2 Inter-cellular Calcium Communication (ICC) Promotes Platelet aggregate

formation on the Surface of Thrombi.

To assess the role of cytosolic calcium during platelet cohesion and thrombus

formation on a vWf matrix, calcium dye loaded platelets were reconstituted with washed

red blood cells (50% haematocrit) at 150 x lO'/L in order to maximise platelet-platelet

interactions, and then perfused over purified vWf (100 f-ig/m!) at 1800 s"1. Platelets that

formed irreversible stationary adhesion contacts on the vWf matrix were found to exhibit

high range sustained oscillatory calcium flux as described previously in this thesis (fig

3.7a, section 3.5). Once firm adhesion contacts were established, the 'primary' stationary

platelets appeared to act as reactive surfaces able to recruit other neighbouring platelets

and initiate the formation of small aggregates. As demonstrated in figure 5.1a,

Translocating platelets (T) that came into close proximity to 'primary' stationary platelets

(S) that expressed high oscillatory calcium levels, tethered to these cells and formed

stationary contacts themselves. Moreover, the 'primary' stationary platelets appeared to

transfer or communicate their 'calcium activation status' to the tethering platelets, such

that, the newly adherent cells also displayed similar calcium oscillations to those seen in

primary stationary platelets. The lower panel in figure 5.1a shows an initially stationary

cell (S) undergoing high range sustained calcium oscillations on a vWf surface, inducing a
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Figure 5.1 Inter-cellular Calcium Communication (ICC)

Platelets (150 xlO'VL) were perfused at and a shear rate of 1800 s"1 over immobilised

v\Vf or over the surface of pre-formed thrombi /// vitro. Single channel Oregon Green

fluorescence images of platelets undergoing ICC during aggregate formation on

immobilised vWf (a-top panel) or during platelet interactions on the surface of

preformed thrombi (b- top panel). S, marks a primary stationary adherent cell; and T,

a tethering cell. Representative single-cell calcium flux recordings demonstrating the

duration and amplitude of the cytosolic calcium signal in primary adherent cells (S-

solid line) and tethering cells (T-dotted line) are shown below the fluorescence

images. The arrow bold arrow (t) indicates the point at which the tethering platelet

physically interacts with the stationary platelet and propagation of the calcium signal

first occurs. A[Ca2+]c recordings are representative of 25 platelets from 3 independent

experiments, (c) Single channel Oregon Green fluorescence images demonstrating a

lack of sustained adhesion, aggregation and ICC propagation when the interaction of

tethering platelets (dotted marques) is not timed within 0.6-s of moment when the

calcium flux in a primary stationary cell (->) is at its peak. As shown, lack of ICC

results in both the primary adherent and tethering cells returning to surface

translocation. (d) The percentage of platelets tethering with a primary adherent

platelet and undergoing ICC, was quantified at time points where the primary

adherent cell was expressing high A[Ca2+]c, or low A[Ca2+]c. ICC occurs in 53 % of

cells when tethering coincides with a period where the primary adherent platelet

expresses high calcium levels, but docs not occur at all when the primary adherent

platelet expresses minimal calcium levels (n = 25 platelets).
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rapid increase in calcium flux in a translocating platelet (T), at the point at which the two

platelets come into contact with each other (marked by the arrow). This resulted in the

formation of small but relatively stable platelet aggregates (6-10 cells) that underwent

sustained oscillatory calcium flux throughout the 3 minute observation period (fig. 5.1a).

This data demonstrates for the first time, that platelets within a developing aggregate are

capable of transmitting calcium activation signals to adjacent cells. This process will be

referred to as Inter-platelet Calcium Communication (ICC).

Detailed single cell analysis of the calcium responses in developing platelet

aggregates revealed that efficient propagation of the calcium signal from a stationary

platelet (S) to its tethered counteiparts (T), required that contact between the cells be made

within a narrow temporal window (< 0.6 seconds) at the point at which the A[Ca2+], of the

primary adherent cell was at its peak (fig. 5.1c). Of the platelets that tethered to a primary

stationary cell over the observation period (3 minutes), only 53 % were found to form

stationary adhesions and display elevated calcium oscillations (fig. 5. Id).

To determine whether ICC also plays a role in the subsequent recruitment of

platelets to the surface of growing thrombi, similar perfusion studies were conducted on

preformed thrombi. In these studies, thrombi were generated by perfusing citrated whole

blood over type I fibrillar collagen for 5 minutes as described in section 2.7.3.

Subsequently, calcium dye loaded platelets (150 x 109/L) were perfused over the

preformed thrombi and calcium ratio measurements were taken of platelets interacting with

the thrombus surface. A similar 'transfer1 of calcium activation status was also observed on

the surface of thrombi (fig. 5.1b), where stationary platelets expressing elevated calcium

levels (S) were found to propagate their calcium status to other platelets within the local

population of tethered cells (T). These studies suggest a potentially important role for ICC

in promoting thrombus growth by facilitating the arrest of translocating platelets.
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5.3 Integrin ctubfc Requirement for Inter-platelet Calcium Communication.

The studies presented in chapter 3 and 4 of this thesis highlight the central role for

integrin ani,P3 in promoting cytosolic calcium flux and sustained platelet adhesion and

aggregation on immobilised vWf. To determine whether integrin ociibP.i is required for

promoting calcium communication, the effect of integrin cciibP? inhibition on ICC was

examined. In these studies an initial population of 'firmly adherent' platelets undergoing

sustained calcium oscillations was established by perfusing calcium dye-loaded platelets

over an immobilised vWf matrix and then washing away loosely adherent or translocating

platelets. A second population of platelets treated with either control buffer or with the

integrin antagonist, aggrastat, was then perfused over these primary adherent

platelets at a shear rate of 1800 s"1. As demonstrated in figure 5.2a, rolling platelets that

tethered to prc-adherent platelets expressing sustained calcium oscillations, were able to

form stationary adhesion contacts themselves and the calcium activation status of the

primary spread cell was propagated to its tethering partners, demonstrating that ICC could

be observed on vWf under these assay conditions.

In subsequent experiments, platelets were pre-incubated with aggrastat to block

ligand binding to intsgrin ocubP3 on the surface of flowing platelets prior to perfusion over

pre-adherent platelets. This was found to completely inhibit inter-platelet calcium

communication suggesting that integrin otubP? plays a key role in promoting ICC (fig. 5.2b

and c). Interestingly, aggrastat did not inhibit the ability of stationary 'pre-adhercnf

platelets to undergo sustained oscillatory calcium flux despite its inhibitory effects on

integrin 0CnbP3 activity at the luminal surface of these platelets. Presumably, this is because

integrin (Xm^-mediated signal transduction in the prc-adhcrcnt platelets can still occur

through ligated integrins on their basal surface.
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Figure 5.2 ICC Requires Integrin a m ^ Engagement

Platelets (150 xlO'VL) were perfused over immobilised vWF at 1800 s"1 to establish an

initial population of stationary adherent cells undergoing sustained caicium

oscillations (—>•). A second population of platelets treated with or without 200 nM

Aggrastat (dotted marques) were subsequently perfused over this reactive population

and platelet-platelet interactions monitored in real-time, (a) Control flows

demonstrating efficient ICC and aggregate fomiation between primary stationaiy (->)

and tethering platelets (dotted marques), (b) Aggrastat treatment effectively inhibited

the propagation of the initial calcium signal and prevented aggregate formation at the

surface of the vWF matrix, (c) The percentage of platelets cominr, into contact with

an initially adherent platelet and undergoing concomitant calcium oscillations (ICC),

was quantified at time points where the primary adherent cell was expressing high

A[Ca2+]c or low A[Ca2t]c. ICC is dependent on integrin-anbP.̂  engagement and is

completely abolished by aggrastat (n = 25 platelets).
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5.4 Role of Secreted ADP for Inter-platelet Calcium Communication.

Conflicting evidence exists regarding the role of secreted platelet agonists such as

ADP and TXA?. during platelet adhesion and activation on reactive matrix proteins. TXA2

generation and the release of endogenous ADP from platelet dense granules is known to be

important for stable thrombus formation both in vivo and in vitro (Cattanco and Cachet,

1999; Fabie et al., 1999; Hourani and Cusack, 1991; Huang et al., 2000; Leon et al., 1999a;

Leon et al., 1999b; Nieswandt et al., 2001b). ADP in particular, has also been shown to

play a key role in promoting and stabilising platelet aggregates during stimulation with

many physiological agonists, including vWf (Cattaneo ct al., 1990; Chow ct al., 1992;

Gachet, 2001a; Ikeda et al., 1991; Moakc ct al., 1988; Moritz ct al., 1983; Oda et al., 1995;

Peterson et al., 1987; Turner et al., 2001). To investigate the possibility that released ADP

is also required to promote platelet aggregation and inter-cellular calcium communication

on vWf, calcium dye loaded platelets (150 x lO'/L) were perfused through vWf coated

microcapillary slides in the presence of the ADP scavenging enzyme apyrase (1.5 U/ml).

In agreement with previous studies (Nesbitt et al., 2002), a primary adherent population of

platelets expressing sustained oscillatory calcium flux could still be established in the

presence of apyrase (fig. 5.3a and b). However, its shown in figure 5.3b, the anility of these

primary adherent cells to induce calcium signals in their tethering counterparts was

completely inhibited, as was the ability of tethering platelet to form stable adhesion

contacts with primary adherent platelets and to form platelet aggregates. Identical results

were observed when these experiments were performed in the combined presence of two

specific purincrpic receptor antagonists, A3P5PS and AR-C69931MX, to selectively

inhibit ADP signalling through the platelet P2Y| and P2Yi: receptors respectively (Boycr

ct a!., 1996- Humphries, 2000; Ingall et al., 1999) (data not shown). This data supports a

key role for released ADP for ICC and aggregate formation on :i vWf matrix. To
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Figure 5.3 Secreted ADP Drives ICC and Platelet Aggregation on a vWf matrix.

Calcium dye-loaded platelets (150 xiO9/L) were perfused over immobilised vWf at 1800 s"'and Oregon Green fluorescence images

were recorded in real time, (a) Single channel Oregon Green fluorescence images of vehicle (Me2SO) treated platelets on immobilised

vWf. (—>) Indicates a primary adherent platelet undergoing vWf dependent calcium flux. The cluster of platelets formed at the 9.6-s

and 45.4-s time points, demonstrate that ICC and aggregate formation takes place at sites of primary platelet-vWf adhesion, (b) Single

channel Oregon Green fluorescence images of apyrase (1.5 U/ml) treated platelets on immobilised vWf. (-->) Indicates a single platelet

undergoing transient calcium flux that correlates with short duration stationary adhesion ormation. Images taken at 10.2-s and 11.9-s

demonstrate that although platelet-platelet contacts occur in the shear field, apyrase treatment effectively abolishes ICC. Treating

platelets with (c) aspirin (1.5 uM) or (d) A3P5PS (100 jiM) prior to perfusion over immobilised vWf does not inhibit ICC at sites of

primary piatelet-vWf adhesion demonstrating that ICC does not require TXA2 or P2Yi signalling. However treating platelets with (e)

AR-C69931MX (200nM) prior to perfusion over immobilised vWf abolishes ICC demonstrating that P2Yj2 signalling is required for

ICC. (e-lower panel) representative calcium flux profile of a primary stationary platelet (black line) and a tethering platelet (red line)

showing that platelet-platelet contact in the presence of AR-C69931MX results in a transient intra-platelet calcium spike that is not

sustained resulting in only transient platelet-platelet contact and lack of ICC and aggregate formation.





investigate the role of TXAT in ICC and platelet aggregation on vWf, calcium dye loaded

platelets (150 x 10/L) were pre-treatcd with 1.5mM aspirin prior perfusion over the

surface of immobilised vWf. Consistent with earlier studies (Nesbitt et a!., 2002), aspirin

pre-treatment did not inhibit the ability of platelets to form primary stationary adhesions

with the vWf matrix, nor did it inhibit ICC at the surface of vWf under flow conditions

(fig. 5.3c). In control studies 1.5mM aspirin vvas found to completely inhibit the platelet

aggregation response to arachidonic acid (data not shown).

To gain further insight into the mechanism by which ADP promotes ICC and

aggregate formation on vWf under shear conditions, the individual role of platelet ADP

receptors P2Y| or P2Y|2 was examined. In these experiments, calcium dye loaded washed

platelets were perfused at high shear (1800 s'1) over immobilised vWf, in the presence of

cither A3P5PS or AR-C69931MX, to selectively inhibit ADP signalling through P2Yh or

P2Y,2, respectively. Treatment of platelets with A3P5PS (200 JAM) did not inhibit iCC or

effect the ability of platelets to form aggregates on the vWf matrix (fig. 5.3d). Conversely,

blockade of the P2Yi2 receptor using AR-C69931MX (200 nM), resulted in inhibition of

ICC and sustained aggregate. As shown in figure 5.3e, while initial primary stationary

adhesion formation and calcium spiking associated with platclet-vWf contact was not

inhibited by AR-C69931MX treatment, the propagation of ICC and the generation of a

sustained oscillatory calcium response in platelets tethering to primary adherent platelet

was totally abolished. These results suggest that the P2Yi2-linked G; signalling pathway

plays is critical for supporting ICC and platelet aggregation under shear conditions.

5.5 Inter-platelet Calcium Communication Drives Thrombus Growth.

Earlier studies presented in this thesis demonstrated that a type I collagen matrix

elicited stronger calcium responses in adherent plateiets than vWf. Given the importance of
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inter-cellular calcium communication during the process of platelet aggregation on vWf

under high shear, it is possible that the rate and extent of thrombus growth under flow

conditions may be regulated by the extent of calcium mobilisation elicited by the adhesive

matrix, and subsequently, the efficiency by which calcium signals are propagated

throughout an aggregating platelet population. To test this hypothesis, platelets (150 x

10°/L) were reconstituted with red blood cells (50 % haenuttocrit) and citrated plasma, and

perfused at 1800 s"1 through vWf or collagen coated microcapillary slides to compare the

level of thrombus formation on these matrices. Generally, the thrombi generated on a vWf

3 •matrix were relatively small, typically measuring <20, 000 u.nv in volume, and formed in

discrete clusters over the vWf surface (fig. 5.4a and b). On the other hane, platelet

aggregates formed on collagen fibrils were extremely large compared to vWf and

measured > 110, 000 u,nr in volume (fig. 5.4a and b). Detailed analysis jf primary platelet

adhesion on the vWf matrix showed that only 6.5 ± !.7% of tethered cells maintained

stationary adhesion contacts for longer than 30 seconds (fig. 5.4c), indicating that the

majority of adhesion contacts formed under these experimental conditions remain

reversible. In contrast, 100% of platelets interacting 'vith collagen fibrils formed

immediate and irreversible stationary adhesion contact:-, with this matrix (fig. 5.4c) and

they provided highly efficient nuclei for the recruitment of additional platelets, resulting in

the rapid formation of very large platelet aggregates.

To investigate the hypothesis that ICC propagation regulates the rate and extent of

thrombus formation, real-time changes in cytosolic calcium levels were monitored during

platelet thrombus formation on a type 1 fibrillar cohagen or vWf matrix. Single cell

analysis of platelet calcium flux and adhesive behaviour under flow revealed that only a

smali percentage of tethered platelets (6.5 t 1.7%) formed prolonged stationary adhesion

contacts and exhibited an observable calcium response on a vWf matrix. However ail

i'l
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Figure 5.4 ICC Drives Thrombus Growth

Washed platelets (150 x 109 cells/L) were treated with vehicle (0.25% Me2SO) or 100

(.iM DM-BAPTA,AM (dm-B) were indicated prior to pcrfusion over immobilised

human vWf (100 ug/ml) or type 1 fibrillar collagen (2.5 nig/ml) 1800 s'1 for 5

minutes as described in section 2.6.4. Platelet thrombi formed after 5 minutes were

subsequently imaged by confocal microscopy and reconstructed using image analysis

software. 3D-reconstruc?.ed images (a) were created using image tool software, (b)

Thrombus volumetric data demonstrating the marked difference in platelet thrombus

size on the surface of immobilised vWf versus type 1 collagen. Note: in the case of

DM-BAPTA-treated cells, thrombi did not form and the platelets translocated freely

across the collagen surface (n=3). In (c) the percentage of platelets fomiing stationary

adhesion contacts with vWf or collagen was quantified and expressed as the

percentage of iotal adherent platelets (n=3).
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platelets that tethered to type I collagen fibrils were found to form stable adhesion contacts

and elicited rapid oscillatory calcium flux. Furthermore, collagen induced higher level

calcium signalling than vWf. The mean A[Ca2+]c response in vWf adherent platelets was

found to be relatively low (mean 234.5 nM; max 796 nM) compared to the calcium levels

expressed in collagen adherent platelets (mean 913.3 nM; max 1,974 nM) (fig. 5.5a). More

importantly, of the vWf adherent platelets that tethered to a primary adherent platelet

undergoing sustained calcium oscillations, only 53% were found to form stationary

contacts and display ongoing calcium flux, the remaining 47% failed to sustain this

response and subsequently detached and returned to the bulk flow (fig. 5.5b and c). In

contrast, on a collagen matrix, 100% of adherent platelets displayed sustained calcium

oscillations resulting in the formation of extremely efficient nuclei for the subsequent

recruitment of platelets from flowing blood. All platelets that subsequently tethered to the

primary adherent platelets formed stable adhesion contacts and displayed sustained

calcium flux themselves (fig. 5,5b and c). Another fundamental difference between the

A[Ca~r|c observed in platelets adherent to vWf and type I collagen, is the amount of time

that the platelets express a high calcium activation state. Frequency distribution analysis of

platelet calcium over a 30 second period showed that the probability of any one platelet

adherent to vWf expressing an elevated A[Ca2+]c >100nM was 0.06, compared to 0.95 on a

collagen surface (fig. 5.5a). In all studies (> 100 independent experiments), there was a

strict correlation between cytosolic calcium flux in the primary adherent layer of platelets

and the propensity of these cells to act as nuclei for platelet aggregate formation, delating

cytosolic calcium using DM-BAPTA-AM (100 u,M) completely eliminated calcium

oscillations in the primary adherent ceils, and consequently inhibited platelet aggregation

am! thrombus growth on both a vWf and collagen matrix (fig. 5.5a). Taken together, these

results demonstrate that there are significant differences in Ihe cytosolic calcium signal
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Figure 5.5 The Extent of Thrombus Growth Depends on the Level of Cytosolic Calcium Flux Induced by the Adhesive Matrix.

Platelets (150 x 109/L) were treated with or without DM-BAPTA (dm-B"> and perfused over immobilised vWf or type I collagen at

1800 s"1. (a) A[Ca2+]c population analysis showing the distribution of platelet calcium events occurring at the surface of immobilised

vWf and type 1 collagen. The grey box indicates the 100 nM calcium threshold below which platelets are considered to be in the

resting state (n=3). (b) The percentage of platelets coming into contact with an initially adherent platelet and undergoing concomitant

calcium oscillations (ICC), was quantified at time points where the primary adherent cell was expressing high A[Ca2+]c. The data

indicates that ICC occurs in 53 % of cells tethering to primary adherent cells at the surface of vWf, while 100% of tethering cells

express sustained calcium oscillations at the surface of type I collagen (n = 25 platelets), (c) Oregon Green fluorescence images

demonstrating intraplatelet calcium flux during real-time aggregate formation at the surface of immobilised vWf or collagen type 1.

(<—) Indicates the site of initial platelet adhesion to both collagen and vWF matrices. Note that the images on type I collagen show

aggregate formation on a single collagen fibre in comparison to the continuous surface of immobilised vWf.



elicited in the initial layer of adherent platelets which influence the efficiency of ICC

propagation and aggregate formation on a vWf versus a collagen substrate.

To investigate more directly the hypothesis that elevation of cyiosolic calcium in an

initial population of adherent platelets is required for efficient platelet aggregation and ICC

on a vWf matrix, the effect of artificially inducing a transient calcium spike in

translocating platelets was examined. In these studies, washed platelets were loaded with

calcium indicator dyes and the caged calcium chelator NP-EGTA, prior to rcconstitution

(150 x 10l)/L) with red blood cells (50% haematoerit), and perfusion through vWf coated

microcapillary slides at IS00 s"1. Platelets rolling on the vWf surface were then exposed to

a rapid beam of UV light which resulted in a transient but rapid increase in cytosolic

calcium (Section 4.7) and (Nesbitt ct al., 2002). Unlike the two-step pre-adhesion method

described in section 5.3, this experimental approach allows rapid release of calcium in a

discrete population of primary adherent platelets only, immediately prior to the formation

of platelet-platelet adhesion contacts, thereby maximising the possibility of coordinating

the initiation of calcium flux v.'ith subsequent ICC. Consistent with previous studies

(Nesbitt et al., 2002), inducing transient calcium spikes in platelets that were not

interacting with other translocating platelets resulted in only a temporary arrest of

translocation in these cells (fig. 5.6a). However, induction of a single calcium spike at the

point at which two translocating platelets come into contact with each other, resulted in the

induction of a sustained oscillatory calcium flux and prolonged arrest of both platelets.

Furthermore, these cells formed efficient nuclei for the recruitment of additional free

flowing platelets leading to ICC and the rapid formation of platelet aggregates (fig. 5.6a

and b). As demonstrated on figure 5.6c, platelet aggregate formation and ICC under these

experimental conditions was completely inhibited by pre-treating the platelets with apvrase

suggesting that it was completely dependent on released ADP. These results further
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support the hypothesis that the "transmission" of calcium signals (ICC) between adjacent

platelets is a major factor regulating the efficiency of platelet aggregation under flow.
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Figure 5.6 NP-EGTA Uncaging Triggers ICC Events and Platelet Aggregation

Platelets (150 x 10°/L) loaded with NP-EGTA (10 f.iM) were perfused through vWf

(100 ug/nil) coated microcapillary tubes at a shear rate of 1S00 s"1. Calcium release

was induced by UV uncaging as described in section 2.7.2. (a) Single channel Oregon

Green fluorescence images (top panel) and real-time calcium flux recordings (lower

panel) demonstrating the ICC propagation between a stationary adherent cell (—>) and

a tethering partner (marque), following NP-EGTA uncaging. The arrow ( t ) indicates

the point at which the primary stationary cell is activated by UV light. The grey box

indicates the period during which the secondary platelet (red line) tethers to the

primary stationary platelet (black line), (b) Control NP-EGTA-loaded platelets were

allowed to tether and translocate across the vWf matrix (-1.2-s and -0.6-s) and

subsequently exposed to a near UV light source (350nm TUV) for 0.6-s leading to

release of intra-cellular calcium (0-s). The zoomed boxes highlight the occurrence of

platelet aggregation and ongoing ICC following UV uncaging. Small aggregates

forming on the vWf surface are highlighted by the marques, (c) NP-EGTA-loaded

platelets were perfused on the vWf matrix in the presence of 1.5 U/ml apyrasc. The

zoomed boxes demonstrate that apyrase treatment results in a lack of ICC post UV

stimulation. Platelets resume translocation following a brief period of stationary

adhesion.



a. NP-KGTA
Aggregation

• i •

20
' i '

41)
' i '

60 SO 100 120

Timi! (see)



5.6 Discussion.

The studies in this chapter provide the first evidence that platelets are able to

'communicate1 with adjacent cells through an indirect process termed inter-platelet

calcium communication (ICC). These studies describe a novel co-operative signalling

mechanism involving ADP-induced activation of the P2Yi2 pathway, and integrin (XnbP.i

signalling, during platelet .adhesion and aggregation under flow conditions. Furthermore,

the present studies demonstrate that the efficiency with which primary adherent platelets

can promote ICC, is critical for promoting the transition from surface translocation to firm

platelet adhesion and in regulating the extent of thrombus growth under flow conditions on

different matrices such as vWf and collagen. These findings suggest that differences in the

reactivity of these adhesive substrates may be explained by their ability to promote ICC

and integrin ocnbPs activation in subsequently tethering platelet, and provide a new model

for the regulation of platelet thrombus growth under high shear conditions.

It is generally accepted that the conversion of translocating platelets to stably

adherent cells on the surface of thrombi is modulated by the activation status of integrin

(XiibP.i. It is also well established that some adhesive substrates such as collagen, arc more

thrombogenic than other substrates such as vWf. However, an important and largely

unresolved issue is the mechanism(s) by which these adhesive substrates propagate

stimulatory signals to subsequent layers of aggregating platelets and induce activation of

integrin ccnbP.-? on adjacent platelets. As demonstrated here, the ability of vWf and collagen

to promote platelet thrombus formation is directly related to the level of calcium

mobilisation that the respective matrices elicit in the initial layer of adherent cells. Rapid

thrombus formation on a collagen matrix was associated with efficient communication of

calcium signals between aggregating platelets, resulting in a high proportion of tethering
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platelets forming stable adhesion contacts. In contrast, most platelets translocating rapidly

on a vWf matrix do not exhibit sufficient sustained calcium oscillations. The relative

inefficiency of ICC on a vWf matrix results in a high proportion of tethering platelets

forming reversible adhesion contacts with the substrate and therefore limited aggregate

formation.

The extent of thrombus growth and the efficiency of ICC in vivo is likely to be

governed by the cumulative effect of multiple activating stimuli generated at sites of

vascular injury. The data presented in this chapter excludes a role for TXA2 in promoting

calcium flux between aggregating platelets, as ICC remained unaffected in aspirin-treated

platelets. However, in agreement with a number of studies supporting an important role for

ADP in thrombus formation (Born, 1986; Folie and Mclntire, 1989; Wagner and Hubbeli,

1992b; Zawilska et al., 1982), the current studies highlight a central role for ADP in the

propagation of ICC and the development of platelet aggregates under flow. It is well

established in the literature that ADP is a relatively weak platelet agonist, and that ADP-

induced integrin activation requires co-operative signalling through the platelet

purinergic receptors P2Y, and P2Y,2 (Daniel et al., 1998; Gachct, 2001a; Gachet, 2001b;

Geigeret al., 1998; Hechler et al., 1998a; Jin et al., 1998; Jin and Kunapuli, 1998; Savi et

al., 1998). Signalling through P2Y] alone induces a Gq-dependent calcium response that

leads to relatively weak platelet stimulation and unstable aggregate formation (Bom, 1962;

Gachet, 2001a; MacFarlane, 1987). Similarly, platelet stimulation through the Gi-linked

P2Y|2 pathway alone is has been found to induce platelet shape change, but not to support

integrin aubP."? activation. Signalling through the P2Yi2 pathway is believed to be essential

for the potentiation of platelet aggregation to a variety of physiological agonists including

thrombin and collagen (Gachet, 2001a; Gachct, 2001b; Gachet et al., 1995) and for the

stabilisation of thrombi in vitro and in vivo (Fabiv et al., 1999; Gachet, 2001b; Leon ct al.,
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1999b; Rcmijn et al., 2002). Integrin an^-induccd outsidc-in signalling has been recently

found to support sustained calcium oscillations and irreversible platelet activation on v\Vf,

but only in a relatively small proportion of the platelet population (Nesbitt et al., 2002),

suggesting that, like the ADP-receptors, integrin otnbpn in isolation, is also a relatively

weak platelet activator. While previous studies have demonstrated that platelet aggregation

in response to ADP requires signalling through both Gq and Gi-linked surface receptors,

the present studies provide evidence that co-operative signalling between the Gi-linked

P2Y)2 receptor and integrin (XubP.i engagement can also lead to platelet aggregation under

high shear on vWf.

The phenomenon of intercellular calcium signalling is a widespread form of cell-

cell communication often used to allow co-ordination of cell proliferation, differentiation

and metabolism in many cell types including osteoblasts (Jorgensen et al., 2000;

Romanello and D'Andrea, 2001; Romanello ct al., 2001; Saunders et al., 2001),

chondrocytes (Elfervig et al., 2001; Tonoa and D'Andrea, 2000), astrocytes (Fain ct al.,

2000; Guthrie et al., 1999; Rouach et al., 2000; Scemes, 2000; Scemes et al., 20G0; Shiga

et al., 2001; Verderio and Matteoli, 2001), oligodendrocytes (Verderio and Matteoli,

2001), neurons (Fam et al., 2000; Guthrie et al., 1999; Rouach et al., 2000; Scemes, 2000;

Scemes et a!., 2000), endothelial celh: (Moerenhout et al., 2001) and retinal epithelial cells

(Himpens et al., 1999). To date, at least three distinct mechanisms have been demonstrated

to co-ordinate calcium signalling between cells, including: (i) autocrine activation of P2

purinergic receptors leading to calcium release from intracellular stores (Churchill and

Louis, 1998; Elfervig et al., 2001; Fam et al., 2000; Jorgensen et al., 2000; Verderio and

Matteoli, 2001), (ii) gap junction mediated communication leading to extracellular calcium

influx (D'Andrea et al., 2000; Evans and Boitano, 2001; Fam et al., 2000; Lyng et al.,

2000; Romanello and D'Andrea, 2001; Romanello et al., 2001; Tonon and D'Andrea,
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2000), and (iii) by a recently identified extracellular calcium-sensing receptor that responds

to changes in the calcium signalling status of neighbouring cells (Holer ct al., 2000). The

results presented in this chapter demonstrate for the first time the involvement of an

integrin in this process, and furthermore, establish an important role for co-operative

signalling between integrin aut,P3 and purinergic receptors in regulating ICC and thrombus

growth.
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Chapter 6.

• Role of ADP in Promoting Primary Platelet Adhesion on vWf.

( 6.1 Introduction.
i :

< It is well established that vWf is the major ligand promoting platelet adhesion and

t

) aggregation under high shear conditions (Kulkarni et al., 2000; Savage et al., 1996).
i

Studies presented earlier in this thesis (section 3.5) and by Nesbitt et al., (2002), have

demonstrated that primary platelet adhesion to vWf requires the co-ordinated generation of

GP Ib/V/IX-dependent calcium spikes, followed by a self-propagating calcium signal

mediated by integrin ocnbP:, outside-in signalling, which promotes firm platelet adhesion.

These studies demonstrated that stationary adhesion on a vWf matrix at high shear occurs

in the absence of soi'ible agonist stimulation. However, the majority of platelets that

adhere to immobilised vWf under laminar flow conditions translocate over the surface with

very few platelets forming stationary adhesion contacts and displaying sustained calcium

oscillations. This suggests that platelet activation on vWf under these conditions is a

relatively inefficient process. A similar phenomenon has been described during thrombus

growth in vivo where the vast majority of platelets tethering to the thrombus surface

i i
j ' through the vWf-GPIb/V/IX interaction do not form stable adhesion contacts but rather,

translocate and eventually detach from the thrombus surface (Kulkarni et al., 2000).

I 1 Shear-induced platelet aggregation studies, using a cone and plate viscometer, have
>

• demonstrated dramatic vWf-induced platelet activation under high shear (Chow et al.,

, j 1992; Ikeda et al., 1991; Moake et al., 1988; Moritz et al., 1983). However, platelet

aggregation in this system has been attributed larr.Hy to the accumulation of secreted ADP.

Moreover, the inter-platelet calcium communication studies presented ';.. chapter 5,113



demonstrated thai while a low level of stationary adhesion can occur on vWf, in the

absence of ADP stimulation, subsequent aggregate formation cannot proceed (section 5.4).

Together, these results suggest that ADP released from platelets activated by vWf may be

an effective mechanism of increasing the efficiency of platelet activation.

The studies in chapter 5 demonstrated an important role for co-operative signalling

between integrin «iibp3 and the G;-linked, P2Y)2 receptor during platelet aggregate

formation under flow conditions. Several other studies have previously demonstrated an

important role for Gj-mediated signal transduction in promoting integrin ccubP.i activation.

Patients with congenital defects in the Gj-coupled P2Yi2 receptor have been shown to

display impaired aggregation in response to ADP stimulation and impaired thrombus

growth on collagen (Cattaneo et al., 1992; Nurden et al., 1995; Remijn et al., 2002).

Furthermore, ADP-induced aggregation can be blocked by selectively inhibiting the Gj

linked P2Yi2 receptor in human platelets or by knocking-out this receptor in mouse

platelets (Jantzen et al., 2001; Yang et al., 2000). Under these, conditions, full aggregation

in response to ADP could be restored by direct activation of the G-m pathway through

adrenaline binding to the a2a-adrenergic receptor (Hechler et al., 1998a; Jin and Kunapuli,

1998).

The studies in this chapter investigate the role for ADP in promoting stationary

adhesion on vWf. Furthermore, the functional relationship between the platelet ADP

receptors and integrin anbP.-? signalling in promoting platelet adhesion on vWf are

examined.
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6.2 Increased Platelet Density Results in Increased Levels of Platelet Adhesion and

Calcium Mobilisation on a vWf matrix Under Flow.

The demonstration that clinically low platelet counts (<20 x J09/L) lead to an

increased risk of haemoiThage (Gaydos, 1962), suggests that platelet density may play a

role in regulating platelet activation in vivo. To investigate the possibility that platelet

density affects stationary adhesion fonnation on vWf, platelets were perfused at densities

of 5, 20 and 150 x 109/L through vWf coated microcapillary tubes at 1800 s'1, and the level

of stationary adhesion (lasting at least 30 seconds) quantified. As shown in figure 6.1a, at 5

x 109/L none of the platelets tethering to the vWf surface formed stationary adhesion

contacts for a period of > 30 seconds. In contrast, at a platelet count of 20 x 109/L, 4 ±

0.85% of the tethered platelet population formed stationary adhesions for at least 30

seconds and at platelet counts of 150 x 109/L, 5 ± 0.14% of platelets formed stable

adhesion contacts >30 seconds. The duration of stationary adhesion contacts in a

population of vWf adherent cells was examined at 5 x 109/L and 150 x 109/L. As

demonstrated in figure 6.1b, at a platelet density of 5 x 109/L, 66 ± 3.3% of tethered

platelets exhibited stationary contact formation with the matrix lasting I second. The level

of stationary adhesion decreased exponentially over time such that, 3.8 ± 0.8% of the

platelet population formed sustained adhesion contacts for 10 seconds, and 0% formed

stationary adhesion contacts lasting 30 seconds (fig. 6.1b). A similar phenomenon was

observed at 150 x 109/L, however, the rate of decrease was significantly lower. At 150 x

109/L, 65 ± 3.5% of platelets formed adhesion contacts lasting at least 1 second, decreasing

to 26.8 ± 3.8% at 10 seconds, and 5.2 ± 1.3% stationary platelets at 30 seconds (fig. 6.1b).

The most impressive difference between high and low density platelet populations was the

proportion of platelets exhibiting stationary adhesion for 10 seconds, where <4% of

platelets were present at 5 x 109/L compared to -26% at 150 x 109/L (fig. 6.1b). This data
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Figure 6.1 Stationary adhesion formation is modulated by platelet density under flow conditions.

Washed platelets were reconstituted at the indicated densities with 50% autologous red blood cells (RBC's). Following reconstitution,

platelets were treated with or without 2U/ml apyrase and platelet counts were confirmed using a coulter counter prior to perfusion of

the platelet suspensions over immobilised vWf at 1800 s"1 (n = 3). In (a) the proportion of platelets (expressed as % of total adherent

population) forming stationary adhesions for at least 30 seconds was plotted as a function of the platelet density (xlO9/L) (data

represents mean ± S.E.M of three separate experiments). In (b) Washed platelets were reconstituted with 50% red blood cells at 5 x

109/L ( t ) , or 150 x 109/L prior to perfusion over vWf at 1800s"1 (n = 3). Real-time tethering and stationary adhesion formation was

recorded by video microscopy for off line analysis (as described under methods section 2.6.3). The proportion of platelets forming

stationary adhesion contacts lasting for a period of 1, 2, 5, 7, 10 and 30 seconds was assessed and expressed as a % of the total

adherent population. The results represent the mean ± S.E.M from three separate experiments.
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demonstrates that both at high and low density, the majority of platelct-vWf interactions

remain transient, however increased platelet density results in greater duration of adhesion

contacts.

One possible explanation for the effect of density on platelet adhesion is that

transient adherent platelets experience less frequent interactions with translocating platelets

in the shear field than those forming more prolonged adhesion contacts. To examine this

hypothesis, the number of collisions between translocating platelets and cells forming

stationary adhesion contacts for 5, 10, 20 or 30 seconds was analysed, and the mean

number of collisions within each group was calculated per second to give collision

frequency. As demonstrated in figure 6.2a, these studies demonstrated no significant

difference in the frequency of platelet-platelet collisions experienced by platelets that form

stationary contacts lasting for 5, 10, 20 or 30 seconds.

An alternative hypothesis for the effect of platelet density on stationary adhesion is

that the duration of the interaction between stationary and translocating platelets is longer

for platelets forming prolonged stationary adhesions than for platelets forming transient

stationary adhesions. To investigate this possibility, analysis of the duration of platelet-

platelet adhesion contacts was performed. In these studies, interaction times were assessed

for platelets that formed stationary adhesion contacts for 5, 10 and 30 seconds. As shown

in figure 6.2b, the average duration of platelet-platelet contact for platelets forming

stationary adhesions for 5 seconds is ~ 1 second. This increases to an average contact time

of ~ 2 seconds for platelet remaining stationary for 10 seconds and to >7 seconds for

stationary platelets lasting 30 seconds (fig. 6.2b). These results suggest that while the

frequency of platelet interactions docs not regulate stationary adhesion formation, extended

contact times between stationary and translocating platelets may promote increased

adhesion stability.

116



Figure 6.2 Effect of platelet-platelet interactions in promoting sustained

stationary adhesion contacts on vWf under flow.

Washed platelets (150 x 10°/L) were treated with or without 2U/ml apyrasc prior to

perfusion over immobilised vWf at 1800 s"1. (a) The number of platelet-platelet

interactions with a primary adherent platelet displaying stationary adhesion contacts

lasting for either: 5, 10, 20 or 30 seconds was quantified. The graph illustrates the

frequency of platelet collision (cell-cell contacts per second) experienced by platelets

that form stationary adhesions for 5, 10, 20 and 30 seconds. Data is expressed as mean

± S.E.M of three independent experiments, (b) The duration of platelet-platelet

interactions between translocating platelets and primary adherent platelets displaying

stationary adhesion contacts lasting for 5, 10 or 30 seconds was quantified. The graph

illustrates the average duration of platelet-platelet contact between translocating

platelets and stationary platelets. Data is expressed as mean ± S.E.M of three

independent experiments.



a.

= 3
1.00

=5 -a
2 S 0.75H
O CD

a a 0.50H

SoS 0.25-j
2 S

0.00
0 10 20 30

Duration of statioanry contacts
(seconds).

auvution of stationary
adhesion (seconds)



Previous studies in section 5.2 of this thesis demonstrated that sustained platelet-

platelet interactions resulted in ICC and aggregate formation. In order to examine the

requirement for ICC for stable adhesion formation on vWf, detailed analysis of

translocation behaviour and calcium flux was earned out in primary stationary platelets

and in translocating platelets that interacted with these cells. These studies demonstrated

that those platelets that formed transient stationary adhesions lasting <10 seconds, also

exhibited transient, high level, calcium flux, however these calcium signals were short-

lived and upon down-regulation of the calcium response, platelets returned to translocation

(fig. 6.3a). Furthermore, when analysing platelets that interacted with these cells, no

calcium signal (ICC) was observed in tethering platelets (fig. 6.3b and d), and no stable

aggregate formation was observed (fig. 6.3b and d). On the other hand, platelets that

elicited a cytosolic calcium response in tethering platelets invariably underwent sustained

calcium oscillations, resulting in the formation of stable adhesion contacts on the vWf

matrix (>30 seconds), (fig. 6.3a, c and e). This data raises the possibility that a process

similar to intercellular calcium communication may not only provide a mechanism to

activate translocating platelets that interact with primary stationary cells, but may also

provide a mechanism to enhance the adhesion stability in primary adherent platelets.

In light of previous ICC studies demonstrating that the formation of platelet

aggregates occurs as a result of ADP secretion, it is possible that at high platelet density,

the duration of stationary adhesion formation on vWf is increased as a consequence of

ADP secretion. To investigate the role of secreted ADP in primary adhesion formation at

high density (150 x IOC)/L), platelets were perfused over immobilised vWf (1800 s'1) in the

presence of apyrase or a combination of A3P5PS and AR-C69931 MX, and the stability of

stationary contact formation was assessed. Inhibition of ADP resulted in a significant

reduction in the stability of stationary adhesion contacts compared to control flows. As
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Figure 6.3 Effect of Calcium Communication in promoting sustained stationary

adhesion contacts on vWf under flow.

Calcium dye-loaded platelets (150 x lO'VL) were perfused over immobilised vWf at

1800 s"1 and cytosolic calcium flux was monitored by con focal microscopy, (a)

Representative single-cell calcium recordings and translocation profiles of platelets

exhibiting transient (<30 seconds) and sustained (>30 seconds) calcium flux on vWf

at 1800s"1 (n = 25 platelets), (b) and (c) Single channel Oregon Green fluorescence

images of platelets during adhesion to vWf under flow. In (b) collision of

translocating platelets (T-») with a single platelet exhibiting transient calcium flux

and stationary adhesion (<30 seconds) (S: demarcated by the dotted circle) does not

result in ICC or stable aggregate fonnation. Both the translocating platelet and the

stationary platelet return to surface translocation. In (c) collisions between a

translocating platelet (T-»), and a primary stationary platelet (S: demarcated by the

dotte circle) forming stable adhesion contacts (>30 seconds) leads to ICC, stable

aggregate fonnation and sustained stationary adhesion fonnation of the stationary

platelet (S). (d) Representative calcium flux profiles of a platelet undergoing transient

adhesion (<30 seconds) (dotted black line), and of a tethering platelet (solid red line)

interacting with it. The contact between these two platelets does not result in ICC or

stable adhesion during the contact time between these two platelets (shaded box), (e)

Representative calcium flux profiles of a platelet undergoing sustained calcium flux

and stationary adhesion (>30 seconds) (dotted black line), and a tethering platelet

(solid red line) showing efficient ICC and aggregate fonnation during the contact time

between the platelets (shaded box).
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shown in figure 6.4a, the proportion of platelets forming stationary adhesion for 1 second

is similar for control and apyrase treated platelets, 65 ± 3.5% versus 61.4 ± 3.3%

respectively. However the proportion of platelets forming stationary adhesions for 10

seconds decreased from 26.8 ± 3.8% in control flows to 11 ± 1% in apyrase treated

platelets, and for 30 seconds it was reduced from 5.2 ± 1.3% in control flows to 1.2 ± 0.5%

in the presence of apyrase. Similar results were found in the presence of A3P5PS and AR-

C69931MX (fig. 6.4a). Consistent with a role for ADP in sustaining platelet adhesive

interactions, the contact time between translocating platelets and platelets that were

stationary for 30 seconds was reduced from 7.06 ± 0.70 to 2.16 ± 0.24 seconds with all

platelet-platelet interactions in the presence of apyrase remaining transient (fig. 6.4b). This

data demonstrates that ADP plays an important role in promoting stable platelet adhesion

on vWf at high platelet density.

6.3 ADP and Integrin CXIII,PJ Act in a Co-operative Manner to Promote Sustained

Calcium Flux and Firm Platelet Adhesion under Flow.

The studies presented in this thesis define an important role for ADP in promoting

stationary adhesion and aggregation on a vWf matrix. Using mathematical modelling, it

has previously been demonstrated that that the concentration of ADP at the surface of a

developing thrombus can reach micromolar concentrations known to induce irreversible

platelet activation (Folie, 1989; Hubbel JA, 1986a; Hubbel JA, 1986b; Wagner, 1992). To

investigate the effect of high concentrations of ADP on the efficiency of platelet adhesion

to vWf, flow assays were performed in the presence of 12.5 \xM exogenous ADP.

Exposure ot platelets to high concentrations of exogenous ADP (12.5 jiM) during surface

translocation on vWf resulted in a dramatic increase in the proportion of platelets forming

stationary adhesion contacts (from <6 % up to >90 %) (fig. 6.5a). All firmly adherent
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Figure 6.4 Effect of platelet density and secreted ADP on stability of stationary

adhesion contacts on vWf under flow.

Washed platelets (150 x 109/L) were treated with vehicle (•), 2 U/ml apyrase (•), or a

combination of A3P5PS (200 uM) and AR-C69931 MX (200 nM) (A), prior to

perfusion over immobilised vWf at 1800s"1. (a) Real-time tethering and stationary

adhesion formation was recorded by video microscopy for off line analysis (as

described under methods section 2.6.3). The proportion of platelets forming stationary

adhesion contacts lasting for a period of 1, 2, 5, 7, 10 and 30 seconds was assessed

and expressed as a % of the total adherent population. The results represent the mean

± S.E.M from three separate experiments, (b) The duration of platelet-platelet

interactions between translocating platelets and primary adherent platelets displaying

stationary adhesion contacts lasting at least 30 seconds was quantified in the presence

or absence of apyrase (2 U/ml). The graph illustrates the average duration of platelet-

platelet contact between translocating platelets and stationary platelets. Data is

expressed as mean ± S.E.M of three separate experiments.

•I



Stationary adhesion
(% of total)

S

Duration of cell-ceil contacts
(seconds)

bj in -j

o in o In

Vehicle

i i i

— — . « — _ _ _ - .
Apyrase Bggg-j

cr
•

S"
S"nary pla

nlot (

V
o
VI

O

a

S"
o*
&:y adhe

o"
•3tow

e
S3

s

o
o3
a

O - )

o. o. ô
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Figure 6.5 Co-operative signalling between integrin ctnuP.i and ADP receptors is

required for sustained calcium flux on vWf.

Washed platelets (5 x 10l)/L) were treated with or without c7E3 Fab (20 ug/ml) prior

to perfusion over immobilised vWf (100 ug/ml) at 1800 s"1, and subsequently chased

with a bolus of 12.5 uM ADP. (a) The proportion of platelets forming stationary

adhesions for at least 10 seconds was quantified in the presence or absence of ADP

and/or c7E3 Fab (data represents mean ± S.E.M of three separate experiments), (b)

Representative single-cell calcium recordings and the corresponding transloeation

profiles of platelets adhering to immobilised vWf at 1800s"1, demonstrating the

immediate onset of sustained calcium flux and sustained platelet arrest upon ADP

addition, (c) Representative single-cell calcium recordings and the corresponding

transloeation profiles on immobilised vWf, of c7E3 Fab-treated platelets upon ADP

addition at 1800 s"1. The shaded boxes highlight the transloeation behaviour and

calcium profiles of platelets prior to ADP addition, the arrow indicates the point at

which ADP is added.
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platelets elicited high-level sustained calcium oscillations and formed stationary adhesion

contacts lasting >30 seconds (fig. 6.5a and b). This sustained oscillatory calcium flux in

vWf adherent platelets was completely inhibited by pre-treating platelets with 20 jiig/ml of

c7E3 Fab (fig. 6.5a and c). Consistent with these observations, stimulation of platelets in

suspension with 12.5 |LiM ADP resulted in 100 % of platelets undergoing only a transient

calcium response (fig. 6.6a), that was found to peak at 1100 nM ± 300 nM (mean ±

S.E.M), and return back to basal levels (A[Ca2+]c <40 ± 20 nM) within 8.5 ± 3.5 seconds

(mean ± S.E.M) (fig. 6.6b and c). However, when platelets were allowed to interact with a

vWf surface under static conditions, ADP addition resulted in >75% of the platelet

population adhering firmly to the vWf matrix and exhibiting a sustained oscillatory

calcium response. Similar to the flow studies, sustained calcium flux under static

conditions was also sensitive to integrin otnhP} inhibition (fig. 6.6a and c). Furthermore, of

the remaining -25% of the non-c7E3 Fab treated platelet population on vWf that did not

engage the matrix, all of these exhibited a transient calcium flux (fig. 6.6a, c and data not

shown). These results demonstrate that sustained calcium flux in ADP stimulated platelets

is integrin ccuhPs ligation dependent, and provide further evidence for the importance of the

syncrgistic signalling between ADP and integrin (XiibP.-? in regulating platelet adhesion

under high shear conditions.

6.4 A DP-induced Integrin 0Ciu,P3 Activation and Sustained Calcium Flux under Flow

Requires Signalling Through PZYj and P2Y12.

To investigate the individual contribution of the P2Yi and P2Yj2 signalling

pathways in promoting stationary adhesion formation on vWT in the presence of high

concentrations of ADP, platelets were treated with A3P5PS and AR-C69931MX, and the

effects of these inhibitors on ADP-induccd cytosolic calcium flux were examined under
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Figure 6.6 Calcium responses induced by ADP in platelets under static

conditions.

Washed platelet suspensions were treated with or without c7E3 Fab (20 f.ig/ml), and

applied under static conditions to a non-reactive surface [10% (v/v) human serum

(HS)] or immobilised vWf (lOOug/ml), prior to stimulation with 12.5 f.iM ADP. (a)

The proportion of platelets undergoing transient (grey bars), or sustained (black bars),

A[Ca2+]c in response to ADP stimulation was quantified in a platelet population

resting on HS or vWf in the presence or absence of c7E3 and or ADP. Results

represent the mean ± S.E.M of three separate experiments, (b) Representative single-

cell calcium recordings of platelets resting on HS, and on vWf in the presence of c7E3

Fab (vWf + c7E3). (c) Representative calcium flux profiles in platelets stimulated

with ADP on human serum (ADP on HS), vWf in the absence of c7E3 Fab (vWf +

ADP), and on vWf in the presence of c7E3 Fab (vWf + C7E3 + ADP). Note: the

shaded box highlights the calcium status in platelets prior to ADP stimulation, the

arrow indicates the point at which ADP is added.
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flow conditions. Prc-trcatmcnt of platelets with AR-C69931MX prior to pcrfusion over a

vWf matrix, inhibited stationary adhesion formation and sustained calcium oscillations

following addition of high concentrations of exogenous ADP (fig. 6.7a and b). This data is

consistent with earlier ICC studies (section 5.4) demonstrating an important role for P2Yu

receptor signalling for stationary adhesion and aggregation on vWf. In contrast to ICC,

treatment of platelets with A3P5PS prior to addition of high levels of exogenous ADP was

found to inhibit stationary adhesion formation and sustained calcium oscillations on vWf

(fig. 6.7a and b). This data suggests an equally important role for P2Yi and P2Y|2 in

rh^elet activation by high concentrations of ADP. In control studies performed in

suspension, pre-treatment with A3P5PS resulted in total inhibition of ADP induced

calcium mobilisation while pre-treatment with AR-C69931MX did not effect the transient

ADP-induced calcium response (fig. 6.8). These results demonstrate that at high ADP

concentrations P2Yi-induced calcium flux is not sufficient to promote irreversible

adhesion to vWf under flow.

6.5 The P2Yi2 Pathway and Intcgrin ocm,^ Act in a Synergistic Manner to Promote

Sustained Calcium Flux and Firm Platelet Adhesion under Flow.

The observation that calcium flux induced by ADP binding to P2Yi alone cannot

promote sustained stationary adhesion on v\Vf suggests an important role for the P2Yi2 in

sustaining calcium flux and integrin (XnbP.i activation. To examine this hypothesis in more

detail, flow based adhesion studies were performed using NP-EGTA-loadcd platelets in

which exogenous ADP (12.5 fxM) was added to the bulk flow. In control studies, the

ability of NP-EGTA-loaded platelets to respond normally to bolus ADP stimulation was

assessed. Consistent with data presented in figure 6.6a, exposure of vWf adherent, NP-

EGTA loaded platelets to ADP resulted in >90% of platelets expressing sustained cytosolic
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Figure 6.7 Co-operative signalling through purinergic P2Y] and P2Yj2 receptors is required for sustained adhesion and

calcium flux on vWf.

Wasned platelets (5 x 109/L) were treated with or without A3P5PS (200 \xU) or AR-C6993 IMX (200 nM) prior to perfusion over vWf

(100 jig/ml) at 1800 s'1, and subsequently chased with 12.5 yM ADP. (a) The percentage of platelets forming stationary adhesion

contacts for at least 10 seconds was quantified in the presence or absence of ADP, A3P5PS and/or AR-C69931MX (data represents

mean ± S.E.M of three separate experiments), (b) Representative single-cell calcium recordings and the corresponding translocation

profiles of platelets translocating on immobilised vWf at 1800s"', showing that the immediate onset of sustained calcium flux and

stationary adhesion upon ADP addition is blocked by either A3P5PS or AR-C6993 IMX treatment (n=25 platelets).
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Figure 6.8 Effect of A3P5PS and AR-C69931MX on platelet aggregation and

calcium flux in response to ADP.

Washed platelet suspensions were treated with or without A3P5PS (200 }.iM) or AR-

C69931MX (200nM), and applied under static conditions to a non-reactive surface

(10% (v/v) HS), prior to stimulation with 12.5 uM ADP. The figure shows

representative single-cell calcium recordings of ADP stimulated platelets on HS, in

the presence or absence of A3P5PS or AR-C69931MX as indicated (n = 25 platelets).
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calcium flux and forming prolonged stationary contacts on vWf (data not shown). Prc-

treatment with A3P5PS (200 |.iM) or AR-C69931MX (200 nM), prior to pcrfusion over

vWf in the presence of ADP inhibited ADP-induccd stationary adhesion formation (fig.

6.9a). Exposure of NP-EGTA-loaded platelets to UV light (300-400 nm), for 0.6 seconds,

in the absence of exogenous ADP, resulted in transient calcium spikes and stationary

contact formation (fig. 6.9b and c). However, when platelets were exposed to UV light in

the presence of A3P5PS and ADP, the calcium response mediated by the uncaging of

cytosolic calcium resulted in >90% of the translocating population forming stationary

adhesion contacts and exhibiting sustained high-range calcium flux (fig. 6.9a and b). On

the other hand when platelets were exposed to UV light in the presence of AR-C69931MX

and ADP, calcium uncaging did not lead to the generation of sustained calcium signalling

and associated platelet adhesion, rather, these platelets displayed transient stationary

adhesion formation and calcium flux (fig. 6.9a and c). These observations demonstrate that

the induction of a transient calcium response by NP-EGTA uncaging is sufficient to induce

only transient and reversible stationary adhesion formation. However, subsequent P2Yi2

engagement and Gj-signalling is required to promote sustained stationary adhesion.

To investigate further the role of Gj-signalling in stationary adhesion formation

under flow, adrenaline was used to induce G, signal tiansduclion through an alternative

pathway to that activated by P2Yi: ligation. Adrenaline is known to bind to a2-adrcnergic

receptors on the platelet surface. This receptor is linked to an inhibitory G-protcin denoted

G(XZ, which is also coupled to adenylate cyclase (AC), leading to a reduction in cAMP

levels. In these studies, NP-EGTA-loaded platelets were perfused through vWf coated

microcapillary tubes in the presence of adrenaline (50 u.M), prior to UV uncaging.

Adrenaline (50 (.iM) alone did not effect the level of stationary adhesion formation on vWf

under flow conditions (fig. 6.10a), and consistent with previous experiments, stimulation
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Figure 6.9 Co-operative signalling through P2 V12 and integrin is sufficient

to promote sustained adhesion on vWf in response to transient calcium release.

Platelets loaded with 10 u.M of the caged calcium compound NP-EGTA were treated

with or without (200 uM) A3P5PS and/or (200 nM) AR-C69931 MX prior to

perfusion over immobilised vWf at 1800 s'1. These were subsequently chased with

12.5 u.M ADP. The platelets were allowed to translocate for approximately 18

seconds before being exposed to a near UV light source (300-400 nM) for 0.6 seconds

(marked by the arrow), (a) The percentage of platelets forming stationary adhesion

contacts for at least 10 seconds was quantified in the presence or absence of ADP,

A3P5PS and/or AR-C69931MX prior to UV stimulation (black bars) and post UV

stimulation (white bars) (data represents mean ± S.E.M of three separate

experiments), (b) Demonstrates the displacement vs. time graph of a representative

control NP-EGTA loaded platelet exposed to UV light and two representative

A3P5PS-treated platelets exposed to UV light in the presence of ADP. (c) Shows

displacement vs. time graphs of a representative control NP-EGTA loaded platelet

exposed to UV light and two representative AR-C69931 MX-treated platelets exposed

to UV light in the presence of ADP. The shaded boxes highlight the platelet

translocation behaviour and calcium profiles of platelets prior to ADP addition and

UV stimulation (n=25 platelets).
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Figure 6.10 Co-operative signalling through the 012-adrenergic receptor and

integrin anbP.i is sufficient to induce sustained adhesion and calcium flux on vWf

following transient calcium release.

Platelets loaded with lOuM of the caged calcium compound NP-EGTA were perfused

over vWf at 1800 s"1 and subsequently chased with 50 uM adrenaline. The platelets

were allowed to translocate for approximately 18 seconds before being exposed to a

near UV light source (300-400 nM) for 0.6 seconds (marked by the arrow), (a) The

percentage of platelets forming stationary adhesion contacts for at least 10 seconds

was quantified in the presence or absence of adrenaline and UV stimulation (data

represents mean ± S.E.M of three separate experiments). The graphs in (b) show

representative displacement vs. time graph of a control NP-EGTA loaded platelet

exposed to UV light and two representative platelets exposed to UV light in the

presence of adrenaline. The shaded boxes highlight the platelet translocation

behaviour and calcium profiles of platelets prior to UV stimulation (n=25 platelets).
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of NP-EGTA-loadcd platelets with UV light resulted in transient stationary adhesion

formation and calcium flux (fig. 6.10b). However, exposure of platelets to UV light in thr

presence of adrenaline resulted in sustained stationary adhesion and calcium signalling in

>90% of translocating platelets (fig. 6.10a and b). This data further confirms the hypothesis

that Gj-linked P2Y|2 stimulation is responsible for stabilising the interaction of CL]\\,\h with

vWf.
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6.6 Discussion.

The studies in this chapter demonstrate an important role for platelet density in

regulating platelet adhesion to vWf under flow conditions. Moreover, these studies suggest

that ADP is a key factor in regulating both primary stationary adhesion to vWf as well as

subsequent aggregate formation under flow conditions. Consistent with previous ICC

studies, the results presented in this chapter support a co-operative signalling relationship

between integrin a m ^ and ADP receptors in promoting stationary adhesion on vWf under

flow. However, contrary to ICC studies demonstrating a key role only for the P2Yi2

receptor in promoting stationary adhesion and aggregate formation under flow, the present

studies demonstrate an important role Tor both P2Yi and P2Y)2 receptors at high

concentrations of ADP. This suggests different mechanisms of activation arc utilised by

platelets at high and low ADP concentrations.

The studies in this chapter demonstrate a significant reduction in platelet stability

and in the duration of stationary contact formation with decreasing platelet counts.

Consistent with previous studies showing that very few platelet form stationary adhesion

contacts with vWf expressed on the surface of developing thrombi (Kulkarni et al., 2000),

the present studies demonstrated that at high or low density, the majority of platelet

adhesion on vWf remained reversible. However, these studies also demonstrate that higher

platelet densities increase the stability of adhesion contacts. The most notable difference

was seen in the proportion of platelets forming stationary adhesion contacts for 10 seconds

where, at low platelet densities (5 x 10°/L), only - 3 % of platelets were stationary

compared with >25% at 150 x 10''/L. These findings have potentially important clinical

significance given that a fall in platelet count to levels below 20 x 10'VL have been shown

to result in an increased risk of haemorrhage (Gaydos, 1962).
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The effect of density on adhesion stability correlated with increases in the duration

of contact between translocating platelets and stationary cells. This contact time between

platelets as well as adhesion stability of primary stationary platelets were reduced by

inhibiting the cellular effects of released ADP. While the exact role of secreted ADP in

promoting activation of adjacent platelets remains to be established, it is feasible to suggest

that ADP released from adherent platelets can have paracrine effects on adjacent platelets.

Thus, binding of secreted ADP to P2Y] and/or P2Yi2 receptors on stationary and tethering

platelets results in activation and stabilisation of integrin GtnbP.i and subsequently,

increased stationary adhesion formation. To determine the validity of this hypothesis,

future studies will require the development of a detection system to directly measure the

levels of secreted ADP from vWf adherent platelets. Beigi ct al., (1999) have devise.1 a

surface attached luciferase assay \/hich allows detection of local nucleotide release from

activated platelets. A similar technique may allow direct measurements of ADP release

from vWf adherent platelets. Sue!; an assay system would provide significant new insight

into the mechanism by which ADP regulates stationary contact formation at high platelet

counts.

The present PtuJ:-"-- ,«iso demonstrate that the efficiency of platelet stationary

adhesion formation on vWf is increased dramatically by co-stimulating platelets with high

concentrations of exogenous ADP, supporting a co-operative signalling relationship

between '.lie purincrgic ADP receptors, P2Yl and P2Yi2, and integrin (Xiu.P.v Contrary to

evious ICC studies demonstrating an important role for P2Yi2, but not P2Y] engagement

in stabilising integun ccm,^ activity on vWf (section 5.4), the results of this chapter

suggest that P2Yj and P2Yi2 arc equally important for promoting stationary adhesion

'onnation on vWf when platelets are exposed to high ADP concentrations.
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The key difference between these experimental systems is that in the ICC studies,

ADP is likely to be present at relatively low concentrations, and the initial transient

calcium signal is probably elicited by cither GP ib/V/IX or integrin cxu;,|Vi signalling, with

P2Yi: then serving to sustain the calcium response. In contrast, the initial calcium spike in

the ADP infusion experiments is mediated primarily through ADP binding to the P2Yi

receptor. Based on these observations, it is conceivable that P2Yi-mediated signalling is

responsible for inducing an initial transient integrin a.\\$i activation, and subsequent

P2Yi2 signalling acts to stabilise the integrin ttiu,pN-vWf interaction. This hypothesis is

supported by ICC studies in which blockade of the P2Y)2 receptor inhibited platelet

aggregate formation on vWf but did not inhibit the ability of platelets to undergo transient

calcium spikes and associated transient stationary adhesion contacts (section 5.4). Further

evidence to support the latter hypothesis comes from studies where P2Yi-induccd transient

calcium mobilisation is mimicked under flow conditions by NP-EGTA uncaging. These

studies demonstrated that reversible stationary contacts associated with transient calcium

spikes could be converted to sustained stationary adhesion by stimulating platelets through

G,-linked surface receptors.

These results suggest a two-step mechanism involving P2Y| and P2Yi2 signalling

leading to stationary platelet adhesion and sustained calcium flux in response to ADP

under high shear conditions. In this model, an initial transient calcium response and

reversible adhesion formation is mediated by P2Yi signalling. A subsequent stabilising

cvcnl is mediated by synergistic P2Y|2-dependcnt inside-out and integrin

outsidc-in signalling leading to prolonged integrin (X|ibp3 ligation and consequently to a

sustained calcium flux. The demonstration that the P2Y|2 receptor sustains integrin tXubP.r

dependent calcium flux and stable platelet aggregation, is consistent with recent perfusion

studies demonstrating an important role for this receptor in stabilising platelet thrombus
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formation under flow (Hollopctcr ct al., 2001; Rcmijn ct al., 2001; Rcmijn ct al., 2002).

The exact mechanism by which G\ signalling syncrgises with integrin am,^ to promote

sustained stationary adhesion in vWf adherent platelets remains unclear. It is well

established that signalling through Gj-linkcd receptors results in the inhibition of adenylatc

cyclase and the reduction of cytosolic cAMP levels. However, reduction of cAMP levels

associated with Gj signalling has not been found to be sufficient to promote integrin cxnbP.i

activation (Lanza ct al., 1988). Recent studies have demonstrated that stimulation of

platelets through Gj-linked receptors results in the calcium-dependent activation of a small

GTPase called Rap 1, which is known to positively modulate integrin cxnbP.i, suggesting a

possible link between Gj signalling and integrin otnbP? activity (Lova et al., 2002).
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CONCLUSIONS



Chapter 7.

Conclusions.

Platelets respond to a diverse array of stimuli /// vivo, including soluble agonists

generated at the site of vascular injury (thrombin, adrenaline, ADP and TXA2), as well as

adhesive ligands present in the vessel wall (collagen and vWf). Despite the structural and

functional diversity of these platelet stimuli, they all induce similar biochemical and

functional changes within the cell resulting in upregulation of the adhesive capacity of

membrane receptors, reorganisation of the platelet cytoskcieton, secretion of granule

contents and expression of proeoagulant molecules on the platelet surface. One of the key

functional changes essential for the normal haemostatic function of platelets is the

conversion of the major platelet intcgrin cxm,^ from a low affinity to a high affinity

receptor capable of engaging fluid-phase adhesive proteins, including fibrinogen and vWf.

Integrin ctiibP.i activation is central to platelet function, as it promotes multiple responses,

including platelet adhesion, aggregation, spreading, clot retraction and microvesiculation.

Many different signalling pathways have been shown to be involved in regulating

integrin OLmfii activation, including PI 3-kinasc, Ras GTPases and non-rcccptor tyrosinc

kinases (Saci A, 2000; Shattil ct al., 1997), however, recent studies from Gq knock-out

mice have highlighted the central importance of PLC activation and phoshoinositide

turnover in regulating the affinity status of integrin (XnbP.-? (Offermanns et al., 1997). Gq-

deficient platelets fail to aggregate in response to multiple physiological agonists, and as a

result, these mice suffer a severe bleeding diathesis.

PLC-mediatcd hydrolysis of the membrane phosphohpid, phosphatidylinosito! 4,5-

bisphosphate, generates two key second messengers, the water-soluble inositol 1,4,5-
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trisphosphate (1P.0 and the lipid-soluble metabolite, diacylglyccrol (DAG). IP( mobilises

calcium from internal stoics while DAG serves as a co-factor for the activation of

conventional and novel isoforms of protein kinasc C (PKC). While calcium and PKC-are

important second messengers regulating integrin ctubP? activation (Kaibuchi ct al., 1983;

Offcrmanns ct al., 1997; Rink et al., 19S3; Rotondo ct al., 1997; Saitoh ct al., 1989; Shattil,

1999; Walker and Watson, 1993; Walanabc ct al., 2001; Yap ct al., 2000), their absolute

requirement for ocnbPs activation remains controversial.

Conflicting evidence has been presented regarding the role of cytosolic calcium for

integrin QL\\\$I activation. Several studies have provided evidence for a central role for

calcium in regulating integrin CCnbP3 activation (Lapetina ct al., 1985; Quinton et al.,

2002b; Saitoh et al., 1989; Walker and Watson, 1993), while others have concluded that

calcium is not essential for integrin anbP.i activation (Haimovich et al., 1996; Jen et al..

1996; Kuwahara et al., 1999; Quinton ct al., 2002a; Rotondo et al., 1997; Watson and

Hamblcton, 1989). The results presented in this thesis demonstrate that cytosolic calcium is

critical for cxiibP? activation under all experimental conditions, as prc-trcatment of platelets

with membrane permeable calcium chelators effectively abolishes integrin ccnbP} activation

in response to soluble platelet agonists and adhesive substrates. These studies also suggest

that methodological differences may account for the discrepancy between reports on the

absolute requirement for calcium in integrin ccnbP.-? activation, demonstrating the necessity

of using high concentrations of cytosolic calciuin chclators (100 u.M DM-BAPTA,AM) to

effectively prevent increases in cytosolic calcium particularly in response to strong agonist

stimulation. Furthermore, the studies presented in this thesis also highlight the importance

of analysing calcium levels at the single cell level when assessing the efficiency of calcium

chelators to avoid erroneous interpretation of results due to incomplete dictation of

calcium in a subset of the platelet population.
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Similar controversy exists with regards to the requirement for PKC in integrin

hP.i activation with some studies suggesting an important role for PKC in this process

(Kaibuchi et al., 1983; Rink ct al., 1983; Rotondo et al.. 1997; Saitoh ct alM 1989; Walker

and Watson, 1993), while others have shown integrin cxnbP̂  activation in the absence of

PKC activity (lorio et al., 1996; Quinton et al., 2002a). In contrast to calcium, the present

studies do not establish an essential role for PKC for 0CnbP3 activation. According my

results, PKC serves mainly to facilitate the generation of integrin anbP.vderivcd outsidc-in

signals that promote sustained calcium oscillations and mediate irreversible adhesion.

Initial PKC-dependcnt integrin otnbP? activation can occur in the absence of a detectable

calcium rise, however, once sustained integrin anbp3-dependent calcium fiux is established

and a certain cytosolic calcium threshold is achieved in the platelet, sustained platelet

activation is independent of PKC activity. The exact downstream signalling events induced

by PKC that give rise to integrin anbPr, activation remain unclear.

Recent studies have demonstrated that during thrombus formation in vivo, very few

platelets form stationary adhesion contacts on developing thrombi. The majority of

platelets tethering to the developing thrombus tend to translocate, and eventually detach

from the thrombus surface (Kulkarni ct al., 2000). The efficiency of conversion between

platelet translocation and firm adhesion is a key determinant regulating the rate and extent

of thrombus growth. A key issue that remains to be clarified is the precise mechanism(s)

that regulate the transition from surface translocation to firm adhesion, and the

mechanism(s) governing the extent of thrombus growth on different substrates. Recent

work from our laboratory has suggested that calcium signals induced by the adhesion

receptors GP Ib/V/IX and integrin per se arc sufficient to promote stationary

adhesion on vWf under How conditions in the absence of soluble agonist stimulation

(Ncsbitt ct al., 2002; Yap et al., 2000). These studies demonstrated that GPIb binding to
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vWf promotes transient, low-level, calcium spikes that arc sufficient to induce reversible

integrin (XnbP.i activation. Subsequent integrin ttin,pVvWf binding results in integrin (XnbP.r

mediated outsidc-in signals that promote sustained calcium oscillations and firm platelet

adhesion. However, the efficiency of platelet activation on vWf is low and only a small

proportion of platelets arc able to form stationary adhesion contacts with the matrix under

flow. The studies in this thesis demonstrate that co-ordinated signalling through integrin

(Xin,p3 and the platelet ADP receptors, P2Yi and P2Yi2, increases the stability of the

integrin am,P:r-vWf interaction and is a key requirement for ICC and subsequent

aggregation of platelets under flow conditions. While similar calcium communication

systems have been shown to occur in other cellular systems (Jorgcnsen et al., 2000;

Romanello and D'Andrea, 2001; Romanello et al., 2001; Saunders et al., 2001), this form

of intercellular signalling has never before been demonstrated in platelets.

More specifically, studies in this thesis examining the effect of high concentrations

of exogenous ADP addition on platelet activation demonstrated an important role for both

P2Yi and P2Y|2 receptors as well as integrin ccubP.-?. In these experiments, the signalling

process responsible for initial integrin cxnbP.-? activation and reversible platelet arrest is

mediated by ADP binding to the P2Yi receptor. This, however, mediates only transient and

reversible platelet arrest suggesting thai activation of the PLC linked Gq pathway through

P2Yi is not sufficient to promote irreversible platelet adhesion. To achieve irreversible

hP:, activation and stable adhesion, co-stimulation through P2Y!2 is necessary.

suggesting that Gj signalling is required for stabilising integrin ocnbP.i activity. Consistent

with this hypothesis, a key finding of the ICC studies was that the communication of the

calcium signal (ICC) between adjacent platelets is mediated by a co-operative signalling

mechanism involving integrin ocnbpi and the P2Y|2 receptor. The important role for the

P2Y|2 receptor in integrin aubPi activation is also consistent with the anti-thrombotic
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effectiveness of the thicnopyridinc class of ADP receptor antagonists, which also target the

P2Yi2 purincrgic receptor.

Another issue that remains unresolved is the mechanisms that underlie the

differences in reactivity between collagen and vWf. Since adhesion of platelets to vWf and

collagen is mediated by different platelet surface receptors, the activation of the initial

layer of adherent platelets on vWf or collagen is a reflection of the signalling properties of

the major receptors involved and will differ on different substrates. However, given that

vWf is the major adhesive ligand mediating adhesion of subsequent layers of adhering

platelets (Denis et al., 199S; Kulkarni et al., 2000; Ruggeri ct al., 1999; Savage et al.,

1998), it is not clear how these matrices differ in regulating activation of subsequent layers

of aggregating platelets. The studies presented in this thesis raise the possibility that the

level of calcium flux and the efficiency of ICC mediated by the matrix govern the extent of

platelet aggregation and thrombus growth on different adhesive matrices. In light of

previous studies demonstrating an important role for ADP release in platelet aggregation

following vWf stimulation (Chow ct al., 1992; Cachet, 2001a; Moakc et al., 198S; Moritz

ct al., 1983; Oda et al., 1995; Peterson et al., 1987), and in thrombus formation on collagen

(Folic and Mclntire, 1989; Remijn et al., 2002; Turner ct al., 2001; Wagner and Hubbcll,

1992a; Wagner and Hubbell, 1992b), the results presented in this thesis provide a potential

explanation for this difference. The release of ADP at the site of platelet-platelet contact

provides a means of achieving high local concentrations of excitatory signals at sites of

aggregate formation which subsequently promotes the propagation of platelet calcium

signals (ICC) and sustained integrin aublh activation. A likely explanation for the

discrepancy between vWf and collagen is that, GPIb/V/IX and CCm,̂  engagement of vWf

may promote low levels of ADP release in the immediate vicinity of platelet-platelet

adhesion contacts. Activation of a Gj-signaliing mechanism, mediated by low levels o(
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released ADP, may then act to stabilise ocnbp? activation and promote stationary adhesion

formation on v\Vf. On the other hand, given that collagen is a more potent thrombogenic

matrix than vWf, collagen binding to platelet o^P, and GP VI may promote greater release

of ADP in a localised area of platelet activation. Therefore, platelets tethering to a-

granulc-rcleased vWf, expressed on the surface of collagen induced thrombi (Kulkarni ct

al., 2000), would also be subjected to the activating effects of large local ADP

concentrations. This promotes more pronounced calcium spikes and hence a more

pronounced ICC response, greater integrin 0Cni,P3 activation and larger aggregate formation.

However, further studies are required to investigate the extent of ADP release induced by

ligation of the vWf receptors (GP Ib/V/IX and integrin ctnbP:?), an(J the collagen receptors

(CX2P1 andGPVI).

Overall the studies in this thesis highlight a key role for calcium communication in

regulating platelet adhesion and thrombus formation under flow conditions. The exact

mechanisms regulating calcium signal transduction between platelets remains unknown.

However, given the central role of calcium n platelet activation in resnonse to all

physiological agonists, elucidation of the key mechanisms regulating intercellular calcium

communication could provide new approaches to regulate the reactivity of platelets in vivo.
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APPENDICIES.

APPENDIX A: MATERIALS.

Chemicals Source

Acetic acid, glacial

Acrylamide

Adcnosine diphosphatc (ADP)

Ammonium persulphate

(3 alaninc

P-mercaptoethanol

Bis-acrylamide

Bovine serum albumin (BSA)

Bromophenol blue

Calcium chloride (CaCb)

Citric acid

BDH Chemicals

Bio-Rad, U.S.A.

Sigma Chemical Co., U.S.A

BDH Chemical, Australia

Simna Chemical Co., U.S.A.

Sigma Chemical Co., U.S.A.

>-Rud, U.S.A.

Sigma Chemical Co., U.S.A.

Sigma Chemical Co., U.S.A.

Ajax Chemicals, Australia

Sigma Chemical Co., U.S.A.

Coomassie Brilliant Blue

Dimethyl sulphoxide (DMSO)

di-potassium hydrogen orthophosphaie

(K2HPO4)

di-sodium hydrogen orthophosphate

(Na2HPO4)

DM-BAPTA, AM

EDTA

Sigma Chemical Co., U.S.A.

BDH Chemicals, Australia

BDH Chemicals, Australia

Ajax Chemicals, Australia

Molecular Probes, U.S.A.

Ajax Chemicals, Australia
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EGTA Sigma Chemical Co., U.S.A.

Ethanol

Formaldehyde

Glucose

Glutaraldehyde

Glycerol

Glycine

HEPES

Hydrochloric acid (HC1)

lonophorc A23187

Magnesium chloride (MgCh)

Methanol

Pcrmafluor

Potassium chloride (KC1)

Ristocetin

Separarose CL-6B

Sodium chloride (NaCl)

Sodium dodecyl sulphate (SDS)

Sucrose

TEMED

Thapsigargin

Tris

Trisodium citrate

Triton X-100

Twccn-20

BDH Chemicals, Australia

BDH Chemicals, Australia

BDH Chemicals, Australia

Sigma Chemical Co., U.S.A.

BDH Chemicals, Australia

BDH Chemicals, Australia

Sigma Chemical Co., U.S.A.

Ajax Chemicals, Australia

Sigma Chemical Co., U.S.A.

BDH Chemicals, Australia

Ajax Chemicals, Australia

Immunotech, France

Ajax Chemicals, Australia

Murcx, Australia

Amrad Pharmacia, U.S.A.

Ajax Chemicals, Australia

Bio-Rad, U.S.A.

BDH Chemicals, Australia

Sigma Chemical Co., U.S.A.

Sigma Chemical Co., U.S.A.

Progen, Australia

Ajax Chemicals, Australia

Sigma Chemical Co., U.S.A.

BDH Chemicc: :•' ustralia
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Adhesive matrix proteins Source

Type I Collagen (Equine Tendon) Sigma Chemical Co., U.S.A.

Soluble agonists Source

ADP Sigma Chemical Co., U.S.A.

lonophore A23187 Sigma Chemical Co., U.S.A.

PMA (phorbol 12-myristate 13-acetate) Sigma Chemical Co., U.S.A.

Thrombi n Park Davis Co., U.S.A.

inhibitors Source

Aggrastat Mercke Sharpe & Dohme, U.S.A.

ALLN (Calpain inhibitor I) Calbiochem, U.S.A.

Apyrase Donated by Dr. Jean-Pierre Cazenavc,

INSERM, France

AR-C69931MX AstraZeneca, England

A3P5PS Sigma Chemical Co., U.S.A.

Bcnzamidine Sigma Chemical Co., U.S.A.

Phcnylniethylsulphonyl fluoride (PMSF) Sigma Chemical Co., U.S.A.

RcVasc (Hirudin) Rhonc-Poulenc, Australia

Thcophyllinc Siema Chemical Co., U.S.A.
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Antibodies Source

Anti-am,p3, PAC-I Bccton Dickinson, Australia

?, c7E3 Fab Eli-Lily, U.S.A.

Anti-GP Iba mAb, WM23 Donated by Prof. Michael Berndl,

Baker Medical Research Institute,

Australia

Anti-mouse igG, FlTC-conjugated Silcnus Laboratories, Australia

Fluorescent dyes Source

DiOCf, Molecular Probes, U.S.A.

Fura Red, AM Molecular Probes, U.S.A.

Oregon Green 488 BAPTA-1, AM Molecular Probes, U.S.A.

Protein assay kits Source

Bio-Rad Protein assay kit lio-Rad, U.S.A.

Materials Source

Covers lips Lorn1; Scientific, Australia

Microcapillary tubes Vitro Dynamics, U.S.A.
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APPENDIX B: EQUIPMENT

Hardware Source

Amicon concentrator Amicon, U.S.A.

Conductivity meter (CDM-80)

Con focal microscope TCS-SP

Dual temperature slab gel dryer (1125B)

Flow cytometer (FACScalibur)

Four channel automated platelet aggregation

analyser

Gilson pipettes

Harvard syringe pump

1SCO retriever II fraction collector

Radiometer A/S, Denmark

Lcica, Germany

Bio Rad, U.S.A.

Becton Dickcnson, U.S.A.

Labofuge GL centrifuge

Kyoto Daiichi, Japan

Gilson, France

Harvard Apparatus, U.S.A.

ISCO Inc., U.S.A.

Heraeus, Germany

MCIDrM (microcomputer Imaging Device) Bertold, Australia

Microccntrifime, Hermlc Z233M

Microscope, Leica DMIRBE

Medos Co. Pty. Ltd., Australia

Leica, Germany

Mini protean II eiectrophoresis cell Bio-Rad, U.S.A.

Nutalor Proscience, U.S.A.

pH meter (D-24)

Spcctrophotometer (DU 530)

Horiba Co., Japan

Bcckman Instruments, U.S.A.

Tissue Homogenizer (with cutting blade fitting) ProScience, Australia

Ultracentrifusc L8-8O Beckman Instruments, U.S.A.

Video Monitor Sony, Australia
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Video recorder Panasonic, Australia

Analytical software packages Source

LeicaTCS-NT Leica, Germany

MCID™ (Microcomputer imaging Device) Bertold, Australia

Voxblast VayTek, Iowa, U.S.A

Image Tool UTHSCSA, University of Texas, San

Antonio, U.S.A.
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