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Summary.

The arrest of bleeding is critically dependent on the ability of blood platclets to
adhere and o form a hacmostatic plug at sites of vascular mjury. The interaction of
circulating platelets with injured blood vessels is mediated through the binding of specific
surface receptors with immobilised adhesive proteins in the vascular subendothelium. 1t is
gencrally accepted that the initial recruitment of platelets to the vessel wall is mediated by
the binding of the GP 1b/V/IX rcceptor with immobilised vW{ on the subendoihelium. This
interaction not only mediates platelet adhesion. but also results in signalling processes
teading to the activation of the major platelet integrin, ogpfs, and subscquenty to firm
adhesion, spreading and aggregation. There s now strong cvidence 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 I/V/IX and
oumfds in platelet function is undisputed, the precise signalling mechanisms regulating the
conversion [tom surface translocation to stationary adhesion, and subsequent aggregation,
remain unclear. Recent studics have demonstrated that binding of vWI 10 GP Ih/V/IX
results in the clevation 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 oypfs activation and soluble agonist secretion,
however, the exact signalling relationship between calcium and PKC in co-ordinating these
“ocesses remains controver 1al. Another key unresolved issuc that is fundamental to
hacmostasis and thrombosis is the mechanism regulating the exient of thrombus formation
at sites of vascular injury. Itis unclear if platelet adhesion receptors alone are sufficient to
regulale platclet 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 cytosolic calcium in integrin
oaPs activation, in response o stimulation by adhesive substrates and soluble agonists.
These studics demonstrated that cytosolic calcium is absolutely cssential for platelet oyl
activation in response to multiple physiological platelet agonists. Pre-treatment of platelets
with the membrane permeable calcium chelator dimethyl-Bapta-AM (DM-BAPTA,AM)
totally abolished the ability ol platelets to bind PAC-1 and aggregate in responsc 1o
thrombin, soluble type 1 collagen and ADP, and also inhibits the ability of platelets to
spread on vWT and adhere irreversibly to vWI and collagen under high shear conditions.
Detailed analysis of cytosolic calcium charges in both suspension and adhesion based
assays demonstrated that platelet integrin chyinBs activation is only observed in association
with eclevated cytosolic calcium levels, and that weatment with sufficiently high
concentrations  (100uM) of DM-BAPTA AM abolishes cytosolic calcium  transients
induced by weak and strong platelel agonists.

The second section of this thesis investigates the role of PKC n regulating oy
activation and calcium {lux on immobilised vWH{. These studies demonstrated a complex
signalling relationship between calcium, PKC and oyf35. The requirement for PKC during
vWi-mediated oyp,f33 activation was highlighted by the fact that PKC inhibitors could
reduce ouPs activation on vW{. However, contrary to previous studies suggesting a major
role for GP Ib/V/IX in PKC activation. the present studies demonstrated that PKC s
primarily activated through ouwfds signalling. Moreover, these studies demonstrated that
PKC is involved in potentiating platelet calcium flux by promoting integrin ¢t,f3s-
dependent calcium mobilisation and cswblishing a positive feedback toop Icading to
stattonary adhesion formation and sustained cytosolic calcium osciltations. Furthermore,

these studies demonstrated that while PKC is a key early signalting cvent during O
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activation, when the eylosolic calcium levels exceeds a certain threshold, integrin s
activation could proceed in the absence of PKC activity.

The studics in the third section of this thesis examine the role of calcium in
regulating platelet thrombus formation under flow conditions. These studies demonstrale
that the ability of platelets 10 form stable aggregates under high shear depends on the
propagation of calcium through a population of coherent platclets, This process, termed
inter-platelet calcium communication (1CC), was found to determine the rate and exient of
thrombus growth. A key finding of these investigations was that the propagation of 1CC 18
mediated largely by sceretion of endogenous ADP. These studies define a novel synergistic
signalling mechanism operating through integrin oypfs, and the purinergic ADP receptor,
P2Y )., promoting thrombus development.

In the last section of this thesis, the role of ADP in primary platelet adhesion to
vWI was investigated. These studies demonstrated that platclet activation and statonary
adhesion formation on immobilised vWf could occur directly through adhesion receptor
engagement, independent of ADP co-stimulation, However, the cfficiency of this process
was shown Lo be very low, with only a small proportion of the vW{ adherent population
under flow conditions forming stationary adhesion contacts. These studies demonstrated
that co-stimulation of vWt-adherent platelets with ADP resulted in a dramatic increase in
the ability of platelets (o form irreversible adhesion contacts on vWI, supporting further a
synergisiic relationship between integrin ¢inps and ADP receptors during platelet
uctivutioﬁ. Moreover, the results of these studies suggest a multi-step signalling process
regulating oy activation, whereby signalling through the purinergic Ggy-linked P2Y,
receptor mediates transient and reversible integrin activation, while concomitant signalling
thtough the Gi-linked P2Y(; receptor stabilises the  oyuPs receptor and  promotes

irreversible stationary adhesion.




ADP

AR-C069931MX

A3P5PS

DIC
DiOC,
DM-BAPTA,AM
DMSO
EDTA
EGTA
FACS
FITC
GP
HEPES
12G

IP3

1P,

KDa

1M

Abbreviations.

adenosine diphosphate
N{6)-(2-methyl-thioethyl)-2-(3.3,3-rilluoropropylthio)-
beta,gamma-dichloromethylenc-ATP
adenosine 3'-phosphate, 5'-phosphosulfatc
degrees Celsius

Calcium ion

calcium chioride

diacylglycerol

differential interference contrast

3,3 -dihexyloxacarbocyaning 1odide

5,5’ -dimethyl-BAPTA, acctomethiyl cster
dimethyl sulphoxide (Mc.SOs)

cthylenediaminetetraacetic acid

cthylene glycol-bis(B-aminocthyl cther) N,N,N’ N -tetraacetic acid

uorescence activated cell sorter

fluroscein isothiocyanate

glycoprotein
4-(2-hydroxymethyl}-1-piperazincethanesulphonic acid
immunoglobulin

inositol 1, 4, 5-trisphosphate

inositol 1,3,4,5-tetrakisphosphate

kilo dalton

micromolar

Xi




.
o
]
B
i
i
i
v

mAb
Mg
MgCls
NP-EGTA
PH

Pl 3-K
PKC
PLC
PMSF
PPP
PRP
PS
PWB
RGD
pm

S.EM

S-l

SCCS

SDS-PAGE

SEM

SERCA

SH2

SH3

TEMED

Tris

monoclonal anttbody

magnesium

magnesium chloride

o-nitrophenyl EGTA

pleckstrin homology
phosphatidylinositof 3-kinasc

protein kinasc C

phospholipase C

phenylmethylsulfonyl fiuoride

platelet poor plasma

platelet rich plasma

phosphatidylserine

plateiet washing buffer
arginine-glycine-aspartic acid
revolutions per minute

standard error of the mean

inverse seconds

surface connecting canalicular system
sodium dodecyl sulphate-polyacrylamide gel clicctrophoresis
spanning clectron microscopy
sarco-cndoplasnuc reticutum calcinm AT Pasc
src homology 2

src homology 3

N,NLN N -tetramethylethylenediamine

2-amino-2(hydroxymethy! 1)-1,3-propandiol

Xii




viv volume in volume

vWD von Willebrand’s discasce
vWI( von Willebrand [actor
Xg gravitics

. xiii




CHAPTER 1:

INTRODUCTION




Chapter 1.

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 ol damaged blood vesscls. Plaiclets are
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 are derived from
the fragmented cytoplasm of larger parent cells called megakaryocytes, (found in the bone
marrow and the lungs), they do not possess a nueleus and therefore virtually lack protein
synthesising ability (George, 1985; Heynes Adu, 1985; Holmsen, 1986). In their resting
state, most circulating platclets are discoid in shape and have an average size of
approximately 3pm in diamcter and a mean thickness of around ITum (Tangelder et al,,
1989). In humans, wie number of circulating platclets 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
(Heynes Adu, 1985).

Plateicts were first identified by Donne in (842, however at the time they were
assumed to be artcfacts ol the preparation of bloud specimens rather than a normal
constituent of healthy blood, and consequently attracted very little scientific interest
(Donne, 1842). 1t was not until the late 1800°s that a physiological vole for platclets was
defined and they were desceribed as the first blood elements to accrue at sites ol vascular
injury. A study published in 1882 by Giulio Bizzozero, (who is today aceredited with the
discovery of platelets), desceribed for the first time the presence of platelets in blood and

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




obscrvations that following incision of a vessel wall, bleeding was not arrested by
coagulation of extravasated blood, but by the formation of & white thrombus at the site of
the lesion (Bizzozero, 1882: de Gactano, 2001; Donne, 1842). In the two decades
lollowing Bizzozero's publication, other investigators also reported a role for platelets in
thrombus formation and coagulation at sites of vascular injury (Eberth, 1886, Hayem,
1882). In 1RS3, Krauss (1883) and later Hayem (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 hacmorrhagic (or
blceding) conditions, such as purpura. Whilst these landmark observations defined a
physiological role for platelets, these blood cells remained neglected by rescarchers for
many years following their initial discovery. The late 1950°s and carly 60’s, saw a renewed
interest in platelet function und revealed the critical role for platelets in initiating the early
stages of thrombus formation. These studies demonstrated the unigue ability of platelets to
adhere to and aggregate at the site of vascular injury and arrest bleeding (Hughes, 1959,
Lusher, 1960),

In 1961 1t 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 arca of much interest and a number of in-vitro flow-based assays were
developed to study the interaction of plaelets with the vascular surfuces under
physiological and pathophysiological low conditions. Such studies demonstrated for the
tirst time that patients presenting with various bleeding disorders, and prolonged bleeding
times. often displayed defective platelet adhesion to the vascular subendothetium (Tschopp

and Baumgartner, 1977; Tschopp et al.. 1974 Weiss, 1975b). These studies also
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demonstrated that rheological factors including the velocity of blood flow, vessel geometry
and differences in viscosity duce to the presence of other blood cells, could signilicantly
influence the adhesion of platelets 1o the vessel wall (Baumgartner, 1973; Turiito and
Baumgartner, 1974; Turitto and Baumgartner, 1975; Turitto, 1974; Virchow, 1856).
Morcover. with the observation that von Willebrand's discase patients, who lack von
Willcbrand's factor (vWI), display signilicantly decreased platelet adhesion to the
subendothelium, the critical role for vW{ in mediating platelet  adhesion to the
subendothehium was recognised (Tschopp et al.. 1974).

An improved understanding of the role of platclets in the formation ol occlusive
thrombi  precipitating  discase  states  such  as  acute  myocardial infarctions  and
cercbrovascular  accidents  quickly  developed.  Studies by Baumgartner  (1975)
demonstrated  that  denudation of the vascular endothelium  and  oxposure of the
subendothelium to circulating platelets was not cnough on it's own to induce the formation
ol occlusive thrombi. However, exposure of deeper more thrombogenic layers of the
subendothelium  enriched in collagen (van Zanten ¢t al., 1994) iesulting  from
athcrosclerotic plaque rupture was a major factor contributi- g 1o the development of life-
threatening thrombosis (Fuster and Chescbro, 1986).

More recent developments in the field of thrombosis and hacmostasis have lead 1o a
significant advance in our understanding of the important adhesive proteins, vWI, collagen
and fibrinogen, (and their specific platelet adhesion receprors), in mediating the normal and
pathological function of platelets under various physiological and pathophysiotogical (low
conditions. These proteins appear 10 have distinet and complementary tunctions in the
normal haemostatic process and support platelet adhesion by engaging one or more

receptors on the platelet surface.




platelet functional responses at sites of vascular injury. Specibically, 1t will present the
signadling mechanisms thought to regulate adhesion to the vessel wall and the relative
contribution of the plateiet adhesion receprors, GP I/V/IX, integrin oypfBa, integrin oaf,
and GP VI, and their respective ligands (fibrinogen, vWI and cotlagen) to the haemostatic

Process,

The introduction (o this thests presents an overview of the current knowledge of
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1.2 Platelet Formation.,

Platelets are produced by specialised parent cells called megakaryocytes.
Megakaryocytes ave large haematopoietic cells present in the bone marrow and in the
fungs. Megakaryocyles produce their progeny, the platelets, using a unique imechanism of
cyloplasmic fragmentation. As platelets arc derived from the cytoplasm of megakaryoeytes
they arc devoid of a nucleus (Holmsen, 1986) and usually lack ribosomes, yet they have a
well defined cellular structure and possess numerous organclies that atlow platelets to
perform finely tuned functions in haemostasis and coagulation (Zucker-Franklin, 1996).
During their maturation and development, megakiryocytes undergo a number of
cndomitoses during which their chromosomal DNA eplicates severs” times 1o give
megakaryocyles 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 i
number of granules and mitochondria present within the cytoplasm, however the
megakaryocyte cytoplasm does not divide (Zucker-Franklin, 1996). instead, the ¢ytoplasm
of mature megakaryocytes fragments, and in so doing, gives risc to the megakaryocytic
cell progeny, the platelet. Studies dating back 1o the e,§1 1970°s have suggesied that athe
end of thetr maturation, megakaryocyles residing in the bonre marrew extend several
processes that cgress out of marrow sinusoids thus gaining aceess to the circulating blood.
The membrane processes, lilled wirtt granules, microtubules wnd other structural features
typical of platelets. eventually undergo Iragmentation into the bioodstream to give rise to

blood platclets (Tavassoh and Aoni, 198 1),




1.2.1 Platelet Ultrasteucture.

Resting platelets present themselves in the circulation as flat discoid shaped cells
(White, 1981; White and Gerrard, 1982) (Fig 1.0, They are matntained in this discoid
morphology by a cytoskeleton consisting of circumfcrential microtubules forming a tightly
coited bundle found just beneath the plasma membrane, an.d an underlying support of actin
filaments (Sixma and Molenaar, 1966: White, 1987). Upon platelet activation there are
dramatic alterations in the assembly of actin {ilaments and microtubules, which result in
significant morphological changes.

Immediately bencath the peviphery of the platelet plasma membrane hies an intricate
system of endomembrane that forms a structure known as the surfacc 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 intcimal
vesicles. The invaginations of the SCCS can be scen by clectron microscopy as small
apenings on the plaelet surface (Werner and Morgenstern, 1980). Two functions have
been described for the SCCS. [t is thought that the SCCS serves as a transport pathway for
endocytic processes and for secretion of matertal from the platelet (holme, 1973 White
and Clawson, 1980). It also forms un extensive reservolr of internal membrane that allows
the dramatic increase in surface plasma membrane observed upon filopodia formation and
spreading (Escolur ct 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 centic of
resting platelets and is not continuous with the plasma membrane. The many projections of
the DTS come into close contact with every structural clement within the platelet including
the SCCS. dense granules, c-granules and the mitochondria (Werner and Morgensterm,

1980). This tubular system serves as a caleium storage organelic 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 includipg mitochondria, u-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 et al., 1978; Kaser-Glanzmann ¢t al., 1977. White and
Gerrard, 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 (cndoperoxide and thromboxane) synthesis (Gervard and White, 1976:
Gerrard et al., 1978; Kaser-Glanzmann et al., 1977).

Platelets have been lfound to contain a small number of mitochondria and various
sceretory organclles located centrallv within the cytoplasm in an area called the organclic
zonc (White, 1987). Platelets contain three types of secretory granules, the o-granules,
dense granules and lysosomes. The most prominent of the secretory organclles within the
platelet are the a-granules (Stahl et al., 1978), which serve as a storage site for p-
thrombogliobulin, platelet fuctor 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 Salganicoft, 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 pllz;sc, which is important for the immediate prevention of blood loss, is
the formation of the primary hacmostatic 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 culminiates in the formation ol a fibrin mesh that serves to reinforce the

platelet plug.




Table 1.1 Platelet Adhesion Receptors
(Modified from Shattil ef al., 1994)

B fibrinogen RGD, dodecapeptide ‘80 ,000
fibronectin RGD
vitronectin RGD
vWf RGD
oL collagen unknown < 1,000
asP fibronectin RGD < 1,000
osp laminin Not confined to single sequence < 1,000
ayvps fibrinogen RGD 250
fibronectin RGD
vitronectin RGD
vW§ RGD
Leucine—rnch |
SOV TWE [ Mliple recopnition sequences 25,000
Selectin:
P-selectin CHO on white blood | Muitiple fecognition sequences . 10,000
cells
Immunoglobulin: |
GPVI collagen ~— | GPH ?
PECAM-1 PECAM-I Not confined to single sequence 5,000
Glycosaminoglycans
RGD - Arg1mne—Glycme-Asparuc acid, va - von Wlllebrand factor, GPH Glycme-Prolme- B
Hych'oxyprolme, PECAM-1 - P]ateletEndothellal Adhemon Molecule-l CHO snaiylatcd and
fucosylated carbohydrates . _ .




adhesion, spreading and aggregation is mediated by vW{ binding (0 integrin oyf; (Savage
ct al., 1996).

Adhesion of platelets 1o exposed subendothelinl matrix proteins, including vW1 and
collagen, resulis 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 platclets
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 plaielets then form stable adhesion contacts with
the matrix and ultimately extend lamellipodial sheets between the filopodial processcs,
which results in full platelet spreading thereby forming a platelet monolayer known as the
pseudoendothelium (fig. [.2) (Savage et al.,, 1992: Yuan et al, 1997). This platelet
monolayer subscquently provides a reactive surface thatl recruits additional platelets fro.m
the circulation leading to the development of piatelet aggregates, which form a primary
haemostatic plug. Platelet adhesion is associated with the secretion of vatious platelet-
activating factoers such as adrenaline and ADP, and the gencration of thromboxane A,
(TXA;), which participate in a positive feedback loop to (urther accelerate platelet
activation (Holmsen and Weiss, 1979).

The same processes used by platelets during haemostatic plug formation are 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 cxpose
tissue factor and deeper more thrombogenic constituents of the subendothelial 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 ct

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 Hartwig 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 plaielet spreading (¢). Scale bar = 2um,
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circulation results in a reduced oxygen supply to these tissues (Forrester, 1991; Verheugt

and Brugada, 1991) leading to ischacmic injury precipitating myocardial infarclion and
C‘ I3 1=

stroke, respecetively.

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; Fiorc 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 belicved to be important g
physiologically, is initiated by the expression of tissue factor (factor 1I) on the surface of
endothelial cells, smooth muscle cells and monocytes. The intrinsic pathway is initiated by §
the exposure of a clotting factor called factor X11, to negatively charged surfaces (such as
glass or collagen), but the physiological relevance of this pathway is unclear (Collins et al,,

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

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

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

e e e

inactive precursor, prothrombin (Bevers ct 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 VIila, 1Xa and X. Subscquent activation of prothrombin to thrombin by

factor Xa is factlitated by yet another cnzymatic 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 X1 to negatively
charged surfaces, such as glass or collagen, while the extrinsic pathway is activated
by exposuie of tissuc factor (also known as factor I11). The extrinsic pathway is the
primary mechanism by which coagulation is itiated /n vivo. The two pathways
converge al the conversion of factor X to Xa (note: the active form of the cloiting
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 prothrombinase complex, which consists of calcium, (actors Va, Xa and
prothrombin. Active platelets express charged phospholipids such as plateict factor 1l
(P¥3) on their surface, which provides a favourable surface for the assembly of the tenase
and prothrombinase complex, and for the conversion of prothrombin to thrombin by factor
Xa (Bevers et al., 1987). Activated platelets also release other coagulation factors such as

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

1.4 Adhesive Proteius.

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 aclivation 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 piug through the

formation of a fibnin clot.

1.4.1 von Wiliebrand factor (vWF).

As mentioned above, vWI 1s arguably the most important protein required for the
adhesion and aggregation of platelets at sites of vascular injury. In fact, lack of this
adhcsive protein, or expression of functionally defective vWI, leads to a severe bleeding
disorder called von Willebrand’s disease (vWD) (Ruggeri and Zimmerman, 1987). vW{ is
found within the vascular subendothelium, in Weible-Palade bodies of endotheli:! cells, in
platelet a~granules and also in the circulation as a complex with coagulation factor VL At

least two distinet roles have been described for vWT 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 surlace
receptor, GP [b/V/1X. The second is its ability to act as a carrier for procoagulant factor
VIHI in the circulation (Weiss, 1975a2). More recent studies of platelet adhesion and
thrombus formation have revealed that vWI can also bind active integrin ayf3 and plays
an important role in supporting platelet aggregation and thrombus growth at high shear
rates (Kulkamni et al., 2000; Ruggeri, 1999).

vWf is synthesised by megakarvocytes and endothelial celis as a 2,050 amino acid
(250 kDa) monomer, however it is assembled into high molecular weight multimers
ranging from dimers of 560 kDa up to 20,000 kDa in mass. Multimers are made up of
subunits of vWI 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 et al., 1987). The
vWI multimers that are synthesised by endothelial cells are stored in structures calied
Weible-Palade bodics, while vW{ synthesised by megakaryocytes are stored in platclet ¢-
granutes. In general, the largest vWf multimers are found within the subendothelium
(secreted from endothelial cells) or storcd within platelets and endothelial cells. These
larger vW{ multimers are very effective in promoting platelet adhesion and aggregation
(Meyer and Girma, 1993). On the other hand, plasma vWI multimers are characteristically
smaller than subendothelial vWf, and are less efficient in promoting platelet adheston
(Dent et al., 1991).

Upon secretion into the blood stream the size ol vW{ multimers is reduced via the
cleavage of large muliimers by a plasma metalloprotease known as vW{ 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 vW{

muftimers and suffer from a condition called thrombotic thrombocytopenia purpura (TTP)




resulting from vWi-induced platclet clumping and microvascular thrombus {ormation
(Moake et al., 1982).

The vWI molccule consists ol & number of homologous domains through which it
is able to interact with platelet adhesion receptors and with other subendothelial matrix
proteins. There are three A-domains (A1-A3), two C-domains (C1-C2) und threc D-
domains (21-D3) (fig. 1.3). The three A-domains are about 200 amino acid residucs cach,
and have been implicaied in a number of cell adhesion events (Colombatti and Bonaldo,
1991). The Al and A3 domain, contain cysteine residues that participate in the formation
of two intra-chain disulphide bridges. This causes the vW{ molecule to fold back on itsclf
and gives rise to large flexible loop stiuctures in the Al and A3 domains (fig. 1.4) (Marti et
al.. 1987). The Al domain has been shown to perform a critical role in supporting platelet
adhesion by mediating the interaction between vWf and GP Ib/V/IX receptors on the
platelet surtface. It contains three recognition sequences for the binding of GP Iba (residucs
474-488, 514-342 and 694-708) (Berndt ¢t al., 1992; Mohrt ct al., 1988), however, it
appears that this interaction requires a conformaiional change in the vW{ molecule to
expose these bvinding sites. This hypothesis is based on the fact that soluble vWI is unable
to bind GP 1WV/IX. Binding of artificiai modulators, such as ristocetin and botrocetin,
immobilisation oito subendothelial surfaces and pathological shear stresses are all believed
to cause changes in the vWI moleciic that enhance the affinity of vWF for GP Ib/V/IX
(Howard et al., 1973; Scott et al,, 1991: Sugimoto et ai,, 1991a; Sugimoto ct al., 1991b;
Weiss, 1995). It has also been shown that mutations occwrring within the Al domain ol
individuals with type I von Willebrand disease, result in sportancous solutle vW{ binding
o platclet GP I/ VX (Cooney ct al., 1991; Randi er al., 1991; Ruggen et 4., 1980). Both
the Al and A3 domain have also been shown to coniain binding sites for collagen,

sulpaatides and hepann (Mohri et al., [989; Roth ct 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 vartous subendothelial ligands and platelet

reccptors that it can potentially interact with (C-C, disulphide bonds).
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collagen-binding sites allows vW{ to adsorb to the subendothelial matrix and mediate
platelet recruitment to sites of vascular injury. The Ct domain of the vWI{ subunit is also
important {or platelet adhesion as it contains an Arg-Gly-Asp (RGD) motil at residues
1744 10 1740 of the carboxyl terminal CI domain. This is a conscrved recognition
sequence for integrin binding and 1s critical (or allowing platelet integrin of3s to bind to

vWT and mediate stable adhesion and aggregation.

1.4.2 Collagen.

Collagen has becn recognised for many years as a key component of the
subendothelium that determines the thrombogenicity of an injured vessel wall. It has been
shown to play a major role in mediating stable platelet adhesion and induce platelei
aggregation at sites of vascular injury. Up to 19 different types of collagens have been
discovered to date and at least ning have been found to exist within the subendothelial
matrix of human blood vessels (types L U1, TV, V, VIL VIILL XH, X1, X1V) (Kehrel,
1995). Depending on their tertiary and quaternary structures, collagen proteins can present
themselves as cither monomeric or fibrillar forms. Particularly noted for their
thrombogenicity are the fibrillar collagen types I and IHl which are present in the highest
concentrations in the subendothelium and are able to induce both strong platelet adhesion
and activation (Rauterberg et al., 1993),

All of the collagen proteins have similar molecular structures consisting of three o
polypeptide chains that are arranged in a triple helical conformation, with each o chain
containing repeating Glycine-Proline-Hydroxyproline (Gly-Pro-Hyp) sequences that serve
to stabilise the triple helical structure (Morton ct al., 1993). Synthetic peptides containing

these Gly-Pro-Hyp repeats spontancously arrange into a triple helix conforraation are able
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to support platelet adhesion and activation under static conditions (Morton et al., 1995), bul
cannot mediate stable adhesion under fow (Verkleij ct al., 1998).

Platclets express at least four collagen receptors; GPVI, integrin o3y, GP IV and
p65. The two most important and well-characterised collagen receptors arc GP VI and
f). For many years it was belicved that integrin a3y was the primary adhestve receptor
for collion (Morton et al., 1989; Santoro et al., 1991). This was highlightcd by the {act
that paticnts deficient in the ¢ integrin subunit display severely reduced platelet adhesion
to collagen and that normal platclet adhesion to collagen under flow can be blocked using
antibodies against 02f3; (Nicuwenhuis 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 transuuction and platelet activation through its
association with the FcRy chain in platclets (Moroi ¢t al., 1996; Nieswandt ¢t al., 2000}
(sce scction 1.8.3). This was highlighted by the finding that deletion of the FcRy chain in
mousc platelets resulted in a lack of GP VI expression and impaired activation in response
to collagen stimulation (Nieswandt ct al, 2000). Morc recent studies reported by
Nieswandt et al., (2001), and Holtkotier (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 of8; in platelet
adhesion to collagen, studies by Nieswandt et al.. (2001), and Holtkotter {2002). have
demonstrated that integrin o:f, does not play a central role platelet adhesion to collagen
unless collagen binding to GP VI is impaired. These studics also suggested that integrin

o2fy plays only a supportive role in promoting collagen induced platelet aggregation.




1.4.3 Fibrinogen.

Fibrinogen is a 340-kDa dimeric protein found in plasma that is critically involved
in the process of platelet aggregation and clot stabilisation, Fibrinogen monomers are
clongated 45 nm structures comprised of two sets of three polypeptide chains termed the
Aa, BB, and y polypeptide chains (Doolittle et al., 1979: Maosesson et al., 2001), that
assemble in an anti-paraliel fashion to form two outer D domains which are connected
through a coiled-coil segment to a central E domain. The Ao chain contains 610 amino
acid residues, the BB 461 and the y chain contains 411 residucs (Henschen, 1983). The N-
terminal regions of the six polypeptides are joined to cach other by disulfide bridges 10
form the E domain of the fibrinogen molecule. One pair of disulfide bonds are found at
position A28, two pairs between positions Aa36 and B6S and a third pair between the
¥S and y9 positions (Blomback ct al, 1976). The carboxy termini of the Bf and v
polypeptides. and the central region of the At chains fori the two distal D domains of the
fibrinogen molecule (fig. 1.5).

The Aa chain of fibrinogen has two RGD containing sequences at position A 95-
98 (RGDS) and position A 572-575 (RGDS), which are involved in mediating platelet
adhesion through the integrin oyBs (Asakura et al,, 1997, Dejana et al., 1985; Henschen,
1983). These two RGD sequences on the Aot chain appear to reside within a hidden region
in the triple helical coiled-coil siructure of the E domain. The C-terminus of the fibrinogen
¥ chain also contains a 12-residue sequence y400-4 11, which is thought to be the mayjor
recognition scquence for integrin upfds (Bemnett and Vilaire, 1979: Farrell et al., 1992;
Kloczewiak et al., 1983: Kloczewiak et al., 1984; Margueric et al., 1979). 1t is believed that

structural changes occur following integrin binding, or adsorption of fibrinogen onto
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Figure 1.5 The structure of dimeric fibrinogen (modified from Ruggeri, 1993)
Scnematic representativn of a fibrinogen molecule showing the recognition sequences for integnn opPs [RGDS and the dodecapaptide
(HHLGGAKQAGDYV)]. The iibrinogen moncmer comprises of three chains, an Acu, B and a 7 chain linked to each other by intrachzin

disulphide bonds (broken lines). Linking of two moenomers in an antiparallel fashion results in the formation of fibrinogen dimers.
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surtaces such as glass or plastic, which can reveal the binding sites within the Aot and y
chains and allow integrin ogws-fibrinogen interactions to occur (Ugarova et al., 1993).
The importance of fibrinogen in mediating platelet aggregate and thrombus
formation is highlighted by the fact that patients with a hereditary deficiency in {ibrinogen,
known as afibrinogenemia (Gugler and Luscher, 1965), suffer from a biceding diathesis. [t
1s 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 n stiired platelet suspensions and
adhesion t¢ immobilised fibrinogen at low shear rates, is not inhibited by GP h/V/IX
blocking antibodies (Phillips et al., 1991 Ruggeri, 1999). Recent studies by Ruggeri et al.,
(1999), have suggested that thrombi formed at high shear tn the presence of vWT alone, are
unstable, and that addition of fibrinogen to this system results in farger thrombi that are
resistant to the destabilising effect of rapid blood flow. Similar finding have been shown in
vive using fibrinogen knockout mice in which developing thrombi were found to
continuously detach (rom the subendothelium (Ni et al.,, 2000). Together these studies
demonstrate that at high shear r.oiz2s, fibrinogen acts in synergy with vW({ to stabilise and
strengthen developing thrombi, however it 1s unclear whether this effect 1s due to

fibrinogen binding to integrin ayufds, or due to the generation of & fibrin network.

1.5 Platelet Adheston Receptors.

Platelets express severat specific cell surface receptors, including members of the
leucine-rich glycoprotein gene family, immunoglobulin  gene family, integrins, and
sclectins (Table 1.1), that allow them to bind a multitude of subendothelial and plasma

proteins.
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1.5.1 Glycoprotein 1b/V/IX.

The vWi receplor complex, GP 1b/V/IX, is composed of four wansmembrane
subunits, GP Iba, GP 1bf, GP IX, GP V., (fig. 1.6) cach of which is a member of the
leucine-rich repeat superfamily (Lopez, 1994). The subunils of the GP 1h/V/IX complex
arc thought o combine in a 2:2:2:1 ratio, such that cach receptor complex contains two
copies ol the GP Iba protein, two of the GP 1bf}, two GP IX subunils and onc GP V
subunit. GP Iba is disulfide linked to the GP Ibf subunit via cysteinc residues in the
extracellutar portion of the complex. This GP Ib complex is non-covalently associated with
GP IX in a 1:1 ratio to produce a GP I6/IX complex, and the GP V molecule links two GP
[b/1X complexes in a 1:2 ratio. GP tha is the most [unctionally important subunit of the GP
ib/V/IX complex as it contains the binding site for vW{ (Handa ct al., 1986; Harmon and
Jamieson, 1986). The physiological role for GP 1bp3, GP IX and GP V subunits within the
complex is not known.

The GP Iba subunit is a 135 kDa glycoprotein that consists of several distinct
structural domains. The extracellular portion of the subunit has a 300 residue N-terminal
globular domain that contains seven leucine-repeats flanked by conserved N- and C-
terminal flanking sequences. It 1s believed that one or more of the seven leucine repeat
sequences contains binding sites for the vWI At domain, as well as o high alfinity binding
site for thrombin (De Marco ¢t al., 1994; Gralnick ct al., 1994, Jandrot-Perrus et al., 1992
Lopez et al., 1987; Shen et al., 2000; Titwni ct al., 1987), The giobular amino terminus js
followed by a long flexible rod-like stalk known as the macroglycopeptide domain that is
rich in scrine, threonine and proline residues and is highly O-glycosylated. Electron
microscopy studics by Fox ct al., (1988) have revealed that the macroglycopeptide domain
of this subunit measures approgimately 60 nm in length and allows the vW{ binding

domain within the giobular 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 Ibf3, GP V and GP IX subunits.

{NH,, amino terminus; COOH, carboxy terminus; C-C, disulphide bond)
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platelzt surface receptor thus facilitating its interaction with cxposed vWT (Fox ct al.,
1988). Directly following the macroglycopeptide domain, lying just above the plasma
membrane, 18 a protease-sensitive domain, GP Ibot can be cleaved at the protease-sensitive
domuain in virro by proteases such as calpain, trypsin, plasmin and clastase (Adelman et al.,
1985, Gerndt and Phillips, 1981a; Berndt and Phillips, 19S81b; Brower et al., 1985: LaRosa
et al., 1994; Michelson and Barnard, 1990; Wicki and Clemetson, 1985). Cleavage of GP
Iba at this site in vive results in the release of a 120 kDa soluble fragment called
glycocalicin (Clemetson et al,, 1981). The significance of this cleavage in vive is not clear,
but it has been proposed o be a mechanism used by platelets to conirol the level of GP
Ib/V/IX on the platelet surface, and hence limit platelet adhesion and thrombus formation.

The cytoplasmic tail of GP Ibat consists of 96 amino actd 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, [985b). The interaction with actin binding
protein is thought 1o be important for maintaining the surfuce disttibution of the complex in
the platelet membrane (Dong et al., 1997), and to prevent membrane extraction under {low
conditions (Williamson et al.,, 2002). The presence of binding sites for the signalling
protein, 14-3-3C implies a role for GP Ibo in mediating signalling cvents following vWI
engagement of GP Ib/V/IX (Andrews and Berndt, 1998; Calveriey et al.. 1998; Du ct al.,
1994).

The GP b} subunit of GP Ib/V/IX contains similar structural features to GP lbo.
The amino-terminal region of the GP Ibf} subunit consists of a leucine-rich repeat flanked
on either side by two disulphide loop structures. The GP 1bJ subunit is covalently linked to
GP Ibo through a single cysteine residue immediately above the transmembrane region.
Simitar to the GP Iba subunit, the carboxyl-terminal end of the GP Ibf} immediately

following the transmembrane region also contains a distinct binding site for the signalling
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protein 14-3-3C, implying a role for GP b during GP {/V/IX signal transduction
(Andrews and Berndt, 199S; Calveriey et al., 1998; Du ot al., 1994). The amino-terminal
icgion of the GP IX subunit of the GP IWV/IX complex is composed of a single leucine-
rich repeat flanked again by two disulphide loops, {ollowed by a transmembrane region
and & short cytoplasmic region., GP V consists of a leucine-rich repcal region lying
between two disulphide loops. This subunit has @ cleavage site lying immediately above
the transmembrane domain that is sensitive 1o cleavage by a range of proteases including
endogenous platelet calpain.

Platelets express approximately 25,000 copies of the GP 1b/V/IX complex on their
surface (Kroll et al., 1996). It is thought that in resting plaiclets, this receptor is evenly
distributed across the platelet membrance. Due to its multimeric nature, vWF is able 10 bind
numerous GP 1b/V/IX receptors. This is believed to induce clustering of the receptor
complex, which has been proposed to facilitaie signal transduction processes mediated by
GP Ib/V/IX (Berndt et al., 1995; Clemetson, 1995; Clemetson and Clemetson, 1995). The
clustering of GP 1b/V/IX is thought 10 increase the avidity of binding between GP Ib/V/IX
and vWI, which may be critical for platelet adhesion to sites of vascular damage under
high shear conditions (Berndt et al,, 1995; Clemetson, 1995: Clemetson and Clemetson,

1995; Ruggeri, 1991).

1.5.2 Integrins.

Intcgrins are a family of cell surface glycoproteins that play & major role in
regulating ccll adhesion to the extraceilular matiix (ECM), and also in regulating cell-cell
interactions.  All integrins arc transmembrane heterodimeric  glycoproteins that are
composed of onc o and onc f subunit (Hynes, 1987: Ruoslahti, 1991). To date, 16

individual o subunits and 8 § subunits have been identified, and at least 20 different




combinations of these o and 3 subunits have been described. The unique combination of «
and B subunits defines individual integrin receptors and confers ligand-binding specificity
to cach integrin (Calvete, 1995; Hynes, 1992; Parisc, 1989; Springer, 1990). Integrin
receptors provide a physicat link between the extracellular matrix (ECM) and intracellutar
cytoskeletal proteins. Integring 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; Coppoline and Dedhar, 2000; Hughes and Plaff, 1998). Integrin o and P subunits
consist of a large extracellular N-terntinal domain, a ransmembrane region and short
cytoplasmic tail (fig. 1.7A). The amino-terminal extracellular region of the o subunit
contains a stretch of seven homologous amino acid sequence repcats. It has been shown
that repeats 1V-VII contain sequence motils that resemble those of the EF-hand structure
responsible for the binding of divalent cations Ca®™ or Mg®™, found in proteins such as
calmodulin. These four calcium-binding domains are important {or maintaining the
integrity of the off dimers and tor their interaction with ligands (Ruoslahti, 1991). Most
integrins interact with their extraceltular hgands though a common sequence called the
Arg-Gly-Asp (RGD) motif, found in many ECM proteins (Humphrics, 1996: Mould et al,,
1996). Several different integrin receptors, including By, s, 0P, asph, and af, are
expressed on the platelet surface. The most abundant (8C,000 copies per platelet), and most
important integrin in terms of platelet hacmostatic function i¢ the fibrinogen and vWf

receplor, integrin oypf3s (Payrastre et al., 2000).




Figure 1.7 Structure of integrin oy,3 (modified from Phillips et al.,, 1991; Kuhn

and Eble, 1994; Leftkovitz et al., 1995)
Schematic representation depicting the functional domains of the a— and - subunits

of integrin receptors (a). Diagram of integrin o,z structure including the fibrinogen

binding domains of the receptor (b).
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1.5.2.1 lntcgrin am,ﬁ;.

Intcgrin oz is important for promoting stable platelet adhesion, spreading,
aggregation and clot retraction at siles of vascular damage. In resting platelets, integrin
oynfds does not bind soluble ligands, but upon platelet activation conformational changes
occur in the integrin oy,Pa molecule that allow it to bind a number of adhesive ligands
including vWI, fibrinogen, fibronectin, and vitronectin. Integrin o3 binds to at least two
recognition sequences, the common integrin binding motif, RGD, that is present within ail
of the imtegrin oyPs ligands (Ruoslahti and Pierschbacher, 1986), and also to the
dodecapeptide sequence located within the carboxy-terminus of the fibrinogen y-chain (fig.
1.7b) (Kloczewiak et al., 1984). The integrin oumfs also known as the GP Hb/lila receptor,
consists of an oy, (GP 1Ib) and a B; (GP Hia) subunil. The oy subunit is a 140-kDa
protein that consists of an extracellular heavy chain, which is disulfide bonded to a light
chain that comprises of threc domains: a short extraccllular N-terminal domain, a
(ransmembrane region and a short intracellular Cterminal domain (fig. 1.7b). The B,
subunit is a single polypeptide of 105-kDa, which aiso has an extracellular region, a
transmembrane domain and a shert cytoplasmic tail (Naik and Parise, 1997). Membranc
proximal cytoplasmic sequences of the o (KxGFFKR) and B (LLVXIHDR) subunits, are
thought to participate in the {ormation of a salt bridge that maintains the receptor in a
default inactive conformation in the resting platelet (Hughes et al., 1996). It is believed that
upon platelet activation, intracellubar signalling events induce disruption of the salt bridge
between the oy, and B3 subunits. This results in a conformational change that converts the
integrin ogps into a high affinity state capable of binding soluble or immobilised ligands,
and mediating platelet spreading and aggregation. The precise molecutar ~ucchanisms that

mmduce disruption of this salt-bridge are still unknown (Coppoiino and Dedhar, 2000,
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Hughes et al., 1996; Sims ct al,, 1991). Activation of integrin oy, and subsequent ligand
binding, induces clustering of the receptor and attachment to the platelet cytoskeleton.
Activation also results in the recruitment of a number of structural and signalling proteins
including; pp60°™, pp!23™" and P 3-kinase to the cytoskelcton giving rise to integrin

signalling complexes (Calvete, 1994; Fox, 1993; Fox et al,, 1993: Grondin ct al., 1991).

[.5.2.2 Other Integrin Receptors.

Platelets have the ability (o 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 10 collagen (0f}y), fibronectin (0isf)), laminin (o) and
vitronectin (¢ f3). Like integrin oypBs, all of these integrin receptors are typical off dimers
but the different combination of o and 3 subunits results in varied degrees of ligand
specificity, Most of these integring, such as ogpPs, o0z and asBy, bind to the typical
intcgrin-binding motif (RGD), contained in a variety of adhesive ligands inciuding
fibrinogen, vWI, vitronectin and fibroncctin. In contrast, the off; and o fy reeeptors
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 subendotheliuin, integrin oyf3s is absolutely crucial
for maintaining the normal haemostatic function of placlets (Lerea et al., 1999,

Nicuwenhuis et al., 1986; Weiss et al., 1989; Weiss ct 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

lo the damaged vessel wall. Under physiological conditions, these adhesive interactions
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occur in the presence of fluid shear stresses generated by Tocal blood flow conditions and
are influenced by alterations in blood constituents, changes in the local blood flow

conditions ardl changes in the vessel wall itself.

1.6.1 Effect of Bleod Flow on Platelet Function.

Throughout the circulation, both the blood and the biood vessels are subjected 1o a
varicty of mechanical torces that have a significant influence on the process of thrombosis
and haemostasts. Pressure changes within the vessel lumen due to the pumping of blood
through the vessels at different veloeities, and transmural pressure changes that cause the
blood vessel 1o expand or contract during the cardiac cycle, generate mechanical forces
known as shear stiess and tensile stress. The [ow of a viscous fluid, such as blood, through
a vessel, creates a force per unit arca known as {luid shear stress that is measured in dynes
per square centimetre. Shear forees arise in the circulation as a result of differential blood
flow velocitics across the vessel diameter. The velocity of blood Tlow is gencrally 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 Jumen which creates a shearing effect between adjacent layers of (luid
moving across cach other at different speeds. The greatest shearing cffect occurs at the
vessel wall, which is stationary with respect to flowing blood, and decreases to zero at the
centre of the vessel where biood flow is tastest (fig. 1.8). Poiscuille law relates the flow of
a simple fluid through a straight tube to the flow rate along the tube, the radius of the whe
and the viscosity of the Tuid (Lowe, 1999). The wall shear rate ts measured in cm/s per cm

.1 . . . . .
ors” and can be derived using the following equation:




Figure 1.8 Schematic representation of blood flow velocity profile through a cylindrical vessel (modified from Goldsmith and Turitto,

1986; Kroll et al., 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 na.) and minimal shear (7 min) 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
TR’
where Q is the Mow rate (mi/sec) and R is the radius of the vessel (mm).
Fluid shear stress gencrated by the blood flow excrts tensile stress on cells adherent to the
vessel wall, this is known as wall shear stress (1). Hf we assume that the viscosity of blood
remains constant with respect to changes in shear rate, that is, if blood is assumed 10 be a
Newtonian {luid, then the shear stress (measured in Pascals-Pa) is directly proportional to
the shear rate and the viscosity of blood:
wall shear stress (1) =n.y

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

Since blood cells experience a variety of shear forces, the ability of these cells Lo
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 o adhere and aggregate at sites of
vascular injury over a broad range of shear rates {(from 150 s™ up (o 10,000 sty (table 1.2),
It is important therefore, that platelets are equipped with appropriate adhesive mechanisms

for the various shear environments encountered 1n the circulation.

1.6.2 Effect of Blood Constituents on Platelet Function.

A number of factors are known to influence shear forces in the c¢irculation, 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). Caiculations of shear forces in the vasculawre are
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Table 1.2 Typical Ranges of Wall Shear Rates & Siresses
Found in the Vasculature* (Modified from Kroll et al,, 1996)

Wi Shear Rate (874
20 - 200

WL

0.076 - 0.76

Large Arteries

300 - 800

1.14 —-3.04

Arterioles

500 - 1,600

1.9 - 6.08

Stenotic Vessels

800 — 10,000

3.04 - 38.0

* Wall shear stresses are calculated on the assumption that the viscosity of whole bloed is 0.038 Poise.
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usually based on the assumption that blood behaves as a “Newtonian {luid” whose
viscosily 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 cssentially a highly concentrated suspension of cells (approximately 45%
red blood cells by volume) and proteins (60 — 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
arcatest, and do not interact efficiently with the vessel wall. With incrcasing hacmatocrit
levels, a rise in blood viscosity and RBC collisions result in an outward displacement of
the small and relatively rigid plateleis 1owards the vessel wall. The RBC's on the other
hand, migrate away from the vessel wall owards the centre of the vessel. This inwards
displacement of RBC’s 1s aided by their ability to deform and squecze past cuach other

(Chien ct al., 1970).

1.6.3 Effect of the Blood Vessel on Platetet 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 et al., 1976; Schror, 1991 Yurchenco, 1990; Yuichenco and Schitiny, 1990).
At sites of vascular injury where the endothclial cell layer is breached, a number of highly
reactive subendothelial matrix structures become exposed, resulting in rapid platelet
adhesion and aggregation. The subendothelium consists of a number of highly

thrombogenic 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 TV collagen and laminin (Ywrchenco, 1990; Yurchenco and Schittny, 1990),
The collagen and laminin proteins of the basement membiane form a thin network
interconnected by the sulphated glycoprotein  entacten/tndogen. Heparin  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
thc most platelet reactive structure in the subendothelium as it consists of several, highiy
thrombogenic proteins including collagen tyy. * 1 and 1T fibres, multimeric vWI{, ciustin,

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 subendothelial matrix proteins (fig. 1.9) (Savage et al., 1996). The first step
in this process is mediated by GP 1Ib/V/IX binding to vWIf, which allows initial platelet
recruitment and translocation at the site of vascular injury. This is followed by a phase of
imeversible adhesion mediated by one or more platelet integrins, and a thivd phase of
platelet-platelet adhesion (aggregation) that is critically dependent on the activation of the

major platelet integrin oyufs.

1.7.1 Platelet Capture or Tethering,

The initial tethering of platelets to exposed subendothelium under high shear
conditions is mediated by the interaction between vWI and GP Ib/V/IX (Andrews ¢t 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




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 vWT s 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-vWT{ binding

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

in intracellular signal transduction leading to the activation of integrin «;p,P3. Integrin oypfd; activation then supports the formation of stationary

adhesion contacts and platelet spreading.




Tethering ——3» Translocation P> S;s::g;i;y ~=3» Spreading

activation
e

tFEADPFRONDE
IAAPENSAN

Interaction Interaction

GPiba - vWf Integrin o3, - vWf o EETE S S & D
i




e

i
23
A
4
i
Ay

strength. The rapid association rate allows binding to occur efficiently cven under high
shear conditions, and the rapid dissociation rate makes the binding reversible. The high
tensile strength of this interaction makes lethered platelets inherently resistant 10
detachment even under high shear conditions such as those present in arterioles and
stenosed arteries. As a result, platelets that tether to subendothelial vW{ through GP
Ib/V/1X 1end to translocate or roll on the matrix in the direction of blood flow (Savage ct
al., 1998; Savage ct al,, 1996). The ability of the GP Ib/V/IX-vWI intcraction to resist the
effects of high shear stresses can be atiributed 1o the high density of GP Ib/V/IX on the
platelet surface and the multivalent nature of vWI{ (Ruggeri, 1993b; Ruggeri et al., 1983
Ruggeri and Warc, 1993). vW{ binding to GP 1b/V/IX also results in signal iransduction
events that induce platelet activation and morphological changes in thesc cells.
Conscquently, upon adhesion to \fo, platelets rapidly transtorm from disc shaped cells to
spherical cells extending multiple filopodia, a morphology that may lacilitate platelet

roHing (Yuan et al., 1999).

1.7.2 Integrin-Mediated Arrest,

Platelet tethering 1o vW{ serves Lo decrease their velocily with respect to flowing
blood. allowing other receptors with relatively slow binding kinetics such as integrins, 10
interact with subendothelial matrix proteins and stabilise adhesion. As opposed to the
reversible interaction between GP 1b/V/IX and vWI, integrin receptors are able to mediate
irreversible adhesion due to their characteristically slow rate of bond dissociation. The two
major integrin receplors that promote stationary platelet adhesion o the subendothelium
arc integrin oy and o6 (Ni et al,, 2001; Savage ct al., 1998).

In resting platelets, integrin ouBs adopts a resting conformation, unable to bind

vWI. During platelet translocation in virro, the binding of vWf to GP IW/V/IX triggers




intracellular signalling events that lead to the activation ol integrin oyy,Pa, cnabling it to
recognisc the RGD motil found within the Ct domain of the vWT molecule and to mediate
irceversible adhesion and spreading (fig. 1.9) (Kroll et al., 1991). This process is belicved
to be potentiated in vive by the synergistic effects of soluble platelet agbnists (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, {989).

Unlike oyPs, for many years integrin o) was not believed 1o require activation in
order to bind to immobilised collagen following platelet tethering. However, recent studics
have shown that integrin cef can become activated in response to soluble agonist
stimulation (Jung and Moroi, 1998; Jung and Moroi, 2000a; Jung and Moroi, 2000b).
These studies demonstrate that of3, 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, allows a second collagen receptor, GP VI to
bind to the triple helical repeat sequences {Gly-Pro-Hyp) within the collagen molecule
(Morton ¢t al., 1995). While a.f; is responsible for platelet adhesion to coliagen, collagen
induced platelet activation is primarily mediated by GP VI (Watson et al., 2001). GP VI
binding to collagen induces a signalling pathway that is dependent on dimerisation and
phosphorylation of the FcR y-chain that ultimately leads to integrin oypPs activation

{Gibbins et al., 1997; Inouc et al., 1999; Nakamura ct al., 1999; Tsuji ct al., 1997).

1.7.3 Aggregation and Thrombus Formation.

The conversion of integrin oy into a high alfinity conformation is essential for
platelet aggregation and thrombus formation. Much of our current understanding of platelet

aggregate formation and thrombus growth has come from suspension based aggregation
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studics performed at fow shear and in the presence of excess soluble platelet agonists.
These studies demonstrated that platelet aggregation is mediated by the binding of
[ibrinogen to activated integrin oz receptors expressed on adherent plateicts lollowing
platelet activation with soluble agonisis (Holmser  1986: Lci'kovits ct al, 1995). Later
studies using suspension based, cone and platc viscometer assays, revealed that vWI
binding sequentially to GP Ib/V/IX and integrin oypfls, can also support aggregate
formation. The binding of integrin ogpfs to vWI and subsequent platclet aggregation was
believed to occur only at abnormally high shear conditions of over 5000 s generated by
the cone and plate viscometer {Goto ct al., 1998: Tkeda ct al., 1991; Peterson et al., 1987).
Recent studies examining thirvombus growth using in vivo and i vitro thrombosis assays.
have demonstrated that vWI can also support thrombus growth on immobilised adhesive
substrates (Kulkarni et al.,, 2000; Ni et al., 2000; Ruggeri. 1999: Ruggeri et al,, 1999).
These studics have shown that circulating platelets interacting with a developing thrombus
initially tether and translocate over the thrombus surface through GP Ib/V/IX binding 10
vWt which is expressed on the thrombus surface following a-granule release (fig. 1.10)
(Kulkarmi et al.,, 2000). Subscquent irrcversible platelet adhesion and aggregation is
mediated by active integrin oqpf3; binding to the RGD mouf within the vW{ molccg!c (Ni

et al.. 2000; Ruggeri, 1993h; Ruggeri, 1999; Ruggeri ct al., 1999).

1.8 Signalling Processes Regulating Platelet Adhesion and Activation.

Activation of platelet integrin oyl is a crucial functional response required for
normal platelet adhesion, spreading and aggregation. Integrin oypPs is normally found on
the platelet surface in an inactive conformation unable to bind adhesive ligands such as
soluble fibrinogen and vWT. Ligand binding o integrin oyqf}; 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 vWT{, spread over the vW{ surface to form a mcenolayer, and release their granule contents.

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

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

expressed vW( through integrin opf3;. This results in the formation of platelet aggregates or thrombi.
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state (active conformation) through a process known as wside-out signalling. lnside-out

signalting pathways that fead to integrin oynfa activation are stimulated by the binding of

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

t

serotonin and TXAs, or by platclet adhesion o subendothelial proteins such as vWI or

collagen (Brass et al., 1991; Shatul, 1993). The specilic signalling mechanisms stimulated
by individual receptors are incompletely understood but several studies have demonstraled
that common signalling pathways can be activaicd by structurally unrelated platelet surface
receptors (Shattil et al., 1998). In fact, platelet stimulation with soluble agonists has been
shown to result in similir protein phosphorylation events induced by adhesion receptors
such as the vWf or collagen receptors, GP 1o/V/IX and GP VI (Bachelot et al., 1992:

Golden ¢t al.. 1990; Jackson ct al., 1994; Nukamura and Yamamura, 1989; Razdan ¢t al.,

1094; Yuan et al., 1997). Furthermore, most platelet agonists appear to demonstrate similar

calcium and protein kinase C (PKC) requircments o induce integrin o33 activation (Gu
et al.. 1999; Yap et al., 2000). *

The majority of platelet agonists capable of anitialing  inside-owt signalling
processes, including thrombin, ADP, TXA> and scrotonin, are known to bind to G-protein
coupled receptors on the platelet surface. Binding of ligands 10 these receptors induces tk{e
acttvation of the associated heterotrimeric G proteins. These proteins consist of three
subunits ¢, f and y. A number of different G-proteins have been identificd, cach differing
in the specific & subunit that they contain. These G-proteins are membrane associated
through their By subunits. Upon activation the o subunits dissociate from the membranc
bound By subunits. Both the o subunit and the fy subunits can initiate multiple inside-out
signalling pathways by interacting with various downstrcam effectors. To date, platelets

have been shown to express six different G-proteins: Goi, Goy, Gogaz, Gy, Gogs, and

Goss (Brass et al, 1997: Oda et al., 2000: OChlmann ¢t al., 1995; Williams et al., 1990).




These G-proteins appear to regulate difterent signalling processes in the cells. The G
protein has been found to mediate prostacyclin-dependent platelet inhibition by stimulating
adenylate cyclase and clevating cA]\-1Prlcvcls in the cytosol. Conversely, G, is known to
inhibit adenylate cyclase leading to reduced ¢cAMP levels in platelets. The o subunits of
Gi» and Gjz have also been shown to inhibit cAMP formation whereas the By subunits of
these proteins are thought 1o be able to activate phospholipase Cf} or other signalling
molecules on their own accord (Brass et al., 1997; Offermanns, 2000). Recent evidence
has suggested a critically important role for G, for platelet activation by most physiological
platelct agonists (Offermanns et al., 1997). G has been shown to activate phospholipasc C,
resulting in release of intmccllullar calcium and activation of protein kinase C (sec scction
1.9.1). Platelets from mice that lack G, have been found to be defective in caicium
mobilisation and aggregation by all agonists (Offermanns ct al,, 1997). Recent studics
examining platelet responses 10 ADP have demonstrated that the (G 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 (Gachet et al., 1997; Mills, 1996). Despite being the fizst 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 plateiet agonists (Moritz ct al., 1983). Its vole in thrombosis
and haemostasis has been highlighted by recent studies showing that pharmacological

inhibitors of ADP-induced platelet aggregation wre very effective antithrombotic drugs
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(Humphrics et al., 1995; Schror, 1995; Schror, 1998). Moreover, patictits with congenital
ADP receptor defects, and those lacking endogenous ADP altogether, sulfer from bleeding
diathescs (Cattaneo and Gachet, 1999; Citanco ct al., 1992; Rao, 19923).

Platelets express three purinergic receptors on their surface that act in synergy to
promole platelet aggregation. The ionotropic P2X, receptor is a ligand gated ion channcl
that appears to be responsible for rapid influx of ionised calcium into the cytosol. The
P2Y, mectabotropic receptor, linked o the Goq protein, which is responsible for
mobilisation of ionised calcium from internal stores, and a third metabotropic receptor,
P2Y)2, is coupled to G, and is essential for the full plateiet aggregation in responsc to
ADP. The latier 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 of platelet activation and aggregation.

1.9.1 ADP Induced Platelet Activation. -

In platclets ADP stimulation activatcs multiple signal transduction pathways. These
result in the inhibition of adenylate cyclase, through activation of the Gi linked P2Y,
receptor, and also a concomitant transient rise in {ree cytopluasmic 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 o ADP is
only achieved when ADP concomitantly binds to the G; coupled P2Y, receptor and the G,
coupled P2Y receplor.

Recent studies have demonstrated impaired ADP aggregation in platelets from mice

lacking the heterotrimeric Goq (Offermanns et al., 1997). This suggests that activation of
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the PLCP pathway leading to intracellular calcium mobilisation after ADP stimulation is
essential for platelet aggregation. However, blockade of the G-linked P2Y > receptor, has
been found to impair ADP induced platélet aggregation without inhibiting platelet shape
change. Similar results were found in platelets from mice deficient in Gy, suggesting that
binding of ADP (o the P2Y,; receptor alone is sufficient to induce platelet shape change,
but it is not enough to support (uil platelet aggregation (Fagura et al.. 1998; Geiger et al,,
1998; Hechler ¢t al., 1998a; Hollopeter ct al., 2001; Jantzen et al., 1999; Jantzen et al.,,
2001; Jin et al,, 1998; Jin and Kunapuli, 1998; Savi et al., 1998). In both cases, ADP-
dependent aggregation could be rescued by epinephrine, which lowers cAMP levels
through a Gi-independent pathway (Hechler et al., 1998a; Jin and Kunapuli, 1998). The
exact mechanism by which Gi-dependent, inhibition of adenylate cyclase mediates integrin
o activation remains unclear as reduced cAMP levels do not appear to have a direct
causal relationship to ADP induced platclet aggregation (Gachet et al., 1997 Mills, 1996).
The role of the P2X, ionotropic recepior during platelet activation remains to be

cstablished.

1.10 Signalling Through Platelet Adhesion Receptors.

It has become increasingly clear that the platelet adhesion receptors GP Ib/V/IX,
cymfBs. 0P and GP VI, not only mediate adhesion of platelets but are also capable of

transducing signais leading to platelet activation.

1.10.1 Signalling Through GP Ib/V/IX.

Several studies aver the past decade have demonstrated that GP Ib/V/IX is capable
of transducing intraccllular signals leading to platelet shape change, integrin ogufs

activation and aggregate formation (De Marco et al., 1985a; De Marco et al., 1985b;
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Grainick ¢t al,, 1985; Kroll et al., 1991; Savage et al., 1996; Savage ct al., 1992). The
ability of GP Ib/VAX to initiate signal transduction was first described in the mid-1980"s
following studics using desialylated vWT (asialo vWI). Asialo vW{ spontaneously binds to
GP 1I/V/IX in solution inducing granule release, TXA» production and integrin cymfa
aclivation (De Marco et al., 1985a; Grainick et al, 1985). Subsequent shear-induced
platelet activation {SIPA) studies using a device called a cone and plate viscometer,
demonstrated that induction of vW{-GPIb binding under pathological shear conditions
could also result in integrin oyfs activation (Mouke et al., 1988; Moritz et al., 1983).
Studies of SIPA have provided significant insight into the mechanism by which vW{
binding to GP Ib/V/IX may induce integrin oypf3; activation (tkeda et al., 1991; Peterson et
al., 1987). These studies highlighted the critical requircment lor ADP relcase (Moake et al.,
1988; Oda et al., 1995), protein kinase C (PKC) activatton and transmembrane calcium
influx during shear induced platelet activation (Chow et al., 1992; lkeda et al., 1993: Kroll
ct 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/IIX (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 caleium and PKC
activation (Kroll et al., 1991), as well as the activation of Pl 3-kinase (Jackson ct al., 1994),
and tyrosine kinases such as p72™* (Asazuma et al., 1997). Furthermore, inhibition of PKC
was [ound to abolish stationary adhesion to immobilised vW1 supporting a role for PKC in
vW(-induced signalling in adhesion based assays (Savage ct al., 1992). Together these
studies have cstablished that GP Ib/V/IX is capable of promoting intracellular signalling

pathways leading to integrin Qupfds activation following vWf engagement. It is unclear

however whether integrin oz activation induced by GP Ib/V/IX signalling occurs
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directly as a result of intraceliular second messenger generation, or indireetly through the
release of endogenous agonists such as ADP and TXA,.

Studies of shear induced platelet activation have provided cvidence to support an
indircct mechanism by which GP IWV/IX induced signalling promotes integrin cumfh
activation, The current dogima derived from these studies proposes that vW( binding to GP
Ib/V/IX under high shecar conditions results in calcium influx through the plasma
membranc and the activation of PKC and other tyrosine kinases (Ikeda ct al., 1993; Kroll
ct al., 1993: Razdan ct al., 1994). The spike in cytosolic calcium concentration is thought
to promote the secretion of endogenous platelet agonists, such as dense granule ADP and
the generation of TXA. (fig. 1.11) (Chow et al., 1992). These soluble agonists feed back
onto their respective platelet surface receptors (Danicl et al., 1998; Hechler et al., 19984;
Hechler et al,, 1998b: Jin et al., 1998; MacKenzic et al., 1996), and stimulate inside-out
signalling pathways that ultimately lead to integrin o3 activation (Gachet et al., 1997).

While GP Ib/V/IX is known to induce signal transduction, it has not been shown 10
have any intrinsic enzymatic activity, nor has it been shown to couple to G proteins or o
be phosphorylated by tyrosine kinases. Despile intensc research, little is known about the
exact signalling mechanisms through which GP 1b/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 1bf subunits of the GP Ib/V/IX complex associate
with the 14.3.3C signalling protein (Du et al., 1994), which can potentially link GP 15/V/1X
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
are believed to be involved in platelet activation such as Pl 3-Kinase, PKC, Raf-1/B-Raf

protein kinases, Ber or Ber-Abl kinases, the BCL-2 tumily member BAD and the adaptor




Figure 1.11 GP Ib/V/IX-induced activation of integrin ay,p; under pathological shear conditions (imedified from Yap et al., 2000)

Schematic representation of a model of GP Ib/V/IX-induced integrin of3; 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, which leads to secretion
of endogenous ADP from platelet dense granules. The binding of ADP to purinergic receptors expressed on the platelet surface resulis in inside-

out signalling processes leading to integrin wpfs 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 (Bonneloy ct ab,, 2000; Fantl ct al., 1994; Freed et al,, 1994a; Freed ct al.,
1994b: Fu ct al., 1994: Isobe et al., 1992; Liu ¢t al., 2000; Reuther ¢t al., 1994; Tanji et al.,
1994; Toker et al.. 1990). Binding of 14.3.3C to the cytoplasmic tail of GP b has been
shown 1o require phosphorylation of serine residue 609 {Bodnar et al., 1999), and binding
of 14.3.3{ (o GP b appears 1o be regulated by protein kinase A (PKA) phosphorylation
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(Andrews and Berndt, 1998; Calverley et al,, 1998). The tunctional importance of
the interaction between the 14.3.3 protein and GP I/ V/XI in integrin o5 activation is
unclear, One recent study demonstrated that disruption if the 14.3.3C binding siic of GP
Iba results in impaired vWI induced integrin oufs activation (Gu et al., 1999). while
others have suggesied that disrupting this interaction docs not effect integrin oyf3s
activation at all (Zaffran et al., 2000).

Another protein interaction of potenttal importance for GP Ib/V/IX signalling is the
interaction between GP Ib/V/IX und platelet Fe Receplors. The potential involvement of
FeR y-chain and/or FeyRla was suggested following the demonstration of iyrosine
phosphorylation and activation of the non-receptor tyrosine kinase, p72™* upon vW(
stimulation of platelets (Asazuma et al., 1997: Yanabu et al., 1997). p72™* has been found
1o play a crucial role in collagen-induced platelet activation (Asselin ¢t al., 1997, Ezumi et
al., 1998; Gibbins et al., 1997; Ichinohe et al., 1997; Poole et al., 1997 Yanaga et al.,
1995). Activation of p72** requires engagement of its tandem Src homology 2 (SH2)
domains with proleins coataining phosphorylated immuno-receptor tyrosine containing
activation motif (ITAM). The only platclet proteins that contain such ITAM motifs are the
FeyRIa and FeR y-chain (Asselin et al., 1997 Chacko et al., 1996; Gibbins ¢t al., 1996),
poth of which have been shown to associate with the GP [b/V/IX complex (Falati et al.,
1999 Marshall ct al, 2002; Sullam et al., 1998, Sun et al, 1999). This raiscs the

possibility that GP Ib/VAX can also induce signal transduction through a Fe receptor
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dependent mechanism (Falati et al,, 1999; Sullam et al., 1998). In this model of GP
W/V/IX-induced ogfls activation, vWI binding 1o GP 1b/V/IX results in the
phosphoryiation of Fc receptors on their ITAM motifs. This drives the formation of large
signalling complexes and activation of a number of non-receptor tyrosine kinases including
p72Y pSOM™ and p53/56"", resulting in a cascade of events leading to phospholipase Cy2
(PLCy2) activation in a stmilar process as described for collagen induced signalling (Falati

et al., 1999).

1.10.2 Integrin ay),Ps-Mediated Signalling Evenis.

The platelet integrin oywfs is able to wransduce biochemical signals acvoss the
plasma membrane in a bi-directional manner, through inside-out and outside-in signalling
pathways. It is well established that initially upon integrin oup,B; activation, ligand binding
is reversible, but becomes progressively more stable as time goes on (Peerschke, 1995;
Shattil et al., 1998). Integrin o3 activation has been shown to result not only in affinity
modulation requiring conformational changes in the recepior, but also 'n avidity
modulation through clustering of the receptor (Hato et al., 1998),

Affinity modulation is believed (o be important for the initial reversible phase of
integrin oypPs activatton, and is thought to be mediated by the association of (he
cytoplasmic portions of integrin oy, with regulatory proteins in the cytoplasm. This
results in conformational changes i the extracellular poition of the integrin and exposure
of encrypted ligand binding sites allowing the integrin to interact with soluble fibrinogen
or vWIf. Naturally occurring mutations in the cytoplasmic domain of integrin oypPs, have
been found to resuit in both defective integrin oyPs activation and also in constitutive
activation of this receptor (Ambo et al., 1998a; Ambo et al,, 1998b; Chen ct al., 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 oy and Ba subunits of
integrin oywPs, cg. calcium-and-integrin binding protein (CIB), which associates with the
Oy, cytoplasmic tail, and Bi-endonexin, which binds o the cytoplasmic region of integrin
B4 as well as 10 a number of structural proteinsg (Natk and Parise, 1997; Shattil, 1995:
Shattil et al., 1993), however, the role of such proteins in affinity modulation is unclear.
Avidity modulation is believed to promote the irreversible phase of integrin aynf3s
activation. Ligand binding and clustering of integrin oypfs 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 ageregation, spreading, secretion and clot retraction (Abrams et al., 1994;
Clark and Brugge, 1995; Narumiya, 1996; Peerschke, 1995 Shattil and Brugge, 1991).
Similar to GP/IW/V/IX, the integrin oupPs receptor docs not possess intrinsic catalytic
activity.  Following activation and clustering, integrin oy recruit various structural
proteins (talin, vinculin, Ot-actinin, tensin, paxillin) and sighalling molecules (FAK, Sic
kinases, Pl 3-kinase, PKC, PLCy2, Calpain) to form large cytoskeletal signalling
complexes called focal complexes {(Burridge and Chrzanowska-Wodnicka, 1996
Chrzanowska-Wodnicka and Burridge, 1990; Heniler, 1998). .
The B subunit of the ouy,Bs receptor is thought to play a major role in integrin-
mediated signalling and focal contact formation. The cytoplasmic domain of this subunit
becomes tyrositic phosphorylated during platelet activation and has been shown to
assocrule with several cytosolic proteins including, talin (Knezevic et al., 1996), She and
Grb2 (Law ct al., 1996), Bi-endonexin (Shattil, 1995; Shattil ¢t al., 1995) and calcium- and

integrin binding protein (CIB) (Naik and Parise, 1997; Naik et al., 1997).




Ligand binding to integrin oyPs induces the activalion of two independent

signalling pathways leading to two distinet waves of protein tyrosine phosphorylation, The

first 1s an carly outside-in signalling cvent linked to the activation of Syk by a Src Tumily
tyrosine Kkinase (Gao et al., 1997) following oymBa receptor clustering. This pathway
coincides with filopodial extension and the rapid tyrosinie phosphorylation of various
cylosolic proteins ranging between 50 — 72 kDa and 140 kDa (Hartwig, 1992 Hartwig et
al., 1996 Huang ct al,, 1993; Shatul ¢ al., 1994; Yuan ¢t al., 1997), and requires intact o,
and 3z cytoplasmic domains (Clark et al., 1994: Gao et al., 1997; Hato ct al., 1998; Miranti
et al., 1998). Following this first wave of phosphorylation 1s a second signalling event
coinciding with maximal platclet spreading and/or aggregation involving Src, and the
activation of ppl23FAK. This results in the tyrosine phosphorylation of the as yet
unidentificd proteins of 95 kDa, 97 kDa, 101 kDa and 105 kDa, as well as the
phosphorylation of the tyrosine kinases, Tec kinase, pp125™~F and the S-phosphatase SHIP
(Giuriato et al., 2000; Laffargue et al., 1997; Shatul et al., 1994). Evcnttlali)f, the initial
increase in protein tyrosine phosphorylation is followed by a down-regulation of tyrosine
Kinasc activity due to proteolysis of protein tyrosine kinases by the cystcine 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 al., 1995; IFrangioni et al., 1993; Li ¢t
al., 1994).

Signalling events other than protein phosphorylation that have been shown to occur
post-integrin o3 activation, include calcium mobilisation, activation of PKC and Pt 3-
Kinase, and arachidonic acid metabolism. Of particular importance, is the role of the
sccond messenger calcium dunng intcgrin signalling. Calcium release from intracellular
stores by the action of inositol triphosphate (IP3) is important for mediating platclet

activation in response to various agonists. Cylosolic calcium mobilisation plays a critical




role in inside-out signalling cvents leading to platelet shape change, scerction and integrin
to o4qPa activation (Berridge, 1984; Berridge and Irvine, 1984: Gerrard and Carvoll, 1981
Rink and Sanchez, 1984; Yoshida et al,, 1988), and also in the subsequent outside-in
signalling events gencrated through the active integrin (Heemskerk et al,, 1994;
Heemskerk et al., 1992; Heemskerk et al., 1993; Kuwahara ¢t al., 1999; Sage ct al., 1993;
Yap ct al., 2000). More recently il has been demonstrated that cytosolic calcium is not only
required for initial integrin cuf; activation, but it is also involved in a positive feedback
mechanism required for amplifying and maintaining the activation status of this rcceptor

(Nesbitt ct al., 2002; Yap et al., 2000).

1.10.3 Collageﬁ Receptor Signalling.

Platelet adhesion and activation on a collagen matrix under flow requires the
synergistic contribution of integrin 0f3; and the GPVI/FcRy complex (Nieswandt et al.,
2001a; Savage et al., 1998), with recent cvidence supporting a major role for the
GPVI/FcRyY complex in the collagen induced signalling process {(Moroi et al., 1996; Tsuji
ct al,, 1997). The initial interaction of platelets with collagen is mainly mediated by
integrin &2, while subsequent platelet activation and firm adhesion is mediated by the GP
VI/FcRy complex (Morot ¢t al., 1996). Signalling through the GP VI collagen receptor
occurs through a similar pathway to immune receptor signalling (Watson ct al., 2001), ie.
through association of GP VI with the ITAM motf ol the Fe receptor y-chain (Gibbins et
al., 1996). Data supporting an imporiant role for GPVI/FcRy-derived activating signals was
derived {rom studics using FeRy-deficient mice (Poole et al., 1997; Tsuji ct al., 1997). The
FcR y-chain is co-cxpressed with GP VI in platelets. Binding of GP VI to collagen results

in clustering of GP 1V/FcRy complex, leading to autophosphorylation of tyrosine residues
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within the ITAM domain ol the FeRy chain (fig. 1.12) (Gibbins et al., 1996; Gibbins ¢t al.,
1997; Nicswandlt et al., 2000; Quek et al., 1998; Tsuji et al., 1997). Phosphorylation of the
FcR y-chain triggers a signalling cascade resulting in the activation of non-receptor
tyrosine kinases including p72™*, p59™" and p53/56™" (Briddon and Watson, 1999; Ezumi
et al., 1998), This is believed (o 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 calctum mobilisation from intraceliular stores (Clemetson, 1999:
Pasquet et al., 1999b).

Unlike most soluble platelet agonists that promote calcium mobilisation through G-
protein coupled signalling mechanisms leading to PLCP activation, GP Vi-induced
calcium mobilisation and protein kinase C (PKC) activation occurs through a PLCy2-
dependent mechanisim and is independent of G-protein activity. The central role for SLP-
76 lor the activation of PLCY2 was demonstrated in studics using SLP-76 knockout mice,
which showed impaired PLCy2 activation and calcium mobilisation in responsc 1o collagen
stimulation (Clements ct al., 1999; Gross et al., 1999). Apart {rom promoting PLCy2
activation, the adaptor protein SLP-76 is also known o 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 1s also some cvidence supporting a role for Pl 3-kinase in the regulation of
PLCy2. 1t has been shown that a P 3-kinase lipid product, phosphatidylinositol (3,4,5)-
triphosphate (sce section 1.9), can bind to PLCy2 and induce its activation (Gratacap ct al.,
1998). Furthermore, in studies using murine megakaryocytes, microinjection of peptides
containing pleckstrin homology domuains that interact with phosphatidylinositol (3,4,5)-
triphosphate, results in impaired PLC-mediated calcium mobilisation (Pasquet ot al.,

19994).




Figure 1.12 The mechanism of collagen induced platelet activation (imodified from Watson, 1999)

Collagen binding to the major collagen receptor GP V1, 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 o33 activation.
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i.11 Role of Phospholipids and Phosphoinositide (P1) Turnover in Platelet Signatling.

The propagation of cytosolic signals upon agonist stimulation generally occurs
through the generation of intracellular second messengers such as 1,2-diacylglycerol
(DAG) and inosiltol triphosphate (IP;). In platelets, IP; 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 cffector pathways that regulate platelet function, including shape
change, aggregation and secretion (Castagna et al., 1982: Kajikawa ct al., 1983; Kuwahara
et al., 2002; Kuwahara et al., 1999; Nunn and Watson, 1987: O'Rourke et al., 1987).

The generation of such second messengers is critically dependent on a particularly
important class of membrane phospholipid called the phosphatidylinositois (Ptdlns)
(Majerus et al., 1984). These phospholipids constitute about 8% of total membrane
phospholipids (Esko and Ractz, 1980; Henry ct al., 1977), and are {found in abundance in
the inner leaflet of the platelet plasma membrane (Mauco et al, 19§87).
Phosphatidylinositols are bcliﬁvcd to function by acling as precursor molecules for a
variety of second messengers including DAG and 1Py, and the turnover of
phosphoinositides has been shown to be an important signalling mechanism for platelet
activation (Bell and Majerus, 1980: Mauco ¢t al., 1979; Rittenhouse, 1983).

+hosphatidylinositols (Ptdlns) consist of a myo-inositol ring containing five
hydroxyl (OH) groups that provide reactive sites for substitution with phosphate groups.
This 1s 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 (o two fatty-acid
chains (fig. 1.13). There are three major myo-inositol-containing phospholipids expressed
in the platclet membrane that vary in their extent of phosphorylation. They are

phoshatidylinositol [PtdIns], which contains only hydroxyl groups on the myo-inositol




Figure 1.13 Schematic representation of membrane phosphoinositides

The molecular structre of Ptdint, PtdInt(4) P, Ptdini(4,5) P, are illustrated

highlighting the myo-inositol ring, glyccrol backbone and fatty acid tails. A
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ring, phoshatidylinositol 4-phosphate {Ptdins(4)P] which contains a phosphate group at
position 4 ol the myo-mositol ring, and phoshatidylinositel 4,5-bisphosphatc {PtdIns
(4.5)P:1, which contains two phosphate groups at position 4 and 5 of the ring. In platelets,
Pta'ns accounts for up o 7% of total membrane phospholipids, Ptdins (4)P accounts for
19 and Ptdins (4,5)P; for 0.4% (Majerus ct al., 1984). The levels ol these phospholipids
are repulated in resting platelets through a dynamic process of phosphorylation and
dephosphorylation events mediated by specific kinases and phosphatases (Berridge, 1984;
Michell, 1975).

The mechanism by which phosphatidylinositides promote cell activation is known
as phoshoinositide (PI) turnover. This process 15 dependeni 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

Pudins (4,5)P; is considered to be the preferred substrate in vive. The hydrolysis of
Pudins(4,5)P> results in the generation of lipid soluble DAG, and the water soluble 1P;
(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 el al., 1998; Li et al., 1998), cell
pioliferation, organ devclopment and muscle contraction (Clapham, 1993). Platelet
stmulation by most platelet agonists is accompanied by a rise in cytosolic calcium levels
(Saitoh et al., 1989). The role of calcium in platelet function has been the subject of intense
investigation for many years (Heemskerk et al., 1994; Kroil and Schafer, 1989). There arc

two main sources of calcium in the platelet, (1) internal calcium stored within the platelets
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dense tubular system, and (i1} calcium channels in the plasma membrane that allow
caleium to enler the cell from the extracellular environment. Following platelet stimulation
with an activating agonist, the initial risc in cytosolic calcium is mainly derived from
mobilisation of calcium from the platclet dense tubular system (ie. from intracetiular
calcium stores). It is believed that depletion of intraceliutar ealcium stores triggers the
opening of membrane calcium channels allowing calcium influx [rom the extracellular
environment through a process known as storc-regulated calcium entry (SRCE) (fig. 1.14)
(Alonso et al., 1991: Rosado et al., 2000a; Rosado et al., 2000b:; Sage et al.,, 1990). An
altlermative mode of cytosolic calcium elevation is through calcium entry lacilitated 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 caicium influx
upon ADP binding (Gachet, 2001a; Gachet, 2001b). Recent studics have also proposed a
role for Pl 3-kinase in regulating both calciim mobilisation and winfiux in platelets. PI 3-
Kinasc is thought to promotc transimembrane influx through the generation of the PI 3-
kinase lipid produu:t PtdIns(3,4.5)P;. This hypothesis is supported by studics demonstrating
that platelets derived from mice that lack the Src-homology 2 (SH2)-containing inositol 5’
phosphatase (SHIP), display elevated 'evels of PidIns(3,4,5)P; and enhunced calcium
influx (Huber et al., 1998a; Huber et al., 1998b; Pasquet et al., 2000). The mechanisim by
which Ptdins(3,4.5)P; nromotes influx is not undesstood. In plateiets, inhibition of PI 3-
kinase has been found to reduce the level of 1P3 gencration leading to a reduction in
calcium mobilisation (Pasquet ci al,, 1999b). The role of P1 3-kinase in promoting calcium
mobilisation also seems to involve Ptdins (3.4,5)P3 as microinjection of pleckstrin
homotogy (PH) dontains that bind to this lipid product has been shown to reduce 1P levels
and calcium mobilisation in COS-1 cells and megakaryncyles (Falasca et al., 1998; Pasquet

et al., 1999a; Pasquet et al., 1999b).




Figure 1.14 Schematic representation of the mechanisms regulating cytosolic calcium levels in platelets

Two processes are believed 10 result in elevated cytosolic calcium leveis in activated platelets. Platelets contain receptor operated caleium
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 (PIP,). The products of this hydrolysis are membrane bound diacylglycerol
(DAG) and water soluble inositol triphosphate (IP3). IP; binds 1o 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 efflu. through membrane calcium ATPase pumps.
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Prolonged periods of clevated calciunm are toxic to most cell types therefore,
cytosolic calcium levels in all cell systems tend to be very tightly regulated o ensure
effective functional responses without cytoioxicity. Following platelet 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 oack into
ihe intracellular storage organelles, and also on the plasma membrane, which actively

pump caicium out of the cell through the ptasma membrane (fig. 1.14) (Gerrard, 1986).

1.12 Pr¢tein Kinase C (PKC).

The Protein kinase C (PKC) family includes 12 structurally related serine/threonine
kinases that are differentially 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, preliferation, secretion and
metabolism (Blobe et al., 1996; Mellor and Parker, 1998; Newton, 1997; Slater et al.,
2000: Toker, 1998 Vaughan et al.. 1998). In platelets these proteins have been shown o
play central roles in regulating platelet adhesion, shape change, secretion, and aggregation
(Siess and [ apeting, 1989a; Toullec et al., 1991} The PKC superflamily can be subdivided
into three groups based on their isoform structure (descrbed in detail in section 1.5.1}, and
or. their co-factor requiremenis for activation. The thrce groups are, (i) the
conventional/clussical PKC group (¢PKC) including o, BI/BH and ¥ isoforms, (1) a novel
PKC group (nPKC) including 6, €, 0 and 8 isoforms; and (iii) an atypical PKC group
(aPKQ) including 7, A, and p. The conventional PKC iscforms are activated by the
concerted efforts of calcium, diacylglycerol (DAG) or phorbol esters (eg. PMA and TPA),
and membrane  phosphelipids such  as  phosphatidyl serine (PS) and  phoshatidyl

cthanloamine (PE). The novel PKC isoforres lack o caicivm-binding domain, They are
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therefore calcium independent and can be activated by phorbol csters and phosphotlipids
alone. The atypical PKC isoforms lack both a calcium binding and phorbol cster-binding
domain and are thercfore insensitive to cither 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 are the o, BIPIL, C, 6, n and 0

isoforms (Baldassare et at., 1992; Crabos ct al., 1991; Selbie et al., 1993).

1.12.1 Structure of PKC.

Protein kinase C isozymes consist of a singlc polypeptide chain that contains an
amino-terminal 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 cotled, 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 C1 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 unrespensive 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
regulatbry domain by a short hinge region that allows the enzyme to fold back on itself in
its resting confornmation. 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

(Newlton, 1957),
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Figure 1.15 Structure of protein kinase C (modified from Newton, 1997)

Schematic representation of the strucitres of conventional, novel and atypical forms of PKC. The diagrams highlight the pseudosubstrate
domain, the C1 domain which binds to DAG and phorbol esters, the C2 domain which binds acidic lipids (such as phosphatidy! serine) and
calcium, ani! 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 2 C1 and a C2 domain making them

msensitive to both calcium and phorbol esters (note: the members of each isoform class are lisied on the left).




Regulatory Catalytic

Conventional

a, Bla BII,Y F_Cl - =

B COOH

Pseudosubftrate
domain

Novel

5,¢, 0,1 NH.

Atypical :
G, A NH,




1.12.2 PKC Activation.

It is well established that PKC activation is mediated by the concerted cflorts of
calcium, phospholipids and diacylglycerol, though the requirements for these co-factors
differ widely between PKC isoforms as discussed above. Studics by Hannun et al,, in the
mid 195U's, using mixed micelle assays, helped elucidate the precise interactions between
calctum, phospholipids and diacyiglycerof during PKC activation (Hannun and Bell, 1986;
Hannun et al., 1985; Hannun et al., 1986a: Hannun et al., 1986b). These studies suggested
a lwo 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 cenzyme 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 lo 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 Platclets.

[n platclets, PKC regulates muliiple responses including shape change, secrction
and aggregation (Crouch and Lapetina, 1988; Salari et al,, 1990; Sicss and Lapetina,
19894a; Siess and Lapetina, 1989b; Toullec ct al,, 1991; Walker ¢t al., 1990). Several
independent lines of evidence support an impottant role for PKC in both inside-out and
outside-in signalling leading to integrin cypf; activation. For instance, PKC activation, as
measured by cnzyme translocation from the cytosol to the membrane, has been
demonstrated in plaiclets stimulated by all agonists known to induce oypf3z activation

(Sicss and Lapetina, 1989h; Crouch and Lapetina, 1988; Salari et al., 1990;Walker et al.,
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1990). Morcover, direct evidence for PRC involvement comes from studies using PKC-
specific activators and inhibitors. Exogenous phorbol esters, such as phorbol 12-myristate
13-acetate (PMA), directly activate PKC by acting as a uon-labile substitute for DAG.
Addition of PMA to platelets results in oypPs activation, leading 10 platelet aggregation
and spreading on fibrinogen and vWI matrices (Marguerie et al., 1980; Shattil and Brass,
1987). Conversely, inhibition of PKC with specific inhibitors, such as bisindoylmaleimide
(BIM). blocks cuws activation, platelet aggregation, and platelet spreading on fibrinogen
and vWTt matrices (Shattil and Brass, 1987). Finally, activation of ouw3; and subscquent
platelet aggregation correlates with the phosphorylation of a 47-kDa protein calied
pleckstrin. This protein is exclusively expressed in hacmatopoictic cells and 1s 4 major
PKC substrate in platelets.

Several translocation studies have demonstrated that diffcrent plateiet agonists are
able to preferentially activate different PKC isozymes. Thrombin and PMA have been
shown to activate PKC «, B and {, PAF activates 1y and 0, and the Mab-F11 activating
antibody has been found to cause transicnt activation of « und £ and prolonged activation
of «, B, 1. and 0 (Baldassure ¢t al., 1992 Crabos et al., 1991; Wang ct al., 1993; Wang ct
al,, 1993). While thesc studies indicale specific 1sozyme activation following platelet
activation with different stimuli, definitive information is lacking on the identity of the
specific PKC isozymes responsible for P regulation. Furthermore, although several
signalling molecules have been identifted as downstrcam wargets of PKC in platelets,
including pleckstrin and myrisoylated alaninc-rich C kinasc 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 mnside-out signalling cascade in platelets, there 1s increasing evidence to suppott a role

for PKC in downstream (outside-in) signalling events linked to integrin ogpfd; ligation and
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platciet aggregation (Shattil et al., 1994). For example, platelet integrin oypfls engagement
is known to mediate platelet spreading on  fibrinogen ard to induce tyrosine
phosphorylation of the focal adhesion Kinase, ppi25FAK. PKC has been shown to play an
important role in both of these processes. Pharmacological inhibitors of PKC activation
were found to inhibit both plaelet spreading and FAK phosphorylation on {ibrinogen
(Haimovich et al., 1996). It has also been demonstrated that platelet spreading on
librinogen and FAK phosphorylation can be blocked nusing the ADP scavenging enzyme,
apyrase (Haimovich et al., 1993). Treatment of platelets with PMA, which dircctly
activiates PKC, was found 1o cffectively restore platelet spreading on fibrinogen and FAK
phosphorylation in apyrase treated platelcts (Haimovich et al., 1996). Furthermore, it was
recently demonstrated that PKC inhibition abrognl}:s platelet adhesion and spreading on 2
vW{ matrix under both static and flow conditions thus establishing a critical vole for PKC
in promoting integrin oy activation on the surface of piatelets adhering to vWI (Yap et

al., 2000).

1.12.4 Pleckstrin (pd7) and MARCKS.

Pleckstrin is a major PKC substrate found in platelets and other haematopoictic
cclls. In most cases, phosphorylation of the 47 kDa substrate of PKC (pd7) accompanics
platelet secretion and aggregation (Haslam ct al., 1979). Two functionally important
domains have been identified in pleckstrin, a sleckstrin 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 cxchange by Ras-like molecules
(Ponting and Benjamin, 1996). Following platelet activation, pleckstrin s thought to
interact directly with the a:tivated forms of PKC through its PH domain (Zhang et al.,
1996). Once bound, PKC may phosphorylate pleckstrin on three closely localised residues

(Sert13, Thritd, and Serl17), cnabling it to Tocalise to membranes where its DEP domain
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is proposed to regulate GTP-GDP exchange on one or more Ras-like molecules. While Ras
proteing appear o have  role in oqpfla activation, it is unuicar if they have a positive or
negative cffect on oypfds activation process. For example, in oypfd- transfected CHO cells
R-Ras activates oy whereas H-Ras suppresses activation (Gabbeta et al., 1996; Hughes
et al., 1997). The strongest evidence to date that pleckstrin can promole oy fds activation is
derived from the study of a patient with & mucutancous bleeding disorder who showed
impaired platelet  aggregation and sceretion  associated with a reduced  plecksirin
phosphorylation (Gabbeta ct al., 1996). Another PKC substrate in platclets is a protein
called myristoylated alaninc-rich C kinase substrate (MARCKS). MARCKS has been
shown to bind and cross-link actin fi.lumcnts in platelcts (Elzagallaa et al.,, 2000), and
although to Jate MARCKS has only been implicated in the platelet scerction pathway, this
docs not cxclude a role for MARCKS in inside-out signalling. MARKS and plcckstriﬁ
have different phosphorylation profiles, implying different functions for the two signalling

proteins.
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Chapter 2.

Methods.

2.1 Blood Collection and Preparation.

For all studies blood was collected by venesection from the antecubital vein of
hcalthy volunteers who had not taken any anti-platelet medication in the preceding
fortnight. For washed platelet preparations, blood was collected into acid-citrate-dexirose
(ACD) anticoagulant containing 100 mM theophylline. For whole blood studies, blood was
collected into cither 15 mM trisodium citrate or 200 U/ml of the a-thrombin inhibitor,
hirudin. Blood was kept at room temperature without agitation and was uscd 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 theophylline [90 mM sodium citrate, 70 mM
citric acid, 140 mM dextrose, 100 mM theophylline, 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 tsolated by further centrifugation ol 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 Butfer (PWB) [4.3 mM Nua-HPO,,
243 mM NaH.POy, pH 6.5, 113 mM NaCl, 5.5 mM glucose, 0.5% (w/v) bovine serum
albumin (BSA) and 10 mM theophyliine). Immediatcly prior to use, platelets in FWB were
pelleted by centrifugation at 2,000 x ¢ for 10 minutes, resuspended in modified Tyrode’s

butfer {10 mM HEPES, pH 7.5, 12 mM NaHCOs, 137 mM NaCl, 2.7 M KCl, 5 mM

n
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glucose] supplemented with ¢ mM CaCly or | mM EGTA and | mM MgCl,, where

indicated, and cquihibrated 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 cqual volume of RBC washing bufler
and petleted by centrifugation at 2000 x ¢ for 10 minutes. The washed RBC suspension
was supplemented with 0.025 U/l apyrase (ADPase activity), and 1 U/ml ol the o-

thrombin inhibitor, hirudin, 1o remove and ADP and/or thrombin that may have been

generated during RBC washing procedure.

2.1.5 Preparation of Human Serum.

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
clarificd 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 minutcs, o 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 0% serum in
Tyrode’s buffer supplemented with 50 pg/mt of phenylmethylsulphony! fluoride (PMSF)

10 imhibit residual thrombin activity.




2.2 Preparation of Adhesion Proteins.

2.2.1 Purification of von Willehrand Factor (vVY),

von Willebrand factor was purified from human plasma according the method of
(Montgomery and Zimmerman, 1978). Cryoprecipitate was produced (rom 20 littes of
pooled human plasma, by initially freczing the plasma at ~70°C and then allowing it (o
thaw at 4°C over 24 — 36 hours. The insolubie cryoprecipitate formed at 4°C was pelieted

by centrifugation at 15000 x g for 1 hour at 4°C and dissolved at onc-tenth of the original
plasma volume in Tris-saline buffer containing protease inhibitors [20 mM Tris, pH 7.2,
1530 mM NaCl, 1 mM EDTA, 10 mM benzanndine]. Lipoproteins 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 g for 6¢ minutes at room
icmperature. Using this method, the relatively low-density lipoprotein f{raction was
concentrated in the upper layer of the silpcrnatzmt and was casily decanted from the
clarified cryoprecipitate. The clarificd solution was loaded onto a Tris-saline equilibrated
Sepharose CL-0B size exclusion column and eluted with Tris-saline buffer. Multiple 20 mi
[ractions of cluent were collected and analysed for the presence of vW{ antigen using
ristocetin-tnduced washed platelet aggregations (fig. 2.1a) followed by SDS-PAGE
analysis (fig. 2.1b). The purest fractions (deternuned by SDS-PAGE analysis) showing thic
greatest vWT aclivity were poolcd and concentrated using 1 YM-30 membranc to a final
concentration of approximately 100 pg/ml. Small aliquots (I ml) were stored al -20°C
prior to use. The multimeric composition of different purified vW{ preparations was
pericdically assessed by native SDS-agarose gel to exclude any differences between

preparations.




Figure 2.1 Analysis of purified vWf

vWf was purified from clarified human cryoprecipitate by size-exclusion chromatography using Tris-salinie equilibrated sepharose CL-2B. 200 x

20 ml fractions were coliected 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 vW{ bands and contaminating fibrinogen bands are indicated.
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2.2.2 Parification of Fibrinogen.

Fibrinogen was purified from human Plasma using the method of (Jackobsen,
1970). Initially vWT and fibronectin were removed by adding 250 mi of 6 M P-alanine
drop-wise to 1 litre of human plasma while stirring continuously for 60 minutes al room
temperature. The resulting precipitate was then pelleted by centrifugation at 2,000 x g ‘or
30 minutes. The pellet was discarded and a further 375 ml of 6 M $-alanine was stitred
into the remaining supernatant for 30 minutes to precipitate {ibrinogen from the solution,
and this was then centrifuged at 5,000 x ¢ for 30 minutes. The supernatint was discarded
and the fikrinogen enriched pellet was resuspended in 250 ml of Buffer A {20 mM Tris, pH
7.4, 150 mM NaCl, 25 pg/ml PMSFE, | mM benzamidine, 10 mM g-amino-n-capreic acid].
Fibrinogen was re-precipitated from the Buffer A solution by adding 750 ml of ¢ M -
alanine and stirring overnight at 4°C. The Librinogen was again pelicted by centrifugation
at 5,000 x g for 30 mirutes, and resuspended in another 250 mi of Buffer A. Prior to use,
the fibrinogen preparation was diatysed against Buffer B {20 mM Tns, pH 7.4, 150 mM
NaCl] for 24 kours at 4°C. The purity of the fibrinogen was assessed by SDS-PAGE, and
the functional activity of the preparation was determined using a clotling assay as well as
platelet spreading and aggregation assays. SDS-PAGE of the purified fibrinogen showed
three bands with molecular weights of 06.5, 52.5 and 46.5 kDa corresponding to the A,

B and y subunits of fibrinogen respectively (fig. 2.2) (Dooliule et al., 1979),

2.2.3 Preparation of Purified Collagen.

Type 1 fibrillar collagen was prepared using a modified method of (Cazanave,
1983). 2.5 mg/mi (w/v) of {yophilised typc 1 fibrillar coilagen derived from equine tendon
was reconstituted in 3% ucctic acid (v/v) overnight at 4°C, and the resulting highly

particulate sohntion was homogenised on ice using a tissuc homogeniser equipped with a

N
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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 Ac, BB and 7 chains.
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(inc cutting blade. The homogenate was centrifuged at 3000 x ¢ at room temperature (0

ramove remnant particulate material and the supernatant stored at 4°C 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 ol 595 nm werc

measured using spectrophotometry, and compared to standard curves prepared {rom known

concentralions of BSA.

2.3.2 Sodium Dodecyt Sulphate Polyacrylamide Gei Electrophoresis (SDS-PAGE).
SDS-PAGE protein analysis was performed according to the method of (Laemmli,
1970} using a Bio-Rad Mini-Protcan 1 dual slab gel apparatus. A 7.5 % resolving ged
consisting of; 0.375 M Tris-HC L, pH 8.8, 0.1% (w/v) SDS, 7.5% (w/v) acrylamide:bis-
acrylamide (30:0.8), 0.7 mg/m} ammonium persulphaic 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 (30:0.8), 0.7 mg/ml aramonium
persuiphate, 1.0% (v/v) TEMED, was poured over the preset resolving gel in the presence
of u gel comb and allowed Lo set for 30 minutes. Protein samples were mixed with an equal
volume of 2X reducing buffer [0.5 mit of 0.25 M Tris-HCL, pH 6.8, 0.2 mi glycerol, 0.6 mi
ol 25% SDS (wiv), 0.04 ml of 0.05% bromopaencl blue, 0.1 ml f-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



SDS-PAGE running buffer 125 mM Tris, pH 8.7, 192 mM glycine and 0.1% (w/v) SDS| ot

a conslant voltage of 200 volts (vanable current), for 45 minutes.

2.3.3 Coomassie Brilliant Blue Staining of SDS-PAGE Gels,

To visualise protein bands, SDS-PAGE gels were bathed in Coomassic Brillianl
Blue staining solution [10% {v/v) acetic acid, 25% (v/v) mcthanol, 0.2% (w/v) Coomassic
Brilliant Blue] for 15 minutes. Following Coomassic Britliant Biue staining, the gels werc
washed 1n a destain solution [10% (v/v) acetic acid, 3% (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 acelic 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 ul Tyrode’s bufter containing |
mM CaCl: at a final concentration of 3 x 10%ml prior to stimulation. For vWf
agercgations, 20 ul of cach fraction eluted from the size exclusion column were added to
the final platelet suspension and aggregation was initiated by the addition ol 1 mg/ml
ristocetin in the presence of stirring (950 rpm) at 37°C. Aggregation was monitored for 10
minutcs. In agonist-induced aggregation studics, a final concentration of 0.5 mg/ml of
purificd ftbrinogen was included in the washed platelet suspenston and aggregation was
initiated by stimulation with 12.5 pM ADP, 200 nM PMA or 5 pg/mi acid soluble type |

collagen. Thrombin (I U/mi) induced platelet aggregation studies were performed in the

absence of fibrinogen. The extent of platelet aggregation was expressed arbitrarily as the




pereentage change in light transmission, as measurcd by an automated platelet aggregation
analyser, were an increase in light transmission correlates with a reduction in single

platelet count in the platelet sample.

24.2 Pleckstrin Phosphorylation Assays.

Washed platelets  were  resuspended  in phosphate  free Tyrode’s  bulfer
supplemented with 10 mM theophylline and loaded for 2 hours with 0.5 pCi of [**P]-P;.
They were then washed three times to remove unincorporated radioactive label. [32P]-Pj"
labclled platelets were then incubated with the indicated concentrations of ¢7E3 Fab,
GF109203X or Apyrase, before stimulation. In suspension based assays, [**P]-Pi-labelled
platelets werc exposed for 5 minuies to PMA or thrombin as indicated, and in adhesion
based assays, [°P}-Pi-labelled platelets were applied to a purified vW( matrix for 60
minutes as described below under static adhesion assays. Whole platelet lysates were
prepared by directly ltysing the platelets in reducing buffer (supplemented with 2 mM
EDTA), and these were subjected to SDS-PAGE and uulorzldiogrzlphy for detection ol
[3 2P_I-Pi incorporation. Protein standards of known molecular weight were clectrephoresed
along-side the platelet protein samples. and the sizes of unkrown protein bands were
estimated in comparison to the relative mobility of the known protein standards according

to the method of (Shapiro. 1976).

2.5 Static Adhesion Assays,

Static adhesion assayvs were performed using a modificd method of (Yuan et al,,
1997). Round glass coverslips were coated with human vWT (10 pg/mi) or fibrinogen (100
we/ml) or type 1 fibrillar collagen (2.5 mg/ml) overmight at 4°C. Unbound proteins were

washed from the coverslips with Tyrode's buffer and any exposed glass was blocked with

Lh
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10% human scrum for 30 minuates at room temperature. Excess blocking solution was also
removed by washing with Tyrode’s buffer. Washed piatelets (1 x 107/ml) were allowed (o
adhere and spread on the matrix for 60 minutes under static conditions in Tyrode’s buffer
supplemented with ImM CaCl; + 1 mM MgCly and lpg/ml PAC-1. In some studices,
platclets were incubated with the anti B3 antibody, ¢7E3 Fab {20 pg/ml), the membranc
permeable calcium chelators EGTA-AM (100 uM), BAPTA-AM (100 uM) or DM-
BAPTA.AM (30 or 100 uM). or the protein kinase C inhibitors GF109203X (0 ~ 500 aM)
or Calphostin (0 — 500 aM), for 30 minutes prior to exposure to vW{ or collagen coated
cover shdes. In experiments examining the activation of integrin oypPs, platclets were
allowed to adhere and spread in the presence of the activation specific integrin oy
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 1 hour in 3.7 %
formatdehyde. Fixed platelets were then stained for 30 minutes with FITC-conjugated
secondary antibody and then mounted in Permafluor. The morphology of adherent platelets
ancd the expression ol platelet proteins were examined by DIC microscopy and
fluorescence microscopy, respectively, using a Leica TCS-SP coifocal 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 uM) and Fura
Red, AM (1.25 uM), 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 ol surface proteins in suspended platelets, washed
platelets were resuspended in Tyrode'’s buffer containing cither | mM CaCly or | mM

EGTA/MgCl, and primary antibodies against the active conformation of ounhz (PAC-1, 2
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e/ml), or the GPIbo subunit (WM-23, 1 pg/ml), and were then stimulated with ADP,
thrombin, PMA or collagen. Aller 5 minutes plaiclets were fixed in 3.7% formaldehyde for
30 minutes and washed twice with Tyrode’s buffer 1o remove excess PAC-1, They were
then incubated with FITC-conjugated sheep anti-rabbit or goat anti-mouse sccondary
antibody (I pg/mi) for 30 minu‘:s at room temperature. Afler removal of unbound
secondary antibody, platelets were washed in phosphate buffered saline (PBS) + 1% BSA
L . T , . . . . At e el T™ o
betore being subjected to FACS analysis using a Beclon Dickinson FACScalibur' ™ flow

cytometer (BD Immunocytometry systems, San Jose, CA).

2.6 In Vitre Pertusion Studies.

2.6.1 Coating of Microcapillary Tubes with Adhcesive Proteins.

For in virro flow studies, glass microcapillary tubes were coated with 100 pg/mt of
human vWT{ (hvWTf) or with 2.3 mg/ml type 1 fibrillar collagen overnight at 4°C. Unbound
protein was removed by flushing the microcapillary tubes with Tyrode’s bufTer. Any
remaining uncoated glass surface was blocked with 10 % human serum for 30 minutes at
room temperature. Excess human scrum was again washed away by flushing the
microcapitlary tube with Tyrode’s bulfer. For whole blood studies, microcapillary tubes
were left unblocked as it has been previously shown that platelets in whole bloed do not

adhere to glass under flow (Savage et ai., 1998).

2.6.2 Labelling Platclets with DiOC; in Whole Biood.
DiOCq is a non-specific iipid dye belonging to the family of short (C-Cy) 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 hacmoglobin found i RBCs acts as a Muorescence quencher (Savage et al., 1998) and
thus, in whole blood, only pliatelets and lcukocytes appear fluoycscently labelled. In our
experiments, anticoagulated whole blood was incubated with 1 M of DiOC, lor at least

{0 minutes prior Lo use,

2.6.3 Platelet Adhesion 1o Purified Matrices.

In vitro flow-based adhesion studics were performed according to a modificd
method of (Cooke et al., 1993). Washed platelets reconstituted in 50 % RBC’s and 50 %
Tyrode’s bufter (supplemented with CaCly or 2GTA/MgCly and with platelet protein
specific antibodies where indicated), or DiOC,, labelled whole blood was perfuscd through
microcapillary tubes coated with either human vWT1 or type 1 collagen at a defined shear
rate of 1800 s'. Non-adherent cells were removed by washing the tubes with excess
supplemented Tyrede’s buffer, Platelet adhesion was visualised in real time by differential
interference  contrast (DIC) microscopy using a 63x water objective (DMIRB Leica
microscope), and video-recorded for off-line analysis. In the indicated experiments,
washed platelets were incubated with DM-BAPTA AM (100 uM), NP-EGTA,AM (10
M) or GF109203X (0.2-0.5 gM) for 30 minutes at 37°C, prior to reconstitwtion with red
blood cells.

In control experiments, the effect of blocking integrin oypf5 (with a 20 ug/mi of
c7E3 Fab or 500 nM aggrastat, for 10 minutes) on the ability of platclets o tether to vWT
was atso examined. In all cases inhibition of integrin o3 abolished stationary adhesion

formation bul did not affect the ability of platelets to tether to vWI.

61




2.6.4 Eaxamination of Platelet Thrombus formation.

For thrombus studies, washed platelets were reconstituted with autologous RBC’s
(50% haematoctit) and plasma (anticoagulasted with hirudin 200 units/ml), prior 10
perfusion through collagen-coated microcapillary tubes at 1800 s for 5 minuies. Non-

*

adherent cells were removed by washing the microcapitlary tubes with Tyrode's buffer,
and throrabi fixed for 1 hour with 4% formaldehyde. Fixed thrombi were stained with
DiOC, overnight and imaged by fluorescence confocal microscopy. To examine the elfect
of cytosolic calcium chelation on thrombus growth, washed platelets were incubated with
membrane 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 1 um confocal sections in five randomly seclected ficlds (x63; Leica TCS SP.
Leica, Heidelberg, Germany). 3-D recoustruction of conlocal images was performed using
VoxBlast image analysis software, (Vaytek Inc., Fairfield, lowa, USA) and the height and
volume of thrombi in an individual field (26,192 pm?) 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 Anaiysis of Platelet-matrix Interactions.

Analysis of platelet adhesion to the surface of itmmobilised vWf or collagen
matrices, was performed by counting the total number of platelets in five, randomiy
chosen, visual ficlds at the indicated time points. The number of platelets tethering to the
immobilised surface was analysed frame-by-frame (50 frames/sec) over the first 60
seconds of flow. Any cell forming an adhesion comact for greater than 40 milliseconds
was scored as a tethered platelet. Stattonary adhesion was Jdefined as cells not moving

more than a single ccl diameter over a 10 to 30-second time period. Translocaiion was
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defined as platclet movement greater than once cell diamcter {rom the point of initial

altachment.

2.7 Analysis of Cytosolie 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 membrance permeable caicium indicator dyes (OG) Oregon
Green BAPTA-1 (1pM) 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 | mM CaCl; or 1 mM EGTA/MgCl, and 50 % washed red blood cells prior to their
application to coverslides under static conditions or perfusion through vWi-coated
microcapillary slides. Both of these compounds are calcium binding fluorescent dyes. The
excitation wavelength of both dyes 1s 488 nm but each has a different emission spectra,
500 ~ 570 nm for OG and 600 — 710 nm for FR which allows detection of cmitted
fluorescence in lwo different channels. Increased calcium binding to OG a8 a result of
clevated cytosolic calcium levels leads to an increase in green fluorcscence intensity, while
FR decreases in fluorescence intensity upon calcium clevation. The resulting ratio of OG
relative 1o FR fluorescence can be calculated and used as an indication of ¢ytosolic calctum
fevels in adherent cells, Basal calcium levels in resting platelets were obtained by
analysing ~200 dye-lcaded platelets resuspended in Tyrode's buffer containing 1 mM
CaCl; prior to adhesion lo reactive surfaces.

Platelet calcium flux in adherent platelets was monitored by recording the first 3
minutes of tlow us sequential 37.5-second series (0.586 {rames per second capture rate) by
confocal nucroscopy. The fluorescence intensities tn the OG and FR channels were

analysed in a population of cclis using MCID image analysis software OG/FR ratios were
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catculated. Fluorescence ratios were then converted to relative cytosolic calcium

concentration units according to equation |,

Alcuh]c = 170 x (R'Rmin){(Rmux“R) X (Fm;lx”?miu) (Eg.

where 170 = Ky of Oregon Green Ca~* hinding: R = fluorescence ratio: Ry and Ruyin
represent the fluorescence ratto of platelets that have been incubated with SO uM A23187
+ 10 mM CaCl> or 70 ptM DM-BAPTA,AM + 2 mM EGTA, respectively, Foun and Fuug
represent the mean (luorescence values (arbitrary units) of Oregon Green BAPTA-1
fluorescence for Ry, and Ry tespectively.  The calculated calcium flux are designated

7 . N N . . . .
A[Ca™, to indicate that all calcium concentration estimates are relative (o a zero point sct

by DM-BAPTA calcium chelation. Changes in OG/FR ratios were aiso analysed in single
adherent platelets using TCS-NT Leica confocal software. In the indicated experiments,
washed platelets were incubated with DM-BAPTAAM (160 uM) or GF109203X (0.2-0.5
M) for 30 minutes at 37°C, or with the sarco-endoplasmic reticulum calcium ATPase

inhtbitor, thapsigargin (25 nM) for 2 minutes prior to reconstitution with red blood cells.

212 NP-EGTA ‘Caged Calciom’ Assay.

In experiments examining the cffect of transient calcium rclease on platelet
adhesion, Oregon Green BAPTA-/Fura-Red {oaded platelets were incubaied for a further
30 minutes at 37°C with the UV-sensitive caged calcium chelator, NP-EGTA (10pM)
(Molecular Probes) as per (Nesbitt et al., 2002). These platelets were perfused througi
vWi-coated microcapillary tubes as described above, and the release ol caged calcium
induced by transient exposure to near UV (300-400 nm) light generated by @ 100W Hg

lamp, directed through the optical path of a Leica DMIRBE confocal microscope, for an
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interval of 0.6scconds as described by (Nesbitt et al., 2002). The calculated calcivm flux
are designated A[Cuz*“]i to indicate that all calcium concentration estimates are relative to a
zero point set by DM-BAPTA calcium chelation. Prior 1o UV stimulation, NP-EGTA
loaded platelets exhibited translocation and adhesive properties cquivalent to untreated
controls, Control studics were carried out with unloaded control platclets and demenstrated
that the bricf (0.6-s) UV exposurc did not lcad 1o photodynamic damage or activation of

the platclets under flow.

2.7.3 Determination of Calcium in Platelets Interacting With Preformed Thrombi.

Microcapillary tubes were coated with type 1 equine tendon fibrillar collagen (2.5
mg/ml) overmnight 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 (530% haematocrit) and plasma for 10 minutes at 1800 s, Washed platelets loaded
with the calcium responsive dyes Oregon BAPTA and Fura Red were then perfused
through the microcapillary tubes subsequent 1o thrombus formation. A single confocal
section approximately ! pum deep was tuken at least 10 pm from the collagen matrix
surfuce. The first 3 minutes of platelet flow within this focal planc was captured as a
sequential 37.5-s series (0.386 frames per sccond capture rate) and analysed off-line using

Leica Physiclogy software.
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Chapter 3.

Absolute Requirement for Cytosolic Calcium Flux for Platelet Integrin

(Im,ﬂx Activation.

3.1 Intreduction.

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 solubie co-stimuli;
and the level of haemodynamic lorce experienced by the cell. Regardless of the nature of
the primary platelet stimulus, a characteristic feature of platelet activation is an increase in
the cylosolic 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 platclet activation, most platelet agonists known o induce
platclet aggregation generally induce some level ol calcium mobilisation (Cavallini and
Alexandrie, 1994; Crabos et al,, 1992; Dalla Via et al., 1996; Rosado and Sage, 2001: Sloan
and Haslam, 1997). Despﬁtc the wealth of evidence supporting & key role for cytosolic
calcium in regulating integrin oy activation, there are a number of reports suggesting
the involvement of calcium-independent pathways in this process. Tor example, scveral
studies utilising intraccllular calcium chelators (Haimovich et ay  1996; Jen et al., 1996
Kuwahara et al., 1999; Quinton ¢t al., 2002a; Rotondo ct at., 1997), have concluded that
cytosolic calcium is not essential for integrin oypf3; activation induced by soluble agonists.
Morcover, calcium-independent integrin ogf3; activation has been described in several
studies following stimulation with various combinations of Gi and Gg-protein coupled

receptor agonists (Pulcinellt et al,, 1998; Rotondo ct ai., 1997, Watson and Hambleton,

1989). More recently it has been demonstrated that platelets from Gyg-knockout mice
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undergo shape change and microaggregate formation in the absence ol & measurable
calcium response (Ohmann et al,, 2000). In this chapter a confocal-based imaging
technigue was used to examine the hypothesis that cytosolic calcium is absolutely criticd
for integrin oyyPs activation in response 1o soluble agonist and adhesive maurix stimulation

i vitro.

3.2 Lffect of Cytosolic Calcium Chelation on Agonist-lnduced Integrin ogp,Ba

Activation,

The absolute requirement for cytosolic calcium to support integrin oypfs activation
was investigated itially in suspension-based platelet activation assays. In these studies,
platclets were pre-treatcd with dimethyl-BAPTAAM (DM-BAPTAAM). a membrane
permeable calcium chelating compound that has previously been shown to be a potent
inhibitor of integrin aynf3; activation and platelel aggregation (Jen et al., 1996; Paul ct al.,
1999). These platelets were then stimulated with soluble agonists in a four-channel
aggrcgometer. Initially, the concentrations of DM-BAPTA,AM required to inhibit integrin
ayePs activation and platelet aggregate formation induced by weak (ADP and low dose
(0.01 U/ml) thrombin) or strong soluble agomists (high dose (1 U/ml) thrombin) were
examined. Integrin oy activation was assessed in two ways: indirectly, by the ability of
platelets to form macroscopic and microscopic platelel aggregaics. and directly, by the
ability of platciets (10 bind the activation-specific monoclonal antibody to integrin oypPs.
PAC-1. As demonstrated in figure 3.1a and b, 30 uM DM-BAPTA,AM inhibited platelet
aggregation induced by ADP (12.5pM) and low dose (0.01 U/ml} thrombin by >90%. but
had minimal cffect on piatelet aggregation induced by high dose (1 U/ml) thrombin (fig.
3.1¢). Increasing the concentration of DM-BAPTA.AM (o 100pM completely abolished

macroscopic and microscopic platelet aggregation induced by ADP and low dose thrombin
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Figure 3.1 Effect of chelating cytosolic calcium onr thrembin and ADP induced
integrin o,y activation and platelet apgregation.

Washed platelets were treated with (1) vehicle (0.25% Me,SO), (ii) 30uM DM-
BAPTAAM (dm-B) or (1i1) 100uM DM-BAPTA,AM, prior to stimulation with (a)
12,5 uM ADP, (b) 0.01 U/ml thrombin or (c)! U/ml thrombin. Platelets were stirred
continuously for 10 minutes at 37°C and the rate and extent of aggregation monitored
m real-time using a four-chammel platclet aggregometer. The aggregation tracings arc
from one experiment representative of four individual experiments. At the end of 10
nunutes stimulation, platelets treated with 100uM DM-BAPTA,AM were fixed in 1%
paralormaldehyde and imaged by [tuorescence confocal microscopy. Red staining
indicates the binding of WM23 mAb to GPIb and green staining indicates binding of

PAC-1 mAD to activated oy,
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(fig. 3.1a & b aggregation tracings), and abolished PAC-1 binding to individual celis {fig
3.1a & b Muorescence images). DM-BAPTAAM (100pM) was also found to clfectively
inhibited large aggregate formation in response 1o 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.lc
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 oyl
activation in suspension-activated platelets (Jen ct al., 1996; Paul et al., 1999). However,
the persistence of PAC-1 binding and microaggregate formation in DM-BAPTA AM
(100uM) treated platelets in response to high dosc thrombin (1 U/ml) (fig. 3.2a), raises the
possibility that oupf3 activation tn some platciets in response to thrombin occurs through a
calcium independent mechanrism. 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 ol 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-spectfic inhibition of platelet activation. However, two lines of
cvidence suggest that the ef'ects of DM-BAPTA,AM (100 puM) are likely to be due to
calcium chelation, rather than a non-specific inhibitory effect of these meiabolites. Fivst,
stimulating DM-BAPTA AM-treated platelets with calcium ionophore A23187 (200 nM),
incluced platelet aggregation and PAC-1 binding to the surface of platelets treated with 100
uM DM-BAPTA,AM (fig. 3.2a). Sccond, (he same concentraton (100 uM) of lower
affinity membrane-permeable calcium chelators, EGTA-AM (Kd 268 versus Kd 40 nM for

DM-BAPTA.AM) did not irhibit platclet aggregation induced by high dose (I U/ml)
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Figure 3.2 Reversibility of the cytosolic calcium chelaters 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% Me,SO) 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% Me,SO) or with 100 uM of either EGTA-AM or BAPTA-AM
prior to stimulation with | 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,
plateiets treated with 100uM 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 a3 (a-

fluorescence image).
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thrombin (fig. 3.2b). 1dentical results were observed using high concentrations (100 pM) of
another cylosolic calcium chelator BAPTA-AM (Kd = 160 nM) {data not shown). These
studies demonstrate a key role for cytosolic calcium during integrin oyfda activation in

response to solubte agonist stimulation.

3.3 Effect of DM-BAPTA,AM on Platelet Adhosion and Integrin oy Activation

Induced by vWf and Collagen.

Next the requitement for cytosolic calcium flux for integrin oyyPz activation in
response to simulation 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 cumPs 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 o vW{ or collagen.

To examine the requirement for cytosolic calcium for platelet adhesion to vWf,
washed platelets were treated with vehicle (0.25% Me,S0) or DM-BAPTA,AM (30 or 100
1tM), then reconstituted with washed red blood cells (50% haematocrit) and perfused at
18005 over purified vW{ (100 pg/ml). Platelet adhesion was quantified by counting the
mean number of tcthered platelets in five random fields, and stationary adhesion was
defined as platelets moving less than onc cell diameter {or 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 preser.ce of PAC-1 antibody (Img/ml), over an immaobilised vW{ maltrix. Perfusion of
vehicle treated platelets over a vWI mattix at 1800 s' demonstrated that 30 % of the
tethered platelct population was able to form stationary adhesion contacts with the vWI{

matrix and to bind PAC-1 (fig. 3.3¢), indicating that integrin oyp B3 is activated in
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Figure 3.3 Effect of “helating cytosolic calcium on platelet adhesion and integrin
tusbs activation on vW( under . w.

Washed platclets (1 x 107 cells/mD) were treated with vehicle (0.25% Me:SO), 30 pM
or 100 uM DM-BAPTA,AM (dm-B) and then perfused at 1800 s™' through vWf-
coated (100 pg/ml) microcapillary tubes in the presence of PAC-1 antibody (1 pig/m!)
for 2 minutes. Tihe number of platelets iethering over the first 90 seconds of flow was
determiined (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 detcrmined in five random fields (b). The results represent the
mean = SEM from threc scparate experiments, and arc expressed as a percentage
relative to the results obtained {rom control platelets. Non-adherent cells were washed
from the microcapillary tubes and trreversibly adherent platelets were fixed, labelied
with a FITC-conjugated secondary antibody to PAC-1 and imaged by differential
mterference contrast (DIC) and fluorescence microscopy. (c) DIC images of vWf

adherent platelets and (lucrescence images showing PAC-1 binding to single vWi-

adhcrent platelets.
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stattonary platelets. Both 30 and 100 pM DM-BAPTA AM, otally abolished the ability of
platclets 1o form stationary adhesion contacts with vWIand to bind PAC-1 (fig. 3.3b & ¢).
but dud not alfect GP b mediated tethering of platelets to the matrix (fig. 3.3¢). This duta
demonstrates an important role for cytosolic calcium in vWi-mediated integrin oynf3
activation and stationary contact formation on a VW1 matrix.

To investigate the requircment lor cytosolic calcium for integrin eypfd; activation
by collagen, flow-based adhesion assays were performed on a collagen matrix in the
presence ol the PAC-1 antibody in order to directly assess integrin oypfd: activation under
these conditions. As shown in figure 3.4a, vehicle treated platelets were able o adhere 1o
collagen {ibres under high shear conditions (1800 ™) and to bind PAC-1, indicating that
integrin oyf3s 1s activated in response 1o collagen binding. Loading platelets with 100 M
DM-BAPTA.AM inhibited irreversible platelet adhesion to the collagen matrix by >95%
(fig. 3.4b). Unlike platelets perfused over a vW{ matrix which remain tethered to the
matrix cven in the absence of stationary adheston formation. ihe majority of DM-
BAPTAAM treated platelets interacted only bricfly with the collagen matrix beflore
detaching and returming to the bulk flow. Of the remaining 5% ol DM-BAPTA.AM-treated
platelets that retained the abitity to adhere irreversibly to collagen fibres, all celis bound
PAC-1 (fig. 34a). Furthermore, the importance of intracetlular calcivm flux for piatelet
adhesion and thrombus formation on a collagen matrix was assessed by perfusing DM-
BAPTA,AM (100 uM) treated platelets, at high density over type 1 cellagen at 1800 8
Figure 3.5 (a and b) demonstrates a profound inhibitory cffect of DM-BAPTAAM 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 eytosolic calcium in promoting platelet adhesion to cotlagen, however, the

existence of a residual population of collagen adherent DM-BAPTA AM treated platetet
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Figure 3.4 Effcct of DM-BAPTA,AM on platelet adhesion and integrin oy,
activation in response to collagen.

Washed platelets (1 x 107 cells/ml) were treated with vehicle (0.25% Me>SO) or 100
M DM-BAPTAAM (Um-B) and then perfuscd at 1800 s through type | fibrillar
collagen-coated (2.5 mg/ml) microcaptllary tubes in the presence of PAC-1 antibody
(1 pg/ml). Non-adherent cells were washed from the micrlocapillary tubes and
ureversibly adherent platelets were fixed, labelled with a FITC-conjugated secandary
antibody and imaged by differential interference contrast and (luorescence
microscopy. (a) DIC images of platelets adherent to collagen fibres under flow and
fluorescence images showing PAC-1 binding to single collagen-adherent platcleis. (b)
The percentage of plalelets forming stationary adhesion contacts was determined in
five random fields. The results represent the mean + SEM from threc separate

experiments, and are expressed as a percentage relative (o the results obtained from

control platelets.
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Figure 3.5 Effect ol DM-BAPTA,AM on plaiclet throntbus formation on
immebilised collagen under flow.

Washed platelets (1 x 107 cells/ml) were treated with vehicle (0.25% MceaSO) or 100
pM DM-BAPTA,AM (dm-B) as indicated prior to perfusion 1hroqgh collagen-coated
microcapillary tubes at 1800 s™ for 5 minutes as described in scction 2.6.4. Platclet
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 demonstratc 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 soltware.
The results represent the mean £ SEM from four separate experiments, In (¢), washed
platelets were treated with either 0.25% Me,SO (i and i) or 100 utM DM-B (iii and
iv). Platelet aggregation assays were then performed using collagen at 5 pg/ml (i and
i) or 0.5 pg/ml (it 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 oyyf:. The

aggregation tracings are from one cxperiment representative of four individual

experiments.
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that express active Oypfda. suggest that eytosolic calcium may not be completely chelated in
all platelets, or that adhesion of this platelet population Lo collagen occurs through the
activation of calcium-independent mechanisms,

Given the profound inhibition of fireversible platelet adhesion to collagen upon
DM-BAPTA,AM treatment, it was not possible to directly examine integrin oypds
activation on the majority of cells that tethered only transiently to the collagen swiface. To
assess Oypf3s activation in response o cotlagen stimulation in non-adherent platclets,
suspension-based platelet aggregation studies were performed using acid-soluble type 1
collagen. As demonstrated in figure 3.5¢, DM-BAPTAAM (100 pM) inhibited
macroscopic and microscopic aggregation induced by low dose collagen (0.5 pg/ml) and
completely eliminated PAC-1 binding to individual cells. In contrast, stimulation of DM-
BAPTA,AM-loaded platelets with high dose collagen (5 pg/ml) resulted in the formation
of small platelets aggregates (~10-20 cells) that readily bound PAC-1 (Fig 3.5¢
fluorescence images). 'Together, these results suggest that cytosolic calcium is important to

support activation of integrin o3 in response to collagen binding.

3.4 Measurement of Cytoselic Calcium Transients during Platelet Stimulation with
Soluble Agonﬁsts.

The observation that high dose (I U/ml) thrombin (fig. 3.1¢) induced small
aggregate formation in DM-BAPTA AM treated cells, and that a small population of DM-
BAPTA,AM treated celis retained the ability to adherc irreversibly o col‘lugcn fibres under
flow (fig. 3.4a), raised the possibility that DM-BAPTA,AM, cven at high concentrations
(100 uM), did not completely chelate calcium in ali cells. To test this possibility,
intracellular calcium levels were mcasured dircctly in suspension-based and adhesion-

bascd platelet activation assays.
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To measure cytosolic caleium changes induced by soluble agonists. a confocal
based ratiometric calcium assay was used in non-stirred platelet suspensions. This assay
allows direct eytosolic calcium measurements (o 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 Orcgon-green BAPTA-AM and Fura Red-AM as described in section 2.7,
and allowed Lo settle onto a non-reactive surface (human serum blocked glass coverslides)
prior to stimulation with ADP (12.5 uM) or thrombin (1 U/ml). Population analysis of
cytosolic calcium levels in resting platelets demonstrated a mean basal calcium level of
A[Ca™]i = 50 + 35 oM (fig. 3.6a). Figurc 3.6b shows the typical non-oscillatory calcium
profile of threc single representative resting platelets. Addition of ADP (12.5 uM) resulied
in 100 % cf platelets undergoing a transicnt calcium response (fig. 3.6¢ & g) peaking at
A[C#**)i = 1100nM £ 300 nM. and returning back to basal levels within 8.5 + 3.5 scconds
post ADP addition (fig. 3.6¢). Preucatment of washed platelets with 100 uM DM-
BAPTA.AM reduced the mean cyvtosolic calcium levels ol unstimulated platelets 10
a[(“-12+_|f < 25 nM (fig. 3.6a), and totally abolished ADP induced calcium transients (fig.
3.6d & g). This data demonstrates that 100 uM DM-BAPTA AM completely abolishes
calcium transients induced by ADP.

Addition of 1 U/ml thrombin resulted in 100% of platclets undergoing an elevation
in cytosolic caleium (Fig. 3.6g). As shown in {igure 3.6c, the calcium profiles of platelets
stimulated with thrombin were very different from that induced by ADP. Cytosolic
calcium levels in thrombin-stimulated platelets rose rapidly to levels approaching A[Ca™);
= 2000 nM and remained clevated for the duration of the 2 minute monitoring period. DM-
BAPTA.AM-pretrealment ol thrombin stimulated platelets abolished calcium mobilisation
in 98% of the platelet population (fig. 3.02). Single ccll calcium anatysis ol the remaining

2% ol platelets that did undergo a calcium response, revealed that these platelets also
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Figure 3.6 Effect of DM-BAPTA,AM oun 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% MexSO) or 100 uM DM-
BAPTA,AM (dm-B) treated platclets were monitored by fluorescence confocal
microscopy. The scatter-plots in (a) show the distnibution 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 1s demonstrated by the thick sohid 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 uM) upon additien of ADP (12.5 uM) (¢ and d) or thrombin (1 U/ml) (¢
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 percenlage

relative to the results obtained {rom control platelets.

500 -
g 400
§2 7
§E_ 300 4
:-Q 200
) 0 25
s
L5
& &
&
9
© >
Vehicle
2000
§-1500- !
';3 1009 ADP::%
T 500 ¥
7 memveee b L R et o o,
0 25 50 75 100
Time (seconds).
(e) Vchicle
20091 ; _—
= 1500- :li 14
= 1000 i.g ;-~
6 Thombin :..,E' :'i';.. % -:! ?'-: .3"»
= 500 v TR ~§-]
01 cnimie o

0 2 S0 75 100

Time (seconds).

o s s e

(2

100 ~

(% of control)
L7, ] ]
[—] th

b~
th
I

Platelets undergoing caleium flux

0 d
0 10 26 30 40
Time (seconds).
(d)
100 uM dm-B
2000
= 1500
=
}-3 1000+ o
5 500 ¥

R WY PO TR SR NCY Y
0 25 50 75 100

Time (seconds).
® 100 uM dm-B
20001
EISOO
" 1000
8] Thombin, ... ,ak
a- 500 om 3%305;'5;5%? l&féi"-
04 e sennnaen i
0 25 50 75 100
Time (seconds).




i T T e 4 R S

e

Pk i R

.
i

)
n
iy

-

b

R i b

expressed sustained cytosolic caicium levels, although the amplitude of the calcium
response in DM-BAPTA AM treated platelets was much lower (peak A[C:l?“‘_],- = 500 nM)
(fig. 3.6f) than observed in control platelets. This data highlights the difference in the
cytosolic calcium responses induced by weak (ADP) and strong (thrombin) platclet
agonists, Morcover, 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 platclets (~2%) loads inefficicntly
with DM-BAPTA,AM and are able to express sufficienmt levels of calcium (~500nM) 0
support integrin oypPs activation and aggregation. This data supports the hypothesis that
residual platelet aggregation, and integrin oy,f3 activation, in thrombin stimulated platelets
treated with DM-BAPTA,AM (100 uM), is due to incomplete cﬁclation ol cytosolic

calcinm 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 vW{ and Collagen.

To investigate more closely the relationship between cytosolic calcium levels and
platelet adhesion to vW{ and collagen under shear conditions, washed platelets were
loaded with culcium tndicator dyes and calcium levels were determined during platelet
adhesion to vW{ and collagen under flow conditions (sce section 2.7). The advantage of
this sysiem over suspension-based calcrum assays is that it allows simuliancous
measurement of platelet translocation and cytosolic calcium in mdividual platclets. To
mvestigate the cffects of DM-BAPTA,AM on cyiosolic calcium levels during platelet
adhesion to immobilised vWT or coltagen, calcium dye loaded platelets were perfused at a
density of 5 x 10”/L through vWT or collagen-coated microcapitlary tubes at 1800 s To

facilitate  accurate correlation of platelet  translocation  with  cytosolic  calcium




measurements in individual platelets, platelets were classificd as stationary if they did not
move moic than one platelet diameter for at least 10 seconds.

Consistent with data reported by (Nesbitt ct al., 2002). perfusion of platelets over
vWi revealed three sub-populations ol platelets that could be divided according to their
calcium profiles and translocation behaviour. A small proportion (~5%) of platclets
tethering 1o the vWT surface were found to form prolonged and firm stationary adhesion
contucts (10 seconds) with the vW{ matrix and these platelets displayed sustained high-
range AfCa™]; approaching 1200nM (mean = 100 nM) (fig. 3.7a). A sccond population of
platelets tethered to the vWI matrix translocated rapidly and continuously over the vWf{
surface with d[C113+],- < 20 nM (fig. 3.7b), and 2 third population conststed of platelets that
translocated on the vWI matrix with a stop-start pattern in which periods of stationary
adhesion coincided with the generation of wansient calcium {lux ranging between A[Ca™);
=20 and 65 nM (fig. 3.7¢c). Pretrcatment of platelets with DM-BAPTAAM (100 uM) prior
to perfuston over immobilised vWI, reduced mean cytosolic calcium concentrations of the
adherent population to below basal levels (A[Ca™*]; < 20 nM) and totally abolished
stationary adhesion formation on vWI (fig. 3.7d), demonstrating that stationary adhesion
formation on this matrix is absolutely dependent on cytosolic calcium.

Similar perfusion studies were conducted on type [ fibrillar collagen. In these
cxperiments, 100% of vchicle treated platelets iethering to the mawix adhered essentially
instantancously and irreversibly, with all adhervent cells displaying high escillatory calcium
responses approaching A[Ca™]; = 2000 nM (mean calcium level of 55050 nM; n = 3) (fig
3.8a, b & ¢). As shown in figure 3.8b, 94 % of platciets loaded with 100 pM DM-
BAPTA,AM f{ailed 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

N . . g -
mean calcium level in the platelet population down to A[Ca™); = 45 £ 7 nM. Moieover,
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Figure 3.7 Cytosolic calcinm flux during platelet adhesion and translocation over
vWI.

Dye loaded platelets (5 x 10° cells/L) were treated with vehicle (0.25% Me,SO) or
100 pM DM-BAPTA,AM (dm-B) and then perfused at 1800 s through vWi-coated
(100 pg/ml) microcapillary tubes. Changes in cytosolic caleium levels (A[Ca™}) in
individual platelets were measured by confocal microscopy and correlated with
translocation behavionr 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
calciuim profile of platelets translocating rapidly and continuously over the vWf
matrix. (¢) Shows the typical intermediate A[Ca™); expressed in platclets
translocating on vW{ with a stop-start translocation behaviour. (d) Demenstrates the

inhibitory effect of cytosolic calcium chelation with dm-B (100 M) on calcium flux

and the translocation behaviour of vWT{ adherent platelets.
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ifigure 3.8 Effect of DM-BAPTA,AM on cytosolic calcium flux and platelet
adhesion on imumobilised collagen under flow.

Washed platelets (1 x 107 cells/ml) were ireated with vehicle (0.25% MexSO), 30 uM
or 100 uM DM-BAPTA,AM (dm-B) as indicated, then perfused at 1800 s through
collagen-coated (2.5 mg/ml) microcapillary tubes for 2 minutes. Changes in cytosolic
calcium concentrations during platelet adhesion to collagen fibres were monilored by
confocal 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 1s 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
cxpressed as a percentage of &l calcium cvents recorded in the adherent plaiclet
population over a 30 second time f{rame (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% Me;SO) treated (¢) dm-B treated

platelets (d) forming irreversible adhesions on type 1 fibrillar collagen.
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analysis of cytosoiic calcium levels in the collagen adherent platciet population showed &
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 cvents lying
above A[Ca™]; = 100nM (fig. 3.8b). Subscquent single cell analysis of the remaining 6 %
of cells forming stationary adhesion contacts with (he collagen matrix confirmed that all
cells exhibited A[Caz*']; = 100 nM (tig. 3.8d).

To investigate whether cytosolic calcium is essential Jor 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 cxperiments, platelets were perfused over collagen for 90 seconds ane! iaen
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 cytosolic 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
(100uM) reduced the mean cylosolic calcium level to A[C112+']; = 32 nM and 63 nM in the
absence and presence of thrombin respectively, and inhibited stationary piatetet adhesion
in 91 Y% of cells (fig. 3.9b). In the remaining 9 % of stationary cells, all cells had a residual
calcium level above A[Ca®*]; = 100 nM. Combined with the results presented in figure 3.8,
these studies provide further evidence (o suggest that the inability of DM-BAPTA,AM Lo
completely eliminate irreversible platelet adhesion {fig. 3.5a - ¢) and aggregation (fig. 3.1a
- ¢} is not due to the existence of a calcium-independent pathway responsibic for integrin

cBa activation, but due to incomplete chelation of calcium in a subset of cells.




Figurc 3.9 Effect of thrombin and collagen co-stimulation or platelet adhesion
and cytosolic calcium flux in platelets loaded with DM-BAPTA,AM.

Calcium dye-loaded platclets were treated with vehicle (0.25% Me;SO) or 100 M
DM-BAPTA,AM (dm-B) prior to perfusion through collagen-coated microcapillary
tubes at 1800 s, Where indicated, adherent platelets were exposed to 1 U/ml
thrombin (Thr). The scatter plots in (a) demonstrate the distribution of cytosolic
calcium coucentrations in the platelet popuiation adherent to collagen fibres, The data
presented is from one experinment representative of three individual experiments. (b)
The number of irreversibly adherent platelets were quantitaied in five random ficlds
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 chapler support previous findings for a central role of
calcium in regulating the alfinity status of integrin oupf; (Lapetina ¢t al., 1985: Quinton ct
al,, 2002a; Saitoh et al, 1989; Walker and Watson, 1993). Whether calcium is
indispensable for integrin oyP3 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 altermative pathways, remains
unclear. While the studies in this chapter do not exclede a potentially important role for
these enzymes in rcgulating integrin oyy3 activation, they nonetheless suggcst 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
dxmonstrated that high concentrations of DM-BAPTA,AM (100 M) are required to
effectively prevent increases in cytosolic calcium in response to strong agonist stimulation.
Loading platelets with 30 pM 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 erroncous
interpretation of the role of calcium in platelet functional responses. The studics presented
i this chapter also highlight the imporiance of analysing calcium levels at the singie cell

level when assessing the efliciency of calcium chelators. For example, at a population level
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high concentrations of DM-BAPTA,AM (100 uM) appear to completely climinate agonist-
induced increases in cytosolic caletum. However, single ccll analysis detected a sub-
population of platclets in which calcium was incompletely chelated, By monitoring
cytosolic calcium changes and platelet adhesion concomitantly, it was demonstrided that
these incomplctely chelated cells were able to maintain stable platelet adhesion on type 1
collagen under flow. These observations provide the simplest and most likely explanation
for why a residual fevel of platelet aggregation occurs when platclets are exposed o potent
activating stimuli, such as thrombin and collagen. The reason why the cytosolic calcium in
this small proportion of plateicts is not conpletely chelated is unknown, but may reftect
the fact that DM-BAPTA,AM does not load equally well in all platclets, 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 oy;Ps activation, the above
studies also suggest a critical role for cytosolic calcium in stable platé]el adhesion on
collagen. This conclusion is based on the observation that DM-BAPTA AM-uecated
platelets that did not maintain a relative cytosolic caicium level greater than 00 nM, were
unable to sustain stable adhesion contacts and withstand the detaching cffects of high
shear. Sustained platelet adhesion to collagen under (low requires the synergistic
contribution of integrins ozf; and the GPV I/FCR’\( complex (Nieswandt et al., 2001za;
Savage et al.,, 1998), with recent cvidence supporting a major role for the GPVI/FcRy
complex in this process (Tsuji et al., 1997). Integrin o, like aypPs, 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 simtlar mode of regulation for the
GPVI/FcRY complex. However, there 13 data supporting an important rolic for GPVI/FcRy-
derived activating signals, based on studics {rom FcRy-deficient mice (Poole et al., 1997;

Tsuji et al., 1997), in cnabling platelets to remamn firmly adherent to collagen. These
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obscrvations, combined with (he studies reported in this chapter, suggest that GPVI/FeRy-
mediated PLCy activation and subsequent intracellular calcium mobilisation are critical
signalling events required to support the normal adhesive function of integrins oug,Pa, o3
and the GPVI/FcRy complex.

While the precise mechanism by which calcium regulates the affinity status of
integrins has not been clearly delined. it 1s of interest that a number ol 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 delincate the relative roles of these calctum-

binding proteins in regulating integrin ayf3s affinity.
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CHAPTER 4:

COMPLEX SIGNALLING RELATIONSHIP BETWEEN
CYTOSOLIC CALCIUM AND PROTEIN KINASE C IN
REGULATING INTEGRIN (lan3 ACTIVATION AND

PLATELET ADHESION TC VWI,




Chapter 4.

Complex Signalling Relationship between Cytosolic Calcium and Protein
Kinase C in Regulating Integrin o,y,B; Activation and Platclet Adhesion

to vW{.

4.1 Introduction.

The studics presented thus tar have established a critical requiremient for cytosolic
calctum flux for integrin oypfa activation. Previous studies have demonstrated that PKC
activation is a key calcium-dependent signalling cvent required {or integrin ouwps
activation in response to stmulation with soluble agonists (Shautil, 1999). However, there
is conflicting cvidence as to the absolute requirement for PKC in inducing integrin oypf3s
activation. While several studies have demonstrated a central role for PKC in platelet
integrin cef3s activation (Kaibuchi et al., 1983; Rink ct al., 1983; Rotonde et al., 1997;
Saitoh et al., 1989; Walker and Watson, 1993), others huve shown that platelet secretion
(Sloan and Haslam, 1997} and integrin oupnf3; activation (forio et al., 1996: Q'*aton ct ai,,
2002a) can occur independent of PKC activity. Another arca 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 aypfs activation (Kaibuchi et al., 1983; Rink et al., 1983; Rotondo ct al.,
1997 Saitoh et al., 1989; Walker and Watson, 1993), others have demonstrated a that PKC
can induce integrin ayf3s activation in the absence of a measurable caleium response (Rink
et al.. 1983; Watanabe ct al., 2001). Therefore, while the important role for PKC in platelet

signal transduction and activation s well established, several issues including the absolute
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requirement {or PKC, and the exact signalling refationship between cytosolic calcium and
PKC lor integrin ogpfia activation remain unclear,
Another important unresolved issue is the mechanism by which PKC becomes
activated in response to vWI stimulation. It has become increasingly clear that upon
binding of vWf, GP Ib/V/IX is able to mediate intracellular signalling events lcading to
integrin oypfa activation. Much of the current understanding of vWf{-induced platelet
aggregation and PKC activation is derived {rom suspension-based activation studies. In
these studies GP Ib-vWI binding was induced in two ways, (i) by the application of high
shear stresses, Shear-Induced Platelet Aggregation (SIPA), or (i) by the usc of antificial
modulators (such as nistocetin) (Ikeda et al., 1993; Kroll ¢t al,, 1991; Kroll et al., 1993;
Moake et al., 1988; Oda et al., 1995; Peterson et al., 1987). These studies have
demonstrated tt ¢ GP Tb binding of vW( 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 eatablishment of a modcl of PKC
activation whereby vWI binding to GPIB/V/IX induces an initial transmembrance 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 oynfs
activation (Dopheide et al., 2001). This model suggests that release of endogenous agonists
is important for vW{-mediated PKC and integrin oyf3s activation. Recent adhesion based
platelet activation studies have challenged the importance of TXA; and ADP relcase in GP
Ib-induced integrin oupf3; activation, demonstrating that integrin oz activation on a vWf{
surface under both static and high shear conditions 1s not abolished in the presence of ADP
or TXA; inhibitors (Nesbitt et al., 2002; Yap ct al., 2000). However, it is not known under

these conditions i inhibitors of ADP and TX A affect PKT activation,
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The specific roles of GP Ib/V/IX and integrin oupfds play in regulating PKC activity
n platclets are also unclear. Studies in CHO celis, 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., 19946; Disatnik and Rando, 1999; Haller et al,,
1998; Vuori and Ruoslahtt, 1993). While carly suspension based studics have suggested
that in platelets, PKC can be activated downstream of GP 1b/V/IX engagement, little is
known about the role ol integrin oypPa outside-in signalling in promoting PKC activation
in platelets.

The studies presented in this chapter aim (o provide further insight into the role of
GP Ib/V/IX, integrin oupPs and endogenous agonist releasce in the regulation of PKC in
platelets, and 1o investigate the mechamsm by which PKC and calcium co-operate to

promote integrin oy B3 activation and stable platelet adhesion on vWI.
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4.2 GP Ib and Integrin oy Regulation of Protein Kinase C.

Previous studies have demonstrated that PKC activation in vWI stimulated platclets
primarily occurs downstream of GPlb, These studies demonstrated that PKC activation
wis sensitive to ADP and TXA; inhibition, but was not significantly inhibited by integrin
oz antagonists (Krol! et al., 1991; Kroll et al., 1993). These studics were performed in
suspension-based assays in which soluble vW{ was induced to bind GPIb by the
application of high shear, or alternatively by the use of an artificial modulator (Kreli et al.,
1991; Kroll et al., 1993).

In initial studics, the relative roles of GPIb and integrin oypfs in promoting PKC
activation on vW{ under static conditions were investigated. In recent adhesion based
studies on immobilised vWI{, it was demonstrated that platelet spreading under static
conditions s also dependent on PKC activation. Under these conditions spreading could
occur independent of endogenous agonist secretion, but the rate of platelet spreading on
vW( could be reduced by the prosence of the ADP scavenging enzyme, apyrase (Yap ct al.,
2000). To determinc the time-point at which platelet spreading on vW{I proceeds
independent of endogenous agonists, platelet spreading was monitored over 60 minuies 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 ¢ minutes, suggesting that integrin oyf33 activation and
platelet spreading at this time point is not dependent on ADP or TXAj secretion.

32

[n subsequent studics, ~P-HPO,-loaded platelets were applied to a human vW{
matrix [or 60 minutes in the presence or absence of the integrin oypP; antagonist, c7E3

Fab, and PKC activation was monitored indirectly by examining phosphorylation of the

PKC-specitic substrate, pleckstrin. As demonstrated in figures 4.2a and c. in the absence of




Figure 4.1. Ro'z of the Endogenous Agenists ADP and Thromboxane A; in Promoting Platelet Spreading on W1,

Washed platelets were allowed to spread under static conditions on vWf-coated coverslips for 60 minutes in the presence or absence of 0.25%
Me>SO (vehicle), 1.5 mM aspirin (ASA), 2 U/ml] apyrase (APY) or ¢7E3 mAb (c7E3) as indicated. Mean surface area measurements of platelets

spreading on purified vW{ were quantitated at the indicated time points by analysing five random fields of platelets using MCID™ 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 vW{.

Washed platelets loaded with [*’P]-P; were allowed to spread under static conditions on vWf-coated coverslips for 60 minutes, in the presence of
Ristocetin (Risto) and/or ¢7E3 as indicated. (a) and (b) Platelet lysates were then harvested and analysed by autoradiography accerding to the
procedure outlined in section 2.4.2 and 2.5. (a) Treatment of platelets with (ASA) aspirin or (APY) apyrase does not nhibit pleckstrin
phosphorylation (labelled p47) on vWT{. (b) Demonstrates a reduction in level of pleckstrin phosphorylation in the presence of ¢7E3 Fab. (c)
Densitometnic 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 or which are presented as band density in arbitrary units.
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¢ 7133 Fab, pleckstrin phosphorylation was readily obscrved in platelets spreading on vWI
(mean £ S.E.M = 369.4 £ 22,74 arbitrary units). Increasing the affinity ol vW{ for GPIb by
adding ristocetin to the adhesion assays, did not show any significant cffect on pleckstrin
phosphorylation (mean * S.E.M= 3768 £ 7.09 arbitrary units), whereas pretreating
platelets with ¢7E3 Fab, inhibited pleckstrin phosphorylation by ~87% (iig. 4.2b and ¢)
(mean £ S.E.M = 46.89 £ 12.47 arbitrary units), even when ristocetin was present in the
assay (mean + S.EM = 4744 + 18,67 arbitrary units). The ability of integrin o to
promote PKC activation was not dependent on the release of endogenous agonists, such as
ADP or TX A3, as similar levels of pleckstrin phosphorylation were also observed in aspirin
and apyrase-treated platelews (fig. 4.2a - ¢, vWI + ASA/APY). These studies suggest a

major role for integrin auws in regulating PKC activation during platelet adhesion on vWH.

4.3 PKC-Dependent and Independent Signailing Mechanisms Regulating Platelet
Adhesion Under Flow.

A key unresolved issue relates Lo the role of PKC inside-out and outside-in
signalling in regulating integrin oyP; activation. The studies described above demonstrate
that PKC activation is primarily mediated through integrin oynfis engagement, suggesting
an important role for PKC in signalling events occurring post integrin ¢ypf3s-binding of
vWI{. On the other hand, it has previously been established that PKC activation 1s cssential
for the inside-out signalling pathway(s) leading to the initial integrin oypPs activation
(Shattil, 1999; Yap et al., 2000).

To determine if PKC activation is absolutely necessary for initial integrin oqnfs
activation leading o platelet spreading and stationary adhesion formation on immobilised
vWI, static and flow based platelct adhesion studies were performed in the presence of

GF109203X (1Csp = 10 nM), a competitive antagonist of the ATP-binding site on all PKC
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isoforms (Gekeler et al., 1996). Consistent with reeent studies by (Shattil, 1999; Yap et al.,
2000}, platelet treatment with 500 nM GF109203X completely eliminated PAC-1 binding
and platelet spreading on vW( under static conditions (fig. 4.3a), suggesting that under
these conditions, PKC is critical for inside-out signalling mechanisms that lead to oumf3s
activation.

To investigate the importance of PKC in promoting integrin oypf3; activation and
stationary adhesion formation under flow conditions, platelet were perfused over vWI[ at
1800s™ in the presence of GF109203X and PAC-t. As demonstrated in figure 4.3b,
GF109203X treatment dose-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 ¢ 20-30% of platelets
treated with the PKC inhibitor retained their capacity to form stationary adhesion contacts
with the vW{ matrix and bind the activation-specific antibody against integrin 0wz PAC-
1 (fig. 4.3b & ¢) (Shadil, 1999; Yap ct al., 2000). This data raiscs the possibility that under
high shear conditions, GF109203X onty partially inhibits PKC activation in platelets.

To investigate the lauter hypothesis, PKC activity was measured in the presence or
absence of GF109203X. Pretreating platelets with GF109203X at concentrations as low as
100 nM, totally abolished pleckstrin phosphorylation induced by timmobilised vWI (fig.
4.2d). Furthermore, 500 nM GFi109203X was able to completely inhibit pleckstrin
phosphorylation induced by potent PKC activators, including the phorbol cster, PMA, and
thrombin (1 U/ml) (fig. 4.3¢ & f). This cvidence suggests thit incompleie PKC inhibition
does not account lor lhe incomplete inhibition of stationary adhesion formation by
GF109203X. An alternative explanation for this phenomenon may be that a subset of
platclets utilises PKC-independent signalling mechanisms t, regulate integrin ogwfs

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% Me,SO) 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™ (b and ¢), 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 vW{ 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 vW{ matnx under flow, and
fluorescence images demonstrating PAC-1 binding to the adherent platelets. Washed platelets loaded with [°P]-P; were incubated with the
indicated concentrations of GF109203X prior to exposure for 60 minutes to {(d) a purified vW{ matrix, or for 5 minutes to {(¢) 200 nM PMA or ({)
1 U/ml of thrombin (Thr) as indicated. Whole platelet lysates were prepared as described in seciion 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

vWfor PMA. (f) Demonstrates the inhibition of PMA and thrombin-induced pleckstrin phosphorylation by 500 nM GF109203X.
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4.4 Relationship Between Protein Kinase C Activation, Calcium Mobilisation and

Integrin o4y, s-dependent Platelet Adhesion.

Studics presented i section 3.5 and in previous studies (Nesbitt ot al., 2002),

demonstrated a strong correlation between cytosolic caleium levels and the translocation

hehaviour of platelets under flow conditions (fig. 3.7). To gain turther insight into the role

of PKC in promoting integrin oy activation and platelet adhesion under flow conditions

on vWH, the elfect of PKC inhibition on ¢cylosolic calcium flux was examined in individual

platelets during surface translocation on vWT, In these studies, real-time analysis of platelet

translocation behaviour was perfoermed and correlated with temporal changes in cytosolic

calcium responses. Pretreating platelets with GF109203X (500 nM) had no effect on the

basal cytosolic calcium levels in resting platelets (fig. 4.4a). Consistent with data presented

in figure 4.3, GF109203X (500 nM) trcatment significantly reduced the proportion of

platelets forming irreversible stationary adhesions (fig. 4.4b), and hence undergoing a

sustained oscillatory cytosolic calcium response (fig. 4.4a & b). This resulted in a

reduction in the mcan calcium level (from ~100 to 60 nM) in the catire 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 1o 70%) cxhibiting low cytosolic caicium levels (A[Ca™}; <20

nM). This increase in rapidly translocating platclets was associated with a proportional

reduction in the percentage of platelets showing stop-start translocation behaviour (58.7 to

; . . . . 2 .
12.6%), and expressing intermediate calcium levels (A[Ca™ J; = 20-65 nM), and in platelets

expressing high range calcium fevels (A[Ca™"}; approaching 1200 nM) torming stationary

adhesions (29.9 o 17.4%) (fig. 4.4¢). While most GIF109203X-treated platelets failed to
lorm stationary adhesion contacts and showed very low cytosolic calcium levels (fig.

4.4d), all of the platclets that retained their ability to form stationary adhesion contacts with




Figure 4.4, Effect of the PKC inhibitor GF109203X on platelet adhesion and calcium mobilisation on immobilised vW{.

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 (1* and 2"
bars), or during adhesion to vWf{ urider flow (3“’ and 4" bars) (mean = S.E.M, n=35). Washed platelets (1 x 107 celis/ml) were treated with vehicle
(0.25% Me;S0) or GF109203X (200 nM or 500 nM) prior to perfusion through vWf-coated microcapillary tubes at 1800 s (b) Pose 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 (Me,SO} 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 vW{ matrix (d), or forming stationary adhesion contacts (€), 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 vW{ matrix, displayed high oscillatory calcium levels (peak levels > 800 uM) (lig.
4.4e). These results raise the possibility that PKC regulation of platclet adhesion under
flow is at least in part duc to an effect on cytosolic caicium levels. These studies also
suggest that when cytosolic calcium levels are elevated beyond a certain threshold (100
nM). PKC activation is no longer absolutely necessary (or integrin cywfls activation and
stationary adhesion formation on vW{. In control cxperiments, ¢7E3 was added to
GF109203X-pretreated platelets prior to perfusion over vWT. Integrin o413 blockade was
found to completely abolish s ‘onary adhesion [lormation and sustained calcium
oscillations  ([ig. 4.4b), suggesiag that the calcium flux displayed in stationary

GF109203X-treated platelets was integrin oy,f;-dependent.

4.5 Threshold Cytosolic Calcium Concentration Required for Protein Kinase C-

dependent Integrin oympPs Activation and Platelet Adhesion.

To investigate the possibility that high levels of cytosolic calcium can induce
integrin oupf33 activation independent of PKC, the effects of artificially elevating cytosolic
calcium levels on the ability of GF109203X to inhibit stable platciet adhesion on vWI were
mvestigated. In initial studies, cytosolic calcium levels were elevaled by treating platelets
with thapsigargin, an inhibitor of the sarco/endoplasmic reticulum Ca**-ATPasc. This
compound inhibits active re-uptake of cytosolic calcium into the platelet dense tubular
system, thercby allowing accumulation of calcium within the cytosol. Platelets were
pretreated with 100 nM thapsigargin prior to perfusion over immobilised vWf at 1800 5™,
As shown in figure 4.5a, treatment with 100 nM thapsigargin dramatically elevated the
mean cytosolic calcium levels in vWI adherent platclets from A{Ca™); = 100 oM. to
A[Ca™); = 550 £ 15 nM. This increase in cylosolic calcium was associated with 100% of

transtocating cells forming stationary adhesion contacts with the vWE matrix (fig. 4.5a).
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Figure 4.5. Effect of artificiaily elevating cytosolic calcium on platelet transiocation and integrin oy,f; activation, and the ability of

G¥F109203X to inhibit platelet adhesion on vWH,

Washed platelets (1 x 107 cells/ml) were treated with vehicle (0.25% Me,SO) or 500 nM GF109203X, prior to the addition of 100 nM

thapsigargin (Tg). Platelets were then perfused through vWf-coated microcapillary wbes at 1800 s”. (a) Demonstrates the mean cytosolic
cajcium 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 10uM of the caged calcium compoun:! NP-EGTA and perfused through vWf coated microcapiliary slides at 1860s™. 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 hight. (¢) and (d) show

displacement vs, time graphs of a representative NP-EGTA loaded platelet treated with 500nM GF109203X or ¢7E3 Fab respectively, prior to

exposure to UV light.
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Pretreating platelets with GF109203X (500 nM) had minimal inhibitory eftect on the
platclet calcium responsc or on the ability of thapsigargin-trcated platclets to form
stationary adhesion contacts with the vWI surface (fig. 4.5a). In control studics, stationary
adhesion formation was inhibited by treated platelets with the integrin ounfly antagonist,
¢7E3 Fab, confirming that the increase in stationary adhesion under tiese experimental
conditions was due to activation of integrin oypPa (fig. 4.5a). These studies support the
hypothesis that PKC activity is not an absolute requirement [or integrin oy,B3 activation
anu *hat accumulation of high cytosolic calcium levels can trigger auy,Bs 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 expcrience high range but transient elevations mn cytosolic calcium
which correspond to temporary arrest of platelet translocation. To investigale whether
transient calcium elevation could also induce integrin qqpfs activation independent of
PKC, a caged calcium platelet activation assay was adopted. In these studies, platelets were
toaded with & 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 ‘lhc platclet
cytosol binds free cylosolic calcium. Exposurc of NP-EGTA-loaded platelets to UV or
near UV light (wavelengths of 300 - 400 nm), leads to an itreversible change in the
chemical structure of the NP-EGTA that results n 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-ticated platelets translocating
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on a YW matrix under flow conditions, resulted in all cells forming transient stationary
adhesion contacts with the vWI matrix, which returned to translocation as cytosolic
caiciuim concentrations returned to basal levels (~163 nM). Pretreating NP-EGTA-loaded
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 vWI matrix (fig. 4.5¢). In control studies, it was confirmed that
stationary adhesion under these conditions was mediated by integrin ogpPs, as it was
completely abolished by pretreating platelets with the oysfs antagonists, ¢c7E3 Fab (fig.
4.5d). Together, these studies suggest that the induction of high cytosolic calcium levels
(mean cytosolic calcium levels >5G0 nM) promotes integrin oyefd; activation indc;ﬁendcnl
of PKC, whereas integrin a3 activation at lower cytosolic calcium levels arc dependent

on PKC activation.

4.6 Role of PKC in GP Ib and Integrin on,B; Derived Calcium Signals.

Recent studies have shown that during adhesion to vW{, GP Ib and integrin ouy,ps
clicit distinet calcium signals that serve to co-operatively regulate platelet adhesion and
activation on immobilised vWT (Nesbitt et al., 2002). Moreover, there is evidence that both
PKC activation and intracelular calctum elevation are critical signalling cvents required to
regulate integrin oy on an immobilised vW{ matrix under both static and high shear
conditions (Shattil, 1999; Yap ct al,, 2000). However, to date the precise signalling
relationship between the GPIb and integrin oyfs-derived calcium signals and PKC
activation has not been defined.

To examine the refationship between PKC and the GPIb and aypf3s-derived calcium

signals  during platclet adhesion to vWf calcium dye-loaded washed platelets were
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rcconstituted with washed red blood celis (530 % haematocrit) and perfused over a vW{
matrix at 1800 s™ in the presence or absence of GF109203X. Initially to investigate the
GPIb derived calcium signals, c¢7E3 TFab-treated platelets were perfused over an
immobilised vW{ matrix in the presence of the artificial modulator ristocetin, and real-time
changes in cytosolic calcium flux were xﬁonitorcd. Ristocetin increases the binding affinity
between GP 1b and vWI{, such that, even in the absence of integrin oypwf; engagement,
platelets remain stationary through the GP lb-vWT interaction in a shear field. Figure 4.6a,
shows the typical GP lb-derived calcium profile of individual platelets adhering to vWf in
the presence of ristocetin and ¢7E3 Fab under flow conditions. This figure illustraies 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 1s not PKC sensitive.

Studies presented in section 3.5 of this thesis demonstrated that the formation of
integrin cypP3-dependent stationary adhesion contacts on vWf under high shear (18003'1)
conditions, coincides with the generation of a sustained oscillatcry cytosolic calcium
response (fig. 3.7). Figure 4.6¢c, demonstrates that in the absence of the integrin oypfls
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, ouwfis-derived oscillatory calcium respense 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 Ib/V/IX and ayp[3; derived calcium mobilisation on vW{ under flow.

Washed platelets (1 x 107 cclls/mD were treated with vehicle (0.25% Me;SO) or 500 nM GF109203X, prior to perfusion through vWf coated
microcapillary tubes at 1800 s™ ia the presence of ristocetin (Risto) and/or ¢7E3 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 aypf; are blocked by GF109203X treatment. (c) Indicates the reduction in the percentage of vlatelets 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

L independent platelets per expenment.
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d). These studies demonstrate a potenttally important role for PRKC in regulating cytosol ic

caleium flux in platelets by regulating integrin ogb3-dependent caletum signals.

4.7 Protein Kinase C Poteniiztes Calcium Mobilisation via an Integrin oy, -
Dependent Mechanism.

The studies presented in this chapter so far have established that PKC can modulate
calctum flux induced by integrin ogps signalling. The exact mechanism through which
this occurs remains unclear. Previous studics have demonstrated that PKC can directly
phosphorylate the [P; rceeptor in reconstituted lipid vesicles (Fermis et al., 1991),
suggesting that a potential means for PRC to regulate calcium flux may be through
modulating the 1P; receptor. To investigate further the mechanism through which PKC
induces calcium signalling, the effcct of PMA sumulation on platelet integrin omuf3s
activation and calcium transients was investigated in suspension and adhesion-based assays
on vWI. As demonstrated in figure 4.7a, stimulating platelets in suspension with 200 nM
PMA did not result in a significant increase m the mean cytosolic calcium level, suggesting
that PKC is not able to directly mobilise calcium from intracellular stores. Interestingly, it
induced an approximate 3 fold increase in the level of PAC-1 binding to the surface of
these cells (Mg, 4.7bY, suggesting that direct PKC stimulation can induce a low level of

integrin o3 activation in the absence of a detectable calcium rise. This raises the

possibility that PKC acts through an indirect ogpfda dependent mechanism to potentiate

calcium flux. It should be noted that the extent of calcium clevation and magnitude of

PAC-1 binding induced by PMA under these experimental conditions was low relative to
that induced by ionophore A23187 or thrombin (fig. 4.7a0 & b) confirming a dominaat role

for caleium in integris cgpfds activation.
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Figure 4.7, Relationship between PKC and integrin oyB; activation in regulating cvtesolic calcium flux.

Calcium dyc-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 tonophore 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). (¢ and d) Calcium dye-loaded platelets treated with vehicle {(0.25% Me;SO) or 200 nM PMA were allowed to
scttle on a vW{ matrix under static conditions for 60 minutes at 37°C, in the presence or absence of the anti-c3 antagonist, aggrastat (AS). (c)
Demonstrates the percenta, ~ of cells spread on the vWf matrix over a 60 minute time period. (d) Demonstrates reai-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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ln contrast 1o suspension-based assays, stimulating VW1 adherent platelets under
static conditions with PMA, resulted in an increase in the overall level of plaeicet adhesion
and spreading on this matrix. and this comcided with an enhanced cytosolic caleium
response throughout the entire platelet population adherent to vWI (fig. 4.7¢ and ).
Pretreating platelets with aggrastat abolished stable adhesion and calcium flux in control
and PMA-stimulated platelets, suggesting that the potentiating effects of PKC on cvtosolic
calcium tlux occurs indirectly, as a vesult of the upregulation of the adhesive and signalling
function of integrin o (fig. 4.7¢ & d).

To investigate  further  the  relationship  between PRKC activation,  caleium
mobilisation and  oypfds  engagement, platelets were  perfused  through  vWi-coated
microcapillary tubes in the presence or absence of PMAL In control studies, 37% of washed
platelets tethering to the vWIE matrix formed stationary adhesion contacts. Analysis of the
cllects of PMA on plitelet adhesion to v W1 under flow condittons demonstrated a dramatie
mcerease in the proportion of cells Torming firm adhesion contacts with the vW{ matrix
(>98%) tfig. 4.8a). Detaled analysis of the transtocation behaviour of individual plinelets
and the corresponding ovtosolic calcium levels in these cefls vevealed that vehiele treated
platelets transtocating over the vWI surtace typically exhibiting a relatively fow basal
calcium level (below 100nM). prior to forming stattonary adhesion contacts. n all cells
analysed (> 100 individual platelets), the onset of sustained calcium oscillations coincided
with the moment of firm adhesion contact formation. Similar single cell analysts of PMA-
treated platetets revealed that unlike vehicle treated plnelets, there was a constderable fag
tme (~15 scconds) between the onset of stationary adhesion and the subscequent oscillatory
cafeium response in plitelets stimulated with PMA (g 4.8b, ¢ & d). The mitiation of
stationary adhesion contacts, as well as the sustained oscillatory caleium response. in both

vehicke and PMA-treated platelets was dependent on integrin aypfds engagement ol vV as
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Figure 4.8. Relationship between PKC and calcium in tegulating integrin o33 activation under tlow conditions.

Calcium dve-loaded platelets (1 x 107 cells/ml) were perfused through vWf-coated microcapillary slides at 1800s™ in the presence of vehicle
((1.25% Me>SO) or 200 nM PMA. Where indicated. platelets where also pre-incubated with aggrasiat (AS) or 100 uM dimethyl BAPTA AM
(dm-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
formation and the onset of calcium oscillations in adherent platelets. (¢ and @) 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 (¢ and d) indicate the onset of stationary adhesion (1)

and the subscquent onsct of calcium mobilisation (11).
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both were abolished by pretreating platelets with Aggrastat (AS) (fig. 4.8 & b, The
demonstration of a temporal dissoctation between oy dependent stationary adhesion and
the onset of an oscillnory calcium response further supports the hypothesis that PRKC
primes integrin Qs outside-in signalling, and has an indirecet elfect on calcium signalling

i vWT adherent platelets.

4.8 Protein Kinase C Potentiates Integrin oyy,B;- activation Through a Calcium
Dependent Mechanism,

Finally, to investigate whether PRKC regulation of integrin g3z activation, is
absolutely dependent on intracellular calcium mobilisation, {low studics were performed
on platelets pretreated with the membrane permeable calcium chelator DM-BAPTA AM.
to chelite ovtosolic calctum. As demonstrated in figure 190, PMA was able to induce
stationary adhesion contact formation in 1007 of vehicie treated platelets but was unable
o induce stationary adhesion of DM-BAPTA AM-treated platelets, with all platelets
translocating in a rapid continuous manner. Furthermore, PMA-induced PAC-1 binding 0
the surface of platelets was completely eliminated by pretreating platelets with DM-
BAPTA.AM (fig. 4.9b), The inability of PMA (o induce integrin ogpfds activation under
these experimental conditions was not due te the nhibition of pleckstrin phosphorylation
(fig. 4.9¢) as PMA induced robust pleckstrin phosphorylation in DM-BAPTAAM-treated
platelets. presumably through the actividion of one or more calcinm-independent (atypical
and/or nove D) solorms of PKC. Morcover, DM-BAPTA AM also mhibited PAC-1 binding
to thrombin stimulated pladelets (fig. L9 even though plecksttin phosphoryvlation was
unalfected 1w these platelets (hig, 4.90) These studies support a complex co-operative

relattonship between eytosolie calcium and PKC during integrn aypfds activation,
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Figure 4.9. Effect of extracellular and intraceliular calcium chelation on integrin oy,fa activation and pleckstrin phospherylation

induced by PM A,

Calcium dve-loaded platelets treated with vehicle (0.25% Me,SO) or 100 nM dimethyl-BAPTA AM (dm-B). were perfused through vW{-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 vW T in responsc to 206nM 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% Me.SOj or 100
uM dm-B, were stimulated in suspension under non-stirred conditions with 200 nM PMA or 1 U/m] thrombin (Thr) i~ 1€ presence of PAC-1
mAb. (b) Demonstrates the level of PAC-1 binding to PMA or thrombin-stimulated platelets in suspension. The fevel of PAC-1 binding 1s

expressed as a percentage relative te the results obtained from thrombin-stimulated platelets (mean = SEM, n = 6). Washed platclets loaded with

[*’P]-P, were incubated with or without 100 mM 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 M dm-B treatment does not inhibit thrombin or PMA induced pleckstrin phosphorylation (p47).
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4.9 Discussion.

Unravelling the signalling mechanisms reguliting integrin ognfds activation during
platelet adhesion under shear condittons is of fundamental importance for haemostasis and
thrombosis. To date, the signalling processes regulating integrin ogpfdz activation during
platelet adhesion on vWI have been relatively poorly defined, although recent studies Tuave
suggested a potentially important role tor integrin oypfds-derived caleium signals o this
process (Nesbitt et al., 2002). The studies presented in this chapter have demonstraied the
existence of a complex signalling relationship operating between PKC. calcium and
itegrin oqufds that serves to regulate the transition from  sarface translocation 1o
irreversible platelet adhesion. More specifically, they demonsirate that bi-directional
integrin o33 signalling through PKC is important for initiating and maintaining integrin
s activation and stationary platelet adhesion on vWIL. Morcover, the present studies
have established that the level of the cytosolic calcium response in the platelet eytosol
dictates the requirement tor PKC during the process of integrin 3 activagon.

An unexpecied finding {rom the crrent study was the demonstration that PKC

activation during platelet adhesion on vWI primanly occurred as a consequence of vWF

binding to integrin ogfs. This contradicts previous findings dcmnns!mlihg that PKC
activation primanly occurs downstream of GPIb (Krolt et al., 1991 Kroll et al., [993). 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 vIVE mattices to which platelets bind under
physiological Ttow condinons, Under these conditions, GPIb plays & minor role in PKC
activation and most PRC activity oceurs primarily via direct outside-in signat transduction
downstream integrin (yfds. On the other-hand, carlier studies of vW{ induced integnn

Gonfds activation were performed using artificial modubiators of vW{ binding or under
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pathological shear conditions (Kroll et al,, 19915 Kroll ¢t al., 1993) where PRC activation
oceurs primarily through inside-out signalling as o vesults of refeased soluble agonists
hinding to their réspective surface receptors tollowing GPIb engagement. These findings
indicate that a level of caution should be exercised when attempting to direetly extrapolate
findings based on aggregation stadies {rom those obtained from adhesion experinients.
Dci'}lliilg the relative contribution of GPIb and integrin oypfds in regulating PKC
activation and calcium flux is a critical ssue with respeet 1o the mechanism by vE
induces integrin oqfd activation. For example, if PRC and caleium are primarily regulated
downstream of GPIb, with little contribution of integrin oypfdy outside-in signalting. this
would support a mode! 1in which these molecules parttetpate ina direct lincar signalling
pathway linking GP 1b to integrin oz activation, However, this long-held view of GPIb
stgnalling s not consistent with the current findings that PKC s primanily regulated
downstream of integrin cgyfd;, and that integrin agfds-dependent cal=tum {lux is required
for sustained integrin opfs activation and {irm platelet adhesion on vWE (Neshatt et al.,
2002). Morcover. the studies presented in this chapter have demonstrated that while direct
PKC activation with PMA results in o low level of integrin a3z activation, sustained
integrin oypfds-dependent stationary adhesion formation on vW{ does not rcqui.rc ongomng
PKC activity if cytosolic calcium levels are sufficiently elevated. These studies suggest
that PKC may be importat for priming integrin ofpfz-dependent outside-in signalling
processes leading 1o the estiblishment of a positive feedback loup that promotes the
mobifisation of intracellular calcivm and hence Turther integrin oz activation and stable
adhesion formation. This also suggests that the current fincar model of GPIb-dependent
integrin ogfds activation does not adequately explain the signalling relationship hetween

caleium, PKC and integrin ol activation, The present studies support an alternative
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model in which PRC inside-out signatling primae’ orves 0 0 ai integiin apufhs
activation  and  transient stable  adhesion, whe: a8 subsequent  witeidecin signalling
establishes a positpve teedback loop that prometes intraccltutar calcium mobilisation, and
further integrin agfds activation,

Studies examining the effects of PKC inhibitors and phorbol esters an calciiom fux
during pl;tldcl adhesion on vW( revealed that, despite its ability to promote integrin o83
activation, direct PRC activation does not induce  a evtosolic calcium  response.
Furthermore, enhanced calcium flux was only observed foliowing platelet integrin ctufhs
cngagement of the vW{ substrate and was specilicaliy abolished by blocking ligand
binding to oypfds. supporting an indivect role for PKC in promoting calcium release {rom
iterial stores. These results were unexpected in Jight of the fact that PKC has previously
heen shown 1o promote an increase in caleium decay rates in activated platelet, rather than
prometing caleium {lux. The signatling mechanism by which PRC potentiates ogpfds-
induced caliium mobtlisation as unclear. It has previousty been established tiiat PKC can
phosphorylate the 1Pz receptor in reconstituted 1pid vesicles presenting as a potentiad
means of regulating intracellufar release (Fernis et all, 1991). However, the studies in this
chapter do not suppoit a direct elfect of PKC on the [P; receptor, rather, they demonstrate
that the cifects of PKC on caleium flux are mediated indivectly, through c;‘.}‘.uﬁccmcnl of
integrin owfdi-dependent cateium mobilisation. One possible mechanism by which PRC
promotes cviosolic calcium flux is by promoting infegrin oqpfd; activation, thereby
enhancing platelet adhesion contact Tormation with the vWI{ substrate and indicectly
potentiating outside-in signalling events linked o intracellufar calcium mobilisation.

The present studics also demonsteate that the requirement for PKC daring integrin

ufdy activation is  dictated by the ¢vtosolie calcium concentration. Figure 4.8

demaonsirates that in the presence of intracellular catoum chelators, direct activation of

T Tor T S AT S '

e Y s B a2 A Tk e e | o Frbb o e =

e ST g o e gt

v T IT arer ETa e,

et M e

AR et




PKC is unable to induce integrin oufs  activation, despite  robust  pleckstiin
phosphorylation under these experimental conditions. These findings supgest that the
calcium-activated (conventional) isoforms of PKC may be required for integrin cypfis
activation. Additionally, these studies have demonstrated that when the mean cytosolic
calcium levels are sufficiently clevated, PRC is vo longer required for integrin oypf3
activation. These findings suggest that PKC regulation of integrin oyyf1 occurs within a
liniited calcium concentration range, a finding that may explain previous observations that
PKC inhibitors do not prevent plaiclet aggregation induced by potent platelet activating
stimuli, including thrombin (lorio et al.,, 1996; Watson and Hambleton, 1989; Watson ct
al., 1988).

Numcrous studies have established an important synergistic role for PKC and
calcium in promoting integrin opf3; activation (Kaibuchi et al., 1983: Rotondo ct al., 1997,
Saitoh ¢t al., 1989; Walker and Watson, 1993). Whiie ihis syncrgy undoubtedly plays an
important role in potendating platelet activation, these studies rzise the interesling
possibility that it may also be important for limiting the irreversible platelet activating
cflects of calcium. For example, previous studies have demonstrated that a low, transient
cytosolic signal induces a sufficient level of integrin cumf; activation to reduce platclet
wranslocation velocity on the vWT surface, however adhesion contact formation under these
conditions always remains reversible. In contrast, the induction of a high, sustained
cytosolic calcium response induces treversible platelet activation, leading to stable platelet
adhesion, spreading and granule release. Thus, the modest ctfects of PKC on integrin
aypfz affinity at basal calcium levels (see Fig. 4.6a &b), provides a potential mechanism
for “fine-tuning’ the transition from surface translocation to sti.ionary plateiet adhesion.
Finally our studics demonstrate that the iow level of cypfds 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 vWI matrix. However, the onset of the sustained
oscillatory caleium response in stationary PMA-treated platelews was delayed significantly
compared to vehicle treated platelets, where stationury adhesion coincides exactly with the
onsct 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 sensitisc the 1P,
receptor responsible for intracetlular calcium mobilisation, such that lower levels of the 1P,
mctabolite can mediate calcium release from intracellular stores (Bootman et al., 1997,
Merchant, 2001; Merchant, 1999; Tovey ct al., 2001). One could speculate that under

normal conditions, GP IW/V/IX engagemem of vW{ results in signalling events that

promote both a low level of PKC activation and also in transient GP 1b/V/IX-derived

calcium spikes. This low level calcium signalling may prime the IP; receptor in platelets

such that, when integrin o3 is engaged, the resulting outside in signaliing resalts in

rapid calcium mobilisation. Platelet activation with cxcess phorbol ester treatment

bypasses the initial calcium siginaliing events required 1o prime the 1P; receptor which

might account for the delay in calcium flux downstream of integrin onPs activation.

However further studies arc required to clarify this issue. Regardless of the cxact

mechanism, these studies support an important role for PKC in promoting intcgrin oypfs

bi-directional signalling relevant to platelet adhesion under flow.
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Chapter 5.

Interceltular Calcium Signalling Regulates Platelet Aggregation and

Thrombus Growth.

5.1 Introduction.

The extent of platciet activation at sites of vascular injury is regulated by several
{actors. These include, the gencration of soluble agonists such as thrombin, ADP and
TXA; at the site of vessel injury (Hourami and Cusack, 1991; Shattil et al., 1998), the
exposure of highly reactive subendothelial matrix proteins such as collagen type 1 and 111
(Baumgartner, 1977a; Baumgartrer, 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, 199311): While collagen appears to be the most potent thrombogenic
protein expressed in the subendothelial matrix (Baurngariner et al,, 1977), recent in vitro
and in vive studics have demonstrated that platelet adhesion to collagen at high shear rates
requires a second adhesive protein, vWI. In fact, it is well established that vWT itself is
able to mediate both primary platelet adhesion and subsequent thrombus growth under high
shear conditions (Badimon et al., 1989a; Badimon ¢t al., 1989b; Denis ¢t al., 1998; Golo et
al., 1998; Kulkarni et al., 2000; Mazzucato 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
mechanism(s) underlying the dilferences in the thrombogenic potential of these two
matrices is unknown.

Platelet adhesion to vW{ occurs through a multi-step mechanism involving the
sequential binding of plmclét GPIb, which mediates the initial (reversible) tethering of
platclets to the _UWI' surface, and the subsequent binding of integrnn o3, which proniotes

&
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firm (irreversible) adheston to the vWI matrix (Ruggeri, 2000, Savage ¢t al., 1996). This
multi-step adhesion mechanism appears (o be equally relevant for platelet adhesion and
thrombus growth under high shear conditions. Recent intravital studies have highlighted
the dynamic nature ol platclet thrombus growth in vive, and have confirmed the
importance of the sequential interaction between vW{ expressed on the platclet surface
with GPIb and integrin o483 on flowing platelets in this process (Dents ¢t al., 1998;
Kulkarni ¢t al., 2000; Ni et al., 2000). Intravital microscopy studies have demonstrated that
platelets tethering to the luminal sur;‘;_'acc of thrombi tend to translocate for a variable period
ol time before either forming stationtury adhesion contacts or detaching from the thrombus
surface altogether (Kulkuf‘ni ct al., 2¢00).

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 stattionary plaelet adhcsion to the surface of
developing thrombi requites uctive integrin oy, to date, the mechanism(s) regulating the
conversion from surface translocation to firm plateiet adhesion on vWT have been poorly
defined. It has been shown in leukocytes that the conversion from surface translocation, 1o
stationary adhesion is mediated by inside-out signalling events induced by soluble
cytokines which increase the binding strength of Ba-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 gencrated by GPlb and integrin o3
engagement are sufficient to promote stationary platelet adhesion to vW( independent of
solubie platelet agonists Recent studies by (Kuwahara et al., 1999) have also demonstrated
a potentially important role for integrin aupfs-dependent calcium flux in promoting platelet

aggregation and thrombus growth on vWf,
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Given the importance of the GPIb and integrin ounfdy derived calcium signals in
promoting stationary platelet adhesion on vWI uﬁdcr high shcar conditions, 1t is
conceivable that the calcium signals generated downstream of GPIb and dlll,Bg engagement
may also play an important role in regulating platelet aggregation. In this chapter o
confocal based imaging technique that enables real-time analysis of platelet calcium flux

was used 10 assess the role of calcium during thrombus formation.

5.2 Inter-cetlular Calcium Communication (ICC) Promotes Platelet aggregate

formation on the Surface of Thrombi.

To assess the role of cytosolic calcium during plaiclet cohesion and thrombus
formation on a vW{ matrix, calcium dye loaded piatelets were reconstituted with washed
red bh?ocl cells (50% haematocrit) at {50 x 10°/L in order to maximise platclet-platelet
interactions, and then perfused over purified vW{ (100 pg/m?) at 1800 s, Platelets that
formed irreverstble stationary adhesion contacts on the vWE matrix were found to exhibit
high range sustained oscillatory calcium flux as described previously in this thesis (fig
374, 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 proximily to ‘primary’ stationary platelets
(S) that expressed high oscillatory calcium levels, tethered to these ceils and lormed
stattonary contacts themselves. Moreover, the ‘primary’ stationary platelets appeared 1o

L3

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 platclets. The lower panel in figure 5.1a shows an initially stationary

celt (§) undergoing high range sustained calcium oscillationy on a vWt surface, inducing a
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Figure 5.1 Inter-cellulay Calcium Communication (1CC)

Platelets (150 x10%/L) were perfused at and a shear rate of 1800 s over immobilised
vW T or over the surface of pre-formed thrombi in vitro. Single channel Oregon Green
fluorescence images of platelets undergoing 1CC during aggregate formation on
immobilised vW{ (a-lop panel) or during platelet interactions on the surface of
preformed thrombi (b- lop 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 1n primary adherent cells (8-
solid line} and tethering cells (T-dotted line) are shown below the fluorescence
images. The arrow bold arrow (1) indicates the point at which the tethering platelet
physically interacts with the stationary platelet and propagation of the calcium signal
first ocours. A[Ca™" . recordings are representative of 25 platelets from 3 independent
experiments. {c) Single channel Orcgon 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 cetl (=) 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[Ca®']., or low A[Ca®").. ICC occurs in 53 % of
cells when tcthering coincides with a period where the primary adherent platelet
expresses high calcium levels, but does 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
platclets come into contact with cach 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 tme, that platelets within a developing aggregate are
capable of transmitting caloum activation signals to adjacent cells. This process will be
relerred to as Inter-platelet Calcium Communication (ICC).

Detailed single cell analysis of the calcium responses in developing platelet
agarcgates revealed that efficient propagation of the calcium signal from a stationary
platelet (S) to its tethered counterparts (T), required that contact between the cells be made
within a narrow temporaj window (< 0.6 seconds) at the point al which the A[Ca™*}; 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 clevated calcium oscillations (fig. 5.1d).

To determine whether ICC also plays a role in the subsequent recruitiment of
platelets to the surface of growing thrombi, similar perfusion studies were conducted on
preformed thrombi. In these studics, thrombi werc generated by perfusing citrated whole
blood over type I fibrillar collagen for 5 minutes as described in section 2.7.3.
Subsequently, calcitm dye loaded platelets (150 x 10°/L) were perfused over the
preformed thrombi and calcium ratio mecasurements were taken of platelets interacting with
the thrombus surface. A similar ‘transfer’ 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
pooulation of tethered cclls (T). These studies suggest a polentially important role for ICC

in promoting thrombus growth by facilitating the arvest of translocating platelets.
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5.3 Integrin apufls Requirement for Inter-plateiet Calcium Communication.

The studies presented in chapter 3 and 4 of this thesis highlight the central role for
integrin oyPs in promoting cylosolic calcium flux and sustained platclet adhesion and
aggregation on immobilised vWT. To determine whether integrin o3 is required for
promoting calcium communication, the effect of integrin oyB: inhibition on ICC was
examined. In these studies an inttial population of *firmly adherent’ plateiets undergoing
sustained calcium oscillations was established by perfusing calcium dye-loaded platelets
over an immobilised vW{ matrix and then washing away looscly adherent or translocating
platelets. A sccond population of platelets treated with either control buffer or with the
integrin  ogPs antagonist, aggrasiat, was then perfused over these primary adherent
platelets at a shear rate of 1800 s™'. As demonstrated in figure 5.2a, rolling platelets that
lethered to pre-adherent platelets expressing sustained calcium oscillations, were able 10
form stationary adhesion contacts themselves and the calcium activation status of the
primary spread cell was propagated to its tethering partners, demonstrating that 1CC could
be observed on vW{ under these assay conditions.

In subsequent experiments, platelels were pre-incubated with aggrastat to block
ligand binding to imegrin cupfs on the surface of flowing platelets prior to perfusion over
pre-adherent platelets. This was found 1o completely inhibit inter-platelet calcium
communication suggesting that integrin oypf; plays a key role in promoting ICC (fig. 5.2b
and c¢). Interestingly, aggrastat did not inhibit the ability of stationary ‘pre-adherent’
platelets to undergo sustained oscillatory calcium flux despite its inhibitory effects on
integrin oumfs activity at the luminal surface of these platelets. Presumably, this is because
integrin oypf3;-mediated sigral transduction in the pre-adherent platelets can still occur

through ligated integrins on their basal surface.
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Figure 5.2 1CC Requires Integrin oyp,P: Engagement

Platelets (150 x10%/1) were perfused over immobilised vWF at 1800 s to establish an
initial population of stationary adherent cells undergoing sustained caicium
oscillations (—). A sccoud population of platetets treated with or without 200 nM
Aggrastal (dotied marques) were subsequently perfused over this reactive population
and platclet-platelet inleractions monitored in real-time. (a) Control flows
demonstrating efficient ICC and aggregate formation between primary stationacy (—)
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. (¢} The percentage of platelels coming, inte contact with
an mitially adherent platelet and undergoing concomitant calcium oscillations (1CC),
was quantified at time points where the primary adherent cell was expressing high
A[Ca®*). or low A[Ca™].. ICC is dependent on integrin-u,B; engagement and is

completely abolished by aggrastat (n = 25 plateiets).
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5.4 Role of Secreted ADP tor Inter-piatelet Calcium Communication.

Conllicting cvidence cxists regarding the role of secreted platcletl agonists such as
ADP and TXA; during platelet adhesion and activation on reactive matrix proteins. TXA;
generation and the release of endegenous ADP from platelet dense granules is known to be
important for stable thrombus formation both in vive and in virre (Cattanco and Gachet,
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 rele in ntomoting and stabilising platele: aggregates during stimulation with
many physiological agonists, including vWFI (Cattanco et al., 1990; Chow ¢t al., 1992;
Gachet, 2001a; Tkeda et al., 1991; Moake et 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-celiular calcium communication
on VWI, calcium dye loaded platclets (150 x 10*/L) were perfused through vW{ coated
microcapillary slides in the presence of the ADP scavenging enzyme apyrase (1.5 U/ml).
In agreement with previous studics (Nesbitt et al., 2002), a primary adherent population of
platclets expressing sustained oscillatory calcium flux could suil be established in the
presence of apyrase (fig. 5.3a and b). However, ss shown in figure 5.3b, the avility of these
primary adherent cells to induce culeium signals in th‘cir tethering countepails was
completely inhibited, as was the ability of tethering platclets to forim stable adhesion
contacts with primary adherent platelets and to form platelet aggregates. Identical sesults
were observed when these experiments were performied in the combined presence of two
specilic purinergic receptor antagonists, A3PSPS and AR-C6993IMX, to seclectively
thibit ADP signolling through the platelet P2Y | and P2Ya receptors respectively (Boyer
ct al., 1996 Humphries, 2000; Ingall et al., 1999) (data not shown). Tlis daia supports a

kev role for released ADP for ICC and aggregate formation on a vW{ matrix. To
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Figure 5.3 Secreted ADP Drives ICC and Platelet Aggregation on 2 vW{ matrix.

Calcium dye-loaded platelets (150 x10°/L) were perfused over immobilised vWf at 1800 s and Oregon Green fluorescence bmages
were recorded in real time. (a) Single channel Oregon Green fluorescence images of vehicle (Me;SO) treated platelets on immobilised
vWi{, (=) Indicates a primary adherent platelet undergoing vWT deper:dent calcium flux. The cluster of plateleis formed at the 9.6-s
and 45.4-s tume 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 vWT. (-») Indicates a single platelet
undergotng transient calcium flux that correlates with short duration stationary adhesion “ormation. Images taken at 10.2-s and 11.9-s
demonstrate that aithough platelet-platelet contacts occur in the shear field, apyrase treatment effeciively abolishes ICC. Treating
platelets with (c} aspirin (1.5 uM) or {d) A3P5PS (100 uM) prior tc perfusion over immobilised vWT does not inhibit ICC at sites of
primary platelet-vWf adhesior: demonstrating that ICC does not require TX*,, or P2Y; signalling. However treating platelets with (e}
AR-C09931MX (200nM) prior to perfusion over immobilised vW{ abolishes ICC demonstrating that P2Y, 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 caicium spike that is not

sustained resulting in only transient platelet-platelet contact and lack of ICC and aggregate formation.
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investigate the role of TXA; in ICC and platclet aggregation on vWI, calcium dye leaded
platelets (150 x 10°1L) were pre-treated with 1.5mM aspirin prior perfusion over the
surface of immobiliscd vWI{. Consistent with carlier studics (Nesbitt et al., 2002), aspirin
pre-treatment aid not inhibit the ability of platelets to form primary stationary adhesions
with the vWf matrix, nor did it inhibit ICC at the surlace of vW{ under flow conditions
(fig. 5.3¢). In control studies 1.5mM aspirin was 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 vWt under shear conditions, the individual role of plateiet ADP
receptors P2Y, or P2Y,> was examined. In these experiments, calcium dye loaded washed
platelets were perfused at high shear (1800 s') over immobilised vWI, in the presence of
cither A3P5PS or AR-C69931MX, to selectively inhibit ADP signalling through P2Y, or
P2Y ., respectively. Treatment of platelets with A3PSPS (200 uM) did not inhibit 1CC or
effect the ability of platelets to form aggregates on the vW{ matrix (fig. 5.3d). Conversely,
biockade ol the P2Y> receptor using AR-C69931MX (200 nM), resulted in inhibition of
ICC and sustained aggregate. As shown in ligure 5.3e, while initial primary stationary
adhesion formation and calcium spiking associated with platclet-vW{ contact was not
inhibited by AR-C6993 IMX trcatment, 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 P2Y>-linked G; signalling pathway

plays is critical for supporting ICC and platclet aggregation under shear conditions.,

5.5 Inter-platelet Calcium Co:amunication Drives Thrombus Growth,

Earlier studies presented in this thesis demonctrated that a type I collagen matrix

clicited stronger calcium responses in adherent platciets than vW{, Given the importance of
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inter-cetlular calcium communication during the process of platelet aggregation on vW{
under high shear, 1t is possible that the rate and extent of thrombus growih under {low
conditions may be regulated by the extent of calcium mobilisation elicited by the adhesive
matrix, and subscquently, the efficiency by which calcimn signals are propagated
throughout an aggregating platclet population. To test this hypothesis, platelets (150 x
10°/L) were reconstituted with red blood cells (50 % haenwtocrit) and citrated plasma, and
perfused at 1800 s through vWf or collagen coated microcapiilary slides to compuire the
level of thrombus formation on these matrices. Generally, the thrombi gencrated on a vWf
matrix were relatively small, typically measuring <20, 000 pm? in volume, and formed in
discrete clusters over the vWI{ surface (fig. 5.4a and b). On the other hand, platzlet
aggregates formed on collagen fibnils were extromely large compared to vW{ and
measured 2 110, 000 i in volume (fig. 5.4a and b}, Detailed analysis of primary platelet
adhesion on the vW{ matrix showed that only 6.5 % 1.7% of tethered cells maintained
stationary adhesion contacts for fonger than 30 seconds (fig. 5.4c¢), indicating that the
majority of adhesion contacts formed under these cxperimental conditions remain
reversible. In contrast, 100% of plateletls interacting vith collagen fibrils formed
immediate and irreversible stationary adhesion contact: with this matrix (fig. 5.4¢) and
they provided highly cfficient nuclei for the recruitinent of additional platclets, vesulting in
the rapid formation ol very large platelet aggregates.

To investigate the hypothesis that ICC propagation regulates the ratc and exteat of
thrombus formation, real-time changes in cytosolic calcium levels were monitored during
platelet thrombus formation on a type 1 [ibrillar colicgen or vW{f matrix. Single celi
analysis of platclet caleium flux and adhesive behaviour tunder flow revealed that only a
small percentage of tethered placelets (6.5 £ 1.7%) {ormed prolonued stationary adhesion

contacts and exhibited an observable calcium response on a vWI matrix. However ail
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Figure 5.4 ICC Drives Thrombus Growth

Washed platelets (150 x 10” cells/L) were treated with vehicle (0.25% Me.SO) or 100
M DM-BAPTA,AM (dm-B) were indicated prior 1o perfusion over immobilised
human vWf (100 pg/ml) or type 1 fibrillar collagen (2.5 mg/ml) 1800 s for 5
minutes as described in section 2.6.4. Platelet thrombi formed after 5 minuies were
sttbsequently imaged by confocal microscopy and reconstructed using image analysis
software. 3D-reconstructed umages (a) were created using tmage tool software. (b)
Thrombus volumetric data demonstrating the marked difference in platelet thrombus
size on the surface of tmmobilised vW{ versus type 1 collagen. Note: in the casc of
DM-BAPTA-treated cells, thrombi did not form and the platelets translocaicd freely
across the collagen surface (n=3). In (c) the percentage of platelets forming stationary
adhesion contacts with vWf or collagen was quantified and expressed as the

percentage ol iotal adherent platelets (n=3).
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platelets that tethered to type 1 collagen fibrils were found to form stable adhesion contacts
and elicited rapid oscillatory calcium {lux. Furthermore, coilagen induced higher level
calcium signalling than vW{. The mean A[Ca**], response in VW adherent platclets was
lound 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, ol the vWf adherent platelets that tethered to a primary adherent platclet
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 retumed to the bulk flow (fig. 5.5b and c). In
contrast, on a collagen matiix, 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. Al platelets that subsequently tethered 1o the
primary adhercnt platclets formed stable adhesion contacts and displayed sustained
calcium {lux themselves (fig. 5,5b and ¢). Another fundamental difference betweern ihe
A{Ca™". obscrved in platelets adherent to vWFE and type | collagen, is the amount of time
that the platelets express a high calcium activation state. Frequency distribution analysis of
platetet calcium over a 30 sccond penod showed that the probability of any one platelet
adherent to vW{ cxpressing an clevated AlCa™]. >100nM was 0.66, compared to 0.95 on a
collagen surface (lig. 5.5a). In all studies (> 100 independent expertments), there was o
strict correlation between cytosolic calcium flux in the primary adherent layer of platelets
and the propenstty of these cells 10 act as nuclei {or platelet aggregate formation. Chelating
cytosolic calcium using DM-BAPTA-AM (100 puM) completely eliminated calcium
oscillattons in the primary adherent cetls, and conseguently inhibited platelet aggregation
and thirombus growth on both a vW{ and collagen matrix (fig. 5.5a). Taken together, these

results demonstrate that there are signilicant differences in the cytosolic calctum sigral
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Figure 5.5 The Extent of Thrombus Growth Depends on the Level of Cytasolic Caicinm Flux Induced by the Adhesive Matrix.

Platelets (150 x 10°/L) were treated with or without DM-BAPTA (dm-B) and perfused over immobilised vWT{ or type I collagen at
1800 s™'. (a) A[Ca®"]. population analysis showing the distribution of platelet calcium events occurring at the surface of immobilised
vWf and type | 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[Ca®*}.. The data
indicates that ICC occurs in 53 % of cells tethering to primary adherent cells at the surface of vWT{, while 100% of tethering cells
express sustained calcium oscillations at the surface of type 1 collagen (n = 25 platelets). (¢) 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 vWT.




clicited in the initigl layer of adherent platelets which infl luence the clliciency of 1CC
propagation and aggregate formation on & vW{ versus a collagen substrate.

To investigate more dircetly the hypothesis that elevation of cytosolic calcium in an
initial population of adherent platelets is required for efficient platelet aggregation and 1CC
on a vWf maitrix, the cffect of artifictally inducing a transient calcium spike in
translocating platelets was examined. In these studics, washed platelets were loaded with
calcium indicator dyes and the caged calcium chelator NP-EGTA, prior 10 reconstituiion
(150 x 10°/L) with red I;;Ioor.i cells (50% haematocrit), and perfusion through vWf coated
microcapiilary slides at 1800 s, Platelets rolling on the vWT surface were then exposed o
a vapid beam of UV light which resulted in a transient but rapid increase in cytosolic
calcium (Section 4.7) and (Nesbitt et al., 2002). Unlike the two-step pre-adhesion method
described in section 5.3, this experimental approach allows rapid rclc:l_sc of calcium in a
discrete population of primary adherent platclets only, immediately prior to the formation
of platciet-platelet adheston contacts, thercby maximising the possibility of coordinating
the initiation of calcium flux with subsequent ICC. Consistent with previous studics
(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
transtocation 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 osciltatory calcium flux and prolonged arrest of both platelets.
Furthermore, these cells formed efficient nuclei for the recruitment of additional f{ree
flowing platelets leading to ICC and the rapid formation of platclet aggregates (fig. 5.6a
and b). As demonstrated on figure 5.6¢, platelet aggregale formation and ICC under these
experimental conditions was completely inhibited by pre-treating the platelets with apyrase

suggesting that it was compleicly 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 @ 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 uM) were perfused through vWT
(100 pg/mi) coated microcapiltary tubes at a shear rate of 1800 s, 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
pancl) demonstrating the I1CC propagation betwecn 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 ncar UV light source (350nm TUV) for 0.6-s leading to
release of intra-cellular calcium {0-s). The zoomed boxes highlight the occuirence of
platelet aggregation and ongoing ICC following UV uncaging. Small aggregates
forming on the vWf surface are highlighted by the marques. (¢) NP-EGTA-loadzd
platelets were perfused on the vW{ mairix 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.
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5.6 Discussion.

The studies in this chapter provide the first evidence that platelets are able to
‘communicate’ 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 P2Y > pathway, and integrin o,
signalling, during plat‘clct,adhcsion 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 vWT and collagen. These {indings suggest that differences in the
reactivity of these adhesive substrates may be explained by their ability to promote 1CC
and integrin o3 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
oywPs. It 1s also well established that some adhesive substrates such as collagen, arc more
thrombogenic than other substrates such as vW{. However, an important and largely
uniesolved issue is the mechanism(s) by which these adhesive substrates propagate
stimulatory signals to subsequent layers of aggregating platelets and induce activation of
integrin o3z on adjacent platelets. As demonstrated here, the ability of vWTf and collugen
to promolc platelet thrombus (ormation is directly related o 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 s a high proportion of tethering
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platclets forming stable adhesion contacts. In contrast, most platelets translocating rapidly
on a vWI matrix do not exhibit sufficient sustained calcium oscillations. The relative
inefficiency of ICC on a vW{ mairix 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 éffc_ql of multiple activating stimuli generated atl sites of
vascular injury. The data presented in this chapter exciudes a role for TXA; in promoling
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 (Bom, 1986; Folic and Mclntire, 1989; Wagner and Hubbeli, -
1992b; Zawilska et al., 1982), the current studies highlight a central role for ADP in Ilhc ‘
propagation of ICC and the development of platelet aggregates under tlow. It is well
eslaBlishcd in the literature that ADP is a relatively weak platelet agonist, and that ADP-
induced integrin oypfds activation requires co-operative signalling through the piatelet
purinergic receptors P2Y, and P2Y 2 (Daniel et al.,, 1998; Gachet, 2001a; Gachet, 2001b;
Geiger et al., 1998; Hechler et al., 1998a; Jin et ai., 1998; Jin and Kunapuli, 1998; Savi et
al., 1998). Signalling through P2Y,; alone induces a Gg-dependent calctum response that
leads to relatively weak platelet stimulation and unstable aggregate formation (Born, 1962;
Gachet, 2001a; MacFarlane, 1987). Similarly, platelet stimulation through the Gi-linked
P2Y,, pathway alone is has been found to induce platelet shape change, but not to support
integrin o5 activation. Signalling through the P2Y,; pathway is believed (o be essential
for the potentiation of platclet aggregation to a varicty of physiological agonists including
thrombin and collagen (Gachet, 2001a; Gachet, 2001b; Gachet et al., 1995) and for the

stabilisation of thrombi in vitre and in vive (Fabre et al., 1999; Gachet, 2001b; Leon et al.,
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1999b; Remijn et al., 2002). Integrin oupPa-induced outside-in signalling has been recently
found to support sustained calcium oscillations and irreversible platelet activation on vWi,
but only in a relatively small proportion of the platclet population (Nesbitt et al., 2002),
suggesting that, like the ADP-receptors, integrin og: in isolation, is also a relatively
weak platelet activator. While previous studies have demonsirated that platclet aggregation
in response to ADP requires signalling through both Gq and Gi-linked surface receptors,
the present studies provide cvidence that co-operative signalling between the Gi-linked
P2Y > receptor and integrin oy,,B3 engagement can also lead to platelet aggregation under
high shear on vW{.

The phenomenon of intercellular calcium signalling 1s a widespread form of cell-
cell communication often used to allow co-ordination of cell proliferation, differentiation
and metabolismt in many cell types including ostcoblasts (Jorgensen et al.,, 2000;
Romanello and D'Andrea, 200!; Romanello ct al, 2001; Saunders et al., 2001),
chondrocytes (Elfervig et al., 2001, Tonon and D'Andrea, 2000), astrocytes (Fain et al.,
2000; Guthrie et al., 1999; Rouach ct al., 2000; Scemes, 2000; Scemes et al., 20C0; Shiga
ct al,, 2001; Verderio and Matteoli, 2001), oligodendrocytes (Verderio and Matteol,
2001), neurons (Fam ct al., 2000, Guthrie et al., 1999; Rouach et al., 2000; Scemes, 2000;
Scemes et al., 2000), endothelial cells (Moerenhout et al., 2001) and retinal epithelial cells
(Himpens et al., 1999). To date, at least three distinct mechanisms have been demonstrated
lo co-ordinate calcium signalling between cells, incl'uding: (1) autocring activation of P2
purinergic receptors leading to calcium rclease 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
infiux (D'Andrea et al., 2000: Evans and Boitano, 2001; Fam ¢t al., 2000; Lyng et al.,

2000; Romanello and D'Andrea, 2001; Romanello ¢t al., 200!; Tonon and D'Andrea,
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2000), and (iii) by a recently identified extracellular calciura-sensing receptor that responds
to changes in the calcium signalling status of neighbouring cells (Hofer et 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 g and purinergic receptors in regulating ICC and thrombus

growth.
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Chapter 6.

Role of ADP in Promoting Primary Platelet Adhesion on vWI .,

6.1 Introduction.

It is well established that vWI is the major ligand promoting platelet adhesion and
aggregation under high shear conditions (Kulkarni et al., 2000; Savage et al., 19906).
Studies presented carlier in this thesis (section 3.5) and by Nesbitt ct al., (2002), have
demonstrated that primary platelet adhesion to vWT{ reguires the co-ordinated generation of
GP Ib/V/IX-dependent cﬁlcium spikes, followed by a self-propagating calcium signal
mediated by integrin oypP; outside-in signalling, which‘promotes firm platelet adhesion.
These studies demonstrated that statonary adhesion on a vW{ matrix at high shear occurs
in the absence of soinble agonist stimulation. However, the majority of platelets that
adhere to immobilised vWi under taminar 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 vWI 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
through the vW{-GPIb/V/IX interaction do not form stable adhesion contacts but rather,
translocate and eventually detach from the thrombus surface (Kulkarni et al., 2000).

Shear-induced platelet aggregation studies, using a cone and plate viscometer, have
demonstrated dramatic vWi-induced platelet activation under high shear (Chow et al,,
1992; Tkeda ct al, 1991; Moake et al,, 1988; Moriiz et al.,, 1983). However, platelct
aggregation in this system has been attributed larg.e'y to the accumulation of secreted ADP.

Moreover, Lhe inter-plaiclet calcium communication studies presented ‘. chapter 5,
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demonstrated that while a low level of stationary adhesion can occur on vWI, in the
absence of ADP stimulation, subsequent aggregate formation cannot proceed (scetion 5.4).
Together, these results suggest that ADP released from plaiclets activated by vW{ may be
an effective mechanism of increasing the efficiency of platelet activation.

The studies in chapier 5 demonstrated an important role for co-operative signailing
between integrin ouwPs and the Gi-linked, P2Y,; receptor during platelet aggregate
formation under flow conditions. Several other studies have previously demonstrated an
important role for Gi-mediated signal transduction in promoting integrin a4 activation,
Patients with congenital defects in the Gi-coupled P2Y,2 receptor have been shown to
display impaired aggregation in response to ADP stimulation and impaired §hrombus
growth on collagen (Cattaneo et al., 1992; Nurden ct al., 1995; Remijn ct al., 2002).
Furthermore, ADP-induced aggregation can be blocked by selectively inhibiting the G;
linked P2Y > receptor in human platelets or by knocking-out this receptor in mouse
platelets (Jantzen et al., 2001; Yang et al., 2000). Under thesc conditions, full aggregation
in response to ADP could be restored by direct activation of the G,y pathway through
adrenaline binding to the ci,-adrenergic receptor (Hechler et al., 1998a; Jin and Kunapuli,
1998).

The studics in this chapter investigate the role for ADP in promoting stationary
adhesion on vWI. Furthermore, the functional relationship between the platelet ADP
receptors and integrin ayPs signalling in promoting platelet adhesion on vWTf are

examined.
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6.2 Increased Platelet Density Results in Increased Levels of Platelet Adhesion and
Calcium Mobitisation on a vWI matrix Under Flow.

The demonstration that clinically low platelet counts (<20 x 10%/L) lead to au
increased risk of haemorrhage (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 formation on vWf{, platelets were perfused at densitics
of 3, 20 and 150 x 10°/L. through vWT coated microcapillary tubes at 1800 s, and the level
of stationary adhesion (lasting at least 30 seconds) quantified. As shown in figure 6.1a, at 5
x 10°/L none of the platelets tethering to the YW surface formed stationary adhesion
contacts for a period of = 30 seconds. In contrast, at a platelet count of 20 x 10°/L, 4 =+
0.85% of the 'ethered platelet population formed stationary adhesions for at feast 30
seconds and at platelet counts of 150 x 10”/L, 5 = 0.14% of platelets formed stable
adhesion contacts 230 seconds. The duration of stationary adhesion contacts in a
populaticn of vW{ adherent ceils was examined at 5 X 10°/L, and 150 x 10°7L. As
demonstrated in figure 6.1b. at a platelet density of 5 x 10%L, 66 + 3.3% of tethered
platelets exhibited stationary contact formation with the matrix lasting t 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 stmilar phenomenon was
observed at 150 x 10°/L, however, the rate of decrease was significantly lower. At 150 x
10%L, 65 £ 3.5% of platelets formed adhesion contacts lasting at least 1 second, decreasing
10 26.8 £ 3.8% at 10 scconds, and 5.2 £ 1.3% stationary platelets at 30 seconds (fig. 6.1b).
The most impressive difference between high and low density platelet popuiations was the
proportion of platelets exhibiting stationary adhesion for 10 seconds, where <d4% of

platelets were present at 5 X 10°/L compared to ~26% at 150 x 10°/L (fig. 6.1b). This data
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Figure 6.1 Stationary adhesion formation is medulated 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 vWT at 1800 s™' (n = 3). In (a) the proportion of platelets (expressed as % of total adherent
nopulation) forming stationary adhesions for at least 30 seconds was plotted as a function of the platelet density (x10°/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
10°/L (t), or 150 x 10°/L prior to perfusion over vWf at 1800s™' (n = 3). Real-time tethering and stationarv 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 resuits represent the mean + S.E.M from three separate experiments.
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demonstrates that both at high and low deasity, the majority of platelet-vWT interactions
remain (ransient, however increased platelet density results in greater duration of adheston
contacts.

One possible explanation for the eftect of density on piatelet adhesion is that
transient adherent platelets expericnee less frequent interactions with transtocating plaielets
in the shear field than thosc forming more prolonged adhesion contacts. Yo cxamine this
hypothesis, the number of collisions between translocating platelets and cells forming
stationary adhesion contacts for 3, 10, 20 or 30 scconds 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
difterence in the (requency of platelet-platelet collisions expericnced by platelets that form
stationary contacts lasting for S, 10, 20 or 30 sccéwnds.

An alternative hypothesis for the effect of platclet 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 platclets forming transient
stationary adhesions. To investigaie this possibility, analysis of the duration of platelet-
platclet 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 3 seconds is ~ | second. This increases to an average contact time
of ~ 2 seconds for platclet remaining stationary for 10 seconds and to >7 seconds {or
stationary platelets lasting 30 scconds (fig. 6.2b). These results suggest that while the
frequency of platelet intCractions does not regulate stationary adhesion formation, extended
contact times between stationary and translocating platelets may promote increased

adhesion stability.
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Figure 6.2 Effect of platelet-platelet interactions in promoting sustained
stationary adhesion contacts on vWf under flow,

Washed platelets (150 x 10°/1L) were treated with or without 2U/ml apyrase prior to
perfusion over immobilised vWI al 1800 s™'. (a) The number of platclet-platelet
interactions with a primary adhcrent platelet displaying stationary adhesion contacts
lasting for cither: 5, 10, 20 or 30 scconds was quantified. The graph illustrates the
{requency of platclet collision (cell-cell contacts per second) experienced by platelets
that form stationary adhesions for §, 10, 20 and 30 scconds. Data is expressed as mean
+ S.EM 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
illustrales the average duration of platelei-platelet contact between translocating
platelets and stationary platelets. Data is expressed as mean £ S.EM of three

independent experiments.
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Previous studies in scction 5.2 of this thesis demonstrated that sustained platelct-
platelet interactions resulted in ICC and aggregate formation. In order 10 examine the
requirement for ICC for stable adhcsion formation on vWI{, detailed analysis of
translocation behaviour and calcium flux was carried oul in primary stationary platelets
and in translecating 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 transiocation
(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). Oan the other hand, platelets that
elicited a cytosolic calcium response in tethertng platelets invariably underwent sustained
calciumloscillations, resulting in the formation of stable adhesion contacts on the vWf
matrix (230 seconds), (fig. 6.3a, ¢ and ¢). This data raises the possibility that a process
similar to interceliular calcium cemmunication may not only provide a mechanism to
activate translocating platelets that interact with pnmary 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 10”/L), platelets were perfused over immobilised vWF (1800 s™") in the
presence of apyrase or a combination of A3P5PS and AR-C6993 IMX, 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 vW{ under flow.

Calcium dye-loaded platelets (150 x 107/L) were perfused over immobilised vWT at
1800 s and cytosolic calcium flux was monitored by confocal microscopy. (a)
Representative single-cell calcium recordings and translocation profiles of platelets
exhibiting transient (<30 scconds) and sustained (>30 seconds) caicium flux on vWf
at 1800s™ (n = 25 platelets). (b) and (¢) Single channel Oregon Green fluorescence
images of platelets during adhesion to vWf under flow. In (b) collision of
transiocating 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 formation. Both the translocating platelet and the
stationary platelet return to surface translocation. In (c) collisions beiween a
translocating platelet (T—), and a primary stationary platelet (8: demarcated by the
dotte circle) forming stable adhesion contacts (>30 seconds) leads to 1CC, stable
aggregate formation and sustained stationary adhesion formation of the stationary
platelet (8). (d) Representative calcium flux profiles of a platelet undergoing transient
adhesion (<30 seconds) (dotted black line), and of a tethering platelet (sohid red ling)
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). ()
Representative calcium flux profiles of a plateict undergoing sustained calcium flux
‘and stationary adhesion (30 scconds) (dotted black line), and a tethering platelet
(solid red line) showing efficient ICC and aggregate formation during the contact time

" between the platelets (shaded box).
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shown in figure 6.4a, the proportion of platclets forming stationary adhesion for | second
is similar for control and apyrase treated platelets, 65 * 3.5% versus 614 £ 3.3%
respectively. However the proportion of platelets forming stitionary adhesions for 10
seconds decreased from 26.8 + 3.8% in control flows 10 11 + 1% in apyrase treated
platelets, and for 30 seconds st was reduced from 5.2 + 1.3% in control flows to 1.2 £ 0.53%
in the presence of apyrase. Similar results were found in the presence of A3PSPS and AR-
C6993IMX (fig. 6.4a). Consistent with a rolc for ADP in sustaining platelet adhesive
interactions, the contact time between translocating platclets and platelets that were
stationary for 30 scconds 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 platclet adhesion

on vW( at high platelet density.

6.3 ADP and Integrin oqn,B; 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 vW{ 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
mvestigaie the effect of high concentrations of ADP on the elficiency of platelet adhesion
to vWI, {low assays weic performed in the presence of 12.5 uM cxogenous ADP.
Exposure ot platelets to high concentrations of cxogenous ADP (12.5 uM) during surface
translocation on vWT 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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Figurc 6.4 Effect of platelet density and secreted ADP on stability of stationary

adhesion contacts on vWf under flow.

Washed platelets (150 x 10°/L) were treated with vehicle (m), 2 U/m! apyrase (), or a

combination of A3P5PS (200 uM) and AR-C69931MX (200 nM) (A), prior to
perfusion over immobilised vWT at 1800s!. (a) Real-time tethering and stationary
adhesion formation was recorded by vidco microscopy for oftf 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.EM 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.
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Figure 6.5 Co-operative signalling between integrin oy, and ADP receptors is
required for sustained calcium flux on vWi,

Washed platelets (5 x 10°/L) were treated with or without ¢7E3 Fab (20 pg/ml) prior
to perfusion over immobilised vW{ (100 pig/mli) at 1800 s, and subsequently chased
with a bolus of 12.5 uM ADP. (a) The proportion of platelcts forming stationary
adhesions for at Ieast 10 seconds wias quantificd in the presence or absence of ADP
and/or ¢7E3 Fab (data represents mean + S.E.M of three separate experiments). (b)
Representative single-cell calcium recordings and the corresponding translocation
profiles of platelets adhering to immobilised vWF at 1800s™, demonstrating the
immediate onset of sustained calcium flux and sustained platelet arrest upon ADP
addition. (c) Representative single-cell calcium recordings and the corresponding
translocation profiles on immobilised vWI, of ¢7E3 Fab-treated platelets upon ADP
addition at 1800 s*. The shaded boxes highlight the translocation behaviour and

calcium profiles of platelets prior 1o ADP addition, the arrow indicates the point at

which ADP is added.
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platetets clicited high-level sustained caleium oscillations and formed stationary adhesion
contacts lasting 230 seconds (fig. 6.5a and b). This sustlained oscillatory calcium (lux in
vW{ adherent platelets was completely inhibited by pre-treating platelets with 20 pg/ml of
c7E3 Fab (fig. 6.5a and ¢). Consistent with these observations, stimulation of platelets in
suspension with 12.5 uM ADP resulted in 100 % of platclets undergoing only a transient
calcium response (fig. 6.6a), that was found to peak at 1100 aM + 300 nM (incan +
S.E.M), and return back to basal levels (AfCa®*). <40 20 nM) within 8.5 + 3.5 seconds
(mean £ S.E.M) (Tig. 6.6b and ¢). However, when platelets were allowed to interact with a
vWI surface under static conditions, ADP additior. resulted in >75% of the platclet
population adhering {irmly to the vW{ matrix and exhibiting a susiained osciilatory
calcium response. Similar to the flow studies, sustained caicium flux under sl:ﬁic
conditions was also sensitive to integrin s inhibition (fig. 6.6a and ¢). Furthermore, of
the remairing ~25% of the non-c7E3 Fab treated platelet population on vW{ that did not
engage the matrix, all of these exhibited a transient calcium flux (fig. 6.6z, ¢ and data not
shown). These results demonstrate that sustained caicium flux in ADP stimulated platelets
is integrin o1 Higation dependent, and provide further evidence {or the importance of the
syncrgistic signalling between ADP and integrin oyfls in regulating platelet adhesion

under high shear conditions.

6.4 ADP-induced Infegrin ogmps Activation and Sustained Calciam Flux under Flow
Requires Signalling Through P2Y and P2Y,,.

To investigate the individual contribution of the P2Y, and P2Y,; signalling
pathways in promoting stationary adhesion formation on vWf{ in the presence of high
concentrations ol ADP, platelets were treated with A3PSPS and AR-C69931MX, and the

effects of these inhibitors on ADP-induced cytosolic caicium {lux were examined under
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Fignre 6.6 Calcium responses induced by ADP in platelets under static
conditions.

Washed platelet suspensions were treated with or without ¢7E3 Fab (20 pg/ml), and
applied under static conditions to a non-reactive surface {10% (v/v) human serum
(HS)] or immobihised vW{ (100ng/ml), prior to stimulation with 12.5 nM ADP. (a)
The proportion of platelets undergoing transtent (grey bars), or sustaingd (black bars),
A[Ca™"]. in response to ADP stimulation was quantified in a platelet population
resting on HS or vW{ in the presence or absence of ¢7E3 and or ADP. Results
represent the mean £ S.EM of three separate cxperiments. (b) Representative single-
cell calcium recordings of platelets resting on HS, and on vW{in the presence of ¢7E3
Fab (vWT + c7E3). (c¢) Representative calcium flux profiles in platelets stimutated
with ADP on human serum (ADP on HS), vWT in the absence of ¢7E3 Fab (vWT +
ADP), and on vW{ mn the presence of ¢7E3 Fab (VW + ¢7E3 + 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. Pre-treatment of platclets with AR-C69931MX prior to perfusion over a
vWT{ matrix, inhibited stationary adbesion formation and sustained calcium oscillations
[ollowing addition of high concentrations of exogenous ADP (fig. 6.7a and b). This data is
consistent with carlier ICC studies (scction 5.4) demonstrating an important role for P2Y»
receptor s,gnalling for stationary adhesion and aggregation on vWT(. In contrast to ICC,
weatment of platelets with A3PSPS prior to addition of high levels of exogenous ADP was
lound to inhibit stationary adhesion formation and sustained calcium oscillations on vWf
(fig. 6.7a and b). This data suggests an equally important role for P2Y, anu P2Y» in
rictelet 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 10 vWTf under flow.

6.5 The P2Y > Pathway and Integrin oy;,33 Act in a Synergistic Manner to Promote
Sustained Calcium Flux and Firm Platelet Adhesior under Flow.

The observation that calcium flux induced by ADP binding to P2Y, alone cannot
promole sustained stationary adhesion on vV suggests an important role for the P2Yy; in
sustaining calcium flux and integrin opfPs activation. To examine this hypothesis in more
detail, flow based adhesion studics were performed using NP-EGTA-loaded platelets in
which exogenous ADP (12‘.5 uM)y was added to the bulk flow. In control studics, the
ability of NP-EGTA-loaded platclets to respond normally to bolus ADP stimulation was
assessed. Consistent with data presented in figure 6.6a, exposurc of vW{ adhcrent, 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 P2Y;; receptors is required for sustained adhesion and

calcium flux on vW{,

‘Wasned platelets (5 x 10”/L) were treated with or without A3P5PS (200 M) or AR-C6993 IMX (200 nM) prior to perfusion over vWf
(100 pg/ml) at 1800 s, and subsequently chased with 12.5 uM ADP. (a) The percentage of plateiets 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-C69931MX 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 A3PSPS (200 uM) or AR-
C69931MX (200nM), and applied under static conditions to a non-reactive surface
(10% (v/v) HS), prior to stimulation with 12.5 pM ADP. The figure shows

representative single-cell calcium recordings of ADP stimulated platelets on HS, in

the presence or absence of A3P3PS or AR-C69931MX as indicated (n = 25 platelets).
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calcium flux and forming prolonged stationary contacts on vWI( (data not shown). Pre-
treatment with A3PSPS (200 uM) or AR-CGY93IMX (200 nM)., prior to perfusion over
vWI in the presence of ADP inhibited ADP-induced stationary adhesion formation (lig.
6.9a). Exposurc of NP-EGTA-loaded platelets to UV light (300-400 nm), tor 0.6 scconds,
in the absence of exogenous ADP, resulted in transient calcium spikes and stationary
contact formation (fig. 6.9b and ¢). However, when platelets were exposed to UV light i
the presence of A3PSPS and ADP, the calcium response mediated by the uncaging of
cytosolic calcium resulted in >90% of the transtocating population forming stationary
adhesion contacts and exhibiting sustained high-range calcium flux (fig. 6.9a and b). On
the other hand when platelets were expose.! 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 ¢). Thesc obscrvations 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 P2Y,,
engagement and Gi-signalling is required to promote sustained stationary adhesion.

To investigate lurther the role of Gi-signalling in stationary adhesion formation
wiider flow, adrenaline was used to induce Gy signal tansduction through an alternative
pathway (o that activated by P2Y,2 ligation. Adrenaline is known 1o bind to os-adrenergic
receptors on the platelet surface. This receptor is linked to an inhibitory G-protein denoted
Gy, which 1s also coupled to adenylate cyclase (AC), leading to a reduction in cAMP
levels. In these studics, NP-EGTA-loaded platelets were perfused through vW{ coated
microcapiliary tubes in the presence of adrenaline (50 uM), prior to UV uncaging.
Adrenaline (50 uM) alone did not effect the icvel of stationary adhesion formation on vW{

under flow conditions (lig. 6.10a). and consistent with previous experiments, stimulation




Figure 6.9 Co-operative signalling through P2Y12 and integrin apufl; is sufficient
to promote sustained adhesion on vWT in response to transient calcium release.

Platelets loaded with 10 uM of the caged calcium compound NP-EGTA were treated
with or without (200 uM) A3P5PS and/or (200 nM) AR-C69931MX prior to
perfusion over immobilised vWf at 1800 s™'. These were subscquently chased with
12.5 uM 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,
A3PSPS and/or AR-C69931MX prior to UV stimulation (black bars) and post UV
stimulation (white bars) (data represents mean = SEM 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
A3P5SPS-treated platelets exposed to UV light in the presence of ADP. (¢) Shows
displacement vs. time graphs of a representative control NP-EGTA loaded platelet
exposed to UV light and two representative AR-C69931MX-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 oap-adrenergic receptor and
integrin oy P2 is sufficient to induce sustained adhesion and calcium flux on vW{
following transient calcium release.

Platelets loaded with 10uM of the caged calcium compound NP-EGTA were perfused
over vWf at 1800 s 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 EM 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-loaded platelets with UV light resulted in transient stationary  adhesion
formation and calcium flux (fig. 6.10b). However, exposure of platelets to UV light in the
presence ol adrenadine resulted in sustiined stationary adhesion and calcium signalling in
>90% of translocating platelets (fig. 6.10a and b). This data further contirms the hypothesis
that Gi-linked P2Y,; stimulation is responsible for stabilising the interaction of oy with
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6.6 Discussion.

The studics in this chapter demonstrate an important roie for platelet density in
regulating platelet adhesion o vW I under [low conditions. Morcover, these studies suggest

that ADP is a key lactor in reguliating both primary stationary adhesion 1o vWI as well as
} c, e -

e subscquent aggregate formation under flow conditions. Consistent with previous ICC
studics, the results presented in this chapter support a co-operative signalling relationship

between integrin cypf3s and ADP receptors in promoting stationary adhesion on vWf under

{low. However, contrary to ICC studies demonstrating a key role only for the P2Y»
receplor in promoting stationary adhesion and aggregate formation under flow, the present
studies demonstrate an important role for both P2Y, and P2Y,; rcceptors at high

concentrations of ADP. This suggests ditferent mechanisms of activation are utilised by

platelets at high and low ADP concentrations.

The studies in this chapter demonstrate a significant reduction in platelet stability

and tn the duration of stationary contact formation with decreasing platelet counts.

Consistent with previous studies showing that very few platelet form stationary adhesion

contacts with vWI expressed on the surface of developing thrombi (Kulkarni ct al., 2000),
! & \
3z the present studies demonstrated that at high or low density, the majority of platclet

adhesion on vW{ remained reversible. However, these studies also demonstrate that higher

platelet densitics increase the stability of adhesion contacts. The most notable difference

was seen in the proportton of platciets forming stationary adhesion contacts Tor 1) seconds

g . 9 . .
3 where, at low platelet densities (5 x 10/L), only ~3% of platelets were stationary

. - 4y . - . . . .o
compared with >25% at 150 x 107/L. These lindings have potentially important clinical

significance given that a fall in platelet count to fevels below 20 x 10771 have been shown

to tesult in an increased risk of hacmorrhage (Gaydos, 1962).




The effect of density on adhesion stability correlated with increases in the duration
ol contact beiween translocating platelets and stationary cells. This contact time between
platclets as well as adhesion stability of primary stationary platelets were reduced by
inhibiting the cellular effects of released ADP. While the exact vole of scereizd ADP in
promoting activation of adjacent platelets remains Lo be established, it is feasible to suggest
that ADP released from adherent platelets can have paracrine eflects on adjacent platelets.
Thus, binding ol secrcted ADP 1o P2Y, and/or P2Y 2 receptors on stationary and tethering
platelets results in activation and stabilisation of integrin cyfa and subsequently,
increased stationary adhesion forimation. 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 {rom vWI adherent platelets. Beigi et al., (1999) have devised a
surface attached luciferase assay vzhien ailows detection of local nucleotide relesse from
activined platelets. A similar technique may allow direet measurements of ADP release
from vWi adherent platclets. Such an assay system would provide significant new insight
into the mechamsm by which ADP regulates stationary contact formation at high platelet
counts.

The present stu-li+ wiso demonsitate that the efflicicncy ol platelet stulionzir}f
adhesion tormation on vWf is increased dramatically by co-stimulating platelets with high
concentrations of exogenous ADP, supporting a co-operative signalling relationship
between he purinergic ADP receplors, P2Y, and P2Y),, and integrin 4,33 Contrary to
previoas {C studies demonstrating an important role for P2Y», but not P2Y, engagement
in stabhistng integimn ogpfly activity on vW{ (scction 5.4), the results of this chapter
suggest that P2Y; and P2Y): arc cqually important for promoting stationary adhesion

tormation on YW1 when platelets are exposed to high ADP concentrations.
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The key difference between these experimental systems 1s that in the 1CC stuclies,
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 o33 signalling, with
P2Y, then scrving to sustain the calcium response. In contrast, the initial calcium spike in
the ADP infusion experiments is mediated primarily through ADP binding to the P2Y,
receptor. Buased on these cbservations, it is conceivable that P2Y -mediated signalling 1s
responsible for inducing an initial transient integrin Pz activation, and subsequent
P2Y > signalling acts to stabilise the integrin oupPr—vWI interaction. This hypothesis is
supported by ICC studtes in which blockade of the P2Y,; receptor inhibited platelet
aggregete formation on vWI but did not inhibit the ability of platelets to undergo transient
calcium spikes and associated transient stationary adhesion contacts {section 5.4). Further
cvidence to support the latter hypothesis comes from studics where P2Y -induced transicnt
calcium mobilisiation is mimicked under {low conditions by NP-EGTA uncaging. These
studies demonstrated that reversible stationary contacts associtied wiih transient calcinm
spikes could be converted (o sustained stationary adhesion by stimulating platelets through
Gi-linked surface receptors.

These results suggest a two-step mechanism involving P2Y, and P2Y > signalling
feading to stationary platelet adhesion and sustained calcium flux in response 1o ADP
under high shear conditions. In this modei, an initial transient caleium rcsponse and
reversible adhesion formation is mediated by P2Y | signalling. A subscquent stabilising
cvent is mediated by synergistic P2Y ;-dependent inside-out and integrin oypf33-dependent
outside-in signalling leading o protoaged integrin oy ligation and consequently to a
sustained calcium flux. The demonstration that the P2Y (> receptor sustains integrin Oy3s-
dependent calcium flux and stable platelet aggregation, is consistent with recent perfusion

studies demenstrating an important role for this receptor in stabilising platelet thrombus

i




formation under flow (Hollopeter et al., 2001: Remijn et al., 2001; Remijn et al., 2002).

The exact mechanism by which Gj signalling synergises with integrin o33 te promote

sustained  stationary adhesion in vWI adherent platelets remains unclear, It is well

established that signalling through Gi-linked receptors results in the inhibition of adenylate

cyelase and the reduction ol cytosolic cAMP levels. However, reduction of ¢cAMP levels
associated with G; signalling has not been found to be sufficient to promote integrin oiy,fs

activation (Lanza ct al., 1988). Recent studies have demonstrated that stimulation of

8 platelets through Gi-linked receptors results in the calcium-dependent activation of a small
1 GTPase called Rap I, whick is known to positively modulate integrin oypf3s, suggesting a
possible link between G; signalling and integrin oy activity (Lova et al., 2002).
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Chapter 7.

Conclusions.

Plitelets respond to o diverse array of stimuli in vive, including soluble agonists
genetated at the site of vascular injury (thrombin, adrenaline, ADP and TXA:). as well as
adhesive ligands present in the vessel wall (collagen and vWT). Despite the structural and
functional diversity of these platelet stimuli, they all induce similar biochemical and
functionatl changes within the cell resulting in upregulation of the adhesive capacity of
membrane receptors, reorganisation of the platelet cytoskeleton, secretion of granule
contents and expression of procoagulant molecules on the platelet surface. One of the key
functional changes cssential for the normal haemosiatic function of platclets is the
conversion of the major platclet integrin oz from a low affinity to a high affinity
receptor capable of engaging ftuid-phase adhesive proteins, including fibrinogen and vWi.
Integrin cypPs activation is central to platelet function, as it promotes multiple responses,
including platelet adhesion, aggregation, spreading, clot retraction and microvesicutation.

Many different signalling pathways have been shown to be involved in regulating
integrin o+ activation, including P 3-Kinase, Ras GTPases and non-receptor tyrosine
Kinases (Suct A, 2000; Shauil ct al., 1997), however, recent studies from Gq knock-out
mice have highlighted the central importance of PLC uctivation and phoshoinositide
trnover in regulating the affinity status of integrin o3 (Offermanns et al., 1997). Gqg-
deficient platelets fail 1o aggregate i response 1o multipie physiological agonists, and as a
result, these mice suffer a severe bleeding diathesis.

PLC-mediated hydrolysis of the membranc phospholipid, phosphatidylinesitol 4,5-

bisphosphaic, gencrales 1wo key sccond messengers, the water-soluble inositol 1,4.5-
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trisphosphate (1P3) and the lipid-soluble metabolite, diacylglycerol (DAG). [Px mobiliscs
calcium from intemal stores while DAG serves as a co-fuctor for the activation of
conventional and novel isoforms of protein kinase C (PKC). While calcium and PKC-are
important second messengers regulating integrin oy activation (Kaibuchi et al., 1983;
Offermanns ct al., 1997; Rink et al., 1983; Rotondo ct al., 1997; Saitoh ¢t al., 1989; Shattl,
1999, Walker and Watson, 1993: Watanabe ct al., 2001: Yap ¢t al., 2000), their absolute
requitement {or oy activation remains controversial.

Conflicling evidence has been presented regarding the role of cylosolic calcium for
integrin oypPs activation. Several studics have provided cvidence for a central role for
calcium in regulating integrin ayPs activation (Lapetina ct al., 1985; Quinton ct al.,
2002b: Saitoh et al., 1989; Waiker and Watson, 1993}, while others have concluded that

calcium is not essential for integrin oyPs activation (Haimovich et al., 1996; Jen et al.,

1996; Kuwahara et al., 1999; Quinton ¢t al., 2002a; Rotondo ¢t al., 1997, Watson and

Hambileton, 1989). The results presented in this thesis demonstrate that cytosolic calcium is

critical for oy2 activation under all experimental conditions. as pre-treatment of platelets
wilh membrane permeable calcium chelators effectively abolishes integrin oywfds activation
in response to soluble platclet agonists and adhesive substrates. These studies also suggest

that methodological differences may account for the discrepancy between reports on the

absolute requircment for calcium in integrin oy activation, demonstrating the necessity

of using high concentrations of cytosolic calcium chelators (100 uM DM-BAPTA,AM) to q

cifectively prevent increases in cytosolic calcium particularly in response to strong agonist

stimulation. Furthermore, the siudies presented in this thesis also highiight the importance J
ol analysing calcium levels at the single cell level when assessing the efficiency of calcium ;l
chelators to avoid crroncous interpretation of results due to incomplete chelation of 1

calcium in a subset of the platelet population.
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Stmilar controversy cxists with regards to the requirement for PKC in integrin
ouwPa activation with some studics suggesting an important role for PKC in this process
(Kaibuchi et al., 1983; Rink ct al., 1983: Rotondo ¢t al.. 1997; Saitoh ct al., 1989; Walker
and Watson, 1993), whiic others have shown integrin oynf3; activation in the absence of
PKC activity (lorio ct al., 1996; Quinton et al., 2002a). In contrast to calcium, the present
studies do not cstablish an essential role for PKC for oyf3: activation. According my
results, PKC serves mainly to facilitate the generation of integrin oynfs-derived owtside-in
signals that promote sustained calcium oscillations and mediate irreversible adhesion.
Initial PKC-dependent integrin og33 activation can occur in the absence of a detectable
calcium rise, however, once sustained integrin af3z-dependent calcium fiux is established
and a certain cytosolic calcium threshold is achieved in the plaiclet. sustained platelet
activation is independent of PKC activity. The exact downstream signalling events induced
by PKC that give rise to integrin oyl activation remain unclear.

Reeent studics have demonstrated that during thrombus formation in vivoe, very few
platclets form stationary adhesion comtacts on developing thrombi. The majonity of
platelets tethering to the developing thrombus tend o translocate, and cventually 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 rale 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 o3 per se arc sufficient to promote stationary
adhesion on vW{ under flow conditions in the absence of soluble agonist stimulation

(Nesbitt et al., 2002 Yap et al,, 2000). These studies demonstraied that GPIb binding to
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vWI promotes transicnt, low-level, calcium spikes that are sufficient to induce reversible
integrin o activation. Subsequent integrin aypfiz-vWI binding results in integrin cuy3s-
mediated outside-in signals that promote sustained calcium oscillations and firm platelet

adhesion. However, the cfficiency of platelet activation on vW( is low and only a smail

proportion of platelets are able to form stationary adhesion contacts with the matrix under

flow. The studies in this thesis demonstriate that co-ordinated signalling through integrin
aueBs and the platelet ADP recepiors, P2Y, and P2Y,s, increases the stability of the
integrin  o3—vWf interaction and is & key requirement for ICC and subsequent
aggregation of platelets under flow conditions. While similar caicium communication
systems have been shown to occur in other cellular systems {(Jorgensen ct al,, 2000,
Romanello and D'Andrea. 2001; Romanello et al., 2001; Saunders et al., 2001). this form
of intercellular signatling has never before been demonstrated in platelets.

More specifically, studics in this thesis examining the effect of high concentrations
ol exogenous ADP addition on platelet activation demonstrated an important role for both
P2Y, and P2Y 2 receptors as well as integrin oypB3. In these experiments, the signalling
process responsible for initial integrin ogPs activation and reversible plateict arrest is
mediated by ADP binding to the P2Y receptor. This, however, mediates only transient and
reversible platelet arrest suggesting that activation of the PLC tinked G, pathway through
P2Y . is not sufficicnt to promote irreversible platelet adhesion. To achieve imeversible
cymfPs activation and  stable adhesion, co-stimulation through P2Y,> is nccessary,
suggesting that G; signalling is required [or stabilising integrin oyfs activity. Consistent
with this hypothesis, a key {inding of the 1CC studies was that the communication of the
calcium signal (ICC) between adjacent platetets is mediated by a co-operative signalling
mechanism involving integrin o3y and the P2Yy receptor, The important role for the

P2Y s receptor in integrin cypfs activation s also consistent with the anti-thrombotic
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clfectiveness of the thicnopyridine class of ADP receptor antagonists, which also target the
P2Y: purincrgic receptor,

Another issuc that remains unresoived 1s the mechanisms that underlie the
ditferences in reactivity between collagen and vWIL Since adhesion of platelets to vWI and
collagen is mediated by diflcrent platelet surface receptors, the activation of the initial
layer of adhcrent platelets on vW1 or collagen 1s 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 subscquent layers of adhering
platelets (Denis et al., 1998; Kuilkarni ct 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 raisc the possibility that the
level of calcium flux and the elficiency of ICC mediated by the matrix govern the extent of
platelet aggregation and thrombus growth on dilferent adhesive mairices. In light of
previous studics demonstrating an important role for ADP release in platelet aggregation
following vW{ stimulation (Chow et al.,, 1992; Cachet, 2001a; Moake et ak., 1988; Moritz
et al., 1983 Oda et al., 1995; Peterson et al., 1987), and in thrombus formation on collagen
(Folic and MclIntire, 1989: Remijn ct al., 2002: Turner ct al,, 2001; Wagner and Hubbell,
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 ot achieving high local concentrations of excitatory signals at sites ol
aggregate formation which subsequently promotes the propagation of platelet calcium
signals (1CC) and sustained integrin oywlls activation. A likely cxplanation for the
discrepancy between vWI and collagen is that, GPI/V/IX and oygf3; engagement of vV
may promote low levels of ADP release tn the immediate vicinity of platclet-platelel

adhesion contacts. Activation of a Gj-signalling mechanism, mediated by low levels of
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released ADP, may then act to stabilise cy{3; activation and promoie stationary adhesion
formation on vWI{. On the other hand, given that collagen s i more polent thrombogenic
matrix than vW{, collagen binding to platelet o, and GP VI may promote greater release
of ADP in a localised area of plaelet activation. Therelore, platelets tethering to -
granule-released vWT, expressed on the surface of collagen induced thrombi (Kulkarni ¢t
al, 2000), would also be subiccted to the activating cffects of large local ADP
concentrations. This promotes more pronounced calcium spikes and hence a more
pronounced ICC response, greater integrin Oypf3; 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 oymfs), and the collagen receptors
((XgB] and GP Vl).

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 platclets remains unknown,
However, given the central role of calcium “n platelet activation in response to all
physiological agonists, elucidation of the key mechanisms regulating intercellutar calcium

communication could provide new approuches to regulate the reactivity ol piatelets i vivo.



APPENDICES

.




APPENDICIES.

APPENDIX A: MATERIALS.

Chemicals Source

Acctic acid, glacial BDH Chemicals
Acrylamide Bio-Rad, U.S.A.

Adcnosine diphosphate (ADP) Sigma Chemical Co., U.S.A
Ammonium persulphate BDH Chemical, Australia
B-alanine Stgma Chemical Co., US.A.
B-mercaptoethanol Sigma Chemicai Co., U.S.A.
Bis-acrylamide Bio-Rad, LLS.A.

Bovine serum albumin (BSA) Sigma Chemical Co., U.S.A.
Bromophenol blue Sigma Chemical Co., U.S.A.
Calcium chioride (CaCla) Ajux Chemicals, Australia
Ciuic acid Sigma Chemical Co., U.S.A.
Coomassic Brilliant Blue Sigma Chemical Co., US.A.
Dimethyl sulphoxide (DMSO) BDH Chemicals, Australia
di-potassium hydrogen orthophosphate BDH Chemicals, Austratia
(K2HHPOy)

di-sodium hydrogen orthophosphate Ajax Chcmi;:uls, Australia
(NaHPOy)

DM-BAPTA, AM Molecular Probes, U.S.A.
EDTA Ajax Chemicals, Australia E
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EGTA

Ethanol

Formaldehyde

Glucose

Glutaraldehyde

Glycerol

Glycine

HEPES

Hydrochloric acid (HCH)
lonophore A23187
Magnesium chloride (MgCla)
Methanol

Permafluor

Potassium chloride (KCH
Ristocetin

Separarose CL-6B

Sodium chioride (NaCl

Sucrose

TEMED
Thapsigargin
Tris

Trisodium citrate
Triton X-100

Tween-20

Sodium dodecy! suiphate (SDS)

Signuit Chemical Co., US.A.
BDH Chemicals, Australia
BDH Chemicals, Australia
BDH Chemicals, Australia
Sigma Chemical Co., U.S.A.
BDH Chemicals, Australia
BDH Chemicals, Austratia
Sigma Chemical Co., U.S.A.
Ajax Chemicals, Australia
Sigma Chemical Co., U.S.A.
BDH Chemicals, Austraiia
Ajax Chemicals, Australia
Immunotech, France

Ajax Chemicals, Australia
Murex, Australia

Amrad Pharmacia, U.S. A,
Ajax Chemicals, Austraiia
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 Chemicels.  ustralia




Adhesive matrix proteins Source

Type I Collagen (Equine Tendon) Sigma Chemical Co., US.A.

Soluble agonists Source

ADP Sigma Chemical Co., U.S.A.
lonophore A23187 Sigma Chemical Co., U.S.A.

PMA (phorbol 12-myrnistate 13-acetale) Sigma Chemical Co., U.S.A.
Thrombin Park Davis Co., U.S.A.

Inhibitors Source

Aggrastat Metcke Sharpe & Dohme, U.S.A.
ALLN (Calpain inhibitor 1) Calbiochem, U.S.A.

Apyrase Donated by Dr. Jean-Piere Cazenave,

INSERM, France

AR-C6993 IMX

AstraZeneca, England

A3PSPS Sigma Chemical Co., U.S.A.
Benzamidine Sigma Chemucal Co., US.A.

Phenylmethylsulphonyl fluoride (PMSF)

ReVasc (Hirudin)

Theophylline

Sigma Chemical Co., US.A.
Rhdne-Poulenc, Australia

Sigma Chemical Co., U.S.A.




Antibodies
Anti-am,B;‘ PAC-{
Ami-aung. c¢7E3 Fab

Anti-GP lbor mAb, WM23

Aunti-mouse 1gG, FITC-conjugated

Flaorescent dyes
DiOC
Fura Red, AM

Oregon Green 488 BAPTA-I, AM

Protein assay kits

Bto-Rad Protein assay kit

Materials
Coverslips

Microcapillary tubes

Soeurce

Becton Dickinson, Australia

El-Lily, U.S.A.

Donated by Prof. Michael Berndt,
Baker Medical Rescuarch  Institute,
Australia

Silenus Laboratorics, Australia

Source
Molecular Probes, US.A.
Molecular Probes, US.A.

Molecular Probes, U.S.A.

source

Bio-Rad, U.S.A.

Source
Pomy Scientific, Australia

Vitro Dynamics, U.S.A.
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APPENDIX B: EQUIPMENT

Havdware

Amicon concentrator

Conductivity meter (CDM-80)

Confocal microscope TCS-SP

Dual temperature slab gel dryer (1123B)

Flow cvtometer (FACScalibur)

Four channel automated platelet aggregation
analyser

Gilson pipettes

Harvard syringe pump

ISCO retriever I fraction collecior

Labofuge Gi. centrifuge

MCID™ (microcomputer Imaging Device)
Microcentrifuge, Hermle Z233M

Microscope, Leica DMIRBE

Mini pretcan H electrophoresis cell

Nutator

pH meter (D-24)

Spectrophotometer (DU 530)

Tissue Homogenizer (with cutting blade fitting)
Ultracentrifuge L.8-80

Video Monitor

Source

Amicon, U.S.A.
Radiome:er A/S, Denmark
Leica, Germany
Bio-Rad, US.A.

Becton Dickenson, U.S A,

Kyoto Daiichi, Japan

Gilson, France

Harvard Apparatus, U.S.A.
ISCO Inc., U.S.A.

Heracus, Germany

Bertold, Australta

Medos Co. Piy. Lid., Australia
Leica, Germany

Bio-Rad, U.S.A.

Proscience, U.S.A.

Horiba Co., J apan

Beckman Instruments, U.S A,
ProScience, Australia
Beckman Instruments, U.S.A.

Sony, Australia

= ﬂ.. e e e e s




Video recorder

Analytical software packages

Leica TCS-NT

MCID™ (MicroComputer Imaging Device)
Voxblast

Image Tool

Panasontc, Australia

Source

Leica, Germany

Bertold, Australia

VayTek, lowa, U.S.A

UTHSCSA, University of Texas, San

Antonto, U.S.A.
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