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RATIONALE AND OBJECTIVES

The recruitment ofplatelets into aggregates is central to both hemostasis and

thrombosis, with adhesive ligands such as von Willebrand factor and fibrinogen

implicated in bath processes. The raIe of the important adhesive ligand von Willebrand

factor in platelet aggregation, has previously been studied mostly at pathologically high

shear rates in the absence of chemical modulators, or using maximally activated platelets

at more physiological shear rates. However, different agonists and concentrations are

expected ta variably drive platelet activation responses thereby modi:fying availability of

surface expressed secreted proteins as weIl as receptor numbers and conformations for

piatelet aggregatioIL Therefore, in this study, we examined the role ofvon Willebrand

factor in mediating shear-associated aggregation ofpiatelets at physiologically relevant

shear rates and under varying agonist conditions representative of normal physiology or

pathology. The participation ofadditional adhesive ligands is also addressed.
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ABSTRACT

Von Wtllebrand factor (vWF) is a large multimeric protein found in plasma,

intracellular stores ofplatelets and endothelial cells, as weil as in the extracellular matrix.

VWF bas been implicated in venous and arterial thrombosis. Its importance in the primary

adhesion ofplatelets at sites ofvascular injury, and for platelet aggregation atvery highshear

rates was clearly demonstrated by other investigators. We have investigated the role ofvWF

in the recruitment ofplatelets activated with low concentrations ofagonist, such as may he

found with partial ADP secretion or thrombin generation in vivo, at physiologie shear rates

(G) ranging from 100 - 2000 S-I.

In the presence ofristocetin, soluble vWF bound to the glycoprotein lb receptor (GPIb)'

and mediated shear-associated aggregation independently of the glycoprotein lIb-ma

receptor (GPIIb-ma), with very few vWF monomer equivalents required to achieve high

capture efficiencies (ao; reflecting initial rates of aggregation). Activation of washed

platelets in the absence of soluble ligands, with low concentrations of the physiologie

agonists, ADP or thrombin, resulted in good aggregation. Participation by GPIb was shear­

rate dependen4 with the extent ofcontribution further varying with activation conditions.

Inhibition ofvWF-GPIb interactions in ADP and thrombin-induced aggregation, caused 25

and 50 % inhibition ofao at G = 300 and 1000 S-I respectively. ao's were similar for both

agonists, and showed an absolute dependence on activated GPIIb-illa in each case. Further

investigations using thrombin versus ADP as activator, however, revealed differences in

participation by other surface-expressed ligands, in particular Fg. Thus, antibodies against
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TSP and Fg inhibited aggregation differentially, depending on shear rate and agonist

activating conditions. Removal of catalytically-active thrombin from its receptors by

antagonists himdinandPPACKat ~1minute fol1owing activation, allowednormal secretion

to occur from a-granules (monitored using P-selectin). However, the thrombin antagonists

significantly decreased bath platelet aggregation and surface-expression ofvWF and TSP

for platelets activated at low (0.05 U/ml), but not intermediate (0.2 U/ml) thrombin

concentrations. In conclusion, all our studies demonstrated a consistently important cross­

bridging role for vWF, but multi-ligand, multi-receptor participation was required for

optimal shear-associated aggregation ofplatelet suspensions activated at very lowagonist

concentrations.
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RESUME

Le facteur von Willebrand (vWF) est une protéine multimérique présente dans le

plasma et la matrice extracellulaire, et stoquée par les plaquettes et les cellules endothéliales.

li est impliqué dans les thromboses veineuses et artérielles. Son rôle majeur dans l'adhésion

primaire des plaquettes aux sites de lésions vasculaires, ainsi que dans l'agrégation des

plaquettes à taux de cisaillement très élevés a été clairement démontré. Nous nous sommes

intéressés à son rôle dans le recrutement des plaquettes faiblement activées, comme c'est le

cas in vivo, avant la libération (ADP) ou la génération (thrombine) maximale d'agonistes, à

des taux de cisaillement physiologiques (G = l 00-2000 S~I) •

En présence de ristocétine, le vWf soluble se lie à la glycoprotéine lb (GPIb) et

supporte l'agrégation des plaquettes en flux, indépendamment de la glycoprotéine lIb-ma

(GPIIb-ma). A peine quelques molécules de vWfsontnécessaire pour atteindre une efficacité

de capture (no) élevée (an reflète le taux initial d'agrégation). En l'absence de ligand soluble,

de faibles concentrations d'agonistes physiologiques (ADP ou thrombine) induisent une

bonne agrégation des plaquettes lavées. La participation de GPIb est dépendante du taux de

cisaillement et des conditions d'activation. Lorsque l'agrégation est induite par l'ADP ou la

thrombine, l'inhibition de l'axe vWf-GPIb entraîne une baisse de no de 25 et 50% pour des

taux de cisaillement de 300 et 1000 S-I respectivement. Les CIo sont similaires pour les deux

agonistes, et la GPIIb-ma activée est indispensable dans chaque cas. Des études

supplémentaires en utilisant la thrombine versus l'ADP, ont cependant démontré des

différences dans la participation d'autres ligands exprimés à la surface des plaquettes, en
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particulier le fibrinogène. L'utilisation d'antagonistes comme l'hirudine et le PPACK pour

décrocher la thrombine catalytiquement active de son récepteur, à ~ 1 minute d'activation,

n'inhibe pas la sécrétion normale des granules "a,"(verifiée par la détection de P-séléctine à

la surface des plaquettes). Cependant, ils entrainent une baisse significative de l'agrégation

plaquettaire, ainsi qu'une diminution de l'expression du vWfet de la TSP à la surface des

plaquettes, à des concentrations basses (0.05 U/ml), mais pas intermédiaires (0.2 U/ml) d~

thrombine. En conclusion, dans toutes nos études, nous avons trouvé un rôle important pour

le vWf, mais la participation de plusieurs ligands et récepteurs était requise pour optimiser

l'agrégation de plaquettes en suspension, à des concentrations très basses d'agonistes.
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PREFACE

1have chosen to write this thesis in the manuscript style. As sucb, 1have reproduced the

following paragraphs, as required by the FacultyofGraduate Studies and Research for thesis

preparation.

Candidates have the option of including, as part ofthe thesis, the text ofone or more

papers submitted or to be submitted for publication, or the clearly duplicated text ofone or

more published papers. These texts must he bound as an integraj part ofthe thesis.

If this option is chosen, connecting texts that provide logjcal bridges between the

different papers are mandatory. The thesis must he written in such a way that it is more than

a Mere collection of manuscripts; in other words, results of a series of papers must he

integrated.

The thesis must still confonn. to all other requirements of the "Guidelines for Thesis

Preparation". The thesis must include: A Table ofContents, anabstract inEnglish and French,

an introduction which clearly states the rationale and objectives ofthe study, a review ofthe

literature, a final conclusion and summary, and a thorough bibliography or reference list.

Additional material must be provided where appropriate Ce.g. in appendices) and in

sufficient detail to allow a clear and precise judgement to be made of the importance and

originality ofthe research reported in the thesis.

In the case of manuscripts co-authored by the candidate and others, the candidate is

required to make an explicit statement in the thesis as ta who contributed ta such work and

to what extent. Supervisors must attest to the accuracy ofsuch statements at the doctoral oral
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defense. Since the task of the examiners is made more difficult in these cases, it is in the

candidate's interest to make perfectly clear the responsibilities of aIl authors of the co­

authored papers.

Coopter 2. This work bas beenpublished: "Frojmovic MM, Kasirer-Friede A, Goldsmith

HL, Brown EA. Surface-Secreted von Willebrand Factor Mediates aggregation of ADP­

activated platelets atmoderate shear stress: facilitated by GPIb but controlled by GPITb-ma".

Thromb Haemost 1997; 77: 568-76. My contribution to this work was consistedofa series

of experiments examining the role of glycoprotein receptors GPIb and GPITb-IIIa under

uniform laminar shear f10w in the microcouette. l aIso contributed to discussions pertaining

to the work, and which were incorporated into the manuscript. Drs. Frojmovic (my

supervisor) and Goldsmith directed the research, while Elizabeth Brown was the technician

for Dr. Frojmovic's labo

Chapter 3. This work has been pllblished: "Kasirer-Friede A, Frojmovic M.M..

Ristocetin- andthrombin-induced plateletaggregationatphysiological shearrates: differential

roles for GPIb and GPIIb-ffia receptor." Thromb Haemost 1998; 80: 428-36. l did ail the

experimental work for this paper; Dr. Frojmovic supervised the research.

Coopter 4. This work has beenpublished: "Kasirer-Friede A, Legrand C, Frojmovic MM:

Thrombin receptor occupancy modulates aggregation efficiency and platelet surface

expression ofvon WI1lebrand factor and thrombospondin, at low thrombin concentrations."

Thromb Haemost, 1999; 81: 967-75. l did all the experimental work. Dr. Frojmovic

supervised the research, while Dr. Legrand is a collaborator from Unité 353 INSERM, in

Paris, France.
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Chapter 5. This work bas been submitted for publication: ft Kasirer-Friede A, Legrand

C, Frojmovic MM:. Complementary Roles for Fibrinogen, ThromboSPQndin and von

Wùlebrand Factor in Mediating Aggregation ofPlatelets Stimulated at Threshold Thrombm

Concentrations, in Flow". Submitted to Arteriosclerosis Thrombosis and Vascular Biology,

May 1999. 1did aIl the experimental work. Dr. Frojmovic supervised the research, while Dr.

Legrand is a collaborator from Unité 353 INSERM, Paris,France.

The references are numbered in the order oftheir appearance, and are listed separately

in each chapter.
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1. HEMOSTASIS AND THROMBOSIS

Blood circulates within, but under normal circumstances does not interact with, a high­

pressure complex network ofvessels lined with intact endothelium. It is comprised ofthree

types of blood cells, present at different concentrations: red blood cells (RBC) at 4-6 x

I06/J.11, leukocytes (WBC) at4-10 x lü3/J.11, andplatele15 (2-4 x IOs/J.1I), suspendedinafluid

called plasma. Plasma is composed of approximately 93 % water, various sal15, fats, and

proteins including those involved in mediating cell-wall (adhesion) and cell-cell

(aggregation) interactions, as well as unactivated coagulation factors of the hemostatic

clotting cascade. Upon vascular or cellular damage, there is vasoconstriction of vessels,

platelet plug formation, and the sequential activation of a series of coagulation factors

culminating in the formationofthrombin, whichcleaves fibrinogen (Fg) to yield ameshwork

ofinsoluble protein, fibrin.

The reguIation ofthe activation state ofcellular receptors and hemostatic precursors

allowing participation inahemostatic mechanism which is "hair-spring"-triggered, requires

an exquisitely balanced system to safe-guard against accidentai release of pro-coagulant

cascades (cellular and chemical), but to nevertheless provide adequate protection against

hemorrhage, upon challenge by vas~ular injury. Platelets play a crucial role in thrombus

formation in normal hemostasis (arrest ofbleeding) and in pathology (thrombosis). Micro­

environmental variations in physical detenninan15 (flow regime) and soluble chemical

Mediators May modify numbers and sizes of aggregates. Thus, upon vascular injury,

exposure ofsubendotheliallayers, rich incollagen and in adhesive proteins von Willebrand

factor (vWF) and thrombospondin(TSP) initiate the adhesion ofa primary layerofplatele15

2



• to subendothelial matrix (Fig. 1-1), highly dependent upon vWF and platelet GPIb. Platelets

then become activated l, locally releasing granule contents including agonists (ADP) and

adhesive ligands (VWF, Fg and TSP) 2. Negatively-charged phospholipids become exposed

onplatelet surfaces, and catalyze anexplosiveproductionoftbrombinfor furtherrecruitment

ofplatelets into aggregates and for fibrin generation 3.

1HEMOSTASIS 1 1THROIIBOSIS 1
PLATB.RT_~

-­.- ••---
~
RUPTURED PLAQUE

•

Fig. 1-1. Platelet aggregation is centrai to both bemostasis and thrombosis. Platelet plug
fonnation at sites ofvascular injury May be initiated by exposure ofsubendotheliai matrix (SEM),
while the remaining atheromatous material following breakage and removal ofthe fibrous cap ofan
atherosclerotic plaque, can aIso promote thrombus formation.

Thrombus formation at undesired locations in the arterial tree can lead to angina and

myocardial infarction, with cardiovascular disease being one ofthe major causes ofdeath in

3
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developed countries. In arteriaI thrombosis, plaques develop slowly over a period ofyears,

with cyclic episodes ofplaque rupture and rapid platelet aggregation (white thrombus)4, as

weIl as intra-thrombus thrombin generations. Thrombi in the venous circulation, while

consisting primarily ofred blood cells and fibrin (red thrombus), can lead to the entrapment

of platelets as well6
• VWF and Fg have been implicated in both venous and arterial

thrombosis7
•
8

, while TSP levels are elevated in the thickened intima in human vascular

disease9•

2. VASCULAR WALL la

Vessel walls are generally composed of three layers, or tunicae, and are called the

intima, the media and the adventitia (TH). The innermost layer is the intima and consists"of

a continuous endothelial cell monolayer and the subendothelial connective tissue, and is

bounded by the internal elastic lamina. The subendothelial layer May contain collagens,

elastin, fibronectin, larninin, microfibrils, proteoglycans, TSP, VN, and vWF, with the

SPecific proteins expressedvarying with the vascularbedIl. The major cell type is the smooth

muscle cell. This layer is important in atherosclerosis since lipid accumulation is targeted

primarily to this vessellayer. The tunicamedia consists oflayers ofsmooth muscle cells, and

is separated from the adventitia by the external elastic lamina. The adventitia is made up of

fibroblasts, small vessels and nerves, and connects the vessel wall to the surrounding

connective tissue sheath. Endothelial cells serve as a selective semi-permeable barrier

between tissues and blood. There are about 1013 cells which line 7 m2 ofvessel surfacel2
,

with the greatest surface area attributable to capillaries.
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There are several self-protective mechanisms which can downregulate pro-coagulant

processes. Endothelial cells (Ee) produce the potent vasodilators nitric oxide (NO =EDRF)

and prostacyclin, which can bath inhibit platelet activatio~ as weil as components of the

fibrinolytic systemIl. Anti-thrombin m in combination with heparan sulfate, found along

vessel walls, caninactivate locally fonned thrombin13. Endothelial cellsMayhoweverbepro­

coagulant when activated. Thus, upregulation ofendothelial selecting and cellular adhesion

molecules May promote the adhesion ofplatelets and leukocytes.

2. 1. Collagen 14

The collagens are a physiologically important group ofproteins which can serve as a

template for platelet adhesion and as platelet agonists. They can be subdivided into fibrillar

and nonfibrillar structures, and cao he further subdivided into severa! subtypes. The basic

structural unit ofa collagen fiher (tropocollagen) is that ofa heterotrimer composed oftwo

identical chains termed a 1(1) and a third chain called a2(I). Individual chains are called a­

chains, and are numbered in arabic numerals. These are organized 1..'1to a triple helical

conformation (important for function), and intertwine to form a coiled-coil1s
• AlI alpha

chains have repeating Gly-X-Y sequences, but differ in the exact amino acids and chain

length. There are nineteen different types ofcollagen. Collagens Types 1, II ,ill, V, XI form

fibrils l6
, with. Types l, mand V being the most prevalent ofvessel wall collagens. Types IV,

VIII and X form sheetsl7
, and there are other heterogenous groups. The ratio of collagen

types in normal versus atherosclerotic vessel wall is differentl8• Collagen type may

additionally he correlated with subcellular localization14, thereby modulating reactivity

depending on severity of injury. Interstitial, or fibrillar collagens Types 1 and ID are found

5



•

•

in the media! layers of the aorta and are characterized by continuous and rninirnally

interrupted triple helices. They form insoluble fibers with high tensile strength. There are

non-collagenous parts of fibrillar collagen molecules with high homology to adhesive

proteins Iike TSP 19. Collagen Type VI forms microfibrills20,21. It is found in the

subendothelium immediately beneath the EC layer, and co-Iocalized with vWF 22. Collagen

Type VI bas a short triple helical domain, with very large amino and carboxyl-terminus

domains, and bas been modeled as a flexible anchor between collagen fibers 23. There are Il

RGD sequences and severa! repeats with homologyto vWF A domain andto type III repeats

offibronectin (FN)19.

2.1.1. Platelei-CoUagen Interactions

Invitro, platelets adhere to collagen coated surfaces, and form. aggregates. Alternatively,

collagen may induce platelet aggregation in a stirred suspension, withprocesses required for

adhesion versus activation of platelets heing distinct. Several lines of evidence have

suggested that there is more than one receptor for collagen on platelets, with the candidates

being: a Z61 (GPlalGPlla; VLA2), GPIV (CD 36), and GP VI. Platelet adhesion to collagens

types 1, III, IV and VI, using the blood ofa patient lacking the a2 suhunit, is greatly reduced

compared to adhesion from normal patients' blood 24. Similarly, the complete inhibition of

plateletadhesionto collagens Types 1-VIII causedbya monoclonal antibody directedagainst

the a z subunit, under flow conditions, indicates that a26} is the principal integrin required for

adhesion2S
• This adhesion is Mg2+ dependent26• GPIV, although first thought to he important,

was later shown to he of minor consequenceZ7
• GP VI, aIthough not required for platelet
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adhesion, appears to he necessary for the second, activation phase:J and essential for

subsequent platelet aggregation28• The adhesive molecules FN and vWF May also mediate

collagen platelet interactions:J by acting as bridging molecules:J whereby they MaY attach to

collagen in the vessel wall:J as well as to their respective platelet receptors29
•

There are severa! studies which have been conducted with synthetic peptides in order

to identify highly specific reactive sequences. However, it was determined that structural

considerations were most important. CoUagen-related peptides (CRP:Js), composed simply

ofa repeat Gly-Pro-Hyp sequence (Hyp = hydroxyproline; characteristic ofcollagens and

occurring with low frequency in other proteins), can sPOntaneously assume a triple helical

structure. These peptides can "POlymerize" insolutionwhencross-linkedbygluteraldehyde,

and are highly reactive30• By association with GPVI, they May Mediate platelet adhesion and

activation in a Mg2+-independent manner, determined by observation of increases in

intracellular calcium, and phosphotidyl serine exposure on platelet surfaces26
•

2.1.2. Platelet CoUagen Interactions under Flow:

Adhesion ofplatelets can occur on either monomeric or fibrillar collagen under flow3l.

However, fibrillar (polymerized) collagen is more effective than the monomerie forro for

indueing platelet aggregation 26. Collagen-related peptides, ean support platelet adhesion

under statie conditions on monomeric oreross-linked (polymerie; CRP-XL) CRP's , butare

unable to support platelet adhesion under flow to CRP's in either fonn, suggesting that

additional epitopes are required for providing resistance to shear stress31
• Platelet adhesion

to fibrillar collagen increases with shear rate, up to G ~3000 S-l 32, and requires vWF and

platelet GPIb. Adhesion to collagen Type VI bas been reported to occur at shear rates ~G=
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300 S-I 2S, although there is one report suggesting that this interaction can also occur at G as

high as 2000 S-I 33. The ability of monomeric CRP's to minjmally activate platelets in

solution34, yet nevertheless antagonize platelet activation induced by eRP-XL or collagen

fibers, and to support platelet adhesion under static conditions when immobilized, suggests

that multivalency may he an additional requirement for platelet activation by CRP's.

3. SHEAR & FLOW 35,36

3.1.. Shear and blood circulation

Blood tlowing through the vessels can he modeled by Poiseuille tlow. Due to frictional

forces between the vessel wall and the layer ofblood immediately adjacent to the wall, there

is a no slip condition at the boundary between the two (i.e. velocity = 0). ConsequentIy, there

is a series of laminar fluid layers travelling with a parabolic gradient of tluid velocities,

generating a shearing stress, with fluid at the center of the tube travelling with maximal

velocity. The shear rates (G) will then vary with radial distance from the tube center (r), with

maximal shear rates occurring at the vessel wall, such that: G(r) = 4 Q r / 1t R4
, where Q =

volume flow rate, and R = tube radius. Table 2-1 shows the variation in average wall shear

rate as one proceeds through the vasculature. However, convective transport will convey

cellular or chemical material along streamlines parallel to the endothelial wall, and diffusion

is required for substances to reach the surface. Hemodynamic pressure gradients drive bulk

flow, but concentration gradients drive diffusion. Fluid layers layers in the vicinity of the

wall may he enriched with platelets and leukocytes at higher G as a result ofred blood cell
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collisions enhancing the radial dispersion ofplatelets and increasing the platelet diffusion

coefficient (D). This, together, with the reduced fluid velocities in this layer, likely

encourages platelet-endothelial interactions.

Table 1. Mean Wall Shear Rates Encountered in the Human Circulation

VESSEL MEAN WALL SHEAR RATE REFERENCE

(S-l)

Ascending aorta 245 - 870 37

Femoral artery 300 38

Common carotid 200-400 36,39

Small arterles 1335 36

Arterioles 1600 36

Capillaries 265-2000 36

Veins 20-200 40

Stenotic vessels 800 - 10,000 40

Flow is a very important regulator of events within the vasculature. Regional

differences in fluid velocity (and hence shear rate) will regulate the kinetics ofplateletarrivaI

at the endotheliaI surface. However, the reactivity ofplatelet with the wall will depend on

changes in the homeostability ofendothelium, where de-endothelialization can provide de­

novo molecules. Activation ofendothelial cells, will up-regulate the affinity or the numbers

9
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of constitutively expressed molecules, upon which the adhesive potential of platelets is

greatly enhanced. Nevertheless, bond formation between travelling platelets and stationary

endothelial Molecules will depend initiallyonthe kinetics ofplateletarrivai, thenon intrinsic

biomechanical properties between reactants which determine contact times required for

proper molecular orientation for bond formation. Any reactive molecule on a platelet must

reach past the layer of tluid molecules which must be displaced betWeen it and the

endothelium, and must overcome repuIsive forces generated by the negatively charged outer

cellular layers. Thus, strategies adapted by ceUs towards this end, include the concentration

ofL-selectin (LECAM-l) on tips of microvilli41 , and the formation ofpseudopods upon

platelet activation. Variations in sbear rate will also modify the local kinetics ofconvective

transport, thereby increasing frequencies of collision between ceUs and vessel wall, or

between two ceUs. Interaction between the two, however, will further depend on their

activation state. Convective transport aIso serves to dilute out locally generated or secreted

vasoactive substances.

For a Newtonian tluid, there is a linear relationship between the shear rate and the shear

stress (cr) on a partic1e, sucb that cr = llG , where 'Il is the tluid viscosity, representing

intermolecular cohesion forces (fluid friction) which must he overcome for fluid motion.

Blood can only be considered a Newtonian fluid for G ~ 100 S -1 , since blood viscosity can

greatly increase at very low G42 due to the formation oflinear and branched rouleaux ofred

ceUs.

The relative importance of inertial versus frlctional forces can be determined by

calculating the dimensionless Reynolds number, Re, where Re = 2 RU p / 11 . Thus, in small

10



•

•

•

vessels such as arterioles, Re numbers are low and viscous forces are most important,

whereas in larger vessels where there are higher fluid velocities and Re numbers, inertial

effects pre-dominate: At critical Re numbers (approximately 2300), the laminar fluid

streamlines break down, and turbulent flow results.

3.2. Consequences ofvessel geometry

There are several branch points (bifurcations), or regions ofsudden expansion, which

occur in the vasculature. For high bifurcation angles, or relatively large changes in the ratio

ofcross-sectional area ofvessels, a= 1t(R1 2 + R2 2)/1t Ro 2, (with a in the circulation usually

< 1.3), regional flow separations and recirculation zones May occur. For instance, in the

internaI carotidbifurcation43
, at a suddenexpansion, fluid will suddenly decelerate. Although

fluid travelling at the center ofthe tube May have sufficient inertia to continue flowing, fluid

near the vessel wall will not have enough energy to overcome the adverse pressure gradient,

and will reverse and form re-circulation zones and vortices. Thus, cells will remain trapped

in these regions, with single cells or small aggregates eventually reaching a re-attachment

point and reentering the circulation. Studies have shown, that although there is minimal

cellularadhesion at the re-attachment points themselves44
•
4s

, likely due to decreased delivery

ofcells, there is maximal adhesion immediately prior to or after this point. There May also

be rouleaux formation near separation and re-attachment points due to the lower shear rates

in the recirculation zones.

3.3 Pathological Consequences ofShearVariations

There have been correlations shown between vessel regions prone to atherosclerosis

and to areas where sudden changes in vessel geometry occur, resulting in low flow regions
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atbifurcations orsudden expansions, where secondary flowpatterns may occuras described

above. Such vessels include the human carotid arteryt3, and aortic T-junctions. Thus, it is

expected that there is reduced efilux ofsmall amounts ofcellular agonists, normally diluted

out by flow. The question however remains, as to whether fluid stasis in these areas is the

causative agent for atherosclerosis generation or secondary to it. Komet et al39 ,have shown

that a low wall shear rate near bifurcations May he associated with larger intima-media

thickness. Increased vascular permeability May be aIso be induced by cholesterol oxidation

products, resulting in increased cholesterollevels in the aorta, despite plasma levels within

the normal range46• High shear rates may induce increased permeability as weIl, through

perhaps different mechanisms. Experiments by Fry et aI47
, have demonstrated increased

endothelial cell swelling and deformation leading to increases in albumin permeability, in

areas subjected to high shear stresses. Stein et al48
, have demonstrated a lack ofturbulence

at the bifurcation of the abdominal aorta and common iliac arterles, using a hot-film

velocimeter, suggesting that turbulence \vas not a primary cause of atherosclerosis

generation, but rather that turbulence May increase further thrombus growth. Nevertheless,

atherosclerotic regions May bulge into vessels, creating stenoses. Thus there are severa!

consequences: 1) cells passing through stenotic regions are exposed to extremely high shear

rates for very brief perlods of time, which may activate platelets49
; 2) there are new re­

circulation zones created immediately downstream ofthe stenoses; and 3) stresses exerted

by fluid flowing past a thrombus May cause thrombus fragmentation (embolism), whichMay

cause plugging ofa smaller vesse!.
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3.4. Cellular effects of high shear

At shear stresses between 1 - 10 dynes/cm2
, there are counter-coagulant endothelial

cell protective mechanisms which are activated50• Endothelial cells can align with the flow

at high shear rates, thereby reducing tensile stress on cells. Shear bas been shown to activate

Ca2+, and K+ channels in endothelial cells, or integrins, which may act as

mechanotransducers, resulting in up regulation ofatheroprotective mechanisms, ego tissue­

plasminogenactivator Ct-PAS1), nitric oxide (NOS2), orpro-coagulantadhesive ligand vWF53•

High shear stresses however, appear to have a pro-coagulanteffect on platelets. Brown et al54

have shown that platelets sheared at G = 5000 S-I, may release some stored ADP, which can

locallyactivate platelets, or platelets may fragment at still higher G. Shear rates upwards of

G = 6000 S-I can also induce platelet aggregationss•

3.5. Experimental investigation of shear effects

Severa! devices have been used to study the effects ofshear on cellular interactions

with the vessel wall (adhesion), or with each other Caggregation). Parallel plate perfusion

chambers have been developed where either whole blood, or suspensions of platelets or

leukocytes suspended in buffer or plasma can be perfused over slides coated with everted

aortas, SEM or purified adhesive substancesS6
• The rate and extent of adhesion can be

determined by microscopy or by morphometric analysis. The narrow chamber width yields

a relatively constant laminar wall shear rate for a given rate ofPerfusion, where G = duldy,

where u = velocity. Other devices used to examine cellular aggregation include the

aggregometer, the cone and plate viscometer, the couette (Fig. 1-2) and a tube flow device.
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Figure 1-2. Microcouette. A microcouette composed of two concentric plexi-glass cylinders of
respective diameters of 10.0 mm (i.d.) and 11.0 mm (o.d.) with a gap width h = 0.5 mm. The inner
cylinder, driven by a high precision step motor, rotates at a desired angular velocity, with respect to

the stationary outer cylinder, to yield a simple shear flow in the space between the concentric
cylinders (frOID Xia et al, Biophys J 1994; 66: 2190-201, with permission).

Aggregometers coupled to a light transmission detection system were traditionally used to

investigate cell aggregation in flow. However, tlow dynamics May he turbulent and diffieult

to define , with shear rates generated estimated to ~ 100 5-1• Both the couette and the eone-

and-plate viseometer cao generate uniform laminar shear tlow, at shear rates in the

physiologie and pathologie ranges. Tube flow devices May be used to generate Poiseuille

tlow, as described previously, withG inthe physiologie range. Forthe experiments presented

here, we have used a microeouette device eonsisting oftwo concentric eylinders. The outer
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cylinder is maintained stationary, while the inner one is rotated at a frequency ID, and G =

O)r~ for h«r, where r = radius of the inner cylinder and h = the gap width between the

cylinders. Experimentally, the Percent aggregation (% PA) ofhomotypic cells in suspension

cao he estimated by determining the decrease in platelet number with time, i.e. % PA = ( 1 ­

Nt / No ) x 100 % at a gÏven time point, t, where Nt = number ofceUs remaining at t, and No

is the initial number of cells. A theoretical formulation of the frequency of a particle

colliding with a second particle to form a doublet may be derived using Smoluchowski's

equations for the collision frequency ofa dilute suspension ofrigÏd spheres ofradius a, i.e.

the two-body collision frequency Per unit volume ofsuspension is gÏven by (CF) = 16/3 G

a3 No 57. This can he compared to the experimentally determined initial particle aggregation

for very early times when ooly doublets and a few multiplets are formed, and used to

calculate the capture efficiency, Ua , such that UG = dPA/dt / CFs8
•

4. VON WILLEBRAND FACTOR

4.1. Synthesis and binding epitopes

von Willebrand factor (vWF) is a very large glycoprotein present in plasma at

concentrations of5 - 15 - ,ug/ml. It circulates as a series ofvariably lengilied multimers, with

molecular weights ranging between 500 and 20,000 kDa59
• Each multimer consists of

repeating subunits of approximately 240,000 Da VWF is synthesized by megakaryocytes

(platelet pre-cursors)6O and by endothelial cells61, where there is bipolar secretion either into

the subendothelium.to associate with microfibrillar structures (collagen Type VJ22), or into

the vessellumen upon platelet activation63
• The gene for vWF is on chromosome 12 64, and
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contains 52 exons over 178 kilobases6S
• The mRNA traDscript is translated to yield a pre-pro­

vWF containing a 22-residue signal peptide, a 741-residue pro Peptide (aiso known as vWF­

Ag 11), and the mature vWF subunit of 2050 residues64•66• The signal peptide is c1eaved

before entering the Golgi and the pro-vWF dimerizes via disulphide bond formation at the

carboxyl terminus end67
• Further polymerization occurs in the Golgi and requires the

presence of the propeptide68• The propeptide is later c1eaved and vWF:AgII can be found

non-covalently associated with the mature protein in platelet alpha (a) granules.

VWF has domain organization, with 4 distinct homology domains CA - D): three A, two

B, two C and 4 D domains6S
• VWF is highly glycosylated69

, with about 18.7 % of the

molecular weight attributable to carbohydrate, and is cysteine rich. Each vWF subunit

contains binding sites for platelet receptors and sub-endothelial matrix proteins (Fig.I-3).

There are two binding domains for collagen, with the principal site for binding to collagen

Type VI located in the vWF Al domain33
, while the principal binding site for collagen Type

mis located in the vWF A3 domain70
• There are aIso binding sites for heparin and sulfated

proteoglycans. vWF aIso functions as a carrier protein for clotting cascade factor VIII, by

protecting it from proteolysis by activated Protein C. VWF can bind to two platelet

glycoprotein receptors; GPIb and GPIIb-illa, depending on activation and dynamic

conditions, and will he discussed further in a later section. Much effort has gone into

characterizing interaction sites on vWF for GPIb. The binding epit0Pe appears to be

composed ofa series ofdiscontinuous regions in and about the Al domaine vWF binding to

the GPIIb-illa receptor is via an RGD site found in each vWF subunit at residues 1744-4()71.
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Figure 1-3. BiDdiDg sites OD von Willebrand factor mODomeric
subuniu. The von Willebrand factor Molecule is composed of a
varying number ofrepeating subunits. In solution, it has been shown
to exist in a mostly globular state, but it May be extended under

conditions ofhigh shearstress.This figure also illustrates the location
ofepitopes on vWF recognized by extracellular matrix proteins and

glycoprotein receptors with which it interacts.

•

4.2. von Willebrand factor structure

Barly studies visualizing the vWF molecule by electron microscopy (EM), show vWF

to he an elongated, flexible Molecule with small nodules at irregular intervals, with a length

of 50-1150 Dm and width ofapproximately 2.5 nm72• Large variations in the shape of the

vWF molecule have been observed73• Studies including data from both electron microscopy
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(representing highly processed fixed vWF) and using quasi-electric light scattering (soluble

vWF), have suggested that the predominant structure (87%) is a ,~ loosely coiled ball of

yarn", with diameter 100-150 Dm, and occasionally> 300 Dm73. This is similar to the patch­

like globular appearance ofsecreted vWF observed on the surfaces ofactivated platelets74
•

Contour lengths are usually < 500 Dm but may occasional1y be > 1000 nm. More recently,

atomic force microscopy has been used to image vWF in physiological buffer solution

adsorbed onto a hydrophobic self-assembled monolayer. The vWF Molecule was shown to

be globular, with major axis diameter of 106-149 DDl, in good agreement with electron

microscope studies above, minor axis diameter of77-81 Dm, and height of3.4-3.8 JlM'15.76.

It appeared to be composed ofoverlapping globular domains, and was thus similar to the

"baIl ofyarn" described in EM studies. Globular domains were further classified as large (L;

66 nmmajor axis diameter) or small (S; 38 nm), and were shown to alternate as L-S-LL-S-L.

The tightly wound configuration of subunits was disrupted to different extents by the

application ofshear forces ofdifferent magnitudes, with medium extension ofthe Molecule

due to forces resulting from imaging with the probe tip in contact mode (7-19 pN), and full

extension upon application ofshear forces of~35 dynes/cm2• Thus, it can be postulated that

exposure to such high shear forces may cause physiologically relevant unwLTl.ding of the

vWF Molecule.

Due to the large size of the Molecule, X-ray crystallography studies have been

conducted only on isolated recombinant Al or A3 vWF domains. These domains are part of

anA CI-domain) homology group including LFA-l, the leukocyte integrin, CR-3 , Type VI

collagen77
, and other integrins. The domain organization bas also been shown to have
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topological similarity to the Ras p-21 protein7S.The solution of the crystal structure bas

described an A-I domain with an overall cuboidal shape79, which is characterized by 5

parallel 8-strands and 1 anti.-parallel B-strand which are centrally located, and tlanked on

either side by 3 a-helices79.80• There are 6 tlat faces, including a mostly basic and a mostly

acidic one79. A salt bridge network runs around the lower rim ofthe Al domain. The AI and

A3 domains are not ex.pected to bind Metal ions, unlike a~ a A , C1z , since they lack 2-3

residues directly involvedinmetal ionco-ordination. Molecularhomologymodeling studies

ofthe Al domain, suggest that there is a creyice formed close to the point at which 8-strands

wind in opposite directions, and is ex.pected to represent an active siteS1
• lbis crevice

corresponds to the ristocetin binding site in the Al domain, and the protease cleavage site

in the A2 domain. Celikel et al80, also using X-ray crystallography, reported pairing ofAl

domain Molecules close to the crystallographic 2-fold axis of symmetry, with salt bridges

occurring between pairs of Molecules. This raises the question of how a full-size vWF

Molecule, shown to be globular, would pack in solution, and whether such salt bridges

between Al domains of neighbouring subunits could contribute towards stabilizing vWF

structure.

4.3. vWF in Pathology

4.3.1. von Willebrand Disease

Von Willebrand factor plays an important role in hemostasis, as indicated by a common

bleeding disorder :first described by Erich von Willebrand in 1926, and named von

Willebrand Disease (vWD). Patients aftlicted with vWD, inherited mostly as an autosomal
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dominant, suifer from mucocutaneous hemorrhaging and epistaxis. VWD affects 5-10 out

of 100 individuals82
• There are three principal types ofvon Willebrand disease (vWD) with

additional subtypes described. These disorders have recently been reclassified, as

surnmarized by Sadleret aI83• In Type l, the most common form, there is normal multimeric

distribution, butreducedvWF plasmaconcentration. It is difficultto establishgenetic defects

and ooly a few have been described. Type II patients have a qualitative defect of vWF

function. In Type lIA (loss offonction mutations), the large and intermediate multimers are

absent, with almost aIl mutations accounting for this subtype located in the A2 domaine This

domain contains a region normally exposed only at higher shear rates84
, and susceptible to

cleavage by a newly described plasma protease8S
• There is also a recessive form, which was

previously classified as a Type IlC. In Type IIM, also inherited as an autosomal recessive,

plasmaconcentrationand multimeric distributionare normal, but there is a qualitative defect

in vWF fimction, with mutations occurring mostly in the Al domaine Type IIB patients are

hyper-responsive to low doses ofplateletagonists (gainoffunctionmutation). They also lack

highmolecularweightmultimers, and are thrombocytopenic, presumably due to spontaneous

aggregation of the very large multimers86
• Mutations described for this vWD Type are

clustered in the Al domaine Severe vWD patients, classified as Type III, show virtually no

plasma, platelet or endothelial cell vWF. Type li vWD is generally caused by gross

chromosomalchanges such as deletioDS, nonsense mutations and frameshift mutations. Type

N vWD, or pseudo-hemophilia patients, have mutations in the :first 100 amino acids, in the

vWF region corresponding to the binding site for factor VIII.
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4.3.2. vWF in Thrombosis

Severa! studies have shown a correlation between plasma vWF concentrations and the

incidence ofvenous and arterial thrombosis1
• In fact, vWF Ievels are increased ineach ofthe

major risk factors for atherosclerosis, such as diabetes mellitus, and retinopathy87. AIso,

functional changes in vWF May he associated with certain stroke subtypes, where shear­

induced platelet aggregation (SIPA) occurs at shear rates below those at which platelets

would aggregate without extemally-added agonist88• In an animal model study, normal and

vWD pigs fed an atherogenic diet, were used to investigate the role ofvWF in adhesion and

thrombus formation in response to mild (angioplasty) and more severe (stenosis and pinch)

injury. Decreased vWF levels in vWD pigs led to a decreased resPOnse to more severe

injuries. Accordingly, occlusive obstruction of the vessel occurred only in normal pigs,

suggesting that lowered vWF levels May afford sorne protection against occlusive thrombus

formation89
• Very few studies have been conducted inhumans relating vWD and thrombotic

events. Autopsy reports on vWD patients show that although atherosclerotic regions were

formed, there were no occlusive thrombi at the time ofdeath, again implicating vWF in acute

thrombus growth90•

4.3.3. vWF in Other Disease States

Unusually large forms of vWF have been described in patients with thrombotic

thrombocytopenic purpura(ITP), a conditionwhere microthrombi are spontaneously formed

in the circulation, with clearance ofaggregates leading to decreased availability offlowing

platelets. The aetiology is suspected ta be an absence of, or inhibition by an autoantibody

against the vWF cleaving proteasess.
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4.4. Regulation ofvWF-Platelet Interactions:

Von Willebrand factor can interact with platelet glycoprotein receptors GPIb and GPIIb­

ma, but only under appropriate conditions. Under static or physiologic flow conditions,

soluble vWF cannot bind either receptor without mediation by a chemical agonist. The

antibiotic ristocetinhas beenshownto mediate binding to GPIb, where rist()oCetindimers may

bridge vWF and GPIb by charge neutralization91 • A venom derived fram the Bothrops

jararaca snake, botrocetin, cao form a complex with vWF (residues449'-728 92), thereby

allowing it to bind to the GPIb receptor. Soluble vWF binding to the activated GPIIb-ma

receptor can he mediated by the physiologic agonists ADP and thrombin93
• The physical

agonistofshear canindependently "activate" vWF and/or GPIb at shearrates ~6000S-I, with

initial binding ofvWF to GPIb, producing a calcium influx and activation ofthe GPIIb-illa

receptoru.

In contrast to requirements for soluble vWF-GPIb interactions, platelets can directly

recognize immobilized vWF via the GPIb receptor. Even at very high shear rates, (G =

10,000 S·I), platelets will transiently interact with immobilized vWF, leading to cytoskeletal

changes9S andactivationofGPIIb-illa96
, required for stable adhesion. UnactivatedGPIIb-illa

does not recognize immobilized vWF, unlike direct recognition ofim.-tnobilized Fg97. vWF

bas aIso been shown to associate with thrombospondin in a purified system9'!, and to mediate

platelet-fibrin interactions99-IOI.

Studies with antibodies which selectively inhibit soluble vWF binding to GPllb-IDa·

102, suggest that the binding epitope on vWF recognizing GPllb-IDa· is ~omprisedof an

RGD sequence at residues 1744-1746 on vWF, as weIl as adjacent residues which may
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modify the presentation of the RGD sequence, shown. to affect binding affinities. The

determination ofdomains involved in vWF-GPIb binding bas been challenging, and is still

not completely resolved. Based on recent studies, it would appear that severa! distinct

regions in the vWF molecule contribute to vWF-GPIb binding interactions:!) regulatory

domains 2) regions sensitive to allosteric modulation, and 3) epitopes directly constituting

contact regions.

There are severallines ofevidence which suggest that SPecific sequences interacting

with GPIb are within the Al domain despite mutations of vWD Type lIA falling mostly

within the A2 domaine Studies by Miyata et al103, using a recombinant AI domain, in cyclic

or in reduced and alkylated form, showed that such domains were able to directly interact

with platelet GPIb when in a molten globule state (partIy denatured), but not in a native

conformation. Similarly, antibodies against regions of GPIb have been shown to decrease

vWF-GPIb binding mediated by ristocetin (residues 702-704»: encompassing regions 694­

708,474-488,514-542) or botrocetin(514-542). Studies by Piétu etaP04, using recombinant

epitope mapping found inhibition ofvWF binding to GPIb by monoclonal antibodies against

Ser 593-Ser 678, and none by antibodies against Ser523-Gly 588. Scanning alanine

mutagenesis lOS ofthe region composed ofresidues His 463-Gly 716, showed that antibodies

against sequences which disrupt recognition by the antibody NMC-4 (used as an indexofAI

domain structural integrity) in the presence of ristocetin, include regions which directly

inhibitvWF-GPIb interactions: 497-511, the acidic region687-698 and the basic region 540­

578. They concluded that there were inhibitory domains which were neutralized, or

alleviated by ristocetin in order for vWF-GPIb interactions ta occur.
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Expression of six common mutations occurring in the Al domain ofType lIB vWD

patients by Cooney and Ginsburg106, resulted in spontaneous binding to platelets, but with

no further increase in bindingwhen groups ofmutations were co-expressed. They concluded

similarly to Matsushita et al that there was a discrete on/offvWF conformation, with Type

lIB vWF perpetually in the "on" state. This is partIy disputed by Miyata et al107
, who argue

that constitutive transient interactions hetween vWF and GPIb occur in plasma, with high

association and dissociation rates representing a protective mechanism. Adsorption ofvWF

would then merely align and increase surface density of binding epitopes and diminish

cellular off-rates, therebyallowing stabilization via integrins. In this model, immobilization

does Dot disclose cryptic sites. Immobilization ofvWF on variably-sîzed latex beads under

different dynamic conditions have, however, suggested a dependence of vWF-mediated

agglutination of fixed platelets on conditions for adsorption of vWF 108
• Differences

encountered between disruption ofristocetin versus botrocetin-mediated binding ofvWF to

GPIb suggest that there may actually be multiple regulatory mechanisms of vWF-GPIb

binding, with perhaps differences in further downstream signaJing.

Further insights into distinctions between regulatory and binding domains May he had

from a combinatioo ofmapping vWD mutations to distinct regÏons ofthe molecule and from

structural studies. Thus, vWD Type lIA mutations faIl mostly within the A2 domain, where

positive and negative charges are more evenly distributed on the surface than in the Al

domaine Type lIA mutations mostly correspond to cryptic locations, and may therefore alter

molecular folding, exposing the protease cleavage site to proteolytic attack, or affecting

processing ofvWF. Type lIB mutations are found on the lower surface ofthe domain, near
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the botrocetin binding site19, with many mutations located at the amino edge ofthe B-sheet.

Molecular modeling studies81 show that several of the residues represent replacement of

surface-expressed loop residues. Others are mutations ofsmall hydrophobic residues buried

in the B-strand and maydisrupt the packing ofthe local protein structure. Type 2Mmutations

may most accurately reflect actual vWF binding sites on GPIb, since mutations do not affect

plasma levels ormultimerization, suggestingnormal structure. Nevertheless, downregulation .

ofaffinity is produced by mutations occurring on loops, above the plane ofthe molecule and

mostly in regions ofhigh solvent accessibility.

4.5. Compartmentalization ofvWF

Specific structural and functional differences between vWF in different compartments

have been described. Although vWF can be stored in a-granules within platelets or in

Weibel-Palade bodies in endothelial cells, plasma vWF is expected to be endothelial celI

derived109. Multimerization patterns between stored and plasma vWF are similar except that

stored vWF also includes very large multimers109,llO. Subendothelial vWF is composed of

dimers and small multimerslO9• Dissimilar glycosylation ofplatelet and plasma vWf, with

sialic acid and galactose content on plasma vWF aImost double that on platelet vWF, may

shield plasma vWF to a greater extent, due to differences in charge or effective diameter110
•

Functional differences between platelet and plasma vWF are reflected by differences

in the~ ofbinding to platelets activated with different agonists. Plasma vWF Was shown

to have a slightly higher affinity for ristocetin-mediated binding to the GPIb receptor, while

platelet vWF showed a 10-fold higher affinity for binding to thrombin-activated platelets
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than plasma vWFllO• Indeed, secreted platelet vWF bas heen shown to associate primarily

withGPIIb-illaIII. The extentofinhibitionofthrombin-mediatedvWF bindingto GPIIb-ma

by a peptide constituting the last 15 residues ofthe Fgy- terminus, or an RGDS peptide, aIso

differed for vWF from the two sources. Thus, the rcso for inhibition by y-15 was

approximately 30-fold lower for platelet than for plasma vWF, with synergistic inhibition

by both peptides only observed for platelet VWF112. Binding to collagen-activated platelets

occurred with similar affinities llO•

Although plasma vWF is required for the initial adhesion ofplatelets to subendothelial

matrix, matrix vWF bas aIso been sh.own to he functionally relevant1• Platelet vWF is

required for primary hemostasis as weil. Platelet transfusions were shown to further shorten

bleeding times inType III vWD patients, lacking plasmaandplateletvWF, who had received

cryoprecipitate infusion113. Platelet vWF bas aIso been shown to normalize bleeding time

post DDAVP treatment in Type 1 patientsll4, and to mediate deposition onto purified

collagen at G = 1600 S-I, as determined by comparing platelet deposition using normal or

vWD platelets and plasmaIIS.116.

s. OTHER ADHESIVE LIGANDS

5.1. Fibrinogen117

Fibrinogen is a dimeric protein produced by the liver, and secreted into the plasma,

where it circulates at a concentration of about 7 .uM. It is incorporated into platelet a­

granules mostly by glycoprotein receptor IIb- ma dependent endocytosisl 18, to be secreted
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upon platelet activation. Fg is not found in the subendothelial matrix, but may he dePOsited

uPOn vascular injury1l9. Defective or absent Fg results in a bleeding disorder caIIed

afibrinogenemia. An increased risk ofthrombosis bas been associated with dysfunctional Fg

lacking amino acids 9-72, which are normally involved in thrombin and plasminogen

bindingl20• Other structural variants exist, with the predominant one occurring as a

heterozygous condition, where one gamma chain bas a 20-residue extension instead ofthe

normal 408-411 sequence121.122•

Although there is homology between the three Fg chains, important differences between

them include the presence of fibrinopeptide A (FPA) and fibrinopeptide B (FPB) on the

amino terminus of chains Aa. (1-16) and BB (1-14), respectively. Upon treatment with

thrombin, these peptides are cIeaved, leading first to fibrin monomer formation, then

protofibril assembly, and subsequent polymerization to yield an insoluble clot. Fibrin is

stabilized by cross-linkage by activated F.xm123.124. In the course offibrin formation, new

epitopes become exposed, ego for tPA 125. Degradation ofFg and fibrin is principally due to

cleavage by plasmin, which initially removes a 403-residue sequence from Fg, converting

Fg to Fragment X. Further cleavage yields fragments Y , D and E. The presence ofD-dimers

in plasma bas been used as an index ofthrombin activity.

S.1.1. Fg Structure

Fg is comPOsed ofthree pairs ofdisulfide-bonded polypeptide chains a., B, y and bas a

total MW ofapproximately 340,000 Da126
• Doolittle et al127 showed that there is a Cys-Pro­

X-X-Cys sequence occurring twice ineach ofthe three chains, with intervening l11-residue

sequences ofeach chain showing similar POlar/nonpolar residue alterations. There is a low
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frequency of proline occurrence, suggesting a helical backbone structure. Fg chains are

intertwined into a three-stranded rope to form a coiled-coil structure ofapproximately 160

A, with each chain possessing an n-helical conformation. Electron microscopy shows a

trinodular model for Fg, with a length of475 A, with two roughly spherlcal nodules 65 Ain

diameter connected by thin threads to a central nodule of50 Adiameter. The axial ratio is

5:1. This is inagreementwithatomic force microscopy studies, where the hydratedFg length

is shawn to range between 480 and 650 Â128,129. There are three high affinity calcium binding

sites on human Fg I30,131: one in each of the gamma chains y-303-356, and another in the

central domain ofthe Molecule.

5.1.2. Fibrinogen-Platelet and -Neutrophil Interactions:

Although there are three binding sequences per halfFg molecule potentially available

for binding ta platelet GPIIb-ma: An 95-97 RGDF, An 572-574 RGDS and y-400-411

(Fig. 1-4), only the gamma terminus sequence is required for the initial binding ofFgI32.133•

This sequence has similarly heen shown to he essential for soluble-Fg mediated aggregation

ofplatelets and for the adhesion ofplatelets to surface-immobilized Fg I34,13S. However, in

clot retraction, none of these putative sites appear to be involvedl36• Unlike differences

betweenplatelet and plasma-derived vWF, soluble intra-granule Fgis equivalent to plasma­

derived Fg when compared by gel electrophoresis, by Kd's for binding ta activated platelets,

by the ability ta support platelet aggregation, and by clottabilityl37. Fg binding to platelets

is a multiphasic process, with irreversible binding increasing with time, as determined by

dissociability with excess Fg or with EDTA, althoughthis phenomenon is less obvious for
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binding to fixed plateletsI38.139. l'here are bindingdomains fortbrombospondinat Aa 92-147

and BB 113-126 140.

Studies examining the efficiency of platelet-Fg interactions have shown that the

optimum. shear range for soluble Fg-mediated interactions is between 50 and 600 S-I 58.-

Platelet adhesion to immobilized Fg can occur in the absence of platelet activation97
,

aIthough adhesion efficiency in flow increases with activation141. Immediate arrest of

interacting platelets on Fg optimally occurs at uniformlaminar shear rates between SO and

SOO S-I 96 • Fg can aIso mediate platelet-neutrophil interactions. l'hus, soluble Fg can bind

GPIIb-illaeon platelets as weIl as MAC-le or plS0/9S- on neutrophils142. It can aIso mediate

monocyte-endotheliaI cell interactions by bridging MAC-Ion monocytes to ICAM-l on

endotheliaI cellsl43.

"AJO. AXlI DIA (nml

100-150

•

~.iJ-----

Fig. 1-4. The adhesive ligands vWF, Fg and TSP. Comparison of relative molecular sizes and
shapes ofthe adhesive ligands vWF, Fg and TSP based on rotary shadowing electron microscopy
and atomic force microscopy (for vWF and Fg).
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5.2. THROMBOSPONDIN 144

Thrombospondin (TSP) is a large glycoprotein of450 kDa, which is synthesized by

various cells including endothelial cells (Ee), smooth muscle cells, fibroblasts, epithelial

cells and severa! tumour celllines. It is incorporated into the ECM in a vascular bed-specific

manner 9. Although it is found at very low concentrations in plasma « 200 ng/ml), it is one

of the principal proteins (by concentration) stored in platelet alpha granules (-100 ng/ 109

platelets).

5.2.1. TSP Structure and binding domains

TSP is composed of three identical chains. Rotary shadowed electron microscopy

shows the TSP Molecule as having a centraI globular region connected by thin filamentous

regions to three other globular regions145. The conformation ofTSP is extremely calcium.

sensitive; there are 12 potential calcium binding sites per chain146, and its adhesive potential

is strongly modulated by calcium. availabilityl47. Electron microscopy studies have indicated

that a doubling in length ofthe connecting regions can occur in the absence ofcalcium, as

weIl as a decrease in the diameter of the globular regions. These conformational changes

occurring at low calcium concentrations dispose TSP to cleavage by thrombin148.

There is a heparin binding domain (HBD) at the amino terminal end of the Molecule,

followed by a series of repeating sequences referred to as the Type l, II and li regions,

respectively. Due to the plethora of possible association sites on TSP, there is some

controversy regarding binding sites for TSP on platelets, with Fg (with which it can form a

stable complex), GPIV, integrin associated protein (IAP), and GPIIb-ma proposed. A direct

association with vWF bas also been shown in solid phase assays98. Purified GPIIb-ma was
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shown to interact with TSP in a solid-phase system149, likely via an RODA sequence located

in the last Type ID repeat. TSP appears to co-Iocalize with Fg and OPIIb-ma on activated

plateletsl50, but requirements for Fg and GPllb-IIIa have been questioned since there is

normal expression of TSP on the surfaces of platelets from patients with severe

afibrinogenemialSlor Glanzmann's Thrombasthenia, where both GPllb-ma and alpha­

granule Fg may be absentl52• Peptides with the sequence RFYVVMWK, corresponding to

a region in the carboxyl terminus ofTSP, can aIse bind to platelets via lAP153
, and directly

induce platelet aggregation and activation, as defined by phosphorylation of P47 protein 154.

TSP is a multifunctional protein which canparticipate in both coagulant and fibrinolytic

events, wound healing and angiogenesis and can interact with cancer cells l44
• TSP binds

matrix proteins heparin, collagen Type V, and fibronectin, and TSP levels are increased in

the thickened intima in vascular disease9• TSP can aIso modulate fibrin clot structure,

promoting the formation ofa finer clot in its presencelS5
•

5.2.2. TSP modulation of platelet adhesiveness

Peptides derived from the HBD ofTSP reduce secretion by up to 50 %, suggesting that

TSP can function to ampli.fy platelet signaIing processes in ADP and thrombin activated

platelets IS6. It is however unclear ifthis is a direct response, or secondary to inhibition ofits

interaction with Fg, mediated by the same domain. TSP was previously implicated in

maximizjng macro-aggregate formation and stabilization, in ADP-activated platelets.

Specifie domains in the HBD may be involved, with sorne inhibition of aggregation

produced byantibodies against epitopes residing within the Type ID repeat regions157. Again,
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it is unelear whether this is due to dismption ofnative TSP conformation, or ifthese are sites

directly required for platelet aggregation. Monoclonal antibodies against the region

interacting with IAP do not inhibit platelet aggregation induced by severa! agonists1S8
• We

have now demonstrated a role for platelet-secreted TSP in microaggregate formation at

laminar shear flow rates between G = 300 -2000 S-I, for platelets activated with threshold

concentrations of thrombin (Chapter 5). Immobilized TSP bas previously been shown to

support adhesion in a Ca2+-dependent manner. Agbanyo et al147 have shown that while

adhesion of platelets from whole blood to Ca2+-depleted immohilized TSP shows anti­

adhesive properties, adhesion to Ca2+-replete TSP can support platelet adhesion, with

maximum efficiency occurring at G = 1500 S-I, and dropping sharply with increasing G.

5.3. Fibronectin14

Fibronectin (FN) is a large asymmetric molecule of MW 500,000 Da with globular

domains, and composed of two similar subunits which are disulfide linked. It can be

synthesized by a variety of ceUs in vitro ineluding fibroblasts, endothelial cells, smooth

muscle ceUs and epitheliaI ceUs. It is also incorporated into platelet alpha granules, and

released upon platelet activation. It plays an important role inceU adhesion, morphology and

cytoskeletal organization, and is involved in interactions of cells with the extracellular

matrix. FNbas binding sites for collagen, heparin, actin, F. XIII and fibrin. Thus, FN actually

hecomes covaIently linked to fibrin by F. xrrr, providing sites for eeUs involved in tissue

repair, such as fibroblasts, and for adhesion to the clot. There is aIso an RGDS site, which

may be recognized by platelet GPIIb-illa or VN receptor cxVB3• Platelet adhesion to
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immobilized FN is supported under statieconditions, and under fIow conditions. Under flow

conditions, purifiedFN Mediates platelet adhesion optimallyG at 300 S-1 , andpromotes ooly

~S% surface coverage at G =1000 S-l 159. However, one study suggests subendotbelial FN

May be important even at G = 1300 S-I 62. The adhesion observed is dependent upon vWF

and GPIb74
•

5.4. Laminin 14

Laminin is the major non-collagenous glycoprotein component ofbasement membranes,

where it binds preferentially to Type IV collagen160. It is a very large molecule (MW

approximately 800 kDa), composed ofat least three protein chains associated by disulfide

linkages. Rotary shadowing electron microscopy depicts it as a twisted cruciform structure

with three short arms and a long arm, with globular domains at extremities ofeach arme This

forro is similar to that observed with atomic force microscopy161, where the molecule was

assigned a lengt!1. of approximately SOnm and 76 nm, for the short and long arms,

respectively. Additionally, they showed that there was considerable fIexibility ofthe arms,

suggesting movement. Larnjnin bas beenshownto playarole in cell attachment, celi growth,

tissue development and differentiation. Adhesion to purified laminin requires Mg2+ and Ca2+

, and is shear-rate dependent, with maximum coverage occurring at G = 800 S-1162.

6. PLATELET AGONISTS 163

6.1. Adenosine diphosphate (ADP)

Adenosine diphosphate (ADP) is a physiological activator ofplatelet GPIIb-IIIa, and
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causes one or all of: platelet shape change, reversible aggregation164, and alpha and dense

granule release, in a concentration-dependent mannerl65
• Calcium is required for ADP­

mediated aggregation and secretion. Using antagonists of ADP such as ticlopidine,

c1opidogrell66 orapyrasel67
, ADP was shownto be physiologically relevant in therecruitment

ofplatelets in thrombosis. It is also required for shear-induced platelet aggregation (SIPA)

168

There are two pools ofnucleotides in platelets (comprising ADP and ATP): within

dense granules or within a cytoplasmic pool. Only nucleotides in the cytoplasmic pool are

readily labelled, suggesting that there is no exchange between pools169. The ADP

concentration in dense granules is approximately 653 mM, while for ATP it is 436 mM 170,

and these may be released upon platelet activation. Upon adhesion ofplatelets to exposed

matrix at sites ofvascular injury, platelets become activated and may secrete alphaand dense

granule contents, thereby activating nearby platelets in solution and amplifying the

aggregation resPOnse. Shear rates of G ~ 5000 S-I, may induce leakage ofplatelet stored

ADp54•

Platelet activation responses (shape change, secretion, receptor activation) are energy

dependent and consume ATP through enzymatic hydrolysis l70
, to yield primarily ADP and

AMP for conversion to cAMP. Presumably sorne ADP generated by degradation of ATP

may also contribute to activation of platelets, since the t ll2 for ATP in plasma is

approximately 1.5 minutes, while for ADP in plasma it is approximately 4 minutes. ADP is

converted to AMP, then to adenosine, which inhibits platelet activation and can shut down

the platelet response. Erythrocytes may also release ADP for platelet activation, from
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damaged or fragmented ceUs, presumably by compression experienced when flowing past

stenotic regions. A physiologic roIe for RBC's May he postulated based on the increase in

bleeding tinle (reflecting status ofprimary bemostasis) in patients with low hematocrits 172.

6.1.1. Receptors and signaUing

Although ADP binding to plateIet surfaces bas heen acknowledged for some time,

identification of the receptors involved in ADP-mediated platelet responses bas happened

only recently. Sorne ofthe confusion stemmed from the efIect ofADP on up regulation of

both adenylyl cyclase, and of platelet activation and aggregation in flow, and bas been

resolved by the discovery ofat least two distinct G-protein coupled receptors ofthe family

ofP2 purinergic receptors (classified by their preference for a variety ofnucleotide analogue

agonists, versus ones recognizing adenosine (Pl receptors». These bave been determined

using antibodies against the cIoned P2YI receptor, as weil as competitive inhibitors such as

2-methylthio-AMP (2MeSAMP). The firstreceptor, P2YI ,coupled to Gq and phospholipase

C, activates rnobilization of [Ca 2+]j and Mediates shape changel73 • The second receptor

(P2Adis coupled to Gj and is inhibited by ticlopidines and ATP. It Mediates the decrease in

c-AMP levels, and inhibits the binding ofPH] -2-MeS-ADP. Both receptors are required for

mediating platelet aggregation. A third potential ADP receptor, P2Xl, bas been identified

and its function remains to be cbaracterlzed114.

ADP aIso induces cytoskeletaI changes in platelets required for shape change and

activation of GPIIb-ffia receptorsI1S.176, with PI3Kinase involved in the signaling pathway

174. Severa! studies have suggested that ADP removaI from its receptors can reverse GPIIb­
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maactivatio~suggesting a requirement for sustained signaling. Activationofplatelets with

ADP canresult in the downstream production ofDAGand IP3 177
, with subsequent liberation

ofarachidonic acid (a platelet agonist), andproductionofeicosanoids (thromboxanes) which

are extremely strong agonists. ADP stimulation may also cause an increase in cytosolic pH

mediated by a Na+lH+ exchanger, a transient rise in free Ca2+ concentration, and

phosphorylation ofmyosin light chainl78
• Activation ofprotein kinase C does not appear to

play an important role in the primary phase ofADP-induced aggregation ofhuman platelets

179

6.2. Thrombinl80.181

Thrombin is one ofthe strongest and most important agonists known. It can regulate

both fibrinolytic (activation of protein C), and pro-coagulant responses (activation of

hemostatic clot cascade proteins F. V, F. VITI, F. XIII) via its serine protease activity. The

precursor for thrombin, prothrombin, is converted to the active fonn through the sequential

activation ofclotting cascade proteins, culminating in the assembly ofthe prothrombinase

complex to yield thrombin, on activated plateletsl82, endothelial cells l83, and monocytes l84•

Thrombin can amplify its own generation via a positive feedback circuit18S• Locally formed

thrombin then cleaves fibrinogen, with release offibrinopeptides A and B, thereby initiating

fibrin polymerization, required for formation of a stable platelet plug for hemostasis.

Additionally, thrombin can activate platelets, neutrophils, endothelial ceUs and smooth

muscle cells, and promote both mitogenic and migratory responses. Due to its many

fonctions, thrombin bas the potential to greatly influence major events in the thrombotic
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process. As such, much effort bas gone into the development ofantagonists against it.

6.2.1. Thrombin structural domains

Thrombin is a 37 kDa. Proteine It is an ellipsoid ofapproximately 45x45x50 Â. There

are two positively-charged anion-binding domains, referred to as Exosites l and II, which

largely determine initial recognition ofsubstrates by thrombine A proteolytic site found in

a large groove, is defined by the catalytic triad consisting of His 57, Ser195 and Asp102.

Fibrinogen, fibrin monomerl86, and a seven-transmembrane thrombin receptorl87 and the

thrombin antagonist, hirudin, have been shown to bind to exosite L Exosite II is the site of

binding for heparinl88, chondroitin sulfatel89 and prothrombin fragment SPIIl90. The exosite

which interacts with GPIb has not been definitively detennined, as evidence for binding to

either exosite existsI91.192. Additionally, small substrates May bind directly to the active site.

Peptides corresponding to the carboxyl domain ofhirudin have been used to show that for

largerproteins, the fust interactionbetween substrate and protein is via the exosites, required

to modulate affinities for interaction with the catalytic site193. Labeled peptides have been

used to show that allosteric changes May he induced in the active site of the molecule

following engagement ofexositesl94. Similarly binding ofhirudin peptides to Exosite l can

displace prothrombin SPII fragments from Exosite fi, andvice versa, suggesting reciprocally

regulated conformation ofexosites195.

6.2.2. Thrombin platelet receptors

Thrombin can bind to at least two types of receptors on platelet surfaces (Fig. 1-5).

There is ample evidence showing a direct interaction between glycoprotein receptor GPIb

and thrombin (see section in glycoprotein receptor GPIb). GPIb is generally considered to
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• he the high affinity receptor for thrombin, with a Kci of0.3 - 0.5 nM, and with approximately

50 -200 sites per platelet. Two protease-activated receptors (PAR) have also been detected

on human platelets; PAR_ll96 and PAR-4197. PAR-l is expected to he the medium affinity

receptor for thrombin, with a Kd of approximately 2 - 40 nM, and 200 - 2000 sites per

plateletl98
• The Kd for thrombin binding to PAR-4 is an order ofmagnitude greaterl99

• The

existence ofan additional receptor for mediating high affinity binding has been proposed2OO
•

THROMBIN PLATELET RECEPTORS
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Fig. 1-5.Thrombin platelet receptors. Thrombin can bind to at least two types ofbinding sites on
human platelets: 1) GPIb, where the binding site is immediately adjacent to but distinct from the
vWF binding site, and 2) members ofthe protease-activated receptor family, PAR-I and PAR-4. A
third distinct receptor has been proposed by Hayes et al to function as the high affinity receptor and
is thus far uncharacterized.
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A great deal of controversy is associated with assignment of degree of affinity of

thrombin for these receptors. Monoclonal antibodies against GPIb sites, or proteolysis by

Serratia marcescens protease (which preferentially cleaves GPIb over PAR-l), selectively

reduce intracellularCa2+ mobilizationinducedby lowthrombin concentrations198• However,

the Bmax expected to reflect numbers ofhigh affinity binding sites, is very low compared to

total GP lb receptors reported on the platelet surfaces ( - 25,000). The existence ofa subclass

ofGPlb receptors which mediates thrombin interactions, possibly in a dimerized state, bas

been proposed to account for this discrepancrOl. Alternatively, moderate affinity binding to

glycocalicin (a soluble extracytoplasmic portion ofGPIb comprising the thrombin binding

site) bas been described. This affinity was similar to that determined for thrombin binding

to platelets at 4° C rather than at 37° C, where binding is fully reversible, suggesting that

previous determinations of ~'s had not been done under true equilibrium binding

conditions, and obviating GPIb's high affinity status202.

A very recent report bas suggested that full platelet activation responses can be

accounted for by PAR-l and PAR-4, as full blockage ofresponses could he achieved using

antibodies againstthese two receptors alonel99
• However, some cross-inhibition ofthrombin

high and moderate affinity responses oecors by antagonists directed against either receptor.

Peptides against GPlb have been shown to inhibit low thrombin-concentration-mediated

activation as weil as responses mediated by SFLLRN (thrombin activating peptide, derived

from PAR-l sequences immediately post cleavage site)203. Similarly, antibodies against

PAR-l cao inhibit low thrombin activation responses104• Thus, there is an additional concem

over antagonist specificity. Nevertheless, sorne strong evidence in favour ofthe glycoprotein
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GPIb receptor as the high affinity thrombin platelet receptor, stems from studies comparing

Bernard Soulier syndrome patients, having giant platelets and lacking the GPIb receptor,

with May-Hegglin patients, having giant platelets but normal GPIb. In these experiments,

aggregation in response to low concentrations ofthrombin was greatly decreased with BSS

patient platelets, despite normal or increased surface expression of PAR-l receptors on

platelet surfaces20S
• Additionally, surviving knock-out mice lacking the PAR-l receptor

appear to have relatively normal hemostatic function206
, corroborating the role of other

thrombinsurface receptors. Atanyrate, we have shownthatqualitative differences inplatelet

function occur at discrete thrombin-concentrations, also consistent with the existence of

more than one receptor mediating platelet responses induced by thrombin ( Chapter 4, 5).

6.2.3. Signalling via thrombin re~eptors

Platelet thrombin receptors are associated with signaIing Molecules, as weIl as with the

cytoskeleton. The cytoplasmic tail ofglycoprotein GPIb is associated with the cytoskeleton

via actin binding protein (ABP), and with a phospholipase A2, 14-3-3 zeta isofonn as

discussed insection7.1 on glycoproteinGPIb. Thus activation ofplatelets through GPIb May

proceed via liberation of arachidonic acid, and activation of p42/44 mapk and pp60src 201.

Downregulation ofGPIb receptors upon activation with increasing thrombin concentrations

May occur at low Ca2+ levels207,208. Signaling transductionmediated bythe PAR-l receptor

is associated with activation of phospholipase C, generation of inositol phosphates and

activation ofprotein kinase C209. Differences in activated protein kinase C signalling at low

(0.05 U/ml) versus high thrombin concentrations (0.5 U/ml), have been invoked to explain
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differences in maintenance ofthe activated state ofunoccupied GPllb-IDa receptors 210.

6.3. Epinephrine

Epinephrine May he released into the circulation from the human adrenal medulla

during stress211. Increased catecholamine levels in early morning have been correlated with

the frequency of onset of myocardial infarctio~ and an increase in platelet aggregability

212,213. Epinephrine can inhibit adenylyl cyclase214 by binding to Œ2-adrenergic receptors,

whichare linked to adenylate cyclase, and coupledto a G-protein2IS. There are approximately

270 receptors per platelet, and binding occurs with a~ of2.5 DM 216.

The response to epinephrine by platelets is highly variable. Epinephrine has been shown

to synergize with other agonists such as ADp217, or high shear218 to activate platelets. In fact,

in previous studies where epinephrine was thought to have induced aggregation, ADP

present in platelet preparations was likely a co-agonist, since for platelets washed in the

presence of prostacyclin and resuspended in buffer containing apyrase, no shape change,

serotonin secretion or macroaggregates were detectable in response to epinephrine219.

However, relatively low epinephrine concentrations (20 nM), have been shown to induce

microaggregate formatio~ redistribution offilamentous actin, and GPIIb-IIIa activation220.

A functional chloride transport system is also required forepinephrine-mediated aggregation

221. At higher epinephrine concentrations (4 !-lM), low levels of protein tyrosine

phosphorylation, and Syk activation occurred. Moreover, epinephrine down-shifted the

thrombin concentrations required to promote more extensive signaling responses, as weIl as

platelet aggregation222
• Treatment with the tyrosine kinase inhibitor, geniste~ inhibited the
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synergistic effect ofepinephrine. Inhypercholesterolemic patients, epinephrine may induce .

significantly greater platelet aggregation than in control subjects223
•

6.4. Thromboxanes

The thromboxanes are part ofthe family ofeicosanoids, which are newly synthesized

inresponse to SPecific agonists orphysicalperturbation, from arachidonic acid liberated from

platelet membranes by phospholipases. Thromboxane A2 (TxA2) is extremely labile, with

a th of30 minutes inprotein-free aqueous media224• It is in tum enzymatically converted to

Thromboxane B2, which is stable, but without known biological activity. TxA2 inhibits the

stimulation of platelet adenylate cyclase, thus lowering cAMP. Its production can be

inhibited by cyclo-oxygenase antagonists such as indomethacin and by nonsteroidal anti­

inflammatory drugs like aspirin22S
•

lbromboxane may induce its biological effects by promoting dense granule secretion

ofADp226, since a full aggregation response cannot be obtained upon enzymatic removal of

ADP. Nevertheless, endoperoxides can potentiate aggregation induced by an arachidonic

acid derivative, in patients with storage pool disease, where storage granules lack ADP227.

An increase in thromboxane metabolites bas been observed in patients with unstable

ischemic coronary syndromes228
, suggesting a role for thromboxane in thrombosis.
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7. GLYCOPROTEIN RECEPTORS

7.1. Glycoprotein (GP) 1b229.230

The glycoprotein receptor, GPIb, is composed oftwo disulfide-linked chains, GPIba

and GPIbB, with approximately 25,000 receptors detectable on platelet surfaces. It is tightly

but not covalently associated with GPIX and less strongiy with GPV. Members of the

complexarepresentinaratio of2:1:2 (GPIb(a,B): GPV:GPIX). Molecularweights are 145,

22, 82 and 17 kDa respectively. AIl are transmembrane proteins with large extracytoplasmic

domains and short cytoplasmic tails. Approximately 70 % ofthe total. GPIb is linked to the

platelet membrane cytoskeleton via actin binding protein (also known as filamin)231, with

which GPIb associates through its cytoplasmic tail residues Thr 536 - Phe 568 232. This

association apparently does not require any extemally added platelet activators. A

phospholipase A2 (14-3-3 zeta isoform) is associated with the last five residues of the

carboxyl domain of GPIba233.234 and interacts with GPIbB as well23S• AlI members of the

complex have in common a leucine rich region (LRR) which May be involved in protein­

protein interactions. X-ray crystallography stlldies with ribonudease inhibitor236 suggest that

by homology, these regions May form an arc in GPIba (6 LRR repeats), and a horseshoe in

GPV (15 LRR repeats), and May be important in maintaining the structural integrity ofthe

receptor. These LRR are found in the proximal region ofthe amino terminal 45kDa domain,

anterior to two disulfide-linkage determined loops representing binding sites for vWF and

thrombin.

Rotary shadowed electron microscopy stlldies by Fox et al237
, have depicted GPIb as a

flexible rad with a globular domain at either end. The totallength is approximately 60 Dm,
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with approximately 50 mu representing the extracytoplasmic domain. There is extensive

glycosylation, mostly found in the 84 kDa macroglycopeptide region, where it accounts for

about 59% ofthe weight, on a molar basis238
• The dense carbohydrate coverage is thought

to provide a barrier to Macromolecules, and to maintain ligand domains extended weIl

beyond the platelet surface. Proteases which cleave GPIb close to its membrane insertion

site, release the large extracellularportion, referred to as glycocalicin239.240
• Glycocalicin can

he found circulating in plasma at concentrations between 1-3 .uglml241, suggesting that there

is ongoing catabolism ofGPIb in vivo.

Under normal circumstances, correct intracellular assembly of GPIba and optimal

surface expression of the complex is dependent upon GP IX and GPIb6242,243, although

GPIba can he singly expressed on model cells when linked to ICAM-1244. This surface­

expressed GPIba can support ristocetin- or bOtrocetin-mediated binding of vWF in the

absence of other complex members. In platelets, GPIb can be found associated with the

plasma membrane, OCS and a-granule membranes245. Several groups have detected GPIb

on endothelial cells in vivo and in vitr0246.247, with all four memhers ofthe complex (GPIb

a,6, GPV, GPIX) being expressed in the same ratios as on platelets248. However, mRNA or

endothelial surface expression ofGPIb were not detected by at least one group249, suggesting

that differences in experimental conditions May influence detectability of this protein.

The members ofthe GPIb-IX-V complex are susceptible to, and May he individually

regulated by proteolysis. GPV May he cleaved by thrombin during activation with release

ofa 69 kDa fragment2S°, while GPIba May release glycocalicin.upon cleavage by neutrophil

cathepsin G 251. Both agonists induce reversible redistribution of the remainder of the
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complex from the platelet surface to membranes of the oes. Such cleavage events may

occur during close contact between platelets and neutrophils during thrombosis or

inflammation events.

There are three bleeding disorders associated with deficient or defective GPIb: Bernard

Soulier syndrome, platelet-type von Willebrand disease and velocardiofacial syndrome252
•

Bernard Soulier syndrome (BSS) is characterized by tbrombocytopenia, giant platelets, and

functionally defective, or almost absent GPIb receptors2S3
, suggesting a link between

megakaryocytopoiesis and GPIb expression. Severa! BSS mutations occur either in the LRR

of GP IX or in GPIba229.2S4, suggesting that structural modifications May result in

inappropriate processing of the Molecule. In platelet type vWD, single amino acid

substitutions within a Darrow region of GPIba, yield a protein with affinity for vWF

sufficiently increased to allow interactions to occur in the absence ofadditional agonists2S5
,

thereby promoting intravascular clumping.

7.1.1.GPIb function

The principal adhesive ligand ofthe glycoprotein lb receptor is von Willebrand factor.

Thus, platelet adhesion is mediated by two sources of vWF: one is present within the

extracellular matrix, exposed upon vascular injury, and a second is plasma vWF adsorbed

onto matrix collagens. GPlb and vWF have been implicated in thrombin generation185 and

in promoting platelet incorporation into polymerizing fibrin99•10I • The GPIb receptor is also

required for mediating shear-associated processes such as the aggregation of wealdy
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activatedplatelets2S6 (Chapters 2-5), and the rollingofplatelets on îmmobilizedpurifiedvWF

96. In the latter case, an intact GPIb-IX-V complex is necessary2S7.

As mentioned previously, there is a binding site for thrombin on GPIb, to which

thrombin binds with a ~ of 0.3 - 0.5 nM, and a Bmax of 50-200 sites 198,258. However, the

status of GPIb as the thrombin high-affinity receptor has Iately been questioned based on

irreversibility of the GPIb-thrombin interaction and affinities for glycocalicin202. Other

experiments by Hayes et al2OO, suggest that platelet surface localizations ofGPIb and ofanti­

hirudin peptide antibodies are different, where a hirudin carboxyl terminus peptide is

expectedto representthe high-affinity site. The full expressionofthe GPV receptor, a1though

not itself expected ta constitute the binding site for thrombin, is nevertheless required for ­

highest affinity binding259, perhaps accounting for differences in thrombin affinity for

glycocalicin versus for the intact complex on platelet surfaces.

Studies using monoclonal antibodies and peptides suggest that epitopes associated with

thrombin binding encompass a large region circumscribed by residues 216 and 285. This

overlaps regions important for vWF binding, which occur between residues 233 and 287 260.

Antibodies exist which inhibit GPIb interactions with both (e.g. TM-60 261) or only one of

262,263 thrombin and vWF. Sna..lce venom-derived proteins which recognize GPIba., May also

regulate binding ofligands and aggregation mediated by this receptor. Thus, alboaggregins

cao bind to platelets and induce platelet agglutination, as weIl as competitively inhibit vWF

binding to GPIb264. Echicetin, similarly to some antibodies, affects severa! GPIb functions;

inhibiting thrombin binding to GPIb, and platelet aggregation mediated by alboaggregins,

or botrocetin and soluble VWF265.266• Mutations in the LRR region ofGPIba can a1so disrupt
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vWF-GPIb interactions267, as indicated by studies ofhuman-dog chimeras. This may occur

by affecting the structural integrity ofthe receptor, or by directly disturbing a section ofthe

binding epitope for vWF.

7.2. Glycoprotein (GP) lIB-ma 253,268

Glycoprotein IIB-Illa (a.1n,B3) is a member of the integrin family, a group ofreceptors

important in mediating adhesive interactions. GPIIb-llIa is specifically required for platelet

aggregation, firm. adhesion, spreading and clot retraction, and participates in platelet­

leukocyte interactions269• As such, it has been assessed as a therapeutic target against

thrombosis. Defective or absent GPIIb-IIIa leads to a bleeding disorder, Glanzmann's

thrombasthenia, characterlzed by variably severe hemorrhaging, absent clot retraction and

absent platelet aggregation in response to several agonists.

GPIIb-Illa is the most abundant integrin on platelet surfaces, with approximately 50,000

uniformly distributed molecules detectable onthe surface ofresting platelets, with ~ 100,000

onmaximally activatedplatelets270
• GPIIb-IIIa is a heterodimerofnon-covalently associated

ClUb and fi3 chains. It shares the 33 subunit with the vitronectin receptor, a.Vfi3• The alpha

chain (a.IIb or GPIIb), is a disulfide-linked dîmer consisting ofa heavy chain (GPIIba -125

kDa) and a light chain (GPIIbB-25 kDa). The transmembrane domainand a smallcytoplasmic

domain (26 residues) are found within the light chain. In the heavy chain, there are four

extracellular cation binding sites, which are required for most ligand interactions. The heta

chain (fi3 or GPIlla; 105 kDa) aIso has a transmembrane domain. There are 56 cysteine

residues in the intact complex, yielding a tight and giobular molecule. Electron microscopy

studies have indicated that the structure of GPIIb-ma includes a globular head domain of
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approximately 10 nm, and two 18 nID flexible tails27t .272• Association between a and B

subunits is cation dependent, and required for receptor ligand recognition, mediated by the

N-terminal region ofbothsubunits273• Peptides derived from the cytoplasmic tails ofalIb and

~ may also interact, shown using fluorescence quenching and terbium luminescence

techniques274•

7.2.1. Activation-dependent changes and ligand binding

GPIIb-ma may be considered to exist in at least three conformational states: unactivated,

activated but not ligand occupied an~ activated, ligand occupied . Thus, uPOn activation,

GPITh-illa undergoes a conformational change in the extracellular domain (detectable using

activation-dependent antibody PAC_127s, and resonance energy transfer276• It thereby greatly

increases its affinity towards, and becomes competent to bin~ soluble Fg as weIl as other

RGD-containing adhesive ligands vWF, vitronectin (VN), and fibronectin (FN). Subsequent

to ligand binding, new epitopes are exposed on the receptor Oigand-induced binding sites,

LmS), and may be detected by monoclonal antibodies. Upon activation with thrombin,

ligand binding may even occur directly within granules, as detected using monoclonal

antibody AP-6 277.

Unaetivated GPIIb-ffia can only recognize small peptides, or Molecules containing an

RGD, KDG or RYD sequence positioned at the tip ofa recognition loop, or immobilized on

a bead, and protruding 14 - 32 A from the protein core278.279• Thus, the binding POcket of

unactivated GPIIb-IIIa is POstulated to resemble a narrow cavity buried 10-20 Â within the

protein, and to interact with larger molecules solely upon agonist-induced changes in its

quatemary structure. Specifie recognition sites for the dodecapeptide sequence of Fg on
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GPIIb-illa have been cross-linked to residues 294-314 on GPIIb280, whereas the ubiquitous

RGD sequence bas been cross-linkedto residues 109-171 on GPilla281 (Fig. 1-6). A peptide

derived from residues 211-222 on GPilla bas also been shown to inhibit Fg binding282.

Binding of GRGDSP peptide and y-chain dodecapeptide to intact GPIIb-ffia complex,

however, are mutually exclusive, suggesting that these two regions are spatially or

conformationally related283• Altematively, ithas beensuggestedthatthere mayhe two GPIIb-

ma -ligand binding pockets, which are aIlosterically associated 284.
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Fig. 1-6. Activated GPllb-llIa receptor. Following activation, GPIIb-illa can recognize RGD
sequences in adhesive ligands as weil as the gamma terminus of Fg. A fraction of GPIIb-ffia
receptors also become associated with the membrane skeleton. The cytoplasmic tail ofGPIIb-ffia
is involved in the regulation of its affmity state, with the binding of 6-3 endonexin (B3-ENDO)
positively and mutations at residue 752, negatively regulating affinity state.
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7.2.2. Regulation ofaflinity; signaling complexes

GPIIb-IIIa receptor ligand interactions are regulated by affinity modulation, transduced

by signaling molecules following agonist activation, or by accessibility to conformationally

appropriate ligand recognition sequences, as discussed above. The process leading to

receptor activation following agonist binding to platelets, is referred to as "inside-out"

signaUng. Additional changes following ligand binding result in "outside-in" signaJing. The

specific signal-transducing Molecules are incompletely known. However, activation by

different agonists appears to converge in a common pathway, possibly the phosphorylation

ofprotein kinase C 210. 285, to lead to GPIIb-ma activation.·Investigation ofspecific receptor

domains involved in each signaling process indicates that mutations in the cytoplasmic tail

can alter binding affinity. l'hus, the point mutation S752P in GPffia has been shown to block

inside out signaling, and to prevent receptor activation286• In contrast, B3-endonexin binding

ta GPIDa cao positiveLy reguiate GPIIb-illa affinity state, as shown using transfected CHü

cells. l'he increased affinity state could be inhibited by co-expression ofthe B3 tail or H-ras,

thus indicating that second messengers were likely involved in affinity upregulation287
•

Structural mutations in a. or fi cytoplasmic domains, affecting a salt bridge in a hinge region

comprised of both chains, cao alter inside out signaling and yield GPIIb-ma in a

permanently activated state288
• A functional sodium/calcium exchanger also appears to

function in inside-out signaJing 289, as inhibitors ofthis exchanger reduced agonist-induced

platelet aggregation. Phosphorylation ofpleckstrin or myosin light chain were not affected.

Antibody binding to Lms epitopes or to resting GPIIb-IDa May aIso cause increases in

cytosolic Ca 2+ levels290 or kinase activity291. Signaling May be attenuated by phosphatases.
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A fraction ofthe GPIIb-illa in resting platelets is associated with cytoskeletal proteins

~ and vinculin292• However, approximately 50 % ofreceptors in megakaryocytes move

freely within the plane of the membrane, shown by fluorescence-recovery after

photobleaching293. UPOn activation, another 25 % become immobilized. This is likely due

to atransferofGPIIb-illa from the membrane skeletonto associations withcytoplasmic actin

fiIaments294
•

GPIIb-illareceptors May he activatedand remainmonodisperse29S
• Clustering ofGPIIb­

ma receptors, occurs only after ligand binding294, thereby increasing the vaiency, and

therefore avidity of the reaction. Events subsequent to ligand binding and aggregation

include outside-in signaHng296,297, activation ofcalpain298 and formation offocal-adhesion­

like complexes292, similar to contacts formed between ceUs and extracellular matrix.

Different signaling Molecules May be implicated foUowing activation aJone, as compared to

afteraggregation. The signalingmoiecule ppSYKbecomes phosphorylated following ligand

binding, whereas pp125 FAKbecomes phosphorylated only after ligand binding and platelet

aggregation299• Different signaling pathways May affect the stability ofactivated GPIIb-ma

conformations, depending on agonist and concentration. Thus, GPIIb-ma receptors on

platelets activatedwith ADP or lowthrombin concentrations (0.05 U/ml), will maintain their

activated confonnation for only a few minutes in the absence of bound ligand before

reverting to the resting conformation, and are not resistant to closure ofsites by PGI2• This

is in contrast to activation at higher doses ofthromhin (0.5 U/ml), where sites remain open

for at least 20 minutes210
•

The targeting sequence NPXY on the cytoplasmic regÏon ofGP IlIa bas been postulated
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to participate in the regulation ofintegrin affinity states3OO
, and in the interna1ization ofFg

andvWF throughclathrincoated-pits118
• The co-immunoprecipitationofGPIIb-illawithAP­

2 adaptor proteins, involved in the formation of clathrin-coated vesicles, suggests a

mechanism for vesicle-mediated trafficking of this receptor3° I . Loss of receptor due to

internaJjzation may aIso regulate ligand interactions.
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Introduction to Chapter 2

A previous study by Dr. Goldsmith et al indicated that in the absence ofexogenous soluble

ligands, the aggregation ofplatelets activated with low concentrations ofADP (0.7 j.lM), in tube

tlow, was shear-rate dependent and mediated by a surface-expressed protein other than

fibrinogen. In this study, we investigated the eventuality that von Willebrand factor was a

candidate for mediating this aggregation. The participation by the glycoprotein receptors lb and

llb/Illa was also assessed. The results ofthis study were published in Thrombosis and

Hemostasis 1997; 77: 568-76, and are presented in Appendix. 1 following the main body ofthe

thesis·.

• Please note. 1 have chosen to add this section as an appendix since my contribution to this
manuscript was partial, and 1 do not have the original computer files for adaptation to the format
employed in the rest ofthe thesis. This format for presentation was approved by the Thesis
Office, in verbal communication with Sylvia. My contribution to this study consisted of
conducting a series ofexperiments examining the participation ofthe glycoprotein receptors
GPIb and GPllb-illa in the shear-associated aggregation ofplatelets activated with ADP.
Monoclonal antibodies were used, with the antibody against GPIb specifical1y targeted against
the von Willebrand factor binding site. The role ofthe receptors was examined at two shear rates.
1 feel that 1 have a1so contributed to some ofthe ideas presented in the discussion section. This
section may aIso be considered to form. an integral part ofmy studies ofthe role ofvWF under
varying agonist and shear rates.
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Chapter2

Surface-Secreted von Willebrand Factor Mediates Aggregation ofADP­

Activated Platelets at Moderate Shear Stress: Facilitated by GPIb but

Controlled by GPllb-IIIa
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Introduction to Chapter 3:

As we had been able to demonstrate a shear-dependent role for surface-expressed vWF in

ADP-mediated aggregation under shear flow conditions in Chapter 2, we decided to

examine specifically vWF-GPIb interactions in a shear-flow regime. Aggregation of

platelets mediated by vWF and GPIb in the presence ofa modulator, ristocetin, had

previously been examined only onder poorly defined dYllaIIlÏc conditions, in tbe stirred

vials ofan aggregometer. In the present study, we isolate the kinetics ofristocetin­

mediated vWF-GPIb aggregation in shear flow using ristocetin, as a function ofplatelet­

bound soluble vWF . Investigation of the role ofsurface-expressed vWF in shear­

associated aggregation was extended to another physiologie agonist, thrombin. Thrombin

concentration dependence for aggregation, vWF and P-selectin surface expression as well

as GPIIb-illa activation were correlated. Results ofthis study were published in

Thrombosis and Hemostasis 1998; 80: 428-36.
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Chapter 3

Ristocetin and Thrombin-induced Platelet Aggregation at Physiologicai

Shear Rates: Differentiai Roles for GPIb and GPIIb-illa Receptor
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Abstract

We recently reported that washed platelets (WP) activated with ADP and expressing

surface-bound vWF aggregated in tlowthrough small tubes or ina cylindrical couette device

atphysiologica1 shear rates of G =300 S-I- 1000 S-I in the absence ofexogenous ligands, with

GPIb-vWF partially, and activated GPllb-IDa totally required for the aggregation. We have

DOW extended these studies to aggregation of platelets "activated" with ristocetin or

thrombine Washed platelet suspensions with added soluble vWF and ristocetin (0.3 - 0.75

mg/ml), or activated with thrombin (0.01 - 0.5 U/ml) but no added ligand, were sheared in a

coaxial cylinder device at uniform shear rate, G = 1000 S-I. The collision capture efficiency (no)

with which small aggregates form (= experimentallcalculated initial rates ofaggregation) was

correlated with vWF platelet binding assessed by flow cytometry. The vWF-GPlb interaction

was exclusively able to support ristocetin-mediated shear aggregation of metabolically active

platelets, with very few vWF monomer equivalents bound per platelet (representing~10

molecules of 10 million Da) required to yield high capture efficiencies (no= 0.38 ±.02; n=II),

suggesting rapid and stable bond formations between vWF and GPlb. However, platelet

surface-expressed vWF, generated by addition ofthrombin to washed platelets, was found to

mediate platelet aggregation with ao = 0.08 ± .01 (n=6), surprisingly comparable to that

previously reported for WP and ADP activation. Blocking the GPIIb-illa receptor decreased

«Xci by 95 ± 3% (n=3), while a monoclonal antibody to the vWF site on GPlb caused a 49 ± 7%

(n=8) decrease in ao. The partial role for GPIb thus appears to reflect a facilitative function for

increasing contact time between flowing platelets, and allowing engagement ofthe GPIIb-ma

receptor to yield stable attachment.
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1. INTRODUCTION

Von Willebrand factor(vWF) is weil adapted to a cross-bridging role between platelet

and vessel wall, or platelet and platelet, due to its multimeric structure, with each repeating

subunitcontaining binding sites to ECMproteins andto plateletglycoprotein receptors GPIb

and GPIIb-ma. Metabolically active platelets adhere transiently to immobilized vWF, at

shear rates up to G= 6000 S -1 via GPIb, with activated GPIIb-illa required for stable

attachment (1), or through only the GPIb receptor ifvWF is immobilized on a collagen­

coated surface (2). Soluble vWF can mediate platelet aggregation in the absence ofchemical

agonists at shear rates ofG~6000 s -1 via both GPIb and GPllb-ma (3,4). However, below

these "pathological" shear rates, an extemal agonist is required. Ristocetin, or botrocetin

mediate the binding of soluble vWF to GPIb on formalin-fixed platelets, while platelets

activated with agonists such as ADP, thrombin orcollagen, have been shownto bind soluble

vWF viaactivatedGPIIb-mareceptors, withvWF-mediated agglutination/aggregation inthe

stirred suspensions in the vials of the aggregometer, hereafter referred to as "stir" (5-9).

Typical shear rates generated in aggregometer vials are estimated to he low(G~ 30 s -1 )(10),

with variable flow patterns precluding theoretical calculations ofshear aggregation kinetics

and capture efficiencies. To date, the role ofbothsoluble and secreted vWF, in the mediation

ofplatelet aggregation at well-defined intermediate physiological shear rates in the presence

oflow levels ofagonist, has not been investigated.

We have previously rePQrted that ADP-activated washed platelets (WP), exhibiting

increased surface-bound vWF can aggregate in the absence of exogenously-added ligands
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at physiological shearmtes, with a facilitative function postulated for GPIb, and an absolute

requirement for GPIIb-ffia (11). A role for surface-bound secreted fibrinogen(Fg) had been

excluded in experiments by Goldsmith et al, where f (ab'h fragments of a polyclonal

antibody against Fg failed to inhibit aggregation ofADP-activated WP in Poiseuille flow

(12). A recent report has also demonstrated the dependence of aggregation on vWF-GPIb

interactions in ADP and epinephrine activated platelets at pathologically high shear rates

(G= 10,8005-1), in addition to a GPIIb-illa dependence, even in the presence ofplasma Fg,

with only a minimal role for the GPIb receptor found at the more physiological shear rate of

G = 1200 S-1 (13). However, the role of secreted proteins was not evaluated. In the present

study, we have extended our initial investigations using ADP and platelet surface-expressed

protein mediated aggregation, to activation ofWP with low concentrations of ristocetin,

used to model vWF-GPIb interactions. Thrombin, an important physiological agonist

expected to drive secretion to a greater extent than ADP, was also used to examine the

relative roles of vWF-GPlb, and of vWF-GPIIb-IIIa interactions in supporting cross­

bridging ofplatelets in laminar shear flow, under varying flow conditions, between G = 100 ­

1000 5-1•

2. MATERIALS AND METHOnS

2.1. Reagents

Ristocetin A grade, ADP, a-thrombin and hirudin were purchased from Sigma Corp. USA;

glutaraldehyde, electronmieroscopy grade, from Polyseiences Ine.; paraformaldehyde from
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Fisher Scientific Co., Fairlawn, NJ; humanfib~ogen from Enzyme Research Laboratories

Inc., South Bend, IN; H-Gly-Arg-Gly-Asp-Ser-Pro-OH peptide(GRGDSP) peptide, used to

block the binding pocket ofGPIIb-IIIa (14), from Calbiochem Corporation, La Jolla, CA;

tluorescein-isothiocyanate (FlTC; Isomer 1) from Boehringer Diagnostics, La Jolla, CA).

Ra 44-9883, a non-peptidic analog, with greater specificity for GPllb-ma than GRGDSP

(15), was a gift from Dr. Beat Steiner from Hoffinan-La Roche Ltd., Basel, Switzerland

(called RO hereafter); ZK 36 374, a stable prostacyclin analog (16), was a gift from Dr. T.

Krais, ScheringCo., Berlin, Germany. Monoclonal antibodies (MoAbs) 6D1 , anIgG against

the vWF binding site on GPIb (17) , and 10E5, an IgG against the GPIIb-ma receptor (18),

were kindly donated by Dr. Bmry S. Coller, State University ofNew York at Stony Brook;

MoAb S.12, anIgG1, directed against plateletmembrane CD-62P, P-selectin(19), was a gift

from Dr. Rodger McEver, Oklahoma Medical Research Foundation, Oklahoma City, OK;

MoAbs 2.2.9., an IgG1, recognizing an epitope, non-interfering with vWF binding to

platelets, between residues 1366-2050 ofvWF (8), and LJ-1b1, an IgG1.k: recognizing the

vWF binding site on GPIb(20) was generously provided by Dr. Z. Ruggeri, Scripps Instïtute,

LaJolla, CA. Aurin tricarboxylic acid (ATA; 2900 Da fraction), (21) which intereferes with

the vWF-GPIb interaction (22) was provided by Dr. M. Weinstein (FDA, CBER, Rock.ville

Pike, MD). Calibration beads" Quikcal: 7.1 j.tID, used for fluorescence intensity calibration

ofFITC-Iabelled proteins, were obtained from Flow Cytometry Standards Corp, Research

Triangle Park, NC.
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2.2 Preparation ofvon Willebrand factor

von Willebrand factor was purified from outdated cryoprecipitate obtained from the

Canadian Red Cross according to established protocols (23). Briefly, a series of

centrifugation steps was followed by application of the end supematant to a Phannacia

Sepharose CL-4B column 100 x 0.9 cm. Fractions eluted atthe voidvolume, comprisingthe

ascending peak only, were pooled and the multimer distribution was verified with 1%

agarose gels (24,25). 5% polyacrylamide gels ofreduced vWF showed a predominant band

at approximately 240,000 Da

2.3 Preparation ofwashed platelets

Washed platelets(wp) were prepared by a one-step wash procedure from human citrated

whole blood as previously described (12), involving acidification of platelet rich plasma

(pRP) to pH 6.5 and by addition of50 nM ZK, to inhibit platelet activation. The remaining

pellet after centrifugation at 800xg for 15 minutes, was resuspended in half the original

volume, in amodified Tyrode buffer (BAT: 136 mM NaCI, 2.7mM KCl, 11.9 mMNaHC03,

0.36 mM NaH2P04, 1.0 mM MgC12, 5.6 mM glucose, 0.35% BSA). Platelet suspensions

were kept at 37° C under a mixture of95% air and 5% COz to maintain pH 7.4 (26).

2.4 Labelling ofvWF and monoclonal antibodies

vWF was labelled with FITC according to the methods ofGoto et al. (8). Brietly, vWF was

diluted to 0.5 mg/ml with PBS (159 mM NaHP04, 37.8 mM NaH2P04, 145 mMNaCl), pH

8.5 . FITC- Isomer 1 at 0.1 mg/ml, was added to vWF (0.1 mg. FITC per mg. protein),
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incubated for 15 minutes, then dialysed against PBS. Protein concentration was calculated

from absorbance measurements: OD28O - 0.3500495 10.7, to yieldmglmI. Fluorescein to

protein ratios (F:P) were calculated by dividing the molar concentration of FITC by the

molar concentration of FITC-vWF monomer equivalents (MW monomer =240,000 Da):

F:P - moles fluorescein = [OD495 -+ 5.56 x 10-2]

moles protein (FITC-vWF monomer equiV]molar

Labelling ofvWF resulted in molar F/P ratios between 1.1 and 3.5, thus producing good

signal to noise ratios while maintaining high affinity ristocetin-mediated binding (8).

MoAbs S.12, 2.2.9, were labelled at concentrations ofapproximately 1 mg/ml., using

FITC in DMF at ratios of 0.2 mg FITC Per mg. protein, at a pH of 8.5 (27). Protein

concentrations in mg/ml were calculated according to the formula OD 280 - 0.35 on 49sfl.4,

with F:P ratios calculated as above. Fibrinogen was labelled with FITC-Isomer Ion Celite

10%, at pH 8.5, as previously described (28), and concentrations were calculated using the

formula: OD 28O - 0.28600 49/0.7, with F:P ratios calculated as above.

2.5 Binding experiments

Unless otherwise stated in Results, all binding studies ofsoluble vWF or antibodies to

platelets were done under non-shear conditions.

2.S.1. Ristocetin-induced binding ofsolublevWF to platelets; determination ofnumbers

of vWF monomer equivalents bound at shear sampling times. Addition ofristocetin to
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a suspension ofwashed platelets containing soluble vWF, results in rapid binding ofvWF

to platelets (29). Calculations ofnumbers ofvWF monomer equivalents bound following

10-20 secondsofshear, were basedonhandlingtimes requiredfor additionofristocetinlvWF

to platelet suspensions, transferring ofthe suspension to the microcouette, zero-time and 10

s subsampling, corresponding typically to an additional 30 seconds ( total of - 50 s for 20

s ofshear). Since we expected that the low concen~tionsofristocetin and vWF used for

shearwould result in lowfluorescence values for bound vWF, we estimated numbers ofvWF

bound in two steps: determination of 1) maximal equilibrium binding with the actual

concentrations of vWF and ristocetin used for shearing, and 2) percentage of maximal

binding at actual subsampling times following shear, using the time-course binding of a

higher concentration ofFITC-vWF (15 ,ug/ml) yielding measurable fluorescence values for

FITC-vWf bound.

2.5.2. Equilibrium binding. Washed platelets (WP) at a concentration of 104/J.-I,I'j in BAT

buffer, with 1 mM Ca2+ added immediately prior to incubatio~ were incubated for 30

minutes with decreasing concentrations ofristocetin as used for shear experiments: 0.75,0.5

or 0.3 mg/ml, and 5 ,ug/ml vWF, to allowequilibrium binding. The reaction was arrested by

diIuting platelets with 10 volumes ofBAT buffer and the average fluorescence per plateLet

particle was read immediately on a flow cytometer, FACScan (Becton Dickinso~

Mississauga, Ont), as previously described (30). Platelet samples were analysed for 3,000

ceUs. Samples were excited using an air-cooled argon ion laser emitting light at 488 Dm.

Lysis II software was used to calculate forward scatter (FSC), side scatter (SSC) and FITC-
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fluorescence (FL-l) data. Platelets were identified on the basis of characteristic FSC/SSC

profiles and gates were set to exclude aggregates from platelet populations used to generate

fluorescence histograms. Numbers of FITC-vWF monomer equivalents bound (with

monomer equivalent weights =240,000 Da), were determined from average fluorescence

values, using MESF Quikcal calibrationbeads, from the equation: 220(fluorescence) - 10991

F:P, as previously reported for FITC-Fg (28) . The gpecificity ofFITC-vWF binding to

platelets was ascertained using MoAb 6D1, which completely inhibited ail ristocetin­

mediated binding, as did addition ofan excess of unIabelled vWF. In the case of binding

experiments at ristocetin concentrations of 0.3 mg/ml, the fluorescence values were at the

limit of FACScan sensitivity, i.e. <5 FI units. Hence, application of the above equation

would resu!t in negative values, prohibiting calculation of the numbers of monomer

equivalents bound. In these cases, numbers of vWF monomer equivalents bound are

indicated as < 300, which corresponds to FL = 6.

2.5.3. Time-course binding. To WP (10 4 /,ul) were added Ca2+ (1 mM), ristocetin (0.5

mg/ml) and FITC-vWF(15,ugiml) in a total volume of 20 ,ul, and incubated at room

temperature for 10,30,60 seconds or 2,3,5,10,20,40 minutes. The reaction was arrested by

a 10-fold dilution with BAT buffer, and results were read immediately on the FACScan.

2.5.4. Binding to thrombin-activated WP. In order to assess efIects of activating WP with

different concentrations ofthrombin, FITC-2.2.9, FITC-S.12 and FITC-Fg, were used to

report on the amount ofsurface-expressed vWF (SE-vWF), a-granule secretion and platelet
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GPIIb-ffia activation state, respectively. 5J.lI ofWP, at 4 x 10 4 /p,l in BAT buffer, were

added to FACS tubes with thrombinat concentrations between 0.008 U/ml to O.S U/ml and

incubated for 20 minutes in a total volume of20p,1, containing buffer, ImM Ca2+ and either

S30 nM FITC-2.2.9, or 273 nM FITC-S.12. For binding with Fg, thrombin-activated WP

were tirst incubated for 10 minutes, neutralized with hirudin at a ratio of4:1, and O.5p,M

FITC-Fg was then added and incubated for a further 20 minutes. Following incubation,

suspensions were diluted with 10 vols. ofCa2+ -free BAT buffer, and analysed immediately

on the FACSCAN. The binding of tluorescently-Iabelled ligand to WP for each thrombin

concentration was determined for FITC-2.2.9, FITC S.12, and FITC-Fg. Subpopulations

showing bound FITC-2.2.9 or FITC-S.12 expressed maximal numbers of surface-bound

vWF or P-selectin respectively, or in the case of FITC-Fg, subpopulations expressed

increasing numbers ofFITC-Fg bound as a function ofincreasing thrombin concentration.

The fraction of platelets expressing fluorescence values greater than control levels for

unactivated platelets, will henceforth be referred to as the percentage activated platelet

population (%P*). In a separate series of experiments, WP prepared from the same donor

were used to compare the response to increasing concentrations ofthrombin by evaluating

in parallel, the surface expression ofvWF, as reported by MoAb 2.2.9, in the absence of

shear, as well as shear-associated aggregation.

To examine inhibition ofthrombin-induced binding ofvWF to the platelet surface, as

reported by FITC-2.2.9, incubation conditions were as above, except that inhibitors were

added immediately prior to addition ofO.OS Ulm! thrombin: 67 DM 6Dl, 67 DM IOE5, SOO

nM RD or 29 p,M polymeric ATA, 2900 Da fraction, concentrations which we had
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determined to effectively block ligand-GPIIb-ma or ristocetin-mediated vWF-GPIb

interactionsr . Results were read on the FACScan as above.

2.6. AggregaüoD in f10w device

Aggregation of washed platelets in lamjnar shear flow was tested in a microcouette

(coaxial cylinder device), with dimensions and properties similar to those previously

described (31), but with outer and inner (RI) cylinder ofradius 7.3 and 7.0 mm respectively.

The inner cylinder was rotated at variable angular velocity, 00, corresponding to shear rates

G, given by G = R 1co/h, from 1 -1000 S-1 (h«R), by means ofa high precision step motor.

Subsamples were collected at fixed time intervals ofshear (0, 10, 20, 60 sec) after arresting

the motor. They were drawn from a port on the outer cylinder situated just above the base

ofthe inner cylinder. The:tirst 6 /-lI, constituting dead volume, were discarded, then twenty

microliter aliquots were drawn. and immediately fixed in 10 vol of 0.8% glutaraldehyde.

These samples were further diluted 7-fold with isotonic saline, to permit analysis ofparticle

number with the FACScan, by counting the number ofparticles acquired in twenty seconds,

assuming a constant flow rate. Platelet aggregation(pA) was calculated by determining the

decrease in particle number with time: % PA = (1 - NINo) x 100%, where Nt = platelet

particle number at time 1, and No is the initial platelet number. As previously described (31),

platelet collision capture efliciencies, (XG , defined ae the ratio of the rate of two-body

collisions resulting in aggregate formation to the total rate of two-body collisions, were

computedusingequations givenby Smoluchowski (32), assuming dilute suspensions ofrigid

spheres, from the ratio ofeXPerimental/calculated initial rate ofaggregation.
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2.6.1.. AggregatioD ofWP inducedby ristocetin ortbrombin. Washedplatelet suspensions

of 5 x 104/J,l1 were pre-mixed in Eppendorftubes with BAT buffer containjng ImM Ca2
+,

5 J,lglml vWF, and 0.3, 0.5 or 0.75 mg/ml ristocetin, then immediately tramsferred to the

microcouette for shear experiments. For activation with thrombin, platelets were incubated

withvarying concentrationsofthrombin for 10 minutes, thentransferred to the microcouette,

since the longer incubation was previously demonstrated to result in higfler binding of

secreted vWF to platelets (33), and confirmed by us to result in an increased extent and rate

of aggregation. In inhibition studies, platelet suspensions were pre-incuba.ed for 0.5 - S

minutes in the presence ofeither 67 nM 601,67 nM IOES, 100-600 t.lg/ml j)C)lyclonal anti­

vWF or isotypic control, 500 nM RO 44-9884 or 29 t.lM polymeric ATA, 2900 Da fraction,

prior to addition ofagonist.

3.RESULTS

3.1. Aggregation mediated by ristocetin

Washed platelets, to which 0.3, 0.5 or 0.75 mg/ml ristocetin had bee.- added, were

sheared in the presence of5t.lg/ml vWF in the microcouette at shear rates G = 100,300, and

1000 S-I. At any given shear rate, the maximum extent ofaggregation followimg 60 seconds

ofshearing was the same at each ofthe three ristocetin concentrations tested, but varied with

increasing shear rate (Fig.3-1), from 50 ± 4%(n=10) at G = 100 S·I, to 75 ± 1%(n=9) at G
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=300 S-I., to 86± l%(n Il) atG= 1000 S-I. (* =p<.OOl), where data have beenpooled

for experiments at the three ristocetin concentrations. Capture efficiencies, CXG , determined

:trom initial rates of shear-associated aggregation of WP and soluble vWF, were also

independent ofristocetin concentration, but CXG was significantly lower (by 16 %) at G =

1000 S-1 compared to G = 100 S-I, the values being a G = 0.45 ± .01(n=9), 0.43 ± .01(n=8),

0.38 ± .02(n=11)**(**=p <0.05) at G = 100, 300 and 1000 S-I respectively. These capture

efficiencies are surprisingly high for aIl shear rates tested, even at G = 1000 S-I, where for

fibrinogen-driven shear aggregation, <Xo values had previously been shown to he about six­

fold lower (31).
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FIGURE 3-1. Maximum platelet aggre~ionofwasbed platelets (WP) withvmying ristocetin
concentrations and shear rates. WP were p~mixedwith BAT buffer, vWF and 0.3, 0.5 or 0.75
mg/ml ristocetin, then transfèrred 10 a miaocouette for shearing at G = 100, 300 or 1000 S-1. Bars
show rœan ±SEM: ofat least 3 sqmate experiments, dane induplicate.
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From the measured time-course ofdi:ffùsion-driven FITC-vWF binding, we expect < 10

% ofmaximal vWF to bind in the - 30 s delay following ristocetin addition before the onset

ofshear, and < 30% of maximal binding in the first 10- 20 s ofshear. From Table 3-1,

correlating capture efficiencies and numbers ofvWF monomer equivalents bound after 20

s ofshear, we can see that there is at least a 3-fold increase in the number ofvWF monomer

equivalents bound at 0.3 vs 0.5 mg/ml ristocetin (FI values: < 300 vs 990 ± 105 (n=3)) and

a further doubling at 0.75 mg/ml ristocetin (2035,(n=2)). Surprisingly, vWF is able to cross-

bridge platelets with the same high efficiencies, even at the lowest numbers of vWF

monomer equivalents bound : < 300, corresponding to~ 10 molecules of 10 million Da.

Table 3-1. Relation between number ofvWF monomer equivalents bound per platelet

and the capture efficiencies (aG) for ristocetin-mediated shear aggregationa
•

RISTOCETIN VWFBOUNDb CAPTURE
CONCENTRATION PER PLATELET EFFICIENCY
(mg/ml) (<Xc)

0.3 <300 0.449 ± 0.003

0.5 990 ± 105 0.425 ±O.016

0.75 2035±409 0.422 ± 0.022

a. Washed platelets were sheared at G = 1000 S -1 in the microcouette with ristocetin and

soluble vWF. aG was calculated as described in the Methods.Results are presented as mean
±SEM.

b. Estimated as vWF monomer equivalents bound, after 20 s shear.
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3.1.1. Inhibition of platelet reeeptors. Washed platelet suspensions to be used for

aggregation were incubated with monoclonal antibodies 6D1 and 10ES to block the vWF­

binding site on GPIb and the RGD recognition site on GPIIb-illa, respectively; with

polymerie ATA, 2900 Da:fraction, to block vWF-GPIb interactions (22) and having possible

anti-GPIIb-ffia effects (34); or with RD 44-9883 (RD), to specifically block the GPIIb-IIIa

receptor (15). Blockers ofthe GPIIb-IIIa receptor had no effectonWP aggregation mediated

by soluble vWF and ristocetin (fig.3-2); % Inhibition ( %1) = 0 and 4% for MoAb 10E5 and

RD respectively, suggesting that within 60 seconds of shear , the aggregation of WP was

entirely independent ofthe GPIIb-ma receptor. Pre-incubation ofplatelets with ristocetin

and vWF for up to 10 minutes did not change the inhibition characteristics (results not

shown). In contrast, the 6D1 MoAb completely blocked platelet aggregation, suggesting

that the ristocetin-mediated aggregation, characterlzedby a high capture efficiency, required

vWF interaction with the GPIb receptor alone.
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FIGURE 3-2. Time-course of vWF-ristocetin-mediated shear aggregation of WP at G = 1000 S-l, and
effect of inhibitors. Platelet suspensions were incubated for 3 minutes with buffer (e), or with inhibitors
RO 44-9883 (RO~ or MoAb IOE5 <-), against glycoprotein GPllb-illa; MoAb 601 (0) against
glycoprotein GPIb; or polymerie ATA 2900 Da. fraction (Â.), with effects expected against vWF-Ib
interactions, and possibly against GPllb-IIIa interactions. vWF and ristocetin were then added and the
whole suspension was transferred immediately to the microcouette for shearing. A negative control was run
with ristocetin and no vWF (+), vWF and no ristocetin (4), and ristocetin and vWF but no shear (D );.
Samples were drawn at t= 0, 10,20 and 60 s. Data represent means ±SEM of3 separate experiments, done
in duplicate.
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• 3.2. Platelet activation and aggregation mediated by thrombin:

Studies by Frojmovic et al (11) have shown that ADP activated WP have increased

surface-bound vWF and canaggregate in a uniform shearfield, withanabsolute requirement

for GPIIb-illa and a partial requirement for GPIb. Here, we have extended the work to

washed platelets activated with thrombine WP pre-incubated with thrombin concentrations

between 0.008 to 0.5 U/ml were sheared at G = 1000 S-l in the microcouette, in order to

investigate the dependence of aggregation on thrombin concentration. At thrombin

concentrations ~ 0.01 U/ml, the aggregation observed«10%) was not significantlydifferent

from control runs without thrombin (Fig. 3-3). At concentrations of0.05 (or 0.02 Ulm!; not

shown, depending on the donor), concentrations at which thrombin is expected to activate

platelets mostly through its high affinity binding sites on GPIb (35), there was a threshold

response, with %PA = 61 ± 7% (n=4), representing 83% ofthe maximum % PA obtained at

0.5 U/mI.
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FIGURE 3-3. Kinetics andextentofplatelet
aggregation as a function of thrombin
concentration. Washed platelet suspensions
(4x 104 /!-ll), were activated with thrombin

at concentrations between 0.008 U/ml to 0.5
U/ml, and incubated for 10 minutes in
Eppendorf tubes, prior to transfer to the
microcouette for shearing at G = 1000 S -1.

Results shown are mean ±8EM for four
experiments, done in duplicate.
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3.2.1. Effect ofthrombin on pIateIet secretion, surface-hound vWF and activation state

of GPIIb-illa. The effect ofshear on the expression ofepitopes for MoAbs 2.2.9 and LJ­

lbl, reporting on SE-vWF and GP-Ib, was evaluated for WP activated with 0.05 U/ml

thrombin, in suspensions too dilute for aggregation to occur over the time period tested «

6000/.u1; PArnax s; 5 %). Exposure ofplatelets to shear rates between G = 300 - 2000 S-1 for

60s, resulted only in -7 % and 8 % (n = 2) differences in SE-vWF and GPlb receptors,

respectively, relative to unsheared platelets.Thus further binding studies were done under

non-flow conditions.

Washed platelets were incubated under equilibrium. binding conditions with varying

thrombin concentrations and either FITC-Iabelled MoAbs 2.2.9 to report on surface-bound

vWF, MoAb S.12 to report ona-granule P-selectin, reflecting fusion ofa-granule membrane

with the plasma membrane and secretion of granule contents, or FITC-fibrinogen CFg) to

report on the activation state of the GPIIb-illa receptor, to determine if we could find a

correlation between the minimum thrombin concentration required for platelet aggregation,

and a significant, sudden threshold increase in binding ofeither antibodies or ofFg. Indeed,

as illustrated in Fig.3-4 for arepresentative donor, there was a strong correlation between the

threshold response ofFITC-2.2.9 binding and that ofthe capture efficiency, both occurring

at the minimal thrombin concentration required for aggregation (0.02 to 0.05 U/ml thrombin,

depending on the donor).
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aggregation studies ( 4x1041Jll) at G =
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above. and for binding studies ( 1 x 10 4 1Jll) with vWF reporting antibody FITC-2.2.9. p.aJfT represents p.

corrected for background fluorescence of FITC-2.2.9 on untreated platelets. Capture efficiencies varied

between 0.08 and 0.162 depending on the donor. Figure is representative ofresults obtained for 3 donors.

Thus, the % of activated platelets exhibiting maximal surface-expressed vWF (%P*),

increased at the thresholdpoint from lS ±3%(n=3)(no thrombin) to 73 ±4% (n-3) with 0.02-

o.OS U/ml thrombin. Furthermore, the % p* was consistently larger than the % ofplatelets

showinga-granule secretion cPs expression)(19 ±6%(n=3», orGPIIb-ffiaactivated receptors

(29±13%(n=3»,tbelatterdeterminedbyFITC-FgbindingatO.02-0.0SU/mlthrombin(Fig.

3-S). In addition, ECso thrombin concentrations were two and three-fold lower for FITC

2.2.9 than for FITC 8.12 and for FITC-Fg, respectively (Table 3-2).
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Table 3-2. EC 50 for thrombin causing surface-bound vWF secretion and GPIIb-ma

activation as reported by FITC 2.2.9, S.12 and Fg binding to platelets.

DONOR ECso • FOR THROMBIN-INDUCED BINDING OF:

FITC- 2.2.9(U/mI) FITC- S.12(U/mI) FITC- Fg(U/mI)

1 0.012 0.038 0.058

2 0.031 0.041 0.037

3 0.017 0.03 0.043

X±SEM(3) 0.O20±0.OO5 O.036±O.OO3(*)b 0.046±.005 (*)b

a Washed platelets were incubated withmonoclonal antibodies FITC- 2.2.9 and FITC- 8.12,

orFITC-Fg to report onsurface-bound vWF, P-selectin (indicatinga- granule secretion) and
GPIIb-ffia activation respectively. The effective concentration ( EC 50 ) for thrombin was

determined for these parameters, incubated with WP as described for Fig.6.

b Paired t- test, compared with FITC-2.2.9; * corresponds to P < 0.05
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FIGURE 3-5. Thrombin-induced changes in parameters of platelet activation, represented as % population
showing maximal response (%P*). FITC-22.9, FITe S.12 and FITC-Fg were used to report on the amount
ofsecreted, surface-bound vWF, platelet P-seleetin (indicating a-granule secretion) and GPIIb-illa activation
state, respectively. WP (l x 10 4 1,ut) were activated with increasing concentrations ofthrombin and incubated
with labelled MoAb's 22.9 and S.12 approx. 20 minutes, or with Fg following 10 minutes of thrombin
activation and 5 minutes neutraIization with hirudin. Data shown are mean ±SEM of3 separate experiments,
done in duplicate.

3.2.2. Inhibition ofthrombin-induced aggregation: Platelets were pre-incubatedwith0.05

U/ml thrombin and with inhibitors for ten minutes before being transferred to the

microcouette and sheared at G = 1000 S-l. MoAb IOE5 and RO, which block the adhesive

domains on GPIIb-Illa receptors for ligands like vWF and Fg, essentially reduced the

aggregation capture efficiency from aG = 0.08 ±.Ol(n = 6) to virtually zero, reflecting a

complete inhibition of initial rates ofaggregation (%1 = 97 ± 3% (n = 3), and 98 % (n = 2)
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• respectively; Fig.3-6). ATAwas equally effective, inhibitingaGby(94%(n-2». The MoAb

6D1 was aIso able to reduce UG by 49±7% (n=8), pointing to the importance of the GPIb

receptor for initial capture of platelets at this intermediate shear rate, similar to that

previously reported for ADP-induced aggregation of WP (11). Control shear experiments

testing for a platelet concentration dependent inhibition by MoAb 6D1 of sheared WP

activated with 0.05 U/mI thrombin, showed < 10% difference in the extent of inhibition by

MoAb 6D1 ofinitial rates ofaggregation, between platelets at an initial concentration of5

x 10 4 1f..LI versus lx 1051/-lI. No loss of6DI-GPIb complexes as a resuit ofintemaIization of

GPIb receptors was expected, since at the low thrombin concentrations used, the GPIb

receptor was not downregulated, as determined via MoAb LI-lB1 (results not shown).

A polycional anti-vWF antibody showed a dose-dependent inhibition of platelet

aggregation at G = 1000 S-I, with a maximum inhibition of U G at 600 f..Lglml (83±6 %), and

no inhibition using an isotypic control or buffer (Fig.3-7).
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FIGURE 3-7. Dose-dependent inhIbition of
capture efficiencies for ristocetin (RIS) and

thrombin (THR)-induced shear aggregation of
WP at G = 1000 S-I by polyclonal anti-vWF

antibody. Antibody (or control IgG) was added
to platelet suspensions immediately before
addition of agonist, then either transferred
immediately to the microcouette for ristocetin­
mediated shear experiments, or incubated for
10 minutes with thrombin prior to

shearing.Capture efficiencies (ao) in the
absence ofinhibitor were 0.45 ± .02 (n=3) and
0.09 ± .02 (n=4) for ristocetin and thrombin
experiments, respectively.
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This was compared with the inhibition of (lo for vWF-ristocetin-mediated aggregation by

the antibody where, in a solely vWF-mediated syste~ it is expected to block aggregation.

At 600 ,ug/ml, the % max inhibition was 99%, but the isotypie control also inhibited

aggregation by approximately 19%. Thus, the net inhibition ofthe ristoeetin-vWF system

was only about 80%, simiIar to that for thrombin-induced aggregation ofWP under shear,

and we could not determine whether this was due to non-specifie interactions ofristocetin

with the high levels ofantibody, or to other causes. Nevertheless, it is elear that at the shear

rate tested, and for washed pIatelets activated at low thrombin concentrations, it is vWF

which is the predominant cross-bridging protein, rather than some other surface-bound

secreted protein, with both GPIb and the GPIIb-illa receptors pIaying an important roIe.

3.2.3. Effects of inhibitors of GPIb and activated GPllb-ma on thrombin-induced

surface-bound vWF. We incubated washed plateIets activated with 0.05 Ulm! thrombin

with various inhibitors under non tlow, equilibrium conditions. Monoclonal antibody

(MoAb) 6D1, interfering with the vWF-GPIb interaction and used at concentrations which

we found inhibited ristocetin-mediated binding, had Iittle effect on 0.05 U/ml thrombin­

induced bindingofvWF reporting MoAb FITC-2.2.9 (%1 = Il ± 7 (n=6); results not shown),

while inhibiting the GPIIb-IIIa receptor with the MoAb 10ES or with RO resulted only in a

9 ± 4 %(n=5) decrease and a 5 ± 3% (n=3) increase in FITC-2.2.9 binding respectively.

Polymerie ATA, with effects on GPIb and GPIIb-IIIa, essentially blocked all FITC-2.2.9

binding, as indeed it had blocked platelet aggregation (Fig. 3-6).
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4. DISCUSSION

The shear regime to which ceIls are subjected may dictate cell interactions directly

through a physical modification ofreceptors or ligands (36). Altematively, shear flow may

affect the times spent by colliding cells in close proximity, and thereby affect the relative

importanceofspecificproteinsmediating captureofcells, depending ontheir ligand-receptor

affinities and relative rates ofbond formation (1,10,37) In the absence ofexogenously added

chemical agonists like ADP or thrombin, soluble vWF plays a predominant role in cross­

bridging platelets at pathologically high shear rates ( G~ 6000 S -1 )( 3,4,38). In this study,

we have attemptedto investigate vWF-plateletinteractions atmore physiological shearrates,

and to specifical1y isolate the kinetics of vWF-GPIb mediated shear aggregation using

ristocetin. We then investigated the aggregationkinetics ofa more physiological system with

thrombin activation, in the absence of exogenous proteins, but with major secretion and

surface expression of ligands like vWF.

4.1. Role of the GPIb receptor in soluble vWF-ristocetin-induced aggregation:

We have shown that in the presence ofa modulator, ristocetin, and soluble vWF, very

few vWF monomer equivalents bound to platelets are required for cross-bridging at

physiologically intermediate shear rates between G = 100 - 1000 S -1. The shear aggregation

observed is independent ofGPllb-illa, as evidenced by the inability ofRO and MoAb lOES

to inhibit the reaction, but is completely inhibited by an antibody blocking interactions with

the glycoprotein receptor GPIb-IX-V, strongly suggesting that vWF-GPIb interactions alone

are sufficient to maintain aggregation ofmetabolically active platelets. These findings are
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perhaps surprising since ristocetin-mediated binding ofvWF 10 the GPIb receptor can cause

signalling and activation of the GPllb-illa receptor (39), and a requirement for GPIIb-ma

for maintenance of stable aggregates was shown in stirred suspensions of Glanzmann's

Thrombastheniapatientplatelets "activated" withristocetin(40). However, undershear flow,

there May be exposure ofboth additional vWF subunits and specific epitopes for GPIb due

to shear-induced uncoiling ofvWF(36), so that an initially weak ristocetin-mediated vWF­

GPIb interactio~May be strengthenedbymultiple interactions withvWF repeating subunits.

Thus, within the time frame ofexposure to shear (~ 1 min), thë ristocetin-vWF mediated

aggregation can he expected to provide a valid model ofan exclusively vWF-GPIb system

(similar to GPIb-only adhesion ofplatelets under shear to vWF-coated onto collagen (2»,

withcapture efficiencies (<XG) calculated accordingly reflecting onlyvWF-GPIb interactions.

The <XG C;s obtained at G = 1000 S -1 (=0.4) for ristocetin-soluble vWF mediated platelet

aggregation, indicate that vWF-GPIb interactions, as modulated by ristocetin, alIowcapture

ofcolliding platelets with high efficiency. This efficiency is approximately six times higher

than for ADP-fibrinogen mediated aggregation at simiIar shear rates (31). It thus appears that

vWF-GPIb bonds must be rapidly formed in order to Mediate capture ofplatelets in flow,

since mean contact times available between two platelets at G = 1000 S -1 are estimated to be

short, te =51t/6G= 2.6 msecs, assuming spherical geometry (41). The ability ofvWF and

GPIb aJone, to Mediate surprisinglyefficient aggregation withoutparticipationofGPIIb-illa,

but with appropriate vWF conformations, could provide a paradigm for vWD Type lIB

patient thrombocytopenia, where increased affinity ofvWF May aIlow spontaneous binding

to GPIb, efficient cross-bridging ofplatelets, and hence stable aggregation in shear.
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4.2. Role of the GPIb and GPIIb-ma receptors in thrombin activated WP :

Surface-expressed vWF bas been shown ta he involved in the Mediation ofaggregation

ofwashed platelets activated with 5,uM ADP (11), in the absence of exogenous ligands,

where there was a complete requirement for the activated GPIIb-ma receptor, and a partial

requirement for the GPIb receptor. Here we extended these studies ta the investigation of

thrombin activated washed platelets, where, under non-flow conditions, soluble vWF

reportedly binds exclusively to the GPIIb-illa receptor (8,35).

We have shown that for washed platelets activated with thrombin and sheared in the

absence ofexogenous soluble proteins: 1) there is a thrombin concentration threshold for the

onset of aggregation at physiologically intermediate shear rates; 2) this threshold is

correlated with the % ofplatelets having maximal surface-expressed vWF (%P*-vWF), but

relatively low % of platelets with a.-granule membrane fusion (probed for P-selectin

expression) or activation ofGPIIb-ma; 3) under shear flow, initial rates ofaggregation are

at least partly dependent on GPIb and totally on GPIIb-ma; and 4) vWF is the predominant,

if not exclusive, adhesive protein mediating aggregation via surface expression on the

activated platelet.

The existence ofa threshold concentration for the onset ofthromhin-induced aggregation

in stirred suspensions (aggregometer) of PRP or WP was previously reported (42) and

verified in our lab, but hitherto had not been tested at the physiologically intermediate shear

rates examined here in couette flow. We found that the threshold occurred at thrombin

concentrations similar to those reported in the aggregometer, unlike the case for ADP, where
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Bell etal. have shownthat five-fold lower concentrations ofADP were sufficient for driving

aggregation ofPRP underPoiseuille flow at22° C than in the aggregometer at 37° C (43,44).

This difference was not attributable to temperature, since the kinetics ofaggregation in the

aggregometer were shown to be similar at 370 C and 22° C (45).

The necessary role for vWF in thrombin-mediated aggregation is supported by the greater

than 80% inhibition ofaggregation obtained with a polyclonal anti-vWF antibody. It was

previously shown that aggregates ofwashed platelets activated with thrombin and stirred in

aggregometer vials showed minimal released fibrinogen at sites ofclose platelet contact in

the fust 20 s following thrombin-induced aggregation (46,47), suggesting that secreted

fibrinogen was not important for initiating cross-bridging ofplatelets, although Fg appeared

by 40 s and GPIIb-IIIa complexes were continually located between adjacent surface

membranes throughout the aggregate. Thus, the possible role ofprotein ligands other than

vWF, like Fg and TSP, is currently being investigated. The lack ofinhibition ofexpression

ofvWF on the platelet surface by specifie anti GPIIb-illa antagonists, indicate that they did

not affect thrombin-induced aggregation via any direet inhibition ofsurface-expressed vWF

on individual platelets, but rather by occupying free sites on GPIb or GPIIb-ma.

The similarities in capture efficiencies (aG ) and their inhibition by the anti-GPIb MoAb

6D1, for shear aggregation studies with ADP and thrombin-activated WP, suggest that

similar mechanisms are operating in both systems at intermediate shear rates: vWF likely

interacts with GPIb to facilitate capture ofplatelets with subsequent cross-bridging via vWF­

GPIIb-IIIa. The rapidly formed but easily ruptured vWF-GPIb bonds, have been shown to

he an efficient means of capturing platelets in tlow, either in our ristocetin-mediated
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aggregation ofplatelets at moderate shear rates (aG =0.4), or for surface-immobilized vWF

at shear rates tested in excess of6000 s -1 (1). We propose therefore, that at intermediate ta

higher G, vWF pre-bound to GPlb or GPIIb-IITa can initially cross-bridge via the GPIb

receptor, thereby increasing contact time between platelets, and allowing more stable, but

slower occurring bonds ta form between vWF and GPIIb-IIIa. Although soluble vWF is

considered to be unable ta bind to GPlb at shear rates belowG= 6000 S-1 without intervention

by an agonist (4,8), the surface-bound secreted vWF, essentially in an "immobilized"

conformation, is expected ta present epitopes for recognition by GPIb on another platelet.

Direct physical forces due to shear may play a role as weIl. In studies by Dong et al. (48),

CHü cells expressing recombinant GPIb-IX, were shown to agglutinate in the presence of

soluble vWF without ristocetin, when strongly agitated, due to physical forces alone.

The more "sensitive" exposure ofsurface-bound vWF on washed platelets activated with

threshold thrombin concentrations, prior ta full secretion ofother proteins, as suggested by

delayed P-selectin exposure, and prior ta GPIIb-IIla activation (Fig.3-5), could allow vWF

to access optimal numbers of unoccupied GPIb and GPlIb-IIIa receptors for mediating

platelet aggregation. The surface-expressed vWF may be secreted pre-bound to GPIb, since

vWF has been shown to co-Iocalize with GPIb receptors in 0.- granule me~branesand in the

surface-connected canalicular system (49), or may be derived from a non o.-granule vWF

pool, e.g. of cytoplasmîc or surface-connected canalicular system ongin (SO,51).The

differential secretion of vWF may even be a result of an asymmetric budding from 0.­

granules for fusion with plasma membrane, of vWF-containing regÏons, where vWF is

eccentrically localized as tubular structures (49). This would yield low P-selectin to vWF
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ratios expressed on the platelet surface, as we have actually observed.

Thus, we have shawn that vWF plays an important raIe in cross-bridging ofplatelets in

ristocetin-mediated shear aggregation, through the GPIb receptor exclusively, with low

numbers ofsoluble vWF monomer equivalents bound (representing~10 Molecules vWF of

10 millionDa). Additionally, surface-expressedvWF expressedonplatelets activated by low

concentrations of thrombin, can Mediate cross-bridging at intermediate shear rates in the

absence ofexogenous proteins, dependent on both GPIb and GPIIb-illa receptors. This is in

contrast to the minimal raIe described for the GPIb receptor in studies at G= 1200 S~l, for

ADP and epinephrine activated platelets (13), where the contribution from secreted proteins

is likely less, though this was not directly evaluated. Thus, thrombin-induced surface­

expressed vWF may provide an additional highly efficient mechanism for platelet

aggregation in the early stages of hemostasis where only very low concentrations of

thrombin are present ta activate platelets.
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Introduction to Chapter 4

Thrombosis is a major problem in industrialized nations. Because ofthe central role

ofthrombin in cardiovascular ailments, much effort bas gone into the development of

antagonists to neutralize thrombin's activity. Two such compounds are hirudin and D­

Phe-Pro-Arg-chloromethyl ketone (pPACK) which have been assessed in clinical trials.

However, due to bleeding complications in severa! patients, these trials were halted

prematurely. These antagonists aIso counter the occupancy ofplatelet thrombin receptors

by catalytically functional thrombine Previous studies have suggested, that occupancy is

only important initially for inducing normal secretion and consequently, platelet

aggregation in flow. We however probe residual effects that these antagonists May have

on platelet aggregation, and the surface expression ofgranule proteins TSP, P-selectin

and GPIIb-llIa receptor activation. Particular attention was paid to antagonist effects on

vWF (soluble or surface-expressed)-platelet interactions, due ta our previously

demonstrated important raIe for vWF in shear-associated aggregation, crucial for the

arrest ofhemorrhage. These parameters are examined at different thrombin

concentrations.
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Chapter4

Thrombin Reeeptor Occupaney Modulates Aggregation Efficiency and Platelet

Surface Expression ofvon Willebrand Factor and Thrombospondin, at Low

Thrombin Concentrations
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Abstract

Previous studies evaluating requirements for occupancy of thrombin receptors in

normal platelet secretion and aggregation, using the thrombin antago:nists hirudin and ppACK

(D-Phe-Pro-Arg-chloromethylketone), have suggested that at low thrombin activating

concentrations (0.025 - 0.13 U/ml), occupancy was required only in the tirst 45 - 60 seconds

following activation. In our study, we differentiate between thrornbin receptor occupancy

requirements for surface expression ofsecreted adhesive proteins, for activation ofGPIIb-ma

receptors, and for aggregation of washed platelets (WP) in laminar shear flow. Platelets

activated with 0.05 U/ml thrombin for 10 minutes to allow maximal secretion (hereafter

referred to as "pre-activated platelets"), then sheared, showed a 50 - 70 % decrease in platelet

counts after 60 s ofshear. Treatmentofpre-activated platelets with hirudin or ppACK produced

a 65 % reduction ofcapture efficiencies, QG (reflecting experimentalltheoretical initial rates of

aggregation), as weil as a 30-40 % decrease in the surface expression of von Willebrand factor

(vWF) and thrombospondin (TSP). However, a-granule membrane P-selectin expression and

numbers ofactivated GPllb-illa receptors were comparable fortreated and non-treated platelets.

No significant difference in any of the parameters tested was observed when platelets were

similarly pre-activated with 0.2 U/ml thrombin, due to treatment witll thrombin antagonists.

Bindingofsoluble FITC-vWF (GRGDSP-sensitive)to pre-activated, thrombinantagonisttreated

platelets, was greatly reduced (~80 %). Soluble Fg was shown to bind t'Û antagonist-treated pre­

activatedplatelets, butcould not significantly enhance plateletaggregation. Although occupancy

ofthrombin receptors by catalytically active thrombin is required tramsiently for secretion and

activation of platelets, there is a further requirement for thrombin occupancy at low thrombin

concentrations, for optimizing initial rates ofplatelet aggregation, surface expression ofvWF

and TSP, and activated GPIIb-ma ligand recognition.
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1. INTRODUCTION

Hirndin and PPACK (D-Phe-Pro-Arg-chloromethyl-ketone) are direct thrombin

antagonists; hirudin occupies both the anion binding exosite involved in fibrinogen (Fg)

recognition (1», and the catalytic site (2) ofthrombin, and blocks binding to platelets (3),

while ppACKdirectly inactivates thecatalytic site while still permitting bindingofthrombin

to platelets through the exosites, but not supporting aggregation (4,5). Hirudin and hirulog

(a thrombin antagonistconsisting ofa thrombin exosite recognition domain linked by gIycyl

residues to aPPACKanalog) have beenevaluated in clinical trials as anti-thrombotics drugs

(6-8). Althoughsomereduction inthe incidence ofthrombotic episodes was reported, several.

ofthese trials were stopped prematurely due to bleeding complications in sorne patients (9).

These bleeding complications May result from decreased platelet aggregation, a prerequisite

for clot formation, or from dimjnished or impaired Fg cleavage, due to a decrease in the

quantity or quality ofavailable thrombin.

Thrombin antagonists have previously been used to show a requirement for

thrombin occupancy ofplatelet receptors for secretion and aggregation (investigated in the

stirred vials ofan aggregometer at thrombin activating concentrations between 0.025 - 0.12

U/mI), in the fust 45 - 60 seconds following thrombin activation, but not once aggregation

hadbegun (3, 10, Il). Thus, a time-limited requirement for thrombinoccupancy for secretion

and aggregation was suggested. However, we hypothesize that hirudin and ppACK, by

limiting available functional thrombin (i.e. catalytically~active thrombin), May have more

prolonged effects on platelet function, primarily when platelets are activated with low

thrombin concentrations, where activation is expected to be mediated by thrombin binding
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to the GPIb receptor <Kci = 0.03 - 0.06 U/mI (0.3 - 0.6 nM) (12). Hence, it is important to

investigate the effect ofthese antagonists on platelet aggregation at subnanomolarthrombin

concentrations and under well-controlled physiological shear rates. Accordingly, we set out

to examine the time-dependent effect ofhirudin and PPACK on the activation ofplatelets

at low thrombin concentrations ( 0.05 U/mI), as retlected by surface expression ofsecreted

adhesive proteins and upregulation of GPIIb-IIIa receptor binding capacity, as weIl as

examining the efIect ofthese antagonists on aggregation at well-defined shear rates. These

studies were contrasted with experiments using higher thrombin concentrations (0.2 - 1

U/mI), associated withadistinctthrombinreceptor~=0.2- 0.5 U/ml;(12».Wewerethus

able to difIerentiate between requirements for functional thrombin occupancy ofthrombin­

induced platelet activation, versus platelet aggregation.

2. MATERIALS AND METHOnS

2.1. Reagents:

Ristocetin A grade, ADP, a-thrombin and hirudin were purchased from Sigma Corp. USA;

glutaraldehyde, electronmicroscopy grade, from Polysciences Inc.; paraformaldehyde frOID

Fisher Scientific Co., Fairlawn, NJ; human fibrinogen frOID Enzyme Research Laboratories

Inc., SouthBend, IN; H-Gly-Arg-Gly-Asp-Ser-Pro-OH peptide (GRGDSP) Peptide, used to

block the binding pocket of GPIIb-IIIa (13); and PPACK(14) (D-Phe-Pro-Arg

chloromethylketone HCl) from Calbiocnem Corporation, La Jolla, CA; tluoresœin­

isothiocyanate (pITC; Isamer 1) from Boehringer Diagnostics, La Jolla, CA); ZK 36374, a
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stableprostacyclinanalog (15), was a gift from Or. T. Krais, Schering Co., Berlin, Germany.

Monoclonal antibody (MAb) 601 an IgG against the vWF binding site on GPIb (16) was

kindly donated by Dr. B. Coller, State University ofNew York at Stony Brook; MAb S.12,

an IgG1, directed against platelet membrane CD62-P, PADGEM-140 (17), was a gift from

Dr. McEver, Oklahoma Medical Research Foundation, Oklahoma City, OK; MAb 2.2.9.,

an IgGl, recognizjng an epitope, non-interfering with vWF binding to platelets, between

residues 1366-2050 of vWF (18) was generously provided by Dr. Z. Ruggeri, Scripps

Institute, La Jolla, CA; MAb SGIl, an IgG2a recognizjng a non-functional epitope on

thrombosPOndin (TSP)(19) was prepared in one ofour labs: Dr. Chantal Legrand, Hôpital

St. Louis, Paris, France; Mab FITC-PAC-l, which recognizes an activation-dependent

epitope on GPIIb-IIIa (20), was purchased from Becton-Dickinson, San Jose, CA.

Calibration beads, Quikcal: 7.1 ,um, used for fluorescence intensity calibration of FITC­

labelled proteins, were obtained from Flow Cytometry Standards Corp, Research Triangle

Park, NC. Latex beads used for adsorbing GPIIb-IIIa were purchased from Interfacial

Dynamics Corp, Portland, OR.

2.2. Purification ofvon Willebrand factor and GPUb-ma: von Willebrand factor was

prepared from human cryoprecipitate obtained from the Canadian Red Cross and purified as

previously described (21). GPIIb-IIIa was isolated from human platelet membranes by Ientil

lectin affinity chromatography followed by gel filtration chromatography (22) and elution

from a Sephacryl gel filtration column with an HSC buffer (in mM: HEPES S, NaCllS0,

CaCl2 3, pH 7.4) containing 30 mM of (J-OG (n-octyl-(J-o-glucopyranoside)-soIubilized
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GPllb-illa.

2.3. Preparation ofwashed platelets: Washed platelets (WP) were prepared by a one-step

wash procedure from human citrated whole blood as previously described (23), involving

acidification ofplatelet rich plasma (PRP) to pH 6.5 and by addition of50 nM ZK. 36374,

a synthetic prostacyclin anaIog, to inhibit platelet activation. The remaining pellet after

centrifugation at SOOxg for 15 minutes, was resuspended in half the original volume, in a

modified Tyrode buffer (BAT: 136 mM NaCI, 2.7mM KCI, 11.9 mM NaHC03, 0.36 mM

NaH2P04, 1.0 mM MgC12, 5.6 mM glucose, 0.35% BSA). Platelet suspensions were kept at

37° C under a mixture of95% air and 5% CO2 to maintain pH 7.4 (24).

2.4. Preparation of GPnb-ma* latex beads: Aldehyde/Sulfate Polystyrene latex beads,

4.5 ~m, were washed with Incubation Buffer (lB; Tytode pH 6.5, 100 mM Hepes), then

suspended for 2 hours at roomtemperature inm containing 25 ~g/mlpurifiedGPllb-IIIaand

1 mM GRGDSP to activate the GPIIb-IIIa complex (GPIIb -IDa-). Beads were washed and

resuspended in BSA buffer (Tytode pH 7.4.10 mM Hepes, 2.5% BSA) and left ovemight

at 4° C, followed by a further wash with storage buffer (Tytode pH 7.4, 3.6 mM Hepes).

2.5. Labelling ofvWF and monoclonal antibodies: vWF, Fg and antibodies were labelled

with fluorescein-isothiocyanate, and fluorescein to protein ratios (F:P) were calculated as

previously described (21).
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2.6. Binding experilnents:

2.6.1. Ristocetin or thrombin-mediated binding of FITC-vWF to washed platelets:

Washedplatelets (WP) (1041/-LI), inBAT buffer, containing freshly-added 1mM CaCI2, were

incubated with either 0.5, 0.8 or 1.2 mg/ml ristocetin and 10 ,ug/ml FITC-vWF in the

presence orabsence ofbirudin, orwith0.05 Ulm! thrombinandFITC-vWF at concentrations

between 1-35 /-Lg/ml for 25 minutes, to allow equilibrium binding. Specificity ofbinding to

GPIIb-illa- was determined by incubating thrombin-activated WP with FITC-vWF in the

presence of 1 mM GRGDSP. For experiments with thrombin antagonists, platelets were

allowed to undergo activation by thrombin for 10 minutes (hereafter referred to as "pre­

activated" platelets), to correspond to incubation times used for aggregation experiments,

then were treated with an 8-fold excess of hirudin ( previously reported to neutralize

thrombinata4 to 40-fold excess ; (10,25-27) orwith 2/-LM PPACK (11,28), for 2 minutes,

as neutralization is known to occur rapidly (29). Soluble FITC-vWF was then added, and

incubated for a further 25 minutes. The reaction was arrested by diluting platelets with 10

volumes ofBAT buffer and the average fluorescence per platelet particle read immediately

on a flow cytometer, FACScan (Becton Dickinson, Mississauga, Ont), as previously

described (30,21). Platelets were identified on the basis ofcharacteristic FSC/SSC profiles,

and gates were set to exclude aggregates from platelet populations used to generate

fluorescence histograms. Particular attention was paid to the bimodal distribution of

fluorescence due to resting (PO) and activated platelets (P-), showing fluorescence greater

than control values in the absence of activator, as previously described (30). Thus, the

fraction of ceUs activated is reported as % p. for bimodal, subpopulation responses, or
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sîmplyas % activated platelets for partial, unimodal responses, where the entire population

undergoes a partial activation. Accordingly, fluorescence for the total cell population is

reported as Filot' while FLe represents the fluorescence on the activated platelet population

(pe) only.

2.6.2. Eff'eet of hirudin and ppACK on thrombin-induced platelet secretion and

surface-bound protein: Inorderto assess the effects ofthe thrombin antagonists onplatelet

activation, WP were activated with thrombineither in the absence orpresence ofhirudin and

PPACK. MAbs FITC-2.2.9, FITC-5Gll, FITC-S.12 were used to report on the amount of

surface-expressed vWF (SE-vWF), TSP (SE-TSP), and P-selectin respectively. Five.ul of

WP, at4 x 10 4 /f-ll inBATbuffer, were added to FACS tubes with 0.05 Ulm! or 0.2 U/ml

thrombin and incubated for 30 minutes in a total volume of20.u1, containing buffer, lmM

Ca 2+ and either 400 nM FITC 2.2.9, 333 DM FITC-5Gll or 273 DM FITC-S12. ln

experiments with thrombin antagonist, either hirudin at an 8-fold excess concentration, or

2,uM PPACK was added immediately prior to thrombin, or to platelets pre-activated with

thrombin, and incubated for 2 minutes. Mabs were subsequently added and incubated for a

further 30 minutes. Platelet susPensions were diluted. for reading on the FACScan. as

described above. The binding ofreporting antibody to WP was expressed as the Percentage

inhibition ofcontrol values, obtained in the absence ofantagoniste

2.6.3. Effeet of hirudin on thrombin-induced glycoprotein receptor GPllb-ma

activation: FITC-PAC-l was used to report on activated platelet GPlIb-illa receptors

(GPlIb-illaJ. WP (10 4
/ .u1) were either activated with thrombin and incubated together with
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333 nM FITC-PAC-l, or pre-activated, treated with an 8-fold excess of hirudin, then

incubated for a further 30 minutes with FITC-PAC-l. Platelet suspensions were diluted for

reading on the FACScan as described above.

2.6.4. Percent Fg occupancy of GPIIb-ma*: Since there is an ideal range of Fg

occupancies of available GPlIb-IDa* receptors which is expected to yield optimal capture

efficiencies (approximately20-75%; (31)), we adjustedFg occupancies on platelets used for

shearing to fall within this range. Accordingly, WP (10 4//-1-1) were pre-activated with 0.05

U/ml thrombin, incubated with hirudinorppACK for 2 minutes, then incubated for a further

5 - 8 minutes with 0.2,uM FITC-Fg . The reaction was arrested by diluting with 10 volumes

BAT buffer, and results were read immediately on the FACScan. Altematively, incubations

were for 40 minutes with saturating concentrations ofFg, to determine maximal numbers of

available activated GPIIb-IIIa receptors. Numbers ofFITC-Fg bound were determined from

average fluorescence values, using MESF Quikcal calibration beads, from the equation:

220(fluorescence) - 10991 F:P, as previously reported (32). Thus, the percent occupancy of

Fg was estimated by: # Fg bound at 5 minutesl # Fg receptors available at 40 minutes.

2.6.5. Binding to GPIIb-illa* latex beads: FITC-vWF (1-35 J.1g1ml) was incubated for 30

minutes with latex beads with adsorbed activated GPIIb-ma , in BAT buffer solution, or

in BAT containing 0.5 U/ml hirudin or 2 J.1M PPACK. Bound vWF was determined from

fluorescence measurements, as described above.
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2.7. AggregatioD in shear:

Aggregation ofwashed platelets under uniform larninar shear was tested in a coaxial

cylinder microcouette device (0.3 mm gap) at shear rates from 300 - 1000 S -1, as previously

described (21,31). Samples were drawn al giventinte intervals after the onset ofshear (0, 10,

20,60 sec), immediately fixed in 10 vol of 0.2% glutaraldehyde, and further diluted 7-fold

with. isotonic saline, for analysis ofparticle number with the FACScan. Platelet aggregation

cPA) was calculated by determining the decrease in particle number with. time: % PA= (1 ­

N/No) x 100%, where Nt = platelet particle number at time 1, and No = the initial platelet

number. Capture efficiencies aa, defined as the ratio of the rate of two-body collisions

resulting in aggregate formation to the total rate of two-body collisions, were computed

based on equations by Smoluchowski, assuming dilute suspensions ofrigid spheres (33), as

described by Xia & Frojmovic (31).

2.7.1. Effect ofhirudin and PPACK on shear-associated aggregation ofWP activated

by thrombin or ADP: Washed platelet suspensions (4 x 104/#1) were pre-mixed in

Eppendorftubes with BAT buffer containing 1mM Ca2+, and incubated with thrombin for

10 minutes (determined to yield optimal capture efficiencies relative to similarly activated

platelets incubated for shorter periods of time; results not shown) prior to transfer to the

microcouette for shearing. Initially platelets were activated with three different

concentrations of thrombin, 0.05, 0.2 and 1.0 Ulm!, respectively chosen to represent

thrombin binding to the high affinity binding site on GPIb, an intermediate concentration,

and one at which platelet responses would he mediated through the thrombin seven-
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transmembrane receptor (PAR-l; (12)). ForhirudinandppACKexperiments, platelets were

pre-incubated with thrombin in the presence ofthe antagonists, or else were pre-activated,

treated with hirudin or ppACK for 2 minutes, and immediately transferred to the

microcouette for shear experiments.1n experiments exarnining the effect ofthe length ofthe

pre-incubation time onthrombinantagonist inhibitionofplatelet aggregation, platelets were

pre-incubated with thrombin for 1 minute or 10 minutes. To test the effects ofsoluble Fg on

platelet aggregation, thrombin antagonist-treated platelets were incubated for a further 5-8

min with 0.2 ,uM Fg, to yield optimal Fg occupancies, prior to shearing.

The effect ofhirudin on ADP-induced shear aggregation was also examined. WP

were activated with 5 ,uM ADP in Eppendorf tubes as in previous studies (34) and

immediately transferred to the microcouette for shearing, or ADP was added together with

0.5 U/mI hirudin and subsequently sheared as above.

2.7.2. Statistical Analysis

Data are presented as the Mean ± standard error of the Mean (SEM), with numbers in

parentheses indicating the numberofexperiments performed. Tests for statistical significance

were done using the Student t-test.
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3.RESULTS

3.1. AggregatioD in sheared suspensions

Using our washed platelet preparations (WP) and Iight transmission aggregometry

(detectingmacroaggregates of~10platelets; (35)}, we were able to confirmthe earlier results

obtained by Holmsen (10) and Greco (11), where hirudin or PPACK inhibited the

aggregation ofplatelets activated with low thrombin concentrations, ifadded ta the stirred

WP in the vials ofan aggregometer within ~ 1 minute ofactivation (results not shown). We

then examined the effect ofthrombin antagonists on the microaggregation (platelet counts

determined by flow cytometry) of platelets sheared in a microeouette deviee at the

physiologie shear rates ofG = 300 and 1000 S-1 • Washed platelets activated with 0.05 U/ml

thrombin in the presence ofan 8-fold excess ofhirudin or 2 ,uM ppACK, and sheared at G

= 1000 S -1, did not aggregate, showing that the "neutralized" thrombin eould not yield any

deteetable mieroaggregatioIi in shear fIow. Altematively, platelets were ineubated with

thrombin for times exeeeding the previously-observed lag phase of ~1 minute (10, Il).

Platelets activated with 0.05, 0.2 or 1.0 U/ml thrombin were maintained under non-flow

conditions for 10 minutes (referreà to as "pre-aetivated" platelets), and then subjected to a

uniform. shear field ofG = 1000 S -1. Sueh pre-activated platelets were found to aggregate in

shear flow (Fig.4-1) with equal or even greater rates of initial aggregation than platelets

sheared immediately following activation. Sïnce it was found that the extent ofaggregation

and its inhibition by antagonists was equivalent when platelets were pre-activated with 0.2

or 1.0 U/ml thrombin (results not shown), subsequent experiments were carried out at 0.05
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Fig. 4-1. Kinetics ofshear aggregation. Washed platelets (WP) at 4 x 104 1",,1 were activated with
0.05 or 0.2 U/mI thrombin and buffer, or with the antagonists hirudin or PPACK, added either
together with thrombin and incubated for 10 minutes (shown as HlR/THROMB SIMULT, and
PPACKffHROMB SIMULT) or after la minutes of incubation with thrombin ('l;pre-activated").
Platelet suspensions were transferred 2 minutes after addition ofantagonist to a microcouette
device to evaluate platelet aggregation cPA) under shear flow. Results shown are for shear
aggregation at G = 1000 S-l for a representative donor. a.O.OS UI m! thrombin, treatment with
hirudin; b.O.OS U/ml thrombin, treatment with PPACK; c. 0.2 Ulm! thrombin.
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or 0.2 U/ml ooly.

The effect ofhirudin and PPACK on the shear-associated aggregation ofpIatelets

pre-activated with thrombin was then investigated. Analysis of kinetic PA curves for (la

showed that the (la for 0.2 U/mI thrombin-induced aggregation did not change significantly

following treatment ofpre-activated platelets with tbrombin antagonist (Table 4-1), even

when a 20-foid excess of hirudin was used. However, for similar studies with 0.05 U/ml

thrombin, there was a significant decrease in (la (Fig.4-2), with an accompanying decrease

in the extent ofaggregation at 60 seconds, whether platelets were pretreated for 10 minutes

(Fig. 4-1; Table 4-1), or for 1 minute ( results not shawn) prior ta treatment with antagonist.

The thrombin antagonist effects on piatelet aggregation are specific ta low thrombin

concentration-mediated aggregation, as shown by the lack of significant difIerence in the

shear aggregation ofWP activated with a sub-maximal concentration ofADP (5 .uM) in the

presence of0.5 U/mI hirudin (Fig. 4-2).
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Table 4-1. Summary ofinhibition by hirudin and PPACK, ofparameters ofthrombin

activation

% INHIBITION FOLLOWING IURlPPACK NEUTRALIZATION

FOR PLATELETS PRE-AcrIVATED WITH:

Parameter Low Thrombin (O.05U/ml) HighThrombin (O.2U/ml )

Hirudin PPACK Hirudin PPACK

&Aggregatïon <la b'~64±5%- 60±9%- -14 ± 12 -6±5

at p~ 48±7%- 43 ±7%- 0.3 ±3 -3.7 ±4

G=1000 S-1 dO2) (6) (3) (3)

Surface- Ps 3.5±8% -10% 2.5% 1.5%
boundc:

(4) (2) (2) (2)

vWF 41 ±6%- 16%-- -10±14% 18%

(12) (2) (5) (2)

TSP 41 ±4%- 29 ±12%- 14±8% 12%

(6) (3) (5) ( 2)

a Note that results for <la ,P~ and surface-expressed proteins are for platelets pre-activated with
thrombin for 10 minutes.

b Note that aG values were essentially identicaI for low and high thrombin, 0.09 ±.02 and 0.12 ± .02
respectively, in the absence ofany thrombin inhibitors.

c Note that inhibition observed for only 1minute pre-activation ofWP with 0.05 Ulml thrombin, prior

to addition ofhirudin, was comparable to neutralization after a 10 minute pre-activation.

d Numbers in parentbeses represent numbers of separate experiments

c Measured from changes in FIlOt
-p<O.OOl; -- p<0.05
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3.2. Effect ofhirudin and PPACK on thrombin-induced secretion: The effect ofhirudin

and PPACK on platelet secretion was compared for platelets activated with thrombin and

treated with antagoniSt immediately following addition to platelet suspensions, or after a 10

minute pre-incubation, at which time granule secretion is complete (36). Washed platelets

were incubated under equilibrium binding conditions with thrombin and monoclonal

antibodies (MAb) FITC-2.2.9 to report onsurface-expressedvWF (SE-vWF) orFITC-SGIl,

reporting on SE-TSP, indicating release of soluble granule contents, or with FITC-S.12

reporting on P-selectin (indicating fusion ofa-granule membrane with plasma membrane).

The extent of expression of surface-bound proteins (both Fr and % p.) on platelets pre­

activated with 0.05 U/ml thrombin at 10 minutes (incubation times used for shear) and 30

minutes (time for equilibrium. binding experiments) was compared. Relative expression of

SE-vWF was examined by determining on-rates for FITC-2.2.9, and was found to he almost

identical for both thrombin pre-incubation times, Ïndicating that maximal expression, both

in numbers of vWF and % p., had occurred by 10 minutes following thrombin activation.

A similar technique was previously used to evaluate the time-dependent expression of

activation ofGPIIb-ffia receptors on platelets following stimulation with ADP (30).

Hirudin-added together with 0.05 U/ml thrombin resulted in minimal or no P­

selectin SE-vWF or SE-TSP expression, and no GPlIb-IIIa activation, when compared to

non-antagonist treated platelets. Addition of ppACK simultaneously with thrombin aIso

reduced these parameters by >85 %.

The differences observed between the aggregation ofthrombin antagonist-treated

platelets pre-activated with 0.05 and those pre-activated with 0.2 UlmI thrombin were
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paralleledby differences in secretion and expression ofsurface-bound adhesive proteins. As

shown in Fig. 4-3b, platelets pre-activated with 0.2 U/ml thrombin and then treated with

hirudin or PPACK, exhibited amounts of fluorescence for FITC-S.12, FITC-2.2.9. and

FITC-SGII similar to those ofplatelets not treated with antagonist (controIs), summarized

in Table 4-1. However, when platelets were pre-activated with O.OS U/ml thrombin, then

treated with hirudinor PPACK(Fig. 4-3a), the~ewas a significant decrease ofFItot for FITC­

2.2.9 andFITC-SGIl, reporting on SE-vWF and SE-TSP respectiveIy, butnotfor FITC-S.12

reporting on membrane P-selectin (Table 4-1).

Changes in Fltot reflect changes both in % p., the fraction ofcells activated, and Fr,

the Mean fluorescence of the activated population (P) only. Thus, we further analysed the

fluorescence specifically on activated platelet populations. Analysis of fluorescence

histograms showed that decreases in total fluorescence for bound FITC-2.2.9 on WP pre­

activated with 0.05 U/ml thrombin, then treated with an 8-fold excess ofhirudin, (% 1= 50

± 3% (n=8», principally represent a decrease in % p., and only a smali decrease in Fr, as

shown inTable 4-2. Incontrast to an inhibition primarily of% p. for FITC-2.2.9 by hirudin,

the decrease in FItot for FITC-5GIl (% 1 = 41 ± S %, n=5), represents aImost an equal

decrease in FI· and in % p. (% 1 = 17 ± 5 %, and 19 ± 3%, n = 5), respectively.

3.3 Correlation between capture efficiency and surface-expressed vWF on WP

activated with O.OS U/mi thrombin and treated with antagonist after 10 minutes: Since

separate studies showed decreased aggregation and surface-expression of two a-granule

proteins whenactivatingwith the lowerthrombinconcentration(results summarized inTable
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Fig. 4-3. Effect ofhirudin or PPACK on the surface expressionofP-selec~vWF and TSP on
platelets pre-activated with thrombin, then treated with antagonist. WP (1 x 104/,u1) were
activated with a. 0.05 Ulml thrombin or b. 0.2 Ulml thrombin. Reporting mAbs against (1­

granule membrane P-selectin (S.12), vWF (22.9) or TSP (5GIl) were incubated together with
thrombin-activated platelets for 30 minutes, or pre-activated platelets were incubated for 2
minutes with hirudinor PPACK, tœn incubated for an additional30 minutes with reporting
antibody. Results are expressed as % inhibition ofcontrol (00 antagonist) flmresceœe values ±
SEM, fur a minimum ofthree domrs, dOIle in duplicate.
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• 4-1)~ we investigated the relationship between surface-expressed vWF (SE-vWF) and Œo

using platelets from the same preparation, in order to minirnize inter-donor variability. For

platelets pre-activated with 0.05 Ulm! thrombin, then antagonist treate~ a paired t-test

showed a correlation between the percent inhibition (% 1) for FITC-2.2.9 for FL· and a 0

(p<O.OS), and % p. and a 0*** (p<O.Ol) (Table 4-2). However~ no significant differences

in ao ~ SE-vWF or SE-TSP compared ta untreated platelets were observed when platelets

were pre-activated with 0.2 Ulm! thrombin, then treated with antagonist (Table 4-1).

Table4-2. Relation between the effectofhirudin on capture efficiency (<Xe), and thesurface
expression ofvWF on platelets pre-activated with 0.05 Ulml thrombin, and treated with
antagonist aCter 10 minutes

1 37 28 24 44

2 77 37 21 49

3 46 47 27 40

4 45 22 17 3S

5 83 58 23 57

6 67 47 19 57

7 38 51 21 62
r

8 66 S3 19 58

X±SEM 58%5 43%4u 21 %1··· 50%3

;=====I~========P=EFiR=CE==NT===IN==H=IB;=I='I='10=N=(%=o=I)=O;=F===========
1DONOR 1 lX<; 1 %P' • 1 FI' • 1 F.... c

•

a fraction ofcells activated; %p. =41 - 71 % in absence ofantagonist
b fluorescence for activated platelets; Fr = 175 - 232 in absence ofantagonist
C fluorescence for the total cell population; FI tot = 76 - 182 in absence ofantagonist
··paired t-test between CXo and % p., p< 0.01
••• paired t-test between aa and Fr , p < 0.05
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• 3.4. Inhibition of soluble vWF binding to thrombin-activated WP by hirudin or

PPACK: Since we had observed a decrease in the surface expression of platelet vWF in

thrombin antagonistpre-treatedplatelets, we wanted to determine whetherthere was a defect

in the binding ofplasma-derived vWF as weIl. The binding ofFITC-vWF (1 and 35 ,ug/ml)

to WPpre-activatedwith 0.05 U/ml thrombin, orto pre-activatedthrombinàntagonisttreated

platelets, was compared. No change in vWF binding due to the delayed addition ofFITC-

vWF was observed in the absence of inhibitor. However, hirudin and PPACK both greatly

reduced the binding ofaIl concentrations ofFITC-vWF to platelets activated with thrombin,

with an inhibition by hirudin of82* ± 3%, and by PPACK, of79* ± 2% (n = 3); * p< 0.01

(Fig. 4-4).
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Fig. 4-4. Effect of hirudin and
PPACK on the binding ofsoluble
FITC-vWF to thrombin-activated
pIatelets. FITC-vWF was added
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3.S. Do thrombin antagonists interact direetly with soluble vWF? We sought to test

whether inhibition of aggregation by hirudin was due specifically to deoccupancy of

thrombin from platelets, rather than to a direct interaction with the A-l domain or RGD site

on vWF, both important for cross-bridging ofthrombin-activated platelets under shear flow

(21). Soluble vWF was incubatedwith ristocetin, eitherinthe presence orabsence ofhirudin

to determine its efIects on vWF-GPIb interactions (Fig. 4-5a), using a range ofristocetin

concentrations (0.5 - 1.2 mg/ml) to detecthirudininterference with vWF binding. There was

however, no significant change in the ristocetin-mediated binding ofFITC-vWF to WP at

any ristocetinconcentration when platelets were incubated in the presence ofhirudin. To test

hirudin and PPACK inhibition ofvWF-GPIIb-Illa interactions, soluble FITC-vWF (1 - 35

,ug/ml) was incubated with GPIIb-Illa--beads in the presence and absence of thrombin

antagonists. FITC-VWF bound to the beads (Fig. 4-5b) with a ~ of 30 ± 1 DM (n = 3),

which was unchanged in the presence ofhirudin or PPACK: :Kt = 29 ± 1 DM ( n = 3) and

30nM ( n = 2), respectively. Thus, the thrombin antagonists do not appear to interfere

directIy with either vWF- GPIb or vWF- GPIIb-ma interactions.
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3.6. GPIIb-ma activation in the presence of hirudin or PPACK: In contras! to the

inhibitionofsoluble vWF binding to thrombin-activated WP, wehave previously shownthat

platelets pre-activated withthrombin concentrations from 0.02 to 0.5 U/mI, thentreated with

hirudin, can bind Fg (21). In our present studies, we found that comparable numbers ofFg

molecules were bound with 0.5U/ml thrombin or with 0.2 .uM PMA, known to produce

maximal activationofGPllb-illareceptors (17). Similarresultswere obtainedusing PPACK,

with maximalnumbers ofFgMolecules bound showing ~15 % difference from those bound

to hirudin treatedplatelets. To determine whetherplatelets activatedat submaximal thrombin

concentrations show altered availability of activated GPllb-illa receptors upon treatment

with thrombin antagonists, we used FITC-PAC-1, an IgM monoclonal antibody which

recognizes only activated GPIIb-IIIa receptors, thus mimicking Fg-binding, but resistant to

direct proteolysis by thrombine Fluorescence values for FITC-PAC-l bound to WP pre­

activated with thrombin at concentrations from 0.02 to 1.0 U/ml, then treated with hirudin,

were compared to fluorescence values for FITC-PAC-1 bound to untreated platelets (Fig.4­

6). For platelets pre-activated at lowthrombin concentrations (~ 0.1 U/ml), then treated with

hirudin, fluorescence values were not significantly different from control values, suggesting

that the primary mode ofinhibition ofshear aggregation by hirudin is not due to a decreased

availabilityofactivated GPIIb-illa· receptors. However, at the higherthrombinconcentration

tested, 0.2 and 1.0 U/ml, FITC-PAC-1 binding decreased in the presence ofhirudin by 23

% (n-2) and by 37 ± 1 % (n= 3) (p < 0.01) respectively.
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3.7. Effeets of soluble fibrinogen on the aggregatioD of WP activated with 0.05 Ulml

thrombin and treated with hirudin or PPACK: Since Fg was shown to bind to thrombin

pre-activated WP treated withhirudin or PPACK, we considered that soluble Fg may he able

to cross-bridge such platelets in shear flow, and thus increase cxG values. Incubation times

with Fg were adjusted to gÏve occupancies ofactivated GPIIb-ma receptors in the range of

20 - 75 %, previously shown to resuit in optimal platelet aggregation (31). Accordingly, the

numbers ofFg molecules and numbers ofactivated GPIIb-illa receptors on sheared platelets

were determined to he in the range of4500-7100 and 11,000-14,000 respectively, yielding

percent occupancies of49 ± 5 % (n = 4). Surprisingly, the rate and extent ofaggregation at

G = 1000 S -1, ofantagonist treated platelets in the presence of 0.2 JlM FITC-Fg, were not

significantly difIerent from that in the absence of soluble ligand (Fig. 4-7a), the change in

•
CXG being -1.0 ± 11%, (n = 4) for hirudin and 5 ± 3% (n = 3), for PPACK. Similar results
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• were obtained at G = 300 S-1 (Fig. 4-7b), despite the important role expected for Fg at lower

shear rates (37).
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Fig. 4-7. Effect of soluble Fg on the kinetics ofaggregation ofWP pre-activated with 0.05 U/ml

thrombin and treated with hirudin after 10 minutes. WP (4 x 104 1t-tl) activation with thrombin and

antagonist addition were as in fig. 1. To examine the effect of soluble Fg on the shear-associated

aggregation, platelets were incubated for a further 5 minutes after hirudin addition, with 0.2,uM Fg

prior to shearing at a. G = 1000 or b. = 300 S -1 • Results shown are for a representative donor.
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4. DISCUSSION

In studies by Holmsen et al and Greco et al (10,Il) on requirements for thrombin

occupancy of platelet receptors for secretion and aggregation with 0.025 - 0.12 U/ml

thrombin, it was concluded that secretion was the key event regulating the occurrence of

platelet aggregation in flow; hence, once the lag phase corresponding to the onset of

secretion had passed (45 - 60 s), no further requirement for thrombin receptor occupancy for

plateletaggregationwas POstulated. Wehave confirmedthe complete absence ofaggregation

ofthrombin-àctivated washed platelets in suspension, subjected to stiror lamjnar shear flow,

in the presence ofan 8-fold excess ofhirudin, or 2 ,uM ppACK, or when these antagonists

were added after thrombin, but within the time required for secretion. However, difIerences

inmethodology, inparticulartiming, have aIlowed us to uncouple requirements for thrombin

receptoroccupancy for surfaceexpressionofsecretedproteins andupregulation ofGPIIb-illa

receptor ligand recognition, from those for initiation ofaggregation. Additionally, we have

shown that platelets which have been treated with hirudin or ppACK after 10 minutes of

thrombin activation ("pre-activated" platelets), differ in their requirement for thrombin

occupancy of its receptors dependant on the thrombin concentration used to activate the

platelets. Thus, for WP pre-activated with 0.05 U/ml thrombin and treated with antagonist,

occupancy of thrombin receptor(s) by catalytically active thrombin: 1) was required for

optimal capture efficiencies, for maintenance ofsurface expressionofvWF and TSP, and for

activated GPllb-IDareceptor recognitionofsoluble vWF; and 2) was independent ofsurface

expression of a-granule membrane P-selectin or of availability of activated GPIIb-ma
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receptors ~orFg binding. When~were similarly treated with antagonist, butpre-activated

with 0.2 U/ml tbrombin, all parameters tested above were independent ofthrombin receptor

occupancy.

4.1. Comparison of high versus low thrombin concentrations

We have consistently found that platelets activated with high thrombin

concentrations (0.2 - 1 U/ml) did not show a dependence on occupancy of thrombin

receptor(s) for continued optimal aggregation, surface vWF orTSP expression, or inbinding

characteristics ofthe activated GPIIb-IIIareceptor. This is in contrast to the dependence seen

for lowthrombin concentrations (0.05 U/ml). At lowtbrombin concentrations, primarily the

high-affinity receptor, GPIb, would be occupied, while at 0.2 - 1 U/ml thrombin, both the

GPIb receptor andthe moderate affinity thrombin7-transmembrane receptor cPAR-1) would

participate inmediating responses bythrombin (12), with irreversible cleavageofthe amïno­

terminal domain of PAR-l ensuring hirudin-resistant signalling through this receptor. In

addition, the extent and nature of secretion appear distinct for the low and high thrombin

concentrations (19,26), with increased % p. for platelet surface expression, and perhaps

stabilization, ofsecreted ligands. Detailed studies ofsecretion and surface binding ofligands

with platelet activation need to be made to clarify the above.

4.2. Role for surface-expressed vWF and TSP in aggregation

In a previous study we demonstrated an important role for surface-expressed vWF

(SE-vWF) as the principal cross-bridging agent ofthrombin-activated platelets in shear flow
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(21). This dependence on SE-vWF is aIse supported by our current data, since hirudin and

PPACK reduced capture efficiencies ooly at the lower thrombin concentrations, where

decreases in ao were correlated with decreases in the % p. maximally expressing surface­

bound vWF. IfaIl p. are recruited into aggregates, and no po (resting platelets), then a 40%

reduction in % p. would yield a 40% reduction in initial rates ofaggregation, as reported for

Fg-mediated aggregationofADP-activatedplatelets (31,38). However, the percentdecrease

in aG for shearedplatelets activatedwith 0.05 U/ml thrombin, is greater for individualdonors

than the % decrease observed in % p. for SE-vWF, likely reflecting contributions due to

reductions in numbers ofsurface-bound vWF and TSP (FI*), % p. for SE-TSP, or other

factors. The specifie role of TSP was not investigated further, but severa! studies have

suggested that TSP May he important for stabiIization ofaggregate formation (39) and for

amplification ofthe secretion response (40).

4.3. Effect of hirudin and PPACK on soluble Fg and vWF binding

Binding of soluble vWF was aImost completely abolished by the addition of

hirudin or ppACK 10 minutes after platelet activation with low concentrations ofthrombin,

whereas the normal occupancy ofreceptors by soluble Fg binding appears to correspond to

the availability of activated GPIIb-illa, shown via PAC-l, an anti-GPIIb-illa activation­

dependent antibody. Since the numbers of GPIIb-illa· receptors were not reduced by

neutralizationwith thrombin antagonists, it would appear that GPIIb-illaconformation may

he compromised, with perhaps more stringent requirements for the vWF- GPIIb-illa

interaction than for Fg. Any direct effects ofhirudin or ppACK, two very distinctmolecuIes,
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on both vWF (soluble and SE- vWF) and SE-TSP, are unlikely and would he expected to he

even more pronounced at 0.2 U/ml thromb~where larger concentrations of hirudin and

PPACK were used. Moreover, we have demonstrated the Iack of direct interference with

vWF-GPIb or vWF- GPIIb-illa interactions byhirudin, andvWF-GPllb-illa interactions by

PPACK, using ristocetinand modellatex particles with surface-bound activated GPIIb-ffia

Although many earlier studies indicate that there are three conformational states

ofGPIIb-IIIa: unactivated, activated unoccupied, and CbCtivated but ligand occupied, there

are severallines ofevidence suggesting that further fine tuning ofconformations presented

mayexist, dePending onactivating conditions and ligands bound. Therecently descrihed anti

GPIIb-illamAb, PMA-S, canselectivelyinhibitFg-mediatedaggregationof ADP-activated

platelets (and hence GPIIb-ffia), but not the aggregatioo of RGD-activated fixed platelets

(41), while mAb AP-6, recognizjng a ligand-induced binding site on residues 203-228 on

GPIDa (LmS) can distinguish between RGD ory 400-41 1peptide -occupied GPllb-illa and

the receptor occupied by the intact ligand, Fg (42).

It has been shown that the y 400-411 site on Fg is exclusively required for binding

to activated GPIIb-ffia (43) and for cross-bridging ofplatelets (44), and that this epitope bas

been chemically cross-linked to a domain consisting o~ residues 296-306 on GPIIb (45),

whereas the RGD domain on vWF is expected to bind to region 109-171 on GPIIIa (46).

Thus, perturbations ofthe final steps ofthe nonnal signal1ransduction pathway for low-dose

thrombin GPIb-mediated activation, controlling ligand affinities and duration of activated

confonnational states (47,48), may result in altered stability or activated GPIIb-ffia

conformation in the absence ofthromhinoccupancy, witadifferentially exposed epitopes for
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the binding ofPAC-I, Fg and vWF.

4.4. Effect ofsoluble Fg on platelet aggregation

The r 400-411 recognition domain on GPIIb although likely to he available as

suggestedbyFgbinding, maynevertheless have reduced accessibility inthrombin-antagonist

treated platelets, as suggested by the inability of soluble Fg to improve aa values at

intermediate shear rates ofG = 1000 s -1, and even at G = 300 S -1, where Fg is at its peak

efficiency (31). The apparent inability of soluble Fg to cross-bridge platelets following

binding to platelets bas been described previously for effects of a combination of intact

monoclonal antibodies against GPIIb andagainstGPilla (49), and forplatelets activated with

ADP at 4° C (50), but ascribed to post-Fg binding events. Similar effects of hirudin and

PPACK on post-ligand binding events remain a possible explanation for Fg behaviour,

although this would not expIain the decrease observed in the binding ofsoluble vWF. The

intemalization ofGPIIb-illa receptors with bound Fg reported by Wencel-Drake et al.(51)

as a mechanism to explain reduced aggregation of platelets in stirred suspensions, is an

unlikely explanation for our experiments, since after five minutes of incubation with Fg,

Wencel-Drake et al. indicated that the extent of decrease in surface-Fg at this time point

resulted in only a 20 % inhibition ofaggregation. Thus, sufficient Fg should remain bound

to platelets to participate in the Mediation ofaggregation, and to increase aa values in our

system.
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4.5. ConcludiDg remarks

We have shown an uncoupling ofthe requirement for thrombin occupancy for the

secretion versus aggregation response in platelets treated with hirudin or ppACK after an

extended thrombin activation period. Inhibition ofaggregation at low thrombin activating

concentrations was correlatedwith a decreased percentage ofactivated platelets with surface

expression of vWF and TSP, reduced soluble vWF binding and abnormal Fg-mediated

aggregation. Thus, in clinical trials with patients receiving hirudin or PPACK-based

thrombin antagonists, where some low levels ofthrombin generation may occur, initial rates

of thrombin-induced platelet aggregation are likely to be reduced at the low thrombin

concentrations present initially, and May contribute to the bleeding complications observed

in some patients.
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Introdu~tion to Chapter S

Thrombospondin and fibrinogen have been implicated in thrombin-induced macro­

aggregation ofplatelets in stirred suspensions. In this study, we evaluate the contribution

ofthese adhesive ligands as weIl as vWF, to initial rates ofaggregation ofplatelets in

uniform Jaminar shear flow, at physiologic shear rates between G = 300 and 2000 S-I.

Differences in receptor-ligand requirements resulting from different exposure times to

thrombin prior to placement in the shear field, was also determined.
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ChapterS

Complementary Roles for Fibrinogen, Thrombospondin and von Willebrand

Factor in Mediating She2~-DependentAggregation of Platelets Stimulated at

Threshold Thrombin Concentrations
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Abstract

Although antibodies against severa! adhesive ligands have been shown to inhibit the

aggregation ofstirred washed platelets (WP) activated with low concentrations ofthrombin

(0.05 U/ml}. the specific role of individual ligands bas not been weIl established. We have

investigated the contributions of von Willebrand factor (vWF), fibrinogen (Fg) and

thrombospondin (TSP), to the efficiency ofplateletcapture at various physiologie shearrates

(G = 300 (:::::venous), 1000 or 2000 S-I (:::::microcirculation» and pre-incubation conditions

(30 s ('to) or 10 minutes ('r10» withthreshold thrombin concentrations. Fiuorescently-iabelled

reporting antibodies, detected byflow cytometry, confirmed the expressionof vWF, Fg, and

TSP, on activated platelet surfaces. vWF was essential for mediating platelet aggregation at

all shear rate and incubation conditions tested. Antibodies against TSP inhibited initial rates

ofaggregation in a shear-rate independent manner by 35-65 %. For platelets pre-incubated

with thrombin ('t10), Fg did not directly cross-bridge platelets in flow, although a secondary,

supportive role for Fg is postulated, potentially in its proteolysed form, fibrine At 't'o, vWF,

TSP and Fg all appeared to mediate aggregation, with Fg DOW directly cross-bridging

platelets via the y-carboxyl terminus. Thus, optimum shear-associated aggregation ofWP

activated with lowthrombin concentrations requires all three adhesive ligands, with diverse

role(s) po~ated for each, depending on shear and activating conditions.
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1. INTRODUCTION

In hemostasis, vascular injury results in exposure ofsubendothelium and the rapid

adhesion offlowing platelets to matrix proteins, as demonstrated for von Willebrand factor

(vWF) and collagen (1), with subsequent activation ofplatelets. Platelet activation may be

associated with release of a-granule proteins and platelet surface expression ofadhesive

ligands, including fibrinogen(Fg), vWF andthrombospondin (TSP) (2). Further recruitment

ofplatelets for aggregate growth may be mediated bythrombin or released ADP (3,4). VWF

and Fg have also been implicated in both venous and arterial thrombosis (5,6), while TSP

levels are elevated in the thickened intima in human vascular disease (7).

Antagonists against adhesive ligands or glycoprotein receptors can inhibit the macro­

aggregation ofwashed platelets activated with thrombin (S-IO). However, the decrease in

aggregation May be due to direct inhibition ofcross-bridging sites on ligand or receptor, or

by inhibition of processes required for optimal platelet surface presentation of ligands

following activation. Platelet binding and participation in aggregation ofa given ligand May

be mediated by homotypic platelet receptors (eg. GPIIb-IDa·-Fg-GPIIb-illa·), or by

heterotypic receptors (eg.GPIb-vWF-GPIIb-illa·) (11-14), as summarized inFig.5-1. Direct

associations betweenadhesive ligands have also beenproposed (Fig.5-I), which include TSP

with vWF (15), Fg (17) or fibrin (Fn) (lI), and vWF with Fn (16). These ligands mayalso

serve to amplify the secretionprocess, as reported for TSP inthrombin-mediated aggregation

(IS) .
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Figure 5-1. Potential association sites between soluble or surface-bound adhesive ligands
von Willebrand factor (vWF), thrombospondin (TSP), fibrinogen (Fg), and fibrin and
glycoprotein receptors, for platelet surface presentation or cross-bridging.
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We have previously demonstrated an important role for vWF in optirnizing initial

rates ofaggregation ofwashed platelets, activated with low concentrations ofthrombin or

ADP, andsheared inlaminarflowatshearratesG=300or 1000 S-1 (19-21). Therole ofthe

two other adhesive ligands, TSP and Fg, bas not been previously investigated under similar

conditions. We have used a panel ofantibodies against Fg, TSP, andvWF to determine their

role in platelet aggregation under conditions ofuniform Jarninar shear flow. Platelets were

sheared at G = 300 - 2000 S -1, at threshold thrombin activating concentrations, and with

varying incubation times.

2.METHODS

2.1. Reagents:

Phorbol myristyl-acetate (PMA), ADP, and a-thrombin were purchased from Sigma

Corp. USA; 8% glutaraldehyde, electron microscopy grade, from Polysciences Inc.;

fluorescein-isothiocyanate (FITC; Isomer 1) from Boehringer Diagnostics, La Jolla, CA).

2.2 Reporting and inhibitory antibodies

Monoclonal antibodies (mAbs) used were (also listed in Table 1 for easy reference): mAb

S.12 (IgG1), against platelet membrane P-selectin (22), a gift from Dr. McEver, Oklahoma

Medical Research Foundation, Oklahoma City, OK; mAb 2.2.9., (IgG1), recognizes a non­

functional epitope between vWF residues 1366-2050 (23), generously provided by Dr. Z.

. Ruggeri, Scripps Institute, La Jalla, CA; mAb 4A5, (IgGI J, recognizing y 402-411 on
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native Fg or fibrin, inhibits soluble fibrinogen-mediated platelet aggregation and adhesion

(24), generously provided by Dr. G. Matsueda, Princeton, N.I.. MAb MAlI, (IgG1) against

the heparin binding domain (HBD) on TSP (25), inhibits binding to Fg, and ADP or

thrombin-mediated platelet aggregation (9) and mAb MAI, (lgG1) against the TSP type 3

repeatregion(25), minimally inhibiting thrombin-mediated aggregation(9), were a generous

gift of Dr. J. Lawler, Harvard Medical School, Boston MA; mAb 5011 (lgG:zJ against a

non-functional epitope on TSP (26); and polyclonal affinity-purified F(ab')2 fragments

against TSP, generously contributed by Diagnostica Stago, France, previously shown to

inhibitthrombin-inducedaggregation (27). F(ab')2 fragments from anonimmunerabbitwere

prepared as control. Polyclonal F(ab')2 fragments against Fg, shown by us to inhibit soluble­

Fg mediated aggregation ofADP-activated platelet rich plasma, and non-immune F(ab')2

fragments to IgG were purchased from ICN Chemicals in Montreal, Canada A polyclonal

IgO Ab against vWF, inhibiting thrombin, or ristocetin and soluble vWF-mediated

aggregation ofwashed platelets (20), and control non-immune IgO were from Cedarlane

Laboratories Ltd. in Montreal, Canada; The mAb TIO1, ( IgG1 le) against BJ3 15-42 on

fibrin II (28), was a generous gift from Dr. B. Kud.ryk, New York Blood Center, New York,

NY.

2.3. Preparation ofwashed platelets and labelling of monoclonal antibodies: Washed

platelets (WP) were prepared by a one-step wash procedure from h.uman citrated whole

blood as previouslydescribed (29). Antibodies were labelledwith fluorescein-isothiocyanate

(PITC), and f1uorescein to protein ratios (F:P) were calculated (30).
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2.4. Binding experiments: In a previous study, we had shown a tbreshold thrombin

activating concentration for bath the onset ofplatelet aggregation and for the fraction of

platelets expressing increased levels ofvWF, occurring atidentical ECso's (20). We therefore

determined the thrombin threshold concentration (reflecting very low thrombin

concentrations available early inhemostasis) for eachdonor, using reporting antibodyFITC­

2.2.9 to examine the surface expression of vWF (SE-vWF). Five J.lI of WP, at 4 x 10 4 / /-lI

inamodified Tyrode buffer (BAT: 136 mM NaCl, 2.7 mM KCl, 11.9 mM NaHC03, 0.36

mM NaHZP04, 1.0 mM MgClz, 5.6 mM glucose, 0.35% BSA) with ImM CaZ+, were added

to FACS tubes, activated with thrombin at concentrations between 0.02 and 0.07 U/ml in

increments of0.01 - 0.02 U/ml, and incubated for 30 minutes with 400 DM FITC-2.2.9.. The

reaction was arrestedusing a 1O-foiddilutionwith BAT buffer, and theaverage fluorescence

per platelet particle read immediately on a flow cytometer, FACScan (Becton Dickinson,

Mississauga, Ont), as previously described (20,21). Fluorescence for the total cell

population is reported as FIlOt. In most cases, platelet populations showed a bimodal

fluorescence distribution due to resting~) and activated platelets cP-), where fluorescence

values were increased over background values in the absence of activator (FI). The

threshold thrombin concentration was defined as that at which the % p. for FITC-2.2.9

increased by at least double, to a minimum ofat least 40 % over background values. This

concentration was used for further binding and aggregation studies.

2.4.1. Surface expression of TSP, P-selectin and Fg: In arder to determine the surface

expression ofa-granule-proteins other than vWF on platelets activated with thrombin, WP
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at 10 4/ .ul in BAT buffer with 1 mM Ca2+, were activated in the presence of reporting

antibodies: FITC-SGII (333 DM) or FITC-S.12 (273 nM), used to detect surface-expressed

TSP (SE-TSP) and P-selectin respectively, and incubated for 30 minutes. Fluorescence

values were determinedas described above. SE-Fgwas assessedusingFITC-4AS(Il0 nM),

added 10 minutes after activation, to permit normal Fg binding to platelets.

2.4.2. Effectofinhibitory antibodies used for fonctional tests, on the surface expression

ofadhesive ligands: Bindingwith reporting antibodies was performedas above, except that

inhibitory antibodies, were added immediately prior to thrombin activation at the foUowing

concentrations, previously shown to inhibit platelet aggregation in stirred suspensions, or

determined in our laboratory: 1.3 .uM polyclonal F(ab')2 anti-Fg (29) or non-immune IgG

, 3.9 .uM polyclonal anti-vWF or control IgG, 67 DM polyclonal F(ab')2 anti-TSP (27) or

control IgG, 300 DM MAIl or MAI (9). The binding ofreporting antibody to WP in the

presence of inhibitor was expressed as the percentage inhibition of control fluorescence

obtained in the absence ofantagoniste

2.4.3. Detection of fibrin formation: A fluorescently-Iabelled mAb against the B6 15-42

residues on fibrin II (FITC-TIGI) was incubated with WP (10 4/.ul), BAT, 1 mM Ca2+, and

activated with thrombÙl; or with 0.2 ,uM PMA. Platelet suspensions were incubated for 10

or for 30 minutes, at which time the reaction was arrested by dilution, and the fluorescence

values read on the FACSCAN.
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2.S. Aggregation in shear:

Aggregation ofWP under unifonn Jaminar shear was tested in a coaxial eylinder

microcouette (0.3 mm gap), as previously described (21,31). Sheared aliquots were

immediately fixed in 10 vol of 0.2 % glutaraldehyde, then diluted with isotonie saline for

particle counting using the FACScan. Platelet aggregation (PA) and capture efficiency <le;

were respectively determined from the decrease in particle number with time, and from the

ratio ofthe rate oftwo-body collisions resulting in aggregate formation to the total rate of

two-body collisions, as previously described by Xia and Frojmovic (31).

2.S.1. Thrombin-induced shear-associated aggregation ofWP: Platelet suspensions (4

x 104/,u1) were pre-mixed in Eppendorftubes with BAT buffer containing ImM Ca2+, and

thrombin, and immediately transferredto the microcouette for shearing ('to). At'to, inhibitory

antibodies against TSP, vWF and Fg, were added to platelets 0-2 minutes prior to thrombin,

at concentrations used in binding experiments. Alternatively, platelets were pre-incubated

with thrombin for 10 minutes ('t10) prior to transfer to the microcouette. Inthese experiments,

inhibitory antibodies were added either prior to or at the end of the incubation period.

Results reported for percentage inhibition of aggregation (% l uG) by vWF and TSP

antibodies were corrected for inhibition obtained with non-immune control antibodies. The

% l ofUG for TSP for two different antibodies were very similar at ail conditions tested. As

an example, at G = 300 S -1, the % l ofuG were 47 ± 12 % (n = 4) and 48.5 % (n = 2) for

MAIl and for the polyclonal F(ab')2anti-TSP fragments respectively. Results were therefore

pooled for these two antibodies.
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2.6.Statistical Analysis

Data are presented as the Mean ± standard error ofthe Mean (SEM), with numbers

in parentheses indicating the number of experiments performed. Tests for statistical

significance were performed using the Student t-test.

3.RESULTS

3.1. Surface Expression ofadhesive tigands:

The thrombin threshold concentration determined using mAb FITC-2.2.9. occurred

at 0.04 ± .003 U/ml, with a range between 0.02 - 0.07 U/ml, and resulted in 35 - 60 % of

platelets showing maximal binding (% p.). This activating concentration, determined for

each WP preparation, was used for further binding and functional studies. Henceforth, use

ofthe term thrombin will indicate thrombin at threshold activating concentrations.

The specifie binding oftluoreseently-Iabelled reporting antibodies FITC-2.2.9, FITC­

5G11 and FITC-4A5 (added 10 minutes after thrombin activation) against SE-vWF, SE­

TSP, and SE-Fg respectively, inereased on thrombin-activated platelets, demonstrating

surface expression of aIl three adhesive ligands (Fig. 5-2). At these Iow tbrombin

concentrations, platelet suspensions contained subpopulations ofactivated piatelets (% p.

~ 35 %), with the Mean fluorescence for p. (FI) being approximately 95 % ofthe maximum.

FIlot for vWF and at least 50 % ofthe maximum FIlot for the other two ligands.
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Figure 5-2. Surface expression ofadhesive ligands vWF, TSP and Fg on washed platelets. WP (104{

f.ll) were incubated with or without threshold thrombin concentrations with reporting antibodies
FITC-2.2.9, FITC-SGII and FITC-4AS against vWF (b.), TSP (c.) and anti AGDV on Fg (d.)
respectively, and incubated for 30 minutes. Scatter profiles (a.) were gated ta exclude platelet
aggregates, and fluorescence histograms were determined for gated populations. Figures show the
binding ofreporting antibodies in the presence (dashed lines) and absence ofagonist (solid lines),
for a representative donor.

The surface expression of vWF, TSP, and Fg on thrombin-activated WP was

determined in the presence and absence of functionally-inhibitory antibodies (Fig.5-3) to

test inhibition specificity. A probe for the surface expression ofP-selectin (FITC-S.12) was

included to indicate a.-granule secretion. Polyclon.w. F(ab')2 fragments against Fg did not

alter the surface expressionofnon Fg ligands. Two antibodies: mAb 4A5, againsty 402-411
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INHIBITORS

Figure 5- 3. Effect offunctionally inhibitory antibodies on the surface expression of
adhesive ligands. WP were incubated with thrombin either in the presence or absence of
inhibitory antibodies agaiost TSP (anti T8P-heparin binding domain), vWF (polyclonal)
or Fg (anti AGDVon Fg or polyclonal F(ab')2 fragments against Fg), as in Fig. 2. Total
fluorescence (FlroJ was detennined from fluorescence histograms. Results are presented
as mean values for % inhibition ofcontrol (no inhibitor) fluorescence values ± SEM, for
3-6 donors for FITC- 2.2.9 and FITC-SGIl and at least 2 donors for FITC-S.12 and
FITC-4A5, done in duplicate.
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on Fg, and a polyclonal antibody against vWF, potentiated the surface expression ofP­

selectin by 1.2 to 3- foid. Although both Fg antibodies inhibited FITC-4A5 binding by 66 ­

94% (addedatTlo; Fig. 5-3), tluorescence values remainedhigherthanwithPMAactivation

(results not shown) which maximally drives platelet activation and secretion (32) but lacks

proteolytic activity. A componentof FITC-4A5 binding to thrombin-activatedplatelets may

thus be attributable to fibrin. A mAb against the heparin-binding domain of TSP (MAIT)

a1tered the surface presentation of only TSP, with a significant decrease in Fltot of FITC­

5G11 of71 ± 4 % (n = 5; P<O .01) (Fig. 5-3), similarto previously reported results using

radioiabelled mAb 5GIl (26). l'hele was no significant inhibition ofthe surface expression

of any of the adhesive ligands by the isotype control, or ofpolyclonal F(ab')2 fragments

against TSP .

3.2. Aggregation in Shear:

The roles ofvWF, TSP and Fg in mediating shear-associated platelet aggregation

were tested under two different activating conditions. Platelets were activated and

immediately transferred to the microcouette device for shearing (t 0), or were pre-incubated

for 10 minutes and then sheared (TlO). For "CIO, inhibitors were added either prior to or after

the pre-incubation period. Comparison of the inhibition of early rates of aggregation by

these antibodies, when added before versus after a 10 minute pre-incubation with thrombin,

should discriminate between primary events such as ligand secretion-amplifying functions

or ligand stabilization, and secondary cross-bridging events, entailing direct participation in

the capture ofpiatelets in flow. After 10 minutes, we would not expect these ligands to play
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further roles in the secretion process (21), and any inhibition of a G may be attributed to

participation in platelet aggregation by direct cross-bridging.

Washed platelet suspensions pre-activated at thrombin threshold concentrations,

showed significant aggregation with % PAoos increasing from 25 to 79 %, in agreement with

previous results showing correlations between SE-vWF and % PA atthe thrombin threshold

concentration(20). Capture efficiencies (a.G) ref1ecting initial rates ofaggregation (r10), were

a G = 0.2 ±0.03, 0.08 ± 0.01 and 0.06 ± 0.01 (n = 10) at G = 300, 1000 and 2000 S-I

respectively, with s 15% lower a.G at 'to.

3.2.1. Pre-activation ofWP with thrombin,rlO ; Role ofvWF and TSP: A polyclonal anti-

vWF antibody significantly inhibited a.Gat all three shear rates tested (G = 300 - 2000 S·l)

(Table S-l), with a significant difference in the extent ofinhibition ofa G between the lowest

and the 2 higher shear rates ( P< O.OS). Antibodies against TSP also significantly inhibited

aG at all G, with no significant difference found for the % l a Gobtained at different G's.

This is the fust time that a role for TSP has been demonstrated in the shear-associated

microaggregation of WP activated with thrombin.

Donor-matched data (n = 3) showed significantly less inhibition ofaG's by anti-TSP

antibodies when added after 10 minutes pre-incubation with thrombin than when added prior

to thrombin: 45 % less at G = 300 and 2000 S-l (p< 0.01) and 60 % less at G = 1000 S -1 (p<

O.Ol)(data not shown). Thus, for TSP, we postulate both a role in platelet aggregation via

cross-bridging, as retlected by the 3S-S0 % inhibition by TSP antibodies when added after

a pre-incubation with thrombin, as weIl as an additional role ref1ecting the higher inhibition
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when added prior to agonist. The polyclonal antibody against vWF strongly inhibited aG

when added after a 10 minute pre-activation with thrombin (post thrombin in Table 5-1),

with inhibition of aG aImost twice as high as that by anti-TSP antibodies, at G = 2000 S-I.

Thus, as in previous studies (20,21), vWF apPears to have an important, direct role in

thrombin-mediated platelet aggregation at an G tested.

Table 5-1: EfJect of inhibitcry antibodies on the shear-associated aggregation of
washed platelets pre-activatedwith threshold thrombin concentrations for 10 minutes

% INHIBITION ofaG b

INlllBITORY G (S-I)

ANTIBODY· FORANTIBODY ADDED:

PRE THROMBIN POST THROMBIN

300 74 ±10 C(3) § 63 ± 1 (3) 1/

ANTI-VWF
1000 95 ± 3 (3) § 67 ± 10 (3) 1/

2000 92 ±2 (6) 75 ±4 (3) 1/

300 48±8 (6) 1/ 50 ±8 (4) 1/

ANTI-TSP 1000 65 ±8 (9) 1/ 37 ±8 (5) If

2000 58 ± 14 (4) 1/ 35 ±5 (4) If

• Inhibitory antibodies were added ta WP suspensions either immediately prior to, or after a 10
minute pre-incubation period with thrombin (pOST), then transferred to the microcouette for
shearing.
b In order ta simplify presentation, values presented for % lao for vWF and TSP were corrected
for any inhibition obtained with control antibodies. Results were pooled as described in the Methods
section.
ç Numhers in parentheses represent numbers ofseparate experiments
§ P <0.05
/1 non-significant
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3.2.2. Pre-activation of WP with thrombin;'tto ; Role of Fg: Using polyclonal F(ab')2

fragments against Fg as weil as a mAb against the y-carboxyl terminus ofFg (mAb 4A5},

shown to he critical for soluble Fg-mediated cross-bridging of platelets in flow (13), we

investigated the contribution of surface-expressed Fg to the aggregation of thrombin­

activated WP. The mAb 4A5 did not inhibit Ua at any G tested (Fig. 5-4a), whether added

prior to or after pre-incubation with thrombin, suggesting that Fg does not directly cross­

bridge platelets under these conditions. In fact, mAb 4A5 potentiated Ua by 15 - 100 %. It

was therefore surprising to find that polyclonal F(ab')2 fragments against Fg significantly

inhibited Ua at aIl shear rates when added before pre-incubation with thrombin (Fig. 5-4b),

with inhibition at G = 300 5-1 significantly greater than at the two higher shear rates cP <

0.001). Addition of this antibody after pre-activation with thrombin (verified to bind

platelets when added at "CIO with less than 20 % decrease in numbers bound than when added

at 'to ; results not shown), caused no inhibition of Ua at any G, but rather a shear-rate

independent potentiation ofUa as we had observed with mAb 4A5. Thus, Fg appeared to be

required, but in a role distinct from that ofdirect cross-bridging ofplatelets.
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Figure 5- 4. Inhibition ofshea"-associated aggregationbyFg antagonists in WP pre-aetivated with
thrombin (tlO). WP ( 4 x 1()4/,ul) were activated with thrombin. A mAb (anti AGDV)(a), or polyclonal
F(ab'h fragments against Fg ( 13,uM) (b.), were added to WP either ~diatelypror to or afler a 10
minute incubation with thrombin, then sheared. Results shown are represented as the mean ± SEM, and
are from 2-9 donors.
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3.2.3. Inhibition ofadhesive ligands, 'to: In contrast to the lack ofinhibition by mAb 4A5

when platelets were pre-activatedwith thrombin ('t10), bothmAb 4A5 and polyclonal F(ab')2

fragments against Fg significantly inhibited Ua in a shear-rate dependent manner when

platelets were activated and immediately sheared ('to)(Fig. 5-5), suggesting a direct role for

Fg in cross-bridging ofplatelets in flow at 'to, especially important at the lowest shear rate.

Antibodies against vWF and TSP also inhibited (la (Fig. 5-5). The inhibition was similar to

that observed when added prior to pre-incubation ('t IO)' except that the % 1of(la by the anti-

vWF antibody was significantly lower at G = 1000 S -1 (p< 0.01), with the mjnjmal % 1aa

still close to 50%.
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Figure 5-5. Inhibition ofshear-associated aggregation by antagonists ofFg, TSP and vWF in WP

activated with thrombin and immedia.t:ely transferred ta the microcouette for shearing ('to}Washed

platelets were activated as in Fig. 4, and sheared in the presence of inhibitors without a pre­

incubation period. Inhibitory antibodies used were as in Fig. 3 and 4., as weIl as polyclonal F(ab')2

fragments against TSP (67 nM) (anti-TSP data were pooled as explained in Table 1). Results shown

for inhibition of control a G (no inhibitor) are from experiments with 3-4 donors.
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3.2.4. GPIb and GPllb-ma participation: The mAb 10E5 against the binding pocket of

GPIIb-illacompletelyblockedthe shear-associatedaggregationofWP~ atall shearrates and

activatingconditions(datanot shown). The antibody againstG-PIb (mAb 601) causedshear­

dependent inhibition at ~IO~ with greater inhibition (66 ± 7 %) (n =3) at G = 1000 S-I than at

G = 300 or 2000 S-I cP < O.OI)~ where % 1 UG were lower (18 ±: 3 % (n = 3) and 31 ± 4 %

(n = 3) respectively( P < 0.05». There was no significant difference between the % 1 uG

obtained whether mAb 6D1 was added prior to, or after a. 10 minute incubation with

thrombin. At ~o, inhibition by mAb 601 was surprisingly > &{)% at all shear rates studied.

This was signjficantly greater than that at ~10 at G = 300 or 2000 S-I (paired t-test P <

O.05)(data not shown).

3.3. Investigation offibrin formation:

Fibrin formation and participation in platelet aggregation were hypothesized based

on differences in Fg antagonism observed at the difIerent experimental conditions tested.

Accordingly, weusedafluorescently-Iabelledantibody againstBB 15-42 onfibrinII (FITC­

TIG1) to compare binding to WP activated with 0.2 ,uM PMA which lacks proteolytic

activity, versus threshoid thrombin concentrations. Thrombin activated platelets clearly

showed a 12-fold increase in FIlOt for FITC-TIG1 (Fig. 5-6) over background leveIs,

indicating fibrin formation, while platelets activated with PMA showed only a I.S-foid

Ïncrease. Binding of FITC-TIG1 to thrombin-activated WP for only 10 minutes

(corresponding to ~IO in shear experiments)~ still yielded 5() % of the maximal binding

obtained in 30 minute incubations. These data suggest a potential role for fibrin in the shear-
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4. DISCUSSION:

Figure 5-6. Detection of fibrin

formation on surfaces of washed

platelets activated with threshold

thrombin concentrations. Washed
platelet suspensions (1{}4/J-l1) were

activated with thrombin, orwith 0.2

?lM PMA. Labelled antibody was

added immediately, then incubated

for 30 minutes. Thrombin cleavage

dependent production of fibrin-II

was detected by mAb FITC-T2G1.

Results presented are for the

fluorescence (FlroJ in the presence

and absence of agonist, for a

representative donor, and are
similar to results obtained with ail

three donors tested.

•

Antibodies against the three adhesive ligands tested, vWF, TSP and Fg, inhibited

microaggregate formation by platelets activated with threshold concentrations of thrombin

in shear flow. However, the apparent contribution ofeach ligand, as determined by inhibition

of aa by specifie antibodies, varied with shear rate and with the activating conditions

preceding shearing.

4.1. Platelet aggregation ofWP pre-activated with thrombin for 10 minutes ('rIO):

In the aggregation ofplatelets pre-activated with thrombin ('r10), (i) as in our previous

studies at G = 1000 S-I (20,21), vWF appears to play an important direct role in cross-bridging
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ofplatelets in flow, as determined by a 63 - 75 % inhibition of<Xo by a polyconal anti-vWF

Ab, added after surface presentation ofproteins was complete; (ü) there is a requirement for

TSP for optimal microaggregation, with TSP fidfiJljng dual functions, as determined by

differences in inhibition by TSP antibodies added before or after pre-incubation with

thrombin: (a) directly contributing to capture ofplatelets inflow, and (b) a thus far unclarified

function, (iü) native Fg does not appear to directly cross-bridge platelets, as evidenced by the .

complete lack of inhibition by mAb 4A5 added pre or post thrombin, and by the selective

inhibition by the polyclonal F(ab')2 anti-Fg fragments, seen only ifadded prior to thrombin

addition; (iv) fibrin is formed on the surfaces of platelets activated with thrombin for 10

minutes, and may participate in platelet aggregation; and (v) glycoprotein GPllb-IIIa is

absolutely required at all shear rates, while there is a shear-dependent requirement for GPIb.

Differences between inhibition of na by inhibitory antibodies when added before or

after incubation with thrombin, suggest a model where at all shear rates tested vWF is the

principal cross-bridgingagent, with a cross-bridgingcomponentattributable to TSP. Although

native Fg does not appear to directly cross-bridge platelets, Fgin its proteolysed form, fibrin,

may be important for platelet aggregation at 'rIO. We hypothesize that F(ab')2 fragments

against Fg, can interfere with an earlyevent, such as (i) blocking sites on Fg required for

stabilization of Fg or Fn by TSP (17), or (ü) inhibition of fibrin formation and or

polymerization. Thus, inhibitory antibodies may disrupt complex formation between ligands,

or may block sites required for cross-bridging, where associations between vWF and TSP

(15), or Fg and TSP (9,17) may provide stabilization for either partner for actual cross­

bridging. We have not ruled out the possibility that the proteolyzed form of Fg, Fn, may
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directIy cross-bridge platelets via the GPIb-vWf-fibrin axis, or via GPIIb-ma by cross­

bridging sites other than epitopes targeted by mAb 4A5 or F(ab')2 anti Fg. This would

compare with recent results described for normal clot retraction, shown to occur

independentIy ofFg sites involved in platelet binding and aggregation (33). Indeed, a fibrin­

associated epitope bas been described on gamma (34), which is also implicated in defective

Mediation ofplatelet adhesion to immobilized Fg having mutations or deletions in this regÏon

(35).

4.2. Platelet aggregation ofWP pre-activated with thrombin, To:

In contrast to results obtained at T 10, in thrombin-activated WP suspensions sheared

immediately ('ta), Fg participated directIy in the cross-bridging of platelets in flow at ail

shear rates, as determined by the inhibition of(la by mAb 4A5. vWF and TSP continued to

be required for optimal microaggregation. This is consistent with a model where activation

with thrombin at threshold concentrations, such as may occur in the interval preceding

amplified thrombin generation, yields platelet subpopulations with submaximal to maximal

surface-expressionofadhesive ligands, and limitednumbers ofactivated GPllb-illa(20,21),

thereby necessitating the composite contributionofaIl three adhesive ligands for optirnizjng

platelet aggregation. This is paralleled by initial processes in adhesion, where multiple

ligands and receptors participate (1).

In our study at Ta, Fg appears to cross-bridge platelets directIy at G = 2000 S-I.

Although studies of platelet adhesion to immobilized Fg suggest that the efficiencyof
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platelet adhesion to Fg drops offby G = 800 S -1 (36), studies ofplatelet aggregation in

suspension (29,31) indicate amodest butnon-negligible role for Fg at higher G, with a role

for Fg in thrombus stabilizationpostulated (37). TSP appears to contribute to the capture of

platelets in shear flow, as in studies of platelet adhesion to immobilized Ca2+-replete

purified TSP (38). However, in suspension, this role appears to he shear rate independent.

4.3. The role ofvWF at low shear:

Our results indicate a significant requirement for vWF at threshold thrombin

concentrations (0.02 - 0.05 U/ml) both at 1:0 and 1:10' even at the very lowest shear rate (300

S·l), where soluble Fg is primarily expected to cross-bridge platelets. This is supported by

studies where the vWF-GPIb axis was found to he important for thrombus growthat G = 300

S-I, even in the presence ofFg (37). It is however in contrast to the limited role reported for

vWF, where normal aggregation was observed in vWF deficient or vWF-antagonized

platelet rich plasmaactivated with ADP or epinephrine (14,39). High agonist concentrations

used in these stlldies would increasingly upregulate platelet activation responses, and wouid

maximally elevate the fraction ofthe piateletpopulationshowing increased activated GPIIb­

ma receptors and surface-expressed proteins, thereby affecting receptor ligand requirements

forcross-bridging. We previouslydescribed suchdifferences inplatelet activationresponses

when using intermediate (0.2 U/ml) versus low(~ 0.05 U/ml) thrombin concentrations (21).

In fact, in our current studies, we have found that inhibition ofaG by antibodies against TSP

and GPIb is aImost negligible at a thrombin-activating concentration of0.2 U/ml.
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4.4. Comparison to ADP-mediated aggregation ofWP in shear

A previous study ofWP activated with ADP, expressing surface-bound vWF and Fg,

and immediately sheared ('to), showed similar kinetics ofearly aggregation as for thrombin­

activated platelets ('t10) at G = 1000 S -1 (19). An important role was aIso ascribed to surface­

expressed vWF (20), suggesting parallel mechanisms for bond formation between colliding

platelets in tlow. However, in contrast to shear-associated aggregation induced by ADP, for

thrombin, a role can aIso be ascribed to FglFn. While ADP activates subpopulations of

platelets to maximally express activated GPIIb-illa receptors, activation with low

concentrations ofthrombin only yields subPOpulations expressing submaximal numbers of

activated GPIIb-illa receptors (21). Thus, although vWF still appears to he the principal

cross-bridging agent, sites to which vWF bridges on threshold thrombin activated WP may

now include TSP and/or fibrin, required to increase numbers of "receptor sites" to yield

similar kinetics. Indeed, the vWF-GPIb axis has been shown to play an important role L.'l

platelet-fibrin interactions (16,40).

4.5. Concluding remarks:

Intrinsic chemical or physical properties of ligands and receptors are expected to

determine the association between varying ligand-receptor combinations. We have shown

that interactions between specific pairs of ligands and receptors may be favoured for

participation in platelet aggregation, under differing shear and activation conditions. This

may further depend on stabilizing complexes formed between altemate pairs, where ligands

may additionally function as "receptors". In the clinical setting, treatment for cardiovascular
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disease requires that a balance he re-established between anti-coagulant and pro-eoagulant

systems. Ourresults indicate tbatthe multiple roles ofligands undervarying conditions, may

allow mild, multitarget prophylactic treatments, which should help reduce bleeding

tendencies while controllingundue thrombus growth. Further studies will he requiredto link

specifie epitopes with function for adhesive ligands and receptors in platelet aggregation

under varying conditions, and to define targets for use in interventional therapy.
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SUMMARY OF RESULTS and

GENERAL DISCUSSION
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1. ORIGINAL CONTRIBUTIONS AND SUMMARY OF RESULTS

We have evaluated interactions between metabolically active platelets at well-defined

shear rates, for a series ofagonists. Most previous studies examined platelet aggregation at

low, undefined shear f10w conditions (G estimated to he <100 S·I)I,2 and often at high agonist

activating concentrations, orat very highshear rates (G ~6000S-I) in the absence ofchemical

agonigt3.4. We have attempted to more closely adhere to physiologie ranges of shear rate,

namely -100 - 2500 S-I. We have also emphasized the importance ofdetermining receptor­

ligand interactions at low agonist concentrations (2 - 5 ,uM ADP, ~0.05UI ml thrombin), as

these are expected to most truly ref1ect concentrations available in vivo upon initiation of

physiologically relevant processes ofhemostasis and thrombosiss.

Our focus was on the role of von Willebrand factor (vWF) in mediating platelet

aggregation induced by varying concentrations ofplatelet activators, and at varying shear

rates. The picture emerges of vWF as a versatile, extremely sticky adhesive protein. It

appears to he especially importantat lowagonist activating concentrations, where conditions

for effectiveplateletcapture in flow are expected to be the m9st stringent, due to submaximal

responses in severa! platelet parameters. Thus, we have been the first group to explore

specifically the kinetics and capture efficiencies of platelet shear-associated aggregation

mediated by soluble vWF bound to GPIb, in the presence of the chemicaI modulator,

ristocetin. We demonstrated that the efficiencyattained was eight-fold greater than for Fg­

mediatedaggregationunder similarshear-flowconditions6
, and was dependentontheplatelet

GPIb receptor alone. Furthermore, as few asiO molecules, or fewer, ofbound vWF were

sufficient to cross-Hnk: platelets. (Chapter 3).
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Platelets activated with the physiologic agonists ADP and thrombin, showed increased

surface expression of von Willebrand factor following activation, in the absence of any

extemally added soluble ligands. Initial studies established the existence of a threshold

thrombin concentration which caused a fraction of the platelet population to maximally

express vWF. This threshold concentration occurred with an ECso (effective concentration

causing 50% ofmaximal changes) identical to that for a similar threshold response for the

onset ofplatelet aggregation. Additionally we showed that this ECso was significantly lower

than that for the expressionofsurface P-selectinoractivated GPIIb-mareceptors7 suggesting

uncoupling of platelet activation responses. Unlike shear-associated aggregation in the

presence of a specific modulator of the vWF-GPIb interactio~ ADP-activated washed

platelets showed a shear-sensitive role for GPIb and an unconditional and total requirement

for activated GPIIb-IDa. Thus, rapid initial capture ofplatelets via surface-bound vWF on

one platelet, and GPIb on another platelet, insufficient to mediate aggregation alone, could

nevertheless extend contact times between colliding platelets to allow stable bond formation

to occur via activated GPIIb-illa. Aggregation induced by low thrombin concentrations in

platelets pre-activated with thrombin for 10 minutes prior to shearing ('t10)' showed an

absolute requirement for vWF, and similar glycoprotein receptor participation and

efficiencies ofplatelet capture as when induced by ADP. However7 this similarity occurred

despite underlying differences in participation by the ligands TSP and Fg.

We were the tirst to demonstrate that TSP could mediate shear-associated

microaggregation ofplatelets pre-activated with threshold concentrations ofthrombin, both

by cross-bridging platelets and by a secon~ as yet undefined role. We also clearly showed
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that onder these conditions, native Fg does not directly cross-bridge platelets, but that in the

thrombin-proteolyzed fo~ fibrin, it may either directly link platelets through as yet

undefined epitopes, or it May function as a "receptor", thereby providing additional sites to

which vWF, surface-expressed on another platelet, may cross-bridge.

Platelets activated by thrombin and transferred immediately to the microcouette for

shearing (To), relied on different ligand-receptor combinations for effecting aggregation. In

this case, native Fg directly cross-bridgedplatelets in a shear-dependent manner, in addition

to a partial reliance on TSP. A much higher than previously suggested role was ascribed to

the GPIb receptor at all shear rates. This, together with the fact that under aIl conditions

tested, inhibition ofvWF caused between 63-98 % inhibition ofmicroaggregation, suggests

that the vWF-GPIb axis may be supremely important for direct capture and initial cross­

bridging ofplatelets in rninirnally activated platelets.

1.1. Thrombin concentration-.dependent platelet responses

Using thrombin antagonists, we showed that requirements for thrombin occupancy of

its platelet receptors varied with thrombin concentration. Previous studies had suggested that

for platelet aggregation induced by low concentrations of thrombin, occupancy of its

receptors was required only in the first minute or so following activation to allow secretion

to occur7
•
8

• However, we showed that for the initiation ofaggregation, sustained occupancy

of thrombin receptors by proteolytically active tbrombin was required for maintenance of

surface-expressed vWF, TSP and likely for appropriate activated GPllb-illa conformation.

We also demonstrated that following thrombinneutralization, the presenceofsoluble Fgpre­

bound to activated GPllb-illa, was insufficient for Mediation ofaggregation, even at tlow
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conditions optimal for Fg.

1.2 Caveats

The above must be considered with the following caveats. 1) Our experiments were

performed in a closed system, rather than in a "one-pass" system such as exists in the

vasculature. Thus, cells were exposedto acoostantagonist concentration (no dilutioneffects)

and shear rate (normally varying througbout the circulation) during the duration of each

experiment. However, shorttimes were used inactual aggregationmeasurements, with initial

rates estimated for "zero" time, with the fust experimental tinte point being 10 seconds. 2)

Uniform laminar shear was applied in contrast to the pulsatile shear stresses to which blood

is exposed within the vasculature. 3) We have used isolated platelets with selective re­

constitution of plasma proteins and the absence of additional blood or vessel wall cells,

which can contribute further activators (neutrophil cathepsin G ~ or inhibitors (Ee nitric

oxide, prostacyclinlO
). 4) The transfer time between the Eppendorftubes used to pre-mix

platelet suspensions with agonists and inhibitors, and the microcouette device used for

shearing, aIso added 20-30 seconds prior to shearing. This activation time is longer than

would be expected in normal physiology, where adhesive events occur within milliseconds.

However, as flow greatly increases the flux of platelets, at the short times tested (:$;60

seconds), aggregation becomes significant only onder dynamic conditions, and cross­

bridging partners are expected to validly refiect in vivo associations occurring at given shear

rates. In the pathological state, there may be more chronic exposure to agonists, abrogating

this caveat, and modeled by our studies at 't10•
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2. DISCUSSION

2.1. Chemical and physieal determinants ofplatelet aggregation

The interplay between chemical and physical modulators ofplatelet aggregation May

he illustrated by the observations ofDr. Goldsmith et alil . They found that washed platelets

aggregated in tube flow only when rninimally activated (0.7 ,uM ADP), and were subjected

to average wall shear rates ofG ~300 S-l, with both conditions simultaneously require<L and

no aggregation observed at G ~ 100 S-l. A synergism between flow and activation was also

described by Goto etaI12
, for the agonist epinephrine. Our results reflect the modulator effect

of these two elements at the molecular level. Chemical activation can directly upregulate

GPIIb-illa affinities, induce the release ofalpha granule-stored adhesive ligands vWF and

Fg, already present in plasma, as weIl as ofnew ligands like TSP, and ofthe dense granule­

storedactivator, ADP. Physical factors regulate the frequency ofcollisions13, contact times14,

energies of collision (transfer of kinetic energy to energy of bond formation), and can

directIy alter the quatemary structure ofMolecules, as reported for shear-induced unfolding

and extension ofsurface-bound VWF1S.

2.2 Platelet cross-bridging receptor sites

Increases in ADP concentration used to activate platelet-rich plasma suspensions, yield

increasing fractions of platelets expressing maximal numbers of activated GPIIb-illa

receptors (% p.), with % p. corresponding to % platelets incorporated into platelet

aggregatesI6
•
17

• In contrast to this, increases in thrombin concentrations used to activate

washed platelets, leads ta a graded response in bath the fraction of platelets expressing

activated GPIIb-illa, and in the actualnumbers ofreceptors which are activated (Fig. 6-1).
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The percentage ofplatelets inco[p()rated into aggregates is however much greater than this

number. At threshold thrombin activating concentrations, the low numbers of GPIIb-illa-

avaiIable May limit the potential ofligands to capture or to completely linkplatelets in flow

via this receptor, since Ci) fewer GPIIb-illa· may require more collisions before effective

capture can occur, or (ii) fewer cross-bridging sites may reduce avidity, which May be

needed to maintain effective cross-bridging. A similar graded response occurs for TSP

surface expression as weIl.
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Fig. 6-1. Glycoprotein (GP) llb-llIa receptor activation as a fonction of agoDist activation.
Although at high agonist concentrations, bath ADP and thrombin will produce activation ofmostly

aU GPIIb-ma receptors on the entire platelet population, at low concentrations, a different pattern

ofGPIIb-IDa activation occurs. Whereas activation at such concentrations with ADP will produce

a subpopulation ofplatelets with aIl their GPIIb-ma receptors fully activated, thrombin activation

results in subpopulation responses, with only a fraction ofreceptors on each platelet being activated.
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The greater ability ofthrombin than ofADP to drive secretionl8
, its catalytic function,

and differences between ADP and thrombin signaJing pathways, however, can provide

additional molecules for cross-bridging ofplatelets activated with thrombin, each associated

with their respective receptors. There are at least two different mechanisms which may

compensate for low activated GPllb-ffia density (numbers per platelet) on platelet

subpopulations (Fig. 6-2). In the fust case, called the mad dash model ("to), for platelets

activated and sheared immediately, corresponding to normal physiological processes, the

composite contribution ofligands Fg, vWF and TSP, and receptors GPIb and GPllb-illa·,

is required to effect aggregation, with Fg participating in a direct cross-bridging role. In a

pathological model corresponding to liberation of activated platelets frOID entrapped sites

with low levels ofthrombin generation19, called the chromc evolution model ('t10), platelets

mayaggregate, by way ofvWF, TSP and fibrin (Chapter 5), with both direct participation

in aggregation and a secondary role postulated for TSP. GPIb is less important than in the

mad dash model ('to), and GPIIb-illa· is absolutely required. Ag~ a multi-component

model is expected to compensate for limited GPIIb-illa* availability. Glycoprotein lb as a

receptorremains importantunderthese conditions, since approximately25,000 receptors per

platelet are available on the surface ofeach platelet in the suspension, with a minimum of

20,000 receptors competent to bind vWF in the presence ofristocetin. Very little loss due to

interna]jza.tion is expected at concentrations of :s0.05 Ulm! thrombin20,2I. This may be

compared with approximately 6 -10,000 molecules per platelet on :s20 % ofthe population

for GPIIb-illa· , or an estimated 10,000-20,000 antibody-accessible fibrin Molecules on 40­

50% ofplatelets (with. GPIb aIso required for vWF-mediated platelet-fibrin interactions).
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Fig. 6-2. Models for participation ofadhesive ligands and glycoprotein receptors in thrombin­
induced shear-associated aggregation. When platelets are activated with threshold thrombin
concentrations and immediately placed in a shear field, vWF, TSP and Fg appear to directly
participate in mediating the aggregation (mad dash model; 'to). GPlb and GPIIb-ma are both
extremely important at ail shear rates. When platelets are pre-activated with thrombin for 10 minutes
prior to shearing (chronic evolution model), native Fg is no longer required, but when proteolysed
to fibrin, is now needed either to cross-bridge platelets through non AGDV sites, or to fonction as
a "receptor" for cross-bridging to, by vWF or TSP.

2.3 Role ofvon Willebrand Factor

VWF is competitivelyat an advantage over Fg in our "chronie evolution" model, as it

could theoretically cross-bridge to four distinct "receptors" GPIb, GPIIb-illa*, TSP or fibrin

(discussed inChapter 1, section 4.4). As suggested by our studies, the vWF-GPIb axis likely

211



•

•

acts in a facilitative role, bringing cells together to alIow further bond formation between

additional receptor-ligand partners such as Fg-GPllb-ma·, which may he further stabilized

by TSP22. Thus, multi-component adhesions would provide the greatest strength ofplatelet­

platelet cohesion.

Quantitative differences in the surface expression ofadhesive proteins and activated

GPIIb-ma receptors, and qualitative differences in receptor-Iigand participation in

aggregation, varied with the activation thrombin concentration (Chapter 3,4). The

dependence ofplatelet aggregation on GPIb and TSP at intennediate shear rates decreased

with increasing thrombin concentration for thrombin pre-activated platelets. At higher

agonist concentrations, Fg may be ofprimary importance for cross-bridging at shear rates

below G - 500 3,23, due to a plasmaconcentration advantage and full activation ofits binding

partner, GPIIb-illa·. vWF should gain importance again as shear stresses increase and more

severely limit contact times available for molecular orientation for bond formation during

cross-bridging. Recent studies by Ruggeri et al24, 1998, suggest that both Fg and vWF may

function over a wider range ofshear rates than previously believed3
• At lower shear rates (G

= 300 S-I), and in the presence of plasma concentrations ofFg, vWF may be important for

thrombus growth in a non-pre-activated system, while Fg May stabilize aggregates at G up

to 1500 S-124. In suspension, forplatelets pre-activated as inour experiments, vWF was found

not to be important in mediating platelet aggregation25• This however is not necessarily in

disagreement with. our results, and merely cautions as to the sensitivity of data to slight

changes in experimental conditions. In their studies, surface expression ofadhesive proteins

was not determined, and full activation ofplatelets was likely induced at the much higher

212



•

•

•

agonist concentrations used (20,uM ADP and 20,uM epinephrine), thereby shifting the

balance towards different receptor-ligand participation. An essential role for the vWF-GPIb

axis bas also been demonstrated in platelet adhesion to fibrin, collagen and fibronectin (see

Chapter l, sections 2.1.1, 4.4 and 5.3)), and is therefore ofbroadphysiological importance.

2.4 Other Paradigms:

Initial processes for adhesion have aIso recently been shown to require multiple

receptor-ligand combinations to ensure platelet attachment26• An additional paradigm. ofa

multi-component system is that ofneutrophil hetero- or homotypic aggregation. As such, in

neutrophil-neutrophil interactions, dynamic conditions also dictate molecular bonding

partners for mediating aggregation. Thus, at venular shear rates (G = 20 - 200 S-1 2'7),

neutrophils May aggregate viaB2 integrins (LFA-l orMAC-I). However, at increasing shear

rates (G ~400 S-I), L-selectin and and its receptor PSGL-l on individual neutrophils are

required to Mediate initial transient capture, followed by activation and firm capture via B2

integrïns28-30. Indeed, activated platelet co-aggregation with. neutrophils has also been found

to depend on multiple receptor-ligand combinations similar to that for neutrophil homotypic

aggregation, but with. p- (instead ofL-)selectin provided by activated platelets (P)31, and

GPllb-IIIa·-Fg on platelets cross-bridging to CDllbl or CDllc! CD1832
• Thus, intrinsic

biomechanieal properties ofspecifie reeeptor-ligand combinations, can limit potentials for

interaction at varying shear rates, with. in our case, vWF, able to capture platelets under the

full range ofG from physiological (G =30-2000 S-I) to pathological (G ~10,000 S-I)•
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2.5 RefiectioDs on platelet thrombin receptors:

Ourresults clearly indicate a functional difference between platelet responses when they

are activated at thrombin concentrations of ~O.05UlmI versus ~O.2 U/ml. This is reflected

by requirements for thrombin receptor occupancy by catalytically active thrombin, for

optimal shear-associated aggregation, and for surface expression of vWF and TSP. The

sustained requirement for catalytically active thrombin suggests that even at very low

concentrations, a proteolytic event May he involved. This is consistent with results by Liu

etal33
, where evenat lowthrombinconcentration, cleavage ofPAR-I occurred, and suggests

possible cooperativitybetweenhighandmoderate affinity receptors. Alternatively, allosteric

changes in the exosites may he induced by occupation ofthrombin by PPACK34, and may

lead to changes in engagement of the receptor for downstream. signaling events. The

conversion offibrinogen to fibrin, required for optimal aggregation, may occur with slower

kinetics at lower tbrombin concentrations. Thus, the abrogation of thrombin catalytic

function by its antagûnists, may more greatly affect fibrin receptor- or ligand function

dependentevents mediatedby ahigh-affinity receptor. However, it is difficult to explainhow

this would cause the ~ 85 % inhibition of soluble vWF binding to thrombin-activated

platelets observed, which is expected to he directly to GPIIb-illa·. Therefore, differences in

requirements for thrombin receptor occupancy at different thrombin activating

concentrations, forplateletaggregationand vWF, andTSP surface-expression, are apparently

unrelated to fibrin formation.

2.6 Implications for therapeutics:
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Our studies have added to the knowledge of hemostasis by highlighting normal

mechanisms which may be involved in platelet aggregation under physiological conditions,

and corroborate previously described important roles for the GPIb-axis as weIl as for

activated GPIIb-illa. The illustration ofplatelet aggregation as being dependent on multiple

receptor ligand pairs in the earliest stages of hemostatic and thrombotic processes, can

provide a basis for "mild" prophylactic therapies targeted towards multiple ligands and

receptors. Severa! antithromhotic agents have been developed against GPITb-illa , with

animal and FDA-approveddrugs for humanuse including abciximab (c7E3, Reopr035.3
6
), and

RGD-related compounds such as tirofiban (Aggrastat37.38
) and eptifibatide (integrilin39

).

Drugs have been targeted against ADP receptors (ticlopidine and clopidogrel40
) or directly

against thrombin (low molecular weight heparin41 and hirudin42
) or its production CF.Xa

inhibitors43
). Although adhesive ligands Fg and VWF44.45 have also been targeted, TSP

antagonism has not been investigated. The appearance offibrin inatherosclerotic plaques bas

beencorrelated with the severity oflesions46
• Additionally, it has been shown that neutrophil

deposition may he increased on fibrin, contributing to inflammatory processes47
• Our results

suggest that fibrin formed on platelet surfaces may participate in platelet aggregation as weIl.

Our discovery ofresidual inhibition ofplatelet aggregation by thrombin antagonists at low

thrombin activating concentrations despite nonnal platelet secretion and fibrinogen

equilibrium hinding, suggests an explanation for the bleeding complications described in

sorne patients48
• A better understanding of these effects should allow compensatory

compounds to be administered which would correct for lost adhesive function while

neutralizing the pro-coagulant aspects contributed by thrombin.
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3. FUTURE DIRECTIONS:

The release of soluble alpha granule proteins is generally thought to occur in close

temporal proximity to the appearance of alpha granule membrane protein P-selectin on

platelet surfaces, and as such it is often used as an indicator of secretion from activated

platelets. However, studies by Ginsberg et al49 have suggested that fibronectin, an alpha

granule protein, may actually appear on platelet surfaces weIl in advance ofthe appearance

ofsoluble granule-derived fibronectin. In our studies, we have shown a disparate increase

in the fraction ofplatelets showing upregulation of surface expression ofvWF, than of P­

selectin, with vWF expression occurring at lower agonist concentrations, suggesting

independent mobilization of this protein from intracellular stores. We have thus far not

verified whetber platelets with vWF also expressed P-selectin, or if that occurred on a

different subset ofplatelets, and this could easily he done using two-colour fluorescence.

Studies by Dr. Goldsmith et al50, have suggested that the time required for surface

organization ofvarious secreted proteins may not be identical. The question raised would tie

in weil withour experiments, since investigation oftemporal appearance on platelet surfaces

under a range ofconditions would help further define availability of ligands for aggregation.

This may need to he checked under f10w conditions as well, to take into account post­

aggregatory changes which may modulate ligand accessibility.

Further to this, model systems may he used to determine affinities between individual

receptor-ligand pairs as a function of receptor availability (GPlb, resting versus activated

GPIIb-ma, and potentially, TSP and fibrin as receptors) and to relate these to efficiencies of

aggregation. Actual numbers of such "receptors" should he taken into account in order to
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consider mass-action effects on binding events which must occur in very short periods of

time, due to f10w diluting out unbound ligands or released agonists.

As our results were procured using washed platelets, in the absence ofmost plasma

proteins or additional cells, reconstitution experiments selectively adding back adhesive

plasma proteins, blood cells and cellular pro- and anti-coagulant chemical modulators,

should he done to validate the importance of the multi-ligand, multi-receptor model

proposed.

We have alluded to a potential role for fibrin in platelet aggregation at threshold

thrombin activating concentrations. Decreased platelet adhesion to Fg from patients with

mutations in a fibrin neo-epitopesI, at residues 315-322 of the y-carboxyl terminus of

fibrinogen/fibrinS2 has been described. It would he interesting to evaluate this new site for

Mediation of platelet aggregation in model systems. SimiIarly, previous studies have not

determined the ability of TSP to directly Mediate aggregation, while taking into account TSP

affinities for its multiple potential platelet receptors (GPIIb-illa, IAP, GPIV; see Chapter 1,

section 5.2.1.) or for other adhesive ligands (FG, vWF or FN) bound to their respective

receptors. These would test functions ofTSP other than those for amplification ofsecretion

processes, as previously proposedS3. These additional studies shouldprovide newdatawhich

May prove useful in the development ofnovel strategies for anti-thrombotic Therapies or to

improve therapies in bleeding disorders.
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Surface-Secreted von Willebrand Factor Mediates
Aggregation of ADP-Acfivated Platelets ct Moderate Shear

.• Stress: Facilitated by GPlb but Controlled by GPllb-lIla

M. M. Frojmovic l , A. Kasirer-Friede l, H. L. Goldsmith1. 2, E. A. Brown1

From the Departments of 1Physiology and Medicine. McGiII University, and the
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•

\. Summary

Wc previously showed thar ADP activation of washed human
platclets in plasma-free suspensions supports agg:regation al moderate
shearstress (0.4-1.6 Nm-2) in Poiseuille flow. Although MOst aetivated
platelets expressed maximal fibrinogen-occupied GPllb-DIa recepto~

aggtegation appeared to be independent of bound fibrinogen. but
blockcd by the hexapeptide GRGDSP. Here. we tested the hypothesis
tbat von Willebrand factor (vWF) secreted and expressed on aetï­
vated platelets Mediates aggregation al moderate shear rates from
300 to 1000 S-1 corresponding to shear stresses from 03 to 1.1 Nm-2•

Relatively unactivated platelets «15% expressing prebound fibrino­
gen) were prepared from acidified citrated platelet rich plasma (cPRP)
by single centrifugation with 50 nM stable prostaeyclin derivative
ZK 36374 and resuspended-in Tyrodes-albumin al 5 X 104 cens pl-1.
Aow cytometric measurements with monoclonal anbDody (mAb) 2.2.9
reporting on surface-bound vWF, and with mAb 512 reporting on

- a-granule secreted P-seJectin, showed that 65% and 80%, respectively,
of aIl platelets were maximaUy activated with respect ta maximal
secmion and surface expression of these proœins. "Resting" washed

- platelelS exhibited bath surface..fx>und vWF and significant P-selectin
secretion. We showed tbat mAbs 6DI and NMC4, respectively
blocking the adhesive domains on the GPIb receptor recognizing vWF,
and on the vWF molecule recognizing the GPIb receptar, partially
inhibited ADP-induced aggregation onder shear in Couette flow, the
degree ofinhibition increasing with increasing shear stress. In contrast,
mAb 10ES, blocking the vWF binding domain on GPIIb-ma, essen­
tia1ly blocked aIl aggregation al the shear rates tested. We conclude
that vWF, expressed on ADP-activated platelets, is at least the pre­
dominant cross-bridging molecule mediating aggregation aI moderate
shear stress. There is an absolute requirement for free activated
GPIIb-IIIa receptors, postuIated to interact with p1atelet-secreted, sur­
faèe bound vWF. The GPIb-vWF cross-bridging reaction plays a
facilitative roIe becoming increasingly important with increasing shear
stress. 5ince aurin tricarboxylic acid, which blacks the GPIb binding
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domain on vWF, was aIso foaDd [0 completely block aggregation in
Poiseuille flow, we concIude lha.t it (00 affects the GPIIb-ma inter­
action.

l.lnfroduction

In a previous paper, wc reported that. in the absence of exogenous
fibrinogen, ADP-induœd aetÎ\.non of multiple-washed and centri­
fuged human platelets suspenœd in T)TOdes-albumin supponed aggre­
gation at moderate sbear rares in Poiseuille flow (mean values. 335
and 1335 S-I) correspondiDg ID sbear messes of 0.4 and 1.6 Nm-2 (1).
Although 54% of the restiDg.. aDd >75~ of the ADP-aetïvated, washed
cells expressed maximal fibriDogen-«cupied GPllb-IDa receptors (as
monitored with FITC-IabeDed moooclooaI annèody 9F9), the aggrega­
tion appeared ta be in~{ of the bound fibrinogen, though
blocked by the hexapeptide GRGDSP 'ltilich did not alter the prebound
fibrinogen. In addition. F(ab'~ fragments of a polyclonal annèody to
human fibrinogen which did DO[ alter die extent of prebound fibrine­
gen, had aImost no effea on the aggregation. Moreover, relatively
unactivated washed pla.teIets (l4e;t of resting plateIets expressing pre·
bound fibrinogen), prepared ~- single centrifugation in an acid medium
in the presence of the stable ~'clin derivative, ZK 36374, and
resuspension in Tyrode:s-aIbamin. a1so supponed ADP-induced aggre­
galion at shear rates of335 and 1335 S-1 in the absence of exogenous
fibrinogen.

We therefore postulated tbal anolber adhesive protein, likely von
Willebrand factor (vWF), sec:reted dming platelet isolation and/or in
flow al sufficiently high sbear stress. mediates the observed aggrega­
tion foUowing ADP-aetivarioa of me plaIelets. Even at the low shear
rates (-100 S-I) estiniared to e.üst in stirred aggregometer viaIs. soluble
vWF cao mediate aggregatioo ofADP-aeth-ated platelets via binding to
activated GPllb-IDa receplOrS in the absence of exogenous fibrinogen
(2, 3). The aim of the present papeT 'lt"3S [0 explore the postulated
cross-bridging raie of p1aIe1et surfaœ-expressed vWF, by testing the
single-washed, reiatively uoaa:n"31ed platelets, before and after addi~

tion ofagonist, for a-granule œlease and secretion and surface expres­
sion ofvWF, and ta compe the resu1lS Vloith those ofplatelets in cPRP.
in which fresbly-prepared ceI1s arc known to be unactivated (4). In
addition. we studied the effect 011 ADP-induced aggregation at moder­
are shear stress, ofmonoclooaI annôodies (mAbs) U-152B/6 (l52B/6)
and NMC4, respectively bloding the GPfib..llIa and GPlb binding
domains on vWF (S, 6), ofmAbs 6D1and lOES. respectively blocking
the vWF binding domains on GPIb (7) and GPllb-IDa (8), and ofaurin
tricarboxylic acid (ATA) reponed lO block the GPIb binding demain
on vWF (9). using bath a ..-ariable sbear (poiseuille flow) and a UDÏ-



[0 vary from 9 lo 12 Ml an order of magnitude befOW' tbe value reported
for the fibrinogen-platelet reccpror dissociation COnstaDt. ~ -100-200 DM
(I9-21).

fonn shear fJeld (Couette flow; 4) at modcrate shear StresSeS. from
0.3 to 1.1 Nor:.

Omers ba"e camed out experiments in free·f1owing suspensions of
washed pIarelels and blood subjected ta high shear stress in Couene
viscometelS in me absence of extrinsic aetivators (5. lo-J2). At shear ,,3.Esrimmion ofAetil'tltion ofWashtdandADP-slimulaledPlm~/tts

stresses >8 Km-2• pIarelets do aggregate. but only in the presence of . _ ..
vWF. eithc:r added or released from the plateJets. It is remarkable that. Twenty-five JÙ of~ed plate!ets ID Ca -tÏeeT~ v.-ete mlXed V.1th
• -. • 45 to 5.5 JLl ofRTe antlbody and IDCUba[ed for about 30 mm. before quenc:h-
m our prevlOUS \tort. we found that. for me muJnple·washed celIs at dil· th . -th la ls f ea--I:.-.. T"""""- and anaI""'....r· the
3 x lOS .. J-l the "cal h ~ .10._ f "th unng e reaCbon WI vo 0 U~ 1'~ 1~ ID

tu ~ cnn s ear stress lor UIÇ onset 0 .aggreganon WI flow cylometer within 30-60 s to rninimize any post~utiOD time.<fependent
0.7 JLM ADP~"2S about 2G-foJd Iower than that observed by Ikeda et aI. changes (18). For ADP- or PMA-stimulated platelers. 22.5 pl ofwashed c:e1Js
(5). IfvWF plays a major roJe in the ADP-induced ag,gregation al the wcre rapidIy mixed with 25 JolI ofictivalor (rapid band Sl\irling of the tube for
mucb Iower shear~ one would expect a significantly increased -1 S), la s before addition of the me antibody. The fiDaJ concenttatioos of
secretion and surface expression of the adhesive protein on the ADP- mAb 152B/6. 2.29 and SI2 were 133. 173 and 100 nM. respectively. The pres-
aetivaœd wasbed pIatelets. ence of 1mM MgC12' in the Ca--free Tyrodes normaIly aIJows '"physiologic­

studies of PACI and 9F9 binding [0 ADP-activated platelcts. in the absence of
confounding aggregation (1. 1~11). We nonethe1ess confinned that identical
equilibrium fluorescence histograms and platelet subpopuJation distributions
wcre obr.ained when directlycomparing 9F9. SI20r 152B/6 binding to platdets
activated with 5 JLM ADP or 0.2 JLM PMA in PRT v.itb and without 2 mM
CaCl2 added 30 s before the aetîvaror.

The platelet suspensions were anaIyzed for2500-SOOO ceUs in a FACSCAN
flow cytometer (&eton Dickinson Canada. Mississauga. Ontario) as previous­
Iy descnDed (18). with particuIar attention to the bimodal distribution of
fluorescence due ra resting (PO) and maximaUy-ac[Ï\"3led pla1elets (P*), as
previousJy desaibed (22). 'Ibus. the fraction ofceUs aan-ared are reponed as
%P* for bimodal. subpopuJation responses. or simply as ~ aetivated platelets
for panially unimoda1 responses. where the entireplateletpopulation undergoes
a partial activation.

Frozcn aliquœ of 20 mM ADP in Tyrodes and of 1.6 mM PMA in 100%
etbanol (Sigma OIcmical Co.• St- Louis. MO) were warmed [Q room tempcra­
DIre belorc~ aod dilllled in Ca--free Tyrodes-aIbumin soluùon. Electron
microscope grade gIutaraIdehyde (1. B. EM Services. Pointe Claire. Quebec)
was diIuted ra 05-0.8% (voUvol) in Isoton II (CoulterEIectronics lne.. HiaIeah.
fL). The SIabIe prosw:yclin derivative. ZK 36314 (13) was a generous gift of
Dr. T. Krais. Scbering Corporation. Berlin. Germany. Frozen aIiquotsof 10 pM
lI( in saliDe cœlaining 0.13% NaHe~ were wanned to room temperature
before use md added to give the des:ired concentration.

MooocIoaal mb"bodies 1528/6 (6) and NMC4 (5), which black the ,·'fF'low Devicu
GPIlb-1IJa aod GPIb demains on vWF, respectively. and mAb 2.2.9. specifie ta
a vWFadbesiœ-iDdepetJdent domain with one site per 220 JcDa repeating unit Tube flow was used to evaIuate the inhibition of sbear-induced plate1et
presentallbe COOH-terminaI domain ofvWF(14). wen: generously provided aggregation by mAb U-152B/6 and ATA, reagents available in relatively large
by Dr_ Z. RU&,.m1 (Saipps Institute. La loUa. CA), with NMC4 originaIIy quantities. sinee a minimum of 10 ml of wa.shed plar.det suspension \\"35
obrained froID Dr_ A. Yoshioka (Nara Medical University. Japan). Monoclonal required pel' nID. AlI other inJu"bitors, mAbs NMC4. 6D1 and 10ES. were
antibodies 6D l. diIccted against the vWF binding site on GPIb (1) and 10ES. evaluated in the micrtH:ouene device which required ouIy 400 ~ of suspen-
against theGP~ma binding domain for soluble fibrinogen or vWF (8). wcre sion peT nm.
provided by Dr. Barry CoDer (Mount Sinaï Medical Center. New YmL NY). 3·'1~'poiseuillefio",:. Platelet-rich Tyrode suspension and ADP solutions flo\\ing
Aurin aicarbo~·!ic acid (2900 Da fraction). which blacks the GPlb bfnding do-. from independent infusion pumps (Harvard ApparatUS. Bedford. MA) were
main on vWF md the associated ristoc:etin-induced platelet aggregation (15). rapidly mixed in a stiITed chamber of 50 pl volume al a med flow ratio,
was the geœrœs gifi ofDr. M. Weinstein (FD~ CBER. Rockville Pike. MO); PRT:AOP:; 9: 1(23). The suspensions flowed out into 0.76 mm Ld. polyethy-
mAb 9F9. specifie for the recepror-induced binding site (RlBS) on fibrinogcn lene tubing (Oay Adams. Parsippany, NJ) from 2 cm ta 10 mlong at a volume
bound to its aeti\"3ted GPIIb-ffia receptor (16). was obtained from Dr. A. flow rate. Q:: 108 pl S-I. corresponding [0 volume averaged Mean tube sbear
Budzynski (Temple University. Philade1phia. PA). and mAb 512. specifie lO raIes <G>:; 32Q/151r~3:;1335 S-l. ~ being the tube radius (23). The mean
platelet Cl-granule membrane protein GMP-I40 (17). was a gift from Dr. R. transit times (mean timeofexposureto ADP), <t> ::XI<l>. wbereX is the
McEver. Oklahoma Medical Research Foundation. Oldahoma Ciry. OK. Label- distaJlce of flow aIong the tube and <U> is the Mean !iDear fluid velocity.
ling of aonOodies wim tluorescein isotbiocyanate (FITC; Isomer L on celite ranged ftom <0.1 to 42 s. Known volumes of suspension (-300 fLI) were col-
I()'J;. Boehri:neoer Diagnostics. La Jolla. CA) was camed out as previously lected inlo 45 ml 0.5% isotonie gIutaraIdehyde. tberebyam::sting me reactïon.
desaibed (1S). 1-'tJÇouellejlow. The plale1et suspensions were sheared iD an annulus oftbick-

ness h :: 0.5 mm between concentric plexi-gIass cylindels of a micro-Coucae
device (4). The outer cylinder. radius 5.5 mm. W'ÂS statiooary. By me:ms of a
high precision step ma[or. me innercylinder, radius R=5.0 mm. rotated at var­
iable anguJar ve1ocity. (1). corresponding to shear rates. G. gi\'en by G :: RUJIh
from 1ta 1000 S-I (b « R). Adenosine diphosphate was briefly (<2 s) mixed
wim the platelet suspension using a disposable plasticpipcue. and 400 IÙ trans­
ferred ioto the Coueae after fJ1S[ lifting out the inner cylinda. The inner cylin­
der was lowered and the suspension sheared for a given rime before arresting
motion. A 30 IÙ subsample ofsuspension was then coUa:ud from a pan OD the
outercylindersituatedjust~ve the base ofthe innercylioder. and immediate­
Iy fixed in 7 vol of0.8% gIutaraldehyde. fll'St discarding 20 J,L1 ofdead volume.
The volume between the lower surface ofthe innercylinderand the base ofthe
outer cylinder is not sampled during these opentions.

Dara analysis - Poiseuille Flow. The number coocentratiou and volume of
single platelets and aggregates were measured using an elc:a:ronic panicle and

CitRled PRP (cPRP) was prepared from venous blood collected from
healthy human dooors in[O 1110 volume of3.8% sodium citrate and processed
as previousJy RpOrIed (t). Relatively unactinted washed pJatelets wcre pre­
pmd from c:PRP by a single centtifuging and 'ilr"35hing procedwe as previously
described «15li CX{eSSÙlg pre-bound fibrinogen; 1). EssentiaUy.lhe proce-

• dure involvcrl acidifying cPRP. centrifuging in the presence of 50 DM ZK
36374 and re.fispersing the plareletpellets in ÎDodified. Ca-·freeTyrodes-aIbu­
min (136 m.\{ SaCI. 2.7 mM Ka. 11.9 mM NaHC03• 036 mM NaH!04'
1.0 mM MgQ~ 5.6 mM glucose. 035% BSA). The platele[-rich Tyrodes
(PRT) was rhen diIuled wilh normal Tyrodes·aIbumin containing 2.0 mM
Ca02 added jus[ before activation and sbear. te yield 5.0 X ICJ'l ceUslp.l in
the tlow expmmeurs. The fibrinogen concentration in solution was estimated

3J·ReagelUS
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where G is the shear~ 1) the radius of the equh"3.lent platelet spbere
(-1.13 J1M; 27). No is the numberconcentration ofplateIets before the onset of
shear. and bence:

l~

1~10'

10'

..
'1.

Washed PIaœJets histograms &om multiple donors 'Nere averaged. resuJting in a histogram of
PRP ! Washed Plat.clcts + PMA the mean class volume fraction nonnalized to the maximum class coutent at

"'-

• / <1>=0(24).
1"'\ i ~ '3-S. Dauz fJ1U11ysis - Count~ F/(m•• The glutaraldehyde-fixed samples were
1 :. analyzed in anoelearonie particfe counter (Elzone SOxy. Particle DaIa Ine..

1 1 \ Bmburst.n.) to obtain the fracbonaI decrease in the particle numbercoDCCZ1tta-
f \ tion with timc. Here. PA was defined in tenns ofthe ftactional decrcase in num-

" ber ofaLI panicles present (single cells and aggregates). Sînce the Dumba of
1 singlets is considerably greater than the numberofaggregales over much ofthe

1 • time course ofaggregation. PA defmed in terms ofthe total Dumberofparticles
./ J is DOt significantly alfferent from that defined in tenDS ofthe deaease ofsingle

ceUs. Altematively. in some experiments. NlNo was readily determiDed from
an analysis of the flow tiJnes. T. needed to count a given number ofparticles
(4.000) on the FACSCAN cyromder. as previously descn1:Jed for similar smd-
ies of neutrophil aggregation (2S). where NINa =T;rr ln other experïmenrs.
NlNo was delermined from measurements of the numberofpanicles in plateIer
suspensions diluted a further 7 times after 20 5 of now (fixed volume).

Capture efficiencies. ~. rqnesentiDg the fraction of the taraI number of
rwo-body collisions °between plate1ets resulting in doubler formation. were
computed from the initial slopes. dPAldtl,: ao of the measured PA-tirne carves
(representing the collision capture frequency) assuming the two-body collision
frequeDCY, FG perunit volume ofsuspension. is given by (26):

Ca)

l~

o~=-::;;;:::;;;;;;:--.:...:.._--~_.....::~---

leP

o

7S

7S (b)

Wberever possible. d3ta are presented as Mean values ± one standard errer
ofthe meao (SEM).

Fluorescence
Fig.] Flow eytomettic: measurements ofthè extent ofsurface-bound vWFon
washed platelets before and foUowing activation with (a) 0.2 JLM PMA and (b)
2 and 5 pM AOP, as monitored with mAb ll9. The saUd line histograms
show. mAiHlinding ta resting washed platelets. compared ta platelets in cPRP lt R· Ils
(dasbed Une bïstogram). The dashed-dotted and doaed line histograms show . esu
binding ta PMA- or AOP-driveo maximally aetivated washed platelets. Data .•.• •
for the computed % activated celIs in tbis and the foUawing (wo figures are lt~Flow Cytometnc Detemunanons ofFibnnogen and vWF
given in Table 1 on Washed Platelers

•

sizing system (Multisizer fi, Coulter Electronics Ine... Hialeah., Ft) to geoerate
250 c1ass log-volume bistogr.uns over the equÏ\"3.Ient sphere volume range
I-IOS pmJ. as previously descn"bed (23). Computer integration of the 10g­
volume bistograms yielded the number coacentration and volume fraction of
particles between lower and upper volume limits. Platelet aggregation. PA. as
defined by the fraction of single platelets incorpotated into aggregates after a
mean transit time t. PA=1- NINa. was obtained from the measured numberof
single cells initially present, No, and those after rime lime <t>, Nt" Individual

Table l Surface-bound fibrinogen and vWF on washed platelets. before and
after "physiologie" activation

~ MaIl"AaiwardPlud=±SEM·
Addaf 9F9 (F1Ilriaop:a) U9(vWF) 152&'6(vwP) c su (P-teIcaiII)

~ 17±6 CS) 43±9{1J3)' O(2} S6±1 (3,9)

Z-5J&MADP' 4C±I5(4) 65(2} 6'3 (212) IJ±9(6)

G.1uMNA 9I± :lm 100(1) - IlXH:n 9I±lCSl

• .. pe t i : 1+=~ a.zimIllllAb tliDdiII,.IIDIessCllbcrwisc iadicmd.

~ Namber'aC;acpa· ~ lIIIimDdal shifthalaJ llIlIZIb:raCampIes.

c "WP c:arrap:lOC1s Ir)~ damai1l faraaiYaœd~ma.

• ZJ&M ADPfar9P.hDl12.2.9; 2.aad 2-5~ ADPf«Sll wdIidcDàca1 =uIlsfarltlisQZlICc{
CADPl: 5I&MADP far l52B/6.1tac _ CIllIIdiIioas as lISel1 ia Ibe agrcplÏGll szudies.

4o l.l·Surface-bound vWF: In our previous studies ofshear·induced aggre­
gation of single centrifuged and wasbed pIaœlets with 2 or 5 JLM ADP
in the absence of added plasma proteins, the measured aggregation
appeared ta be independent of platelet surface fibrinoge~ and we
hypothesized mat aggregation was mediated by platelet secretion and
surface~xpressed vWF (1). We therefore compared the surface expres­
sion ofthe number ofvWF moIecules on resting platelets in cPRP. wim
those on washed platelets before and after activation with PMA (ex­
pected to yield maximal a·granule secretion and surface expression of
vWF; 17,28). shown in Fig. la. as well as with washed plateIets before
and afteractivation witb 2 and 5 pM ADP. shown in Fig. 1b. The me­
labeIIed mAb 2.2.9 was used to report on the surface-bound vWF. as it
reaets with the COOH terminus of the vWF repeating 220 kDa sub­
uDits, with no known inhibitory activity on vWF function (14).

Figure 1 c1early shows lhat.. bath before and after activation with
ADP, wasbed platelets exhibit [wo populations consisting of relatively
unaetivaled platelets. and ofplatelets maximally expressing vWF (P*),
as compared to one population when they are fully activared with
0.2 J.LM PMA. The % platelets expressing maximal mAb binding, cor­
responding ta the subpopulation P*. is shown in Table 1. One of the
three donors' platelets evaluared with mAb 2.2.9 showed a unimodal
activation of all cells. In all cases, however. there was unequivocal
evidence for surface expression of vWF. with a significant increase in
%P* upon activation wim ADP (Table 1).
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Fluorescence

Fig.2 Histopams. as in Fig. [. of the extent of surfaœ-boW1d. a-granule
secreted P·selectin. before (solid fine) and foUowing (dashcd-dotted line) acti­
vation by 0.2~ PMA. as monitored by mAb S12. Washed pIateIets are com­
parcd with thase in resting (dashed line) and PMA-activar.cd (dotted Hne) cPRP "

In the stir:red viaIs ofan aggregometer. SI0 fLglmI ofthe mAbs 6D1
and IDES have been shawn to black aggregation dependent on soluble
vWF binding to GPIb (5) or GPlIb-ma (6) respectively. on plarelets.
These antibodies bave aIso been shown ta black high shear stress
induced aggregation (2:6 N nr2) of platelets in Couette flo\\' (12).
Using the micro-Couette, we confmned the faet th.at. at a shear rate
of 1000 ri, 10 JLg/ml of mAb 6DI couId indeed black ristocetin­
induced aggregatioo of washed platelets containing 21 nM soluble
vWF monomer equivalents.

AlI of the mAb's tested were IgGl types, with mAB 152B/6 effec­
tively serving as the ideal control, as it had no measurable effect on
platelet aggregation at the shear rares tested. wfule bindiDg bath non­
specifica1lyas well specifically to vWF present on the ADp·stimuIated
platelets.
'f.~Àggregation in Couerieflow. We previously reported~ in the ab­
sence ofextrinsical1y-added fibrinogen, single-centrifuged and washed
pJatelet supensions containing 5 X 10' ceIls/pl a&:<:regated with 5 pM
ADP in Poiseuill~ flow at mean tube shear rates <G> =335 and
1335 ri, the rate and extent ofaggregation increasing with increasing

~.~-G1lZ1UIk secretion. As ilIustrated in Fig.~ the «-granule secretion
marier. P-selcctin. probed with mAb 512. also showed that major
secretioo bad occurrcd in the subpopulation p. of me resting washed
plarelets. When caused to maximally secrete wirh 0.2 JLM PMA. the
wasbed platelets expressed the same number of bound S12 molecules
as did similarly aetivated platelets in cPRP. The resting washed plate­
lets of two-thirds of Dine donors showed the presence ofa subpopula­
lion. the remainder exhibiting unimodal panial activation of me enlite
platelet population (Table 1). However. addition of 2-5 JLM ADP re­
suIted in the identi~ significant increase in %p. (maximal secretion)
irrespective of unimodal or subpopulation behaviour. i.e. a simiIar
majority ofpIate1ets became maximally activared (Table 1).

,+p).sllrfQCe-boundfibrinog~n. As previously reported (1), Fig.3 shows
dw only a miner fraction ofthe resting washed platelets expressed sur­
face-bound fibrinogen (reponed by mAb 9F9), as compared ta 100%
P* witb fibrinogen surface expression seen wirh PMA activation.
However, addition of 2~ ADP. increased the $ p* containing sur­
face fibrinogen to 44%, significantly lowerman the P-selectin and vWF
secretion and swface expression on ADP-aetivared washed platelets
(Table 1).

l{·\·\{·GPlIb-I/la binding domain ofvWF: About a th.ird to a haIf of all
platelets had maximalIy expressed surface-bound vWF. as reported by
mAb ll9. 00 the washed plarelcts prior to the addition ofany extrin­
sic aetïvator. It was tberefore surprising tbat there was no significant
binding of mAb 152B/6 to the adhesive domain on vWF for aetivated
GPIlb-ma (vWF*; Table 1). with fluorescence values equivalent to
those ofrestïng plarelers in cPRP (data not shown). WhiIe addition of
5 JLM ADP. only changed the %f* expressing maximal vWF from'-43
to 65% (as reported by mAb 2.2.9), this ADP activation caused all of
the plarelets to express 63% of the 152B/6 maximal binding sites seen
on plaIelcts maximallyaetivared wim PMA (Table 1). In fact. this was
very sûmlarto the 72% activation ofaIl plateIers in cPRP aetivated with
5 JLM ADP (n = 2), compared to PMA activation for the same [Wo
donors (data not shown). Lower concentrations ofADP (0.7-1.0 p.M),
insufficient to promote shear-induced aggregatioo in suspensions of
5 x 1~ platelets pl-J (1-), were also unable to yie1d 30y significant
binding of 152B/6 to washed platelers. in contrast to measurable
binding observed with similarly aetivated plarelets in cPRP (data not
shown). Il is therefore expected thar mAb 152B6 will ooly begin ra bind
to \\'3Shed plate1ets faIlowing ADP acti\"3tion. and may therefare Dothe
an effective inhibitar.

•
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75 !Washed Platelets
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Fluorescence
Fig,3 Histograms. as in Fig. I, of the extent of swface-oound fibrinogen
before (solid line) and folJowing (dashed-<loaed line) activation with 0.2 .,a..\f
PMA. as monitored by mAb 9F9

~~.Effecls ofAntibodies andATA on Platelet Aggregation

l.(.l·L Reagenrconcenrrations and specificit)'. To determine the concentra­
tion of ATA and of mAb NMC4, directed against the GPIb-binding
domaio on vWF. required ta campletely inhibit soluble vWF-mediared
plateIet aggregation. washed platelet suspensions cootaïning 10%
platelet-poor plasma were stirred \ltith 03-15 mg/ml ristocetin at
1000 rpm in an aggregometer for 2 min. The suspensions were then
rapidIy fixed with 0.8% glutaraldehyde and a partic1e sile analysis
canied out In the case of ATA. aggregation was torally inhibited al

concentrations >30 ~. In the case of NMC4 concentrations greater
than 100 nM were required to complerely inhibit the reaction. but we
chose 80 nM as used by Ikeda et al. (12) to black high sbear stresS­

induced aggregation, In order to optimize efficient use ofmAb 152B/6•
we tested me aDtibody.at 31 and 310 nM. representing a 43X 10wer.
and 23x higherconcentration than that (133 nM) shawn by Ikedaet al.
(12) ta black high shear stress-induccd aggregation.•
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"t.3Aggregation in Poiseuille Flow

&f-~~ody U-I52B/6. Although we found that mAb 1528/6. reponed
ta bind to the GPDb-llIa domain of vWF (6). only bound ta a subpopu­
Iation of these molecules after activation with 5 pM ADP (Table 1), we
still tested its inhibitory effect on shear-induced aggregation. In orderto
enhanœ binding after activation with ADP, the washed platelets were
incubated for 30 min with the antibody prior to sbearing in the presence
of5 pM ADP al <G> =1335 S-I. We found that preincubation of the
cells for 30 min wim 31 or 310 DM 152B/6 had no significant effect on
the rate or extent of aggregation. Thus, at <t> =42 s, the extent of
aggregation obtained in the presence of 310 nM ann'body (52.2%) was
not significandy different ftom that in the absence ofann'body (493%;
mean oftwo experiments).
~rin tricarboxy/ic acid. In our laboratory (as descnbed above), and
by others (9), ATA bas been shown to black the GPIb domain ofvWfo
Given tbat ATA is being evaIuated as an antithrombotic agent in animaI
models (29, 30), and that ATA may affect bath GPIb and GPIIb-ma
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<0>. The experiments wcre repeated in the micro-Couetteat unifonn
shear rates of300 and 1000 S-l with the aim ofobtaining values of the
initial rates of aggregaûon (approximaring initial rates of doublet for­
mation) and lbus to dcrive values of the collision capture efficiencies.
Ua. The inhibitory effects of select mAbs could then be determined.
We had previously shown {unpublished results} that, in the absence of
inhibitor, the tilDe course of aggregatÏon al <G> =335 and 1335 S-l

was very~1ar to mat observed in Poiseuille flow, the %aggregation
at given times being within ±5% ofthat round in the tube. Plots of the
time course of% pIatelet a~gation (liPA) induced by 5 JLM ADP in
the presence and absence of inhibitors are shown in Figs:.4a and 4b.
We found that for a >3-fold increase in G, from 300 ta 1000 S-1, aa
decreased by ooly 20% from 0.090 ~ 0.005 (n = 4) ta 0.010 ± 0.004
(n =S}.1bis result is in marked contrast ta the 13% decrease in Ua over
the s:upe range ofG, which was found in fibrinogen-driven aggregation
ofcPRP in the micro-Couette (4).

"'.1.·3.Antibodies 6DI and IOES. These anuDodies were used to evaIuate
the roles of the vWF binding domains on GPIb and GPfib-ma"in
mediating âggregation of aetivared platelets. Washed suspensions of
5 X 1()'1 cells were preincubated with 10 JLglml of the antibody for
5min, and then immediately sbeared in the device foUowing addition of
5 JLM ADP. The time course ofaggregation overone minute. plotted in
Figs.4a and 4b at G=300 and 1000 S-I, respectively, clearly indiC3tes

shear-dependent inhl'bition of bath the initial raIe and exteDt of aggre­
gadon in the case of mAb 601, compared [() almost total blocage
of aggregation at bod1 sbear rates in the case of mAb lOES. Thus. as
shown in the bistogram ofFig.S, the degree of inhibition of the initial

o l.--""",-~-........;...2~.:::::.:::o=.::::&..=-::.x::"::;:~c:::.::c.::==*---'-~ "rate of aggregation (and theIefore in Ua) due to mAb 601 increased
o 10 20 30 40 50 60 70 from 22~6%a!G=300s-1 to52±6% alG= l000s-I . 5îmilarly, the

deaease in the extent ofaggregation after one minute ofshear caused
Time, S . by mAbs 601 and IDES, respectively, increased from 28 ~ 1% and

Ft 4 IDhiboli of n° f hed 1-'-' ind ~ b 5 ..LI AOP 87 ±4% al G=300 S-I ta 59 ±S.5%and 89 ~ 1% at G= 1000 S-l.
19. 1 on aggrega 00 0 was p eu,gets, U\;Ql Y .....u '\1."Z.'d _.;IvtA., :l7J1C''# G' the 'al inhiib' . f .

in Coueae f10wat G=300 S-I (a) and 1000 S-I (b), shawn for a single experi_ -"l NUOUVKJ mrl.'.... Iven partJ Inon 0 aggregatIon by~
ment. PlO[ of die time course of CIl plateler aggregaIioo ovec 1min in the 601, wecomparedtbe~ffectofthecomplemeotarymAbNMC4,which
absence of ann"body (e). and in the presence of JO~mI of rnAbs 6Dl (Y) binds to the GPIb adhesive domain 00 the vWF molecuIe (S). As shown
and 10ES (.)0 The dasbed line C.) is the control nm-in the absence of AOP in Fig.6, washed pIatelers preincubated wim the antibody for 5 min
and anoOody prior ta addition of 5 JLM ADP and sheared at G =335 and 1000 S-1,

exhibited aggregation profùes similar ta mose ofplatelets preincubated
with mAb 601. Thus, the initial rates" of aggregation decreased by
26 ±Sand 50 ~3% (n =4) alG=335 and 1000 S-I, respectively, cor- .
responding ta the values of % inhibition shawn in Fig.5.

eo

c
~ 60:s
:ë
.5
~ 400

20

0
601 NMC4 10ES

anti G?rb anti vWF anti GPIlb-U1a

Fig.5 e;t Inhibition (+SEM; n =4; a = 2 for the 10ES data) oftlleinitiai rates
of plaleJer aggregatioa by anribodies wgeted against vWF or ifS receprors•
GPIb and GPllb-IIIa. The suspensions were sheared aI G=300 S-I (exceP[ for
NMCt aI G =335 S-I) and 1000 S-I o Kinetics of the aggregatioo are shown in
Figs.4and 6•
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(a)

The resu1lS ofthe wark reponed above lend strength ta the hypothe­
sis that von WiHebrand factor. secreted during the isolation and activa­
tion of the single centrifuged and ll.'3Shed pIalelets. and surface-bound
on the actiVaIed cells. is required for ADP-induced aggregation at
moderate shear stress in the absence ofexogenously added fibrinogen,
with a 5Opporting (facilitating) raIe for GPIb and an absolute (regulat­
ing) role for GPIIb-llIa.
(i) von Willebrand factor is indeed maximaIly expressed on 43% of

plaœlets isolated in the PGfrmimelic (ZK) protected enyironment
Wc know from previous work (1) that 50ch pIatelets do not aggre­
gate when sti:rred in an aggregomeœr. or at low shear rate (42 S-I)

in tube or Couette f10wt unless bath fresh extrinsic fibrinogen and
"physiologic" activation by ADP are provided.

(li) Mutually adhesive domains on GPIb and vWF, bJocked by mAbs
6D1 and NMC4, respectively. are only paniaIly responsible for
platelet aggregation al G ~300 S-I. These sites are predicted to
facilitate marimal capture ofplateJets by the activated GPIIb-ma*
interactions with pfaœlet-secreled.. surface-bound vWF. The Îm-
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Fig.6 Effect of monoc:lonal anbDody NMC4 on aggregation in Couette
fJow iDduced by 5 pM ADP in washed plateIets.. 5 x 10' cells pJ-'. aI (a)
G=335 S-I and (b) 1000 S-I. Plot of rhe lime course of me Mean $ pIateIets
aggregated (± SEM; D =4) as a fimclion of the tinte of sheariDg: 0 - in the
absence ofNMC4; • - in thepresenceofSO aM NMC4; Â - control run in the
absence ofADP and NMC-4
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Fig.7 Effect of 31 J1M aurin tricarboxylic acid (ATA) on aggregarlon
induced by 5 pM ADP in washed pIateldS. 5 X 10' ceIIs JÙ-', undergoing
Poiseuille fJow al <0>=1335 s-'. (a) PlO( ofmean values ofthe pc:rcentage of
single pIatelets aggregaœd (±S.E.M.; D =5) as a functioo ofmean transit time.
The.control nID was carried out in the absence of ATA by infusing Tyrodes­
aIbumin instead ofADP. (b) Comparisoo ofaggregare growth in the presen~

and absence of ATA. and in the coDcrol "lo. Volume fraction histograms
showing three-dimeDsionaI plots ofthe mean. nonnalized class volume fraction
for the same data as iD (a) vs partic1e \'oIume at mean transit time =42 s.
S=singletS. A = aggregaœs; the dots reptesent S.E.M.

co
interactions with their ligands (29), we wished ta compare the inhibi- ..g
toty effects ofATA 00 platelet aggregation. with the simiIar but partial J:
inhibition observed with the mAbs 6D1and NMC4 directed excIusive- u

E
Iy at the GPIb and vWF domains required fOF cross-bridging of plate- :::a

~ ~
By contrast. aS illustr.s:ed in Figs.7a and 7b, preincubation of the cells 1

with 31 JLM ATA completely abolished aggregatioo with 5 pM ADP ~

in Poiseuille flow at <G> = 1335 S-I. The plot of the fraction of ë
single cells aggregated against <t> (Fig.-7a) shows that 104.4 ± 2.8% ~

(S.E.M.• n =5) of single platelets remained unaggregated aI <t> =
42 s, a resuIt oot significantly different from that, 99.5 ± 3.2% (n =5).
obtained in the conttol nm, in which Tyrodes-albumin was infused
instead ofADP, and DO ATA was added. In the absence ofATA. how­
ever. there was significant ADP·induced aggregation: 24.7 ± 3.9%
(0 =5) of single cells were incorporated iota aggregates (Fig.7a). The
extent ofaggregate growth aI <1> =42 s in the presence or absence of
antibody is shown in Fig. Th in the continuous volume fraction histo­
graInS in which the mean. DOrmalized volume fraction of particles in
each orthe 250 classes is plotted against panicle volume,over the range
1-1(}5 fLlD3. It is evident that. in the absence ofATA. a marked reductïoo
in the height ofthe siDgIet peak resuIted in the appearance of two bands
ofaggregates. between 30 and 200 JLm3, and between 800 and l~ JLIIl3.•
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).~. Relative Roles ofGPlb and GPIIb-IOa

"5.1 ShearRme-tfependenr Raie ofvWF

The initial collision capture efficiencies. ~. in the experiments with
washed platelets aetivated by 5 JIM ADP. shown in Figs.4a and 4b,
were 0.09 ± 0.01 (n = 4) and 0.07 ± 0.01 (n = 5) at G = 300 and
1000 s-', respectively. In a previous study of fibrinogen-driven ADP­
induced aggregation in Couette fIow, we found the relationship ~ =
53G-', corresponding to Cl<; = 0.18 and 0.05 at G = 300 and 1000 s-',
respectively. Thus. 00 for surface-secrered vWF-mediared aggregation
al G = 300 s-' is aIready 50% of the maximal value for fibrinogen­
driven aggregation, and at G = 1000 s-[ is even 40% more efficient
These results are consistent with an increasingly important role for
vWF in mediating aggregation al higher shear rates (5, 10-12). Similar­
Iy, the inhibition of initial rates of vWF-driven aggregation of washed
platelets via the vWF domain of GPIb on platelets (targeted by mAb
601), or by the GPIb domain on surface-bound vWF (W'geted by
mAb NMC4) was anly 22% al G =300 s-', but increased to 52% at
G=1000 s-' (Fig.5).

the fust reaction between me surface expresscd and bound vWF with a
GPIb reœplor on an adjacent platelet resWts in the formation of
rapidly reversible bonds having fast on and off roues. but which are
relatively resistant to rupture by extemally applied shear stress. The
second reaction between an altered domain OII \·\\"F and a GPIlb-ITIa
receptor on an adjacent platelet. results in the formation of a suong
bond resistan[ to rupture at high shearstress. but ~ith rclatively slowon
and off rates. Thus, with increasing she:lr rate. the fUSI reaction be­
comes increasingly important in order 10 faciliwe bond fonnation in
me second reaetion, and thus prO\oidc efficient capture of plalelets.
as seen al G =1000 S-l. There 1s. therefore. an obligatory cole for
GPIIlrUIa at aIl shear rates, and a faciIitati\·e mie for GPIb especially
at high shearrates.

There are, in faa, good analogues for such a mode" as in:
(i) the rapid reversible bond formation of L-selectin on neutrophils to

counIer receptors on endothelial cells enabling the neutrophils to
roll along the vessel wall. In tunL this facilitales capmre of the leu­
kocyte via the firm bond formed betw~n the integrin activated
Mac-Ion the neutropbit and i15 COUDIer receptoron activated endo­
theliaI cells, required at modest shear rares (s3OO s-': 32).

(nlthe translocation ofresting pIateIets \ou rapid1y rcversible bond for­
mation between GPIb on œsting platele15 and v\\'F immobilized on
a plastic surface. Again, this process faciliraœs the subsequent firm
arrest of the platelets through actt,,"ated GPUb-ma (33).
It sbould he noted tbat, whereas tbe·GPIb-\·VtF facilitated aggrega­

tion in the free flowing suspensions is largely bypassed at 300 s-' via
interactions with activated GPIIb-1lla. this is DOl the case in the above
quOled surface interactions of cells. There.. rolling (facilitation of wail
adhesion) is an absolute prerequisite for fum capwre. This difference
likelyarises from the presence of 3CtÏ\ëlted GPllb-1TIa 00 -the ADP­
stimulated platelets prior te the onser of vWF-GPIb aoss-bridging
reactions. fi is, however, in madœd contrasl to high shear stress­
induced platelet aggregation, in wbicb Ibe initial soluble vWF binding
ta GPIb leads te intracelluIar signalling and aeti\ëlbOO of GPllb-ma
(12), or to a sinularobservation for the trans1ocaIion ofresting platelets
00 surfaœ-immobilized vWF with firm capture requiring subsequent
platelet activation (33).

portance of the facilitative role for the GPIb-vWF aoss-bridging
reaction incre3SCS with increasing shear rate. as evidenced by the
greater inhibition ofPA al G = 1000 man al 300 S-I (Fig.5).

(Hi) There is an absolute requirement for free activated GPIIb-IDa
receptors for crossbridging and capture of platelets al G =300•
1000 or 1335 s-'. as seen by the totaI blocking of aggregation by
GRGDSP (l) or by 1OÈ5 (Fig. 5).

(iv) ATA·can completely black aggregation at <G> = 1335 S-l in
Poiseuille fIow. under conditions demanstrated to block the
GPIblvWFfristocetin-mediated aggregation, but prcdieted to also
affect the GPIlb-IDa interaction, absolutely required for optimal
aggregation.

At shear rates <100 s-[. in stirred aggregometer viais. and in tube
fIow(l), the addition offibrinogen is an absolute requiremenr for ADP­
induced aggregation in washed platelet suspensions. Thus~ the surface
expressed vWF resultiog from washing and centrifugation of the plate­
lets, appears to be unable to mediate aggregation. However. above a'.~/1ZllbiltyofmAb 15216 to BlockAggregation
critical threshold.shear rate -300 S-l, me plareIets will aggregate. At this
moderate shear~ it seems thar me interaction hetween vWF and Ikeda efaL (5) found that bigh sbear stres5-induced aggregation in
GPIb can Iargely he bypassed, since. as pointed out above. inhibition of birudinized PRP in the presence of soluble ,.\\F was· compIerely
the initial rates ofaggregation by mAbs 6D1and NMC4 is ooly minor. blocJœd by 133 nM 152Bf6, preincubated for only 5 min before shear-
With increasing shear rate, bowever. me raIe ofGPIb becomes increas- ing. By cootr3st. we found that. at moderate shear stress. there was no
ingly imponant, as evidenced by the increased inhibition of the initial significant inhibition of the 3:koregaIion of the ADP-activared washed
rale ofaggregation. plaœlets even al 310 nM mAb when prcincubated for 30 min prior to

We therefore propose a model for the shear dependent involvemenl addition of agonist. The inability of this annDody to biod to surface­
of vWF in the aggregatioo of platelets in the abseoce of exogeoously secreœd vWF. maximallyexpres.sed on 43 ±~ ofaIl v.-ashed platelets
added fibrinogen, based on differences in the streogth and lifeÜJne of prior to addition of extrinsic activator. as reported by mAb 2.2.9
the bonds between the respective binding domains of vWF for the GPIb (fable 1). suggesrs that the GPllb-IDa binding epitope is not accessible.
and GPllb-Illa receptOIS. Fust, it should he pointed out thal much of However. following activation by 5 JLM ADP. a1l of the plateIets ex­
the vWF ~ted from the a-granules is likely associated with, and press about 63% of the maximal number of sucb epitopes suggesting
anchored to the GPUb-ma receptors. lbus. it bas been reponed that that (i) the original vWF on "restïng plarelets- cm~ conformationaIly
freshly secreted vWF from thrombin-activated platelets cannat he pre- transformed, and/or (ri) newly-secreted v\VF expresses tbese epiropes.
vented from binding to the œIl surface using mAb 601directed against Giveo the obligatory requirement for GPllb-UIa to mediate aggregation
the vWF binding site on GPIb. and is ooly -72% inhibited from bind- at 300 and 1()()() s-[• it appears that 152B16 cannet access its GPIIb-llIa
ing to GPUb-DIa by mAb IDES (31). Thus. it appears thaI vWF is pan- domain 00 vWF in sufficient quantit}· ta block ~~tion, but that
ly secreted in association with GPllb-ma, and mAb IOES is unable to these ADP-dependenr domains or other domains still not cbaracterized
inhibit this subpopuIation of vWF from being released and surface are indeed required. AIthough 152Bf6 bas recently been sbown ta black
bound [0 its receptOIS. Upon activation with ADP, it is proposed that soluble vWF binding to GPllb-DIa on thrombin-actÎ\ëlted platelers•

•
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quired to block the shear-induced aggregation immediately follo\\ing
ADP addition may not occurwith this antibody. Altematively, a ligand
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,. Concfuding Remarks

We have shown that vWF secreted and surface expressed on ADP­
activated, washed platelets cao Mediate agg:regation at moder.ue
shear stresses (03-1.1 Nm-2), in contrast ta the much higher shear
stresses (>8 Nnr2) required for aggregarion of resting platelets with
soluble plasma vWF (5). A useful analogue of the facilitating mIe
of the GPJb.vWF crossbridging of platelets cao be found in the
models reponecl for neutrophiI rolling on endolhelium (32) and the
translocation of platelets on vWF immobilized on a plastic surface
(33).

With increasing shear rate, the vWF adhesive domain on GPlb
apparently becomes increasingly essentiai for aggregation. The
GPIIb-ma* domain on secreted and surface-hound vWF is aIso Iikely
involved in aggregation, but cannot he hlocked by mAb 152B/6 which
cao black soluble vWF binding to GPIIb-IDa*. Thus, GPIb-vWF inter­
actions facilitate and are increasingly important at moderate and high
shear rates, to pennit effective capture of platelets. We postuIate that
these most likely occur via GpIIb-ma-vWF cross-bridging hetween
cells. The potential contributions of other surface-expressed proteins,
especially P·selectin and thrombospondin to aggregation at moderate
shear rate, are being explored.

S .,\-The Raie ofArA in Blacking Aggregazïon

The striking difference between the total inhibition of the ADP­
induced aggregation by ATA, and the partial, sheàr stress dependent
inhibition by anu"bodies 6D1and NMC4, the laner directed exclusively
at the GPIb and vWFdomains required for cross·bridging, suggests tbat
ATA is aIso able to inhibit vWF binding to GPfib..IIIa.

In lhis connection it is of interest to note .t!mt a somewhat related
smdy concunent wilh ours (34) bas shown that cPRP pretreated \\ith a
low concentration of epinephrine (250 nM) cao synergize aggregation
induced by high shearstress (6 Nm-2). Such aggregation is ooly partial­
ly inhibited by 601 or ATA, the latter in marked conttast to the [oral
inhibition in ourexperiments. ItshouId be noted, however, mat Wagner
et al. (34) used a less purified fonn of ArA (from Sigma ChemicaIs).
Nevenheless their studies provide another example of the partial by­
pass ofthe GPIlrvWFinteractions possible in high shearstress-induœd
aggregation when GpIIb-ma* is provided by a separate physiologie
activation.
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GYNECOlOGIC DIAGNOSIS

Schneider/Schneider
Gynecologie CytoIogy
DiFferentiaI f>iogriostic Atlas
EUROBOOK/B1UNGUAl
1995. 296 pages, 199 illus1rotions
mostfy in color, 2 Iab/es, bd.
DM 298,-/approx. US $ 213.00
ISBN 3-79.tS-1547-1

F. IC.. SchattauerPuWishing Ca. StutIgart - New Tarie
Distributars:
United States and Conadcr:
Joftn Wiley&Sons, /nc:.. WiteyW Division, 605 Thità AWltIue, New Yod. NY lOT S30012/USA
VIC, Eire, Spain, France,. the Netherfant& ancl South Africa:
BritUh Medical Journal. BMA House, Travislod~.londan WCl H9JR

Cytology is on essentiol part ofgynecologic diegnosis. This bilinguel aflcs
shows fypiccl cellular pictures of the most importont pathologie conditions.
The malignant and premclignont lesions of the squomous epithelium with
their inHammatory, degenerative end regenerative olterations as weil cs
the inaeasing/y importent changes of the glondulor epithelium ore
described. The illustrations of the orlos ore oF special didactic value: eoch
colour pidure is combined with on explanetory schematic drcwing for
identification of single cells or cell elements.

This third, for the nrst time bilinguel edition is based on the lafest
developments in gynecologic cytology: text and references are completely
revised, severol figures have been exchonged or supplemenfed For better
explonotion, and the new chepter of papillome virus infection of the fu­
mole genifcls hes been added. However, the proven systematic structure
and excellent didadic principle have not been changed.
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