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MEDICAL UBRARY 
ROYAL FREE HOSPITAL

ABSTRACT HAMPSTEAD

This thesis describes a study of the role of the human seven 

transmembrane domain thrombin receptor (ThrR) in platelet activation and 

investigates the functional epitopes of this receptor as potential sites for 

antiplatelet therapy.

Whole blood flow cytometry was used to study aggregation independent 

platelet activation and the effect of current antiplatelet therapy. Aspirin had no 

effect on platelet fibrinogen binding or P-selectin expression (degranulation), 

whilst GPIIbllla antagonists, (monoclonal antibodies, echistatin) totally inhibited 

platelet fibrinogen binding but had no effect on P-selectin expression.

Synthetic peptide analogues of the N-terminus of the receptor were 

capable of activating platelets causing maximal fibrinogen binding and P- 

selectin expression, but at concentrations 1000 fold higher than thrombin. The 

most potent N-terminal peptide mimetic was TRAP1-6, SFLLRN, the minimal 

sequence required for activation was TRAP 1-3, SFL.

Polyclonal antibodies were raised to synthetic peptide analogues of the 

extracellular domains of the ThrR. Antibodies to N-terminal regions bound to the 

receptor on platelets and on megakaryocytic human erythroleukaemia cells 

(HEL). These antibodies inhibited thrombin- and TRAP1-6-induced platelet 

activation as assessed by flow cytometry and aggregation, but had no effect on 

ADP induced activation or aggregation. Antibodies raised to the 'cleaved 

peptide' region of the thrombin receptor showed strong binding to the 

immunising peptide, whilst antibodies to the three extracellular loops of the 

seven transmembrane domains reacted only weakly. None of these antibodies 

bound to the receptor, either on platelets or HEL cells. The N-terminal 

antibodies were used to demonstrate differences in post-activation events in 

nucleated cells and platelets; the ThrR on HEL cells was downregulated from



the surface, whilst it remained on the surface of platelets, following activation by 

thrombin or TRAP1 -6 .

In an attempt to obtain ThrR cDNA, to allow further analysis of functional 

epitopes via expression and site directed mutagenesis studies, HEL cells were 

used to prepare RNA from which cDNA was synthesized. The coding region of 

the 3' end of the thrombin receptor from base 716-1599 (approximately 60% of 

the coding region) was amplified using PCR, cloned into the phagemid 

Bluescript and sequenced. Nested PCR, with additional primers to the 5' end of 

the receptor, and RT-PCR failed to amplify the 5' end of the receptor. 

Preparation of genomic DMA from both HEL cells and whole blood allowed 

reamplification of the S' end, but was unsuccessful in amplifying the S' end of the 

receptor gene.
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Chapter 1

Introduction



1.1 ATHEROSCLEROSIS AND THROMBOSIS

Atherosclerosis and related thrombotic complications are a major cause 

of death in the developed world today (Ross, 1986). They are responsible for 

causing myocardial and cerebral infarction and are the fundamental problem in 

patients presenting with cardiovascular diseases. As with thrombosis the primary 

hypotheses of atherosclerosis were developed in the nineteenth century. In 

1852 von Rokitansky proposed that fibroblasts were the key mediators in this 

process and in 1856 Virchow proposed a lipid hypothesis, suggesting that blood 

lipid accumulated in the artery wall due to binding to mucopolysaccharide under 

conditions where lipid accumulation prevailed over its removal (cited in Schwartz 

et al 1988). One of the most popular modern day concepts, 'the response to 

injury’ hypothesis of Russell Ross arose from a combination of both these 

proposals (Ross, 1993).

Injury to the endothelium is one of the initiating events in the development 

of an atherosclerotic plaque (Ross, 1993). The endothelium can become 

damaged by mechanical injury, toxins, viruses or damaged by lipids such as 

oxidised low density lipoprotein (LDL) (Ross, 1993). This damage leads to an 

increased adherence of monocytes/macrophages and T-lymphocytes which 

migrate between the endothelial cells into the wall of the blood vessel. The 

macrophages accumulate lipid, become enlarged and turn into foam cells. T- 

lymphocytes and smooth muscle cells then migrate into the area and form the 

'fatty streak'. As the atherosclerotic plaque develops more cells are recruited to 

the growing fibrous plaque, with some macrophages migrating back to the 

bloodstream causing further damage to the endothelium. Disruption of the blood 

flow, leading to exposure of the subendothelium and the adherence and 

activation of platelets, gives rise to platelet thrombi on the walls of the vessel. 

All cell types involved release potent vasoactive and procoagulant factors which 

enhance the developing lesion and all respond in different ways to thrombin (Bar 

Shavit ef a /1983; Fareed at a /1986; Harmon & Jamieson, 1986a; Carney at a!



1992; Ross, 1993).

1.2 COAGULATION

The coagulation cascade is activated, either as a result of vascular injury 

('normal haemostasis’) or in response to atherosclerotic disease (atherosclerotic 

plaque rupture and subsequent thrombosis). Coagulation is very important in the 

process of forming a haemostatic plug. The activation of the clotting cascade 

and subsequent generation of thrombin, one of the key enzymes in the cascade, 

enhances platelet aggregation and leads to stabilisation of the developing 

thrombus by converting fibrinogen to fibrin.

Two different pathways can lead to the initiation of coagulation, the 

extrinsic, and intrinsic, figure 1.1 (Davie et al 1991). In resting conditions there 

are very few coagulation factors present on the surface of platelets. Following 

stimulation, negatively charged phospholipids such as phosphatidylserine are 

translocated to the surface of the cell membrane allowing coagulation factors to 

bind and thus enhancing the development of coagulation (Davie at a! 1991 ; Rote 

at a! 1993). The extrinsic pathway is activated by exposure of tissue factor, 

present in the adventitia of the damaged blood vessel. Tissue factor is tightly 

bound to the membrane phospholipid and once expressed, binds factor VII from 

the circulation. Binding has a 1:1 stoichiometry in the presence of calcium ions, 

and leads to conversion of factor VII to its activated form (FVIIa) by cleavage. 

The tissue factor-FVIIa complex converts factor X to its active serine protease 

form, FXa, which in conjunction with activated factor V (FVa), forms the 

‘prothrombinase’ complex. This acts on the 71.6kDa. prothrombin molecule to 

produce the active form, thrombin (39kDa ). The prothrombin molecule is 

cleaved in two places releasing the carboxyl terminal portion of the molecule as 

thrombin. The amino terminal remains bound to the phospholipid membrane 

(Mann at a! 1990).



Figure 1.1 The Coagulation Cascade
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Thrombin orchestrates and controls the regulation of the developing 

coagulation cascade. It controls the activation of FVIII and FXI, amplifying the 

intrinsic pathway and leading to the formation of FXIIIa. However, its primary 

role is the cleavage of fibrinogen to fibrin. Once the coagulation cascade is 

activated other proteins become involved in regulation of the cascade by 

inhibiting clot development. Antithrombin III (ATIII) is probably the most 

important of these. It is capable of inhibiting thrombin, FIXa, FXa, and FXIa by 

binding to each of these serine proteases to form an inactive complex. Its 

activity is enhanced by heparin. Thrombin is bound by thrombomodulin, causing 

a change in its confirmation such that it is unable to cleave fibrinogen, or interact 

with many of its other substrates. Thrombomodulin changes the specificity of 

thrombin from procoagulant to anticoagulant (Esmon, 1987). It can now activate 

protein C and protein S. Protein C and its cofactor protein S are responsible for 

inactivating FVIIIa and FVa and this helps to terminate propagation of the 

coagulation cascade.

Research into the initiation and regulation of coagulation has established 

that most of the complex interactions take place on the surface of cells, or on the 

walls of the damaged vessel. Thus all the necessary components for coagulation 

are present at the site of trauma. This may be advantageous in enhancing 

coagulation but it will also limit it to the site of trauma by its localised and 

concentrated existence (Davie et a /1991).



1.3 PLATELETS

It was not until the mid nineteenth century that platelets were described. 

Donne has often been credited with their discovery in 1842, but it was Gulliver 

and Addison, publishing separately in 1842 who first described platelets as 

separate entities. It was only in the later part of the 19“’ century that their work 

became accepted. In 1882 platelets were identified as forming the backbone of 

a thrombus, Bizzozero wrote, 'The blood platelets swept away by the 

bloodstream are halted as soon as they reach the injured part of the wall. 

Gradually growing in volume the thrombus soon fills the lumen of the vessel 

becoming more and more of an impedance to the bloodstream." (cited in 

Schwartz et al 1988). Despite its age, this statement identifies the developing 

thrombus and subsequent thrombosis as one of the major problems in 

cardiovascular disease, and proposes platelets as central to this process.

At that time many suggestions were made as to the origin of platelets 

within the body; budding from the endothelium, precipitation from plasma, or that 

they were precursors of leukocytes or erythrocytes. The derivation of platelets 

from megakaryocytes was first proposed by Wright in 1906. In 1910, Wright also 

proposed that megakaryocytes were derived from the bone marrow (cited in 

Ratnoff, 1994). However, Howell and Donahue suggested in 1937 that the lungs 

were the site of platelet production and this idea has been more recently revived 

by Martin and Levine (1991).

One of the major breakthroughs in platelet biology, which allowed 

investigators to study them and elucidate their mechanism of action, was the 

work of Gustav Bom (Bom, 1962). He developed a platelet aggregometer which 

measured changes in light intensity produced by a solution of aggregating 

platelets in response to agonists. The aggregometer has been one of the 

primary methods to study receptor induced platelet activation to date.



1.3.1 Platelet Structure

Platelets are enucleate, blood borne cells. When resting they are discoid 

in shape and approximately 3pM in diameter by 1 pM thick. They are surrounded 

by a bilamellar plasma membrane that is continuous with a series of 

intracytoplasmic channels; the subconnecting canalicular system (SCCS), which 

greatly increases the surface area of the platelet. The dense tubular system, the 

site of calcium storage, is also connected to the canalicular system (Blockmans 

et al 1995). The structure of a platelet is seen in figure 1.2.

Platelets carry a number of receptors which are localised throughout the 

plasma membrane. Most receptors have extracellular and intracellular domains 

and their cytoplasmic tails are often linked to second messengers and to the 

platelet contractile machinery (Kroll & Schafer, 1989). This contractile platelet 

cytoskeleton is primarily composed of actin filaments, which make up around 

20% total platelet protein (Fox et al 1988a). The cytoskeleton is maintained by 

the association of actin with actin binding protein, a-actinin and tropomyosin. In 

addition platelets have a membrane skeleton composed of shorter actin 

filaments actin binding protein and tubulin, which is responsible for maintaining 

the discoid shape of the unstimulated platelet. This is linked to the membrane 

through interaction with several receptors, and functions to maintain the platelet 

shape.

Within the cytoplasm there are a number of organelles, these include 

structures common to most cells (glycogen granules, mitochondria, lysosomes, 

peroxisomes), but also two organelles specific to platelets (o(-granules and 

dense granules). Alpha granules contain mainly proteins such as platelet factor 

4 (PF4), 8-thromboglobulin (8-Tg), platelet derived growth factor (PDGF), 

fibronectin, thrombospondin, plasminogen activator inhibitor I and 2 (PAI-I, PAI- 

2), vWF and fibrinogen. Dense granules are rich in 5-hydroxytryptamine 

(5HT/serotonin), ADP and calcium.
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Figure 1.2 Representation of a platelet in equatorial section (a) and 
perpendicular section (b). DG, dense granules; GLY, glycogen; GO, golgi 
bodies; GR, «-granules and lysosomes; MT, microtubules; MIT, mitochondria; 
SCCS, surface connected canalicular system (Hovig, 1989).



1.3.2 Platelet Receptors

Originally platelet membrane glycoproteins were thought to belong to a 

single family. Gel electrophoresis analysis suggested that there were three main 

receptors and they were termed I, II and III (Nurden & Caen, 1975). With the 

development of more sensitive molecular techniques it became apparent that 

there were different receptor gene families (Nurden et al 1986). These families 

include the integrins, the leucine rich glycoprotein family, the selectins and the 

seven transmembrane domain receptor family.

The integrins are the most numerous of the receptor gene families. They 

are a structurally related family made up of heterodimeric subunits, termed a- 

and 8- subunits. At present 11 different alpha subunits have been identified and 

5 different beta subunits. Each subfamily is defined on its particular beta subunit 

with the alpha subunit conferring functional specificity. In platelets, integrins and 

the leucine rich glycoprotein family perform a central role in adhesion and 

aggregation to surfaces and other cells. The seven transmembrane domain 

receptors are primarily involved in activation of the platelets and are the most 

recent to have been identified, this is perhaps a reflection of their low copy 

number per cell. The leucine rich glycoprotein and integrin receptors involved 

in adhesion and aggregation are shown in table 1.1.

Table 1.1
The main platelet glycoprotein receptors involved in adhesion and aggregation

Receptor Gene 
Family

Glycoprotein Ligand Function

Leucine rich 
glycoprotein

GPIb-IX vWF, thrombin Adhesion

Integrin GPIa-lla, (a,Bi) collagen Adhesion

GPIc-lla, fibronectin Adhesion

GPIc'-lla, (OfiBi) laminin Adhesion

GPIIb/llla, (a„biy fibrinogen, vWF, 
fibronectin, vitronectin

Aggregation

VnR, (OvBa) 
vitronectin receptor

vitronectin, fibrinogen, 
vWF

?



1.3.2.1 Adhesion and aggregation receptors

The adhesion of the platelets to the site of trauma is one mechanism 

which gives rise to subsequent platelet activation, aggregation and the 

development of the procoagulant surface. Adhesion is a multistep process which 

involves several ligands and receptors, the most important of these being the 

GPIb/IX complex.

1.3.2.1.1 Glyœprotein Ib/IX

GPIb is one of the major glycoproteins present on the surface of the 

platelet with around 25,000 copies per cell (Berndt ef a /1985). The receptor is 

composed of two subunits, GPIba, (143KDa.) linked by a disulphide bridge to 

GPIbR (22KDa.) and is shown figure 1.3. GPIb is expressed in the platelet 

membrane as a complex with GPIX, a 20kDa. single chain protein (Nurden et al 

1986). Electron microscopic studies by Fox et a! (1988b) revealed the complex 

as a large domain of BOnm comprising a ISnm globular domain and a smaller 

9nm globular head grouping. The large extracellular domain of GPIb is open to 

proteolysis by a number of enzymes. Chymotrypsin, calpain and plasmin release 

a 120kDa. fragment of the a-chain called glycocalicin, up to 50% of which may 

be composed of carbohydrate. Trypsin proteolysis also releases a 40kDa. 

fragment which is poorly glycosylated (Okumura & Jamieson, 1976). Cleavage 

of this fragment is coincident with loss of GPIb adhesive activity (Wicki & 

Clemetson, 1985). Glycocalicin has 7 cysteine residues which form proposed 

disulphide linkages between amino acids 4-17, 209-248 and 211-264. It is this 

third disulphide bridge which gives rise to a loop which has been implicated in 

the binding of GPIb to vWF and also thrombin. Evidence, provided from studies 

with anti-GPIb antibodies, and studies following selective cleavage by proteases 

suggests that vWF binds to the GPIb/IX complex via the outermost point of the 

GPIba subunit (Nurden et a /1986).
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Figure 1.3 The Glycoprotein Ib-IX complex. Glycocalicin is shown, as are the 
bound oligosaccharides. Sites of protease cleavage are also shown. Adapted 
from (Nurden, 1994).
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structurally, GPIba is composed of seven tandem repeats of 24 amino 

acids rich in leucine residues. These regions are structurally similar to those 

found in aj-glycoproteins. The a-subunit has two hydrophobic regions one rich 

in charged amino acids, and the second rich in serine and threonine residues. 

The serine and threonine region has five repeat sequences containing O-linked 

glycosylation sites. The a-subunit has a 29 amino acid transmembrane region 

and a 100 amino acid cytoplasmic domain. Lopez et al (1988) found GPIbR to 

be 181 amino acids in length with a transmembrane domain and a 34 amino acid 

cytoplasmic region. There are two potential sites for cAMP dependent 

phosphorylation within the cytoplasmic domain. The function of GPIb is to bind 

to vWF that is adsorbed onto the wall of the vessel. The vWF is synthesized and 

secreted from endothelial cells as multimers (each monomeric unit is 230kDa.) 

but does not normally bind to GPIb when in the circulation; binding takes place 

on the wall of the vessel under high shear stress in the presence of divalent ions 

(usually calcium), (Sakariassen at a! 1984).

There is evidence to suggest that GPIb functions as a thrombin receptor. 

Firstly, glycocalicin can competitively compete for binding of a-thrombin to 

platelets (Wicki & Clemetson, 1985). Secondly, platelets from patients with 

Bernard Soulier Syndrome, which lack GPIb on their surface, have a reduced 

ability to bind thrombin, and their subsequent thrombin response is reduced 

(Nurden ef a /1986). Added to this, protease treated platelets lack a high affinity 

binding site for thrombin (McGowan & Detwiler, 1986). Many studies have 

identified thrombin binding sites of varying number and affinity on platelets. 

Yamamoto at a! (1991 ) found that only the high affinity thrombin binding site was 

present on GPIba. De Marco at a! (1991) described a monoclonal antibody 

(Mab) that binds to the GPIba subunit, between amino acids 237-291. This Mab 

inhibits high affinity thrombin binding and also inhibits activation induced by low 

doses of a-thrombin.
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GPIX is a 159 amino acid single chain protein. It contains a 

transmembrane domain which extends only six amino acids into the platelet 

cytoplasm, and an extracellular leucine rich 24 amino acid region which may 

influence the topography of the GPIb/IX complex (Roth et a /1988).

1.3.2.1.2 Glyœprotein llb/llla

Glycoprotein llb/llla is probably the most important integrin on platelets. 

It forms the fibrinogen receptor on the platelet surface and thus is responsible 

for the ligand-receptor interaction which forms a platelet aggregate. GPIIb/llla 

can also act as a receptor for vWF via an arginine-glycine-D-aspartic acid 

(RGD) site on vWF, separate from the GPIb site, leading to vWF mediated 

aggregation. Fibronectin and vitronectin have also been shown to bind to 

GPIIb/llla in vitro, whether this is physiologically relevant is unknown (Plow et 

a /1986). All of the above ligands bind to the receptor through the RGD tri-amino 

acid sequence which appears to be an ubiquitous integrin binding motif 

throughout the vasculature (Cox, 1995).

There are around 50,000 (range 40,000-80,000) receptors on the cell 

surface when the platelet is in the resting state, but more receptors are found on 

the SCCS and these are translocated to the surface of the cell when the platelet 

undergoes secretion and the granular membranes fuse with the surface of the 

cell. The a and G subunits of GPIIb/llla are found on separate genes. GPIIb is 

composed of two chains, a 125kDa. heavy chain of 871 amino acids which is 

disulphide linked to a 23kDa. light chain of 137 amino acids with a 

transmembrane domain, of 26 amino acids, figure 1.4. Structurally important to 

GPIIb are the four domains of 65 amino acids in the H-chain. Within each of 

these domains is a 12 amino sequence which is homologous to the calcium 

binding domains of calmodulin. These domains are also essential for the 

formation of the complex with GPIIIa (Phillips et a /1987).

13
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Figure 1.4 The Glycoprotein llb/llla receptor The RGD triamino acid motif is 
marked on GPIIIa. The calcium binding regions are also shown, adapted from 
(Newman, 1990).
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GPIIIa (lia) is 90kDa. and is the common R-subunit of the cytoadhesion 

family (Bennett, 1990). The full length cDNA encodes a 762 amino acid protein 

of which there is a 29 amino acid transmembrane domain. Structurally GPIIIa 

has a cysteine rich, protease-resistant N-terminal domain and a cysteine rich 

core. Between these domains is an adhesive ligand binding domain, residues 

101-442. About 15% of the mass of GPIIIa appears to be N-linked mannose rich 

carbohydrate (McEver et al 1982).

When platelets are activated by physiological agonists the GPIIb/llla 

complex undergoes conformational changes which allow it to bind fibrinogen. 

The fibrinogen binding site is on the N-terminal portion of both the a and R 

subunits which together form a binding pocket. Fibrinogen binds in a calcium 

dependent manner through two RGD sequences (Pierschbacher & Ruoslahti, 

1984), one located in the Aa chain, (amino acids 95-97 and 572-574, Doolittle 

et a /1979) and also through a dodecapeptide sequence at the carboxyl terminus 

of the V chain (Kloczewiak et a! 1984). It is unclear which of these sequences is 

involved in the primary binding to GPIIb/llla. Each binds to different sites on the 

molecule; the RGD sequence binds to a site on GPIIIa near residues 109-171, 

(D'Souza eta! 1988), which is highly conserved throughout the integrins, while 

the dodecapeptide, y-chain sequence binds to residues 306-312 of GPIIb, 

(D'Souza et a! 1990).

Blocking fibrinogen binding is clearly an important strategy for 

antithrombotic therapy. The identification of the RGD sequence, and the ability 

of RGD peptides to inhibit fibrinogen binding to platelets, and thus aggregation, 

has lead to the development of a series of naturally occurring, and 

pharmacological analogues of this peptide sequence. Anti-GPIIb/llla Mabs such 

as c7E3 (Coller et al 1983) have been under development as antithrombotic 

agents and are currently in clinical trials. Others, such as the snake venom 

protein echistatin, are potent inhibitors of fibrinogen binding to platelets, and 

remain useful research tools (Gan et a /1988; Savage et al 1990). There is also
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a variety of pharmaceutically derived tripeptides or derivatives which can 

potently inhibit fibrinogen binding to platelets and are being evaluated as 

antithrombotic agents (overview in Cohen, 1996).

Other integrins present on the platelet surface are present in lower 

numbers and are primarily involved in adhesion to a variety of sub-endothelial 

ligands; it is probable that their role is to stabilise the adhesion of platelets to the 

subendothelium. Among these are

1.3.2.1.3 Vitronectin Receptor (VnR)

This is a minor component of the platelet membrane with around 50 

receptors per cell. It is found in higher numbers on endothelial cells. This 

receptor is made up of a^, which shares 36% sequence homology with GPIIb 

and a 63 subunit (Fitzgerald et a /1987).

1.3.2.1.4 Integrins

GPIa-lla is thought to be the principle collagen receptor on platelets and 

is a member of the VLA-antigens (very late activation) first described on T-cells. 

Platelets have three VLA receptors, in addition to VLA-2, the collagen receptor, 

there are also the fibronectin (VLA-5, GPIc-lla) and laminin (VLA-6 , GPIc'-lla) 

receptors (Hemler et a /1985). There are around 800 GPIa-lla receptors per cell. 

Although platelet adhesion is primarily mediated by interaction of GPIb with vWF 

the VLA antigens also play a secondary role at low shear rates (Sixma et al 

1995).
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1.3.2.2 Platelet activating receptors

It has become apparent that a large number of platelet surface agonist 

receptors belong to the seven transmembrane domain receptor family. It 

appears that most of these receptors are linked to at least one heterotrimeric G- 

protein molecule, responsible for initiating signal transduction following receptor 

stimulation. These include receptors for ADP, thromboxane Ag (TxAg), adrenaline 

and platelet activating factor (RAF) (Kroll & Schafer, 1989).

Until recently, platelet activating receptors have been difficult to study 

due to their low copy number, but the advent of molecular techniques has begun 

to reveal their structures. In particular, expression cloning in Xenopus oocytes, 

has enabled functional studies to be undertaken, often using a calcium flux 

assay. Several receptors have been identified in this way and regions of 

sequence homology and functional importance, such as glycosylation and 

phosphorylation sites, have also been identified.

1.3.2.2.1 ADP reœptor

Adenosine diphosphate (ADP) was the first low molecular weight platelet 

agonist to be identified. It was initially observed that a red cell derived 

compound was capable of promoting platelet adhesion to glass and was 

eventually identified as ADP by Gaardner et al in 1966 (cited in Gachet & 

Cazenave, 1991). The addition of ADP to human platelets in vitro will cause 

shape change, the binding of fibrinogen to GPIIb/llla and aggregation. ADP has 

always been classed as a weak platelet activator. At low concentrations it only 

induces primary aggregation which is reversible and is divalent cation 

dependent. Secondary aggregation requires higher concentrations of ADP and 

is irreversible, primarily due to the reinforcing effect of degranulation (Kroll & 

Schafer, 1989).
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It is perhaps surprising that the ADP receptor has not been identified, 

however binding studies of ADP to the membrane of cells are complicated by 

metabolism of ADP at the surface of the cell, and also the high degree of non

specific binding that occurs due to binding to cytoskeletal proteins. Initially there 

were reports of only a single type of ADP receptor on platelets. The number of 

binding sites per cell varied between 500 and 160,000. (cited in Gachet & 

Cazenave, 1991 ). More recently two prominent theories have emerged, firstly 

studies using ADP analogues have revealed that their activity is insufficient to 

block all the effects of ADP, suggesting the existence of more than one receptor. 

Secondly, it has also been suggested that the receptor has two different binding 

regions, one that is capable of inducing platelet activation and a second 

controlling adenylate cyclase. The latter concords better with the series of 

experiments relating structure of the compound to agonist activity summarised 

by Gachet & Cazenave, (1991), perhaps revealing that ADP itself is the only 

molecule capable of fitting both sites. The solving of this riddle by the 

identification of the receptor(s) is eagerly awaited.

1.3.2.2.2 Adrenergic receptors

Platelet activation is mediated via the Oj-adrenergic receptor of which 

there are 150-450 copies per cell. The cloned aj-adrenergic receptor had a 

molecular weight of 64kDa. and consists of 450 amino acids. The receptor was 

found to be a seven transmembrane domain receptor and by analogy with other 

receptors in the family, G-protein binding domains and glycosylation sites have 

been identified (Regan et al 1986). There is also evidence to suggest that the 

second, third and seventh transmembrane domains may be involved in receptor 

activation. It is unlikely that the levels of adrenaline required to achieve platelet 

activation in vitro are achieved in vivo and thus the effects of adrenaline are 

probably primarily working in synergy with other agonists.
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1.3.2.2.3 Thromboxane A2 and PAF receptors

Both of these seven transmembrane receptors were cloned and 

functionally characterised in 1991 by Hirata eta! (1991), (TxAj) and Nakamura 

et al (1991 ) (PAF). Specific inhibitors of the thromboxane receptor were used to 

purify it from platelet membranes, and identified a protein of 57kDa. Subsequent 

molecular studies showed that the receptor has seven transmembrane domains 

and is 343 amino acids in length. Similarly the PAF receptor is also a seven 

transmembrane domain receptor and is linked to G-protein within the 

membranes of the cell. There appears to be high homology between receptors 

of this family and all are between 342-425 amino acids in length (Nurden, 1994).

1.3.3 Platelet Granule Membrane Proteins

1.3.3.1 Selectins

The selectins are a family of molecules that mediate intercellular 

adhesion, which are present on platelets, endothelial cells and leukocytes. 

P-selectin (previously known as PADGEM or GMP-140) is a 130kDa. protein 

present in the a-granule membranes of platelets and in the Weibel-Palade 

bodies of endothelial cells (McEver et a /1989). The glycoprotein is present on 

the inside of the granular membrane and as the granules fuse with the SCCS 

during activation and secretion P-selectin is translocated to the cell surface. 

Thus the appearance of P-selectin on the surface of the platelet in high numbers 

(up to 12,000 copies on activated platelets) is representative of granule 

secretion. The expression of P-selectin from endothelial cells has been reported 

to occur in a similar manner (Hattori et al 1989), but is transient and the P- 

selectin is re-endocytosed or released (Collins et a /1993). The other members 

of the selectin family are E-selectin and L-selectin which are present on 

endothelial cells and leukocytes, respectively.
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The three members of the family have similar structures, each having an 

N-terminal lectin domain, an epidermal growth factor (EGF) like domain and then 

a consensus repeating section of 62 amino acids, structurally similar to the 

complement binding protein, C4b. P-selectin is the largest member of the family 

with 9 repeat sequences, E-selectin has 6 repeats and L-selectin 1. All selectins 

share an homologous transmembrane region and have similar cytoplasmic 

carboxyl termini. The lectin domain contains the binding site for the ligand and 

the EGF domain may play a role in maintaining the conformation of this region 

(Furie & Furie, 1995).

1.3.4 Platelet Activation

Platelet activation is initiated by the interaction of a physiological agonist 

with a specific receptor on the platelet surface. The extracellular signal is often 

transmitted to the second messenger via a G-protein. G-proteins are composed 

of three subunits, a, 3, and y. To date there have been 22 a, 4 3, and 7 y 

subunits identified, and thus there are many different combinations possible 

(Brass ef a /1993). The specificity of the G-protein is governed by its a subunit 

which forms the guanine nucleotide binding site and binds to the receptor. The 

3 and y subunits anchor the G-protein into the cellular membrane and also serve 

to interact with the effectors. As GTP binds to the a subunit, it dissociates from 

the 3 and y and the second messenger is activated by the a-GTP. The intrinsic 

GTPase activity of the a-GTP terminates and the a-subunit reassociates with 

the other subunits (Spiegel, 1987).

Adenylate cyclase converts ATP to cAMP. This enzyme is stimulated by 

Gs and inhibited by the Gi protein. It is primarily receptors for platelet inhibition 

such as PGIj/PGE, and PGDj (PG; prostaglandin), that are coupled to Gs. The 

receptors for agonists such as thrombin, adrenaline and ADP, are coupled to 

Gi. However, stimulation of Gi and thus reduction in cAMP by proaggregatory 

agonists is insufficient, by itself, to cause platelet aggregation. cAMP activity is
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removed by the action of phosphodiesterases by conversion to AMP.

Platelet activation is mediated by phospholipase C (PLC) catalysing the 

breakdown of phosphatidyl inositol (4,5) bisphosphate (PIP2) to diacyl glycerol 

(DAG) and inositol (1, 4, 5 )itrisphosphate(IP3). The resulting IP jbinds to its 

receptor on the dense tubular system, causing the release of calcium, which 

also leads to an influx of calcium from the outside of the cell (Irvine, 1990). 

Calcium mobilisation leads to activation of phospholipase Ag. This causes 

arachidonic acid release and the subsequent formation of TxAg, which plays an 

important role in reinforcing and amplifying the aggregation and release 

processes. PGHg can also be converted to PGDg or PGEg which are both 

inhibitory.

DAG transfers protein kinase 0 from the platelet cytoplasm to the plasma 

membrane where it is activated. Protein kinase 0 is an 80kDa. protein which 

transfers phosphate groups from ATP to serine/threonine residues on the target 

protein, in the presence of phosphatidylserine and calcium (Nishizuka, 1984). 

Pleckstrin (P47) a 47kDa. protein is the major target of protein kinase 0 

phosphorylation. There are suggestions that pleckstrin plays a role in secretion 

(Sano et al 1983).

1.3.4.1 Mechanism of platelet activation

Following stimulation, the platelets lose their discoid shape due to a 

rearrangement of the cytoskeleton. They extend pseudopods and assume a 

spiky appearance. The pseudopods are thought to form 'bridges' between 

platelets. In resting platelets myosin is distributed throughout the platelet 

cytoplasm, but when activated the myosin surrounds the granules and is 

polymerized by myosin light chain kinase and protein kinase C, as a result of 

DAG activation of protein kinase C. As the organelles are centralised they are 

surrounded by a dense network of microtubules.
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When degranulation occurs the contents of the granules are released to 

the outside of the cell. Proteins previously present on the inside of the 

membrane of the granule fuse with the plasma membrane and become present 

on the surface of the cell. From the release of contents, degranulation is not 

uniform, dense bodies require the lowest threshold to induce secretion, whilst 

a-granules require a much more potent stimulus, as do lysosomes (Blockmans 

efa/1995).

Both GPIIb/llla and GPIb/IX complexes are attached to the actin filaments 

although in different ways. GPIb/IX are connected to actin when the platelets are 

resting. During the early stages of activation, this link is lost, and this is 

associated with loss of vWF binding. GPIIb/llla only becomes attached to actin 

after activation has begun via focal adhesion sites (Blockmans et a /1995). At 

these sites beneath the membrane a number of actin binding proteins have been 

discovered, such as talin, vinculin, a-actinin and tyrosine kinase pp125FAK. 

This focal adhesion kinase appears to play a role in thrombin induced shape 

change as it undergoes a phosphorylation during thrombin induced activation 

(Lipfert et al 1992). The focal adhesions are stabilised and regulated by the 

presence of a small GTP binding protein, Rho a member of the Ras family 

(Ridley & Hall, 1992).

Potent agonists such as thrombin and collagen can cause negatively 

charged phospholipids such as phosphatidylserine to be re-orientated from the 

inner to the outer bilayer of the plasma membrane (Tracy, 1988). This provides 

the negatively charged surface necessary for the initiation of coagulation.
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1.4 THROMBIN AND THE THROMBIN RECEPTOR

1.4.1 Thrombin

Thrombin (EC 3.4.21.5) is one of the most important molecules in 

haemostasis. It is a vitamin K dependent serine protease synthesized in the 

parenchymal cells of the liver (Fenton, 1988). It is secreted as a zymogen 

(prothrombin) which circulates in the plasma in a proenzyme form of 71 kDa. and 

upon cleavage by the factor Va/Xa (prothrombinase) complex is reduced to the 

active protein of 38kDa. a-thrombin is the physiological form of the protease, 

although y-thrombin, a partially proteolysed form, will induce cellular activation 

after a delay (McGowan & Detwiler, 1986). The thrombin molecule is composed 

of an A (36 amino acids) and a B chain (259 amino acids). The A chain is a 

remnant of the activation peptide of the precursor prothrombin. Thrombin is 

unusual among the coagulation factors in that it only retains a small portion of 

its activation peptide after cleavage from prothrombin. This portion of the A 

chain provides conformational stability to the B chain and is attached by a single 

disulphide bridge (Fenton, 1988).

Thrombin catalyses the culminating step in the coagulation cascade, the 

conversion of fibrinogen to fibrin, and can also activate factor XIII, helping to 

stabilize the fibrin polymers. Thrombin is also able to promote the coagulation 

cascade by activating factor XI, the initiator of the intrinsic pathway and factor 

V and factor VIII. By activating factor V it is also indirectly promoting its own 

formation from the factor Va/ Xa complex. As well as promoting coagulation, the 

anticoagulant properties of thrombin are also crucial in bringing about the 

termination of coagulation. Thrombin interacts with thrombomodulin and is then 

unable to cleave fibrinogen or activate platelets. The thrombin-thrombomodulin 

complex activates protein C, which removes FVa and FVIIIa from the cascade, 

demonstrating the importance of eliminating thrombin once sufficient coagulation 

has taken place.
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Thrombin also has a variety of effects on different cells throughout the 

vasculature. It is the most potent activator of platelets (Harmon & Jamieson, 

1986a), but can also cause proliferation of fibroblasts (Carney et al 1992), and 

smooth muscle cells (Fareed ef a /1986), and is chemotactic for monocytes (Bar 

Shavit et a! 1983). It binds rapidly to endothelial cells and induces 

permeabilization (Glusa, 1992). Thrombin will also interact with neuronal cells 

leading to neurite retraction (Jalink & Moolenaar, 1992; Suidan et a /1992; Jalink 

et a! 1994).

Crystallographic studies and sequence data have provided information 

on the structure of the active sites of the thrombin molecule. Thrombin is circular 

in shape with a deep 'groove' which appears to have been furrowed around the 

middle of the molecule, figure 1.5. The active domains of thrombin consist of the 

anion binding exosite and the subsites S1-S4. The active site, often referred to 

as the catalytic triad, is located within the subsite region and is involved in the 

cleavage of fibrinogen. The site is formed from the three amino acid residues, 

serine 195, histidine 57 and D-aspartic acid 102. These three residues occur in 

the molecule under a 'flap' of primarily tyrosine and tryptophan residues. A 

fourth important residue, D-aspartic acid 189, is found roughly in the SI pocket 

of the subsites directly below the catalytic triad. The S3 pocket is formed from 

leucine 99, isoleucine 174 and tryptophan 215. Another major part of this 

'groove' running through the molecule is the anion binding exosite, a highly 

positively charged region not present in prothrombin. It may be that the 

activation of the proenzyme unmasks, or leads to the formation of this region 

which appears to be a docking site allowing orientation of the substrate into the 

catalytic region (Tapparelli et a /1993).
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Figure 1.5 Thrombin and the interaction with its receptor. The thrombin 
molecule showing the subsites 81-84, the specificity pocket and the anion 
binding exosite. The interaction of the molecule with the thrombin receptor is 
also shown. Adapted from Vu et al (1991 b).
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Considering the importance of thrombin in haemostasis, it is not 

surprising that there has been, and still is, a huge amount of research to try and 

identify specific thrombin inhibitors. These inhibitors can be roughly divided into 

three different categories depending on their mode and site of action. They are 

often peptidomimetic compounds that have used natural inhibitors as structural 

templates. The first is a class of compound that bind to the serine 195 residue 

at the catalytic triad of the active site. There are many molecules of this type that 

have been developed in the pharmaceutical industry and are generally based 

on a tripeptide structure (Tapparelli et al 1993). The second group of 

compounds are those that will bind to the subsites, S1-S4. D-phenylalanyl-L- 

prolyl-L-arginine chloromethyl ketone (PPACK) is the archetypal thrombin 

inhibitor of this class. PPACK alkylates the active site at histidine 57 but also 

binds to subsite S I, 82 and S3 (Bode et a /1989). The third group of compounds 

are derived from the leech protein, hirudin (Hirudo medicinalis). Hirudin is a 65 

amino acid protein that interacts with both the active site and the anion binding 

exosite of the thrombin molecule. Hirudin has been adapted structurally by 

shortening the chain length and the adding polypeptide spacing units to retain 

interaction at both the active site and anion binding exosite, resulting in very 

potent inhibition of thrombin.

1.4.2 Thrombin receptor

Previous studies have revealed that proteolytically active thrombin is 

required to activate cells (Brass et a! 1991). On platelets, this proteolysis 

releases a large glycoprotein fragment, but this is not coincident with activation 

(Phillips & Agin, 1977). Evidence also showed that thrombin binds to the platelet 

surface within 30 seconds (Jamieson et al 1981). Equilibrium binding studies 

were able to estimate the number of receptors on the cell surface. Tam & 

Detwiler (1978) suggested that there were between 450-750 high affinity 

receptors on the platelet surface and between 50,000-70,000 low affinity 

receptors with Kd of InM and lOOnM, respectively. Tandon et al (1983) were
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generally in agreement with the affinity of these receptors but the calculated 

number of receptors was somewhat different at 150 per platelet for high affinity 

and 16,000 for low affinity, respectively. Larsen & Simons (1981) used 

photoaffinity labelling to identify thrombin binding site(s) on the surface of the 

cells and found four thrombin binding sites on platelets of 400kDa., 200kDa., 

120kDa. and 42kDa. Studies using active site blockers such as PPACK and the 

related tosyl-lysyl-chloromethyl ketone (TLOK) showed that the blocked thrombin 

could still bind to cells but was unable to activate them. This provided evidence 

for separate catalytic and binding domains on thrombin (Ganguly & Sonnichsen, 

1976).

Prior to the cloning of the thrombin receptor. Brass and colleagues had 

studied thrombin responsiveness in platelets and had used the human 

erythroleukaemia megakaryocytic cell line (HEL) as a model (Brass et al 1991). 

They concluded that HEL cell thrombin receptors were similar to those on 

platelets in that stimulation by thrombin activated PLC and suppressed the 

activity of adenylate cyclase. Proteolysis was involved, and activation by 

thrombin caused a desensitisation which required protein synthesis for recovery 

of thrombin responsiveness. However the identity of the receptor was unknown.

In March 1990, Van Obberghen-Schilling at a! (1990) reported the 

expression of a calcium mobilising thrombin receptor from mRNA of a Chinese 

hamster lung fibroblast cell line expressed in Xenopus laevis oocytes. Sucrose 

gradient centrifugation identified an mRNA of >3kb in size encoding the 

receptor, and inhibition studies with GTPyS showed that the cloned receptor was 

linked to a G-protein system in the oocyte. In August 1990, Pipili Synetos et a! 

(1990) also published the expression of a functional thrombin receptor in 

Xenopus laevis oocytes. The cell line containing the expressed thrombin 

receptor could be desensitised to thrombin challenge but was still able to 

respond to other agonists. Thrombin, which had been blocked with PPACK, 

bound to the cell line but did not cause activation. In March 1991, Vu et al 

(1991a) reported the cloning, expression and sequencing of a thrombin receptor
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from the human Dami and HEL megakaryocytic cell lines using approaches 

similar to that of Pipili Synetos et al (1990) and Van Obberghen-Schilling at a!

(1990). Predicted sizing of the human thrombin receptor mRNA suggested 4kb 

in comparison to the >3kb of Van Obberghen Schilling at a! (1990) for the 

murine fibroblast receptor. Vu at a! (1991 a) found that the functional cDNA was 

3.5kb in size, encoding a 425 amino acid protein (bases 225-1499) with a 5' 

untranslated region, (bases 1-224) which was very rich in G and C residues, and 

a 3kb untranslated 3' end (bases 1500-3480) which had several polyadenylation 

sites. A hydropathy plot suggested that the receptor was a member of the seven 

transmembrane domain family of receptors. It had a proposed disulphide bond 

linking cysteine 175 in the first extracellular loop with cysteine 254 in the second 

loop. The receptor had a comparatively long N-terminus of 75 amino acids with 

several interesting features. Firstly, there was a proposed thrombin cleavage 

site at arginine 41-serine 42 (LggDPR/S^g) with the flanking residues making this 

site resemble the thrombin cleavage site on protein C (LDPR/I). Secondly, there 

was an acidic region E53PFWEDEEKNES64, 12 amino acids from the cleavage 

site, similar in sequence to the carboxyl tail of hirudin that interacts with the 

thrombin exosite. Site directed mutagenesis of the proposed cleavage site, 

substituting either the arginine 41 or serine 42 prevented cleavage of the 

receptor by thrombin. Although the mutant receptors could not be activated by 

thrombin, they could be activated by a peptide mimicking the cleaved N-terminus 

from serine 42-phenylalanine 55 (SFLLRNPNDKYEPF). They proposed a novel 

mechanism of action suggesting that the thrombin molecule bound to the N- 

terminus of this receptor, probably at the hirudin like region, cleaving the 

receptor at arginine 41 - serine 42 to reveal a new N-terminus. This new N- 

terminus would then interact with the main body of the receptor to cause cellular 

activation, figure 1.6 . A peptide derived from the N-terminus 

(SFLLRNPNDKYEPF) was also able to activate platelets suggesting a role for 

this cloned receptor in mediating platelet activation.
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Figure 1.6 Proposed mechanism of activation of the thrombin receptor by 
thrombin. Adapted from Vu et a\ (1991 b).
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Following their first report of a thrombin receptor in 1990, Rasmussen et 

a /(1991) published the cloning and expression of a hamster thrombin receptor. 

They were unable to isolate the receptor by expression cloning in the Xenopus 

oocyte expression system and therefore designed primers based on the 

transmembrane regions of other seven transmembrane receptors known to be 

present on the CCL39 cell line. A 3.4kb clone was identified encoding a 427 

amino acid protein with a molecular weight of 47.475kDa. Sequence identity 

between this hamster thrombin receptor and the human form cloned by (Vu et 

a /(1991 a) is 79%. The percentage sequence identity varies in different regions 

of the two receptors. The intracellular loops I, II and ill of the hamster receptor 

are 100%, 95% and 93% homologous to the same intracellular loops on the 

human thrombin receptor. The region having lowest homology (55%) is the N- 

terminal extracellular region although certain similarities are apparent. The first 

14 amino acids following the thrombin cleavage site on the human receptor are; 

SFLLRNPNDKYEPF, in the mouse they are SFFLRNPGENTFEL, showing 

similarity. The mouse receptor also contained a negatively charged hirudin like 

sequence, several residues carboxyl to this peptide sequence. The first and 

second extracellular loops are linked by a disulphide bridge joining residues 

cysteine 177 and cysteine 256, as in the human thrombin receptor. Other 

structural features similar to those found on the human receptor are four 

potential N-glycosylation sites; two on the extracellular N-terminal and two on 

the second extracellular loop. The intracellular carboxyl tail has potential 

phosphorylation sites (three threonine and ten serine residues) and a potential 

tyrosine kinase phosphorylation site is found in tyrosine 399.

In mid 1992, Zhong et al (1992) cloned and expressed the rat vascular 

smooth muscle cell thrombin receptor. They amplified a 500 base pair fragment 

of the receptor using degenerate primers from the published human sequence 

and used this to screen a rat vascular smooth muscle cDNA library. They 

obtained a clone of 3.45kb in size which is 79% sequence homologous to the 

human receptor. There is a certain similarity to the human and mouse tethered
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ligand agonist domains, and this is shown below;

S F-L-L-R-N-P-N-D- -K-Y-E-P-F Human 

S“F“F“L“R“N“P”S”E”D“T“F“E“Q“F Rat 

S-F-F-L-R-N-P-G-E-N-T-F-E-L-l Hamster

They were also able to detect the presence of mRNA for the receptor in the rat 

kidney, testes and lung.

These publications, and in particular, the in-depth study of Vu et al 

(1991a) gave rise to a huge amount of interest in the thrombin receptor, as 

different research workers tried to answer key questions about the newly cloned 

receptor. In the following year there were many publications from this 

blossoming field of study. They can be broadly classified in to three groups; 1 ) 

studies on the N-terminal 'tethered ligand' activating peptide, 2) studies on the 

mechanism of function of the receptor, and 3) identification of the presence of 

the receptor on other cell types and the search for subtypes of the receptor.

1.4.2.1 Tethered ligand region

There have been several studies which investigated platelet 

responsiveness to peptides mimicking the tethered ligand region of the receptor. 

Most studies used SFLLRNPNDKYEPF (TRAP1-14) and stimulated platelets 

with truncated peptides derived from this. Platelet responsiveness was 

determined primarily by aggregation (Chao at a! 1992; Hui at al 1992; 

Scarborough ef a /1992; Vassallo at al 1992) and also by 5HT release (Sabo at 

al 1992). All studies concluded that the activity of these N-terminal peptides 

increased with decreasing peptide chain length, finding that the pentapeptide, 

SFLLR (TRAP1-5) (Sabo at al 1992) or the hexapeptide, SFLLRN (TRAP1-6) 

(Chao at al 1992; Hui at al 1992; Scarborough at al 1992; Vassallo at al 1992) 

were the most potent.
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The effect of substituting individual amino acids within these peptides was 

investigated by Chao et al (1992), Sabo at al (1992), Scarborough at al (1992) 

and Vassallo atal (1992). The importance of each residue, or series of residues, 

was determined by alanine substitution and showed that phenylalanine at 

position 2 (SFLLRN), and a combination of residues 3-5 (SFLLRN), were also 

important for peptide activity. This was confirmed by Scarborough at al (1992) 

using alanine scanning mutagenesis.

Coller at al (1992), using TRAP1-14, and TRAP1-11 (SFLLRNPNDKY) 

found that the pH dependence of aggregation induced by these peptides was 

the opposite to that for thrombin. Peptide-induced aggregation was more potent 

at pH 7.2 than at 8.1, whereas thrombin activity increased with increasing pH. 

They concluded that the ionization of the serine may be important for initiation 

of peptide or tethered ligand-induced aggregation. They also found that, 

incubation of the peptides in plasma resulted in a loss of activity due to removal 

of the serine residue by aminopeptidase M. It was unclear whether or not the 

aminopeptidase M would play a role in bringing about cleavage of the tethered 

ligand receptor in vivo.

1.4.2.2 Structure and function of the thrombin receptor

Some investigators focussed on the thrombin binding region of the newly 

cloned receptor. Peptides derived from the acidic region of the receptor, which 

resembled the carboxyl tail of hirudin, were tested for their ability to bind to 

thrombin. Liu at al (1991) were able to show that the peptide, 

YgjEPFWEDEEKNESGLTEYgg bound to thrombin and competed with hirugen 

(a peptide mimicking the carboxyl tail of hirudin NGDFEEIPEEY(SOS)L), for 

binding to thrombin (Jakubowski & Maraganore, 1990). In binding to thrombin 

the peptide altered specificity of thrombin by causing structural changes within 

the catalytic site.
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The first studies to show inhibition of thrombin receptor function were by 

Hung et al (1992a) and Brass et al (1992). Hung et al (1992a) used peptides 

from the N-terminus of the cloned thrombin receptor, with some amino acid 

changes to prevent cellular activation. Objectively, they were trying to design 

thrombin inhibitors based on the structure of the receptor. One peptide spanned 

the thrombin cleavage site, tethered ligand domain and the thrombin binding 

region (Ieucine38-serine64). A second spanned the tethered ligand domain 

(Ieucine38-leucine45). Each peptide was capable of inhibiting thrombin-induced 

release of serotonin from platelets, and this suggested that the peptides were 

interacting with the anion binding exosite of thrombin thus preventing thrombin 

binding to the receptor. The peptides had no effect on TRAP1-14 induced 

platelet activation. Hung et al (1992a) proposed that peptides 'mirroring' the 

thrombin binding region of the receptor could be used to inhibit the thrombin 

receptor and thus elucidate function. Brass et al (1992) prepared a series of 

monoclonal antibodies against peptides from the tethered ligand region of the 

thrombin receptor. The antibodies bound to thrombin-responsive cell lines and 

were capable of specifically inhibiting thrombin-induced platelet activation, albeit 

weakly. Studies with a radio-iodinated antibody identified around 1,800 sites per 

platelet which seemed to suggest that the receptor was the moderate affinity 

thrombin binding site on platelets. On western blots the antibodies identified a 

66kDa. protein which was larger in size than the predicted 425 amino acids, 

however, it appears that up to one third of the receptor may be carbohydrate 

(Brass ef a/1993).

Hung et al (1992b) raised a polyclonal antiserum to a peptide from the 

hirudin like region of the receptor, Y52EPFWEDEEKNESGLTEYC70 which was 

capable of inhibiting thrombin-induced platelet aggregation, and ATP secretion 

and was also able to bind to a 66kDa. protein band on a thrombin receptor 

transfected cell line and platelet lysates. An antiserum raised to a peptide 

spanning the thrombin cleavage site did not inhibit platelet aggregation, and a 

polyclonal antiserum to a peptide from the receptor’s extracellular loop did not
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bind to the receptor Huang et al (1991) measured the stimulation of PLC and 

the accumulation of phosphatidylinositides in platelets in response to thrombin 

and TRAP1-14 stimulation. They were able to show that stimulation of PLC and 

accumulation of inositides was consistent with the cleavage of the thrombin 

receptor by thrombin, and that the TRAP1-14 peptide could mimic these effects 

of thrombin.

1.4.2.3 Thrombin receptor on other cells

A literature developed using TRAP 1-14 to assign thrombin receptor 

responsiveness on other cell types and attribute cellular characteristics to the 

newly cloned seven transmembrane domain thrombin receptor. Ngaiza & Jaffe

(1991) used TRAP1-14 to induce a rise of free calcium and induce prostaglandin 

Ij (PGIj) in human umbilical vein endothelial cells (HUVEC). Tiruppathi et al

(1992) used TRAP1-14 and thrombin to compare responsiveness of the 

thrombin receptor on HUVEC, pulmonary vascular endothelial cells (EC), bovine 

pulmonary microvascular EC and porcine pulmonary artery smooth muscle cells. 

Herbert et al (1992) reported that TRAP1-14 could mimic the mitogenic effects 

of thrombin on rabbit arterial smooth muscle cells and Hollenberg et al (1992) 

reported similar findings on the contractility of guinea pig gastric longitudinal 

smooth muscle. They also carried out a series of experiments investigating 

structure of the tethered ligand peptides with their activity and reported similar 

findings to those investigating platelets.
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1.5 AIMS OF THIS PROJECT

The overall objective of this project was to investigate platelet responses 

mediated by the seven transmembrane domain thrombin receptor and to assess 

whether inhibition of this receptor would provide a suitable target for antiplatelet 

therapy.

Platelet responsiveness and the effects of current antiplatelet therapy 

were assessed by flow cytometry. Using this as a basis for comparison the 

thrombin receptor can be divided into four main regions of interest:-

1 ) The cleaved peptide

2) The tethered ligand region

3) The thrombin binding region

4) The tethered ligand binding site

Platelet responsiveness mediated by the seven transmembrane domain 

receptor was investigated using tethered ligand peptides mimicking the N- 

terminus of the receptor. Antipeptide antibodies raised to the N-terminus, and 

to predicted extracellular regions of the receptor were used to investigate 

functionally important regions of the receptor.

The second part of the project involved molecular studies to clone the 

thrombin receptor gene from a megakaryocytic cell line by polymerase chain 

reaction (PCR) and subsequent cloning into a plasmid vector enabled 

sequencing and confirmation of clone identity. This would enable further 

development of the project using site directed mutagenesis to gain insight into 

functionally important regions of the receptor.
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Chapter 2

Materials & Methods



MATERIALS & METHODS

2.1 MATERIALS

The thrombin receptor agonist peptides were provided by Glaxo Group 

Research, Hertfordshire; Pfizer Central Research, Kent; and Dr. B. Amesh, 

Department of Biochemistry and Molecular Biology, Royal Free Hospital School 

of Medicine, London. CLB-thromb/6 antibody was kindly donated by Dr. W. 

Ouwerhand, Cambridge Medical School, UK. The fluorescein isothiocyanate 

(FITC) conjugated monoclonal antibody to P-selectin (CD62P, CLB-thromb/6) 

was supplied by The Binding Site Ltd. Birmingham, UK. Swine anti-rabbit-FITC 

and rabbit anti-human fibrinogen coupled to FITC (RaFgnFITC) were from Dako 

Ltd. Bucks. UK. Recombinant Hirudin (Hiru-thin) was provided by Accurate 

Chemical Co. and Scientific Corporation, New York, USA. Aspirin (acetyl 

salicylic acid) was supplied by Bayer Ltd. Berks. UK. Glycine-proline-arginine- 

proline (GPRP) and PPACK were from Calbiochem-Novabiochem, Nottingham, 

UK. Tissue culture medium RPMI-1640, foetal calf serum (FCS), glutamine, 

penicillin, streptomycin. Nunc tissue culture plates, terminal transferase and 5x 

tailing buffer, DNA ligase, 5x ligase reaction buffer, all restriction enzymes, and 

ÀDNA//-/WIII and 1kb DNA ladders were from Gibco BRL Life Technologies, 

Paisley, UK. Deoxycytidine 5'-[a*®8] triphosphate ([a'^S]-dATP) (10pCi/pl) were 

purchased from Amersham International Pic. UK Adenosine diphosphate (ADP), 

human a-thrombin, arginine-glycine-aspartic acid-serine (RGDS), fluorescein 

isothiocyanate (FITC), A/-2-hydroxyethylpiperazine-A/’-2-ethanesulphonic acid 

buffer (HEPES), N,N,N’,N’,-tetramethylethlyenediamine (TEMED), p-nitrophenyl 

phosphate (PNPP) and dimethylsulphoxide (DMSO) were from Sigma Chemical 

Co. Ltd. Dorset, UK. Protein G Sepharose 4 Fast Flow and dNTP solutions were 

purchased from Pharmacia Biotech AB, Uppsala, Sweden. Taq DNA polymerase 

and 10x Tag reaction buffer came from Advanced Biotechnologies, Surrey, UK.
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2.1.1 Commonly Used Stock Solutions

Acld-Citrate-Dextrose: 113.4mM glucose; 29.9mM trisodium citrate; 72.6mM 

NaCI; 2.8mM citric acid pH 6.4.

Clare & Scrutton Hepes Buffer: 0.15M NaCI; 5mM Hepes (sodium salt); 

O.SSmM NaH2P0^.2H20; 7mM NaHCOg (anhydrous); 2.7mM KOI; O.SmM MgCl2; 

S.SmM glucose pH7.4.

Binding Buffer (for Protein G sepharose column): 20mM Na2P0^ pH 7.0. 

Blocking Buffer (for ELISA): lOx blocking reagent CRB SU-07-250 (Cambridge 

Research Biochemicals) diluted 1:10 in 5% lactose; 0.05% Tween; TBS. 

Formyl Saline: 0.2% v/v formaldehyde (41% v/v) in 0.9% (w/v) NaCI.

Hepes Buffer 0.145M NaCI; 5x10*^M KCI; 1x10*^M MgSO^; IxlO'^M Hepes pH 

7.4.

LB Medium: 1% tryptone; 0.5% yeast extract; 1% NaCI pH 7.5 with NaOH and 

autoclaved at 121®C/15 psi for 30min.

LB Agar:15g/I BactoAgar in LB medium

6x Loading Buffer (for elecrophoresis): 0.25% w/v bromophenol blue; 40% w/v 

sucrose in water.

PBS: 6mM Na2P0^ pH 7.5; 150mM NaCI.

PBS-A: PBS pH 7.4 (Mercia Diagnostics, Surrey, UK.) containing 0.2% w/v 

NaNg: 0.2% w/v bovine serum albumin (BSA).

lOx PCR Reaction Buffer: lOmM Tris-HCI pH 8.0; 50mM KCI; 1.5mM MgCl2- 

RNA Extraction Buffer: 4M guanidium thiocyanate; 0.1 M Tris-HCI pH 8.0; 1% 

v/v dithiothreitol (DTT); 0.5% sodium lauryl sarcosinate; 10% v/v P- 

mercaptoethanol.

Stop Reaction ( for DNA sequencing): 0.05% v/v bromophenol blue, 0.05% v/v 

xylene, 20mM EDTA and 95% v/v formamide

5x Tailing Buffer (for cDNA tailing): 500mM potassium cacodylate pH 7.2; 

lOmM C0CI2; ImM DTT.

TE pH 8.0: lOmM Tris-HCI pH 8.0; ImM EDTA. 

lOx TAE: 0.4M Tris-acetate; lOmM EDTA pH 8.0.
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lOx TBE: 890mM Tris base; 890mM boric acid; 20mM EDTA pH 8.0. 

TBS: 25mM Tris pH 8.1; ISOmM NaCI.

Trypan Blue Stain: 0.16% w/v Trypan Blue in 0.9% (w/v) NaCI.

CELLULAR STUDIES

2.2 PREPARATION OF PLATELETS

2.2.1 Blood Collection

Blood was obtained from healthy volunteers who denied having taken any 

medication 14 days prior to venepuncture. Blood was taken with minimal stasis 

from the antecubital fossa through a 21 gauge butterfly needle (Abbott 

Laboratories, Kent, UK ), and collected into Monovette tubes (Sarstedt Ltd. 

Leicester, UK ). The first 2.7ml of blood was drawn into potassium EDTA (1.2- 

2mg/ml EDTA final) as a discard, or for full blood count if required. The 

subsequent 4.5ml was drawn into 0.5ml 3.8% trisodium citrate (0.106mol/l, final) 

for whole blood flow cytometry or preparation of platelet rich plasma (PRP). 

Whole blood was used within lOmin of venepuncture.

2.2.2 Preparation of Platelet Rich Plasma

Citrated whole blood was centrifuged at room temperature for 20min at 

90 X g in an MSE Centaur 2 centrifuge (Fisons Ltd. Sussex, UK ). The PRP was 

removed with a pastette and placed in a 30ml sterilin tube (Sterilin Ltd. Staffs. 

UK ). Platelet poor plasma (PPP) was prepared from citrated whole blood by 

centrifugation at 1,000 x g for 15min.
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2.2.3 Preparation of Washed Platelets

Blood was drawn into a 20ml syringe (Sherwood Medical. Ballymoney, 

Northern Ireland) containing 2ml Acid-Citrate-Dextrose (113.4mM glucose; 

29.9mM trisodium citrate; 72.6mM NaCI; 2.8mM citric acid pH 6.4) and 

immediately centrifuged at room temperature for 20min at 90 x g. The PRP was 

transferred to a 10ml tapered-bottomed tube (Sterilin Ltd. Staffs. UK.) containing 

10% w/v prostaglandin 1% (PG y in Clare & Scrutton Hepes buffer (Ipl/m l final 

concentration) and centrifuged at 20®C for lOmin at 400 x g to pellet the 

platelets. The platelets were then resuspended in 1ml Clare & Scrutton buffer, 

counted in a Coulter Counter (Coulter Electronics Luton, Beds. UK.) and volume 

adjusted to bring the platelet count to 3x10®/ml. The platelets were left at room 

temperature for 30min before use to overcome the effect of PGIj.

2.3 FLOW CYTOMETRY

Flow cytometry was based on the methods of Abrams & Shattil (1991), 

Warkentin et al (1990) and Janes at al (1993). Briefly 5pl of whole blood, PRP 

or washed platelets were added to an LP3 tube (Luckham Ltd. West Sussex, 

UK) containing 50pl HEPES buffer and the appropriate antibody (see section 

2.3.1). All antibodies were used at optimal concentration to achieve maximum 

binding. For stimulated samples 5pl of the appropriate agonist and/or inhibitor 

was also added. In all cases the volume of the Hepes buffer was adjusted to 

take into account the additional volume of the agonist/inhibitor. Samples were 

left at room temperature (22-26°C) for 20min, to allow maximum antibody 

binding. The reaction was stopped by addition of 500pl of 0.2% (v/v) formyl 

saline.

Samples were analysed within 2 hours of addition of the formyl saline in 

an Epics Profile II flow cytometer equipped with a 488nm argon laser and the 

data analysed using 'Elite' software (Coulter Electronics Beds. UK ). The flow
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cytometer was calibrated daily for fluorescence and light scatter characteristics 

using 'Immunocheck' and 'Standard Brite', standard fluorescent beads supplied 

by the manufacturer.

The platelet population was identified as described above using a Mab 

to GPIb raised in this laboratory, RFGP37, conjugated to FITC (Cox & Goodall, 

1991), such that minimally, 98% cells were positive for the Mab. A mouse 

immunoglobulin (Ig) was used as a negative control with the maximum level of 

positive cells set at 2% to indicate negativity (Coulter Electronics Beds. UK ). 

The platelets were then electronically gated and 5,000 cells examined for their 

fluorescence characteristics.

2.3.1 Antibodies

Antibodies were all used at a final concentration of 0.2-0.3mg/ml. 

Fibrinogen binding was detected using rabbit anti-human fibrinogen coupled to 

fluorescein isothiocyanate (RaFgnFITC). 2.5pl was added to each assay tube. 

The expression of P-selectin was detected using an FITC conjugated mouse 

IgGi Mab to CD62P or an unconjugated form of this antibody (CLB-thromb/6) 

which was detected using a rabbit anti-mouse IgG coupled to FITC. The flow 

cytometry assay for unconjugated primary antibody had two 15 minute 

incubations (one for each antibody) before addition of the formyl saline. The 

binding of other unconjugated antibodies was detected in a similar manner 

using the appropriate second layer antibody coupled to FITC, in two 15 minute 

incubations. Normally 12-20pl (0.2-0.3mg/ml) of anti-P-selectin antibody were 

added to each assay tube, again this was dependent on concentration of the 

antibody batch.

The mouse Mabs RFGP52 and RFGP56 were raised in this laboratory to 

GPIIIa and GPIIb/llla, respectively (Cox & Goodall, 1991), and used as inhibitory 

antibodies. Purification of theses antibodies is described in section 2.7.
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2.3.2 Agonists

ADP (10'̂ M-10'®M) and human a-thrombin (6.2x10 lW-7.4x10 M, for 

concentration in units/ml see table 2.1) were obtained from Sigma Chemical Co. 

In experiments where thrombin was used 1.23mM glycine-proline-arginine- 

proline peptide (GPRP) was used to prevent fibrin crosslinking and subsequent 

clot formation (Laudano & Doolittle, 1978). The thrombin receptor agonist 

peptides were used at a concentration of lO'̂ M-IO'̂ M and are detailed in table 

2.2.

2.3.3 Inhibitors

The snake venom protein echistatin (Bachem Ltd. Essex. UK.) was used 

at concentrations between 10'®M-10'®M. The peptide arginine-glycine-D-aspartic 

acid-serine (RGDS) was used in the concentration range 10'®M-10'̂ M. The 

thrombin inhibitors recombinant Hirudin (Hiru-thin) and PPACK were used as 

inhibitors of thrombin at concentrations of lOU/ml and 10“®M respectively.
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Table 2.1
The concentration range of thrombin

A comparison between molarity and units/ml, thrombin was made up in stock 
concentrations of lOU/ml and diluted before use. When being compared with 
other agonists thrombin concentration was given as molarity.

Molaritv Units/ml

6.2x10-” M 0.005U/ml

1.2x10'̂ °M 0.01 U/ml

2.4x10-̂ ^M 0.02U/ml

4.8x10*'°M 0.04U/ml

9.6x10-̂ °M 0.08U/ml

1.2x10-®M O.IOU/ml

2.4x10-®M 0.20U/ml

4.8x10-®M 0.40U/ml

7.4x10-®M 0.60U/ml

Table 2.2
Thrombin receptor agonist peptides

Peotide Amino Acid Sequence

TRAP1-14 SFLLRNPNDKYEPF

TRAP1-11 SFLLRNPNDKY

TRAP1-6 SFLLRN

TRAP1-5 SFLLR

TRAP1-4 SFLL

TRAP1-3 SFL
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2.4 PLATELET AGGREGOMETRY

Aggregometry was performed essentially by the turbidometric method of 

Born (1962) using a Payton Dual Channel Aggregometer (Instrument Sales & 

Marketing Services, Dorking, UK.). PRP or washed platelets (300pl) were 

incubated with varying dilutions of antithrombin receptor antibody (1:10000-1:10) 

for Imin at 37®C before subsequent challenge with either thrombin (6.2x10'̂ ^M- 

7.4x10"®M), ADP (10*^M-10^) or TRAP1-6 (lO'̂ M-IO'̂ M). As for flow cytometry, 

1.23mM GPRP was also added to samples stimulated with thrombin. 

Aggregation was measured after 3 minutes as change in absorbance from base 

line. The aggregometer was calibrated for full maximal aggregation taken as the 

difference between autologous PPP and PRP.

2.5 MEASUREMENT OF PLATELET ACTIVATION BY CELL COUNT

Whole blood (5pl) was added to 50pl of Hepes buffered saline as in the 

normal procedure for the flow cytometry assay. Samples were prepared with and 

without RaFgnFITC and ADP (10®M). Samples were incubated for 20min at 

room temperature and then diluted with 0.5ml formyl saline. Samples were 

analysed in a Clay-Adams Ultraflow cell counter (Becton-Dickinson, Oxford, 

UK). The instrument was calibrated to count single cells. Platelet aggregation 

was detected by the drop in the number of single cells observed. The samples 

were also analysed in parallel by flow cytometry.

2.6 PREPARATION OF ANTIBODIES TO THE THROMBIN RECEPTOR

Polyclonal antibodies were raised against synthetic peptides derived from 

the extracellular regions of the human thrombin receptor (and one peptide 

derived from GPIb) on contract basis to Cambridge Research Biochemicals 

([Zeneca Ltd.] Cheshire, UK ). Sequences were selected following computer 

analysis of the thrombin receptor amino acid sequence using the 'Peptide
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structure' software from the University of Wisconsin with the assistance Dr 

Ettellie (Dept. Biochemistry RFHSM). Peptides to be used as immunogens are 

listed in table 2.3 and were synthesized at Pfizer Central Research (Sandwich, 

UK.).

Table 2.3

immunising peptides for thrombin receptor antibodies

Peotide Amino acid Seouence Reoion of Receotor

Gol5 26-34 RRPESKAT pre-thrombin cleavage site

Go! 6 26-41 RRPESKATLDPR pre-thromt)in cleavage site

Gol 9 38-64 LDPRPTLLRNPNDKYEPFWED-
EEKNES

cleavage site, tethered ligand and 
thrombin binding region

Gol7 42-55 SFLLRNPNDKYEPF tethered ligand

Gol 8 55-64 WEDEEKNES thromt)in tending region

Gol 1 83-94 QLPAFISEDASG N-terminal pre-first 
transmembrane domain

Gol 2 158-167 KISYYFSGSD 1** extracellular domain

Gol 3 240-249 KEQTIQVPGL 2nd extracellular domain

Gol 4 339-348 SFLSHTSTTE 3rd extracellular domain

GPIb 269-287 DEGDTDLYDYYPEEDTEGD hirudin like domain

* Substitution of proline for serine to prevent potential cleavage of the peptide in the animal after 
immunisation.

Two rabbits were immunised for each peptide over an eleven week 

period. The rabbits were bled on five occasions; pre-immunisation, week three, 

week five, week nine and the harvest bleed at the end of the eleventh week. 

Test bleeds for each of the two rabbits used for the ten different immunisations 

were tested for anti peptide reactivity.
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2.6.1 Testing Antisera by ELISA Against the Immunising Peptide

ELISAs were carried out at Cambridge Research Biochemicals. Reacti- 

Bind microtitration plates were coated with 50pl of each peptide diluted to 

20pg/ml in PBS for 1hour at 37®C. The wells were washed once with 250pl TBS, 

three times with 0.05% Tween-20 and then blocked with 250pl of Blocking buffer 

for 1 hour at room temperature. The plates were then washed three times with 

TBS-Tween-20. SOpI of serum was added to wells at dilutions of 1:50, 1:100, 

1:200, 1:400, 1:800, 1:1600, 1:3200 and 1:6400 in TBS. The negative control 

consisted of 50pl TBS. The samples were incubated for Ihour at room 

temperature and then washed three times with TBS-Tween-20 as before. 50pl 

of a 1:200 dilution of anti-rabbit IgG alkaline phosphatase conjugate (Cambridge 

Research Biochemicals SA-10-513) in TBS was added to each well and 

incubated for one hour at room temperature followed by three washes with TBS- 

Tween-20. 50 pi of substrate (5mg PNPP) in 5ml 1M diethanolamine pH 9.8 

(with conc. MCI), ImM MgCy was added to each well, and the absorbance at 

405nm was measured on a Titretek Multiscan Plus (Flow Laboratories Inc.)

Test bleed sera were stored at -20®C. Antibody binding was tested 

against washed MEL cells, washed platelets, PRP and platelets in whole blood 

by flow cytometry. In all assays the pre-immune serum from each rabbit was 

used as control. The binding of the unconjugated antibody in the rabbit serum 

was detected using swine anti-rabbit-FITC. The rabbit antithrombin receptor 

peptide serum was tested for ability to inhibit platelet activation in washed 

platelets, PRP and in whole blood flow cytometry assay. Pre-immune serum was 

used as a control.
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2.7 ANTIBODY PURIFICATION

2.7.1 Protein G Sepharose

5ml of Protein G sepharose was used to prepare each column. The beads 

were poured into a glass column 0.5cm in diameter by 20cm in length. The 

poured gel column was around 12cm in length. The column was equilibrated by 

washing with 10 volumes of binding buffer (20mM sodium phosphate pH 7.0). 

The serum to be purified was thawed and centrifuged at 13,500 x g in an 

Eppendorf 5414 centrifuge (Eppendorf, Germany) to remove any solid material. 

0.5-2.0ml of sample was loaded onto the column under gravity. Unbound 

material was eluted with two volumes of binding buffer. When unbound material 

had flowed through the column (characterized by the dark colouring of serum), 

bound material was eluted with lOOmM glycine pH 2.7. Fractions (1ml) were 

collected in LP3 tubes containing lOpL of 1M Tris-HCI pH 9.0. The pooled 

fractions of highest protein concentration were dialysed overnight in 5 litres 

lOmM Tris-HCI pH 7.5 at 4®C with one change of buffer.

The column was cleaned with 5 volumes of eluting buffer and re

equilibrated with 5 volumes of binding buffer. Any tightly bound material was 

stripped from the column by washing in 70% (v/v) ethanol and the column was 

then re-equilibrated in binding buffer.

2.7.2 Ammonium Sulphate Precipitation

Purification was performed using standard techniques (Goding, 1986). 

Saturated ammonium sulphate was prepared by dissolving 112g (NHJgSO^ in 

100ml boiling water. The solution was allowed to cool to room temperature 

before use. The serum was centrifuged before use to remove any solid material. 

An equal volume of saturated (NHJgSO^was added dropwise to the serum while 

stirring, and then left standing at room temperature for 30min. The mixture was
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centrifuged at 2000 x g for 10min and the supernatant discarded. The extraction 

was repeated by dropwise addition of saturated (NH^)2S0  ̂ followed by 

centrifugation. The resulting pellet was extracted twice with 50% saturated 

(NH^)2S0^ and finally redissolved in 50-100% volume of the original serum. The 

solution (up to 5ml) was dialysed overnight against 5 litres 10mM Tris-HCI pH

7.5 at 4®C, the buffer was changed and redialysed for up to 3 hours.

2.7.3 Measurement of Protein Concentration

Protein concentrations were measured by the absorbance of each 

solution at 280nm on a Shimatzu U160A UV-visible recording spectrophotometer 

(Shimatzu Corporation, Kyoto, Japan) and calculated using the following 

equation;

Concentration (mg/ml) = OD280 x Dilution Factor x 0.7 

The percentage yield of the purification was calculated as follows:

% Yield = Total protein in purified sample/Total protein in serum purified x 100 

A percentage yield of above 30% was desired.

2.8 CONJUGATION OF ANTIBODIES WITH FITC

Conjugation was performed as described by Goding (1986). Briefly, 

purified antibody was dialysed into 0.1M Na2C03 and diluted in Na2C0 a to give 

a final concentration of 1 mg/ml. 5pl of FITC (lOmg/ml in DMSO) was incubated 

with 2ml of the antibody on a rotary stirrer for 2 hours wrapped in foil. 

Unconjugated FITC was removed by running through a 10ml Sephadex G25 

column in PBS; the conjugated antibody passes through the column more
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quickly than free FITC. FITC:protein ratio was calculated using the following 

formula:-

FITCiprotein ratio = 2.87xOD495/OD28o“(0 35 XOD495)

2.9 CELL CULTURE

The human erythroleukaemia megakaryocytic cell line (HEL) was 

originally obtained from Dr Jun Minowada (N.I.H., Bethesda, USA) in 1979 and 

had been maintained in this laboratory, stored in liquid nitrogen.

2.9.1 Routine Maintenance

All cell culture was carried out in plasticware supplied by Nunc (Life 

Technologies, Paisley, UK) or Falcon (Marathon Laboratory Supplies, London, 

UK). The HEL cells were kept as a frozen stock and grown at regular intervals 

for particular experiments. The cells were grown in incubators at 37®C, with 

saturating humidity, in an atmosphere of 5% CO; in air. After initial growth from 

frozen storage, the cells were grown in RPMI-1640 containing 10% v/v foetal calf 

serum (FCS), 2mM glutamine, lOOiu/ml penicillin and lOOmg/ml streptomycin. 

Cells were passaged at a ratio of 1:4 at 2-3 day intervals. Cell viability was 

measured using Trypan Blue stain. Briefly, cells were mixed 1:1 with the stain 

and counted (usually around 300 cells) in a Neubauer haemocytometer using 

an Olympus CK inverted microscope (Olympus Tokyo, Japan). Dead cells were 

identified by incorporation of the blue stain.

2.9.2 Freezing Cells

HEL cells were centrifuged at 160 x g for Smin in an MSE Centaur 2 

centrifuge and then resuspended at between 2-5x10® cells/ml in a solution 10% 

v/v DMSO, 20% FCS and 70% RPMI-1640. This freezing mixture was added 

dropwise. Aliquots (1ml) were then frozen in 1 25ml cryotubes at 1 ®C per minute
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in nitrogen vapour before storage in liquid nitrogen.

2.9.3 Thawing Cells

HEL cells were thawed rapidly from liquid nitrogen storage by agitating 

the 1.25ml cryotube in a 37®C water bath. 4ml of RPMI-1640 medium containing 

20% (v/v) FCS, 2mM glutamine and lOOiu/ml penicillin, lOOmg/ml streptomycin 

was then added and the cells incubated at 37^0 as above.

2.10 FLOW CYTOMETRY OF HEL CELLS

2.10.1 Cell Preparation

HEL cells were pelleted by centrifugation at 160 x g for 5min in an MSE 

Centaur 2 centrifuge. They were washed three times in 40ml PBS-A (PBS 

containing 0.2% (w/v) NaNg and 0.2% (w/v) BSA), viable cell count was 

performed with trypan blue, to ensure viability was above 90%. The cells were 

then washed once in 40ml PBS-A and resuspended at a concentration of 2x10^ 

cells/ml in PBS-A.

2.10.2 Flow Cytometry

The assay was performed essentially as described for platelet flow 

cytometry (see section 2.3). 50pl of HEL cell suspension (1x10® cells) were 

added to each LP3 tube and 5pl of antibody and/or agonist added. The samples 

were incubated for 20min at 22®C and then diluted by addition of 0.5ml formyl 

saline. In experiments where a high concentration of primary antibody was used, 

the HEL cells were washed twice with 2ml PBS-A per 50pl volume of sample 

after the incubation with primary antibody. After the second wash, the cells were 

resuspended in 50pl of PBS-A. The secondary antibody was then added and 

again incubated for 15min before fixation.
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MOLECULAR BIOLOGY

Unless otherwise stated all methods were adapted from Sambrook et al (1989).

2.11 BASIC MANIPULATIONS

2.11.1 Phenol/Chloroform Extraction

Phenol chloroform was prepared by mixing Tris equilibrated phenol, 

chloroform and isoamyl alcohol 25:24:1 (v/v/v). 8-hydroxyquinoline was added 

to a final concentration of 0.1 % to delay oxidation of the phenol and to facilitate 

separation of the two phases due to its yellow colour. An equal volume of 

phenol/chloroform was mixed with the sample to be extracted. The solution was 

mixed by vortexing and the DNA-containing aqueous phase removed following 

centrifugation at 13,000 x g for 2min at room temperature. The organic phase 

was re-extracted by addition of an equal volume of 1M Tris-EDTA pH 8.0. The 

solution was mixed by vortexing and the aqueous phase recovered by 

centrifugation. The aqueous phases were pooled and extracted with an equal 

volume of chloroform to remove any phenol. The DNA was then recovered by 

ethanol precipitation (see below).

2.11.2 Ethanol Precipitation

One tenth volume of 3M sodium acetate pH 6.0 was added to the sample 

and mixed. Two and a half volumes of absolute ethanol were then added and 

the resulting solution was left at -20®C for 30min. The DNA pellet was recovered 

by centrifugation at 13,000 x g for lOmin and dissolved in water.
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2.12 ISOLATION OF RNA AND DNA

2.12.1 Total RNA

This method was used essentially as described by Chirgwin et al (1979). 

HEL cells (6x10^) were prepared from culture and washed with PBS. Cells were 

pelleted and lysed by addition of 4ml RNA extraction buffer. The resulting 

suspension was drawn 5 times through a 19 gauge needle to assist lysis. 3ml 

of this cell suspension was added to 12.5ml of the extraction buffer and the 

solution centrifuged after mixing for lOmin at 3500 x g to remove cell debris. The 

supernatant (~ 12.5ml) was loaded onto a 4.5ml CsCI gradient (5.7M- 1.01M) at 

pH 7.5 and centrifuged at 27,000rpm for 24 hours in an OTD ultracentrifuge 

(TST28-38/17 swing out rotor) at 20®C. The RNA pellet was extracted with 

phenol/chloroform and stored in lOmM Tris, ImM EDTA, 0.3M sodium acetate 

and 70% v/v ethanol in 5pg aliquots at -70®C. The concentration of the RNA 

was determined from its absorbance at 260nm using the formula:-

Concentration RNA (pg/ml) = ODĝ o x 40

The purity of the preparation was determined by the ratio of absorbance at 

260nm to that at 280nm: values of 1.9-2.0 were acceptable.

2.12.2 First Strand cDNA Synthesis

cDNA was prepared by reverse transcription of RNA using the Amersham 

cDNA Synthesis System Plus (Amersham International PLC. Amersham, UK ), 

using the recommended protocol. Briefly, 5x 1st strand reaction buffer, sodium 

pyrophosphate solution, human placental ribonuclease inhibitor (HPRNI), 

deoxynucleotide triphosphate mixture, hexamer random primers, water, RNA 

and reverse transcriptase were incubated at 42®C for 40min.
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Percentage yield of cDNA was measured by trichloroacetic acid (TCA) 

precipitation. Samples from the beginning and end of the reaction were diluted 

1:10 in DERC treated water. 5pl was spotted onto two 2.5cm glass fibre filters 

(GF/C. Whatman International. Kent, UK.). One of the filters was washed twice 

with 5% TCA 0.1M pyrophosphate, once with methanol and once with acetone. 

The filters were allowed to dry and counted in a scintillation counter using 

cocktail T scintillant. The percent incorporation is given by:-

1QÜX [(Final TCA precipitable cpm - Initial TCA precipitable cpm) /Total cpm]

2.12.3 Genomic DNA

Genomic DNA was prepared using the InVisorb Genomic DNA Kit (Bioline 

UK Ltd. London, UK ). Whole blood (ISOpI), or HEL cells (1x10^), was pelleted 

by centrifugation in a microfuge. The cell pellet was washed twice with SOOpI TE 

pH8.0 and lysed for Smin at room temperature in manufacturer's buffer D. The 

InVisorb synthetic carrier with the bound DNA was washed and the DNA 

eluted by incubation at 52*'C in water. The full method is supplied in 

manufacturer's instructions.

2.13 AMPLIFICATION OF DNA

2.13.1 Primers

Primers were based on the nucleotide coding region of the Dami cell line 

thrombin receptor (Vu et al 1991a). Four sense primers and two antisense 

primers were designed using 'Oligo' version 1.0 computer software, and 

synthesized by either Applied Biosystems (Perkin Elmer, Warrington, UK.) or 

Oswel DNA Service (Edinburgh, UK ). Primers are listed in table 2.4.
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2.13.2 Polymerase Chain Reaction

PCR was performed as described by Saiki et a! (1988). The contents of 

the PCR mixture were as follows, DNA template (volume-variable), 10x Reaction 

buffer lOmM Tris-HCI pH8.3, 50mM KCI, 1.5mM IVIgClg, dNTP s 200pl\1 each, 

primers 20pmol each, Taq DNA polymerase 2.5 units. Total PCR volume was 

lOOpI prepared using DEPC treated water and was overlayed with lOOpI of 

mineral oil.

All reagents were made up and aliquoted in a laminar flow cabinet in a 

room were DNA was not stored. When several PCR s were performed, one 

solution, containing the reagents common to all reactions was made. The DNA 

template was added through the mineral oil and then briefly centrifuged to 

ensure adequate mixing. Water was used as a control template with each set of 

reactions. Taq DNA polymerase (5units/pl) and 10 x concentrate Taq reaction 

buffer came from Advanced Biotechnologies (Surrey, UK.) and lOOmM dNTP 

solutions came from Pharmacia Biotech. (Uppsala, Sweden.) and were diluted 

to 2mM. PCR conditions varied depending on the particular experiment and 

optimal annealing temperature of the primers. Basic cycling conditions were as 

follows, Stepi (dénaturation) 94®C, 1-1.5min; Step2 (annealing) 48®-55®C, 1- 

2min (dependent on the primer combination used); Step3 (extension) 72®C, 

2min; for 35-40 cycles, then 72®C for lOmin and then 22®C for 5min. One pi of 

the PCR product was used as template when a second round of PCR was 

performed. PCR was carried out using a thermal cycler (PHC3 Techne. 

Cambridge, UK). The PCR products were examined by agarose gel 

electrophoresis.

For specific experiments 10% v/v glycerol (Sigma, Dorset, UK.) was 

added to the reaction mixture to improve product yield, (Fenton Williams, 1989). 

An adapted form of 'Hot Start' PCR was also used. Taq DNA polymerase was 

added at 60"C so that polymerase activity, and thus replication, would not take
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Table 2.4

Primers used In the amplification of DNA

No. Primer Sequence Direction Position in Gene Restriction Site

1 S' GCGAAGCTTACCCGCAGAAG 3' Sense 139 Hind\\\

2 S' GCGAAGCTTAGTCAGGAGAGAGGGTGAAG 3' Sense 148 Hind\\\

3 S' GCGTCGACAATGGGGCCGCGGCGGCT 3' Sense 221 Sail

4 S' CGGCAGTGATTGGCAGTTTG 3' Sense 716 -

5 S' TTGAGGACGAGAGGCACTAC 3' Antisense 943 -

6 S' GCGGGATCCGGAGGTGAATCAATAAAGTT 3' Antisense 1599 BamH\

7 GGAATTCGCGGCCG(C),7 N/A -

Restriction enzyme sites (underlined) that did not cleave within the thrombin receptor gene were chosen and introduced into the primer 

sequences. No sites were introduced into primers 4 and 5 as they were designed around a naturally occurring Psfl site at position 764 

of the thrombin receptor coding region. This would provide an overlap and Psfl could be used to digest the receptor fragments when 

cloning into a vector. Primer 6  is located 80 base pairs from the end of the coding region at the start of the 3' untranslated region of 

the cDNA. In addition to these, a seventh primer was used for PCR of DNA tailed with dGTP by terminal transferase (TdT). This primer 

was not from the coding region of the thrombin receptor.



place until the correct annealing temperature for the primers was achieved. 

The annealing temperature was varied between 48®C and 55®C to alter the 

stringency of the PCR.

2.12.3 Reverse Transcription PCR

Reverse transcription (RT) PCR was performed using rJth Reverse 

transcriptase RNA-PCR kit from Applied Biosystems (Warrington, UK.). The kit 

uses recombinant DNA polymerase from Thermus thermophilus, which is able 

to reverse transcribe RNA to cDNA at high temperature (70®C in comparison to 

42®C-45®C for normal RT enzymes) in the presence of manganese ions (Myers 

& Gelfand, 1991). By chelating the manganese with EGTA and replacing it with 

magnesium, the enzyme acts as a DNA polymerase and PCR reactions can be 

performed in the same tube.

The kit was used following the manufacturer's instructions and comprised 

of two steps:-

Step 1 Reverse Transcription

RNA template (variable)
lOx RT buffer lOmM Tris-HCI pH8.3

90mM KCI 
dNTPs 200pM
MnClg lOmM
Antisense primer 20pmol
rJth 5 units

Total volume 20pl

The RNA was primed either with random hexamer primers (Amersham 

cDNA synthesis procedure) or thrombin receptor antisense primers 5 or 6 (see 

table 2.4). The mixture was incubated at 51 ®C for 5min to allow primer annealing
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and then incubated at 70®C for 20min to allow reverse transcription to take 

place.

Step 2 PCR

The following solutions were added to the reactions after Step 1.

10x Chelating Buffer 10mM Tris-HCI pH8.3
lOOmM KCI 
EGTA
0.05% Tween20 
5% glycerol 

IVIgClg 2.5mM
Primers 40pmol each

Total volume 80pl

The reaction mixture was overlayed with 100pl mineral oil and the PCR 

carried out under the following conditions; 94®C, 1min; 51 ®C, Imin; 72®C, 1.5min 

for 40 cycles. The products were examined by agarose gel electrophoresis and 

1 pi of this product used for second round PCR.

2.14 MANIPULATION OF DNA

2.14.1 Agarose Gel Electrophoresis

Electrophoresis was carried out using 1-2% (w/v) agarose gels made up 

and run in 1x TBE. In experiments where DNA was to be excised from the gel 

1 X TAE was used. Samples were loaded onto the gel in 6  x loading buffer. The 

DNA products were sized using either a Ikb DNA ladder (0.5-12kb) or a 

ADNA/H/ncflll ladder (0.5-23.1 kb). Agarose gels were run using either 'Mini-gel' 

apparatus for 30ml gels, or 'Midi-gel' apparatus for 80ml gels (Pharmacia. 

Uppsala, Sweden). Separation was at SOvolts for mini-gels and 150volts for 

midi-gels. DNA was detected by washing the gel for 10min in ethidium bromide 

solution (EtBr) (100ml, 0.5pg/ml) and visualised using an ultraviolet 

transilluminator and then photographed.
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2.14.2 Extraction of DNA from Agarose Gels

DMA was extracted from agarose gels as a method of purifying particular 

PCR products. Each DNA band was excised using a sterile scalpel blade and 

the DNA extracted from the agarose using Gene Clean II kit (Bio 101 Inc. 

California, USA). The excised band was dissolved in 3 volumes of 6M Nai and 

the agarose was melted by incubation at 55®C in a waterbath for Smin. The DNA 

is bound to a silica matrix ('Glass Milk') allowing removal of the DNA from any 

impurities (in this case agarose gel) giving a theoretical 80% recovery of starting 

material (manufacturer’s figures). The bound material was then washed in a 

solution containing Tris base, EDTA, NaCI and containing 50% (v/v) ethanol. 

This wash solution was stored and used at -20*’C. The DNA was eluted from the 

matrix by incubation with water at SŜ ’C for 5min according to manufacturer's 

instructions.

2.14.3 Tailing cDNA with dGTP by Terminal Deoxynucleotidyi 

Transferase

Homopolymer tailing with dGTP used cDNA that had been prepared by 

antisense priming (primer 5 or 6) RNA. The objective was to add a poly guanine 

tail to the 3' end of the cDNA. First round PCR of the tailed cDNA would then be 

performed using the poly C primer and one of the thrombin receptor primers, 

followed by second round PCR using different combinations of the thrombin 

receptor primers (see table 2.4). The tailing mixture (lOOpI in total) comprised 

of cDNA template, 5 x tailing buffer, 250pM dGTP and lOunits/pl TdT. The 

mixture was incubated at 37®C for 30. The poly G tailed cDNA was purified from 

the tailing mixture by Gene Clean and then used as a template for PCR.
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2.15 CLONING INTO pBLUESCRIPT KS*

2.15.1 Features of the Phagemid

All DNA amplified by PCR was cloned into the phagemid pBluescript KS* 

purchased from Stratagene (Cambridge, UK.), figure 2.1. This is a 2958 base 

pair phagemid derived from pUC19 which contains an ampicillin resistance gene 

for antibiotic selection. The LacZ gene allows the expression of the a-peptide 

of P-galactosidase which can be used for blue/white colour selection. When the 

multiple cloning site (MCS) is interrupted this prevents expression of the peptide 

and the colonies remain white.

2.15.2 Restriction Endonuclease Digestion

The restriction endonucleases SamHI, Hind\\\, Psfl, and Sa/I were used 

in conjunction with the REact buffer system, all from Life Technologies (Paisley, 

UK ). The manufacturer provided the appropriate REact buffer (nos. 1-11) for 

each restriction enzyme. In situations where a double digest was performed and 

the recommended choice of buffers was different for each enzyme, a 

compromise buffer was chosen with respect to salt concentration which provided 

the optimum activity possible for each enzyme. The most frequently used REact 

enzymes are given in table 2.5.
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NaeI 134

Ssp I 445
S sp l2850

N aeI 333Xmn I 2645

Sea I 2526
Pvu I 503 
. Pvu II 532Pvu I 2416

Kpn I 657

Bluescript® SK +/-
2.96 kb

—  Sac I 759

Pvu II 977

All III 1153

T 3 f

Figure 2.1 The 2958 base pair phagemid Bluescript. This vector is derived 
from pUC19. The multiple cloning site is denoted as MCS, in the polylinker 
shown here LacZ  transcription proceeds from the Sac! to Kpn\ restriction 
enzyme sites. LacZ  transcription proceeded in the opposite direct in the 
Bluescript used in these studies.
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Table 2.5

The buffers used for restriction digests

Buffer Enzyme Concentration

REact 2 H/ndlll/Psfl SOmM TrisHCI pHS.0,1GmM MgClj, 50mM NaCI

REact 3 BamH\ 50mM TrisHCI pH8.0,1GmM MgClj, 1GGmM NaCI

REact 10 Sal\ IGGmM TrisHCI pH7.6, IGmM MgClj, ISGmM NaCI

The restriction endonucleases described above were used to prepare 

PCR products for cloning into similarly digested pBluescript KS*. The 'Gene 

Cleaned' PCR product and vector were digested in parallel at 37®C for 1 hour 

Digestion volumes were up to 20pl, with the combination of restriction enzymes 

accounting for not more than 10% of the total volume in 10% REact buffer. 

Impurities were removed from the digested vector and insert DNA by Gene 

Clean, and the digestion checked by agarose gel electrophoresis.

2.15.3 Ligation of PCR Product Into pBluescript KS*

Digested PCR products were ligated into pBluescript KS* using T4 DNA 

ligase. The ligase was obtained from Amersham International (Amersham, UK.) 

and used with a 5 x reaction buffer (Life Technologies. Paisley, UK ). Ligation 

of 100-200ng of vector DNA took place with a three fold excess of the PCR 

product insert.

2.15.4 Preparation of Competent Cells

Competent cells were prepared using XL-1 Blue E.coli (Stratagene, 

Cambridge, UK ), using the method of Cohen et al (1972). Agar was prepared 

by adding 15g/l BactoAgar to LB medium. The agar was heated until it dissolved
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and ampicillin (100pg/ml) was added. 25ml of agar was poured into each plate, 

(Nunc, Life Technologies. Paisley, UK.), and allowed to cool. E. co// were plated 

for single colonies using an inoculating loop and incubated overnight at 37**C. 

A single colony of the plated XL-1 blue E. co// was selected and added to 10ml 

LB medium containing 12.5pg/ml tetracycline in a 30ml sterilin tube and cultured 

overnight at 37®C in a shaking incubator (220rpm). 1ml of this starter culture 

was used to inoculate 100ml of LB medium in a 1 litre flask. The culture was 

incubated at 37*C with shaking (220rpm) until the absorbance at GOOnm had 

reached 0.2-0.3 (approximately 2 hours) and then placed on ice for lOmin. 80ml 

of the culture was centrifuged at 4®C in a MSB Mistral 2000 at 4,000 x g for 

lOmin. The pellet was resuspended in ice cold 0.1ml 0.1 M calcium chloride, left 

on ice for lOmin and then recentrifuged. The pellet was washed twice and finally 

resuspended in a total volume of 1ml ice cold 0.1M calcium chloride. The cells 

were kept on ice for at least 2 hours before use.

2.15.5 Transformation

Competent cells (75pl) were added to each ligation reaction. 

Transformation of competent cells with uncut pBluescript KS* and pBluescript 

KS* that had been digested with the appropriate restriction enzyme, but had not 

been religated, were used as controls. Competent cells and ligation mixture 

were left on ice for 30min and then placed at 42*"C for 45 seconds. 300pl of LB 

medium, prewarmed to 37®C, were added and the cells incubated for 50min at 

37'̂ C and 220rpm to allow the cells to recover and begin to express antibiotic 

resistance. 25pl of transformed cells were mixed with, 40pl X-gal, 40pl lOOmM 

IPTG (for blue/white colour section) and 175pl LB medium and plated out, one 

plate per cloned product, on LB agar containing ampicillin (50pg/ml). The plates 

were incubated overnight at 37®C for a maximum of 16 hours. The number of 

colonies on each plate was counted so that the efficiency of transformation could 

be calculated. White colonies (10-20) were selected and grown overnight in 5ml 

LB medium containing ampicillin (100pg/ml) at 37®C and 220rpm. These
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cultures were used to prepare plasmid DNA in order to check for correct ligation 

and transformation.

2.15.6 Plasmid Preparation from Ceiis

Plasmids were prepared from overnight cultures using the 'Magic' and 

'Wizard Miniprep' plasmid preparation kits from Promega Corporation 

(Southampton, UK.). Briefly, 3ml of overnight culture were pelleted by 

centrifugation. The cells were resuspended and lysed using the manufacturer's 

resuspension and lysis buffers in a total of 400pl. Cell debris was removed by 

centrifugation (Eppendorf centrifuge at 13,000rpm for 30 seconds). Plasmid DNA 

present in the supernatant was bound to the 'Miniprep' column (supplied by the 

manufacturer). The columns were washed with 3ml ethanol solution (50% v/v) 

and the bound plasmid DNA eluted from the column in 20pl DEPC treated water 

by centrifugation (Eppendorf centrifuge at 13,000rpm for 30 seconds) into an 

Eppendorf tube.

The inserted DNA was cut out of the pbluescript KS* using the 

appropriate restriction enzymes (as described earlier) and checked for size by 

electrophoresis. The remainder of the plasmid prepared was stored at -20®C.

2.16 DNA SEQUENCING

Cloned DNA was sequenced using the Sequenase 2.0 T7 DNA 

Polymerase kit supplied by United States Biochemical (Cambridge Bioscience, 

UK ). The method was developed by Tabor & Richardson (1989).

Double stranded plasmid DNA (20pl) from the 'Wizard/Magic miniprep', 

(3-5pg DNA) was made single stranded by incubation for Smin at room 

temperature in 5pl of'relaxation solution' (1M NaOH, ImM EDTA pH 8.0). The 

NaOH was removed from the now single stranded plasmid by passage through
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a 0.5ml sepharose CL4B column (Pharmacia LKB. Uppsala, Sweden). The 

sequencing primers; M13 universal (S' GTAAAACGACGGCCAGT 3') or M13 

reverse (S' TT C AC AC AGG AAAC AG 3'), were then annealed to the single 

stranded DNA in the presence of Sx sequenase buffer (200mM Tris-HCI pH7.S, 

lOOmM MgClj and 2S0mM NaCI) at 37®C for 30min. The 'Labelling Solution' was 

composed of 1QmM DTT, dNTPs (7.SpM dGTP, dCTP, dTTP), Redivue 

(Amersham) ^SadATP (SpCi), T7 DNA polymerase (26units) and its dilution 

buffer (1GmM Tris-HCI pH7.S, SmM DTT, O.Smg/ml w/v BSA). The labelling 

reaction took place at room temperature for 3min. When the labelling reaction 

was complete 3.Spl was removed and added to 2.Spl of each of the four dideoxy 

termination mixtures (ddA, ddC, ddG, and ddT) which had been prewarmed to 

37®C. The samples were mixed well and incubated at 37®C for a further Smin. 

4pl of 'Stop Reaction' (0.0S% v/v bromophenol blue, 0.0S% v/v xylene, 20mM 

EDTA and 9S% v/v formamide)was added to each reaction and the samples 

placed on ice.

Acrylamide sequencing gels were prepared using 20x40cm glass plates 

one of which was siliconised. The glass plates were then washed with water and 

100% ethanol and allowed to dry. Spacers (0.4mm) were used to separate the 

plates which were held together with adhesive tape and bulldog clips. A 6% 

(w/v) acrylamide gel was prepared by the addition of 420pl 10% ammonium 

persulphate and 70pl N,N,N',N',-tetramethylethylenediamine (TEMED) to 70ml 

sequencing gel solution (6% (w/v) acrylamide [19:1] bisacrylamide; 7M urea; 

IxTBE) and mixed thoroughly. The gel solution was then carefully poured 

between the two glass plates using a pipette. The flat edge of a 64 lane 

sharkstooth comb was inserted into the gel 2-3mm below the top of the short 

plate, held in place with bulldog clips, and the gel left for 2 hours to polymerize.

Before use, the comb was gently removed, washed in water and then 

replaced with the teeth down towards the gel. Before loading the samples the 

wells were flushed with electrophoresis buffer to remove any unpolymerized
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acrylamide and the gel was prerun for 15min at 60W to warm the gel. Samples 

were heated at 70®C for 2min to denature them prior to running on the gel. They 

were loaded in the order A, C, G, and T (single letter code for nucleotide used 

as the terminator of strand synthesis). The gel was run in 1 x TBE buffer for 2-3 

hours at 60W.

The gel was lifted from the glass plates using Whatman 3MM paper 

(Whatman International. Kent, UK.) and Saran wrap and dried for 1-1.5 hours 

under vacuum at 80°C, on a slab gel dryer (EC355 EC Apparatus Corp. St. 

Petersburg, USA). Kodak (XAR-5) film was placed over the gel in the dark room 

and left overnight. All films were developed in the Dept. Radiography, Royal 

Free Hospital. Sequence data was transcribed manually.
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Chapter 3

Flow Cytometry and Platelet 
Activation



3.1 FLOW CYTOMETRIC DETECTION OF PLATELET ACTIVATION

3.1.1 Introduction

Flow cytometry is a sensitive technique that allows the analysis of 

different subpopulations of single cells within a heterogeneous mixture of 

different cell types. The flow cytometer differentiates cells on the basis of their 

light scatter characteristics. Figure 3.1 (a) shows flow cytometric analysis of 

platelets in whole blood. The particles are separated by their size characteristics 

given by Log Forward Scatter (LFS), and by their granularity, Log Side Scatter 

(LSS). Also the use of fluorescently labelled antibodies allows antigens on the 

surface of cells to be investigated. Figure 3.1 (b) shows a flow cytometry profile 

of Cell Count against Log Fluorescence (LFL1). The unstimulated platelet 

population has been fluorescently labelled with a Mab to GPIb, which is present 

only on platelets and cells of megakaryocytic lineage and is used to confirm the 

identity of the cell population; ~98% of cells positive is taken as confirmatory.

3.1.2 Platelet Responsiveness to ADP and Thrombin

When platelets are stimulated with an agonist and analysed by flow 

cytometry any antigenic changes on the surface of the cells can be detected 

using fluorescent antibodies. Figure 3.2 shows a series of flow cytometry 

fluorescence profiles of platelet fibrinogen binding induced by ADP. The first 

fluorescence profile shows unstimulated platelets with <5% cells positive for 

fibrinogen, confirming that they are unactivated, 10'̂ M ADP caused 12.5% cells 

positive, 3x10*̂ M 22% cells positive, 10%l 39% cells positive, 3x10*®M 59% cells 

positive and at lO'̂ M, activation was maximal for ADP with 75% cells positive for 

fibrinogen binding. Data from fluorescence profiles can also be presented as 

dose response curves showing percentage cells positive for antibody, against 

concentration of agonist. ADP induced fibrinogen binding and P-selectin 

expression are shown in figure 3.3a and compared to that for thrombin in
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Figure 3.1 Flow cytometric analysis of platelets in whole blood, (a) Analysis 
of particles on the basis of size, Log Forward Scatter (LFS) and by their 
granularity Log Side Scatter (LSS). Area 1 represents 'machine noise' and dust 
particles, Area 3 represents the red blood cells and Area 2 represents the 
platelet population enclosed by an electronic 'bitmap', (b) Analysis of 
unstimulated platelets fluorescently labelled with Mab to GPIb, the profile shows 
cell count against Log Fluorescence 1 (LFL1).
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Figure 3.2 Flow cytometry profiles of cell count against LFL1 showing 
fibrinogen binding as an increase in fluorescence in response to ADP (10'^M-10' 
^M) stimulation.
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Figure 3.3 Comparison between ADP and thrombin at inducing platelet 
fibrinogen binding and P-selectin expression in whole blood. Data is expressed 
as mean ± S.D. of % cells positive, (a) The effect of ADP (10‘^M-10*®M) (n=8). 
(b) The effect of thrombin (6.2x10-̂ ^M-7.4x10*®M) (n=12).
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figure 3.3b. Maximally ADP, at the concentrations used, caused 75.9 ± 6.9% 

platelets to bind fibrinogen with an ECgo of O.SpM, and 26.9 ± 9.8% platelets to 

express P-selectin with an ECgo of 1.1 pM. Lower concentrations of thrombin 

caused greater activation of platelets with fibrinogen binding on 97.1 ± 0.5% 

platelets, and 90.8 ± 3.8% platelets expressing P-selectin with ECgo 0.4nM and 

0.5nM, respectively.

3.1.3 ADP Induced Expression of P-selectin

ADP has generally been thought of as a weaker agonist, only capable of 

inducing degranulation in subsequent to aggregation (Kroll & Schafer 1989). 

ADP showed a small, 25-30% cells positive, but consistent expression of P- 

selectin. To determine whether this effect was due to ADP or as a result of low 

levels of thrombin generated in the samples in vitro, ADP-induced P-selectin 

expression was investigated in the presence of lOU/ml hirudin, a thrombin 

inhibitor. The concentration of hirudin used was sufficient to inhibit platelet 

activation by 4.8x10*®M thrombin (unpublished data Dr A. H. Goodall). Hirudin 

had a minimal inhibitory effect on ADP induced fibrinogen binding, reducing it 

from 72.2 ± 0.5% to 68.2 ± 2.0% cells positive but had no effect on P-selectin 

expression (13.2 ± 0.2% to 12.9 ± 0.4%), suggesting that the degranulation is 

a direct result of ADP stimulation, (figure 3.4).

Blood was taken from two patients with type I Glansmann's 

thrombasthenia (GT). The platelets of both patients totally lacked GPI lb/ll la as 

measured by a Mab to GPIIb/llla (RFGP56), but had normal GPIb receptor 

number, shown by binding of the GPIb specific Mab RFGP37.2, (personal 

communication Dr A. H. Goodall). The response of the platelets from these 

patients to ADP and thrombin was compared with that of a normal donor by 

measuring fibrinogen binding and P-selectin expression. Platelets from a control 

donor responded normally to ADP, with a maximum of 85% platelets binding 

fibrinogen at maximum ADP concentrations. Whereas platelets from the GT
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Figure 3.4 ADP induced fibrinogen binding and expression of P-selectin in 
the presence of hirudin (10U/ml) (n=3). Data is expressed as the percentage 
cells positive for antibody binding.
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patients showed no fibrinogen binding at any concentration of ADP studied. P- 

selectin expression was seen in both patients and in the control and was higher 

in one of the patients, 22.8% compared to 15.3% cells positive for the control, 

figure 3.5. The effect of thrombin was similar to that of ADP (data not shown). 

Figures 3.4 and 3.5 show that ADP induced platelet degranulation occurs in the 

absence of thrombin (figure 3.4) and in the absence of fibrinogen binding to the 

GPIIb/llla receptor (figure 3.5).

3.1.4 Inhibition of Fibrinogen Binding by Gly-Pro-Arg-Pro (GPRP)

Until recently it has not been possible to stimulate platelets in whole 

blood or PRP using thrombin without subsequent formation of a fibrin rich clot. 

The use of GPRP in conjunction with thrombin has made this possible 

(Michelson, 1994). GPRP is capable of binding to fibrinogen, will inhibit 

fibrinogen binding to platelets and fibrin polymerisation (Laudano & Doolittle, 

1978). Obviously, this would be in direct conflict to the investigation of thrombin 

induced fibrinogen binding. In order to evaluate the possible use of GPRP the 

effect on fibrinogen binding induced by the thrombin receptor peptide TRAP 1-6 

was investigated. Whole blood was incubated with 10’®M TRAP1-6 in the 

presence and absence of a range of concentrations of GPRP, the results of one 

such experiment can be seen in table 3.1.

GPRP is capable of preventing clot formation at 1.23mM (Michelson, 

1994). Table 3.1 shows that at this concentration GPRP does not inhibit 

fibrinogen binding. Inhibition is only seen when the concentration rises to 

greater than two fold that used in the flow cytometry assay.
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Figure 3.5 Fibrinogen binding (a) and P-selectin expression (b) in response 
to ADP (10*̂ M-10*®M) in platelets from a patient with GT («>) compared with a 
normal control donor (•).
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Table 3.1

The effect o f GIv-Pro-Arq-Pro on TRAP1-6 Induced fibrinogen binding

TRAP1-6 GPRP % Cells Positive % inhibition

10-®M none 63.7

10-®M 1.23mM 76.6 0

10^M 2.46mM 64.5 0

10-®M 3.69mM 11.4 82

10-®M 4.92mM 1.8 97

10-®M 6.15mM 3.0 96

3.1.5 Presentation of Data - Percentage Cells Positive Against Binding

Index

When the flow cytometer analyses a population of cells within a sample 

it provides two parameters; the percentage cells positive (%CP), and the mean 

fluorescence intensity (MFI). The %CP is a measure of the percentage of cells 

within the electronically gated area which fluoresce, due to bound antibody, 

above a level set by the negative control. MFI is a measure of the mean 

fluorescence seen on individual particles within the electronically gated cell 

population.

Percentage cells positive, a measure of activation, counts a cell as being 

positive irrespective of the number of antibody molecules bound, and therefore 

does not take into consideration the intensity of the antibody staining. In order 

to address this, a calculation has been devised which takes into account the 

value of %CP and MFI, and thus gives an indication of the number of cells with 

antibody bound and also the intensity of the antibody staining, this is termed the
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Binding Index (81) and is given below.

Binding Index = % Cells Positive x Mean Fluorescence Intensity

100

To gain a complete picture of platelet activation both the %CP and 81 

should be considered. Figure 3.6 highlights the differences between the two 

measures of platelet activation. When the response to ADP is expressed as 

%CP (figure 3.6 a), there is a large difference between the amount of fibrinogen 

bound (75.99 ± 6.98% CP) in comparison to P-selectin expressed (26.9 ± 9.85% 

CP). This is further evidenced by the 81 plot (figure 3.6 c) showing a very small 

expression of P-selectin (0.98 ± 0.45) in comparison to fibrinogen binding (13.5 

± 3.8). The effect of thrombin, shown as %CP (figure 3.6 b), shows that 

fibrinogen binding and P-selectin expression both plateau with %CP reaching 

97.4 ± 0.5% and 90.7 ± 3.5% for fibrinogen binding and P-selectin respectively. 

When 81 is plotted (figure 3.6 d), the fibrinogen binding curve continues to rise 

steeply whereas the P-selectin expression reached a plateau at a 81 of 6.0 ± 

1.7. Use of 81 as a measure of fibrinogen binding gives an increased value 

over that for %CP, this is probably due to fibrin formation at high concentrations 

of thrombin leading to increased binding of the fibrinogen antibody or continued 

accumulation of fibrinogen on the platelet. In this thesis results are primarily 

expressed as %CP.
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Figure 3.6 A comparison between % cells positive and binding index (Bl) for 
ADP (a & c) (n=8) and thrombin (b & d) (n=12) induced fibrinogen binding and 
P-selectin expression in whole blood.
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3.1.6 Demonstration that Aggregation Does Not Occur in the Assay

Samples, prepared for flow cytometry, were analysed in a Clay Adams' 

Ultraflow single cell counter to determine whether platelet aggregates were 

forming during the assay. Platelet counts were determined for both resting and 

stimulated samples and the results normalised to 100, shown in table 3.2. No 

drop in platelet count was seen with either the fibrinogen or P-selectin antibody 

compared to the control indicating that platelet aggregates were not present in 

the samples, even when the platelets were maximally stimulated with ADP (75% 

and 20% positive for fibrinogen binding and P-selectin expression, respectively).

Table 3.2

Whole blood counting of platelets in samples that had been incubated with 
ADP and/or antibody, and prepared as fo r flow  cytometry (n=3. mean ± 
S.D.). Platelet counts had been normalized to 100.

Antibody Unstimulated ADP (10-®M)

Platelet
Count

% Positive Platelet
Count

% Positive

None 100 0.2 ± 0.1 98.7 ±3.1 0.3 ±0.1

Fgn-FITC 100.7 ±0.8 2.3 ± 0.2 96.9 ±6.7 75.4 ± 3.8

P-sel-FITC 98.8 ± 2.2 2.1 ±0.4 97.5 ±4.5 20.3 ± 5.7

Platelet activation was measured as percentage cells positive for antibody 
binding, Fgn-FITC, (rabbit anti-fibrinogen-FITC) and P-sel-FITC (mouse anti-P- 
selectin-FITC).
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3.1.7 Effect of Aspirin on Thrombin and ADP Induced Platelet Activation

The objective of this study was to determine whether aspirin, at clinically 

relevant doses in vivo, would effect the activation of platelets as measured by 

whole blood flow cytometry.

Ten healthy males, under the age of 35, were given SOOmg aspirin/day 

for four consecutive days. Blood was drawn from the antecubital fossa before 

aspirin ingestion on the first day of treatment, and following aspirin ingestion on 

the fourth day. Platelet activation was measured by fibrinogen binding and P- 

selectin expression in unstimulated samples and in response to both thrombin 

(4.8x10'̂ °M-4.8x10'®M) and ADP (10'̂ M-10*®M). Fibrinogen binding and P- 

selectin expression on resting platelets were low with <5% cells positive for 

either marker, table 3.3. There was no change in these values after the ingestion 

of aspirin.

Table 3.3
The binding of fibrinogen and expression of P-selectin on unstimulated 
platelets before and after aspirin Ingestion (% cells positive)

Marker Pre-Aspirin Post-Aspirin

Fibrinogen 4.0±2.4 4.1±2.3

P-selectin 2.4±2.1 2.5±2.1

There was no significant effect of thrombin, at 4.8x10 ®M (0.4 U/ml), on 

either fibrinogen binding or P-selectin expression before and after aspirin 

ingestion (figures 3.7a and c). Similarly aspirin had no effect on ADP induced 

fibrinogen binding (figure 3.7b) or P-selectin expression (figure 3.7d).
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Figure 3.7 The effect of in vivo ingestion of aspirin on thrombin-induced 
fibrinogen binding (a) and P-selectin expression (c). Platelet responsiveness 
before aspirin is shown by filled symbols, and after aspirin ingestion by open 
symbols, (b) shows the effect of aspirin on ADP induced platelet activation, 
fibrinogen binding and P-selectin expression (d).
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3.2 EFFECT OF CURRENT APPROACHES TO PLATELET THERAPY

The effects of current platelet therapy on fibrinogen binding and P- 

selectin expression were investigated by whole blood flow cytometry.

3.2.1 The Effect of GPIIb/llla Receptor Blockade

3.2.1.1 Echistatin

Echistatin is a 64 amino acid protein found in the venom of the snake 

echis kerinatis, is known to contain an RGD tripeptide sequence and has been 

shown to inhibit platelet aggregation (Gan et al 1988). The effect of echistatin 

(10'®M-10'®M), and the RGDS peptide, on fibrinogen binding and P-selectin 

expression induced by thrombin and ADP was measured and the results given 

in figure 3.8. Thrombin-induced fibrinogen binding was totally blocked by 

echistatin with an 10% of 34.5nM (figure 3.8 a). In contrast echistatin had no 

effect on the expression of thrombin induced P-selectin. ADP induced fibrinogen 

binding was also completely inhibited by echistatin with an IC50 of 33nM. There 

was no effect on the expression of P-selectin (figure 3.8 b). Overall, the effect 

of echistatin on platelet activation induced by both agonists was the same; 

potent inhibition of fibrinogen binding without any effect on degranulation as 

measured by expression of P-selectin.

3.2.1.2 RGDS

The peptide RGDS (lO'^M-IO'^) totally blocked fibrinogen binding to the 

platelets induced by both thrombin (10% 28pM) and ADP (IC50 23pM). As with 

echistatin there was no effect on the expression of P-selectin, figure 3.8 (a & b). 

RGDS was around 1000 fold less potent than echistatin at inhibiting fibrinogen 

binding to the platelets for both agonists.
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3.2.1.3 Monoclonal antibodies to GPIIb/llla

The effect of two monoclonal antibodies raised in this laboratory, 

RFGP56 (GPIIb/llla) and RFGP52 (GPIIIa) was investigated. RFGP56 has 

been shown to fully inhibit platelet aggregation whereas RFGP52 only caused 

partial inhibition (Cox, 1991). Maximal fibrinogen binding induced by either ADP 

(10'®M), or thrombin (1.2x10 M), was fully inhibited by RFGP56 (1:1000) 

reflecting 92% and 93% inhibition respectively. There was no effect on the 

expression of P-selectin. RFGP52 (1:1000) partially inhibited fibrinogen binding 

induced by ADP (36%), but had little effect on thrombin induced fibrinogen 

binding (5%). However, RFGP52 had no effect on the expression of P-selectin 

induced by either agonist, figure 3.9 (a & b).

3.3 THROMBIN RECEPTOR

3.3.1 Thrombin Receptor Peptides

The objective of this study was to determine the minimum sequence of 

the thrombin receptor agonist peptide required to activate platelets and also to 

determine which chain length was the most potent at inducing platelet activation. 

A series N-terminal thrombin receptor peptides were compared with thrombin in 

the whole blood flow cytometric assay. Platelet activation was measured by 

fibrinogen binding and P-selectin expression. The synthesized peptides were as 

follows:-

Table 3.4 Thrombin receptor N-terminal peptides

Peptide Sequence Name
SFLLRNPNDKYEPF TRAP1-14
SFLLRNPNDKY TRAP1-11
SFLLRN TRAP1-6
SFLLR TRAP1-5
SFLL TRAP1-4
SFL TRAP1-3
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Figure 3.9 Effect of Mab to GPIIb/llla, RFGP56 and RFGP52 on ADP (10 ®M) 
and thrombin (1.2x10®M) induced fibrinogen binding (a) and P-selectin 
expression (b). Below each bar on the histogram +/- represents the presence or 
absence of the particular agonist/antibody (representative of n=3).
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The binding of fibrinogen induced by thrombin, and the thrombin receptor 

peptides is shown in figure 3.10 (a). Thrombin was the most potent of the 

agonists, causing 98% fibrinogen binding with an ECgo of 0.4nM. TRAP1-14, 

TRAP 1-11, TRAP1-6 and TRAP1-5 produced a full agonist effect (93-95% 

fibrinogen binding) but with lower ECgo values than thrombin. TRAP 1-4 almost 

showed a full agonist effect causing around 80% fibrinogen binding with an ECgo 

of 124pM. However, TRAP1-3 induced very little fibrinogen binding and had an 

ECgo >1mM. In general, as peptide chain length was reduced from 14 amino 

acids, the activity of the peptide was increased with the minimum sequence 

required for activation being TRAP 1-3. TRAP1-6 was the most potent peptide 

agonist, with an ECgo of 1.7pM. TRAP 1-5, TRAP 1-11 and TRAP1-14 had ECgo 

values of 2.0pM, 5.3pM and 18pM, respectively.

Figure 3.10 (b) shows the effect of thrombin and the thrombin receptor 

peptides on P-selectin expression. The same rank order of potency is observed 

as for fibrinogen binding with similar ECgo values of 0.46nM (thrombin), 1.8pM 

(TRAP1-6), 2.8pM (TRAP1-5), 6.3pM (TRAP1-11), 22pM (TRAP1-14), 130pM 

(TRAP1-4) and >1mM (TRAP 1-3). These results indicate that residues 5 

(arginine) and 6 (asparagine) as playing a crucial role in the interaction of the 

peptide with the receptor. The ECgo values for fibrinogen binding and P-selectin 

expression for the peptides in comparison to thrombin are summarised in table 

3.5.
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Figure 3.10 Comparison between thrombin and TRAP peptides at inducing 
fibrinogen binding (a) and P-selectin expression (b) on platelets in whole blood 
by flow cytometry (n=8). Thrombin was used over the concentration range 
6.2x10'̂ ^M-7.4x10'®M and the TRAP peptides 10*^M-3x10‘^M. The amino acid 
sequence of the peptides is shown in table 3.4 and the ECgo for both fibrinogen 
binding and P-selectin expression are shown in table 3.5.
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Table 3.5

ECffo values fo r thrombin and TRAP peptides at inducing fibrinogen binding 

and P-selectin expression

Agonist Fibrinogen binding
EC50

P-seiectin expression
ECeo

thrombin 0.4nM 0.4nM

TRAP1-14 la.OpM 22.0pM

TRAP1-11 5.3pM 6.3pM

TRAP1-6 1.7pM I.BpM

TRAP1-5 2.0pM 2.8pM

TRAP1-4 124pM 130mM

TRAP1-3 >1mM >1mM

3.3.2 Comparison o f Human TRAP1-6 w ith Murine TRAP (SFFLRN)

In order to test whether the leucine residue (SFLLRN) plays a role in 

TRAP peptide induced activation and also to investigate TRAP responsiveness 

from another species, the six amino acid peptide from the murine/rodent 

thrombin receptor was compared against human TRAP1-6 (SFLLRN). There are 

amino acid sequence differences in the proposed 'tethered ligand' or 'agonist 

peptide' domains:-

S F L L-R-N-P-N-D- -K-Y-E-P-F Human 

S“F“F“L“R”N“P“S”E"D”T“F”E“Q“F Rat 

S F-F-L-R-N-P-G-E-N-T-F-E-L I Hamster

Fibrinogen binding induced by human TRAP1-6 and murine TRAP1-6 (10" 

®M-10iVI), is shown in figure 3.11 (a). The similarity between the two sequences 

is reflected in their similar potency, murine TRAP1-6 was almost as potent as
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Figure 3.11 Comparison between human TRAP1-6 (SFLLRN) and murine 
TRAP (SFFLRN)on the induction of fibrinogen binding in whole blood by flow 
cytometry. The data is presented as % cells positive against concentration of 
peptide (a) and as binding index (Bl) against concentration of peptide (b), and 
is expressed as mean ± S.D. for n=3.
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human TRAP1-6 with EC50 of 3.5|jM and 3.0|jM. The difference in potency 

between TRAP1-6 here and in table 3.5, was due to variation in platelet 

responsiveness between blood samples, and variation between batches of 

peptide.

If the data is plotted as binding index, figure 3.11 (b), this shows a 

difference between the ability of the human and murine 6 amino acid peptides 

to induce fibrinogen binding. The human TRAP 1-6 induces more fibrinogen 

binding, 20.1 ± 3.5 (Bl) for human peptide as opposed to 17.8 ± 2.3 (81) for the 

murine peptide.

3.3.3 Comparison of Human TRAP1-6 with a Modified TRAP1-6 Peptide

A series of peptides, based on the sequence of the thrombin receptor N- 

terminus, have been developed at Pfizer Central Research. They show 

increased binding to, and have a higher affinity for, the thrombin receptor (Dr M. 

Powling, personal communication). The sequence of one of these peptides 

(AFRCRY) is given below:-

Ala-pFPhe-LArg-Cha-LArg-Tyr 

A- pfF- R- Cha- R- Y mol. wt. 1036 

(pFPhe, para-fluoro-phenylalanine; Cha, cyclohexamide)

This peptide was used in the whole blood flow cytometry assay and compared 

to TRAP 1-6 for the effect on fibrinogen binding. The results for TRAP 1-6 and 

AFRCRY show that the modified peptide was much more potent than TRAP1-6 

with EC50 values of 3pM for AFRCRY, and 40pM for TRAP 1-6, (figure 3.12).
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3.3.4 Effect of PPACK-thrombin, and Himdin-thrombin on TRAP1-6

Induced Platelet Activation

The potency of all of the agonist peptides was at least two orders of 

magnitude lower than that of thrombin itself. It is known that thrombin binds to 

the receptor through the hirudin-like sequence of the N-terminal extracellular 

portion, YEPFWEDEE, via the anion binding exosite (Coughlin et al 1992). To 

determine whether thrombin binding causes a conformational change which 

enhances, or facilitates, the insertion of the tethered ligand into a protected 

domain, and so enhance the activity of thrombin itself, whole blood flow 

cytometry was used to investigate platelet P-selectin expression induced by 

TRAP 1-6 in the presence or absence of thrombin-PPACK and/or hirudin. 

Thrombin was used at 0.2U/ml, a concentration sufficient to cause maximal 

platelet activation. PPACK was used at lO'̂ M and hirudin at lOU/ml, both 

sufficient to block thrombin induced platelet activation. The effect of thrombin- 

PPACK, thrombin-hirudin and thrombin-PPACK-hirudin on TRAP1-6 induced P- 

selectin expression is shown in figure 3.13. Thrombin-PPACK, thrombin-hirudin 

and thrombin-PPACK-hirudin had no effect on TRAP1-6 induced P-selectin 

expression.
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Figure 3.12 Comparison of human TRAP1 -6 (SFLLRN) with a modified TRAP1 - 
6 peptide (AFRCRY) on the induction of fibrinogen binding in whole blood (n=2).

91



80

70

60

50
<D
S  40M O Û.
ta

ü

30

20

10

10^

TRAP1-6
TRAP1-6 & PPACK-thrombin 

TRAPi-6 & hirudin-thrombin 

TRAP1-6 & PPACK-hirudIn-thrombin

ÏÔ^

Concentration TRAP1-6 (M)

Figure 3.13 Effect of PPACK-thrombin and hirudin-thrombin on TRAP1-6 
induced P-selectin expression. Thrombin was used at 0.2U/ml, PPACK, 10"®M 
and hirudin, 10U/ml.
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3.4 CONCLUSIONS

•  Thrombin induces full platelet activation and degranulation

•  ADP induces a partial degranulation which is

-independent of thrombin generation in vitro 

-independent of the presence of GPIIb/llla receptor

•  Flow cytometry detects platelet activation in the absence of aggregation

•  Aspirin has no effect on platelet activation as measured by flow cytometry

•  GPIIb/llla inhibitors block fibrinogen binding to platelets but have no

effect on P-selectin expression

•  TRAP peptides mimic thrombin induced platelet activation but at higher

concentrations

-TRAP 1-6 is the most potent peptide

-TRAP 1-3 is the minimal sequence required to induce activation

•  A murine/rodent 6 amino acid peptide induced human platelet activation

•  A modified TRAPI-6 is more potent than TRAPI-6 at inducing platelet 

activation
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Chapter 4 
Antibodies to the thrombin receptor



4.1 ANTIBODIES TO THE THROMBIN RECEPTOR

4.1.1 Introduction

The objective of this part of the study was to raise polyclonal antipeptide 

antibodies to the human thrombin receptor, and to use these to investigate 

thrombin- and TRAP peptide-induced cellular responses.

Structurally, the extracellular domains of the thrombin receptor can be 

divided into four regions. Firstly, the cleaved peptide, which is proposed to be 

released after thrombin binds and cleaves the receptor at arginine 41-serine 42. 

An antibody to this region would be useful and could be used to indicate 

thrombin cleavage of the receptor. The fate of this peptide remains unknown. 

The second region is the tethered ligand agonist domain; residues serine 42 to 

phenylalanine 55. The third region, the thrombin binding site, includes the 

positively charged YEPFWEDEEKNES sequence which is thought to bind to the 

anion binding exosite of thrombin and has high sequence homology with hirudin 

(Hung et al 1992b). Finally, the fourth region comprises the proposed 

extracellular loops of the receptor and regions proximal to insertion into the 

phospholipid bilayer of the transmembrane domains. The extracellular loops 

may play a role as part of the tethered ligand binding site. By raising antibodies 

to these sites it should be possible to further elucidate the role of each region 

in platelet activation.

4.1.2 Polyclonal Antibody to the N-Terminus of the Thrombin Receptor

A polyclonal antiserum raised to a peptide from the N-terminal region of 

the receptor was kindly provided by Dr. M. Tones (Ciba Pharmaceuticals, 

Horsham, UK ). The antipeptide antibody was raised in sheep to the following 

peptide sequence;

NH2-LDPRPTLLRNPNDKYEPFWEDEEKNES-COOH
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This peptide is based on the N-terminal thrombin receptor sequence 

(residues leucine 38-serine 64 [anti-leu3g-ser6̂ ]).The thrombin cleavage site 

(R/S) was removed by amino acid substitution of serine to proline at position 42 

(shown by *) in order to prevent cleavage of the peptide after immunisation 

(personal communication, Dr M. Tones). The peptide also encompasses the 

tethered ligand agonist domain (SFLLRNPNDKYEPF) and the proposed 

thrombin binding domain (YPEFWEDEEKNES).

4.1.2.1 Antibody binding to platelets and HEL cells

Unpurified sheep serum, in which the antibody had been raised, was 

tested for antibody binding to platelets and HEL cells by flow cytometry. Anti- 

leu3Q-ser64 antibody bound to platelets in whole blood (figure 4.1 a) and to HEL 

cells (figure 4.1 b), as demonstrated by an increase in fluorescence (LFL1). At 

maximum binding there was approximately a three fold greater fluorescence on 

the surface of the HEL cells than on platelets. There is also a greater 

discrimination between control and specific receptor binding on the HEL cell 

analysis, probably reflecting increased thrombin receptor density. The anti-leu^- 

ser64 antiserum was purified on a 5ml protein G affinity column. The purified 

antiserum had a concentration of lOmg/ml, representing a yield of 45%. In 

unpurified preparations of the serum, antibody binding was maximal at a dilution 

of 1:1500, after purification binding was maximal at dilutions of 1:900.

4.1.2.2 The effect of anti-leugg-serM on platelet aggregation

Purified anti-leu^-serg^ inhibited thrombin (0.1U/ml-0.4U/ml) induced 

platelet aggregation in PRP at dilutions of 1:1000-1:10 by up to 80%. There was 

similar inhibition of TRAPI-6 (lO'^M-IO^M) induced aggregation at dilutions 

1:1000-1:10. However, anti-leu^-serg^ had little effect on ADP (10"®M-10"®M) 

induced aggregation, at a 1:10 dilution (1 mg/ml) only a 15% inhibition was 

observed. These results are shown in figure 4.2.
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Figure 4.1 Flow cytometric profiles showing the binding of anti-leugg-serg^ to 
platelets (a) and HEL cells (b). Each analysis shows two fluorescence profiles, 
the first represents binding attributable to the second antibody, rabbit antisheep 
FITC. The second stronger fluorescence profile is binding of thrombin receptor 
antibody and is detected using the rabbit antisheep FITC. The anti-leugg-serg^ 
was used at a dilution of 1:1500.
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Figure 4.2 The effect of anti-leu^g-serg^ on thrombin, TRAP 1-6 and ADP 
induced platelet aggregation in PRP. Thrombin was used at 0.2U/ml, TRAPI-6 
at lO^’M and ADP at 10’^M. Aggregation was measured at 3min, the traces are 
representative of n=4.
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4.1.2.3 The effect of anti-leujg-serM on fibrinogen binding and P-

selectin expression

Anti-leu38-ser64 also inhibited thrombin-induced (0.04U/ml) fibrinogen 

binding as detected by flow cytometry. Figure 4.3 shows the results of one 

experiment. As antibody concentration was increased from 1:500 to 1:10 

thrombin-induced fibrinogen binding was inhibited. At the highest concentration 

of antibody (1:10) the platelets appeared unstimulated. A similar pattern of 

fluorescence profiles was seen with inhibition of thrombin-induced expression 

of P-selectin (data not shown). The effect of the antibody on TRAP1-6-induced 

fibrinogen binding and P-selectin expression was also investigated and the 

results given in figure 4.4. Anti-leuag-ser^ inhibited thrombin (0.04U/ml) and 

TRAPI-6 (10"®M) induced fibrinogen binding over a range of antibody dilutions 

1:1000-1:7 but had no effect on ADR-induced fibrinogen binding (figure 4.4 a). 

Thrombin-induced fibrinogen binding was inhibited maximally by 98.6 ± 1.7%, 

and TRAP1-6-induced fibrinogen binding was inhibited by 77.8 ± 31.0%; both 

at antibody dilutions of 1:7. In the absence of antibody thrombin, TRAPI-6 and 

ADP induced 81.8 ± 9.3%, 64.3 ± 10.7% and 69.8 ± 16.0% cells positive for 

fibrinogen binding, respectively (not shown on figure).

Similarly, thrombin-induced P-selectin expression was inhibited maximally 

by 98.3 ± 0.9% and TRAP1-6-induced P-selectin expression by 85.0 ± 4.0%, 

both at antibody dilutions of 1:7. There was no effect on ADP induced P-selectin 

expression (figure 4.4 b ). In the absence of antibody thrombin, TRAPI-6 and 

ADP induced 65.1 ± 8.9%, 74.5 ± 10.7% and 20.3 ± 10.4% cells positive for P- 

selectin expression, respectively (not shown on figure).
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Figure 4.3 The effect of anti-leusg-serg^ on thrombin-induced (0.04U/mi) 
fibrinogen binding as demonstrated by flow cytometry. The profiles show cell 
count against log fluorescence 1 for antibody binding. The first profile represents 
the results from resting platelets whereas the second profile shows thrombin- 
induced fibrinogen binding. As the concentration of anti-leugg-serg^ is increased 
from 1:500 to 1:10, thrombin induced fibrinogen binding is inhibited.
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Figure 4.4 (a) The percentage inhibition of thrombin (0.04U/ml), TRAPI-6 
(lO'̂ M) and ADP (lO'̂ M) induced fibrinogen binding on platelets in whole blood 
by the antibody anti-leu%-ser6^ (n=4).

101



1 0 0  -,

75 _

c
à

c

50 _

25 _
- A -  thrombin

ADP

U • ---
r

10 -4 10-3 10-2

antibody dilution

10 -1 10

Figure 4,4 (b) The percentage inhibition of thrombin (0.04U/ml), TRAP1 -6 
(10'®M) and ADR (10“®M) induced P-selectin expression in platelets in whole 
blood by the antibody anti-leuag-serg  ̂(n=4).
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4.2 RAISING ANTIPEPTIDE ANTIBODIES TO THE THROMBIN RECEPTOR

Antibodies were raised to peptides from the thrombin receptor. The 

peptide structure of the human megakaryocytic thrombin receptor was obtained 

from Genebank, (EMBL, Heidelberg.) and analysed using 'Peptide Structure' 

software (Genetic Computer Group at University of Wisconsin), with the 

assistance Dr. 0. Ettellie (Dept. Biochemistry, RFHSM) using the following 

criteria;

a) Hydrophilicity, by Kyte-Doolittle (using an amino acid window of seven).

b) Surface probability by Emini.

c) Chain flexibility by Karplus-Schultz.

d) Secondary structure by Chou-Fasman and Gamier Osgut-Thorpe 

Robson.

e) Antigenicity by Jameson-Wolf.

The antigenicity index is calculated from the hydrophilicity and surface 

probability of any particular residue and its three nearest neighbours in either 

direction. This index was of prime importance when peptide sequences were 

chosen. The sequences chosen to be used as immunogens are shown in table

4.1 and were called Gol 1- Gol 9.

The N-terminus of the thrombin receptor (arginine 27-serine 64), which 

encompasses the peptides Gol 5, 6, 7, 8, and 9, had several residues with a 

high antigenicity index. The distribution of these residues throughout the 

sequence was taken into consideration when designing peptides. Residues 

which had a high antigenicity index were glutamic acid 29, proline 40, the 

sequence proline 48-lysine 51, glutamic acid 63 and serine 64 and were 

included in the peptides Gol 5 to Gol 9 respectively. Strong antigenicity was 

predicted in Gol 1 from glutamic acid 90-glycine 94 and Gol 2 from serine 164- 

aspartic acid 167. In the sequences from the second and third extracellular
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loops (Gol 3 and Gol 4) there was only one area of high antigenicity in each 

sequence; glutamine 242-glutamine 245 in the second extracellular loop and 

threonine 343-threonine 345 in the third extracellular loop. Gol 10 was a peptide 

sequence derived from the GPIb receptor which bares structural similarity to the 

thrombin binding region on the thrombin receptor (amino acids 56-64) and also 

to the carboxyl tail of hirudin (De Marco et al 1994). These sequences can be 

identified in figure 4.5 showing a proposed amino acid structure of the thrombin 

receptor.

Table 4.1

Sequences to which polyclonal antipeptide antibodies were raised

Name Amino 
Acid No.

Sequence Receptor Region

GoM 83-94 QLPAFISEDASG N-termlnus, prior to 1st 
transmembrane region

Gol 2 158-167 KISYYFSGSD 1st extracellular loop

Gol 3 240-249 KEQTIQVPGL 2nd extracellular loop

Gol 4 338-347 SFLSHTSTTE 3rd extracellular loop

Gol 5 27-34 RRPESKAT cleaved peptide

Gol 6 27-41 RRPESKATATLDPR cleaved peptide

Gol 7 42-55 SFLLRNPNKDYEPF tethered ligand

Gol 8 56-64 WEDEEKNES thrombin binding region

Gol 9 38-64 LDPRPFLLRNPNDKYEPFWEDEEK
NES

cleavage site, tethered ligand, 
thrombin binding region

Gol 10 269-287 DEGDTDLYDYYPEEDTEGD Gplba

104



105



Thrombin 
Binding 
Domain - Ligand

AXi^s^ri pvr>'r :
j ...........

vls>G>TXÎJE)0(pD(y)(^ Cleavage site for thrornbin

®)

YOutside

( # isi#
(A)

©

&
© © ©0 ® ©(y)%^

©©©

©
©

L0

f
Inside

*  Possible Glycosylation Site

gY^XPWSXSXEXKl

% S X s X # # rx ^ '^ S  VK riv̂ 'D 

rTYLXLXKXi^Xl^^



Figure 4.5 Proposed structure of the human thrombin receptor showing the 
localisation of the peptides Gol 1 to Gol 9 listed in table 4.1 (adapted from 
Brass et a /1993).
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The peptides were synthesized at Pfizer Central Research and the 

antibodies raised under contract by Cambridge Research Biochemicals. Pre- 

immune serum was taken from each rabbit and two rabbits were immunised for 

each peptide. Three test bleeds were taken followed by a fourth and final bleed. 

The immunisation procedure is given in section 2.6.

4.2.1 Testing Antisera to Peptides from the Thrombin Receptor by ELISA

At each bleed antipeptide activity in the serum was measured against the 

immunising peptide by ELISA. In parallel several bleeds were tested for their 

ability to bind to platelets by flow cytometry. The ELISAs were performed by 

Cambridge Research Biochemicals Ltd and the results given in table 4.2.

There were only two antisera, Gol 5 and Gol 6, which required a high 

dilution factor to bind to the immunising peptide. Both rabbits (R1 and R2) were 

equally responsive for Gol 5, (residues 27-34, the shorter of the two peptides to 

the cleaved peptide region of the receptor). Both the third test bleed and harvest 

bleed achieved optimum binding at a dilution of >1:10,000 fold. Gol 6, the 

extended cleaved peptide sequence up to the cleavage site at arginine 41 

required dilutions of 1:4,000 and 1:10,000 for rabbits 1 and 2, respectively. 

There were only two other antisera which required 1:1,000 or greater dilution to 

obtain binding; Gol 7, the tethered ligand TRAP1-14 sequence, requiring a 

dilution of 1:2,000 dilution for rabbit 1 and Gol 10, the sequence from GPIb, 

requiring a 1:1,000 dilution factor, again rabbit 1. The next potent peptide was 

Gol 9, the peptide spanning the thrombin cleavage site, the tethered ligand 

domain and the thrombin binding site. Gol 9 had dilution factors of 1:800 and 

1:600 in the two rabbits. All other titres were below 1:500 in both animals used, 

and in some cases below 1:100.
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Table 4.2

The antipeptide responses of Gol 1-Gol 10 In ELISA

The dilution factor required for pre-immune sera, test bleeds 2-4 and harvest 

bleed sera for Gol 1-10 to bind to the immunising peptide in ELISA

Serum Rabbit Preimmune
hlAAfi

Test bleed 2 Test bleed 3 Test bleed 4 Harvest
hlAAd

GoM R1 1:50 1:50 1:50 1:50 1:50

R2 1:50 1:50 1:50 1:200 1:200

Gol 2 R1 1:10 1:10 1:10 1:60 1:200

R2 1:10 1:10 1:70 1:200 1:200

Gol 3 R1 1:10 1:10 1:100 1:100 1:100

R2 1:10 1:10 1:100 1:200 1:500

Gol 4 R1 1:10 1:10 1:10 1:50 1:50

R2 1:10 1:50 1:50 1:50 1:70

Gol 5 R1 none 1:250 1:1000 1:10000 1:10000

R2 none 1:800 1:2000 1:10000 1:10000

Gol 6 R1 1:10 1:10 1:10 1:8000 1:4000

R2 1:10 1:10 1:50 1:8000 1:10000

Gol 7 R1 none 1:50 1:400 1:1000 1:2000

R2 none 1:80 1:200 1:200 1:500

Gol 8 R1 1:10 1:10 1:10 1:50 1:100

R2 1:10 1:10 1:10 1:50 1:50

Gol 9 R1 none 1:50 1:200 1:500 1:800

R2 none none 1:100 1:300 1:600

Gol 10 R1 none none 1:100 1:1000 1:1000

R2 none none none 1:50 1:50
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4.2.2 The Effect of Immunising Peptides on Piatelet Activation

Several of the peptides used to immunise the rabbits were tested to 

determine if they could inhibit thrombin induced platelet fibrinogen binding or P- 

selectin expression in whole blood by flow cytometry. The peptides tested were 

Gol 1, Gol 2, Gol 3, Gol 4 and Gol 10 (table 4.1). The other peptides were not 

used as they were either insoluble or were from the tethered ligand agonist 

sequence. Platelets in whole blood were stimulated with thrombin at a 

concentration sufficient to cause approximately 70% cells positive for fibrinogen 

binding and P-selectin expression (0.04U/ml). The peptides were added before 

thrombin in a concentration range lO'̂ M-IO ̂ M. Gol 1, Gol 2, Gol 3 and Gol 4 

had no effect on thrombin-induced platelet activation (data not shown). Gol 10, 

the peptide sequence derived from the thrombin binding site on GPIb, inhibited 

thrombin-induced fibrinogen binding and P-selectin expression in a dose- 

dependent manner, at each concentration of thrombin tested, the data for P- 

selectin is shown in figure 4.6. Inhibition was maximum (50%) at 0.08U/ml 

thrombin and lO'̂ M Gol 10.

4.2.3 Unpurified Antibody Binding to Platelets In PRP and Whole Blood

The sera of Gol 1-10 were tested for binding to platelets in whole blood 

and PRP using flow cytometry. There was no binding to platelets in either whole 

blood or PRP from these unpurified sera (data not shown).

4.2.4 Unpurifled Antibody Binding to HEL Cells by Flow Cytometry

All sera were tested for binding to HEL cells. Of twenty antisera studied, 

only seven showed binding to the HEL cells; Gol 1 (R2), Gol 7 (R1 and R2), Gol 

8 (R1 and R2) and Gol 9 (R1 and R2). Antibody binding to HEL cells in 

comparison to the corresponding pre-immune test bleed serum from each of the 

above is shown in figure 4.7.
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Gol 1 (R2) shows 60% cells positive at dilutions <1:50, but there was no 

antibody binding for Gol 1 (R1 ) beyond that seen with pre-immune serum (data 

not shown). Gol 7 (R1) was the most potent serum tested giving 90% cells 

positive at a dilution of 1:100, a similar amount of binding was seen for Gol 7 

(R2). Gol 8 (R1 and R2) also showed some binding with 60% cells positive at a 

dilution of 1:5, but pre-immune binding was 30% cells positive at these 

concentrations. Gol 9 (R1) serum gave 85% cells positive at a dilution of 1:50, 

Gol 9 (R2) showed 65% cells positive at the same concentration whilst pre- 

immune binding was 10% at this concentration. None of the other antisera 

showed any binding to the HEL cells even at dilutions up to 1:10.

The four immunisations from the TRAP 1-14 peptide sequence, i.e. Gol 

7 and Gol 9 for both rabbits, showed binding at high dilutions in the ELISA 

assay and showed the strongest binding to HEL cells. Similarly the sequence 

WEDEEKNES, found in Gol 8 and Gol 9, also reacted in ELISA and showed 

binding to HEL cells. Thus it appears that these sequences are the most 

immunogenic. Antisera raised to peptides derived from the extracellular loops 

of the receptor did not bind to either platelets or HEL cells.

4.2.5 Inhibition of Thrombin induced Piatelet Activation by Gol 1-10

Antisera

Antisera were tested (1:1000-1:5 dilution range) for their ability to inhibit 

platelet fibrinogen binding induced by thrombin (0.04U/ml) and measured by flow 

cytometry. The results were inconclusive. At any concentration at which antisera 

caused inhibition of thrombin induced fibrinogen binding, the pre-immune sera 

were equally inhibitory (data not shown).

112



4.3 PURIFICATION OF ANTITHROMBIN RECEPTOR PEPTIDE

POLYCLONAL SERA

The antisera which had shown strongest binding to the HEL cells were 

selected and purified on 5ml Protein G affinity columns; Gol 1 (R2), Gol 7 (R1 ), 

Gol 8( R1) and Gol 9 (R1). These antisera will now be referred to as Gol 1, Gol 

7, Gol 8 and Gol 9. An example of a purification procedure for each of the 

above sera is shown in table 4.3. Each purification is an example and 

representative of up to 10 purifications for each serum The percentage yield of 

antibody from all of the antisera ranged from 17-32%. At best, only 30% yield 

was achieved, this did not reflect previous yields from other rabbit antisera or 

antibodies purified using protein G. The purified solutions were very unstable 

and antibody often precipitated during dialysis, independent of the conditions 

used, including varied salt concentration and pH. The low yield of antibody 

purified from these columns raised the question as to whether the protein G 

columns were binding the antibody from the sera. To address this, samples of 

column flow through (unbound material), pooled fractions of column eluate and 

starting serum from a typical purification were dialysed and antibody binding to 

HEL cells from each preparation determined by flow cytometry. There was no 

antibody binding to the HEL cells in the material which had flowed through the 

protein G column. Antibodies in sera and purified preparations of Gol 1, Gol 7, 

Gol 8 and Gol 9 bound to HEL cells. However, there was no binding to platelets 

in whole blood, PRP or washed platelets.

In addition, ammonium sulphate precipitation was used as an alternative 

method of purification for several of these antisera. There was no improvement 

in yield or antibody binding from the purified sera (data not shown).
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Table 4.3

An example purification fo r each antisera Gol 1, Gol 7, Gol 8 and Gol 9

Antibody Amount
Loaded

Amount
Eluted

Cone. % Yield

Gol 1 52mg 12mg 2mg/ml 23%

Gol 7 56mg 18mg 12mg/ml 32%

Gol 8 84mg 14mg 7mg/ml 17%

Gol 9 83mg 23mg lOmg/ml 28%

4.3.1 Antibody Binding to HEL Cells During Culture

There was large inter-experimental variation in the binding of antibody 

from each particular purification to different cell preparations. In order to 

determine if the amount of thrombin receptor antigen on the surface of the HEL 

cells varied during the culture period, HEL cells were grown for a five day 

period. Cell count and viability were measured at various time points and the 

binding of protein G purified Gol 7 was measured. HEL cells maintained in 

culture were split, and five 15ml cultures set up containing 4.5x10"® cells per 

culture flask. At time points 2, 24, 36, 77 and 98 hours, the cells were counted 

and viability determined. After 5 days in culture growth had reached a plateau. 

The binding of purified Gol 7 was measured at a dilution of 1:50 (sufficient to 

give maximum binding). At 2, 24, 36, 77 and 98 hours Gol 7 antibody binding 

was constant at 90% cells positive but fell to 70% cells positive after 5 days of 

culture. Thus there was very little change in the antibody binding to the cell 

surface within the time period during which the cells would be used for flow 

cytometry (data not shown).
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4.4 INHIBITION OF PLATELET ACTIVATION ASSESSED BY FLOW

CYTOMETRY

4.4.1 Effect of Antibody Vehicle

The effect of antibody vehicle, (lOmM Tris-HCI pH 9.0) was determined 

in PRP by flow cytometry. The vehicle had no effect on platelet activation at 

concentrations of 1:1000, 1:500 and 1:100, however, at concentration of 1:10 

there was a slight inhibition of activation causing a 5% decrease in the 

expression of P-selectin (data not shown).

4.4.2 Effect on Thrombin Induced Platelet Activation

Protein G purified Gol 1, Gol 7, Gol 8 and Gol 9 were tested for their 

ability to inhibit thrombin induced P-selectin expression in PRP by flow 

cytometry. Each preparation was tested over a range of dilutions of 1:1000 to 

1:10 and over a range of concentrations of thrombin 0.02U/ml-0.04U/ml, figure 

4.8.

Gol 1 inhibited thrombin-induced expression of P-selectin at all 

concentrations of thrombin used, with all dilutions of antibody causing a similar 

amount of inhibition (-50%), figure 4.8 (a). Gol 7 also inhibited thrombin 

induced P-selectin expression at all concentrations of thrombin, figure 4.8 (b). 

However, the effect was more pronounced at 0.03U/ml thrombin, with all 

dilutions of antibody having an effect. At higher concentrations of thrombin the 

effect of antibody at 1:10 dilution is greater than that seen with Gol 1. Gol 8 and 

9 also inhibited thrombin induced P-selectin, figure 4.8 (c & d), the effect being 

greatest at low thrombin concentration. For Gol 8 the maximum inhibition was 

also seen at 0.03U/ml thrombin with 1:10 and 1:100 dilutions causing almost 

50% inhibition. Dilutions of 1:500 and 1:1,000 had little effect. The greatest 

amount of inhibition (75%) was seen at 0.03U/ml of thrombin using both 1;10
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and 1:100 dilutions of Gol 9 antibody. This was not seen at higher thrombin 

concentrations.

In summary, all the antibodies were able to inhibit thrombin induced 

platelet activation at lower doses of agonist, but as the dose of thrombin

increased their ability to inhibit decreased and in some cases was abolished,
apart from Gol 1.

4.4.3 Effect on TRAP1-6 Induced Platelet Activation

The effect of Gol 7 (raised against the peptide SFLLRNPNDKYEPF) and 

Gol 8 (against the thrombin binding region WEDEEKNES) were tested to 

determine whether they could inhibit TRAP1-6-induced P-selectin expression in 

PRP. The platelets in PRP were activated with TRAP1-6 (6x10‘®M-3x10'®M), and 

in the presence of 1:1000, 1:500, 1:100 and 1:10 dilutions of Gol 7 and 8. 

TRAP1-6 induced P-selectin expression was not inhibited by either antibody at 

any of the dilution concentrations (data not shown).

4.4.4 Effect on ADP Induced Platelet Activation

The effect of Gol 7 on ADP-induced expression of P-selectin was 

investigated in PRP. A single concentration of ADP (lO'^M) was used to activate 

the platelets, this was sufficient to cause around 40% cells positive for P- 

selectin. The effect of Gol 7 was tested at a range of dilutions from 1:1000 to 

1:10. The antibody did not inhibit ADP induced P-selectin expression (data not 

shown).
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Figure 4.8 The effect of Gol 1, Gol 7, Gol 8 and Gol 9 on thrombin-induced 
P-selectin expression in PRP by flow cytometry. Percentage cells positive for P- 
selectin expression against concentration of thrombin used to stimulate the 
platelets. Purified antibody was added at concentrations 1:1000, 1:500,1:100, 
and 1:10. Results are expressed as mean ± S.D. and are representative of n=4.
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4.5 DESENSITISATION

Previous studies have revealed that challenging platelets with a low dose 

of agonist (insufficient to cause maximum aggregation) modulated the platelet 

response to a subsequent challenge by a second concentration of the same, or 

a different, agonist (Hallam et al 1982). This modulation effect is known as 

desensitisation. Brass (1992), in particular has studied the phenomenon of 

thrombin induced desensitisation. In this study desensitisation was used to 

investigate whether thrombin receptor agonist peptide, TRAP 1-6, was also 

capable of causing this effect.

The effect of preincubation with lower doses of thrombin and in particular 

TRAP1-6 was investigated. Whole blood was added to the HEPES buffer in the 

presence of the preincubation dose of agonist. After a specific time, antibody (P- 

selectin) and second dose of agonist were added to the mixture. Twenty minutes 

following this second addition, the reaction was stopped by addition of formyl 

saline. In all experiments resting (unstimulated) samples and samples of whole 

blood to which only the preincubatory dose of agonist was added were used as 

controls.

Preliminary data showed that a low concentration of thrombin (0.005U/ml, 

6.2x10'̂ ^M) preincubated for lOmin with platelets in whole blood was capable of 

desensitising the expression of P-selectin induced by a higher concentration of 

thrombin (0.01-0.2U/ml, 1.2x10'̂ °M-2.4x10*®M). The thrombin dose response 

curve was shifted to the right (not shown).

4.5.1 Effect of Time of Incubation on Thrombin Induced Expression of

P-selectin

Platelets were preincubated for up to 30min with 0.005U/ml (6.2x1
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thrombin. Following this incubation time, the platelets were rechallenged with 

0.04U/ml (4.8x10'̂ °M) of thrombin and P-selectin expression measured. Results 

are shown in figure 4.9. Two minutes of incubation with the desensitising, 

preincubating dose of thrombin was sufficient to desensitise the platelet 

response to 65% of its maximum. Following a lOmin preincubation the platelet 

response was completely removed and did not recover within 30min of 

preincubation.

4.5.2 Effect of Concentration of the Desensitising Agent

The effect of the concentration of the desensitising agent on thrombin 

induced P-selectin expression was investigated. Thrombin and TRAP1-6 were 

used as desensitising agents at a range of concentrations which did not cause 

an increase in P-selectin expression above that seen on resting platelets. 

Platelets were pretreated for SOmin with thrombin ( 6 . 2 x 1 0.0005U/ml; 

1.2x1Q-̂ ^M, 0.001 U/ml; 2.4x10'̂ ^M, 0.002U/ml; and 6.2x10’^̂ M, 0.005U/ml) and 

TRAP1-6 (10"®M, 2x10‘®M, 4x10'®M and 6x10’®M). An intermediate concentration 

of thrombin (0.04U/ml, 4.8x1 O*̂ °mol/I) was chosen as the secondary stimulating 

dose of agonist which could induce around 80% cells positive for P-selectin. For 

each concentration of desensitising agent, control samples were prepared that 

had only been treated with the desensitising dose of agonist. The effect of the 

concentration of thrombin as desensitising agent is seen in figure 4.10 (a) and 

TRAP 1-6 in figure 4.10 (b). Both figures show that as the concentration of 

desensitising agent is increased, the platelet expression of P-selectin in 

response to thrombin was reduced.
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Thrombin , in the absence of any desensitising agent caused 77% cells 

positive for P-selectin expression. When the highest concentration (6.2x10'̂ ^M) 

of desensitising agent was used, the thrombin response was reduced to 16% 

cells positive. At lower concentrations the percentage cells positive was reduced 

to 70%, 64% and 45% at 6.2x10‘^̂ M, 1.2x10'̂ ÎVI and 2.4x10'̂ ^M respectively. In 

the absence of any TRAP1-6, as desensitising agent, the thrombin response 

was 61% cells positive for P-selectin. For the increasing concentrations (lO'̂ M, 

2x10’®M, 4x10‘®M and 6x10'®M) of TRAP 1-6 as desensitising agents, the 

thrombin response was reduced to 49%, 44%, 34% and 26% cells positive for 

P-selectin respectively.

4.6 DOWNREGULATION OF THE RECEPTOR FROM THE SURFACE OF

PLATELETS AND HEL CELLS

Brass et al (1994) have demonstrated that the thrombin receptor is quickly 

downregulated from the surface of HEL cells following activation by thrombin 

and TRAP1-6. It is probable that this downregulation is, in part, responsible for 

the desensitisation of HEL cells to thrombin challenge. Data from the previous 

section showed that platelets were very rapidly desensitised to thrombin by 

challenge with both agents, thrombin and TRAP1-6. The objective of these 

experiments was to determine whether the desensitisation was due to receptor 

re-distribution from the surface of the cell.

The presence of the thrombin receptor on the surface of the cells was 

detected using purified polyclonal antiserum raised in sheep, anti-leugg-serg^ 

(see section 4.1) . Antibody binding was measured after stimulation of the 

platelets in whole blood by thrombin (0.2U/ml) and TRAP1-6 (lO'̂ M). Similar 

studies were performed using HEL cells. Whole blood or HEL cells were 

stimulated with thrombin (2U/ml) or TRAP 1-6 (lO'̂ M) for up to 90min, before 

anti-leu3Q-ser64 was added. Following a 20min incubation the reaction was 

stopped by addition of formyl saline.
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The effect of thrombin and TRAP 1-6 on the presence of the thrombin 

receptor on the surface of platelets in whole blood and HEL cells was studied 

using flow cytometry and the results are shown in figure 4.11. There was no loss 

of antibody binding to the surface of platelets over 90 min of stimulation, figure 

4.11 (a). In contrast, HEL cells when stimulated by thrombin, lost up to 60% of 

the antibody binding within 2min of stimulation and this loss remained almost 

constant throughout the 90min time period of incubation, figure 4.11 (b), with the 

suggestion of a slight increase in antibody binding between 60 and 90mins. A 

similar pattern was seen when HEL cells were treated with TRAP1-6, although 

the loss of receptor was less than that caused by thrombin, resulting only in a 

loss of 40% antibody binding within 2min of stimulation.
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Figure 4.11 The effect of thrombin and TRAP 1-6 stimulation on the presence 
of the thrombin receptor on platelets (a) and HEL cells (b). Platelets were 
stimulated with thrombin at a concentration of 0.2U/ml, and TRAP1-6 at a 
concentration of lO'̂ M. HEL cells were stimulated with thrombin at a 
concentration of 2U/ml, and TRAP1-6 at a concentration of lO'̂ M. Presence of 
the thrombin receptor was measured by binding of anti-leu^-serg^ and given as 
a percent of the control (n=4).
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4.7 CONCLUSIONS

•  A polyclonal antibody raised to the N-terminus of the receptor bound to 

platelets and HEL cells and inhibited thrombin and TRAP1-6, but not ADP 

induced platelet activation and aggregation.

•  Antibodies raised to different N-terminal regions of the receptor bound to 

HEL cells. They inhibited platelet activation at low concentrations of thrombin but 

this effect was lost at higher thrombin concentrations.

•  Antibodies raised to peptides from the extracellular loops of the receptor 

and to the cleaved peptide region although recognising the immunising peptide 

did not bind to the receptor on platelets or HEL cells.

•  Platelets can be desensitised to thrombin challenge by preincubation with 

low doses of thrombin and TRAP1-6 in a time-dependent and dose-dependent 

manner.

•  This desensitisation does not involve a downregulation of the receptor 

from the surface of the platelet although it is downregulated on HEL cells 

following stimulation.
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Chapter 5 
Molecular studies



5.1 MOLECULAR STUDIES OF THE THROMBIN RECEPTOR

5.1.1 Introduction

The objective of this part of the study was to clone and express a 

functional thrombin receptor from a thrombin responsive cell line. Subsequently, 

mutant thrombin receptors would be made by site directed mutagenesis to 

identify and study regions of functional significance within the receptor. 

Megakaryocytic HEL cells were used as they are thrombin responsive, have 

been used as a model for platelets (Brass et al 1991), and thrombin receptor 

mRNA has previously been obtained from this cell line (Vu et al 1991a).

5.1.2 Preparation of RNA and Synthesis of cDNA

Total RNA was prepared as described in section 2.12.1 (Chirgwin et al 

1979) from HEL cells (6x10^) prepared in culture. The ODzec/ODjso ratio of the 

RNA was 2.1, indicating a pure RNA preparation. RNA concentration (as 

determined by ODjeo) was 3.24pg/pl (155.5pg total). The RNA was stored in 2pl 

aliquots (6.5pg) at -86*'C and used for all subsequent studies.

Complementary DNA (cDNA) was synthesised by random priming total 

RNA (5pg) using the Amersham kit. Radioactive incorporation was measured by 

TOA precipitation and this gave a value of 3.43%, indicating a high cDNA yield. 

The size of the cDNA synthesized during the preparation was measured on an 

alkaline agarose gel. After running, the gel was washed in 7% (w/v) TOA, dried 

and exposed to photographic film (figure 5.1). The maximum size of the cDNA 

was around 2kb, large enough to contain the entire coding region of the 

thrombin receptor (I.Skb) in one fragment. Unless otherwise stated, this
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Figure 5.1 Photographie film showing 1st strand cDNA synthesized. The first 
lane shows 1 kb molecular weight markers and the second lane shows cDNA 
indicating >2kb in size.
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preparation of cDNA was used in all subsequent PCR reactions.

5.2 POLYMERASE CHAIN REACTION I

5.2.1 Experiments Using Primers 2 and 6

Figure 5.2 shows the nucleotide base sequence of the thrombin receptor 

cDNA (Vu et al 1991a). Seven hydrophobic regions are indicated by roman 

numerals as putative transmembrane domains and are overlined. The signal 

peptide, starting at base 225 is also marked, the last base of the coding region 

is 1501. Two primers were designed to flank the coding region; primer 2, the 

sense primer in the 5' untranslated region at position 148, and primer 6, the 

antisense primer at base 1599 in the untranslated region. These primers are 

detailed in table 2.4. Both primers had restriction enzyme sites, shown below as 

underlined sequence, introduced by the addition of 9 nucleotides at the 5' end 

of the sequence to enable subsequent digestion and ligation of the amplified 

DNA into the plasmid.

Primer 2 5' GCGAAGCTTAGTCAGGAGAGAGGGTGAAG 3'

Primer 6 5' GCGGGATCCGGAGGTGAATCAATAAAGTT 3*

The PCR was carried out at 94®C 1.5min, 55*C 1.5min, and 72® 2min for 

40 cycles followed by lOmin at 72®C. Products from PCR were checked by 

electrophoresis. Very faint bands were seen around 1 kb in length, but the 

fragments were too small to contain the thrombin receptor sequence (1.47kb) 

that would be amplified by primers 2 and 6. This procedure was tried several 

times but consistently failed to amplify DNA of the correct size.
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A I V V F I L K H K V K K P A V V Y H L H L A T A D V L

6 7 5  T T T G T G T C T G T G C T C C C C T T T A A G A T C A G C T A T T A C T T T T C C G G C A G T G A T T G G C A G T T T G G G T C T G A A T T G T G T C G C T T C G T C "  7 5 8
F V S V L P F K I S Y Y F S G S D W Q F G S E L C R F V
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7 5 9  A C T G C A G C A T T T T A C T G T A A C A T G T A C G C C T C T A T C T T G C T C A T G A C A G T C A T A A G C A T T G A C C G G T T T C T G G C T G T G G T G T A T  8 4 2
T A A F Y C N H Y A S I L L H T V I S I D R F L A V V Y

8 4 3  C C C A T G C A G T C C C T C T C C T G G C G T A C T C T G G G A A G G G rrT C C T T C A C T T G T C T G G C C A T C lG G G C T T T G G C C A T C G C A G G G G T A  9 2 6
P H Q S L S W R T L G R A S F T C L A I W A L A I A G V

9 2 7  G TG C C TC TC G TC C TC A A G G A G C A A A C C A TC C A G G TG C C C G G G C TC A A C A TC A C TA C C TG TC A TG A TG TG C TC A A TG A A A C C C TG  1 0 1 0
V P L V L K E Q T i g V P C L  N 1 T T C H D V L N E T  L

1 0 1 1  C TC GAA GG C f M W C C C T Â C T A C ÏT C T C A G C C T  T T ÎC T G C T G T C T T C T T T T T T G T C C C G C T G A T C A T T T C C A C G G T C T G T T Â T  1 0 9 4
L E G Y Y A Y Y F S A F S A V F F F V P L I  I S T V C Y

1 0 9 5  G T G T C T A T C A T T C G A T G T C T T A G C T C T T C C G C A G T T G C C A A C C G C A G C A A G A A G T C C C G G G tT tlG T T C C T G T C A G C T G C T G T T  1 1 7 8  
V S I  I R C L S S S A V A N R S K K S R A L F L S A A V

1 1 7 9  n C T G C A T C tT C A T C A T T T G r T lC G C Â C C r Â r Â M C G ÏC C î'C C T C A T T G C ÎC A T T A C T C A T T C C T T T C T C A C A C T T C C A C C A C A  1 2 6 2
F C I F  1 I C F G P I N V L L I A I I Y S F L S H T S T T

1 2 6 3  G A G G C T G C C T A C T T IG C C T A C C 'T C C T cT G T C T C T g T G T C Â G 'C Â G C Â IÂ A G C T C G T G C A T C G A C C C C C T A A T T T A C T A T T A C G C T  1 3 4 6
E A A Y F A Y L L C V C V S S I S S C I O P L I Y Y Y A

1 3 4 7  T C C T C T G A G T G C C A G A G G T A C G T C T A C A G T A IC T T A IG C T G C A A A G A A A G T T C C G A T C C C A G C A G T T A T A A C A G C A G T G G G C A G  1 4 3 0  
S S E C Q R Y V Y S I L C C K E S S O P S S Y N S S G Q

1 4 3 1  TT G A TG G C A A G T A A A A T G G A T A C C T G C T C T A G T A A C C T G A A T A A C A G C A T A T A C A A A A A G C T G T T A A C T T A G G A A A A G G G A C  1 5 1 2  
L H A S K H D T C S S N L N N S I Y K K L L T Z

1 5 1 3  T G C T G G G A G G T T A A A A A G A A A A G T T T A T A A A A G T G A A T A A C C T G A G G A T T C T A T T A G T C C C C A C C C A A A C T T T A T T G A T T C A C C  1 5 9 6  
1 5 9 7  T C C T A A A A C A A C A G A T G T A C G A C T T G C A T A C C T G C T T T T T A T G G G A G C T G T C A A G C A T G T A T T T T T G T C A A T T A C C A G A A A G A T  1 6 8 0  
1 6 8 1  A A C A G G A C G A G A T G A C G G T G T T A T T C C A A G G G A A T A T T G C C A A T G C T A C A G T A A T A A A T G A A T G T C A C T T C T G G A T A T A G C T A G  1 7 6 4  
1 7 6 5  G T G A C A T A T A C A T A C T T A C A T G T G T G T A T A T G T A G A T G T A T G C A C A C A C A T A T A T T A T T T G C A G T G C A G T A T A G A A T A G G C A C T  1 8 4 8  
1 8 4 9  T T A A A A C A C T C T T T C C C C G C A C C C C A G C A A T T A T G A A A A T A A T C T C T G A T T C C C T G A T T T A A T A T G C A A A G T C T A G G T T G G T A G  1 9 3 2  
1 9 3 3  A G T T T A G C C C T G A A C A T T T C A T G G T G T T C A T C A A C A G T G A G A G A C T C C A T A G T T T G G G C T T G T A C C A C T T T T G C A A A T A A G T G T  2 0 1 6  
2 0 1 7  A T T T T G A A A T T G T T T G A C G G C A A G G T T T A A G T T A T T A A G A G G T A A G A C T T A G T A C T A T C T G T G C G T A G A A G T T C T A G T G T T T T C  2 1 0 0  
2 1 0 1  A A T T T T A A A C A T A T C C A A G T T T G A A T T C C T A A A A T T A T G G A A A C A G A T G A A A A G C C T C T G T T T T G A T A T G G G T A G T A T T T T T T A  2 1 8 4  
2 1 8 5  C A T T T T R C A C A C T G T A C A C A T A A G C C A A A A C T G A G C A T A A G T C C T C T A G T G A A T G T A G G C T G G C T T T C A G A G T A G G C T A T T C C T  2 2 6 8  
2 2 6 9  G A G A G C T G C A TG TG TC C G C C C C C G A TG G A G G A C TC C A G G C A G C A G A C A C A TG C C A G G G C C A TG TC A G A C A C A G A TTG G C C A G A A  2 3 5 2  
2 3 5 3  A C C TTC C TG C TG A G C C T C A C A G C A G T G A G A C T G G G G C C A C T A C A T T T G C T C C A T C C T C C T G G G A T T G G C T G T G A A C T G A T C A T G  2 4 3 5  
2 4 3 7  TT TA T G A G A A A C TG G C A A A G C A G A A T G T G A T A T C C T A G G A G G T A A T G A C C A T G A A A G A C T T C T C T A C C C A T C T T A A A A A C A A C G  2 5 2 0  
2 5 2 1  A A A G A A G G C A T G G A C T T C T G G A T G C C C A T C C A C T G G G T G T A A A C A C A T C T A G T A G T T G T T C T G A A A T G T C A G T T C T G A T A T G G A  2 6 0 4  
2 6 0 5  A G C A C C C A TT A TG C G C TG TG G C C A C T C C A A T A G G T G C T G A G T G T A C A G A G TG G A A T A A G A C A G A G A C C T G C C C TC A A G A G C A A A  2 6 8 8  
2 6 8 9  G T A G A T C A T G C A T A G A G T G T G A T G T A T G T G T A A T A A A T A T G T T T C A C A C A A A C A A G G C C T G T C A G C T A A A G A A G T T T G A A C A T T  2 7 7 2  
2 7 7 3  T G G G T T A C T A T T T C T T G T G G T T A T A A C T T A A T G A A A A C A A T G C A G T A C A G G A C A T A T A T T T T T T A A A A T A A G T C T G A T T T A A T T  2 8 5 6  
2 8 5 7  G G G C A C T A T T T A T T T A C A A A T G T T T T G C T C A A T A G A T T G C T C A A A T C A G G T T T T C T T T T A A G A A T C A A T C A T G T C A G T C T G C T T  2 9 4 0  
2 9 4 1  A G A A A T A A C A G A A G A A A A T A G A A T T G A C A T T G A A A T C T A G G A A A A T T A T T C T A T A A T T T C C A T T T A C T T A A G A C T T A A T G A G A C  3 0 2 4  
3 0 2 5  T T T A A A A G C A T T T T T T A A C C T C C T A A G T A T C A A G T A T A G A A A A T C T T C A T G G A A T T C A C A A A G T A A T T T G G A A A T T A G G T T G A A  3 1 0 8  
3 1 0 9  A C A TA T C TC T TA T C TT A C G A A A A A A T G G T A G C A T T T T A A A C A A A A T A G A A A G T T G C A A G G C A A A T G T T T A T T T A A A A G A G C A G G  3 1 9 2  
3 1 9 3  C C A G G C G C G G TG G C TC A C G C C TG TA A TC C C A G C A C TTTG G G A G G C TG A G G C G G G TG G A TC A C G A G G TC A G G A G A TC G A G A C C A T 3 2 7 6  
3 2 7 7  C C TG G C T A A C A C G G TG A A A C C C G TC TC TA C T A A A A A TG C A A A A A A A A TTA G C C G G G C G TG G TG G C A G G C A C C TG TA G TC C C A G C  3 3 6 0  
3 3 6 1  TA CTCG G G AG G C TG A G G C A G G A G A C TG G C G TG A A C C C A G G A G G C G G A C C TTG TA G TG A G C C G A G A TC G C G C C A C TG TG C TC C A G  3 4 4 4  
3 4 4 5  C C T G G G C A A C A G A G C A A G A C TC C A TC TC A A A A A A A A  3 4 8 0

Figure 5.2 The nucleotide base and amino acid sequence of the human 
thrombin receptor (Vu ef a/ 1991a). Putative transmembrane domains are shown 
overlined and in roman numerals. Primer sequences were designed flanking and 
within the coding region, base 225 to 1501.
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5.2.2 Experiments Using Primers 4 and 5

Attempts were then made to amplify the receptor coding region in two 

fragments. The coding region was screened for naturally occurring restriction 

endonuclease sites. There was one Pst\ site at position 764, approximately half 

way along the coding region. Two additional primers were designed, primer 4 

and primer 5, which flanked this Psfl site, (figure 5.3). These primers are 

detailed in table 2.4. The objective was to amplify the receptor in two 

overlapping fragments. Primer 2 would be used in conjunction with primer 5 in 

one PCR reaction and primer 4 in conjunction with primer 6 in a second 

reaction. The two separate fragments could then be cloned into pBluescript KS* 

using the Pst\ site and the introduced restriction sites within primers 2 and 6. 

Digestion with Psfl also served to remove the overlapping sequence.

Primer 4 5* CGGCAGTGATTGGCAGTTTG 3'

Primer 5 S' TTGAGGACGAGAGGCACTAC 3'

Two PCR reactions were set up. The control for each reaction used water 

instead of DNA template. The reaction conditions were as follows; 94®C 1.5min, 

51 ®C 1.5min, and 72®C 2min for 40 cycles then lOmin at 72®C. The PCR 

products were examined by electrophoresis (figure 5.4). The PCR products 

expected were 893 base pairs (bp) and 805bp for the reactions using primers 

4 and 6, and 2 and 5 respectively. The PCR products from the reaction primed 

using primers 4 and 6, (the proposed 3' end of the receptor from base 716- 

1609), gave a very strong PCR product at ~900bp (lane 2). The products from 

the reaction using primers 2 and 5, (corresponding to the 5' end of the receptor 

and bases 139-944), gave a band at around 800bp in size (lane 4). However 

there were also several other PCR products at 500bp and below.

132



primer 2 primer 4
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943 1599

cow

Figure 5.3 Schematic representation of the thrombin receptor cDNA showing the start base positions of primers 2, 4, 5, and 6, and 
the Psfl site at position 764.



Figure 5.4 PCR products generated using primer pairs 4 and 6, and 2 and 5 
from the thrombin receptor gene. Products were separated by electrophoresis 
through a 1.5 % agarose gel. Lanes 1 and 5 show the control samples without 
cDNA present, lane 3 shows Ikb DNA ladder. Lane 2 shows the 893bp PCR 
product from the reaction primed using primers 4 and 6, the region being the 3' 
end of the receptor from base 716-1609. Similarly, lane 4 also contains a PCR 
product at around BOObp in size using primers 2 and 5 (position 139-944 of the 
5' end of the thrombin receptor). However, there are several other PCR products 
of 500 bp or less.
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The PCR products were re-run through a TAE buffered agarose gel. The 

particular product bands at -800 and 900bp in lanes 4 and 2 (thought to encode 

the upper and lower halves of the receptor), respectively were excised and 

cleaned from the agarose and other low molecular weight impurities using the 

Gene Clean kit.

5.3 CLONING AMPLIFIED DNA INTO pBLUESCRIPT KS*

5.3.1 Restriction Digests and Ligation

The BOObp PCR product from primers 2 and 5 was digested with the 

restriction endonucleases Hind\\\ and Psfl. The 900bp PCR product from primers 

4 and 6 was digested with Psfl and BamHl Two samples of pBluescript KS* 

(1pg) were digested with the same enzymes in parallel. Restriction digests were 

incubated at 37®C for 2 hours.

A sample of each of the PCR products was checked by electrophoresis, 

to ensure digestion. When the products of digestion were examined on the gel, 

the DNA amplified by primers 2 and 5, (the proposed 5' end of the receptor 

BOObp in size) was not visible on the gel, but a DNA band of 400bp appeared 

(data not shown). Digested PCR products were ligated into pBluescript KS* 

using T4 DNA ligase at room temperature for 1 hour, and transformed into 

competent E.coli cells.

5.3.2 Transformation

Competent XL-1 Blue E.coli were prepared and transformed with the 

pBluescript KS* containing the inserted DNA. Control samples for the 

transformation were, undigested pBluescript KS* and pBluescript KS* that had 

been digested but not religated, for each restriction enzyme pair.
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Following incubation of the plates overnight at 37®C, the numbers of blue 

and white colonies on each plate were counted to assess efficiency of the 

transformation and are given in table 5.1.

Table 5.1

Results of the transformation and cloning of PCR products

Colonies

Plate Plue White

Positive control pBluescript KS* 2200 0
Negative control (water) 0 0
Pst\/BamH\ digest (pBluescript KS* only) 1 3
HW III/Psfl digest (pBluescript KS* only) 3 2
Pst\/BamH\ religation (pBluescript KS* and insert) 15 30 3*end

HindWUPstl religation (pBluescript KS* and insert) 18 103 Fend

There was greater efficiency in the Hind\\\/Pst\ ligation for the proposed 

5' end product. This may have been due to the digestion conditions using the 

REact buffering system which favours 100% efficiency for Psfl and Hind\\\ 

whereas Pst\/BamH\ are only 50% efficient. Six white colonies were selected 

from each plate containing the cloned pBluescript KS* and grown in overnight 

culture. Plasmids were prepared from the overnight culture. The DNA cloned 

into the plasmid was checked by digestion with the original cloning restriction 

endonucleases and the fragments separated by electrophoresis through a 1.5% 

agarose gel. From the gel it was apparent that the PCR product of 900bp, 

amplified with primers 4 and 6, the correct size for the 3' end of the receptor had 

been ligated into BS*, figure 5.5 (lanes 1-3,5 and 6). However, the SOObp PCR 

product amplified with primers 2 and 5 to the 5' end of the receptor, showed only 

a 400bp cloned fragment (lanes 9,10, 12-14) and in one case a 1.5kb cloned 

fragment (lane 11 ).
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Figure 5.5 Size determination of the cloned PCR fragments. Plasmid DNA 
was prepared from six colonies of each sample transformation in table 5.1. 
Lanes 1-6 show the digests for the PCR product derived from primers 4 and 6 
and cloned into pBluescript KS  ̂with Pst\/BamH\, the DNA inserts were digested 
out with the same enzymes. All the inserts are the correct size with the 
exception of the one in lane 4. Lane 7 contains DNA ladder and lane 8 the A 
Hind\\\ DNA ladder. Lanes 9-14, show plasmid digest preparations from the 
pBluescript KS* cloned with the PCR product from primers 2 and 5. The inserts 
were digested out of the plasmid with the same enzymes used to clone them.
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5.4 EXAMINATION OF PCR PRODUCT FROM PRIMERS 2 AND 5 BY

RESTRICTION ENDONUCLEASES

The reduction in size of the SOObp fragment to 400bp following restriction 

enzyme digestion (see section 5.3.1) prior to cloning suggested that the SOObp 

fragment had been digested at an internal site prior to ligation into the plasmid. 

The effect of Hind\\\ and Psfl digestion on the PCR product amplified by primers 

2 and 5 was investigated. The sample was divided into two, one part was 

digested with Hind\\\ and the second sample digested with Psfl. Both were 

incubated at 37°C for 1 hour.

The products of the digestion were examined by electrophoresis through 

a 1% agarose gel and shown in figure 5.6. The gel showed that HindWl did not 

have an effect on the size of the PCR product (lane 2) when compared to uncut 

PCR product (lane 1). However, when the PCR product was treated with Psfl, 

the DNA was digested by the enzyme producing a 400bp fragment, seen in lane 

4. This data suggests that the PCR product contains a Psfl restriction 

endonuclease site, allowing cleavage into two 400bp fragments.
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Figure 5.6 The effect of Psfl and Hind\\\ restriction enzyme digest on the 
GOObp PCR product generated using primers 2 and 5. Digested products were 
separated on a 1 % agarose gel (lanes 2 and 4) and compared to undigested 
PCR product (lane 1). Sizes were determined using 1kb ladder (lane 3).
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5.5 DNA SEQUENCING

To verify that the 900bp fragment, and to determine whether the 400bp 

fragment cloned into pBluescript KS* were from the coding region of the 

thrombin receptor, transformants shown in lanes 2 and 10 in figure 5.5, were 

sequenced by dideoxy chain termination using the Sequenase kit.

The whole of each insert was sequenced in both directions using M l3 

universal and reverse primers. The autoradiograph, figure 5.7, shows part of the 

forward sequence of the 400bp fragment containing a Psfl site (the first 4 

tracks), and the reverse sequence of part of the SOObp fragment showing the 

sequence of primer 6 containing the BamHl site (second 4 tracks).

When compared to the sequenced published by Vu et al (1991a), the 

sequence from the 400bp fragment (primers 2 and 5) did not correspond to any 

region of the receptor at either the 5' or 3' end or in the 3' untranslated region. 

However, when the sequence was transcribed for the BOObp fragment, amplified 

using primers 4 and 6, it was found to code for the 3' half of the receptor from 

base position 764-1599.
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Figure 5.7 Autoradiograph of part of the sequences of the 400bp and SOObp 
cloned fragments. The sequencing sample were loaded in the order A, C, G and 
T, corresponding to single base code. The left four lanes show the cloned DNA 
amplified using primers (2 and 5) to the 5' end of the receptor. This was the 
fragment which was digested by Psfl prior to cloning into BS*. and cloned into 
pBluescript KS* using HindlW and Psfl. The Psfl restriction endonuclease site is 
marked, below this is part of the polylinker of the plasmid and above it the 
sequence of the inserted DNA. The four lanes on the right show the sequence 
data for the fragment of DNA amplified using primers 4 and 6 and cloned into 
pBluescript KS* with Psfl and BamHl. Primer 6 and its SamHI restriction site are 
indicated.
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The transcribed sequence for the fragment of DNA amplified by primers 

2 and 5 (which cloned into pBluescript KS* as a 400bp fragment, and not SOObp 

as in the original PCR product), shows the sequence for primer 2 (underlined) 

but did not code for any region of the thrombin receptor as published by Vu et 

a /(1991 a).

5 * -  AAGCTTAGTCAGGAGAGAGAGGGTGAAGTTGATGCCCAGCCACTGTAGCCACC 

AGCGGAGGCCCTGGATAGAGAGGTTCTTCCAGCAGATGTCCTCAGGGTCAGCA 

GCAAAGGTGACTGTCCACTTGGAGGTATACAGCTCCCTGCTATGGGAGGACGG 

CTGGGCTCACTTGCACTGA - 3 '

Part of the sequence obtained from the SOObp fragment, amplified using 

primers 4 and 6, and cloned separately into pBluescript KS*, is shown below and 

was found to correspond with the published sequence of the thrombin receptor 

from base 1272-1599 (Vu et a/ 1991a). The region for primer 6 binding is shown 

below (underlined).

5 ' -  CTACTTTGCCTACCTCCTCTGTGTCTGTGTCAGCAGCATAAGCTCGTGCATCG 

CCCCTAATTTACTATTACGCTTCCTCTGAGTGCCAGAGGTACGTCTACAGTAT 

CTTATGCTGCAAAGAAAGTTCCGATCCCAGCAGTTATAACAGCAGTGGGCAGT 

TGATGGCAAGTAAAATGGATACCTGCTCTAGTAACCTGAATAACAGCATATAC 

AAAAAGCTGTTAACTTAGGAAAAGGGACTGCTGGGAGGTTAAAAAGAAAAGT 

TATAAAAGTGAATAACCTGAGGATTCTATTAGTCCCCACCCAAACTTTATTGA  

TTCACGTCC - 3 '
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5.6 TESTING PRIMER 5 FUNCTION BY AMPLIFICATION OF A

THROMBIN RECEPTOR FRAGMENT

To give an indication as to whether primer 5 was able to bind to DNA, 

PCR was used to amplify a fragment from the cloned part of the thrombin 

receptor coding region (base pairs 764-1599 already cloned into pBluescript 

KS*). This clone contains the region of the thrombin receptor to which primer 

5 anneals (see figure 5.3). Primer 5 was used in conjunction with Ml 3 reverse 

primer (which binds to the polylinker region of pBluescript KS*).

The estimated size of the PCR product would be 300bp comprised of; 

the Ml 3 reverse primer (56bp), the multiple cloning site to the Psfl site (56bp), 

and the Psfl site to thrombin receptor primer 5 (179bp). This is shown 

diagrammatically in figure 5.8.

A 50pl PCR reaction was set up for 30 cycles under the following 

conditions; 94®C Imin, 50®C Imin, 72®C 1.5min. Plasmid preparations 

containing the pBluescript KS* with thrombin receptor insert were prepared as 

single stranded DNA by heating in a waterbath to 100®C for 3min before addition 

of the PCR mixture. The products of the PCR were examined in a 1.5% agarose 

gel (figure 5.9), and showed that the PCR had amplified a product band at 

300bp (lanel ), corresponding to the calculated size of the thrombin receptor/ 

plasmid fragment. There was another product band on the gel around 10Obp in 

size, which may be accounted for by primer/dimer formation.
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Figure 5.8 Schematic diagram showing pBluescript containing thrombin 
receptor fragment. A SOObp PCR product was generated using the M13 reverse 
primer and primer 5.
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Figure 5.9 The PCR product (BS/ThrR) amplified using M13 reverse primer 
and primer 5. Lane 1 contains the PCR product at 300 base pairs in size, a 
second band visible at 100 base pairs. Lane 2 contains the DNA ladder.
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5.7 POLYMERASE CHAIN REACTION II

5.7.1 Additional Primers to the 5' end of the Thrombin Receptor

The results given in figure 5.10 suggest that primer 5 is capable of 

annealing to the thrombin receptor DNA and thus the difficulty in amplifying the 

5' end of the receptor may be due to the sense primer not binding to the cDNA 

in the GO rich 5' end.

To address this problem, two additional primers were designed to the 5' 

end of the coding region.

Primer 1 5' GCGAAGCTTACCCGCAGAAG 3*

Primer 3 5' GCGTCGACAATGGGGCCGCGGCGGCT 3'

These primers are detailed in table 2.4. Both had restriction sites 

introduced at the 5' end to facilitate subsequent digestion and ligation. The 

relative positions of the thrombin receptor primers are shown in a schematic 

diagram of the coding region (figure 5.11).

5.7.2 Experiments Using Primer 1

Primer 1 was used to amplify the 5' coding region of the receptor from 

position 139 in conjunction with antisense primer 5 at position 943. Primer 1 was

also used with antisense primer 6 to amplify the full coding region. The 3' end

of the receptor had already been amplified and this confirmed that primer 6 did 

bind to the thrombin receptor cDNA. Second round PCR was then used with 

primers 2 and 5. This semi-nested approach, using the outer flanking primer 

1 and then rePCR with the downstream primer 2, should increase the specificity 

of the product amplified at the 5' end.
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Figure 5.10 Schematic representation of thrombin receptor cDNA showing the base positions of the additional primers 1 and 
3 to the 5' end of the cDNA. The base starting positions for primers 2, 4, 5, and 6 and the Psfl site are also shown.



PCR experiments using primers 2 and 5, and primers 1 and 5 

preferentially amplified a SOObp Psfl sensitive fragment (section 5.2.2). It 

appears that the primers designed to the 5' end of the receptor were unable to 

amplify the correct (non Psfl sensitive) DNA fragment under the conditions used.

To overcome the possibility that the 5' primers were not binding to the 

correct DNA a PCR was performed using a semi-nested approach where the 1st 

round PCR used primer 1, at position 139 of the coding region, and primer 5, at 

position 943. The annealing temperature was lowered to 48®C so that more 

products would be amplified in the PCR (the lower temperature reducing primer 

specificity). The products formed in this first round of PCR were then reamplified 

using primer 2 (9 nucleotides downstream from primer 1) and primer 5. The 

annealing temperature was raised to 51 ®C to increase specificity.

Figure 5.11 shows first round PCR products generated using primers 1 

and 5 (lane 1 ) and primers 1 and 6 (lane 4). A large number of products were 

amplified during the first round of PCR for both primer pairs. Several bands of 

around BOObp, the correct molecular weight for the 5' end of the thrombin 

receptor encoded by primers 1 and 5, were produced. Primers 1 and 6 

generated a large number of products, but none were large enough to encode 

the expected 1 47kb thrombin receptor sequence. Two products, 1 and 2, were 

chosen as potential thrombin receptor fragments and were excised from the gel 

and used for further investigation.
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Figure 5.11 First round PCR products amplified using primers 1 and 5 (lane 
1 ) and primers 1 and 6 (lane 4). Fragment sizes were estimated using the 1 kb 
marker (lane 3). Products 1 and 2 are shown as two potential thrombin receptor 
fragments for further investigation.
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Product bands 1 and 2 were excised from a 1 % TAE agarose gel and 

purified from the agarose by 'Gene clean’. These products were reamplified 

using primer 2 and primer 5. PCR conditions were, 94®C 1 min, 51 ®C 1 min, 72®C 

1.5min, for 40 cycles followed by lOmin at 72®C. The PCR products were 

examined by electrophoresis. Product 1 was re-amplified by the second round 

PCR, but Product 2 was not. The re-amplified Product 1 fragment (Product T) 

was excised from the gel, purified by Gene Clean and tested for susceptibility 

to restriction endonucleases. Product T was incubated with Psfl and HindWl for 

2 hours at 37**C to determine its susceptibility to digestion and thus enable 

comparison with the original PCR product (figure 5.6). The resulting DNA 

fragments were examined by electrophoresis on an agarose gel and can be 

seen in figure 5.12. Though the PCR Product T was not the same size as that 

originally generated using primers 2 and 5 (figure 5.6) it was digested by Psfl 

but not by HindWl

The behaviour of this product suggested that this fragment was similar to 

the PstI sensitive fragment already cloned into pBluescript KS* and sequenced, 

and was not part of the thrombin receptor. In the light of this data and the 

difficulty found in trying to clone the original Psfl sensitive fragment into 

pBluescript KS*, it was decided not to sequence the fragment to confirm this.
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Figure 5.12 The effect of Psfl and Hind\\\ restriction digestion on the second 
round nested PCR Product T. Lane 1 shows purified PCR Product T and lane 
2 the 1kb DNA ladder. Lane 3 shows the effect of Psfl and HindWl lane 4 the 
effect of Psfl and lane 5 the effect of HindWl digestion alone.

157



Lane 1

1Kb
DNA

Ladder
2

PCR , 
product 1

DNA
ladde r

2.036
1.636

1.018

506/517

Hind\\\l 
Pst\ digest

Psfl
digest

HindWl
digest

1 5 8



5.7.3 Experiments Using Primer 3

The next series of experiments used primer 3, the 26mer sense primer at 

position 221 with a Sa/I restriction endonuclease site. PCR was performed with 

primer 3 in conjunction with primer 5, the antisense primer at base position 943. 

Three different templates were used; 1) the PCR product amplified with primers 

1 and 5, 2) the PCR product amplified with primers 2 and 5, and 3) cDNA.

Primer 3 S' GCGTCGACAATGGGGCCGCGGCGGCT 3*

PCR was performed 94®C 1.5min, 51 ®C 1.5min, and 72®C 2min for 40 

cycles then lOmin at 72®C. The resultant PCR product were examined by 

electrophoresis, (figure 5.13). When cDNA was amplified using primers 3 and 

5, two bands were obtained at 700 and 500bp (lanes 2 and 4), the former being 

approximately the size expected for the 5' end of the thrombin receptor amplified 

by primers 3 and 5 (728bp). No products were obtained using either of the first 

round PCR products amplified with primers 1 and 5 and 2 and 5 (lane 1 and 3 

respectively).

It was of interest to note that the fragment of DNA which was Psfl 

sensitive (amplified from cDNA using either primers 1 and 5 or 2 and 5) and thus 

not the 5' end of the receptor did not reamplify under the conditions of this PCR. 

This may suggest that primer 3 is amplifying a different fragment of DNA than 

that amplified using the other 5' primers (primer 1 and primer 2).
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Figure 5.13 Second round semi-nested PCR of the putative 5’ end of the 
thrombin receptor gene. Products were amplified using primers 3 and 5 from 
(lane 1) first round PCR with primers 1 and 5, (lane 3) first round PCR with 
primers 2 and 5, and (lanes 2 and 4) cDNA. No products were generated by 
second round semi-nested PCR, but there are two major product bands (500 
and TOObp) produced by first round PCR.
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The product band at 700bp was excised from 1 % TAE agarose gel and 

cleaned of impurities by Gene clean. The DNA was digested with Psfl and Sa/I 

restriction endonucleases at 37*C for 2 hours. The digested product was ligated 

into pBluescript KS* containing bases 764-1599 of the thrombin receptor 

described in section 5.3. The ligation reaction was transformed into competent 

XL-1 blue E.co// cells. Cultures were plated out and selected colonies regrown 

overnight before plasmid preparation. Individual colonies could not be selected 

on a blue/white colour basis because the plasmid, into which the PCR product 

was being inserted, already contained the 3' fragment of the thrombin receptor 

and therefore no longer retained the intact LacZ gene. Eighteen colonies were 

chosen for plasmid preparation. Plasmid DNA was digested with BamH\ and Sa/I 

to isolate the full length of inserted DNA, including the previously cloned 3' end 

of the thrombin receptor.

The digests were examined by electrophoresis, figure 5.14. Of the 18 

colonies chosen, 17 contained inserts of 900bp only, indicating that the second 

DNA fragment had not been cloned. Only one contained an insert with an 

additional 500bp fragment, giving a total insert size of 1.4kb (lane 7).
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Figure 5.14 Isolation of full length inserted DNA from plasmid DNA using 
BamH\ and Sa/I restriction enzyme digestion. Plasmid DNA was isolated from 
18 colonies, digested with restriction enzymes and separated by electrophoresis 
through a 1.5% agarose. Lane 7 shows plasmid DNA containing a 1.4kb insert. 
Lanes 10 and 11 show Ikb DNA ladder and K/Hind\\\ DNA ladder, respectively. 
All the other lanes show the plasmid DNA with the original 900bp insert of the 
3' end of the receptor already cloned and sequenced.
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The 1.4kb DNA insert from lane 7 was sequenced in both directions to determine 

the sequence of the new 500bp insert from the Sal\/Pst\ preparation and also to 

confirm the identity of the 850bp fragment already sequenced as the 3' end of 

the receptor.

Sequence data for the SOObp fragment isolated from the 1.4kb insert by 

Psfl digestion is given below. Part of primer 3 (underlined) including the Sa/I site 

(italics) is indicated on the sequence. Part of the polylinker on the plasmid is 

seen prior to the Sa/I site. However, the sequence following the primer 3 Sa/I 

site did not correspond with nucleotide 225 (the ATG start site) of the thrombin 

receptor as expected.

5 * -  GGGCCCCCCCTCGAGGTCGACAATGCGGTAAATCTGGCCCTTCTTGATTTCA 

TGCATCCACGACGTTCCCGCCGGATGGTCAACTTGGAA - 3 '

The sequence data below confirms the identity of the 3' end of the 

thrombin receptor at the other end of the 1 4kb insert. The figure shows primer 

sequence underlined.

5 * -  CTCCTCTGTGTCTGTGTCAGCAGCATAAGCTCGTGCATCGACCCCCTAATTTA 

CTATTACGCTTCCTCTGAGTGCCAGAGGTACGTCTACAGTATCTTATGCTGC 

AAAGAAAGTTCCGATCCCAGCAGTTATAACAGCAGTGGGCAGTTGATGGCAA 

GTAAAATGGATACCTGCTCTAGTAACCTGAATAACAGCATATACAAAAAGCT 

GTTAACTTAGGAAAAGGGACTGCTGGGAGGTTAAAAAGAAAAGTTTATAAAA 

GTGAATAACCTGAGGATTCTATTAGTCCCCACCCAAACTTTATTGATTCACG  

TCC - 3 *
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The 3' end, approximately half of the coding region of the thrombin 

receptor, was successfully cloned into pBluescript KS* and sequenced. 

However, all attempts to amplify the 5' end of the coding region failed despite 

designing additional primers to the 5' end of the receptor, and the use of a semi- 

nested approach to PCR using these primers. Several pieces of cDNA have 

been amplified and sequenced, but did not code for any region of the thrombin 

receptor cDNA.

The 5' end of the receptor cDNA is rich in G and C residues and this may 

give rise to secondary structures that could interfere, not only, with reverse 

transcription, but could also affect primer binding during PCR. Reverse 

transcription has been performed at 42®C-45®C, this temperature may not be 

high enough to remove any secondary structure at the 5' end and thus facilitate 

the successful transcription of this region to cDNA.

5.8 REVERSE TRANSCRIPTION POLYMERASE CHAIN REACTION

During RT-PCR both reverse transcription (RT) and PCR take place in 

the same tube, the RT taking place at the elevated temperature of 70®C. In an 

attempt to improve the RT, the reaction was performed using both random 

primers and also using the thrombin receptor antisense primers 5 and 6 . This 

aimed to improve the efficiency of reverse transcription of the relevant 

sequence. However, no visible improvement in yield was observed over random 

priming.

The PCR step was performed using all possible combinations of the 

primers, combining sense primers 1, 2, and 3 with the antisense primers 5 and 

6 . The results of one such RT-PCR experiment is shown in figure 5.15. The 

RNA was antisense primed with thrombin receptor primer 6 , and the subsequent 

PCR used different combinations of all the thrombin receptor primers. No 

products were obtained when the PCR was primed using primers 1, 2, or 3 with
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primer 5 (figure 5.15, lanes 1-3). When the PCR was primed for the full length 

of the receptor using primers 1, 2, and 3 with primer 6 , a series of products of 

around Ikb in size were obtained (figure 5.15, lanes 5-7). Finally, as a positive 

control DNA was primed with primers 4 and 6 to the 3' end of the receptor that 

had already been amplified and cloned (figure 5.15, lane 8 ). A strong PCR 

product of 900bp was observed.

The product from lane 7, potentially coding for the full length of the 

thrombin receptor, was excised from a 1 % TAE agarose gel and purified using 

'Gene clean'. The fragment was digested with Psfl to confirmed that it digested 

to produce two fragments of roughly equal size, as would be expected of the 

thrombin receptor coding region with the naturally occurring Psfl site at base 

position 764 (data not shown).
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Figure 5.15 RT-PCR using different combinations of thrombin receptor 
primers. Total RNA was reverse transcribed using the anti sense primer 6 . Lanes 
1 -3 show PCR using the primers 1, 2, and 3 in combination with primer 5. No 
products were seen in the size range of 700-900bp as would be expected for the 
5' end of the receptor. Lane 4 shows 1 kb DNA ladder. Lanes 5, 6 , and 7 show 
PCR products using primers 1, 2, and 3 in conjunction with primer 6 . Lane 8 
shows the PCR product generated using primers 4 and 6 as a positive control.
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The remainder of the 'Gene cleaned' PCR product was reamplified under 

similar conditions as above and prepared for cloning into pBluescript KS* by 

digestion with Sa/I and GamHI. However despite several attempts, DNA 

fragments of only SOObp were cloned into pBluescript KS*.

5.9 TA CLONING

The TA cloning kit (Invitrogen B.V. Netherlands) allows the ligation of a 

single PCR product directly into a plasmid vector by virtue of a single adenine 

base overhang, added to all PCR products by Taq polymerase, and the single 

complimentary thymine overhang on the cloning vector (PCRII). 

Advantageously, this avoids the need for restriction endonuclease digestion of 

the PCR product. The PCR product, generated in section 5.8, was ligated 

directly into the PCRII vector supplied by the manufacturer. The recombinant 

plasmids were transformed in 'One Shot' cells (provided by the manufacturer) 

and selected colonies grown overnight for plasmid preparation and subsequent 

digestion.

The digested plasmids contained SOObp inserts and some of a smaller 

size (despite starting with an the original PCR product of - 1kb in size). The 

procedure was repeated on several occasions, however, repeatedly only 

products of SOObp and smaller cloned into the vector. This is a common problem 

due to the fact that smaller contaminating DNA molecules, though only making 

up a small proportion of the total by mass, can give rise to a significant 

proportion of the DNA in molar terms.

Although not confirmed by cloning and sequencing, it appeared that the 

3' end of the receptor, bases 716-1S99, was reamplified by the RT-PCR kit. 

However the S' end of the receptor remained elusive.
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5.10 PREPARATION OF GENOMIC DNA AND AMPLIFICATION BY PCR

The next approach was to move away from using RNA and to use 

genomic DNA instead. Genomic DNA was isolated from both HEL cells and from 

whole blood using the 'invisorb Genomic DNA kit'. On both occasions similar 

patterns of PCR products were amplified from the genomic DNA whether 

prepared from 1x10^ HEL cells or ISOpI citrated whole blood.

PCR products obtained using genomic DNA isolated from HEL cell and 

primers 2 and 6 (lane 1), and primers 4 and 6 (lane 3), are shown in figure 5.16. 

Again it appeared possible to amplify the 884bp 3' end of the receptor (lane 3) 

but when the DNA was amplified with primers to the 5' end of the thrombin 

receptor coding region, no products were obtained which were large enough to 

encode the thrombin receptor (1.4kb; lane 1). A similar pattern was observed 

when genomic DNA was prepared from whole blood. Every time the 3' end of the 

receptor was relatively easy to reamplify, however the 5' end of the receptor 

proved elusive despite all the different approaches used. Recent studies have 

shown that the full coding sequence of the thrombin receptor is present in exon 

2 of the gene, explaining why the genomic fragment amplified (884bp) was the 

same size as that amplified from cDNA (Connolly et a /1996).
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Figure 5.16 PCR products generated from genomic DNA extracted from HEL 
cells. Lane 1 shows products generated with primers 2 and 6 . Lane 2 shows 
1 kb DNA ladder and lane 3 shows the PCR products amplified with primers 4 
and 6 , with a strong band around the expected 884bp.
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5.11 CONCLUSIONS

•  The 3' end of the thrombin receptor from nucleotides 764-1599 

(approximately 60% of the receptor's coding region) was amplified by PCR, 

cloned into pBluescript KS* sequenced.

•  Additional primers to the 5' end of the coding region (primers 1 and 3) 

were designed in an attempt to amplify the remaining SOObp from the S' end of 

the receptor. However, the use of the additional primers did not increase the 

specificity of the products obtained, those products amplified and sequenced 

were similar to DNA amplified using the original primers (2, 4, S, and 6) and did 

not correspond to the known thrombin receptor sequence.

•  The S' end of the receptor has a high content of G and 0 residues and 

thus may have increased secondary structure, which may interfere with reverse 

transcription. Originally reverse transcription had been carried out at 42*0, it 

was hoped that by using RT-PCR, it may be possible to transcribe the RNA at 

70*C and remove some of the secondary structure present at the lower 

temperatures. The S' end of the receptor was not amplified using this method, 

but it appeared that the 3' end of the receptor was reamplified and thus present 

in the RNA preparation.

•  A final attempt to use PCR to amplify the thrombin receptor coding region, 

was made using genomic DNA extracted from whole blood and HEL cells. Using 

RT-PCR, it appeared possible to amplify the 3' end of the receptor from both 

HEL cells and whole blood, although this was not confirmed by sequencing. 

However, there was no success in amplifying the S' coding region.
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5.12 ADDITIONAL TECHNIQUES USED DURING THE PROJECT

5.12.1 Increasing PCR Product Yield by use of Glycerol

The use of glycerol in PCR was suggested by Fenton-Williams (1989). 

Glycerol (10% v/v) was added to the PCR mixture mastermix and often improved 

the yield of any particular reaction as measured by the density of the PCR 

product band.

5.12.2 Hot Start' PCR

Hot start PCR was attempted in order to and increase the specificity of 

the primers used in first round PCR. Taq DNA polymerase was added when the 

primers had reached their optimal annealing temperature. However, the use of 

this technique did not alter the specificity of the primers for particular sites on the 

cDNA template.

5.12.3 Tailing cDNA with dGTP by Terminal Dideoxynucleotidyl 

Transferase

In an attempt to amplify the 5' end of the receptor cDNA in a manner 

independent of its sequence, the preparation of cDNA was tailed by terminal 

dideoxynucleotide transferase with dGTP. cDNA was synthesized from total 

RNA by RT using antisense thrombin receptor primers 5 or 6 . The cDNA was 

tailed with guanine residues by the action of terminal transferase (TdT) and 

then amplified by PCR using thrombin receptor primers and a poly C primer, 

primer 7 (table 2.4). Again, it proved impossible to amplify the 5' end of the 

receptor in second round re-PCR using specific thrombin receptor primers (data 

not shown).
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Chapter 6 
Discussion



6.1 SUMMARY OF THESIS

The cloning of the seven transmembrane domain thrombin receptor (Vu 

ef a/ 1991a) lead to a proliferation of research elucidating its novel mechanism 

of action and its potential as a site for antiplatelet therapy. In this study, whole 

blood flow cytometry has been used to examine platelet responsiveness to ADP, 

thrombin and TRAP peptides. The inhibition of platelet activation was also 

investigated using aspirin and comparing the effect of GPIIb/llla receptor 

inhibitors.

The mechanism of action of the thrombin receptor in mediating platelet 

activation was investigated by flow cytometry. A series of peptides mimicking the 

N-terminus of the receptor were used to stimulate platelets and were found to 

be ten times less potent than thrombin at inducing platelet fibrinogen binding 

and P-selectin expression. The most potent peptide tested was TRAP 1-6 

(SFLLRN), although TRAP1-3 (SFL) was capable of inducing some platelet 

activation at higher concentrations.

Amino acid sequence analysis was used to predict extracellular regions 

of the receptor for use as immunogens. Peptides were synthesized and 

antipeptide antibodies raised to these sequences. A polyclonal antiserum to a 

peptide spanning the thrombin cleavage site, tethered ligand domain, and 

thrombin binding domain was capable of inhibiting thrombin and TRAP 1-6 

induced aggregation but had no effect on ADP induced aggregation. Polyclonal 

antisera raised to peptides mimicking smaller sequences within the N-terminus 

of the receptor also inhibited thrombin-induced fibrinogen binding and P-selectin 

expression, assessed by flow cytometry. Antipeptide antibodies raised to the 

extracellular loops of the receptor and to the cleaved peptide domain, although 

recognising the immunising peptide, did not bind to platelets or have any effect 

on thrombin or TRAP 1-6 induced platelet activation.
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Platelet responsiveness to thrombin could be desensitised by incubation 

with substimulatory concentrations of thrombin and TRAP 1-6 in a dose, and 

time, dependent manner. An antibody to the N-terminus of the receptor was 

used to determine if desensitisation was due to downregulation of the receptor 

from the surface of the cell. Stimulation with thrombin, or TRAP 1-6, showed that 

whilst the receptor was downregulated from the surface of HEL cells, it was not 

downregulated from the surface of platelets.

In parallel to these cellular studies, molecular techniques were used in 

an attempt to obtain a functional clone of the thrombin receptor from either HEL 

cells or whole blood preparations. The 3' end of the coding region was amplified 

by primer specific PCR, cloned into the plasmid vector pBluescript KS*, and 

sequenced. Several different approaches were used in an unsuccessful attempt 

to amplify the 5' end of the receptor cDNA.

6.2 GENERAL DISCUSSION

6.2.1 Cellular Studies

The objective of this part of the study was to use flow cytometry to 

investigate platelet activation in response to physiological agonists. Flow 

cytometry offers an alternative to traditional methods of platelet study, such as 

aggregometry, and by using whole blood avoids time consuming preparation of 

platelets which may undergo artifactual activation due to centrifugation. There 

have been several reports of the use of this method and discussion of its merits 

for detection of platelet activation (Shattil et al 1987, Warkentin et al 1990, 

Abrams & Shattil, 1991 and Janes et al 1993). The investigation of platelet 

responsiveness, and the constraints of the flow cytometry, also allows the 

evaluation of current approaches to antiplatelet therapy.
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The flow cytometry assay provides a quick and efficient method for 

investigating platelet responsiveness. Studies counting single cells, in samples 

prepared for flow cytometry, demonstrated that the assay investigated platelet 

activation in an aggregation free system, despite stimulation of the cells by ADP. 

The use of the GPRP peptide has allowed the investigation of thrombin 

responsiveness in whole blood, previously not possible due to fibrin 

polymerisation (Michelson, 1994).

Platelets are capable of being activated by a wide variety of agonists, this 

has always lead to attempted classification of the agonists, for example into 

weak and strong agonists. Strong agonists are those such as thrombin and 

collagen that can trigger granule secretion in the absence of aggregation, or 

when aggregation is prevented by high extracellular calcium. ADP is a weak 

agonist that only causes significant secretion in conjunction with aggregation. 

The aggregation is reinforced as further ADP is released from dense granules, 

similarly ADP reinforces the activatory stimulus provided by stronger agonists 

(Kroll & Schafer, 1989 and Huang & Detwiler, 1981).

It is quite clear from the flow cytometry studies that there is a difference 

in potency between ADP and thrombin. However, the traditional criterion of 

ability to cause secretion as the difference between weak and strong agonists 

is less clear. These studies have shown a small but consistent expression of P- 

selectin from platelets activated by ADP. This expression of P-selectin is 

independent of thrombin generation in the assay tube in vitro, and binding of 

fibrinogen to the GPIIb/llla receptor. In fact ADP-induced expression of P- 

selectin occurs in the absence of the GPIIb/llla receptor as shown by studies on 

a patient with type I Glansmann’s thrombasthenia. The expression of P-selectin 

from the a-granules is parallelled by the release of R-Tg, confirming that 

granular secretion has taken place (Janes et a! 1994). Thus, the expression of 

P-selectin is not just the appearance of antigen on the platelet surface.
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Antiplatelet therapy has been shown to be effective in preventing further 

cardiovascular events in patients with cardiovascular disease. Aspirin has been 

shown to be the most effective first line antiplatelet drug for patients with 

thrombotic disease states (Antiplatelet Trialists’ Collaboration 1988, ISIS-2 

1988, The RISC Group 1990). The data from the effect of aspirin on thrombin 

and ADP induced fibrinogen binding and P-selectin expression in flow cytometry 

is important in two ways. Firstly, the use of aspirin to treat cardiovascular 

disease, and as an analgesic, means that it is used widely throughout the 

general population. Thus, when undertaking platelet studies with blood from 

normal donors or patients, knowledge of the effect of aspirin on platelet 

activation assessed by the flow cytometry assay is important. Secondly, aspirin 

may also be used to investigate platelet activation in the absence of TxAj and 

aggregation.

The flow cytometry data in this study demonstrated that aspirin does not 

have an effect on thrombin, or ADP, induced fibrinogen binding or P-selectin 

expression in this assay. Aspirin inhibits the conversion of arachidonic acid to 

TxAj by irreversibly acetylating the cyclooxygenase enzyme. This pathway 

depends on close cell to cell contact, (Packham et al 1987), and thus, in 

aggregometry, aspirin will inhibit 'second phase' ADP induced aggregation, 

which is very dependent on the generation of thromboxane (Chronos at a! 1994). 

Thrombin, although a potent stimulator of the thromboxane pathway, induces 

degranulation by a TxAg-independent pathway and is thus unaffected by aspirin 

treatment (Best at a! 1980, cited in Chronos at a /1994).

As aspirin inhibits only one modulatory pathway involved in platelet 

activation, its potency at inhibiting platelet activation is very dependent on the 

stimulus. Thus in clinical situations, or thrombotic disease states, where there 

is close cell to cell contact, or where platelet activation is mediated by weaker, 

less potent agonists such as ADP released from platelets or red cells by shear 

stress or epinephrine, then aspirin will be effective in inhibiting platelet
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activation. However, in situations where there is exposure of collagen due to 

endothelial damage, or the generation of thrombin, platelet activation is not 

dependent on TxAj and thus, aspirin will be a less effective inhibitor of platelet 

activation. Flow cytometry has shown, that despite aspirin treatment, and in the 

absence of aggregation platelets can bind fibrinogen and degranulate in 

response to the physiological agonists thrombin and ADP.

A more recent target for antiplatelet therapy has been the GPIIb/llla 

receptor. Flow cytometry results in this study have shown that whilst fibrinogen 

receptor antagonists, such as echistatin and RODS, are capable of potently 

inhibiting platelet fibrinogen binding, the platelets still express P-selectin on their 

surface in response to agonist stimulation. A similar inhibition is seen using the 

antibodies RFGP56 and RFGP52 which bind to GPIIb/llla. Similarly, in the 

absence of the GPIIb/llla receptor in a patient with Type I Glansmann’s 

thrombasthenia, degranulation still occurs. Thus, whilst inhibition of fibrinogen 

binding to platelets will inhibit platelet aggregation, the platelets still have the 

potential to release their granule content in response to stimulation.

The cloning of a thrombin receptor (Vu et al 1991a) identified a much 

sought after target in vascular research and lead to renewed interest in its 

potential as a site for antithrombotic therapy. The thrombin molecule itself has 

been a target for antithrombotic therapy for some time and molecules which can 

potently inhibit the protease activity of thrombin, in vitro, are already available 

(Tapparelli ef a /1993). Vu et al (1991a) proposed a novel mechanism of action 

for the cloned receptor. They identified a thrombin cleavage site at an 

arginine/serine amino acid bond 41 residues from the amino terminus of the 

receptor, and showed that a peptide mimicking the N-terminus of the cleaved 

receptor was capable of activating the cloned receptor and platelets. They 

proposed that thrombin cleaves the N-terminus at arginine 41/serine 42 creating 

a new N-terminus, which, by interacting with an unidentified part of the receptor, 

induces activation.
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From this proposed mechanism of action there are four sites of interest on the 

receptor;

1 ) the cleaved peptide

2 ) the tethered ligand

3) the thrombin binding domain

4) the binding site for the ligand

Following this report, there was a flourish of publications of studies which 

used peptides mimicking the N-terminus of the receptor to attribute thrombin 

mediated responses on a number of cell types to the seven transmembrane 

receptor. Comprehensive studies appeared which attempted to identify more 

important residues in the tethered ligand binding domain. To date this study is 

the only flow cytometric study of platelet activation in whole blood induced by a 

series of N-terminal thrombin receptor activating peptides. Results indicating the 

rank order of potency of the thrombin receptor peptides at inducing platelet 

fibrinogen binding and P-selectin expression were in agreement with that 

published elsewhere in the literature. The data obtained from this study is 

summarised and compared to that published in the literature in table 6 .1.

Sequentially removing amino acid residues from the carboxyl terminus of 

TRAP1-14 (SFLLRNPNDKYEPF) resulted in an increase in activity of the 

peptide. The most potent of the peptides was TRAP1-6. This finding was in 

accordance with that of Chao et al (1992), Hui et al (1992), Scarborough et al 

(1992) and Vassallo et al (1992), lending evidence to the importance of the 6th 

residue, glutamine, (SFLLRN). However, Sabo et al (1992) and Vouret Craviari 

ef a/(1992), found the TRAP1-5, (SFLLR), to be the most potent of the peptides 

at inducing activation but this was not in accordance with most findings. In the 

flow cytometry assay TRAP 1-4 and TRAP 1-3 also induced platelet activation, 

however in this study, TRAP1-4 was found to be more potent than in the assays 

of other investigators (Hui et a /1992; Scarborough et al 1992 and Vassallo et 

a /1992). The 60 fold difference in potency between TRAP1-4 and TRAP1-5 in
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Table 6.1

Relative potency of thrombin receptor agonist peptides (TRAPs) and 

minimal sequence requirements for inducing platelet activation by several 

techniques

TRAP
Peptide

EC* values ijjM)

Hui etal Chao 
ef a/

Scarborough
efaf

Vassallo 
ef af

Sabo 
ef a/

Wilson

1-14 SFLLRNPNDKYEPF 8.0 6.7 18.2 4.0 6.1 18.0

1-13SFLLRNPNDKYEP 4.1

1-12SFLLRNPNDKYE 8.2 18.5

1-11 SFLLRNPNDKY 3.8 5.3

1-10SFLLRNPNDK 4.0 7.2 3.7

1-9 SFLLRNPND 12.2 4.0 5.9

1-8SFLLRNPN 3.0 4.7 4.7

1-7SFLLRNP 3.0 3.4 4.4

1-6 SFLLRN 1.3 1.4 0.8 2.3 1.7

1-5 SFLLR 3.4 6.0 2.1 2.0

1-4SFLL 300 461 187 890 124

1-3 SFL >5000 >1000 >1000

The studies of Chao et al (1992), Hui et al (1992), Scarborough et al (1992) and 
Vassallo et al (1992) used aggregation as a measure of platelet responsiveness. 
Sabo et al (1992) measured the release of 5HT from dense granules, and for 
this study the activity of each peptide at inducing fibrinogen binding in the flow 
cytometric assay is shown.

this study, indicates the important role that the arginine at position 5 (SFLLRN) 

plays in peptide induced activation. TRAP1-3 induced platelet activation at a 

high concentration (>1mM), this was in accordance with the findings of Hui et al

(1992) and Sabo et al (1992). Whether this reflects a specific ability to stimulate 

the receptor, or is activation due to the high concentration of peptide is unclear. 

Chao ef a/(1992) also tested a series of truncated peptides from the N-terminus 

of the receptor (TRAPs 1-14, 1-9, 1-8, 1-6, and 1-5) for their ability to induce
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platelet aggregation. However, as a measure of peptide potency they took the 

minimum concentration of peptide required to give maximum aggregation. This 

gave rise to a different rank order of peptide potency; TRAP1-14 (10pM), 

TRAP1-9 (10pM), TRAP1-8 (20pM), TRAP1-6 (25pM), and TRAP1-5 (50pM). 

The reason for this is unknown but suggests a role for longer peptides in order 

to achieve maximum aggregation.

Van Obberghen Schilling etal (1993) demonstrated the importance of the 

aromatic side chain on phenylalanine in position 2 (SFLLRN) of TRAP1-14 by 

substituting it with tyrosine and showed no loss of ability of the peptide to 

activate cells. Chao et a! (1992) also substituted amino acids within TRAP1-14 

peptides. Phenylalanine 2, leucine 4 and arginine 5 were individually replaced 

by alanine and showed that phenylalanine 2 was crucial for the activity of the 

TRAP 1-14 peptide. The alanine substitution studies of Vassallo et a! (1992) 

revealed, in accordance with other groups, that replacement of either 

phenylalanine 2, leucine 4 or arginine 5 within TRAP1-6 resulted in a loss of 

peptide activity of between 20 and 2,000 fold. Removal of serine 1 (-FLLRN) 

also resulted in a 200 fold loss of activity, but if this residue was a substituted 

by an alanine (AFLLRN), loss of activity was found to be only three fold.

Sabo et a! (1992) performed a series of structure/function experiments 

using SFLLR. By creating alanine substitution derivatives, they confirmed the 

findings of other research groups showing that substitution of the phenylalanine 

2, leucine 4 or arginine 5 appear to have the most effect in decreasing peptide 

activity.

Several investigators used this information to model a binding pocket for 

the receptor, providing strong evidence for a very specific binding pocket for the 

tethered ligand. Vassallo et a! (1992) suggested that in the uncleaved receptor 

the SFLLR domain was in a R conformation. Following receptor cleavage, these
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residues form a helical conformation with the side chains of the phenylalanine 

and arginine pointing in the same direction to access a docking point, or pocket, 

on the main body of the receptor. Hui et al (1992) modelled a binding pocket for 

the tethered ligand, based upon the hydrogen bonding moieties and 

hydrophobicity of the peptide TRAP 1-6. Peptides with the N-terminal serine 

removed did not activate platelets nor did peptides with the serine and 

phenylalanine at positions 42 and 43 reversed. These peptides antagonised 

thrombin and TRAP 1-14 and 1-6 induced platelet activation (Chao et a /1992; 

Coller et al 1992; Scarborough et al 1992 and Vassallo et al 1992).

Using a different approach, amino acid substitution was used to make 

peptides which have increased affinity for binding to, and stimulating, the 

thrombin receptor. One such six amino acid peptide, developed and kindly 

provided by Pfizer Central Research, was compared with TRAP1-6 by flow 

cytometry assay in this study. As expected the modified peptide was indeed 

more potent at inducing fibrinogen binding than TRAP1-6.

Several groups have studied the effects of thrombin receptor peptides on 

endothelial cells (human and bovine) and found that all cell lines were 

responsive to the peptides (Garcia, 1992; Sugama & Malik, 1992; Lum et al 

1993 and Kruse ef a /1995). Reversal of the sequence of the amino acids within 

some of the peptides confirmed similar structural requirements on endothelial 

cells as on platelets, showing that the activation was dependent on the 

sequence of the peptide (Lum ef al 1993).

Whilst peptides derived from the cloned thrombin receptor were capable 

of mimicking the effects of thrombin on many types of cells, they may not be 

eliciting a full response. In the present study, the peptides were not as potent as 

thrombin; thrombin caused platelet activation in the nanomolar range whilst the 

peptides were active in the micromolar concentration range. Several groups
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have identified differences in the agonist capabilities of TRAP peptides. Vouret 

Craviari ef a/(1992) and Lum ef al (1993) showed that thrombin, but not TRAP, 

caused protein kinase 0 (PKC) to become associated with the cell membrane 

during activation. Sugama ef al (1992) found that TRAP peptides could mimic 

the effect of thrombin by increasing P-selectin expression on EC, but were 

unable to upregulate the intercellular adhesion molecule-1 (ICAM-1 ). Seiler ef 

a /(1992) suggested that thrombin activated platelets via two different pathways 

through separate receptors, one of which was activated by TRAP peptides. 

Santulli ef al (1995) provided evidence for a second protease-activated receptor 

on kératinocytes. Jenkins ef al (1995) suggested that there are two thrombin 

receptors on neutrophils, since antibodies directed against the seven 

transmembrane domain thrombin receptor failed to inhibit thrombin induced 

chemotaxis, whilst TRAP peptides were unable to induce chemotaxis.

Interspecies studies also provided evidence that there may be more than 

one thrombin receptor. Hung ef a/(1992a) showed that hamster lung fibroblasts 

could be activated by TRAP1-14 peptide. However, Kinlough Rathbone ef al

(1993) showed that whilst rabbit and rat platelets did not respond to human 

thrombin receptor peptides despite showing a full aggregation response to 

human thrombin, pig and guinea pig platelets did, though at a 10 fold higher 

concentration than human platelets. This may in part be explained by differences 

in receptor sequence. Though the thrombin receptor from hamster, mouse and 

rat show around 75% sequence homology with the human receptor (Rasmussen 

ef al 1991; Zhong ef al 1992), the region with least sequence identity is the 

extracellular N-terminus.

In this study the murine agonist peptide (SFFLRN) was used in 

comparison to human TRAP1-6, (SFLLRN) to induce fibrinogen binding to 

human platelets. Both peptides induced similar levels of fibrinogen binding, 

measured as % cells positive. However, the human TRAP1-6 appeared to cause
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more fibrinogen binding when MFI was also taken into consideration by 

calculating the binding index. The difference in activity between the two peptides 

may reflect structural differences in the ligand binding domain between the two 

receptors. More importantly, these results show that the leucine residue at 

position 3 in the human peptide (SFLLRN), can be substituted with 

phenylalanine without any loss of peptide activity, as measured by fibrinogen 

binding.

Kinlough Rathbone et al (1993) suggested that rat and rabbit platelets 

mediate thrombin-induced aggregation through an unknown receptor. More 

recently, Derian at al (1995) compared thrombin and TRAP peptide induced 

responses in rat, dog, guinea pig, rabbit, monkey and human platelets. Whilst 

all responded to a thrombin stimulus, only guinea pig and monkey platelets 

responded to TRAP 1-6. This suggests that activation can proceed via another 

thrombin receptor on rat, dog and rabbit platelets. Connolly at al (1996) 

confirmed this using platelets from knockout mice, which lack the cloned seven 

transmembrane domain thrombin receptor, and did not aggregate in response 

to TRAP peptides yet showed full aggregation and calcium flux in response to 

thrombin.

For many years there has been evidence suggesting that GPIb can act 

as a thrombin binding site on platelets (Okumura & Jamieson, 1976; Okumura 

at al 1978 and Harmon & Jamieson, 1986b). Coughlin at al (1992) have also 

suggested that GPIb acts as a 'sink', or localising point, for thrombin during 

platelet activation. De Marco at al (1994) raised a monoclonal antibody to GPIb 

that inhibited thrombin binding to its high affinity binding site on the GPIb 

molecule, and also inhibited platelet activation and aggregation.

The peptide Gol 10 (DEGDTDLYDYYPEEDTEGD) used in this study was 

derived from an acidic sequence on GPIb (amino acids 269-87) within the
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binding domain for the antibody raised by De Marco et al (1994). Although the 

antisera did not bind to platelets or HEL cells, or have any effect on platelet 

activation, the immunising peptide was capable of inhibiting thrombin-induced 

P-selectin expression in a dose-dependent manner. Residues 271-84 have been 

identified as forming part of the high affinity thrombin binding site and peptides 

mimicking this region inhibited platelet activation (De Marco et al 1994). Gralnick 

ef a/(1994) have characterised this region using peptide inhibition studies and 

suggested that the region contained two distinct thrombin binding domains. It 

appears that the GPIb region, (amino acids 269-87) bears structural similarity 

to the thrombin binding region on hirudin and on the seven transmembrane 

thrombin receptor. De Marco et al (1994) suggested that this may be the result 

of convergent evolution.

The role that GPIb plays in thrombin-mediated activation in platelets is as 

yet unresolved, and recently, McNicol et al (1996) showed that defective 

thrombin responsiveness on Bernard Soulier platelets (which lack GPIb), was 

not due to any deficiency of the seven transmembrane domain thrombin receptor 

on the platelet surface. Greco et al (1996) used antibodies to both the platelet 

thrombin receptor and GPIb to show that antibody blockage of either receptor 

lead to diminished platelet responsiveness to thrombin.

Attempts to inhibit thrombin receptor-mediated activation have largely 

focussed on the N-terminal region of the receptor. By replacing the cleavage 

site for thrombin with that for enterokinase. Vu et al (1991b) showed that 

receptor activity was determined by the thrombin cleavage site. Thrombin 

responsiveness was lost but the receptor became a fully functional enterokinase 

receptor. Mutagenesis studies showed that the hirudin-like region was essential 

for thrombin binding (Vu et al 1991b). Peptides mimicking the hirudin-like 

sequence were capable of inhibiting thrombin-induced platelet activation and 

altering its substrate specificity (Liu et a /1991 ). Ishii ef a/ (1995) have postulated
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that this sequence alters specificity of thrombin for the receptor by preventing 

interaction with an aspartic acid residue three amino acids from the thrombin 

cleavage site, in a manner similar to protein C (Esmon, 1987).

In this study, the effect of thrombin, PPACK and hirudin on TRAP1-6 

induced P-selectin expression was investigated. The study was designed to 

allow thrombin, which was blocked at the active site by PPACK, to bind to 

platelets and thus determine if this binding had any effect on TRAP1-6 induced 

P-selectin expression by causing a conformational change which facilitates, or 

inhibits, TRAP peptide access to its binding site. The results suggested that this 

was not the case.

Hung et al (1992b) demonstrated inhibition of the thrombin receptor using 

a polyclonal antisera raised to the thrombin binding region on the receptor. 

Brass at al (1992) raised monoclonal antibodies to peptides from the tethered 

ligand agonist domain of the receptor which were capable of blocking thrombin- 

induced platelet activation, although only weakly. Using these antibodies for 

immunoblotting Brass at al (1993) showed that the receptor was 66kDa. and 

thus, one third of the molecular weight of the receptor may be due to 

glycosylation, as the estimated size of the receptor determined from the 425 

amino acid sequence is 47kDa. In addition, they showed that there were 1,800 

copies of the receptor per cell. This was in agreement with the previously 

published number of high affinity thrombin receptors on platelets (Tam & 

Detwiler 1978). Bahou ef a/(1993a & 1994), used a polyclonal antiserum raised 

to amino acids 1-160, to identify a region of functional importance in the N- 

terminus, close to the first transmembrane domain of the receptor ( residues 83- 

94). Site directed mutagenesis studies have confirmed this region to be 

functionally important in both peptide- and thrombin-induced platelet activation. 

This is in agreement with findings from the present study using Gol 1 antiserum 

raised against the same region.
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Gerszten et al (1994) cloned and expressed the xenopus laevis thrombin 

receptor, which has an identical mechanism of action as the human receptor, but 

a different tethered ligand peptide. By sequentially replacing the extracellular 

domains with those of the human receptor they were able to confer human TRAP 

peptide, and thrombin responsiveness to the xenopus receptor They also 

identified the N-terminal region as being important for receptor function. In 

addition, they found that the second extracellular loop also played a critical role 

in receptor activation. Subsequent studies from the same group, using chimeric 

xenopus thrombin receptors and site directed mutagenesis, identified 

phenylalanine at position 87 in the N-terminal region, and glutamic acid 260 in 

the second extracellular loop as the two key functional amino acid residues 

within each receptor domain. These two amino acids interact with arginine at 

amino acid 5 (SFLLRN) in the tethered ligand domain (Nanevicz et al 1995). 

This confirms the importance of arginine 5, shown in this study by the difference 

in potency between TRAP1-5 and TRAP1-4 at inducing platelet activation.

An antibody to the cleaved peptide domain of the thrombin receptor would 

be useful in developing an assay for thrombin cleavage of its receptor on the 

surface of cells. Amino acid sequence analysis of the cleaved peptide region of 

the receptor suggested that it was highly immunogenic. However, the rabbit 

antisera (Gol 5 and Gol 6 ) raised to peptides in this region, although binding to 

the peptide immunogen, did not bind to any of the preparations of platelets or 

HEL cells. Similarly, two polyclonal antibodies also raised to peptides mimicking 

the cleaved peptide region of the receptor (given by Prof. D A. Lane) would not 

bind to platelets in whole blood and PRP or washed platelets, despite binding 

to the immunising peptide in ELISA. Hung et al (1992b) raised polyclonal 

antisera to peptides from this region, several of the antisera inhibited platelet 

activation whilst others were without effect. It may be glycosylation which 

prevents antibody binding to the native protein, since a potential glycosylation 

site is indicated in this region (Vu et a/ 1991a).
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When purified, the polyclonal antiserum raised in sheep to the receptor 

region (amino acids 38-64), bound strongly to HEL cells, platelets in whole blood 

and PRP, and washed platelets. The purified antiserum inhibited platelet 

aggregation and activation induced by thrombin, but had only minimal effect on 

ADP induced aggregation. However, it inhibited TRAP1-6 induced activation 

suggesting that some of the antibodies present bound to this region preventing 

insertion of the tethered ligand into the ligand binding site. The inhibition of 

around 20% seen with ADP may reflect the role of thrombin generated in vitro 

during aggregation and the enhancing effect it may have on ADP-induced 

aggregation.

Out of 20 antisera raised to the receptor in this study, only four were 

shown to bind to HEL cells by flow cytometry, once purified and there was no 

detectable binding to platelets. These four antisera (Gol 1, Gol 7, Gol 8 and Gol 

9) were all raised to peptides from the N-terminal region of the receptor. 

Purification of these rabbit antibodies on protein G columns gave low and 

inconsistent yields. There was no improvement in consistency or yield when 

ammonium sulphate precipitation was used as an alternative method. These 

purification problems were characteristic of this set of antisera as no such 

problems had been encountered with other antiplatelet antibodies routinely 

purified in the laboratory or with the anti-sheep serum raised to a peptide from 

the N-terminus of the thrombin receptor. However, all four Gol sera showed 

dose-dependent inhibition of platelet fibrinogen binding and P-selectin 

expression induced by thrombin. i

Norton et al (1993) raised polyclonal and monoclonal 

antibodies to the N-terminal region of the receptor. They used these to show 

inhibition of thrombin induced platelet activation. Using antibodies, which bound 

to the tethered ligand, sequence they found a drop in antibody binding to the 

surface of the cell following activation, and attributed this to insertion of the
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tethered ligand into a protected domain on the receptor.

Desensitisation in response to sub-threshold levels of agonists and 

synergy between different platelet agonists have been studied extensively by 

Huang & Detwiler (1987). Hallam ef a /(1982) characterised desensitisation in 

human and rat platelets and were able to show that homologous thrombin 

desensitisation resulted in a shift of the thrombin dose response curve to the 

right.

The present study shows that thrombin, at concentrations that did not 

induce activation, desensitised platelets to subsequent challenge with thrombin. 

The maximum effect was seen with two minutes preincubation and the platelets 

remained desensitised for at least 60min without recovery of the normal agonist 

response. Similar desensitisation to a subsequent thrombin challenge was also 

caused by sub-activatory levels of TRAP 1-6, this effect was also dose- 

dependent and onset was within 2min. These results suggest that cleavage of 

the receptor by thrombin was not the primary cause of desensitisation. Brass ef 

al (1991 ) demonstrated desensitisation to thrombin in HEL cells, and showed 

that proteolytic activity of thrombin and protein synthesis were required for 

recovery of thrombin responsiveness. Seiler ef al (1991) demonstrated that 

TRAP1-14 was able to desensitise thrombin-induced aggregation, and Brass 

(1992) demonstrated a similar effect on calcium flux in platelets and HEL cells, 

showing that phosphorylation was involved and that dephosphorylation was 

coincident with recovery of TRAP1-14 responsiveness.

In order to determine whether this desensitisation was in part due to 

downregulation of the receptor from the surface of the platelet, thrombin receptor 

antibody binding (anti-leu38-ser64) was measured in response to thrombin and 

TRAP1-6 stimulation of platelets. Whilst the receptor was very quickly 

downregulated from the surface of the HEL cells, there was no downregulation
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from the surface of platelets. Hoxie et al (1993) have studied this phenomenon 

in HEL cells, and in some very elegant studies have shown that the thrombin 

receptor is quickly downregulated from the surface of the cell. Using monoclonal 

antibodies raised to extracellular regions of the receptor they were able to 

identify internalised receptors associated with endosomes and also in 

lysosomes. A proportion of cleaved receptors (25%) returned to the surface of 

the cell, but thrombin responsiveness only returned after protein synthesis and 

new receptors appeared on the cell surface. Brass at al (1994) further 

characterised downregulation and recycling of thrombin receptors on HEL cells 

and Woolkalis at al (1995) showed a similar, though distinct mechanism of 

internalisation and recycling for endothelial cells. Horvat & Palade (1995) found 

that most of the thrombin receptors on HUVEC were associated with an 

intracellular tubular network. Hein at al (1994) and Zacharias at al (1995) 

showed thrombin receptor internalisation and recycling following stimulation of 

transfected rat fibroblasts and mesangial cells, respectively. Woolkalis at al

(1995) and Molino at al (1995) have suggested that the thrombin receptor on 

platelets is also downregulated following activation. This contradicts results 

obtained in the present study, and also those of Norton at al (1993) who, using 

several monoclonal and polyclonal antisera to the N-terminus of the thrombin 

receptor found that receptors remained on the surface of platelets following 

thrombin stimulation. This suggests that this downregulation may be a feature 

of thrombin receptors on nucleated cells.

In summary, it is possible to mimic some, but not all of the effects of 

thrombin on a variety of cell types using TRAP peptides. Amino acid substitution 

and site directed mutagenesis studies have revealed the importance of several 

of these residues in forming a binding pocket for the tethered ligand. These 

include arginine at position 47 of the tethered ligand, phenylalanine at position 

87 of the N-terminus, and glutamic acid at position 260 in the second 

extracellular loop. These three residues appear to play a key role in forming a 

binding pocket, comprising the three different receptor domains.
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The cleaved peptide region is an attractive site to which antibodies could 

be raised for development of an assay for thrombin cleavage of the receptor. 

However, this study, and the work of others has shown the difficulty in raising 

antibodies to this region. It is possible to inhibit thrombin receptor mediated 

activation using monoclonal and polyclonal antibodies to a number of sites on 

the receptor. The N-terminus appears to be the most antigenic part of the 

extracellular regions, this is reflected in the number of antibodies raised to this 

region that are functional in this study and in the work of others. It was 

disappointing to find that none of the antibodies raised to the extracellular loops 

of the receptor would bind to cells or inhibit platelet activation, as this may have 

elucidated the role these regions play in activation of the receptor. However, it 

was possible to show inhibition of platelet activation using antibodies to the 

tethered ligand domain, the thrombin binding region and the region prior to 

insertion in the 1st transmembrane domain, demonstrating their role in 

activation. Finally, a polyclonal antiserum to the N-terminus of the receptor 

allowed investigation of the role of TRAP and thrombin in receptor 

downregulation from the cell surface, showing an apparent difference between 

platelets and nucleated cells.

6.2.2 Molecular Studies

The HEL megakaryocytic cell line was used to prepare cDNA large 

enough to encode the translated region (1.3kb) of the thrombin receptor. 

Oligonucleotide primers were based on the sequence of the Dami 

megakaryocytic cell line thrombin receptor (Vu et a/ 1991a) and used to amplify 

the receptor coding region by PCR. Approximately 60% of the coding region of 

the receptor (base pairs 764-1599) was amplified, cloned into pBluescript KS*, 

transformed into E. coli and sequenced.
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Initial attempts to amplify the entire coding region of the thrombin receptor 

failed to generate a fragment of the correct size. This may have been due to one 

or both of the primers not annealing to their target sequences, or the fact that 

the coding region of the thrombin receptor was not present as a single fragment 

in the cDNA preparation. To test both of these possibilities PCR primers were 

were designed to amplify the coding region in two overlapping fragments. This 

approach successfully amplified the 3' end of the receptor, but failed to amplify 

the 5' end. Though a fragment of approximately the correct size was amplified 

using primers to the 5' end, this fragment contained a Psfl restriction enzyme 

site and when cloned and sequenced showed no homology to the expected 

sequence.

Several techniques (semi-nested PCR from cDNA, RT-PCR and genomic 

DNA PCR) were unsuccessfully used in an attempt to amplify the remaining 500 

base pairs of the coding region at the S' end of the receptor. However, the 

antisense primer, used to amplify the S' end, in conjunction with the M13 reverse 

primer successfully amplified part of the thrombin receptor sequence already 

cloned into pBluescript KS*. This suggested that the sense primers to the S' non

coding region were not binding efficiently. Design of additional primers to the S' 

end was hampered by GC rich regions in the non-coding sequence and an 

additional primer, homologus to the start of the coding region, also failed to 

generate a PCR product of the S' end of the receptor.

Semi-nested PCR of the S' end, in conjunction with a lower annealing 

temperature succeeded in amplifying products of approximately the correct size, 

but these appeared to be the same Pst\ sensitive fragments of DNA amplified 

previously. Using each of the S' end primers (1, 2, and 3) in conjunction with 

primer 6 also failed to product a PCR product of the correct size.
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To assess whether the procedure was failing at the reverse transcription 

step, the same primers were used to amplify the genomic sequence. This 

approach also failed to generate a fragment of the correct size using primers to 

the 5' end of the receptor, lending evidence to the fact that primer specificity was 

a problem.

All of these techniques were used in an attempt to overcome either primer 

specificity or possible RNA/cDNA conformational problems due to the GC base 

content at the 5' end. The literature suggests that others may also have 

experienced difficulty amplifying the 6' end of the receptor. Currently, no one has 

successfully used PCR to amplify the full coding region of the receptor. Zhong 

et al (1992) used a 500 base pair fragment (bases 386-882) from the HEL cell 

thrombin receptor to probe a rat aortic smooth muscle cell cDNA library, and 

subsequently sequenced a rat thrombin receptor. However, the cDNA library 

was screened twice before the full cDNA was cloned. On the first screen, 250 

base pairs from the 5' end of the cDNA were absent from the clone. On the 

second screening the first 50 bases of the 5' end were missing, again showing 

the difficulty in obtaining the 5' end of the thrombin receptor cDNA. Similarly, 

Bahou et al (1993b) used a thrombin receptor fragment amplified by PCR to 

screen a cDNA library from HUVEC and obtained a receptor clone. 

Subsequently, they localised the thrombin receptor gene to chromosome 5, 

region q13 (Bahou et al 1993b).

Nystedt et al (1994 & 1995a) reported the cloning of a seven 

transmembrane domain receptor from a mouse genomic DNA library, which had 

a mechanism of action similar to that of the thrombin receptor. It appears that 

this a second member of a family of receptors with this mechanism of action. 

They named the receptor PAR-2 and demonstrated that it had a tethered ligand 

domain similar to that of the thrombin receptor. However, the receptor was 

cleaved by low doses of trypsin but not at all by thrombin. The function of this
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receptor is as yet unknown. The PAR-2 receptor has also been identified on 

human EC and kératinocytes and has been co-localised with the thrombin 

receptor on region q13 of chromosome 5, suggesting that this second receptor 

may have arisen due to gene duplication (Nystedt et al 1995b; Bahou & Schmidt 

1996; Connolly at al 1996). The ‘rogue’ Pst\ sensitive fragments, continually 

amplified during this study, failed to show any homology with the sequence of 

PAR-2.

6.3 CONCLUDING REMARKS

It has become well established that acute coronary syndromes, such as 

myocardial infarction and unstable angina, result from the formation of a platelet 

thrombus at the site of a ruptured coronary artery atherosclerotic plaque, and 

this is supported by the success of antiplatelet therapy. Traditionally aspirin has 

been the drug of choice and there is clear evidence of the beneficial effects of 

aspirin in acute coronary syndromes over placebo. However, aspirin blocks only 

one pathway of platelet activation and is ineffective in many patients. More 

recently the focus of antiplatelet therapy has been on the fibrinogen receptor, 

GPIIb/llla. This target has a major advantage for antiplatelet therapy in that 

whilst the platelet may be activated by many agonists, the culminating event in 

activation, platelet aggregation is prevented. Trials showing the benefit of 

fibrinogen receptor antagonists are starting to emerge. The EPIC Investigation

(1994) showed a reduction in the number of ischaemic events during angioplasty 

with c7E3, a Mab to GPIIb/llla. Simoons at al (1994) showed a decrease in the 

occurrence of a subsequent myocardial infarction and unstable angina following 

treatment with a cyclic peptide analogues of one of the fibrinogen binding 

sequences on GPIIb/llla. Finally the six month follow up to the EPIC trial showed 

a reduction in restenosis following angioplasty (Topol at a /1994).
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It is starting to emerge that inhibition of thrombin by hirudin and its 

derivatives may be useful in thrombotic situations (Tapparelli et al 1993). 

Recent studies have shown that it may be possible to alter the specificity of 

thrombin facilitating interaction with protein C (Gibbs at a /1995 and Berg at al 

1996). Whether this proves to be an effective antithrombotic mechanism remains 

to be seen. Whilst the research published since 1991 does not unequivocally 

show that thrombin receptor inhibition is important in a clinical setting, a 

thrombin receptor antagonist would allow activation of the clotting cascade and 

subsequent clot formation, which may be sufficient to maintain haemostasis in 

a high trauma situation, whilst still removing a tendency to thrombosis. Certainly 

evidence from Chaikof at al(^ 995), who used antisense sequences to knock out 

the rat smooth muscle cell thrombin receptor, suggests that this is an effective 

way to investigate the role of thrombin in arterial injury situations and evidence 

from Cook at al (1995) has shown that thrombin receptor inhibition is effective 

in an arterial primate model of thrombosis. However, the distribution of the 

thrombin receptor is widespread and there is increasing evidence for at least 

one other thrombin receptor on all cell types studied. Jenkins at al (1995) and 

Greco at al (1996) have shown two distinct mechanisms of thrombin stimulation 

of neutrophils. It is already likely that there is a second thrombin receptor on 

human platelets and Connolly at al (1996) used a thrombin receptor knockout 

mouse to show that mouse platelets will respond to thrombin in the absence of 

the seven transmembrane domain receptor. The tissue distribution and 

mechanism of action of these receptors will determine whether thrombin receptor 

inhibition is an effective focus for antithrombotic research.
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Summary

Activated platelets can be detected by measuring platelet- 
bound fibrinogen in a whole blood, flow cytometric assay, using a 
fluorescently-conjugated polyclonal antibody.

Fibrinogen binding to unstimulated platelets from normal 
subjects was low in this assay, as was expression of the CD63 
antigen. Single cell counting of samples prepared for flow 
cytometric analysis showed platelet aggregates do not form during 
the assay procedure. Immune complexes were not seen, and 
fibrinogen binding to the platelets was unaffected by the CD32 
MAb, IV.3. Artefactual activation of the unfixed samples could 
be minimised by control of phlebotomy, time and temperature of 
incubation. Variations in platelet count in the range 140-430 x  
10̂  1“* and in plasma fibrinogen in the range 2 -6  g 1"̂  did not 
affect the assay results.

Comparison of fibrinogen binding with expression of CD63 
antigen on normal platelets, stimulated with agonists in vitro, 
demonstrated that fibrinogen binding detects an earlier stage of 
platelet activation.

Platelet bound fibrinogen was shown to be sensitive in detect
ing small numbers of activated platelets in clinical samples in 
twelve patients on intensive care, four undergoing haemofiltra- 
tion. The patients had a significantly higher median percentage of 
circulating platelets with bound fibrinogen {p <0.005), but 
fibrinogen binding was significantly lower (p <0.02) in response 
to 10“̂  M  ADP, compared to twelve age-matched normal con
trols.

Introduction

Activation of platelets is considered to be important in the 
pathogenesis of many thrombotic disease states, but measurement 
of secreted platelet products is subject to technical artefacts and 
can be influenced by underlying clinical conditions, whilst meas
urement of platelet aggregatory responses is relatively insensitive, 
and neither method can detect hypo- or hyper-responsive sub
populations. In recent years, the use of fluorescently labelled 
antibodies and flow cytometry has permitted the detection of 
activation antigens on individual platelets (1).

Whole blood flow cytometric techniques minimise artefactual 
platelet activation which can be caused in vitro by centrifugation 
or filtration procedures to separate platelets from other blood
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components. The flow cytometer can distinguish platelets from 
other cells by their forward and side scatter characteristics, and 
their identity can be confirmed by the use of a monoclonal 
antibody (MAb) to a pan-platelet antigen such as glycoprotein 
(GP)Ib (1).

One of the earliest changes that can be detected on the platelet 
surface is the conformational change in the G PIIb-IIIa complex to 
expose the fibrinogen receptor, with subsequent binding of 
plasma fibrinogen. These changes are sensitive markers of small 
alterations in platelet activation status, and can be detected using 
a number of antibodies. Shattil et al. (2) described a MAb, PAC- 
1, which binds to activated G PIIb-IIIa at, or very close to, the 
fibrinogen receptor, and competes with fibrinogen at this site. 
The same group later described a MAb, 9F9, which discriminates 
fibrinogen bound to G PIIb-IIIa from free plasma fibrinogen (3), 
and both MAbs have been used to investigate platelets in clinical 
states (3). Warkentin et al. (4) used a commercially available, 
polyclonal anti-fibrinogen antibody linked to fluorescein 
isothiocyanate (Rafgn-FITC) to detect activated platelets in vitro. 
The binding of this polyclonal antibody to ADP-stimulated 
platelets correlated closely with that of PAC-1 (4), suggesting that 
this readily available antibody is a suitable reagent for measuring 
platelet activation.

Prior to this study, the assay for platelet-bound fibrinogen had 
been used to detect platelets activated in vitro but had not been 
used to study the activation status of clinical samples ex vivo, 
where levels of activation would be expected to be low. The 
objectives of the present study were to determine the characteris
tics of the assay in normal controls, to analyse the influence of 
experimental variables and potential patient variables, and to 
compare measurement of fibrinogen binding with the expression 
of the CD63 antigen, a marker of platelet degranulation. The 
assay was then used to identify activated platelets in patients on 
intensive care, four of whom were undergoing haemofiltration, a 
situation known to cause platelet activation and consumption 
(5-7). Platelet activation status ex vivo, and the responsiveness of 
the platelets to stimulation with ADP in vitro was assessed in 
these subjects as an indication of platelet activation status in vivo.

Materials and Methods

Subjects

Forty normal subjects (31 female and 9 male), selected from the staff 
and students of the RFH/RFHSM  were used as the control group. All 
denied taking any medication in the 2 weeks preceding the study. Subjects 
were aged between 19 and 73 years, and had platelet counts and plasma 
fibrinogen levels within the normal range, as detailed in Table la . There 
were no differences in these variables between the male and female 
groups.

Twelve patients receiving intensive care following acute trauma or 
major surgery were also studied, all with arterial and central venous 
indwelling cannulae. Four of these subjects were undergoing continuous 
passive arterio-venous haemofiltration, for acute renal, failure. These
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Table 1 Details of subjects studied

a) Normal controls

Parameter Subject group

All Females Males
(n =  40) {n =  31) (n =  9)

Age (years):
median 30 30 35
(range) (19-73) (19-60) (25-73)

Platelet count (x  lO’  1"*)
mean ±  SD 252 ±  56 264 ± 5 3 214 ±  54
(range) (151-380) (178-380) (151-331)

Plasma fibrinogen (g I" ‘)
mean ±  SD 2.7 ±  0.5 2.7 ±  0.6 2.4 ±  0.3
(range) (1 .8-4.4) (1 .8-4.4) (2.0- 2 .8)

b) IT U  patients

Parameter Subject group

Controls IT U  patients Haemofiltered

Age (years)
median 34 32 32
(range) , (27-72) (19-78) (30-80)

V .
Sex (M /F) 7/5 5/3 212

Platelet count (x  10'' 1"')
median 210 257 183
(range) (151-284) (175-429) (142-245)

Plasma fibrinogen (g 1" )̂
median 2.5 4.2 3.9
(range) (2 .0-3.0) (2.7-5.6) (3.2-4.3)

patients were filtered using a Hospal Multiflow 60 AN69-HF hollow fibre 
filter (Hospal Ltd.. Rugby. U K ), which has an effective surface area of 
0.6 m". Anticoagulation was achieved by continuous infusion of heparin 
into the afferent limb of the filter circuit, at a rate adjusted to maintain a 
PTTK in the patient of 60-80 s (normal range 30-40 s). Heparin was 
introduced downstream of the sampling port. A ll patients had normal 
platelet counts and no evidence of coagulation abnormalities. The eight 
patients not on haemofiltration had no evidence of renal failure whilst the 
four haemofiltered patients had serum creatinine levels of 157-305 (mean 
238) pmol r \  The control group for this study consisted of 12 of the 
healthy volunteers matched for age and sex. Both groups were compar
able for age, sex. plasma fibrinogen and platelet counts, as shown in 
Table lb . Permission was obtained from the Ethical Practices Committee 
of the Royal Free Hospital before blood samples were taken for study.

Blood Collection

Blood was aspirated directly into Monovette tubes (Sarstedt Ltd., 
Beaumont Leys, Leicester), containing a 1/10 volume of 3.8% tri-sodium 
citrate. Venepuncture of normal volunteers was performed with minimal 
stasis, using a 21 gauge butterfly needle, and the first 2 ml of blood 
discarded, or taken into Monovette EDTA tubes for full blood count. 
Blood was obtained from the intensive care patients via an indwelling 
arterial line. Blood samples from the haemofiltered patients were taken 
from the arterial side of the extracorporeal haemofiltration circuit, using a 
21 gauge needle. In both groups, free flow was ensured, and the first 2 ml 
used for other tests.

Most studies used unscparated blood. In a few experiments, carried 
out to validate the assay, platelet-poor plasma was used. This was 
prepared by centrifugation of the citratcd blood at 1,000 x g for 15 min.

of 2.5 g r '  and a molar F ITC  : protein ratio of 2.3 : 1 (manufacturer's 
information). The negative control for this reagent consisted of rabbit IgG 
purified from normal rabbit serum by ammonium sulphate precipitation 
followed by D E A E  ion exchange chromatography and conjugated to 
F ITC  by standard techniques (8). The FITC : protein ratio of this reagent 
was 2.5 :1 . Both reagents were used at a final concentration of 0.1 g 1~‘ , as 
described by Warkentin et al. (4). Platelets were identified with an anti- 
GPIb M Ab. RFGP37 (9). and CD63 antigen was detected with RFAC4 
(10). Both are IgG i MAbs raised in this laboratory, purified and 
conjugated to FITC. Both had molar FITC : protein ratios of between 3 
and 4 : 1. The negative control for these reagents was mouse Ig G rF ITC  
purchased from Coulter Immunology Ltd (Luton. U K ) which had a molar 
FITC  : protein ratio of 5-10  : 1. The MAbs and control reagent were all 
used at a final protein concentration of 0.2-0.3 g The CD32 MAb. 
IV.3. directed against the Fey 11 receptor, was purchased from Medarex 
(West Lebanon, N H . U S A) and used according to the manufacturer’s 
instructions. Rabbit anti-mouse IgG-FITC (RaM IgG-FITC) was from 
D AK O  Ltd.

All chemicals were of AnalaR grade or above. Formaldehyde (41% 
v/v), glutaraldehyde and glycine were obtained from BDH  Chemicals 
Ltd. (Poole, Dorset. U K ). ADP. Prostaglandin E, (P G E J, EDTA. 
adenosine, theophylline, indomeihacin. and hirudin were all purchased 
from Sigma Chemical Co Ltd. (Poole. Dorset. U K ). Lignocaine was 
obtained from Antigen International Ltd. (Roscrea Ireland).

Sample Preparation

The method used was a single colour, flow cytometric assay, based on 
the methods of Abrams et al. (3) and Warkentin et al. (4). The standard 
method of sample preparation involved adding 5 pi of blood, within 
10 min of collection, to 50 pi of HEPES buffered saline (0.145 M  NaCl; 
5 X 10--̂  M  KCl; 1 X KT-" M  MgSO^t 1 x 10"" M  HEPES; pH 7.4) 
containing 5 pi of an appropriate dilution of antibody (see above). 
Conditions for some experiments were varied, and these arc described in 
the results. When studying activation in vitro. 5 pi of A D P were included 
to give final concentrations of 10"’  to 10"̂  M.

Samples were mixed, and then incubated for 20 min. without stirring, 
at 22-26° C. 0.5 ml of 0.2% formyl saline (0.2% formaldehyde in 0.9% 
NaCl) was then added to inhibit further activation. The samples were 
analysed using a Coulter EPICS Profile I I  flow cytometer (Coulter 
Electronics Ltd.. Luton. U K ), within 2 h of collection.

The flow cytometer was aligned daily with 10 pm ‘Tmmunocheck” and 
“Standard Brite" beads (Coulter Immunology), to calibrate the light 
scatter and fluorescence parameters respectively. The platelet population 
was identified by means of its light scatter characteristics and enclosed in 
an electronic bit map. Five thousand platelets were analysed from each 
sample and the results, expressed as the percentage of positive cells, 
represent the mean of duplicate samples. Samples from each subject were 
labelled with the anti-GPIb M A b, RFGP37-FITC to confirm that more 
than 98% of analysed particles in each were GPIb positive. The negative 
cut off for each antibody was set using the appropriate controls such that 
unstimulated platelets gave a value of 2% positive. Normal controls were 
run in parallel with the IT U  and haemofiltered patients.

Platelet counts were performed on an Ortho Diagnostics ELT-800 
blood analyzer and plasma fibrinogen levels were determined by the clot 
weight method. Whole blood platelet counting was performed on a Clay 
Adams Ultra-Flo cell counter (Becton-Dickinson Ltd., Oxford, U K ).

Statistical Analysis

Parametric statistics were employed in method evaluation. The Stu
dent's t test was used to assess the difference between two variables and 
Pearson correlation was used to measure the relationship between two 
independent parameters. The repeatability of the assay was determined 
by calculation of the inter-assay and intra-assay coefficients of variation 
(C V ) (11). Statistical analysis of the data from the subjects in the study 
was performed by non-paramctric testing using the Mann-Whitney U test.

Reagents

All antibodies were used at optimal concentrations to achieve maxi
mum binding. Platelet-bound fibrinogen was detected with rabbit anti
human fibrinogen, coupled to FITC (Rafgn-FITC). purchased from 
D AKO Ltd. (High Wycombe, U K ). This has an antibody concentration

Results

Platelet Activation Antigen Expression in Response to Agotiists

The appearance of platelets on whole blood flow cytometric 
analysis is illustrated in Fig. I. Fig. la  shows the particles in an
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Fi^. 1 Whole blood How cytometric analysis of platelets, a: Whole blood, diluted 1:10 in HEPES buffered saline and analysed in the flow cytometer. 
Cells are separated by their size (log forward scatter: LFS) and granularity (log side scatter; LSS) and the platelets are contained in region 2, enclosed by 
an electronic bit map. b: Whole blood diluted 1:10 in HEPES buffered saline and incubated for 20 min with 10"' M ADP before analysis in the flow 
cytometer. c: Measurement of GPIb expression on platelets in an unstimulated blood sample and a sample stimulated with 10"' M ADP. d: 
Measurement of fibrinogen binding to platelets from an unstimulated blood sample and a sample stimulated with 10"' M ADP

100-1 Fibrinogen

o 40-

CD63

0 -' f - / / —
Unstimulated

Logio[ADP]M

% . 2 Fibrinogen binding and CD63 expression on platelets stimulated 
with ADP in the whole blood assay, expressed as the percentage of 
platelets positive (mean ±  SD; n =  5)

unstimulated sample, discriminated by their forward scatter (size) 
on the .V axis and side scatter (granularity) on the y axis. The  
region marked as 1 represents machine noise and small dust 
ptirticles and is present with buffer alone, in the absence of blood 
sample. Area 2 demarcates the platelets, enclosed in a electronic 
bit-map. Area 3 contains red cells. Stimulation with 10"  ̂ M  A D P  
did not significantly change the appearance of the platelets with 
respect to size or side scatter (Fig. 1 b).

Analysis of G P Ib expression in parallel samples of unstimu
lated, and ADP-stim ulated blood, showed that more than 98% of 
the particles analysed under each condition were positive for 
G P Ib  (Fig. Ic ) .

The binding of R afgn-F ITC  to platelets, in samples of unstimu
lated normal blood, or in blood maximally stimulated with A D P  
( I0 “  ̂ M ) is illustrated in Fig. Id ,  in which log fluorescence (L F l) ,  
on the X axis, is a measure of fibrinogen binding. In  the absence of 
exogenous agonist, platelet fibrinogen binding was minimal 
(2 .8% of platelets were positive in this instance) but when 
stimulated with A D P, both the percentage of platelets binding 
fibrinogen and the fluorescence intensity of individual platelets 
increased. This is illustrated in Fig. 2, which shows the percentage 
of platelets binding fibrinogen, in response to A D P, in blood from  
five normal subjects. This rose from 3.1 ±  1.7% (mean ±  S D ) in 
the unstimulated (resting) samples to 82.1 ±  10.7% with concen
trations of 10"  ̂ M  A D P  and above. Fig. 2 compares platelet 
fibrinogen binding with the expression of C D 63 antigen and 
illustrates that platelet fibrinogen binding represents a more 
sensitive change in platelets than does the expression of this 
platelet granule membrane antigen. A D P  produced expression of 
the C D 63 antigen on only 7.9 ± 3 .1 %  of platelets even at 
maximum concentration. Very similar dose response curves with 
similar E C 50 values are obtained for the expression of CD 62  
(GMP140/P-selectin) antigen (data not shown).

The incubation times for both the R afg n -F IT C  antibody and 
the C D63 M A b  (RFAC4) were optimal at 20 min. A D P  was 
present for the full 20 min incubation, for whilst A D P  stimulation 
reaches a maximum at 5 min (4) both antibodies required more
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Fig. 3 The effect of the time between phlebotomy and the addition of 
blood to the assay tubes on fibiinogen binding to unstimulated platelets 
(mean ±  SD)

than 15 min incubation to achieve equilibrium binding at the 
concentrations used here (data not shown).

Standardi^tion o f  Assay Conditions

To determine whether whole blood flow cytometric detection 
of bound fibrinogen is an appropriate technique to detect 
differences in platelet activation status and platelet hyper- or 
hypo-responsiveness in different groups of subjects, a series of 
assay and subject variables was investigated.

Time after phlebotomy. A  time course was performed on a 
group of normal subjects to assess the effects of delay between 
phlebotomy and assay (Fig. 3). There was a small and not 
statistically significant increase in bound fibrinogen in blood 
samples added to the assay tubes within the first 2 min after 
phlebotomy. The mean percentage positive at 1 and 3 min were 
3.48 and 4.12 (p =  0.51). The amount of fibrinogen detected on 
the unstimulated samples then remained stable for at least 
10 min. If  the sample was left for 15 min before dilution in the 
assay tubes, however, fibrinogen binding had risen slightly to a 
mean of 4.5%. In samples left for longer than 15 min, fibrinogen 
binding continued to increase with increasing delay (data not 
shown). All subsequent samples were processed within 10 min of 
collection.

Sample fixation. Attempts to fix the blood, or to inhibit platelet 
activation after phlebotomy and prior to assay altered the level of 
platelet bound fibrinogen that was measured. Blood samples fixed 
with formaldehyde (0.01-0.1%) or glutaraldehyde (0.05-0.1%) 
with or without neutralising glycine (12) all showed small reduc
tions in fibrinogen binding as compared to unfixed samples run 
in parallel. Similarly, inhibition of platelet activation by 
10"’  -  10"̂  M  PGEi reversed fibrinogen binding in a concentra
tion-dependent manner. Reductions in fibrinogen binding were 
also caused by an inhibitory cocktail of EDTA (1.3 x 10"̂  M ), 
adenosine (1 x 10"’  M ) and theophylline (2 x 10“’  M ), and by 
indomethacin (0.1-10 mg/1) or lignocaine (3.5 x 10"’  M ). EDTA  
alone, at 10~* or 10“’  M  caused an immediate reduction in 
platelet-bound fibrinogen but thereafter allowed a spontaneous 
increase in fibrinogen binding to occur. Sodium azide (0.1% w/v) 
and MgCl2 (4 x 10"’  M ) failed to prevent spontaneous binding of 
fibrinogen as did 2-10 units/ml hirudin.

Fixation or inhibition of the samples after 1:10 dilution in 
HEPES buffered saline and incubation with the antibodies could 
also be subject to artefact. However, fixation with 0.2% formal
dehyde following incubation of the diluted blood with antibody

did not alter fibrinogen binding to unstimulated samples and was 
effective in preventing changes in fibrinogen binding for up to 2 h. 
Fourteen pairs of duplicate samples were analysed for bound 
fibrinogen after dilution with either 500 pi 0.2% formyl saline or 
500 pi HEPES buffered saline [the method described by Shattil et 
al. (2)]. Fibrinogen binding to resting platelets in the two groups 
was essentially the same, the mean values (± S D ) being 
1.84 ±0.78%  and 2.08 ±0.82%  positive for formyl saline and 
buffered saline diluted platelets respectively {p = 0.44). In 
samples diluted with buffered saline the percentage of positive 
platelets fell by 40-50% at 2 h, whereas platelets fixed with 0.2% 
formyl saline remained stable for at least 2 h at room temperature 
(Table 2). After this time, fibrinogen binding to the resting, fixed 
platelets gradually rose.

Fixation of platelets with 0.2% formyl saline after stimulation 
of the blood with 10"’  M  ADP produced a small but significant 
increase in the amount of bound fibrinogen measured, as reported 
previously by Shattil et al. (2), but the level of bound fibrinogen 
then remained constant for 2 h at 22° C or for 24 h at 4° C 
(Table 2). This fixative was therefore used in all subsequent 
experiments as it allowed for a delay between assay and flow 
cytometric analysis; an important factor when analysing clinical 
samples.

The effects o f  assay temperature. The temperature at which the 
assay was performed was found to be important. Duplicate 
samples, incubated at different temperatures, between 18 and 
28° C, in eight different experiments, showed an approximately 
50% increase in fibrinogen binding to unstimulated platelets at 
temperatures below 20° C but fibrinogen binding was unaffected 
at temperatures between 22 and 28° C. A ll subsequent assays 
were therefore performed between 22 and 26° C.

Do samples aggregate during preparation? To establish that 
aggregation did not occur under the conditions of this assay, 
samples prepared for flow cytometry were analysed in a single cell 
counter. Five pi of freshly taken blood were added to 50 pi 
HEPES-buffered saline with and without Rafgn-FITC and with 
and without ADP (10"’  M ). HEPES buffered saline was added to 
some tubes to standardise the volume of the samples. The samples 
were incubated for 20 min at 22° C and then diluted with 0.5 ml 
formyl saline. They were analysed in a single cell counter and 
parallel samples were analysed in the flow cytometer to demon
strate the presence of bound fibrinogen in response to the agonist 
(Table 3). No differences in platelet counts were seen {p >0.5,

Table 2 Stability of platelet bound fibrinogen in samples fixed in 0.2% 
formyl saline (mean ±  SD)

Sample Percent positive platelets

TimeO 2 h at 22° C 24 h at 4° C

Unstimulated platelets 
(n =  10)

1.86 ±  0.32 1.83 ±  0.58 nd

Platelets stimulated 
with A DP (n =  6)

86.5 ±  6.0 86.1 ±  5.2 nd 

88.1 ±  7.4 nd 88.8 ±  6.1

nd =  not done.

Table 3 Platelet 
cytometry (mean

counts in samples prepared for whole blood flow 
[±  SD] of 3 experiments)

Agonist Platelet count (normalised) % platelets
-t- VP fnr hniinH

without with fibrinogen 
Rafgn-FITC Rafgn-FITC

None
ADP (10-’ M )

100 100.7 ±  0.8 1.3 ±  0.2 
98.7 ±  3.1 96.9 ±  6.7 75.4 ±  3.8
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n = 3) between any of the samples incubated with or without 
Rafgn-FITC or agonist, despite the presence of fibrinogen on 
>75% of the platelets stimulated with ADR The platelet counts 
have been normalised for each subject, against the unstimulated 
samples, without antibody, to allow for individual variation in 
platelet count.

Microaggregate formation was not observed. This is illustrated 
in Fig. Ic  which shows unstimulated, and ADP-stimulated sam
ples, incubated with anti-GPIb antibody. Both samples have 
essentially the same fluorescence profile. This was confirmed by 
measurement of the fluorescence intensity of platelets bearing 
GPIb antibody in 40 paired samples which showed no statistically 
significant difference between unstimulated samples and samples 
stimulated with 10"̂  M  ADP {p >0.5).

Are immune complexes formed during assay procedure? It had 
been shown by Warkentin et al. (4) that a ratio of 2.5 pi (6.3 pg) 
Rafgn-FITC, to 5 pi blood, in 50 pi buffer, as used here, 
produced a high specific fluorescence of activated platelets but did 
not cause formation of immune complexes between the polyclonal 
antibody and plasma fibrinogen. Immune complexes were not 
seen in the flow cytometer (Figs. la  and lb ) but to confirm that 
undetected immune complexes were not interfering with the 
assay, by stimulating the platelets via the F r / I I  receptor, the 
CD32 M Ab, IV.3 was added to assay samples at a final 
concentration of 0.02 g 1" \ which blocks >90% of the FcyRII 
(manufacturer’s information). The presence of IV.3 had no effect 
on the level of Rafgn-FITC binding to resting platelets, the mean 
percentage positive in 4 experiments being 2.4 ± 1 .5  without and 
3.0 ±3 .1  with IV.3 (p =  0.55). In these experiments, binding of 
the IV.3 MAb was confirmed with a second layer, rabbit anti- 
MlgG-FITC.

Measurement o f  Platelet-Bound Fibrinogen and CD63 Antigen 
Expression on Whole Blood Samples from  Normal Subjects

To determine whether the standardised assay gave a reproduc- 
ibly low measure of platelet activation, and to evaluate the degree 
of individual variation in normal subjects, platelet-bound fibrino
gen was measured in blood samples from 40 normal controls 
(subjects’ details given in Table la )  and compared with the 
expression of CD63 antigen. Platelets in unstimulated blood 
samples from these subjects bound very low levels of fibrinogen 
(Fig. 4). Values were clustered around a median of 2.5% of 
platelets and ranged from 0.9 to 4.3%. These platelets also 
expressed very low levels of the degranulation marker CD63 
which was seen on a median of 0.2% of platelets (range 0.05 to 
1.2%). Stimulation with ADP produced fibrinogen binding on a 
median of 86.3% (range, 63.4 to 96.7%) and expression of CD63 
antigen on 7.8% (range, 1.2 to 27.7%) of the platelets (data not 
shown).

Intra-test variability was determined by analysing paired sam
ples from 40 subjects. The mean percentage of resting platelets 
binding fibrinogen was 3,27% and the standard deviation of the 
difference, 0.527, giving a coefficient of variation of 16.1%. The 
coefficient of variation for inter-assay variability, measured on 
repeated samples from 12 normal subjects, was 14.5%. These 
figures were achieved despite the fact that the coefficient of 
variation tends to be high when the mean value is low (11).

The effect o f  age and sex. The age of the subjects ranged from 
19 to 73 years. Neither fibrinogen binding nor CD63 expression 
on resting or ADP-stimulated platelets was affected by the 
subjects’ age. There was, however, a significant difference in the 
binding of fibrinogen and CD63 expression on resting platelets 
between males and females, as illustrated in Fig. 4. The median 
percentage of platelets positive for fibrinogen binding was 2.25% 
for women (range 0.85 to 4.3%) and 3.25% for men (range 2.1 to
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Fibrinogen Binding CD63 Expression

Fig. 4 Fibrinogen binding and CD63 antigen expression on platelets in 
unstimulated blood samples from normal subjects. Closed symbols 
represent male subjects and open symbols, females. Horizontal bars 
represent median values

4.15%) whilst CD63 was expressed on 0.2% of resting platelets in 
the women (range 0.05 to 1.2%) and 0.45% in the men (range 
0.15 to 0.7%); differences that were statistically significant (p = 
0,01 for both markers). These differences did not correlate with 
differences in platelet count or plasma fibrinogen. There was no 
significant difference between men and women in the expression 
of either activation marker after stimulation of the platelets with 
A D P

The range of platelet counts and plasma fibrinogen in the 
normal subjects was small (Table la ) . Therefore, to test the 
effects of these two variables on the assay for platelet-bound 
fibrinogen, both factors were varied experimentally.

The effect o f  platelet count. Platelet counts ranging from 100 to 
500 X  10̂  were investigated in normal healthy female subjects. 
This was achieved by altering the volume of whole blood in the 
flow cytometric assay but maintaining the same volume of plasma 
by the addition of autologous platelet-poor plasma, thus keeping 
the fibrinogen concentration constant. There was no significant 
correlation with platelet count in the level of fibrinogen binding to 
unstimulated platelets (r =  0.17; n = 34), or to ADP-activated 
platelets (r =  0.012; « =  44), over the range of platelet counts 100 
to 500 X  10̂

The effect o f  plasma fibrinogen. Fibrinogen levels were varied 
by the addition of autologous platelet-poor plasma, as a source of 
plasma fibrinogen, to the whole blood system, in place of the 
equivalent volume of buffer. Over the range of plasma fibrinogen 
levels of 2 to 6 g 1“' fibrinogen binding to unstimulated platelets 
did not change significantly (r =  0.19; n = 35). The percentage of 
ADP-stimulated platelets that bound fibrinogen was also unaf
fected by the level of fibrinogen in the plasma (r = 0.002, n =  70).

Platelets from  ITU  and Haemofiltered Subjects

The binding of fibrinogen and expression of CD63 antigen 
were measured on unstimulated, and ADP-stimulated platelets 
from twelve patients receiving intensive care, four of whom were 
undergoing continuous haemofiltration, and twelve normal con
trols, matched for age and sex and run in parallel (Fig. 5), The 
non-haemofiltered patients all had recent trauma or operations 
and all had indwelling lines but, unlike the patients undergoing 
haemofiltration they were not receiving any platelet modifying 
treatment and none of the patients was on any drugs known to 
affect platelet function.
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Fig. 5 Fibrinogen binding and CD63 expression 
on platelets from normal controls, patients on 
IT U  and patients undergoing haemofiltration. 
Horizontal bars =  median values, a: Fibrinogen 
binding to unstimulated platelets, b: CD63 ex
pression on unstimulated platelets, c: Fibrinogen 
binding to platelets stimulated with 1(T'’ M  ADP. 
d: CD63 expression on platelets stimulated with 
10-' M  A DP

Subject Groups

Unsiimulated platelets. The percentage of platelets with bound 
fibrinogen in unstimulated samples from the three subject groups 
is shown in Fig. 5 a. The normal controls showed a cluster of 
values (median 2.65%; range 0.8 to 4.15%), very similar to that 
seen in the larger group of 40 normal subjects described above.

Fibrinogen binding to unstimulated platelets was significantly 
increased in the IT U  patients (median 4.6%; range 3.15 to 8.0%; 
p  <0.005) compared to the controls, and was significantly higher 
in the small group of haemofiltered patients (median 10.95%; 
range 6.4 to 14.0%) compared to the controls (p <0.005) or to the 
non-haemofiltered patients {p =  0.02). The values obtained in the 
haemofiltered patients did not overlap with those from the normal 
population and all but one sample exceeded the results from the 
ITU  group.

The increased levels of fibrinogen binding were mirrored by 
increased CD63 expression in the patients (Fig. 5b). A  median of 
0.33% (range 0.05-0.7) of the control subjects’ platelets ex
pressed this granule membrane antigen while the IT U  patients 
had a median of 0.85% (range 0.35-1.8; p  <0.005). The sub
group of haemofiltered patients had a median of 1.6% (range, 
0.4-7.4) platelets expressing CD63 antigen which was signifi
cantly different from the controls (p =  0.025).

CD63 antigen expression was correlated with fibrinogen bind
ing (r =  0.69) in all subjects. This correlation was not seen in the 
40 normal controls described earlier as the values for these 
subjects were all very low.

A D P  activated platelets. Measurement of fibrinogen binding to 
platelets in samples stimulated with 10"̂  M  ADP in vitro showed 
different platelet responsiveness in the patients and the controls 
(Fig. 5c). The platelets from the normal control population were 
most responsive to ADP (median 87,3% positive; range 77.4 to 
93.5%) and the least responsive were the four haemofiltered 
patients (median 57.6% positive; range 54.2 to 72.6%). The 
differences between the three groups were statistically significant 
(p =  or <0.02). The values in the haemofiltered group did not 
overlap those in the normal controls, and only one of the values 
was in the same range as the other 8 ITU  patients. Fibrinogen 
binding to ADP-stimulated platelets from the IT U  group was 
closer to that seen in the controls, albeit somewhat reduced 
(median 81.1% positive; range 65.0 to 85.5%).

When all 24 subjects were analysed together there was an 
inverse correlation between fibrinogen binding to unstimiilatcd 
and to stimulated platelets (/■ =  -0.76; p < 0 .01).
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In contrast to fibrinogen binding, no differences were seen in 
the percentage of platelets expressing CD63 after ADP stimula
tion between the controls and the patients. Median values for the 
controls, ITU  and haemofiltered groups were 8.1 (range 2.5 to 
18.1), 11.2 (range 3.5 to 19.6) and 7.6 (range 4.2 to 17.6), 
respectively (Fig. 5d).

Discussion

In this paper a whole blood flow cytometric assay for platelet- 
bound fibrinogen has been evaluated and compared to measure
ment of expression of a granule membrane antigen (CD63) in 40 
normal subjects. The assay has then been used to study a small 
group of patients in whom platelet activation was expected to 
occur.

Whilst degranulated platelets bearing the CD63 or CD62 
antigens have been detected in some situations, for example in 
patients undergoing cardiopulmonary bypass (13), or in patients 
with adult respiratory distress syndrome (12) or diabetes (14), or 
in blood issuing from bleeding time incisions (3), circulating, 
activated platelets bearing activated G PIIb-IIIa or bound fibrino
gen have been reported in only a few situations [e.g. (3, 9)] and 
the assay had not been previously standardised.

It has been demonstrated that fibrinogen binding to platelets is 
a sensitive marker of platelet activation as it occurs under the 
influence of weak agonists such as ADP and can occur in the 
virtual absence of degranulation, illustrated here by the expression 
of the lysosomal membrane antigen CD63. This is a sensitive 
marker of degranulation, appearing concomitantly with the a- 
granule membrane antigen, CD62/P-selectin (10, 15).

Whole blood flow cytometry offers a sensitive assay method for 
investigation of clinical samples which may have advantages over 
methods that use platelet-rich plasma or washed platelets, in 
which separation of the platelets can cause a degree of platelet 
activation and platelet-fibrinogen binding. The assay is performed 
on unfixed samples as fixation of the platelets prior to incubation 
causes changes in the level of platelet-bound fibrinogen meas
ured, whilst inhibitors of platelet activation either reverse fibrino
gen binding (e.g. PGEJ or fail to prevent spontaneous platelet 
activation occurring in the sample in vitro (e.g. EDTA or 
hirudin). The use of unfixed samples also allows platelet respon
siveness to agonists to be investigated in vitro.

All assays for activated platelets are susceptible to variability 
due to poor venepuncture techniques or delay in sample process
ing; factors which must be carefully controlled (2, 3, 16). The 
conditions outlined in this study are similar to those used for 
conventional assays of platelet activation, such as measurement of 
plasma P-TG (2). Whole blood assays remain susceptible to 
variability and thus standard conditions must be employed to 
avoid artefactual activation of the platelets by in vitro handling. 
Here we have defined the conditions of the assay under which 
such variations can be avoided.

It is possible that measurement of platelet bound fibrinogen 
with a polyclonal antibody that binds also to plasma fibrinogen 
could be affected by the formation of immune complexes in the 
plasma. Antibody concentration had been optimized in the earlier 
study of Warkentin et al. (4), and under these conditions, 
formation of immune complexes between plasma fibrinogen and 
Rafgn-FITC was minimal (4). They had also shown that blockade 
of Fcyll receptor with IV.3 MAb had no effect on the binding of 
the Rafgn antibody to ADP-stimulated platelets, and here we 
have demonstrated that binding to resting platelets is also 
unaffected by the IV.3 antibody. Therefore, whilst immune 
complexes can be formed at higher antibody concentrations than 
used here (i. e. when antigen and antibody approach equivalence)

they are not seen under the conditions of this assay. Lindahl et al. 
(17) have recently described the raising of a chicken antibody to 
human fibrinogen and its use in a similar flow cytometric assay, to 
overcome the problem of immune complex formation at very high 
antibody concentration. However, in the conditions used in this 
assay, we did not see any interaction of rabbit Fc with human 
FcyRII, or evidence of the activation of platelets via the Fc 
receptor. Both fibrinogen binding and CD63 expression were low 
on unstimulated platelets from the group of 40 normal subjects, 
suggesting that neither Fc-mediated nor spontaneous activation is 
occurring under the conditions of the assay.

When stimulated with agonists such as ADP, platelets in 
citrated blood would normally aggregate, if stirred. Conditions 
used in this assay, based on the method originally described by 
Shattil et al. (2), are designed to avoid aggregation in the samples, 
despite platelet activation and fibrinogen binding. The blood is 
first diluted 1:10, which reduces cell-cell contact. There is an 
initial mixing step but thereafter the samples remain static for the 
20 min of incubation, until further dilution and fixation. Lack of 
aggregate formation was demonstrated clearly by whole blood 
counting which showed that neither the presence of antibody, nor 
agonist, caused any fall in platelet count in the samples, despite 
demonstrating that the platelets had bound fibrinogen. Thus 
neither platelet agglutination by antibody, nor aggregation by 
agonist was occurring.

The platelet population was identified by forward and side 
scatter characteristics, and confirmed using an anti-GPIb MAb. 
This was shown to identify the same population of platelets as was 
seen by a double labelling technique, using Rafgn-FITC and 
biotinylated RFGP37, detected with streptavidin-phycoerythrin. 
The former technique was used for all subjects in the study as it 
avoids the need for colour compensation, required for two-colour 
analysis, which can reduce flow cytometric sensitivity. In this 
study the bit-map was set to include all platelets and was not 
designed to specifically include or exclude platelet microparticles. 
To distinguish these from whole platelets a double labelling 
method in which the platelet microparticles are identified by light 
scatter and GPIb expression as proposed by Sims et al. (18) would 
be appropriate. It is of note that GPIb expression did not fall with 
ADP stimulation as previously reported (19) and was not altered 
significantly in the patients who otherwise showed signs of 
activated platelets. In this study, a FITC-conjugated MAb to 
GPIb was used, and we have shown (20) that, using this method, 
directly conjugated MAbs fail to detect the redistribution of GPIb 
from the platelet surface seen on activated platelets in indirect 
immuno-assays (3, 19).

The low levels of fibrinogen binding seen on the unstimulated 
samples from the 40 normal subjects were matched by low levels 
of expression of CD63 antigen, suggesting that no significant 
activation occurs during the 20 min incubation of the diluted, 
unfixed blood samples. Sex-related differences in platelets have 
been observed previously (21). In the present study, the relatively 
small number of subjects in the normal population precluded 
account being taken of other possible contributory factors such as 
body weight, smoking habit or use of the contraceptive pill. A  
further study into sex and age-related effects is being undertaken.

As only about 2.5-5% of the plasma fibrinogen is bound by the 
antibody in this assay (4), large variations in plasma fibrinogen 
might be expected to have a significant effect on platelet bound 
fibrinogen. However, the assay was not affected by variations in 
the plasma fibrinogen level, nor was it affected by varying platelet 
counts within the ranges investigated in the study. It is therefore 
suitable for direct comparison between subjects.

Analysis of platelets from the patients demonstrated the 
presence of circulating, activated platelets compared with the 
control subjects, with most activation seen in the haemofiltered
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patients. Increased fibrinogen binding was accompanied by 
increased CD63 antigen expression in all patients. Differences in 
fibrinogen binding reached a higher level of statistical signifi
cance, reflecting the higher percentage values.

Because the samples are unfixed, the assay can also be used to 
assess the responsiveness of platelets to agonists in vitro. The 
functional capacity of the patients’ platelets was clearly compro
mised, as fibrinogen binding in response to stimulation with 
maximal ADP in vitro was significantly reduced. This phenom
enon was only seen when measuring platelet fibrinogen binding. 
CD63 expression in response to ADP was the same in all three 
groups.

The haemofiltered patients were compared with the IT U  
reference group to assess whether the activation seen in the 
former could be accounted for merely by the presence of 
indwelling cannulae or by recent surgical procedures, or whether 
the assay was sensitive enough to detect increased levels of 
platelet activation in those patients known to have a specific cause 
of platelet activation in vivo. Although this study was not 
designed to determine whether the increased effect on the 
platelets seen in the haemofiltered patients is the result of the 
passage of blood through the filters or whether other causes 
including underlying acute renal failure could be exacerbating the 
patients’ platelet abnormalities, the detection of activated and 
hypo-responsive platelets is clearly demonstrated, in accord with 
previous reports of platelet abnormalities in such patients (5-7).

Activated platelets were detected in whole blood samples from 
the patients undergoing haemofiltration despite the fact that the 
filter type used (polyacrylonitrile, hollow fibre type) actually 
causes less platelet activation than other dialysers (7). In this 
study, blood was aspirated from the afferent limb of the haemofil- 
ter. Therefore the activated platelets which were detected had 
recirculated through the patient, after passage over the filter, 
without being cleared from the circulation by the reticulo
endothelial system (1).

The detection of platelet bound fibrinogen in whole blood by 
flow cytometry provides a quick, reproducible assay for activated 
platelets in clinical conditions which requires only microlitre 
volumes of blood. The level of bound fibrinogen is higher than the 
level of expression of degranulation antigens and thus can be a 
more sensitive marker of platelet activation. In the subjects 
studied, platelet hypo-responsiveness was seen only in their 
ability to bind fibrinogen and not in the expression of the marker 
of degranulation (CD63).

We conclude that the measurement of platelet-bound fibrino
gen on samples of unfixed, whole blood may be used to assess low 
levels of platelet activation, or platelet hyper- or hypo-responsive
ness, in clincial samples, where the method of phlebotomy and 
the laboratory procedures can be performed under controlled 
conditions.
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Profound Platelet Degranulation Is an 
Important Side Effect of Some Types of Contrast 

Media Used in Interventional Cardiology

Nicolas A.F. Chronos, BSc, MBBS, MRCP; Alison H. Goodall, PhD; Darren J. Wilson, MSc; 
Ulrich Sigwart, M D ; Nigel P. Buller, BSc, MBBS, MRCP

Background, Thrombotic complications occurring during coronary angiography and percutaneous 
transluminal coronary angioplasty (PTCA) are relatively frequent and can be influenced by the type of 
radiographic contrast media used. Low osmolar contrast media (LO CM ), both ionic and nonionic, have 
been considered to be safer than the older high osmolar contrast media (H O C M ), causing less 
haemodynamic and symptomatic side effects. Recently, however, nonionic LO C M  have been associated 
with an increased incidence of thrombotic events, including coronary occlusion and stroke.

Methods and Results. The effects of commonly used contrast media on platelets in native blood were 
investigated using immunolabeling and flow cytometry to detect platelet activation in vitro. A nonionic 
LO C M  (Omnipaque) caused profound platelet degranulation in nearly 80% of platelets compared with 2 
to 3% of platelets in the control. Conversely, an ionic H O C M  (Urografin) caused only 25% degranulation, 
whereas an ionic LO C M  (Hexabrix) caused no platelet activation and, furthermore, it inhibited the effects 
of thrombin on platelets. Platelet degranulation, quantified by immunolabeling, was paralleled by release 
of ^-thromboglobulin and platelet factor 4 from platelet a-granules. Blood from patients anticoagulated 
with heparin and pretreated with standard-dose aspirin in preparation for PTCA showed the same pattern 
of contrast media-induced platelet activation as normal subjects.

Conclusions. These results suggest that the type of contrast media used during invasive imaging of the 
vasculature could have a significant effect on platelets. Platelet degranulation within a PTCA damaged 
vessel would be increased by a nonionic contrast medium, releasing procoagulant molecules and 
platelet-derived growth factors into the damaged vessel lumen, which might contribute to acute 
thrombosis and the initiation of the restenosis process. (Circulation. 1993;88[part l]:2035-2044.)

K e y  W ords  •  contrast media •  platelets •  angiography

D uring coronary angiography and vascular inter
vention, eg, percutaneous transluminal coro
nary angioplasty (PTCA), many factors may 

cause platelet activation and degranulation. Exposure 
of highly thrombogenic subendothelial collagen and 
local thrombin generation occur on rupture of the 
atherosclerotic plaque during PTCA,^ and these will 
promote platelet recruitment and cause platelet degran
ulation. Any procedural factor that would increase the 
susceptibility of the circulating platelets to these ago
nists and cause increased platelet degranulation would 
promote the thrombotic tendency and the local release 
of growth factors (eg, platelet-derived growth factor, 
PDGF) within the damaged coronary artery lumen.

Contrast media used to opacify vessels during angi
ography can be divided into three groups by virtue of 
their osmolality and their ionic nature (Table 1). I t  has 
been suggested that the newer low osmolality contrast
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media (LO C M ) are associated with fewer side effects 
and have the advantage of causing less nausea and 
vomiting than the high osmolality ionic contrast me- 
dia.^’3 There have, however, been several reports of 
increased thrombotic complications with nonionic 
LO C M  during diagnostic cardiac catheterization'^-^ and 
coronary angioplasty.^-^

Paradoxically, contrast media are known to have an 
anticoagulant effect that has been widely investigated. 
Ionic contrast media have been found to be more 
anticoagulant than nonionic contrast media, and this 
has been suggested as a possible reason for the higher 
incidence of thrombotic events reported with nonionic 
contrast media.® It  has been proposed that ionic con
trast media may delay coagulation by inhibiting throm
bin formation and fibrin polymerization.®-^*  ̂ Studies in 
vitro have shown decreased fibrinopeptide A  and 
thrombin-antithrombin complex formation." The lesser 
anticoagulant effects of nonionic contrast media do not 
appear to operate via this mechanism" and may depend 
on the osmolality and chemical structure of the iodin- 
ated molecules.

The effects of contrast media on platelets are unclear. 
Contrast media have been found to have an inhibitory 
effect on ex vivo platelet aggregation in patients within 
20 minutes of angiography. In humans, there is a rapid
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T a b le  1. Physicochemical Characteristics of the Three Contrast Media Studied

Low Osmolar Nonionic High Osmoiar Ionic Low Osmolar Ionic

Example Omnipaque Urografin Hexabrix

Chemical name lohexol Diatrizoate ioxaglate

Osmolality 852 mOsm/kg 2070 mOsm/kg 608 mOsm/kg

Iodine content 350 mgl/mL 370 mgl/mL 320 mgl/mL

Molecular structure Monomer Monomer Dimer

R3

i

COOH

, A  ,

COOH R2

M
1

R1 R2 

1
1 1

decrease in platelet aggregation in response to standard 
agonists within 1.5 to 3 minutes of contrast injection. 
This inhibition is reversed within a few hours and is 
related to the amount of contrast medium injected.^^ 
Examination of platelet release products, however, have 
given seemingly conflicting results. In vitro, contrast 
media have been reported to inhibit the release of 
platelet granule contents, yet in vivo rises in PF4, pTG , 
and thromboxane B; have been found.’  ̂ Z ir et al,̂  ̂
however, reported inhibition of the release of sero
tonin by contrast media in vivo. Adherence of platelets 
to the surface of the angiography catheters and guide 
wires is greater with nonionic than with ionic contrast 
media, especially when viewed by electron microsco- 
py 15-17 This present study has sought to resolve these 
discrepancies by using flow cytometry to compare the 
degree of platelet activation and degranulation occur
ring when native blood is exposed to various contrast 
media in vitro.

Platelet activation is accompanied by a number of 
changes on the platelet surface. Weak agonists such as 
AD P or epinephrine cause conformational changes in 
the platelet membrane glycoprotein (GP) I lb - IIIa  com
plex, exposing the receptor site for fibrinogen. This new 
epitope, which is present only after activation, can be 
recognized with a monoclonal antibody (M Ab) PAC- 
1,1® whereas bound fibrinogen can be detected with a 
polyclonal antibody.^’

Strong agonists such as thrombin or vessel wall colla
gen, in addition to activating the G P IIb -IIIa  complex, 
cause platelets to degranulate and release their granule 
contents. This process is accompanied by translocation 
of granule membranes to the platelet surface, bringing 
with them specific membrane glycoproteins that appear 
as neoantigen. Two such antigens are the P-selectin 
(GMP140, P A D G E M , or CD62)^° of the «-granule 
membrane and the CD63 (or GP53) antigen of the 
lysosomal membrane.^i-^^

These antigens can be detected in a whole blood flow 
cytometric method based on these described by Abrams et 
al^ and Warkentin et al.i^ Whole blood flow cytometry 
provides a sensitive and rapid method for detecting plate
let activation. Platelets are distinguished from other blood 
components by their forward and light scatter character
istics, reflecting their size and granularity, respectively.

This avoids the need for physical separation from other 
blood components, and hence for fixation, which would 
otherwise be required to prevent platelet activation during 
centrifugation or filtration procedures. In consequence, 
whole blood flow cytometry minimizes artifactual platelet 
activation and allows platelet response to exogenous stim
uli or agonists to be analyzed in the presence of the other 
blood components.

This study investigated the effects of three routin 
used contrast media on platelet activation and degra;.- 
ulation as assessed by immunolabeling and flow cyto
metric techniques in blood samples from both normal 
subjects and patients pretreated with heparin and aspi
rin before routine PTCA.

M ethods

Reagents
Antibodies. Platelets were identified by labeling with 

pan platelet MAbs to GPIb, (RFGP37) and G P IIb -IIIa  
(RFGP56) raised in our laboratory.^-* These antibod:  ̂
were purified from mouse ascitic fluid by ammonia- 
sulphate precipitation followed by D E A E  chromatogra
phy and coupled to fluorescein isothiocyanate (F ITC) 
by standard techniques.^^ The CD63 antigen was iden
tified with an IgG, mouse M Ab, RFAC4 raised in our 
laboratory,22 purified and conjugated to F IT C  as de
scribed above. P-selectin was identified with a FITC- 
conjugated IgGi mouse M Ab obtained from Immuno- 
tech (The Binding Site, Birmingham, England). The 
fibrinogen binding site on G P IIb -IIIa  was identified 
with the IgM  MAb, PAC-T® purchased in an unconju
gated form from the University of Pennsylvania Ce'l 
Center (Philadelphia, Pa). Bound PAC-1 was identified 
with FITC-conjugated rabbit anti-mouse IgG /A /M / 
Kappa/Lamda (R-anti-Mouse Ig -F ITC ) purchased from 
Dako Ltd (High Wycombe, England). Platelet-bound 
fibrinogen (fgn) was identified with an FITC-conjugated 
rabbit antibody to fgn (Dako) as described by Warken
tin et al.*9 A ll antibodies were used at optimum concen
trations and the negative control reagents consisted of 
appropriate isotype control F IT C  conjugated reagents 
(Coulter Immunology Ltd, Luton, England) used at 
equivalent concentrations.

Agonists. AD P was purchased from Sigma Chemv . 
Co, Ltd (Poole, England) and used at final concentra-
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tions of 10”’ to 10"* M . Bovine thrombin was purchased 
from Diagnostic Reagents Ltd (Thame, Oxon) and used 
at final concentrations of 0.025 to 0.4 U/mL. Samples 
incubated with thrombin also contained glycyl-L-prolyl- 
L-argyl-L-proline (G PR?) peptide, (Sigma), which in
hibits fibrin cross-linking and hence clot formation.^ 
The 14 amino acid peptide (SFLLRN PNDK YEPF) 
analogous to the cleaved AT-terminal sequence of the 
human thrombin receptor^’ was prepared by Glaxo 
Group Research, (Greenford, England) and was used at 
final concentrations of 10“* to 10"  ̂ M . Recombinant, 
hirudin (Hiruthin) was from Accurate Chemical and 
Scientific Corporation (Westbury, N Y ), and D-phenylal- 
anyl-L-prolyl-L-arginine chloromethyl ketone (PPACK) 
was from Calbiochem Corporation (La Jolla, Calif) and 
was added to blood at a concentration of 10"* M .

Contrast media. The following contrast media were 
investigated: Omnipaque, 350 mg I/mL (iohexol), a low 
osmolar nonionic contrast medium obtained from Ny- 
comed; Urografin, 370 mg I/m L (diatrizoate) high osmolar 
ionic contrast medium, obtained from Schering AG; and 
Hexabrix, 320 mg I/m L (ioxaglate), a low osmolar ionic 
contrast medium obtained from Mallincrodt Medical UK. 
Details of the properties of these contrast media are given 
in Table 1.

Solutions of equivalent osmolar and ionic strengths to 
the three contrast media were made from either sodium 
chloride (ionic equivalents of Urografin and Hexabrix) 
or mannitol (nonionic equivalent of Omnipaque) to 
elucidate whether the platelet activation seen was 
purely dependent on the osmolality of the media.

Collection o f  B lood Sam ples and Incubation W ith  
Contrast M edia

Blood samples were obtained from 15 healthy, young, 
male volunteers (staff and students of the Royal Free 
Hospital School of Medicine) who denied taking any 
medication in the previous 2 weeks. Their ages ranged 
from 20 to 32 years, and all had full blood counts and 
platelet counts within the normal range. Samples were 
also taken from three patients at the Royal Brompton 
National Heart and Lung Hospital (R B N H L H ) who 
were undergoing PTCA for symptomatic coronary heart 
disease before injection of any contrast media or place
ment of intraaortic guide catheters. A ll patients were on 
long-term aspirin therapy (300 mg per day) and were 
anticoagulated with 15 000 U  of heparin to achieve an 
activated clotting time of >300 seconds or P T TK  >400  
seconds. A  blood sample was also obtained from a 
patient with type I Glanzmann’s thrombasthenia, a 
hereditary lack of the platelet membrane G P IIb -IIIa  
complex.28 Ethical committee approval was given by the 
RFHSM  for use of normal volunteer blood and by the 
R B N H LH  for use of patients’ blood.

Blood was collected from the anticubital fossa, with 
minimal stasis, via a 21-gauge butterfly needle. The first 
2 mL were taken into E D T A  and used to determine the 
full blood count. Subsequent 5-m L samples were taken 
directly into 10-mL syringes (Plastipak, Becton Dickin
son) containing volumes of contrast media ranging from 
0.5 to 5 mL. An additional syringe containing 5 m L of
0.9% (wt/vol) saline was used as the standard control 
for each of the experiments.

The syringes were inverted gently for 1 minute and 
then 4.5 m L of each mixture was transferred into

Monovette tubes (Sarstedt Ltd, Leicester, England) 
containing 0.5 m L of 3.8% tri-sodium citrate. Within 2 
minutes, these blood/contrast media mixtures were 
immunolabeled for flow cytometric analysis using a 
modification of the methods described by Warkentin et 
ap5 and Janes et al. ŝ Five microliters of the blood/ 
contrast media mixtures was added to LP3 tubes con
taining 50 fiL  of HEPES-buffered saline (0.145 M  NaCI, 
5 mM KCl, 1 m M  MgSO^, 10 m M  HEPES; pH  7.4) to 
which had been added 5 -p L  aliquots of appropriate 
concentrations of antibodies and agonists. After gentle 
mixing, the samples were incubated without stirring for 
a further 20 minutes, then diluted and fixed with 0.5 mL  
of 0.2% formyl saline (0.2% formaldehyde in 0.9% 
NaCl) to inhibit further activation. Samples analyzed 
for fibrinogen receptor expression were first incubated 
with 5 ijlL  of PAC-1 for 15 minutes, then R-anti-M Ig- 
F IT C  was added for a further 15 minutes. A ll incuba
tions were carried out at room temperature (22® to 
26°C), and all samples were assayed in duplicate.

Flow C ytom etric Analysis 

Samples were analyzed within 2 hours of collection in 
a Coulter EPICS Profile I I  flow cytometer (Coulter 
Electronics Ltd, Luton, England). The instrument was 
aligned daily with “ Immunocheck” and “Standard 
Brite” beads (Coulter Immunology) to calibrate the 
light scatter and fluorescence parameters, respectively. 
The platelet population was identified by its light scatter 
characteristics and identity confirmed using the anti- 
GPIb M Ab, RFGP37-FITC. An electronic bit map was 
set around the platelet population, and >98%  of the 
particles analyzed in all samples were positive for GPIb. 
The negative cut-off levels for each sample were set at 
2% using appropriate isotype controls as described at 
Janes et al.̂ ® Five thousand platelets were analyzed in 
each sample, and the data were expressed as the 
percentage of cells positive for fluorescent antibody 
binding.

Detection o f  p T G  and PF4 Release by 
Contrast M edia  

Five-milliliter samples of blood were collected from 
normal volunteers into 10-mL syringes containing 5 m L  
of contrast medium or saline. After a 1-minute incuba
tion, 5 mL of each blood/contrast media mixture was 
added to citrate and processed for flow cytometry as 
described above, and 5 mL was transferred into pre
cooled Diatubes (Diagnostica Stago) containing a mix
ture of sodium citrate and citric acid with theophylline, 
adenosine, and dypyrimadole. These were left on ice for 
15 minutes and then centrifuged at 2500g for 30 minutes 
at 4®C. Samples of the plasma/contrast media mixtures 
were aspirated from the tubes, aliquotted, and frozen at 
-70 °C  for subsequent analysis of /3TG and PF4 using 
the Asserachrom /3TG and PF4 ELISA kits (Diagnos
tica Stago).

Results
Flow C ytom etric Analysis o f  Platelets 

Identification of the platelet population in the flow 
cytometer is illustrated in Fig 1. The particles in the 
blood sample have been analyzed by their forward 
scatter (x-axis) and side scatter (y-axis) characteristics,
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Fig 1. A, Flow cytometric analysis of platelets in whole blood. Blood analyzed on log scales by forward scatter (size) anc 
side scatter (granularity). Region 1 represents machine noise and small dust particles. Region 2 represents the platelets, 
enclosed in an electronic bit map. Region 3 is red blood cells. 8, Platelets identified as in A and analyzed for expression 
of GPIb (x-axis: log fluorescence [LFL1]; y-axis: cell count).

indicative of size and granularity, respectively. The 
platelets have been enclosed in an electronic bit map 
(region 2) for analysis of binding of the fluorescent 
antibodies. Region 1 represents dust particles and ma
chine noise, whereas region 3 is the red cells; Fig 1 
illustrates the binding of the anti-GPIb MAb, RFGP37- 
FITC to this population, confirming their identity as 
platelets.

Influence o f  Contrast Media on Platelet Activation 
and Degranidation 

Incubation of blood from 12 control subjects, with 
equal volumes of contrast media for 1 minute, resulted 
in markedly different patterns of platelet activation for 
the three different media, measured by the expression 
of platelet granule membrane antigens, as illustrated in 
Fig 2. Results are expressed as mean±SD, and compar
isons are made using the Student’s unpaired t test. In 
control samples mixed 1:1 with saline, only 2.1±1.3% of 
platelets expressed P-selectin and 1.3±1.1% expressed 
CD63. This level of expression was not statistically

100.,

■s 8 0 .

•â 60 .

2  4 0 .

2 0 .

ITÜI P-selectin 

* * *  ■  CD63

1

Saline Non-ionic Ionic Low-osmolar Thrombin
Control (Omnipaque) (Urografin) (Hexabrix) (0.4 u/ml)

Fig 2. Bar graph shows platelet degranulation caused 
by contrast media mixed 1:1 with blood for 1 minute 
(mean±SD, n=12). ***P<.001, significant difference 
from control.

different from that seen in blood samples taken directly 
into citrate anticoagulant without dilution with saline. 
Incubation of blood for 1 minute with an equal volume 
of the nonionic LOCM (Omnipaque), however, induced 
marked platelet degranulation, with P-selectin and 
CD63 expression on 78.2±8.9% and 59.9±12.9% o: 
platelets, respectively. This level of platelet degranula
tion approached that seen when blood was stimulated 
with maximal levels of thrombin (0.4 U/mL), in which 
P-selectin was expressed on 95.4%±1.0% and CD63 on 
82.5±6.4% of platelets. The ionic HOCM , Urografin, 
caused less degranulation, inducing 21.6±8.6% of plate
lets to express P-selectin and 29.7±12.5% to express 
CD63, a level of degranulation that was statistically 
significantly greater than the control (P<.01) and sig
nificantly less than with Omnipaque (P<.01). Con
versely, the low osmolar contrast medium Hexabri:- 
caused only 2.5±1.5% of platelets to degranulate anc 
express P-selectin and 0.9±0.6% to express CD63. This 
was not significantly different from the control samples.

The presence of contrast media in the whole blood 
mixtures had no direct effect on the binding of mono
clonal antibodies to antigens expressed on the platelet 
surface. No difference was observed in the level of 
binding of the two different pan platelet antibodies 
(against GPIb and G PIIb -IIIa ) in any of the contrast 
media compared with the control samples.

Effect o f  Contact Time and Concentration o f  
Contrast Media

The local concentration of contrast media in the 
coronary vessel during angiography will vary according 
to the time after contrast injection. Initially, the vessel is 
filled with contrast medium during injection and the 
contrast media concentration is at least 1:1 with blood. 
Subsequently, the ratio changes with resumption of 
blood flow. If  a dissection is caused, however, contrast 
medium can become trapped in the wall of the coronary 
artery increasing the contact time with the whole blood.

The effect of prolonged incubation on the degree of 
degranulation seen with each contrast medium is showi 
in Fig 3. Equal volumes of contrast media and blood
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Fig 3.

Saline Non-ionic Ionic Low-osmolar Saline Non-ionic Ionic Low-osmolar
Control (Omnipaque) (Urografin) (Hexabrix) Control (Omnipaque) (Urografin) (Hexabrix)

Bar graphs show platelet degranulation caused by contrast media mixed 1 :1 with blood for 1 minute and 30
minutes (mean±SD, n=3). NS indicates no significant difference between incubation times.

were incubated together for 1 minute or 30 minutes, at 
room temperature, before transferring to citrate tubes 
and analysis of the platelets for the expression of 
P-selectin and CD63 antigens. The anticoagulant prop
erties of the contrast media prevented the blood from 
clotting during the 30-minute incubation, but control 
samples in normal saline clotted within this time and 
were therefore only analyzed at 1 minute. Platelet 
degranulation induced by the nonionic LOCM Om
nipaque was not significantly increased above the high 
level seen at 1 minute by prolonged incubation. There 
was, however, an increase in degranulation after 30- 
minute incubation with the ionic HO C M  Urografin. 
P-selectin expression rose from 30.3±8.7% at 1 minute 
to 53.9±8.0% at 30 minutes, whereas the CD63 antigen 
rose from 37.7±17.5% to 54.3±9.8%. This increase was 
statistically significant (P<.01) with P-selectin but not 
with CD63 (P=.17). No degranulation was seen with the 
ionic LOCM  Hexabrix even after the 30-minute 
incubation.

The ratio of contrast media mixed with blood was 
varied between 1:1 and 1:10 by taking 5 mL of blood 
into syringes containing volumes of contrast media 
between 0.5 and 5 mL (Fig 4). The nonionic LOCM  
Omnipaque still caused maximal platelet degranulation 
at a ratio of 1:3 (blood to contrast media). With blood 
at a ratio of 1:5, the effect decreased slightly to 76.2%, 
but even at a ratio of 1:10 ,12.5% of platelets expressed 
P-selectin and 3% expressed the CD63 antigen. The 
effect of the ionic HO CM  Urografin was virtually abol
ished, however, when diluted to 1:3 with blood. 
Hexabrix did not cause degranulation at any concentra
tion tested.

Role o f  the Fibrinogen Receptor on the Platelet 
Surface in Platelet Degranulation Induced by 
Contrast Media

Platelet degranulation caused by the contrast media 
appeared to be independent of activation of the GPIIb- 
I IIa  receptor and the binding of fibrinogen. This is 
illustrated in Fig 5, which compares P-selectin expres
sion on platelets in blood incubated with an equal 
volume of contrast media with the activation of GPIIb- 
IIIa  to form a functional fibrinogen receptor identified 
by the MAb PAC-1.

PAC-1 binding was only slightly increased by incuba
tion with Urografin and was seen on only about 20% of 
platelets incubated with Omnipaque compared with 
P-selectin expression of 23% and 75%, respectively. 
Hexabrix caused no increase in PAC-1 binding com-

100
o p-selectin 

•  CD63

Non-ionic
(Omnipaque)

Ionic 
^  (Urografin)

Low-osmolar
(Hexabrix)

20 30 40 500 10

Percentage of contrast medium in blood

Fig 4. Graph of relation between the concentration of 
contrast medium In blood and expression of P-selectIn 
(open circles) and GD63 (closed circles).
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Fig 5. Bar graph shows comparison of platelet degran
ulation (P-selectin expression) and fibrinogen receptor 
exposure (PAC-1 binding) caused by contrast media 
(mean±SD, n=3). ***P<.001, **P<.01, *P<.05, signifi
cant differences from control,

pared with control. These levels of PAC-1 binding were 
mirrored by fibrinogen binding in a single study (data 
not shown). This differs from the pattern of activation 
antigen expression seen with a weak agonist such as 
ADP, which at maximum concentration (10‘  ̂ M ) in
duced PAC-1 binding to 72.0±6.0% of the platelets, 
whereas P-selectin was seen on only 20.6±7.7%.

The role of the G P IIb -IIIa  receptor in platelet de
granulation induced by the contrast media was investi
gated further by measuring P-selectin expression on 
platelets from a patient with type I Glanzmann’s throm
basthenia who was shown to totally lack the G P IIb-IIIa  
receptor (determined by flow cytometry). As with nor
mal platelets, Omnipaque caused marked degranulation 
of 60% of platelets expressing P-selectin; Urografin 
caused P-selectin expression on 7.0% of platelets and

Hexabrix, 4.5%; 5.2% of platelets in the normal saline 
control expressed P-selectin. The magnitude of the 
responses in this patient with Glanzmann’s thrombas
thenia were somewhat lower than in the normal sub
jects; however, this was also reflected by a lower re
sponse to 0.4 U/mL thrombin, which only caused 62.9-" 
of the platelets to express P-selectin compared w;, 
>90% of control platelets.

Parallel Analysis o f  Platelet Granule Membrane 
Antigen Expression and Release o f  
a-Granule Contents 

Studies were performed on normal volunteer blood 
(n=3) to compare the degree of platelet degranulation, 
as assessed by immunolabeling, with the release of PF4 
and BTG in samples incubated for 1 minute with an 
equal volume of contrast media. BTG and PF4 release 
paralleled the expression of P-selectin and CD63 am 
gens (Fig 6).

Platelet Degranulation in Blood From Anticoagulated 
Patients Undergoing PTCA  

Contrast media are routinely used in PTCA iq pa
tients who are anticoagulated with heparin and aspirin. 
Blood was taken from aspirinized, heparinized patients 
(n=3) who were undergoing routine balloon angio
plasty for symptomatic coronary disease. The same 
pattern of degranulation was seen as in normal subjects 
(Table 2).

Platelet Degranulation in Blood Treated With Specific 
Thrombin Inhibitors 

Blood from normal volunteers was drawn into sy
ringes containing Hirudin (10 U/mL) or PPACK (10'^ 
M), immediately mixed with equal volumes of Om
nipaque, Urografin, or normal saline (control), and 
platelets analyzed for P-selectin expression. Neither 
Hirudin nor PPACK caused any inhibition of the de
granulation induced by either of the contrast media
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Fig 6. Bar graphs show comparison of platelet granule membrane antigen 
secretion caused by contrast media mixed 1:1 with blood for 1 minute (mean 
significant differences from control.
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expression and platelet «-granule content 
±SD, n=3). ***P<.001, **P<.01, *P<.05,



T a b le  2. - Platelet Degranulation by Contrast Media 
Despite Patients Being Fully Anticoagulated With 
Heparin and on Chronic Aspirin Therapy

P-Selectln, %+ve 
(a-Granule 

Antigen)

CD63, %+ve 
(Lysosomal 

Antigen)

Normal saline control 7.5±3.1 5.5±5.4

Omnipaque 76.2±8.6* 66.4±5.9*

Urografin 18.4±4.7t 29.9±9.7t

Hexabrix 7.9±0.7 2.7±0.5

Values are mean+SD.
*P<.001;**P<.01.

(Table 3). Addition of 0.4 U /m L of thrombin to the 
control (normal saline) samples, however, showed that 
the thrombin'^antagonists were effective in blocking 
thrombin-induced platelet degranulation.

Effect o f  Osmolality on Platelet Degranulation 
The three contrast media studied had significant 

differences in their osmolality (Table 1). To assess 
whether the different effects of contrast media on 
platelets could be explained by the osmolality of the 
contrast media alone, solutions of equivalent osmolality 
and ionic composition were prepared and incubated 
with equal volumes of whole blood in the standard 
method outlined above. Table 4 shows the degree of 
platelet degranulation occurring with each of the con
trast media and the solutions of equivalent osmolality 
and ionic strength. The degree of degranulation caused 
by the three contrast media was not directly related to 
their osmolalities. Similarly, their osmolar/ionic equiva
lent solutions showed no direct relation between osmo
lality and degranulation. The H O C M  (Urografin) os
molality equivalent (64.2 g/L NaCl, 2070 mOsin/kg) 
caused only 11% of platelets to express P-selectin and 
16% to express CD63; however, the nonionic osmolar 
equivalent for Omnipaque (14.7% mannitol, 852 mOsm/ 
kg) caused 80% of platelets to express P-selectin and 
64% to express CD63, which was similar to the degree 
of degranulation seen with Omnipaque. The ionic 
LO C M  equivalent of Hexabrix caused no activation.

Effect o f  Ionic L ow  O sm olar Contrast M edium  on 
Platelet Response to Throm bin  

Hexabrix (ionic L O C M ), unlike the ionic H O C M  or 
the nonionic LOCM , caused no activation of the plate
lets even after prolonged incubation with blood. To 
investigate whether Hexabrix had a specific, inhibitory 
effect on platelet activation, blood was incubated 1:1
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with Hexabrix and then added to assay tubes containing 
thrombin at concentrations ranging from 0.01 to 0.2 
U/mL. Fig 7 shows that Hexabrix markedly reduced 
thrombin-induced degranulation of the platelets at all 
agonist concentrations. In the control sample, (0.9%  
saline), thrombin caused platelets to express P-selectin 
and CD63 (Fig 7) in a concentration-dependent man
ner, rising to a maximum at 0.2 U /m L of thrombin. 
Hexabrix totally inhibited this effect at thrombin con
centrations up to 0.05 U /m L and at maximum thrombin 
(0.2 U/mL). P-selectin was seen on only 45% of platelets 
compared with 93% in the control, whereas CD63 was 
seen on only 43% compared with 85% in the control. 
When platelets were stimulated with the 14 amino acid 
thrombin receptor activation peptide (TR A P ), however, 
Hexabrix did not inhibit the expression of P-selectin or 
CD63 antigen. For example, at maximum TR A P  con
centration (1 X 10"* M ), 92.7% of platelets in the control 
samples expressed P-selectin compared with 89.7% in 
the blood incubated with Hexabrix.

Discussion

Although the anticoagulant properties of angiographic
contrast media have been studied e x t e n s i v e l y , ® - i 2 , i 4

effects on platelets have received less attention and the 
findings have been contradictory, reporting both increases 
in p iG  and PF4 release in vivô '* and decreases in 
serotonin in vitro.^  ̂ platelet aggregation has been re
ported to be inhibited ex vivô -̂’'* and in vitro.^ In  
addition, the differences between the types of contrast 
agents have not been fully investigated.

Flow cytometric examination of platelet activation 
marker expression allows such discrepancies to be re
solved. The activation status of individual platelets, 
within the whole platelet population, can be examined 
directly. In addition, the use of whole blood flow 
cytometry avoids the need for fixatives that are required 
to prevent artifactual platelet activation occurring dur
ing the separation and washing procedures, and this 
lack of fixatives allows the in vitro response of the 
platelets to agonists or other agents to be assessed.

The present in vitro study has demonstrated signifi
cant differences in effects on platelets in native blood of 
three commonly used types of contrast media. The 
nonionic LO C M  (Omnipaque) caused profound plate
let degranulation as evidenced by the expression of the 
a-granule and lysosomal membrane antigens on the 
platelet surface, which was paralleled by a marked 
release of jSTG and PF4. The two ionic contrast media 
caused less platelet degranulation than the nonionic 
LOCM , but while the H O C M  Urografin still produced

T a b le  3. Platelet Degranulation (P-Selectin Expression) in Blood Mixed With Hirudin or PPACK 
Before Exposure to Contrast Agents

P-Selectin Expression, %cells+ve

No Antithrombin Hirudin PPACK

Normal saline rest 3.67±0.7B 3.2±2.83 2.8±0.53

Normal saline+0.4 U/mL thrombin 86.7±4.35 2.97±0.58 3.55±0.07

Omnipaque 58.3±8.72 63.9±1.56 59.15±9.81

Urografin 11.28±2.98 12.9±0.14 12.35+5.43

Values are mean±SD. n=3.
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T a b le  4. Relation of Osmolality of Contrast Media or Their Equivalent Solutions, Incubated 1 :1 With Native Blood on 
the Degree of Platelet Degranulation .

Contrast Media
Osmolality,
mOsm/kg

P-Selectin,
%+ve

CD63,
%+ve

Contrast Media - 
Osmolality 
Equivalent

Osmolality,
mOsm/kg

P-Seiectin,
%+ve

CD63,
%+ve

Saline, 9 g/L 
(control) 308 1.7 0.3 Saline, 9 g/L 308 1.7 0.3

Hexabrix 608 1.4 0.3 Hexabrix equivalent, 
NaCl, 19.3 g/L

608 3 1

Urografin 2070 13 20 Urografin equivalent, 
NaCl, 64.2 g/L

2070 11 16

Omnipaque 852 66 47 Omnipaque 
equivalent, mannitol, 

14.7% (nonionic)

852 80 64

some degranulation, after 1 minute incubation, which 
increased in prolonged exposure, the LO C M  Hexabrix 
caused no platelet degranulation even after 30 minutes 
incubation with blood and minimal release of /3TG and 
PF4 similar to that seen with the controls.

In most studies on the effects of contrast media on 
platelets, the contact times have ranged from 20 min
utes to several hours. '̂* The present study indicates that 
platelet degranulation occurs within the first minute of 
exposure of the blood to the contrast media.

The differences between the three contrast media 
could not be accounted for by possible inhibitory effects 
on antibody binding. Platelets incubated with equal 
volumes of contrast media showed no difference in the 
binding of the MAbs to the G P Ib -IX  and G P IIb -IIIa  
complexes, present on all platelets, compared with that 
seen in control samples; nor were their effects related 
solely to the osmolality of the media, as there was no 
direct correlation between osmolality and their platelet- 
degranulating effects.

The effects of the contrast media on platelets were 
linked more closely to the ionic nature of the media; 
solutions of similar osmolality and ionic strength pro
duced very similar effects on platelets to their contrast 
media equivalents. However, when solutions of similar 
ionic strength were compared, increasing osmolality

appeared to contribute to the degree of platelet degran
ulation seen. Optiray, another nonionic contrast me
dium, caused a similar degree of platelet degranulation 
to Omnipaque (data not shown), suggesting that the 
effects seen were linked to the nonionic chemical prop
erties of the contrast media. This was further confirmed 
by the finding that the nonionic control manitol caused 
a similar degree of platelet degranulation to that seen 
with the nonionic contrast medium Omnipaque. To
gether, these data indicate that it is the nonionic 
molecules per se that directly affect the platelets, im
plying that any contrast media based on nonionic mol
ecules would be likely to cause platelet degranulation.

The platelet degranulation induced by the nonionic 
L O C M  and by the ionic H O C M  appeared to be inde
pendent of activation of the G P IIb -IIIa  complex and of 
fibrinogen binding. Studies on a patient with Glanz
mann’s thrombasthenia showed that despite this ab
sence of the G P IIb -IIIa  receptor complex, both contrast 
media caused a similar degree of platelet degranulation 
to that seen with normal volunteer blood and to that 
seen when the blood from this patient was stimulated 
with thrombin.

The observation that contrast media cause minimal 
activation of the platelet G P IIb -IIIa  receptor may help 
explain why the aggregation studies have been relatively
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uninformative. Platelets require fibrinogen binding to 
the activated G P IIb -IIIa  receptor for platelet aggrega
tion to occur. Even at the highest concentrations of 
contrast media, only a small increase in the fibrinogen 
receptor activation was seen, and this was to a level 
below that required for platelet aggregation to occur. 
The somewhat contradictory observation that the con
trast media can inhibit platelet aggregation may be 
related to their viscosity, acting to slow down platelet- 
platelet contact and hence the rate of aggregation.

The concentrations at which the nonionic LOCM  and 
the ionic H O C M  caused degranulation (>1:10 and >1:3 , 
respectively), although markedly different, are concentra
tions that can be present, albeit transiently, during angi
ography and opacification of the coronary artery. During 
coronary intervention, the process of balloon dilatation 
causes local stretching of the narrowed section of athero
sclerotic vessel. This barotrauma can cause significant 
micro- and macrodissections within the wall of the coro
nary artery. This is followed by injection of contrast media 
into the lumen of the_balloon damaged vessel to allow 
angiographic assessment of the result of the angioplasty. 
Within the PTCA-induced dissections, high concentra
tions of contrast media can occur, and the contrast media 
remain relatively static because of decreased flow. A  
nonionic contrast medium and to a lesser extent an ionic 
H O C M  would potentially cause significant platelet de- 
granulation within such a dissection flap in the vessel wall.

Patients undergoing routine PTCA are normally fully 
anticoagulated with heparin and receive standard-dose 
aspirin therapy. We have previously shown that aspirin 
itself does not affect the platelet degranulation process 
in response to AD P and thrombin per se.̂  ̂ Incubation 
of contrast media with blood from fully anticoagulated 
patients caused a similar pattern of platelet degranula
tion to that seen with the normal volunteers. The 
nonionic LO C M  caused marked platelet degranulation, 
suggesting that the pretreatment of patients undergoing 
PTCA with aspirin and heparin will not modify this 
marked platelet degranulation and that the nonionic 
LO CM  does not stimulate the platelets through a 
thrombin mediated mechanism.

To confirm this and to test whether the contrast 
media had a heparin-neutralizing effect that would thus 
allow thrombin generation to occur in the samples, 
blood from normal volunteers was pretreated with 
thrombin antagonists before addition to contrast media. 
Neither hirudin nor PPACK abolished the degranula
tion induced by Omnipaque or Urografin, suggesting 
that the degranulation is not mediated simply by the 
production of thrombin in blood exposed to the contrast 
medium, in accord with observation of the effects of the 
agents on the coagulation cascade.^ "

Although the activation caused by the nonionic 
LO C M  appears to be independent of thrombin, high 
levels of local intracoronary thrombin generation in 
response to vessel wall injury and clot bound thrombin 
could independently cause platelets to degranulate. In  
this study we have shown that Hexabrix has a marked 
inhibitory effect on thrombin induced platelet degran
ulation, confirming an earlier report by Matsu da et al.^° 
Thrombin acts on the platelet thrombin receptor as a 
protease, cleaving the /'/-terminus of the extracellular 
domain of the receptor. The newly exposed //-terminal 
can then act as an autologous tethered ligand. This

effect can be mimicked by a synthetic peptide analog of 
this ligand (thrombin receptor activating peptide, ' 
TRAP).^^ Activation of platelets by TR A P  was unaf
fected by the presence of Hexabrix. This suggests that 
the action of thrombin on its receptor is in some way 
inhibited by the large dimeric molecule of the ionic 
LO C M , yet activation of the receptor by the tethered 
ligand is unaffected. Thrombin is considered to be a 
cellular mitogen^ for smooth muscle cells, causing them 
to migrate and proliferate in the wall of the PTCA- 
damaged vessel. A  contrast medium that attenuates the 
mitogenic effect might influence the post-PTCA healing 
process and thus reduce or alter the subsequent reste
nosis. The release of platelet-derived factors within the 
lumen of the balloon-damaged coronary artery during 
PTCA may influence the intracoronary prothrombotic 
environment and the stimulus to smooth muscle cell 
recruitment and proliferation, hypothesized to be part 
of the underlying mechanism in the restenosis process 
that occurs in 35% to 50% of patients after PTCA. 
Local dissections caused by the PTCA procedure would 
be likely to increase the contact time of the blood and 
contrast media and therefore enhance local release of 
these prothrombotic and vasoactive substances.

Conclusions
These studies have shown that routinely used contrast 

media cause significantly different degrees of platelet 
degranulation, as seen by flow cytometric analysis of 
individual platelets in whole blood. The nonionic LO C M  
Omnipaque caused profound platelet degranulation by a 
mechanism that appears to be related to the nonionic 
structure of compound rather than the osmolality of the 
medium. It is likely that this finding will be seen with all 
contrast media based on a nonionic molecular structure. 
The degranulation caused was independent of thrombin 
generation and was not blocked by pretreatment with 
heparin or aspirin. The degranulation was paralleled by 
release of prothrombotic factors from the platelet a-gran
ule. These findings are consistent with previous reports of 
an increased incidence of thrombotic complications during 
coronary angiography and the development of clots in the 
angiography catheters and syringes reported with nonionic 
LOCM.^5-17,32.33 The potential beneficial effect of ionic 
LO C M  that not only fails to cause platelet degranulation 
but also may modify the platelet response to intracoronary 
and clot bound thrombin is yet to be demonstrated in 
patients. These findings suggest that the choice of contrast 
media for angiography and PTCA in unstable coronary 
syndromes may influence the clinical outcome in these 
patients and suggest the need for studies to investigate 
whether these profound differences in platelet activation 
caused by contrast media in vitro are important in vivo.
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Aspirin does not affect the flow cytometric detection of 
fibrinogen binding to, or release of «-granules or 
lysosomes from, human platelets
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1. Aspirin inhibits the conversion of arachidonic acid 
to thromboxane which reinforces the effects of 
weak agonists such as A DP in platelets.
2. In this study the effect of aspirin (300mg/day) on 
platelet agonist response was measured by whole 
blood flow cytometry of unfixed blood samples from 
normal subjects (n =  10), an assay that investigates 
aggregation-independent changes in the platelet.
3. Fibrinogen binding to unstimulated platelets or to 
platelets stimulated with A D P or thrombin was 
unaffected by aspirin.
4. Under the conditions of this assay, platelets 
undergo a partial degranulation of a-granules and 
lysosomes (evidenced by expression of P-selectin and 
CD63, respectively) in response to ADP, and full 
degranulation in response to thrombin. P-selectin 
expression was paralleled by release of 
thromboglobulin. None of these events was affected 
by aspirin.
5. Thromboxane formation was totally prevented by 
the aspirin treatment, as shown by Born aggrego- 
metry in which the platelet aggregatory response to 
arachidonic acid was abolished and secondary aggre
gation by ADP was inhibited.
6. The flow cytometric assay can therefore be used to 
investigate platelets in patients, regardless of aspirin 
therapy.
7. These findings suggest that platelet fibrinogen 
binding and the release of platelet a-granule and 
lysosomal contents, in response to stimulation with 
physiological agonists, can continue in patients 
despite aspirin therapy. This may help to explain why 
aspirin is only partially effective in preventing throm
botic events.

INTRODUCTION
Evidence from studies of large numbers of

patients given anti-platelet therapy [1 -4 ] has shown 
it to have a significant effect in reducing the inci
dence of cardiovascular death. However, aspirin is 
an inhibitor of only one modulatory pathway that 
affects platelet activation, its ability to inhibit de
pending on the nature of the stimulus. Thus it is 
only partially effective in preventing thrombotic 
events in individual patients. Aspirin inhibits plate
let function by irreversibly acetylating cyclo- 
oxygenase and thus preventing the conversion of 
arachidonic acid to thromboxane (T xA j). Physiolo
gical agonists do not, however, have an absolute 
requirement for thromboxane. In  Born aggrego- 
metry, aspirin inhibits the second phase of A D P -  
induced aggregation, which is accompanied by 
dense granule secretion and is dependent on T x A i 
generation. This inhibition is, in turn, dependent on 
close cell-cell contact and is less apparent when 
physiological levels of calcium are present [5]. 
Aspirin does not prevent direct, receptor-mediated 
platelet activation by A D P  which results in primary 
aggregation. Thrombin activates platelets via a G  
protein-coupled membrane receptor [6 ] and 
although it is a potent stimulator of T x A j produc
tion, platelet activation by thrombin is not depen
dent on T x A j [7].

Flow cytometric analysis of unfixed whole blood 
allows investigation of the aggregation-independent 
release reaction of platelet granules in response to 
agonists in vitro [8]; a-granule release can be 
detected by expression of P-selectin [9 ], whilst 
platelet lysosomal degranulation can be detected by 
expression of CD63 [10]. This method measures 
aggregation-independent activation events since 
close cell-cell contact, and subsequent aggregation 
of the platelets, are avoided [11]. Using this 
approach it has been shown that A D P  causes 
partial expression of both P-selectin and CD 63, as 
well as inducing fibrinogen binding to the majority

Key words: ADP, aspirin, flow cytometry, platelets, thrombin.
Abbreviations: FITC, fluorescein isothiocyanate; MAb, monoclonal antibody; /Î-Tg, /î-thromboglobulin; TxA „ thromboxane.
^Present address: Andreas Gruentzig Cardiovascular Center, Emory University School of Medicine, Atlanta, GA 30322, U.S.A.
P resen t address: Department of Haematology, St George's Hospital Medical School, Cranmer Terrace, London SWI7 ORE, U.K.
Correspondence: Dr A. H. Goodall, Vascular Cell Biology Laboratory, Royal Free Hospital School of Medicine, Rowland Hill Street, London, NW3 2PF, U.K.
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of platelets [12], under conditions where significant 
T xA ; generation would not be expected to occur 
[5 ], and thrombin causes high levels of expression 
of all three activation markers [12].

To determine whether aspirin can affect these 
events we have investigated the effect of a typical 
clinical aspirin regimen (300 mg/day oral aspirin 
treatment), in a group of normal healthy subjects, 
on the flow cytometric detection of platelet degranu
lation (P-selectin and CD63 antigen expression) and 
platelet fibrinogen binding in response to A D P  and 
thrombin.

MATERIALS AND METHODS 

Reagents

Antibodies. Platelets were identified with a 
monoclonal antibody (M A b ) to G P Ib , (RFGP37), 
raised in this laboratory [13]. This was purified 
from ascitic fluid by ammonium sulphate pre
cipitation followed by D E A E  chromatography, and 
coupled to fluorescein isothiocyanate (F IT C ) by 
standard techniques [14]. Platelet-bound fibrinogen 
was detected with a FITC-conjugated polyclonal 
rabbit antibody to human fibrinogen (Rafgn- 
F ITC ), purchased from Dako Ltd (High Wycombe, 
U.K.), as described by W arkentin et al. [15] and 
Janes et al. [11]. CD63 was identified with an IgG^ 
mouse M Ab, RFAC4 raised in this laboratory [16], 
and purified and conjugated to F IT C  as described 
above. P-selectin was identified with a F IT C -  
conjugated IgG ) mouse M ab  obtained from Immu- 
notech (The Binding Site, Birmingham, U .K .). All 
antibodies were used at optimum concentrations, 
determined by titration. The negative control rea
gent for the MAbs consisted of non-immune mouse 
Ig G -F IT C  (Coulter Immunology Ltd, Luton, Beds, 
U.K.), used at comparable antibody concentrations. 
The negative cut off for the FITC-conjugated poly
clonal rabbit antibody to human fibrinogen was set 
as described by Janes et al. [11],

Agonists. A D P, arachidonic acid (sodium salt) 
and human a-thrombin were purchased from Sigma 
Chemical Co Ltd (Poole, Dorset, U .K.). Samples 
incubated with thrombin also contained 0.125 
mmol/1 glycyl-L-prolyl-L-arginyl-L-proline peptide 
(Sigma Chemical Co Ltd), which inhibits fibrin 
polymerization and consequent clot formation [17].

Collection of blood samples

This was carried out with permission from the 
Ethical Practices Sub-Committee of the Royal Free 
Hospital. Blood samples were obtained from 10 
healthy, young, male subjects (staff and students of 
the Royal Free Hospital School of Medicine) who 
denied taking any medication in the previous 2 
weeks. Their ages ranged from 20-32 years and all

had platelet counts within the normal range. All 
samples were collected in the morning (09.00 hours) 
to avoid any effects of diurnal variation. Samples 
were collected on day 0 and subjects were then 
given 300 mg of oral aspirin (Bayer U .K . Ltd, 
Newbury, Berks, U .K .) at 08.00 hours on 4 con
secutive days, the second blood sample being 
collected on day 4. Blood was taken by clean 
venepuncture from the antecubital fossa via a 21- 
gauge butterfly needle. M inim al stasis was used: a 
tourniquet was used if required to locate the vein 
but after insertion of the needle it was removed. The 
first 2 ml of blood were taken into E D T A  and used 
to determine the full blood count. The subsequent 
4.5 ml of blood was drawn into Monovette tubes 
(Sarstedt Ltd, Leicester, U .K .) containing 0.5 ml of 
0.105 mol/1 tri-sodium citrate and processed within 
10 min of collection.

Flow cytometric assay

Blood samples were prepared for flow cytometric 
analysis using the whole blood method described by 
Janes et al. [11]. Five microlitres of citrated blood 
were added to LP3 tubes containing 50^1 of Hepes- 
buffered saline (HBS: NaC l 0.145 mol/1; K C l 
5 mmol/1; MgSO^ 1 mmol/1; Hepes 10 mmol/1; pH  
7.4) and 5 /il of appropriate concentrations of anti
bodies and agonists. After gentle mixing, the 
samples were incubated for 20 min then diluted with 
0.5 ml of 0.2% formyl saline, to inhibit further 
activation. Incubations were carried out at room  
temperature (22-26°C), and all samples were run in 
duplicate.

Samples were analysed, within 2 h of collection, in 
a Coulter EPICS Profile I I  flow cytometer (Coulter 
Electronics Ltd, Luton, U .K.). The instrument was 
aligned daily with Tmmuno Check’ and ‘Standard 
Brite’ beads (Coulter Immunology, Luton, Beds, 
U .K .) to calibrate the light scatter and fluorescence 
parameters, respectively. The platelet population 
was identified from its light scatter characteristics 
and identity was confirmed using the anti-G PIb  
M A b  (R F G P 37-F ITC ). An electronic bit map was 
set around the platelet population and adjusted for 
each sample to ensure that >98%  of the particles 
analysed were positive for G PIb. The negative cut
off levels for fluorescence in unstimulated samples 
were set at 2% [11]. Five thousand platelets were 
analysed and the values were expressed as the 
percentage of cells positive for fluorescent antibody 
binding.

Measurement of ^thromboglobulin (^Tg) release

In  four subjects, blood samples were analysed in 
parallel for activation marker expression in the 
whole blood flow cytometric assay, and for release 
of j?-Tg. The flow cytometric samples were prepared 
and analysed as described above. P-selectin and
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Table  I.  A ctivation  antigen expression (m e a n ± S D  percentage of 
positive platelets) on unstim ulated platelets from  10 norm al sub
jects ( / ’ > 0 .S  for a ll m arkers)

Activition mirker Before aspirin After aspirin

Fibrinogen 4.0 ± 2 .4 4.1 ± 2 .3
CD63 1.8 ± 0 .9 1.0 ± 0 .3
P-selectin 2 .4 ± 2 .l 2.5 ± 1 .5

CD63 expression were measured in response to 
A D P  (0.1 to 10/tmol/l) and thrombin (0.025 to 
0.4 units/ml). In  parallel, 5 of blood were added to 
50/tl of HBS containing A D P  or thrombin and 
incubated for 20 min at room temperature, without 
stirring. An inhibitory cocktail (0.5 ml) containing 
0.134 mmol/1 E D T A  (sodium salt), 0.01 mmol/1 
adenosine and 0.02 mmol/1 theophylline was then 
added, the samples were placed on ice, and centri
fuged at 2000g for 20 min at 4°C. The platelet-poor 
plasma was aspirated, recentrifuged under the same 
conditions, and an aliquot from the centre of the 
sample was frozen at -7 0 ° C  until tested. The j5-Tg 
was measured using an e.l.i.s.a. described previously 
[18].

Aggregometry

Additional citrated blood samples (10 ml) were 
taken from four of the donors before, and after, 
ingestion of aspirin (300 mg/day for 4 days) and 
analysed in parallel with the flow cytometric studies 
by the turbidometric method of Born [19], using a 
Payton dual channel aggregometer (Instrument 
Sales and Marketing Services, Dorking, U .K.). Ago
nists used (final concentrations) were A D P  (1, 2 and 
3/im ol/l) and arachidonic acid (0.5 and 1 mmol/1). 
Aggregation was measured as the change in absor
bance at 3 min, expressed as a percentage of the 
difference in absorbance between autologous 
platelet-poor plasma and platelet-rich plasma.

Statistical analysis

All data are shown as means ± S D . Comparisons 
of variables were performed using the Student’s t- 
test and Pearson’s correlation was used to investi
gate the relationship between independent variables.

RESULTS

Expression of activation markers on unstimulated 
platelets

Platelet-bound fibrinogen, CD63 and P-selectin 
antigen expression were low on unstimulated plate
lets, with < 5 %  of platelets positive for each of the 
markers, as shown in Table 1. These values did not 
differ significantly after aspirin ingestion (P >0.5 ).

Expression of platelet activation markers in response to 
agonists

In  response to A D P , platelet-bound fibrinogen 
increased in a dose-dependent manner to reach a 
maximum on 72.6 ±7 .1%  of platelets at an A D P  
concentration of 10/^mol/l. This was unaltered by 
aspirin treatment as shown in Fig. 1(a). There was 
weak expression of P-selectin (Fig. 16) and CD63  
antigens (Fig. Ic) in response to A D P , the percent
age of platelets expressing these antigens reaching 
only 18.3 +  7.6% and 11.7 +  6.5%, respectively, at 
maximum (10/^mol/l) A D P . As with fibrinogen 
binding, there was no difference in granule mem
brane antigen expression in response to A D P  stimu
lation between platelets in blopd samples taken 
before or after aspirin treatment (? > 0 .5 ).

Thrombin produced a greater expression of all 
three activation markers than did A D P. At maxi
mum thrombin concentration (0.4 units/ml), fibrino
gen was bound to 98.4 +  0.4% of platelets (Fig. 2a), 
whilst P-selectin and CD63 antigens were seen on 
88.1 ±8 .0%  and 77.6 ±9.7% , respectively (Figs. 26 
and 2c). Expression of all three markers on platelets 
in samples taken from subjects before aspirin were 
no different from those taken after 4 days of aspirin 
ingestion (P > 0 .5 ).

Parallel measurement of p-Jg release from ADP and 
thrombin-stimulated platelets

In  four of the subjects, j?-Tg released from the 
platelets prepared for flow cytometric assay, in 
response to A D P  (O.l-lO^mol/1) and thrombin 
(0.025-0.4 units/ml), was measured in parallel with 
granule membrane marker expression. There were 
very close correlations (Pearson’s correlation) 
between j5-Tg release and expression of P-selectin 
and CD63 over the range of A D P  and thrombin 
concentrations, as shown in Table 2.

Release of ^-Tg from platelets prepared in this 
way showed no difference following 4 days of 
aspirin treatment compared with the pre-aspirin 
samples. This is illustrated in Fig. 3, which shows j?- 
Tg release in response to AD P; thrombin-induced 
release of j5-Tg was also unaffected by aspirin.

The level of p-Tg  released in response to maxi
mum A D P  stimulation was of the order of 2000 /xg/1 
(Fig. 3) whilst maximum thrombin stimulation 
released levels of 5000-5500 ^g/1. These values cor
respond to an estimated release of total available P- 
Tg of 33% with A D P  and 85-90% with thrombin; 
levels that were very similar to the maximum  
expression of the a-granule membrane antigen, P- 
selectin, in the same samples (26.9 ±9 .8%  with  
lO^mol/1 A D P  and 82.7 ±7 .3%  with 0.4 unit of 
thrombin/ml).

Platelet aggregation studies

Platelets from four subjects, analysed by Born 
aggregometry in parallel with the flow cytometric
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Fig. I  (a )  Fibrinogen binding, { b )  P-selectin expression and (c )  CD63 antigen expression in response to throm bin  on 
platelets fro m  10 norm al subjects before ( # )  and a fte r ( O )  4 days of aspirin trea tm en t (300m g/day). Values are 
means 4 -SD.

Table I  C orrelation  of ^ T g  release w ith  expression o f P-selectin 
and CD63 in unstirred platelets stim ulated w ith  A D P and throm bin .
Values are means+ SD (n = 4 ) .

Agonist Correlation coefficient for ^ T g  versus:

P-selectin CD63

ADP 0.984-0.02 0 .98+0.02
Thrombin 0.81 ± 0 ,1 6 0.90+0.03

analysis confirmed that aspirin ingestion was effec
tive in preventing thromboxane generation. Before 
aspirin treatment the donors had a full aggregation 
response to arachidonic acid and to A D P  at 
2/im ol/l and above. After aspirin treatment, aggre
gation induced by arachidonic acid was totally 
abolished and the response to all three con
centrations of A D P  was reduced, showing typical 
first-phase aggregation that was partially reversed 
by aspirin in a reciprocal, dose-dependent manner.

The mean (± S D )  of the data from the four

subjects are shown in Table 3. Differences before 
and after aspirin with both agonists were statisti
cally significant (P =  0.05 or less).

DISCUSSION
There is increasing interest in the use of flow 

cytometry to detect activated platelets in samples 
from patients with thrombotic/prothrombotic dis
ease states. Studies from several groups have found 
increased platelet granule membrane antigen ex
pression after cardiopulmonary bypass [10, 20, 21] 
and in patients with diabetes [22], essential throm- 
bocythaemia [20] and myelodysplasia [23]. Ele
vated granule membrane antigen expression has 
recently been shown to be a possible predictive risk 
factor for acute occlusion in patients undergoing 
percutaneous transluminal coronary angioplasty 
[24].

Whole blood flow cytometry of unfixed blood 
samples offers a method for assessing platelet re-
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Fig. 3. Release of ^ -Tg  from  platelets incubated w ith  A D P in four 
subjects before ( # )  and a fte r ( □ )  4 days aspirin trea tm en t  
(300 m g/day). Values are means ± S D .

Table 3. Aggregation (percentage change in absorbance a t 3 m in ) In 
citrated p latelet-rich plasma samples before and a fter aspirin. 
Values are means+SD (n = 4 ).

Agonist Absorbance
(/tmol/l)

Before aspirin After aspirin

ADP
1 60 ± 3 7 2 2 ± 8
2 7 8 ± l l 39 ± 1 8
3 80 ± 9 47 ± 2 0

Arachidonic acid
0.5 77 ± 8 4 ± l
1.0 8 4 ± i0 4 ± 2 .5

sponsiveness to physiological agonists such as A D P  
and thrombin, as well as platelet activation status, 
which gives additional insights into the pathogenesis 
of thrombotic disease states. Whole blood flow 
cytometry has been used to demonstrate the 
presence of circulating activated platelets in patients 
undergoing cardiopulmonary bypass [25] and hae
mofiltration [11]. Altered responses to A D P  have 
been demonstrated in patients with established pre
eclampsia of pregnancy [18] and peripheral vascular 
disease [26], and a heightened response to thrombin 
has been detected in normal subjects after strenuous 
exercise [17], as well as in patients with chronic 
stable angina [28].

Aspirin is the most effective first line anti-platelet 
drug for patients with thrombotic disease state [1 -  
4] and for this reason many individuals are on long
term low or mid-dose aspirin therapy. Aspirin inhi
bits platelet aggregation in response to A D P, as 
detected by Born aggregometry, by blocking the 
synthesis of T x A j, a pathway that depends on cell

contact [5 ]. However, the present study has shown 
that the measurement by flow cytometry of acti
vated platelets in unstimulated samples, or of plate
let responses to A D P  or thrombin, is unaffected by 
mid-dose aspirin (300 mg/day). These findings con
firm an earlier report by Gralnick et al. [29] who 
demonstrated P-selectin expression in response to 
A D P  in the absence of T x A j production. In  con
trast to Born-type aggregometry, cell contact is 
minimized in samples prepared for flow cytometry. 
Diluted blood is incubated without stirring, and 
aggregation does not occur in these samples. This 
has been demonstrated by single-cell counting, 
which showed no fall in platelet count, even in the 
presence of maximum stimulatory concentrations of 
agonists [11]. Thus, the activation seen by this 
method is likely to be independent of thromboxane 
generation.

The effect of aspirin on stirred, ADP-stimulated  
platelets is to inhibit secondary aggregation. This 
inhibition, which is caused by blocking TXA2 gener
ation, is mainly seen in citrated samples, where the 
extracellular calcium concentration is low [30]. The 
prevention of T xA ; generation can be overcome by 
raising the A D P  concentration above 3 ^mol/1 or by 
adjusting the extracellular calcium concentration to 
physiological levels [30, 31]. The present study was 
carried out with citrated blood and the dilution 
buffer contained no exogenous calcium. However, in 
a separate study we have shown that platelet fibrin
ogen binding after A D P  stimulation is unaffected by 
the extracellular calcium concentration [32].

Fibrinogen binding to platelets is an absolute 
requirement for aggregation. The failure of aspirin 
to inhibit fibrinogen binding in response to either 
agonist corresponds to its lack of effect on primary 
platelet aggregation induced by A D P  and may 
explain why aspirin is only partially effective in 
preventing thrombotic events in patients. Since fibrin
ogen can still bind to aspirin-treated platelets the 
potential for platelet aggregation in vivo is present 
at sites of vascular injury, even in patients taking 
aspirin. In  many clinical situations, where the 
thrombogenic stimulus is weak, the reinforcing effect 
of T x A j generation in vivo may be needed to cause 
sufficient platelet activation for thrombus formation 
to occur, and in such situations aspirin would be 
effective in inhibiting platelet aggregation. However, 
when thrombin is generated and/or collagen is 
exposed by damage to the vessel wall, these power
ful thrombogenic stimuli could bypass the arachido
nic acid pathway leading directly to platelet activa
tion, aggregate and thrombosis.

Degranulation of the a-granules and lysosomes in 
response to A D P  and thrombin has been shown to 
occur in the absence of platelet aggregation and is 
unaffected by total fibrinogen receptor blockade 
[12]. Secretion of /?-Tg from a-granules paralleled 
the expression of the granule membrane antigens, 
and was also unaffected by aspirin. Binder et al. 
[33] have also shown that aspirin failed to affect
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ADP-induced P-selectin expression, whereas 5- 
hydroxytryptamine release from dense granules was 
inhibited, suggesting that release of the contents of 
these granules may be controlled by different regula
tory mechanisms.

In conclusion, flow cytometric analysis of platelets 
is unaffected by aspirin and can thus provide a 
useful method for measuring platelet activation and 
platelet responsiveness in patients, irrespective of 
whether they are receiving aspirin. In  addition, 
whole blood flow cytometry has shown that fibrino
gen binding and degranulation in response to ago
nists can continue despite aspirin treatment.
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ADP causes partial degranulation of platelets 
in the absence of aggregation
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Sum mary. Whole blood flow cytom etry has revealed that 
platelets undergo partial degranulation in response to ADP, 
in the absence of aggregation, as evidenced by the expression 

of the P-selectin and CD63 antigens of the a-granule and 

lysosomal membranes respectively. W ith  m axim um  ADP 

(1 0 " ' m ) fibrinogen bound to 76-1 ±  7*2%  of platelets but P- 

selectin and CD63 antigen were expressed on 2 6 -9 ± 9 '8 %  

and 8 6 ± 3  3% of platelets respectively. M axim um  fibrino
gen binding, P-selectin and CD63 expression induced by a- 

throm bin were 96 -1  ± 1 -4 % , 9 2 -8 ± 2 -3 %  and 7 7 -6 ± 9 -7 %  

respectively, ^-throm boglobulin release from the ADP-stim u
lated platelets correlated closely w ith  the expression of P- 
selectin and CD63 ( r = 0 - 9 8 ± 0 - 0 2  for both antigens). No 

platelet aggregates were seen by flow cytometry and the 

absence of aggregation was confirmed by single cell count

ing. Addition of the G P IIb -IIIa  antagonist echistatin, at 
concentrations that totally blocked fibrinogen binding to 

ADP-stimulated platelets, had no effect on the expression of 

the granule membrane antigens. The partial degranulation 

of norm al platelets was Independent of thrombin generation 

since it was not Inhibited by hirudin (5 units/m l). In 

conclusion, ADP is capable of causing partial degranulation 

of platelets Independently of aggregation, fibrinogen binding 

or throm bin generation. Thus release of potent procoagulant, 
vasoactive and mitogenic substances from the platelets could 

continue in the presence of thrombin inhibitors and GPIIb- 
I I Ia  antagonists.

Keywords: hum an platelets, flowcytometry, ADP, degranula

tion, secretion.

It  is generally thought that platelet secretion in response to 

ADP occurs after the binding of fibrinogen to glycoprotein 

(G P )n b -in a  and is associated w ith  receptor cross-linking and 

platelet-platelet aggregation, Aggregometry shows that ADP 

causes a marked first phase of aggregation, which represents 

reversible fibrinogen binding, but the second phase of 
aggregation, w hich is accompanied by platelet secretion 

(degranulation), occurs only after irreversible binding of 

fibrinogen.

Platelet activation can also be studied by flow cytometry 

which allows fibrinogen binding and platelet degranulation
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to be viewed independently, in a situation where the platelets 

do not aggregate. On activation, a conformational change in 

the platelet membrane G PIIb-H Ia complex leads to fibrinogen ̂  

binding and this can be detected using a polyclonal anti- 
fibrinogen antibody linked to fluorescein isothiocyanate 

(Rafgn-FITC) (W arkentin et al, 19 90). Degranulation can be 

detected by the expression of specific granule membrane 

glycoproteins which appear on the platelet surface on 

stimulation. The two best-characterized of these are the P-_- 

selectin antigen (formally known as CD62, G M P-140 of' 

PADGEM) of the a-granule membrane (McEver, 19 91 ) and^ 

the CD63 (or GP53) antigen of the lysosomal membrane 

(Nieuwenhuis et al, 1987). ..4
W hole blood flow cytometry allows platelets to be studied 

in  a plasma m ilieu w ithout the problems of artefactual 

activation caused by separation or fixation of the platelets 

(Abrams & Shattil. 1991) which can affect the activation- 

status of the platelet fibrinogen receptor (Abrams et al, 1990), 
platelet fibrinogen binding (Janes et al, 1 9 9 3 ) or granule 

membrane antigen expression (Cahill et al, 19 93). A whole 
blood flow cytometric method for the detection of platelet
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fibrinogen binding and granule membrane antigen ex

pression has been standardized by Janes et a/ ( 199 3) based on 

the method of W arkentin et al (1 990 ).
Low but significant levels of expression of P-selectin and/or 

CD63 antigen have been observed in platelets stimulated 

with ADP (Cox & Goodall, 19 91 ). In  addition, we have 

observed heightened granule membrane antigen expression 

in response to ADP in samples from patients w ith  pre

eclampsia of pregnancy (Janes et a i  1 9 91 ). peripheral 
vascular disease (Mookerjee et al, 1 9 9 2 ) and cardiovascular 

disease (Chronos et al. 1992a).

In this study, whole blood flow cytometry has been used to 

demonstrate that platelets from norm al donors undergo a 

partial degranulation in response to ADP which is indepen
dent of fibrinogen binding or aggregation.

M A T E R IA L S  A N D  M E TH O D S

Reagents. Platelet-bound fibrinogen was detected w ith  a 

rabbit antibody to hum an fibrinogen conjugated to fluores
cein isothiocyanate (Rafgn-FITC) purchased from Dako Ltd 

(High Wycombe. Bucks.. U.K.). P-selectin was detected w ith  a 

FITC-conjugated CD62 monoclonal antibody (M Ab) from  

Immunotech (The Binding Site Ltd. Birmingham. U.K.). 
CD63 antigen was identified w ith  a FITC-conjugated M Ah. 

RFAC4, raised in our laboratory (Cox & Goodall. 19 91 ) and 

described by Janes et al (1 993 ). For two-colour analysis, the 

CD63 and P-selectin antigens were identified w ith  unconju

gated RFAC4 and CD62 MAbs respectively (the latter 

supplied by Im munotech) and the bound MAbs visualized 

with phycoerythrin (PE) conjugated goat anti-mouse Ig 

(GaMIg-PE: Becton Dickinson UK Ltd. Oxford). The platelet 
population was identified w ith a FITC-conjugated M Ab to 

GPIb. RFGP37 raised in our laboratory (Goodall. 1 9 91 ). A ll 
antibodies were used at optimal concentrations to achieve 

m aximum binding.
Adenosine diphosphate (ADP) and hum an a-throm bin  

were from Sigma Chemical Co. Ltd (Poole. Dorset. U.K.). 
Recombinant hirudin (H iru-th in ) was from Accurate Chemi
cal and Scientific Corporation, Westbury. New York, and 

echistatin from Bachem UK Ltd. The glycyl-L-prolyl-L-argi- 
nyl-L-proline (GPRP) peptide was from Sigma. Formaldehyde 

(41%  v /v ) was obtained from BDH Chemicals Ltd (Poole, 

Dorset, U.K.). A ll chemicals were of AnalaR  grade or above.

Flow cytometry. Blood was collected from healthy norm al 
volunteers (staff and students of RFH/RFHSM  aged between 

20 and 32) by clean venepuncture, using a 2 1 -gauge 

butterfly needle, and m inim al stasis. The first 2 m l were 

discarded and a subsequent 5 ml were aspirated directly into 

Monovette tubes (Sarstedt Ltd. Beaumont Leys. Leicester), 
containing a 1 /1 0  volume of 3-8%  tri-sodium citrate. A ll 

subjects denied taking any platelet-active medication in the 2 

weeks preceding sampling.

The method used was a single-colour, flow cytometric 

assay, based on the method of W arkentin  et al (1 9 9 0 ) and 

described in detail by Janes et al (1 9 9 3 ). The standard method 

of sample preparation involved adding 5 y l of citrated whole 

blood, w ith in  10 m in of collection, to 50  ^1 of HEPES-buffered 

saline (HBS; 0 -1 4 5  m  NaCl; 5 x 1 0 " ^  m  KCl; 1 x 1 0 " ^  m
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MgSOt: 1 X 1 0 “  ̂ M  HEPES; pH 7-4) containing 5 y l  of an 

appropriate dilution of antibody. Agonists and inhibitors 

were included in these samples at the following final 

concentrations; ADP. 1 0 “ ^ -1 0 ~ ’ m; thrombin. 8 x 1 0 “ ‘° to 

1-2 X 1 0 " ’  m; hirudin. 5 units/m l. Samples incubated w ith  

thrombin also contained 1-25  mM GPRP to prevent fibrin 

cross-linking (Laudano & Doolittle. 1980; Michelson et a l 
1 9 91).

Samples were gently mixed, and then incubated for 20  

m in. w ithout stirring, at 22-26® C. This time is required to 

achieve m axim um  antibody binding. Formyl saline (0 -5  m l of 

0-2%  formaldehyde in 0 -9%  NaCl) was then added to inhibit 
further activation. The samples were analysed using a 

Coulter EPICS Profile I I  flow cytometer (Coulter Electronics 

Ltd, Luton. U.K.). w ith in  2 h of collection. The flow cytometer 

was aligned daily w ith  10 //m  ‘Immunocheck’ and ‘Standard 

Brite’ beads (Coulter Im m unology), to calibrate the light 

scatter and fluorescence parameters respectively. The platelet 
population was identified by means of its light-scatter 

characteristics and enclosed in an electronic bit map. Five 

thousand platelets were analysed from each sample and the 

results, expressed as the percentage of positive cells, represent 

the mean of duplicate samples. Samples from each subject 
were labelled w ith the anti-GPIb MAb. RFGP37-FITC. to 

confirm that more than 98%  of analysed particles were GPIb 

positive. The negative cut-off for each antibody was set using 

the appropriate controls such that unstimulated platelets 

gave a value of 2% positive.

Two-colour flow cytometry for platelet-bound fibrinogen 

and granule membrane antigen expression was performed by 

a modification of this method, essentially as described by Cox 

& Goodall (1 9 9 1 ). Briefly, samples were co-incubated w ith  

Rafgn-FITC and unconjugated RFAC4 or CD62 MAbs. 
Following 15 m in incubation 5 y\ of GaMIg-PE were added 

and incubation halted by addition of formyl saline after a 

further 15 m in. Flow cytometry analysis was similar to 
single-colour analysis, but colour compensation for green 

and red fluorescence was set using thrombin-stimulated 

samples incubated w ith  either Rafgn-FITC. or RFAC4 plus 

GaMIg-PE, respectively.
Measurement of ̂ -Tg release. Blood samples were analysed 

in  parallel for activation m arker expression and for release of 

jS-Tg. Samples were prepared and analysed by flow cytometry 

for bound fibrinogen and expression of P-selecfin and CD63 

in  response to ADP at concentrations ranging from 1 0 '"  to 

1 0 ' '  M. as described above. Duplicate samples, incubated 

w ith  ADP, but w ithout antibody, were diluted at 2 0  m in w ith  

500  y [ ^-Tg anticoagulant (EDTA 0 -1 3 4  m ; adenosine 0 -01  

m ; theophylline 0 -0 2  m ). separated by double centrifugation 

at 2 0 0 0  g and 4°C and stored at - 4 0 ° C  until analysis. )3-Tg 

was measured using an ELISA assay described previously 

(Janes & Goodall. 1993).
Measurement o f platelet aggregation by single cell counting. 

5 ^1 of freshly taken blood were added to 50 y l HBS w ith  and 

w ithout Rafgn-FITC. CD62-FITC or RFAC4-FITC (CD63) and 

w ith  and w ithout ADP (1 0 '®  m ). HEPES-buffered saline was 

added where necessary to standardize the volume of the 

samples. The samples were incubated for 20  m in at 22-26® C  

and then diluted w ith  0 -5  m l of 0-2%  formyl saline. They
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were analysed in a Clay Adams Ultra-Flo cell counter 

(Becton-Dlckinson Ltd, Oxford. U.K.) and parallel samples 

were analysed in the flow cytometer.

Lack of aggregation demonstrated by single cell counting 
We have previously shown, by flow cytometry, that platelet 
aggregation does not occur during the preparation of samples

RESULTS

Flow cytometric analysis of partial platelet degranulation in 
response to ADP
Flow cytometric analysis of platelet fibrinogen binding and 
platelet degranulation are shown in Fig 1. Fibrinogen 

binding, P-selectin expression and CD63 antigen expression 
were all low on unstimulated platelets, being found on 

3 - l± 2 -5 % . 3 - l± 2 '6 %  and 0 -6 ± 0 -2 %  of platelets respect
ively (m e a n iS D ). ADP caused a concentration-dependent 
increase in fibrinogen binding, and at maximum ADP 

stimulation (10"^ m ) the m ajority of platelets bound fibrino
gen (76-1 ± 7 -2 % ). There was a parallel rise in granule 

membrane antigen expression but these reached maximum  

expression on only 26 -9  ± 9 -8 %  (P-selectin) and 8 -6 ± 3 -5 %  

(CD63) of platelets (Fig la ) . This is compared with full 
degranulation, induced by thrombin, shown in Fig 1(b). 
Maximum thrombin stimulation caused expression of P- 
selectin and CD63 on 9 2 -8 ± 2 -3 %  and 7 7 -6 ± 9 -7 %  of 
platelets respectively.

The expression of P-selectin on resting platelets and in 
response to m aximum ADP and thrombin is illustrated in Fig
2. which shows typical flow cytometric fluorescence profiles. 
Two-colour flow cytometry analysis demonstrated that those 

platelets which bore granule membrane antigens also had 

fibrinogen bound to their surface (data not shown).

Comparison of granule membrane antigen expression with ^-Tg 
release
To determine whether the partial expression of the granule 

membrane antigens in response to ADP was accompanied by 
release of granule contents, blood samples prepared for flow 
cytometry were analysed for the release of /3-Tg. P-selectin 
and CD63 antigen expression paralleled j8-Tg release over the 

range of ADP concentrations as illustrated for P-selectin in 

Fig 3. The correlations between the markers were extremely 

high, being 0 -9 8 ± 0 -2  (P-selectin v jS-Tg) and 0 -9 8 ± 0 -2  

(CD63 V jS-Tg).
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Fig 1. A comparison of fibrinogen binding (open circles). P-selectin 
(closed circles) and CD63 antigen expression (open squares) on 
platelets stimulated with 10 ~ ̂  to 10 " S i  ADP (a) or with 8 x 10 " 
to 1 -2 x 1 0 " ’ M  human a-thrombin (b) by whole blood flow 
cytometry. Mean ±SD: n =  8 for ADP and 9 for thrombin.
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  ADP
 Ttirombin
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Fig 2. Fluorescence profiles of P-selectin 
expression on platelets maximally stimulated 
with ADP and thrombin.
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Fig 3. A comparison of P-selectin expression (open circles) with 
release of /Î-Tg (closed circles) from platelets stimulated with ADP. 
Mean ±SD: n =  8.

for flow cytometry, even during ADP stimulation (Janes et al, 
1 9 93). Samples prepared for flow cytometry were also 

analysed in a single-cell counter in order to confirm that 

aggregation did not occur under the conditions of this assay. 
Platelet counts were normalized to 100 to take account of 

variation between individual donors. Table I shows there was 

no difference in platelet counts (P >  0- 5. n =  3) between any of 

the samples incubated w ith  or w ithout ADP, or w ith or 

w ithout antibody, despite the presence of fibrinogen on 

> 7 5 %  and expression of P-selectin and CD63 antigen on 

approximately 20%  and 10%. respectively, of the platelets 

stimulated w ith ADP.

ADP-induced degranulation is independent of platelet fibrinogen 
binding

ADP-induced degranulation was also independent of the 

binding of fibrinogen to G P IIb -IIIa . This is demonstrated in 

Fig 4  which shows the effect of the addition of echistatin, an 

RGD-containing, naturally occurring peptide from snake 

venom, that totally blocks platelet fibrinogen binding and 

platelet aggregation. In  this study, fibrinogen binding in 

response to ADP was totally blocked by echistatin at 
concentrations of 2 x 1 0 " ' m  and above (IC;» of 3 x 10~“ m ).

Table I. Whole blood counting of platelets in samples of blood incubated with ADP and antibody, as for 
whole blood flow cytometry (mean ±SD: n =  3).

Antibody

Unstimulated ADP (10“ ’ M)

Platelet count* % positive Platelet count* % positive

None 100 0 -2 ± 0 - l 98 7 ± 3  1 0 -3 ± 0 -l
Rafgn-FITC 1 0 0 -7 ± 0 '8 2 34:0 2 96 -9± 6 -7 75-44:3-8
CD62-FITC 98 8 ± 2  2 2 1 ± 0  4 97-54:4 5 20 -3±5-7
RFAC4-FITC . 100 1 ± 1  2 1 44:0 4 100-24:2-4 9-34:3-7

‘ Platelet count normalized to 100.

1401

? 100"

2 0 ' Fibrinogen

-6■7■8

[Echistatin] M

Fig 4. Effect of echistatin on platelet 
fibrinogen binding (open circles) and P- 
selectin expression (closed circles) induced by 
10“ ’ M ADP. Mean ±SD: n=6 .
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Fig 5. Fibrinogen binding and P-selectln expression on platelets 
Incubated with ADP (10’ m) In the absence or presence of 5 units/ml 
hirudin. Mean ±SD: n = 3.

P-selectln expression was. however, unaffected by this pep
tide at all concentrations tested.

ADP-induced degranidation is not the result of thrombin genera
tion
The partial degranulation in response to ADP was not the 

result of low levels of thrombin generation in the whole blood 

preparations, since addition of 5 units/ml hirudin, a level 
capable of totally inhibiting platelet activation induced by 

exogenous thrombin, had no significant effect on the ex
pression of P-selectin. This is illustrated in Fig 5. which shows 

unstimulated platelets and platelets stimulated with 1 0 " ’ m  
ADP, with and without hirudin, measured for fibrinogen 
binding and P-selectin expression. CD63 antigen expression 
was also unaffected by the addition of hirudin to the assay 

(data not shown).

DISCUSSION

In this study we have demonstrated that platelets stimulated 

by ADP undergo partial degranulation. The use of whole 

blood flow cytometry has enabled us to show that this is 
independent of aggregation and can occur in the absence of 
platelet fibrinogen binding.

Addition of ADP to human platelets results in shape 
change and alteration of the conformation of the membrane 
G P IIb -IIIa  complex to expose the previously cryptic fibrino
gen binding site. In  standard aggregometry, using citrated 

PRP, the subsequent binding of fibrinogen, in an undiluted, 
stirred system, leads to the appearance of primary aggrega
tion. Degranulation occurs during the second phase of 
platelet aggregation, and requires close cell-cell contact, a 

low concentration of Ca^+ in the medium, and thromboxane 

A j (TxA;) generation (Packham et a l 1987).
It was therefore somewhat surprising to find that ADP

induced partial degranulation of the platelets in the absence 
of aggregation. This differed from the full platelet degranula
tion induced by ADP in that it required neither fibrinogen 

binding, since it was unaffected by echistatin. nor close cell
cell contact, since aggregation did not occur. This partial 
degranulation was not limited to conditions of low extracellu
lar ionized Ca-+. Samples anticoagulated with hirudin, and 

analysed in the presence of physiological concentrations of 
Ca-+ (2 m.\i). showed similar levels of degranulation to those 
seen in citrated samples (data not shown), and the degranu
lation was also independent o fTxA , generation, as it was not 
inhibited by aspirin (Chronos et a l 1992b).

The mechanism for this degranulation is unclear, but it is 
presumed to be associated with ADP-induced. calcium- 
dependent shape change, since this occurs despite fibrinogen 
receptor blockade and does not require TxA^ generation. The 

consequent rearrangement of the intracellular granules may 

allow some to fuse with the surface-connecting canalicular 

system (SCCS). releasing granule contents such as /J-Tg. and 

allowing antibodies to gain access to the membrane antigens 
of the fused granules. Shape change alone is. however, 
insufficient for full degranulation to occur.

In this study. P-selectin and CD63. glycoproteins of the x- 
granule and lysosomal membranes respectively, have both 
been used as markers of degranulation, as they appeared on 
the platelet surface at the same concentrations of ADP and 

thrombin (Fig 1). The EC50 values for thrombin-induced 
expression were very similar, being 3 5 x 10"'"  m  for P- 
selectin and 5-Ox 10"'"  M for CD63 antigen. This contrasts 

with studies of secretion from platelet granules which have 
shown that release of lysosomal contents requires higher 
agonist concentrations than does the release of a-granule 

contents (Witte et a l 1978). Coincident expression of the 

granule membrane antigens has been shown by others 
(Metzelaar et al, 1990). The somewhat lower levels of 
maximum expression of the CD63 antigen in this study are a 
reflection of the lower FITC:protein ratio of the RFAC4-FITC 
conjugate, used to detect CD63 antigen, compared to the 
commercially prepared CD62-FITC antibody.

Release of platelet granule contents in response to ADP 

would, if it occurred in vivo, lead to raised intravascular levels . 
of many potent procoagulant, vasoactive and mitogenic 

substances. These could potentiate thrombotic, inflamma
tory and vaso-occlusive processes. We have reported heigh
tened levels of CD63 antigen expression, ex vivo and following 
ADP-stimulation. in platelets from patients with peripheral -, 
vascular disease (Mookerjee e( al. 1992) and pre-eclampsia o f , 
pregnancy (Janes et a l 1991; Janes & Goodall. 19 94 ).., 
Increased expression of CD63 and P-selectin antigen has been . 
seen in patients with coronary artery disease (Chronos et al. ’ 
1992a). and other groups have demonstrated raised levels of 
these antigens in patients with a variety of thrombotic/"" 

prothrombotic states (Metzelaar et al, 1990; Nieuwenhuis et 
al. 1987; Tschoepe et al. 1991; Abrams et a l 1990). ^

In this study we have shown that partial degranulation 

can proceed in the absence of local thrombin generation and 'f  

is independent of platelet fibrinogen binding. It would,., 
therefore not be inhibited by either thrombin antagonists or 
by agents that block platelet fibrinogen binding, such as



MAbs to the G P Ilb -rila  complex or by RGD-containIng 

peptides or analogues. These findings may have implications 

for the treatment of chronic thrombotic/prothrombotic con
ditions where low levels of platelet stimulation could result in 

persistent low levels of platelet release products, despite the 

use of such therapeutic agents.
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