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ABSTRACT

Atherosclerosis is a chronic disease advanced by repeated episodes of endothelial injury. 

Upon endothelial injury, tissue factor: factor Vila complexes (TF: F Vila) are formed that 

promote production of fibrin and induce intracellular signalling.

A role for the cytoplasmic domain of TF in the induction of cytosolic Ca^  ̂ transients was 

investigated. Wild type TF was cloned and a cytoplasmic deletion mutant was generated. 

Wild type and mutant TF were successfully expressed in Chinese Hamster Ovary K1 cells 

(CHO K l), however, unstable basal cytosolic Ca^  ̂levels precluded determination of the role 

of the cytoplasmic domain of TF in signalling.

The procoagulant activity of TF is inhibited by the apolipoprotein BlOO moiety of native low 

density lipoprotein (LDL). The inhibitory motif is located in a 6-mer region of apo BIOO 

(KRAD6). KRAD6 exhibited concentration-dependent inhibition of TF: F Vila-induced 

cellular signalling. Furthermore, a 14-mer peptide, containing the KRAD6 sequence, 

decreased the formation of cellular networks in an in vitro model of angiogenesis.

The KRAD6 peptide inhibits both the procoagulant and signalling functions of TF : F Vila. 

The KRAD6 may thus be of therapeutic use in diseases whose pathologies are linked with 

angiogenesis, such as atherosclerosis and metastasis.

TF activity and oxLDL are important risk factors for atherosclerosis. Activation of TF: FVIIa 

by oxLDL may contribute to the proatherogenic activity of oxLDL. The involvement of TF in 

the induction of cytosolic Ca^  ̂transients by LDL was investigated. Ca^  ̂responses to nLDL 

were independent of TF and a role for TF in Ca^  ̂ signalling by oxLDL was equivocal. In 

addition, the data show that Ca  ̂ elevations to nLDL were transient, whereas oxLDL elicited 

sustained Ca^ elevations. These distinct patterns of cytosolic Ca^  ̂ flux enable cells to 

respond appropriately, in accordance with the oxidation status of LDL.
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PI3K Phosphatidylinositol 3-kinase

pIND(+TFwO Wild-type tissue factor cloned into pIND plasmid

pIND(+TF^g/247-26j) pIND plasmid containing mutant tissue factor

pIND(+TFS'2jjv4) pIND plasmid containing mutant tissue factor

pIND(+TF525<5^) pIND plasmid containing mutant tissue factor

pIND(+TF52(55^) pIND plasmid containing mutant tissue factor

PI-PLC Phosphatidylinositol phospholipase C

ProC Protein C

P ros Protein S

PUFA Polyunsaturated fatty acid
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Rac GTPase

Rho GTPase

RT-PCR Reverse transcription polymerase chain reaction

SRA Scavenger receptor A

sTF Soluble tissue factor; the extracellular domain

THP-1 Human monocytic cell line

T24 cells Human bladder carcinoma cells

tAP Tick anticoagulant protein

TF Tissue factor

TFPI Tissue factor pathway inhibitor

TGFa and p Transforming growth factor a  and P

tPA Tissue type plasminogen activator

TTP Tristetraproline

uPA Urokinase type plasminogen activator

uPAR Urokinase plasminogen activator receptor

VCAM Vascular cell adhesion molecule

VEGF Vascular endothelial growth factor

vWF von Willebrand factor
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CHAPTER 1

GENERAL INTRODUCTION
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1.1 Haemostasis
Haemostasis is a physiological response that is invoked to minimise blood loss in the event of 

vascular injury. Haemostasis involves five main mechanisms, namely, vasoconstriction, 

platelet plug formation, blood coagulation, permanent closure of the injured surface, 

dissolution of the clot and vascular remodelling. These processes serve to promote healing of 

injured arteries, however, chronic activation of haemostasis promotes the progression of 

cardiovascular disease.

1.1.1 Initial responses to vascular damage

The recruitment of circulating platelets to collagen exposed at the site of insult comprises the 

initial response to vascular injury. Collagen exposed upon endothelial injury binds von 

Willebrand factor (vWF) and changes its conformation, rendering it capable of binding and 

activating platelets via the platelet receptor glycoprotein Ib (Gplb) (Girma J.P., 1987 and 

Ruggeri Z.M., 1987). Upon activation, discoid platelets extend pseudopodia and become 

‘sticky’. The activated platelets aggregate and form a soft platelet plug that reduces or 

temporarily stems bleeding.

Figure 1.1: Factors released from activated platelets

Release product Biological activity
Dense granules
ADP Platelet aggregation
Serotonin Platelet aggregation, vasoconstriction, TF induction
a  granules
Platelet factor 4 Inhibition of heparin
PDGF Proliferation of smooth muscle, endothelial and fibroblast cells
Thrombospondin Reinforcement of fibrinogen-mediated platelet: platelet links
Thrombin Platelet aggregation
Thromboxane A2 Platelet aggregation
Fibrinogen Platelet aggregation
PAF Platelet aggregation
PAI-1 Inhibition of the fibrinolytic pathway
TFPI Inhibition of the extrinsic pathway
PD-ECGF Proliferation of endothelial cells
VEGF Induction of angiogenesis

ADP; adenosine diphosphate, PDGF; platelet derived growth factor, TGFa; transforming growth fector a , 

TGF(3; transforming growth fector (3 PAI-1; plasminogen activator inhibitor 1, TFPI; tissue fector pathway 

inhibitor, PD-ECGF; platelet-derived endothelial cell growth factor
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Collagen-activated platelets release factors that accelerate the formation of the platelet plug, 

enhance vasoconstriction and initiate wound healing responses (figure 1.1). ADP released 

from activated platelets leads to the activation and recruitment of circulating platelets to the 

site of injury. Platelets also release serotonin (5-HT), a potent vasoconstrictor that acts locally 

to reduce blood flow to the injured area. The initial platelet response is a rapid and effective 

method of limiting blood loss, however the prevention of bleeding, attained in this manner, 

cannot be maintained indefinitely.

Damage to the endothelium also leads to the exposure of tissue factor (TF), that results in the 

initiation of the coagulation cascade and leads to the formation of fibrin (figure 1.2). Fibrin 

serves to provide structural reinforcement of the soft platelet plug. Fibrin forms bridges 

between platelets, by binding to the platelet cell surface receptors Ilb/IIIa (GpIIb/IIIa) 

expressed on activated platelets.

Many of the blood coagulation reactions occur on a phospholipid surface. The phospholipid 

provided by activated platelets and damaged endothelial cells ensures that the coagulation 

process is restricted to the site of injury.

1.1.2 Overview of the coagulation cascade

The formation of fibrin has traditionally been divided into the extrinsic, intrinsic and common 

pathways (figure 1.2). The contact pathway leads to the activation of the intrinsic pathway.

The formation of fibrin ensues from a sequential cascade of activation of a series of 

circulating proteins. The proteins comprising the cascade mechanism were postulated to exist 

as inactive precursors that become activated by proteolysis (Davie E.W., 1964 and 

MacFarlane R.G., 1964) to enable stepwise activation of the proteolytic cascade. Many of 

these proteins were identified in patients with bleeding complications whose conditions were 

rectified by a protein present in normal plasma.

The extrinsic pathway and intrinsic pathway were once thought to act independently of one 

another. However, this strict hypothetical dichotomy is inconsistent with clinical observations. 

The blood of patients with deficiency of the contact pathway retains the ability to coagulate, 

demonstrating that the intrinsic pathway is not absolutely essential for blood clotting. On the 

other hand, haemophiliacs lacking coagulation factors belonging to the intrinsic pathway, 

bleed suggesting that the extrinsic pathway alone is not sufficient to support haemostasis. The 

classification of the coagulation cascade into two separate branches is thus an 

oversimplification of a more complex series of reactions. The extrinsic pathway is important 

in the initiation of fibrin formation and interacts with the intrinsic pathway, which is important 

in the amplification and maintenance of fibrin formation. Although the strict intrinsic/extrinsic
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dichotomy of classification does not exist in vivo, for the purposes of discussion the pathways 

will be initially considered as two separate branches. A revised concept of coagulation is 

considered in the subsequent section.

1.1.2a The extrinsic pathway of blood coagulation

Initiation of the extrinsic pathway requires the presence of TF. Anatomically, TF is expressed 

in a pattern that forms an envelope surrounding the vascular tree (Drake T.A., 1989) and 

ensures that TF only comes in to contact with the blood in the event of vascular injury. TF is 

an integral membrane glycoprotein that is tightly associated with phospholipid and has a high 

affinity for circulating factor VII (FVII). Binding of the FVII ligand to its co-factor TF, in the 

presence of Ca^  ̂ ions, facilitates the proteolytic conversion of the zymogen factor VII to an 

active serine protease (denoted F Vila). Cleavage occurs at the Argl52-Ile peptide bond 

(Hagen F.S., 1986). The precise molecular nature of the interaction of TF with FVII, which 

facilitates the activation of FVII by TF is presented in chapter 4.

Formation of the TF: F Vila complex enables the docking of factor X (FX) to a binding site, 

which extends across both TF and FVIIa. FX is then converted to a serine protease (denoted 

FXa) by the cleavage of a single Arg52-Ile peptide bond (DiScipio R.G., 1977).

1.1.2b The intrinsic pathway of blood coagulation

Activation of XI by thrombin in the presence of a negatively charged surface, such as heparin 

or dextran sulphate, occurs due to cleavage of the Arg369-Ile peptide bond in each of the two 

subunits (Naito K., 1991). FXIa autoactivates FXI in the presence of dextran sulphate (Naito 

K., 1991) and activates FIX in the presence of Ca^  ̂ions (DiScipio R.G., 1978).

Factor Xlla (FXIIa) activates FXI and is generated by the activity of kallikrein. Kallikrein is 

produced by the action of high molecular weight kininogen (HMWK) upon plasma 

prekallikrein. Patients deficient in FXI experience bleeding episodes, in contrast to patients 

deficient in FXII, prekallikrein or HMWK. These latter three proteins are, however, involved 

in the activation of FXI when plasma encounters a surface such as glass or kaolin in vitro.

If the amount of TF is limiting following vascular injury, the activation of factor FX by the 

intrinsic pathway, rather than by the TF: FVIIa complex may play a significant role in the 

initiation of coagulation (Bauer K.A., 1990). The activation of FIX by the TF: FVIIa complex 

occurs by proteolysis of the Argl45-Ala and the Argl80-Val peptide bonds (DiScipio R.G, 

1978 and Yoshitake S., 1985). The FDCa forms a complex with the co-factor F Villa in the 

presence of Ca^^ ions and phospholipid. FVIIIa is itself activated by proteolysis of the 

Arg372-Ser, Arg470-Ser and ArgI689-Ser peptide bonds (Toole J.J., 1984, Vehar G.A.,
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1984 and Eaton D., 1986). The initial cleavage of F VIII occurs in the presence of factor Xa, 

Ca^^ ions and phospholipid, or by thrombin alone once it has formed (Eaton D., 1986). The 

FIXa:F Villa complex activates FX by proteolysis of the same peptide bonds that are cleaved 

by the TF : FVIIa complex.

1.1.2c The com mon pathway of blood coagulation

FXa formed by both the intrinsic and extrinsic pathways comprises the first step in the 

initiation of the common pathway. FXa binds FVa in the presence of Ca^  ̂ ions and 

phospholipid (Tracy P.B., 1981). The prothrombinase complex converts the zymogen 

prothrombin to the proteolytically active serine protease, a-thrombin. The activation of F V is 

initially catalysed by FXa, in the presence of Ca^^ and phospholipid (Monkovic D.D., 1990) 

and also later, by thrombin (Nesheim M E., 1979, Esmon C.T., 1979 and Suzuki K., 1982). 

In either case, activation results fi*om the cleavage of two internal peptide bonds, Argl70-Ser 

and Argl545-Ser (Guinto E.R., 1982 and Laue T.M., 1989).

Prothrombin activation results fi’om cleavage of two internal peptide bonds; Arg271-Thr and 

Arg320-Ile. The formation of thrombin facilitates the conversion of fibrinogen to fibrin by 

limited proteolysis. Fibrin is formed by the cleavage of a peptide bond (Argl8-Gly) in each of 

the two a  chains and the Argl6-Gly bond in each of the two P chains (Blomback B., 1972). 

The new amino terminal sequences bind to domains in adjacent fibrin monomers resulting in 

the side-by-side polymerisation of fibrin.

Further strengthening of the clot arises from the cross-linking of monomers by FXIIIa, a 

transglutamidase forming 8-(y-glutamyl)-lysine bonds between two adjacent molecules (Folk 

I.E., 1977). FXIIIa also incorporates other plasma proteins, including fibronectin and a2-anti- 

plasmin, into the clot in a similar manner. Thrombin cleaves FXIII at the Arg37-Gly peptide 

bond in each of the two a  chains of the molecule (Takagi T., 1974, Ichinose A., 1986, Curtis

C.G., 1974 and Homyak T.J., 1991).

1.1.2d The revised coagulation theory

Both the intrinsic and extrinsic pathways generate FXa that leads to the activation of the 

common pathway. Although the division of the coagulation cascade into two separate limbs 

eases the discussion of the subject the view is outmoded given the multiple interactions of the 

clotting factors. The current view of the coagulation mechanism is that the extrinsic pathway 

forms a small amount of thrombin that primes the coagulation system and leads to the 

induction and maintenance of a secondary burst of coagulation via feedback activation of the 

intrinsic pathway. Thrombin exerts positive feedback over the activation of coagulation
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proteins higher in the cascade, including FXI (Roberts HR., 1998), FVIII and FV. Thrombin- 

mediated activation of FXI, in the intrinsic pathway, results in the activation of FXa by FIXa. 

This mechanism explains why patients with factor XII, prekallikrein or HMWK deficiency do 

not experience abnormal bleeding.

It has recently been discovered that the TF : FVIIa activates both factors X and EX (Roberts

H.R., 1998). The resulting FXa and FEXa play very distinct roles in the subsequent clotting 

reactions (Monroe D.M., 1994 and Hoffrnan M., 1995). FXa remains in the vicinity of the TF 

bearing cell where it interacts with its co-factor, FV. The FXa:FVa complex converts 

prothrombin to thrombin, but the amount of thrombin formed is very small. The FEXa 

resulting from TF: FVIIa activation is mobile and finds its way to the surface of activated 

platelets, where it binds with high affinity (Kd of 0.2nM) in the presence of FVIIIa. The 

activation of F VIII, on the platelet surface, results from the ability of thrombin to dissociate of 

vWF from FVm. The platelet bound FEXaiFVilla complex recruits and activates solution 

phase FX. Platelet bound FXa converts prothrombin to thrombin in quantities sufficient to 

result in the formation of a stable fibrin clot.

Amplification of the intrinsic pathway by thrombin generated during activation of the extrinsic 

pathway is important in sustaining coagulation since the extrinsic pathway is quickly inhibited 

by tissue factor pathway inhibitor (TFPI). TFPI prevents the activation of FX by the TF : 

FVIIa complex by forming a complex with the ternary complex of TF : FVIIaiFXa (Girard 

T.J., 1989). TFPI is the main physiological inhibitor of TF-induced coagulation (Broze G.J. 

Jr., 1990). The discovery that the generation of thrombin in baboons causes acute release of 

TFPI demonstrates the importance of thrombin in initiating inhibition of the extrinsic pathway 

(Lupu C., 1999), since the binding of TFPI to TF results in the endocytosis of TF. 

Haemophiliacs exhibit deficiency of the intrinsic pathway proteins; either FVIII (haemophilia 

A), (Sadler J.E., 1987) or factor EX (haemophilia B), (Hedner U., 1987). However, these 

patients have normal circulating levels of FVII, FX and abundant TF at the site of injury. 

Upon inhibition of the TF-mediated coagulation response by TFPI, coagulation is normally 

sustained via the intrinsic pathway however, since haemophiliacs lack an essential intrinsic 

factor, bleeding persists. Notwithstanding, blood from patients completely deficient in FVII 

remains able to form a fibrin clot albeit slowly implying that there is redundancy of function in 

the coagulation system.
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Figure 1.2: The coagulation cascade

Xlla ^

i
XII

Xla ^ XI
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VlIIa + vWF <
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Prothrombin Thrombin

XIII XlIIa

☆

Fibrinogen Cross-linked
Fibrin clot

Legend:
^ h w a y s :  Intrinsic, Extrinsic. Common, lusitixc Iback 
W ; and phospholipid co-factors. Protein co-factors arc underlined. 

Coagulation factors shown as Roman numerals, activated forms denoted with ‘a ’ 
TF; tissue factor, vWF; von Willebrand factor.
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1.1.3 The fibrinolytic pathway

Fibrinolysis prevents fibrin clots from becoming too large, induces wound healing and 

prevents thrombosis in undesirable locations (figure 1.3). Activation of the fibrinolytic 

pathway ultimately results in the activation of plasminogen to plasmin. Tissue-type 

plasminogen activators (tPA) and urokinase-type plasminogen activators (uPA) are two 

important extrinsic plasminogen activators. Studies of plasmin knock-out mice reveal 

impairment of wound healing. Wound healing is essentially a vascular remodelling process 

that involves the formation of a fibrin clot, which contracts to close the wound and is 

eventually degraded by plasmin. In addition, connective tissue is degraded to allow the 

migration of cells during the angiogenic phase of vascular remodelling. Plasmin has been 

implicated in vasculogenesis and angiogenesis. The activities of plasmin are a key feature of 

vascular remodelling and include the lysis of fibrin clots and degradation of the extracellular 

matrix via activation of matrix metalloproteinases that digest elastin and collagen.

Figure 1.3: Fibrinolysis - the protein C pathway

Thrombm Thrombomodulin

Activated Protein CProtem C
Endothelial cell 
protein C receptor

Inactivation o f FVa & FVIIIa <—

Activation o f plasminogen Activation o f tPA

I
Protem S

Legend; tPA, tissue plasminogen activator, M = interaction

The contact pathway of coagulation, consisting of high molecular weight kininogen (HMWK), 

prekallikrein and factor XII, induces the activation of uPA (Bell W.R., 1996). Activation of 

the contact pathway leads to the generation of kallikrein, which then activates pro-uPA. uPA 

then induces the formation of plasmin from the proenzyme plasminogen. 

tPA is generated via the activation of the protein C pathway (Narayanan S., 1999). The 

binding of thrombin to thrombomodulin, that itself is bound to the endothelial cell protein C 

receptor, abolishes its procoagulant activity and induces the activation of protein C (Pro C), 

(Esmon C.T., 1997, Stubbs M.T., 1993 and Esmon C.T., 1987). Activated protein C (APC) 

then binds to protein S (Pro S) on platelet and endothelial cell membranes. The Pro C:Pro S
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complex activates tissue plasminogen activator (tPA). In addition, the Pro C:Pro S complex 

inactivates plasminogen activator-inhibitor 1 and the coagulation co-factors V and VIII. The 

thrombin-thrombomodulin complex also activates an inhibitor of fibrinolysis, called the 

thrombin-activatable fibrinolysis inhibitor (TAPI).

1.1.4 Regulation of coagulation and fibrinolysis

The activation of the extrinsic pathway of coagulation is self down-regulated, since thrombin 

generation leads to the release of TFPI. The substrate specificity of thrombin is determined by 

thrombomodulin and influences the balance between coagulation and fibrinolysis. Since 

thrombin generation is related to the amount of exposed tissue factor (van’t Veer C., 1994) 

the equilibrium between the processes of coagulation and fibrinolytic pathways may be 

indirectly determined by TF. Furthermore, TF suppresses fibrinolysis by inhibiting the pro C- 

mediated inactivation of FVa (Varadi K., 1999). In contrast, TF may directly activate 

fibrinolysis (Fan Z., 1990) via the interaction of the extracellular domain with plasminogen 

kringle domains. The overall balance between these two opposing activities of TF has not 

been explored.

1.2 Cardiovascular disease
The underlying cause of cardiovascular disease is inextricably linked with the blood 

coagulation system. Activation of the coagulation pathway is a protective measure to prevent 

severe haemorrhage upon injury. The subsequent induction of the fibrinolytic pathway 

promotes healing of the wound. However, chronic activation of the blood coagulation system 

and fibrinolytic pathway, due to episodic pathologic insult to the endothelium, contributes to 

the progression of cardiovascular disease. The following text provides a review of the 

literature pertaining to the incidence and pathobiology of cardiovascular disease in humans. 

The role of the coagulation and fibrinolytic systems in the development and progression of 

atherosclerosis is discussed.

1.2.1 Overview

Atherosclerosis is a chronic disease of the vascular system, almost exclusive to humans, that 

is responsible for considerable morbidity and mortality in industrialised nations. Since the 

disease is typically manifest after the procreational period of life, selective genetic pressures 

are not exerted upon factors predisposing humans to heart disease. Both genetic and 

environmental risk factors associated with atherosclerosis have been identified (figure 1.4). 

The early stages of atherosclerosis are broadly characterised by lipid deposition in the arterial 

wall. Over time, these lesions may be induced to develop into complicated fibrolipid lesions
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that may elicit a severe symptomatic disease state. Complicated lesions exhibiting particular 

characteristics (see 1.2.9) are predisposed to rupture. Rupture of lesions tends to be 

responsible for the majority of the morbidity and mortality arising from cardiovascular disease 

(Staiy H.C., 1995). Cardiovascular disease may manifest as either stable or unstable angina 

and can ultimately lead to myocardial or cerebral ischaemia resulting in myocardial infarction 

or cerebral infarction (stroke). The factors that determine whether lesions progress into an 

unstable or stable type are complex and not fully understood but are outlined in section 1.2.9.

Figure 1.4: Risk factors for cardiovascular disease

Elevated levels of LDL/VLDL High-fat diet

Reduced levels of HDL Smoking

Hypertension Low antioxidant levels

Diabetes Lack of exercise

Obesity Infectious agents

Elevated levels of haemostatic factors Contraceptive pills

Depression Maleness

1.2.2 Histological classification of the development of atherosclerotic lesions

Atherosclerotic lesions may either be silent with no gross effect on normal physiology or may 

indeed cause morbidity and/or mortality. In order to treat patients with atherosclerosis 

effectively, knowledge of the factors relating to the propensity of lesions to cause detriment is 

necessary. To this end, a histological classification of the stages of atherosclerosis as well as a 

correlation of lesion type with clinical syndromes have been documented by the American 

Heart Association (Stary H.C, 1995). Lesions are designated by Roman numerals that signify 

the usual sequence of lesion progression (figure 1.5).
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Figure 1.5a: The histological classification of type I and type II
atherosclerotic lesions

I: Adaptive thickening

Intima

Media

Adventitia

Vasa vasorum

Adaptive thickenings are present at birth especially at arterial bifurcations and result 
from adaptations to local mechanical forces.

II: Fatty streaks

o
Monocytic foam cells

Smooth muscle foam cells

□
T lymphocytes

Fatty streaks consist of layers of macrophages foam cells and smooth muscle 
foam cells. T-lymphocytes are also present.



Figure 1.5b:The histological classification of type III and type IV
atherosclerotic lesions

III: Atheroma

Cholesterol deposits

Scattered collections of extracellular lipid deposits disrupt the coherence of 
smooth muscle cells

IV: Atheroma

Angiogenesis

Cholesterol cleft

Neoadventitia

Smaller deposits of lipid coalesce to form large cholesterol clefts. Neovascular 
capillaries border the lipid core. Macrophages and lymphocytes tend to associate 
with these capillaries.
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Figure 1.5c: The histological classification of type V and type VI
atherosclerotic lesions

V: Fibrolipid plaque

Thrombus

%

Thick layers of collagenous fibrous connective tissue forms above the lipid core. Layers 
of thrombi and smooth muscle cells are present. Neovascular capillaries increase in 
number and size.

Haematoma

VI: Complicated lesion

m

Complicated lesions may contain fissures, haematoma or thrombus.
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Type I lesions contain atherogenic lipoprotein that results in an increase in macrophages. 

Macrophages internalise and accumulate these modified lipids in an unregulated manner 

(Steinbrecher U.P., 1984 and Morel D.W., 1984) resulting in the formation of scattered foam 

cells. Type I lesions tend to be more marked in areas of adaptive thickening. Adaptive 

thickenings do not obstruct the lumen, are present at birth and result fi’om adaptations to local 

mechanical forces. Type II lesions are grossly designated as ‘fatty streaks’ and consist of 

layers of macrophage foam cells and lipid-laden smooth muscle cells. Type II lesions also 

contain T lymphocytes. Type III lesions, are potentially symptom-producing. Scattered 

collections of extracellular lipid droplets are evident and may disrupt the coherence of intimai 

smooth muscle cells. The scattered lipid droplets are the precursors of a larger core of lipid 

that characterises type IV lesions, or atheroma. Formation of the lipid core precedes an 

increase in fibrous tissue that changes the nature of the intima above the lipid core. Around 

the fourth decade of life, type IV lesions or fibrolipid plaques may progress to type V lesions 

or directly to type VI lesions. Type V lesions contain thick layers of fibrous connective tissue. 

Type VI lesions result from plaque fissure and contain haematoma and thrombus (type VI 

lesion). Type V lesions consist of multi-layers of lipid separated by fibrous connective tissue. 

These multi-layered fibroatheroma are classes as type Va lesions. Alternatively, calcium may 

predominate in type V lesions (type Vb) or may consist mainly of connective tissue and little 

or no lipid or calcium (type Vc). Both type IV and type V lesions may be complicated by 

disruption of the lesion surface, haematoma or thrombotic deposits. Type VI lesions may 

contain fissures (type Via), haematoma (type VIb) or thrombosis (type Vic). The flow 

diagram in figure 1.6 indicates the pathways in the evolution and progression of 

atherosclerotic lesions.

1.2.3 The ‘response-to-injury’ hypothesis of the initiation of atherosclerosis

Ross integrated earlier hypotheses (von Rokitansky 1852, Virchow 1856 and Duguid J.B., 

1946) into a unified ‘response-to-injury’ hypothesis (Ross R., 1986 and Ross R., 1993). The 

‘response-to-injury’ hypothesis of atherogenesis proposes that injury to the endothelium is the 

critical initiating event. Endothelial cells have tight intercellular junctional complexes and 

function as a selectively permeable barrier between blood and tissues. The orientation of 

endothelial cells in areas of arterial branching or curvature become misaligned and become 

permeable to macromolecules such as LDL. Such areas are preferential sites for lesion 

formation. Fatty streaks are found at bifurcations in the arterial tree, often coincident with 

areas of intimai thickening. Vascular injury has been classified into classes that represent 

increasing stages of severity (figure 1.7, Fuster V., 1992a).
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Figure 1.6:
Pathways in the evolution and progression of atherosclerosis
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Figure 1.7: Classification and outcome of endothelial injuries

Injury type Mediator of injury

1

Arterial bifurcation
Infection
Vasoactive amines
Immuno-complexes
Chemical irritants e.g. tobacco smoke

2
Oxidised LDL
Release of toxic products by 
macrophages
Adhesion of platelets to subendothelial 
collagen

3 Rupture of plaques
Type 1 injuries result in functional but not morphologic changes in endothelial cells and may be potentiated by 
hypercholesterolaemia.
Type 2 injury leads to the release of growth factors that induce migration and proliferation of smooth muscle 
cells to produce fibrointimal lesions.
Type 3 injuiy is the most serious type of injury and results in thrombus formation.

Manifestations of the dysfunction of the endothelium caused by injury include increased 

trapping of lipoprotein in the artery (Mora R., 1987) and the appearance of specific adhesive 

glycoproteins on the endothelial surface. Monocytes and T-lymphocytes attach to these 

glycoproteins and migrate between the endothelial cell under the influence of growth 

regulatory molecules and chemotactic factors released by the endothelium, the adherent 

leukocytes and underlying smooth muscle cells.

1.2.4 The progression of atherosclerosis

The processes invoked by endothelial injury, in normal circumstances are a protective 

response. However, chronic episodic insult to the endothelium leads to the formation of 

atherosclerotic lesions due to activation of an inflammatory-fibroproliferative response. The 

subendothelial migration of monocytes and T cells coupled with the deposition of 

subendothelial lipid give rise to the conditions for the oxidation of subendothelial deposits of 

lipoprotein by monocytes, smooth muscle cells and endothelial cells (Morel D.W., 1984 and 

Cathcart M.K., 1985). The nature of the initiating radical is discussed in section 6.1.2. 

Evidence suggests that oxLDL is a key component in endothelial injury (Cathcart M.K., 

1985, Rosenfeld M.E., 1990 and Steinbrecher U.P., 1990).

OxLDL leads the to expression of the scavenger receptor by monocytes and smooth muscle 

cells (Fogelman A.M., 1981). Expression of the scavenger receptor leads to the endocytosis 

of oxLDL. Since the scavenger receptor pathway does not exhibit negative feedback, 

macrophages and smooth muscle cells accumulate lipid and become foam cells. These foam 

cells are responsible for the visual appearance of the fatty streaks of type II lesions. The
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ubiquity and early onset of the atherosclerotic process is supported by the finding of fatty 

streaks in the coronary arteries of half the autopsy specimens from children aged 10 to 14 

years (WHO, 1985, Stary H.C., 1989 and McGill H.C. Jr, 1984).

In type III lesions deposits of lipid in the extracellular milieu disrupt the organisation of 

smooth muscle cells (Stary H.C., 1995). The scattered lipid droplets may coalesce to form a 

larger, more disruptive lipid core that characterises type IV lesions (Stary H.C., 1989). It has 

been suggested that foam cell-derived oxidised lipids constitute a significant proportion of the 

core of advanced lesions (Mitchison M.J., 1985, Rosenfeld M.E., 1990 and Ball R.Y., 1995). 

OxLDL has a central role in the progression of atherosclerosis due to its ability to elicit an 

array of proatherogenic responses by arterial cells (figure 1.8).

Newly-formed capillaries surrounding the lipid cores in type TV lesions are derived from the 

adventitial vasa vasorum by neovascularisation or angiogenesis. The neovascular capillaries 

grow towards the boundary of the lipid core. Macrophages and T cells tend to associate with 

the capillaries and are also more prevalent at the periphery of the lipid core (Stary H.C., 1995 

and Mitchell J.R.A., 1965). The presence of these cells at the plaque periphery in type IV 

lesions may allude to a role for these cells in the development of neovascularisation. The 

extent of angiogenesis is positively correlated with the severity of the plaque (Kamat B.R.,

1987). In addition, plaque regression is accompanied by regression of neovascularisation 

(Williams J.K., 1988). A link between angiogenesis and intimai hyperplasia has been 

established (Stabb M.E., 1997). The appearance of new capillaries in areas of vascular 

thickening prior to the development of plaques (Kwon H.M., 1998) suggests that 

angiogenesis facilitates intimai hyperplasia. The observation that inhibitors of angiogenesis 

limit plaque growth in apolipoprotein E deficient mice supports this interpretation (Moulton 

K.S., 2000).

The formation of capillaries at the margins of the lipid core becomes pronounced in type V 

plaques. The progression of type IV to type V lesions also corresponds to an increase in 

fibrous tissue, mainly collagen, above the lipid core. Collagen is secreted from an expanded 

population of differentiated smooth muscle cells originating from the media. The growth of 

smooth muscle cells narrows the artery leading to intimai thickening. Reparative connective 

tissue forms at sites where accumulations of extracellular lipid disrupt the normal tissue 

structure. Apoptosis in the lipid core of lesions leads to the formation of necrotic cores. Type 

V lesions consist of a large lipid core beneath a fibrous cap. Plaque instability may lead to 

fissure of the lesion and haematoma or thrombus. The presence of haematoma or thrombus 

defines type VI plaques. Haematoma may also result from haemorrhage of angiogenic 

capillaries (Paterson J.C., 1936, Barger A C., 1984 and Beeuwkes R III., 1990).



Figure 1.8: Proatherogenic responses of arterial cells to oxidatively modified LDL
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The progression of atheromatous plaques is mediated by the expression of a variety of growth 

factors and cytokines. Classically the former are involved in chemotaxis and proliferation 

while the latter are involved in inflammatory responses. However, with respect to 

atherosclerosis these two roles are closely inter-related. The growth regulatory molecules 

elicit the migration, proliferation and differentiation of monocytes, endothelial cell and smooth 

muscle cells. A table of these complex interactions detailing the cellular sources and targets, 

of various growth factors is presented in figure 1.9. Many of these growth factors elicit the 

secretion of further growth factors by other cells. Thus, induction of the healing response is 

transmitted across different arterial cell types to elicit a co-ordinated response.

1.2.5 Lipoproteins and atherosclerosis

Lipids are transported in the blood as a component of globular particles called lipoproteins. 

Lipoproteins also have a role in immune reactions, coagulation and tissue repair (Durrington 

P.N., 1994). Lipoproteins generally consist of a hydrophobic core of lipids encapsulated by 

polar phospholipids. Proteins, known as apolipoproteins, are associated with the lipoproteins 

and serve structural and regulatory functions. The composition of lipoproteins is outlined in 

figure 1.10 and the metabolic pathway is depicted in figure 1.11.

The LDL of human plasma is composed of a heterogeneous mixture of discrete particle 

subspecies that differ in their physicochemical and biological properties. LDL isolated from 

individual subjects is heterogeneous in terms of its density (Nelson C.A. 1977). Plasma LDL 

has been subfractionated on the basis of density into three major subclasses, namely, light 

density LDL (1.018-1.030g/ml), intermediate density LDL (1.030-1.040g/ml) and small 

dense LDL (1.040-1.065g/ml), (Chapman M.J., 1988). Each of the subclasses differs in their 

physicochemical and biological properties (Lindgren F.T., 1969, Ghosh S., 1993, Nelson

C.A., 1977, Rubenstein B., 1978, Shen M.M.S., 1982, Teng B.A., 1985, Patsch W.R., 1982 

and Lee D M., 1970).

Hydrodynamic analysis demonstrates that individual LDL subfractions have distinct peak 

flotation rates and particle sizes, which vary inversely in proportion to density. The flotation 

rates of subspecies with average densities of 1.0260 to 1.0409 g/ml range from 9.3 to 5.2. 

Subspecies with average densities of 1.024 to 1.049 g/ml range from 229 to 214 Angstroms 

in diameter respectively. The molecular weights also decrease progressively with increased 

density. Individual LDL subclasses typically resolve as unique narrow bands using 

polyacrylamide gradient gel electrophoresis and each band correlates with a unimodal 

refractometric profile upon examination by analytical centrifugation.
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Examination o f the net electrical charge by agarose gel electrophoresis revealed that each 

subspecies has discrete mobility and thus unique net negative charge. Intermediate 

density LDL (1.0297 to 1.0327 g/ml) had the lowest negative charge, while dense LDL 

(1.0393 to 1.0483g/ml) displayed slightly increased net negative charge.

Analysis o f the composition o f LDL subclasses revealed some common features. 

Cholesteryl ester is the predominant lipid ester (38.3-42.8%) in all LDL subclasses and 

tends to diminish as density increases. Triglycerides are a minor component (3-5%). The 

proportion o f free cholesterol tends to diminish within a narrow range between 

subclasses (8.5-11.6%). The ratios o f cholesteryl ester to free cholesterol or 

phospholipid increase with density whereas the free cholesterol to phospholipid ratio is 

constant. The phospholipid to protein ratio was constant in light density LDL (1.0260 to 

1.0314 g/ml) but was reduced 0.2-fold as density increased.

Apolipoprotein B-lOO was the major protein in all subfractions and was slightly more 

than 1 molecule per LDL particle. Apo BlOO is the sole apoprotein in all subspecies of 

LDL from 1.0271-1.0393g/ml, however, Apo E and apo (a) were detected in subspecies 

o f LDL above and below these densities. Trace amounts o f Apo Clll were detected at 

densities greater than 1.0358g/ml.

Intermediate density LDL binds with higher affinity to the LDL receptor than either light 

or dense LDL (Nigon F., 1991). As a consequence, intermediate LDL is degraded in 

vivo more quickly than the light or dense subspecies o f LDL.

The differences in the physicochemical properties o f human LDL probably arises due to 

differences in their origins and metabolism and possibly predicts their fate and may 

further be indicative o f their atherogenicity.

A landmark lipid intervention trial (Steinberg D., 1997a) conclusively showed a cause-and- 

effect relationship between blood cholesterol levels and risk of coronary heart disease. 

However, myocardial infarction is evident in people with low cholesterol levels (<200) and 

patients with high cholesterol levels (>300) may show no clinical signs of CHD (Steinberg D., 

1997a). Further studies indicate that it is the oxidation status of LDL that modulates the 

impact of hypercholesterolaemia on the blood vessel wall.

An association has been established between the titre of antibodies to oxLDL and the rate at 

which atherosclerosis progresses (Khoo J.C., 1990). The antioxidant, probucol, reduces 

plasma and aortic wall oxysterol levels in cholesterol-fed rabbits (Hodis H.N., 1992 and 

Stalenhoef A.F.H., 1993). Results derived from several different animal models using several 

different antioxidants (probucol, butylated hydroxytoluene, diphenylphenylenediamine and
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vitamin E) confirm the role of oxidation in atherogenesis (Carew T.E., 1987 and Kita T., 

1987, Steinberg D., 1997a). The efficacy of the compounds in inhibiting LDL from oxidation 

ex vivo and their ability to inhibit atherogenesis is correlated (Sasahara M., 1994). In addition, 

patients randomised to 400-800 lU vitamin E showed 47% fewer non-fatal myocardial 

infarctions and cardiovascular fatalities than the placebo group (Stephens N.G., 1996).

An increase in small dense LDL is associated with increased risk of cardiovascular disease 

(Austin M.A., 1988, Campos H., 1992 and Chapman M.J., 1998). Several mechanisms have 

been proposed to account for the increased atherogenicity of small, dense LDL. Penetration of 

small, dense LDL to the arterial is facilitated by their small particle size (-260 Angstroms). In 

addition, the subendothelial deposition of small, dense LDL may be exacerbated by their low 

affinity for the LDL receptor (Nigon F., 1991) and the consequent increase in plasma 

residence time (Packard C.J., 1997). Proteoglycans in the intimai intracellular matrix 

selectively bind small dense LDL, sequestering this lipoprotein in a pro-oxidative 

environment (Anber V., 1997). This may be an important factor contributing to the increased 

susceptibility of small, dense LDL to oxidative modification (Dejager S., 1993, Tribble D.L. 

1992 and de Graaf J., 1991). The increased propensity of small dense LDL to oxidation may 

also arise from a relative deficit of lipophilic antioxidants (ubiquinol-10, vitamin E and 

oxygenated carotenoids), (Tribble D.L., 1994 and Goulinet S., 1997), an elevated proportion 

of polyunsaturated fatty acids (de Graf, 1991) and altered surface lipid monolayer (Tribble

D.L., 1992).

The mechanism of oxidation of LDL deposited in the artery wall has been the subject of 

intense research. The ability of endothelial cell and smooth muscle cells to initiate 

peroxidation of LDL has been demonstrated in vitro. Cocultures of endothelial and smooth 

muscle cells convert LDL to mmLDL which then promotes the induction of monocyte 

chemotactic protein 1 which in turn, results in the transendothelial migration of monocytes 

(Navab M., 1991). In addition, monocytes and leukocytes oxidise LDL and render it cytotoxic 

(Cathcart M.K., 1985). Modification o f LDL by endothelial cells involves lipid 

peroxidation and degradation o f phospholipids (Steinbrecher U.P., 1984). Endothelial 

cell lipoxygenase has been implicated in the oxidative modification o f LDL 

(Parthasarathay S., 1989). The nature o f the initiating radical is discussed further in 

section 6 .1.2.
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Figure 1.9: Growth regulatory molecules in atherosclerosis

Growth
regulator

Source Target and outcome

bFGF Macrophages, 
endothelial cells, 
smooth muscle cells

Endothelial and smooth muscle cell proliferation, 
endothelial chemotaxis

GM-CSF Endothelial cells Monocyte chemotaxis, proliferation and 
differentiation

hb-EGF Endothelial cells Smooth muscle cell proliferation
IGF Fibroblasts Smooth muscle cell proliferation
IL-1 Macrophages, 

endothelial cells, 
smooth muscle cells

Smooth muscle cell proliferation

MCP-1 Endothelial cells Monocyte chemotaxis and transendothelial 
migration

M-CSF Endothelial cells Monocyte chemotaxis, proliferation and 
differentiation

PD-ECGF Platelets Proliferation of endothelial cells
PDGF Endothelial cells Smooth muscle cell proliferation and chemotaxis
TGFa Macrophages, platelets Endothelial cell proliferation
TGFP Platelets, endothelial 

cells, macrophages, 
smooth muscle cells

Smooth muscle cell proliferation. Inhibition of 
smooth muscle cell proliferation and increased 
deposition of matrix (fibronectin, collagen and 
glycosaminoglycans)

TNFa Macrophages, 
endothelial cells, 
smooth muscle cells

Smooth muscle cell proliferation

VEGF Macrophages, smooth 
muscle cells

Endothelial cell proliferation

Figure 1.10: The composition of plasma lipoproteins

Chylo
microns VLDL LDL IDL HDL2 HDLa

%  of total lipoprotein
Protein 1-2 10 18 25 40 55
Lipid 98-99 90 82 75 60 45
%  of total lipids
Triglycerides 88 56 32 7 6 7
Cholesterol 3 17 41 59 43 38
Phospholipid 9 19 27 28 42 41
%  of cholesterol esterified 46 57 66 70 74 81
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Figure 1.11: Antioxidant and lipid composition of LDL

mol/mol LDL

Fatty acids

Palmitic acid 693

Palmitoleic acid 44

Stearic acid 143

Oleic acid 454

Linoleic acid 1100

Arachidonic acid 153

Docosahexanoic acid 29

Antioxidants

a-tocopherol 6.37

y-tocopherol 0.51

p-carotene 0.29

a-carotene 0.12

Lycopene 0.16

Cryptoxanthin 0.14

Cantaxanthin 0.02

Lutein + zeaxanthin 0.04

Phytofluene 0.05

Ubiquinol-10 0.10

Total PUP As (mean) 1283

Total antioxidants (mean) 7.8

Taken from Esterbauer H. et al (1992)



Figure 1.12: Metabolism of lipoproteins
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Oxidised LDL represents a broad spectrum of modified particles that range from mildly 

(mmLDL) to extensively modified (oxLDL). Highly oxidised LDL (oxLDL) contains 

abundant lipid peroxidation products (Brown M.S., 1983) including aldehydes. The formation 

of aldehydes results in the loss of amino groups from apo BlOO, as a consequence oxLDL has 

increased electrophoretic mobility (Esterbauer H., 1992) and is recognised by the scavenger 

receptor (Parthasarathy S., 1986 and Henriksen T., 1983).

Minimally-modified LDL is LDL that has undergone antioxidant depletion and oxidation of 

arachidonate-containing phospholipid but much less linoleic oxidation. MmLDL has little or 

no protein modification and is taken up by the native LDL receptor (Berliner J.A., 1990 and 

Watson A. D,, 1995). In addition, mmLDL induces differentiation factors (Rajavashisth T.B., 

1990) as well as the transendothelial migration of monocytes via the induction of monocyte 

chemotactic protein-1 (MCPl) in smooth muscle and endothelial cells (Berliner J.A., 1990, 

Navab M., 1988 and Navab M., 1991).

Minimal modification of LDL is insufficient to alter its interaction with the LDL receptor or to 

make it a ligand for the acetyl LDL receptor (Berliner J.A., 1990). The impact of LDL 

oxidation upon the progression of atherosclerosis is in part due to the ability of mmLDL and 

oxLDL to induce a number of proatherogenic responses by arterial cells (figure 1.8).

The proatherogenic responses of arterial cells to the various LDL species include the 

induction of; increased permeability in endothelial cells, adhesion molecules, chemotactic 

factors, growth factors, haemostatic factors and cytotoxicity. Instigation of these responses 

contributes to the progression of atherosclerosis by enhancing the formation of subendothelial 

deposits of foam cells due to transendothelial migration, proliferation and differentiation of 

monocytes, lymphocytes and neutrophils. In addition, intimai hyperplasia results from the 

ability of oxidised LDL to promote migration and proliferation of smooth muscle cells. A 

prothrombotic status may result from the activation of platelet aggregation, the enhancement 

of thrombosis and reduction of fibrinolysis. Plaque instability results from an increase in the 

lipid: collagen ratio (Davies M.J., 1993). Oxidised LDL also contributes to plaque instability 

due to its cytotoxic effects upon smooth muscle cells and foam cells, which result in a 

reduction in collagen composition and increased lipid content of plaques, respectively. 

Importantly, the studies tabulated in figure 1.8 also demonstrate that native, non-oxidised 

LDL induces proatherogenic responses including; the induction of the monocyte chemotactic 

factor MCP-1, endothelial adhesion molecules ICAM-1, VCAM-1, E-selectin and the 

cytokine PDGF and expression of the scavenger receptor CD36. Induction of these factors 

facilitates the progression of atherosclerosis as a result of the promotion of the adhesion and
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transendothelial migration of monocytes and T-cells and their transformation to foam cells as 

well as the induction of smooth muscle cell proliferation.

Thus, both native and oxidised LDL are capable of promoting atherosclerosis, however, 

oxLDL is more precisely correlated with the risk of cardiovascular disease (Khoo J.C., 1990), 

This may arise from a differential in the response of cells to native versus oxidised LDL, for 

instance oxidised and not native LDL results in increased permeability in endothelial 

monolayers. Increased endothelial permeability is a critical factor in the initiation stages of 

atherosclerosis since it permits the deposition of lipid in the subendothelial space. Some 

studies have addressed the issue of differential responses to native and oxidised LDL, 

(although many have not), and this subject is discussed further in section 6.6.1.

1.2.6 Sources of oxidised LDL in atherosclerosis

The repertoire of proatherogenic activities of mmLDL is sufficient to initiate atherosclerosis. 

The induction of endothelial permeability by mmLDL (Essler M., 1999) facilitates the 

deposition of lipoproteins in the subendothelium. In addition transendothelial migration of 

monocytes and T-lymphocytes is mediated via the induction of ELAM-1 (an endothelial 

adhesion molecule for monocytes and T-lymphocytes) and chemotactic factors (Berliner J.A., 

1990) in response to mmLDL. Moreover, once lipoproteins, either native or mildly oxidised, 

are deposited in the subendothelium, cell-mediated oxidation occurs and results in the 

formation of extensively modified LDL and the consequent induction of additional 

proatherogenic activities.

It has been proposed that oxidation of LDL occurring at sites remote from atherosclerotic 

plaques may be a source of oxLDL in plaques. Oxidised LDL has been identified at sites of 

inflammation (Exner M., 1996) and in this scenario it is possible that it may re-enter the 

circulation. It is accepted that oxidation of LDL circulating in plasma is unlikely, since the 

oxidative modification of LDL is inhibited in the presence of antioxidants and serum 

(Steinberg D., 1997a). However, recently the presence of oxidised lipoproteins has been 

detected in the blood of humans as a biochemical marker for coronary heart disease (Toshima 

S.I., 2000).

1.2.7 Mechanisms of arterial occlusion

The clinical symptoms of cardiovascular disease are diagnosed as stable angina, unstable 

exertional angina, crescendo angina, myocardial infarction, or cerebral ischaemia. Although 

the mechanisms precipitating the different clinical conditions vary, all the forms of
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cardiovascular disease result from oxygen-starvation of tissues, due to the occlusion of the 

blood vessels that serve the tissue in question.

The means of obstruction may be due to episodic injury resulting in the activation of healing 

processes. The healing process involves the proliferation and migration of smooth muscle 

cells in the intimai layer of the lesion. Thrombi formed subsequent to injuries where 

coagulation is activated may become incorporated into the plaque during healing (Davies 

M.J., 1985 and Falk E., 1992). The presence of layers of cells and thrombi in plaques (Falk

E., 1985) attest to the importance of episodic rupture, thrombosis and healing in the 

progression of atherosclerosis. After repeated cycles of injury and healing, the extent of 

occlusion may become critical such that a fiirther thrombotic episode results in complete 

occlusion of the artery.

Occlusion may also occur if the cap of ruptured plaques lifts into the lumen of the artery and 

obstructs the flow of blood. In addition, occlusion may also occur at a remote site if a 

thrombotic embolism is released into the circulation upon plaque fissure. The emboli lodge in 

arteries with narrower bores e.g. the carotids, and cause cerebral ischaemia or stroke.

1.2.8 Plaque instability and the presentation of clinical symptoms

The severity of coronary artery stenosis in terms of the degree of occlusion and the number of 

diseased vessels serve as useful predictors of subsequent morbidity and mortality (Moise A., 

1984) but lack precision. The degree of arterial occlusion by a lesion is not indicative of the 

likelihood of the lesion to precipitate an acute event (Brown G., 1990 and Brown B.C., 

1993). On the contrary, lesions with less severe stenosis are more prone to rapid progression 

to severe stenosis or total occlusion and these cases may account for up to two thirds of acute 

myocardial infarction or unstable angina (Fuster V., 1990). Dangerous or vulnerable plaques 

often occur in angiographically normal segments of artery (Schleef R.R., 1988).

Severely stenotic plaques tend to be fibrotic and stable (Kragel A., 1991). Longstanding 

severe stenoses more commonly result in total vessel occlusion, with a small, silent or absent 

infarct, perhaps due to the presence of well-developed collateral vessels (Fuster V., 1979, 

Habib G.B., 1991 and Cohen M., 1989). Thrombotic occlusion of severely stenotic plaques 

may result from decreased blood flow (Davies M.J., 1988 and Woolf N., 1992).

Raised fibrolipid type lesions, IV and Va, are especially prone to disruptions of the surface 

(Constantinides P., 1966 and 1990, Davies M.J., 1985, Richardson P.D., 1989b, Falk E., 

1989). An association between plaque fissure and/or ulceration and the development of 

unstable angina, acute myocardial infarction or sudden ischaemic death has been established 

(Richardson P.D., 1989b, Falk E., 1985, Davies M.J., 1989, Levin D C., 1982, Ambrose
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J.A., 1985, 1988a, 1988b & 1986 and Sherman C.T., 1986). Morbidity and mortality from 

atherosclerosis is largely due to type IV and V lesions in which disruptions of the lesion 

surface, haematoma or haemorrhage and thrombotic deposits have developed (Stary H.C., 

1995). Lesion composition and morphology determines plaque stability and is a better 

predictor of clinical outcome than the degree of stenosis (Johnson J.M., 1985).

1.2.9 Plaque instability and lesion composition

The angiographic features associated with unstable symptoms include marked eccentricity, 

narrow neck or abrupt shoulders with overhanging edges and scalloped edges that represent 

areas of rupture (Thomas A.C., 1986, Levin D.C., 1982, Ambrose J.A., 1985, Ellis S., 1989). 

Lesions associated with chronic stable angina have a smooth outline, tapered shoulders, and 

appear symmetric or eccentric with a broad neck (Levin D.C., 1982).

Plaques that undergo disruption tend to be small and soft with high concentration of 

cholesterol and its esters (Richardson P.D., 1989b). The composition of advanced plaques is 

represented by a broad spectrum of variation in lipid and collagen content. At the extremes of 

the spectrum, the composition is represented on the one hand, by a thick collagenous cap and 

low lipid content, and on the other by a thin cap with high lipid content. The former plaque- 

type is white in appearance, while the latter type is yellow.

Destabilisation of plaques, leading to fissure, occurs when a high proportion of plaque volume 

is occupied by extracellular lipid and where there is preponderance of monocyte/macrophages 

and a lack of smooth muscle cells in the fibrous cap (Davies M.J., 1993). The absence of 

smooth muscle cells in the cap of rupture-prone plaques and the consequent lack of collagen 

contributes to a reduction in the tensile strength of the cap. Cells in lesions undergo apoptosis 

(Bennett M R., 1995 and Geng Y.J., 1995). Apoptotic death of smooth muscle cells due to 

the cytotoxic effects of oxLDL is a major factor determining the reduction in collagen 

deposition in atherosclerotic plaques. Interestingly, 26-hydroxycholesterol, a product of LDL 

oxidation, is present in unstable macrophage-rich lesions not in their fibrous counterparts. A 

failure of macrophages to scavenge apoptotic cells in plaques may lead to instability due to 

the accumulation of extracellular lipid.

Computer modelling of tensile stresses across the vessel wall revealed high stresses on the 

plaque cap overlying a lipid pool. Weakness of the plaque cap favours redistribution of shear 

forces to the periphery of the plaque. Fissures frequently occur at the junction of the fibrous 

cap with the adjacent normal arterial wall (Richardson P.D., 1989b and Woolf N., 1992). 

Shear forces may arise due to disturbed patterns of blood flow in areas of stenosis (Karino T., 

1987, Glagov S., 1988 and Weinberger J., 1988), sudden changes in intraluminal pressure or
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tone (Nobuyoshi M., 1991 and Lin C.S., 1988), coronary spasm (Nobuyoshi M., 1991) and 

bending or twisting of arteries during contraction of the heart.

The induction of vasoconstriction resulting from the induction of expression of endothelin 

(Boulanger C.M., 1992) and the inactivation of endothelium-derived relaxing factor (EDRF), 

(Galle J., 1991 and Chin J.H., 1992) by oxLDL may be involved in precipitating rupture of 

destabilised plaques.

Neovascular capillaries tend to be more prevalent at the rupture-prone periphery of plaques 

(Stary H.C., 1995). The proximity of neovascular capillaries to the lumen of the artery 

increases as plaque severity increases (Kamat B.R., 1987). Proximity of the capillaries to the 

lumen renders severe plaques more prone to rupture. Neovascularisation is present in 50% of 

unstable plaques and in only 10% of patients with stable angina (Tenagalia A.N., 1998). The 

capillaries haemorrhage easily since they are fragile, and this may contribute to plaque 

instability and disruption (Barger A C., 1990).

The weakening of plaque peripheries is associated with the predominance of macrophages 

and T cells at the plaque boundary, often associated with neovascular capillaries (Mitchell 

J.R.A., 1965). Inflammatory cells in lesions may facilitate intimai disruption (Tracy R.E., 

1985 and van der Wal A C., 1994). Furthermore, regions of lesions with increased foam cells 

tend to tear more readily (Davies M.J., 1993), due to the release of proteolytic enzymes such 

as elastase and collagenase by macrophages (Henney A.M., 1991) that digest the extracellular 

matrix of the vessel. Degradation of the matrix is part of vascular remodelling and provides 

the space required to allow the infiltration of endothelial cells during angiogenesis. 

Components of lesions associated with thrombus formation can cause or facilitate fissures 

(Stary H.C., 1995). The fact that plaque disruption leads to thrombus formation has been 

known for some time (Constantinides P., 1966, Chapman I., 1965, Fulton W.F.M., 1965 and 

Friedman M., 1966). Unlysed non-fatal thrombotic deposits may initiate events that lead to a 

permanent increase in lesion thickness.

I f  only the endothelial surface o f the lesion is disrupted, the thrombogenic stimulus is 

limited. At worst, a mural thrombus may be formed without clinical symptoms or further 

lesion growth. Deep rupture as seen in fissuring can lead to a thrombotic occlusion that 

may be recurrent (Falk E., 1989 and Falk E., 1992). Indeed, some patients with unstable 

angina may have intermittent or transient vessel occlusion and ischaemia (Fuster V.,

1988). If  the disruption is deep and exposes the lipid core and/or collagen a persistent 

occlusion may result in acute myocardial infarction (Fuster V., 1988). Exposure o f type I 

collagen leads to extensive platelet activation and thus thrombosis (Badimon L., 1988). 

The severity o f lesion disruption determines the size and nature o f the thrombogenic
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surface exposed by the rupture and thus the size o f the ensuing thrombus. The gravity o f 

the outcome o f plaque rupture largely depends upon the severity o f the rupture, the 

thrombogenicity o f the plaque core and systemic factors.

1.2.10 Factors determining the thrombogenic potential of plaques

The formation of large thrombi leads to plaque destabilisation due to increases in plaque size 

and since components of thrombi lead to plaque rupture (Stary H.C., 1995). The lipid core is 

the most thrombogenic component of atherosclerotic plaques (Badimon L., 1986) probably 

due to the presence of TF. TF is expressed by macrophages, smooth muscle and endothelial 

cells in atherosclerotic plaques (figure 1.12). The impact of the presence of TF is 

compounded by the presence of oxLDL and phosphatidylserine, which both enhance TF 

activity (Ettelaie C., 1995 and Bach R., 1986). In addition, oxLDL indirectly leads to an 

increase in TF activity via its ability to induce cellular apoptosis (Morel D.W., 1983), which 

leads to the redistribution of phosphatidylserine to the external membrane layer (Martin S.J., 

1995). Apoptotic cell surfaces elicit procoagulant activity (Casciola-Rosen L.A., 1996). 

Marked TF expression is detected in the acellular lipid core of plaques in close proximity to 

apoptotic macrophages and debris (Geng Y.J., 1995 and Mallat Z., 1999), probably due to its 

release in microparticles during apoptosis (Mallat Z.M., 1999). The induction of apoptosis by 

oxLDL is thus a critical factor determining plaque thrombogenicity upon rupture. In addition, 

oxLDL enhances the size of thrombus formed upon rupture via its ability to inhibit 

profibrinolytic factors including pro C (Weis J R., 1991), tPA (Kugiyama K., 1993) and its 

enhancement of the anti-fibrinolytic factor PAI-1 (Kugiyama K., 1993).

Other factors also contribute to the thrombogenic potential of plaques. Haematomas arising 

from the rupture of capillaries formed during neovascularisation contain factors that enhance 

thrombogenesis (Paterson J.C., 1936, Barger A.C., 1984 and Beeuwkes R. Ill, 1990). 

Thrombotic occlusion tends to occur more readily at anatomical sites of vessel bifurcation and 

regions of arterial angulation because of reduced blood flow (Taeymans Y., 1992). Deformity 

of lesion surfaces arising from underlying or proximal lesions may also enhance the 

thrombogenic potential of the plaque via localised effects on blood flow. Other factors 

predisposing to thrombogenesis include high plasma fibrinogen levels, high levels of LDL and 

their resultant adverse effect upon platelet function (Aviram, M., 1987), decreased fibrinolytic 

capacity (e.g. increased PAI-1), increased lp(a) interferes with the assembly of fibrinolytic 

proteins.
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1.3 The role of tissue factor in the progression of atherosclerosis
Increased thrombogenic potential and plaque instability are major determinants of 

atherosclerotic progression. The following section presents functions of TF that support its 

role in the progression of atherosclerosis and the formation of unstable plaques.

Active TF is expressed in both early (Hatakeyama K., 1997) and late (Wilcox J.N., 1989) 

atherosclerotic lesions. TF antigen and activity in plaques are significantly higher in patients 

with unstable angina and myocardial infarction than in patients with stable angina (Ardissino

D., 1997, Annex B.H., 1995 and Falciani M., 1998). Increased expression of TF is also 

increased in the plasma of patients with acute myocardial infarction (Suefliji H., 1997) or 

unstable angina (Misumi K., 1998) in comparison to those with stable angina.

1.3.1 Expression of tissue factor in cardiovascular disease

The expression of TF in normal and diseased vessels is depicted in figure 1.12. In normal 

vascular tissue, tissue factor is expressed in the tunica media and adventitia but is absent in 

endothelium, intima and media (Drake T.A., 1989 and Wilcox J.N., 1989). TF is selectively 

expressed to form an envelope that surrounds the periphery of the vascular tree. This pattern 

of TF expression ensures the initiation of coagulation in the event of vascular damage. TF has 

also been identified in organ capsules, epidermis, mucosal epithelium, cerebral cortex, renal 

glomeruli and cardiac myocytes (Drake T.A., 1989).

The induction of TF on endothelial cells and macrophages occurs in response to factors 

associated with vascular injury. Expression of TF is mediated by a variety of agonists 

including inflammatory cytokines, oxLDL, angiogenic factors, immune complexes, and 

lipopolysaccharide. A review of agents that either upregulate or inhibit TF expression is 

tabulated in appendix 1. Nearly all intimai smooth muscle cells, macrophages and endothelial 

cells were positive for TF in type 1 and type 11 lesions. In addition, TF is present in the later 

stages of the atherosclerotic plaque. TF positive cells were found scattered throughout the 

fibrous cap, the base and the shoulder region of plaques as well as in the core adjacent to 

cholesterol clefts (Wilcox J.N., 1989). In addition, the presence of significant quantities of TF 

in foam cell-rich regions, which tend to occur next to necrotic cores, was observed. Marmur 

et al (1996) also found TF in extracellular matrix and found particularly high levels in 

cholesterol-rich areas of plaques. Studies of type IV to VI type lesions (Stary H.C., 1995) 

confirmed that TF is particularly abundant in the lipid cores of such lesions but is also found 

in macrophages, smooth muscle cells, in the fibrous cap and in the endothelial cells overlying 

plaques (Thiruvikraman S.V., 1996). The expression of the TF inhibitor, TFPl, in relation to 

TF in atherosclerotic plaques has been recently investigated (Crawley J., 2000). TFPl
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colocalises with TF in endothelial cells overlying plaques, in smooth muscle cells in the 

fibrous cap and in macrophages at the periphery of the necrotic core (Crawley J., 2000 and 

Kaikita K., 1999). The necrotic core itself contains TF but not TFPL The latter observation is 

significant in terms of the potential to form occlusive thrombi since TF activity may occur 

unimpeded by TFPl subsequent to plaque rupture (Caplice N.M., 1998). Complicated 

plaques contain the greatest amounts of TF and TFPL Furthermore, TFPl was found to be 

functionally active against TF : FVIIa-induced coagulation. In addition, the activity of TF and 

TFPl correlate with the distribution of the antigens detected immunohistochemically.

1.3.2 Tissue factor and plaque progression

Increased plaque thrombogenicity due to the presence of TF results in the generation of large 

thrombi. These thrombi become incorporated into the plaque structure and cause an increase 

in plaque size and instability (Stary H.C., 1995). The exposure of the thrombogenic core of 

plaques itself is dependent upon stability of the plaque. Thus, the progression of 

atherosclerosis persists due to a cycle of plaque rupture and thrombus formation where each 

promotes the onset of the other.

TF facilitates the intimai hyperplasia that underlies the progression of atherosclerotic plaques. 

The administration of either active site-inactivated FVIIa or TFPl to rabbits subsequent to 

injury of the femoral artery, results in attenuation of intimai hyperplasia and restenosis 

(Taubman M.B., 1997, Jang Y., 1995 and Brown D M., 1996). Furthermore, inhibition of TF 

by TFPl in vitro leads to the inhibition of smooth muscle cell proliferation (Kamikubo Y., 

1997) and migration (Sato Y., 1997). Smooth muscle cell proliferation and migration 

underlies the process of intimai hyperplasia which is in turn dependent upon 

neovascularisation (Kamat 1987, Stabb M.E., 1997, Kwon H.M., 1998, Moulton K.S., 

1999). Since TF is involved in the mediation of angiogenesis (Zhang Y., 1994 and Carmeliet 

P., (1996), these studies suggest that a mechanism of involvement of TF in hyperplasia may 

be via its ability to promote angiogenesis. The induction of neovascular capillaries at the 

periphery of plaques leads to destabilisation.

In addition, TF mediates the activation of plasminogen, which leads to the secretion of matrix 

metalloproteinases. The observed involvement of macrophages in atherogenesis may, at least 

in part be due to the secretion of collagenase, elastase, stromelysin and matrix- 

metalloproteinases by these cells. Interestingly, macrophage infiltration is significantly 

increased in patients with unstable angina than those with stable angina (Kaikita K., 1997). 

Furthermore, 75% of the macrophages in those patients with unstable angina expressed TF in
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contrast to 13% of macrophages in patients with stable angina and the extent of TF 

expression was related to the degree of macrophage infiltration.

TF promotes atherosclerosis via several mechanisms, including its ability to promote 

thrombosis, angiogenesis, cell proliferation and cellular apoptosis (figure 1.13). The induction 

of angiogenesis by TF results from the ability of the TF: FVIIa complex to elicit cellular 

signals that lead to the alteration of cellular phenotype. The array of genes induced by the TF : 

FVIIa complex is presented in section 3.1. In addition, signalling molecules that have been 

identified in the TF pathway are examined in section 5.1. In addition, the relationship between 

the signal transduction pathways and the role of TF in atherosclerosis is discussed in section 

5.6.

1.3.3 The effect of native and oxidised LDL upon the activity of tissue factor

The data reviewed above demonstrate key roles for both tissue factor and oxidised LDL in the 

pathogenesis of atherosclerosis. The proatherogenic effects of oxidised LDL may, at least in 

part, result from the ability of oxidised LDL to enhance TF activity (Ettelaie C., 1995 and

1997). Interestingly, the effect of LDL upon TF activity is determined by its oxidation status. 

While oxidised LDL enhances TF activity, native LDL inhibits TF activity (Ettelaie C., 1995 

and 1997). The ability of native LDL to inhibit TF activity results from a direct protein: 

protein interactions between the apolipoprotein B-lOO (apo BlOO) component of LDL and the 

TF molecule (Ettelaie C., 1996). A lysine-rich region of apo BlOO responsible for its 

inhibitory activity has been determined (KRAD6) and a proposed binding site in TF has been 

proposed (Ettelaie C., 1998). The identity of these domains and the experimental data leading 

to their discovery are discussed in further detail in chapter 3.

Aldehydes formed in LDL upon oxidation, result in the modification of e-amino groups of 

lysine residues. Since lysine residues are of key importance in the inhibition of TF by apo 

BlOO in native LDL, modification of the lysine residues in apo BlOO abolishes the inhibitory 

activity of LDL towards TF activity. Moreover, the oxidation of LDL reverses its inhibitory 

effect and renders oxidised LDL capable of enhancing TF activity (Ettelaie C., 1995 and

1997). The mechanism by which oxidised LDL enhances TF activity may arise indirectly 

from the oxidation of tissue factor pathway inhibitor (TFPl), since the oxidation of LDL- 

associated TFPl results in loss of its inhibitory activity towards TF (Lesnik P., 1995).
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Figure 1.13a: Localisation of tissue factor in normal artery
and type I lesions
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Figure 1.13b: Localisation of tissue factor in type 11 and type IV
atherosclerotic lesions
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Tissue factor-positive cells are found adjacent to cholesterol clefts, throughout the 
fibrous cap and in the base and shoulder region of fibrolipid plaques.
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Figure 1.14;

The involvement of tissue factor in the initiation and progression of atherosclerosis

TF-mediated response Proatherogenic outcome Reference

Activation of Rac kinase Fatty streak formation via 

increased vascular permeability

Versteeg H.H., 2000

Transendothelial migration of 

monocytes

Fatty streak formation via 

monocyte extravasation

Randolph G.J., 1998 and 

Cunningham A., 1999

Induction of VEGF & FGF Intimai hyperplasia via 

angiogenesis

OllivierV., 1998

Activation of urokinase 

plasminogen activator receptor

Angiogenesis via extracellular 

matrix degradation

Taniguchi T., 1998, Fan 

Z., 1998

Smooth muscle cell migration 

and proliferation

Intimai hyperplasia via 

angiogenesis

Sato Y., 1997

Fibroblast chemotaxis Intimai hyperplasia via 

angiogenesis

Siegbahn A., 2000

Induction of extracellular matrbc 

signalling proteins CTGF and 

Cyr61

Intimai hyperplasia via cell 

adhesion, migration and 

proliferation

Pendurthi U.R., 2000

Induction of apoptosis Plaque instability via enhanced 

thrombus formation

Hamuro T., 1998

Regulation of thrombin: 

thrombomodulin

Plaque instability via enhanced 

thrombus formation

VaradiK., 1999

Induction of wound healing 

responses (see figure 3.1)

Intimai hyperplasia, angiogenesis Camerer E., 2000
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Tissue factor activity is a key mediator of the progression of atherosclerosis. The ability of 

oxidised LDL to enhance the activity of TF may be of considerable importance in the 

mechanism mediating the proatherogenic effects of oxidised LDL. In addition, since native 

LDL inhibits TF activity, the loss of native LDL concomitant to its oxidation, may compound 

increases in TF activation by oxidised LDL.

1.4 Calcium and cellular signaling mechanisms
A diverse array of cellular biological responses are regulated by changes in cytosolic Ca^  ̂

including; migration, metabolism, excitability, secretion, relaxation and contraction, 

proliferation, transcription and fertilisation. The versatility of signals is permitted by the 

ability of the ion to act in the context of space, time and amplitude (Berridge M.J., 1998). 

Cellular Ca^^ is derived from external or internal sources. Ca^  ̂ can enter through channels 

than span the plasma membrane. Alternatively Ca^  ̂can be released from internal Ca^  ̂stores 

through channels in the endoplasmic (Ca^^ER) or sarcoplasmic reticulum (Berridge M.J., 1993 

and Clapham D.E., 1995). Ca^  ̂ may enter through voltage-operated Ca^  ̂ channels in 

excitable cells such as neurons or smooth muscle cells or receptor-operated channels in 

response to neurotransmitters. Store-operated channels are found in many non-excitable cells 

and are opened when internal Ca^  ̂stores are emptied. Câ ^ER is either released by the action 

of phospholipase C-generated inositol 1,4,5-trisphosphate (IP3 ) (Lipp P., 1996) or via 

ryanodine receptors especially in excitable cells (Berridge M.J., 1997). In some cells, the 

production of IP3 is modulated by the phosphatidyl inositol 3-OH kinase (P13K) signaling 

pathway, which uses IP2 to produce IP3 that acts as a messenger to maintain the activity of 

PLC. Some of the Ca^  ̂ rapidly sequestered by the mitochondria and is returned to the 

endoplasmic reticulum (Porter V.A., 1998), if the mitochondria become overloaded with 

Ca^ ,̂ programmed cell death may become activated (Dolmetsch R.E., 1998).

The elevation of intracellular Ca?  ̂ is tightly regulated since excessive cytosolic Ca^  ̂damages 

cells. Since Ca^  ̂does not undergo degradation or metabolism, excess Ca^  ̂is sequestered by 

the action of specific binding proteins and extrusion mechanisms. Intracellular Ca^  ̂in resting 

cells is tightly regulated between lO-lOOnM primarily by the actions of high affinity cytosolic 

binding proteins and ATP-dependent pumps on the plasma and endoplasmic reticulum 

membranes (Pozzan T., 2000). During excessive intracellular Ca  ̂ loads, low affinity 

mechanisms can also contribute to the buffering capacity of the cell including storage in the 

mitochondria and the NaVCa^^ exchanger (Strehler 1995).
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1.5 Aims
The activation of coagulation and cellular signalling mechanisms by the TF: FVIIa complex 

are central to the involvement of TF in the pathogenesis of atherosclerosis. The aim of these 

studies was to investigate various aspects of signalling by the TF : FVIIa complex.

• To determine the involvement of the cytoplasmic domain of TF in the induction of 

cytosolic Ca^  ̂transients by FVIIa

• To determine the involvement of each of the three serine residues in the cytoplasmic 

domain of TF in the induction of Ca^  ̂transients by FVIIa

• To investigate the effect of an apo BlOO derived peptide inhibitor of TF activity, 

(KRAD6) upon the induction of Ca^  ̂transients by FVIIa

• To investigate the effect of inhibitors of TF activity, (KRAD6) upon the formation of 

cellular network structures in an in vitro model of angiogenesis

• To investigate the potential involvement of TF in the induction of Ca^  ̂ transients by 

native and oxidised LDL
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CHAPTER 2 

GENERAL METHODS
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2.1 Mammalian cell culture methodology

2.1.1 Preparation of sera

Foetal bovine serum (PBS) for use in the cloning of transfected mammalian cells was y- 

irradiated in order to inactivate nanobacteria that survive heat inactivation and ultrafiltration 

(LabTech Int.). PBS to be used in all cell culture media was heat inactivated at 55°C for 30 

minutes and was filtered sterilised through a 0.22pm pore filter.

2.1.2 Culture of human bladder carcinoma T24 cells

T24 cells were purchased fi"om the European Cell and Animal Culture Collection (ECACC). 

Cells were maintained as monolayers in Dulbecco’s Modified Eagle’s Media (DMEM) 

containing Glutamax^*^ (Gibco BRL) and supplemented with 10% PBS. When the cell 

monolayers reached confluence, the cells were detached using a non-enzymatic procedure as 

described in section 2.1.7. Cells were split at a 1:15 ratio.

2.1.3 Culture of Mad in-Darby Canine kidney cells

MDCKl cells were the generous gift of Dr Christian Prydz (Biotechnology Centre, 

University of Oslo, Norway). Cells were maintained as monolayers in DMEM containing 

Glutamax™ and supplemented with 10% PBS. When the cells reached confluence the cells 

were detached using trypsin as described in 2.1.6. The cells were split at a 1:5 ratio.

2.1.4 Culture of Chinese Hamster Ovary K1 cells

Proline-dependent CHO K1 cells were obtained fi-om ECACC. The cells were cultured in a 

1:1 mix of DMEM and Ham’s P12 media (Gibco) supplemented with 10% y-irradiated PBS. 

The cells were maintained at 37°C, 5% C02 in a humidified incubator. The cells were split 

1:5 at confluence as described in 2.1.7.

2.1.5 Culture of myelomonocytic THP-1 cells

The monocytic cell line THP-1 exhibits characteristic features of monocytes (Tsuchiya, 

1980). THP-1 cells were cultured in RPMI-1640 media (Gibco BRL) supplemented with 

penicillin (lOOU/ml), streptomycin (lOOpg/ml), (Gibco BRL) and 2mM glutamine (Gibco 

BRL). The cells were maintained at 37°C, 5% CO2 in a humidified incubator.
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2.1.6 Ënymatic detachment of adherent cells

The supernatant was removed from the cell culture and the adherent cells were washed with 

Versene™ (Gibco BRL) to remove calcium. A volume of 0.25% trypsin/EDTA solution 

(Gibco BRL) sufficient to cover the base of the culture vessel was then added. The cells were 

incubated at 37°C and observed at 1-2 minute intervals. As soon as the cells were detached, 

the trypsin was inactivated by the addition of PBS (Gibco BRL) containing 5% FBS. The cell 

suspension was dispensed into centrifuge tubes and centrifuged at room temperature for 5 

minutes at 300g. The supernatant was discarded and the cells were washed with PBS. The 

supernatant was again discarded and the cell pellet was resuspended.

2.1.7 Non-enzymatic detachment of adherent cells

Culture media was removed from the culture vessel and the adherent cells were rinsed with 

PBS. Versene™ (Gibco BRL) was added to the culture vessel to a depth of a few 

millimetres. The culture vessel was then incubated at 37°C. The culture vessel was removed 

at 5-minute intervals and tapped to release the cells. When the cells were released the cell 

suspension was pipetted into sterile centrifuge tubes. The culture vessel was then rinsed with 

sterile PBS (Gibco BRL) to ensure the collection of all the cells. The cells were then pelleted 

by centrifugation at 300g for 5 minutes.

2.1.8 Culture of cells on coverslips

2.1.8a Preparation of sterile coverslips for cell culture

16mm No2 coverslips were purchased from Raymond Lamb supplies. A beaker containing a 

solution of 70% ethanol was placed in the reservoir of a sonicator. The sonicator was 

switched on and the coverslips were individually dropped into the beaker of ethanol using 

autoclaved tweezers. The excess ethanol was removed from the beaker and the coverslips 

were individually placed onto tissue paper to dry inside a laminar airflow hood. After drying 

the coverslips were placed into a beaker and were autoclaved.

2.1.8b Growth of MDCKl, CHO K1 and T24 cells on glass coverslips

Cells in logarithmic phase were harvested from culture as described in section 2.1.6. and 

were resuspended to a concentration o f 1 xl 0^/ml in the appropriate culture media for 

the cells. Sterile coverslips were transferred to a 6cm diameter polypropylene petri- 

dishes.
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Cells were added to the prepared culture vessels as follows; 3x 1 0 ^  MDCKl cells were 

per petri-dish (D=9cm) for use after 36-48 hours. T24 cells were plated at a density o f 1 

xlO^ cells per petri-dish (D=6cm) for use after 36-48 hours. CHO K1 cells were plated at 

0.6 X 10  ̂ cells per dish (D=6cm) for use after 36-48 hours, at 40-50% confluence in 

transfection studies. The cells were incubated at 37°C, 5% CO2 in a humidified incubator 

for studies o f cytosolic Ca^^ responses.

2.2 Coagulation methods

2.2.1 Prothrombin time assay

The prothrombin time assay was determined using a coagulometer (Helena Biosciences), 

which estimates coagulation via light transmission through the sample. The coagulometer was 

switched on and left to equilibrate to 37®C. lOOpl of sample was added to the coagulometer 

cuvette, followed by lOOpl of control plasma (Sigma). Coagulation was initiated by the 

addition of lOOpl of 25mM CaCb. The time taken for the sample to clot was recorded and 

reported by the coagulometer.

2.2.2 Standard curve for prothrombin time test

A stock solution of recombinant human TF (Dade) was serially diluted with pyrogen-free 

water (Baxter) to produce a range of concentrations between 100 and 0.2 units/ml. lOOpl 

aliquots were assayed and the prothrombin times produced by 8 independent samples of 

recombinant human TF (rTF) ranging from 0.02-20 units per assay were determined. A 

standard curve was constructed and is presented in figure 2.1. The calculated standard error 

was calculated and is too small to be visible on the graph. A trendline was fitted to the curve 

and the correlation value between the approximated curve and the observed clotting times is 

0.99. The equation of the trendline, shown below, was expressed in terms of tissue factor 

units and this equation was used to calculate the TF units per assay from the prothrombin 

time of the sample.

TF units = EXP{ [In (prothrombin time / 27.059) / -0.2838] }
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Figure 2.1: Prothrombin time versus tissue factor activity
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Recombinant human TF was reconstituted in water and a set of dilutions was set up ranging from 
200U/ml to 0.02U/ml. lOOpI samples were assayed for TF activity in a coagulometer (Helena 
Biosciences) using the prothrombin time test. All samples were assayed at 37°C. lOOpl samples of TF 
were added to lOOpl of control human plasma. Coagulation was initiated by the addition of lOOpl of 
25mM CaC^. The time taken for a clot to form was recorded for each sample. The data was used to 
construct a standard curve. A trendline was fitted to the standard curve and the equation of the trendline 
was rearranged to enable the calculation of TF units given the prothrombin clot time; 
TF units = EXP{ [In (prothrombin time / 27.059) / -0.2838] }. The results are the mean ± S.E.M. for 
four independent experiments each assayed in duplicate.
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2.3 Kinetic imaging methods

2.3.1 Principles of real-time imaging of Ca^-sensitive probes in live cells

Important advances in the measurement of ionic activity were brought about by the use of 

photoproteins such as the calcium-sensitive molecule aequorin, which emits light upon the 

binding of calcium ions. However, the introduction of such dyes into cells involved 

microinjection and dissociation constants were not always suited to the concentrations found 

in small cells. In 1982, the development of new fluorescent dyes revolutionised the ability of 

scientists to investigate ionic activity in single cells. Acetoxymethylester conjugates of the 

fluorescent dyes were developed enabling cells to be loaded with the dye rapidly in the test- 

tube. The ion-sensitive lipid-soluble dyes traverse the cell membrane and are hydrolysed by 

endogenous cellular esterases to a free acid form, which remains trapped inside the cell. 

Fluorescent compounds absorb light of particular wavelength (excitation wavelength). 

Absorption of the appropriate wavelength of light promotes the transition of electrons to a 

higher energy state. When the electron relaxes back to the ground state, photons of a 

particular wavelength (emission wavelength) are emitted. Since the energy of the emitted light 

is lower than the energy of the absorbed light, the emission wavelength of fluorescent light 

has a longer wavelength than the absorbed light. Fluorescent compounds thus have 

characteristic emission and absorption spectra. These spectra may be altered for example 

when an ion-sensitive dye binds to an ion and this property is exploited to detect changes in 

cellular ion levels.

Indicators used to measure Ca^^ may be single or dual wavelength dyes. The fluorescence 

intensity emitted from Fluo-3 upon binding Ca^  ̂ is directly proportional to [Ca^^ji. Although 

this indicates the changes in [Ca^^]i, the intensity of the emitted fluorescence depends upon 

the initial concentration of the dye preventing the measurement of [Ca^ ]i from fluorescence 

intensity. The dual excitation dye Fura2 displays a single emission peak at SlOnm but has two 

absorption maxima, one at 340nm which increases with increasing ionised calcium and a 

second at 380nm which similarly decreases with a rise in ionised Ca^^ (figure 2.2). The 

‘spectral shift’ property of ratiometric dyes makes them ideally suited for intracellular ion 

imaging. The ratio of the two wavelengths provides measurements of [Ca^^Ji that are 

independent of light intensity, concentration of dye within the cell, cell thickness and dye loss 

due to bleaching of leakage. One essential problem with many of the fluorochromes used for 

ion measurement is the tendency for them to be taken up into intracellular compartments with 

time.
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2.3.2 Loading of cells from monolayer cultures with Fura2AM

Cells grown on glass coverslips were rinsed in Hank’s buffer (143mM NaCl, 5.6mM KCl, 

2mM M gCb, lOmM Hepes, lOmM glucose and 1.2mM CaCb, pH 7.2). The excess buffer 

was removed and the coverslip was placed on top o f an inverted microcentrifuge tube lid. 

lOOpl o f IjLiM Fura2AM (Molecular Probes) was prepared by diluting a solution o f ImM 

Fura2AM in DMSO (Sigma) 1000-fold into Hank’s buffer and was dispensed onto the cells. 

The cells were incubated in the dark at 37°C for 20-30 minutes to allow entry o f the 

Fura2AM into the cells. The Fura2-loaded cells were then rinsed and washed for 20-30 

minutes with lOOp.1 Hank’s buffer.

2.3.3 Imaging hardware

The imaging hardware set-up is shown in figure 2.3. The cells were visualised and fluorescent 

measurements obtained using an inverted Nikon Diaphot microscope with a range of 

fluorescent objective lenses (x40, x20, xlO). A 75W Xenon arc lamp, which emits light 

across the ultra-violet (wv) and visible ranges, was used as the source o f excitation light.
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Figure 2.3: Digital imaging hardware
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The cells were exposed alternating wavelengths of light of 340nm and 380nm using a rotating 

wheel (Sutter Instruments) that contained the appropriate filters. Cells were exposed to light 

only during the experimental runs to minimise the generation of oxygen fi*ee radicals and 

photodynamic cell damage by the u-v light. The dichroic mirror is positioned in the light path 

to separate excitation and emission wavelengths by reflecting the 340nm and 380nm 

excitation wavelength and transmitting the SlOnm emission wavelength.

Emitted fluorescence was captured using a charge coupled device (CCD) camera (Digital 

Pixel), which was cooled to reduce thermal noise. The CCD consists of an outer layer of 

silicon, allowing light of longer wavelength to penetrate and a layer of silicon dioxide made up 

of pixels. Emitted fluorescence is absorbed by the silicon dioxide and is accumulated as 

charge. The quantity of charge in each pixel is proportional to the amount of light absorbed. 

At specified time points during the experimental sequence, the camera reads the charge. The 

camera and filter wheel were synchronised by a computer using software obtained fi-om 

Kinetic Imaging.

2.3.4 Loading of coverslips into microscope attachment

A brass microscope stand adapter with a reservoir designed to accommodate a coverslip was 

removed from the microscope platform and cleaned. The phalange on which the coverslip 

was to be seated was smeared with petroleum jelly. The coverslip was seated onto the 

phalange and secured with a Teflon ring. The excess petroleum jelly was wiped away with a 

tissue. 200p,l of Hank’s buffer was then dispensed into the coverslip chamber.

The reservoir was then fitted with a drainage device to enable the coverslips chamber to be 

easily drained during an experimental run. The device consisted of a narrow 1-shaped stainless 

steel tube connected to a syringe via flexible tubing. The device was seated at edge of the 

chamber with the end touching the coverslip and was held in place with plasticine.

2.3.5 Observation of cells

The cells were examined under a fluorescent objective and a suitable field of cells was 

selected. The fluorescence intensity of both the 340nm and 380nm images were observed to 

establish whether emission from the cells was within the optimal range. If the signal was near 

saturation, the intensity of the light source was decreased using neutral density filters (10- 

80% transmission) until the 340:380nm ratio of the cells was at least 400 units greater than 

for a cell-free area. Cells with a resting 340:380nm ratios of 0.8-1.5 were considered healthy. 

The time interval between the ratio measurements was selected and the duration of the 

experiment was assigned.
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2.3.6 Measurement of background fluorescence

The background fluorescence was obtained subsequent to cell stimulation. The imaging

chamber was drained and 200)il of 1% Triton X-100 was dispensed into the cell chamber. A

total of five frames were collected at five-second intervals. The averages of the five frames at 

340nm and 380nm were calculated and subtracted from the 340nm or 380nm emissions of 

the sample.

2.3.7 Data processing of image data flies 

2.3.7a Extraction of data from image data files

The data collected from kinetic imaging was analysed using Lucida analysis software (Kinetic 

Imaging). Grabbed images were split into 340nm and 380nm ratios, representing fluorescent 

emissions from Ca^-bound Fura2 and free Fura2 respectively. Background 340nm and 

380nm fluorescences (section 2.3.6) were subtracted from the split ratios. The 340:380nm 

ratio was re-calculated, to exclude the background 340nm and 380nm fluorescences, and the 

image file was stored to optical disk. The program was then used to mark a region of interest 

within every cell collected in the image file, (>30). The software was used to calculate the 

340:380nm ratios for each time frame in the region of interest and write the data to an Excel 

spreadsheet. The 340:380nm ratio is proportional to the relative level of cytosolic Ca^ .̂ 

Absolute values of cytosolic Ca^  ̂were estimated from the ratio of the fluorescent intensities 

at the two excitation wavelengths after calibration of the imaging equipment (section 2.3.8).

2.3.7b Selection of parameters to use as indices of the cytosolic Ca  ̂ response

Examination of 340:380nm ratios of cytosolic Ca^  ̂ responses of cells in response to stimuli 

demonstrate a wide variation in the characteristics of the response produced. The variations 

occur in respect of the time period between the addition of the treatment and the onset of the 

response (latent period), the rate of increase of the calcium rise, the maximal level of the 

cytosolic rise in Ca^  ̂ (peak amplitude) and the rate of decrease in Ca^  ̂ levels after the peak 

amplitude (decay time), (figures 2.4 and 2.5). In addition, the integral of the response was 

used as an index of the overall duration and magnitude of the response.
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Figure 2.4: Parameters defining the kinetics of cytosolic calcium Hux
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Figure 2.5: Definition of indices used to measure cytosolic Ca  ̂ responses

• Percent responders/response rate:

The percentage of the population of ceils within the field o f view that responded to the 

stimulus.

• Peak amplitude:

The peak value o f the post-treatment 340:380 ratio minus the mean of the pre-treatment 

340:380 ratio

• Decay time:

The time taken for the response to decay to half the value o f the peak amplitude

Integral:

The area under the response curve
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2.3.7c Visual Basic macro design for automation of file processing

In order to facilitate rapid analysis of the large data files, customised macros were written to 

automate data processing (appendix 2). The macro ‘PlotXY’ was used to reformat files and 

to plot and print graphical representations of the data in Microsoft Excel™. In addition 

another macro, ‘MeanStDev’ was written to perform calculation of the mean of the 340:380 

ratio for each cell between given, user-defined time points specified in the user data sheet. 

This enables the user to compare the mean of the cytosolic calcium level before and after 

addition of the agonist or inhibitor. The macro ‘PeakAmpDecay’ was written to calculate the 

integral, the peak amplitude and the decay time of the cytosolic Ca^  ̂ response of each cell. 

The calculation methods are defined in figure 2.5.

2.3.7d Dennition of the criteria to assign cells as responsive to a stimulus

For the purpose of statistical analysis, a criterion was established classify cells as either 

responsive or non-responsive to a stimulus. A response was defined as a variation in the basal 

cytosolic levels of greater than 0.02, measured in terms of the standard error of the mean 

of the resting Ca^^ level.

2.3.7e Definition of the criteria to assign cells as exhibiting spontaneous Ca  ̂

transients

In order to analyse cellular responses to agonists and inhibitors, spontaneously firing cells 

were excluded from the statistical analysis. Spontaneously firing cells were defined as cells 

exhibiting a response, prior to the addition of agonist. The definition of a response is defined 

in 2.3.7d.

2.3.7f Statistical analysis of kinetic imaging data

Details of the statistical methods used to analyse the significance of the experimental results 

are described in the methods sections of each chapter.

2.3.8 Calibration of kinetic imaging apparatus

[Ca  ̂ ]i was estimated fi*om the ratio of the SlOnm fluorescent intensities at the two excitation 

wavelengths (340nm and 380nm) as described by Grynkiewicz et al 1985. The maximum 

ratio value (Rmax) was obtained by permeabilising the neurones with the Ca^^-selective 

ionophore, 4-bromo A23I87 (5pM) and discharging intracellular stores with thapsigargin 

(IpM) in buffer containing 50mM KCl and 2mM CaCb. The cells were then washed several 

times with buffer of a similar composition to the above but without CaCb and containing
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lOmM EGTA. This provided the minimum ratio (Rmin). Using this protocol, the constants 

Rmm and Rmax wcrc 0.88 ± 0.047 and 4.23 ± 0.279 respectively (n=12). The [Ca^ ], for 

intermediate values were then calculated from the following equation;

[Ca'"], = Kd [(R -  Rmm)/(Rmax ~ R)][Sf2/Sb2]

where R is the ratio recorded under appropriate physiological conditions. So is the signal at 

380nm in Ca^ -free buffer, Sb2 is the signal in the presence o f excess Ca^". The ratio of 

So/Sb2 was 3.12 ± 0.39 (n=12). Kd is the apparent dissociation constant for the indicator 

(usually 224nM for Fura2). Substitution of these values into the equation gives the formula;

[Ca^"l, = (698R-615.03) / (4.23 - R)

This formula was used to plot a graph of the 340:380nm fluorescence ratio versus the 

cytosolic Ca'" levels (figure 2.6). Ca'" is notoriously difficult to calibrate (see for example 

Tsien et al 1985). The graph in figure 2.6 demonstrates that a true minimum value was not 

obtained in this calibration. In these studies changes in Ca^" are statistically analysed as 

fluorescence ratio changes rather than an absolute value. However, an estimate of the average 

absolute basal levels of cytosolic Ca^" and the average increase in Ca'" observed upon 

addition of agonists are presented in the text as a guideline. The estimate is derived from the 

equation o f the trendline for the calibration curve, which is in the form y = mx + c. The 

equation was modified by setting the value for the intercept on the y axis (term c) to zero. 

Thus the equation for the calibration becomes;

Cytosolic [Ca^ ] (nM) = 340:380nm fluorescence ratio / 0.0041

Figure 2.6: Instrument calibration 
340: 380nm fluorescence ratio vs cytosolic [Ca2+,
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2.4 General molecular biology methods

2.4.1 Preparation of LB medium

lOg of LB broth base (Sigma) was dissolved in a small Volume (-50ml) of sterile water. 

After thorough mixing the solution was made up to 500ml. The LB media was autoclaved 

and stored at room temperature for up to 3 months.

2.4.2 Preparation of low salt LB medium

lOg of Tryptone, 5 g yeast extract and 5 g sodium chloride were dissolved in 1000ml of sterile 

pyrogen free deionised water (Baxter). The solution was then autoclaved for 20 minutes 

(15psi, 121°C). The solution was allowed to cool and stored below 30°C.

2.4.3 Preparation of LB agar/antibiotic plates

18.5g of LB agar was dissolved in a small volume (-50ml) of sterile water (Baxter). After 

thorough mixing of the LB agar, the solution was made up to 500ml with sterile water. The 

LB agar mbc was then autoclaved and left to cool. Carbenicllin (Sigma) was added to a final 

concentration of 75jLig/ml after allowing the LB agar media to cool to 55°C. The carbenicillin 

was mixed thoroughly and the LB agar poured into 6cm diameter polypropylene petri dishes 

to a depth of about 0.5cm. The plates were left to cool and were stored inverted for up to 3 

months at 4°C.

2.4.4 Transformation of bacterial cells with plasmids

20-40ng of plasmid DNA in not more than lOpl was added to low efficiency JM109 cells 

(Promega). The bacteria and DNA were placed on ice for 10 minutes. The bacteria were heat 

shocked at 42°C for 50 seconds and immediately replaced on ice. 3ml of ice-cold SOC media 

(Gibco) was added prior to incubating the heat-shocked bacteria at 37°C for one hour. 

Transformants were selected by growth in media containing carbenicillin (75mg/ml). The 

transformed bacteria were either plated onto LB agar plates or inoculated into 50ml LB broth 

containing 75mg/ml carbenicillin. The success of the transformation was confirmed by 

isolation of plasmid from the overnight culture and agarose gel electrophoresis.

2.4.5 Isolation of plasmid DNA from transformed bacteria

5ml of cells were pelleted and the supernatant carefully removed. 3ml of cell resuspension 

solution was added to the cell pellet. 3ml of lysis solution was then added and the tube 

inverted several times. The pH of the suspension was then neutralised by the addition of 3ml 

of neutralisation buffer. The lysed cell suspension was then microcentrifuged at 13000rpm for
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5 minutes. The supernatant was then collected. A syringe barrel was attached to a mini

column and the assembly was connected to a vacuum manifold. The supernatant was then 

pipetted into the syringe barrel followed by 1ml of resin. The vacuum was then applied to 

draw the supematant/resin slurry into the mini-column. The mini-column was subsequently 

washed with 2ml column wash solution. The mini-column was vacuum dried for 30 seconds. 

The mini-column was then seated into the top of a microcentrifuge tube and spun for 2 

minutes to remove residual column wash. The mini-column was then transferred to a fresh 

microcentrifuge tube and SOpl of water heated to 60°C was added to the column. The column 

was left for 1 minute prior to elution of the plasmid by centrifugation at IBOOOrpm for 30 

seconds.

2.4.6 Spectroscopic determination of DNA and RNA concentrations

95pi of water was dispensed into a microcuvette. The absorbance of the blank sample was 

measured at 260 and 280nm in a spectrophotometer. 5pl of DNA/RNA sample was mbced 

with the water in the microcuvette and the absorption at 260nm and 280nm was determined. 

Background values were subtracted from the sample values at each wavelength.

The following formulae were used to convert to absorbance readings to concentrations; 

[dsDNA] pg/ml = A260nm X dilution factor x 50 

[ssRNA] pg/ml = A260nm X dilution factor x 40

2.4.7 Agarose gel electrophoresis

0.5g agarose (Promega) was added to 50ml IX THE (89nM Tris-borate, 2.5mM EDTA, pH

8.3 at 20°C) in a conical flask. The mixture was heated in a 750W microwave on medium 

power for 2 minutes to dissolve the agarose. The agarose was poured into a gel tray that was 

sealed with adhesive tape at the edges. A sample-loading comb was positioned into the 

agarose. The gel was left; to set at room temperature for at least 2 hours. For electrophoresis 

of samples the comb and tape were removed and the gel was placed in the gel electrophoresis 

tank. The electrolyte reservoir of the tank was filled with 0.5X THE sufficient to immerse the 

gel.

Ipl of SYBRII and 8pl of sample loading solution (Sigma) was added to the samples. The 

samples were loaded into the sample wells alongside an appropriate DNA ladder (Sigma). 

Samples were resolved by electrophoresis at l-5V/cm for 1-2 hours.
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2.4.8 Decontamination of DNA samples using a PCR preparation kit

DNA samples were purified using the Wizard PCR Preps DNA purification system 

(Promega). lOOpl of ‘Direct Purification Buffer’ was added to the samples in a 1.5ml 

microcentrifuge tube and the mixture was briefly vortexed. The resin mixture was warmed to 

25°C for 10 minutes to ensure the crystals were dissolved. 1ml of resin mixture was added to 

the DNA sample and the mixture was vortexed briefly three times over a one-minute period. 

The mini-columns and the syringe barrels provided were assembled and the DNA/resin 

mixture was added to the syringe barrel. A vacuum was applied to draw the DNA/resin 

mixture into the mini-column. The column was washed with 2ml of 80% isopropanol under 

vacuum. The resin was dried under vacuum for a fiiither 2 minutes. The mini-column was 

then transferred to a 1.5ml microcentrifiige to and centrifuged for 20 seconds at 12000g to 

remove any residual isopropanol. The mini-column was transferred to a fi-esh microcentrifuge 

tube and 50ul of TE buffer was added to the column. For DNA fi*agments greater than 3kb, 

the TE buffer was heated to 65-80°C. After 1 minute the mini-column was centrifuged at 

12000g for 20 seconds to elute the cleaned DNA.

2.4.9 Determination of protein concentration using the Bradford assay

A standard curve was constructed for the Bradford protein assay. A series o f dilutions o f 

albumin ranging fi*om 0.1 mg/ml to lOOmg/ml were prepared in duplicate. 1ml o f each 

sample was incubated with 1ml o f Bradford reagent (Sigma). In addition a blank solution 

was made up to determine the background absorbance o f the Bradford reagent. The 

samples were left at room temperature for 30 minutes. The absorbance o f the samples at 

a wavelength of 595nm was determined for each sample and the absorbance o f the blank 

was subtracted fi-om this value. The results were plotted on a graph o f absorbance versus 

protein concentration (pg/ml). A linear regression line was fitted to the curve to provide 

an equation for the conversion o f absorption readings into protein concentrations (r^ = 

0.94). The equation o f the regression line was y = 0.073x^^^^*, where y is Asgsnm and x is 

the protein concentration in pg/ml. To facilitate the ease o f use o f the standard curve, the 

equation was rearranged;

Protein concentration (pg/ml) = {EXP [(In Asçsnm -In 0.073)70.6578]}
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CHAPTER 3

THE ROLE OF THE INTRACELLULAR DOMAIN OF TISSUE 

FACTOR IN THE INDUCTION OF CA^  ̂ TRANSIENTS BY THE 

FVHA : TISSUE FACTOR COMPLEX
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3.1 Introduction

3.1.1 Tissue factor and cellular signalling

The ability of the TF: F Vila complex to initiate the extrinsic pathway of coagulation (section 

1.1) was established at the beginning of last century. More recently novel functions of the TF: 

F Vila complex in cellular signalling have emerged. The initial data supporting a role for TF in 

cellular signalling was circumstantial in nature. The recognition of TF as a member of the 

cytokine receptor superfamily (Bazan J.F., 1990) suggested that TF might function in cellular 

signalling. In addition, the observation that phosphorylation of the serine residues occurs in 

the intracellular domain of TF (Zioncheck T.F. 1992 and Mody R.S., 1997) alludes to the 

existence of a TF-dependent signal transduction pathway. Further observations, 

demonstrating the involvement of TF in the alteration of cellular phenotype, confirmed a 

signalling function for TF.

The initial biological evidence that indicated a role for TF in cellular signalling was derived 

from studies in vivo that demonstrated the involvement of TF in angiogenesis. The first 

evidence to emerge that implicated a role for TF in angiogenesis was derived from studies of 

tumour genesis. The malignancy of tumours is synonymous with the ability of the tumour to 

metastasise and tumour metastasis is dependent upon angiogenesis at two stages of the 

pathogenic pathway (Folkman J., 1995). Firstly, metastatic cells are not shed from a primary 

tumour until after it has become vascularised. Second, upon arrival at the target organ 

metastatic cells must undergo neovascularisation to enable the metastasis to establish itself 

and grow.

A study in the early eighties that demonstrated the deposition of fibrin at tiie leading edge of 

breast tumours alluded to the involvement of TF in malignancy (Dvorak H.F., 1981). 

However, not until the next decade was a correlation between TF expression and metastatic 

capacity conclusively demonstrated (Mueller B.M., 1992). A number of subsequent studies 

confirm the association of TF with metastatic capacity in both humans (Contrino J., 1996, 

Vrana J.A, 1996, Pasqualini M.E. 1997, Koomagi R. 1998, Sawada M., 1999, Wojtukiewicz 

M.Z., 1999, Sawasda Y., 1999) and mice (Zhang Y., 1994 and Bromberg M.E., 1995) and 

also in cellular model systems (Kakkar A.K., 1999). A close correlation between the levels of 

VEGF and TF has been reported in neoplasia (Contrino J., 1996) furthermore, TF and VEGF 

co-localise in lung and breast cancer (Shoji M., 1998). VEGF is a cytokine that acts upon 

endothelial cells to promote vascular permeability, endothelial cell growth and angiogenesis 

(Connolly D.T., 1989 and Ferrara N., 1997). A significant relationship between TF 

expression, VEGF expression and microvessel density in human non-small cell lung
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carcinoma has been reported (Koomagi M., 1998). The TF: FVIIa complex is capable of 

inducing VEGF (Ollivier V., 1998) and the existence of a positive feedback loop is suggested 

by the ability of VEGF to induce TF (Clauss M., 1996 and Camera M., 1999).

Increased TF activity accompanying angiogenesis has been also been observed in diabetic 

patients with retinopathic complications arising from neovascularisation of the retina 

(Zumbach M., 1997). The involvement of TF in the metastasis of tumours appears to result 

from the involvement of TF in angiogenesis. Metastasis of tumours and microvessel density 

are both linked to poor patient prognosis (Weidner N, 1991), thus TF activity may be 

indicative of the gravity of the disease. In addition, patients with malignant disease are at 

increased risk of thrombotic complications (Baron J.A., 1998), due to raised circulating levels 

of TF and excess thrombin generation (Kakkar A.K., 1995).

The ability of TF to support angiogenesis has been directly demonstrated. Enhancement of 

angiogenesis mediated by TF has been demonstrated in a diffusion chamber assay in rats, in 

an in vitro assay of bovine aortic endothelial cells in collagen gels (Watanabe T., 1999) and in 

tumours and in wounds (Nakagawa K., 1998). The role of TF in vasculogenesis during 

embryo development in mice has been recently recognised (Carmeliet P., 1996). Inactivation 

of the TF gene in mice resulted in abnormal circulation from yolk sac to embryo beyond 

embryonic day 8.5. TF deficiency compromises vascular development at a critical time when 

vessels develop a muscular wall in response to the physiological challenge of blood pressure 

load. This dysfunction seems to be related to a paucity of mesenchymal pericytes. This study 

demonstrates an intrinsic capacity for TF to function in de novo vascular modelling 

(vasculogenesis). The involvement of TF in vasculogenesis alludes to a potential for TF to be 

involved in the mechanisms of angiogenesis, where the circulatory network is extended from 

pre-existing vessels rather than occurring de novo.

More recently a number of studies have reported the activation of signalling pathways and the 

induction of genes by TF signalling. A list of genes induced by the TF: FVIIa complex is 

presented in figure 3.1. TF up-regulates several growth factors that have been reported to 

promote angiogenesis including, vascular endothelial growth factor (VEGF, Ollivier V.,

1998), FGF-5, and CTGF (Camerer E., 2000a). CTGF and FGF-5 promote both the growth 

of connective tissue and angiogenesis and CTGF itself has been associated with 

atherosclerosis (Camerer E., 2000a). The binding of FVIIa to TF also induces expression of 

the poIy(A) polymerase gene (PAP, Pendurthi U.R., 1997), a gene that is up-regulated in 

many human cancer tissues, particularly in colon carcinoma.

Not only does TF induce the expression of angiogenic proteins but it is itself up-regulated in 

response to recognised angiogenic stimuli including hypoxia (Lawson C.A., 1995 and
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Amirkhosravi A., 1998), VEGF (Ollivier V., 1998), TGF-P (Ranganathan G., 1991) TNF- 

a  (Martin N.B., 1993 and Camera B., 1999), PDGF-PP (Xeureb, 1997), oestrogen (Quirk 

S.M., 1998) and bFGF (Camerer E., 2000). The mechanism of the involvement of TF in 

angiogenesis is explored further in chapter 5.

Figure 3.1: Activation of cellular responses by the tissue factor: FVIIa complex

• Transcriptional regulators
p38 MAP kinase^, p44/42 MAP kinase (erkl/2) c-jun N-terminal kinase^, 
c-fos®, e g r - r ^ \  ETRlOl®, BTEB2^ c-myc®, fra-l®,NFKB"

• Protein kinases
Phospholipase C PKC, G-proteins

• Growth factors
Amphiregulin ̂  hbEGF *, FGF-5 VEGF ''

• Proinflammatory mediators
IL-lp IL-8 LIF MIP2a®, prostaglandin E2 receptor®

• Proteins involved in cellular reorganisation/ migration
GTPases; RhoE®, cdc42^, Rac^, urokinase receptor (uPAR)*’’ ®, PAI-2 ®, 
collagenases 1 and 3 ®, CTGF ®, Cyr61 PDGF-BB-stimulated chemotaxis^, 
Src-like kinases (c-src, lyn and yes)^, c-Akt IgE RI y-chain', 
phosphatidylinositol 3-kinase ̂

• Intercellular communication
Jagged1®

• RNA processing
Tristetraproline®, cyclophilin ®, poly(A) polymerase®

• Stress/damage inducible gene
GADD45®

a; Camerer E., 1999, b; Taniguchi T., 1998, c: Siegbahn A., 2000, d: Versteeg H., 2000, e: 
Pendurthi U., 1997, f: Pendurthi U., 2000, g: Camerer E., 2000, h: Mechtcheriakova D,, 1999, i: 
MasudaM., 1996, j: Sorensen B.B., 1999, k: Poulsen L.K., 1998

3.1.2 The proteolytic activity of TF: FVIIa and cellular signalling

The mechanism by which TF induces activation of the proteins listed in figure 3.1 is not fully 

understood, however, the proteolytic activity of the TF: FVIIa complex is known to be of 

importance in the signalling mechanism. Inactivation of FVIIa by a general serine protease 

inhibitor, benzamidine, inhibits induction of Ca^^ oscillations (Camerer E., 1996). In addition, 

inhibition of the active sites of FVIIa by 1,5-dansyl-Glu-Gly-Arg chloromethyl ketone 

(DEGRck) also abrogates the induction of Ca^  ̂signals (Camerer E., 1996). The involvement 

of thrombin as a mediator of the signalling pathway was excluded since the thrombin inhibitor 

hirudin had no significant effect upon cellular signalling elicited by FVIIa (Sorensen B.B., 

1999). In addition, generation of FXa by FVIIa was excluded as a mechanism of signalling by 

FVIIa since TF: F Vila-induced signalling was not quenched by tick anticoagulant protein 

(tAP), a specific inhibitor of FXa (Poulsen L.K., 1998).
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Cellular signals induced by FVIIa are dependent upon proteolytic activity and its active site- 

inhibited counterpart is incapable of evoking Ca^  ̂signals. The requirement for the active site 

of FVIIa shows that ligand binding per se is not capable of mediating a cytosolic Ca^  ̂

response. These results suggest the involvement of a factor other than TF in mediating F Vila- 

induced cytosolic Ca^  ̂increases

It seems likely that a dual receptor mechanism exists that consists of a binding component and 

a proteolytically activated transducer. In this scenario, TF acts a co-factor that serves to tether 

the ligand to the cell surface. Since the protease activities of FVIIa and FXa are mandatory for 

the induction of the cytosolic Ca^  ̂ signals, the potential involvement of protease activated 

receptors (PARs) 1-4 in the signalling responses to FVIIa and FXa was investigated. Protease 

activated receptors are the only receptors known to be activated by proteolysis (Camerer E.,

1999). The PARs belong to a sub-group of the G-protein coupled receptor family. Agonist- 

induced activation of PARs leads to desensitisation of the Ca^  ̂ response by a cleavage- 

independent mechanism that is thought to involve phosphorylation, internalisation and 

processing of the receptor. This mechanism renders the cells refractory to a second protease- 

induced response via the receptor.

The ability of thrombin to activate PARs 1, 3, and 4 and trypsin to activate PAR 2 was 

exploited to determine the potential involvement of PARs in FVIIa-induced signalling. In 

heterologous desensitisation experiments of the Ca^  ̂responses in MDCK cells, pre-treatment 

with thrombin did not impair the response to FVIIa or FXa (Camerer E., 1996). The inability 

of thrombin to desensitise the response to FVIIa and FXa excludes the involvement of PARs 

1, 3 and 4 in the generation of cytosolic Ca^  ̂ increases. In contrast, pre-treatment of FlaCaT 

cells with the PAR2 agonist SLIGRL resulted in inhibition of the Ca^  ̂response induced by 

FVIIa by 57% (Camerer E., 1999). The desensitisation of the responses by SLIGRL suggests 

that PAR-2 or a close homologue is involved in the FVIIa- and FXa-evoked elevation of 

cytosolic Ca^ .̂ The involvement of the PAR-2 receptor in TF: FVIIa signalling has been 

confirmed recently (Camerer E., 2000b). Responses in kératinocytes and cytokine-treated 

endothelial cells suggests that PAR2 may be activated directly by TF: FVIIa and indirectly by 

TF : FVIIa-generated FXa.

3.1.3 Signalling molecules induced by TF: FVIIa

The ability of FVIIa to induce the transient tyrosine phosphorylation of cellular proteins was 

first observed in human monocytes (Masuda M., 1996). The electrophoretic mobility but not 

the specific identity of these tyrosine-phosphorylated proteins was determined. However, the 

association of TF with y-chain homodimer of the IgE receptor type I (Fc8 RI) in response to
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occupation of TF by FVIIa was observed (Masuda M., 1996). The y-chain of the Fc8 RI is a 

signal-transducing protein. The significance of the association between TF and the y-chain of 

Fc8 RI has not been explored further.

It has been recently discovered that FVIIa leads to the activation of several proteins involved 

in cell signalling in a human keratinocyte cell line (HaCaT) (Camerer E., 1999). HaCaT cells 

constitutively express TF and respond to FVIIa with elevation of cytosolic Ca^ ,̂ 

phosphorylation of p44/42 MAP kinase (erk 1/2), p38 MAP kinase and c-jun N-terminal 

kinase (c-JNK). FVIIa promotes the induction of the early response gene (egr-1) and this 

observation is the first known example of a transcription factor induced by a clotting factor. 

The induction of cytosolic Ca^  ̂ elevations by FVIIa is sensitive to inhibition of PI-PLC in 

MDCK and HaCaT cells (Camerer E., 1996 and 1999). In addition, the induction of egr-1 in 

HaCaT by FVIIa is sensitive to inhibition of phosphatidyl-inositol phospholipase and 

inhibition of the p44/42 MAP kinase pathway (Camerer E., 1996 and 1999). Thus egr-1 

induction is dependent upon PI-PLC and p44/42 MAP kinase. Furthermore, Ca^  ̂ release is 

mediated by PI-PLC and therefore the Ca^  ̂ signal probably lies on the pathway to induction 

of egr-1 expression.

The FVIIa-induced Ca^  ̂elevation in HaCaT cells is sensitive to pertussis toxin demonstrating 

that the signalling pathway is G-protein coupled (Camerer E, 1999). This result is consistent 

with a failure of the tyrosine kinase inhibitors herbimycin A, genistein and tyrphostin AG 18 to 

inhibit FVIIa-induced Ca^  ̂ response (Camerer E., 1996). Interestingly, although Ca^  ̂

elevation probably lies on the pathway to induction of egr-1 by FVIIa, egr-1 induction was 

unaltered by pertussis toxin. This indicates that the initial part of the Ca^  ̂ response is not 

required for the induction of egr-1.

3.1.4 Function of the extracellular and cytoplasmic domains of TF in signalling

The extracellular fiinctions of the catalytically active TF: FVIIa complex co-operate with 

specific functions of the cytoplasmic domain to support metastasis (Fischer E.G., 1995, 

Mueller B.M., 1998, Bromberg M.E., 1999). Ligand binding per se is insufficient to support 

metastasis since active site-inhibited FVIIa does not support metastasis (Mueller B.M.,

1998). The attenuation of metastasis by the blockade of the coagulation cascade at the levels 

of TF, FX and thrombin implicate a role for thrombin generation in the metastatic process 

(Fischer E.G., 1995). In addition, thrombin stimulates the adhesion of tumour cells to 

endothelium and subendothelium (Klepfish, 1993).

The ability of TF to promote metastasis of TF-transfected melanoma cells in severe combined 

immunodeficient (SCID) mice has been reported (Bromberg M.E., 1995). Metastasis of the
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melanoma ceils is abolished by loss of the cytoplasmic domain of TF. The requirement of the 

cytoplasmic domain in metastasis has been more specifically attributed to the requirement of 

the intracellular serine residues (Bromberg M.E., 1999). Phosphorylation of the cytoplasmic 

domain is required for the full metastatic effect of TF. Assembly of the TF: FVIIa complex is 

still required for metastasis even when the intracellular serine residues are mutated to 

aspartate residues, which mimic phosphorylated serine residues.

In contrast, other signalling functions of TF are reported to be independent of the cytoplasmic 

domain of TF. Signalling by TF: FVIIa through the PI-PLC, Ca^\ p44/42 MAP kinase/egr-1 

pathway occurs via the activation of PAR2. TF:FVila signalling via PAR2 (Camerer E.,

2000), the activation of p44/42 MAP kinase (Sorensen B.B., 1999) and the induction of egr-1 

by FVIIa and FXa in HaCaT cells (Camerer E., 1999) are all independent of the cytoplasmic 

domain of TF. Indeed, expression of TF lacking the cytoplasmic domain rescues embryonic 

lethality seen in TF knock-out mice (Melis E., 2001). Furthermore, it has recently been 

demonstrated that embryonic development, survival, fertility and coagulation are normal in 

mice engineered to express TF lacking the cytoplasmic domain (Melis E., 2001). These data 

demonstrate that the cytosolic domain is not essential for signal transduction in normal 

physiological processes.

Considered collectively, these data appear to present some contradictions. Tumour metastasis 

is dependent upon the cytoplasmic domain of TF (Bromberg M.E., 1995). The role of TF in 

tumour metastasis appears, at least in part, to be due to the ability of TF to promote 

angiogenesis. One of the mechanisms by which TF may induce angiogenesis is via its ability 

to induce VEGF (Ollivier V., 1998). The induction of VEGF is dependent upon the 

cytoplasmic domain of TF (Abe K., 1999). However, the induction of VEGF is also 

dependent upon egr-1, and yet egr-1 induction has been reported to be independent of the 

cytoplasmic domain of TF. Thus the involvement of the intracellular domain of TF in cellular 

signalling requires clarification. The data may reflect a fiinctional redundancy of TF activity in 

normal physiological processes and an essential requirement for TF in pathological processes 

such as tumour metastasis.
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3.2 Aims

•  To investigate the induction of cytosolic transients by the TF: FVIIa complex in 

individual cells, using real-time fluorescence microscopy

• To determine the involvement of the cytoplasmic domain of TF in F Vila-mediated 

Ca^  ̂signalling, using site-directed mutagenesis

• To investigate a potential role for each of the three serine residues in the cytoplasmic 

domain of the TF molecule in FVHa-mediated Ca^  signalling, by site-directed alanine 

replacement mutagenesis ofTF (figure 3.2)
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Figure 3.2: Point mutations in the cytoplasmic domain of TF
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3.3 Methods

3.3.1 Overview of cloning and expression of wild-type tissue factor 

3.3.1a The ecdysone-inducible expression vector system

The ecdysone-inducible expression vector system (Invih*ogen) was selected as the cloning and 

eukaryotic expression vector for die following reasons. The ecdysone-inducible expression 

vector system (Invitrogen) expresses proteins in eukaryotic cells under the control of a 

concentration-dependent inducible promoter (figure 3.3). In addition, the expression system 

exhibits negligible basal expression with greater than 200-fold inducibility in mammalian cells 

(No D., 1996) since it uses an insect regulatory mechanism.

The pIND mammalian expression vector system consists of two plasmids; pIND and 

pVgRXR (Appendix 3). The gene of interest is cloned into the multiple cloning site of the 

pIND plasmid. Expression of the cloned gene is under the control of multiple copies (5) of the 

ecdysone-responsive element (E/GRE). The (E/GRE) element is located upstream of the 

multiple cloning site in the pIND subcloning vector. The (E/GRE) a hybrid DNA sequence 

located immediately upstream of the Drosophila minimal heat shock promoter pHSP. The 

E/GRE acts as a target site for the ecdysone receptor subunits, RXR and VgEcR, to bind and 

activate transcription from the pHSP. Both subunits of the heterodimeric ecdysone receptor, 

RXR and VgEcR, are constitutively expressed from the pVgRXR plasmid vector. In the 

presence of Muristerone^^, an ecdysone homologue, the ecdysone receptor is activated and 

binds to the E/GRE. The receptor binding activates transcription from pHSP. The E/GRE 

prevents non-specific transcriptional activation since it is not recognised by endogenous 

mammalian regulatory molecules. Furthermore, multiple copies of the E/GRE sequence 

facilitate concentration-dependent induction of transcription by Muristerone™.

Both plasmids contain different antibiotic resistance genes to enable selection of successfully 

transfected mammalian cells. The pVgRXR vector (Appendbc 3) contains Zeocin^*  ̂resistance 

while the pESTD vector produces neomycin resistance due to the expression of the APH gene, 

which detoxifies neomycin.

3.3.1b Cloning of wild-type TF and TF mutants

Wild-type tissue factor was cloned into the pIND expression vector system using the 

following methodology. Poly(A)+ mRNA was extracted from the myelomonocytic THP-1 

cell line which expresses tissue factor constitutively. Reverse transcription of TF mRNA and 

the subsequent amplification of the TF cDNA were achieved using a single tube RT-PCR



Figure 3.3: The pIND expression vector system

RXR► 1 VgEcR pVgRXR plasmid

Active
ecdysone
receptor RXR VgEcR Muristerone 

A

E/GRE (x5) Cloned gene pIND plasmid

The gene of interest to be cloned is inserted into the multiple cloning site in the pIND plasmid The recombinant pIND plasmid is co-transfected with 
the pVgRXR plasmid into an appropriate mammalian cell. The pVgRXR plasmid expresses the two interacting subunits of the ecdysone receptor. 
When cells are treated with the ecdysone analogue, Muristerone A, the ecdysone receptor is activated and drives expression of the cloned gene from 
the pIND plasmid

P RSV & P CMV: Viral promoters, RXR & VgEcR: subunits of the heterodimeric ecdysone receptor, Muristerone A: ecdysone homologue, E/GRE: ecdysone and 
glucocorticoid response elements, P HSP: Drosophila minimal heat shock promoter.

86 b
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technique (Promega). The RT-PCR primers were designed to introduce Bam HI and Hind III 

restriction endonuclease sites flanking the RT-PCR product in order that the RT-PCR product 

could be uni-directionally cloned in-frame into the pIND expression vector (section 3.3.3). 

The pIND plasmid containing the cloned wild-type TF was then used as a template for site 

directed mutagenesis to produce TF mutants.

3.3.2 Isolation of poly(A)+ mRNA from THP-1 cells

Untreated THP-1 cells expressing TF were harvested for the preparation of poly(A) mRNA. 

The cells were washed with PBS and the supernatant removed. Poly(A)+ mRNA was 

extracted from the cells using the mini message maker kit (R & D Systems). 7 x 1 0 ^  cells 

were resuspended in 1ml lysis buffer and the suspension was sheared using a 25-gauge 

needle. The sample was microcentrifuged for 3 minutes at 13000rpm. The supernatant was 

then transferred to a new tube and made up to 1.5ml with lysis buffer. 50jiil of oligo dT-latex 

was then added to the supernatant. The tube was inverted 10 times and allowed to stand for 

10 minutes. The suspension was then microcentrifuged for 5 minutes at 13000 rpm and the 

supernatant discarded. The pellet was resuspended in 350pl of lysis buffer before transfer to a 

spin column. The spin column was centrifuged at 13000 rpm for 2 minutes. The beads were 

then resuspended in 400pl of wash buffer and centrifuged for 1 minute at 13000 rpm. This 

wash step was repeated prior to the elution step. The poly(A)+ mRNA was released from the 

latex by the addition of 50pl of elution buffer heated to 70°C. The poly(A)+ mRNA was 

collected by centrifugation of the column for 1 minute at 13000 rpm. The concentration of the 

RNA was determined using spectroscopy as described in section 2.4.5.

3.3.3 RT-PCR of tissue factor from poIy(A)+ mRNA 

3.3.3a Primer design

The oligonucleotide primers for the RT-PCR of TF were purchased from PE-Applied 

Biosystems U.K., Warrington, Cheshire. The primers were supplied in 20% acetonitrile (v/v) 

in water. Immediately prior to use, aliquots of the oligonucleotides were freeze-dried and 

resuspended in nuclease-free water.

The 34-mer reverse primer (figure 3.4) was designed to be complementary to residues 99-32 

of the TF mRNA. A Hind III restriction enzyme digestion site was incorporated 8-13 bases 

from the 5' terminus. The 7 bases flanking the 5' side of the Hind III site facilitate recognition 

by the restriction enzyme to ensure efficient digestion of the PCR product. This modification 

is unlikely to impair the DNA polymerase since base mismatches proximal to the 5' end are
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far less critical for primer annealing than 3' mismatches. The forward primer was designed to 

anneal to residues 994-1028 of the TF mRNA species. This primer incorporated a BamHl 

restriction enzymes site 8 bases from the 5' terminus to facilitate efficient digestion of the 

PCR product. Both primers were designed to have either a guanine or cytosine residue at the 

3' terminus to optimise annealing of the mRNA template with the primers. In addition, the 

primers were designed to anneal at approximately identical temperatures and consisted of 

approximately 40% guanine or cytosine bases.

Figure 3.4: Primer design for RT-PCR of tissue factor mRNA

FORWARD PRIMER

 ̂ TCG ATC TAA GCT TCA ACT GGT AGA CAT GGA GAC C ^

REVERSE PRIMER;

 ̂ TCC AAC AGT GGA TCCTTT ATG AAA CAT TCA GTG G ^

Bases in italics denote Hind III and Bam HI restriction enzyme sites respectively.

3.3.3b RT-PCR of tissue factor mRNA

The RT-PCR reaction was assembled as detailed in figure 3.5. The PCR was carried out 

using the 'hot start' method. DNA polymerase or forward primer was not added until after the 

reverse transcription reaction, during the first dénaturation step of the PCR to minimise 

primer: dimer formation and false priming. The thermal cycling parameters for the TF RT- 

PCR reaction are tabulated in figure 3.6.

3.3.4 Extraction of the TF RT-PCR product from agarose gel

The RT-PCR reaction products were resolved by agarose gel electrophoresis (section 2.4.7). 

Siliconised glass wool was prepared by soaking glass wool in dimethyldichlorosilane and 

allowing the glass wool to dry. A 0.5ml microcentrifuge tube was prepared by puncturing the 

base with a hypodermic needle and transferring a sufficient amount of glass wool to form a 

plug at the base of the tube. The band of interest was excised from the gel under u-v 

illumination and was transferred to the microcentrifuge tube. The 0.5ml microcentrifuge tube 

was positioned inside a 1.5ml microcentrifiige tube. The assembly was then centrifuged for 

15 minutes at 13000g and the eluate containing the DNA was collected.
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Figure 3.5: Components of the RT-PCR reaction for tissue factor

Reaction component Volume
(Rt)

AMV/Tfl buffer (lOX) 10.0
Forward primer (4.7 pmol/pl) 5.0
Reverse primer (9.8 pmol/pl) 2.5
Template (poly(A)+ mRNA) 10
MgS0 4  (25mM) 2.0
dNTP (lOmM each) 1.0
AMV reverse transcriptase (lOU/pl) 1.0
Thermus /7ovm5 DNA polymerase (5U/pl) 1.0
Nuclease-free water 17.5

Total reaction volume (pi) 50.0

Figure 3.6: Thermal cycling protocol for RT-PCR of tissue factor

Step Temperature
CC)

Time
(minutes)

A. Reverse transcription 48 45
B. AMV inactivation 94 2
C. Template dénaturation 94 1
D. Primer annealing 64 1
E. Primer extension 68 1
F. Repeat steps C to E 25 times - -

G. Extend all products 68 8

Figure 3.7: Restriction digestion of DNA with Bam H I and Hind HI

Volume (pi)
Reaction component A B c D
Buffer E(1 OX) 2 2 2 2
Acetylated BSA (1 mg/ml) 2 2 2 2
Bam HI (lOU/ul) 1 1 0 0
Hind III (lOU/ul) 1 0 1 0

0.1 - 0.5 pg of DNA was added to each reaction mixture and the reaction made up to 20pl 

with nuciease-free water. The digest was incubated at 37°C for 12 hours.
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3.3.5 Restriction digestion of RT-PCR product

The RT-PCR product was digested using Bam HI and Hind III to allow uni-directional 

cloning of the insert into the pIND vector. The reaction was assembled as shown in figure 3.7, 

column A. Bam HI and Hind III digestion was performed simultaneously as the enzymes 

fonction optimally in the same buffer.

3.3.6 Restriction digestion of pIND plasmid sub-cloning vector

The pIND vector was digested with Bam HI and Hind HI. Several reactions were assembled 

as detailed in figure 3.7, columns A to D. After an incubation period of 2h, lOOU of calf 

intestinal alkaline phosphatase (CIA?) was added to the reaction mixture in order to 

dephosphorylate the 5' sticky ends produced by restriction enzyme digestion and prevent re

ligation of the sticky ends.

3.3.7 Phenol: chloroform extraction of digested plasmid DNA

The restriction digest was then phenol chloroform extracted in order to remove restriction 

digest enzymes and calf intestinal alkaline phosphatase.

Two times the sample volume of phenol: chloroform (1:1 v/v) was added to the sample. The 

mixture was vortexed and then microcentrifoged for 5 minutes at 5000rpm. The upper 

aqueous phase was collected, leaving denatured proteins at the interface between the organic 

and aqueous phases. A volume of sodium acetate (3M, pH 5.2) equal to l/IO of the volume 

of DNA was added to the recovered supernatant. This was followed by the addition of a 

volume of absolute ethanol equal to 2 times the volume of DNA sample. The DNA was 

pelleted for 10 minutes at 13000g in a microcentrifiige tube. The supernatant was carefully 

decanted and discarded.

A volume of 75% ethanol equal to the DNA volume was added to the DNA pellet. After 

thorough mixing, the tube was microcentrifoged for 10 minutes at 13000g. The supernatant 

was removed and the 75% ethanol wash was repeated. 50pl of absolute ethanol was added to 

the pellet and the tube was centrifoged again for 10 minutes at 13000g. The DNA pellet was 

left to dry in a heating block at 40°C (with the microcentrifiige tube lid open). The pellet was 

then resuspended in nuclease-free water.

3.3.8 Ligation of insert and vector DNA

The ligation reaction was assembled using the Bam HI and Hind III restriction digested, 

dephosphorylated pIND plasmid vector and the restriction digested RT-PCR product as 

shown in figure 3.8.
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E. Coli cells were transformed with the ligation products and selected with carbenicillin 

(section 2.4.3), Transformed cells were grown and harvested for the preparation of plasmid 

DNA (section 2.4.4). The plasmid DNA was used to confirm that the TF was cloned in the 

appropriate position in the pIND vector. As an initial test, the plasmid was used as a template 

for PCR of TF (figure 3.9), to determine the presence of the sequence in the plasmid. To 

confirm the correct positioning of the TF sequence in the recombinant pIND(+TFw/) plasmid, 

samples were sent to the Babraham Institute, Cambridge, U.K., for automated sequencing.

Figure 3.8: Ligation of restriction digested TF RT-PCR product and pIND plasmid

Reaction component Volume
(ül)

Vector; pIND plasmid DNA (12.5ng/|Lil) 1.5
Insert; PCR product (12.5ng/pl) 15.5
T4 DNA ligase (3U/pl) 1
Ligase buffer (lOX) 2

Nuclease-ffee sterile water was added to bring the final volume to 20pl and the reaction 

mixture was incubated at 22°C for 3.5 hours.

Figure 3.9: PCR of plasmid templates

Reaction component Volume
(Rl)

Buffer (lOX)* 10
Forward primer (4.7 pmol/pl) 4
Reverse primer (9.8 pmol/pl) 4
Plasmid (0.5ng/pl) 2
MgS0 4  (25mM) 2
dNTP (lOmM each) 1
Thermus Jlavus DNA polymerase (5U/pl) 1
Nuclease-free water 26
Total reaction volume 50
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3.3.9 Site directed mutagene î!  ̂of pIND(+TFwO 

3.3.9a Design of mutagenic primers;

Both the coding and non-coding strands were designed to anneal to the same sequence on 

opposite strands of the template DNA. The primers were designed to encode the mutation in 

the middle of the sequence, flanked on both sides by approximately 10-15 bases. In addition 

the primers had a minimum G:C content of 40% and terminated in one or more G or C 

residues, particularly at the 3’ terminus. The primers were designed to have a melting 

temperature approximately 10°C above the extension temperature of 68°C (figure 3.10). The 

melting temperature (Tm) was calculated using the following formula;

Tm = 81.5 + 0.41 (%G:C) - (675/N) - mismatched bases (%)

where N = total number of bases and %G:C = the percentage of the sequence that is either G or C.

Primers were purchased to order from Genosys. The 3 O.D. scale synthesis oligomers were 

of sufficient purity to achieve successful mutations.

3.3.9b Reaction conditions for site-directed mutagenesis PCR of pIND(+TFw/)

The reaction components for site-directed mutagenesis of the pIND plasmid containing wild- 

type TF, plND(+TFwr), were assembled in PCR tubes as shown in figure 3.11. The thermal 

cycling protocol for the PCR reaction is tabulated in figure 3.12. The PCR reaction was 

carried out using the ‘hot-start’ method to minimise the occurrence of false priming. The 

DNA polymerase was added only after the reactions reached the dénaturation temperature. 

The PCR reaction products were subsequently incubated with Dpnl restriction enzyme for 3 

hours at 37°C. Dpnl digests the methylated wild-type parent plasmid but has no activity 

towards the non-methylated PCR product containing the mutated sequence. Subsequent to 

Dpnl digestion, lOpl of the PCR reaction mix was used to transform JM109 as described in 

section 2.4.3. The transformed bacteria were plated onto LB agar containing 75pg/ml 

carbenicillin (section 2.4.2) and grown overnight. Colonies were picked using a sterile pipette 

tip and were expanded in a liquid culture of LB media. Plasmid was prepared for sequencing 

and transfection of mammalian cells (section 2.4.4). The plasmids were sent for automated 

sequencing (Babraham Institute, Cambridge, U.K.).



93

Figure 3.10: Primer sequences for site-directed mutagenesis

Cytoplasmic deletion mutant (coding strand)

WILD-TYPE C ATC CTG GCT ATA TCT CTA CAC AAG TGT AG

241-263del C ATC CTG GCT ATA T M  CTA CAC AAG TGT AG

Codon change; TCT to stop codon TAA

Ser253Ala mutagenic primer (coding strand)

WILD-TYPE CA GGA GTG GGG CAG AGC TGG AAG GAG AAC

ALA 253 MUTANT CA GGA GTG GGG CAG GCC TGG AAG GAG AAC

Codon change; AGC to GCC

Ser258Ala mutagenic primer (coding strand)

WILD-TYPE GC TGG AAG GAG AAC TCC CCA CTG AAT G

ALA 258 MUTANT GC TGG AAG GAG AAC GCC CCA CTG AAT G

Codon change; TCC to GCC

Ser263Ala mutagenic primer (coding strand)

WILD-TYPE CC CCA CTG AAT GTT TCA TAA AGG ATC CAC TAG

ALA 263 MUTANT CC CCA CTG AAT GTT GCA TAA AGG ATC CAC TAG

Codon change; TCA to GCA
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Figure 3.11: Site-directed mutagenesis PCR of cloned tissue factor

Reaction component
Volume

(Pl)

lOX buffer 5

Plasmid template at 5ng/pl 1

Mutagenic primer (coding) at 0.9pmol/pl (125ng 2.5
of each)

Mutagenic primer (non-coding) at 0.9pmol/pl 2.5

DNTPs (2.5mM each) 2

Volume made up to 49pl with water

Plus 1 pi Pfu turbo DNA polymerase

Figure 3.12: Thermal cycling parameters for site-directed mutagenesis PCR

Temperature
(»C)

Time
(minutes)

95 2

55 1

68 16

Number of cycles: 16
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3.3.10 Selection of an appropriate cell line to studying cellular signalling by TF

The COSl cell line was selected as a host for transfected TF, as this cell line has been 

previously reported to lack endogenous TF expression and has been used successfully for 

Ca^  ̂ signalling studies by other groups (Rottingen J., 1995). However, before proceeding 

with the transfection studies, the procoagulant assay (section 2.2.1) was used to confirm the 

inability of COSl cells to express TF.

3.3.11 Establishment of a clonally-derived CHO K1 cell-line stably transfected with 

plasmid pVgRXR

The pIND inducible expression system consists of two separate plasmids. The pVgRXR 

plasmid drives the expression of the cloned gene from the pIND plasmid. For expression 

studies, both of the plasmid vectors may be co-transfected into the appropriate cell line. 

Alternatively, a stably transfected cell-line containing the pVgRXR plasmid integrated into the 

genome can be created. The pIND vector is then transiently transfected into the cell-line for 

expression studies. Although the latter methodology is more time-consuming, it was selected 

as the method of choice. If the co-transfection method is used, the efficiency of transfection of 

the pVgRXR plasmid will vary between different transfection samples. Differences in the 

uptake of the pVgRXR during transfection could lead to variation in the final level of TF 

expression between samples. Such variation may reduce the comparability of results obtained 

with different transfection samples. Establishment of a cell-line derived from a single parent 

cell stably transfected with the pVgRXR plasmid ensures that all the cells will contain 

equivalent levels of the pVgRXR plasmid. Interpretation of the results obtained will not be 

confounded by differences in the level of gene induction from the expression plasmid.

3.3.11a Determination of the sensitivity of CHO K1 cells to Zeocin^^

CHO K1 cells were maintained in DMEM: Ham’s F12 media (complete media) containing 

10% filtered, heat-inactivated, y-irradiated FBS (section 2.1.4). Cells were harvested during 

logarithmic phase and were counted using a haemacytometer. 0.1 x 10  ̂CHO K1 cells were 

seeded in T25 culture flasks and the culture volume was made up to 8ml with complete 

media. Zeocin™ was added at final concentrations of 50, 100 and 150pg/ml. A control flask 

without antibiotic was also prepared. The cells were maintained in a humidified incubator at 

37°C under 5% CO2 . The media was changed every 4 days and fresh antibiotic was added. 

The cell samples containing antibiotic were observed daily for 10 days and compared to the 

control sample to assess cell survival in the presence of antibiotic.
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3.3.11 b Linearisation of pVgRXR plasmid

The plasmid constructs were linearised prior to transfection into CHO K1 cells to increase the 

probability of DNA becoming incorporated into the host genome to produce stably transfected 

cells. The pVgRXR plasmid was prepared using a plasmid purification procedure (section 

2.4.5). The purified pVgRXR plasmid was linearised with the restriction enzyme Mlul in 

order to increase the chance of heterologous recombination into the host chromosome. The 

restriction digest was assembled in a microcentrifiige tube on ice. The reactants were 

assembled in the order shown in figure 3.13.

Figure 3.13: Restriction endonuclease digestion of pVgRXR plasmid with Mlul

Reaction component Volume (pi)

Water 2

Restriction digest buffer (lOX) 13

Acetylated BSA (1 mg/ml) 13

DNA (70pg/ml) 100

Mlu 1 (lOU/pl) 4

The plasmid sample was digested with the restriction endonuclease at 37°C for 24h. The 

sample was resolved using agarose gel electrophoresis (section 2.4.7). The agarose gel was 

visualised under wv-transillumination to confirm that the plasmid was linearised. Following 

restriction digestion, the endonuclease was removed using a PCR preparation kit (Promega) 

as described in section 2.4.8.

The purity of the purified plasmid was determined using spectroscopy (section 2.4.5). All 

plasmid DNA used for the transfection of mammalian cells had a 260: 280nm ratio of 

between 1.8 and 1.9.

3.3.11c Electroporation of CHO K1 cell line with plasmid pVgRXR

Plasmid pVgRXR was introduced into CHO K1 cells using an electroporation technique. 

CHO K1 cells were grown in DMEM/Ham’s F I2 Nut Mix media containing Glutamax™ for 

a period of 24 hours prior to electroporation. CHO K1 cells were harvested in logarithmic 

phase using Versene™. The cells were washed, counted and resuspended in DMEM/high 

glucose at a concentration of 3 x 10  ̂cells/ml.

Electroporation was performed at room temperature 800pl of cells were dispensed into an 

electroporation cuvette with a gap width of 0.4cm. l-6pg of pVgRXR plasmid in lOOpl of IX 

TE buffer was added to the cell suspension. The DNA was incubated with the cells for 20
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minutes. The cells were then electroporated using a BioRad Gene Puiser using the following 

settings (0.245kV, 960pF, 0.098kV/cm).

3.3.1 Id Cloning of a CHO K1 cell line stably transfected with plasmid pVgRXR

Two rounds of cloning using a limiting dilution method were used to establish a cell-line 

derived from a single parent cell. Non-transfected CHO K1 cells were cultured to determine 

the plating density of cells required to facilitate the formation of cell colonies derived from a 

single parent cell. A limiting dilution methodology was used to establish the optimal plating 

density. CHO K1 cells grew as isolated colonies when plated at an equivalent of 0.07 cells 

per cm^ culture dish.

Subsequent to electroporation the cells were resuspended in a complete media. Each 

electroporation sample was dispensed into T175 tissue culture flasks. The cells were 

permitted to double twice under non-selective conditions. The cells were then switched to 

selective conditions (lOOpg/ml Zeocin™) and were maintained in logarithmic phase by 

splitting the cells when they reached confluence. The selection procedure was applied for 

approximately 2 weeks.

Several aliquots of the cells were stored in liquid nitrogen. In addition some cells were taken 

for the first round of cloning. The cells were harvested using Versene™ and were washed in 

media. 3000 cells were seeded into 8cm diameter petri-dishes (0.07 cells/cm^). The cells 

were subsequently fed with selective medium containing 75pg/ml Zeocin^*  ̂every 4 days. The 

growth of colonies in culture flasks was monitored using a phase-contrast microscope. 

Colonies containing 500-1000 cells were picked for a subsequent second round of cloning 

(sub-cloning). One end of an autoclaved O-ring was coated with autoclaved silicon grease. 

The O-ring was placed to encompass the colony of interest. The colony was dislodged by 

pipeting and was placed into a 96-well plate. Several of the colonies were expanded in culture 

and aliquots of the cells were stored in liquid nitrogen.

One of the colonies was arbitrarily chosen for a further round of sub-cloning. The cells were 

again plated at an equivalent of 0.07 cells/cm^ culture dish and were maintained under 

selective conditions. The cultures were observed until colonies containing 500-100 cells were 

evident. In total, 40 colonies were picked from the sub-clones in order to isolate a cell-line 

with the pVgRXR plasmid stably integrated into the host genome. These colonies were 

expanded to a number at least exceeding 10 x 10 ,̂ to provide sufficient cells for long-term 

storage under liquid nitrogen.



98

3.3.12 Expression of TF from pIND plasmid constructs in the stably transfected 

pVgRXR-positive CHO K1 cell line

3.3.12a Transfection of the pVgRXR-positive CHO K1 cell line with pIND(+TF) 

plasmid constructs

The stably transfected pVgRXR-positive CHO K1 cells were transfected with the various 

pIND plasmids encoding either wild type or mutant TF. In all cases the transfection 

procedure was the same.

Img of Transfectam™ was resuspended in 400pl of 100% ethanol to give a 2mM stock 

solution. The stock was vortexed and stored in the fridge at least 24 hours prior to use to 

ensure optimal solubilisation and maximal transfection efficiency.

Cells were seeded onto coverslips as described in section 2.1.8. Cells were grown to 40-50% 

confluence in DMEM/Ham’s F 12 media containing 10% y-irradiated FBS. Cells were 

washed in DMEM/Ham’s F 12 in the absence of serum, which would otherwise inhibit the 

transfection process.

Two separate DMEM/Ham’s F 12 solutions were prepared for each transfection. The first 

solution consisted of DMEM/Ham’s F 12 (1ml per cm^ culture area) supplemented with the 

appropriate TF-containing pIND plasmid (3pg per cm^ culture area). A second media 

solution containing an equivalent volume of DMEM/Ham’s F 12 was prepared and 1.4pl of 

Transfectam™ per pg of plasmid DNA was added to the media. Both solutions were briefly 

vortexed and then mixed to enable the Transfectam^^ to bind to the plasmid DNA. The 

transfection mixture was then added drop-wise to the washed cells. Cells were maintained at 

37°C under 5% CO2 in a humidified atmosphere for 24 hours to enable uptake of the plasmid 

into the cells.

3.3.12b Induction of gene expression from TF-positive pIND plasmid constructs

Cells were washed free of any excess transfection mixture using DMEM/Ham’s F I2 

supplemented with 10% y-irradiated FBS, penicillin and streptomycin. The cells were then 

resuspended in fresh complete DMEM/Ham’s F12 media (3ml per cm^ culture area). 

Muristerone™ was added to the cells at the desired final concentration and the cells were 

replaced into the incubator for the required time period.
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3.3.12c Measurement of TF expression on transfected pVgRXR/CHO K1 cells using 

a flow cytometric technique

The media was removed from the culture vessel and a quantity of Versene™ sufficient to 

cover the base of the culture dish was added. The culture vessels were replaced in the 

incubator until the cells were detached. Cells were washed with PBS and an aliquot removed 

for counting. For flow cytometry, two aliquots from each sample, containing a minimum of 

0.1m cells each, were dispensed into 1.5ml microcentrifuge tubes. The cells were pelleted at 

13 OGOg for 1 minute in a microcentrifuge. The supernatant was removed and the cells were 

resuspended in lOOpl of PBS. 5pi of a mouse IgGl monoclonal antibody to TF (Calbiochem) 

at a concentration of 0.1 mg/ml was added to one tube and 5pl of a control antibody directed 

toward Aspergillus nidulans glucose oxidase was added to the other tube. The cells were 

incubated with the antibodies for 30 minutes on ice. The cells were then washed with 1ml of 

cold PBS and resuspended to lOOpl in PBS. The cells were incubated with 5pi of a FITC- 

conjugated goat anti-mouse antibody (Becton Dickinson) for a further 30 minutes on ice in the 

dark prior to flow cytometric analysis.

TF expression on CHO K1 cells was examined using a Coulter Epics-MCL flow cytometer. 

Cells stained with negative control antibody were transferred to flow cytometry tubes and the 

tube was positioned into the machine. The voltage and gain of the forward scatter (FSC) and 

side scatter (SSC) photomultiplier tubes were adjusted so that the cell population was 

positioned in the centre of the FSC vs SSC dot plot. The threshold on the FSC signal was set 

in order to exclude machine noise from the FSC vs SSC dot plot. An amorphous gate was 

drawn around the region of interest to include cells and exclude cell debris. In addition, an 

amorphous region was also drawn around the cell debris/shed vesicles. The FLl channel of 

the cytometer was used to detect the fluorescence of the FITC-conjugated antibodies. The 

fluorescence of at least 26, 000 events were collected and separate fluorescence histograms 

for cells and vesicles were displayed. Each histogram represents a plot of cell number versus 

the logarithm of the FLl fluorescence intensity. The voltage and gain of the FLl channel was 

set so that the lowest levels of fluorescent emission from the cells or vesicles were positioned 

within the first log decade. Linear regions were drawn in both log FLl histograms in order for 

the software to perform calculations of the mean fluorescence intensity for the cells and 

vesicles/debris.

For each separate sample the fluorescence of cells stained with negative control antibody was 

used as a measure of background fluorescence arising from non-specific staining. The 

fluorescence of the control was subtracted from the fluorescence of the sample stained using 

the anti tissue factor antibody to give the relative level of cellular tissue factor expression.
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3.4 Results

3.4.1 Isolation of poly (A)+ mRNA from THP-1 cells

The isolation of mRNA from THP-1 cells was confirmed qualitatively using SYBRI 

(Flowgen). SYBR I is a fluorescent dye that emits green fluorescence when it is bound to 

RNA. The fluorescent emission is selective and does not occur in the presence of DNA.

A 2pl sample of the poly (A)+ mRNA isolate was mixed with a 1 in 1000 dilution of the 

stock SYBR I solution. A strong fluorescence was evident when the sample was observed 

under ultra violet light at a wavelength of 254nm, The concentration and purity of the RNA 

sample was determined using a spectrophotometer as described in section 2.4.6.

3.4.2 RT-PCR of tissue factor from THP-1 cells

A lOpl sample of the products resulting from RT-PCR amplification of the poly A mRNA 

sample was subject to agarose gel electrophoresis as described in section 2.4.7. A lOObp 

ladder was loaded in parallel with the RT-PCR products. The RT-PCR of poly (A)+ mRNA 

isolated from THP-1 cells using the TF primers lead to the amplification of a distinct band 

that resolved equivalent to 900bp in the DNA ladder (figure 3.14). The calculated length of 

the band resulting from amplification of the appropriate TF mRNA was 900bp. The band that 

migrated equivalent to the 900bp in the DNA ladder band was excised. The PCR product 

was extracted from the gel as described in section 3.3.4.

3.4.3 Restriction digestion of pIND plasmid

In order to perform uni-directional cloning, the plND plasmid was digested with BamHl and 

Hind III. BamHl and Hind III each cut the pIND plasmid once within the multiple cloning 

site. Since the two enzymes are functional in the same buffer, both enzymes were added 

simultaneously. The reaction mixture was assembled as shown in figure 3.7. An aliquot of the 

digestion mixture was subject to agarose gel electrophoresis to determine the success of the 

digestion procedure (figure 3.15). The excised fragment is too small to be detected easily on 

agarose gel electrophoresis. An alternate means of detecting the success of the digestion was 

devised. When the plasmid is cut by a restriction endonuclease, it becomes linearised and its 

mobility on agarose is reduced. However, since the plasmid only needs to be cut by one 

enzyme to become linearised, it is not possible to determine whether a linearised plasmid 

results from digestion by one or both of the enzymes. Furthermore, it was not possible to 

determine whether each enzyme had digested all of the plasmid. In order to confirm that each 

enzyme was functional and that the reactions had proceeded to complete digestion of all of the
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plasmid, two additional reactions were set up as controls. One reaction contained Bam HI 

and not Hind III and the other reaction was vice versa. Thus if each of the control reactions 

resulted in linearisation of the plasmid it was likely that the two enzymes were both 

functioning when incubated simultaneously. In addition, the control reactions revealed 

whether the incubation period was sufficiently long to allow digestion of all of the plasmid.

The gel image of the digestion is shown in figure 3.15. The uncut plasmid is visible as a single 

band in lane a. The bands in lanes a-d that migrate more slowly, indicating that these bands 

represent digested plasmid. The reaction products of the single enzyme digestions resolve as a 

single band (lanes a and c) showing that the digestion proceeded to completion for both 

enzymes. Thus the single band in lane d, fi-om the reaction containing both restriction 

endonucleases, is likely to be homogeneous, consisting only of plasmid digested with both 

enzymes. It seems unlikely that the band consists of a heterogeneous mix of plasmid cut with 

one or other or both of the enzymes.

3.4.4 DNA sequencing of recombinant plasmid containing mutated tissue factor

Plasmids were prepared for sequencing using the procedure described in section 2.4.4. The 

sequence of the recombinant pIND plasmid containing wild-type and mutated of TF were 

determined at the Babraham Institute, Cambridge, U.K. Sequencing confirmed that the 

correct wild-type TF sequence was cloned into the pIND plasmid in-fi-ame and in the 

appropriate position. In addition, sequencing confirmed the appropriate introduction of point 

mutations by the site-directed mutagenesis procedure.

3.4.5 Selection of a TF-negative cell line for the study of Ca  ̂ signalling by TF

COS I cells were harvested for measurement of expression of TF using the prothrombin time 

test (2.2.1). COSl cells were tested and found to express 0.36 ±0.17 units of TF activity per 

10  ̂cells. These results contradict the findings of Rottingen et al (1995), who did not find TF 

expression in this cell line. In order to confirm that the procoagulant activity detected in the 

COSl cells was due to TF expression, a procoagulant assay was repeated on these cells in the 

presence of FVII-deficient plasma rather than normal plasma. COSl cells assayed for 

procoagulant activity in FVII-deficient plasma did not form clots. These results confirm that 

COSl cells are not suitable for investigation of TF signalling as they express endogenous wild 

type TF.

An alternative cell line, Chinese Hamster Ovary K1 cells (CHO Kl),  was then tested for TF 

expression using the prothrombin time test. Whole and lysed CHO Kl cells failed to exhibit



102

Figure 3.14 : Gel image ofTF RT-PCR product
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Poly(A)+ mRKA was extracted from THP-1 cells using an oligo d(T) latex methodology (R & D systems). 
Primers were designed for the amplification of TF mRNA (figure 3.4) RT-PCR of TF was perfomed using a 
single tube procedure (Access RT-PCR, Promega) as described in section 3.3 3. The reaction products were 
resolved using gel electrophoresis on a P/o agarose gel (2 4 7) and visualised under uv-transillumination.

Figure 3.15 : Gel image of restriction enzyme digested pIKD plasmid
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0.1-0.5mg o f plasmid DNA was incubated with Bam HI and Hind EE as follows, a; control sample with no 
restriction enzymes, b; 1 unit of B am H l, c: 1 unit o f Hind IH, d; 1 unit each o f B am H l and Hind IH 
(figure 3 .7). The reactions were incubated for 12 hours at 37 C. The samples were then resolved by gel 
electrophoresis on a 1% agarose gel (2.4.7). The reaction products were visualised under uv-transilluminatioi
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TF activity in this assay, demonstrating that CHO Kl cells do not express endogenous TF. 

The CHO Kl cells were thus selected for transfection and expression of TF.

3.4.6 Cytotoxicity of CHO K l cells to Zeocin^^

The amount of Zeocin^*  ̂ and length of treatment required to kill cells lacking resistance to 

Zeocin^^ was determined in a cytotoxicity assay. The cytotoxic effect of antibiotics is most 

pronounced when added to cultures of cells that are actively dividing. CHO Kl cells were 

plated at 0.1 x 10  ̂ cells per 25cm^ culture surface area. Zeocin™ was added at final 

concentrations of 50, 100 and 150 pg/ml. The cytotoxicity test at each concentration was 

performed in triplicate and the whole experiment was performed twice. The media was 

replaced with fresh media and re-supplemented with Zeocin^*  ̂every 4 days.

The results demonstrated that the minimum concentration of Zeocin^^ required to efficiently 

kill CHO Kl cells is 1 OOpg/ml for 10 days. This treatment regimen was used as the protocol 

employed to select for Zeocin^*  ̂ resistant cells. This regimen should ensure that only cells 

transfected with the plasmid pVgRXR, which encodes proteins that detoxify Zeocin™, 

should survive the antibiotic selection procedure.

3.4.7 Identification of a pVgRXR-positive CHO K l colony

pVgRXR plasmid was digested with the Mlul restriction endonuclease. Confirmation of the 

successful linearisation of the plasmid was determined by gel electrophoresis prior to 

transfection into CHO Kl cells. A cell line containing pVgRXR integrated into the host 

genome was established by prolonged selection in cytotoxic concentrations of Zeocin™, 

lOOpg/ml for > 10 days, as described in section 3.3.10. The success of integration of the 

pVgRXR into the host genome was ascertained by testing whether the expression of wild- 

type TF could be attained in the isolated CHO Kl colonies, subsequent to transfection and 

induction of TF from the plND(+TFwO plasmid.

Cell colonies isolated after prolonged selection in Zeocin, which potentially contained the 

pVgRXR plasmid integrated into the host genome, were seeded on coverslips and transfected 

overnight with the pIND vector containing wild type TF (section 3.3.12). The induction of TF 

expression was initiated by the addition of lOpM Muristerone™. After 4.25 hours of 

incubation with lOpM Muristerone^^, the levels of expression of wild type TF in transfected 

CHO Kl cells were determined using flow cytometry.

Cells were stained for TF expression using fluorescent antibodies as described in section 

3.3.11c. The relative fluorescence intensity emitted from individual cells was determined 

using a Coulter Epic MCL flow cytometer. Machine noise was thresholded out on the FSC
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channel. Cells were identified in a log FSC vs log SSC dot plot and a gate was constructed to 

exclude other events such as noise or vesicles. The fluorescence intensity of the gated cells 

was displayed in a log FLl H histogram. The mean and median fluorescence intensity of each 

sample was recorded. The mean and median values of the respective control sample were 

subtracted from the sample values, to give a relative fluorescence intensity value.

Cells transfected with wild-type TF expressed TF when induced with lOpM Muristerone^*^ 

for 4.25h (figure 3.16). Cell surface TF fluorescence was 37-fold greater than the 

fluorescence emitted by the control sample. The data also demonstrates that the cell surface 

TF was not transferred to vesicles derived from the cell cultures up to 4.25h after induction of 

expression.

3.4.8 Determination of functionality of wild type TF expressed on CHO K l cells

The absence of TF expression in non-transfected CHO Kl cells was confirmed using the 

prothrombin time assay as described. No procoagulant activity was detected in either whole 

or lysed CHO Kl cells however, cells transfected with wild type TF expressed 0.08 units of 

TF activity per 1 x 10  ̂ cells. The level of TF expression attained in the transfected cell line 

was compared to levels in cells that constitutively express TF. MDCK2, T24 and COSl cells 

expressed TF at 0.72 ± 0.2, 1.81 ± 0.96 and 0.36 ± 0.17 respectively. Thus the 

CHO Kl(+TFwt) cells expressed TF at 11.1%, 4.4% and 22.2% of the levels found in 

MDCK2, T24 and COSl cells, respectively.

These results confirmed the successful isolation of a population of CHO Kl cells derived 

fi'om a single ancestral cell that had undergone stable integration of the pVgRXR plasmid into 

the genome. This cell-line (CHO Kl(pVgRXR)), was used for further studies to investigate 

TF in cellular signalling.
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Figm e 3.16a: Flow cytometilc (leteiiniiiotioii of cell sm face tissue factor expression
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Figure 3.16b: Cell surface expression of TF in transfected CHO Kl cells
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Cells were harvested and resuspended to Im/lOOpl in PBS containing 1% BSA (pH 7.2). For each 
sample, two lOOpl aliquots of cells were placed into 1.5ml microcentrifuge tubes. 5pl of FITC- 
conjugated antibody to tissue factor (0.1 mg/ml, American Diagnostica) was added to one sample in 
order to determine tissue factor antigen. To the control tube, 5pl of an FITC-conjugated control antibody 
directed against Aspergillus nidulans glucose oxidase was added (0.1 mg/ml, Dako). The antibodies were 
incubated with the samples on ice, in the dark for 30 minutes. 0.5ml of 1% BSA in PBS was added and 
the cells pelleted in a microcentrifuge for 0.5 minutes at 13000g. The supernatant was removed and the 
cell pellet was resuspended. 1ml of PBS was added to the cells prior to flow cytometric analysis. Results 
are shown as the mean ± S.E.M. of at least 10, 000 cells/vesicles.
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3.4.9 Expression and activity of exogenous wild type and truncated TF in CHO K l 

cells

Preliminary experiments were performed to determine the involvement of the entire 

cytoplasmic domain upon the induction of cytosolic Ca^^ transients by FVIIa, prior to 

embarking upon studies focussing upon any potential involvement of the three serine residues 

in the cytoplasmic domain of TF.

Cells transfected with recombinant plasmid vector containing either wild-type TF or mutant 

TF lacking the cytoplasmic domain, were plated onto glass coverslips as described in section 

2.1.8. Cells were induced to express TF by the addition of lOpM Muristerone™ to the cell 

cultures. Cells were incubated in the presence of Muristerone^*^ for 4.25h.

Cell surface expression of wild type or truncated TF was determined using flow cytometry as 

described in section 3.3.12c. Cells transfected with pIND containing either wild type TF or 

truncated TF expressed TF at similar levels when expression was induced with lOpM 

Muristerone™ for 4.25h (figure 3.16). In both cases, cell surface fluorescence was 37-fold 

greater than observed in cells incubated with fluorescent-labelled control antibody. These 

results demonstrated that the cytoplasmic domain of TF is not involved in the cell surface 

expression of TF.

The appropriate biological function of the exogenously expressed TF molecules was 

determined using the prothrombin time test. Cells expressing wild type and truncated TF 

expressed 0.08 and 0.07 units of TF activity per 10  ̂cells. These levels of expression of TF 

activity in the transfected CHO Kl cells are between approximately 4 and 20% of levels seen 

in other cell types that express TF constitutively (section 3.4.8). The flow cytometry data 

demonstrates that a comparable number of TF molecules are expressed on cells transfected 

with wild type and truncated TF. Furthermore, since the procoagulant activities elicited by the 

cells transfected with wild type and truncated TF are similar, these results demonstrate that 

the activity of truncated TF is unaltered by deletion of the cytoplasmic domain.

3.4.10 Measurement of basal levels of cytosolic Ca  ̂ in CHO K l cells expressing 

endogenous wild typeXF

TF-expressing CHO Kl cells were then loaded with the Ca^-sensitive fluorophore Fura2AM 

as described in section 2.3.2. Coverslips of Fura2-loaded cells were loaded into the chamber 

of a microscope integrated to a real-time fluorescent video imaging system. Levels of 

cytosolic Ca^  ̂were measured as described in section 2.3.
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The basal levels of cytosolic Ca^  ̂were observed for at least 30 seconds prior to the addition 

of the FVIIa agonist. The mean and SEM of the basal level of cytosolic Ca^  ̂ in CHO Kl 

(+TFw/) was 0.8 ± 0.1 (figure 3.17a).

3.4.11 Effect of FVIIa upon basal levels of cytosolic Ca  ̂ in CHO K l transfected with 

wild type TF

The effect of the addition of400nM FVIIa to the CHO Kl cells transfected with wild type TF 

is shown in figure 3.17a. The mean and S.E.M of cytosolic Ca^  ̂levels measured subsequent 

to the addition of the FVIIa is 0.77 ±0.10. The levels of cytosolic Ca^  ̂ measured after the 

addition of FVIIa were not significantly different fi'om the basal cytosolic Ca^  ̂ levels

(Student’s t-test p = 0.25).

3.4.12 Effect of transfection upon basal cytosolic Ca  ̂ levels in CHO K l cells

The apparent failure of transfected CHO Kl cells to respond to the FVIIa stimulus was 

investigated. The possibility that the basal levels of Ca^  ̂ in transfected CHO Kl cells were 

unstable was examined. The levels of cytosolic Ca^  ̂ in CHO Kl cells that bad not been 

transfected and were not exposed to transfection reagent were measured. The levels of 

cytosolic Ca^  ̂in control CHO Kl cells that were not exposed to the transfection reagent were 

0.76 ± 0.01. In addition, the basal cytosolic Ca^  ̂ levels in an alternative cell line (T24 cells) 

were measured and were found to be 0.74 ± 0.01 (figure 3.17b). The average S.E.M. of basal 

cytosolic Ca^  ̂levels in transfected CHO Kl cells was an order of magnitude greater than the 

basal levels in non-transfected CHO Kl cells and in T24 cells (0.10, 0.01 and 0.01 

respectively). These data reveal that the basal cytosolic Ca^  ̂ levels in TF-transfected 

CHO Kl cells were significantly more variable in comparison to basal levels of cytosolic Ca^  ̂

in non-transfected CHO Kl cells and in T24 cells. Furthermore, the results show that the 

transfection procedure itself introduces the instability in cytosolic Ca^  ̂ levels. Unfortunately, 

the instability in the cytosolic Ca  ̂ levels precludes the investigation of the role of the 

cytoplasmic domain of TF in the cell signalling responses of cells to FVIIa as the detection of 

any signal would be precluded by high levels of background noise. Further investigation of TF 

signalling using CHO Kl cells was not pursued since at this time Camerer E., et al (1999) 

observed a failure of CHO Kl cells expressing TF to respond to FVIIa. This suggests that 

CHO Kl cells are not a suitable cell type in which to study the mechanisms of TF: FVIIa 

signalling as they lack components involved in signal transduction and/or propagation.
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Figure 3.17a: Cytosolic calcium levels in non-stimulated and F Vila-treated CHO Kl 

cells expressing wild-type TF
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Figure 3.17b: Basal cytosolic Ca^ levels in non-transfected CHO K l and T24 cells
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CHO Kl cells transfected with recombinant plasmid containing wild-type TF were induced to express 
TF (section 3.3.10). TF-expressing CHO Kl cells were loaded with the calcium-sensitive fluorophore 
Fura2AM as described in section 2.3.2. Cytosolic Ca^^ levels in non-stimulated and FVIla-stimulated 
cells (400nM) were measured using a microscope integrated to a video fluorescence imaging system 
(figure 3.17a). Basal Ca^^ levels of non-stimulated cells were measured in non-transfected CHO Kl cells 
and in T24 cells (Figure 3.17b). Results are shown as the mean ± the SEM for at least 20 individual 
cells.
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3.5 Conclusions
CHO Kl cells do net express endogenous TF. CHO Kl cells transfected with plasmid 

encoding wild type and TF lacking the cytoplasmic domain can be induced to express TF at 

the cell surface. The cell surface expressed TF retained ftinctionality as determined by the 

prothrombin time assay. The level of expression of TF activity upon the transfected cells was 

found to be between approximately 0.05 and 0.2 times the amount of TF activity typically 

expressed on cell types that express TF endogenously. The results demonstrate that TF is 

expressed efficiently in CHO Kl cells using the dual vector pIND expression system 

(Invitrogen).

Kinetic imaging of CHO Kl cells expressing wild-type TF demonstrates that the basal 

cytosolic Ca^  ̂ levels were highly unstable. The background noise in the basal Ca^  ̂levels was 

evident in 95% of the cells examined. Addition of FVIIa to these cells did not elicit significant 

increases in the cytosolic Ca^\ Thus, the failure to detect induction of Ca^  ̂transients after the 

addition of FVIIa may be due the masking of a response due to a low signal to noise ratio. 

However, TF-transfected CHO Kl cells may lack the signal transduction machinery required 

for the induction of Ca^  ̂ transients by FVIIa. Signal transduction by the TF : FVIIa complex 

has been found to be dependent upon the proteolytic activation of an additional receptor, 

recently identified as PAR2 (Camerer E., 2000b). The requirement for alternate or additional 

signalling proteins is implied since CHO Kl cells transfected with TF and PAR2 remain 

unresponsive to FVIIa. Investigation of the involvement of the cytoplasmic serine residues of 

TF in the induction of cytosolic Ca^  ̂transients was thus not feasible using the CHO Kl cell 

type. A more suitable cell line must be identified prior to further investigation of the 

involvement of the cytoplasmic domain of TF in Ca^  ̂signalling.

3.6 Discussion
The involvement of the cytoplasmic domain of TF in cellular signalling has been reported 

recently (Cunningham M.A., 1999). However, the involvement of the three intracellular 

serine residues in the induction of the Ca^^ signal remains unresolved. Hence, further 

investigation of the involvement of the intracellular serine residues in TF domain in TF 

signalling is warranted. In these studies, CHO Kl cells, lacking endogenous TF, were 

selected for expression of wild type and mutant TF, to investigate the involvement of the 

cytoplasmic domain of TF in the transduction of cytosolic Ca^  ̂signals.

CHO Kl cells were successfully transfected with wild type TF and TF lacking the 

cytoplasmic domain. However, the basal levels of cytosolic Ca^  ̂ in TF-transfected CHO Kl 

cell line were unstable. The underlying cause of the cytosolic instability is derived fi-om the
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transfection procedure. It appears that the transfection reagent, which is engineered to 

traverse cell membranes, may interfere with the integrity of the membranes of intracellular 

Ca^  ̂ stores. The instability of basal cytosolic Ca^  ̂ may result from leakage of Ca^^ from 

intracellular stores into the cytoplasm. Subsequent removal of the cytosolic Ca^  ̂may explain 

the fluctuations in cytosolic Ca^\ In addition, the persistence of the fluctuations may arise 

from cycles of leakage followed by re-sequestration of cytosolic Ca^\ Further investigation of 

the involvement of the intracellular domain of TF in the induction of Ca^ transients would be 

carried out using an alternative transfection protocol.

The involvement of the PAR-2 receptor in cellular signalling by the TF : FVIIa complex has 

been recently identified (Camerer E., 2000). The presence of expression of the PAR-2 

receptor in CHO Kl cells should be established before further investigation of TF signalling 

in this cell line is pursued. Since PAR2 and TF are components of a common signalling 

pathway, PAR2 receptor expression may be linked to TF expression, it is thus possible that a 

cell line that expresses the PAR2 receptor in the absence of TF expression may be difficult to 

find. As an alternative, a cell line that constitutively expresses TF may be used for the 

investigation of TF signalling, for example, the human monocyte-derived cell line (U937) 

used in the study by Cunningham et al (1999) or KOLF lung fibroblasts as used by Camerer 

et al (2000). Investigation of cytosolic Ca^  ̂ signals using a cell line known to express TF 

would be advantageous in that one could be sure that the required components of the 

signalling pathway are expressed in the chosen cell line. However, the investigation of the 

effect of mutation of TF in a cell line that expresses TF endogenously may be precluded due 

to the presence of wild type TF. Notwithstanding, expression of exogenous mutant TF in cells 

expressing endogenous TF may be a useful model provided that mutation of functional 

regions of TF involved in signalling were able to significantly modulate the overall response 

of the cells.

Unfortunately, constraints on access to imaging equipment prevented further pursuit of these 

investigations. However, useful observations were gained from these studies, which will aid 

further investigations. These data demonstrate that CHO Kl cells transfected with 

recombinant pIND containing either wild-type TF or TF lacking the cytoplasmic domain can 

be induced to express frinctional TF at the cell surface. This shows that the cytoplasmic 

domain of TF is not required for cell surface expression of TF. In addition, since cells 

expressing exogenous TF were capable of exhibiting procoagulant activity, these results 

confirm that the cytoplasmic domain is not required for the procoagulant activity of TF. In 

addition, the pIND/pVgRXR expression vector system is demonstrated to be suitable for 

expression of TF in mammalian cells. The levels of TF expression in attained in transfected
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CHO Kl cells were between 5- and 20-fold lower that the levels of TF expression found in 

other cell lines that express TF endogenously. Importantly, the level of expression of TF in the 

CHO Kl cells could be enhanced, as the induction of recombinant genes in the 

pIND/pVgRXR is dependent upon the concentration of the inducer. Furthermore, since the 

inducer is related to the insect hormone ecdysone, increased expression of TF is attainable 

without the induction of expression of potentially undesirable endogenous proteins.
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CHAPTER 4

INHIBITION OF TISSUE FACTOR: FVIIa-MEDIATED

INDUCTION OF CYTOSOLIC Câ  ̂ TRANSIENTS BY AN 

APOLIPOPROTEIN BIOO-DERIVED PEPTIDE
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4.1 Introduction

4.1.1 Modulation of TF activity by native and oxidized LDL

The activity of TF is differentially modulated by LDL depending upon its oxidation status. 

While oxidized LDL enhances TF activity, native LDL inhibits TF activity (Ettelaie C., 

1995 and 1997). The ability of native LDL to inhibit TF activity results from direct protein: 

protein interactions between the apolipoprotein B-lOO (apo BlOO) component of LDL and 

the TF molecule (Ettelaie C., 1996). The region of apo BlOO responsible for this inhibitory 

capacity is located in residues 3147-3160 (KAQSKKNKHRHSTT) of the protein (Ettelaie

C., 1998) and has been termed the KRAD14 peptide, (an acronym for lysine-rich 

apolipoprotein BlOO domain 14-mer peptide). This region is within the LDL receptor- 

binding domain of apo BlOO (Milne R., 1989, Lawn A., 1990, Chan L., 1992 and Olsson 

U., 1997). Furthermore, a region within TF (residues 58-66) is homologous to one of the 

repeated domains within the LDL-receptor protein (residues 283-291, Ettelaie C., 1996) 

responsible for the binding of apo BlOO (Goldstein J.L., 1985) and a model of the 

interacting residues between the 58-66 region of TF and KRAD14 has been proposed. 

Mutational studies show that alanine substitution of the second and third lysine residues and 

the asparagine residue within KRAD14 markedly reduces its ability to inhibit the 

procoagulant activity of TF (Ettelaie C., 1998). Structural data regarding the interaction 

between TF and FVIIa demonstrate the importance of residues within the 58-66 region of 

TF in the activation of FVIIa (Pike A.C.W., 1999) and validates the potential for the 

binding of KRAD14 to this site to inhibit F VII activation.

4.1.2 The structure of tissue factor

TF was recognised as a member of the class II cytokine receptor superfamily (Bazan J.F.,

1990) based upon its distinctive architecture within the extracellular region (figures 4.1 and 

4.2). Each of the two compact fibronectin type domains in the extracellular region of TF 

consists of a three-stranded p-sheet and a four-stranded p-sheet. The three- and four- 

stranded sheets pack against each other to form a p-sandwich. Inter-strand loops from each 

module interdigitate in a manner similar to a dovetailed joint and form the module interface. 

Polymorphic sites have not been detected in TF (Mackman N., 1989) suggesting that 

variation in the structure is not tolerated. Despite its homology with the cytokine receptor 

superfamily, TF displays several idiosyncrasies that deviate from cytokine receptor 

topology (figures 4.3 and 4.4).



Figure 4.1: Arrangement of p-strands in the tissue factor molecule
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F ig u r e  4.2: S t i u c t u i e  o f  th e  ex tra ce llu la r  d o m a iii  o f  t issue fa c to r
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Figure 4.3: Features of TF characteristic of the cytokine receptor II superfamily

• Single transmembrane domain

• p-strand modules homologous to the fibronectin III subclass of the immunoglobulin 

superfamily

• Disulphide bonding characteristic of the type II subclass of cytokine superfamily

• Ligand-binding site is topologically similar to cytokine superfamily

• WKS motifs

Figure 4.4: Features of TF that deviate from the cytokine receptor II superfamily

• Inter-domain hinge angle is 125°, 45° larger than growth hormone receptor (Harlos 

K., 1994)

• Ligand binding site extends to the concave side of the molecule

• Ligand binding residues are on p-strands rather than on inter-strand loops

• pq loop and o2 helk (extended binding finger) is 9 residues longer than in growth 

hormone receptor

• Disulphide bond between strands F and G of the C-terminal module is solvent 

accessible

4.1.3 The structure of coagulation factor VII

FVII possesses a modular organization with an N-terminal membrane binding y- 

carboxyglutamic acid domain, two epidermal growth factor (EGF)-like domains and a C- 

terminal serine protease domain (Furie B., 1988). The active form of the enzyme comprises 

a light chain (152 residues) and a heavy chain (254 residues) liked by a disulphide bond. 

The active form is generated by the cleavage of the Argl52/IleI53 peptide bond, located 

between the second EGF domain (EGF2) and the protease domain (Khan A.R., 1998). The 

structure of Gla-domainless FVIIa (GD-FVIIa), bound to TF, is depicted as a ribbon 

representation in figure 4.5. The light chain forms a narrow stalk on which the protease 

domain sits. The EGF2 and protease domain associate into a compact structural unit in a 

similar manner to factors IXa, Xa and activated protein C. The EGFl domain extends away 

from this compact core to yield a molecule 90Â in length. The EGF modules are stacked 

end on end and have a single stabilising bond between Asn93 and Lys 85.
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4.1.4 The interaction of tissue factor and FVIIa

The relatively recent elucidation of the crystal structure of the complex of clotting factor 

FVIIa with the extracellular region of TF (sTF) to a resolution of 2Â (figure 4.5) provides a 

molecular analysis of complex formation (Banner D.W., 1996). The data tabulated in 

appendix 4 summarise studies where functionally important residues in TF have been 

identified. The results demonstrate that the majority of the binding energy arises from the 

light chain of FVIIa and both extracellular domains of TF. The membrane proximal region 

of TF binds the Gla domain of FVIIa. The front central region at the boundary between the 

two extracellular modules binds the EGF-1 domain of FVIIa. The top of the TF molecule 

binds the EGF-2 and catalytic domains of F VII.

The TF region 58-66, comprising the proposed binding site for the inhibitory KRAD14 

peptide, contains residues that are important in FVIIa binding. Residues Glu56 and Asp58 

form H-bonds with FVII (Banner D.W., 1996) Mutation of the Asp58 residue results in 

5000-fold reduction in affinity for the FVII ligand (Martin D.M.A., 1995) and renders TF 

defective as a co-factor for F Vila-dependent FX activation (Lee G.F., 1998). Interestingly, 

residues 58-66 in TF are highly conserved between species (Appendix 5, Andrews B.S.,

1991)

4.1.5 Induction of cellular signalling by TF: FVIIa

TF was recognised as a member of the cytokine receptor superfamily in the early 1990s 

(Bazan J.F., 1990), however the ability of TF to induce cellular signals was not directly 

demonstrated until the mid-1990s (Rottingen J-A., 1995). F Vila-induced increases in Ca^  ̂

transients are observed in a number of cell types expressing TF including; human umbilical 

vein endothelial cells (HUVEC) induced to express TF by pre-treatment with IL-lp, human 

bladder carcinoma cells (J82); Madin-Darby canine kidney cells and COS-1 cells 

transfected with TF.

Active site-inhibited FVIIa (FVIIai) does not elicit Ca^^ transients demonstrating that ligand 

binding per se is not sufficient to induce cellular signalling and that the activation of FVII is 

required for the induction of Ca^  ̂ transients. The identity of the substrate(s) of 

proteolytically active FVII involved in the induction of cytosolic Ca^  ̂ signalling has been 

investigated and is discussed in detail in section 3.1.2.
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lire 4.5: The crystal structure of the soluble tissue factor: Gla-domainless FVIIa complex
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4.2 Aims

• To determine whether an inhibitor of the procoagulant activity of TF: FVIIa inhibits 

the cell signalling function of TF

• To re-evaluate the proposed mechanism of inhibition of FVII activation by the 

KRAD6 peptide, in respect of its compatibility with recent observations that reveal 

the mechanism of activation of FVII by TF

4.3 Methods

4.3.1 Cell preparation

MDCK2 cells were cultured, harvested and seeded onto glass coverslips as described in 

section 1.8. For experimentation coverslips of cells were loaded with the Ca^^-sensitive 

fluorophore Fura2, as described in section 2.3.2. After the cells were loaded with Fura2, the 

coverslips were seated into the imaging equipment as detailed in section 2.3.4.

4.3.2 Assay for the inhibition of recombinant human TF by the KRAD6 peptide

The effect of the KRAD6 peptide upon inhibition of recombinant tissue factor activity in 

vitro was determined using the prothrombin time assay. Synthetic KRAD6 peptide was 

added to recombinant human TF (0.1 units) at a final concentration of IpM. The sample 

was then assayed at 0, 4, 8, 11 and 16 minutes after addition of the peptide using the 

prothrombin time test as described in section 2.2.

4.3.3 Measurement of TF activity of intact MDCK2 cells

MDCK2 cells were harvested using trypsin as described in section 2.1.6. Cells were 

resuspended to 2m/100pl in PBS. The cell suspension was successively diluted 2-fold to a 

minimum concentration of 0.031 x 10  ̂ cells per lOOpl. The TF activities of the intact cell 

suspensions were determined using the prothrombin time test as described in section 2.2. 

The clot times were recorded and were converted to TF units using the equation derived 

from the standard curve (section 2.2, figure 2.1); TF units = EXP{ [In (prothrombin time / 

27.059) / -0.2838] }. A plot of TF activity versus the number of MDCK2 cells is plotted in 

figure 4.6.
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4.3.4 Measurement of cytosolic Ca  ̂ responses of MDCK2 cells

Cells were seeded onto sterile glass coverslips as described in section 2.1.8. The cells 

were loaded with the Ca^^-sensitive Fura2AM as detailed in 2.3.2. Cytosolic Ca^  ̂

transients within individual cells were recorded and analysed using a digital imaging 

system as described in section 2.3.
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4.4 Results

4.4.1 Cell surface TF activity on MDCK2 cells

The quantity of TF activity expressed on MDCK2 cells is represented graphically in figure 

4.6. A linear trendline was fitted to the curve, the gradient of the trendline is 0.13, thus 1 x 

10̂  MDCK2 cells express 0.13 units of TF activity.

Prothrombin time assays performed on MDCK2 cells using FVII-deficient plasma failed to 

produce a clot (data not shown) and demonstrate that it is specifically the activity of TF that 

is responsible for the procoagulant activity manifested by MDCK2 cells.

4.4.2 Inhibition of recombinant human tissue factor by the KRAD6 peptide

The involvement of specific residues in the inhibition of TF by KRAD 14 has been 

investigated by mutational analysis (Ettelaie C., 1998). Mutation of residues K and N in the 

KRAD 14 sequence; KAQSKKNKHRHSIT, resulted in a significant reduction in the 

inhibitory capacity of the KRAD 14 peptide. A 6-mer amino acid sequence from the 

KRAD 14 peptide (KKNKHR) was synthesized and tested for its ability to inhibit TF 

activity (KRAD6). The results, presented in figure 4.7, indicate that the KRAD6 peptide at 

a concentration of IpM inhibits TF activity by approximately 50% after 16 minutes.

4.4.3 Normality of the distribution of cytosolic responses to FVIIa

Examination of the Ca^  ̂ responses of a population of cells exposed to a particular 

concentration of FVIIa (100-400nM) showed that the individual cells displayed great 

variation in the characteristics of the cytosolic Ca^  ̂ responses (figure 4.8). These variations 

were evident in respect of; the manifestation of a response, the time taken for the cells to 

respond, the peak amplitude of the response and the decay time of the response. In addition, 

some cells responded to the FVIIa stimulus by exhibiting a series of Ca^  ̂ spikes, the 

number of these oscillations also varied between cells in the population.

The magnitude of the response was measured by calculating the ratio of the average of the 

response of the cells to the average basal level (response: basal ratio, R: B ratio). The 

Shapiro-Wilke normality test was used to determine whether the R: B ratio of cells elicited 

in response to FVIIa was normally distributed (figure 4.9). The mean and median of the R: 

B ratios were 1.228 and 1.206 respectively, indicating that the distribution was not skewed. 

The p  value for the Shapiro-Wilke test was 0.0006 showing that the data distribution can be 

considered to be normal with a high degree of confidence. Demonstration of the normality 

of the distribution indicated that ANOVA is appropriate for statistical analysis of the data.
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Figure 4.6: Cell surface tissue factor activity on MDCK2 cells
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MDCK2 cells were harvested from culture and resuspended in PBS. Serial dilutions of MDCK2 cells in 

PBS were made and tested for procoagulant activity using the one stage prothrombin time test as 

described in section 2 .2 .1. Clotting times were converted to TF units using a standard curve (figure 2.1). 

The results are the means ± S.E.M. of four independent experiments.

Figure 4.7: The effect of the KRAD6 peptide upon procoagulant activity of TF
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Recombinant human TF (lOOnM) was incubated with the KRAD6 peptide at a final concentration of 

IpM. lOOpI samples were removed at intervals and assayed for procoagulant activity using the one stage 

prothrombin time test (2.2.1). TF activity was calculated from the clotting time using a standard curve 

(figure 2.1). The results are the means ± S.E.M. for three independent experiments.
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Figure 4.8: Variation in the response of MDCK2 cells to FVIIa
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MDCK2 cells were grown on coverslips as described in section 2.1.8. For experiments cells were loaded 

with the Ca"^-senstive fluorophore Fura2 (section 2.3.2). The effect of FVIIa upon the levels of cytosolic 

Ca^^ in individual cells was measured using kinetic fluorescence imaging. Results show the responses of 

4 different cells to the FVIIa agonist.

Figure 4.9: Distribution of the cytosolic Ca^^ responses of MDCK2 to FVIIa
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MDCK2 cells were grown on coverslips as described in section 2.1.8. For experiments cells were loaded 

with the Ca^-senstive fluorophore Fura2 (section 2.3.2). The effect of FVIIa upon the levels of cytosolic 

in individual cells was measured using kinetic fluorescence imaging. Results show the distribution 

of the responses of 91 individual cells to FVIIa, in terms of the response: basal ratio. The response: basal 

ratio was calculated by dividing the average of the 340/ 380 ratio after the addition of FVIIa by the 

average of the basal, pre-treatment 340/380 ratio.
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4.4.4 Inter-experimental variation in the response of T24 cells to FVIIa

The response of MDCK2 cells seeded independently (on different days), was

examined to determine the inter-experimental variation in the response of T24 cells to 

FVIIa. The response of the cells was analyzed in terms of the R: B ratios. Analysis of the 

data using an un-paired Student’s t-test demonstrated that the response of cells to 400nM 

FVIIa varies between independent samples of T24 cells and that the degree of variation is 

highly significant (p=0.00027).

The data for the effect of the KRAD6 peptide upon Ca^  ̂ transients induced by 400nM 

FVIIa (section 4.4.8) was derived from experiments performed with independently prepared 

samples of T24 cells. To enable the results to be pooled together the data were normalized 

against the response to 400nM FVIIa within each batch of experiments.

4.4.5 Dependence of cytosolic responses upon concentration of FVIIa

Linear regression analysis of normalized data was examined to determine whether the R:B 

ratio, the number of oscillatory peaks, the peak amplitude, the decay rate and the response 

integral were dependent upon the concentration of FVIIa (defined in section 2.3.7b, figure 

4.10a). Linear regression analysis was performed on logarithmically transformed data, since 

the standard deviations of the transformed data were smaller than for the non-transformed 

data. In addition, since zero values cannot be logarithmically transformed, each data value 

was increased by a nominal value of 1. This value was subtracted again after regression 

analysis to maintain meaningful interpretation of the data.

The r̂  and p  values for the linear regression analysis of logarithmically transformed data are 

shown in figure 4.10b. Significant positive correlations between the concentration of FVIIa 

and the cytosolic Ca^  ̂response were evident when the responses were analyzed in terms of; 

the response integral, the number of oscillatory peaks, the peak amplitude and the decay 

time.

The response integral is an index of the overall magnitude of the response. The data 

demonstrate that the significant increase in the overall magnitude of the response with 

larger doses of FVIIa, results from a combination of an increase in the peak amplitude, 

decay time and number of oscillations.

4.4.6 Synchronous oscillatory responses to FVIIa

Analysis of the data demonstrated that the Ca^^ transients seen in the cell population were 

synchronized. Examination of the video image files of the experiment showed that the 

initiation of the global Ca^  ̂ wave emanated from a localized region of cells and was 

transmitted to adjoining cells in the monolayer.
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Figure 4.10a: Linear regression analysis of the effect of FVIIa concentration upon

the cytosolic Ca^ response of MDCK2 cells
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MDCK2 cells were grown on glass coverslips as described in section 2.1.8. Cells were loaded with the 

Ca^^-sensitive fluorophore Fura2 (2.3.2). Cytosolic Ca^^ levels were measured in individual cells using 

kinetic fluorescence imaging. Cells were treated with 100, 200 and 400nM FVIIa. The effect o f FVIIa 

concentration upon the induction of cytosolic Ca’  ̂ transients was assessed in terms of the response to 

basal ratio (R: B ratio), the integral of the response, the number of peaks, the peak amplitude and the 

decay time of the cytosolic Ca’" response using linear regression methodology.
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Figure 4.10b: Linear regression co efficients for the effect of FVIIa concentration 

upon the cytosolic Ca^ response of MDCK2 cells
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2+Figure 4.11 : The effect of KRAD6 upon cytosolic Ca levels
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MDCK2 cells were grown on glass eoverslips and loaded with the Ca^-sensitive fluorophore Fura2AM. 
Coverslips were placed in the chamber of a microscope linked to a video fluorescent imaging system. The 
basal levels of Ca^^ were observed for 150 seconds prior to the addition of the KRAD6 peptide (lOpM). 
Cells were observed for a further 150 seconds to determine any effect of the KRAD6 peptide upon 
cytosolic Ca^'levels. The results are expressed as the mean ± S.E.M. for five individual cells.
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4.4.7 Effect of the KRAD6 peptide upon cytosolic levels

The 340: 380nm ratios of a population of cells were determined before and after the 

addition of lOpM KRAD6 peptide (figure 4.11). The results demonstrate that the cytosolic 

Ca^^ levels observed subsequent to the addition of the KRAD6 peptide were not 

significantly different from the basal, pre-treatment cytosolic Ca^  ̂ levels. These results 

demonstrate that the KRAD6 peptide itself does not induce cytosolic Ca^  ̂transients.

4.4.8 Concentration dependence of the inhibition of FVIIa-induced Ca  ̂ responses 

by the KRAD6 peptide

Ratios of the average level of the response of the cells to the average basal level were 

calculated for each cell (R: B ratio). The R: B ratio reflects the magnitude of the response of 

each cell. The R: B ratios of cells treated with 400nM FVIIa subsequent to pre-treatment 

with various concentrations of KRAD6 peptide (lO-O.lpM) were analyzed using linear 

regression analysis (figure 4.12a). Linear regression analysis demonstrated a significant 

negative correlation between the concentration of the KRAD6 peptide and the magnitude of 

the cytosolic Ca^  ̂ response measured in terms of the natural log of the normalized R: B 

ratios (p <0.0001).

The effect of pre-treatment of the cells with the KRAD6 peptide upon the response to FVIIa 

was also analyzed with respect to the percentage of the cell population eliciting a response. 

In this analysis the cells were categorized as either non-responsive or responsive using an 

arbitrary cut-off point (section 2.3.7d). The percentage inhibition was calculated relative to 

the percentage of responding cells in the controls. Consideration of the data in terms of the 

percentage of cells responding provides an analysis that is independent of the magnitude of 

the response. The data demonstrate that the percentage of cells responding to the FVIIa 

stimulus decreases as the amount of KRAD6 is increased (figure 4.12b).
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Figure 4.12a: Linear regression analysis of the effect of the KRAD6 peptide upon 

FVIIa-induced Ca^^ responses

Regression Plot
5.6

5.4

0 - 5.2

-D 4.8

I  4.6 

o 4.4

-S 4.2

3.8
6 8 10 122 0 2 4

KRAD
Y = 4.447 - .017 * X; R̂'2 = .072

Figure 4.12b: Effect of KRAD6 peptide upon the percentage of cells eliciting 
cytosolic Ca^ increases in response to FVIIa
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T24 cells were plated onto glass coverslips as described in section 2.1.8. Coverslips of cells were loaded 
with the Ca“"-sensitive fluorophore Fura2 as described in section 2.3.2. Cytosolic Ca‘  ̂ levels in individual 
cells were observed using a microscope integrated to a fluorescent video imaging system. The effect of 
the KRAD6 peptide was calculated using the formula: 100 X [(% responding cells in control - % 
responding cells after KRAD6 treatment)/ % responding cells in control]. The results are expressed as the 
means ± S.E.M. for 3 independent experiments. At least 30 cells were observed within each experiment.
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4.5 Conclusions

MDCK2 cells elicit transients in response to treatment with FVIIa. The kinetics of the 

induction of the cytosolic Ca^  ̂ fluxes are distinctly variable amongst a population of treated 

cells. Many cells elicited an oscillatory series of Ca^  ̂ spikes in response to treatment with 

FVIIa. The timing of these Ca^  ̂ spikes was synchronized across the cell monolayer, and 

emanated from focal points in the cell population. This observation demonstrates the ability 

of a cell to transmit the response to adjoining cells. The cytosolic Ca^  ̂response of MDCK2 

cells is dependent upon the concentration of FVIIa. Experimental analysis demonstrated 

that the magnitude of the Ca^  ̂ response, measured in terms of the response integral, is 

positively and significantly correlated with the concentration of FVIIa used to treat the 

cells. Linear regression analysis of the Ca^^ response in terms of the peak amplitude, decay 

time and the number of oscillations was also positively correlated with the concentration of 

FVIIa.

The apo BlOO-derived KRAD 14 sequence inhibits TF activity. At concentrations of 500nM 

the KRAD 14 peptide completely abolishes TF activity after a pre-incubation period of 

approximately 7 minutes (Ettelaie C., 1998). Furthermore, the inhibition of TF by KRAD 14 

peptide is significantly attenuated by alanine substitution of K and N residues. A 6-mer 

sequence derived from the KRAD 14 sequence (KRAD6; KKNKHR) was synthesized and 

was also found to inhibit the procoagulant activity of TF. At concentrations of IpM, the 

KRAD6 peptide inhibits TF activity by approximately 50% after 16 minutes.

The effect of inhibition of TF activity by the KRAD6 peptide upon the induction of Ca^  ̂

transients by FVIIa was determined. MDCK2 cells were incubated with KRAD6, prior to 

the addition of 400nM FVIIa. Addition of the KRAD6 peptide to the cell monolayer did not 

itself induce cytosolic Ca^  ̂ signals in the MDCK2 since the basal level of Ca^  ̂ remained 

constant after the addition of KRAD6 peptide. Linear regression analysis of the data 

showed that concentration-dependent inhibition of F Vila-mediated Ca^^ transients was 

observed when the cells were pre-treated with the KRAD6 peptide. Maximal inhibition was 

obtained at a concentration of KRAD6 between 0.1 and IpM. The KRAD6 peptide is an 

inhibitor of the TF: FVIIa complex, inhibition of the induction of Ca^  ̂ transients by the 

KRAD6 peptide indieates that FVIIa-mediated Ca^  ̂ transients are dependent upon the 

protease activity of TF: FVIIa.
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4.6 Discussion

4.6.1 Responses of MDCK2 to FVIIa

The characteristics of the cytosolic Ca^  ̂ response of individual MDCK2 cells within a 

population of cells were variable. The responses were variable in terms of; the overall 

magnitude, the frequency of Ca^  ̂ spikes, the peak amplitude and the decay time. The Ca^  ̂

transients induced in response to TF: FVIIa are dependent on a dual receptor mechanism, 

whereby FVIIa promotes activation of the PAR2 receptor (see section 3.1.2). The 

differences in the characteristics of the Ca^^ responses may arise from intercellular variation 

in TF expression or variation in PAR2 receptor expression.

Previous studies have demonstrated that MDCK2 cells treated with FVIIa elicit increases in 

cytosolic Ca^  ̂levels that are concentration-dependent with regard to the frequency, latency 

maximal amplitude and recruitment of responding cells (Rottingen J-A., 1995). The results 

reported here confirm that the overall magnitude of the response was positively correlated 

with the concentration of FVIIa. In addition, the data reported here shows that the increase 

in the magnitude of the response is mediated via an increase in peak amplitude, decay time 

and number of oscillations.

The induction of Ca^  ̂ transients in MDCK2 was transmitted across the cell monolayer 

producing synchronised waves of increased cytosolic Ca^ .̂ These results confirm previous 

data (Camerer E., 1996) and demonstrate the existence of intercellular communication 

pathways in the response to FVIIa. Synchronous oscillations may depend upon intercellular 

gap junctions in a manner similar to the synchronous oscillations seen in response to 

bradykinin (Berridge M.J., 1998). Thus, the response of one cell to FVIIa results in a co

ordinated response of adjoining cells and the propagation of the signal away from the point 

of origin. The spatio-temporal regulation of responses seen in the MDCK2 monolayers may 

be a mechanism by which the response of any given cell is determined in terms of its 

proximity to the initial signal. Such a mechanism would facilitate a biochemical means of 

determining the response of a cell in terms of its spatial location in respect of the initial 

stimulus. In addition, since synchronous oscillations are dependent upon cell: cell contact, 

the signal is not transmitted to cells external to the monolayer. This affords regulation of 

biological responses where cell: cell contact is an important factor.

The frequency of oscillations is positively correlated with the concentration of FVIIa. Cells 

are able to determine the frequency of the Ca^^ signals and can vary the nature and/or the 

intensity of the physiological output accordingly (Nelson M.T., 1995, Porter V.A., 1998 and 

Dolmetsch R.E., 1998). Thus the induction of Ca^  ̂ transients by different concentrations of 

FVIIa in MDCK2 cells may result in the activation of distinct phenotypic responses. This 

may be of importance in vivo allowing the cells to vary the response depending upon the
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concentration of FVIIa, which in turn reflects the amount of TF exposed and thus the 

severity of the injuiy. In addition, the genetic response of cells may be modulated by their 

proximity to the source of the TF; FVIIa signal. Such a mechanism affords a spatially co

ordinated response within a tissue structure. These data show that differences in levels of 

FVIIa are sensed by the cells and are translated into a modulation of the nature of the 

cytosolic Ca^^ response. Variation in the cytosolic Ca^^ elevations may in turn translate into 

phenotypic variations in the response of individual cells (see section 7.6).

The concentration of FVIIa required to induce transients is significantly higher than 

the plasma concentration of FVIIa. However, in vivo the concentration of FVIIa produced 

local to an injured area is likely to be several orders of magnitude greater than the plasma 

concentration. The data thus support a physiological relevance of the in vitro findings to the 

in vivo scenario.

One author (Petersen L.C., 2000) has reported a failure of MDCK cells to respond 

specifically to FVIIa and suggest that the cytosolic responses to FVIIa, previously 

reported by Camerer E. et al 1996, are non-specific and result from a proposed ability of 

FVIIa to increase the rate of spontaneous firing. The inhibition of the response by pre

treatment of the cells with the KRAD6 peptide reported here, demonstrate that the 

responses to FVIIa are indeed specific and are mediated by TF-induced activation of FVIIa.

4.6.2 Inhibition of TF function by the KRAD6 peptide

The results presented here demonstrate that the KRAD6 peptide exhibits concentration- 

dependent inhibition of the induction of cytosolic Ca^  ̂ transients by FVIIa. At 

concentrations of 1 pM, the KRAD6 peptide almost completely abolishes the cell signalling 

activity of TF, measured in terms of the induction of cytosolic Ca^  ̂responses to FVIIa. The 

potency of KRAD6 in the inhibition of the procoagulant function of TF is approximately 

two-fold lower than its ability to inhibit signalling function of TF. The concentration of 

FVIIa used to stimulate Ca^  ̂ transients is 400nM, which is 80 times the concentration of 

FVIIa expected in the procoagulant assay of TF activity (~5nM). The discrepancy in the 

potency of KRAD6 in the procoagulant and cell signalling assays of TF is not due to the 

presence of higher concentrations of FVIIa in the procoagulant assay. However, the 

discrepancy in the potency of KRAD6 between the two systems is relatively minimal. The 

KRAD6 peptide may be more effective in the assays of cytosolic Ca^  ̂as the buffer contains 

no macromolecules, whereas the procoagulant assay contains plasma proteins. The KRAD6 

peptide may be subject to interactions with macromolecules in the plasma used in the 

procoagulant assay. Such interactions may reduce the rate at which KRAD6 binds to and 

inhibits TF activity.
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Figiue 4.13 Pi oposed model o f the interaction ofK R AD6 peptide with tissue factor

Asp 58: Lys 3151'^ 

'A sp  58: Lys 3152 

A sp 61: His 3 1 5 5 ' '"

Soiuce- Ettelaie C , 1998

4.6.3 Mechanism of inhibition of TF activity by the KRAD6 peptide

The reported data shows that the KRAD6 peptide prevents the maturation of the FVIIa 

active site. The conformational changes induced by binding o f FVII to TF have been 

recently revealed (Pike A.C.W., 1999). Since the mechanism o f the activation of FVIIa by 

its co-factor TF is now understood, the effect of KRAD6 binding, to its proposed binding 

site in TF (figure 4.13), can be evaluated in terms o f its potential to interfere with the 

activation o f FVII.

4.6.3a The mechanism of activation of FVII by TF

Superimposition of the peptide backbones of free Gla-domainless (GD-FVIIa, Pike A.C.W., 

1999) and FVIIa bound to soluble TF (FVIIa sTF, Harlos K., 1994 and Muller Y.A., 1994) 

shows that the EGFI domain in GD-FVIIa is rotated 180° about GIn88 in the linker 

hexapeptide (figure 4.5). Activation o f the FVIIa: sTF complex is not mediated by a 

conformational change in TF upon FVII binding. Minor differences between GD-FVIIa and
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FVIIa: sTF are primarily restricted to the loops that flank the active site cleft (figure 4.5; 

red, purple and mauve loops). A striking structural difference between GD-FVIIa and 

FVIIa: sTF, is observed for Leu305 to Glu325. In FVIIa: sTF this region consists of a short 

a-helix (307-312) next to a loop that defines the outermost face of the active site cleft. 

Stabilization of the 307-312 ‘transmitter helbc’ is a prerequisite for the appropriate 

formation of the activation domain and is the proposed allosteric control site.

The interface between the protease domain and TF is formed by the N-terminal part of this 

transmitter helix, which contains residues involved in proteolytic function as well as TF- 

binding (Dickinson C D., 1996). In the FVIIa: sTF structure this helix is lengthened by 

three residues and is shifted 0.5-3Â away ft"om the active site cleft. This shift leads to the 

movement of two neighbouring loops (Tyr332-Ser 339 and Thr370-Phe374) away ft"om the 

active site.

Instability of the 307-312 transmitter helix in GD-FVII arises fi’om the absence of an N- 

capping residue at position 306. Unlike serine proteases that exhibit co-factor independent 

activity, (Kamata K., 1998, Bode W, 1992 and Huber R., 1978), this position is occupied by 

a conserved Met residue in FVIIa. Residues in TF (Glu91, Tyr94 and Gln96) mediate 

stabilisation of the transmitter helix allowing C-capping of the transmitter helix (Banner

D.W., 1996).

These observations show that the zymogen-to-enzyme transition of FVIIa is labile and its 

conformation and activity are co-factor dependent. The unstable transmitter helix is a 

disordered activation domain that prevents FVIIa activity in the absence of TF. The 

quiescence of the clotting cascade is maintained provided TF is sequestered fi'om its ligand.

4.6.3b Mechanism of inhibition of FVII activation by the KRAD6 peptide

The binding site of the apo BlOO-derived KRAD6 peptide to TF is thought to occur at 

residues 58-62 in TF (figure 4.13, Ettelaie C., 1996). These residues form the C-terminal 

end of strand E and the N-terminal end of the a-helical domain a l  (figure 4.5). The 

a l  domain sits close to residue Glu88 in light chain of FVIIa, the pivot around which the 

FVII serine protease domain rotates upon TF-induced activation.

Activation of FVII is brought about by rotation of the serine protease domain about Glu88 

in FVII. The structural data supports the hypothesis that the rotation of the protease head of 

FVII relative to the tail of FVII is dependent upon the immobilization of the tail of FVII 

immediately beneath Glu88. This interaction is mediated by H-bonds between FVII and TF, 

including Asp58 in TF that binds Gly78 in the light chain of FVII (Banner D.W., 1996). 

The involvement of Asp58 of TF in the activation of FVII has been reported previously in 

mutational studies (Banner D.W., 1996 and Muller Y.A., 1994). We propose that KRAD6
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may interfere with FVII activation via its ability to bind to Asp58 in TF. This interaction 

may prevent the formation of H-bonds between TF and FVII required to enable rotation of 

the serine protease domain of FVII and maturation of the active site. In support of this 

hypothesis as a potential mechanism, point mutation of Asp58 residue results in 5000-fold 

reduction in affinity for the FVII ligand (Martin D M A., 1995) and renders TF defective as 

a co-factor for F Vila-dependent FX activation (Lee G.F., 1998).
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CHAPTER 5

THE ROLE OF TISSUE FACTOR IN THE FORMATION OF 

TUBULAR NETWORK STRUCTURES IN AN IN VITRO MODEL 

OF ANGIOGENESIS
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5.1 Introduction

5.1.1 Tissue factor and angiogenesis

The involvement of TF in angiogenesis was first suggested indirectly by the results of 

studies on tumour genesis (section 3.1.1). A correlation between TF expression and 

metastatic capacity was established in the early 90’s (Mueller B.M., 1992). A number of 

subsequent studies confirmed the association of TF with metastatic capacity in both humans 

(Contrino J., 1996, Vrana J.A, 1996, Pasqualini M.E. 1997, Koomagi R. 1998, Sawada M., 

1999, Wojtukiewicz M.Z., 1999, Sawasda Y., 1999) and mice (Zhang Y., 1994 and 

Bromberg M.E., 1995) and also in cellular model systems (Kakkar A.K., 1999). The 

metastatic capacity of tumours is dependent upon the ability of the tumour to become 

vascularised due to neo-angiogenesis. These results therefore, suggest that TF mediates 

tumour angiogenesis permitting the metastasis that determines the aggressiveness of 

tumours. In addition, further studies show a direct relation between TF and the formation of 

new blood vessels (vasculogenesis). The role of TF in vasculogenesis in the chick embryo 

has recently been recognised (Carmeliet P., 1996). Angiogenesis is strictly regarded as 

being distinct from vasculogenesis, since it involves the sprouting of new capillaries from 

pre-existing ones. However, the processes are unlikely to be mutually exclusive and it is 

likely that TF may mediate angiogenesis in addition to its requirement in vasculogenesis.

5.1.2 Angiogenesis and the progression of atherosclerosis

The development of new capillaries is observed in advanced atherosclerotic plaques (figure 

1.5). These capillaries, also called neoadventitia, are derived from blood vessels in the outer 

adventitial layer of the artery wall during a process referred to as angiogenesis. A full 

account of the role of angiogenesis in the progression of atherosclerosis and the 

manifestation of acute clinical symptoms is presented in section 1.2.4 and is summarised 

below.

The induction of wound healing in injured arteries can ultimately lead to intimai hyperplasia 

and the consequent reduction in the cross sectional size of the arterial lumen. Studies 

suggest that intimai hyperplasia is dependent upon angiogenesis (Kwon H.M., 1998). This 

hypothesis is supported by the fact that the formation of neoadventitia is first evident in type 

rv  plaques and is more extensive in type V plaques (Stary B.C., 1995). Thus, the 

occurrence of angiogenesis in type IV plaques may facilitate the intimai hyperplasia that 

characterizes type V plaques.

Angiogenesis also promotes the progression of atherosclerosis in the acute stage of the 

disease. Myocardial or cerebral ischaemia commonly arises due to the rupture of unstable 

plaques. Angiogenic vessels at the periphery of plaques are fragile and prone to rupture. In
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addition, T-lymphocytes and macrophages are more prevalent in areas of angiogenesis. 

These cells are associated with plaque instability probably due to their ability to secrete 

factors that degrade extracellular matrix proteins. The consequences of rupture may be the 

formation of haematoma within the plaque or the tearing of the plaque and exposure of the 

proatherogenic lipid core. Exposure of the proatherogenic lipid core initiates the 

coagulation cascade and may result in the formation of an obstructive thrombus and the 

precipitation of an ischaemic event. Alternatively, rupture of one side of the plaque may 

cause the fibrotic cap to lift into the lumen and obstruct the flow of blood. Rupture of the 

plaque may also result in complete detachment of all, or part of, the fibrous cap and its 

release into the circulation as an embolism. Emboli precipitate ischaemia by lodging in 

arteries with narrower bores.

Angiogenesis is thus a key determinant in the formation and rupture of atherosclerotic 

plaques and hence determines the progression of atherosclerosis and the ultimate 

precipitation of acute cardiovascular events.

5.1.3 Mechanisms of involvement of TF in angiogenesis

Angiogenesis is induced as part of the response that promotes wound healing. Wound 

healing is dependent upon cellular migration, proliferation and communication as well as 

degradation of existing extracellular matrbc and the deposition of new matrix. Degradation 

of the extracellular matrix permits the infiltration of the neovascular capillaries. The 

mechanism(s) by which TF mediates angiogenesis are not fully understood. However, the 

ability of TF to induce a variety of cellular signals (figure 3.1) demonstrates the potential 

for TF to induce fimctional change in arterial cells. Moreover, the TF; FVIIa complex 

induces the expression of several genes that appear to fit different parts of a reparative 

response.

Like TF, plasminogen has been implicated in angiogenesis, tumour cell invasion, smooth 

muscle cell migration and angiogenesis (Dano K., 1985 and Odekon L.E., 1992). 

Plasminogen and TF co-localise in atherosclerotic plaques (Fan Z.Q., 1998). Activation of 

plasminogen in the fibrinolytic pathway induces various metalloproteinases that lyse the 

fibrin clot and are indispensable for wound healing (Romer J., 1996). Urokinase (uPA) 

plays an important role in pericellular proteolysis during cell migration and tissue 

remodelling by activation of plasminogen. The uPAR: uPA complex activates plasminogen 

and is involved in cellular adhesion to vitronectin (Chang A.W., 1998). uPA deficiency in 

mice prevents neointima formation and angiogenesis following arterial injury (Carmeliet P.,

1999) and results in the formation of weak scars (conference communication). The 

involvement of TF in angiogenesis may be mediated via its ability to induce the uPAR 

(Camerer E., 2000). In addition, induction of the uP AR by TF: F Vila may be the
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mechanism by which TF regulates plasminogen activation on cell surfaces (Fan Z., 1998). 

Interestingly, the endogenous levels of uPAR gene expression are correlated with the 

expression of TF (Taniguchi T., 1998).

Inhibition of uPA is mediated by PAI-2 (Reinartz J., 1996). PAI-2 is strongly induced by 

the TF: FVIIa complex. Inhibition of uPA-mediated clot lysis may be necessary to inhibit 

degradation of fibrin in the early phase of wound healing prior to closure of the epithelial 

layer.

The TF: FVIIa complex leads to activation of phospholipase C and enhanced PDGF-BB 

stimulated chemotaxis in fibroblasts (Siegbahn A., 2000). In addition, FVIIa induces the 

expression of extracellular matrix signalling proteins, Cyr61 and CTGF (Pendurthi U.,

2000). Exposure of fibroblasts to FVIIa results in the formation of filopodia, lamellipodia 

and membrane ruffles, which are indicative of cytoskeletal reorganisation mediated by 

cdc42 and Rac activation. The ability of the TF: FVIIa complex to induce the activation of 

the small GTPases, cdc42 and Rac via c-src and PI3K has been demonstrated (Versteeg 

H.H., 2000). In addition, induction of the GTPase Rho E, which induces cell spreading by 

the TF: FVIIa complex, has also been documented (Camerer E., 2000).

The involvement of TF in cellular organisation is also supported by the observation that the 

TF: FVIIa complex induces uPAR, collagenases 1 and 3 (Camerer E., 2000) and the 

extracellular matrix signalling proteins CTGF and cyr61 (Pendurthi U., 2000), PDGF-BB 

stimulated chemotaxis (Siegbahn A., 2000).

TF: FVIIa induces fra-1 (Camerer E., 2000), a protein implicated in the induction of cell 

motility and invasion in vitro (Kustikova O., 1998). Furthermore, formation of the TF: 

FVIIa complex leads to the up-regulation of collagenases 1 and 3 (Camerer E., 2000), 

which supports the migration of kératinocytes on type I collagen (Pilcher B.K., 1997).

Jagged 1, a membrane-bound ligand acts in intercellular communication (Lindsell C.E., 

1995) and is also induced by the TF: FVIIa complex. FVIIa: In addition, TF induces hbEGF 

and AR, which are members of the EGF family. Growth factors of the EGF family are 

implicated in the proliferation of kératinocytes at the wound edge (Martin P., 1997). hbEGF 

is found in wound exudates and is mitogenic and chemotactic for fibroblasts, smooth 

muscle cells and kératinocytes (Raab G., 1997).

5.1.4 T24 cells cultured on Matrigel™ as an in vitro model of angiogenesis

Tissue culture of human bladder carcinoma T24 cells on MatrigeF^ results in the formation 

of networks of cells. The organisation of the T24 cells in this in vitro culture system has 

been previously reported to be as networks of tubules, thus the culture system is useful as a 

model for the study of capillary network formation. This system was used as a model to 

investigate the involvement of TF activity in the microanatomical organisation of the
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tubular network structures. At the time these studies were undertaken, the cells provided by 

the EC ACC were designated as endothelial ECV304 cells. Subsequent to phenotypic 

analysis the EC ACC found that the cells supplied as ECV304 were in fact human bladder 

carcinoma T24 cells. Despite the fact that the cells are not in fact endothelial, the culture 

system remains useful as a system in which to determine the involvement of TF in the 

organisation of cells into a tubular network structures, analogous to capillaries.
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5.2 Aims

• To determine the effect of inhibiting TF activity upon the formation of cellular 

network structures in an in vitro model of angiogenesis using;

i: a 14-mer peptide derived from apo B 100 (KRAD 14)

ii: an antibody with a neutralizing activity towards TF (TF85G9)

5.3 Methods

5.3.1 Tissue culture of T24 bladder carcinoma cells on Matrigel^^

5.3.1a Coating of culture vessels with Matrigel^^

Matrigel^^ is a solubilised basement membrane matrix extracted from the Engelbreth- 

Holm-Swarm mouse sarcoma (Kleinman H. K., 1982). Its major component is laminin, 

followed by collagen IV, heparan sulphate proteoglycans, entactin and nidogen. It also 

contains growth factors, which occur naturally in the Engelbreth-Holm-Swarm mouse 

sarcoma.

Matrigel™ was purchased from Promega and was stored in at -20°C. Matrigel™ was thawed 

on ice overnight 24 hours prior to use. The base of each well (1.77cm^) of a 24-well culture 

plate was coated with 40pl of Matrigel™. In order to aid spreading of the Matrigel™ matrix 

onto the base of the culture vessel, all equipment coming into contact with the matrix was 

cooled in the freezer for at least 30 minutes prior to the coating procedure. After the entire 

base of the each well had been coated with Matrigel™, the culture vessel was placed in at 

37°C in an incubator to permit polymerization of the matrix. Cells were then plated directly 

onto the prepared matrix.

5.3.1b Plating of T24 cells onto Matrigel™

Cells were harvested from culture as described in section 2.1.2. Cells were washed and 

resuspended to 0.5 X lOVml in DMEM containing Glutamax™ and 5% serum. lOOpl 

aliquots of the cell suspension (0.05 x 10  ̂ T24 cells) were mixed with 0.4ml of DMEM 

containing Glutamax™ and 5% serum. The cells were then seeded onto the Matrigel™- 

coated 24-well plates. Cells were placed in an incubator at 37°C, 5% CO2 for 24 hours prior 

to the determination of the density of network formation.
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5.3.2 Determination of the density of network formation

The number of network structures was determined 24 hours subsequent to seeding o f cells. 

The density of network formation was determined by counting the number o f holes in the 

culture dish (figure 5.1). To aid counting, each culture vessel was scored on the underside 

o f the vessel so that two parallel lines were seen through the microscope.

Figure 5.1: Schematic representation of network structures of T24 cells

Cell intersections

=  total area of culture dish

=  total number of holes in cell 
structure (18 in this example)



143

Validation that the number of holes represents the density of networks is proved below;

The typical area per hole ( A h )  is given by;

Total area of culture dish (Z A)

Total number of holes (Z N)

Given that the cellular boundaries between the holes is small and the sample is sufficiently 

large. The number of cell intersections is proportional to the density of the networks 

Therefore the typical distance between two cell intersections (R) is of the order of;

Total area of culture dish (Z A)

Total number of holes (Z N)

Therefore the number of cell intersections per unit area (density) is given by;

1 _  Z N

Z A

Since Z A is constant, the number of holes (Z N) in the culture dish is inversely 

proportional to the distance between cell intersections (R^). Thus Z N is an index of the 

density of cellular networks.

5.4 Results

5.4.1 Effect of serum concentration upon the formation of network structures

Cells were cultured as described in section 5.3.1 except for variation of the serum 

concentration. The culture media was supplemented with a range of serum concentrations 

from 2.5 to 10% and the formation of network structures was determined for 3 days (figure 

5.2). The number of networks per well was reduced after day 1, and resulted fi'om cell 

death. The lowest serum concentration at which tubular network formation is optimum is 

5%.

5.4.2 Cell surface expression of tissue factor on T24 cells

Serial dilutions of T24 cells were prepared and the prothrombin time of the samples 

determined. The T24 cells were assayed independently 3 times. The prothrombin times 

were converted to units of tissue factor activity (figure 5.3) using the equation derived from 

the standard curve of recombinant TF activity versus prothrombin time (section 2.2).

The optimum seeding density for network formation in the 24-well culture plates is 0.05 x 

10  ̂ cells/well. Using the standard curve the TF activity of 0.05 x 10  ̂ T24 cells was 

calculated and is equivalent to 0.1 units of recombinant human TF.
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Figure 5.2: Effect of serum concentration upon the formation of tubular networks
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Individual wells in a 24-well culture plate were coated with specialised cell culture matrix, Matrigel™. 

The Matrigel™ was allowed to polymerise for 30 minutes at 37°C prior to the addition of cells. 0.05 x 10  ̂

T24 cells suspended in 0.5ml of DMEM containing a range of concentrations of serum (0-10%) were 

added to the culture wells. Cells were observed after 24h, 48h and 72h and the formation of network 

structures was scored (5.3.2). Networks were defined as cell-free areas bounded on all sides by cells 

(figure 5.1).

The results are the means ± S.E.M. of three independent experiments.

Figure 5.3: Cell surface expression of tissue factor activity on T24 cells
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T24 cells were harvested from culture, washed and resuspended in PBS. Cell suspensions were prepared 

to contain a range of concentrations of T24 cells (10 x 10  ̂to 0.1 x 10^. The cell suspensions were tested 

for procoagulant activity using the one stage prothrombin time assay. lOOpl aliquots of the cells were 

incubated with lOOpl of control plasma at 37° C. Coagulation was initiated by the addition of lOOpI of 

25mM CaCE. The time taken for the clot to form was recorded and converted to TF units using a standard 

curve (figure 2 .1 )
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5.4.3 Inhibition of the formation of network structures by the KRAD14 peptide

Culture plates were prepared with Matrigel™ and seeded with 0.05 x 10  ̂T24 cells (section 

5.3.1). KRAD 14 peptide was added to the cultures at the desired final concentrations prior 

to the incubation of cells. Cells were scored for network formation as described in section 

5.3.2. Inhibition of TF activity by the KRAD 14 peptide resulted in a concentration- 

dependent inhibition of the formation of network structures (figure 5.4). IpM KRAD 14 

peptide resulted in 86.5% inhibition of the formation of networks in the culture system. 

Reduction of the concentration of KRAD 14 to 0.1 pM resulted in an approximately 50% ±

3.4 reduction of inhibition to 46.5% ± 6.5.

5.4.4 Inhibition of the formation of network structures by TF85G9 antibody

The role of TF in the formation of cellular networks was also investigated using the 

TF85G9 antibody (Ruf W., 1991). TF85G9 is the Fab fi*agment of an IgGl monoclonal 

antibody. TF85G9 interacts with the membrane proximal module of the TF molecule. 

Structural and mutagenesis data indicate that Tyrl56, Lys 169, Arg200 and Lys201 are the 

most important residues in antibody binding (Huang M., 1998). The TF85G9 antibody 

binds rapidly to TF: FVIIa and acts as a competitive inhibitor for factor IX and factor X 

activation (Ruf W., 1991).

5.4.4a Comparison of the inhibition of recombinant human TF and TF expressed on 

T24 cells by the TF85G9 antibody

The amount of TF85G9 antibody required to inhibit 0.1 units of TF was calculated for both 

recombinant human TF and cellular T24 TF. The inhibition of cellular and recombinant TF 

by TF85G9 was compared in order to ascertain whether the antibody displays differential 

potency in the two systems. The resulting data was used to provide a guideline 

concentration of TF85G9 antibody to use in determining the effect of TF inhibition upon 

network in the cell culture assay.

The data displayed in figure 5.5 shows the inhibitory effect of concentrations of TF85G9 

antibody ranging fi'om 0.05pg/ml to l.Opg/ml upon the prothrombin times elicited by 0.1 

units of recombinant human TF or 0.1 units of cellular T24 TF.

The inhibition of recombinant TF activity or cellular TF activity by TF85G9 is similar and 

is maximal at around 0.5pg/ml. At low concentrations of TF85G9 (0.05-0.2pg/ml) 

inhibition of TF activity is slightly more efficient with cells than with recombinant TF.

5.4.4b Effect of TF85G9 upon the formation of network structures

In order to investigate the role of TF activity in the formation of network structures in T24 

cells cultured on Matrigel^^, formation of networks was determined in the presence of an
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antibody that neutralises the activity of TF, TF85G9. A control antibody was tested in the 

culture system. The control antibody was an IgGI Fab directed towards Aspergillus 

nidulam  glucose oxidase, a protein not found in human cells.

Preincubation o f T24 cells with the control antibody at a concentration of 0.1 mg/ml had no 

effect upon the formation o f cellular networks (figure 5.6). In contrast, addition o f the 

TF85G9 antibody to the cell cultures lead to the inhibition o f network formation. The data 

depicted in figure 5.6 demonstrates a concentration-dependent inhibition o f capillary

networks by the TF85G9 antibody. Network formation by T24 cells was significantly

inhibited by 0.1 mg/ml (~40pM ) of TF85G9 antibody (Student’s t-test, p -  0.006) and 

0.2mg/ml TF85G9 (Student’s t-test, p = 0.0005). Addition of TF85G9 to cultures at a 

concentration o f 0.05mg/ml (~20pM) did not result in a significant inhibition of network 

formation compared to the controls (Student’s t-test, p=0.49). The percentage inhibition of

networks by the TF85G9 antibody at 0.1 mg/ml and 0.2mg/ml was 56.1% and 66.7%

respectively (figure 5.6b).

Figure 5.4: Effect of the KRAD 14 peptide upon cellular network formation
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0.05 X 10  ̂ T24 cells were plated onto Matrigel™ as described in section 5.3.1. KRAD14 peptide was 

added to the cultures at final concentrations of IpM, 0.1 pM and O.OIpM. The effect of inhibition ofTF 

activity by the KRAD 14 peptide was assessed after 24 hours. The results are the mean ± S.E.M. of three 

independent experiments.
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Figure 5.5: Comparison of inhibition of recombinant TF and cellular TF by TF85G9
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inhibition of TF activity; (i) expressed on the surface o f T24 cells and (ii) by recombinant human TF was 

compared. All samples were prepared to contain 0.1 units of TF activity. For T24 cells, 0.1 units of 

activity was expressed on approximately 0.05 x 10  ̂cells. Samples of T24 cells and recombinant TF were 

incubated with TF85G9 antibody concentrations ranging from 0.05pg/ml to Ipg/ml for 2 minutes prior to 

assay. Samples were assayed for TF using the one stage prothrombin time test. All assays were performed 

at 37°C. lOOpl samples were incubated with lOOpl o f control plasma. Coagulation was initiated by the 

addition of lOOpI of 25mM CaCF. The time taken for the clot to form was recorded and converted to TF 

units using a standard curve (figure 2.1). The percentage inhibition was calculated from the formula; 

100 X [(activity of control -  activity of sample)/activity of control)]. Results are the means ± S.E.M. of 

four independent experiments.
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Figure 5.6: Effect of TF85G9 upon the formation of T24 cellular networks
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40|il o f Matrigel was dispensed in the wells of a 24-well culture plate and allowed to polymerise at 37°C. 

T24 cells were harvested from culture and resuspended at 0.1 x 10^/ml in DMEM containing Glutamax^'^ 

and 5% serum. 0.5ml aliquots of the cell suspension were added to the Matrigel™-coated wells. lOpl of 

control antibody, directed to Aspergillus nidulans glucose oxidase, was added at O.lmg/ml to the control 

wells. lOpl aliquots of anti-TF antibody (TF85G9) were added to sample wells at concentrations of 0.05, 

0.1 and 0.2mg/ml. Network structures were grown overnight at 37°C, 5% CO? in a humidified incubator. 

The density of network structures formed was determined following overnight incubation, as described in 

section 5.3.2. Results are shown as the mean ± SEM. The effect of inhibition of TF upon cellular network 

formation was determined by testing each test sample versus the control sample using the Student’s t-test.
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5.5 Conclusions
Human bladder carcinoma T24 cells form tubular networks when seeded onto a specialised 

matrix (Matrigel™). Inhibition of TF activity in the culture system by the KRAD14 peptide 

or the TF-neutralising antibody TF85G9, resulted in significant concentration-dependent 

attenuation of the formation of the network structures. Incubation of the cells with a control 

antibody did not result in modulation of the formation of tubular networks. This study 

demonstrates the involvement of TF in the biologic processes that determine the formation 

of networks of tubular structures and suggests that TF may be involved in angiogenesis in 

vivo. In addition, these results demonstrate that the KRADI4 peptide inhibits the angiogenic 

properties of TF in addition to its ability to inhibit the procoagulant properties of TF.

5.6 Discussion
The involvement of TF in both cancer and atherosclerosis has been demonstrated. TF 

expression correlates with the transformation of tumour cells to a malignant invasive 

phenotype (Mueller B.M., 1992, Contrino J., 1996, Mueller B.M., 1998 and Sawada M.,

1999). In atherosclerosis, TF expression is increased in unstable angina (Misumi K., 1998) 

and is a predictor of susceptibility to repeated episodes of myocardial ischaemia (Suefliji H., 

1997). The involvement of TF in the pathologies of both diseases may be linked to its 

ability to promote angiogenesis. Malignant transformation of tumours is associated with the 

vascularisation of primary tumours (Weidner N., 1991). In atherosclerosis, the rupture of 

neoangiogenic vessels that appear at the periphery of atheromatous plaques (Stary H.C., 

1995), results in the precipitation of acute cardiovascular event such as myocardial 

infarction and cerebral ischaemia via embolism (Barger A.C., 1984). Macrophages, 

macrophage foam cells and lymphocytes are more densely concentrated in the lesion 

periphery (Stary H.C., 1995). Macrophage infiltration and is enhanced in unstable compared 

to stable angina, furthermore, TF expression on macrophages is more frequent in unstable 

angina (Kaikita K., 1997). Collectively these studies suggest that TF expression at the 

periphery of plaques may promote the development of angiogenic vessels and thus 

determine the propensity of plaque rupture. The function of TF in vasculogenesis has been 

previously recognized (Carmeliet P., 1996) and this also alludes to a role for TF function in 

angiogenesis.

We investigated the role of TF in angiogenesis using an in vitro model. T24 bladder 

carcinoma cells plated on a specialized matrix form networks of tubular structures that are 

structurally similar to the network of capillaries formed during angiogenesis. The effect of 

inhibition of TF activity in the T24 network culture system was assessed to ascertain the 

involvement of TF in the organisation of the tubular network structures. Attenuation of TF
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activity in the culture system was achieved using two different inhibitors. An antibody with 

an inhibitory activity towards TF function (TF85G9) and the TF inhibitor peptide KRAD14 

were used. Inhibition of TF by TF85G9 resulted in a significant concentration-dependent 

attenuation of the formation of the tubular network structures. Inhibition of network 

formation was evident at concentrations of TF85G9 as low as O.lmg/ml (equivalent to 

-20pM). In contrast, an equivalent concentration of a control antibody, directed towards a 

fungal protein not expressed in human cells, had no effect upon the formation of network 

structures (figure 5.6). The concentration of TF8G9 required to elicit inhibition of network 

formation was 1000-fold higher than the amount of TF85G9 to inhibit cellular TF 

procoagulant activity, on an equivalent number of cells in an in vitro assay (figure 5.5). The 

decreased antibody activity in the culture system compared to the in vitro assay may result 

from non-specific absorption of antibody to serum proteins present in the culture system. 

Inhibition of TF activity by the KRADI4 peptide also resulted in a reduction in the number 

of tubular networks formed in the culture system. Concentrations of the KRAD14 peptide 

of I pM resulted in almost complete abolition of network formation. A ten-fold reduction in 

the concentration of the KRADI4 inhibitor to 0.1 pM maintained approximately 50% 

decrease in the formation of networks compared to the controls.

The concentrations of TF85G9 and KRAD14 required to elicit 50% inhibition of cellular 

network formations estimates from the data plotted in figures 5.6 and 5.4, were 0.2pM and 

35pM respectively. These results demonstrate that the KRAD14 peptide is approximately 

175 times more potent than TF85G9. The KRAD14 peptide is a much smaller molecule 

than the TF85G9 antibody. These facts suggest that use of the KRAD14 peptide, or a stable 

structural homologue, may be a more suitable means of inhibiting TF activity in the 

treatment of clinical disorders related to TF activation, which include tumour metastasis, 

disseminated intravascular coagulation and angiogenesis occurring in undesirable locations 

in atherosclerotic plaques. The small size of the KRADI4 inhibitor may be advantageous 

over TF85G9 Fab fragments in terms of drug delivery. For example KRAD14 would be 

small enough to be incorporated into liposomes that could be delivered to target tissues in 

vivo.

The involvement of TF in angiogenesis reported here has been subsequently confirmed in 

alternative models of angiogenesis. The ability of TF to support angiogenesis has been 

demonstrated in a diffusion chamber assay in rats, in an in vitro assay of bovine aortic 

endothelial cells in collagen gels (Watanabe T., 1999) and in tumours and wounds 

(NakagawaK., 1998).

The mechanism of the involvement of TF activity in the formation of network cultures is 

unknown. However, the ability of the TF inhibitors TF85G9 and KRAD6 to attenuate the
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formation of network structures suggests that TF may regulate the spatial organisation of 

networks of cellular tubules in vitro. TF may thus have an important role in vivo in 

determining the anatomical development of angiogenic capillaries. The formation of 

cellular network structures depends upon cell migration and cell proliferation. Inhibition of 

TF activity has been shown to attenuate the migration of tumour cells, smooth muscle cells 

and mononuclear phagocytes (Taniguchi T. 1998, Sato Y., 1997 and Randolph G.J., 1998). 

Furthermore, several of the genes induced by TF: F Vila code for proteins related to cellular 

reorganisation and migration (figure 3.1 and section 5.1.3). These data confirm a role for TF 

in the regulation of cellular migration occurring during tissue remodeling and angiogenesis. 

The mechanism by which TF accomplishes this function may be discovered by an 

examination of the data available from other studies of TF function.

Neoangiogenesis is dependent upon the existence of cellular signals that define the 

orientation and ‘spatial awareness’ of cells within the cellular structure. Such signals are 

likely to determine the direction of growth and the frequency of branching of tubular 

structures. The regulation of cytoskeletal assembly in response to such signals is 

fundamental in cell migration. The ability of TF to associate with cytoskeletal structures, 

namely actin-binding protein 280, (ABP280, Ott 1., 1998) implies a role for TF 

rearrangement of cellular cytoskeletal elements. ABP-280 is a ubiquitous, dimeric, actin 

cross-linking, phosphoprotein of peripheral cytoplasm that promotes the orthogonal 

branching of actin filaments (Gorlin J.B., 1990). The actin cytoskeleton of cells plays a 

pivotal role in cell motility, phagocytosis, cytokinesis and intracellular transport processes 

(Nobes C.D., 1995). Peripheral actin filaments can be arranged in different ways to allow 

non-muscle cells to achieve a variety of shapes. Actin stress fibres are organised into 

discrete types designed to fulfil specialised requirements during the life cycle of cells. In 

non-motile, non-dividing cells, actin stress fibres traverse the cell and are linked to the 

extracellular matrix through integrins and focal adhesion complexes. Moreover, it has been 

recently demonstrated that TF : F Vila induces stimulation of the GTPases Rho (Camerer E.,

2000), Rac and cdc42 (Versteeg H.H., 2000). Rho, rac and cdc42 GTPases regulate the 

assembly of the multi-molecular focal complexes associated with actin stress fibres, 

lamellipodia and filopodia (Nobes C.D., 1995). In addition, TF: FVlla also activates other 

proteins involved with cellular migration, such as the src family members; c-src, lyn and 

yes, the phosphatidylinositol 3-kinase and c-akt/protein kinase B (Versteeg H.H, 2000). The 

TF: FVlla complex is also able to induce factors that mediate extracellular matrix 

degradation (Camerer E., 2000 and Zucker S., 1998) a process essential for tissue 

remodeling.
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TF associates with the y-chain homodimer of the IgE receptor type I in human monocytes 

(Masuda M., 1996). The y-chain is also a component of the Fey RI receptor, which has been 

studied in platelets. The absence of the y-chain in platelets results in a loss of secretion and 

aggregation responses in platelets (Poole A., 1997). This data also suggests that TF may 

serve to regulate cytoskeletal changes.

TF may also control angiogenesis via its ability to regulate the proliferation of cells. 

Inhibition of TF activity by TFPI, results in the attenuation of proliferation in aortic smooth 

muscle cells (Kamikubo Y., 1997). Interestingly, inhibition of TF by TFPI has also been 

shown to induce apoptosis (Hamuro T., 1998). The cytoplasmic domain of TF contains the 

kinase substrate motifs for both PKC and cdc2. The cdc2 kinase is a member of a family of 

ubiquitous cell cycle regulators that are collectively responsible for the ordered transition of 

cells through the Gl/GO, S, G2 and M phases of the cell cycle (Moreno S., 1990). The 

presence of the cdc2 kinase motif in the cytoplasmic domain of TF alludes to a role for TF 

in the process of transition through cell cycle checkpoints. For example if TF was a positive 

regulator of the G1 restriction point in the cell cycle, the point at which cells become 

committed to a round of mitosis, it would promote cell proliferation. It is conceivable that 

TF could control the cellular decision between proliferation, differentiation or death, via 

alterations in its conformation that in turn, may be determined by the phosphorylation status 

of its cytoplasmic domain.

The involvement of TF in angiogenesis is also linked to its ability to induce angiogenic 

growth factors including VEGF (QUivier V., 1998), FGF-5 and CTGF (Camerer E., 2000). 

Interestingly, the cytoplasmic domain of TF is required for the induction of VEGF (Abe K.,

1999). In addition, the metastasis of tumour cells (Bromberg M.E., 1995) depends upon the 

presence of the serine residues in the cytoplasmic domain of TF. The phosphorylation of the 

cytoplasmic domain and the procoagulant activity of the TF: F Vila complex are required 

for the full metastatic effect of TF (Bromberg M.E., 1999). The dependence of metastasis 

upon the cytoplasmic domain may be due to a requirement for the production of VEGF that 

is necessary for the angiogenesis to permit metastasis.

However, the precise nature of the involvement of the intracellular domain in cellular 

signalling by the TF: F Vila remains controversial. VEGF induction by TF: F Vila is 

dependent upon egr-1 (Mechtcheriakova D., 1999) but a role for the cytoplasmic domain of 

TF in the activation of egr-1 has been refuted (Camerer E., 1999). This observation appears 

to contradict the finding of a requirement for the cytoplasmic domain in VEGF production 

and metastasis.

The progression of atherosclerosis may be attenuated via inhibition of TF and the 

consequent attenuation of neoangiogenesis. However, the spatial development of
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neoangiogenesis in atherosclerotic plaques may lead to stabilisation or destabilisation of 

plaques; angiogenesis occurring at the boundary of plaques weakens the plaque structure 

and predisposes the plaque to rupture, the most common cause of myocardial infarction. In 

contrast, the development of collateral vessels stabilises plaques. The ability to inhibit 

neoangiogenesis at plaque boundaries and/or activate the formation of collateral vessels in 

patients with atherosclerosis may afford protection against plaque rupture and thus may 

provide a means of preventing myocardial infarction and stroke in vivo. However, the 

treatment of plaque instability in the clinical scenario would require targeted administration 

of TF inhibitors and/or activators to specific sites within atherosclerotic plaques. To achieve 

this, a more comprehensive understanding of the implications of the spatial organisation of 

neovascularisation in the development of atherosclerotic plaques is required.
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CHAPTER 6

INVESTIGATION OF CELLULAR SIGNALLING INDUCED BY 

NATIVE AND OXIDATIVELY MODIFIED LOW DENSITY 

LIPOPROTEIN
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6.1 Introduction

6.1.1 Chemistry of the oxidation of lipoproteins

Oxidation of LDL is a complex, free radical-driven lipid peroxidation process (Esterbauer 

H., 1995). Underlying the complexity of the oxidation of LDL is the fact that all the 

components of LDL; antioxidants, phospholipids, cholesteiyl ester, triglycerides and apo 

BlOO participate at certain stages leading to multiple secondaiy and tertiary reactions. The 

mechanism of lipid peroxidation is shown in figure 6.1.

The chronology of oxidation of LDL consists of three phases, namely a lag or induction 

phase, a propagation phase and a decomposition phase (figure 6.2). During the lag phase 

lipid peroxidation is low or absent due to the presence of antioxidants. Ubiquinol-10 is the 

first antioxidant to be depleted (Kontush A., 1994) and (3-carotene is the last to remain. 

Following the exhaustion of the antioxidants in the LDL, lipid peroxidation enters a 

propagative phase and the rate of lipid peroxidation rapidly accelerates to a maximal rate. 

When polyunsaturated fatty acids (PUPA) become oxidized to lipid hydroperoxides, their 

isolated carbon-carbon double bonds are converted to conjugated double bonds called 

dienes. The maximum peroxide content coincides with the maximum diene content 

(Esterbauer H., 1990).

The decomposition phase begins when about 70-80% of the PUFAs have been oxidized. At 

this point, the rate of decomposition of lipid peroxides exceeds the rate of their formation. 

During the decomposition phase, the hydroperoxides are converted to reactive aldehydes. 

These secondary reactions are accelerated by transition metal ions that decompose lipid 

hydroperoxides to lipid alkoxyl radicals in a Fenton-type reaction (figure 6.3). The lipid 

alkoxyl radicals undergo p-cleavage reactions (homolytic scission) to yield aldehydes and 

carbon centred lipid radicals. It was hypothesised (Esterbauer H., 1997) that cleavage of 

carbon bonds in phospholipid and cholesteryl ester hydroperoxides would result in the 

formation of two classes of aldehydes namely, aliphatic aldehydes derived from the methyl 

terminus and aldehyde bound to the parent lipid (core aldehydes). The detection of 

cholesteryl oxoaUcanoates and phospholipid oxoalkanoates confirmed this notion (Kamido 

H., 1992). Aldehydes form the predominant class of products identified in oxLDL. The lipid 

oxidation products demonstrated in Cu^^ oxidized LDL are tabulated in figure 6.4.

6.1.2 The source of the initiating radical in lipid peroxidation

The nature of the initiating radical remains elusive both in in vitro systems (e.g. copper- 

mediated oxidation) and in vivo. It is thought that lipid peroxidation by copper results in the 

binding of copper to discrete sites in apo BlOO forming centres for repeated free radical
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production (Chevlon M., 1998). Once bound, Cu^^ must be reduced by the net transfer of 

one electron. The presence of Cu^  ̂ appears to be essential to cell-mediated oxidation of 

LDL since oxidative changes in vitro only occur if the media contains trace amounts of 

metal ions. Furthermore, with respect to the scenario in vivo, copper and iron are present in 

atherosclerotic lesions (Smith C., 1992). A proposal suggesting the involvement of thiols in 

transition metal ion-dependent cell-mediated oxidation (Heinecke J.W, 1987) is supported 

by the observation that LDL oxidation by endothelial cells and macrophages is dependent 

on the appearance of thiol in medium containing transition metal ions (Sparrow C.P., 1993). 

The ability of lipoxygenase to mediate oxidation of LDL was first demonstrated using 

soybean lipoxygenase (Sparrow C.P., 1988). However, the relevance of cell-derived 

lipoxygenases in LDL oxidation in the context of atherosclerosis is equivocal. 15- 

lipooxygenases occur in human and rabbit atheroma and co-localise with deposits of 

oxLDL (Yla-Herttuala S., 1990 and 1991). However, the non-specific production of 

positional and stereoisomers suggest that in vivo non-enzymatic peroxidation processes 

govern the production of cholesterol esterified keto- and hydroxyoctadecadienoic acids that 

have been found in atherosclerotic aortas fi-om patients who died fi*om myocardial 

infarction (Kuhn H., 1992). The pattern of products produced by oxidation of LDL with 

human umbilical vein endothelial cells in Ham’s FIO medium for 20h is also characteristic 

of non-enymatic degradation (Wang T., 1992). The main products are the monohydroxy 

derivatives of linoleic acid (9-HODE and 13-HODE) and arachidonic acid (5-, 8-, 9-, 11 -, 

12- and 15- HETEs). Small amounts of hydroxlyated derivatives of oleic acid (8-, 10- and 

11- hydroxy; 18:1) are also formed. In addition, the isomer distribution of LDL oxidized for 

5h with Cu^^ is identical to that of endothelial cell-oxidized LDL. Although the pattern of 

products in the arterial wall suggests the involvement of non-enzymatic peroxidation 

mechanisms, monocyte and/or endothelial 15-lipoyxgenase may be instrumental in 

initiating non-enzymatic processes by providing the initial hydroperoxides. Formation of 

hydroperoxides would render the LDL susceptible to further transition metal catalysed non- 

enzymatic peroxidation.

6.1.3 Molecular nature of oxidative changes in LDL

Aldehydic modification of LDL increases its negative charge and leads to a decrease of the 

affinity of LDL for the LDL receptor. Conversely, its affinity for the scavenger receptor is 

increased. The molecular nature of the modification of LDL that renders it capable of 

binding the scavenger receptor has been investigated. Various lines of research indicate that 

the aldehydes present in oxidized LDL interact with positively charged 8-amino groups of 

lysine residues in the apo BlOO moiety (Juergens G., 1987 and Esterbauer H., 1992). It has
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been proposed that phospholipid hydroperoxides interacting with protein amino groups 

undergo a secondary oxidation to form protein-linked aldehydes (Freubis J., 1992). The 

precise chemical structure of the aldehyde apo BlOO conjugates and their location on apo 

BlOO remain to be determined.

Oxidation of LDL is extremely complex since the protein, lipid and antioxidant moieties 

can be attacked (Steinberg D., 1990 and Parthasarathy S., 1992). The extent of the changes 

depends upon the pro-oxidant conditions and the availability of antioxidants, which may 

vary considerably. Therefore there is a broad spectrum of oxidized LDLs and no discrete 

particle corresponding to oxidized LDL exists (Witzum J.L., 1991). The heterogeneity 

between the products of LDL oxidation is responsible for the distinct biological effects of 

different classes of oxidized LDL. Much work remains to be done to correlate the formation 

of particular active oxidation products of oxidized LDL with the induction of specific 

functional changes.

6.1.4 Lipid peroxidation products in atherosclerotic plaques

The physiological relevance of the biologically active species of lipoprotein oxidation 

(figure 6.4) is supported by studies revealing the presence of oxysterols and lipid 

hydroperoxides in atherosclerotic plaques (Carpenter K.L.H., 1993). Extraction of lipids 

from atheroma reveals the presence of 7-hydroxycholesterol and isometric HODES. A 

subsequent study by the same group characterised the appearance of oxidized lipids in 

relation to the stage of lesion progression (Carpenter K.L.H., 1995). 26-hydroxycholesterol 

and 7p-hydroxycholesterol were significantly elevated in lesions compared to normal 

artery. The highest 7p-hydroxycholesterol: cholesterol ratio was found in fatty streaks, 

suggesting that this type of lesion exhibits the greatest level of free radical activity. Some 

lesions were devoid of 26-hydroxycholesterol and 7|3-hydroxycholesterol, which supports 

the proposition that lesion progression is intermittent. Furthermore, 26-hydroxycholesterol 

levels were higher in macrophage-rich lesions than their fibrous counterparts and this 

distinction was evident for most other lipid components. Since macrophage-rich lesions are 

more prone to rupture, the presence of 26-hydroxycholesterol may be indicative of the risk 

of an acute cardiovascular event.
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Figure 6.1: The oxidation of lipoproteins

Reaction I ; initiation
LH + X° _______ ► r +  XH

Reaction 2; oxygen addition 
L° + O 2 _► L 0 0 °

Reaetion 3; propagation 
LOO^ + LH ---------- ^ LOOM + L'

Reaetion 4; seavenging by antioxidants 
LH + X° _______► r  + XH

Reaction 5; termination
LOO° + LOO° _______^  non-radieal product + O2

Legend; LH, lipid; LOO°, lipid peroxyl radical; LOOM, lipid hydroperoxide; L°, lipid radical; AOH, 
antioxidant

O

Figure 6.2: Phases of lipid peroxidation

10

0.5

VitE
/ 'Dienes

Fluorescence

S»—  * ^ P e r o x id e s
^TBARS "

Incubation tone (h)

Source: Esterbauer H. in Oxidative stress, lipoproteins and cardiovascular dysfunction, Eds; Rice-Evans 
C. and Bruckdorfer K.R., Portland Press Ltd, London, 1995.
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Figure 6.3: Decomposition of lipid hydroperoxides
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Figure 6.4: Lipid peroxidation products detected in Cu^-oxidized LDL

Oxidation product Source

Lipid oxidation 
products 

(nmol/mg protein)

4-5h 20-
24h

Cita
tion

Total peroxides 1000 227 1

Phospholipid hydroperoxides Phospholipid 60 - 2

Cholesteryl ester hydroperoxides Cholesterol 180 - 2

Conjugated dienes PUFAS 240 - 2

TBARS 85 114 1

Total aldehydes and TBARS 210 540 1

Hydroxyoctadecenoic acid* Oleic 7 50 3

Hydroxyoctadecadienioc acidf 18:2 (linoleate) 110 30 3

Hydroxyeicosatetraenoic acidj 20:4 (arachidonate) 17 0 3

7-hydroxy & 7-hydroperoxy cholesterol Cholesterol 60 120 4,5

7-ketocholesterol Cholesterol ND ND 4, 5,6

Cholesteroloxoalkanoylester Cholesterol ND 30 7

7-ketocholesterolalkanoylester Cholesterol ND 30 7

5,6-epoxycholesterol Cholesterol ND Trace 5,6

25, hydroxycholesterol Cholesterol ND Trace 6

Cholest-3,5 -dien-7-one Cholesterol ND ND 4,6

PUFA, polyunsaturated fatty acid 

* Sum of 8-, 10- and 11-hydroxy-derivatives of oleic acid 

t  Sum of 9-HODE and 13-HODE

J Sum of5-HETE, 8-HETE, 9-HETE, 11-HETE, 12-HETE and 15-HETE 

ND not determined

1. Esterbauer H. (1992) O.lpM LDL, L66pM Cu% PBS, 22 °C

2. Noguchi N. (1993) 0.5piM LDL, 2pM Cu^\ PBS, 37 °C

3. Wang T. (1992) 0.4pM LDL, 20pM Cu% Ham’s FIO, 37°C

4. Malavasi B. (1992) 0.4pM LDL, 20pM Cu^\ PBS, 37 °C

5. Zhang H. (1990) 0.4pM LDL, 5pM Cu"\ PBS, 37 °C

6. Bhadra S. (1991) 0.2-0.4pM LDL, ?pM Cu^\ M l99

7. Tamasawa N. (1992) 30pM LDL, 5pM Cu^\ 22 °C
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6.1.5 The induction of transients by native and oxidatively modified LDL

The induction of cytosolic transients has been observed in response to treatment of 

cells with both native and oxidized LDL. In porcine vascular endothelial cells nLDL 

triggers intracellular Ca^  ̂ transients that act as a second messenger to induce the expression 

of VCAM-1 and E-selectin expression (Allen S., 1998).

Exposure of bovine aortic endothelial cells to mmLDL leads to a delayed, sustained peak of 

intracellular Ca^  ̂ (Negre-Salvaryre A.G., 1992). Enhanced increases intracellular free Ca^  ̂

concentration, resulting in pronounced hypertrophy and enhanced cell migration, are 

observed in vascular smooth muscle cells in response to oxidative modification of LDL 

(Weisser B., (1992). OxLDL has been reported to stimulate (Chautan M., 1993) or inhibit 

(Hirata K., 1991) phosphoinositide turnover in endothelial cells and to increase it in smooth 

muscle cells (Resink T.J., 1992).

The binding of LDL to a number of cell types including platelets (Block L.H., 1988), 

vascular smooth muscle cells (Scott-Burden T., 1989), fibroblasts (Sachindis A., 1990) and 

endothelial cells (Smirnov V.N., 1990) is known to trigger cellular events which lead to 

activation of phospholipase C and the subsequent production of inositol 1,4,5-trisphosphate 

and diacylglycerol. These factors cause the release of intracellular Ca^^ and PKC activation 

respectively.

6.1.6 Calcium and atherosclerosis.

Several lines of evidence suggest that lipid-mediated intracellular Ca^  ̂ increases are 

involved in atherogenesis. The amount of Ca^  ̂within atherosclerotic lesions correlates with 

the patient’s dyslipoproteinaemia (Barbir M.F., 1997). Endothelial cell injury is causally 

related to an increase of Ca^  ̂ in atheromatous regions (Phair R.D., 1988). In addition, a 

five-fold increase in intracellular Ca^  ̂ in endothelial cells of cholesterol-fed rabbits has 

been observed compared with normal rabbits (Strickberger S.A., 1988). Furthermore, Ca^  ̂

antagonists have an anti-atherogenic effect in cholesterol-fed animals (Henry P.D., 1981). 

The inhibitory effects of Ca^  ̂ antagonists on smooth muscle cell migration may explain 

their inhibitory effect on the progression of atherosclerotic lesions (Lichtlen P.R., 1990).

6.1.7 Modulation of TF activity by native and oxidized lipoproteins

The procoagulant activity of TF is modulated by LDL and the effect of LDL upon TF 

activity depends upon its oxidation status. While native LDL (nLDL) exhibits an inhibitory 

activity towards TF activity, oxidized LDL (oxLDL) mediates enhancement of TF activity 

(Ettelaie C., 1995). The inhibition of TF activity by nLDL is mediated via direct interaction 

with the apo BlOO moiety (Ettelaie C., 1996). Residues in the apo BlOO molecule mediating 

the inhibitory effect have been located to a short peptide domain in apo BlOO (KRAD14)
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(Ettelaie C., 1998). This region of apo BlOO forms part of the LDL receptor-binding domain 

(Milne R., 1989, Lawn A., 1990, Chan L., 1992 and Olsson U., 1997). Furthermore, the 

proposed site in TF (Ettelaie C., 1998), to which the inhibitory KRAD14 peptide binds, is 

homologous to the ligand-binding region of the LDL receptor (Goldstein J.L., 1985). The 

nature of the molecular interaction between TF and the KRAD14 peptide and the 

mechanism by which the peptide inhibits the procoagulant activity of TF are discussed in 

section 4.6.3.

Oxidation of LDL results in the loss of inhibitory activity towards TF, moreover oxidation 

renders LDL capable of enhancing the activity of TF. Oxidation of LDL results in the 

modification of the lipoprotein-associated tissue factor pathway inhibitor (TFPI), (Lesnik 

P., 1995). TFPI is a physiological inhibitor of TF activity. Copper and cell-mediated 

oxidation of LDL results in the loss of the inhibitory activity of TFPI towards TF (Lesnik 

P., 1995). In addition, hydrogen peroxide enhances the latent activity of TF on the surface 

of vascular smooth muscle cells (Penn M.S., 1999). It is thought that hydrogen peroxide 

may enhance TF activity by causing dissociation of TF from TFPI. The dissociation of TF 

from TFPI may result in increased cell surface expression of TF, since TFPI regulates the 

cell surface activity of TF by mediating internalization of cell surface TF into caveolae 

(Sevinsky J.R., 1996, Le D.T., 1992 and lakhiaev A., 1999). Endogenous TFPI expression 

has been observed on human macrophages and smooth muscle cells (Petit L., 1999 and 

Kamikubo Y., 1997).

Native and oxidatively modified LDL are also capable of enhancing TF expression in 

various cell types The expression of TF in human endothelial cells is induced by mmLDL 

and oxLDL (Drake T.A., 1991). In addition, oxLDL enhances the induction of TF by LPS 

in human adherent monocytes (Brand K., 1994). Both nLDL and oxLDL induce TF mRNA 

in smooth muscle cells, however, nLDL does not markedly increase TF activity (Penn M.S.,

2000). Increases in TF activity induced by oxLDL are mediated via an oxidant dependent 

mechanism, which may involve the inactivation of TFPI (Lesnik P., 1995).
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6.2 Aims

• To determine the effect of concentration of native and oxidatively modified LDL 

upon the induction of cytosolic Ca^  ̂transients

• To determine the effect of oxidation of LDL upon the induction of cytosolic Ca^  ̂

transients

• To investigate the involvement of TF activity in the induction of cytosolic Ca^  ̂

transients by oxLDL

• To investigate the effect of nLDL upon the induction of cytosolic Ca^^ transients by 

FVIIa

6.3 Methods

6.3.1 Preparation of low density lipoprotein

6.3.1a An overview of methods of preparation of low density lipoprotein

Various methods have been developed for the isolation of LDL from plasma. Density 

gradient centrifugation using sodium or potassium bromide generated gradient is a popular 

methodology, however it has drawbacks. Preparation of the LDL requires two

ultracentrifugation steps requiring 18 hours. The quality of LDL prepared using salt

gradients may be compromised due to the modification of proteins by the high salt

concentrations required to form the density gradients. Relatively recently a commercial 

reagent, OptiPrep™ (Nycomed) has become available, that has several advantages. LDL 

can be prepared in a single five-hour centrifugation step, (smaller samples within 2 hours). 

This minimises the loss of lipid/lipoprotein from LDL caused by physical shear forces 

resulting from ultracentrifugation. In addition, the opportunity for LDL oxidation during 

preparation is minimised. Furthermore, Optiprep^*'  ̂ acts as an antioxidant during the 

isolation and can be removed from the sample by dialysis.

6.3.1b Preparation of human blood serum

Blood was collected from human volunteers by venepuncture into a syringe. Serum was 

recovered from the supernatant subsequent to centrifugation of the blood sample at 1500g 

for 10 minutes at room temperature.
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6.3.1c Preparation of LDL using density gradient ultracentrifugation

Serum was mixed with 60% lodixanol (OptiPrep™) solution at a 4:1 ratio. 0.67ml o f 

basic density solution (d=1.006g/ml) was dispensed into 13 x 32mm (3.5ml) Quick Seal 

ultracentrifuge tubes (Beckman) using a syringe fitted with a hypodermic needle. 2.4ml 

abquots o f the OptiPrep^^ /serum mixture was then layered beneath the basic density 

solution in the ultracentrifiige tubes (3.6:1 ratio) using a hypodermic needle. The 

ultracentrifuge tubes were balanced to an accuracy o f 0.0 Ig. The tubes were beat-sealed 

and the samples loaded into a fixed angle rotor TL-100 (Beckman). The rotor was 

situated in a Beckman ultracentrifuge and the sangles were centrifuged at 100 OOOrpm 

for 2.5b at 10°C.

After centrifugation the tubes were removed fi*om the centrifuge and the caps were cut. 

The LDL band resolved as a bright orange band. The VLDL at the top o f the tube was 

removed and discarded. A syringe fitted with a hypodermic needle was then inserted 

into the tube to collect the LDL fraction.

6.3.1d Dialysis of LDL

LDL collected fi’om density gradient ultracentrifugation o f human serum was dispensed 

into dialysis tubing, which was sealed at one end. The dialysis tubing was sealed at the 

other end and the tubing placed in 5L o f Hank’s buffer. The sample was protected from 

light and was agitated using a magnetic stirrer bar overnight.

The following day the dialyzed LDL was removed fi’om the dialysis tubing and the 

protein concentration was determined using the Bradford reagent (section 2.4.8). The 

LDL sample was diluted to Img o f LDL apo B/ml with Hank’s buffer.

The purity and integrity o f LDL was established on the basis o f criteria described by 

Chapman et al (1988). Electrophoresis was used to exclude contamination by VLDL, 

HDL or serum albumins or globulins (6.3.2b). The lipid peroxide content o f the isolated 

LDL was determined (see section 6.3.2) to ensure that the samples contained native, 

non-oxidized LDL (El-Saadani M., 1989).

6.3.1 e Oxidation of LDL

The oxidation of LDL samples (Img of LDL apo B/ml) prepared as described in section 

6.3.Id was induced by the addition of CuSO# to a final concentration of 2pM. Oxidation of 

the samples was monitored as described in section 6.3.2.
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6.3.2 Measurement of lipid peroxidation

6.3.2a Measurement of LDL oxidation using fluorescence

A fluorescence methodology was selected to determine the progression of LDL oxidation. 

Oxidized LDL emits strong fluorescence emission around 430-450nm when excited at 

360nm. This methodology was selected for several reasons. The fluorescence is almost 

entirely associated with the modification of the apo B 100 moiety of the LDL. As the LDL is 

progressively modified aldehydes attack 8-amino groups of lysine. The fluorescence 

technique was chosen since the ability of nLDL to inhibit TF depends upon the extent of 

modification of lysine residues in apo BlOO. In addition, extensive modification of the 

lysine residues renders LDL amenable to interaction with the scavenger receptor and the 

ability to interact with the classic LDL receptor is lost (Berliner J.A., 1990). Since the 

change in fluorescence is linked to the modification of lysine residues this method is 

appropriate for the study as it links the chemical and biological changes of LDL. In 

addition, the graph in figure 6.2 shows the progression of the oxidation of LDL measured in 

a variety of ways including the determination of thiobarbituric acid reactive substances, 

conjugated dienes and peroxides. These data show that the fluorescence of LDL increases 

almost uniformly as LDL oxidation progresses, unlike the alternate methodologies. 

Measurement of LDL oxidation using fluorescence is also rapid, in addition the LDL 

sample can be retrieved for use in experiments.

0.2ml samples of LDL at Img of LDL apo BlOO /ml were dispensed into the wells of a 

microtitre plate. The plate was then loaded into a fluorimeter and the fluorescent emissions 

of the samples were read at 440nm. The progression of oxidation was monitored using a 

plot of the fluorescent emission of the sample against time.

6.3.2b Electrophoretic determination of the degree of LDL oxidation

During oxidation the negative surface charge of LDL increases. The increase in the negative 

charge arises from the binding of aldehydic lipid peroxidation products to the 8-amino 

groups of lysine residues. This binding neutralises positive charges and results in a net 

increase in negative charge. In addition, reactive oxygen species attack histidine and proline 

converting these residues to negatively charged aspartic acid and glutamic acid respectively. 

The relative increase in charge can readily be determined by electrophoretic separation of 

LDL on agarose gels.

Electrophoretic separation of plasma lipoproteins was detected using the Sebia Hydragel 

lipo and lp(a) system. Lipoprotein samples were loaded at the origin of the gel. The gel was 

placed in the running buffer in accordance with manufacturer’s instructions. The gel was 

run at 50V for 90 minutes. Subsequent to electrophoresis, the gel was dried and submersed
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in a solution consisting of 9 volumes of Fat Red 7B (0.023% w/v in methanol) and 1 

volume of water. To reveal the locations of the lipoprotein fractions, the gel was destained 

using a 2:1 mixture of methanol in water.

6.3.2c Measurement of lipid peroxides

Lipid peroxides were determined as described previously (El-Saadani M., 1989). The assay 

is performed using a commercially available reagent, CHODE-Iodide (Sigma), consisting of 

0.2M potassium phosphate (pH 6.2), 0.12M potassium iodide, 0.15mM sodium azide, 2g/l 

polyethyleneglycol mono [p -(l,r,3 ,3 ’-tetramethyl-butyl)-phenyl] ether, O.lg/1 

alkylbenzyldimethylammonium chloride and lOmM ammonium molybdate. The assay is 

based on the oxidative ability of lipid peroxides to convert iodide to iodine, the absorption 

of which can be determined at 365nm. The concentration of iodine produced is directly 

proportional to the amount of organic peroxide present. The concentration of lipid peroxide 

may be accurately determined using the molar extinction co-efficient (2.46 ± 0.25 x lO'̂ ).

A standard curve was obtained by preparing lOOpl aliquots of H2O2 ranging from 0 to 

lOOpM. 1ml aliquots of CHODE-Iodide reagent were added to the H2O2 solutions. The 

solutions were incubated for 30 minutes in the dark at ambient temperature prior to 

determination of the absorption at 365nm in a cuvette with 1cm path length. The results 

were plotted, (minus the reagent blank) and a line of best fit was applied to the plotted data. 

The correlation equation was;

Logio [H2O2] (pM)= 0.94 X logio(A36s) -  0.47

6.3.2d Measurement of thiobarbituric acid reactive substances

Incubation of peroxidised lipids with thiobarbituric acid under acidic conditions produces a 

red pigment with absorption maximum at 532nm. This pigment is a product of TBA-MDA 

interacting at a 1:2 ratio. The change in concentration of MDA is proportional to the amount 

of lipid undergoing peroxidation.

A range of solutions from 0-20pM was prepared by adding IM HCl to lOOpM 

malondialdehyde 6w-dimethylacetate (Sigma). The solutions were incubated at 50°C for 1 

hour and the absorption at 535nm was determined against a distilled water blank. The 

results were plotted and the correlation equation was found to be;

[MDA] (pM) + 4.76 x (A535)

Thiobarbituric acid solution (TBA, 0.67% w/v) was prepared by dissolving 0.67g of 2- 

thiobarbituric acid (Sigma) in IM sodium hydroxide, which was then made up to 100ml 

with distilled water. The concentration of MDA in 1 ml of test sample was measured by the
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addition of 1ml of 20% w/v trichloroacetic acid and 2ml TBA. The mixture was incubated 

at lOOC for 10 minutes. The sample was centrifuged at 400g for Sminutes and the 

absorption measured at 535nm against a distilled water blank.

6.4 Results

6.4.1 Determination of the degree of LDL modification

In order to establish whether LDL was native (nLDL), minimally-modified (mmLDL) or 

extensively oxidised (oxLDL), the following criteria were used. Native LDL was designated 

as LDL samples containing <29nmol lipid peroxide/mg LDL as determined using the 

CHODE-Iodide reagent (see 6.3.2c). mmLDL was designated as LDL containing 2-5nmol 

TBARS (see 6.3.2d) per mg cholesterol with no change in electrophoretic mobility (see 

6.3.2b). The cut-off point indicating the onset of formation of extensively oxidised LDL 

was defined as LDL with electrophoretic mobility and apo BlOO fluorescence increased 

10% or more above native non-oxidised LDL.

6.4.2a Measurement of endogenous fluorescence emission from native and oxidized 

LDL

The presence of fluorescence emission at 540nm resulting from excitation of native and 

oxidatively modified LDL at 340nm and 380nm was determined to ascertain whether the 

LDL species themselves lead to alteration of the 340:380nm ratio. These background 

fluorescence values were derived from regions in the cell-free areas of the coverslip and 

were calculated for 4 independent samples of native, minimally modified and fully oxidized 

LDL. The 340:380nm ratios obtained before and after the addition of the various LDL 

samples were determined (figure 6.5).

The background 340:380nm ratio was unaltered for concentrations of nLDL as high as 

0.5mg of LDL apo B/ml (figure 6.5a) demonstrating that excitation of nLDL at 340nm and 

380nm does not produce fluorescence emission at 540nm. Slight decreases in the 

background ratio were evident with concentrations of mmLDL at 0.5mg of LDL apo B/ml, 

however at concentrations of 0.05mg of LDL apo B/ml and below, mmLDL had no 

significant effect on the 340:380nm ratio (figure 6.5b). In contrast, oxLDL produced a 

pronounced decrease in the 340:380nm ratio at 0.5mg of LDL apo B/ml (figure 6.5c). 

Addition of 0.05mg of LDL apo B/ml of oxLDL also resulted in decreases in the 

340:380nm ratio although the reduction was much less pronounced. Concentrations of 

0.005mg of LDL apo B/ml oxLDL did not significantly alter the background fluorescence.

The origin of the decrease in background fluorescence by mmLDL and oxLDL was 

determined. The emissions from the 340nm and 380nm excitation wavelengths were plotted
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separately and it was found that the increased 340:380nm ratios resulted from a decrease in 

the emission derived from the 340nm excitation wavelength rather than from an increase in 

the 380nm ratio. These results demonstrate that the oxidation of LDL results in the 

dampening of fluorescence intensity emitted at 540nm when the excitation wavelength is 

340nm.
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Figure 6.5: Background fluorescence emitted by nLDL, mmLDL and oxLDL
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Samples of nLDL, mmLDL and oxLDL were placed in the chamber of a microscope integrated to a 

fluorescence video imaging system. To determine the emission of endogenous fluorescence by the LDL, 

the samples were illuminated with light at 340nm and 380nm and the fluorescent emission at 540nm was 

collected. Fluorescence of the samples was examined for an extended period of time to determine whether 

the exposure o f the LDL to the u-v light resulted in time dependent changes in fluorescent emission.
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6.4.2b Experimental analysis of samples with high background fluorescence

Since changes in background fluorescence were produced by 0.5mg of LDL apo B/ml 

mmLDL and 0.5mg of LDL apo B/ml and O.OSmg of LDL apo B/ml oxLDL, adjustment to 

the method of analysis of the data was necessary at these concentrations of oxidized LDL. 

The background fluorescence emitted by these concentrations of mmLDL and oxLDL 

introduces an error into the data since the time point prior to the addition of LDL does not 

reflect the true basal value. An accurate basal value was obtained by subtracting the value 

for the change in 340:380nm ratio due to the intrinsic fluorescence of oxidised LDL from 

the basal values.

6.4.3 Effect of concentration of native and oxidatively modified LDL upon the 

induction of Ca  ̂ transients

The concentration dependence of the induction of cytosolic Ca^  ̂ transients by native and 

oxidized lipoproteins was determined using several parameters that define the 

kinetics/characteristics of cytosolic Ca^  ̂responses (section 2.3.7b);

• The percentage of the cell population eliciting a response

• The magnitude of the response in terms of the response integral

• The peak amplitude

• The decay time

The inductions of cytosolic Ca^  ̂ transients by native, minimally modified and oxidized 

LDL are shown in figures 6.6a and 6.6b. The graphs in figure 6.6a show the mean responses 

to varying concentrations of native, minimally modified and oxidized LDL using data from 

all cells within the field of view, irrespective of whether or not a response was elicited by

the LDL sample in question. The graphs in figure 6.6b show the mean responses of only the

cells in the field of view that responded to the LDL treatment i.e. non-responding cells were 

excluded from the analysis.
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Figure 6.6a: Effect of concentration and oxidative modification of LDL upon the induction of 

cytosolic Ca^* transients in T24 cells (all cells, responding and non-responding)
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T24 cells were grown on glass coverslips as described in section 2.1.8. The effect of varying the 

concentration and degree of oxidative modification of LDL upon the induction of Ca^^ 
transients was measured in single cells as described in section 2.3. LDL was added at 25 
seconds. Results are expressed as the mean ± SLM of all cells within the field of view 
(responding and non-responding cells, n > 100). Circles, 0.5mg/ml; squares, 0.05mg/ml and
triQnrrlî c 0 nn^mrr/ml
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Figure 6.6b: Effect of concentration and oxidative modification of LDL upon the induction of 

cytosolic Ca^^ transients in T24 cells (excluding non-responsive cells)
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concentration and degree of oxidative modification of LDL upon the induction of Ca^^ 
transients was measured in single cells as described in section 2.3. LDL was added at 25 
seconds. Results are expressed as the mean ± SEM of cells within the field of view that elicited 
a response and exclude non-responding cells, n > 100). Circles, 0.5mg/ml; squares, 0.05mg/ml 
and triangles, 0.005mg/ml.
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6.4.3a Effect of LDL concentration on the percentage of the cell population eliciting a 

cytosolic Ca^^ response 

The percentage of the population of T24 cells that elicit a cytosolic Ca^^ response 

subsequent to treatment with LDL is positively correlated with the concentration of native, 

minimally modified or fully oxidized LDL (figure 6.7). The graphs show that the sensitivity 

of T24 cells to nLDL, mmLDL and oxLDL is maximal between concentrations of 0.005 

and 0.05 mg of LDL apo B/ml. nLDL, mmLDL and oxLDL at 0.005mg of LDL apo B/ml 

elicit responses in 18.1 ± 5.5, 6.6 ± 5.2 and 6.5 ± 4.6% of the cell population respectively. A 

ten-fold increase of nLDL, mmLDL or oxLDL to 0.05mg of LDL apo B/ml leads to the 

induction of cytosolic Ca^  ̂ responses in a far greater proportion of the cell population, 

67.5± 10.7, 69.1 ± 9.6 and 91.5 ± 6.1 respectively. At 0.5mg of LDL apo B/ml of LDL, a 

further increase in the percentage of T24 cells eliciting a cytosolic Ca^  ̂response is evident; 

80.0 ± 9.9, 92.0 ± 11.3 and 100.0 ± 0.0 %, respectively.

The effect of oxidation status upon the percentage of cells eliciting a response for various 

concentrations of LDL (0.005, 0.05 and 0.5 mg of LDL apo B/ml), was determined to 

ascertain whether the percentage of cells responding was significantly different for native 

and minimally modified LDL in comparison to oxLDL. Statistical analysis showed that at 

0.005mg of LDL apo B/ml the percentage of cells responding to native or minimally 

modified LDL was not significantly different from the proportion of cells responding to 

oxLDL (Student’s t-test, p = 0.99 and 0.07 respectively). For concentrations of LDL of 

0.05mg of LDL apo B/ml, no significant difference was observed between oxidized LDL 

and minimally modified LDL (p = 0.10). However, the proportion of cells responding to 

native LDL was significantly less than the proportion responding to oxidized LDL at 

0.05mg of LDL apo B/ml (p = 0.04). No significant effects of oxidation upon the 

percentage of cells responding to 0.5mg of LDL apo B/ml were evident when the responses 

to oxLDL were compared with native or minimally modified LDL (p = 0.15 and 0.13 

respectively).

The data was analyzed within each oxidation class to determine the effect of concentration 

upon the percentage of cells exhibiting cytosolic Ca^  ̂ increases. Statistical analysis 

demonstrated that the proportion of cells eliciting a response was significantly lower at 

0.005mg/ml compared to 0.5mg of LDL apo B/ml for native, minimally modified and 

oxidized LDL (p = 0.002, 0.001 and 0.002 respectively). In addition, significant differences 

in the proportion of responding cells was evident at 0.05mg of LDL apo B/ml lipoprotein 

compared to 0.5mg of LDL apo B/ml for minimally modified LDL (p = 0.04). However, in 

the case of native and fully oxidized LDL, no significant differences in the proportion of 

responding cells was observed between 0.05mg of LDL apo B/ml and 0.5mg of LDL apo 

B/ml (p = 0.61 and 0.22 respectively). These results demonstrate that the proportion of the
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cell population eliciting a cytosolic Ca^^ response increases as the LDL concentration 

increases between 0.005 and 0.05mg LDL apo B/ml for all classes of LDL; native, 

minimally modified and fully oxidized LDL.

6.4.3b Effect of LDL concentration upon the magnitude of cytosolic Câ  ̂transients

The response integral was used as an index of the magnitude of the response (section 

2.3.7b). Analysis of the response integral was determined using only the responsive cells 

(see section 2.3.7d for definition).

The data was statistically analyzed using a linear regression methodology. Linear regression 

analysis was performed on logarithmically transformed data, (a nominal value of 1 was 

added), since the non-transformed response integral values in each LDL class formed 

positively-skewed normal distributions. Regression analysis demonstrated that the integral 

of the cytosolic Ca^  ̂ response was positively correlated with the lipoprotein concentration 

for nLDL, mmLDL and oxLDL (figures 6.8 and 6.9a, p<0.000l in all cases).

6.4.3c Effect of LDL concentration upon the peak amplitude of cytosolic Câ  ̂

transients

The linear regression analyses for the effect of concentration of native and oxidatively 

modified LDL upon the peak amplitude of the Ca^  ̂ responses are shown in figure 6.9b. A 

positive correlation between concentration and peak amplitude was seen for nLDL, 

mmLDL and oxLDL (p = 0.05, 0.03 and <0.0001 respectively).

The data is consistent with the interpretation that the peak amplitudes of the cytosolic Ca^  ̂

increases are dependent upon the concentration of native, minimally modified and fully 

oxidized LDL at physiological plasma concentrations.

6.4.3d Effect of LDL concentration upon the decay time of cytosolic Câ  ̂transients

The effect of concentration upon the decay time of cytosolic Ca^  ̂ peaks for native, 

minimally and fully oxidized LDL was subject to linear regression analysis (figure 6.9c). 

The data were logarithmically transformed prior to analysis. The statistical analysis showed 

that the decay time was positively correlated with the concentration of the lipoprotein for 

both native and oxidatively modified LDL. The data were significant for native, minimally 

modified and fully oxidized LDL (p<0.0001, 0.03 and <0.0001 respectively).
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Figure 6.7: The effect of concentration upon the percentage of cells eliciting Ca 

transients in response to nLDL, mmLDL and oxLDL
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T24 cells were grown on glass covers lips as described in section 2.1.8. For experiments cells were loaded 

with the Ca^^-sensitive fluorophore Fura2 (section 2.3.2). The effect of concentration of nLDL, mmLDL 

and oxLDL upon the induction of cytosolic Ca^* transients in individual cells was determined using a 

fluorescence video imaging system. Cells were treated with 0.005, 0.05 and 0.5 mg LDL apo B/ml 

concentrations of nLDL, mmLDL and oxLDL. Results are shown as the mean ± S.E.M. of 3 independent 

experiments. For statistical analyses the percentage of cells responding to 0.005mg/ml and 0.05mg/ml of 

lipoprotein were analyzed versus the responses to 0.5mg/ml using the Student’s t-test.

Figure 6.8: Tabulation of regression analyses for the effect of LDL concentration upon

cytosolic Ca  ̂ transients

Response parameter nLDL mmLDL oxLDL
r: P r= P P

In (integral + f) ^ 0.15 <.0001 0.24 <0001 0.93 <.0001

In (peak amplitude+l) ^ 0.04 0.05 0.06 0.03 0.20 <0001

In (decay time +1) “ 0.26 <0001 0.06 0.03 0.40 <.0001

'Entire cell population used for linear regression analysis 

“Only responding cells used for linear regression analysis
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Figure 6.9a Regression analysis of the effect of concentration of nLDL, mmLDL and

oxLDL upon the magnitude of Ca^^ responses 
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Integral of the response versus concentration of oxLDL, responding cells only
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T24 cells were grown on glass coversiips as described in section 2 .1.8. For experiments cells were loaded 

with the Ca^*-sensitive fluorophore Fura2 (section 2.3.2). The effect of concentration o f nLDL, mmLDL 

and oxLDL upon the induction o f cytosolic Ca^^ transients in individual cells was determined using a 

fluorescence video imaging system. Cells were treated with 0.005, 0.05 and 0.5 mg/ml concentrations of 

nLDL, mmLDL and oxLDL.

The effect of increasing concentrations of nLDL, mmLDL and oxLDL upon the magnitude of the 

cytosolic Ca^^ transients was analyzed in terms of the integral of the response i.e. the area under the 

response curve. The response integral is a measure of the increase in cytosolic Ca^^ above the basal level. 

Linear regression analysis was used to determine the effect of lipoprotein concentration upon the integral 

of the response. Cells that failed to respond to the stimulus were excluded from the linear regression 

analysis, i.e. only data from the responding cells was analyzed..
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Figure 6.9b Regression analysis of the effect of concentration of nLDL, mmLDL and

oxLDL upon the peak amplitude of Câ  ̂ responses

Peak amplitude of cytosolic Ca^  ̂response versus concentration of nLDL, responding cells only
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Peak amplitude of cytosolic Ca^  ̂response versus concentration of oxLDL, responding cells only

Regression Plot 
Split By: ox status 
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T24 cells were grown on glass coversiips as described in section 2.1.8. For experiments cells were loaded 

with the C a' -sensitive fluorophore Fura2 (section 2.3.2). The effect of concentration of nLDL, mmLDL 

and oxLDL upon the induction of cytosolic Ca^' transients in individual cells was determined using a 

fluorescence video imaging system. Cells were treated with 0.005, 0.05 and 0.5 mg/ml concentrations of 

nLDL, mmLDL and oxLDL.

The effect of increasing concentrations of nLDL, mmLDL and oxLDL upon the magnitude of the 

cytosolic Ca^^ transients was analyzed in terms o f the peak amplitude the response i.e. the maximal level 

of cytosolic Ca^^ observed for each cell. Linear regression analysis was used to determine the effect of 

lipoprotein concentration upon the peak amplitude. Cells that failed to respond to the stimulus were 

excluded from the linear regression analysis, i.e. only data from the responding cells was analyzed..
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Figure 6.9c Regression analysis of the effect of concentration of nLDL, mmLDL and

oxLDL upon the decay time of Ca  ̂ responses

Decay time of cytosolic Ca"  ̂ response versus concentration of nLDL, responding cells only
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Decay time of cytosolic Ca^ response versus concentration of oxLDL, responding cells only

Regression Plot 
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T24 cells were grown on glass coversiips as described in section 2 .1.8. For experiments cells were loaded 

with the Ca"-sensitive fluorophore Fura2 (section 2.3.2). The effect of concentration of nLDL, mmLDL 

and oxLDL upon the induction o f cytosolic Ca^' transients in individual cells was determined using a 

fluorescence video imaging system. Cells were treated with 0.005, 0.05 and 0.5 mg/ml concentrations of 

nLDL, mmLDL and oxLDL.

The effect of increasing concentrations of nLDL, mmLDL and oxLDL upon the magnitude of the 

cytosolic Câ "̂  transients was analyzed in terms of the decay time of the response i.e. the time taken for 

the peak response value to decay to half. Linear regression analysis was used to determine the effect of 

lipoprotein concentration upon the decay time. Cells that failed to respond to the stimulus were excluded 

from the linear regression analysis, i.e. only data from the responding cells was analyzed..
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6.4.4 The effect of oxidation status upon the induction of Câ  ̂transients

The cytosolic responses of T24 cells to O.OSmg of LDL apo B/ml of native, minimally 

modified or fully oxidized LDL were examined to determine the effect of oxidation upon 

the induction of Ca^  ̂ transients. A concentration of 0.05mg of LDL apo B/ml was chosen 

since this concentration of LDL elicits responses in the majority of the cells (figure 6.7). 

Linear regression analyses of the data were achieved by expressing the nominal data groups 

(native, minimally or fully oxidized LDL) in the form of a continuous variable, namely the 

LDL fluorescence value (section 6.3.2a), an index of the degree of oxidative modification. 

The effect of oxidation status upon the induction of Ca^^ transients was compared in terms 

of the logarithmically transformed data for the integral, peak amplitude and the decay time 

of the cytosolic Ca^^ responses (figure 2.4). A nominal value of 1 was added to each value 

prior to logarithmic transformation. Graphical representation of the linear regression 

analysis is shown in figure 6.10.

Linear regression analysis of the data demonstrated that the integrals, peak amplitudes and 

decay times of the cytosolic Ca^  ̂ responses were positively and significantly correlated with 

the degree of oxidation of the LDL (p < 0.0001 in each case). Collectively, these data 

indicate that the overall magnitude of the cytosolic Ca^^ response is positively correlated 

with the degree of oxidative modification of LDL. The increase in the overall magnitude of 

the response is mediated by an increase in the peak amplitudes and the decay times of the 

cytosolic Ca^  ̂responses of the T24 cells. The peak of the absolute change in concentration 

of cytosolic Ca^^ was estimated from the peak amplitude, using the instrument calibration 

curve (section 2.3.8). The peak changes in cytosolic Ca^  ̂ were 158.5nM, 122.0nM and 

173.2nM for native, minimally modified and fully oxidized LDL respectively.

T24 cells elicit greater and more prolonged elevations of cytosolic Ca^  ̂ in response to 

progressively oxidized LDL. Further experiments were undertaken to determine the 

duration of the sustained cytosolic Ca^  ̂ responses seen in response to oxidatively modified 

LDL.
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Figure 6.10; Linear regression analysis of the effect of oxidative modification of LDL 

upon the induction of Ca^^ transients 
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The effect o f oxidative modification of nLDL (0.05 mg/ml) upon the induction o f cytosolic Ca^  ̂

transients in individual cells was determined using a fluorescence video imaging system. Cu^^-mediated 

LDL oxidation was determined using a fluorimeter (section 6.3.2). The induction of Ca^^ transients by 

native and oxidatively modified LDL was assessed in terms of the average increase in cytosolic Ca^^ 

above basal (response: basal ratio, R: B ratio), the peak amplitude of the response and the decay time of 

the response (figure 2.4) using linear regression.
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6.4.5 Sustained elevations of cytosolic Ca^^ elicited by fully oxidized LDL

In order to determine the duration of cytosolic elevations elicited by T24 cells in 

response to oxidatively modified LDL, cells were observed for extended periods of time. 

Cells treated with native or oxidatively modified LDL were observed intermittently over a 

period of 10 minutes. The levels of cytosolic Ca^  ̂ 520-565 seconds after the addition of 

native or fully oxidized LDL were determined. The Student’s t-test was used to determine 

whether the levels of cytosolic Ca^  ̂ observed after 520-565 seconds exposure to either 

native or oxidized LDL returned to basal levels. The results show that there is no significant 

difference between the basal Ca^^ level and the level of Ca^^ after 520 seconds following 

treatment of T24 cell with native LDL (p= 0.47). This shows that the cytosolic Ca^  ̂

increase in cells treated with nLDL is transient and that the basal, pre-treatment levels of 

cytosolic Ca^^ are rapidly restored. The re-establishment of the basal level of Ca^  ̂ was 

observed in the entire cell population. In contrast, cells treated with mmLDL exhibited 

sustained elevations of cytosolic Ca^  ̂ levels after 520 seconds (figure 6.11b, p = 1.03 x 10' 

Similarly, a highly significant difference between the basal Ca^  ̂ levels and the levels of 

Ca^^ 520 seconds after treatment with fully oxidized LDL was evident (figure 6.1 Ic, p = 

3.18x10'^^).

Comparison of the data for each LDL class demonstrates that the rate of increase in 

cytosolic Ca^^ for nLDL is rapid in comparison to mmLDL and oxLDL (figures 6.1 la-c). 

Interestingly, the rate of increase is slower for mmLDL than oxLDL. Furthermore, the 

maximal amplitude is greater in the case of mmLDL compared to oxLDL. These results for 

mmLDL and oxLDL are in contrast to the results of the independent experiments 

represented in figure 6.6b, where the peak amplitude and onset of cytosolic Ca^  ̂ transients 

are larger and longer for oxLDL compared to mmLDL. In addition, the rate of increase in 

cytosolic Ca^^ is slower for mmLDL than oxLDL in one experiment (figure 6.1 la-c) and is 

vice versa in the other (figure 6.6b). It is likely that this variation between experiments 

probably results from variation in the LDL compositions of samples from different donors. 

The heterogeneity of LDL results in variation in the oxidation products between different 

donor samples (see section 6.1.3).
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Figure 6.1 la: Induction of cytosolic Ca^ transients by nLDL in T24 cells
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The effect of LDL oxidation upon the induction of cytosolic Ca^^ transients in T24 cells was determined 

in individual cells using a video fluorescence imaging system. Cells were observed immediately 

following the addition of nLDL (0.05mg/ml) and again after 520 seconds to determine whether the 

elevation of cytosolic Ca^^ levels were sustained for extended periods in comparison to mmLDL and 

oxLDL (figure 6.1 lb and 6.1 Ic). Results are the mean ± S.E.M. for 15 individual cells.
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Figure 6.11b: Induction of cytosolic transients by mmLDL in T24 cells
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The effect of LDL oxidation upon the induction o f cytosolic Ca^^ transients in T24 cells was determined 

in individual cells using a video fluorescence imaging system. Cells were observed immediately 

following the addition of mmLDL (0.05mg/ml) and again after 520 seconds to determine whether the 

elevation of cytosolic Ca“' levels were sustained for extended periods in comparison to nLDL and oxLDL 

(figure 6.11a and 6.1 Ic). Results are the mean ± S.E.M. for 15 individual cells.
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Figure 6.11c: Induction of cytosolic transients by oxLDL in T24 cells
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The effect of LDL oxidation upon the induction of cytosolic Ca^^ transients in T24 cells was determined 

in individual cells using a video fluorescence imaging system. Cells were observed immediately 

following the addition of oxLDL (0.05mg/ml) and again after 520 seconds to determine whether the 

elevation of cytosolic Ca^ levels were sustained for extended periods in comparison to nLDL or 

mmLDL. Results are the mean ± S.E.M. for 15 individual cells.
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6.4.6 Effect of inhibition of TF activity upon the induction of transients by 

nLDL and oxLDL

The involvement of TF in the induction of transients by nLDL and oxLDL was 

examined using an inhibitory antibody towards TF activity (TF8 5G9). T24 cells were pre

incubated with TF8 5G9 at a final concentration of 0.01 mg/ml for 2 minutes prior to the 

addition of either native, minimally modified or oxidized LDL. The basal level of cytosolic 

Ca^  ̂in T24 cells was unaffected by the addition of the TF8 5G9 antibody (figure 6.12). 

Treatment of T24 cells with nLDL resulted in an average increase of 0.09 ±0.01 in the 

340:380nm ratio above basal levels. The average increase in the 340:380nm ratio of cells 

exposed to nLDL after pre-treatment of cells with 0.01 mg/ml TF8 5G9 was 0.12 

± 0.01 above the basal levels. Statistical analysis of these data showed no that the response 

of cells to nLDL was unaltered by pre-exposure of the cells to TF8 5G9 (Student’s t-test, p 

= 0.09, figure 6.13a). Similarly, the TF8 5G9 antibody had no effect upon the induction of 

cytosolic Ca^^ transients induced by oxidatively modified LDL (figure 6.13b). Treatment of 

cells with oxLDL resulted in an increase of 0.12 ± 0.01 in the 340:380nm ratio above basal 

levels. Cells pre-treated with TF8 5G9 elicited increases of 0.14 ±0.01 in the 340:380nm 

ratio above basal levels. Statistical comparison of the two treatment groups demonstrated 

that the data were not statistically different (Student’s t-test, p = 0.37). However, although 

inhibition of TF activity had no effect upon the induction of cytosolic Ca^  ̂ signals seen in 

response to this particular sample of oxLDL it is not possible to conclude that TF is not 

involved in the induction of cytosolic Ca^^ signals by oxLDL. This is because the oxLDL 

used in this experiment did not elicit sustained elevations of cytosolic Ca^  ̂ as seen with 

other samples. Differences between responses to oxLDL are not unexpected since nLDL is 

heterogeneous in terms of its composition and resistance to oxidative attack. Due to 

constraints upon equipment access time we were unable to determine whether inhibition of 

TF activity would affect the induction of sustained cytosolic Ca^  ̂transients by oxLDL. 

Collectively, these results demonstrate that the induction of Ca^  ̂ transients in response to 

nLDL is not mediated via TF. In addition, a role for TF in the maintenance of elevated 

cytosolic Ca^^ levels seen in response to some samples of oxLDL has not been excluded.



189

Figure 6.12: Effect of TF8 5G9 antibody upon basal cytosolic Câ  ̂ levels in T24 cells

0.90 

0.80 

0.70 

o 0.60

C 0.40 
2
m 0.30 

0.20 

0.10 

0.00

0.01 mg/ml TF8 5G9

10 20 30

tim e (s)

40 50

— ► Indicates the time of addition of the TF-neutralizing TF8 5G9 antibody.

T24 cells were seeded onto glass coversiips and grown overnight as described in section 2.1.8. For 

experimentation, cells were loaded with the Ca'^-sensitive fluorophore Fura2. The effect of the TF8 5G9 

antibody upon cytosolic Ca“  ̂ levels in individual cells was examined using a microscope integrated to a 

fluorescence video imaging system. Basal cytosolic Ca“  ̂ levels were measured for 20 seconds prior to the 

addition of TF8 5G9 antibody at a final concentration of O.lmg/ml. Cells were observed for a further 20 

seconds after the addition of the antibody. Results are the mean ± S.E.M. of ten individual cells.
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Figure 6.13a: The effect of inhibition of TF activity upon the induction of Ca

transients by nLDL
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A: Basal cytosolic Ca“  ̂ levels were observed for 20 seconds prior to the addition of 0.05mg/ml nLDL. 

The cytosolic Ca^^ response of the cells was measured for 120 seconds after the addition of the nLDL. 

The change in cytosolic Ca^^ levels were calculated from the 340:380nm fluorescence ratios. The mean ± 

S.E.M. of the change in cytosolic Ca^^ of at least 40 cells is shown.

B: Cells were incubated with the TF8 5G9 antibody for 2 minutes. Cells were observed for 20 seconds 

prior to the addition of 0.05mg/ml nLDL. The mean ± S.E.M. of the change in cytosolic Ca^^ of at least 

40 cells is shown.

The effect of inhibition of TF8 5G9 upon the induction of Ca^" transients by 0.05mg/ml nLDL was 

determined using the un-paired Student’s t-test. No significant differences were observed between cells 

treated with TF8 5G9 prior to nLDL and cells treated with nLDL only (p= 0.09).
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Figure 6.13b: The effect of inhibition of TF activity upon the induction of cytosolic

transients by oxLDL
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A: Basal cytosolic Ca^^ levels were observed for 20 seconds prior to the addition of 0.05mg/ml oxLDL. 

The cytosolic Ca^^ response of the cells was measured for 120 seconds after the addition of the oxLDL. 

The change in cytosolic Ca“" levels were calculated from the 340:380nm fluorescence ratios. The mean ± 

S.E.M. of the change in cytosolic Ca^^ of at least 40 cells is shown.

B: Cells were incubated with the TF8 5G9 antibody for 2 minutes. Cells were observed for 20 seconds 

prior to the addition of 0.05mg/ml oxLDL. The mean ± S.E.M. of the change in cytosolic Ca^^ of at least 

40 cells is shown.

The effect of inhibition of TF8 5G9 upon the induction of Ca^^ transients by 0.05mg/ml oxLDL was 

determined using the un-paired Student’s t-test. No significant differences were observed between cells 

treated with TF8 5G9 prior to oxLDL and cells treated with oxLDL only (p= 0.37).
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6.5 Conclusions

Exposure of T24 cells to native, minimally modified or fully oxidized LDL results in the 

induction of increases in cytosolic Ca^  ̂ levels. The effect of the concentration of native, 

minimally modified and fully oxidized LDL upon cytosolic Ca^  ̂ transients was determined 

over the range of 0.005 to O.Smg of LDL apo B/ml. The overall magnitude of the responses 

was positively correlated with the concentration of native, minimally modified or hilly 

oxidized LDL. The increases in the magnitude of the cytosolic Ca^  ̂transients for each class 

of LDL were due to increases in the peak amplitudes of the responses and lengthening of 

the decay times.

Differences in the characteristics o f the cytosolic Ca^  ̂ increases were compared between 

identical concentrations of native, minimally modified and fully oxidized LDL (O.Smg of 

LDL apo B/ml) to determine the effect of oxidative modification of LDL. Linear regression 

analysis demonstrated a significant positive correlation between the overall magnitude of 

the response, measured in terms of the area under the response curve, and the degree of 

oxidative modification of the LDL. The increase in the magnitude of the cytosolic Ca^  ̂

response resulted from increases in the peak amplitudes and decay times of the Ca^  ̂

responses in cells treated with oxLDL.

Progressive oxidation of LDL results in the prolongation of elevated cytosolic Ca^  ̂ levels. 

Exposure of T24 cells to native LDL results in the immediate induction of short-lived 

increases in cytosolic Ca^ .̂ In contrast, exposure of T24 cells to fully oxidized LDL results 

in prolonged elevations of the cytosolic Ca^^ levels, which are of slow onset and are 

sustained for at least 10 minutes. Cytosolic Ca^^ levels were sustained for prolonged periods 

upon treatment with some mmLDL samples but not with others. The rate of increase of the 

cytosolic Ca^  ̂ response to mmLDL was slower than that seen in response to nLDL. 

However, when compared to fully oxidised LDL, the onset of the response could be faster 

or slower. These variations may result from the heterogeneity in composition between 

donor LDL samples. This heterogeneity leads to variation in the chemical composition of 

the oxidation intermediates produced in different LDL samples.

Inhibition of TF activity had no effect upon the induction of cytosolic Ca^^ increases by 

nLDL demonstrating that TF: F Vila activity is not involved in mediating the Ca^  ̂responses 

elicited nLDL. It remains to be seen whether inhibition of TF activity affects the persistence 

of increased cytosolic Ca^  ̂ when the Ca^  ̂ elevation is sustained in response to oxLDL. 

However, in the case of oxLDL samples that elicit transient cytosolic Ca^ ,̂ the increases in 

cytosolic Ca^^ were not dependent upon TF.
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6.6 Discussion

6.6.1 Differential responses of cells to native and oxidatively modified LDL

Oxidative modification of LDL is a progressive process and LDL can be minimally or fully 

oxidized. Native, minimally modified and fully oxidized LDL elicit the induction of a 

variety of proatherogenic responses in arterial cells (figure 1.8). The studies tabulated in 

figure 1.8 demonstrate the effect of progressive oxidation of LDL upon the induction of 

proatherogenic responses. Unfortunately, in many studies the effect of LDL species of 

differing oxidation statuses upon the factor in question was not determined. However, 

differential effects between native and oxidized LDL were identified in several studies.

Unlike nLDL, oxidized LDL leads to; increased permeability in endothelial cells (Siess W.,

1999), secretion of the chemotactic factor MCP-1 in endothelium and smooth muscle cells 

(Cushing S.D., 1990), induction of the adhesion molecule ELAM-1 in endothelial cells 

(Berliner J.A., 1990, Lehr H.A., 1992), enhancement of G-CSF and GM-CSF production by 

endothelium (Rajavashisth T.B., 1990), scavenger receptor A expression on smooth muscle 

cells (Meitus-Snyder M., 2000), PDGF expression in macrophages (Malden L.T., 1991), 

cytotoxicity in fibroblasts (Morel D.W., 1983) and vasoconstriction via endothelin 

induction and inactivation of nitric oxide (Boulanger C M., 1993, Galle J., 1991 and Chin 

J.H., 1992).

Some investigations have demonstrated the absence of differential effects of native and 

oxidized LDL upon cellular responses. Both nLDL and oxLDL may directly increase the 

expression of the scavenger receptor B (CD36) on macrophages (Han J., 1997 and Feng J.,

2000), E-selectin on endothelium (Allen S., 1998) and TF on smooth muscle cells (Cui 

M.Z., 1999). However in each of these studies, oxLDL is a more potent agonist than nLDL. 

Both native and oxidized LDL induce enhanced expression of the scavenger A receptor 

(Han J., 1997), PDGF-AA and the PDGF receptor (Stiko-Rahm A., 1992), IGF-1, the IGF-1 

receptor and IGF binding proteins 2 and 4 (Scheidegger K.J., 2000). No differential effect 

of the different LDL classes was found in these studies.

6.6.2 Characteristics of cytosolic Câ  ̂signals induced by native and oxidized LDL

The observed differences in the biological responses of arterial cells to minimally and 

oxidized LDL suggests that each class of LDL induces the activation of distinct signalling 

pathways. Since, the involvement of cytosolic Ca^  ̂ fluxes in cellular responses to 

extracellular signals is a ubiquitous feature of cellular signalling mechanisms, studies were 

undertaken to investigate whether native and progressively modified LDL induce discrete 

patterns of cytosolic Ca^  ̂fluxes.
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The data presented here, demonstrate that nLDL, mmLDL and oxLDL elicit cytosolic Ca^  ̂

fluxes in bladder carcinoma T24 cells. The kinetics of the cytosolic Ca^  ̂ fluxes were 

determined by the degree of oxidative modification of the LDL. Progressive oxidation of 

LDL promoted increases in the overall magnitude of the cytosolic Ca^  ̂ response via 

increases in the peak amplitude and prolongation of elevated cytosolic Ca^  ̂ levels. 

Cytosolic Ca^  ̂ levels in cells exposed to nLDL were transiently increased, but returned to 

basal levels rapidly. Exposure of cells to fully oxidized LDL resulted in extension of 

elevated cytosolic Ca^  ̂ such that the cytosolic Ca^  ̂ levels did not return to basal levels. 

Increased cytosolic Ca^  ̂ levels were sustained for more than 10 minutes. Sustained 

elevations of cytosolic Ca^  ̂ are associated with the induction of apoptosis (Trump B.F.,

1995) and the link the ability of oxLDL to induce apoptosis with its ability to promote 

sustained elevation of cytosolic Ca^\

These data demonstrate that the characteristics of cytosolic Ca^  ̂ flux are discrete for nLDL, 

mmLDL and oxLDL. As the LDL is progressively oxidized, the cellular response is altered 

resulting in increases in the peak amplitudes and the decay times. These data suggest that 

oxidation of LDL causes larger amounts of Ca^  ̂ to be released and leads to suppression of 

the activity of pathways involved in the removal of cytosolic Ca^ .̂

The results of studies of intracellular Ca^  ̂ rises in other cell types demonstrate similar 

kinetics of cytosolic Ca^  ̂ transients as reported here. Exposure of endothelial cells to nLDL 

(O.Smg of LDL apo B/ml) results in increases in cytosolic Ca^  ̂ transients that are maximal 

after approximately 16 seconds and decay to basal within 160 seconds (Allen S., 1998). In 

contrast to the findings reported here, these authors did not detect cytosolic Ca^  ̂ transients 

in response to mmLDL (0.1 mg of LDL apo B/ml). The absence of a Ca^  ̂ response to 

mmLDL (0.1 mg of LDL apo B/ml) has also been reported by Essler et al (1999). In our 

system, these concentrations of mmLDL were sufficient to elicit cytosolic Ca^^ transients, 

indeed, we observed Ca^  ̂ responses to mmLDL at concentrations as low O.OOSmg of LDL 

apo B/ml. Furthermore, the results of Mietus-Snyder et al (2000), demonstrate that 

induction of the scavenger A receptor in smooth muscle cells by mmLDL is dependent 

upon Ca^^ flux.

In addition to the investigation of differential responses to native and minimally modified 

LDL, the effect of LDL concentration upon the kinetics of Ca^  ̂transients within each class 

of LDL; native, minimally or fully oxidized LDL was studied. The normal plasma LDL apo 

B concentration is around 0.5mg/ml, which is equivalent to ~ lpM  LDL. Cells were exposed 

to native and oxidatively modified LDL at concentrations in the range of 0.005 to 0.5 mg of 

LDL apo B/ml. The characteristics of the induction of Ca^  ̂ transients were compared 

between different concentrations of native, minimally modified and fully oxidized LDL to
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determine whether varying the concentration of each class of LDL elicits discrete cytosolic 

Ca^  ̂ responses in T24 cells. The results demonstrate that for each class of LDL; native, 

minimally modified or fully oxidized, the magnitude of the response is correlated with the 

concentration of the LDL stimulus. Further analysis of the data revealed that the increased 

magnitude of the response resulted from increases in the peak amplitudes and decay times. 

Thus increasing the concentration of LDL results in an increase in Ca^  ̂ release and an 

attenuated rate of removal of Ca^  ̂ from the cytosol. A concentration-dependent effect of 

LDL upon Ca^^ transients has been observed previously. Allen et al (1998) demonstrated a 

concentration-dependent effect of nLDL upon the magnitude of Ca^^ transients in 

endothelial cells. Furthermore, a positive correlation between the nLDL concentration and 

the peak amplitude of the Ca^  ̂ response was identified as a mechanism for the increased 

magnitude of the response. Similarly, the results reported here demonstrate concentration- 

dependent increases in the peak amplitude. Our data shows that attenuation of the rate of 

removal of cytosolic Ca^\ detected as an increase in the decay time, in concert with an 

elevation of the peak amplitude are responsible for increasing the magnitude of the 

responses as the LDL concentration is increased.

The data presented here and elsewhere demonstrate that each class and concentration of 

LDL elicits a unique characteristic pattern of cytosolic Ca^  ̂ flux. This suggests the 

existence of a mechanism by which the concentration of LDL and the degree of oxidation 

can be ‘sensed’ by the cells. The sensor mechanism translates the extracellular signals into a 

unique characteristic pattern of Ca^  ̂ flux. The distinct pattern of Ca^^ flux in turn, encodes a 

set of phenotypic instructions appropriate to the nature of the extracellular stimulus. In this 

way cells can elicit differential responses to native, minimally modified and fully oxidized 

LDL. Our data alludes to the possibility that the extent of oxidative modification of LDL is 

‘sensed’ by the cell and is encoded into the decay time of the cytosolic Ca^^ elevation. An 

appropriate analogy is that each LDL species invokes a ‘signature response’, which results 

in the induction of the appropriate cellular response.

The existence of ‘signature responses’ to distinct agonists and varying concentrations of 

agonist has been documented previously. Ca^  ̂ is an intracellular messenger that relays 

information within cells to regulate their activity. However, almost all cellular processes are 

regulated by calcium (figure 6.14) and in order to co-ordinate all its different functions, 

Ca^  ̂ signals need to be flexible and precisely regulated. This versatility arises through the 

ability of Ca^^ ions to act in the contexts of space, time and amplitude.

The data demonstrate that the induction o f cytosolic Ca^^ transients by nLDL samples 

from different donors is variable in terms o f the rate o f onset and decay. These 

differences may arise from differences in the LDL profile between donor samples. The
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LDL isolated in these studies consists o f a mixture o f light, intermediate and small 

dense LDL subspecies. The proportion o f each subspecies varies between individuals 

such that each donor has a unique LDL profile. The distinct physicochemical and 

biological properties o f each subclass (see section 1.2.5) are a likely determinant o f the 

variation in cytosolic Ca^^ responses seen upon treatment with nLDL fi*om different 

donor samples. Furthermore, the unique profiles o f different donor LDL may lead to 

variation in the repertoire o f peroxidation products formed after oxidation. The variation 

in peroxidation products may be responsible for the diSerences in the characteristics o f 

cytosolic Ca^^ responses o f cells seen with difterent donor oxidised LDL.

Figure 6.14: Versatility of calcium signalling in cell life and death
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6.6.3 Involvement of TF in the induction of Câ  ̂ transients by native and oxidised 

LDL

Oxidised LDL activates the procoagulant activity of TF (Ettelaie C., 1995). Since both 

oxidised LDL and FVIIa induce increases in cytosolic Ca^ ,̂ the potential involvement of TF 

in the induction of Ca^  ̂ transients by oxLDL was investigated. Inhibition of TF activity 

using the TF-neutralising TF8 5G9 antibody did not alter Ca^  ̂transients induced by oxLDL 

in cases where the oxLDL sample in question resulted in transient cytosolic Ca^  ̂elevations. 

Thus activation of TF by oxLDL does not contribute to transient increases in cytosolic Ca^ .̂ 

While this sample of oxLDL resulted in transient induction of cytosolic Ca^  ̂ elevation, 

other oxLDL samples resulted in the induction of sustained elevations of cytosolic Ca^L 

The effect of TF inhibition upon the maintenance of elevated cytosolic Ca^  ̂ transients by
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oxLDL could not be determined due to time constraints on access to equipment. We cannot 

therefore exclude the possibility that TF is involved in the maintenance of sustained 

elevations of cytosolic Ca^  ̂induced by oxLDL.

The induction of cytosolic Ca^  ̂ transients by nLDL was also unaltered by preincubation of 

cells with the TF8 5G9 antibody demonstrating that TF is not involved in mediating the 

induction of cytosolic Ca^  ̂ increases by nLDL. However, this result does not exclude the 

possibility that nLDL exhibits some binding to cell surface TF. Moreover, since native LDL 

inhibits the procoagulant activity of TF, it would be of interest to determine whether pre

treatment of cells with nLDL would result in the inhibition of cytosolic Ca^  ̂ transients 

induced by FVIIa. Unfortunately, due to technical problems this question could not be 

addressed.

6.6.4 Mechanisms of cytosolic increases induced by native and oxidised LDL

The source of the increase in cytosolic Ca^  ̂ elicited in response to native, minimally 

modified and oxidised LDL could be determined to ascertain whether it is derived from 

extracellular milieu and/or intracellular Ca^  ̂ stores. Addition of native or oxidised LDL in 

the absence of extracellular Ca^  ̂ could be performed to determine whether the rise in 

cytosolic Ca^^ is derived from extracellular sources. In addition, intracellular Ca^  ̂ stores 

may be emptied of Ca^  ̂ using thapsigargin prior to the addition of native or oxidised LDL, 

to determine whether the cytosolic Ca^  ̂elevations are store dependent.

6.6.5 Biologically active components of native and minimally modified LDL

The induction of unique signature responses by native and oxidatively modified species 

must arise from differences in the nature of the biologically active component(s) between 

the LDL species. Identification of such species is technically difficult. Some of the active 

species responsible for the induction of various proatherogenic responses have been 

identified and are presented below. These data provide a means by which the underlying 

molecular basis of differential responses to native and oxidized LDL can be rationalized. 

The mechanism underlying the induction of differential patterns of cytosolic Ca^  ̂ transients 

by LDL of differing concentration and oxidation statuses in T24 cells presented in this 

chapter may be due to the activity of some of these previously encountered biologically 

active species.

Oxidation of the phospholipid component of LDL results in the production of 

lysophosphatidylcholine (LPC) and lysophosphatidic acid (LPA). The induction of PAI-1 in 

human smooth muscle cells is invoked by oxLDL and not by nLDL (Dichtl W., 1999). The 

authors found that lysophosphatidylcholine (LPC), a phospholipid oxidation product, could 

also elicit PAI-1 induction and propose that LPC is the active component of oxLDL. LPC
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also induces VCAM-1 in human endothelial cells (Kume N., 1992), while native LDL does 

not. In another study, oxLDL and not mmLDL induces VCAM-1 expression. Consolidation 

of these observations suggests that LPC is present in extensively and not minimally 

oxidized LDL. LPC also induces P-selectin in endothelium and platelets (Murohara M., 

1996), VEGF in macrophages (Ramos M.A., 1998) and synthesis of the vasoconstrictor 

endothelin-1 (Boulanger C M., 1992). In addition, the LPC component of oxLDL is directly 

chemotactic for monocytes (Quinn M.T., 1988) and smooth muscle cells (Autio L, 1990). 

The phospholipid hydroperoxide LPA may be responsible for the increased permeability of 

endothelial cells that is induced by mmLDL (Essler M., 1999, Siess W., 1999).

The potential for oxidized phosphatidylcholine to promote atherosclerosis in vivo is 

demonstrated by the observation that antibodies to oxidized phosphatidylcholine detect 

elevated levels of circulating oxLDL (Toshima S., 2000). The antibody also cross-reacts 

with phosphatidylcholine hydroperoxides. 7p-hydroperoxycholest-5-en-3-P-ol is found in 

atherosclerotic lesions and is the primaiy cytotoxin of oxidized LDL (Chisholm G.M., 

1994).

Oxidation of cholesterol results in the formation of oxysterols that inhibit gap junctional 

communications between cells, which may in turn induce smooth muscle cell proliferation 

(Zwijsen R.M.L., 1992). In addition, cholestanetriols and 25-hydroxycholesterol may cause 

further injury to endothelial cells and smooth muscle cells (Peng S., 1991).

Both phospholipid and cholesterol ester hydroperoxides may oxidise to produce 

hydroxyoctadecadienoic acids (MODES). 9-hydroxyoctadecadienoic acid may be the active 

oxidized lipid species in oxLDL that mediates inhibition of the production of lL-12 in 

macrophages (Chung S.W., 2000).

The heterogeneity of native and oxidized LDL complicates the interpretation of data 

derived from studies of LDL. Firstly, nLDL itself is a heterogeneous mixture of molecular 

species. Furthermore, the products of oxidation of LDL obtained from different donors may 

vary markedly due to considerable differences in properties that can influence oxidation 

(e.g., antioxidant content, PUFA content, endogenous apo BlOO modification). In addition, 

it is not known whether all of the molecules within LDL are oxidized at the same rate and to 

the same extent. It is possible that oxidation of different LDL samples results in the 

production of variable molecular species, such that some oxidation products may be present 

in some samples but absent in others. Further investigations are required to correlate the 

differential effects of native and oxidized LDL with the nature of the active component(s).
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6.6.6 Mechanisms of induction of proatherogenic responses by lipoproteins

Various intermediates of signalling pathways involved in the induction of proatherogenic 

responses to LDL have been previously identified and are described below. Cytosolic Ca^  ̂

levels modulate the activities of many of these intermediates. The mechanistic basis for the 

ability of oxLDL to increase vascular permeability may arise from the ability of mmLDL to 

activate Rho/Rho kinase and myosin light chain phosphatase in human endothelial cells 

(Essler M., 1999). Activation of these proteins results in the formation of actin stress fibres 

and the formation of intercellular gaps that lead to an increase in vascular permeability.

The involvement of the protein kinase C pathway in the induction of proatherogenic 

responses has been demonstrated by a number of observations. The induction of CD36 on 

monocytes by oxLDL is dependent upon protein kinase C (Feng J., 2000). 

Phosphatidylinositol turnover (Block L.H., 1988) and IP3 receptor density (Massaeli

1999) are involved in the cellular responses to lipoproteins. OxLDL has also been observed 

to induce lesions in lyanodine channels (Massaeli H.M.J., 2000). In addition, G protein- 

coupled receptor pathways and protein kinase A pathways are both implicated in cellular 

signalling elicited in response to mmLDL (Parhami P., 1993 and Parhami P., 1995).

Several transcription factors that mediate responses to lipoproteins have been identified. 

The induction of TP in response to native and oxidized LDL is mediated by the 

transcription factors egr-1 and sp-1 (Cui M.Z., 1999). The transcription factor NPkB is 

involved in the inhibition of IL-12 by oxLDL in mouse macrophages (Chung S.W., 2000). 

Furthermore, the suppression of IL-12 depends upon physical interactions between NPkB 

and the peroxisome proliferator-activated receptor-y (PPARy). The involvement of PPARy 

in lipoprotein-induced cellular signalling has been reported elsewhere. OxLDL attenuates 

chemokine CCR2 expression and induces CD36 expression in macrophages via signalling 

pathways involving PPARy (Han J., 2000 and Peng J., 2000). Transcription factors may be 

activated by MAP kinases and the stimulation of MAP kinase in response to oxLDL has 

also been observed (Kusuhara M., 1997).

The redox-sensitive transcription factors c-jun and CCAAT enhancer-binding protein 

(CEBP) correlate with the induction of the scavenger A receptor by oxidized LDL in 

smooth muscle cells (Mietus-Snyder M., 2000). These observations demonstrate that 

oxidatively modified lipoproteins are a source of intracellular oxidative stress. The increase 

in SRA expression is associated with increased cyclooxygenase 2 activity (COX-2). 

Cellular oxidative stress generated by oxLDL is associated with a rise in intracellular free 

calcium (Negre-Salvayre A., 1992). Inhibition of Ca^  ̂ flux suppresses induction of the SRA 

by oxLDL while calcium ionophore enhanced the induction. Calcium ionophore may, in 

part, mediate the enhancement of SRA expression via increasing the activity of
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phospholipase A2 and the release of arachidonic acid (AA). The AA may provide the 

substrate for COX-2 that facilitates induction of the SRA.

Various investigations have identified differential cellular responses to native and oxidized 

LDL. The mechanism underlying these differential responses may be derived from unique 

patterns of Ca^  ̂ signalling induced by distinct classes of LDL; native, minimally modified 

or fully oxidized. The existence of discrete patterns of Ca^  ̂ flux in response to distinct 

agonists (signature responses) has been previously explored. These investigations 

demonstrate that cells can sense the frequency, amplitude and decay time of Ca^  ̂transients. 

The characteristics of the Ca^  ̂ signals are biologically decoded by Ca^^-sensitive proteins 

and result in the induction of distinct phenotypic responses.

The data presented here shows that cells elicit distinct patterns of release and removal of 

cytosolic Ca^  ̂ in response to LDL species of differing oxidation statuses. The ability of 

cells to couple discrete stimuli with the induction of distinct patterns of Ca^^ signals enables 

separate stimuli to elicit ‘signature’ responses. These distinct Ca^  ̂ responses act like a 

fingerprint and enable gene regulatory pathways to interpret the identity of the agonist 

allowing cells to respond with phenotypic changes appropriate to their environment. In 

order to unravel the mechanisms by which agonist-specific phenotypic responses are 

manifest, several questions should be addressed. The identity of the biological species in 

LDL responsible for the discrete Ca^  ̂ signalling responses should be determined. These 

studies could focus upon the patterns of Ca^  ̂ signalling induced by oxidation intermediates 

that have previously been encountered for their signalling properties (section 6.6.4). In this 

way, the component(s) of native or oxidatively modified LDL that is/are directly 

responsible for the distinct patterns of Ca^^ signalling may be identified. In addition, it 

would be of interest to investigate whether Ca^^-sensitive proteins, such as calmodulin 

dependent protein kinases, are involved in translating the Ca^^ signals elicited by native or 

oxidised LDL into changes in the activities of pathways regulating gene transcription or 

mRNA translation/processing.
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CHAPTER 7

GENERAL DISCUSSION
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7.1 TF in coagulation

TF is a transmembrane glycoprotein that is responsible for the initiation of the extrinsic 

pathway of coagulation (figure 1.2). TF exposed upon injury to endothelium and acts as a 

co-factor for trace levels of activated FVII (FVIIa) in the circulation. The majority (99%) of 

FVII exists in the inactive form. The TF: FVIIa complex can either be formed through 

direct capture of FVIIa or through capture of FVII bound to TF followed by conversion of 

bound FVII to FVIIa. TF : FVIIa complexes can catalyze the activation of FVII bound to TF 

via an autoactivation reaction which proceeds via the interaction of distinct protease: co

factor and zymogen: co-factor complexes. Furthermore, the autoactivation is dependent 

upon the membrane-anchoring transmembrane region of TF (Neuenschwander P.F., 1992 

and Morrissey J.H., 2001). In addition, it is possible that the membrane-proximal cysteine 

residue in the cytoplasmic domain of TF is involved in the formation of TF dimers, given 

that cysteine-linked TF homodimers have been observed (Bach R., 1988). Thus, it appears 

that trace levels of activated FVIIa in the circulation prime the clotting cascade. The TF: 

FVIIa complex triggers a proteolytic cascade that culminates in the formation of thrombin. 

Activated thrombin cleaves circulating fibrinogen and results in the formation of a fibrin 

clot on the injured surface.

Down regulation of the coagulation cascade in vivo occurs due to inhibition of the TF: 

FVIIa complex. The TF: FVIIa complex is susceptible to inhibition by tissue factor pathway 

inhibitor (TFPI) and antithrombin III. In addition to direct inhibition of TF: FVIIa, TFPI 

promotes the internalization and degradation of TF: FVIIa complexes and the translocation 

of TF: FVIIa complexes to glycosphingolipid rich domains (Sevinsky J.R., 1996).

7.2 Non-haemostatic functions o f TF

The procoagulant function of TF has been known for some time. More recently however, 

alternative functions of TF have emerged. TF has emerged as a receptor molecule, a 

function not unexpected given its homology to members of the cytokine receptor II 

superfamily. These non-haemostatic activities are diverse (figure 3.1) and include roles for 

TF in proliferation (Kamikubo Y., 1997), apoptosis (Hamuro T., 1998 and Greeno E.W.,

1996), chemotaxis (Sato Y., 1997 and Siegbahn A., 2000), adhesion (Randolph G.J, 1998), 

angiogenesis (Watanabe T., 1999), tumour metastasis (Mueller B.M., 1992 and 1998). A 

recent study shows the ability of TF: FVIIa to induce genes involved in wound healing 

including growth factors, proinflammatory mediators, transcription factors and mediators of 

cellular reorganization (chemotactic factors and extracellular matrix proteases),(Camerer E., 

2000 and Pendurthi U.R., 2000).

TF is associated with the progression of atherosclerosis. The mechanism of involvement of 

TF in atherosclerosis results from its non-haemostatic as well as its prothrombotic
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fimctions. Furthermore TF appears to be involved in both the early and late stages of this 

chronic disease (figure 1.13).

Thickening of the intima observed in the early stages of the disease (figure 1.5) may be 

brought about by the ability of TF to induce chemotaxis of fibroblasts (Siegbahn A., 2000) 

and smooth muscle cells (Sato Y., 1997). The deposition of extracellular lipid in stage III 

may result from TF-mediated apoptosis of foam cells (Hamuro T., 1998). Deposition of 

extracellular lipid may promote plaque rupture since plaque instability is promoted by a low 

collagen: lipid ratio (Stary H.C., 1995). Plaque instability is also advanced due to the 

incorporation of large thrombi (Stary H.C., 1995). Interestingly, high plasma FVIIa levels 

have been suggested to augment the size of thrombi formed following plaque rupture 

(Ruddock V., 1994).

Angiogenesis occurring at the periphery of plaques may also render plaques unstable 

(Barger A.C., 1990). A requirement for TF in angiogenesis was first reported in relation to 

studies of tumour metastasis some time ago (Weidener N., 1991, Mueller B.M., 1992, 

Nawroth P.P. 1994 and Zhang Y., 1994). The involvement of TF in angiogenesis alludes to 

the possibility that TF may contribute to plaque instability. It should be noted however, that 

the formation of collateral vessels in atherosclerotic regions might serve to stabilize 

plaques. Thus the spatial pattern of development of angiogenic vessels and its relation to 

plaque morphology may determine whether angiogenesis promotes or impedes disease 

progression.

It has been demonstrated that inhibition of TF activity reduces the density of cellular 

networks in an in vitro model of angiogenesis. In addition, a direct effect of TF on 

angiogenesis in vivo and in vitro has been reported recently elsewhere (Watanabe T., 1999 

and Kakkar A.K., 1999). These results support a role for TF in mediating angiogenesis. It is 

speculated that TF may influence the spatial development of angiogenic capillaries in 

plaques in vivo. The microanatomical pattern of TF expression may influence whether the 

plaque stabilizes via collateral vessel formation, or destabilizes via formation of 

neoangiogenic capillaries at the plaque peripheries.

7.3 Inhibition of TF in the treatment of disease

TF has a central role in several diseases where secondary hypercoagulability is a feature of 

disease pathogenesis. Such conditions include cancer (Shoji M., 1998), diabetic retinopathy 

(Zumbach M., 1997 and Tschoepe D., 1997), thrombotic thrombocytopenic purpura 

(Morrissey J.H. 2001), anti-phospholipid syndrome (Dabado-Berrios P.M., 1999), deep vein 

thrombosis (Smith A., 1999). Similarly, the role of TF in angiogenesis makes it a central 

factor in the pathology of diseases where angiogenesis is a feature including tumour 

metastasis, atherosclerosis and diabetic microangiopathy.
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TF is thus an obvious target for clinical intervention of these pathologies. A number of 

artificial inhibitors of TF : FVIIa have been developed. Antibodies against TF and FVII have 

been successftilly used in animal models of sepsis and thrombosis to reduce coagulopathy 

(Morrissey J.H., 2001). In addition, inhibition of TF activity inhibits the progression of 

atherosclerosis in animal models of atherosclerosis. TFPI inhibits intimai hyperplasia 

following repeated balloon injury of rabbit aorta (Asada Y., 1998 and Brown D M., 1996). 

In addition, blockade of TF inhibits restenosis in a rabbit atherosclerotic femoral artery 

injury model (Jang Y., 1995). Inhibition of restenosis may arise indirectly from inhibition of 

angiogenesis since intimai hyperplasia appears to be dependent upon the prior induction of 

angiogenesis (Moulton K.S., 2000).

Malignant transformation of tumours is dependent upon angiogenesis (Gullino P.M., 1978). 

The ability of TF to promote angiogenesis (Abdulkadir S.A., 2000 and Koomagi R., 1998) 

may be involved in the transformation of tumours to a metastatic phenotype. In many 

tumours, TF expression correlates with the transformation of tumours to a malignant 

phenotype (Contrino J., 1996, Kakkar A.K., 1999, Abdulkadir S.A., 2000). Since a variety 

of different angiogenesis inhibitors have been effective in the treatment of cancer 

(Carmeliet P., 2000), inhibition of TF function also offers a therapeutic target for the 

development of inhibitors of tumour metastasis.

We have previously found that an apolipoprotein B100-derived 14-mer peptide (KRAD14) 

potently inhibits the procoagulant activity of TF: FVIIa (Ettelaie C., 1998). The studies 

reported here extend these results and show that this peptide is effective in inhibiting non

haemostatic functions of TF. The ability of the core sequence of this peptide, KRAD6, to 

inhibit cytosolic Ca^  ̂ transients induced by the TF: FVIIa complex has been demonstrated. 

In addition, the KRAD14 peptide was found to attenuate cellular network formation in an in 

vitro model of angiogenesis. A mechanism by which KRAD6 inhibits the activation of 

FVIIa by TF is proposed (section 4.6.3). Since the TF: FVHa complex is a desirable target 

for the development of antithrombotic drugs, the KRAD peptide, or a stable analogue may 

be useful in the treatment of diseases in which thrombosis and/or angiogenesis is a key 

feature of the pathogenesis. Moreover, in some model systems, inhibition of TF is effective 

in decreasing thrombosis without causing the bleeding side effects associated with some 

antithrombotic agents (Morrissey J.H., 2001).

7.4 Pathways involved in signal transduction induced by TF: FVIIa

The mechanisms involved in the induction of cellular signals by TF: FVIIa (figure 3.1) are 

the subject of intense investigation. Figure 7.1 is a schematic diagram of the current 

understanding of TF: FVIIa signalling mechanisms. An understanding of the TF: FVIIa 

signalling mechanisms are important in die development of therapeutic drugs.



Figure 7.1: TF: FVIIa signal transduction mechanisms
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Formation of the TF: FVIIa complex results in the production of intracellular signals via 

changes in cytosolic Ca^  ̂ (Rottingen J.A., 1995), transient tyrosine phosphorylation 

(Masuda M., 1996), MAP kinase activation (Sorensen B.B., 1999 and Poulsen L.K., 1998) 

and gene transcription (Camerer E., 2000, Pendurthi U., 1997 and Pendurthi U., 2000). The 

diversity of pathways illustrates the complexity of TF signalling, which itself is dependent 

upon cell type.

The mechanism by which TF transduces signals across the cell membrane is unknown. The 

proteolytic activity of TF: FVlla is required to induce intracellular activity (Camerer E., 

1996, Mueller B.M., 1998 and Sorensen B., 1999). Camerer et al (2000) reported that TF: 

FVIIa activates the PAR2 receptor, however, this observation has been contradicted by the 

work of Petersen et al (2000).

Conflicting data exists regarding the involvement of the cytoplasmic domain of TF in 

cellular signalling. Rottingen J.A. et al (1996) report that the cytoplasmic domain of TF is 

not involved in the generation of cytoplasmic Ca^  ̂ transients. In contrast, Cunningham et al 

(1999) have shown that PLC-dependent Ca^  ̂ signalling requires the cytoplasmic domain of 

TF. This question was addressed. Wild type and mutant TF were successfully expressed in 

CHO K1 cells. The effect of mutation upon the induction of cytosolic Ca^^ transients was 

examined using real-time video fluorescence imaging. The baseline cytosolic Ca^  ̂ levels in 

the transfected cells were highly unstable and this precluded determination of the 

involvement of the cytoplasmic domain of TF in the generation of cytosolic Ca^  ̂ signals by 

the TF: FVlla complex.

Several studies unequivocally demonstrate the importance of the cytoplasmic domain of TF 

in certain aspects of signalling by TF: FVlla. The induction of angiogenesis is dependent 

upon the cytoplasmic domain of TF (Abe K., 1999). This dependence may relate to the 

requirement of VEGF in angiogenesis, since the cytoplasmic domain of TF is also required 

in the induction of VEGF (Abe K., 1999). Interestingly, since the upregulation of the 

transcriptional factor egr-1 by FVlla and FXa occurs independently of the cytoplasmic 

domain of TF (Camerer E., 1999), either egr-1 activity is not required for VEGF induction 

and angiogenesis or, if egr-1 is involved, loss of its fimction can be compensated via otiier 

transcription factors that do not require the cytoplasmic domain of TF. Similarly the 

independence of p44/42 MAP kinase activation from the cytoplasmic domain of TF 

(Sorensen B.B., 1999), suggests that VEGF induction and angiogenesis are either not 

dependent upon p44/42 MAP kinase activation or MAP kinase activation can be 

compensated for by alternate signalling pathway(s) that are independent of the cytoplasmic 

domain of TF.
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The involvement of the cytoplasmic domain of TF in angiogenesis, metastasis and cell 

migration may relate to the interaction of the cytoplasmic domain of TF with ABP-280 (Ott 

L, 1998) since ABP-280 is a cytoskeletal protein involved in the migration of cells. 

Phosphorylation of the cytoplasmic domain is required for the lull metastatic effect of TF 

(Bromberg M.E., 1999), thus the interaction of TF with ABP-280 may be influenced by the 

phosphorylation status of the cytoplasmic domain. Indeed, the cytoplasmic domain of TF is 

phosphorylated by PKC (Zioncheck T.F., 1992). In addition it is possible the activation of 

Rac, cdc42 (Versteeg H.H., 2000), IgE Rl y-chain (Masuda M., 1996) by the TF: FVIIa 

complex may be involved either directly or indirectly, in regulating the phosphorylation of 

the cytoplasmic domain. Interestingly, Rac promotes cytoskeletal reorganisation via 

modulation of p38 MAP kinase and both have been implicated in tumourigenesis (Versteeg 

H.H., 2000). In addition, the IgE Rl y-chain is involved in secretion and aggregation in 

platelets (Poole A., 1997).

The cytoplasmic domain of TF contains a putative p34cdc2 motif, preliminary data has 

been obtained that demonstrates the ability of p34cdc2 kinase to phosphorylate the 

cytoplasmic domain of TF. TF is an immediate early gene (Almendral J.M., 1988) and 

p34cdc2 kinase is a cell cycle control protein. It is possible that phosphorylation of TF by 

p34cdc2 (and other kinases) may be involved in the decision of cells to commit to 

proliferation, apoptosis and differentiation.

The TF mutants that were engineered for studies of Ca^^ signalling (figure 3.2) could be 

employed to determine the involvement of the three serine residues in the induction of 

VEGF by TF; FVIIa and the interaction of TF with ABP-280.

7.5 The relationship between TF and oxLDL in atherosclerosis

The activity of TF is modulated by LDL and this modulation is dependent upon the 

oxidation status of the LDL. While nLDL inhibits the activity of TF, oxidised LDL 

enhances its activity (Ettelaie C., 1995). Both oxLDL and TF are markers of risk of 

cardiovascular disease; oxLDL correlates closely with the risk of cardiovascular disease 

(Khoo J.C., 1990) and inhibition of TF: FVIIa reduced restenosis and intimai hyperplasia in 

a rabbit atherosclerotic femoral artery model (Jang Y., 1995). Furthermore, plasma TF 

levels are associated with disease activity in unstable angina (Misumi K., 1998, Kaikita K., 

1997 and Suefuji H.).

Since oxLDL activates TF, and both are risk factors in atherosclerosis, it is speculated that 

the proatherogenic properties of oxLDL may be associated with its ability to enhance TF 

activity.
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The research presented here compares the cellular signalling responses invoked by native, 

minimally modified and oxidized LDL in terms of the characteristics of the patterns of 

cytosolic Ca^  ̂ flux (figure 2.4). In addition, the effect of the concentration of nLDL, 

mmLDL and oxLDL upon the characteristics of cytosolic Ca^  ̂ increases was determined. 

IT has been demonstrated that native, minimally modified and oxidized LDL elicit distinct 

patterns of cytosolic Ca^  ̂ flux in T24 cells. The overall magnitude of the cytosolic Ca^  ̂

response is positively correlated with the extent of oxidative modification of the LDL. This 

increase in the magnitude of the response was due to lengthening of the decay phase of the 

Ca^  ̂transient and an increase in the peak amplitude.

nLDL elicits rapid induction of short-lived Ca^  ̂ transients. As LDL is progressively 

oxidized, a parallel increase in the duration of elevated cytosolic Ca^  ̂ levels is evident. The 

sustained elevation of cytosolic Ca^  ̂ levels in cells treated with oxLDL lasts for at least 8 

minutes. In contrast, the cytosolic Ca^^ increases in response to nLDL tends to return to 

basal after 10-20 seconds. A link between sustained elevated Ca^  ̂ and apoptosis has been 

reported (Trump B.F., 1995). The cytotoxic effect of oxLDL has been documented 

previously (Morel D.W., 1983). The results presented here suggest that oxLDL-induced 

apoptosis is executed via sustained elevations of cytosolic Ca^ .̂

The effect of vaiying the concentration of each species of LDL (native, minimally modified 

or fully oxidized) upon the induction of Ca^  ̂ transients was also examined. The results 

demonstrate that for each species of LDL, the magnitude of the response is positively 

correlated with the concentration of tiie LDL. Investigation of the basis for the increase in 

the overall magnitude of the response revealed that increases in the concentration of LDL 

lead to a lengthening of the decay time and an increase in the peak amplitude of the 

cytosolic Ca^  ̂ increase. Increases in the overall magnitude of the Ca^^ responses due to 

lengthening of the decay time and increases in the peak amplitude must occur via the 

modulation of signalling pathways that control removal of cytosolic Ca^\

We investigated whether cytosolic Ca^  ̂ transients induced by treatment oxLDL were 

altered by inhibition of TF activity. Pre-incubation of cells with an inhibitory antibody to 

TF (TF85G9) had no effect upon the induction of Ca^^ transients by oxLDL. However, the 

response to oxLDL in these experiments was not typical in that sustained elevations of 

cytosolic Ca^  ̂ were not manifest. Due to constraints on equipment access time repetition of 

the experiment with an oxLDL sample capable of eliciting sustained Ca^^ elevations was 

not possible. The involvement of TF in the cytosolic Ca^  ̂ response to oxLDL thus remains 

unresolved. The effect of TF inhibition upon the induction of cytosolic Ca^  ̂ transients by 

nLDL was also investigated. The induction of cytosolic Ca^  ̂transients by nLDL was found 

to be independent of TF activity. It can be surmised that the cytosolic Ca^  ̂ response to 

nLDL is not dependent upon the LDL-R binding domain of TF, since the apo B100-derived
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KRAD6 peptide did not induce cytosolic elevations. Since nLDL inhibits the

procoagulant activity of TF, investigation of the effect of pre-incubation of cells with nLDL 

upon Ca^  ̂signalling induced by the TF: FVIIa complex is also warranted.

7.6 Cytosolic and the regulation of cellular responses

The data presented here demonstrates that LDL of discrete concentrations and oxidation 

status elicit the induction of cytosolic Ca^  ̂ increases with distinct kinetic characteristics. 

The unique kinetics of the Ca^  ̂ transients can thus act as a biological fingerprint of the 

agonist and probably enables the cell to respond appropriately to the agonist type and its 

concentration. The pathways involved in the induction of the appropriate responses must be 

regulated by the activity of proteins whose activities are Ca^^-sensitive. The involvement of 

Ca^^-sensitive proteins in the regulation of biological responses in cells has previously been 

demonstrated.

It has been observed that frequency modulation is used to vary the intensity and nature of 

the physiological output (Nelson M.T., 1995, Porter V.A., 1998 and Dolmetsch R.E., 1998). 

Calmodulin dependent protein kinase II is the best-known example of a decoder that 

responds to the frequency and longevity of the Ca^  ̂ signals. The enzyme is composed of 

identical subunits that are activated to varying degrees, depending on the frequency of the 

signal, enabling the kinase to ‘count’ Ca^  ̂transients. Thus the enzyme activity is coupled to 

the agonist concentration.

Information is also encoded in the amplitude of Ca^  ̂ signals. Cells can interpret modest 

changes in the concentration of Ca^^ and variation of the amplitude of Ca^^ signals leads to 

the activation of different genes (Dolmetsch R.E., 1997).

Cytosolic elevations in Ca^  ̂ permit it to act as a signalling messenger, however, sustained 

elevations can be lethal (Berridge M.J., 1998). The observation that oxLDL elicits sustained 

elevated Ca^^ transients, reported here and elsewhere (Allen S., 1998), is consistent with the 

cytotoxicity of oxLDL (Negre-Salvayre A., 1992). Sustained elevations of cytosolic Ca^  ̂

are associated with apoptosis (Berridges M.J., 1998) indicating that oxLDL induces 

apoptosis. Since apoptosis determines plaque thrombogenicity upon plaque rupture (Mallat 

Z., 1997), and plaque instability is determined by the size of the thrombus formed, the 

induction of apoptosis by oxLDL probably represents one mechanism by which the 

proatherogenic properties of oxLDL are manifest in vivo. Furthermore, the enhancement of 

plaque thrombogenicity by oxLDL-induced apoptosis may be compounded by the ability of 

oxLDL to enhance the procoagulant activity of TF, directly and indirectly via 

phosphatidylserine exposure arising concomitant to cellular apoptosis.
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In addition, oxLDL may also promote the progression of atherosclerosis via the promotion 

of neointimal hyperplasia, since thapsigargin, an inhibitor of cytosolic Ca^  ̂ release, inhibits 

the proliferation of smooth muscle cells in human saphenous vein (George S.J., 1996).

Cells may avoid death by using low amplitude, transient Ca^  ̂ signals. When information 

has to be transmitted over a long period of time, cells use repetitive oscillatory signals 

(Berridges M.J., 1998). The induction of oscillatory cytosolic Ca^  ̂ transients in MDCK2 

cells treated with FVlla was observed. This suggests that the Ca^^-activated signalling 

pathways that mediate phenotypic responses to FVIIa must be transmitted for extended 

periods. The reasons for this are unclear however, the sustained Ca^^ oscillations may an 

integral part in the maintenance of a cascade of responses, where Ca^  ̂ regulates the early as 

well as late events.

Cellular Ca^  ̂ is derived from two sources, external and internal. Ca^  ̂ can enter cells 

through membrane-spanning channels in the plasma membrane or it may be released 

internally from endoplasmic or sarcoplasmic reticulum (Berridge M.J., 1993 and Clapham 

D.E., 1995). When a Ca^  ̂ channel opens, a plume of Ca^  ̂ forms and then dissipates. The 

spatio-temporal properties of these plumes differ depending on the nature and location of 

the channels. These elementary signals either activate localized processes or recruit 

additional channels to elicit a global cellular response. Furthermore, recruitment of channels 

in adjacent cells can lead to a coordinated cellular response within a tissue.

7.7 A protective role for nLDL in atherogenesis?

Although high LDL levels were generally indicative of risk of cardiovascular disease, a 

significant proportion of hypercholesterolaemic subjects do not manifest clinical signs of 

cardiovascular disease. It appears to be the oxidation status of LDL that is the principle 

factor determining the risk of cardiovascular disease progression. The ability of antioxidants 

to attenuate atherosclerosis in human and animal studies (Stephens N.G., 1996 and Hodis 

H.N., 1992) demonstrates the importance of the oxidation of LDL in atherogenesis. 

Moreover it has been shown that the rate of progression of atherosclerosis is associated with 

the titre of antibodies to oxLDL (Khoo J.C., 1990). It would be of interest to determine 

whether the treatment of cells with nLDL renders the cells refractory to the induction of 

Ca^  ̂ elevations by oxLDL. If this proves to be the case, the presence of nLDL may check 

the induction of the proatherogenic effects of oxLDL. The presence of nLDL in vivo may 

determine to what extent oxLDL is able to elicit its proatherogenic effects.

7.8 Identification of the biologically active components of LDL

The identification of the active lipoprotein components responsible for the discrete 

functions of native and oxidized LDL is essential to understanding the proatherogenic
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effects of native and oxidized lipoprotein species. Some proatherogenic properties of 

oxLDL reside in the oxidized lipid fraction (MCP-1 release) while others appear to reside in 

the modified protein moiety (recognition by the acetyl-LDL receptor).

The work presented here demonstrates that discrete Ca^^ transients are elicited by nLDL, 

mmLDL and oxLDL. The specific lipid peroxidation products that are responsible for these 

distinct responses are unknown. Identification of the active species in oxLDL is 

complicated by the fact that the lipid, protein and antioxidant moieties can be attacked. The 

oxidation products derived from each moiety can undergo multiple secondary and tertiary 

reactions. Since the extent of the changes varies considerably depending on the pro-oxidant 

conditions and the availability of antioxidants there is a broad spectrum of oxLDL and no 

discrete particle corresponding to oxLDL exists (Witzum J.L., 1991).

Some of the products of lipid peroxidation (figure 6.4) have been shown to be capable of 

eliciting biological responses. The induction of PAl-1, VCAM-1, VEGF, endothelin-1 and 

P-selectin by oxLDL is mediated by the presence of the phospholipid hydroperoxide, 

lysophosphatidylcholine (LPC), (Dichtl W., 1999, Kume N., 1992, Ramos M.A., 1998, 

Boulanger C M., 1992 and Murohara M., 1996). 7p-hydroperoxycholest-5-en-3p-ol has 

been identified as the primary cytotoxin of oxLDL (Chisholm G.M., 1994). 9- 

hydroxyoctadecadienoic acid, derived from either phospholipid or cholesterol ester 

hydroperoxides, may mediate production of IL-12 by oxLDL in macrophages (Chung S.W.,

2000). Oxysterols, derived from cholesterol oxidation, may induce proliferation of smooth 

muscle cells via the inhibition of gap junctional communication (Zwijsen R.M.L., 1992). 

Cholestanetriols and 25-hydroxycholesterol may cause injury to endothelial and smooth 

muscle cells (Peng S., 1991). The presence of 7-hydroxycholesterol and isometric HODES 

in atheroma has been detected (Carpenter K.L.H., 1993) and attests to the physiological 

relevance of these oxidation products in atherosclerosis. These previously identified 

biologically active products of lipoprotein oxidation could be tested to determine if any are 

responsible for the prolonged elevations of cytosolic Ca^  ̂ seen in response to the treatment 

of cells with oxLDL.

7.9 Therapeutic applications of TF: FVIIa inhibition

TF activity is a key mediator of the progression of atherosclerosis in the early as well as the 

late stages of the disease. It is suggested that the proatherogenic effects of oxLDL (figure 

1-8) may be mediated, at least in part, by its ability to enhance TF activity. Finally, a 

hypothetical pathway (figure 7.2), in which known cardiovascular risk factors are evaluated 

in terms of their ability to alter either the activity of TF either directly or via the promotion 

of LDL oxidation, is presented.
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Given that TF activation appears to be a common mechanism underlying the promotion of 

atherosclerosis arsing from the biological effects of the various cardiovascular risk factors, 

inhibition of TF activity in vivo is a valuable approach to the treatment of atherosclerosis. In 

addition, inhibition of TF activity is an appropriate target for the treatment of metastatic 

transformation of tumour cells. A stable homologue of the KRAD6 peptide may facilitate 

the development of a pharmaceutical reagent for use in the treatment of atherosclerosis and 

in the prevention of tumour metastasis.
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Figure 7.2: Relationship between risk factors for cardiovascular disease and tissue

factor activity
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APPENDICES



APPENDIX 1: Tabulated review of agents that induce or inhibit tissue factor

REFERENCE CELL TYPE Inducers o f TF Inhibitors of TF

ALM(1999) ENDOTHELIUM PAR-2

AMIRKHOSRAVl, (1998) HYPOXIA
BANKA(1991) THP-1, macrophages nLDL, mmLDL, activated platelets
BIERHAUS (1995) BOVINE AORTIC ENDOTHELIAL CELLS TNFa
BRAND (1994) ADHERENT MONOCYTES OxLDL, LPS-free
CALMUS(1992) PERIPHERAL BLOOD MONONUCLEAR CELLS LIVER CIRRHOTICS
CAMERER (2000) bFGF
CAMERER (1999) TNFa
CELI(1994) HUMAN PBMs CHO CELLS EXPRESSING P-SELECTIN AND
COLLINS (1995) HUVEC AND MONOCYTES CO-CULTURE
CROSSMAN 1990 HUVEC PMA
CROSSMAN 1990 HUVEC LPS
CRUTCHLEY (1992) THP-1 PROSTACYCLIN ANALOGS

CRUTCHLEY (1995) THP-1 COPPER ANTIOXIDANTS

CRUTCHLEY (1992) THP-1 LPS
CRUTCHLEY (1992) THP-1 ILip
CRUTCHLEY (1992) THP-1 TNFa
CRUTCHLEY (1995) THP-1 LPS K+ CHANNEL INHIBITORS
CUI (1994) EPITHELIAL CELLS SERUM AND PMA
DRAKE (1991) HUMAN AORTIC ENDOTHELIAL CELLS mmLDL, nLDL

ERNOFSSON (1996) HUMAN MONOCYTES MCP-1 IL4, ILIO
ERNOFSSON (1996) HUMAN MONOCYTES CRP IL4, ILIO
ERNOFSSON (1996) HUMAN MONOCYTES LPS 1L4, ILIO
FAN (1995) HUMAN PBMs a4 OR pi INTEGRIN ENGAGEMENT WITH AP-1 AND NFkB MUTATION IN TF PROMOTER
FROSTEGARD(1990) MONOCYTES, U937 oxLDL

FRYER (1993) ENDOTHELIAL CELLS HOMOCYSTEINE
GREGORY (1989) MONOCYTES LPS
GREGORY (1990) MONOCYTES CYCLOHEXIMIDE
HERBERT (1996) HUMAN MONOCYTES AND ENDOTHELIAL CELLS LPS
HERBERT (1993) ENDOTHELIAL CELLS LPS, IL lp  AND TNFa CHELERYTHRINE
HERBERT (193) ENDOTHELIAL CELLS AND MONOCYTES PYROGEN 1L-4ANDIL-13
HOLSCHERMAN (1997) MONOCYTES CYCLOSPORIN A
JUNGl (1994) HUMAN MACROPHAGES TGFPAMDIL-10

to
LA



JUNGI(1996) MONOCYTE CD40 ENGAGEMENT

KANEKO (1994) U937 MERCURY COMPOUNDS

KORNBERG (1994) MONOCYTES ANTI CARDIOLIPIN ANTIBODIES

LANGER (1999) ENDOTHELIAL CELLS PAR-2

LAWSON (1995) HYPOXIA

LESNIK(1992) MONOCYTES EXOGENOUS FREE CHOLESTEROL

LESNIK(1992) ENDOTHELIUM mmLDL

LESN1K(1992) ENDOTHELIUM oxLDL

LIN (1994) HUMAN PBMs LIGATION OF pi INTEGRINS HERBIMYCIN, GENISTEIN

LIN (1997) HUVEC LAMINAR SHEAR STRESS

LG (1995) HUVEC, THP-1, U937, MM6 ADHESION TO ENDOTHELIUM anti e-selectin, anti vcam-1, anti icam-I, anti CDl 1/CDI8

LYBERG(1981) HUMAN MONOCYTES PHORBOL ESTERS

MACKMAN (1994) HUMAN MONOCYTES LPS PROTEASE INHIBITORS

MACKMAN(1991) THP-1 LPS

MARCHANT (1995) HUMAN MONOCYTES oxLDL a-TOCOPHEROL (200uM), PROBUCOL (50uM)
MARTIN (1993) HUVEC TNFa IL4
MESZAROS (1994) MONOCYTES LPS RECOMBINANT FRAGMENT OF BACTERICIDAL 

PERMEABILITY-INCREASING PROTEIN

MULDER (1994) ENDOTHELIUM TNFa
NAPOLEONE (1997) ENDOTHELIAL CELLS MONOCYTES

NISMMURA MONOCYTES IL-2 AND VARIOUS CYTOKINES

NOGUCHI (1989) HUMAN ENDOTHELIAL CELLS A NOVEL TUMOUR-DERIVED PROTEIN

OETH(1997) HUMAN MONOCYTES LPS

OLLlVIER(1993) HUMAN MONOCYTES ENDOTOXIN PENTOXYFYLLINE

OSNOS (1996) MONOCYTES IL-1 IL ^, IL-10 AND IL-13

PARK (1997) HUMAN PBMs LPS TFPI

QUIRK (1996) OESTROGEN

RANGANATHAN, (1991) TGFP
SATTA(1994) HUMAN MONOCYTES LPS

STEPHENS (1994) BONE MARROW MONOCYTE PROGENITORS PROMYELOCYTIC LEUKAEMIA

TEDESCO(1997) HUVEC INACTIVE TERMINAL COMPLEMENT

VAN DER LOGT 1992 HuPBM LPS

XUEREB, (1997) PDGF-PP
ZUCKER(1998) ENDOTHELIAL CELLS VEGF

to
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Appendix 2

Visual Basic Macros for automated digital image processing

Plot XY; plots and print graphs of cytosolic calcium levels versus time
MeanStDev ; calculates the means and standard deviations of cytosolic calcium
levels
PeakAmpDecay; calculates the peak amplitude and decay times of cytosolic
calcium levels

Sub FlotXVn

’PlotXY Macro
'Macro recorded 14/10/98 by Nickie James

Dim Counter As Integer 
Dim Offset As Integer
Dim n As Integer, i As Integer, J As Integer, Startpos As Integer
Dim Wide As Integer, High As Integer, Widel As Integer, Callit As String

'Set Widel flag to 0 outside of for next loop j 
Widel = 0

'Activate ImagingMacro and set the number of files to analyse as the value in cell A15 
Windows("ImagingMacro.XLS").Activate 
n = Range("A 15"). Value

'Open files from a: drive listed in ImagingMacro from cell A2 to cell A14 
For J = 1 To n

Windows("ImagingMacro.XLS "), Activate 
Callit = C ells(J+ 1,1)
Workbooks.OpenText Filename:="a:\" & Callit & ".pit"
Sheets(Callit).Select

Find "ND Index Time (msec)"(MUST BE IN COLUMN 1) and set counter as row 
number

For i = 1 To 100
If Cells(i, 1) = "ND Index Time (msec)" Then Counter = i: GoTo 1 

Next i
1

'Measure width (wide = no of columns) of datablock 
For i = 1 To 26

If Cells(Counter, i) = "" Then Wide = i - 1 : GoTo 5 
Next

5
'Measure height of data block (must be <200) including ND index time cell 
For i = 1 To 199

If Cells((Counter + i - 1), 1) = "" Then High = i - 1 : GoTo 10 
Next

10
'Format number cells to 2dp
Range(Cells((Counter + 1), 2), Cells((Counter + High - 1), Wide)).Select 
Selection.NumberF ormat = "0.00"
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'Format time to Odp
Range(Cells((Counter + 1), 1), Cells((Counter + High - 1), l)).Select 
Selection.NumberFormat = "0"

'Divide time column by 1000 to give seconds 
For i = 1 To High - 1

Cells(Counter + i, 1) = Cells(Counter + i, 1) /1000 
Next

'Number the incoming cells individually 
For i = 1 To Wide -1 

Cells(Counter, i + 1) = i 
Next

'Plot xyscatter graph, send to printer and save file in .xls format 
Range(Cells(Counter, 1), Cells((High + Counter - I), Wide)).Select 
Charts.Add
ActiveChart.ChartType = xlXYScatterSmooth 
Dim R As String, AA As Integer, B As Integer 
AA -  Asc("A")
B = AscC'B")
R = Chr(AA) & (Counter + 1) & & Chr(AA + Wide - I) & (Counter + High - I)
ActiveChart.SetSourceData Source:=Sheets(Callit).Range(R), PlotBy:=xlColumns 
ActiveChart.Location Where :=xlLocationAsNewSheet 
Sheets("ChartI ").Select 

With ActiveChart 
.HasTitle = True
.ChartTitle.Characters.Text = (Callit)
.Axes(xlCategory, xlPrimary).HasTitle = True
•Axes(xlCategory, xlPrimary).AxisTitle.Characters.Text = "Time (seconds)" 
,Axes(xi Value, xlPrimary).HasTitle = True 
.Axes(xlValue, xlPrimary).AxisTitle.Characters.Text = _
"Ca2+ -bound Fura2 : Ca2+ -free Fura2"

End With

With ActiveChart.Axes(xlCategory)
.HasMajorGridlines = False 
.HasMinorGridlines = False 

End With

With ActiveChart.Axes(xlValue)
.HasMajorGridlines = False 
.HasMinorGridlines = False 

End With

ActiveChart.PlotArea.Select

With Selection.Border 
.Weight - xlThin 
•LineStyle = xINone 

End With

Selection.Interior.Colorlndex = xlNone
ActiveWindow.SelectedSheets.PrintOut Copies:=1, Collate:=True 
Windows(Callit & ".plt").Activate
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Active Workbook. Save As Filename:="C:\My Documents\" & Callit & ".xls" 
ActiveWorkbook. Close 

Next J

Stop 
End Sub

Sub MeanStPevO

'Calcium 1 .xls must be opened and ImagingMacro.xls

Dim firstblank As Integer, Wide As Integer, BeginNumberBasal As Integer, 
StopNumberBasal As Integer
Dim BeginRowBasal As Integer, EndRowBasal As Integer, Relativerow As Integer, AA As 
Integer, _

TransferMean As Single, FileNo As Integer, J As Integer, K As Integer, _
Counter As Integer, TransferStDev As Single, CellNo As Integer

Dim Callit As String, R As String

'Loop as many times as files to analyse (equal to number in A15 in ImagingMacro.xls)
Windows("ImagingMacro.XLS").Activate
FileNo = Cells(l 5, 1)
For J = 1 To FileNo

'Open and activate files (loopwise) listed from cell A2 downwards (Max = 13) 
Windows("ImagingMacro .XLS"). Activate 
Callit = C ells(J+ 1,1)

Workbooks.Open Filename:="I:\" & Callit & ".xls"
Windows(Callit & ".xls").Activate 
Sheets(Callit). Select
' Find ND Index Time (msec) cell and set counter as row number 
For i = 1 To 100

If Cells(i, 1) = "ND Index Time (msec)" Then Counter = i: GoTo 1 
Next i

1

' measure width (no of columns) of datablock 
For i = 1 To 26 

If Cells(Counter, i) = "" Then Wide = i - 1 : GoTo 5 
Next

5 'loop as many times as cells to analyse 
For K = 1 To Wide - 1

'Obtain frame number from ImagingMacro.xls cell AI 6 for beginning of basal block
Windows("ImagingMacro.xls").Activate
BeginNumberBasal = Cells(16, 1)
BeginNumberBasal = BeginNumberBasal + Counter
'Obtain frame number from ImagingMacro.xls cell A17 for end of basal block 
StopNumberBasal = Cells(17, 1). Value 
StopNumberBasal = StopNumberBasal + Counter

'Obtain frame number from ImagingMacro.xls cell A18 for beginning of respone block
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Windows("ImagingMacro.xIs’').Activate 
BeginNumberResponse = Cells(18, 1)
BeginNumberResponse = BeginNumberResponse + Counter
'Obtain frame number from ImagingMacro.xls cell A19 for end of response block
StopNumberResponse = Cells(19, 1). Value
StopN umberResponse = StopNumberResponse + Counter

'Goto file containing data to analyse 
Windows(CaIlit & ".xls").Activate

'Define range of cells to determine mean and standard deviation of basal 
' N.B. range is defined relative to the location of the cell 
' containing the formula, with syntax e.g. (R[-3]C[-1]:R[-20]C)
BeginRowBasal = BeginNumberBasal - 200 
EndRowBasal -  StopNumberBasal - 200

'Define range of cells to determine mean and standard deviation of response 
' N.B. range is defined relative to the location of the cell 
' containing the formula, with syntax e.g. (R[-3]C[-1]:R[-20]C) 
BeginRowResponse = BeginNumberResponse - 200 
EndRowResponse = StopNumberResponse - 200

'Select cell in row 200 of the current column 
AA = Asc("A")
R = Chr(AA + K) & 200 
Range(R).Select

'Make the output of the selected cell be the average of the pre-treatment Ca2+ level 
ActiveCell.FormulaRlCl = "=AVERAGE(R[" & BeginRowBasal & "]C:R[" & 

EndRowBasal & "]C)"
Selection.NumberFormat = "0.00"
TransferMean = ActiveCell. Value

'Find first blank row in third column of Calcium 1 .xls 
Windows("Calcium 1 .xls"). Activate 
For i = 1 To 5000

If Cells(i, 3) = "" Then Cells(i, 3) = TransferMean: Selection.NumberFormat = 
"0.00": GoTo 10

'SelectCell -  (i, 3): GoTo 10 
Next i

10
Select cell in row 201 of the current column 
Windows(Callit & ".xls").Activate 
RR = Chr(AA + K)&201 
Range(RR).Select

'Make the output of the selected cell be the average of the pre-treatment Ca2+ level 
ActiveCellFormulaRlCl = "=STDEV(R[" & BeginRowBasal - 1 & "]C:R[" & 

EndRowBasal - 1 & "]C)"
Selection.NumberFormat = "0.00"
TransferStDev = ActiveCell. Value

'Find first blank row in sixth column of Calcium 1 .xls 
Windows("Calciuml.xls"). Activate 
For i = 1 To 5000
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If Cells(i, 6) = Then Cells(i, 6) = TransferStDev: Selection.NumberFormat = 
"0.00": GoTo 15 

Next i
15

'Select cell in row 202 of the current column 
Windows(Callit & ".xls").Activate 
RR = Chr(AA + K)&202 
Range(RR). Select

'Make the output of the selected cell be the average of the pre-treatment Ca2+ level 
ActiveCell.FormulaRlCl = "=AVERAGE(R[" & BeginRowResponse - 2 & "]C:R[" 

& EndRowResponse - 2 & "]C)"
Selection.NumberFormat = "0.00"
TransferStDev = ActiveCell. Value

'Find first blank row in fourth column of Calcium 1 .xls 
Windows("Calcium 1 .xls"). Activate 
For i = 1 To 5000

If Cells(i, 4) = "" Then Cells(i, 4) = TransferStDev: Selection.NumberF ormat = 
"0.00": GoTo 20 

Next i
20

'Select cell in row 203 of the current column 
Windows(Callit & ".xls").Activate 
RR = Chr(AA + K)&203 
Range(RR).Select

'Make the output of the selected cell be the average of the pre-treatment Ca2+ level 
ActiveCell.FormulaRlCl = "=STDEV(R[" & BeginRowResponse - 3 & "]C:R[" & 

EndRowResponse - 3 & "]C)"
Selection.NumberFormat = "0.00"
TransferStDev = ActiveCell. Value

'Find first blank row in seventh column of Calcium 1 .xls 
Windows("Calcium 1 .xls"). Activate 
For i = 1 To 5000

If Cells(i, 7) = "" Then Cells(i, 7) = TransferStDev: Selection.NumberFormat = 
"0.00": GoTo 25 

Next i
25

'Write filename to first column of Calcium I .xls 
For i = 1 To 5000 

If Cells(i, I) = "" Then CeIIs(i, I) = Callit: GoTo 30 
Next i

30
'Write cell number to second column of Calcium 1 .xls 
Windows(Callit & ".xls").Activate 
CellNo = Cells(Counter, K + 1 )
Windows("Calcium 1 .xls"). Activate 
For i = 1 To 5000

If Cells(i, 2) = "" Then Cells(i, 2) = CellNo: GoTo 35 
Next i

35
Next K
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Windows(Callit & ”.xls").Activate
'ActiveWorkbook.SaveAs Filename:="c:" & Callit & ".xls"
ActiveWorkbook. Close

Next J
'Save Calcium 1 .xls 
Windows("Calcium 1 .xls") .Activate 
ActiveWorkbook.SaveAs Filename:="c:Calciuml .xls"

Stop 
End Sub

Sub PeakAmpDecavO
'Calcium 1 .xls and ImagingMacro.xls must be open

Dim ResponseFrames As Integer, Peak As Integer, Frame(l To 200) As Single 
Dim firstblank As Integer, Wide As Integer, BeginNumberBasal As Integer, 
StopNumberBasal As Integer
Dim BeginRowBasal As Integer, EndRowBasal As Integer, Relativerow As Integer, AA As 
Integer, _

TransferMean As Single, FileNo As Integer, J As Integer, K As Integer, _
Counter As Integer, TransferStDev As Single, CellNo As Integer, DecayTime As Single,

HalfPeak As Single, UnderHalfPeak As Single 
Dim Callit As String, R As String

'Loop as many times as files to analyse (equal to number in A15 in ImagingMacro.xls)
Windows("ImagingMacro.XLS").Activate
FileNo = Cells(l 5, 1)
For J = 1 To FileNo

'Open and activate files (loopwise) listed from cell A2 downwards (Max = 13)
Windows("ImagingMacro.XLS").Activate
Callit = Cells(J + 1 ,1 )
Workbooks.Open Filename:="I:\" & Callit & ".xls"
Windows(Callit & ".xls").Activate 
Sheets(Callit).Select

' Find ND Index Time (msec) cell and set counter as row number 
For i = 1 To 100

If Cells(i, I) = "ND Index Time (msec)" Then Counter -  i; GoTo 1 
Next i

1
' measure width (no of columns) of datablock 
For i = I To 26 

If Cells(Counter, i) = "" Then Wide = i - 1 : GoTo 5 
Next

5 'loop as many times as cells to analyse 
For K = 1 To Wide - 1

'Obtain frame number from ImagingMacro.xls cell A16 for beginning of basal block
Windows("ImagingMacro.xls").Activate
BeginNumberBasal = Cells( 16, 1)
BeginNumberBasal = BeginNumberBasal + Counter
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'Obtain frame number from ImagingMacro.xls cell A17 for end of basal block 
StopNumberBasal = Cells(17, 1). Value 
StopNumberBasal = StopNumberBasal + Counter

'Find average of basal to set baseline value
'Define range of cells to determine mean and standard deviation of basal 
' N.B. range is defined relative to the location of the cell 
' containing the formula, with syntax e.g. (R[-3]C[-1]:R[-20]C)
BeginRowBasal = BeginN umberBasal - 200
EndRowBasal = StopNumberBasal - 200
basalframes = StopNumberBasal - BeginNumberBasal + 1

'Obtain frame number from ImagingMacro.xls cell A18 for beginning of response 
block

Windows("ImagingMacro.xls").Activate 
BeginNumberResponse -  Cells(18, 1)
BeginNumberResponse = BeginNumberResponse + Counter
'Obtain frame number from ImagingMacro.xls cell A19 for end of response block
StopNumberResponse = Cells(19, 1). Value
StopN umberResponse = StopNumberResponse + Counter

'calculate number of frames in response block to analyse 
ResponseFrames = StopNumberResponse - BeginNumberResponse + 1

'Goto file containing data to analyse 
Windows(Callit & ".xls").Activate

'Select cell in row 200 of the current column 
AA = Asc("A")
R = Chr(AA + K )& 200 
Range(R).Select

'Make the output of the selected cell be the average of the pre-treatment Ca2+ level 
ActiveCell.FormulaRlCl = "=AVERAGE(R[" & BeginRowBasal & "]C:R[" & 

EndRowBasal & "]C)"
Selection.NumberFormat = "0.00"
TransferMean = ActiveCell.Value * 0.68

'Find first blank row in third column of Calciuml.xls 
Windows("Calcium 1 .xls"). Activate 
For i = 1 To 5000

If Cells(i, 3) = "" Then Cells(i, 3) = TransferMean; Selection.NumberFormat = 
"0.00": GoTo 10 

Next i
10

'Goto file containing data to analyse 
Windows(Callit & ".xls").Activate

'Calculate peak amplitude using basal average as starting value 
PeakValue = TransferMean
For Peak = (1 + basalframes) To (ResponseFrames + basalframes)
If Cells(Peak + Counter, K + 1 ) > PeakValue _

Then PeakValue = Cells(Peak + Counter, K + 1): PeakFrame = Peak 
Next Peak
PeakValue = PeakValue - TransferMean
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'Output peak amplitude value to Calcium 1 .xls 
'Find first blank row in fourth column of Calcium 1 .xls 
Windows("Calciuml.xls"). Activate 
For i = 1 To 5000

If Cells(i, 4) = "" Then Cells(i, 4) = PeakValue; Selection.NumberFormat = "0.00": 
GoTo 20 

Next i
20

'Goto file containing data to analyse 
Windows(Callit & ".xls").Activate

Calculate time (number of fi*ames x 5) for response to return halfway back to basal 
DecayTime = 0
HalfPeak = (TransferMean + (PeakValue / 2))
'For FindDecay = (1 + PeakFrame) To (36)
For FindDecay = (1 + PeakFrame) To (ResponseFrames + basalfi-ames) 
UnderHalfPeak = Cells(Counter + FindDecay, K + 1).Value 
If UnderHalfPeak < HalfPeak Then DecayTime = ((FindDecay - PeakFrame) * 5): 

GoTo 21
Next FindDecay

21
'If response does not decay below half basal within experimental 
' time course, output a value of 1000 
If UnderHalfPeak > HalfPeak Then DecayTime = 1000

'Output DecayTime value to fifth column of Calcium 1 .xls 
Windows("Calcium 1 .xls"). Activate 
For i = 1 To 5000
If Cells(i, 5) = "" Then Cells(i, 5) = DecayTime: Selection.NumberFormat = "0.00": 

GoTo 22 
Next i

22
'Calculate area under response curve using average of basal as baseline 
'Read values into an array (make sure value higher than baseline)
For i = 1 To ResponseFrames 

Windows(Callit & ".xls").Activate
If Cells(Counter + i + basalframes, K + 1) > TransferMean _
Then Frame(i) = Cells(Counter + i + basalframes, K + 1)
Else Frame(i) = TransferMean 

Next i

Read back array values and apply the trapezium rule to integrate area under curve 
Trapezium = 0
For i = 2 To ResponseF rames - 1 

CurrentValue = Frame(i)
Trapezium = CurrentValue + Trapezium 

Next i
Trapezium = Trapezium + Frame(l) + F rame(ResponseF rames)
Tr^jezium = 2.5 * Trapezium

'Output Trapezium Value to Calcium 1 .xls 
'Find first blank row in sixth column of Calcium 1 .xls 
Windows("Calcium 1 .xls") .Activate 
For i = 1 To 5000



225

If Cells(i, 6) = "" Then Cells(i, 6) = Trapezium: Selection.NumberFormat = "0.00": 
GoTo 25 

Next i
25

'Write filename to first column of Calciuml.xls 
For i = 1 To 5000

If Cells(i, 1) = "" Then Cells(i, I) = Callit: GoTo 30 
Next i

30
'Write cell number to second column of Calciuml.xls 
Windows(Callit & ".xls").Activate 
CelINo = CeIls(Counter, K + I)
Windows("Calcium 1 .xls"). Activate 
For i = 1 To 5000 

If Cells(i, 2) = "" Then Cells(i, 2) = CelINo: GoTo 35 
Next i

35
Next K

Windows(Callit & ".xls").Activate
Active Workbook. Save As Filename:="c:" & Callit & ".xls"
ActiveW orkbook. C lose

Next J
'Save Calciuml.xls
Windows("Calcium 1 .xls"). Activate
Active Workbook. Save As Filename:="c:CalciumI .xls"

Stop 
End Sub
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Appendû 5: Sequences of the plND and pVgRXR plasmids

Multiple cloning site

pA poly adénylation sequence
E/GRE: ecdysone/glucocorticoid response elements
CoEEl ; pUC-denved h i ^  copy number replication ongin
P-HSP: Heat shock promoter
fl orirfl oriejn for sinsJe strand rescue
BGH: bovine growth hormone
Ampicilltn: ampicillin resistance gene
Neomycin; neomycin resistance gene

pVgRXR
8.7 kb

ColEl : pUC-derived higji copy number replication origin
pA polyadenyiation sequence
fl ori fl ongin for single strand rescue
BGH: bovine growth hormone
Zeocin: Zeocin resistance gene
P CMV; cytomegaloviral promoter
P RSV: rous sarcoma virus promoter



Appendix 4:
Functionally important residues identified in TF

A; FVII activation, B; FVII binding. I; interface domain, H; hydrogen bonding
Residue Function Observations Citations
N-module fibronectin repeat
Loop A-B; 15-20
K15 Solvent exposed face o f 3 stranded sheet Muller Y.A. (1994)
S16A I 30-98% loss o f function Ruf W. (1994)
T17A I 30-98% loss o f function Ruf W. (1994)
F19 I Hydrophobic core o f domain interface, 30-98% loss o f 

function
Harlos K. (1994), Ruf W. (1994)

K20 A
B
H

Solvent exposed face o f 3 stranded sheet, H-bonds to C70L 
and G78L, 30-98% loss o f function

Muller Y.A. (1994), Banner D. W. (1996), Ruf W. 
(1994) SchuUek J.R. (1994), Kelley R.F. (1995), Lee 
G.F. (1998), Martin D.M. (1995), Gibbs C.S. (1994)

K20A/D58W Mutant is defective for X activation Lee G.F. (1998)
Strand B; 21-21
122 B R79L, 30-98% loss o f fimction, binds FVII but is not 

involved in catalysis
Banner (1996), Ruf W. (1994), SchuUek J.R. (1994), 
Martin D.M. (1995)

E24 B ,H H-bond to R79L, solvent exposed face o f 3 stranded sheet Banner D.W. (1996), MuUer Y.A. (1994)
E24A/E26A 30-98% loss o f function Ruf W. (1994)
W25 Strictly conserved in cytokine receptor family MuUer Y.A. (1994)
E26 Solvent exposed face o f 3 stranded sheet MuUer Y.A. (1994)
K28 Solvent exposed face o f 3 stranded sheet MuUer Y.A. (1994)
Strand C; 32-41
V33 Exposed hydrophobic residue Harlos K. (1994)
Q37 B ,H H-bond to R74T, S47T and F275H, convex binding 

surface
Banner D.W. (1996), Martin D.M. (1995)

S39 B ,H H-bond to W45T and R277H Banner D.W. (1996)



S39/T40/S42 43% decrease in fimction Ruf W. (1994)
G43 H-bond to W45T and R277H Banner D.W. (1996)
D44 A Induces conformational change in FVII, convex binding 

surface
Gibbs C.S. (1994), Martin D.M. (1995)

W45 B
A
H

Induces conformational change in FVII, binds to R277H, 
H-bonds to S39T, G43T and F275H, H-bond to H2O, 
solvent exposed side o f 4 stranded sheet convex binding 
surface

Martin D.M. (1995), Banner D.W. (1996), Kelley 
R.F. (1995), Muller Y.A. (1994), Gibbs C.S. (1994)

Strand C ’; 46-52
K46 B FVIIa binding, convex binding surface Gibbs C.S. (1994), Martin D.M. (1995)
S47 H H-bond to Q37T Banner D.W. (1996)
K48 B ,H H-bond to E77L, convex binding surface Banner D.W. (1996), Martin D.M. (1995)
C49 Disulphide bridge to C57 in strand E
F50 B Exposed hydrophobic residue, buried by Q88L to N93L Muller Y.A. (1994), Banner D.W. (1996)
Y51 Exposed hydrophobic residue Muller Y.A. (1994)
S trand E; 55-5S>
T53A/T55A 40% loss o f function Ruf W. (1994)
D54 Solvent exposed side o f 3stranded sheet Muller Y.A. (1994)
E56 B ,H H-bond to R79L, solvent exposed side o f 4stranded sheet Banner D.W. (1996), Muller Y.A. (1994)
D58 B ,H H-bond to G78L, but not involved in catalysis, solvent 

exposed side o f 3 stranded sheet
Banner D.W. (1996), Martin D.M. (1995), SchuUek 
J.R. (1994), KeUey R.F. (1995), Lee G.F. (1998), 
MuUer Y.A. (1994)

a l ;  60-64
D61 Solvent exposed side o f 3 stranded sheet MuUer Y.A. (1994)
V64 Hydrophobic core o f domain interface Harlos K. (1994)
V67 Hydrophobic core o f domain interface, 53% decrease in 

function
Harlos K. (1994), Ruf W. (1994)

Strand F; 70-75
Y71 98% decrease in function Ruf W. (1994)

00



R74 Binds to M306H, H-bond to Q37T, 3 H-bonds to H2O Banner D.W. (1996),
F76 B Exposed hydrophobic residue, binds to M306H Muller Y.A. (1994)
Y78 Exposed hydrophobic residue Muller Y.A. (1994)
Strand G; 93-99
P92 B Exposed hydrophobic residue, binds to M306H Harlos K. (1994), Banner D.W. (1996)
Y94 B

H
Exposed hydrophobic residue, binds to M306H, H-bonds 
to Q308H and D309H

Muller Y.A. (1994), Banner D.W. (1996), Kelley 
R.F. (1995)

N96 B H-bond to D309H Banner D.W. (1996)
Linker sequence P102-NK 7
Y103-T106 Mutation affects fimction and not major structure Martin D.M. (1995)
P102 I Hydrophobic core o f domain interface Martin D.M. (1995)
Y103 I Hydrophobic core o f domain interface Harlos K. (1994)
L108 I Hydrophobic core o f domain interface Harlos K. (1994)
QUO B ,H H-bond to Q64L and S43L Banner D.W. (1996), Martin D.M. (1995), Gibbs C.S. 

(1994)
C-module fibronectin repeat
R131 B binds F71L, 30-50% decrease in fimction Banner D.W. (1996), Ruf W. (1994)
Loop P; L133-1 36
L133 B Hydrophobic core o f domain interface, binds to F71L Harlos K. (1994), Banner D.W. (1996)
V134 I Hydrophobic core o f domain interface Harlos K. (1994)
R135 B FVIIa binding, but not involved in catalysis SchuUek J.R. (1994), Gibbs C.S. (1994), Martin D.M. 

(1995)
Loop Q; 138-14il
T139A/S142A 30-50% decrease in fimction Ruf W. (1994)
F140 B Binds to F71L, C a atom 13,1 A fi*om C a o f K20, but is not 

involved in catalysis
Banner D.W. (1996), SchuUek J.R. (1994), KeUey 
R.F. (1995), Gibbs C.S. (1994), Martin D.M. (1995)

a2; 143-D150
L143 I Hydrophobic core o f domain interface Harlos K. (1994)

[y
\ o



D145A 30-50% decrease in function Ruf W. (1994)
V146 I Hydrophobic core o f domain interface, 30-50% decrease in 

function
Harlos K. (1994), Ruf W. (1994)

F147 Hydrophobic core o f domain interface, 30-50% decrease in 
fimction

Harlos K. (1994), Ruf W. (1994)

K149-D150 Helical turn Harlos K. (1994)
Strand C; 152-]L58
Y157 Buried beneath K165/K166, confers stability Martin D.M. (1995)
W158 Binds to V207T, buried beneath K165/K166, confers 

stability
Banner D.W. (1996), Martin D.M. (1995)

L oop ;159-166
K159 A FVII activation Martin D.M. (1995)
S163 A FVII activation Martin D.M. (1995)
Strand C’; 166-170
K165/K166 Most significant contributors to FX activation Roy S. (1991)
Strand F; 185-193
C186 S Disulphide bridge to C209 in strand G, S atoms are 

solvent-exposed
C186-C209 B Binds to F31L Banner D.W. (1996)
Strand G; 196-210
V198 I Hydrophobic core o f domain interface, 30-80% decrease in 

function
Harlos K. (1994), Ruf W. (1994)

N199A 30-80% decrease in function Ruf W. (1994)
R200A/K201A 30-80% decrease in function Ruf W. (1994)
V207 B Binds to W158T and F40L Banner D.W. (1996), Martin D.M. (1995), Gibbs C.S. 

(1994)

to
u>
o
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Appendix 5:
Conservation of primary amino acid sequence of tissue factor sequences in human,

rabbit, mouse and guinea pig.

Row 1 : exon boundaries; Row 2: (3-strand letter code; Row 3: Residue number; Rows 4- 
7 : human, rabbit and mouse and guinea pig sequences respectively.
© Residue identical to corresponding residue in human TF sequence.
Colour coding of amino acids: positive, hydrophobic, uncharged, iivdrophilic, negative, 
aromatic

2.
A A A A A A A A

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
S G I N T V A A Y N L 1 W K

A D T © G R © © © © © © ©
A G I P E K © F © © © © I
E G I P © K P © © © © © ©

A A B B B B B B B
16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
s r F K 1 I L E W E P K P V
© © © © © © © © © © © © © S I
© © 
© ©

D
©

©
©

©
©

©
©

©
©

©
©

©
©

©
©

©
©

Q
©

©
©

©
©

T
I

c c c c c c c c c
31 32 33 34 35 36 37 38 39 40 41 42 43 44 45

0 V V T V Q I S I K S G D W
D H © © © © © © © © R L E N ©
© V T © © © © © © D R © R N ©
© N © © © © © © © © A L E © ©

C’ C’ c C’ C’ c c E E E E E a

46 47 48 49 50 51 52 53 54 55 56 57 58 59 60
K S K F V T T D E D L T

© © © © © L © A E © © © © © ©
© © © © S © © © © © © © © ©
© © I © © s I © A © © © © © ©
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a a a a a a F F F F F F

61 62 63 64 65 66 67 68 69 70 71 72 73 74 75
D E 1 V K D V K 0 Y L A R V
© © V © © © © G © © © © © ©
© © © © © © © T w A © E © K ©
S © A P N © 0 © © © © © © ©

F F F F

76 77 78 79 80 81 82 83 84 85 86 87 88 89
F S Y P A 0 G V E S T G S A
L © © © © 0 R © G N T © © F P

L © V © R R N S © H G D © D 0

I © 0 0 L L P © © © © © © © ©

G G G G G G G
90 91 92 93 94 95 96 97 98 99

0 0 0 0 G E 0 P L Y E \ S P E
0 © E © P F R © © © ©

L V I H © © E © P F T © A © K
F I. © D A V © S © © © ©

3 4
a a a A A A

1 0 0 101 1 0 2 103 104 105 106 107 108 109 1 1 0 111 1 1 2 113 I L

F P Y L E T N L G 0 P T I Q
G © © © © D © © © © © © © © ©

© L © © R D © © © © © © V © ©
© © © © Q © © © © © © © K © ©

A A A A A B B B B B B B B
115 116 117 118 119 1 2 0 12 1 1 2 2 123 124 125 126 127 128 12'

S F E 0 V G T K V N V T V E D
© © © © © © © © L © © © © 0 ©

0 © © © D © R © L © © V © K ©

© © K L © © © © L © © © © R ©
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a a

130 131 132 133 134 135 136 137 138 139 140 141 142 143 144 
E R T L V R R N N T F L S  L R

A © © © © © © © G © © © © © ©

S L © © © © K © G © © © T © ©

T Q © © A © S © G © © © © © ©

a a a a a a C C C C C C C
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D V F G K D L I  Y T L Y Y W K
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Q © © © © © © G © I  I T © R ©

© ! © © © \ © Q ©  © © © © R

C’ C’ c c €• E
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A © © ' © © © © © © T © © © ©
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E E E F F F F F
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©
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5 6
G G G G G G

205 206 207 208 209 210 211 212 213 214 215 216 217 218 219
S P V E  G Q E K G E F R E
© L ' I  © ©  1 S R I  Q © R A © ©
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Appendix 6 

List of suppliers

American Diagnostica Inc.

Baxter Diagnostics Inc.,

BioRad

Digital Pixel

Gibco BRL

Helena Biosciences

Gamidor

Invitrogen

Kinetic Imaging

Lab Tech International

Molecular Probes

NovoNordisk Pharmaceuticals Ltd

R&D systems

Raymond Lamb Supplies

Sebia

Sigma Aldrich Co. Ltd

Greenwich, Connecticut, USA

Deerfield, Illinois, USA

Hemel Hempstead, England

Brighton, England

Paisley, Scotland

Sunderland, England

Abingdon, England

9704, CH Groningen, Netherlands

Liverpool, England

Horsham, England

Eugene, Oregon, U.S.A.

Crawley, England 

Oxon, England 

Sussex, England 

Issy-les-moulineaux, France 

Poole, Dorset, England
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