
EXPRESSION OF THE PLASMINOGEN ACTIVATOR SYSTEM IN THE 
VASCULAR WALL

ABSTRACT

The plasminogen activator system is thought to be a principal regulator of extracellular 
proteolysis. Although much work has been done on investigating its role in thrombosis, 
less is known about its role within the vascular wall, and in particular, in vessels 
undergoing neointimal hyperplasia.

The aim of this project was to confirm and extend previous work on this subject by 
studying the expression of t-PA, u-PA, PAI-1 and uPAR in the walls of human arteries 
and veins as well as in rabbit iliac arteries that were normal or undergoing neointima 
formation.

A variety of techniques were used including quantitative reverse transcriptase 
polymerase chain reaction (RTPCR) assays (developed for PAI-1 and uPA), in-situ 
hybridisation (to localize tPA, uPA and PAI-1 mRNA), immunohistochemistry (to 
localize all four proteins) and immunoassays to quantify (tPA, uPA and PAI-1) proteins 
and (uPA and PAI-1) activities.

In normal human internal mammary arteries and saphenous veins; 
immunohistochemistry showed all four proteins to be associated with endothelial 
cells with little present on smooth muscle cells. Surgical distension of saphenous 
veins resulted in increased immunostaining to all four proteins probably due to 
extravasation, as specific mRNA levels were lower in the distended compared to 
undistended vessels. Human atheroma demonstrated intense immunostaining to all 
four proteins in keeping with the increased antigens on immunoassay, increased 
(uPA and PAI-1) mRNA on quantitative RTPCR, and greater signal (for tPA, uPA 
and PAI-1) with in-situ hybridisation compared to normal artery. Although PAI-1 
antigen was increased in atheroma, PAI-1 activity was decreased. In human 
saphenous vein grafts or saphenous vein in organ culture, tPA, uPA and uPAR 
immunostaining was increased compared to normal undistended saphenous vein in 
keeping with increased signal for tPA and uPA mRNA on in-situ hybridisation. PAI- 
1 immunostaining and mRNA signal was prominent on the endothelial cells of 
venous hyperplastic vessels but unlike arterial atheroma, they were largely absent on 
the neointimal smooth muscle cells. Experimental angioplasty of rabbit iliac arteries 
resulted in increased immunostaining for all four proteins and an increase in uPA 
activity.

These results are compatible with and extend previous reports implicating the 
plasminogen activator system in the control of cell migration and matrix remodeling 
during normal and pathological vessel growth and repair, but also emphasize the 
complexity of this process.
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INTRODUCTION
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1.1 ABSTRACT

Three important aspects of ischaemic heart disease are the development of 

atherosclerotic plaques, thrombus formation and the development of restenosis in 

coronary arteries after percutaneous transluminal coronary angioplasty. Smooth muscle 

cell proliferation and migration as well as extracellular matrix turnover are important 

for the development of intimal hyperplasia in both atherogenesis and restenosis. Fibrin 

deposition occurs both in the progressive development of the atherosclerotic lesion as 

well as in the acute thrombotic occlusion of coronary arteries that leads to unstable 

angina or myocardial infarction.

The plasminogen activator system is thought to be a principal regulator of extracellular 

proteolysis. Plasmin, a potent serine protease, is the main effector of the plasminogen 

activator system. It has a broad range of activities including endogenous fibrinolysis, 

(the process by which fibrin is removed from the endothelial lining of blood vessels), 

extracellular matrix digestion (a prerequisite for smooth muscle cell migration) and the 

activation of a number of cytokines known to be involved in intimal hyperplasia 

development and atherogenesis. It seems likely that a balance must exist between the 

plasminogen activators (tissue plasminogen activator {tPA}, and urokinase-type 

plasminogen activator {uPA}) and the plasminogen activator inhibitors (PAIs).

Within the vessel wall, a local imbalance of the regulation of the plasminogen activator 

system resulting in increased extracellular proteolysis, consequent activation of 

cytokines and metalloproteinases, could result in smooth muscle cell proliferation, 

increased matrix turnover and thus facilitation of smooth muscle cell migration - all a
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recipe for intimal hyperplasia development. On the other hand, a decrease in 

endogenous fibrinolysis on the endothelial surface at atheromatous sites could result in 

local decreased clearance of fibrin with consequent acute thrombotic closure of the 

coronary vessel.

There has been a great deal of work done on investigating the role of components of the 

plasminogen activator system in thrombosis. Less is known about the presence of 

components of the plasminogen activator system in the vascular wall, and in particular, 

in atherosclerotic or restenotic lesions. The aim of this project was therefore to confirm 

and extend previous work on this subject by studying the expression of t-PA, u-PA, 

PAI-1 and urokinase type plasminogen activator receptor (uPAR) in the walls of 

normal blood vessels, atheromatous lesions and in blood vessels undergoing the 

development of intimal hyperplasia. Normal arteries (human internal mammary 

arteries and rabbit common iliac arteries), normal veins (human saphenous veins), 

atheromatous arteries (human coronary endarterectomy and atherectomy and human 

carotid endarterectomy), arteries undergoing experimental restenosis (balloon-injured 

rabbit common iliac arteries), veins that have undergone restenosis (human saphenous 

vein graft stenosis) and veins that have undergone experimental intimal hyperplasia 

development (human saphenous veins in organ culture) were used for this project.

Quantitative reverse transcriptase polymerase chain reaction assays were developed and 

used to measure the level of expression of PAI-1 and uPA in normal human saphenous 

veins, internal mammary arteries and in human atheromatous lesions. In situ mRNA 

hybridisation was used in an attempt to localise the expression of tPA, uPA and PAI-1
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mRNA. Immunohistochemical techniques were used to localise cells associated with 

tPA, uPA, PAI-1 and uPAR antigens. Cell identification was facilitated using 

monoclonal antibodies against a-actin, Factor VIIIRAg, CD31, CD45, CD68, desmin 

and vimentin. Immunoassays and immuno-activity assays were used to measure the 

level of tPA, uPA and PAI-1 antigen and activity respectively within the vessel wall. 

The temporo-spatial changes in levels of components of the PAS during the 

development of intimal hyperplasia were examined.

In normal arteries and veins, tPA, uPA, PAI-1 and uPAR proteins are associated with 

endothelial cells with very little present on the smooth muscle cells or extracellular 

spaces. Surgical distension of saphenous veins with blood in saline resulted in 

increased immunostaining to all four proteins on smooth muscle cells and within the 

extracellular spaces. This is probably due to extravasation from the lumen as 

quantitative RTPCR assays found PAI-1 and uPA mRNA levels to be lower in these 

vessels. Human atheromatous tissue and rabbit iliac arteries that had undergone 

balloon injury demonstrated an increase in all four proteins compared to normal 

controls. This was in keeping with the increases in antigens on immunoassay and the 

increases in mRNA seen with quantitative RTPCR and in-situ hybridisation in 

atheromatous vessels. Although PAI-1 antigen was increased in atheromatous vessels, 

immuno(activity)assay showed that PAI-1 activity was in fact decreased. In the 

neointima of saphenous veins (graft stenosis or vein culture), there was an increase in 

tPA, uPA and uPAR immunostaining on immunohistology. In-situ hybridisation of 

saphenous graft stenosis showed increased signal for tPA and uPA mRNA in the 

neointimal smooth muscle cells compared to normal saphenous veins. PAI-1
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immunostaining and mRNA signal was prominent on the endothelial cells of these 

vessels but largely absent from the neointimal smooth muscle cells.

1.2 PATHOGENESIS OF CORONARY ARTERY DISEASE: OVERVIEW

Coronary atherogenesis results in the gradual formation of atherosclerotic plaques 

within the walls of coronary arteries, which leads to compromise of the vessel lumen 

and hence coronary blood flow resulting in myocardial ischaemia or infarction. 

Apparent divergent hypotheses regarding atherogenesis (Rokitanski 1852, Virchow 

1856, Benditt 1977) had been drawn together in a unifying concept ‘response to injury’ 

(Ross and Glomsett 1976). This proposed that atherogenesis involves endothelial cell 

injury (physical or chemical), consequent release of factors into the subendothelium 

which results in the proliferation and migration of smooth muscle cells through the 

internal elastic lamina, and the synthesis by the smooth muscle cells of extracellular 

matrix molecules e.g. collagen, elastin and proteoglycans. Associated with this is the 

intracellular and extracellular lipid accumulation and thrombus formation. More 

recently more emphasis has been put on chronic inflammation and endothelial 

dysfunction (rather than denudation) as the principal driving forces behind 

atherogenesis (Ross 1999). Possible causes of endothelial dysfunction includes 

elevated or modified LDL; genetic alterations; elevated plasma homocysteine levels; 

free radicals from cigarette smoking, hypertension and diabetes mellitus; infectious 

organisms such as herpes viruses or chlamydia pneumoniae; or a combination of these 

or other factors. The process is thought to begin in childhood and the earliest changes 

observed are areas of diffuse thickening of the musculoelastic intima. As the disease 

progresses through adulthood three main lesions are described, namely, the fatty streak,
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the fibrous plaque, and the complicated lesion. The essential histological feature of 

fatty streaks is the accumulation of small numbers of intimal smooth muscle cells 

surrounded by deposits of lipids. These fatty streaks are thought to be inflammatory in 

origin (Stary et al 1994). Lipid-laden macrophages and T lymphocytes are seen early in 

experimental models of atherosclerosis. It has been assumed that the fibrous plaques 

represent a progression from the fatty streaks. The fibrous plaque is composed of lipid­

laden smooth muscle cells and macrophages with the deposition of collagen, elastin, 

and proteoglycans. Further development with calcification, cell necrosis, mural 

thrombosis, and haemorrhage results in the ‘complicated lesion’. The fibrous plaque 

and to a greater extent the complicated lesion results in luminal narrowing and are 

associated with subsequent occlusion leading to unstable angina or myocardial 

infarction.

Restenosis results from the progressive re-narrowing of the vessel lumen that occurs 

typically weeks to months after percutaneous transluminal coronary angioplasty. 

Although the mechanisms responsible for this process are not completely understood 

(Me Bride et al 1988, Forrester et al 1991), damage to the vascular endothelium triggers 

a complex series of events that results in transformation of a subset of smooth muscle 

cells from a resting ‘contractile’ state to a ‘synthetic’ state, which results in their 

proliferation and migration from media to the intima (Hassler 1970, Webster et al 

1974). In the neointima, the newly arrived smooth muscle cells begin a second 

proliferative phase and finally enter a quiescent phase where they synthesise and secrete 

extracellular matrix. Concurrent with the above process, there is also vascular 

remodelling involving both the media and the adventitia in response to vessel injury
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(Kakuta et al 1998).

Although the pathogenesis of atherosclerosis and restenosis are different, cellular 

proliferation and migration as well as extracellular matrix turnover are common 

important components of both. The plasminogen activator system may play an 

important role in coronary artery pathology by its effect on extracellular proteolysis 

thus affecting the proliferation and migration of cells as well as the turnover of the 

extracellular matrix. More specifically, the role of the plasminogen activator system in 

endogenous fibrinolysis may be important in coronary artery disease since fibrin 

deposition occurs both in the progressive development of the atherosclerotic lesion 

(Smith et al 1986, Schwartz et al 1988) as well as in the acute thrombotic occlusion of 

coronary arteries that leads to myocardial infarction (Davies et al 1984).
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1.3 OVERVIEW OF THE PUTATIVE ROLE OF THE PLASMINOGEN 

ACTIVATOR SYSTEM IN THE VESSEL WALL

Thrombosis

PROTHROMBIN ^THROMBIN 

+

Fibrinolysis

PAI-1, PAI-2

4r
tPA, uPA

PLASMINOGEN ----- -  PLASMIN

EXTRACELLULAR PROTEOLYSIS

FIBRINOLYSIS
\

FIBRINOGEN------------------ FIBRIN/ ___> FDPs

FIBRIN DEPOSITION

\k
CYTOKINE

ACTIVATION

EXTRACELLULAR 

MATRIX BREAKDOWN

SMC MIGRATION

N /

ATHEROMATOUS PLAQUE 

INSTABIUTY

SMC

PRO]LIFERATION

\ /

ACUTE THROMBOTIC 

VASCULAR OCCLUSION

INTIMAL HYPERPLASIA AND 

VESSEL WAUL REMODELLING

\k

RESTENOSIS

\L l
MYOCARDIAL ISCHAEMIA OR INFARCTION



27

1.4 BACKGROUND

1.4.1 Proteolysis

A number of classes of proteolytic enzymes exist. These include the serine proteases 

(e.g. plasmin, trypsin and plasma kallikrein) and cysteine proteases (e.g. cathepsins B 

and L). Extracellular proteolysis of structural proteins may result in extracellular 

matrix breakdown, whilst its effect on regulatory proteins, could lead to activation or 

modulation. These proteolytic enzymes interact to activate and modulate each other, 

e.g. receptor-bound pro-urokinase can be activated by both cathepsin L (Goretzki et 

al 1992) and cathepsin B (Kobayashi et al 1993).

1.4.2 Plasmin

Plasmin, a broad-spectrum serine proteinase, is capable of readily degrading a host of 

extracellular proteins. The inactive proenzyme, plasminogen, is abundant in the 

vasculature and in most body fluids, and potentially serves as an almost limitless supply 

of proteolytic capacity with a phenomenal destructive potential. The transition of 

plasminogen to plasmin involves peptide bond cleavage and hence is irreversible.

The activity of plasmin and the activating enzymes is maximised by binding to the 

substrate (plasminogen and t-PA) or to the cell surface (t-PA, u-PA and plasminogen) 

(Vaheri et al 1990, Hajjar et al 1991). This arrangement serves to concentrate the 

reactants at the site of cleavage and under certain circumstances to protect against a 

variety of inhibitors including a2-antiplasmin, a2-macroglobulin, plasminogen 

activator inhibitors-1 and 2 (PAI-1 and PAI-2) (Menashi et al 1993, Collen et al 1976) 

The plasminogen activator system may be important, not only for its role in the
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prevention or removal of fibrin from the vascular tree, but also for its role in the tissue 

repair (Astrup 1968), malignant transformation (Reich 1975), macrophage function 

(Reich 1975), ovulation and embryo implantation (Strickland & Beers 1976, Ohlsson et 

al 1991). Plasmin, is thought to be the effector of a host of proteolytic reactions e.g. 

activation of a number of cytokines, breakdown of the extracellular matrix (Schmitt et 

al 1992) and basement membrane glycoproteins either directly or through the activation 

of metalloproteinases e.g. collagenases, gelatinases and stromelysin (Santibanez et al 

1993) and as such, the plasminogen activator system may be important in cellular 

growth, proliferation and migration, ubiquitous processes necessary in foetal

development, ageing, wound healing, inflammation and neoplasia.

1.4.3 The plasminogen activators: tPA and uPA

Plasminogen-dependent proteolysis is initiated by secretion of one or both activating 

enzymes at the local tissue level. Human plasminogen activators also belong to the

class of serine proteinases. They have been classified into two types: Tissue type

plasminogen activator (tPA) and urokinase-type plasminogen activator (uPA). These 

two proteins can be distinguished by differences in immunological cross reactivity and 

tissue localisation, with tPA, unlike uPA, having a strong affinity for fibrin (Rijken et al 

1981, Wallen et al 1981, Thorson et al 1972).

1.4.3 a) Tissue plasminogen activator (tPA) within the blood vessel wall 

Recombinant exogenous tPA is well known for its proven fibrinolytic role in the 

treatment of acute myocardial infarction and other acute thrombotic events (ASSET 

1988, Bell et al 1976). However the walls of blood vessels are associated with an
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endogenous fibrinolytic activity. This association has been recognised since the 

pioneering work of Todd et al 1959, and Astrup et al 1956. Almost two decades later 

Loskutoff and Eddington showed that the fibrinolytic activity of the endothelial cells 

from rabbit vena cava grown in culture depended upon the presence of plasminogen in 

the culture thus providing evidence that plasminogen activators are effectors of the 

fibrinolytic activity of these endothelial cells.

tPA, (MW 68,000), is the principal endogenous activator of plasminogen in the blood. 

It is derived predominantly by endothelial cells and present in the plasma at a 

concentration of approximately 70 pM. In vivo a variety of stimuli including 

catecholamines, thrombin and vasopressin induce rapid release of tPA from 

endothelium by a mechanism independent of protein synthesis (van Hinsberg 1988, 

Tranquille & Emeis 1989). It is a 527-residue serine protease of the plasminogen 

superfamily. It is synthesised as a single chain molecule and is cleaved to form a two- 

chain form that has minor differences in substrate affinity (Collen et al 1996). 

Cleavage by plasmin produces two-chain tPA consisting of a heavy chain (A chain) and 

a light chain (B chain). The B-chain contains the catalytically active site (Rijken & 

Groeneveld 1986), whilst the A-chain contains an epidermal growth factor domain, a 

finger domain and 2 kringle domains (Gaffney 1994). It is glycosylated at a number of 

sites. Cheng et al 1995, demonstrated that tPA binds to endothelial cells via a ligand on 

its B chain. This has the effect of both increasing its activity by approximately 100 fold 

and protecting it against inhibition by PAI-1. More recently Ellis et al 1997, provided 

evidence for a tPA receptor on vascular smooth muscle cells. Binding to fibrin is 

mediated by the finger and second kringle (Pannekoek et al 1988, de Munk et al 1989,
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Higgins & Bennett 1990) and at the surface of polymerised fibrin it cleaves the 

zymogen plasminogen and hence initiate fibrinolysis.

A correlation between low endogenous plasma tPA activity and increased coronary risk 

has been shown by numerous epidemiological studies (Olofson et al 1989, Oseroff et al 

1989, ECAT Angina study group 1993). However the majority of patients with 

coronary heart disease have normal fibrinolytic profiles (Collen 1988). This may be an 

indication that plasma measurements, whilst they give us a clue, may not be a sensitive 

enough marker to predict what is occurring locally within atherosclerotic lesions.

The role of tPA in the vessel wall is not fully known. It seems likely that its role on the 

endothelial lining is to prevent fibrin accumulation and thus help to prevent thrombotic 

occlusion. Within the deeper layers of the vessel wall, the role of tPA is less clear. 

Experimental studies in vitro have shown that tPA is a potent mitogen for human aortic 

smooth muscle cells (Herbert et al 1994) and may thus contribute to intimal smooth 

muscle cell proliferation in intimal hyperplasia. In keeping with its mitogenic role, De 

Petro et al 1994, showed tPA to be a growth factor of human fibroblasts. A role for 

tPA in angiogenesis has been suggested by the fact that it is increased in human 

endothelial cells during the formation of tubular capillary networks in vitro and that the 

capillary network formation is inhibited by anti tPA antibody (Ito et al 1995).

The immunolocalization of tPA antigen was assessed in vessels of various sizes from 

baboons and it was found that the tPA was mostly distributed in smaller sized vessels 

excluding the capillaries (Levin et al 1994). Experimental studies have shown that in
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normal rat carotid arteries only low levels of t-PA was detected (Clowes et al 1990) and 

that its level increased after mechanical vascular injury suggesting that these molecules 

may be involved in post-angioplasty restenosis. tPA antigen and mRNA were found to 

be increased in atheromatous arteries compared to normal arteries (Lupu et al 1995). 

Whereas in normal arteries, the tPA antigen and mRNA were found on endothelial cells 

and medial smooth muscle cells, in atherosclerotic lesions, they were found to be 

increased in the intimal smooth muscle cells and macrophage-derived foam cells. tPA 

antigen was also present in the acellular extracellular spaces in atheromatous lesions 

co-localized with fibrin and in neomicrovessels within the plaque suggesting a role of 

tPA in plaque angiogenesis. In normal arteries, PA activity was largely present in the 

vasa vasorum and this was due to tPA rather than uPA (Lupu et al 1995). In the vessel 

wall of atherosclerotic abdominal aortic aneurysm, tPA and uPA mRNA were found in 

areas of inflammatory infiltrates in macrophage-like cells (Schneiderman et al 1995). 

The cellular distribution of tPA and uPA transcripts extended far beyond that of PAI-1 

mRNA and suggests that the increased fibrinolytic capacity may promote proteolytic 

degradation of the aortic wall leading to physical weakening and active expansion of 

the aneurysm. Padro et al 1995, quantified tPA protein and activity in protein extracts 

from different layers of human aorta in relation to the presence and severity of 

atherosclerotic disease. They found that tPA protein was increased in necrotic areas of 

plaques, where tPA was mainly complexed to PAI-1. In the media, tPA antigen was 

higher in lesional segments and closely associated with smooth muscle cells. tPA 

activity however, was not detected in intimal nor medial extracts possibly due to the 

large amount of concomitant PAI-1 found.
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1.4.3 b) Urokinase-type plasminogen activator (uPA) within the blood vessel wall

Sahli (1885) was the first investigator who discovered that urine contained enzymes 

capable of digesting fibrin and the name urokinase was coined by Sobel in 1952. uPA 

was originally isolated from human urine (White et al 1966). This protein was shown 

to be different from the major plasminogen activator found in human plasma (Kucinski 

et al 1968). In 1979 it became clear that the plasminogen activator activity in the 

circulating blood was due to tPA and not uPA (Astedt 1979, Kok 1979). The complete 

cDNA sequence consists of 2,304 base pairs and codes for the protein of 431 amino 

acids (Verde et al 1984). In the plasma it is at low concentration (approx. 150 pM). 

uPA is initially synthesised as a single-chain molecule (MW 54,000), scu-PA or pro- 

uPA (Wun 1982) which upon secretion binds to its glycosylphosphatidyl-inositol- 

anchored specific cell receptor uPAR. Pro-uPA undergoes extracellular activation by 

cleavage (Gunzler et al 1982, Skriver et al 1982) to a two chain form tcu-PA. This uPA 

cleavage can be mediated by plasmin (Longstaff et al, 1992), kallkrein (Ichinose et al

1986) and other proteases e.g. cathepsins and is accelerated by it binding to uPAR. 

Upon further limited proteolysis, 54 kD u-PA is converted to a low molecular weight 

form of uPA of 32 kD (Guenzler 1982). uPAR-bound uPA is susceptible to inhibition 

by PAI-1 and PAI-2.

uPA shows a similar domain structure to tPA. The N-terminal half contains the 

receptor binding site and 1 kringle (Appella et al 1987). The c-terminal portion of the 

protein consists of the serine protease domain. The kringle domain of uPA does not 

show a high affinity for fibrin and thus uPA in isolation is not clot specific in its 

activation of plasmin.
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The role of uPA within the vessel wall is not fully known. uPA proteolytically cleaves 

fibronectin making it further open to attack by the enzymes plasmin and cathepsin. This 

predigestion of fibronectin may be an initial event in the local degradation of the 

extracellular matrix (Gold et al 1992). Analysis of atherosclerotic aorta in genetically 

altered mice indicated that deficiency of u-PA protected against media destruction and 

aneurysm formation, probably by means of reduced plasmin-dependent activation of 

pro-MMPs (Carmeliet et al 1997). uPA antigen and mRNA were found to be increased 

in atheromatous lesions compared to normal arteries (Lupu et al 1995). A particularly 

high uPA expression was noted on macrophages localised on the rims of the necrotic 

core. In advanced lesions, uPA activity was found to be increased. Strong uPA 

immunostaining was also present in neomicro vessels. Padro et al, 1995, found uPA to 

be increased in atherosclerotic aortic intima and co-localised with neointimal smooth 

muscle cells and tissue-infiltrating macrophages. However, uPA activity could not be 

detected in intimal or medial extracts; PAI-1 concentrations were found to be high in 

these areas of the vessel wall.

In an in vitro model of neovessel formation, namely culturing human umbilical vein 

endothelial cells on basement membrane preparation matrigel, which results in the 

formation of tubular endothelial structures, uPA is increased (Schnaper et al 1995). 

Inhibitors of plasminogen activators decreased the extent of the endothelial network. 

Over-expression of the uPA gene in transfected endothelial cells enhanced the invasive 

capacity of endothelial cells in a matrigel chemoinvasion assay (Gualandris et al 1997). 

Using a peptide comprising the amino-terminal domain of uPA that binds to the uPA 

receptor (uPAR) but lacking proteolytic activity, enhanced tube formation, showing
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that uPAR occupancy may also be important for endothelial tubular formation and thus 

angiogenesis. The putative role of uPA in angiogenesis is strengthened by the 

observation that vascular endothelial growth factor (VEGF), a potent angiogenic factor 

and endothelial cell-specific mitogen, stimulates uPA activity and uPAR expression in 

vascular endothelial cells (Mandriota et al 1995). Using the technique of in-situ 

zymography uPA activity was found to be increased in sprouting capillaries, again 

suggesting a role in neoangiogenesis (deVries et al 1995). Clowes et al 1990 showed 

that in the normal rat carotid artery low levels of uPA are seen. uPA mRNA increases 

steadily after injury to reach a maximum at around 1 week whilst uPA activity in 

extracts of balloon-injured vessels reaches a maximum 16-24 hours after injury.

In keeping with the putative role of uPA in cellular migration, uPA activity was found 

to be significantly higher in malignant astrocytomas, especially in glioblastomas, than 

in normal brain tissue or low-grade gliomas (Yamamoto et al 1994). Antigen levels of 

u-PA and uPAR at the tumour-host interface correlated to tumour aggressiveness (Buo 

et al 1995). This may indicate that uPA in more aggressive tumours exceeds the 

inhibitory capacity represented by PAIs, resulting in enhanced migration of cells. 

However, others have found that a critical balance between uPA and PAI-1 is necessary 

for optimal cellular invasiveness in vitro (Liu et al 1995).

More recently, gene knockout mice studies have been used to investigate the relative 

importance of the plasminogen activators tPA and uPA in neointimal formation and re- 

endothelialization (Carmeliet et al (1997,(1)). They found that mechanical or electrical 

arterial injury resulted in less neointimal cell accumulation in uPA-/- and in tPA-/- /
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uPA-/- mice compared to wild type or tPA-/- mice. Topographic analysis of vascular 

wound healing in electrically-injured wild-type and tPA-/- arteries revealed a similar 

degree of migration of smooth muscle cells from the non-injured borders into the 

necrotic centre. In contrast, uPA -/- and tPA-/- / uPA-/- arteries smooth muscle cells 

accumulated at the uninjured borders but failed to migrate into the necrotic centre. 

Proliferation of smooth muscle cells was not affected by uPA or tPA deficiency in this 

model.

1.4.4 The Plasminogen Activator Inhibitors

1.4.4 a) Plasminogen activator inhibitor-1 (PAI-1) within the blood vessel wall 

PAI-1 ( MW 50,000), a serine protease inhibitor with rapid and specific inhibition of 

both t-PA and u-PA, may be a prime regulator of plasminogen activation in vivo 

(Sprengers and Kluft 1987) in spite of its low concentration in the plasma (approx. 0.1 

nM). PAI-1 cDNA has been cloned and sequenced (Ginsburg et al 1986) and the gene 

structure has been investigated (Loskutoff et al 1987).

In plasma and the extracellular matrix PAI-1 is associated with the adhesive 

glycoprotein vitronectin which may stabilise the active confirmation of PAI-1 

(Lawrence et al 1994) and regulate the clearance of PAI-l-tPA complexes from the 

circulation by hepatic cells (Owensby et al 1991). It is synthesised by a number of cell 

types in culture including endothelial cells (Phillips et al 1984), hepatocytes (Healey et 

al 1994), platelets (Booth et al 1985) and vascular smooth muscle cells (Laug et al 

1985). The cellular origin of plasma PAI-1 is not yet known although endothelial cells 

is strongly suspected. PAI-1 undergoes conformational change to form an inactive
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‘latent’ form. PAI-1 reacts with both t-PA and u-PA with a second order rate constant 

of 106-107 mol/l/sec. The PA/PAI-1 complex has no activity (Kruithof et al 1983). 

These observations suggest that the expression of PAI-1 in-vivo must be precisely 

regulated. The inappropriate over-expression of this potent inhibitor, will suppress the 

normal fibrinolytic system, creating a local prothrombotic state with resultant 

pathological fibrin deposition whilst a deficiency of PAI-1 will result in bleeding 

tendencies (Shleef et al 1989, Dieval et al 1991).

A number of epidemiological studies have demonstrated high plasma PAI-1 levels in 

patients with coronary artery disease, particularly in those who presented with 

myocardial infarction, or unstable angina (Johnson et al 1984, Paramo et al 1985, 

Anzar et al 1988). Longitudinal clinical studies support the hypothesis that increased 

plasma PAI-1 levels may be important in the predisposition to myocardial infarction 

(Prins 1991). A direct relationship between deficient fibrinolysis, due to high plasma 

PAI-1 activity levels, and recurrent myocardial infarction was demonstrated in young 

men who had survived their first myocardial infarction 3 years previously (Hamsten et 

al 1987) and in a group of unselected patients (Munkvad et al 1990). However in an 

older group of patients followed over five years, PAI activity was not predicted for 

recurrent infarction (Jansson et al 1991).

Evidence of an etiologic role of PAI-1 in myocardial infarction was provided by a 

study showing the prevalence of the 4G allele (one of the alleles of the recently 

described 4G/5G polymorphism of the PAI-1 promoter) to be significantly higher in 

patients with myocardial infarction before the age of 45 than in population based
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controls (Eriksson et al 1995). Both alleles bind a transcriptional activator, whereas the 

5G allele also binds to a repressor protein to an overlapping binding site. In the 

absence of bound repressor (i.e. in 4G/4G alleles) the basal level of PAI-1 transcription 

is increased. However the data is conflicting as two large clinical trials failed to show 

an asociation between the 4G/5G polymorphism and arterial thrombosis (Ridker et al 

1997, Ye et al 1995).

Elevation in plasma PAI-1 levels has also been noted in metabolic disorders associated 

with an increased risk of atherosclerosis. Significant correlation have been observed 

between PAI-1 levels and obesity (Vague et al 1986), non-insulin dependent diabetes 

mellitus (Auwerx et al 1988), hyperinsulinaemia (Juhan-Vague 1987), and 

hypertriglyceridaemia (Hamsten et al 1985). These observations imply that elevation in 

PAI-1 activity, in association with disorders of carbohydrate or lipid metabolism, may 

contribute to the development of atherosclerosis and coronary artery disease and thus 

myocardial infarction (Hamsten et al 1985). PAI-1 levels have been shown to be 

increased in hypertensive patients with compared to normotensive controls (Gleerup et 

al 1995, Keskin et al 1994)

Experimental studies have supported the importance of PAI-1 in thrombosis. Increased 

plasma PAI-1 levels decreases endogenous and exogenous fibrinolysis and increases 

the extension of thrombosis (Krishnamurti et al 1987, Vaughn et al 1992), whereas 

quenching of PAI-1 activity with a specific antibody induces an opposite effect (Levi et 

al 1992). Transgenic mice carrying human PAI-1 cDNA under the control of the 

mouse promoter are bom with high levels of PAI-1 in their blood and develop
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thrombotic problems in their extremities (Erikson et al 1990). In experimental animals 

subjected to thrombosis, PAI-1 mRNA was increased in endothelial cells, smooth 

muscle cells and in macrophages which were surrounding the lesion (Fujii et al 1992, 

Sawa et al 1992). Much more marked expression of PAI-1 mRNA was seen when the 

arterial injury was accompanied by diet induced hypercholesterolaemia (Sawa et al

1993). The coincident expression of PAI-1 and tissue factor (Wilcox et al 1989) as 

well as thrombin receptor (Nelkin et al 1992) within the plaque may have an important 

role in the regulation of extra cellular proteolysis during cellular growth and migration 

(Reilly et al 1991). Increased PAI-1 mRNA has been found in the vessel wall of 

human atherosclerotic abdominal aortic aneurysm wall (Schneiderman et al 1995). The 

analysis of adjacent tissue sections from the same patients by in situ hybridisation 

demonstrated an abundance of PAI-1 mRNA-positive cells within the intima of 

atherosclerotic arteries, principally around the base of the plaque. PAI-1 mRNA was 

also detected in cells scattered within the necrotic material and in the endothelial lining 

of adventitial vessels. PAI-1 frequently co-localised with uPA and tPA mRNA 

expressing cells. In contrast, in morphologically normal areas of aorta, PAI-1 mRNA 

was primarily found in endothelial cells lining the lumen. Lupu et al 1993, found 

increased PAI-1 expression in smooth muscle cells within the fibrous cap of 

atheromatous lesions compared to adjacent media or in normal arterial tissue. They 

also found PAI-1 mRNA in macrophages at the periphery of the necrotic core. In 

another study, PAI-1 mRNA and protein was localised to smooth muscle cells and 

macrophages in human coronary atherectomy specimens (Ludgren et al 1994). 

Increased vessel wall expression of PAI-1 mRNA was observed in balloon injured 

rabbit carotid arteries within 3 hours of injury whereas in uninjured normal vessels
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PAI-1 mRNA was not detectable by northern blotting or in-situ hybridisation in 

endothelial and smooth muscle cells (Sawa et al 1994). In addition to raised PAI-1 

mRNA, Shireman PK et al 1996, found atherosclerotic aortae to have increased PAI-1 

protein as assessed by tissue explant supernatants. Similarly, Robbie et al 1996, also 

demonstrated increased PAI-1 protein in atheromatous lesions by tissue explant 

supernatants as well as immunohistochemistry.

The role of PAI-1 in neointimal formation was investigated in transluminal mechanical 

and perivascular electric injury in PAI-1 deficient (PAI-1 -/- ) and wild-type mice 

(Carmeliet et al, 1997 (2)). These workers found that injury to PAI-1 -/- arteries resulted 

in increased neointimal formation with smooth muscle cells migrating more rapidly 

into the necrotic centre of the arterial wound compared to the wild-type arteries. There 

was no difference in re-endothelialization between the two types of mice. Adenoviral 

PAI-1 gene transfer into the PAI-1 deficient mice reduced the neointimal formation.

1.4.4 b) Plasminogen activator inhibitor-2 (PAI-2)

PAI-2 was originally isolated from human placenta and is abundant in the plasma in the 

third trimester of pregnancy (Kruithoff et al 1987). PAI-2 is synthesised by a number 

of cell types including monocytes-macrophages (Saksela et al 1985, Chapman et al 

1985) and endothelial cells (Astred et al 1985). In contrast to PAI-1 which is a more 

effective inhibitor of t-PA, PAI-2 is a more effective inhibitor of u-PA than t-PA 

(Zoellner et al 1993). It is not known whether the production of PAI-2 from endothelial 

cells is a culture artefact or whether endothelial cells expresses PAI-2 in vivo. Except 

for monocytes/macrophages most cellular PAI-2 is in the non-glycosylated non-
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secretory form (Wohlwend et al 1987). An intracellular role for PAI-2 has however not 

been clearly established but it is possible that cell associated PAI-2 play a role in 

inhibiting fibrinolysis following cell damage (Medcalf et al 1988). Bacterial 

endotoxins LPS are strong inducers of PAI-2 gene expression in human peripheral 

blood monocytes (Schwartz BS et al 1992). This suggest that PAI-2 regulation 

contributes to the modulation of extracellular proteolysis by mononuclear phagocytes in 

inflammatory processes resulting in fibrin deposition which accompanies the second 

phase of inflammatory reactions. The potential role of PAI-2 in inflammatory 

processes is strengthened by the observation that TNFa is a potent inducer of PAI-2 

transcription in mononuclear phagocytes (Gyetko et al 1991) and fibroblasts (Kumar et 

al 1991). Since atherogenesis is now regarded as an inflammatory response to chronic 

vascular injury (Ross et al 1992) with deposition of fibrin, the hypothesis that PAI-2 

may play a key role in this process needs to be investigated. PAI-2 may play a role in 

the dynamics of connective tissue remodelling since it could inactivate one of the serine 

proteases implicated in TNF-mediated cytolysis (Kumar et al 1991).

1.4.5 Receptors of the Plasminogen Activator System

1.4.5 a) Urokinase-type plasminogen activator receptor (uPAR)

A  specific cellular receptor for urokinase (uPAR) was identified on blood monocytes 

and on the transformed U937 cell line (Vassalli et al 1985) and has been subsequently 

found on a number of cell lines in culture (Vassalli et al 1992; Blasi et al 1987). It is a 

glycosylphosphatidyl-inositol-linked glycoprotein, localised in micro-invaginations of 

the plasma membrane (Stahl et al 1995). The protein is composed of three homologous 

domains, the NH2- terminal of which is involved in the high affinity binding to the
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epidermal growth factor-like (amino-terminal) domain of uPA.

Kinetic experiments indicate that the process of plasminogen activation occurs more 

rapidly when pro-uPA is bound to the cell-surface receptor and plasminogen (Conese et 

al 1995). Indeed uPAR have been found associated with plasminogen receptors (Plow 

et al 1986). The cell-surface uPAR may thus serve as a mean of localising the cell 

surface proteolytic activity in both time and space. Once bound, uPA retains its 

enzyme activity, is not internalised but is susceptible to inhibition by PAI-1 and PAI-2 

(Reinartz et al 1994). uPAR is linked with the cell membrane via a glycosyl- 

phosphatidylinositol anchor (Plough et al 1991). uPAR therefore serves not only as an 

anchor for uPA but it also participates in a signal transduction pathway resulting in the 

phosphorylation of intracellular regulatory proteins (Busso et al 1994). In addition, 

uPAR is a major vitronectin-binding protein on endothelial cells (Kanse et al, 1996).

The distribution of uPAR on the cell surface was studied by immunofluoresence and 

immunoelectron microscopy, (Moyohanen et al 1993). Using two monoclonal 

antibodies, one able to bind to uPAR whether it was occupied or unoccupied, the other 

able to bind only to uPAR when unoccupied, it was shown that unoccupied uPAR was 

relatively mobile whilst uPAR occupied by uPA was localised to cell contact sites.

uPAR also exists as a ligand-free soluble form (Pedersen et al 1993). It lacks the lipid 

moiety of the glycolipid anchor present in the cellular-bound uPARs. The function of 

the soluble form of uPAR is not known. Binding of scuPA to its soluble uPAR results 

in the enhancement of the enzymatic activity and it may play a role in removing uPA
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from the extracellular spaces (Higazi et al 1995).

A number of studies have suggested that uPAR is important for cell migration. Gyetko 

et al 1994 showed that uPAR is required for human monocyte chemotaxis in vitro; 

exposing adherent monocytes to a chemotactic gradient caused plasma membrane 

uPAR to localise strongly to the leading edge of cell migration. Treating these cells 

with anti-uPAR mAb or blocking uPAR expression with an antisense oligonucleotide 

ablated chemotaxis whilst blocking uPA expression with an anti sense oligonucleotide 

had only a minimal effect. However, in an experimental and spontaneous metastasis 

model, an antibody to uPA inhibited invasion of cells through the matrigel or 

metastasis respectively (Kobayashi et al 1994). Similarly, T lymphocyte migration was 

also inhibited with anti-catalytic uPA mAb in a fibrin matrix in vitro (Kramer et al

1994). Binding of uPA to its receptor promoted migration of human melanoma cells in 

matrigel (Stahl et al 1994). A monoclonal antibody against uPAR (Mab 3936) inhibited 

migration through the matrigel up to 33% while a reduction of the uPA catalytic 

activity by PAI-2 resulted in a 46% inhibition of migration. Occupation of uPAR by 

enzymatically inactive uPA fragments reduced migration of cells through basement 

membranes in vitro (Kobayashi et al 1993). In another study uPA mediated bFGF- 

induced endothelial cell migration in vitro independent of its proteolytic activity but 

dependent on the occupancy of the uPA receptor (Odekon et al 1992).

uPAR was found to be increased in atheromatous lesions compared to normal arteries 

(Noda-Heiny et al 1995); uPAR immunostaining being absent in normal arteries 

whereas it was intensely positive in macrophages and neointimal smooth muscle cells.



43

However, uPAR mRNA expression was not significantly increased in migrating 

smooth muscle cells thus implying that altered post-transcriptional regulation may be 

contributing to the increased uPAR protein. The same authors found that antibodies to 

uPAR delayed the migration of cultured vascular smooth muscle cells.

More recently, gene knockout studies have been used to delineate the role of uPAR in 

neointimal formation after arterial electric injury in mice (Carmeliet et al 1998). 

Surprisingly, u-PAR deficient mice (uPAR -/-) had an equivalent degree of neointimal 

formation as (uPAR +/+) mice after arterial injury. It was observed on immunoelectron 

microscopy that uPA was bound to the cell surface of (uPAR +/+) cells, whereas it was 

present in the pericellular space around (uPAR -/-) cells. Pericellular plasmin 

proteolysis, evaluated by degradation of labelled fibrin and activation of zymogen 

matrix metalloproteinases was similar for both (uPAR -/-) and wildtype animals. These 

results therefore suggest that binding of uPA to u-PAR is not essential to provide 

sufficient pericellular uPA-mediated plasmin proteolysis to allow smooth muscle cell 

migration in neointimal formation.

1.4.5 b) Tissue plasminogen activator receptors

A 40 kD protein was found to specifically binds to tPA but not to uPA Hajjar et al 

1991. It binds to both tPA and plasminogen in a manner that mimics the endothelial 

surface. tPA also specifically interacts with a human endothelial cell 45-kD 

plasminogen receptor, which, unlike the above, does not bind to antibodies to 

annexin II (Dudani et al 1994). tPA has been found to bind to endothelial cells with 

high affinity via a ligand on the B-chain (Cheng et al 1995). This binding resulted in an
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almost 100 fold increase in the activation rate when compared to the enzyme in free 

solution. It is interesting to note that the ligand on the B-chain of tPA also binds to 

PAI-1 suggesting a possible competition between PAI-1 and the tPA receptor on 

endothelial cells.

1.4.5 c) Receptors fo r  tPA-PAI-1 and uPA-PAI-1 complexes 

The PA/PAI-1 complex has no activity (Kruithof et al 1983). Both tPA-PAI-1 and 

uPA-PAI-1 complexes undergo receptor-mediated endocytosis and catabolism in 

hepatocytes (Grimsley et al 1995). uPA-PAI-1 complexes, but not free uPA, are readily 

internalised and degraded via the multiligand receptor a2-macroglobulin receptor/LDL 

receptor-associated protein (cx2MR) (Conese et al 1995). Whereas uPA-PAI-1 

complexes upon binding to uPAR resulted in its cleavage and internalisation via 

cx2MR, uPA-PAI-2 complexes, upon binding to uPAR is cleaved into two fragments 

and are not internalised by the cell (Ragno et al 1995). u-PA-PAI-1 complexes also 

bind to VLDL receptors with high affinity and results in its internalisation leading to 

their degradation and removal. (Argraves et al 1995, Heegard et al 1995). tPA-PAI-1 

complexes have been shown to be internalised in monocytes via a member of the 

a2MR and the complexes and are degraded by cathepsin D-like aspartyl proteases. 

Similarly, tPA is internalised and degraded by vascular smooth muscle cells in vitro 

(Grobmeyer et al 1993), a process mediated by the LDL receptor related protein/alpha 

2-macroglobulin receptor (LRP) and inhibited by antibodies to PAI-1. This may 

indicate that tPA binds to smooth muscle cell-associated PAI-1 with subsequent tPA- 

PAI-1 internalisation and degradation. Smooth muscle cells may therefore play an 

important role in clearing tPA-PAI-1 complexes from within the vessel wall.
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1.4.6 Cytokines and the Plasminogen Activator System

There seems to be an intricate network of interactions between the PAS and a number 

of cytokines; plasmin activates a number of cytokines e.g. TGFP (Odekon et al 1994, 

Sato et al 1989) whilst a number of cytokines modulate the expression of components 

of the PAS. Gene knockout studies using transgenic mice has shown that uPA and 

tPA are required for the mitogenic and chemotactic effects of bFGF and PDGF-BB 

for vascular smooth muscle cells (Herbert et al, 1997). The development of 

atherosclerosis is under the control of several cytokines and growth factors known to 

influence the expression of the PAS in cultured cells.

The complex nature of the interaction between cytokines and components of the PAS is 

demonstrated by the following: IL-1 and TNF induces u-PA (Van Hinsberg et al 1990), 

induces PAI-1 and PAI-2 (Zoellner et al 1993) and reduces t-PA (Schleef et al 1988) in 

human vascular endothelial cells in-vitro. Basic-FGF, another cytokine thought to 

play an important role in the vessel wall, suppresses tPA release from cultured human 

umbilical vein endothelial cells, but enhances tPA from cultured human aortic 

endothelial cells (Yamamoto et al 1994), demonstrating that endothelial cells from 

different parts of the vascular tree may responds differently to the same cytokine in- 

vivo. In addition, basic FGF was also found to induce uPA in endothelial cells in vitro 

(Gualandris et al 1995), suppress the release of PAI-1 from cultured human umbilical 

vein endothelial cells (Kaji et al 1994), whilst it had no effect on uPA expression in 

smooth muscle cells in vitro (Kenargy et al 1995). TNFa treatment of human umbilical 

vein endothelial cells induces bFGF, contributes to the activation of TGF-P, which in 

turn opposes the effects of P-FGF by limiting synthesis and activity of the
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plasminogen activators (Flaumenhaft et al 1992). PDGF induces tPA in human 

vascular smooth muscle cells in vitro resulting in increased cell migration and this is 

augmented by IL4 and inhibited by y-interferon (Wang et al 1995). VEGF induces 

plasminogen activators, plasminogen activator inhibitor-1 (Pepper et al 1991) and 

uPAR (Mandriota et al 1995) in vascular endothelial cells. In mononuclear 

phagocytes TGF-P 1 stimulates uPA expression and release of matrix-bound basic 

FGF (Falcone et al 1993) whilst IL1 and IL2 induces both uPA and PAI-2 with a 

resultant predominance of PAI-2 (Gyetko et al 1993).

Taken together it seems likely that the plasminogen activator system interacts 

intricately with the cytokine network in processes that play a determining role in vessel 

wall pathology including atherogenesis and restenosis.

1.4.7 Influence of physical factors in the vessel wall on the PAS

The vessel wall is exposed to haemodynamic forces due to both blood pressure and 

blood flow. These forces result in radial stretching of the wall and shear stresses on the 

endothelial surface. The effect of shear stress on components of the PAS was studied 

in endothelial cells (Kawai et al 1994). Increasing shear stress between 0-24 dyne/cm2 

resulted in an increase in tPA and uPA whilst PAI-1 was decreased. Shear stress 

attenuates the alteration in the balance in the fibrinolytic and coagulation system 

induced by cytokines (Kawai et al 1996). Similarly, Diamond et al 1990, found tPA 

messenger RNA levels increased in cultured human endothelial cells exposed to 

laminar shear stress. Repetitive stretch stimulated the secretion of tissue-type 

plasminogen activator by endothelial cells (Iba et al 1991). The cyclic strain-induced
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PAI-1 secretion was found to be mediated by an increase of reactive oxygen species 

(Cheng et al 1996). These findings indicate that haemodynamic forces may play an 

important role in regulating the components of the plasminogen activator system in the 

vessel wall in vivo.

1.4.8 Other extracellular matrix proteinases and vessel wall pathology

Matrix metalloproteinases MMP-1, MMP-3 and MMP-9 (interstitial collagenase, 

stromelysin 1 and gelatinase B respectively) have been implicated in abdominal aortic 

aneurysm development (Newman et al 1994). Bendeck et al showed that MMP2 and 9 

expression correlated with SMC migration into the intima of a balloon injured rat 

carotid artery. Inhibition of MMP with GM6001 resulted in a 97% reduction in SMC 

migration at 4 days, but by 14 days, there were no difference between the treated and 

control groups. The ‘catch up’ in neointimal growth occurred via increased smooth 

muscle cell replication. BB94 (Batimastat), a synthetic MMP inhibitor, however did 

decrease intimal hyperplasia by decreasing smooth muscle cell migration and 

proliferation (Zempo et al 1996). Metalloproteinases can be activated by plasmin (Lee 

et al 1996). Keski-Oja et al 1992, showed that the 72,000-Da gelatinase / type IV 

collagenase is activated by uPA. It is therefore possible that the PAS may play a role 

in metalloproteinases-mediated vessel wall pathology.

1.5 SCOPE OF THIS PROJECT

The aim of this project was to investigate the expression t-PA, uPA, PAI-1 and uPAR 

in the vascular wall. Expression was determined and quantified by quantitative reverse 

transcriptase polymerase chain reaction. The cells expressing specific mRNAs were
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located by mRNA in-situ hybridisation. The respective proteins within the vessel wall 

were quantified using immunoassays and localised using immunohistochemical 

techniques. PAI-1 and uPA activities of the vessel wall were assessed using specific 

immunoactivity assays.

Samples of vascular tissues used for the project were as follows: Normal vessels 

(arteries - human internal mammary artery and veins - human saphenous veins) as well 

as vessels containing atheromatous lesions e.g. human coronary and carotid

endarterectomies, and human saphenous vein graft stenosis. In addition, the expression 

of the Plasminogen Activator System were examined in two models of intimal 

hyperplasia, namely human saphenous veins in organ culture as well as the ballooned- 

injured rabbit common iliac arteries restenosis model.

1.6 STUDY HYPOTHESES

(1) There is differential expression of t-PA, uPA, PAI-1 and uPAR in the walls of

normal veins and arteries compared to the vessels containing intimal

hyperplasia.

(2) There is differential expression and content of tPA, uPA, PAI-1 and uPAR in the 

vessel wall between the two vascular conduits commonly used for coronary artery 

bypass grafting; distended saphenous vein and internal mammary artery.



CHAPTER 2

HISTOLOGICAL STUDY OF THE PLASMINOGEN 

ACTIVATOR SYSTEM IN THE HUMAN VASCULAR

WALL
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2.1 INTRODUCTION

In this chapter, the human blood vessel wall is examined using immunohistochemical 

and mRNA in-situ hybridisation techniques to determine the presence and localisation 

of both protein (tPA, u-PA, PAI-1 and uPAR) and mRNA (tPA, uPA, and PAI-1). In 

addition, immunohistochemical studies were performed using monoclonal antibodies 

against a-actin, CD31, CD45 and CD68 to localise smooth muscle cells, endothelial 

cells, leucocytes and macrophages respectively.

Structure of the vessel wall

Saphenous vein, internal mammary artery and coronary artery.

Normal saphenous veins contain an intima of variable thickness covered by 

endothelium and separated from the media by a rudimentary internal elastic lamina. 

The media consists of multiple layers of smooth muscle cells, separated by bundles of 

collagen, ground substance and occasional short elastic fibres. The inner layer of 

muscle fibres, usually arranged in a longitudinal fashion, are relatively inconspicuous, 

but a more prominent outer layer of circular muscle fibres is also present (Cormack

1987). The adventitia is of variable thickness and is composed of fibrous tissue (Marti 

et al 1971). Internal mammary artery and coronary artery have the same basic 

components as in the above description but there are some important differences. The 

intima of these vessels are comprised of the endothelium, very little subendothelial 

connective tissue and little or no smooth muscle cells present. The intima is separated 

from the media by a clearly defined internal elastic lamina. The media is prominent 

with a thick layer of smooth muscle cells separated from the adventitia by the external 

elastic lamina that is seen to be comprised of numerous elastic layers.
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2.2 METHODS

2.2.1 General methods

2.2.1 a) Blood vessel collection

Human vascular tissue was obtained at the time of routine surgery. Saphenous veins 

(distended n=16) and (undistended n = ll) (4 paired), internal mammary arteries (n=ll) 

and coronary endarterectomies (n=ll) were obtained from patients undergoing routine 

coronary artery bypass graft surgery. Carotid endarterectomies (n=9) and saphenous 

vein graft stenoses (n=3) were obtained from patients undergoing carotid and lower 

limb vascular surgery respectively.

2.2.1 b) Routine surgical distension o f  saphenous veins

Saphenous veins were gently dissected and side-branches as well as the proximal end 

ligated. After removal from the patient, the saphenous vein underwent routine careful 

but uncontrolled manual distension by the surgeon by cannulation using normal 

heparinised saline mixed with the patient’s blood in a 20ml syringe at room 

temperature. Previous studies have shown that the pressure used for the routine 

surgical distension of saphenous veins consistently exceeds 600 mmHg (MJ 

Underwood 1994). Samples were analysed as unpaired all the immunoassays.

2.2.1 c) Preparation o f blood vessels fo r  the histological study

The vascular samples were immediately rinsed in cold TBS (filter sterilised, DEPC 

treated water), and divided into sections for the different investigations. Tissues 

allocated for mRNA in situ hybridisation and immunohistochemistry were divided into 

two pieces; one piece being fixed in 10% formaldehyde in saline overnight at 4°C for
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paraffin embedding while the other piece was mounted in OCT on cork, immersed into 

isopentane pre-cooled in liquid nitrogen, placed in a bijoux and dropped into liquid 

nitrogen for further cooling before being stored at -80°C in freezer ready for cryostat 

sections.

2.2.1 d) Fixation and embedding o f blood vessels

For histological studies, small samples of veins and arteries were chosen immediately 

adjacent to the piece of vessel used for the RNA extraction and protein studies. After 

fixation in formaldehyde saline, the tissues were dehydrated in graded alcohols then 

embedded in paraffin wax.

2.2.1 e) Cutting sections (paraffin & cryostat)

Paraffin sections (4pm) were cut on a Reichert Jung 3000 Microtome, floated on warm 

water, and picked up on slides previously coated with aminoalkyl-silane. The slides 

were then dried overnight at 42°C and stored until needed at room temperature. For 

cryostat sections, tissue mounted on cork in OCT (Optimum Cooling Temperature™) 

was cut into 4pm sections. Once cut, the sections were used after 3 hours of drying at 

room temperature in air for histological studies.

2.2.1 f)  Coating slides with aminoalkylsilane

To ensure the tissue sections were not lost during the immunohistochemistry and in-situ 

hybridisation, the slides were coated in aminoalkyl-silane to increase the adherence of 

the sections. The slides were immersed in 1% Decon for 30 minutes, washed firstly in 

running tap water for 30 minutes, then in ultrapure water for 5 minutes then finally in
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95% IMS twice for 5 minutes each. The slides were then dried in air in front of a fan 

for 10 minutes and dipped in a freshly prepared solution of 2% 3-amino- 

propyltriethoxysilane (Sigma) in dry acetone. The slides were then rinsed twice in dry 

acetone, rinsed 4 times in ultrapure water, dried overnight at 42°C and stored in a dust- 

free environment.

2.2.1 g) Haematoxylin and eosin staining

The paraffin-embedded sections on slides (in duplicates from each sample of tissue 

mentioned in 2.2.1(a)), were de-waxed in xylene and rehydrated in serial dilutions of 

ethanol (99%, 95%, 70%; each for 2 minutes), then immersed in haematoxylin for 40 

seconds, washed in water then immersed in eosin for 25 seconds. The sections were 

then re-dehydrated in increasing concentrations of ethanol, immersed in xylene for 2 

minutes, then protected by adhering the coverslips over the sections using DPX 

mountant (BDH).

2.2.2 Methods: Immunohistochemical analysis of the human blood vessel

Immunohistochemical studies were performed using mouse monoclonal antibodies to 

tPA, u-PA, PAI-1 and u-PAR. The conditions used are shown in Table 2.2.2 (a) and 

(b) overleaf. The blood vessels used in this part of the study were saphenous vein 

(undistended and surgically distended vein), internal mammary artery, coronary 

endarterectomy, carotid endarterectomy and saphenous vein graft stenosis. Three 

sections from each of the vessel samples mentioned in section 2.2.1 were used for each 

immunohistology study.
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The mouse monoclonal anti-human tPA binds to both single and two-chain tPA and is 

able to bind to tPA bound to PAI-1. It is therefore able to bind to all forms of tPA in 

the vessel wall. The mouse monoclonal anti-human u-PA is directed against a B-chain 

epitope of human urokinase-type plasminogen activator, near the catalytic site. It reacts 

with free and receptor bound, single and two chain (high molecular weight) urokinase 

as well as the uPA B-chain (33kD) fragment. The mouse monoclonal anti-human PAI- 

1 binds to both free and bound PAI-1. The mouse monoclonal anti-human uPAR binds 

to both unoccupied and occupied uPAR on the surface of cells, to soluble uPAR and 

uPAR inside cells. The secondary antibody in the immunohistochemical procedures 

was biotin-labelled sheep anti-mouse antibody (Amersham) used at 1/200 dilution.



Table 2.2.2 a) Panel o f monoclonal antibodies used to detect components o f the plasminogen activator system

Epitope Company identity No Origin Working Dilution of the 

Primary Antibody.

Incubation of the 

Primary Antibody

DAB Incubation

tPA Biopool, Sweden PAM 3 mouse 1:25 1 hour at 37°C 5 minutes

uPA American

Diagnostica

#3689 mouse 1:25 in human vessels 

1:100 in Rabbit vessels

1 hour at 37°C 

1 hour at 37°C

5 minutes 

2 minutes

PAI-1 Biopool, Sweden MA112 mouse 1:100 1 hour at room 

temperature

5 minutes

uPAR American

Diagnostica

#3936 mouse 1:25 1 hour at 37°C 5 minutes
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Table 2.2.2 b) Panel of antibodies used to identify vessel wall cell phenotype

Epitope Company Identity No Origin Working Dilution of the 

Primary Antibody

Conditions for Primary 

Antibody Incubations

a-Actin Dako Ltd, UK M 0851 mouse 1:400 Overnight at 4°C

vWF Dako Ltd, UK. A 080 Rabbit 1:200 Overnight at 4°C 

Prior trypsin digestion.

CD31 Dako Ltd, UK. M 0823 Mouse 1:50 Prior trypsin 

Overnight at 4°C

CD68 Dako Ltd, UK. PG-M1 Mouse 1:100 Overnight at 4°C 

Prior trypsin digestion.

CD45( LCA) Dako Ltd, UK. M 0701 Mouse 1:25 Overnight 4°C



57

Dako-CD68 detects an intra-cytoplasmic glycoprotein present in macrophages. 

According to the manufacturer, lymphoid, myocytic and cells of the granulocytic 

lineage are not immunoreactive with this antibody. Dako-CD45 (referred to as 

leucocyte common antigen) reacts with most leucocytes. The type of leucocyte can 

then be identified from its morphology. Dako-CD31 reacts with endothelium, 

granulocytes and monocytes. According to the manufacturer, Dako-Rabbit Anti- 

Human von Willebrand factor gives positive staining in endothelial cells and 

megakaryocytes; no staining of other cell types has been observed.

2.2.2 c) Protocols for the immunohistochemical staining.

The paraffin-embedded tissue sections on silane-coated slides were dewaxed in xylene, 

rehydrated in graded alcohols (99%, 99%, 95%, 70%) then distilled water. The slides 

were immersed in 3% hydrogen peroxide for 5 minutes to quench any endogenous 

peroxidase activity in the tissues, rinsed in distilled water and placed in 0.5 M TBS (pH 

7.6) for 5 minutes. Normal sheep serum (Gibco BRL) was diluted 1:5 in 0.5 M TBS 

(pH 7.6) and 40pi of this was placed on the sections and incubated at (room 

temperature or 37°C as in Tables 2.2.2 (a) & (b) for 30 minutes. The serum was then 

tapped off the slides and any excess wiped off. Serial dilutions of primary antibody 

were made and 30pl of this were placed on the sections and incubated under the 

conditions shown in Tables 2.2.2 (a) & (b). The slides were then washed in TBS three 

times (5 minutes each wash) then 30pl of a 1/200 dilution of the secondary antibody 

was placed on the sections for 30 minutes at room temperature. The secondary 

antibody was sheep anti-mouse antibody (Dako) for all the immunohistochemical 

analyses except those for von Willebrand factor where sheep anti-rabbit antibody was



58

used. The slides were then washed three times in 0.5 M TBS as before and then 30 pi 

of reagent AB (Dako) (diluted according to manufacturer’s instructions) was placed on 

the sections and incubated for 30 minutes. The slides were then washed three times in 

TBS and the sections were covered with a solution of DAB (3,3’-diaminoazobenzidine) 

in TBS and 0.3% hydrogen peroxide and then incubated at room temperature for 

varying time periods (5-15 minutes) to establish the optimum conditions. The slides 

were then placed in distilled water, counter-stained in Mayer’s Haematoxylin for 30 

seconds, dehydrated in graded alcohols, cleared in xylene and mounted in DPX 

mountant (BDH).

2.2.2 d) Determining the optimal conditions for the immunohistochemistry.

Pilot studies were needed to establish the best conditions for demonstrating the specific 

tissue antigens (PAI-1, uPA, uPAR and tPA), in particular, the optimum concentration 

for the primary antibody, the temperature of the primary antibody incubation and length 

of time for the DAB incubation.

2.2.2 e) Controls used for the immunohistochemistry

Both negative and positive controls were used in the immunohistochemical analyses. 

The negative controls used consisted of (i) omission of the primary antibody (i.e. 

leaving on the first layer of normal sheep serum instead of the primary antibody), (ii) 

replacing the primary antibody with mouse non-immune serum, (rabbit non-immune 

serum in the case of von Willebrand factor immunohistochemistry) and (iii) using 

negative control tissue (brain for CD45, CD69 and a-actin). Tissues known to 

express the respective antigens were used as positive control tissue e.g. bone marrow
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for CD68, stomach for both anti-human tPA and anti-human uPA.

2.2.2 (f) Measuring the percentage o f positive cells

Immunopositive cells were stained brown as the substrate used was 

diaminobenzidine. Cells (n=600) were counted with the help of a graticule on 

sections of tissue using a magnification of x 200. A random selection of slides was 

also counted by an independent person. Inter-observer and intra-observer variability 

were less than 11%.

2.2.3 Methods: mRNA in-situ hybridisation

2.2.3 a) cDNA probes used to detect specific mRNA species

The cDNA probes used to detect mRNA to tPA, uPA and PAI-1 in the in-situ study 

were obtained from the plasmids described in Section 3.2.7. The cDNA was released 

from the plasmid using the relevant restriction enzyme and run on an agarose gel. 

The band was cut out and purified using the Sephaglas Kit ®

2.2.3 b) Radiolabelling of cDNA probes

The cDNA probes were labelled with a 32P dCTP using the Radprime labelling kit 

(Gibco) as described in Section 3.2.13 (c) iii.

2.2.3 c) Protocol for the mRNA in-situ hybridisation.

Dewaxing and rehvdrating slides

Paraffin -embedded sections on slides were de-waxed by immersing in xylene (for 

two periods of 10 minutes, changing the xylene after the first period) then rehydrated
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serially in ethanols (99%, 99%, 95%, 70%) then finally in ultra pure DEPC water

twice for 5 minutes ready for the proteinase K digestion.

Proteinase K digestion

The slides were immersed in pre-warmed (37°C) RNase-free P buffer (0.2 M 

Tris.HCl, 50mM EDTA, pH 8.0, in DEPC water) for 5 minutes then the sections 

covered with 150 pi of Proteinase K (Boehringer Mannheim) (5-20pg/ml) and 

incubated at 37° C for 1 hour. The slides were then immersed in DEPC-treated water 

for two 5 minute periods, changing the water after the first period and then in 0.2% 

w/v glycine in IX PBS in DEPC water then in PBS for 5 minutes in each.

Re-fixing of tissue sections

The slides were then immersed in pre-cooled (4°C) DEPC-treated H2O for two 5 

minute periods and re-fixed in 0.4% paraformaldehyde in PBS for 20 minutes at 4°C. 

Pre-hybridisation and hybridisation

Hybridisation and Pre-hybridisation solutions were made up as follows:

20 X SSPE 6.00 pi

100% Formamide 12.50 pi

100 X Denhardts 1.25 pi

PEG Mix 4.50 mis (PEG Mix = 1.25 mis 10% SDS, 2.25mls

DEPC-treated water, 1.5g 6% PEG 6000)

A 0.5 ml aliquot of salmon sperm (10 mg/ml) was incubated at 95°C for 10 minutes 

and added to 10 mis of the above to form the pre-hybridisation solution. This was 

gently mixed and 40 pi applied to each of the slides for a 3-hour pre-hybridisation 

incubation at 42 °C.
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The hybridisation solution was made up as above but in addition the labelled probe was 

added. The cDNA probes were labelled with a 32P-dCTP using the Radprime Labelling 

Kit (Gibco) and purified with a G 50 Sephadex column, both as already described in 

the methodology used for ‘Southern blotting and hybridisation’ (3.2.14 c)). After the 

pre-hybridisation incubation was over, 40 pi of the hybridisation solution was gently 

added to the 40 pi of pre-hybridisation solution still present on each of the slides, a 

cover-slip placed over the solution and incubated overnight at 42 °C.

The wash

The coverslips were removed by quick immersion of the slides in 4X SSPE/ 0.1% SDS. 

The slides were washed twice in 3X SSPE/ 0.1% SDS for 15 minutes each at 42°C, 

then once in IX SSPE/ 0.1% SDS for 15 minutes then dehydrated in graded alcohols at 

concentrations; 70%, 95%, 100%, 100%, left to dry in air for 10 minutes 

Autoradiography of the mRNA in-situ slides

The dried slides were exposed to film (Kodak) overnight. The autoradiograph was 

developed on an Agfa Currix machine. The slides were then exposed to photographic 

emulsion: Photographic K5 emulsion (Ilford UK) (lOg) were weighed out in the dark 

and added to lOmls of ultrapure water containing 10 drops of glycerol, mixed and left 

to dissolve for 2 hours at 42°C in the dark. Sections were dipped in the emulsion at 

37°C, left to dry in the dark for 2 hours, then placed in a light-tight box until 

appropriate exposure times (3-21 days).

Development

The slides were removed from the box under safe-light and immersed in developer 

(Kodak D19) for 4 minutes, 1% acetic acid for 1 minute, Hypam fixer for 4 minutes 

then washed in distilled water, all the immersions occurring at 15-17°C. The slides
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were then counterstained in haematoxylin for 20 seconds, washed briefly in distilled 

water, dehydrated in graded IMS concentrations (75-99%) then immersed in xylene 

before placing the cover-slips on with DPX mountant (BDH).

2.2.3 d) Determining the optimal conditions for the mRNA in situ hybridisation

The following parameters were varied in order to find the optimal condition for the 

probes:-

Proteinase K concentration; (l-80jng/ml)

Probe concentration (l-25ng/ml)

Length of autoradiographic exposure - (1-3 weeks)

2.2.3 e) Negative control for the mRNA in-situ hybridisation

Control slides were treated with RNase (Sigma) in 2X SSC for 1 hour at 37 C, the 

test slides being incubated in 2 X SSC in the absence of RNase. It is acknowledged 

that a sense probe would have been a more ideal control, as it would have 

demonstrated the specificity of the hybridisation.
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2.3 RESULTS

2.3.1 Saphenous vein coronary artery conduits 

2.3.1(a) H&E staining (xlOO) 2.3.1(b) a-actin immunostaining (xlOO)

2.3.1(c) vWF immunostaining (x200)
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Figs 2.3.1 (a) - (d) The basic structure of the saphenous vein prior to its use as a bypass 

graft is shown; the intima (endothelium and subendothelium) is separated from the media by 

a flimsy internal elastic lamina (stained blue by Miller’s reagent in Fig 2.3.1 (b). Spindle- 

shaped smooth muscle cells (a-actin immunoreactive) are present, not only in the media, but 

also in the intima and the adventitial vasa vasorum. In the saphenous vein coronary artery 

conduit sample shown, there is pre-existing intimal hyperplasia with numerous smooth 

muscle cells present in the subendothelial intima. All saphenous veins that were surgically 

distended retained their von Willebrand Factor (vWF) immunoreactivity. On higher 

magnification, vWF staining was seen to be associated with the endothelial cells as well as 

the extracellular spaces of the intima. It was noted that the thicker the intimal layer the 

deeper the vWF staining extended. Unlike all the saphenous vein graft stenosis; Fig 2.3.4 (d), 

macrophages and lymphocytes (as detected by CD68 and CD45) were absent within the wall 

of all microscopically normal saphenous veins.

2.3.1 (e) I tPA immunostaining 

Undistended saphenous vein (xlOO) Distended saphenous vein (xlOO)
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2.3.1 (e) II u-PA immunostaining 

Undistended saphenous vein (xlOO) Distended saphenous vein (xlOO)

2.3.1 (e) III PAI-1 immunostaining 

Undistended saphenous vein (xlOO) Distended saphenous vein (xlOO)
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2.3.1 (e) IV uPAR immunostaining 

Undistended saphenous vein (x200) Distended saphenous vein (xlOO)

2.3.1 (e) I-IV

All saphenous veins were immunoreactive to tPA, uPA, PAI-1 and uPAR. tPA uPA and 

PAI-1 are seen to be associated with both smooth muscle cells (of the media, intima, and vasa 

vasorum) as well as the endothelium. Surgical distension of the saphenous vein coronary 

artery conduits resulted in a significant increase in immunopositivity of the medial smooth 

muscle cells for each of these three antigens. In undistended saphenous veins u-PAR antigen 

was associated with endothelial cells only, the smooth muscle cells being immuno-negative, 

however, distension of these veins resulted in the medial smooth muscle cells becoming 

uPAR immunopositive.
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2.3.1 (f) Semiquantitation of the immunohistochemical findings for tPA, uPA, PAI-1 and 

uPAR in saphenous veins

The percentage of medial smooth muscle cells staining positive for tPA, u-PA and PAI-1 

antigens before and after surgical preparation including distension are shown below:

Table 2.3.1 (f) The effect of surgical distending saphenous veins.

Mean percentages of immunopositive SMCs

Antigen Undistended vein (n=ll) Distended vein (n=16) p value (unpaired)

tPA 34% 63% <0.0001

u-PA 7% 46% <0.0001

PAI-1 12% 86% <0.0001

uPAR 1% 7% 0.03

Distension of saphenous veins as part of their preparation for use as vascular conduits in 

coronary artery bypass grafting results in a significant increase in tPA, uPA, PAI-1 and uPAR 

antigens within the vessel wall at the time of grafting.

2.3.1 (g) Saphenous vein; tPA, uPA and PAI-1 mRNA in-situ hybridisation

Using the technique of in-situ mRNA hybridisation, PAI-1 mRNA was expressed by both 

endothelial and smooth muscle cells in all the saphenous veins. Figure 2.3.1 (g) shows the 

positive signal as small punctate black dots that are cellular in distribution. Using the same 

technique, signal for tPA and uPA were not observed in any of the saphenous veins.
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2.3.1(g) PAI-1 mRNA in-situ hybridisation in saphenous vein (x200)

2.3.2 Results; Internal mammary arterial coronary artery conduits

Fig 2.3.2 (a) shows, that unlike saphenous veins, the internal mammary arteries have a well- 

defined internal elastic lamina separating the intima from the media. The intima is largely 

devoid of smooth muscle cells. In places there is duplication of the internal elastic lamina. 

The spindle shape of the smooth muscle cells is less apparent in the media due to the 

abundance of elastic tissue with consequent recoil. Fig 2.3.2 (b) shows that the spindle 

shaped cells are immunopositive for a-actin confirming that they are smooth muscle cells. 

The vWF staining in Fig 2.3.2 (c) shows the endothelial cells lining both the vessel lumen as 

well as vasa vasorum in the adventitia. As in all the normal saphenous veins examined, all 

the normal internal mammary arteries also lacked macrophages and lymphocytes within the 

wall (unlike all the saphenous vein graft stenosis and arterial atheromatous tissues examined); 

see Figures 2.3.2 (d), 2.3.4 (d) and 2.3.3 (d).
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2.3.2 Internal mammary artery

2.3.2 (a) H&E staining (xlOO) 2.3.2 (b) a-actin immunostaining (xlOO)

2.3.2 (c) vWF immunostaining (xlOO) 2.3.2 (d) CD68 immunostaining (xlOO)
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2.3.2 Internal mammary artery

2.3.2 (e) I  tPA immunostaining (xlOO) 2.3.2 (e) II  uPA immunostaining (xlOO)

r *

2.3.2 (e) III PAI-1 immunostaining (xlOO) 2.3.2 (e) IV  PAI-1 vasa vasorum (x200)

In internal mammary arteries, tPA, uPA and PAI-1 proteins were seen to be associated with 

both smooth muscle cells (of the media, intima, and vasa vasorum) and endothelium of the 

vessel lumen and the vasa in the adventitia, see figures 2.3.2 (e) I-V. However, uPAR 

protein, see Fig 2.3.2 (e) VI, is largely absent in the walls of internal mammary arteries, as is 

the case with undistended saphenous veins already shown in Fig 2.3.1 (e) IV.
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2.3.2(e) VI uPAR immunostaining in IMA (xlOO)

2.3.2 (f) Internal mammary artery; in-situ mRNA hybridisation

Using the in-situ hybridisation conditions described, there was signal for PAI-1 mRNA in the 

vessel wall (endothelium and media) and an absence of signal for uPA and tPA in 

microscopically normal internal mammary arteries.

2.3.2(f) PAI-1 mRNA in-situ hybridisation (x200)
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2.3.3 Atheromatous lesions 

2.3.3(a) H&E staining : Coronary endarterectomy (xl00)

2.3.3 (b) a-actin immunostaining: Coronary endarterectomy (xlOO)

The coronary endarterectomy tissues (see figs 2.3.3) were seen to consist of an outer rim of 

a-actin immunoreactive smooth muscle cells which have been sheared off from the outer 

media during the endarterectomy procedure. There is a rim of smooth muscle cells around



the main lumen, see fig 2.3.3 (b). Within the atheromatous lesion there are sheaths of smooth 

muscle cells interspersed by inflammatory areas, typical cholesterol clefts and areas that are 

largely acellular. The lumen is lined by a layer of endothelial cells, see Figure 2.3.3 (c). In 

addition, there were multiple vascular channels within the atherosclerotic lesion, shown in fig

2.3.3 (a).

2.3.3 (c) CD 31 immunostaining for endothelium; coronary endarterectomy (x200)

v

’V

2.3.3 (d) CD68 immunostaining for macrophages; coronary endarterectomy (xlOO)
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Figure 2.3.3 (d) shows CD68 immunopositive macrophages areas juxtaposition to areas 

infiltrated by a-actin immunopositive smooth muscle cells seen in figure 2.3.3 (b). The areas 

containing macrophages were predominantly seen periluminally and in clumps especially 

adjacent to vascular channels

2.3.3 (e) LCA immunostaining for lymphocytes in coronary atheroma (xlOO)

Figure 2.3.3 (e) demonstrates the presence of lymphocytes adjacent to a vascular channel 

deep within the substance of a coronary endarterectomy sample. The lymphocytes were 

observed to co-localize predominantly to areas rich in macrophages.
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2.3.3 (f) tPA, uPA, PAI-1 and uPAR proteins in atheromatous lesions

2.3.3 (f) I tPA immunostaining (x200)

The above photograph shows the presence of tPA protein on the endothelium and also 

associated with periluminal smooth muscle cells.

2.3.3 (f) II u-PA immunostaining (x200) 2.3.3 (f) III PAI-1 immunostaining (xlOO)

Iki v £
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2.3.3 (f) IV  u-PAR immunostaining coronary endarterectomy (x200)

Figures 2.3.3 (f) I-IV show that tPA, uPA, PAI-1 and uPAR proteins were all present in the 

atherosclerotic lesions. tPA was predominantly associated with endothelial cells and 

periluminal smooth muscle cells. PAI-1, uPA and uPAR proteins were also associated with 

endothelial cells and periluminal smooth muscle cells, but in addition, were also found in 

areas rich in macrophages (see figure 2.3.3 (f)V)

2.3.3 (f) V u-PAR immunostaining in macrophage-rich area of atheroma (xlOO)

v - V
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2.3.3 (g) tPA, uPA and PAI-1 mRNA in-situ hybridisation in atheroma

2.3.3(g) I  t-PA mRNA in-situ (x200) 2.3.3 (g) II u-PA mRNA in-situ (x200)

2.3.3 (g) III PAI-1 mRNA in-situ on SMCs in atheroma (x200)
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2.3.3 (g) IV  PAI-1 mRNA in-situ on endothelial cells in atheroma (x200)

t

I

*  ♦

#

Figures 2.3.3 (g) I-IV show that tPA, uPA and PAI-1 mRNA are all expressed in 

atheromatous lesions and appeared to be associated with endothelial cells and smooth muscle 

cells of the neointima. The expression of these mRNA species was not homogenous in their 

distribution but rather periluminal, and in pockets within the neointima. PAI-1 and uPA 

mRNA signal were also strongly observed in the macrophage-rich areas within the 

neointima.

2.3.4 Saphenous vein graft stenosis.

2.3.4 (a) H&E staining (xlOO) 2.3.4 (b) a-actin immunostaining (x50)
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2.3.4 (c) vWF immunostaining (xlOO) 2.3.4 (d) CD68 immunostaining (xlOO)

Figures 2.3.4 (a-d) show that the intimal hyperplasia of saphenous vein graft stenosis is 

principally composed of smooth muscle cells in a very thickened neointima. These 

smooth muscle cells are seen to have nuclei that are either stellate- or spindle-shaped, see 

fig 2.3.4 (a). The lumen is lined with endothelial cells as confirmed vWF 

immunostaining; fig 2.3.4 (c). The vWF immunostaining is seen to extend into the 

superficial layer of the intimal hyperplasia as it does in the intimal hyperplasia of the 

saphenous veins in organ culture, see fig 6.3.1 (d) II. Only a few macrophages were 

found in the intimal hyperplasia of saphenous vein graft stenotic lesions, and these are 

found deep in the vessel wall. The media, from which the smooth muscle cells of the 

neointima are presumably derived, is still recognisable deep in the vessel wall adjacent 

and internal to the adventitia (not shown).
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2.3.4 (e) Saphenous vein graft stenosis; immunostaining

2.3.4 (e) I  tPA immunostaining (x200) 2.3.4 (e) II u-PA immunostaining (x200)
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Both the smooth muscle cells within the neointima and the endothelial cells lining the lumen 

are immunopositive for tPA, uPA, PAI-1 and uPAR, see figs 2.3.4 (e) I-IV. Fig 2.3.4 (e) II 

shows the boundary between the media (the lower half of the photograph containing spindle 

shaped smooth muscle cells relatively unstained for uPA arranged with their axes parallel to 

the endothelium) and the neointima. The peri-medial part of neointima is seen to contain 

smooth muscle cells strongly immunopositive for tPA, uPA and uPAR with their long axes 

perpendicular to the endothelium and these cells are presumably migrating into the neointima 

proper (the upper half of the photograph). The media however, was consistently relatively 

immunonegative for all four proteins compared to the neointima.



2.3.4 (e) Saphenous vein graft stenosis; immunostaining

2.3.4 (e) III PAI-1 immunostaining (xlOO) 2.3.4 (e) TV uPAR immunostaining (xlOO)

2.3.4 (f) Saphenous vein graft stenosis; in-situ hybridisation.

2.3.4 (f) I  uPA mRNA in-situ (xlOO) 2.3.4 (f) II PAI-1 mRNA in-situ (x200)

Unlike undistended saphenous veins, grafted saphenous veins that had undergone graft
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stenosis demonstrated strong signal for tPA and uPA mRNA in both smooth muscle cells and 

endothelial cells. PAI-1 mRNA signal was predominantly associated with endothelial cells 

with very little signal being associated with the smooth muscle cells, see fig 2.3.4 (f) EL



83

Table 2.4 (a) Summary of results: immunohistology and mRNA in-situ hybridisation

Human Blood Vessel Immunohistochemistry 
% of immunopositive cells

mRNA in-situ hybridisation 
presence (+) or absence (-)

tPA uPA PAI-1 uPAR tPA uPA PAI-1
Undistended SV

Endothelial cells 100% 100% 100% 100% - - +
Smooth muscle cells 34% 7% 12% 1% - - +

Distended SV
Endothelial cells 100% 100% 100% 100% - - +
Smooth muscle cells 63% 46% 86% 7% - - +

Internal mammarv arterv 
Endothelial cells 100% 100% 100% 100% +

Smooth muscle cells 10% 10% 16% 3% - - +

Atheroma (endarterectomy) 
Endothelial cells 100% 100% 100% 100% + + +

Smooth muscle cells *A *A *A *A *B *B *B

Saphenous vein graft stenosis 
Endothelial cells 100% 100% 100% 100% + + ++

Smooth muscle cells *c *c *c *c *D *D *D

See Table on the following page.- *A--D -
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Table 2.4 (b) Summary of results: immunohistology and mRNA in-situ hybridisation; atheroma and 

saphenous vein graft stenosis.

*A

Immunohistology of 
atheroma

Unlike normal artery (internal mammary artery, n = ll) which showed a small fraction of smooth muscle cells 
immunopositive to tPA, uPA, PAI-1 and uPAR proteins, atheromatous arteries (coronary; n= ll, and carotid; n=9) 
demonstrated that the smooth muscle cells in peri-luminal intimal areas were predominantly immunopositive. Deeper 
still in the atheromatous intima immunopositivity was associated with smooth muscle cells scattered in sheets. 
Acellular areas within the atheroma were also positive for all 4 proteins. The medial smooth muscle cells (at the 
periphery of the endarterectomies) were mainly immunonegative. In addition it was noted that uPA and uPAR was 
also strongly positive in areas within the atheroma rich in macrophages.

*B
mRNA in-situ 

hybridisation in 
atheroma

Unlike normal artery (internal mammary artery, n=l 1) which failed to show signal for tPA, uPA, and PAI-1 mRNA in 
the smooth muscle cells, atheromatous arteries (coronary; n= ll, and carotid; n=9) demonstrated signal scattered 
throughout the atheromatous section (peri-luminal as well as deeper within the atheromatous intima) with cellular 
distributions. The signal for PAI-1 was particularly strong. The smooth muscle cells at the periphery of the 
endarterectomy sections i.e. within the media were largely negative.

*c
Immunohistology of 

saphenous vein 
graft stenosis, n=3

In saphenous vein graft stenoses (n=3), both the endothelium and neointimal smooth muscle cells were 
immunopositive for tPA, uPA, and uPAR. PAI-1 showed an increased endothelial but decreased neointimal 
immunostaining compared to tPA, uPA and uPAR. The smooth muscle cells of the ’old’ media were much less 
immunopositive and comparable to normal undistended saphenous veins.

*D
mRNA in-situ 

hybridisation in 
saphenous vein graft 

stenosis

In saphenous vein graft stenoses (n=3), the endothelium and neointimal smooth muscle cells demonstrated the 
presence of tPA, uPA and PAI-1 mRNA. The endothelial cells consistently showed very strong signal for PAI-1 
mRNA in comparison to normal saphenous veins
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2.5 Discussion

This histological study (both immunohistological and mRNA in-situ hybridisation) has 

demonstrated that the presence and magnitude of components of the plasminogen 

activator system (tPA, uPA, PAI-1 and uPAR) in the vessel wall are dependent on - the 

type of vessel (artery or vein), whether the vessel has been surgically distended or not, 

and the presence of intimal hyperplasia either in the context of arterial atheroma or vein 

graft stenosis. It was observed that the endothelial cells in all the vessels mentioned 

were immunopositive for all four of the proteins. The differences between the vessel 

types therefore, laid mainly in the other cell types i.e. the smooth muscle cell 

phenotype, the presence or absence of macrophages and lymphocytes, as well as the 

staining of the extracellular matrix.

Discussion: Effect of surgical distension on the immunohistological findings in

saphenous veins

Saphenous veins are distended during their preparation as vascular conduits in coronary 

artery bypass grafting. The distension is done by the surgeon after the vein has been 

removed from the leg by tying off one end of the vein and forcibly injecting heparinised 

saline (into which some of the patient’s blood is added) into the other. It has been 

shown that gentle but uncontrolled manual distension of the saphenous veins generates 

surprisingly high intra-luminal pressures of greater than 600mmHg (Hasse et al 1981), 

and its detrimental effect on the vessel wall has been documented (Ramos et al 1976, 

Hofer et al 1981, Angelini et al 1987). It is likely therefore, that pressure-distension of 

the vessel results in the fissuring of the endothelial lining with the resultant introduction 

of luminal contents (i.e. heparinised saline mixed with the patient’s plasma) into the
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extracellular spaces of the vessel wall. Staining with H&E and immunostaining for 

both CD31 and vWF demonstrated that the vessel retained its endothelium and indeed 

the distended saphenous veins continued to show their immunopositivity to tPA, uPA, 

PAI-1 and uPAR on the endothelium after vessel distension. Interestingly, surgical 

distension resulted in an increase of immunopositivity to all four proteins within the 

media as is shown in Table 2.3.1. It is likely that the increase in these proteins in the 

vessel wall is a result of the extravasation of plasma containing these proteins into the 

extracellular spaces. tPA, uPA, and PAI-1 are known to exist in the plasma and a 

soluble form of uPAR has been described (Pedersen et al 1993). It is therefore possible 

that the presence of smooth muscle cell immunopositivity seen in the undistended veins 

could have also result from extravasation, as the vessel is known to undergo trauma 

during its mobilisation, dissection and handling. Although in theory the increase seen 

on distension could be explained by an increase in local production, the time between 

the surgical distension and tissue fixation was relatively short, i.e. approximately 15 

minutes on average. In fact, when small pieces of these vessels (before distension and 

15 minutes after distension) were used in quantitative RTPCR assays (see Chapter 3), 

the level of PAI-1 and uPA mRNA were found to decrease as a percentage of the total 

RNA extracted from the vessels as a result of distension (see Section 3.3.3 a). tPA and 

uPAR mRNA levels were not measured in these vessels and therefore the assertion that 

the increase in these two proteins in the vessel wall after distension may be due to 

extravasation is based on extrapolation. It has been shown that vessel injury in-vivo 

results in the increased synthesis of tPA, uPA (Clowes et al 1990) and PAI-1 mRNA 

(Sawa et al 1994). However the time interval between injury and sacrifice of the 

animal was longer than the above mentioned 15 minutes. In other words there may be
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an initial loss of mRNA of these proteins, possibly by loss of some endothelial cells as 

a result of the injury, followed by an increase in synthesis as the areas of endothelial 

cell loss recovers and the smooth muscle cells increase their synthesis. It is clearly not 

possible to test this hypothesis in human saphenous veins in-vivo.

The mRNA in-situ hybridisation studies demonstrated that the signal for PAI-1 mRNA 

was present in both distended and undistended veins. This signal was associated with 

both endothelial cells and smooth muscle cells. It was not possible to quantify any 

differences in the strength of the signal between distended and native vessel. In spite of 

using the same technique under a range of in-situ hybridisation conditions, the presence 

of tPA and uPA mRNA was not detected. There are several possible explanations that 

could have accounted for this. It is possible that my in-situ hybridisation method was 

not sensitive enough since samples of the same vessels demonstrated the presence of 

tPA and uPA mRNA using RTPCR on RNA extracted from vessel homogenates. It 

could however be argued that whole vessel homogenates may contain a few blood cells 

e.g. neutrophils and monocytes which are known to synthesize components of the 

plasminogen activator system and this would have been enough the produce a PCR 

band due to the extreme sensitivity of PCR.

In summary therefore, surgical distension of saphenous veins increases the magnitude 

of all four proteins in the vessel wall as measured semiquantitatively by 

immunohistology. However, both uPA and PAI-1 mRNA were found to decrease soon 

after distension as measured by quantitative RTPCR (see Chapter 3). Surgical 

distension may therefore alter the extracellular proteolytic potential within the vessel



wall. This may have implications for the closure of the grafts due to both acute 

thrombosis as well as the vein graft stenosis due to intimal hyperplasia.

Discussion: Comparison of the immunohistological findings between

undistended saphenous veins and internal mammary arteries.

Both saphenous veins and internal mammary arteries are used as vascular conduits for 

coronary artery bypass grafts and their attrition rate differs both in terms of subacute 

thrombotic closure as well as late closure. It would therefore be instructive to compare 

these two vascular conduits. Saphenous veins (undistended and distended) and internal 

mammary arteries both demonstrated that all four proteins (tPA, uPA, PAI-1 and 

uPAR) were associated with endothelial cells of the main lumen and the vasa vasorum. 

Similarly, tPA, uPA and PAI-1 but not uPAR was associated with the smooth muscle 

cells of the media of both undistended saphenous veins and internal mammary arteries. 

Immunohistologically, as far as these four proteins are concerned, it would appear that 

internal mammary arteries and undistended (but not distended) saphenous veins are 

similar. It is interesting to speculate on whether, distending saphenous veins, with its 

consequent alterations in the amount of these four proteins and hence resulting 

difference between the two vascular conduits, could help in explaining their differential 

attrition rates for both early and late vessel closure.

Discussion: mRNA in-situ hybridisation (tPA, uPA, PAI-1) and

immunohistology (tPA, uPA, PAI-1 and uPAR); differences between 

atheromatous and non-atheromatous arteries

Internal mammary arteries used for coronary artery bypass grafting are usually free of



atherorna. On the other hand, coronary and carotid endarterectomies are performed on 

their respective vessels because there is a significant amount of atheroma present. 

Therefore these vessels were ideal for comparing atheromatous and non-atheromatous 

arteries with respect to the presence and localisation of tPA, uPA, PAI-1 and uPAR 

proteins in the vessel wall.

Using the technique of mRNA situ hybridisation, it was found that unlike normal 

internal mammary arteries, in which tPA and uPA mRNA were not demonstrated, there 

was detectable signal for these two mRNA species within the endarterectomy samples 

associated with endothelial cells and smooth muscle cells. Areas within the atheroma 

rich in macrophages as detected by CD68 immunopositive cells also demonstrated 

signal fortPA, uPA and PAI-1. Although PAI-1 mRNA was detected in both normal 

and atheromatous vessel walls, the atheromatous vessels consistently contained much 

more signal for PAI-1. In atheromatous specimens (both coronary and carotid) the 

synthesis of these molecules appeared to be smooth muscle cells, endothelial cells as 

well as macrophages. The PAI-1 mRNA signal in internal mammary arteries appeared 

to come from both the endothelium and smooth muscle cells. These mRNA findings 

are in keeping with previous work (Lupu et al 1995, Schneiderman et al 1995).

The imrriunohistochemical study on atheroma confirmed the associations of tPA, uPA, 

PAI-1 iind uPAR antigens with endothelial cells, neointimal smooth muscle cells, and 

macrophages. The immunostaining for these antigens were much less (and in the case 

of uPAR, absent) in smooth muscle cells of normal internal mammary arteries. The 

relatively acellular parts of the atheromatous tissues demonstrated the presence of all
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four proteins suggesting their secretion into the extracellular matrix. This concurs with 

previous published work on tPA, uPA and PAI-1 (Lupu et al 1993, Padro et al 1995). 

The finding for uPAR in atheroma is largely similar to that described in the only 

publication looking into the presence of uPAR in atheroma (Noda-Heiny et al 1995). 

However, the presence of u-PAR protein in acellular areas of atheroma has not been 

previously described. It is however in keeping with the finding of a ligand-free soluble 

form of uPAR (Pedersen et al 1993), which lacks the lipid moiety of the glycolipid 

anchor present in the cellular-bound uPARs. The function of the soluble form of uPAR 

is not known. Higazi et al 1995, has suggested that the binding of scuPA to its soluble 

uPAR results in the enhancement of the enzymatic activity and it may also play a role 

in removing uPA from the extracellular spaces. The mechanism by which uPAR works 

in the atheromatous lesion could be that the cell membrane-bound u-PAR localises u- 

PA and concentrates the extracellular proteolysis in the immediate vicinity of the 

smooth muscle cell membrane allowing the extracellular matrix to be dissolved in a 

controlled manner as the smooth muscle cell migrates into the space created. The 

soluble uPAR could be acting to remove uPA from the extracellular spaces.

Discussion: Immunohistology (tPA, uPA, PAI-1, uPAR) and mRNA in-situ

hybridisation (tPA, uPA, PAI-1); differences between normal saphenous veins 

and saphenous veins graft stenosis

Human saphenous veins that had been used as arterial grafts to bypass occlusions in leg 

arteries and coronary arteries were examined. Saphenous veins when used as arterial 

bypass grafts are known to undergo intimal hyperplasia, atheromatous change and 

vessel remodelling over a period of months to years which results in graft stenosis or
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occlusion. The samples of saphenous vein graft stenoses examined showed clear 

evidence of significant intimal hyperplasia and vascular remodelling with the overall 

vessel diameter being greatly increased. However none of these saphenous vein graft 

stenotic vessels demonstrated any classical atheromatous lesions e.g. cholesterol clefts, 

fibrous cap overlying a lipid pool, and indeed, although macrophages were present, 

they were very sparse unlike the atheromatous changes in endarterectomies described 

above. It was evident therefore that these saphenous vein grafts failed because of the 

development of a very thick neointimal layer of smooth muscle cells rather than the 

development of classical atheromatous lesions. Indeed the histological appearance was 

very similar to that of balloon injured normal arteries with the preponderance of both 

spindle-shaped and stellate-shape smooth muscle cell phenotypes in the neointima (See 

section 7.3.2). Even though these saphenous veins had undergone significant changes, 

it was still possible to distinguish the different layers, and in particular, it was possible 

to see where the initial media was, and thus from where the smooth muscle cells 

presumably originated to produce the neointima.

Whilst the histology of saphenous vein grafts that have undergone stenosis have been 

previously described (Dilley et al 1988, Davies et al 1994, Cox et al 1991) and is in 

keeping with the above mentioned findings, the expression of components of the 

plasminogen activator system in this type of vessels has not been previously published.

mRNA in-situ hybridisation demonstrated that unlike undistended saphenous veins, 

grafted saphenous veins that had undergone graft stenosis demonstrated signal for tPA 

and uPA mRNA in both smooth muscle cells and endothelial cells. PAI-1 mRNA
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signal was predominantly and strongly associated with endothelial cells with very little 

signal being associated with the smooth muscle cells, see fig 2.3.4 (j). This may 

suggest that tPA and uPA play a role in the genesis of the neointima. This would be in 

keeping with previous data in the rat carotid injury model of intimal hyperplasia which 

suggests that tPA and uPA may be important for mitogenesis and migration of vascular 

smooth muscle cells (Clowes et al 1990).

The immunohistological findings were in keeping with the in-situ results. Smooth 

muscle cells of the neointima and endothelial cells of the main lumen and the vasa 

vasorum were immunopositive for all four proteins. The smooth muscle cells of the 

media were generally immunonegative. It was common to find the smooth muscle 

cells that were located just internal to the media, orientated with their long axes 

perpendicular to the endothelium and strongly immunopositive for tPA, uPA and 

uPAR. It is interesting to speculate that these smooth muscle cells may be migrating 

into the neointima and the strong immunopositivity may suggest that these components 

of the plasminogen activator system are important for regulating the migration.

Discussion: Specificities of the antibodies used

In the immunohistochemical studies performed, the monoclonal antibodies to tPA or to 

uPA were able to bind to tPA or uPA respectively whether or not the latter two were 

complexed to PAI-1. Similarly, the monoclonal antibody used against PAI-1, was able 

to bind to PAI-1 whether or not it was complexed to either tPA or uPA. Finally, the 

monoclonal antibody against uPAR was able to bind to uPAR whether or not it was 

bound to uPA. In other words the monoclonal antibodies used looked at total content



of tPA, uPA, PAI-1 and uPAR proteins within the vessel wall. The recent 

characterisation of two neoantigenic epitopes generated within the PAI-1 molecule after 

it forms a complex with either tPA or uPA, but not in native PAI-1 (Debrock et al 

1995), should facilitate further study into whether the PAI-1 protein observed in the 

vessel wall is complexed to tPA or uPA.
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CHAPTER 3

QUANTITATION OF mRNA TO COMPONENTS OF THE 

PLASMINOGEN ACTIVATOR SYSTEM IN HUMAN 

BLOOD VESSELS USING QUANTITATIVE RTPCR
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3.1 INTRODUCTION

Rationale for using quantitative RTPCR to measure expression

Due to the small amounts of vascular tissue in each blood vessel sample, the relatively 

small amount of extractable RNA, and the necessity to perform a number of other 

measurements on the same piece of vessel wall (including measuring tPA, uPA, and 

PAI-1 activities and antigen levels, immunohistochemistry as well as mRNA in-situ 

hybridisation), it was essential to use a highly sensitive method of measuring the levels 

of specific mRNAs. This precluded the use of Northern blotting. Quantitative reverse 

transcriptase polymerase chain reaction assays offered a highly sensitive and specific 

method for measuring expression of specific genes (Mullis & Faloona 1987). 

Accordingly, it was this method that was chosen to quantitate the mRNA to uPA and 

PAI-1 and to detect tPA and PAI-2 mRNA expression.

The quantitative RTPCR assays had to be developed starting essentially with 

specifically designed oligonucleotide primers and donated plasmids containing specific 

sequences of cDNA. The quantitative RTPCR then had to be validated. Donated 

plasmids containing almost full-length specific cDNA fragments were amplified in 

competent bacteria in order to have enough material for the project. Some of this 

amplified cDNA was further amplified in a PCR using two composite primers. One 

composite primer contained the T7 RNA polymerase promoter sequence whilst the 

other contained an in-built deletion (see next page for strategy). The resultant DNA 

template was then used to make the RNA internal standards by the method of in-vitro 

transcription. The RNA internal standard was subsequently used in the QRTPCR 

assay.
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3.1.1 Introduction : Overall design strategy of the quantitative RTPCR

= T7 RNA polymerase promoter sequence 
= Primer 1
= Primer 2

cDNA template from plasmid

PCR using Primers A & B

T7 RNA polymerase

nU
standard (mimic) RNA

= Primer A 
= Primer B 

^  = Intron(s)

Genomic DNA from vessel wall

in-vivo transcription
_____________ XZ____

mIJVA

Reverse transcription using Primer 2

PCR using Primer 1 and Primer 2

N/ /
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3.2 METHODS

3.2.1 Overview

Freshly collected blood vessels were prepared and the pieces of vessel allocated for 

mRNA quantitation were snap-frozen, homogenised and total RNA extracted. 

Aliquots (0.5pg) of the tissue RNA were reverse-transcribed in the presence of known 

but different amounts of standard RNA using the same specific downstream 

oligonucleotide primer. The resultant cDNA was amplified by PCR into which a 32P- 

dCTP was spiked. The standard RNA differed from its mRNA in that it had an in-built 

deletion so that after the RTPCR was performed, it was differentiated by size on 

polyacrylamide gel electrophoresis from the RTPCR product of the mRNA. The 

polyacrylamide gel was then exposed to film and the resulting autoradiograph scanned 

by laser densitometry and bands quantified using Gel Scan Software. A graph was 

plotted of the ratio of the autoradiographic signal intensity of the standard RNA / tissue 

mRNA vs the amount of standard RNA (attmols) used. This plot was used to 

determine the amount of the specific mRNA present. Results were expressed in 

attmols of the specific mRNA per microgram of total RNA.

3.2.2 Methods: Tissue collection and preparation

Fresh blood vessel samples were collected at operation from patients undergoing 

coronary artery bypass surgery (saphenous vein, coronary endarterectomy), carotid 

surgery (carotid endarterectomy) and lower limb vascular surgery (saphenous vein graft 

stenosis). Tissues were immediately rinsed in cold normal saline and divided into 

segments for the different studies. Tissues allocated for mRNA analysis were placed in 

a clean bijoux, snap-frozen in liquid nitrogen, and stored at -80°C until needed.
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3.2.3 Methods: Tissue homogenisation

Owing to the short length of the blood vessel samples available from the routine 

operations it was necessary to optimise its yield of RNA. Initially, different methods of 

tissue homogenisation were assessed. Manual homogenisation was done using a glass 

Teflon plunger for 5 mins. Homogenisation was also carried using an electrical 

homogeniser at 6000 rpm for 3 minutes.

3.2.4 Methods: RNA extraction from human blood vessels

Total RNA was extracted using the RNAzol B method (Chomczynski et al 1987) with 

slight modifications as outlined below. The tissues stored at -80 °C were pre-cooled in 

liquid nitrogen just prior to weighing thus allowing them to be weighed without 

thawing. Immediately after weighing the tissues were replaced in the liquid nitrogen. 

The tissues were then homogenised in the presence of RNAzol; 60 mg tissue per 1.0 ml 

RNAzol solution. The homogenate in suspension was transferred to an Eppendorf tube 

and 100 pi chloroform added for each ml of RNAzol used, shaken vigorously and left 

on ice for five minutes. The tubes were centrifuged at 13000rpm for 15 minutes and 

the clear aqueous supernatant transferred to fresh Eppendorf tubes. An equal volume 

of chloroform was added to each tube, vortexed for 30 seconds, placed on ice for 5 

minutes then centrifuged at 13000rpm for 5 minutes. The clear supernatant was 

chloroform extracted once more as above. The resulting supernatant was transferred to 

a fresh Eppendorf tube and an equal volume of isopropanol added. The tubes were 

shaken gently and left on ice for 1 hour to precipitate the RNA, then centrifuged at 

13000rpm for 15 minutes. The supernatant was discarded and the RNA pellet washed 

in 70% alcohol, centrifuged, and the supernatant discarded. The RNA pellets were left
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to partially dry then dissolved in 400 pi of 1 mM EDTA (pH 7). The RNA was re­

precipitated with an equal volume of isopropanol in the presence of 0.3 M sodium 

acetate at -20 C for 1 Hr, then centrifuged at 13000 rpm for 15 minutes. The pellet was 

washed in 70% alcohol as before, and finally dissolved in sterile DEPC-treated water. 

The RNA in solution was then ready for spectrophotometric analysis and reverse 

transcription.

3.2.5 Methods: Assessing extracted RNA; yield, purity and integrity

A measured amount of RNA solution was diluted in 1 ml of sterile water and the OD 

260 (optical density at 260 A) was measured on a spectrophotometer (Phillips PU 

8620). The concentration of the RNA in solution was calculated from the equation:

OD 260 of 1 = 40 pg RNA 

The RNA purity was determined by the OD 260/280 ratio whilst its integrity was 

assessed by running 5pg of the RNA on a 0.8% agarose gel at 50 Volts for 1 hour in 

TAE Buffer. The RNA was observed with ethidium bromide staining under UV light.

3.2.6 Methods: Storage of RNA

Extracted RNA were stored as 2.5pg aliqouts at -80°C until needed and used once only 

when thawed.
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3.2.7 Table: Structure of the plasmids used

cDNA Plasmid cDNA fragment Restriction enzyme used Bacteria

TPA pSP65 607 base pairs ECoRl and Hind HI TGI

TPA pBR322 2.0 kilobase pairs BglD NM522

UPA pSP64 1426 base pairs Hind HI TGI

PAI-1 pUC 2.5 kilobase pairs Eco R1 TGI

The amplified cDNA sequences were used for the following tasks:

• To act as the positive control DNA template in the RTPCR assay.

• To provide a DNA template for optimising the PCR conditions.

• To act as a DNA template during the synthesis of the RNA internal standards.

• To act as a radiolabelled cDNA probe to:

1) Hybridise with a Southern Blot of the PCR products produced in the 

RTPCR assay thus establishing the specificity of the assay.

2) Hybridise with mRNA in the tissue sections as part of the histological 

in-situ hybridisation study.

The 2.5kb PAI-1 cDNA fragment inserted into a pUC plasmid (Ginsberg D et al 1986) 

was kindly donated by Dr D Ginsburg, Howard Hughes Medical Institute, USA.

3.2.8 Methods: Amplification of the plasmids

The four plasmids described above were amplified in E Coli TGI to produce enough 

for this project.



3.2.8 (a) Preparation o f  competent cells

EColi (TGI) was streaked on selective plates overnight and a single colony was taken 

to inoculate 25 mis of LB medium. The latter was then incubated overnight with 

vigorous shaking. LB medium (500mls) was inoculated with 5 mis of cells from the 

overnight culture and the culture was vigorously shaken at 37°C until the A6oo reached

0.45-0.55. The cells were chilled in ice water for 2 hours and collected by 

centrifugation at 2500g for 15 minutes at 4°C. The cells were resuspended in 15 mis of 

ice-cold freshly prepared, filter-sterilised trituration buffer (100 mM CaCL, 70 mM 

MgCL, 40mM Na Acetate, pH 5.5), diluted to 500mls with the same solution then 

incubated on ice for 45 minutes. The cells were then centrifuged at 1800g for 10 

minutes and gently resuspended in 50 mis of ice-cold trituration buffer. Glycerol (80%) 

was added drop wise with gentle swirling to a final concentration of 15%(v/v). Aliquots 

in 1ml quantities were stored at -80°C until needed.

3.2.8 (b) Transformation o f competent bacteria

A 200pl aliquot of competent TGI cells was thawed on ice and 3 pi of DMSO added, 

mixed gently, and 20 ng of plasmid DNA added. The cells were incubated on ice for 

30 minutes, then heat-shocked at 42°C for 90 seconds, followed by cooling on ice for 1 

minute. LB medium (2mls) were added and shaken gently at 37°C for 1 hour to allow 

the cells to recover.

3.2.8 (c) Selection o f  transformants

To select for transformants using plasmids pSP64/65, the cells were plated on an LB 

plate containing 50pg/ml ampicillin and incubated at 37°C overnight. To screen
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ampicillin-selected colonies for recombinants it was necessary to prepare plasmid DNA 

for restriction analysis.

3.2.8 (d) Amplification and isolation o f the plasmids

10 Jill of the stored TGI was added to 10 mis of LB Broth in a Universal container, 

incubated overnight at 37°C with vigorous shaking then centrifuged at 2500rpm for 15 

minutes. The supernatant was discarded to leave the pellet of cells which were 

resuspended in 100 jliI of ice-cold Miniprep lysis buffer (Promega) (25mM Tris-HCl, 

pH 8.0, 10 mM EDTA, 50 mM glucose.) and incubated at room temperature. A freshly 

prepared solution (200 pi) containing 0.2M Na OH, 1% SDS was added and gently 

mixed, 150pl of ice-cold 5M potassium acetate (pH 4.8) added, mixed gently and 

incubated for 5 minutes on ice to precipitate the proteins then spin fastspeed for 5 

minutes. The supernatant was transferred to a fresh tube, avoiding the white precipitate, 

RNAse A at a final concentration of 20 pg/ml was added, incubated at 37°C for 20 

minutes then it was phenol/chloroform then chloroform:isoamyl alcohol (24:1) 

extracted. The DNA in solution was precipitated with 2.5 volumes of ethanol on dry 

ice, centrifuged at 12000g for 5 minutes, and the pellet washed in pre-chilled 70% 

ethanol. The pellet was dried under vacuum then dissolved in 30pl DEPC water.

3.2.9 Methods: Restriction digestion of the plasmids

The plasmids were digested by their respective enzymes as shown in Table 3.2.7.

3.2.9 (a) pSP65 containing tPA cDNA

The tPA cDNA sequence contained 607 basepairs. This sequence had been previously 

cut out of a fuller length cDNA sequence using Hpa II restriction enzyme that
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recognises

C|CGG

GGC|C

The plasmid had been linearised using Accl which recognises

GT|CGAC

CAGC|TG

A ligase was used to insert the 607 bp tPA cDNA sequence into the linearised plasmid 

thus abolishing the restriction sites for Accl as well HpalL Consequently, HindlH and 

EcoRl were therefore used to release the tPA cDNA sequence from the plasmid. 

Conditions for releasing the tPA cDNA from the plasmid-:

STEP 1 The following were added to an Eppendorf tube:

Plasmid 2 pg

React 2 Buffer 2 pi

Water 14 pi

Hi n dill 1 pi

Incubated for 2 hours at 37°C

STEP 2 Add:

NaCl (1M) 0.5 pi

EcoRl 1.0 pi

Incubated for a further 2 hours at 37° C



104

STEP 3

The reaction mixture was run on a 1.5 % agarose gel and the tPA fragment (607 base 

pairs) was Sephaglas extracted; see section 3.2.11 (c).

EcoRl/HindlH digest of pSP65 containing tPA cDNA

3.2.9 (b) pSP64 containing uPA cDNA

In the case of pSP64 containing uPA cDNA, a Hindlll digest of the pSP64 plasmid 

resulted in the release of the 1427 basepaired uPA cDNA sequence.

Stop

StartHindlll 71448

HindlllpSP64

2999 basepairs
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The following were added to an eppendorf tube for the Hind III digestion;

Plasmid 2 pg

React 2 Buffer 2 pi

Water 14 pi

Hindlll 1 pi

Incubated for 2 hours at 37°C. The reaction mixture was run on a 1.5 % agarose gel 

and the tPA fragment (607 base pairs) was Sephaglas extracted; see section 3.2.11 (c). 

Hindlll restriction digestion of the uPA containing pSP 64

! 1

3.2.10 Methods: The oligonucleotide primers

3.2.10 a) Designing the oligonucleotide primers :

The following factors were satisfied in selecting the sequences for the primers used:

1. Lack of known homology: checked on the Genbank data base.

2. Minimum length: at least 17 base pairs long.

3. Primer pairs from different exons: to differentiate the PCR products of cDNA 

from that of genomic DNA.

4. Modification of Primer A with T7 polymerase initiator sequence; to enable the in-
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4. Modification of Primer A with T7 polymerase initiator sequence; to enable the in- 

vitro transcription of the PCR product to synthesize the RNA standard.

5. Modification of Primer B with built-in deletion; to enable differentiation between 

tissue cDNA and standard DNA.

6. 50-60% G+C composition with balanced Tm for a given primer pair.

7. Avoidance of complimentality at the 3’ ends of primer pairs to decrease primer- 

dimer formation.
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3.2.10 b) Primer sequences:

3.2.10 b) (i) TISSUE PLASMINOGEN ACTIVATOR - (TPA)

(cDNA sequence: Pennica et al 1983)

tPA - Primer A (45 Base pairs)

| » » » » >  RNA synthesis » » >

5 T A AT ACGACTC ACT AT AGGG AC ACCCCTGGC AGGCTGCC ATCTTT 3 ’ 

I______________________________ I___________________________ I

T7 PROMOTER 1051-1072

tPA - Primer B (38 Base pairs)

5’GTGTCTCCAGCACACAGCATGTCATTGTCGTAAGTGTC 3’

I____________________________I_____________________  I

1571-1550 1301-1285

tPA - Primer 1 (21 base pairs) Tm 68°C

5’ CCCTGGC AGGCTGCC ATCTTT 3’

I__________________________ I

1051-1071

tPA - Primer 2 (21 base pairs) Tm 66°C

5’ GTGTCTCCAGCACACAGCATG 3’

1571-1551

Primers 1 and 2 are on different exons of the tPA gene. These primers were used in the 

quantitative RT-PCR to amplify cDNA from both the tissue and the RNA Standard 

resulting in products of 522 and 274 base pairs respectively.



3.2.10 b) (ii) UROKINASE-TYPE PLASMINOGEN ACTIVATOR

T7 Promoter

( cDNA sequence; Holmes et al 1985.) 

Intron 7 Intron 8 Intron 9

Primer 1

144822

884-896 Primer 2 Primer 2

Primer B

uPA PRIMER A

CTGTAATACGACTCACTATAGGGGGCACCGG 
I___________________________ 1

T7 PROMOTER

672-679649-651

uPA PRIMER B

TCCGGATAGAGATAGTCGGTGTGGTGAGCAAG 

I_____________________________I

1065-1047 

(Primer 2 ) 896-884

uPA PRIMER 1 (19 bp) Tm 60 C

GCTCTGTCACCTACGTGTG

684-702

uPA PRIMER 2 Tm 58 C

TCCGG AT AG AG AT AGTCGG

1065-1047

PCR PRODUCTS: NATIVE 382 bp, STANDARD 232 bp, DELETION 150 bp



3.2.10 b) (iii) PLASMINOGEN ACTIVATOR INHIBITOR-1 (PAI-1)

(cDNA sequence; Ginsburg et al 1986)

PAI-1 PRIMER A

5 ’ AACCCAGCAGCTAATACGACTCACTATAGGGGTTC 3 ’

| 1 T7 PROMOTER |------1

180-190 211-213

PAI-1 PRIMER B

5’CTGGCCGTTGAAGTAGAGGCTGGCTCTCTC 3’

543-525 |-----------------

(PAI-1 Primer 2) 419-408

PAI-1 PRIMER 1 (20bp) Tm 60C

5 ’ GGA AC A AGGATG AG ATC AGC 3’

278-297

PAI-1 PRIMER 2 (19bp)

5 ’ CTGGCCGTTG AAGT AG AGG 3’

| 1

543-525

PCR PRODUCTS: NATIVE 266, STANDARD 161



3.2.10 b)(iv) PLASMINOGEN ACTIVATOR INHIBITOR-2 (PAI-2)

(cDNA sequence: Schleuning et al 1987)

PRIMER A Tm 72 C Fullmatch/Length = 25/34 

GCT AGT A AT ACG ACTC ACT AT AGGGTC A AG ACTC

|----------1 T7 PROMOTER |------------------ 1

524-528 549-557

PRIMER B Tm 74 C Fullmatch/Length = 24/32

CTTCATCCACCATGGCTTGGTGGGTCCACTTG

|-------1 PRIMER 2 |----------------

938-935 916-907

PRIMER 1 (18bp) Tm 56 C 

ATACCAGGATGGTCCTGG

609-626

PRIMER 2 (18bp) Tm 56 C

ATCCACCATGGCTTGGTG

1114-1097

PCR PRODUCTS:

NATIVE 506 Bases

MUTANT 326 Bases
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3.2.10 c) Measuring the primer concentr ations

Oligonucleotide primers were precipitated at -20°C in ethanol and 0.3 M sodium 

acetate and washed in 75% ethanol. The pellet was resuspended in DEPC-treated water 

and the concentration measured spectrophotometrically:- OD 260 of 1 = 20 pg 

oligonucleotide primer/ml. Aliquots of working dilution of 10 pmols/pl were made.

3.2.11 Methods: Synthesis of RNA internal standards: uPA and PAI-1

Overview

A series of PCRs were done using the plasmids (with their respective cDNA fragments) 

and the respective composite primers A and B (See Fig 3.1) to form the DNA standard 

templates which were then used to make the respective RNA standards. The PCR 

products were run on an ethidium-stained agarose gel, the desired band cut out under 

UV visualisation and the DNA and extracted using the Sephaglas kit™. The DNA 

template was in-vitro transcribed using T7 RNA polymerase to synthesize the RNA 

standard and then digested with DNase. The reaction solution was then phenol / 

chloroform- then chloroform-extracted and the RNA was precipitated in 2.5 volumes of 

ethanol on dry ice. The pellet was washed in chilled 70% ethanol and after spinning the 

pellet was dissolved in DEPC treated water. The concentration of the RNA standards 

were measured spectrophotometrically at OD260 and aliquots of the RNA standards 

were measured in batches of 1 0  picograms to use once only when thawed.
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3.2.11 (a) Synthesis o f the DNA standard templates; PCR using composite 

Primers A and B

A PCR was set up :

Plasmid with its cDNA 2 .0 Pg

lOx PCR buffer(Bioline) 6 .0 pi

MgCl2(xmM) 1 .8 pi

Taq polymerase(Bioline) 0 .6 pi

Primer A 45.0 pmols

Primer B 45.0 pmols

dNTP (lOmM mix) 4.5 pi

Sigma Water made up to 60.0 pi

TOTAL 60.0 pi

The respective Primers A and B were used in the above PCR with the relevant plasmid 

e.g. PAI-1 Primer A and PAI-1 Primer B was used in conjunction with the plasmid 

containing the PAI-1 cDNA fragment.

PCR PRODUCT USING PAI-1 PRIMERS A AND B.

180-190 T7 PROMOTER 211-213--------- (408-419)(525-543)

[--------------------------------- 262 base pairs-----------------------------]
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PCR products of primers A and B 

PAI-1 (262 bp) and uPA (266 bp) tPA (293 bp)

3.2.11 (b) Agarose gel electrophoresis of the DNA template

The PCR products of the above PCR was run on a 2% agarose gel containing ethidium 

bromide at 70 Volts for 1 hour in 1 X TAE buffer. The band was visualised under UV 

light and excised.

3.2.11 (c) Extraction of the DNA standard template band from the agarose gel

The DNA gel-band excised from the ethidium stained agarose gel under UV light was 

chopped up and placed in an Eppendorf tube. Gel Solubiliser (250pl) (Sephaglas) was 

added and the tube was vortexed vigorously until the agarose was dissolved. 1 0 pl 

Sephaglas BP was added, vortexed gently and incubated at room temperature for 5 

minutes (vortexing every minute). The tube was then pulse-spun in a microfuge for 10 

seconds and the supernatant discarded. The pellet was suspended in 80pl ‘Wash 

Buffer’ and pulse-spun for 10 seconds. The washing procedure was repeated twice. 

The pellet was then partially dried in air and 20pl ‘Elution Buffer’ was added, vortexed 

gently and spun at 12000 rpm in a microfuge. The supernatant containing the DNA in 

solution was carefully removed and stored at -20°C until needed.
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3.2.. 11. (d) T7 RNA polymerase in-vitro transcription o f  the DNA standard 

template (tPA, uPA and PAI-1)

Transcription 5 X Buffer (Promega) 2 0 pi

lOOmMDTT 1 0 pi

RNA guard 1 0 0 units

NTP Mix (2.5mM each) 2 0 pi

DNA Template in water 5 Pg

T 7 Polymerase Gibco BRL 30 units

Water to final volume of 1 0 0 pi

The above transcription reaction was incubated at 37°C for 1 Hour.

3.2.1 l.(e) Conditions fo r  the DNase digestion

RNase-free DNase (1 pi; Sigma) was then added and incubated for a further 20 minutes 

at 37°C. This was necessary to digest any contaminating DNA.

3.2.11.(f) Phenol/chloroform extraction o f  the RNA standards

The cRNA was phenol/ chloroform extracted, precipitated with 2.5 volumes of ethanol, 

washed in 75% ethanol and finally dissolved in RNase-free water.

3.2.11(g) Measuring the concentration o f  the RNA standards:

An aliquot of the RNA solution was used for the spectrophotometric determination of 

the RNA concentration: -

OD 260 of 1 = 40pg RNA / ml.



Finally, the RNA solution was divided into 2.5jng aliquots at a concentration of 0.25 

|Lig/|xl, and stored at -80°C until needed.

3.2.12 Methods: Optimisation of the PCR conditions; using plasmids as the

DNA templates

Before setting up polymerase chain reactions using Primers 1 and 2 on cDNA derived 

from blood vessels, it was necessary to work out the conditions so as to obtain a single 

clear band as the PCR product. The optimum PCR conditions for amplifying the 

specific DNA sequences (i.e. PAI-1, uPA and tPA) were determined by setting up 

PCRs using the relevant plasmid which has the cDNA sequence within it as the DNA 

template. The variables shown below were assessed in turn in a series of PCRs. The 

effect of the magnesium concentration was assessed in the range 1.0-5.0 mM final 

concentration and the minimum concentration that resulted in a clear band of PCR 

product was chosen as the optimum magnesium concentration. Primer concentrations 

were assessed in the range 0.25|iM-2.0jiM final concentration. Again the minimum 

primer concentration was chosen which resulted in a clear PCR product. The number 

of cycles was assessed in the range of 20-35 cycles to ensure that the PCR assay was in 

the exponential phase of the reaction. The annealing temperature was assessed from a 

few degrees below the calculated Tm of the primers to the temperature at which only 

the desired PCR product was obtained. The minimum amount of DNA template 

needed to obtain an easily detectable amount of PCR product was chosen.

The following parameters were found to be important-:

- Magnesium concentration.
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- Primer concentration

- Number of cycles

- Annealing temperatures

- Denaturing the cDNA

- Amount of DNA template at start of PCR.

The optimal conditions for the PCR were as follows:

PAI-1 : 26 cycles

60°C annealing temperature 

Primer concentration = 1.5 mM

Mg2+concentration = 15.0 pmol

Amount of cDNA at the start of the PCR = 2 pi of the RT mixture.

u-PA: 31 cycles.

60°C annealing temperature 

Primer concentration = 1.5 mM 

Mg2+concentration = 15.0 pmol

Amount of cDNA at the start of the PCR = 2 pi of the RT mixture

3.2.13 Methods: RT-PCR pilot study of mRNA expression in vessel wall

Using the primers 1 and 2 (shown in 2.4.6) a pilot RTPCR study was done to ascertain

whether the specific mRNA expression (tPA, uPA, and PAI-1) could be demonstrated 

from the RNA extracted from blood vessels.
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3.2.13.(a) Reverse transcription using the specific downstream primers: (Primer 2)

Vessel wall total RNA 0.5 Mg

5 X Buffer (Gibco) 2 .0 |Lil

0.1MDTT 0 .2 Ml

RNase Inhibitor 0 .1 Ml

MMLV enzyme 0 .1 pi

dNTP (10 mM mix) 1 .0 Ml

Downstream Primer 1 0 .0 pmols

DEPC Water made up to 1 0 .0 Ml

The tissue total RNA was heated to 92°C for 5 minutes under mineral oil (to denature 

the RNA) then the tube was quick-chilled on ice for 3 minutes. The rest of the reaction 

mixture was then added. After incubating at 37°C for 1 hour the MMLV (reverse 

transcriptase) enzyme was destroyed by incubating at 94°C for 5 minutes.

3.2.13 (b) Polymerase chain reaction o f vessel wall cDNA 

Vessel wall cDNA 2.0 pi

NTP mix (2.5 mM each) 1.5 pi

10 x Buffer (NH4) 2.0 pi

MgC12 (50 mM) 0.6 pi (1.5 mM final concentration)

Taq Polymerase 0.2 pi

Upstream primer (10 pmol/ul) 15.0 pmol (5 pmols for tPA)

Downstream primer (10 pmol/ul) 13.0 pmol (5 pmols for tPA)

Water 10.8 1̂

TOTAL 20.0 \xl
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Controls: 1) Water instead of cDNA

2) Water instead of Upstream primer

3) Water instead of the enzyme

3.2.13 c) Identification of the PCR product

The PCR product was run on an agarose gel that was Southern blotted and hybridised 

with specific radiolabelled DNA probes. Finally, the PCR products were sequenced by 

the cycle sequencing method.

3.2.13 c) i Agarose gel electrophoresis of the vessel wall PCR product

The PCR products were run on a 2 % Agarose gel in TBE buffer at 50 volts. Ethidium 

bromide 5 ul was added to the boiled agarose solution (50 mis). 1KB ladder (Gibco 

BRL) was used as the DNA marker. In this way the size of the expected PCR product 

was confirmed.

Fig 3.2.13 c) RT-PCR products from vessel wall 

tPA (522 bp) uPA (382 bp) PAI-1 (266 bp)

n
UJ
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3.2.13 (c) (ii) Southern blotting

The agarose gel was denatured in 300 mis of Denaturing Solution (see Appendix) for 

two 15 minute periods on a shaking table, the solution being changed after the first 

period, rinsed in de-ionised water, placed in 300 mis of Neutralising Solution (see 

Appendix) for two periods of 15 mins, again the solution being changed after the first 

period, Southern blotted overnight onto a Hybond N filter using 20 x SSC as the 

Transferring Solution (see Appendix). The filter was then gently soaked in 6  x SSC to 

remove any debris, dried in air on 3MM paper for 1 hour, wrapped in Saran wrap and 

exposed to light from a UV illuminator for 1 minute to fix the DNA to the filter.

3.2.13 (c) (ih) Hybridisation o f the Southern blots o f  the PCR products with 

radio-labelled cDNA probes 

Pre-hvbridisation:

Pre-hybridising solution was freshly made up:

20 x SSC 9.0 mis

DEPC treated water 12.5 mis

PEG Mix 5.4 mis

Denhardts solution 1.5 mis

The Hybond N filters with their fixed DNA were pre-hybridised at 65 C for 3 Hrs in 

Hybaid bottles in a Hybaid oven. During this time the filter(s) were placed in a Hybaid 

bottle, 50 mis of 6 xSSC added and the bottle placed in the oven at 65°C. An aliquot of 

salmon sperm DNA (1ml) was heated to 95 C for 10 mins to denature it. This was then 

added to the pre-heated prehybridising solution. The 6  x SSC was decanted from the
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Hybaid bottle and was replaced by the prehybridising solution. The filters were 

prehybridised for 3 Hrs.

Labelling the cDNA probes:

The probe was labelled using the Radprime labelling kit (Gibco BRL): To the 21 pi of 

denatured probe, the following were added in order:-

Radprime Buffer (+ Random hexanucleotides) 20 pi

AGT mix 3 pi

dCTP-P32 5 pi

Klenow fragment 1 pi

Incubated for 1 Hr at 37 C.

Purifying the radioactivelv labelled probe

The radioactively labelled probe was separated from the unincorporated dCTP (and the 

other dNTPs) by passing it through a G50 Sephadex column and collecting the first 

peak of radioactive eluate.

The hybridisation

The hybridisation solution was made up as for the prehybridisation solution but in this 

case the pre-heated salmon sperm DNA was added to the labelled probe which was 

quickly added to the Hybaid bottle; the prehybridising solution being discarded. The 

hybridisation was done at 65°C overnight.
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Stringency of washing the Hvbond-N filters

The filter(s) were washed at 65 C using the following protocol;

3XSCC 15 mins

IX SCC 15 mins

0.IX SCC 15 mins

0.05 X SCC 5 mins

Confirmation of the vessel wall RT-PCR product by Southern blotting and 

hybridisation with specific cDNA probe

3.2.14 Methods: RTPCR of RNA standards

3.2.14 (a) Testing the RNA standards in a RTPCR

An RTPCR on the RNA standard synthesised by in vitro transcription was set up to 

establish that the expected PCR product was obtained.

\



3.2.14 (b) Establishing the range o f concentrations needed o f the RNA standards 

fo r  the QRTPCRs

RNA standards were diluted to form a series of RNA concentrations ranging from 15 

ng / |xl to 0.1 fg/jLil (i.e. 15x 106 dilution). Each of the RNA samples was reverse- 

transcribed to form cDNA which was then amplified by PCR. The conditions chosen 

for both the RT reaction and the PCR were identical to the conditions stipulated above 

for the respective tissue RNA reactions. The PCR products were loaded on an 

ethidium-stained agarose gel and electrophoresed and the intensity of the bands 

observed under UV light. A range of dilutions of the standard RNA was chosen so that 

the intensities of its PCR product spanned the range of intensities being obtained from 

the vessel wall PCR product. RTPCRs were then set up with both the tissue RNA and 

the standard in the same tube and the amplified products were again observed to 

confirm that the concentrations of the RNA standards chosen were appropriate.

3.2.15 Methods: Quantitation of the RTPCR products of both tissue and

standard RNA.

3.2.15 a) Radio-labelled RTPCR

RT-PCRs were set up as described in 3.2.13 b) and 3.2.14 b), except that on these 

occasions ot32 dCTP was spiked in the PCR. The radiolabelled PCR products were 

loaded on an 8  % polyacrylamide gel (see 3.2.15 a) and electrophoresed at 100 volts for 

1.5 hours. The gel was placed on a piece of 3MM paper, covered by Saran wrap, and 

placed in a film cartridge in a dark room. The cartridge was placed in a -70°C freezer 

for 2 Hours then developed in an Agfa Cunix machine. The Autoradiograph was then 

scanned on a LKB Laser Densitometer.
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3.2.15 b) Polyacrylamide gel electrophoresis

8 % Polyacrylamide gel: 10 X TBE 2 mis

Water 14 mis

40 % Polyacrylamide 4 mis

De-gassed for 15 minutes by stirring under vacuum and the following were added:

10 % APS 140 |Lil

TEMED 7 \i\

Stirred gently and poured between the plates. The gels were run at 50 Volts for 2 V2 

hours on a mini gel kit (BioRad).

3.2.15 c) Radio-labelling lkb  DNA ladder.

In order to check that the amplified DNA were of the expected size, the radio­

labelled PCR reaction products were run on a 8  % polyacrylamide gel with 

radiolabeled marker. The following were added to a 0.5 ml microcentrifuge tube on 

ice:

10X T4 DNA polymerase reaction buffer 1 .0 111

1 Kb DNA Ladder 2.5 pg

T4 DNA polymerase 1 0 .0 units

Autoclaved water made up to 1 0 .0 111

The mixture was incubated for 2 minutes at 37 C then cooled on ice. Added to the 

above reaction mixture was a 30 ul mixture comprising of the following components: 

Autoclaved water 23 ill

10X T4 DNA polymerase reaction buffer 3 pi
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dATP (lOmM) 1 JLll

dGTP (lOmM) 1 |0,1

dTTP (lOmM) 1 JLll

[a-32P] dCTP (3000 Ci/mmol; 10 mCi/ml) 1 jjl

The mixture was incubated for 2 minutes at 37 C, then 1 pi of 10 mM dCTP was 

added and incubated for a further 2 minutes. The reaction was stopped by adding 2.5 

pi of 0.5 M EDTA. The tube was centrifuged for 10 seconds.

3.2.15 d) Autoradiography o f  the RTPCR products

The gels were placed on 3MM paper and covered in Saran wrap, exposed to Kodak 

film in a dark room. The film was then developed in an Agfa Currix machine.

3.2.15 e) Scanning o f  autoradiographs

The PCR DNA bands on the autoradiograph were scanned by laser densitometry on an 

LKB Laser Densitometer.

3.2.15 f)  Analysis o f scans

The signals detected were analysed by Gel Scan XL 2400 LKB-Produkter AB to give a 

numerical value proportional to the signal intensity of the band.

3.2.16 Methods: Determination of the exponential phase and the efficiency

of amplification in the RTPCR assays

The efficiency of the RTPCR assays were determined by performing a radio-labelled



RTPCR of both the tissue RNA and the standard RNA in the same tube (at roughly 

equal starting concentrations of tissue mRNA and standard RNA, see next paragraph). 

The RTPCR were set up as in 3.2.14 and 10 pi aliquots of the reaction mixture were 

collected after different number of cycles. These aliquots were loaded into separated 

lanes on a 8 % polyacrylamide gel. After electrophoresis, the gel was exposed to film, 

the autoradiograph developed and scanned. A plot of signal intensity of PCR product 

(corrected for length of PCR product) vs number of cycles of PCR was carried out for 

both bands (the tissue RNA and the standard RNA). Initial experiments were required 

to establish that the starting concentrations of the specific tissue mRNA and the 

standard RNA were roughly equal. This was done using RTPCR pilot runs at different 

starting concentrations of each in turn and observing the strength of the signal on 

ethidium stained agarose gels as shown below.

Fis 3.2.16 RTPCR of vessel wall PAI-1 mRNA and PA1-1 standard (mimic) RNA

at differing starting concentrations 

PAI-1 tissue cDNA (266 base pairs) PAI-1 standard cDNA (161 base pairs)
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Plot of the number of PCR cycles versus strength of autoradiographic signals from both

tissue PAI-1 cDNA and standard cDNA

RNA and PAI-1 standard RNARTPCR of PAI-1
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3.2.17 Methods: Confirming the QRTPCR is quantitative.

Measured amounts of tissue RNA (and multiples thereof) in the presence of a range of 

concentrations of standard RNA were put through a series of QRTPCR. In this way,
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for example, a doubling of the tissue RNA in the QRTPCR was reflected in a doubling 

of the length-adjusted signal intensity

3.2.18 Methods: Assessing the reproducibility of the quantitative RTPCR

(PAI-1 and uPA)

The ‘Hot’ QRTPCR assay was performed three times on each of three different RNA 

samples. The assays were done using master mixes for the reverse transcription 

reaction and then for the PCR. The inter-assay variability was thus determined.

3.2.19 Methods: Statistical analysis

Results were analysed using means and SEM and groups were compared using using 

the non-parametric Mann Whitney U test. Differences were considered statistical 

significant when p < 0.05.

3.3 RESULTS

3.3.1 RNA extraction from human vessel wall

3.3.1 a) Homogenisation and yield o f  total RNA from  the vessel wall

Due to the large number of assays needed to be done on each piece of vessel, it was 

necessary to optimise the yield of RNA. Electrical homogenisation of vascular tissue 

improved the RNA yield by approximately 25 % when compared to manual 

homogenisation using a Potter homogeniser. Since the total content of RNA in the 

tissue was unknown it is not possible to comment on the absolute efficiency of 

extraction.
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Table 3.3.1 (a) Yield o f total RNA from the vessel wall

Type of Vessel Yield of Total RNA

(pG/100mg Tissue)

Undistended saphenous vein 17.0(1.5) *

Distended saphenous vein 9.8 (2.0) **

Internal mammary artery 19.6 (2.4) +

Atheromatous endarterectomy 7.9 (1.1)++

* vs ** p = 0.02

* vs + p = 0.4

** vs + p = 0.03

+ vs ++ p = 0.002

3.3.1 b) Purity and integrity o f  extracted total RNA from  vessel wall

Using the RNAzol method for extracting RNA from vascular tissue consistently 

resulted in OD 260/280 ratios between 1.30 -1.45, whereas, modifying the method by 

performing a further chloroform-extraction, resulted in an increase in the OD 260/280 

ratios to 1.6-1.9. RNA integrity was assessed by running the extracted RNA on an 

ethidium stained 0.8% agarose gel and examining it under UV light as shown in the 

photograph below. The photograph shows the vessel wall total RNA as a smear with 

the two characteristic ribosomal RNA bands.
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Fig 3J . l  (b)

The integrity of extracted total RNA from vessel wall

3.3.2 Results: Validation of the QRTPCR assay

The RT-PCR assays were set up using serial dilutions of standard RNA with either 

0.5pg or lpg of total tissue RNA in the same tube so that the RNA underwent co­

reverse transcription and co-amplification. The plot below demonstrates the validity of 

the assay in that it found that the amount of specific mRNA present in the 1.0 pg of 

total tissue RNA was twice that found in the 0.5 pg..
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Fis 3.3.2

RT-PCR assays using serial dilutions o f PAI-1 standard RNA with either 0.5jjg or 1 jug

of total tissue RNA.
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The amount of standard RNA required to achieve equivalence between the signal 

intensity of the tissue RNA and standard RNA is determined from the graph above; i.e. 

when CM/T =1



3.3.3 Results: PAI-1 and uPA mRNA in the vessel wall measured by RTPCR

3.3.3 a) Saphenous veins; examining the effects o f  surgical preparation on PAI-1 

and uPA mRNA.

Distending saphenous veins as part of the routine surgical preparation of the vessels for 

use as vascular conduits in coronary artery bypass grafting results in a significant 

reduction of both PAI-1 mRNA (p=0.004) and uPA mRNA (p=0.04) as shown in Table

3.3.3 (a) below. The mean and (SEM) of PAI-1 and uPA mRNA (attmols / pg total 

RNA) found in distended and undistended saphenous veins are shown. Since only 4 

vein samples were paired (i.e. distended and undistended), the data was analysed 

unpaired.

Table 3.3.3 a) The effects o f  surgical preparation o f  saphenous veins

Undistended saphenous vein Distended saphenous vein
(attmols / pg total RNA) (attmols / pg total RNA)

PAI-1 uPA PAI-1 uPA
(n=9) (n= ll) (n=8 ) (n=7)

2 0 .8  (2 .0 ) 6.3 (1.2) 1 1 .2  (2 .0 ) 3.1 (0.4)

Comparisons (unpaired) p value

PAI-1 mRNA in saphenous veins ; distended vs undistended p = 0.004

uPA mRNA in saphenous veins ; distended vs undistended p = 0.04

Undistended saphenous veins ; PAI-1 vs uPA mRNA p = <0 .0 0 0 1

Distended saphenous veins ; PAI-1 vs uPA mRNA p = 0 .0 0 2

However the ratio of uPA/PAI-1 mRNA measured before and after surgical 

preparation; was similar 0.30 vs 0.27 respectively. It was also noted that PAI-1 mRNA 

was present in significantly greater amounts than uPA mRNA in saphenous vein as a 

proportion of the total RNA extracted from the vessel wall. This relationship holds true 

for both distended and undistended veins.
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3.3.3 b) Comparison o f vascular conduits used fo r  CABG; content o f PAI-1 

mRNA and uPA mRNA at the time o f  grafting.

Distended saphenous veins and internal mammary arteries are used as vascular conduits 

in coronary artery bypass grafting. The content of PAI-1 and uPA mRNA in these 

vessel walls at the time of grafting was measured using the technique of quantitative 

RTPCR. The results are shown in Table 3.3.3 b) below and expressed in (attmols / pg 

total RNA)

Table 3.3.3 b) PAI-1 mRNA and uPA mRNA in vascular conduits used fo r  CABG

Internal mammary artery

(attmols / pg total RNA)

Distended saphenous vein

(attmols / pg total RNA)

PAI-1 (n=5) uPA (n=8 ) PAI-1 (n=8 ) uPA (n=7)

21.4 (3.5) 0 .8  (0 .1) 1 1 .2  (2 .0 ) 3.1 (0.4)

uPA/PAI-1 = 0.037 uPA/PAI-1 = 0.27

Comparisons p value

PAI 1 mRNA (internal mammary artery vs distended saphenous vein) p = 0 .0 2

uPA mRNA (internal mammary artery vs distended saphenous vein) p = 0 .0 0 0 2

Significant differences between surgically prepared saphenous veins and internal 

mammary arteries in the amount of PAI-1 and uPA mRNA were present in the vessel 

wall at the time of coronary artery bypass grafting. When internal mammary arteries 

were compared to undistended normal saphenous veins, there was no significant 

difference in the level of PAI-1 mRNA (p = 0.8), whereas there was a significant 

difference in the amount of uPA (p = 0.0009).
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3.3.3 c) Comparison between normal and atheromatous arteries in their content 

o f PAI-1 mRNA and uPA mRNA

There was a significant difference in the quantities of in the levels of both PAI-1 and 

uPA mRNA as measured by quantitative RTPCR between the internal mammary artery 

and coronary endarterectomy

Internal Mammary Artery

(attmols / pg total RNA)

Atheromatous Artery

(attmols / pg total RNA)

PAI-1 (n=5) uPA (n=8 ) PAI-1 (n=5) uPA (n=3)

21.4 (3.5) 0 .8  (0 .1) 65.1 (19.5) 8.5 (0 .2 )

uPA/PAJ[-1 =0.037 uPA/PAI-1 =0.131

Comparison P Value

PAI-1; Internal mammary artery vs Atheromatous artery p = 0 .0 2

uPA ; Internal mammary artery vs Atheromatous artery p < 0 .0 0 0 1

Both PAI-1 and uPA expression was found to be significantly greater in atheromatous 

arteries compared to normal internal mammary artery. PAI-1 expression was higher 

than uPA in both normal internal mammary arteries and coronary endarterectomy 

samples.

3.4 DISCUSSION

Given that a number of assays had to be performed on relatively small samples of 

vessel wall, the choice of assay needed to quantify the amount of specific mRNAs was 

critical to the project. Quantitative RTPCR provided an essential and very sensitive 

method.
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3.4 (a) Discussion: Theoretical considerations for the RT-PCR assay

By definition, the PCR process is a chain reaction. The products from one cycle of 

amplification serve as substrate for the next. Therefore the amount of product increases 

exponentially and not linearly as in most enzymatic processes. Under ideal or 

theoretical conditions, the product doubles during each cycle of the PCR reaction 

according to Equation 1.

Equation 1: N = N02n

where:

N = The number of amplified molecules.

N0 = The number of molecules present before amplification, 

n = The number of amplification cycles.

Equation 1 indicates a linear relationship between the number of target molecules and 

the initial number of target molecules. Experimentally, the efficiency of amplification 

(E) is less than perfect, and the PCR process is thus described by Equation 2.

Equation 2 : N = No (1+E)n 

Therefore, for the tissue cDNA, the following equation apply:

n t = n0t ( 1+Et ) n 

Where Nt = No of tissue cDNA molecules present after amplification.

Not = No of tissue cDNA molecules present at the start of the PCR.

Similarly, for the standard (mimic) cDNA the following equation apply:

ns = nos ( 1+Es ) n

If Es = Et, then for a given number of cycles, n, the following equation is true:

ns / nt = n0s / n 0t

A plot of Ns/Nt vs Nos should theoretically have a gradient of 1/ n0t
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As would be predicted, the ratio of standard template per unknown (tissue) template 

plotted against standard template is a hyperbolic relationship that approaches an 

asymptote when one species is present in vast excess. For this reason the most accurate 

results are obtained when the competitive template and the unknown template are 

amplified at nearly equivalent concentrations. Thus, an initial titration in log 

increments to determine the approximate concentration of the unknown RNA was 

done, then, a finer titration was performed to obtain more accurate results.

However, the main constraints in obtaining quantitative data are inherent in the 

amplification process. Because amplification is (at least initially) an exponential 

process, small differences in any of the variables that control the reaction rate will 

dramatically affect the yield of the PCR product. The number of variables that can 

influence the rate of a PCR include the concentrations of DNA polymerase, dNTPs, 

Mg2+, DNA templates, and primers; annealing, extension, and denaturing temperatures; 

cycle length and cycle number; ramping times; rate of primer-dimer formation; and 

presence of contaminating DNA. Moreover, prior to the amplification process, the 

mRNA needed to be reverse-transcribed into cDNA and the efficiency of this reaction 

has been shown to be highly variable. Quantitative RTPCR provided a technique that 

obviates these problems and allows the precise quantitation of specific mRNA species. 

The strategy involves co-reverse-transcription of the mRNA and the internal standard 

cRNA using the same 3’primer followed by co-amplification of the competitive 

template that uses the same primers as those of the target cDNA. The competitive 

template can be distinguished from the target cDNA after amplification by their 

difference in size.



The advantages of this technique are that 1) quantitation is independent of the many 

variables that affect both the reverse-transcription as well as the amplification, 2 ) it is 

much more sensitive than Northern Blotting or ribonuclease protection assays for 

quantitating specific mRNAs and 3) it is highly specific.

However, two important conditions had to satisfied before the RTPCR assay could be 

assumed to be valid: First, it was necessary to show that the efficiency of reverse 

transcription and subsequent amplification for the standard RNA is identical to that of 

the tissue mRNA. Secondly, it was necessary to show that the RTPCR assay was 

quantitative; in other words, altering the amount of mRNA present at the start of the 

RTPCR (e.g. doubling it) should result in a proportionate change in the amount of the 

product obtained. Both of these conditions were satisfied for the PAI-1 and uPA 

RTPCR assays.

3.4 (b) Discussion: RNA yield from human vessel wall

It was noted that the yield of RNA pg/lOOmg of tissue differed significantly between 

distended 9.8 (2.0) and undistended saphenous veins 17.0 (1.5); p=0.02. A possible 

explanation for this could be that the surgical distension of the saphenous veins would 

have necessarily resulted in aqueous media infiltrating into the wall of the vessel and 

thus adding to its wet weight. As a result the proportion of cell weight to total weight 

would be less for the distended vessels and consequently the yield of RNA would be 

less. It is noteworthy that there was no statistical difference in the yield between 

undistended saphenous veins 17.0 (1.5) and internal mammary arteries 19.6 (2.4); 

p=0.4. The comparatively low yield of RNA from endarterectomy specimens 7.9 (1.1)



is probably a reflection of the fact that atheromatous lesions contain significant 

amounts of acellular material e.g. lipid deposits and extracellular matrix, which 

contributes to weight but not RNA content. Consequently there was significant 

difference in RNA yield between atheromatous endarterectomies and normal arteries 

(internal mammary arteries) 7.9 (1.1) vs 19.6 (2.4); p=0.002

These findings demonstrated the limitations of comparing the quantities of specific 

mRNA (PAI-1 or uPA) between different vessel type by expressing yield of specific 

mRNA as a proportion of tissue weight. In this study the yield of specific mRNA was 

expressed as a proportion of total RNA present.

3.4 (c) Discussion: The effects of surgical preparation of saphenous veins on

their PAI-1 and uPA mRNA content.

Distending saphenous veins, as part of the routine surgical preparation of these vessels 

for use as vascular conduits in coronary artery bypass grafting, results in a significant 

reduction of both PAI-1 mRNA [from 20.8 (2.0) to 11.2 (1.2); p=0.004] and uPA 

mRNA [from 6.3(1.2) to 3.1(0.4); p=0.04]. The cause of this is unknown but there are 

a number of possible explanations. Distension could have removed cellular elements of 

the blood that would have otherwise been adherent on the endothelial surface of the 

vessel; blood monocytes and macrophages are known to contain mRNA to both PAI-1 

and uPA (Hildenbrand et al 1998).

The same argument could be presented for endothelial cells, some of which may be lost 

during the distension process due to the inevitable tearing of the intima (Angelini et al 

1987, Sayers et al 1992). It was also noted that PAI-1 mRNA was present in



significantly greater amounts than uPA mRNA in saphenous vein as a proportion of the 

total RNA extracted from the vessel wall. This relationship holds true whether 

distended (p=0.002) or undistended veins (p < 0.0001) are examined. However the 

ratio of uPA/PAI-1 mRNA measured before and soon after surgical preparation was 

similar 0.30 vs 0.27 respectively. Although at the time of grafting the fibrinolytic 

potential appears unaltered at the mRNA level, it is not possible to say what happens 

once the conduit has been grafted.

3.4 (d) Discussion: Comparison of vascular conduits used for CABG; content

of PAI-1 mRNA and uPA mRNA at the time of grafting.

The content of PAI-1 and uPA mRNA in the vessel wall at the time of grafting could, 

in theory, determine the amount of these proteins present within the wall after the graft 

has been inserted and this may have an effect on graft survival. There were significant 

differences between the two vascular conduits in the content of uPA and PAI-1 mRNA 

levels at the time of grafting. In internal mammary arteries, there was a significantly 

lower level of uPA expression (p=0.0002) and a significantly higher level of PAI-1 

expression (p=0.02) compared to distended saphenous veins. Thus the uPA/PAI-1 ratio 

in distended saphenous veins is much higher than in internal mammary arteries. 

Intuitively, this should result in a lower rate of acute or subacute thrombotic closure of 

distended saphenous veins compared to internal mammary artery conduits. However, 

the rate of acute thrombotic closure in internal mammary artery conduits is less than for 

saphenous vein conduits. This may be a reflection of the fact that whilst vascular uPA 

and PAI-1 may be important for endogenous fibrinolysis, a host of other important 

factors may be more relevant to acute thrombotic closure, e.g. blood flow, exposure of
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the prothrombotic subendothelium in distended saphenous veins, prostacycline 

production, etc. The higher uPA/PAI-1 ratio in distended saphenous veins, with the 

consequent increased vessel wall extracellular proteolytic activity and thus increased 

putative cell migratory potential, may however contribute to the much increased 

tendency of the saphenous veins to undergo vein graft stenosis. When internal 

mammary arteries were compared to undistended normal saphenous veins, there was no 

significant difference in the level of PAI-1 mRNA (p = 0.8), whereas there was a 

significant difference in the amount of uPA mRNA (p = 0.0009).

3.4 (e) Discussion: Comparison between normal and atheromatous arteries

in their content of PAI-1 mRNA and uPA mRNA

Both PAI-1 and uPA expression was found to be significantly greater in atheromatous 

arteries compared to normal internal mammary artery as measured by quantitative 

RTPCR. PAI-1 expression was higher than uPA in both normal internal mammary 

arteries and coronary endarterectomy. This suggests that expression components of the 

plasminogen activator system are upregulated in atheromatous lesion. The uPA/PAI-1 

ratio is also significantly increased in coronary atheroma as compared to internal 

mammary artery. Again, this increased ratio may contribute to the increased 

fibrinolytic activity known to exist in atheromatous lesion (Underwood et al 1993). 

Although the increased uPA/PAI-1 mRNA ratio within the atheromatous vessel wall 

should intuitively also result in less thrombus formation, it is known that fibrin 

deposition and thrombus development at the atheromatous site is a recurrent 

phenomenon (Smith et al, 1986). This may be explained by a number of factors 

including rheology e.g. poor blood flow as well as the altered production of a number
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of other molecules produced by the endothelium. Also, the measured increased 

uPA/PAI-1 ratio does not in itself give us any information as to where within the vessel 

wall this ratio is increased since the ratio was measured on RNA extracts from 

homogenised vessels. In other words, it may be possible that whilst the uPA/PAI-1 

ratio is increased in the vessel wall in total, the actual uPA/ PAI-1 activity ratio on the 

endothelial surface may be the reverse. From the PAI-1 and uPA in-situ hybridisation 

study of atheromatous lesion, see section 2.3.3 (g), it was noted that the expression of 

the molecules was not homogeneous. It is to be expected therefore that the 

atheromatous lesion will have areas within it that has increased extracellular proteolytic 

potential and thus increased cell migratory potential whilst other areas may predispose 

to fibrin deposition and thrombosis.



CHAPTER 4

QUANTITATING SPECIFIC PROTEINS OF THE 

PLASMINOGEN ACTIVATION SYSTEM IN THE 

HUMAN BLOOD VESSEL WALL
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4.1 INTRODUCTION

In the preceding chapters, evidence was presented on the expression and localisation of 

components of the plasminogen activation system in the human blood vessel wall. 

However, measurement of the specific proteins (tPA, uPA, PAI-1 and uPAR) by 

counting the percentages of immunopositive cells was only semi-quantitative. In 

addition, the latter method of quantitating the proteins although specific and sensitive, 

may be misleading as far as the total load of these proteins present in the vessel wall. 

This is because these proteins, in addition to being associated with cells (both 

intracellular and on the cell membrane), are also present within the extracellular matrix. 

For example, in atheromatous lesions there are relatively large acellular areas that are 

immunopositive to these proteins.

In this chapter, work on quantitating tPA, uPA and PAI-1 antigens from samples of 

homogenised human blood vessels (distended saphenous veins, internal mammary 

arteries and endarterectomies from atheromatous lesions) using enzyme linked 

immunosorbent assays (ELISA) is presented. The quantities of these proteins are 

presented as a proportion of the vessel weight as well as a proportion of the total 

protein content of the vessel wall.

4.2. METHODS:

4.2.1 General Methods

4.2.1 (a) Tissue collection and preparation

Fresh blood vessels for this part of the study were collected as described in section 

2.2.1. The blood vessel samples were immediately and thoroughly rinsed in cold TBS
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(filter sterilised, DEPC-treated water) to remove any blood or debris, and divided into 

sections for the different investigations. Tissues allocated for protein (antigen) assays 

were placed in a bijoux, snapped-frozen in liquid nitrogen and stored at -80°C until 

needed.

4.2.1 (b) Tissue homogenisation.

The tissues were weighed and homogenised in 1 ml of acid acetate extraction buffer 

(75 mM acetic acid, 225 mM NaCl, 75 mM KC1, 10 mM EDTA, 100 mM arginine, 

and 0.25% [vol/vol] Triton X-100, pH 4.2) for 3 mins ( 3 periods of 1 minute with 

intervals cooling in ice). The homogenate was transferred to eppendorfs, spun at full 

speed for 15 mins at 4°C, the supernatant filtered using 0.45pm filters and stored at - 

80°C until needed.

4.2.2 Methods: Total protein estimation

The total protein concentration of the vessel wall homogenate was determined by the 

Lowry method (Sigma Diagnostics) with protein precipitation using TCA; filtered 

homogenate (150pl) was added to 850pl of ultrapure water, lOOpl of Na deoxycholate 

(1.5 mg/ml) added, left for 10 minutes, then 100pi of 72% trichloroacetic acid (TCA) 

was added to precipitate the protein. The Eppendorf tubes were spun at 12000 g for 5 

minutes, the supernatant decanted and blotted away. Lowry reagent (1 ml) was added 

to the pellet to dissolve it and this was transferred to a bijoux. A further 1 ml of water 

was added to the eppendorf tubes and this was quantitatively added to the respective 

bijoux and left to stand for 20 minutes. Fiolin & Ciocalteau’s reagent (0.5 ml) was



added to the bijoux, mixed well, left for 30 minutes before transferring to disposable 

cuvettes for spectrophotometric determination at 750 nm. The known protein 

concentration of the vessel wall filtered homogenate was used subsequently to express 

specific protein antigen and activities per pg of total protein.

4.2.3 Methods: Measurement of tPA, uPA and PAI-1 (antigen) levels.

4.2.3 (a) Measurement oftPA antigen.

Tissue plasminogen activator antigen was measured by an enzyme linked

®immunosorbent assay (ELISA) using Imulyse tPA (Biopool) according to the

manufacturer’s instructions. The immunoassay utilises the double antibody principle 

(Bergsdorf et al 1983).

1) Goat anti-human tPA (which was diluted in 0.1M NaHCC>3 to a final

concentration of lOpg/ml) was incubated overnight (16-18 hrs) at 25°C in the 

wells of the assay plate thus coating the wells with the antibody.

2 The contents of the wells were discarded and the wells washed 4 times using PET 

Buffer (PBS-EDTA-Tween, Biopool) for periods of 3 minutes for each wash 

finally emptying the wells.

3 Normal goat serum (150pl of a 12.5pg/ml solution) was added to the test wells 

whilst 150pl of a 12.5pg/ml solution of goat anti-human tPA was added to the 

control wells. (In the test wells, tPA in the blood vessel wall sample binded to the 

coat antibodies whilst in the control wells, the tPA was prevented from binding the
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coat antibodies by the goat anti-human tPA antibodies in solution.

CONTROL TEST

WASH x 4 with (TBS)

FILTERED VESSEL HOMOGENATE (lOfxl)

STOP SOLUTION (50pL)

SUBSTRATE REAGENT (50|uL)

SPECTROPHOTOMETRY at 405 nm

WASH x 4 with (TBS)

ANTI-HUMAN tPA

GOAT NORMAL GOAT

SERUM

RESULTS
\  /

COATING OF WELLS WITH

GOAT ANTI-HUMAN tPA.

CONJUGATE HORSERADISH PEROXIDASE-

LABELLED GOAT ANTI-HUMAN tPA (50fil)

4 Samples (lOjul) of the filtered tissue homogenate of blood vessel wall was added 

to their respective wells (each samples being put into two adjacent wells, the wells 

in the even-numbered columns acting as the controls; see below). The plate was 

incubated for 3 hours at 25°C with gentle agitation.

5 Conjugate (50|xl) was added to the wells and incubated for 2 hours at 25°C with 

gentle agitation.

6 . The contents of the wells were discarded and the wells washed (x4) with PET
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buffer.

7 Substrate (orthophenylenediamine di-HCl) was reconstituted according to the 

manufacturer’s instructions and 2 0 0 pl added to the wells and incubated for 2 0  

minutes in the dark.

8  The reaction was stopped by 4.5 M H2SO4 .

9 Absorbance of the wells were measured on a automated spectrophotometer at

492nm.

The tPA calibration standards were prepared as shown below and to the wells of 

columns 1 and 2  of the assay plate, 1 0  pi of the appropriate standard was added.

tPA standard concentration 
(ng/ml)

Volume ( p i )  of tPA standard 
(30ng/ml)

PET Buffer 
(Ml)

3 0 . 0 1 0 0 p l 0

2 4 . 0 8 0 2 0

1 8 . 0 6 0 4 0

1 2 . 0 4 0 6 0

6 . 0 2 0 8 0

3 . 0 1 0 9 0

1 . 5 5 9 5

0 0 1 0 0

The difference in absorbance between the test and controls for each sample (standards 

or filtered blood vessel homogenate) were calculated; this represent the tPA specific 

part of the response = A Abs. The standard curve was obtained by plotting A Abs 

against the amount of the tPA in the standard dilutions.
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Fig 4.2.3 (a) Standard curve oftPA antigen
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y = 0.02773 + 0.06014x rA2 = 0.99815

An initial titration experiment was needed to determine the quantity of filtered blood 

vessel homogenate needed for the assay in order for the spectrophotometer’s reading to 

lie in the range of the standard tPA concentrations. It was found that for tPA, lOpl of 

the filtered homogenate was adequate. The quantity of tPA antigen in the vessel wall 

was expressed in ng/pg of total protein.

4.2.3 (b) Measurement o f uPA antigen.

Urokinase-type plasminogen activator antigen was measured by ELISA using TintElize 

u-PA® (Biopool) according to the manufacturer’s instructions. The immunoassay



utilises the double antibody principle. The methodology was similar to the tPA ELISA 

detailed above and so it is not reiterated. Again, as was the case with tPA, an initial 

titration experiment was needed to determine the quantity of filtered homogenate 

needed for the assay in order for the spectrophotometer’s reading to lie within the range 

of readings of the uPA antigen standard. It was found that for uPA 30 pi of the filtered 

tissue homogenate were required. The quantity of uPA antigen in the vessel wall was 

expressed in ng/pg of total protein.

4.2 3 (c) Measurement o f  PAI-1 antigen.

PAI-1 antigen was measured by ELISA using TintElize PAI-1 (Biopool) according to 

the manufacturer’s instructions. The methodology (Declerck et al 1993) was similar to 

the tPA ELISA detailed above and so it is not reiterated. Again an initial titration 

experiment was needed to determine the quantity of filtered homogenate needed for the 

assay in order for the spectrophotometer’s reading to lie within the range of readings of 

the PAI-1 antigen standard. It was found that for PAI-1, 10 pi of the filtered 

homogenate were required. The quantity of PAI-1 antigen in the vessel wall was 

expressed in ng/pg of total protein.
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4.3 RESULTS

4.3.1 Results: Conduits used for coronary artery bypass grafting;

comparison between distended saphenous veins and internal mammary arteries 

in their content of tPA, uPA and PAI-1 antigens.

When expressed as a fraction of the total protein content, there were significant 

differences between distended saphenous veins and internal mammary arteries in 

their content of tPA antigen (p=0.009) whilst there were no significant difference 

noted for uPA (p = 0.77) or PAI-1 (p = 0.16), see Table 4.3.1 (a). However, when 

the quantities of these proteins were expressed as a proportion of the weight of tissue, 

significant differences between the two types of surgical conduits were found in their 

content of tPA (p = 0.03) and PAI-1 (p < 0.0001), see Table 4.3.1 (b).

Table 4.3.1(a) Vessel wall content (Mean, SEM) oftPA , uPA and PAI-1 (fig/g total 
protein)__________________________________________________________________

Protein (antigen) Saphenous Veins Internal mammary arteries p value
tPA 3.9 (0.9) n=11 1.2 (0.4) n=8 0.009
uPA 0.07 (0.02) n=16 0.06 (0.01 )n=7 0.77
PAI-1 0.4 (0.1) n=9 0.2 (0.04) n=9 0.16

Table 4.3.1 (b) Vessel wall content (Mean, SEM) o f  tPA, uPA and PAI-1 (ng/g 
tissue)___________________________________________________________________

Protein (antigen) Saphenous Veins Internal mammary arteries p value
tPA 311 (38) n=11 141 (37) n=7 0.03
uPA 4.5 (0.8) n=16 3.9 (0.6) n=7 0.9
PAI-1 72 (11.9) n=9 16.3 (2.5) n=9 <0.0001

4.3.2 Results: Comparison between internal mammary artery and

coronary endarterectomy in their content of tPA, uPA and PAI-1 antigens.

A significantly greater amount of tPA (p = 0.001), uPA (p = 0.0003) and PAI-1 (p = 

0.004) were found in atheromatous endarterectomy samples compared to normal



internal mammary arteries, see 4.3.2 (b). However, when the amounts of these 

antigens are expressed as a fraction of the total protein content, only PAI-1 (p = 

0.004) was found to be significant, see table 4.3.2 (a).

Table 4.3.2 (a) Vessel wall content (Mean, SEM) o f  tPA, uPA and PAI-1 (/ig/g 
total protein)_________ _____________________ ______________________ _______
Protein (Antigen) Endarterectomy Internal mammary 

arteries
p value

tPA (ng / mg total prot) 2.3 (0.4) n=6 1.2 (0.4) n=8 0.11
uPA (ng / mg total prot) 0.08 (0.02) n=11 0.06 (0.03) n=7 0.54
PAI-1 (ng / mg total prot) 2.6 (0.3) n=6 0.2 (0.04) n=9 0.0004

Table 4.3.2 (b) Vessel wall content (Mean, SEM) o f tPA, uPA and PAI-1 (ng/g 
tissue)

Protein (Antigen) Endarterectomy Internal mammary 
arteries

p value

tPA (ng / g tissue) 652 (99) n=6 141 (37) n=7 0.001
uPA (ng /g tissue) 16.4 (2.4) n=11 3.9 (0.6) n=7 0.0003
PAI-1 (ng / g tissue) 272(84) n=6 16.3 (2.4) n=9 0.0004

4.4 DISCUSSION

4.4.1 The immunoassays

The ‘Imulyse tPA’ assay (Biopool), detects single-chain and two-chain tPA in 

complex with PAI-1, PAI-2 or a-2 antiplasmin. ‘TintElize uPA’ assay (Biopool), 

detects scu-PA, HMW uPA (complexed to PAI-1 or PAI-2 or not) and LMW uPA. 

TintElize PAI-1® (Biopool) detects active or latent forms of PAI-1, as well as 

complexes of PAI-1 with tPA or uPA. In other words these immunoassays measured 

the total content of these three proteins in the blood vessel homogenate.



4.4.2 Discussion: Comparison between conduits used for coronary artery

bypass grafting (distended saphenous veins and internal mammary arteries) in 

their content of tPA, uPA and PAI-1 antigens.

There were significant differences between distended saphenous veins and internal 

mammary arteries in their content of tPA antigen when expressed as a fraction of the 

total protein content, whilst there were no significant difference noted for uPA or 

PAI-1, see Table 4.3.1 (a). However, when the results were expressed as a fraction 

of weight of tissue, significant differences were between these two types of surgical 

conduits in their content of both tPA and PAI-1, see Table 4.3.1 (b).

It is difficult to be certain as to why there was a difference in the results when 

expressed with different denominators, i.e. tissue weight and total protein. This lack 

of concordance is particularly evident for PAI-1, where there was a highly significant 

difference in PAI-1 proteins between internal mammary arteries and distended 

saphenous veins. It possible that surgically distending the veins resulted in a large 

amount of other plasma proteins (e.g. albumin) to enter the vessel wall in addition to 

PAI-1. Nevertheless, it is apparent that distended saphenous veins have a higher 

content of tPA and PAI-1 proteins within the vessel wall compared to internal 

mammary arteries at the time of grafting when being used as vascular conduits. 

These results are in broad agreement with the semi-quantitative immuno- 

histochemical findings on tPA and PAI-1 presented in Section 4.2.

However, whilst there was an increased content of uPA protein in the distended 

saphenous veins compared to internal mammary arteries when measured semi-
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quantitatively using immunohistochemistry, this was not noticed with the 

immuno(antigen) assays. This may appear to be a paradox, but it should be borne in 

mind that these two methods of measuring the specific protein levels have some 

fundamental differences. Firstly, different antibodies were used which may have had 

different affinities and thus different sensitivities. Secondly, the semi-quantitative 

immunohistochemical method relied on the percentage of smooth muscle cells in the 

media that were immunopositive. It did not measure the degree of relative positivity 

of the cells, in other words, the amount of protein associated with a particular cell 

could have been a little or a lot, but, the cell was counted as being immunopositive if 

it appeared to take up the DAB stain. Thirdly, the semi-quantitative 

immunohistochemical method looked only at cell positivity of the tunica media of the 

vessel. However, from the immunohistochemistry it was very clear that the 

adventitia was strongly immunopositive for all of these proteins and this antigen load 

would not have been reflected in the semi-quantitative data. A further point worthy 

of mention is that the immunohistochemical method essentially examines for the 

presence of a specific epitope present in the tissue, and, whilst the epitope may be 

present, the protein may be partially degraded and therefore not be measured in the 

specific immuno(antigen) assay.

4.4.3 Discussion: Comparison between internal mammary artery and

coronary endarterectomy in their content of tPA, uPA and PAI-1 antigens.

A significantly greater amount of tPA (p = 0.001), uPA (p = 0.0003) and PAI-1 (p = 

0.004) were found in atheromatous endarterectomy samples compared to normal 

internal mammary arteries, see 4.3.2 (b). However, when the amounts of these
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antigens are expressed as a fraction of the total protein content, only PAI-1 (p = 

0.004) was found to be significant, see table 4.3.2 (a).

The significantly higher levels of tPA, uPA and PAI-1 proteins in the atheromatous 

lesion as compared to normal artery (internal mammary artery) found by this method 

is in concordance with the findings by Padro et al 1995. It is also in keeping with the 

increased immunopositivity found in these immunohistological sections shown in 

Chapter 2 as well as with the findings of higher levels of PAI-1 and uPA mRNA 

found in atheromatous lesions, see Chapter 3.

The method of quantitating specific proteins in the vessel wall by homogenisation of 

the vessel has its limitations. Although an attempt was made to rinse the vessels to 

try and remove as much of blood as possible, there was always blood sometimes with 

thrombi present on the endothelium and in the vasa vasorum. Thrombi and 

advetititia are seen to contain these proteins on immunohistology. In atheromatous 

endarterectomy lesions, there were usually multiple areas containing adherent 

thrombi and these were not forcibly washed off during the preparation of these 

samples for homogenisation. It is therefore possible that in these vessels, the 

quantitation of these proteins were higher than in vessels without adherent clots. In 

some instances, particularly for internal mammary arteries the vessels were dissected 

with a lot of extravascular tissue around them and in these samples, an attempt was 

made to further dissect them away from the extravascular tissues. Another limitation 

of this gross method of quantitating specific proteins is that it does not tell us where 

within the vessel wall were these proteins predominantly present, nor does it tell us



anything about the activities of the proteins. Finally, it has to be recognised that 

differences observed between the atheromatous lesion examined (i.e. coronary 

endarterectomy) and normal IMA, may have been partially due to the fact that these 

vessels were from different vascular beds. Coronary arteries may be intrinsically 

different from internal mammary arteries; for example, they have a greater 

preponderance to develop atheroma unlike the latter.
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CHAPTER 5

QUANTITATING THE ACTIVITIES OF uPA AND PAI-1 

IN THE HUMAN BLOOD VESSEL WALL
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5.1 INTRODUCTION

The proceeding chapters provide evidence of vessel wall expression of tPA, uPA and 

PAI-1 mRNAs, the localisation of these specific mRNAs by in-situ hybridisation, the 

quantitation of tPA, uPA and PAI-1 proteins by immunoassay, and the 

immunohistological localisation of tPA, uPA, PAI-1 as well as uPAR. However the 

presence of both plasminogen activators and plasminogen activator inhibitor makes it 

difficult to predict the activities of these proteins in the walls of the various vessels.

In this chapter, work on quantitating uPA and PAI-1 activities from samples of 

homogenised human blood vessels (distended saphenous veins, internal mammary 

arteries and endarterectomy from atheromatous lesions) using enzyme linked 

immunosorbent activity assays (ELISA) is presented. The ELISA is an antibody 

capture assay, in which the captured protein is then measured functionally. The 

activities of these proteins are presented as a proportion both of the vessel weight as 

well as the total protein content of the vessel wall.

5.2. METHODS:

5.2.1 General Methods

5.2.1 (a) Tissue collection and preparation

Fresh blood vessels for this part of the study was collected as described in section 2.2.1. 

The blood vessel samples were immediately but thoroughly rinsed in cold TBS (filter 

terilised, DEPC-treated water) to remove any blood or debris, and divided into sections 

for the different investigations. Tissues allocated for protein (antigen) assays were 

placed in a bijoux, snapped-frozen in liquid nitrogen and stored at -80°C until needed.
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5.2.1 (b) Tissue homogenisation.

The tissues were weighed and homogenised in 1 ml of acid acetate extraction buffer 

(75 mM acetic acid, 225 mM NaCl, 75 mM KC1, 10 mM EDTA, 100 mM arginine, 

and 0.25% [vol/vol] Triton X-100, pH 4.2) for 3 mins (3 periods of lmin with intervals 

cooling in ice). The homogenate was transferred to eppendorfs, spun at full speed for 

15 mins at 4°C, the supernatant filtered using 0.45|nm filters and stored at -80°C until 

needed.

5.2.1 (c) Total protein estimation

The total protein concentration of the vessel wall homogenate was determined by the 

Lowry method (Sigma Diagnostics) with protein precipitation as was previously 

described in Section 4.2.3 (c).

5.2.2 Methods: Measurement of the fibrinolytic activity

5.2.2 (a) Quantitating uPA activity in the vessel wall

uPA activity was measured using an immunosorbent assay (Jonsson-Berg et al 1989),

®Chromolize uPA (Biopool). Single chain uPA is allowed to quantitatively adsorb to

the micro-test plate wall. After washing away non-adsorbed material with buffer, the 

adsorbed scuPA is activated by the addition of a plasmin solution. The plasmin 

converts scuPA to the active two-chain molecule but does not dislodge it from the 

micro-test plate wall. The plasmin which was added to both the test and control wells 

were subsequently thoroughly washed away before the uPA was determined by adding
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a reagent containing plasminogen, poly-D-lysine and a plasmin sensitive chromogenic 

substrate; the uPA activates the plasminogen to plasmin which in turn cleaves the 

chromogenic substrate to result in a yellow colour which is quantified 

spectrophotometrically by measuring the absorbance at 405nm. The amount of yellow 

colour developed is proportional to the amount of scuPA present in the sample or 

standard. Apart from scu-PA, the assay also responds to the 53kD form of uPA but not 

the 35kD form of uPA.

+

N /
scu-PA.

■ >
tcu-PA

Glu-plasminogen
Nk

Plasmin

D-But-CHT-Lys-pNA
\ /

^  freepNA 

(yellow)

5.2.2 (b) Quantitating PAI-1 activity in the vessel wall

®PAI-1 activity was measured using Spectrolyse (pL) PAI-1 (Biopool) according to the

manufacturer’s instructions. This is based on a two-stage, indirect enzymatic assay, 

Chmielelewska et al 1983. In stage one, a fixed amount of tPA (50pl 40 IU/ml) was 

added to the 50 pi of filtered vessel homogenate (or to the PAI-1 standards) and 

allowed to react for 15 minutes at 25°C with the PAI-1 present. The standards were
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prepared as follows: PAI-1 standard “40” was made up with 50pl tPA/PAI-1 depleted 

plasma plus 50pl assay buffer. PAI-1 standard “0” was made up with 50pl tPA/PAI-1 

depleted plasma plus 50pl of 40 IU/ml tPA. The two standards were prepared in 

triplicates. The sample was then acidified with lOOpl acetate buffer (1.0 mol/L sodium 

acetate buffer, pH 3.0) and mixed for 20 minutes at 37°C to destroy oc2-antiplasmin and 

other plasmin inhibitors which could interfere with the assay, and the sample was 

subsequently diluted with 2.0 ml water. In stage two, the residual tPA activity was 

measured by putting 2 0 jnl of the sample into the micro test plate well and 2 0 0 pl ice 

cold PAR/pL mix (a mixture of Glu-plasminogen, poly-D-lysine and chromogenic 

substrate at neutral pH) was added. The test plate was sealed and incubated at 37°C for 

90 minutes then 50 pi of ‘Stop’ solution was added. The residual tPA activity in the 

samples catalysed the conversion of plasminogen to plasmin, which in turn hydrolysed 

the chromogenic substrate, the amount of colour developed being proportional to the 

amount of tPA activity in the sample. Poly-D-lysine was present as a stimulator of the 

tPA catalysed conversion plasminogen to plasmin. The PAI-1 content of the samples 

was then identified as the difference between the amount of tPA added and the amount 

of tPA found. One unit of PAI-1 activity is defined as the amount of PAI-1 inhibits one 

international unit of human single chain tPA.

5.3 RESULTS

5.3.1 uPA and PAI-1 activities in conduits used for coronary artery bypass 

grafting: comparison between distended saphenous veins and internal 

mammary arteries

When expressed as a proportion of tissue weight, PAI-1 activity was significantly
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lower in surgically distended saphenous veins compared to internal mammary arteries 

at the time of their use as bypass grafts in coronary artery surgery, see Table 5.3.1 (a). 

When expressed as a proportion of total protein extracted form the vessel wall, PAI-1 

activity was also lower in surgically distended saphenous veins compared to internal 

mammary arteries but this did not achieve statistical significance, see Table 5.3.1 (b)\ 

showing Mean and (SEM).

Table 5.3.1 (a) Activities o fuP A  and PAI-1 in vessel wall expressed per weight o f 
tissue

Protein activity Distended Saphenous 
Vein

internal Mammary 
Artery

p value

uPA Act (ng/mg tissue) 0.035 (0.003) n=16 0.047 (0.007) n=11 0.25
PAI-1 Act(U/mgtissue) 1.5 (0.2) n=15 6.5 (0.9) n=10 <0.0001

Table 5.3.1 (b) Activities o fuP A  and PAI-1 in vessel wall expressed per amount o f  
total protein in tissue _____________________ _____________________ __________

Protein activity Distended Saphenous 
Vein

Internal Mammary 
Artery

p value

uPA Act(ng/mg t prot) 0.58 (0.14) n=16 0.35 (0.09) n=9 0.20
PAI-1 Act(U/mg t prot) 23.5 (5.5) n=15 28.6 (5.8) n=9 0.39

5.3.2 uPA and PAI-1 activities in normal and atheromatous arteries; 

comparison between internal mammary artery and atheromatous endarterectomy

When expressed as a proportion of tissue weight or as a proportion of total protein 

extracted form the vessel wall, PAI-1 activity was significantly lower in 

atheromatous endarterectomy compared to normal internal mammary arteries, see 

Table 5.3.2 (a) and (b). There was no statistical difference in uPA activity between 

atheromatous endarterectomy and normal internal mammary artery.



161

Table 5.3.2 (a) Activities o f  uPA and PAI-1 in vessel wall expressed per weight o f  
tissue

Protein activity Internal Mammary 
Artery

Endarterectomy p value

uPA Act (ng/mg tissue) 0.047(0.007) n=11 0.036 (0.011) n=7 0.29
PAI-1 Act(U/mgtissue) 6.5 (0.9) n=10 1.1 (0.2) n=7 0.0002

Table 5.3.2 (b) Activities o fuP A  and PAI-1 in vessel wall expressed per amount o f  
total protein in tissue _______________________ ____________________ _________

Protein activity internal Mammary Artery Endarterectomy p value
uPA Act(ng/mg t prot) 0.35 (0.09) n=9 0.43 (0.11) n=7 0.05
PAI-1 Act(U/mg t prot) 28.6 (5.8) n=9 12.7 (2.1) n=7 0.54

5.4 DISCUSSION

5.4.1 The immuno-activity assays

The Chromolyse uPA activity assay (Biopool), detects scu-PA, the 53 kD form of

®uPA, but not the 35kD form of uPA. Spectrolyse (pL) PAI-1 (Biopool) detects PAI-1 

activity. tPA activity was not measured due to limitation of time. Unlike the 

immuno-antigen assays, which measured the presence of a specific protein epitope, 

the immunoactivity assays used measured the active content of the specific proteins 

in the blood vessel homogenate.

5.4.1 Discussion: uPA and PAI-1 activities in conduits used for coronary

artery bypass grafting: comparison between distended saphenous veins and 

internal mammary arteries

When expressed as a proportion of tissue weight, PAI-1 activity was significantly 

lower in surgically distended saphenous veins compared to internal mammary arteries 

at the time of their use as bypass grafts in coronary artery surgery, (p< 0 .0 0 0 1 ) see 

Table 5.3.1 (a). When expressed as a proportion of total protein extracted form the
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vessel wall, PAI-1 activity was also lower in surgically distended saphenous veins 

compared to internal mammary arteries but this did not achieve statistical 

significance, (p = 0.2) see Table 5.3.1 (b). The lower PAI-1 activities in the 

distended saphenous veins is somewhat surprising in view of the findings of both the 

immunohistochemical and immuno(antigen) assay studies presented in Sections 2.3.1 

(f) and 4.3.1 respectively. A possible explanation could however be that the higher 

level of tPA antigen seen immunohistochemically in these distended veins resulted in 

the lowering of the PAI-1 activity. A study comparing tPA activities between 

distended saphenous veins and internal mammary artery would help in addressing 

this issue. Although uPA immunostaining was found to be significantly increased in 

distended saphenous veins compared to internal mammary arteries and there was a 

non significant increase when immuno(antigen) assay was used (Section 4.3.1), there 

was no significant difference in uPA activities found. Again, it is difficult to give an 

explanation on these findings given the difference in PAI-1 activities and the absence 

of data on tPA activity.

5.4.2 Discussion: uPA and PAI-1 activities in normal and

atheromatous arteries; comparison between internal mammary artery and 

atheromatous endarterectomy

Whilst there was no statistical difference in uPA activity between atheromatous 

endarterectomy and normal internal mammary artery (either expressed as a 

proportion of tissue weight or as a proportion of total protein extracted) from the 

vessel wall, PAI-1 activity was significantly lower in atheromatous endarterectomy 

samples compared to normal internal mammary arteries, see Table 5.3.2 (a) and (b).
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This was somewhat surprising given the previous findings of greater PAI-1 antigen 

levels present in atheroma on the immuno(antigen) assay as well as the 

immunohistochemistry. The more modest increased levels of tPA in atheroma could 

help to explain this apparent anomaly. The lower PAI-1 activity in atheromatous 

endarterectomy could provide an explanation for the increased fibrinolytic activity of 

atheromatous lesions as measured by the fibrin plate method (Underwood et al 1995).

The methodology of assessing the specific protein activities within the vessel wall 

using vessel homogenates clearly has intrinsic limitations. It measures the activity of 

the vessel wall as a whole and does not give any information on where in the vessel 

wall the protein activity resides e.g. endothelium, neointima, media and/or adventitia. 

Information on localisation of the specific protein activities can be obtained from in- 

situ zymography.
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CHAPTER 6

THE PLASMINOGEN ACTIVATION SYSTEM IN THE 

SAPHENOUS VEIN ORGAN CULTURE MODEL OF 

INTIMAL HYPERPLASIA
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6.1 INTRODUCTION

The natural history of aorto-coronary saphenous vein grafts has been well documented. 

During the first post-operative month, approximately 14% of grafts may occlude as a 

consequence of thrombosis (Sanz et al 1990). At the end of the first post-operative 

year, between 13-25% of grafts become occluded (Grondin et al 1984, FitzGibbon et al 

1991). Although this may be related to thrombosis, an increasing proportion of graft- 

failures is secondary to intimal hyperplasia (Batayias et al 1977). During the next five 

post-operative years, further intimal hyperplasia occurs and the attrition rate during this 

time period is approximately 2% per year. (Bourassa et al 1991). Saphenous vein graft 

surviving beyond five years develop the changes associated with atherosclerosis such as 

necrosis, haemorrhage, calcification and thrombosis (Mautner et al 1992, Bulkey & 

Hutchins 1977) but with important differences; saphenous vein atherosclerosis is 

typically diffuse, concentric, usually do not have fibrous caps and usually contain a 

heavy inflammatory infiltrate (Lytle et al 1992, Ratliff and Myles 1992)

6.1.1 Blood vessel organ culture

Organ culture of saphenous veins results in the proliferation and migration of smooth 

muscle cells as well as the secretion of extracellular matrix by the latter cells. These 

are processes known to be central to the development of vein graft stenosis, 

atherogenesis and restenosis post angioplasty. Hence organ culture of saphenous veins 

may be a useful model for studying the changes within the vessel wall that occurs 

during the development of intimal hyperplasia.

The first report of vessel organ culture was in 1959 by Trowell et al, who showed that



lengths of mesenteric arteries could be maintained in culture with no evidence of cell 

death. This is perhaps not surprising since nutrients only have a small distance to 

diffuse and vessels are already adapted to this mode of nutrient transfer, making them 

ideal for organ culture. Barett et al 1979 described the intimally directed proliferation 

of smooth muscle cells in an organ culture of human aorta. The requirement for the 

endothelium to be present in order for intimal hyperplasia to develop in a porcine organ 

culture model was demonstrated by Koo et al 1989. Subsequently, it was shown that 

intimal thickening and smooth muscle proliferation was reduced in de-endothelialised 

human internal mammary arteries compared to their controls with intact endothelium 

(Holt et al 1992).

The use of organ culture of human saphenous veins as a model for saphenous vein graft 

intimal hyperplasia was originally described by Soyombo et al 1990. They 

demonstrated the migration of proliferating smooth muscle cells was intimally directed 

resulting in a neointima as it is in vein grafts and in atherosclerotic arteries. However 

there were low levels of staining for elastin and absence of organised elastic fibres. In 

this respect the model does not entirely mimic arteriovenous bypass grafting. Another 

observation made by this group was the presence of endothelial microlumeni within the 

neointima, a feature sometime seen in advanced atherosclerotic lesions (Gown et al 

1986) and described in rabbit veins transplanted into the carotid arterial circulation 

(Zwolak et al 1987).

For this project, the use of the vein culture model for studying changes in the 

plasminogen activator system during the development of intimal hyperplasia was an
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attractive one for a number of reasons. It was relatively easy both to obtain human 

saphenous veins and to set up the veins in culture. The length of time it takes for the 

neointima to develop is relatively short and, unlike isolated smooth muscle cell 

experiments, the structural elements of endothelium, smooth muscle cells and 

extracellular matrix are relatively preserved. In addition, this model is based on human 

tissue. There are a number of studies showing important differences between intimal 

hyperplasia development in humans and in animal models (Ferrel et al 1992 and Park et 

al 1993). Finally, experiments focusing on arterial intimal hyperplasia may not be 

wholly relevant to vein graft stenosis (Yang et al 1991, Predel et al 1992, Davies et al 

1993)

In this chapter, work is presented on the organ culturing human saphenous veins, on 

further immunohistological characterisation of the model, on documentation of 

expression of tPA, uPA and PAI-1 mRNA by both RTPCR of vessel wall homogenates 

as well as mRNA in-situ hybridisation, on immunohistochemical findings using 

antibodies against tPA, uPA, PAI-1 and uPAR and finally on immuno(antigen)- as well 

as immuno(activity)-assays on vessel wall homogenates.

6.2 METHODS

6.2.1 Saphenous vein organ culture

Fresh surplus samples of distended saphenous veins (n=16) were obtained at operation 

from patients undergoing coronary artery bypass grafting. The samples were 

transported to the laboratory at room temperature in calcium-free Krebs solution (NaCl 

6.9g, KC1 0.34g, M gS04.7H20  0.25g, KH2P 0 4 0.14g, NaHCQ3 2.1g, glucose 1.08g; in
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1 litre of H20 ) and set up in culture within 4 hours. Exercising great care to keep 

handling to a minimum, the excess adventitial tissue was dissected off using fine 

forceps and micro-scissors whilst the vein remained immersed in the calcium-free 

Krebs solution. The damaged ends of the veins were removed using a clean scalpel 

blade and discarded. The remaining piece of vein was divided into 5mm segments and 

opened out endothelial surface uppermost. Veins were set up in culture by transferring 

them to vein culture dishes that were made up using Pyrex 60 x 20mm dishes into 

which sylgard 184 resin (Dow Coming Ltd, Belgium) was set at a depth of 5 mm. The 

vein segment was extended to approximately its in-situ length (with the endothelial 

surface uppermost) by pinning them onto a coarse polyester cloth (P500, Henry Simon, 

Cheshire, UK.) using 4 minuten A l pins (Watkins & Doncaster, Kent, UK). The veins 

were then immersed in 6 mis of vein culture medium. The vein culture medium was 

composed of the following i) RMPI 1640 tissue culture medium (Northumbria 

Biologicals Ltd, Cramington, UK), ii) foetal calf serum 30% v/v. iii) Penicillin 50 

U/ml, Streptomycin 50pg/ml (Sigma, Poole, Dorset) and iv) L-glutamine 2 

mM.(Northumbria Biologicals, Cramington). The organ culture was performed in a 

humidified chamber (Queue Systems, West Virginia, USA) at 37°C equilibrated with 

5% (v/v) C02 in air, the medium being replaced with fresh medium every 48-72 hours.
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Fig 6.2.1 (a) Saphenous vein being cleared o f excess adventitial tissue

Fig 6.2.1 (b) Human saphenous vein preparedfor organ culture

6.2.2 Methods: Immunohistological characterisation of the human

saphenous vein organ culture in-vitro model; comparison to ex-vivo saphenous 

vein graft stenosis

Before the vein culture model is used to investigate the changes in the plasminogen 

activation system during the development of intimal hyperplasia, it was necessary to
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demonstrate that the model closely resembles saphenous vein intimal hyperplasia in 

vivo. The saphenous vein organ culture model is a relatively new model and it has not 

yet been fully characterised. An attempt was therefore made to characterise it further 

immunohistologically and the findings were compared with the in-vivo venous intimal 

hyperplasia of ex-vivo femoro-saphenous vein grafts (n=3), which had failed due to 

graft stenosis and had to be re-grafted. The immunohistochemical study was performed 

to identify the different cellular phenotypes present in the vein wall and the temporo- 

spatial changes that occurred during the development of intimal hyperplasia. The panel 

of monoclonal antibodies used were CD 31 and Factor VUI related antigen to identify 

endothelial cells; a-actin, desmin, vimentin for smooth muscle cell phenotypes, 

vimentin for fibroblasts, CD 68 for macrophages, CD45 for lymphocytes and Ki67 for 

proliferating cells. The vein was cultured for specified time periods (0-21 days) and the 

temporo-spatial relationship of intimal hyperplasia development and the changes in cell 

phenotype were observed. The conditions used for the immunohistochemical study are 

summarised below.
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Table 6.2,2 Panel o f antibodies used to identify cell phenotypes in the human saphenous vein organ culture

Epitope Cell Company Identity no Origin Working Conditions for primary incubation

a-Actin SMC Dako M 0851 Mouse 1:400 Overnight 4°C

vWF EC Dako A 080 Rabbit 1:200 Prior trypsin digestion, overnight at 4°C

CD31 EC Dako M 0823 Mouse 1:50 Prior trypsin digestion, overnight at 4°C

Vimentin SMC, EC Dako Vim 3B4 Mouse 1:100 1 hour at room temperature

Desmin SMC Dako DE-R-11 Mouse 1:250 Overnight at 4°C

CD68 Macrophage Dako PG-M1 Mouse 1:100 Overnight at 4°C

Ki67 Proliferating Dako Ki67 Mouse 1:200 Overnight at 4°C

CD45 Lymphocyte Dako M 0701 Mouse 1:25 Overnight at 4°C
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6.2.3 Methods: Immunohistological study of tPA, uPA, PAI-1, and uPAR

in the human saphenous vein organ culture model of intimal hyperplasia

Immunohistochemical studies were performed on organ cultures from saphenous veins 

(n=16), their uncultured controls (n=16) and saphenous vein graft stesoses (n=3) using 

monoclonal antibodies to tPA, uPA, uPAR, and PAI-1. The conditions used in the 

immunohistochemical protocol were the same as summarised in Table 2.2.2 (a). 

Surgically distended saphenous veins were organ-cultured for 0-21 days to assess 

temporo-spatial changes of the PAS in the vessel wall during the development of 

intimal hyperplasia. In this histological study cultured veins were qualitatively 

compared to their uncultured control as well as the saphenous vein graft stenoses (n=3).

6.2.4 Methods: Quantitating tPA, uPA and PAI-1 proteins in the vessel wall

using immuno(antigen) assays

Following the organ culturing process, samples of saphenous veins were rinsed in 

normal saline to wash away any serum, snap-frozen in liquid nitrogen and stored at - 

80°C until needed. The samples were weighed then homogenised in acetate buffer as 

described previously in Section 4.2.1 (b). The total protein was determined as 

previously described in Section 4.2.1 (c) and the tPA, uPA and PAI-1 antigens were 

quantified as previously described in Chapter 4.

6.2.5 Methods: Quantitating uPA and PAI-1 activities in the vessel wall 

using immuno(activity) assays

Following the organ culturing process, samples of saphenous veins were rinsed in 

normal saline to wash away any serum, snap-frozen in liquid nitrogen and stored at -



80°C until needed. The samples were weighed then homogenised in acetate buffer as 

described previously in Section 4.2.1 (b). The total protein was determined as 

previously described in Section 4.2.1 (c) and the uPA and PAI-1 activities were 

quantified as previously described in Chapter 5.

6.2.6 Methods: mRNA expression of tPA, uPA and PAI-1 in the human 

saphenous vein organ culture model

Two approaches were used to detect the presence of mRNA to tPA, uPA and PAI-1 in 

the vein culture, namely, RTPCR of total RNA extracted from the cultured vein, and 

mRNA in- situ hybridisation.

6.2.6 (a) RTPCR o f RNA extracted from  saphenous vein organ culture

The sample of saphenous vein allocated for RTPCR was snap-frozen in liquid nitrogen 

and stored at -80°C until needed. The protocols used for the total RNA extraction and 

RTPCR of vein cultures were exactly as described previously for blood vessels to 

detect tPA, uPA and PAI-1, see Sections 3.2.4 and 3.2.13. The RTPCR products were 

separated by agarose gel electrophoresis and size determined using KB ladder (Gibco 

BRL) as described in Section 3.2.113 (c) I.

6.2.6 (b) mRNA in situ hybridisation study o f  saphenous vein organ culture

After the culturing process a sample of the vessel was placed in 10% formaldehyde in 

saline and fixed at 4°C overnight. The protocol used for the in-situ hybridisation was 

as described previously in Section 2.2.3.
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6.3 RESULTS

6.3.1 Immunohistological characterisation of the saphenous vein organ culture; 

comparison with normal uncultured (control) veins and saphenous vein graft stenosis.

All the saphenous veins organ-culture for 2 weeks (n=16) developed a thick neointimal 

layer of spindle-shaped cells which overlaid the media as shown in the H&E stained 

section in Fig 6.3.1(a) II below. The media of the vessel walls were still recognisable but 

were depleted of smooth muscle cells suggesting that migration of these cells were 

intimally directed and occurred during the formation of the neointima. The saphenous vein 

graft stenoses (n=3) (an example shown in Fig 6.3.1 (a) HI) all contained a neointima 

which compromised the lumen. The neointimal cells were seen on higher magnification to 

be either spindle-shaped or stellate-shaped. As in all the control veins, all the vein cultures 

and the vein graft stenoses were lined by endothelium. In contrast to normal saphenous 

veins, the lumenal diameter of saphenous veins which had undergone arterialised vein graft 

stenosis was considerably smaller whilst the cross sectional area of the vessel was 

considerably larger indicating that the vessels had undergone an adaptive remodelling 

process during the development of graft stenosis.

6.3.1 (a) H& E staining 

(I) Saphenous vein control (Il)Saphenous vein organ culture (III) Vein graft stenosis
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Figures 6.3.1 (b) II demonstrates the universal finding (seen in all 16 samples) that the 

spindle-shaped cells of the neointima of the saphenous vein organ culture consists of a- 

actin positive smooth muscle cells. The internal elastic lamina stained blue by Miller’s 

reagent is seen to be flimsy and discontinuous. The thick medial layer of smooth muscle 

cells seen in the uncultured control saphenous vein (see Fig 6.3.1 (b) I) is replaced by a 

media much depleted of a-actin positive cells in the vein culture. The very thick layer of 

neointima in the vein graft stenosis (Fig 6.3.1 (b) El) consists of a-actin positive cells. On 

higher magnification these cells are seen to be both spindle-shaped and stellate-shaped 

whilst the media is seen to be diminished in thickness compared to the usual thickness one 

would expect to see in normal saphenous veins.

6.3.1 (b) a-actin/Miller’s stain 

(I) Saphenous vein control (Il)Saphenous vein organ culture (III) Vein graft stenosis

Immunostaining for CD31 as shown in Fig 6.3.1 (c), demonstrated the presence of 

endothelial cells overlying the neointima of all the saphenous veins in organ culture. This 

neointima was also found to have numerous endothelial cells some of which were isolated 

whilst others appeared to be arranged as tubular structures. CD31 immunostaining of
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uncultured (control) saphenous veins demonstrated the presence of endothelium as 

expected, but unlike the organ culture, there was the absence of positive immunostaining in 

the rest of the intima, and, in particular there was the absence of these tubular endothelial 

structures. In the saphenous vein graft stenosis, in addition to the positive immunostaining 

on its endothelium, CD31 immunostaining was also positive deep within the neointima 

presumably indicating neovascularisation within this type of vessel.

6.3.1 (c) CD 31 immunostaining 

(I) Saphenous vein control (Il)Saphenous vein organ culture (III) Vein graft stenosis

■r yx

Immunostaining for Factor VIII, Fig 6.3.1(d), was associated with endothelial cells as was 

seen for CD31 immunostaining, but, unlike the latter, Factor VIII staining was also 

abundant in the extracellular spaces of the neointima of both the saphenous vein culture as 

well as the saphenous vein graft stenosis.
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6.3.1 (d) Factor VIII immunostaining

(I) Saphenous vein control (Il)Saphenous vein organ culture (III) Vein graft stenosis

Whereas control vein and vein culture did not show staining for CD45 (for lymphocytes), 

there was some positive staining in the adventitia of the saphenous vein graft stenosis.

6.3.1 (e) CD 45 immunostaining 

(I) Saphenous vein control (Il)Saphenous vein organ culture (III) Vein graft stenosis
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6.3.1 (f) CD 68 immunostaining

(I) Saphenous vein control (Il)Saphenous vein organ culture (111) Vein graft stenosis

Similarly, whereas control vein and vein culture universally did not show staining for 

CD68 (for macrophages), there was some positive staining in the adventitia of one of the 

three saphenous vein graft stenosis samples.

There were significant phenotypic changes in smooth muscle cells noted during the 

development of intimal hyperplasia in the saphenous vein organ culture. These changes 

were exemplified by immunostaining for two intermediate filaments, desmin and vimentin. 

Desmin immunostaining was very strong in the media of all the normal control saphenous 

veins as shown in Fig 6.3.1 (g) I. However desmin immunostaining was largely absent in 

the intimal hyperplasia both of saphenous veins in organ culture (present in only 2 of 16 

vessels cultured for 2 weeks) and saphenous vein graft stenosis (in a few isolated cells in 

all three samples), see Figs 6.3.1 (g) II and 6.3.1 (g) in respectively. Interestingly, desmin 

immunostaining could be found, albeit at a greatly reduced amount, in the media of all 

three vein graft stenoses. In all 16 uncultured control saphenous veins, vimentin
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immunostaining was largely absent from both saphenous vein culture and saphenous vein

graft stenosis.

6.3.1 (g) Desmin immunostaining 

(I) Saphenous vein control (Il)Saphenous vein organ culture

6.3.1 (h) Vimentin immunostaining 

(I) Saphenous vein control (Il)Saphenous vein organ culture

(III) Vein graft stenosis

(III) Vein graft stenosis
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6.3.2 Results: Immunohistological study of tPA, uPA, PAI-1 and uPAR in

saphenous veins in organ culture.

6.3.2 (a) tPA imunostaining 

(I) Saphenous vein control (Il)Saphenous vein organ culture (III) Vein graft stenosis

tPA immunostaining is increased in the smooth muscle cells of the neointima both of all 

saphenous veins cultured for 2 weeks as well as all 3 saphenous vein graft stenoses 

compared to the smooth muscle cells of normal undistended saphenous veins. The degree of 

tPA staining of the media of saphenous vein graft stenosis is similar to that of normal 

undistended saphenous veins. tPA staining is also present on the endothelium of all of these 

three types of vessels.

uPA immunostaining is increased in the smooth muscle cells of the neointima of all 

saphenous veins cultured for 2 weeks as well as all 3 saphenous vein graft stenoses 

compared to the smooth muscle cells of undistended saphenous veins. The extent of uPA 

staining of the media of the saphenous vein graft stenosis, is similar to that of normal 

undistended saphenous veins. uPA staining is also present on the endothelium of all of these 

three types of vessels.
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6.3.2 (b) uPA immunostaining

(I) Saphenous vein control (Il)Saphenous vein organ culture (III) Vein graft stenosis

6.3.2 (c) PAI-1 immunostaining 

(I) Saphenous vein control (Il)Saphenous vein organ culture (III) Vein graft stenosis

PAI-1 staining is present on the endothelium of saphenous veins, saphenous vein graft 

stenosis and saphenous veins in culture with the degree of immunostaining greatly increased 

in the case of the latter. However, PAI-1 staining was reduced in the smooth muscle cells of
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the neointima of both the saphenous vein graft graft stenosis and saphenous vein organ 

culture compared to normal native saphenous veins.

6.3.2 (d) uPAR immunostaining 

(I) Saphenous vein control (Il)Saphenous vein organ culture (III) Vein graft stenosis

As was found with tPA and uPA, uPAR immunostaining is increased in smooth muscle 

cells of the neointima both of saphenous veins cultured for 14 days (n=16) as well as the 

saphenous vein graft stenoses (n=3) compared to the smooth muscle cells of undistended 

saphenous veins. The degree of uPAR staining of the media of the saphenous vein graft 

stenosis is comparable to that of normal undistended saphenous veins. uPAR staining is also 

present on the endothelium of all of these three types of vessels.

6.3.3 Results; Immuno(antigen) assays of tPA, uPA and PAI-1 in saphenous 

veins in organ culture.

When expressed as a fraction of total protein content, there was significantly less tPA 

antigen and significantly more PAI-1 antigen in organ-cultured saphenous veins compared 

to distended saphenous veins, p=0.019 and p<0.0001 respectively (unpaired), see Table 6.3.3
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(a), showing the Mean and (SEM). uPA antigen was not significantly different between the

distended saphenous veins and organ-cultured saphenous veins (unpaired).

Table 6.3.3 (a) Content of tPA, uPA and PAI-1 antigens in distended saphenous

Distended SV SV culture p value
tPA Ag (pg/g total protein) 3.9(0.9) n=11 1.3 (0.4) n=5 0.019
uPA Ag (pg /g total protein) 0.07 (0.02) n=16 0.1 (0.06) n=9 0.64
PAI-1 Ag (pg/g total protein) 0.4 (0.1) n=9 12.0 (5.4) n=9 <0.0001

When expressed as a fraction of tissue weight, there was significantly greater PAI-1 antigen 

in organ-cultured saphenous veins compared to distended saphenous veins, p<0.0001, 

(unpaired) see Table 6.3.3 (b). uPA and tPA antigens were not significantly different 

between the distended saphenous veins and organ-cultured saphenous veins (unpaired).

Table 6.3.3 (b) Content of tPA, uPA and PAI-1 antigens in distended saphenous veins 
and saphenous veins in organ culture expressed per quantity of tissue weight__________

Distended SV SV culture p value
tPA Ag (ng/g tissue) 310.7(37.9) n=11 291.8(90.0) n=5 0.66
uPA Ag (ng/g tissue) 4.5 (0.8) n=16 6.2 (1.2) n=9 0.23
PAI-1 Ag (ng/g tissue) 72 (11.9) n=9 609 (73) n=9 <0.0001

6.3.4 Results: Immuno(activity) assays of uPA and PAI-1 in distended

saphenous veins and saphenous veins in organ culture.

uPA activity was found to be significantly greater in saphenous veins undergoing organ 

culture compared to uncultured surgically distended saphenous veins (unpaired 

comparison), see Table 6.3.4 (a) below. When expressed as a proportion of total protein, 

uPA activity was also greater in the vein culture but this did not achieve statistical 

significance. An explanation of this apparent discrepancy is given in the discussion section 

of this chapter. PAI-1 activities were not found to be significantly different between vien 

culture and native distended saphenous veins.
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(a), showing the Mean and (SEM). uPA antigen was not significantly different between the 

distended saphenous veins and organ-cultured saphenous veins (unpaired).

Table 6.3.3 (a) Content o f  tPA, uPA and PAI-1 antigens in distended saphenous

Distended SV SV culture p value
tPA Ag (pg/g total protein) 3.9(0.9) n=11 1.3 (0.4) n=5 0.019
uPA Ag (pg /g total protein) 0.07 (0.02) n=16 0.1 (0.06) n=9 0.64
PAI-1 Ag (pg/g total protein) 0.4 (0.1) n=9 12.0 (5.4) n=9 <0.0001

When expressed as a fraction of tissue weight, there was significantly greater PAI-1 antigen 

in organ-cultured saphenous veins compared to distended saphenous veins, p<0.0001, 

(unpaired) see Table 6.3.3 (b). uPA and tPA antigens were not significantly different 

between the distended saphenous veins and organ-cultured saphenous veins (unpaired).

Table 6.3.3 (b) Content o f  tPA , uPA and PAI-1 antigens in distended saphenous veins 
and saphenous veins in organ culture expressed per quantity o f  tissue weight__________

Distended SV SV culture p value
tPA Ag (ng/g tissue) 310.7(37.9) n=11 291.8(90.0) n=5 0.66
uPA Ag (ng/g tissue) 4.5 (0.8) n=16 6.2 (1.2) n=9 0.23
PAI-1 Ag (ng/g tissue) 72 (11.9) n=9 609 (73) n=9 <0.0001

6.3.4 Results: Immuno(activity) assays of uPA and PAI-1 in distended

saphenous veins and saphenous veins in organ culture.

uPA activity was found to be significantly greater in saphenous veins undergoing organ 

culture compared to uncultured surgically distended saphenous veins (unpaired 

comparison), see Table 6.3.4 (a) below. When expressed as a proportion of total protein, 

uPA activity was also greater in the vein culture but this did not achieve statistical 

significance. An explanation of this apparent discrepancy is given in the discussion section 

of this chapter. PAI-1 activities were not found to be significantly different between vien 

culture and native distended saphenous veins.
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Table 6.3.4 (a) uPA and PAI-1 activities [Mean (SEM)] in distended saphenous veins 
and saphenous veins in organ culture expressed per weight o f  tissue.________ _________

Distended SV SV culture p value
uPA Activity (ng/g tissue) 34.9(3.1) n=16 58.9 (6.3) n=9 Sii
PAI-1 Activity (U x103/g tissue) 1.5 (0.2) n=15 2.3 (0.4) n=10 0.16

Table 6.3.4 (b) uPA and PAI-1 ac 
veins in organ culture expressed per

tivities in distended saphenous veins and saphenous 
lOmg o f  total protein.

Distended SV SV culture p value
uPA Activity (ng/g total protein) 0.6 (0.1) n=16 1.2 (0.5) n=9 0.25
PAI-1 Activity (U x 103/g total protein) 23.5 (5.5)  n=15 23.5(7.1) n=9 0.91

6.3.5 (a) Results: Detection of tPA, uPA and PAI-1 mRNA expression in

saphenous veins in organ culture using RTPCR of vessel wall homogenate

The RNA extracted from organ cultured saphenous veins were used in RTPCR using the 

specific primers as previously described in Section 3.2.13. The appropriate bands were 

seen on ethidium stained agarose gels under ultra-violet light confirming expression of 

these mRNA species in the vessels that underwent vein culture.

6.3.5 (b) Results: Detection of mRNA expression in saphenous veins in organ

culture using in-situ hybridisation.

In-situ hybridisations for tPA, uPA and PAI-1 were performed on 14 day saphenous vein 

organ cultures. At this time point only PAI-1 mRNA signal was detected and this was 

strong on the endothelium but largely absent in the underlying neointima.
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Fig 6.3.5 PAI-1 mRNA on insitu hybridisation in saphenous vein organ culture

*

h

6.4 DISCUSSION

6.4.1 Suitability of the saphenous vein organ culture model in studying the changes 

in the plasminogen activation system in intimal hyperplasia.

Since the saphenous vein organ culture model was to be used to investigate the 

temporospatial changes in expression of components of the plasminogen activation system, 

and, since this model had not been fully characterised, an attempt was made to characterise 

the cell phenotypes using a panel of monoclonal antibodies in immunohistological studies. 

Like others, (Barrett et al 1979,and Soyombo et al 1990), we also observed that the 

migrating smooth muscle cells were intimally directed. The use of desmin, vimentin and a- 

actin immunohistology demonstrated a close similarity between the model and ex-vivo 

saphenous vein graft stenosis. Both desmin and vimentin immunopositivity of the smooth 

muscle cells within the neointima were greatly reduced in whilst a-actin staining was 

unchanged. Interestingly, desmin immunostaining could be found, albeit at a greatly
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reduced amount, in the ‘old’ media of the vein graft. This is in keeping with desmin being 

associated with contractile smooth muscle cell phenotype (Johansson et al 1999). The 

concordance between the vein organ culture model and ex-vivo saphenous vein graft 

stenosis was further demonstrated with vWF immuostaining; the vWF immunostaining 

was not only present on the endothelium but extended deep into the extracellular tissue of 

the neointima of both vein culture and vein graft stenosis, but not in native undistended 

saphenous veins. In keeping with Soyombo et al 1990, both vWF and CD31 

immunostaining demonstrated the presence of multiple tubular endothelial structures 

within and underneath the neointima of saphenous veins undergoing organ culture. This 

may suggest that the saphenous vein organ culture, in addition to its use as a model for 

studying intimal hyperplasia development, also has the potential for use as a model to study 

angiogenesis and neovascularisation. However, immunostaining against CD45 (leucocyte 

common antigen), and CD68 was present in vein graft stenosis indicating the presence of 

macrophages; these antigens were not seen in normal saphenous veins and consequently 

not present in vein organ culture. In addition, the cells within the neointima of the organ 

culture model were seen to be closely packed without much extracellular matrix. In 

summary therefore, whilst the vein organ culture model shares a number of similarities 

with in-vivo venous intimal hyperplasia, there are differences which may be important.

6.4.2 Discussion: The effects of organ culturing saphenous veins on the

expression of the PAS; similarities to in-vivo saphenous vein graft stenosis.

Increased immunostaining to tPA, uPA and uPAR was associated with the smooth muscle 

cells of the neointima of all the saphenous veins in culture (n=16) as well as all the 

saphenous vein graft stenosis (n=3) compared to the smooth muscle cells of normal
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undistended saphenous veins (n=16). The increase was observed immunohistologically as 

early as 3 days of vein organ culture and persisted at 3 weeks; the longest time point the 

saphenous veins were cultured. Unlike the three mentioned proteins, PAI-1 immunostaining 

was much less apparent within the neointima of all the organ-cultured veins and saphenous 

vein graft stenoses. In the vein organ culture, smooth muscle cells (with their long axes 

perpendicular to the cells of both the media and the neointima) that appeared to be migrating 

to form the neointima, were associated with increased uPA and uPAR immunostaining, see 

Figs 6.3.2 (b)(H) and 6.3.2 (d)(II). The degree of immunostaining of smooth muscle cells of 

tPA, uPA, PAI-1 and uPAR in the media of the saphenous vein graft stenosis is comparable 

to that of the media of normal undistended saphenous veins.

All four proteins were present on the endothelium of all three types of vessels mentioned 

above. In the case of PAI-1, there was a strong increase in PAI-1 immunostaining of the 

endothelium overlying the newly formed neointima of the vein organ culture. This strong 

immunohistological signal of PAI-1 on the endothelium of the vein culture is likely to be due 

to increased local synthesis since the in-situ hybridisation study demonstrated very stong PAI- 

1 mRNA signal in endothelial cells at 14 days of culture. Similarly, in the samples of 

saphenous vein graft stenoses studied, PAI-1 mRNA signal was also observed on the 

endothelium. However, unlike the saphenous vein graft stenosis which demonstrated signal 

for tPA and uPA mRNA, vein organ culture at 2 weeks of culture did not show signal for 

these two mRNA species. This difference between saphenous veins in organ culture and 

saphenous vein graft stenosis may be temporal phenomenon.

Quantitation of the specific proteins by immunoantigen assay of the vessel wall homogenate 

demonstrated that there was significantly more PAI-1 antigen and no change in uPA antigen
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when organ-cultured saphenous veins were compared to distended saphenous veins. tPA 

antigen was found to be at significantly higher levels in distended saphenous veins compared 

to vein organ culture when expressed as a fraction of total protein but not when expressed as 

a fraction of tissue weight. The reason for the latter discrepancy is not clear and merits 

further study.

Although there appears to be differences in the results between the immunohistological and 

immunoantigen assays on vessel wall homogenates, it has to be remembered that the 

former study is at best semi-quantitative; for example it is possible that PAI-1 antigen 

which was found to be very high in the vein organ culture homogenate came predominantly 

from the endothelium as the neointimal smooth muscle cells were not observed to be 

strongly immunopositive iimmunohistologically. This would be compatible with the 

relatively strong PAI-1 mRNA signal obtained from the endothelium of the vein organ 

culture

It is interesting to speculate as to why the expression of these proteins should be altered 

during the process of intimal hyperplasia development. As suggested by Reidy et al 1996, a 

possible explanation could be that these proteins are needed for the regulation of proliferation 

and migration of the smooth muscle cells to result in neointimal formation. The concurrent 

alterations in the presence of agonists (tPA and uPA), facilitator (uPAR) and antagonist (PAI- 

1) of the plasminogen activation system may indicate the need for modulating the degree of 

extracellular proteolysis during smooth muscle cell proliferation and migration. The strong 

signal for PAI-1 mRNA and protein associated with the endothelium of saphenous vein organ 

culture may explain the propensity of saphenous vein grafts to thrombotic closure.



CHAPTER 7

THE PLASMINOGEN ACTIVATOR SYSTEM IN 

EXPERIMENTAL ANGIOPLASTY.
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7.1 INTRODUCTION

Depending on the coronary lesion type, restenosis accounts for the recurrence of 

angina pectoris in approximately 15-50% of patients following coronary angioplasty 

and thus remains a significant problem. One of the classic models used in 

investigating this phenomenon is the animal experimental angioplasty model in 

which an artery is mechanically injured by inflating an appropriately sized 

angioplasty balloon and the resultant changes in the vessel wall observed over time.

For this section of the project, frozen (-80°C) samples of rabbit common iliac arteries 

that had undergone experimental angioplasty and their contralateral non-balloon 

controls, together with paraffin embedded samples of the same vessels were used.

The frozen tissues were homogenised and used to quantify uPA and PAI-1 activities 

using immuno(activity) assays. The paraffin embedded tissues were used 

immunohistologically to localise tPA, uPA, PAI-1 and uPAR proteins and the 

amounts of these proteins were measured semi-quantitatively by measuring the 

percentage of immunopositive cells.

7.2 METHODS

7.2.1 Experimental angioplasty in the rabbits

The experimental angioplasty procedures on rabbit common iliac arteries were 

performed. Briefly, a 3 mm (2 cm length) angioplasty balloon (Medtronic) was 

inflated in the common iliac artery of New Zealand white male rabbits (fed on 

normal diet and weighing 3-3.5 kg), to a pressure of 8 atmospheres for three periods



of 60 seconds. The rabbits (n = 24; 3 for each time period) were sacrificed at 30 min, 

2 hrs, 1 day, 3 days, 7 days, 14 days, 1 month and 3 months. The contralateral 

common iliac arteries were used as control.

7.2.2 Methods: Fixation of rabbit common iliac arteries

The common iliac arteries were perfusion-fixed in-situ. The animals were sacrificed 

with an overdose of phenobarbital and the upper abdominal aorta, cannulated distally 

and flushed with heparinised saline 1000 units in 500 mis normal saline before 

pressure perfusion fixation in-situ at 80 mmHg with 0.1 % gluteraldehyde / 4% 

fomaldehyde in phosphate buffer (pH 7.4) for 30 minutes. After removal, the vessels 

underwent further emersion fixation for 24 hrs before processing.

7.2.3 Methods: Assessment of arterial injury due to balloon angioplasty in 

rabbit common iliac artery

The extent of balloon injury of the rabbit common iliac artery was assessed in 

multiple sections of each artery with light microscopy using histochemical (see 

Section 2.2.1 for methodology) and immunohistochemical staining (see Section 2.2.2 

for methodology on vWF and a-actin). Scanning and transmission electron 

microscopy of the balloon-injured arteries (1 vessel/timepoint and >10 fields/artery) 

were used to assess ultrastructural details including endothelialization and gaps in the 

internal elastic lamina.

7.2.4 Methods: Assessment of smooth muscle cell proliferation following 

experimental angioplasty in rabbit common iliac artery

Cell proliferating at different time points after balloon injury was assessed using a



monoclonal antibody against proliferation cell nuclear antigen (PCNA). The 

percentage of immunopositive (proliferating) smooth muscle cells was determined 

for both the media and the neointima in ballooned-injured arteries and controls.

7.2.5 Methods: Immunohistological changes in the vessel wall changes in 

tPA, uPA, PAI-1 and uPAR proteins following balloon angioplasty of rabbit 

common iliac arteries

The immunohistochemical study was performed using mouse monoclonal antibody 

to human tPA, u-PA, PAI-1 and uPAR. The protocol for the immunohistological 

procedure were exactly as described earlier in Section 2.2.2 and Table 2.2.2 (a) with 

two exceptions; the dilution of the anti-uPA antibody for the primary incubation was 

1/100 and the length of time for the DAB incubation was 2 minutes. A minimum of 

600 cells was counted in each of the 3 vessels per time point and the percentage of 

positive cells in the different layers of the vessel wall was counted.

7.2.6 Methods: Changes in uPA and PAI-1 activities within the vessel wall 

after balloon injury to the rabbit common iliac arteries.

The vessels for assessing protein activity and antigen levels did not undergo 

perfusion fixation. Following flushing with heparised saline, the vessels immediately 

removed and then snapped frozen in liquid nitrogen and stored at -70°C. The 

changes in activities of uPA and PAI-1 in the vessel wall after balloon injury were 

determined on vessel homogenates using the methodology previously described in 

Sections 5.2.2 (a) and 5.2.2 (b) using the commercial kits Chromolyse uPA (Biopool) 

and Spectrolyse PAI-1 (Biopool). Three vessels for each time point (1, 3, 7, 14, 30 

days) and 5 contralateral common iliac arteries were used as unpaired controls.
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7.3 RESULTS

7.3.1 Arterial changes after balloon injury in rabbit common iliac arteries

7.3.1 (a) The endothelium

Balloon injury to the rabbit common iliac arteries resulted in the development of a 

neointima. There was considerable loss of endothelial cells evident in the balloon-injured 

area with no obvious damage to the internal elastic lamina. This immediate loss of 

endothelium can be seen in the balloon-injured arteries of animals sacrificed 1/2 hour after 

injury. Platelets were seen to be adherent to the exposed subendothelial intima.

Fig 7.3.1 (a) Scanning electron microscopy o f endolumenal surface of the common iliac 

artery; endothelium (left) and the result o f balloon injury (right).

Re-endothelialisation was completed at one month post-injury in all vessels as assessed by 

scanning electron microscopy and vWF immunostaining.
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7.3.1 (b) Results: The kinetics of smooth muscle cell proliferation in the balloon- 

injured rabbit common iliac artery

Immunoreactivity to PCNA was used to detect proliferating smooth muscle cells at the 

different time points as a result of the balloon injury.

Fig 7.3.1 (b) [I] Immunostaining for proliferating cell nuclear antigen (PCNA) seven 

days after balloon injury of rabbit common iliac artery.

The percentage of smooth muscle cells immunopositive for PCNA (the PCNA index) in 

the neointima and in the media was determined by cell counting a minimum of 600 cells 

and is shown below in fig 7.3.1 (c). PCNA immunoreactivity was observed as early as 24 

Hrs. In the intima the PCNA index reached a maximum at 7 days and this decreased to 

control (<1%) by one month. In the neointima the PCNA index reached its maximum at 

two weeks, then decreased to baseline by one month. The percentage of PCNA positive 

cells in control arteries was consistently less than 1%. Fractures in the internal elastic 

lamina developed by 3 days when pseudopodia of smooth muscle cells were observed. The
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smooth muscle cells were observed to migrate through the defects in the internal elastic 

lamina, see fig 7.3.1 (c). Complete re-endothelialisation was observed at 1 month.

Fig 7.3.1 (b) [II] The proliferation index using PCNA
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Fig 7.3.1 (b) [III] Transmission electron microscopy showing a smooth muscle cell 

migrating through a defect in the internal elastic lamina.

7.3.2 Result: Temporo-spatial changes in tPA, uPA, PAI-1 and uPAR proteins

on immunohistochemistry in the rabbit common iliac artery following balloon injury.

The presence of these proteins in control (non-injured) rabbit common iliac arteries was 

essentially restricted mainly to the endothelium, with very little signal present in the media. 

However, after balloon injury, the amounts of these proteins all increased within the vessel 

wall, but with different temporospatial profiles.
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7.3.2 (a) I-VI Immunoh is to logical changes in tPA protein in rabbit common iliac artery

I  Non-balloon control II  2 hrs post injury III  24 hr post injury

IV  1 week post injury V 2 weeks post injury VII month post injury
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7.3.2 (b) I-VI Immunohistological changes in uPA protein in rabbit common iliac artery

I  Non-balloon control II  1/2 hr post injury III 24 hr post injury

*•
-

IV  1 week post injury V 2 weeks post injury VI3 months post injury



7.3.2 (c) I-VI Immunohistological changes in PAI-1 protein in rabbit common iliac artery

I  Non-balloon control I I  1/2 hr post injury III  24 hr post injury

IV  1 week post injury V 2 weeks post injury VI 3 months post injury

* v :
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7.3.2 (d) I-VI Immunohistological changes in uPAR protein in rabbit common iliac artery

I  Non-balloon control II  1/2 hr post injury III  24 hr post injury

IV  1 week post injury? V 2 weeks post injury VI 3 months post injury

•  >
4
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Table 7.3.2 The mean percentage and (SEM) of immunopositive smooth muscle cells 

to tPA, uPA, PAI-1 and uPAR

Control l/2hr 2 hrs lday 7 days 14 days 30 days 90 days

t-PA 4 (2) 3 (2) 9 (2) 20 (4) 82 (5) 91 (2) 5 (2) 3 ( 1)

u-PA 6 (2) 33 (4) 75 (4) 75 (6) 86 (4) 83 (8) >90 >90

u-PAR 2 ( 1) 3 ( 1) 8 (4) 1 2 (6) 63 (5) 69 (3) 7 0 (7) 57 (15)

PAI-1 7 ( 1) 1 4 (3) 15 (2) 1 0 ( 1) 26 (3) 8 1 (7) >90 >90

The proteins (t-PA, u-PA, PAI-1 and u-PAR) all significantly increased in the vessel wall 

following balloon injury. Tissue plasminogen activator protein initially increased and 

then returned to pre-injury levels by 1 month whilst u-PA, PAI-1 and uPAR proteins 

remained significantly raised even at 3 months.

The percentage of immunopositive smooth muscle ceils in the 
vessel wall following balloon injury
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7.3.3 Results: Changes in uPA and PAI-1 activities within the vessel wall after

balloon injury to the rabbit common iliac arteries.

Since both urokinase-type plasminogen activator (uPA) and plasminogen activator 

inhibitor-1 (PAI-1) proteins are increased in the vessel wall during the development of 

intimal hyperplasia, the changes in the activities of uPA and PAI-1 in the vessel wall 

homogenate after balloon injury was investigated.

Table 7.3.3 uPA and PAI-1 activities in the wall o f  the rabbit common iliac artery 
after balloon injury___________________________________________________________

Activity Control 1day 3days 7days 14 days 30 days
u-PA(ng/g tissue) 
injury vs control

35 (3.3) 28.4 (6.6) 
p=0.4

53 (3.6)
p=0.02

65 (5.8)
p=0.01

47 (3.2) 
p=0.06

40 (3.4) 
p=0.4

PAI-1 (U/mg tissue) 
injury vs control

5.6 (1.2) 6.9 (2.2)
p=0.6

4.1 (1.0) 
p=0.4

3.1 (1.4)
p=0.2

5.0 (1.8)
p=0.8

6.2(2.5)
p=0.8

uPA/PAI-1 ratio 10.0 4.1 12.9 21.0 9.4 6.5

The activity of uPA showed a significant increase within the vessel wall at 3 and 7 days 

compared to control. PAI-1 activity did not significantly change after balloon injury but 

there was a trend towards a decrease in activity around 7 days. The uPA/PAI-1 activity 

ratio doubled after balloon injury and during the development of intimal hyperplasia.

7.4 Discussion

7.4.1 Discussion: Arterial changes following balloon injury in rabbit common

iliac arteries

Balloon injury to the rabbit common iliac arteries in our model resulted in considerable 

loss of endothelial cells evident in the balloon injured area with no obvious initial damage 

to the internal elastic lamina. In this respect the degree of medial damage was less than
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that described by others in which histologically a tear in the internal elastic lamina and the

media can be seen. Nevertheless all our balloon injured vessels developed neointima.

The immediate loss of endothelium seen in the balloon-injured arteries of animals 

sacrificed 1/2 hour after injury resulted in the exposure of subendothelium and platelets 

were seen to be adherent to the exposed subendothelial intima. This is thought to result 

in the activation of platelets with release of a number of molecules that may be 

important for the restenotic process.

The immunoreactivity to PCNA was used to detect proliferating smooth muscle cells at 

the different time points as a result of the balloon injury. This showed that in the intima 

the PCNA index reached a maximum at 7 days and this decreased to baseline by one 

month. In the neointima the PCNA index reached its maximum at two weeks, then 

decreased to baseline by one month. This would be compatible with the idea of smooth 

muscle cells proliferating then migrating into the neointima where they proliferate 

further. The internal elastic lamina was observed to be intact on sections of electron 

microscopy earlier than 3 days post injury. However, gaps in the internal elastic lamina 

developed by 3 days when pseudopodia of smooth muscle cells were observed. This 

may imply that these defects in the internal elastic lamina may have resulted, not from 

direct trauma of the balloon injury, but from the dissolution of the matrix by various 

proteases, see Fig 7.3.1 (b) [ID]. The smooth muscle cells were observed to occupy 

these defects and appeared to be migrating to form the neointima. By one month there 

was complete re-endothelialisation of all injured vessels and some vessels appeared 

fully re-endothelialised at two weeks.



7.4.2 Discussion: Temporo-spatial changes in tPA, uPA, PAI-1 and uPAR 

proteins on immunohistochemistry in the rabbit common iliac artery following 

balloon injury.

The presence of tPA, uPA, PAI-1 and uPAR proteins in control (non-injured) rabbit 

common iliac arteries were essentially restricted mainly to the endothelium, with very 

little signal present in the media. However, after balloon injury, the amounts of these 

proteins all increased within the vessel wall, but with different temporospatial profiles. 

Tissue plasminogen activator protein initially increased and then returned to pre-injury 

levels by 1 month whilst u-PA, PAI-1 and uPAR proteins remained significantly raised 

even at 3 months.

It is possible that some of the PAI-1, tPA and uPA proteins seen in the vessel soon after 

injury originated from the plasma and made its way by diffusing through the injured 

endothelial layer. In-situ mRNA hybridisation studies on these vessels would have 

answered the question as to whether these proteins were synthesized locally. It is 

however likely that in the injured rabbit vessels some of the proteins were indeed 

synthesized locally, as others have shown that tPA and uPA (Clowes et al 1990) as well 

as PAI-1 (Sawa et al 1992) syntheses are increased locally following vessel injury in rat 

carotid artery. These studies found the increase in mRNA expression to be relatively 

short lived. However as Table 7.3.2 shows the respective proteins were found the be 

increased in the vessel wall for weeks (tPA) or months (uPA, PAI-1 and uPAR). The 

fact that tPA levels within the substance of the vessel wall fell back to pre-injury levels 

by one month seems to imply that the increased uPA, PAI-1 and uPAR protein found in 

the vessel wall beyond one month must either have been sustained by
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continued increased local synthesis or by a slower rate of tissue degradation compared to 

tPA.

7.4.3 Discussion: Changes in uPA and PAI-1 activities within the vessel wall

after balloon injury to the rabbit common iliac arteries.

Having previously shown that both urokinase-type plasminogen activator (uPA) and 

plasminogen activator inhibitor-1 (PAI-1) proteins are increased in the vessel wall 

during the development of intimal hyperplasia, the changes in the activities of uPA and 

PAI-1 in the vessel wall after balloon injury resulting in intimal hyperplasia formation 

was investigated.

The activity of uPA showed a significant increase within the vessel wall at 3 and 7 days 

compared to control. PAI-1 activity did not significantly change after balloon injury but 

there was a trend towards a decrease in activity around 7 days. The uPA/PAI-1 activity 

ratio doubled after balloon injury and during the development of intimal hyperplasia. 

This change in the proteolytic balance may facilitate extracellular proteolysis, activation 

of cytokines with consequent smooth muscle cell migration and resulting intimal 

hyperplasia. Reversing the changes in proteolytic balance in the vessel wall after PTCA 

may be a potential target for the prevention of restenosis.



CHAPTER 8

SUMMARY, CONCLUSIONS AND 
FUTURE PERSPECTIVES



Considerable research effort over the last decade has been directed towards 

understanding the molecular mechanisms underlying atherosclerosis, restenosis 

following angioplasty and vein graft stenosis. Smooth muscle cell proliferation and 

migration are fundamental to the pathology of intimal hyperplasia. Migration 

requires the digestion of extracellular matrix surrounding the smooth muscle cells. 

Multiple metallo-enzymes secreted by smooth muscle cells are involved in this 

process, and there is evidence that components of the PAS may be important in their 

activation (Lee et al 1996). In addition tPA has been shown to be mitogenic for 

smooth muscle cells (Herbert et al 1995) and may also contribute to the proliferative 

aspect of the pathology.

Many studies have considered animal models to dissect the molecular aspects of 

intimal hyperplasia, however these studies have their limitations (Ferrel et al 1992), 

and as such use of human vessels was largely employed in this study. To understand 

the role of the plasminogen activation system in the vessel wall and its contribution 

to the genesis of intimal hyperplasia, a variety of normal and abnormal vessels were 

studied with respect to expression and activity of the various components of the PAS.

Chapters 2 to 5 concentrated on the human blood vessels (normal arteries, normal 

veins and atheromatous arteries and vein graft stenosis), examining the expression of 

components of the PAS (tPA, uPA, PAI-1 and uPAR) and employing the techniques 

of quantitative RTPCR on extracted RNA, immunohistochemistry and mRNA in-situ 

hybridisation on fixed paraffin-embedded tissues, immuno(antigen) assay and 

immuno-(activity) assay on human blood vessel homogenates. Chapter 6



concentrated on the human saphenous vein organ culture model of intimal 

hyperplasia. Chaper 7 examined the changes in the PAS in the rabbit angioplasty 

model.

Saphenous vein is a commonly employed conduit for coronary artery bypass grafts. 

Prior to use the vein is distended, to counteract spasm occurring during dissection 

and to identify any leaks. Since this results in vessel injury, distension may 

predispose the vein to undergo intimal hyperplasia and subsequent graft stenoses. As 

such, expression of components of the PAS was compared between distended and 

undistended vein. Immunohistological data showed that tPA, uPA, PAI-1 and uPAR 

were all increased in the smooth muscle cells of the distended veins as compared to 

undistended controls. This was in contrast to quantitative RTPCR data which 

demonstrated a reduction in both uPA and PAI-1 mRNA in distended veins, the ratio 

of the two however was comparable to that in the control veins. The apparent 

discrepancy between the immunochemical and RTPCR data has been explained to 

some extent earlier, but it is important to highlight the fact that the fall in mRNA 

levels may indeed have been a transient phenomenon due to vessel injury and that 

once implanted into the circulation the expression may well have increased. Also 

given that the ratio uPA/PAI-1 mRNA remains unchanged it seems that distension 

does not alter functional regulation of the PAS at the mRNA level especially in the 

early phase. It is difficult to know what happens once the graft has been implanted, 

unless grafts that have failed acutely (<30 days) are studied using the above 

techniques.



Internal mammary artery is also a commonly used conduit for coronary artery 

bypass grafting, and has been shown to have superior long term patency in 

comparison to saphenous vein. Saphenous veins and internal mammary arteries were 

compared for differential expression of components of the PAS which might partly 

explain differences in patency. Immunohistochemical data (Chapter 2) showed that 

the levels of uPA, tPA, PAI-1 and uPAR were all increased in distended veins 

compared to IMA. This increase, in the face of a fall in mRNA levels was ascribed 

to extravasation of plasma proteins during distension. Indeed ELISA depicted a 

similar picture i.e. considerably elevated levels of tPA, uPA and PAI-1 antigens in 

distended veins compared to IMA. Distending the vessels with saline rather than 

with blood plus saline could have tested the extravasation hypothesis, however 

distension was done as part of the routine surgery and one had to rely on surplus 

samples for use in this study. Interestingly, the activities of both uPA and PAI-1 

(Chapter 5) were actually increased in the IMA, a possible explanation is that the 

extravasated proteins were functionally inactive. In the face of these conflicting 

protein data, the RTPCR study on veins and internal mammary arteries demonstrated 

very interesting results. In both distended and undistended vein samples the ratio of 

uPA/PAI-1 mRNA was ten fold greater than that for IMA. If this is an indicator of 

basal vessel physiology, then smooth muscle cell migration may occur more rapidly 

in vein since the conditions are in favour of proteolysis.

In atheromatous lesions, there was intense immunostaining for tPA, uPA, PAI-1 

and uPAR localised to intimal smooth muscle cells and endothelial cells. In addition, 

macrophages within the plaque showed strong staining for uPA and uPAR and waker 

staining for tPA and PAI-1. However in normal arteries (IMA) staining for all the



four proteins was reduced in comparison to the atherosclerotic vessel. The RTPCR 

data complemented this finding showing elevated levels of both PAI-1 and uPA 

mRNA. Interestingly, the ratio uPA/PAI-1 mRNA was elevated implying enhanced 

proteolytic potential, in keeping with ideas about smooth muscle cell migration 

discussed earlier. ELISA studies confirmed the immunocytochemical data, showing 

higher levels of tPA, uPA and PAI-1 antigen in the atheromatous vessel wall, in 

comparison to the control artery. The ratio of the activities of uPA/PAI-1 was 

significantly higher in the atheromatous vessel further confirming the presence of a 

highly proteolytic environment within the atherosclerotic plaque, this was in keeping 

with the findings of Padro et al 1995 and Underwood et al 1993. This part of the 

study confirmed the hypothesis that the expression (of tPA, uPA, PAI-1 and uPAR) 

is increased in the atherosclerotic plaque. It is interesting to speculate whether by 

modulating components of the plasminogen activation system, the proteolytic 

balance could be altered favourably to prevent extracellular matrix degradation and 

therefore plaque instability.

Saphenous vein graft stenosis is a common clinical problem, and results in the 

recurrence of ischaemic symptoms. Animal studies of veno-arterial grafting have 

limitations, and also rarely translate into clinical efficacy in human. Therefore organ 

culture of human saphenous vein was used to study the PAS in this form of intimal 

hyperplasia. Firstly, the model was further validated by phenotypic comparison using 

monoclonal antibodies to a-actin, vimentin, desmin, CD31 and vWF. This 

demonstrated a good correlation between the in vitro model and actual stenotic 

segments of vein excised from patients with failed grafts.



Consistent with intimal hyperplasia in atherosclerotic arteries the levels of uPA, tPA, 

PAI-1 and uPAR were all increased in saphenous vein graft stenosis. However in the 

neointima of cultured saphenous veins tPA, uPA and uPAR antigens were increased 

whilst PAI-1 was decreased. PAI-1 antigen and mRNA was however prominent in 

the endothelial cells of the cultured veins. This difference between saphenous veins 

in culture and established saphenous vein graft stenosis may be a temporal 

phenomemon. In addition, the ratio uPA/PAI-1 activity was increased in cultured 

vein demonstrating increased proteolytic potential during the development of IH. 

Organ culture may be a useful model to study the development of intimal hyperplasia 

and given that the proteolytic activity is enhanced, it would be interesting to study the 

effect of suppressing uPA on the development of intimal hyperplasia.

Rabbit arterial balloon injury model: The temporo-spatial changes in the 

plasminogen activation system were examined using a rabbit arterial balloon injury 

model. Semi-quantatative immunohisto-chemistry showed that tPA, uPA, uPAR and 

PAI-1 antigens were all significantly increased following injury. tPA levels fell back 

to pre-injury levels by the end of 1 month, however levels of the other components 

remained elevated even at 3 months. The ratio uPA, tPA/PAI-1 remained elevated 

until around two months, this is in keeping with immuno-activity data which show 

enhanced uPA activity compared to PAI-1. This is favourable for the process of 

migration, which is undoubtedly an important part of the pathological process. Again 

it is interesting to speculate whether inhibiting uPA activity or enhancing PAI-1 

activity could reduce the magnitudeof intimal hyperplasia, and result in a clinically 

effective approach to dealing with restenosis.
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This thesis has highlighted the importance of the PAS in the process of intimal 

hyperplasia in three different models and will conclude by addressing future 

directions that research in this area may take.

FUTURE PERSPECTIVES

Inhibition of the plasminogen activators within the subendothelial intima and the media 

may inhibit vascular smooth muscle cell migration. As such, this could be a potential 

target for the treatment of vascular diseases in which smooth muscle cell migration is a 

prominent feature e.g. intimal hyperplasia of atherogenesis, post angioplasty restenosis 

and vein graft stenosis. Furthermore alteration of the process endothelial cell migration 

may provide a new approaches to prevent angiogenesis for example in atherosclerotic 

lesions to limit its growth, or to increase angiogenesis in clinical situations of chronic 

ischaemia e.g. myocardial ischaemia. In addition the plasminogen activator system 

may be manipulated on the endothelial surface so as to prevent thrombotic risk in 

situations of unstable angna or recurrent transient ischaemic attacks.

To date no specific inhibitors of the plasminoen activators have been tried clinically 

to inhibit intimal hyperplasia development. The race is on to find and evaluate low 

molecular weight inhibitors of the plasminogen activators that are safe to use and 

with favorable pharmacokinetic profiles. Much of the impetus for the development 

of these agents is coming from investigators interested in preventing malignant cell 

migration.

Suramin, a polysulphonated napthylurea compound, increases the production of the
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plasminogen activator inhibitors and decreases the production of the plasminogen 

activators in cells and thus may be able to decrease cell migration. Indeed, this 

molecule has been shown to do just this with a correlated decrease in metastasis of 

cancer cells (Marutsuka et al 1995). Whilst this molecule is known to be toxic, it 

nevertheless demonstrates the possibility for therapeutic inhibiting cell migration 

with small molecules.

Blockage of uPAR by small molecules may also be a target to inhibit cellular 

migration. Lu et al 1996, showed that ATF-HSA inhibits in-vitro the motility of 

endothelial cells in a dose-dependent way by decreasing cell deformability. 4- 

substituted benzo(b)thiophene-2-carboxamidines are being developed as potent and 

selective inhibitors of urokinase (Bridges et al 1993).

Another approach would be to inhibit the plasminogen activator system at the gene 

or mRNA level. Antisense oligonucleotide inhibition of urokinase reduces spread of 

human ovarian cancer in mice (Wilhelm et al 1995) indicating that inhibition of uPA 

may result in decreased migration of cells. PAI-1 production by both endothelial 

cells and smooth muscle cells have been inhibited using antisense technology. (Sawa 

et al 1994). Knock-out mice for tPA, uPA, PAI-1 and plasmin have now been 

developed (Lijnen et al 1995, Bugge et al 1995). These mice provide a means to test 

the proposed function of the plasminogen activator system in intimal hyperplasia 

development after experimental angioplasty.

Retroviral vector-mediated transfer and expression of human tPA gene in human



endothelial cells has been reported (Ektherae et al 1995) and this represents a 

necessary finding in the development of this gene therapy in the prevention of 

thrombotic complications of vascular disease. Retroviral vectors have been used to 

increase both tPA and uPA expression in primate endothelial cells (Dichek et al 

1995). More recently adenovirus-mediated transfer of tPA gene to human endotheial 

cells resulted in a 3 fold increase of tPA secretion (Sugawara et al 1997). Transgenic 

mice overexpressing uPA have been developed (Meiri et al 1994) and these can be 

used to study the role of increased uPA in vessel wall under pathological conditions 

e.g. neointimal formation.

The exploitation of the plasminogen activator system on the endothelial surface for 

acute therapeutic goals has already had a huge impact in cardiology and is presently 

being assessed for the treatment of acute ischaemic strokes. However, it is possible 

that using a strategy of long-term alteration of the plasminogen activator system 

within the substance of the vessel wall other beneficial effects such as prevention of 

restenosis and atherogenesis may be observed. This area of reasearch is therefore 

worthy of further pursuit.
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Appendix Reagents

Ammonium persulphate (APS) 

Ammonium persulphate 1 g 

Add water to 10 mis.

Denaturing Solution 

1.5 M NaCl 

0.5 M NaOH

Dve for electrophoresis of DNA 

Glycerol 6.7 mis

DEPC Water 10.9 mis 

50XE Buffer 2.4 mis 

Bromophenol Blue 0.25%

Denhardts X 50 

Ficoll

Polyvinyl pyrilodine 

Bovine serum albumin

Neutralizing Solution 

Tris 1.0 M (pH 7.4)

NaCl 1.5 M

PEG Mix (Polyethylene glycol) 

PEG 1.5 g

Water 2.25 ml

SDS 1.25 g
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Phosphate buffered saline (PBS)

NaCl 8.0 g )

KC1 0.2 g ) made up to 1 litre with water; pH 7.4

Na2HP04 1.44 g )

KH2P 04 0.24 g )

10% SDS

Electrophoresis-grade SDS 

Water

Heat to 68°C to help dissolution 

up to 1 litre with water.

20X SSC

NaCl 175.3 g )

NaH2P 04 27.6 g ) made up to 800 mis with water and adjusted to pH 7.4 with

EDTA 7.4 g ) approximately 6.5 mis 10N NaOH, then finally made up to 1

litre with water.

100 g

900 mis

Adjust to pH 7.2 with a few drops of HC1 then make
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ABBREVIATIONS

APS Ammonium persulphate (see appendix)

DAB Diaminobenzidine

DEPC Diethylpyrocarbonate

DNA Deoxyribonucleic acid

EDTA Ethelyene diamine tetra-acetic acid

HUVECS Human umbilical vein endothelial cells

IMA Internal mammary artery

IMS Industrial Methylated Spirit.

kb Kilobase

kD Kilodaltons.

a 32P dCTP a 32 Phosphorus-labelled deoxycytosine triphosphate

dNTP Deoxyribonucleotide triphosphate

MMLV Murine reverse transcriptase enzyme

OD Optical density

PAI-1 Plasminogen activator inhibitor-1

PAI-2 Plasminogen activator inhibitor-2

PCR Polymerase chain reaction

rNTP Ribonucleotide triphosphate

RT-PCR Reverse transcriptase polymerasation chain reaction

RNA Ribonucleic acid

SDS Soodium dodecyl sulphate

SV Saphenous vein

HSVC Human saphenous vein culture

SVG Saphenous vein graft

SSC Sodium chloride/sodium citrate solution (see appendix)

SSPE Sodium chloride/sodiumphosphate/EDTA solution (see appendix)

TBS Tris buffered saline

TEMED Tetramethylethylenediamine

tPA Tissue plasminogen activator

uPA Urokinase-type plasminogen activator

VSMC Vascular smooth muscle cells.


