
2805239754

THE ROLE OF THE RENIN ANGIOTENSIN 
SYSTEM IN REGULATING COLLAGEN 

DEPOSITION IN THE DEVELOPMENT OF 
CARDIAC FIBROSIS

by

Linda Alice Kiernan

A thesis submitted to the University of London for the degree of PhD

Centre for Cardiopulmonaiy Biochemistry and Respiratory Medicine 
University College London Medical School 

The Rayne Institute 
5 University Street 
London WCIE 6JJ



ProQuest Number: U642106

All rights reserved

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest.

ProQuest U642106

Published by ProQuest LLC(2015). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.

Microform Edition © ProQuest LLC.

ProQuest LLC 
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346



X2S2'/|b873



ABSTRACT

The mechanisms that regulate the development of the cardiac hypertrophy and fibrosis that 

accompany systemic hypertension are not clear, but both the elevated BP itself and the 

renin angiotensin system (RAS) have been implicated. In this study the relative roles of 

BP and the RAS in regulating left ventricular hypertrophy (LVH) and cardiac fibrosis were 

investigated using the hypertensive transgenic (mRen2)27 rat (TGR). The results obtained 

suggest that development of LVH and fibrosis in the TGR are regulated by BP and not 

RAS activity. Since cardiac fibroblasts are the major cells responsible for collagen 

production, myocardial fibroblast cultures from TGR and control Sprague Dawley (SD) 

rats were established to determine the mechanisms responsible for collagen accumulation 

in the hypertensive heart. Basal levels of replication and procollagen production and the 

response of cells to growth factors were compared in TGR and SD fibroblasts. The results 

suggest that the increased collagen deposition in TGRs is due to increased collagen 

production rather than decreased degradation or increased fibroblast replication. All does 

not appear to be involved in the enhanced collagen synthesis observed in the TGR 

fibroblasts, since the responses of TGR and SD cells to RAS agonists and antagonists were 

not significantly different and RAS antagonists failed to reduce TGR collagen synthesis to 

SD levels. These results are in agreement with the in vivo results of this study, in which 

BP rather than the RAS appeared to be the main factor involved in the development of 

cardiac fibrosis in the TGR rat. Finally, this study demonstrated that in the TGR rat tissue 

ACE inhibition protects against the development of the malignant hypertensive (MH) 

phenotype, death associated with this condition and appearance of some of the renal 

histopathological features associated with MH. These protective effects appear to be 

independent of any reduction in SBP.
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CHAPTER ONE: INTRODUCTION
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1.1 FOREWARD

The extracellular matrix (ECM) of the heart, composed mainly of collagen, contributes to 

the mechanical properties and fimctional integrity of the myocardium. In addition to its 

structural role, the ECM regulates cell behaviour, nutrient supply and growth factor 

presentation. Changes in the amount, distribution or types of collagen can affect the 

function of the heart. For example, in cardiac hypertrophy that accompanies pressure 

overload in hypertension, a remodelling of the collagen network is observed and leads to 

increased diastolic stiffiiess. The regulation of collagen synthesis by fibroblasts, the major 

collagen producing cells in the heart, is poorly understood. Pressure overload may directly 

affect fibroblasts, or indirectly via the production of autocrine or paracrine growth factors, 

also, circulating factors may affect fibroblast hmction.

Increased pressure has been shown to cause cardiac hypertrophy and remodelling in vivo, 

ultimately leading to cardiac fibrosis. Recent studies have suggested that angiotensin II 

(All), produced in the circulation or locally, may also play a role in the regulation of 

hypertrophy and fibrosis. In this thesis the relative roles of blood pressure (BP) and the 

renin angiotensin system (RAS), circulating and local, in the development of cardiac 

hypertrophy and fibrosis that accompany hypertension were investigated.

In this chapter the structure, fimction and regulation of cardiovascular collagen will be 

discussed in the normal and hypertrophying heart. The potential roles of BP and the RAS 

in cardiovascular remodelhng is described. The TGR(mRen)27 (TGR) rat, used in this 

thesis as a model of hypertension, cardiac hypertrophy and fibrosis and malignant 

hypertension is also discussed.
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1.2 STRUCTURE AND FUNCTION OF THE CARDIOVASCULAR 

EXTRACELLULAR MATRIX

1.2.1 Normal heart

The extracellular matrix of the heart is composed mainly of types I and III fibrillar 

collagens, produced principally by fibroblasts (Egbahli et al, 1989) (although myocytes 

have been shown to produce type IV collagen (Egbahli et al, 1988)) and accounting for 90 

% of the total collagen. Fibroblasts constitute only 10 % of the total cardiac volume but 

they are the most abundant cell type in the myocardium, representing over 70 % of the 

total cells of the heart (van der Laarse et al, 1987). Type I and III collagens form the 

major structural collagens in the heart and are arranged as weaves and struts around 

individual and groups of myocytes (Borg & Cauldfield, 1981). The relative proportions of 

the collagen types may affect the physical properties of the myocardium. 

Immunohistochemical studies have suggested that type I collagen forms thick fibres which 

confer high tensile strength and therefore structural support. Accordingly, type I collagen 

is most abundant in tissues requiring a high degree of strength, such as bone and tendon. 

Type III collagen forms a fine network of fibrils and is associated with tissues in which a 

high degree of elasticity is required, such as the lung, blood vessels and the dermis.

Other collagens present in the heart (IV, V, VI and VIII), represent only a small 

proportion (<10 %) of the total collagen content. Type IV collagen is a basement 

membrane protein, produced by most cardiovascular cells, particularly myocytes (Egbahli 

et al, 1988) and endothelial cells. It influences cell adhesion, spreading and proliferation 

and acts as a filter of nutrients and growth factors to the underlying mesenchymal cells of 

the vessel wall and of the myocardial interstitium. Type V collagen is associated with type 

IV in the basement membrane and in the interstitium is associated with types I and III,
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where in addition to its structural role it modulates fibril diameter (Birk et al, 1990). Type 

VI collagen, produced by fibroblasts and endothelial cells, associated with other fibrillar 

collagens, may also regulate fibril diameter (Amenta et al, 1986). Type VIII is a short 

chain collagen, thought to play a role in angiogenesis (Rooney et al, 1993) and cardiac 

morphogenesis, being present in the fetal heart, with only low levels detected in the 

neonate and adult heart (Iruela-Arispe & Sage, 1991). In the adult it is associated with 

blood vessels, forming a component of the intimai basement membrane and co-localising 

with elastic components of the ECM (Sawada & Konomi, 1991).

In addition to the collagens, other ECM components in the heart include the glycoprotein 

fibronectin, elastin and proteoglcans. Fibronectin is an important component of the 

cardiac ECM, providing an important link between collagen fibres and myoctes and 

fibroblasts (Bashey et al, 1992). Fibronectin is also chemotactic for both fibroblasts and 

macrophages and may act directly as a growth factor, possibly through its role in cell 

attachment via specific ECM integrin receptors (Mosher, 1989, Ruoslahti, 1988). Elastin 

is present in the medial layer of vessel walls of the coronary arteries (see section 1.2.2, 

below), where it confers the properties of extensibility and elastic recoil, characteristics 

that are particularly important for the normal physiological function of the larger vessels 

(Keeley et al, 1991). The role of proteoglycans in the heart, particularly in the remodelling 

process is unclear. In the vasculature however, the proteoglycans are thought to be a 

major determinant of permeability to water and solutes. Thus, alteration in proteoglycans 

(type, amount or organisation) may affect vascular permeability. The role of altered 

vascular permeability in remodelling remains to be determined (Winlove & Parker, 1993).
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The ECM network of the heart serves several fiinctions- it forms a scaffolding that 

supports and tethers myocytes and blood vessels, it forms lateral connections between cells 

and muscle bundles to govern architecture, it co-ordinates the transmission of force, 

generated by myocytes, to the ventricular chamber and by its tensile strength and 

resilience, contributes to the systolic and diastolic stiffness of the myocardium and finally, 

serves to resist myocardial deformation, maintain shape and wall thickness and prevent 

ventricular aneurysm and rupture.

1.2.2 Vascular extracellular matrix

Vessel walls are comprised of three layers, the intima, media and adventitia. The intima 

consists of the endothelium and basement membrane composed of predominantly type IV 

collagen, laminin and proteoglycans which acts as a molecular filter to nutrients passing 

through the vessel wall and anchorage for the endothelial cells. The medial layer consists 

of the smooth muscle cell (SMC) layer and the elastic laminae which impart vascular tone 

and elastic recoil respectively on the vessel. Collagen is also synthesised and deposited by 

the SMCs (Leung et al, 1976, Mecham et al, 1987). The adventitia is composed of 

fibroblasts and the interstitial collagens type I and III, synthesised by fibroblasts which 

impart a high tensile strength. Vascular collagen can represent up to 20 % of the dry 

weight of a major artery, such as the aorta or main pulmonary artery (Bishop et al, 1990a). 

Fibronectin is thought to have similar functions in the vessel wall as in the interstitium of 

the heart, as a structural ECM protein binding cells through cell surface integrins via 

Arginine-Glycine-Aspartic acid (Arg-Gly-Asp, RGD) sequences, as a growth factor and 

presenter of grov^h factors to the cells. Proteoglycans and glycoproteins (Poole et al,

1986) are also present in the vessel wall where they regulate hydration, collagen fibre 

formation, cell adhesion and form an essential component of the basement membrane.
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1.3 CARDIOVASCULAR REMODELLING

1.3.1 Cardiac hypertrophy

Cardiac hypertrophy, defined as an increase in cardiac mass, can be induced by chronic 

pressure overload (e.g. aortic stenosis and arterial hypertension), volume overload (e.g. 

arteriovenous fistula, anaemia or thyroxine administration) or a combination of both. 

Morphological studies indicate that the increment in myocardial mass in cardiac 

hypertrophy is primarily related to an increase in myocyte size (Zak, 1973). After birth, 

myocytes are thought to be terminally differentiated (Takahashi, 1992), although it has 

been suggested in animals (Anversa et al, 1980, Anversa et al, 1990) and humans (Olivetti 

et al, 1987, Olivetti et al, 1990) that myocyte hyperplasia is possible in a variety of 

pathological conditions, including cardiac hypertrophy.

The pressure overload that accompanies hypertension leads to increased ventricular wall 

tension. In accordance with LaPlaces law (T=P.r/2h, where T= tension, P= pressure in the 

ventricle, r= radius of the ventricle, h= thickness of the ventricular wall), the cardiac 

response is directed to normalisation of wall tension. Increased ventricular wall thickness 

as a response to increased ventricular pressure results in a normalisation of wall tension. 

Pressure overload results in the development of concentric hypertrophy, i.e. an increase in 

ventricular wall thickness without increase of the inner ventricular radius (Mirsky, 1979) 

(Figure 1.1). Parallel sarcomere replication resulting in increased myocyte dimension 

produces the increased wall thickness.
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Figure 1.1: Schematic representation of concentric and eccentric cardiac hypertrophy in 

response to pressure and volume overload, respectively.

PRESSURE OVERLOAD 
eg. arterial hypertension, 
coartctation of the aorta

CONCENTRIC HYPERTROPHY

NORMAL HEART

VOLUME OVERLOAD 
eg. aortacaval shunt

ECCENTRIC HYPERTROPHY
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In volume overload hypertrophy, such as that induced by aortacaval shunt, the increased 

ventricular wall tension, resulting from increased volume, is normalised by cardiac 

hypertrophy by addition of new myofibrils in series (end on end). This is defined as 

eccentric hypertrophy (Figure 1.1).

Left ventricular hypertrophy (LVH) is the most accurate risk factor associated with 

increased likelihood of myocardial infarction (Ml), stroke, incidence and complexity of 

arrythmias and heart failure (reviewed by Weber, 1994). In contrast however, LVH 

induced by exercise training is not associated with these increased risks. This has led to 

the hypothesis of distinct forms of hypertrophy: An organised (adaptive) hypertrophy in 

which the heart is larger but retains its proportional structure and normal fimction and a 

pathological hypertrophy resulting from an abnormal remodelling process.

It is clear that increased collagen deposition occurs in all forms of cardiac hypertrophy, to 

maintain the structural and functional integrity of the growing cardiac tissue. From a 

morphological standpoint, the hypertrophic remodelling of the myocardium is either a 

homogeneous or heterogeneous process, based on whether there is proportionate or 

disproportionate growth and activity of nonmyocyte cells, respectively (Weber et al, 

1987). When tissue homogeneity is preserved, the proportionality of muscular, vascular 

and interstitial compartments is maintained and the hypertrophy is adaptive. Myocardial 

collagen concentration (mg collagen/g ventricle) remains unchanged from normal even 

though total collagen content (concentration x ventricular weight) is increased. This is the 

type of hypertrophy that occurs in response to isometric or isotonic exercise training 

(Tomanek et al, 1972), chronic anaemia (Bartosova et al, 1969), hyperthyroidism or 

acromegaly, (or administration of thyroxine or growth hormones) (Bonnin et al, 1983, von
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Knorring, 1970, Holubarsch et al, 1983, Gilbert et al, 1985), arteriovenous fistulas 

(Michel et al, 1986) or an atrial septal defect (Marino et al, 1985). The adaptive nature of 

the hypertrophy, with preserved myocardial structure, is further evidenced by the 

uneventful regression in hypertrophy and restoration in ventricular chamber size that occur 

when the overload terminates or is corrected (Sanghvi et al, 1960). In contrast, a 

heterogeneity in myocardial structure, based on disproportionate nonmyocyte cell growth 

and a loss of intercompartmental proportionality will cause pathological hypertrophy. 

Myocardial collagen concentration is increased compared with normal levels, as well as 

total collagen content. This is the type of hypertrophy that occurs in patients in response 

to various forms of hypertension, congenital and acquired aortic valvular stenosis and 

coarctation of the aorta (Caspari et al, 1976, Oldershaw et al, 1980, Schwarz et al, 1978, 

Hess et al, 1981, Cheitlin et al, 1980) and also in non-human primates and smaller 

mammals with either acquired (Thiedmann et al, 1983, Michel et al, 1986, Arahams et al, 

1987, Pick et al, 1989) or genetic hypertension (Pfeffer et al, 1979, Narayan et al, 1989). 

This pathological hypertrophy that accompanies pressure overload is the subject of 

subsequent discussion in this thesis. The adaptive hypertrophy accompanying volume 

overload will not be discussed further.

Cardiac hypertrophy is also associated with cellular changes in the myocyte. The 

expression levels of specific genes as well as protein synthesis are increased. These genes 

can be classified into two main groups; one is a group of immediate early genes (lEGs) 

whose transcription is activated rapidly and transiently by extracellular stimulation. This 

activation is independent of new protein synthesis. With regard to lEGs, the induction of 

proto-oncogenes such as c-fos, c-myc and c-Jun by aortic constriction has been reported in 

rat hearts (Komuro et al, 1988, Vandenburgh & Kaufman, 1979, Izumo et al, 1988). It is
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thought that, in old age the lack of ability of the heart to hypertrophy in response to 

pressure overload may be due to its inability to induce c-fos expression (Isoyama et al, 

1994). The other group is that of late response genes whose expression is increased more 

slowly and requires new protein synthesis. Up regulation of gene and protein of the 

contractile protein, myosin light chain-2 has been observed in myocytes (Lee et al, 1988). 

Re-expression of the fetal phenotype is an important feature in the development of cardiac 

hypertrophy as it is associated with decreased contractility and lower energy demand of 

the cardiac muscle. For example, in rats the expression of a-myosin heavy chain (VI) 

with a high myosin adenosine triphoshphatase (ATPase) activity and rapid shortening 

velocity is switched to the expression of p-myosin heavy chain (V3) with a low myosin 

ATPase activity and slow shortening velocity (Izumo et al, 1987). Furthermore, skeletal 

a-actin (Bishopric et al, 1991, Long et al, 1989) and atrial natriuretic peptide (ANP) 

messenger ribonucleic acid (mRNA) are expressed. ANP is a member of the natriuretic 

peptide family, involved in the regulation of BP and fluid homeostasis (Nakao et al, 1992). 

Chronic pressure and volume overload in patients with hypertension as well as in animal 

models producing ventricular hypertrophy are characterised by ANP gene expression 

(Nakao et al, 1992, Ruskoaho, 1992).

1.3.2 Cardiac fibrosis

As described above, in the case of adaptive hypertrophy, myocardial collagen 

concentration remains unchanged from normal even though total collagen content is 

increased. In the case of pathological hypertrophy, on the other hand, there is a 

disproportionate response in collagen deposition. This could take the form of an 

inadequate increment in collagen in the presence of cardiac myocyte growth. In this case.
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collagen concentration would decline. An absence or disruption of collagen with 

distortion in tissue architecture and a reduction in stiffness would permit cardiac muscle 

fibre slippage, fibre realignment and wall thinning. As a result, the ventricles dilate and the 

left ventricular chamber becomes spherical as intracavity stress becomes equal in all 

directions, e.g. dilated primary myocardial heart disease (Weber et al, 1988a). 

Alternatively, a disproportionate rise in collagen concentration (and content) in 

hypertrophy leads to myocardial fibrosis and structural remodelling of the hypertrophied 

myocardium. Concentric hypertrophy, such as that associated with hypertension is most 

closely related to excessive collagen deposition, resulting in cardiac fibrosis. Cardiac 

fibroblast activation in response to pressure overload is therefore of particular interest.

This accumulation of fibrillar collagen, representing myocardial fibrosis, has several 

distinct morphological presentations; a reactive interstitial fibrosis, which presents as 

abnormal thickness and density of the collagen matrix (Abrahams et al, 1987, Doering et 

al, 1988, Pick et al, 1989) and occupies the extracellular space previously devoid of 

collagen, a reactive perivascular fibrosis of intramyocardial coronary arteries (Anderson, 

1979, Thiedemann et al, 1983, Doering et al, 1988, Jalil et al, 1988, Jalil et al, 1989) and 

a reparative fibrosis, or microscopic scarring, that has replaced necrotic myocytes 

(Anderson, 1979, Thiedemann et al, 1983, Jalil et al, 1989, Pick et al, 1989). Reparative 

fibrosis has been shown to occur in patients with a sustained pressure overload (Weber et 

al, 1994a) and may also be present in the normotensive ventricle of these patients. 

Reparative fibrosis will follow an insult such as ischaemia, MI and advanced perivascular 

fibrosis.
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In addition to changes in the amounts of collagen deposited, changes may also occur in the 

relative proportions of the collagen types in the development of cardiac hypertrophy. 

Type III appears to increase in the early stages (Weber et al, 1988b) but the later stages 

show an increase in type I (Turner & Laurent, 1986, Bishop et al, 1990b, Chapman et al,

1990), a sustained increase in type III (Medugorac & Jacob, 1983, Mukheijee et al, 1983, 

Morioka et al, 1992) or a return to normal levels (Weber et al, 1988b) in both human 

disease and in animal models. These differences are dependent on the species, age and 

time at which the measurements are made in the development of the hypertrophy. It has 

been suggested that during the evolutionary phase of LVH, the collagen matrix 

remodelling associated with increase type III ‘embryonic’ (Medugorac & Jacob, 1983) 

collagen provides the initial structure and substrate for subsequent remodelling. Type III 

collagen, however, does not contribute greatly to the tensile strength of the myocardium, 

which is provided by type I fibrils (Weber et al, 1988b).

The reactive interstitial and perivascular fibrosis that occur in concentric hypertrophy 

accompanying hypertension seen in humans, as well as in various experimental and genetic 

models of arterial hypertension, are associated with abnormal myocardial stiffness 

(Doering et al, 1988, Jalil et al, 1988, Jalil et al, 1989) and impaired pumping capacity of 

the heart (Averill et al, 1976). Dysfunction first appears during diastole and subsequently 

involves systole (Weber & Brilla, 1991). As a result of the apparent relationship between 

impaired stiffness and pump dysfunction and the accumulation of, or shift in, collagen 

types, it is suggested that this remodelling of nonmyocyte compartments represents a 

determinant of pathological hypertrophy in hypertension. This pathological LVH is a 

major risk factor associated with myocardial failure (Levy et al, 1990).
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1.3.3 Vascular wall remodelling

Sustained hypertension is associated with structural and functional alterations of large 

arteries and arterioles and also smaller arteries. Several studies have shovm that 

hypertension is associated with increased arterial wall thickness (Wolinsky, 1970, 

Wolinsky, 1972, Owens & Schwarz, 1983). SMC hypertrophy, accompanied by 

polyploidy, has been shown to contribute to the increase in SMC mass in several animal 

models of hypertension (Owens et al, 1981, Owens & Reidy, 1985). Together with SMC 

hypertrophy, alterations of the structural composition of the arterial wall characterised by 

an increase in medial ECM, involving principally collagen (Wolinsky, 1971, Wolinsky, 

1972, Lee et al, 1983, Brayden et al, 1982) is also a major biochemical finding in 

hypertension and leads to modifications of the mechanical properties of the vessel wall, 

including reduced compliance (Berry et al, 1975, Levy et al, 1985). In large arteries, wall 

thickening has little effect on the size of the lumen, whereas in smaller resistance vessels it 

causes an encroachment of the vessel wall into the lumen. Since resistance to flow is 

proportional to the fourth power of the internal radius, relatively minor changes in lumenal 

size of these small arteries can have significant effects on the resistance of the vascular bed 

and it has been argued that such structural adaptations of these resistance vessels are 

particularly important in sustaining and reinforcing the hypertensive state (Mulvany, 1987, 

Folkow, 1983, Dahlof, 1988, Komer et al, 1989). In the adventitia the major changes are 

due to fibroblast replication and enhanced collagen deposition (Riley et al, 1990a).

SMC hypertrophy and ECM deposition also occur in the case of the restenosis caused by 

vessel injury in balloon angioplasty treatment of atherosclerotic plaque (Austin et al, 1985, 

Strauss et al, 1994, Schwarz et al, 1992). Restenosis remains the major limitation of 

coronary angioplasty in humans.
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1.4 THE COLLAGENS

In this section, the current understanding of the family of matrix macromolecules which are 

classified as collagens will be discussed, with particular reference to those found within the 

cardiovascular system. Data on collagen turnover in the normal heart is presented, with 

reference to points at which pathways may be altered during development of pressure 

overload-induced cardiac hypertrophy and fibrosis.

1.4.1 Structure

The interstitial collagens, consisting of three polypeptide a-chains composed of large 

helical domains are synthesised as procollagens (pro a-chains) which undergo processing 

to a-chains and subsequently assemble into collagen fibrils and fibres. Each a-chain 

consists of a central left-handed helical region containing the characteristic repeating triple 

unit of amino acids, Gly-X-Y (where Gly is glycine, X is frequently proline and Y the 

imino acid 4-hydroxyproline), as well as short non-helical regions at the N- and C-terminal 

ends. The Gly-X-Y sequence is essential for the folding of the molecule into a right- 

handed triple helix, stabilised by inter-chain hydrogen bonds. Glycines, having no side 

chains are capable of being positioned in the centre of the triple helix (Traub & Piez, 

1971). As a result, peptide bonds are buried within the interior of the molecule, this 

structure rendering the triple-helical region highly resistant to proteolysis.

The precursor molecules for the interstitial collagens contain three separate domains; the 

central, triple-helical portion, described above; an N-procollagen peptide domain 

consisting of a terminal globular region of 77-86 amino acids, a small triple helical region 

of about 40 amino acids and a short, 2-8 amino acid non-helical domain linking the pro
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peptide to the helical chain (the cleavage site for the removal of the N-propeptide) and a 

globular C-terminal region, stabilized by inter-chain disulphide bonds. These propeptides, 

comprising one third of the total mass, are removed by N- and C-terminal peptidases, 

leaving short non-helical regions at both ends of the molecule, containing sites for cross- 

linking to other collagen molecules.

1.4.2 The collagen superfamily

Thirty three distinct collagen chains exist, interacting to form the different collagen types. 

Collagen types may exist as homotrimers composed of three identical a-chains (collagen 

III: [ai(in)]3) or as heterodimers consisting of two (collagen I: [ai(I)]2(%2(I)) or three 

(collagen VI: a i(VI)a2(VI)a3(VI)) different a-chain subunits. To date, at least 20 

members of the collagen superfamily have been identified, each functionally and 

structurally distinct and coded for by at least 30 different genes, widely distributed 

throughout the genome (van der Rest & Garrone, 1991).

1.4.3 Collagens of the cardiovascular system

The relative proportions of the collagen types, along with arrangement of the collagen 

fibres, varies depending on the tissue type, so that the ECM structure contributes to the 

specific function of that tissue. In the heart, at least six of these collagen types have been 

identified (I, III, IV, V, VT and VIII, see section 1.2.1), with types I and III being the most 

abundant and produced principally by the fibroblasts. The roles of these collagen types in 

the heart have already been discussed above (section 1.2.1).
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The fibrillar collagens, types I, III and V, account for > 90 % of the total collagen present 

in the heart, with ~ 70 % of this total being type I, -20 %, type III and <5 % other types, 

including V.

The non-fibril forming, type IV collagen found in epithelial and endothelial cell basement 

membrane forms an open-meshed network in association with other ECM proteins, 

including laminin, heparan sulphate, nidogen and type V collagen. Type IV collagen is 

also present in the cardiovascular system, produced by endothelial cells and myocytes (see 

section 1.2.1), where it represents less than 5 % of the total collagen in the heart. The 

main triple helix of the molecule is interrupted by short non-helical domains, lending the 

molecule increased flexibility and its open structure which is formed by both end to end 

and lateral associations of the triple helix.

Of the other collagen types present in the heart, type VI collagen forms a unique structure 

of alternating beaded and filamentous structures (Amenta et a/, 1986). The short chain 

collagen, type VIII, half the length of the fibrillar collagens consists, like the fibrillar 

collagens of triple helices interrupted by short non-helical domains (Iruela-Arispe & Sage, 

1991).

1.4.4 Collagen synthesis

Transcription

Procollagen genes encoding for the pro-ai (I) and pro-tt2 (I) chains consist of about 18 

and 38 kilobases (kb), respectively. Both genes contain about 50 introns, which are 

generally much shorter in the pro-tti(I) than the pro-«2(I) gene. The intervening exons
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consist of predominantly 54 or 108 base pairs (bp), a feature common to all of the so- 

called fibrillar collagen genes. Other collagen genes are more diverse, for example in 

collagen X the triple helical domain is coded for by one large exon (Vuorio & de 

Crombrugghe, 1990).

Procollagen deoxyribonucleic acid (DNA) is transcribed to pre-mRNA in the nucleus. 

Pre-mRNA is spliced to form functional mRNAs (4-6 kb) before translation on membrane 

bound polysomes in the rough endoplasmic reticulum (RER). The translated product, 

termed preprocollagen a-chain, contains an N-terminal hydrophobic signal peptide, which 

is thought to facilitate movement across the RER. This peptide is proteolytically cleaved, 

either during translation or shortly after polypeptide synthesis (Nimni & Harkness, 1967). 

The resulting procollagen a-chain undergoes a series of co- and posttranslational 

modifications, described below.

The regulation of procollagen gene transcription

The regulation of procollagen gene transcription is accomplished via gene regulatory 

proteins called ^anj-acting nuclear factors interacting with regulatory DNA sequences, 

which consist of short DNA stretches of defined sequence called c/5-acting elements.

The regulatory DNA sequences have been identified for several procollagen genes. They 

are usually located in the 5' end of the gene, upstream of the start site of transcription, they 

include the gene promoter, a region recognised by RNA polymerase II, although 

sequences located downstream of the transcription start codon in the first intron of a
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number of procollagen genes have also been identified. These include ai(I), « 2(1), cXi(II), 

ai(III) and ai(IV).

Procollagen gene promoters typically contain a TATA box, necessary for the orientation of 

RNA polymerase II (Ritzenthaler et al, 1991). Several promoters have also been shown to 

contain CCAAT (or CAT) binding regions. The factors binding to this canonical sequence 

have been purified, cloned and sequenced. The binding of one such factor, CCAAT 

binding factor (CBF) has been demonstrated to be required for transcriptional activation of 

both the tti(I) and « 2(1) procollagen genes (Maity et al, 1988, Karsenty et al, 1990, 

Karsenty et al, 1988). The regulation of the ai(III) procollagen gene is similar to the type 

I procollagen genes in that in contains a TATA box and CCAAT binding regions. In 

contrast, the ai(II) procollagen promoter contains a TATA but no CCAAT box, while 

ai(IV) and « 2 (1  V) procollagen genes have a CCAAT, but no TATA box.

Promoters of the collagen genes have been found to contain several other tram-ojcXm% 

nuclear factors, including activated gene regulatory protein (AP-1) sites, which bind the 

heterodimer composed of the activated forms of fos  and jun  proteins. AP-2, specificity 

protein-1 (SP-1) and nuclear factor-1 (NF-1) sequences have also been identified in some 

procollagen genes (Rossi et al, 1988, Karsenty et al, 1988). Procollagen genes also 

contain upstream negative regulatory elements which bind inhibitory regulatory factors 

(IF) such as IF-1 and IF-2 (Karsenty et al, 1990, Karsenty et al, 1991).

Regulatory AP-1 and SP-1 DNA sequences located downstream of the transcriptional start 

site have been demonstrated in the first intron of many of the procollagen genes and may
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enhance or inhibit procollagen gene transcription (Liska et al, 1990, Bomstein et al,

1987). DNA méthylation may also serve to regulate procollagen gene transcription, 

possibly as a negative regulatory control mechanism (Guenette et al, 1992).

Posttranslational modifications

Intracellular modifications of the newly synthesised polypeptide chains results in the 

formation of procollagen molecules containing an array of hydroxyproline and 

hydroxylysine residues. The principal modifications are the hydroxylation of prolyl and 

lysyl residues, brought about by the actions of three hydroxylases and two glycosyl 

transferases. Most of these events occur as co-translational modifications while the 

nascent polypeptide chains are still growing on the ribosomes, but the reactions are 

continued as posttranslational modifications until triple helix formation of the pro a-chains 

occurs, which prevents any fiirther processing.

Prolyl 4-hydroxylase catalyses the hydroxylation of proline during polypeptide elongation 

and proceeds until virtually all Y-positioned prolines are hydroxylated. Some proline 

residues in the X-position are also hydroxylated by prolyl 3-hydroxylase (Kivirikko et al,

1989). Hydroxyproline, unique to the collagens and a few other proteins (Campa et al,

1990), is essential for the stability of the triple helix. Under-hydroxylated procollagen 

cannot form triple helices and is therefore susceptible to degradation (Steinmann et al, 

1981). Lysyl hydroxylase converts lysine to hyroxylysine (about seven residues per a- 

chain). The reaction mechanisms of all three enzymes are similar and each requires as 

cosubstrates Fe^, 2-oxoglutarate, molecular O2 and ascorbate.
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The galactosyl and glucosyl tranferases, hydroxylysyl galactosyl transferase and galactosyl 

hydroxylysyl glucosyl transferase, respectively, transfer carbohydrate moieties to the 

hydroxyl groups of hydroxylysines in the helical regions (Kivirikko & Myllyla, 1984). The 

extent of this glycosylation is very variable, both between collagen types and within the 

same collagen in different tissues and at different ages. The biological role of the collagen- 

specific carbohydrate units remains unclear, although they may have some role in fibril 

organisation. A final modification involves the transfer of mannose-rich oligosaccharides 

onto asparagine-linked carbohydrate units in the C-propeptides of fibrillar collagens and 

some domains in nonfibrillar collagens (Olsen et al, 1977).

Triple helix formation in the fibrillar collagens occurs through a nucleolation centre in the 

C-propeptide as a result of the alignment of three procollagen a-chains in a way that 

juxtaposes appropriate cysteine residues in the C-terminal propeptides (Engel & Prockop,

1991). This results in the formation of intra- and interchain disulphide bonds between 

opposing lysine and hydroxylysine residues. Triple helix formation proceeds in zipper-like 

fashion from the C-terminus to the N-terminal domain. The precise mechanism by which 

non-fibrillar collagens- lacking homologous C-domains common to the fibrillar collagens- 

are assembled is not known, but some of these collagens possess large non-triple helical 

domains, which may be fimctionally equivalent to fibrillar C-propeptide domains (Olsen,

1991).

The procollagen molecules then move from the endoplasmic reticulum to the golgi 

apparatus where they are packaged into small vesicles, form small aggregates and are 

carried to the cellular membrane (Kivirikko et al, 1989). During or immediately after 

secretion, the N- and C-propeptides of fibrillar collagens are enzymatically cleaved by
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procollagen N- and C-proteinase, respectively. Because cultured cells secrete 

predominantly procollagen into the culture medium, it is generally assumed that these 

proteinases act extracellularly. However, whether this is the case in vivo has not been 

confirmed.

Fibre formation

Fibre formation appears to be a self-assembly process. The molecules align precisely in 

quarter-stagger arrays, first forming microfibrillar units, which are then packed together to 

form larger fibres (Birk & Trelstad, 1986). The fibres are stabilised by the formation of 

inter-molecular covalent cross-links catalysed by lysyl oxidase, which readily binds to 

molecules arranged in fibres (Yamauchi & Mechanic, 1988). Lysyl and hydroxylysl 

residues, particularly in the non-helical regions, undergo oxidative deamination to form 

allysine and hydroxyallysine. Inter-molecular cross-links then form through generation of 

a Schiff base between the aldehyde-containing precursor and the side chains of alysyl or 

hydroxylysl residue in the helical region of an adjacent molecule. The nature of these 

cross-links is thought to change with age, from reducible cross-links described above to a 

stable non-reducible form, which occurs through the formation of polyvalent cross-links. 

There is some evidence that cross-links may form between type I and III collagen, 

supporting the immunohistochemical evidence that type I and HI molecules appear to be 

present in the same fibril (Henkel & Glanville, 1982).

1.4.5 Collagen degradation

Two principal pathways exist by which collagen may be degraded; an intracellular pathway 

that rapidly degrades procollagen molecules and an extracellular pathway involving the 

degradation of fibrillar collagen.
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Intracellular degradation

Intracellular degradation is thought to occur mainly in lysosomes, although a small amount 

has also been shown to be non-lysosomal (Bienkowski, 1984). The regulation of 

intracellular degradation is poorly understood, but several non-specific proteases with 

other functions in the cell may be involved.

The functions of intracellular degradation may be two-fold; to prevent secretion of 

defective molecules and secondly, to provide a level of regulation of collagen production 

in response to extracellular stimuli. Evidence in support of the former hypothesis comes 

from studies in which proline analogues are incorporated into the collagen chain, 

preventing them from forming a stable triple helix. These unstable collagen chains are 

rapidly degraded (Berg et al, 1980). Also, fibroblasts under-hydroxylate collagen during 

the log phase of growth and this stage is associated with the degradation of three times the 

proportion of newly synthesised collagen compared with cells which are confluent 

(Tolstoshev et al, 1981). The role of this degradative pathway as a regulator of the extent 

of collagen deposition has been demonstrated in studies of fibrotic disorders where 

enhanced collagen deposition is associated with a rise in the level of collagen degraded 

rapidly (Laurent & McAnulty, 1983).

Extracellular degradation

The extracellular degradation of collagens is performed largely due to the activity of 

matrix metalloproteases. Collagenolysis by collagenase may be regulated at several sites 

(Krane, 1985) including (a) biosynthesis and secretion of the latent enzyme pro- 

collagenase, predominantly by fibroblasts; (b) activation of the latent enzyme by proteases; 

(c) interaction of the active enzyme with the collagen substrate and (d) modulation of the
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effects of the active enzyme by proteinase inhibitors, such as tissue inhibitor of 

metalloproteinase (TIMP) and a 2-macroglobulin. Collagenase cleaves the collagen 

molecules, in fibres, into a large fragment, TCa (75 % of the molecules length) and a 

smaller TCb fragment. The cleavage site is closer to the C-terminal and is specific for the 

peptide bond between glycine and isoleucine. Once the collagen molecule has been 

cleaved, the triple helix unwinds and is degraded further by nonspecific proteases.

This degradative pathway is thought to play a role in the remodelling of the collagen 

matrix during rapid tissue growth, since this process involves the breakdown of existing 

cross-linked collagen fibres (see section 1.5.2, below).

1.5 COLLAGEN TURNOVER IN THE NORMAL HEART AND

VASCULATURE AND IN RESPONSE TO PRESSURE OVERLOAD

Early studies of the ECM of the body suggested that collagen served only to maintain the 

structure of organs and was virtually inert (Neuberger et al, 1951). These early decay 

studies, measuring the decrease in the specific activity of proline in collagen following a 

single injection of a radio-labelled amino acid, did not allow for the re-utilisation of amino 

acids. Later studies using improved methods to accurately measure the turnover of 

collagen (Laurent, 1982) have shown that collagen turnover is in fact a much more rapid 

process than had been thought.

1.5.1 Collagen turnover in the normal heart and vasculature

Collagen turnover in the normal heart has not been extensively studied. In the right and 

left ventricles of rabbits, fractional collagen synthesis rates of 3 %/day and 6 %/day, 

respectively were found, of which one third is degraded rapidly in both ventricles (Turner
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et al, 1986). By comparison, non-collagen protein synthesis was 18 %/day in both 

ventricles. Fractional collagen synthesis rates in the rat were 9 %/day at 6 months of age, 

in comparison with values of 4 %/day and <1 %/day in the lung and skin, respectively 

(Mays et al, 1991). However, at this age in the heart over 90 % of this collagen is 

degraded rapidly, compared to 70 % in the lung and only 14 % in skin. In common with 

other tissues, such as the lung, collagen synthesis rates have been shown to decrease in the 

heart with increasing age (Mays, 1990).

Rates of collagen synthesis in the pulmonary artery and aorta of rabbits of 5 %/day and 3 

%/day, respectively, were found to be similar to those in the heart (see above) and again 

demonstrated the dynamic nature of collagen turnover in these tissues. The proportion of 

collagen degraded rapidly was 50 % in these tissues (Bishop et al, 1990a).

Little information is available concerning the relative rates of synthesis for the different 

collagen types. In the skin, however, it appears that collagen synthesis is more rapid for 

type I than III. The half-life for processing type I collagen in rabbit skin has been 

estimated at 26 minutes (min) compared to 3.9 hours (h) for type HI (Robins, 1979).

1.5.2 Collagen turnover in the hypertrophying heart and in the vasculature during 

pressure overload

Fibroblasts respond to the stimuli for hypertrophy very rapidly. In the rabbit, 2 days of 

pulmonary artery banding produced a six-fold increase in fractional synthesis rates in the 

right ventricle (RV), associated with a fall in the proportion degraded rapidly (although 

degradation in absolute terms was increased) (Bishop et al, 1994). A four-fold increase in 

the level of pro-collagen ai(I) mRNA was also observed at this time, in agreement with
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several other studies demonstrating an increase in types I, III and IV mRNA in response to 

pressure overload (Chapman et al, 1990, Villareal & Dillmann 1992). These results 

suggest that the regulation of collagen deposition occurs, at least in part, at the 

transcription level. In dogs, 5 days pulmonary artery banding produced an eight-fold 

increase in collagen synthesis rates in the RV (Bonnin et al, 1981). Using the bleomycin 

model (causing acute lung injury and pulmonary hypertension), in which the onset of 

pressure-overload is more gradual, RV collagen synthesis rates increased by three-fold 

after 14 days. A fall in RV collagen concentration of 40 % was observed 6 days after the 

bleomycin administration. This was due to a fall in the total collagen content of the 

ventricle, indicating a breakdown of part of the existing collagen matrix. An increase in 

the concentration of free hydroxyproline in these tissues served to support the idea that 

collagen degradation increases (Turner et al, 1986). Further support for the degradation 

of the existing network to accommodate the increase in muscle mass comes from scanning 

electron microscope studies (Doering et al, 1988). This data also leads to the hypothesis 

that the regulation of myocyte and nonmyocyte compartments in the heart may be subject 

separate regulatory control mechanisms.

Following the three-fold increase in pulmonary artery pressure caused by bleomycin 

administration, collagen turnover increased in the pulmonary artery from 5 % to 23 % (the 

hypertensive vessel), but not in the normotensive aorta. A decrease in the proportion of 

collagen degraded rapidly from 50 % to 8 % was also observed in bleomycin treated 

animals compared with controls (Bishop et al, 1990a). These results suggest that 

increased collagen deposition occurs by both increased synthesis and decreased 

degradation. As discussed above (section 1.3.3), many studies have demonstrated that, 

together with SMC hypertrophy, alterations of the structural composition of the arterial
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wall characterised by an increase in medial ECM involving principally collagen (Wolinsky, 

1971, Wolinsky, 1972, Lee et al, 1983, Brayden et al, 1982), is also a major biochemical 

finding in hypertension.

In the development of cardiac hypertrophy, in addition to changes in the amounts of 

collagen deposited, changes may occur in the relative proportions of the collagen types 

(discussed above, section 1.3.2). This shift in collagen types may affect the physical 

properties of the myocardium (discussed above, section 1.2.1). Few studies have 

measured vascular collagen types following the onset of pressure, although no changes in 

the fibrillar types I and III was observed in the pulmonary artery in the bleomycin model 

(Bishop etal, 1990a).

1.6 FIBROBLAST PROLIFERATION

Thus far, discussion of the increased collagen deposition in the hypertrophying heart has 

centred on regulation at sites in the metabolic pathways; with regulation at the level of 

transcription, translation and also via alterations in the amount of collagen entering the 

degradative pathways. Regarding increases in collagen synthesis, the increase may occur 

via an increase in production per fibroblast or an increase in the number of fibroblasts, or 

both (Figure 1.2). An increase in collagen synthesis before an increase in DNA content in 

the bleomycin model (Turner et al, 1986) is evidence that an increase in synthesis in 

existing fibroblasts may occur prior to an increase in fibroblast number. Several other 

studies also support this hypothesis (Grove et al, 1969, Morkin & Ashford, 1968 and 

Skosey et al, 1972,). van Krimpen et «/ (1991a) demonstrated a transient rise in 5-bromo- 

2'-deoxyUridine (brdU) incorporation after induction of MI in the rat. DNA synthesis was 

localised mainly in the cardiac interstitium. Concomitantly, a sustained increase in cardiac
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Figure 1.2: Schematic representation showing the mechanisms o f increased collagen 

deposition in cardiac hypertrophy accompanying pressure overload and possible 

regulatory factors.
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collagen content was found. However, in the study of Skosey et al (1972), maximum 

incorporation of labelled proline into collagen preceded the peak of DNA production, 

suggesting an increase in collagen production per fibroblast, at least in the early stages of 

hypertrophy. Taken together, the data suggest that enhanced collagen production in the 

heart is increased by both mechanisms.

1.7 FACTORS REGULATING THE DEVEOPMENT OF CARDIAC 

HYPERTROPHY AND FIBROSIS

The factors that are involved in the hypertrophy and fibrosis that accompany hypertension 

are not clear, but both haemodynamic and nonhaemodynamic factors may be involved. 

Pressure overload may directly affect myocyte and fibroblast function or indirectly via the 

production of autocrine or paracrine growth factors. Pressure overload may also affect 

myocyte and fibroblast function by exposure of these cells to circulating factors (Figure 

1.2 ).

1.7.1 Mechanical load

Many tissues are exposed to mechanical forces and examples exist of their responses to 

mechanical load in both normal development and pathological conditions. In skeletal 

muscle, for example, mechanical load is the driving force for muscle protein synthesis and 

growth (Goldberg, 1967). Similarly, inflation of the uterus to mimic the pregnant state 

causes increased protein synthesis in the absence of pregnant hormonal influences 

(Douglas et al, 1988). Also, shrinkage of the uterus occurs after delivery once the stretch 

is removed. In bone and tendons, compression and strain are stimuli for growth and 

remodelling (Jones & Bingmann, 1991), with the application of mechanical load as a 

classic approach for the treatment of orthopeadic disorders. In response to mechanical 

load, osteoblasts increase and maintain bone structure. In contrast, bone mass is lost if the
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tissue is immobilised or subject to weightlessness (Harter et al, 1995). The lungs are 

subject to passive mechanical forces during development and normal breathing processes 

(Riley et al, 1990b). After pneumonectomy in infants, mechanical load imposed on the 

remaining lung is thought to be the major stimulus for the regrowth of the tissue that 

occurs since filling the cavity after pneumonectomy abolishes the hypertrophic increase in 

lung size (Rannels, 1989, Brody etal, 1978).

Thus, the concept of mechanical forces regulating cell fimction, with cells possessing 

complex mechanosensory and mechanotransduction pathways is becoming established. 

Therefore, alterations in the normal mechanical environment of tissues may lead to changes 

in cellular behaviour with rapid remodelling occurring to counteract the increased load.

Mechanical forces are particularly important in the cardiovascular system where the tissues 

are constantly subjected to stresses and strains, with dramatic changes in these pressures 

occurring during development and disease. The continued development of the neonatal rat 

heart involves a number of biochemical and structural changes (Wickman-Coffelt et al, 

1979, Melton et al, 1984), including myocyte hypertrophy and the rapid development of 

the myocardial collagenous network that surrounds and connects to the cardiac myocytes 

(Borg & Cauldfield, 1979, Borg et al, 1983). Likewise, in the pressure overloaded 

myocardium myocyte hypertrophy and an elaborate rearrangement of the cardiac ECM are 

seen (Weber et al, 1988a, Abrahams et al, 1987, Jalil et al, 1989). A common factor in 

these developmental and disease states is increased pressure and mechanical tension in the 

heart. Many cardiovascular diseases are associated initially with some form of pressure 

overload, for example, pulmonary or systemic hypertension or aortic constriction, leading 

to the development of cardiac hypertrophy and increased collagen deposition. This 

suggests that all cardiac cells may be influenced by mechanical load.

There is evidence to suggest that myocyte growth closely follows myocyte loading, 

determined primarily by ventricular systolic pressure in the intact animal (Cooper et al,
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1985). In the in vitro heart Schreiber et al (1970) found protein synthesis to be related to 

ventricular systolic pressure. Additionally, it has been reported that an elevation in arterial 

pressure will enhance myocardial protein synthesis in the isolated heart (Morgan et al,

1985). Furthermore, stretching of cultured myocytes increases specific gene expression 

and protein synthesis (Sadoshima et al, 1992, Schneider et al, 1991, Komuro et al, 1990, 

Komuro et al, 1991, Mann et al, 1989, Terracio et al, 1988). The genes induced by 

mechanical stretch can be divided into two classes: lEGs and late response genes which 

have been discussed above in relation to their stimulation in in vivo models of pressure 

overload (section 1.3.1). The protein accumulation observed in stretched myocytes is 

associated with cellular hypertrophy. This clearly indicates that the muscle cells are 

intrinsically able to sense the external load even in the absence of neural or hormonal 

factors. However, it is not known how muscle cells sense the external load and convert 

this stimulus into intracellular signals regulating cell growth (the mechano-growth coupling 

process).

Mechanical load in vitro also stimulates collagen synthesis by SMCs (Leung et al, 1976, 

Kollros et al, 1987, Sumpio et al, 1988), pulmonary artery (Bishop et al, 1993a) and 

cardiac fibroblasts (Carver et al, 1991, Butt et al, 1995a). Elastin and fibronectin synthesis 

are also increased in smooth muscle and endothelial cells, respectively, in response to 

mechanical load in vitro (Sutclife & Davidson, 1990, Gorfien etal, 1989).

Pressure overload leads to fibroblast and endothelial cell proliferation in the heart in vivo, 

(discussed above, section 1.6) suggesting that mechanical load influences cell replication. 

Enhanced replication also occurs in response to mechanical load in vitro. Endothelial and 

SMCs, as well as pulmonary artery (Sumpio et al, 1987, Banes et al, 1993, Wilson et al, 

1993, Bishop et al, 1993a) and lung fibroblasts (Bishop et al, 1993b) ail demonstrate 

increased replication in response to mechanical load. Thus, mechanical load stimulates the 

synthesis of a diverse range of proteins, including those of the ECM and proliferation of 

cardiovascular cells.
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1.7.2 Growth factors

Growth factors may also be involved in the regulation of hypertrophy and collagen 

deposition. The presence of autocrine/paracrine factors has been proposed as one of the 

potential mechanisms in the pathogenesis of load-induced hypertrophy.

Many growth factors have been identified in cardiovascular tissues and increased growth 

factor activity in hypertrophying hearts has been demonstrated in several models of 

pressure overload, although the precise nature of these factors remains unknown 

(Hammond & Markert, 1982, Sen, 1987, Bishop & Laurent, 1989). One candidate is 

transforming growth factor beta (TGF-p). The TGF-p family of growth factors is 

composed in mammals of three structurally homologous proteins (TGF-Pi, TGF-P2 and 

TGF-ps). TGF-p is found in the highest concentration in platelets but also produced by 

many other cell types, including cardiac myocytes. Levels increase in the heart following 

ischaemia (Thompson et al, 1988) as part of a wound healing response. TGF-P expression 

is also increased in the heart following the onset of pressure overload (Villareal & Dillman, 

1992, Takahashi et al, 1994, Omura et al, 1994, Ohta et al, 1994). Vascular TGF-p 1 

expression has also been shown to increase in parallel with pressure (Sarzani et al, 1989).

The single chain polypeptide, insulin-like growth factor-1 (IGF-1) is a growth-promoting 

hormone, synthesised primarily in the liver in response to growth hormone is present in the 

plasma but also synthesised as an autocrine/paracrine agent in other tissues. IGF-1 has 

been identified in the SMCs of the vessel wall and hypertrophying myocardium (Wolfe et 

al, 1993, Isgaard et al, 1994) and is up regulated after acute MI.

Basic fibroblast growth factor (bFGF, now called FGF-2) is produced by many cell types 

including vascular endothelial cells (Maler et al, 1990), fibroblasts (Story, 1989) and 

SMCs (Gospodarowicz et al, 1988). Expression of bFGF is increased in the surviving 

myocardium after MI, suggesting a role in the resulting compensatory hypertrophy (Chiba 

et al, 1990, Cohen et al, 1994) and accumulation of bFGF has been demonstrated in
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isoproterenol-induced cardiomyocyte injury (Padua & Kardami, 1993). Vascular bFGF 

has also been demonstrated in vitro and in vivo, where injury to the endothelium may lead 

to its release and involvement in the remodelling process (Vlodavsky et al, 1986, 

Vlodavsky <2/, 1987).

Platelet derived growth factor (PDGF), whose two chains, termed A and B, can combine 

to give three different biologically active dimeric isoforms: AA, BB and AB, is released 

from a-granules of platelets upon aggregation and activation during the coagulation 

cascade. It is produced by many cell types, particularly mesenchymal cells, which also 

represent a major target for PDGF. PDGF-B is up regulated in response to shear stress 

through the stimulation of the shear stress response element on the PDGF-B gene 

promoter (Resnick et al, 1993) and PDGF-A chain expression has been shown to be 

regulated by BP in the aorta during hypertension (Sarzani et al, 1991).

In addition to the increased levels accompanying pressure overload in vivo described 

above, growth factors have been shown to cause hypertrophy when applied exogenously 

in vitro (Chien etal, 1991, Schneider & Parker, 1991). Furthermore, in vitro models have 

demonstrated stimulation of myocyte hypertrophy, fibroblast replication and procollagen 

synthesis by a variety of growth factors. bFGF and TGF-P have been shown to stimulate 

myocyte hypertrophy (Parker et al, 1990, Schneider & Parker, 1990) and IGF-1 to 

stimulate myocyte protein synthesis (Fuller et al, 1992). Increased fibroblast replication 

has been shown in response to a range of growth factors, for example, PDGF and bFGF 

(Peacock et al, 1992, Butt et al, 1995b). Cardiac fibroblast collagen synthesis has also 

been shown to be stimulated by growth factors, amongst others, TGF-p (Rizzino, 1988), 

PDGF, IGF-1 and FGF-2 (Butt et al, 1995b).

The involvement of growth factors may not be totally divorced from the role of mechanical 

forces. Stretch activates multiple second messenger systems including phosholipases (PL) 

C, D and A2, protein kinase C (PKC), tyrosine kinases and mitogen activated kinases
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(MAPKs) and this simultaneous activation of multiple second messenger systems is highly 

reminiscent of growth factor-induced intracellular signalling (Sadoshima & Izumo, 1993a, 

Yamazaki et al, 1993). Fetal lung fibroblasts, subjected to mechanical stimulation release 

autocrine growth factors, including PDGF (Bishop et al, 1993b, Bishop et al, 1992). 

Wilson et al (1993) also demonstrated that SMC replication was enhanced by mechanical 

stimulation through autocrine production of PDGF. PDGF-B chain mRNA levels in 

endothelial cells are affected by shear stress, although the data is conflicting as to whether 

mRNA levels are increased (Hseih et al, 1992) or decreased (Malek et al, 1993). Shear 

stress also increases FGF-2 mRNA levels (Malek et al, 1993).

It is possible that growth factors work synergistically with mechanical stimuli to stimulate 

cellular and extracellular changes in cardiac hypertrophy. For example, some cells require 

growth factors in the medium in order to respond to mechanical load. This has been 

demonstrated for replication of SMCs and collagen synthesis of cardiovascular fibroblasts. 

Banes et al (1993) demonstrated that vascular SMCs (VSMCs) only replicate in response 

to mechanical load in the presence of growth factors such as PDGF and IGF-1. However, 

Wilson et al (1993) demonstrated enhanced VSMC replication in the absence of growth 

factors. This response may be due to the fact that these particular SMCs produce PDGF 

in an autocrine manner in response to mechanical load. Cardiac fibroblasts require high 

serum levels in order to increase collagen production in response to mechanical load (Butt 

et al, 1995a). Thus, autocrine factors may be produced in response to mechanical load, or 

be required, from a paracrine source for example, to act synergistically with mechanical 

load to enhance fibroblast activity. An exogenous source of growth factors may be 

required for a response to load in these cells if they are unable to release autocrine 

mediators in response to load in this in vitro environment. However, it is not known 

whether these factors are the physiological mediators of hypertrophy in vivo, because the 

critical link between mechanical stress and the growth factors has not been demonstrated.
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In summary, it is clear that growth factors are potent stimulators of cardiac cellular 

activity, stimulating myocyte and SMC hypertrophy and the replication of and collagen 

synthesis by cardiac fibroblasts. Evidence is emerging to indicate the presence of these 

factors in the normal and hypertrophying heart. Increased groAvth factor activity in 

hypertrophying hearts has been demonstrated in several models of pressure overload 

hypertrophy, although the precise nature of these factors is not yet known. Therefore, the 

combined evidence of their presence in heart tissue and their potent effects on cardiac cells 

in vitro suggests that growth factors may play a critical role in regulating cardiac 

hypertrophy and fibrosis in the pressure overloaded heart. It is highly likely that many of 

these factors work synergistically with mechanical stimuli to stimulate cellular and 

extracellular changes during cardiac hypertrophy.

1.7.3 Circulating factors

Circulating factors may also be important in the regulation of cardiac groAVth. An 

interesting hypothesis has emerged based on observations of vascular remodelling. 

Vasoconstrictor agents such as endothelin-I (ET-1) and All have been shown to stimulate 

cell activity in the pulmonary vessels whereas vasodilators such as prostacyclin appear to 

inhibit tissue growth. Thus, a dual role has been suggested for these agents (Peacock et 

al, 1993).

The endothehns are the most potent vasoconstrictors known, with ET-1 being the most 

extensively studied and predominant form. It is released from the vascular endothelium, 

towards the SMCs and this may be responsible for the low circulating levels measured, 

with ET-1 acting as a local mediator of vascular tone rather than a circulating hormone 

(Dawes, 1995). Endothelin has also been demonstrated to exert a number of non- 

vasoactive effects, for example enhanced prohferation and chemotaxis of fibroblasts 

(Dawes et al, 1994, Peacock et al, 1992), stimulation of collagen production by fibroblasts 

(Kahaleh et al, 1991, Guarda et al, 1993) and the hypertrophy of cardiac myocytes 

(Bogeyevitch a/, 1994).
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The octapeptide All, also a potent vasoconstrictor, is the primary effector hormone of the 

RAS, which plays a critically important role in the control of cardiovascular and renal 

homeostasis (Hall et al, 1986). Besides its potent vasoconstrictor effect. All has been 

suggested to exert direct growth promoting effects on cardiovascular cells. Before 

embarking on a discussion of the potential role of All in cardiovascular remodelling 

(section 1.9, below), an outline of the RAS is given below (section 1.8).

Pressure overload increases vascular wall permeability which may increase the availability 

of blood-derived growth factors to the underlying mesenchymal cells. Cardiac fibrosis is 

most prominent around coronary vessels and mediators involved in this form of fibrosis 

could quite possibly be derived from vascular or blood-borne sources (Winlove & Parker, 

1993).

During the development of pulmonary hypertension there is an increased transmural 

pressure in the vessel wall, leading to an increased influx of plasma proteins, such as 

albumin and fibrinogen. For plasma-derived proteins such as fibrinogen and thrombin to 

play a role in regulation of mesenchymal cell function, they must first permeate the vessel 

wall. Much of the evidence concerning the transport of plasma components into blood 

vessel walls has arisen from studies on atherosclerosis. Although the endothelium lining 

large blood vessels has a very low permeability to macromolecules, a large number of 

studies using labelled proteins have indicated they can pass through the vessel wall tissue 

(Stender & Hjelms, 1988). Indeed, lipoproteins and fibrinogen, and the various products 

of these proteins, which are present even in the earliest atherosclerotic lesions, originate 

fi’om the blood plasma (Smith et al, 1982). There is some evidence that the internal elastic 

lamina, which forms a boundary between the intimai and medial layers of the wall, can act 

as a transport barrier, thereby causing the accumulation of plasma components within the 

intima (Smith & Staples, 1982). However, the demonstration of labelled proteins in tissue 

across the whole thickness of the vessel wall suggests that there is a continuous net
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transport of such molecules from lumen to the lymphatic vessels of the adventitia (Walton, 

1975).

Fibrinogen is a 340 kilo Dalton (kDa) glycoprotein comprising three pairs of non-identical 

chains (Aa, Bp and y), which circulate as a component of blood plasma. The formation of 

a fibrin matrix at the site of tissue injury has been shown to provide a provisional stroma, 

which facilitates the migration of inflammatory cells and fibroblasts (Ciano et al, 1986, 

Brown et al, 1989). Fibrin also binds known mitogens, such as thrombospondin and 

fibronectin (Lahav etal, 1984, Mosher, 1975). Macrophages are trapped within the fibrin 

matrix and may release additional growth factors. The ability of the constituent elements 

of the fibrin matrix to promote cellular proliferation have not, however, been considered.

Thrombin is a multifunctional serine protease produced by the liver which plays a central 

role in haemostasis by promoting a blood coagulation through the conversion of soluble 

fibrinogen to fibrin, which then polymerises to form the matrix of the nascent clot (Davie 

et al, 1991). Thrombin has also been shown to influence a number of biological responses 

which may affect the behaviour of cells at sites of tissue injury.

Activated thrombin sequestered within the vessel wall has the ability to mediate a number 

of responses in resident cells. For example, thrombin is a potent chemoattractant for a 

number of inflammatory and mesenchymal cell types (Fenton, 1988). There is evidence to 

suggest that it plays a role in fibroblast recruitment, with possible implications in 

adventitial thickening observed as a consequence of many forms of pulmonary 

hypertension (Dawes et al, 1993). However, a major pathological feature during the 

remodelling of the pulmonary vascular bed is the proliferation of both the medial SMCs 

and adventitial fibroblasts. The ability of thrombin to react with both cell types, providing 

a stimulus for proliferation and protein synthesis has been well documented.
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Thrombin induces the production and release of a number of different cytokines and 

growth factors, including endothelin (Kohno et al, 1990), FGF (Tseng et al, 1982), PDGF 

(Ohba et al, 1994) and TGF-p (Bachhuber et al, 1997). Some of thrombins’ stimulatory 

effects are mediated by indirect mechanisms which have been shown to involve the 

production of these factors. Thrombin has been implicated in atherosclerosis, restenosis, 

vascular remodelling associated with pulmonary hypertension and pulmonary fibrosis.

In addition to generating insoluble fibrin, thrombin generates a number of high molecular 

weight fibrinogen-derived cleavage products, which are powerful fibroblast mitogens 

(Gray et al, 1990). The soluble proteins generated on clot formation by the action of 

thrombin on fibrinogen may, therefore play a role in vascular remodelling.

Growth factors produced or localised in response to mechanical load may interact 

synergistically with the direct effects of load on the cells as described above (section 

1.7.2).

1.8 THE RENIN ANGIOTENSIN SYSTEM

1.8.1 Biochemistry

The cascade of the circulating RAS starts with the production and secretion of the a-2 

globulin, angiotensinogen (Ao) in the liver. In the juxtaglomerular apparatus (JGA) of the 

kidney, specialised cells of the distal tubule, macula densa cells, produce the enzyme renin. 

Renin is first synthesised as the precursor molecule, prorenin, which is then converted into 

active renin in the Golgi apparatus or in granules (Johnston, 1990). Renin is an aspartyl 

protease and catalyses the rate-limiting step of the RAS. Ao is cleaved by renin to form 

the decapeptide angiotensin I (Al). Al is then transported by the blood to the lungs where 

it is converted by angiotensin converting enzyme (ACE) at the membrane of endothelial 

cells to form the octapeptide, AH, the most biologically active component of the RAS
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(Figure 1.3). That the lung is the main organ for the conversion of Al to All is explained 

in the high flow and the presence of large numbers of endothelial cells in this organ. In 

addition, ACE also occurs as a circulating enzyme in blood plasma, where it can convert 

Al to All. All is degraded by aminopeptidase A and B, resulting in a heptapeptide, des- 

Asp^-AII (AIII) and a hexapeptide des-Asp^-Arg^-AH (angiotensin 3-8 or AIV), 

respectively. A prolyl peptidase cleaves the heptapeptide des-Phe^-AII (angiotensin 1-7) 

from Al. All these angiotensin peptides still possess biological activity, e.g. stimulation of 

aldosterone (AL), vasopressin and prostaglandin (PG) synthesis by AIII and angiotensin 1- 

7 (Goodfriend, 1991). AIV exhibits biological activities that are opposite to those of All 

and III (Miller-Wing et al, 1993, Wright et al, 1988).

In addition to the classical pathways of All production, other pathways are possible. 

Tissue plasminogen activator (t-PA), kallikrein, tonin, plasmin, cathepsin G, elastase and 

endothelium-derived prorenin activating enzyme (EDPAE) convert prorenin to active renin 

(Seajoy et al, 1980, Takada et al, 1987, Tang et al, 1989, Wintroub et al, 1981). Of 

interest, at least in humans, is chymase. This enzyme has been suggested to play a major 

role in All formation (Urata et al, 1993, Urata et al, 1990a). Urata et al (1993) observed 

that more than 75 % of the All-forming enzyme activity in human left ventricular tissue 

homogenates was not blocked by ACE inhibitors, but was blocked by the serine proteinase 

inhibitor, chymostatin and soybean trypsin inhibitor. Subsequent studies showed that the 

major All-forming serine proteinase from the human cardiac ventricles was chymase 

(Urata et al, 1990b, Urata et al, 1991). Furthermore, chymostatin-sensitive All generating 

enzyme (CAGE), trypsin, cathepsin G, tonin, chymase and t-PA (Dzau, 1989, Ideshi et al.
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Figure 1.3: Schematic representation o f the pathways leading to production o f 

angiotensin II. ACE-angiotensin converting enzyme, CAGE- chymostatin-sensitive 

angiotensin generating enzyme, EDPAE- endothelium-derived prorenin activating 

enzyme, t-PA- tissue plasminogen activator.
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1990, Okunishi et al, 1987, Urata et al, 1990a) are ail able to generate All directly from 

Ao or Al.

In addition to the cleavage of Al to All, ACE has also been shown to cleave other 

peptides, like bradykinin (BK), enkephalins, neurotensin, cholecystokinin, substance P and 

the gonadotrophin luteinising hormone releasing hormone (Ehlers & Riordan, 1989, 

Erdos, 1990, Erdos & Skidgel, 1991, Skidgel & Erdos, 1987) (Figure 1.3).

1.8.2 Physiology

All causes powerfiil arterial vasoconstriction, therefore playing an important role in BP 

regulation. Furthermore, All stimulates synthesis and release of AL from the adrenal 

glands. This results in sodium and water retention in the kidney. Water retention results 

in an increase in BP. All also has direct effects on renal function. All stimulates proximal 

tubular sodium reabsorption (Hall et al, 1986). Glomerular filtration rate (GFR), which is 

dependent upon renal blood flow, glomerular pressure and glomerular filtration coefficient, 

is affected by All. The glomerular filtration coefficient is decreased by All through 

constriction of mesangial cells (Ausiello et al, 1980). Vasoconstriction of efferent 

glomerular arterioles by All increases filtration pressure. The balance of these factors 

determines the GFR.

Activation of the sympathetic nervous system by All also plays a role in BP regulation 

(Dargie, 1990, Hall et al, 1986, Melby, 1986). All can facilitate the release of 

norepinephrine (NE) by a direct effect within the central nervous system (CNS). 

Alternatively, enhancement of sympathetic activity may also depend on stimulation of All 

receptors on sympathetic nerve terminals, releasing NE. All increases the sympathetic
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outflow from the brain to both the vasculature and the myocardium (Antonaccio & 

Wright, 1990).

The rapid response of the circulating RAS to changes in fluid balance, blood flow and BP 

provides immediate haemodynamic stability and prevents hypotension. The principal 

function of the circulating RAS is to provide short-term cardiorenal homeostasis. Except 

for states of severe cardiovascular decompensation, plasma renin activity almost always 

returns to normal when homeostasis is achieved.

1.8.3 Angiotensin receptors

Differences in concentration-response relationship (Papdimitriou & Worcel, 1974), binding 

properties for All analogues (Douglas, 1987, Gunther, 1984) and signal transduction 

systems (Garcia-Sainz, 1987) suggested the existence of different receptor subtypes for 

All. The availability of selective compounds made it possible to identify the existence of 

at least two receptor subtypes for All, defined as the ATi and AT2 receptor (Chiu et al, 

1989, Whitebread et al, 1989). The pharmacological classification of ATi and AT2 

receptors was based upon different binding profiles for the non-peptidergic ligands, 

losartan (Dup 753), PD123177 and the peptide CGP42112A. The angiotensin receptor 

that selectively binds losartan was classified as the ATi receptor (Ducia et al, 1990), 

whereas selective binding of PD 123177 and CGP42112A was classified as the AT2 

receptor (Chiu etal, 1989, Whitebread etal, 1989).

Sasaki et al {\99\) and Murphy et al {\99\) cloned the ATi receptor from bovine adrenal 

glomerulosa cells and rat aortic VSMCs, respectively. The ATi receptor was found to 

belong to the seven-transmembrane-domain receptors superfamily and contains 359 amino
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acids. The subsequent cloning of the ATi receptor from the rat adrenal gland (Iwai & 

Inagami, 1992a, Sandberg et al, 1992) showed an 8 % difference in amino acid sequence 

when compared to the rat aortic ATi receptor, which indicated a distinction between ATi 

receptor subtypes, the ATia and ATib. A similar divergence between ATia and ATib has 

been found in humans (Konishi et al, 1994, Kuroda et al, 1994, Mauzy et al, 1992).

The AT2 receptor was first cloned by Kambayashi et al (1993) and Mukoyama et al (1993) 

from rat pheochromocytoma and fetus, respectively. These AT2 receptors contain 363 

amino acids and also belong to the seven-transmembrane-domain receptor superfamily. 

The AT2 receptor displays a 32-34 % homology with the ATI receptor.

Another group of AT receptors differs markedly from the ATi and AT2 receptor. These 

AT receptors do not bind either losartan or PD 123177. However, CGP42112A, another 

AT2 ligand, displayed a higher binding affinity than losartan and PD 123177 for the AT 

receptor in radioligand binding studies (Le Noble et al, 1993). Binding sites for All with 

these characteristics have been found in several tissues in different species, for example in 

the adrenal gland of the turkey, which has a 78 % homology with the AT 1 receptor (Carsia 

et al, 1993) and in the chorioallantoic membrane of the chick embryo (Le Noble et al, 

1993). In human isolated cardiac fibroblasts from explanted end-stage failing human 

hearts. All induced cellular proliferation, which could not be inhibited by losartan, 

PD 123177 or CGP42112A (Neuss et al, 1994), suggesting the existence of an as yet 

unknown AT receptor subtype in the human heart.
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1.8.4 Evidence to support the existence of local RAS

AU may behave not only as an endocrine agent. Evidence for a local RAS in organs which 

play an important role in cardiovascular control, such as heart, brain, kidney, adrenals and 

blood vessels supports the hypothesis that tissue RAS may play a role in the long term 

maintenance of vascular and cardiac function and structure. The evidence for the 

existence of these local RAS came from biochemical studies demonstrating the presence 

and activity of Ao, renin-like enzymes, ACE, angiotensins and AT receptors in different 

tissues (Campbell, 1987, Dzau, 1988, Ganten et al, 1983, Inagami et al, 1982). 

Localisation of the different RAS components in these tissues was performed by 

immunohistochemistry and radioligand binding assays (Brownfield et al, 1982, Ganten et 

al, 1984). Although the presence and activity of the different components of the RAS has 

been described, the uptake of these components from the circulation cannot be excluded. 

Therefore, the prerequisite for the existence of a local RAS is the expression of the mRNA 

of these various components in tissues. In a variety of tissues the production of the 

components at the mRNA level has been demonstrated (Dzau et al, 1987, Field et al, 

1984, Lynch et al, 1986).

Intracardiac RAS

Indirect evidence supporting the existence of a cardiac RAS was obtained almost two 

decades ago, when ACE inhibitors first became available, two features were noted by a 

number of investigators who worked with these drugs. First, ACE inhibitors proved to be 

surprisingly effective in reversing or preventing cardiac hypertrophy associated with 

hypertensive states (Sen et al, 1977). Second, there was an unexpectedly poor correlation 

between the state of activation of the plasma RAS and the hypotensive effect of the drugs 

(Bravo & Tarazi, 1979).

Concerning the first observation, ACE inhibitors prevented or reversed hypertensive 

ventricular hypertrophy (and lowered BP) more effectively than various agents that inhibit 

sympathetic nervous tone (e.g., methyldopa and clonidine). Further, equally hypotensive
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doses of other antihypertensive agents, such as minoxidil, failed to have similar effects on 

cardiac mass and sometimes led to a worsening of hypertrophy in comparison with ACE 

inhibition (Sen & Tarazi, 1982, Fouad et al, 1982). These observations, originally made in 

a number of different animal models of experimental hypertension, were subsequently 

confirmed in humans. It was therefore hypothesised early on, that All, apart from raising 

BP, may exert a direct effect on cardiac growth or remodelling. This hypothesis proved 

difficult to test, since inhibition of this postulated specific growth-promoting effect of All 

on the heart was always accompanied by a reduction in haemodynamic stress.

Recently, however, Linz et al, (1989), using a low dose ACE inhibitor, completely 

regressed cardiac hypertrophy produced by abdominal banding in the rat, despite no 

hypotensive effect. This indicated that the effect of converting enzyme inhibitors on 

cardiac growth was not mediated through their effects on haemodynamic parameters.

Direct evidence for a local RAS in the heart has been obtained by the isolation and 

biochemical characterisation of the various components of the system from heart tissue and 

cultured heart fibroblasts and myocytes (Kawaguchi & Kitabatake, 1995, Dostal et al, 

1992b). The presence of Ao mRNA has been demonstrated in hearts from several species 

(Baker et al, 1990, Dzau et al, 1987). Ao mRNA and its translation product were also 

detected in isolated neonatal rat heart myocytes and fibroblasts (Dostal et al, 1992b). In 

addition, the release of Ao protein has been demonstrated in isolated perfused rat hearts 

(Lindpaintner et al, 1990). Renin mRNA was present in low quantities in the mouse and 

rat heart (Dzau et al, 1987, Dzau & Re, 1987, Samani et al, 1987), as well as in isolated 

neonatal rat heart myocytes and fibroblasts (Dostal et al, 1992b). In accordance, the 

presence of renin protein was demonstrated in isolated ventricular myocytes from rats 

using a specific renin antibody, suggesting that renin synthesis occurs in cardiomyocytes. 

Not only is it present, but renin activity has been described in isolated cardiomyocytes of 

the rat and homogenates of mouse and rat hearts (Dzau & Re, 1987). Furthermore, Al- 

generating activity was found in left ventricular tissue of the canine heart. It is however,
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not known whether this activity was due to the effects of renin or other Al-forming 

enzymes, such as Cathepsin D (see section 1.8.1, above). In addition to cardiac Ao and 

renin, ACE mRNA has been demonstrated in the hearts of different species (Hirsch et al, 

1991, Schunkert et al, 1990). Furthermore, ACE protein was detected by 

immunofluorescent staining in neonatal rat cardiac myocytes, fibroblasts and endothelial 

cells (Dostal et al, 1992a, Yamada et al, 1991). In accordance, conversion from AI to All 

by local ACE has been described in the isolated rat heart (Lindpaintner et al, 1987a). 

Treatment with an ACE inhibitor blocked this intracardiac All formation (Linz et al,

1986). In nephrectomised rabbits, with undetectable circulating levels of All, treatment 

with an ACE inhibitor resulted in lowered concentration of atrial All (Unger et al, 1986) 

suggesting intracardiac formation of All by ACE.

AT receptors have been identified in the heart in different species. In the human heart the 

most predominant receptor subtype is the AT2 receptor, whereas in animals the ATi 

receptor subtype is present in higher densities. Sympathetic nerve terminals (Blumberg et 

al, 1975), cardiomyocytes (Aceto & Baker, 1990, Baker & Aceto, 1990, Rogers et al,

1986), endothelial cells (Stoll et al, 1995) and fibroblasts (Schorb et al, 1993, Villareal et 

al, 1993) possess AT receptors. Whereas in coronary endothelial cells from rats ATi and 

AT2 receptors are present (Stoll et al, 1995), cardiac rat fibroblasts and myocytes 

exclusively possess the ATi receptor subtype (Nio et al, 1995).

Blood vessels

In large and small arteries, like aorta and mesenteric arteries, enzyme activity and mRNA 

expression of the components of the RAS can be detected. Ao mRNA and protein were 

detected in the peri-adventitial layer, renin activity and mRNA were particularly localised 

in the SMCs and endothelial cells (Dzau, 1987a, Dzau, 1987b), ACE mRNA and activity 

in endothelial cells (Dzau & Pratt, 1986) and AT receptors in SMCs. All formation was 

demonstrated in the isolated rat hindlimb artery, in the absence of circulating renin (Oliver 

& Sciacca, 1984). In addition, kinetic analysis of in vivo arterial-venous AI and All
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differences in sheep and humans also supports the concept of vascular tissue All 

production (Admiraal et al, 1990). The vascular RAS may contribute to the regulation of 

vascular tone and blood flow and may be involved in the development of vascular 

hypertrophy (Dzau, 1993).

Adrenal glands, brain and kidney

Ao, renin, and ACE mRNA and protein have been detected in the adrenal glands 

(Deschepper et al, 1986, Ganten et al, 1983, Naruse et al, 1981) as well as AT receptors 

(Chang & Lotti, 1990, Chang & Lotti, 1991). Adrenal All in the rat is involved in 

regulation of AL biosynthesis, since the AT receptor antagonist, saralasin inhibits basal AL 

secretion rate in isolated adrenal glomerulosa cells (Williams et al, 1974). In rats, AL 

secretion is strongly correlated with adrenal renin activity (Doi et al, 1983). Increased 

renin activity was observed in the spontaneously hypertensive rat (SHR), suggesting a role 

for the adrenal RAS in the pathogenesis of hypertension.

Ao, renin, ACE mRNA and AT receptors have been detected in the brain (Correa et al, 

1991, Kakar et al, 1992, Lynch et al, 1987, Paul et al, 1988, Unger et al, 1988). Total 

brain renin activity is regulated by factors independent of circulating RAS (Dzau & Sands,

1982). Local ACE inhibitor treatment in the CNS resulted in reduction of BP and thirst, 

suggesting the involvement of brain RAS in thirst and BP regulation.

The demonstration of a 1000-fold higher All concentration in the proximal tubular fluid 

than in plasma supports the existence of an intrarenal RAS (Seikaly et al, 1989). Indeed, 

all components of the RAS have been detected in the kidney. The intrarenal RAS may 

play a role in sodium reabsorption, pH regulation and glomerular haemodynamics (for a 

review see Hirsch et al, 1990).
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1.9 THE ROLE OF ANGIOTENSIN IN CARDIOVASCULAR 

REMODELLING

Several lines of evidence from animal studies in vivo have suggested that AH may be a 

critical factor in mediating the cardiovascular remodelling that accompanies pressure 

overload. Firstly, efficacy of ACE inhibition has been compared with that of other 

antihypertensive agents in terms of ability to prevent or regress cardiac hypertrophy, 

prevention of cardiac fibrosis and vascular remodelling in animal models and also 

prevention and regression of cardiac hypertrophy in human studies (already briefly 

discussed above, section 1.8.4). Secondly, studies in animals and humans have shown 

components of the RAS to be activated in the cardiovascular system during remodelling. 

These in vivo studies are discussed below, together with a brief discussion of the role of 

kinins in cardiovascular remodelling. In vitro evidence to support the role of All in 

cardiovascular remodelling is also discussed.

1.9.1 Evidence from in vivo studies 

Experimental models

Different classes of antihypertensive agents showed differences in reduction of cardiac 

hypertrophy, in spite of similar antihypertensive potency (Dahlof, 1988, Dahlof, 1993, 

Frolich, 1991). The ACE inhibitor, captopril, given from 6-20 week (wk) of age, 

prevented the rise in BP and cardiac hypertrophy in SHR. Treatment with the vasodilator 

dihydralazine also prevented the rise in BP to the same extent as captopril, but cardiac 

hypertrophy was not prevented (Linz et al, 1989). ACE inhibition regressed LVH in the 

two-kidney one clip rat and in rats with aortic stenosis or banding (Kromer & Rieger, 

1988, Sen et al, 1981, Sharma et al, 1983). Also in volume overload-induced cardiac 

hypertrophy in rats, regression of hypertrophy was observed after treatment with an ACE 

inhibitor. In this study volume overload was induced by an aortacaval fistula. After 

treatment with the ACE inhibitor perindopril for one month, a regression of cardiac 

hypertrophy was observed (Amal et al, 1993). Following MI, it was also shown that 

treatment with an ACE inhibitor resulted in regression of cardiac hypertrophy (Pfeffer et
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al, 1985). Also, treatment of newborn pigs with an ACE inhibitor interfered with the 

physiological hypertrophy of the left ventricle (LV) associated with normal growth 

(Beinlich et al, 1991).

ACE inhibition has also been shown to be effective in decreasing the fibrosis that 

accompanies cardiac hypertrophy (Jalil et al, 1991, Sen & Bumpus, 1979). In the SHR, 

the concentration of cardiac collagen increases in the presence of a-methyldopa, remains 

unchanged with p-adrenoreceptor blockers and decreases with ACE inhibition during the 

regression of cardiac hypertrophy (Motz et al, 1982, Sen & Bumpus, 1979, Brilla et al, 

1991a). Also, reduction of afterload with hydralazine decreases LVH but does not alter 

collagen deposition (Mukheijee & Sen, 1993). In animal models of hypertension with 

RAS activation (in contrast to models with no RAS activation), collagen content of the 

heart is increased to a greater extent than predicted by the extent of hypertrophy and 

increased deposition of collagen can be attenuated by ACE inhibitors (Brilla et al, 1990, 

van Krimpen et al, 1991a, Brilla et al, 1991a). From such observations, it has been 

suggested that myocyte hypertrophy and abnormal collagen metabolism are independently 

regulated events.

With respect to vascular remodelling, comprising VSMC hypertrophy and an increase in 

medial ECM involving principally collagen, several authors have reported that ACE 

inhibition seems to be more effective in prevention of these alterations than other 

antihypertensive agents (Safar, 1988, Christensen et al, 1989). In experimental 

renovascular hypertension, chronic ACE inhibitor treatment normalised the haemodynamic 

and mechanical parameters and reversed most of the histologic alterations of large arteries 

(Levy et al, 1988). Also, in SHR, hypotensive treatment with hydralazine did not 

influence the arterial hypertrophy, even when the treatment was given prior to 

hypertension becoming established (Smeda et al, 1988). In contrast, several investigators 

reported that ACE inhibitors prevented alterations of the arterial wall when treatment was 

started prior to the development of hypertension (Lee et al, 1991a, Harrap et al, 1990,
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Black et al, 1989). Also, in vivo administration of subpressor doses of AU induces arterial 

thickening (Griffin et al, 1991). In SHR, the increase in aortic collagen observed in 

untreated rats was prevented by quinapril treatment, but not by hydralazine (Albaladejo et 

al, 1994). In normotensive animals, early treatment with ACE inhibitors was able to slow 

the age-related collagen accumulation in the arterial wall (Keeley et al, 1992).

Clinical studies

ACE inhibition appears to be very effective in regression of cardiac hypertrophy, not only 

in hypertensive animals but also in hypertensive patients with cardiac hypertrophy (Sheiban 

et al, 1987, Schulte et al, 1992, Eischstaedt et al, 1989). The regression of cardiac 

hypertrophy, as was documented by echocardiography in these studies, is related to a 

decrease of left ventricular afterload (Dzau, 1992, Sheiban et al, 1987). ACE inhibitors, 

p-blockers and calcium antagonists reduce LV mass mainly through a reduction in wall 

thickness; ACE inhibitors were found to be most effective (Dahlof et al, 1992). In a 

comparative long-term study, the ACE inhibitor, enalapril, but not hydrochlorothiazide, 

reduced cardiac hypertrophy, although the BP reductions in both treatment groups were 

comparable (Dahlof & Hansson, 1992). Short-term treatment with ACE inhibitors, 

calcium antagonists, p-blockers and adrenergic agents all reduced cardiac hypertrophy, 

while a-adrenergic receptor blockers, diuretics and vasodilators did not (Dzau, 1992, 

Frolich, 1991, Strauer, 1988). These data indicate that the regression of cardiac 

hypertrophy is not only due to a reduction in haemodynamic overload. The benefits of 

ACE inhibition in patients with chronic overt heart failure (Co operative New 

Scandinavian Enalipril Survival Study (CONSENSUS-I) and Studies of Left Ventricular 

Dysfunction (SOLVD)) prompted extensive research into the effects of these compounds 

following MI (CONSENSUS investigators, 1987, SOLVD investigators, 1992). Large 

clinical trials have yielded somewhat conflicting results. The Survival and Ventricular 

Enlargement (SAVE) trial with captopril indicated improved cardiac function associated 

with inhibition of ventricular remodelling (Sutton, 1994). In contrast, CONSENSUS-II 

was stopped because of an apparent lack of functional effect (Swedberg et al, 1992).
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Of course, both mechanical and humoral factors have been implicated in the development 

of LVH and the effects of ACE inhibition in antagonising the growth-promoting influence 

of An cannot be dissociated from the concomitant systemic haemodynamic effects of these 

agents. However, the findings of studies using low, non-hypotensive doses of ACE 

inhibitors, that hypertrophy and fibrosis can be prevented or reversed without BP 

reduction has lent further weight to the theory that BP alone may not be the sole factor 

involved in the regulation of cardiovascular remodelling. Linz et al (1989), using a non

hypotensive dose of ramipril of lOpg/day demonstrated the prevention or regression of 

cardiac hypertrophy in rats subjected to banding of the abdominal aorta. Such an 

antihypertrophic effect of ramipril without BP lowering was also seen in the remodelling of 

vascular structure in SHR (Frieberg et al, 1991). Linz et al (1992) also demonstrated a 

prevention of fibrosis without BP reduction, as did Kagoshima et al (1994) in the SHR, 

using the ATi receptor antagonist, TCVl 16. Also, chronic infusion of subpressor doses of 

All to rats caused ventricular hypertrophy without changes in BP (Khairallah & Kanabus,

1983). These results suggest that factors other than BP, like the RAS itself are involved in 

cardiovascular remodelling.

The role o f kinins in the beneficial effects o f ACE inhibition

ACE inhibitors have, in addition to the inhibiting effect of All formation, effects on other 

systems, like the kallikrein system (see section 1.8.1). Inhibition of ACE results in 

inhibition of the degradation of BK (Erdos & Skidgel, 1987). Receptors for kinins have 

been localised in cardiac tissue (Minshall et al, 1995). The role of BK in cardiac 

hypertrophy and function was studied by Linz & Scholkens (1992). They found that a BK 

B2 receptor antagonist, HOE 140, could abolish the beneficial effects of an ACE inhibitor 

in rats with aortic banding, with respect to regression of cardiac hypertrophy and function, 

suggesting that the beneficial effects of the ACE inhibitor were due to its actions on the 

kinin system. However, in another study, the antihypertrophic effects of ramipril in SHR 

were not attenuated by chronic treatment with HOE 140 (Gohlke et al, 1994), suggesting 

that the beneficial effects of the ACE inhibitor were not due to its effects on kinin
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potentiation. In both dogs and rabbits subjected to coronary artery ligation, pretreatment 

with nonhypotensive doses of ramiprilat or BK reduced the resulting infarct size compared 

to that seen in controls. This cardioprotective effect of the ACE inhibitor was abolished 

by the coadministration of the BK anatagonist (Martorana et al, 1990, Hartman et al,

1993). Additional evidence for a beneficial role of BK during myocardial ischaemia comes 

from studies in pigs where BK also reduced infarct size (Tio et al, 1991). These beneficial 

effects of BK and the ACE inhibition were probably mediated by stimulation of endothelial 

B2 kinin receptors. In rats subjected to endothelial denudation by balloon catheterisation, 

the neoinitima formation in the control group was prevented by administration of ramipril. 

However, administration of HOE 140 in conjunction with ramipril significantly blunted its 

response (Farhy et al, 1992). These data provide evidence that endogenous kinins mediate 

part of the antiproliferative effect of ramipril since administration of the kinin receptor 

antagonist reversed part, but not all of the antiproliferative effect of ramipril. Kinins, 

therefore, may be important mediators in the reduction of neoinitima formation by ACE 

inhibitors.

All receptor antagonists have also been used in an effort to determine the relative 

contributions of reduced All or increased BK levels in the beneficial effects of ACE 

inhibitors. Both losartan and captopril had a similar hypotensive effect in young SHRs and 

both induced similar degrees of regression of vascular and cardiac hypertrophy. Also, 

evidence of cardiovascular regression and reduced levels of hypertension persisted long

term after withdrawal of either drug when compared with untreated controls (Morton et 

al, 1992). These data suggest that inhibition of All, rather than increased BK levels, was 

responsible for the regression observed. In contrast, in rats after MI, only captopril 

inhibited collagen deposition and fibroblast activation. There was an associated 

deterioration in cardiac functional parameters, but after 3 wk these parameters were 

improved above that of the control. Losartan had no such effect on cardiac functional 

parameters, nor did it affect the remodelling process (van Krimpen et al, 1991b). 

Together, these data suggest that the beneficial effects of ACE inhibitors may be caused by
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the effect on the kallikrein system or by a combined effect on the kallikrein system and the 

RAS.

RAS activation in disease

The regression of cardiac hypertrophy by inhibitors of the RAS suggests that the activation 

of the RAS is changed in cardiac hypertrophy. Indeed, the intracardiac mRNA expression 

of components of the RAS has been shown to be altered in different models of cardiac 

hypertrophy. In a pressure overload model, induced by aortic constriction, Ao mRNA was 

increased in the atria and LV, at 7 and 15 days after surgery, respectively (Baker et al, 

1990). SHR, which develop marked cardiac hypertrophy, exhibit an increased cardiac 

expression of Ao mRNA (Li et al, 1989), when compared with Wistar Kyoto (WKY) rats. 

Similarly, MI resulted in an increase of Ao mRNA in the non-infarcted LV, 5 days after 

surgery. Ao mRNA levels returned to baseline at 25 days post-infarction (Lindpaintner et 

al, 1993).

Little is known about the regulation of the renin gene in models of cardiac hypertrophy. In 

SHR an increased cardiac expression of renin mRNA was found in addition to the 

increased Ao, when compared with WKY rats (Lindpaintner et al, 1987b). In a volume 

overload model of hypertrophy in rats, Boer et al (1994) demonstrated an induction of LV 

renin mRNA expression at 7 days after surgery, where there was no increase in cardiac Ao 

mRNA expression.

Aortic constriction increases ACE mRNA (Schunkert et al, 1990) and ACE activity. In a 

semi-quantitative study, Hirsch et a l{\99\) demonstrated a 2-fold increase in ACE mRNA 

expression in the RV and septum 85 days after MI in the rat. Studer et al (1994) used a 

competitive PCR for ACE and found a 3-fold increase in ACE mRNA amount in failing 

human hearts. No difference in chymase mRNA expression was found between the 

control hearts and the failing hearts. In accordance, Fabris et al (1990) found an increase 

in ACE activity in different compartments of the rat heart by radioligand binding studies 4
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wk after MI. The highest increases of ACE activity were found in the infarcted area when 

compared to the sham-operated controls. In humans, Danilov et al (1993) found an 

increase of ACE immunoreactivity in the inflammatory zone of the infarcted LV 7 days 

after MI. Increased levels of ACE activity have also been found in LV aneurysms of 

patients after MI (Hokimoto et al, 1995). Quantitative in vitro autoradiography indicates 

markedly increased ACE binding appears in diverse expressions of fibrosis that occur in 

the rat heart and related structures. This includes: scar tissue that follows MI created by 

left coronary artery ligation or isoproterenol administration (Fabris et al, 1990, Johnston et 

al, 1991, Sun et al, 1994); pericardial fibrosis following pericardiotomy (Sun et al, 1994); 

endomyocardial and perivascular fibrosis and microscopic scarring that follow chronic 

administration of either All or AL (Sun & Weber, 1993). Morrell et al (1997) also 

demonstrated that chronic hypoxia leading to hypertrophy of the RV is associated with 

increased ACE activity and ACE expression in the visceral pericardium and areas of 

myocardial fibrosis. Immunohistochemical ACE labelling suggests that myofibroblasts, 

macrophages and endothelial cells express ACE at the site of MI (Sun et al, 1994). There 

is also evidence to suggest that the RAS components are over expressed during repair 

processes and neointimal hyperplasia after balloon injury (Rakugi et al, 1993), indicating 

that its activation participates in the trophic phase of inflammatory reactions.

Reiss et al (1993) isolated cardiomyocytes at 2-3 days after induction of experimental MI 

in rats. They found a 6- and 2-fold increase of AT receptor mRNA, without making a 

distinction between receptor subtypes, in left and right ventricular myocytes, respectively. 

Similarly, in rats a 2-fold increase of AT receptor mRNA expression, predominantly the 

ATi receptor, was found 7 days after MI in left and right ventricular myocytes (Meggs et 

al, 1993). In the rat heart, Nio et al (1995) demonstrated an increase of ATia and AT2 

receptor mRNA expression and number of receptors 7 days after MI. Treatment with an 

ATi antagonist (TCVI16) reduced the increased mRNA levels of the ATia and AT2 

receptors after MI, whereas treatment with the AT2 receptor antagonist, PD123319 had no
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effect on AT receptor mRNA levels, suggesting an ATi receptor-dependent feedback 

mechanism for the up regulation of the ATia and AT2 receptors after MI.

1.9.2 Evidence from in vitro studies

In vitro. All stimulates hypertrophy of cardiac myocytes (Baker & Aceto, 1990), collagen 

synthesis and growth of VSMCs (Kato et al, 1991), collagen synthesis of cardiac 

fibroblasts (Brilla et al, 1995) and proliferation of neonatal rat cardiac fibroblasts (Schorb 

et al, 1993). One potential mechanism of action of peptide growth factors is the 

autocrine/paracrine release of endogenous regulatory factors (Roberts & Spom, 1990). In 

VSMCs, the cellular actions of All have been linked to the autocrine release of growth 

factors such as PDGF, bFGF and TGF-p (Weber et al, 1994b). All has also been shown 

to stimulate the autocrine release of TGF-p in adult rat cardiac fibroblasts (Lee et al, 

1995a).

1.9.3 Receptor subtypes for the cardiac cellular actions of angiotensin II

Functional responses to All have been characterised in cardiac cells as described above. 

Most known physiological actions of All seem to be mediated through the AT 1 receptor 

(Murphy et al, 1992, Timmermans et al, 1993, Wong et al, 1990). All has been shown to 

affect cardiac muscle contraction and metabolism (Booz et al, 1994a) and to have growth 

promoting effects on neonatal rat myocytes to increase protein synthesis (Sadoshima & 

Izumo, 1993a, Miyata & Haneda, 1994), presumably via a receptor-mediated release of 

intracellular Ca^  ̂ (Kem et al, 1992, see section 1.9.4, below). In addition. All may 

regulate its own synthesis by increasing Ao gene expression (Klett et al, 1988). Each of 

these functional responses is blocked by ATi selective antagonists.

Left and right atria isolated from adult rats responded to All by a weak positive inotropic 

effect that was prevented by losartan but not PD 123319 (Feolde et al, 1993a). In rabbit
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hearts, which possess both ATi and AT2 receptors, only ATi receptors seem to mediate 

the contractile actions of All (Rogg et al, 1990, Scott et al, 1992). Similarly in guinea pig 

atria, which express AT 1 receptors in excess to AT2 receptors, all contractile actions of All 

could be inhibited by losartan (Feolde et al, 1993b). It seems that in rat, rabbit and guinea 

pig at least, the contractile action of All seems to be mediated by ATi receptors. In 

addition, ATi receptors expressed by cultured atrial myocytes were found to be 

fimctionally coupled to PLC as evidenced by an increased formation of inositol phosphates 

and intracellular Ca^  ̂after exposure of these cells to All The latter action was completely 

abolished by losartan, consistent with an involvement of ATi receptors (Feolde et al, 

1993a).

Losartan completely blocked the increase in thymidine incorporation seen in rat VSMCs 

with All (Sudhir et al, 1993). Fibroblasts cultured Ifom neonatal rat are stimulated by All 

to increase protein and DNA synthesis and these responses are blocked by losartan 

(Sadoshima & Izumo, 1993a, Schorb et al, 1992).

Antagonists of ATi and AT2 receptors were used to distinguish which All receptor type is 

involved in the regulation of collagen synthesis in adult rat cardiac fibroblasts. The results 

suggest that ATi receptors are primarily involved (Brilla et al, 1994). However, this does 

not necessarily mean the same is true in vivo. For instance, during the culture process of 

adult rat cardiac fibroblasts, AT2 receptors may be down regulated (Feolde et al, 1993b). 

Furthermore, a predominantly AT2 receptor mediated increase in collagen synthesis has 

been demonstrated in human cardiac fibroblasts at early passages (Brilla, 1992).
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Not much is known about AT% receptor-mediated functions of All Since the AT2 

receptor is expressed transiently and at higher levels than the ATi receptor in fetal 

developmental stages in different species (Grady et al, 1991, Milan et al, 1991, Tsutsumi 

et al, 1991), it has been suggested that the AT2 receptor plays a role in the proliferation 

and differentiation of cells. In agreement, in infarcted rats, treatment with the AT2 

antagonist, PD 123177, inhibited DNA synthesis in the non-infarcted septum when 

compared to untreated infarct animals, showing the involvement of the AT2 receptor in the 

regulation of interstitial DNA synthesis after MI. Recently, an antiproliferative effect for 

the AT2 receptor has been described. In cultured coronary endothelial cells from SHR, 

AH inhibited bFGF-stimulated proliferation of the endothelial cells. This effect was 

prevented by PD 123177 and CGP42112A (Stoll et al, 1995).

ATi as well as AT2 receptors have been described to be involved in the wound healing 

process. A down regulation of the ATi receptor (Kimura et al, 1992) and an up regulation 

of the AT2 receptor (Viswanathan & Saavedra, 1992) was observed in the rat skin after 

injury. However, the precise role of AH in the wound healing process remains unclear.

A different AT receptor, demonstrated in the chorioallantoic membrane of the chick 

embryo was involved in All-induced angiogenesis, also an aspect of the wound healing 

process. This effect could not be blocked by losartan and PD123319. However, 

CGP42112A could block the angiogenesis completely (Le Noble et al, 1993). Also a non 

AT1/AT2 receptor subtype in human isolated cardiac fibroblasts fi’om explanted end-stage 

failing human hearts could not be inhibited by losartan, PD 123319 and CGP42112A, 

suggesting the existence of an as yet, unknown AT receptor subtype (Neuss et al, 1994).
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1.9.4 Signal transduction systems coupled to angiotensin receptors

The ATi receptor of cultured neonatal rat ventricular myocytes is coupled to increased 

tyrosine phosphorylation of cytosolic proteins and the activation of phospholipases C, D 

and A] (Sadoshima et al, 1995, Sadoshima & Izumo, 1993b). The roles of tyrosine 

phosphorylation and activation of PLD and A2 in cardiac myocyte hypertrophy have not 

been defined. Circumstantial evidence suggests that two signalling events linked to PLC 

activation, PKC activation and the release of Câ  ̂ fi'om intracellular stores, are important 

in the All-induced hypertrophy and gene expression. A central role for PKC seems likely, 

given the potent ability of phorbol esters that activate PKC to induce cardiomyocyte 

hypertrophy. All-induced cardiac hypertrophy may be mediated in part through PKC- and 

tyrosine kinase-dependent p21^^ activation (Sadoshima & Izumo, 1993c).

All has also been shown to induce the activity of MAPKs in neonatal rat ventricular 

myocytes, by a PKC-independent, Ca^^-dependent process (Sadoshima et al, 1995). 

MAPKs are cytosolic serine/threonine kinases that have been implicated in the induction of 

protein synthesis and/or mitogenesis in other cell types. Effector proteins that have been 

reported to be activated by MAPKs include PLA2 (Booz & Baker, 1995a). Recent 

evidence supports the hypothesis that the MAPK signalling pathway may contribute to the 

development of the hypertrophic phenotype in ventricular cardiomyocytes (Thorbum et al,

1994).

Also in cultured neonate cardiac ventricular myocytes. All caused the rapid induction of 

lEGs, including c-fos (Sadoshima & Izumo, 1993a). PKC was found to be essential for c- 

fos expression, with changes in intracellular Câ  ̂ serving a permissive role (Sadoshima & 

Izumo, 1993b).
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The ATi receptor of cardiac fibroblasts has been shown to couple to the activation of a 

number of conventional second-messenger pathways downstream of PLC. Stimulation of 

neonate or adult rat cardiac fibroblasts with All resulted in formation of inositol 

phosphates (Sadoshima & Izumo, 1993b, Crabos et al, 1994) and a transient robust 

increase in intracellular Câ  ̂that was largely independent of extracellular Câ  ̂ (Crabos et 

al, 1994, Schorb et al, 1993, Booz et al, 1994b). All also transiently increased membrane 

associated PKC, presumably reflecting its activation due to increased intracellular Câ  ̂and 

diacylglycerol production (Booz et al, 1994b, Booz & Baker, 1995b). Increased 

intracellular Ca^̂ , but not PKC activity, was shown to be important for All-induced 

mitogenesis in neonatal rat cardiac fibroblasts (Booz et al, 1994b).

In neonatal rat cardiac fibroblasts All also stimulates the tyrosine phosphorylation of the 

tyrosine kinase, p i25^“̂̂  (Booz & Baker, 1995a, Juliano & Haskill, 1993) and induces the 

rapid formation of phosphaditic acid via ATi (Sadoshima & Izumo, 1993b, Booz et al, 

1994c). The latter occurred in part through a PKC-dependent and -independent PLD 

activation and another route that may have been de novo synthesis. Potentially 

phosphaditic acid may lead to cellular stimulation in a number of ways, including the 

activation of any one of the following: PKC-^, p21 "̂ ,̂ MAPKs and tyrosine kinases (Booz 

& Baker, 1995a). All is a potent stimulator of MAPKs in neonatal rat cardiac fibroblasts, 

by both PKC-dependent and -independent pathways (Booz et al, 1994b, Schorb et al, 

1995). All has been shown to increase c-fos mRNA and protein in cardiac fibroblasts and 

induces the translocation of Fos protein to the nucleus. All has been shown to induce the 

expression of other lEGs in cardiac fibroblasts, such as c-juniAPI, jun  B, c-myc and Egr-1 

(Sadoshima & Izumo, 1993a). These genes encode transcription factors that have been 

implicated in cell growth in general. Their importance in the growth of cardiac fibroblasts
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has not been established. All was also recently shown to activate a nuclear signalling 

pathway in cardiac fibroblasts that was initially associated with cytokines, the JAK-STAT 

pathway (Bhat et al, 1994). The soluble JAK tyrosine kinases phosphorylate members of 

the ST AT family of transcription factors, which then translocate to the nucleus. The JAK- 

STAT pathway constitutes a direct link between membrane receptor and gene 

transcription. It has been hypothesised that activation of this cytokine-like pathway by All 

may contribute either to the inflammatory events in MI or the subsequent repair process 

(Booz & Baker, 1995a).

The intracellular pathways which may mediate the trophic effects of All in VSMC have 

been a matter of extensive research during recent years. Two second messenger systems 

have been recognised as particularly important signal transducers in the stimulation of 

proto-oncogenes and the enhancement of DNA, RNA and protein synthesis. Inositol 

triphosphate (IP3) and diacylglycerol have been shown to promote trophic actions via 

elevation of cytosolic free Câ  ̂levels and activation of PKC (Rozengurt, 1986, McCaffrey 

et al, 1987, Williamson et al, 1985). Indeed, All has been shown to stimulate PLC- 

mediated hydrolysis of membrane phosphoinositides via a distinct receptor coupled 

guanine nucleotide regulatory protein, leading to the formation of diacylglycerol and 

inositol phosphates (Baukal et al, 1988, Berridge & Irvine, 1984, Kojima et al, 1984). 

The transient increase in intracellular free Ca^  ̂ concentration induced by All in VSMCs 

seems to be dependent on the IP3-induced mobilisation of intracellular Ca^̂  rather than an 

enhanced Câ  ̂influx (Smith et al, 1984, Williamson et al, 1985). Diacylglycerol, the other 

second messenger generated by All via phoshpholipid turnover, had been observed to 

stimulate PKC (Williamson et al, 1985, Garrison et al, 1984) which, in turn, serves as a 

major cellular mediator leading to c-fos and c-myc mRNA expression and cell proliferation
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in fibroblasts (Rozengurt, 1986, McCaffrey et al, 1987). The c-fos expression in rat 

VSMC by All has been reported to be dependent on both Câ  ̂mobilisation and activation 

of PKC (Kawahara et al, 1988, Taubman et al, 1989). All appears to stimulate protein 

synthesis in VSMCs independently of PKC (Berk et a/,1989). This is surprising in view 

the All-related mechanisms of proto-oncogene expression. Thus, the early nuclear events 

mediating mitogenesis are probably not correlated with the protein synthesis underlying the 

hypertrophy of VSMC elicited by All.

Little is known about the signal transduction of the AT] receptor subtype. In bovine 

cerebellum (Bottari et al, 1991), human myometrium (Pucell et al, 1991) and in different 

cultured cell lines (Dudley et al, 1991, Leung et al, 1992), the AT] receptor was expressed 

and was not coupled to guanyl nucleotide binding proteins (G proteins). In the rat brain 

two binding sites for the AT] receptor were found. One was sensitive for the hydrolysis- 

resistant analogue, guanosine triphosphate-yS (GTPyS), dithiothreitol (DTT) and pertussis 

toxin, while the other was insensitive to these agents (Tsutsumi & Saavedra, 1992, 

Tsutsumi et al, 1991). Furthermore, All was found to increase or decrease cyclic 

guanosine monophosphate (cGMP) in neonatal rat brain cell cultures (Sumners et al, 

1991) and a neuroblastoma cell line (Zarahn et al, 1992), respectively. AT] receptors have 

also been shown to be involved in PG synthesis in human astrocytes (Jaiswal et al, 1991). 

In rat pheochromocytoma cells, the AT] receptor inhibited ANP-stimulated guanylyl 

cyclase through the activation of a phosphotryrosine phosphatase (Bottari et al, 1992).

1.9.5 Summary

In summary, the factors that regulate the cardiovascular remodelling that accompanies 

hypertension are not clear. Given the in vivo evidence for the beneficial effects of ACE 

inhibition in animals and man, the activation of RAS components in disease states and the 

potent effects of All on cardiac cells. All may exert important effects on cardiac growth,
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independent of its well known vasoconstrictor effects. Therefore, it has been hypothesised 

that All- produced in the circulation or locally by the intracardiac RAS, may be important 

in the pathophysiology of cardiovascular disease. Elevated BP has also been implicated in 

the cardiovascular remodelling that accompanies hypertension. In this thesis the relative 

roles of BP and the RAS (circulating and local) in the development of cardiac hypertrophy 

and fibrosis were investigated. The animal model employed was the TGR(mRen2)27 rat. 

The generation, characteristics and advantages of this model are discussed below.

1.10 THE TGR (mRen2)27 RAT

The TGR rat was produced by the introduction of the murine Ren-2 gene into the rat 

genome (Mullins et al, 1990). The TGR rat provides a monogenetic model of 

hypertension in which to study the role of the local RAS specifically in cardiovascular 

remodelling since there is local expression of the transgene in cardiovascular tissues, 

including the heart (Lee et al, 1995b). The animals are hypertensive (systolic BP ~ 200 

mmHg) and develop pathological conditions within the heart, including LVH, cardiac 

fibrosis and glomerulosclerosis (Bachmann et al, 1992a, Villareal et al, 1995, Springate et 

al, 1993).

1.10.1 Transgenic methodology

A transgenic animal can be defined as an animal in which DNA has been introduced by 

means other than traditional breeding, the DNA being stably inherited and chromo somally 

integrated. The DNA may originate from the host species, from an unrelated species, or 

from a combination of the two. Transgenesis allows the effects of manipulation of 

individual gene expression to be studied in vivo.
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In mammals the three main methods used in transgenic generation are:

1. Direct microinjection of DNA into a pronucleus or fertilised egg.

2. The use of viral vectors (mainly retroviral) to deliver recombinant DNA to early or 

mid-term embryos.

3. The use of cultures of pluripotent embryonic cells, either embryonic stem cells to 

repopulate the whole embryo and germ line, or other stem cells (for instance bone marrow 

blood stem cells) to repopulate a specific somatic cellular environment.

The most commonly used species for the generation of transgenic animals are mice 

because of the availability of several inbred strains with a well defined genetic background. 

Although transgenic studies in mice have provided further insight into the role of certain 

genes involved in cardiovascular homeostasis, such as vasopressin, ANP and the low 

density lipoprotein receptor (Field, 1991), their small size limits their usefulness for a 

number of experimental settings often employed in hypertension research.

In cardiovascular research, the rat has long been the experimental animal of choice as it 

combines short generation times and economical breeding conditions with a physical size 

that allows easy measurement of cardiovascular parameters, such as BP. Therefore, 

several genetically hypertensive rat strains have been bred and extensively analysed in the 

past decades, such as the SHR (Okamoto & Aoki, 1963), the Dahl (Dahl et al, 1962), 

Milan (Bianchi et al, 1984) and Lyon (Vincent et al, 1984) hypertensive rat, fi'om which 

much has been learned about cardiovascular physiology. However, they have a major 

disadvantage in that the genetic background for their elevated BP cannot be defined easily 

as it is polygenetic and the contribution of one particular gene is difficult, if not impossible, 

to determine. Genetic linkage studies have gone some way to determining the
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chromosomal loci which may regulate BP in these models (Hilbert et al, 1991, Jacob et al,

1991). However, the elucidation of specific genes causing the hypertensive phenotype 

remains far from being settled. Another problem that exists with respect to animals 

obtained by selective breeding, such as the SHR, is the question of normotensive control 

animals. Although normotensive and hypertensive rats are normally derived fi'om one 

strain, they subsequently are selected for their particular phenotype. In most cases, these 

substrains are inbred, each developing into a new strain with respect to genotype. It is 

frequently and erroneously assumed that the genetic differences between these 

hypertensive and normotensive strains relate solely to the difference in BP. This is only 

partially true. Many other genes that may be relevant to BP control and for which the 

phenotypes are not monitored may have drifi;ed more or less fortuitously into the two 

strains. Thus, genotypic differences between strains with or without hypertension may, but 

also may not, be related to the pathophysiology and phenotypic expression of hypertension 

(Samani et al, 1989). Another drawback of this approach is the necessity to wait for 

spontaneous and natural gene mutations before they can be introduced into new rat strains.

Since the encoded peptides of the genes of the RAS play a central role in the regulation of 

cardiovascular homeostasis (see section 1.8.2, above), the genes of the RAS represent so- 

called candidate genes in hypertension research. All genes of the RAS have recently been 

cloned and sequenced. Several of these genes are sufficiently well characterised to permit 

experimentation in vivo by introducing genetic fragments or constructs into transgenic 

animals (Field, 1991, Ganten et al, 1991, Mullins & Ganten, 1990, Mockrin et al, 1991). 

In addition to hypertension, there are a number of cardiovascular diseases which are 

excellent candidates for use in transgenic research. Because genetic factors are known to
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play a role in conditions such as cardiac hypertrophy and failure, MI and vascular disease, 

it is of great interest to test candidate genes in transgenic animals.

Thus, given the disadvantages of existing genetic rat models of hypertension, the 

difficulties of cardiovascular investigations in mice due to their small size and the 

characterisation of the candidate genes of the RAS, Mullins et al (1990) developed 

transgenic rats for use in studies on hypertension and cardiovascular disease.

The murine Ren-2 gene was chosen for the following reasons. 1) The renin gene represents 

a major candidate gene for hypertension on the basis of its physiological and 

pathophysiological role in the regulation of BP. In addition, allelic variations of the renin 

gene have been shown to co-segregate with the hypertensive phenotype in certain rat 

strains (Kurtz et al, 1990, Rapp et al, 1988). 2) Mouse renin is capable of cleaving rat Ao 

to produce Al and increases BP if injected into rats (Oliver & Gross, 1966, Onoyama et al, 

1978). 3) The murine Ren-2 gene differs from other mammalian renin genes in that its 

protein is unglygosylated and shows a distinct pattern of extrarenal expression (Sigmund & 

Gross, 1991). Moreover, introduction of the Ren-2 gene into the genome of mice had 

already demonstrated the correct tissue-specific expression (Mullins et al, 1989). Thus, it 

was hypothesised that over expression of the murine renin gene in rats would affect BP 

and allow investigation of those tissues in which local RAS may play an important 

functional role.

There are disadvantages to the use of the rat in transgenic research. Due to the physical 

size and longer generation time of the rat compared with the mouse, the rat is more costly 

to maintain. Also, the genetic database of the rat (e.g., map loci, availability of congenic
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strains) is far less extensive than that available for the mouse. However, since the rat has 

historically been the species of choice for hypertension research the extensive studies 

performed so far provide a large database of knowledge on which future experiments can 

be based.

1.10.2 Generation of the TGR(mRen2)27 rat

The TGR(mRen2)27 rat was the first transgenic rat to be used in hypertension research. A 

modified version of the protocol established for the generation of transgenic mice by 

pronucleic injection was applied to the rat (Hogan et al, 1986). Female rats derived from 

a cross between female outbred Sprague Dawley (SD) rats (Zentralinstitut fiir 

Veruchstierkunde, Hannover, Germany) and male WKY rats were subjected to a hormonal 

treatment to induce superovulation. At 9-10 wk of age, rats had osmotic minipumps, 

loaded with pregnant mare’s serum gonadotrophin, implanted subcutaneously. Two days 

later, the rats were injected intraperitoneally with human chorionic gonadotrophin and 

mated with male SD rats. The following day, the animals were killed and fertilised oocytes 

were harvested for microinjection. After the development of pronuclei, injection buffer 

containing foreign DNA was injected into the pronucleus by use of microinjection 

apparatus. The injected DNA contained the entire Ren-2 gene of DBA/2 mice, including

5.3 kb of the 5'-flanking and 9.5 kb of the 3'-flanking region (Mullins et al, 1990, Mullins 

et al, 1989). Manipulated oocytes were transferred to the oviducts of pseudopregnant SD 

females. Pseudopregnancy was achieved by mating with vasectomised males. Screening 

of offspring for successful integration of the transgene was performed by Southern blot 

analysis of genomic DNA obtained from tail biopsies (Mullins et al, 1990).
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Implantation of 37 eggs resulted in eight progeny, of which five carried the transgene 

(Mullins et al, 1990). Four of the founder animals were successfully bred, and three of 

them, TGR(mRen2)25, -26 and -27, transmitted the transgene to their progeny. All 

transgenic founder animals exhibited BP values in the range of 230-265 mmHg compared 

with 120 mmHg in transgene-negative litter mates. The female founder animal 26 was not 

hypertensive at onset, and further breeding revealed her to be a mosaic for the transgene. 

It was not possible to breed these animals to homozygosity because all male offspring were 

infertile (Sharpe et al, 1995).

In contrast to homologous recombination techniques, insertion of foreign DNA by 

pronucleic injection does not target a specific chromosomal site and occurs at random. 

The fact that all transgene-positive founder animals were hypertensive and that the 

hypertensive phenotype co-segregated with the transgene indicates that hypertension 

development is independent of the transgene insertion site and not caused by a mutation 

associated with the integration event.

The transgenic rat strain TGR(mRen2)27 was established by breeding transgene-positive 

progeny with SD rats. The founder animals were derived fi'om a cross between female SD 

X WKY hybrid and a male SD rat and thus derived one-fourth of their genetic material 

from the WKY genome. Because further breeding was performed by using SD rats and 

selecting for the transgene, it can be calculated that the transgene was completely bred into 

the genetic background of SD rats after 8-10 generations (Rapp, 1983). Therefore, the 

SD rat derived from the Hannover colony represents the appropriate control strain for the 

TGR(mRen2)27 rat.
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1.10.3 Phenotypic characteristics of the TGR(mRen2)27 rat

The hypertensive phenotype

The presence of an additional renin gene in TGR rats is associated with the development of 

severe hypertension (Mullins et al, 1990). In heterozygous animals, such as those used in 

this study, hypertension was evident at 4-5 wk of age, reaching maximum values of up to 

240 mmHg in males and up to 200 mmHg in females at 8-9 wk. BP values in SD rats 

ranged from 115 to 140 mmHg. This sexual dimorphism with respect to the degree of 

hypertension is similar to that seen in humans and seems to be an effect mediated by 

androgens, since male castration reduced BP to values comparable with those of females. 

Conversely, treatment of females with androgens raised BP to values seen in males 

(Bachmann et al, 1992b, Bachmann et al, 1991). The phase of established hypertension 

was followed by a decrease in BP of 20-30 mmHg in male and 40-60 mmHg in female 

TGRs between 20 and 24 wk of age (Bachmann et al, 1992a, Springate et al, 1993).

Doubling of gene dose in homozygous rats led to even higher BP values, reaching 290 

mmHg in males and 250 mmHg in females. Homozygous animals displayed a lack of 

weight gain, which was paralleled by an increased mortality rate. Morphological changes 

consistent with haemorrhagic stroke were occasionally found on autopsy, predominantly in 

homozygotes. Maintenance on ACE inhibitor therapy was necessary to ensure survival of 

the homozygous rats (Bachmann et al, 1992a).

Plasma RAS

On the basis of most studies conducted so far on the plasma RAS in the TGR rat, one of 

the most interesting observations after the introduction of an additional renin gene in the 

rat is that renin in the plasma and kidney is reduced, whereas prorenin is elevated (Mullins
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et al, 1990). The suppression of renin and the prorenin elevation were both present at 5 

wk of age before hypertension was fully established. ACE activity in plasma was similar 

between heterozygous TGRs and SD rats, although homozygosity for the transgene has 

been shown to be associated with a reduction in plasma ACE activity (Campbell et al, 

1995, Lee et al, 1995b). Plasma levels of Al were decreased to 20 % of control values in 

transgenic females but were only slightly lower in transgenic than in control males. 

Similarly, All was reduced in transgenic females compared with female controls but was 

not different between transgenic and control males. Altogether, Al and All were 

significantly higher in male than in female transgenic rats. This sexual dimorphism was not 

present in control animals. Plasma Ao was slightly decreased in both female and male 

transgenic rats compared with controls.

Although most investigations of TGR rats have confirmed the presence of reduced 

circulating renin (Bachmann et al, 1992a, Hilgers et al, 1992, Lee et al, 1995b, Lee et al, 

1991b, Moriguchi et al, 1994a, Peters et al, 1993, Rubattu et al, 1994, Sander et al,

1992), some studies have reported increased plasma renin levels in TGR rats (Campbell et 

al, 1995, Tokita et al, 1994a, Tokita et al, 1994b, Veniant et al, 1995). This discrepancy 

clearly requires further exploration, as it concerns the role of circulating renin in the 

hypertensive phenotype. Several factors must be considered when the levels of circulating 

renin reported in these studies are interpreted. First, phenotypic effects of the transgene 

may vary because of differences in the genetic background of the host genome. Whitworth 

et al (1995a) recently demonstrated that cross-breeding of TGRs with Edinburgh SD rats 

resulted in a change of the phenotype resembling malignant hypertension (MH, see section 

1.11, below). Because this phenotype was not observed during cross-breeding of TGR 

rats with Hanover SD rats under identical experimental conditions, the phenotypic shift
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was attributed to the genetic diversity within outbred SD rats (Whitworth et al, 1995a). 

This difference in the genetic makeup between different colonies of SD rats may also affect 

plasma renin levels, emphasising the need for appropriate controls. Second, plasma renin 

levels vary depending on gender, age and zygosity of the transgenic rats. Moreover high 

BP in homozygous TGRs necessitates antihypertensive treatment during pregnancy if 

TGR, rather than SD mothers are used. Prenatal treatment with an ACE inhibitor in SHR 

has been demonstrated to attenuate development of hypertension in adult rats even after 

withdrawal of the drug (Wu & Berecek, 1993). Third, prorenin can be activated in vitro 

after exposure to cold or low pH (Nielsen & Poulsen, 1988) and artifactural activation 

during sample processing may account for increased renin, especially in the transgenic rat, 

where circulating prorenin is high. In addition, species-speciftcity differences in plasma 

renin levels measured may occur depending on the pH, as well as the source of renin 

substrate used (Gutowska et al, 1984, Tokita et al, 1994b). The study of Veniant et al 

(1995), however, payed close attention to such problems in renin measurement, yet still 

reported increased levels of renin activity in the TGR rat compared with controls. 

Therefore, the renin status of the TGR rat remains controversial.

Tissue specific phenotypic characteristics

The transgene is expressed in a large number of tissues, with the highest expression found 

in the adrenal gland, thymus, brain and gastrointestinal and urogenital tracts, whereas Ren- 

2 gene expression in the kidney is low (Mullins et al, 1990, Zhao et al, 1993). 

Comparison of the Ren-2 gene expression between DBA/2 mice and TGR rats 

demonstrated maintenance of correct tissue specificity except for the submandibular gland 

(SMG), where no Ren-2 transcripts were detectable in the TGR rat despite high expression 

in the mouse (Mullins et al, 1990, Zhao et al, 1993). This is most likely due to the
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presence of trans acting factors in the murine SMG, because the transgene includes 5'- 

flanking sequence elements that have been shown to confer tissue-specific expression of a 

reporter gene in mice lacking an endogenous Ren-2 gene in their genome (Sigmund et al, 

1991). Because Ren-2 expression occurs in tissues in which low renin expression is 

observed in normal rats, over expression of the transgene, rather than ectopic expression, 

may lead to activation or interference with pre-existent local RAS. This renders the TGR 

a suitable model for examining the regulation of renin gene expression and its role in 

cardiovascular disease at these sites.

Adrenal gland

As mentioned above, the adrenal gland is the major site of Ren-2 expression in the 

transgenic rat (Mullins et al, 1990, Bachmann et al, 1992, Yamaguchi et al, 1992). Over 

expression of the transgene is accompanied by an increased mineralocorticoid excretion in 

young animals during the phase of hypertension development (Sander et al, 1992). 

Because the circulating RAS, a major stimulator of AL release, is suppressed, an activated 

adrenal RAS might be responsible for the enhanced steroid metabolism. Indeed, in 

addition to adrenocorticotropic hormone and potassium, AH functions as a major 

regulator of steroid synthesis in the adrenal cortex and it is increased in the adrenal gland 

of the TGR (Campbell et al, 1995, Lee et al, 1995b). Furthermore, renin has been 

localised in mitochondrial dense bodies where steroidogenesis takes place, suggesting that 

locally produced AH may mediate the stimulation of basal AL synthetase expression in the 

adrenal cortex of TGRs (Rong et al, 1994, Sander et al, 1994). Sodium restriction in 

TGRs was shown to selectively stimulate adrenal renin and to increase AL synthesis, 

whereas the rise in plasma and renal renin was blunted, compared with SD rats (Rubattu et 

al, 1994). This stimulation was abolished by ATi receptor blockade, indicating that
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mineralocorticoid synthesis in the TGR rat is mediated by the ATi receptor (Volpe et al,

1995). Renin and prorenin are secreted by isolated glomerulosa cells and are mainly of 

transgene origin, as demonstrated by immunoprécipitation with a mouse renin-specific 

antibody (Peters et al, 1993). The adrenal gland also appears to be the major source for 

circulating prorenin, because adrenalectomy caused a sustained decrease in plasma 

prorenin (Bachmann et al, 1992a, Tokita et al, 1994a). Moreover, All has been 

demonstrated to stimulate secretion of renin, but not prorenin, in vitro. This implies 

different regulatory mechanisms for renin and prorenin secretion and indicates that adrenal 

renin is not subject to negative feedback control by All (Peters et al, 1993).

The observation that the adrenal RAS is activated suggests that increased sodium and 

water retention due to over-secretion of mineralocorticoids may be responsible for the 

hypertension in the TGR. However, this does not appear to be the case, since treatment 

with the AL receptor antagonist, spironolactone, did not reduce or prevent hypertension 

(Sander et al, 1992. This raises the possibility that other tissues that over express renin, 

such as the heart, vasculature or brain, may contribute to the hypertensive phenotype by 

yet undefined mechanisms.

Heart and vasculature

The Ren-2 gene is expressed in the heart and vasculature and is accompanied by increased 

tissue All concentrations (Campbell et al, 1995, Lee et al, 1995b, Zhao et al, 1993). 

Hilgers et al (1992), demonstrated an enhanced synthesis and release of AI and All in 

isolated perfused hindlimbs of nephrectomised TGR rats, an experimental setting where 

blood-borne renin cannot contribute to angiotensin synthesis. TGRs develop pathological 

alterations of the cardiovascular system such as myocardial hypertrophy, which is
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accompanied by an increase in connective tissue and perivascular fibrosis (Bachmann et al, 

1992a). Vascular alterations include increased media thickness and hypertrophied SMCs 

of the aorta (Bachmann et al, 1992a, Thybo et al, 1992). In addition, functional and 

biochemical changes similar to those observed in human heart failure have been described 

in TGR rats, including down regulation of p-adrenergic receptors accompanied by a 

reduced positive inotropic response to isoproterenol (Bohm et al, 1994, Tawaek-Schlieper 

et al, 1995), as well as an increased expression of the gap junction protein, Connexin 40, 

the stimulation of which is thought to be a compensatory mechanism to increase 

contraction velocity (Bastide et al, 1993). Moreover, endothelium-dependent contraction 

in response to the L-arginine analogue nitro-L-arginine methyl ester (L-NAME) in 

coronary arteries of TGRs is decreased, suggesting a reduced endothelial-derived nitric 

oxide release (Tschudi et al, 1994). The question as to whether these changes are solely 

due to the elevated BP, or whether local activation of the RAS is an independent factor 

contributing to the cardiovascular pathology in this model, remains uncertain. Enhanced 

local formation of All, however, is consistent with an activated cardiac and vascular RAS, 

supporting the notion of its pathogenetic relevance in the TGR rat. Cardiac dysfunction in 

the TGR is more pronounced than in SHR, which exhibit similar haemodynamic phenotype 

with regard to onset and degree of hypertension (Paul et al, 1994).

Kidney

Despite the presence of an additional renin gene in the genome of the TGR rat, renin 

activity in the kidney is markedly reduced (Mullins et al, 1990). Whereas expression of 

endogenous rat renin is similar in hetero- and homozygous TGRs, Ren-2 gene expression 

is higher in homozygous animals and therefore, transgene dose-dependent (Lee et al, 

1995b). Interestingly, renal All content is reduced in heterozygous animals, whereas in
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homozygous animals is unchanged or even increased, correlating with renal Ren-2 gene 

expression (Campbell et al, 1995, Lee et al, 1995b). Thus renal All, which appears to be 

inappropriately high, at least in homozygous animals, may result from enhanced kinetics 

between mouse renin and rat Ao (Tokita et al, 1994b). Because intrarenal All has been 

shown to exert a negative regulatory influence on renin expression (Johns et al, 1990), 

locally generated All in the TGR rat may participate in the suppression of the endogenous 

renin gene, independently of BP.

The TGR rat exhibits functional and structural alterations of the kidney that are commonly 

observed in hypertension, such as a shift of the pressure-natriuresis relationship toward 

higher arterial pressure, reduced GFR, albuminuria and glomerulosclerosis (Bachmann et 

al, 1992a, Gross et al, 1994, Springate et al, 1993). All is a powerful modulator of 

sodium reabsorption and has been shown to up regulate proximal tubule expression of the 

ATi receptor (Cheung et al, 1995). Therefore, elevated tubular sodium reabsorption that 

accompanies the resetting of the pressure-natriuresis response towards higher levels of 

renal perfusion pressure may be attributed to locally generated All in the kidney of the 

TGR rat (Gross et al, 1994). In addition, a study on the tubuloglomerular feedback 

mechanism suggests an increased responsiveness in the TGR, which was attenuated to a 

greater extent after ATi receptor blockade than after mechanical reduction of renal 

perfusion pressure (Mitchell & Mullins, 1995). This indicates that the increased 

tubuloglomerular feedback is All-dependent.

Antihypertensive treatment with inhibitors of the RAS, but not hydralazine, is capable of 

halting the progression of glomerulosclerosis in TGRs (Bohm et al, 1995, Lee et al, 

1995b) suggesting that these structural alterations may not be solely due to the high BP,
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but primary events caused by interference or activation of the renal RAS due to the 

presence of the transgene.

Central and peripheral nervous system

Expression of the transgene is already detectable in the brain of newborn TGR rats and 

appears to be developmentally regulated. Ren-2 expression persists in the hypothalamus of 

adult animals, whereas in the medulla oblongata it is down regulated (Zhao et al, 1993). 

This is accompanied by a marked elevation of All in the brain of TGRs, indicating the 

presence of an activated RAS, and suggesting a role for the CNS in the pathogenesis of 

hypertension in the TGR (Campbell et al, 1995, Senanayake et al, 1994). As described 

above (section 1.8.2), All is an important modulator of the sympathetic nervous system 

and is involved in the regulation of thirst and vasopressin release (Philips, 1987). 

Although an enhanced interaction between vascular All and the sympathetic nervous 

system appears to be absent in TGRs (Hilgers et al, 1994), central modulation of 

sympathetic tone may be one of the mechanisms by which the RAS in the brain participates 

in the hypertensive process. Interestingly, it has been demonstrated that the hypertensive 

effect, as well as the central vasopressin release in response to centrally administered All 

in TGRs, is absent (Moriguchi et al, 1994b). Furthermore, central distribution of 

vasopressin is altered in TGRs, suggesting an interaction between the central RAS and the 

vasopressin axis. Moriguchi et al (1994b) demonstrated that intracerebrovascular 

administration of an AT antagonist led to a decrease, whereas application of an angiotensin 

1-7 antibody led to an increase, in BP in TGR, but not in SD rats, suggesting opposing 

actions of All and angiotensin 1-7 in the brain of TGRs and supporting the contention of 

central AIT in the pathogenesis of hypertension on the TGR (Moriguchi et al, 1995).
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1.10.4 Mechanisms of hypertension in TGR(mRen2)27 rats

As discussed above, several lines of evidence indicate that the hypertensive phenotype in 

the TGR rat is indeed determined by the transgene and is not due to an insertional 

mutation (section 1.10.2).

One of the most striking features of the TGR rat is the apparent suppression of the plasma 

renin, which appears to exclude the plasma RAS as the cause for the hypertensive 

phenotype (Mullins et al, 1990). As discussed above, however, the renin status of the 

TGR rat is controversial, with several investigators reporting raised plasma renin levels in 

the TGR. High expression of the transgene is associated not only with increased renin 

activity but also with enhanced local All formation, indicating that the transgene is 

translated into fijnctional protein (Campbell et al, 1995, Hilgers et al, 1992, Lee et al, 

1995b, Mullins et al, 1990). Local formation of All in organs involved in cardiovascular 

homeostasis supports the idea of a causal role of extrarenal RAS in the pathogenesis of 

hypertension and structural alterations, such as cardiovascular hypertrophy and 

glomerulosclerosis.

Another characteristic feature of the TGR rat is the elevated prorenin that is mainly of 

mouse origin and therefore transgene derived (Peters et al, 1993). The physiological 

significance of the circulating prorenin is still unclear and the question of whether it is 

intrinsically active or undergoes local activation in vivo is controversial (Nielsen & 

Poulsen, 1988). Whether the high circulating prorenin in the TGR represents simply an 

epiphenomenon or contributes to the cardiovascular phenotype requires further 

investigation.
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From biochemical studies of the TGR rat, Tokita et al (1994), suggested that the altered 

kinetic parameters of the mouse renin/rat Ao interaction may contribute to the 

development of hypertension in this model.

Although increased steroid excretion parallels the development of hypertension, 

mineralocorticoid excess does not appear to be a major pathogenetic factor, since 

spironolactone treatment did not prevent the development of hypertension, as discussed 

above (section 1.10.3). However, glucocorticoids or other adrenal cortical hormones may 

play a role in the hypertension (Bader et al, 1992).

1.11 THE TGR(mRen2)27 RAT AS A MODEL OF MALIGANT 

HYPERTENSION

In man, it is estimated that between 1 and 2 % of essential hypertensives develop MH, 

precipitated by a sudden rise in BP (Houston, 1989). This incidence has been reduced 

from previous levels by the improved management of essential hypertension (Kincaid- 

Smith, 1982), but if untreated the mortality from this complication remains extremely high 

with a one year survival of less than 10 % (Kincaid-Smith et al, 1957). The pathological 

changes affecting the vasculature in MH have been well described and include a 

myointimal proliferative response with endothelial swelling, areas of fibrin deposition, 

fibrinoid and cellular necrosis predominantly afifecting small renal arteries and afferent 

arterioles (Jones, 1974, Pitcock et al, 1976). Activation of the renal RAS occurs in 

response to the afferent vascular pathology and a pressure-induced diuresis and natriuresis 

(Orth & Ritz, 1975, Giese, 1976) and may serve to further increase BP, producing a 

vicious circle of accelerating BP and RAS activation (Kincaid-Smith, 1982). A 

microangiopathic haemolytic anaemia results from intravascular haemolysis leading to the
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appearance of red cell fragments, spherocytes, microsphérocytes and a reticulocytosis 

(Isles et al, 1984). How environmental and genetic factors might determine susceptibility 

or induce transition from benign to malignant hypertension are poorly understood. Since 

there has been no available genetic model for this disease, animal models of MH have only 

been made possible by dietary, surgical or pharmacological manipulation (Byrom, 1963, 

Gavras et al, 1975, Lohmeier et al, 1984). This has made the study of both primary or 

initiating factors and secondary events operating in MH difficult to study.

The TGR(mRen2)27 rat develops hypertension as a consequence of introduction and 

expression of the mouse Ren-2 renin gene into the SD rat (Mullins et al, 1990). BP rises 

to a plateau at 10 wk of age and development of progressive LVH, arterial medial 

thickening and glomerulosclerosis occurs with increasing age, as described above, (section 

1.10) (Bachmann et al, 1992a). Fibrinoid necrosis was not described in transgenic 

heterozygotes. Male HanRe«2/Edin- rats, derived from crossing homozygote TGR 

(mRen2)27 rats (Whitworth et al, 1995a) with Edinburgh SD rats, showed a 73.5 % 

incidence (95 % confidence limits, 65.7 to 81.3 %) of MH, which was invariably terminal. 

The spontaneous occurrence of the MH phenotype in the TGR rat is associated with 

evidence of classic pathological changes of fibrinoid necrosis and myointimal proliferation, 

renal failure, evidence of renal RAS activation and an accelerated rise in BP. In an 

analytical cross no significant difference in BP was observed between malignant phase and 

non-malignant phase animals prior to transition, implying that a factor in addition to 

hypertension appears necessary for inducing transition to the malignant phase phenotype. 

Segregation of the malignant phenotype suggested that susceptibility is determined by at 

most two genetic loci (Whitworth et al, 1995a). The high percentage of male
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Han/?e«2/Edin- affected offers a potentially valuable animal model in which to study MH, 

in particular the initiating and subsequent events.

In summary the TGR(mRen2)27 rat represents the first rat model of hypertension in which 

the genetic defect is precisely defined. Although the TGR rat provides a large amount of 

information on the role of the RAS in cardiovascular disease, it cannot be considered as a 

genuine model of human hypertension, which is polygenic in nature. It does provide, 

however, a monogenetic model of hypertension in which to study the role of the local RAS 

specifically in cardiovascular remodelling since there is local expression of the transgene in 

cardiovascular tissues, including the heart (Lee et al, 1995b). In addition, the TGR rat 

represents a model in which to study the factors regulating progression from benign to 

malignant hypertension.

1.12 AIMS OF THIS THESIS

The mechanisms that regulate the cardiovascular remodelling accompanying hypertension 

are not clearly understood. BP and circulating or autocrine/paracrine factors have all been 

implicated in this process. Given the in vivo evidence for the beneficial effects of ACE 

inhibition in animals and man, the activation of RAS components in disease states and the 

potent effects of AH on cardiac cells. All, produced locally or in the circulation, may exert 

important effects on cardiac growth, independent of its well known vasoconstrictor 

effects. The recently developed TGR(mRen2)27 rat provides a monogenetic model in 

which to study the roles of the RAS.

It is hypothesised that the locally generated All in the heart of the TGR(mRen2)27 rat may 

play a role in the development of LVH and cardiac fibrosis in this model of hypertension.
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The aims of this study were therefore;

• To investigate the relative roles played by BP and the RAS (circulating and local) in the 

development of cardiac hypertrophy and fibrosis in an animal model of hypertension, 

the TGR rat.

• To investigate the mechanism of increased collagen deposition in the TGR rat using in 

vitro studies.

• The TGR rat also represents a useful model of MH. A further aim was therefore to 

investigate the relative roles of BP and the RAS in the pathogenesis of MH.
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CHAPTER TWO: MATERIALS AND METHODS- IN VIVO 
STUDIES IN THE TGR(mRen2)27 RAT
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2.1 MATERIALS

All chemicals were of reagent grade and purchased from BDH/Merck (Lutterworth, UK) 

unless otherwise indicated. All water used for the preparation of buffers was distilled and 

de-ionized (ddH20) using a Millipore Water Purification System (Millipore ROlO followed 

by Milli-Q Plus, Millipore, Watford, Hertfordshire, UK). Solvents used for the 

preparation of high performance liquid chromatography (HPLC) buffers and solutions 

were of HPLC grade and obtained from BDH/Merck. HPLC columns and pre-columns 

were purchased from BDH/Merck. Hydralazine, 7-chloro-4-nitrobenzo-2-oxa-1,3-diazole 

(NBDCl), celestine blue, ferric ammonium sulphate, phosphomolybdic acid and methyl 

blue were obtained from Sigma (Poole, Dorset, UK). Fluothane-Halothane Ph. Eur. was 

purchased from ICI (Macclesfield, Cheshire, UK). Ramipril was kindly donated by 

Hoescht-Roussel (Frankfurt, Germany). Amlodipine was obtained from Pfizer Central 

Research (Sandwich, Kent, UK). Lisinopril was obtained from Zeneca Pharmaceuticals 

(Macclesfield, Cheshire, UK). Hypnorm and Hypnovel were obtained from Jansson 

(Saunderton, High Wycombe, Buckinghamshire, UK) and Roche (Welwyn Garden City, 

Hertfordshire, UK), respectively. Activated charcoal was purchased from Hopkins and 

Williams (Essex, UK). Helium gas was purchased from BOC (London, UK). Anion 

exchange resin, Dowex AG 2-XG8 mesh 100-200 chloride form was obtained from Bio- 

Rad (Hemel Hempstead, Hertfordshire, UK). All filters were obtained from Millipore. 

Blood tubes were purchased from Vacutainer (Beckton Dickinson, New Jersey, USA). 

Bluescript II KS plasmid vector was purchased from Stratagene Ltd. (Cambridge, UK). 

Ribonuclease (RNase)-free deoxyribonuclease (DNase) I and transfer RNA (tRNA) were 

purchased from Promega (UK) Ltd. (Southampton, UK). Expand and Expand RT were 

obtained from Boeringher Mannaheim (Lewes, Sussex, UK). Phosphorlmage plates were
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obtained from Molecular Dynamics (Sevenoaks, Kent, UK). Tungsten type colour 

reversal film (Kodak, Ectachrome 64T) was obtained from KJP (London UK).

2.2 ANIMALS

Transgenic rats homozygous for the Ren-2 gene derived from pure Hanover stock (line 

27) were used in all of the following experiments. Male heterozygotes were derived from 

homozygous TGR(mRen2)27 male rats crossed with female Edinburgh SDs. We elected 

to study heterozygotes since homozygotes develop extreme hypertension (systolic BP-300 

mmHg) and must be maintained on antihypertensive therapy (lisinopril 25 mg/L added to 

the drinking water). Animals were housed 3-4 per cage on wood shavings, with free 

access to food and tap water (12 h light/dark cycle, normal sodium dry fishmeal diet, 

temperature 18-20 °C). All studies were performed in accordance with The Home Office 

Animals (Scientific Procedures) Act (HMSG, 1986).

2.3 BP STUDIES IN THE TGR(mRen2)27 RAT

2.3.1 Characterization of the hypertensive phenotype of the TGR(mRen2)27 rat

To date, the hypertensive phenotype of the TGR(mRen2)27 rat has not been characterized 

over time. Such characterization was important since the effects of hypotensive agents 

were to be studied in animals of different age. A descriptive temporal study of the BPs of 

the TGR(mRen2)27 rat was thus required. Systolic BP (SBP) and body weight (Bwt) 

were measured thrice weekly in untreated TGR(mRen2)27 rats (TGR, n=25) and their 

controls- SD rats of the same strain as the TGRs (SD, n=12).
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Measurement of SBP and Bwt

SBP was measured thrice weekly from weaning (age 28 days) at the same time of day 

(0700-0900 h) using tail cuff (3/8" and 7/16") photoplethysmography (MacLab 

Bioamplifier ML-130, ADInstruments Pty Ltd, Sydney, Australia, Apple Macintosh 

LC475 Computer, IITC Mod 29 Pulse Amplifier and tail cuff system, IITC Life Science, 

Woodland Hills, California, USA). The animals were placed under light halothane 

anaesthesia by exposure to 4 parts per million (ppm) of halothane in 100 % oxygen in a 

closed perspex box for 90 s with transfer to a heated mat (35 °C) and exposure to 

halothane (1.5 ppm) by nose cone (Fluovac delivery system and 1400 g scrubber cartridge. 

International Medical Supplies, Brough, Bradwell, Sheffield, UK). Bwt was also 

measured at this time. The recording system was two-point calibrated with an aneroid 

sphygmomanometer on every occasion of use. SBP was defined as the cuff pressure at 

which arterial pulsation was first detected (Figure 2.1). Only SBP was documented. In a 

validation study using TGR(mRen2)27 rats, SBP (but not diastolic BP) recorded by 

plethysmography correlated well with that recorded by direct carotid cannulation, with a 

mean difference of 8.5 mmHg (direct cannulation higher) between the two methods (C. 

Whitworth, personal communication). The average of five SBP readings was recorded for 

each animal, identified by ear marking. Animals were studied for 10 wk.
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Figure 2.1: Maclab recording of a photoplethysmographic trace, superimposed upon the 

tail cuff pressure trace. Cuff pressure was allowed to fall from 300 mmHg to 40 mmHg 

over a ten second period. Systolic pressure was taken as that cuff pressure at which 

systolic photocell pulsations were recorded. By positioning a cursor at the precise origin 

of the first pulsation, a cursor automatically exhibited the actual BP at this time point in 

a separate analogue window. Each recording was repeated five times and the mean of 

these systolic BPs recorded.

Systolic Blood. Pressure

300
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2.3.2 Establishing the effects of hypotensive agents on TGR(mRen2)27 rat SBP

Studies of the response of the TGR rat to hypotensive agents was required for two 

reasons:

(i) The cause of the hypertensive phenotype in the TGR(mRen2)27 rat is unclear 

(Chapter 1, section 1.10.4). Demonstration of sensitivity to ACE inhibition and lack of 

sensitivity to direct vasodilator agents would support a role for tissue All generation in the 

genesis of hypertension.

(ii) The relative roles of the RAS and the direct effects of BP in the aetiology of the 

cardiovascular changes associated with hypertension are unclear. Further studies were 

planned to dissociate the effects of circulating or local RAS activity and systolic pressure 

burden on the development of LVH and cardiac fibrosis in the TGR rat (see section 2.4, 

below). This would require manipulation of BP by both ACE inhibition (reducing net RAS 

activity) and vasodilators (having no effect on RAS activity). Dose response curves for 

such agents have not been established and their effects with age remain unknown in the 

TGR rat. These issues were addressed using the calcium channel blocker, amlodipine, the 

vasodilator, hydralazine and the ACE inhibitor, ramipril. A dose of the agents that would 

reduce BP to control levels was sought. Further, to examine the role of the local RAS 

specifically, a maximal non-hypotensive dose of ramipril which would inhibit tissue ACE 

activity whilst having no effect on plasma ACE activity was sought.

AJfter weaning, drugs were administered in the drinking water (from age 28 days) and 

doses adjusted thrice weekly. Ramipril was the ACE inhibitor of choice since it has been 

shown to have high tissue binding affinity and long biological half life (Bender et al, 1990). 

Four doses of ramipril were studied in order to establish a dose that would lower BP to 

that seen in control animals: 1, 2, 5 and 10 mg/kg/day (Rl, R2, R5 and RIO, n= 14, 10, 10
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and 13, respectively). To identify a non-hypotensive dose of the ACE inhibitor, ramipril at 

a dose of 10 pg/kg/day (RlOU, n= 20) was initially studied as this dose has been shown to 

be non-hypotensive and to block tissue ACE activity in normotensive SD rats (Dr J R 

McEwan, personal communication).

The calcium antagonist, amlodipine and vasodilator, hydralazine were the agents chosen to 

lower BP through a non RAS mechanism. Amlodipine was chosen due to its long 

biological half life, solubility (up to 5 mg/ml in tap water), stability in tap water, lack of 

photosensitivity and its neutral flavour with proven acceptability to rats. It had also been 

shown to be highly effective in reducing SBP in SHRs: a dose of 10 mg/kg/day reduced 

SBP from 190 mmHg to control levels (130 mmHg) (Bennet et al, 1996). An initial dose 

of 10 mg/kg/day was therefore used (AlO, n =18). Hydralazine has been used to 

effectively control BP in SHRs (Fuchs et al, 1996, Bennet et al, 1996) at doses o f-80-120 

mg/kg/day. The following three doses were therefore studied in order to establish the 

most effective hypotensive dose in TGRs: 80, 160 and 200 mg/kg/day (H80, H I60 and 

H200, n= 12, 12 and 7, respectively).

2.4 ESTABLISHING THE RELATIVE CONTRIBUTIONS OF BP AND THE 

RAS IN THE DEVELOPMENT OF LVH AND CARDIAC FIBROSIS IN 

THE TGR(mRen2)27 RAT

As discussed above (2.3.2), dissociation of the effects of circulating or local RAS activity 

and systolic pressure burden on the development of LVH and cardiac fibrosis in the TGR 

rat required manipulation of BP by both ACE inhibition (reducing net RAS activity) and 

vasodilators (having no effect on RAS activity). Further, to examine the role of the local 

RAS specifically, a maximal non-hypotensive dose of ramipril which would inhibit tissue
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ACE activity whilst having no effect on plasma ACE activity was required. These issues 

were addressed in the study of the effects of hypotensive agents on TGR BP described in 

section 2.3.2 above.

2.4.1 Experimental groups

Based on results of the effects of hypotensive agents on SBP in the TGR rat (Chapter 4, 

section 4.1.2), the treatment groups were as follows: 1) TGR- untreated TGR(mRen2)27 

rats; 2) Control- normotensive SD rats of the same strain as the TGRs; 3) Ramipril High 

(RH)- TGRs treated with ramipril at a dose yielding a BP similar to that in control animals 

(1 mg/kg/day); 4) Ramipril Low (RL)- TGRs treated with ramipril at a non-hypotensive 

dose (5 pg/kg/day); 5) AlO- TGRs treated with amlodipine at a dose of 10 mg/kg/day. 

After weaning, drugs were administered in the drinking water (from age 28 days) and 

doses adjusted weekly. Animals in groups 1-4 were killed at 1 0 , 16 and 24 wk of age. 

Animals in group 5 were killed at 10 and 16 wk of age.

2.4.2 SBP and Bwt measurements

SBP was measured weekly as described above (2.3.1). Bwt was also measured at this 

time.

2.4.3 Estimation of ventricle weights

At 1 0 , 16 or 24 wk of age, animals were anaesthetised (intra peritoneal injection of 

Hypnorm: Fentanyl 0.025 mg/100 g and fluanisone 0.8 mg/100 g (0.5 ml) and Hypnovel: 

Midazalam 0. 42 mg/100 g (0.5 ml)). The abdomen was opened, the abdominal aorta tied 

with 3/0 braided silk and the animal exsanguinated through an 18 gauge aortic cannula 

inserted just proximal to the aortic biftircation. The heart was perfused in situ with either
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fixative (paraformaldehyde (4 % weight by volume (w/v)), glutaraldehyde (0.1 % w/v)), or 

saline (0.9 % w/v NaCl) at 4 °C (160 mmHg for TGRs and RL and 120 mmHg for 

controls, RH and AlO). The heart was removed, atria and great vessels trimmed away and 

the left ventricle wall plus septum (LV) separated from the RV. The tissues were blotted 

dry and weighed to allow calculations of ventricular weight ratios and ventricular to Bwt 

ratios in the estimation of cardiac hypertrophy and also calculation of ventricular collagen 

content in the various groups.

2.4.4 Collagen content and concentration

The collagen content and concentration of the fixed LV and RV were determined by a 

reverse phase HPLC (RP-HPLC) assay of hydroxyproline (OHpro) as previously described 

by Campa et al. (1990).

Preparation of samples for HPLC

Briefly, a portion of perfusion-fixed ventricle (50 mg) was dried in an oven at 50 °C to a 

constant weight and hydrolyzed in hydrochloric acid (HCl, 1 ml, 6  M) at 110 °C for 16 h. 

Hydrolysates were decolourized with activated charcoal (70 mg) and mixed with anion 

exchange resin (70 mg) to remove any fixative. To remove the charcoal and resin, the 

hydrolysate was passed through a 0.65 pm filter.

Principle of the assav

In order to determine the level of OHpro in the acid hydrolysate, secondary amino acids 

are reacted with NBDCl under the conditions described below, to produce a chromophore 

which exhibits a strong light absorbance at 495 nm. NBDCl also reacts with primary 

amino acids but these amino acids only have limited absorbance at this wavelength. In
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addition, the reaction with OHpro and proline occurs one order of magnitude faster than 

for the primary amino acids (Campa et al, 1990). In addition to separation by RP-HPLC, 

interference from primary amino acids is also minimized by keeping the derivatization time 

to 2 0  min.

Pre-column derivatization

A 10 pi aliquot of the hydrolysate was evaporated to dryness under vacuum on a sample 

concentrator (Savant Speedvac Plus SC 110 AR, Life Science International, Basingstoke, 

Hampshire, UK). The dried sample was re-dissolved in 100 pi HPLC grade water, 

buffered with potassium tetraborate (100 pi, 0.4 M, pH 9.5) and reacted with NBDCl in 

methanol ( 1 0 0  pi, 36 mM). Samples were protected from light and incubated at 37 °C for 

2 0  min. The reaction was stopped by addition of HCl (50 pi, 1.5 M), and sodium acetate 

(150 pi, 167 mM, pH 6.4) in acetonitrile (26 % volume by volume (v/v)) was added. 

Samples were passed through a 0.22 pm filter and a 100 pi aliquot (of a total volume 

derivatization mixture of 500 pi) was injected onto the HPLC column and eluted with an 

acetonitrile gradient as described below.

Instrumentation and chromatographic conditions

Derivatized samples were separated on a Beckman System Gold HPLC (Beckman, High 

Wycombe, UK) with a reverse phase cartridge column (LiChroCART LiChrospher 250 x 

4 mm, 5 pm particle size, lOORP-18) protected by a directly coupled pre-column 

(Lichrosorb, 4 x 4  mm, 5 pm particle size, lOORP-18). The columns were continuously 

maintained at 40 °C in a heated column oven. At the beginning of each day, running 

buffers were degassed with helium and the HPLC equilibrated in running buffer A (see
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Table 2.1) for 40 min. The first two samples run each day were OHpro standard solutions 

(equivalent to 50 pmol) which were used in the quantitation.

NBDCl derivatives in samples and standards were eluted with an acetonitrile gradient, 

increasing the concentration of buffer B over time. The chromatographic conditions 

employed are summarized in Table 2.1. Post-column detection was achieved by 

monitoring absorbance at 495 nm using a flow-through variable wavelength monitor and 

the signal was processed using an on-line chromatography computing integrator (Beckman 

System Gold Integrator) for quantitative analysis.

A typical HPLC chromatogram obtained is shown in Figure 2.2. OHpro elutes from the 

column at ~ 6  min after injection. The remaining amino acid derivatives in the sample were 

eluted as the proportion of the organic buffer (acetonitrile) was increased. The total 

running and column regeneration time was 25 min.

Quantification and calculation of OHpro and collagen content

The OHpro content in each sample was determined by comparing peak areas of samples 

fi-om the chromatogram (achieved by monitoring the absorbance at 495 nm) to those 

generated from standard solutions, derivatized and separated under identical conditions.
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Table 2.1: Chromatographic conditions for the separation o f OHpro using RP-HPLC.

Column 

Mobile phase

Flow rate 

Temperature 

Detection 

Gradient

Licrospher, lOORP-18, 250 x 4 mm, 5 pm 

A- aqueous acetonitrile ( 8  % v/v)

50 mM sodium acetate, pH 6.4 

B- aqueous acetonitrile (75 % v/v)

1 ml/min 

40 °C 

495 nm

Time (mins) %B

0 0

5 5

6 80

1 2 80

12.5 0

25 0
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Figi^re 2.2: Typical HPLC chromatogram obtained in the separation and measurement 

o f OHpro.

- I
L . .
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2.4.5 Histology

In addition to the measurement of ventricular collagen content and concentration by RP- 

HPLC (section 2.4.4, above), ventricular tissue was also examined histologically to 

examine the spatial distribution of connective tissue (and more specifically, collagen).

Coronal sections of perfusion fixed LV and RV were taken and fixed for a further 24 h in 

paraformaldehyde (4 % w/v)/glutaraldehyde (0.1 % w/v). Tissues were dehydrated by 

passing through an increasing concentration of ethanol (EtOH) and subsequently 

embedded into paraffin (Table 2.2). 5 pm sections were cut and sequential sections de

waxed, re-hydrated by passing through decreasing concentrations of EtOH (Table 2.3) and 

stained with either the connective tissue stain, Massons trichrome (Clark, 1981, Table 2.4) 

or collagen specific stain, Picrosirius red (Dolber & Spach, 1987, Table 2.5). Sections 

were examined in direct light (Axiophot Photomicroscope, Carl Zeiss, Germany) and 

photographed using colour reversal film under 3100K tungsten illumination and neutral 

density filters.
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Table 2.2: Tissue preparation for histological analysis. After fixation, tissues are

washed (on a rolling table) as follows (RT = room temperature).

Solution Temperature Time

(min)

1 X phosphate buffered saline (PBS) 4°C 30

Saline (0.95 % w/v NaCl) 4°C 30

1:1 Saline: EtOH RT 15

70 % v/v EtOH RT 2x15

85 % v/v EtOH RT 2x15

95 % v/v EtOH RT 30

100 % EtOH RT 2x30

1 0 0  %Xylene RT 2 X 30

1:1 Xylene:Paraffin 60 °C 45

Paraffin 60 °C 3x20
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Table 2.3: Protocol for dewaxing and rehydrating sections prior to staining.

Solution Time

(min)

Histoclear 2x3

100 % EtOH 2 x 3

70 % v/v EtOH 3

Tap water (running) 3
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Table 2.4: Protocol for staining sections with the connective tissue stain, Massons 

Trichrome.

Solution Time

Celestine blue^ 1 0  s

Tap water (running) 1 min

Mayers haematoxylin 1 0  s

ddH2 0 1 min

1 % w/v Ponceau fuschin in 1 % v/v acetic acid 6  min

ddH2 0 1 min

1 % w/v Phoshomolybdic acid until collagen decolourized 2  min

ddH2 0 1 min

Counterstain 0.5 % w/v soluble blue in 2.5 % v/v acetic acid 45 s

ddH2Û 1 min

100 % EtOH 30s

Histoclear 2 x 3  min

Mount in DPX

a- see Appendix for composition.
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Table 2.5: Protocol for staining sections with the collagen specific stain, Picrosirius red.

Solution Time

ddHzO 1 min

0.2 % w/v Phoshomolybdic acid 2  min

0.1% w/v Sirius red F3BA in saturated picric acid 90 min

0.01 NHCl 2  min

70 % v/v EtOH 1 min

100 % EtOH 30s

Histoclear 2 x 3  min

Mount in DPX
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2.4.6 Plasma and tissue ACE activity

At exsanguination, blood was drawn into chilled lithium heparin blood tubes, centrifuged 

at 2000 g  for 12 min at 4 °C (Heraeus Sepatech Bioflige 22R, Marathon Laboratory 

Supplies, London) and the plasma stored at -70 °C Animals were perfused with cold 

saline (0.9 % w/v NaCl at 160 mmHg or 120 mmHg for TGRs and RL or controls, RH 

and A10, respectively) until the kidneys and heart were pallid (60-90 s). The heart was 

rapidly removed and the atria and great vessels trimmed away and the LV separated from 

the RV. Tissues were rinsed three times in cold saline to remove all traces of blood and 

flash frozen in liquid nitrogen. Tissues were ground to a fine powder in liquid nitrogen in 

a mortar and pestle, suspended in Triton X-100 (0.3 % v/v in distilled water: 5 ml per 

gram of tissue, 0.5 ml for all samples <0.1 g), homogenized (Ultra Turrax, Janke and 

Kunkel, Marathon Laboratory Supplies, London) and stored at -70 °C.

ACE activity measurements were performed by Dr. Peter Gohlke and Miss Jutta Finger, 

Department of Pharmacology, University of Kiel, Germany. ACE activity was measured 

as previously described (Unger et al 1982, Depierre & Roth 1975). Briefly, the samples 

were thawed, centrifuged and a 50 pi aliquot of the plasma or tissue supernatant was 

diluted with 400 pi of PBS (pH 8 ) and 50 pi of carbenzoxy-phenyl-analyl-histidyl-leucine 

substrate (Z-Phe-His-Leu) added. During incubation at 37 °C for 60 min, ACE catalyzes 

the hydrolysis of this substrate to yield dipeptide histidyl-leucine (His-Leu) which 

fluoresces (at an excitation wavelength of 365 nm and an emission wavelength of 495 nm). 

The reaction was stopped by transferring 100 pi of the incubation sample into sodium 

hydroxide (NaOH) (1 ml, 0.28 M). The rest of the assay was continued in the dark; 25 pi 

of ortho-phthalaldehyde solution (2 % solution in dimethylsulphoxide (DMSO)) was added
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to the 1.1 ml NaOH/sample mixture. The orthophthaldialdehyde adheres to the His-Leu 

product. After 30 min, this reaction was terminated by the addition of 1 ml of HCl (1 M) 

and the samples centrifuged at 3000 g. The amount of tagged His-Leu was then 

determined fluorometrically within 60 min. Samples were run in duplicate and included 

blanks (consisting of all reagents apart from plasma or tissue supernatant) and His-Leu 

standards. ACE activity was calculated using the following formula, where molecular 

weight of the substrate (RMM) was 263.3 g, factor for the tissue =10 and protein content 

was calculated according to Lowry et al (1951).

Sample absorbance Factor for each tissue

Substrate absorbance (Substrate RMM) x (time in min) x (mg protein)

Results were expressed as nmol His/Leu/mg protein/min for tissue ACE activity and nmol 

His/Leu/ml plasma/min for plasma ACE activity.

2.5 ESTABLISHING THE ROLES OF BP AND THE RAS IN THE

PATHOPHYSIOLOGY OF MALIGNANT HYPERTENSION IN THE 

TGR(mRen2)27 RAT

The TGR(mRen2)27 rat has been shown to suffer severe spontaneous hypertension and as 

such is a useful genetic model of hypertension. However, it has also become clear that 

animals from some colonies may, in addition, develop malignant hypertension (Chapter 1, 

section 1.11). The colony used in these studies was derived from that kept in Edinburgh 

and therefore, Edinburgh SD rats were used as the normotensive control strain to breed 

with the transgenic rats, thus deriving heterozygote oftspring. Amongst heterozygote male 

offspring 63 % of the colony suffered MH by 100 days of age (Chapter 4, section 4.3.2). 

Use of these animals thus allowed investigation of the role of the RAS in the genesis of 

both the hypertensive state itself and the transistion to the MH state.
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2.5.1 Experimental groups

In order to differentiate the effects of high BP from the effects of renal RAS activation in 

MH, untreated TGR(mRen2)27 rats (TGR, n=40) and TGRs treated with ramipril at a 

non-hypotensive dose (5 pg/kg/day identified in an earlier study, section 2.3.2, above) 

were studied (RL, n=24). Ramipril was administered in the drinking water from weaning 

at age 28 days to 16 wk of age and the dosage adjusted weekly.

2.5.2 Measurement of SBP and Bwt

SB? and Bwt were measured as previously described (section 2.3.1).

2.5.3 Survival rates

Mortality from MH was defined using previously described clinical features, such as 

prostration or a hunched apathetic posture with piloerection (Whitworth et al, 1994, 

Whitworth et al 1995a, Whitworth et al 1995b). Animals exhibiting signs of MH were 

humanely killed by an overdose of anaesthetic (already described in section 2.4.3, above). 

At 16 wk all remaining animals were killed.

2.5.4 Plasma and tissue ACE activity

After 16 wk all animals were anaesthetised and exsanguinated as previously described 

(section 2.4.3). Plasma ACE activity was assessed in all animals and tissue ACE activity in 

6  animals from each group as described above (section 2.4.6).

2.5.5 Histological examination

For histological examination, randomly selected animals were perfused with fixative as 

described above (section 2.4.3). The left kidney was removed and after a further 24 h
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fixation period, dehydrated by passing through an increasing concentration of EtOH and 

subsequently embedded into paraffin, by an experienced renal pathologist, Stuart Fleming 

of the Centre for Genome Research, Edinburgh, Scotland. 3 pm sections were cut and 

stained with haematoxylin and eosin (H & E) (Stevens, 1990). Sections (three per rat) 

were examined by an experienced renal pathologist (SF) who was blinded to the treatment 

status of each animal. Tissues were examined from randomly selected untreated survivors 

(controls, n=8 ), ramipril treated survivors (n=9) and rats which were culled after exhibiting 

features of established MH (n=7). Three elements, namely arterial intimai proliferation, 

arteriolar necrosis and nephron injury were scored on a scale of 1-5 as follows:

1: 0-5 % scored 1 for trend analysis

2: 6-25 % scored 2 for trend analysis

3: 26-50 % scored 3 for X  ̂trend analysis

4: >75 % scored 4 for X  ̂trend analysis

5: >76 % affected scored 5 for X  ̂trend analysis

In addition, vascular medial thickening was graded 1 to 5 based on the degree of 

hypertrophy observed in medium-sized arteries on each section.

2.6 TISSUE TRANSGENE EXPRESSION IN THE TGR(mRen2)27 rat

The TGR(mRen2)27 rat may be a useful model in which to study cardiac and vascular 

responses to hypertension and the role of the RAS in such responses. However, such 

studies have been hampered by debate concerning the level of Ren-2 transgene and native 

renin expression in both the heart and vascular tissue (Ekker et al, 1989, Hilgers et al, 

1992, Iwai and Inagami 1992b, Zhao et al, 1993). Methodological differences, the use of
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ill-defined numbers and animals of mixed sex and age might account for much of the 

confusion. Therefore, expression of the transgene in the aorta, carotid and in specific 

cardiac chambers of adult male TGR(mRen2)27 heterozygote rats of defined number, age, 

weight and sex was examined in this study.

The RNase protection assay is a sensitive method of identifying transgene expression in 

animal models and was therefore used in this study. Confirmation of low-level expression 

was sought using the much more sensitive technique of reverse transcription-polymerase 

chain reaction (RT-PCR) amplification of transgene mRNA. In order to prevent 

contamination and subsequent false positive results disposable equipment was used 

throughout with all non disposable equipment being sterilized (using HCl where 

appropriate) between handling each tissue and each animal type.

2.6.1 Extraction using the RNAzol B method

Tissues

Fifteen male heterozygous TGR(mRen2)27 rats and 15 SD controls (all 250-300g) were 

anaesthetised with an intraperitoneal injection as described above (section 2.4.3). The 

abdomen was opened, the abdominal aorta tied with 3/0 braided silk, the animals perfused 

with iced saline for 1 min (180 mmHg for transgenics, 120 mmHg for controls) through a 

proximally placed 18-gauge cannula. The left lung, both carotids and proximal 1-2 cm of 

aorta were rapidly removed, cleaned of surrounding tissue on ice, washed in iced saline, 

blotted dry, weighed and snap frozen in liquid nitrogen. The heart was removed, cleaned 

and rinsed, the RV dissected free from the LV and septum and the tissues similarly treated.
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RNA extraction

RNA extraction was performed by Dr Hugh Montgomery at the Centre for Genome 

Research, Edinburgh, UK in a laboratory previously unexposed to Ren-2 mRNA or 

complementary DNA (cDNA). RNAzol contains phenol and guanidium thiocyanate 

(Chomczynski & Sacchi, 1987), promotes the formation of RNA-guanidium-water 

complexes, abolishes the hydrophilic interactions of DNA and proteins and thus selectively 

leaves RNA in aqueous solution. Yields are usually approximately 5-6 pg RNA per 1 mg 

tissue, but can be as low as 1 pg per 1 mg of tissue. The weights of each tissue sample 

varied, therefore the number of animals used as a source for RNA varied with the tissue 

being studied (12 lungs, 6  RV, 3 LV, 15 carotids and 15 aortic samples). Like tissues 

were pooled and processed together, although the lung samples were processed in two 

batches of 6  (lung  ̂ and lung^). The samples were homogenized in 50 ml Coming tubes 

(Ultra-Turrax Drive T25 350 Watt homogenizer (8000-24000 revolutions/min; DCA 

Labortechnik, Germany), with the addition of approximately 2 ml RNAzol per 100 mg 

tissue (15 aortas in 15 ml, 15 carotids in 15 ml, 12 lungs in 50 ml, 6  RV in 25 ml and 3 LV 

in 25 ml) for 0.5-1.0 min. Each homogenizer was stripped and cleaned in 2 M HCl (5 min 

soak) before use and between samples, before being rinsed in dH2 0  (RNase free). 0.1 

volumes of chloroform were added and the samples covered, shaken for 15 s, left on ice (4 

°C) for 5 min and centrifuged at 2 1 0 0  g- for 15 min at 4 °C. The aqueous phase (excluding 

interface) was transferred to a 30 ml glass Corex tube, an equal volume of isopropanol 

added, the samples left on ice for 15 min and then centrifuged at 16500 g for 15 min at 4 

°C. A yellow-white pellet of RNA was identified at the bottom of the tube. After removal 

of the supernatant, the RNA pellet was washed with 1 ml 70 % v/v EtOH added to the 

RNA (>0.8 ml EtOH per 50-100 pg RNA) and the sample vortexed and re-centrifuged at 

16500 g, for 8  min at 4 °C. This process was then repeated. The RNA pellet was
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incompletely air-dried (10-15 min) and re-dissolved by vortexing in pure formamide 

(Chomczynski, 1992). The use of pure chemicals and the strong denaturing effect of 

RNAzol meant that diethylpyrocarbonate (DEPC)-treated solutions were not required. 

Large grey pellets were derived from the ventricular samples, suggesting glycogen 

contamination. The process of RNAzol extraction was therefore repeated on these 

samples.

RNA quantity and qualitv

Final RNA concentrations are usually in the range of 4 mg/ml. The RNA samples were 

diluted 1:200 for quantification by ultraviolet (UV) absorption spectrophotometry at 260 

nm. Absorption at 280 nm was also quantified, as higher absorption at this wavelength 

suggests protein contamination. The concentration of RNA was calculated from the 

following equation: Absorbance at 260 nm x dilution x 40 = pg RNA/ml. RNA was 

shown to be intact by agarose gel electrophoresis.

2.6.2 RNAse protection assay for Ren-2 mRNA

Making the riboprobe (Figure 2.3)

cDNA for the Ren-2 gene has been cloned into the Bluescript II KS plasmid vector. The 

full-length cDNA was cloned into the Sal I and Hind III sites of the vector (Dr Matthew 

Sharp, personal communication). This plasmid was linearized using Nco I, which cuts 

once in the Ren-2 cDNA and transcribed using bacteriophage T7 DNA-dependent RNA 

polymerase, which reads from the T7 promoter site through the Hind III site and onwards
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Figure 2.3: RNase protection assay for mouse Ren-2 gene mRNA.

Ren-2 cDNA T7 Promotor
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/ ■ 4

RNAse digests single-stranded DNA, leaving 
native target mRNA undigested

Protected RNA now separated by electrophoresis on denaturing gel 
(which separates RNA into single strands). Nul sample and 
undigested probe RNA also run in separate lanes.
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through the Ren-2 cDNA, to the Ncol cleavage point. This produces a partial 

complementary RNA (cRNA) 216 nucleotides in length.

In the order listed, the following reagents were mixed: 1 pi Ren-2 cDNA (20-100 ng/pl),

1.5 pi DTT (100 mM), 0.5 pi bovine serum albumin (BSA) (2 mg/ml), 1.0 pi alpha-[^^P] 

cytidine triphosphate (CTP) (4000 curies/mmol (Ci/mmol)), 3.0 pi Stratagene transcription 

buffer (5x) (see Appendix) and 1.0 pi T7 RNA polymerase. Total reagent mixture volume 

was therefore 15.25 pi. These were then incubated at room temperature for 90 min. 1 pi 

of RNase-free DNase I was added and incubation continued for 20 min at 37 °C. Water 

was added to a total volume of 1 0 0  pi and extraction performed with phenol: chloroform: 

isoamyl alcohol. Precipitation was performed with 100 pi 4 M NH4AC, 200 pi isopropanol 

followed by immediate centrifugation and re-suspension in lOOpl DEPC H2O. 

Radioactivity incorporation was monitored by scintillation counting. The probe was 

diluted to a final count of 450000 counts per minute/1 pi (cpm/1 pi).

RNA co-precipitation

120 pg RNA from each tissue was co-precipitated with 4.5 x 10̂  cpm of riboprobe in 

sodium acetate and EtOH in dry ice, centrifuged at 12000 g  for 20 min and the pellets 

washed in 70 % v/v EtOH (DEPC) before re-centrifugation. The damp pellets were re

suspended in 30 pi RNase protection hybridization buffer (RPH buffer, see Appendix) 

heated to 85 °C for 15 min, then incubated overnight at 55 °C to allow hybridization 

between renin mRNA and cRNA riboprobe.
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RNA digestion

Ribonucleases A and T1 were diluted in digestion buffer (see Appendix) such that single

stranded RNA, but not double-stranded RNA, is cleaved. 350 pi was added to each tube 

and incubated at 30 °C for 30 min. 20 pi sodium dodecyl sulphate (SDS) ( 1 0  %) and 2.5 

pi Proteinase K (20 mg/ml) were added and the samples incubated at 30 °C for 10 min to 

inactivate the ribonucleases. Hybridization allows the Ren-2 mRNA to protect a region of 

153 nucleotides of the cRNA riboprobe from being digested in these conditions.

Polyacrvlamide gel electrophoresis

One extraction with phenol: chloroform: isoamyl alcohol was performed, with subsequent 

precipitation with 5 pi of tRNA (as a carrier to bring down the small amount of 

mRNA/riboprobe left) and 1 ml of EtOH. The samples were left on dry ice for 20 min, 

centrifuged for 20 min at 12 000 g  and rinsed in 70 % v/v EtOH. The pellets were 

aspirated with a drawn-out Pasteur pipette, air-dried, re-suspended in 4 pi of sequencing 

gel loading buffer (95 % v/v formamide, 20 mM ethylenediametetracetic acid (EOTA), 

0.05 M bromophenol blue), denatured at 95 °C for 5 min and electrophoresed on a 6  % 

w/v denaturing polyacrylamide gel containing 7.3 M urea. This gel was fixed in 10 % v/v 

methanol/10 % v/v acetic acid for 10 min, dried and exposed on a Phosphorlmage plate 

for 2  wk.

2.6.3 Reverse-transcription polymerase chain reaction amplification 

detection of transgene expression

cDNA was made from 1 pg of total RNA from each rat tissue using Expand-RT according 

to instructions. Synthesis of cDNA was primed with random hexanucleotides and then a
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portion of this used as a template for the amplification of renin DNA, using primers 

specific for exons 6  and 7 of the renin genes. The amplified product is 125 bp from the 

both the rat and mouse Ren-2 genes. Amplification was performed using Expand 

according to manufacturers instructions. This reaction was then electrophoresed through a

1.5 % w/v agarose slab gel, capillary blotted onto nylon membrane and hybridized with the 

mouse Ren-2 cDNA probe (3x10^ cpm/pg) for 65 h at 6 8  °C in 20 ml of 25 M NaH2S0 4 , 

Ph 7.2; 7 % w/v SDS; ImM EDTA and 250 pg/ml denatured salmon testis DNA. The 

membrane was then washed to a final stringency of 0 . 2  x standard saline citrate (SSC), 0 . 1  

% w/v SDS at 6 8  °C and subjected to autoradiography at -70 °C with intensifying screens 

for 8  days.

2.7 STATISTICAL ANALYSIS

All data are presented as mean ± standard errors of the mean (SEM). Statistical analysis 

was performed using an unpaired students t-test for single group comparisons and 

Newman-Keuls one way analysis of variance (ANOVA) for multiple group comparisons. 

Mean group SBP over the entire study period was compared between treatment groups by 

ANOVA. The renal histological scores were compared using the trend analysis to 

measure non-linear trends between animals in each group (upon statistical advice too many 

scores were <5 for simple analysis and this would not accurately compare a non-linear 

trend such as changes in histological pattern). Differences were considered statistically 

significant at P<0.05.
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CHAPTER THREE: MATERIALS AND METHODS- IN 
VITRO STUDIES IN THE TGR(mRen2)27 RAT
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3.1 MATERIALS

All chemicals were of reagent grade and purchased from BDH/Merck (Lutterworth, UK) 

unless otherwise indicated. All water used for the preparation of buffers, solvents used for 

the preparation of HPLC buffers and solutions and HPLC columns and pre-columns were 

as previously described (Chapter 2, section 2.1). Sterile tissue culture plasticware was 

obtained from Falcon and Bibby-Sterilin, Marathon Laboratory Supplies (London, UK). 

Sterile cryotubes, 8 -well chamber slides (Nunc), Dulbecco’s Modification of Eagles 

Medium (DMEM), Dulbecco’s Modification of Hams FI2 medium (DME Hams F12 

medium), trypsin, antibiotics, L-glutamine and fetal calf serum (FCS) were all purchased 

from GEBCO-BRL (Paisley, Scotland, UK). The same batch of FCS was used for all the 

experiments described. BSA, holo transferrin, DMSO, L-ascorbic acid, proline, hydrogen 

peroxide (H2O2), NBDCl, methylene blue, (Sarl)-Angiotensin II (SarAII), monoclonal 

mouse anti-myosin (smooth), anti-a smooth muscle actin (a-SMA) and anti-vimentin 

antibodies were all purchased from Sigma Chemical Company (Poole, Dorset, UK). 

Monoclonal mouse anti-desmin and rabbit anti-human von Willebrand Factor antibodies 

were purchased from Dako Ltd (High Wycombe, Bucks., UK). Human TGF-pi, purified 

from human platelets and recombinant PDGF-BB were obtained from British 

Biotechnology, (Oxford, Oxfordshire, UK). Type II collagenase was obtained from Lome 

Laboratories (Twyford, Reading, Berkshire, UK). Losartan and PD123177 were obtained 

from Merck Pharmaceuticals (West Drayton, Middlesex, UK) and Parke Davis & Co. Ltd. 

(Eastleigh, Hampshire, UK), respectively. Renin inhibitor was purchased from Bachem 

(UK) Ltd (Saffron Waldon, Essex, UK). Carbon dioxide (CO2) and helium gases were 

purchased from BOC (London, UK). Mycoplasma detection kit was purchased from Gen- 

probe (San Diego, USA). Human umbilical vein endothelial cells (HUVEC), endothelial 

cell basic medium (EBM) and supplements, human recombinant epidermal growth factor
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(hEGF), hydrocortisone, gentamycin/amphotericin B, bovine brain extract (BBE) and FCS 

were all obtained from Tissue Culture Services (Botolph Claydon, Buckinghamshire, UK). 

Rat kidney fibroblasts (NRK-49F) were obtained from the European Collection of Animal 

Cell Cultures (Porton Down, Wiltshire, UK) and rat thoracic aorta smooth muscle cells 

(AlO) from the American Type Culture Collection (Rockville, Maryland, USA). Normal 

serum (horse and goat), biotinylated anti-rabbit immunoglobulin G (IgG) and biotinylated 

anti-mouse IgG, Vectastain Elite ABC Reagent and 3,3’diaminobenzidene (DAB) were all 

purchased from Vector Laboratories, (Peterborough, UK). Aquapolymount was 

purchased from Park Sciences (Moulton Park, N.H., USA). Hypnorm and Hypnovel were 

obtained from Jansson (Saunderton, High Wycombe, Buckinghamshire, UK) and Roche 

(Welwyn Garden City, Herts., UK), respectively. Activated charcoal was purchased from 

Hopkins and Williams (Essex, UK). Vacuum filtration unit and all filters were purchased 

from Millipore (Watford, Hertfordshire, UK). Titertek multiscanner (microtitre plate 

reader) was purchased from ICN Flow (High Wycombe, Bucks, UK). Dry-block sample 

concentrator (Techne DB-3 SC-3) and sample concentrator (Savant Speedvac Plus SC 110 

AR) were obtained from Life Science International (Basingstoke, Hampshire, UK).

3.2 ISOLATION, CULTURE AND CHARACTERIZATION OF NEONATAL 

CARDIAC AND ADULT LV FIBROBLASTS FROM TGR AND CONTROL 

RATS

The increase observed in cardiac collagen content in the TGR myocardium compared with 

controls (Chapter 4, section 4.2.2) may be due to enhanced collagen synthesis, decreased 

collagen degradation, or increased proliferation of cells responsible for the connective 

tissue synthesis, as described in Chapter 1, section 1 .6 . Since cardiac fibroblasts are the 

major cells responsible for collagen production, cultures of cardiac fibroblasts were
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established from TGR and control rats to determine the phenotype of these cells and the 

mechanism of increased collagen accumulation in the hypertrophying heart. Further, 

studies were undertaken to investigate whether differences in the phenotype of fibroblasts 

from TGRs and controls were due to inherent properties of these cells (i.e. the transgene 

expression) or due to a conditioning effect in vivo (for example by elevated BP or levels of 

All). To this end, fibroblasts were isolated from both neonate animals (in which BP is 

similar in TGRs and controls) and from 16 wk old animals (in which BP is elevated in 

TGRs compared with controls and fibrosis is estabhshed).

3.2.1 Isolation of fibroblasts

Untreated TGR(mRen2)27 rats and their controls- SD rats of the same strain as the TGRs 

were used and housed as previously described (Chapter 2, section 2.2).

Neonatal rats (0-3 days old) were killed by decapitation, the hearts removed immediately 

and placed in collection media of DMEM supplemented with penicillin (300 units/ml), 

streptomycin (300 pg/ml) and amphotericin B (0.75 |ig/ml). Adult rats (16 wk old) were 

killed with an overdose sodium pentobarbitone, the hearts removed immediately, atria and 

great vessels trimmed away and the LV separated from the RV. The tissues were blotted 

dry, weighed and the LV placed in collection media. 3 separate isolations were prepared 

for each group. For each isolation, hearts from 10 neonatal animals and LVs from 6  adult 

animals from each group (TGR and control) were pooled.

Under sterile conditions, the tissue was minced finely and rinsed several times in the 

collection media to remove traces of blood. The tissue was digested with type II 

collagenase (3000 units/ml) in DMEM supplemented with penicillin (100 units/ml),
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streptomycin (100 |ig/ml), amphotericin B (0.25 jig/ml) and BSA (0.1 % w/v). Digests 

were incubated in a humidified atmosphere of 10 % CO2 in air at 37 °C for 3 h 30 min in 

six-well plates (2 hearts/1 LV per well in 3 ml solution). Digests were transferred to a 50 

ml centrifuge tube, spun at 2 2 0  g  for 7 min and the supernatant discarded. The pellet was 

re-suspended in wash solution of DMEM supplemented with penicillin (100 units/ml), 

streptomycin (100 jig/ml), amphotericin B (0.25 pg/ml) and BSA (0.1 % w/v). The cell 

suspension was then re-centrifuged, the supernatant discarded, cells re-suspended in 

DMEM/10 % v/v FCS: DMEM containing penicillin (100 units/ml), streptomycin (100 p. 

g/ml), L-glutamine (4 mM) and FCS (10 %). Cells were plated into a 75 cm  ̂culture flask 

and incubated in a humidified atmosphere of 1 0  % CO2 in air at 37 °C for 30 min. During 

this period, fibroblasts became attached to the culture flasks. The media containing mostly 

non-adherent myocytes was discarded. The cells were maintained under standard tissue 

culture conditions, described below. Upon reaching visual confluence the cells were 

designated to be passage 1 .

3.2.2 Routine cell culture

Cells were routinely grown in 75 cm  ̂triangular flasks in DMEM/ 10% FCS. The cultures 

were incubated in a humidified atmosphere of 1 0  % CO2 in air at 37 °C. Each cell line was 

routinely checked for mycoplasma contamination at monthly intervals using a 

commercially available mycoplasma detection kit. Culture medium was changed every 

four days and cells were passaged 1:2 or 1:4 upon reaching visual confluence.

Cell passage was performed by removing the culture medium, washing once with 10 ml 

PBS, and adding 2 ml of trypsin/EDTA (trypsin 0.05 % w/v, EDTA 0.02 % w/v) to the
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cell layer. The cells were then incubated at 37 °C until detachment from the tissue culture 

plasticware occurred (approximately 3 min). Detachment from the plasticware was 

observed under an inverted light microscope (Axioscop 20, Carl Zeiss, Germany). 8 ml 

DMEM/10 % FCS was then added to the flask to inactivate the trypsin and 5 ml (1:2 

passage) or 2.5 ml (1:4 passage) of this suspension was added to fresh culture flasks. The 

volume in each flask was made up to 10 ml by further addition of DMEM/10 % FCS.

3.2.3 Storage of primary cell cultures

Freezing of cells

Primary cultures were frozen for storage and thawed as needed. All fibroblasts for storage 

were pooled in DMEM/20 % FCS at a ratio of 1.5 ml media/confluent 75 cm  ̂flask. An 

equal volume of DMEM/20 % FCS containing 20 % DMSO was added dropwise to the 

cells. 1.5 ml aliquots of this mixture, representing Vi of a confluent flask, was added to 

sterile cryotubes and frozen overnight at -70 °C in a polystyrene container packed with 

paper towels to permit slow freezing. Tubes were then removed and stored in liquid 

nitrogen.

Thawing of cells

A single tube of cells was removed and thawed at 37 °C in a water bath. The contents 

were then removed and transferred to a sterile 50 ml centrifuge tube. 8 ml DMEM/20 % 

FCS was added dropwise to the cell suspension with continual agitation. The cells were 

then spun down at 220 g  for 7 min, the supernatant discarded, the cells re-suspended in 10 

ml DMEM/10 % FCS and plated into a 75 cm  ̂culture flask. Routine cell culture was then 

carried out as described above. Passage and population doubling (PD) numbers were 

increased as appropriate to the thawed cells.
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3.2.4 Immunohistochemical characterization of primary fibroblast cultures

The fibroblastic nature of primary ceils was determined by immunofluorescence staining of 

cell layers with various antibodies to cytoskeletal and surface proteins. The staining 

pattern exhibited by the primary cells was compared with that obtained in various cell lines 

employed as controls. Every primary cell isolation prepared and used in the experiments 

described below was characterized immunohistochemically. Primary cell cultures and a rat 

thoracic aorta smooth muscle cell line (AlOs) were plated in DMEM/ 10 % FCS and 

incubated in 10 % CO2 as described above. A rat kidney fibroblast cell line (NRK-49F) 

was plated in DME Hams F12 medium supplemented with penicillin (100 units/ml), 

streptomycin (100 pg/ml), amphotericin B (0.25 pg/ml) and 10 % FCS and incubated in 5 

% CO2. A human umbilical vein endothelial cell line (HUVEC) was plated in EBM 

supplemented with hEGF (0.01 ng/ml), hydrocortisone (0.001 mg/ml), gentamycin (0.05 

mg/ml), amphotericin B (0.05 pg/ml), BBE (0.012 mg/ml) and FCS (2 %).

At confluence, cells were trypsinized as described above and plated in their respective 

media into 8-well chamber slides and incubated until sub-confluent. Cultures were washed 

twice with PBS, fixed in cold (-20 °C) methanol at -20 °C (cytoskeletal proteins) or 

paraformaldehyde (4 % w/v) (surface proteins) at room temperature for 3 min. Cells were 

then washed three times with PBS and stored at 4 °C in PBS prior to staining. Slides were 

incubated with 3 % H2O2 in PBS (v/v) to block endogenous peroxidase activity, rinsed 

three times in PBS and non-specific binding was blocked with non-antigenic serum (which 

was prepared from the species in which the secondary antibody is made; normal goat 

serum in the case of rabbit antibody (anti-von Willebrand factor) and normal horse serum 

in the case of mouse antibodies (all other antibodies)). The cells were then incubated with 

individual primary antibodies diluted in PBS for 45 min at ambient temperature : anti-
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vimentin (1:40, clone V9), anti-a-SMA (1:1000, clone 1A4), anti-desmin (1:100, clone 

DE-R-11), anti-myosin (1:1000, clone hSM-V) and anti-von Willebrand Factor (1:1000). 

Cells were subsequently incubated with biotinylated secondary antibody (against the 

animal that the primary antibody was raised in: anti-rabbit IgG for anti-von Willebrand 

factor and anti-mouse IgG for all other antibodies) for 60 min at room temperature. The 

avidin-biotin complex was visualized using DAB as a chromogen. Cells were washed 

twice in water, counterstained with haematoxylin and mounted with Aquapolymount.

3.3 FIBROBLAST REPLICATION EXPERIMENTS

3.3.1 Fibroblast replication in response to serum, SarAII and PDGF-BB

As described above, 3 isolations were prepared for each group (i.e. 3 separate isolations of 

cardiac fibroblasts from adult and control and TGR rats and also from neonate adult and 

TGR rats). For the experiments described below every isolation was tested three times.

Principle of the assav

Fibroblast replication in response to growth factors was assessed using a 

spectrophotometric assay based on the uptake and subsequent elution of the dye methylene 

blue, according to the method developed in our laboratory (Oliver et al, 1989). The assay 

was performed in 96-well microtitre culture plates and is rapid and convenient method, 

making it ideal for screening large numbers of samples of dose responses to growth 

factors. Methylene blue is basic with a positive charge at pH 8.5 and binds 

electrostatically to negatively charged groups, including phosphate moieties of nucleic 

acids and proteins within the cell layer. The dye is eluted fi*om the cell layer by lowering 

pH to below 2 with HCl. This results in protonation of acidic groups and the liberation of 

methylene blue into the eluent. Methylene blue forms dimers in aqueous solution at low
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pH and does not obey Beer-Lamberts Law. The formation of dimers is suppressed using 

an HCL/EtOH eluent which results in as single absorbance peak at 650 nm.

Cell plating and pre-incubation period

Initial experiments were performed to optimize the effects of the agents causing cell 

replication. To determine the optimum pre-plating conditions (concentration of serum and 

time required for cells to adhere), cells were pre-plated in 0, 0.4 or 1 % FCS for 24 or 48 

h. Serum-ffee media consisted of DMEM supplemented with BSA (1 mg/ml) and 

transferrin (1 pg/ml). Cells were trypsinized as previously described and a cell suspension 

obtained. The suspension was spun at 220 g  for 7 min. The supernatant was discarded 

and the cells re-suspended in 10 ml DMEM/0, 0.4 or 1 % FCS. A 10 pi aliquot of the cell 

suspension was counted in a haemocytometer using an inverted microscope under phase 

contrast. The number of cells/ml was calculated and a further dilution of the cells 

performed to give 5 x lO'̂  cells/ml. 100 pi of this suspension was placed in the central 10 x 

6 wells of a 96-well plate. The outer wells received 100 pi of DMEM/0, 0.4 or 1 % FCS 

only, as these wells have been demonstrated to lose some volume due to evaporation 

during the course of the experiments. Cells were pre-plated for 24 or 48 h in a humidified 

incubator at 37 °C and 10 % CO2 . Based on the results of these optimization experiments 

(see Chapter 5, section 5.2.1) the conditions chosen for subsequent experiments were pre

incubation for 24 h in 1 % FCS.

Incubation period

To determine the optimum incubation conditions (serum concentration and time course), 

cells were pre-plated in 1 % FCS for 24 h as described above, the plating media removed 

and replaced by fresh DMEM/0, 0.4 or 1 % FCS (columns 2 and 11, media control),
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DMEM/10 % FCS (column 3, positive control) or the test solution (columns 4-10). The 

test solution was PDGF-BB (0.1-3 nM) or SarAII (1 x 10'̂ -̂ 1 x 10"̂  M) made up in 0, 0.4 

or 1 % FCS, diluted across the plate to give a dose-response. Cells were then further 

incubated for 48 h. The optimum incubation condition was SarAII and PDGF-BB made 

up in 1 % FCS (see Chapter 5, section 5.2.1). Finally, to determine the optimum time 

course, cells were pre-plated in 1 % FCS for 24 h and replication in response to 10 % 

FCS, SarAII and PDGF-BB made up in 1 % FCS was observed at 48, 72 and 96 h after 

the addition of incubation medium. Based on the results of these optimization 

experiments, the conditions chosen for subsequent experiments were test substances made 

up in 1 % FCS and incubated for 48 h (see Chapter 5, section 5.2.1). In addition, in order 

to calculate basal fibroblast replication one plate was stopped at the end of the pre

incubation period (time zero (tO) plate) as described below.

Fixation of cells

At to and at the end of the experiment, medium was removed by immersing the plate in 

0.15 M PBS. Plates were then blotted onto absorbent paper towels and 100 p,l of formol 

saline (aqueous solution containing 0.5 % NaCl, 0.5 % Na2S0 4  and 10 % formaldehyde) 

was added to each well. Formol saline was left covering the cell layer for 30 min at room 

temperature, although plates could be preserved in this way for several weeks if wrapped 

in silver foil to prevent evaporation.

Cell staining

Formol saline was removed by inverting and tapping the plate onto absorbent paper 

towels. Cells were then stained with methylene blue (100 pi, 1 % w/v) in 0.01 M borate 

buffer, pH 8.5. The cells were incubated with the dye for 30 min, after which time the
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unbound dye was removed by inverting the plate. Remaining unbound dye was removed 

by a series of four washes in 2 L buffer tanks containing 0.01 M borate buffer, pH 8.5. 

After the final wash the remaining buffer was tapped out onto paper towels and the plates 

dried in air.

Elution of bound dye

The cell-associated bound dye was eluted with 100 |il acidified alcohol (0.1 M HCl, 

absolute alcohol, 1:1). Gentle agitation was necessary to ensure that all of the bound dye 

was eluted and well mixed. The absorbance was determined at 650 nm using a microtitre 

plate reader.

Calculations

Basal fibroblast replication over the 48 h incubation period (percent change in fibroblast 

cell number) was determined relative to the tO value using the following calculation:

% change = Absorbance ftO) -1 x 100

Absorbance (1 % PCS media control at 48 h)

Fibroblast replication in response to 10 % PCS, SarAII or PDGP-BB (percent change in 

fibroblast cell number) was determined relative to 1 % PCS media control by using the 

following calculation:

% change = Absorbance (treated) -1 x 100 

Absorbance (control)
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3.4 FIBROBLAST PROCOLLAGEN METABOLISM EXPERIMENTS

All experiments described below were performed on each isolation of fibroblasts and 

repeated up to three times.

3.4.1 Principle of the assay

Procollagen metabolism by cultured fibroblasts will assessed by measuring OHpro in both 

the media and cell layer in intact proteins (EtOH insoluble fraction), as well as in low 

molecular weight degradation products, derived from procollagen synthesized and 

degraded during the culture period (EtOH soluble fraction), using a HPLC method 

previously developed in this laboratory (Campa et al, 1990, McAnulty et al, 1991). The 

principle steps involved in measuring procollagen metabolism are shown in Figure 3.1 and 

given in detail below.

OHpro represents approximately 12 % of the primary sequence of procollagen (Laurent et 

al, 1981) and is essential for the formation of the collagen triple helix. This amino acid, 

however, is not present to a significant level in most other proteins. Other proteins 

containing OHpro are elastin, Clq component of complement, acetylcholinesterase, 

surfactant apolipoproteins A and D, ficollin a  and P and macrophage scavenger protein. 

These proteins have not been demonstrated to be produced by isolated fibroblasts in 

culture and therefore OHpro concentration from fibroblast cultures in vitro is an excellent 

determinant of procollagen metabolism.
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Figure 3.1: Flow diagram showing principal steps involved in assessing procollagen 

metaholism in vitro.
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3.4.2 Assay procedure

Response to polypeptide growth factors

For all of the following experiments cells were trypsinized at confluence as previously 

described and seeded at 1 x 10̂  cell/well in 2 ml DMEM/10 % PCS into 12-well sterile 

tissue culture plates. Upon reaching visual confluence the medium was replaced by 1ml 

pre-incubation medium of DMEM supplemented with penicillin (100 units/ml), 

streptomycin (100 pg/ml), L-glutamine (4 mM), ascorbic acid (50 pg/ml), proline (0.2 

mM), BSA (1 mg/ml) and transferrin (1 pg/ml). After 24 h pre-incubation the media was 

replaced with identical media alone or containing TGF-pl (40pM), SarAII (1 x 10"̂  M), 

the ATi receptor antagonist, losartan (1 x lO'^M), the AT2 receptor antagonist, PD123177 

(1 X 10*^M) or the renin inhibitor (Z-Arg-Arg-Pro-Phe-His-Sta-Ile-His-Lys(Boc)-OMe, 1 

X 10"̂  M) with n=6 per condition. Cells were returned to the incubator and left for a 

further 48 h. After the first 24 h incubation, media was supplemented with ascorbate to 

the same final concentration as the initial media by adding 10 pi of 500 mg/ml ascorbate to 

1 ml media. After the incubation period the plates were placed in a -40 °C freezer for 

storage prior to harvesting.

As there is a small amount of collagen in the cell layer and the culture medium, time zero 

samples (tO) were included for all experiments performed and consisted of confluent 

cultures with freshly added incubation medium.

For each procollagen metabolism experiment performed, parallel cultures (n=3) were 

included for estimation of cell number by direct cell counting. After the incubation period, 

medium was removed, the cells washed with 1ml PBS and trypsinized from each well by
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addition of lOOjil trypsin for 3min. Where a single-cell suspension was difficult to obtain, 

lOOpl of type II collagenase (3000 units/ml) was also added to dissociate the cells. A lOpl 

aliquot of the resulting suspension was then counted, using a haemocytometer, as before. 

This allowed estimation of cell replication and correction of the procollagen synthesis 

values for final cell numbers in the cultures.

3.4.3 Sample processing

Cell harvesting

The fi-ozen plates were thawed and the cell layer scraped into the medium with a Teflon 

scraper. The contents of each well were then aspirated and transferred to 5 ml tubes. 

Culture wells were washed with 1 ml PBS which was added to the initial aspirate.

Separation of EtOH-insoluble and soluble fractions

Proteins were precipitated by the addition of absolute EtOH to a final concentration of 67 

% (v/v) and left overnight at 4 °C. EtOH-insoluble proteins (amino acids and small 

peptides) were separated from EtOH-insoluble (precipitated proteins) using filtration 

through a 0.45 pm pore filter using a vacuum filtration unit. Supernatants were collected 

in glass hydrolysis tubes placed underneath each filter and the protein pellets washed with 

1ml 67 % EtOH (v/v), and evaporated to dryness on a dry-block sample concentrator. 

Filters holding the proteins were transferred to hydrolysis tubes and both the filters and 

dried supernatant material were mixed with 2 ml HCl (6 M) for hydrolysis at 110 °C for 16 

h. Hydrolysates were decolourized with activated charcoal (30 mg) and filtered through 

an acid resistant 0.45 pm pore filter prior to chromatography. 100 pi aliquots were taken 

and evaporated to dryness on a sample concentrator.
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Measurement of OHpro bv reverse phase HPLC

OHpro in sample hydrolysate was isolated and measured by reverse phase HPLC as 

previously described (Chapter 2, section 2.4.4).

Quantification and calculation of the OHpro content

Quantification of the OHpro content in each sample injected onto the colunm was 

determined by comparing peak areas of chromatograms obtained for each sample to those 

generated from two standard solutions prepared and separated under identical conditions 

at the beginning of each run. All values obtained for EtOH-insoluble fractions were 

corrected for the amount of OHpro in the protein-bound OHpro measured in the cell layer 

and the culture medium at the onset of the incubation period by subtracting the EtOH- 

insoluble fraction of the to sample. OHpro measured in EtOH-soluble fractions of the tO 

sample were similarly subtracted from all EtOH-soluble values.

These values represent the procollagen production (procollagen synthesised and present as 

intact procollagen molecules in both the media and cell layer) and procollagen degradation 

(procollagen synthesised, subsequently degraded and present as OHpro or small peptides 

in the media). The sum of these two values represents the total procollagen synthesis over 

the incubation period by the fibroblasts. Parallel cultures included for cell counts enabled 

calculation of the procollagen metabolism per cell. Data is expressed as total procollagen 

synthesis, procollagen production, and procollagen degradation with units of nmoles 

OHpr o / ce l l s .  Data for procollagen degradation is also expressed as the proportion of 

total synthesis by the calculation;

154



EtOH-soluble OHpro x 100 = % procollagen degradation 

(EtOH-soluble + EtOH-insoluble)

3.5 STATISTICAL ANALYSIS

All data are presented as mean ± standard errors of the mean (SEM). Statistical analysis 

was performed using an unpaired students t-test for single group comparisons and 

Newman-Keuls one way analysis of variance (ANOVA) for multiple group comparisons. 

To compensate for variability between fibroblast isolations, three separate isolations were 

tested for each of the four groups of fibroblasts: TGR and SD (adult and neonate). In 

turn, each isolation was tested up to three times. Average values of replication or collagen 

synthesis for the tests on each isolation were calculated. These mean values for each 

isolation were then compared with each other. No statistical difference was observed 

between results for different isolations of the same group, indicating method variability to 

be minimal, therefore, mean results for all of the isolations of that group were pooled. In 

this way, an average value (n= 3) for replication or collagen synthesis in the four different 

groups was calculated and statistics performed on these means. Differences were 

considered statistically significant at P<0.05.
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CHAPTER FOUR: RESULTS- IN VIVO STUDIES IN THE
TGR(mRen2)27 RAT
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4.1 BP STUDIES IN THE TGR(mRen2)27 RAT

4.1.1 Characterization of the hypertensive phenotype of the TGR(mRen2)27 rat

BP was similar in SD and TGR rats at the earliest time point measured (TGR; 149±9 

mmHg vs SD: 144±6 mmHg at 4 wk). A statistical difference between TGR and SD BP 

was first observed at 5 wk o f  age (TGR: 173±7 vs SD: 134±7 mmHg, /^<0.01). BP 

reached a maximum by about 8-9 wk o f age Overall, throughout the study period, SBP 

was significantly higher in the untreated TGRs than in the control rats, (TGR: 225±7 

mmHg V5 SD: 170±4 mmHg, P<0.01) (Figure 4.1).
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Figure 4.1: Graph showing systolic blood pressure (SBP) in rats up to 10 wk o f age. SD- 

normotensive Sprague Dawley control rats (n=I2) and TGR- hypertensive transgenic 

(mRen2)27 rats (n l4). Values represent mean ± STIM.

157



4.1.2 Effect of hypotensive agents on TGR(mRen2)27 rat SBP

Establishing a hypotensive dose of the ACE inhibitor, ramipril

Heterozygote male TGRs proved highly sensitive to ACE inhibition. A significant effect 

on SBP was seen at all doses of ramipril examined (Rl: 168±3 mmHg, R2; 134±3 mmHg, 

R5; 130±4 mmHg and RIO: 135±3 mmHg vs TGR: 225±7 mmHg, all P<0.01, Figure 4.2). 

Throughout the 10 wk study period, the lowest dose of ramipril had the least effect, with a 

clear dose response relationship evident only in middle life (Figure 4.2). Ramipril at a dose 

of Img/kg/day was shown to produce a SBP profile not significantly different fi*om that in 

control animals (SD: 170±4 mmHg vs Rl: 168±3 mmHg, Figure 4.3). This dose of 

ramipril was therefore chosen for use in further studies to examine the relative roles of BP 

and the RAS in the development of LVH and cardiac fibrosis in the TGR rat (section 4.2, 

below).

Establishing a non-hvpotensive dose of ramipril

Ramipril at a dose of lOpg/kg/day was found to be associated with a significant 

hypotensive effect compared with untreated TGRs throughout the 10 wk studied (RlOU: 

199±3 mmHg vs TGR: 225±7 mmHg, P<0.01, Figure 4.4). The effect of an even lower 

dose of ramipril, 5pg/kg/day (study group: R5U, n= 12) was therefore investigated. Mean 

SBP was not significantly different in the treated and untreated groups throughout the 

period studied (R5U: 212±3 mmHg, Figure 4.5). This dose of ramipril was therefore 

chosen for use in further studies to examine the relative roles of BP and the local RAS in 

the development of LVH and cardiac fibrosis in the TGR rat (section 4.2, below).
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Figure 4.2: Graph showing systolic blood pressure (SBP) in rats up to 10 wk of age. 

TGR- hypertensive transgenic (mRen2)27 rats (n 14), RIO (n 13), R5 (n=10), R2 

(n=10) and Rl (n 14)- TGRs treated with ramipril at 10, 5, 2 and 1 mg kg day, 

respectively. Values represent mean ± SEM.
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Figure 4.3: Graph showing systolic blood pressure (SBP) in rats up to 10 wk of age. SD- 

normotensive Sprague Dawley control rats (n^l2) and Rl- hypertensive transgenic rats 

treated with ramipril at Img kg day (n=14). Values represent mean + SEM.
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Figure 4.4: Graph .showing .systolic blood pressure (SBP) in rats up to 10 wk of age. 

TGR- hypertensive transgenic (mRen2)27 rats (n=14), and RIOU- TGRs treated with 

ramipril at lOpg kg day (n=20). Values represent mean ± SEM.
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Figure 4.5: Graph showing systolic blood pressure (SBP) in rats up to 10 wk of age. 

TGR- hyperten.sive transgenic (mRen2)27 rats (n=14), and R5U- TGRs treated with 

ramipril at 5pg kg day (n=̂ 12). Values represent mean ± STIM.
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Effect o f  the calcium channel blocker, amlodipine on TGR BP

Amlodipine at a dose o f  lOmg/kg/day had a significant hypotensive effect compared with 

untreated TGRs throughout the study period (Figure 4.6). However SBP was not lowered 

to control levels, with SBP in the amlodipine treated group being significantly greater 

compared with controls throughout the 10 wk study period (AlO. 186±4 mmHg vs TGR; 

225±7mmHg, T*<0.01, vs SD: 170±4mmHg, f< 0 .01 ). Therefore, a higher dose o f  

amlodipine o f  20mg/kg/day (study group: A20, n= 17) was investigated. Similarly, this 

dose also failed to lower SBP to control values over the 10 wk period (A20; 187±3 

mmHg, /^<0.01 vs TGR and SD, Figure 4.6). Therefore, amlodipine at a dose o f  

1 Omg/kg/day was chosen for use in a further study investigating the relative roles o f BP 

and the RAS in the development o f  LVH and cardiac fibrosis in the TGR rat (section 4.2, 

below).
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Figure 4.6: Graph showing systolic blood pressure (SBP) in rats up to 10 wk of age. SD- 

normotensive Sprague Dawley cotitrol rats (n^l2), TGR- hypertensive transgenic 

(niRen2)27 rats (n=14), AID (n=I8) and A20 (n=17)- TGRs treated with amlodipine at 

10 and 20mg/kg day, respectively. Values represent mean ± SEM.
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Effect o f  the vasodilator, hydralazine on TGR BP

Hydralazine failed to produce a significant reduction in SBP at any o f the doses studied 

when compared with untreated TGRs (H80; 219±9 mmHg, H I60: 233±11 mmHg and 

H200: 224±13 mmHg vs TGR: 225±7 mmHg, Figure 4.7).
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Figure 4.7: Graph showing systolic blood pressure (SBP) in rats up to 10 wk o f age. 

TGR- hyperten.sive transgenic (mRen2)27 rats (n=I4), H80 (n=8), HI60 (n=9) andH200 

(n=4)- TGRs treated with hydralazine at 80, 160 and 200mg/kg day, respectively. Values 

represent mean i SEM.
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4.1.3 Survival rates

100 % survival was obtained in the control, ramipril 1,2,5 and 1 Omg/kg/day, ramipirl 

lOpg/kg/day and the amlodipine 10 and 20 mg/kg/day groups. In the untreated group 14 

out of the original cohort of 25 animals (56 %) survived to 10 wk of age. In the groups 

treated with hydralazine at 80, 160 and 200mg/kg/day, the numbers of animals surviving to 

10 wk of age were: 8 out of 12 (66 %), 9 out of 12 (75 %) and 4 out of 7 (57 %), 

respectively.

4.2 ESTABLISHING THE RELATIVE CONTRIBUTIONS OF BP AND THE 

RAS IN THE DEVELOPMENT OF LVH AND CARDIAC FIBROSIS IN 

THE TGR(mRen2)27 RAT

To investigate the relative contributions of the RAS and BP in the development of LVH 

and cardiac fibrosis in the TGR rat, hypotensive doses of ramipril and amlodipine were 

first identified. Further, to examine the role of the local RAS specifically, a non

hypotensive dose of ramipril, was also identified. Given the results of these investigations, 

described above, ramipril and amlodipine were used at hypotensive doses of 1 mg/kg/day 

and 1 Omg/kg/day, respectively and ramipril at a non-hypotensive dose of 5pg/kg/day in 

further studies, described below.

4.2.1 Blood pressures and hypertrophy

Development of hypertension and LVH in TGRs

From the earliest time point studied the untreated TGRs were hypertensive compared with 

controls (TGR: 217±7 mmHg vs SD: 162±7 mmHg at 6 wk, P<0.01, Figure 4.8). BP 

reached a maximum in the TGRs by 8 wk (253±6 mmHg) and remained significantly 

elevated compared with controls throughout the study period (Figure 4.8). BP in TGRs
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Figure 4. S: Graph showitig systolic blood pressure (SBP) in rats up to 24 wk of age. SD- 

normotensive Sprague Dawley control rats (n^ll), TGR- hypertensive tran.sgenic 

(niRen2)27 rats (n=14), RH- TGRs treated with ramipril at I mg/kg day (n^ll) and RT.- 

TGRs treated with ramipril at 5pg kg day (n=l2). Values represent mean ± SEM.
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showed an age-dependent reduction from 8 wk onwards (209±9 mmHg at 24 wk vs 253±6 

mmHg at 8 wk). TGRs had established LVH by 10 wk when expressed as either an 

increased LV weight (LVwt) (34.6±3.8 % above SD, P<0.01, Table 4.1), LV to RV 

weight ratio (LV RV) (TGR; 6.17±0.21 V5 SD: 4.16±0.11, P<0.01, Figure 4.9) or LVwt 

normalized to Bwt (LV:Bwt) ratio (36.1±1.8 % above SD, P<0.01, Table 4.1). There was 

no further increase in LVwt of TGRs relative to the controls over the remaining period 

studied (38.6 ± 4.7 % and 36.2±4.7 % above SD at 16 and 24 wk, respectively, both 

/*<0.01 V5 SD) nor did the LV RV or LV Bwt ratios increase further with time.

Effect of ramipril treatment on hvpertension and LVH

Throughout life the degree of hypertension and LVH in the RL group was comparable to 

that in the untreated TGRs (Figures 4.8 and 4.9, Table 4.1). The only differences seen 

were at 10 wk when the LV Bwt and LV RV ratios of the RL group were slightly lower 

than that of the TGRs (6.1±1.4 % lower, P<0.05 and 11.3±3.8 % lower, P<0.05, 

respectively).

In contrast, BP in the RH group was comparable to the normotensive control group 

throughout life (SD: 169±4 mmHg vs RH: 163±5 mmHg, at 24 wk. Figure 4.8). 

Treatment with the high dose of ramipril completely prevented the development of LVH, 

reflected in the LVwt, LV Bwt (Table 4.1) and LV RV ratios (Figure 4.9). In fact, LVwt 

and LV Bwt ratios of the RH group were significantly lower than control values at 10 wk 

(18.7±2.3 % and 14.1±1.9 % lower than control, respectively, both f<0.01 vs SD) and at 

16 wk (17.3±3.7 % and 40.9±5.0 % lower than control, P<0.05 and P<0.01, respectively).
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Table 4.1: Body weights and ventricular weights in rats. SD- normotensive Sprague 

Dawley rats, TGR- hypertensive transgenic (mRen2)27 rats, RH- TGRs treated with 

ramipril at 1 mg/kg/day, RL- TGRs treated with ramipril at 5pg/kg/day and AlO- TGRs 

treated with amlodipine at lOmg/kg/day. Bwt=hody weight, LV=left ventricle, RV=right 

ventricle. Ventricular weights normalized to body weight are also given. Values 

represent mean ± SEM (n=6). *P<0.05, fP<0.01 V5 SD, §P<0.05, //P<0.01 vs TGR, 

^P<0.01vs RH.

Age

(wk)

Bwt(g) LVwt(g) LVBwt RVwt(g) RVBwt

SD 10 362±7 975119 2.6910.05 236110 0.6510.03

16 427±26 1087138 2.5710.10 26719 0.6310.03

24 519±32 1185181 2.2810.05 271116 0.5210.00

TGR 10 358±7 1312134* 3.6610.05* 21417 0.6010.02

16 531±14* 1507151* 2.8510.11* 25118 0.4810.01*

24 546±16 1614156* 2.9810.17* 27215 0.5010.02

RH 10 347±6 821120*1 2.3610.03*“ 21716 0.6310.02

16 508±3* 927121*1 1.8210.03*“ 23416 0.4610.01*

24 574±9 1154125" 2.0110.05“ 26719 0 .4 7 1 0 . 0 2

RL 10 362±6 1251130*^ 3.4510.06*^^ 22614 0.6210.00

16 477±16 1444±46*^ 3.0310.03*^ 247110 0.5210.01*

24 567±17 1682126*^ 2.9810.09*^ 278111 0.4910.02

AlO 10 365±6 100916“ 2.7710.05“ 23116 0.6410.02

16 542115* 1310131*“ 2.4210.05“ 2 9 5 1 9 S 0 .5 4 1 0 .0 1 *

166



Figure 4.9: Left ventricular: right ventricular (LV.RV) weight ratio in rats. SD- 

normotensive Sprague Dawley control rats, TGR- hypertensive tran.sgenic (mRen2)27 

rats, RH- TGRs treated with ramiptul at Img kg/day, RL- TGRs treated with t'amipril at 5 

pg kg day and AlO- TGRs treated with amlodipine at lOmg/kg day. Values represent 

mea/f ± 1|f < 0.0y va:

RH.

• ; ;
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SDTGRRH RL A10 
10 wk

SDTGRRH RLA10 
16 wk

SDTGRRH RL 
24 wk

167



Effect o f  amlodipine treatment on hypertension and LVH

Treatment with amlodipine significantly lowered BP compared with untreated TGRs but 

BP was still significantly elevated compared with controls (AlO: 185±5 mmHg vs TGR: 

233±4 mmHg, f< 0 .01 , vs SD: 156±5 mmHg, f< 0 .01  at 16 wk. Figure 4.10). For this 

reason, AlO treatment was not continued beyond 16 wk. However, at 10 wk, AlO 

treatment completely prevented the appearance o f LVH, reflected in the LVwt, LV Bwt 

(Table 4.1) and LV RV (Figure 4.9) ratios which were not significantly different from 

controls. At 16 wk the LV Bwt and LV RV ratios o f the amlodipine treated group were 

not significantly different from the controls, LVwt was lowered compared with untreated 

TGRs (Table 4.1), but not to control values (possibly due to the greater Bwt o f the AlO 

group compared with controls at this time)

300

250

o) 200 
E
E 150

I  100

50

0

AlO TGR SD

14

Age (wk)

Figure 4.10: Graph showing systolic hlood pressure (SBP) in rats up to 16 wk of age. 

SD- normoten.sive Sprague Dawley control rats (n=12), TGR- hyperten.sive tran.sgenic 

(mRen2)27 rats (n=19) and AID- TGRs treated with amlodipine at lOmg/kg day (n=7). 

Values represent mean ± SEM.
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RV weight and RV to body weight ratio in study groups

At every time point studied, there was no significant difference between the RV weight 

(RVwt) of the study groups, except at 16 wk, where the RVwt of the amlodipine treated 

group was greater than that of the controls and untreated TGRs, however RVwt 

normalized to Bwt (RV:Bwt) ratio was not different between the treated group and 

untreated TGRs. There was also no significant difference between the RVBwt ratios of 

the study groups, except at 16 wk, where RV Bwt ratio was greater in the controls than all 

other groups due to the low Bwt of the controls at this time (Table 4.1).

4.2.2 Ventricular collagen content and concentration

LV collagen content and concentration in TGRs

At 10 wk there was no significant difference between the LV collagen content of the 

TGRs compared with controls. At 16 wk the LV collagen content of the TGRs was 

significantly increased compared with that of the controls (69.3±7.4 % above control, 

P<0.01) and by 24 wk had increased fiirther still (84.7± 13.0 % above control, P<0.01, 

Figure 4.11). TGR LV collagen concentration was significantly increased by 35.3±5.3 % 

(P<0.05) at 24 wk compared with controls (Table 4.2).

Effect of ramipril on LV collagen content and concentration

At 10 wk there was no significant difference between the LV collagen content of the 

TGRs and the RH or RL group (Figure 4.11). However, at this time the LV collagen 

concentration of the RH group was higher than that of the TGRs (31.7±5.9 % higher, 

P<0.05,) and in the RL group was lower than both control (53.7±4.3 % lower, P<0.01) 

and RH (6S.0±7.5 % lower, P<0.01) values (Table 4.2). At 16 wk the LV collagen 

content of the RH group was reduced to control levels (RH; 4.28±0.22 vs TGR:
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8.74±0.38, P<0.01, V5 SD; 5.16±0.61 mg). In the RL group, the LV collagen content was 

higher than control (RL: 7.10±0.28 mg, f<0.05 vs SD) and not significantly different from 

that in untreated TGRs. At this time the LV collagen concentrations were not significantly 

different between groups, although the TGR value again appeared to be increased above 

control level. Between 10 and 16 wk there appeared to be no net deposition of collagen in 

the RH group indicated by no increase in LV collagen content (Figure 4.11) or 

concentration (Table 4.2) during this time. At 24 wk, the LV collagen content of the RH 

group was significantly lower than that in untreated TGRs (RH: 8.19±0.50 vs TGR: 

11.58±0.81 mg, P<0.05). In contrast to the results at 16 wk, the LV collagen content of 

the RL group was significantly higher than that in untreated TGRs (RL: 16.40±0.85 mg, 

P<0.01 vs TGR, see above). At this time the LV collagen concentration of the RH group 

was not significantly different from that of the TGRs, but was higher than that of the 

controls (35.0±10.2 % higher, P<0.05). LV collagen concentration in the RL group was 

higher than control (85.0±10.8 % higher, P<0.01), TGR (36.8±8.0 % higher, P<0.01) and 

RH (37.0±8.0 % higher, f<0.01) values.

Effect of amlodipine on LV collagen content and concentration

At 10 wk there was no significant difference between the LV collagen content or 

concentration of the TGR and AlO groups. At 16 wk however, LV collagen content and 

concentration in the AlO group were lower compared with TGRs and not significantly 

different fi*om controls (LV collagen content, AlO: 4.74±0.36 vs TGR: 8.74±0.38 mg, 

P<0.01, Figure 4.11, concentration, 59.7±16.8 % lower, P<0.01, Table 4.2).
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Table 4.2: Left and right ventricular collagen concentration in rats. SD- normotensive 

Sprague Dawley rats, TGR- hypertensive transgenic (mRen2)27 rats, RH- TGRs treated 

with ramipril at 1 mg/kg/day, RL- TGRs treated with ramipril at 5pg/kg/day and AlO- 

TGRs treated with amlodipine at 1 Omg/kg/day. Values represent mean ± SEM (n^6). 

^=P<0.05, fP,0.01 vs control, §P<0.05, HP<0.01 vs TGR, *iP<0.05, **P<O.OJ vsRH.

Age

(wk)

LV [collagen] 

(mg/g wet weight)

RV [collagen] 

(mg/g wet weight)

SD 10 4.24±0.12 7.75±0.31

16 4.76±0.57 6.73±0.51

24 5.28±0.26 10.52±1.12

TGR 10 3.52±0.44 6.61±0.95

16 5.81±0.31 8.62±0.18*

24 7.14±0.28* 10.67±0.22

RH 10 4.64±0.21§ 7.80±0.26

16 4.62±0.21 6.56±0.30§

24 7 13±0 54* 13.98±0.40*§

RL 10 2.76±0.04^** 5.22±0.47’̂

16 4.93±0.21 7.46±0.47

24 9.77±0.57^“** 12.38±0.58

AlO 10 4.28±0.78 5.63±0.55

16 3.64±0.2l” 5.41±0.27“
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Figure 4.11: Graph showing LV collagen content in rats. SD- normotensive Sprague 

Dawley control rats, TGR- hypertensive transgenic (mRen2)27 rats, RH- TGRs treated 

with ramipril at Img kg day, Rl.- TGRs treated with ramipril at 5pg/kg day and A10- 

TGRs treated with amlodipine at 1 Omg/kg/day. Values represent mean ± SEM (n=6).
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RV collagen content and concentration in TGRs

There was no significant difference in the RV collagen content of the controls and TGRs at 

any time point (Figure 4.12), nor RV collagen concentrations, except at 16 wk where TGR 

RV collagen concentration was higher than that of control (28.Ü2.7 % higher, P<0.05, 

Table 4.2).

Effect of ramipril on RV collagen content and concentration

At 10 wk RH had no effect on RV collagen content or concentration. The RV collagen 

content of the RL group was lower than that of the control and RH groups at this time 

(RL: 1.17±Q.G9 V5 SD: 1.83±0.11, f<0.01, V5 RH 1.69±0.05 mg, P<0.05, Figure 4.12) as 

was the concentration (RL: 48.5±6.0 % below control, P<0.05, 49.4±5.0 % below RH, 

P<0.05, Table 4.2). At 16 wk the RV collagen content and concentration of the RH group 

were lower than that of the TGRs (RV collagen content: RH: 1.54±0.08 TGR 

2.17±G.Q9 mg, f<G.Gl, concentration 31.4±2.7 % lower, P<G.G5). The RL group was not 

different from any other group at this time nor at 24 wk. At 24 wk the RH group had a 

higher RV collagen concentration compared with TGRs (31 .G±3.7 % higher, P<G.G5).

Effect of amlodipine on RV collagen content and concentration

At IG wk there were no significant differences between the RV collagen content or 

concentration of the AIG and TGR groups. RV collagen content in the AIG group was 

lower than control at this time (RV collagen content AIG: 1.3G±G.12 vs SD: 1.83±G.ll 

mg, P<G.G5). At 16 wk, RV collagen content and concentration in the AIG group were 

lower compared with TGRs (RV collagen content AIG: 1.6G±G.13 V5 TGR: 2.17±G.G9 mg, 

P<G.G5, Figure 4.12, concentration, 59.6±6.6 % lower, P<G.G5, Table 4.2).
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Figure 4.12: Graph showing RV collagen content in rats. SO- normotensive Sprague 

Daw ley control rats, TOR- hypertensive tratisgenic (mRen2)27 rats, RH- TGRs treated 

with ramipril at Img/kg/day, RI.- TGRs treated with ramipril at 5pg kg/day and A10- 

TGRs treated with amlodipine at lOmg kg day. Values represent mean ± SEM (n=6).

E 3
c
co
Ü 2
c<D
G)jO
O

s '

0 SDTGRRH RLA10 
10 wk

SDTGRRH RL A10 
16 wk

SDTGRRH RL 
24 wk

174



4.2.3 Histology

In all of the sequential sections examined, the staining pattern obtained with the connective 

tissue stain, Massons Trichrome (in which connective tissue is stained blue and muscle red) 

and the collagen-specific stain, picrosirius red (which stains collagen red) appeared 

identical (Figures 4.13-4.15).

Left ventricle

TGRs compared with control

At all time points, LVH in hypertensive TGRs compared with their normotensive controls 

was evident by myocyte hypertrophy. Myocardial arterioles of TGRs demonstrated 

increased tunica media thickness compared with controls. Perivascular fibrosis, in the 

form of enlarged areas of connective tissue encircling coronary arterioles in the LV of 

TGRs compared with controls was present at all time points, becoming more severe at the 

later times. Often, accompanying the perivascular fibrosis, the fibrotic tissue penetrated 

into the surrounding interstitium (Figures 4.13A and 4.14A). There was no evidence of 

interstitial fibrosis at 10 wk but at 16 and especially, 24 wk it was prominent and 

accompanied by areas of replacement scarring, particularly in the endocardium of TGRs 

(Figures 4.13B and 4.14B).

Effect o f ramipril treatment

Treatment with RH completely prevented the increase in myocyte size and tunica media 

thickness of coronary arterioles. The development of perivascular (and at 16 and 24 wk, 

interstitial and replacement) fibrosis was also prevented. LV sections taken from RH 

treated animals were indistinguishable from those of the controls. RL treatment failed to 

prevent the changes seen in the LV of untreated TGRs (Figures 4.13 A and B). At 24 wk
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the extent of fibrosis in RL treated animals appeared more severe than in untreated TGRs 

and foci of replacement scarring appeared more prevalent, particularly in the endocardium 

(Figures 4.14A and B).

Effect o f amlodipine treatment

Treatment with amlodipine prevented the changes seen in the LV of untreated TGRs. The 

increase in myocyte size and tunica media thickness of coronary arterioles were absent, as 

was the perivascular and interstitial fibrosis (Figures 4.13 A and B).
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Figure 4.13 (Overleaf): Coronal sections o f LV stained with Massons Trichrome 

connective tissue stain (connective tissue stained blue and muscle red) and the collagen 

specific stain, picrosirius red (collagen stained red). Panel A: coronary arterioles in 10 

wk old animals (magnification x200), Panel B: endocardial surface in 16wk old animals 

(magnification x400). SD- normotensive Sprague Dawley control rats, TGR- 

hypertensive transgenic (mRen2)27 rats, RH- TGRs treated with ramipril at Img/kg/day, 

RL- TGRs treated with ramipril at 5pg/kg/day and AID- TGRs treated with amlodipine at 

lOmg/kg/day.
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Figure 4.14 (Overleaf) : Coronal sections o f LV from 24 wk old animals stained with 

Massons Trichrome connective tissue stain (connective tissue stained blue and muscle 

red) and the collagen specific stain, picrosirius red (collagen stained red). Panel A: 

coronary arterioles (magnification x200), Panel B: endocardial surface (magnification 

x400). SD- normotensive Sprague Dawley control rats, TGR- hypertensive transgenic 

(mRen2)27 rats, RL- TGRs treated with ramipril at 5pg/kg/day.
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Right ventricle

TGRs compared with control

At all time points there was evidence of perivascular fibrosis accompanied by an increase 

in the thickness of the tunica media of coronary arterioles in the RV of TGRs compared 

with controls. There was no evidence of interstitial fibrosis or replacement scarring in the 

RV of TGRs at any time (Figure 4.15).

Effect o f ramipril treatment

RH treatment prevented the increase in tunica media thickness and perivascular fibrosis of 

coronary arterioles seen in the untreated TGRs, with RH RV sections at all time points 

being indistinguishable fi’om control sections. Treatment with RL did not affect the 

changes seen in untreated TGRs, with RL RV sections being indistinguishable from 

untreated TGR RV sections (Figure 4.15).

Effect o f amlodipine treatment

Treatment with amlodipine prevented the changes seen in the RV of untreated TGRs. The 

perivascular fibrosis and increased tunica media thickness of coronary arterioles were 

absent in amlodipine treated animals (Figure 4.15).
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Figure 4.15 (Overleaf): Coronal sections o f RV from 10 wk old animals stained with 

Massons Trichrome connective tissue stain (connective tissue stained blue and muscle 

red) and the collagen specific stain, picrosirius red (collagen stained red). Coronary 

arterioles (magnification x200). SD- normotensive Sprague Dawley control rats, TGR- 

hypertensive transgenic (mRen2)27 rats, RH- TGRs treated with ramipril at Img/kg/day, 

RL- TGRs treated with ramipril at 5pg/kg/day and AlO- TGRs treated with amlodipine at 

lOmg/kg/day.
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4.2.4 Survival rates

Figure 4.16 shows the survival rates o f  study groups up to 16 wk o f age. In untreated 

TGRs, 19 out o f 39 rats (48 %) rats survived. In all other study groups a survival rate o f  

100 % was achieved. Survival rates were maintained at these levels up to 24 wk o f age 

(except for the AlO group, which was only studied up to 16 wk o f  age).
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Figure 4.16: Graph showing survival rates in rats up to 16 wk of age. TGR- hypertensive 

transgenic (mRen2)27 rats, SD- normotensive Sprague Dawley control rats, RH- TGRs 

treated with ramipril at Img kg/day, RI.- TGRs treated with ramipril at 5pg/kg/day and 

A 10- TGRs treated with amlodipine at lOmg/kg day.
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4.2.5 Plasma ACE activity

TGRs compared with control

At 10 wk plasma ACE activity in controls was slightly higher compared with TGRs (17±4 

% higher, P<0.05), but at 16 and 24 wk there was no difference in the plasma ACE 

activity of the controls and TGRs (Table 4.3).

Effect of ramipril treatment

At all time points, treatment with RH led to a significant reduction in plasma ACE activity 

compared with TGRs (64±12 %, 58±3 % and 46±5 % lower, all P<0.05, at 10, 16 and 24 

wk, respectively). Treatment with RL led to an increase in plasma ACE activity compared 

with TGRs at 10 wk (40±11 % higher, P<0.05). At 16 and 24 wk treatment with RL led 

to a reduction in plasma ACE activity compared with TGRs (27±3 % and 17±2 % lower, 

both/'<0.05, respectively. Table 4.3).

Effect of amlodipine treatment

At 10 wk, treatment with AlO led to a rise in plasma ACE activity compared with TGRs 

(30±5 % higher, P<0.05). At 16 wk, AlO led to a decrease in plasma ACE activity 

compared with TGRs (29±4 % lower, P<0.05, Table 4.3).
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Table 4.3: Plasma ACE activity in rats: SD- normotensive Sprague Dawley rats, TGR- 

hypertensive transgenic (mRen2)27 rats, RH- TGRs treated with ramipril at Img/kg/day, 

RL- TGRs treated with ramipril at 5pg/kg/day and AlO- TGRs treated with amlodipine at 

lOmg/kg/day. Values represent mean ± SEM (n^l2). *=P<0.05 V5 control, fP<0.05 V5 

TGR.

Plasma ACE activity

Age (nmol HisLeu/ml/min)

(wk) SD TGR RH RL AlO

10 96.5±2.2 82.1±2.5* 29.3±10.0^ 115.5±8.7^ 107.1±4.0^

16 98.1±3.4 99.4±4.5 41.9±2.6^ 72.4±2.8^ 70.2±3.9^

24 165.6±4.6 174.1±8.0 94.0±8.9^ 145.1±3.1^ ND
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4.2.6 Tissue ACE activity

TGRs compared with control

There was no significant difference between ACE activity in the ventricles of controls 

compared with TGRs at 16 or 24 wk (Table 4.4).

Effect of ramipril treatment

At 16 and 24 wk treatment with RH led to a significant reduction in ACE activity in both 

ventricles compared with TGRs (16 wk: LV 90±4 %, RV 86±8 %, 24 wk: LV 71±7 %, 

RV 93±2 % lower, all P<0.05) RL treatment also led to a significant fall in ventricular 

ACE activity compared with TGRs (16 wk: LV 68±5 %, RV 66±7 %, 24 wk: LV 67±14 

%, RV 60±12% lower, all P<0.05, Table 4.4).
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Table 4.4: Tissue ACE activity in rats: SD- normotensive Sprague Dawley rats, TGR- 

hypertensive transgenic (mRen2)27 rats, RH- TGRs treated with ramipril at Img/kg/day 

and RL- TGRs treated with ramipril at 5pg/kg/day. Values represent mean ± SE/M 

(n=12). *=P<0.05 V5 control, fP<0.05 TGR.

Tissue ACE activity

Age (nmol HisLeu/mg protein/min)

(wk) SD TGR RH RL

16 LV 4.54±1.43 6.77±1.74 0.70±0.23^ 2.19±0.35*

RV 3.51±0.68 5.33±1.02 0.34±0.22^ 2.32±0.49*

24 LV 9.92±2.13 10.07±2.98 2.88±0.70* 3.29±1.37*

RV 6.88±1.49 9.19±2.33 0.76^00.20* 4.03±1.21*
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4.3 ESTABLISHING THE ROLES OF BP AND THE RAS IN THE

PATHOPHYSIOLOGY OF MALIGNANT HYPERTENSION IN THE 

TGR(mRen2)27 RAT

4.3.1 SBP

Untreated and treated transgenic animals

Throughout the study period, SBP was similar in the treated and untreated groups. 

Ramipril caused no sustained hypotensive action (Figure 4.17).
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Figure 4.17: Graph showing systolic blood pressure (SBP) in rats up to 16 wk of age. 

TGR- hypertensive transgenic (mRen2)27 rats and RL- TGRs treated with ramipril at 5p 

g kg day. Values represent mean = SEM.
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Untreated transgenic animals; survivors vs non-survivors

SBP in animals with sustained benign hypertension were similar to those who developed 

MH up to 55 days o f  age, at which point animals began to die o f  MH (Figures 4.18 and 

4.19). The diversity o f BPs in the MH group and the radical changes seen over time after 

60 days, may be explained in one o f two ways:

(i) Those animals going on to develop MH suffer increasing vascular instability.

(ii) BP recordings occasionally were taken in healthy-looking animals which were in 

the early stages o f the MH process.
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Figure 4.18: Graph showing systolic blood pressure (SBP) in rats up to 16 wk of age. 

Survivors:- surviving untreated TGRs- hypertensive transgenic (mRen2)27 rats and MH 

population: untreated TGRs ultimately dying of hypertension. Values represent mean ±
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4.3.2 Survival rates

Untreated MH mortality was 25/40 (63 %) compared with 1/24 (4.2 %) in the treated 

group (Figure 4.19). The single death in the treated group occurred in a cage accidentally 

treated with plain tap water for 2 days, 3 days prior to death. Death was confirmed as 

being due to MH on the basis of characteristic features:

1. Lethargy, hunched posture, shivering and piloerection. Occasional neurological 

features (such as tremor, fitting or limb paresis) were noted.

2. Dramatic weight loss, redundant skin folds and low tissue turgor. Exsanguination 

confirmed the low circulating blood volume (4 ml in MH animals compared with >10 ml in 

animals with benign hypertension).

3. At sacrifice, serosal and pulmonary haemorrhages were common.

4. The gut was thin and transluscent and green liquid stool was occasionally observed

within.

5. The kidneys were small, shrunken and “flea-bitten”, with surface pitting and

punctate surface haemorrhages.

In general, animals of the colony used in these studies suffered much more rapidly- 

progressive MH than the Edinburgh colony, with severe symptoms often appearing within 

hours. Survival benefit was confirmed by the complete absence of deaths from MH in 

those animals treated with ramipril 5 pg/kg/day who were part of the study to establish the 

relative contributions of the RAS and BP in the development of LVH and cardiac fibrosis 

in the TGR(mRen2)27 rat (see section 4.2.4, above): i.e. these findings are reproducible.
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Figure 4.19: Graph showing survival rates in rats up to 16 wk of age. TGR- untreated 

hypertensive transgenic (mRen2)27 rats and RI- TGRs treated with ramipril at 5p

TGR RL
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4.3.3 Plasma and tissue ACE activity

Ramipril 5 pg/kg/day significantly inhibited ACE activity (nmol HisLeu/mg protein/min) in 

all tissues. In resistance vessels (carotid: TGR: 119.62±23.6 vs RL: 45.83±14.78, 62±8 

%, lower, P<0.01; aorta: TGR: 152.38±35.4 vs RL: 55.9±18.8, 64±10 % lower, P<0.01), 

myocardium (LV: TGR: 2.94±0.55 RL: 1.28±0.24, 58±8% lower, P<0.01; RV: TGR: 

4.11±0.92 vs RL: 1.68±0.94, 61±9 % lower, P<0.01) and kidney (TGR: 0.75±0.08 vs RL: 

0.44±0.04, 45±6 % lower, f<0.01).. Paradoxically, plasma ACE activity rose with 

treatment (TGR: 45.83±2.11 vs RL: 69.53±3.06 nmol HisLeu/ml plasma/min, 28±8 % 

higher, P<0.01) (Figure 4.20).
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Figure 4.20a-c: Graphs showing tissue ACE activity in aorta and carotid (a), kidney, LV- 

left ventricle and RV- right ventricle (h) and plasma ACE activity (c) in TGR-untreated 

hypertensive transgenic (mRen2)27 rats and RL- TGRs treated with ramipril at 5 

pg kg day. Values represent mean SEM (n=6). * P<0.01 v’5 TGR.
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4.3.4 Histological examination

Representative examples of renal histology (under light microscopy) are shown in Figures 

4.21 a-f. Review of histology revealed two morphological patterns distinguished by the 

presence or absence of nephron injury. One pattern was characterized by vascular 

changes. There was hypertrophy and hyperplasia of the SMCs of the media of arcuate and 

interlobular arteries and of afferent arterioles (a). These changes were of moderate 

severity, with vessel walls being approximately twice as thick as that of control non- 

transgenic animals. There was no intimai injury, endothelial swelling or subendothelial 

protein exudation. The second pattern of histopathology consisted of changes

superimposed upon these vascular smooth muscle cell responses. There was endothelial 

swelling and intimai proliferation affecting the interlobular arteries. Afferent arterioles 

showed fibrinoid necrosis and endothelial swelling (b). Glomerular collapse (c), fibrosis

(d) and occasional crescent formation were evident. Associated with damaged glomeruli 

there was tubular epithelial cell injury and tubular atrophy (e) with interstitial oedema, 

inflammation and fibrosis. Tubular injury associated with glomerular damage strongly 

suggests a single nephron pattern of tissue injury (f).
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Figure 4.21a-f (Overleaf): Light micrographs stained with H&E (magnification x400) o f 

renal tissue from untreated heterozygote TGR(mRen2)27 rats, showing the patterns o f 

injury seen and scored.

(a) Medial hyperplasia and hypertrophy affecting interlobular and arcuate arteries in 

cross-section but with normal glomerular and tubular structure.

(b) Fibrinoid necrosis and endothelial swelling affecting afferent arterioles.

(c) Glomerular tuft collapse.

(d) Glomerular tuft necrosis.

(e) Tubular epithelial cell injury and tubular atrophy with interstitial oedema,

inflammation andfibrosis.

(f) Histology suggestive o f a single nephron pattern o f injury.
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Table 4.5: Renal histopathological scores for individual animals randomly drawn from 3 

groups o f heterozygote male TGR(mRen2)27 rats (TGR) untreated survivors, rats in the 

terminal stages o f malignant hypertension (MH sufferers) and rats treated with ramipril 5 

RS^S^day (RL) from weaning. Arterial intimai proliferation, arteriolar necrosis, 

nephron injury and vascular medial thickening were scored on a scale o f 1-5 (see above).

Group Arterial score Intimai score Arteriolar score Nephron score

TGR 2 3 4 4

3 2 3 3

2 0 2 2

2 3 3 3

2 2 3 3

2 3 4 4

4 3 3 3

2 3 3 4

RL 2 0 0 0

3 0 0 0

2 0 0 0

2 0 0 0

2 0 0 0

3 0 3 3

3 3 3 3

2 0 2 2

2 2 2 2

MH sufferers 2 2 2 2

2 3 3 3

2 2 2 3

3 0 0 0

2 3 3 3

3 3 3 3

2 2 2 2
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These separate elements, namely vascular muscle response, arterial intimai proliferation 

and nephron injury were scored as described in Table 4.5. When histological scores for 

the untreated group were compared with those of the treated group, there was no 

difference in the degree of medial hyperplasia and hypertrophy (X  ̂trend= 0.01, P>0.05). 

The untreated group showed a greater degree of intimai fibrosis and hyperplasia (X  ̂

trend= 9.16, P<0.01), fibrinoid arteriolar necrosis (X  ̂trend= 10.11, T*<0.01) and evidence 

of nephron injury (X  ̂trend= 10.2, P<0.01).

On comparing scores for the renal tissue of untreated animals who survived with those in 

the terminal phase of MH, there was again no significant difference in the degree of 

arteriolar medial hypertrophy and hyperplasia (X  ̂trend= 0.27, P>0.05) or intimai damage 

(X  ̂trend= 0.03, T*>0.05). Rats that died early with signs of MH actually displayed less 

evidence of arteriolar damage (X  ̂ trend= 7.16, f<0.01) and nephron injury (X  ̂ trend= 

4.06, P>0.05) compared with untreated survivors at 16 wk of age.
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4.4 TISSUE TRANSGENE EXPRESSION IN THE TGR(mRen2)27 RAT

4.4.1 Quantity of RNA extracted

The concentration of RNA extracted from each tissue was measured by UV absorption 

spectrophotometry. Absorption at each wavelength (260 and 280 nm), together with the 

calculated RNA concentration of each sample is shown in Table 4.6.

Table 4.6: Concentration o f total RNA extracted from tissue samples as determined by 

ultraviolet absorption spectrophotometry at 260 and 280 nm wavelengths. SD- 

normotensive Sprague Dawley rats, TGR- hypertensive transgenic (mRen2)27 rats, RV- 

right ventricle, LV- left ventricle.

Group Tissue Absorbance 

260 nm

Absorbance 

280 nm

Ratio mg RNA/ml

SD

Lung^ 2.20 1.01 2.19 17.56

Lung^ 1.80 0.86 2.08 14.32

RV 0.94 0.47 1.99 7.54

LV 0.98 0.49 1.99 7.86

Carotid 0.06 0.05 1.27 0.456

Aorta 0.19 O il 1.74 1.5

TGR

Lung^ 2.18 0.99 2.20 17.4

Lung^ 1.98 0.92 2.15 15.8

RV 1.23 0.61 2.01 9.84

LV 1.30 0.64 2.02 10.41

Carotid 0.06 0.04 1.30 0.448

Aorta 0.25 0.15 1.71 2.0
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4.4.2 Demonstration of integrity of RNA

The RNA was shown to be intact by agarose gel electrophoresis (Figure 4.22).

1 2 3 4 5 6 7 8 910 II 1213 14 15
i \ ’ '‘I'-'

Y

ŒAEiS' *4-. nSï̂ rtÆ;;lH»5i#5iïfj

Figure 4.22: 1 fjgper sample loaded onto a 1 % agarose gel in 0.5X Tris acetate-EDTA 

buffer. The lane order is: Control Lung‘, Lung ,̂ RV, LV, Carotid, Aorta. Track 7-9 are 

0.5, 1.0 and 2 pg of ES cell RNA as quality control. Then, Transgenic Lun^, Lungf, RV, 

LV, Carotid, Aorta. Three ribosomal bands are visible: 28S, J8S and 5S. The minor 

RNA species o f intermediate size is a short-lived precursor which is processed further to 

produce the 5S ribosomal RNA band, seen as a faint line below the 2 larger species (big 

bars). This is a mark of high quality RNA. The carotid and aorta look lower in quality 

and quantity. The reason for this is unclear.
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4.4.3 RNase protection assay

The phosphorimage derived from this experiment is shown in Figure 4.23a-c. The 

phosphorimages demonstrate convincing evidence of transgene expression in the lung and 

RV of transgenic rats, with the absence of expression (as expected) in the tissues of 

control animals. Pseudo-colour images (Figure 4.23c) suggest possible expression in the 

aorta, although this is by no means certain. The renin signal was only present in TGR 

samples and not in tissues of control animals. By inference, therefore, this renin signal is 

of transgene (mouse) origin and not of native (rat) origin. The primers used, as 

mentioned, do not prevent amplification of endogenous rat renin and yield products of the 

same length. Proof of renin origin will require cloning of the PCR bands and sequencing.
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Figures 4.23a-c: Phosphorimage o f gel separating fragments resulting from RNase 

protection assay as described in the text. Each track contains 120 pg of total RNA, 

except 'mouse'which contains 20 pg o f submaxillary gland RNA from C57/B16 x CBA Fj 

males (single renin gene mice with the Ren F gene). The markers have burned out, but 

are M l3 DNA sequenced with ddlTP terminator only (i.e. a 'T  track). The image of the 

markers can be seen more clearly by adjusting the range o f the greyscale used by the 

computer and by the use of pseudocolour computer enhancement (4.23c). These show 

that the full-length riboprobe and mRen-2 bands are o f the expected sizes.

:  - a ;

c ...
1 2 3 4 5 6 7

Figure 4.23a: Lane 1: SD LV, lane 2: TGR LV, lane 3: SD RV, lane 4: TGR RV, lane 5: 

tRNA, lane 6: mouse, lane 7: probe.
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Figure 4,23b: Lane I: tRNA, lane 2: SD carotid, lane 3: TGR carotid, lane 4: SD aorta, 

lane 5: TGR aorta, lane 6: SD LV, lane 7: TGRLV, lane 8: tRNA, lane 9: mouse, lane 10: 

probe.

m u m

mm

Figure 4.23c: Pseudo-colour image (see legend to Figures 4.23a and b, above).

Aorta TGR LVTGR
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4.4.4 RT-PCR

In view of the lack of evidence of transgene expression in the LV and of possible 

expression in the carotid on RNase protection, RT-PCR was performed using the RNA 

samples extracted above. The resulting autoradiograph is presented (Figure 4.24). 

Expression of the renin gene is confirmed in the line 27 RV and lung, as was shown by 

RNase protection assay. The possible gene expression in the aorta suggested by RNase 

protection is confirmed by RT-PCR. In addition, a weak band suggests expression in the 

carotid. Difficulty in demonstrating expression in the carotid might be partly due to the 

poor quality of RNA derived from this tissue (see above).
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Figure 4.24: Autoradiograph of RT-PCR analysis of renin gene expression. Renin DNA 

was amplified from 1 pg o f reverse-transcribed RNA from the indicated tissues, using the 

following primers: Forward: 5 - CCTGGCAGATCACAATGAAGC-3' (exon 6), reverse: 

5'- GCATGATCAACTACAGGGAGC-3’ (exon 7). Cycling conditions were 94 °C for 2 

min (1 cycle); 94 °C for 10 s, 58 °C for 30 s, 68 °C for 45 s (10 cycles); 68 °C for 7 min 

(1 cycle). The products o f these reactions were subjected to gel electrophoresis, transfer 

and filter hybridization as described above. The size of the hybridizing band is 125 bp, 

which does not distinguish between rat and mouse renin mRNAs. Positive bands are 

shown in bold below.

125bp

1 2 3 4 5 6 7 8 9 1011 12 13 14

Lanes 1 and 14: Plasmid size markers. Lane 2: SD aorta, lane 3: TGR aorta, lane 4: SD 

aorta, lane 5: TGR carotid, lane 6: TGR RV, lane 7: SD RV, lane 8: SD LV, lane 9: 

TGR LV, lane 10: SD lung, lane 11: TGR lung, lane 12: SD RV (minus reverse 

transcriptase), lane 13: TGRRV (minus reverse transcriptase).
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CHAPTER FIVE: RESULTS- IN VITRO STUDIES IN THE
TGR(mRen2)27 RAT
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5.1 EMMUNOHISTOCHEMICAL CHARACTERIZATION OF 

FIBROBLASTS

In total, 12 separate fibroblast isolations were prepared: 3 separate isolations each from 

TGRs and SD controls for neonatal and 16 wk old animals. The fibroblastic nature of 

each of these primary cell isolations was determined by immunoperoxidase staining of cell 

layers with various antibodies to cytoskeletal and surface proteins. The staining pattern 

exhibited by the primary cells was compared with that obtained in various cell lines 

employed as controls. Control cell lines also served to confirm antibody specificity.

A representative example of the staining pattern exhibited by the primary cell isolations is 

shown in Figure 5.1 A (a-f). Primary cells in culture stained positive for vimentin (Figure

5.1 A- b) and negative for myosin, desmin and von Willebrand Factor (Figure 5.1 A- c, e 

and f). In addition all cells stained positively for a-SMA (Figure 5.1 A- d).

For comparison and confirmation of antibody specificity, a rat kidney fibroblast cell line 

(NRK-49F), a rat thoracic aorta smooth muscle cell line (A 10) and human umbilical vein 

endothelial cell (HUVEC) line were stained alongside the primary cells. NRK-49F cells 

stained positively only for vimentin (Figure 5. IB- b) and negatively for all other antibodies 

tested (Figure 5. IB- c-f). AlOs stained positively for myosin, a-SMA and desmin (Figure 

5.1C- c-e) and negative for vimentin and von Willebrand Factor (Figure 5.1C- b and f). 

HUVECs stained positively only for vimentin and von Willebrand factor (Figure 5. ID- b 

and f) and negative for all other antibodies tested (Figure 5. ID- c-e). On the basis of these 

results it was concluded pure cultures of cardiac fibroblasts had been obtained and in 

addition that cells were of the myofibroblast type.
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Figure 5.1 (Overleaf) : Photomicrographs showing representative examples o f the results 

o f immuonperoxidase staining o f primary and control cell lines. Panel A: Primary cells, 

Panel B: NRK-49F- rat kidney fibroblasts, Panel C: A10- rat thoracic aorta smooth 

muscle cells and Panel D: HUVEC- human umbilical vein endothelial cells. Control- no 

primary antibody (a), cells stained with antibodies to vimentin (b), myosin (c), a-SMA 

(d), desmin (e) and von Willebrand Factor (f). Original magnification x 200.
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5.2 REPLICATION IN SD AND TGR FIBROBLASTS

All of the experiments described below were performed on 3 different fibroblast isolations 

each from neonate and 16 wk old TGRs and SD controls. Experiments were repeated on 

individual isolations up to three times. Representative examples of the results obtained are 

shown.

5.2.1 Optimization of assay conditions

Optimization experiments were performed using TGR and control fibroblasts from both 

adult and neonate animals. Representative results are shown in adult TGR and SD 

fibroblasts only.

To identify the optimum pre-plating conditions (concentration of serum and time required 

for cells to adhere), cells were pre-plated in DMEM/0, 0.4 or 1 % PCS for 24 or 48 h. 

Most of the isolations seeded in 0 % PCS failed to adhere to the culture dish, even after 48 

h incubation. Cells plated in 0.4 % serum did adhere, but not in the case of all the 

isolations tested, even after 48 h. In 1 % PCS cells adhered by 24 h. Based on the results 

of these optimization experiments the conditions chosen for subsequent experiments were 

pre-incubation for 24 h in 1 % PCS.

To determine the optimum incubation conditions (serum concentration and time course), 

cells were pre-plated in 1 % PCS for 24 h as described above, the plating media removed 

and replaced by fresh DMEM/0, 0.4 or 1 % PCS (columns 2 and 11, media control), 

DMEM/10 % PCS (column 3, positive control) or the test solution (columns 4-10) with 

n=6 per condition. The test solution was PDGP-BB (0.1-3 nM) or SarAll (1 x 10'̂ -̂ 1 x 

10"̂  M) made up in 0, 0.4 or 1 % PCS, diluted across the plate to give a dose-response.
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Cells were then further incubated for 48 h. SD and TGR fibroblast isolations showed little 

mitogenic activity when treated with SarAII in 0 % FCS and this was not increased in 0.4 

% or 1 % FCS (Figure 5.2). Both SD and TGR fibroblasts demonstrated maximal 

response to PDGF-BB in 1 % FCS (e.g. percent stimulation above media control of SD 

adult with PDGF-BB in 0 %: 9.84±1.37, in 0.4 %: 26.7±5.66 and in 1 %: 49.7±3.8 %, 

Figure 5.3). The optimum incubation condition was therefore determined to be SarAII 

and PDGF-BB made up in 1 % FCS.

Finally, to determine the optimum time course, cells were pre-plated in 1 % FCS for 24 h 

and replication in response to 10 % FCS, SarAII and PDGF-BB made up in 1 % FCS was 

observed at 48, 72 and 96 h after the addition of incubation medium. Responses to 10 % 

FCS and PDGF-BB were maximal at 48 h (Figures 5.4 and 5.5).

Therefore, based on the above observations, all subsequent replication experiments were 

carried out on cells pre-plated for 24 h in 1 % FCS after which the test substance was 

added to the cells made up in media containing 1 % FCS and incubated for a further 48 h.

5.2.2 Basal fibroblast replication

Basal fibroblast replication (percent change in fibroblast cell number) over the 48 h 

incubation period in 1 % FCS was assessed by comparing the absorbance in the media 

control wells (1 % FCS) at the end of the 48 h incubation period to the absorbance in wells 

at to (i.e. at the start of the incubation period).

To compensate for variability between the isolations, up to three separate isolations were 

tested for each of the four groups of fibroblasts: TGR and SD (adult and neonate). In
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Figure 5.2: Graphs showing the response of adult SD and TGR fihrohlasts to 10 % FCS and SarAII in 0, 0.4 and I % FCS at 48 h. *P<0.05 uv

media control.
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Figure 5.3: Graphs showmg the response of adult SD and TGR fihrohlasts to 10 % FCS and PDGF-BB in 0, 0.4 and I % FCS at 48 h.

"̂ P<0.05 vs media control.
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Figure 5.4: Graphs showing response of adult SD and TGR fihrohlasts to 10 % FCS and

SarAII in I % FCS at 48, 72 and 96 h. *P<0.05 vs media control.
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Figure 5.5: Graphs showing response of adult SD and TGR fihrohlasts to 10 % FCS and

PDGF-BB in I % FCS at 48, 72 and 96 h. *P<0.05 vs media control.

E f f e c t  o f  P D G F - B B  o n  S D  a d u l t  r a t  c a r d i a c  f i b r o b l a s t  
p r o l i f e r a t i o n  in  v i t r o

I  
«

I.Î
c0)
E
q!

1 6 0  

1 40  

120 
F100 

8 0  

6 0  

4 0  

20 
0 

-20

0 4 8  h 
0  7 2  h 
□  9 6  h

Û

1 0 %  3 .0 0  1 .5 0  1 .0 0  0 .7 5  0 .5 0  0 . 3 0  0 .2 0
FCS

C o n c e n t r a t i o n  o f  P D G F - B B  (n M )

E f f e c t  o f  P D G F - B B  o n  T G R  a d u l t  r a t  c a r d i a c  f i b r o b l a s t  
p r o l i f e r a t i o n  in  v i t r o

§
o

£1(Q
C
o
«
3
E
•§
a>

S.

□  4 8  h
□  7 2  h
□  9 6  h

1 40

120
100

8 0

6 0

4 0

20

0
-20

1 0 %  3 .0 0  1 .5 0  1 .0 0  0 .7 5  0 .5 0  0 .3 0  0 .2 0
FCS

C o n c e n t r a t i o n  o f  P D G F - B B  (n M )

219



turn, each isolation was tested up to four times. Average values of basal replication for the 

repeat tests on each isolation were calculated. These values were then compared with 

each other. No statistical difference was observed in basal replication between different 

isolations of the same group, therefore, mean results for all of the isolations of that group 

were pooled. In this way, an average value (n=3) for basal fibroblast replication in the 

four different groups was obtained (Table 5.1) and statistics were performed on these 

values.

Basal fibroblast replication was not significantly different in adult SD and TGR cardiac 

fibroblasts. Nor was there any difference between the basal replication rates of neonate 

SD and TGR cardiac fibroblasts. Further, there was no significant difference in basal 

replication rates of adult and neonate SD fibroblasts, nor adult and neonate TGR 

fibroblasts (Table 5.1).

5.2.3 Effect of serum on fibroblast replication

Average values of fibroblast replication in response to 10 % FCS were calculated in the 

same manner as for basal replication described above (5.2.2). All isolations showed 

significant replication in response to 10 % FCS. There was no significant difference in 

response to 10 % FCS between adult SD and TGR fibroblasts (Figures 5.6 and 5.8, Table 

5.2). Nor was there any significant difference in the response of neonate SD and TGR 

fibroblasts (Figures 5.7 and 5.9, Table 5.2). Further, there was no significant difference in 

the response to 10 % FCS of adult and neonate SD fibroblasts, nor adult and neonate TGR 

fibroblasts (Figures 5.6-5.9, Table 5.2).
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Table 5.1: Basal replication in adult and neonate SD and TGR fibroblasts. Results are

expressed as percent stimulation above tO absorbance.

SD

Adult

Group

TGR SD

Neonate

TGR

Isolation

1 2 3 1 2 3 1 2 3 1 2

Test

1 37.0 57.6 10.7 55.8 55.3 46.4 14.0 28.7 32.5 88.0 47.5

2 83.1 38.2 14.5 51.4 52.8 55.6 56.0 69.7 101.6 36.0

3 85.5 25.2 44.7 - 37.0 48.3 100.3 117.3 81.8 75.3

4 44.0 35.9 -

X isolation 68.5 40.3 23.3 53.6 48.4 49.6 56.7 71.9 63.0 66.4 47.5

X group 44.1±16.2 50.5±1.94 64.3±7.6 57.0±13.4
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Table 5.2: Replication in response to 10 % FCS in adult and neonate SD and TGR

fihrohlasts. Results are expressed as percent stimulation above media control.

SD

Adult

Group

TGR SD

Neonate

TGR

Isolation

1 2 3 1 2 3 1 2 3 1 2

Test

1 50.4 62.3 54.6 51.7 68.5 60.6 75.0 93.6 53.0 61.0 50.0

2 74.6 65.7 54.9 64.0 51.7 56.8 53.2 59.8 76.9 49.5

3 58.8 63.2 65.8 - 64.2 36.0 54.0 49.4 59.3 49.9

4 79.4 60.0 _

X isolation 61.3 63.4 58.4 57.6 61.5 58.2 60.7 67.6 62.3 53.5 50.0

X group 61.4±1.9 59.2±1.4 64.2±3.4 51.7±2.5
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5.2.4 Effect of SarAII on fibroblast replication

All was a very weak mitogen for all the groups of fibroblasts and only significantly 

stimulated replication (by approximately 15 %) at the highest doses examined in a few 

instances (Figures 5.6 and 5.7). There were no consistent differences in the responses of 

SD and TGR fibroblasts to SarAII (Figures 5.6 and 5.7). Further, there was no significant 

difference in the response to SarAII of adult and neonate SD fibroblasts, nor adult and 

neonate TGR fibroblasts (Figures 5.6 and 5.7).

5.2.5 Effect of PDGF-BB on fibroblast replication

PDGF-BB significantly stimulated fibroblast replication in all of the fibroblast groups in a 

dose-response manner (Figures 5.8 and 5.9). Stimulation above media control ranged 

from 30-70 % across the groups (Table 5.3). The response of adult SD and TGR 

fibroblasts to PDGF-BB were not significantly different (Figure 5.8 and Table 5.3). Nor 

was there any significant difference between neonate SD and TGR fibroblasts (Figure 5.9 

and Table 5.3). Further, there was no significant difference in the response to PDGF-BB 

of adult and neonate SD fibroblasts, nor adult and neonate TGR fibroblasts. (Figures 5.8 

and 5.9, Table 5.3).
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Figure 5.6: Graphs showing response of adult SD and TOR fihrohla.sts to 10 % FCS and

SarAII in I % FCS at 48 h. *P<0.05 vs media control.
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Figure 5.7: Graphs showing response of neonate SD and TOR fihrohlasts to 10 % FCS

and SarAII in I % FCS at 48 h. 05 vs media control.
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Figure 5.8: Graphs showing response of adult SD and TGR fihrohlasts to PDGF-BB in I

% FCS at 48 h. ^P<0.05 V5 media control.
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Figure 5.9: Graphs showing response of neonate SD and TGR and fihrohlasts to PDGF- 

BB in 1 % FCS at 48 h. *f<0.05 vs media control.
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Table 5.3: Replication in response to PDGF-BB (3nM) in adult and neonate SD and TGR

fibroblasts. Results are expressed as percent stimulation above media control.

SD

Adult

Group

TGR SD

Neonate

TGR

Isolation

1 2 3 1 2 3 1 2 3 1 2

Test

1 42.0 49.7 44.0 31.8 59.5 22.6 40.2 40.4 22.0 72.3 46.7

2 44.0 55.5 67.2 61.8 45.3 34.1 44.3 45.1 72.3 51.1

3 45.7 54.8 46.4 - 65.1 27.0 66.5 69.4 52.0 59.1

4 68.0 . 40.8

X  isolation 43.9 53.3 52.5 46.8 56.5 37.9 50.3 51.6 46.8 60.8 50.0

X  group 49.9±3.7 47.1±6.6 51.0±0.6 55.4±7.7
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5.3 PROCOLLAGEN METABOLISM IN SD AND TGR FIBROBLASTS

5.3.1 Basal procollagen metabolism in SD and TGR fibroblasts

Basal procollagen collagen production, degradation and total synthesis (corrected for cell 

number) over the 48 h incubation period in serum-free media was assessed in each of the 

four groups of fibroblasts: TGR and SD (adult and neonate).

To compensate for variability between the isolations, three separate isolations were tested 

for each of the four groups. In turn, each isolation was tested up to three times. Average 

values of basal procollagen production, degradation and total synthesis for the tests on 

each isolation were calculated. These values were then compared with each other. Since 

no statistical difference was observed in basal rates between different isolations of the 

same group, results for all of the isolations of that group were pooled. In this way, an 

average value for basal fibroblast procollagen production, degradation and total synthesis 

in the four different groups was obtained and statistics performed using these values.

Basal procollagen production was significantly greater in TGR than SD fibroblasts, both in 

adult and neonatal cells (adult TGR: 48±13 % higher vs SD, P<0.02, neonatal TGR: 

184±60 % higher vs SD, P<0.02, Table 5.4, Figures 5.10 and 5.11). Total procollagen 

synthesis was also significantly higher in TGR than SD fibroblasts, both in adult and 

neonatal cells (adult TGR: 47±I3 % higher vs SD, P<0.03, neonatal TGR: I8I±31 % 

higher, f <0.003, Table 5.5, Figures 5.10 and 5.11). There was no significant difference in 

the basal rates of procollagen degradation between adult SD and TGR fibroblasts (Table 

5.6 and Figures 5.10 and 5.11). The basal procollagen degradation rate was significantly 

higher in neonatal TGR fibroblasts than that in SD cells (TGR: 182±31 % higher, 

P<0.001, Table 5.6, Figures 5.10 and 5.11).
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Table 5.4: Procollagen production in adult and neonate SD and TGR fibroblasts. Results

are expressed as nmols OHpro/10^ cells/48 h. *P<0.05 V5 SD, fP<0.05  vj neonate.

Adult

SD

Group

TGR SD

Neonate

TGR

Isolation

1 2 2 3 1 2 3 1 2

Test

1 5.78 4.86 6.13 8.45 0.69 0.61 0.58 1.01 1.31

2 6.10 8.26 0.28 - 2.59

3 3.29 6.77 0.46 - 1.54

4 _ 0.79

^  isolation 5.78 4.75 6.13 7.83 0.69 0.54 0.58 1.71 1.31

X group 5.01±0.63* 7.40±0.57*î 0.57±0.08 1.61±0.40*
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Table 5.5: Total procollagen synthesis in adult and neonate SD and TGR fibroblasts.

Results are expressed as nmols OHpro/10^ cells/48 h. *P<0.05 V5 SD, fP<0.05 V5

neonate.

SD

Adult

TGR

Group

SD

Neonate

TGR

Isolation

1 2 2 3 1 2 3 1 2

Test

1 8.13 6.76 8.94 10.84 1.93 0.93 0.88 2.78 3.35

2 - 8.81 - 12.45 - 0.74 - 4.32

3 - 4.64 - 9.33 - 1.38 - 2.74

4 1.19

^  isolation 8.13 6.74 8.94 10.87 1.93 1.06 0.88 3.28 3.35

X group 7.09±0.92^ 10.39±0.8'I 1.18±0.20 3.3±0.43*
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Table 5.6: Procollagen degradation in adult and neonate SD and TGR fibroblasts.

Results are expressed as nmols OHpro/lG^ cells/48 h. *P<0.05 V5 SD, fP<0.05 V5

neonate.

SD

Adult

Group

TGR SD

Neonate

TGR

Isolation

1 2 2 3 1 2 3 1 2

Test

1 2.36 2.13 2.80 2.39 1.93 0.32 0.29 1.17 2.11

2 - 2.72 - 4.19 0.46 - 1.72

3 - 1.35 - 2.57 0.91 - 1.20

4 0.40

X  isolation 2.36 2.06 2.80 3.05 1.93 0.53 0.29 1.36 2.11

X group 2.14±0.29* 2.993=0.41^ 0.60=t0.17 1.703=0.22*
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Figure 5.10: Graphs showhig procollagen production, degradation and total synthesis in 

aduit SD and TGR fibroblasts under basal conditions and the effects of TGF-J3I and 

SarAII. Percent degradation is also shown. *P<0.05 V5 basal levels.
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Figure 5.11: Graphs showing procoUageti production, degradation and total synthesis in 

neonate SD and TGR fihrohlasts under hasal conditions and the effects of TCjF-fil and 

SarAII. Percent degradation is also shown. 05 vs hasal levels.
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Basal procollagen production, degradation and total synthesis were all significantly higher 

in adult SD than neonatal cells (781±130 %, P<0.003, 255±56 %, P<0.0003 and 503±92 

%, f <0.004, higher, respectively, see above. Figures 5.10, 5.11 and Tables 5.4-5.6).

Similarly, basal procollagen production, degradation and total synthesis were all 

significantly higher in adult TGR than neonatal cells (359±41 %, f <0.0002, 76±28 %, 

P<0.05 and 215±28 %, P<0.001, higher, respectively, see above. Figures 5.10, 5.11 and 

Tables 5.4-5.6).

The differences in rates of procollagen production, degradation and total synthesis 

between adult and neonatal SD cells were greater in all cases than the differences between

adult and neonate TGR cells (e.g. adult V5 neonatal SD cells procollagen production
, ;

781±130 % higher compared with adult vs neonatal TGR cells procollagen production 

359±41 % higher, see above).

5.3.2 Effect of TGF-pl on procollagen metabolism in SD and TGR fibroblasts

TGF-pl led to a significant increase in procollagen production in neonate SD and TGR 

fibroblasts (Figure 5.11 and Table 5.7). Total procollagen synthesis was also significantly 

increased (Figure 5.11). The stimulation of procollagen production in neonate SD 

fibroblasts in response to TGF-pl was greater than that in neonate TGR fibroblasts (Table 

5.7). Stimulation of total synthesis was also greater in neonate SD fibroblasts than TGR 

cells in response to TGF-Pl (neonate SD: 113±12 % vs TGR: 41±6 % above control, 

P<0.001). TGF-pl did not affect collagen degradation in neonate SD or TGR fibroblasts 

(Figure 5.11).
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In contrast to the neonate cells, adult SD and TGR fibroblasts responded to TGF-pl in 

only a few of the experiments conducted (Figure 5.10 and Table 5.7) and in those 

instances increases in collagen production were only 10-15 % above basal production. 

There did not appear to be a difference in the response of SD and TGR adult fibroblasts to 

TGF-Pl.

Table 5.7: Procollagen synthesis in adult and neonate SD and TGR fibroblasts in 

response to TGF-pl. Results are expressed as percent stimulation above basal synthesis. 

*P<0.05 V5 SD, fP<0.05 V5 neonate.

Adult

SD

Group

TGR

Neonate 

SD TGR

Isolation

1 2 2 3 1 2 3 1 2

Test

1 0 0 0 0 194 107 91 121 84

2 0 - 12 - 217 - 55

3 19 - 12 - 189 - 42

4 75

X isolation 0 6.3 0 8 194 147 91 73 84

X group 3.2* 4̂ 146±31 76±24*
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5.3.3 Effect of SarAII on procollagen metabolism in SD and TGR fibroblasts

SarAII had little effect on procollagen metabolism in all of the groups examined. A small 

but significant increase in procollagen production was observed in only a few experiments 

(Figures 5.10, 5.11 and Table 5.8). There were no consistent differences in the response 

of SD and TGR fibroblasts to All There were also no differences between adult and 

neonatal fibroblasts in response to All (Table 5.8).

Table 5.8: Procollagen synthesis in adult and neonate SD and TGR fibroblasts in 

response to SarAII. Results are expressed as percent stimulation above basal synthesis. 

*P<0.05 V5 SD, fP<0.05 V5 neonate.

SD

Adult

TGR

Group

SD

Neonate

TGR

Isolation

1 2 2 3 1 2 3 1 2

Test

1 0 0 0 0 0 0 0 0 28

2 - 0 - 12 - 0 - 0

3 - 22 - 22 - 0 - 0

4 0

X isolation 0 7.3 0 11.3 0 0 0 0 28

^  group 3.6 11.3 0 14
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5.3.4 Effect of ATi and AT2 receptor antagonists and a renin inhibitor on basal 

procollagen metabolism in SD and TGR fibroblasts

The AT 1 receptor antagonist, losartan, decreased collagen production in neonate SD and 

TGR fibroblasts (19±5 % lower, P<0.05 and 22±9 % lower, P<0.05, respectively) and 

also decreased total collagen synthesis in these cells (16±6 % lower, P<0.05 and 36±17 % 

lower, f<0.03, respectively) whilst degradation was not affected (Figure 5.12). In 

contrast, losartan led to a slight increase of collagen production, degradation and total 

collagen synthesis in adult SD fibroblasts (15±4 % higher, /^<0.01, 46±9 % higher, P<0.01 

and 25±5 % higher, P<0.01, respectively) and of total collagen synthesis in adult TGR 

fibroblasts (14±5 % higher, P<0.05), (Figure 5.13).

The AT2 receptor antagonist, PD123177 had no affect on collagen production, total 

synthesis or degradation in neonate SD or TGR fibroblasts (Figure 5.12). In adult SD and 

TGR fibroblasts, PD 123177 led to an increase in total collagen synthesis and degradation 

(SD: 18±6 % higher, P<0.05 and 63±15 % higher, f<0.01, TGR: 19±5 % higher, P<0.01 

and 48±5 % higher, f<0.05, respectively), (Figure 5.13).

In neonate SD and TGR fibroblasts the renin inhibitor led to a decrease in collagen 

production (36±3 % lower, P<0.001 and 28±3 % lower, P<0.01, respectively), (Figure 

5.12). The renin inhibitor also led to a decrease in collagen production and total synthesis 

of adult SD and TGR fibroblasts (SD: 54±1 % lower, P<0.01 and 38±2 % lower, P<0.01, 

TGR: 33±2 % lower, f <0.001 and 15±5 % lower, F*<0.05, respectively), (Figure 5.13).
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f  igure 5.12: Graphs showing procollagen production, degradation and total synthesis in 

neonate SD and TGR fihrohlasts under hasal conditions and the effects of TGF-pl, the 

A TI receptor antagonist, losartan, the A 7? receptor antagonist, PD123177 and a renin 

inhihitor. Percent degradation is also shown. *f<0.05 V5 hasal levels.
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Figure 5.13: Graphs showing procollagen product ion, degradation and total synthesis in 

adult SD and TGR fihrohlasts under hasal conditions and the effects of TGF-/3I, the A Ti 

receptor antagonist, losartan, the AT2 receptor antagonist, PD123177 and a renin 

inhihitor. Percent degradation is also shown. *P< 0.05 vs hasal levels.

SD adult

7 -
□  DEG

□  SYN

28  7 %

36 4 %
31 4 %

39.9  %

T I T G F -p l LOSARTAN PD 123319 RENIN INHIBITOR

TGR adult

12 i

10

JC.

9

^  6 
I
I
C

2 - -

□  D EG

□  SYN

27 0 %
24 7 % 32.8 %

33.8 %

42 .7 %

T I T G F -p l LOSARTAN P D 123319 RENIN INHIBITOR

240



CHAPTER SIX: DISCUSSION- IN VIVO STUDIES IN THE
TGR(mRen2)27 RAT
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6.1 THE TGR(mRen2)27 RAT AS A MODEL OF HYPERTENSION

The factors regulating the development of the cardiac hypertrophy and fibrosis that 

accompany systemic hypertension are not clear, but both haemodynamic and non- 

haemodynamic factors have been implicated in the remodelling process. The aim of this 

study was to investigate the relative roles played by BP and the RAS in the development of 

cardiac hypertrophy and fibrosis that accompany systemic hypertension in an animal model 

and further, to distinguish between circulating and local RAS.

The model used is the recently developed TGR(mRen2)27 rat which harbours the mouse 

Ren2 gene and is characterized by an activation of the tissue RAS and a depressed plasma 

and kidney renin activity (Mullins et al, 1990). Non-inbred SD rats of the same strain 

from which the transgenic strain was generated were used as controls.

The advantage of this model is the monogenetic pathogenesis of hypertension, which 

allows the investigation of phenotypic changes in various organs caused by a genetic 

perturbation of one system- the RAS. This approach was also useful to overcome 

problems inherent in the choice of the appropriate controls in genetic models of 

spontaneous hypertension (Kurtz et al, 1989).

Although in these animals hypertension clearly relates to the presence of the transgene and 

hypertension can be more efficiently managed by treatment with ACE inhibitors or AH 

receptor antagonists (Bader et al, 1992) when compared to other antihypertensive drugs, 

the pathophysiologic events leading to hypertension in these animals are not fiilly 

understood. Surprisingly, all components of the circulating RAS are unchanged or even 

suppressed in heterozygous TGR (mRen2)27 rats as compared with transgene negative
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littermates, with one exception- circulating levels of inactive renin (prorenin) are elevated 

dramatically. These data would indicate that the circulating RAS apparently is not the 

cause of hypertension. Recently, however, several investigators have indicated that under 

some experimental conditions the plasma RAS is not suppressed (Veniant et al, 1995, 

Campbell et al, 1995). The regulation of the plasma components of the system thus seems 

to be more complex than originally assumed in the model and requires further 

investigation. Although several mechanisms have been suggested to be involved in the 

development of the hypertensive phenotype (see Chapter 1, section 1.10.4), the precise 

mechanism of the raised BP in the TGR rat remains unclear.

Male HanRg/z2/Edin- rats, derived from crossing homozygote TGR (mRen2)27 rats with 

Edinburgh SD rats, showed a 73.5 % incidence (95 % confidence limits, 65.7 to 81.3 %) 

of MH, which was invariably terminal. The spontaneous occurrence of the MH phenotype 

in the TGR rat is associated with evidence of classic pathological changes of fibrinoid 

necrosis and myointimal proliferation, renal failure, evidence of renal RAS activation and 

an accelerated rise in BP (Whitworth et al, 1994, Whitworth et al, 1995a, Whitworth et al, 

1995b). The high percentage of male Hani?^«2/Edin- affected offers a potentially valuable 

animal model in which to study MH, in particular the initiating and subsequent events.

In this study the hypertensive phenotype of the TGR rat was characterized and the effects 

of hypotensive agents on TGR BP examined. Doses of these agents were identified for 

use in the subsequent study of the relative roles of BP and the RAS in the development of 

cardiac fibrosis and hypertrophy that accompany hypertension in the TGR rat.
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It has been suggested that All, produced locally in the heart of the TGR rat may play a 

role in the remodelling observed in the TGR heart. However, transgene expression in the 

heart of the TGR rat had not been clearly demonstrated, therefore, in this study the pattern 

of transgene expression was examined in the TGR rat.

Finally, the roles of BP and the RAS in the development of MH in the TGR rat were 

investigated.

6.2 BP STUDIES EV THE TGR(mRen2)27 RAT

In order to dissociate the effects of RAS activity and systolic pressure burden in the 

development of cardiac hypertrophy and fibrosis, it was necessary to manipulate BP by 

both ACE inhibition (reducing net RAS activity) and vasodilators (which if anything, might 

increase plasma RAS activity) using doses of these agents which reduced BP to that of 

control rats. Further, to distinguish between circulating and local RAS required inhibition 

of tissue ACE activity (using low dose ACE inhibitor) whilst leaving plasma ACE activity 

and BP unchanged.

The TGR rat is known to be highly sensitive to ACE inhibition and AH receptor 

antagonists when compared with other antihypertensives (see section 6.1, above). 

However, dose-response curves for these agents have not been established and their 

effects with age are also unknown. These issues were addressed in this study using the 

ACE inhibitor, ramipril, calcium channel blocker, amlodipine and vasodilator, hydralazine.
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6.2.1 Characterization of the hypertensive phenotype of the TGR(mRen2)27 rat 

and effects of hypotensive agents on SBP

This study confirmed the hypertensive phenotype of the TGR rat up to 10 wk of age. BP 

was shown to be similar in TGRs and SDs at 4 wk, raised in TGRs compared with SDs 

from about 5 wk and reached a plateau by 8- 9 wk of age, in accordance with the findings 

of other investigators (Mullins et al̂  1990, Bachmann et al, 1992a, Springate et al, 1993).

The high sensitivity of the TGRs to the effects of ACE inhibition, with doses of ramipril as 

low as lOpg/kg/day lowering SBP significantly have also been demonstrated. Such data 

support a role for RAS activity in the generation of the hypertensive phenotype.

As hypertension in TGR(mRen2)27 rats is based on the expression of an additional renin 

gene in several tissues, ACE inhibitors should have a marked hypotensive effect. Indeed, 

in this study, the ACE inhibitor, ramipril at a dose of Img/kg/day was shown to reduce 

SBP to that of control rats and a very low dose of lOpg/kg/day still had a significant 

hypotensive effect. A lower dose still, (5pg/kg/day), left SBP unaffected. This sensitivity 

to the actions of ACE inhibitors is in agreement with the findings of other studies. 

Captopril (1 and lOmg/kg/day) lowered the BP of heterozygous (Mullins et al, 1990, 

Barrett & Mullins, 1992) and homozygous (Bader et al, 1992) animals significantly after 4 

wk of treatment. Lisinopril proved equally, or even more active in markedly decreasing 

BP at a dose of 0.5mg/kg/day and normalized it with 2 and lOmg/kg/day (Lee et al, 

1995b). Such data support a primary role for the RAS in the genesis of the hypertension 

in the TGR(mRen2)27 rat. However, ACE inhibitors also influence the BK system. In 

order to show convincingly that the inhibitory effect of ACE inhibitors on All synthesis is 

influential, TGRs were treated with the ATi receptor antagonist, losartan (Dup753). Just
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0.5mg/kg/day had a slight BP lowering effect and a dose of lOmg/kg/day normalised BP 

after 4 wk of treatment (Bader et al, 1992). Other ATi receptor antagonists, telmisartan 

and TCV-116 exhibited similar results (Bohm et al, 1995, Ohta et al, 1996). Therefore, 

although the kinin-potentiating effects of ACE inhibitors cannot be excluded, they seem 

not to be of major importance since AT receptor blockade is also effective in reducing BP.

The results of this study also support the resistance of the TGR rat to vasodilator agents, 

as has been suggested for the calcium channel blocker, nitrendipine (Hirth-Dietrich et al, 

1994). In this study, the calcium channel blocker, amlodipine (lOmg/kg/day) did reduce 

SBP, but not to control levels, even at a the higher dose of 20mg/kg/day. For this reason 

treatment with amlodipine was not continued beyond 16 wk of age. These doses of 

amlodipine that had only a limited effect on TGR BP would normally render the SHR 

normotensive. Ohta et al (1996) administered the long acting calcium antagonist, 

manidipine, in combination with the cardioselective Pi-adrenergic receptor blocker, 

atenolol, to block any increase in heart rate caused by the calcium antagonist, to 11 wk old 

TGRs. This treatment completely normalized the BP of TGRs. Amlodipine as a member 

of the so-called second-generation dihydropyridine compounds seems to produce less 

reflex cardiac stimulation and neurohormonal stimulation however, and therefore such an 

effect is unlikely to account for its limited effects on BP in the TGR.

TGRs were also highly resistant to the actions of the vasodilator, hydralazine, which even 

at very high doses had no effect on SBP. Unlike ACE inhibitors, hydralazine may increase 

brain and cardiac sympathetic activity and may enhance the synaptic effects of 

noradrenaline (Kohlmann et al, 1984). This might partly explain the lack of response of 

TGRs to this agent. However, Lee et al (1995b) did observe a normalization of BP in 9
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wk old TGRs treated with the arteriolar vasodilator, dihydralazine. The reason for the 

difference in response to vasodilator treatment between their study and the results obtained 

here is unclear, but differences with respect to the strain of SD used to produce 

hetereozygote TGRs may affect the results obtained.

The striking difference in the response of the TGR rat to these various hypotensive agents 

may have parallels in human hypertension, where forms of hypertension associated with 

different RAS activity have been shown to have quite varied profiles in response to a 

spectrum of pharmacological agents (Helmer, 1964, Hollenberg et al, 1969, Buhler et al, 

1972, Laragh, 1973, Laragh, 1992).

In conclusion, this study confirmed the hypertensive phenotype of the TGR rat, their 

sensitivity to ACE inhibition, identified a dose of ramipril which lowered TGR SBP to that 

of controls (Img/kg/day), a nonhypotensive dose of ramipril which did not affect SBP 

(5pg/kg/day) and a dose of amlodipine that lowered TGR SBP (lOmg/kg/day), albeit not 

to control levels. These doses were used in the subsequent study examining the relative 

roles of BP and the RAS (circulating and local) in the development of LVH and cardiac 

fibrosis that accompany hypertension in the TGR rat.

6.2.2 Limitations of the methodology

The recording of SBP by tail cuff photoplethysmography under light halothane anaesthesia 

is open to criticism. The use of light halothane anaesthesia may have influenced the BP of 

these animals. However, it has been reported before (Chapter 2, section 2.3.1) in a 

validation study performed by Dr Caroline Whitworth in Edinburgh that such an effect is 

minimal in her hands. It remains possible, however that halothane anaesthesia has different
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effects on the BPs of the control SD strain and the TGR rats. This might partly explain the 

seemingly high SBPs seen in this control strain. Neither can an interaction between 

treatment with a hypotensive agent and the halothane anaesthesia be discounted. A Anther 

study of a large cohort of animals trained to have BPs recorded without sedation is 

warranted, although data during the early training period would remain unreliable. 

Perhaps more reliable would be to use a continuous BP recording system, with BP 

telemetered from implanted transducers. Such systems do exist, but have 3 major 

drawbacks- significant expense, inability to implant the devices into young animals (<130 

g) and short transmission life (<4 wk). Since measurement of BP in very small animals 

(from weaning) and over a long period of time (up to 24 wk of age) was required, 

telemetry was therefore not well-suited to these needs.

The lack of recording of diastolic BP is also a limitation to any study using 

photoplethysmographic data recording. An excess effect of treatment with hypotensive 

agents on diastolic BP (and hence mean BP) cannot, therefore, be discounted. This might 

be particularly true of treatment with vasodilating agents. Furthermore, the finding of a 

similar BP at a single time of each day does not exclude an effect of BP variability over 24 

h. Once again, telemetry would seem to provide the solution. However, in a small pilot 

study of 4 animals treated with amlodipine (lOmg/kg/day) and monitored by telemetry 

(kindly performed by Dr Caroline Whitworth, Centre for Genome Research, Edinburgh), 

the effect on diastolic BP was found to be similar to that on SBP and the data for 

reduction in SBP closely matched that of this study.

In summary, therefore, recording of SBP by tail cuff photoplethysmography in this study 

represented the most cost-effective and practical method available and showed a good

248



correlation with that measured by telemetry. In addition, the lack of recording of diastolic 

BP did not appear to be of great importance.

6.3 ESTABLISHING THE RELATIVE CONTRIBUTIONS OF BP AND THE 

RAS IN THE DEVELOPMENT OF LVH AND CARDIAC FIBROSIS IN 

THE TGR(mRen2)27 RAT

6.3.1 The relative contributions of BP and the RAS in the development of LVH in 

the TGR(mRen2)27 rat 

The hypertensive phenotype in the TGR(mRen2)27 rat

This study has confirmed the hypertensive phenotype of the TOR rat up to 24 wk of age. 

BP reached a maximum by 8 wk and remained elevated in TGRs compared with SDs 

throughout the study period.

The cause of the age-dependent reduction in TOR BP observed from 8 wk onwards is not 

clear. This phenomenon has already been noted (Bachmann et al, 1992a, Springate et al, 

1993) and older male transgenic rats have been reported to display similar renal renin 

mRNA expression to control animals, in contrast to the usual pattern of marked 

suppression compared with controls. A decrease in transgene expression over time 

(Bachmann et al, 1992a) may be involved in the age-related decrease in BP. Prorenin, 

shown to lower BP when injected into normotensive rats (Lenz et al, 1991), circulates at 

high levels in the TOR rat (Mullins et al, 1990). Its role in the decrease of BP over time, if 

any, has yet to be established.

249



Cardiac hypertrophy and ACE activity in the TGR(mRen2)27 rat

The development of LVH in the TGR rat appears to mirror the development of 

hypertension. TGRs had established LVH by 10 wk of age (when BP reaches its maximal 

value) at which stage the hypertrophic response seems to be complete since no further 

increase in the LVwt, LV Bwt or LV RV ratios occurred thereafter. No evidence of RV 

hypertrophy was detected at any of the time points, suggesting that the TGR is not 

subjected to pulmonary hypertension, although a study of pulmonary pressures would be 

required to confirm this.

In order to dissociate the effects of systolic pressure burden and the RAS on the 

development of LVH and cardiac fibrosis in the TGR rat, BP was manipulated by both 

ACE inhibition and non-ACE inhibitors. By inhibiting the circulating and/or local RAS, 

using different doses of ACE inhibitor, ramipril, or leaving these systems unaltered, using 

the calcium channel antagonist, amlodipine, the relative roles of BP and the RAS in the 

development of LVH and cardiac fibrosis in the TGR rat could be determined. It was thus 

necessary to make measurements of plasma and tissue ACE activity in the study groups.

The slightly higher levels of plasma ACE activity observed in control rats compared with 

TGRs at 10 wk of age are in agreement with the findings of Campbell et al (1995) but in 

contrast to the findings of most earlier studies, in which no differences were observed 

(Moriguchi et al, 1994a). At 16 and 24 wk however, no difference in SD and TGR plasma 

ACE activity was observed. The measurement of ACE activity is, however, clearly 

substrate dependent (Gorski et al, 1991, Nussberger et al, 1992 and Juillerat et al, 1990) 

which may be due to different substrates having differential metabolism by non-ACE 

enzymes. Also the strain of control, age and heterozygote/homozygote status of animals
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used may affect the results obtained. Therefore, comparison between studies is difficult. 

No differences in the ventricular ACE activity of SDs compared with TGRs were found.

Effect of treatments on SBP. LVH and ACE activitv in TGR rats

Treatment of TGRs with the high dose ACE inhibitor lowered BP to control values 

throughout life, significantly reduced plasma and tissue ACE activity compared with TGRs 

at all time points and prevented the development of LVH. In fact, LVwt and LV BWt 

ratio were lowered to below control values with RH treatment at 10 wk and LV BWt ratio 

below control at 16 wk, despite BPs equivalent to controls. These results suggest a direct 

effect of ramipril on normal myocardial growth in addition to its BP-lowering effect at the 

earlier time points. In agreement with this result, Keeley et al, (1992) have previously 

reported that All may be important in normal developmental growth in young animals. 

Further, treatment of newborn pigs with an ACE inhibitor interfered with the physiological 

hypertrophy of the LV associated with normal growth (Beinlich et al, 1991).

Treatment with the low, nonhypotensive dose of ramipril did not prevent the appearance 

of LVH. This dose of ramipril reduced ventricular ACE activity at all time points but 

actually led to an increase of plasma ACE activity at 10 wk and a slight decrease at 16 and 

24 wk. The increase in plasma ACE activity at 10 wk may be due to induction of ACE 

expression, possibly through loss of negative feedback by AH on ACE synthesis 

(Schunkert et al, 1993). After captopril usage, this effect is detected in assay due to rapid 

dissociation of the drug-ACE complex and to the instability of the drug/enzyme complex 

in storage (Unger et al, 1981). Similar effects can be seen with enalapril treatment (Ulm & 

Vassil, 1982).
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Amlodipine treatment also resulted in an increase in plasma ACE activity compared with 

TGRs at 10 wk, but a decrease at 16 wk- the reason for the decrease is unclear. 

Treatment with amlodipine failed to lower BP to control values. However, amlodipine 

treatment did prevent the development of LVH.

Taken together, these results suggest that the development of LVH in the TGR(mRen2)27 

rat is regulated by BP and not plasma or local RAS activity. Furthermore, there was no 

evidence of RV hypertrophy in the TGR rat at any time point studied, supporting the role 

of ventricular loading as the main determinant in the regulation of myocyte growth.

The slight reduction in plasma ACE activity observed with low dose ramipril treatment at 

16 and 24 wk although unintentional, simply lends credibility to the idea that it is BP and 

not the RAS that regulates the development of LVH in the TGR rat. Since in these 

animals, inhibition of tissue and to some extent, plasma RAS was not sufficient to prevent 

the development of LVH. The unexpected slight decrease in plasma ACE activity in 

animals treated with amlodipine at 16 wk does however, slightly confound interpretation 

of the results.

Factors regulating the development of LVH in the TGRfmRen2)27 rat 

In the TGR rat the Ren2 gene is expressed in the heart (where homozygosity is associated 

with a doubling of its mRNA) and vasculature (Lee et al, 1995b) and this expression is 

accompanied by increased tissue concentrations of All (Campbell et al, 1995, Lee et al, 

1995b, Zhao et al, 1993). Furthermore, Hilgers et al (1992) demonstrated increased 

synthesis and release of AI and All in isolated perfused hindlimbs of nephrectomized TGR 

rats. Cardiac dysfunction in TGRs is reported to be more pronounced than in SHR, which
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exhibit a similar haemodynamic phenotype with regard to onset and degree of hypertension 

(Paul et al, 1994). Enhanced local All formation is consistent with an activated cardiac 

and vascular RAS, supporting the notion of its pathological relevance in the TGR rat. 

Moreover, in several studies using the TGR rat, specific inhibitors of the RAS, such as 

ACE inhibitors or All receptor antagonists, have been demonstrated to induce regression 

of LVH, even at low doses that only cause a slight reduction in BP, whereas direct 

vasodilators fail to exhibit similar cardioprotective effects despite efficient BP reduction. 

Lee et al (1995b) and Bohm et al (1995, 1996) demonstrated a decrease in LVwt even at 

mildly hypotensive doses of lisinopril and the All receptor antagonist telmisartan, 

respectively. Ohta et al (1996) reported no reduction of LVH using mandipine and 

atenolol in combination compared with the All receptor antagonist TCV-116, which 

produced an equihypotensive response. These findings have raised the question of 

whether LVH is not only due to the degree of hypertension but also to a stimulated tissue 

RAS in this model. However, each of these studies were concerned with the regression, 

and not prevention of LVH as in this study, as treatment did not commence until 

hypertension and LVH were already established. Furthermore, BP was indeed lowered to 

some extent by treatment with the ACE inhibitors and AH receptor antagonists in each of 

these studies, confounding the interpretation of results. The findings of this study, that 

tissue ACE inhibition without lowering of BP is not sufficient to prevent LVH and that 

LVH can indeed be prevented by BP lowering alone without inhibition of plasma or tissue 

ACE activity suggest that distinct mechanisms regulate the regression and prevention of 

LVH in this model. In the case of established LVH it seems that the tissue RAS may be 

involved in its maintenance since inhibition of this system is sufficient to cause regression 

of the hypertrophy. Whereas in the case of developmental LVH it appears that the main 

determinant of its progression is ventricular loading and not plasma or tissue RAS activity.
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Hence, LVH is only prevented by BP lowering and not inhibition of plasma or tissue ACE 

activity.

6.3.2 The relative contributions of BP and the RAS in the development of cardiac 

fibrosis in the TGR(mRen2)27 rat

The development of cardiac fibrosis in the TGR(mRen2)27 rat

No difference was observed in the LV collagen content or concentration of the TGRs 

compared with controls at 10 wk using HPLC analysis. However, from the histological 

sections, it was clear that fibrosis was indeed present in the LV at this time. Fibrosis was 

found to be localised around the intramyocardial coronary arteries and accompanied by an 

increase in vessel wall thickness in agreement with Bachmann et al (1992a) and Villareal et 

al (1995). At this level of fibrosis a OHpro measurement is clearly not sensitive enough to 

detect the enhanced collagen deposition. To support this, in the study of Villareal et al 

(1995) a decrease in LV collagen concentration compared with controls was found using 

HPLC analysis of hydroxyproline, despite clear histological evidence of perivascular 

fibrosis in 16 wk old TGRs. However, in this study, at 16 and 24 wk the HPLC results 

and those of the histology agree. The LV collagen content of the TGRs compared with 

controls was elevated at 16 wk, increasing further at 24 wk. The extent of collagen 

deposition at 24 wk was sufficient to cause an increased LV collagen concentration as 

hypertrophic growth was complete by 10 wk. By histological analysis the fibrosis was 

more marked at the later time points- in addition to perivascular fibrosis, at 16 and 24 wk 

interstitial fibrosis was evident, particularly on the endocardial surface and at 24 wk 

microinfarcts were also present.
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From the histological analysis it appears that sequential sections stained with the 

connective tissue stain, Massons Trichrome and the collagen specific stain, picrosirius red 

produced similar staining patterns. This suggests that the fibrosis in the heart of the TGR 

rat is due mainly to collagen deposition in accordance with many previous studies 

(Abrahams et al, 1987, Doering et al, 1988, Pick et al, 1989). Further, this suggests that 

measurement of collagen concentration and content by RP-HPLC is a good indicator of 

fibrosis.

Thus far, studies on the pathomorphological changes of the cardiovascular system in TGRs 

have demonstrated only perivascular fibrosis. This is the first report of interstitial fibrosis 

and microinfarcts concentrated mainly in the endomyocardium in the LV of the TGR rat. 

Medugorac (1980) also reported that in the SHR rat the increase in OHpro concentration 

was greater in the endomyocardial than in epimyocardial areas of the LV free wall. Holtz 

et al (1977) reported a significantly diminished ratio of subendomyocardial/ 

subepimyocardial blood flow in LVH (aortic stenosis) in the dog. If the same applies to 

the hypertrophied myocardium of the TGR, it is possible that the substantially diminished 

flow in these areas may lead to necrosis formation and subsequent healing, causing a 

greater increase in collagen synthesis and accumulation than in the subepimyocardial parts 

with better blood supply.

Effect of treatments on the development of cardiac fibrosis in the TGR(mRen2127 rat 

Treatment with a hypotensive dose of ramipril prevented the increased LV collagen 

deposition seen in untreated TGRs at all time points- clearly evident fi’om the histological 

results and also the biochemical results at 16 and 24 wk. In order to dissociate the effects 

of RAS activity and systolic pressure burden on LV collagen deposition BP was also
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manipulated with the calcium channel blocker, amlodipine. Amlodipine treatment lowered 

BP (albeit not to control values) and completely prevented the appearance of perivascular 

fibrosis and increase in vessel wall thickness at 10 wk. In addition, at the later time point 

of 16 wk, the appearance of interstitial fibrosis and microinfarcts were prevented. These 

results suggest that the deposition of collagen in the LV is most strongly regulated by 

ventricular loading and not the RAS in the TGR rat.

Furthermore, to investigate the role of the local RAS specifically in LV fibrosis, a non 

hypotensive dose of ramipril shown to inhibit ventricular, but not plasma ACE activity was 

used. Treatment with this low dose of ramipril did not prevent the appearance of fibrosis 

at any time. Therefore, in the TGR rat it appears that the main determinant of LV collagen 

deposition is BP and not plasma or local RAS. In further support of this, the interstitial 

fibrosis and microinfarcts are seen only in the pressure-overloaded LV and not in the 

normotensive RV. Only perivascular fibrosis and increased tunica media thickness were 

present in the RV of TGRs at all time points. Given the “in-series” arrangement of the 

ventricles, circulating factors cannot therefore not be responsible for the appearance of 

interstitial fibrosis and microinfarcts, since we would have expected such changes in the 

RV also if this were the case. Also, it is not surprising that perivascular fibrosis develops 

in the non-pressure-overloaded RV since these coronary arterioles originate in the LV. 

Hence, there exists an intra-coronary arterial pressure overload, which is likely to be 

responsible for the development of the perivascular fibrosis and increased vessel wall 

thickness in both the RV and LV.

At 24 wk the LV collagen content and concentration of the RL group was higher than that 

of the TGRs. From histological analysis, this difference appears to be due to increased
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interstitial fibrosis and number of microinfarcts in the RL group compared with the 

untreated TGRs. This effect of RL treatment on LV collagen deposition may be due to 

the effect of this treatment on survival of the animals. In this study heterozygous TGRs 

derived from crossing homozygous Hanover TGRs with Sprague Dawleys of the 

Edinburgh strain QAanRen2fE(X\n-) were used. The findings of this study support previous 

observations of development of MH and ensuing death in 66-81 % of the resulting 

heterozygote animals by 100 days of age (Whitworth et al, 1995a). Treatment with the 

low dose of ramipril completely prevented the appearance of MH in these animals despite 

having no hypotensive effect and resulted in no mortality compared with the high rate seen 

in untreated TGRs. (Montgomery et al, 1998). Thus, all RL treated animals survived for 

examination at selected time points whereas only a subgroup survive in the untreated 

group. The latter may reflect those animals less severely affected by the transgene 

expression. The RL group, on the other hand represents the whole population. Thus, 

although the low level ACE inhibition prevents the development of MH it cannot prevent 

the development of fibrosis. This suggests that inhibition of tissue ACE activity does not 

prevent fibrosis, but rather that the excess collagen deposition is a consequence of the 

elevated BP. Furthermore, in the RV of the RL treated group, fibrosis was limited to the 

perivascular area only (see below). This finding suggests that the appearance of interstitial 

fibrosis and microinfarcts in the LV is indeed due to pressure overload, since tissue ACE 

activity was inhibited in both ventricles, but only the LV is subjected to pressure overload 

and it is only in the LV that interstitial fibrosis and microinfarcts are observed.

This study confirms previous findings of an RV collagen concentration that is generally 

greater than that of the LV under normal conditions (Bonnin et al, 1981, Caspari et al, 

1975), suggesting that there may be differences in the regulation and/or metabolism of
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collagen in the LV and RV (Batkh et al, 1986). Alternatively, this finding may simply be 

due to the fact that content is similar in both ventricles at birth, but only the LV undergoes 

developmental hypertrophy, therefore effectively reducing LV collagen concentration in 

comparison with the RV (Weber & Brilla, 1991).

In untreated TGRs fibrosis in the RV was limited to the perivascular compartment only 

and was not detectable by HPLC analysis of collagen as in the LV at 10 wk. The 

difficulties encountered in detecting changes in RV collagen content and concentration by 

HPLC analysis are similar to the problems of detection in the LV at 10 wk. At that time, 

LV fibrosis was also limited to the perivascular compartment, as in the RV at all time 

points and may explain why a OHpro measurement is not sensitive enough to detect 

changes at this level of fibrosis. Increased coronary arteriole tunica media thickness was 

also observed in the RV of TGRs at all time points.

At 10 wk RH treatment had no effect on RV collagen content or concentration, however, 

histologically there was clearly an effect with the fibrosis seen in untreated TGRs being 

absent in the RH treated group. At 16 wk the RH group had a lower RV concentration 

and content compared with untreated TGRs, confirmed by the histological analysis. At 24 

wk there was no difference in the RV collagen content of the RH group compared with 

TGRs but the concentration was increased compared with this group and the controls. 

However, histologically sections from animals treated with RH were indistinguishable from 

controls and did not show any evidence of the fibrosis seen in the TGRs. Treatment with 

amlodipine also completely prevented the appearance of RV perivascular fibrosis at 10 and 

16 wk. At all time points there was no significant difference in the RV collagen content or 

concentration of the RL and TGR groups, confirmed histologically, RL, which had no
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effect on BP did not prevent the fibrosis seen in the TGRs. Together, these results suggest 

that in the RV, similar to findings in the LV, it is BP and not the RAS that regulates 

collagen deposition.

Factors regulating the development of cardiac fibrosis in the TGR(mRen2)27 rat 

Thus far there have been no detailed investigations concerning the development of cardiac 

fibrosis in the TGR rat and its regulation. In addition to the detailed study of the LV, this 

study is the first to report changes in the RV of the TGR rat. Bachmann et al (1992a) 

noted perivascular fibrosis and an increase in medial thickness in myocardial arterioles and 

coronary arteries in male heterozygote TGRs. However, precise data including age, BP 

profile and ventricular chamber examined were not given and no statistical analysis 

performed due to the small numbers of animals used. Villareal et al (1995) examined LV 

collagen concentration and volume fraction in 16 wk old TGRs. However, they do not 

report collagen content nor did they examine the RV, as in this study.

As with studies on LVH in this model, efforts have centered on regression and not 

prevention of fibrosis. In the study of Ohta et al (1996), the effects of several 

antihypertensive agents on the expression of various ECM components in the hearts of 

TGRs were examined. TCV-116 suppressed the rise in ECM mRNAs seen in untreated 

TGRs whilst mandipine combined with atenolol had no effect, despite also normalising BP. 

These results led the authors to suggest that the local cardiac RAS plays a role in the 

changes in ECM deposition in the TGR rat. However, this study was concerned with the 

regression rather than prevention of ECM deposition, as treatment was not begun until 11 

wk of age by which time BP is maximal and fibrosis is already established, as demonstrated 

here and by other workers (Mullins et al, 1990, Bachmann et al, 1992a, Springate et al,
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1993, Villareal et al, 1995). It appears then, that similar to the findings of this study 

concerning the development of LVH in the TGR rat, fibrosis in these animals may be 

maintained by local RAS activity, hence inhibition of this system is sufficient to cause its 

regression. Whereas in the development of fibrosis, BP is the main determinant and 

therefore only hypotensive treatment may halt its development, with tissue ACE inhibition 

proving ineffective.

6.3.3 Summary

In summary, this study has demonstrated that cardiac hypertrophy of the TGR (mRen2)27 

rat is accompanied by significant changes in cardiac collagen levels and shown for the first 

time that fibrosis develops in the normotensive RV as well as the pressure overloaded LV. 

Furthermore, this study has demonstrated that the elevated BP and not plasma or local 

RAS activity regulates the development of LVH and cardiac fibrosis in this model. In 

addition, it appears that the mechanisms governing the development and regression of 

cardiac hypertrophy and fibrosis may be subject to different regulatory control.

6.4 ESTABLISHING THE ROLES OF BP AND THE RAS IN THE

PATHOPHYSIOLOGY OF MALIGNANT HYPERTENSION IN THE 

TGR(mRen2)27 RAT

The results of this study suggest that in the TGR rat tissue ACE inhibition protects against 

the development of the MH phenotype, the death associated with this condition and the 

appearance of some of the renal histopathological features associated with MH. These 

protective effects appear to be independent of any reduction in SBP.
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In the past few decades, authors who described the characteristic pathology arising in MH 

considered that such changes were due to mechanical stress, resulting from increased BP 

directly damaging the vascular wall, perhaps by altering permeability and allowing 

deposition of fibrinoid in the intima (Pickering, 1971). Several observations have 

subsequently led to the implication that renin or All have a pathophysiological role in the 

genesis or maintenance of MH. Firstly, increased renin and/or All and/or AL levels are 

frequently found in animal models of MH and in patients (Mohring et al, 1975, McAllister 

et al, 1971, Gardiner & Linlop, 1992). Secondly, it was demonstrated that fibrinoid and 

arteriolar necrosis could be induced in rats by infrision of All (Johnson et al, 1992) or 

partially purified renin (Masson et al, 1962, Masson et al, 1964). Thirdly, the accelerated 

phase could be treated in humans by nephrectomy (Pickering, 1971), or more recently by 

ACE inhibition (Saragoca et al, 1983) and other antihypertensive agents, including |3- 

blockade (Buhler et al, 1972) but interestingly also by sodium and volume repletion which 

would result in a reduction of renin synthesis and release by JGA cells (McAllister et al, 

1971, Orth & Ritz, 1975, Gardiner & Lindlop, 1992). Treatment resulted in a rapid 

resolution of fibrinoid necrosis without normalization of BP (Kincaid-Smith, 1982).

The RAS has therefore been accepted as having an intrinsic role in the pathogenesis of 

MH, perhaps activated by pressure-induced natriuresis as suggested by the frequent 

observation of net sodium losses (Houston, 1986, Mohring et al, 1975). Alternatively, the 

pressure natriuresis may be secondary to increased efferent arteriolar sensitivity to All or 

noradrenalin leading to an increased GFR (Click et al, 1979).

In most models described, the rise in levels of renin or All occurring on transition to MH 

were accompanied by a further elevation in BP which might have been the critical factor
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(Goldby & Beilin, 1972). Some patients with MH have apparently normal plasma renin 

levels and it has been argued that it is the pressure induced natriuresis which is triggering 

MH with secondary activation of the RAS (Gavras et al, 1975, McAllister et al, 1971). In 

rabbits AH infijsion induced acute tubular necrosis but with little evidence of fibrinoid or 

arteriolar necrosis (Gavras et al, 1971). Therefore the role of BP or an activated RAS in 

transition or maintenance of MH remains unclear. This study was therefore designed to 

try to separate the contributions of increased BP and RAS mediated effects on transition to 

MH.

The rat model of MH, Hani?e«2/Edin- has already been described (Chapter 1, section 

1.11). A genetic susceptibility to transition from benign to malignant hypertension which 

appeared independent of BP was reported.

The results of this study demonstrate that tissue ACE inhibition at a dose that does not 

lower SBP in Han/?e«2/Edin- prevented the development of MH. The expected incidence 

of MH by 100 days of age in this heterozygote cross has been previously reported to be 

66-81 % (95 % confidence interval) (Whitworth et al, 1995a). In this study, 24 out of 40 

or 60 % of untreated Hani?e«2/Edin- rats had developed MH by 100 days and 25 out of 

40, (63 % 44-77 %, 95 % confidence interval) developed features of MH by 120 days. 

However, in the treated group given ramipril at a dose of 5pg/kg/day, only one rat died. 

Survival may be under-estimated (or MH over-estimated) because of the necessity to end 

any apparent suffering in animals exhibiting signs of illness, but signs were clearly defined 

before the study, such animals were identified by personnel not directly connected with this 

study and any such effect, if present, should potentially bias survival in both groups. In 

this study, there as in fact a statistically insignificant trend towards better survival
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compared with the previously reported results of 66-81 % Hani?e«2/Edin- developing 

terminal MH.

Administration of ramipril at the low dose of 5|ig/kg/day was associated with significant 

inhibition of tissue ACE. This is probably related to its very high tissue binding in 

comparison to other ACE inhibitors (Bender et al, 1990). Conversely, plasma ACE 

activity was raised in the treatment group. The possible cause for this finding has already 

been discussed (see section 6.3.1, above). Although we might assume that the increase in 

ACE activity is an assay artefact due to dissociation of the drug from the enzyme during 

storage it is possible that the drug complex stability is particularly low in vivo. For some 

part of the day, the treated animals might thus have been exposed to higher circulating 

ACE activity than untreated animals- perhaps accounting for the initially (<day 10) raised 

SBP while tissue loading with ramipril was perhaps continuing. If this were the case, then 

the argument that tissue ACE inhibition is the crucial factor in MH development becomes 

even clearer, as despite this higher circulating RAS activity, the animals remain protected. 

It is clear that treatment with hydralazine (without BP reduction) is not protective, 

suggesting that the protective effect of ramipril is exclusive to that drug. It is of interest 

that hypotensive treatment with amlodipine also protected against the development of MH. 

Taken with the protective effect of low dose ramipril, these data suggest that sustained 

hypertension alone may be necessary, but is not in itself sufficient to lead to MH. In this 

process, tissue RAS activity seems to play a crucial role.

Thus, this data supports a role for tissue RAS in the development of MH. Low dose 

ramipril treatment reduced tissue ACE activity without a detectable effect on SBP.
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Despite persistent severe hypertension, ramipril treatment almost completely protected 

against the development of the MH phenotype.

Furthermore, low dose ACE inhibition caused a significant reduction in tissue injury 

resulting from chronic hypertension or benign hypertension, specifically with regard to 

arteriolar necrosis, arterial myointimal proliferation and nephron injury in survivors. The 

degree of medial wall thickening did not differ between treated and untreated groups 

(either survivors or MH sufferers), suggesting that such effects are related merely to the 

hypertensive phenotype and are not directly due to the increased RAS activity. However, 

the degrees of arteriolar myointimal proliferation, fibrinoid change and nephron injury 

were significantly reduced or abolished in the treated group, despite similar BPs, 

suggesting that an intact RAS is important in tissue injury in the kidney in this model. It is 

interesting to note the very slight reduction in severity of vascular injury in those animals 

dying with MH, when compared with survivors. This may reflect the increased age of the 

survivor group at the time of histological examination. It has been previously suggested 

that lesions such as fibrinoid necrosis, thrombosis, ‘onion-skinning’ or mucinous intimai 

thickening were acute lesions arising when the clinical course of MH was short with no 

previous history of benign hypertension (Sinclair et al, 1976). More fibrous intimai 

thickening with hyaline deposits, interstitial fibrosis and glomerulosclerosis was evident in 

more chronic or slowly developing MH. A mixed pattern of injury was suggested where 

MH develops following a benign phase.

The results therefore suggest that All may be partly responsible for this pathology 

independent of BP. A similar study was reported by Pomes et al (1993) where low dose 

losartan (Img/kg/day) given to salt-loaded stroke-prone SHR (SPSHR) prevented stroke
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and mortality and reduced both development of fibrinoid necrosis and medial thickening, 

though a small but statistically significant reduction in SBP did occur during the course of 

the treatment. In contrast, in this study, no modification of medial hypertrophy was found. 

It is possible that this is due to intrinsic differences between the two hypertensive models 

used, TGR(mRen2)27 and salt-loaded SPSHR, or it may be due to the slight reduction in 

SBP that occurred in their study, but the equivalence in degree of medial hypertrophy 

between treated and control groups occurring in this study argues that it may be a 

compensatory response to elevated BP, rather than an All mediated response.

The possibility that the low dose ACE inhibition in this study prevented a transient acute 

rise in BP initiating transition to MH cannot be excluded. Continuous BP monitoring with 

telemetry is required to exclude this possibility. Similarly, the same criticisms of BP 

recording by tail cuff photoplethysmography described above (section 6.2.1) can also be 

applied in this study.

The type of tissue injury occurring in response to sustained benign hypertension in the 

TGR(mRen2)27 (HanR^«2/Edin-) heterozygotes is similar to that seen in those dying with 

MH and suggests that AH may be important in the development of tissue injury from either 

MH or sustained benign hypertension in this model. It has been previously shown that AH 

infusion by minipump into rats induces hypertension, fibrinoid necrosis, tubular atrophy 

and a mild interstitial fibrosis. This was associated with increased type IV collagen 

deposition, increased mRNA for PDGF-B chain in the area of interstitial injury and 

expression of a-SMA by renal interstitial cells (Johnson et al, 1992). Similarly, tubulo- 

interstitial fibrosis resulting from experimental unilateral ureteric obstruction in rats is
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accompanied by up regulation of the RAS and increased levels of mRNA for TGF-pl, 

collagen type IV and TIMP-1, as well as increased monocyte/macrophage infiltration and 

interstitial a-SMA expression. These processes could all be reduced or even halted by 

enalapril administration (Ishidoya et al, 1996).

6.4.1 Mechanisms of malignant hypertension

The mechanisms controlling the transition jfrom benign to malignant hypertension are not 

understood. Although conversion may seem spontaneous, it may be triggered by direct 

vascular injury or a vascular damage through a sudden rise in BP, withdrawal of 

hypotensive treatment or treatment with steroid hormones (Bloxham et al, 1979, 

Tuomilehto et al, 1982, Houston, 1989, Petitti & Klatsky, 1983).

Whatever the nature of its trigger, the appearance of the classic vascular changes of MH 

require exposure to high vascular pressure. Hypotensive treatment attenuates the vascular 

changes associated with MH (Kincaid-Smith, 1982) and in the SPSHR it has been 

suggested that a slightly lower BP in early life may predict a reduced susceptibility to MH 

in later life (Whitworth et al, 1994). In this study however, no difference was detected 

during early life in the SBP of animals that developed MH and those that did not. The 

limitations of the BP recording method, described above (section 6.2.1) may have meant 

that some changes in BP or its circadian rhythm may have been missed.

Finally, a specific genetic substrate may be required. A gene trigger may be 

monogenetically inherited in the TGR. There is little evidence of such a factor in humans.
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although associations of MH with specific human histocompatibility leukocyte antigens 

(HLA) types has been suggested (Gudbrandsson et al, 1980, Forsberg & Low, 1983).

RAS activation is an integral component of MH and has been demonstrated in both animal 

models and humans. For example, in the SPSHR rat both AH levels and plasma renin 

activity (PRA) rise (Camargo et al, 1990, Volpe et al, 1990, Kim et al, 1992) the latter 

correlating with the presence of renovascular and cerebrovascular lesions (Matsunaga et 

al, 1975, Shibota et al, 1979). Similar observations have been made in other animal 

models. RAS activation in MH is not simply a related phenomenon: MH crises can be 

triggered by RAS stimulation and agonists. For example, in SD rats made hypertensive by 

AL administration, renin administration will trigger MH (Masson et al, 1961). Further, 

administration of RAS antagonists at nonhypotensive doses protects against MH (Fomes 

et al, 1993). The protective effect of ramipril seen in this study is likely to be at least 

partly mediated by reduced AH synthesis rather than increased BK levels. In the SPSHR 

rat, administration of AT receptor antagonists prevents mortality from MH and limits the 

development of histological changes in this model (Shibota et al, 1979, Camargo et al, 

1993, Fomes et al, 1993).

RAS activation in human MH has also been reported. JGA hyperplasia (McLaren & 

MacDonald, 1983, Gardiner & Lindop, 1992), raised renal renin secretion (Hollenberg et 

al, 1969) and PRA (Helmer, 1964, Hollenberg et al, 1969), increased AH generation 

across the pulmonary bed (Giese, 1976) and raised AL levels (Laragh et al, 1960) have all 

been reported. Such findings may not be universal (McAllister et al, 1971), being subject 

to the confounding influences of varying durations and aetiologies of antecedent
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hypertension and the effects of treatment (which, due to the nature of this medical 

emergency, are often initiated prior to the drawing of research samples).

Finally, the high peripheral resistance in the MH patient is highly resistant to the effects of 

vasodilators such as nitoprusside (Rouby et al, 1982) whist being very sensitive to the 

effects of ACE inhibition. These data suggest that All drives the vasoconstriction of MH.

Thus given the above evidence, RAS activation may be a key factor in the development of 

MH RAS activation may be caused by activation of the classic endocrine RAS, activation 

of local renal RAS or local vascular RAS activation in non-renal organs. Increased 

circulating RAS activity seems at least partially renally driven, given the findings of raised 

renal renin secretion and JGA hyperplasia described above. However, increased tissue 

RAS activity may also play a part in the development of some features of MH. For 

example, after treatment of MH by BP reduction, AL levels may remain elevated despite a 

fall in PRA (McAllister et al, 1971). This dissociation of adrenal and circulating RAS 

activity, together with the fact that in the SPSHR MH does not seem to be due to 

increased activation of circulating prorenin, may suggest that extrarenal RAS activity is 

involved in the pathogenesis of MH (Kim et al, 1992).

The results of this study in the TGR rat strongly suggest that tissue RAS activity is closely 

involved in the development of MH in this model. RAS activity is thought to be low 

during the benign phase in this model. The sudden rise in plasma RAS activity that occurs 

in the TGR during the malignant phase is unlikely to be due to the classical JGA route, as 

JGA hypoplasia was observed (Bachmann et al, 1992a). Hypertension in the TGR rat has 

been suggested to be due to high local tissue RAS activity and the sudden elevation in the
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RAS components in the circulation during transition from benign to MH may well be 

derived from the same source. Although renal tissue renin is suppressed, local AH 

generation may in fact be very high due to the enhanced kinetics between mouse renin and 

rat Ao (Tokita et al, 1994b). In this study, the fact that tissue ACE inhibition prevented 

the development of both clinical and histopathological changes of MH confirms the 

importance of tissue RAS activity in this model and its importance in initiating the MH 

phenotype. It has not been demonstrated that the protective effect of ACE inhibition was 

due to decreased levels of AH rather than increased BK levels, but given the results of 

Fomes et al (1993) using a low nonhypotensive dose of losartan in the SPSHR showing a 

similar protective effect, decreased All levels would appear to be the most important 

factor.

RAS activation may mediate the clinical and histopathological changes of MH through a 

number of mechanisms, including a reduction in glomerular capillary ultrafiltration 

coefficient, glomerular cell hypertrophy and reduced mesangial cell function (MacGregor, 

1992).

AH may induce renal ischaemic damage by inducing renal afferent arteriolar 

vasoconstriction (Steinhausen et al, 1986). All may contribute to the development of 

fibrinoid necrosis via an elevation in arteriolar lumenal pressure and wall permeability 

(Fomes et al, 1993). Induction of VSMC hypertrophy by AH leading to an exacerbation 

of distal vasoconstriction may raise this pressure further (Geisterfer et al, 1988, Heagerty, 

1991). Trans-endothelial cell permeability may also be increased via an effect of AH on 

endothelial cell constriction (Fomes et al, 1993). The potent vasoconstrictor ET has been 

postulated to be a mediator of the RAS-related tissue damage and hypertension in MH.
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Indeed, ET expression is increased in some models during conversion to malignant phase 

(Kohno et al, 1991). However, although ET-1 was demonstrated to be elevated in the 

kidney of the TGR rat, an ET-1 antagonist offers no protection against development of the 

MH phenotype. Therefore, in the TGR rat increased renal ET-1 expression in this model 

of MH does not appear to have any causative role and may simply reflect cellular damage 

and ischaemia (Whitworth et al, 1995b).

AH may also contribute to fibrinoid necrosis in MH by stimulation of specific gene 

pathways. Indeed, renal levels of mRNA for ECM components and TGF-Pl are increased 

in MH and the rise can be blunted by the use of AT receptor antagonists and ACE 

inhibitors (Ishidoya et al, 1996).

Renal AH may cause sodium retention contributing to MH development. However, in the 

TGR rat, ACE inhibition and AT receptor antagonism both reduce renal sodium loss 

(Hirth-Dietrich et al, 1994). However, natriuresis and diuresis mark the transition of 

benign to malignant hypertension (Kincaid-Smith et al, 1958). Although the potential 

sodium conservation in the TGR rat during BH makes it unlikely, a role for sudden local 

AH activation causing sodium loss cannot be discounted.

6.4.2 Summary

In summary, sustained elevated BP in combination with a specific genetic background or a 

variety of trigger factors, may cause MH. The likely initiator of MH is the vascular 

damage in the kidney. Activation of the circulating, renal and non-renal RAS accompanies 

MH. MH syndrome can be caused by administration of RAS components and can be 

prevented by ACE inhibitors or AT receptor antagonists. AH may cause the profound
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vasoconstriction and accelerating BP in MH. It may also increase intraluminal pressure 

and arteriolar permeability, yielding a vascular filtration injury. A profound diuresis and 

natriuresis heralding the onset of MH may further drive RAS activation as will afferent 

arteriolar fibrinoid necrosis. In the TGR the JGA is essentially obliterated by SMCs, and 

local vascular All generation is thus postulated as the cause of this effect in the TGR. It 

would be interesting in future studies to demonstrate whether RAS activation precedes the 

natriuresis seen in some models. However, given the unpredictable timing of MH onset 

this would be difficult (in the TGR profound hypertension leading to polyuric renal failure 

occurs within 6 h).

This study demonstrated that tissue ACE inhibition without reduction of BP in the 

hypertensive transgenic rat TGR(mRen2)27 prevents transition to MH and significantly 

reduces the degree of tissue injury- namely arteriolar necrosis and fibrinoid deposition, 

intimai proliferation and ischaemic nephron drop-out.

6.5 TISSUE TRANSGENE EXPRESSION IN THE TGR(mRen2)27 RAT

Three methods are commonly used to identify transgene expression in animal models. 

Northern blotting is relatively insensitive to the potentially low level expression expected 

in these tissues and it was for this reason that other techniques were utilized. RNase 

protection assay is more sensitive. RT-PCR is extremely sensitive to very low level 

expression. However, due to such a very great sensitivity, the significance of a positive 

result in the absence of demonstration of expression by RNase protection might be 

debated.
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Using RNase protection assay, Ren-2 transgene expression in the RV and lung of the TGR 

rat is confirmed, with supportive positive results from RT-PCR analysis. Weaker aortic 

transgene expression suggested by RNase protection is confirmed by RT-PCR. In 

addition, a weak signal band on RT-PCR suggests transgene expression in the carotid.

The data from this study confirms transgene expression in the RV, but interestingly is not 

able to confirm LV expression. These data go some way to clarifying the results of others. 

Zhao et al (1993) used RNase protection assay to suggest possible transgene expression at 

the lowest limits of detection in the heart. However, the result is annotated as 

controversial, the cardiac chambers were not distinguished and mixed sex animals of 

unspecified age ranges were used. Lee et al (1995b) have demonstrated expression of the 

transgene in the heart of the TGR rat, where homozygosity was associated with a doubling 

of its mRNA, but again, the cardiac chambers were not separated.

The low level of transgene expression found by Zhao and coworkers (1993) in the aorta is 

also confirmed. Northern blot analysis and RNase protection assays have both suggested 

low level expression of renin in the heart and aorta in TGR and control animals. Hilgers 

and coworkers (1992), using RNase protection assay and Northern blotting, was only able 

to demonstrate transgene expression and not endogenous gene in the TGR aorta. 

Strangely, highly sensitive PCR amplification has failed to confirm these positive results. 

Methodological differences and a sex-specific effect may account for such differences in 

results. This transgene expression may also occur in other great vessels. Until now, no 

other group has examined transgene expression in these vessels (such as the carotid). RT- 

PCR suggests possible low level transgene expression in the carotid in this study. 

Difficulty in demonstrating expression in the carotid might be partly due to the poor
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quality of RNA derived from this tissue. The carotids were the last samples to be removed 

from the animals- RNA might have degraded during this time. The seemingly low 

expression in the carotid might be due to a low yield of PCR product secondary to poor 

RNA quality, or to the presence of trace contaminating factors which may reduce the 

efficiency of the reverse transcription or PCR steps.

The RT-PCR assay is in no way quantitative. However, RNase protection assay is 

quantitative and demonstrates that carotid Ren-2 expression is at least lower than that seen 

in the aorta. Whether this low level of expression is sufficient to affect aortic morphology 

or physiology is unknown, as is the ultrastructural site of expression.

6.5.1 Summary

In summary, the TGR rat expressed the Ren-2 transgene in the RV, aorta and lung. 

Expression is also shown on the carotid artery, where expression is probably lower. 

However, the seemingly low expression might be due to a low yield of PCR product 

secondary to poor RNA quality, as discussed above.

6.6 SUMMARY, IMPLICATIONS AND FUTURE STUDIES

In summary, this study has demonstrated that in the TGR m(Ren2)27 rat model, the 

development of LVH and cardiac fibrosis that accompany hypertension appear to be 

mediated by BP rather than the RAS. Furthermore, different mechanisms would appear to 

regulate the development and maintenance of cardiac hypertrophy and fibrosis that 

accompany hypertension. In the case of the maintenance of hypertrophy and fibrosis, RAS 

activity, specifically the local RAS, would appear to be most important regulatory factor, 

rather than BP and inhibition of this system is required to elicit regression.
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The increase in collagen deposition observed in the heart of the TGR rat may be mediated 

via an enhanced collagen synthesis, decreased collagen degradation or increased fibroblast 

cell number, or a combination of these effects. Furthermore, the precise factors regulating 

the increased collagen deposition in the TGR rat remain unclear. These issues were 

addressed in a further study (see Chapter 7).

This study was not able to demonstrate transgene expression in the LV of the TGR rat. 

Expression was confirmed in the RV, however. Together with the results of several other 

studies, expression of the transgene in the heart of the TGR rat is confirmed, but its spatial 

distribution remains unknown.

This study demonstrated that in the TGR rat tissue ACE inhibition protects against the 

development of the MH phenotype, the death associated with this condition and the 

appearance of some of the renal histopathological features associated with MH. These 

protective effects appear to be independent of any reduction in SEP. This study has not 

tried to address why a proportion of Hani?ew2/Edin- rats develop a terminal MH while 

others survive. This remains the subject of fiirther investigation, but rats who survive up 

to 100 days rarely succumb subsequently to MH (Whitworth et al, 1995a, Montgomery et 

al, 1998). Elevated BP alone does not appear to be responsible for inducing the lesions of 

MH, while All is strongly implicated.

The importance of tissue RAS activity in this process suggests that patients who present 

with poorly controlled hypertension may be put at increased risk of development of MH if 

diuretic therapy is used to try and control BP, or if close attention is not paid to correcting 

states of sodium and volume depletion, which may increase renal renin production and
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release. The results suggest that further studies are indicated to assess whether ACE 

inhibition may specifically reduce the incidence of MH and more importantly prevent 

arteriolar vascular pathology and secondary ischaemia particularly in high renin 

hypertension or MH. These are often areas where there is considerable clinical anxiety 

about prescribing such agents because of the risk of reducing the GFR.

Further studies are required to elucidate the point at which pharmacotherapy directed 

against the RAS is effective in the MH cycle. The results of this study suggests that the 

actions of ramipril are targeted early in the MH cascade, given that no evidence of 

diuresis/weight loss/dehydration was observed at any time point in the animals. ACE 

inhibition might therefore be the treatment of choice for hypertension if MH is to be 

avoided. Low dose ACE inhibition might also have advantages in the treatment of 

established MH. An intervention study of treatment of the TGR in its malignant phase is 

planned to help clarify this point.
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CHAPTER SEVEN: DISCUSSION- IN VITRO STUDIES IN
THE TGR (mRen2)27 RAT
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7.1 FOREWARD

The increased collagen deposition in the TGR myocardium observed in this study may be 

due to enhanced collagen synthesis, decreased collagen degradation, increased 

proliferation of cells responsible for connective tissue synthesis or a combination of these 

mechanisms. Since cardiac fibroblasts are the major cells responsible for collagen 

production, myocardial fibroblast cultures fi’om TGR and control rats were established to 

determine the mechanisms responsible for collagen accumulation in the hypertensive heart. 

Basal levels of replication and procollagen production were compared in TGR and control 

fibroblasts, as well as the response of these cells to growth factors.

The factors regulating the development of the cardiac fibrosis that accompanies systemic 

hypertension and cardiac hypertrophy are not clear, but both haemodynamic and non- 

haemodynamic factors have been implicated in the remodelling process.

Thus, one of the aims of the in vitro studies was to determine if differences in the 

phenotype of fibroblasts from TGRs and controls were due to inherent properties of these 

cells (i.e. the transgene expression) or due to a conditioning effect in vivo (for example by 

elevated BP or levels of AH). Therefore, fibroblasts were isolated from both neonatal 

animals (in which BP is similar in TGRs and controls) and 16 wk old animals in which 

elevated BP is established (and fibrosis is present).

Pressure overload may directly affect fibroblast function or indirectly via the production of 

autocrine or paracrine growth factors. Pressure overload may also afifect and fibroblast 

function by exposure of these cells to circulating factors (see Chapter 1, Figure 1.2).
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A common factor in several developmental and disease states associated with increased 

collagen deposition and remodelling is increased pressure and mechanical tension in the 

heart. Many cardiovascular diseases are associated initially with some form of pressure 

overload, for example, pulmonary or systemic hypertension or aortic constriction, leading 

to the development of cardiac hypertrophy and increased collagen deposition. This 

suggests that all cardiac cells may be influenced by mechanical load.

Further, mechanical load in vitro also stimulates collagen synthesis by SMCs (Leung et al, 

1976, Kollros et al, 1987, Sumpio et al, 1988), pulmonary artery (Bishop et al, 1993 a) 

and cardiac fibroblasts (Carver et al, 1991, Butt et al, 1995a). Elastin and fibronectin 

synthesis are also increased in smooth muscle and endothelial cells, respectively, in 

response to mechanical load in vitro (Sutclife & Davidson, 1990, Gorfien et al, 1989).

Pressure overload leads to fibroblast and endothelial cell proliferation in the heart in vivo 

(Chapter 1, section 1.6), suggesting that mechanical load influences cell replication. 

Enhanced replication also occurs in response to mechanical load in vitro. Endothelial and 

SMCs, as well as pulmonary artery (Sumpio et al, 1987, Banes et al, 1993, Wilson et al, 

1993, Bishop et al, 1993a) and lung fibroblasts (Bishop et al, 1993b) ail demonstrate 

increased replication in response to mechanical load. Thus, mechanical load stimulates the 

synthesis of a diverse range of proteins, including those of the ECM and proliferation of 

cardiovascular cells.

Recent in vitro evidence has suggested that All stimulates fibroblast collagen production 

and replication (Brilla et al, 1994, Schorb et al, 1993), hypertrophy of cardiac myocytes 

(Baker & Aceto, 1990) and collagen synthesis and growth of VSMCs (Kato et al, 1991).
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The TGR(mRen2)27 rat has been shown to express the renin transgene in many tissues, 

including those involved in cardiovascular regulation and more importantly, cardiac tissue 

(Lee et al, 1995b). Plasma levels of renin, AI and All are diminished, as well as renin 

activity in the kidney, whereas that detected in extrarenal tissues is enhanced, allowing the 

suggestion that the expression of the transgene leads to activated tissue RAS. Together, 

these results have led to the hypothesis that All- produced in the circulation or locally by 

the intracardiac RAS may be important in the pathophysiology of cardiovascular disease. 

However, in our laboratory. All has been demonstrated to have no effect on rat cardiac 

fibroblast collagen synthesis (Butt et al, 1995a). Therefore, the role of locally generated 

All in the development cardiac fibrosis observed in the TGR rat in this study is of great 

interest.

In this chapter, the immunocytochemical characterizations of cardiac fibroblasts from 

neonate and 16 wk old TGRs and SD controls are discussed. Basal levels of replication 

and procollagen synthesis in the cells are discussed together with the response of the cells 

to growth factors and RAS antagonists.

The RV of the TGR model has not been used for comparison with the LV for several 

reasons. Previous studies of the LV collagen metabolism in the SHR have traditionally 

used the WKY LV as a control (Brilla et al, 1991b, Sen & Bumpus, 1979). This study 

confirms previous findings of an RV collagen concentration that is generally greater than 

that of the LV under normal conditions (Chapter 6, section 6.3.2) (Bonnin et al, 1981, 

Caspari et al, 1975), suggesting that there may be differences in the regulation and/or 

metabolism of collagen in the LV and RV (Batkh et al, 1986). Alternatively, this finding 

may simply be due to the fact that content in similar in both ventricles at birth, but only the
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LV undergoes developmental hypertrophy, therefore effectively reducing LV collagen 

concentration in comparison with the RV (Weber & Brilla, 1991). Additionally, it has 

been described that at least some hypertension models show abnormalities of RV collagen 

which could mitigate its usefiilness as a control for the LV (Brilla et al, 1990). Indeed, 

this study has demonstrated for the first time the presence of perivascular fibrosis in the 

normotensive RV of the TGR rat (Chapter 6, section 6.3.2). As TGR and the SD rats 

share essentially the same genetic background, all the phenotypic differences observed 

between TGR and SD rats are very likely to be related for the most part to the transgene 

expression in the TGR and it is for this reason that SD are used as the control for TGR.

7.2 IMMUNOHISTOCHEMICAL CHARACTERIZATION OF PRIMARY 

CELLS

Primary cell cultures of neonatal and adult TGR and control fibroblasts were isolated and 

used in this study. Cells were grown in conditions to optimize the isolation of fibroblast 

cultures (Bashey et al, 1992, Carver et al, 1991, Chua et al, 1991). Fibroblasts outgrow 

other cell types in culture, therefore giving a monolayer in which the majority of cells are 

fibroblastic. Neither endothelial cells nor myocytes were likely to have grown in the 

culture conditions used, as endothelial cells require specific culture media supplements and 

myocytes are unlikely to survive the isolation procedure or to adhere to the plasticware 

used.

The staining pattern exhibited by the primary cells was compared with that obtained in 

various cell lines employed as controls: SMCs (AlOs), fibroblasts (NRK-49F) and 

endothelial cells (HUVECs). Control cells also served to confirm antibody specificity. 

Control cells demonstrated the expected staining patterns. Thus, A 10s stained positively
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for the muscle cell markers, a-SMA, desmin and myosin and negatively for vimentin and 

von Willebrand Factor. The latter are mesenchymal and endothelial cell markers, 

respectively. NRK-49Fs stained positively for vimentin and negatively for a-SMA, 

desmin, myosin and von Willebrand Factor. HUVECs stained positively only for von 

Willebrand factor. These results demonstrated that the antibodies in use displayed the 

correct specificity. Primary cardiac fibroblasts in culture stained positive for vimentin and 

negative for desmin, myosin and von Willebrand Factor. In addition, cells stained 

positively for a-SMA, indicating that the cells were of the myofibroblast type. Cell 

cultures of neonatal and adult cardiac fibroblasts were therefore assumed to be basically 

free of contaminating cell types, including smooth muscle and endothelial cells. 

Fibroblasts were used at passage number not greater than 6, in order to prevent loss of 

phenotypic characteristics. Indeed, primary cells stained at early and late passage 

displayed identical patterns of staining.

7.3 REPLICATION IN SD AND TGR FIBROBLASTS

Increased fibroblast replication represents a mechanism for increasing collagen deposition. 

Enhanced numbers of fibroblasts and myofibroblasts in vivo have been demonstrated in 

models of pressure overload cardiac hypertrophy (Grove et al, 1969, Leslie et al, 1991) 

and during vascular remodelling (Meyrick & Reid, 1979). Many stimuli, including 

mechanical force (Bishop et al, 1993b, Wilson et al, 1995) and local or systemic growth 

factor production (Wilson et al, 1993) may be responsible for mediating the increase in cell 

number in vivo.

To investigate whether increased fibroblast replication is involved in the development of 

cardiac fibrosis observed in the TGR rat in this study, fibroblasts were isolated from adult
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TGR and controls and were examined with respect to their replication basally and in 

response to serum. All and PDGF-BB.

Fibroblast proliferation was determined using a colorimetric assay performed in microwell 

plates, based on cell staining with methylene blue, elution of the bound dye and 

quantification of the cell-associated dye using a microwell plate reader. This method has 

been vahdated with a number of characterized and novel growth factors (Gray et al, 1990, 

Oliver et al, 1989, Harrison et al, 1994) and has always demonstrated a linear relationship 

between cell number and bound dye.

7.3.1 Optimization of assay conditions

The optimal conditions for the methylene blue assay were cells pre-plated in 1 % FCS for 

24 h with a subsequent incubation of 48 h. These conditions were chosen because most of 

the isolations failed to adhere to the plasticware in less than 1 % FCS (0.4 % and 0 % 

FCS) and the results of a time course study demonstrated significant replication at 48 h in 

response to serum and PDGF-BB. Also, replication was maximal in cells maintained in 1 

% FCS.

7.3.2 Basal fibroblast replication

No significant differences were observed in the basal replication rates of adult SD and 

TGR fibroblasts, nor between neonate SD and TGR fibroblasts. These results may suggest 

that the increase in collagen deposition observed in the heart of the TGR rat involves a 

mechanism unrelated to fibroblast replication.
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Many studies (see below) have reported alterations in fibroblast phenotype with respect to 

collagen production and other fibroblast functions in human disease and in animal models 

of fibrotic diseases (Philips et al, 1994, LeRoy, 1974, Bashey & Jimenez, 1977, Korn et al, 

1983, Worral et al, 1986). However, few studies have investigated alterations in fibroblast 

phenotype with respect to proliferation. The findings of this study are in agreement with 

findings in RV fibroblasts isolated from the bleomycin rat model (unpublished data), where 

no difference was observed in the growth rate of these fibroblasts compared with those 

isolated from control animals. Phan et al (1985) also reported no differences in the growth 

rates of lung fibroblasts isolated from bleomycin rats compared with controls. However, 

in another study, Absher et al (1984) did report differences in growth rates of the 

fibroblasts isolated from the lungs of bleomycin treated animals and those from controls. 

However, differences between the studies of Phan et al and Absher et al, with respect to 

the isolation method used and time after bleomycin administration make comparison of 

these studies difficult. In vivo studies in the bleomycin model have produced results 

indicating that the mechanism of increased collagen deposition in the heart is not due to 

increased fibroblast replication but to increased collagen synthesis (Skosey et al, 1972, 

Turner et al, 1986). Therefore, it may be tentatively concluded that, in common with the 

bleomycin model of cardiac fibrosis, increased fibroblast replication in the TGR rat does 

not contribute to the increased collagen deposition observed in vivo.

Most studies of the alterations in cell phenotype with respect to proliferation in 

hypertensive models have centered on the investigation of the mechanisms responsible for 

the vascular remodelling that occurs in hypertension. Indeed, using the TGR rat, Peiro et 

al (1992) investigated the causes of the vascular changes seen in this model by obtaining 

cultures of VSMCs from TGRs and their controls. Using [^H]thymidine uptake, they
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demonstrated a higher rate of basal proliferation in TGR compared with control cells. In 

addition, they reported a reduced responsiveness of TGR VSMCs to the mitogenic effects 

of FCS and a higher degree of heparin inhibition compared with control cells. These 

results are consistent with the hypothesis that the proliferative mechanisms of TGR 

VSMCs are partially activated under basal conditions. Similar results have been obtained 

in several studies using cell culture systems to examine proliferation of various cell types in 

the vascular changes of the SHR and to study their role in the accumulation of ECM 

components in vascular hypertrophy associated with SHR. Cultures of VSMCs (Yamori 

et al 1981, Berk et al, 1989) and adventitial fibroblasts (Zhu et al, 1991) from aortas of 

SHR showed increased proliferation in comparison with cells from control animals.

Thus, in the TGR rat it appears that basal VSMC replication is elevated compared with 

control cells, whilst basal cardiac fibroblast replication is not. The increased replication 

seen in TGR VSMCs in vitro may account for the vascular changes observed in the TGR 

rat in vivo, although a contribution by VSMC hypertrophy cannot be excluded. In 

contrast, it would appear that fibroblast replication may not be the mechanism of increased 

collagen deposition observed in the TGR heart.

These studies are open to criticism. Firstly, a loss of cell phenotype in culture may have 

occurred. Secondly, in removing cells from the in vivo environment, factors that may be 

involved in regulation of fibroblast phenotype may be absent, for example mechanical load 

and growth factors. Pressure overload leads to fibroblast and endothelial cell proliferation 

in the heart in vivo (discussed in Chapter 1, section 1.6), suggesting that mechanical load 

influences cell replication. Enhanced replication also occurs in response to mechanical 

load in vitro. Endothelial cells, lung fibroblasts, SMCs and neonatal cardiac fibroblasts
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(Sumpio et al, 1987, Bishop et al, 1993b, Sudhir et al, 1993, Sadoshima & Izumo, 1993a) 

have all been demonstrated to replicate in response to mechanical load. Also, mechanical 

stretching of myocytes has been shown to stimulate their growth, as well as the release of 

All (Sadoshima et al, 1993). All, produced by other myocardial cell types may therefore 

act in an paracrine fashion on other cells of the myocardium, such as fibroblasts to regulate 

their behaviour.

Thus, mechanical load stimulates the synthesis of a diverse range of proteins, including 

those of the ECM and proliferation of cardiovascular cells.

However, with regard to a possible loss of cell phenotype, cells were used at a passage 

number no greater than 6 and immunohistochemical characterization of fibroblasts at early 

and late passage did not demonstrate any change in the pattern of cell staining observed. 

Furthermore, concerning removal of cells from in vivo stimuli, alterations in fibroblast 

phenotype with respect to collagen production and other fibroblast functions in human 

disease and in animal models of fibrotic diseases (Philips et al, 1994, LeRoy, 1974) have 

been shown to persist in in vitro culture (Worral et al, 1986). To further address the 

questions of the effects of removing mechanical load and paracrine growth factor 

production from the system, mechanical loading of cells in vitro and establishment of co

cultures of cardiac fibroblasts and myocytes would be necessary.

Although transgene expression in the heart of the TGR rat has been demonstrated (Lee et 

al, 1995b), its cellular distribution in the tissue remains unknown. As discussed above, 

myocytes have been demonstrated to release All in culture when subjected to mechanical 

stretch as well as under basal conditions (Sadoshima et al, 1993, Dostal et al, 1992b). If
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local activation of All production is occurring in the heart of the TGR rat, myocytes may 

well be the source. However, fibroblasts and myofibroblasts have also been shown to 

produce AH under basal conditions (Dostal et al, 1992b, Katwa et al, 1997). Transgene 

expression in fibroblasts from TGR rats has been sought in comparison with fibroblasts 

fi'om control animals using the most sensitive method available, RT-PCR, with primers 

specific for the mouse Ren-2 gene. RNA isolated from SD and TGR fibroblasts (from 

adults and neonates) was sent to Dr Matt Sharp at the Centre for Genome Research, 

Edinburgh University. However, problems with primer specificity and product yield have 

so far prevented the clarification of the question of transgene expression in TGR 

fibroblasts (personal communication. Dr Matt Sharp). Different primers are currently 

being tested. Perio et al (1992) did not examine transgene expression in the VSMCs from 

the TGR rat, however, RAS agonists and antagonists had no effect on the replication rates 

of these cells, leading the authors to conclude that the hypothetical increased local 

production of AH is not involved in the enhanced growth rate of the TGR vascular smooth 

muscle.

No significant difference in basal replication rates of adult and neonate SD cells, nor adult 

and neonate TGR cells was observed in this study. To my knowledge, no studies have 

directly compared the growth rates of cardiac fibroblasts isolated fi"om neonatal and adult 

animals. Most studies have used neonatal cardiac fibroblasts only, due to the ease of 

isolating these cells compared with fibroblasts from older animals. Many studies have, 

however, examined the phenotype of skin fibroblasts from donors of differing age. Most 

of these studies have reported a decrease in proliferative properties of skin fibroblasts with 

increasing donor age (Mollenhauer & Bayreuther, 1986, Phillips et al, 1994) or 

experimental aging in vitro using subcultured cells (Albini et al, 1988). Thus, it has been
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suggested that the observed age-related alterations in skin fibroblast proliferation may have 

a role in the transition from fetal to adult wound healing properties and in the altered 

morphological and biophysical properties of aged skin. In contrast, it would appear that 

fibroblast replication is unchanged in neonatal and adult rat cardiac fibroblasts. Therefore, 

age-related increase in collagen deposition seen in the rat heart in this study (Chapter 4, 

section 4.2.2) may be regulated by mechanisms other than fibroblast replication.

7.3.3 Effect of serum on fibroblast replication

All of the isolations examined exhibited a significant stimulation of replication in response 

to serum. There were no significant differences in the proliferative response of SD and 

TGR fibroblasts to serum, consistent with the hypothesis that the proliferative mechanisms 

of TGR fibroblasts are not altered under basal conditions compared with SD fibroblasts 

(see section 7.3.2, above). Nor were there any differences in the response of adult and 

neonate cells to serum, consistent with the hypothesis mechanisms other than fibroblast 

replication regulate the age-related changes in cardiac collagen deposition in the rat heart.

7.3.4 Effect of SarAU on fibroblast replication

All was a very weak mitogen for all of the cell isolations examined. SarAU was used in all 

replication studies since it is more resistant to proteolysis than All, therefore any lack of 

mitogenic activity simply due to in vitro degradation of the peptide can be excluded. In 

this study. All only significantly stimulated fibroblast replication at the highest dose 

examined in a few experiments. In contrast to our results, studies by Schorb et al (1993) 

and Sadoshima & Izumo (1993a) showed that All induced hyperplasia in neonatal and rat 

cardiac fibroblasts and up regulated second messengers known to be associated with the 

ATi receptor response. The reasons for this discrepancy between the studies is unclear,
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but differences in the fibroblast isolation method used may affect the responsiveness of the 

cells. In agreement with the results of this study, Sharma et al (1994) found that All by 

itself did not induce proliferation of neonatal cardiac fibroblasts. It has been suggested 

that during the culture process of adult rat cardiac fibroblasts, AT receptors may be down 

regulated (Feolde et al, 1993b). Since the expression of AT receptors on rat cardiac 

fibroblasts used in this study has not been sought, the possibihty that receptors were 

subject to down regulation during the culture process cannot be discounted.

There were no significant differences in the responses of SD or TGR fibroblasts to SarAII. 

This is in agreement with the findings of Peiro et al (1992) in VSMCs fi'om SD and TGR 

rats. Concerning the cellular mechanism involved in the increased cell proliferation of 

TGR muscle (discussed above), an obvious hypothesis in this case is that the local 

expression of the transgene activates tissue production of All, which has been reported to 

be a trophic factor of vascular smooth muscle, with hyperplastic and/or hypertrophic 

growth properties (Heagerty, 1991). However, blockade of the RAS at different levels did 

not alter the proliferation rate in either SD or TGR VSMCs. Furthermore, Ao, Al or All 

did not possess any proliferative effects in either of the cell strains. These results strongly 

suggest that the hypothetical local increased production of All is not involved in the 

enhanced growth rate of TGR vascular smooth muscle. The possibility that All could be 

related to hypertrophy in these cells was not examined, but on the basis of the data 

previously reported in VSMCs (Scott-Burden & Bühler, 1988, Geisterfer et al, 1988) is an 

open question that remains to be elucidated. In agreement with this data, it would appear 

that that hypothetical local increased production of All does not affect fibroblast 

proliferation in the TGR. As already discussed above, removal of fibroblasts from the in 

vivo situation may have affected their responses in vitro. For example. All has been
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shown to enhance the proliferative response of VSMCs to the mitogenic effect of All 

(Sudhir et al, 1993) and to act synergistically with mechanical load to increase cardiac 

fibroblast collagen synthesis (Bishop et al, 1996).

There were also no significant differences in the proliferative responses of adult and 

neonate cells to SarAII. This may suggest that age-related changes in cardiac collagen 

deposition in the rat heart are not due to an altered responsiveness to the actions of growth 

factors.

7.3.5 Effect of PDGF-BB on fibroblast replication

PDGF-BB significantly stimulated replication of both SD and TGR fibroblasts in a dose 

response manner in accordance with many previous studies (Antoniades & Williams, 

1983). PDGF is a major mitogen in serum (Heldin & Westermark, 1984, Duel et al, 1985, 

Ross et al, 1986) and its effects on cell division in cultured SMCs has been extensively 

described, with PDGF-BB potently stimulating cell proliferation (Ross et al, 1986, 

Grainger et al, 1994). Little is known about the effect of PDGF on cardiac cells. PDGF- 

BB induces proliferation of adult and fetal rat cardiac fibroblasts and pulmonary artery 

fibroblasts (Simm et al, 1997, Butt et al, 1995b).

Although the main aim of the in vitro studies was to investigate the role of the locally 

generated All in development of cardiac fibrosis in the TGR rat, the response of 

fibroblasts to PDGF-BB was also examined since one potential mechanism of action of 

peptide growth factors is through the autocrine/paracrine release of endogenous regulatory 

factors (Roberts & Spom, 1990). In VSMCs, the cellular actions of All have been linked 

to the autocrine release of growth factors such as PDGF and TGF-pi (Weber et al,
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1994b). All has been shown to induce PDGF expression in VSMCs and PDGF has thus 

been proposed to serve as an important intermediary in the mitogenic action of All The 

enhanced VSMC replication seen in response to mechanical load is thought to be mediated 

by autocrine production of PDGF (Wilson et al, 1993).

Similar to the results observed with serum, there was no significant difference in the 

proliferative responses of SD and TGR cells to PDGF-BB This again confirms the 

absence of an altered fibroblast basal proliferation rate in TGR fibroblasts compared with 

controls and provides further evidence that the increased collagen deposition in the heart 

of the TGR rat is regulated by mechanisms other than increased fibroblast proliferation.

There was no significant difference in the proliferative responses of neonate and adult cells 

to PDGF-BB This may suggest that age-related changes in cardiac collagen deposition 

are not due to an altered responsiveness to the actions of growth factors.

7.3.6 Summary and implications

In summary, in vitro experiments examining the replication of adult and neonate SD and 

TGR fibroblasts have not demonstrated a difference in the behaviour of the cells with 

respect to replication basally, in response to serum. All or PDGF-BB. This may suggest 

that the increase in collagen deposition observed in the heart of the TGR rat involves a 

mechanism unrelated to fibroblast replication. This is similar to findings in RV fibroblasts 

isolated fi'om the bleomycin rat model (unpublished data), where no difference in the 

replication of bleomycin or control fibroblasts in response to serum. All and PDGF-BB 

was seen. Furthermore, in this study there were no differences in the basal replication 

rates of neonate and adult fibroblasts, nor in response to serum. All or PDGF-BB. This
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suggests that the age-related changes in cardiac collagen in the rat may be regulated by 

mechanisms other than altered proliferation or responsiveness to growth factors.

7.4 PROCOLLAGEN METABOLISM IN SD AND TGR FIBROBLASTS

Increased fibroblast collagen synthesis or decreased degradation, or a combination of these 

processes, represent a mechanism for increasing collagen deposition. Enhanced collagen 

synthesis by fibroblasts and myofibroblasts in vivo have been demonstrated in models of 

pressure overload cardiac hypertrophy (Grove et al, 1969, Leslie et al, 1991) and during 

vascular remodelling (Meyrick & Reid, 1979). Many stimuli, including mechanical force 

(Bishop et al, 1993b, Wilson et al, 1995) and local or systemic growth factor production 

(Wilson et al, 1993) may be responsible for mediating the increase in in vivo.

In this study, fibroblast procollagen metabolism was assessed by measuring OHpro in 

hydrolysed protein harvested fi’om cultured fibroblasts (Campa et al, 1990, McAnulty et 

al, 1991). Total procollagen synthesis is derived from the sum of the procollagen protein 

production (EtOH precipitable OHpro) and procollagen degradation (EtOH soluble 

OHpro). RP-HPLC was used to assess rates of procollagen metabolism from cultures of 

TGR and SD fibroblasts under basal conditions, in response to TGF-pl, SarAII and RAS 

antagonists.

7.4.1 Basal procollagen metabolism in SD and TGR fibroblasts

Basal procollagen total synthesis and production were significantly higher in adult TGR 

than SD fibroblasts. In agreement with the results of this study, numerous studies have 

reported alterations in fibroblast phenotype with respect to collagen production and other 

fibroblast fijnctions in human disease and in animal models of fibrotic diseases (Philips et
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al, 1994, LeRoy, 1974). Myocardial fibroblast cultures from SHR rats produce increased 

amounts of collagen and fibronectin associated with increased expression of the genes for 

type I and III collagens and also for fibronectin compared with WKY controls (Philips et 

al, 1994). Also, cardiac fibroblasts isolated from the tight skin mouse (TSK), an animal 

model for scleroderma and model of myocardial fibrosis, showed increased synthesis of 

collagen in comparison with cells from normal animals (Philips et al, 1995). RV 

fibroblasts isolated from bleomycin treated rats also synthesized more collagen compared 

with cells isolated from control animals (unpublished observations). Lung fibroblasts in 

culture from animal models of pulmonary fibrosis show higher rates of collagen synthesis 

than normal lung fibroblasts (Phan et al, 1985). Acquired abnormalities of connective 

tissue metabolism in inflammatory diseases often persist when lesion tissue is maintained in 

in vitro culture (Worral et al, 1986). Fibroblasts previously exposed to mononuclear cell 

products synthesized more than twofold greater amounts of PGE2 than unexposed 

fibroblasts and persisted for several cell generations (Korn et al, 1983). Dermal fibroblasts 

cultured from scleroderma patients show an increased collagen production when compared 

to fibroblasts from normal age and sex matched controls (LeRoy, 1974, Bashey & 

Jimenez, 1977).

The observed increase in collagen biosynthesis by adult TGR rat LV fibroblasts of 48 % 

compares well with the 69 % increase in LV collagen content seen in 16 wk old TGR 

hearts in vivo, in comparison with SD rats. Total degradation and the proportion of 

collagen degraded were not different between adult TGR and SD fibroblasts. These 

observations, together with the lack of evidence for altered TGR fibroblast proliferation 

(see above), collectively suggest that the increased collagen deposition in the TGR heart is
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largely due to the increased collagen biosynthetic activity of TGR rat myocardial 

fibroblasts.

Several mechanisms may be postulated to explain the behaviour of myocardial fibroblasts 

from TGR. In vivo events either modify the biological activities of the TGR fibroblasts or 

the TGR fibroblasts are programmed differently leading to excessive collagen deposition.

It is also conceivable that the myocardial fibroblasts in TGR are exposed to some factors 

which may modify their behaviour when compared with SD fibroblasts. One candidate 

may be All, since transgene expression has been demonstrated in the heart of the TGR, 

raising the possibility that All levels may be increased locally in the heart of the TGR.

The mechanisms by which increased pressure leads to LVH and fibrosis are unknown. 

However, it is interesting that Butt & Bishop (1997) demonstrated that mechanical stretch 

enhanced the stimulatory effect of serum growth factors on cardiac fibroblast procollagen 

synthesis. Carver et al (1991) also showed that mechanical stretch stimulated expression 

of collagen mRNA levels in cardiac fibroblasts. In a recent study on hypertension, it was 

clearly demonstrated that mesangial cells cultured under cyclic mechanical stretching 

synthesized increased amounts of ECM proteins such as collagen and fibronectin (Raiser et 

al, 1992). The increase in ECM production was further accentuated by increased cell 

proliferation resulting from actions of growth factors and cytokines. Similar situations 

may exist during LVH and associated myocardial fibrosis in the TGR. Mechanical 

stretching of myocytes has also been shown to stimulate their growth, as well as the 

release of All, a putative mediator of collagen synthesis (Sadoshima et al, 1993). All has 

also been shown to act synergistically with mechanical load to further increase collagen 

synthesis stimulate by mechanical load (Bishop et al, 1996).
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Fibroblast procollagen synthesis was also significantly greater in neonate TGR fibroblasts 

compared with SD cells. In addition, basal degradation was increased in neonate TGR 

fibroblasts compared with SD cells. It is not possible to compare the observed increase in 

collagen biosynthesis by neonate TGR rat cardiac fibroblasts of 184 % to an in vivo value 

since we have not studied animals at < 10 wk of age.

The fact that fibroblast procollagen synthesis was increased in both neonate and adult cells 

may suggest that the enhanced collagen biosynthetic activity observed is due to an inherent 

quality, rather than the effect of a modifying factor in vivo, such as BP. In this study, BP 

was not measured in the neonate animals as this is impossible by tail cuff at this age and 

telemetry was not available due to the reasons discussed earlier (Chapter 6, section 6.2.1). 

However, BP was similar in 10 wk old TGR and SDs measured by photoplethysmography 

in several different cohorts of animals. We cannot, however, rule out a difference in TGR 

and SD BP at earlier time points. An obvious candidate for the increased biosynthetic 

activity observed is All, since transgene expression has been demonstrated in the heart of 

the TGR. Transgene expression has been sought in adult and neonate TGR fibroblasts 

compared with controls by RT-PCR As described above, due to problems with the assay, 

no results are currently available.

Fibroblast procollagen synthesis was also significantly greater in adult than neonate 

fibroblasts, both in TGR and SD cells. This is in agreement with the results of in vivo 

studies (Chapter 4, section 4.2.2) in which a normal age-related increase in ventricular 

collagen content and concentration were observed. However, the very large increases of 

collagen biosynthesis by adult myocardial fibroblasts compared with neonate fibroblasts 

(SD adult 880 % higher than SD neonate and TGR adult 385 % higher than TGR neonate)
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was substantially higher than the relatively small increases in ventricular collagen content 

and concentration seen in 24 wk old animals compared with 10 wk old animals. Some 

explanations for the differences in the in vivo and in vitro results include suppression of 

fibroblast biosynthetic activity in vivo by factors secreted by other cell types such as 

cardiac myocytes or due to the presence of a heterogeneous group of fibroblasts in vivo 

and the selection of fibroblasts with an abnormal phenotype during culture in vitro. 

Neonatal fibroblasts displayed a higher proportional degradation of collagen than adult 

cells, both in SD and TGR cells. This may reflect the in vivo situation in young animals in 

which rapid cardiac growth occurs, requiring a rapid turnover of collagen (Mays et al, 

1991).

To my knowledge, no studies have directly compared the collagen synthesis of neonate 

and adult cardiac fibroblasts or their response to growth factors. Most investigators have 

concentrated on the use of neonatal rat cardiac fibroblasts only, due to the ease with which 

these cells can be isolated and maintained in culture, compared with cells from older 

animals. It is difficult to compare the results of these studies to those obtained in cells 

fi’om neonates here, since differences between the methods used for assessing procollagen 

synthesis vary and also the way in which the results are expressed (e.g. expressed on a 

DNA basis, rather than cell number, as in this study).

Many studies have, however, been conducted concerning age-related changes in skin 

fibroblast phenotype with respect to collagen synthesis. The results of these studies have 

produced conflicting results, probably due partially to experimental problems as well as to 

differences in species and tissue origin. Thus, increases, decreases and no change in 

collagen synthesis have been reported (Albini et al, 1988, Boyer et al, 1991, Colige et al,
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1990, Johnson et al, 1986). It has been suggested that the observed age-related alterations 

in skin fibroblast collagen synthesis may have a role in the transition from fetal to adult 

wound healing properties and in the altered morphological and biophysical properties of 

aged skin. It would appear that fibroblast collagen synthesis is altered with age in rat 

cardiac fibroblasts. Therefore, age-related changes in collagen deposition in the heart may 

be regulated by fibroblast collagen synthesis.

The difference in collagen synthesis between TGR and SD fibroblasts was larger in 

neonate than adult cells (neonate: TGR 184 % above SD, adult: TGR 48 % above SD). 

This is possibly due to the very low level of collagen synthesis observed in SD neonate 

fibroblasts. Accordingly, the difference in collagen synthesis between adult and neonate 

cells was largest in SD fibroblasts (SD adult: 800 % above neonate vs TGR adult 385 % 

above neonate).

The increased collagen synthesis observed in TGR compared with SD cells is not due to 

fibroblast replication over the experimental period, since no change in cell counts carried 

out at time zero and at the end of the incubation period was detected. Similarly, the 

increased collagen synthesis in adult compared with neonate cells is not simply due to 

differences in cell number, since all results were expressed as nmols OHpro/lxlO"^ cells/48 

h.

7.4.2 Effect of TGF-pl on procollagen metabolism in SD and TGR fibroblasts

Although the main aim of the in vitro studies was to investigate the role of the locally 

generated All in development of cardiac fibrosis in the TGR rat, the response of 

fibroblasts to TGF-pi was also examined since one potential mechanism of action of
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peptide growth factors is through the autocrine/paracrine release of endogenous regulatory 

factors (Roberts & Spom, 1990). In VSMCs, the cellular actions of All have been linked 

to the autocrine release of TGF-pi (Weber et al, 1994b). All has also been shown to 

stimulate the autocrine production of TGF-pl in adult rat cardiac fibroblasts (Lee et al, 

1995a). In rat and rabbit cardiac fibroblasts TGF-pi has been shown to be a potential 

regulator of collagen mRNA levels (Butt & Bishop, 1997, Eghbali et al, 1991). Further, in 

a thoracic banded rat model of cardiac hypertrophy, levels of TGF-pl mRNA preceded 

increases in mRNA levels for ECM proteins (Villareal & Dillman, 1992), suggesting a 

possible regulatory role for TGF-pi in remodelling processes in the myocardium. 

Therefore, the action of All in the myocardium may be mediated, at least in part, by the 

autocrine production of TGF-p.

In accordance with many previous studies, neonatal fibroblasts (SD and TGR) displayed a 

marked increase in collagen synthesis in response to TGF-pl (McAnulty et al, 1991, Fine 

& Goldstein, 1987, Quaglino et al, 1990). In adult human heart fibroblasts, TGF-pl has 

been reported to stimulate type I collagen mRNA levels and decrease collagenase 

expression (Chua et al, 1991), further supporting a role in increasing cardiac collagen 

deposition. TGF-pl has been previously reported to stimulate right pulmonary artery 

fibroblast collagen metabolism (Dawes, 1995) and to stimulate increased synthesis of both 

elastin and collagen in the vasculature (Roberts & Spom, 1989, Majak et al, 1990, 

Pentinnen et al, 1988). However, in this study, adult cells, both TGR and SD, proved very 

unresponsive to the effects of TGF-pl.
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There were no differences in the response of SD or TGR fibroblasts to TGF-pl, although 

neonate SD fibroblasts did appear to be more responsive to TGF-P 1 than TGR cells, but 

this difference did not quite reach statistical significance. This observation would support 

the notion of elevated basal collagen production in TGR fibroblasts. The reason for the 

poor response of adult fibroblasts to TGF-P 1 is unclear. Since no statistical differences 

were observed in the responses of TGR or SD fibroblasts to TGF-pl it would appear that 

the increased fibroblast collagen synthesis observed in TGR fibroblasts may not be 

mediated by TGF-pl.

7.4.3 Effect of SarAII on procollagen metabolism in SD and TGR fibroblasts

On the whole, SarAII was a weak stimulator of collagen synthesis. However, it did 

significantly stimulate collagen synthesis in a few of the experiments, but not consistently. 

This is in contrast to the results of Brilla et al (1994), who demonstrated increased 

collagen synthesis in adult rat cardiac fibroblasts treated with All These results suggest 

that All may not be responsible for the increased collagen synthesis seen in TGR 

fibroblasts. As discussed above (section 7.3.2) transgene expression has not yet been 

demonstrated in TGR fibroblasts. Hence, the role of locally produced AH in the increased 

collagen deposition in the TGR heart remains unclear. It is possible that removal of cells 

from the in vivo environment may have affected their responses in vitro. For example, in 

human cardiac fibroblasts, AH has been shown to synergistically to enhance collagen 

synthesis in response to mechanical load (Bishop et al, 1996).
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7.4.4 Effect of ATi and AT: receptor antagonists and a renin inhibitor on basal

procollagen metabolism in SD and TGR fibroblasts

The effect of various RAS antagonists on basal fibroblast collagen synthesis were 

investigated. The ATi and AT: receptor antagonists, losartan and PD123177, respectively 

and a renin inhibitor were used in these experiments. Losartan appeared to decrease basal 

collagen production in both SD and TGR neonatal fibroblasts to the same extent. 

Losartan failed to decrease collagen synthesis in neonate TGR fibroblasts to levels seen in 

SD cells. These results may suggest that All is involved in normal collagen synthesis in 

both SD and TGR neonate cells, but is not involved in the enhanced collagen deposition 

seen in neonate TGR cells. In contrast, losartan slightly stimulated collagen production in 

adult SD fibroblasts and total collagen synthesis in TGR fibroblasts. These results suggest 

that, in contrast to neonate cells. All is not involved in basal collagen synthesis in adult 

fibroblasts. In agreement with these results, Keeley et al, (1992) demonstrated early 

treatment with ACE inhibitors was able to slow the age-related collagen accumulation in 

the arterial wall of normotensive animals, suggesting All to be involved in normal 

developmental growth of young animals. In common with neonate cells. All does not 

appear to be involved in the enhanced collagen synthesis seen in adult TGR fibroblasts.

The AT: receptor antagonist, PD 123177 had no effect on neonate fibroblast collagen 

synthesis, but led to a shght stimulation in adult fibroblasts, suggesting that, in accordance 

with many previous studies, in neonatal cells at least, the cellular effects of All are 

mediated mainly via the ATi receptor (Chapter 1, section 1.9.3, Sudhir et al, 1993, 

Sadoshima & Izumo, 1993a, Schorb et al, 1992). The cause of the slight increase in 

collagen synthesis seen in adult cells with the losartan and the PD 123177 compound is 

unclear. The renin inhibitor decreased collagen synthesis in all of the isolations tested.
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This suggests that All is involved in basal collagen synthesis in both neonate and adult 

cells, but is in contrast to the results described above, in which the ATi receptor antagonist 

did not inhibit basal collagen synthesis in adult cells. The reason for this discrepancy is 

unclear and warrants further investigation. It is possible that inhibition of renin prevents 

formation of another factor, other than All, that may be involved in basal collagen 

synthesis in neonate and adult cells.

On the whole, it would appear that All is not involved in the enhanced collagen synthesis 

observed in TGR fibroblasts, since RAS antagonists tended to inhibit basal synthesis in 

both SD and TGR cells, suggesting a role for All in basal collagen production, in neonate 

cells at least. This is in accordance with in vivo studies in normotensive animals, in which 

early treatment with ACE inhibitors was able to slow the age-related collagen 

accumulation in the arterial wall (Keeley et al, 1992).

7.4.5 Summary and implications

In summary, this study has demonstrated that the cultured TGR myocardial fibroblasts 

display an enhanced synthesis of collagen in comparison with SD fibroblasts. Collagen 

degradation was not altered in adult SD and TGR fibroblasts, but was elevated in neonate 

TGR fibroblasts compared with control cells These results suggest that increased collagen 

synthesis, rather than decreased collagen degradation or increased fibroblast proliferation 

is the mechanism responsible for the increased collagen deposition in vivo in the heart of 

the TGR. Furthermore, All does not appear to be responsible for the enhanced collagen 

synthesis seen in the TGR fibroblasts, since the response of SD and TGR fibroblasts to 

RAS agonists and antagonists was similar in both types of cells and RAS antagonists failed 

to reduce collagen synthesis in TGR cells to levels seen in SD cells.
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7.5 SUMMARY, IMPLICATIONS AND FUTURE STUDIES

In summary, this study has demonstrated that TGR fibroblasts do not display an altered 

proliferative activity, but they do display an enhanced collagen synthesis compared with 

SD fibroblasts. Collagen degradation is unchanged in adult TGR fibroblasts compared 

with SD cells and increased in neonate TGR fibroblasts compared with SD cells. 

Together, these results suggest that the mechanism of increased collagen deposition in 

TGRs is regulated by increased collagen production rather than decreased collagen 

degradation or increased fibroblast replication.

All does not appear to be involved in the enhanced collagen synthesis observed in the 

TGR fibroblasts, since the responses of TGR and SD cells to RAS agonists and 

antagonists were not significantly different and RAS antagonists failed to reduce TGR 

collagen synthesis to SD levels. These results are in agreement with the in vivo results of 

this study, in which BP rather than the RAS appeared to be the main factor involved in the 

development of cardiac fibrosis in the TGR rat (Chapter 6). This is at odds however, with 

the finding that collagen synthesis is increased in both neonate and adult TGR fibroblasts. 

Although BP was similar in 10 wk old SD and TGR rats, BP has not been measured in 

neonate animals it is possible that differences may exist in neonate SD and TGR BP. 

Further studies are in progress to examine transgene expression in TGR fibroblasts.

The results of this study seem to suggest that All is not involved in the deposition of 

collagen in the TGR heart and the enhanced synthesis seen in TGR fibroblasts. However, 

with respect to examination of fibroblasts in vitro, removal of cells from the in vivo 

environment may affect the behaviour of the cells. It may therefore be of interest to 

observe the response of the cultured SD and TGR fibroblasts to mechanical load with
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respect to replication and procollagen production. Many cell types, including endothelial 

cells, lung fibroblasts, SMCs and neonatal rat cardiac fibroblasts have been demonstrated 

to replicate in response to mechanical load in vitro (Sumpio et al, 1990, Bishop et al, 

1993b, Sudhir et al, 1993, Sadoshima & Izumo, 1993a). Fibroblast collagen synthesis has 

also been shown to be stimulated by mechanical load (Butt & Bishop, 1997, Carver et al, 

1991). The replication seen in response to mechanical load is thought to be mediated by 

autocrine production of growth factors and ATI has been shown to act synergistically with 

mechanical load to increase fibroblast collagen synthesis (Bishop et al, 1996). These 

mechanisms are of particular interest in TGR fibroblasts since transgene expression and 

locally elevated levels of All have been demonstrated in the heart of the TGR. However, 

as already discussed, transgene expression in TGR fibroblasts has not yet been 

demonstrated. It would also be interesting to examine AH production by SD and TGR 

fibroblasts in culture or AH receptor number/subtypes (basal levels, or for example in 

response to growth factors or mechanical load). The results of these studies would serve 

to further elucidate the factors regulating the increased collagen synthesis observed in the 

TGR fibroblasts.

The cultured myocardial fibroblasts established as described in this study may prove to be 

a very useful tool to examine further the effects of hypertension on collagen deposition in 

the myocardium. Understanding the mechanisms of collagen deposition in the 

hypertrophying heart and the factors that regulate these events may lead to strategies to 

prevent the development of cardiac fibrosis.

302



APPENDIX

303



APPENDIX

Celestine blue solution (Chapter 2):

Celestine blue B 2.5 g

Ferric ammonium sulphate 25 g

Glycerin 70 ml

(IH2O 500 ml

The ferric ammonium sulphate is dissolved in the cold distilled water with stirring, the 

celestine blue is added to this solution and the mixture boiled for a few minutes. After

cooling, the solution is filtered and the glycerine added. The stain should be usable for

about 6 months.

Riboprobe transcription buffer (lOX) (Chapter 2):

Tris-HCl pH 7.5 400 mM

MgCl 60 mM

Spermidine-HCl 200 mM

Store at room temperature

RNase protection hybridisation (RPH) buffer (RNase A/RNase T) (Chapter 2):

Formamide (deionized with 3X BioRad AG 501X8 resin) 8 ml 

PIPES pH 6.4 (IM) 400 pi

NaCl (5M, DEPC) 800 pi

EDTA (0.5M, DEPC) 20 pi

H2O 780 pi

304



Digestion buffer (Chapter 2);

Tris-HCl pH 7.5 (IM) 60 pi

EDTApH8.0(0.5M) 60 pi

NaCl (5M) 360 pi

H2O 5.52 ml

RNase XI (1700-2000 units/pl) 8.0 pi

RNase A (10 mg/ml) 80 pi
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