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Abstract,

The classic view of the renin-angiotensin system is that of a circulating, systemic hormonal 

cascade regulating blood pressure and extracellular fluid volume. However, increasing 

evidence has led to the suggestion that functional renin-angiotensin systems comprising some 

or all of the components of the enzymatic pathway may exist within several individual 

organs or tissues. The purpose of the work presented in this thesis was (i). to confirm renin- 

angiotensin system gene expression in various tissues (ii). to examine the effects of 

inhibition at different levels on expression (iii). to investigate the effects of experimental 

post-infarction heart failure on tissue renin-angiotensin systems and to see whether ACE 

inhibitor treatment, which improves this condition, influences gene expression. In the work 

presented, first a systematic study of rat tissues by Northern blotting and RT-PCR 

demonstrated the expression of mRNA for components of the renin-angiotensin system in 

several tissues, supporting the concept of their existence and resolving controversy over the 

potential for expression in certain tissues. Subsequently, both acute and chronic 

pharmacological blockade of the cascade by an ACE inhibitor demonstrated differential 

regulation of the renin-angiotensin system in different tissues. In further studies, blockade of 

the cascade at three different levels in the marmoset confirmed differential regulation of 

specific components in different tissues. In contrast to previous reports, induction of 

experimental heart failure in rats followed by administration of an ACE inhibitor resulted in 

a 1.6 fold increase in renal angiotensinogen mRNA and a change in cardiac ACE mRNA was 

not seen with heart failure. A reduction in mortality was also associated with ACE inhibitor 

treatment. The results obtained raise interesting questions both of the role of tissue renin- 

angiotensin systems in contributing to the pathophysiology of disease states and mediating 

the effects of pharmacological blockade of the renin-angiotensin system, and more generally 

regarding their organisation.
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Abbreviations.

AI angiotensin I.

AH angiotensin II.

ACE angiotensin converting enzyme.

Aogen angiotensinogen.

Arg arginine.

Asp asparagine.

ATj type 1 angiotensin II receptor.

ATg type 2 angiotensin II receptor.

bp base pair.

bpm beats per minute.

cAMP cyclic adenosine monophosphate.

cDNA complementary Deoxyribonucleic acid.

cpm counts per minute.

cps counts per second.

DEPC diethyl pyrocarbonate.

EDTA ethylenediaminetetra-acetic acid . IH^O.

g acceleration due to gravity.

GAPD glyceraldehyde-3-phosphate dehydrogenase.

Gin glutamine.

Glu glutamic acid,

gm gram(s).



h/hr hour(s).

HGPRT/HGPT hypoxanthine guanine phosphoribosyl transferase.

His Histidine.

He isoleucine.

kb kilobasepair.

K m Michaelis constant.

Leu leucine.

min minute(s).

MOPS morpholinopropanesulphonic acid.

mRNA messenger Ribonucleic acid.

O.D. optical density.

PGR polymerase chain reaction.

Phe phenylalanine.

PRA plasma renin activity.

Pro proline.

RA renin-angiotensin.

rpm revolutions per minute.

SDS sodium dodecyl sulphate.

sec second(s).

SEM standard error of the mean.

SHR spontaneously hypertensive rat.

SNS sympathetic nervous system.

SSC saline sodium citrate.



TAB T ris-acetate/EDT A.

T.E. Tris-EDTA.

Tris 2-amino-2-hydroxymethyl-propane-1,3-diol.

Tyr tyrosine.

U.V. ultra violet.

V volts.

VSM vascular smooth muscle.

Val valine.

WKY wistar-kyoto.
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CHAPTER ONE

Historical review



PREFACE

The history of the study of the renin-angiotensin (RA) system has its foundation in 

the study of blood pressure and its regulation. The most important clinical theme to arise 

from the study of blood pressure has been the concept of hypertension. Hypertension may be 

defined as an elevation of arterial blood pressure above the normal range expected in a 

particular age group. Hypertension may occur without a discoverable organic cause and this 

is loiown as essential or primary hypertension. Essential hypertension was first formally 

defined by Frank (1911) and the first description in the West of this condition was probably 

by Schaarschmidt and Nicolai in the mid 1700's who reported agitation of the circulation and 

constriction of the vascular bed in patients (in Backer, 1953). Secondary or symptomatic 

hypertension is defined as hypertension due to, or associated with, a variety of primary 

diseases such as stenosis of the renal artery (renal hypertension), endocrine disorders (such as 

Cushings syndrome or phaeochromocytoma) or vascular disease. It is necessary, therefore, 

to look at the elucidation, function and pathophysiology of the RA system in the general 

context of the study of blood pressure and hypertension.

1.1 THE EARLY DAYS

Stephen Hales (1733), in his studies on the horse, proved by direct cannulation of a 

large artery that blood flow exerted a specific pressure on blood vessel walls. He also defined 

much of the haemodynamics of the circulation and the possible effects on the circulation of 

pathological lesions. This expanded the famous work of William Harvey, whose 

demonstration of the circulation of the blood in 1633 (in Swales, 1987) was the beginning of 

modem cardiovascular research. Hale's work was developed throughout the nineteenth 

century, most notably by Vierordt, Marey and Mahomed, to give a method of indirect 

measurement (in Swales, Sever, and Peart, 1991). However, it took until the early part of the 

twentieth century before the sophistication of indirect measurement was systematised to 

include diastolic as well as systolic pressure. This is illustrated most famously by the work of 

Korotkoff (1905), which forms the basis of indirect clinical measurement today.



In the intervening period, the work of Richard Bright (1836) stands out as a landmark 

in that it established a link between renal disease and hypertension. Bright studied patients 

who had died with diseases characterised by dropsy and albuminuria. Upon post-mortem 

examination, he found that the kidneys were shrunken and diseased (nephritis) and the heart 

enlarged (most apparent in the left ventricle). Such a presentation became Icnown as Bright's 

disease. Bright recognised that the degree of cardiac hypertrophy was related to the 

progression of renal disease, but incorrectly postulated that cardiac hypertrophy was a 

compensatory mechanism to restore adequate renal perfusion in the diseased kidney.

Bright's observations encouraged a plethora of researchers to attempt to elucidate the 

cause of this new disease. Traube (1856) came to the same incorrect conclusions as Bright 

but nevertheless was the first person to link raised arterial pressure with the disease. Johnson 

(1868) recognised arteriolar medial hypertrophy in the pathogenesis of the disease, 

confirming Bright's observations concerning hypertrophy. Ewald (1877; in Swales, 1987) 

supported these findings. In contrast, Mahomed (1874) and Allbutt (1896) described raised 

blood pressure without renal disease, giving increased arteriolar resistance as the cause. This 

ties in with Leyden (1881), who postulated that thickening of arteries (and consequential 

narrowing of the lumen) in the renovascular bed could cause elevation of arterial pressure in 

the absence of renal disease.

1.2 THE ROLE OF THE KH)NEY IN HYPERTENSION

In 1892, Brown-Séquard found that nephrectomised animals lived slightly longer and 

had a temporary improvement in condition after being given renal extracts. This supported 

his earlier postulate that body organs could release substances into the circulation that had 

physiological effects, but were not catabolic products (Brown-Séquard, 1854).

Tigerstedt and Bergman (1898) proposed to test the ideas of Brown-Séquard with 

respect to the kidney and its relationship with the manifestations of uraemia in Bright's 

disease; in doing so they discovered renin. They took an extract of fresh rabbit kidney and 

administered it intravenously into other healthy rabbits. This caused an elevation of blood 

pressure within a short time; peaking after one to two minutes and gradually returning to

3



normal within twenty minutes. They termed the pressor substance evidently present in the 

kidney extract, as renin. They also found that repeated administration of renin had a lesser 

response and that its action might be mediated indirectly via an effect on vascular smooth 

muscle. Renin was demonstrated to be present in the renal cortex and renal venous blood. 

Renin was not found in arterial blood or urine. It was postulated that under certain 

conditions, the kidney would produce an excess of renin which would be released into the 

circulation. Blood vessels would thus have increased resistance due to the pressor action of 

renin, eventually giving rise to cardiac hypertrophy. In addition, Tigerstedt and Bergman 

investigated the basic physical properties of renin, finding it to be non-dialysable, water 

soluble but insoluble in ethanol and heat-inactivated above 56° Centigrade.

1.2.1 Experimental models of renal hypertension

The studies of Tigerstedt and Bergman (1898), were essentially not expanded for the 

next thirty years and the existence of renin was still not widely accepted at the time of 

Tigerstedt's death in 1925. From a scientific perspective, other investigators had failed to 

reproduce Tigerstedt and Bergman's work and the biochemical demonstration of renin was 

technically complex. Perhaps the greatest obstacle to the further study of renin was the lack 

of a suitable model of renal hypertension. Various attempts at producing models had resulted 

in renal failure in the experimental animal (Goldblatt, 1937).

In the early 1930's Harry Goldblatt began studies into experimental renal 

hypertension to test his hypothesis that lumen narrowing in the renal arteries of human 

'essential' hypertensives was the primary cause of the observed elevated blood pressure. 

Together with his co-workers (Goldblatt et a l, 1933; 1934), Goldblatt measured the arterial 

blood pressure of conscious dogs that had hypertension induced by constricting their renal 

arteries with adjustable silver clamps. Partial constriction of only one artery (two kidney-one 

clamp model) gave an initial elevation of blood pressure that recovered to normal in a couple 

of days. Partial constriction of both renal arteries (two kidney-two clamp model) gave a 

persistent rise in blood pressure. This rise could be reversed by removing the clamps 

(Goldblatt, 1937). A rise in blood pressure also developed if one of the renal arteries was



constricted and the undamped kidney removed (one kidney model). The severity of induced 

hypertension was therefore related to the degree of constriction of the renal arteries.

Goldblatt postulated that the elevation of blood pressure was induced by the release of a 

pressor substance by the kidney. He also showed that constiicting blood vessels other than 

the renal arteries had no effect on blood pressure.

Goldblatt and his group further characterised their model over the next ten years or 

so. They demonstrated that an intact ischaemic kidney had to be present for hypertension to 

develop (Goldblatt, 1937). This supported other groups' work, including Prinzmetal and 

Friedman (1936) and Harrison, Blalock, and Mason (1936), who found that in two kidney- 

one clamp hypertension in dogs, an extract from the ischaemic kidney had a greater pressor 

effect than an extract from the undamped kidney, in recipient dogs. Goldblatt (1937) also 

showed in the dog, that ligation of the renal veins in both Iddneys did not induce 

hypertension. This implied that a pressor substance was released from the kidneys via the 

renal veins. Later work (Goldblatt, 1947) that demonstrated the development of hypertension 

in Goldblatt's models following removal of the sympathetic nervous system, supported 

Goldblatt's idea that neural factors were not involved in hypertension.

Some investigators in the field failed to reproduce Goldblatt's work or found that the 

data from different experiments contradicted each other (Page, 1937; Prinzmetal, Friedman, 

and Oppenheimer, 1938; Pickering, Prinzmetal, and Kelsall, 1939). Failure to demonstrate a 

pressor action was probably due to technical effects such as the loss of the pressor substance 

with alcohol extraction techniques and the vasodepressor effects of certain classes of 

anaesthesia (Pickering, 1968).

Confirmation of a pressor substance being present in renal venous blood came from 

Houssay and Fasciolo (1937), who studied the effect on blood pressure of transplanting 

kidneys into the neck of bilaterally nephrectomised dogs. An ischaemic donor kidney from a 

hypertensive dog caused a rapid increase in blood pressure in the recipient animal. 

Transplanting a normal kidney from a noimotensive dog did not affect blood pressure. 

Furthermore, renal venous blood from an ischaemic kidney caused vasoconstriction in the
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vascular bed of the hind limb of the toad, Bufo parenarum. Venous blood from a normal 

kidney, or from extra-renal tissues in hypertensive models, did not have this level of pressor 

effect (Houssay and Taquini, 1938).

1.3 ISOLATION OF THE PRESSOR SUBSTANCE

By the late 1930's, it was generally accepted that the ischaemic kidney produced a 

pressor substance that was released into the venous circulation. Due to the revival of interest 

in the work of Tigerstedt and Bergman (1898), renin seemed the obvious candidate for the 

pressor and this was proposed by Prinzmetal and Friedman (1936), amongst others, after they 

repeated the early work. However, the pressor substance had not yet been isolated from 

blood.

Braun-Menéndez and co-workers (1939) managed to isolate the pressor substance 

from renal blood. It must have been a surprise to many that the pressor substance was clearly 

demonstrated not to be renin. In stark contrast, the pressor substance was dialysable, soluble 

in acetone but not organic solvents, heat stable and inactivated by acids and proteolytic 

enzymes. This pointed to it being a polypeptide. It could also be produced by incubating 

renin with blood globulins. The pressor was termed 'hypertensin'. It was postulated that renin 

was a proteolytic enzyme (this was later confirmed by Croxatto and Croxatto [1942] who 

demonstrated that incubating pepsin with blood proteins gave a product with similar 

properties to 'hypertensin') secreted by the kidney, which acted on blood pseudo-globulins to 

give the active peptide 'hypertensin'. Page and co-workers (Kohlstaedt, Helmer, and Page, 

1938; Page, 1939; Page and Helmer, 1940) simultaneously isolated and characterised a 

pressor substance. In experiments on an isolated rabbit ear preparation; they showed that 

vasoconstriction took place if renin was perfused through the vasculature using fresh blood, 

but not if renin was perfused using physiological saline. This showed that renin did not act 

directly on blood vessels, but required a 'renin-activator' present in blood. They went on to 

show, in further work, that incubating renin with 'renin-activator' (isolated by fractional 

precipitation of bovine serum) gave a pressor substance with similar properties to 

'hypertensin'. Page and Helmer (1940) called their pressor substance 'angiotonin'. It



eventually became apparent that 'hypertensin' and 'angiotonin' were the same thing and the 

common name angiotensin was agreed upon for the pressor, along with angiotensinogen for 

the renin substrate or 'activator' (Braun-Menéndez and Page, 1958).

1.3.1 Characterisation of angiotensin

In the early 1950's a small group consisting of Leonard Skeggs, Walter Marsh (a 

recent Ph.D. like Skeggs) and the physiologist Joseph Kahn were involved in the race to 

purify and determine the structure of angiotensin. They prepared crude extracts of renin from 

pig kidneys, angiotensinogen from horse blood, incubated the two to form angiotensin and 

purified the product by counter-current distribution. By a quirk of fate during one 

experimental run, Skeggs used saline instead of distilled water to dialyse his 

angiotensinogen. This resulted in purified angiotensin appearing in an earlier fraction of the 

counter-current distribution to normal. Subsequent experiments showed that this new fraction 

appeared when renin and angiotensinogen were incubated in the presence of chloride ions. 

Skeggs called the 'normal' fraction Angiotensin I (AI) and the fraction produced in the 

presence of chloride ions. Angiotensin II (All). It was found that renin was not involved in 

determining whether AH was produced. Skeggs proposed that there was an enzyme present 

in the crude angiotensinogen extract that was activated by chloride ions and converted AI to 

AIL Therefore, as well as showing two forms of Angiotensin, this was the first 

demonstration of angiotensin converting enzyme [ACE] (Skeggs et a l, 1954a). AI was 

purified (Skeggs et a l, 1954b) and the amino acid composition determined (Skeggs et a l,

1955) by 1955. AH was purified (Skeggs, Kahn and Shumway, 1956a) and had its 

relationship to AI and amino acid sequence determined by 1956 (Lentz et a l, 1956; Skeggs 

et a l, 1956). Skeggs and his colleagues showed that converting enzyme cleaved the C- 

terminal dipeptide (His -̂Leu '̂  ̂) of AI, a decapeptide (Asp^-Arg^-Val^-Tyr"^-Ile^-His®-Pro^- 

Phe®-His -̂Leu^® ) to yield AH, an octapeptide. A couple of months earlier the amino acid 

sequence of a bovine angiotensin had been published (Elliot and Peart, 1956). This sequence 

was identical to that of horse AI (Skeggs et a l, 1956) with the exception of a valine for 

isoleucine substitution at position 5 of the decapeptide. AH was also subsequently found to



have up to three times the pressor effect of noradrenaline in the anaesthetised rat (Peart,

1956).

Angiotensin Converting Enzyme was also isolated at this time (Skeggs, Kahn, and 

Shumway, 1956b) and partially characterised. The part of the angiotensinogen molecule 

from which AI is generated via enzymatic cleavage by renin was also characterised (Skeggs 

et a l, 1957), AI being demonstrated to be the first ten amino acids at the amino terminal end 

of the angiotensinogen molecule.

AH was soon synthesised in the laboratory and was categorically identified as the 

active pressor substance, AI being the precursor inactive form (Bumpus, Schwartz, and Page,

1957). The pathway that was to be termed the renin-angiotensin system had therefore been 

elucidated before the end of the 1950's.

Since the 1950's roles for AH apart from that of a simple pressor have been 

postulated. It was suggested that AH might affect gene transcription via receptors on 

chromatin (Re and Parab, 1984). If this is true, then AH may have comprehensive functions 

beyond cardiovascular and fluid homeostasis. AH has been shown to influence the growth of 

vascular smooth muscle cells in culture (Dzau and Gibbons, 1988). This implies that local 

production of AH may be involved in cardiac and vascular hypertrophy. Such a growth 

mechanism might arise via activation of the phosphoinositide second-messenger system 

(Heagerty and Ollerenshaw, 1986; Lever, 1986; Mizuno et a l, 1988). Local production of 

AH has also been postulated as having a role in the maintenance of vascular tone 

(Nakamaru, Jackson and Inagami, 1986; Mizuno et a l, 1988). A full description of the 

putative roles of AH is given in chapter two.

The most recent developments in the characterisation of AH have come with the 

discovery of its receptors in the late 1980's. The receptors were placed into two distinct 

subtypes, type 1 (AT^ ) and type 2 (AT^ ), based upon their differential pharmacological and 

biochemical properties (Chiu et a l, 1989). A bovine adrenal ATj receptor complementary 

DNA (cDNA) was cloned, sequenced and had the protein expressed, in the early 1990's
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Figure 1 A: The renin-angiotensin cascade (after Peach, 1977).
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(Sasaki et al., 1991). Simultaneously, similar data for a rat vascular ATj receptor cDNA was 

published (Murphy et a l, 1991). From the predicted amino acid sequence, the AT  ̂ receptor 

was placed into a seven-transmembrane receptor, G protein-coupled receptor superfamily. 

Subsequent molecular analyses showed that the ATj receptor was comprised of two isoforms 

AT^  ̂and AT^  ̂(Iwai and Inagami, 1992; Sasamura et a l, 1992). Pharmacological data from 

the cloning and expression studies showed that the AT  ̂ receptor mediates most Icnown 

effects of AH via activation of the phosphoinositide/calcium pathway; or inhibition of 

adenylate cyclase activity. In recent years AT  ̂receptors have been cloned from a variety 

of tissue sites in several species (Timmermans et a l, 1993). AT^ receptors from foetal rat 

cDNA (Mukoyama et a l, 1993), a rat phaeochromocytoma cell line (Kambayashi et a l, 

1993) and foetal mouse cDNA (Nakajima et a l, 1993; Ichiki et a l, 1994) have since been 

cloned, expressed and sequenced. In the kidney, mRNA for the AT̂ ^̂  isoform has been 

shown to be far more abundant than AT^  ̂mRNA (Du et a l, 1995), thus suggesting that 

AT^a is the predominant renal form of the AT  ̂ receptor. The ATg receptor has been 

demonstrated to belong to a seven-transmembrane receptor superfamily like the ATj 

receptor. However, it has been postulated to be in a unique part of that family that does not 

show G protein-coupled signalling or even follow a classic intracellular signalling pathway 

(Tsutsumi et a l, 1991; Dudley, Hubbell, and Summerfelt, 1991). The role of the ATg 

receptor is largely unclear, but as it is predominantly expressed in foetal tissue (Grady et a l, 

1991; Tsutsumi et a l, 1991) it is likely to play an important role in development.

1.4 RENIN

1.4.1 Localisation of renin production

Despite the clarification of the role of renin elucidated in the 1930's, the exact site of 

renin production in the kidney was unloiown. Tigerstedt and Bergman (1898) had shown 

renin to be present in the renal cortex rather than the renal medulla. This was verified by 

Prinzmetal and Friedman (1936).

Goormaghtigh (1939) proposed the site of renin production to be acidophil and 

basophil granules (implying in themselves an endocrine function) within the juxtaglomerular
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(JG) cells (these are specialised smooth muscle cells found in the media of the afferent 

arteriole, close to the glomerulus). He came to this conclusion after observing that 

constriction of the renal artery in dogs or rabbits was associated with an increase in the size 

and number of JG cells, thus forming a link with the elevated blood pressure seen by 

Goldblatt when constricting the renal arteries of the dog (see section 1.2.1). Goormaghtigh's 

studies were a rewarding epitaph to the work of Ruyter (1925) who had described granules in 

the terminal part of the afferent arterioles of the glomerulus. However, Goormaghtigh's work 

was largely ignored until the mid 1950's. Further characterisation by Cook, Gorden, and 

Peart (1957) showed that renin was located mainly in the outer cortex (where most of the 

glomeruli are found) whereas no renin was found in the subcapsular region (where there are 

no glomeruli). Tobian, Janecek, and Tomboulian (1959) found a definite correlation between 

the amount of juxtaglomerular granulation (JG index) and the amount of extractable renin in 

the kidneys of rats with experimental hypertension. Finally, categorical evidence of the 

localisation of renin to gr anules within the JG cells, came from Edelman and Hartcroft 

(1961) by the use of fluorescence labelled antibodies to renin.

1.4.2 Further characterisation of renin

Although the basic properties of renin were Icnown, the actual nature of renin itself 

was largely unlcnown throughout the 1950's and 1960's. Attempts to isolate and purify the 

enzyme [e.g. Hass, Lamform, and Goldblatt (1953)] were only partly successful due to the 

relatively small amount of renin in kidney homogenate and the instability of extracts. This 

instability was manifest as the techniques used to purify and concentrate renin also purified 

and concentrated other proteases present in the kidney (Inagami et al, 1988).

The discovery that in certain strains of mice the submandibular gland produced 

relatively large amounts of renin, was exploited to produce a satisfactory working yield of 

pure, stable renin (Cohen et a l, 1972). The high yields of intact renin obtained were 

instrumental in later biochemical and molecular genetic analysis of renin. Confirmation that 

renin had been isolated was demonstrated immunologically, using antibodies generated from 

a mouse renal extract, by radio immunoassay (Michelakis et al., 1974a). The renin from the
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submandibular gland was also shown to react specifically with angiotensinogen to generate 

AI (Michelakis et a l, 1974b). New methods were developed to purify kidney renin, 

including chemical inactivation of proteases by pepstatin A (Aoyagi et a l, 1971) and affinity 

chromatography. This resulted in pure stable renal renin first being isolated in the pig 

(Murakami and Inagami, 1975; Inagami and Murakami, 1977). Rat renal renin (Matoba, 

Murakami, and Inagami, 1978) was also isolated by Inagami's group as was human renal 

renin (Yokosawa, Inagami, and Hass, 1978; Yokosawa et a l, 1980). Pro-renin, the inactive 

precursor of renin first described by Lumbers (1971), was soon isolated (Yokosawa et a l, 

1979) and purified (Takii and Inagami, 1982).

Renin was demonstrated to be an aspartyl (or acid) protease as it was inactivated by 

diazoacetylamino acid esters (Inagami, Misono, and Michelakis, 1974) and had a similar 

active site arrangement to other acid proteases (Misono and Inagami, 1980). However, renin 

was found to be quite unique amongst acid proteases. It was shown to have a neutral pH 

optimum (not acid), only one loiown substrate (angiotensinogen) and weak inhibition by 

pepstatin A (a phenomenon that proved useful in the isolation of renin: Other proteases were 

inactivated by pepstatin A allowing the renin to remain intact, whilst inhibition of the 

biological action of renin did not occur to any great degree).

In the early 1980's, the amino acid sequence of mouse submandibular renin was 

deduced firom DNA sequencing of the cDNA complementary to the renin mRNA (Panthier et 

al, 1982; Misono, Chang, and Inagami, 1982; Corvol et a l, 1983). Homology was shown 

between the active sites of renin and other aspartyl proteases. In the process, evidence for 

renin precursor (pro-renin) was substantiated. The cDNA's for human renin (Imai et a l,

1983) and rat renin (Burnham et a l, 1987) were soon cloned and sequenced.

Perhaps the most interesting development in the story of renin has been the detection 

of renin activity in extra-renal tissues. Gould, Skeggs, and Kahn (1964) demonstrated renin 

activity in blood vessel walls. Ganten et a l (1971) reported the presence of renin in dog 

brain. Early reports of such activity were postulated to be due to uptake from the circulation 

(Loudon et a l, 1983) and to the non specific action of cathepsin D on angiotensinogen when
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using acidic assay conditions. (Day and Reid, 1976; Hackenthal, Hackenthal, and 

Hilgenfield, 1978). The use of more stringent purification and detection techniques gave 

categorical evidence for renin activity in the brain (Hirose, Yokosawa, and Inagami, 1978; 

Ganten and Speck, 1978). Within a few years renin was shown to be present in a vast range 

of tissues including the adrenals (Naruse et a l, 1984).

The use of molecular biology techniques, within the last ten years or so, has 

strengthened the concept of extra-renal renin production and lead to the thesis that discrete 

local renin-angiotensin systems exist. Field et al. (1984), using Northern blot analysis, 

detected renin mRNA in the adrenal gland and testis of the mouse in addition to the expected 

sites of the kidney and submandibular gland. Renin mRNA went on to be described in a fully 

comprehensive range of tissues using the more sensitive Ribonuclease Protection Assay 

(Samani et a l, 1987; Samani, Swales, and Brammar, 1988). Since then mRNA for all major 

components of the renin-angiotensin cascade including renin, angiotensinogen, ACE and the 

AH receptor have been detected in many tissues using several techniques (Samani, 1991). 

Methods based on Reverse Trancription Polymerase Chain Reaction (RT-PCR) have allowed 

the detection of RA system mRNA from very small amounts of starting material, thus giving 

unrivalled sensitivity (Paul, Wagner, and Dzau, 1993). The existence of extra-renal renin- 

angiotensin systems is discussed in detail in chapter three.

1.5 ANGIOTENSINOGEN

1.5.1 Localisation of angiotensinogen production

Nasjletti and Masson (1972) demonstrated that perfused rat liver produced 

angiotensinogen and production could be inhibited by puromycin. Liver homogenates 

showed only small traces of angiotensinogen. It was therefore proposed that the liver freshly 

synthesises angiotensinogen and releases it into the circulation. Angiotensinogen was also 

found to be synthesised in liver slices (Freeman and Rostorfer, 1972) and hepatocytes 

(Weigand, Wamze, and Falge, 1977). Using antibodies to dog angiotensinogen, Morris, 

Iwamoto, and Reid (1979) detected angiotensinogen in rat liver, showing a heterogeneous 

distribution with the greatest localisation in the hepatocytes. Molecular genetic techniques
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have also shown that the liver has the greatest amount of angiotensinogen mRNA (Campbell 

and Habener, 1986; Ohlcubo et a l, 1986; Dzau et a l, 1987b). It is now generally accepted 

that the liver is the major site for generation of plasma angiotensinogen.

1.5.2 Further characterisatiom of angiotensinogen

In the early 1960's Skeggs and co-workers (1963) reported the purification of porcine 

angiotensinogen from plasma. As in 1957, with horse angiotensinogen, they found that AI 

constituted the amino terminal amino acid sequence of angiotensinogen. They also found that 

angiotensinogen was a glycoprotein and existed in several forms with slightly differing 

molecular weights (due to differing amounts of associated carbohydrate). Since then 

angiotensinogen has been purified from a number of species including man (Dorer et a l, 

1978). Interestingly, a high molecular weight variant of angiotensinogen has been discovered 

that exists in high levels in the plasma of pregnant women (Tewksbury and Dart, 1982; 

Tewksbury and Tyron, 1989).

The cDNA for rat liver angiotensinogen was cloned and sequenced in the early 1980's 

(Ohlcubo et a l, 1983), followed later by the mouse cDNA (Clouston et a l, 1988) and human 

(Gaillard, Clauser, and Corvol, 1989). Nucleotide sequence analysis placed angiotensinogen 

into the serpin gene superfamily. These are serine protease inhibitors. Angiotensinogen has 

no known protease activity (Tewksbury, 1990) but this interesting classification questions if 

being renin substrate is the only function of angiotensinogen. Angiotensinogen mRNA has 

been found in a variety of tissues (Ohlcubo et a l, 1986) and has been demonstrated to be 

differentially expressed in different tissues (Campbell and Habener, 1986). This type of 

evidence has supported the concept of independent local RA systems (see chapter 3).

1.6 ANGIOTENSIN CONVERTING ENZYME

1.6.1 Localisation of angiotensin converting enzyme production

Although Skeggs and his colleagues had shown ACE to be present in plasma, the rate 

of conversion of AI to AH in plasma was too slow to account for the rapid accumulation of 

AH in vivo (Ng and Vane, 1967). Further study of the conversion of AI to AH demonstrated
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that ACE was found predominantly in the vascular endothelium of the lungs. The lungs were 

therefore postulated to be the most important site for the generation of circulating AH (Ng 

and Vane, 1967; 1968). More recent thinking has suggested that production of AH in the 

endothelial lining of peripheral tissues may be as least as important (Campbell, 1987). Since 

the 1960's, ACE has been shown to be present in a variety of tissues including the brain, 

heart, kidney and liver (Lieberman and Sastre, 1983; Patched and Cordes, 1985) and body 

fluids. This ubiquitous distribution of ACE may have important functional aspects.

1.6.2 Further characterisation of angiotensin converting enzyme

After the initial characterisation of ACE by Skeggs and colleagues, further progress 

was hindered by the lack of a simple chemical assay. The development of various assays 

using tripeptide substrates (Piquilloud, Reinharz, and Roth, 1970) and spectrophotometry 

(Cushman and Cheung, 1971) lead to the identification of ACE as a dipeptidal- 

carboxypeptidase (Das and Soffer, 1975); carboxypeptidases being a class of zinc-containing 

metalloproteins that cleave the terminal amino acid from the carboxylic acid end of peptide 

substrates. ACE was also purified in the early 1970's from porcine lung, using gel filtration 

(Dorer et a l, 1972; Nakajima et a l, 1973).

The possibility of inhibitors of the RA system (discussed farther in chapter 2) had 

proved clinically attractive in the 1950's and 1960's. Renin and AH antagonists were 

developed but they invariably had to be administered parenterally and often had low 

specificity. A major progression in this field came from a peculiar source. The venom of the 

South American viper Bothrops jararaca was found to lower blood pressure and potentiate 

the effects of bradykinin, a vasodepressor peptide (in Swales, 1987). The mechanism of 

bradykinin potentiation appeared to be inhibition of kininase II, the main enzyme responsible 

for inactivation of bradykinin (Yang, Erdos, and Levin, 1970). It was soon recognised that 

kininase II and ACE were the same thing. The snake venom therefore also inhibited the 

conversion of AI to AH. The possibility of a converting enzyme inhibitor that could be used 

for the management of blood pressure became feasible. Further work culminated in the
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design of a class of low molecular weight, orally active, non-peptide ACE inhibitors 

(Ondetti, Rubin, and Cushman, 1977), the first being Captopril.

As with renin and angiotensinogen, molecular genetic techniques have facilitated the 

further study of ACE. Since the late 1980's the ACE gene has been cloned and sequenced in 

a number of species including man (Roy et a l, 1988; Soubrier et a l, 1988; Ehlers et a l, 

1989). Remarkably, this analysis has shown that not only is the ACE gene a result of an 

evolutionary gene duplication (having two homologous domains in the active site), but it also 

codes for two distinct mRNA species. The larger species corresponds to the duplicated gene 

and is expressed in endothelial and epithelial cells in many tissues, but is found 

predominantly in the lung. The smaller species corresponds to the 3' end of the gene and is 

only expressed in the testis. It has been postulated that the differential tianscription of ACE is 

controlled by alternative promoter sequences (Hubert, Houot, Corvol, and Soubrier, 1991).
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CHAPTER TWO

Physiology^ pathophysiology and inhibition of 
the endocrine renin-angiotensin system
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2.1 PHYSIOLOGY OF THE ENDOCRINE RENIN-ANGIOTENSIN SYSTEM

Humans and other animals require a constant electrolyte composition of intra- and 

extracellular fluids to maintain homeostasis. Potassium ions form the major intracellular 

osmotic component and sodium ions the major extracellular osmotic component, across cell 

membranes. Changes in these ions concentrations determine not only intra- and extracellular 

fluid volumes, but also blood volume and arterial blood pressure. Under normal conditions, 

the kidney regulates these ions via the renin-angiotensin (RA) system. The RA system can 

therefore essentially considered to be a long term regulator of (i). sodium balance and extra

cellular fluid volume, (ii). arterial blood pressure, and (iii). potassium balance. The RA 

system is activated when physiological or environmental phenomena act to influence any of 

these three parameters.

The kidneys secrete renin (a glycoprotein) in response to such influences as changes 

in posture, sodium depletion, alimentary fluid loss, shock (hypotension), haemorrhage and 

heart failure. When renin enters the circulation it cleaves angiotensinogen (a plasma protein 

produced by the liver), to liberate the decapeptide angiotensin I (AI). In a single passage 

through the pulmonary vasculature, AI is converted to angiotensin II (AH) by the action of 

angiotensin converting enzyme (ACE). The AH thus produced is delivered to the peripheral 

tissues where it affects physiological responses via interaction with specific receptors 

(Campbell, 1987).

2.1.1 Synthesis and physiology of renin

In humans renin is synthesised as a 23-43-340 amino acid pre-pro-renin molecule 

(Morris, 1986). The arrangement in other species is similar. Translation of renin mRNA 

yields pre-pro-renin. The pre-segment directs insertion of the protein into the lumen of the 

rough endoplasmic reticulum where it undergoes co-translational removal of the pre

segment and glycosylation, to become enzymatically inactive pro-renin^. Pro-renin is then 

sorted from the Golgi apparatus to one of two compartments:- A regulated secretory pathway 

involving lysosymes or a constitutive secretory pathway.
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Active renin is the primary product of the regulated secretory pathway (Fritz et al, 

1987). This pathway stores secreted proteins, acutely releases them after stimulation by a 

secretagogue, and is mediated by dense secretory granules which also serve as the site of pro

renin to renin conversion (Kelly, 1986). In humans, cleavage of the pro-segment has been 

demonstrated to take place after two dibasic amino acid residues (Lys'^ Arg"̂  ) to yield a 

Leucine residue as the first amino acid of active renin. As there are ten pairs of dibasic amino 

acids in pro-renin and cleavage is at one specific site, it is thought that the pro-segment is 

removed by the action of an enzyme with high specificity. A wide range of proteases can 

activate pro-renin, at least in vitro. Thiol proteases, such as Cathepsin B which is found in 

lysosomes of the kidney and liver, have been demonstrated to activate pro-renin and decrease 

its molecular weight (Slater, Gounaris, and Haber, 1979; Luetscher, Bialek, and Grislis,

1982). Trypsin-like enzymes that also activate pro-renin have been found in the kidney, 

endothelial cells and neutrophils (Hsueh and Baxter, 1991). Trypsin-like enzymes have been 

demonstrated to act at the 'authentic' cleavage site but other enzymes e.g. pepsin act at 

alternative sites (Ishizuka et a l, 1991).

Pro-renin is the secretory product of the constitutive pathway (Fritz et a l, 1987). This 

pathway is not regulated acutely and delivers pro-renin to the cell surface at a constant rate. 

The fate of pro-renin appears to be differentially regulated across species. In humans up to 

90% of secreted renin is pro-renin whereas in some mouse strains up to 90% of secreted 

renin is mature active renin (Fritz et a l, 1986; Ladenheim et a l, 1989). There is little 

evidence for pro-renin to renin conversion after secretion (Kim et a l, 1990; Anderson et a l,

1990).

[§ Recent in vitro evidence suggests that pro-renin may be activated directly, without 

removal of the 43 amino acid pro- segment, by acidification or cold storage (Atlas, Sealy, 

and Laragh, 1978; Leckie and McGhee, 1980). This partial and reversible activation of pro

renin in the absence of proteolysis is presumably due to an unfolding of the pro-segment that 

exposes the active site. It is unlikely that pro-renin is activated by non-proteolytic 

mechanisms once in the circulation, as injection of monkeys with large doses of human
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recombinant pro-renin does not result in detectable increases in blood pressure or AH (Lenz 

e ta l, 1990).

Four main mechanisms regulate renin release:

(i). Sodium chloride load to the kidney distal tubules is detected by a sodium 

chloride receptor in the macula densa and is largely responsible for a reduction in renin 

secretion in response to increased dietary sodium intake (Vander, 1967).

(M). A drop in blood pressure is interpreted by a baroreceptor in the afferent arteriole 

of the juxtaglomerular (JG) apparatus and results in an increase in renin secretion in order to 

defend central blood volume. This change in renin secretion may be mediated by voltage 

dependent alterations in calcium influx (Fray and Lush, 1984).

(iii). The heart, arterial tree, and other extra-renal loci sense blood volume changes 

and modulate renin secretion accordingly (a decrease in volume leads to an increase in renin 

secretion and vice versa) via reflex activation of 13-1-sympathetic pathways to the kidney 

(Vandongen and Peart, 1974; Davis and Freeman, 1976). This system appears to be 

important for maintaining the renin response to upright posture in humans (the venous 

pooling caused by gravitational pull reduces central blood volume, disinhibiting the 

cardiopulmonary baroreflex, and simultaneously causes a decrease in carotid sinus pressure. 

These effects result in increased 13-1-sympathetic activity and increased renin secretion).

(iv). AH has a direct negative feedback effect on renin release (perhaps 

compensating for its sodium retaining effect in the proximal tubule) [Katz and Malvin,

1993].

Other factors may also affect renin release to a lesser degree. Vasopressin and atrial 

natriuretic factor (ANP) suppress renin release via activation of the 13-1 receptor (Sealy and 

Laragh, 1990). Kallilcrein and kinins can stimulate renin release perhaps via an effect on pro

renin to renin conversion (Atlas, Sealy, and Laragh, 1978) or by a direct effect on renin
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release (Carretero and Beierwaltes, 1984). Prostaglandins may also stimulate renin secretion 

(Weber and Siess, 1980).

All factors affecting renin release seem to do so by changing the concentration of 

intracellular calcium or cyclic adenosine monophosphate (cAMP). An increase in cytosolic 

calcium ions in the kidney JG cells suppresses renin release. A decrease in cytosolic calcium 

in these cells increases renin secretion. A rise in cAMP stimulates renin secretion whereas a 

fall in cAMP has the opposite effect (Churchill, 1985).

2.1,2 Synthesis and physiology of angiotensinogen

The majority of circulating angiotensinogen is thought to originate in hepatocytes in 

the pericentral zone of liver lobules (Morris, Iwamoto, and Reid, 1979), although adipocytes 

and astrocytes are also prominent synthesisers of the protein. Translation of angiotensinogen 

mRNA yields pre-angiotensinogen. In humans, angiotensinogen is synthesised as a 33-452 

amino acid pre-angiotensinogen molecule (Kageyama, Ohlcubo, and Nakanishi, 1984), 

whereas in the rat and mouse the arrangement is 24-453 amino acids (Ohlcubo et a l, 1983; 

Clouston et al., 1988). The pre-segment is co-translationally removed to give the mature 

protein. This is then secreted by the cell into the circulation. Most angiotensinogen is extra

cellular (it is constitutively secreted), therefore there is no apparent mechanism for rapid 

changes in angiotensinogen concentration by an organism. However, the concentration of 

angiotensinogen in blood can be rate limiting for angiotensin formation (Newton et al., 

1968). The normal circulating level of angiotensinogen is approximately the Km of renin 

which means that a fall in plasma angiotensinogen can cause a near to linear decrease in the 

rate of angiotensin formation. On the other hand, the maximum increase in the rate of 

angiotensin formation that can occur with an increase in the level of plasma angiotensinogen 

is two-fold (K m being the substrate concentration at which half maximum velocity of a 

reaction occurs). Under normal circumstances, an increase in plasma angiotensinogen will 

not increase the rate of angiotensin production due to negative feedback on the rate of renin 

secretion by AIL
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The major role of angiotensinogen can be considered to be that of an extra-cellular 

(plasma) reservoir of angiotensin peptides. However, as angiotensinogen is an unusually 

large precursor of AI (452 amino acids compared to the 10 amino acids of AI), it has been 

suggested that angiotensinogen or its product (after AI cleavage) des(angiotensin 

I)angiotensinogen may have additional functions: Physiological studies have shown that 

plasma angiotensinogen is up-regulated during pregnancy and oestrogen therapy, and down- 

regulated in Addisons disease or after thyroidectomy (Clauser et al., 1989). Regulation was 

shown to be due to changes in hepatic synthesis. This was confirmed by demonstrating that 

oestrogen, thyroid hormones and glucocorticoids increase angiotensinogen mRNA 

expression in rat hepatocytes (Chang and Pearlman, 1987). Also, alignment of the 5' 

sequences of the rat and human angiotensinogen genes, showed consensus sequences for an 

oestrogen responsive element, a thyroid hormone responsive element and three 

glucocorticoid responsive elements (Fulcamizu et al., 1990). The role that angiotensinogen 

may play in these conditions is not really understood, but the potential involvement in 

adrenocorticoid based disorders and regulation of adrenal sex hormones is not altogether 

surprising as the RA system (AH) is a well loiown regulator of adrenal function; there is also 

evidence to suggest that angiotensinogen may be an inflammatory regulator. During the acute 

phase of inflammation or injury, angiotensinogen levels are greatly increased (Hoj-Nielsen 

and Knudsen, 1987). This appears to be due to stimulation of liver angiotensinogen synthesis 

as injection of Escherichia coli lipopolysaccharide induces liver angiotensinogen mRNA 

expression (Kageyama, Ohlcubo, and Nakanishi, 1985). Analysis of the 5' terminal sequences 

of the angiotensinogen gene has also demonstrated a putative acute-phase response element 

that binds proteins that may be inflammatory mediators.

2.1.3 Synthesis and physiology of ACE

There has been relatively little characterisation of ACE secretion, the thrust of work 

on ACE being concerned with the complex enzymology and catalytic mechanism. However, 

as ACE shows a broad specificity, hydrolysing other biologically active peptides besides AI 

such as bradykinin and substance P, it has been implicated in a number of physiological and
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pathophysiological processes such as neuropeptide metabolism, immunity, reproduction and 

digestion (Unger, Gohlke, and Gruber, 1990).

It has been demonstrated that ACE can be induced by corticosteroids in cultured 

endothelial cells, alveolar macrophages and the lung (Ehlers and Riordan, 1990). Activation 

of protein kinase C (PKC) and cAMP seem to increase ACE activity in cultured endothelial 

cells, but only activators of PKC increase the release of ACE into the culture medium (Iwai 

et a l, 1987). The best evidence for hormonal control of ACE in vivo has been for the 

testicular form of ACE. Follicle stimulating hormone (FSH), leutenising hormone (EH), 

human chorionic gonadotropin (HCG) and testosterone reverse the depletion of testicular 

ACE induced by hypophysectomy (Velletii et a l, 1985). Also, serum ACE activity has been 

demonstrated to vary with thyroid function. Activity is elevated in hyperthyroidism and 

reduced in cases of hypothyroidism (Yotsumoto et a l, 1982; Smallridge, Rogers, and Verma,

1983). Recent gene targeting experiments, in which exon 14 of the ACE gene was disrupted 

(Krege et a l, 1995), have also shown male mice homozygous for a disrupted ACE gene have 

impaired fertility and lower blood pressure than heterozygous males or males with no 

disruption of the ACE gene. In addition, although females heterozygous for a disrupted ACE 

gene have a reduced serum ACE activity similar to heterozygous males, they do not share the 

decrease in blood pressure shown by heterozygous males. As an isoenzyme of ACE is found 

in post-meiotic spermatogenic cells and sperm in the testis (see section 1 .6 .2 ), these findings 

suggest that testis ACE might be important for overall sperm function and gender related 

control of blood pressure. In addition, in humans there is evidence to suggest that a deletion 

polymorphism in the ACE gene is a risk factor for myocardial infarction (Cambien et al, 

1992).

2.1.4 Mechanisms of AH action

AH is the principal effector hormone of the renin-angiotensin cascade and is regarded 

to be one of the most powerful naturally occurring vasopressors (second only perhaps to the 

recently discovered Endothelins). AH has a short in vivo half-life estimated at between 15- 

150 seconds and is cleared from the circulation in the peripheral vascular bed by tissue
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amino-peptidases and endopeptidases (Peach, 1977). AH mediates the physiological 

functions of the RA system via interaction with its receptors (see section 1.3.1). The major 

acute actions of AH are on (i). vascular smooth muscle, (ii). the kidney and (iii). the 

adrenals.

2.1.4.1 Vascular smooth muscle tone

AH is an important modulator of vascular smooth muscle (VSM) tone. AH acts in an 

acute manner causing VSM to contract, thereby raising peripheral vascular resistance; this 

pressor response is by far the most rapid physiological action of AH. The response to AH is 

triggered by its interaction with cell surface receptors. These receptors stimulate 

phospholipase C (PLC) via intermediary guanine nucleotide regulatory proteins. PLC 

activation causes the membrane-bound second messenger inositol tri-phosphate (IP3) to be 

released and also produces membrane bound diacylglycerol (DAG). IP3 interacts with 

receptors on intracellular calcium stores to release calcium. This calcium then binds to 

calmodulin which activates myosin light-chain kinase to phosphorylate myosin light chains 

thereby initiating smooth muscle cell contraction. The smooth muscle tone is then maintained 

by a (DAG and calcium stimulated) PKC dependent mechanism (Marsden, Brenner, and 

Ballermann, 1990).

2.1.4.2 Renal action

(I). Renal tubular sodium reabsorption: AH has a direct stimulatory effect on 

renal tubular sodium reabsorption (Johnson and Malvin, 1977). This enhances the 

reabsorption of sodium ions (down their electrochemical gradient) through sodium channels 

located on the luminal-apical membrane of the proximal tubule. Increased body sodium 

content helps to maintain blood pressure by increasing extra-cellular fluid osmolarity which 

in turn enhances water retention (and hence filling of the vascular tree and hydraulic control 

of blood pressure). The kidneys are Icnown to contribute to the pathophysiology of heart 

failure via enhanced sodium and fluid retention (Cannon, 1977).
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AH is known to inhibit adenylate cyclase in proximal tubule cells via binding to a 

G-protein. This has been demonstrated to increase activity of Sodium/Hydrogen exchanger 

(NHE) transport proteins on the apical membrane, thus enhancing sodium reabsorption. 

Activation of NHEs has been implicated in the pathogenesis of hypertension in the SHR and 

human essential hypertension (Berk et al., 1989; Ng, Fennell, and Dudley, 1990). Other 

tubular transport mechanisms may also be affected by AH.

(ii). Renal vascular effect: The contraction of VSM in response to AH reduces 

intra-renal blood flow, and to a lesser extent. Glomerular Filtration Rate (Earley and 

Friedler, 1966). When AH causes renal constriction, proximal sodium reabsorption may be 

enhanced via induced changes in capillary physical forces, and by a vascular action to reduce 

renal medullary blood flow (Hall, 1986). These responses may enhance medullary osmolality 

and promote passive sodium reabsorption in the loop of Henle. In addition, increased sodium 

may heighten vascular sensitivity to AH.

2.1.4.3 Adrenal action

In response to stimulation by AH, the zona glomerulosa (ZG) cells of the adrenal 

cortex augment release of the mineralocorticoid steroid hormone aldosterone. As aldosterone 

is not stored by the adrenal, AH stimulates biosynthesis and secretion of aldosterone rather 

than the release of pre-formed stores (Boyd and Peart, 1971). The primary target of 

aldosterone is the kidney where it stimulates sodium retention and hence regulates blood 

pressure.

Stimulation of the ZG cells by AH leads to activation of PKC and an increase in 

DAG, which mobilises intracellular calcium stores. These cellular events result in increased 

aldosterone synthesis and secretion. When aldosterone reaches the kidney it binds to specific 

cytoplasmic receptors in cells of the distal tubule of nephrons. This has the effect of actively 

pumping sodium ions (against their electrochemical gradient) across the serosal-basolateral 

membrane by the sodium-potassium-ATPase enzyme. This enzyme hydrolyses adenosine 5' 

tri-phosphate (ATP) to produce energy to facilitate the exchange of three sodium ions for
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two potassium ions. The potassium ions then move down their electrochemical gradient into 

the tubular lumen (through a calcium activated potassium channel) and are excreted.

Increases or decreases in plasma potassium directly stimulate the increase or decrease 

of aldosterone secretion. Increases or decreases in sodium have the opposite effect via 

modulation of renin secretion. The action of aldosterone in the distal tubule determines the 

final ratio of potassium to sodium in the urine. Simultaneously, dietary sodium and 

potassium-related changes in Glomerular Filtration Rate (GFR) and sodium reabsorption in 

the proximal tubule, adjust the amount of sodium reaching the distal tubule thereby 

modulating the absolute levels of these ions available to the action of aldosterone. A 

mechanism of electrolyte balance is therefore achieved that does not interfere with the 

maintenance of blood pressure homeostasis (Sealy and Laragh, 1990).

AH has also been found to have a trophic effect on the adrenal glomerulosa. During 

chronic administration of AH, the width of the glomerulosa has been found to increase 

(Blair-West et a l, 1962) influencing haemodynamics. In addition AH augments the 

production of corticosteroids (in addition to aldosterone), which include important anti

inflammatory glucocorticoids such as hydrocortisone, by the adrenal fasiculata, and 

stimulates catecholamine release from the adrenal medulla (Vallotton et a l, 1981).

As aldosterone promotes sodium reabsorption, and catecholamines increase mean 

arterial blood pressure, it is evident that the combined actions of AH on the adrenal gland 

play a major role in the regulation of extracellular fluid volume and blood pressure by the 

RA system; and are involved in the pathophysiology of hypertension and hormone 

imbalance.

2.1.4.4 Other actions of A ll

(i). Growth off vascular smooth muscle cells: It has been demonstiated in cultured 

VSM cells that AH stimulates protein synthesis and hence growth (Geisterfer, Peach, and 

Owens, 1988). Hypertrophy in these cells can be prevented by addition of a transcriptional
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inhibitor to the media (Berk et al., 1989). This suggests that the increase in protein is 

dependent on an increase in gene transcription.

AH induces the expression of early proto-oncogenes such as c-myc, c-jun and c-fos in 

VSM cells (Geisterfer, Peach, and Owens, 1988; Naftilan, Pratt, and Dzau, 1989). The 

products of these genes are important regulators of the cell cycle and hence mitogenesis. AH 

also regulates the expression of several other genes including those coding for growth 

factors. The late expression of platelet-derived growth factor (PDGF) A-chain mRNA and 

fibroblast growth factor (FGF) mRNA is induced by AH (Naftilan, Pratt, and Dzau, 1989). 

PDGF and FGF play an important role in promoting VSM cell proliferation. AH may also 

stimulate mRNA expression of inhibitors of growth and proliferation such as transforming 

growth factor beta (TGF-P) [Powell et al., 1991].

(ii). A n  and the nervous system: Stimulation of the sympathetic nerves by AH has 

been found to augment the vaso-constricter action of sympathetic nervous system (SNS) 

activity by encouraging enhanced release of noradrenaline into the synaptic cleft or 

modulating the re-uptake of noradrenaline at nerve endings (Malik and Nasjletti, 1976). AH 

may also have an action on the central nervous system leading to an increase in SNS activity 

as direct injection of AH into the brain stem or AH infusion into the vertebral arteries 

increases peripheral resistance. This pressor effect is greater than the effect of the same intra

venous dose of AH (Scroop and Lowe, 1969). The interaction of AH and the nervous system 

has been especially implicated in the pathogenesis of renovascular hypertension (Mistry, 

1984).

Fitzsimons (1972) showed that a direct injection of AH into the central nervous 

system stimulated drinking. This effect can be inhibited by administration of an AH receptor 

antagonist. Subsequent studies have demonstrated that AH regulates stimulation of thirst, 

water drinking and the release of vasopressin, and that these actions of AH appear to be 

mediated by a direct action in the brain. All of the components of the RA system have been 

demonstrated in the brain (see chapter three), so the exciting scenario of local production of 

AH serving neurotransmission functions is a possibility.
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(iii). Vascular Permeability: The pathogenesis of vascular injury including 

endothelial dysfunction and atherosclerosis is associated with hypertension and diabetes 

mellitus. Increased vascular permeability is an early manifestation of these phenomena. AH 

has been generally thought to increase vascular permeability by its pressor action (Goldby 

and Beilin, 1972). However, increasing evidence supports a role for the modulation of 

vascular permeability by AH independent of its pressor activity (Naftilan, Pratt, and Dzau,

1989). A recent elegant study by Williams and co-workers (1995) demonstrated an up to 

seven-fold increase in mRNA for the glycoprotein Vascular Permeability Factor (VPF) in 

human VSM cells, when exposed to AH in vitro. This response was also shown to be 

inhibited by the non-peptide AH receptor antagonist Losartan, thus demonstrating this to be 

an AT3 receptor sub-type mediated event. This work has therefore proposed a mechanism 

whereby AH might act locally influencing permeability, growth and function of the vascular 

endothelium, independent of its pressor effect. Further demonstration of the regulation of 

cytokines such as VPF by AH may strengthen the link between activation of the RA system 

and vascular disease.

(iv). Prostaglandins and AH: Prostaglandin levels have been shown to be 

controlled by hormones that stimulate their biosynthesis (Nasjletti and Malik, 1982). AH 

enhances arachidonic acid release therefore resulting in increased prostaglandin production. 

AH has been demonstrated to stimulate the release of Prostaglandin (PGE^) from most 

tissues (including kidney) and the release of Prostaglandin (PGIg) from kidney, heart, lung 

and arterial blood vessels. In turn, these vasodepressor prostaglandins may antagonise the 

pressor effect of AH (Sealy and Laragh, 1990), thus playing an anti-hypertensive role in 

homeostasis. AH may also stimulate (to a lesser degree) the release of the vasopressor 

prostaglandins Prostaglandin Fj^ (PGF^J and Thromboxane Ag (TxAj). These

prostaglandins stimulate calcium mobilisation and therefore modulate the contraction of 

VSM(Fulcuo e ta l,  1986).

Enhanced release of PGEg and PGIg has been postulated to reduce vascular 

responsiveness to AH during normal pregnancy. Conversely, the pathogenesis of pre-
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eclampsia has been attributed in part to reduced release of these vasodepressor 

prostaglandins, thus giving an imbalance of vasopressor PGp2 „ and TxA^ (Walsh, 1985).

It has to be considered, however, that the interaction of AH and prostaglandins is 

complex. Prostaglandins have been shown to give species and vascular bed specific 

responses that both antagonise and augment the response to AH (Gerber and Niles, 1979).

AH may therefore differentially regulate regional haemodynamics.

(v). Endothelium-derived relaxation factor and All: In addition to 

prostaglandins, endothelial cells release transient mediators termed endothelium-derived 

relaxation factor (EDRF) [Griffith et a l, 1984]. Most (if not all) of this activity has been 

attributed to nitric oxide which stimulates soluble guanylate cyclase activity (Palmer,

Ferrige, and Moncada, 1987). It has been demonstrated that EDRF may modulate the 

response of VSM cells to AH, as removal of endothelium potentiates the contractile response 

of VSM cells to AH (Oshiro, Paiva, and Paiva, 1985). Studies on cultured endothelial and 

VSM cells have also shown that AH-induced mobilisation of calcium and phospholipids are 

attenuated by EDRF (Ganz e ta l, 1986).

(vi). Slow pressor effect of AH: Dickinson and Lawrence (1963), first 

demonstrated in the rabbit that infusion of small sub-pressor doses of AH over several days 

produced a gradual rise in blood pressure. This ’slow pressor' effect of AH cannot be 

prevented by adrenalectomy (Dickinson and Yu, 1967) but can be prevented by restricting 

dietary salt intake (Cowley and McCaa, 1976). Lever (1986) proposed that hypertension is 

induced (in models such as renovascular hypertension) by the acute 'fast pressor' action of 

AH and is maintained by the trophic action of the hormone to induce vascular hypertrophy. 

There are three main arguments to support this hypothesis (i). the direct, immediate pressor 

actions of AH are less than the degree of chronic hypertension that occurs with equal 

concentrations of the hormone, suggesting an additional contribution of the 'slow pressor' 

effect, (ii). lower concentrations of AH are required to maintain hypertension than to initiate 

it, and (iii). AH is a Icnown growth stimulant for VSM. As plasma renin and angiotensin 

levels are near normal in established experimental and human renovascular hypertension then
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the RA system may maintain the long term hypertensive state by non-acute actions of All 

such as the 'slow pressor' effect.

(vii). Vasodepressor action of AH: Paradoxically, All appears to exert an opposing 

effect to its powerful vasoconstricting property depending upon its concentration. Continuous 

infusion of small amounts of All sustains (All induced) increases in blood pressure and renal 

sodium retention (Ames et a l, 1965). However, high doses of AH cannot maintain an (AH 

induced) increase in blood pressure and actually encourage natriuresis (Louis and Doyle, 

1965): in vitro, isolated strips of vascular tissue cannot maintain a vasoconstricting response 

to All (Khairallah et a l, 1966). This tachyphylaxis is specific to All as the tissue continues 

to respond to norepinephrine. Certain vascular tissues may even dilate when exposed to All 

(Webb, 1982). A biphasic vasoconstrictor/vasodilator response of blood pressure to All has 

also been demonstrated (Rowe and Nasjletti, 1983). The release of vasodilator substances 

such as EDRF in response to All stimulation has been heavily implicated in this mechanism 

(Ito, Johnson, and Carretero, 1991).

2.2.1 Hypertension

In normotensive people, plasma renin activity (PRA) is very low when salt intake is 

high. Conversely, when salt is in short supply PRA rises acutely. These changes in renin, in 

normal individuals, offset any effects of accompanying volume expansion or contraction so 

that blood pressure does not change significantly during wide variations in salt intake. 

Therefore, at high levels of sodium intake renin is not required for maintenance of blood 

pressure. However, as sodium becomes less available, plasma renin plays an important role 

in sustaining normal levels of blood pressure. For a long time it was generally thought that 

the RA system played no part in the pathophysiology of elevated blood pressure or essential 

hypertension (Laragh and Sealy, 1990). This view was assumed because as in normotensives, 

a wide range of plasma renin values were seen in patients with essential hypertension. 

However, since it was discovered that All is the major regulator of aldosterone secretion
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(Laragh, 1960) and that wide fluctuations in PRA can be meaningfully related to salt balance 

(Laragh, Sealy, and Sommers, 1966), evidence has accumulated to support the involvement 

of the RA system in the pathogenesis of hypertension. As hypertension is associated with an 

increased risk of stroke, acute myocardial infarction, coronary heart disease, heart failure, 

and renal disease (Laragh and Sealy, 1990), the RA system may be considered to play a 

direct role in the pathophysiology of these conditions.

Hypertensives may be profiled according to whether they have a relatively low, or 

normal to high level of circulating renin, if their PRA is indexed against their concurrent 24 

hour urinary sodium excretion. The indexed value can be compared to a normotensive profile 

to give the relative 'renin status' of the hypertensive individual. High-renin hypertensives are 

typically more vasoconstricted and sodium/fluid depleted than low-renin hypertensives with 

similar levels of blood pressure.

(i). Low-renin hypertension: Around 30% of hypertensive patients have low or 

suppressed levels of PRA. Increased mineralocorticoid (modulated by the action of AH) is 

laiown to cause sodium retention / volume expansion and hence an elevated blood pressure. 

This in turn suppresses renin secretion by a negative feedback mechanism (see section 2.1.1). 

Interest has therefore centered on whether low-renin hypertensive patients have an excess of 

mineralocorticoid hormones. Low-renin hypertensives often respond to dietary sodium 

depletion or to natriuretic drugs with a complete normalisation of their blood pressure, thus 

supporting the thesis that mineralocorticoid imbalance and (consequent) sodium retention is 

at the root of the problem (Laragh, 1978). Although elevated levels of deoxycorticosterone 

and 19-nor deoxycorticosterone have been reported in a few cases, no such elevations were 

found in a systematic study of 46 low-renin hypertensives (Gomez-Sanchez, Holland, and 

Upcavage, 1985). The absence of significantly large changes in volume expansion in most 

low-renin hypertensives also argues against a central role played by mineralocorticoid 

excess. Individuals with low-renin hypertension may in fact have a more normal renin 

mechanism than high-renin hypertensives, as one would expect an elevation in blood 

pressure to diminish renin release via interaction with renal baroreceptors. However, it must
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be borne in mind that there is plenty of evidence to suggest that a normal kidney exposed to 

high arterial pressure and normal salt intake will reduce its renin secretion to near zero 

(Collins et a l, 1970; Case et a l, 1976; Sealy et a l, 1977; Laragh, 1984). Therefore any 

renin secretion, even at a low level, in a hypertensive setting may be considered to be 

abnormal and the RA system may play a direct pathophysiological role in the maintenance of 

hypertension.

A more direct explanation of 'low-renin' hypertension has been postulated by Brenner 

and colleagues (Brenner, Garcia, and Anderson, 1988). They proposed that a renal 

abnormality, due to a reduced number of nephrons and/ora  decrease in filtration surface 

area (FSA) per nephron, is responsible for systemic hypertension. A decrease in renal 

function due to decreased FSA results in increased renal sodium retention. This in turn leads 

to increased mean arterial blood pressure, glomerular capillary hypertension and eventual 

glomerular sclerosis. Glomerular sclerosis further decreases FSA, perpetuating a vicious 

circle. This scenario may also provide an explanation for the low renin levels and increasing 

loss of renal function seen in conditions such as diabetic nephropathy.

(ii). Normal and high-renin hypertension: As noted above, renin levels should be 

suppressed in the presence of elevated blood pressure. Therefore, the presence of 'normal' 

renin levels seen in about 50% of hypertensive patients and the higher than 'normal' renin 

levels seen in about 2 0 % of hypertensives, may be grossly inappropriate and play a role in 

sustaining hypertension. In this setting, the long term mechanism of hypertension is renin- 

mediated and one would expect pharmacological blockade by a renin or ACE inhibitor to 

reduce the elevated blood pressure. This is in fact the case (Case et a l, 1978), in contrast to 

low-renin hypertension which does not respond significantly to RA system inhibitors.

Several hypotheses have been proposed to explain 'inappropriately high or normal' 

renin levels. Perhaps the most attractive of these is the concept of 'nephron heterogeneity' 

proposed by Sealy and colleagues (Sealy et a l, 1988). Under this scenario, a mixed 

population of normal and ischemic (caused by afferent arteriolar narrowing) nephrons is 

assumed to exist in essential hypertensives (ischemic nephrons constituting the minority of
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the nephron population, as most essential hypertensives do not exhibit evidence of renal 

insufficiency). Hypersecretion of renin from the ischemic nephrons could work to impair 

sodium excretion in the larger group of normal nephrons, which are in adaptive natriuresis 

and are secreting little or no renin of their own. This inter-nephron discordance may create a 

hypertensive renin-volume interaction that results in a 'normal' or 'high' circulating renin 

level.

The classification of 'normal- renin' hypertensives into modulators or non-modulators 

according to their renal haemodynamic responses to saline and AH infusion (Williams and 

Hollenberg, 1991) lends some support to the idea of nephron heterogeneity. Non-modulators 

have impaired plasma renin suppression, renal blood flow and natriuresis during saline 

infusion. These impaired functions can be corrected by administration of an ACE inhibitor, 

suggesting that 'inappropriate' renin secretion (perhaps from an ischemic subpopulation of 

ischemic nephrons) is responsible. In contrast, modulators respond to saline infusion with an 

exaggerated natriuresis, and ACE inhibition does not alter their renal haemodynamic 

response (Sealy et a l, 1988).

2.2.2 Vascular hypertrophy

One of the primary features of hypertension is hypertrophy and polyploidy of the 

smooth muscle cells of large arteries. The involvement of AH has been implicated in these 

processes, as pharmacological agents (especially ACE inhibitors) that prevent the formation 

of AH and lower blood pressure also prevent smooth muscle cell hypertrophy (Owens,

1987). ACE inhibitors have also been shown to prevent VSM growth in one kidney-one 

clamp Goldblatt hypertensive rats without any effect on blood pressure (Wang and Prewitt,

1990). This demonstrates that the effect is not simply due to a reduction in blood pressure as 

a consequence of reduced AH. Indeed, there is evidence that sub-pressor doses of AH as low 

as 100 pg/ml have a trophic effect on VSM cells in culture (Schelling, Fischer, and Ganten,

1991).

AH has been demonstrated to cause increased production of extracellular matrix 

proteins (which are in themselves mitogenic) at a greater rate in hypertensive rat strains than
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in normotensive strains (Scott-Burden et a l, 1991). In addition, VSM from hypertensive 

animals is more responsive to All giving increased tone and vascular resistance. All may 

therefore be an important factor in the development of the increased peripheral resistance 

seen in hypertension via growth mechanisms.

Cunent evidence suggests that the signalling pathways used by All in smooth muscle 

in hypertensives may be altered to favour a growth related response. In the SHR, PLC 

activation by All is enhanced. This results in increased production of IP3 and a subsequent 

elevation of intracellular calcium release in VSM cells (Osanai and Dunn, 1992). Increased 

All-induced activity of the Sodium/Hydrogen exchanger (Davies et a l, 1991) and activation 

of S6  kinase (Resink et a l, 1989) are also present in the SHR. The consequent increases in 

intracellular calcium, alkalinisation and entry into the cell cycle, support the increased 

growth and contractility of vascular smooth muscle cells that may lead to hypertension.

2.2.3 The Heart

All has a number of inotropic and chronotropic effects on myocardial cells. All can 

influence cardiac faction by actions on myocytes (contraction, growth, metabolism), 

fibroblasts (matrix deposition), conduction tissue, coronary artery endothelium (release of 

vasoactive peptides, altered permeability) and sympathetic norepinephrine release (may 

indirectly affect contractile state, conduction, growth, metabolic state and coronary 

resistance)[Lindpaintner and Ganten, 1991]. Reflex bradycardia and reduced cardiac output 

follow the rise in blood pressure induced by injection with All (Mistry, 1984). All may also 

increase heart rate via sympatho-adrenal mechanisms (Peach, 1977).

2.2.4 Diatoetes Mellitus

Hypertension is more prevalent in diabetics than non-diabetics (Christlieb, 1978), and 

hypertensives who are also diabetic have almost double the rate of cardiovascular mortality 

seen in non-diabetic hypertensives (Aromaa, Reunanen, and Pyorala, 1984). Hypertensive 

diabetics may have few functional JG cells and a reduced ability to stimulate the release of 

renin. Consequently, very low renin levels are often seen in these individuals, and their
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ability to stimulate aldosterone production and excrete potassium is impaired. In severe 

cases, this may result in the development of hyporeninemic hypoaldosteronism syndrome 

(Christlieb, 1978).

Nephropathy and retinopathy are major micro vascular complications of hypertension 

that are especially seen in patients with diabetes mellitus. Studies have shown that elevated 

plasma pro-renin levels can identify (diabetic) individuals at risk of microvascular 

complications (Wilson and Luetscher, 1990). In addition, pro-renin levels are increased in the 

ocular vitreous fluid of individuals with proliferative retinopathy (Danser et al., 1989). ACE 

inhibitors have been shown to be successful in reducing microvascular complications and this 

effect is greater than one would expect by reducing the pressor effect of All alone. (Kasiske 

et al., 1993; Lewis et al., 1993).

2.2,5 Renin secreting tumours

Renin secreting tumours are made up of JG cells or haemangiopericytomas. They are 

generally found in young patients with severe hypertension. Very high renin levels are seen 

in the peripheral blood and (tumour) kidney resulting in the observed increase in blood 

pressure via increased pressor action of All and increased salt and water retention (Duprez et 

a/., 1990).

2 J  msniBrnON OF THE RENm-ANGIOTENSIN SYSTEM

In the past 30 years, inhibitors of the RA system have played a fundamental role in 

elucidating the various roles of the system. Clinically, inhibitors of the RA system, especially 

ACE inhibitors, are today central to the routine management of pathophysiological states 

such as hypertension and heart failure.

2.3.1 Angiotensin converting enzyme inhibitors

In 1965, Ferreira discovered that the venom of the South American Viper Bothrops 

jararaca contained a substance that potentiated the effects of bradykinin. It was soon realised 

that this substance might be an inhibitor of ACE (see section 1.6.2). Further work found that
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the active substance was a series of peptides in the venom and these were teraied bradykinin 

potentiating peptides (BPP) [Ferreira, Bartelt and Greene, 1970; Ondetti et a l, 1971].

Further work on the peptides demonstrated that a nonapeptide with several proline 

substitutions (Glu -̂Tyr -̂Pro -̂Arg -̂Pro -̂Gln -̂lle -̂Pro -̂Pro  ̂) would be the most 

pharmacologically potent. This peptide was synthesised and termed Teprotide (SQ 20,881). 

Initially, Teprotide seemed clinically attractive because as well as being a competitive 

inhibitor of ACE, it was a poorer substrate than BPP and did not seem to increase plasma 

bradykinin levels at therapeutic doses. However, as Teprotide is a straight chain peptide it 

had to be administered intravenously. It also only has a half-life of less than an hour. 

Teprotide's clinical usefulness was therefore limited.

In the late 1970's, Ondetti and co-workers synthesised a non-peptide inhibitor of ACE 

working on the principle that ACE was similar to pancreatic carboxypeptidase A, a peptidase 

whose pharmacokinetics had already been well characterised. The new inhibitor was termed 

Captopril (SQ 14,225) [Ondetti, Rubin and Cushman, 1977]. Captopril was found to have a 

number of advantages over Teprotide. It could be administered orally, had a half-life of up to 

4% hours and had ten times the potency of Teprotide (Gavras et al, 1978). Orally active 

ACE inhibitors are classified according to their zinc ligand. Captopril is therefore a 

sulphydryl ACE inhibitor. The other two main classes that have since been developed are 

carboxyl (e.g. Enalapril) and phosphorous (e.g. Fosinopril).

Figure 2A: Captopril (SQ 14,225; D-3-mercapto-2-methyl-propanoyl-L-proline).
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2.3.1.1 Therapeutic effects of ACE inhibitors

(i). Ace inhibition and AH: The classic functional role of ACE inhibitors is to 

block ACE in the vascular endothelium of the lung and other tissues, resulting in the 

lowering of the level of circulating AIL This decreases the effect of AH on things such as 

vascular tone, structural alterations of vessels and cardiac tissue contributing to hypertension, 

aldosterone release, SNS transmission and renal sodium handling (see section 2.1.4). The net 

effect of lowering circulating AH is a reduction in blood pressure. However, as ACE 

inhibitors have been shown to lower blood pressure without the plasma RA system being 

activated, the effect of ACE inhibitors cannot be explained solely by their effect on 

circulating AH levels: As ACE and kininase 11 are identical (see section 1.6.2), the 

breakdown of bradykinin by ACE may also be inhibited, thus augmenting the vasodepressor 

effect of bradykinin; ACE inhibitors have also been demonstrated to interfere with SNS 

transmission (Zimmerman, 1981), alter permeability of VSM to sodium (Ito et al., 1981) and 

affect cell surface peptidases other than ACE (Hooper et a l, 1992). Perhaps the most 

important way in which ACE inhibition may modulate cardiovascular function, is by 

inhibition of putative local RA systems (see chapter three). This is implied because renin 

inhibitors and All-receptor antagonists can also elicit depressor responses to some extent 

without the plasma RA system being activated (Dzau, 1988b) and this mechanism is not via 

bradykinin potentiation or any of the other 'non-renin dependent' actions of ACE inhibitors.

(ii). Coronary heart disease: Ace inhibitors have been found to be useful in the 

treatment of atherosclerosis and ischaemic heart disease. They reduce myocardial oxygen 

demand, counter elevations in systemic vascular resistance, improve coronary blood flow, 

reduce blood pressure and ventricular wall tension without reflex tachycardia and reduction 

of myocardial contractility, and prevent myointimal proliferation (Daly et al., 1985; 

Chobanian, 1990). 'Sulphydryl' ACE inhibitors may have a role as scavengers of cytotoxic 

free radicals which gives them an advantage in the treatment of myocardial infarction or 

reperfusion injuries (Westlin and Mullane, 1988).
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ACE inhibitors have been found to have especially beneficial effects in the treatment 

of myocardial infarction and heart failure. There is evidence of ventricular remodelling 

following myocardial infarction (Pfeffer and Braunwald, 1990). Non-infarcted areas of the 

ventricle are thought to undergo compensatory hypertr ophy probably due to similar 

mechanisms of wall stretching seen in volume-overload hypertrophy. This enlargement of 

the ventricle can be diminished by administration of an ACE inhibitor. In addition, ACE 

inhibition has been demonstrated to attenuate cardiac dilation and improve the survival of 

rats with experimental heart failure induced by coronary ligation (Pfeffer, Pfeffer, and 

Braunwald, 1985; Pfeffer, Pfeffer, Steinberg, and Finn, 1985). In humans, administration of 

an ACE inhibitor to patients with left ventricular dysfunction within a couple of weeks 

following myocardial infarction prevents cardiac dilation and improves ventricular function 

(Pfeffer et a l, 1988; Sharpe et a l, 1988). As in rats, not only does administration of an ACE 

inhibitor improve symptoms in humans, but interestingly mortality following myocardial 

infarction and left ventricular dysfunction is also reduced (The CONSENSUS trial study 

group, 1987; Pfeffer et a l [The SAVE-study trial group], 1992).

Following heart failure the circulating RA system is not usually activated in the stable 

chronic phase (Dzau et a l, 1981; Hodsman et a l, 1988) therefore it is possible that local 

tissue RA systems may be activated in early and compensated heart failure and may 

contribute to the pathophysiology of the disease state.

(Mi). Renal protection: In experimental models of renal failure such as induction of 

diabetes mellitus (Zatz et a l, 1986), ACE inhibitors reverse glomerulosclerosis, improve 

haemodynamics and lower glomerular pressure (Meyer et a l, 1985). ACE inhibitors also 

improve insulin resistance and consequently lower the degree of associated hypertension and 

cardiovascular risk. Renal blood flow in diabetic nephropathy (Bjorck et a l, 1986) is also 

improved.
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2.3.2 Renin inhibitors

Inhibition of renin, as a therapeutic tool, has a number of virtues. Renin inhibition 

interrupts the RA cascade at the first and rate-limiting step preventing the accumulation of 

bio-active products and precluding subsequent interaction of AH with its receptors (Chiu et 

al, 1989). The high degree of specificity of renin to its only naturally occurring substiate, 

angiotensinogen (this is especially evident in humans as A1 is liberated from angiotensinogen 

by renin cleavage of a leucine-valine bond as opposed to a leucine-leucine bond in most 

other species studied [Clauser et a l, 1989] ), gives renin inhibitors a theoretical advantage 

over ACE inhibitors that are promiscuous in their recognition of functionally active peptides 

such as bradykinin, substance P and neuropeptide Y (Erdos, 1990); this relatively low 

specificity of ACE inhibitors is probably responsible for observed side effects such as cough 

and angio-oedema.

Early attempts at inhibiting the RA system were made with antisera to kidney 

extracts (Johnson and Wakerlin, 1940; Goldblatt, Hass, and Lamffom, 1951) and practically 

all attempts since, to inhibit the RA system with antibodies, have been directed at renin. 

These studies demonstrated the successful inhibition of renin, and consequent prevention of 

hypertension, in response to experimentally induced renal ischemia. Unfortunately, 

subsequent studies using antibodies to components of the RA system gave conflicting results 

(Peart, 1975; Haber and Burton, 1979) and have resulted in the low profile of anti-RA 

antibodies in both the experimental and clinical setting. This variability in data was probably 

related to the fact that impure antigen was used to raise the antibodies, resulting in problems 

of antibody specificity. Feedback control of the RA system (especially renin) may also have 

been instrumental in the variability observed (Ganten and Gross, 1979). The complete 

purification of renin, largely by Inagami and co-workers (Inagami and Murakami, 1977; 

Matoba, Murakami, and Inagami, 1978; Yokosawa, Inagami, and Haas, 1978), allowed more 

specific antibodies to renin to be produced. Goat antibody to dog renin was found to decrease 

the blood pressure of conscious normotensive sodium depleted dogs and Goldblatt one 

kidney-one clamp hypertensive dogs (Dzau et a l, 1980).
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The first non-antibody renin inhibitors developed were derivatives of the tetrapeptide 

sequence Leu^®-Leu^kvafl^-Tyr^^ from the amino end of horse angiotensinogen (Koloibu, 

Ueda and Fujimoto, 1968). These had the disadvantage of being hydrolysed by renin thereby 

reducing the time-scale of their activity considerably. Further peptide inhibitors were 

designed that were not cleaved by renin (Burton et a l, 1980); these were found to be good 

regulators of blood pressure in animal models but were not well tolerated in humans 

(Zusman et a l, 1983). Subsequent substrate-analogue inhibitors have largely been based on 

pepstatin. In these inhibitors, non-hydrolysable bonds have been replaced by the scissile 

peptide bond hydrolysed by renin in order to increase specificity; at the same time 

modifications have been made to the scissile bond to prevent it being hydrolysed by renin. 

These compounds therefore have a relatively long half-life as well as being highly specific.

The most recent renin inhibitors developed are small non-peptides (molecular weight 

between 500 and 1000) and are currently starting to make an appearance in the clinical 

management of hypertension. Some of these compounds (Kleinert et a l, 1992; Fischli et a l,

1994) are suitable for administering orally (an absolute pre-requisite if they are to be used on 

a widespread clinical basis), have a half-life of several hours (prototypes of these sort of 

compound had a low bio-availability due to high liver first pass and biliary excretion 

[Greenlee, 1990]), reduce blood pressure to a similar extent as ACE inhibitors and have other 

beneficial effects such as improving haemodynamic status during congestive heart failure 

(Neuberg et a l, 1991).

2.3.3 Angiotensin II Antagonists

After the use of antibodies to renin, competitive antagonism of All receptors was the 

approach used to block the RA system. After Bumpus, Schwarz, and Page (1957) synthesised 

All in the laboratory. All analogues were used to study the functioning of the RA system. 

The most effective of these was obtained by making amino acid substitutions at positions 

1 and 8 of bovine All and was named 'Saralasin' (Sar^-Arg^-Val^-Tyr'^-Val^-His^-Pro^-Ala* ) 

[Marshall, Vine, and Needleman, 1970; Pals et a l, 1971]. Unfortunately, Saralasin was 

found to lower blood pressure only in high renin situations (such as sodium depletion in the



experimental subject). Saralasin also showed agonist properties when initially perfused 

(Dunn et a l, 1976) and this was amplified in low renin situations e.g. deoxycorticosterone 

(DOC) - salt hypertensive rats, and salt loaded normotensive and 'low renin' hypertensive 

patients (Ganten and Gross, 1979). Saralasin also had to be administered intravenously (due 

to its peptide nature) and had a half-life of only four minutes. The experimental and clinical 

potential of saralasin was therefore severely limited, and the development of orally active 

ACE inhibitors became the first choice as a therapeutic approach to blockade of the RA 

system.

Interest in All antagonists was resurrected with the development of non-peptide, 

orally active compounds based upon a bi-phenyl tetrazole moiety. The best laiown of these 

compounds is 'Losartan (DuP753)' developed by the Du Pont company (Chiu et a l, 1990). 

Losartan was found to inhibit only about 80% of All receptors in microsomes from adrenal 

cortical cells, whereas Saralasin inhibited 100%. A compound, PD123177, developed by the 

Parke Davis company, was also found to inhibit the 20% of receptors that Losartan had no 

effect on. On this basis two main groups of All receptors were defined (see section 1.3.1). 

The receptors blocked by Losartan were termed AT  ̂and those resistant to Losartan 

inhibition but sensitive to PD123177 were termed ATg. All defined actions of All in 

mammals are blocked by Losartan and are therefore ATj mediated.
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Figure 2B: Losartan (Dup 753; 2-n-butyl-4-chloro-5-hydroxymethyl-l-[2'-{lH-tetrazol-5- 
yl}-{biphenyl-4-yl}methyl]imidazole, Potassium sait).

/Cl

n-buty l^ . ,A cH ,O H

2.3.3.1 Therapeutic effects of AU receptor antagonists

The in vivo pharmacology of modem All receptor antagonists has not been studied to 

anywhere approaching the same level as ACE inhibitors but the basic properties are known.

A small number of clinical trials have been carried out with Losartan and it has been found to 

be well tolerated and as effective as ACE inhibitors (Weber, 1992).

All receptor antagonists such as Losartan have been found to have a very similar 

action to ACE inhibitors on blood pressure and other All induced effects such as aldosterone 

release and water intake (Wong et al., 1990). The improvement in haemodynamics and 

survival seen in rat models of heart failure treated with ACE inhibitors is also seen with 

Losartan (Raya et at., 1991). Losartan has also been shown to prolong survival in the stroke- 

prone SHR (Camargo et at., 1991) and Dahl salt-sensitive rat (von Lutterotti et a l, 1991), 

when they are salt loaded.

There are differences between the effects of Losartan and ACE inhibitors: Losartan 

has not been found to lower blood pressure to any great degree when the RA system is not 

activated (Wong et a l, 1990) which implies that it mainly functions by blocking circulating
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AIL Renal effects of Losartan are also different in some respects; an improvement in 

haemodynamics is seen in renal failure, but a reduction in albuminuria is not seen in nephritis 

(Hutchinson and Webster, 1992). The most impressive unique renal effect of Losartan is an 

up to 300% increase in uric acid excretion (Burnier et a l, 1993). This appears to be 

independent of blocking AH as the effect is similar in both salt-depleted and salt-repleted 

subjects.
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CHAPTER THREE

Tissne renin-angiotensm systems
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3.1 EVIDENCE FOR INVOLVEMENT OF THE CIRCULATING RA SYSTEM 
OUTSIDE THE VASCULAR COMPARTMENT

The classic view of the (circulating) RA system as a systemic hormonal system was 

moulded from a history of research that focused its attention on blood, a readily accessible 

material. However, if one considers the high turnover of conversion of AI to AH and 

clearance of both peptides across peripheral tissues, the levels of AI and AH found in venous 

blood are far too great to be explained by generation in the circulation alone. Daum, 

Uehsleke, and Klaus (1966) studied the affect of aminopeptidase infusion on the regulation 

of blood pressure by renin and AH in pithed (hence autonomic regulation removed) rats. 

They found that an infusion of aminopeptidase reduced the pressor effect of an infusion of 

AH but was much less effective on an infusion of renin. They concluded that some AH 

production (resulting from the renin infusion) must take place away from the circulation 

where the aminopeptidase could not degrade the AH as efficiently.

The development of inhibitors of the RA system stimulated further study. Amongst 

these were AH antisera and AH antagonists such as Saralasin. In the rat, AH antiserum was 

demonstrated to inhibit AH induced hypertension but did not affect the high renin, Goldblatt 

two kidney-one clamp induced hypertension. The blood pressure of nephrectomised rats 

infused with renin was also unaffected by antiserum. In contrast, Saralasin was found to 

lower blood pressure under all these regimes (Thurston and Swales, 1974a; 1974b). Nearly 

ten years later, evidence for the uptake of renal renin into the arterial wall was obtained by 

Loudon and co-workers (Loudon et a l, 1983). They measured aortic renin concentrations in 

nephrectomised rats injected with renin. The level of plasma renin decreased rapidly with 

time whilst the level of aortic renin persisted for a number of hours. The blood pressure 

response to the injected renin was found to correlate more closely to aortic renin than plasma 

renin. This implied that local angiotensin generation was of physiological importance.

Further evidence for generation of angiotensins outside of the vascular compartment 

came from the study of vascular beds isolated from the circulation and perfused with 

synthetic media. These studies demonstrated the release of AI and AH by the perfused
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vascular bed. Angiotensin levels could be modulated by the addition of renin and ACE 

inhibitors thus supporting the concept of de novo synthesis of angiotensins rather than an 

experimental 'washout' effect of angiotensins accumulated in vivo. Mizuno and co-workers 

(1987a) showed direct release of AI and AH from isolated rat kidney perfused with 

angiotensin-free medium. In addition, Hilgers and co-workers (1991) showed that de novo 

synthesis of angiotensins could be prevented by bilateral nephrectomy of the animal before 

isolation of the vascular bed. This demonstiated that probably all de novo synthesis was due 

to renally derived renin. They also found that adding renin or angiotensinogen to the 

perfusate increased angiotensin II release, thus endorsing the postulate that uptake 

mechanisms have a crucial role.

The most impressive evidence that generation of angiotensins by the endocrine RA 

system takes place outside the vascular compartment, comes from a recent series of 

experiments by Admiraal and co-workers (Admiraal et a l, 1990; Danser et a l, 1990; Danser 

et a l 1992) on various vascular beds in vivo. These studies have shown that the rate at which 

vascular beds take up AI is in excess of the rate at which it is generated within the plasma. 

Local generation therefore replaces AI taken up from the circulation. Perhaps the most 

elegant of these studies (Admiraal et a l, 1990) measured the uptake of infused ^^ l̂odine 

labelled AI by tissue beds and looked at AI levels in the aorta, and renal, hepatic, femoral 

and antecubital veins. Extraction ratios of AI by the different vascular beds were between 

47% (in the forearm) and 96% (in the liver). Despite the high extraction ratios, venous levels 

of AI in forearm, leg and kidney were essentially the same as arterial levels (liver venous 

levels of AI being about 51% of the arterial levels). About 50-80% of AI in the veins 

appeared to result from local de novo production. The metabolism of AI was also studied. 

From estimates of blood transit times in the vascular beds and PRA, they calculated that only 

20-30% of AI activity in the kidney and limbs and about 60% of activity in the 

hepatomesenteric circulation could be accounted for (in terms of AI generation) by 

circulating renin. Further evidence suggests that most of this extra-plasmatic generation of 

AI is by renally derived renin as changes in local angiotensin production correlate well with



PRA (Danser et a l, 1992). Also, in anephric humans AI levels are practically zero (Wilkes 

e ta l, 1991).

3.2 EVIDENCE FOR LOCAL PRODUCTION OF 
RA SYSTEM COMPONENTS IN TISSUES

Recent molecular and biochemical approaches to angiotensin physiology have raised 

the possibility that there are distinct, local RA systems that may be differentially regulated 

and that may target the actions of AH to specific organs or physiological events. Anti-renin 

antibodies were developed and used extensively throughout the 1980's to demonstrate the 

existence of renin in a comprehensive range of extra-renal sites (Slater, Defendini, and 

Zimmerman, 1980; Naruse, Takil, and Inagami, 1981; Naruse et a l, 1984). The 1980's also 

saw an exponential increase in the use of molecular biology techniques in research. Field and 

co-workers (Field et a l, 1984) were the first to look at renin gene expression in a range of 

tissues. They presented convincing Northern blot data for the presence of renin messenger 

RNA (mRNA) in the adrenals and testes of the mouse as well as the kidney and sub

mandibular gland. This laid the foundation for the mass of molecular analyses that have 

taken place over the last ten years, supporting the concept of tissue RA systems. Renin has by 

far been the best characterised tissue component of putative RA systems.

3.2.1 Renin

In the human female reproductive tract (Skinner, Lumbers, and Symonds, 1968) and 

the sub-mandibular gland (SMG) of the mouse (Michelakis et a l, 1974b; Field et al, 1984), 

renin levels are exceptionally high. This cannot be explained by uptake of renin from the 

circulation. High SMG levels in the mouse have been explained on a molecular genetic basis. 

In some mouse strains (that have a low level of sub-mandibular gland renin) e.g. C57-BL10, 

there is a single renin gene locus (ren-r). In other strains e.g. DBA/2 (that have a high level 

of sub-mandibular gland renin) there is also a duplication of the renin structural gene present, 

{ren-l‘̂ , ren-2‘̂ ). The three genes have different tissue specificities but all have been shown to 

be expressed in the kidney (Fabian et a l, 1989; Miller et a l, 1989; Mullins et a l, 1989).

The high level of expression of the ren-2‘̂ gene in the SMG of two-gene mice accounts for
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the increased renin activity seen in the SMG of these animals (Miller et al., 1989) and 

provides categorical evidence for extra-renal renin production.

Sealey and Rubattu (1989) demonstrated an increase in prorenin in the venous blood 

of baboon ovary, human testis and human adrenal. However, a change in veno-arterial levels 

of active renin was not found.

Renin has also been detected in a variety of cultured cells including vascular smooth 

muscle (Iwai et a l, 1989) and endothelial cells (Tang, Stevenson, and Dzau, 1990).

However, local synthesis in culture does not necessarily mean that the cells would produce 

renin in vivo. The presence of angiotensins in culture has also been described (Naruse, 

Shizume, and Inagami, 1985; Hariba, Nomura, and Shizume, 1990) thus supporting the 

concept of complete local tissue systems.

In some sites, tissue renin has been demonstrated to rise after nephrectomy. This is 

best documented in the adrenal gland where bilateral nephrectomy results in an increase in 

detectable renin with a simultaneous drop of PRA to practically zero (Doi et a l, 1984; Baba 

et a l, 1986; Kim et a l, 1992). Historically, renin activity in the vascular wall has been 

demonstrated after nephrectomy (Basso and Taquini, 1971) but work by Thurston et al 

(1979) demonstrated that renin-like activity in rat aorta was due to other acid proteases. More 

recent work (Saito et a l, 1988), however, in different isolated vascular beds, has shown 

persistence and even elevation of renin activity. Regulation mechanisms may therefore be 

different according to the site examined.

Renin is found in locations outside the blood-tissue barrier such as the brain (Hirose, 

Yokosawa, and Inagami, 1978; Dzau et a l, 1980a; Genain, van Loon, and Kotchen, 1985), 

the testes (Parmentier et a l, 1983; Inagami, 1993b) and the vitreous fluid of the eye (Deinum 

et a l, 1990). It is unlikely that renin is taken up from the circulation from these sites. In 

addition, Immunohistochemical techniques have localised renin to specific cells within 

certain tissues such as the brain (Slater, Defendini, and Zimmerman, 1980), placental 

membranes (Poisner et a l, 1981), testes, adrenal and pituitary (Deschepper et a l, 1986). In



the adrenal cortex, sub-cellular sites of production have been identified (Mizuno et a l, 

1987b). Intracellular localisation of renin is more likely to be a consequence of local 

synthesis than uptake from the circulation.

Perhaps the strongest evidence for local extra-renal production of renin is the 

detection of renin mRNA in RNA extracted from various extra-renal tissues using 

complementary nucleic acid probes (Mesterovic, Catanzaro, and Morris, 1983; Field et al, 

1984; Samani et a l, 1987; Samani, Swales, and Brammar, 1988). This work not only 

confirmed existing biochemical data, but also found expression in unexpected sites such as 

the liver (Samani, Swales, and Brammar, 1988).

Whilst mRNA work has presented good evidence for local synthesis of renin, it has 

not escaped criticism. Although mRNA is an absolute pre-requisite for protein synthesis, its 

presence does not necessarily result in the translation of protein. There is evidence to suggest 

that perhaps all genes are minimally transcribed in all cell types (illegitimate transcription), 

without any subsequent translation of protein (Chelly et a l, 1989). However, the level of 

expression is so small that it can only be detected by multiple rounds of polymerase chain 

reaction (PCR) amplification after reverse tr anscription of the mRNA. Renin mRNA 

described at most sites is expressed at a far greater level than this and detection techniques 

such as Northern blotting are unaffected by this background level of expression. The use of 

in situ hybridisation has localised renin gene mRNA to specific cells types (Deschepper et 

al, 1986; Racz et a l, 1992) thus disputing illegitimate transcription as the cause of renin 

message. These studies have also shown that renin mRNA is detected in different cell types 

at different extra-renal sites. Levels of renin mRNA in different tissues are therefore not 

simply a reflection of the differential fr equency of one particular cell type in the different 

tissues: Another criticism of the gene expression studies is that renin mRNA detected in 

tissues codes for pro-renin and not mature renin. As the evidence that pro-renin can be 

processed to active renin outside of the kidney is debatable, the physiological relevance of 

extra-renal renin is controversial: Perhaps the most worrying argument against tissue RA 

systems having an essential role at some sites, is the variation in the reported level of renin



mRNA in certain tissues (Dzau et a l, 1987b; Samani, Swales, and Brammar, 1988; See et 

al, 1991; Holycross et a l, 1992). This phenomenon is most acute in the liver, brain, heart 

and aorta where some investigators have easily detected message and others have found 

nothing despite using PCR analysis. The variation may be accounted for by the range of 

species and strains examined, but this explanation makes a unified theory on the role of 

tissue RA systems difficult to formulate.

Transgenic technology has further strengthened the case for extra-renal renin 

production. Mullins and co-workers introduced the Ren-2 gene into rat embryos and found 

that the resulting animals exhibited fulminant hypertension (Mullins et a l, 1989; Mullins, 

Peters, and Ganten, 1990). The offspring of these rats that inherited the Ren-2 gene also 

showed fulminant hypertension. Mullins therefore had produced the first model of inheritable 

hypertension with a laiown genetic basis (the presence of an extra copy of the renin gene). 

The animals have low kidney (cannot be detected by immunohistochemistry) and plasma 

active renin levels but high plasma pro-renin levels. Vascular angiotensin generation is also 

increased. These animals are therefore a good model of low-renin human hypertension 

(Thurston et a l, 1978). As the kidney is excluded as a source of pro-renin in these animals 

then it has to be assumed that extra-renal production is taking place. Several tissues have 

been demonstrated to express the transgene at very high levels especially the adrenal gland 

{Ren-2 mRNA expression is 1000-fold higher than endogenous rat renin mRNA levels and 

renin enzyme activity is four times greater than controls). Interestingly, renin mRNA was not 

detected in the SMG of these animals in contrast to the high level of Ren-2‘‘ expressed in the 

SMG of native mice (Ganten et a l, 1991).

3.2.2 Angiotensinogen

The presence of angiotensinogen has been demonstrated directly both biochemically 

and immunohistochemically in a variety of tissues (in addition to liver) including kidney 

(Richoux et a/., 1983), brain (Imboden et a l, 1987) and heart (Sawa et a l, 1992). As for 

renin, this has been reinforced by the detection of angiotensinogen mRNA in these sites 

(Dzau et a l, 1987b). There is no direct correlation between the relative amounts of
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angiotensinogen and renin found in a particular tissue. This may be due to different cell types 

within certain tissues producing different components of the RA system (Racz et a l, 1992). 

As angiotensinogen is the only Icnown precursor of the angiotensin peptides, the presence of 

angiotensinogen in tissues can also be inferred from the detection of AI and AH in tissues.

3.2.3 Angiotensin converting enzyme

ACE has been described in practically every tissue and body fluid (Ehlers and 

Riordan, 1990). As for renin and angiotensinogen, molecular genetic analysis has detected 

ACE mRNA in a number of tissue sites (Griendling, Murphy, and Alexander, 1993). In 

addition to the well characterised endothelial sites of production, there is plenty of evidence 

for non-endothelial production in sites such as the epithelial brush borders of the kidney, the 

testes and adrenal (Ehlers and Riordan, 1990). ACE is generally located on the external 

surface of the cell membrane, but may also be located intracellularly (Okamura, Clemens, 

and Inagami, 1981).

Part of the mechanism of ACE inhibitors (see chapter two) may be attributed to 

inhibition of locally produced ACE. This in itself provides evidence of the importance of 

local ACE production for the functioning of a putative tissue RA system. The importance of 

tissue ACE, rather than serum ACE, in the long-term response to ACE inhibition has been 

examined in a number of studies (Dzau, 1988c). These studies showed that the magnitude 

and duration of blood pressure reduction coiTclated better with inhibition of ACE activity in 

certain tissues, rather than inhibition of serum ACE.

3.2.4 Angiotensin II receptor

The ATj receptor has been detected in various tissues by using pharmacological 

binding assays and specific cDNA probes. AT^ receptor mRNA has been shown to be easily 

detectable in the kidney, liver, lung, spleen and adrenals using Northern blotting, and to 

show a much smaller level of expression in the heart, aorta, thymus, ovary and uterus 

(Murphy et a l, 1991). Studies that have used probes capable of distinguishing between the
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and AT^  ̂isoforms have shown that the AT^  ̂isoform is also found in the brain, 

whereas the ATj^ isoform is absent from the brain, heart and spleen (Kakar et a l, 1992).

3.3 THE FATE OF LOCALLY DERIVED COMPONENTS OF 
ÏÏSSUE RENIN-ANGIOTENSIN SYSTEMS

At present there is no consensus of opinion on the destiny of locally produced RA 

system components. However, if one assumes that the tissue gene expression of RA system 

components leads to the synthesis of their respective proteins, three possible scenarios 

regarding the distribution and functions of these locally synthesised components can be 

identified (Samani and Kelly, 1991).

(i). Locally synthesised renin and angiotensinogen supplement the 
extracellular AH generating capacity of a tissue:

Much evidence has accumulated (largely in relation to vascular tissues) to support the 

concept that apart from generating At within the circulation, renin and angiotensinogen may 

also be taken up into tissues and cause local AI production (Campbell, 1985; Admiraal et al, 

1990; Danser et a l, 1990, 1992). That this local angiotensin generation makes a 

physiological contribution, at least in the regulation of blood pressure by the RA system, has 

been suggested by direct measurement of vascular uptake of renin in relation to blood 

pressure change and by examining the effects of inhibitors of the system (Swales, 1979). 

There is also evidence to suggest that, at least in some tissues, locally derived renin is 

transported to the extracellular space (Deinum et a l, 1990; Osmond, Sealy, and McKenzie, 

1991).

Under this scenario, locally synthesised renin and angiotensinogen would not have a 

role separate from the endocrine system but simply add to the capacity to generate 

angiotensins within the extracellular space of the tissue. While the contribution made by the 

local synthesis of RA system components could vary not only from tissue to tissue but^also in 

a single tissue under different circumstances, the main implication of this scenario is that in 

the end the effects of locally synthesised components are mediated through the same AH 

receptors that are responsive to AH produced either locally from components taken up from
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the circulation, or indeed to plasma derived AIL This in turn implies that agents capable of 

blocking the interstitial generation of AH or its actions at the extracellular receptor would as 

much influence the contribution of the locally synthesised components as they would those 

derived by uptake from the circulation.

Although this scenario provides the simplest way of looking at the role of locally 

synthesised renin and angiotensinogen, is there any hard evidence for it? Overflow of locally 

synthesised components into the circulation has been demonstrated, for instance, for the 

adrenal gland and gonads (Sealy and Rubattu, 1989) and the persistence of circulating 

angiotensins following nephrectomy (Deheneffe, 1976) are in keeping with this scenario. In 

some sites, in response to specific stimuli, similar changes have been observed in locally 

derived components as in the circulating RA system. For example, renin mRNA in the 

adrenal gland has been reported as showing upregulation in response to a low salt diet just as 

it does in the kidney (Dzau et a l, 1987a). Angiotensinogen mRNA has also been shown to 

increase in the kidney as well as the liver in response to a low salt diet (Iwao et a l, 1988). 

This similar response of the circulating and locally derived components to a stimulus might 

suggest that they subserve a common function and therefore support this scenario.

If AH generated from locally derived components acts at the same site as AH derived 

from the circulating system, a situation could be envisaged whereby enhanced local AH 

production as a consequence of increased local synthesis of RA system components could 

modulate the effect of systemically administered AH. In most people, a low salt diet 

increases the sensitivity of the adrenal gland to AH (Hollenberg et a l, 1974). This response 

has been reported to be blunted in a group of patients with essential hypertension labelled 

non-modulators (Taylor et a l, 1984) and in the spontaneously hypertensive rat (SHR) 

[Williams et a l, 1982]. This blunting is specifically reversed by the administration of ACE 

inhibitors (Taylor et a l, 1984). One possible mechanism of this so called non-modulation 

may be that the blunted response is due to increased local AH production in the adrenal 

gland. There is evidence for this, at least in the SHR model, as both increased adrenal renin
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mRNA (Samani, Swales, and Brammar, 1989) and activity (Naruse and Inagami, 1982) have 

been observed.

(ii). The result of locally produced RA system components is 
distinct independent local tissue renin-angiotensin systems:

The most exciting scenario for the function of tissue RA systems is the formation of 

independent local systems. By their very nature, these systems would have to be isolated 

from components derived from the circulating RA system and hence located in extracellular 

spaces that have a blood-tissue barrier or in intracellular compartments. Given these criteria, 

the most obvious place where a local RA system might exist is the brain, which has a well 

characterised blood-tissue barrier. Indeed, there is much evidence to suggest that a unique 

brain RA system exists (Hirose, Yokosawa, and Inagami, 1971; Dzau et al., 1987b; 

Bunnemann, Fuxe, and Ganten, 1993). The case for intracellular localisation of tissue RA 

systems has been strengthened over the last ten years by the demonstration of generation of 

AH in tumour and other cultured cell lines (Inagami et a l, 1986) and the discovery of 

intranuclear AH receptors that have been demonstrated to regulate RNA synthesis when 

exposed to AH (Re and Parab, 1984; Tang et a l, 1992).

Despite cellular localisation of RA system components by biochemical means, 

evidence for expression of mRNAs for all of the components of the RA system within the 

same cell types is lacking. There is also a lack of evidence for processing of pre-pro-renin 

outside of the kidney allowing it to be sequestered intracellularly at extra-renal sites, or 

indeed conversion of pro-renin to active renin, outside of the kidney (Hackenthal et a l, 

1990). It has been suggested that some tissues may use alternative start-sites for the 

transcription of the renin gene (which has been shown in some strains of mice) which might 

result in pro-renin being directly produced (Morris, 1986); however, experimental proof of 

this is lacking. Both renin and angiotensinogen produced in their primary sites of synthesis 

have strong signals on their molecules directing them into the secretory pathway of the cell, 

therefore if intracellular systems exist then such a fate for locally synthesised components 

must be avoided. To date, there is still no convincing proof for extrarenal intracellular pro
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renin to renin conversion, but several interesting postulates have been made by Sealy and co

workers. Sealy and Rubattu (1989) suggested that pro-renin may be reversibly activated by 

binding to a receptor that stearically modifies it, allowing the active sites to have access to 

angiotensinogen. This seemingly attractive hypothesis gained support when cDNAs for a 

renin binding protein that inhibits renin activity were subsequently cloned (Inoue et a l,

1990; Takahashi, Inoue, and Miyake, 1992) and expression of the mRNA detected in several 

tissues. Despite this development, a related pro-renin binding protein that would constitute 

the postulated pro-renin receptor has not been found, and Sealy and Rubattu have 

subsequently changed their minds with regard to their original hypothesis. More recent 

thinking by Sealy and co-workers (Sealy et a l, 1995) has suggested that pro-renin may 

undergo non-proteolytic site specific activation in vivo in a similar fashion to the reversible 

intrinsic renin catalytic activity seen when pro-renin is exposed to acid or the cold in vitro 

(see section 2.1.1). However, there is no hard experimental evidence to support this line of 

thought.

Perhaps the most interesting aspect of this scenario relates to the action of inhibitors 

of the RA system. In scenario one, the action of inhibitors on locally produced components 

of the RA system is easy to predict as it is simply a reflection of the general effects on the 

circulating RA system. However, in this scenario, the action of RA system inhibitors on local 

RA systems cannot be predicted by reference to the circulating RA system. The relative 

effectiveness of inhibitors will be dependent upon them gaining access to the sites of AH 

production and local All receptors. Factors such as relative lipophilicity and size of the 

inhibitor molecule become crucial to its effectiveness. Experimental evidence has 

demonstrated that lipophilic ACE inhibitors have a much enhanced activity than less 

lipophilic inhibitors, in the brain and cerebro-spinal fluid (Unger, Gohlke, and Gruber,

1990). Lipophilicity also appears to be involved in the relative intracellular effectiveness of 

ACE inhibitors (Mizuno et a l, 1988).
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(iii). Locally produced RA system components have 
functions unrelated to A ll generation:

This is perhaps the least considered scenario and has been used as a vehicle to explain 

away anomalies such as the high level of pro-renin found at extra-renal sites (such as the 

ovary); and the abundance of (pro)renin in the testis with no local production or access to 

circulating angiotensinogen (Deschepper et a l, 1986; Campbell and Habener, 1986). 

Theoretically, as renin and angiotensinogen are related to other physiologically active 

proteins, they may have other functions. There is little evidence for this in the case of renin, 

but the arguments for angiotensinogen are perhaps more convincing (see section 2.1.2).

The major implication of this scenario is the total lack of a relationship between 

locally derived components and the endocrine RA system. Under this scenario, most of the 

cuiTently available inhibitors and antagonists of the system, perhaps with the exception of 

renin inhibitors, should not influence the actions of the locally derived components.

Although evidence for alternate roles (from angiotensin generation) for locally derived RA 

system components is lacking, this scenario remains a possibility until the fate of locally 

derived RA system components is unequivocally determined.

3.4 DIFFERENTIAL REGULATION OF GENE EXPRESSION OF RA SYSTEM 
COMPONENTS IN TISSUES

Activation of the circulating RA system in early studies made it impossible to 

differentiate between local production of RA system components and uptake from the 

circulation, using classic biochemical techniques. The recent application of molecular genetic 

techniques for the detection of mRNA for RA system components has made it possible to 

look at RA system regulation in tissues independently of the circulating system.

The expression of renin mRNA has been found to be differentially regulated in 

different tissues by phenomena such as the level of salt intake, P-adrenergic receptor 

activation, androgens, corticosteroids, pharmacological blockade of the RA cascade and All 

(Dzau, Ingelfinger, and Pratt, 1986; Sigmund et a l, 1992). For example, sodium depletion or 

b-adrenergic receptor activation increases expression in the kidney, heart and adrenal gland
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but not in the genitals or submandibular gland. In addition, renin gene expression in the 

genitals and submandibular gland was found to be regulated by androgens. Perhaps most 

interestingly, extra-renal renin gene expression does not seem to be modulated by feedback 

inhibition of AH as is the case in the kidney. This has been shown in a number of studies 

where administration of an ACE inhibitor (and consequent drop in circulating AH) resulted 

in an increase in kidney renin gene expression, but no change in other tissues looked at 

(Samani, Kelly, Read, and Swales, 1991; Sigmund et a l, 1992).

Regulation of renin gene expression (and other components of the RA system) 

appears to be largely controlled by cis-acting elements in the 5' region of the respective 

genes. In the renin gene, consensus sequences have been found for cAMP, glucocorticoid, 

and sex hormone responsive elements (Dzau, Burt, and Pratt, 1988). Transient expression 

studies (Morris, 1992), and transgenic studies (Miller et a l, 1989) have also demonstrated 

that the presence of these elements is required for tissue related expression of the renin gene. 

Although two promoter sequences are present in the renin gene, transcription in most species 

generally occurs using only the promoter nearest to the transcription start site (Imai et a l, 

1983). In certain mouse strains the choice of promoter used is tissue specific (Morris, 1992).

Like renin, angiotensinogen gene expression has also been shown to be differentially 

expressed. For example, following bilateral nephrectomy liver angiotensinogen expression is 

upregulated; whereas expression in the brain and heart remains the same, and expression in 

the adrenal lung and vascular tissue decreases (Campbell and Habener, 1986). 

Angotensinogen also appears to be regulated during various pathological states (see chapter 

two). In the SHR, brain angiotensinogen mRNA is increased compared with Wistar-Kyoto 

(WKY) normotensive controls; renal mRNA is decreased and liver mRNA is unchanged 

(Yongue et a l, 1991). A recent analysis of the role of angiotensinogen in spontaneous 

hypertension by Samani and co-workers (Lodwick et a l, 1995) has also suggested that the 

effect of the angiotensinogen locus on pulse pressure (a significant cardiovascular risk factor) 

may be mediated through a tissue-specific abnormality of angiotensinogen gene expression, 

at least in the SHR. Angiotensinogen gene expression has been shown to be regulated by cis-
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acting elements in the angiotensinogen gene (see chapter two) and a choice of at least four 

polyadenylation sites (Ohkubo et a l, 1986) and two additional promoters upstream of the 

main transcription start site (Ben-Ari, Lynch, and Ganison, 1989). Transcription from these 

extra start sites has been found to be regulated by glucocorticoid action.

The regulation of tissue ACE gene expression is not as well characterised as that of 

renin and angiotensinogen, partially because detection of ACE mRNA in tissues (apart from 

the lung) was difficult until the relatively recent adoption of PCR technology (personal 

observation). Nevertheless interesting observations have been made especially in relation to 

the heart: ACE mRNA has been shown to be increased in cardiac tissue in response to 

experimental heart failure with no corresponding increase in other tissue or plasma ACE 

activity (Hirsch et a l, 1991). This type of study has profound implications for the site of 

action of ACE inhibitors and their possible role in the management of pathological 

cardiovascular events.

There is evidence to suggest that AT  ̂receptor gene expression is modulated by AH 

itself. AH has been shown to reduce AT^  ̂ expression in cultured rat glomerular mesangial 

cells (Maldta et a l, 1992). In addition, an infusion of AH increased AT^ receptor expression 

in the adrenal gland, but had no effect on expression in the Iddney or aorta (Iwai and 

Inagami, 1992). In culture, the addition of compounds that increase intracellular cAMP has a 

similar effect on AT^ mRNA expression to that of AH (Maldta et a l, 1992). Recent studies 

have suggested that the AT^  ̂ and ATj,, AH receptor subtypes are differentially regulated by 

dietary sodium intake. In the brain (Sandberg, Ji, and Catt, 1994) sodium deprivation 

increases the expression of AT^y mRNA whereas high sodium intake increases the expression 

of ATj^ mRNA. The effect of dietary sodium on AH receptor gene expression in the kidney 

has recently been shown to be opposite to the effect on the brain (Du et a l, 1995). In 

response to low sodium intake an increase in AT^  ̂ subtype mRNA levels in the kidney was 

demonstrated. This increase was also shown to have an inverse relationship with the level of 

AT It mRNA expression. As there are differences in the 5' -regulatory regions of the AT̂ ^̂  

and AT It genes (Takeuchi et a l, 1993; Guo and Inagami, 1994), differential regulation of
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ATi receptor subtypes in different tissues in response to sodium may indicate distinct 

functional specificities.

The ATg receptor has been shown to be expressed in foetal and neonatal tissue in 

amounts far greater than in adult tissue. In the neonate rat brain, AT^ receptors are found in 

areas concerned with learning and acquisition of motor skills. This expression falls off 

significantly as the animal matures. Expression of the AT2  receptor in adult animals is highly 

tissue- and species- specific (Timmermans et ah, 1993).

3.5 PnYSIOLOGY AND PATHOPHYSIOLOGY OF TISSUE 
RENIN-ANGIOTENSIN SYSTEMS

Most of the physiological roles proposed for tissue RA systems are based on 

functions modulated by AH (see chapter two). A kidney RA system would therefore 

modulate renal haemodynamics, a cardiovascular system vascular tone and hypertrophy, an 

adrenal system aldosterone secretion and so on.

Interesting observations have been made in the context of reproduction and 

development. The ovary has been shown to have renin and angiotensinogen mRNA 

expression and ovulation can be prevented by inhibitors to the RA system (Lumbers, 1993). 

The demonstration of mRNA expression for components of the RA system in foetal tissue 

may have major implications in development e.g. expression of RA system mRNAs was seen 

in several rat foetal tissues, and also an apparent difference in expression in certain tissues 

was observed between 18 and 20 days of development (Kelly, Bradley, and Samani, 

unpublished data).

The main pathophysiological interest in tissue RA systems revolves around their role 

in hypertension. This interest is mainly a consequence of three major observations:

(i). Hypertensive rat models such as the SHR have elevated blood pressure but little 

or no activation of the circulating RA system (Ruiz et a l, 1990). Tissue RA systems may 

therefore play a role in the generation of the increased blood pressure seen in hypertension.
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(ii). ACE inhibitors and some AH receptor antagonists (see section 2.3) have been 

demonstrated to reduce blood pressure independently of an effect on plasma renin or AH in 

hypertensive animal models and human hypertensives. These pharmacological agents may 

therefore function, at least in part, by inhibiting the hypertensive effect of tissue RA systems.

(iii). The high level of renin mRNA expression in the adrenal gland, but low kidney 

renin expression and low PRA seen in the original hypertensive transgenic rat created by 

Mullins and co-workers (see section 3.2.1) also provides strong corroborative evidence for 

the existence of tissue RA systems and their role in hypertension.

Most studies into the pathophysiology of tissue RA systems have centered around six 

main tissues: kidney, adrenal, brain, heart, gonad and vascular tissue.

(i). The kidney renin-angiotensin system:

It is very fitting a local RA system has been described in the tissue that initiated the 

vast amount of hypertension-related research over the last ninety or so years. All components 

of the RA system have been localised in the kidney by immunocytochemistry (Taugner et a l, 

1982). Northern blot analysis has demonstrated that renin and angiotensinogen mRNA are 

expressed in the kidney (Ingelfinger et a l, 1986; Dzau et a l, 1987b) and ACE mRNA has 

been detected by RT-PCR (Kelly and Samani, unpublished data). Whilst in situ hybridisation 

has shown renin mRNA is found primarily at the vascular pole of the glomerulus 

(Deschepper et a l, 1986), angiotensinogen mRNA is expressed mainly in the proximal 

tubule (Ingelfinger et a l, 1990) as is ACE (Ehlers and Riordan, 1990). Possible intrarenal 

sites of AH production include the proximal tubule, JG cells (where both renin and AT  ̂

receptors are co-localised), vasculature and the interstitial fluid. Indeed, the studies by 

Admiraal and co-workers (see section 3.1) have demonstrated that the majority of Al found 

in renal venous blood is of intrarenal origin. Evidence for the predominant intrarenal 

production of AH has been suggested by the demonstration that AH concentrations in renal 

lymph (Bailie, Rector, and Seldin, 1971) and the proximal tubule (Seikaly, Arant, and Seney, 

1990) greatly exceed (up to 1000 times) that in plasma. Recent studies by Allan and co

workers have shown that whilst the ratio of AH to Al is approximately 1: 1.5 in plasma, this
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ratio is reversed in renal lymph and renal tissue, thus showing that intrarenal AH formation 

differs from AH formation in plasma (Allan et a l, 1994). In addition, recent work by Fisher 

and co-workers (Fisher et a l, 1995) has shown that in some subjects, the time course of the 

effect of renin inhibition on renal plasma flow is not congruent with the time course of the 

effect of renin inhibition on the RA system in the vascular compartment. After infusion of a 

renin inhibitor was discontinued, plasma AH levels were seen to rise steadily in proportion to 

a drop in plasma drug levels, but renal plasma flow remained at peak levels seen during 

infusion or even continued to rise. This implies that the renin inhibitor exerts most of its 

influence outside the vascular compartment, most probably by inteiTuption of local intrarenal 

AH formation.

The strongest evidence for the involvement of the kidney RA system in hypertension 

is in the SHR before the rapid increase in blood pressure at 6 weeks onwards. Kidney mRNA 

and renal renin levels are increased (Samani, Swales, and Brammar, 1989) along with renal 

AH content and AH receptors (Matsushima et a l, 1988), compared to WKY normotensive 

controls. PRA is not increased in these animals which suggests that the over-activity of the 

intrarenal RA system serves a local function (perhaps crucial in the development of sustained 

hypertension). When the SHR matures, all of these phenomena (with the exception of 

elevated blood pressure) are about the same compared to the WKY strain suggesting that the 

increased blood pressure in itself then modulates the local RA system back to 'control' levels. 

A difference between the intrarenal and circulating RA systems is also seen in the chronic 

stage of Goldblatt two kidney-one clamp hypertension; renin mRNA is still elevated despite 

the drop in PRA to sham levels (Samani et a l, 1989). There is also evidence of differential 

regulation of renal angiotensinogen mRNA expression in the SHR by sodium, compared to 

WKY (Pratt gf a/., 1989).

Interesting observations have been seen with respect to the intrarenal kidney RA 

system in experimental diabetic studies. In the adult biobreeding (BB) spontaneously diabetic 

rat and in Streptozocin-induced diabetic rats, the kidney expresses a higher level of renin 

mRNA (even after onset of diabetes) and has a higher renin content than that seen in control
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animals (Everett et a l, 1992). This appears to suggest that in the setting of plasma volume 

expansion seen in diabetic rats, control of the intrarenal RA system is disordered in diabetes 

with the possibility of enhanced AH production. Further evidence for this possibility comes 

from studies that show both ACE inhibitors and AH receptor antagonists are effective in 

delaying the progression of renal injury (Lewis et a l, 1993; Remuzzi et a l, 1993).

A recent line of investigation has been the study of the renal RA system in 

experimental heart failure. There is plenty of evidence to suggest that the intrarenal RA 

system may be involved in the alterations in sodium and fluid balance seen in chronic heart 

failure, via direct tubular effects or haemodynamic changes (Hall, 1986). In addition, in 

some models of experimentally induced chronic heart failure, the circulating RA system is 

not activated (Hodsman et a l, 1988). Recently, Schunkert and co-workers (Schunkert et a l, 

1992b) found that renal angiotensinogen mRNA levels were significantly elevated in rats 

with chronic heart failure. In addition, kidney renin and liver angiotensinogen mRNAs did 

not alter, and circulating levels of renin and AH did not change. The increase in 

angiotensinogen mRNA was found to be proportional to the size of myocardial infarction 

induced in the animal, suggesting that activation of the intrarenal RA system was influenced 

by the degree of heart failure. As renin and ACE are in a large excess in the kidney, 

angiotensinogen, rather than renin (as is the case with the circulating RA system), should 

influence the rate of intrarenal AH production. This was indeed demonstrated, as kidney AH 

concentration was also shown to be elevated and this correlated with the increase in 

angiotensinogen mRNA. This model of experimental heart failure has therefore provided 

evidence both to support the concept of a local kidney RA system and to explain one of its 

potential pathological roles.

(ii). The adrenal renin-angiotensin system:

The existence of a local adrenal RA system has been suggested over the years mainly 

by various biochemical/immunological, and gene expression demonstrations of renin (Ryan, 

1967; Deschepper et a l, 1986); and the persistence of adrenal renin and AH following 

nephrectomy (Baba et a l, 1986).
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In a similar fashion to the Iddney RA system, the main evidence for the involvement 

of a local adrenal RA system in pathological states comes from the observation that adrenal 

renin activity and mRNA levels in both young and mature SHRs is elevated compared to 

WKY controls (Naruse and Inagami, 1982). A recent genetic analysis of renin gene 

expression in the rat adrenal gland (Iwai, Shimoike, and Kinoshita, 1996) using an cross 

of SHR/WKY demonstrated that the higher renin mRNA concentration seen in SHR adrenals 

is due to the SHR allele of the renin gene or renin gene locus. Aldosterone levels were also 

explained by PRA, adrenal renin mRNA level and the renin genotype. These correlations 

disappeared when the animals were put onto a high salt diet. In addition, whilst the adrenal 

renin mRNA concentration was found to exert only a minor influence on plasma aldosterone 

concentration when the animals were put on a high salt diet, paradoxically, the SHR allele of 

the renin gene or renin gene locus was found to confer a lower rate of aldosterone synthesis 

at 25-27 weeks of age in animals with a high dietary salt intake.

A difference between the adrenal and circulating RA systems is also seen in the 

chronic stage of Goldblatt two kidney-one clamp hypertension, as adrenal renin mRNA is 

elevated despite the drop in PRA to sham levels (Samani, Swales, and Brammar, 1989). A 

high level of adrenal renin gene expression is also seen in the Mullins transgenic rat model of 

low renin hypertension (see section 3.2.1).

(iii). The brain renin-angiotensin system:

All of the components of the renin-angiotensin system have been described in the 

brain (Fischer-Ferraro et a l, 1971; Slater, Defendini, and Zimmerman, 1980) and expression 

of RA system mRNAs have been demonstrated (Dzau et a l, 1986). AH receptors 

(predominantly AT^ receptors) have been localised to areas of the brain that participate in 

cardiovascular regulation such as the anterior hypothalamic region and the circumventricular 

organs (Rowe et a l, 1990). Brain AH has been shown to participate in blood pressure, fluid 

and electrolyte homeostasis via mechanisms distinct from those in the periphery. Regulatory 

mechanisms include enhancement of sympathetic outflow, stimulation of vasopressin and 

corticotrophin release and increased catecholamine production (Bunnemann, Fuxe, and
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Ganten, 1993). Brain AH also has behavioural effects such as thirst and salt appetite, 

essential to fluid and electrolyte homeostasis (Epstein, Fitzsimons, and Rolls, 1970; Fluharty 

and Epstein, 1983).

There is evidence to suggest that production of AH by the brain RA system may play 

a role in the pathogenesis of hypertension in the SHR. Compared to normotensive WKY 

controls, SHRs have increased numbers of brain AH receptors and show increased 

sympathetic tone (Schomig et a l, 1978; Pinto, Nazarali, and Saavedra, 1988). Renin activity 

and mRNA levels are also increased in the SHR brain (Naruse et a l, 1985; Samani, Swales, 

and Brammar, 1989), ACE levels are higher in SHR cerebrospinal fluid (Israel and Saavedra, 

1987) and transgenic mice carrying the rat angiotensinogen gene have a high level of 

transgene expression in the brain and elevated blood pressure (Kimura et a l, 1992). Central 

administration of an ACE inhibitor or AH receptor antagonist reduces blood pressure in 

mature SHRs and attenuates the development of hypertension in young SHRs (Ruiz et a l, 

1990). Intracerebroventricular Captopril administration has also been shown to attenuate the 

development of hypertension in the young SHR without altering PRA, aldosterone and 

vasopressin concentrations, fluid balance, sodium excretion, or resting sympathetic nervous 

activity (Olcuno et a l, 1983).

The brain RA system has also been shown to be responsive to dietary sodium chloride 

supplementation in the salt sensitive / stroke-prone strain (SHR-SP) of the SHR. The 

depressor response to centrally administered ACE inhibitors has been demonstrated to be 

exaggerated in the SHR-SP with addition of extra sodium chloride to the diet (Takata et a l, 

1986). This suggests that salt sensitive hypertension in this model may be mediated, at least 

in part, by brain AH. In contrast, the depressor effect of centrally administered Captopril in 

the WKY or the pressor effect of intracerebroventricular AH in the SHR are not enhanced by 

dietary sodium supplementation (Ashida et a l, 1982). In general, the central and peripheral 

RA systems have been found to be differentially regulated by sodium chloride intake in salt 

sensitive animals; The brain RA system appears to be upregulated and the peripheral RA 

system downregulated in response to sodium chloride supplementation in the SHR-SP. This
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upregulation of the brain RA system may be modulated by the anterior hypothalamic area 

(AHA), as the pressor response to locally injected AH in SHR-SP animals is proportional to 

the amount of sodium chloride in their diet. This implies that dietary sodium 

supplementation increases the number of AT  ̂receptors in the AHA of the SHR-SP (Yang et 

a/., 1992).

The brain RA system has recently been implicated in other clinical conditions such as 

hypothyroidism. Angiotensinogen mRNA expression has been shown to be decreased in the 

diencephalon and the brain stem of hypothyroidic rats (Hong-Brown and Deschepper, 1992). 

Further evidence that thyroid hormones modulate the brain RA system is also presented in 

this study; addition of thyroid hormone to primary cultures of astrocytes derived from 

diencephalons was shown to increase angiotensinogen secretion. This is a surprising 

observation, as classic thought suggests that the brain is not sensitive to thyroid hormones 

(Schwartz and Oppenheimer, 1978). However, the pathophysiological effects that may be 

mediated by the brain RA system, in conditions such hypothyroidism, are largely unclear.

(iv). The cardiac renin-angiotensin system:

Renin enzymatic activity in myocytes was first demonsfrated nearly ten years ago 

(Dzau and Re, 1987) and both renin and angiotensinogen mRNAs have been shown to be 

present in atrial and ventricular myocytes using in situ hybridisation (Dzau 1988a; 1988b). 

Local AH production in the beating heart was also demonstrated by Linz and colleagues 

(1986) who measured coronary sinus AH levels in isolated rat heart perfused with Al. 

Addition of ACE inhibitors prevented this conversion, thus supporting the existence of 

functionally active cardiac ACE. Recently, Hirsch and colleagues (1991) demonstrated 

increased right ventricular ACE mRNA levels and ACE enzyme activity in experimental 

heart failure using RT-PCR analysis. Plasma and extra-cardiac tissue ACE activity was not 

activated. This therefore provides good evidence for independent ACE production in the 

heart.

The involvement of a local cardiac RA system (see chapter three) in cardiac disorders 

has been postulated (Lindpaintner and Ganten, 1991). In the SHR, cardiac hypertrophy is
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seen to develop and this is accompanied by an increase in renin and angiotensinogen mRNA 

in the myocardium (compared to normotensive rat strains) which may result in local 

production of AIL In vitro studies suggest that AH may exert a pathophysiological effect 

intracellularly on cardiac myocytes (Robertson and Khairallah, 1971; Re e? a l, 1984) 

Angiotensinogen mRNA levels are also increased in the hypertrophic left ventricle that 

results from coronary occlusion (Drexler et al., 1989). Other possible pathophysiological 

roles of a local cardiac RA system include coronary vasoconstriction (Ertl, Alexander, and 

Kloner, 1983), increased cardiac contractility (Ahmed et a l, 1975; Sadoshima et a l, 1993), 

involvement in ischaemia and reperfusion injury (Westlin and Mullane, 1988) and 

hypertrophy (Kim et a l, 1995).

The possible involvement of a local cardiac RA system in cardiac hypertrophy is of 

particular interest as cardiac hypertrophy is a major risk factor for heart failure in humans 

(Kannel, 1987). In vivo studies in the rat have shown that RA system inhibitors regress 

cardiac hypertrophy induced by hypertension (Childs, Adams, and Mak, 1990), aortic 

coarctation (Everett et a l, 1994) and myocardial infarction (Yamagishi et a l, 1993), thereby 

suggesting that AH may play a fundamental role in the pathophysiology of cardiac 

hypertrophy. This effect is seen even at low doses that do not alter systemic blood pressure. 

Both ACE inhibition and ATj receptor antagonism have also been shown to blunt molecular 

adaptations in left ventricular hypertrophy, such as upregulation of left ventricular ANP and 

downregulation of sarcoplasmic reticulum Ca^^- ATPase mRNA levels (Bruckschlegel et a l,

1995). Hypertrophic regression due to blockade of the RA system has also been shown to 

associate with reduced mortality, in rats, despite persistent pressure overload (Bruckschlegel 

e ta l, 1995).

(v). The gonadal renin-angiotensin system:

Studies have shown that AH can inhibit testosterone biosynthesis in cultured rat 

Leydig cells by inhibition of cAMP production (Khanum and Dufau, 1988). The AH receptor 

antagonist, Saralasin, has also been shown to inhibit ovulation in rats, an effect that can be 

reversed by AH (Pellicer et a l, 1988). The expression of components of the RA system in
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the reproductive organs may therefore lead to local mediation of reproductive function by 

AIL

(vi). The vascular renin-angiotensin system:

Despite indirect evidence, the existence of a vascular RA system has remained 

probably the most controversial of all proposed local RA systems. Studies on vascular 

production of renin in nephrectomised animals in the 1970's gave conflicting results. Basso 

and Taquini (1971) found that in nephrectomised rats, renin-like activity in the aorta 

persisted for several hours after PRA was no longer detectable. In contrast, Thurston and co

workers (Thurston et a l, 1979) found that bilateral nephrectomy caused a dramatic decrease 

in arterial renin-like activity, suggesting that activity associated with the vascular wall 

resulted from uptake of renally-derived circulating renin. Recent studies on the Mullins 

transgenic rat (see section 3.2.1) have strengthened the argument for locally derived vascular 

renin. In these animals, bilateral nephrectomy 24 hours prior to hindquarter perfusion did not 

affect angiotensin release (angiotensin release in conti'ol hindquarters being dramatically 

reduced). This suggests that renin in these animals post-nephrectomy is locally derived. In 

addition, mRNA from the ren-2 transgene was detected in the aorta and mesentery of these 

animals (Hilgers et a l, 1992).

The possible existence of a vascular RA system has major implications for the 

pathogenesis of cardiovascular disease and hypertension. A number of studies have reported 

higher levels of renin in arterial tissues of the SHR compared with WKY controls (Asaad and 

Antonaccio, 1982; Rosenthal et a l, 1984), but this has not been found to be reflected in a 

change in renin mRNA levels in vascular tissue (Samani, Swales, and Brammar, 1989): In 

two kidney-one clamp experimentally hypertensive rats, aortic angiotensinogen mRNA 

levels have been found to be five times higher four weeks after clamping, compared to sham 

operated animals (Shioto, Miyazaki, and Okunishi, 1992). Within twelve weeks, mRNA 

levels in clamped animals are about the same as those in sham animals. The actual vascular 

origin of angiotensinogen mRNA in this study is debatable, however, as it is widely 

suggested that detectable angiotensinogen mRNA at vascular sites is associated with
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periadventitial adipose tissue (Frederich et a l, 1992): The best documented involvement of a 

vascular RA system in hypertension comes from work on ACE. In two kidney-one clamp 

hypertension, an increase in aortic ACE activity was found to correlate with ACE mRNA 

levels in the aorta (Shioto, Miyazaki, and Olcunishi, 1992). Increased vascular ACE may 

therefore be important in maintaining the hypertensive state by increasing local production of 

AIL

The most interesting role that a local vascular RA system may serve is in defining 

vascular structure. Changes in resistance vessel structure have long been considered to play 

an important part in hypertension (Folkow, 1982). There is recent evidence to suggest that 

resistance vessel structure is affected by the vascular RA system in immature individuals and 

that this effect is independent of that induced by increased blood pressure: Young SHRs that 

are treated with an ACE inhibitor over a short period have a permanent reduction in blood 

pressure (Harrap et a l, 1990). No such long term effect is seen in adult SHRs. Overactivity 

of the vascular RA system at a specific stage in development or growth may therefore lead to 

permanent vascular changes that initiate or maintain the pathological state. The form that 

such changes may take is the subject of much debate. Classic actions of AH on vascular cells 

such as hypertrophy and hyperplasia may not uniquely be responsible for the structural 

changes seen in hypertension, as there is increasing evidence to suggest that vascular 

remodelling (rearrangement of existing components of the vessel wall to give a smaller 

lumen without any change in the amount of material) may be just as important (Baumbach 

and Heistad, 1989). Overactivity of a vascular RA system may also be important in the 

contribution that large blood vessels make to hypertension. ACE inhibitors have been shown 

to reduce the stiffening of large conduit arteries (seen in hypertension) that may contribute to 

elevated blood pressure and pathological lesions (Dzau and Safar, 1988).

The vascular RA system especially raises a number of questions that have to be asked 

about local RA systems in any tissue. Although vascular and other tissues can be shown to 

have all components of the RA system present and even express mRNA for them (although 

evidence for significant levels of renin mRNA in vascular and certain other tissues in vivo is
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still not conclusive), are all of these components actively synthesised and secreted? Are there 

local mechanisms in place for the contr ol of production of All and subsequent intracellular 

signalling? Do the components of local systems have the necessary spatial organisation to 

actually produce AH and play a physiological role that can be related to that of the 

circulating RA system? These and numerous other questions are continually being addressed 

but have not yet been unequivocally resolved.



CHAPTER FOUR

OUTLINE OF EXPERIMENTS
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When the studies presented in this thesis were being formulated, a systematic study of 

gene expression of renin-angiotensin (RA) system components in a range of tissues and 

regulation of this expression by inhibitors of the system had not been previously reported, 

although it had been suggested that renin gene expression in the Iddney and extrarenal sites 

might be differentially regulated. It was therefore decided first of all to examine tissue renin 

and angiotensinogen gene expression (and plasma levels of renin and AH) in rats treated with 

an angiotensin converting enzyme inhibitor versus a control group (the rat being the standard 

animal model used in cardiovascular research). One effect of ACE inhibition is to cause a 

large drop in plasma AH. Since AH is already Icnown to be an important regulator of Iddney 

renin production, it was hoped that this experiment would highlight any potential differences 

in the regulation of gene expression in renal and extrarenal sites. The results from the ACE 

Inhibitor study form the basis of the first experimental chapter (chapter 6) presented in this 

thesis.

The next stage of the experimental work was to apply the approach taken in the 

previous study to a system as close as possible to the human situation. The actual use of 

human subjects was obviously unfeasible, but it was felt that an alternative primate model 

would be a good approximation. I was fortunate to have an ongoing collaboration at the time 

with Dr. Frederic Cumin and Dr. Jeanette Wood of the cardiovascular research department at 

Ciba Geigy Ltd., Basal, Switzerland. Most importantly. Dr. Cumin and Dr. Wood had 

several years experience of studies using the Marmoset monkey, Callithrix jacchus. As 

inhibition of the RA system at different levels i.e. renin inhibition, ACE inhibition or AH 

antagonism may have different effects, a question of obvious pharmaceutical interest - the 

effects of inhibition at these three levels - was examined. Blood pressure was to be measured 

by a novel radiotelemetry system giving unparalleled accuracy and biochemical 

measurements were to be extensive. In light of the findings of Kitami and co-workers (1991) 

in a primate study and the design of the previous rat study, it was decided to focus the study 

of the regulation of gene expression on renin and angiotensinogen in the kidney and liver. 

The results of the marmoset study are presented in chapter seven.
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After the first two studies were completed, it was decided that a logical application of 

this experience would be to examine the relative activities of the circulating and tissue RA 

systems in a pathophysiological situation. During the 1980's, a model of post-infarction heart 

failure in the rat had implicated activation of the RA system in the pathophysiology of heart 

failure and provided the experimental basis for the therapeutic utility of ACE inhibitors in 

heart failure. Whether tissue RA systems were activated in heart failure or if ACE inhibition 

affects tissue RA systems in this setting was not Icnown. An extensive heart failure study, 

looldng in particular at the regulation of gene expression of components of tissue RA 

systems, was therefore planned. Initially, a pilot study comprising of a sham operated group 

of rats versus an infarcted (induced by coronary artery ligation) group was undertaken. The 

results from this pilot study were encouraging so rather than present the data as it stood, it 

was decided to undertake an independent expanded study based upon the pilot study. The 

revised study consisted of four groups of rats: A, Sham operated; B, Infarcted; C, Sham 

operated + ACE inhibitor treated; D, Infarcted + ACE inhibitor treated. An important facet 

of the revised protocol was that it allowed examination of the potential mechanisms by which 

ACE inhibition may reverse the pathophysiology of myocardial infarction and heart failure 

(see section 2.3.1.1), with respect to modulation of tissue RA systems. The heart failure 

study also allowed an informal comparison with the results of the ACE inhibitor study 

(chapter 6), as two of the groups (Sham operated, and Sham operated + ACE inhibitor 

treated) were similar to the two experimental groups in the ACE inhibitor study. However, 

there is an important contrast between the design of these two studies. Whilst the ACE 

inhibition in the ACE inhibitor study was only over 5 days and could therefore be considered 

to be an acute treatment, ACE inhibition in the heart failure study was over 30 days and 

could therefore be considered to be a chronic treatment. This enables acute versus chronic 

ACE inhibition and any consequent differences in the regulation of tissue RA systems to be 

examined. The heart failure study is presented in chapter 8 of this thesis.

Chapter nine, the final experimental chapter presented, consists of a short study 

undertaken to examine a deficiency of previous studies - namely the failure to detect'ACE 

mRNA by Northern blotting in extra-pulmonary tissues. The development of a Reverse-
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Transcription Polymerase Chain Reaction (RT-PCR) protocol is described and preliminary 

data presented.
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CHAPTER FIVE

MATERIALS AND METHODS
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5.1 GENERAL COMMENTS

In this chapter the main techniques used in the experimental studies are described. 

Practically all of the techniques are well established in Molecular Biology, therefore original 

references have not been given in all cases. The main guide to designing protocols has been 

'Molecular Cloning, a laboratory manual 2nd edition' (Sambrook, Maniatis, and Fritsch, 

1989) in tandem with personal modification of existing techniques. The composition of 

buffers and other information related to the preparation of specific solutions is given in 

Appendix 5 A.

5.2 SOLUTIONS

All aqueous solutions were made with water purified by activated carbon, reverse 

osmosis and finally ion-exchange resins. Solutions were sterilised and made 

Deoxyribonuclease (DNAase) free by autoclaving for 20 minutes at 15 atmospheres pressure 

(121 °C). To destroy Ribonucleases (RNAase) that may be present in solutions used for 

Ribonucleic Acid (RNA) work, solutions were mixed well with 0.1% diethyl pyrocarbonate 

(DEPC; Sigma, UK), and incubated for at least 12 hours at 37 °C before autoclaving. The 

DEPC degrades into volatile ethanol and carbon dioxide upon autoclaving. It is important to 

ensure that all of the DEPC is removed by thorough autoclaving after treatment, as it may 

modify RNA by carboxymethylation. Certain solutions that cannot be autoclaved e.g. 

solutions containing Sodium Dodecyl Sulphate (SDS) or Urea were made up with DEPC 

treated autoclaved water, as were solutions containing Tris base (Tris chemically reacts with 

DEPC).

5.3 GLASSWARE AND PLASTICWARE

All glassware used for RNA work was sterilised and made RNAase free by wrapping 

in aluminium foil and heat baking at 160 °C for 12 hours, before use. Glassware that needed 

to be siliconised e.g. Corex® tubes (Fisons, UK) for RNA preparations were treated by 

immersing for 10 minutes in dimethyl silane (2% solution in 1.1.1. trichloroethane, Fisons, 

UK). This was followed by drying at room temperature for 10 minutes and rinsing in
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distilled water to remove any HCl produced by the degradation of the siliconising solution. 

Siliconised glassware was then baked as described above.

Plasticware including micro-pipettor tips was either bought pre-sterilised (by y- 

irradiation) or sterilised by dry baking at 120 °C for 12 hours.

5.4 PURIFICATION OF NUCLEIC ACmS

The purification of nucleic acids is one of the most fundamental techniques in 

molecular biology. The major purification step, the removal of proteins, can be simply and 

efficiently carried out by extracting an aqueous solution of the nucleic acid with organic 

solvents.

Phenol:Chloroform extraction:

The standard method for removal of proteins from nucleic acid solutions is by 

extraction with a phenokchloroform mixture. Although phenol alone is good at denaturing 

proteins, it does not completely inhibit RNAase and is a solvent for RNA molecules that 

have long poly(A) tails. Combining phenol with chloroform solves these shortcomings. 

Chloroform also helps to denature proteins, facilitates the separation of the aqueous and 

organic phases and removes polysaccharides that may be present in the preparation. 

Deproteinisation is also more efficient when two different solvents are used rather than one.

(i). Liquefied Phenol (Fisons, U.K) was supplied pre-buffered with Tris (pH 7.4) and 

stabilised with 0.1% hydroxyquinoline (as well as behaving as an anti oxidant, 

hydroxyquinoline is a weak chelator of metal ions, partial inhibitor of RNAase and a useful 

indicator of the organic phase of an extraction due to its yellow colour). Phenol was stored at 

-20 °C and thawed immediately prior to use. Chloroform (AR grade; Fisons, UK) was 

supplied as a 100% solution. Iso Amyl Alcohol (AR grade; Fisons, UK) was added to the 

chloroform solution to a final concentration of 4 % (v/v) as an anti-foaming agent.

(ii). Phenol: chloroform extraction was carried out by adding an equal volume of 1:1 

phenol : chloroform to the crude nucleic acid solution and vortexing the contents vigorously to
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form an emulsion. Extractions were then shaken for between 3 and 20 minutes depending on 

the volume and nature of the nucleic acid preparation. Centrifugation was then carried out 

either in a minifuge for 10 minutes (for samples in eppendorf tubes) or for 20 minutes at 

10,000 rpm in a Beclonan RC5B/C centrifuge fitted with a Sorvall SS34 rotor, for larger 

volumes in Corex® tubes. The upper aqueous phase was then removed carefully, avoiding the 

denatured protein interface between the aqueous and organic phases, and transferred to a new 

tube using a pipette. To achieve greater recovery, the organic phase and interface were 

usually back-extracted by adding up to % volume of aqueous buffer, vortexing and 

centrifuging as before and combining the resultant aqueous phase with the original aqueous 

phase.

(iii). Finally, chloroform extraction, using an equal volume of chloroform mixture 

added to the pooled aqueous phase, was carried out to remove any residual phenol from the 

aqueous phase.

5.5 CONCTNTRAIÏNG NUCLEIC ACmS

The standard method of concentrating nucleic acids is to precipitate them with 

ethanol in the presence of moderate concentrations of monovalent cations. The precipitation 

mixture is generally left at a low temperature (-20 °C or -70 °C) for several hours. The 

precipitate is then recovered by high speed centrifugation. The salt used to provide the 

cations is largely a matter of personal choice although the office of the nucleic acid being 

prepared may influence this choice. For most routine precipitations, sodium acetate p.H. 5.2 

at a final concentration of 0.3M is the salt of choice.

Ethanol precipitation of nncleic acids:

(i). After estimating the volume of nucleic acid solution, 1/10 volume of 3M sodium 

acetate (Sigma, UK) pH 5.2 was added.

(ii). Two volumes (214-3 volumes if RNA rather than DNA was being precipitated) 

of 100% ethanol were then added and the mixture placed at -20 °C (t>NA) or -70 °C (RNA) 

for several hours to allow precipitation.
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(iii). The nucleic acid was then pelleted by centrifugation at 4 °C in either a 

Microcentaur minifage (high speed ~ 12,000g +, 15 minutes) for eppendorf tubes, or in a 

Beclonan RC5B/C centrifuge fitted with a Sorvall SS34 rotor (10,000 rpm, 30 minutes) for 

Corex® tubes.

(iv). The supernatant was carefully removed and discarded leaving the pelleted 

nucleic acid in the centrifuge tube. The pellet was then washed with 70% ethanol to remove 

any co-precipitated salt, followed by further centrifugation to re-pellet the nucleic acid. After 

discarding the 70% wash, the pellet was dried under a standard table lamp. The pellet was 

then resuspended in an appropriate aqueous buffer. Care was taken not to over-dry the pellet 

as this makes resuspension difficult. However, if ethanol remains in the sample it may be 

difficult to pipette or load the sample onto a gel, so care was taken to ensure that no ethanol 

remained in the sample tube.

5.6 PREPARATION OF TOTAL CELLULAR RNA

Several procedures have been described for extracting total cellular RNA. They all 

incorporate measures to prevent the degradation of RNA by endogenous RNAase released 

from disrupted cells at the same time as the RNA. Such measures include the use of protein 

dénaturants (e.g. guanidinium isothiocyanate, urea and SDS), deproteinisation procedures 

(e.g. with guanadinium hydrochloride or phenol), and using RNAase inhibitors such as 

heparin or iodoacetate.

In these studies a modification of the method described by Aufffay and Rougeon 

(1980) was used. The major advantage of this method is that ultra-centrifugation is not 

required.

(i). Tissues for RNA extraction were removed from the animal immediately after 

sacrifice, frozen in liquid nitrogen and stored at -70 °C to reduce any enzymatic degradation 

of cellular RNA.
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(ii). After weighing, the tissue was homogenised in RNA lysis buffer containing 6M 

urea, 3M LiCl, 20 //g/ml heparin sulphate (Pharmacy, Leicester Royal Infirmary), 0.1% SDS 

and lOmM sodium acetate pH 5.2. At least 10ml buffer / gm tissue was used and 

homogenisation was carried out in 30ml capacity Corex® tubes (Fisons, UK) for 3 minutes at 

room temperature using a polytron homogeniser (Brinlanann Instruments) at 80-100% 

power.

(iii). The samples were placed on ice and stored overnight (12-16 hours) at 4 °C to 

allow the RNA to selectively precipitate.

(iv). The RNA was pelleted by centrifugation in a Sorvall SS34 rotor in a Beclonan 

RC5B centrifuge at 10,000 rpm for 30 minutes at 4 °C.

(v). The pellet was washed once with 5ml of 6M urea, 3M LiCl and recentrifuged as

above.

(vi). The washed pellet was resuspended in 5ml aqueous buffer (lOmM Tris-HCl 

pH 7.6, 0.5% SDS), and the suspension transferred to a fresh Corex® tube.

(vM). The crude RNA suspension was then phenokchloroform extracted as described 

in section 5.4.

The aqueous phase was then ethanol precipitated overnight (12-24 hours) as 

described in section 5.5 and the RNA recovered by centrifugation in a Beclonan RC5B/C 

centrifuge fitted with a Sorvall SS34 rotor (10,000 rpm, 30 minutes).

(Is). The pellet was washed in 70% ethanol, dried and resuspended at high 

concentration (>10 //g/ul) in DEPC treated water and stored at -70 °C.

(x). RNA concentration was determined by absorbance measurements on a 

spectrophotometer (Philips Pu 8620) at 260nm, and checked by comparing the relative 

ethidium bromide fluorescence of a 5 /tg heat denatured (65 °C, 10 min) sample aliquot run 

on an agarose gel. Integrity of the sample was verified by clearly defined 28S and 18S
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ribosomal and 7.8S / 5S / tRNA bands, a relatively high 28S ; 18S fluorescence, and the 

presence of a light 'smear' of high molecular weight mRNA species. Any significant 

contamination with chromosomal DNA could be seen visible near the wells. A similar 

intensity of fluorescence from different 5 jug sample aliquots run on the same gel verified 

accuracy of the spectrophotometric determination of the concentrations. Yields of RNA 

varied according to tissue and ranged from around 500 fxg RNA / g tissue for aorta to over 

5000 fig RNA / g tissue for liver.

5.7 AGAROSE GEL ELECTROPHORESIS

(i). The appropriate amount of agarose (BRL, ultrapure) for the concentration of gel 

required was weighed out and added to gel running buffer (IxTAE) in a conical flask and 

dissolved by bringing to the boil in a microwave oven (after weighing complete to assess for 

water loss resulting from boiling).

(ii). Once the agarose had completely dissolved, the flask was re-weighed and 

returned to the original weight with sterile distilled water. Ethidium bromide (10 mg/ml 

stock) was added to a final concentration of 0.5 /zg/ml and the agarose solution allowed to 

cool to < 50 °C before pouring onto the gel tray. The gel tray for supporting the gel consisted 

of an ultra-violet - transparent perspex base (Biological Workshop, Leicester University) 

with raised side walls having notches at one end to accept a variety of gel combs. For most 

analyses gel combs with teeth 5mm long and 1.5mm wide with 1.5mm between teeth were 

used. The tray was prepared by setting the gap between the teeth of the comb and the base of 

the gel tray to 0.5 - 1mm and sealing the ends of the tray with autoclave tape to form a 

liquid-tight seal.

(Mi). After leaving for at least 30 minutes to set, the gel comb and autoclave tape 

were carefully removed and the gel carefully placed into an appropriately sized gel tank 

filled with IxTAE containing ethidium bromide. The gel was covered in buffer to a depth of 

5mm.



(iv). After loading nucleic acid samples in the wells left by the removal of the gel 

comb (teeth), a power pack (Biorad, UK) was connected with the cathode at the well end of 

the tank and the anode, to which the nucleic acid migrates, at the bottom. Gels were run at a 

maximum of 5 V/cm length of gel.

(v). The rate and distance of migration of nucleic acids was judged, by using the fact 

that the dye(s) that forms part of the sample loading buffer runs concurrently with nucleic 

acid fragments of specific size according to the concentration of the gel. When sufficiently 

run, the nucleic acids were visualised under ultra violet light from an ultra violet 

transilluminator. This visualisation is possible due to the planar groups of the ethidium 

bromide molecule intercalating between the stacked bases of nucleic acid, absorbing non- 

visible 260nm wavelengths transmitted by the transilluminator, and reemitting light of 

590nm to give an orange fluorescence. The amount of dye bound and the resulting 

fluorescence is directly proportional to the amount of nucleic acid present.

(vi). For permanent records the gels were photographed on the transilluminator using 

Polaroid 667 Land film and a Polaroid Land camera (both Eastman-Kodak Ltd, U K ).

5.8 PREPARATION OE COMPLEMENTARY DNA (cDNA) PROBES

The cDNA probes used in the studies in this thesis were donated as kind gifts from a 

variety of sources. The probes were usually supplied in the form of 1-2 //g of recombinant 

plasmid (probe ligated to vector DNA). It was therefore necessary to introduce the plasmid 

into a suitable bacterial host that could then be grown up on a large scale to produce a 

working stock of plasmid.

5.8.1 Transformation of competent bacterial cells

(I). 100 fA of an overnight culture of an appropriate E. coli strain were inoculated 

into a universal containing 10ml of Luria-Bertani (L-) broth [L-broth consists of 10 gm 

peptone (Oxoid), 5 gm yeast extract (Oxoid), 5 gm NaCl per litre (pH 7.0)]. The culture was 

grown to mid-log phase, with an O.D. 600nm of 0.4- 0.6. The cells were harvested by 

centrifugation at 3,000g for 10 min at 4 °C. The cell pellet was washed by resuspension in
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4ml of ice-cold lOmM NaCl and centrifugation performed as before. The cells were 

resuspended in 4ml of ice-cold lOOmM CaClg and left on ice for 30 min. Following 

centrifugation at 2,500g, the cells were resuspended in 1ml of ice-cold lOOmM CaCl^. The 

cells were placed on ice for 1 hour before use in transformation.

(ii). A total volume of 25 fA of plasmid DNA in T.E. buffer were added to 100 /A of 

competent cells, mixed well and placed on ice for 1 hour. The cells were heat-shocked at 

42 °C for 3 min. 500 /A of L-broth were added and the cells incubated at 37 °C for 1 hour. 

After mixing, 100 fA aliquots were plated onto Luria-Bertani (L-) agar plates [L-agar consists 

of L-Broth +15 gm/litre of agar (Oxoid)] containing the appropriate antibiotics where 

necessary. The plates were incubated at 37 °C overnight.

5.8.2 Large scale extraction of plasmid DNA

(i). The following solutions were used in the extraction procedure:

Solution I.

50mM glucose.

25mM Tris-HCl pH 8.0. 

lOmM EDTA.

Solution n .

0.2MNaOH.

1%SD&

Solution in.
5M acetate (11.5ml glacial acetic acid).

3M potassium ions (60ml 5M potassium acetate).

(ii). 400ml of bacterial culture (resulting from the inoculation of a single transformed 

clone) was grown up to stationary phase (overnight) with appropriate antibiotics where 

necessary. The cells were collected by centrifugation, resuspended in 10ml of solution I 

containing 5mg/ml lysozyme (Sigma, UK) and placed on ice for 30 min. 10ml of freshly
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made solution II were added, the contents mixed, and left on ice for a further 10 min. 15ml 

of ice-cold solution 111 were added, the contents mixed well, and the tube placed on ice for 

another 10 min. Centrifugation was performed at 20,000 ipm in a Sorvall SS34 rotor for 20 

min at 4 °C to remove the cellular DNA and bacterial debris.

(iii). Equal volumes of the resulting supernatant were transferred into 30ml Corex® 

tubes, 0.6 volume of isopropanol was added, the contents mixed, and the tubes left to stand at 

room temperature for 15 min. DNA was recovered by centrifugation in a Sorvall SS34 rotor 

at 12,000g for 30 min at 20 “C. The supernatant was discarded and the DNA pellet dried 

briefly in a vacuum desiccator. The DNA was then resupended in sterile distilled water to a 

final volume of 17ml.

(iv). Caesium chloride was then added to the DNA solution to a final concentration 

of Img/ml and ethidium bromide to 50 //g/ml. The solution was then transferred to an 

ultracentrifuge tube. Chromosomal and plasmid DNA were then separated by density 

gradient ultracentrifugation in a Sorvall TV850 rotor at 40,000 rpm for 20 hours at 20 °C.

(v). After centrifugation, the DNA separated on the density gradient was visualised 

under ultraviolet light and the lower band of plasmid DNA removed from the tube by 

inserting an 18 gauge hypodermic needle into the side of the ultracentrifuge tube beneath the 

plasmid band and collecting the fraction. Ethidium bromide was removed from the fraction 

by equilibration with caesium chloride-saturated isopropanol, while caesium chloride was 

removed by dialysis against distilled water at room temperature. Plasmid DNA was 

recovered from the 'cleaned up' fraction by ethanol precipitation, resupended in an 

appropriate volume of sterile distilled water or T.E. buffer, and stored at -20 °C.

5.8.3 Isolation of cDNA inserts by restriction endonuclease digestion of recombinant 
plasmid DNA and electrophoresis through iow-melting-point agarose

(i). Restriction enzymes were purchased from Life Technologies/BRL. Digests were 

performed according to the manufacturer's recommendations using the specific buffer 

supplied with the enzyme. 'Double' digests that had two enzymes requiring different
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buffering conditions were performed using one buffer that gave an acceptable level of 

activity for both enzymes (compatibility information is available in the form of a chart from 

the manufacturer). Generally, one unit of enzyme was added per//g of DNA. Total reaction 

volume was generally set between 30- 60 /nX and reactions incubated for 4-16 hours at the 

appropriate temperature (usually 37 °C). One unit of enzyme digests 1 fxg DNA in 1 hour 

under optimal conditions. An excess of enzyme was used and incubation performed for 

several hours to ensure that there were no partial digest artefacts. Digestions were stopped 

and prepared for electrophoresis by the addition of 1/10 volume of sample loading buffer.

(ii). After incubation with restriction enzyme(s) the digest was electrophoresed in an 

appropriate percentage (usually 1%) low-melting-point (LMP) agarose gel to separate the 

cDNA insert and plasmid vector. As the proportion of the recombinant plasmid that 

constitutes the cDNA probe is loiown, then the amount of cDNA separated on the gel is that 

same proportion of the total amount of recombinant plasmid digested.

(iii). After the gel had been ran long enough to adequately separate the vector and 

insert, the bands were visualised on a U. V. transilluminator and the portion of agarose 

containing the probe cut out of the gel using a sterile industrial razor blade (Richardsons, 

Leicester, UK).

(iv). The agarose block was trimmed of any agarose not containing probe, the 

trimmed block weighed, and transfened to a sterile screw-capped Eppendorf tube. It was 

assumed that the agarose block roughly had the same density as water (Ig/ml), therefore the 

concentration of probe in the agarose block was easy to calculate.

(v). Sterile 18 Mfl water (Sigma, UK) was added to the eppendorf tube to give a 

final concentration of 20 ng of probe per 21 //I of agarose/water. It is important to ensure that 

no more than % of the volume is occupied by the agarose to prevent interferencè with any 

subsequent radiolabelling reactions.



(vi). The agarose/water mix was then boiled for 5 minutes to melt the agarose, mixed 

carefully, allowed to cool to 40 °C, dispensed into 21 //I aliquots in screw-capped Eppendorf 

tubes, and stored at -20 °C until use.

5.8.4 Radiolabeffing of cDNA probe in low-melting-point agarose

Double stranded cDNA probes were labelled by denaturing them to form single 

stranded templates, priming the template with random hexamer/octamer oligonucleotides, 

and extending the primers with radioactively labelled a-^^P dCTP and unlabelled dATP, 

dTTP, dGTP using the Klenow fragment of E. coli DNA polymerase 1. A commercial kit 

(BRL/Life technologies, UK) was used for this purpose.

(i). 20 ng of probe in 2lfA of 18 MO water was denatured at 100 °C for 12 minutes 

in a 1ml screw-capped Eppendorf tube.

(ii). The tube was given a 3 second low speed spin (minifuge) and components from 

a RadPrime kit (BRL/Life technologies, UK) added in the following order:

2.5x RadPrime buffer mix 20 /A

AGT mix 3 jA

a^^P dCTP (3000pCi/mmol, Amersham, UK) 5 /A (50 //Ci)

Klenow fragment of DNA polymerase 1 1 fA

T O T ^

(iii). The contents of the tube were gently mixed, given a 3 second spin and 

incubated in a water bath for 45 minutes at 37 °C.

(iv). The labelling reaction was passed down a Sephadex G-50 (Pharmacia, UK) 

column, to remove unincorporated nucleotides, before use in a hybridisation.
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5.8.5 Purification of radiolabelled cDNA probe using gel filtration column 
chrom atography

(i). A Gel filtration resin (suitable for separating radiolabelled probes > 80 bases long 

from unincorporated nucleotides) was prepared by adding lOg of Sephadex G-50 

(Pharmacia, UK) to 160ml of water, washing the swollen resin with sterile distilled water 

several times and equilibrating in T.E. buffer (pH 7.6). The resin was then autoclaved and 

stored at room temperature.

(ii). A glass Pasteur pipette was loosely plugged at the end with a small amount of 

sterile glass wool and clamped upright in a retort stand. The Pasteur pipette was then filled 

with gel filtration resin to form a column using a Gilson p i000 micropipette, taking care not 

to introduce any air bubbles. Resin was added until it packed at a level 1cm below the top of 

the Pasteur pipette.

(iii). The labelled probe was made up to a volume of 150 fA with T.E. buffer and 

applied to the top of the column. The resulting fraction was collected at the bottom of the 

column in a microcentrifuge tube. 150 fA of T.E. buffer was then applied to the top of the 

column and the resulting fr action was collected. This was repeated until ~ 15 fractions had 

been collected. The fractions were then held next to a hand-held mini-monitor (with a plastic 

cap fitted on the end of the Geiger tube) to assess their radioactive content. Typically, the 

first 5-7 fractions contained no counts; the next 4-5 fractions had counts near to or in excess 

of the limit of the scale of the mini-monitor (2000 cps); the next 2-3 fr actions had counts 

between 200-800 cps; the following fractions had increased counts typically near to or in 

excess of the limit of the scale of the mini-monitor.

As smaller molecules are retained by the pores of the resin beads and larger 

molecules pass straight through the column, the first radioactive peak represents labelled 

probe, the radioactive 'dip' represents the tail end of labelled probe and the beginning of 

unincorporated radioactive nucleotides being eluted from the column, and the second 

radioactive peak represents unincorporated radioactive nucleotides.
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(iv). Fractions from the first radioactive peak were pooled and 1/50 of the volume 

applied to a GFC filter (Whatman) and liquid scintillation counted. Probes typically labelled 

up to a specific activity of 1-3 x 10̂  cpm///g. The remainder of the pooled fractions was used 

immediately in the hybridisation.

The term Southern blotting (Southern, 1975) is used to describe the tr ansfer of DNA 

fragments, separated on an agarose gel, onto a filter membrane, which can then be hybridised 

to ^^P-labelled DNA or RNA probes. The relative positions of the DNA fragments in the gel 

are preserved during the transfer to the filter. Any bands complementary to the radioactive 

probe can be located by autoradiography.

5.9.1 Southern gel electrophoresis

(i). 1.5% agarose gels were prepared as described in section 5.7. Gels measuring 

19.5cm X 20.5cm with 24 wells were routinely used.

(ii). Samples were loaded using a plOO Gilson micropipette and run at 35 V until the 

DNA size markers (3 fA Gibco 1Kb ladder) had migrated a sufficient distance.

(iii). The gel was photographed with a fluorescent ruler aligned with its length. A 

standard curve was then generated according to the distance migrated by the DNA size 

markers. From this curve, the size of probed fragments that 'lit up' on the final 

autoradiograph could be determined.

5.9.2 Dénaturation of DNA fragments prior to blotting

Before transferring to a supporting membrane for hybridisation, the double stranded 

fragments had to be made single stranded in order for the single stranded complementary 

DNA probe to bind. Prior to dénaturation, if one wishes to transfer large fragments (> 20 kb) 

a 15 minute soak in 0.25M HCl depurinates the DNA to allow easy transfer of the DNA. As 

fragments smaller than 20 kb were to be analysed, depurination was not carried out, the
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cleavage that occurs by U. V. nicking during photography of the gel being sufficient for good 

transfer.

(i). After photography, the gel was submerged in a tray containing denaturing 

solution and gently agitated for one hour with a change of solution after 30 minutes.

(ii). The denaturing solution was then removed from the tray and the gel submerged 

in neutralising solution for one hour with a change of solution after 30 minutes, whilst being 

gently agitated.

5.9.3 Gel blotting

(i). The blotting apparatus was set up as follows: A glass plate several centimetres 

longer and wider than the gel was placed over a tray filled with transfer buffer (20xSSC). A 

'wick' consisting of a piece of Whatman 3MM paper cut slightly wider than the gel was 

wetted in 3xSSC and wrapped around the plate so that the ends dipped in the transfer buffer. 

A 1ml plastic pipette was used to roll out any air bubbles trapped underneath the paper.

(ii). Using a glass plate as support, the gel was lifted from the (neutralising) buffer 

and lowered onto the wet 3MM paper, making sure there were no air bubbles between the gel 

and paper. To ensure that transfer buffer did not by-pass the gel via the edges of the wick, the 

gel was surrounded with a water-tight border of Saran Wrap (Dow).

(iii). A piece of Hybond-N (Amersham, UK) nylon membrane the same size as the 

gel was cut using a clean blade and ruler, wet in 3xSSC and placed carefully on top of the 

gel. After rolling out any air bubbles from the Hybond-N, two prewetted pieces of 3MM 

paper were placed on top of the Hybond-N and newly introduced air bubbles were rolled out. 

Twelve blotting towels (Sigma, UK) were placed on top of the 3MM paper and a 5cm stack 

of paper towels (Kleenex, UK) were placed on top of the blotting towels. Finally a glass 

plate and 200gm weight were placed on top of the stack to compress the components of the

blot.



(iv). Capillary transfer of nucleic acids from the gel to the nylon membrane was 

allowed to proceed overnight (16-24 hours).

(v). The next morning the towels and Whatman papers were removed to reveal the 

membrane and the position of the gel slots marked with an indelible ball-point pen (Fisher, 

UK).

(vi). The membrane was carefully removed, placed in 3xSSC (DNA side up) to 

remove excess salt and agarose, air dried on 3MM paper with the DNA side up for 30 

minutes and wrapped in Saran Wrap.

(vii). The membrane was then exposed to U.V. light (312nm) for 60 seconds on a 

U.V. transilluminator (Vilber Lourmat, France) to covalently cross-link the DNA with the 

filter (Optimum fixation time was determined previously by fixing blots of an identical 

sample for varying lengths of time, hybridising with a radioactively labelled cDNA probe 

under identical conditions and observing which fixation time gave the strongest signal when 

exposed to X-ray film.

(viii). If not hybridised straight away, the membrane was stored at 4 °C.

5.9.4 Hybridisation of Southern membranes

DNA hybridisation was carried out at 65 °C in a rotating hybridisation system 

(Hybaid, UK). With this system, membranes to be hybridised were soaked in 3x SSC and 

placed in between coarse Nylon support meshes cut slightly larger than the membrane (if 

several membranes were to be hybridised simultaneously, then meshes and membranes were 

simply stacked in an alternate fashion). A 'protective' piece of Hybond-N (prevents 

aggregation of non-specific probe signal on the uppermost membrane) was placed on the top 

mesh and the mesh/membrane stack rolled up to form a tube. The tube was then inserted into 

a cylindrical hybridisation bottle, some 3x SSC added, and the bottle was rotated to partially 

unroll the 'tube' so that the mesh/membrane stack adhered to the wall of the hybridisation 

bottle. Prior to addition of the hybridisation solution the 3x SSC was poured off.
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(i). Pre-hybridisation: Membranes were pre-hybridised in 30ml of hybridisation 

buffer containing 6x SSC, 5x Denhardt's solution, 0.5% SDS, 6% polyethylene glycol 6000 

and 200 //g/ml sonicated salmon sperm DNA. The salmon sperm DNA was heat-denatured at 

100 °C for 10 minutes and added to the buffer just before use. Hybridisation bottles were 

rotated at approximately 12 rpm on the 'rôtisserie' device inside the oven for at least 4 hours.

(ii). Hybridisation: Following pre-hybridisation, the buffer was poured off and 

fresh hybridisation buffer of the same composition but containing the labelled cDNA probe 

was added. The probe was denatured by boiling it together with the salmon sperm DNA 

before addition to the buffer. Hybridisation was allowed to proceed for at least 16 hours 

(maximum 24 hours).

5.9.5 Membrane washing and autoradiography

Washing the membranes after hybridisation removes a large proportion of any non- 

specifrcally bound probe. The degree of probe removal is determined by the stringency of the 

washes. The lower the salt (SSC) concentration of the washing buffer and the higher the 

washing temperature, the higher the stringency.

(i). Membranes were first washed twice in 3x SSC, 0.1% SDS for 20 minutes. The 

membranes were then washed for 40 minutes in two changes of IxSSC, 0.1% SDS. The 

membranes were finally washed twice in 0.1 x SSC, 0.1% SDS for 20 minutes each time. All 

washes were at 65 °C.

(ii). Following washing, membranes were air dried briefly so that they were still 

damp, and wrapped in Saran Wrap. The filters were then placed DNA side down on 

pre-flashed Kodak X-omat AR X-ray film in cassettes with intensifying screens (Highspeed 

extra, Eastman Kodak, UK). After overnight exposure at -70 °C, the films were developed 

using an automatic film processor to assess the strength of signal. The appropriate exposure 

time for an optimum result could then be estimated. The size of any fragments detected by 

autoradiography could be determined from a standard curve obtained from the relative 

migration distances of the DNA size markers.
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5.9.6 Reprobing of membranes

To remove the probe from the filters before hybridisation with a different probe, 

membranes were placed in 1 litre of freshly boiled 0.5% SDS solution, gently agitated and 

allowed to cool to < 40 °C. After briefly drying on Whatman 3MM paper, the filters were 

wrapped in Saran Wrap and autoradiographed overnight to check efficient probe removal. 

Filters were stored at 4 °C until needed. Reprobing was carried out as for fresh membranes.

5.10 NORTHERN BLOTnNG AND HYBRHHSATION.

Once Southern's technique was used successfully for detecting sequences within 

DNA, it was soon extended to blotting RNA (Northerns) separated by electrophoresis. RNA 

being single-stranded, must be kept fully denatured during electrophoresis, to prevent self 

folding and allow identical RNA molecules to run at the same rate within the gel. In these 

studies this was achieved by running RNA samples in agarose gels containing formaldehyde.

5.10.1 Northern gel electrophoresis

(i). A 1.2% agarose gel containing 2.2M formaldehyde and IxMOPS 

(morpholinopropanesulphonic acid) buffer p.H. 7.0 was prepared by dissolving the 

appropriate amount of agarose in 7/10 volume of water, allowing the solution to cool to 

50 °C, adding to 1/10 volume lOxMOPS and 1.74/10 volumes formaldehyde (38% v/v, 

Fisons, U.K.), topping up to final volume with water, and pouring. Ethidium bromide was 

included in the gel for visualisation, but only % of the standard concentration was used as 

efficiency of Northern hybridisation may be reduced by ethidium bromide.

(ii). RNA samples for electrophoresis were prepared as follows:

RNA + DEPC water 6.75 fA

lOx MOPS 3.00/zl

Formamide 15.00^1

Formaldehyde 5.25 ,wl

TOTAL 30.00
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(iii). The samples were heated at 65 °C for 10 minutes to remove any RNA 

secondary structure, chilled on ice and 3 fA of lOx RNA loading buffer added before loading 

onto the formaldehyde agarose gel.

(iv). Electrophoresis was carried out in Ix MOPS buffer at a maximum of 3.5 

volts/cm length of gel; current limited to 70mA until the bromophenol blue in the loading 

buffer had run ~ 10-12 cm (6-7 hours for a 20.5 cm length gel). 4 fig of 0.25-9.4 kb RNA 

ladder (BRL/Life technologies, UK) was used as a size marker.

5.10.2 Northern gel blotting

After electrophoresis, the gel was then soaked in 20x SSC for 1 hour before blotting 

to remove the formaldehyde. Blotting was carried out as for Southern gels (see section 5.9.3) 

and the RNA was fixed to the membrane by U.V.-inadiation for 60 seconds as for DNA. 

After the membrane had been fixed, the portion of the membrane containing the RNA size 

markers was cut off and visualised using a staining solution of 0.04 % methylene blue in 

0.5 M sodium acetate pH 5.2.

5.10.3 Hybridisation of Northern membranes

Hybridisation of Northern membranes was essentially performed in the same manner 

as for Southern membranes (see section 5.9.4) except that the composition of the 

hybridisation buffer, and the hybridisation temperature were different. Hybridisations were 

performed in 50ml of a buffer containing 50% Formamide, 5x SSPE, 5x Denhardt's solution, 

0.5% SDS, 6% polyethylene glycol 6000 and 200 //g/ml sonicated salmon sperm DNA. The 

use of a 50% formamide buffer changes the hybridisation kinetics in such a way that a lower 

temperature (42 °C) is required than for an aqueous buffer. This combination of buffer and 

temperature favours RNA:DNA hybridisation. The more sensitive Northern 

membranes are also exposed to less harsh conditions for the duration of the hybridisation, 

thus maximising their potential for successful reprobes. SSPE was used in preference to SSC 

as it has a much superior buffering capacity against formamide.
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5.10.4 Northern membrane washing and autoradiography

Northern membranes were washed and autoradiographed in essentially the same 

manner as described in section 5.9.5 except that SSPE was used in place of SSC. The initial 

3x SSPE washes were also performed at 42 °C rather than 65 °C, as it was assumed that as 

the membrane was still saturated with formamide based solution immediately post

hybridisation, local kinetics on the membrane would dictate the lower temperature. The 

following washes were generally performed at 60 °C.

5.11 REVERSE TRANSCRIPTION POLYMERASE CHAIN REACTION 
(RT-PCR) ANALYSIS

Within the last few years, the polymerase chain reaction has been utilised to 

indirectly demonstrate levels of mRNA expression of a gene in tissues where the level of 

expression is below the detection limits of Northern Blotting and Ribonuclease Protection 

Assay, or where the amount of RNA extracted from a tissue is insufficient for use in these 

standard techniques. Total RNA is first reverse transcribed to first strand cDNA using a 

commercially available high activity reverse transcriptase. The cDNA is then amplified by 

PCR using suitable primers (designed from published nucleotide sequence of the gene of 

interest). The resulting product (the size of which can be predicted) can be separated on an 

agarose gel and subjected to Southern analysis (see section 5.9). Whilst the method is 

excellent at detecting tiny amounts of starting material and verifying the results of other 

methods, it is very difficult to obtain truly quantitative results. The efficiency of the RT 

reaction may not be the same from sample to sample. More importantly, by its very nature, 

PCR is an exponential reaction and therefore small changes in amplification efficiency can 

dramatically affect the amount of product (e.g. a change in amplification efficiency from 

85% to 80% at 30 cycles would reduce the yield of product more than two-fold). The various 

constituents of the PCR reaction may become rate-limiting with successive cycles, and 

factors such as different levels of impurities may give a large inter-sample variability. The 

PCR analyses undertaken in this thesis were therefore interpreted in this light.
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5.11.1 Reverse transcription of RNA template

Total RNA was reverse transcribed to first strand cDNA using oligo (dT)i2 .ig 

(Pharmacia, UK) priming and Maloney Murine Leukaemia Virus Reverse Transcriptase 

(M-MLY RT, BRL/Life Technologies, UK).

(i). 1- 5 yUg of total RNA was made up to a volume of 8 fA with 18 MO water 

(Sigma, UK) in a 0.5ml DNA Thermal Cycler-compatible microfuge tube. This was heated 

at 94 °C for 5 minutes, given a brief spin in a microcentrifuge and put on ice for one minute.

(ii). 2 fA of oligo (dT)^2 _ig (50 ng/^1; Pharmacia, UK) was then added to the tube, at 

room temperature. This was left for two minutes.

(Mi). 10 ^1 of a reverse transcription master mix (kept on ice until use) was then 

added to the tube. The master mix consisted of 4 /A of 5x First Strand Buffer (supplied with 

the enzyme), 2 jA of lOOmM Dithiothreitol (supplied with the enzyme), 2 fA of lOmM deoxy- 

nucleotide tri-phosphates (dGTP, dATP, dTTP, dCTP; Pharmacia, UK), 1 jA of Fluman 

Placental Ribonuclease Inhibitor (20-40 U/^1; Pharmacia, UK), and 1 fA of M-MLY RT (200 

U # .

(iv). The reaction was then given a brief mix and spin and incubated at 37 °C for one

hour.

(v). After incubation, the reaction was heated at 94 °C for 10 minutes, spun briefly 

and put on ice. If the reaction was not to be subjected to PCR amplification straight away it 

was stored at -20 °C.

5.11.2 AmpHfkation of cDNA product by Polymerase Chain Reaction

(i). A 10 X stock of PCR buffer consisting of 500mM KCl, 200mM Tris-HCl 

pH 8.4, and 2.5mM MgCl2  made up with 18 MO water was kept frozen in aliquots. Prior to 

use, an aliquot was defrosted and Bovine Serum Albumin (BSA) solution (lOmg/ml stock, 

Pharmacia, UK) was added to a final concentration of Img/ml.
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(ii). 80 of a 1 in 10 dilution of 10 x PCR buffer/BSA solution, containing 0.4 fà of 

DNA Taq polymerase (SU/ âl; Bioline, UK) and an appropriate amount of the specific 

amplification primers, was mixed gently and briefly spun. This was then added to the 20 fi\ 

of reverse transcribed RNA to give a total PCR reaction volume of 100 fA. This was mixed 

gently, briefly spun and ~ 50 ^1 of mineral oil (Sigma, UK) layered on top. The PCR reaction 

was kept on ice until it was put into the DNA thermal cycler (Perkin Elmer/Cetus, USA).

(iii). Mineral oil (~ 50 fx\) was put into the tube wells of the DNA thermal cycler 

heating block and the block pre-heated to 94 °C. The reaction tube was then inserted into one 

of the tube wells on the heating block and subjected to the following regime for an 

appropriate number of cycles (usually 25-30):

Dénaturation: 1 minute @ 94 °C

Annealing: 1 minute @ the appropriate temperature for the primers being used

Extension: 30 seconds per 500 base-pairs of extension @ 72 °C

(iv). After the reaction was complete, an aliquot of the PCR product (usually 30 ^1) 

was taken for Southern analysis and the remainder stored at -20 °C.

5.12 BIOCHEMICAL ASSAYS FOR COMPONENTS OF 
THE RA SYSTEM IN PLASMA AND TISSUE

Assays for plasma renin concentration (PRC), plasma renin activity (PRA), and 

plasma renin substrate (PRS) [plasma angiotensinogen] were all essentially variations of the 

in vitro generation of AI and subsequent radioimmunoassay (RIA) as described by Menard 

and Catt (1972). This method gives an estimate of the level of the component being assayed 

in terms of the ability of a fixed volume of plasma to generate AI over a fixed time period. 

The first step of the method is the incubation of plasma at 37 “C at a controlled pH (7.0 - 

7.4), AI formed is protected from degradation and enzymatic conversion by the addition of 

inhibitors loiown to block angiotensinases and ACE, but that do not interfere with the action 

of renin. In order to quantitate the AI formed, the second step is the addition of AI antiserum 

and a loiown amount of Iodine - labelled AI in a relatively large volume at 0 - 4 °C. The
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cooling and dilution practically stop enzymatic reactions, and the AI produced in the first 

step competes with the radioactively labelled AI for the antibody. The sample is then kept at 

4 °C for 18 hours, unbound labelled AI removed by adsorption onto plasma or dextran coated 

charcoal, and the resulting supernatant liquid scintillation counted. AI generated by the 

plasma sample is quantified by reference to a standard curve constructed from standard 

amounts of AI that have been subjected to RIA in a similar fashion to the sample being 

assayed.

Detailed protocols are given for the assays of rat plasma. The equivalent assays in the 

marmoset study (chapter 7) were performed in a similar fashion.

5.12.1 Measurement of plasma renin concentration (PRC)

(i). Duplicate plasma samples (20 fA) were incuhated at 37 °C for 5, 30, 60, or 120 

minutes with 60 fA of a mixture of plasma renin substrate^ in O.IM Tris-acetate buffer pH

7.4 containing 2,3-dimercaptopropanol (I 6 mM) and phenylmethylsulfonyl fluoride [PMSF] 

(0.5 mg/ml).

(ii). The enzyme incubation was stopped by rapidly cooling the samples in ice water.

(iii). The AI generated was estimated in the same tube as follows by a modification 

of the RIA described by Menard and Catt (1972) : 400 ^1 of cold O.IM Tris-acetate buffer, 

pH 7.4 containing human serum albumin (1 mg/ml) and AI antiserum was added to each 

sample, followed by 10 pg of Iodine - labelled AI (in 50 fA of O.IM Tris-acetate, pH 7.4). 

The samples were incubated at 4 “C for 18 hours.

(iv). 200 fA of dextran coated charcoal mix (Sigma, UIC) was added to each sample 

and thoroughly mixed for 30 seconds. The samples were then immediately centrifuged at 

3000 X g for 15 minutes at 4 °C. The supernatant was immediately transferred to a 

scintillation tube and counted.

§ The plasma renin substrate was plasma that was obtained from 24 hour bi-nephrectomised 

rats which had been given a subcutaneous injection of long acting polyestradiol phosphate
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(Estradurin, U.K.) ten days before nephrectomy. This substrate preparation was shown to be 

completely renin-ffee and sufficient to cause zero-order kinetics when added to the sample 

incubation.

5.12.2 Measurement of plasma renin activity (PRA)

Assays for PRA were carried using a modification of the antibody trapping method of 

Poulson and Jorgensen (1974) and was technically similar to the assay for PRC except that 

plasma renin substrate was not added to the reaction. The first step of the method is addition 

of AI antiserum to the plasma sample (the antibody dilution was worked out previously and 

shown to be in excess of that required over the range of the standard curve used). During 

incubation at 37 °C at a controlled pH (7.0 - 7.4), AI formed is captured by its antibody 

protecting it from degradation and enzymatic conversion. The quantitation of AI formed is 

then identical to that of the PRC assay except that AI antiserum is not added to the reaction 

(The cooling and dilution after the incubation cause the 'trapped' AI to dissociate from the 

antibody so therefore the AI formed during the incubation competes with the radioactively 

labelled AI for the 'trapping' antibody which now serves as the RIA antibody). AI generated 

by the plasma sample is quantified by reference to a standard curve constructed from 

standard amounts of AI that have been subjected to antibody trapping and competition with 

radioactively - labelled AI in a similar fashion to the sample being assayed.

5.12.3 Measurement of plasma angiotensinogen (PRS)

(i). Duplicate Plasma samples (10 //I) were mixed with mouse submaxillary gland 

renin (20 fA, I I2ng) and 30 /A of IM TES buffer (T.E. with lOOmM NaCl) pH 7.2 

containing EDTA (50mM), 2,3-dimercaptopropanol (8 mM) and PMSF (0.5 mg/ml) for 0, 60 

and 90 minutes at 37 °C (the last time point ensured that the reaction had reached a plateau).

(ii). Reactions were stopped by chilling the sample and adding 300 fA of ice-cold 

O.IM Tris-acetate pH 7.4, containing human serum albumin (I mg/ml). After dilution, the 

angiotensin I generated was measured by a modification of the RIA described by Menard and
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Catt (1972). PRS was calculated from the 90 minute result assuming that one mole of 

angiotensinogen generates one mole of angiotensin I.

5.12.4 Measurement of plasma angiotensin II

Blood was collected into an enzyme inhibitor solution consisting of ortho- 

phenanthroline (final concentration 30 ntfM), K-EDTA (final concentration 1%) and the rat 

renin inhibitor GCP44099A (final concentration 5 //M = ~ 1300 x ICgg). Plasma All 

concentrations were measured by direct RIA after extraction of AH from the plasma with 

phenylsilyl silica gel cartridges. The sensitivity of the RIA was 1 fmol angiotensin II per 

fraction and cross-reactivity with angiotensin I was < 0.1%.

5.12.5 Measurement of plasma angiotensin converting enzyme (ACE) activity

(i). Plasma samples (100 fxï) were collected on heparin and incubated in 50mM 

Hepes buffer pH 8.15, 300mM NaCl, 10 //M ZnClg, containing 5mM Hippuryl-Histidyl- 

Leucine (HHL)and a trace amount (2x10^ cpm/tube) of [glycine-1 - -hippuryl-L-histidyl- 

L-leucine (3 mCi/mmol, Amersham, UIC) at 37 °C for 2.5 hours (total incubation volume 500 

^1). Each plasma sample was assayed in duplicate in the absence or presence of 12.5 fM. of 

enalaprilat.

(ii). The incubation was stopped by adding 500 fA of IM HCl to each sample.

(ill). Cleaved [^^C]-Hippuric acid was extracted from the acidified samples by the 

addition of 1 ml of ethyl acetate, vigorous shaking and a one hour incubation at 4 °C, 

followed by separation of the two phases by centrifugation at 5,000 g for 20 minutes at 4 °C.

(iv). 200 fA aliquots of the organic phase were then added to 5 ml of scintillation 

cocktail (75% toluene / 25% ethyl acetate) and counted in a Tri-Carb scintillation counter 

(Packard Instrument Company, USA) for 5 minutes.

(v). Specific ACE activity was determined from the rate of formation of [̂ '̂ CJ- 

Hippuric acid under conditions of initial velocity (< 10 % of substrate hydrolysed). Results 

were expressed as nmol of substrate hydrolysed per ml of plasma per hour of incubation.



5.12.6 Measurement of tissue angiotensin converting enzyme (ACE) activity

Tissue ACE activity was measured in a similar manner to plasma ACE, using freshly 

prepared homogenates prepared in ice-cooled assay buffer containing 0.5% Triton X-100. 

The protein content of the homogenates was determined by the method of Bradford (1976). 

Results were expressed in nmol substrate hydrolysed per mg protein per min incubation.
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APPENDIX SA: SOLUTIONS AND BUFFERS 

Ix  T.E. BUFFER

lOmM Tris-HCl pH 8-0 (Fisons, UK).

ImM EDTA (Sigma, UK).

lOx SAMPLE LOADING BUFFER:

50% Glycerol v/v (Sigma, UK).

49.5% DEPC treated water.

0.25% Bromophenol Blue (Sigma, UK).

0.25% Xylene Cyanol (Sigma, UK).

IX TAE GEL RUNNING BUFFER:

40mM Tris-acetate (Fisons, UK).

ImM EDTA (Fisons, UK).

0.5 //g/ml Ethidium Bromide (Sigma, UK).

SOUTHERN BLOTTING DENATURING SOLUTION:

1.5M NaCl (Fisons, UK).

0.5M NaOH (Fisons, UK).

SOUTHERN BLOTTING NEUTRALISING SOLUTION:

IM Tris-HCl pH 8.0 (Fisons, UK).

1.5M NaCl (Fisons, UK).

20x SALINE SODIUM (TTRATE (SSC):

3.3M NaCl (Fisons, UK).

0.3M Nag Citrate (Fisons, UK). 

pH 7.0
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20x SALZNE SODIUM PHOSPHATE EDTA (SSPE)

3.6M NaCl (Fisons, UIC).

0.2M NaH^PO^ (Fisons, UIC).

0.02M Naz EDTA (Fisons, UIC). 

pH 7.4

10 X MOPS FORMALDEHYDE GEL RUNNING BUFFER

0.2M morpholinopropanesulphonic acid (Sigma, UIC).

50mM sodium acetate (Sigma, UIC).

5mM EDTA (Fisons, UIC). 

pH 7.0

2.5 X RADPRIME BUFFER

I25mM Tris- HCl pH 6 . 8  

I2.5mM MgClg 

25mM 2-mercaptoethanol

150 /fg/ml oligodeoxyribonucleotide primers (random octamers)

AGT mix (deoxyribonucleotide tri phosphate mix) 

lOmM each of dATP, dGTP, dTTP in ImM Tris-HCl (pH 7.2)

5x FIRST STRAND BUFFER:

250mM Tris-HCl (pH 8.3)

375mM KCl 

15mMMgCl2

lOx PCR REACTION BUFFER:

500mM KCl (Sigma, UK).
200mM Tris-HCl pH 8.4 (Fisons, UK).

25mM MgCl2  (Sigma, UK).

1 mg/ml Bovine Serum Albumin (Pharmacia, UK).
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CHAPTER SIX

Effects of ACE inhibition on tissue renin and 
angiotensinogen gene expression in the rat
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6.1 INTRODUCTION

Since their introduction into clinical practice in 1977, inhibitors of angiotensin 

converting enzyme (ACE) have found an increasing role in the management of several 

cardiovascular disorders. They have been found to be useful not only in the treatment of 

hypertension (Brunner, Gavras, and Waeber, 1979) and left ventricular dysfunction (The 

CONSENSUS Trial Study Group, 1987; The SOLVD Investigators, 1991), but also to 

reduce the risk of recurrent myocardial infarction (Pfeffer et a l, 1992), to cause regression of 

cardiac hypertrophy (Dahlof, Pennert, and Hansson, 1992), to improve arterial compliance 

and to prevent the progression of diabetic nephropathy (Parving, Hommel, and Smidt, 1988). 

Given such multiple effects, it has been proposed that tissue RA systems may be important 

targets for the actions of ACE inhibitors (Dzau, 1987). In the kidney, ACE inhibitors 

increase renin production (Nakamura et a l, 1985; Ludwig et a l, 1987), primarily by 

disrupting the negative feedback exerted by All. Their reported effect on renin production in 

extra-renal tissues is still poorly understood and controversial. In this study, it was therefore 

decided to examine the effects of ACE inhibition on renin as well as angiotensinogen mRNA 

levels in several rat tissues where these genes are expressed.

6.2 METHODS

(i). Animals and ACE inhibitor treatment

Male Wistar rats (300-400 gm, 12 weeks old), n=12 were purchased from Charles 

River laboratories (UK). The animals were housed under controlled conditions (temperature 

21 ± 1 °C, humidity 60 ± 10%, 12 hour day/night cycle) and fed standard rat chow (Rat & 

Mouse no. 3 Breeding Diet, Special Diet Services Ltd., Witham, Essex, UK) containing 

0.25% Sodium and 0.66% Potassium. The animals were allowed free access to drinking 

water throughout the study. The animals were divided into two groups (n= 6  per group). The 

treated group animals (Group A) had the ACE inhibitor perindopril (kindly provided by 

Servier Laboratories Ltd.) administered by gavage at a dose of 1.5 mg/lcg/day dissolved in 

1ml of water, for a period of 5 days. The control group animals (Group C) were given the 

vehicle (1ml water) daily for the same time period. Animals had daily weights and water
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intakes measured. Four hours after the dose on day 5 of the study, the animals were killed by 

cervical stunning and decapitation. 1 ml of blood was collected in pre-chilled syringes 

containing 100//I of 10% K-EDTA and orfAo-phenanthroline (final concentration 30 mM). 

The blood was immediately centrifuged at 4 °C and the plasma stored at a constant 

temperature of -20 °C until assayed for plasma renin concentration (PRC) and plasma All 

concentration. Organs for RNA analysis were removed within a few minutes of death, snap- 

frozen in liquid nitrogen and stored at -70 “C prior to RNA extraction.

(ii). Measerement of PRC and plasma A ll

PRC was measured by RIA of generated angiotensinogen 1 in the presence of excess 

plasma renin substrate. Plasma All was measured by direct Radio Immunoassay (see section 

5.12).

(iii). RNA extraction

The following tissues were collected for Northern blot analysis of RNA: brain, heart, 

liver, kidney, testes, adrenal, and aorta. Total tissue RNA was extracted by a modification of 

the lithium chloride / urea selective precipitation technique (Aufffay and Rougeon, 1980) as 

described in section 5.6. For all tissues, apart from adrenal and aorta, RNA was prepared and 

analysed for individual animals. Due to the limited amount of material obtained per animal 

for adrenal and aorta, samples were pooled (n=6 ) for each group before RNA extraction.

(iv). Northern blot analysis

Analysis for renin and angiotensinogen mRNA was carried out by standard Northern 

blotting procedures as described in section 5.10, using 60 jxg per sample. The probes used 

were a mouse submandibular gland renin cDNA (pSMG 5913) for renin kindly supplied by 

Professor W. Brammar, University of Leicester, and a rat liver angiotensinogen cDNA 

(pRang6 ) for angiotensinogen (Lynch et a l, 1986) kindly provided by Dr. K. Lynch, 

University of Virginia, Charlottesville, USA. Probes were labelled with a-^^P-dCTP by the 

random oligo-primer method as described in section 5.8.4. In both cases, blots were routinely 

washed post-hybridisation to a stringency of 0.5 - O.lx SSPE at 60 °C and exposed to X-ray
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film at -70 °C with intensifying screens. For internal control of even RNA loading and 

transfer, blots were stripped (see section 5.9.6) and reprobed with a cDNA for bypoxantbine 

guanine pbospboribosyl bansferase (HGPRT) an enzyme of the purine salvage pathway 

constitutively expressed in most cells (Brennand, Konecld, and Caskey, 1983), kindly 

supplied by Dr. C. Thomas Caskey, Baylor College of Medicine, Houston, Texas, USA. 

Molecular weights of the bandst seen on the membranes were estimated from a concurrently 

run RNA molecular weight ladder (BRL/Life Technologies UK). Intensities of 

autoradiographic signals, reflecting the amount of specific mRNA, were quantitated by 2D 

densitometry scanning using an LKB Ultrascan 2222-010 Scanner (LKB-Produkter AB, 

Bromma, Sweden), and values for renin and angiotensinogen mRNA normalised by the 

corresponding HGPRT level before making comparisons. All samples were analysed at least 

three times.

t  The apparent molecular weights of the mRNAs were: renin, 1.6 kb; angiotensinogen, 1.9 

kb; HGPRT, 1.6 kb.

(v). RT-PCR analysis

The presence of renin mRNA in the various tissues was also evaluated by reverse 

transcription of total RNA followed by PCR amplification (RT-PCR) [Sambrook, Fritsch, 

and Maniatis, 1989]. Two pairs of renin specific oligonucleotide primers were used in the 

analysis: Pair 1 from exons 3 and 4 respectively of the gene; upstream primer (ACCCAG 

T ACT AT GGT G AG AT CGGC) from nucleotides +276 to +299 and downstream primer 

(TCAATGGTGTAGAACCGACTCCTT) from nucleotides +518 to +495 in the rat renin 

cDNA sequence (Burnham et a l, 1987), and Pair 2 from exons 7 and 8  respectively; 

upstream primer (CACCTT GTT GT GT GAGGAGG) from nucleotides +854 to +873 and 

downstream primer (ATCTTCCTCTACAGCCCCTC) from nucleotides +1030 to +1011. In 

both cases, reverse transcription was carried out using oligo-dT (see section 5.11.1). For all 

tissues 5 /j,g of total RNA was used except for the kidney where 1 //g was used. For primer 

Pair 1, PCR was carried out for 30 cycles as follows: dénaturation, 1 minute at 94 °C; 

annealing, 1 minute at 60 °C; extension 30 seconds at 72 °C. Fifty picomoles were used in
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each reaction (total volume of reaction 1 0 0  //I) and the final magnesium concentration per 

reaction was 2.5mM. For primer Pair 2, PCR conditions were identical except for an 

annealing temperature of 65 “C. Following PCR, amplified products (V3 of each reaction) 

were run out on 1.5% agarose gels containing ethidium bromide. Sizes of amplified products 

were determined from concurrently run DNA markers (Ikb ladder, BRL/Life Technologies, 

UK). To confirm that the amplified product seen with both pairs of primers came from renin 

mRNA, the amplified products were transferred to nylon membranes (Hybond N,

Amersham, UK) by Southern blotting (see section 5.9) and hybridised to pSMG 5913.

(vi). Statistical analysis

Where appropriate, results were compared using Student's unpaired t-test. P < 0.05 

was considered statistically significant.

6.3 RESUILTS

(i). Both control (Group C) and perindopril treated (Group A) animals showed a 

similar weight gain over the 5 days of the experiment (Table 6.1). Average daily water intake 

was also not different between the groups. Nevertheless, at 5 days PRC was markedly 

increased in the treated group while the circulating All was reduced to a low level.

(ii). Figures 6 A and 6 B show the findings of the effects of perindopril treatment on 

renin mRNA levels. In the kidney, treatment caused a greater than four-fold average increase 

in renin mRNA level. In contrast, no significant change was observed in renin mRNA levels 

in any of the extra-renal tissues.

(Mi). Figures 6 C and 6 D shows the corresponding findings for angiotensinogen 

mRNA. Even taking into account the fact that the very weak signals encountered in tissues 

such as the heart made accurate quantitation difficult, tieatment was again not associated 

with a significant change in angiotensinogen mRNA levels in any of the tissues including 

liver and kidney.

106



(iv). The presence of renin mRNA in the tissues studied was independently 

confirmed by two different RT-PCR studies (Figure 6 E). With each pair of primers, a 

product of precisely the size expected from renin mRNA (Pair 1, 243 base pairs; Pair 2, 177 

base pairs) was amplified from all tissues. The derivation of the amplified product from renin 

mRNA was further confirmed in each case by hybridisation to pSMG 5913. By choosing 

primer pairs that spanned an intron for both amplifications, the possibility of getting an 

identical sized product from any contaminating DNA in the RNA sample was avoided. 

Amplification from genomic DNA would have yielded products of 901 base pairs (Primer 

Pair 1) and 441 base pairs (Primer Pair 2), respectively.

It is important to note that the RT-PCR analyses were designed to confirm the 

presence of renin mRNA and were not designed to be quantitative, e.g. After 30 cycles of 

PCR, the difference in kidney renin mRNA between control and perindopril treated rats 

demonstrated by Northern blotting (Figure 6 A) was not apparent in the levels of amplified 

PCR product (Lanes 1-2, Figure 6 E).
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TABLE 6.1: Effects of 5 days perindopril treatment on weight, water intake, plasma 
renin concentration and plasma angiotensin n  levels.

C A P

Weight gain (gm) 28.0 ± 2.3 31.8 ±2.4 >0.05

Average daily fluid 
intake (ml) 31.2 ±1.8 32.6 ±2.2 >0.05

PRC (ngAI/ml/hr) 9.4 ±1.2 317.0 ±46.8 < 0.001

AH (fmol/ml) 9.5 ± 1.8 < 1.0

C, control treated animals; A, perindopril treated animals; PRC, plasma renin concentration; 
An, plasma angiotensin II; P, probability; mean ± SEM are shown. Angiotensin II levels in all 
perindopril treated animals were below the upper limit of sensitivity of the assay ( 1 . 0  finol/ml).
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FIGURE 6£: Demonstration of renin mRNA in rat tissues using RT-PCR.

M 1 2 3 4 5 6 7 8 9 10 11 12 13 14 1516

B

394  -

298  -

220  -

M 1 2 3 4 5 6 7 a 9 10 11 12 13 14 1516

Panel A shows the results obtained using primer pair 1 (from exons 3 and 4) and Panel B the 
results obtained using primer pair 2 (from exons 7 and 8). In each case the upper part of the 
panel shows the anq)lified PCR products on ethidium-bromide stained agarose gels and the 
lower part, the results of hybridisation with renin probe pSMG 5913 after Southern transfer of 
the PCR products (autoradiograph e^qposure times < 2 hours). M, marker track (fragments 
from 1 kb ladder, BRL/Life Technologies); Samples; 1-2 kidney; 3-4 liver; 5-6 brain; 7-8 
heart; 9-10 testis; 11-12 adrenal; 13-14 aorta. For each tissue, the first sample is from a 
control rat and the second from a perindopril-treated rat. Tracks 15-16 control reactions; 15 
RT-PCR in absence of any RNA; 16 PCR of kidney RNA without RT step. Arrows point to 
the amplified products o f243 bp (Panel A) and 177 bp (Panel B) respectively. Although the 
amplified product was in some cases not easily visible on the agarose gel, in aU tissues the 
hybridisation with pSMG 5913 confirmed its presence.
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6.4 DISCUSSION

Ever since the 1970's there has been controversy regarding the existence and 

functions of tissue renin-angiotensin systems. Initial concerns centered around specificity of 

biochemical assays for renin (Reid, 1977). Later concern shifted to the source of the renin 

detected in tissues - whether it was taken up from the circulation or synthesised locally 

(Loudon et a l, 1983). The application of molecular-genetic techniques and the 

demonstration of (pro)renin mRNA in various tissues in the mid to late 1980’s and early 

1990's (Dzau e ta l, 1987a, 1987b; Paul e ta l, 1988; Samani, Swales, and Brammar, 1988; 

Eldcer, Tronik, and Rougeon, 1989; Olcura et a l, 1991; Lou et a l, 1991; Holycross et a l, 

1992; Iwai and Inagami, 1992; Delia Bruna et a l, 1993; Lou, Robinson, and Morris, 1993) 

suggested that at least part of the renin detected in tissues was produced locally. However, 

even this finding has proved controversial because of the variability reported in terms of both 

the ability to detect renin mRNA in extra-renal sites and the ease with which this could be 

done. The reasons for the inconsistency are not clear but may reflect methodological as well 

as important strain/species differences.

The detection of renin mRNA in tissues of the animals of this study is in agreement 

with most of the studies mentioned above. Several features support the view that the mRNA 

species detected by Northern blotting in the various tissues in this study was indeed that for 

renin: (i). Only a single mRNA band was seen in all tissues. It has previously been shown in 

Southern blot analysis of rat genomic DNA that, under similar conditions to those used here, 

pSMG 5913 only binds to DNA fragments containing portions of the renin gene and does not 

detect heterologous genes (Samani, Brammar, and Swales, 1989); (ii). The band was of the 

anticipated size for renin mRNA (1.6 kb); (iii). The band detected in the extra-renal tissues 

co-migrated with the band from kidney RNA which was included as a positive control in all 

blots; (iv). The kidney mRNA species detected showed positive modulation with ACE 

inhibition which is precisely what would be expected for renin mRNA (Figure 6 A). In 

addition, the presence of renin mRNA in all tissues studied was confirmed using an alternate 

technique - RT-PCR. Oligonucleotide primer pairs, located in two different regions of the 

renin transcript, amplified products of the predicted sizes which hybridised to pSMG 5913.
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The widespread expression of renin mRNA in rat tissues has also been demonstrated 

previously using a further technique, RNAase-protection (Samani, Swales, and Brammar, 

1988).

The results indicate that there are differences in the control of renin gene expression 

in renal and extra-renal tissues. Specifically, they suggest that, at least in the short term, a fall 

in circulating All does not markedly affect renin gene expression in several extra-renal 

tissues. These findings are consistent with previous observations on the effects of changes in 

dietary salt intake on renal and extra-renal renin RNA levels (Samani, Swales, and Brammar, 

1988). Taken together with the results of other studies which have shown similar dissociation 

in the effects of other acute stimuli (Catanzaro, Mesterovic, and Morris, 1985;

Dzau et a l, 1987a; Suzuki et a l, 1988) the findings support the concept that, even if they 

ultimately serve similar functions, the circulating and tissue RA systems differ: The 

circulating system acting to maintain acute cardiovascular homeostasis while the tissue 

system works more chronically (Dzau, 1987).

Apart from interruption of the negative feedback effect of All on the renin producing 

juxtaglomerular (JG) cells of the kidney, stimulation of the renal baroreceptor as well as 

other mechanisms (Skott and Jensen, 1993) may contribute to the increase in kidney renin 

mRNA by ACE inhibition. At a molecular level, this increase most likely represents 

increased transcriptional activity of the renin gene, although this study cannot exclude 

changes in renin mRNA turnover. Gomez et a l (1990) have also reported an additional 

mechanism that can operate - namely recruitment of afferent arteriolar cells upstieam of the 

JG cells to produce renin.

A notable finding of this study was that while kidney renin mRNA increased four

fold in the perindopril-treated group, PRC increased by over 30 fold (Table 6.1). Such 

disproportional changes in Iddney renin mRNA and PRC have been reported both previously 

(Nakamura et a l, 1985; Ludwig et a l, 1987) and since this study was undertaken (Morishita 

et a l, 1993) in relation to both ACE inhibition and other stimuli; and indicate important 

post-transcriptional regulation of renin production and secretion by the kidney. Considerable
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evidence now exists that, in particular, the secretion of renin is complexly regulated and can 

occur through multiple pathways (Dzau, Burt, and Pratt, 1988).

The distribution of angiotensinogen mRNA found in the animals in this study agrees 

with previous reports in rats (Campbell and Habener, 1986; Ohlcubo et a l, 1986). Although 

the size of the band (~ 1.9 kb) detected by Northern blotting in different tissues did not vary, 

it was quite broad (Figures 6 C and 6 D). Minor heterogeneity of rat angiotensinogen mRNA 

transcripts due to the presence of multiple closely spaced 3' polyadenylation sites has been 

reported (Ohlcubo et a l, 1986) and the broadness of the band most likely simply reflects this. 

Any functional significance of such heterogeneity remains to be clarified but with regard to 

potential tissue specific effects it is notable that the structure of transcripts in different tissues 

have not been shown to differ (Ohlcubo et a l, 1986).

Situations in which circulating A1 is perturbed have previously been reported to 

affect both liver (Iwao et a l, 1988; Iwao et a l, 1990) and kidney angiotensinogen 

(Ingelfinger et a l, 1986; Iwao et a l, 1988) mRNA levels. Further, direct infusion of All has 

been shown to stimulate liver and renal angiotensinogen synthesis (Nakamura et a l, 1990; 

Schunkert et a l, 1992a) and a single dose of the ACE inhibitor captopril or infusion of the 

All antagonist saralasin to transiently decrease the level of liver angiotensinogen mRNA 

(Nakamura et a l, 1990). Therefore, the lack of effect of perindopril on angiotensinogen 

mRNA levels in the liver and Iddney in this study, despite the marked suppression of 

circulating All, was somewhat surprising. However, with ACE inhibitor treatment for 

several days, factors other than A1 that may affect angiotensinogen synthesis, such as renin 

itself (Hermann and Dzau, 1983) and aldosterone (Chang and Perlman, 1987), are also 

altered and the overall absence of an effect may simply reflect a balance of inhibitory and 

stimulatory factors. In the kidney, Gomez et a l (1990) similarly found that 5 days treatment 

with the ACE inhibitor enalapril had no effect on the angiotensinogen mRNA level and, 

likewise, Schunkert et a l (1992a) reported liver and renal angiotensinogen mRNA levels to 

be unaffected in male Sprague-Dawley rats after quinapril treatment for three days.

However, it needs to be emphasised that under other conditions than those used here, ACE
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inhibition may have an effect on renin/angiotensinogen gene expression. Thus ACE 

inhibition has been reported to normalise the increased renal angiotensinogen gene 

expression that occurs in rats with experimental heart failure (Schunkert et a l, 1992b) or in 

those receiving a low sodium diet (Iwao et a l, 1988), and expression of renin mRNA has 

been found to be switched on by enalapril in the atrium in female Wistar rats on a low 

sodium diet (Lou, Robinson, and Morris, 1993).

The lack of effect on renin/angiotensinogen gene expression in some sites could also 

reflect inadequate interruption of an important local A I  feedback loop because of either the 

relatively short period of ACE inhibitor treatment and/or poor tissue penetration of 

perindopril in some sites, e.g. across the blood-brain and blood-testicular barriers (Sakaguchi 

et a l, 1988; Johnston et a l, 1989). In this context, it is notable that in several extra-renal 

sites there was a trend towards higher renin mRNA levels in the ACE inhibitor treated group, 

although none achieved statistical significance (Figures 6 A and 6 B). The effect of longer 

term ACE inhibition needs to be studied before one can totally rule out any consequence. 

This is particularly relevant as many of the clinical benefits of ACE inhibitor treatment 

(Brunner, Gavras, and Waeber, 1979; Gavras et a l, 1981; The CONSENSUS Trial Study 

Group, 1987; Asmar et a l, 1988; Parving, Hommel, and Smidt, 1988; The SOLVD 

Investigators, 1991; Dahlof, Pennert, and Hansson, 1992; Pfeffer et a l, 1992; The ARE 

Study Investigators, 1993) are only apparent after prolonged treatment.

As noted previously, there is an additional source for renin and angiotensinogen 

present in tissues - uptake fi'om the circulation. Indeed, there is now substantial evidence that 

the vast majority of circulating angiotensins (both A  and A l)  are actually generated within 

tissues from components derived in this way (Campbell, 1985; Admiraal et a l, 1990). It is 

therefore logical to hypothesise that inhibiting such 'tissue' generation of A l  is important in 

at least some of the effects of ACE inhibitors. The results of this study do not in any way 

impinge on the validity of this proposition. Nevertheless, they do raise important questions 

regarding the organisation of tissue renin-angiotensin systems and particularly the fate of the 

locally synthesised components (Samani and Kelly, 1991). Three scenarios are possible:
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(i). Although differently regulated, locally derived renin and angiotensinogen add to the 

extracellular pool of angiotensin generating capacity also contributed to by components 

derived from the circulation and ultimately subserve the same functions as the endocrine 

system; (ii). They form independent local renin-angiotensin systems (perhaps 

intracellularly) subserving functions entirely distinct from the circulating system; or

(iii). Given that both (pro)renin and angiotensinogen share homology with proteins involved 

in a variety of other functions, they subserve functions not mediated via A l  generation at all. 

The actual scenario may indeed vary from tissue to tissue. Whilst this study, and others 

reported in the vast amount of published literature shed light on the regulation of expression 

of the locally derived components, a better understanding of the functions of tissue renin- 

angiotensin systems is only likely to occur when more is leamt about their fate.

In conclusion, this study has for the first time systematically investigated the effects 

of ACE inhibition on expression of the genes for renin and angiotensinogen in several rat 

tissues. The results obtained raise interesting questions not only in terms of the role of tissue 

renin-angiotensin systems in mediating the effects of ACE inhibition, but more generally 

regarding their organisation.
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CHAPTER SEVEN

Expression of components of the renin-angiotensin 
system during prolonged blockade at different 

levels in the marmoset
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7.1 INTRODUCTION

The RA cascade offers several potential sites for blockade. To date, three different 

pharmacological modes of blockade of the RA system have been extensively studied:

(i). renin inhibition, (ii). ACE inhibition and (iii). A l  receptor antagonism (see section 

2.3). These different modes of interference have a common goal in that they prevent A l  

exerting its physiological responses. However, blockade of the RA system at different points 

should highlight differences in the way that a specific class of inhibitor limits A l. The 

enzyme renin catalyses the first and rate-limiting step in the reaction cascade leading to the 

formation of A . In contrast to the other enzymes in the cascade, renin has a unique substrate 

specificity; angiotensinogen is its only Icnown naturally occurring substrate. Inhibition of 

renin therefore theoretically provides a very specific way to block the RA system. 

Angiotensin-converting enzyme (ACE), on the other hand, is an enzyme with a broad 

substrate specificity. In addition to A , it cleaves other peptides such as bradykinin and 

substance P. ACE inhibitors may therefore influence cascades other than the RA system. A I- 

receptor antagonists, in contrast to renin inhibitors and ACE inhibitors, block the actions of 

A l  rather than its formation. They therefore have the potential to block the effects of any 

A l  generated via pathways other than the classical RA system (Samani and Kelly, I99I). As 

there is more than one subtype of the A l  receptor, such antagonists, depending on their 

affinities for the various subtypes, may not block all of the actions of A L

A l  exerts a negative feedback on renin synthesis and release (Katz and Malvin,

1993). Therefore, agents blocking the synthesis or effects of A l  might be expected to 

increase renin synthesis and release. After ACE inhibition, plasma concentrations of A l  

should decrease, but A  may increase. Renin concentrations should also increase. These 

predicted changes have been shown to occur after ACE inhibition (Johnston, 1984). After 

A l  subtype I (ATJ receptor antagonism, plasma concentrations of A  and A l  should not 

decrease and may even increase. If the effects of A l  on renin synthesis and release are 

mediated via the AT^ receptor, renin should also increase. These predicted changes after ATj 

receptor antagonism have also been reported (Bunkenburg e ta l, 1991). After renin 

inhibition, plasma concentrations of A  and A l  should decrease. Although renin activity
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should be inhibited, the amount of renin in the plasma can be expected to increase. Most 

studies with renin inhibitors performed in monkeys or humans have shown that circulating 

concentrations of renin are increased after renin inhibition (Wood et a l, 1985). Recently, 

however, renin synthesis and release were found to be actually inhibited in the marmoset 

with the nonpeptide renin inhibitor ES-8891 (Kitami et a l, 1991).

The purpose of this study was to compare the effects of blockade of the RA system at 

these three different levels not only on the circulating components of the RA system, but also 

on the expression of the renin and angiotensinogen genes, in a primate. The common 

marmoset (Callithrix jacchus) is a New World monkey that has been extensively used for 

drug safety testing, the study of developmental abnormalities and in recent times, 

cardiovascular research (McPhearson, 1980; Hearn, 1983). The marmoset was first used in 

cardiovascular research as a model for evaluating the effects of primate-specific renin 

inhibitors. As the first renin inhibitors were antibodies or large peptides (see section 2.3.2) 

that are difficult to produce, the small size of the marmoset (body weight being similar to 

that of the rat) was an advantage when evaluating the pharmacokinetics of compounds that 

were in such a limited supply.

As conflicting results have been reported with renin inhibitors (Wood et a l, 1985; 

Kitami et a l, 1991), the following two different types of renin inhibitor were chosen for 

these studies: CGP-29287, a potent synthetic renin inhibitor (Wood et a l, 1985), and 

R-3-36-16, a potent renin inhibitory monoclonal antibody (Wood et a l, 1986). The ACE 

inhibitor was benazeprilat (Kaiser et a l, 1990) and the ATj-receptor antagonist was valsartan 

(Criscione et a l, 1993). Each inhibitor was given in a dose that had been previously shown 

to produce a near-maximum fall in blood pressure in conscious sodium-depleted marmosets 

(Criscione et a l, 1993; Wood et a l, 1985; Wood et al, 1986). The compounds were given 

by continuous infusion to eliminate influences of the different pharmacokinetic properties of 

the various agents. Blood pressure was monitored by a new telemetry system designed to 

record continuously in conscious marmosets moving freely in their home cage (Schnell and

121



Wood, 1993). After 8  days the animals were killed, and blood and tissues were taken for 

humoral and mRNA measurements, respectively.

7.2 METHODS

(i). Animals and administration of drugs

Normotensive adult (4-7 years old) marmoset monkeys {Callithrix jacchus: Ciba, 

Sesseln, Switzerland) of both sexes weighing 300-400g were used. The animals were kept in 

family pairs in cages under controlled conditions (temperature 24 - 27 °C; relative humidity 

50 - 80%; 12 hour day/night cycle) in the Cardiovascular Department, Ciba-Geigy Limited, 

Basal, Switzerland). They were fed a low-salt pellet diet (9 mmol/kg sodium; NAFAG, 

Gossau Switzerland) supplemented with fruit and were, allowed free access to drinking water 

throughout the study. The animals were fed this diet for one week before beginning the drug 

treatments and during treatment to stimulate activity of the RA system and make the blood 

pressure sensitive to blockade of the RA system.

The various blockers of the RA system were given by continuous intraperitoneal 

infusion using osmotic minipumps (2001; Alzet, Palo Alto, CA, USA) implanted in the 

peritoneal cavity. The minipumps were implanted under anaesthesia (10 mg/kg ketamine 

supplemented with 0.75 mg/lcg diazepam and 0.15 mg/kg atropine [intramuscular 

administration]). The ACE inhibitor benazeprilat was given in a dose of 10 mg/kg/day (n=6 ), 

the ATj-receptor antagonist valsartan in a dose of 10 mg/kg/day (n=9), the renin inhibitor 

CGP-29287 in a dose of 30 mg/kg/day (n=7), and the renin inhibitory antibody R-3-36-16 in 

a dose of 10 mg/kg/day (n=6 ). As a control, a separate group of marmosets received vehicle 

only (0.9% saline, n=6 ). It has previously been shown that the doses used lower blood 

pressure in sodium-depleted marmosets to a similar and maximum extent (Criscione et a l, 

1993, Wood ef a/., 1985; 1986).

(ii). Experimental protocol

Blood pressure and heart rate were measured continuously for one week before and 

during the treatment period. The marmosets were killed on the 8 th day of treatment, and
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blood samples were taken for the measurement of the various biochemical factors. The 

kidneys and liver were removed within a few minutes of death, snap frozen in liquid nitrogen 

and stored at -70 °C prior to RNA extraction.

(iii). Measurement of blood pressure.

Mean arterial blood pressure was measured in the marmosets, while freely moving in 

their own cages, by a telemetry system (Data Sciences, St Paul, MN, USA) as described 

previously (Schnell and Wood, 1993). The pressure transmitters (AVI model TAl 1PA-C40) 

were implanted in the peritoneal cavity with the sensor catheter placed in the aorta (below 

the renal artery) pointing upstream. The surgery was performed under anaesthesia induced by 

Saffan (10 mg/lcg), supplemented with diazepam (0.75 mg/lcg [intramuscular administration]) 

and atropine (0.15 mg/lcg [intramuscular administration]). The marmosets were allowed at 

least one month for recovery before an experiment was performed. The marmoset cages were 

fitted with biotelemetry receivers, and blood pressure and heart rate were recorded 

continuously beginning one week before treatment. Values were averaged over periods.

Delta blood pressure was calculated by using each animal as its own control i.e. each post

treatment value was subtracted fr om the value for the corresponding period of time in the 

pre-treatment period.

(iv). Measurement of biochemical parameters

Blood was collected on EDTA for the measurement of plasma renin activity (PRA), 

plasma total immunoreactive renin (TR), plasma active immunoreactive renin (AR), and 

plasma angiotensinogen (PRS). For the measurement of plasma concentrations of A l, blood 

was collected into pre-cooled syringes containing an enzyme inhibitor solution (Bunkenburg 

et a l, 1991) to prevent in vitro generation and/or degradation of A L  Heparinized blood was 

collected for the measurement of plasma concentrations of urea, creatinine, sodium and 

potassium.

Determinations of PRA were made by the A  antibody-trapping method (Poulson and 

Jorgensen, 1974). PRS was determined by incubation of plasma with an excess of human

123



renin. PRS was not determined in the R-3-36-16 group because, even with an excess of 

renin, it was not possible to overcome the inhibitory action of the antibody. The A  formed 

in the PRA and PRS assays was determined by RIA (Menard and Catt, 1972).

TR and AR were measured by immunoradiometric assay using antihuman renin 

monoclonal antibodies (Heusser et a l, 1987). The antibodies used to measure TR did not 

distinguish AR from inactive renin. One of the antibodies used in the assay for AR 

selectively binds AR. This assay could not be used to measure AR in plasma from animals 

treated with the renin inhibitor CGP-29287, as it interferes with this assay. Neither of the 

immunoradiometric assays could be used for plasma from the marmosets receiving R-3-36- 

16, since this antibody is used in both assays.

Plasma A l  concentrations were measured by RIA after extraction of A l  from the 

plasma with phenylsilyl silica and separation from other immunoreactive material by high- 

performance liquid chromatography (HPLC).

Plasma urea and creatinine were measured by photometric detection of products 

formed after enzymatic degradation of these substrates. Plasma electrolyte concentrations 

were measured by flame photometry.

(v). RNA extraction

Total cellular RNA was extracted from kidney and liver samples by a modification of 

the lithium chloride/urea selective precipitation technique (Auffray and Rougeon, 1980) as 

described in section 5.6. Tissues of four to five marmosets per group were used for Northern 

blot analysis.

(vi). Northern blot analysis

Analysis for renin and angiotensinogen mRNA was carried out by standard Northern 

blotting procedures as described in section 5.10, using 60 fig of total RNA per sample. The 

probes used were a 750 base pair human kidney renin cDNA encompassing exons 2-9 of the 

human renin gene (Hardman et a l, 1984) kindly supplied by Professor W. Brammar,
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University of Leicester, and a rat liver angiotensinogen cDNA (pRang6) for angiotensinogen 

(Lynch et a l, 1986) kindly provided by Dr. K. Lynch, University of Virginia,

Charlottesville, USA. Probes were labelled with a-^^P-dCTP by the random oligo-primer 

method as described in section 5.8.4. In both cases, blots were routinely washed post

hybridisation as described in section 5.10.4 and exposed to X-ray film at -70 °C with 

intensifying screens. For internal control of even RNA loading and transfer, blots were 

stripped (see section 5.9.6) and reprobed with a cDNA for hypoxanthine guanine 

phosphoribosyl transferase (HGPT) an enzyme of the purine salvage pathway constitutively 

expressed in most cells (Brennand, Konecld, and Caskey, 1983), kindly supplied by Dr. C. 

Thomas Caskey, Baylor College of Medicine, Houston, Texas, USA. Intensities of 

autoradiographic signals, reflecting the amount of specific mRNA, were quantitated by 2D 

densitometry scanning using an LKB Ultrascan 2222-010 Scanner (LKB-Produkter AB, 

Bromma, Sweden), and values for renin and angiotensinogen mRNA normalised by the 

corresponding HGPT level before making comparisons. All samples were analysed at least 

three times.

(vii). Statistical analysis.

Results for all treatment groups and all parameters were first compared by analysis of 

variance (ANOVA). Where this proved significant, pairwise comparisons were carried out 

using Tukey’s test for multiple comparisons. As the variability of the biochemical and RNA 

results increased with the means of the values, analyses were carried out on log-transformed 

data. P < 0.05 was considered statistically significant.

7.3 RESULTS

(i). All of the compounds induced a significant reduction in blood pressure starting 

on the first day and persisting throughout the treatment period (Figure 7A). The total area 

under the change in blood pressure curve was slightly greater for the converting enzyme 

inhibitor-treated group than for the antibody-treated group (P < 0.05) but not significantly 

different from the other treatment groups.
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(ii). Plasma urea tended to increase after CGP-29287, benazeprilat and valsartan but 

not R3-36-16 treatment (Table 7.1). This increase was only statistically significant for 

benazeprilat administration. Plasma creatinine also tended to increase after benazeprilat, 

valsartan and CGP-29287, but this was not statistically significant (Table 7.1). Plasma 

sodium and potassium concentrations were not changed by any of the treatments (data not 

shown). The more marked effects of benazeprilat on plasma urea were probably due to its 

slightly greater effect on blood pressure and therefore renal perfusion pressure.

(iii). Plasma concentrations of TR (AR and inactive renin) significantly increased 

(14- 20 fold) after all three modes of interference (Figure 7B). After benazeprilat and 

valsartan, AR also significantly increased ~ 100-fold (Table 7.1). The ratio of AR to TR 

increased approximately fivefold in these groups (Table 7.1). PRA also significantly 

increased after these two blockers and to a greater extent with the converting enzyme 

inhibitor (36- fold vs. 17-fold, Figure 7B). AR could not be measured in the marmosets 

treated with CGP-29287 or R-3-36-16 because the renin inhibitors interfere with this assay. 

PRA was not reduced in the CGP-29287 - treated marmosets compared with the control 

group. However, PRA was much lower in the CGP-29287 - treated animals than in the 

benazeprilat- or valsartan- treated animals, although the total number of renin molecules was 

similar after the three different modes of interference. Moreover, the ratio of PRA to TR was 

significantly lower in the CGP-29287 - treated animals than in the other groups (Table 7.1).

(iv). PRS was significantly reduced in the benazeprilat and valsartan - treated 

marmosets but not in the CGP-29287- treated animals (Figure 7C). Plasma concentrations of 

A l  were significantly decreased in the CGP-29287, benazeprilat, and R-3-36-16- treated 

marmosets. The decrease in the R-3-36-16- treated group was significantly less than in the 

CGP-29287- and benazeprilat- treated groups. In contrast, A l  was markedly increased in the 

valsartan- treated animals compared with all of the other groups (Figure 1C).

(v). The effects of the various treatments on kidney renin and angiotensinogen 

mRNA levels are shown in Figure 7D, and the densitometric data are summarised in Figure 

7F. All four types of treatment had highly significant effects on renin mRNA levels {F =
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65.49, P < 0.001). Effects ranged from an eightfold increase in the R-3-36-16 - treated group 

to a 15-fold increase in the valsartan - treated group (Figure 7F, top). On pairwise 

comparisons, the differences between the valsartan and R-3-36-16 treatment groups were 

statistically significant. Please note that whilst the renin signal in the confrol animals is weak, 

it was easily discernible on the original autoradiograph but has not reproduced well 

photographically. Kidney angiotensinogen levels showed considerable variations between 

individual animals (Figure 7D). Flowever, there was no overall significant effect of any of 

the treatments {F = 1.18, P = 0.35; Figure 7F, middle).

(vi). The effects of the various treatments on liver angiotensinogen mRNA levels are 

shown in Figure 7E. Liver angiotensinogen mRNA level was ~ 30% higher compared with 

controls in the group of animals treated with CGP-29287 and between 30 and 40% lower in 

the other treatment groups (Figure 7F, bottom). ANOVA was significant {F = 4.29, P = 

0.012). On pairwise comparisons the difference between the control group and the various 

treatment groups was not significant. However, there was a significant difference between 

the CGP-29287 - treated group and the other treatment groups.
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FIGURE 7A: Effects of 7 days continuous treatment of sodium-depleted marmosets 
with vehicle (control), benazeprilat (angiotensin I-converting enzyme inhibitor), CGP- 
29287 (synthetic renin inhibitor), valsartan (A n  subtype I- receptor antagonist) and 
R-3-36-16 (human renin inhibitory monoclonal antibody) on mean arterial blood 
pressure (MABF) measured in conscious freely moving animals by telemetry.
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FIGURE 7B: Effects of 7 days continuous treatment of sodium-depleted marmosets 
with vehicle (control [C]), CGP-29287 (synthetic renin inhibitor [RI]), benazeprilat 
(angiotensin I-converting enzyme inhibitor [CEI]) and valsartan (All subtype I 
receptor antagonist [AHA]) on total immunoreactive renin and plasma renin activity.
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In animals treated with R-3-36-16 (human renin inhibitory monoclonal antibody), total 
immunoreactive renin or plasma renin activity could not be measured. Mean ± SEM are 
shown. For each parameter, overall differences between groups by analysis of variance were 
highly significant (P < 0.0001). * Significantly different (P < 0.05) fi"om control group on 
pairwise conçarisons.
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FIGURE 7C: Effects of 7 days continuous treatment of sodium-depleted marmosets 
with vehicle (control [C]), CGP-29287 (synthetic renin inhibitor [RI])> benazeprilat 
(angiotensin I-converting enzyme inhibitor [CEI]), valsartan (A ll subtype I- receptor 
antagonist [ADA]) and R-3-36-16 (human renin inhibitory monoclonal antibody 
[RIAb]) on plasma angiotensinogen (plasma renin substrate) and plasma AD 
concentrations.
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In animals treated with R-3-36-16 (human renin inhibitory monoclonal antibody [RIAb]), only 
plasma All could be measured. Mean ± SEM are shown. For each parameter, overall 
differences between groups by analysis of variance were highly significant (P < 0.0001).
* Significantly different (P < 0.05) from control group on pairwise comparisons.
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FIGURE 7F: Results of densitometric analysis of Northern blots (Figures 7D and 7E) 
assessing effects of 7 days continuous treatment of sodium-depleted marmosets with 
vehicle (control [C]), CGP-29287 (synthetic renin inhibitor [RI]), benazeprilat 
(angiotensin I-converting enzyme inhibitor [CEI]), valsartan (AH subtype I- receptor 
antagonist [AHA]) and R-3-36-16 (human renin inhibitory monoclonal antibody 
[RIAb]) on kidney renin, angiotensinogen (AOGEN) and hepatic angiotensinogen 
mRNA levels. Mean ± SEM are shown. If Normalised for hypoxanthine guanine 
phosphoribosyl transferase (HGPT) mRNA level, expressed in arbitrary densitometric 
units specific to the individual gel. * Significantly different (P < 0.05) from control 
group on pairwise comparisons. #  Significantly different (P < 0.05) from RI group on 
pairwise comparisons.
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VjlDBCUSSDON

Inhibition of ACE is now a well-established form of therapy in the treatment of 

hypertension and other cardiovascular disorders (Johnston, 1984). Renin and the All receptor 

offer alternate target sites for inhibiting the RA system, and several compounds that act at 

these sites are currently being developed for clinical use. From a theoretical point of view, 

blockade of the RA system individually at the three levels would be predicted to have 

different effects on plasma levels of components of the system, depending not only on the 

enzyme inhibited (renin or ACE), but also from varying effects on renin and angiotensinogen 

synthesis (Hermann and Dzau, 1983). In turn, these differences could be relevant in 

determining the therapeutic effects of the drugs. The primary purpose of this study was to 

compare the effect of blockade of the RA system at various levels on expression and plasma 

level of components of the system. The decision to use a primate in this study was especially 

pertinent as all currently available renin inhibitors, unlike ACE inhibitors and All-receptor 

antagonists, show high species specificity. The renin inhibitor CGP-29287 used in this study 

was developed for human use and has previously been shown to be highly effective in 

blocking marmoset renin (Wood, 1985). The results obtained from this study are therefore of 

special relevance to the human clinical situation. Furthermore, this study is the first in which 

a comparison of the frill range of RA system inhibitors has been directly made under the 

same conditions in a primate.

In addition, to the biochemical measurements, effects on blood pressure were also 

determined by telemetry. All of the treatments produced a highly significant fall in blood 

pressure, indicating the major dependence of the blood pressure on the RA system under the 

conditions employed. In all cases, the fall in blood pressure was maintained throughout the 

experimental period. Overall, the effect on blood pressure was greatest in the group receiving 

benazeprilat and least in the animals receiving R-3-36-16. The former may reflect additional 

effects of the ACE inhibitor compared with the other agents, and in particular its inhibition 

of bradykinin metabolism (Johnston, 1984); the latter may reflect the relative lack of access 

of antibody to relevant sites of tissue angiotensin generation (Campbell, 1985), as indicated
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by the lesser effect on plasma AIL However, as only one dose of each compound was tested, 

the small difference may just be related to different degrees of blockade of the RA system.

A predicted fall in plasma AH levels was seen after converting enzyme and renin 

inhibition. Treatment with the AT^ receptor antagonist was conversely associated with a 

marked rise in plasma All levels, this effect most probably reflecting the increase in PRA 

after such treatment.

All modes of inhibition were associated with an increase in plasma TR. The main 

cause of this is probably the removal of the negative feedback exerted by All on renin release 

(Katz and Malvin, 1993). The finding that the rise in TR was similar in the valsartan- treated 

group as in the groups treated with benazeprilat and CGP-29287, suggests that the negative 

feedback of All is mediated predominantly via the ATj receptor subtype. The fall in blood 

pressure seen in all treated groups was probably also a stimulus for renin release (Katz and 

Malvin, 1993). Other mechanisms including effects of the drugs on central pathways 

regulating renin release (Katz and Malvin, 1993; Kohara et a l, 1992) may also have played a 

role.

The results show that the increase in plasma renin is accompanied in all cases by an 

increase in kidney renin mRNA levels, suggesting that both increased synthesis and secretion 

are involved in causing the rise in plasma renin. The results do not, however, distinguish 

between whether the increase in kidney renin mRNA levels reflects an increase in renin gene 

transcription or a decrease in renin mRNA turnover.

The findings with benazeprilat are in agreement with several previous studies in rats 

that have shown that ACE inhibition is accompanied by an increase in kidney renin mRNA 

level (Nakamura et a l 1985, Gomez et a l, 1988; Iwao et a l, 1988; Kelly, Read, Swales and 

Samani, 1992; Morishita et a l, 1993). However, the results of blockade by CGP-29287 are 

in contrast to those obtained by Kitami and co-workers (1991) with another synthetic 

nonpeptide renin inhibitor, ES-8891. Using a very similar experimental protocol to that used 

in this study (apart from the drug being administered orally), they found a significant
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decrease in plasma immunoreactive renin and a lower kidney renin mRNA content in 

ES-8891 - treated marmosets compared with control. They suggested that, because it is small 

(molecular weight, 795) and highly lipophilic, ES-8891 may penetrate the cell membrane to 

form a renin-ES-8891 complex within the juxtaglomerular cell itself. The complex may then 

reduce renin secretion from the cell and signal a reduction in the transcription rate of the 

renin gene, or an increase in the turnover rate of its transcript, resulting in the observed 

change in the level of renin mRNA. In contr ast, CGP-29287 is hydrophilic and larger 

(molecular weight, 1,496), and its effect on renin production may only reflect its inhibition 

of extracellular AH formation.

Evidence for the mechanisms proposed by Kitami and co-workers (1991) remains to 

be obtained. As far as the endocrine RA system is concerned, the ultimate effects of CGP- 

29287 and ES-8891 are the same:- a decrease in circulating AIL However, if different types 

of nonpeptide renin inhibitors exert different effects on renin synthesis, this may have great 

relevance in another context. Recent studies have shown that the renin gene is expressed not 

only in the kidney but also in several extrarenal tissues (see section 3.5). The function of 

extrarenal renin remains largely unlaiown (Samani and Kelly, 1991). It is also unclear 

whether it is secreted, and there is evidence that in some sites it acts intracellularly to 

generate angiotensins (Inagami, 1993a). Thus renin inhibitors with varying access to the 

intracellular compartment may have markedly different effects on the synthesis and activity 

of renin produced in extrarenal tissues.

In addition to the rise in total renin, the ratio of active renin to total renin was 

increased after treatment with benazeprilat or valsartan. It is now clear that secretion of renin 

from the juxtaglomerular cells occurs through at least two pathways, a constitutive pathway, 

directly from the Golgi apparatus or the protogranules, and a regulated pathway involving 

exocytosis of mature secretory granules (see section 2.1.1). Prorenin is secreted principally 

through the constitutive pathway, whereas active renin is mainly released from the secretory 

granules, at least in humans. The finding that the ratio of active renin to TR was increased 

after treatment with benazeprilat or valsartan suggests either a relative switch to the regulated
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pathway of kidney renin secretion after these treatments, or a more rapid rate of processing 

of prorenin to active renin, allowing its secretion via the constitutive pathway.

PRS (angiotensinogen) decreased to about one-third of the control level after 

benazeprilat or valsartan treatment. This was probably largely due to increased consumption 

of angiotensinogen by the accompanying high levels of renin. However, previous studies 

have shown that liver angiotensinogen secretion is also decreased by manoeuvres that 

suppress plasma AH and/or raise plasma renin (Hermann and Dzau, 1983). Liver 

angiotensinogen mRNA in rats has been shown to be increased by AH infusion (Kohara et 

a l, 1992; Nakamura et a l, 1990) and decreased by ACE inhibitor treatment (Iwao et a l, 

1988, Nakamura et a l, 1990). Consistent with these observations, a decrease in liver 

angiotensinogen mRNA levels was seen in the benazeprilat- and valsartan-treated groups 

(Figure 7F, bottom) although these did not reach statistical significance. With CGP-29287 

treatment, liver angiotensinogen mRNA levels increased despite the suppression of plasma 

AH. It has been shown that renin tonically inhibits liver angiotensinogen production 

(Hermann and Dzau, 1983), and the increase in liver angiotensinogen mRNA levels in this 

group most probably reflects the highly efficient suppression of plasma (and tissue) renin in 

much the same way as that achieved by nephrectomy, which also raises liver angiotensinogen 

production (Iwao et a l, 1990). In contrast, in the group treated with the renin antibody, the 

liver angiotensinogen mRNA level decreased. Plasma AH was slightly less suppressed in this 

group than in the other groups (Figure 1C), perhaps reflecting, as discussed earlier, reduced 

access of the antibody to tissue sites of angiotensin generation. The overall effect of renin 

antibody on liver angiotensinogen mRNA levels probably represents the net balance of its 

effect on inhibitory and stimulatory factors for liver angiotensinogen gene expression 

(Hermann and Dzau, 1983).

As in the case of renin, molecular studies have shown that the gene for 

angiotensinogen is also widely expressed, including in the kidney (Campbell and Habener,

1986). Previous studies in rats have shown kidney angiotensinogen mRNA levels to be 

increased by a low-salt diet (Inglefinger et a l, 1986; Iwao et a l, 1988). Results with ACE
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inhibitor treatment have been conflicting with either a decrease (Iwao et a l, 1988) or no 

change (Gomez et a l, 1988). In this study, kidney angiotensinogen mRNA levels were found 

to be quite variable, but there was no overall effect of any of the treatments. It is possible that 

a stimulatory effect of the low-salt diet employed masked any effects. Nevertheless, the 

findings support previous observations suggesting that hepatic and renal expression of 

angiotensinogen are differently regulated (Inglefinger, Pratt, Ellison, and Dzau, 1986).

In conclusion, the various modes of inhibition of the RA system used in this study 

(the first such comparison in a primate) all produced a marked increase in renal renin 

synthesis and secretion, in keeping with the Imown role of AH in feedback regulation of 

renin synthesis. The various drugs had different effects on angiotensinogen mRNA levels in 

the liver, probably reflecting their different effects on renin activity and All levels within the 

circulation and tissues. Kidney angiotensinogen mRNA level was not affected by any 

treatment, indicating different regulation of hepatic and renal expression of angiotensinogen.
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CHAPTER EIGHT

Tissue expression of components of the renin- 
angiotensin system in experimental post-infarction 
heart failure in the rat: effects of heart failure and 

ACE inhibitor treatment
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8.1 INTRODUCTION

Heart failure is a condition in which the pumping action of the ventricle of the heart 

is insufficient to supply blood at the rate required by metabolising peripheral tissues. As 

heart failure progresses, back pressure of blood combined with abnormal salt and water 

retention lead to congestion of the lungs and liver and accumulation of fluid in peripheral 

tissues (oedema). At this stage the heart failure is said to be congestive (CHF). The reduced 

flow of arterial blood from the heart may in extreme cases result in peripheral circulatory 

failure (cardiogenic shock). Heart failure may result from any situation that overloads, 

damages or reduces the efficiency of the heart muscle. Common causes are hypertension, 

coronary thrombosis, chronic disease of the heart valves and arrhythmias, and acute 

myocardial infarction (MI). In the clinical environment, CHF is a common complication of 

MI and is an important indicator of an adverse short and medium term prognosis (Pfeffer et 

a l, 1992; The AIRE Study Investigators, 1993). It usually occurs as a result of left 

ventricular dysfunction due to myocardial damage at the time of the MI and is associated 

with activation of neurohumoral compensatory mechanisms including the sympathetic 

nervous system and the renin-angiotensin (RA) system (Francis et ah, 1984).

Heart failure is one of the primary cardiovascular conditions in which aberrations of 

the RA system has been found. Activation of the RA system has been reported to occur as a 

compensatory mechanism in both clinical and experimental CHF, PRA and renal renin 

content being increased (Michel et a l, 1988). Plasma angiotensinogen has also been shown 

to be decreased in patients with severe heart failure (Amal et a l, 1991). In addition, 

activation of the RA system is also thought to have some detrimental cardiovascular effects 

in heart failure arising from the peripheral vasoconstriction, aldosterone and vasopressin 

secretion, and sodium and water retention caused by the action of AH (see section 2.1.4).

Several recent large clinical trials have shown that treatment of individuals with post

infarction left ventricular dysfunction with an ACE inhibitor improves prognosis (The 

CONSENSUS Trial Study Group, 1987; The SOLVD Investigators, 1991; Pfeffer et a l [The 

SAVE-Study Trial Group], 1992; The AIRE Study Investigators, 1993). While the
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haemodynamic sequelae of inhibition of the circulating RA system and prevention of 

degradation of the vasodilator peptide bradykinin may play a role, the mechanisms 

underlying the beneficial effects of ACE inhibitors in heart failure remain to be fully 

elucidated (see section 2.3.1.1). Specifically, there is current interest as to whether tissue RA 

systems are activated in post-infarction heart failure and whether ACE inhibitor treatment 

modulates tissue expression of the genes for various components of the RA system (Dzau, 

1993). Studies to date have reported increased cardiac ACE activity and mRNA level (Hirsch 

et a l, 1991; Pinto et a l, 1993) and angiotensinogen mRNA (Lindpaintner et a l, 1993) in 

rodent models of experimental heart failure which may play an important role in the 

ventricular remodelling that occurs after a myocardial infarction. Less attention has focused 

on changes that may occur in other sites of RA system expression that may be of relevance to 

cardiovascular homeostasis in heart failure, and a systematic study of the regulation of gene 

expression of components of the RA system in heart failure has not been carried out to date. 

It was therefore decided to examine renin, angiotensinogen, ACE and ATj receptor gene 

expression at various tissue sites in a well-described rodent model of post-infarction heart 

failure and also to see whether such expression is modified by ACE inhibitor treatment. At 

the same time changes in circulating levels of components of the RA system were measured 

to compare and contrast with any changes at tissue sites.

8.2 METHODS

(i). Animals and induction of experimental myocardial infarction

An experimental model of heart failure may be induced in the rat by ligation of the 

left coronary artery to give consequent infarctions in the left ventricular wall. The resultant 

haemodynamic changes are comparable to those seen in man following myocardial 

infarction.

Myocardial infarction was induced in 20 weeks old male Wistar rats (~ 400 gm) 

following a modification of the surgical procedure of Selye et a l (1960). Briefly, the animal 

was anaesthetised using Halothane in oxygen/nitrous oxide. A thermometer was inserted into 

the animal's rectum and body temperature regulated using a heat-emitting lamp. The trachea
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was dissected free and the animal intubated and placed on a positive pressure ventilator 

(Rodent ventilator, Hugo Sachs Elektronik). A 4cm incision was made midstemally, the 

pectoral muscles split and the thorax opened between the fifth and sixth ribs. The 

pericardium was severed and a curved needle with no. 6 silk was introduced near the 

insertion of the left auricular appendage and brought to the surface at the extreme left of the 

pulmonary cone no more than 2-3mm from the aorta to ensure that the left main coronary 

artery rather than a distal branch was ligated. The ligature was then tied and the success of 

the ligation indicated by observation of the anterior and lateral left ventricular wall becoming 

pale and hypodynamie and by dilatation of the left auricular appendage due to an acute rise 

in intracardiac pressure. The thorax was then closed by tying a thread around the fifth and 

sixth ribs and slight pressure applied to ensure that air and blood were excluded from the 

thorax. The pectoral muscles and skin incision were then stitched back together and the 

animal given pure oxygen via the ventilator. When respiration was sufficient, the animal was 

extubated and the trachea closed prior to the animal regaining consciousness. Preoperatively, 

the animal was given 0.1 gm (intraperitoneal administration) of ampicillin to prevent 

infection and 0.15 ml of Temgesic for two days postoperatively to reduce pain. Sham 

animals were operated on identically except for placement of the ligature.

Preliminary experiments indicated that this procedure resulted in an essentially 100% 

success rate of induction of a large myocardial infarction (average ~ 35-37% of left 

ventricular surface area) as calculated by the method of Chien et al. (1988). Briefly, the left 

ventricle was opened, a piece of acetate sheet pressed fiat on its surface and the 

circumference of the ventricle outlined. The infarcted region was then outlined (both for 

endo- and epicardial surfaces). Infarct size was then calculated as a percentage of left 

ventricular surface area (averaged from endo- and epicardial surface infarcted areas).

(ii). ACE inhibitor treatment

The animals were allowed to recover postoperatively for 24 hours and survivors 

[100% (16/16) for sham operated rats; 96% (23/24) for MI rats] were then randomly 

assigned to either receive or not receive the ACE inhibitor, perindopril, 1.5 mg/kg/day given
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in drinking water with adjustment of concentrations to ensure appropriate dosing on the basis 

of twice weekly assessment of fluid intake. The animals were housed singly for the duration 

of the experiments under controlled conditions (temperature 21 ± 1°C, humidity 60 ± 10%,

12 hour day/night cycle), humidity and light periods and had free access to standard rat chow 

containing 0.25% Na and 0.66% K, and water.

(Mi). Blood Pressure measurement

Two days prior to sacrifice at 30 days, animals has their blood pressure measured 

indirectly using the tail cuff technique. Briefly, an 11 mm tubular inflatable cuff was placed 

near the proximal portion of the tail, while a pneumatic sensor connected to a pulse 

transducer (Physiograph; Marco Bio Systems Inc., Houston, Texas) was attached distal to the 

cuff. The cuff was connected to a calibrated electrosphygmomanometer which had set 

maxima for cut off inflation pressure and released the pressure automatically at a constant 

rate of 3mm Hg/second, while displaying the current occluding pressure. The pulse 

transducer was connected to a small amplifier which was input to an oscilloscope to visually 

observe the cut off and return of blood flow (pulse). The arterial pulsation was most easily 

detected when the vessels of the tail were fully dilated. To facilitate dilation of the vessels, 

the animals were placed in a warming chamber. The rats were first weighed to assess their 

size and placed in a suitable ventilated restraining tube which held them snugly. The 

restrained rats were placed five at a time in a rack that prevented them leaving their tubes but 

allowed the tail to emerge through a small opening. The rack was then kept in a large 

thermostatically controlled heating cabinet maintained at 32 °C for 20 minutes before 

readings were taken. Five consecutive consistent readings were taken and averaged per 

animal.

(iv). Blood and tissue collection

Animals were killed by cervical dislocation. Samples of blood were rapidly collected 

in pre-chilled tubes containing EDTA (for measurement of renin, angiotensinogen and 

angiotensin II) and lithium heparin (for measurement of plasma ACE). The tubes were 

immediately placed on ice and the plasma rapidly separated and stored in aliquots at -70 °C
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until assays were carried out. Tissues were then rapidly removed, individually frozen in 

liquid nitrogen and stored at -70 °C pending RNA extraction. The lungs and right ventricle 

were weighed prior to freezing.

(v). Biochemical measurements

Plasma renin concentration (PRC), Plasma renin substrate (PRS), Plasma angiotensin 

II concentration and Plasma (and tissue) ACE activity were assayed as described in section 

5.12.

(vi). RNA extraction and mRNA analysis

Total tissue RNA was extracted as by a modification of the lithium chloride/urea 

selective precipitation technique (Aufffay and Rougeon, 1980) as described in section 5.6. 

For kidney, brain, liver and lung, RNA was prepared individually from 5 animals of each 

group. For left ventricle, right ventricle and adrenal because of limited amounts of material, 

samples were pooled from 2-3 animals before RNA extraction. RNA concentrations were 

determined by spectrophotometry at 260nm and prior to Northern blot analysis substantial 

degradation of RNA during extraction was excluded by running aliquots on agarose gels 

stained with ethidium bromide.

Northern blotting (60 ju.g of RNA per sample) and hybridisation were performed as 

described in section 5.10. The Northern membranes were probed in random order to 

determine mRNA levels for renin, angiotensinogen, ACE, angiotensin type 1 receptor 

(ATIR) and glyceraldehyde-3-phosphate dehydrogenase (GAPD) mRNA (internal control) 

using the following probes: a 1.4 kb rat kidney renin cDNA p R E N 4 4 .c e b t  (Burnham et a l,

1987); a 1.6 kb rat liver angiotensinogen cDNA pRang6 (Lynch et a l, 1986) both kindly 

provided by Dr K Lynch, University of Virginia, Charlottesville, USA; a 3.3 kb human ACE 

cDNA (Soubrier et a l, 1988) kindly provided by Dr F. Soubrier, INSERM Unit 36, Paris, 

France; a 2.2 kb rat vascular angiotensin subtype IA receptor cDNA (Murphy et a l, 1991) 

kindly supplied by Dr K. Bernstein, Emory University, Atlanta, Georgia, USA; and a 1.2 kb 

human foetal liver glyceraldehyde-3-phosphate dehydrogenase (GAPD) cDNA'H
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(commercially available) kindly supplied by Dr. A. Hahn, University of Basel, Switzerland. 

All cDNA probes were radioactively labelled as described in section 5.8.4.

t  This rat renin probe was unavailable at the beginning of this thesis and therefore 

pSMG5913, a mouse renin probe was used in the chapter six study. Extensive personal 

experiments were undertaken to compare these two probes and no difference in the tissue 

specific or drug modulated pattern of hybridisation in rats was found.

If GAPD was chosen as a replacement for HGP(R)T (as used in chapters six and seven) as an 

internal control as it was found to give a "cleaner" hybridisation (thus facilitating easier 

densitometric determination of signal) and exposure times were greatly reduced (allowing for 

a greater rate of reprocessing of filters). GAPD has also recently become the internal 

standard of choice for other groups in the field.

For all probes, blots were washed post-hybridisation to a stringency of 0.5 - 0.1 x 

SSPE and 0.1% SDS at 60 °C. Autoradiography was carried out at -70 °C using Kodak X- 

Omat AR film (Eastman Kodak, UK) and intensifying screens. Before reprobing a previous 

probe was stripped from the membranes as described in section 5.9.6. Molecular weights of 

the bands^ seen on the membranes were estimated from a concurrently run RNA molecular 

weight ladder (BRL/Life Technologies UK). Intensities of autoradiographic signals were 

quantitated by 2D densitometry scanning using an LKB Ultrascan 2222-010 XL Scanner 

(LKB-Produkter AB, Bromma, Sweden). All samples to be compared were run, hybridised 

and autoradiographed together. To allow for variability related to loading and transfer, the 

densitometric value for each test mRNA was normalised by dividing with the corresponding 

GAPD mRNA value, before comparisons were made. All samples were analysed at least 

three times.

^  The apparent molecular weights of the mRNAs were: renin, 1.6 kb; angiotensinogen, 1.9 

kb; ACE, 4.2 kb; AT^ receptor, 2.3 kb; GAPD, 1.4 kb.
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(vM). Statistical analysis

Survival differences were analysed by Fisher's exact test. Results for quantitative 

variables were first compared by analysis of variance (ANOVA) for all groups. Where this 

proved significant, pair-wise comparisons were carried out using Tukey's test for multiple 

comparisons. Interactions between the effects of myocardial infarction and ACE inhibitor 

treatment were examined using general linear modelling using Minitab version 7.0. 

Spearman's rank correlation was used to analyse the relationship between lung weight and 

lung ACE mRNA level. For data, where the variability increased with the means of the 

values, analysis were carried out on log-transformed data. P < 0.05 was considered 

statistically significant.

8.3 RESULTS

(i). Four groups of rats were studied: A, sham operated rats with no ACE inhibitor 

(n=8); B, Myocardial Infarction (MI) rats with no ACE inhibitor (n=12); C, sham operated 

rats with perindopril treatment (n=8); D, MI rats with perindopril treatment (n=ll). Table 8.1 

shows the survival of the rats in the different groups at 30 days. There was no mortality in 

either of the sham operated groups, whereas mortality was 42% (5/12) in untreated MI rats 

(P = 0.05 compared with group A) which was reduced to 9% (1/11) in MI rats treated with 

perindopril (P = 0.09 compared with group B).

(ii). Body weight of survivors was not significantly different between the groups 

(P = 0.362) [Table 8.1]. Blood pressure was however significantly different between all 

groups (P < 0.01) with independent effects of both MI (P < 0.001) and ACE inhibitor 

treatment (P < 0.001) [Figure 8A]. Pulse rate was not significantly different between the 

groups (P = 0.830) [Table 8.1; Figure 8A]. Lung weights were markedly increased, about 2.5 

fold on average, in the MI groups (P < 0.001) [Table 8.1; Figure 8B]. Although lung weight 

was slightly reduced in the groups receiving perindopril, this was not statistically significant. 

Likewise there was a marked increase in right ventricular (RV) weights in the MI groups

(P < 0.001), with again no statistically significant effect of perindopril treatment 

(Table 8.1; Figure 8B).
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(Mi). The effects on circulating levels of components of the RA system in the 

different groups are shown in Table 8.2 and Figure 8C. Compared with sham operated rats 

(Group A), there was a nine-fold increase in plasma renin concentration (PRC) with MI 

alone (Group B, P  < 0.01). PRC was massively increased more than hundred-fold by ACE 

inhibitor treatment in both groups C and D (P < 0.001) but there was no significant 

interaction between MI and ACE inhibitor (P = 0.18). Plasma angiotensinogen (PRS) was 

slightly but not significantly decreased by MI alone (Group B) but more than two-fold 

decreased in the groups receiving the ACE inhibitor treatment (P < 0.001). PRS was lowest 

in Group D and in pair-wise comparisons this was significantly different from all other 

groups. Across the groups there was a strong negative correlation { r - -  0.71, P  < 0.001) 

between PRC and PRS levels. Plasma ACE level was unchanged with MI, but as expected, 

was markedly decreased (> 15-fold, P  < 0.001) in both groups receiving perindopril (Table 

8.2; Figure 8C). Plasma immunoreactive angiotensin II showed a small but insignificant rise 

with MI. Despite the marked suppression of plasma ACE activity, the AH level was not 

reduced in either group of rats treated with perindopril and indeed the highest level, was seen 

in group D rats (MI rats treated with perindopril). However, because of considerable inter-rat 

variability, there was no overall difference in plasma immunoreactive angiotensin II levels 

between the groups by ANOVA (P = 0.17).

(iv). Steady-state levels of mRNAs of components of the RA system in the kidney at 

30 days in the different groups are shown in Figure 8D (n=5 per group). There was a two

fold (P < 0.01) increase in renin mRNA in animals with MI alone compared with sham 

controls, and an increase of 5-6 fold (P < 0.001) with ACE inhibitor treatment (Figure 8E). 

The highest levels were seen in animals with MI treated with perindopril. The effects of MI 

and treatment were both independently highly significant (P < 0.001) but not the interaction 

between the two (P = 0.18). Kidney angiotensinogen mRNA level was unchanged with MI 

but there was a relatively small but highly significant (P = 0.002) 1.6 fold increase with ACE 

inhibitor treatment (compare groups C+D v's A+B, Aogen panel, Figure 8D; Figure 8E). 

Angiotensin I receptor (ATIR) mRNA level was unchanged by either MI or ACE inhibitor 

treatment. mRNA for ACE was not detectable in the kidney using Northern blotting.
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(v). Messenger RNA levels in the liver, brain and adrenal are shown respectively in 

Figures 8F-8H. Unlike in the kidney, there was no significant change in hepatic 

angiotensinogen mRNA level with ACE inhibitor treatment (or with MI). Likewise, there 

was no change in hepatic expression of ATIR or renin in any of the groups (Figure 8F). In 

the brain only angiotensinogen and renin mRNAs were detectable and there was no change in 

expression of either after MI or with perindopril treatment (Figure 8G). In the adrenal gland, 

only renin and ATIR mRNAs were detectable and again there was no alteration in the 

expression of either of these genes (Figure 8H).

(vi). In both the left and right ventricles only renin mRNA was detectable and there 

was no difference in the level of expression between the different experimental groups 

(Figures 81 and 8J).

(vii). In the lung, ACE mRNA level decreased by 50% (P < 0.001) after MI (Figures 

8K and 8E). ACE inhibitor tr eatment had no effect either by itself or after MI (Figures 8K 

and 8E). In the MI group as a whole, there was a significant inverse relationship ( r = - 0.68,

P = 0.029) between lung weight and lung ACE mRNA level (Figure 8L). ATIR mRNA was 

unchanged in any of the groups. Reninî and angiotensinogen mRNA levels were not 

detectable.

t  Although a faint signal could be seen with some lung RNA samples e.g. the positive 

control used in Figure 81, this was not a consistent observation between samples and was 

most probably due to lung renin mRNA being on the limits of detectability of Northern 

blotting. Therefore renin mRNA in lung, as detected by Northern blotting, has been reported 

as a negative result.

(vMi). To investigate whether the observed change in lung ACE mRNA level with MI 

was associated with a change in ACE activity, a further series of sham (group A) and infarct 

rats (group B) [n=5 per group] were studied. Pulmonary ACE activity was found to be 

significantly lower in animals with MI than sham-operated rats (P < 0.01) [Figure 8M]. In
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contrast, renal ACE activity was much lower than pulmonary ACE activity and was 

unchanged after MI.
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TABLE 8.1: Characteristics of studied rats.

Group

A B C D

n (8) (12) (8) (11)

Mortality 0 (0%) 5 (42%) 0 (0%) 1 (9%)

Body we%ht (gm) 426 ± 18 424 6 22 437 6 11 40169

Blood pressure (m m ^ ) 12565 89 6 4 105 6 4 80 6 3

Pulse rate (bpm) 3956 11 392 6 11 392 6 7 402 6 11

Lung weight (mg) 1895 6 216 4638 6 572 1714 6 115 44116 503

RV weight (mg) 196 6 10 508 6 57 2096 10 458 6 32

A, sham operated rats with no ACE inhibitor; B, MI rats with no ACE inhibitor; C, sham 
operated rats with perindopril treatment; D, MI rats with perindopril treatment. Mean ± SEM 
or (number / %) are shown. Body weight, blood pressure, pulse rate, hmg weight and right 
ventricle (RV) weight are given for animals that survived to the end of the study (30 days).
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TABLE 8.2: Circulating levels of components of the renin-angiotensin system 

in studied rats.

Group

A B C D

n (8) (7) (8) (10)

PRC (ng ABml/hr) 2.6 ± 0.6 23.7 ± 9.4 279±66 735 ± 162

PRS (pmolA) 1.9 ± 0.2 1.6 ±0.1 0.8 ±0.1 0.4 ±0.1

ACE (nmol/ml/hr) 308 ± 10 33I±4 I9 ±3 20± 4

AH (fmol/ml) 12.3 ± 4.8 21.4 ±6.3 9.7 ± 1.4 39.9 ± 16.0

A, sham operated rats with no ACE inhibitor; B, MI rats with no ACE inhibitor; C, sham 
operated rats with perindopril treatment; D, MI rats with perindopril treatment. PRC, plasma 
renin concentration; PRS, plasma renin substrate (angiotensinogen) concentration; ACE, 
plasma angiotensin-converting enzyme activity; AH, plasma All concentration. Mean ± SEM 
are shown. Values are given for animals that survived to the end o f the study (30 days).
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Figure 8L: Inverse relationship of lung ACE mRNA to lung we%ht in animals with 
myocardial infarction.
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Figure 8M: Effects of post-infarction heart failure on ACE activity in lung and kidney.
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In this study tissue- and gene-specific changes in expression of components of the RA 

system are shown in relation to experimental post-infarction heart failure and ACE inhibitor 

treatment. The findings are of clinical relevance because of the substantial evidence pointing 

to a detrimental effect of an activated RA system in this situation (Francis et a l, 1984) and 

the demonstration that ACE inhibitor treatment improves both symptoms and prognosis 

(The CONSENSUS Trial Study Group, 1987; The SOLVD Investigators, 1991; Pfeffer et al 

[The SAVE-Study Trial Group], 1992; The AIRE Study Investigators, 1993).

Several previous studies (Pfeffer et a l, 1979; Pfeffer, Pfeffer, and Braunwald, 1985; 

Pfeffer, Pfeffer, Steinburg, and Finn, 1985; Bech et a l, 1989) have demonstrated that the rat 

coronary ligation model is characterised by decreased cardiac output, regional blood flow 

redistribution, elevated left ventricular end-diastolic pressure and reduced survival. Thus, the 

haemodynamics of the model resemble the most common features of moderate to severe 

human congestive heart failure. Consistent with this, a marked increase in lung and right 

ventricular weights, decreased blood pressure and a high mortality in the group of rats with 

MI, was observed. To investigate the effects of ACE inhibition, an agent, perindopril, with a 

prolonged duration of action was chosen. The dose (1.5 mg/kg/day) was chosen on the basis 

of a previous report showing a substantial anti-hypertensive effect in spontaneously 

hypertensive rats (Christensen, Jespersen, and Mulvaney, 1989) and on preliminary studies 

related to those presented in this chapter, showing that it was associated with >70% tissue 

ACE activity inhibition in a wide variety of tissues of both normal and infarcted rats (Ole 

Kahr, unpublished data). Although the choice of dose was somewhat empirical, the treatment 

was nonetheless associated with a substantial reduction in mortality, a finding both 

previously reported in the model with other ACE inhibitors (Pfeffer, Pfeffer, Steinburg, and 

Finn, 1985; Sweet et a l, 1987; Richer et al., 1992) and consistent with the observations in 

man (The CONSENSUS Trial Study Group, 1987; The SOLVD Investigators, 1991; Pfeffer 

et a l [The SAVE-Study Trial Group], 1992; The AIRE Study Investigators, 1993). However 

an interesting observation, within the time-frame of this study, is that the improvement in
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mortality was not associated with a significant reduction in either lung or RV weights in the 

surviving animals.

The increase in PRC in animals with MI was anticipated and consistent with the well- 

documented activation of the endocrine RA system in moderate to severe heart failure 

(Francis et a l, 1984). Several mechanisms probably contribute to the increased secretion of 

renin by the kidney in this situation, including reduced renal perfusion pressure (baroreceptor 

mechanism), reduced sodium delivery to the distal tubule (macula densa mechanism) and 

increased direct sympathetic stimulation of the renin-producing juxtaglomerular cells (see 

section 2.1.1). It is notable that the rise in PRC was several-fold greater than the increase 

seen in kidney mRNA levels. Such disproportional changes in kidney renin mRNA and PRC 

have been reported previously in relation to ACE inhibition and other stimuli (Nakamura et 

a l, 1985; Ludwig et al., 1987; Morishita et a l, 1993) and indicate important post- 

transcriptional regulation of renin production and secretion by the kidney. With perindopril 

treatment, a further and marked rise in PRC was seen in both normal and MI animals. This is 

probably mainly due to a removal of the negative feedback effect of angiotensin II (All) on 

kidney renin synthesis and secretion (see below).

In contrast to PRC, PRS (angiotensinogen) was reduced both with MI and 

particularly with ACE inhibitor treatment. There was no significant change in liver 

angiotensinogen mRNA level in any of the groups and the decrease in PRS probably reflects 

increased consumption by the raised PRC. Indeed across the groups there was a strong 

negative correlation between PRC and PRS. In keeping with other similarities between this 

model and the human condition, PRS is also decreased in patients with severe heart failure 

(Arnal et a l, 1991).

In agreement with some (Hirsch et a l, 1991; Pinto et a l, 1993) but not all (Huang et 

a/., 1994) previous reports, no change was found in plasma ACE level in post-infarction heart 

failure. Plasma ACE is believed to be mainly derived from endothelial ACE released from 

tissue vascular beds (see section 1.6). Since the pulmonary vascular bed contains the highest 

concentration of endothelial ACE and it is likely that it makes a major contribution to plasma

167



ACE, one might have expected plasma ACE to be decreased in rats with heart failure given 

the changes found in lung ACE expression and activity in these animals. The reasons why 

this did not happen need to be identified, but it is possible that increased expression and 

release from other sites e.g. heart (Hirsch et a l, 1991; Pinto et a l, 1993) compensates for 

reduced production by the lung, or that turnover of plasma ACE is reduced in heart failure 

and a change was not detectable by the time the experiments were terminated. However, the 

findings emphasise the importance of looking at both circulating and tissue components of 

the RA system in pathophysiological conditions.

The findings on plasma AH in animals treated with perindopril may at first sight 

appear inconsistent with ACE inhibition, and point to possible measurement problems. 

Indeed, there are limitations to the technique used. In particular, since HPLC was not 

employed in this study to separate angiotensin II from angiotensin degradation products such 

as angiotensin (2-8) and angiotensin (3-8), which are also recognised by the antibody used 

(although the inhibitors used in the collection of the blood should have kept such degradation 

to a minimum), a significant contribution from these peptides cannot be excluded. However, 

several studies using HPLC (Mento and Wilkes, 1987; Bunkenberg et a l, 1991; Campbell et 

al, 1991; Nagano et a l, 1991; Yamagishi et a l, 1993; Campbell, Kladis, and Duncan, 1994; 

Tokita et a l, 1995) have shown a similar lack of reduction of circulating All level with 

chronic ACE inhibitor treatment. Two mechanisms have been advanced to explain the failure 

of AH level to fall with ACE inhibitor treatment. First, a partial "escape" of ACE inhibition 

driven by the high level of angiotensin I consequent of the rise in PRC (Mooser et a l, 1990). 

Thus, a combination of renin and ACE inhibitors have been found to cause a reduction in 

plasma AH (Mento et a l, 1989). Alternately, it has been proposed that persistent AH may 

reflect its generation by alternative pathways not involving ACE (Dzau, 1989). Considerable, 

especially in vitro, evidence exists for the presence of such pathways (Dzau, 1989) but their 

physiological significance remains unclear (see chapter three). Some of these pathways may 

also depend on angiotensin I (Dzau, 1989), thus providing a possible explanation for the 

finding of the highest AH levels in animals with the highest PRC (group D). Whatever the 

mechanism involved, the findings on plasma AH are important for two reasons. First, they
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support the hypothesis that the beneficial actions of ACE inhibitors in heart failure are 

through mechanisms that extend beyond the simple suppression of circulating AH. Second, 

the findings provide a potential explanation for some of the tissue-specific changes seen in 

expression of specific RA system components following ACE inhibition as discussed below.

With regard to post-infarction heart failure, apart from an increase in kidney renin 

mRNA level, the main change found in tissue expression of components of the RA system 

was in lung ACE. ACE mRNA level was reduced by 50% and accompanied by a similar 

reduction in ACE activity. These findings are very similar to those recently reported by 

Huang et al. (1994) at 3 months after infarction in the same model, but contrast with the 

findings of Hirsch et al. (1991) at 85 days. However, since the reduction in pulmonary ACE 

expression was strongly correlated with the severity of the heart failure as assessed by lung 

weight (Figure 8 L) and Hirsch et al. (1991) studied rats with compensated (mild) heart 

failure, it is possible that the stimulus in their study was not sufficient to significantly affect 

pulmonary ACE expression.

The mechanism(s) responsible for the change in lung ACE mRNA level and activity 

remain to be elucidated. The effect seems to be specific both with regard to tissue, as a 

similar effect was not seen on kidney ACE (Figure 8 M), and molecule as in the study by 

Huang et al. (1994) no concomitant changes were found in the activity of two other 

pulmonary ectoenzymes, neutral endopeptidase and aminopeptidase A. The finding 

particularly contrasts with the increased cardiac ACE expression that has been reported post 

MI (Hirsch et a l, 1991; Pinto et a l, 1993). The effect also seems to be model-specific as no 

change in lung ACE expression was found in a volume overload model of heart failure 

induced by creation of an aortocaval fistula (Pieruzzi, Abassi, and Reiser, 1995). The 

findings presented here clearly suggest that the reduced activity is mainly due to decreased 

synthesis, although whether the reduction in ACE mRNA level is itself due to reduced 

transcription or increased transcript turnover remains to be determined. Multiple hormonal 

and physiological factors are laiown to influence pulmonary ACE activity. A potential factor 

relevant here is chronic hypoxia, a likely feature of severe heart failure, which has been
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shown to lead to a decrease in pulmonary ACE activity (Oparil et a l, 1988). Alternatively, it 

is being increasingly recognised that haemodynamic factors, and in particular shear-stress, 

are important regulators of endothelial endocrine activity and the down-regulation of 

pulmonary ACE in heart failure could therefore be a direct consequence of increased 

pulmonary pressure. Keane et a l (1982) induced pulmonary hypertension in rats using two 

different (non-MI) methods. In both situations, they found lung ACE activity to be reduced 

and inversely related to the severity of the pulmonary hypertension. The negative correlation 

found here between lung weight and pulmonary ACE mRNA level is consistent with this. 

Finally, there is substantial evidence that lung ACE activity and mRNA level, at least in the 

short-term, are under feedback regulation by AH (Schunkert et a l, 1993), and this could 

have been a contributing factor as AH levels were higher in both groups of animals with MI 

(Table 8.2).

The physiological consequences of the reduction of pulmonary ACE activity in post

infarction heart failure remain to be determined. Since pulmonary ACE makes a major 

contribution to angiotensin I conversion (Erdos, 1990), Huang and co-workers (1994) 

postulated that its reduction in heart failure may be beneficial by damping the elevation in 

circulating AH, with consequent detrimental effects (Francis et a l, 1984), that would have 

otherwise resulted from the increase in PRC. The substantial decrease in the ratio of 

AH/PRC in MI rats (Group B) compared with control rats (Group A) in this study (Table 

8.2) is consistent with this hypothesis. At a local pulmonary level, decreased generation of 

AH may be a protective mechanism to limit the extent of elevation of pulmonary arterial 

pressure in heart failure.

With regard to ACE inhibitor treatment two main changes were observed in mRNA 

levels, both in the kidney: a marked rise in renin mRNA and a more modest rise in 

angiotensinogen mRNA. As with PRC, the main reason for the rise in renin mRNA is 

probably a reduction in feedback inhibition by AH (Davis and Freeman, 1976). There is 

strong evidence that despite a lack of effect on plasma AH level, AH concentrations are 

reduced in several tissues following chronic ACE inhibitor treatment (Campbell et a l, 1991;
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Nagano et al., 1991; Yamagishi et al., 1993; Campbell, Cladis, and Duncan, 1994; Toldta et 

a l, 1995). Specifically, Campbell and co-workers (1991) demonstrated kidney AH level to 

be reduced in the rat with perindopril when plasma level was unaffected. Thus, a local renal 

reduction in negative feedback inhibition by AH is still a plausible explanation for the 

increase in renin mRNA level despite the unchanged or even increased plasma AH level.

An analogous scenario may explain the differential effect found of ACE inhibition on 

renal and hepatic angiotensinogen mRNA (Figures 8 D and 8 F). Angiotensinogen expression 

is loiown to be under regulation by angiotensin II (Nakamura et a l, 1990; Schunkert et a l, 

1992a). It is possible that hepatic expression is directly regulated by circulating levels of 

angiotensin II, and hence did not change significantly in the study presented here, while renal 

expression is more responsive to local angiotensin II level, and hence, like renin mRNA, 

increased after ACE inhibition. Renal angiotensinogen expression has been localised to the 

proximal tubule which is also a key site of action for angiotensin II (Ingelfinger et a l, 1990). 

Thus, increased angiotensinogen synthesis with ACE inhibition could affect proximal tubular 

function although functional coiTelates of such an effect remain to be identified.

The findings presented here for renal angiotensinogen expression contrast with those 

of Schunkert et al. (1992b; 1993). They found an increase in renal angiotensinogen mRNA 

level in rats with either stable compensated or severe chronic heart failure, induced in a 

similar manner to that in this study. The increase ranged from 30-80% and was related to the 

severity of the MI. The increase was reversed by enalapril but interestingly not by another 

ACE inhibitor captopril (Hirsch et a l, 1992). They concluded that renal angiotensinogen was 

under positive regulation by angiotensin II, which was reversed by enalapril. Since their 

experimental model was identical to the one used in this study, except that perhaps the rats in 

this study had even more severe heart failure (judged by the increase in PRC), the discrepant 

findings are suiprising and difficult to reconcile easily.

No obvious changes in RA system gene expression in heart failure were found in 

three important sites where tissue RA systems have been implicated in cardiovascular control 

- the brain (through effects on the sympathetic nervous system [SNS]), adrenal gland
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(through effects on aldosterone production and secretion) and the heart (see section 3.5). The 

results for brain and the adrenal are particularly important negative findings because both the 

SNS and aldosterone have been implicated in the pathophysiology and downward 

progression of heart failure (Packer et al., 1987). The lack of modulation of renin mRNA in 

the left and right ventricles was interesting as Pieruzzi and co-workers (1995) demonstrated a 

significant increase in cardiac renin expression with heart failure, albeit in a different model. 

Renin mRNA has also been found to be upregulated in cardiac tissue with ACE inhibitor 

treatment (Lou, Robinson, and Morris, 1993) although such reports pertain to atrial 

expression. Likewise, no systematic or tissue-specific up or down regulation in AT  ̂receptor 

mRNA level in response to either heart failure or ACE inhibitor treatment was found in this 

study. The ATj receptor mediates all the Icnown cardiovascular effects of the RA system 

(Timmermans et al., 1993). Thus, in so far as the steady state ATj receptor mRNA level 

reflects the AT^ receptor density in a tissue, this study suggests that changes at this level do 

not influence the activity of the RA system in either chronic heart failure or after ACE 

inhibitor treatment. At least two subtypes (ATj^ and ATj,,) are Icnown to exist for the AT  ̂

receptor (Iwai and Inagami, 1992). The precise physiological roles of the AT  ̂receptor 

subtypes remain to be established, although their expression is Icnown to vary in different 

tissues (Kakar et al., 1992). It should be noted that because of strong homology between 

mRNAs for the AT^  ̂and AT^  ̂subtypes of the ATj receptor (Iwai and Inagami, 1992; Kakar 

et ah, 1992) and the manner in which the probe was radio-labelled (random priming cannot 

produce a homogeneous population of full-length labelled fragments from a template 2 . 2  kb 

long), the ATj receptor cDNA probe cloned from ATj^ receptor subtype mRNA (Murphy et 

a l, 1991) could not distinguish between subtype transcripts by Northern hybridisation. This 

study therefore cannot exclude subtype specific changes in expression.

A somewhat disappointing finding was that apart from an additive effect of heart 

failure and ACE inhibitor treatment on kidney renin mRNA levels and PRC, no other effect 

was found, especially in tissue gene expression, that specifically resulted from a combination 

of both factors (i.e. in rats of group D). Clearly, only limited parameters of tissue RA 

systems were studied, but this finding leaves open the question of the importance of the role
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of tissue RA systems in the pathophysiology of post-infarction heart failure and specifically 

their role in mediating the beneficial effects of ACE inhibitors in this condition.

In addition to limitations already alluded to, other short-comings of this study include 

the fact that only one time-point was examined and therefore it is possible that period- 

specific changes in tissue RA systems following MI were missed. Some evidence for such 

changes comes from the finding of Lindpaintner et al. (1993) of early activation of cardiac 

angiotensinogen gene expression following MI at 5 days which had reversed by 25 days.

Also where an mRNA species could not be detected by Northern blotting in a particular 

tissue, a more sensitive technique was not utilised to see if changes, albeit at a much lower 

level, had occurred.

In conclusion this study has demonstrated: (i). As in humans, ACE inhibitor 

treatment in this model is associated with improved survival after MI (However, due to 

relatively small n it was not possible to attach statistical significance to this association);

(ii). There are selective tissue-specific changes in expression of specific components of the 

renin-angiotensin system in chronic post-infarction heart failure and following ACE inhibitor 

treatment in the rat. Namely, an increase in kidney renin expression after both MI and ACE 

inhibitor treatment, an increase in kidney angiotensinogen expression after ACE inhibitor 

treatment and a decrease in lung ACE expression and activity after MI. The changes were not 

reflected in all instances by changes in circulating components, supporting the proposition 

that tissue and circulating RA systems are regulated differently and subserve different 

pathophysiological roles. The significance of these tissue-specific changes in gene expression 

remain to be elucidated. However, an activated renal RA system may play an important role 

in the regulation of fluid balance which is disturbed in heart failure while the downregulation 

of lung ACE expression may be a protective mechanism to limit the extent of elevation of 

pulmonary arterial pressure in heart failure; (iii). There is no down-regulation of the system 

as determined by expression of the ATj receptor and (iv). There is no gross activation (as 

determined by Northern blotting) of the putative cardiac renin-angiotensin system at this 

stage of evolution of post-infarction heart failure in this model.
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Despite the limitations outlined, this study provides novel information on changes 

that occur in circulating and tissue RA systems in relation to severe post-infarction heart 

failure and ACE inhibitor treatment and suggests new aspects of pathophysiology that merit 

further investigation.
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CHAPTER NINE

Analysis of tissue ACE mRNA nsing RT-PCR

175



9.1 INTRODUCTION

ACE mRNA has been previously demonstrated in a variety of extra-pulmonary tissue 

sites (Griendling, Murphy, and Alexander, 1993). However, in the study described in chapter 

eight, ACE mRNA was not detectable in extra-pulmonary tissues using Northern blotting. It 

was decided to test the hypothesis that this failure to detect ACE mRNA was due to low 

levels of message that were below the level of sensitivity of detection offered by Northern 

blotting. Reverse Transcription Polymerase Chain Reaction (RT-PCR) was chosen to do this 

as it is the most sensitive technique available. However, under normal experimental 

conditions, RT-PCR is not quantitative (see section 5.11). Recent modifications of the 

technique have incorporated the use of co-amplification of various forms of internal 

standards and claim to be quantitative (Pieruzzi, Zaid, and Reiser, 1995). Unfortunately, 

these methods are not as robust as Northern Blotting with respect to a truly quantitative 

nature and it can take a lot of time and effort to develop a quantitative reaction that is 

specifically tailored to the system to be studied.

Constraints of time and resources prevented the development of a quantitative assay, so 

a "semi-quantitative" approach was taken in which dose-product curves were produced for 

each of the samples to determine conditions that were in the linear portion of the PCR with 

respect to starting material (total RNA reverse transcribed to first strand cDNA). If an 

amount of starting material that was common to the linear phase of the dose-product curves 

of all of the samples being compared could be determined, then that amount was chosen for 

comparison of the samples.

9.2 METHODS

(i). Reverse transcription and PCR

Reverse transcription and PCR were carried out essentially as described in section 5.11. 

PCR for ACE was based upon that of Hirsch et al. (1991) using a primer set obtained from 

the human ACE cDNA sequence corresponding to bases 492-512 

(GCCTCCCCAACAAGACTGCCA; upstream primer) and bases 860-880 

(CC AC AT GT CTCCC AGC AG AT G; downstream primer) of the human ACE cDNA
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sequence (Soubrier et a l, 1988). The optimum PCR conditions were determined empirically 

on 1 aliquots of reverse transcribed control lung RNA which were subjected to PCR and 

quantified for ACE mRNA by Southern blotting and hybridisation (see section 5.9) to an 

a-^^P-labelled 3.3 kb ACE cDNA obtained from a human umbilical vein endothelial cDNA 

library (Soubrier et a l, 1988) kindly provided by Dr. Florent Soubrier.

The optimum PCR conditions were found to be as follows: dénaturation, 1 minute at 

94 °C; annealing, 1 minute at 57 °C; extension 30 seconds at 72 °C. The number of cycles 

was restricted to 25 to keep the PCR reaction in the exponential phase. Magnesium ion 

concentration in the PCR buffer was 2.5mM and 10 picomoles of each primer was added per 

reaction.

Control reactions were also amplified concurrently with the samples to be assayed. The 

positive control consisted of 0.1 ng of recombinant ACE cDNA. Two negative controls were 

utilised to discount artefacts such as the reamplification of contaminating PCR product from 

a previous reaction. The first negative control was a reverse transcription reaction in the 

absence of any RNA and the second an aliquot of lung RNA that had been put through the 

process of a reverse transcription reaction in which no reverse transcriptase had been added.

(ii). Production of dose-product curves to assess linearity of reaction

Dose-product curves were produced for each of the study samples to control for 

linearity of the Reverse Transcription reaction and the PCR reaction:

Curve 1: Briefly, 5 fig of total RNA was reverse transcribed to first strand cDNA.

This was then serially diluted and identical PCR reactions performed for each dilution. An 

equal volume of each PCR reaction was then run on an agarose gel. Southern blotted and 

hybridised with radioactively labelled ACE cDNA. The resulting bands on the 

autoradiograph were then quantified by 2D densitometry scanning using an LKB Ultrascan 

2222-010 Scanner (LKB-Produkter AB, Bromma, Sweden). From this profile, the linearity 

of the PCR reaction with respect to starting material (first strand cDNA) could be tested and
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the amount of starting material whereby components in the reaction became rate-limiting 

(and the reaction therefore non-linear) determined.

Curve 2: Once an optimum linear range for the PCR reaction had been established, 

different amounts of total RNA equivalent to points within this range were reverse 

transcribed to first strand cDNA and identical PCR reactions performed for each amount. 

This profile tests for linearity of the Reverse Transcription reaction and ideally should be 

equivalent to the linear portion of curve 1. An equal volume of each PCR reaction was then 

run on an agarose gel. Southern blotted, hybridised and quantified in the same manner as for 

curve one.

(Mi). Statistical analysis

Where appropriate, results were compared using Student's unpaired t-test.

93 RESULTS

(i). Figure 9A shows the results of RT-PCR followed by Southern blotting of a V3 

aliquot of the products (run on a 1.5% ethidium bromide stained agarose gel) and 

hybridisation to ACE cDNA on a range of control (Group A, sham operated rats with no 

ACE inhibitor) animals from the study presented in chapter eight. Sizes of amplified 

products were determined from concurrently run DNA markers (Ikb ladder, BRL/Life 

Technologies, UK). A 389 bp band corresponding to the precise size expected for the RT- 

PCR product from ACE mRNA was detected in all of the tissues examined. By choosing a 

primer set that spanned three intron/exon boundaries, the possibility of getting an identical 

sized product from any contaminating DNA in the RNA sample was avoided. Amplification 

from genomic DNA would have yielded a product of approximately 2.1 kb (intron 3 «700 

bp; intron 4 «450 bp; intron 5 «600 bp). The strongest signal was seen in lung followed by 

brain, kidney, testis, left ventricle, and right ventricle. Very weak signals were apparent for 

adrenal and liver on the original autoradiograph but these have not reproduced very well 

photographically. On a longer exposure of this gel (not shown) the presence of ACE mRNA 

for these tissues was easily discernible.
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The ethidium bromide stained gel is not shown as due to the relatively low number of 

PCR cycles used to ensure linearity of the reaction, only the PCR product for the lung sample 

was visible prior to Southern blotting and hybridisation.

(ii). Figure 9B shows the results of RT-PCR followed with Southern blotting and 

hybridisation to ACE cDNA on lung samples from Group A (sham operated rats with no 

ACE inhibitor) and Group B (Myocardial Infarction [MI] rats with no ACE inhibitor) animals 

from the study presented in chapter 8 . The difference in average signal between the two 

groups (sham operated 27.02 ± 4.81 v's Infarct 6.37 ± 1.29, arbitrary densitometric units;

P < 0.01 by Student's unpaired t-test) correlates with that seen between the same groups in the 

Northern blot (Figure 8 K) presented in chapter 8  but the magnitude of the difference between 

the two groups is greater as assayed by RT-PCR.

(iii). RT-PCR followed by Southern blotting and hybridisation were also carried out 

for kidney, liver, brain, adrenal, left ventricle and right ventricle samples from Group A and 

Group B animals. No difference in expression was seen between the two groups in any of 

these tissues. Figure 9C shows the results obtained for left (sham operated 47.71 ± 9.59 v's 

Infarct 66.38 ± 2.95, arbitrary densitometric units; P = 0.122 by Student's unpaired t-test) 

and right ventricle (sham operated 34.61 ± 6.56 v's Infarct 35.11 ± 3.89, arbitrary 

densitometric units; P = 0.950 by Student's unpaired t-test) which were typical of the results 

seen with the other extra-pulmonary tissues.
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Figure 9A; Demonstration of ACE mRNA in rat tissues using RT-PCR followed by 
Southern blotting and hybridisation.

1 2 3 4 5  6 7 8 9  10 11

Samples: Track 1, Positive control of 0.1 ng of plasmid containing ACE cDNA subjected to 
PGR using the ACE primer set; 2, lung; 3, left ventricle; 4, right ventricle; 5, liver; 6, kidney; 
7, testis; 8, brain; 9, adrenal. Tracks 10-11 control reactions: 10, RT-PCR in absence of any 
RNA; 11, PCR of lung RNA without RT step. Autoradiograph exposure time was 5 hours.
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Figure 9B: Expression of lung ACE mRNA in sham operated rats and post-infarction
heart failure rats.

2 3 4 5 6 7 8 9 10

Southern blot of lung RNAs subjected to reverse transcription and PCR for ACE from: Tracks 
1-5, sham operated rats (group A from chapter 8 study); Tracks 6-10, MI rats (group B from 
chapter 8 study). The ampHfred product was sized at 389 bp. Each track pertains to an 
individual animal. Autoradiograph exposure time was 1 hour.
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Figure 9C: Expression of left and right ventricle ACE mRNA in sham operated rats
and post-infarction heart failure rats.

LEFT VENTRICLE

1 2 3 4 5 6 7 8 9 10

RIGHT VENTRICLE

1 2 3 4 5 6 7 8 9 10

Southern blots of left and right ventricle RNAs subjected to reverse transcription and PCR for 
ACE from: Tracks 1-5, sham operated rats (group A from chapter 8 study); Tracks 6-10, MI 
rats (group B from chapter 8 study). The amplified product was sized at 389 bp. Each track 
pertains to an individual animal. Autoradiograph exposure time was 24 hours.
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9.4 DISCUSSION

This study has demonstrated that ACE mRNA is present in varying amounts in a 

range of extra-pulmonary tissues. The failure to detect ACE mRNA in extra-pulmonary 

tissues by Northern Blotting in the study presented in chapter 8 can therefore be attributed to 

a limitation of the method of detection rather than an intrinsic lack of gene expression. The 

relative amounts of ACE message detected in each tissue broadly follow that reported by 

other studies (Griendling, Murphy, and Alexander, 1993), but it has to be borne in mind that 

this is not a truly quantitative study. Therefore, whilst relative comparisons of the amount of 

ACE expression between tissues may be valid, one cannot attribute an absolute value to the 

levels of expression seen.

The result for the relative expression between lung samples from Group A (sham 

operated rats) and Group B (MI rats) animals mirrors those obtained for the same groups 

using Northern blotting. This emphasises the potential validity of the RT-PCR assay, but the 

discrepancy in the magnitude of the difference observed between the groups as assayed by 

PCR and Northern Blotting emphasises that the assay is not yet truly quantitative. Bearing 

this in mind, it is possible that the failure to show any difference between these groups in the 

extra-pulmonary tissues may be due to a limitation of the assay. In particular, using the same 

primer set, Hirsch and co-workers (1991) found a two-fold increase in ACE mRNA level in 

the right ventricle following MI that correlated with infarct size. However, their study looked 

at animals 85 days postoperatively (compared to 30 days in the Group A and B animals) 

where the heart failure has entered the chronic compensated phase and this may be reflected 

in the differences observed. Also, Hirsch et al. controlled for linearity of their RT-PCR in a 

similar fashion to that presented here and so both studies may be comparable. As the RT- 

PCR performed by Hirsch et al. was not truly quantitative, and was therefore subject to the 

same limitations as the study presented here, both sets of data have to be interpreted 

carefully. Pieruzzi, Zaid, and Reiser (1995) also found an increase in cardiac ACE mRNA in 

heart failure using a quantitative RT-PCR but their model of heart failure was different to the 

one employed here.
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Apart from the limitations already outlined, only two (sham operated rats and MI 

rats) of the four (sham operated rats; MI rats; sham operated rats with perindopril treatment; 

MI rats with perindopril treatment) experimental groups examined by Northern blotting in 

chapter 8 were studied here. Preliminary attempts to produce dose-product curves for five 

samples from each of the four groups with a common linear portion were unsuccessful. It 

was therefore not possible to formulate a single set of reaction conditions that would have 

given a concurrent linear amplification for the four groups (but this was possible when just 

assaying two groups). This phenomenon was encountered regardless of the specific tissue 

RNA being studied and highlights the limitations of semi-quantitative methods.

In conclusion, this study has demonstrated the presence of ACE mRNA in a range of 

extra-pulmonary tissues where detection by Northern blotting was unsuccessful. The study 

also confirmed the downregulation in pulmonary ACE gene expression in heart failure as 

demonstrated by Northern blotting in chapter 8. Bearing in mind the limitations of the assay, 

this study also suggests that there may not be modulation of extra-pulmonary ACE gene 

expression in heart failure at key tissue sites in this model during the acute stage (when the 

circulating RA system is activated). Further development of the assay is required before it 

can be routinely applied for quantitation of ACE mRNA levels.
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The renin-angiotensin (RA) system has traditionally been thought to consist of a 

group of proteins and peptides that act in a cascade fashion to maintain extracellular fluid 

volume, arterial blood pressure and salt balance. In addition to this endocrine-view of the RA 

system, over the last 10 years or so it has been suggested that locally expressed tissue renin- 

angiotensin systems exist (see chapter 3). This novel concept has broadened the way in 

which the RA system is viewed and challenged its traditional endocrine role.

At the onset of this thesis, a number of studies had applied molecular biology 

techniques to the question of the existence of local tissue RA systems and the study of their 

regulation (Field et a l, 1984; Dzau, Ingelfinger, and Pratt, 1986; Ingelfinger et a l, 1986; 

Dzau et a l, 1987; Gomez et a l, 1988; Samani, Swales, and Brammar, 1988; Drexler et a l, 

1989; Ellison et a l, 1989). However, systematic studies of the regulation of RA system gene 

expression in a variety of tissue sites had not been previously reported. The studies presented 

in this thesis have helped to address this gap in Icnowledge.

The ACE inhibition study presented in chapter six demonstrated by Northern blotting 

that renin mRNA is present not only in the rat kidney but also at a range of extra-renal sites. 

This was (and still is to a certain degree) a highly controversial concept when this study was 

being undertaken. Two independent RT-PCR assays were therefore designed to verify the 

Northern blot data result and they succeeded in substantiating the original finding. Renin 

mRNA in the kidney was found to significantly increase with the removal of feedback 

inhibition by AH and interestingly this increase was found to be disproportionately small 

compared to the increase in plasma renin concentration. This finding was subsequently 

verified in a similar study by Morishita et a l, (1993). In the heart failure study presented in 

chapter eight, a similar increase in kidney renin mRNA was seen with ACE inhibition. 

However, a much bigger increase in plasma renin was seen with ACE inhibition in this study 

than in the chapter six study. This may be reflected by the failure of chronic ACE inhibition 

in this study to suppress plasma All levels, which were greatly reduced (to levels below the 

sensitivity of the assay) by the relatively acute administration of perindopril in the chapter six 

study. A partial "escape" of ACE inhibition may have occurred in the perindopril-treated
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groups in the heart failure study due to a high level of angiotensin I resulting from the 

grossly elevated plasma renin. Alternatively, the differences observed may reflect 

modulation by alternative pathways of angiotensin generation not involving ACE. Whatever 

the cause of the differential effect of ACE inhibition on plasma AH between these two 

studies, this finding highlights the potential for differences in mechanistic effect between 

acute and chronic administration of an ACE inhibitor. Such mechanistic differences in turn, 

may explain differential regulation of tissue RA systems independent of changes in the 

endocrine system. In both the chapter six and the heart failure studies, however, no change 

was seen with ACE inhibition of renin mRNA levels at extra-renal tissue sites.

The ACE inhibition study demonstrated by Northern blotting that angiotensinogen 

mRNA is present not only in rat liver but also in a range of extra-hepatic sites. No 

differences in the level of angiotensinogen mRNA were observed with perindopril 

administration either in the liver or any of the other tissue sites examined. This was perhaps 

surprising as one might have expected liver and kidney angiotensinogen mRNA expression 

to decrease as a consequence of the marked suppression of plasma AH (Ingelfinger et al. 

1986; Iwao et al., 1988, 1990). However, the lack of modulation of angiotensinogen mRNA 

observed is consistent with previous studies (Gomez et al., 1990). In contrast, in the heart 

failure study there was a small but significant increase in kidney angiotensinogen mRNA 

with ACE inhibition in the sham operated group of rats (as well as the MI group) in spite of 

no change in plasma AH levels. No such increase was observed in this study as a 

consequence of MI alone. This again supports the postulate that ACE inhibitors may have 

mechanisms of action distinct from the simple suppression of plasma AH levels (Ito et a l, 

1981; Zimmerman, 1981; Dzau, 1988b; Hooper et a l, 1992) related, for example, to 

duration of treatment or other parameters. Therefore, an individual inhibitor may 

differentially regulate RA system gene expression in the same tissue under different 

circumstances. The increase in renal angiotensinogen mRNA with ACE inhibition is 

interesting as it differs from the observations of Hirsch and co-workers (1992). They found a 

small but significant increase in renal angiotensinogen in heart failure (MI) rats that was 

lowered to significantly smaller than sham operated levels after enalapril treatment. They
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suggested that a positive feedback of AH on angiotensinogen was responsible for this, but 

limitations in their study (such as the failure to measure plasma AH levels in the enalapril 

treated animals) means that this argument is speculative.

The existence of a cardiac RA system, and especially the presence or absence of renin 

mRNA, has been debatable in recent years. Studies in the rat have detected cardiac renin 

mRNA by RNAase protection (Samani, Swales, and Brammar, 1988) and RT-PCR (Lou, 

Robinson, and Morris, 1993) and renin message has previously been detected in the mouse 

heart by Northern blotting (Dzau and Re, 1987). In the ACE inhibition study, RNA was 

extracted from whole hearts and a relatively strong signal for renin mRNA was observed. In 

the heart failure study, renin mRNA was detectable in RNA derived from left and right 

ventricles but at a much lower level than observed for whole hearts. Previous reports have 

shown that although renin mRNA is found in all four chambers of the heart, the highest 

levels are found in the right atrium (Baker, Booz, and Dostal, 1992). A disproportionate 

contribution of atrial renin mRNA expression in the whole heart extractions may therefore be 

responsible for the observed discrepancy in signal between the two comparative groups of 

rats in the studies presented here. This possibility could be investigated in future studies. No 

change in the level of cardiac renin mRNA with administration of perindopril was observed 

in either study and renin mRNA did not change with MI in the left or right ventricles in the 

heart failure study. This is in contrast to the study by Pieruzzi and co-workers (1995) who 

showed that cardiac renin mRNA increased concomitantly with the severity of 

experimentally induced heart failure in rats. In addition, they presented Western blot data 

that demonstrated that this increase paralleled an increase in the level of ACE protein. 

However, heart failure in their model was induced by the creation of an aortocaval fistula 

and therefore the differences observed may be model specific. Cardiac angiotensinogen 

mRNA was just about detectable by Northern blotting in the ACE inhibitor study but could 

not be detected by this method in the left or right ventricles of the heart failure study animals. 

Angiotensinogen mRNA has a reported cardiac chamber distribution similar to renin mRNA 

(Baker, Booz, and Dostal, 1992). Therefore, the difference observed in detection between the
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two studies may be accounted for by the predominant atrial mRNA expression of 

angiotensinogen.

The only major discrepancy in the pattern of tissue gene expression between the two 

rat studies is for adrenal angiotensinogen. Whilst adrenal angiotensinogen mRNA was easily 

detectable in the ACE inhibitor study (chapter six), it could not be detected in the heart 

failure study (chapter eight) using the same probe. The reason for this discrepancy is unclear 

as both studies used adult male Wistar rats (although the ages were different) and so strain- 

specific expression cannot explain the observations. The major difference between these two 

sets of animals is that the heart failure study rats underwent surgery (even the controls had a 

sham operation) whereas the ACE inhibitor study animals did not. It may therefore be 

possible that surgery induced a physiological response that reduced adrenal angiotensinogen 

mRNA expression below the detectability of Northern blotting. However, this is a purely 

speculative explanation as such a response has not previously been described.

The marmoset study, presented in chapter seven, showed an increase in kidney renin 

mRNA with ACE inhibition in keeping with the rat studies. In addition, the other modes of 

blockade of the RA system employed in this study increased renal renin mRNA to varying 

degrees. Active plasma renin increased significantly with ACE inhibition as in the rat studies. 

Kidney angiotensinogen mRNA did not alter after ACE inhibition (or any of the other 

treatments) as was found with the chapter six study in rats, but in contrast to the heart failure 

study (chapter eight). Liver angiotensinogen mRNA was reduced by ~ 40% with ACE 

inhibition and whilst this was statistically significant as analysed by ANOVA, pairwise 

comparisons on log-transformed data did not quite achieve statistical significance. This 

tendency, at least, for a reduction in angiotensinogen mRNA was in contrast to the rat studies 

where no difference was seen with ACE inhibition. Plasma angiotensinogen was markedly 

decreased with ACE inhibition in the marmoset study as in the heart failure study and this is 

likely to be a result of increased consumption of angiotensinogen by elevated plasma renin 

levels. Hepatic renin mRNA was probed for but could not be detected in contrast to the rat 

studies. However, this may have been a consequence of not quite enough sensitivity using the
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human renin probe. Likewise, ACE mRNA was probed for but could not be detected in 

either liver or kidney by Northern blotting, in keeping with the rat studies.

An interesting global theme arising from the results presented in this thesis is the 

tissue specific modulation of RA system gene expression by ACE inhibition, with differences 

observed between the different studies. In the case of the marmoset study differences were 

also seen with comparison to renin inhibition and when comparing the various modes of 

inhibition to each other. ACE inhibitors appear to have multiple mechanisms of action (see 

Table 10.1). Their principal antihypertensive action is inhibition of ACE in the blood and 

other tissues such as the kidney. The major antihypertensive effect of ACE inhibitors is the 

short term rather than long term depressive effect. This is supported by the observation that 

activity of the endocrine RA system follows the principle of a closed loop hormonal system. 

With the exception of states of severe cardiovascular decompensation, such as that seen in 

the heart failure study, activity of the circulating RA system almost always returns to normal 

when homeostasis is achieved. This can be readily observed in the chronic compensated 

phase of heart failure where plasma renin is no longer elevated (Dzau et a l, 1981). This 

"non- (circulating) renin dependant" phase may be a stage of heart failure in which the acute 

action of the circulating RA system is no longer necessary. At this stage, local RA systems 

may maintain vascular tone and cardiac function. Therefore, during prolonged administration 

of an ACE inhibitor, activity of the inhibitor may be determined by its relative distribution 

and half-life in different tissues rather than its serum half-life (Unger, Gohlke, and Gruber, 

1990). The results presented in this thesis support such an argument.

190



TABLE 10.1 Possible mechanisms of the action of converting enzyme inhibitors.

Inhibition of circulating AH formation

Inhibition of local AH in the kidney and other sites
Increasing regional blood flow (especially in the kidney)
Increase in bradykinin levels at tissue sites 
Vasodilatory prostaglandin biosynthesis 
Blunting of arterial baroreceptor reflex
Attenuation of catecholamine release from noradrenergic nerve endings
Vasodilatory action via activation of endothelial vasodilatory pathways involving 
nitric oxide or nitrosothiol compounds
Scavenging free oxygen radicals (sulphydryl class of inhibitors)

Whilst inhibitors of ACE, renin and the ATj receptor are commonplace in the study 

of the RA system and ACE inhibitors the major clinical choice for blockade of the RA 

system, angiotensinogen is a largely unexplored clinical target for blockade of the RA. This 

is despite the observation that both its plasma level and tissue mRNA expression can be 

altered indirectly by blockade of other components of the RA system. There are two main 

reasons for the lack of research in this area:

(i). Although it is that Icnown the concentration of angiotensinogen in blood can be 

rate limiting for angiotensin formation (See section 2.1.2), there is a distinct lack of 

pharmacological agents that specifically block angiotensinogen.

(ii). Although angiotensinogen exhibits genetic linkage to and association with 

essential hypertension and preeclampsia (Jeunemaitre et a l, 1992), it is only recently that 

molecular genetic studies have suggested functional clues as to how angiotensinogen may be 

a determinant of disease (Lodwick et a l, 1995).

In a recent study by Inoue and co-workers (1995), a mutation was identified in a 

preeclamptic patient leading to the replacement of leucine by phenylalanine at position 10
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(the site of renin cleavage) of mature angiotensinogen. Kinetic analyses demonstrated that 

this substitution leads to a 10-fold decrease in the Km for renin. New strategies have also been 

developed to blockade angiotensinogen and thus study its regulation and role in disease. A 

recent study by Tomita and co-workers (1995) using antisense oligonucleotides against 

angiotensinogen, transfected directly into the liver of male SHRs, demonstrated a transient 

decrease in blood pressure. This was accompanied by a significant decrease in liver 

angiotensinogen protein content and mRNA expression, decreased plasma angiotensinogen 

levels, and decreased levels of AIL Hepatocytes cultured from the livers of animals treated 

with antisense oligonucleotides also released significantly less angiotensinogen into the 

culture media than hepatocytes derived from animals treated with sense oligonucleotides. 

These results suggest that angiotensin production may be proportional to plasma 

angiotensinogen concentration and that angiotensinogen is a potential future target for 

antihypertensive prophylaxis.

Future studies:

The work presented in this thesis has addressed gaps in our Icnowledge regarding the 

organisation and regulation of expression of tissue renin-angiotensin systems and raised 

exciting questions and possibilities. The nature of a Ph.D. thesis is necessarily finite and 

there is much scope for this work to be extended.

The most obvious way in which to complement the Northern blot data presented here 

would be to investigate the tissues where an mRNA species could not be detected by 

Northern blotting, with a more sensitive technique such as RNAase protection or PCR. Work 

to circumvent this particular limitation was initiated by the development of a RT-PCR assay 

for ACE mRNA as presented in chapter 9. However, as alluded to previously, the 

construction of a truly quantitative assay is extremely consuming of time and resources. The 

basic development of quantitative assays for renin, angiotensinogen, ACE and the AT  ̂

receptor would be at least a thesis in itself and was therefore outside the scope of this thesis.

Another issue not directly addressed by this thesis is the precise tissue localisation of 

the RA system mRNAs detected e.g. whole brains and kidneys were used for extraction of
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RNA in the rat studies, but a number of studies have localised the expression of components 

of the RA system to specific tissue areas and cell types (see section 3.5). It also possible that 

when tissue expression is modulated, e.g. by ACE inhibition, the pattern of distribution of 

expression within the tissue may also alter and this cannot be discounted by the approach 

taken here. These limitations could be addressed by undertaking similar studies and using 

in situ hybridisation to assess the tissue distribution of mRNA.

The regulation of RA system gene expression by cis-acting 5' elements and 

alternative promoter sequences has been well documented (see section 3.4). It is also possible 

that gene expression may be regulated by the adoption of alternative start sites for initiation 

of transcription. This could be examined by the application of primer extension analysis to 

the RNAs isolated for the studies presented in this thesis, in future studies.

Perhaps the biggest limitation of analysis using Northern blotting is that steady-state 

levels of mRNA are measured. Therefore, although differences detected in gene expression 

are highly likely to be due to differences in the level of transcription (and an absence of a 

difference due to the level of transcription being identical), altered stability (with no change 

in transcription) of the mRNA molecule (or a combination of both phenomena) cannot be 

ruled out. This question could be resolved by the use of nuclear run-off assays in future 

studies.

A major expansion of the work presented in this thesis would be to look at expression 

and regulation of the foetal tissue RA system as this is an area that has largely been ignored 

in the literature. In a preliminary study of outbred Wistar foetii undertook (but not presented 

in the experimental chapters of this thesis) to test the feasibility of such a study, expression 

of mRNA was detectable by Northern blotting for all of the components of the RA system in 

a wide range of tissues (see Table 10.2 for a summary of results). Interestingly, ACE mRNA 

was detectable in all tissues except the liver. This is in stark contrast to the studies presented 

in the experimental chapters of this thesis where attempts to detect ACE mRNA (using the 

same cDNA probe) by Northern blotting only gave a positive result in the lung. Although, as 

demonstrated in chapter 9, ACE mRNA could be detected by RT-PCR in extra-pulmonary
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TABLE 10.2 Expression of the components of the renin-angiotensin system in rat 
foetal tissues (After Kelly, Bradley, and Samani, unpublished data).

18 DAYS GESTATION

Tissue Renin Angiotensinogen ACE AT, receptor

Kidney ++ +(+) (+) +++++

Liver + +++++ — +++(+)

Brain + +(+) + +

Heart + + + ++

Lung + + ++ ++-1—H-

Placenta + +++ +++ +++(+)

20 DAYS GESTATION

Tissue Renin Angiotensinogen ACE AT, receptor

Kidney

Liver

Brain

Heart

Lung

Placenta

Umbilical cord

+(+)

+(+)

+(+)

(+)

+(+)

(+)

(+)

+(+)

+

++

- H -

+ mRNA expression detected by Northern blotting (scale + to +++++) 

— mRNA expression not detectable by Northern blotting
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tissues in adult rats, the difference in sensitivity between Northern blotting and RT-PCR 

implies that expression of extra-pulmonary ACE mRNA (at least) is greatly enhanced in 

foetal tissue. Angiotensinogen mRNA could also be detected in the lung and ATj receptor 

mRNA in the brain and heart of foetal rats but could not be detected in adult rats using 

Northern blotting (see chapter 8). Large differences in expression of renin and ACE mRNA 

between 18 and 20 days gestation of rat foetii (fall term is 21 days) were also seen in the 

primary sites of production. Kidney renin expression at 20 days gestation was 2.5 x that at 18 

days gestation and lung ACE expression also increased by the same magnitude. 

Angiotensinogen and AT^ receptor expression were largely unchanged in all of the tissues 

examined between 18 and 20 days gestation. These results highlight the importance of the 

rate-limiting enzymes of the RA cascade (renin and ACE) and suggests a 'switch' to adult 

levels of expression immediately prior to birth. Such an upregulation in expression is perhaps 

not too surprising from the point of view of the endocrine RA system, as the newly bom 

animal will be responsible for the maintenance of its own blood pressure and homeostasis. 

What is interesting, however, is the concept that the foetus may have a functional RA system 

when homeostatic functions are largely regulated by the mother, via the placenta. The 

importance of local generation of angiotensins, a fundamental theme throughout this thesis, 

with functions such as mitogenesis would seem to be especially pertinent to the foetal 

situation.

There has been an exponential increase in our understanding of the role of the renin- 

angiotensin system in normal and pathological physiology since the introduction of 

pharmacological agents that can effectively blockade the system. Prior to the availability of 

these agents the only way to disrupt the production of angiotensins was the literal ablation of 

the tissue source of hormone production. This was a crude, invasive methodology and, given 

that there is now overwhelming evidence for the existence of functional tissue RA systems, 

somewhat ineffective. Despite the increase in understanding and almost 100 years passing 

since the discovery of renin (Tigerstedt and Bergman, 1898), there is still much scope, and 

indeed necessity, for further research into the precise organisation, regulation and multiple 

functions of tissue renin-angiotensin systems.

195



CHAPTER ELEVEN

References

196



ADMIRAAL PJ.J., DERKX DANSER J„ PIETERMAN H„ and
SCHALEKAMP M.A.D.H. (1990).
Metabolism and production of angiotensin 1 in different vascular beds in subjects with 
hypertension. Hypertension 15: 44-55.

AHMED S.S., LEVENSON G.E., WEISSE A.B., and REGEN T.l. (1975).
The effect of angiotensin on myocardial contractility. J. Clin. Pharmacol. 15: 276.

ALLAN D.R., MCKNIGHT LA , KIFOR L, COLETTl C.M., 
andHOLLENBERG N.K. (1994).
Converting enzyme inhibition and renal tissue angiotensin 11 in the rat. Hypertension 24: 
516-522.

ALLBUTT C. (1896).
Senile Plethoria or high arterial pressure in elderly persons, in Classic papers in 
hypertension: Blood pressure and renin (1987). Ed. Swales J.D.; Science Press Limited, 
London.

AMES R.P., BORKOWSKl A.J., 81C1NSK1 A.M., and LARAGH J.H. (1965). 
Prolonged infusions of angiotensin 11 and norepinephrine and blood pressure, electrolyte 
balance, aldosterone and cortisol secretion in normal man and in cirrhosis with ascites.
J. Clin. Invest. 44: 1171-1186.

ANDERSON P.W., MACAULY L., DO Y.S., SHERROD A , D'ABLAING G., KOSS 
M., SHINAGAWA T., TRAN B., MONTZ F.J., and HSUEH W.A. (1990).
Extra-renal renin-secreting tumors: insights into hypertension and ovarian renin production. 
Medicine 68: 257-268.

AOYAGl T., KUNIMOTO S., MORISHIMA H ,e ta l. (1971).
Effect of pepstatin on acid proteases. J. Antibiot. 24: 687-694.

ARNAL J.F., CUDEK P., PLOUÏN P.F. GUYENNE T.T., MICHEL LB., 
and CORVOL P. (1991).
Low angiotensinogen levels are related to the severity and liver dysfunction of congestive 
heart failure: implication for renin measurement. Am. J. Med. 90: 17-22.

AROMAA A., REUNANEN A , and PYÔRÂLÀ K. (1984).
Hypertension and mortality in diabetic and non-diabetic Finnish men. J. Hypertens. 2: 205. 

ASAAD M.M., and ANTONACCIO M.L (1982).
Vascular wall renin in spontaneously hypertensive rats. Potential relevance to hypertension 
maintenance and antihypertensive effect of captopril. Hypertension 4: 487-493.

ASHIDA M., OHUCHl Y., SAITO T., and YAZAICI Y. (1982).
Effects of dietary sodium on brain angiotensin 11 receptors in spontaneously hypertensive 
rats. Jpn. Circ. J. 46: 1328-1336.

ASMAR R.G., PANNIER B., 8ANTONI J.P., LAURENT S., LONDON G.M., LEVY
B.L, and SAFAR M.E. (1988).
Reversion of cardiac hypertrophy and reduced arterial compliance after converting enzyme 
inhibition in essential hypertension. Circulation 78: 941-950.

197



ATLAS SA., SEAL Y LE., and LARAGH J.H. (1978).
Activation of inactive plasma renin: evidence that both cryoactivation and acid-activation 
work by liberating a neutral serine protease from endogenous inhibitors. Clin. Sci. Mol.

55 (Suppl. 4): 135S-138S.

AUFFRAY C.,andROUGEON F. (1980).
Purification of mouse immunoglobulin heavy-chain messenger RNAs from total myeloma 
tumour RNA. Eur. J. Biochem. 107: 303-314.

BABA K.,DOI Y., FRANCO-SAENZ R , andMULROW P.L (1986).
Mechanisms by which nephrectomy stimulates adrenal renin. Hypertension 8: 997-1002.

BACKER M. (1953).
Essential hypertension: the birth of its concept two hundred years ago. Angiology 4: 207- 
209.

BAILIE M.D., RECTOR F.C., and SELDIN D.W. (1971).
Angiotensin 11 in arterial and renal venous plasma and renal lymph in the dog. J. Clin. 
Invest. 50: 119-126.

BAKER K.M., BOOZ G.W., and DOSTAL D.E (1992).
Cardiac actions of angiotensin 11: Role of an intracardiac renin-angiotensin system. Annu. 
Rev. Physiol. 54: 227-241.

BASSO N.,andTAQUlNl AC. (1971).
Effect of bilateral nephrectomy on the renin activity of blood vessel walls. Acta. Physiol. 
Lat. Amer. 21: 8-14.

BAUMBACH G.L., and HEISTAD D.D. (1989).
Remodelling of cerebral arterioles in chronic hypertension. Hypertension 13: 968-972.

BECH O.M., KAHR O., DIAMANT B., and STEINESS E. (1989).
Time course of functional deterioration after coronary artery ligation in rats. Cardiovasc. 
R&y. 23: 649-654.

BEN-ARI E.T., LYNCH K.R., and GARRISON J.C. (1989).
Glucocorticoids induce the accumulation of novel angiotensinogen gene transcripts. J. Biol. 
CAem. 264: 13074-13079.

BERK B.C., VALLEGA G., MUSLIN A.I., GORDON H.M., CANESSA M., and 
ALEXANDER R.W. (1989).
Spontaneously hypertensive rat vascular smooth muscle cells in culture exhibit increased 
growth and NaVH"*" antiport activity in skeletal muscle cells and vascular smooth muscle 
cells of the spontaneously hypertensive rat. J. Clin. Invest. 83: 822-829.

BJÔRK S., NYBERG G., MULEC H., GRANERUS G.,
HERLITZ H., and AURELL M. (1986).
Beneficial effects of angiotensin converting enzyme inhibition on renal function in patients 
with diabetic nephropathy. Br. Med. J. 293: 471-474.

BLAIR-WEST J.R., COGHLAN J.P., DENTON D.A., GODING J.R., MUNRO LA, 
PETERSON R.E., and WINTOUR M. (1962).
Humoral stimulation of adrenal cortical secretion. J. Clin. Invest. 41: 1606-1627.

198



BOYD G.W., and PEART W.S. (1971).
The relationship between angiotensin and aldosterone. Adv. Metab. Dis. 5: 77-117. 

BRADFORD M.M. (1976).
A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing 
the principle of protein-dye binding. Anal. Biochem. 72: 720-721.

BRAUN-MENÉNDEZ E., FASCIOLO J.C., LELOIR L.F., and MU^IOZ J.M. (1939).
La substancia hipertensora de la sangre del rinon isquemiado. Rev. Soc. Argent. Biol. 15: 
420-425.

BRAUN-MENÉNDEZ E., and PAGE I.H. (1958).
Suggested revision of nomenclature-angiotensin. Science 127: 242.

BRENNAND L, KONECKI D.S., and CASKEY C.T. (1983).
Expression of human and Chinese hamster hypoxanthine-guanine phosphoribosyltransferase 
cDNA recombinants in cultured Lesch-Nyhan and Chinese Hamster fibroblasts. J. Biol. 
CAewz. 258: 9593-9596.

BRENNER B.M., GARCIA D.L., and ANDERSON S. (1988).
Glomeruli and blood pressure: Less of one, more of the other? Am. J. Hypertens. 1: 335- 
347.

BRIGHT R. (1836).
Tabular view of the morbid appearences in one hundred cases connected with albuminous 
urine with observations. Guy's Hospital Reports 1: 380-400.

BROWN-SÉQUARD C.E. (1854).
Sur les résultats de la section et de la galvanisation du nerf grand sympathique au cou. 
Compte Rendus Academy des Sciences 38: 72.

BRUCKSCHLEGEL G., HOLMER S.R., JANDELEIT K , GRIMM D., MUDERS F., 
KROMER E.P., RIEGGER G.A., and SCHUNKERT H. (1995).
Blockade of the renin-angiotensin system in cardiac pressure-overload hypertrophy in rats. 
Hypertension 25: 250-259.

BRUNNER H.R., GAVRAS H., andWAEBER B. (1979).
Oral angiotensin-converting enzyme inhibitors in long-term treatment of hypertensive 
patients. Ann. Intern. Med. 90: 19-23.

BUMPUS P.M., SCHWARTZ H., and PAGE I.H. (1957).
Synthesis and pharmacology of the octapeptide angiotonin. Science 125: 886-887.

BUNKENBURG B., SCHNELL C.H., BAUM P., CUMIN F., and WOOD J.M. (1991). 
Prolonged angiotensin antagonism in spontaneously hypertensive rats: hemodynamic and 
biochemical consequences. Hypertension 18: 278-288.

BUNNEMANN B., FUXE K., and GANTEN D. (1993).
The renin-angiotensin system in the brain: an update 1993. Regul. Pept. 46: 487-509.

BURNHAM C.E., HAWELU-JOHNSON C.L., FRANK B.M., and LYNCH K.R. (1987). 
Molecular cloning of rat renin cDNA and its gene. Proc. Natl. Acad. Sci. USA 84: 5605- 
5609.

199



BXIRMER M., RUTSCHMANN B., NUSSBERGER J., VERSAGGI J., SHAHINFAR
S., WAEBER B., and BRUNNER H.R (1993).
Salt-dependent renal effects of an angiotensin II antagonist in healthy subjects. Hypertension 
22: 339-347.

BURTON J., CODY R.J., HERD A.J., and HABER E. (1980).
Specific inhibition of renin by an angiotensinogen analog: Studies in sodium-depleted and 
renin-dependent hypertension. Proc. Natl. Acad. Sci. USA 77: 5476-5479.

CAMARGO M.J., von LUTTEROTTI N., PECKER M.S., JAMES G.D.,
TIMMERMANS P.B.M.W.M., and LARAGH J.H. (1991).
Dup 753 increases survival in spontaneously hypertensive stroke-prone rats fed a high 
sodium diet. Am. J. Hypertens. 4: 341S-345S.

CAMBIEN F., POIRIER O., LEGERE L., EVANS A., CAMBOU J.-P., ARVEILER D., 
LUC G., BARD J.-M., BARA L., RICARD S., TIRET L., AMOUYEL P., ALHENC- 
GELAS F., and SOUBRIER F. (1992).
Deletion Polymorphism in the gene for angiotensin-converting enzyme is a potent risk factor 
for myocardial infarction. Nature 359: 641-644.

CAMPBELL DJ. (1985).
The site of angiotensin production. J. Hypertens. 3: 199-207.

CAMPBELL D.J. (1987).
Circulating and tissue angiotensin systems. J. Clin. Invest. 19: 1-6.

CAMPBELL D.J. andHABENER J.R. (1986).
Angiotensinogen gene is expressed and differently regulated in multiple tissues of the rat.
J. Clin. Invest. 78: 31-39.

CAMPBELL D .J., KLADIS A , DUNCAN A.-M. (1994).
Effects of converting enzyme inhibitors on angiotensin and bradykinin peptides. 
Hypertension 23: 439-449.

CAMPBELL D.J., LAWERENCE AC., TOWRIE A , KLADIS A , 
andVALENTIJN AJ. (1991).
Differential regulation of angiotensin peptide levels in plasma and kidney of the rat. 
Hypertension 18: 763-773.

CANNON P.J. (1977).
The kidney in heart failure. N. Eng. J. Med. 296: 26-32.

CARRETERO O.A., and BEIERWALTES W.H. (1984).
Effect of glandular kallilcrein, kinins and aprotinin (a serine protease inhibitor) on renin 
release. J. Hypertens. 2: 125-130.

CASE D.B., ATLAS S.A., LARAGH J.H., SEALY J.E., SULLIVAN P.A., and 
McKINSTRY D.N. (1978).
Clinical experience with blockade of the renin-angiotensin-aldosterone system by an oral 
converting-enzyme inhibitor (SQ 14,255, Captopril) in hypertensive patients. Prog. 
Cardiovasc. Dis. 31: 195-206.

2 0 0



CASE D.B., WALLACE J.M., KEIM H.J., WEBER MA., DRAYER J.I.M., WHITE 
RP., SEALY J.E., and LARAGH J.H. (1976).
Estimating renin participation in hypertension. Superiority of converting enzyme inhibitor 
over Saralasin. Am. J. Med. 61: 790-796.

CATANZARO D.F., MESTEROVIC N., and MORRIS B.J. (1985).
Studies of the regulation of mouse renin genes by measurement of renin messenger 
ribonucleic acid. Endocrinology 117: 872-878.

CHANG E., and PERLMAN AJ. (1987).
Multiple hormones regulate angiotensinogen messenger ribonucleic acid levels in a rat 
hepatoma cell line. Endocrinology 121:513-519.

CHELLY J., CONCORDET J.P., KAPLAN J.C., and KAHN A. (1989).
Illegitimate transcription: transcription of any gene in any cell type. Proc. Natl. Acad. Sci. 
D&l. 86: 2617-2621.

CHIEN Y.W., BARBEE R.W., MACPHEE A.A., FROHLICH E.D., and TRIPPODO 
N.C. (1988).
Increased ANF secretion after volume expansion is preserved in rats with heart failure. Am. 
J. Physiol. 23: R185-R191.

CHILDS T.J., ADAMS M.A., andMAIC AS. (1990).
Regression of cardiac hypertrophy in spontaneously hypertensive rats by enalapril and the 
expression of contractile proteins. Hypertension 16: 662-668.

CHIU AT., HERDLIN W.F., McCALL D.E., ARDECKY R.J., CARINI D.J., DUNICA 
J.V., PEASE L.J., WONG P.C., WEXLER R.R, JOHNSON A.L., and TIMMERMANS 
P.B.M.W.M. (1989).
Identification of angiotensin II receptor subtype. Biochem. Biophys. Res. Commun. 165: 
196-203.

CHIU AT., McCALL D.E., PRICE W.A., WONG P.O., CARINI D.J., DUNCIA J.V., 
WEXLER R.R., YOG S.E., JOHNSON A.L., and TIMMERMANS P.B.M.W.M. (1990). 
Nonpeptide angiotensin II receptor antagonists. VII. Cellular and biochemical pharmacology 
of DuP753, an orally active antihypertensive agent. J. Pharmacol. Exp. Ther. 252: 711-718.

CHOBANIAN A.V. (1990).
The effects of ACE inhibitors and other antihypertensive drugs on cardiovascular içisk factors 
and atherogenesis. Clin. Cardiol. 13: VII43-VII48.

CHRISTENSEN K.L., JESPERSEN L.T., andMULVANY M.J. (1989).
Development of blood pressure in spontaneously hypertensive rats after withdrawal of long
term treatment related to vascular structure. J. Hypertens. 7: 83-90.

CHRISTLIEB A.R. (1978).
Nephropathy, the renin system and hypertensive vascular disease in diabetes mellitus. 
Cardiovasc. Med. 2: 417-431.

CHURCHILL P.C. (1985).
Second messengers in renin secretion. Am. J. Physiol. 249: F175-F184.

2 0 1



CLAUSER E., GAILLARD L, WEI L., and CORVOL P. (1989).
Regulation of angiotensinogen gene. Am. J. Hypertens. 2; 403-410.

CLOUSTON W.M., EVANS B.A., HARALAMBIDIS T., and RICHARDS RI. (1988). 
Molecular cloning of the mouse angiotensinogen gene. Genomics 2: 240-248.

COHEN S., TAYLOR J.M., MURAKAMI K., MICHELAKIS A.M., 
andlNAGAMI T. (1972).
Isolation and characterisation of renin-like enzyme from mouse submaxillary glands. 
Biochemistry 11: 4286-4293.

COLLINS R.D., WEINBERGER M.J., DOWDY A.I., NOKES G.W., GONZALES
C.M., and LUETSCHER J.A. (1970).
Abnormally sustained aldosterone secretion during salt loading in patients with various forms 
of benign hypertension; relation to plasma renin activity. J. Clin. Invest. 49: 1415-1526.

COOK W., GORDEN D.B., and PEART W.S. (1957).
The localisation of renin in the rabbit kidney. J. Physiol. 135(Suppl): 46p-47p.

CORVOL P., PANTHIER J.J., FOOTE S., and ROUGEON F. (1983).
Structure of the mouse submaxillary gland renin precursor and a model for renin processing. 
Hypertension 5: 13-19.

COWLEY A.W., and Me CAA RE. (1976).
Acute and chronic dose response relationship for angiotensin, aldosterone and arterial 
pressure at varying levels of sodium intake. Circ. Res. 39: 788-797.

CRISCIONE L., de GASPARO M., BUEHLMAYER P., WHITEBREAD S., RAMJOUE 
H.P., and WOOD J.M. (1993).
Pharmacological profile of valsartan: a potent, orally active, nonpeptide antagonist of the 
angiotensin II ATI receptor subtype. Br. J. Pharmacol. 110: 761-771.

CROXATTO H., and CROXATTO R. (1942).
"Pepsitensin"- a hypertensin-like substance produced by peptic digestion of proteins. Science 
95: 101-102.

CUSHMAN D.W., and CHEUNG H.S. (1971).
Spectrophotometric assay and properties of the angiotensin-converting enzyme of rabbit 
lung. Biochem. Pharmacol. 20: 1637-1648.

DAHLOF B., PENNERT K.J., and HANSSON L. (1992).
Reversal of left ventricular hypertrophy in hypertensive subjects: A meta-analysis of 109 
treatment studies. Am. J. Hypertens. 5: 95-110.

DALEY P., METTAUER B., ROULEAU J.L., COUSINEAU D., 
and BURGESS J.H. (1985).
Lack of reflex increase in myocardial sympathetic tone after captopril: potential antianginal 
effect. Circulation 71: 317-325.

DANSER A.H.J., KONING M.M.G., ADMIRAAL P.J.J., DERKX F.H.M., VERDOUW 
P.D., and SCHALEKAMP M.A.D.H. (1990).
Metabolism of angiotensin I by different tissues in the intact animal. Am. J. Physiol. 263: 
H418-H428.

202



DANSER A.H.J., KONING M.M.G., ADMIRAAL SASSEN L.M.A., DERKX 
F.HM., VERDOUW P.D., and SCHALEKAMP M.A.D.H. (1992).
Production of angiotensins I and II at tissue sites in intact pigs. Am. J. Physiol. 263: H429- 
H437.

DANSER A.H.I., VAN DEN DORPEL M.A, DEINUM J., DERKX F.H.M., FRANKEN 
A.A.M., PEPERKAMP E., JONG P.T.V.M., and SCHALEKAMP M.A.D.H. (1989). 
Renin, prorenin, and immunoreactive renin in vitreous fluid from eyes with and without 
diabetic retinopathy. J. Clin. Endocrinol. Metab. 68: 160-167.

DAS M., and SOFFER R.L. (1975).
Pulmonary angiotensin-converting enzyme. J. Biol. Chem. 250: 6762-6768.

DAUM A., UEHSLEKE H., and KLAUS D. (1966).
Unterschiedliche Beeninflussung der Blutdruckwirlcung von Renin und Angiotensin durch 
Aminopeptidase. Archiv.fUr. Exper. Patholgie. und. Pharmakologie. 254: 327-333.

DAVIES J.E., NG L.L., AMEEN M., SYME P.D., and ARONSON J.K. (1991). 
Evidence for altered Na'̂ ’-H'*' antiport activity in cultured skeletal muscle cells and vascular 
smooth muscle cells from the spontaneously hypertensive rat. Clin. Sci. 80(5): 509-516.

DAVIS J.O, and FREEMAN R.H. (1976).
Mechanisms regulating renin release. Physiol. Rev. 56: 1-56.

DAY R.P., and REID LA. (1976).
Renin activity in dog brain: enzymological similarity to Cathepsin D. Endocrinology 99: 
93-100.

DEHENEFFE J., CUESTA V., BRIGGS J.D., BROWN J.J., FRASER R , LEVER A.F., 
MORTON J.J., ROBERTSON I.S., and TREE M. (1976).
Response of aldosterone and blood pressure to angiotensin II infusion in anephric man. Circ. 
Res. 39: 183-190.

DEINUM J., DERKX F.H.M., DANSER A.H.J., and SCHALEKAMP M.A.D.H. (1990). 
Identification and quantification of renin and prorenin in the bovine eye. Endocrinology 
126:1673-1682.

DELLA BRUNA R., KURTZ A , CORVOL P., and PINET F. (1993).
Renin mRNA quantification using polymerase chain reaction in cultured juxtaglomerular 
cells. Short-term effects of cAMP on renin mRNA and secretion. Circ. Res. 73: 639-648.

DESCHEPPER C.F., MELLON S.H., CUMIN F., BAXTER J.D., 
and GANONG F. (1986).
Analysis by immunohistochemistry and in situ hybridization of renin and its mRNA in 
kidney, testes, adrenal and pituitary of the rat. Proc. Natl. Acad. Sci. USA. 83: 7552-7556.

DICKINSON C.J., and LAWRENCE J.R. (1963).
A slowly developing pressor response to small concentrations of angiotensin. Lancet i: 
1354-1356.

DICKINSON C.J., and YU. R. (1967).
The progressive pressor response to angiotensin in the rabbit. J. Physiol. 190: 91-99.

203



DOI Y,ATARASHI K., FRANCO-SAENZ R , andMULROW P.L (1984).
Effect of changes in sodium or potassium balance and nephrectomy, on adrenal renin and 
aldosterone concentrations. Hypertension 6(suppl T): 1-124 -1-129.

DORER F.E., KAHN J.R, LENTZ K.E., LEVINE M., and SKEGGS L.T. (1972). 
Purification and properties of angiotensin-converting enzyme from hog lung. Circ. Res. 31: 
356-366.

DORER F.E., LENTZ K.E., KAHN J.R, LEVINE M., and SKEGGS L.T. (1978). 
Purification of human renin substrate. Anal. Biochem. 87: 11-18.

DREXLER H., LINDPAINTNER K., LU W., SCHIEFFER B., 
and GANTEN D. (1989).
Transient increase in the expression of cardiac angiotensinogen in rat model of myocardial 
infarction and failure. Circulation 80 (suppl II): 11-459.

DU Y.,YAO A., GUO D., INAGAMI T., and WANG D.H. (1995).
Differential regulation of angiotensin II receptor subtypes in rat kidney by low dietary 
sodium. Hypertension 25 (part2): 872-877.

DUDLEY D.T., HUBBELL S.E., and SUMMERFELT RM. (1991).
Characterization of angiotensin II (AT2) binding sites in R3T3 cells. Mol. Pharmacol. 40: 
360-367.

DUNN F.G., CARVALHO J.,KEM D., HIGGINS J.R, and FROHLICK E.D. (1976). 
Pheochromocytoma crisis induced by saralasin. N. Engl. J. Med. 295: 605-607.

DUPREZ D., DE SMET H., ROELS H., and CLEMENT D. (1990).
Hypertension due to a renin-secreting tumour. J. Hum. Hypertens. 4: 59-61.

DZAU V.L (1987).
Implications of local angiotensin production in cardiovascular physiology and pharmacology. 
Am. J. Cardiol. 59: 59A-65A.

DZAU V.L
Molecular and physiological aspects of tissue renin-angiotensin system: emphasis on 
cardiovascular control. Journal o f  Hypertension 6(suppl 3): S7-S12.

DZAU V.L (1988b).
Circulating versus local renin-angiotensin system in cardiovascular homeostasis. Circulation 
77(suppl 1): 1-4 -1-13.

DZAU V.L (1988c).
Vascular renin-angiotensin system in hypertension. Am. J. Med. 84 (suppl 4A): 4-8.

DZAU V.L (1989).
Multiple pathways of angiotensin production in the blood vessel wall: evidence, possibilities 
and hypotheses. J. Hypertens. 7: 933-936.

DZAU V.L (1993).
Tissue renin-angiotensin system in myocardial hypertrophy and failure. Arch. Intern. Med. 
153: 937-942.

204



DZAU VJ., BRENNER A., EMMETT N., and HABER E. (1980a).
Identification of renin and renin-like enzymes in rat brain by a renin-specific antibody.
Clin. Sci. 59: 45s-47s.

DZAU V.J., BRODY T., ELLISON K.E., PRATT R.E., 
andlNGELFINGER J.R. (1987a).
Tissue-specific regulation of renin expression in the mouse. Hypertension 9 (suppl 3): 
III-36-III-4I.

DZAU V.J., BURT D.W., and PRATT R.E. (1988).
Molecular biology of the renin-angiotensin system. Am. J. Physiol. 255: F563-F573.

DZAU V.J., COLUCCI W.S., HOLLENBERG NIC., and WILLIAMS G.H. (1981). 
Relation of the renin-angiotensin-aldosterone system to clinical state in congestive heart 
failure. Circulation €3\ 645-651.

DZAU V.J., ELLISON K.E., BRODY T., INGELFINGER I., and PRATT RE. (1987b). 
A comparative study of the distributions of renin and angiotensinogen messenger ribonucleic 
acids in rat and mouse tissues. Endocrinology 120: 2334-2338.

DZAU V.J., and GIBBONS G. (1988).
Cell biology of vascular hypertrophy in systemic hypertension. Am. J. Cardiol. 62: 30G- 
35G.

DZAU V.J., INGELFINGER J.R, and PRATT RE. (1986).
Regulation of tissue renin and angiotensin gene expressions. J. Cardiovasc. Pharmacol. 8 
(Suppl. 10): S11-S16.

DZAU V.J., INGELFINGER J.R, PRATT RE., and ELLISON K. (1986).
Identification of renin and angiotensinogen messenger RNA sequences in mouse and rat 
brains. Hypertension 8: 544-548.

DZAU V.J., KOPELMAN RL, BARGER, C.A., and HABER E. (1980b).
Renin-specific antibody for study of cardiovascular homeostasis. Science 207: 1091-1093.

DZAU V.J., and RE R.N. (1987).
Evidence for the existence of renin in the heart. Circulation 73:1-134 -136.

DZAU V.J., and SAFAR M.E. (1988).
Large conduit arteries in hypertension: role of the vascular renin-angiotensin system. 
Circulation 77: 947-954.

EARLEY L.E.,andFRIEDLER RM. (1966).
The effects of combined renal vasodilation and pressor agents on renal hemodynamics and 
the tubular reabsorption of sodium. J. Clin. Invest. 45: 542-551.

EDELMAN R , and HARTCROFT P.M. (1961).
Localisation of renin in juxtaglomerular cells of rabbit and dog through the use of 
flourescent-antibody technique. Circ.Res.9: 1069-1077.

205



EHLERS M.R.W., and RIORDAN J.F. (1990).
Angiotensinogen-converting enzyme: Biochemistry and molecular biology in: Hypertension. 
Pathophysiology, Diagnosis, and Management vol. 1 1217-1231. Ed. Laragh J.H., and 
Brenner B.M.; Raven Press, New York.

EHLERS M.R.W., STRYDOM F.D.J., and RIORDAN J.F. (1989).
Molecular cloning of human testicular angiotensinogen-converting enzyme. The testis 
isozyme is identical to the C-terminal half of endothelial angiotensin-converting enzyme. 
Proc. Natl. Acad. Sci. USA. 86: 7741-7745.

EKKER M.,TRON[K D., and ROUGEON F. (1989).
Extra-renal transcription of the renin genes in multiple tissues of mice and rats. Proc. Natl. 
Acad. Sci. USA 86: 5155-5188.

ELLISON K.E., INGELFINGER J.R., PIVOR M., and DZAU V.J. (1989).
Androgen regulation of rat renal angiotensinogen messenger RNA expression. J. Clin. 
Invest. 83: 1941-1945.

ELLIOT D.F., and PEART W.S. (1956).
Amino acid sequence in a hypertensin. Nature 177: 527-528.

EPSTEIN A.N., FITZSIMONS J.T., and ROLLS B.J. (1970).
Drinking induced by injection of angiotensin into the brain of the rat. J. Physiol. 210: 457- 
474.

ERDOS E.G. (1990).
Angiotensin I converting enzyme and the changes in our concepts through the years. 
Hypertension 16: 363-370.

ERTL G., ALEXANDER R.W., and KLONER R.A. (1983).
Interactions between coronary occlusion and the renin-angiotensin system in the dog. Basic 
Res. Cardiol. 78: 515.

EVERETT A.D., SCOTT J., WILFONG N., MARINO B., ROSENICRANZ R.P., 
INAGAMI T., and GOMEZ R.A. (1992).
Renin and angiotensin gene expression during the evolution of diabetes. Hypertension 19: 
70-78.

EVERETT A.D., TUFRO-Mc REDDIE A., FISHER A., and GOMEZ R.A. (1994). 
Angiotensin receptor regulates cardiac hypertrophy and transforming growth factor-pi 
expression. Hypertension 23: 587-592.

FABIAN J.R., FIELD L.J., McGOWAN R.A., MULLINS J.J., SIGMUND C.D., 
and GROSS K.W. (1989).
Allele-specific expression of the murine Ren-1 genes. J. Biol. Chem. 264: 17589-17594. 

FERREIRA S.H., BARTELT D.C., and GREENE L.J. (1970).
Isolation of bradykinin-potentiating peptides üom Bothrops jararaca venom. Biochemistry 
9: 2583-2593.

FIELD L.J., McGOWAN R.A., DICKINSON D.P., and GROSS K.W. (1984).
Tissue and gene specificity of mouse renin expression. Hypertension 6: 597-603.

206



FISCHLI W., CLOZEL J.-P., BREU V., BUCHMANN S., MATHEWS S., STABLER 
H., VIEIRA E., andWOSTL W. (1994).
Ciproldren (Ro 44-9375). A renin inhibitor with increasing effects on chronic treatment. 
Hypertension 24: 163-169.

FISHER N.D.L., ALLAN D.R., GABOURY C.L. and HOLLENBERG N.K. (1995). 
Intrarenal angiotensin II formation in humans: evidence from renin inhibition. Hypertension 
25:935-939.

FISCHER-FERRARO C., NAHMOD V.E., GOLDSTEIN D.J., 
andFINKIELMAN S. (1971).
Angiotensin and renin in rat and dog brain. J. Exp. Med. 133: 353-361.

FITZSIMONS J.T. (1972).
Thirst. Physiol. Rev. 52: 468-561.

FLUHARTY S.L, and EPSTEIN A.N. (1983).
Sodium appetite elicited by intracerebroventricular infusion of angiotensin II in the rat: 
Synergistic interaction with systemic mineralocorticoids. Behav. Neurosci. 97: 746-758.

FOLKOW B. (1982).
Physiological aspects of primary hypertension. Physiol. Rev. 62: 347-504.

FRANCIS G.S., GOLDSMITH S.R., LEVINE T.B., OLIVARI M.T., 
and COHN J.N. (1984).
The neurohumoral axis in congestive heart failure. Ann Intern Med 101: 370-377.

FRANK E. (1911).
Bestehen Beziehungen zwischen chromaffinem System und der chronischen Hypertonie des 
Menschen? Ein Icritischer Beitrag zu der Lehre von der physio-pathologischen Bedeutung des 
Adrenalins. Deutsches Arldvfiir klinische Medizin 103: 397.

FRAY J.C.S., and LUSH D.J. (1984).
Stretch receptor hypothesis for renin secretion: the role of calcium. J. Hypertension. 2:19- 
23.

FREDERICH R.C., KAHN B.B., PEACH M.J., and FLIER J.S. (1992).
Tissue-specific nutritional regulation of angiotensinogen in adipose tissue. Hypertension 19: 
339-344.

FREEMAN R.H., and ROSTORFER H.H. (1972).
Hepatic changes in renin substrate biosynthesis and alkaline phosphatase activity in the rat.

J: f  223: 364-370.

FRITZ L.C., ARFSTEN A.E., DZAU V.J., ATLAS S.A., BAXTER J.D., FIDDES J.C., 
SHINE I., COFER C.L., KUSHNER P., and PONTE P.A. (1986).
Characterization of human prorenin expressed in mammalian cells from cloned cDNA.
Proc. Natl. Acad. Sci. USA 83: 4114-4118.

FRITZ L.C., HAIDAR M.A., ARFSTEN A.E., SCHILLING J.W., CARILLI C., SHINE 
J., BAXTER J.D., and REUDELHUBER T.L. (1987).
Human renin is correctly processed and targeted to the regulated secretory pathway in mouse 
pituitary AtT-20 cells. J. Biol. Chem. 262: 12409-12412.

207



FUKAMIZU A., TAICAHASHI S., SEO M.S., TADA M., TANIMOTO K., UEHARA
S., and MURAKAMI K. (1990).
Structure and expression of the human angiotensinogen gene: Identification of a unique and 
highly active promotor. J. Biol. Chem. 265: 7576-7582.

FUKUO K., MORIMOTO S., KOH E., YUKAWA S., TSUCHIYA H., IMANAKA S., 
YAMAMOTO H., ONISHI T., and KUMAHARA Y. (1986).
Effects of prostaglandins on the cytosolic free calcium concentration in vascular smooth 
muscle cells. Biochem Biophys. Res. Commun. 136: 247-252.

GAILLARD L, CLAUSER E., and CORVOL P. (1989).
Structure of the human angiotensinogen gene. DNA 8: 87-99.

GANTEN D., and GROSS F. (1979).
Interferences with the renin-angiotensin system and their effects on high blood pressure, in 
Antihypertensive agents^ 517. Ed. F. Gross, Springer-Verlag: Berlin.

GANTEN D., LINDPAINTNER K., GANTEN U., PETERS J., ZIMMERMANN F., 
BADER M., and MULLINS J. (I99I).
Transgenic rats: New animal models in hypertension research. Hypertension 17: 843-855. 

GANTEN D., and SPECK G. (1978).
The brain renin-angiotensin system: a model for the synthesis of peptides in the brain. 
Biochem. Pharmacol. 27: 2379-2389.

GANZ P., DAVIES P.F., LEOPOLD J.A., GIMBRONE M.A., and ALEXANDER R.W. 
(1986).
Short and long term interactions of endothelium and vascular smooth muscle in coculture: 
effects on cyclic GMP production. Proc. Natl. Acad. Sci. USA. 83: 3552-3556.

GAVRAS H., BIOLLAZ J., WAEBER B., BRUNNER H.R., GAVRAS L, and DAVIES, 
R.O. (1981).
Antihypertensive effect of the new oral ACE inhibitor “MK-421”. Lancet M: 543-547.

GAVRAS H., BRUNNER H.R., TURINI G.A., KERSHAW G.R., TIFFT C.P., 
CUTTELAD S., GAVRAS L, VUKOVICH R , and McKINSTRY P. (1978). 
Antihypertensive effect of the oral angiotensin converting-enzyme inhibitor SQ 14,255 in 
man. N. Eng. J. Med. 298: 991-995.

GEISTERFER A.A.T., PEACH M.J., and OWENS G.K. (1988).
Angiotensin II induces hypertrophy, not hyperplasia of cultured rat aortic smooth muscle 
cells. Circ. Res. 62: 749-756.

GENAIN C.P., VAN LOON G.R., and KOTCHEN T.A. (1985).
Distribution of renin activity and angiotensinogen in rat brain. J. Clin. Invest. 76: 1939- 
1945.

GERBER J.G., and NILES A.S. (1979).
The haemodynamic effects of prostaglandins in the rat. Evidence for important species 
variation in renovascular responses. Circ. Res. 44: 406-410.

208



GOLDBLATT H. (1937).
Studies on experimental hypertension V. The pathogenesis of experimental hypertension due 
to renal ischaemia. Ann. Intern. Med. 11: 69-103.

GOLDBLATT H. (1947).
The renal origin of hypertension. Physiol. Rev. 27: 120-165.

GOLDBLATT H., HASS E., and LAMFROM H. (1951).
Antirenin in man and animals. Trans. Assoc. Am. Phys. 64: 122-125.

GOLDBLATT H., LYNCH J., HANZAL R.F., and SUMMERVILLE W.W. (1933).
The production of persistant hypertension in dogs. Am. J. Pathol. 9: 942-943.

GOLDBLATT H., LYNCH J., HANZAL R.F., and SUMMERVILLE W.W. (1934). 
Studies on experimental hypertension I. The production of persistant elevation of systolic 
blood pressure by means of renal ischaemia. J. Exp. Med. 59: 347-379.

GOLDBY F.S., and BEILIN L.J. (1972).
How an acute rise in arterial pressure damages arterioles. Cardiovascular Res. 6: 569-584.

GOMEZ R.A., CHEVALIER R.L., EVERETT A.D., ELWOOD J., PEACH M.J., 
LYNCH K.R., and CAREY R.M. (1990).
Recruitment of renin gene-expressing cells in adult rat kidneys. Am. J. Physiol. 259: F660- 
F665.

GOMEZ R.A., LYNCH K.R., CHEVALIER R.L., EVERETT A.D., JOHNS D.W., 
WILFONG N., PEACH M.J., and CAREY R.M. (1988).
Renin and angiotensinogen gene expression and intrarenal distribution during ACE 
inhibition. Am. J. Physiol. 254: F900-F906.

GOMEZ-SANCHEZ C.E., HOLLAND O.B., and UPCAVAGE R. (1985).
Urinary free 19-nor-deoxycorticosterone and deoxycorticosterone in human hypertension.
J. Clin. Endocrinol. Metab. 60: 234-238.

GOORMAGHTIGH N. (1939).
Existence of an endocrine gland in the media of the renal arteries. Proc. Soc. Exp. Biol. 
Met/. 42: 688-689.

GOULD A.B., SKEGGS L.T., and KAHN J.R. (1964).
Presence of renin activity in blood vessel walls. J. Exp. Med. 119: 389-399.

GRADY E.F., SECHI L.A., GRIFFIN C.A., SCHAMBELAN M., 
and KALINYAK I.E. (1991).
Expression of AT2  receptors in the developing rat fetus. J. Clin. Invest. 88: 921-933.

GREENLEE W.J. (1990).
Renin inhibitors. Med. Res. Rev. 10: 173-236.

GRIENDLING K.K., MURPHY T.J., and ALEXANDER R.W. (1993).
Molecular biology of the renin-angiotensin system. Circulation 87: 1816-28.

209



GRIFFITH T.H., EDWARDS D.H., LEWIS M.J., and NEWBY A.C„ and HENDERSON 
A.H. (1984).
The nature of endothelium derived relaxation vascular relaxant factor. Nature 308: 645-647. 

GUO D.F., and INAGAMI T. (1994).
The genomic organization of the rat angiotensin II receptor AT^g. Biochim. Biophys. Acta. 
1218:91-94.

HABER E., and BURTON J. (1979).
Inhibitors of renin and their utility in physiologic studies. Fed. Proc. 38: 2768-3773.

HACKENTHAL E., HACKENTHAL R , and HILGENFIELD U. (1978).
Purification and partial characterisation of rat brain proteinase (isorenin). Biochem. Biophys. 
vdcfa. 522: 561-573.

HACKENTHAL E., PAUL M., GANTEN D., and TAUGNER R. (1990).
Morphology, physiology, and molecular biology of renin secretion. Physiological Reviews 
70: 1067-1116.

HALES S. (1733).
Statical essays containing haemastatics; or an account of some hydraulic and hydrostatic 
experiments made on the blood and blood-vessels of animals. Wilson and Nichol, London.

HALL I.E. (1986).
Regulation of glomerular filtration rate and sodium excretion by angiotensin II. Fed. Proc. 
45: 1431-1437.

HARDMAN LA., HORT Y.J., CATANZARO D.F., TELLMAN J.T., BAXTER J.D., 
MORRIS B.J., and SHINE J. (1984).
Primary structure of the human renin gene. DNA 3: 457-468.

HARIBA N , NOMURA K., and SHIZUME K. (1990).
Exogenous and locally synthesized angiotensin II and glomerulosa cell functions. 
Hypertension 15: 190-197.

HARRAP S.B., VAN DER MERWE W.M., GRIFFIN S.A., MACPHEARSON F., and 
LEVER A.F. (1990).
Brief angiotensin converting enzyme inhibitor treatment in young spontaneously 
hypertensive rats reduces blood pressure long term. Hypertension 16: 603-614.

HARRISON T.R, BLALOCK A., and MASON M.F. (1936).
Effects on blood pressure of injection of kidney extracts of dogs with renal hypertension. 
Proc. Soc. Exp. Biol. Med. 35: 38-40.

HASS E., LAMFROM E., and GOLDBLATT H. (1953).
Isolation and purification of Hog renin. Arch. Biochem. Biophys. 42: 368-386.

HEAGERTY A.M., and OLLERENSHAW J.D. (1986).
The phosphoinositide signalling system and hypertension. J. Hypertens. 4: 515-524. 

HEARN J.P. (1983).
The common marmoset (Callithrix jacchus). in: Reproduction in New World Primates. 181- 
216. Ed. Hearn, J.P.; Lancaster, MTP, UK.

2 1 0



HERMAN H.C., and DZAU V.J. (1983).
The feedback regulation of angiotensinogen production by components of the renin- 
angiotensin system. Circ. Res. 52: 328-334.

HEUSSER C.H., BEWS J.P.A., ALBAN S.S., DIETRICH P.M., WOOD J.M., 
de GASPARO M., and HOFBAUER K.G. (1987).
Monoclonal antibodies to human renin: properties and applications. Clin. Exp. Hypertens. 
{Part A Theory Prac.) 9: 1259-1275.

HILGERS K.F., MANN J.F.E., HILGENFELDT U , and GANTEN D. (1991).
Vascular production and regulation of angiotensin. Blood Vessels 28: 201-209.

HILGERS K.F., PETERS J., VEELKEN R , SOMMER M., RUPPRECHT G., GANTEN
D.,LUFT F.C., and MANN J.F. (1992).
Increased vascular angiotensin formation in female rats harboring the mouse ren-2 gene. 
Hypertension 19: 687-691.

HIROSE S., YOKOSAWA H., and INAGAMI T. (1978).
Immunochemical identification of renin in rat brain and distinction from acid proteases. 

392-393.

HIRSCH A.T., TALSNESS C.E., SCHUNIŒRT H., PAUL M., and DZAU V.J. (1991). 
Tissue-specific activation of angiotensin converting enzyme in experimental heart failure. 
Cfrc. R&ÿ. 69: 475-482.

HIRSCH A.T., TALSNESS C.E., SMITH A.D., SCHUNKERT H., INGELFINGER J.R, 
and DZAU V.J. (1992).
Differential effects of captopril and enalapril on tissue renin-angiotensin systems in 
experimental heart failure. Circulation 86: 1566-1574.

HODSMAN G.P., KOHZUKI M., HOWES L.G., SUMITHRAN E., TSUNODA K., and 
JOHNSTON C.I. (1988).
Neurohormonal responses to chronic myocardial infarction in rats. Circulation 78: 376-381. 

HOJ-NIELSEN A., and KNUDSEN F. (1987).
Angiotensinogen is an acute-phase protein in man. Scand. J. Clin. Lab. Invest. 47: 175-178.

HOLLENBERG N.K., CHENITZ W .R, ADAMS D.F., and WILLIAMS G.H. (1974). 
Reciprocal influence of salt intake on adrenal glomerulosa and renal vascular responses to 
angiotensin II in normal man. J. Clin. Invest. 54: 34-42.

HOLYCROSS B.J., SAYE J.A., HARRISON J.R , and PEACH M.J. (1992).
Polymerase chain reaction analysis of renin in rat aortic smooth muscle. Hypertension 
19: 697-701.

HONG-BROWN L.Q., and DESCHEPPER C.F. (1992).
Effects of thyroid hormones on angiotensinogen gene expression in rat liver, brain and 
cultured cells. Endocrinology 1231-1237.

HOOPER N.M., HRYSZRO J., OPPONG S.Y., and TURNER A.J. (1992).
Inhibition by converting enzyme inhibitors of pig kidney aminopeptidase P. Hypertension 
19:281-285.

2 1 1



HOUSSAY B.A.,andFASCIOLO J.C. (1937).
Secrecion hipertensora del rinon isquemiado. Rev. Soc. Argent. Biol. 13: 284.

HOUSSAY B.A., and TAQUINI A.C. (1938).
Accion vasoconstrictora de la sangre venosa die rinon isquemiado. Rev. Soc. Argent. Biol. 
14: 5.

HSUEH W.A., and BAXTER J.D. (1991).
Human prorenin. Hypertension 17: 469-479.

HUBERT C., HOUOT A.-M., CORVOL P., and SOUBRIER F. (1991).
Structure of the angiotensin I-converting enzyme gene.- Two alternative promoters 
correspond to evolutionary steps of a duplicated gene. J. Biol. Chem. 266: 15377-15383.

HUANG H., ARNAL J.-F., LLORENS-CORTES C., CHALLAH M., ALHENC-GELAS 
F., CORVOL P., and MICHEL J.-P. (1994)
Discrepancy between plasma and lung angiotensin-converting enzyme activity in 
experimental heart failure: a novel aspect of endothelium dysfunction. Circ. Res. 75: 454- 
461.

HUTCHINSON F.N., and WEBSTER S.K. (1992).
Effect of ANGII receptor antagonist on albuminuria and renal function in passive Heymann 
nephritis. Am. J. Physiol. 263: F31I-F3I8.

ICHIKI T., HEROLD C.L., KAMBAYASHI Y., BARDHAN S., 
and INAGAMI T (1994).
Cloning of the cDNA and the genomic DNA of the mouse angiotensin II type 2 receptor. 
Biochem. Biophys. Acta. 1189(2): 247-250.

IMAI T., MIYAZAKI H., HIROSE S., HORI H., HAYASHI T., KAGEYAME R , 
OHKUBO H., NAKANISHI S., and MURAKAMI K. (1983).
Cloning and sequence analysis of cDNA for human renin precursor. Proc. Natl. Acad. Sci. 

80: 7405-7409.

IMBODEN H., HARDING J.W., HILGENFELDT U , CELIO M.R., 
and FELIX D. (1987).
Localization of angiotensinogen in multiple cell types of rat brain. Brain Res. 410: 74-77. 

INAGAMI T. (1993a).
Intracellular renin: validation and function, in: The Renin-Angiotensin System. 30.1-30.8. 
Ed. Robertson J.I.S., and Nicholls M.G.; Gower Medical Publishing, London.

INAGAMI T. (1993b).
Renin in the testis and epidydimus. in: The Renin-Angiotensin System. 47.1-47.5. Ed. 
Robertson J.I.S., and Nicholls M.G.; Gower Medical Puhlishing, London.

INAGAMI T., MISONO K.S., and MICHELAKIS A.M. (1974).
Definitive evidence for similarity in the active site of renin and acid proteases. Biochem. 
Biophys. Res. Commun. 56: 505-509.

INAGAMI T., and MURAKAMI K. (1977).
Pure renin. Isolation from Hog kidney and characterisation. J. Biol. Chem. 252: 2979-2983.

212



INAGAMI T., NAKAMURA M., MIZUNO K., and HIGASHIMORA K. (1988). 
Conceptual evolution of renin research. Clin, and Exper. Hyper.- Theory and Practice AlO 
(6): 1129-1139.

INGELFINGER J.R., PRATT R.E., ELLISON K. and DZAU V.J. (1986).
Sodium regulation of angiotensinogen mRNA expression in rat kidney cortex and medulla.
J. Clin. Invest. 78: 13II-13I5.

INGELFINGER J.R, ZUG W.M., FON E.A., ELLISON K.E., and DZAU V.J. (1990). 
In situ hybridization evidence for angiotensinogen messenger RNA in the rat proximal 
tubule. An hypothesis for the intrarenal renin angiotensin system. J. Clin. Invest. 85: 417- 
423.

INOUE H.,FUICUI K.,TAKAHASHI S., and MIYAKE Y.Z. (1990).
Molecular cloning and sequence analysis of a cDNA encoding a porcine kidney renin- 
binding protein. J. Biol. Chem. 265: 6556-6561.

INOUE L, ROHRWASSER A., HELIN C., JEUNEMAITRE X., CRAIN P., 
BOHLENDER J., LIFTON R.P., CORVOL P., WARD K., and LALOUEL J.M. (1995). 
A mutation of angiotensinogen in a patient with preeclampsia leads to altered kinetics of the 
renin-angiotensin system. J. Biol. Chem. 270: II430-II436.

ISHIZUKA Y., SHODA A., YOSHIDA S., KAWAMURA Y., HARAGUCHI K., and 
MURAKAMI K. (1991).
Isolation and characterization of recombinant human prorenin in Chinese hamster ovary 
cells. J. Biochem. 109: 30-35.

ISRAEL A., and SAAVEDRA J.M. (1987).
High angiotensin converting enzyme (kininase II) activity in the cerebrospinal fluid of 
spontaneously hypertensive adult rats. J. Hypertens. 5: 355-357.

ITO K., KOIKE H., MIYAMOTO M., OZAKI H., KISHIMOTO T., 
and URAKAWA N. (1981).
Longterm effects of captopril on cellular sodium content and mechanical properties of aortic 
smooth muscle from spontaneously hypertensive rats. J. Pharmacol. Exp. Ther. 219: 520- 
525.

ITO S., JOHNSON C.S., and CARRETERO O.A. (1991).
Modulation of angiotensin Il-induced vasoconstriction by endothelium-derived relaxing 
factor in the isolated microperfused rabbit afferent arteriole. J. Clin. Invest. 87: 1656-1663.

IWAI N , and INAGAMI T. (1992).
Identification of two subtypes in the rat type I angiotensin II receptor. FEBS Lett. 298: 257- 
260.

IWAI N., MATSUNAGA M., KITA T.,andKAWAI C. (1989).
Effects of co-culture with vascular endothelial cells on the renin-like enzyme production in 
vascular smooth muscle cells. Clin. Exp. Hypertens. Theory and Practice. A ll(3): 447-457.

IWAI N., MATSUNAGA M., KITA T., TEI M., andKAWAI C. (1987).
Regulation of angiotensin converting enzyme activity in cultured human vascular endothelial 
cells. Biochem. Biophys. Res. Commun. 149: 1179-1185.

213



IWAI N., SHIMOIKE H., and KINOSHITA M. (1996).
Genetic analysis of renin gene expression in rat adrenal gland. Hypertension 27: 975-978.

IWAO H., FUKUI K., KIM S., NAKAYAMA K., OHKUBO H.,
NAKANISHI S., and ABE Y. (1988).
Sodium balance effects on renin, angiotensinogen and atrial natriuretic polypeptide mRNA 
levels. Am. J. Physiol. 255: E129-E136.

IWAO H., KIMURA S., FUKUI K., NAKAMURA A., TAMAKI T., OHKUBO H., 
NAKANISHI S., and ABE Y. (1990).
Elevated angiotensinogen mRNA levels in rat liver by nephrectomy. Am. J. Physiol. 258: 
E4I3-E4I7.

JEUNEMAITRE X., SOUBRIER F., KOTELEVSTEV Y.V., LIFTON R.P., WILLIAMS 
C.S., CHARRU A., HUNT S.C., HOPKINS P.N., WILLIAMS R.R., LALOUEL J.-M., 
and CORVOL P. (1992).
Molecular basis of human hypertension: Role of angiotensinogen. Cell 71: 169-180.

JOHNSON C.A., and WAKERLIN G.E. (1940).
Antiserum for renin. Proc. Soc. Exp. Biol. Med. 44: 277-281.

JOHNSON G. (1868).
On certain points in the anatomy and pathology of Bright's disease of the kidneys II. On the 
influence of the minute blood vessels upon the circulation. Transactions o f the Medico- 
Chirurgical Society 51: 57.

JOHNSON M.D.,andMALVIN R.L. (1977).
Stimulation of renal sodium reabsorption by angiotensin II. Am. J. Physiol. 232: 298-306. 

JOHNSTON C.I. (1984).
Angiotensin converting enzyme inhibitors, in: Handbook o f Hypertension: Clinical 
Pharmacology o f Antihypertensive Drugs. 5: 246-271. Ed. Doyle, A.E.. Elsevier, 
Amsterdam.

JOHNSTON C.L, FABRIS B., YAMADA H., MENDELSON F.A., CUBELA R., 
SIVELL D., and JACKSON B. (1989).
Comparative studies of tissue inhibition by angiotensin converting enzyme inhibitors.
J. Hypertens. 7(suppl 5): S1I-S16.

KAGEYAMA R., OHKUBO H., and NAKANISHI S. (1984).
Primary structure of human preangiotensinogen deduced from the cloned cDNA sequence. 
Biochemistry 23: 3603-3609.

KAGEYAMA R., OHKUBO H., and NAKANISHI S. (1985).
Induction of rat liver angiotensinogen mRNA following acute inflammation. Biochem. 
Biophys. Res. Commun. 129: 826-832.

KAISER G., ACKERMANN R., DIETERLE W., DURMIN C.J., MCEWEN J., 
RICHENS A., and HOLMES I. (1990).
Pharmacokinetics and pharmacodynamics of the ACE inhibitor benazepril hydrochloride in 
the elderly. Eur. J. Clin. Pharmacol. 38: 379-385.

214



ICAKAR S.S., SELLERS J.C., DEVOR D.C., MUSGROVE L.C., 
and NEILL J.D. (1992).
Angiotensin II type-1 receptor subtype cDNAs: Differential tissue expression and hormonal 
regulation. Biochem. Biophys. Res. Commun. 183: I090-I096.

KAMBAYASHI Y., BARDHAN S., TAICAHASHI K., TSUZUKI S., INUI H., 
HAMAKUBO T., and INAGAMI T. (1993).
Molecular cloning of a novel angiotensin II receptor isoform involved in phosphotyrosine 
phosphate inhibition. J. Biol. Chem. 268: 24543-24546.

KANNEL W.B. (1987).
Epidemiology and prevention of cardiac failure: Framingham Study Insights. Eur. Heart. J.
8 (suppl F): 23-26.

KASISKE B.L., KALIL R.S.N., MA J.Z., LIAO M., and KEANE W.F. (1993).
Effect of antihypertensive therapy on the kidney in patients with diabetes: A meta-regression 
analysis. Ann. Int. Med. 118: 129-138.

KATZ, S.A., and MALVIN R.L. (1993).
Renin secretion: control, pathways and glycosylation. in: The Renin-Angiotensin System. 
24.1-24.13. Ed. Robertson J.I.S., and Nicholls M.G.; Gower Medical, London.

KEANE P.M., KAY J.M., SUYAMA K.L., GAUTHIER D., and ANDREW K. (1982). 
Lung angiotensin converting enzyme activity in rats with pulmonary hypertension. Thorax 
37: 198-204.

KELLY M.P., READ P.A., SWALES J.D., and SAMANI N.J. (1992).
Effects of ACE inhibition on tissue renin and angiotensinogen gene expression.
J. Hypertens. 10 (supplement 4): S145.

KELLY R.B. (1986).
Pathways of protein secretion in eukaryotes. Science 230: 25-32.

KHAIRALLAH P.A., PAGE I.H., BUMPUS F.M., and TURKER R.K. (1966). 
Angiotensin tachyphylaxis and its reversal. Circ. Res. 19: 247-254.

KHANUM A., and DUFAU M.L. (1988).
Angiotensin II receptors and inhibitory actions in Leydig cells. J. Biol. Chem. 263: 5070- 
5074.

KIM S., HOSOI M., IKEMOTO F., MURAKAMI K., ISHIZUKA Y, 
and YAMAMOTO K. (1990).
Conversion to renin of exogenously administered recombinant human prorenin in liver and 
kidney of monkeys. Am. J. Physiol. 258: E451-E458.

KIM S., OHTA K., HAMAGUCHI A., YUKIMURA T.,
MIURA K., and IWAO H. (1995).
Angiotensin II induces cardiac phenotypic modulation and remodeling in vivo in rats. 
Hypertension 25: I252-I259.

KIM S., TOKUYAMA M., HOSOI M., and YAMAMOTO K. (1992)
Adrenal and circulating renin-angiotensin system in stroke-prone hypertensive rats. 
Hypertension 20: 280-291.

215



KIMURA S., MULLINS J.-J., BUNNEMANN B., METZGER R„ HILGENFELDT U„ 
ZIMMERMAN F., JACOB H., FUXE K., GANTEN D., and KALING M. (1992).
High blood pressure in transgenic mice carrying the angiotensinogen gene. EMBO J. 11: 
821-827.

KITAMI Y., HIWADA K. , MURAKAMI E. , IWATA T., MUNETA S., 
and KOKUBU T. (1991).
Kidney renin gene expression after renin inhibition in the marmoset. Clin. Sci. 81: 387-392.

KLEINERT H.D., STEIN H.H., BOYD S., FUNG A.K.L., BAKER W.R., VERBURG 
K.M., POLAKOWSKI J.S., KOVAR P., BARLOW J., COHEN J., KLINGHOFER V., 
MANTEI R., CEP A S., ROSENBERG S., and DENISSEN J.F. (1992).
Discovery of a well-absorbed, efficacious renin inhibitor, A-74273. Hypertension 20: 768- 
775.

KOHARA K., BROSNIHAN E.B., FERRARIO C.M., and MILSTEAD A. (1992). 
Peripheral and central angiotensin II regulates expression of genes of the renin-angiotensin 
system. Am. J. Physiol. 262: E65I-E657.

KOHLSTAEDT K.G., HELMER O.M., and PAGE I.H. (1938).
Activation of renin by blood colloids. Proc. Soc. Exp. Biol. Med. 39: 214-215.

KOKUBU T., UEDA E., andFUJIMOTO S. (1968).
Peptide inhibitors of the renin-angiotensin system. Nature 217: 456-482.

KOROTKOFF N.S. (1905).
K. Voprosu O Metodach Eezldovania Krovyanovo Davlenia (Eez Klinjkee Prof. C.P. 
Federov). Izvestiya Imperatorshoi Vorenno MedinsinskoyAlcademii 11: 365-367.

KREGE J.H., JOHN S.W.M., LANGENBACH L.L., HODGIN J.B., HAGAMAN J.R., 
BACHMAN E.S., JENNETTE J.C., O'BRIEN D.A., and SMITHIES O. (1995). 
Male-female differences in fertility and blood pressure in ACE-deficient mice. Nature 375: 
146-148.

LADENHEIM R.G., SEIDAH N , LUTFALLA G., and ROUGEON F. (1989).
Stable and transient expression of mouse submaxillary gland renin in AtT20 cells: proteolytic 
processing and secretory pathways. FEBS Lett 259: 202-2044.

LARAGH J.H. (1960).
The role of aldosterone in man: evidence for regulation of electrolyte balance and arterial 
pressure by renal-adrenal system which may be involved in malignant hypertension. JAMA 
174: 293-295.

LARAGH J.H. (1978).
The renin system in high blood pressure, from disbelief to reality : converting enzyme 
blockade for analysis and treatment. Prog. Cardiovasc. Dis. 21: 159-166.

LARAGH J.H. (1984).
The meaning of plasma renin measurements: renin and sodium-volume-mediated (low renin) 
forms of vasoconstriction in experimental and human hypertension and in the oedematous 
states of nephrosis and heart failure. J. Hypertens 2: 141-150.

2 1 6



LARAGH J.H., and SEALY LE. (1990).
The renin-angiotensin- aldosterone system in hypertensive disorders: A key to two forms of 
arteriolar vasoconstriction and a possible clue to risk of vascular injury (heart attack and 
stroke) and prognosis, m Hypertension. Pathophysiology, Diagnosis, and Management \o \.\  
1329-1348. Ed. Laragh LH., and Brenner B.M.; Raven Press, New York.

LARAGH LH., SEALY I.E., and SOMMERS S.C. (1966).
Patterns of adrenal secretion and urinary excretion of aldosterone and plasma renin activity 
in normal and hypertensive subjects. Circ. Res. 45: 865-879.

LECKIE B.L, and McGHEE N.K. (1980).
Reversible activation-inactivation of renin in human plasma. Nature 288: 702-705.

LENTZ K.E., SKEGGS L.T., WOODS K.R., KAHN J.R, 
and SHUMWAY N P. (1956).
The amino acid composition of hypertensin II and its biochemical relationship to hypertensin 
I. J. Exp. Med. 104: 183-191.

LENZ T., SEALY I.E., LAPPE R.W., CARILLI C., OSHIRO G.T., BAXTER J.D., and 
LARAGH LH. (1990).
Infusion of recombinant human prorenin into rhesus monkeys. Effects on hemodynamics, 
renin-angiotensin-aldosterone axis and plasma testosterone. Am. J. Hypertens. 3: 257-261.

LEVER A.F. (1986)
Slow pressor mechanisms in hypertension: a role for hypertrophy of resistance vessels?
J. Hypertens. 4: 515-524.

LEWIS E.L, HUNSICKER L.G., BAIN R.P., and ROHDE RD. (1993).
The effect of angiotensin-converting-enzyme inhibition on diabetic nephropathy. New. Eng. 

ilW . 329: 1456-1462.

LEYDEN E. (1881).
Klinische untersuchungen über morbus Brightii über nieren-schrumpfung und nierensklerose. 
Z. Klin. Med. 2: 133-171.

LIEBERMAN L, and SASTRE A. (1983).
Angiotensin-converting enzyme activity in post-mortem human tissues. Lab. Invest. 48: 
711-717.

LINDPAINTNER K., and GANTEN D. (1991).
The cardiac renin-angiotensin system. An appraisal of present experimental and clinical 
evidence. Clin. Res. 68: 905-921.

LINDPAINTNER K., LU W., NIEDEREMAJER N., SCHIEFFER B., JUST H., 
GANTEN D., and DREXLER H. (1993).
Selective activation of cardiac angiotensinogen gene expression in post-infarction ventricular 
remodeling in the rat. J. Mol. Cell. Cardiol. 25: 133-143.

LINZ W., SCHOLKENS B.A., and HAN Y.F. (1986).
Beneficial effects of the converting enzyme inhibitor, ramipril, in ischemic rat hearts.
J. Cardiovasc. Pharmacol. 8 (suppl 10): S91.

217



LODWICK D., KAISER M., HARRIS J., CUMIN F„ VINCENT M., 
and SAMANI N.J. (1995).
Analysis of the role of angiotensinogen in spontaneous hypertension. Hypertension. 25: 
1245-1251.

LOU Y.-K., ROBINSON B.C., and MORRIS B.J. (1993).
Renin messenger RNA, detected by polymerase chain reaction, can be switched on in the rat 
atrium. J. Hypertens. 11: 237-243.

LOU Y.-K., SMITH D.L., ROBINSON B.G., and MORRIS B.J. (1991).
Renin gene expression in various tissues determined by single-step polymerase chain 
reaction. Clin. Exper. Pharmacol. Physiol. 18: 357-362.

LOUIS W.M., and DOYLE A.E. (1965).
The effects of varying doses of angiotensin on renal function and blood pressure in man and 
dogs. Clin. Sci. 29: 489-504.

LOUDON M., BING R.F., THURSTON H., and SWALES J.D. (1983).
Arterial wall uptake of renal renin and blood pressure control. Hypertension 5: 629-634.

LUDWIG G., GANTEN D., MURAKAMI K., FASCHING U., 
and HACKENTHAL E. (1987).
Relationship between renin mRNA and renin secretion in adrenalectomized, salt-depleted, or 
converting enzyme inhibitor-treated rats. Mol. Cell Endocrinol. 50: 223-229.

LUETSCHER J.A., BIALEK J.W., and GRISLIS G. (1982).
Human kidney cathepsins B and H activate and lower the molecular weight of human 
inactive renin. Clin. Exp. Hypertens. A4(ll,12): 2149-2159.

LUMBERS E.R. (1971).
Activation of renin in human amniotic fluid by low pH. Enzymologia 40: 329-336. 

LUMBERS E.R. (1993).
Renin, uterus and amniotic fluid, in: The Renin-Angiotensin System. 45.1-45.12. Ed. 
Robertson J.I.S., and Nicholls M.G.; Gower Medical Publishing, London.

LYNCH K., SIMNAD V., BEN-ARI E., and GARRISON J. (1986).
Localisation of preangiotensinogen messenger RNA sequences in the rat brain.
Hypertension 8: 540-543.

MAHOMED F.A. (1874).
The etiology of Bright's disease and the prealbuminuric stage. Transactions o f the Medico- 
Chirurgical Society 51: 197-228.

MAKITA N , IWAI N., INAGAMI T., and BADR K.F. (1992).
Two distinct pathways in the down-regulation of type-1 angiotension II receptor gene in rat 
glomerular mesangial cells. Biochem. Biophys. Res. Commun. 185: 142-146.

MALIK K.U., andNASJLETTI A. (1976).
Facilitation of adrenergic transmission by locally generated angiotensin II in rat mesenteric 
arteries. Circ. Res. 38: 26-30.

218



MARSDEN P.A., BRENNER B.M., and BALLERMAN B.J. (1990).
Mechanisms of angiotensin action on vascular smooth muscle, the adrenal, and the kidney, 
in: Hypertension. Pathophysiology, Diagnosis, and Management y o I . I .  1247-1272. Ed. 
Laragh J.H., and Brenner B.M.; Raven Press, New York.

MARSHALL G.R., VINE W., and NEEDLEMAN P. (1970).
A specific competitive inhibitor of angiotensin II. Proc. Natl. Acad. Sci. U.S.A. 67: 1624- 
1630.

MATOBA T., MURAKAMI K., and INAGAMI T. (1978).
Rat renin: purification and characterisation. Biochim. Biophys. Acta. 526: 560-571.

MATSUSHIMA Y., KAWAMURA M., AKABANE S., IMANISHI M., KURAMOCHI 
M., ITO K., and OMAE T. (1988).
Increases in renal angiotensin II content and tubular angiotensin II receptors in 
prehypertensive spontaneously hypertensive rats. J. Hypertens. 6: 791-796.

MCPHEARSON, C. (1980).
Remarks on primate supply, in: The Use o f Non-human Primates in Cardiovascular 
Diseases. 3-14. Ed. Kalter, S.S.; Austin, Texas, University of Texas Press.

MENARD J., and GATT K.J. (1972).
Measurement of renin activity, concentration and substrate in rat plasma by 
radioimmunoassay of angiotensin I. Endocrinology 90: 422-430.

MENTO P.F., HOLT W.F., MURPHY W.R., and WILKES B.M. (1989).
Combined renin and converting enzyme inhibition in rats. Hypertension 13: 741-748.

MENTO P.F., and WILKES B.M. (1987).
Plasma angiotensins and blood pressure during converting enzyme inhibition. Hypertension 
9: 42-48.

MESTEROVIC N., CATANZARO D.F., and MORRIS B.J. (1983).
Detection of renin mRNA in mouse kidney and submandibular gland by hybridization with 
renin cDNA. Endocrinology 113\ 1179-1181.

MEYER T.W., ANDERSON S., RENNKE H.G., and BRENNER B.M. (1985). 
Converting enzyme inhibitor therapy limits progressive glomerular injury in rats with renal 
insufficiency. Am. J. Med. 79 (Suppl 3C): 31-36.

MICHEL J.B., LATTION A.L., SALZMANN J.L., CEROL M.L., PHILIPPE M., 
CAMILLERI J.P., and CORVOL P. (1988).
Hormonal and cardiac effects of converting enzyme inhibition in rat myocardial infarction. 
Cfrc. R&y. 62: 641-650.

MICHELAKIS A.M., COHEN S., TAYLOR J.M., MURAKAMI K., 
and INAGAMI T. (1974b).
Studies on the characterisation of pure submaxillary gland renin. Proc. Soc. Exp. Biol. Med. 
147: 118-121.

219



MICHELAKIS A.M., YOSHIDA M., MENZIE J., MURAKAMI K., 
and INAGAMI T. (1974a).
A radioimmunoassay for the direct measurement of renin in mice and its application to 
submaxillary gland and kidney studies. Endocrinology 25:1101-1105.

MILLER C.C.J., CARTER A.T., BROOKS J., LOVELL-BADGE R.H., 
and BRAMMAR W.J. (1989).
Differential extra-renal expression of the mouse renin genes. Nucl. Acids Res. 17: 3117- 
3128.

MISONO K.S., CHANG J.J., and INAGAMI T. (1982).
Amino acid sequence of mouse submaxillary gland renin. Proc. Natl. Acad. Sci. USA. 79: 
4858-4862.

MISONO K.S., and INAGAMI T. (1980).
Characterisation of an active site of mouse submaxillary gland renin. Biochemistry 19: 2616- 
2622.

MISTRY M. (1984).
The role of vascular reactivity in normotensive and hypertensive rats. Ph.D. thesis. 
University of Leicester, U.K.

MIZUNO K., HIGASHIMORI K., IMADA T., and INAGAMI T. (1987a).
Direct release of angiotensin I and II from isolated rat kidney perfused with angiotensin-free 
medium. Biochem. Biophys. Res. Commun. 149: 475-481.

MIZUNO K., HOFFMAN L.H., McKENZIE J.C., and INAGAMI T. (1987b).
Presence of renin secretory granules in rat adrenal gland and stimulation of renin secretion by 
angiotensin II but not adrenocorticotropin. J. Clin. Invest. 82: 1007-1016.

MIZUNO K., NAKAMARU M., HIGASHIMORI K., and INAGAMI T. (1988).
Local generation and release of angiotensin II in peripheral vascular tissue. Hypertension 
11: 223-229.

MOOSER V., NUSSBERGER J., JUILLERAT L., BURNIER M., WAEBER B., 
BIDDIVILLE J., PAULY N., and BRUNNER H.R. (1990).
Reactive hyperreninemia is a major detreminant of plasma angiotensin II during ACE 
inhibition. J. Cardiovasc. Pharmacol. 15: 276-282.

MORISHITA R , HIGAKI J., NAGANO M, NAKAMURA F., TOMITA N., ZHAO Y., 
MIKAMI H., MIYAZAKI M., and OGIHARA T. (1993).
Discrepancy between renin mRNA and plasma renin level in angiotensin-converting enzyme 
inhibitor-treated rats. Clin. Exper. Pharm. Physiol. 20: 15-20.

MORRIS B.J. (1986).
New possibilities for intracellular renin and inactive renin now that the structure of the 
human renin gene has been elucidated. Clin. Sci. 71: 345-355.

MORRIS B.J. (1992).
Molecular biology of renin. II: Gene control by messenger RNA, transfection and transgenic 
studies. J. Hypertens. 10: 337-342.

2 2 0



MORRIS B.J., IWAMOTO H.S., and REID LA. (1979).
Localization of angiotensinogen in rat liver by immunocytochemistry. Endocrinology 105: 
796-800.

MUKOYAMA M., NAKAHMA M., HORIUCHI M., SASAMURA H., PRATT R.E., 
and DZAU V. (1993).
Expression cloning of type 2 angiotensin II receptor reveals a unique class of seven- 
transmembrane receptors. J. Biol. Chem. 268: 24539-24542.

MULLINS J.J., PETERS L, and GANTEN D. (1990).
Fulminant hypertension in transgenic rats harbouring the mouse Ren-2 gene. Nature. 344: 
541-544.

MULLINS J.J., SIGMUND C.D., KANE-HASS €., and GROSS K.W. (1989).
Expression of the DBA/2J Ren-2 gene in the adrenal gland of transgenic mice. EMBO J. 8: 
4065-4072.

MURAKAMI K., and INAGAMI T. (1975).
Isolation of a pure and stable renin from hog Iddney. Biochem. Biophys. Res. Commun. 62: 
757-763.

MURPHY T.J., ALEXANDER R.W., GRIENDLING K.K., RUNGE M.S., and 
BERNSTEIN K.E. (1991).
Isolation of a cDNA encoding the vascular type-1 angiotensin II receptor. Nature. 531: 233- 
236.

NAFTILAN A.I., PRATT R.E., and DZAU V.J. (1989).
Induction of platelet-derived growth factor A-chain and c-myc gene expressions by 
angiotensin II in cultured rat vascular smooth muscle cells. J. Clin. Invest. 83: 1419-1424.

NAGANO M., HIGAKI J., MIKAMI H., NAKAMARU M., HIGASHIMORI K., 
KATAHIRA K., TABUCHI Y., MORIGUCHI A., NAKAMURA F., 
and OGIHARA T. (1991).
Converting enzyme inhibitors regress cardiac hypertrophy and reduce tissue angiotensin II in 
spontaneously hypertensive rats. J. Hypertens. 9: 995-999.

NAKAHMA M., MUKOYAMA M., PRATT R.E., HORIUCHI M., 
and DZAU V.J. (1993).
Cloning of cDNA and analysis of the gene for mouse angiotensinogen II type 2 receptor. 
Biochem. Biophys. Res. Commun. 197(2): 393-399.

NAKAJIMA T., OSHIMA G., YEH H.S.J., IGIC R , and ERDOS E.G. (1973). 
Purification of the angiotensin I converting enzyme of the lung. Biochim Biophys. Acta. 315: 
430-438.

NAKAMARU M., JACKSON E.K., and INAGAMI T. (1986).
|3-adrenoreceptor mediated release of angiotensin II from mesenteric arteries.
Am. J. Physiol. 250: HI44-H148.

NAKAMURA A., IWAO H., FUKUI K., KIMURA S., TAMAKI T., NAKANISHI S., 
and ABE Y. (1990).
Regulation of liver angiotensinogen and Iddney renin mRNA levels by angiotensin II. Am. J. 
fAyfW. 258: E1-E6.

2 2 1



NAKAMURA N., SOUBRIER F., MENARD J., PANTHIER J.J., ROUGEON F„ and 
CORVOL P. (1985).
Nonproportional changes in plasma renin concentration, renal renin content and rat renin 
messenger RNA. Hypertension 7: 855-859.

NARUSE M., and INAGAMI T. (1982).
Markedly elevated specific renin levels in the adrenal in genetically hypertensive rats. Proc. 
VafZ. vdcwZ. 79: 3295-3299.

NARUSE M., NARUSE K., INAGAKI T., and INAGAMI T. (1984).
Immunoreactive renin in mouse adrenal gland: Localisation in the inner cortical region. 
Hypertension 6: 275-280.

NARUSE M., NARUSE K., McKENZIE J.C., SCHELLING P., 
and INAGAMI T. (1985).
Regional distribution of renin and angiotensinogen in the brain of normotensive (WKY) and 
spontaneously hypertensive (SHR) rats. Brain Res. 333: 147-150.

NARUSE M., SHIZUME K., and INAGAMI T. (1985).
Renin and angiotensin in the cultured mouse adrenocortical tumour cells. Acta. 
Endocrinology 108: 545-549.

NARUSE M., TAKIL Y., and INAGAMI T. (1981).
Immunohistochemical localisation of renin in luteinizing hormone-producing cells of rat 
pituitary. Proc. Natl. Acad. Sci. USA 78: 7579-7583.

NASJLETTI A., and MALIK K.U (1982).
Interrelations between prostaglandins and vasoconstrictor hormones: contribution to blood 
pressure regulation. Fed. Proc. 41: 2394-2399.

NASJLETTI A., and MASSON G.M.C. (1972).
Studies on angiotensinogen formation in a liver perfusion study. Circ. Res. 30-31:11-187 - 
11- 202 .

NEUBERG G.W., KUKIN M.L., PENN J., MEDINA N., YUSHAK M., 
and PACKER M. (1991).
Hemodynamic effects of renin inhibition by enalkiren in chronic congestive heart failure.
Am. J. Cardiol. 67: 63-66.

NEWTON M.A., SEALY I.E., LEDINGHAM J.G.G., and LARAGH LH. (1968).
High blood pressure and oral contraceptives. Am. J. Obstet Gynecol. 101: 1037-1045.

NG K.K.F., and VANE LR. (1967).
Conversion of angiotensin I to angiotensin II. Nature 216: 762-766.

NG K.K.F., and VANE J.R. (1968).
Fate of angiotensin I in the circulation. Nature 218: 144-150.

NG L.L., FENNELL D.A., and DUDLEY C. (1990).
Kinetics of human leucocyte Na'^-H'^ antiport in essential hypertension. J. Hypertens 8: 533- 
537.

222



OHKUBO H., KAGEYAMA R., UHHARA M., HIROSE T., INAYAMA S., 
and NAKANISHI S. (1983).
Cloning and sequence analysis of cDNA for rat angiotensinogen. Proc. Natl. Acad. Sci. USA 
80: 2196-2200.

OHKUBO H., NAKAYAMA K., TANAKA T., and NAKANISHI S. (1986).
Tissue distribution of rat angiotensinogen mRNA and structural analysis of its heterogeneity. 
J: .BW. CAg/M. 261: 319-323.

OKAMURA T., CLEMENS D.L., and INAGAMI T. (1981).
Renin, angiotensin and angiotensin-converting enzyme in neuroblastoma cells: evidence for 
intracellular formation of angiotensin. Proc. Natl. Acad. Sci. USA 214: 6940-6943.

OKURA T., KITAMI Y., IWATA T., and HIWADA K. (1991).
Quantitative measurement of extra-renal renin mRNA by polymerase chain reaction. 
Biochem. Biophys. Res. Comm. 179: 25-31.

OKUNO T., NAGAHAMA S., LINDHEIMER M.D., and OP ARIL S. (1983). 
Attenuation of the development of spontaneous hypertension in rats by chronic central 
administration of captopril. Hypertension 5: 653-662.

ONDETTI M.A., RUBIN B., and CUSHMAN D.W. (1977).
Design of specific inhibitors of angiotensin-converting enzyme: new class of orally active 
anti-hypertensive agents. Science 196: 441-444.

ONDETTI M.A., WILLIAMS N.H., SABO E.F., PLUSCEC J., WEAVER E.R, and 
KOCY O. (1971).
Angiotensin-converting enzyme inhibitors from the venom of Bothrops jararaca. Isolation, 
elucidation of structure and synthesis. Biochemistry 10: 4033-4039.

OPARIL S., NARRATES A.J., JACKSON RM., and ANN H.S. Q988).
Altered angiotensin-converting enzyme in lung and extrapulmonary tissues of hypoxia- 
adapted rats. J.Appl. Physiol. 65: 218-227.

OSANAI T., and DUNN M.J. (1992).
Phospholipase C responses in cells from spontaneously hypertensive rats. Hypertension 19: 
446-455.

OSHIRO M.E.M., PAIVA A.C.M., and PAIVA T.B. (1985).
Endothelium dependent inhibition of the use of extracellular calcium for the arterial response 
to vasoconstrictor agents. Gen. Pharmacol. 16: 567-572.

OSMOND D.H., SEALEY I.E., and McKENZIE J.K. (1991).
Activation and function of prorenin: different viewpoints. Can. J. Physiol. Pharmacol. 69: 
1308-1314.

OWENS G.K. (1987).
Influence of blood pressure on the development of aortic medial smooth muscle hypertrophy 
in spontaneously hypertensive rats. Hypertension 9: 178-187.

223



PACKER M., LEE W.H., KESSLER P.D., GOTTLIEB S.S., BERNSTEIN J.L., and 
KUKIN MX. (1987).
Role of neurohumoral mechanisms in determining survival in patients with severe heart 
failure. Circulation 75 (Suppl. IV): 80-92.

PAGE LH. (1937).
Vasopressor action of extracts of plasma of normal dogs and dogs with experimentally 
produced hypertension. Proc. Soc. Exp. Biol. Med. 35:112-118.

PAGE I.H. (1939).
On the nature of the pressor action of renin. J. Exp. Med. 70: 521-542.

PAGE I.H., and HELMER O.M. (1940).
A crystalline pressor substance (angiotonin) resulting from the reaction between renin and 
renin activator. J. Exp. Med. 71: 29-42.

PALMER R.M.J., FERRIGE A.G., and MONCADA S. (1987).
Nitric oxide release accounts for the biological activity of endothelium-derived relaxing 
factor. Nature 327: 524-529.

PALS D.T., MASUCCI F.D., SIPOS F., and DENNINGS D.S. (1971).
A specific competitive antagonist of the vascular action of angiotensin II. Circ. Res. 29: 
664-672.

PANTHIER J.J., FOOTE S., CHAMBRAUD B., STROSBERG A.D., CORVOL P., 
and ROUGEON F. (1982).
Complete amino acid sequence and maturation of the mouse submaxillary gland renin 
precursor. Nature 298: 90-92.

PARMENTIER M., INAGAMI T., POCHET R , and DESCLIN J.C. (1983). 
Pituitary-dependent renin-like immunoreactivity in the rat testis. Endocrinology 112: 1318- 
1323.

PARVING H.H., HOMMEL E., and SMIDT U.M. (1988).
Protection of kidney function and decrease in albuminuria by captopril in insulin dependent 
diabetics with nephropathy. BMJ291: 1086-1091.

PATCHETT A.A., and CORDES E.H. (1985).
The design and properties of N-Carboxyalkyldipeptide inhibitors of angiotensin- converting 
enzyme. Adv. Enzymol. 57: 1-84.

PAUL M., WAGNER D., and DZAU V.J. (1993).
Gene expression of the renin-angiotensin system in human tissues. Quantitative analysis by 
the polymerase chain reaction. J. Clin Invest. 91: 2058-2064.

PAUL M., WAGNER D., METZGER R , GANTEN D., LANG RE., SUZUKI F., 
MURAKAMI K., BURBACH J.H., and LUDWIG G. (1988).
Quantification of renin mRNA in various mouse tissues by a novel solution hybridization 
assay. J. Hypertens. 6: 247-252.

PEACH M.J. (1977).
Renin-Angiotensin system: biochemistry and mechanisms of action. Physiol. Rev. 57: 313- 
370.

224



PEART W.S. (1956).
The isolation of hypertensin. Biochem. J. 62: 520-527.

PEART W.S. (1975).
Renin-angiotensin system. N. Eng. J. Med. 292: 302-306.

PELLICER A., PALUMBO A., De CHERNEY A.H., and NAFTILAN F. (1988). 
Blockage of ovulation by an angiotensin antagonist. Science 240: 1660-1661.

PFEFFER M.A., and BRAUNWALD E. (1990).
Ventricular remodeling after myocardial infarction. Experimental observations and clinical 
implications. Circulation 81: 1161-1172.

PFEFFER M.A., BRAUNWALD E., MOYE L.A., BASTA L., BROWN E.L, CUDDY 
T.E., DAVIS B.R., GELTMAN E.M., GOLDMAN S., FLAEER G.C., KLEIN M., 
LAMAS G.A., PACKER M., ROULEAU L, ROULEAU I.E., RUTHERFORD L, 
WERTHEIMER LH., and HAWKINS C.M. on behalf of the SAVE Investigators (1992). 
Effect of captopril on mortality and morbidity in patients with left ventricular dysfunction 
after myocardial infarction: Results of the Survival and Ventricular Enlargement Trial. N. 
EwgZ. X 327: 669-677.

PFEFFER J.M., PFEFFER M.A., and BRAUNWALD E. (1985).
Influence of chronic captopril therapy on the infarcted left ventricle of the heart. Circ. Res. 
57:84-95.

PFEFFER M.A., LAMAS G.A., VAUGHAN D.E., PARISI A.F., 
and BRAUNWALD E. (1988).
Effect of captopril on progressive ventricular dilation after anterior myocardial infarction. N. 
Engl. J. Med. 319: 80-86.

PFEFFER M.A., PFEFFER J.M., FISHBEIN M.C., FLETCHER P.J., SPADARO L, 
KLONER R.A., and BRAUNWALD E. (1979).
Myocardial infarction size and ventricular function in rats. Circ. Res. 44: 503-512.

PFEFFER M.A., PFEFFER J.M., STEINBERG C., and FINN P. (1985).
Survival after an experimental myocardial infarction: Beneficial effects of long-term therapy 
with captopril. Circulation 72: 406-412.

PICKERING G.W. (1968).
High blood pressure; second edition. Churchill Livingstone, London.

PICKERING G.W., PRINZMETAL M., and KELSALL A.R. (1939).
The assay of renin in rabbits with experimental hypertension. Clin. Sci. 4: 401-420.

PIERUZZI F., ABASSI Z.A., and KEISER H.R. (1995).
Expression of renin-angiotensin system components in the heart, kidneys and lungs of rats 
with experimental heart failure. Circulation 92: 3105-3112.

PINTO LE., NAZARALI A.I., and SAAVEDRA J.M. (1988).
Angiotensin II binding sites in the superior cervical ganglia of spontaneously hypertensive 
and Wistar-Kyoto rats after preganglionic denervation. Brain Res. 475: 146-150.

225



PINTO Y.M., DE SMET VAN GILST W.H., SCHOLTENS E„ MONNINIC S.,
DEGRAEFF P.A., and WESSELING H. (1993).
Selective and time related activation of the cardiac renin-angiotensin system after 
experimental heart failure: relation to ventricular function and morphology. Cardiovasc Res 
27: 1933-1938.

PIQUILLOUD Y.,REINHARZ A., and ROTH M. (1970).
Studies on the angiotensin converting enzyme with different substrates. Biochim. Biophys. 
Acta. 206: 136-142.

POISNER A.M., WOOD G.W., POISNER R., and INAGAMI T. (1981).
Localization of renin in trophoblasts in human chorion laeve at term pregnancy. 
Endocrinology IM'. 1150-1155.

POULSEN K., and JORGENSEN J. ( 1974).
An easy radioimmunological microassay of renin activity, concentration and substrate in 
human and animal plasma and tissue based on angiotensin I trapping by antibody. J. Clin. 
Endocrinol. Metab. 39: 816-825.

POWELL J.S., ROUGE M., MULLER R.K., and BAUMGARTNER H.R. (1991). 
Cilazapril suppresses myointimal proliferation after vascular injury: effects on growth factor 
induction in vascular smooth muscle cells. Basic Res. Cardiol. 86: 65-74.

PRATT R.E., SOU W.M., NAFTILAN A.J., INGELFINGER J.R, 
and DZAU V.J. (1989).
Altered sodium regulation of renal angiotensinogen mRNA in the spontaneously 
hypertensive rat. Am. J. Physiol. 256: F469-F474.

PRINZMETAL M., and FRIEDMAN B. (1936).
Pressor effects of kidney extracts from patients and dogs with hypertension. Proc. Soc. Exp. 
.BmZ. AZecZ. 35: 122-124.

PRINZMETAL M., FRIEDMAN B., and OPPENHEIMER E.T. (1938).
Failure to demonstrate pressor properties in extracts of blood from hypertensives. Proc. Soc. 
Exp. Biol. Med. 38: 493-494.

RACZ K., PINET F., GASC J.M., GUYENE T.T., and CORVOL P. (1992). 
Coexpression of renin, angiotensinogen, and their messenger ribonucleic acids in adrenal 
tissues. J. Clin. Endocrinol. Metab. 75:730-737.

RAYA T.E., FONKEN S.J., LEE R.W., DAUGHERTY S., GOLDMAN S., WONG 
P.O., TIMMERMANS P.B.M.W.M., and MORKIN E. (1991).
Hemodynamic effects of direct angiotensin II blockade compared to converting enzyme 
inhibition in rat model of heart failure. Am. J. Hypertens. 4: 334S-340S.

RE R., and PARAB M. (1984).
Effect of angiotensin II on RNA synthesis by isolated nuclei. Life Sci. 34: 647-651.

RE R.N., VIZARD D.L., BROWN J., and BRYAN S.E. (1984).
Angiotensin II receptors in chromatin fragments generated by micrococcal nuclease. 
Biochem. Biophys. Res. Commun. 119: 220.

226



REID LA. (1977).
Is there a brain renin-angiotensin system? Circ. Res. 41: 147-153.

REMUZZI A., PERICO N., AMUCHASTEGUI C.S., MALANCHINI B., MAZERSKA 
M., BATTAGLIA C., BERT AM T., and REMUZZI G. (1993).
Short- and long-term effect of AH receptor blockade in rats with experimental diabetes.
J. Am. Soc. Nephrol. 4: 40-49.

RESIMC T.J., SCOTT-BURDEN T., BAUR U., BURGIN M., 
andBUHLER F.R. (1989).
Enhanced responsiveness to angiotensin II in vascular smooth muscle cells from 
spontaneously hypertensive rats is not associated with alterations in protein kinase C. 
Hypertension 14: 293-303.

RICHER C., MULDER P., FORNES P., DOMERGUE V., HEUDES D., and 
GIUDICELLI J.-F. (1992).
Long-term treatment with trandolapril opposes cardiac remodeling and prolongs survival 
after myocardial infarction in rats. J. Cardiovas. Pharmacol. 20: 147-156.

RICHOUX J.P., CORDOMSTER J.L., BOUHMK J., CLAUSER E., CORVOL P., 
MENARD J., and GRIGNON G. (1983).
Immunocytochemical localization of angiotensinogen in rat liver and kidney. Cell Tissue 
R&y. 233: 439-451.

ROBERTSON A.L., and KHAIRALLAH P.A. (1971).
Angiotensin: rapid localisation in nuclei of smooth and cardiac muscle. Science 172: 1138.

ROSENTHAL J.H., PFEIFLE B., MICHAILOV M.L., PSCHORR J., JACOB I.C., and 
DAHLHEIM H. (1984).
Investigations of components of the renin-angiotensin system in rat vascular tissue. 
Hypertension 6: 383-390.

ROWE B.P., GROVE K.L., SAYLOR D.L., and SPETH R.C. (1990).
Angiotensin II receptor subtypes in the rat brain. Eur. J. Pharmacol. 186: 339-342.

ROWE B.P., and NASJLETTI A. (1983).
Biphasic blood pressure response to angiotensin II in the conscious rabbit: relation to 
prostaglandins. J. Pharmacol. Exp. Ther. 225: 559-563.

ROY S.N., KUSARI J., SOFFER R.L., LAI C.Y., and SEN G.C. (1988).
Isolation of cDNA clones of rabbit angiotensinogen converting enzyme: identification of two 
distinct mRNAs for the pulmonary and testicular isozymes. Biochem. Biophys. Res. 
Commun. 155: 678-684.

RUIZ P., BASSO N., CANNATA M.A., and TAQUIM A.C. (1990).
The renin angiotensin system in different stages of spontaneous hypertension in the rat 
(SHR). Clin. Exp. Hypertens. 12: 63-81.

RUYTER J.H.C. (1925).
Uber einen merkwurdigen Abschnitt der Vasa afferentia in der Mauseniere. Z. Zellforsch. 
Milcroslcopie filr Naturfreunde 2: 242-248.

227



RYAN J.W. (1967).
Renin-like enzyme in the adrenal gland. Science 158: 1589-1590.

SADOSfflMA J.,XU Y., SLAYTER H.S., and IZUMO S. (1993).
Autocrine release of angiotensin II mediates stretch-induced hypertrophy of cardiac 
myocytes in vitro. Cell 75: 977-984.

SAITO H., NAKAMARU M., OGIHARA T., RAKUGI H., KUMAHARA Y., 
INAGAMI T., and SHIMAMOTO K. (1988).
Effect of vasodilator prostaglandins on the vascular renin-angiotensin system. Life Sci. 43: 
1557-1563.

SAKAGUCHI K., JACKSON B., CHAI S.Y., MENDELSOHN F.A.O., 
and JOHNSTON C.L (1988).
Effects of perindopril on tissue angiotensin-converting enzyme activity demonstrated by 
quantitative in vitro autoradiography. J. Cardiovasc. Pharmacol. 12: 710-717.

SAMANI N.J. (1991).
Molecular biology of the renin-angiotensin system: Implications for hypertension and 
beyond. J. Cardiovasc. Pharmacol. 18: S1-S6.

SAMANI N.J., BRAMMAR W.J., and SWALES J.D. (1989).
A major structural abnormality in the renin gene of the spontaneously hypertensive rat.
J. Hypertens. 7: 249-254.

SAMANI N.J., GODFREY N.P., MAJOR J.S., BRAMMAR W.J., 
and SWALES J.D. (1989).
Kidney renin mRNA levels in the early and chronic phases of two-kidney, one-clip 
hypertension in rats. J. Hypertens. 7: 105-112.

SAMANI N.J., and KELLY M.P. (1991).
Possible fates of locally synthesised renin and angiotensinogen-implications for tissue renin- 
angiotensin systems, in: Current advances in ACE inhibition 2. 90-97. Ed. MacGregor G.A., 
and Seyer P.S.; Churchill Livingstone, London.

SAMANI N.J., KELLY M.P., READ P.A., and SWALES J.D. (1991).
The effects of ACE inhibition on extra-renal renin mRNA levels. Hypertension 18: 385.

SAMANI N.J., MORGAN K., BRAMMAR W.J., and SWALES J.D. (1987).
Detection of renin messenger RNA in rat tissues: increased sensitivity using an RNAase 
protection technique. J. Hypertens. 5: 519-522.

SAMANI N.J., SWALES J.D., and BRAMMAR W.J. (1988).
Expression of the renin gene in extra-renal tissues of the rat. Biochem. J. 253: 907-910.

SAMANI N.J., SWALES J.D., and BRAMMAR W.J. (1989).
A widespread abnormality of renin gene expression in the spontaneously hypertensive rat: 
modulation in some tissues with the development of hypertension. Clin. Sci. 77: 629-636.

228



SAMBROOK J.,FRITSCH E.F., and MAMATIS T. (1989).
Molecular cloning: A laboratory manual. Cold Spring Harbor: Cold Spring Harbor 
Laboratory Press.

SANDBERG K., JI H., and GATT K.J. (1994).
Regulation of angiotensin II receptors in rat brain during dietary sodium changes. 
Hypertension 23(Suppl I): 1-137 -1-141.

SASAKI K., YAMANO Y., BARDHAN S., IWAI N., MURRAY J.J., HASEGAWA 
M., MATSUDA Y., and INAGAMI T. (1991).
Cloning and expression of a complementary cDNA encoding a bovine adrenal angiotensin 
type 1 receptor. Nature. 351: 230-233.

SASAMURA H., HEIN L., KRIEGER I.E., PRATT R.E., KOBILKA B.K., and DZAU 
V.J. (1992).
Cloning, characterization and expression of two angiotensin receptor (AT-1) isoforms from 
the mouse genome. Biochem. Biophys. Res. Commun. 185: 253-259.

SAWA H., TOKUCHI F., MOCHIZUKI N., ENDO Y., FURUTA Y., SHINOHARA T., 
TAKADA A., KAWAGUCHI H., YASUDA H., andNAGASHIMA K. (1992). 
Expression of the angiotensinogen gene and localization of its protein in the human heart. 
Circulation 86:138-146.

SCHELLING P., FISCHER H., and GANTEN D. (1991).
Angiotensin and cell growth: a link to cardiovascular hypertrophy? J. Hypertens. 9: 3-15. 

SCHNELL C.R., and WOOD J.M. (1993)
Measurement of blood pressure and heart rate by telemetry in conscious unrestrained 
marmosets. Am. J. Physiol. 264: H1509-H1516.

SCHÔMIG A., DIETZ R., RASCHER W., LÜTH J.B., MANN J.F., SCHMIDT M., and 
WEBER J. (1978).
Sympathetic vascular tone in spontaneous hypertension of rats. Klin. Wochenschr. 56: 131- 
138.

SCHUNKERT H., INGELFINGER J.R, HIRSCH A.T., TANG S.-S., LITWIN S.E., 
TALSNESS C.E., and DZAU V.J. (1992b).
Evidence for tissue-specific activation of renal angiotensinogen mRNA expression in chronic 
stable experimental heart failure. J. Clin. Invest. 90: 1523-1529.

SCHUNKERT H., INGELFINGER J.R, JACOB H., JACKSON B., BOUYOUNES B., 
and DZAU V.J. (1992a).
Reciprocal feedback regulation of kidney and angiotensinogen mRNA expressions by 
angiotensin II. Am. J. Physiol. 263: E863-E869.

SCHUNKERT H., TANG S-S., LITWIN S.E., DIAMANT D., RIEGGER G., DZAU 
V.J., and INGELFINGER J.R. (1993).
Regulation of intiarenal and circulating renin-angiotensin systems in severe heart failure in 
the rat. Cardiovasc. Res. 27: 731-735.

SCHWARTZ H.L., and OPPENHEIMER J.H. (1978).
Nuclear triiodothyronine receptor sites in brain: probable identity with hepatic receptors and 
regional distribution. Endocrinology 103: 267-273.

229



SCOTT-BURDEN T., RESINIC T.J., HAHN A.W., and BUHLER F.F. (1991). 
Angiotensin-induced growth related metabolism is activated in cultured smooth muscle cells 
from spontaneously hypertensive rats and Wistar-Kyoto rats. Am. J  Hypertens. 4; 183-188.

SCROOP G.C., and LOWE R.D. (1969).
Efferent pathways of the cardiovascular response to vertebral artery infusions of angiotensin 
in the dog. Clin. Sci. 37: 605-619.

SEALY J.E., ATLAS S.A., and LARAGH J.H. (1978).
Linking the kallilcrein and renin systems via activation of inactive renin: new data and a 
hypothesis. Am. J. Med. 65: 994-1000.

SEALY J.E., BLUMENFELD J.D., BELL G.M., PECKER M.S., SOMMERS S.C., and 
LARAGH J.H. (1988).
On the renal basis for hypertension: Nephron heterogeneity with discordant renin secretion 
and sodium excretion causing a hypertensive vasoconstriction-volume relationship.
J. Hypertens. 6: 763-777.

SEALY J.E., and LARAGH J.H. (1990).
The renin-angiotensin-aldosterone system for normal regulation of blood pressure and 
sodium and potassium homeostasis, in: Hypertension. Pathophysiology, Diagnosis, and 
Management vol.l 1287-1317. Ed. Laragh J.H., and Brenner B.M.; Raven Press, New 
York.

SEALY J.E., and RUBATTU S. (1989).
Prorenin and renin as separate mediators of tissue and circulating systems. Am. J. Hypertens. 
2: 358-366.

SEALY J.E., VONLUTTEROTTI N., RUBATTU S., CAMPBELL W.G., GAHNEM F., 
HALIMI J.M., and LARAGH J.H. (1995).
The greater Renin-system. Its Prorenin-directed vasodilator limb: Relevance to Diabetes 
Mellitus, Pregnancy and Hypertension, in: Hypertension. Pathophysiology, Diagnosis, and 
Management yo\. 2, second edition, 1889-1895. Ed. Laragh J.H., and Brenner B.M.; Raven 
Press, New York.

SEIKALY M.G., ARANT B.S., and SENEY F.D. (1990).
Endogenous angiotensin concentrations in specific intrarenal fluid compartments of the rat.
J. Clin. Invest. 86: 1352-1357.

SELYE H., BAJUSZ E., GRASSO S., and MENDELL P. (1960).
Simple techniques for the surgical occlusion of coronary vessels in the rat. Angiology 11: 
398-407.

SEO M.S., FUKAMIZU A., SAITO T., and MURAKAMI K. (I99I).
Identification of a previously unrecognized production site of human renin. Biochim.
Biophys. Acta. 1129:87-89.

SHARPE N., MURPHY J., SMITH H., and HANNAN S. (1988).
Treatment of patients with symptomless left ventricular dysfunction after myocardial 
infarction. Lancet i: 255-259.

230



SHIOTO N., MIYAZAKI M„ and OKUMSHI H. (1992).
Increase of angiotensin converting enzyme gene expression in the hypertensive aorta. 
Hypertension 168-174.

SIGMUND C.D., JONES C.A., KANE C.M., WU C., LANG J.A., 
and GROSS K.W. (1992).
Regulated tissue- and cell-specific expression of the human renin gene in transgenic mice. 
Circ. Res. 70: 1070-1079.

SKEGGS L.T., KAHN J.R., LENTZ K., and SHUMWAY N.P. (1957).
The preparation, purification and amino acid sequence of a polypeptide renin substrate.
J. Exp. Med. 106: 439-453.

SKEGGS L.T., KAHN J.R., and SHUMWAY N.P. (1956a).
The purification of hypertensin II. J. Exp. Med. 103: 301-307.

SKEGGS L.T., KAHN J.R., and SHUMWAY N.P. (1956b).
The preparation and function of the hypertensin-converting enzyme. J. Exp. Med. 103: 295- 
299.

SKEGGS L.T., LENTZ K.E., HOCHSTRASSER H., and KAHN J.R. (1963).
The purification and partial characterisation of several forms of hog renin substrate. J. Exp. 
Mecf. 118: 73-98.

SKEGGS L.T., LENTZ K.E., KAHN J.R., SHUMWAY N.P., and WOODS K.R. (1956). 
The amino acid sequence of hypertensin II. J. Exp. Med. 104: 193-197.

SKEGGS L.T., MARSH W.H., KAHN J.R., and SHUMWAY N.P. (1954a).
The existence of two forms of hypertensin. J. Exp. Med. 99: 275-282.

SKEGGS L.T., MARSH W.H., KAHN J.R., and SHUMWAY N.P. (1954b).
The purification of hypertensin I. J. Exp. Med. 100: 363-370.

SKEGGS L.T., MARSH W.H., KAHN J.R., and SHUMWAY N.P. (1955).
Amino acid composition and electrophoretic properties of hypertensin I. J. Exp. Med. 102: 
435.

SKINNER S.L., LUMBERS E.R., and SYMONDS E.M. (1968).
Renin concentration in human fetal and maternal tissues. Am. J. Obst. & Gynaecol. 101:529- 
533.

SKOTT O., and JENSEN B.L. (1993). Cellular and intrarenal control of renin secretion. 
Œ». 5"cz. 84: 1010.

SLATER E.E., DEFENDINI R., and ZIMMERMAN E.A. (1980).
Wide distribution of immunoreactive renin in nerve cells of human brain. Proc. Natl. Acad. 
Sci. USA 77: 5458-5460.

SLATER E.E., GOUNARIS A.D., and HABER E. (1979).
Isolation of a renal thiol protease that activates inactive plasma renin. Clin. Sci. 57: 93s-96s.

231



SMALLRIDGE R.C., ROGERS J., andVERMA P.S. (1983).
Seram angiotensin-converting enzyme. Alterations in hyperthyroidism, hypothyroidism, and 
subacute thyroiditis. JAMA 250: 2489-2493.

SOUBRIER P., ALHENC-GELAS F., HUBERT C., ALLEGRINI T., JOHN M., 
TREGEAR G., and CORVOL P. (1988).
Two putative active centers in human angiotensin I-converting enzyme revealed by 
molecular cloning. Proc. Natl. Acad. Sci. USA. 85: 9386-9390.

SOUTHERN E.M. (1975). Detection of specific sequences among DNA fragments 
separated by gel electrophoresis. J. Mol. Microbiol. 89: 503-517.

SUZUKI F., LINDPAINTNER K., KEUNEKE C., HELLMAN W., TAKAHASI S., 
NAKAMURA Y., OHKUBO H., NAKANISHI S., MURAKAMI K., and GANTEN D. 
(1988).
Tissue-specific regulation of gene expression for renin and angiotensinogen. Clin. Exp. 
Hypertens: Theory and Practice A10(6): 1317-1319.

SWALES J.D. (1979).
Arterial wall or plasma renin in hypertension. Clin. Sci. 56: 293-298.

SWALES J.D. ed. (1987).
Classic papers in hypertension: Blood pressure and renin. Science Press Limited, London.

SWALES J.D., SEAVER P.S., and PEART S. eds. (1991).
Clinical Atlas of Hypertension. Gower Medical Publishing, London.

SWEET C.S., EMMERT S.E., STABILITO I.I., and RIBEIRO L.G.T. (1987).
Increased survival in rats with congestive heart failure treated with enalapril. J. Cardiovasc. 
Pharmacol. 10: 636-642.

TAKAHASHI S., INOUE H., and MIYAKE Y. (1992).
The human gene for renin-binding protein. J. Biol. Chem. 267: 13007-13013.

TAKATA Y., TAKISHITA S., YAMASHITA Y., TSUCHIHASHI T., 
andFUJISHIMA M. (1986).
Pressor response to NaCl solution administered intracerebroventricularly or intracistemally 
to conscious normotensive and spontaneously hypertensive rats. J. Hypertens. 4: 713-718.

TAKEUCHI K., ALEXANDER R.W., NAKAMURA Y., TSUJINO T., 
and MURPHY T.J. (1993).
Molecular structure and transcriptional function of the rat vascular ATj^ angiotensin receptor 
gene. Circ. Res. 73: 612-621.

TAKE Y.,andINAGAMI T. (1982).
Purification of a completely inactive renin from hog kidney and identification as renin 
zymogen. Biochem. Biophys. Res. Commun. 104: 133-140.

TANG S.S., ROGG H., SCHUMACHER R., and DZAU V.J. (1992).
Characterization of nuclear angiotensin-II-binding sites in rat liver and comparison with 
plasma membrane receptors. Endocrinology 131: 374-380.

232



TANG S.S., STEVENSON L., and DZAU V.J. (1990).
Endothelial renin-angiotensin pathway. Circ. Res. 66: 103-108.

TAUGNER R., HACKENTHAL E.,RIX E., NOBILING R., and POULSON K. (1982). 
Immunocytochemistry of the renin-angiotensin system: renin, angiotensinogen, angiotensin I, 
angiotensin II and converting enzyme in the kidneys of mice, rats and tree shrews. Kidney 
frzf. 22: 33-43.

TAYLOR T., MOORE M.D., HOLLENBERG N.K., and WILLIAMS G.H. (1984). 
Converting enzyme inhibition corrects the altered adrenal response to angiotensin II in 
essential hypertension. Hypertension 6: 92-99.

TEWKSBURY D.A. (1990).
Angiotensinogen: Biochemistry and molecular biology, in: Hypertension: Pathophysiology, 
Diagnosis and Management. 1197-1216. Ed. Laragh J.H., and Brenner B.M., Raven Press, 
New York.

TEWKSBURY D.A., and DART R.A. (1982).
High molecular weight angiotensinogen levels in hypertensive pregnant women.
Hypertension 4: 729-734.

TEWKSBURY D.A., and TYRON E.S. (1989).
Immunochemical comparison of high molecular weight angiotensinogen from amniotic fluid, 
plasma of men, and plasma of pregnant women. Am. J. Hypertension 2:411-413.

The Acute Infarction Ramipril Efficacy (AIRE) Study Investigators. (1993).
Effect of ramipril on mortality and morbidity of survivors of acute myocardial infarction 
with clinical evidence of heart failure. Lancet 342: 821-828.

The CONSENSUS Trial Study Group. (1987).
Effects of enalapril on mortality in severe congestive cardiac failure: results of the 
Co-operative North Scandinavian Enalapril Survival Study (CONSENSUS). N. Engl. J.
AW. 316: 1429-1435.

The SOLVD Investigators. (1991).
Effect of enalapril on survival in patients with reduced left ventricular ejection fractions and 
congestive heart failure. N. Engl. J. Med. 325: 293-302.

THURSTON H., BING R.F., POHL J.E.F., and SWALES J.D. (1978).
Renin subgroups in essential hypertension: an analysis and critique. Q. J. Med. 47: 325-337.

THURSTON H., and SWALES J.D. (1974a).
Comparison of angiotensin II antagonist and antiserum infusion with nephrectomy in the two- 
Iddney Goldblatt hypertensive rat. Circ. Res. 35: 325-329.

THURSTON H., and SWALES J.D. (1974b).
Action of angiotensin antagonists and antiserum upon the pressor response to renin: Further 
evidence for the local generation of angiotensin II. Clin. Sci. Mol. Med. 46: 273-276.

THURSTON H., SWALES J.D., BING R.F., HURST B.C., and MARKS E.F. (1979). 
Vascular renin-like activity and blood pressure maintenance in the rat. Hypertension 1: 643- 
649.

233



TIGERSTEDT R., and BERGMAN P.G. (1898).
Niere und Kreislauf. Scandinav. Arch. Physiol. 7-8: 223-271 (1897-1898).

TIMMERMANS P.B.M.W.M., WONG P.O., CHIU A.T., HERBLIN W.F., BENFIELD 
P., CARINI D.J., LEE R.J., WEXLER R.R., SAYE J.A.M., and SMITH R.D. (1993). 
Angiotensin II receptors and angiotensin II receptor antagonists. Pharmacological reviews 
45(no.2): 205-251.

TOBIAN L., JANECEK J., and TOMBOULIAN A. (1959).
Correlation between granulation of juxtaglomerular cells and extractable renin in rats with 
experimental hypertension. Proc. Soc. Exp. Biol. Med. 100: 94-96.

TOKITA Y.,ODA H., FRANCO-SAENZ R., and MULROW P.J. (1995).
Role of tissue renin-angiotensin system in the action of angiotensin-converting enzyme 
inhibitors. Proc. Soc. Exp. Biol. Med. 208: 391-396.

TOMITA N., MORISHITA R., HIGAKI J., AOKI M., NAKAMURA Y., MIKAMI H., 
FUKAMIZU A., MURAKAMI K., KANEDA Y ., and OGIHARA T. (1995).
Transient decrease in high blood pressure by in vivo transfer of antisense 
oligodeoxynucleotides against rat angiotensinogen. Hypertension 26: 131-136.

TRAUBE L. (1856).
Uber den zusammenhang von herz-und nieren lorankheiten. Translated in: Classics in 
Arterial Hypertension (1956). 188-212. Ed. Rusldn A.; Charles C. Thomas, Springfield, 
Illinois, USA.

TSUTSUMI K., STROMBERG C., VISWANATHAN M., and SAAVEDRA J.M.
(1991).
Angiotensin-II receptor subtypes in fetal tissue of the rat: autoradiography, guanine 
nucleotide sensitivity and association with phosphoinositide hydrolysis. Endocrinology 129: 
1075-1082.

UNGER T., GOHLKE P., and GRUBER M.G. (1990).
Converting enzyme inhibitors, in: Handbook of experimental pharmacology, vol. 93: 377- 
482; ed. Ganten D., and Mulrow P.J. Springer Verlag, Berlin.

VALLOTON M.B., CAPPONI A.M., GRILLET C., KNUPFER A.L., HEPP R., 
KHOSLA M.C., andBUMPUS F.M. (1981).
Characterization of angiotensin receptors on bovine adrenal fasciculata cells. Proc. Natl. 
Acad. Sci. USA 78: 592-596.

VANDER A.J. (1967).
Control of renin release. Physiol. Rev. 47: 359-382.

VANDONGEN D., and PEART W.S. (1974).
Calcium dependence of the inhibitory effect of angiotensin on renin secretion in the isolated 
perfused kidney of the rat. Br. J. Pharmacol. 50: 125-129.

VELLETRI P.A., AQUILANO D.R., BRUCKWICK E., TSAI-MORRIS C.H., DUFAU 
M.L., and LOVENBERG W. (1985).
Endocrinological control and cellular localization of rat testicular angiotensin-converting 
enzyme. Endocrinology 116: 2516-2522.

234



Von LUTTEROTTI N., CAMARGO M.J., MUELLER F.B., TIMMERMANS 
P.B.M.W.M., and LARAGH J.H. (1991).
Angiotensin II receptor antagonist markedly reduces mortality in salt-loaded Dahl S rats.
Am. J. Hypertens. 4: 346S-349S.

WALSH S.W. (1985).
Preeclampsia: an imbalance in placental prostacyclin and thromboxane production. Am. J. 
Obstet. Gynecol. 152: 335-340.

WANG D.H., and PREWITT R.L. (1990).
Captopril reduces aortic and microvascular growth in hypertensive and normotensive rats. 
Hypertension 15: 68-77.

WEBB R.C. (1982).
Angiotensin Il-induced relaxation of vascular smooth muscle. Blood Vessels 19: 165-176. 

WEBER M.A. (1992).
Clinical experience with the angiotensin II receptor antagonist losartan. A preliminary report. 
Am. J. Hypertens. 5: 247S-251S.

WEBER P.C., and SIESS W. (1980).
Influence of renal prostaglandins on renin release, in: The renal papilla and hypertension. 
209-230. Ed. Mandai A., and Bohman S.O.; Plenum Medical Book Co., New York.

WEIGAND K.,WARNZE H., and FALGE C. (1977).
Synthesis of angiotensinogen by isolated rat liver cells and its regulation. Biochem. Biophys. 
Res. Commun. 75: 102-110.

WESTLIN W., and MULLANE K. (1988).
Does captopril attenuate reperfusion - induced myocardial dysfunction by scavenging free 
radicals? Circulation 77 (suppl 1): 1-30 -1-39.

WILKES B.M., MENTO P.F., PEARL A.R., HOLLANDER A.M., MOSSEY R.T., 
BELLUCCI A., BLUESTONE P.A., and MAILLOUX L.U. (1991).
Plasma angiotensins in anephric humans: evidence for an extra-renal angiotensin system.
J. Cardiovasc. Pharmacol. 17: 419-423.

WILLIAMS B., QUINN-BAKER A., GALLAGHER B., and LCD WICK D. (1995). 
Angiotensin II increases vascular permeability factor gene expression by human vascular 
smooth muscle cells. Hypertension 25: 913-917.

WILLIAMS G.H., BRALEY L.M., and MENACHERY A. (1982).
Decreased adrenal responsiveness to angiotensin II: a defect present in spontaneously 
hypertensive rats. J. Clin. Invest. 69: 31-37.

WILLIAMS G.H., and HOLLENBERG N.K. (1991).
Non-modulating hypertension: A subset of the sodium sensitive essential hypertension 
population. Hypertension 17:181-185.

WILSON D.M., andLUETSCHER J.A., (1990).
Plasma prorenin activity and complications in children with insulin-dependent diabetes 
mellitus. N. Engl. J. Med. 323: 1101-1106.

235



WONG P.C., PRICE W.A., CHIU A.T., DUNCIA J.V., CARINI D.J., WEXLER R.R., 
JOHNSON A.L., and TIMMERMANS P.B.M.W.M. (1990).
Nonpeptide angiotensin II receptor antagonists. IX. Antihypertensive activity in rats of 
DuP753, an orally active antihypertensive agent. J. Pharmacol. Exp. Ther. 252: 726-732.

WOOD J.M., GULATI N., FORGIARINI P., FÜHRER W., 
and HOFBAUER K.G. (1985).
Effects of a specific and long-acting renin inhibitor on blood pressure in the marmoset. 
Hypertension 7: 797-803.

WOOD J.M., HEUSSER C., GULATI N., FORGIARINI P., 
and HOFBAUER K.G. (1986).
Monoclonal antibodies against human renin: blood pressure effect in the marmoset. 
Hypertension 8: 600-605.

YAMAGISHI H.,KIM S., NISHIKIMI T., TAKEUCHI K., and TAKEDA T. (1993). 
Contribution of cardiac renin-angiotensin system to ventricular remodeling in myocardial- 
infarcted rats. J. Mol. Cell. Cardiol. 25: 1369-1380.

YANG H.Y.T., ERDOS E.G., and LEVIN Y. (1970).
A dipeptidylcarboxypeptidase that converts angiotensin I and inactivates bradyldnin. 
Biochim. Biophys. Acta. 214: 374-376.

YANG R.H., JIN H., CHEN S.J., WYSS J.M., and OP ARIL S. (1992).
Blocking hypothalamic ATj receptors lowers blood pressure in salt-sensitive rats. 
Hypertension 20: 755-762.

YOKOSAWA H., HOLLADAY L.A., INAGAMI T., HASS E., 
and MURAKAMI K. (1980).
Human renal renin: complete purification and characterisation. J. Biol. Chem. 255: 2498- 
3502.

YOKOSAWA H., INAGAMI T., and HAAS E. (1978).
Purification of human renin. Biochem. Biophys. Res. Commun. 83: 306-312.

YOKOSAWA N., TAKAHASHI N., INAGAMI T., and PAGE D.L. (1979).
Isolation of completely inactive plasma prorenin and its activation by kallilcrein. Biochim. 
Biophys. Acta. 569: 211-219.

YONGUE B.G., ANGULO J.A., MCEWEN B.S., and MYERS M.M. (1991).
Brain and liver angiotensinogen messenger RNA in genetic hypertensive and normotensive 
rats. Hypertension n\A'è5-A9l.

YOTSUMOTO H., IMAI Y., KUZUYA N., UCHIMURA H., 
and MATSUZAKI F. (1982).
Increased levels of serum angiotensin-converting enzyme activity in hyperthyroidism. Ann. 
Intern. Med. 96: 326-328.

ZATZ R., DUNN B.R., MEYER T.W., ANDERSON S., RENNKE H.G., and 
BRENNER B.M (1986).
Prevention of diabetic glomerulopathy by pharmacological amelioration of glomerular 
capillary hypertension. J. Clin. Invest. 77: 1925-1930.

236



ZIMMERMAN B.G. (1981).
Adrenergic facilitation by angiotensin; does it serve a physiological function? Clin. Sci. 60: 
343-348.

ZUSMAN R.L., BURTON J., CHRISTENSEN O., NUSSBERGER J., DODDO A., and 
HABER E. (1983).
Hemodynamic effect of a competitive renin inhibitory peptide in humans: evidence for 
multiple mechanisms of action. Trans. Am. Assoc. Phys. 96: 365-374.

237


