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ABSTRACT 
  

A study has been made of mechanisms involved in the production 

and maintenance of experimentally induced hypertension in the rat 

and cat. 

An indirect tail cuff method for determination of rat blood 

pressures was developed and provided accurate values for the systolic 

blood pressure. An improved method for measuring the blood pressure 

of conscious, unrestrained cats was also developed. 

Hypertension was produced consistently in the rat and cat by 

using either a DOCA-NaCl regimen or the method of Grollman. The 

pathologies of these hypertensions were found to be similar in 

both species. 

No clear explanation for the rapid production of DOCA-NaC1 

hypertension in rats, which occurred in these laboratories, was 

found although the strain, age and housing of the rats were considered 

to be possibly implicated. 

The involvement of the sympathetic nervous system in the prod- 

uction of DOCA-NaCl hypertension in rats was revealed in a study 

involving the inhibition of peripheral sympathetic nerves with 

guanethidine. Whilst a potent adrenergic neuronal blockade was 

present, the rise in blood pressure produced by a DOCA-NaCl regimen, 

was prevented. In a similar series of experiments a lack of depend- 

ency on the sympathetic nervous system for the production of one- 

kidney renal hypertension was shown, 

Cardiovascular reactivity in both DOCA-NaCl hypertensive rats 

and renal hypertensive cats revealed a lack of true hypersensitivity 

of vascular smooth muscle to pressor agents. The involvement of



the renin-angiotensin system in the production of renal hypertension 

and the sympathetic nervous system in the maintenance of both 

DOCA-NaCl and renal hypertensions was also revealed. 

The antihypertensive effect of both guanethidine and a-methyldopa 

in DOCA-NaCl hypertensive rats and renal hypertensive cats also 

provided evidence for the importance of the sympathetic nervous 

system. The mechanism of action of o-methyldopa was shown to be 

due to a central action of its metabolite, o-methylnoradrenaline,.
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HISTORICAL INTRODUCTION SSS



Blood Circulation and Measurement of Arterial Blood Pressure 
  

Castiglioni (1958) quotes that in the 'Nei Ching' of 2600 B.C. the 

following passages appear: "The heart regulates all the blood in the 

body, the blood current flows continuously in a circle and never stops," 

However, the concept of circulation of the blood by the heart was not 

generally accepted until the classical work of Sir William Harvey. Harvey 

published his book "De Motu Cordis" in 1628 and in it established what is 

still the current concept of the circulatory system and hence paved the 

way for the development of successful treatments of cardiovascular disorders. 

The measurement of arterial blood pressure was first undertaken by 

the Reverend Stephen Hales in 1733. He determined the height to which 

blood rose in a glass tube inserted into major arteries of various 

animals, including the horse. 

This method was subsequently improved, first by Poiseuille (1828) 

who used a 'U' shaped mercury manometer and then by Iudwig (1847) who 

added a float to one limb of the manometer enabling a continuous record 

of blood pressure to be obtained using a kymograph. Since these 

methods involved the introduction of a tube into the lumen of an artery 

they were unsuitable for routine clinical use. The first instrument to 

overcome this problem was the sphygmomanometer of Von Basch (1881). 

This manometer was improved by several workers and the first clinically 

acceptable sphygmomanometer was that designed by Riva-Rocei (1896) 

which measured systolic blood pressure by occluding the brachial artery 

with an inflatable cuff. Von Recklinghausen (1901) showed that 

Riva-Rocei's instrument gave a falsely high estimate of systolic pressure 

and this was confirmed by Martin and remedied in his mercurial 

sphygmomanometer of 1905. In the same year Korotkoff reported on his 

auscultatory method of determining systolic and diastolic blood pressures 

and this method together with Martin's sphygmomanometer is now the



standard method of monitoring arterial blood pressure in all parts of 

the world. With the widespread use of this method has come the 

recognition of the greater stability of the diastolic over the 

systolic pressure and therefore of its greater diagnostic value. 

The Recognition of Hypertension as a Disease Entity 

Schroeder (1953) reported that Choun-You-J, a Chinese physician of 

200 B.C. wrote "when the pulse upon depressing is very firm and upon 

superficial palpitation tight, then the disease has its seat in the 

kidney". However, it was not until 1827 that Bright associated the 

clinical findings of albuminuria, hardness and fulness of the pulse, 

oedema and hypertrophy of the left ventricle with the pathological 

finding of sclerosing, contracted kidneys. In 1836 Bright suggested 

that the quality of blood was changed to cause an increase in the 

resistance of flow through what he called "the minute and capillary 

circulation" thereby originating the concept of arterial hypertension 

with the kidneys as the cause. Glomerulonephritis is still often 

referred to as Bright's disease in recognition of his pioneering 

work in this field. 

Gull & Sutton (1872) ascribed chronic Bright's disease to primary 

generalized ‘arterio-capillary fibrosis' which they believed produced 

left ventricular hypertrophy and contracted kidneys, Mahomed (1874) 

recognised the condition later called essential hypertension which he 

termed the "pre-albuminuric stage of Bright's disease" and proposed 

that hypertension can cause renal changes. In 1893 Huchard in Paris 

and Allbutt in London recognized the frequency of hypertension and that 

it could occur in the absence of observable morphological changes in 

the kidneys and arteries. Two years later Allbutt (1895) stated that 

renal disease was not a necessary prelude to hypertension and that 

persistent hypertension may cause, but is not due to arteriosclerosis.



At the beginning of the twentieth century there were three major 

schools of thought regarding the pathogenesis of essential or primary 

hypertension, The Bright school maintained that the disease had its 

seat in the kidney whilst followers of Gull & Sutton considered it more 

likely to be due to widespread vascular disease. The followers of 

Huchard and Allbutt favoured generalized vasoconstriction unrelated 

to renal disease as the most likely cause. This latter view has 

received mch support and essential or primary hypertension is still 

defined as elevated blood pressure of unknown cause. 

Much experimental and clinical research on hypertension continued 

throughout the first quarter of the twentieth century (see review by 

Braun-Menendez et al., 1946) but fundamental advances in basic knowledge 

of the disease were much hampered by the inability to produce persistent 

hypertension in experimental animals. 

Definition of Hypertension 
  

Arterial hypertension is merely a physical sign indicating the 

presence of an underlying disease and the hypertension is classified 

according to the underlying disease (e.g. renal hypertension, neurogenic 

hypertension, contraceptive pill hypertension etc.) 

Arterial hypertension in man may be defined as ‘a condition Aauhiek 

the peripheral resistance to the flow of ona blood is chronically j 

increased to such a point that the diastolic blood pressure is 90 mm Eg 

or more as determined by the indirect method, using the disappearance 

of sound as a criterion’. When this is so the systolic blood pressure 

is usually 140 mm Hg or more (Schroeder, 1953). 

Hypertensive vascular disease is defined as 'a disease characterized 

by pathological changes in the arteriolar walls which can be seen
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microscopically (Schroeder, 1953). Hypertension is an intermediate 

cause of hypertensive vascular disease in the sense that whatever 

cause or causes lead to hypertension it is the hypertension as such 

which leads on to the hypertensive vascular disease (Smirk, 1967). 

Hypertensive vascular disease is classified according to the level 

of blood pressure and associated arteriolar disease (see review by 

Schroeder, 1953). 

Similar definitions apply to hypertension in experimental animals. 

However, since the basal blood pressures vary from species to species 

and with the method of blood pressure determination, no simple 

definition of the level of blood pressure which represents a hypertensive 

state can be given for all experimental animals. Normally a blood 

pressure level which is greater than three standard deviations of the 

normal blood pressure mean is generally taken to represent a hypertensive 

level in experimental animals (see review by Pickering, 1955). 

Certain types of clinical hypertension have experimental analogues 

(esg. Cushings syndrome in man and the administration of cortisone to 

animals), However, although the spontaneously hypertensive rat 

represents an experimental model which in many ways resembles essential 

hypertension in man (Okamoto, 1969) no experimentally induced hypertension 

exactly parallels human essential hypertension, 

Production of Experimental Hypertension 

The various methods for the production of persistent experimental 

hypertension in animals can be classified into five main categories, 

depending upon the factor responsible. 

(a) Neurogenic Hypertension 

The first persistent hypertension in experimental animals was



-11- 

produced by Koch & Mies (41929) who sectioned the carotid sinus and 

aortic depressor nerves in rabbits, The hypertension produced has 

been termed "neurogenic" since it is due to sympathetic overactivity 

and is characterised by tachycardia and increased cardiac output, a 

state of affairs prevailing in the human hypertension of phaeochromocytoma 

but not in essential hypertension. 

(b) Hypertension of Renal Origin 

(i) "The Goldblatt method" 

The greatest stimulus to research in experimental hypertension 

came with the report of Goldblatt, Lynch, Hanzal & Summerville (1934) 

that persistent hypertension could be produced in dogs by partial 

occlusion of a renal artery with an adjustable silver clamp. Goldblatt 

et al. (1934) found that the blood pressure began to rise between 

24 and 48 hours after renal artery occlusion and reached a maximal 

steady level 2 to 10 days later. These workers reported that in 

order to obtain permanent hypertension in the dog both renal arteries 

must be constricted or alternatively one renal artery constricted 

and the contralateral kidney removed. However, Lupu et al. (1972) 

demonstrated that progressive reduction of renal blood flow over a 

period of several hours in the day resulted in chronic hypertension in 

the presence of the opposite untouched kidney. 

The hypertension produced by the method of Goldblatt et al. (1934) 

resembled essential hypertension and in dogs with severe renal artery 

constriction a condition resembling human malignant hypertension occurred. 

The 'Goldblatt' method of producing hypertension in dogs was soon shown 

to be applicable to other species, for instance monkeys (Goldblatt, 1937), 

rabbits (Pickering & Prinzmetal, 1938), rats (Wilson & Byrom, 1939,
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1941), goats and sheep (Goldblatt, Kahn & Lewis, 1943). 

In rats it has been shown (Wilson & Byrom, 1939, 1941) that 

hypertension can be produced by constricting one renal artery and 

either leaving the opposite kidney intact (two - kidney Goldblatt 

hypertension) or performing contralateral nephrectomy (one-kidney 

Goldblatt hypertension). 

The mechanism of the hypertension produced by the method of 

Goldblatt et al. (1934) was thought to be due to the arteriolar 

vasoconstriction caused by angiotensin II formed as a result of the 

release of renin from the ischaemic kidney(s) (see review by Braun-Menendez 

et al., 1946). It is now generally considered that although the renin- 

angiotensin system is almost certainly involved in the pathogenesis 

of experimental renal hypertension it is not the sole factor implicated 

in the development or maintenance of the hypertension (see reviews 

by Smirk, 1967; De Champlain, 1972 and Page, 1974). 

Following the work of Goldblatt et al. (1934) minor modifications 

of their method were reported which also produced permanent experimental 

hypertension in laboratory species. Thus, partial occlusion of the 

aorta above, but not below, the level of the origin of the renal 

arteries resulted in hypertension in dogs (Goldblatt & Kahn, 1938; 

Goldblatt, Kahn & Hanzal, 1939) and in rats (Rytand, 1938). Loomis 

(1946) obtained hypertension in the rat by ligation of major branches 

of the renal arteries with or without concomitant unilateral nephrectomy. 

Selye & Stone (1946) produced hypertension in rats by partially occluding 

the aorta between the kidneys and many years later Rojo-Ortega & Genest 

(1968) showed that complete ligation of the aorta between the origins 

of the renal arteries produced hypertension in rats weighing more than 

300 grams.
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(ii) Methods involving the production of perinephritis 
  

Page (1939) reported that permanent hypertension could be 

produced in dogs, cats and rabbits by enveloping the kidneys in 

transparent cellulose or silk. Within 3 to 5 days of the kidney wrapping 

a tissue reaction occurs leading to the formation in 2 to 3 weeks of 

a fibrocollaginous shell. This compresses the renal parenchyma and 

hypertension is usually established after about 5 weeks. The ‘Page’ 

method was shown to be applicable to the rat using either transparent 

cellulose (Friedman, Jarman & Klemperer, 1941), silk (Kempf & Page, 

1942), rubber (Loring & Goracz, 1954) or latex (Abrams & Sobin, 1947). 

Greenwood, Nassim & Taylor (1939) obtained hypertension in dogs by 

enclosing the kidney in collodion and this was later reported for 

the rat (Hermann, Decherd & Erhard, 1941). Grollman (1944) produced 

hypertension in rats, rabbits and dogs by tying a cotton thread 

(in rats) or linen tape over the pole and body of the kidney and 

drawing it taut. Recently, Rosas et al. (1975) obtained hypertension 

in rats by ligating both poles of one kidney and performing contra— 

lateral nephrectomy one week later. 

The mechanism by which perinephritis causes hypertension appears 

to depend on the constrictive action of the fibroblastic envelope 

formed which leads to an involvement of the renin-angiotensin system 

(see review by Braun-Menendez et ale, 1946; Brace et ale, 1974). The 

hypertension produced is very similar to that produced by interference 

with renal blood flow (Page, 1939; Rosas et als, 1975). The main 

advantages of this method over that of Goldblatt et al. (1934) are 

simplicity, especially when using small species such as the rat, and 

reproducibility.
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(iii) Macromol ecular hypertension 

Hall & Hall (1961, 1962) demonstrated that daily subeutaneous 

injections of methylcellulose or polyvinyl alcohol combined with the 

substitution of 1% sodium chloride solution for normal drinking water 

produced severe hypertension of renal origin. Rats treated in this 

way developed a pathological picture resembling that of human lipid 

nephritis and some other forms of glomerulonephritis. 

(iv) Experimental pyelonephritis 

Heptinstall (1962) induced unilateral experimental pyelonephritis 

by the intravenous injection of Bacterium coli together with temporary 

occlusion of the ureter. The contralateral kidney was removed and 

moderate hypertension was produced. The hypertension was apparently 

caused by infective scarring or reduction in renal tissue mass although 

no relationship was established between the extent of the renal damage 

and the blood pressure elevation. 

(v) Heterologous and homologous renin administration 
  

Masson, Kashii, Matsunaga & Page (1964, 1966) reported that 3 

daily subcutaneous injections of either homologous or heterologous 

renin extract into uninephrectomized rats produced hypertensive cardio- 

vascular disease. The hypertension produced was similar to that 

resulting from renal artery clamping in as much that nephrosclerosis, 

renin depletion and stimulation of the zona glomerulosa of the remaining 

kidney occurred. 

(vi) Renoprival hypertension 

Jeffers, Lindauer, Twaddle & Wolferth (1940) showed that removal 

of 3 kidneys from a pair of rats joined in parabiosis resulted in 

hypertension only in the bilaterally nephrectomized member of the pair.
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This observation was extended by Grollman & Rule (1943) who found that 

removal of both kidneys from one member of a parabiotic pair was 

sufficient to induce hypertension in the nephrectomized animal with 

virtually no effect on the blood pressure of its intact partner. 

Braun-Menendez & Von Euler (1947) were unable to repeat this result 

but obtained a reliable degree of hypertension in a bilaterally 

nephrectomized rat which was one of a paraboitic group of 3. They 

observed little or no rise in the blood pressure of the other pair of 

rats with normal kidney function. The precise cause of renoprival 

hypertension is not clear but may be due to the lack of some antihyper- 

tensive function of normal kidneys possibly acting through a specific 

hormonal agent (Grollman & Rule, 1943); release of pressor substances 

from the adrenal cortex (Ledingham, 1951) or increase in blood volume 

and extracellular fluid volume (Braun-Menendez & Von Euler, 1947). 

(c) Endocrine Induced Hypertension 

(i) Acute desoxycorticosterone acetate (DOCA) and sodium chloride 
  

Selye, Hall & Rowley (1943) showed that twice daily subcutaneous 

injections of large doses of DOCA combined with substitution of 1% sodium 

chloride solution for drinking water resulted in the production of 

hypertension in rats. The hypertension was associated with malignant 

nephrosclerosis, lesions of the arteriolar walls in the pancreas and 

adrenal capsule, polydipsia, marked diuresis, increased excretion of sodium 

and chloride, proteinuria, cardiac hypertrophy and adrenal atrophy. 

Selye & Pentz (1943) showed that uninephrectomy, like sodium chloride, 

sensitised rats to the nephrosclerotic and hypertensive properties of DOCA, 

The precise aetiology of acute DOCA-NaCl hypertension remains 

unclear (see review by De Champlain, 1972). The primary cause has 

variously been suggested as the kidney (Masson, Corcoran & Page, 1949);
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the adrenal cortex (Selye, 1948); the sympathetic nervous system (see 

review by De Champlain, 1972) and disturbed electrolyte function 

(Tobian, 1960; and review by De Champlain, 1972). 

(ii) Post DOCA-NaCl hypertension (Metacorticoid hypertension) 

Friedman, Friedman & Nakashima (1951) demonstrated that in uni- 

nephrectomized rats treated by DOCA implantation and replacement of 

drinking water with 1% sodium chloride solution the resulting hypertension 

was sustained in about one third of the animals after removal of the 

DOCA implants. Green, Saunders, Wahlgren & Craig, (1952) recorded the 

effectiveness of DOCA implants plus sodium chloride in producing 

hypertension in the rat. The maximal level to which the systolic blood 

pressure was elevated in their experiments was 220 mm Hg which was 

reached after about 6 weeks and remained constant for a further 7 weeks 

and then slowly subsided to 200 mm Hg by the 16th week and thereafter 

remained constant. The activity of the DOCA implant was demonstrated 

to last for about 3 months after which the hypertensive disease was 

completely self-sustaining. 

Metacorticoid hypertension is characterised by renal hypertrophy, 

progressive cardiac enlargement and generalized arteriolar thickening 

predominantly involving the muscular coat. There is an exaggerated 

urinary excretion of salt and water with the urinary sodium-to-potassium 

ratio elevated (see review by Sturtevant, 1958). The renin content 

of the kidney is low (Tobian, 1960). Green, Saunders, Wahlgren & Craig, 

(1952) demonstrated that metacorticoid hypertension is not mediated 

directly via the adrenals, the thyroid or parathyroid glands or the 

gonads. The hypertension is unaffected by drastic reduction of dietary 

sodium or potassium, and water and sodium intake are within normal 

limits. These workers suggested that the hypertension appears to involve 

the sympathetic nervous system as a final pathway with the pituitary
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acting as an intermediate agency. Green, Craig, Saunders & Sturtevant 

(1952) demonstrated that total nephrectomy produced a fall in blood 

pressure in metacorticoid hypertensive rats. Thus the kidneys are 

apparently necessary for the maintenance of metacorticoid hypertension 

although the nature of their participation is as yet unclear and the 

pathogensis of the hypertension has not been fully elucidated. 

(iii) Aldosterone-NaCl hypertension 

Kumar, Hall, Nakashima & Gornall (1957) demonstrated that small 

daily or twice daily doses of aldosterone resulted in hypertension in 

rats. The hypertension was independent of salt intake and was un- 

affected by bilateral adrenalectomy. These results were confirmed by 

Gornall et al., (1957) and Masson, Mikasa & Yasuda, (1962) but could 

not be repeated by Gaunt, Ulsamer & Chart (1957). Gross, Loustalot & 

Meier (1957) found that in rats sensitised by unilateral nephrectomy 

and substitution of 1% sodium chloride solution for drinking water 

hypertension could be produced by the daily subcutaneous injection 

of large, but not small, doses of aldosterone, and this has been 

confirmed by Hall & Hall (1967). Lesions of the cardiovascular system 

and other organs were present but were much less severe than in 

metacorticoid hypertensive rats. Hypertension has also been produced 

in 2 strains of rats by daily subcutaneous injections of angiotensin I 

or II with combined salt loading (Muirhead, Leach & Armstrong, 1973) 

and these workers have suggested that the hypertension is mediated by 

a mineralocorticoid under the influence of angiotensin. 

(iv) Cortisone acetate hypertension 

Knowlton et al. (1952) demonstrated that bilaterally adrenal- 

ectomized rats maintained on a sodium restricted diet and given daily
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subcutaneous injections of cortisone acetate rapidly developed 

hypertension. The severity of the hypertension was much less in normal 

rats or in those on a high sodium containing diet. The mechanism of 

the production of the hypertension is obscure although no lesions 

were found in the kidneys and the serum electrolyte pattern was normal. 

Serum cholesterol levels, however, were markedly elevated. 

(v) Hydrocortisone hypertension 

Friedman, Friedman & Nakashima (1952) showed that in rats daily 

subcutaneous injections of hydrocortisone acetate produced a mild 

hypertension. This hypertension was subsequently shown to be unaffected 

by uninephrectomy, substitution of 1% sodium chloride solution for 

drinking water or a combination of both. Bilateral nephrectomy was 

also without effect and young rats were shown to be more susceptible 

to the hypertension than old animals (Friedman, Friedman & Nakashima, 

1953). The hypertension was associated with a moderate increase in 

serum potassium levels, cardiac and renal hypertrophy, adrenal atrophy 

and absence of renal lesions. Friedman et al. (1953) concluded 

that the hypertension could be due to a decreased ability of the adrenal 

glands to inhibit certain pressor agents. 

(wi) Adrenal regeneration hypertension 

Skelton (1955) reported that in rats sensitised by unilateral 

nephrectomy and substitution of sodium chloride solution for drinking 

water, unilateral adrenalectomy with contralateral adrenal enucleation 

produced severe hypertension. The development of the hypertension was 

associated with hypertrophy and lesions of the kidney, heart, adrenal 

gland and brain, In a later paper (Skelton, 1956) he demonstrated that 

for the development of this type of hypertension there must be actively
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regenerating adrenal cortical tissue, a reduction in renal mass and 

availability of excess sodium chloride. This hypertension is 

pathologically similar to DOCA-NaCl hypertension. 

Skelton (1953, 1969) has also described the production of hyper- 

tension in rats by the administration of methylandrostenediol, 

methyltestosterone, testosterone and metyrapone. He considered the 

aetiology of these hypertensions to be due to an inadequacy of adrenal 

cortical 11-f-hydroxylation leading to a dysfunctional state characteris¢ i 

by overproduction of DOCA, Hall, Ayachi & Hall (1974) obtained 

hypertension in rats, sensitised by unilateral nephrectomy and 

replacement of drinking water with 1% sodium chloride solution, by 

compression of the adrenal glands and concluded that the hypertension 

was the same as that produced by Skelton (1955) but was experimentall;’ 

easier to produce. 

(vii) Salt-induced hypertension 

Selye & Stone (1943) showed that chicks given saline instead 0’! 

drinking water developed nephrosclerosis. This was confirmed by 

Lenel, Katz and Rodbard (1948) who showed that this treatment als¢ 

resulted in hypertension which persisted only whilst the sodium 

chloride was administered, Renal hypertrophy and lesions were 

observed but arteriolar lesions were absent. Sapirstein, Brandt & 

Drury (1950) elicited rapid hypertension in rats by replacing d sinking 

water with 2% sodium chloride solution. The hypertension was 

associated with renal and cardiac hypertrophy but kidney lesi¢ js were 

absent. Meneely, Tucker, Darby & Auerbach (1953) confirmed / jis 

observation and further showed that the severity of the hyps ‘tension 

was increased as the concentration of sodium chloride in t!+ diet 

was increased. Pathological lesions in blood vessels and fidneys 

appeared when the dietary concentration of sodium chlorid; was 7%  



or more. Meneely & Ball (1958) showed that a concomitant increase in 

potassium intake reduced the hypertensive action of high sodiun 

diets. Dahl (1961) produced hypertension in rats by chronic feeding 

of high doses of sodium salts and demonstrated that in the majority 

of cases the hypertension was self-sustaining. 

Dahl, Heine & Tassinari (1962) showed that by selective inbreeding, 

a strain of rats susceptible to salt hypertension was developed. In 

the same way, by inbreeding insensitive rats a strain which was 

resistant to salt hypertension was produced. Rapp & Dahl (1972) 

reported that the adrenal gland of the insensitive strain had high 

11-8 -hydroxylase activity whilst those of the sensitive strain 

possessed high 18-hydroxylase activity leading to the production of 

18-hydroxy—desoxycorticosterone. These workers also demonstrated that 

the inheritance of 18-and 11-8 -hydroxylase activities in the adrenals 

of rats genetically susceptible or resistant to salt hypertension 

followed Mendelian inheritance, 

(a) Dietary Hypertension 

(a) Hypertension produced by dietary deficiency 
  

Hartroft & Best (1949) produced hypertension in rats by subjecting 

them to a short period of dietary choline deficiency during early life. 

Grollman & White (1958) found that immature rats and dogs maintained 

on a choline or potassium deficient diet eventually developed hyper- 

tension, the onset and severity of which depended on the length of the 

dietary deficient period. The dietary deficiency caused kidney lesions 

resembling those found in human essential hypertension suggesting that 

this condition, in certain cases, may be due to early dietary deficiency.
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(e) Hereditary Hypertensions 

(i) Genetically inherited hypertensions 

Alexander, Hinshaw & Drury (1954, 1956) demonstrated that by 

selective inbreeding of rabbits with a spontaneously elevated blood 

pressure then the majority of the offspring were also hypertensive. 

Similarly, Smirk & Hall (1958) demonstrated the inheritance of hyper- 

tension in the rat by intensive inbreeding and selective cross-breeding. 

They found the incidence of hypertension to be about 40%. These 

hypertensive rats have been repeatedly cross-bred and have been termed 

the New Zealand Strain Rats with Genetic Hypertension. Phelan (1968) 

has described the subsequent improvement of this strain to produce a 

level of spontaneous hypertension in the offspring of 90%, 

Okamoto & Aoki (1963) described the production of a spontaneously 

hypertensive rat colony by selective inbreeding in which the incidence 

of spontaneous hypertension was 100% and of a severe nature. This 

colony of rats was termed the Japanese Strain of Spontaneously 

Hypertensive Rats, and has been suggested to be the best animal model 

for the study of essential hypertension in man (Okamoto, Aoki, Nosaka 

& Fulushima, 1964). Recently Okamoto, Yamori & Nagaoka (1974) have 

established a stroke-prone spontaneously hypertensive rat with the 

occurrence of severe cerebrovascular lesions. 

Only the above workers have succeeded in isolating a strain of 

animals susceptible to the occurrence of spontaneous hypertension. 

However, other workers have recorded spontaneous hypertension in 

other species, for instance, Rosenfeld, Thomas & Drury (1954) in rabbits; 

Katz, Skom & Wakerlin (1957) in dogs and by teratogenic induction of 

hypertension in rats by Grollman & Grollman (1962).
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(aa) Genetically susceptible hypertensions 

Several workers have obtained rats which are genetically more 

susceptible to the induction of renal (Iwai, Dahl & Knudsen, 1973), 

salt (Dahl, Heine & Tassinari, 1962) and DOCA-NaCl (Ben-Ishay et ale, 

1972) hypertensions, Rats which are predisposed to the induction of 

experimental renal hypertension have been reported to possess lowered 

plasma and kidney renin activities (Iwai, Dahl & Knudsen, 1973) and 

this has also been suggested to be true for salt and DOCA-NaCl 

hypertensions (Gordon, 1966, 1973). 

Aetiology of Hypertension 
  

  

(a) Renin-angiotensin system 
  

(i) Components of the system 
  

The kidney has been suspected of involvement in the aetiology of 

hypertension since the time of Bright and the discovery by Tigerstedt 

and Bergman (4898) that saline extracts of kidney tissue contained a 

pressor substance, which they termed renin, further implicated the 

kidney in the development of hypertension. However, little further 

interest was taken in this observation until the production of permanent 

experimental hypertension by Goldblatt et al. (1934). 

Braun-Menendez et al. (1940) and Page & Helmer (1940) simltancously 

demonstrated that renin was a proteolytic enzyme that acts on a 

substrate in the plasma, later shown to be ana-—2-globulin (Green 

& Bumpus, 1954), to produce an active pressor agent termed, by agreement, 

angiotensin. 

Renin is believed to be elaborated and stored in the granulated 

juxtaglomerular cells located in the wall of the afferent arteriole 

of the kidney (e.g. Goormaghtigh, 1939; Hartroft, Sutherland & Hartroft, 

1964; Ajzen, Simmons & Woods, 1965).
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The control of renin release from the juxtaglomerular cells is 

complex and not fully elucidated though available evidence provides 

support for four mechanisms which could alone or in conjunction 

control this release (see reviews by Vander, 1967; Davis 1971, 1973 and 

Assaykeen, 1972). 

(i) Intrarenal Baroreceptor Theory: The renal afferent arterioles 

and juxtaglomerular cells respond to changes in stretch which could be 

secondary to changes in vascular volume and pressure. This idea was 

first proposed by Tobian, Tomboulian & Janecek (1959) and later supported 

by Skinner, McCubbin & Page (1964) and Eide, Loyning & Kiil (1973). 

(ii) Macula Densa Theory: Renin release is mediated by either a 

decrease (Vander & Miller, 1964; Freeman et al., 1974) or increase 

(Thurau et al., 1967; Cooke et al., 1970) in sodium transport by the 

macula densa cells. 

(iii) Renal Sympathetic Nerve Control: Much evidence has accumulated 

indicating a control of renin release by the renal sympathetic nerves 

(e.g. Vander, 1967; Mogil et al., 1969; Ganong, 1972a) an effect which 

is mediated via the B-adrenergic receptors in the kidney (Ganong, 

1972b; Reid, Schrier & Earley, 1972). 

(iv) Hormonal Control: Various humoral agents, sodium and potassium 

ions, angiotensin, catecholamines and prostaglandins have been reported 

as affecting renin release (Wathen et al., 1965; Veyrat et al., 1967; 

Michelakis, Caudle & Liddle, 1969; Itskovitz & McGill, 1974; Ayers et 

al., 1974). 

Several groups of workers (Skeggs et al., 1955, 1956; Elliot & 

Peart, 1956, 1957) demonstrated that angiotensin was a polypeptide 

occurring in two forms:- a decapeptide, angiotensin I, which is
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transformed to the physiologically more active octapeptide, angiotensin 

II, by a plasma enzyme termed "converting enzyme" (Lentz et al., 

1956 and review by Erdos, 1975). Most of this conversion appears to 

occur in transit through the lungs rather than in the circulation 

itself (Ng & Vane, 1967, 1968 a & b; Oparil & Haber, 1972). 

The octapeptide, angiotensin II, may still be regarded as the 

main effector of the renin - angiotensin system. Angiotensin II has 

been ascribed sevéral physiological and pharmacological properties:-~ 

(a) Effects on the cardiovascular system: Angiotensin II remains 

the most powerful pressor agent known. It has a direct action on blood 

vessel walls causing vasoconstriction, and most of the pressor effect 

observed in man and animals is due to this action. It acts principally 

on arterioles with very little effect on venules or veins (see reviews 

by Bumpus, Schwarz and Page, 1957, 1958; Page & Bumpus, 1961; Peart, 

1965, 1975; and Page & McCubbin, 1968). Angiotensin II also stimulates 

cardiac muscle causing increased inotropic and chronotropic effects, 

(e.g. Hill & Andrus, 1941; Koch-Weser, 1964; Bonnardeaux & Regoli, 

1974). However, this action on the heart is probably unimportant 

in vivo (Peart, 1975). 

(b) Effects on nerves: Angiotensin II acts directly and indirectly on 

the brain to increase sympathetic nerve activity (see review by 

Ferrario, Gildenberg & McCubbin, 1972). The angiotensin II sensitive 

site of the brain has been shown to be the area prostrema of the 

medulla oblongata (Ueda, Katayama & Kato, 1972). Angiotensin II 

facilitates ganglionic transmission (Lewis & Reit, 1965; Farr & Grupp, 

1967; Aiken & Reit, 1968), interacts with the peripheral sympathetic 

nervous system (e.g. McCubbin & Page, 1963; Zimmerman, 1967, 1973; 

Day & Owen, 1969) and stimulates the release of catecholamines from
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the adrenal medulla (Braun-Menendez et ale, 1940; Feldberg & Lewis, 

1964; Aiken & Reit, 1968). 

(ce) Effects on the kidneys: Angiotensin II in small amounts in man 

and conscious animals produces a decrease in sodium exeretion (Bock 

& Krecke, 1958; De Bono et al., 1963; Page & McCubbin, 1968; Granger 

et al., 1972) whilst in high doses and anaesthetised animals an 

increase in sodium excretion occurs (Vander, 1963; Leyssac, 1964). 

The possibility exists that angiotensin II has a direct action on 

tubular sodium reabsorption (see reviews by Peart, 1969, 19175). 

(a) Effects on the adrenal glands: The close relationship of the kidney, 

the adrenal glands and aldosterone production described by Gross (1960) 

and later Davis (1962, 1963) led to the hypothesis that angiotensin II 

stimulated the zona glomerulosa of the adrenal cortex in man to release 

aldosterone. Further evidence accumlated suggesting that angiotensin 

II was a major physiological regulator of aldosterone secretion in 

many species except the rat (e.g. Genest, 1961; Davis, Ayers & 

Carpenter, 1961; Ganong & Mulrow, 1961; Miller et al., 1968). The 

specificity of the aldosterone stimlating effect of angiotensin IT 

has been questioned. For example, it has been show (Lowenstein et 

al., 1972) that in rabbits specific antibodies to angiotensin II 

fail to prevent aldosterone responses to renin release. Recent reports 

have shown that the naturally occurring heptapeptide fragment of 

angiotensin II, (dep=asnertic )-auciotensin II, is a potent stimulator 

of aldosterone biosynthesis in rats, sheep and dogs, both in vitro 

(see review by Goodfriend and Peach, 1975) and in-vivo (Blair-West 

et al., 1971; Campbell, Brooks & Pettinger, 1974; Spielman et al., 

1974). It has been suggested that (des-aspartic! )-angiotensin II may 

be the mediator of the renin-angiotensin system at the level of the
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adrenal receptor, (see review by Peart, 1975). This hypothesis is 

supported by the fact that both the heptapeptide and octapeptide are 

more effectively inhibited in the adrenal by specific antagonists of 

(dentuepauiis angiotensin II (see review by Goodfriend & Peach, 1975). 

Angiotensin II is believed to be metabolised, mainly in the tissues, 

by peptidases termed "angiotensinases" (Khairallah et al., 1963; 

Pickens et al., 1965). 

(41) Role of the renin-angiotensin system in the production of 

hypertension 

The renin-angiotensin system has been reported to be involved in 

the production and maintenance of various forms of experimental 

hypertension (see reviews by Page & McCubbin, 1968; Ledingham, 1971; 

Davis et al., 1974; Page, 1974 and Peart, 1975). 

However, determinations of plasma levels of renin and angiotensin 

II have produced conflicting results. During the acute stages of 

experimental one and two-kidney renal hypertensions in rats, dogs and 

rabbits, there is strong evidence to suggest an involvement of the 

renin-angiotensin system (e.g. Page, 1940; Dell'Oro & Braun-Menendez, 

1942; Govaerts & Verniony, 1952; Page, Kaneko & McCubbin, 1966; 

Koletsky et al., 1966; Lupu, Sambhi & Maxwell, 1967; Sen, Smeby & 

Bumpus, 1972; Gulati et al., 1975; Hutchinson et al., 1975) whilst 

the weight of evidence suggests no increase in circulating levels of 

renin or angiotensin II during the chronic stage of experimental one- 

kidney renal hypertension in rats, dogs and rabbits (esgs Peart, 

Robertson & Grahame-Smith, 1961; Ebrihara & Grollman, 1968; Koletsky, 

Shook & Rivera-Valez, 1970; Baer, Knowlton & Laragh, 1972; Hutchinson 

et al., 1975). Recent evidence has indicated a positive correlation 

between blood pressure and plasma renin and angiotensin II
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levels in the chronic stage of two-kidney renal hypertension in the 

rat (e.g. Leenen, De Jong & Dewied, 1973; Oates, Stokes & Storey, 

1975; Hutchinson et al., 1975). 

Decreased levels of circulating renin have been reported in 

other non-renal forms of experimental hypertension in rats, for example 

DOCA-NaC1 hypertension (Gross, Loustalot & Sulser, 1956; Gross & 

Sulser, 1956; Goodwin, Knowlton & Laragh, 1969; De Champlain, 1972) 

and adrenal regeneration hypertension (Masuyama et al., 1969; Hasatani, 

Morimoto & Takeda, 1975). 

In all the above forms of hypertension there have been reports 

which are contrary to those stated here. Until more accurate 

analytical methods become available for the determination of plasma 

renin and angiotensin II levels, no definite conclusions can be made. 

Immunological studies employing either injection or endogenous 

production of renin antibodies have provided strong evidence that 

the renin-angiotensin system is directly responsible for the rise in 

blood pressure in experimental one and two-kidney renal hypertensions 

in rats, dogs and rabbits (e.g. Wakerlin & Johnson, 1941; Wakerlin, 

1958; Frank, 1963; Hill, Chester & Wisenbaugh, 1970; Romero et ales 

1973) but due to lack of antibody specificity a certain amount of doubt 

has been cast on these studies (see reviews by Page & McCubbin, 1968 and 

Peart, 1975). 

The recent development of specific antibodies against angiotensin 

II has overcome this problem of specificity but the results have 

still been contradictory. Several reports (e.g. Christlieb, Biber & 

Hickler, 1969; Carretero et al., 1971) have stated that both one and 

two-kidney renal hypertensions do not develop in rats and rabbits
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immunized against angiotensin II whilst other workers (e.g. Bide & 

Aars, 1969, 1970; Johnston et al., 1970; Bide, 1972) have reported 

the opposite. Walker, Ruiz-Maza & Horvath (1972) have suggested that 

the level of free (unbound) angiotensin II is suffieient for 

angiotensin II to participate in physiological processes despite high 

titers of antibodies for the octapeptide. 

The formation of angiotensin I by renin can be inhibited by a 

naturally occurring phospholipid termed renin preinhibitor (Sen, 

Smeby & Bumpus, 1967). Injection of renin preinhibitor reduces the 

blood pressure in both short-term and long-term (40 weeks duration) 

one and two-kidney renal hypertensive rats (Sen, Smeby & Bumpus, 1968, 

1969). However, the blood pressure never returns to normotensive 

levels, and plasma renin activity is not completely inhibited (see 

review by Davis et al., 1974). 

Converting enzyme, which is responsible for the conversion of 

angiotensin I to angiotensin I], is inhibited by SQ 20881, a nonapeptide 

originally isolated from Bothrops jararuca venom (Ferreira et al., 1970). 

Romero, Mak & Hoobler (1974) have shown that SQ 20881 reduces the blood 

pressure, although not to normal levels, of rabbits with acute one and 

two-kidney renal hypertensions but has no effect on chronic one- 

kidney hypertension. These workers suggested that in the acute renal 

hypertensive model the hypertension is dependent on the renin-angiotensin 

system but not in the chronic one-kidney hypertensive animal. 

The recent use of angiotensin II analogues, particularly 

1-sarcosine-8-alanine angiotensin II (P 113), which act as specific 

competitive antagonists of angiotensin II has also provided evidence 

of the role of the renin-angiotensin system in experimental renal 

hypertensions. It has been stated that the renin-angiotensin system is 
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involved in the pathogenesis of acute one-kidney hypertension in 

rats and dogs, two-kidney hypertension in rats and chronic two-kidney 

hypertension in rats, A lack of involvement of the renin-angiotensin 

system in chronic one-kidney hypertension in rats, dogs and rabbits 

and chronic two-kidney hypertension in rabbits has been reported 

(see reviews by Davis et al., 1974 and Peart, 1975; Johnson et al., 

1975; MacDonald, Boyd & Peart, 1975). 

If renin and angiotensin II are involved in the production of 

hypertension then injections or infusions of these substances should 

be capable of producing hypertension in normotensive animals, As 

described in the previous section (p.14) injections of renin are capable 

of producing hypertension in the rat (Masson et ale, 1964, 1966; 

Masson, 1966). Similarly prolonged infusions of renin are reported to 

produce a sustained rise in the blood pressure of rabbits (Blacket et al., 

1950). However, due to the lack of high purity renin and the formation 

of antirenin when using heterologus renin, the effect of prolonged 

infusions of angiotensin II has more often been employed to investigate 

the role of the renin-angiotensin system in the pathogenesis of 

hypertension. 

Brown, Chapius & Robertson (1963, 1964) have succeeded in 

maintaining hypertension in conscious rabbits for as long as 3 months 

by continuous intravenous infusions of pressor dose levels of angiotensin 

II, Blood pressure fell rapidly to normal, or below normal, when the 

infusion was stopped. However, in conscious dogs, infusions of high 

doses of angiotensin II produce a large rise in blood pressure followed 

by a return to the pre-infusion levels despite continued infusions 

(Bock & Gross, 1961; Page & Olmsted, 1961). Inability to maintain an 

elevated blood pressure during infusions of high doses of angiotensin II
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is probably due to the development of tachyphylaxis (Day, McCubbin & 

Page, 1965). 

Subpressor infusions of angiotensin II are capable of producing 

a progressive rise in blood pressure in rabbits and dogs which is 

maintained for the duration of the infusions (e.g. Dickinson & 

Lawrence, 1963; Yu & Dickinson, 1965; McCubbin et al., 1965; 

Dickinson & Yu, 1967). The rise in blood pressure appears to be dependent, 

to a large degree, upon the action of angiotensin on the sympathetic 

nervous system (McCubbin & Page, 1963; McCubbin ct al., 1965; 

Dickinson & Yu, 1967) since, for example, prior administration of 

bethanidine prevents the rise in blood pressure (Dickinson & Yu, 1967). 

The involvement of the autonomic nervous system gradually increases, 

as assessed by serial injections of ganglion-blocking drugs (Yu & 

Dickinson, 1965). Subpressor daily doses of angiotensin I or II 

combined with salt intake are also capable of producing hypertension in 

the rat (Muirhead, Leach & Armstrong, 1973). 

The precise role of the renin-angiotensin system in the pathogenesis 

of hypertension is still not clear but the published evidence strongly 

suggests its involvement in acute one and two-kidney renal hypertensions. 

(b) Role of the sympathetic nervous system in the aetiology of hypertension 

There is a considerable body of evidence implicating the sympathetic 

nervous system in the production and maintenance of hypertension 

(see reviews by Page & McCubbin, 1968; De Champlain, 1972 and Schmid 

& Abboud, 1974). 

Inconsistent results, as to the role of the sympathetic nervous 

system in hypertension, have been obtained using surgical sympathectomy 

and this is probably due to the difficulty in obtaining a total 

sympathectomy (see review by Braun—-Menendez et al., 1946). However, total
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destruction of the spinal cord in experimental renal hypertensive or 

normotensive dogs, rabbits or rats lowers the blood pressure to the 

same level (Dock, 1940; Dock, Shindler & Moy, 1942; Taquini, Blaquier 

& Bohr, 1961; Taquini, 1963) thus suggesting,in renal hypertensive 

animals, the nervous system is almost wholly responsible for the elevated 

blood pressure (see review by Page & McCubbin, 1968). 

Immunosympathectomy has recently been made possible by the isolation 

of antiserum to nerve growth factor (Levi-Montaleini, 1964; Levi- 

Montalcini & Angletti, 1968). Whilst being ineffective in delaying 

the onset of renal hypertension in rats, immunosympathectomy has been 

reported to prevent the maintenance of the hypertension (Dorr & Brody, 

1964; Ayitey-Smith & Varma, 1970), Immunosympathectomy in the rat 

has also been reported to prevent, in a large part, the development 

of DOCA-NaC1 hypertension (Ayitey-Smith & Varma, 1970), triiodothyronine 

accelerated salt hypertension (Willard & Fuller, 1969) and genetic 

hypertension (Okamoto et al., 1967; Clark, 1969, 1971; Clark & 

Simpson, 1970). This method of study however, suffers from the fact 

that the immunosympathectomy, although irreversible, is subtotal 

(Zaimis, 1965; Zaimis, Berk & Callingham, 1965; Iversen, Glowinski & 

Axelrod, 1966; Levi-Montalcini & Angeletti, 1966, 1968). 

Degeneration of the sympathetic post-ganglionic nerve terminals 

by 6-hydroxydopamine (see reviews by Thoenen, 1972 and Kostrzewa & 

Jacobowitz, 1974) has been employed to determine the role of the 

sympathetic nervous system in various forms of experimental hypertension. 

Grewal & Kaul (1971) demonstrated that in weanling rats systemically 

administered 6-hydroxydopamine prevented the development of renal 

hypertension whilst Grewal & Kaul (1971) and Finch & Leach (1970) 

showed that in adult rats systemically administered 6-hydroxydopamine 

did not affect the development or maintenance of renal hypertension.
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Mueller & Thoenen (1970) reported that in adult rats systemically 

administered 6-hydroxydopamine delayed the onset of DOCA-NaC1 

hypertension but failed to prevent its development whilst Finch & 

Leach (1970) and Clarke, Smookler & Barry (1970) deseribed a lack of 

effect on both the onset and maintenance of DOCA-NaCl hypertension. 

De Champlain & Ameringen (1972) demonstrated that the combined effect 

of chemical sympathectomy with 6-hydroxydopamine and bilateral 

adrenalectomy caused the blood pressures of both DOCA-NaCl hypertensive 

and normotensive rats to fall to the same level whilst individually 

each procedure had little effect on blood pressure. Systemic adminis- 

tration of 6-hydroxydopamine has been reported to prevent the production 

of genetic hypertension in rats (Clark, 1969; Finch, Haeusler & 

Thoenen, 1973; Vapaatalo et al., 1974; Clark & Phelan, 1975). Centrally 

administered 6-hydroxydopamine has been reported to prevent the 

production of DOCA-NaCl hypertension in rats (Finch, Haeusler & 

Thoenen, 1972; Dargie, Dollery & Lewis, 1975), renal hypertension in 

rabbits (Lewis, Reid, Chalmers & Dollery, 1973; Chalmers, Reid & Wing, 

1974) and genetic hypertension in rats (Haeusler, Finch & Thoenen, 1972; 

Erinoff, Heller & Oparil,1975). Centrally administered 6-hydroxydopamine 

has also been reported not to affect established genetic hypertension 

in rats (Hacusler, Gerold & Thoenen, 1972) but caused the blood pressure 

to fall in established renal hypertension in rabbits (Chalmers, Reid 

& Wing, 1974). An ‘irreversible’ sympathectomy can only be obtained if 

6-hydroxydopamine is administered to newborn animals and the number of 

adrenergic neurones affected, especially centrally, is greater than 

that obtained with the 'reversible' sympathectomy which is obtained 

when 6-hydroxydopamine is administered to adult animals (see reviews 

by Thoenen, 1972 and Kostrzewa & Jacobowitz, 1974). When chemical
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sympathectomy with 6-hydroxydopamine has been performed in young animals 

the importance of the sympathetic nervous system in the development and 

maintenance of all types of experimental hypertension has been demon= 

strated. 

Chemical sympathectomy has also been shown to be produced by the 

chronic administration of large doses of guanethidine to adult rats 

(Jensen-Holm & Juul, 1970; Burnstock et al., 1971; Heath et al., 1972; 

Juul, 1973). In newborn rats guanethidine is more toxie to the 

sympathetic adrenergic neurones than in adult animals (Branko & Eranko, 

1971 a & b; Angeletti & Levi-Montalcini, 1972; Angeletti et al., 1972; 

Liuzzi et al., 1974). Douglas et al. (1975 a & b) have reported that 

chemical sympathectomy with guanethidine has no effect on the production 

of either one or two-kidney renal hypertension in rats. Chemical 

sympathectomy with guanethidine will, however, only be effective 

peripherally since it does not cross the blood-brain barrier (see 

review by Mull & Maxwell, 1967). 

Hexamethonium has been found to lower the blood pressure of both 

hypertensive and normotensive animals and man to similar levels (Doyle 

& Smirk, 1954; Smirk & Hall, 1958; Smirk et al., 1958; Laverty & Smirk, 

1961; Phelan, Eryetishir & Smirk, 1962; Phelan, 1966; Smirk, 1970; 

Louis, Doyle, Anavekar & Chua, 1973). This indicates that the elevated 

component of blood pressure in hypertension is maintained by the 

sympathetic nervous system and the action of sympatholytic drugs depends 

upon a reduction of this component for their useful clinical actions 

(Smirk, 1970). 

The effectiveness of antihypertensive compounds which act by 

impairment of the peripheral sympathetic nervous system such as 

@—blockers, adrenergic neurone blockers, transmitter depletors,
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ganglion blockers, enzyme inhibitors of noradrenaline synthesis and 

drugs which lead to the release of false transmitters strongly 

indicate the involvement of a neurogenic component in the maintenance 

of both experimental and clinical hypertensions (see reviews by Smirk, 

1967 and Frohlich, 1974). 

Cardiovascular reactivity provides an approximate index of the 

sympathetic discharge to the heart and blood vessels (Smirk, 1970). 

Since cardiovascular hyper-reactivity is normally observed in hyperten- 

sives when compared to normotensives a sympathetic component in the 

development and maintenance of hypertension is indicated (see later 

section p. 38). 

Hyper-reactivity of the sympathetic nervous system may be due to a 

dysfunction of the baroreceptors. If the blood pressure of an animal 

is raised and maintained high baroreceptor activity initially reflects 

the high blood pressure but after one to two days starts to decline, 

(see review by Aars, 1975). In animals with established renal or 

genetic hypertension baroreceptor activity at all pressures is lower 

than normal (e.g. McCubbin, Green & Page, 1956; McCubbin, 1958; 

Kreiger & Marseillan, 1966; Kezdi, 1967; Aars, 1968 a & b; Kreiger, 

1970; Nosaka & Wang, 1972; Angell-James, 1973). For example, the 

aortic baroreceptors have a higher threshold and a lower sensitivity to 

pressure in renal hypertensive rabbits than normotensive rabbits (Aars, 

1968b; Angell-James, 1973). These changes in baroreceptor activity 

have also been reported in hypertensive patients (e.g. Bristow et 

al., 1969; Wallin, Delius & Hagbarth, 1973). It has been suggested 

that these changes in baroreceptor activity are secondary to the 

reduction of arterial distensibility which occurs in hypertensive 

patients and animals (see reviews by Aars, 1975 and Korner, 1975).
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It has been shown that in the hypertensive rabbit, aortic distensibility 

is reduced as is baroreceptor activity (Aars, 1968a; Angell-James, 

1973) and simultaneous recordings of aortic and carotid sinus 

diameters and baroreceptor activity have suggested that receptor activity 

changes in parallel with the distensibility (Aars, 1969; Koushanpour 

& Kenfield, 1974). Thus the baroreceptor may be normal, the altered 

threshold and sensitivity being due to changes in other elements 

of the arterial wall caused by the hypertension (Aars, 1975). 

Increased turnover of noradrenaline would indicate hyper- 

reactivity of the sympathetic nervous system. However, measurements of 

noradrenaline turnover in peripheral tissues of both human and experimental 

hypertensives have produced conflicting results (see reviews by 

De Champlain, 1972 and Schmid & Abboud, 1974). Recently measurements 

of noradrenaline turnovers in the brain of renal and genetic hypertensive 

animals have also produced conflicting results (see reviews by Schmid 

& Abboud, 1974; Haeusler, 1975 and Chalmers, 1975). In DOCA-NaC1 

hypertensive rats, Nakamura, Gerold & Thoenen (1971) and De Champlain 

& Ameringen (1973) have reported a decreased turnover of noradrenaline 

in the medulla oblongata without a change in other regions of the brain. 

In the same rats these workers found an increase in the turnover of 

noradrenaline in the heart. It has been suggested that in rats with 

DOCA-NaCl hypertension the reduced activity in noradrenergic neurones 

in the medulla oblongata is responsible for the increased activity of 

peripheral sympathetic nerves and hence the hypertension (see reviews 

by Chalmers 1975 and Hacusler, 1975). 

Increases in plasma levels and urinary exeretion of catecholamines 

and their metabolites may be considered to provide indirect evidence 

of sympathetic overactivity. However, the published results have been 

contradictary (see reviews by De Champlain 1972 and Schmid & Abboud, 1974).
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Iriuchijima, Mizogami & Sokabe (1975) have measured the sympathetic 

"tone'of the splanchnic nerve during the development of DOCA-NaC1 

and one and two-kidney renal hypertensions in rats. They reported 

that nervous activity, two weeks after initiation of the hypertension, 

was markedly increased in DOCA-NaCl hypertension, reduced in two- 

kidney renal hypertension and unchanged in one-kidney renal hypertension. 

Although the role of the sympathetic nervous system in the 

pathogenesis of hypertension has not been absolutely clarified the 

published literature suggests a role in the development and maintenance 

of DOCA-NaCl hypertension and an involvement in the chronic stage of 

experimental renal and human hypertensions. 

(c) Cardiovascular Reactivity 

(i) Proposed role in the aetiology of hypertension 

Cardiovascular reactivity has been defined as "the changing ability 

of blood vessels to respond to the same stimulus, whether nervous or 

humoral in origin" (Page & McCubbin, 1963). Though the pathogenesis 

of hypertension remains confused, it is generally agreed that the basic 

defect is an excessive resistance to blood flow due to a diminished 

calibre of arterial vessels, especially of the systemic arterioles 

(see reviews by Pickering, 1955; Page & McCubbin, 1968 and Page, 1974). 

The exact mechanism causing the narrowing of small arteries and 

arterioles is not understood but two hypotheses have been proposed 

(Gordon & Nogueira, 1962; Holloway & Bohr, 1973):- 

The mechanical hypothesis: Structural changes in the walls of 

small vessels may lead to narrowing of the lumen and increase in the 

wall-lumen ratio (see reviews by Giese, 1966 and Page, 1974). However, 

many of the changes such as vascular smooth muscle and fibrinoid 

necrosis in arteries from hypertensive animals and man appear to be 

secondary, and are either adaptive, or a pathological consequence of the
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raised arterial pressure itself (Folkow, Grimby & Thulesius, 1958; 

Hinke, 1965; Hollander et al., 1968; Folkow, 1971, 1975; Wolinsky 1972; 

Folkow et ale, 1973). If this hypothesis is true then vascular hyper- 

reactivity may be explained by an "apparent" rather than a "true" 

supersensitivity to pressor substances. The degree of smooth muscle 

cell shortening to pressor substances is normal but owing to the 

increased wall-lumen ratio the increase in peripheral resistance is 

greater than in normal vessels (Collis & Alps, 1975). In perfused 

arterial tissues this is evidenced by a steeper dose-response curve with 

an elevated maximum response (Folkow et al., 1970). 

The contractile hypothesis: Increased tone in the vascular 

resistance beds will also lead to a narrowing of these vessels. 

This may result from increased nervous or chemical stimulation or 

hyper-reactivity of the resistance vessels to vasoconstrictor stimuli 

(see review by De Champlain, 1972). Neither increased nervous activity 

nor increased circulating levels of physiologically active pressor 

substances in human and experimental hypertensions have been conclusively 

demonstrated (see reviews by Braun-Menendez et al., 1946; Pickering, 1955, 

1968; Page & McCubbin, 1968 and Page, 1974). Thus the idea that 

vascular smooth muscle of hypertensives might react excessively to 

normal nervous and humoral influences, particularly noradrenaline, 

has become increasingly popular (see review by De Champlain, 1972). 

If this hypothesis is true then vascular hyper-reactivity may be explained 

by a "true" supersensitivity (increased responsiveness) to pressor 

substances. Thus the same submaximal dose of agonist evokes a greater 

than normal degree of shortening in the vascular smooth muscle cell 

(Collis & Alps, 1975). In isolated arterial tissues, "true" super- 

sensitivity is evidenced by a displacement of the dose-response curve to
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the left of the control with a lower vasoconstrictor threshold 

(Haeusler & Finch, 1972). 

(ii) Evidence for cardiovascular hyper-reactivity as a factor in 

the aetiology of hypertension. 

The large number of reports examining the role of cardiovascular 

reactivity in the aetiology of hypertension have produced confusing 

and conflicting results. This may be partly due to the various 

experimental conditions employed:- 

(a) various types of human and experimental hypertension 

(b) various types of preparation (e.g. whole animal, isolated 

organ, vascular bed) 

(c) test material used (e.g. noradrenaline, angiotensin, 5HT, 

tyramine, oxygen, psychic stimli) 

(a) method of determination (e.g. single dose, dose-response curves. 

pressure-flow rates, intravenous or intra-arterial infusion) 

(e) interpretation of results (e.g. mechanical, contractile, 

reflex). 

Studies in hypertensive patients have suggested that there is 

increased cardiovascular reactivity in essential hypertension but 

not in various types of human renal hypertension (Mendlowitz, 1967). 

However, there has been disagreement about whether the cardiovascular 

hyper-reactivity resulted from increased responsiveness of vascular 

smooth muscle or from a different level of tone, or different wall-to- 

lumen ratio of the vessels (Sivertsson, 1970; Folkow et al., 1973; 

Mendlowitz, 1973; Horowitz et al., 1974; Folkow, 1975). This difficulty 

in interpreting results obtained from blood pressure measurements 

in the whole body led to the use of evaluating cardiovascular reactivity 

in local vascular beds or isolated arterial strips. This method has
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produced a great deal of evidence for the existence of cardiovascular hyper- 

reactivity in essential hypertension (see review by Smirk, 1967). 

Cardiovascular reactivity has also been examined in more direct 

observations on peripheral blood vessels. Griseman (1952, 1954, 1956) 

demonstrated increased digital capillary narrowing when noradrenaline 

was infused into hypertensive subjects compared with normotensives. 

Lee & Holze (1951) reported increased responsiveness of conjunctival 

vessels to directly applied adrenaline in essential hypertensives. 

Mendlowitz (1967) has stated that cardiovascular reactivity 

studies are most productive if the methods employ either intra- 

arterial or intravenous infusions (preferably the former to minimise 

general baroreceptor and other responses affecting the general circul- 

ation) after inhibition of sympathetic nerve discharge (employing 

either ganglionic blockade or heat or both) and interpreting changes 

in flow and pressure in terms of vasoconstriction rather than 

resistance, Under these conditions essential hypertensive subjects 

have been demonstrated to possess cardiovascular hyper-reactivity to 

noradrenaline and angiotensin -(Mendlowitz et al., 1965). However, 

under similar conditions a lack of cardiovascular hyper-reactivity to 

noradrenaline and angiotensin has been reported in human renal hyper— 

tension (Mendlowitz & Naftchi, 1958; Mendlowitz et al., 1961, 1962, 1965). 

The greater antihypertensive action of many compounds in hypertensive 

man and animals compared with that in similar normotensive species 

has been claimed to demonstrate cardiovascular hyper-reactivity in 

hypertension (Stanton & White, 1964; Willard & Beckhelm, 1968; 

Nagaoka, Kikuchi & Aramaki, 1969; Frohlich, 1974). 

The profusion of evidence relating to cardiovascular hyper-— 

reactivity in experimental hypertension is even more conflicting and



confusing than that relating to human hypertension. 

The effect on the blood pressure of renal hypertensive animals 

to an immense variety of pressor stimuli has produced contradictory 

results (see reviews by Page & McCubbin, 1968 and De Champlain, 1972). 

Masson, Page & Corcoran (1950) reported no increase in blood 

pressure responses in DOCA-NaCl hypertensive rats to injections of 

adrenaline, renin and angiotensin compared with normotensive rats. 

Other workers (e.g. Sturtevant, 1953, 1956; Carlini, Sampaio & Paiva, 

1959; Holloway, Sitrin & Bohr, 1972; Armstrong, 1972) have reported 

cardiovascular hyper-reactivity to a variety of pressor substances 

in DOCA-NaCl hypertensive rats. 

A lack of cardiovascular hyper-reactivity to catecholamines and 

acetylcholine has been reported in adrenal regeneration hypertension 

in rats (Gardener & Honore, 1964), Cardiovascular hyper-reactivity to 

adrenaline, 5HT and methylisothiourea, but not to noradrenaline and 

angiotensin, has been shown in genetically hypertensive rats (see 

review by Laverty, McGregor & McQueen, 1967). Exaggerated cardiovascular 

responses to 'psychological stress' have been observed in spontaneously 

hypertensive rats (Hallback & Folkow, 1974; Hallback, 1975). 

Studies in the whole animal are subject to the difficulties 

stated previously (p.38) and the use of perfused vascular beds and 

isolated tissues free from reflex controls have been employed. 

In isolated vascular beds and tissues from renal hypertensive 

animals cardiovascular hyper-reactivity to a variety of pressor agents 

(usually angiotensin, noradrenaline and 5HT) has been reported (see 

reviews by Smirk, 1967; Page & McCubbin, 1968 and De Champlain, 1972). 

However, Redleaf & Tobian (1958) and Mallov (1959) using aortic strips 

from renal hypertensive rabbits and rats,respectively,failed to 

demonstrate any cardiovascular hyper-reactivity to adrenaline and
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noradrenaline, 

Collis & Alps (1975) reported an increased responsiveness (true 

increase in sensitivity) of the rat mesenteric vasculature to norad- 

renaline and angiotensin, but not potassium chloride, during the develop- 

ment of renal hypertension. However, these workers found that in the 

later stages of renal hypertension there was cardiovascular hyper 

reactivity (apparent increase in sensitivity) of the mesenteric vasculature 

to all three compounds. 

An increased responsiveness to noradrenaline has been observed 

in the saphenous and cephalic veins from renal hypertensive rabbits 

(Bevan et al., 1974) and the portal vein of spontaneously hypertensive 

rats (Greenberg & Bohr, 1975). 

Demura et al. (1965) and Baum & Shropshire (1967) have reported 

cardiovascular hyper-reactivity of the isolated perfused rat hindquarters 

from DOCA-NaCl hypertensives to noradrenaline and angiotensin but not +7 

sympathetic stimulation. Similarly, Armstrong (1972) reported 

cardiovascular hyper-reactivity to noradrenaline and 5HT in this 

preparation. However, Oono (1966) reported no increase in cardio- 

vascular reactivity to noradrenaline and angiotensin. 

Hinke (1965) demonstrated an increased responsiveness of isolated 

perfused ventral caudal arteries of DOCA-NaCl hypertensive rats to 

noradrenaline, 5HT and rat serum. 

Beilin et al. (1970) using the isolated perfused rat tail observed 

cardiovascular hyper-reactivity to noradrenaline but not 5HT in 

DOCA-NaCl hypertensive rats, whilst Beilin & Ziakus (1972) employing 

the same preparation reported cardiovascular hyper-reactivity to both 

noradrenaline and 5HT in metacorticoid hypertensive rats. Finch 

(1971, 1975) reported cardiovascular hyper-reactivity to noradrenaline
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in perfused mesenteric arteries from DOCA-NaCl hypertensive rats. 

Contrary to these results Redleaf & Tobian (1958) and Mallov (1959) 

obtained smaller responses to adrenaline and noradrenaline from 

isolated aortic strips of DOCA-NaCl hypertensive rats than normotensive 

rats. Bohr & Sitrin (1970) and Hansen, Abrams & Bohr (1974) have 

reported increased responsiveness of the femoral artery from DOCA-NaC1 

hypertensive rats to potassium chloride, adrenaline and noradrenaline. 

Laverty (1961) and Armstrong (1972) employing the isolated 

hind-limb preparation and McGregor & Smirk (1968, 1970) using the 

isolated mesenteric artery preparation have reported cardiovascular 

hyper-reactivity to 5HT, noradrenaline and angiotensin in genetically 

hypertensive rats. A lack of cardiovascular hyper-reactivity of 

aortic strips from spontaneously hypertensive rats to noradrenaline, 

angiotensin, potassium, barium and oubain has been shown (Spector 

et al., 1969; Clineschmidt et al., 1970; Shibata, Kurahashi & Mori, 

1971). Lais & Brody (1975) found an increased responsiveness of the 

isolated hindquarters from spontaneously hypertensive rats to norad- 

renaline. Fujiwara, Kuchii & Shibata (1972) reported a decreased 

inotropic response to isoprenaline, adrenaline and noradrenaline on 

isolated atria from spontaneously hypertensive rats but an increased 

negative inotropic response to potassium ions, 

Thus the majority of reports in the published literature suggest 

that there is cardiovascular hyper-reactivity in both essential hyper- 

tension in man and various forms of experimental hypertension in animals, 

However, whether the cardiovascular hyper-reactivity is due to an 

actual increase in the sensitivity of vascular smooth muscle cells or 

simply the result of adaptive structural changes in the blood vessels 

due to the elevated blood pressure has not been established.
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Antihyvertensive Agents 

Evidence that an elevated blood pressure is harmful and that the 

lowering of blood pressure in hypertensive patients is beneficial 

has come from many sources (see reviews by Frohlich, 1974 and McKenny, 

1974). No consistent abnormality in the sympathetic nervous system 

or of the biosynthesis, metabolism or concentrations of circulating 

catecholamines has been demonstrated (see reviews by Peart, 1966; 

Page & McCubbin, 1968; De Champlain, 1972 and Frohlich, 1974). 

However, pharmacological sympathectomy and antihypertensive agents 

affecting the sympathetic nervous system, by alteration in cardiac 

output or peripheral resistance, do permit effective control of blood 

pressure (see reviews by Hunninghake, 1969 and Frohlich, 1974). Of 

the antihypertensive agents acting by modification of sympathetic 

function, guanethidine and a-methyldopa are the compounds, at the time 

of writing, most used in general practice. 

Guanethidine has been used extensively in the treatment of 

moderately severe hypertension (see reviews by Frohlich, 1974 and 

MeKenny, 1974). However, Stanton & Cooper (1966, 1967) have found it 

ineffective in metacorticoid or adrenal regeneration hypertensions. 

The mode of action of guanethidine is complex and not fully elucidated 

(see reviews by Boura & Green, 1964; Green & Boura, 1964; Mull & 

Maxwell, 1967 and Frohlich, 1974). 

Guanethidine is believed to act by preventing the release of 

adrenergic transmitter from the nerve endings (see reviews by Boura 

& Green, 1964; Mull & Maxwell, 1967 and Frohlich, 1974). Guanethidine 

does not penetrate the blood-brain barrier and is devoid of any central 

actions (Baum, Shropshire & Varner, 1972). ‘The basis for its 

penetration of, and accumlation in, sympathetic nerve endings is the 

existence of a special amine concentrating mechanism probably located



  

at the level of the cell membrane and involved in the uptake of 

noradrenaline (see reviews by Malmfors, 1965; Carlsson, 1966; Mull & 

Maxwell, 1967 and Mitchell & Oates, 1970). 

Guanethidine depletes catecholamine stores (see reviews by 

Boura & Green, 1965; Zaimis, 1964 and Frohlich, 1974) but this action 

is not considered important in its adrenergic neuronal blocking action 

since the degree of blockade does not parallel the loss of noradrenaline 

stores (Zaimis, 1964). Guanethidine also produces complete block of 

adrenergic transmission before it produces a measurable loss of 

noradrenaline stores, and the blockade disappears before the amine 

content is noticeably repleted (Cass & Spriggs, 1961; Sanan & Vogt, 

1962). However, Burnstock et al. (1971) and Johnson, Cantor & Douglas 

(1975) have reported that prolonged treatment with high doses of 

guanethidine results in destruction of peripheral sympathetic nerves 

in adult and newborn rats. 

Green (1960) and Bein (1960) demonstrated that guanethidine 

possessed powerful local anaesthetic effects and Boura & Green (1965) 

suggested that this was the basis of its action in blocking sympathetic 

nerves despite the demonstration that adrenergic neurone blockers do 

not suppress action potentials in postganglionic sympathetic nerves 

(Bxley, 1957, 1960). Boura & Green (1965) proposed that guanethidine 

stabilised the intraneuronal storage granules by an action analogous 

to its depression of nerve conduction and this produced adrenergic 

neuronal blockade. 

The possibility of a direct influence of guanethidine on vascular 

tone has been suggested by Abboud & Eckstein (1962) who reported that 

guanethidine produced vasodilation by stimulation of B-adrenergic



  

suA5 

receptors or other dilator receptors which are blocked by dichloro- 

isoprenaline. 

@-methyldopa has achieved widespread popularity for the treatment 

of moderately severe and severe hypertension (see reviews by Frohlich, 

1974 and McKenny, 1974). The mode of action of a%=methyldopa has been 

the subject of many investigations since the demonstration by Oates, 

Gillespie, Undenfriend & Sjoerdsma (1960) that it lowered the blood 

pressure of hypertensive patients (see reviews by Muscholl, 1966, 1972; 

Stone & Porter, 1966; Sourkes & Rodriguez, 1967 and Henning, 1969a). 

Sourkes (1954) reported that a-methyldopa was a potent in vitro 

inhibitor of dopa decarboxylase. Dopa decarboxylase inhibition in vivo 

was demonstrated by Dengler & Reichel (1957) and Westermann, Balzer 

& Knell (1958). 

Tissue levels of noradrenaline, dopamine and 5HT were reported to 

be lowered by o-methyldopa (Smith, 1960; Oates et al., 1960; Hess, 

Connamacher, Ozaki & Undenfriend, 1961; Kuntzman et al., 1961). It 

is now largely agreed that &-methyldopa lowers catecholamine levels 

chiefly by a mole for mole displacement of noradrenaline from its 

intraneuronal storage sites by the amine metabolites of a-methyldopa 

(Carlsson & Lindqvist, 1962; Maitre & Staehelin, 1963; Muscholl & 

Maitre, 1963; Anden, 1964; Shore, Busfield & Alpers, 1964). 

During treatment with a-methyldopa the depleted amines are 

replaced by the metabolites of ou-methyldopa (i.e. a@-methyldopamine 

and g-methylnoradrenaline) and both have been identified in the brains 

and peripheral tissues of animals given a-methyldopa (Carlsson & 

Lindqvist, 1962; Muscholl & Maitre, 1963; Porter, Totaro & Burein, 

1965; Torchiana, Porter, Watson & Stone, 1965). Evidence has 

accumulated that a-methylnoradrenaline is stored in the same way
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as normal transmitters (see review by Henning, 19692). Muscholl & 

Maitre (1963) demonstrated that « -methylnoradrenaline formed from 

a«-methyldopa was released during stimulation of the sympathetic nerves 

in isolated rabbit hearts. 

Carlsson & Lindqvist (1962) suggested that the amines formed on 

metabolism of a-methyldopa may take over the function of dopamine and 

noradrenaline in the brain and later Day & Rand (1963) extended this 

hypothesis to the peripheral nerves. Day & Rand (1964) founa 

a%-methylnoradrenaline to have less vasoconstrictor activity in various 

animal preparations than noradrenaline and suggested that the substitution 

of a%-methylnoradrenaline for noradrenaline would diminish the 

effectiveness of sympathetic impulses to the blood vessels, thus 

leading to a reduction in blood pressure, (i.e. the 'false transmitter’ 

hypothesis). Many investigators attempted to establish the relative 

pressor activities of aw-methylnoradrenaline and noradrenaline and the 

results have been conflicting (see review by Henning, 19692). 

Farmer (1965) confirmed the report of Day & Rand (1964) concerning 

the sympathetic nerve blocking action of a-methyldopa on the cat's 

nictitating membrane. However, Farmer (1965) hypothesised that from 

his results the antihypertensive action of o-methyldopa may be mediated 

via an antisympathetic effect of a-methyldopamine. 

A central action of a-methyldopa was suggested when a-methyldopa 

was injected into the cerebral ventricles (Jaju, Tangri & Bhargava, 1966), 

into the vertebral arteries (Henning & Van Zwieten, 1967, 1968) and 

perfused into the vascularly isolated in situ brain (Ingenito, Barrett 

& Procita, 1970) of anaesthetised cats and falls in blood pressure 

reported which were equivalent to those observed with mech larger doses 

given systemically.
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By the use of differential (i.e. central and peripheral) dopa 

decarboxylase inhibitors Henning (1968, 1969b) obtained further 

results in rats and cats indicating a central mode of action for 

a«-methyldopa mediated via its amine metabolites. 

Henning & Rubenson (1971) showed that a dopamine- 8 —hydroxylase 

inhibitor prevented the fall in blood pressure to o-methyldopa in rats 

and suggested that «-methylnoradrenaline formation was necessary for 

the antihypertensive effect of a-methyldopa. Further evidence for 

a central mode of action of a-methyldopa mediated by o« -methylnora— 

drenaline was provided by Day, Roach & Whiting (1972, 1973) and has 

been confirmed by Finch & Haeusler (1972), Torchiana et al., (1973) 

Cohen et al., (1974), Nijkamp, Ezer & De Jong, (1975) and Waldmeier, 

Hedwall & Maitre (1975). 

In contrast to the mass of evidence suggesting a central mode of 

action of «-methyldopa other workers have cited evidence which they 

believe is contrary to this view (Mohammed et ale, 1968; Ayitey-Smith 

& Varma, 1970; Tauberger & Kuhn, 1971; Lokhandwala, Buckley & 

Jandhyala, 1975; Altura, 1975). 

«-methylnoradrenaline has been shown to produce a greater fall 

in blood pressure when given centrally to the anaesthetised cat, 

than either a-methyldopa or o-methyldopamine (Heise & Kroneberg, 

1972). The antihypertensive action of «%-methylnoradrenaline derived 

from a-methyldopa is probably due to an action on a-=receptors in the 

brain (see review by Van Zwieten, 1973) since it is prevented by prior 

administration of a-blockers (Heise & Kroneberg, 1972; Nijkamp & 

De Jong, 1975). The area of the nucleus tractus solitarii has been 

proposed by Nijkamp & De Jong (1975) to be the part of the brain 

involved in the antihypertensive action of a -methylnoradrenaline



  

derived from a@-methyldopa. The effect of a-methylnoradrenaline on 

a-receptors in the brain causes a decrease in impulse flow from the 

central nervous system (Tauberger & Kuhn, 1971; Baum, Shropshire 

& Varner, 1972) resulting in a reduction of the release of noradrenaline 

from peripheral sympathetic nerves (Anden & Henning, 1974). 

Objectives of the Research Reported in this Thesis 
  

The first necessity of the research programme was to develop a 

method for the accurate measurement of blood pressure in the rat over 

a period of months. Similarly, an examination of the existing methods 

for the production of hypertension, whether acute or chronic, in the 

rat had to be undertaken in order to obtain a method which resulted 

in a good level of hypertension in a high percentage of operated 

animals. 

After the development of methods for the production and measurement 

of hypertension in the rat it was decided, due to the contradictory 

nature of the many reports involving cardiovascular reactivity studies 

in experimental hypertension, to attempt to clarify the role of this 

phenomenon during the development and maintenance of experimental 

hypertension. This was initially to involve determination of whether 

or not cardiovascular hyper-reactivity occurred during the production 

and maintenance of acute and chronic hypertensions in the rat. It 

was also envisaged that if hypertension could be produced in the cat, 

cardiovascular reactivity studies would be undertaken during the 

development and maintenance of the hypertension, An attempt to 

determine the mechanism of cardiovascular hyper-reactivity, if present 

in the rat or cat during the development or maintenance phases of 

hypertension, would also be undertaken. This was thought to probably 

involve investigation of the role of either the renin-angiotensin
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system or the sympathetic nervous system in the production and 

maintenance of hypertension, 

The role of the sympathetic nervous system during the development 

and maintenance of experimental hypertension has also produced many 

conflicting reports. It was decided to attempt to investigate the 

role of the sympathetic nervous system in the production and 

maintenance of experimental hypertension using the adrenergic neurone 

blocker, guanethidine, since this compound appears to produce a more 

complete inhibition of the sympathetic nervous system than 

sympathectomy with 6-hydroxydopamine or anti-nerve growth factor. 

The role of the sympathetic nervous system and the actual 

mechanism involved in the antihypertensive action of a-methyldopa 

has also produced many conflicting reports and an attempt to determine 

its mode of action was undertaken. The use of differential, central or 

peripheral, dopa decarboxylase and dopamine-§ -hydroxylase inhibitors 

was thought to be useful in determining whether the mechanism of 

action of qg-methyldopa was central or peripheral in origin and due 

to a-methyldopa or one of its metabolites.
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All experiments, in this section, involving the use of rats, 

unless otherwise indicated, refer to male Wistar rats (Rattus norvegicus) 

supplied by Fisons Lid., Hill Crest Farm, Loughborough, Leicestershire; 

maintained on a conventional 41B cube diet (supplied by Pilsbury's Ltd.) 

and water ad libitum, 

After surgical procedures had been performed, animals were housed 

individually to prevent wounds being opened or cannulae dislodged by 

interference from other inmates. 

Production of Hypertension in Rats 
—_—— 

Rats with systolic blood pressures greater than 170 mm Hg as 

measured by the indirect tail cuff method were considered hypertensive. 

(a) Renal hypertension induced by perinephritis 
  

(i) Hypertension was induced by a modification of the method of 

Groliman (1944). 

Rats weighing 50 - 60 g were anaesthetised with 3.5% halothane 

(Fluothane, I.C.I. Ltd.) in a mixture of 20% oxygen and 80% nitrous 

oxide. The anaesthesia was maintained by halothane 1.5% in the same 

mixture of oxygen and nitrous oxide. 

The skin above the left kidney was shaved and then cleaned using 

a 1% solution of chlorhexidine (Hibitane, I.C.I. Ltd.) in 70% industrial 

methylated spirit. The kidney was exposed by a lumbar incision and the 

adrenal gland separated from its attachment to the kidney, The kidney 

was exteriorized through the incision and the renal capsule removed by 

gentle traction of the finger, A 'figure-of-eight' ligature was tied 

around the poles and body of the exposed kidney using non capillary 

braided silk suture (Abrasilk, Armour Pharmaceutical Co. Ltd.). The 

ligature was pulled taut, care being exercised to avoid occluding the 

renal blood vessels and ureter emerging from the hilus, until the
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normal elipsoidal shape of the kidney was deformed. 

The kidney was replaced into the abdominal cavity and a small 

quantity of sulphathiazole dusting powder (Thiazamide, May & Baker Ltd.) 

applied to the open wound to prevent infection. ‘The abdominal wall was 

stitched using cotton thread and the skin brought together by the use of 

'Michelle' clips. 

The rat was allowed to recover and seven days later it was 

anaesthetised as before (p.50), the skin shaved and cleaned and a 

lumbar incision made in the area of the right kidney. ‘The adrenal gland 

was separated from its attachment to the kidney and the kidney exter- 

iorized through the lumbar incision. The renal blood vessels and 

ureter were clamped close to the hilus using Spencer-Well's artery 

forceps and ligatures placed both sides of the forceps. ‘The kidney 

was removed by severing the renal blood vessels and ureter between 

the ligatures with a scalpel. Sulphathiazole dusting powder was 

applied to the open wound, the abdominal wall stitched and the skin 

brought together with 'Michelle' clips. 

(4) Hypertension was induced by a modification of the method of 

Page (1939). 

Rats weighing 50 - 60 g were anaesthetised as before (p.50) and the 

left kidney exteriorized from the abdominal cavity in the same manner as 

described previously (p.50). A piece of transparent cellulose (Cellophane, 

W. H. Smith & Son Ltd.) was wrapped around the kidney and heat sealed, 

using a pair of preheated artery forceps, until the kidney was tightly 

and completely (except for the renal blood vessels and ureter originating 

at the hilus) enclosed. The wrapped kidney was lightly tied with cotton 

thread to ensure that the transparent cellulose remained correctly positioned 

and was then replaced into the abdominal cavity, sulphathiazole dusting 

powder applied and the open wound closed as described in the previous 

section (p.51),



  

ene 

Contralateral nephrectomy was performed at the same time using 

the procedure described before (p.51). 

(b) Renal hypertension induced by partial interruption of renal blood 

flow 

Hypertension was induced by a modification of the method of Loomis 

(1946). 

Rats weighing 50 - 60 g were anaesthetised as before (p.50) and 

the left kidney exteriorized from the abdominal cavity as previously 

described. As the renal artery approaches the kidney it divides into 

two branches and one of these branches was ligated with cotton thread, 

the kidney returned to the abdominal cavity, sulphathiazole dusting 

powder applied and the abdominal wall stitched as before (p.51). 

Finally the skin was brought together using 'Michelle' clips. 

The procedure was repeated with the right kidney. 

(c) DOCA-NaCi hypertension 

Hypertension was induced by a modification of the method of Selye. 

Hall & Rowley (1943). 

Male Wistar rats weighing 50 - 60 g were anaesthetised as before 

(p.50) and right nephrectomy performed as previously described (p.51). 

A small incision was made at the back of the neck and the skin 

separated from the underlying connective tissue using Spencer-Well's 

artery forceps. A 25 mg implant of DOCA (Organon Laboratories Ltd.) 

was inserted through the incision to a position level with the top of 

the right front leg and sulphathiazole dusting powder applied. The 

incision was stitched using cotton thread and the animal allowed to 

recover. 

The rats were given 1% sodium chloride solution to drink instead
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of drinking water for 14 days following the operation after which they 

were returned to normal tap water. 

Direct Blood Pressure Measurement in Conscious, Unrestrained Rats 

The method employed was based on that of Popovic & Popovic (1960) 

and involved cannulation of the aorta via the carotid artery in order 

to obtain direct blood pressure measurements, 

Preparation of cannulae? ‘The arterial and venous cannulae were both 

made from Palyehylehe tubing size PP 25 (Portex Plastics). Pieces 

of tubing about 25 em in length were cut and a small enlargement (or 

"bulb') was produced, by employing gentle heat, about 9 om from one 

end. The cannulae were cut individually for each rat so that the 

length from the tip to the 'bulb' was such that the cannula lay in 

the aorta or vena cava when the 'bulb' was only just inside the cut 

artery or vein, The cannulae were placed in a 1% solution of 

chlorhexidine in 70% industrial methylated spirit for 10 minutes in 

order to sterilise them, they were then washed with sterile water and 

finally filled with heparinised saline solution (25 i.u. per ml) and 

the distal end heat-sealed. 

Cannulation of Aorta and Vena Cava: Male Wistar rats were anaesthetised 

as previously described (p.50). A mid-line ventral incision was made 

in the neck and the left common carotid artery located and carefully 

dissected free from it's attachment to the vagus and superior cervical 

nerves. The arterial cannula was attached to a blood pressure transducer 

(Devices/C.E.C. type 4-327-L221) and the transducer to a Devices M.2. 

electronic recorder in order that the blood pressure could be contin- 

uously monitored, The carotid artery was ligated centrally, a "bulldog 

clip' applied distally to the ligature and a small incision made, into 

which the cannula was inserted and loosely tied into the artery. The
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"bulldog clip' was removed and the cannula slowly fed down the carotid 

artery into the aorta, If the cannula became 'kinked' the recording 

was lost whilst if it entered the heart the pulse pressure recorded 

was that of the left ventricle (i.e. diastolic pressure approached zero). 

In both these instances the cannula was withdrawn and the process 

repeated until the cannula lay in the aorta and a normal blood pressure 

trace was observed. When the tip of the cannula was thought to lie 

in the aorta the small 'bulb' was situated just inside the carotid 

artery and by placing ties both sides of the 'bulb' the cannula was 

securely held in position. 

The right jugular vein was also occasionally cannulated to allow 

the intravenous injection of drugs. The jugular vein was dissected 

out and tied centrally, a small incision made and the venous cannula 

slowly fed down the vein until it was thought to lie in the vena cava 

when the small 'bulb' was then situated just past the incision. The 

cannula was secured by ties either side of the 'bulb'. 

The cannulae were separately clamped and then threaded through the 

eye of a large, curved needle which was passed, under the skin, around 

the neck and brought out at the back of the head between the ears, 

thereby exteriorizing the cannulae. The arterial cannula was recon- 

nected to the blood pressure transducer so that blood pressure was 

continuously monitored. Both cannulae were attached to muscle close 

to their emergence from the blood vessels, by small ligatures which 

ensured a smooth curvature of the cannulae and prevented 'kinking' as 

well as anchoring the cannulae firmly in position. Sulphathiazole 

dusting powder was applied to the open wound and the skin stitched 

together using silk. The venous and arterial cannulae were clamped, 

a small pin inserted into the end of each and the clamps removed.
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The rat was allowed to recover and the cannulae flushed through 

daily and before each experiment, with 1 ml of heparinised saline 

(25 isu. per ml). Some difficulties were encountered with this 

method due to the formation of blood clots in the cannulae,and rats 

occasionally chewing through their cannulae. 

Recording of Blood Pressure: In order to measure the blood pressure 

directly the conscious rats were placed into individual compartments of 

a stainless-steel box which allowed adequate movement of the animals, 

The arterial cannula was clamped and a heparinised saline filled 

polyethylene tubing, size PP-60 (Portex Plastics) pushed over the 

cannula and the clamp removed. The PP 60 tubing was attached to a blood 

pressure transducer which was itself connected to an M.4. Devices 

electronic recorder to obtain a write-out of blood pressure. In certain 

instances heart rate was also monitored using a Neilson instantaneous 

ratemeter (Devices Instruments Ltd.) triggered by the pulsatile signal 

representing the blood pressure pulse. 

The venous cannula was clamped and heparinised saline filled 

polyethylene tubing, size PP 25, (Portex Plastics) was attached to 

the cannula by means of a‘broken off" hypodermic needle. The volume 

of the tubing was 0.15 ml which, by using dose volumes of 0,1 ml 

and less, allowed the complete retention of the drug in the tubing 

until it was flushed in with 0.2 ml normal saline, hence the administ— 

ration of the drug could be delayed if necessary. 

Indirect Blood Pressure Measurement in Conscious Restrained Rats 
    

Due to the lengthy operative procedure and difficulties encountered 

with the direct method of recording blood pressure in rats it was 

considered necessary to obtain a more rapid system involving conscious, 

unoperated animals. The method chosen was a modification of that of
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Friedman & Freed (1949), 

A cabinet, specially designed to accommodate six rats, provided an 

environment of 33.5°C, a temperature which was necessary for an arterial 

pulse to be detected in the tail. The arterial pulse was detected by 

a strain gauge, positioned distally to an occluding cuff, on the rat's 

tail. The cuff was slowly inflated to a pressure greater than arterial 

blood pressure at which point the pulse disappeared, the pressure was 

then allowed to slowly fall until the pulse reappeared, the average of 

these two positions being taken as the systolic blood pressure. A 

photograph of the complete apparatus employed in this method is shown 

in Figure 1. 

The wooden cabinet, with dimensions of 88 x 62 x 37 om was fitted 

with ventilation holes and polymethyl methacrylate (Perspex, I.C.I. Ltd.) 

doors. A thermostat (Associated Electrical Industries Ltd., adjustable 

bimetal thermostat type TS3) situated centrally on one side of the cabinet 

controlled the three 100 watt electric light bulbs which acted as the 

heat source and were positioned inside the cabinet near the base. To 

prevent urine and faeces falling onto the lights and also to restrict 

the degree of disturbance caused to the rats by the continual on - off 

switching of the lights a metal screen was placed over the whole of the 

heat source. Three expanded metal shelves were positioned across the 

full width of the cabinet about 20 cm apart and a fan on the top shelf 

provided circulation of the air. The thermostat was adjusted and the 

fan positioned in order that the temperature at all positions where the 

rats were situated was 33.5°C + 0.5°C, 

The rats were held in restraining cages as illustrated in Figure 2, 

The metal restraining cages were produced in four sizes (University of 

Reading, Instruments Department) which were capable of taking rats
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ranging from 100 g to 450 ¢ whilst rats weighing less than 100 ¢ 

were placed in glass restraining cages (University of Aston in Birmingham, 

Physics Department). 

The occluding cuff (Scientific and Research Instruments Ltd.), 

which was used to apply pressure to the rat's tail, consisted of a 

polymethyl methacrylate cylinder and end clamps holding a latex rubber 

tube in such a manner that the amount of cuff in contact with the rat's 

tail was 18 mm in length. This length enables the most accurate 

systolic blood pressure readings to be obtained (Maistrello & Matscher, 

1969). ach ouff was checked to establish that a pressure of not more 

than 5 mm Hg (1mm Hg = 133 Pa) completely occluded the lumen of the 

euff otherwise a falsely high systolic blood pressure reading is obtained 

(Kersten, Brosene, Ablondi & Subbarow, 1947). The occluding cuffs were 

connected by means of polyvinylchloride tubing, size NT/4, SHS8O (Portex 

Plastics), to a simple luer fitting which enabled any of the six cuffs 

to be easily connected to the air line system. A cylinder of compressed 

air was used as the pressure source to inflate the occluding cuff, the 

cylinder tap being used to regulate the rate of inflation. The rate 

of deflation was adjusted by means of a screw clip compressing a rubber 

tube which formed a side arm of the air line system, The pressure 

within the system was measured using a blood pressure transducer 

(Devices / C.E.C. type 4~327-L221) which was connected to a DC 2 

preamplifier within a Devices M.4. electronic recorder. The voltage 

output proportional to pressure was either monitored on a 2 channel 

oscilloscope (Cossor Instruments Ltd. Oscillograph Model 1049 Mk, III A) 

or a permanent record obtained on heat sensitive paper. 

The arterial pulse was detected using a silicon semi-conductor strain 

gauge (Ether type 3A - 1A - 350 P) mounted in a polymethyl methacrylate clip.
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The pulse detectors were manufactured in 2 sizes by Scientific and 

Research Instruments Ltd. and an example is shown in Figure 3. The 

strain gauge formed one arm of a Wheatstone bridge circuit and a 2 pole 

6 position switch enabled any of the 6 strain gauges to be selected 

(see Figure 4). The bridge voltage supply was derived from a 4.5 V 

battery. The output from the bridge was fed to a Devices AC 1 pre- 

amplifier within the M.4. recorder and as with the pressure the output 

was monitored on the oscilloscope or recorded on heat sensitive paper. 

A block diagram of the complete system is illustrated in Figure 5. 

Due to the low level of signal derived from the Wheatstone bridge 

circuit (less than 1 millivolt) and the high incidence of mains cables, 

for example to the fan and lights, it was found necessary to use 

screened wire throughout. 

The heating source and fan were switched on and the cabinet left 

to attain a temperature of 33.5°C. Each of 6 rats was placed into 

a restraining cage of the correct size and held firmly in position 

by means of an adjustable metal end plate in the case of the metal cages 

and by adhesive tape in the case of the glass cages. In both cases 

the rats were fitted as tightly as possible into the cages, but also 

ensuring that they were comfortable, with the tail emerging from the 

rear of the cage. The rats were placed 3 to a shelf on the lower 2 

shelves and left for 30 minutes, After this time an occluding cuff 

and strain gauge were fitted as near the base of the tail as possible, 

since this provides the most accurate readings of blood pressure 

(Sobin, 1946; Fregly, 1963; Maistrello & Matscher, 1969). 

A rat held in a restraining cage with the strain gauge and occluding 

cuff in position is illustrated in Figure 6.
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After a suitable warming-up period the pressure transducer and 

DC 2 preamplifier were balanced and calibrated and the oscilloscope 

was adjusted so that 1 mm on the sereen graticule corresponded to 

1 mm Hg blood pressure. The calibrated offset control was used so 

that the systolic blood pressure level lay within the central portion 

of the screen. 

The battery was connected to the Wheatstone bridge circuit and 

a strain gauge and its corresponding oecluding cuff selected. The gain 

controls on the Devices AC1 preamplifier and the oscilloscope were 

adjusted so that the amplitude of the displayed pulse was between 1 

and 2 cm, Electrical interference (e.g. 50 Hz from the mains) was 

reduced by adjusting the filter control on the AC 1. 

When a suitable pulse was obtained the occluding cuff was slowly 

inflated and the point at which the pulse disappeared noted from the 

oscilloscope. The air supply was turned off and the pressure fell, 

due to the slow leak, and the point of reappearance of the pulse noted. 

The procedure was repeated twice and the average of these 6 readings 

was taken as the systolic blood pressure of the rat. Similarly the 

systolic blood pressure was determined in the other 5 rats, no readings 

were taken when the rat's tail was moving since the movement of the 

animal created artifacts. An attempt to read the diastolic blood 

pressure was initially undertaken but this was found to be impractical 

due to the inability of obtaining a precise end-point. 

When the blood pressure was to be determined at various times 

throughout the day the rats were taken out of the restraining cages 

after each reading and not returned until 30 minutes before the next 

reading.
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The Pithed Rat Preparation 
ee 

Male Wistar rats were anaesthetised as previously described (p.50). 

A small incision was made in the skin of the neck and both carotid 

arteries located, the superior cervical and vagus nerves were carefully 

dissected away from the carotid arteries and both carotid arteries were 

ligated to prevent excessive bleeding from the head after pithing. 

The trachea was cannulated and anaesthesia maintained by using a cork 

plug in the delivery tube from the Boyle's apparatus, the cork contained 

a small bore tube which led the anaesthetic mixture from the anaesthetic 

apparatus to the tracheal cannula. The miniature ‘Ideal’ respiration 

pump (C. F. Palmer Ltd.) was started, the stroke volume adjusted to 

deliver a volume equal to 1 ml per 100 g body weight of the rat plus 

an amount equivalent to the 'dead space’ of the apparatus; the stroke 

rate was set at 36 per minute. The rat was secured by its tail, using 

string, to the operating table and pithed by the method of Shipley & 

Tilden (1947) using a copper pithing rod prepared as described by 

Gillespie & Muir (1967). The rat was immediately connected to the 

respiration pump and then left for 15 - 30 minutes. 

The left carotid artery was cannulated using saline filled 

polyethylene tubing PP 25 (Portex Plastics). The cannula was connected to 

a blood pressure transducer (Devices / 0.H.C. type 4-327-L221) which was 

itself connected to a DC 2contained within a Devices M.4. electronic 

recorder. The left jugular vein was cannulated using the same tubing as 

used for the artery and a small amount (50 i.u.) of heparin flushed into 

the animal to prevent blood coagulation. Heart rate was monitored using 

a Neilson instantaneous ratemeter connected to the Devices M.4, electronic 

recorder and triggered from the pulsatile signal representing the blood
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pressure pulse. 

All drugs were dissolved in normal saline and injected in volumes 

not exceeding 0.2 ml and flushed in with a further 0.1 ml normal saline. 

Sympathetic stimulation: Stimulation of the complete sympathetic 

outflow from the spinal cord was performed as described by Gillespie 

& Muir (1967). The rats were anaesthetised with an intraperitoneal 

injection of pentobarbitone sodium (Nembutal, Abbott Laboratories Ltd.) 

60 ne/ke, the animal pithed and prepared for intravenous administration 

of. drugs and blood pressure recording as previously described (p.60). 

50 isu. of heparin (Evans Medical Ltd.), 3 mg/kg d-tubocurarine (Duncan, 

Flockhart & Co. Ltd.) and 1 mg/kg atropine (B.D.H.) were administered 

intravenously to each rat. 

One lead from a constant voltage square wave stimulator (Scientific 

and Research Instruments Ltd.) was connected to the pithing rod which 

acted as one electrode whilst the other lead was connected to a piece 

of copper wire, introduced under the skin in the region of the left 

leg, which acted as the indifferent electrode. 

A supramaximal voltage (80 V) and a pulse width of 1 msec. at 

various frequencies were used to stimulate the sympathetic outflow 

from the spinal cord for periods of 20 seconds. Heart rate was also 

recorded as previously described (p.60). 

Intra—Cerebral Ventricular Injections into Conscious Rats 
  

The method was based on that of Hayden, Johnson & Maickel (1966). 

Preparation of Cannula: A sheet of polymethyl methacrylate,6.4 mm thick 

was marked into blocks 6 x 7 mm using a metal scribe. A hole, 0.6 mm in 

diameter, was drilled through the centre of each block and the top of 

this hole expanded to 3.2 mm in diameter to a depth of 3 mm whilst the 

bottom part of the hole was expanded to 1 mm in diameter for a depth of 

2 mm.
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20 gauge stainless steel tube was cut to a length of 6 mm and 

placed in the 0.6 mm hole, this was sealed into position using epoxy 

cement (Araldite, Ciba-Geigy Ltd.) leaving a 4 mm length exposed. The epoxy 

resin was heated so that a firm seal was obtained and after it had 

cooled and set the polymethyl methacrylate sheet was cut into the indiv- 

idual cannula guides, the edges rounded off and excess epoxy resin removed 

using a small file. The cavity at the top of the guide was filled with 

a cold setting silicone rubber solution (Silescol SR 300, Esco Rubber 

Co.). After the rubber solution had set a stilette, 20 gauge stainless 

steel wire bent at 90° 4 mm from one end, was placed in the lumen of 

the cannula guide so that its tip coincided with that of the cannula 

guide. An illustration of a cannula and stilette is shown in Figure 7. 

Implantation of Cannula: Male Wistar rats were anaesthetised as 

previously described (p.50) and placed on a wooden platform between 

two raised portions each of which contained one horizontally moving 

brass ear bar. The animal's head was held rigid in the horizontal 

plane by securing the brass bars into the external auditory meatus of 

each ear. The anaesthetic tube was held in a clamp so that anaesthesia 

could be maintained with the rat's head in its elevated position, A 

midsagittal incision was made just caudal to the eyes and rostral to the 

ears and the underlying tissues scraped to one side using a scalpel, 

The skull was cleaned with a 1% solution of chlorhexidine in 70% 

industrial methylated spirits to produce a dry, clean surface for 

drilling of the skull and application of dental acrylic cement. Using 

dividers, a point 2.4 mm lateral and 0.9 mm caudal to the bregma, was 

located and a hole drilled through the skull with a number 2 round 

dental burr. Three further holes were drilled around this point using 

the same burr and small stainless steel self tapping screws (1.4 mm in
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diameter) fitted. The cannula guide was positioned on the skull so that 

the needle from the base fitted vertically into the centrally drilled 

hole and its sides were against the three screws. Dental acrylic 

cement (Sevriton Simplified, Amalgamated Dental Trade Distributors Ltd.) 

was built up around the screws and the sides of the cannula guide and 

allowed to harden. The open wound was stitched together with cotton 

thread and the animal treated with a subcutaneous injection of 125,000 i.u. 

benzylpenicillin (Crystapen, Glaxo Laboratories Ltd.). The animals 

were allowed to recover for four days before they were used for experiments. 

All drugs were made up in saline and given as slow injections in 

a maximum volume of 40 ulitres. The injections were made from a 

microsyringe fitted with a 26 gauge (number 20 hypodermic) needle cut 

to a length of 11.3 mm and given a flat bevel (45°). Thus even 

though the tip of the cannula guide lay just outside the ventricles, 

when an injection was administered using the above needle its tip 

entered the lateral ventricle. 

The Rat Isolated Aortic Strip 

The method employed was a modification of that of Furchgott & 

Bhadrakom (1953). 

Pairs of male Wistar rats, consisting of one normotensive control 

and one hypertensive animal, were killed by a blow on the head and 

exsanguinated. The thoracic cavity was opened and the descending 

thoracic aorta quickly dissected out and placed in Krebs—bicarbonate solution. 

(1953) containing 0.01 M glucose. The cylindrical strips of aorta were 

then dissected free of extraneous fat and connective tissue. Helical 

strips were cut from the thoracic aorta, keeping the tissue moist at 

all times with the modified Kreb's solution, and gently trimmed free of 

surrounding connective tissue. The 2 strips were cut, on filter paper
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soaked in the Kreb's solution, so that they were of similar length and 

width. The lowermost part of the aortic strip was attached by cotton 

thread to a tissue holder and placed in an organ bath of 30 ml working 

volume, containing the modified Kreb's solution maintained at 37°C and 

bubbled with 95% oxygen and 5% carbon dioxide. The top of the aortic 

strip was attached, by cotton thread, to an isotonic lever adjusted to 

give a 12.5 times magnification and counter weighted to exert 1 ¢ 

tension on the aortic strips. Contractions of the aortic strips were 

recorded on a smoked drum revolving on a kymograph. A small vibrating 

notor was attached to the brass lever support so as to produce vibrations 

of small amplitude which minimised the lag in response due to the small 

amount of friction between the levers and the kymograph paper. 

The organ bath was refilled from a reservoir containing the mod— 

ified Kreb's solution which was also bubbled with 95% oxygen and 5% 

carbon dioxide. The solution from the reservoir passed to the organ 

bath via glass wool filters which served to remove any particles in 

the solution, 

The aortic strips were allowed to relax for 2 hours after which 

time the tension on them was readjusted to 1 g. All drugs were dissolved 

in the modified Kreb's solution and added to the bath in volumes not 

exceeding 0.4 ml, Added drugs were maintained in contact with the 

tissues for 6 minutes, the bath was then rinsed twice with fresh Kreb's 

solution. Two further washings at 5 minute intervals preceeded the 

addition of a different concentration of the compound. 

Production of Hypertension in Cats a eee a pee 

  

Cats with diastolic blood pressures greater than 95 mm Hg as 

measured by the direct method were considered hypertensive.
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(a) Renal Hypertension Induced by Perinephritis. 

The method employed was a modification of that of Grollman (1944). 

Female cats, weighing 2 to 3 kg were anaesthetised with 3.5% halothane 

in a mixture of 20% oxygen and 80% nitrous oxide and anaesthesia was 

maintained with 1.5% halothane in the same mixture of oxygen and 

nitrous oxide. 

The left lumbar region was shaved and cleaned with a 1% solution of 

chlorhexidine in industrial methylated spirits. An incision was made in 

the skin and the 3 underlying layers of muscle were separately and 

carefully teased apart. The kidney was exteriorized and cleaned of 

adhering fatty tissue. Cotton tape was sterilised by immersion, for 

20 minutes, in the 1% solution of chlorhexidine in 710% industrial 

methylated spirits. After rinsing in sterile water this tape was passed 

over the pole and body of the kidney and drawn taut until the normal 

ellipsoidal shape of the kidney was deformed, care being taken to avoid 

the ureter and renal blood vessels emerging from the hilus. The kidney 

was returned to the abdominal cavity and the muscle layers brought together 

using braided silk sutures, previously soaked in the sterilising solution 

of chlorhexidine, The skin was sewn together using sterile silk sutures 

and the cat allowed to recover. 

Seven days later, the right lumbar region was prepared and the kidney 

exteriorized and cleaned of fatty tissue as described above. The ureter 

and blood vessels arising from the hilus were clamped using a pair of 

Spencer Well's artery forceps and cotton ligatures placed on both sides 

of the forceps. The clamp was removed, the ureter and blood vessels 

between the ligatures severed and the kidney removed. The incision was 

sutured as described above and the cat allowed to recover. 

A subcutaneous injection of 250,000 i.u. benzylpenicillin was 

administered after each experimental procedure. Similar doses of
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benzylpenicillin were administered daily for the next 3 days. 

(b) DOCA-Nac1 hypertension; 

The method used was based on that of Selye, Hall & Rowley (1943). 

Female cats, weighing 2 to 3 kg were anaesthetised as previously 

described (p.65). The right lumbar region and the back of the neck 

were shaved and cleaned using a 1% solution of chlorhexidine in 70% 

industrial methylated spirits. 

A mid-line incision was made at the back of the neck and 500 mg 

desoxycorticosterone acetate, consisting of 10 x 50 mg pellets 

(Organon Laboratories) were placed subcutaneously, using Spencer-Well's 

artery forceps, into positions between the incision and the right and 

left forelegs. The incision was ¢losed using sterile silk sutures. 

Right nephrectomy was performed as previously described.(p. 65). 

Benzylpenicillin was administered as described earlier (p. 65). 

The cats were given a 1% solution of sodium chloride to drink 

instead of milk for 5 weeks after which they were returned to milk; 

normal cat food was supplied ad libitum. 

Blood Pressure Measurement in Anaesthetised Cats 
— 

Cats were anaesthetised as previously described (p.65) and an 

incision made in the right leg. The femoral vein was located, dissected 

free from surrounding. tissue and cannulated with polyethylene tubing 

size PP 90 (Portex Plastics) filled with heparinised saline. Chloralose 

(B.D.H.) 80 mg/kg (as a 1% solution in saline) was slowly injected to 

maintain anaesthesia, whilst simultaneously gradually lowering the 

halothane content of the anaesthetic mixture until half of the chloralose 

had been administered when the gaseous anaesthetic was removed. Occasionally
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the left femoral vein was also cannulated to allow continuous 

intravenous infusions to be made from an automatic injection apparatus 

(C.F. Palmer Ltd.). A mid-line ventral incision was made in the neck, 

the trachea located and a metal cannula inserted to facilitate 

respiration. The right common carotid artery was dissected free from 

its attachment to the vagus and superior cervical nerves and cannulated 

with heparinised saline filled polyethylene tubing size PP 90 

(Portex Plastics). The cannula was connected to a blood pressure 

transducer (Devices /C.B.C. type 4-327-L221) which was itself 

connected to a DC 2 contained within a Devices M.4. electronic recorder. 

Heart rate was also recorded using a Neilson instantaneous ratemeter 

connected to the M.4. and triggered from the pulsatile signal 

representing the blood pressure. 

All drugs were dissolved in saline and injected via the femoral 

vein in volumes not exceeding 1 ml and flushed in with 2 ml of normal 

saline. 

Blood Pressure Measurement in Conscious, Unrestrained Cats 

Development of the Arterial Blood Pressure Recording System 
  

Thuranszky (1966) first described a method for the continuous 

Measurement of arterial blood pressure in conscious, unrestrained 

cats. The method consisted of insertion of a plastic cannula into the 

aorta via the common carotid artery which after plugging was exteriorized, 

led around the neck like a collar and held in position with adhesive tape. 

The danger of the catheter being pulled out and the difficulty of 

making a satisfactory connection to the recording device inherent 

in Thuranszky's method were overcome by Hall, Gomersall & Heneage (1967) 

who used a one-way valve made from polymethyl methacrylate and screwed 

into the skull.
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This method whilst being an improvement on that of Thuranszky was 

still subject to certain problems and indicated that further improve- 

ments were necessary. Day & Owen (1970) screwed the arterial valve to 

a rectangular polymethyl methacrylate base which was sutured, via 

small holes in the corners, beneath the skin at the back of the neck. 

As well as appearing more acceptable to the cats than the system of 

Hall et al. (1967) it also allowed side-to-side movement of the valve 

which reduced the risk of it becoming dislodged from the catheter, 

another problem encountered using the method of Hall et al. (1967). 

Day & Whiting (1972 a & b) abolished the sloughing of the skin 

at the base of the valve, the major problem encountered with the 

method of Hall et al. (1967), by constructing the whole valve and 

base from a single piece of polytetrafluoroethylene (PTFE) and 

increasing the height of the valve so that flat grooves could be 

incorporated on either side of the valve body so that it could be 

firmly held with a small spanner or forceps whilst making or breaking 

the valve connection, thus reducing the strain put upon the surrounding 

skin areas. For the same reason the base was made circular, with a 

bevelled edge, in design rather than rectangular as with the case of 

Day & Owen, (1970) thus doing away with any sharp corners. 

The tendency for the valve to leak after prolonged use was 

abolished by increasing the length of the stainless steel spring and 

by replacing the steel ball and rubber washer used by Hall et al. (1967) 

with a nylon ball and neoprene washer. 

The valve outlet was slightly bevelled to facilitate an easier 

connection to the arterial cannula than that in the method of Day & 

Owen (1970) whilst still preserving a very tight fit.
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The valve device described together with the dust cap and 

connector are illustrated in Figure 8, 

Implantation of the arterial valve and venous catheter: Cats were 

anaesthetised as previously described (p.65) and the front and back of 

the neck were shaved and cleaned with a 1% solution of chlorhexidine 

in 70% industrial methylated spirits, A mid-line ventral incision 

was made from the jaw to the chest whilst a smaller incision was made 

dorsally in the nape of the neck. A thick walled nylon tube size PP 400 

(Portex Plastics) was passed, just underneath the skin, from one incision 

to the other and the arterial and venous cannulae, filled with heparinised 

saline and heat sealed, were passed through the nylon tube from the 

back of the neck. Removal of the nylon tube left the arterial and 

venous cannulae passing from the back of the neck and emerging at 

the front. 

The right common carotid artery was located and carefully 

dissected from its attachment to the vagus and superior cervical 

nerves, the artery ligated cranially and a ‘bulldog clip' applied 

distally to the ligature. The arterial cannula, polyvinylchloride 

tubing size SH 90 (Portex Plastics), was measured so that when a 

mark made on the cannula lay just at the point of insertion into the 

artery its tip should lie in the aorta. The cannula was attached to 

a blood pressure transducer (Devices /C.H.C. type 4-327-L221) which 

was itself connected to a Deviees M.4. electronic recorder so that the 

passage of the cannula down the carotid artery into the aorta could be 

continuously monitored. A small incision was made in the carotid 

artery, the arterial cannula inserted, lightly tied and the ‘bulldog clip' 

removed, The cannula was fed slowly down the carotid until the mark 

on the cannula appeared at the point of incision when the cannula tip
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should lay in the aorta. Occasionally the cannula either passed into 

the heart and the blood pressure pulse became very large due to the 

fact that ventricular pressure was being recorded or it became 

'kinked' when no arterial pulse was observed. In both cases the 

cannula was withdrawn and again passed down the carotid until it 

lay in the correct position in the aorta. When the cannula was 

considered to lie in the aorta it was tied into the carotid with 

at least four cotton ligatures previously soaked in the sterilising 

solution of chlorhexidine in industrial methylated spirits. 

A branch of the right jugular vein was located and carefully 

dissected free from surrounding tissues. The venous eannula, 

polyethylene tubing size PP 30 (Portex Plastics), was slowly fed 

down the branch of the jugular vein until it lay in the superior vena 

cava, the necessary length having been previously measured and the 

cannula marked. The cannula was tied into the branch of the jugular 

vein with at least four cotton ligatures, previously soaked in the 

sterilising solution. It was considered that by cannulating a branch 

of the jugular vein rather than the jugular vein itself less interference 

of the normal blood flow would result. 

Both cannulae were attached to muscle by means of single cotton 

ligatures, previously sterilised, which served to maintain a smooth 

curve on the cannula and prevent 'kinking' as well as firmly anchoring 

the cannula. Sulphathiazole dusting powder was applied to the open 

wound and then the wound was stitched using sterile silk sutures. 

The venous cannula was clamped with rubber covered artery forceps, 

the cannula cut so that about a 150 mm length was left exteriorized 

at the back of the neck. The end of the cannula was closed with a
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small pin and finally the forceps were removed. 

Sulphathiazole dusting powder was applied to the open wound 

at the back of the neck, The arterial cannula was clamped, using 

rubber covered artery forceps, close to where it emerged from the 

incision and attached to the outlet tube on the valve device. The 

forceps were removed, saline flushed into the animal and the valve 

checked for leaks. Sterile ligatures were attached individually to 

the four holes in the base of the valve device which was then sutured 

beneath the skin at the back of the neck in such a manner that the 

open wound was also sutured. A dust cap was screwed into position 

on top of the valve device. 

Benzylpenicillin (250,000 isu.) was administered subcutaneously 

and the dose repeated each day for a further three days. Chlorpromazine 

(Largactil, May & Baker Ltd.) 1 mg/kg was administered intramscularly 

after the gaseous anaesthetic had been removed. This served to prolong 

the recovery of the cat from the anaesthetic and abolished the excitation 

stage observed in the recovery of some cats to which chlorpromazine 

had not been administered. The chlorpromazine also served to sedate 

the animal for some hours after the operation which appeared to lessen 

any Scratching of the skin around the operated areas. For the first 

four days after the operation and before each experiment the cannulae 

were flushed with heparinised saline (5 ml of 25 i.u. per ml) after 

which time the cannulae were flushed every other day with normal saline. 

Experimental Procedure: After a four day recovery period the cats 

were allowed to become familiar with the cage into which they were 

placed for the duration of an experiment and trained to accept 

intravenous injections without moving. After about a week of training 

it was found that cats would either sit still or sleep for about three
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hours whilst intravenous injections of compounds were administered. 

The cat was placed into an expanded metal cage and the dust cap 

removed from the valve device. The connector, attached by a length 

of heparinised saline filled polyvinylchloride tubing size SH120 

(Portex Plastics) to a blood pressure transducer (Devices [C2805 

type 4-327-L221), was screwed onto the valve device. The blood 

pressure transducer was itself connected to a DC 2 preamplifier contained 

within a Devices M.4. electronic recorder to obtain a permanent 

record of the blood pressure. Heart rate was recorded using a Neilson 

instantaneous ratemeter connected to the M.4. and triggered from the 

pulsatile signal representing the blood pressure. The pin was removed 

from the venous cannula and connection made to a length of polyethylene 

tubing size PP 30 (Portex Plastics) by a blunted hypodermic needle. 

All drugs were dissolved in normal saline and injected in volumes not 

greater than 0.4 ml. The total volume of the tubing was 0.6 ml which 

enabled the complete injection to be retained in the tubing so that on 

the occasions when the cat was disturbed, flushing in could be delayed 

until the cat was again quiet. All drug solutions were flushed in with 

0.8 ml normal saline. A cat set up for recording of blood pressure and 

intravenous administration of drugs is illustrated in Figure 9.
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DRUGS USED 

All drugs were dissolved in normal saline except where otherwise 

stated. The doses of guanethidine, McN-A-343, noradrenaline and 

tyramine quoted in this thesis are expressed as free base. 

a-methyldopa 

Angiotensinamide 

Ascorbic acid 

Atropine sulphate 

Benzylpenicillin 

Chloralose 

Chlorpromazine hydrochloride 

Desoxycorticosterone acetate 

Guanethidine monosulphate 

Halothane 

Heparin 

MelN-A-343 

Noradrenaline bitartrate 

Noradrenaline hydrochloride 

Pentobarbitone sodium 

1~Phenyl-3-(2-thiazoly1)- 
2-thiourea 

Seryl-2,3,4-trihydroxybenzyl 
hydrochloride 

Sodium diethyldithiocarbamate 

Merck, Sharp & Dohme (Aldomet) 
solution for injection. 

Ciba (Hypertensin) 

B.D.H. 

B.D.H. 

Glaxo (Crystapen G) 

B.D.H. 

May & Baker (Largactil) 
solution for injection. 

Organon (DOCA) 
25 mg pellets. 

Ciba (Ismelin) 

I.C.I. (Fluothane) 
Inhalation with N,0 and o, 

Evans Medical 
solution for injection. 

McNeil 

B.D.H. 

Sigma 

Abbott (Nembutal) 
solution for injection. 

Upjohn (U-14,624) 

Hoffman-La Roche (Ro 4-4602) 

B.D.H. (DDC)



  

Sulphathiazole 

Tetraethylthiuram disulphide 

d-Tubocurarine 

Tyramine hydrochloride 

~ 14 

May & Baker (Thiazamide) 
dusting powder. 

B.D.H. (Disulfiram) 
suspended in 0.9% sodium chloride 
solution with compound powder of 
tragacanth. 

Dunean, Flockhart & Co. Ltd. 
solution for injection. 

Sigma
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SYSTOLIC BLOOD PRESSURE IN 

  

THE RAT. 
  

  

The apparatus used for determining the systolic blood pre 

  

of rats by a tail cuff method is shown above.
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FIGURE 2: RAT RESTRAINING CAGES 

After a rat was inserted into one of the cages it was placed in 

the heating cabinet to attain a temperature which produced adequate 

vasodilatation of the tail.
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FIGURE 4: WHEATSTONE BRIDGE CIRCUIT AS USED WITH PULSE DETECTORS , 
  

A switch enables one of 6 strain gauges to be connected into the 

bridge circuit. The output of the bridge is taken to the input of a 

medium gain A.C. amplifier e.g. E.C.G.
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FIGURE 5: BLOCK DIAGRAM OF THE APPARATUS USED FOR MEASURING THE 

SYSTOLIC BLOOD PRESSURE OF A RAT BY THE TAIL CUFF METHOD.
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FIGURE 8: A CROSS SECTION DIAGRAM OF THE VALVE, CONNECTOR AND DUST 

CAP USED IN THE RECORDING OF BLOOD PRESSURE IN THE 

CONSCIOUS CAT.
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INT IN THE CONSCIOUS CAT 

This photograph was taken during a typical experiment in which 

the aortic blood pressure of a conscious cat was continuously monitored.



EXPERIMENTAL RESULTS 
 



2184s 

SECTION 1: ARTERIAL HYPERTENSION IN THE RAT 
  

CHAPTER 1 

A Comparison of Direct and Indirect Systolic Blood Pressure Measurements 

in the Rat. 

Initially an attempt was made to measure blood pressure chronically 

in the rat using cannulation of the aorta via a carotid artery. Although 

this method was found to be successful in the short term many problems, 

such as the formation of clots in the cannula, arose during the long term 

(i.e. greater than 4 weeks). Thus, although direct methods of measuring 

blood pressure offer greater accuracy (see review by Geddes, 1970), it 

was decided to construct a system capable of determining the blood 

pressures of rats by an indirect method. 

Several workers (Fregly, 1963; Maistrello & Matscher, 1969; Pfeffer, 

Pfeffer & Frohlich, 1971) have stated that it is most important for each 

laboratory to validate its indirect pressure measurements for the 

circumstances under which the method is employed. Hence, after 

construction of the system enabling indirect systolic blood pressures of 

rats to be determined (see p.55) it was considered necessary to 

investigate the accuracy of the values obtained and also to determine 

the effect, on the rat's systolic blood pressure, of warming and res— 

training the animals, This was achieved by comparing the systolic 

blood pressures obtained indirectly from the caudal artery with those 

obtained directly from the aorta. 

Results 

A typical trace obtained during the determination of the indirect 

systolic blood pressure of a rat is illustrated in Fig. 10. The value 

for the systolic blood pressure obtained during inflation of the cuff 

was frequently higher than that obtained during deflation. However,
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FIGURE 10: A TYPICAL TRACE OBTAINED DURING THE INDIRECT DETERMINATION 
  

OF THE SYSTOLIC BLOOD PRESSURE OF A RAT. 
  

The upper part of the trace shows the pulse obtained from the 

caudal artery of the rat. The lower section represents the pressure 

in the occluding cuff. The pressures at which the pulse disappears 

and reappears are averaged and taken as the systolic blood pressure.
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if the values obtained during inflation alone or deflation alone were 

considered for a single rat then a good consistency within a 5 to 10 mm Hg 

range was obtained. Repeated daily determinations of the systolic blood 

pressure of a single normotensive animal rarely varied more than 

5 - 10 mm Hg. Similarly repeated determinations of the systolic blood 

pressure of a single animal throughout a working day rarely varied more 

than 5 - 10 mm Hg (see Fig. 58). 

Simultaneous measurement of the indirect restrained systolic blood 

pressure and direct restrained blood pressure of a rat is illustrated 

in Pig. 11. Inflation and deflation of the occluding cuff appeared to 

have no effect on the resting blood pressure of the rat as seen from 

the direct recording of blood pressure. 

A direct comparison of systolic blood pressures obtained from 

normotensive rats and from rats with varying degrees of DOCA-NaCl 

hypertension by simultaneous indirect and direct methods is illustrated 

in Fig. 12. Each point is the mean of 3 successive readings taken 

during deflation of the cuff, no individual reading differed from the 

mean by more than 10 mm Hg and the majority by less than 5mm Hg. 

The relationship between the indirect tail and simultaneous aortic 

systolic blood pressures was highly significant (p < 0.001, r = 0.976) 

with a regression coefficient of near unity (0.935). The means of the 

48 direct aortic systolic pressure measurements was 179 mm Hg + S.E.11.8; 

that of the simultaneously recorded, indirect systolic pressures was 

167 mm Hg + S.E.11.3. The equation of indirect (Y) to direct (X) 

was Y = 0.935 x - 1.044. 

The relationship of the indirect restrained systolic blood pressures 

to the systolic blood pressures of the rat in a near normal state, that 

is the measurements obtained from unrestrained rats at room temperature
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FIGURE 11: A TRACE SHOWING THE SIMULTANEOUS MEASUREMENT OF RAT BLOOD 

PRESSURE OBTAINED INDIRECTLY BY A TAIL CUFF METHOD AND 

DIRECTLY FROM AN AORTIC CANNULA. 

The upper part of the trace shows the recording of blood pressure 

obtained directly from the aorta. The mid-portion of the trace 

represents the pressure in the occluding cuff and the lower part of 

the trace shows the pulse obtained indirectly from the caudal artery. 

The measurements of the systolic blood pressure obtained by each 

method are very similar.
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FIGURE 12: THE RELATIONSHIP BETWEEN SYSTOLIC BLOOD PRESSURE 
  

MEASUREMENTS OF RESTRAINED RATS OBTAINED BY DIRECT 

AND INDIRECT METHODS 

Each circle represents the simultaneous measurement by an 

indirect and direct method of the systolic blood pressure of a single 

unanaesthetised rat. The line of perfect agreement is shown by the 

dotted line. The equation of indirect (Y) to direct (X) was 

Y = 0.935 x - 1.044 with a correlation coefficient r = 0.976.
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by the direct method is illustrated in Fig. 13. The readings were 

not obtained simultaneously but a mean of 3 successive readings during 

deflation was obtained by the indirect tail method followed by 3 

successive readings of the direct unrestrained rat in a normal 

environment at 3 arbitrary times to give a mean value. In both instances 

no individual reading differed from the mean by more than 10 mm Hg and 

the majority of readings differed by less than 5 mm Hg. The relation- 

ship between the indirect restrained systolic blood pressures and direct 

aortic unrestrained systolic blood pressures was highly significant 

(p < 0.001, r = 0.989) with a regression coefficient of near unity 

(1.298). The mean of the 51 direct aortic unrestrained systolic blood 

pressure measurements was 151 + S.E.8.6 mm Hg, that of the indirect 

systolic blood pressures was 167 mm Hg + S.E.11.3. The equation of 

indirect restrained (Y) to direct (X) was Y = 1.298 x -28.946. 

The effect of restraining and warming the rats on their systolic 

blood pressures is illustrated in Fig. 14. The reading of direct 

restrained systolic blood pressure was determined before that of the 

unrestrained systolic blood pressure and each point on the graph 

represents the mean of 3 successive readings as previously described 

(p.86). The relationship between the systolic blood pressures of 

restrained and unrestrained rats was highly significant (p < 0.001, 

r = 0.980) with a regression coefficient of 1.341. The mean of the 48 

direct aortic systolic blood pressures of restrained rats was 179 mm Hg 

+5S.E.11.8; that of the unrestrained rats was 150 mm Hg + S.E.8.6. 

The equation of direct restrained (Y) to direct unrestrained (X) was 

Y= 1.341 x - 22.877. 

The effect of a 10 ng/kg intraperitoneal injection of guanethidine 

on the systolic blood pressures of restrained DOCA-NaCl hypertensive 

rats as recorded by both direct and indirect methods, is illustrated
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FIGURE 13: THE RELATIONSHIP BETWEEN DIRECT UNRESTRAINED AND INDIRECT 
  

RESTRAINED SYSTOLIC BLOOD PRESSURE MEASUREMENTS IN RATS. 
  

Each circle represents the systolic blood pressure of a single 

unanaesthetised rat measured by the indirect method followed by the 

direct method. The line of perfect agreement is shown by the dotted line. 

The equation of indirect restrained (Y) to direct unrestrained (X) 

was Y = 1.298 x ~ 28,946 with a correlation coefficient r = 0.989.
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FIGURE 14: THE RELATIONSHIP BETWEEN DIRECT UNRESTRAINED AND DIRECT 

RESTRAINED SYSTOLIC BLOOD PRESSURE MEASUREMENTS IN RATS. 

Each circle represents the systolic blood pressure of a single 

unanaesthetised rat measured directly in the restrained condition 

followed by a measurement taken in the unrestrained state. The line 

of perfect agreement is shown by the dotted line. The equation of 

direct restrained (Y) to direct unrestrained (X) was Y = 1.341 x - 22,877 

with a correlation coefficient r = 0.980.
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in Fig. 15. The direct aortic systolic blood pressure readings although 

higher than the indirect caudal systolic blood pressure readings 

throughout the duration of the experiment were at no time statistically 

significantly different (using the Students 't' test) from each other. 

Discussion 

The accuracy of any individual system for the measurement of blood 

pressure depends upon several variable factors. Certain of these 

parameters have been assessed and were adhered to in this study:- 

(a) A pressure gradient exists along the rat's tail (Sobin, 1946; 

Fregly, 1963) and thus to obtain a systolic blood pressure reading 

employing the tail cuff method as closely related to that of aortic 

systolic pressure as possible the occluding cuff must be placed at 

the root of the tail. 

(b) Although warming of the rat or it's tail has been shown to increase 

both blood pressure and heart rate (Proskauer, Neumann & Graef, 1945) 

it is essential not only to produce adequate vasodilatation of the 

caudal artery, and thus increase the signal level, but also to 

obtain an accurate value for the systolic blood pressure (Sobin, 

1946; Fregly, 1963). The method of warming has been achieved in a 

variety of ways (see review by Geddes, 1970) and although local 

warming of the rat's tail has been claimed to provide more accurate 

values than warming the whole rat (Sobin, 1946) this has been disputed 

(Alexander, 1957) and no method of warming appears to afford any 

substantial increase in accuracy over any other. The temperature 

employed to warm the rat or it's tail has also varied. Maximum 

vasodilatation of the tail is obtained at 40 - 42°C (Sobin, 1946) but 

these temperatures have been reported to markedly increase the blood 

pressure and heart rate (Proskauer et al., 1945) whilst adequate
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FIGURE 15: COMPARISON OF THE DIRECT AND INDIRECT METHODS OF MEASURING 

SYSTOLIC BLOOD PRESSURE AS ILLUSTRATED BY THE EFFECT OF AN 

INTRAPERITONEAL INJECTION OF 10 ng/kg GUANETHIDINE INTO 

RESTRAINED DOCA-NaCl HYPERTENSIVE RATS. 

The line shown with open circles (O—O) represents the mean systolic 

blood pressure of six rats measured by direct cannulation. The line shown 

with solid circles (@—@®) represents the mean systolic blood pressure of 

the same rats measured indirectly from the tail. Standard errors of the 

mean at each point are shown by the vertical bars.
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vasodilatation of the tail without any appreciable rise in blood 

pressure and heart rate has been reported by Fregly (1963) in the 

temperature range 36.5 - 39°C. The temperature used in this study 

was 33.5 + 0.5°C and although this does not produce a maximal 

signal level the end point was clearly defined and from the work of 

Proskauer et al. (1945) it can be presumed to produce little effect 

upon the blood pressure and heart rate. 

(c) Although the foot, since it offers the advantage of being less 

vasoactive than the tail, has been used to determine the systolic 

blood pressure of rats (Griffith, 1934; Kersten et al., 1947; 

Olmsted, Corcoran & Page, 1951) most indirect methods employ the 

tail as the measuring site (e.g. Bonsmann, 1934; Kempf & Page, 

1942; Friedman & Freed, 1949, 1952; Alexander, 1957; Maistrello & 

Matscher, 1969; Pfeffer, Pfeffer & Frohlich, 1971; Bunag, Page & 

McCubbin, 1971; Bunag, 1973) due to its greater convenience and the 

tail was used in the present study. 

(a) To decrease the level of noise and hence increase the ratio of 

signal level to noise, so important in obtaining a clear end point, 

anaesthesia has been employed in some tail cuff methods (Byrom & 

Wilson, 1938; Gallagher & Grimwood, 1953; Dahl, 1960; Dowd & Jones, 

1968; Maistrello & Matscher, 1969; Bunag, Page & McCubbin, 1971). 

However, anaesthesia has been criticised since it produces changes 

in the blood pressure (Ben-Ziv, Weinman & Sulman, 1964) and is less 

physiological than employing unanaesthetised rats (Pfeffer et al., 

1971). In the present system unanaesthetised rats were used, the rats 

were also frequently handled and accustomed to the restraining system 

since this enables more reliable results to be obtained (Rowberg, 

Franklin & Van Citters, 1969; Pfeffer, Pfeffer & Frohlich, 1971). 

(e) The reference artery, used to obtain the direct readings of systolic
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blood pressure to compare with the indirect readings obtained from 

the caudal artery has usually been either the carotid or aorta (e.g. 

Alexander, 1957; Rowberg et al., 1969; Frangipane & Aporti, 1969; 

Pfeffer, Pfeffer & Frohlich, 1971; Bunag, 1973), though Geddes (1970) 

has suggested that the most desirable reference artery is the femoral 

since it arises from the aorta close to the caudal artery and the 

femoral has in fact been employed as the reference artery (Sobin, 1946; 

Fregly, 1963). However, since one is seeking to establish a relation- 

ship between systemic arterial pressure and the indirect readings 

obtained from the caudal artery it appeared advisable to use the 

aorta as the reference artery. The aorta also possesses the advantage 

that little disturbance to normal blood flow occurs when cannulated 

via a carotid artery and probably provides a more accurate value of 

blood pressure than that obtained from the femoral (Bunag, 1973). 

All indirect methods of measuring systolic blood pressure in the 

rat involve some form of restraining the animals. This may be 

performed by employing anaesthesia (e.g. Byrom & Wilson, 1938; Dowd 

& Jones, 1968; Maistrello & Matscher, 1969; Bunag, McCubbin & Page, 

1971), or curare (Friedman & Freed, 1949), or in a restraining device 

(e.g. Sobin, 1946; Kersten et al., 1947; Fregly, 1963; Frangipane & 

Aporti, 1969; Bunag, McCubbin & Page, 1971; Pfeffer, Pfeffer & 

Frohlich, 1971; Bunag, 1973). The effect of this restraint on systolic 

blood pressure has not been previously reported and although in this 

study the effect of a combination of restraining and warming the 

animal on systolic blood pressure has been examined (Fig. 14) the 

effect of warming, as stated previously, can be considered to be 

minimal, The increase in systolic blood pressure due to restraining 

the animal can be seen to be directly proportional to the resting
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level of systolic blood pressure indicating perhaps that rats with 

high blood pressure are more susceptible to stress or possess a 

more labile blood pressure. The presence of a significant difference 

between the two groups of systolic blood pressure measurements 

demonstrates that restraining rats will produce falsely elevated 

systolic blood pressure measurements when measured either directly 

or indirectly if the values obtained by the latter method are 

equivalent to direct readings. Since the rats used in this study 

had been frequently handled and accustomed to the restraining cages 

the lack of familiarity of the rats with the method cannot explain 

the rise in systolic blood pressure and would appear to be due to 

stress arising out of the confinement. 

All indirect methods of measuring rat systolic blood pressure employ 

an arterial occluding device, which is always an annular cuff in the 

ease of the tail, and a means of detecting the pulse as the pressure 

in the occluding device falls below systolic and diastolic pressure 

and it is these parameters, (the width of the occluding cuff and 

the pulse detector), which are essential to obtain accurate systolic 

blood pressure readings, that are the subject of many reports and 

conflicting opinions. 

(i) The accuracy of the systolic blood pressure measurement is 

partly determined by the length of the caudal artery which is 

occluded and this is described by the width of the occluding cuff 

(see review by Geddes 1970). Although several studies have been 

undertaken to determine the width of cuff which provides the most 

accurate readings of systolic blood pressure (Maistrello & Matscher, 

1969; review by Geddes, 1970; Bunag, 1973) no absolute value for 

this parameter has so far been obtained. The values for occluding 

cuff width have varied from 1 cm up to 7 em though cuff widths as
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narrow as 1 cm up to 1.4 cm will produce abnormally high systolic 

blood pressure values in small rats since although the diameter of 

the cuff remains constant the diameter of the tail increases with 

weight and hence the pressure of the cuff is exerted on a shorter 

tail segment in small rats, and a greater fraction of it is needed 

to overcome the resistance of the sleeve with the result of poorer 

compression of the artery. Occluding cuffs with widths from 1.8 

to 2.8 cm are less susceptible to being influenced by variations 

in the length of the tail artery being compressed (Maistrello & 

Matscher, 1969). Oceluding cuffs of large widths will produce 

abnormally low systolic blood pressure values due to the pressure 

gradient in existence along the rat's tail. 

The detailed experiments of Shuler, Kupperman & Hamilton 

(1944), Maistrello & Matscher (1969) and Bunag (1973) proposed 

cuff widths of 1.6 cm, 1.8 cm and 1.5 cm respectively as providing 

the most accurate indirect systolic blood pressure readings from 

the caudal artery when employing the carotid artery as the reference 

artery. Sobin (1946) and Fregly (1963) used the femoral artery as 

the reference artery (as suggested by Geddes, 1970) and proposed 

cuff widths of 1 cm and 3.75 cm respectively as producing the most 

accurate indirect systolic blood pressure measurements from the 

caudal artery. However, Sobin (1946) only employed two cuff widths 

one of 1 cm and another of 4 cm and found the former the most satis- 

factory whilst Fregly (1963) obtained indirect systolic blood pressure 

measurements higher than the direct readings from the femoral artery 

which is contrary to the expected findings for such a large cuff 

width. Geddes (1970) stated that the cuff width necessary for the 

best agreement between direct (femoral artery or aorta) systolic blood 

pressure and indirect (caudal) systolic blood pressure lies between
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1 cm and 3.75 cm. The cuff used in the present study was 1.8 cm 

which appeared initially to represent the ideal cuff width and since 

the comparison between the values obtained simultaneously for the 

indirect systolic blood pressures and the direct systolic blood 

pressures were so closely related (r = 0.976, regression coefficient 

0.9354) it appears to indicate that such a cuff width is adequate 

to obtain accurate indirect systolic blood pressure measurements. 

(ii) The systolic end point has been detected by various 

methods (see introductions by Frangipane & Aporti, 1969; Pfeffer, 

Pfeffer & Frohlich, 1971 and review by Geddes, 1970) and none has 

been conclusively demonstrated to produce any greater accuracy 

than any other. However, the microphonic method of Friedman & Freed 

(1949, 1952) is based upon the auscultatory method of Korotkoff 

(1905) which is the most consistently reproducible method (Geddes, 

1970). In the present system the point at which blood is just forced 

into the caudal artery past the occluding cuff is detected by a 

strain gauge rather than a microphone as in the case of Friedman & 

Freed (1949, 1952) though these workers suggested a strain gauge as 

an alternative sensory device. Hence, the sensory system for the 

detection of systolic end point used in this case would appear to be 

as satisfactory as the microphonic manometer of Friedman & Freed 

(1949, 1952) and an improvement on the water plethysmograph of 

Byrom & Wilson (1938), its later electrical modifications (e.g. 

Skeggs & Leonards, 1946; Chittum, Hill & Grimson, 1953; Frangipane 

& Aporti, 1969) and optical methods (e.g. Diaz & Levy, 1939; Duncan, 

Hyman & Chambers, 1943; Alexander, 1957). The use of a write out 

also aids accuracy since the readings can be taken or verified at 

leisure.
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The sensory device gave an easily identifiable systolic end 

point as can be seen from Figs.10 and 11. The three stages of 

arterial inflow designated by Pfeffer, Pfeffer & Frohlich (1971) 

can be clearly observed: 

Stage I, when the occluding cuff pressure is above systolic pressure 

and the tracing from the pulse transducer is steady and noise free. 

Stage II, when the cuff pressure equals systolic pressure and low 

amplitude pulsations are observed and, Stage III, when the cuff 

pressure no longer impedes arterial flow and maximum amplitude 

pulsations occur. 

The detection of the low amplitude pulsations was obtained with 

regularity and ease with the present system and thus allowed precise 

measurements of the systolic blood pressure to be made but the 

introduction of the maximum amplitude pulsations of Stage III, 

representing diastolic blood pressure was not easily detected and 

the system was considered unacceptable to obtain diastolic blood 

pressure readings with any degree of accuracy. 

From the results and Fig. 12, it can be seen that the system used 

for obtaining indirect systolic blood pressure measurements in the 

present study was both accurate and reliable. The close relationship 

between the regression line for the simultaneously obtained readings 

of direct and indirect systolic blood pressures and the line of perfect 

agreement demonstrate the validity of the present tail-cuff system for 

the determination of the central (aortic) systolic blood pressure of 

rats. 

Validity of other tail cuff methods has been repeatedly confirmed 

(see introduction by Bunag, Page & McCubbin, 1971) using anaesthetised
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animals. However, only three studies have been reported using unanaes- 

thetised animals; that of Bunag, McCubbin & Page (1971) which demonstrated 

that the tail cuff method for the indirect measurement of systolic 

blood pressure was only valid in anaesthetised rats and not in 

conscious animals and those of Pfeffer, Pfeffer & Frohlich (1971) and 

Bunag (1973) which demonstrated the validity of the tail cuff method in 

conscious animals, The cuff used by Bunag, McCubbin & Page (1971) 

was 2.5 cm in width and would be expected to produce abnormally low 

systolic blood pressure values due to the pressure gradient in existence 

along the rat's tail; this did in fact occur and the use of a smaller 

euff, 1.25 cm in width, produced values closer to the directly measured 

aortic systolic blood pressure. Pfeffer, Pfeffer & Frohlich (1971) 

and Bunag (1973) obtained very close relationships between indirect and 

direct systolic blood pressure measurements using a 1.5 cm cuff which is 

much closer to the cuff size considered most desirable (see earlier) than 

those of Bunag, McCubbin & Page (1971). Pfeffer, Pfeffer & Frohlich 

(1971) considered that the primary explanation for acceptance of the 

validity of a tail-cuff technique was the type of sensory device employed 

but this cannot explain the difference in the findings of Pfeffer, 

Pfeffer & Frohlich (1971) and Bunag, McCubbin & Page (1971) since 

both used a modification of the method of Friedman & Freed (1949, 1952), 

using a pulse transducer (strain gauge), of exactly the same type, to 

detect the arterial pulsation, the same system as used in the present 

study. Pfeffer, Pfeffer & Frohlich (1971) considered that Bunag, 

MeCubbin & Page (1971) failed to obtain any significant correlation 

between indirect and aortic systolic blood pressure measurements because 

of diminished stage III and hence stage II pulsations and this may be 

correct since even with the small cuff, which, as stated earlier (p. 97) 

should theoretically produce abnormally high indirect systolic blood
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pressure readings Bunag, McCubbin & Page (1971) still obtained lower 

indirect systolic blood pressure readings than direct carotid artery 

systolic blood pressure measurements. Bunag (1973) considered 

his earlier study to be inaccurate due mainly to the width of the occluding 

cuff which he employed. 

The accuracy of the present system would appear to be due to the 

easily identifiable systolic end point combined with an occluding 

cuff of size 1.8 cm though it would seem essential that each laboratory 

must validate each parameter in its indirect pressure measurements 

for the circumstances under which the method is used, as stated previously 

by several workers (Fregly, 1963; Maistrello & Matscher, 1969; Pfeffer, 

Pfeffer & Frohlich 1971). 

Fig. 13 reveals that at low systolic blood pressure levels the 

agreement between the indirect restrained and direct unrestrained 

values is very good but this agreement gradually disappears at high 

systolic blood pressure levels. Thus the systolic blood pressure of 

restrained normotensive rats will bear a very close agreement with 

the systolic blood pressure of the rat in its near natural state, 

i.e. direct unrestrained readings at normal temperatures. The close 

agreement is due to the fact that systolic blood pressures measured 

indirectly in restrained rats are lower than the direct readings in 

similarly restrained rats (see Fig. 12), due to either the occluding 

cuff being slightly too large or the presence of inertia (time from 

blood just passing through the occluding cuff to trace being obtained 

on the recording system) in the recording system, or a combination 

of both, whilst the effect of restraining and warming caused a slight 

elevation of systolic blood pressure when compared with unrestrained 

normotensive rats maintained at room temperature (see Fig. 14) and
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hence resulting in the blood pressures of restrained rats almost 

equalling those of unrestrained rats at normotensive levels. The 

lack of correlation observed at higher levels of systolic blood pressure 

is due to the effect of restraining and heating the animals, the 

former being the most important (see p.95). 

Fig. 15 demonstrates that the tail cuff system used in the present 

study is capable of following changes in systolic blood pressure 

accurately. 

Summary: 

1. Due to the problems associated with the measurement of blood pressure 

chronically in rats by direct arterial cannulation an indirect tail cuff 

method was developed. 

2. The indirect tail cuff method was found to produce an easily 

identifiable end-point for the systolic blood pressure but not for the 

diastolic blood pressure. 

3. The indirect tail cuff method was found to provide accurate values 

for the systolic blood pressure, over a wide range, when compared 

with systolic blood pressures obtained simultaneously by direct arterial 

cannulation. 

4. At low levels of systolic blood pressure, but not at high levels, 

there was a very close agreement between the values obtained in restrained, 

heated rats by the indirect tail cuff method and those obtained in rats 

in a near normal state (i.e. unrestrained at room temperature) by 

direct arterial cannulation. The reasons for this are discussed. 

5. Restraining and warming rats causes the systolic blood pressure to 

increase above that of rats in a near normal state in a manner directly 

proportional to the resting blood pressure level. The reasons for this 

are discussed.
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6. The indirect tail cuff method is capable of following 

drug induced changes of the systolic blood pressure.



=n 1Oder 

CHAPTER 2 

The Development of Hypertension in the Rat 

In order to investigate mechanisms involved in the production of 

hypertension in rats it was thought necessary to find a method capable 

of producing a consistent, stable elevation of blood pressure. 

Initially an attempt was made to produce hypertension acutely by ligation 

of the ureters or partial occlusion of the aorta, above the level 

of the renal arteries, in anaesthetised rats, Both methods produced 

rises in both systolic and diastolic blood pressures but it was found 

that a stable blood pressure could not be consistently obtained. 

The attempt to produce acute hypertension in anaesthetised rats was 

abandoned and methods capable of producing chronic hypertension in 

conscious animals examined, 

There are many procedures for the production of chronic arterial 

hypertension in rats (see pages 10 to 22). It was decided to investigate 

the value of 3 methods involving interference with renal function and 

one method involving administration of DOCA, for producing hypertension 

in rats. Measurements of blood pressure and body weight were determined 

at intervals over a 2 month study period. After this time all animals 

were post-mortemed and the effect of hypertension on various organs 

was examined macroscopically and microscopically. The pilot study 

involved direct measurement of blood pressure and the subsequent, more 

extensive study employed the indirect tail cuff method for blood 

pressure measurement. 

Results 

The pilot study employing implantation of a 25 mg DOCA pellet with 

unilateral nephrectomy and replacement of drinking water by 1% sodium 

chloride solution for 4 weeks, in a group of 10 rats, resulted in an
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excessively large number of mortalities and a very high elevation of 

the systolic blood pressures (greater than 200 mm Hg) after 2 to 3 weeks. 

Due to these findings 1% sodium chloride solution was substituted 

for drinking water for a period of 14 days only,in the subsequent 

investigation. The effects of this procedure on the systolic blood 

pressures of a group of 20 rats are illustrated in Fig. 16. A rapid 

rise in blood pressure began 6 days after the operation to induce 

hypertension which continued for a further 26 days to reach a maximum 

level of 200 mm Hg and thereafter remained at this level, All the 

surviving operated rats became hypertensive and 50% had systolic blood 

pressures greater than 200 mm Hg during the 2 month period of study. 

However, the mortality rate was very high (50% of the operated rats 

were dead after one month). 

In the pilot study, where a 'figure-of-eight' ligature was made 

on the left kidney with simultaneous contralateral nephrectomy, a 

large number of deaths and severe elevation of blood pressure after 

3 to 4 weeks occurred. In the subsequent study, involving the 

production of hypertension by the method of Grollman (1944), right 

nephrectomy was performed 7 days after the application of the 'figure- 

of-eight' ligature to the left kidney. The effect, on systolic blood 

pressure, of this procedure is illustrated in Fig. 17. The blood 

pressure began to increase 11 days after the introduction of the 

‘figure-of-eight' ligature and continued to gradually rise for a 

further 31 days to reach a maximum systolic blood pressure for the 

group of 195 mm Hg. The blood pressure of the group subsequently fell 

slightly but remained well above hypertensive levels. The percentage 

of rats which became hypertensive during the 2 month period of study 

was 75%, and 40% of these had blood pressures greater than 200 mm Hg.
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FIGURE 16: THE EFFECT OF A DOCA-NaCl REGIMEN ON THE SYSTOLIC BLOOD 

PRESSURES OF RATS. 

The solid circles @—®) represent the mean systolic blood pressure 
of rats in which a 25 mg DOCA pellet was implanted on day 4 (a) together 
with right nephrectomy. These rats were given 1% sodium chloride solution 

to drink for 14 days as indicated by the bar (B). The open circles O—O) 
represent the mean systolic blood pressure of control rats. Each point 
represents the average value for the number of rats indicated in 
parenthesis. Standard errors of the mean are indicated for each point.
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FIGURE 17: THE EFFECT OF THE METHOD OF 'GROLLMAN' ON THE SYSTOLIC 

BLOOD PRESSURES OF RATS. 

The solid circles @—®) represent the mean systolic blood pressure 
of rats in which a 'figure-of-eight' ligature was applied to the left 
kidney on day 4 (A) and contralateral nephrectomy performed 7 days later 
(8). The open circles C—O) represent the mean systolic blood pressure 
of control rats. Each point represents the average value from the 
number of rats indicated in parenthesis. Standard errors of the mean 
are indicated for each point.
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The mortality rate over the 2 month period of study was quite high at 

40%. 

In the pilot study, where the left kidney was wrapped in trans- 

parent cellulose, with simultaneous contralateral nephrectomy, only 

a small percentage of the operated rats developed hypertension. In 

the subsequent study the effect of the method of Page (1939) on systolic 

blood pressure showed that although the blood pressure was consistently 

elevated above the control group and 17% of the animals developed a 

blood pressure greater than 170 Hg the group asa whole did not 

develop hypertension. The mortality rate was quite low (25%) over 

the 2 month study period. 

The pilot study where a branch of the renal artery to both kidneys 

was ligated revealed that no rat developed a systolic blood pressure 

greater than 170 mm Hg. In the rats in which an attempt to produce hyper- 

tension was made, by the method of Loomis (1946), the blood pressure 

began to rise one day after the operation and reached a maximum eight 

days later after which the blood pressure fell to a level not 

significantly different (P > 0.05) from that of the control group for 

the remaining period of study. The mortality rate was 30% and no 

animal developed a sustained blood pressure above 170 mm Hg. 

The body weights of the four groups of operated rats compared 

with the control groups of unoperated normotensive rats are shown in 

Figs.18 and 19, A significant difference (P < 0.05) in body weight 

was found between all the hypertensive groups and the controls 

immediately after the operation and this was sustained in two of the 

groups throughout the 2 month study period. However, the significant 

difference in body weight between the ‘Loomis' and 'Page' operated 

rats and the unoperated control rats disappeared 4 and 31 days res- 

pectively after the operation to induce hypertension.
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FIGURE 18: THE INCREASE IN BODY WEIGHT WITH TIME OF RATS IN WHICH 

HYPERTENSION WAS PRODUCED BY (1) A DOCA-NaCl REGIMEN AND 

(2) THE METHOD OF 'GROLLMAN' COMPARED WITH AN UNOPERATED 

CONTROL GROUP OF RATS. 

The solid circles @—®) represent the body weights of unoperated 
control rats. The open triangles (AA) represent the body weights of 
the 'Grollman' rats and the open circles (O—O) the body weights of the 
rats which received a DOCA-NaCl regimen. Each point represents the average 
value for the number of rats indicated in parenthesis. Standard errors of 
the mean are indicated for each point. The difference in the body weights 
of the operated groups from the control group was evaluated using Student's 
't' test and the level of significance is shown by the asterisks 

(*P < 0.05; **P < 0.02; ***P < 0.001),
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FIGURE 19: THE INCREASE IN BODY WEIGHT WITH TIME OF RATS IN WHICH 

HYPERTENSION WAS PRODUCED BY (1) THE METHOD OF 'LOOMIS' AND 

(2) THE METHOD OF 'PAGE' COMPARED WITH AN UNOPERATED CONTROL 

GROUP OF RATS. 

The solid circles @—®) represent the body weights of unoperated 
control rats. The open triangles (A/\) represent the body weights of 
the 'Loomis' rats and the open circles Q—O) the body weights of the 
'Page' rats. Each point represents the average value for the number of 
rats indicated in parenthesis. Standard errors of the mean are indicated 
for each point. The difference in the body weights of the operated groups 
from the control group was evaluated using Student's 't' test and the 
level of significance is shown by the asterisks (*P < 0.05; **P < 0.01).
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The weight of the single kidney of the DOCA-NaCl, 'Page' and 

*Grollman' rat groups did not differ significantly from the combined 

weight of both kidneys in the unoperated controls. The weight of 

both kidneys in the 'Loomis' group of rats did not differ significantly 

from that of the unoperated control group. However, when the kidney 

weight of the DOCA-NaCl rats was expressed as a percentage of body 

weight a significant increase above that of the unoperated controls 

(P <0.001) was observed. No significant increase was observed in the 

three other operated groups and there was a lack of correlation between 

the systolic blood pressure and the kidney weight expressed as a 

percentage of body weight when all the results from the four operated 

and two control groups were combined. 

The heart weights of the DOCA-NaCl and 'Grollman' groups of rats 

were significantly greater than those of the unoperated control group 

(P < 0.001) when expressed as a percentage of body weight whilst the 

heart weights of the 'Loomis' and 'Page' groups of rats showed no 

significant difference from the unoperated controls. There was a 

highly significant correlation (P < 0.001) between the heart weight 

expressed as a percentage of body weight and the systolic blood 

pressure of the DOCA-NaCl, 'Grollman' and control rats (r = 0.934). 

The equation of systolic blood pressure (Y) to heart weight (X) was 

¥ = 1038.43x - 220.13 (see Fig. 20). 

The weights of the adrenal glands of the four operated groups 

showed no significant difference from the control group when expressed 

as absolute values. However, the 'Grollman' rats had a significantly 

greater adrenal gland weight (P < 0.05) when expressed as a percentage 

of body weight. The adrenal gland weight of DOCA-NaCl rats when
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FIGURE 20: THE RELATIONSHIP BETWEEN SYSTOLIC BLOOD PRESSURE AND HEART 

WEIGHT/BODY WEIGHT RATIO IN RATS. 

Each circle represents the heart weight/body weight ratio for the 
systolic blood pressure of a rat from either the control normotensive 
group, DOCA-NaCl up or 'Grollman' group. The equation of systolic 
blood pressure (Y) to heart weight/body weight ratio (X) was 
Y = 1038.43x - 220.13 with a correlation coefficient of r = 0.934. 
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expressed as a percentage of body weight, was increased but the 

difference was not statistically significant. 

The general appearance of the 'Loomis' and 'Page' rats did not 

differ markedly from that of the unoperated controls except for the 

occasional appearance of blood in the urine of the 'Page' operated rats. 

The DOCA-NaC1 and 'Grollman' rats displayed piloerection and were cold, 

the severity of these effects being greatest with the former group of 

animals. In general the DOCA-NaCl rats were emaciated, took up a 

"hunched' posture and in extreme cases almost totally lacked their 

righting reflex. On handling these animals they were not only cold 

to the touch but became very ‘jumpy’ and appeared to be in pain. 

Blood was observed in the urine of both the DOCA-NaCl and 'Grollman' 

groups, of rats, 

The appearance at post-mortem of the DOCA-NaCl rats was of 

grossly enlarged hearts with engorged jugular veins. The kidneys were 

greatly hypertrophied and of a tougher texture than the kidneys from 

the control group of rats. 

The occurrence of hypertrophied hearts and kidneys was also 

observed in the 'Grollman' group of rats with some engorgement of 

the jugular veins, The kidneys of the 'Grollman' rats were enveloped 

in a mass of connective tissue completely obscuring the 'figure-of- 

eight' ligature, although the indentation caused by the ligature 

could still be seen (see Fig. 21). 

The rats of the 'Page' operated group occasionally displayed 

enlarged hearts, corresponding with elevated systolic blood pressures, 

and in all cases hypertrophied kidneys, However, the presence of a 

fibro-collaginous capsule around the kidney was observed in only a
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LONGITUDINAL SECTION OF THE LEFT KIDNEY FROM A RENAL 

  

FIGURE 21: 

HYPERTENSIVE RAT. 
  

The cotton of the 'figure-of-eight' ligature can be seen to be 

completely surrounded by connective tissue although the indentations 

in the kidney surface caused by the ligature are still visible. 

(Magnification x 3).
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few instances, in most cases the cellulose was only adhering to the 

kidney with the cotton visibly intact. The presence of a fibro- 

collaginous capsule around the kidney coincided in most cases, but 

not all, with an elevated systolic blood pressure. 

The appearance of the ‘Loomis' group of rats was in most instances 

the same as that of the control group of rats although in some cases 

connective tissue was observed around the ligatures on the branches of 

the renal artery. No obvious anastamoses of arterial renal vessels 

were observed in the animals studied. 

The hearts of the three hypertensive groups in which hypertrophy 

occurred displayed similar characteristics upon histological examination. 

The hypertrophy of the heart occurred almost totally in the left 

ventricle and areas of muscle fibre degeneration were also observed in 

the left ventricle but in general there were no histopathological 

differences between the hypertrophied hearts of the hypertensive 

animals and the control, unoperated rats. 

The kidneys of the three hypertensive groups displayed enlargement 

of both the cortex and medulla but mainly of the cortex. The cortex 

was also shown to contain distended tubules containing casts in some 

eases and fibrous tissue although there appeared to be no change in 

the glomeruli. 

Fig. 22 shows the papillae from the kidney of a control unoperated 

rat and a hypertensive DOCA-NaCl rat. The presence of fibrous tissue 

at the base of the papillae of the kidney from the hypertensive rat 

can be seen as can the presence of proteinaceous casts in distended 

tubules, Although the upper part of the papillae is not so far 

affected degenerative changes would no doubt ensue due to the blockage 

of the tubules by the casts. Similar effects were observed in the 

two renal hypertensive groups in which hypertension had been induced
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FIGURE 22: KIDNEY PAPILLAE FROM A DOCA-NaCl HYPERTENSIVE RAT AND A 

CONTROL NORMOTENSIVE RAT. 

The presence of proteinaceous casts in distended renal tubules 

and fibrous tissue at the cortico-medullary junction of the papilla 

in the kidney from the DOCA-NaCl hypertensive rat is shown on the 

vight. A normal kidney papilla is shown on the left. (Sections were 

stained with haemotoxylin and eosin. Magnification x 25).
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although the presence of the proteinaceous casts was most marked in 

the DOCA-NaCl rats. The casts in the dilated tubules of a DOCA-Na@l 

hypertensive rat are shown in detail in Fig. 23. 

The adrenal glands of hypertensive rats from the two renal 

hypertensive groups and the DOCA-NaCl group of rats occasionally 

showed hypertrophy of the cortex but not the medulla. There was also 

a lack of clarity of the division between the cortex and medulla as 

is illustrated in Fig. 24. 

The aorta and mesenteric arteries of the operated groups showed no 

obvious changes from those of the control unoperated group. 

Discussion 

The development of DOCA-NaCl hypertension within 14 = 21 days was 

something of a surprise when considering the published literature on 

this type of hypertension (see Chapter 3), No reasons for this rapid 

production of hypertension were immediately obvious (see Chapter 3 

for detailed examination). 

The development of hypertension in the 'Grollman' operated rats 

was as expected (e.g. Mallov, 1959; Baum & Shropshire, 1967) and 

the necessity for performing contralateral nephrectomy some time after 

the application of the 'figure-of-eight' ligature was demonstrated 

(e.g. Grollman, 1944; Baum, 1968; Baum & Shropshire, 1969; Baum, 

Shropshire & Varner, 1972). Although Nickerson & Nomaguchi (1948) 

obtained only a 30% incidence of hypertension in rats this was probably 

due to the fact that contralateral nephrectomy was performed 4 to 6 

weeks after the application of the 'figure-of-eight' ligature. 

The failure to obtain a high incidence of hypertension in the 

"Page' operated rats was not altogether unexpected since even though 

several workers have obtained hypertension employing transparent
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FIGURE 23: PROTEINACEOUS CASTS IN THE RENAL TUBULES FROM A DOCA-NaCl1 

HYPERTENSIVE RAT. 

(Section was stained with haemotoxylin and eosin. Mangification 

x 100).
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FIGURE 24: TRANSVERSE SECTIONS OF THE ADRENAL GLANDS FROM A DOCA-NaC1 

HYPERTENSIVE RAT AND A CONTROL NORMOTENSIVE RAT. 

Slight hypertrophy of the adrenal cortex and early degenerative 

changes in the region of the cortico-medullary junction in the adrenal 

gland from the DOCA-NaCl hypertensive rat is shown on the right. A 

normal adrenal gland is shown on the left. (Sections were stained with 

haemotoxylin and eosin, Magnification x 20).
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cellulose perinephritis (e.g. Friedman, Jarman & Klemperer, 1941; 

Schroeder, 1942; Gomez-Salazar, 1942; Chessar, Ferrario & McCubbin, 

1972) the failure of transparent cellulose wrapping to produce hyper- 

tension in rats has been reported (Herman, Decherd & Erhard, 1941; 

Remington et al., 1944; Abrams & Sobin, 1947) and most recent reports 

on the production of hypertension by perinephritis employ latex 

encapsulation of both kidneys (e.g. Abrams & Sobin, 1947; Fregly, 1968; 

Fregly & Anton, 1969; Field, Janis & Triggle, 1972, 1973). The 

inability of the method of Page (1939) to produce a hyper- 

tensive state in a large percentage of rats in this study may possibly 

be associated with the strain of rat employed since in male Charles 

Rivers Sprague-Dawley rats a 70% success rate was obtained (Poyser, 

personal communication), Another possible reason for the lack of 

success of this method is the particular type of transparent cellulose used 

since a fibro-collaginous capsule developed in only a small percentage 

of the operated animals. 

The method of ‘Loomis’ for the production of hypertension was 

rather disappointing with no rat in either study attaining a sustained 

hypertension. Koletsky (1955) found that ligation of major branches 

of both renal arteries resulted in an initial rapid rise of systolic 

blood pressure up to 7 days but not in a very high percentage of 

animals. Loomis (1946) also showed that ligation of a major branch of 

both renal arteries resulted in a rapid rise in systolic blood pressure 

which reached a maximum at one week and was followed by a fall to 

normotensive levels at 2 weeks as was observed in the present study. 

Loomis (1946), however, reported that the blood pressure once again 

began to rise and attained hypertensive levels at 5 weeks. It is
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possible that a longer period of study may have revealed a secondary 

sustained rise of the blood pressure in the present study but the 

failure of many early workers to obtain a sustained hypertension and 

only a transitory rise (see review by Braun-Menendez et al., 1946) 

suggests that this may not be the case. 

The fact that the number of mortalities is dependent upon the 

severity and period of hypertension has been frequently reported 

(see reviews by Hollander, 1973 and McKenny, 1974) and the present 

study is in agreement with these findings. 

The body weights of hypertensive rats have been reported to be 

less than those of control normotensive animals during DOCA-NaCl 

(esge Masson, Corcoran & Page, 1949; Ueda, Nishimura & Yasuda, 1967; 

Beilin & Ziakus, 1972; Hansen, Abrams & Bohr, 1974) and renal 

hypertension, (e.g. Baum & Shropshire, 1967, 1969; Field, Janis & 

Triggle, 1973; Wolinsky, 1973) although no difference in body weight 

gain has been reported for DOCA-NaC1 rats (e.g. Deming et al., 1958; 

Baum & Shropshire, 1967; De Champlain, Mueller & Axelrod, 1969; 

English et al., 1973; Holloway & Bohr, 1973) and renal hypertension 

(e.g. Adel et ale, 1965; Phelan & Wong, 1968; Wolinsky, 1972; Holloway 

& Bohr, 1973; Lundgren, 1974). Although the growth rate is dependent 

upon the species as well as the ‘severity of the hypertension (Molten 

& Brownie, 1972) the duration of the hypertension appears to be the 

most important factor. In the short term, up to 14 weeks after the 

operation to induce hypertension, the growth rate of the 

hypertensive rats is slower than that of controls (e.g. Ueda et al., 

1967; Baum & Shropshire, 1967, 1969; Beilin & Ziakus, 1972; Wolinsky, 

1973; Hansen, Abrams & Bohr, 1974) for both DOCA-NaC1 and renal 

hypertensive rats whilst the growth rate in the long term, over 15 weeks



- 122 - 

after the operation to induce hypertension, the body weights of both 

DOCA-NaCl1 and renal hypertensive rats are not significantly different 

from those of control animals (e.g. Phelan & Wong, 1968; De Champlain, 

Mueller & Axelrod, 1969; Wolinsky, 1972; Holloway & Bohr, 1973). The 

significant difference in the rate of body weight gain between the 

DOCA-NaC1 and 'Grollman' hypertensive rats and the lack of a significant 

difference in the other two renal operated groups from the normotensive 

control groups observed in the present study concurs with the results 

of the above authors. 

The data on heart weight obtained in this study is in agreement 

with the published literature on the subject in that hypertrophy 

was observed in both renal (e.g. see review by Braun-Menendez et al., 

1946; Phelan & Wong, 1968; Fregly & Anton, 1969; Field, Janis & 

Triggle, 1972, 1973; Wolinsky, 1973; Lundgren, 1974) and DOCA-NaC1 

(e.g. De Champlain, Krakoff & Axelrod, 1968; Hall & Hall, 1969; 

Beilin, Wade, Honour & Cole, 1970; Beilin & Ziakus, 1972) hypertensive 

animals. There was also a highly significant correlation between 

heart weight as a ceroen tags of body weight and systolic blood pressure 

(Chanutin & Ferris, 1932; Chanutin & Barksdale, 1933; Benitz, 

Moraski & Cummings, 1961; Fregly, 1962) a fact which has led occasionally 

to the use of heart weight as a measure of the degree of elevation 

of blood pressure (Selye & Stone, 1946; Masson et al., 1949). The 

hypertrophy of the heart is due almost totally to the left ventricle 

which hypertrophies as a result of the increased work performed in 

overcoming the raised peripheral resistance (e.g. see reviews by 

Braun-Menendez et al., 1946; De Champlain, 1972 and Cohn, 1974). 

The kidney hypertrophy observed in the present study is in 

agreement with the many reports of kidney enlargement following the
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production of both DOCA-NaCl (e.g. Masson, Corcoran & Page, 1949; Ueda, 

Nishimura & Yasuda, 1967; Hall & Hall, 1969; English, et al., 1973) and 

renal (e.g. Wilson & Byrom, 1941; Ostrovsky, Papsin & Gornall, 1968; Field, 

Janis & Triggle, 1972, 1973) hypertensions, However, the exact cause 

of the hypertrophy has been the subject of much discussion. It is 

known that reduction of functioning renal mass, by for example uni- 

lateral nephrectomy, results in compensatory hypertrophy (e.g. Brunner, 

Desaulles, Regoli & Gross, 1962; Mason & Ewald, 1965; Royce, 1967). 

Royce (1967) has presented evidence for a rise in plasma concentrations 

of ribonuclease and other low molecular weight proteins following 

unilateral nephrectomy in rats and has suggested that an increased 

uptake of these proteins by the remaining kidney may be the stimulus 

for initiating compensatory hypertrophy. Ostrovsky, Papsin & Gornall 

(1968) have also suggested that the proteinuria of renal hypertension 

(see review by Braun-Menendez et al., 1946) may result in increased 

amounts of certain proteins in the glomular filtrate which may also 

stimulate renal hypertrophy even when both kidneys are present and 

these workers have suggested that hypertension may be a more powerful 

determinant of renal hypertrophy than the renoprival effect in both 

DOCA-NaCl and renal hypertensions. 

However, Braun-Menendez (1952) and Goldstein (1960) do not 

consider hypertension as a mechanism of compensatory renal hypertrophy 

and the results of the present study appear to support this hypothesis 

as there was no significant difference between the kidney weight of the 

renal hypertensive rats, when expressed as absolute values or as a 

percentage of the body weight, irrespective of blood pressure, Also 

there was no significant correlation between kidney weight, expressed 

as a percentage of body weight, and blood pressure which is in agreement
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with the work of Benitz, Moraski & Cummings (1961) but not that of 

Friedman & Friedman (1949), Grollman & Halpert (1949) and Fregly (1962) 

who observed direct relationships between kidney weight, expressed as 

a percentage of body weight, and systolic blood pressure. The DOCA- 

NaCl group of rats did exhibit a statistically sigmificant increase in 

kidney weight, expressed as a percentage of body weight, when compared 

with either the normotensive controls or renal hypertensive rats 

indicating that a factor other than hypertension, possibly the much 

smaller body weight of the animals in this group, was responsible 

for the significantly greater relative weight of the kidneys in these 

rats. 

The fact that unilateral nephrectomy is a powerful determinant of 

renal hypertrophy is also indicated by the fact that in the two renal 

hypertensive groups where this procedure was performed there was no 

significant difference between the kidney weights of normotensive and 

hypertensive members of the group although the weight of the single 

kidneys in these groups were highly significantly greater than those 

of the normotensive control and of the ‘Loomis' groups of rats. 

The absence of any significant increase in adrenal gland weight 

of DOCA-NaCl hypertensive rats is in agreement with the published 

literature. Decreased (eg. Masson, Hazard, Corcoran & Page, 1950; 

Deane & Masson, 1951; Friedman et al., 1971; Friedman, Honore & 

Friedman, 1972) or unchanged (e.g. Masson, Corcoran & Page, 1949; 

Hall & Hall, 1969; De Champlain, Mueller & Axelrod, 1969 and review by 

De Champlain, 1972) adrenal gland weights have been frequently reported. 

There have been suggestions that the adrenal medulla is involved in 

the production of DOCA-NaCl hypertension (see review by De Champlain,
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1972) and that the adrenal cortex is decreased in size (Friedman, 

Honore & Friedman, 1972) thus resulting in no overall change in the 

size or weight of the adrenal gland. However, the present study 

indicated that there was a possible increase in the adrenal cortex 

with no change in the adrenal medulla which is in general agreement 

with the bulk of the literature relating to adrenal gland weight in 

DOCA-NaC1 hypertension, (see p. 124). 

Increased adrenal gland weights in renal hypertensive rats has 

been observed many times (e.g. Rather, 1951; Deane & Masson, 1951; 

Fregly, 1962; Ostrovsky, Papsin & Gornall, 1968; Field, Janis & 

Triggle, 1972, 1973) and this is due mainly to an increase in the 

cortex particularly the zona glomerulosa (e.g. see reviews by Page 

& McCubbin, 1965, 1968) although an increase in the adrenal medulla 

has also been observed (Giampalmo, 1947; Rather, 1951; Liebefott, 1953). 

The increased size of the adrenal cortex in the one group of rats in 

which renal manipulation was consistently successful in producing 

hypertension in this study (i.e. the method of Grollman) is in 

agreement with the above reports and the lack of increase in the size 

of the adrenal medulla is also in agreement with most of the published 

literature. 

The poor physical appearance of the rats receiving a DOCA-NaC1 

regimen in the present study, plus the other symptoms, such as poly- 

dipsia and polyuria, have been reported many times (e.g. Ueda, 

Nishimura & Yasuda, 1967; Panasevich, Belair, Trivedi & Yelnosky, 

1969; English et al., 1973). The engorged jugular veins observed 

in the hypertensive rats, particularly the DOCA-NaCl group, represent 

a diminished ability of the heart to overcome the increased peripheral
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resistance resulting in venous filling, a situation which has been 

frequently reported (e.g. see reviews by Braun—Menendez et al., 

1946 and Cohn, 1974). The poor condition of the hypertensive rats 

appeared to be directly related to the elevation of the blood pressure 

but this was not true in the case of the occurrence and severity of 

lesions in the various organs examined. 

Many authors have found no correlation between the degree of 

hypertension and the severity of arterial or organ lesions (see review 

by Giese, 1966) and several workers have suggested that the severity 

of the lesions is dependent upon the rate of rise of blood pressure 

(see review by Giese, 1966 and Lundgren, 1974). This present study 

is in general agreement with these findings in that the most severe 

cardiovascular and organ lesions occurred in the DOCA-NaCl rats, the 

blood pressures of which rose more rapidly than those of the 'Grollman' 

or 'Page' groups of rats. 

The presence of only small degenerative changes in the 

hypertrophied left ventricles of hypertensive rats is not in general 

agreement with most reports since most workers have observed the 

occurrence of severe necrosis of muscle fibres of the left ventricle 

and the myocardium (see reviews by Giese, 1966 and Cohn, 1974). 

Similarly, the slight degenerative changes observed in the adrenal glands 

of hypertensive rats in this study are much less severe than most 

reports have observed (Deane & Masson, 1951 and review by Giese, 1966). 

The lack of degenerative changes in the hearts and adrenal glands of 

both renal and steroid hypertensive rats may be associated with the 

fact that the animals post-mortemed tended to be those in which the 

rate of blood pressure elevation was slowest. This was due to the
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fact that rats in which the blood pressure rose rapidly were those 

which died or were in a poor physical condition. It is also 

possible that these changes were present in the hypertensive animals 

but were not observed since the histo-pathological examination involved 

only a small number of tissues. 

The degenerative changes observed in the kidneys of hypertensive 

rats in this study are in general agreement with the published data 

of others but were not of such a severe nature (see reviews by Page 

& McCubbin, 1968 and Tobian, 1974). Reports of renal changes in DOCA- 

NaCl hypertension are very similar to those observed in the present 

study (e.g. Skelton, 1955; Heptinstall & Hill, 1967; Ljundqvist, 

1969; Still & Dennison, 1969) except for the presence of 

proteinaceous casts. 

The most surprising result of this study was the lack of obvious 

cardiovascular lesions or increase in wall-to-lumen ratio in the 

arteries of the heart or kidney or the mesenteric artery which have 

been reported in all types of hypertension (e.g. see reviews by 

Giese, 1966; Page & McCubbin, 1968; Hollander, 1973 and Page, 1974). 

It is very difficult to explain these findings although it is possible 

that the low biological sampling and the particular rats surviving 

at 2 months (that is, low rate of blood pressure elevation) may be 

relevant. However, Hansen, Abrams & Bohr (1974) failed to observe 

hypertrophy of femoral arteries from DOCA-NaCl rats and suggested that 

the short duration of treatment (5 weeks) was responsible. This may 

also explain the results observed in the present study. 

Summary 
  

1. Hypertension was produced in a high percentage of rats by either 

the method of Grollman or a DOCA-NaCl regimen. In the latter method 

the rapid production of a hypertensive state after only 14 days
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substitution treatment with 1% sodium chloride solution was not in 

general agreement with the published literature. 

2. Hypertension was only produced in a small percentage of rats using 

the method of Page and in none at all using the method of Loomis. 

3. A significantly slower increase in body weight gain was observed 

in hypertensive rats when compared with normotensive operated or 

unoperated animals 

4. Hypertrophy of the hearts of both steroid and renal hypertensive 

rats was observed and this hypertrophy was closely correlated with the 

systolic blood pressure. 

5. Compensatory renal hypertrophy occurred in all groups in which 

unilateral nephrectomy was performed. The renal hypertrophy was 

not correlated with the systolic blood pressure. 

6, Adrenal gland hypertrophy was only apparent in the 'Grollman' 

group of rats and the hypertrophy appeared to be due to an increase in 

the size of the adrenal cortex. 

7. The observed arterial and organ lesions were not as severe as 

frequently reported in the literature.
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CHAPTER 3 

Rapid Development of DOCA-NaCl Hypertension in the Rat 

The normal procedure for the production of DOCA-NaCl hypertension 

in rats involves either the injection or implantation of DOCA combined 

with sensitization of the animal to the action of DOCA by unilateral 

nephrectomy and/or replacement of drinking water by saline. However, 

quantitatively and sequentially the methods employed vary widely 

(e.g. Friedman, Friedman & Nakashima, 1951; Green, Saunders, Wahlgren 

& Craig, 1952; Sturtevant, 1956; Moore & Biliczki, 1968; Holloway & 

Bohr, 1973). Usually the reported methods for the production of DOCA- 

NaCl hypertension in rats have employed more severe experimental 

conditions than those used initially in these laboratories (see pel5). 

For example, the quantity of DOCA implanted or injected was normally 

greater than 25 mg and the period of sodium chloride substitution was 

usually longer than 4 weeks (e.g. Selye, Hall & Rowley, 1943; Mallov, 

1959; Ostrovsky, Papsin & Gornall, 1968; Beilin & Ziakus, 1972; 

English et al., 1973; Hansen, Abrams & Bohr, 1974; Myers, Reid & Lewis, 

1974). Despite these severe conditions the production of a hypertensive 

state normally required 5 to 8 weeks (e.g. Selye, Hall & Rowley, 1943; 

Deane & Masson, 1951; Friedman, Nakashima & Friedman, 1967; English et 

al, 1973; Myers, Reid & Lewis, 1975). Thus, the production of severe 

hypertension in a period of 14 - 21 days due to a 25 mg DOCA implant 

combined with unilateral nephrectomy and 1% sodium chloride substitution 

for 14 days as described in the previous chapter (see p.105) revealed 

a more rapid and severe production of DOCA-NaCl hypertension than had 

previously been reported at that time. 

A study was undertaken in an attempt to establish the possible 

causes for this rapid development of DOCA-NaCl hypertension in rats.
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Results 

The two previous studies (see previous chapter p.104) involving 

the production of DOCA-NaCl hypertension employed sodium chloride made 

up in distilled water. A further batch of rats in which DOCA-NaCl 

hypertension was induced using sodium chloride solution made up in tap 

water showed no difference in the rate or severity of the subsequent 

hypertension from the previously reported studies. 

Fig. 25 illustrates the development of DOCA-NaCl hypertension in 

two strains of Wistar rats. The rate of production of a hypertensive 

state was not significantly different in either group. Although the 

level of the systolic blood pressure in the 'Fisons' DOCA-NaCl rats 

was consistently higher than that of the 'Sc.P.F.' DOCA-NaCl rats no 

significant difference (P > 0.05) was observed. Throughout the period 

of study there was no significant difference between the two groups of 

unoperated normotensive control rats. A highly significant difference 

(P< 0.001) between the systolic blood pressures of the hypertensive 

and normotensive groups existed from day 19 of the study until its 

completion. 

Fig. 26 illustrates the body weight gain of the four groups 

involved in the study, A significant difference in body weight was 

present in the two groups of DOCA-NaCl rats and their respective 

normotensive controls from immediately after the operation to induce 

hypertension until the completion of the study. In only one instance was 

there a significant difference in the body weights of the two 

hypertensive groups and only in two cases was there a significant 

difference between the normotensive control groups. 

Fig. 27 illustrates the development of DOCA-NaCl hypertension 

in 'Fisons' rats of two different age groups. The ‘young' rats had
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FIGURE 25: THE EFFECT OF A DOCA-NaC] REGIMEN ON THE SYSTOLIC BLOOD 
PRESSURE OF TWO STRAINS OF WISTAR RATS. 

The solid triangles (AMM) shows the effect on the systolic blood 
pressure of a 25 mg implant of DOCA and right nephrectomy performed on 
day 5 in 'Fisons' Wistar rats. The line with open triangles ) 
shows the effect on the systolic blood pressure of Wistar rats obtained 

from Scientific Products Farms after the same procedure was performed on 
day 6. Both groups of rats received 1% sodium chloride solution for 14 
days as indicated by the bars (A=Fisons Wistar & BeSe.P.F. Wistar). The 
line with closed circles @—®) shows the systolic blood pressure of 
unoperated control 'Fisons' Wistar rats and the open circles (Q—O) the 
systolic blood pressure of the control 'Sc.P.F.' Wistar rats. Each point 
is the mean of the number of animals indicated in parenthesis and the 

standard errors are shown by the vertical bars.



- 132 - 

400 [—— 

Bo
dy
 

We
ig
ht
 

(g
) 

  

  | | | J | L B| 
° 20 Time (Days) 40 60 

FIGURE 26: JHE INCREASE IN BODY WEIGHT WITH TIME OF TWO DIFFERENT STRAINS 
OF RATS IN WHICH HYPERTENSION WAS INDUCED BY A DOCA-NaCl REGIMEN. 

The circles represent the body weights of unoperated control rats 
(O-O = Sc.P.F. @-@= Fisons). The triangles represent the og weights 
of rats subjected to a DOCA-NaCl regimen (, = Se.P.F. = Fisons). 
Each point represents the average value for the number of rats indicated 
in parenthesis. Standard errors of the mean are indicated for each point. 
The differences in the body weights of the operated groups from their 
respective control groups was evaluated using the Student's 't' test and 
the level of significance is shown by the asterisks (*P < 0.05; **P < 0.02; 
*#*P << 0.01; ****P <0.001). The differences in the body weights of the 
hypertensive groups or control groups were similarly evaluated and the 
level of significance is shown by # (AP < 0.05; #4P < 0.02). 
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FIGURE 27: {THE EFFECT OF AGE ON THE DEVELOPMENT OF HYPERTENSION INDUCED 
BY A DOCA-NaC] REGIMEN. 

The solid triangles (aA) show the systolic blood pressures of a group 
of rats which were 4 weeks old when they were subjected to the implantation 
of a POCA pellet, 25mg, together with right nephrectomy. The open triangles 

indicate the blood pressures of a. group of rats which were 9 weeks 
old when subjected to the same procedure. Both groups of rats received 1% 
sodium chloride solution for 14 days as indicated by the bars (A=4 week old 
rats, Be9 week old rats). The circles indicate groups of identical rats 
which were not subjected to operative procedures (@—@ 4 weeks old, O—O 
9 weeks old), Each point represents the mean systolic blood pressure of 
the number of rats indicated in parenthesis. Differences between the 
operated groups of rats were evaluated using the Student's 't' test and 
no significant differences were observed throughout the study (P > 0.05).
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body weights of 60 - 70 g and were about 5 weeks old whilst the 'old' 

rats had body weights of approximately 200 ¢ and were about 9 weeks old. 

Taking into account the four days difference in the date of the 

operation to induce hypertension there was no difference in the rate of 

production of a hypertensive state and although the systolic blood 

pressure of the 'young' group of DOCA-NaCl rats was consistently 

greater than that of the 'old' group of DOCA-NaCl rats until the last 

day of the study no significant difference was observed between the 

systolic blood pressures of the two groups except on the first day of 

the study (P< 0.001). No difference in the systolic blood pressures 

of the two normotensive control groups from day 13 of the study was 

observed. A highly significant difference in the systolic blood 

pressures of the ‘young' DOCA-NaCl group of rats and the 'old' DOCA-NaCl 

group of rats and their respective normotensive control groups existed 

from day 6 and day 16 of the study respectively and remained so until 

the completion of the study. 

Fig. 28 illustrates the changes in body weight of the four groups 

of rats at various times throughout the study. A highly significant 

difference in the body weights between the two groups of DOCA-NaCl rats 

existed throughout the study and also between the two groups of 

normotensive control rats. A significant difference between the two 

groups of DOCA-NaC1 rats and their respective normotensive control 

groups was observed from after the time of the operation to induce 

hypertension until the completion of the study. 

Fig. 29 illustrates the development of DOCA-NaCl hypertension in 

two groups of rats of different strain and age. The ‘young’ group 

of rats consisted of 'Fisons' Wistars of 70 - 80 g body weight whilst 

the 'old' group of rats were 'Sc.P.F,' Wistars of 200 g body weight.
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FIGURE 28: THE INCREASE IN BODY WEIGHT WITH TIME OF TWO GROUPS OF RATS OF 

DIFFERENT AGES IN WHICH HYPERTENSION WAS INDUCED BY A DOCA-NaCi 

REGIMEN. 

The circles represent the body weights of unoperated control rats ee 

9 weeks old; O—O 4 weeks old). The triangles represent the body weights 

of the rats subjected to a DOCA-NaCl regimen (aA 9 weeks old; Ae“ 4 

weeks old), Each point represents the average value for the number of rats 

indicated in parenthesis. Standard errors of the mean are indicated for 

each point. The differences in the body weights of the operated groups 

from their respective control groups was evaluated using the Student's i 

test and the level of significance is shown by the asterisks (*P < 0.05; 

**P < 0.02; ***P < 0.01; ****P < 0,001).
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FIGURE 29: THE EFFECT OF A DOCA-NaCl REGIMEN ON THE SYSTOLIC BLOOD 
PRESSURES OF RATS OF DIFFERENT AGE AND STRAIN. 

A DOCA pellet, 25mg, was implanted and right nephrectomy performed 

in Fisons rats which were 4 weeks old (@e-M) and in Sc.P.F. rats which 
were 9 weeks old (At-~\) and the effect on systolic blood pressure 
observed. Both groups of rats were given 1% sodium chloride solution to 
drink for 14 days as indicated by the bars (AsFisons rats; BeSc.P.F. rats). 
The circular symbols represent untreated but otherwise identical rats 
(@—® Fisons rats;Q—O Se.P.F. rats). Each point represents the mean 
systolic blood pressure of the number of rats indicated in parenthesis, 
Differences between the operated groups of rats were evaluated using the 
Student's 't' test and the level of significance indicated by asterisks 
(*P < 0.02; **P < 0,001). 
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Taking into account the two days difference in time of the 

operation to induce hypertension the ‘young Fisons' group of rats 

attained a measured hypertensive level of systolic blood pressure 

fifteen days more quickly than the 'old Sc.P.F.' group of rats. 

Before the operation to induce hypertension was performed the 

systolic blood pressure of the 'old Sc.P.F.' group of rats was highly 

significantly greater (P< 0.001) than that of the ‘young Fisons' 

group of rats. However, the systolic blood pressure of the ‘young 

Fisons' group of DOCA-NaCl rats was highly significantly greater 

(P < 0.001) than that of the 'old Se.P.F.' group of DOCA-NaCl rats 

on day 20 - 22 of the study and significantly greater (P < 0.02) on 

day 25 - 27 of the study. No significant difference in the systolic 

blood pressure of these two groups was observed after this time 

throughout the remainder of the period of study. 

A highly significant difference (P < 0.001) in the systolic blood 

pressures of the two groups of DOCA-NaCl rats and their respective 

normotensive control groups existed fourteen days after the operation 

to induce hypertension until the completion of the study. 

Fig. 30 illustrates the body weights of the four groups of rats 

at various stages of the study. A significant difference in body weight 

in both groups of DOCA-NaCl rats from their respective normotensive 

control groups was evident from after the operation to induce 

hypertension until the completion of the study, except in the case of 

the 'old Sc.P.F.' DOCA-NaCl group of rats on day 10 of the study. 

The body weights of the normotensive control groups were highly 

significantly different (P < 0.001) throughout the whole period of 

study as were the body weights of the DOCA-NaCl groups. 

In all animals receiving a DOCA-NaCl regimen a marked polydipsia
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FIGURE 30: THE INCREASE IN BODY WEIGHT WITH TIME OF RATS OF DIFFERENT AGE 
AND STRAIN IN WHICH HYPERTENSION WAS INDUCED BY A DOCA-NaC1 

REGIMEN. 

The circles represent the body weight of unoperated control rats 
(@-@ = 9 week Sc.P.F. O—O= 4 week old Fisons). The triangles represent 
the body weights of rats which were subjected to a DOCA-NaCl regimen 

= 9 week Se.P.F. A-v\= 4 week old Fisons). Each point represents 
the average value for the number of rats indicated in parenthesis. The 

differences in the body weights of the operated groups from their respective 
control groups was evaluated using the Student's 't' test and the level of 
significance is shown by the asterisks. (*P< 0.05; **P < 0.02; 

*#*P < 0.01; *###P < 0.001). 
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and polyuria was observed although measurement of sodium chloride 

intake was not undertaken, 

Discussion 

The occurrence of certain strains of rats which possess a high 

susceptibility to the development of a hypertensive state has been 

reported (Smirk & Hall, 1958; Okamoto & Aoki, 1963). Dahl, Heine 

& Tassinari (1962) have evolved two strains of rats which differed 

markedly in their susceptibility to salt-induced hypertension and 

were designated as 'sensitive' (S) and 'resistant' (R) depending 

upon their blood pressure response to dietary salt. The 'S' strain 

was also found to be very susceptible to DOCA-NaCl hypertension 

whilst the 'R' strain was resistant to the DOCA-NaCl regimen (Dahl, 

Heine & Tassinari, 1963). Recently Ben-Ishay, Saliternik & Welner 

(1972) have developed a colony of rats highly susceptible to the 

induction of DOCA-NaCl hypertension termed the 'H' strain and also an 

'N' strain which remain normotensive despite the DOCA-NaCl regimen. 

Both groups of workers have suggested that the rapid development of a 

severe hypertension or lack of production of a hypertensive state 

may be due to genetic factors, possibly a difference in adrenal 

biosynthetic pathways (Rapp & Dahl, 1971 a & b; Dahl et al., 1972). 

It was considered that the 'Fisons' rats (Rattus norvegicus, Wistar 

strain F) might be similarly highly susceptible to the induction of 

DOCA-NaCl hypertension due to genetic factors. It is known (King, 

personal communication) that the Fisons rats, bred since 1922, have 

a syndrome of renal nephritis which was considered a possible cause for 

the susceptibility of these rats to the induction of DOCA-NaC1 

hypertension, However, the study comparing the production of hyperten- 

sion in the above rats with another strain of Wistar rats supplied by
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Scientific Products Farm (Rattus norvegicus, Wistar strain ASH/W) 

showed no significant difference in either the rate or severity of the 

induced hypertension. This suggests that a genetic factor was not 

responsible for the rapid production of hypertension in this study. 

Since, although only one other strain of rat was employed as a comparison, 

it would appear unlikely that both strains would have similar very high 

susceptibilities to DOCA-NaCl hypertension when other groups of workers 

(Dahl et al., 1962, 1963; Ben-Ishay et al., 1972) found it necessary to 

selectively inbreed their rats on a basis of susceptibility to salt or 

DOCA-NaCl hypertension for several years. 

Young rats have been reported to be more susceptible to the develop- 

ment of a hypertensive state by experimental methods than more mature 

rats (Dahl et al., 1963). Many studies (e.g. Masson, Page & Corcoran, 

1950; Deane & Masson, 1951; Ueda, Nishimura & Yasuda, 1967; Still & 

Dennison, 1969; Ayitey- Smith & Varma, 1970; Beilin et al., 1970; 

Beilin & Ziakus, 1972; Holloway & Bohr, 1973; Hansen, Abrams & Bohr, 

1974) have employed more mature rats (150 - 225 g) than employed in 

the present study and it was considered that this might be an important 

factor in the rapid development of DOCA-NaCl hypertension in the just 

weaned rats. However, no significant difference was observed in either 

the rate of production or the severity of the DOCA-NaCl hypertension in 

'Fisons' rats of two different age groups. Ben-Ishay et al., (1972) 

found that two month old rats (about 200 g body weight) developed a 

severe hypertension very rapidly whilst several workers employing just 

weaned rats did not obtain such a rapid production of hypertension 

(e.g. Friedman, Friedman & Nakashima, 1951; Green, Saunders, Wahlgren 

& Craig, 1952; Mallov, 1959; Hinke, 1965; Stanton & Cooper, 1966; 

English et al., 1973). These results and those of the present study
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tend to suggest that the age of the rat within two weeks to two months 

has little effect on the rate of production or severity of hypertension. 

It was found that ‘mature Sc.P.F.' rats when compared with ‘young 

Fisons' rats did have a significantly slower rate of development of 

DOCA-NaCl hypertension and the severity of this hypertension was signif- 

icantly less until almost the end of the study. This was expected since 

although in the two previous experiments in this study no significant 

differences in the rate of production or severity of the hypertensions 

were observed the 'young Fisons' group of rats consistently had a 

higher systolic blood pressure immediately after the operation to 

induce hypertension. Thus, although 'mature Sc.P.F,' rats develop 

hypertension more slowly than 'young Fisons' rats they nevertheless do 

develop hypertension in four weeks from the time of the operation to 

induce hypertension whilst receiving 1% sodium chloride solution for 

only fourteen days. Thus, the cause of the rapid development of 

DOCA-NaCl hypertension in just weaned 'Fisons' rats is not 

totally due to either the age or the strain of these rats although these 

factors may be contributing factors. Recently, Molteni & Brownie 

(1972) have examined the susceptibility of several commonly used stocks 

of rats to salt-induced hypertension and observed that hypertension 

occurred frequently in the Holtzman Albino rats and not in the other 

groups of rats examined, These workers were not able to explain this 

susceptibility of the Holtzman Albino rats to salt-induced hypertension 

on a genetic basis. It is possible that the 'Fisons' and 'Sc.P.F.' 

Wistar rats might be highly susceptible to the induction of DOCA-NaC1 

hypertension in a similar manner although from the experiments performed 

no clear explanation for this susceptibility can be forwarded although 

certain possibilities exist. Hall, Ayachi & Hall (1972 a) found that
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the Long-Evans strain of Sprague-Dawley rats was resistant to DOCA-NaCl 

hypertension and this was found to be due to the lack of development of 

an excessive thirst for sodium chloride (Hall, Ayachi & Hall, 1972 b). 

Experiments performed recently at Beechams Research Laboratories 

(see Section 3, Chapter 2) have also shown that Wistar rats supplied 

by Animal Supplies Limited (ASL) do not develop DOCA-NaCl hypertension 

as rapidly as the strains involved in this study. Although exact 

measurements of sodium chloride intake were not performed in these 

rats, polydipsia and polyuria were obviously present. Thus, in 

contrast to the work of Hall, Ayachi & Hall (1972 b) it would appear 

improbable that the slow development of DOCA-NaCl in 'ASL' Wistar 

rats is due to a decreased sodium chloride intake. 

The rapid production of DOCA-NaCl hypertension in just weaned 

‘Fisons' rats was not due to slight modifications in the technique 

for the induction of hypertension such as whether tap water or 

distilled water was used as the solvent for the sodium chloride or due 

to any differences in the batches of DOCA used since these did not 

affect either the rate of production or severity of the hypertension. 

The two variable factors which were not altered was the position of 

the DOCA implant and nephrectomy which was always performed on the right 

kidney. However, it is highly doubtful that either of these factors 

could be responsible for the rapid elevation of systolic blood pressure. 

Male rats were employed in this study and although Ben-Ishay et al. 

(1972) have stated that male rats are much more susceptible than 

female rats to DOCA-NaCl hypertension Selye & Pentz (1943) have 

stated the opposite view and since many studies involving DOCA-NaCl 

hypertension have employed both male (e.g. Mallov, 1959; Beilin & 

Ziakas, 1972; Holloway & Bohr, 1973) and female (e.g. Masson, Corcoran
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& Page, 1949; Stanton & Cooper, 1966; Ben-Ishay & Welner, 1969) rats 

without any obvious variation in the development of DOCA-NaCl 

hypertension it would appear to be an insignificant factor in the rapid 

production of hypertension observed in this study. 

Although it has been stated that the amount of saline consumed by 

rats on DOCA-NaCl therapy is not relative to the development of 

hypertension (Panasevich et al., 1969) it was noted in these studies, 

as stated in the preceeding chapter, that marked polydipsia was 

present in the 'young Fisons' rats. This polydipsia though greater 

than that observed in the 'Sc.P.F.' rats was still present in the 

latter group of animals and since saline sensitizes rats t@the action 

of DOCA (Selye et al., 1943) it remains possible that the polydipsia 

observed in these two groups of rats may play a significant role in 

the rapid elevation of systolic blood pressure. This is confirmed by 

the work of Hall, Ayachi & Hall (1972 a & b) who found that peta rete 

hypertension did not develop in the Long-Evans strain of Sprague-Dawley 

rats because their salt appetite did not increase after DOCA treatment, 

but when sucrose was added to sodium chloride drinking water polydipsia 

developed followed by hypertension. The later work involving ASL 

Wistar rats does not seem to Sepers this hypothesis although for 

definite conelusions to be made it would be necessary to measure 

sodium chloride intake and correlate this with the resulting blood 

pressure. 

One other factor that may be important in the rapid rise of the 

systolic blood pressure was that the animals were housed singly after 

the operation to induce DOCA-NaCl hypertension. Although the normo- 

tensive control rats were similarly housed and no elevation of systolic 

blood pressure was observed it is well known that. changing a rat's 
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environmental situation in this way will produce animals which react in 

an exaggerated manner to stress (Hallback, 1975). Environmental stress 

has been shown to produce hypertension itself (e.g. Hudak & Buckley, 

1961; Buckley et al., 1964; Rosecrans, Watzman & Buckley, 1966; Smookler, 

& Buckley, 1969) and it remains a possibility that housing animals 

singly may be an important factor in the rapid development of DOCA-NaCl 

hypertension. The ASL Wistar rats used in the later study were 

housed together in groups of four. Thus, this idea of social isolation 

aggravating the hypertension due to a DOCA-NaCl regimen may be 

important. However, further studies would be necessary to clarify 

the importance of social isolation on the development of experimentally 

induced hypertensions, ’ 

One interesting point in this study, as stated in the previous 

chapter, was that the greater the rate of increase in the systolic 

‘blood pressure of a group of rats the slower the rate of body weight 

gain in that group, which was observed in both the 'Sc.P.F.' and 

'Fisons' stocks of rats (e.g. Beilin & Ziakus, 1972; Hansen, Abrams 

& Bohr, 1974). 

Although no single obvious reason for the rapid development of 

DOCA-NaCl hypertension can be forwarded from this study it would 

appear that a combination of the immature nature of the rats and the 

particular strain involved are important. Also the housing of rats 

singly and the observed marked intake of sodium chloride solution may 

be additional factors which play a role in the rapid production of 

DOCA-NaCl hypertension. 

Summary 

1. The possible cause or causes of the rapid development of DOCA-NaC1 

hypertension in 'Fisons' Wistar rats was investigated.
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2. Minor alterations in the experimental procedure (i.e. different 

batches of DOCA implants or the sodium chloride vehicle) did not 

influence the rate of production of hypertension. 

3. No significant difference in the production of hypertension in 

another strain of Wistar rats supplied by Scientific Products Farm 

was observed. 

4. No significant difference in the production of hypertension in 

'Fisons' rats of different ages was observed. 

5. There was a significantly slower production of hypertension in 

‘old Sc.P.F.' rats than ‘young Fisons' rats. However, the 'old Sc.P.F.' 

rats still developed hypertension after only 14 days sodium chloride 

substitution treatment. 

6. Although no clear conclusion for the rapid production of DOCA-NaC1 

hypertension in 'Fisons' Wistar rats was found, possible explanations 

are discussed.
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SECTION 2: CARDIOVASCULAR REACTIVITY IN THE RAT 
  

  

CHAPTER 4 

Cardiovascular Reactivity in DOCA-NaCl Rats 

Cardiovascular reactivity has been defined as ‘the changing 

ability of blood vessels to respond to the same stimulus whether 

nervous or humoral in origin' (Page & McCubbin, 1963). Increased 

nervous activity or circulating amounts of physiologically active 

pressor substances have not been conclusively demonstrated in 

hypertension (see reviews by Braun-Menendez et al., 1946; Pickering, 

1955, 1968; Page & McCubbin, 1968 and Page, 1974) and it is possible 

that cardiovascular hyper-reactivity to normal nervous and humoral 

influences, particularly noradrenaline, could be responsible for 

the increased blood pressure and peripheral resistance observed 

in both human and experimental hypertensions (see review by 

De Champlain, 1972). 

There is a vast amount of conflicting literature on the subject 

of cardiovascular reactivity in both human and experimental hyper- 

tensions (see Introduction pe 38), A number of reports in which 

cardiovascular reactivity has been studied in clinical hypertension 

employing the whole cardiovascular system suggested that there was 

increased systemic cardiovascular reactivity in essential hyper- 

tension but not in various types of human renal hypertensions 

(Mendlowitz, 1967). However, these studies failed to consider the 

central regulatory mechanisms which maintain a constant blood 

pressure in the face of various pressor stimuli in hypertension 

as well as normotension (Doyle, Fraser & Marshall, 1959). The
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increased pressor responses observed in hypertensive patients when 

compared to normotensive subjects was interpreted either as an 

actual increase in the responsiveness of vascular smooth muscle or 

simply a mechanical effect due to an increased wall-to-lumen ratio 

of the peripheral arterioles (Sivertsson, 1970; Folkow et ale, 1973; 

Mendlowitz, 1973; Horowitz et al., 1974; Hamilton, 1975). Also 

complicating factors such as previous or current drug treatment 

of the hypertensive patients, the precise nature of their hypertension 

and the influence of secondary diseases on the responses observed 

has made interpretation of the results obtained in hypertensive 

subjects very difficult (Scroop & Whelan, 1968). Due to these 

difficulties cardiovascular reactivity in clinical hypertension has 

recently been studied in local vascular beds or isolated arterial 

strips and these results have suggested that there is an increased 

responsiveness of vascular smooth muscle from essential hypertensive 

patients (e.g. Conway, 1963; Dern & Leaverton, 1966; Ettinger, Siebel 

& Reicker, 1970). However, there is still the possibility that 

drug treatments and diseases other than hypertension may affect the 

responses of vascular smooth muscle and there is also the difficulty 

of obtaining comparable hypertensive and normotensive pairs of 

tissues. Experimental animals offer more accurate models in which 

to examine cardiovascular reactivity in hypertension. 

Cardiovascular reactivity studies involving the response to 

various pressor substances in hypertensive and normotensive groups 

of animals in various types of experimental hypertension have produced 

conflicting results although cardiovascular hyper-reactivity has 

usually been reported (e.g. Schwartz et al., 1967; McGregor & Smirk, 

1968, 1970; Baum & Shropshire, 1969; Armstrong, 1972).
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However, studies in the whole animal are subject to the 

difficulties stated previously and thus the use of isolated vascular 

beds and arterial tissues free from reflex control have been employed. 

In tissues from renal, DOCA-NaCl and spontaneously hypertensive rats, 

increased responses to pressor substances have usually been observed 

although there have been reports to the contrary (see review by 

De Champlain, 1972). 

However, when isolated tissues are removed from the animal 

or vascular beds are infused with physiological solutions ionic 

changes occur in the tissue cells and these changes are known to 

seriously affect responses of vascular smooth muscle to pressor 

substances (Holloway et al., 1972). 

It was considered that the pithed rat would be ideally suited 

to cardiovascular reactivity studies since nervous reflexes are not 

present and the vascular smooth muscle is maintained in its normal 

physiological environment. Also it was considered useful for 

differentiating between the 'mechanical' and 'contractile' theories 

of increased peripheral vascular resistance. 

Results 

There was a highly significant difference (P< 0.001) between 

the systolic blood pressures of the DOCA-NaCl hypertensive rats (mean 

systolic blood pressure + S.E. 200 + 6.7 mm Hg; n = 30) and the 

control normotensive rats (mean systolic blood pressure + S.E. 117 

+ 1.7 mm Hg; n= 30). However, after pithing there was no significant 

difference between the resting blood pressures of the DOCA-NaCl and 

control groups (mean systolic blood pressures + S.E. of 77 + 6.6 mm Hg 

and 69 + 2.2 mm Hg and mean diastolic blood pressures + S.E. of 

55 + 3.9 mm Hg and 52 + 2.2 mm Hg respectively).
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The effect of electrical stimlation of the complete sympathetic 

outflow from the spinal cord on the systolic blood pressures of 

pithed DOCA-NaCl hypertensive and control normotensive rats is 

shown in Pig. 31. Although the pressor responses to all frequencies 

of electrical stimlation were smaller in the DOCA-NaCl rats than 

in the control rats, there was no statistically significant difference 

between the two groups. 

Fig. 32 shows the effect of increasing doses of tyramine on 

the systolic blood pressure of DOCA-NaCl hypertensive and control 

normotensive pithed rats. The blood pressure response to low doses 

of tyramine was significantly greater (P < 0.01 to P < 0.001) in the 

DOCA-NaCl group of rats. At higher dose levels than 50 ue/ke there 

was no statistically significant difference in the blood pressure 

responses of the two groups. However, despite the 2 - 3 fold increase 

in response of DOCA-NaCl rats to tyramine there was no decrease 

in the threshold dose. 

Angiotensin caused significantly greater (P < 0.05 to P < 0.001) 

blood pressure responses in DOCA-NaCl rats at all dose levels, although 

there was no increase in the threshold sensitivity to angiotensin 

(Fig. 33). 

Similarly DOCA-NaCl hypertensive pithed rats showed a two fold 

increase in response to low doses of noradrenaline but no increase 

in the threshold sensitivity was observed. Dose levels of noradrenaline 

greater than 100 ng/kg produced no significant difference in the 

systolic blood pressure responses of the two groups (Fig. 34). 

MeN-A-343 is a substance which acts selectively to stimulate 

sympathetic ganglia and provides a measure of sympathetic activity 

(esgs Roszkowski, 1961; Levy & Ahlquist, 1962; Jones, 1963; Smith, 1966).
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FIGURE 31: THE EFFECT OF ELECTRICAL STIMULATION OF THE COMPLETE 
SYMPATHETIC OUTFLOW FROM THE SPINAL CORD ON THE SYSTOLIC 
BLOOD PRESSURES OF PITHED RATS. 
  

The solid circles @—@®) show the effect of increasing frequencies 
of stimulation on the systolic blood pressure of pithed hypertensive 
(DOCA-NaCl1) rats. The open circles (Q—O) show the effect of the 
same procedure on the systolic blood pressure of pithed normotensive 
rats. Each point represents the mean response of six rats and standard 
errors are shown by the vertical bars. Differences between the 
responses were evaluated using the Student's 't' test and no significant 

difference was observed at any frequency of stimulation.
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FIGURE 32: THE EFFECT OF TYRAMINE ON THE SYSTOLIC BLOOD PRESSURES OF 

PITHED RATS. 

The closed circles (@—@) show the effect of increasing doses of 
tyramine on the systolic blood pressures of pithed hypertensive (DOCA-NaC1) 
rats. The open circles Q—O) show the effect of the same doses of 

tyramine on systolic blood pressure of pithed normotensive rats. Each 

point represents the mean response of a group of 6 rats. Standard 

errors are shown by the vertical bars. The difference in the responses 
of the hypertensive group compared to the normotensive group was 

evaluated using the Student's 't' test and the degree of significance 

is shown by the asterisks (*P < 0.01; **P < 0.001).
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FIGURE 33: THE EFFECT OF ANGIOTENSIN ON THE SYSTOLIC BLOOD PRESSURES OF 
PITHED RATS. 

  

The closed circles (@—@) show the effect of increasing doses 
of angiotensin on the systolic blood pressures of pithed hypertensive 

(DOCA-NaC1) rats. The open circles (Q—O) show the effect of the 
same doses of angiotensin on the systolic blood pressures of pithed 
normotensive rats. Each point represents the mean response of a 
group of six rats, Standard errors are shown by the vertical bars. 

The difference in the responses to angiotensin of the hypertensive 
group compared to the normotensive group was evaluated using the 
Student's 't' test and the degree of significance is shown by the 
asterisks (*P< 0.05; **P <0.01; ***P < 0.001).



- 153 - 

120 

In
er
ea
se
 

in
 

Sy
st
ol
ic
 

Bl
oo

d 
Pr

es
su

re
 

(m
m 

Hg
) 

  

  

| | | | | J 
6 25 100 400 

Dose (ng) 

FIGURE 34: HE EFFECT OF NORADRENALINE ON THE SYSTOLIC BLOOD PRESSURES 
OF PITHED RATS. 
  

The closed circles (@—@) show the effect of increasing doses 
of noradrenaline on the systolic blood pressures of pithed hypertensive 
(DOCA-NaCl) rats. ‘The open circles (Q—O) show the effects of the 
same doses of noradrenaline on the systolic blood pressures of pithed 
normotensive rats. Each point represents the mean response of a group 
of six rats. Standard errors are shown by the vertical bars. The 
difference in the responses of the hypertensive group compared to the 
normotensive group was evaluated using the Student's 't' test and the 
degree of significance is shown by the asterisks (*P < 0.05; **P < 0.02; 
**EP < 0,013 ¥#**P < 0,001).
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The usual response observed after an intravenous injection of 

McN-A=343 is a small transient fall in blood pressure (due to 

stimulation of peripheral muscarinic sites) followed by a prolonged 

large rise in blood pressure (due to stimulation of sympathetic 

ganglia) (e.g. Levy & Ahlquist, 1962). The usual fall in blood 

pressure observed after administration of McN-A-343 did not occur 

in either group of pithed rats. The systolic blood pressure response 

to McN-A-343 was consistently larger in the control normotensive group 

than in the DOCA-NaCl hypertensive group although this did not attain 

a statistically significant difference at any dose level (Fig. 35). 

There was no difference in the threshold sensitivity to McN-A-343 

in either group. 

It was thought possible that the increased responses to exogenous 

noradrenaline, tyramine and angiotensin might represent a true 

increase in sensitivity of vascular smooth muscle to noradrenaline. 

This was investigated by comparing the responses to noradrenaline of 

isolated aortic strips from DOCA-NaCl hypertensive and control normo- 

tensive rats (Fig. 36). The responses of the aortic strips from the 

DOCA-NaCl hypertensive group of rats to noradrenaline were consistently 

larger than those of the control normotensive group although this did 

not attain a statistically significant difference at any dose level. 

Discussion 

The resting blood pressures of the two groups of rats after 

pithing were not significantly different which strongly suggests that 

the elevated blood pressure of the DOCA-NaCl hypertensive group of 

rats was maintained by the sympathetic nervous system and not by a 

change in vascular smooth muscle resulting in an increased wall-to- 

lumen ratio. However, it was interesting to note that although the
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FIGURE 35: THE EFFECT OF McN-A~343 ON THE SYSTOLIC BLOOD PRESSURES 
OF PITHED RATS. 
  

The closed circles (@—@) show the effect of increasing doses 
of McN-A-343 on the systolic blood pressures of pithed hypertensive 
(DOCA-NaCl) rats. The open circles (Q—O) show the effect of the 
same doses of McN-A-343 on the systolic blood pressures of pithed 
normotensive rats. Each point represents the mean response of a 
group of six rats. Standard errors are shown by the vertical bars. 

The difference in the responses of the two groups was evaluated using 
the Student's 't' test and no significant difference (P > 0.05) was 
observed at any dose level.
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FIGURE 36: THE EFFECT OF NORADRENALINE ON AORTIC STRIPS FROM HYPERTENSIVE 
DOCA-NaC1) AND NORMOTENSIVE RATS. 

The solid circles (@—@®) show the effect of increasing doses of 
noradrenaline on the response of aortic strips from hypertensive 
(DOCA-NaC1) rats. The open circles C—O) show the effect of 
noradrenaline on the aortic strips from normotensive control animals. 
Each point represents the mean of six experiments and the standard 
errors are shown by the vertical bars. Differences between the two 
groups were evaluated using the Student's 't' test and there was no 
significant difference (P > 0.05) observed at any dose level.
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blood pressures of the pithed DOCA-NaCl rats were not significantly 

greater than those of the control normotensive group they were 

invariably higher suggesting that some of the increase in peripheral 

resistance in DOCA-NaCl hypertension may be due to an increased wall- 

to-lumen ratio. These results are in agreement with those of Taquini 

(1963) and Finch (1971). 

The contrast in the responses to endogenous noradrenaline, 

released on stimulation of the sympathetic outflow from the spinal 

cord, and exogenous noradrenaline was rather surprising. The 

increased responses in DOCA-NaCl rats to exogenous noradrenaline 

indicated that the vascular smooth muscle of the hypertensive rats 

possessed greater reactivity than that of the normotensive group. 

These results are in agreement with the subsequent reports of Finch 

(1971) and Armstrong (1972) who also observed a 1.5 to 3 fold steepening 

of the dose-response curve to exogenous noradrenaline, with no decrease 

in the threshold dose, in the pithed rat. The decreased blood pressure 

responses of DOCA-NaCl rats to endogenous noradrenaline when compared 

to control rats, is in contradiction to the report of Finch (1971). 

Similarly, the decreased cardiovascular reactivity of DOCA-NaCl rats 

to McN-A-343 observed in the present study was in contrast to the 

increased responses to 1,1-dimethyl-4—phenylpiperazinium iodide (DMPP) 

which Finch (1971) reported in pithed DOCA-NaCl rats. However, the 

increased responsiveness of DOCA-NaCl1 rats to angiotensin and low 

dose levels of tyramine observed in the present study is in agreement 

with the report of Finch (1971). 

These results suggest that smaller quantities of noradrenaline 

are released from the postganglionic sympathetic nerve endings of the 

DOCA-NaCl rats, during electrical or ganglionic stimulation, than from
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the control normotensive rats. De Champlain and co-workers (see 

review by De Champlain, 1972) have observed a decreased ability of the 

sympathetic nervous system to store noradrenaline in DOCA-NaC1 

hypertensive rats and this may be reflected in the present study by 

the decreased blood pressure responses to endogenous noradrenaline, 

released by electrical and ganglionic stimulation, observed in the 

present study. The above workers have also reported an increased 

turnover of noradrenaline in DOCA-NaCl hypertension and increased 

extraneuronal levels of noradrenaline (see review by De Champlain, 

1972). This excess extraneuronal noradrenaline may be responsible for 

the cardiovascular hyper-reactivity to tyramine and angiotensin, 

observed in the present study, since both tyramine and angiotensin 

responses are enhanced in the presence of increased amounts of 

circulating noradrenaline (e.g. Schmitt & Schmitt, 1967 a & b; 

Day & Owen, 1969). However, the response to exogenous noradrenaline 

is normally decreased or unchanged in the presence of excess 

circulating amounts of noradrenaline (e.g. Day & Owen, 1968; Page & 

McCubbin, 1968). 

It was considered that the increased response to exogenous 

noradrenaline in pithed DOCA-NaCl rats might represent a true hyper- 

sensitivity of vascular smooth muscle to noradrenaline. However, 

the results obtained from isolated aortic strips of DOCA-NaCl and 

control rats showed no increased sensitivity of vascular smooth muscle 

to noradrenaline. This result was in agreement with those of Redleaf 

& Tobian (1958) and Mallov (1959) who observed smaller responses to 

noradrenaline in aortic strips from DOCA-NaCl hypertensive rats than 

in those from control normotensive animals. This does not preclude 

an actual increased sensitivity of vascular smooth muscle to noradren-
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aline since the aorta plays little part in the maintenance of peripheral 

resistance and the smaller arterioles which maintain the elevated blood 

pressure in hypertension may be hyper-reactive to noradrenaline 

(Horowitz et al., 1974). Hinke (1965), Bohr & Sitrin (1970) and 

Hansen, Abrams & Bohr (1974) have indeed reported increased vascular 

responsiveness to noradrenaline when using smaller arteries than the 

aorta from DOCA-NaCl rats. 

The cardiovascular hyper-reactivity to exogenous noradrenaline, 

tyramine and angiotensin observed in the present study may reflect a 

non-specific increase due to ionic changes in plasma and vascular smooth 

muscle of DOCA-NaCl hypertensive rats. DOCA and salt treatment has been 

reported to increase plasma sodium concentration (e.g. Heistad, Abboud 

& Eckstein, 1967; Nicholas, 1971) and potassium ion concentration of 

vascular smooth muscle (Tobian & Redleaf, 1957; Redleaf & Tobian, 1958). 

These changes may influence the membrane potential and contribute to 

hyper-reactivity of vascular smooth muscle (Jones, 1973). The ionic 

changes in plasma and vascular smooth muscle brought about by DOCA and 

salt treatment, resulting in a non-specific hyper-reactivity of vascular 

smooth muscle to pressor substances, would appear to be a possible 

explanation of the results observed in this study. 

Thus, these results suggest that the sympathetic nervous system is 

important in maintaining the increased peripheral resistance observed 

in DOCA-NaC1 induced hypertension and that the increased cardiovascular 

reactivity of smooth muscle in DOCA-NaCl hypertensive rats may be a 

consequence and not a cause of the hypertensive state. 

Summary 
  

1, Cardiovascular reactivity has been studied in pithed DOCA-NaC1 

hypertensive and control normotensive rats.
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2. After pithing,the blood pressures of both the DOCA-NaCl hypertensive 

rats and the control normotensive rats fell to similar levels. This 

indicated that the elevated blood pressure in DOCA-NaCl hypertension 

is due to the sympathetic nervous system and not changed smooth muscle 

vasculature resulting in an increased wall-to-lumen ratio. 

3. Reduced blood pressure responses were observed in pithed DOCA-NaCl 

rats, hier: compared with pithed control rats, to endogenous noradrenaline 

released by sympathetic stimulation and McN-A-343 with no change in 

threshold sensitivity. 

4. Increased blood pressure responses were observed in pithed DOCA- 

NaCl rats, when compared with pithed control rats, to exogenous norad- 

renaline, tyramine and angiotensin with no change in threshold sensitivity. 

5. Larger responses, to noradrenaline, were obtained in isolated aortic 

strips from DOCA-NaCl hypertensive rats than from control normotensive rats. 

However, these were not significant and threshold sensitivity wasunchanged , 

6. These results are discussed and appear to indicate that cardio- 

vascular hyper-reactivity is a consequence of the hypertension and not 

the cause of the elevated blood pressure in DOCA-NaCl hypertensive rats.
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SECTION 3: EFFECTS OF ANTIHYPERTENSIVE AGENTS IN HYPERTENSION 
—— 
  

CHAPTER 1 

Effect of Postganglionic Adrenergic Neuronal Blockade on the 

Production of Experimental Hypertension in the Rat - Initial Studies. 

There is a considerable body of evidence implicating the 

sympathetic nervous system in the production and maintenance of 

hypertension (see reviews by Page & McCubbin, 1968; De Champlain, 

1972 and Schmid & Abboud, 1974). 

However, studies involving surgical sympathectomy, immunosymp- 

athectomy or chemical sympathectomy have produced conflicting results 

as to the role of the sympathetic nervous system in the development 

and maintenance of experimentally induced hypertensions (see pp. 30 to 

33). The conflicting nature of the results obtained has been suggested 

to be due to the varying degrees of sympathectomy obtained (see reviews 

by De Champlain, 1972 and Thoenen, 1972). 

Guanethidine blocks sympathetic postganglionic transmission 

(see review by Boura & Green, 1965), is not subject to the rapid 

development of tolerance, (see review by Pardo, Vargas & Vidrio, 

1965) and chronic administration depletes nerve endings of blood 

vessels of noradrenaline (see reviews by Boura & Green, 1965; Mull & 

Maxwell, 1967 and Frohlich, 1974). Thus, it was considered possible 

to investigate the role of the sympathetic nervous system in the 

production of DOCA-NaCl and renal hypertensions, by inhibiting the 

system with daily injections of guanethidine. By variation of the 

duration of guanethidine treatment it was hoped to determine at what 

stage, if any, the sympathetic nervous system becomes essential for 

the production and/or maintenance of hypertension.
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Results 

To test the effectiveness of the adrenergic neuronal blockade 

produced by guanethidine, rats were pithed 24 hours after receiving 

a 10 mg/kg isp. dose and the sympathetic nervous system stimulated 

by the method of Gillespie & Muir (1967). Fig. 37 shows the 

'frequency-response' curve for control and guanethidine pretreated 

rats. The 'frequency-response' curve of the control rats showed 

increasing responses up to 8 Hz and at this frequency cardiac 

arrythmias occurred which prevented higher frequencies being employed. 

The 'frequency-response' curve of the guanethidine pretreated rats 

was displaced to the right and the maximum response occurred at 

64 Hz. The maximum response was considerably smaller in the guaneth- 

idine pretreated rats than in the control rats and the deleterious 

effects on the heart observed at stimulus frequencies of 4 and 8 Hz 

in the control rats were not evident in the guanethidine pretreated 

rats until 64 Hz. 

The effect of various durations of treatment with guanethidine, 

which were begun just before the operations to induce hypertension 

were performed, on the production of DOCA-NaCl hypertension are shown 

in Figs. 38, 39, 40 and 41. 

The normotensive control group showed a small gradual increase 

in systolic blood pressure over the 60 days study period. The four 

DOCA-NaC1 control groups showed large, similar increases in systolic 

blood pressure attaining hypertensive levels within three weeks. 

This was followed by a continued gradual rise which stabilised at 

levels of 200 mm Hg or more. 

After seven days treatment with guanethidine there was a highly
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FIGURE 37: THE EFFECT OF GUANETHIDINE ON THE BLOOD PRESSURE RESPONSES 

TO ELECTRICAL STIMULATION OF THE SYMPATHETIC NERVOUS 

SYSTEM OF THE PITHED RAT. 

The solid circles (@—®) represent the increase in systolic blood 

pressure caused by stimulation of the complete outflow of the sympathetic 

nervous system from the spinal cord of pithed rats using various 

frequencies of stimulation. The open circles (O—O) are pressor 

responses from pithed rats treated 24 hours previously, with 10 mg/kg 

isp. guanethidine. Each point is the mean response from six animals 

and standard errors are indicated by vertical bars.
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FIGURE 38: THE EFFECT OF GUANETHIDINE GIVEN DAILY FOR 7 DAYS UPON THE 

DEVELOPMENT OF HYPERTENSION PRODUCED BY A DOCA-NaCl REGIMEN. 

The solid circles (®@—@) represent the systolic blood pressures of a 
group of rats which were treated with guanethidine 10 me/ke isp. daily for 

7 days, indicated by the upper bar, following the induction of hypertension 
by a DOCA-NaCl regimen (lower bar indicates the duration of replacement of 
drinking water with 1% sodium chloride solution). The open circles ( 
show the blood pressures of a similar group of rats which did not receive 
guanethidine. Solid triangles ) represent the blood pressures of 
normotensive control rats receiving no treatment. Each point represents 
the mean systolic blood pressure of the number of rats indicated in 
parenthesis, Standard errors are shown by vertical bars. The difference 

between the treated groups was evaluated using Student's 't' test and the 
degree of significance is shown by asterisks Cap < 0.05; **P< 0.001).
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FIGURE 39: THE EFFECT OF GUANETHIDINE GIVEN DAILY FOR 14 DAYS UPON THE 
DEVELOPMENT OF HYPERTENSION PRODUCED BY A DOCA-NaCl REGIMEN, 

The solid circles ee) represent the systolic blood pressures of a 
group of rats which were treated with guanethidine 10 ng/kg i.p. daily for 
14 days, indicated by the upper bar, following the induction of hypertension 
by a DOCA-NaCl regimen (lower bar indicates the duration of replacement of 
drinking water with 1% sodium chloride solution). The open circles C—O) 
show the blood pressures of a similar group of rats which did not receive 
guanethidine. Solid triangles ( represent the blood pressures of 

normotensive control rats receiving no treatment. Each point represents 

the mean systolic blood pressure of the number of rats indicated in 
parenthesis, Standard errors are shown by vertical bars. The difference 

between the treated groups was evaluated using Student's 't' test and the 
degree of significance is shown by asterisks (ap < 0.02; **P < 0.01).
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FIGURE 40: ‘THE EFFECT OF GUANETHIDINE GIVEN DAILY FOR 21 DAYS UPON THE 

DEVELOPMENT OF HYPERTENSION PRODUCED BY A DOCA-NaC1 REGIMEN. 

The solid circles (@—®) represent the systolic blood pressures of a 
group of rats which were treated with guanethidine 10 mg/kg i.p. daily for 

21 days, indicated by the upper bar, following the induction of hypertension 
by a DOCA-NaCl regimen (lower bar indicates the duration of replacement of 

drinking water with 1% sodium chloride solution). The open circles ( 
show the blood pressures of a similar group of rats which did not receive 

guanethidine. Solid triangles (aA) represent the blood pressures of 

normotensive control rats receiving no treatment. Each point represents 

the mean systolic blood pressure of the number of rats indicated in 

parenthesis. Standard errors are shown by vertical bars. The difference 

between the treated groups was evaluated using Student's 't' test and the 

degree of significance is shown by asterisks (ep < 0.01; **P < 0.001).
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FIGURE 41: THE EFFECT OF GUANETHIDINE GIVEN DAILY FOR 28 DAYS UPON THE 

DEVELOPMENT OF HYPERTENSION PRODUCED BY A DOCA-NaC] REGIMEN. 

The solid circles (@—®) represent the systolic blood pressures of a 

group of rats which were treated with guanethidine 10 ng/kg i.p. daily for 

28 days indicated by the upper bar, following the induction of hypertension 

by a DOCA-NaCl regimen (lower bar indicates the duration of replacement of 

drinking water with 1% sodium chloride solution), The open circles ©C—O) 

show the blood pressures of a similar group of rats which did not receive 

guanethidine. Solid triangles (af) represent the blood pressures of 

normotensive control rats receiving no treatment. Each point represents 

the mean systolic blood pressure of the number of rats indicated in 

parenthesis. Standard errors are shown by vertical bars. The difference 

between the treated groups was evaluated using Student's "t' test and the 

degree of significance is shown by asterisks (*P < 0.05; **P < 0.001).
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significant (P< 0.001) decrease in the systolic blood pressure when 

compared with the control DOCA-NaCl group. After withdrawal of 

guanethidine treatment similar increases of the systolic blood 

pressure occurred in both operated groups which attained an observed 

non-significant difference forty-one days later. 

Similar effects were observed in the group which received 

fourteen days guanethidine treatment. On day 15 the control DOCA-NaC1 

group had a significantly higher (P< 0.01) systolic blood pressure 

than that of the guanethidine treated group. This was then followed 

by similar increases in the systolic blood pressures of both groups 

which attained an observed non-significant difference thirty-four days 

later. 

The group treated for twenty-one days with guanethidine showed 

a highly significant (P< 0.01 to P < 0.001) difference from the 

control DOCA-NaCl group but not from the control normotensive group, 

whilst treatment was in progress. After treatment with guanethidine 

was discontinued the systolic blood pressure increased and attained 

an observed non-significant difference with the control DOCA-NaC1 

group twenty-eight days later. 

Throughout the twenty-eight day period of guanethidine treatment 

the systolic blood pressure of the treated group was significantly 

(P < 0.05 to P < 0.001) lower than that of the DOCA-NaCl control 

group. After dosing was discontinued there was an increase in 

systolic blood pressure which attained an observed non-significant 

difference from the control DOCA-NaCl group twenty days later. 

The complete experiment was repeated and in this instance the 

systolic blood pressures were determined by an operator who had no 

knowledge of which group was being measured. The results of this 

"blind' study were very similar to those observed in the first study
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(for example, see Fig. 42). Statistically significant (P < 0.01 to 

P < 0,001) lower systolic blood pressures were recorded in all 

four guanethidine treated-groups during the dosing period when 

compared with the control DOCA-NaCl group. In each case the systolic 

blood pressures of the guanethidine treated groups increased to 

attain observed non-significant differences from the control DOCA- 

NaCl group between 4 to 21 days after treatment was discontinued. 

In both studies the mortality rates of the 7, 14 and 21 day 

guanethidine treated groups were similar to the control DOCA-NaCl 

eis but the mortality rate was decreased in the 28 day guanethidine 

treated group. The general condition of the control DOCA-NaCl and 

guanethidine treated groups was similar and as described earlier 

(see p. 113), except for the 28 day dosed group, the animals of which 

were in a condition more similar to that of the control group. 

The body weights of the guanethidine treated and control DOCA- 

NaCl groups in both studies were significantly lower (P < 0.05 to 

P < 0.001) than the control normotensive group throughout the sixty 

day period of study but at no time were they significantly different 

from each other. 

A similar study involving the effect of postganglionic adrenergic 

neuronal blockade on the production of one-kidney renal hypertension 

in rats was performed. The injections were started just before the 

'figure-of-eight' ligature was applied to the left kidney and continued 

for periods of 15, 30, 45 and 60 days. The results of this study 

are shown in Figs. 43, 44, 45 and 46, 

The control normotensive group showed a slow, gradual increase 

in systolic blood pressure throughout the sixty day study. The four
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FIGURE 42: {HE EFFECT OF GUANETHIDINE GIVEN DAILY FOR 14 DAYS UPON THE 
DEVELOPMENT OF HYPERTENSION PRODUCED BY A DOCA-NaCl REGIMEN 

(BLIND STUDY) 
The solid circles (@—@®) represent the systolic blood pressures of a 

group of rats which were treated with guanethidine 10 ng/kg i.p. daily for 

14 days, indicated by the upper bar, following the induction of hypertension 

by a DOCA-NaCl regimen (lower bar indicates the duration of replacement of 

drinking water with 1% sodium chloride solution). The open circles O—O) 

show the blood pressures of a similar group of rats which did not receive 

guanethidine. Solid triangles (As) represent the blood pressures of 

normotensive control rats receiving no treatment. Each point represents 

the mean systolic blood pressure of the number of rats indicated in 

parenthesis, Standard errors are shown by vertical bars. The difference 

between the treated groups was evaluated using Student's 't' test and 

the degree of significance is shown by asterisks (*P < 0.01; **P < 0.001).
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FIGURE 43: THE EFFECT OF GUANETHIDINE GIVEN DAILY FOR 15 DAYS UPON THE 
DEVELOPMENT OF HYPERTENSION PRODUCED BY THE METHOD OF 'GROLLMAN'. 

The solid circles @—®) represent the systolic blood pressures of a 
group of rats which were treated with guanethidine 10 ng/kg isp. daily for 
15 days, indicated by the bar, following the induction of hypertension by 

the application of a 'figure-of-eight' ligature on the left kidney (A) and 
right nephrectomy 7 days later (B). The open circles (Q—O) show the 
blood pressures of a similar group of rats which did not receive 

guanethidine. Solid triangles (Ma) represent the blood pressure of 
normotensive control rats receiving no treatment. Each point represents 

the mean systolic blood pressure of the number of rats indicated in 

parenthesis, Standard errors are shown by vertical bars. The difference 

between the treated groups was evaluated using Student's 't' test and 

no significant difference was observed. 
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FIGURE 44: THE EFFECT OF GUANETHIDINE GIVEN DAILY FOR 30 DAYS UPON THE 
DEVELOPMENT OF HYPERTENSION PRODUCED BY THE METHOD OF 'GROLLMAN'. 

The solid circles @—®) represent the systolic blood pressures of a 
group of rats which were treated with guanethidine 10 mg/kg isp. daily for 
30 days, indicated by the bar, following the induction of hypertension by 
the application of a 'figure-of-eight' ligature on the left kidney (A) and 
right nephrectomy 7 days later (B). The open circles (O—O) show the 
blood pressures of a similar group of rats which did not receive 
guanethidine. Solid triangles (4) represent the blood pressure of 
normotensive control rats receiving no treatment. Each point represents 

the mean systolic blood pressure of the number of rats indicated in 
parenthesis, Standard errors are shown by vertical bars. The difference 
between the treated groups was evaluated using Student's 't' test and 
the degree of significance is shown by asterisks, (*P < 0.05). 
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FIGURE 45: THE EFFECT OF GUANETHIDINE GIVEN DAILY FOR 45 DAYS UPON THE 
DEVELOPMENT OF HYPERTENSION PRODUCED BY THE METHOD OF 'GROLLMAN', 

The solid circles @—®) represent the systolic blood pressures of a 
group of rats which were treated with guanethidine 10 mg/kg isp. daily for 
45 days, indicated by the bar, following the induction of hypertension by 
the application of a 'figure-of-eight' ligature on the left kidney (A) and 
right nephrectomy 7 days later (B). The open circles (O—O) show the 
blood pressures of a similar group of rats which did not receive 
guanethidine, Solid triangles vy) represent the blood pressure of 
normotensive control rats receiving no treatment. Each point represents 

the mean systolic blood pressure of the number of rats indicated in 
parenthesis. Standard errors are shown by vertical bars. The difference 

between the treated groups was evaluated using Student's 't' test and 
the degree of significance is shown by asterisks, (*P< 0.05; **P< 0.02). 
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FIGURE 46: THE EFFECT OF GUANETHIDINE GIVEN DAILY FOR 60 DAYS UPON THE 
DEVELOPMENT OF HYPERTENSION PRODUCED BY THE METHOD OF 'GROLLMAN*. 

The solid circles @—®) represent the systolic blood pressures of a 
group of rats which were treated with guanethidine 10 mg/kg isp. daily for 
60 days, indicated by the bar, following the induction of hypertension by 
the application of a 'figure-of-eight' ligature on the left kidney (A) and 
right nephrectomy 7 days later (B), The open circles (OQ—O) show the 
blood pressures of a similar group of rats which did not reeeive 
guanethidine. Solid triangles ) represent the blood pressure of 
normotensive control rats receiving no treatment. Bach point represents 
the mean systolic blood pressure of the number of rats indicated in 
parenthesis, Standard errors are shown by vertical bars. The difference 
between the treated groups was evaluated using Student's 't' test and 
the degree of significance is shown by asterisks, (*P < 0.05).
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control renal operated groups showed large, similar increases in 

systolic blood pressure attaining hypertensive levels within five 

weeks. This was followed by further gradual increases in blood 

pressure before stabilising at levels of 180 mm Hg or more. 

Fifteen days treatment with guanethidine had no effect on either 

the development or maintenance of the hypertension produced by the 

method of Grollman. However, the guanethidine treated group had a 

lower systolic blood pressure than that of the control renal operated 

group throughout the study. 

The mean systolic blood pressure of the 30 day guanethidine 

treated group increased in a similar manner to that of the control 

renal operated group, although it was significantly lower (P< 0.05) 

near the end of the dosing period. After guanethidine treatment was 

discontinued the systolic blood pressure continued to rise to attain 

an observed non-significant difference from the control renal operated 

group 18 days later, which was maintained for the remainder of the 

study. 

The systolic blood pressure of the 45 day treated group was 

significantly lower (P < 0.02 to P< 0.05) than that of the control 

renal operated group from day 30 of the study until treatment was 

discontinued. The systolic blood pressures of the two operated 

groups attained an observed non-significant difference from each 

other 7 days later and this was maintained until the end of the 

study. 

Similar effects were observed in the 60 day guanethidine 

treated group. The systolic blood pressure of the treated group was 

significantly lower (P < 0.05) from day 29 to 48 than that of the 

control renal operated group. However, although guanethidine treatment
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continued up to 60 days there was no significant difference between 

the operated groups at this time. 

The complete study was repeated and in this case the operator who 

determined the systolic blood pressures was unaware of which group 

was being studied. The results again showed that guanethidine treat- 

ment did not prevent the production of one-kidney renal hypertension, 

although the systolic blood pressures of the guanethidine treated 

group were consistently, though they rarely achieved a statistically 

significant difference, lower than the control renal operated group 

(for example, see Fig. 47) 

In both series of experiments the mortality rates of both the 

guanethidine treated and control renal operated groups were similar 

throughout the sixty days study and similar to that previously 

described (see p.108). ‘The body weights of the operated groups 

were smaller than those of the control group throughout the study 

but a statistically significant difference was only observed for a 

short duration after the operative procedures. 

Discussion 

The potent adrenergic neuronal blocking action of guanethidine 

was confirmed in this study, Twenty-four hours after a single i.p. 

injection of 10 mg/kg guanethidine, the sympathetic nervous system 

was severely depressed, the 'frequency-response' curve being moved 

far to the right and the maximum response greatly decreased. The 

potent adrenergic neuronal block was also observed on the sympathetic 

cardiac nerves, increases in heart rate:were observed in controls at 

0.25 Hz but after guanethidine, increases in heart rate did not 

occur until 4 Hz and the maximum effect was severely reduced
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FIGURE 47: THE EFFECT OF GUANETHIDINE GIVEN DAILY FOR 30 DAYS UPON THE 
DEVELOPMENT OF HYPERTENSION PRODUCED BY THE METHOD OF 'GROLLMAN*. 

‘BLIND STUDY 
The solid circles (@—®) represent the systolic blood pressures of a 

group of rats which were treated with guanethidine 10 mg/kg isp. daily for 
30 days, indicated by the bar, following the induction of hypertension by 
the application of a 'figure-of-eight' ligature on the left kidney (A) and 
right nephrectomy 7 days later (B), The open circles (Q—QO) show the 
blood pressures of a similar group of rats which did not receive 
guanethidine. Solid triangles (A) represent the blood pressure of 
normotensive control rats receiving no treatment. Each point represents 
the mean systolic blood pressure of the number of rats indicated in 

parenthesis. Standard errors are shown by vertical bars. The difference 

between the treated groups was evaluated using Student's 't' test and 
the degree of significance is shown by asterisks, (*P < 0.05; **P< 0.02)
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when compared to the increase in control rats. This corresponds 

closely with the work of Armstrong & Boura (1973) who reported the 

same shift of the 'frequency-response' curve after stimulation of 

the sympathetic cardiac nerves immediately after an i.v. dose of 

2 me/ke guanethidine. Thus, the adrenergic neuronal blockade 

produced by a single i.p. dose of guanethidine is potent, of long 

duration and ideally suited to the present study. 

The results of these studies strongly suggest that the sympathetic 

nervous system is essential for the production of DOCA-NaCl hyper- 

tension in rats. 

The systolic blood pressures of the guanethidine treated rats 

did increase significantly (P < 0.001) above those of the control 

group during the first 14 days. Although there was no» statistically 

significant difference between the systolic blood pressures of the guanethid- 

ine treated rats and their respective unoperated control groupsafter 14 

days and up to 28 days the systolic blood pressures of the former 

were higher, This increase is probably due to the release of 

catecholamines from the adrenal medulla which is not blocked by 

guanethidine (see review by Boura & Green, 1965). De Champlain 

(1972) reported similar results, after chemical sympathectomy with 

6-hydroxydopamine in DOCA-NaCl rats and also suggested that this 

was due to increased release of catecholamines from the adrenal 

medulla. 

After discontinuation of guanethidine treatment the systolic 

blood pressures of each of the four groups rose in an almost parallel 

manner to that of their respective operated control groups. This indicates 

that the sympathetic nervous system is essential for the production 

of DOCA-NaCl hypertension and once the peripheral sympathetic nervous
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system is again functional blood pressure elevation due to the DOCA- 

NaCl regimen occurs. 

The results of this study lend support to the hypothesis of 

De Champlain and co-workers (see review by De Champlain, 1972) 

that the rise in blood pressure to DOCA-NaCl treatment is due to a 

dysfunctional state of the peripheral sympathetic nervous system, 

characterised by an increased turnover rate of noradrenaline, mediated 

via decreased sympathetic activity in the medulla oblongata. These 

workers also reported that the increased turnover rate of noradrenaline 

could be normalised by the administration of ganglion blockers and 

result in the blood pressure returning to normotensive levels. 

Guanethidine would presumably produce a similar normalisation of the 

increased turnover rate or prevent its occurrence and thus prevent the 

rise in blood pressure to DOCA-NaCl treatment. Once the adrenergic 

neuronal blocking action of guanethidine has waned, the noradrenaline 

turnover rate of peripheral sympathetic nerves will increase and result 

in the usual blood pressure elevation as observed in the present study. 

The decrease in body weight gain in the DOCA-NaCl control groups 

has been reported and discussed earlier in this thesis (see p.121). 

It might have been expected that the guanethidine treated groups 

would have shown body weight gains more similar to the control 

normotensive group, rather than decreased body weight gains similar 

to those of the control DOCA-NaCl group which was in fact observed. 

This effect may well have been due to the stress involved in admin- 

istering the daily isp. injections of guanethidine which were not 

controlled by saline injections in the two control groups. 

The results of this present study indicate that the sympathetic 

nervous system is not necessary for the induction of one-kidney renal 

hypertension in rats.
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The systolic blood pressures of the 15 day guanethidine treated 

animals at no time showed significant differences from those of the 

control renal operated groups. This is in accord with the hypothesis 

that the renin-angiotensin system and not the peripheral sympathetic 

nervous system is responsible for the production of one-kidney renal 

hypertension in rats. However, in the 30, 45 and 60 day guanethidine 

treated animals the systolic blood pressures did show occasional 

significant decreases from the control renal operated groups and 

generally the systolic blood pressures of the guanethidine treated 

rats were lower than thoseof the control renal operated groups. This 

is probably due to the fact that with resetting of the baroreceptors 

at a higher level (see reviews by Aars, 1975 and Korner, 1975) the 

sympathetic nervous system becomes involved in the maintenance of renal 

hypertension (see reviews by Page & McCubbin, 1968; De Champlain, 1972 

and Schmid & Abboud, 1974) and becomes susceptible to guanethidine. 

However, the blood pressure continued to rise and did not fall to 

control normotensive levels thus indicating other systems must be 

maintaining the elevated blood pressure. These may involve continued 

influence of the renin-angiotensin system (see reviews by De Champlain, 

1972 and Tobian, 1974), release of catecholamines from the adrenal 

medulla which is not affected by guanethidine (see review by Boura & 

Green, 1965) or the induced supersensitivity of smooth muscle to 

catecholamines by guanethidine (Boura & Green, 1962) and angiotensin 

(e.g. Zimmerman, 1967; Lowe & Scroop, 1970), Also it has been shown 

that in established renal hypertension, if the sympathetic nervous 

system is blocked or destroyed the blood pressure falls but within a 

few days arterial pressure returns to its previous level by largely, 

non=neurogenic mechanisms (see review by Page & McCubbin, 1968).
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The systolic blood pressures of the 60 day guanethidine treated 

groups did not differ significantly from the control renal hyper- 

tensive group although it would be expected that at this stage when 

the blood pressure had stabilised at a high level guanethidine would 

produce a fall in blood pressure. Since it is known that guanethidine 

produces a fall in the blood pressure:of one=kidney renal hypertensive 

rats to normotensive levels (see review by Boura & Green, 1965) this 

lack of effect in the present study may be due to the development of 

tolerance to guanethidine although this possibility was not examined. 

Although it may be suggested from these studies that the 

sympathetic nervous system is involved in the production of DOCA- 

NaCl hypertension in rats but is not essential for the production 

of one-kidney renal hypertension in rats the experimental procedures 

employed were subject to several criticisms. It was considered 

that the length of time between the systolic blood pressure deter- 

minations of each group were excessive and possibly important changes 

in blood pressure may have been overlooked. Also the increase 

in systolic blood pressure in DOCA-NaCl rats after discontinuation 

of guanethidine treatment, may have been due to an 'overshoot' 

phenomenon of the drug and in order to examine whether or not this 

was true a control normotensive group receiving guanethidine 

treatment was essential, It was also probable that the lack of a 

hypotensive effect of guanethidine when one-kidney renal hypertension 

was established may have been due to the development of tolerance. 

It was considered that this possibility could be examined by assessing 

the degree of adrenergic neuronal blockade in pithed guanethidine 

treated rats at the completion of each treatment period. The apparent 

lack of a protective action of guanethidine to the hypertensive
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disease processes, resulting from either a DOCA-NaCl regimen or 

"figure-of-eight' perinephritis was not investigated in this study. 

More information could have been obtained by examining various 

organs from rats of each group both macroscopically and microscopically, 

at the end of the study. Finally, the control groups were not subject 

to laparotomy or daily isp. injections of 0.9% saline which would 

have provided information as to whether or not the stress, possibly 

produced by the operation to induce hypertension and by the daily 

administration of guanethidine, was responsible for any of the 

observed results, particularly the decreased body weight gains observed 

in the guanethidine treated groups. Thus it was decided to repeat 

these studies in the light of these criticisms. 

Summary 

1. The role of the sympathetic nervous system in the production and 

maintenance of DOCA-NaCl and one-kidney renal hypertensions in rats 

has been studied by blocking the peripheral sympathetic nervous system, 

for various periods. of time, with guanethidine. 

2. The adrenergic neuronal blocking action of a 10 ng/kg i.p. dose of 

guanethidine was shown to be both potent and of long duration. 

3. The blood pressures of DOCA-NaCl rats treated with guanethidine 

for 7, 14, 21 and 28 days remained at normotensive levels whilst 

guanethidine was administered. Discontinuation of guanethidine treatment 

resulted in a rise of blood pressure of these rats, in a manner 

parallel to that of control DOCA-NaCl rats, to hypertensive levels. 

4. The production of one-kidney renal hypertension in rats was only 

slightly affected by 15, 30, 45 and 60 days guanethidine treatment 

when compared with control renal operated animals. 

5. The experiments were repeated in a ‘blind' study and the results
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obtained confirmed those of the initial studies. 

6. It was concluded from these studies that the sympathetic nervous 

system was involved in the production of DOCA-NaCl hypertension in 

rats but was not essential for the production of one-kidney renal 

hypertension in the same species. However, the experimental proced- 

ures employed in these experiments were criticised and it was decided 

to repeat the study taking these criticisms into consideration.
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CHAPTER 2 

Effect of Postganglionic Adrenergic Neuronal Blockade on the Production 
  

of Experimental Hypertension in the Rat - Further Studies. 

Although the previous study, examining the role of the sympathetic 

nervous system in the production of both DOCA-NaCl and one-kidney 

renal hypertensions, produced some idea of the aetiologies of these 

hypertensions, the experimental procedures employed were subject 

to several criticisms (see pp. 181 to 182). Thus it was decided 

to repeat the study, in a more detailed manner, taking the objections 

raised into consideration. 

Unfortunately it was found impossible at the time of this study 

to obtain Wistar rats from the same suppliers (Fisons Limited) as 

those used in the previous study. The rats used in this study were 

of the same strain but obtained from a different supplier (Animal 

Supplies Limited) and it was thought unlikely that these rats would 

respond differently to the drugs and/or experimental procedures to 

be used. 

Results 

The production of a hypertensive state in ASL rats, using a 

DOCA-NaCl regimen, was found to be slower than that when using 

Wistar rats from the previous supplier and it was found necessary 

to maintain the animals on 1% sodium chloride solution for 4 weeks 

to produce a satisfactory degree of hypertension. Guanethidine 

was therefore administered for periods of 15, 30, 45 and 60 days 

rather than 7, 14, 21 and 28 days as used in the previous study. 

The effects of these periods of guanethidine treatment on the 

production of DOCA-NaCl hypertension in rats are shown in Figs. 48,
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FIGURE 48: ‘THE EFFECT OF GUANETHIDINE GIVEN DAILY FOR 15 DAYS UPON THE 

DEVELOPMENT OF HYPERTENSION PRODUCED BY A DOCA-NaC1 REGIMEN. 

Systolic blood pressures of ‘sham-operated’ control normotensive rats 
i "sham-operated' guanethidine treated normotensive rats (4h ), 

control DOCA-NaCl rats (Q—O) and guanethidine treated DOCA-NaCl rats 
« ) are shown above. The upper bar shows the duration of replacement 
of drinking water with 1% NaCl solution. The lower bar represents the 
duration of guanethidine treatment. Each point represents the mean of 
the number of animals, shown in parenthesis where possible, Standard 
errors are shown by vertical bars. Significant differences between the 
DOCA-NaCl groups were evaluated using the Student's 't' test and no 
significant difference was observed. The point at which the blood pressures 
of DOCA-NaCl groups became significantly different from their control 
normotensive groups is shown by g. 
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49, 50 and 51. 

The systolic blood pressures of the control DOCA-NaCl groups 

of rats gradually increased from the time of the operation to attain 

hypertensive levels 22 - 33 days later. The blood pressure continued 

to rise after this time and usually stabilised at levels of 200 mm Hg 

or more. The systolic blood pressures of the control normotensive 

groups of rats increased gradually before stabilising at levels of 

125 — 130 mm Hg, 

The systolic blood pressures of the normotensive groups of 

rats receiving guanethidine were very similar to those of the control 

normotensive groups of animals receiving i.p. injections of 0.9% 

saline and a statistically significant difference in the blood 

pressures of these two groups was only observed in one instance. 

However, the blood pressure of the 30, 45 and 60 day guanethidine 

treated normotensive groups of rats rose abruptly between day 26 

and 35 of the study. 

Fifteen days treatment with guanethidine had no statistically 

significant effect on either the production or maintenance of DOCA- 

NaCl hypertension when compared with the control DOCA-NaCl group. 

The systolic blood pressures of the 30 day guanethidine treated 

DOCA-NaCl group were significantly (P < 0.5 to P < 0.001) lower 

than those of the control DOCA-NaCl group from day 21 to day 35 

of thestudy, The systolic blood pressure of the guanethidine 

treated group increased from day 31 of the study to attain an 

observed non-significant difference from the control DOCA-NaCl group 

10 days later and this was maintained throughout the rest of the 

study.
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FIGURE 49: THE EFFECT OF GUANETHIDINE GIVEN DAILY FOR 30 DAYS UPON THE 
DEVELOPMENT OF HYPERTENSION PRODUCED BY A DOCA-NaCl REGIMEN. 

Systolic blood pressures of 'sham-operated' control normotensive rats 
v ‘sham-operated' guanethidine treated normotensive rats ), 

control DOCA-NaCl rats (O—O) and guanethidine treated DOCA-NaCl rats 
« )) are shown above. The upper bar shows the duration of replacement 
of drinking water with 1% NaCl solution. The lower bar represents the 
duration of guanethidine treatment. Each point represents the mean of 
the number of animals, shown in parenthesis where possible. Standard 
errors are shown by vertical bars. Significant differences between the 
DOCA-NaC1 groups were evaluated using the Student's 't' test as were those 
between the normotensive groups and the level of significance is shown by 
asterisks (*P < 0.05; **P < 0.02; **P < 0.01; £#P < 0.001). The point at 
which the blood pressures of DOCA-NaCl groups became significantly 
different from their control normotensive groups is shown by d.



- 188 - 

220 

  

  

200 

180 

160 

140 

Sy
st
ol
ic
 

Bl
oo

d 
Pr
es
su
re
 

(m
m 

Hg
) 

120 

100     
| | | | | | ] 

° 20 Time (Days) 40 60 
FIGURE 50: ‘THE EFFECT OF GUANETHIDINE GIVEN DAILY FOR DAYS UPON TH 

DEVELOPMENT OF HYPERTENSION PRODUCED BY A DOCA-NaCl REGIMEN, 

Systolic blood pressures of 'sham-operated' control normotensive rats 
(Qa, 'sham-operated' guanethidine treated normotensive rats (AA), 
control DOCA-NaCl rats C—O) and guanethidine treated DOCA-NaC1 rats 
(@—®@) are shown above. The upper bar shows the duration of replacement 
of drinking water with 1% NaCl solution. The lower bar represents the 
duration of guanethidine treatment. Each point represents the mean of 
the number of animals, shown in parenthesis where possible. Standard 
errors are shown by vertical bars. Significant differences between the 
DOCA-NaCl groups were evaluated using the Student's 't' test and the level 
of significance is shown by asterisks (%*P < 0.01; ##P < 0.001). The 
point at which the blood pressures of DOCA-NaCl groups became significantly 
different from their control normotensive groups is shown by g. 
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FIGURE 51: THE EFFECT OF GUANETHIDINE GIVEN DAILY FOR 60 DAYS UPON THE 

  

DEVELOPMENT OF HYPERTENSION PRODUCED BY A DOCA~NaCl REGIMEN. 

Systolic blood pressures of 'sham-operated' control normotensive rats 
. "sham-operated' guanethidine treated normotensive rats > 

control DOCA-NaCl rats C—O) and guanethidine treated DOCA-NaCl rats 
(@—®) are shown above. The upper bar shows the duration of replacement 
of drinking water with 1% NaCl solution. The lower bar represents the 
duration of guanethidine treatment. Each point represents the mean of 
the number of animals, shown in parenthesis where possible. Standard 
errors are shown by vertical bars. Significant differences between the 
DOCA-NaCl groups were evaluated using the Student's 't' test and the 
level of significance is shown by asterisks (4eP < 0.01). The point at 
which the blood pressures of DOCA-NaCl groups became significantly 
different from their control normotensive groups is shown by 0. 
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Similarly the systolic blood pressures of the 45 and 60 day 

guanethidine treated DOCA-NaCl groups were significantly (P < 0.01 

to P < 0.001) lower than those of their respective control groups until 

day 31 of the study, The systolic blood pressures of the guanethidine 

treated DOCA-NaCl groups attained observed non-significant differences 

from their respective control groups 4 days later which were main- 

tained for the remaining period of study. 

Due to the slower production of DOCA-NaCl hypertension in the 

Wistar rats from ASL it was decided that a hypertensive state would 

be more readily obtained in ASL rats by performing unilateral 

nephrectomy at the same time as applying the 'figure-of-eight' 

ligature to the left kidney rather than 7 days later as was the case 

in the initial study. The effect of 15, 30, 45 and 60 days period 

of guanethidine treatment on the production of one-kidney renal 

hypertension in rats is shown in Figs. 52, 53, 54 and 55. 

The systolic blood pressures of the control renal operated 

groups of rats gradually increased from the time of the operation to 

induce hypertension until 21 to 32 days later when hypertensive 

levels were obtained. The systolic blood pressures continued to 

increase after this time and stabilised at levels of 185 mm Hg or 

above. The systolic blood pressures of the control normotensive 

groups of rats increased gradually before stabilising at levels of 

130 - 135 mm Hg. 

The systolic blood pressures of the Nprastencive groups of 

rats receiving guanethidine were very similar to those of the 

control normotensive animals receiving i.p. injections of 0.9% saline 

and a statistically significant difference in the blood pressure 

of these two groups was only observed in four instances.
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THE EFFECT OF GUANETHIDINE GIVEN DAILY FOR 15 DAYS UPON THE 

  

DEVELOPMENT OF HYPERTENSION PRODUCED BY THE METHOD OF 'GROLLMAN'. 

  

stolic blood pressures of 'sham-operated' control normotensive rats 
» 'sham-operated' guanethidine treated normotensive rats (dea), 

control 'Grollman' rats (O—O) and guanethidine treated 'Grollman' rats 
) are shown above. At (A) a 'figure-of-eight' ligature was applied 

to the left kidney and contralateral nephrectomy performed. The bar 
represents the duration of guanethidine treatment. Each point represents 

the mean of the number of animals, shown in parenthesis where possible. 
Standard errors are shown by vertical bars. Significant differences between 
the 'Grollman' groups were evaluated using the Student's 't' test as were 
those between the normotensive groups and the level of significance is shown 

by asterisks (*P < 0.05; £*P < 0.001). The point at which the blood 
pressures of 'Grollman' groups became significantly different from their 

control normotensive groups is shown by @.
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FIGURE 53: HE EFFECT OF GUANETHIDINE GIVEN DAILY FOR DAYS UPON THE 
DEVELOPMENT OF HYPERTENSION PRODUCED BY THE METHOD OF 'GROLLMAN' . 

Systolic blood pressures of 'sham-operated' control normotensive rats 
ee ‘sham-operated’ .guanethidine treated normotensive rats 

control 'Grollman' rats O—O) and guanethidine treated 'Crollman' rats 
) are shown above. At (A) a 'figure-of-eight' ligature was applied 

to the left kidney and contralateral nephrectomy performed. The bar 

represents the duration of guanethidine treatment. Each point represents 
the mean of the number of animals, shown in parenthesis where possible, 
Standard errors are shown by vertical bars. Significant differences between 
the 'Grollman' groups were evaluated using the Student's 't' test and the 
level of significance is shown by asterisks (**P< 0.02; **P< 0.01). The 
point at which the blood pressures of 'Grollman' groups became significantly 
different from their control normotensive groups is shown by 
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FIGURE 54: THE EFFECT OF GUANETHIDINE GIVEN DAILY FOR 45 DAYS UPON THE 
DEVELOPMENT OF HYPERTENSION PRODUCED BY THE METHOD OF 'GROLLMAN', 

Systolic blood pressures of 'sham-operated' control normotensive rats 
‘a "sham-operated" guanethidine treated normotensive rats (AAA), 

control 'Grollman' rats (O—O) and guanethidine treated 'Grollman' rats 
(@—®@) are shown above. At (A) a 'figure-of-cight’ ligature was applied 
to the left kidney and contralateral nephrectomy performed. The bar 
represents the duration of guanethidine treatment. Hach point represents 
the mean of the number of animals, shown in parenthesis where possible. 
Standard errors are shown by vertical bars. Significant differences between 
the 'Grollman' groups were evaluated using the Student's 't' test as were 
those between the normotensive groups and the level of significance is shown 
by asterisks (*P < 0.05). The point at which the blood pressures of 
‘Grollman' groups became significantly different from their control 
normotensive groups is shown by 0. 
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FIGURE 55: ‘THE EFFECT OF GUANETHIDINE GIVEN DAILY FOR 60 DAYS UPON THE 

  

DEVELOPMENT OF HYPERTENSION PRODUCED BY THE METHOD OF '"GROLLMAN'. 

Systolic blood pressures of 'sham-operated' control normotensive rats 
(Ad), 'sham-operated' guanethidine treated normotensive rats (Af), 
control 'Grollman' rats C—O) and guanethidine treated 'Grollman' rats 

) are shown above. At (A) a 'figure-of-eight' ligature was applied 
to the left kidney and contralateral nephrectomy performed. The bar 

represents the duration of guanethidine treatment. Each point represents 

the mean of the number of animals, shown in parenthesis where possible. 

Standard errors are shown by vertical bars. Significant differences 

between the 'Grollman' groups were evaluated using the Student's 't' test 
and the level of significance is shown by asterisks (*P < 0.05). The point 

at which the blood pressures of 'Grollman' groups became significantly 

different from their control normotensive groups is shown by P. 
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Fifteen days treatment with guanethidine had no statistically 

significant effect on either the production or maintenance of one- 

kidney renal hypertension when compared with the control renal 

operated group. 

The systolic blood pressures of the 30 day guanethidine treated 

renal operated group of rats were significantly (P < 0.02 to P < 0.01) 

lower than those of the control renal operated animals on only two 

separate occasions throughout the 60 days study period. However, 

the blood pressures of the guanethidine treated group of rats were 

always lower than those of the control renal operated group of rats. 

Similarly the systolic blood pressures of the 45 and 60 day 

guanethidine treated renal operated groups of rats, although 

consistently lower than those of their respective control renal 

operated groups, were significantly (P < 0.05) lower on only one 

occasion in each case. 

In these further studies, involving the production of either 

DOCA-NaCl or renal hypertensions, no statistically significant 

difference was observed in the heart rates of any of the four groups 

for each period of treatment of guanethidine. However, in the early 

periods of guanethidine treatment the heart rates of both hypertensive 

and normotensive guanethidine treated groups of rats were lower than 

those of their respective control groups. 

In both the DOCA-NaCl and renal hypertensive studies the body 

weights of the four groups of rats at each of the four periods of 

guanethidine treatment were in each case in the order:- control 

normotensive > guanethidine treated normotensive > guanethidine treated 

hypertensive > control hypertensive from day 12 (in the case of the 

DOCA-NaCl experiments) and day 15 (in the case of the renal exper- 

iments). However, due to the wide variation in the body weights 

of the control and guanethidine treated hypertensive groups of rats
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no statistically significant difference was observed between any of 

the four groups of rats during each of the four periods of guanethidine 

treatment. 

In the DOCA-NaCl study the general condition of the animals 

from each of the four groups at each period of guanethidine treatment 

were similar although some of the rats from the control and guanethidine 

treated DOCA-NaCl groups of rats exhibited the typical appearance of 

DOCA-NaCl hypertensive rats described earlier (see p.113). The 

duration of guanethidine treatment did not appear to effect the 

general condition of the rats and the control DOCA-NaCl rats were in 

general in a condition more similar to that of control normotensive 

animals than either Fisons or Se.P.F, DOCA-NaCl hypertensive rats 

(see p.140). Similarly the mortalities observed in this study 

were lower than those observed in the initial study. Similar results 

were observed in the study involving renal hypertension although 

the general condition of the rats and the mortalities which occurred 

in these further studies were similar to those observed in the 

initial experiments. 

The weights of the various organs, expressed as a percentage 

of body weight, taken on post-mortem of the rats at the completion 

of the DOCA-NaCl study did show some significant differences. Both 

heart and kidney weights of the control and guanethidine treated 

DOCA-NaCl groups were significantly increased (P < 0.001) over their 

respective normotensive groups. There was no significant difference 

between the weights of the liver and adrenal glands between any of 

the groups of rats. There was no significant difference in the weights 

of any of the organs from the control or guanethidine treated DOCA-NaC1
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groups of rats, Similarly there was no significant difference in 

the organ weights of the normotensive groups of rats. In the 

study involving renal hypertension similar results (that is, 

increased heart and kidney weights in the renal operated animals) 

were obtained although the lack of increased adrenal gland weight was 

surprising. 

Histological examination of the hearts, kidneys, livers and 

adrenal glands from one rat of each of the 16 groups of animals 

involved in these further studies was performed. No apparent 

effects were observed in any of the tissues from rats of the normo- 

tensive groups. The histological appearance of the tissues from the 

control and guanethidine treated hypertensive rats were similar and 

as described earlier (see pp. 115 to 117). 

The effect of stimulation of the sympathetic outflow from the 

spinal cord of two guanethidine treated DOCA-NaCl and renal operated 

rats and two of their respective control hypertensive rats at the 

completion of each period of guanethidine treatment was examined, 

In both the control DOCA-NaCl and control renal hypertensive rats 

the blood pressure responses increased with increasing stimulation 

frequencies from 1.25 to 16 Hz. The occurrence of cardiac arrythmias 

at 16 Hz prevented any higher stimulation frequencies being used. 

In both the guanethidine treated DOCA-NaCl and guanethidine treated 

renal operated rats the 'frequency-response' curve was moved to 

the right with maximum increases in blood pressure occurring at 64 Hz. 

The maximum blood pressure responses of the control hypertensive and 

guanethidine treated DOCA-NaCl and renal operated rats after each 

period of guanethidine treatment are shown in Fig. 56. It can be 

seen that an almost complete block of the peripheral sympathetic
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FIGURE 56: THE EFFECT OF VARIOUS PERIODS OF GUANETHIDINE TREATMENT ON 

THE MAXIMUM RESPONSE TO STIMULATION OF THE SYMPATHETIC 

QUTFLOW FROM THE SPINAL CORD OF DOCA-NaCl HYPERTENSIVE AND 

ONE-KIDNEY RENAL HYPERTENSIVE RATS. 

Each histogram represents the mean maximum response of two rats 
to various frequencies of stimulation (groups B & D 16 Hz; groups A&C 
64 Hz) of guanethidine treated DOCA-NaCl rats (a), control DOCA-NaCl rats 
(B), guanethidine treated one-kidney renal operated rats (C) and control 
one-kidney renal operated rats (D).
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nervous system was present in the guanethidine treated DOCA-NaCl 

rats at 15 and 30 days. However, the adrenergic neuronal blockade 

was progressively reduced, but was still present, in the 45 and 

60 days guanethidine treated DOCA-NaCl rats. An almost complete 

block of the peripheral sympathetic nervous system was present in 

the guanethidine treated renal operated rats at 15 days. The 

adrenergic neuronal blockade was progressively reduced, but was still 

present, in the 30, 45 and 60 days guanethidine treated renal operated 

rats. 

The effect on blood pressure of the pithed rats to a 50 ng/kg 

i.v. dose of noradrenaline is shown in Fig. 57. 

It can be seen that in both the guanethidine treated DOCA-NaC1 

rats and guanethidine treated renal operated rats, after each period 

of guanethidine treatment, the pressor response to noradrenaline was 

greater than that obtained in their respective control rats. The 

response to noradrenaline in the guanethidine treated rats was 

increased in duration as well as magnitude when compared with the 

control hypertensive rats. 

Discussion 

The results of this study support those of the initial study 

concerning the role of the sympathetic nervous system in the production 

of both DOCA-NaCl and one-kidney renal hypertensions in rats. 

The slower development of DOCA-NaC1 hypertension in rats obtained 

from ASL compared with that produced in rats obtained from Fisons 

limited made comparisons of the initial and these further studies 

more difficult. This slow development of hypertension was responsible 

for the lack of any significant difference between the control DOCA- 

NaCl group of rats and 15 day guanethidine treated DOCA-NaC1 group
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FIGURE 57: THE EFFECT OF VARIOUS PERIODS OF GUANETHIDINE TREATMENT ON THE 

RESPONSE TO NORADRENALINE IN DOCA-NaC] HYPERTENSIVE AND 

ONE-KIDNEY RENAL HYPERTENSIVE RATS. 
  

Each histogram represents the mean response of two rats to a 50 ng/kg 
i.v. dose of noradrenaline of guanethidine treated DOCA-NaCl rats (A), 
control DOCA-NaCl rats (B), guanethidine treated one-kidney renal 
operated rats (C) and control one-kidney renal operated rats (D).
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since at 15 days the blood pressures of the control DOCA-NaCl group 

were not significantly different from the 'sham-operated' normotensive 

groups of rats. 

The results of the 30 day guanethidine experiment fully 

supported the findings of the initial study in that the blood 

pressures of the guanethidine treated group remained normotensive 

during guanethidine administration, whilst the blood pressure of the 

control DOCA-NaC1 group had attained hypertensive levels. As in 

the initial study once guanethidine treatment was discontinued the 

blood pressure of the guanethidine treated DOCA-NaCl group rose in a 

manner parallel to that of the control DOCA-NaCl group. The results 

of the 45 and 60 day guanethidine experiments were complicated by the 

development of tolerance to guanethidine as shown by the results 

obtained in pithed rats to sympathetic stimulation. However, whilst 

there was evidence of a potent adrenergic neuronal blockade (that 

is, at least up to 30 days of guanethidine treatment) the blood 

pressures of the guanethidine treated groups of rats were significantly 

lower than those of their respective control DOCA-NaCl groups. The 

rises in blood pressure of the 45 and 60 day guanethidine treated 

DOCA-NaCl groups to hypertensive levels whilst guanethidine adminis- 

tration was still in progress, may have been due, wholly or partly, 

to the development of tolerance to the adrenergic neuronal blocking 

action of guanethidine. However, it is also possible that the 

development, by smooth muscle, of supersensitivity to catecholamines 

caused by chronic administration of guanethidine (Boura & Green, 1962) 

may also be responsible for the rise in blood pressure. This is 

indicated by the fact that although the adrenergic neuronal blockade 

was decreased in the 45 and 60 day guanethidine treated DOCA-NaC1
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pithed rats the potentiation of the noradrenaline response was not 

decreased. 

The rise in blood pressure after discontinuation of guanethidine 

treatment in DOCA-NaCl rats in the initial studies was considered to be 

possibly due to an 'overshoot' phenomenon of the drug. The results of 

this study demonstrate that this was not the case since the blood 

pressures of the 'sham-operated' guanethidine treated groups did not 

increase to hypertensive levels after discontinuation of guanethidine 

treatment. Although the blood pressures did increase, on about day 30 

of the study in the 30, 45 and 60 day control guanethidine treated groups 

it was a relatively small increase and in the renal hypertensive study 

the blood pressures of similar control guanethidine treated groups did 

not increase in the same manner. Thus the results of this study 

indicate that the rise in blood pressure after discontinuation of guaneth- 

idine administration in the treated DOCA-NaCl groups in the initial 

study and in the 30 day group in this study is due to the removal of 

adrenergic neuronal blockade and not an 'overshoot' phenomenon. 

The results of both studies indicate that the sympathetic nervous 

system is essential for the production of DOCA-NaCl hypertension in 

rats. This is in agreement with most of the published literature on 

this subject (see pp. 30 to 36). The involvement of the sympathetic 

nervous system in DOCA-NaCl hypertension may be explained by the hypothesis 

of De Champlain and co-workers (see review by De Champlain, 1972) and 

the results of these studies lend support to this hypothesis (see 

previous chapter for more detailed discussion). 

The results obtained in this study are also in agreement with 

those of the initial study in that they show that the sympathetic 

nervous system is not essential for the production of one-kidney renal
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hypertension in rats, The blood pressures of the guanethidine treated 

one-kidney renal operated rats in the 30, 45 and 60 day studies 

demonstrate that the initial rise in blood pressure is due to factors 

other than the sympathetic nervous system, probably the renin- 

angiotensin system (see previous chapter for detailed discussion). 

Although after this time the blood pressure rises at a slower rate 

than that of the control renal operated groups, probably due to the 

involvement of the sympathetic nervous system via resetting of the 

baroreceptors, the blood pressure still increases, indicating the 

involvement of other factors (for detailed discussion see previous 

chapter). The suggestion, stated in the previous chapter that the 

lack of effect of guanethidine in lowering the blood pressure of 

established renal hypertensive rats was due to the development of 

tolerance to guanethidine and/or the development, by smooth muscle, 

of supersensitivity to noradrenaline has been substantiated by the 

results involving sympathetic stimlation and noradrenaline administ- 

ration in pithed renal hypertensive rats. Although investigation of 

the role of the sympathetic nervous system in the production of 

one-kidney renal hypertension has produced conflicting results (see 

ppe 30 to 36) Johnson et al. (1975 a & b) have reported that chemical 

sympathectomy with guanethidine did not affect either the production 

or maintenance of one-kidney renal hypertension in rats which is in 

agreement with the results of the studies presented here. 

The detailed investigation of the pathologies of the animals, 

used in this study, revealed that the hypertensive disease in both 

guanethidine treated and control hypertensive rats was similar and 

no protection was afforded by guanethidine administration. This was 

not surprising since pathological examinations were performed at
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the completion of the studies when the blood pressures of these 

groups of rats were similar. It was not possible to perform post- 

mortems in these groups of rats immediately after discontinuation 

of guanethidine treatment, which may have provided more useful 

information, since the number of animals remaining was too small. 

The results regarding body weight are similar to those reported 

in the initial studies except that the body weights of the guanethidine 

treated DOCA-NaC1 and control DOCA-NaCl groups of rats were not 

significantly lower than those of the control normotensive groups as 

observed in the initial studies. This may have been due to the 

fact that performing laparotomy and control daily injections of 

0.9% saline in the normotensive groups may have produced stress 

which was considered an explanation for the differences in body 

weight observed in the initial studies. However, it is possible 

that the slower rate of increase in the blood pressure of the 

control DOCA-NaC1 groups of rats may have been responsible for the 

lack of a significant difference between the hypertensive groups. 

The ‘sham-operation' appeared to have little effect since the blood 

pressures and body weights of these normotensive groups in this 

study were similar to those observed in the initial studies. 

Summary 

1, Further studies, investigating the role of the sympathetic nervous 

system in the production and maintenance of DOCA-NaCl and renal 

hypertensions in rats have produced results similar to those of the 

initial studies. 

2. Whilst a potent adrenergic neuronal blockade was present, the blood 

pressures of DOCA-NaCl guanethidine treated rats remained at normotensive
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levels, although at this time the blood pressures of control DOCA-NaCl 

rats had attained hypertensive levels. Discontinuation of guanethidine 

treatment or the development of tolerance to guanethidine resulted in 

a rise in blood pressure of the treated DOCA-NaCl rats to hypertensive 

levels. 

3. Guanethidine treated one-kidney renal hypertensive rats developed 

a hypertensive state in a similar manner to control renal hypertensive 

rats. 

4. The development of tolerance to the adrenergic neuronal blocking 

action of guanethidine after 30 days and the continued supersensitivity 

of smooth muscle to noradrenaline was shown in guanethidine treated 

DOCA-NaCl and renal hypertensive pithed rats. 

5. Results in guanethidine treated normotensive rats indicated that 

the rise in blood pressure following discontinuation of guanethidine 

treatment was not due to an 'overshoot' phenomenon. 

6. Post-mortems revealed that guanethidine treatment did not protect 

rats to hypertensive vascular disease resulting from a DOCA-NaCl 

regimen or the method of Grollman and reasons for this are discussed. 

7. 'Sham-operations' and/or i.p. injections of 0.9% saline in control 

hypertensive and normotensive groups of rats did not appear to produce 

effects which conflicted with those observed in the initial studies. 

8. The results of these further experiments substantiate those of the 

initial studies in that it can be concluded that the sympathetic nervous 

system is essential for the production of DOCA-NaCl hypertension in rats 

but is not necessary for the production of one-kidney renal hypertension.
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CHAPTER 3 

Mechanism of Action of a—-Methyldopa in the Rat 

Since the introduction of «a-methyldopa into clinical practice 

(Oates et al., 1960) the mechanism of action of the drug in lowering 

blood pressure has been the subject of much investigation and some 

controversy (see reviews by Muscholl, 1966, 1972; Stone & Porter, 1966; 

Sourkes & Rodriguez, 1967 and Henning, 1969 a). 

Sourkes (1954) originally reported that a-methyldopa was an 

inhibitor of decarboxylation and tissue levels of dopamine, noradren- 

aline and 5HT were found to be decreased after administration of the 

drug (e.g. Hess, Ozaki & Undenfriend, 1960; Smith, 1960; Hess, 

Connamacher, Ozaki & Undenfriend, 1961; Porter, Totaro & Leiby, 1961). 

The depletion of dopamine and noradrenaline was found to occur mainly 

through a stoichiometric exchange of these amines with the metabolites 

of o-methyldopa, that is, a-methyldopamine and g-methylnoradrenaline 

respectively (Carlsson & Lindqvist, 1962; Carlsson, 1964). 

Carlsson & Lindqvist (1962) suggested that the amines formed on 

metabolism of methyldopa may take over the function of dopamine 

and noradrenaline in the brain and later Day & Rand (1963) extended this 

hypothesis to the peripheral nerves also. It was shown that in these 

nerves, O-methylnoradrenaline formed from a-methyldopa was released 

after electrical stimulation (Muscholl & Maitre, 1963) and a number of 

investigators have stated that the activity of a-methylnoradrenaline 

on the adrenergic receptors was less than that of noradrenaline 

(e.g. Mueller & Horwitz, 1962; Day & Rand, 1963, 1964; Brunner, Hedwell, 

Maitre & Meier, 1966, 1967; Boakes, Candy & Wolstencroft, 1968, 1973). 

This release of a substitute or 'false' transmitter was proposed by 

Day & Rand (1963) to explain the hypotensive action of «a-methyldopa.



= 207"= 

However, doubt has been thrown on the 'false transmitter’ hypothesis 

since the time relation between the noradrenaline depletion and the 

decrease in blood pressure was poor (Torchiana, Porter, Watson & Stone, 

1965; Henning, 1967, 1969 a) and this discrepancy implied that the 

‘false transmitter’ concept in its simplest outline was not sufficient 

to explain the antihypertensive action of «-methyldopa. 

Farmer (1965) confirmed the report of Day & Rand (1964) concerning 

the sympathetic nerve blocking action of «-methyldopa on the cat's 

nictitating membrane and suggested from his data that the antihypertensive 

effect of a-methyldopa may be mediated via an antisympathetic effect 

of o-methyldopamine. 

A central action of a-methyldopa was suggested when a-methyldopa 

was infused into the cerebral ventricles of dogs (Jaju, Tangri & 

Bhargava, 1966), into the vertebral arteries of cats (Henning & Van 

Zweiten, 1967, 1968) and perfused into the vascularly isolated ‘in situ' 

cat brain (Ingenito, Barrett & Procita, 1970) and falls in blood 

pressure obtained which were equivalent to those obtained with much 

larger doses given systemically. 

In renal hypertensive rats, the antihypertensive effect of 

« -methyldopa was shown by Henning (1968, 1969 b) to be related to 

central decarboxylation of this amino acid. The peripheral inhibitor 

of decarboxylation, carbidopa, did not alter the response to 

a -methyldopa while inhibition of peripheral and central decarboxylation 

by Ro 4-4602 abolished the response. Henning & Rubenson (1971) have 

reported that in normotensive rats, the dopamine- 8-hydroxylase 

inhibitor FLA 63 abolished the fall in blood pressure caused by 

a -methyldopa, thus suggesting that a-methylnoradrenaline formation 

is necessary for the antihypertensive effect of a-methyldopa. Heise
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& Kroneberg (1972) demonstrated that the central effects of a -methyldopa 

and its metabolites could be inhibited by % -blocking drugs, suggesting 

that the antihypertensive effect of %“-methyldopa is produced, at 

least in part, by stimulation of central « -receptors. 

In contrast to the mass of evidence suggesting a central mode 

of action of a-methyldopa other workers have cited evidence which 

they believe is contrary to this view (Mohammed et al., 1968; 

Ayitey-Smith & Varma, 1970), However, Tauberger & Kuhn (1971) demonstrated 

that %-methyldopa reduced sympathetic nerve firing and this was 

confirmed by Baum, Shropshire & Varner (1972). 

The present study was designed to examine the action of a -methyl- 

dopa administered either systemically or centrally in conscious 

hypertensive rats in which either central or peripheral dopa 

decarboxylase was inhibited. In addition, the effects of central and 

peripheral inhibition of dopamine- hydroxylase on the antihypertensive 

effect of «a-methyldopa was studied in order to test the hypothesis of 

Parmer (1965). 

Results 

The effect of 200 mg/kg i.p. dose of a-methyldopa on the systolic 

blood pressure of a group of six DOCA-NaCl hypertensive rats is shown 

in Fig. 58. The blood pressure began to fall immediately after the 

injection, and reached a maximum fall in systolic blood pressure of 

57 + 2 mm Hg at 4.5 hours post-dose, with a return to pre-dose levels 

at 24 hours. The vehicle in which the commercial ‘Aldomet' injection 

of a-methyldopa is formulated contains a number of constituents and 

was tested for possible effects on blood pressure. When administered 

isp. to hypertensive rats in volumes similar to those used when 

administering o-methyldopa it had little effect on the blood pressure
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FIGURE 58: THE EFFECT OF PERIPHERAL DOPA DECARBOXYLASE INHIBITION 

WITH Ro 4~4602 ON THE ANTIHYPERTENSIVE ACTION OF a—METHYLDOPA, 

  

The effects of 'Aldomet' vehicle @—@®), Ro 4-4602 + ‘Aldomet’ 
vehicle (Ad), «methyldopa O—O) and Ro 4~4602 + a-methyldopa 

) on the systolic blood pressures of DOCA-NaCl hypertensive rats 
are shown above. a-Methyldopa was administered intraperitoneally (i.p.) 
at a dose level of 200 ng/ke at time zero A. Ro 4~4602 was 

administered in 3 separate doses (4) of 50 mg/kg isp. (total dose 150 mg/kg). 
Each point represents the mean of six rats and standard errors are shown 
by the vertical bars,
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(Fig. 58). In a further group of six hypertensive rats the blood 

pressure was unaffected by 3 isp. doses, each of 50 ng/kg of 

Ro 4-4602 given at two hourly intervals. 

This dose regimen of Ro 4-4602 (total dose 150 mg/kg) which was 

shown by Kuruma et al. (1972) to inhibit peripheral but not central 

dopa decarboxylase was repeated in a group of hypertensive rats also 

given «a-methyldopa, 200 mg/kg i.p., 0.5 hours after the first 

Ro 4~4602 dose. In this experiment a-methyldopa produced its usual 

fall in blood pressure. 

Fig. 59 illustrates a similar group of experiments in which 

Ro 4-4602 was administered in a similar pattern at a dose of 200 mg/kg 

per injection (total dose 600 ng/kg). This treatment, which is known 

to inhibit central as well as peripheral dopa decarboxylase (Kuruma 

et ale, 1972), itself produced a significant antihypertensive effect 

(peak effect at 6.75 hours was a mean fall in systolic blood pressure 

of 36 + 1 mm Hg), When o-methyldopa, 200 mg/kg was administered 

during treatment with this regimen of Ro 4-4602 its antihypertensive 

effect was markedly reduced and was in fact less than that produced 

by this dose level of Ro 4-4602 alone. Thus, a mutual antagonism 

exists between the antihypertensive effects of «-methyldopa and 

Ro 4~4602. 

Disulfiram, 100 ng/ke i.p., given alone or in combination with 

the 'Aldomet' injection vehicle caused a moderate fall in blood 

pressure (peak effect at 5 hours was a mean fall in systolic blood 

pressure from 191 + 2 to 159 + 2 m Hg). In another group of rats 

disulfiram, 100 mg/kg isp., was given 2 hours before o-methyldopa, 

200 mg/kg i.p.e; the antihypertensive effect of a-methyldopa was 

abolished (Fig.60).
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FIGURE 59: THE EFFECT OF SIMULTANEOUS PERIPHERAL AND CENTRAL 
DEC. iB INHIBITION WITH Ro 602 ON THE 

ANTIHYPERTENSIVE ACTION OF «-—~METHYLDOPA. 
  

The effects of 'Aldomet' vehicle (@—@), Ro 4-4602 + 'Aldomet' 
vehicle (AM), w-methyldopa O—O) and Ro 4-4602 + a-methyldopa 

on the systolic blood pressures of DOCA-NaCl1 hypertensive rats 
are shown above. a@-Methyldopa at a dose level of 200 mg/kg i.p. was 
administered at time zero (A « Ro 4-4602 was administered in 3 

separate doses (A) of 200 mg/kg isp. (total dose 600 mg/kg). Each 
point represents the mean of six rats and standard errors are shown 

by the vertical bars.
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FIGURE 60: THE EFFECT OF SIMULTANEOUS PERIPHERAL AND CENTRAL 
DOPAMINE-B—-HYDROXYLASE INHIBITION WITH DISULFIRAM ON THE 
ANTIHYPERTENSIVE ACTION OF o-METHYLDOPA. 

    

  

The effects of 'Aldomet' vehicle (@—®), disulfiram + 'Aldomet' 
vehicle (aA), a-methyldopa (—O) and disulfiram + a~methyldopa 

on the systolic blood pressure of DOCA-NaCl hypertensive 
rats are shown above. a-Methyldopa, 200 me/ke i.p., was administered 
at 2 hours A). Disulfiram was administered, at a dose level of 
100 mg/kg isp. 2 hours before «-methyldopa (A). Each point represents 
the mean of six rats and standard errors are shown by the vertical bars.
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Diethyldithiocarbamate (DDC), 100 mg/kg isp. was substituted for 

disulfiram in another series of experiments and was shown itself to 

cause a similar fall in blood pressure as disulfiram but with a more 

rapid onset and peak effect (Fig.61). DDC treatment produced an 

identical abolition of the antihypertensive response to a-methyldopa 

as did disulfiram. It is interesting to note that «-methyldopa did 

not antagonise the fall in pressure produced by disulfiram and DDC 

as it did the fall caused by Ro 4-4602 (Fig.59). 

Johnson et al. (1970) reported that U-14,624 was a more powerful 

inhibitor of central than of peripheral dopamine- 6 —-hydroxylase. 

U-14,624, 200 ng/kg i.p., produced a slight fall in pressure which had 

returned to pre-treatment levels after 12 hours at which time 

a -methyldopa, 200 ng/kg i.spe, was administered, Pre-treatment with 

U-14,624 effectively abolished the antihypertensive effect of 

a -methyldopa (Fig.62). 

a -Methyldopa, 2 mg/kg, administered by icv injection into 

hypertensive rats caused a fall in blood pressure of rapid onset 

(peak effect at 1.5 hours was a fall in group mean systolic pressure 

from 190 + 3 to 148 + 2 mm Hg). A 4 mg/kg dose of a-methyldopa 

produced a somewhat larger response (peak effect at 1.5 hours was a 

fall in group mean systolic pressure from 191 + 2 to 138 + 3 mm Hg). 

The effect of both these doses of «-methyldopa given centrally was 

relatively transient compared with the effect of the 200 mg/kg dose 

given systemically, the blood pressure having returned to pre-treatment 

levels by 5 hours (Fig.63). The 'Aldomet' injection vehicle produced 

no significant effect on blood pressure when injected in volumes 

similar to those injected using the 2 ng/kg and 4 ng/kg doses of 

a-methyldopa (10 pl and 20 il respectively).
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FIGURE 61: THE EFFECT OF SIMULTANEOUS PERIPHERAL AND CENTRAL 
DOPAMINE—B-HYDROXYLASE INHIBITION WITH SODIUM DIETHYLDI- 
THIOCARBAMATE (DDC) ON THE ANTIHYPERTENSIVE ACTION OF 
O—METHYLDOPA. 

The effects of ‘'Aldomet' vehicle @—@), DDC + 'Aldomet' vehicle 
), o-methyldopa C—O) and DDC + a-methyldopa (A/\) on the 

systolic blood pressures of DOCA-NaCl hypertensive rats are shown 
above. DDC was administered (A) at a dose level of 100 mg/kg i.p. 
2.5 hours before dosing rats with 200 ng/kg isp. a-methyldopa a}. 

Each point represents the mean of six rats and standard errors are 
shown by the vertical bars.



Sy
st
ol
ic
 

Bl
oo

d 
Pr

es
su

re
 

(m
m 

Hg
) 

=215°— 

200 ¢-— 

160 F-— 

140 F—-   120 [4 x 

Ly ei | | [eeeces| an J 
Onl iic 14 16 18 20 22 36 

Time (Hours) 

FIGURE 62: THE EFFECT OF CENTRAL DOPAMINE-B-HYDROXYLASE INHIBITION 

WITH U-14,624 ON THE ANTIHYPERTENSIVE ACTION OF 
OOMETHYLDOPA. 

  

The effects of ‘Aldomet' vehicle @—@®), o-methyldopa O—O) 
and U-14,624 + o-methyldopa ) on the systolic blood pressures of 
DOCA-NaCl hypertensive rats are shown above. U-14,624 was administered 
at a dose level of 200 mg/kg i.p. ) 12 hours before dosing the rats 
with o-methyldopa 200 mg/kg i.p. (4). Each point represents the mean 
of six rats and standard errors are shown by the vertical bars.
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FIGURE 63: THE EFFECT OF PERIPHERAL DOPA DECARBOXYLASE’ INHIBITION 
WITH Ro 4-4602 ON THE ANTIHYPERTENSIVE ACTION OF CENTRALLY 
ADMINISTERED © —-METHYLDOPA. 
  

The effects of «-methyldopa @—@), Ro 4-4602 + 'Aldomet' vehicle 
(ALN) and Ro 4-4602 + a-methyldopa (A&A) on the systolic blood 
pressures of DOCA-NaCl. hypertensive rats are shown above. a-Methyldopa 
was administered by intracerebroventricular injection (iev) at time zero 

(4) in a dose of 2 mg/kg. Ro 4=4602 was injected in 3 doses (A) of 
50 mg/kg isp. (total dose 150 mg/kg). The effect of a 200 mg/kg i.p. 
dose of «-methyldopa (O—O) on the systolic blood pressures of DOCA- 
NaCl rats is also shown for comparison purposes. Each point represents 
the mean of six rats and standard errors are shown by the vertical bars.
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In hypertensive rats, in which peripheral dopa decarboxylase 

was inhibited by the low dose regimen of Ro 4-4602, 3 x 50 mg/kg 

doses, i.p., the antihypertensive effect of «-methyldopa, 2 mg/kg 

given centrally, was unaffected (Fig. 63). 

In another series of experiments, in which central as well as 

peripheral dopa decarboxylase was inhibited by the high dose regimen 

of Ro 4-4602, 3 x 200 ng/kg doses, isp., the antihypertensive effect 

of a-methyldopa was abolished. It should be noticed that the anti- 

hypertensive effect produced by this high dose regimen of Ro 4~-4602 

was also abolished by the centrally administered o-methyldopa (Fig. 64). 

This strongly suggests a central site for the blood pressure lowering 

effect of Ro 4-4602. 

Ro 4-4602 was administered icv in three doses each of 0.2 ng/kg 

given at 2 hourly intervals. This treatment did not produce any signif- 

icant effect on blood pressure. However, in a parallel experiment 

a -methyldopa (200 mg/kg) was administered isp. 30 minutes after the 

first dose of Ro 4-4602 and its antihypertensive effect was completely 

abolished (Fig. 65). 

Discussion 

The large fall in systolic blood pressure of hypertensive rats to 

peripherally administered a -methyldopa with a maximal effect at 4.5 

hours and recovery to pre-dose levels at 24 hours is in agreement 

with previous reports (see review by Henning, 1969 a). ‘The lack of 

effect on the systolic blood pressure of the vehicle in which 

commercial ‘Aldomet' is formulated, administered either systemically or 

centrally, has not been previously reported and was rather surprising 

as it is acidic and composed of a number of constituents. However, 

the lack of effect of the vehicle demonstrated that falls in blood
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FIGURE 64: THE EFFECT OF SIMULTANEOUS PERIPHERAL AND CENTRAL DOPA 
DECARBOXYLASE INHIBITION WITH Ro 4~4602 ON THE ANTI~ 
HYPERTENSIVE ACTION OF CENTRALLY ADMINISTERED o~METHYLDOPA. 
  

The effects of a-methyldopa @—@®), Ro 4-4602 + 'Aldomet' vehicle 
(AL) and Ro 4-4602 + a—methyldopa (4) on the systolic blood 
pressures of DOCA-NaCl hypertensive rats are shown above. %-Methyldopa 
at a dose level of 2 mg/kg icv was administered at time zero @). 
Ro 4-4602 was injected in 3 doses (A) of 200 mg/kg isp. (total dose 
600 mg/kg). The effect of a 200 mg/kg isp. dose of u-methyldopa 
(Q—O) on the systolic blood pressures of DOCA-NaC1 rats is also shown 
for comparison purposes. Each point represents the mean of six rats 
and standard errors are shown by the vertical bars.
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FIGURE 65: EFFECT OF CENTRAL DOPA DECARBOXYLASE INHIBITION PRODUCED 
BY CENTRALLY ADMINISTERED R 602 ON THE ANTIHYPERTENSIVE 
ACTION OF o—-METHYLDOPA. 

  

  

The effects of o—methyldopa (O—O), Ro 4-4602 + 'Aldomet' vehicle 
(Ac) and Ro 4-4602 + a-methyldopa (AA) on the systolic blood 
pressures of DOCA-NaCl hypertensive,rats are shown above. Ro 4-4602 
was injected centrally in 3 doses 4) of 0.2 mg/kg. a-Methyldopa 
was administered at a dose level of 200 ne/ke i.p. at time zero De 
Each point represents the mean of six rats and standard errors are 
shown by the vertical bars.
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pressure following administration of commercial 'Aldomet' were due 

purely to the effects of a-methyldopa. 

Administration of Ro 4~4602 at dose levels which inhibit 

predominantly peripheral dopa decarboxylase (Kuruma et al., 1972) 

did not affect the antihypertensive action of u-methyldopa. However, 

at higher dose levels which are known to inhibit both central and 

peripheral dopa decarboxylase (Kuruma et al., 1972) Ro 4-4602 severely 

inhibited the antihypertensive effect of a-methyldopa. At the higher 

dose level Ro 44602 produced a fall in blood pressure itself which 

was reduced when given in combination with o-methyldopa and possibly 

represents a competitive antagonism at some site in the central nervous 

system. The results obtained in these experiments are in agreement 

with those of Henning (1969 b) Cohen et al. (1974) and Nijkamp, 

Ezer & De Jong (1975) and strongly suggest that central decarboxylation 

of a-methyldopa must occur for it to reduce blood pressure. 

Disulfiram and its reduction product DDC are known to inhibit 

both central and peripheral dopamine- B-hydroxylase (Musacchio et 

al., 1966) and in this study both produced falls in blood pressure of 

similar magnitude but with a much quicker onset for DDC, However, 

despite these falls the antihypertensive effect of systemically 

administered %-methyldopa was severely reduced. Similarly U-14,624 

which has been shown to be a relatively specific inhibitor of central 

dopamine- 6 -hydroxylase (Johnson et al., 1970) almost totally 

abolished the antihypertensive effect of systemically administered 

@-methyldopa at a time when its own blood pressure lowering effect 

had subsided. These results strongly suggest that the formation of 

a -methylnoradrenaline in the central nervous system, is essential for 

the antihypertensive effect of a-methyldopa. This is in agreement with
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the report of Henning & Rubenson (1971) who abolished the fall in 

blood pressure to «a-methyldopa in normotensive rats by prior 

administration of FLA 63, a potent dopamine- 8 -hydroxylase inhibitor 

(Svensson & Waldeck, 1969), This work has been confirmed by Cohen 

et al. (1974) in renal hypertensive rats. These results disagree with 

the concept of Farmer (1965) that a-methyldopamine may be the active 

compound causing sympathetic impairment. Also treatment with disulfiram, 

DDC and FLA 63 all cause tissue levels of dopamine to increase in 

normal animals and therefore, if the concept of Farmer (1965) was 

correct, then this treatment would be expected to increase the 

antihypertensive effect of o«-methyldopa. Finally, Torchiana et al. 

(1973) have shown that a block of central dopaminergic receptors in the 

anaesthetised cat does not effect the response to centrally administered 

« -methyldopa. 

Jaju et al. (1966) reported that small doses of a -methyldopa 

administered centrally to anaesthetised dogs, produced a short lasting 

fall in blood pressure. Heise & Kroneberg (1972) and Torchiana et al. 

(1973) have obtained falls in blood pressure in the anaesthetised 

cat after perfusion of the cerebral ventricles, with doses which are 

not effective when administered systemically. Similarly, Henning & 

Van Zwieten (1967, 1968) obtained falls of blood pressure in 

anaesthetised cats after infusions into the vetebral artery of 

a-methyldopa which had no effect when administered systemically. 

The results of the present study are in agreement with these reports 

in that %-methyldopa injected into the lateral ventricles of 

conscious hypertensive rats produced a marked fall in systolic blood 

pressure in a dose approximately 100 x less than that used systemically 

and provides further evidence for a central mode of action of
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a -methyldopa. The time course of the blood pressure fall to centrally 

administered a-methyldopa, in this study, was of a quicker onset and 

shorter duration than that reported by the above workers. This is 

probably due to species difference, although the use of anaesthesia 

and normotensive animals, by the above workers, may also be responsible. 

The onset and duration of the response to centrally administered 

a -methyldopa were both much shorter than the responses to systemic 

administration, The differences in responses may be due to the 

different availability of « -methyldopa at central sites. Hence, 

a -methyldopa administered systemically must be absorbed into the 

blood stream and cross the blood-brain barrier to its site of 

metabolism, thus increasing the time of onset of its action. On the 

other hand, the large systemic dose of a -methyldopa used, would act 

as a depot for the slow release of the substance and would explain 

the longer duration of action. 

The fact that the antihypertensive effect of « -methyldopa, 

administered either centrally or systemically is mediated through 

a similar mechanism, is strongly suggested by the observation that 

Ro 4~4602 given systemically in doses known to inhibit central dopa 

decarboxylase, prevented the antihypertensive effect of centrally 

administered a-methyldopa. Similarly, small doses of Ro 4-4602 

administered centrally abolished the antihypertensive effect of a 

large systemic dose of a-methyldopa. These results once again 

suggest that the antihypertensive action of a-methyldopa is mediated 

in the central nervous system via the amine metabolites of 

a-methyldopa, as proposed by Henning & Rubenson (1971). 

More recently Finch & Haeusler (1972) have shown that, in rats, 

the antihypertensive effect of a -methyldopa is dependent upon
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central noradrenergic neurones, since their destruction by 

6-hydroxydopamine prevented the response to « -methyldopa but not 

to the “-adrenoceptor agonist clonidine, thus demonstrating the 

necessity of uptake of a-methyldopa into central adrenergic neurones 

and conversion to a-methylnoradrenaline. «-—Methylnoradrenaline has 

been shown to produce a greater fall in blood pressure when given 

centrally to the anaesthetised cat, than either «-methyldopa or 

a-methyldopamine (Heise & Kroneberg, 1972). The action of a-methyl- 

noradrenaline derived from a-methyldopa probably acts on «=receptors 

in the brain (see review by Van Zwieten, 1973) since it is prevented 

by prior administration of «-blockers (Heise & Kroneberg, 1972). 

Nijkamp & De Jong (1975) have suggested that the central site of 

action of «-methylnoradrenaline derived from a-methyldopa is 

a-receptors in the area of the nucleus tractus solitarii of the medulla 

oblongata. The effect of a-methylnoradrenaline on a-receptors in 

the brain causes a decreased impulse flow ron the central nervous 

system (Tauberger & Kuhn, 1971; Baum, Shropshire & Varner, 1972) 

resulting in an inhibition of release of noradrenaline from the 

sympathetic nerves (Anden & Henning, 1974). 

These results and those of the present study are consistent with 

the hypothesis of Henning & Rubenson (1971) in that the antihypertensive 

effect of a-methyldopa is mediated via a-methylnoradrenaline produced 

centrally and with that of Day & Rand (1963) that a-methylnoradrenaline 

May replace noradrenaline as the transmitter substance in noradrenergic 

neurones. 

Summary 

1. The mechanism of antihypertensive action of a-methyldopa was 

investigated in DOCA-NaCl hypertensive rats.



ante 

2, u-Methyldopa administered systemically to hypertensive rats 

produced a marked antihypertensive effect which was unaffected by 

peripheral dopa decarboxylase inhibition with Ro 4-4602 but was abolished 

by simultaneous central and peripheral inhibition. 

3. Inhibition of central and peripheral dopamine-B-hydroxylase with 

either disulfiram or sodium diethyldithiocarbamate (DDC) produced 

an abolition of the fall in blood pressure to i.p. administered 

methyldopa. Central inhibition of dopamine-f—hydroxylase using 

U~14,624 produced the same effect. 

4. When administered by i.c.ev. injection a—methyldopa produced a marked 

antihypertensive effect at a dose level only 1/100 of that used 

systemically. 

5e The fall in blood pressure to centrally administered a-methyldopa 

was abolished by Ro 4~4602 in doses inhibiting central dopa decarboxylase. 

Small doses of Ro 4~4602 given centrally antagonised the antihypertensive 

effect of a large dose of o-methyldopa given systemically. 

6. It was concluded that o-methyldopa lowers blood pressure by a 

central mechanism involving the production of o-methylnoradrenaline 

which may act as a false neurohumoral transmitter substance.
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SECTION 4: ARTERIAL HYPERTENSION IN THE CAT 
  

CHAPTER 1 

Production of Hypertension in the Cat 

The conscious cat in the normotensive state has been shown to be 

eminently suitable to study the effects of drugs on the cardiovascular 

system (Owen, 1969; Day & Owen, 1970). This work provided the impetus 

to examine the possibility of obtaining a stable hypertension in cats 

so that the effects of some antihypertensive agents could be examined 

in such cats whilst in the conscious state. 

Although no detailed information on the production of hypertension 

in cats has been reported several workers (Wilson, 1965; Zanchetti, 

Guazzi & Baccelli, 1966; Cohn & Notargiacomo, 1969; Guazzi, 1969; 

Guazzi, Ellsworth & Fries, 1971) have obtained hypertension in cats 

using the method of Goldblatt et al., (1934). Similarly when Page 

(1939) reported his method for producing hypertension in rats and 

dogs by wrapping the kidneys in cellophane, he mentioned that it was 

also successful in the cat. 

Hypertension has also been obtained by stimulation of the 

hypothalamus (Kell, Langford, Hoff & Henningar, 1960; Gerola & Grossi, 

1965) or of a part of the cerebral cortex (Morin, Corriol, Naquet, 

Ricci & Berard-Badier, 1954) but the rise in blood pressure in both 

instances was temporary. Similarly a temporary hypertension was obtained 

in cats by Johansson et al. (1970) and Haggendal & Johansson (1972) by 

the rapid intravenous injection of metaraminol. 

However, none of these reports provided information on the develop- 

ment of hypertension in the cat or its pathology. Also the effects 

of drugs on hypertension in cats was not investigated. Recently
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Poyser, Shorter & Whiting (1974) have reported on the production of 

hypertension in cats by three methods and the effects of some 

antihypertensive agents on the resulting hypertensive state. This 

work was a development of that initially undertaken in these laboratories. 

Results 

Figs.66,67 & 68 illustrate the development of hypertension in 

three cats induced by the 'figure-of-eight' ligature method of 

Grollman (1944). In all three cases the applieation of the 'figure- 

of-eight' ligature to the kidney caused no increase in blood pressure. 

However, after contralateral nephrectomy a rise in blood pressure 

occurred within seven days. The rise in one case was very rapid, 

followed by a large fall in blood pressure and death. In the other 

two cats a fairly gradual rise in blood pressure was observed and there 

was no overall change in heart rate. However, in the cat whose blood 

pressure rose very rapidly there was also an increase in heart rate. 

Figs. 69 & 70 illustrate the effect of a DOCA-NaCl regimen on 

the blood pressure and heart rate of two cats. A gradual rise in 

blood pressure was obtained in both cases with a gradual fall in 

heart rate and a fall in blood pressure in one case after replacement 

of the sodium chloride solution with the normal drinking fluid, milk. 

Although cats are averse to drinking water (Carver & Waterhouse, 

1962) in this study it was found that although this was true initially, 

once the cat had begun to drink sodium chloride solution polydipsia 

developed. 

The general condition of cats on DOCA-NaCl therapy deteriorated; 

they lost weight, became listless and the normal glossy sheen of their 

coats disappeared. 

The general condition of the cats in which hypertension had been
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FIGURE 66: THE EFFECT OF PERINEPHRITIS INDUCED BY A ‘FIGURE-OF-EIGHT* 
LIGATURE ON THE BLOOD PRESSURE AND HEART RATE OF CAT A3, 

The upper graph shows the systolic (O—O) and diastolic @®) 
blood pressures and the lower graph the heart rate @—@). After 
consistent values for the blood pressure had been obtained for several 
days a 'figure-of-eight' ligature was made on the left kidney with 
cotton tape (A). Seven days later the right kidney was removed (3).
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FIGURE 67: ‘THE EFFECT OF PERINEPHRITIS INDUCED BY A 'FIGURE-OF-EIGHT!' 
LIGATURE ON THE BLOOD PRESSURE AND HEART RATE OF CAT Ad, 

The upper graph shows the systolic (Q—O) and diastolic (ee) 
blood pressures and the lower graph the heart rate @—®). After 
consistent values for the blood pressure had been obtained for several 
days a 'figure-of-eight' ligature was made on the left kidney with 
eotton tape (A). Seven days later the right kidney was removed (B).
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FIGURE 68: THE EFFECT OF PERINEPHRITIS INDUCED BY A 'FIGURE-OF-EIGHT" 
LIGATURE ON THE BLOOD PRESSURE AND HEART RATE OF CAT A5, 

The upper graph shows the systolic (O—O) and diastolic @—®) 
blood pressures and the lower graph the heart rate @—®). After 
consistent values for the blood pressure had been obtained for several 
days a 'figure-of-eight' ligature was made on the left kidney with 
cotton tape (A). Seven days later the right kidney was removed (B).
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FIGURE 69: JHE EFFECT OF A DOCA-NaCl REGIMEN ON THE BLOOD PRESSURE AND 
HEART RATE OF CAT Ai, 

The upper graph shows the systolic (O—O) and diastolic (@—®) 
blood pressures and the lower graph the heart rate @®). After 
consistent values for the blood pressure had been obtained for several 
days 500 mg desoxycorticosterone acetate (as 10 x 50 mg pellets) was 
implanted subcutaneously. At the same time the right kidney was removed 
(a). The normal drinking fluid, milk, was replaced by a 1% solution of 
sodium chloride for 5 weeks, as shown by the bar (B).
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FIGURE 70: JHE EFFECT OF A DOCA-NaCl REGIMEN ON THE BLOOD PRESSURE AND 

HEART RATE OF CAT A2, 

The upper graph shows the systolic (O—O) and diastolic @—®) 
blood pressures and the lower graph the heart rate @—@®), After 
consistent values for the blood pressure had been obtained for several 
days 500 mg desoxycorticosterone acetate (as 10 x 50 mg pellets) was 
implanted subcutaneously. At the same time the right kidney was removed 

(a). The normal drinking fluid, milk, was replaced by a 1% solution of 
sodium chloride for 5 weeks, as shown by the bar (8B).
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induced by a 'figure-of-eight' ligature was apparently normal, except 

for a loss in body weight and lethargy. The cat whose blood pressure 

rose very quickly lost weight dramatically and immediately prior to 

death became very listless and finally almost lost its righting reflex. 

On post-mortem examination the kidneys and hearts were obviously 

hypertrophied in both DOCA-NaCl and renal hypertensive cats. Similarly, 

the aortas and adrenal glands of the renal hypertensive cats were seen 

to be hypertrophied but no obvious hypertrophy of these organs was 

observed in DOCA-NaCl hypertensive cats. The hypertrophy of the heart, 

kidney, adrenal gland and aorta of a renal hypertensive cat compared 

with a normotensive control cat of the same sex, weight and age is 

shown in Figs. 71, 72, 73 & 74. 

Post-mortem examination also revealed adhesions of the kidney to 

the body wall, peritoneum, vessels supplying the peritoneum and the 

pancreas in both renal and DOCA-NaCl hypertensive cats. In one cat 

(4.5) there was fatty infiltration of the spleen and adhesions of the 

liver to the body wall. 

The kidneys of the renal hypertensive cats were covered in 

connective tissue especially around the cotton tape forming the 

‘figure-of-eight' ligature. Macroscopic examination of the trans- 

verse sectioned kidneys of renal hypertensive cats showed an uneven 

appearance of the cortico-medullary junction. Microscopic examination 

revealed dilation of the blood vessels in the cortex and their walls 

were thickened. Many glomeruli showed mild distension of Bowman's 

capsule with evidence of tubular necrosis and degeneration in both 

the cortex and medulla. The adrenal glands and heart of the renal 

hypertensive cats showed no recognisable lesions although hypertrophy 

of the left ventricle of the latter and the cortex of the former
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FIGURE 71: LONGITUDINAL SECTIONS OF THE HEARTS FROM A RENAL 

HYPERTENSIVE CAT AND A CONTROL NORMOTENSIVE CAT. 

Hypertrophy of the left ventricle of the heart from a renal 

hypertensive cat can be seen on the right. The heart from a control 

normotensive cat is shown on the left. (Sections were stained with 

haemotoxylin and eosin. Magnification x 3).
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FIGURE 72: TRANSVERSE SECTIONS OF THE KIDNEYS FROM A RENAL HYPERTENSIVE 

CAT AND A CONTROL NORMOTENSIVE CaT. 

The hypertrophy of the cortex of the kidney from a renal 

hypertensive cat (shown on the right) is seen when compared with a 

normal kidney shown on the left. (Sections were stained with haemo- 

toxylin and eosin. Magnification x 3).
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FIGURE 73: LONGITUDINAL SECTIONS OF THE ADRENAL GLANDS FROM A RENAL 

HYPERTENSIVE CAT AND A CONTROL NORMOTENSIVE CAT. 

The hypertrophy of the adrenal cortex of the adrenal gland 

from a renal hypertensive cat (shown on the right) is seen when 

compared with a normal adrenal gland shown on the left (Sections 

were stained with haemotoxylin and eosin, Magnification x 10).
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FIGURE 74: TRANSVERSE SECTIONS OF THE AORTAS FROM A RENAL 

HYPERTENSIVE CAT AND A CONTROL NORMOTENSIVE CAT. 

The hypertrophy of the aorta from a renal hypertensive cat (shown 

on the right) is seen when compared with a normal aorta shown on the 

left. (Sections were stained with haemotoxylin and eosin. 

Magnification x 25).
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were present. The aorta displayed signs of necrosis in the intima and 

hypertrophy of the elastic tissue in the media. 

The hearts of the DOCA-NaCl cats showed left ventricular 

hypertrophy, with no obvious lesions present. The kidneys of the 

DOCA-NaCl cats showed dilatation of the tubules in both the cortex and 

medulla with thickening of the walls of blood vessels in the cortex 

although the overall picture was far less severe than that observed 

in the renal hypertensive cats. There was no obvious change from a 

control in either the adrenal glands or aorta of DOCA-NaCl hypertensive 

cats. 

The effect of an oral dose of 30 mg/kg guanethidine on the blood 

pressure of a renal hypertensive cat is shown in Fig. 75. After dosing, 

a large rise in blood pressure associated with an increase in heart 

rate occurred. This was followed by a gradual fall in blood pressure 

to reach a level of 50 mm Hg below the pre-dose value at 9 hours 

post-dose. The systolic blood pressure had attained pre-dose levels 

at 24 hours although the diastolic pressure was still returning to 

pre-dose levels and did not attain them until 48 hours post-dose. 

The nictitating membrane was still relaxed at 24 hours and did not 

recover completely until 72 hours post-dose. The heart rate fell 

slightly after the initial rise to reach a level of 20 beats/minute 

below the pre-dose value at 5 hours and remained depressed during the 

remaining period of study. The heart rate had returned to pre-dose 

levels at 24 hours post-dose. 

Figs 76 shows the effect of a 100 mg/kg oral dose of a-methyldopa 

on the blood pressure of a renal hypertensive cat. The blood pressure 

gradually fell after dosing to reach a level of 35 mm Hg below the 

pre-dose value at 4 hours post-dose. The blood pressure stabilised
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FIGURE 75: THE EFFECT OF AN ORAL DOSE OF GUANETHIDINE ON THE 
BLOOD PRESSURE AND HEART RATE OF A RENAL HYPERTENSIVE CAT. 

  

The upper graph shows the systolic and diastolic blood pressures 
and the lower graph the heart rate. After obtaining consistent values 
for the blood pressure for at least 30 minutes the cat was dosed orally 

with 30 mg/kg guanethidine (A).
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FIGURE 76: HE EFFECT OF AN ORAL DOSE OF 1 a—-METHYLDOPA ON 
THE BLOOD PRESSURE AND HEART RATE OF A RENAL HYPERTENSIVE 
CAT. 

The upper graph shows the systolic and diastolic blood pressures 
and the lower graph the heart rate. After obtaining consistent values 
for the blood pressure for at least 30 minutes the cat was dosed orally 

with 100 mg/kg o-methyldopa (A).
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at this level up to 5 hours post-dose but had attained pre-dose 

levels at 24 hours post-dose. The heart rate tended to follow the 

blood pressure. 

Discussion 

This study shows that renal hypertension can be produced in the 

cat by one of the classical methods (that is, the method of Grollman, 

1944). Similarly, hypertension can be obtained in the cat by a 

DOCA-NaC1 regimen although the general ill health of the animals tends 

to preclude its use as a routine method for the production of a 

hypertensive colony. It is possible that a lower dosage of steroid 

or a shorter duration of salt substitution for milk may produce 

hypertension without the ill effects observed. From the results of 

the present study the 'figure-of-eight' method of Grollman was far 

superior to that employing a DOCA-NaCl regimen for the production of 

a sustained high blood pressure. Similar results were obtained by 

Poyser, Shorter & Whiting (1974) who showed that cellophane peri- 

nephritis also produced hypertension in cats as initially reported by 

Page (1939). In these later studies the authors obtained a stable 

hypertension in eats after the same DOCA-NaCl regimen employed in 

the present study without any obvious ill effects by using large 

muscular cats (body weights greater than 3.5 kg). 

The importance of these studies is that the conscious cat in the 

normotensive state has been shown to be ideally suited to the study of 

drugs on the cardiovascular system. The fact that the cat is in the 

conscious state removes any artefacts due to anaesthesia and the 

lack of restraint obviously produces blood pressure responses more 

akin to normal. Day & Owen (1970) showed that the responses to a 

pressor agent were consistent not only during several hours of study
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but also from day to day and this reproducibility of the blood 

pressure and response to drugs enables a cat to serve as its own 

control. The fact that the conscious cat can serve as its own control 

allows regular determinations of the blood pressure responses to 

various agents to be made before, during the development of, and when 

the blood pressure has stabilised at hypertensive levels, which may 

provide useful information on the aetiology of experimental hypertension. 

Also the conscious unrestrained cat in the hypertensive state may be 

ideally suited to the study of potential antihypertensive agents 

administered chronically. 

The fact that single doses of antihypertensive agents produce a 

fall in both systolic and diastolic blood pressures in the conscious 

hypertensive cat is very encouraging since although the hypertensive 

rat also responds to single doses of antihypertensive agents the direct 

measurement of blood pressure in the rat is difficult (Geddes, 1970). 

The dog is well suited to direct measurement of blood pressure but 

its nature is more playful than that of the cat, the blood pressure 

varies with the respiration and very few antihypertensive agents 

lower the blood pressure of hypertensive dogs acutely and centrally 

acting antihypertensive agents (e.g. clonidine, propranolol) do 

not lower the blood pressure of conscious hypertensive dogs even by 

chronic administration (Shorter, personal communication). The falls 

in blood pressure obtained in conscious hypertensive cats by both 

guanethidine and o-methyldopa after single oral doses of these 

antihypertensive agents closely resemble those obtained in conscious 

rats at similar dose levels (see review by Boura & Green, 1965; Day, 

Roach & Whiting, 1972, 1973). The rise in blood pressure with an 

associated rise in heart rate produced by guanethidine is well
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documented as being due to the release of noradrenaline from 

intraneuronal stores of the sympathetic nervous system (Abbs, 1966 and 

review by Frohlich, 1974). The following fall in blood pressure is 

due to adrenergic neuronal blockade (see reviews by Boura & Green, 

1965 and Frohlich, 1974) and the observed relaxation of the nictitating 

membrane is another useful indicator of drug action seen in this 

preparation. 

a=-Methyldopa produced a maximum fall in blood pressure 4 hours 

post-dose in the conscious hypertensive cat which agrees with results 

obtained in the conscious rat (e.g. Day, Roach & Whiting, 1972, 1973). 

The fall in blood pressure is believed to be due to a central action 

of a-methylnoradrenaline in the central nervous system (Day, Roach 

& Whiting, 1972, 1973). 

Hence, this study has shown that a stable elevation of the normal 

blood pressure of cats can be obtained and that this elevated blood 

pressure can be reduced towards normal levels with single doses of 

two antihypertensive agents. This work has been confirmed and expanded 

by Poyser, Shorter & Whiting (1974). 

The pathology of the hypertension in cats is very similar to that 

observed in rats. The hypertrophy of the heart, kidney, adrenal 

glands and aorta of the renal hypertensive cats are the typical 

effects observed in other renal hypertensive animals (e.g. Ostrovsky, 

Papsin & Gornall, 1968) demonstrating the similar course of the disease 

as in other species. Similarly, the hypertrophy of the heart and 

kidney and lack of hypertrophy of the adrenals in DOCA-NaCl 

hypertensive cats has been reported many times in the literature on 

the pathology of DOCA-NaCl hypertension in rats (e.g. Friedman, 

Honore & Friedman, 1972). The lack of hypertrophy of the aorta in
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DOCA-NaC1 cats is perhaps not too surprising since the aorta is not 

intimately involved in the maintenance of peripheral resistance and 

microscopic examination of a smaller artery or arteriole may reveal 

the presence of hypertrophy as reported in the case of DOCA-NaC1 

rats (e.g. see review by Plummer, 1967). 

The presence of severe lesions in the kidney, slight lesions in 

the aorta and none in the heart and adrenal glands of renal hypertensive 

cats (except for the generalised hypertrophy of the former and the 

cortex of the latter) is also in agreement with the literature concerning 

renal hypertension in other species (e.g. see review by Giese, 1966). 

The absence of lesions in the organs of the DOCA-NaCl hypertensive 

eats is in agreement with much of the literature on steroid hypertension 

in other species although there is some disagreement on the pathology 

of DOCA-NaCl hypertension in rats (see Chapter 2, Section 1). 

Thus this present study has shown that hypertension can be 

produced by two methods, that is a DOCA-NaCl regimen and Grollman's 

method of 'figure-of+eight' perinephritis, the pathology of the 

resulting hypertension is similar to that in other species in which 

hypertension has been produced and that the blood pressure of these 

hypertensive cats can be lowered by a single dose of either of two 

widely used antihypertensive agents. 

Summary 

1. Hypertension has been produced in the cat by two methods, that is, by 

  

a DOCA-NaCl regimen and by the 'figure-of-eight' perinephritic method 

of Grollman, Although both procedures resulted in the production of a 

hypertensive state the DOCA-NaCl regimen caused general ill-health of 

the cats and was not considered useful as a routine method for the 

production of a hypertensive colony.
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2. The pathologies of these two types of hypertension in the cat closely 

resemble the pathologies of the same hypertensions in the rat. 

3. Single doses of two widely used antihypertensive agents produce 

falls in both the systolic and diastolic blood pressures of conscious, 

unrestrained renal hypertensive cats. 

4. The possible importance and uses of conscious hypertensive cats in 

studies on hypertension are discussed.
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CHAPTER 2 

Cardiovascular Reactivity in Renal Hypertensive Cats 

Due to the consistent day to day reproducibility of blood pressure 

responses to various pressor agents in the conscious, unrestrained 

cat (Day & Owen, 1970) this preparation can act as its own control. 

Thus, cardiovascular reactivity to certain pressor agents can be 

studied before, during the development of and when the hypertension is 

established in a single cat. 

Cardiovascular reactivity has usually been studied during 

established hypertension invariably by comparing the responses 

obtained to pressor substances in a group of anaesthetised control 

animals to a similar group of hypertensive animals (see Chapter 1, 

Section 2). Cardiovascular reactivity has never been examined in the 

hypertensive cat and similarly it has not been examined in a single 

animal during the development of hypertension. Thus the conscious, 

unrestrained cat offered a unique opportunity to examine cardiovascular 

reactivity during the various stages of hypertension, 

Results 

Fig. 77 shows the changes in response to noradrenaline, tyramine, 

angiotensin and McN-A-343 before and during the development of hyper- 

tension induced by the 'figure-of-eight' method of Grollman (1944) 

in cat A4, Fig, 78 shows the changes in response to the same pressor 

agents before and during the development of hypertension,induced in 

the same manner as above, in cat A3. 

In both cats the responses to the four pressor substances were 

very consistent during a days period of study (never greater than 10 mm Hg 

and usually less than 5 mm Hg) and fairly consistent from day to day 

(never greater than 20 mm Hg and normally about 5 - 10 mm Hg (see
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FIGURE 77: (THE CHANGES IN RESPONSES TO VARIOUS PRESSOR AGENTS DURING THE 

DEVELOPMENT OF RENAL HYPERTENSION IN CAT A4. 

The upper graph shows the systolic (Q—O) and diastolic (@—®) 
blood pressures. The lower graph shows the blood pressure responses to 
angiotensin (@—@®); McN-s-343 (O—O); noradrenaline (A—/\) and tyramine 

) before and during the development of hypertension induced by 
making a 'figure-of-eight' ligature on the left kidney (A) and performing 
right nephrectomy 7 days later (B).
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FIGURE 78: ‘THE CHANGES IN RESPONSES TO VARIOUS PRESSOR AGENTS DURING THE 

DEVELOPMENT OF RENAL HYPERTENSION IN CAT A3. 

The upper graph shows the systolic (Q—O) and diastolic (@—e) 
blood pressures. The lower graph shows the blood pressure responses to 
angiotensin (@—@); McN-A-343 (O_O): noradrenaline (A-7/\) and tyramine 

) before and during the development of hypertension induced by 

making a 'figure-of-eight' ligature on the left kidney (A) and performing 
right nephrectomy 7 days later (3):
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Figs. 79 & 80). 

Similarly the doses of the pressor agents required to produce 

increases of systolic blood pressure of about 90 mm Hg were similar 

in both cats (noradrenaline 500 ng/ke and 400 ng/kg; angiotensin 

25 ng/kg in both cases; tyramine 100 ue/kg and 75 we/ke; MeN-A~343 

100 g/kg and 75 ue/ke). 

Also the changes in responses to the pressor substances during 

the development of hypertension were similar in both cats. 

The response to angiotensin decreased rapidly from the time of 

unilateral nephrectomy whilst not changing in the seven previous days 

which followed application of the ‘figure-of-eight' ligature to the 

left kidney. The angiotensin response decreased to its lowest level 

6 - 10 days (cats A4 and A3 respectively) after unilateral nephrectomy 

and then quickly returned to control values in cat A4 and gradually in 

cat AZ. Similarly the response to noradrenaline changed very little 

after the application of the 'figure-of-eight' ligature but increased 

rapidly after unilateral nephrectomy to reach a maximum seven days 

later and then gradually decreased to control levels. 

The response to MeN-A-343 also increased rapidly only after 

unilateral nephrectomy to reach a maximum 9 - 20 days later (cats 

A4 and A3 respectively) after which the response remained elevated 

throughout the remaining period of study. 

The response to tyramine increased slightly after the application 

of the 'figure-of-eight' ligature to the left kidney and then quite 

markedly after unilateral nephrectomy to reach a maximum 14 — 23 days 

later (cats A4 and A3 respectively) after which there was a gradual 

fall in the response towards control values but remained well above 

these values until the end of the study.
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FIGURE 79: HE REPRODUCIBILITY OF CONSECUTIVE RESPONSES TO PRESSOR 
  

AGENTS IN CONSCIOUS CATS. 

Each histogram represents the response to each of three consecutive 

isv. doses of angiotensin (ANG) 25 ng/kg, noradrenaline (NOR) 500 ng/ke, 

tyramine (TYR) 100 ng/kg and McN-A-343 (MeN) 100 pg/kg in cat Aq.
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FIGURE 80: THE REPRODUCIBILITY OF RESPONSES TO PRESSOR AGENTS FROM 

DAY TO DAY IN CONSCIOUS CATS. 

Each histogram represents the mean of three consecutive responses 

on each of three consecutive days. The histograms represent mean 

responses to i.sv. doses of angiotensin (ANG), 25 ng/kg, noradrenaline 

(NOR) 500 ng/kg, tyramine (TYR) 100 pg/kg and McN-A~343 (MeN) 100 ng/ke 

in cat A4,
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The slower increase in the blood pressure of cat A3 after the 

operation to induce hypertension was not associated with a slower increase 

or decrease in the responses to the pressor agents than those observed 

in cat A4. 

The reflex falls in heart rate to the four pressor substances 

increased or decreased from control levels dependent upon the change 

in the blood pressure response. 

The effect of subpressor infusions of angiotensin (5 ng/ke/min. 

and 10 ng/kg/min. ) on the responses to the four pressor substances 

was examined in chloralosed anaesthetised cats 30 - 45 minutes after 

the start of the infusion (see Fig. 81). The responses to noradrenaline 

were increased almost 100% and those to tyramine and McN-A-343 by 

40 - 45% whilst the responses to angiotensin were decreased by 10 - 

15% from control values. 

Pressor infusions of angiotensin (25 ng/kg/min. and 100 ng/kg/min.) 

produced similar increases in the responses to noradrenaline, tyramine 

and McN-A-343 to those observed at the lower infusion doses. The 

response to angiotensin decreased as the infusion rate increased 

(20 = 25% at 25 ng/kg/min. and 40 - 45% at 100 ng/ke/min.). 

Discussion 

The consistency of the responses to the pressor substances during 

a single day's period of study, from day to day and from cat A3 to cat 

A4 are in agreement with the results of Day & Owen (1970) although 

slightly greater variations from day to day were observed in the 

noradrenaline and McN-A-343 responses than those workers reported. 

These results illustrate that a single cat can act as its own control 

and is well suited to cardiovascular reactivity studies in hypertension. 

The results show a clear increase in cardiovascular reactivity to
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FIGURE 81: THE EFFECT OF AN INFUSION OF ANGIOTENSIN ON THE BLOOD 

PRESSURE RESPONSES TO FOUR STANDARD PRESSOR AGENTS. 

The changes in the blood pressure of an anaesthetised cat caused 

by McN-A-343, 12 g/kg i.v., (MeN), noradrenaline, 200 ng/kg i.v. (NA), 

angiotensin, 50 ng/kg i.ve, (Ang) and tyramine, 50 pg/kg i.v., (Tyr) 

are shown above. These standards were given before and approximately 

30 minutes after the start of an infusion (indicated by Inf) of 

angiotensin 5 ng/ke/min,
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MeN-A~343 and tyramine, to a lesser extent to noradrenaline and a 

decrease in cardiovascular reactivity to angiotensin during the 

development of hypertension, the increase or decrease in cardiovascular 

reactivity closely paralleling the rise in blood pressure in all cases 

except noradrenaline. However, with the stabilisation of the blood 

pressure at a high level cardiovascular hyper-reactivity occurred only 

in the cases of McN-A-343 and tyramine, the responses to noradrenaline 

and angiotensin having returned to control levels. 

There is much evidence that the renin-angiotensin system is 

involved in the rise in blood pressure during the acute states of 

renal hypertension (e.g. see reviews by Page & McCubbin, 1968; 

Ledingham, 1971; Tobian, 1974; Page, 1974 and Peart, 1975) and the 

effect of a pressor infusion of angiotensin in the anaesthetised cat 

produced changes in the responses to the pressor agents similar to 

those observed during the initial rise in blood pressure in the 

conscious cats. It would thus appear very probable that the changes in 

cardiovascular reactivity and the concurrent rapid rise in blood pressure 

observed in the conscious cat are due to the presence of increased 

amounts of circulating renin-angiotensin. 

Infusions of both pressor and subpressor doses of angiotensin 

produce an elevation of the blood pressure, the former a transitory 

rise probably due to the development of tachyphylaxis and the 

latter a sustained hypertension (see review by Page & McCubbin, 1968). 

Infusions of angiotensin in various species produce a dose dependent 

decrease in the response to injections of angiotensin (e.g. see 

review by Page & McCubbin, 1968; Aoki & Masson, 1969; Deheneffe & 

Bernard, 1974), an increase in the response to tyramine and other 

procedures which release noradrenaline from sympathetic neurones
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(thus MeN-A-343) (e.g, McCubbin & Page, 1963; Page & MeCubbin, 1968; 

Day & Owen, 1969; Basso, 1975) and either an increase (Schmitt & 

Schmitt, 1967 a & b; Basso, 1975) or no change (e.g. McCubbin & Page, 

1963; Page, Kaneko & McCubbin, 1966; Louis & Doyle, 1966; Day & Owen, 

1969) in the response to exogenous noradrenaline. Hence, the changes 

in cardiovascular reactivity to the pressor substances used in this 

study would appear to be probably due to increased circulating amounts 

of renin-angiotensin which initiate the rise in blood pressure. 

When the blood pressure had stabilised at its higher level the 

responses to angiotensin and noradrenaline had returned to control 

levels indicating that circulating levels of renin-angiotensin had 

returned to normal values. There is a great deal of evidence suggesting 

that during the chronic phase of one-kidney renal hypertension renin- 

angiotensin levels are not raised (e.g. see reviews by Page & McCubbin, 

1968; Ledingham, 1971 and Davis, Freeman, Johnson & Spielman, 1974) 

and other mechanisms, as yet not fully identified, are responsible 

for the maintenance of the increased peripheral resistance. There 

is evidence, however, which strongly implicates the sympathetic 

nervous system as the mechanism which maintains the elevated pressure 

(see reviews by Page & McCubbin, 1968; De Champlain, 1972 and Schmid 

& Abboud, 1974) in conjunction with a resetting of the baroreceptors 

at a higher level (e.g. Kezdi, 1967; Aars, 1968 a & b; Bristow, 

Honour, Pickering, Sleight & Smyth, 1969; Wallin, Delius & Hagbarth, 

1973). Although the baroreceptors are reset at a higher level very 

soon after the initiation of hypertension (see review by Korner, 

1975) baroreflex modulation of the sympathetic outflow is still present 

(see reviews by Aars, 1975 and Korner, 1975) and thus the increased 

cardiovascular reactivity to pressor substances cannot be explained
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on this basis and this is illustrated in the present study in that 

the response to noradrenaline returned to normal levels. The continued 

hyper-reactivity of vascular smooth muscle to tyramine and McN-A-343 

during the chronic phase of hypertension would appear to reflect the 

presence of a further component, probably the sympathetic nervous 

system, which maintains the elevated blood pressure. 

McN-A-343 is a substance which acts selectively at sympathetic 

ganglia and provides an index of sympathetic integrity (e.g. Roszkowski, 

1961; Levy & Ahlquist, 1962; Jones, 1963; Smith, 1966). Hence, the 

response to MeN-A-343 is severely reduced after reserpine pretreatment 

(Day & Owen, 1970) and the increased response observed in the present 

study may be due to increased intraneuronal) noradrenaline. Similarly, 

infusions of noradrenaline are known to increase the blood pressure 

responses to tyramine (Burn & Rand, 1960; Day & Owen, 1969) and cause no 

change or a decrease in the response to exogenous noradrenaline (Page 

& MeCubbin, 1968). Although these reports would support the changes 

observed in the present study angiotensin responses are also increased 

during noradrenaline infusions or procedures which release noradrenaline 

(Haas & Goldblatt, 1959; Schmitt & Schmitt, 1967 a & b; Pals & Fulton, 

1968; Day & Owen, 1969). The lack of potentiation of the angiotensin 

response during the chronic stage of renal hypertension in the cat 

may reflect an opposition of effects of increased sympathetic activity 

and the presence of slightly elevated circulating levels of renin- 

angiotensin. 

Although changes in the vasculature occur in renal hypertensive 

animals soon after the induction of hypertension creating an increased 

wall-to-lumen ratio (e.g. see review by Giese, 1966; Folkow et al.,
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1973; Hallback, Weiss & Folkow, 1974) and this has been suggested as 

causing increased cardiovascular reactivity to pressor substances 

(see review by Folkow et al., 1972) this cannot be the case in the 

present study since a non specific increase in responses to pressor 

agents would have been observed. 

It would appear from the results of this study that one-kidney 

renal hypertension is instigated in the cat by an involvement of the 

renin-angiotensin system. This is followed by a fall in renin- 

angiotensin levels and an increase in sympathetic nerve activity 

with a resetting of the baroreceptors to a higher level. Although 

changes in the vasculature of the cat have occurred at this time 

(see Section 4, Chapter 1) these changes do not cause increased res- 

ponses to pressor substances as initially suggested by Conway (1958) 

and this is in agreement with the reports of other workers (e.g. 

Gordon & Noguiera, 1962; McGregor & Smirk, 1970; Lais & Brody, 1975) 

who state that there is an inherent increase in the sensitivity of 

vascular smooth muscle. However, the lack of cardiovascular hyper- 

reactivity in the cat to noradrenaline and angiotensin during the 

initial phase of established hypertension indicates that cardiovascular 

hyper-reactivity to these agents, often reported during hypertension 

in other species and man (e.g. see reviews by Doyle, 1968 and 

De Champlain, 1972) may be due to species difference or cardiovascular 

changes which occur during the chronic phase of the disease. Many 

workers have also failed to demonstrate cardiovascular hyper-reactivity 

to these pressor substances during the established phase of hypertension 

(e.g. Spector, Fleish, Maling & Brodie, 1969; McGregor & Smirk, 1970; 

Clineschmidt, Geller, Govier & Sjoerdsma, 1970; and review by 

De Champlain, 1972) as observed in this present study.
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These results, although from a small number of animals, suggest 

that the increase in cardiovascular reactivity to various pressor 

agents in the conscious hypertensive cat is a secondary effect and 

not a primary increase in sensitivity of arteriolar smooth muscle. 

pele 

1. Cardiovascular reactivity has been studied during the production 

and maintenance of one~kidney renal hypertension in conscious, 

unrestrained cats. 

2. Consistent blood pressure responses, to the pressor agents used, 

were obtained during a day study and from day to day which enabled 

each cat to serve as its own control. 

3. Increased pressor responses to tyramine, McN-A-343 and noradrenaline, 

and decreased pressor responses to angiotensin, .were observed during 

the acute stage of the hypertension. Similar responses to the 

pressor agents were obtained in anaesthetised cats during infusions 

of angiotensin. It is suggested that the changes in the pressor 

responses observed during the acute stage of hypertension may be due 

to increased circulating levels of angiotensin. 

4. Increased pressor responses to tyramine and McN-A-343 but not to 

angiotensin and noradrenaline were observed during the chronic stage 

of the hypertension. It is suggested that these changes may be due 

to increased activity of the sympathetic nervous system. 

5. It is suggested that the observed cardiovascular hyper-reactivity 

is a secondary effect and not a primary increase in sensitivity of 

vascular smooth muscle or a changed vasculature resulting in an 

inereased wall-to-lumen ratio.



GENERAL DISCUSSION 
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The initial problem of the work described in this thesis was to 

produce a consistent hypertension, either acute or chronic, in rats. 

This also involved a further problem, how to measure the blood pressure 

of rats simply and accurately. The initial approach was to produce 

acute hypertension in the rat and subsequently measure the blood 

pressure directly in the anaesthetised animal. However, although 

acute hypertension was found to be easily producible it was very 

difficult to control. This led to the idea of producing chronic 

hypertension in the rat and measuring the blood pressure directly by 

cannulation of the aorta via the carotid artery. This method of blood 

pressure measurement in the rat was found to be adequate in the short 

term, however, it possessed many disadvantages for long term studies. 

Thus, it was decided to develop a system for the measurement of the 

systolic blood pressures of rats by an indirect tail cuff method. 

After construction of such a system it was found that a clear 'end 

point' for the systolic blood pressure was obtained and consistent 

values were obtained in a rat throughout a day. 

The accuracy of the systolic blood pressure readings obtained 

by the tail cuff method were evaluated by comparison with values of 

the systolic blood pressure obtained directly by cannulation of the 

aorta via the carotid artery and a very close agreement was observed. 

These results were in agreement with those of Pfeffer, Pfeffer & 

Frohlich (1971) and Bunag (1973) who also found that a tail cuff 

method used for the determination of systolic blood pressures in 

unanaesthetised rats produced values very similar to those obtained 

directly by arterial cannulation. The tail cuff method was also 

found to accurately follow drug induced changes of the systolic blood 

pressure in unanaesthetised rats.
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With the development of a system which produced accurate and 

reproducible values for the systolic blood pressure, when measured 

indirectly, a study was again undertaken to determine a suitable method 

for producing hypertension in the rat. It was found that hypertension 

could be produced consistently by employing either the method of 'Grollman" 

(1944) or a DOCA-NaCl regimen but not by the methods of 'Page'(1939) 

or 'Loomis'(1946). 

The pathologies of the DOCA-NaCl and renal induced hypertensions 

were found to agree in general with those reported in the literature 

(see Section 1, Chapter 2). However, the lack of cardiovascular 

lesions and hypertrophy of arteries observed in this study are not in 

accord with the wealth of evidence on this subject (see review by 

Giese, 1966). Recently, however, Hansen, Abrams & Bohr (1974) also 

failed to observe hypertrophy of femoral arteries from DOCA-NaCl 

hypertensive rats and suggested that this was due to the short duration 

of treatment (5 weeks) which they employed. This explanation may well 

be applicable to the results obtained in the present study. In 

addition, the fact that the tissues examined were from rats which in 

most cases developed hypertension rather slowly, may also have been 

a factor, since the severity of vascular lesions is apparently directly 

related to the rate of rise of the blood pressure (see review by Giese, 

1966). 

The one suprising fact to emerge from this study, on the production 

of hypertension in rats, was the rapidity with which a DOCA-NaCl 

regimen produced very high levels of systolic blood pressure in rats. 

Since this had not been reported in the literature at that time it was 

decided to investigate the cause of this rapid production of hyperten- 

sion by a DOCA-NaCl regimen. However, no clearly defined explanation 

could be found, although ‘just weaned' rats supplied by Fisons Ltd.
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did develop hypertension significantly more quickly than rats of 9 

weeks of age supplied by Scientific Products Farm and a combination 

of the two factors of age and strain would appear to be involved in 

this rapid elevation of blood pressure caused by a DOCA-NaCl regimen, 

Recently Molteni & Brownie (1972) and Hall, Ayachi & Hall (1972 a & b) 

reported that commonly used stocks of rats vary widely in their suscep- 

tibility to the induction of hypertension by either a DOCA-NaCl1 

regimen or the administration of salt and it is possible that the 

Wistar rats bred by Fisons Ltd. and Scientific Products Farm are both 

sensitive to the hypertensive effect of a DOCA-NaCl regimen. This 

hypothesis is enhanced by the fact that Wistar rats supplied by ASL 

required administration of 1% saline for periods in excess of 14 days 

for the production of a hypertensive state. This sensitivity of 

Wistar rats supplied by Fisons Ltd. and Scientific Products Farm to 

the hypertensive action of a DOCA-NaCl regimen may be associated with 

the marked polydipsia observed in both stocks of rats. Although 

Panasevich et al. (1969) found no relationship between the rise in 

blood pressure produced by a DOCA-NaCl regimen and the sodium chloride 

intake in rats, Hall, Ayachi & Hall (1972 a & b) have reported that 

in the Long Evans strain of Sprague-Dawley rats the failure of DOCA 

to induce polydipsia resulted in no elevation of the blood pressure 

and reversal of this effect by the addition of sucrose to the sodium 

chloride solution resulted in a subsequent rapid rise of blood 

pressure. Isolation of the rats may have also been important since 

it is kmown that this produces animals which react in an exaggerated 

manner to stress (Hallback, 1975). A DOCA-NaCl regimen has been 

reported to produce a stress-like syndrome (Selye, 1948). Thus the 

housing of the Sc.P.F, and Fisons Wistar rats singly and the ASL Wistar
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rats in groups of four may have played a part in the different rates 

of production of hypertension in these rats. Although no clear 

explanation for the rapid production of DOCA-NaCl hypertension in 

the Fisons Wistar rats could be made from the studies presented in 

this thesis, factors such as strain, age and isolation may separately, 

or in combination, be important. 

The development and maintenance of experimentally induced 

hypertension has been ascribed to various causes (see reviews by Page 

& McCubbin, 1968; De Champlain, 1972; Page, 1974 and Peart, 1975) and 

it was decided to investigate the role of the sympathetic nervous 

system in the production and maintenance of both DOCA-NaCl and one- 

kidney renal hypertensions, After an initial study revealed that an 

effective blockade of the peripheral postganglionic sympathetic 

neurones could be obtained by a single isp. dose of 10 ng/kg 

guanethidine the effect of daily injections of guanethidine at 

this dose level, before and subsequent to, the operation to produce 

hypertension by the above methods was examined. The results, obtained 

in two different strains of Wistar rats, strongly suggested that the 

sympathetic nervous system was involved in the production of DOCA-NaC1 

hypertension but is not essential for the production of one-kidney renal 

hypertension in rats. These results are in agreement with those of 

De Champlain and co-workers (see review by De Champlain, 1972) but 

other reports have produced conflicting results, with regard to the 

involvement of the sympathetic nervous system in experimentally 

induced hypertension (see pp. 30 to 33). These other workers employed 

immunosympathectomy or chemical sympathectomy and the conflicting 

nature of the results has been suggested to be due to the varying
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degrees of sympathectomy obtained (see reviews by De Champlain, 1972 

and Thoenen, 1972). 

The sympathetic nervous system was shown, in rats, not to be 

essential for the production of one-kidney renal hypertension and this 

lack of involvement of the sympathetic nervous system in one-kidney 

renal hypertension was supported by the work concerning cardiovascular 

reactivity during the development of one-kidney renal hypertension in 

eats. The observed changes in the response to pressor agents during 

the development of renal hypertension in conscious cats was closely 

paralleled by the responses obtained in the anaesthetised cat during 

infusions of angiotensin suggesting that the renin-angiotensin system 

plays the major role in the production of one-kidney renal hypertension. 

The change in responses to the pressor agents during the sustained 

phase of hypertension in conscious cats suggested a decreased role 

of the renin-angiotensin system and an increased one for the 

sympathetic nervous system, probably via upward resetting of the 

baroreceptors. These results are generally in agreement with the 

published literature on this subject in rats (see reviews by Page & 

McCubbin, 1968 and De Champlain, 1972). The lack of effect of 

guanethidine in lowering the blood pressure of renal hypertensive 

rats during the sustained phase of the disease has been discussed at 

length earlier in this thesis (see Section 3, Chapters 1 and 2) and 

is probably due to the development of tolerance to the hypotensive 

action of guanethidine and development of supersensitivity of vascular 

smooth muscle to noradrenaline. It has been shown (see review by 

Page & McCubbin, 1968) however, that even though the sympathetic 

nervous system is involved in the maintenance of renal hypertension 

other non-neuronal mechanisms can maintain the elevated blood pressure
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after removal of sympathetic nerve function, 

The involvement of the sympathetic nervous system in the develop- 

ment of DOCA-NaCl induced hypertension in rats has been suggested by 

De Champlain and co-workers (see review by De Champlain, 1972) to 

be due to a dysfunction of the sympathetic nervous system with 

increased turnover of noradrenaline in peripheral postganglionic 

neurones. This dysfunction has been shown by De Champlain (see review 

by De Champlain, 1972) to precede the rise in blood pressure after 

DOCA-NaCl treatment and can be reversed by ganglion blockers with a 

subsequent return of the blood pressure to normotensive levels. 

Guanethidine may well act in a similar manner to prevent the centrally 

produced increase in the peripheral sympathetic nervous activity and 

this would provide a possible answer for the lack of development of 

DOCA-NaGl induced hypertension in rats receiving guanethidine treatment. 

Similarly the decreased responses to electrical stimulation of 

the sympathetic outflow from the spinal cord and MeN-A-343 in the 

DOCA-NaCl hypertensive pithed rat may be due to this dysfunction of 

the sympathetic nervous system since it has been stated by De Champlain 

(see review by De Champlain, 1972) to result in decreased intra- 

neuronal stores of noradrenaline in peripheral sympathetic nerves. 

The general increase in responses of pithed hypertensive rats to the 

other pressor agents used in this study suggested that a non-specific 

increase in vascular smooth muscle reactivity had occurred. This 

non-specific increase in vascular smooth muscle reactivity has been 

suggested to be due to altered permeability of vascular smooth muscle 

due to changes in plasma and tissue ion concentrations (Jones, 1973). 

It was considered unlikely that this non-specific increase in vascular



— 264 - 

reactivity of smooth muscle could be explained by a simple mechanical 

change, that is, increased wall-to—lumen ratio, since no such 

hypertrophy of arteries had been observed in DOCA-NaCl induced 

hypertensive rats and the resting blood pressures of the DOCA-NaC1 

hypertensive and control normotensive rats did not show a statistically 

significant difference after pithing. This suggested that the increased 

peripheral resistance in DOCA-NaCl induced hypertension in the rat 

was due to increased sympathetic nerve activity and not simply a 

mechanical change in the walls of vascular smooth muscle. The results 

of the present studies showing increased cardiovascular reactivity 

to various pressor agents during the sustained phase of hypertension 

in rats and cats suggest that it is a consequence of, and not the cause 

of, the hypertension. 

Further evidence for the involvement of the sympathetic nervous 

system in the maintenance of DOCA-NaCl induced hypertension in the 

rat was provided by the observed hypotensive effects of both guanethidine 

and «—methyldopa in hypertensive rats after single isp. doses of these 

compounds, 

The action of «-methyldopa was studied in detail using selective 

inhibition of peripheral and central dopa decarboxylase and dopamine-®- 

hydroxylase activities before peripheral or central administration of 

@methyldopa. The results obtained strongly suggest a central mode of 

action ofomethyldopa mediated via omethylnoradrenaline as proposed 

by Henning & Rubenson (1971). ‘The results obtained in this study 

have subsequently been confirmed by Anden & Henning (1974). 

The production of hypertension in the cat by employing either a 

DOCA-NaC1 regimen or the method of 'Grollman', was highly encouraging 

due to the fact that Day & Owen (1970) had shown that the conscious, 

unrestrained cat was ideally suited to the study of drugs on the
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cardiovascular system. The hypertension induced by a DOCA-NaC1 

regimen was associated with general ill health of the animal as 

previously observed in the rat. The pathologies of the hypertensions 

induced in the cat by either a DOCA-NaCl regimen or the method of 

'Grollman' were similar to those observed in rats in which hyper- 

tension had been produced by the same procedures. 

The falls in blood pressure of one-kidney renal hypertensive 

conscious cats to single oral doses of guanethidine and a-methyldopa 

indicates that not only is the sympathetic nervous system important 

in the maintenance of renal hypertension in the cat but that this 

species may be very useful in the study of antihypertensive agents. 

Similarly, the results of the present study involving cardiovascular 

reactivity during the production and maintenance of hypertension in 

the conscious cat, suggest that this model may provide many opportun- 

ities to examine the aetiology of experimentally induced hypertension 

so that artefacts produced by anaesthesia and restraining the animal 

do not occur.
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