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PREFACE

A variety of vasoactive substances are generated within the

cardi ovascul ar system.

Such substances may have their actions confined to the vascular bed

of onigin or they may circulate to have systemic effects.

The magnitude and duration of the resu'ltant cardiovascular responses

to such substances will be dictated by the mechanisms of their

inactivation.

The processes of inactivation within vascular beds and their influence

on the cardiovascular responses to angiotensin II and noradrenaline have

been the subject of the studies reported in this thesis.
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ABSTRACT

The cardiovascular effects of angiotensin II and noradrenaljne have

been studied in a number of peripheral vascular beds in the morphine/

chloralose anaesthetized greyhound. The extent to which these vascular

beds inactjvate blood-borne angiotensìn II and noradrenaline has been

investìgated by comparing the systemic vasoactivity of drug infusìons,

before and after passage through a part'icular vascular bed.

Direct administration of angiotensin II in the renal, femoral and

splanchnic circulations results in a marked reduction in local blood flow

and an increase in local vascular resistance. In addition, intravenous

'infusìon of the same dose of angiotensin also results in a decrease jn

blood flow and an increase in vascular resistance in renal and splanchnic

c'irculations whereas, femoral blood flow increases passively due to the

elevation of systemic blood pressure, with femoral vascular resistance

being unaltered. This unique haemodynamic response of the hindquarters

is ind'icative of a redistribution of the cardiac output on intravenous

administration of angiotensin II.

Furthermore, on'ly a minor loss of angiotensin II vasoact'ivity was

recorded during passage through the femoral vascular bed, as compared

to a uniformìy h'igh degree of inactivation in the renal, splanchnic and

hepato-portal ci rcul ati ons.

Local admin'istration of the angiotensin II competitive antagonist,

Sarl-I1e8-angiotensin II, 'impa'ired the abi'lity of the renal and hepato-

portaì circulations to inactivate infused angiotens'in II. The

rnechanism for this effect is unknown but'it appears to be independent of

secondary alternations in blood flow. Similar treatment of the femoral
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and superior mesenteric vascular beds with sarl-Ile8-angiotensin II,
failed to alter theìr abilìty to inactivate infused angiotensin II.

The cardiovascular effects of noradrenaline adm'inistration were

studìed in the same peripheraì vascular beds at a dose which when

administered intravenous'ly, was approx'imateìy equi pressor to that observed

with ang'iotens'in II. The magnitude and nature of these responses of

these vascular beds to noradrenaline infusions, were in contrast to those

seen previously wìth angiotensin II. This was particu]arìy apparent

in the renal and femoral circulations, both in regard to local blood flow

and the degree of noradrenaline inactivat'ion.

In contrast to previous reports, a low degree of noradrenaline

inactivation was observed in the renal circulation. Two distinct

mechanìsms appear to be responsible for this disparity. One mechanism

which was elicited by locaì s-adrenoceptor antagonism, is related to the

reduced level of renal blood flow on renal artery infusions of noradrenaline

at th'is dose. The probable mechanism is an impaired ability of the

kìdney to excrete noradrenaljne in the urine, due to a considerable reduction

in glomerular filtration rate.

The effect of local ß-adrenoceptor antagonism with propranolol was

also stud'ied in the renal circulat'ion and this treatment resulted in a

signìficant jncrease ìn the degree of noradrenaline inactivation in the

kidney. This effect is independent of renal blood flow and glomerular

filtration rate changes and combined renal a ôñd g-adrenoceptor antagonism

resulted in a summation of their individual effects on noradrenaline

i nacti vati on .

The nature and magnitude of these effects of propranolol on the renal
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circulation were found to be v'irtually identical to those seen on renal

artery admjnjstratjon of SQ 20881, an inhibitor of angiotensìn I converting

enzyme, both when administered alone and in conjunction with local
cr-adrenoceptor an tagoni sm.

The effects of both propranolol and sQ 20ggl may be mediated by

inhibit'ing the noradrenaline induced increase in intrarenal levels of
angiotensin II, through an inhibition of renin release and angiotensin I

conversion' respectiveìy. The mechanism by which angiotensin II
influences the fate of infused noradrenaline is not clear from these resuìts,
although it appears to be independent of changes in renal blood flow and

gìomeruìar filtration rate. The literature indicates that it may

involve an inhjbition of neuronal uptake.

The intrarenal levels of endogenous angiotensin II appear to have a

considerable influence on the kidney's ability to inactivate noradrenaline.

The impìications of this interactjon are far-reaching, particuìarly in
those phys io'logica'l and pathophysiologicaì states where the intrarenal
'levels of angiotensin II are elevated. Furthermore, conVerting enzyrne

inhibitors are fínding increasÍng cì'inical use in essential hypertension

as well as classical renal hypertension. The demonstration that
converting enzyme inhibition may modify catecholamine metaboìsim, .is 

an

additional aspect which must be considered in understanding the rnechanism

of their hypotensjve action
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SECTION 1

HISTORICAL INTRODUCTION
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H I STOR I CAL I NTRODUCT I ON

This historical introduction is arranged in three separate sections.

Firstly, a review of the haemodynamic responses of various peripheral

vascular beds to intravenous and direct adm'inistration of angiotensin II, and

the variations jn the degree and mechanisms whereby these vascular beds

terminate the effects of angiotensin II.

A similar review for noradrenaline is presented in the seconcì section

The final sect'ion reviews the intera.ctions between angiotensin II and

the sympathetÍc nervous system and in particular the role of ang'iotensin II

in enhancing noradrenergic neuroeffector transmissjon.

The general structure of the results presented in this thesjs follows

a simi 1 ar pattern.

ANG1OTENSTN TI

Angiotensin II acts directly on blood vessels to cause vasoconstriction,

a property first described at the t'ime of jts discovery as the mediator of

the pressor action of renin (Braun-Menendez, Fasciolo, Leloir and Munoz,

1939; Page and Heìner, 1939). In more recent years a variety of additional

cardiovascular actions of angiotensin II have been demonstrated, resuìting

from both central and peripheral s'ites of action (eeach, 1977; Reid, Morris

and Ganong, 1978). In consequence, the cardjovascular response fol'lowing

the intravenous administration of angìotensin II will involve a complex
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interp'lay of these various actions which may weì1 vary from one vascular bed

to another- In particular, the jncrease in total perìpheral resistance,

which'is the principa'l mechan'ism of the pressor actìon of angiotensin II, is
an effect which'is not shared equa'lly by the various vascular beds (Bunag,

re74) .

The puìmonary circulation is relatively insensitive to angiotensin II
(vane, 1969), a'lthough initially there was some debate as to whether

angiotensin II had a direct effect on pulmonary arteries. Eckert and Rose

(tgSg) substituted the left ventricle with a mechanical constant infusion pump,

thereby eliminating the influence of the systemic circulation, and demonstrated

that ang'iotensin II failed to exert a direct effect on the pulmonary

circulation. Mandel and Sapirstein (tgoZ) and Barer (1961) found that the

increase in perfusion (blood) pressure on intravenous administrat'ion of

angiotensin II results in a passive increase in pulmonary blood flow.

The splanchnic vascular bed, in contrast to the pulmonary circulation,
contributes to the increase in total peripheral resistance on intravenous

administration of angiotensin II. Barer (1961) reported a reduced blood

flow thr^ough the main mesenteric vein during the systemic pressor effect of

angiotensin II in the cat. Similar observations of sp'lanchnic blood

flow reductions were reported by Gomori, Takacs and Kallay (1962), Krasney

(1968) and Kapitoìa, Kuchel, Schreiberova and Jahod (196g). with a

labelled microsphere technique in Rhesus monkeys, Forsyth, Hoffbrand and

Melmon (1971) found that mesenteric and hepatic blood flow were reduced on

intravenous infus'ions of angiotensin II to a greater degree than in any

other organ.

Renal blood flow is reduced by both angiotens'in I and angiotensin II,
although angiotensin II is considerably greater in its renal vasoconstrictor
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properties (0sborn, Tildesìey, Leach and Rigby, I974). Angiotensin I

ìs not thought to act on the renal vasculature direct'ly but decreases renal

blood flow folìowing the intrarenal conversion to angìotensin II (Merrill,

Peach and G'i I more, 1973) .

The vasoconstrjctor action of angìotensin II on the renal cjrculation

is amongst the most effect'ive in the perìpheral circulation (Brod, Hejl,

Hornych, Jirka, Sìechta and Burianova, 1969). Di Salvo and Fell (1970)

reported that large doses of renal artery infused angiotens'in II may reduce

renal blood flow to almost zero, a'lthough this effect was not sustained.

The local release of vasodilatory substances such as bradykinin and

prostag'landins has beenTimp'licated in this increase in renal blood flow

on continued ìnfusion of angiotensjn II (McGiff, Crowshaw, Terragno and

Lonigro, 1970; Aiken and Vane,1973; Malik and I'tcG'iff, 1976).

The renal vasoconstrìctor action of angiotens'in II may, in part, be

due to central or peripheraì enhancement of neural vasoconstrictor tone

(Ferrario,'Gildenberg and McCubbin, L972), aìthough the majn effect appears

to be independent of renal nerves (Di Salvo and Fe'ì1, 1970; Waugh, 1972).

The general vasoconstrictor effects of angiotensin II are reduced by

salt depletio'n, a'lthough the kidney appears to be affected to a greater

extent than any other vascular bed (Hollenberg, Soloman, Adams, Abrams and

Merrill, L972).

The major intrarenal site of angiotensin II-induced vasoconstriction

ìs thought to be the efferent arteriole, whereas adrenaline and noradrenaline

act predomjnant'ly on the afferent arteriole (Regoìi and Gauther, I97I; Haì.l,

Guyton, Jackson, Coleman, Lohmeier and Trjppodo, 1977). A possible role

for angjotensin II in the redistribution of jntrarenal blood flow is stjll
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debatable (Aukland, 1976) .

Skeletal muscle vascular beds present a unique haemodynamic response

pattern to angiotensin II. Intra-arterial admjnistration results in a

marked reduction in blood flow and an increase 'in'vascular res'istance

(Scroop, Walsh and Whelan, 1965; Scr:oop, 1967; Haas, Goldblatt, Lewis and

Gìps0n, 1968, 1969, 1973), whereas vascular resistance is unaltered on

intravenous adm'inistration, with muscle blood flow increasing pass'ively in

response to the elevated systemic blood pressure ( Roci:, Krecke and Kuhn,

1958; Scroop, Walsh and Whelan, 1965; Scroop, Lg67; Kapitola, Kuchel,

schreiberova and Jahoda, 1968; Brod, Hej1, Hornych, Jìrka, Srechta and

Burianova, 1969; Forsyth, Hoffbrand and Melmon, LglL).

The variation in the haemodynamic responses of different vascular beds

to angiotensin II administration may represent variations in receptor

populatjons, vascular architecture and the rate and mechanisms of terminatìng

the effects of angiotensin il. This thesis has investigated certain of

these aspects, with particular emphasis on the mechanisms of angìotensin II
ìnactivation in different vascular beds.

There are a number of possi bl e mechani sms by wh'ich ang'iotensin I I i s

removed from the circulation, name'ly, non-specific binding, tissue sequest-

ratjon, urinary excretion and metabolism. These pathways are represented

schematjcally in Fig. 1.1 along with the local and systemic sites of

angiotensin II generatìon. while the source of angiotensin II may

determine the mechanism of inactivation, the major physio'logica'l pathway

is thought to be metabolism (Khaira'lìah, Page, Bumpus and rurker, 1966;

Ledingham and Leary, 1974; Bailie and Oparil, 1977).

All enzymes wjth the ability to metabolìze angiotensin II are colìectively
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called "angiotensinases" and these incl ude trypsìn, chymotrypsin, pepsin,

leucine aminopeptìdase and carboxypeptidase. Plasma angìotensinases are

now thought to play onìy a minor role in the tn uiuo inactivation of

angiotensìn II, with the major sjte being periphera] vascular beds

(chamberìain, Browse, Gipson and Gleeson, 1964; Hodge, Ng and vane, 1967;

Leary and Ledingham, 1969; cain, catt, coghlan and Brair-west, 1970;

0pari I and Bai I ìe, 1973) .

t¡üh'il e ti ssue homogenate experiments have revealed that intest j nal

mucosa, renal cortex and the liver are rjch sources of angìotens'inase

actjvity (Itskovitz and lliller, L967; Johnson and Ryan, 1968; Matsunaga,

Sa'ito, Kira, 0gino and Takayasu, 1969; Matsunaga, 1971) these

studies have failed to clarify the in uiuo fate of angiotensin II. For

example, while homogenized ìung tissue was found to destroy angiotensin II
with great rapidity (Itskovitz and Mi1'ler, 1967), .tn uiuo ang'iotensin II
passes through the pulmonary circulation without a sign'ificant loss of

activity (Hodge, llg and vane, 1967; Biron, Meyer and panisset, 1968; Biron,

campeau and David, 1969; Lèary and Ledingham, 1969). This discrepancy

probabìy indicates that tissue homogenization releases ìntracellular

peptìdases whjch normal]y do not have access to angiotensin II.

The liver was investigated as a major site of angìotensin II
inactivation tn uiuo fo1ìowing the reports by Methot, Meyer, Biron, Lorain,

Lagrue and Milljez (1964) in the rat and Chamberlaìn, Browse, Gibson and

Gleeson (1964) in dogs and man, where renal hypertensjon was reversed by

a renal -portaì venous anastomos j s . Bi ron, fileyer and Pani sset ( 1968)

reported a 60-70% inact'ivation of Aspl-va15-angiotensin II and an g0%

inactivation of its g-analogue in both rats and dogs. Similar results

were obtained by Hodge, Ng and vane (1967) and Leary and Ledingham (1969,

1970b).
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Hindquarter inact'ivation of angiotensin II has been studied Ín a

number of specìes, namely dogs (Hodge, flg and Vane, 1967; Bjron, Meyer

and Panisset,1968; Haas, Goldblatt, Lewis and Gipson,1968; 1969; I973),

rats (Biron, Meyer and Panìsset,1968; Bakhle, Reynard and Vane,1969;

Biron and Campeau, L97I), sheep (Osborn, Hughes, Puriei, Wjll'icombe and

Mahler,1969) and rabb'its (Akinkugbe, Brown and Cranston,1966; Broughton

Pipkin, Mott and Roberton, l97L).

Despìte the unique haemodynamìc response of the femoral circulation to

admìnÍstered ang'iotensin II, all groups reported an extensive inact'ivation

of 50-70%. This is with the exception of Akinkugbe, Brown and Cranston
to !ltat;

(1966), who with a similar techniqueTiused in this thesis, onìy observed

a 15% inactivation of infused angiotensin II.

Haas, Goldblatt, Lewis and Gipson (1973) reported that a loss of

angiotens'in II activity on passage through the femoral circulation of the

dog was due not to metaboìism, but to a delayed passage into the general

circulation, as the result of a profound, localized vasoconstriction.

In previous stud'ies this group had proposed the existence of a cofactor in

the blood which protected angiotensin II from destruction (Haas, Goldblatt,

Lewis and G'ipson, 1968, 1969). This cofactor was later determined to

be bradykjnjn (Haas, Goldblatt, Lewis and G'ipson, I973) which prevented

this local vasoconstriction and allowed angiotens'in II to pass into the

genera'l c'irculation without loss of activ'ity. These findings indicate

that the magn'itude of the local haemodynam'ic effects of ang'iotensin II on

intra-arterial admin'istration have a marked influence on the degree of

jnactivation within the femoral vascular bed. This effect may also

apply to other vascular beds.

The majority of previous reports however, have taken little notice of
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the associated haemodynamic responses when studying the fate of administered

angiotensìn II. This thesìs investigates the influence of local blood

flow on angiotensìn II and noradrenaline'inactivation in a number of

peripheral vascular beds.

In 'the ki dney, Bai I ie and Opari I ( 1977) found a posi ti ve rel atì onshì p

between renal blood flow and angiotensin II jnactivation, where inactivation

increased with reduct'ions in renal blood flow and inôreases in renal transit

time.

A high degree of angiotensin II inactivation in the kidney has been

reported in a number of previous studies wìth a variety of techniques

(Hodge, ['lg and Vane, 1967; Biron, Meyer and Panisset, 1968; Leary and

Ledingham, 1970b; 0sborne, Angles d'Auriac, Meyer and Worcel, 1970; Biron

and Campeau, I97I; Oparil and Ba'ilie, 1973).

The renal vasculature appears to be the major site of angìotens'in II
'inactivat'ion, with only a minor contribution from gìomerular fi I tration

and urinary excretìon (Akinkugbe, Brown and Cranston, 1966; Leary and

Ledingham, 1970; Bailie, Rector and Seìdìn, 197I; Bailie and Oparil, L977).

There has been a growing interest in recent years, in the events

associated wjth the angiotensin II stjmulation of membrane-bound receptors.

Both angiotensjn II receptors and angiotensinases have their greatest

specific activity in the microsomal fraction (Dengler and Reichel, 1960).

Ang'iotensjnase activjty has been described in hepatocyte ce'll membranes

(Lafontaine, Nivez and Ardajllore, L979), rabbit aorta smooth muscle

membrane (Baudoin, l'leyer and Worceì , I97l; Peach, Ig77) and red blood cell

membrane (Khaìrallah, Bumpus, Page and Smeby, 1963; Itskovìtz and Miller,

1967; Moore and Povinelli , L979). The precìse relationsh'ips between
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angiotensinase actìvity and receptor function, however, remajn to be

clarified.

There is strong ev'idence that a variety of angiotensin receptors

exist in a number of tissues includ'ing vascular smooth muscle (Ca]dicott,

Taub and Hoììenberg, 1.977; caldicott, Taub, KorngoldandHo'llenberg, 197g;

Caldicott and Hoì'lenberg, 1970), between uterine and other smooth muscle

types (Meyer, Papadimitriou and l,Jorcel, 1970; Rego]i, park and Rìoux,

r974), adrenaì cortex (Peach and chiu, 1974) and the adrenal medulla

(Peach, Bumpus and Khairallah, !97L; Peach, Ig77).

A number of angiotensin II analogues have been employed to investigate

these receptor populat'ions (Regoli, park and R'ioux, Lg74) but their

influence on the in uiuo fate of angiotensin II and angiotensìn activity
is unknown. In th'is thesis, the influence of receptor function on the

inactivation of angiotensjn II in a number of periphera'l vascular beds,

has been examined with the competitive antagonist, Sarl-11e8-angiotens.in II.

CATECHOLAMT l\/ES

Noradrenaljne has been the predominant catecholamine studied in this

thesis and, conseguentìy, most of this introduction will be confined to

those studies involving the effects of noradrenaline or sympathetic nerve

stimul ation.

Noradrenaline is a powerfuì pressor substance which has both generaì

effects on the systemic circulatjon and entireìy ìocal actions within a

particular vascular bed. The systemic effects may be mediated by
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either circulatìng noradrenaline or a generaì vascular sympathetic

discharge. The levels of circulatjng noradrenal'ine represent the

secretions of the adrenal medulla (Driver and Vogt, 1950; Vane, 1969) and

other organs with a dense sympathetic innervation such as the hindlimb

(Oswald and Branco, 1973) and the kidney (de Leeuw, Falke, punt and

Bi rkenhäger, 1978) .

The mechanisms by which noradrenaline elevates mean arteria'l pressure

are varied, but as is the case with angìotensin II, an increase in total

perì pheral res istance i s i nvol ved ( Vane, 1969; Starke , 1977). The

relative contribution by individual vascular beds to thjs overall increase

in vascular res'istance is not uniform and results'in a redistribution of

the car"djac output (Hoffbrand and Forsyth, 1973).

Vasoconstriction occurs in the mesenteric vasculature to both exogenous

noradrenal'ine and sympathetic nerve stimulation, aìthough in some species,

the response to sympathet'ic nerve stimulation is unusual. In cats,

2-4 ninutes after the onset of stimulation, ìntestinaì blood flow returns

to normal (Greenway, Lawson and Mellander, 1967; Mellander and Johansson,

1968; Greenway and Stark, I}TI). This phenomenon has been labelled

"autoregulatory escape". It is thought not to occur jn response to

exogenous noradrenalìne admìnistration or in dogs (Greenway and 0shìra,

1972) but this aspect has been ìnvestigated in this thesis.

Intravenous and renal artery administration of adrenaline (Barer, 1961)

and noradrenaline result in reductions in renal blood flow and increases

in renal vascular resistance (Brod, Hej'1, Hornych, Jirka, Slechta and

Burjanova, 1969; Regoli and Gauther, I97l; Hoffbrand and Forsyth, 1973).

At doses which failed to exert any systemic action, Hollenberg, Soloman,

Adams, Abrams and Merrill (1972) observed a dose-related decrease in renal
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blood flow on renal artery infusjons of noradrenaline.

These authors al so observed a potenti ati on of the 'r--onal vascul ar

response to noradrenaline administration on sodìum restriction, in contrast

to an attenuatjon of the angiotensin II response. This finding was

confirmed by Strewler, Hinrichs, Guiod and Hollenberg (1972).

The síte of actjon of the catecholamines, adrenaline and noradrenaline,

wjthin the renal vasculature, also differs from ang'iotensin II. Adrenaline

and noradrenaline act predominantly on the afferent arteriole, whereas

angiotens'in II is thought to constrict the efferent arterioìe (Regoli and

Gauther, I97L; Haì1, Guyton, Jackson, Coleman, Lohmeier and TrÍppodo, 1977).

Variable results have been observed in studies of the skeletal muscle

circulatory response to administered noradrenaline. In man, Scroop,

Walsh and Whelan (1965) observed a decrease in forearm blood flow on

'intravenous adminjstration of noradrenaline, whereas Brod, Hornych, Jjrka,

Slechta and Burianova (1969) descrjbed a variable effect. Hoffbrand

and Forsyth (1973) found that intravenous ìnfusion of noradrenaline failed

to alter skeletal muscle or cardiac vascular resistance, whereas vascular

resistance 'in the brain, skin, gastro-intestinal tract, liver and bone

increased, indicating a redistribution of the cardiac output.

These discrepanc'ies may reflect variatjons in technique, dose and the

relative stjmulatìon of a- ând ß-adrenoceptors popu'lations, as Hoffbrand

and Forsyth (1973) found a relatìveìy uniform 'increase in vascular

resistance w'ith no significant cardiac output redistribution, w'ith the

pure a-adrenoceptor agonìst, methoxamine.

The various mechanisms of terminating the effects of noradrenaline in
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peripheral vascular beds and the systemic and local sources of noradrenaline

are schematica'l1y represented in Fì9. I.2. Neuronal and extraneuronal

uptake are thought to be the most important processes determining the rate

of nor adrenal i ne j nact j vati on in uiuo, whetheri t be neural ly re'leased or

cjrculating noradrenal'ine (Iversen, 1967; de la Lande, Frewin and lrjaterson,

1967; de la Lande and Jellett, L972). Following these uptake processes,

noradrenaline may ejther be stored or metabolized (Trendelenburg, L977).

There have been vary'ing reports of the capacity of the hindquarters

to inactivate noradrenaline. Vane (1966) and Ginn and Vane (1968) found

that 70-95% of ìntra-arterial'ly infused noradrenal ine or adr"enal'ine

disappeared during passage through the hindquarters of cats and dogs.

Similar results were reported earljer by Celander and Mellander (1955).

These results are contrasted by the distribution studies of Axelrod

and col'leagues, where only a marginal uptake of labelled catecholamine was

observed'in mouse skeìetal muscle (Axelrod, Weil-Malherbe and Tomch'ick,

1959; Whi tby, Axel rod and Wei l -tilal herbe, 1961) . Furthermore, there i s

a degree of variatjon in the results from Vane's ìaboratory, as in a later

study, onìy 60% of infused noradrenaline and 34% of infused ìsoprenaline

wereremoved in a singìe passage through the hindquarters (Gryglewski and

Vane, 1970). Isoprenaline, unlike noradrenaline, 'is only a substrate

for extraneuronal uptake (Callìngham and Burgen, i966) whìch explaìns the

consjderably lower inactjvat'ion than that observed for noradrenaline.

In contrast to the hindquarters, the pulmonary cjrculation is

considerably less active, with only 20% of infused noradrenaljne removed

in uòuo (Ginn and Vane, 1968) and in isolated, blood-perfused'lungs

(Eiseman, Bryant and l,Jaltuch, 1964). Adrenaljne on the other hand

passes through the lungs jntact (Ginn and Vane, 1968), a result whjch was
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observed many years earlier by Elliot (1905), who concluded that

"adrenalin disappears in t'issues it excites", an ìnportant princìp'le

which is consistent wjth the fate of other vasoactive compounds through-

out many fields of physiology.

The splanchnic and renal vascular beds are thought to inactivate

noreadrenaline at a comparable rate to that exhibited by the h'indquarters

(Celander and Mellander, 1955; Gryglewski and Vane, 1970). The major

metaboljc route of cjrculat'ing catecholamines 'in the renal vascular bed

involves extraneuronal uptake (Si'lva, Landsberg and Besarab, 1979).

The kidneys are also capable of inactivating noradrenaline via urinary

excretion (fig. I.2). The principle mechanism whereby noradrenalìne

enters the urine is via glomerular filtration (Overy, Pfister and Chidsey,

1967), but recent'ly a tubular secretory mechanism has been found to

contribute to the levels of noradrenaline and other catecholamines in

the urine (S'ilva, Landsberg and Besarab, 1979). This finding was

previously observed 'in chickens (Rennick and Yoss, 1962; Quebbeman and

Rennick, 1970; Rennick and Quebbeman, 1970) and dogs (Jones, 1968; Rennick,

1968), although a tubular secretory mechanism was not observed by 0very,

Pfister and Chidsey (1967) in the dog.

This latter group failed to detect any s'ignìficant protein bindìng in

the'ir preparatìon, wh'ich may explain why a nett tubular secretjon was not

evj dent. Pl asma protej n bi ndi ng of catechol amj nes i s extensi ve .

Silva, Landsberg and Besarab (1979) found that onl y 30% of 3H-catecholamine

was freely permeable across cel'lophane membranes. This result js

supported by a number of other studies (Rennick, 1968; Danon and Sapira,

1,972; Collier, L972; May, Sanders and Donabed'ian, L974; Powis, 1975).
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Chronic renal denervation failed to alter the rate of endogenous

noradrenaline excreb'ion (0very, Pfister and Chidsey, 1967) ind'icat'ing that

the sole source of urinary noradrenaline is the circulation (fig. I.2).

Hence, reductions ìn renal blood flow and gloneruìar filtration rate may

result ìn a decreased renal inactjvation of noradrenal'ine, aìthough the

jnfluence of renal haemodynamics on the tubular secretory mechanism js

unknown.

Despite the ever increasing understanding of the biochemical

mechanisms controlling the concentration of noradrenaline at effector

sites, partìcuìarly modulation of pre- and post-synaptic receptor activìty

(for review see Kunos,1976; Langer, 1977; Starke,1977; Westfall, 1977),

there remains some confusion over the in uiuo fate of noradrenaline and

in particular the influence of local haemodynamics and cr- ônd ß-adrenoceptor

popul ati ons

Furthermore, the r"enin-angiotensin system is known to have a number

of interactjons with the sympathetic nervous system and a summary of

these ìnteractions is the subject of this next sectr'on of this General

Introducti on .

INTERA1TI0/\iS EEI0EEN ÄñGI0ÍE^JSlN IT AND THE Syl\trPATHET'l.C NERU(]US SySTEM

Folìowing the availability of a pure synthetic form of angìotensin II,
interactjons between angiotensin II and the sympathetic nervous system were

ev'ident (Zinrnerman, 1962; Baum, 1963; ftlcCubbin and Page, 1963; Benel I i ,

Del la Bella and Gandin'i, 1964) . The relationships between these two

powerful pressor systems have been extensive'ly investigated and reviewed
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by several authors (Khairallah, I972; Reit, L972; Roth, 1972; Zimmerman,

Gomer and Ljao, 1972; Severs and Daniels-Severs, 1973; Starke, L977;

Westfall,1977).

Angiotensjn II has been found to enhance the response to nerve

stimuìation in a wide variety of spec'ies and tissues such as cat spleen

(Thoenen, Hurl iman and Haefe'ly, 1965; Herttjng and Suko, 1966); rabb'it,

rat and cat jsolated blood vessels (Panisset and Bourdo'is, 1968; Hughes

and Roth, i969; N'icholas, 1970; Bell, 1972; B'lumberg, Acker'ly and Peach,

1975; l4alik and l.lasjletti l, 1976); canine hindquarters and hindpaw (Zìmmerman,

1967; Zjmmerman and Gìsslen, 1968; Kadowitz, Sweet and Brody, 1972); canine

kidney (Z'immerman, Gomer and Liao, 1972; Gomer and Zimmerman, 1973); brain

(Starke, Endo, Taube and Borowski, 1975) and cat termìnal ileum (Turker,

1e73) .

The mechanism whereby angìotensin II facilitates neurotransm'ission

is unknown. Early investìgators thought that the enhanced noradrenerg'ic

neuroeffector transmjssion ìn the presence of angìotensin II was due to

the dir"ect depolarization of the adrenergic nerve terminals (Djstler,

Liebau and Wolfe, 1965; Gascon and Walaszek, 1968; Kiran and Kha'ira1ìah,

1969), whereas the majorìty of present evidence suggests that angìotens'in

II facjlitates the release of noradrenaline per nerve ìmpu'lse. Th'is

effect does not appear to represent an action on vesicular storage

(Schumann, 1970). Angìotensin II is also known to stimulate noradrenaline

bì osynthes i s i n the nerve term'inal (Boadl e, Hughes and Roth, 1969; Dav'il a

and Kha'irallah, I97I; Chevillard, Duchene and Alexandre, 1975), although

this effect is not respons'ible for the increased release of noradrenaline.

Furthermore, angiotensin II st'imulation of prostaglandin release'is

not involved, as elevated prostag'landin E concentrations have been
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demonstrated to inhibit rather than enhance sympathetic nerve transmissìon

(Starke , 1977).

Angiotensin II also has a post-synaptic action, ìncreasing the

respons'iveness of the innervated organ to noradrenaline (Thoenen, Hurlimann

and Haefeìy, 1965; Panisset and Bourdois, 1968; Day and Moore, 1976).

The pre-synaptic effects of angiotensìn II are thought to be of

greater ìmportance however, as a number of investigators have found that

angiotensin Ii potentiated the vasoconstrictor effects of sympathetic

nerve stimulation to a far greater degree than the response to exogenous

noradrenaline (Be¡elli, Della Bella and Gandini, 1964; Zimmerman and Gornez,

1965; Zirunerman and Gisslen, 1968; Kadowitz, Sweet and Brody, 1971).

Furthermore, Zimmerman and l¡lhi tmore (1967) found that angiotensin I I

significantly potentiated the response to nerve st'imulation, at a dose

wh1ch failed to alter the response to exogenous noradrenaline administration

and some workers have failed to demonstrate any action of angiotensin II

on the vasoconstrictor effects of exogenous noradrenaline (Hughes and Roth,

L97I; Beì 1 , L972) .

These results are contrasted by the recent findings of Jackson and

Campbel l (1980) who reported a s jmi'lar degree of potentiation by angiotens'in

II for nerve stimulation (63%) and exogenous noradrenaline (62%).

Angiotensin II may a'lso be enhanc'ing noradrenergic neuroeffector

transmissjon by inhibiting neuronal uptake. There has been however, a

considerable controversy over the dose of angiotensin II requ'ired to

affect neuronal uptake.

Low concentratjons of angìotensin II (2 x 10-
11 M) have been reported
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to jnhibit the accumulation of 3H-noradrenaline 'in perfused rabbjt hearts

(Peach, Cline, Davila and Kha'irallah, 1969; Davila and Kha'irallah, i970)

and rat hearts (ffrairallah, 1972). Studies by other workers with

sìm'ilar ang'iotensin II concentrations however, failed to support these

findings (Hughes and Roth, 1969, I97I; Schumann, 1970; Chevillard and

Alexandre, 1970; Starke, I97L).

This effect of angìotensin II does however, occur at very high

concentrations of 10-5 M and higher (Schumann, 1970; Starke, !g7I; Janowsky,

Davis, Fann, Freeman, Nixon and Mjchelakis, 1972). There is evidence

that angiotensin II inhibits 3H-noradrenaline uptake centrally (Palaic

and Khairal'lah, 1967) and in a number of other sites ín uiuo, but the

physiological importance of these findings has been questioned.

There is no evidence that ang'iotensjn II influences extraneuronal

uptake (Sal t , L972) .

Recently, subpressor doses of angìotens'in II (3 x 10-9 M) were found

to exert an inhibitory effect on neuronal uptake whilst not'influencìng

extraneuronal uptake in isolated mesenteric arterjes (Jackson and Campbeìì,

1e7e).

There 'is considerable evidence that the pre-synaptic effects of

angìotensin II are mediated through a facilìtation of adrenergìc trans-

mission and not an inhjbjtion of neuronal uptake as the effects of

angìotens'in II are thought to be unaltered by cocaìne (Starke, L970;

Hughes and Roth, 1971) although thjs has been recently chalìenged by

Jackson and Campbel'l (1979) .

Furthermore, angìotensjn iI has also been found to potentjate the
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effects of tyramine (l'lcCubbin and Page, 1963; Kaneko, Takeda, Nakajima

and Ueda, 1966; Day and 0wen, 1969; Blumberg, Ackerly and Peach, 1975).

Starke (1971) and Chev'illard and Alexandre (1972) failed to demonstrate

a potentìatjon of the effects of tyramine. However, as the response

was not attenuated, they propose that this remains evidence for a

facilitation of neural transmission.

Angiotensin II also results in an enhanced release of dopamine-ß-

hydroxy'lase from rabbit atria. This effect is quite independent of an

uptake blocking action and is indicative of increased exocytotic release

(B]umberg, Ackerly and Peach, 1975; Ackerly, Blumberg and Peach, 1976).

In the majority of previous investigations, angiotensjn II has been

administered exogenousìy and as a result, there is sone d'ifficulty ìn

interpretìng the effects of endogenous angiotensin II formation,

part'icu'larly when consìdering the local concentration of angiotensin II

needed to inhibit neuronal uptake. There have on'ly been a limited

number of in uiuo stud'ies investjgating the effects of endogenous

ang'iotensin II (plalik and Nasjelìetì, 1976).

Ichikawa, Johnson, Fowler, Payne, Kurz and Keitzer (1978) have recently

reported that the vascular responses to noradrenaline were potent'iated in

the early stages of renovascular hypertension in rabbits, before there was

an elevat'ion'in systemìc blood pressure. The possibiìity that angiotensin

il may be nediating this effect, however, lvas not confirmed by Collis and

Vanhoutte ( 1978) .

Colljs and A'lps (L975, 1976) noted that the noradrenalìne supersensitivity

of tissues from renal/salt hypertensive rats, which have a low pìasma renin

activ'ity, was not due to endogenous angiotensin II as it was unaffected by
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Sarl-I1e8-angiotensin Ii. The observed supersensitivity could on'ly be

explained,'in part, by the dietary salt-loading.

Intrarenally generated angiotensin II was thought to contribute to

the systemic pressor response (seliq, Anderson and Korner, rglg) and

incrèase in renal vascular resistance (Bomzon and Rosendorff, 1975) to

renal artery infusions of noradrenaline, through studies with local

angiotensin I converting enzyme inhibition. These authors however,

failed to account for a possible inhibitory effect on neuronal uptake by

angiotensin II, which would also explain the attenuated responses fol'louring

renal converti ng enzyme j nhi bi t'ion.
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SECTION 2

GENERAL ITETHODS



23

GENERAL lvlETHODS

CHOICE OF EXPERIA,IEI\/TAI AÑlMAt

The experimental animals jn all studies were ex-racing greyhounds.

Their pedigreed breed'ing in conjunctìon with the excellent husbandry they

receive jn preparat'ion for racing, make them essential ìy sìm'ilar to

laboratory-bred dogs. In addit'ion, they are of a quiet disposìtion which

greatly assists handling and induction of anaesthesia. Their relative

lack of subcutaneous fat facilitates all surg'ical procedures.

Greyhounds have a robust cardiovascular system with large vessels and

high fìows and a considerable degree of cardiac vagaì tone, all of which

ntake it comparable to that of man and partìcu1arly sujtable for circulatory

studies.

ANAESTiIETIC

Foììowìng premed'icatjon with intravenous morphine sulphate (approximately

2 *g/kg), anaesthes'ia was jnduced by ìntravenous alpha-chloralose (120-140

mg/kg). The chloralose was prepared as a 5% solut'ion in the followìng

manner. Four grammes of sodìum tetraborate were dissolved ìn 80 ml of

normal saljne. To this solution 4 g of s-chloralose were added and

stirred over a Bunsen burner. To prevent the formatjon of the g-isomer,

the temperature of the solution was kept below 450C. This solution was

then fjltered, cooled and stored overnight.

The comb'inatjon of morphine and chloralose was chosen as the anaesthetic
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agent because of its sujtab'ility for cardjovascular investìgations. It
has a minimal effect on the responses to exogenous catecholamines (Cox,

1972) and js not associated with the pronouced tachycardia seen when

sodium pentobarbitone js used as the principaì anaesthetic agent (Shabetai,

Fowler and Hurlburt, 1963).

Suppìementary anaesthesia was provided when required, wìth small doses

of intravenous sodium pentobarbitone (10-30 mg). This need was determined

from the corneal ref lex. In genera'l , supp'lementary anaesthesia was

not required'in the fjrst few hours of experimentatìon and each dog, on

average, received at the most 150 mg throughout the entjre experimentaì

peri od .

Fol ì owing i nduct'ion of anaesthesi a, al I dogs were 'intubated and

artificaììy respired throughout the experiment. The respirator emp'loyed

was a Harvard I'1odel 613 posit'ive pressure respirator, operating at 12

"breaths" per minute, at a tidal volume calculated from body weight (Radford-

Kleinman nonþgram: Harvard Apparatus). With this procedure the

respiratory depressant effects of morphìne were overcome and blood pOr,

pC0, and pH havebeenshown to be more stable throughout (Brown, 1976).

IúETHOD OF TNTRAV/SCUIAR CATHETERIZATION

Catheters

Catheters were of polyethyìene (Dural Plastics, Australia 2158) and

two sizes of tubing were used. Catheters'inserted in the femoral artery,

femoral vein and hepato-portal vein had an internal diameter of 0.86 mm
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and an external diameter of 1.27 nn (Dural SP61). Catheters of small

dimensions (internal diameter 0.58 mm, external diameter 0.96 mm, Dural

SP45) were chosen for the renal and mesenteric arteries to ensure that

blood flow was not obstructed in these smaller vesse'ls.

The total length of all catheters was 100 cm givìng internal volumes

(infusion "dead-space") of 0.45 ml (SP61) ànd 0.26 ml (SP45). With an

'infusion pump speed of l mllmin thìs represents a delay'in drug de'livery

of approximately 30 and 15 seconds, respectiveìy.

All catheters were filled with heparinized saline (20 units Heparin/ml

saline) prior to'insertion.

l4ethod of i n serti on

For arterìal catheterization, the flow through each vessel was

ìnterrupted with two ligatures and the artery punctured with a needle the

external diameter of which was smaller than that of the catheter (femoral

artery-Yale, l9-gauge disposabìe; renal and superior mesenteric artery -

Yal e, 23-gauge di sposab'l e) .

Essentially the same procedure was used for venous catheterizatjons

al though f I or,¡ obstructi ng ì i gatures were not requi red.

Catheters inserted into the femoral and renal arteries had their t'ips

directed centra'lìy to promote mixjng of the infused drug with flowing blood.

For anatomical reasons th'is was not possible with superior nesenteric artery

catheters and their tips were djrected peripheraììy.

The length of catheter inserted varied. catheters inserted into
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the femoral artery for monitoring blood pressure and jnto the femoral vein

for drug infusion were passed 20 cm centrally. Drug ìnfusion catheters

in the renal, femoral and superior mesenteric arteries and the hepato-

portal vein were inserted approximateìy 1.5 cm.

To avojd accidental withdrawal of these catheters a small square of

adhesìve tape was attached to the tubing approx'imate'ly 2 cm from the catheter

t'ip. A'l'igature was then passed through the tape and tied around the

artery jn a manner which did not jnterfere w'ith blood flov¡.

CARDIOYAIS CULAR UARÍ AB I ES

Arterial blood pressure

Arterial blood pressure blas measured through a saline-filled catheter

prev'ious'ly inserted into a femoral artery through a needle puncture.

Polyethylene tub'ing (internal diameter 0.86 mm, external dìameter L.27 nn,

Dural Plastìcs SP61,1ength 100 cm) on a 1 cm length of 19 gauge needle

(Ya1e, disposable) gave opt'inrum damping (Geddes, 1977) w'ith the Statham

P23Gc transducer and Grass recorder used for these experiments.

Calibration of the pressure recording system was checked before each

experiment with a mercury manometer, over the pressure range of 0 to 200

mm Hg. Blood pressure was recorded on a Model 7 Grass Polygraph and the

changes expressed as their integrals, these hav'ing been calculated by

planimetric measurement of the areas contained by these responses.
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Blood flow record'ings

Arterial blood flow was recorded cont'inuously by applying e'lectro-

magnetic flow probes dìrectìy to the vessels under study. Their output

was monitored on both Carolina Medical Electronjcs and E.M.l. Type 28

squarewave electromagnetic flor¡¡meters and dispìayed as a hard copy on a

Grass Polygraph.

Various electromagnetìc flow-probes were used to ensure adequate

contact between the artery under study and the f'low-probe. Zero blood

flow measurements were obtained when necessary by mechanicalìy occluding

the artery w jth a loose 'l'igature pìaced di stal to the probe.

All blood flow responses are expressed as their integrals, these

hav'ing been calculated by planirnetric measurement of the areas contaìned

by the responses.

Vascul ar resi stance

Vascular resistance was calculated at minute intervals from the

simultaneous levels of mean arterial pressure and blood flow. Changes

ìn vascular resjstance are expressed as a percentage, calculated in the

following manner. The average value of vascular resistance during the

4 m'inimmed'iately prìor to the drug ìnfusion was subtracted from the average

vascular resistance calculated in the last 4 min of the infusjon period.

This djfference was then expressed as a percentage of the pre-ìnfusion value.

Radioimmunoassay of plasma renin actjvi t-y

This ìs a competit'ive binding assay technique where endogenouSly
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generated angiotensin I competes with a known amount of labelled

ang'iotensi n I for spec'ifi c angì otensi n I anti body bindìng si tes.

The method used in this thesjs is that of Johnston, Hutchinson and

l'lendelson (1970). The materials used were; phosphosaline-case'in buffer

(pH 7.4), standards - angjotensin I (S'igma) diluted with assay buffer over

the 0.10 ng/ml -4.00 nglml range , I25I-ang'iotensi n I and a spec'ifi c antì body

raised in rabbits against an angiotensìn I - B.S.A. conjugate.

Rad'i oi mmunoas s ay of p lasma levels of anqiotens'in II

This is also a competitive binding assay technique where endogenous

angiotens'in II competes for specifìc angiotens'in Ii ant'ibody binding sjtes

wjth a known amount of lz'l-angiotensin II. The degradative effects of

pìasma angiotensjnases were inhib'ited by ethyìened'iamine tetracetic acid

(8. O.f .n. ) and d'imercaprol at blood concentrat'ions of 0.01 M each.

The method of extracting angiotensin II from pìasma jn this study is

as follows. Plasma (2-3 ml) was extracted on to 500 mg Dowex 50 W

cat'ion exchange resin and the tubes were shaken gent'ly for t hr at 4oC.

Angiotensin II was eluted from the Dowex resin with 2 nl of ammonia/

methanol (9:1vlv) and v'igorous shaking.

The eluate was dried down at 40oC under nitrogen and resuspended in

phosphosal'ihe-caesin buffer (pH 7.a). The average extraction effjciency

was 76 .2 x L.0% (mean + s.e.m. ).

Following thìs extraction procedure, the assay techn'ique was the same

as that used for estimating plasma ren'in act'ivity. The assay materials

used were; phosphosaline-casein buffer (pH 7.4), standards - angiotens'in II
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(SiSma) diluted with assay buffer over 1.10 ng/ml-4.00 ng/ml range,

725 -"'-I-angiotensin II. The specifìc antibody was less than 0.1% cross-

react'ive wjth angiotensin I and was raised in rabbits agaìnst an angiotensìn

II - B.S.A. conjugate.

EXPRESSl()N OF RESUTTS

Attenuation of the s vstemi c p ressor resDonse as an index of druq'inactìvation

In most cardiovascular studies vasoactivity of a drug under study is

assessed durìng infusion into a peripheral vein. lrlith thjs route of

administration the drug reaches the genera'l circulation after first passìng

through the pulmonary vascular bed and the heart.

The ab'i'l'ity of the drug to raise blood pressure will therefore depend

upon the adminìstered dose,'its effect on the pulmonary circulation, the

degree of inactìvation'in the pulmonary vascular bed and its effect on the

heart and the vascular beds of the systemìc circulation. These effects

may result from ejther direct stimulation of cardiac and vascular receptors

or indirectly through the release of add'itìonal vaso-active hormones and

acti vat'ion of the autonomi c nervo us system .

If the same dose of drug is administered into a peripheral artery

rather than a perìpheral vein, the on'ly added factor to those described

above will be the influence of events within this vascular bed. A

change 'in the pressor response on intra-arterial administration will imply

either additional'inactjvation of the drug in that vascular bed or local

activation of neurohumoral factors having systemic effects.
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If, for exampìe the response to a g'iven dose of drug is smaller on

intra-arterial administrat1on, thjs implìes furtherinactivat'ion of the

drug durìng passage through that vascular bed. A larger response on

intra-arterial administration jndicates that ejther a hormone with systemic

effects has been released or that a major component of the autonom'ic nervous

system has been activated. If there'is no djfference in the pressor

response with these two routes of administration, the most likely explanation

is that the vascular bed under study does not inactivate th'is drug.

It should be noted that any effect of the drug on a g'iven vascular bed

will not by jtself change system'ic blood pressure. This honeostatic

response reflects the excellent buffering systems of the cjrculation.

Thjs is exemplified by the fact that blood pressure is unaltered during

sphygmpmanometry even though the blood flovr in one arm has been interrupted.

Therefore, 'if blood pressure does change on intra-arterial administrat'ion,

this indicates that this dose of drug is sufficient to reach the systemic

cjrculation, in which case the local effects will then contribute to the

overal I response.

In the studies reported ìn this thesìs all drugs, with the exception

of ìsoprenaline, vlere pressor. Arterial infusions were gìven into a

number of peripheral vascular beds and compared to the standard response

obta'ined on i ntravenous i nfus ion.

The systemic pressor responses were recorded as the'ir ìntegra'l ,

obtained by planimetrjc measurement of the area conta'ined by the response.

The degree of inactivation of the drug under study was quantjfied'in the

following manner; the integrated pressor response on infusion into the

vascular bedunderstudy was subtracted from the pressor response observed
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on intravenous infusíon of the same dose. This difference was then

expressed as a percentage of the standard intravenous response.

This jndex of inactjvation was employed for several reasons.

F'irstly, i t can be regarded as more representat'ive of physioìogì caì events

than the various radjoimmunoassay and ongan superfusion techn'iques.

Radio'immunoassay methods suffer from problems of a loss of specific activìty

and uniform labell'ing (Ryan, I974) and furthermore, the blood concentrat'ions

of a drug measured in thìs manner may not necessari'ly be indicative of

pressor activity. Superfusion techniques have probiems wjth specificity

and selectjvity and the release of endogenous excitatory substances (Turker,

Yamamoto, Bumpus and Khairallah, I97I; Ryan, 1974).

The attenuated pressor technique also allows a concurrent deta'iled

study of the haemodynamic responses of each vascular bed to djrect and

intravenous infusions of each vasoact'ive substance. Thìs is particuìarly

important in view of the results of Haas, Goldblatt, Lew'is and Gìpson (19i3)

who demonstrated that femoral haemodynam'ics have a marked influence on the

ìnact'ivation of ang'iotensin II and noradrenaljne in the femoral vascular

bed.

Stati stj caì analysi s

Results have generally been gìven as the mean t the standard error of

the means (s.e.m.) when the number of experiments (n) have been greater or

equaì to 3. If parametric statistics wer"e applicable, as determìned by

the F-test, then data was anaìysed by a Student's t-test. Either a

paìred or unpaìred t-test was used, depend'ing which was more appropriate

for the particular evaluation. Similar'ly, if the nature of the change

was not pred'icted then the test was two-tajled, but one-tailed if a shift
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in a particular djrection was 'included in the working hypothesis. Any

other more specific tests used are documented'in the appropriate place.

A s'ignificance leve'l of p<0.05 was used as the probabi'lìty that an observed

difference was not due to chance.
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SECTION 3

THE I NFLUENCE OF ROUTE OF AD|II N I STRAT I ON OI{

THE CARDIOVASCULAR RESPONSE TO ANGIOTENSIN I I
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INTRODUCTION

Thjs sect'ion investigates the in uiuo inactivation of angiotensin II

in a number of peripheraì vascular beds'in conjunction with a haemodynamìc

study of the responses of these vascular beds to direct and intravenous

infusions of ang'iotensin II.

The perìpheral vascular beds examined were the renal, femoral, superior

mesenteric and hepato-portal circulat'ions, all of whjch have previously

been found to be highìy active in removing angiotens'in II from the

circulation (Hodge, Ng and Vane, 1967; Biron and Campeau, I97I; Broughton

Pipkin, f,lott and Roberton, 797I; Broughton Pipkin, I972; Haas, Goldblatt,

Lewis and Gipson, 1968, 1973). The exceptional study was that of

Akinkugbe, Brown and Cranston (1966), who only observed a minor degree of

angiotensin II 'inactivation in the femoral circulation of the rabbit.

Despite publ'ished evidence of a fairìy uniform activity in destroying

angiotensin II, these vascuìar beds vary markedìy 'in their haemodynamic

responses to administered angiotensin II.

The femoral and other skeletal muscle vascular beds have a unique

haemodynamìc response pattern to angiotensin II. Direct intra-arterial

administratìon results in a dose-dependent decrease'in muscle blood flow.

However, on intravenous adminjstrat'ion there'is an increase in blood flow

(Scroop, Walsh and l,lhelan, 1965; Forsyth, Hoffbrand and Melmon, 1971).

This increase'is passive and secondary to the elevated systemic blood

pressure . as calculated muscle vascular resistance is unaltered.

In contrast, renal, mesenteric and hepatic blood flows are all reduced

during both intra-arterial and intravenous infusions of angiotens'in II
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These latter circulations therefore contribute to the overall r'ise in

peripheral vascular resistance involved in the increase in mean arterìal

pressure while muscle vascular beds do not. In consequence, raised

circulating levels of angiotensin II result'in a redìstribution of the

cardiac output form the renal and splanchnic circulations to the skeletal

musculature (Krasney, 1968; Di Salvo and Fell, 1970; Forsyth, Hoffbrand

and Me'lmon, 1971) . It seems possible therefore, that the h'indquarters

w'ith their unique circulatory response, may inactìvate angiotensin II in a

manner different from that of the renal and spìanchnic circulations.

The pu'lmonary circulation is not responsive to either 'intra-arterjal

orintravenous administration of angiotens'in II and concurrently there is no

loss of angiotensin II activity during passage through the puìmonary

vascular bed (Biron, Meyer and Panisset, 1968).

The majority of previous studies have not accounted for the influence

of local haemodynamics on the in uiuo fate of angìotens'in II, with the

exception of Haas, Goldblatt, Lewis and Gipson (1973). In their study,

femoral blood flow was found to be intimately associated with angiotensin

II inactivation in the hindquarters. Consequentìy, this section deals

with the in uiuo inactjvation of angiotensin II in peripheral vascular

beds and the influence of local haemodynamics on this activìty.
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I.'!ETHODS

The experiments were performed on 19 ex-rac'ing greyhounds, weigh'ing

26- 34 kg. The techni ques f or anaesthes'i a i nduction and mai ntenance are

discussed in detail in Section 2.

The cardiovascular variables monitored were mean arterial pressure, and

local blood flow wjth vascular resistance calculated subsequently. Details

of the techniques used for recording these variables appear in Section 2.

Angiotensin II inactivation in all peripheral vascular beds studied

was examined with the attenuated systemic pressor response technìque

(detailed in Secti on 2). For comparative purposes, angiotensin II

inactivation was aìso stud'ied in the renal and femoral vascular beds by

radioimmunoassay of angiotensin II in the arterial and venous blood from

these circulations.

With the exception of those dogs where the influence of dose on

angiotens'in II inactivation was exam'ined, all angiotensjn II infusions were

made at 500 nglmin (0.5 nmol/min) for 5 min.

The drugs used were, angiotensin II (val5-Hypertensin II, Asp-ß-amide,

Hypertensin, C'iba), alpha-chloralose (CgH1106Cl3, B.D.H.), morph'ine sulphate

(D.B.L.). All drugs were dissolved in physiolog'ical saline (sodjum

chlorjde 154 mmol/l) and infusjons were administered with a constant speed

syringe-infus'ion pump at 1 ml/min. At least 10 min was allowed to eìapse

between consecut'ive infusjons of angiotensin II, with each'infusjon be'ing

preceded by a control infusion of saline. In all experiments contained

wi th i n thi s secti on , the dose of admi ni stered angì otens'in I I was 500 ng/m'i n

forJ min (0.5 nmol/min).
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Statistical significance unless otherwise stated was examjned by a

Student's t-test and the null hypothesìs was rejected with p values for

I ess than 0.05.
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RESULTS

RENAL AND FEMORAL VASCULAR BEDS

CARDTOVASCULAR RÉSPONSES TO TNTRAVENOLIS, REA/AL ARTERV ANO

FEIú/0RAL ARTERY IAJFUSI()NS OF AJVGIOTENSTN T1

GEN ERAL

Mean arterial Dressure

The changes in mean arterial pressure in response to 'intravenous,

renal artery and femoral artery infusjons of angiotensin II in a sing'le

experiment are found in Fig. 3.1. llean arterial pressure was elevated

with all three routes of infusjon and the pooled data from th'is dog and a

further 11 dogs, jn which sjmilar results were obta'ined, are recorded in

Table 3.1.

Intravenous infusions of angiotensin II resulted jn the greatest

jncrease jn mean arterial pressure (184.0 t 21.9 mm Hg x mìn) wjth a

sign'ificantìy smaller pressor response on femoral artery administration

(136.7 ¡ 17.1 nrm Hg x min, p.0.05).

The smallest pressor response was observed on renal artery 'infusion

(30.1 t 5.4 mm Hg x min) bringsignificantly less than both the intravenous

(p<0.001) and the femoral artery responses (p<0.02).

Renal blood flow and renal vascular resistance

Renal blood flow was reduced with all three routes of adm'inìstration
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FIG. 3.1. The changes in mean arterial pressure (M.A.p., mm Hg)

in a sing'le experiment in response to 5 min intravenous (t.V.),
femoral artery (r.n.) and renal artery (R.4.) infusions of angiotensin

II (500 nglmin t0.5 nmolTmÍnl).
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FIG. 3.2. The changes in renal blood flow (R.8.F., ill/min) and

femoral bìood flow (F.8.F., nì/min) in a singìe experinent in

response to 5 min intravenous (I.V.), femoral artery (F.4.) and

renal artery (R.4.) infusions of angiotensin II (500 nglmin

[0.5 nmolTminl).
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as illustrated in the results from a single experiment (F'ig. 3.2). The

greatest reduction in renal blood flow was seen on renal artery'infusion.

Simìlar results were observed in all 12 dogs studjed and the poo'led

results appearin Table 3.1. The fall in renal blood flow on renal

artery'infusions (-651.7 ! 39.8 ml, n=12) was signìficantly greater than

on either intravenous (-286.4 t 59.6 ml, n=12, P'0'005) or femoral artery

ìnfusjons (-235.3 t 33.8 ml, n=11, p.0.005). There was no significant

difference between the renal blooC flovr responses ujth these latter two

routes of adm'inistration.

Renal vascular resistance was calculated from the minute to minute

ìevels of mean arterial pressure and renal blood flow and the poo'led results

for this series of dogs are found in Tabl e 3.?. Rena'l vascuìar

nesistance was increased wÍth all three infusion routes. The ìncrease

in renal vascular resistance on renal antery infusion (9S.8 t 16.L%, n=7)

was signjficantly greater than the response to either intravenous infusion

(48.2 x 12.5%, n=7) or femoral artery infus jon (24.9 t 10.2%, n=7, p<0.01).

The intravenous response was sign'ificant'ly greater than that obtained to

femoral artery infusion (p<0.05).

Femora'l bl ood f I ow and femoral vascular resistance

In contrast, to the responses of the renal vascular bed to infusions

of angiotensin II, femoraì blood flow was only decreased on femoraì artery

infusions (-26L.1 I 64.8 ml , n=7) . This is demonstrated in F'ig. 3.2,

which contains the results from a single experiment. A similar pattern

of femoral blood f'low responses vias observed in each dog and the poo'led

results appear in Table 3.1.
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Femoral blood flow increased on both intravenous (243.7 t 39.5 m1,

n=7) and renal artery infusions (22.6 t 10.6 ml, n=7). The response to

'intravenous'infusions was sìgnificantly greater (p.0.05) than that to renal

artery infusions (Table 3.1).

Femoral vascular resistance was substantia'lly elevated on dìrect

infusion (79.0 t 16.3%, n=7), whereas intravenous and renal artery infusjons

were virtually without effect (-1.4 t 4.2%, 0.1 t 2.3%, Í1=7, respectively,

Table 3.2).

CALCULATED ANGIOTENSIN II INACTIVATION

The degree of angiotensin II inactivatjon during passage through the

renal and femoral vascular beds was estimated by two methods. Firstly,

the attenuated pressor response technique and secondly by comparison of the

angiotensin II levels measured by radioimmunoassay in arterìa'l and venous

blood. Details of the methodology of each of these techniques appear

in Section 2.

Attenuated Dressor res ponse technique

The mean values from 12 dogs for the percentage inactivation of

angiotensin II in the renal and femoral vascular beds are found in Table 3.1

and represented in Fig. 3.3. A considerable d'isparity between the renal

and femoral vascular beds was observed with the mean renal percentage

angiotensin II inactivatÍon being 82.0 t 3.?% (mean r s.e.m., n=12) and

the femoral inactivation of angiotensin II, 27.2 ¡ 4.9% (mean I s.e.m., n=12)

This difference js sign'ificant (p<0.001) .
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FIG. 3.3. The calculated percentage inactivation of angiotensin II
in 12 dogs in the femoral (F.A.) and renal (n.n.) circulations as

determined by the attenuated systernic pressor response rrethod.
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FIG. 3.4. The ca'lculated percentage, inactivation of angiotensin II
in the femoral and renal circulations as determined by radioimmunoassay.

The results plotted are those for 5 dogs, with three estimations being

made in each dog during a 15 min intravenous infusion of angiotensin

II (S00 nglmin t0.5 nmolTminl).
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Estjmation of ang'iotensìn II ìnactivat'ion by rad'io'immunoass ay

In this group of 5 dogs, angiotensin II was administered by a i5 min

intravenous jnfusion (500 ns/min; 0.5 nmor/min) . Abdorinål"åã;;).;î"-'
h

inferior vena caval blood samples were withdrawn at 5 min jntervals and

assayed for angiotens'in II. The individual and mean results of plasma

angiotensin II concentration and the calculated degree of angiotensin II
inactivation in the renal and femoral vascular beds are found in Table 3.3.

In contrast to the findings with the attenuated pressor response

technique, these vascular beds are not sign'ificantly different in their

ability to inactivate angiotensjn II, renaì 55.0 t 4.7% (nean r s.e .ffi.,

n=15), femora'l 47.6 t 4.6% (mean + s.e.m., n=15, 0.30<p<0 .ZO). These

results are represented in Fig. 3.4.

THE TNFLUENCE OF 
'OSE 

ON THE DEGREE OF RENAL TNACTIVATION OF

AÑGlOTENSTN TT

GENERAL

Mean arterial pressure and renal blood fl o!'J

Three doses of angiotensin II were studied (250,500 and 750 ng/min

for 5 min) and the pooled pressor responses for 7 dogs appear in Table 3.4.

A dose-dependent increase in mean arterial pressure was observed on both

intravenous and renal artery infusions. At each dose-level, the

intravenous response was substant'iaììy greater than the response to renal

artery jnfusion (p<0.01) .
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The changes in renaì blood flow were also dose-dependent, with the

greatest response be'ing observed on renal artery infusion at each dose

level. The pooled results for 7 dogs appear in Table 3.4.

CALCULATED ANGIOTENSIN II INACTIVATION

Angiotensin II inact'ivatjon in the renal circulation was calculated

in this group of dogs with the attenuated systemic pressor response

technique. The degree of angiotensin II ìnactivation was unaltered over

the dose range studied (2SO ng/min, 80.6 t 6.0%; 500 ng/min, 78.4 ¡ 4.L%;

750 ng/min, 75.4 t 4.8%) and was comparabìe to that seen in previous groups

of dogs, Table 3.4.

A relationsh'ip between renal blood flow and the abiìity of the kidney

to inactivate angiotensin II was examined by correlating the degree of renal

blood flow reduction on renal artery infusion with the observed degree of

angiotensin II inactivation, with each dose. No relationship was

observed (r=0.0151, n=21, Fig. 3.5).
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SUPERIOR MESENTERIC HEPATO-PORTAL VASCULAR BEDS

CAR'IOYASCULAR RESPOA/SES TO TNTRAVENO(rS, SUPERÍOR MESEÑÍERIC

ARTERV AND HEPAT)-P)RTAL yElN lrVF¿lSl0ñS 0F ANcl0rEñSIN I1

GENERAL

Mean arterial pressure

The mean arterial pressure responses to jntravenous, superior

mesenteric artery and hepato-portaì vein infusions of ang'iotensjn II in

a single experiment are found 'in F'ig. 3.6. All three routes of

infusjon resulted jn an elevation of mean arterial pressure, with the

greatest increase occurring on intravenous infusion.

Sjmilar results were obtained'in all 7 dogs studied and the pooled

data are 'included in Table 3.5. The pressor responses to superìor

mesenteric artery and hepato-porta'l vein infusions were not significantly

different (34.3 t 4.2, 26.0 t 3.3 mm Hg x mjn, respect'ive'ly) , although

both were considerabìy less than the intravenous response (183.9 ! ZZ.l

mm Hg x min, p.0.001).

Superior mesenteri c blood fl ow

Superìormesenteric blood flow was reduced on all three routes of

infusion and, as expected, the greatest reduction was associated with

superìor mesenteric artery infusions. The results from a single

experiment appear ìn Fig. 3.6 and the pooled results for 7 dogs are

recorded in Table 3.5.
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FIG. 3.6. The changes in mean arteriaì pressure (l,l.A.p. , mm Hg)

and superior mesenteric blood flow (S.l,l.B.F. , ml/min) in a single

experiment, in response to 5 min intravenous (I.V.), superior

nìesenteric artery (s.M.A.) and hepato-portal vein (H.p.v. ) infusions

of angiotensin II (500 ng/min t0.5 nmol/minl).
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There is no sign'ificant difference between the superior mesenteric

blood f'low responses to intravenous and hepato-portal vein infusions

(-280.2 t 105.1, -69.7 r 11.6 ml, respectiveìy) although both are

significant]y less than the superior nesenteric artery response (p.0.025).

CALCULATED ANGIOTENSIN I I I NACT I VAT I ON

The degree of angiotensin II inactivation in each vascular bed was

calculated from the loss of systemic pressor activity on passage through

supe[ior mesenteric artery and hepato-portaì vein circulatÍons as outljned

ìn Secti on 2.

Angiotensjn II inactivation in each vascular bed was extensive and

of a similar degree, the respective Ínactivation percentages being, superior

nìesenteric artery 80.6 t 2.3% and hepato-portal vein gs.3 ! r.g%.

The degree of angiotensin II inactivation in the superior mesenteric

and hepato-portaì circulations'is comparable to that observed in the renal

circulation (Fis. 3.7), aìthough s'ignificanily greater than that in the

femoral circulation (p.0.001).
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FIG. 3.7. The mean calculated percentage inactivation of angiotensin

II in the rena'l (R.4.), femoral (F.4.), superior mesenteric (s.trr.A. ) and

hepato-portal (H.P.v.) circulations, as determined by the attenuated

systemic pressor response technique.
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DISCUSSION

From these studies it is apparent that peripheral vascular beds vary

both in their abiì'ity to ìnactivate infused angiotensin II and in the

pattern of their haemodynamic responses. The renal, femoral and superior

mesenteric vascular beds all exhibit blood flow reduct'ions and increases in

vascular resistance on direct angiotens'in II administration.

However, the nature of the haemodynamic response of the femoral vascular

bed to systemic admin'istration was markedly d'ifferent from the other

peripheral circulations studied. Intravenous infusjon of angiotensin II

was associated wjth a pressure-related increase in blood flow with femoral

vascular resistance being unaltered. The renal and superior mesenteric

vascular beds, in contrast, exhibited reduct'ions in blood flow and increases

i n vascul ar resi stance.

The responses of the femoral vascular bed confirm previous observatjons

in other skeletal muscle circulations (Scroop, l.Jalsh and Whelan, 1965;

Kap'itoìa, Kucheì, Schreiberova and Jahoda, 1968; Forsyth, Hoffbrand and

Melmon, 1971). The femoral artery 'in the greyhound supplìed not onìy

hindquarter skeletal muscle but also the circulations of skin and bone.

However, the femoral blood flow response pattern is taken to represent

prìncipal'ly the response of the skeletal muscle vasculature.

Unlike the renal and mesenteric vascular beds, the femoral circulation

is not'involved in the elevation of total peripheral resistance in response

to increased levels of circu'lating angiotensin II. However, vascular

angiotensin II receptors do exist in the femoral vasculature as demonstrated

by the marked elevation in femoral vascular resistance on d'irect infusion.
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The mechanism whereby a vasoconstriction fails to occur in the femoral

vasculature during intravenous infusion is unknown. The blood concentration

of angiotensin II should be sufficient, as decreases in superìor mesenteric

and renal blood flow are observed.

The elevation in mean arterial pressure on'intravenous infusion at this

dose'is known to partíaìly ìnvolve a central component (Scroop and Lowe, 1969)

and therefore, this increase in femoral blood flow on intravenous infusìon

may well involve a reflex which acts to prevent an increase in femoral

vascular resÍstance.

Elevated c'irculating levels of angiotensin II result therefore in a

redistrjbution of the cardiac output from the renal and mesenteric c'irculations

to the skeletal musculature, ìn addition to an increased total peripheral

resistance and mean arterial pressure.

The nature of the superior mesenteric blood flow reduction to direct

infusion of angiotensin II is similar to the response of the femoral

vascular bed and contrasts with the renal circulation. The degree of

superior mesenteric and femoral blood flow reduction is constant throughout

the infusion period and returns to the control level immedjateìy after the

infusjon has been completed.

Renal blood flow on the other hand, steadiìy ìncreased towards the

control value despite continued infusjon of angiotens'in II. This effect

has been attributed to the intrarenal generatÍon of vasodiìatory substances

such as bradykinin and prostagìandin E (McGiff, Crowshaw, Terragno and

Lonigro, !970; Aiken and Vane, 1973; Malik and McGiff,1976).

The majority of previous reports, with the except'ion of Akinkugbe,
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Brown and Cranston (1966), have indìcated that the hìndquarters are as

active in removing angiotensin II from the circulation as the renal and

splanchnic vascular beds (Hodge, Ng and Vane, 1967; Biron, l4eyer and

Panisset, 1968; Broughton Pipkin, Mott and Robertson, I97l1, Haas, Goldblatt,

Lewis and Gipson, 1968, 1969, 1973).

This find'ing has not been confirmed in the present study, where the

hindquarters have been found to be significantìy less act'ive. This

lack of agreement may be due to the method of angiotensin II administration.

In the majority of prev'ious studies angiotensin II has been administered

by boìus injection wjth the peak response being monitored. In the

present study, the integrated response to 5 min infus'ionsof angiotensin II
has been examined.

Haas and his colleagues (1973) attributed a high degree of angiotensin

II inactivation in the femoral vascular bed to a slow leakage of injected

angiotensìn II from the hindquarter into the general circulation as a

consequence of a severe local vasoconstriction. When this severe

vasoconstriction was prevented by concomitant administration of bradykin'in,

angiotensin II passed through the hindquarter without loss of vasoactivity.

In the present experiments this deìayed transit of ang'iotensin II across

the femoral vasculature is demonstrated by the deìayed onset of the mean

arterial pressure response. The false positive results described by

Haas, Goldblatt, Lewis and Gipson (1973) were avoided jn the present

experiments both by administering angiotensjn II as a five minute infusion,

thereby achiev'ing a constant release of angiotensin into the general

circulation from the hindquarter and by mon'itoring the integrated nean

arterial pressure responses and not the peak pressor response, thereby

measuring the total vasoactivity of infused angiotensín II.
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It is ìrrteresbing to note that the only other study in agreement with

the present results (Akinkugbe, Brown and Cranston, 1966) used a similar

nethod in rabbits, involv'ing 5 min infusions of angiotensin II and a

pìanimetrìc measurement of the area contaìned by the blood pressure response.

The present findings therefore do not appear to be pecu'liar to the greyhound.

In the present study, the degree of renal blood flow reduction on

renal artery infusion of angiotensin II, was independent of the observed

degree of angiotensin II inact'ivation, as was the dose of administereci

angìotensin II. They may indicate that the vascular compartment is the

site of this inactivation and not the renal tubules.

The pulmonary c'irculation, ljke the femoral, is not involved in the

elevat'ion in total peripheral resistance in response to increased circulating

levels of angìotensin II (Barer, 1961) and, in addition, it is not a site of

angiotensin II inactjvation in uitro (Biron, Meyer and Panisset, 1968).

Thus there appears to be a substantial relationshjp between haemodynamic

respons'iveness and angiotensin II inactivation.

A radioimmunoassay technique was also used to jnvestigate angìotens'in

II inactivation in the renal and femoral vascular bed and failed to confirm

the results obtained with the attenuated pressor technìque.

This variance may be due to a lack of antigen'ic specificity, aìthough

the antisera used was less than 0.1% cross-reactÍve with the decapeptide

angìotensin I. However, metabolic fragments may have competed with

intact angiotensin II for the specific bindjng sites. Thjs effect has

been demonstrated in sheep (cain, catt and coghìan, 1969). A high

blood concentration of angiotensin II metabolic fragments at the time of

sampìing is conceivable, as the major route of inactivat'ion is thought to
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to be metabol'i sm (Bai I ie and Opari I , 1977) .

The lack of agreement between these two techniques may also reflect

a fundamental difference between the index of inactivation used. The

pressor technique examines angiotensin II activity in terms of its vasoactiv'ity,

whereas radioimmunoassay examines its concentration in the blood. These

two may not be equatable.

Furthermore, angiotensin II was administered intravenously 'in the

radioimmunoassay experiments, vlhereas the attenuated pressor technique was

examined on arterial infusion. This difference in resuìts may therefore

be due to variatìons in route of administration, blood concentration and

haemodynami cs.

t
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SUlvlI,IARY

1. 0n all routes of administration the doses of angiotensin II studied

elevated mean arterial pressure. The pressor response to interavenous

infus'ions was consistently greater than to either renal , fomora'l and

superior næsenteric artery and hepato-portaì veìn infusions.

2. The increase in mean arterial pressure on femoral artery infusions

of angiotensin II was significantly greater than renal and superior

mesenteric artery and hepato-portaì vein infusions of the same dose.

3. Direct infusion of angiotensìn II reduced local blood flow in the

renal, femoral and superior mesenteric vascular beds aìthough on

intravenous infusion, femoral blood flow increased whilst femoral vascular

resistance was unaltered. In contrast, renal and superior mesenteric

blood flow was reduced on intravenous administration of angiotensin II.

4. A high degree of angiotensjn II inactivation was observed in the

renal, splanchnic and hepato-portal circulations but onìy a minor loss

of ang'iotensìn II vasoactivity was observed during passage through the

femoral vascular bed.

5. l¡'lhile the loss of vasoactivity of angiotensin II in the renal

circulation was significantly greater than that seen in the hindquarters,

the arterio/venous differences in p'lasma angiotensin II concentration were

of a similar magnìtude in these two vascular beds.

6. Angiotens'in II inactivation in the renal circulation is independent

of both renal blood flow and of dose in the range studied.
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SECTION 4

THE I NFLUENCE OF ROUTE OF ADIVII N I STRAT I ON ON

THE CARDIOVASCULAR RESPONSE TO CATECHOLAIvlINES
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INTRODUCTION

The experlments reported jn this section investìgate in uiuo fate of

catecholamines in a number of peripheral vascular beds. Noradrenaljne

has been the prime catecholamine studied, whilst for comparative purposes

adrenaljne and ìsoprena'line have been included in some of the studies.

Variable haemodynamic responses have been reported in peripheral

vascular beds, to both intravenous and intra-arter.ial admin.istration of

adrenaline and noradrenaline (Barer, 1961; Hoffbrand and Forsyth, 1973),

ìn part reflecting the djffering populations of c- and ß-adrenoceptors in

the peri pheral ci rcul ation. Nevertheless, both adrenal ine and

noradrenal'ine elevate mean arterial pressure at least 'in part through an

increase in total peripheral resistance. Hoffbrand and Forsyth (1973)

observed a redistribution of the cardiac output from the splanchnic, renal

and cutaneous circulations to those of the heart and skeletal musculature.

The present study investigates further the relative contribution of each

peripheral vascular bed studied to this increase in total peripheral

vascul ar resi stance .

Despite the variable haemodynamic responses of peripheral vascular

beds to noradrenaline and adrenaline their inactivation in these vascular

beds'is thought to be uniformly high (Gìnn and vane, 196g; vane, 1969;

Grygìewski and Vane , I}TO), predominantly through the effects of neuronal

and extraneuronal uptake (Iversen, 1967). Isoprena'line jnactivation,

however,'is slightìy smaller in magnitude (Gryglewski and vane, 1970) as

it is only a substrate for extraneuronal uptake (Callingham and Burger, 1966).

Isoprenal'ine is not a naturally occurring catecholamine and, unlike adrenaljne

and noradrerraline, is a pure ß-adrenoceptor agonist.
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Haas, Goldblatt, Lewis and Gipson (1SZS¡ found that both noradrenaline

and angiotensin II inactivation could be inhibited in the femoral vascuìar

bed when the local vasoconstrictor response was blocked by a concom'itant

administration of bradykinin, indicating that local haemodynamics may

greatly 'influence estimations of noradrenalìne inactivation in the hind-

quarters. The influence of blood flow changes on the rate of inactivation

of noradrenaline has been closely examined in a number of vascular beds in

this section.
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l\1ETHODS

The experìments were performed in 13 ex-racìng greyhounds weighing

26-33 kg. The techniques used forinducing and maintainìng anaesthes'ia

and mon'itoring cardi ovascul ar variables are di scussed 'in detaì I in Section 2.

Mean arterial pressure and blood flow in the vascular bed under study

were monjtored during intravenous and direct infusion into the vascular bed

of noradrenaìine, adrena'line and'isoprenaline. Catecholamine inactivation

was calculated by the attenuated systemic pressor response nethod.

The drugs used were alpha-chìoralose (CgH1106Cl3, B.D.H. ), morph'ine

sulphate (D.B.L.), 1-noradrenaline bitartrate monohydrate (Levophed,

Winthrop), adrenaljne (USV, Knoll ), isoprenaline hydrochloride (Isuprel,

l.l'inthrop) . Al I drugs were di ssol ved i n phys'i ol og'i cal sal i ne ( sodi um

chloride 154 nrnol/) and 5 mg l-ascorbic acid (Sìgma) was added to

noradrenaline solutjons to prevent oxidation (finaì concentration 1 x 10-4

mol /T) .

All infusions were made on a constant speed syringe infusion pump at

I ml/min. At least 10 min was allowed to elapse between consecutive

catecholamine infusions, w'ith each infusion being preceded by a control

ìnfusion of saline.

With the exception of those experiments where the influence of dose

on card'iovascul ar responses and rnechanisms of inactivation was invest'igated

the doses of catecholamines infused through a1l routes were as follows:

noradrenaline 10 ug/min (59.1 nmol/mjn); adrenaline t0 ug/min (5+.6 nmol/min);

isoprenaline 1.0 uglmin (4.7 nmol/min).
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P, ISULTS

SECTION 4, 1 NORADRENALINE

CARDTOVASCUTAR RESPONSES TO TNTRAVENOUS, RENAL ARTERV AN' FEMORAT

ARTERV 1NF{./SIONS OF NORA'RENAIINE

GENERAL

Mean arterial pressure

The mean arterial pressure responses to intravenous, renal artery and

femoral artery infus ions of noradrenal ine (10 uglm'in; 59.1 nmol/min) 'in a

single experiment are found in Fjg. 4.1.1. Mean arterial pressure was

elevated on all three routes of administration although the magnitude of

this pressor response varjed substantialìy w'ith route of administration.

Similar results were observed in each of the 7 dogs studied and the

poo'led data appear in Table 4.1.1. Intravenous jnfusions of noradrenaline

resulted in the greatest jncrease in mean arterial pressure (160.8 t 80.1

mm Hg x min). The magnitude of the renal artery pressor response

(105.7 ! 48.2 mm Hg x min) was only sìightly less than the intravenous

response and the difference was not significant. The pressor response

to femonaì artery infusions of noradrenaìine was significantly less than

both the jntravenous and renal artery responses (6.t t 6.1 mm Hg x m'in,

p<0.05).

Renal blood flow and renal vascular resistance

The renaì blood flow response to 'intravenous, renal artery and femoral
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FIG. 4.1.1. The changes in mean arterial pressure (M.A.p., mm Hg)

in a singìe experiment in response to 5 min intravenous (1.v.), femoral

artery (r.n.) and renal artery (n.n.) infusions of noradrenaline

( 10 ug/min t59.1 nmol/minl).
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arbery infusions of noradrenaline jn a s'ingle experiment are found in

Fig. 4.I.2. Renal artery administration resulted in a substantial fall

in renal blood fìow, an effect which persìsted for some t'ime after the

infusion period. The pooled renal blood f'low responses for thìs group

of 7 dogs appear in Table 4.1.1.

The fall in renal blood flow on renal artery'infusion of noradrenaline

(-1275.6 t 324.6 ml) was significantly greater than the response to either

intravenous (-L60.7 t 2I.7 ml , p<0.01) or femora'l artery infusion

( -9.4 + 9.4 ml , p<0 .005) . The I atter route of admi ni strati on reduced

renal blood flow in onìy one of seven dogs studied (Table 4.1.1).

Similar results were obtained with calculated rena'l vascular resistance.

A substantial increase in renal vascular resistance occurred on renal artery

infusion (284.I t 76.9%) with a significantly smaller response associated

with intravenous jnfusion (38.i t 15.7%, p.0.025). Renal vascular

resistance was virtually unaltered on femoral artery infusion of noradrenalìne

( -0 .8 t 7.6%, Table 4 .L.2) .

Femoral blood flow and femoral vascular resistance

Femoral blood flow was reduced with all three routes of noradrenaline

infusion and the results from a s'ing'le experiment appear in Fig. 4.I.2.

As expected, the greatest reduction in femoral blood flow occurred on

femoral artery infusion and this response was followed by a period of

marked hyperaemìa.

Similar results were found ìn each of the 7 dogs studied and the pooled

results appear in Table 4.1.1. The reduction in femoral blood flow was

significantly greater on femoral artery infusion (-1057.3 t 273.6 ml) than
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FIG. 4.1.2. The changes in renal blood flow (R.8.F., ml/min) and

femoral blood flow (F.8.F., ffil/min) in a singìe experinent in response

to 5 min intravenous (I.V.), femoral artery (F.4.) and renal artery

(n.n.) infusions of noradrenaline (10 ug/min t59.1 nmolTminl).
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on eìther jntravenous (-67.7 t 49.4 ml, p<0.01) or renal artery infusions

(-181.3 i 112.1 ml, p.0.01). There was no s'ignificant difference between

these latter two routes of administration.

S'imilarly, the jncrease in femoral vascular resistance was signìficant'ly

greater on femoral artery infusion (318.5 t 80.2%) than on e'ither intra-

venous (66.7 t L3.8%, p<0.05) or renal artery infusions (42.2 t 12.O%,

p<0.025) . The renal artery response was s'ign'ifi cantly less than the

i ntravenous response ( p.0.005) .

CALCULATED NORADRENALINE INACTIVATION

In this group of 7 dogs, noradrenaline inactivation was determined by

the loss of systemic vasoactìvity after passage through the renal or

femoral vascular beds using the attenuated systemic pressor response

techn'ique. The mean results appear ìn Table 4.1.1.

An extens'ive degree of noradrenal'ine inactivation was observed in the

hindquarters, 99.0 t 1.0%, wh'ich was significantìy greater than the results

obtained in the renal vascular bed, 28.9 ¡ 6.8% (p<0.001).

These results are in direct contrast to those obtained w'ith angiotensìn

II.
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THE INFLUEÑCE OF 
'OSE 

AN? REÑAI HAEM(JDYNAMÍCS OiV THE RENAL

|NACTTV ATION OF ÑORA'RENALlÑE

GENERAL

Mean arterial pressure and renal blood flow

Noradrenaline was infused through the intravenous and renal artery

routes of administration for 5 min, at three dose levels (2.5, 5.0 and

10.0 ug/min; 14.2, 28.5 and 59.1 nmol/min). Mean arterial pressure was

elevated in a dose-related manner with each route of infusion (Table 4.1.3).

With each dose, the intravenous pressor response was greater than the

rena'l artery response. l-h'is difference was sign'ificant for the 2.5 and

5.0 pg/min doses (p<0.001, p<0.005, respectively) but not for the 10.0 ug/

m'in dose .

Renal blood fìow was reduced on each route of administration and with

each dose (fa¡le 4.1.3). Renal artery 'infusion resulted in a significantìy

greater reductìon in renal blood flow than on jntravenous infusion for each

dose studìed, 2.5 vg/nin (p.0.05) , 5.0 uglmin (p.0.005) and 10.0 ug/min

(p.0.001) .

The renal blood flow response to renal artery infusion of noradrenaline

at 2.5 ug/min is significantly smaìler than the response to either the

5.0 pglmin or 10.0 uglmin doses (p<0.02). These latter two doses were

not significant'ly different in their renal blood flow responses on direct

infusion.
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CALCULATED NORADRENALINE INACTIVATION

The inactivat'ion of noradrenaline in the renal circulation and the

'influence of jnfused dose and renal haenodynamjcs was investigated by the

attenuated systenri c pressor response technique.

Renal inactivation of infused noradrenaline decreased with increasing

dose, (2.5 i1g/min, 73.2 t 7.3%; 5.0 ug/mìn, 43.2 t 10.2%; 10.0 ug/m'in,

2I.I t 3.7%; n=7, Table 4.1.3), with the calculated percentage inact'ivatìon

for the 2.5 and tO.0 ug/min doses be'ing signif icantly d'ifferent (p<0.01) .

The influence of concurrent renal blood flow alteratìons are demonstrated

in Fig. 4.1.3.

The relationship between percentage inactivation of renal artery

'infused noradrenaline and fall in renal blood flow associated with direct

infusion of noradrenaline was examined and a sìgnificant negative correlatjon

was obtained (p<0.05). These results are also in sharp contrast to the

study with angìotensin II which was discussed in Section 3.

CARDTOV/SCUTAR RESPONSFS TO TNTRAVENOUS, SUPERIOR MESENTERIC

ARTERY ANO HEPATO-PORTAL t/E1.\/ fÑF(.IS1ONS OF NORA'REÑAtfNE

GEN E RAL

Mean arterial pressure

Intravenous, superior mesenteric artery and hepato-porta'l vein infusions
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FIG. 4.1.3. The relationship between the calculated percentage inactivation

of noradrenaline in renal circulation and the integrated fall in renal blood

flow (R.8.F., ftl/min) on 5 min renal artery infusions of noradrenaline

(2.5, 5.0 and 10.0 uglmin [14.2, 28.5 and 59.1 nmotTminl) .
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of noradrenal'ine resulted in an elevation of mean arterial pressure as

demonstrated 'in Fìg. 4.1.4, from a singìe experiment. Similar pressor

responses were observed on superior mesenteric artery and hepato-portal

ve'in'infusions and these were considerab'ly less than the intravenous

response.

Consistent results were obtained in the other 5 dogs studìed and the

mean results appear in Table 4.1.4. The pressor response to superior

mesenteric artery infusjons (38.2 t 7.2 mm Hg x min) and hepato-portal

vein infusions (52.1 t 9.2 mm Hg x min) were both significantly less than

the response to'intravenous'infusions (157.3 t 25.0 mm Hg; p<0.005, p<0.001'

respectiveìy). The mean pressor response to superior nesenteric artery

infusions was significantly less than that to hepato-portal vein ìnfusjons

(p<0.05) .

S upe rior mesenteric blood flow

Superior mesenteric blood flow uras reduced on all three routes of

admin'istration and, as expected, the greatest reduction was associated with

superior mesenteric artery infusion.

However, the nature of thìs blood fìow response contrasted w'ith that

observed'in the renal and femoral vascular beds in that the degree of

superior mesenteric blood flow reduction was not constant during the

infusion period but rather after an initial sharp fall, steadily increased

to the pre-infusion value, despite the continued infusion of noradrenaljne

(Fi g. 4. 1.4) . In thi s exper jment, by the completion of the infusion

period, superior mesenteric blood flow had returned to its pre-infusion

value and this was followed by a period of marked hyperaem'ia. A similar,

although substantiaììy smaìler effect was observed on intravenous infusion
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FIG. 4.1.4. The changes in mean arterial pressure (1.1.A.p., mm Hg)

and superior mesenteric bìood flow (s.M.8.F., m]/min) in a singìe

experiment, to 5 min intravenous (I.v.), superior mesenterìc artery

(s.u.n.) and hepato-porta'l vein (H.p.v. ) infusions of noradrenaline

( 10 uglmi n t59 . I nmol /mi nl) .
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'in all 6 dogs studjed w'ith thìs protoco'l and the mean integrated blood flow

responses appear in Table 4.1.4.

The greatest reductjon ìn superior mesenteric blood flow occurred on

direct infusion (-809.7 t 226.i ml), wìth sìgnificantly srnaller responses

observed on intravenous (-UA.7 ! 196.8 ml , p<0.01) and hepato-portal vein

infus jons (-97.5 t 95.1 ml , p<0.01) .

CALCULATED NORADRENALINE INACTIVATION

The loss of systemic pressor activ'ity of noradrenaline during passage

through the splanchnic and hepato-portal venous circulations was used as

the index of noradrenaline ìnactivation, as outlined in Section 2.

The degree of noradrenaìine inactivation on superior mesenteric artery

and hepato-portal vein jnfusions was extensivé, namely 73.3 t 4.4%;

62.5 x 9.0%, respect'ively (n=6, Table 4.1.4) . These values are not

sign'ificantly di fferent. They are, however, significantly ìess than

the degree of noradrenaline inactivation in the femoral vascular bed

(p.0.005). Nevertheless, noradrenaline inactivation in the renal cir-
cuìation is signifícant]y less than both the splanchnic (p.0.001) and the

hepato-portal c'ircul at'ions (p<0.02) .

This substantial variation in noradrenaline inactivation in the

peripheral vascular beds studied is represented in Fi9.4.1.5.
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FIG. 4.1.5. The mean caiculated percentage inactivation of infused

noradrenlaine (10 ug/r¡in [59.1 nmol/minl for 5 min) in the renal (R.4.).

femoral (f.n.), superior mesenteric (S.lU.1.n.¡ and hepato-portaì (H.P.V.)

ci rcul ati ons .
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SECTION 4,2 ADRENALINE

CARDLOUASCULAR RESPONSES TO INTRAYEÑO{JS RENAT ARTERY AN' FEMORAT

ARTERY lNFUSl()ÑS OF A'RENALTÑE

GENERAL

Mean arteri al pressure

The mean arterial pressure responses to intravenous, renal artery and

femoral artery'infusions of adrenal'ine in a single experiment are found in

Fìg. 4.2.L. l4ean arterìal pressure waselevated on all three routes of

infusion although onìy a mìnor pressor response was observed on femoral

artery 'infusìons. S'im'ilar results were obtained 'in the four other dogs

studied wjth this protocol and the pooled results appear in Table 4.2.I.

The pressor response on femoral artery infusion (8.4 t 2.0 mm Hg x min)

was significantly less than both the intravenous (149.6 x 27.3 mm Hg x m'in,

p<0.02) and renal artery responses (100.4 x 20.3 mm Hg x mìn, p<0.01).

The intravenous pressor response was greater than the pressor response

to renal artery infusion, although this difference was not sign'ificant.

Renal blood flow

The nature of the renal blood fìow responses to adrenaline infusjons

via these three routes of administration was similar to that observed with

noradrenal'ine. Renal artery infus'ions of adrenalìne resulted in a

dramatic reduction of renal blood flow ('1784.8 t 379.0 ml) whjch was

prol onged 'in duration (Fi g . 4 .2.2). Sì gni f i cantìy smal I er reduct jons

in renal blood flow were observed on 'intravenous infusions (-I75.6 t 46.9 mì '

p<0.02) wh'ile femoral artery infusions were without effect (faUle 4.2.1).
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FIG. 4.2.I. The changes in mean arteria:l pressure (M.A.P., mm Hg) in

a single experiment in response to 5 min intravenous (t.V.), femoral

artery (F.4.) and renal artery (n.n.) infusions of adrena'line (10 ug/min

t54 .6 nmol /mi nl) .
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FIG. 4.2.2. The changes in renal blood flow (R.8.F., ml/min) and

femoral blood fìow (F.8. F., ill/min) in a s.ing'le experiment in response

to 5 min intravenous (I.V.), femoral artery (F.4.) and renal artery

(R.4.) infusions of adrenaline (10 ug/min t54.6 nmolTminl).
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Femoral blood flow

The femoral blood flow responses to intravenous, femoral artery and

renal artery infusions of adrenaline are also contaìned in Fig.4.2.2.

Femoral blood flow was reduced and all three routes of infusion with a

considerabìy greater response observed on femoral artery jnfusion.

This response was followed by a period of marked hyperaem'ia. Similar

effects v,/ere seen in the 4 other dogs studied and the pooled results are

found in Table 4.2.I.

The substantial fall in femoral blood flow on direct infusion of

adrenaline (-1109.7 ! 45.4 ml) was significant'ly greater than the

intravenous response (-323.7 t L82.9 ml, P.0.05).

CALCULATED ADRENAL INE I NACT I VAT I ON

The index of adrenaline inactivation in the renal and femoral vascular

beds was the loss of systemic pressor activity on renal artery and femoral

artery infus'ions when compared to the intravenous response. The

calculated values of adrenaline inactivation in these two vascular beds

are found in Tabl e 4.2.L.

Adrenaline was almost completely removed 'in the femoral circulation

93.7 ¡ I.4% (n=5) whereas a considerab'ly lower degree of inactivation was

observed on renal artery infusion (29.2 ¡ 9.2%, n=5, P.0.005). This

disparity between the femoral and renal vascular beds is simìlar to that

seen with noradrenaljne (Table 4.1.1).
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SECTION 4,3 ISOPRENALINE

CARDTOUASCULAR RESPOIVSES TO INTRAVENOUS, SUPERT{0R MESENTERIC

ARTERY ANO HEPATO-P0RTAL UEIN 1ÑFUSlOI\JS ()F ISOPRENALIÑE

GENERAL

Mean arterial paressure

The mean arterial pressure responses to intravenous, superìor rnesenterjc

artery and hepato-portal vein infusions of isoprenaìine in a singìe

experiment are found in Fig.4.3.1. All three routes of infus'ion

resulted in a reduction jn mean arterial pressure with the greatest response

being on'intravenous infusion.

The pattern of depressor responses in each of the 5 dogs studied was

similar and the mean results appear in Table 4.3.1. The reduction jn mean

arterial pressure assoc'iated with intravenous infusion (-86.4 ! 20.8 mm Hg x

min) was s'ignìficantly greater than that observed on ejther supenior mesenteric

artery (-2I.8 t 5.4 mm Hg x m'in, p<0.02) or hepato-porta'l vein infusions

(-30.8 r 11.5 mm Hg x min, p.0.02). The mean arterial pressure responses

to these latter two routes of infusion lvere not sìgn'ificantìy djfferent.

Superior mesenteric blood flow

The superior mesenteric blood flo!'/ responses to these three routes of

'isoprenaìine infusions in a singìe experiment are found in Fi9.4.3.1.

Direct'infusjon of isoprenaljne resulted in a substantial increase jn

supe¡ior mesenterjc blood flow. Considerably smaller responses were

seen on intravenous and hepato-portal vein infusions.
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FIG. 4.3.1. The changes in mean arterial pressure (U.n.p., mm Hg)

and superior mesenteric blood flow (S.M.8.F., ml/min) in a single

experiment in response to 5 min intravenous (I.V.), superior resenteric

artery (S.l'1.4.) and hepato-portal vein (H.P.V.) Ínfusions of isoprenaline

( t .O ug/mi n t4 . 7 nmol Tmi nl) .
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The pooled data for 5 dogs ìndjcate that the jntravenous and hepato-

portal venous responses are subject to considerable variatjon (Table 4.3.1).

However, the increase ìn supenior mesenteric blood floW on superior

mesenteric artery infusions of isoprenaline (1278.0 t 233.6 ml) was con-

siderably greater than on either ìntravenous (52.8 x 76.1 ml) or hepato-

portal vein infusions (-6.8 t 25.3 ml , p.0.01) .

CALCULATED ISOPRENALINE INACTIVATION

Isoprenaline inactivation was exam'ined by studying the loss of

systemìc vasoactivity on superìor mesenteric artery or hepato-porta'l vein

infusions, when compared to the 'intravenous response, although in contrast

to previous experiments these responses were depressor and not pressor.

The mean results for 5 dogs appear in Table 4.3.1.

Isoprenaline inactìvation was greater on superior mesenteric artery

infusion than on hepato-porta'l vein infusions (73.3 + 4.7%, 64.8 t 7.0%,

respective'ly, n=5). However, this difference was not sìgnificant.

The levels of isoprenaline inactivation are lower than the results obtained

for noradrenaline with the same routes of administration.
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DISCUSSION

It is apparent from these findings that perìpheraì vascular beds vary

in the'ir handl'ing of administered catechol amjnes. Al though jntra-

arterial adm'injstration of noradrenaline in the renal, femoral and superior

mesenteric arterjes resulted in a reduction in local blood flow, the nature

of this reduction varied marked'ly between vascular beds.

The decrease in renal blood flow on renal artery infusions of

noradrenaline was of long duration, w'ith the pre-infusion blood flow level

not being restored until approximately 10 min after completion of the

infus'ion. The mechanism for thìs proìonged renal vasoconstriction may

jnvolve the intrarenal renin-angiotensin system. Bomzon and Rosendorff

(1975) observed an attenuated increase in renal vascular resistance to

renal artery infus ions of noradrenal ine fol low'ing renal angiotens'in I-

convertjng enzyme 'inhibition. Thìs may reflect a direct vasoconstrictor

effect on the renal vasculature by locally generated angiotensin II or

possib'ly an jnhìbition of neuronal uptake by increased jntrarenal levels

of angiotensin II, thereby increasing the duration of noradrenaline's

vasoconstrictor activity in the renal vasculature. The concentration

of angìotensin II required to inhibit neuronal uptake however,'is thought

to be high (Starke, 1977). The 'involvement of the intrarenal renin-

angiotensìn system in the response of the renal vasculature to infusìons

of noradrenaline are consiciered, in deta'il, 'in Section 7.

Femoral blood flow was dramaticaìly reduced on direct 'infusion of

noradrenal'ine, although the duration of this reduction was shorter than

the renal response. This reduct'ion was followed by an extensìve hyperaemia

in the post-'infusion period. , Adrenal ine produced s'imilar blood flow changes

in the renal and femoral circulations to those observed with noradrenaline.
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The haemodynamìc response pattern of the superior mesenteric vasculature

to noradrenaline infusions was quite different from that in both the renal

and femoral circulatìons. Superior mesenteric artery infusion resulted in

an init'ial dramat'ic reduction in local blood flow, which was followed by a

progressive ìncrease in blood flow, w'ith restoration of the resting leve'ì

occurrjng by the conclusion of the infusion period. An extensive post-

'i nf us i on hyperaemi a fol I ows .

A similar haemodynamic response pattern 'in the mesenteric vasculature

has been observed on sympathetic nerve stimulation (Greenway and Stark,

1971). After a period of 1-2 minutes of continued stimulation, splanchnic

blood fìow failed to be maintained at a reduced level and stead'ily ìncreased

to the rest'ing value.

This effect has been labelled "autoreguìatory escape" and appears to

be confìned to the splanchnic circulation. The mechanisms involved in

this response are not well understood and are subject to species variation.

Autoregu'latory escape has prev'iously only been described on neural stimulation

and not to administration of exogenous noradrenaline. in addition, it is

thought not to occurin dogs (Greenway and Oshira, L972). These results

however, indicate that autoregulatory escape occurs in greyhounds and to

infusions of exogenous noradrenal'ine.

Certainly these haemodynamic results contrast with those observed 'in

the renal and femoral c'irculations and the superior mesenteric artery

response to an eguipressor dose of angiotensin II, discussed in Section 3.

The haemodynamic response of the nesenteric vasculature to isoprenaline

infus'ions was also examined. Isoprenaìine js a pure ß-agon'ist and results

in an increase in superior mesenterjc blood flow on both direct and
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intravenous infus'i ons.

In travenous adm'i ni strati on of noradrenal i ne res ul ts i n an 'i ncrease i n

mean arte¡ial pressure, which js partialìy mediated by an increase'in total

perìpheral resistance. Hoffbrand and Forsyth (I972) observed a

redist¡ibution of the cardiac output with intravenous infusions of

noradrenaline. Vascular resistance was increased ìn the braìn, skin,

gastrointestjnaì tract, bone and kidneys aìthough there was no significant

al terati on i n card'i ac or skel etal muscl e vascul ar resi stance .

In the present study, intravenous 'infusion of noradrenaline resulted

in an increase in mean arterial pressure and decreased blood flow'in the

renal, femora'l and superìor mesenteric circulations. Therefore, unìike

prev'ious studies, this route of noradrenaljne administration did not

appear to be associated w'ith a redistribut'ion of card'iac output to the

skeletal muscul ature.

These results contrast with those observed w'ith angiotensin II, where

there is an obvious redistribution of blood flow from the renal and

mesenteri c c'i rcul ati ons to the h'indquarters .

In recent years, there has been an increas'ing understanding of the

many compìex mechanisms reguìating sympathetic nerve transmission and the

effects of noradrenaline in a number of tissues (Westfall, 1977; Starke,

Lg77). The majority of these studies have been performed in uitro,

whereas this thesis has attempted to clarify the in uiuo fate of

ci rcul ating catecholamines.

A hìgh degree of noradrenal'ine inact'ivation is thought to occur in all

denseìy, sympathetically 'innervated organs (Celander and Mellander, 1955;
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Gryglewsk'i and Vane, 1970). This result has not been confirmed jn the

present experiments, where a low degree of noradrenal ine inact'ivation was

observed i n the ki dney.

Renal artery 'infusions of noradrenaline are associated with a marked

reduction in renal blood flow and consequentìy glomerular filtration rate.

As noradrenaline is known to be excreted in the urine, th'is low degree of

ìnactjvat'ion of infused noradrenaline may be due to a reduced capacity of

the kidney to excrete noradrenaline. Support for this v'iew comes from

the findings of 0very, Pfister and Ch'idsey (1967) who noted the source of

urinary noradrenaline was the circulation and not intrarenal neuronally

released noradrenal ine.

This hypothesis is further supported by the experiments jn which the

effects of dose on the renal inactivat'ion of noradrenaline were examined.

Renal noradrenaline inact'ivation was inversely related to the concurrent

fall jn renal blood flow, in that greater reductions in renal blood flow

were associated with a reduction in noradrenaline inactivation. hl'ith

greater renal bìood flow reductjons, the ability of the kjdney to excrete

noradrenaline in the urine is impaired. t,J'ith smaller doses of infused

noradrenaline which resulted in only minor decreases in renal blood flow,

the degree of noradrenal'ine inactivation was comparable to that in the

other vascular beds studied.

Intrarenal generat'ion of angiotensin II may also contribute to this
'low degree of inactivation, due to its inhìbitory action on neuronal uptake

(Jackson and Campbelì, L979). Both of these possibilities are considered

in detail, in Sections 6 and 7.

Noradrenal ine 'inf used vja the femoral artery was almost comp'letely
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inactjvated during passage through the hìndquarters. A slightly lower

but still extensive degree of inactivat'ion (85-90%) has been reported

previous'ly (Celander and [tlellander, 1955; Regoli and Vane, 1964; Ginn and

Vane, 1968). A later study from Vane's laboratory however, only

observed a 60% degree of noradrenaline inact'ivation in the hindquarters

(Gryglewski and Vane, 1970).

In this study, adrenaline inactivation was almost identical to that

observed with noradrenaline in the renal and femoral circulations. This

is in addition to their similar haemodynamic response pattern.

Noradrenaline and isoprenaline jnactivatjon were examined 'in the

splanchnic and hepato-portal circulations. The degree of isoprenalÍne

'inactivation was lower than that seen with noradrenaline in each vascuìar

bed. This difference may be expìained in terms of uptake spec'ificities.

Isoprenaline, unlike noradrenaline, is onìy a substrate for extraneuronal

uptake (Callingham and Burger, 1966), lvhereas noradrenaline is removed by

both neuronal and extraneuronal uptake processes.

In summary, intra-arterial adm'inistratjon of noradrenaline resulted

in an array of haemodynamic responses in the vascular beds stud'ied,

although in each case blood flob, was reduced. In contrast to the

results obtajned wjth angiotensin II, a'll these vascular beds contrjbuted

to the overall jncrease in peripheral vascular resistance on intravenous

infusions of noradrenal ine.

Furthermore, the degree of noradrenaline ìnactivat'ion in the renal and

femoral vascular beds was quìte different from that observed with an

equìpressor dose of angiotensin II, although similar results were observed

in the splanchnic circulation.
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The remaining sections of this thesis investigate these differences

between angìotensin II and noradrenaline in the renal and femoral

circulations and possible mechanisms regulating the ín uiuo inactivation

of noradrenaljne and angiotensin II in the peripheral circulation.
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SUlviIVI ARY

1. Mean arterial pressure v'ras elevated on all routes of administration

at the dose of noradrenaline studied. The response on intravenous

infusions was consistently greater than on all other routes of administration.

Femoral artery infusion of noradrenaline resulted in onìy a marginal

increase in blood pressure.

2. Renal, femoral and superior mesenteric blood flow u,ere' reduced on

both intravenous and direct infusion of noradrenaline. The nature of

the blood flow reduction on direct infusion varied markedly between these

three vascul ar beds.

3. "Autoregulatory escape" of blood ftorv uras observed in the superior

mesenteric vascular bed to direct infusions of noradrenaline.

4. There !,ras a considerable variation in the degree of noradrenaline

inactivation in the peripheral vascuìar beds studied with a significant'ly

lower degree of inactivation being observed in the renal circulation.

5. The renal ìnactivation of noradrenalìne was dose and renal blood flow

dependent with inactivation decreasing on increasing dose and greater

reductions in renal blood flow.

6. The haemodynamic response patterns to intravenous renal and femoral

artery infusions of adrenaline were similar to those seen with the same

dose of noradrenaline, as was the degree of adrenaline inactivation in the

renal and femoral circulations.
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7. Intravenous, superior mesenteric artery and hepato-portal vein

infusions of isoprenaline resulted in a decrease in mean arterial pressure

and an increase in superior mesenteric blood flow. Isoprenalìne

inactivation in the superior mesenteric and hepato-portaì circulations was

extensive but less than that seen with noradrenaline.
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SECTION 5

IIECHANISIIS OF ANGIOTENSIN I I INACTIVATION

IN PERIPHERAL VASCULAR BEDS



102

INTRODUCTION

The peripheral vascular beds examined in Section 3, demonstrated a

marked variation 'in their haemodynamic responses to intravenous and intra-

arterial administration of angiotensin II. Furthermore, these vascular

beds were not equiactive in their abiìity to term'inate the effects of

'infused ang'iotens'in I I.

The poss'ibl e pathways by which peri pheral vascul ar beds i nactivate

angiotensìn II were outlined in Fig. 1.1. Metabolism is generally

thought to be the most important physio'logicaì mechanism (Bumpus, Smeby,

Page and Khairallah, 1964; Leary and Ledingham,1974; Bailie and Opari'1,

1977). Angiotensinases are found in both p'lasma and tissues althouqh

plasma angiotensinases are considerabìy less important in the in uiuo fate

of angìotensin II.

Urinary excretion does not appear to be a major route of angiotensin

I I 'i nacti vati on despi te 'i ts smal I mol ecul ar we i ght and reports that the

proxima'l tubule rapid'ly hydrolyzes microperfused angiotensin II (Puìlman,

0paril and Carone, 1975). Furthermore, a number of stud'ies have

demonstrated that ureteric'ligation fails to alter the degree of angiotensin

II'inactivation in the kidney (Akinkugbe, Brov,/n and Cranston, 1966; Leary

and Ledingham, 1970b).

The major s'ite of angiotensin II degradat'ion in the renal circulatjon

is thought to be the vascular compartment, as reductions in renal blood

flow and increases in renal transit time increase the renal inactivation

of angiotensin II (Bajlie and Oparil, 1977). Simi'larly, the hindquarter

inact'ivation of angiotensin II'is increased on delayed transit of

administered angìotensin II across the femoral vascular bed (Haas, Goldblatt,

Lewi s and Gi pson, 1973) .
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This influence of local haemodynamics on ang'iotensin II inactivation

has been investigated in thìs section through local receptor-antagonism

with Sarl-Ile8-angiotensin II. Direct infusions of angiotensin II during

receptor-blockade are not accompanied by reduct'ions in local blood flov¡

and mean transit time is consequently unchanged.

Furthernpre, with this technique, the influence of angiotensin II

receptor function on angiotensinase activity may be examined. Farruggia,

Sachs and Palaic (t979) reported that altered membrane-bound angiotensinase

activity affects agonist-receptor activation and conversely, therefore,

altered receptor function may influence angiotensinase activity.
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11 ETHODS

The experimental animal was the ex-racing greyhound (26-34 kg) and

the methods of anaesthesia induction and maintenance, drug administration,

measurernnt of cardiovascular variables and estimation of angiotensin Ii
are outlined in the General Methods.

Zero blood flow measurements were achieved with a mechanical occ'luder;

consisting of a loose l'igature and a 7 cm length of po'lyethylene tubing

pìaced on the artery proximally to the intra-arterial infusion catheter.

This occluding device was also used to partia'lìy occlude the renal artery

in those experiments requìring controlled reductions ìn renal blood flow

to a predetermined level.

Alì angiotensin II infusions were made at 500 ng/m'in (0.5 nmol/min)

for 5 min. In those experiments investigating the role of receptor

function and local haemodynamics, the angiotensin II competitive antagonist

Sarl-Ile8-angiotensin II was administered for 5 min, immediately prior to
the angiotensin II infus'ion. The dose of sarl-I1e8-angiotensin II
administered into each vascular bed was chosen such that'its antagonistic

actions were confined to the infused vacular bed, wh'ilst achievìng

adequate local receptor-blockade. The femoral vascular bed required

a smaìler dose than the other vascular beds studied.

The index of adequate receptor-blockade was the 'inhibjtjon of the

local vasoconstrictor response to direct infusions of angiotensin II, as

determ'ined from the degree of attenuation of the local blood fìow response.

Since this was not possible in the hepato-portaì circulation, an ident'ical

dose to that administered vja the superior mesenteric artery was chosen.
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Only minimal agonistic effects on local blood flow were observed on

Sarl-Iìe8-ang'iotensin II administratjon. This agonistic action was

transient and local blood flow was fulìy restored before the conclusjon

of the antagonist infus'ion and the commencement of the angiotensin II
infusion.

The following drugs were used: angiotensin II (Val5-trypertensin II-
Asp-ß-amide, Hypertensin, ciba), alpha-chloralose (cgH1106cl3, B.D.H.),

morphine sulphate (o.g.L.), sarl-Ile8-angiotensin II (Beckman). All
drugs were dissolved in physiological saline (sodium chloride 154 mmol/l)

and all infusions were administered with a constant speed, motor-driven,

syringe infusion pump at 1 ml/min.

Results are usually expressed as the npan, with the standard error
of the mean (s.e.m.) used as the index of dispersíon. Unless othen¡rise

stated, the data were ana'lysed with a student,s t-test and the null

hypothes'is was rejected when a p vaìue of less than 0.05 was achieved.
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THE EFFEIT 0F sARl -trcí-Auc/0TENsIN rr AND RENAT HAEMoTVNAMIcs

ON THE CAROTOV/SCULAR RESPONSES TO TNTRAVENOUS A/V'

RENAL ARTERY IÑFIJSIONS OF ANGTOTENSIN 11

RESULTS

GENERAL

The effects of the angiotensin II competitìve antagonist, Sarl-lle8-

angìotensin II, on the cardiovascular responses to renal artery infusions

of angiotens'in II were studied in two series of dogs.

In the first group of 8 dogs the mean arterial pressure, renal blood

flow and femoral blood fìow responses to renal artery and femoral artery

infusions of angiotensin II were monitored before and after renal artery

administration of Sarl-Iìe8-angiotensin II (3.3 ug/min t3.5 nmol/minl for 5 m'in).

Foì'lowing renal Sarl-Iìe8-ang'iotensin II administration, the increase

'in mean arterial pressure in response to rena'l artery infusìons of

angiotensin II was potentiated by approximate'ly three-fold, as demonstrated

'in Fì g. 5.1, from a singìe experiment.

Similar effects were observed in the 7 other dogs studied and the

pooìed results appear in Table 5.1. Renal artery administrat'ion of the

antagonìst resulted in a sign'ificant increase'in the systemic pressor

response to renal artery infusions of angiotensin II (before 23.4 t 5.7

mm Hg x min, after 78.4 x 10.7 mm Hg x mirì, P<0.005). The systemic

pressor response to femoral artery infusions of ang'iotensin II was however,

not significantly altered by the renal artery infusion of the antagon'ist

(before 123.5 t 14.1 mm Hg x min, after 126.I t 15.4 mm Hg x min).
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FIG. 5.1. The changes in mean arterial pressure (m.n.P., nun Hg)

in a s'ingle experiment in response to 5 min femoraì artery (f.n.) and

renal artery (n.n.) infusìons of angiotensin II (500 nglmin

[0.5 nmol/minl), before and after renaì artery administration of Sarl-

IleS-angiotensin II (3.3 ug/min t3.5 nmol/minl for 5 min).
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Adequate renal angiotensin II receptor antagonism was evident by the

dramatjcaììy attenuated renal blood flow (before -549.0 t 79.2 n1, after

-164.0 t 24.7 ml) and renal vascular resistance responses (before

122.4 t 28.0%, after 26.L ¡ 5.6%) to renal artery infus'ions of angiotensi'n

I I ( p.O .OOS respecti vely, Tabl e 5 . 1) .

The femoral blood flow and femoral vascular resistance responses to

femoral artery infusions of angiotensin II were unaltered by renal artery

admjnistratjon of Sa.1-Ile8-angiotensin II (femoral blood flow before

-175.0 t 40.1 m1, after -162.6 t 39.6 ml; femoral vascular resistance before

64.4 ¡ 17.L%, after 70.0 t 27.4%, Table 5.1) .

These results do not'indicate whether the effects of the antagonist

were mediated by inhib'iting ang'iotensin II receptor function in the renal

vasculature or through the subsequent altered renal blood flow response

to renaì artery infusions of angiotensin II. The relative contribution

of these actions to this effect of Sarl-I1e8-angiotensin II was examined

in a further group of 7 dogs, in which mechanical constriction of the renal

artery was employed to reproduce the control renal blood flow response to

angiotensin II in the presence of Sarl-Ile8-angiotensin II. This

treatment did not modify the effect of the antagonist'in potentiatjng the

pressor response to renal artery infusions of angiotens'in II (control

28.4 t 5.6 mm Hg x min, after sarl-Iìe8-angiotensin II 6g.6 ! 1.4 mm Hg x

min, after Sarl-I1eB angiotensjn and renal artery constriction 65.1 t 14.8

mm Hg x min, Fig. 5.2 and Table 5.2).

CALCULATED ANGIOTENSIN II INACTIVATION

The degree of angiotens'in II inactivat'ion in the renal circulatjon
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FIG. 5.2. The increases in nean arterial pressure (U.n.P., mm Hg x

min) in response to 5 min intravenous (1.V.) and renal artery (R.4.)

infusions of angiotensin II (500 ng/min t0.5 nmolTminl) before and after

renal artery administration of Sarl-Ite8-angiotensin II (3.3 ug/min.

[3.5 nmol/minl for 5 min) alone and in conjunction with a renal artery

constriction. The height of each column represents the mean

response from 7 dogs and the vertical lines, one standard emor of

the mean.
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was calculated by comparing the systemic pressor response to renal

artery infusion of angiotens'in II with the response to intravenous infusion

and expressed as a percentage as outlined in Sect'ion 2. The results

used to make this calculation were those obtained'in the second group

of dogs discussed above. Renal artery adminìstrat'ion of Sarl-Ile8-

angiotensin II resulted in a substantial reduction in the kidney's ab'ility

to inact'ivate infused angiotensin II (before 79.2 t 5.2%, after 53.4 t 5.5%'

p<0.005). When the control level of renal blood flow durjng rena'l

artery infusìons of angiotensin II was artifical'ly reproduced in the

presence of the antagonist, there was no further modification of this

impaired ability of the kidney to inactivate infused angiotensin II

(52.3 t 11.7%, f able 5.2).

THE EFFEIT oF sARt -rLEí-i.l,rc/orEruslru rr 0N THE c\wroyli-scutAR

RESP()NSES TO FEMORAL ARTERY TNFUSIONS OF NGTdTENSÍ/\J T1

GENERAL

Mea n arterial Dressure

The effects of femoral artery infusion of Sarl-Ile8-angiotensin II

(2.5 vg/nin t2.7 nmol/mìnl for 5 min) on the systemic pressor responses to

intravenous, femoral artery and renal artery infus'ions of angiotensjn II

were studied in a group of 5 dogs.

Following femoral artery admjnistration of the antagonist there was

a slight decrease in the systemic pressor response to femoral artery infusions
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of angìotensin II, as seen in Fig.5.3 from a sìngle experiment. A

similar result was observed in the four other dogs studied and the pooled

results appear in Table 5.3 (before 164.4 t 35.0 mm Hg x min, after

131.0 t 18.1 mm Hg x min).

Femoral aftery ìnfusion of Sarl-I'le8-angiotensin II did not significantly

alter the pressor responses to angiotens'in II infusions on any of the other

routes examined (intravenous before 224.6 t 37.9 mm Hg x min, after

2L4.0 r 36.2 mm Hg x min; renal artery before 53.6 t 6.0 mm Hg x mìn,

after 70.0 t 10.0 mm Hg x min).

Blood flow and vascular resistance

Foììow'ing femoral artery infusion of Sarl-Iìe8-angiotensjn II, the

substantial fall in femoral blood flow associated with direct angiotensin

II infusions was converted to anincrease in blood flow (before -381.8 t 59.5

ml , after 54.4 t 18.8 ml). This effect is demonstrated in F'ig. 5.3 from

a single experiment and pooled results for all 5 dogs studied appear in

Tabl e 5 .3.

Adequate angìotensin II receptor-antagonism in the femoral vascular

bed was also demonstrated by the attenuated percentage increase in femoral

vascular resistance on femoraì artery infus'ions of ang'iotensìn II (before

L24.0 t 22.6%, after 8.9 t 7.8%, p<0.02, Tabìe 5.4), folìowing femoral artery

'infusion of Sarl-Il e8-angiotensin I I.

CALCULATED ANGIOTENS IN I I INACTIVATION

The degree of angiotensjn II inactivation was calculated by the
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FIG. 5.3. The changes in mean arterial pressure (M.A.P., rnm Hg)

and femoral blood flow (F.8.F., ml/min) in a single experiment in

response to 5 min femoral artery infusions of angiotensin II (500 nglmin

[0.5 nmolTminl) before and after femoral artery administration of

Sarl-Ile8-angiotensin II (2.5 vg/nin Í2.7 nmol/minl for 5 min).
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1
attenuated system'ic pressor response techni que. Fol I ow'ing l ocaì Sar

o
I'le"-ang'iotensin II administration, there v'ras a slight 'increase in the

hindquarter inactivation of infused angiotensin II, although this effect

was not significant (before 27.6 t 4.8%, after 36.3 t 6.0%, Table 5.3) .

Ang'iotens'in Ii inactivation in the renal vascular bed was slightly

decreased fol low'ing femoral artery infusion of the antagonist, Tab'le 5.3,

however this effect was not s'ignificant (before 74.8 t 6.0%, after

65.5 t 4.5%).

THE EIFECÏ OF SARI -1rc8 -U,ICIOTEÄ/S TN TT ON THE CAROTOV/'SCULAR

RESPOAJSES TO TNTRAVEIVOUS, SUPERIOR MESENTER1C ARTERV ANO

HEPATO-PORTAL VETN INFUS1ONS OF ANGTOTENSÍN 11

GENERAL

fvlean arteri al pressure

The mean arterial pressure responses to intravenous, superìor mesenteric

artery and hepato-portaì vein infusions of angiotensin II, before and after

superìor mesenteric artery and hepato-portal vein infusions Sarl-Ile8-

angiotensin II (5.0 uglmin t5.3 nmol/m'inl for 5 rnin) in a single experiment

appear in Fi9.5.4.

Before adm'inistration of the antagonist the intravenous pressor

response is considerably greater than the response to either superior

mesenteric artery or hepato-portal vein infusions of angiotensin II.
Th'is is indicative of the high degree of angiotensin II'inactivation in
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FIG. 5.4. The changes in mean arterial pressure (M.A.P., mm Hg)

in a single experiment in response to 5 min intravenous (I.V.),

superior mesenteric artery (S.M.A.) and hepato-portal vein (H.P.V.)

infusions of angiotensin II (500 ng/min [0.5 nmolTminl) before and after

administration of Sarl-Ite8-angiotensin II (5.0 ug/min t,5.3 nmol/minl

for 5 min) initia'lly via the superior mesenteric artery and subsequently,

the hepato-portal vein.
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these vascular beds.

These pressor responses were unaltered after antagonist admìnistration

via the superior mesenteric artery. However, following a further

antagonist infusìon, in thjs case v'ia the hepato-porta'l vein, there was a

substantial increase in the pressor response to hepato-porta'l vein infusions

of angiotensin II although the intravenous and superior mesenterìc artery

responses were unal tered.

Similar effects were observed in all dogs and the pooled responses for

7 dogs appear in Table 5.5. After hepato-portal vein infusion of Sarl-
o

Ile'-angiotensin II, the pressor response to hepato-portaì vein 'infusions

of angiotensin II was significant'ly potentiated (before 28.7 x 3.9 mm Hg x

min, after 77.L t 19.6 mm Hg x miñ, p<0.005). This response is now

signìficantly greater than the pressor response to superior mesenteric

artery ìnfusions (29.7 t 4.3 mm Hg x min, p<0.05) , although it remained

significantìy less than the intravenous response (159.0 t 2L7 mm Hg * iin,
p<0.01) .

Superi or mesenteri c trl ood f I ow

The pooled superior mesenteric blood flow responses for the 7 dogs

studied w'ith this protocol are recorded jn Table 5.5. Following

superior mesenteric artery administration of the antagonist, the fall jn

superior mesenteric blood flow to dìrect infusions of angiotensin II was

dramat'icaìly attenuated (before -909.8 t 144.5 ml , after -74.8 t 98.1 ml ,

p<0.005) .

However, after a hepato-portaì vein infusion of Sarl-Ile8-angiotensin II,
the superior mesenteric blood flow response to direct ang'iotensin II
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'infusions was s'ignificantly greater than the response folìowing supenior

mesenteric artery adm'inistration of the antagonist (-582.8 t 95.9 mì,

p<0.005), aìthough i t remained sign'if icant'ly attenuated when compared to

the control response (p<0.01).

This may indicate a decline ìn angiotensin II receptor-antagonism 'in

the superì or n¡esenteri c c'ircul ation w j th time.

CALCULATED ANGIOTENSIN II INACTIVATION

The degree of angiotensin II inactìvation in the splanchn'ic and

hepato-portal circulations was calculated by the attenuated systemìc

pressor response techni que.

Initial administration of Sarl-I'le8-angìotensin II via the superior

mesenteric artery failed to alter the degree of angiotens'in II inactivation

in either of these vascular beds (splanchnic before 80.6 t 2.3%, after

81.7 t 2.0%; hepato-portaì before 85.3 t L.9%, after 82.6 t 2.0%, Table 5.5) .

This treatment was followed by an additional hepato-portal vein infusion of

the antagon'ist, which resuìted in a significant decrease in the hepatic

inactivation of angiotens'in II (50.1 ¡ 8.2%, P.0.01), although the degree

of inact'ivation on superior mesenteric artery infusion of angiotensin II

was unaltered (78.7 t 4.2%, Table 5.5).
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DISCUSSION

The'influence of receptor functìon on the abiìity of peripheraì

vascular beds to ìnactivate infused ang'iotensin II uras studied with the

competitive angiotensin II antagon'ist, Sarl-I'le8-angiotensin II.

Treatment of the renal and hepatic circulation with Sarl-IleB-

angiotensìn II resulted in approxìmately a three-fold potentìation of the

systemic pressor response to renal artery and hepato-portal vein 'infusjons

of angiotensin II. Thjs reflected a substantial reductjon in the renal

and hepatic inactivation of ang'iotensin II.

In contrast, a s'imi I ar treatrnent of the femoral ci rcul ati on fai led to

potent'iate the systemìc pressor response to femoral artery infusions of

angiotensìn II and concurrently, hindquarter inact'ivat'ion of infused

angiotensin II was not decreased.

The varied effects of Sarl-IleB-ang'iotensin II in the renal/hepatic

and femoral circulations may be associated with the contrasting mannerin

which the femoral vascular bed handles infused ang'iotens'in II. The

nature of the haemodynamic responses of the femoral circulation to angiotensin

II administration has been discussed in Section 3. Unlike the other

vascular beds studied, intravenous infusion of angiotensin II fajls to

increase femoral vascular res'istance and consequentìy there is a

redistributìon of the cardiac output to the skeletal musculature.

Furthermore, control levels of angiotensin II inactivat'ion jn the hindquarter

are cons'iderably lower than'in the other vascular beds exam'ined and therefore,

a further reduction may not have been demonstrable.

The effects of Surl-lle8-angiotensin II were also studied jn the
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splanchnic and hepatìc circulations. Treatment of these vascular beds

raìsed some problems due to their close anatomical relationshìp and the

'inabil'ity to measure hepato-portaì blood flow. The superior mesenteric

and hepato-porta'l circulations are in series, wìth blood flow from the

superìor mesenterjc circulation passing through the liver before returning

to the systemic circulation. Therefore, the responses to superior

mesenteric artery jnfusions of angiotensin II represent the sum of

activ'ities in the superior mesenteric and hepato-portal circulations and

for convenience in this study, has been called the splanchnic circuìation.

Initialìy, Sarl-I'le8-angiotensin II was administered via the superior

mesenteric artery. Th'is treatment failed to alter the magnitude or

nature of any of the recorded pressor responses, although adequate receptor

antagonism was evident in the superior mesenteric circulation. There

was the possibiìity however, that the effects of Sarl-Iìe8-angiotensin II

dìd not extend to the hepato-porta'l circulation and thjs was investigated

by a suppìementary'infusion of the antagonist v'ia the hepato-portal vein.

Thjs additional treatment resulted ìn a rnarked potentiation of the

pressor response to hepato-portal vein infusions of angiotensin II as the

result of a decreased hepatic inactivation of angiotensin II. The

magnitude of these effects was similar to those observed in the renal

ci rcul ati on .

The pressor response to superior mesenteric artery infusion was

unaltered by this second antagonist 'infusion. While this may indicate

that Sarl-I1e8-angiotensin II does not alter angiotensin II inactivation

in the mesenteric circulation, ârY effect may have been masked by the

remaining hepatic activity. Furthermore, on examin'ing the superior

nesenteric blood f'low responses to direct angiotensin II infusions, it



r23

was apparent that the antagonìstic effects of the initial superior

mesenteric artery 'infusion of Sarl-Ile8-ang'iotensìn II, were declinìng

w j th t'ime . Th erefore, a'l though angi otens in I I receptor antagoni sm

reduces the abjlity of the liver to inactìvate angiotensin II, the results

are jnconclus'ive in respect to this effect in the superior mesenteric

ci rcul ati on .

The mechanism by which Sarl-lle8-angiotensjn II part'iaì1y inhibits

angiotensin II inactivation jn the renal and hepatic circulat'ions is

difficult to assess from these results. The major physiological route

of ang'iotensin II 'inactivation is metabolism at tissue sites (Ryan, 1974)

and ìt may weì1 be that the antagonist'interferes with this metabolic

process. Sarl-Il.B-ung'iotensin II is known to be relatively res'istant

to amino-peptidase degradation in uitz,o (Regoli, Park and Rioux, 1974),

but to my knowledge, competitive antagonìsts of angiotens'in II have not

been previously reported to inhibit the inactivation of ang'iotensin in uiuo.

The effects of Sarl-Ile8-angiotensin II in the renal and hepato-

portal cjrculations therefore, frôy represent the bjnding of the antagonist

to amìnopept'idases thus preventing the access of these enzymes to infused

angiotens'in II. The partìal inhib'ition of angiotensin II inactivation

may'indicate the failure of Sarl-I1e8-angiotensin II to jnfluence the

function of alternatiu. ."n'u, and hepatic angiotensinases. The lack

of an effect of the antagonìst on the femoral inactivation of angiotensin

II may be due to the distribution of aminopept'idases wìthin that circulation.

Alternatively, occupancy of angiotensin II receptor sites by the

competitive antagonist may alter angiotensinase activity ìn sorlìe manner.

Farruggia, Sachs and Palaic (L979) have observed an intimate relat'ionship

between angiotensjnase activity and receptor function in rabbits. They
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suggested that membrane-bound angiotens'inase is involved jn the reguìation

of agonist availabilìty at receptor s'ites and to the activation of additional

receptors. Conversely, 'it may be possible therefore, that receptor

functjon modulates angìotens'inase activity.

The nature of angiotensin II receptors in the renal and femoral

vascular beds ìs thought to be different (Caldicott, Taub and Ho1'lenberg,

7977; Cal di cott, Taub, Korngol d and Ho1 ì enberg , I978; Cal di cott and

Hollenberg, 1979) and this variation in receptor populations may be involved

'in the contrastjng effects of Sarl-Ile8-angiotensin II on the 'inactivation

of inf used ang'iotensi n I I .

Angìotensin I converting enzyme, angìotensinase and ang'iotensin II

receptors are all membrane bound (Caldwell, Seega'l and Hsu, 1976; Ploth and

Navar, LgTg) and Sarl-I'le8-ang'iotensin II may impair the complex interactions

which occur between these elements, at the membrane level.

The effects of Sarl-IIe8-angiotensin II may also be nrediated by

redistributing internal organ blood fìow from areas of high angiotensinase

act'ivity to areas of low activity, particular'ly in the kidney where the

greatest angiotensinase actjvity is found in the outer cortex (Itskovitz

and Miller, 1967). However, the present evidence for selective regional

vasoconstriction by exogenous angiotensin II is controversial (Freeman and

Davi s, 1979) .

If angiotensin II 'is producing a greater degree of vasoconstriction

in the outer cortical regions with a subsequent shift in the intrarenal

distribution of blood flow (Hollenberg, Soloman, Adams, Abrams and Merrill,

Lg72), Sarl-I'le8-angiotensin II administration would maìntain cortical

blood flow and as this area contains the greatest angiotensjnase



r25

concentration, an'increase'in ang'iotensin II inactivation would be

expected and not the observed decrease. Therefore, changes in the

intrarenal distribution of blood flow do not expìain this effect of Sarl-
o

Ile'-angiotensin II, nor do secondary changes in glomerular filtration rate.

Adequate angiotensjn II receptor antagonism was defined 'in this study

by the'inhibition of the local blood flow response to djrect infusions of

angiotensin II. Therefore, local adm'inistr:ation of Sarl-I'le8-ang'iotensin

II should be associated with a maintenance of glomeruìar filtration at the

control level during renal artery infusions of angiotensin II. If
gl omeru'l ar fì I trati on was an i mportant process 'i n the renaì i nacti vati on

of angiotensin II, an increase'in inactivation would be expected with this

treatment, in contrast to the observed decrease.

This is in agreenent with previous findings which have jnd'icated

that the tubular destruction of angiotensin II is thought to be of m'inor

importance in the in uiuo fate of angiotensin II (Akìnkugbe, Brown and

Cranston, 1966; Leary and Ledingham, 1969; Bailie, Rector and Seldin, 1971;

Oparil and Bailie, 1973; Bailie and 0pariì, 1977).

The effects of Sarl-I'le8-angiotensin II in the renal and hepat'ic

c'irculations were of similar rnagnitude and it is probabìe therefore, that

a common mechanism mediates this effect, further questioning the jmportance

of changes in internal blood flow distribution and urinary excretion.

The effects of Sarl-I1e8-angiotensin II on angiotens'in II inactivat'ion

in the renal circulation are independent of renal transit time. In the

presence of the antagonist, a concomitant reduction of renal blood flow

fajled to alter the ability of Sarl-Ile8-angiotensin II to ìmpair the

inactivation of angiotensin II in the renal circulatjon. These results
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confirm the hypothesis that the predominant intrarenal site of angiotensin

inactivation is the vascular compartment (Bailie and Opari'1, 1977) and

this is also the site at which Sarl-Iìe8-angiotensin II js exerting its

effects.

Fina]]y, i f the nrechanisms by which Sarl-I1e8-angiotensin II

partialty ìnhibits angiotensin II inactivation in the renal and hepatic

circulations are further examined, it may lead to a clearer understanding

of the fate and handling of ang'iotensin II ìn peripheral vascular beds.

This is particular'ly important in the renal vascular bed because of the

potentiaììy important physiological role of the intrarenal renin-angiotensin

sys tem.
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SUlvltvlARY

1. Local treatment of the renal and hepato-portal circulations with

the competitive angiotensìn II antagonist, Sarl-Iìe8-angiotensin II,

s'ignificantly potentiated the system'ic pressor response to renal artery

and hepato-portal vein ìnfusìons of angiotensin II.

Z. This effect of Sarl-I'le8-angiotensin II in the renal and hepato-portaì

circulations represented a s'ignificant decrease in the degree of angiotensin

II inactivation in these vascular beds.

3. The effects of Sarl-I'le8-angiotensin II on the kidney's abif ity to

inactivate ìnfused angiotensin iI were independent of concurrent alterations

in renal blood flow and renal transit time.

4. Treatment of the femoral and superior mesenteric circulations wi,th

Sarl-I'le8-angiotensin II, failed to alter significantly the systemic

pressor responses to femoral and superior mesenteric artery infusions of

ang'iotensin II. Sim'iìarly, angiotensin II ìnactivation was unaltered

in these vascular beds.
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SECTION 6

Í'IECHAN I SI'1S OF NO RAD RENAL I NE I NACT I VAT I ON

IN PERIPHERAL VASCULAR BEDS
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INTRODUCTION

Peripheral vascular beds are generally believed to be approximateìy

equ'iactive in their ability to inact'ivate 'infused noradrenaline (G'inn and

Vane, 1968; Vane, 1969; Gryglewski and Vane, 1970). This was not found

to be the case in Section 4 of th'is thesis, where a considerable variation

in noradrenaline ìnactivation was observed in the vascular beds studied.

Possible mechanisms for this variance have been the subject of investìgation

in th'is section where the rate of noradrenaline inactivation has been

studied in the renal, femoral and splanchnic vascular beds.

Noradrenaline is removed from the circulation by neuronaì and

extraneuronal uptake (de la Lande, Frewin and f.laterson, L967) foìlowed by

intracel I ul ar metabol i sm and/or storage (Trendelenburg , 1977). These

differences in noradrenaline inactivation between the vascular beds studied

may therefore represent varying activities of these uptake processes.

Furthermore, direct admin'istration of noradrenaline in these vascular beds

results in a range of haemodynamic responses, suggesting that these

circulations may d'iffer in theiF o ôrd Ê-adrenoceptor populations. This

ilôy, in some way, influence noradrenaline inactivation.

These aspects have been investigated in this section by local antagon'ism

of cr and g-adrenoceptors within each vascular bed studied. Two

cr-adrenoceptor antagonists were used, phentoìamine and phenoxybenzamine.

At the doses used in this study, phentolamine should not affect noradrenaline

uptake processes whereas phenoxybenzamine should inhibit both neuronal and

extraneuronal uptake in addition to its a-adrenoceptor antagonistic action

(Starke, l'{ontel and Wagner, 1971) . By study'ing the effects of both

antagonists, the relative influences of uptake and a-adrenoceptors on

noradrenaline inactivation may be dìssociated. Local infusions of
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propranolol have been empìoyed to investigate the role of ß-adrenoceptors

and jn some experiments the effects of q and ß-adrenoceptor antagonism,

with phentolamine and proprano'lol respectìve'ly, have been combined.

Previous results have indicated that the degree of noradrenal'ine

inactivation in the h'indquarters is intimately related to the degree of

femoral blood flow reduction associated with the noradrenaline administration

(Haas, Goldblatt, Lewis and G'ipson, 1973) . Furthermore, in the k'idney,

the influence of local blood flow on noradrenaline inactivat'ion is

part'icular'ly important where in addition to the uptake processes, noradrenaline

may be removed from the circulation by the combined effects of glomerular

fjltration and tubular secretion (Silva, Landsberg and Besarab, 1979).

These mechanisms may be substantialìy affected by changes in renal

haemodynamics as a consequence of o-adrenoceptor blockade. An attempt

has been made'in the present section to dissociate the effects on

noradrenaline inactivation of c-adrenoceptor blockade per se and the

secondary changes in renal haemodynamics.
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IVi ETHODS

As in prev'ious sections, the experimental animal was the ex-racing

greyhound (23-33 kS) . The methods of anaesthes'ia induct'ion and

maintenance, drug adm'inistration and measurement of cardiovascular varjables

h ave bee n o utl i ned i n th e Ge ne ral l'le thods .

Zero and controìled reductions in organ blood flow were ach'ieved by

mechanica'lly occluding the supp'ly'ing artery wjth a loose l'igature app'l'ied

prox'imaì to the site of intra-arterial infusion and distal to the flow

probe.

In all experiments noradrenaljne was administered by a 5 min'infusion

at 10 ug/m'in (59.1 nmol/min). All adrenoceptor antagonist infusions

were administered for 5 min into the blood suppìy of the vascular bed under

study Ímmed'iateìy prior to the noradrenal'ine jnfusion. The doses of

antagon'ist chosen were such that their antagonìstjc effects were confined

to the vascular bed under study. Two cr-adrenoceptor antagonists were

used, namely phenoxybenzamine and phentoìamine, and the ß-adrenoceptor

antagonist chosen was propranolol.

The followjng drugs were used: alpha-ch'loralose (CgHt106Cl3, B.D.H.),

morph'ine sulphate (D.B.L.), 1-noradrenal'ine bjtartrate monohydrate

(Levophed, l,linthrop), adrenaline (USV, Knoll), phenoxybenzamine hydrochloride

(Dibenyline, S.K.F.), phento'lamine mesy'late (Regitine, C'iba), propranolol

(Inderaì, I.C.I.). All drugs were dissolved ìn physiological saljne

(sodium chloride, 154 mmol/l) and infusjons were administered by a constant

speed, motor-driven, syringe infusion pump at 1 ml/min. Five mjì'ligrams of

l-ascorbic acid (Sigma) was added to all noradrenaline solutions to prevent

oxidation,the final concentrat'ion being 1 x 10-4 moì/1.
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RTSULTS

EFFECT OF LíJCAL PHEN||XYßEÑZAM1NE TREATMENT OF THE FEMORAT Al\/? REA/AI

I/ASCULAR BE'S OÑ THE CAROTOYISCULAR RESPONSES TO TNTRAVENOIIS,

REÑAL ARTERV AND FEMORAL ARTERV INFLÍSI()NS OF /VORA'RENAIIÑE

GENERAL

Mean arterial pressure

The responses of mean arterial pressure to femoral artery and renal

artery jnfusions of noradrenaline in a single experiment before and after

separate treatment of the femoral and renal vascular beds with phenoxybenzam'ine

(100 ug/min 1294 nmol/minl for 5 min) are found 'in Fig. 6.1. Similar

results were obta'ined in each of the six dogs studied with this protocol and

the poo'led resul ts appear i n Tabl e 6.1.

Local treatment of the femoral circulat'ion with phenoxybenzamine

(100 ug/min 1294 nmol/minl for 5 min) resulted in a substantial potentiation

of the mean arterjal pressure response to femoral artery infusions of

noradrenalìne (before 11.0 t 2.6 mm Hg x min, after 7L.2 t 8.1 mm Hg x min,

p<0.001). lr{hile the pressor response to renal artery infusions of

noradrenaline was reduced (before 103.5 t 18.2 mm Hg x min, after 68.6 1 8.9

mm Hg x min), the change was not statisticalìy s'ignificant.

In contrast to the effect observed in the femora'l vascular bed,'infusìon

of the same dose of phenoxybenzamine into the renal circulation resulted in

a signìficant attenuation of the renal artery pressor response (38.3 t 8.1

rm Hg x mjn, p.0.025). The intravenous pressor response was also

signìficantly reduced fo'llowing combined femoral and renal phenoxybenzamine
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FIG. 6.1. The changes in mean arterial pressure (14.n.p., nm Hg)

in a single experiment in response to 5 min femoral artery (f.n. ) and

renal artery (R.4.) infusions of noradrenatine (10 uglmin t59.1 nmol/minl)

before and after treaûnent of the femoral and renal circulations with

phenoxybenzamine (100 uglmin t294 nmol/minl for 5 min).
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adminìstration (control I27.8 x 23.7 mm Hg x m'in, after 72.2 t 8.7 mm Hg x

mjn, p.0.025), suggest'ing that the effects of phenoxybenzamine were not

confined to the renal and femoral vascular beds.

Blood flow

In both the femoral and renal vascular beds, effectiveness of a-

adrenoceptor blockade was demonstrated by the significant attenuatìon of the

vasoconstrictor responses to local administration of noradrenaline (femoraì,

before -995.6 t 137.5 ml , after -325.3 t 95.1 ml; renal , before -1354.4 t
23.2 n1, after -722.0 t 38.9 ml, p<0.005 in each vascular bed) . Total

blockade of local vascular responses with phenoxybenzamine could not be

achieved without extension of effects to the systemic circulation.

CALCULATED NORADRENALINE INACTIVATION

Noradrenaline inactivation in the renal and femoral vascular beds

has been calculated with the attenuated systemic pressor response technique.

Prior to phenoxybenzamine administration, there was a considerable

disparity between these vascular beds in their values of noradrenaline

inactivation (femora'l 91.3 t 2.5%, renal 17.3 t 5.6%, p<0.001) . Local

treatment of the femoral vascular bed with phenoxybenzamine resulted'in a

dramatic reduction in noradrenaline inactivation in this vascular bed

(10.8 t 4.0%, p.0.001), whilst the degree of inactìvat'ion in the renal

vascular bed was not significantìy altered (L4.4 ¡ 8.4%).

In contrast, subsequent treatment of the renal vascular bed with

phenoxybenzamine significantly increased the renal inactivation of infused
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noradrenaline (48.5 t 9.L%, p.0.025) whilst noradrenaline inactivation in

the prev'ious'ly treated femoral vascular bed remained reduced (16.2 t 6.9%).

These effects of phenoxybenzamine adm'inistratjon on noradrenaline

inactìvation in the renal and femoral vascular beds are ìllustrated in

Fì9.6.2 and recorded in Table 6.1.

THE EFFECT OF PHENTOLAMTNE OÑ TfIE CARDTOVþßCULAR RESPONSES

T() RENAL ARTERY INFUS1ONS OF NORADRENALINE

GENERAL

Mean arteri al ress ure

Unlike phenoxybenzamine, phentolamine at the dose chosen ìn this

study (50 ug/m'in t132 nmol/mjnl for 5 min), does not inhibit noradrenaìine

uptake, although it remains a potent o-adrenoceptor antagonist.

In this group of 10 dogs noradrenaline was administered via both

'intravenous and renal artery routes of infusjon and the nean arterial

pressure responses before and after a renal artery ìnfusjon of phentolamine

for 10 dogs appear in Table 6.3. Following phentolamine administration,

the pressor response to renal artery infusions was significantly attenuated

(before 92.0 t I2.7 mn Hg x mìn, after 38.2 x 6.0 mm Hg x mirì, P.0.001)

whilst the jntravenous response was not significantly altered (before,

130.9 t 20.0 mm Hg x min). This effect is clearly demonstrated in

Fig.6.3, which contains resuìts from a s'ing'le experiment.
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Renal blood flow

Renal artery admi ni strati on of phento'l ami ne v j rtual 'ly abol i shed the

decrease in renal blood flow (before -2397.6 t 51.7 ml, after -372 t 48.8 ml,

Table 6.3) associated with renal artery infusion of noradrenaline índicating

adequate renaì c-adrenoceptor antagonìsm. This effect js demonstrated

in Fig. 6.3.

CALCULATED NORADRENALINE INACTIVATION

Noradrenaline inactivation in the renal vascular bed was calculated

by the attenuated systemic pressor response technique.

The control level of renal noradrenaline inactivation (26.8 t 6.9%,

n=7, Table 6.3) was similar to that observed in previous experiments

(Table 6.1). Renal artery adm'inistration of phentolamine resulted in

a significant increase in the degree of noradrenaline inactivation in the

renal vascular bed (67.2 t 3.2%, î=7, P.0.005).

THE EFFECT 0F PHENT?LAMINE Añ, REIVÁL HAEM?DVNAMICS 0N THE

CARDTOVASCULAR RESPONSES TO RE/VAI ARTERV 1NFß1ONS OF

NORA'REÑAtll\/E

GENERAL

The index of adequate renal o-adrenoceptor antagonism with phentolamine

'is an inhibition of the local vasoconstrictor effects of noradrenaline

infusions. In this group of dogs, the relative effects of a-adrenoceptor

antagonism and secondary changes in renal blood flow on noradrenaline
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FIG. 6.3. The changes in mean arterial pressure (U.n.P., mm Hg) and

renal blood flow (R.8.F., ml/mîn) in a sing'le experiment in response to

5 min renal artery (R.4.) infusions of noradrenaline (10 pg/min

t59.1 nmol/minl) before and after renal artery administrations of

phentolamine (50 ug/min 1L77.7 nmol/minl fsr 5 min).
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inactivatjon are dissoc'iated by examining the effects of phentolamine alone

and jn conjunct'ion with a mechanical reduct'ion in renal blood flow.

The pressor responses 'in a s jngl e experiment to rena'l artery inf usions

of noradrenaljne are found in Fig.6.4 and the pooled results for 6 dogs

are contained within Table 6.4. As'in the previous group of dogs, renal

artery administration of phento'lamine resulted ìn a significant attenuation

of the systemic pressor response (before 199.0 t 54.3 mm Hg x min, after

81.3 t 21.3 mm Hg x min, p<0.025) and the renal blood flow (before

-1447.0 I 157.4 ml, after -480.3 t 67.8 ml, P.0.005) response to renal

artery infusions of noradrenal ine.

When the level of renal blood flow achieved during control renal

artery infusions of noradrenaline was reproduced mechanicalìy during

infusions given after phentolamine treatment, the fo'llowing effects were

seen. The systemic pressor response to renal artery infusions of

noradrenaline was enhanced (before mechanical flow reduction 81.3 t 21.3

rffn Hg x min, during mechanical flow reduct'ion 104.0 ¡ 24.5 mm Hg x min)

to become significantly greater than that seen follow'ing phentoìamine alone

(p.0.01), although it remained sìgnificantly less than the control response

(p.o.os) .

CALCULATED NORADRENALINE INACTIVATION

The degree of noradrenaline inactivation was calculated from the loss

of systemic vasoactiv'ity of renaì artery infused noradrenaline when compared

to the response on intravenous infusion. As 'in the preceding series,

renal artery infusion of phentoìamine signìficant'ly increased the renal

inactjvation of infused noradrenaline (before 34.0 t 6.2%, after 63.0 t 4.I%'

p<0.005, Table 6 .4) .
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When the control degree of renal blood flow reduct'ion was reproduced

mechanically during the presence of o-adrenoceptor blockade with phentolamine,

renal 'inact'ivat'ion of noradrenal ine decreased. This final level of

noradrenaljne inactivation was s'ignifìcantly less than that observed with

phentoìamjne alone (43.6 ¡ B.I%, p<0.05) and not significant'ly different

from the control value.

THE EFFECT OF PHENTíJLAMTNE ON THE CARDTOVASCULAR RESP()ÑSES

TO SUPERT()R I,IESENTERTC ARTERV ANO HEPATO-PORTAL VEIN

INFUS IOI\JS OF NORA'REI\/ALINE

GENERAL

Mean arterial pressure

In this group of 6 dogs superior mesenterjc artery and hepato-portaì

vein infusions of noradrenaline resulted'in only minor elevations of mean

arterial pressure (38.8 t 7.2, 52.1 t 9.2 nn Hg x min, respectively) when

compared with the substantial pressor response on intravenous infusìons of

the same dose (157.3 x 25.0 mm hg x min). The magnitude of these

responses was unaltened by'locaì treatment of the sp'lanchnic circulation

with phentolamine (200 ug/min t530 nmol/minl for 5 min; 'intravenous

156.8 t 16.3 mm Hg x min, superior mesenteric artery 4L.0 + 7.3 mm Hg x mìn,

hepato-porta'l vein 39.0 t 6.6 mm Hg x min, Table 6.5,.Fig. 6.5).

Superior mesenteric blood flow

Local admini stration of phentolam'ine jn the splanchni c c'irculation

significantly attenuated the fall in superior mesenteric b'lood flow
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FIG. 6.5. The increases in mean arterial pressure (M.A.P., mm Hg)

in a single experiment in response to 5 min superior rnesenteric artery

(S.M.A.) and hepato-portal vein (H.P.V.) infusions of noradrenaline

(10 ug/min t59.1 nmolTminl) before and after superior resenteric

artery administration of phentolamine (200 ug/min t676 nmol/minl for

5 min).
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associated with superior mesenteric artery infusions of noradrenaline

(before -809.7 ! 116.1, after -269.6 t 74.7 ml , p<0.005, Table 6.5).

CALCULATE D NORADRENAL INE INACTIVATI ON

Noradrenaline inactivation in the spìanchnic and hepato-portal

circulations was calculated wjth the attenuated systemic pressor response.

A h'igh degree of noradrenaline inactivation was observed in the splanchn'ic

and hepato-porta'l circulations (Table 6.5) and these values were unaltered

by ìoca'l o-adrenoceptor blockade with phentolamine (splanchnic before

73.3 t 4.4%, after 73.0 t 5.1%; hepato-porta'l before 62.5 ¡ 9.0%, after

74.0 t 5.2%) .

THE EFFECT OF PRí0PRANOT()L ON THE CAROIOV/SCULAR RESPOA/SES TO

RE/\JAI ARTERV NO FEMORAL ARTERY IAJFIISIOÑS OF N(0RAORENATÍI\/E

GENERAL

Mean arterial pressure

Propranolol was infused into the renal and subsequently the femoral

circulations, at a dose which was designed to confine its g-adrenoceptor

antagonistic effects to the infused circulation (200 uglmin [676 nmol/min]

for 5 mi n ) . Proprano'l ol admi n i strati on resuì ted 'in contrasti ng ef fects

on the systemic pressor responses to renal artery and femoral artery

jnfusions of noradrenal'ine, as demonstrated in F'ig. 6.6 from a single

experiment.

Local propranolo'l treatment resulted in a substant'ial attenuation of
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FIG. 6.6. The increases in mean arterial pressure (N.n.P., mm Hg) in a

single experiment in response to 5 min renal artery (R.4.) and femoral

artery (f.n.) infusions of noradrenaline (10 ug/min t59.1 nmolTminl) before

and after local administration of propranolol in the renal and femoral

círculations (200 uglmin t676 nmol/minl for 5 min).
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the pressor response to renal artery infusions of noradrenaline (before

175.4 t 38.9 mm Hg x min, after 145.0 t 33.6 mm Hg x min), whereas it was

without effect on the femoral pressor response. Renal artery infusion

of noradrenaline was characterized by a biphasic pressor response which

was not observed on any otherrouteof administration in this study, Fi9.6.6.

The nature and mechanìsm of the secondary rise in mean arterial pressure'is

discussed in Section 7. Renal artery infusion of propranolo'l attenuated

both the pressor response confined to the noradrenaline infusìon period and

the secondary pressor response.

Similar effects u,ere observed in the 6 other dogs studied and the

pooled results are contained in Table 6.6.

Blood flow

Treatment of the renal circulation with propranolol resulted in a

significant attenuation of the renal blood flow response to renal artery

infusions of noradrenaline (before -1693.7 t 237.3 ml, after -II32.4 ! I74.0

mì, p<0.01, Table 6.6), whereas similar treatment of the femoral circulation

failed to alter the femoral blood flow response to direct infusion of

noradrenaline (before -1575.5 t 343.9 ml, after -L676.3 1 438.8 ml).

The nature of this attenuated renal blood flow response is demonstrated

in the results from a sing'le experiment, in Fi g. 6.7. Proprano'loì does

not alter the absolute fall in renal blood flow to direct noradrenaline

inf usions but decreases the duration of the response. .', f¡ris effect is
'in contrast to that observed with phentolamine, ìn which the duration and

absolute fall in renal blood flow were attenuated.
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FIG. 6.7. The reductions in renal blood flow (R.8.F., ffil/min) and

femoral blood ftow (F.8.F., ml/min) in a single experiment in response

to direct infus'ions of noradrenaline (10 ug /min [59.1 nmo]/minl for

5 min) before and after local administration of propranolol in the

renal and femoral circulations (200 ug/min t676 nmol/mÍnl for 5 min).
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CALCULATED NORADRENALINE INACTIVATION

Noradrenaline inactìvation in the renal and femoral vascular beds was

calculated with the attenuated systemic pressor response technique.

Local ß-adrenoceptor antagonism jn the renal circulation w'ith propranolol

resulted in a significant increase in renal inactivation of noradrenaline

(before 31.9 t 5.2%, after 49.5 t 6.2%, p<0.001) . Similar treatment

of the femoral circulation failed to alter the degree of noradrenaline

inactivation in that vascular bed (before 85.1 t 4.5%, after 86.1 t 6.0%,

Table 6.6) .

THE EFFECT OF COMBTNED PROPRAN()T(]T ND PHENTOLAMTNE

A'MINISTRATllN ON THE CARDÍOVA'SCULAR RESPONSES fO REA/AI

ARTERY INF{.JSlONS ()F NORA'RENAIlÑE

GENERAL

Mean arterial pressure

Individua'11y, propranolo'l and phentolamine administration in the

renal circulation attenuated the systemic pressor response to renal artery

infusion of noradrenaline. In thjs present group of five dogs, the

effects of combined propranolol (200 ug/min t676 nmol/minl for 5 m'in) and

phentolam'ine (tOO ug/min t265 nmol/m'inl for 5 min) treatnent have been

studied, and the poo'led results appear in Table 6.7.

Initially, the effects of propranolo'l alone were studied and similar

results to the previous experiments were obtained. A subsequent renal

artery infusion of phentolamine resulted in a further attenuation of the
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renâl artery pressor response (p<0.001). The pressor response to renal

artery infusions of noradrenaline was now virtualìy aboì'ished (control

151.2 t 39.6 mm Hg x min, after renal artery propranoloì and phentolamine

33.4 t 10.1 nr.m Hg x min, Fig. 6.8) .

Renal blood flow

Renal artery infusion of propranolol alone resulted in an attenuation

of the renal blood flow response to renal artery infusìons of noradrenaline

(before -1108.0 I 183.6 ml, after -898.2 ! 22.15 ml), the nature of which

was discussed 'in the previous group of dogs. When phentolamine and

propranolol treatnent were combined, there was a further attenuatjon of the

renal blood flow response (-344.8 t 83.8 ml). Renaì artery infusions of

noradrenaline in this case marginal'ly decreased renal blood flow (Fig.6.8

and Table 6.7).

CALCULATED NORADRENALINE INACTIVATION

Noradrenaline inactivation ìn the renal vascular bed was calculated

with the attenuated pressor response technique. In the experiments

discussed above, similar increases in the renal inactivation of noradrenaline

were observed on local administration of either propranolol or phentoìamine.

In the present experìments, this effect of propranolol was confirnpd

(before 38.5 t 9.7%, after 57.8 t 9.2%, p<0.02) and further treatment of

the renal vascular bed with phentolamine resulted in an addit'ional increase

in noradrenaline 'inactivat'ion (85.8 t 4.0%, p.0.05, Tabl e 6.7, Fjg. 6.9).
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FIG. 6.8. 'lhe changes in mean arterial pressure (M.A.P. , mm Hg) and

renal blood flow (R.8.F., ffilTnnin) in a singìe experiment in response to

renal artery infusions of noradrenaline (10 uglmin t59.1 nmol/mjnl) before

and after combined treatment of renal circulation with phentolam'ine (100 pglmin

[265 nmo]/m'inl for 5 min) and propranolol (200 ug/min t676 nmol/minl for 5 mìn).
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FIG. 6.9. The mean calculated percentage noradrenaline inactivation

in the renal circulation for 5 dogs, before and after treatment of the

renal circuìation with propranolol alone (200 ug/min t676 nmol/minl

for 5 min) or in conjunction with phentolamine (100 yg/min

[265 nmol/min] for 5 min). The heìght of thecolumns represent the

nean value for 5 dogs and the vertical line, one standard error of

the mean.
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DISCUSSION

It would appear that a number of mechanisms are responsible for the

contrasting manner in which noradrenaline is inactivated in the renal,

femoral, splanchnic and hepato-portal circulations. 0f part'icular

importance'in the kidney are the influences of renaì haemodynamjcs and the

presumed subsequent alterations in g'lomerular filtration. The

ß-adrenoceptors also have a role, the contribution of which appears to be

independent of renal haemodynamic alterations.

The marked differences in noradrenaline inactivation in the control

state in these vascular beds studied reflect varying capacities to remove

noradrenaline from the extracellular fluid, through neuronal and

extraneuronal uptake. This possibility was examined by local administration

of phenoxybenzamine in the renal and femoral vascular beds.

This treatment had remarkably contrasting effects in the respective

vascular beds. In the femoral circulation, the systemic pressor response

to femoral artery infusion of noradrenal'ine was considerably potentiated

and noradrenaline inactivation dramaticaìly reduced foììowing local

administration of phenoxybenzamine. However, folìowing identical treatment

of the renal vascular bed, the systemic pressor response to renal artery

infusions of noradrenaìine was significantly reduced and noradrenaline

inactjvation increased. There was a decline ìn the systemic vasoactivity

of noradrenaline as indicated by the significantly smaller pressor response

to intravenous ìnfusions. Thjs effect, however, does not expla'in the

opposing action of phenoxybenzamine on noradrenaline inactivation in the

femoral and renal vascul ar beds.

This contrasting effect of phenoxybenzamine in the renal circulation
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suggests that alternatìve mechanjsms are operatìng, as noradrenaline

inact'ivat'ion was increased following a dose of phenoxybenzamine which

presumabìy inhibited neuronal and extraneuronal uptake in the femoral

c'i rcul ati on.

It was decided, therefore, to investigate the influence of

o-adrenoceptor antagonisrn alone, with phentolamine, in the renal and

splanchnic vascular beds, at doses chosen to avoid the additional effects

on noradrenaline uptake associated with phenoxybenzamine.

Local a-adrenoceptor blockade in the splanchn'ic circulation had no

effect on the pressor responses to superior mesenteric artery or hepato-

portal vein infusions of noradrenaline, nor in the degree of noradrenaline

'inactivatjon jn the splanchnic or hepato-portal circulations. Alpha-

adrenoceptor antagonism in the renal circulation, however, reduced the

systemic pressor response to renal artery infusions of noradrenaline and

increased the renal inactivatjon of noradrenaline. The degree and

nature of these renal effects were s'imilar to those previousìy observed

wi th phenoxybenzami ne.

It appears, therefore, that the effects of phenoxybenzamine on the

renal circulation were mediated through its q-adrenoceptor antagonistic

action and not through an effect on noradrenaline uptake. As the index

of adequate q-adrenoceptor antagonism is an inhibjtion of the local blood

fìow response to d'irect infusion of noradrenalìne, the altered state of

renal haemodynamics of phentolamine and phenoxybenzamine administration,

may be respons'ible for their effects rather than a direct effect on

q-adrenocePtors pev se.

This possìbility was exam'ined in a group of dogs in which the control
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renal blood flow reduction was artifical'ly reproduced by mechanical

constriction of the renal artery, in the presence of phentolamine. This

manoeuvre reversed the effects of phentolam'ine on the renal inactivatìon of

noradrenalìne, indicating that the effects of c-adrenoceptor antagonism

were int'imately related to the secondary changes in renal haemodynamics.

Noradrenaline is known to be excreted in the urine by the combined

effects of gìomerular filtration and tubular secretion (S'ilva, Landsberg

and Besarab, 1979). Renal artery ìnfusions of noradrenaline neduce

renal blood flow and g'lomerular filtration and therefore impair this

method of inactivation. Antagonism of blood flow effects by a-adrenoceptor

blockade will therefore increase g'lomerular filtration and increase the

degree of noradrenaline inactivation in the renal circulation. The

influence of o-adrenoceptor antagonism on the tubular secretory mechanism is

unknown. The considerabìy lower renal inactivation of noradrenaline in

the control state, when compared with the other vascular beds studied'may

therefore represent a greatly reduced capacity of the kidney to excrete

noradrenaline through the urine.

This hypothesis was supported by the findings in Section 4, in which

the degree of noradrenaline inactivation in the renal circulation was found

to be inversely related to the fall in renal bìood fìow on direct infusion

of noradrenaline. Greater reductions in renal blood flow resulted in

an increased renal inact'ivation of noracirenaline. These results also

indicate that an increase in renal transit time for infused noradrenaline

does not result jn an increase'in noradrenaline inactivation, as was

observed wìth angiotensin II by Bailie and Opari1 (L977). A false

positive result for angìotensin II and noradrenaline inactivation in the

femoral vascular bed uras reported by Haas, Goldblatt, Lewis and G'ipson (1973)

as a result of delayed transit of injected angiotensin II or noradrenaljne
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across the femoral vascular bed. This technical difficulty has been

overcome jn this thesis, as demonstrated by the results to cr-adrenoceptor

antagon i sm .

The effects of local ß-adrenoceptor antagonism with propranolol were

aìso studied 'in the renal and femoral vascular beds, again with contrast'ing

results. Local treatment of the femoral vascular bed with propranolol

d'id not alter the systemic pressor or femoral blood flow responses to

femoral artery infusions of noradrenaline. S'imilar treatment of the

renal circulation resulted 'in a Significant increase in the renal

inactivation of infused noradrenal ine.

The renal blood flow response to renal artery infusions of noradrenaline

was significantly attenuated foliowing local propranolol administration,

although the nature of this attenuation was different to that observed with

phentolamine. lrlith propranolol, the duration of renal blood flow

reduction was considerably attenuated whilst the absolute fall jn renal

blood flow to renal artery infusions of noradrenaline was not altered.

Therefore, unlike phentolamine, the mechanism for this increased renal

inact'ivat'ion of noradrenaline does not appear to involve urinary excretion.

An additional mechanism must therefore be responsible. This is

exemplified by the groups of dogs where the renal effects of propranolol

were repeated, alone and in conjunction w'ith renal admin'istration of

phentolamine. l,lith this combined treatment theìr effects on noradrenaline

inactivation were additive with the fìnal degree of inactivation being of a

similar magnitude to that observed in other vascular beds, suggesting that

different mechanisms mediate their effects.

It is difficult to ascertain the mechanism of the effects of proprano'lol

from these results. It does not appear to be a direct effect of
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ß-adrenoceptor antagonism, as simijar treatment of the femoral vascular

bed failed to alter any of the recorded variables. This observation

ìs supported by the recent work of Jackson and Campbell (1980) who found

that a noradrenaline-induced vasoconstriction of isolated mesenteric

arteries was unaltered by a number of ß-adrenoceptor antagon'ists.

It js well established that noradrenaline may stimulate renal renin

release through a d'irect effect on the ß-adrenoceptors of the juxtaglomerular

cells (l,l'iner, Chokshi, Yoon and Freedman, 1969; Davis and Freeman, 1976) .

Angiotensin II is known to have a presynaptic effect on vascular smooth

muscle to increase its sensitivity to noradrenaline (Day and Moore, 1976)

and intrarenal ly generated angiotens'in II may indirectlVr ôrìd d'irectìy

through its vasoconstrictor action, be responsible for prolonged duratjon

of the renal blood flow reduction to noradrenaline infusions. Propranoìol

may therefore reduce the duration of this renal blood f'low response by

inhibiting the noradrenaline induced increase in renal renin release.

There has also been some controversy over the ability of ang'iotensin II to

'inhibit neuronal uptake (Starke, 1977; l,lestfall, 1977; Jackson and Campbeìì,

1979). The enhanced noradrenaline inactivation in the kidney following

local propranolo'l may be explained in terms of an angiotensin II-ìnduced

inhibition of neuronal uptake. The possibility that local activation

of the renin-angìotensin system 'is invoìved jn thesevarious effects has

been exami ned i n the fo1 'lowing section.
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SUI! IVI ARY

1. The importance of renal haemodynamics in the degree of noradrenaline

inactivatjon within the kidney has been established.

2. Treatment of the renal and femoral circulations with phenoxybenzamine

had contrasting effects on the ability of these two vascular beds to

inactivate infused noradrenaline. Phenoxybenzamine substantiaìly

reduced the degree of noradrenaline inactivation in the hindquarters but

significantìy increased noradrenaline inactivation in the kidney.

3. Local q-adrenoceptor-antagonism wjth phentolamine in the sp'lanchn'ic

and hepato-portaì circulat"ions, failed to alter the degree of noradrenaline

inactivation in these circulations.

4. Alpha-adrenoceptor antagonism u¡ith phentolamine in the renal circuìation

resulted in similar effects to those seen with phenoxybenzamine. This

effect of phentolamine was reversed when the level of renaì blood flow on

control renal artery infusi ons of noradrenal ine was reproduced mechani ca'l'ly.

5. The effects of local cr-adrenoceptor

to inactjvate noradrenaline appear to be

renal blood flow, with the nechanism for

inactivation possibly being an increased

with subsequent urinary excretion.

antagonism on the k'idney's ability

dependent on secondary changes in

this increased noradrenaline

renal clearance of noradrenal'ine,
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6. Treatment of the renal circulation with the ß-adrenoceptor antagonist,

propranolol, also increased the degree of noradrenaline inactivat'ion with'in

the k'idney. The mechanism of this effect appears to be independent of

an effect on g'lomerular fi'ltration, as the absolute fall in renal blood

flow to renal artery infusions of noradrenaline was unaltered by thìs

treatment, although the duration of this blood flow reduction was attenuated.

7. Treatment of the femoral vascular bed with propranoìol, failed to

alter either the femoral blood flow or mean arterial pressure responses to

femoral artery infusions of noradrenaline or the abilìty of the hindquarters

to inactivate infused noradrenaline.

8. The effects of phentolamine and propranolol on the renal inactivation

of noradrenalìne sunrnate on concomitant administration, suggesting that

their effects are mediated through independent rechanjsms.
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SECTION 7

THE INFLUINCE OF THE RENIN-ANGIOTENSIN SYSTEM

OF THE RENAL INACTIVATION OF NORADRENALINE
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INTRODUCTION

In the previous section, the renal inactivation of infused noradrenal'ine

was demonstrated to i ncrease fol 1ow'ing I ocal a ôhd ß-adrenoceptor antagon'ism.

A'lthough the degree of enhancement was similar with each treatment, their

effects were considered to be mediated through independent mechanisms.

Renal antery infusjons of noradrenaline at the dose employed resulted

in a substant'ial fall in renal blood flow and gìomeru'lar filtration. Local

o-adrenoceptor antagonism within the kidney inhibited these vasoconstrictor

effects of infused noradrenaline and this is thought to enhance the

inactivation of infused noradrenaline through an increased renal clearance

of noradrenaline. However, the enhanced renal inactivation of noradrenaljne

following local ß-adrenoceptor antagonism with propranolol appears to be

'independent of renal haemodynamics. Propranolol is not thought to

influence catecholamine uptake directìy (Jackson and Campbelì, 1980) and

as the observed increase in noradrenaline inactivatíon cannot be explained

by an increase in the renaì clearance of noradrenaline an alternative

mechanism must be sought.

In view of the proposed involvement of the intrarenal renin-angìotensin

system in the renal vascular responses to renal artery infusions of

noradrenaline the possíbiìity exists that the impaired intrarenal formation

of angiotensin II folìowing treatment with propranolo'l may, in sonìe way, be

responsible for the observed increase in renal inactivation of infused

norad renal i ne .

A number of interactions between ang'iotensin II and noradrenaf ine,

both circu'lating and neuronally released, have been suggested in the

literature (for review see Peach, 1977; Starke, L977; Westfall, L977).



165

Possibly the most sìgnificant with regard to the present study is the

proposed'inhibitory effect of ang'iotensin II on neuronal uptake, an effect

which would be expected to decrease the rate of noradrenaljne inactivation

withìn a vascular bed. There is, however, considerable debate over the

concentration of angiotensin II requ'ired for this effect (Starke, I97I;

Khairallah, 1972), although recently Jackson and Campbell (1979) have

demonstrated that subpressor doses of angiotensìn II (3 x 10-11 N) inhibit

neuronaì uptake in isolated mesenteric arteries.

In the present section the effects of ang'iotensin II on the abìlity

of the kidney to inactivate infused noradrenaline have been examìned by

the local inhibition of angiotensin I converting enzyme activity with

SQ 20881. The results obtained have been compared with those observed

in Section 6 with propranolol, which is also known to inhibit the.local

formation of angiotensin II through its well established 'inhìbitory effects

on renin release (Davis and Freeman, 1976).
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11 ETHODS

The experimental animal was the ex-racing greyhound (27-33 kg).

The rnethods of anaesthesia induction and maintenance, drug adminìstrat'ion,

measurement of card'iovascular variables and radioimmunoassay techniques

have been previousìy outlined in the General Methods.

The intrarenal renìn-angiotensin II system was impaired by the renal

artery administration of the angiotensin I converting enzyme inhibitor,

SQ 20881 (200 uglmin [158.3 nmol/min] for 5 min) thereby inhibit'ing the

formation of angiotensin II. Renal o-adrenoceptor antagonism was

ach ieved wi th a renal artery i nf us i on of phento'l ami ne ( 100 ug/m'in

1265 nmol/minl for 5 min) and studied in conjunction with angiotensin I

convert'ing enzyme i nhi b i ti on .

The ab j ì'ity of renal artery 'infusi ons of noradrenaì i ne ( 10 ug/mi n

t59.1 nmol/minl for 5 min) to stimulate renal renin release was exam'ined

by estimating the p'lasma ren'in activity'in blood samples taken from the

inferior vena cava, central'ly to the renal veins. Blood samp'les (5 ml )

were withdrawn accordjng to the following protoco'l: 2 pre-jnfusion control

samples, 1 sample during the renal artery infus'ion of noradrenaline and

3 post-infusion samples. All samp'les were added to tubes containing

0.5 ml EDTA/dimercaproì (final concentration = 0.01 M) and stored jn ice

unt'iì centrifugation and separation of plasma.

The following drugs were used; alpha-chloralose (CgH1106Cl3, B.D.H.),

morph'ine sul phate ( D.B.L. ) , 1-noradrenal ine bitartrate monohydrate (Levophed,

Winthrop), phentolamine mesyìate (Regitine, Ciba), angiotensin I (Sigma)

and SQ 2088i (Squibb). All drugs were dissolved in physiological saline

(sodium chloride 154 mmol/l) and all infusions were administered by a

constant speed, motor-drjven syringe infusion pump at 1 ml/min.



167

RESULTS

THE EFFECT 0F RE/\JAL 
^RTERV 

ÏNFUSI{)r\/S 0F Sq 20881 AND PHENT?LAI,,IINE

ON THE CAWIOVA,SCUIAR RESPOÑSES TO TNTRAVENOUS ÁNP

RENAL ARTERV 1ñFtlSlONS 0F IrJORA?RENAIINE

GEN E RAL

Mean arterial pressure

The peptide SQ 20881 is a potent inhibitor of angiotensin I converting

enzyme and the influence of local treatment of the renal vasculature with

SQ 20881 alone and in conjunction with phentolamine on the systemic

pressor response to renal artery infusions of noradrenaline in a singìe

experiment is shown in Fig. 7.L

Fo'llowing inhibition of converting enzyme actìvity within the kidney

with SQ 20881 the systemic pressor response to renal artery infus'ions of

noradrenaline was attenuated. Additional treatment of the renal

vasculature with phentolam'ine further attenuated this pressor response.

Similar effects were observed in each of the 6 dogs studied and the

pooìed results appear in Table 7.L. The systemic pressor response to

renal artery infusions of noradrenaline was significantly attenuated

following local treatment of the renal circulation wjth SQ 20881 (before

133.2 t 35.0 mm Hg x min, after 78.2 ¡ 21.1 mm Hg x mirì, p<0.05).

Concurrently, there was a sl'ight decrease in the pressor response to

intravenous infusions, a'lthough this effect was not significant.

Additionaì treatment of the renal vasculature with phentolamine
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FIG. 7.1. The increases in mean arterial pressure (M.A.P., mm Hg)

in a single experiment in response to 5 min renal artery infusions of

noradrenaìine (10 ug/min [59.1 nmolTminl) before and after treatment

of the renal circulation with SQ 20881 alone (200 uglmin [158 nmol/min]

for 5 min) and in conjunction with phentolamine (100 ug/min

[265 nmoì/minl for 5 min).
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virtually abolished the systemÍc pressor response to renal artery jnfusions

of noradrenaline (23.0 t 11.5 mm Hg x m'in). This response was significantly

less than both the control response (p<0.01) and that seen after SQ 20881

treatment alone (p.0.02) .

Fol'lowing combined renal artery administration of SQ 20881 and

phentolamine there was a slìght decrease in the systemic pressor response to

intravenous 'infusions of noradrenaìine (122.3 ¡ 44.8 mm Hg x min). This

response was significantìy less than the control response to intravenous

infusions (182.5 t 55.4 mm Hg x min, p<0.02) aìthough it was s'ignificantly

different from the intravenous pressor response following treatment of the

renal c'irculatìon wjth SQ 20881 alone (139.2 t 53.5 mm Hg x mìn).

Renal blood flow

As discussed in Sections 4and 6, renal artery ìnfusions of noradrenaljne,

at the dose empìoyed, result in a substantial reduction in renal blood flow,

the duration of which greatìy exceeds the noradrenaline infusion period. A

similar effect has been observed in the present group of dogs. The blood

fìow responses in a single experiment bothbeforeand after renal artery SQ20881

admin'istration alone and in conjunction wìth phentoìamine appear in Fi9.7.2.

The dose of SQ 20881 chosen was sufficient to substantially attenuate

the fal I in renal blood flow on renal artery injections of angiotens'in I

(500 ng; before -82.4 t 17.0 ml, after -15.6 t 3.6 m'l), indicatìng an

inhibition of converting enzyme activit¡r within the renal circulation.

The dose of phentolamine chosen was that shown previously to antagonise

a-adrenoceptor activity wìth the kidney.

Treatment of the renal circulat'ion wìth SQ 20881 failed to alter the

absolute fall jn renal blood flow to renal artery infusions of noradrenaline
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FIG. 7.2. The reductions in renal blood fìow (R.B.F., ml/min)

in a single experiment in response to 5 min renal artery infusions

of noradrenaline (10 ug/min [59.1 nmol/min] before and after treatment

of the renal circulation with SQ 20881 alone (200 ug/min t158.3 nmol/minl

for 5 min) and in conjunction with phentolamine (tOO ug/min1265 nmol/min¡

for 5 min).
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but substant'ia'lìy shortened the durat'ion of the renal blood flow reduction.

The overall effect was a sìgnifjcant decrease in the integrated renal

blood flow response (before -2018.8 t 267.0 ml , after -1201.7 t 153.8 m] ,

p.0.01, Table 7.1). Following the additional treatment of the renal

vasculature w'ith phentolamine the absolute fall in renal blood flow was

attenuated to the extent that renal artery ìnfusions of noradrenaline

resulted in only a minor fall in renal blood flow (-302.0 ¡ 44,2 mì, rì=6,

p<0.001) .

CALCULATED NORADRENALINE INACTIVATION

The degree of noradrenaline jnactivatjon in the renal vascular bed

was calculated from the loss of systemic pressor actjvity of noradrenaline

'infused via the renal artery when compared to the response on intravenous

infusions.

The poo'led values of noradrenaline inactìvation in the renal

circulation for the 6 dogs studied with this protocol are recorded in

Table 7.1 and mean results are represented in Fig . 7.3. Folìovl'ing

intrarenal coverting enzyme blockade with SQ 20881 the renal inactìvation

of noradrenal ine !ì/as signifìcant]y increased (before 23.0 t 5.7%, after

44.4 ¡ 7.8%, p.0.02) despite a slight reduction in the systemic pressor

response to intravenous jnfusions of noradrenaline.

The degree of enhancement in the inactivat'ion of noradrenal'ine folìowing

local jnhibition of convert'ing enzyme activìty was not significantly dìfferent

from that descrìbed for local propranolo'l treatment in Section 6.

A further increase in noradrenaline inactivation was observed on

combined treatment of the renal vascuìature w'ith SQ 20881 and phentolamine

(82.3 t 3.6%, p.0 .02) .
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FIG. 7.3. The mean calculated noradrenaline inactivation in the

renal circulation for 6 dogs, before and after treatment of the renal

circulation with SQ 20881 alone (200 ug/min t158.3 nmol/minl for 5 min)

and in conjunction wi'th phentoìamine (100 ug/min [265 nmol/min] for

5 min). The height of the columns represent the mean value for

6 dogs and the vertical line, one standard error of the mean.
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THE EFFECT OF RENAL ARTERV 1NFTISIOÍ\JS OF I\/(]RA'RENATIÑE ON

SYSTEMIC PTASMA REI\/1/V ACTIVTTY

The effect of renal artery infusions of noradrenaline on systemic

p'lasma renin activity was investigatedbyradioimmunoassay of high inferior

vena cava blood sampìes taken before, during and after the infusion

period. The results for 4 dogs appear in Table 7.2.

Whiìe there was a degree of variation in the resting levels of systemic

plasma renin activity between dogs, in each dog studied plasma renin activity

was unaltered until the renal artery infusion period had ended. The

timing of this increase in plasma renin activity was similar to that of

the secondary pressor response associated with renal artery infusions of

noradrenaline (FÍ9. 6.5).
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DISCUSSION

The experiments reported in this section demonstrate that treatment

of the renal circulation with SQ 20881 results in a s'ignifjcant increase

in the renal inactivation of infused noradrenalìne. However, the

nechanism for thìs enhanced noradrenaline inactivation is not clearìy

delineated from these experiments.

The drug, SQ 20881 is known to protect bradykinin from inactivation

by kinìnase II, an enzyme present in high concentrations within the kidney

(Ward and Mills, 1975), and elevated intrarenal levels of bradykinin may

be responsible for this increased inactivation of noradrenaline.

Bradykìnin ìs a renal vasodilator (Stein, Congbalay, Karsh, 0sgood and

Ferris, t972) and the effects of SQ 20881 may be renal blood flow dependent,

in that bradykinin will inhibit the fall in renal blood flow associated

with renal artery infusions of noradrenaline, thereby ìncreasing the renal

clearance of noradrenaline.

This possibility is unlikely as the abso'lute fall in renal blood fìow

to renal artery infusions of noradrenaline was unaìtered by this treatment

and as bradykinin is thought not increase the filtration fraction (Stein,

Congbalay, Karsh,Osgood and Ferris, 1972), this effect of SQ 20881 is

unlikely to be due to an increase in noradrenaline clearance. Furthermore,

additional treatment of the renal circulation w'ith phentolamine which does

increasenoradrenaline inactivation through a blood flow dependent mechanism,

resulted in a further significant increase in noradrenaline inactivation.

This suggests that the effects of SQ 20881 are likely to be independent of

renal haemodynamics.

Interactions between bradykinin and the sympathetic nervous system
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remain virtualìy unknown (Terragno and Terragno, 1979). Elevated

intrarenal levels of bradykìnin could conce'ivabìy enhance the renal

inactivation of noradrenaì'ine through a direct effect on the neuronal and

extraneuronal metabolizing systems although there is no evidence in the

ljterature to support such a mechanism.

The principaì action of SQ 20881 of interest in the present study is

its ability to inhibit the enzymatic conversion of angiotensin I to

ang'iotensin II. Renal artery infusions of noradrenaline are known to

stimulate the release of renin and the local generation of angiotensin IL
Inhibition of angiotensin II formation during noradrenaline infus'ions may,

therefore, ìn some way increase the rate of inact'ivation of noradrenaline

within the kìdney. Such an hypothesis for the action of SQ 20881 would

also explain the similarity of its effect on noradrenaline inactivation

with that of propranolol (Sectjon 6) which is also known to inhibjt

angiotensín II formation by blocking renin release (Winer, Choksh'i, Yoon

and Freedman, 1969; Davis and Freeman, 1976).

The mechanism by which angiotensin II might protect noradrenaline from

'inactivation in the kidney, is not clear from the present studjes. It
does not appear to involve an increased renal clearance of noradrenalìne as

the abso'lute fall in renal blood flow to renal artery infusions of

noradrenaline was unaltered by SQ 20881 treatment. Furthermore, the

renal inactivatjon of infused noradrenaline was further signìficantly

increased by additional treatment of the renaì circulation with phentolam'ine,

which is known to increase noradrenaline inactivation through a renal blood

flow dependent mechanism. Phentolamine may also be act'ing by ìnhibiting

the local formation of angiotensin II, by impairing the ability of macula

densa to stimulate the release of renin on marked reductions in renal blood

flow (Davis and Freeman, 1976).
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Angiotensin II is known to stimulate the formation of prostag'landins

w'ithjn the kidney (McGiff, 1977). However, they are un'likeìy to have

a role in the enhanced renal inactivation of noradrenaljne, as they are

not thought to affect the catecholamine uptake processes and of the

prostaglandins studìed in the'literature, prostaglandin E, in contrast to,

angiotensin II, ìnhibits noradrenerg'ic transmission (Langer, 1976;

Westfall, 1977).

Ang'iotens'in II is known to have a number of jnteractions with the

sympathetic nervous system, enhancing noradrenaline neuroeffector transmission

(Peach, 1977; Starke, L977). Ang'iotensin II increases the sensitivity of

vascular smooth muscle to noradrenaline (Thoenen, Hurliman and Haefe'ly, 1965;

Panisset and Bourdois, 1968; Day and Moore, 1976). However, the

pre-synaptic actions of angiotensin II are thought to be of greater

physiological importance as the majority of investigations have demonstrated

either that angiotensin II potentiates the effects of sympathetic nerve

transmiss'ion to a greater extent than those of noradrenaline administration

(Beneìli, Della Bella and Gandini, 1964; Zimnerman and Gomez, 1965;

Zimnerman and Gi sslen, 1968; Kadow'itz, Sweet and Brody, 1971) , or that

angiotensin II fails to potentiate the effects of exogenous noradrenaline

at alì (Hughes and Roth, L97I; Bell, I97Z). This is with the exception

of a recent report in which angiotensin II had a comparable potent'iat'ing

action on the vasoconstriction elicited by either nerve stimulation (63%) or

exogenous noradrenaline (62%, Jackson and Campbelì, 1980).

The commoniy accepted pre-synaptic action of angiotensin II is a

facilitat'ion of noradrenaline release per nerve impuìse (Peach, 1977; Starke,

L977; lJestfall, L977). There i s however, considerable dìff icu'lty in

explainìng the present changes in noradrenal'ine inactivation through this

effect of ang'iotensin II. There may be a complex series of events,
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whereby infused noradrenaline stimulates the intrarenal formation of

ang'iotensìn II, which in turn, facilitates the tonic release of noradrenaline

from the sympathetic nerve terminals, whjch subsequently competes w'ith the

exogenously adm'inistered noradrenaline for neuronal uptake sites.

However s uch an expl anat'ion seems un'l i kely .

Angiotensin II is also known to inhjbit the neuronal uptake process,

which 'is a major pathway of noradrenaline inactivation (Khajrallah.' 1972),

although there is a considerable controversy over the dose required for

this effect. Starke (1971) believes that an inhibition of neuronal

uptake onìy occurs at high concentrations of angiotensin II (tO-5 U) but

recently, Jackson and Campbell (1979) found that subpressor doses of

angiotensin II (g x tO-9 U) inhibited neuronal uptake in isolated næsenteric

arteri es.

Previous investigators have studied the effects of exogenous

angiotensin II administration and consequently ìn the present study, in

which the effects of locally generated angiotensin II have been examined,

it is difficult to ascertaìn the local concentratjon of angiotensin II and

whether it is inhibiting neuronal uptake. hlhiìe this mechanism would

adequate'ly describe the effects observed, further investigations are

required to substantiate this hypothes'is.

An interaction between SQ 20881 and noradrenal'ine in the renal c'irculation

has been observed by two other groups. Seliq, Anderson and Korner (1SZS¡

found that treatment of the renal vascular bed with SQ 20881 attenuated the

systemic pressor response to renal artery infusions of noradrenaline.
fo

However, these authors concluded that this effect was duefintrarena'l'ly

generated angìotensin II contributing to the systemic pressor response to

renal artery 'infusions of noradrenaline. This possibility seems remote
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as in the present study an increase in systemic blood pressure associated

with the renin-angiotensin system did not occur until several minutes

after the conclusion of the noradrenaìine pressor response. An impaired

renal inactivation of noradrenaline due to elevated intrarenal levels of

angiotensin II would seem a more l'ikeìy explanation for their observations.

Similarìy, Bomzon and Rosendorff (1975) noted that treatment of the

kidney with SQ 20881 reduced the jncrease in renal vascular resistance

in response to renal artery injections of noradrenaline. They concluded

that intrarenally generated ang'iotensin II direct'ly contributed to this

renal vasoconstrictor action of noradrenaline although they failed to

discuss the possibility that, in addition, angiotensin II may also be

protecting noradrena'line from inactivation.

In conclusion, this study has demonstrated that the intrarenal levels

of ang'iotensin II may substantialìy modulate the effects of circulating

noradrenaline on the renal vasculature and the degree of noradrenaline

'inactivat'ion whjch occurs during passage through the renal circulation.

The impìications of this powerfu'l interactjon are extensive, particuìarly

in those physiological and pathophysìological states where the intrarenal

levels of angiotensin II are elevated. Furthernpre, converting enzyme

inhibitors are finding increasìng clinical use in essential hypertension as

well as classical renal hypertension. The demonstration that converting

enzyme inhibition may mrdify catecholamine metabolism js an additional

aspect which must be considered in understanding the mechanism of their

hypotensive actíon.
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SUIll\lARY

1. The influence of the intrarenal renin-angiotensin system on the kidney's

ability to inactjvate infused noradrenaline, was studied wjth the angiotensin

I convert'ing enzyme antagoni st, SQ 20881.

2. Treatment of the renal circulation with SQ 20881 significantly attenuated

the system'ic pressor and renal blood flow responses to renal artery infusions

of noradrenaline. The renal inactivation of noradrenaline was also

significantly increased follow'ing local administrat'ion of SQ 20881.

3. Combined treatment of the renal circulation with SQ 20881 and

phentol ami ne vi rtual 'ly abol'i shed the systemi c pressor response and I ocal

vasoconstrictor effects of renal artery infusions of noradrenaline and

furth:er significant'ly increased the degree of noradrenaline inactivation

within the k'idney from that seen following SQ 20881 treatment alone.

4. The nature and magnitude of these effects of SQ 20881 were virtually

identical to those seen with propranolol in Section 6. The effects of

SQ 20881 and propranolol are l'ike1y to be medìated through a common

nechanism, namely, by inhibit'ing the intrarenal formation of angiotensin II.

5. It'is concluded that the intrarenal levels of angiotensin II exert a

marked influence on the local vascular effects of circulating noradrenaline

as well as the extent to which noradrenal'ine'is inact'ivated during passage

through the kidney.
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APPENDIX

TABLES



184

TABLE 3.1. The changes in mean arterial pressure (^ M.A.P., mm Hg x

rnjn), femoral blood flow (¡ F.B.F., ffil) and renal blood flow (A R.B.F.,

ml) expressed as their integrals on 5 min intravenous, femoral artery

and renal artery infusions of angiotensin II (500 ng/min, [50' nmol/mjn]).

The percentage inactivatìon of angiotensin II in the femoral and renal

vascular beds is also shown.
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TABLE 3.1

DATE
CI RCULATORY

RESPONSE

ROUTE OF ANGIOTENSIN II INFUSION

INTRAVENOUS FEI.IORAL ARTERY RENAL ARTERY

9 .08.78
17 .08. 78

9 .09 .78
23 .09 . 78
30.09 .77
2t.r0.77
26.r0.77
4.tr.77
9 .tL.77

17 .rr.77
18. 1 1 .77
25 .rr.77

^ 
M.A.P.

mm Hg x mìn

216
2L0
190
2r7
113
161
257
134
98

r02
362
148

t8/
167
i06
160
L24
113
t32
74
68

144
283

82

75
2I

7

39
I4
18
23
38
19
32
24
51

mean r s.e.m. 184.0 ! 2I.9 136.7 ! I7.I 30.1 t 5.4

?r.t0 .77
26 .L0.77

4 .tt.77
9 .rL.77

17 .7r.77
18.r1.77
25.rL.77

r F.B.F.

ml

?14
44

t25
rr2
274
296
482

- 115
- 180
-540
-432
-302
-78
- 181

ze
36

0
t7
77

mean t s.e.m. 243.7 t 39.5 -26I.1 t 64.8 22.6 t 10.6

9
L7

9

.08. /8

.08.78
-472
-288
- 104
-244
-203
-366
-284
-224
-44
-2t2
- 836
- 160

-'¿8U
-264
-304
-200
-2t8
- 318

-L32
-80
-L44
-484
- 164

-/É
-804
-464
-500
-664
-894
-620
-560
-788
-420
-652
-680

09
23.09 .
30.09.
2r.L0.

n R.B. F.

ml

78
7B
77
77

26.r0.77
4 .tr.77
9 .rr.77

L7 .rr.77
18.11.77
25.1r.77

mean t s.e.m. -286.4 t 59.6 -235.3 t 33.8 -651.7 t 39.8

9.08./B
17 .08. 78
9.09.78

23.09 .78
30.09 .77
2t.10 .77
26 .t0.77
4.rL.77
9 .Lr.77

17 .1r.77
r8.rr.77
25 .tL.77

Percentage

Inacti vati on

o/
/o

13.4
20.5
44.2
26.3

0
30.2
48.6
45 .1
31.0

0
2r.9
44.7

65.3
90.0
96 .3
82.0
87.6
88.8
91.4
72.3
81 .3
69.5
93.4
66 .1

mean + s.e.m. 27 .2 x 4.9 82.0 t 3.2
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TABLE 3.2. The changes in femoral vascular resistance (¡ f.V.R., %)

and renal vascular resistance (¡ n.V.R., %) expressed as a percentage

of the pre-infusion value, on 5 min intravenous, femoral artery and

renal artery infusions of ang'iotensjn II (500 ng/min I0.5 nmol/minl).

DATE
CI RCULATORY

RESPONSE

ROUTE OF ANGIOTENSIN II INFUSION

INTRAVENOUS FEMORAL ARTERY RENAL ARTERY

2L.r0.77
26.t0.77

4 .rt.77
9 .1r.77

t7 .rr.77
18.tL.77
25 .rr.77

^ 
F.V.R.

lo

L2
20

5
9
I
3

0

0
6
1

2
8
5
9

41.6
94.4

L64.7
65.4
62.4
86 .5
37.8

3.0
6.4

-L.?
2.t
2.7
0.3

-2.4

mean ts.e.m. -1.4t4.2 79.0 t 16.3 0.1 r 2.3

2L.r0 .77
26.t0.77
4.rr.77
9 .Lt.77

t7 .tt.77
r8.LL.77
25 .LL.77

¡ R.V.R.

ol
/o

34. 3
12.t
11.5
8.1

15.0
82.6
11 .0

9
4
0
9
5
3
6

47
82
32

6
39

L02
26

72.3
r75.4
51 .3
79.9
64.2

L23.8
103.7

mean + s.e.m. 48.2 t 12.5 24.9 ! L0.2 95.8 r 16. 1
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TABLE 3.3. The abdom'inal aortic, renal vein and femoral vein levels of

angiotensin II as determined by radioimmunoassay, measured at 5 min ìntervals,

before and after a 15 min intravenous infusìon of angiotensin II at (500 ng/

min [0.5 nmolTminl) . The percentage 'inact'ivat'ion of infused angiotensin

II in the renal and femoral vascular beds as determined by the arterio-venous

differences are also shown.

ANGI OTENS IN
I I pglml

SAMPLE
DATE

ANGIOTTNSIN I I
500 nq/min I.V. CONTROL

1

CONTROL

2 34 5 67

DOG 1

rL/12/78

Aort'ic
Renal Vein

Renal ff "t"

Femoral Vein

Femoral S z

72.8 66 .6
154.9 100.8

144 .3 96 .3

272.1 2e2.1 457:8 97:T 8T:T
183.2 rr4.2 146.9 43.8 263.3

32.7 61.0 67 .9 46 .8

158.6 176 .7 247 .7 59 .4 100 .5

4r.7 39 .6 45 .9 27 .9

DOG 2

rs /12/78

Aorti c
Renal Vein

Renal ff r"

Femoral Vein

Femoral ff z

77 .4
85.0

70 .3

78.5

5r.2
L7 .6

65.6

80 .3

54 .6

43L.4
82.2

80 .9

77 .0

53.3

479.2
t28.2
73.2

69 .9

66.1

615.2
r52.6

75.2

69 .6

57 .6

56 .1
2t.8
61.1

59.7

30 .3

11.8
76.9

65 .6

Aort'ic
Renal Vein

Renar ff z

Femoral Vein

Femoral A-V
A

98.0
73 .5

25.0

70.2

28.4

92.8
73.r
2L.2

70 .5

24.0

266.6
76.3

7L.4

r82.6

31 .5

289.3
162.8

43.7

t23.0
57.5

191 .3
145 .9

23.7

r25.9

34.2

51.5
135 .0

77 .0
83. 7

DOG 3

8/ Il79
lo

50 .9

33.9

57 .4

Aorti c
Renal Vein

Renal ff z

Femoral Vein

Femoral f

3
7

09
40

6
4

.0

.9
239
245

27 .7

345 .3

43. 3

673.5
313 .9

53.4

258.5

61 .6

651.1
303.7

53.3

710.1

- 216.1
L79 .8 145 .3

702.9 371.0

DOG 4

e / r/7e

158. I

208.9 2I9 .9

% 12.6

DOG 5

24/ L/ 7s

Aortic
Renal Ve'in

Renal ff r"

Femoral Vein
A.V

Femo ra l o/

60 .9
39 .6

35.0

28.8

52.7

53.9
33 .4

38.0

20.7

61.6

25r.7
t26.3
49 .8

105 .0

58.3

327.6
166.0

49.3

L42.8

56 .4

341.8
r29.2

62.2

LLz.4

67 .r

49 .6
24.7

50.2

0

100

35
40

25

29

3
4

.0

.2
A

mean

Aorti c

Renal Ve'in

Renal \ r

Femoral Vein

Femoral S z

109 .4
t36 .8
119.8
141 .0

104 .3
x35.7

66 .1
t11.0
76.6

128.0

366 .4
¡77.L
181. 7

175 .5
52.5

r11 .7
r73.7
t52.3
45.6

t 5.2

4t2.4
t82.7
r77 .0
t39.8
56.1

t 5.7
L54.2
t35 .0
56.2

t 5.0

451 .4
t95 .7
375.7
t220.0

56 .5
t10.0
253.t
1131.9
41.0

t13.0

66 .3
t 9.2

70 .7
t32.9

79.2
t40 .3
r32.2
t4?.5

97.5
t37.0

t74 .6 123.9
t148.2 !70 .3

+ s.e.m.
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TABLE 3.4. The changes in mean arterial pressure (n 14.4.P., mm Hg x min)

and renal blood flow (a R.B.F., ffil) in response to 5 min intravenous (I.V.)

and renal artery (R.4.) infusions of angiotensin II at the doses indicated.

The percentage inactivation of angiotensin II in the renal vascular bed,

for each dose of infused angiotensin II are also shown.



TABLE 3.4

DOSE 0F INFUSED ANGIOTENSIN II (nmol/min)
DATE

CI RC ULATORY
RESPONSE 0.7

I.V
r02
128
287
163
LL2
109
105

-250
-80
-70r
-224
-96
- 131
-74

R A I.V

165
254
526
534
213
22r
25I

-406
-TL?
-976
-280
-259
-253
-237

23.10.78
24.r0.78
30 . 10 .78
31. 10 .78
6.11.78
7 .rr.78

14.11.78

23.10.78
24.10 .78
30. 10 .78
3i.10.78
6.11.78
7 .tr.78

14.rr.78

23.r0.78
24.L0.78
30 . 10 .78
31.10.78
6.11.78
7 .rr.78

14.11.78

meanls.e.m. 143.7!25.2 26.0t 7.0 250.3 t 53.3 51.4r11.4 309.1t58.I 70.0t13.3

¡ M.A. P.

mm Hg x m'in

Percentaqe

Inacti vati on
o/

65.7
69.5
90 .9
74.8
63 .4

100 .0
100 .0

35
39
26
41
4t

0
0

- 496
- 29r
- 1040
- 448
- 570
- 547
- 339

142
t67
478
432
178
179
176

- 451
-35
-1091
- 260
- 154
- 272
- 134

44
45
95
78
63
30

5

- 730
- 320
-TTI2
- 644
- 656
- 634
- 416

62
97
82

118
73
49
I

-784
-4 13
- 856
-532
-548
- 560
-474

^ 
R.B.F.

ml

meanrs.e.m. -222.3t84.0 -533.0t93.L -342.4t134.3 -644.6 t95.6 -360.4tI07.6 -600.4t61.1

69 .0
73.0
80. 1

81.9
64.6
83.2
97 .2

63.6
61.8
84.4
77 .9
65.7
77 .8
96.4

c)(o

mean I s.e.m 80.6 t 6.0 78.4 t 4.L 75.4 ¡ 4.8
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TABLE 3.5. The mean arteri al pressure (l l't.A.P. , mm Hg x min) and

superior mesenteric blood flow (¡ S.1.1.8.F., m'l) responses to 5 mjn intravenous

(I.V.), superìor mesenteric artery (S.M.A.) and hepato-porta'l vein (H.P.V.)

infusions of angiotensin II (500 ng/min-t0.5 nmolTmjnl). The percentage

'inactivation of angìotens'in II in the spìanchnjc and hepato-portal

ci rcul ations are al so shown.

CI RCULATORY
RESPONSE

ROUTE OF ADMINISTRATION
DATE

I.V S . M.A. H.P.V.

t4.2.79
t6 .2.79
22.2.79
26 .2.79
6.3.79

16 . 3.79
23.3.79

^ 
M.A.P.

mm Hg x min

191
283
148
236
148
104
L77

36
30
19
24
50

34
23
2t
39
13
23
29

35
46

meants.e.m. 183.9¡22.7 34.3t 4.2 26.0t'3.3

14. 2.
2.
?.
2.
3.
3.
3.

79
79
79
79
79
79
79

.LTz
- 708
-2t8
- 190
-453

0

- 1302
- 1380
- 544
- 745
- 878
- 610

-80
-L02
-54

16.
22.
26.
6.

16.
23.

n S.M.B.F.

ml
-65
-24
-93

mean t s.e.m. -280.2 t 105.1 -909.8 t 144.5 '69-7 t 11.6

2
9
I
3
2
9
6

82
91
85
84
91
77
83

7

7

7

3
2

9
7

81
83
75
87
87
76
7T

16.
23.

79
79
79
79
79
79
79

2
2
2
2
3
3
3

14
16

Pe rcentage

Inactivat'ion

22.
?6.
6.

mean + s.e.m. 80.6t 2.3 85.3t 1.9
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TABLE 4.1.1. The changes 'in mean arterial pressure (A M.A.P., mm Hg x mìn),

femoral blood flow (n F.B.F., ml) and renal blood flow (A R.B.F., ml) expressed

as their integra'ls, on 5 min 'intravenous, femoral artery and renal artery

jnfus'ions of noradrenaline (tO ui/min t59.1 nmol/rninl). The percentage

inactivation of infused noradrenal'ine in the femoral and renal vascular beds

is also shown.

CI RCULATORY
RESPONSE

ROUTE OF NORADRENALINE INFUSION
DATE

INTRAVENOUS FEMORAL ARTERY RENAL ARTERY

2L.t0 .77
26.L0 .77

4 .tL.77
9 .rL.77

r7 .tr.77
t8.tL .77
25 .rt.77

¡ M.A.P.

mm Hg x min

t02
86
78
49
73

652
86

0
0
0
0
0

43
0

68
78
39
68
53

393
41

mean + s.e.m. 160.8 t 82.1 6.1 t 6.1 105.7t 48.2

2L.r0 .77
26.10.77
4.tL.77
9 .tr.77

17 .rL.77
18.Lt .77
25 .Ll.77

¡ F.B.F.

ml

-245
-90
-89
-L70
- 108

0
-r28

- 864
- 108
- 814
-2448
- 986
- 770
- 1411

- 850
-46
-36
- 61
-50
- L24
- t02

mean r s.e.m 67.7 ! 49.4 -1057 .3 ! 273.6 - 181.3 r 112.1

21.10 .77
26.t0.77
4.Lt.77
9.tL.77

17 .rL.77
L8.rr .77
25 .tr.77

n R.B.F.

ml

0

- 148
-r44
-t20
- 136
- 180
-264

6
0
0
0
0
0
0

6 - 457
-1180
- 940
-2472
- 1484
- 5?8
-2568

mean + s.e.m L60.7 t 21.7 9 .4 t 9 .4 - 1375 .6 L 324.6

2t.r0 .77
26.r0.77
4.rr.77
9 .rr.77

17 .LL.77
t8.rL.77
25 -tr.77

Percentage

Inactivation
ol
lo

100 .0
100 .0
100 .0
100 .0
100 .0
93.2

100 .0

33.8
9J

50.1
0

28.t
39 .5
41.1

mean + s.e.m. 99.0 + 1.0 28.9 ! 6.8
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TABLE 4.I.2. The changes in femoral vascular resistance (¡ f .V.R., il)

and renal vascular resistance (n n.V.R., %) expressed as a percentage of the

pre-ìnfusion value, on 5 min intravenous, femoral artery, and renal artery

infusjons of noradrenaljne (10 ug/min [59.1 nmolTminl).

C I RC ULATORY
RESPONSE

ROUTE OF NORADRENALINE INFUSION

DATE
INTRAVENOUS FEMORAL ARTERY RENAL ARTERY

2L.L0.77
26.I0.77
4.Lt.77
9 .rt.77

17 .rr.77
rB.tl.77
25 .It.77

¡ F.V.R.

o/

114 .4
54 .6
69.3
37.9
37 .6

120 .0
33 .3

156.2
40 .9

510 .8
200. 1

?00.7
704.4
416.5

69 4
8
7

7

2

0
9

36.
25.
19.
24.

r02.
17.

mean t s.e.m. 66.7 t 13.8 318.5 t 80.2 42.2 ! 12.0

2r.t0.77
26 .r0.77
4.rr.77
9 .rt.77

17.rL.77
18.11.77
25 .tL.77

¡ R.V.R

/o

14.1
23.2
24.4
15 .5
23.7

131.0
39. 1

3.r
-9.2
0.6
2.8

-0 .5
-3.0
-0 .5

86.2
161 .5
2t4.t
591 .4
r97 .4
L77 .6
560 .3

mean t s.e.m. 38.7 x 15.7 - 0.8 t 1.6 284.1 t 76.9
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TABLE 4.1.3. The changes in mean arterial pressure (¡ M.A.P., mm Hg x min)

and renal blood flow (¡ R.B.F., ml) in response to 5 min intravenous (I.V.)

and renal artery (R.4.) infusions of noradrenaline at the doses indicated.

The percentage inactivation of noradrenaline in the renal vascular bed is

shown for each dose.



TABLE 4.1.3.

DATE
C I RCULATORY

RESPONSE

DOSE 0F INFUSED N0RADRENALINE (nmol/min)

29.5 59. 114.7

33
63
44
81
29
52
33

-107
- 61
- 150

0

-r02
-96
-55

- 496
- 384
-1920
- 189
- 296
- 608
- 426

V

37
57

104
r20

-L97
-90
- 314
-84
- 163
-t78
-54

R

23. 10 .78
24.r0.78
30 . 10 .78
31.10.78
6.11.78
7 .rL.78

14.11.78

6.11.78
7 .tl.78

14.11.78

23.10 .78
24.r0.78
30 . 10 .78
31. i0 .78
6.11.78
7 .tr.7B

14.11.78

¡ M.A.P.

mm Hg x min

¡ R.B.F.

ml

Pe rcen ta ge

Inacti vati on

/o

t7
15

85
81

47

5

6
25

3
7

38
2t
61
77
T4
24
64

- 1488
- 794
-2448
- 1584
- 784
- 760
- 541

81
83

167
376
109
278
197

-216
- 105
-403
- 148
-253
- 307
- 61

70
70

137
r37
97

230
133

- 1640
-1016
-2L52
-1792
- 1576
- 1005
- 496

meants.e.m. 46.9¡ 7.2 11.1 t 3.0 75.9t11.5 42.7t 9.3 184.4t41.6 I24-I t 20.8

23.10 .78
24.r0.78
30 . 10 .78
31 . l0 .78

mean+s.e.m. -81.6 118.1 -6rt.oÌzz3.o -154.3 133.5 -1200.0t256.0 -2L3.3 145.1 -L382.L!214.r

84.8
90.5
43.2
96.3
75.8
67 .3
54.5

1

3
8
2
I
0

0
63
41
35
70
7L
2t

13.6
15.7
2r.0
63.6
11.0
t7.3
32.5

(c)Þ
mean t s.e.m. 73.2 x 7.3 43.2 ! I0.2 ZI.L t 3.7
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TABLE 4.1.4. The changes in mean arterial pressure (l lt.A.P., mm Hg x min)

and superior mesenteric blood flow (¡ S.M.B.F., ml) expressed as the integraìs'

in response to 5 min intravenous, superìor mesenteric artery and hepato-

portal vein infusions of noradrenaline (t0.0 pglmin t59.1 nmot/minl).

The percentage inactivation of noradrenal'ine in the splanchnic and hepato-

portal circulations is also shown.



TABLE 4.T.4 .

ROUTE OF NORADRENALINE INFUSION

INTRAVENOUS SUPERIOR MESENTERIC ARTERY HEPATO.PORATL VIIN

I
19
?0
27

6
9

DATE

8.6 .79
19 .6.79
20.6 .79
27 .6.79
6.7 .79
9 .7 .79

CI RCULATORY
RES PONSE

^ 
t4.4. P .

mm Hg x min

^ 
S.M.B. F.

ml

79
79
79
79
79
79

6
6
6
6
7

7

t82
76

250
L52
177
r07

552
-9t7
-35 I

0
-244
-340

69
2B
44
42
18
32

38.8 t 7 .2

- 720
- 1368
- 804
- 564

-809.7 t 116.1

62.
63.
82.

78
58
70
56
18
23

52.I t 9.2

150
- 345

390
-472

424
- 200

-97 .5 t 95.1

mean t s .e.m. 157 .3 t 25 .0

B5
71

-6
-7

8.6 .79
19 .6.19
20.6 .79
27 .6.79
6.7 .79
9 .7 .79

I
2
4
4
8
1

mean I s.e.m. -216.7 t 196.8

Percentage

Inacti vat i on

o/

mean Ì s.e.m.

57.
23.
72.

1

7

0
2
I
1

6372
89.
70.

89.
69.

62.5 x 9.073.3 t 4.4

l-r(O
Ot
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TABLE 4.2.1. The changes in mean arterial pressure (¡ M.A.P., mm Hg x min),

femoral blood flow (A F.B.F., ml) and renal blood flow (A R.B.F., ml) expressed

as theìr ìntegrals, on 5 m'in intravenous, femoral artery and renal artery

i nf usi ons of adrenal 'ine ( 10 ug/mi n t54.6 nmol Tmi nl) . The percentage

inactivation of adrenalìne in the femoral and renal vascular beds is also

s hown .

ROUTE OF ADRENALINE INFUSION
DATE

CI RCULATORY
RESPONSE INTRAVENOUS FEMORAL ARTERY RENAL ARTERY

rt.9 .79
14.9 .79

168
188
L78
41

173

1 6
I
6
4
I

162
92

116
36
96

18.9 .79
L9 .9.79
2L.9.79

^ 
M.A.P.

mm Hg x m'in

mean + s.e.m. 149.6 x 27.3 8.4 t 2.0 100 .4 t 20 .3

11.9
14.9
18.9
19 .9
2t.9

¡ F.B.F.

ml

- 348
0

-828
- 119

- 996
-1163
- 1080
- 1200

- 188

r256
0

79
79
79
79
79

mean + s.e.m. -3?3.7 t 182.9 -1109.7 ! 45.4

11.9.79
14.9 .79
18.9 . 79
19.9 .79
2L.9 .79

¡ R.B.F.

ml

-r72
-200
-237

0
-269

0
0
0
0
0

- 1496
- 552
-2196
- 1848
-2832

mean + s.e.m 175.6 t 46.9 0 -1784.8 t 379.0

11
T4

79
79
79
79
79

18.
19.
2r.

o

9.
9.
9.
9.

Percentage

Inacti vatìon

o/
/o

90 .0
95.7
96 .6
90.2
9s .4

3.6
51. 1

34.8
12.2
44.5

29 .2 t 9.2mean + s.e.m. 93.7 t 1.4
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TABLE 4.3.1. The changes in mean arterial pressure (n l,t.A.P., mm Hg x m'in)

and supenior mesenteric blood flow (¡ S.M.B.F., mì) expressed as their

integral, on 5 min intravenous (1.V.), superior mesenteric artery (S.M.A.) and

hepato-portal vejn (H.P.V.) infusions of isoprenaline (1.0 pg/min [4.7 nmol/minl).

The percentage inactivation of isoprenaline jn the sp'lanchnic and hepato-porta'l

circulat'ions is also shown.

CI RCULATORY
RESPONSE

ROUTE OF ISOPRENALINE INFUSION
DATE

I.V. S,M.A. H.P.V.

8.6
19 .6
20.6
27 .6
6.7

.79

.79

.79

.79

.79

^ 
M.A.P.

nm Hg x min

- 53
- 103
- 161
-63
-52

-19
-19
-42
-9
-20

-15
-15
-76
-20
-28

mean + s.e.m. -86.4 t 20.8 -2I.8 t 5.4 -30.8 t 11.5

62
0

-96
0
0

I
19
20
?7

6

.6.79

.6.79

.6 .79

.6.79

.7 .79

¡ S.M.B.F.

ml

116
306

-204
96

0

962
2028
1120
1568
7t2

mean + s.e.m. 52.8 t 76.1 1278.0 t 233.6 - 6.8 t 25.3

.6.79

.6.79

.6.79

.6.79

.7 .79

I
19
20
27

6

Percentage

Inactivation
o/

64.1
81.5
73.9
85 .7
61 .5

7t.7
85 .4
52.8
68.2
46 .1

mean t s.e.m. 73.3t 4.7 64.8t 7.0
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TABLE 5.1. The changes in mean arterial pressure (¡ N.n.P., rffi Hg x min),

renal blood flow (A R.B.F., ml) and calculated percentage increase in renal

vascular resistance (¡ R.V.R., %) during renal artery infusions of

angiotensin II (0.5 nmo'l/min), and the changes in mean arterial pressure

(¡ U.A.P., mm Hg x min), femoral btood flow (A F.B.F., mì) and calculated

percentage increase in femoral vascular resistance (¡ F.V.R., %) in 8 dogs,

during femoral artery infusions of angiotensin II. The responses

tabulated are those obtained before and after renal artery administration

of Sarl-tle8-All (3.3 uglmin t3.5 nmol/minl for 5 min) with the changes in

mean arterial pressure and blood flow being expressed as the integrals of

the areas contained by the responses.



TABLI 5.1.

DATE
C I RCULATORY

RESPONSE

RENAL ARTERY AII
r

C I RCULATORY
RESPONSE

FEMORAL ARTERY AII

Control

-After 

R.A.
SarI-IIeB-AIICon trol

t.2.78
2.2.78
9.2.78

r0.2.78
10 .3.78
13. 3. 78
6.4.78

¡ M.A.P.

mm Hg x min

Sarl-IleB- II
103
111
92
66
55
31

IIz
57

^ 
M.A. P.

mm Hg x mjn

5

3
37
10
28
20
11
2 5

65
149
90
77

154
152
133

123.5 t 14.I 126.1 r 15.4

158
81

t67
52

r24
105
150

mean 1 s.e.m. 23.4 x 5.7 78.4 ! 10.7

r.2.78
2.2.78
9.2.78

r0.2.78
10.3.78
13. 3. 78
6.4.78

¡ R.B.F.

ml

-252
-7 32
-912
-436
-684
-480
- 304

-192
-244
- 196
-88
- 160
-252
-64

¡ F.B.F.

ml

- 61
- 163
-25r
-320
- 333
-94
- 134

-66
-97
-91
-285
- 334
- 135
-255

-175.0 1 40.1 -162.6 t 24.7mean 1 s.e.m. -549.0 x 79.2 -164.0 x 24.7

1.2
2.2
9.2

r0.2
10 .3
13.3
6.4

.78

.78

.78

.78

.78

.78

0
5
6

5
9
I
9

L7
158
64

78

À R.V.R.

o/

229.7
172.2
210.0
53.2

I27 .T
27 .9
30.2

18.7
59.1
32.4
L7 .3
16.7
30 .5
7.0

¡ F.V.R.

o/ 32.
113 .
28.
56.

0.6
29.6
42.5

238.3
126.7
40 .0
58.8

N)oo

nìean 1 s.e.m. 74.2 ¡ 20.8 28.6 t 7.6 73.0 I 17.5 53.0 t 19.4
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TABLE 5.2. The changes in mean arterial pressure (¡ I'1.4.P., mm Hg x min)

and renal blood flow (^ R.B.F., ml) to S min intravenous (I.V.) and renal

artery (R.4.) infus'ions of angiotensin II (500 ng/min t0.5 nmolTminl) .

The responses tablated are those before and after renal artery administration

of Sarl-Ile8-angiotensin II (3.3 ug/min t3.5 nmol/minl for 5 min) alone and

in conjunction with a renal artery constriction.



TABLE 5.2.

ANGIOTENSIN II

DATE
CI RCULATORY

RESPONSE
Control After R.A.

sart-IìeB-AII
ar e

and R.A.
ConstrÍ cti on

R. A.
14 .6 .78
r7 .6.78
19.6.78
5.7 .78
9.7 .78

10 .7.78
15 .8. 78

14.6.18
17 .6.78
19.6.78
5 .7 .78
9.7 .78

r0.7 .78
15 .8.78

¡ M.A. P.

rnrn Hg x min

r R.B. F.

197
183
t23
116
2L2
r32
99

-9r2
- 188
-404
- 108
-5 33
-308
- 106

29
4

55
23
30
28
30

I
104
135
175
250

99
97

-560
-96
-468
-224
-508
-260

0

64
74
38
97
60
60

-396
-80
-280
-192
-277
-296
-60

t67
151
119
157
247

84
120

-532
- 156
- 304
- 148
-468
-224

0

2
88
39

r26
79
66

-1464
- 452
- 856
- 324
- 792
- 1000
- 472

nean+s.e.m. 151.7t 16.8 28.4t 5.6 156.9+20.1 68.6t 7.4 149.3t19.5 65.1 t14.8
- 1648
- 604
- 944
- 356

ml
- 880
- 378

mean+s.e.m. -356.6r108.7 -836.9tL69.7 -302.3 181.4 -225.0x46.0 -26L.7x70.9 -756.7r148.9

- 1048

17 .6.78
19 .6 .78
5.7 .78
9.7 .78

r0.7 .78
15 .8.78

Percentage

Inacti vati dn

o/

85.3
97.8
55.3
80.2
85.1
78.8
69.7

45.
78.
61.
39.
37.

26
9
2
3
2
4
4

60 98. 7

0
1

0
9
0

75.
49.
5.

45.

f\)
O
f\)

mean + s.e.m. 79.2 ! 5.2 53.5 r 5.5 52.3 ! lr.7



TABLE 5.3. The changes in mean arterial pressure (^ I{.A.P., mm Hg x m'in) in response to 5 min

intravenous (I.V.), femoral artery (F.4.) and renal artery (R.4.) infusions of angiotensin II

(500 nglmìn t0.5 nmolTminl) and the calculated percentage inactivation of angiotensin II in the

femoarl and renal vascular beds. Al'l responses tablated, b,ere recorded before and after

femoral artery ìnfusion of Sarl-Ile8-angiotensin II (2.5 ug/min 12.7 nmolTminl).

ANGIOTENSIN II

DATE
CI RCULATORY

RESPONSE
CONTROL AFTER FEÞIORAL SAR -ILE -Ai I

I.V F.A. R.A. I.V F.A R. A.

29 .5.78
1.6.78
9.6.78

10.6.78
12.6.78

29.5.78
1.6.78
9.6. 78

10 .6 .78
12.6.78

¡ M.A.P.

mm Hg x mjn

mean I s.e.m.

Percentage

Inactivation
o/
JO

mean t s.e.m.

224.6
t31 .9

247
181
363
178
154

140
r22
303
142
115

27 .6
14 .8

36
56
45
7I
60

53.5
t6 .0

85 .4
80. 1

87 .6
60. 1

61 .0

74.8
16 .0

212
2L8
340
183
L17

151
100
192
IL7
95

131.0
r18.1

28.8
54. I
43.5
36. 1

18.8

58
63

110
58
61

65 .5
14 .5

72.6
7 L.l
67 .6
68.3
47 .9

2r4.0
t36.2

.4

.0
164

35+

43
32
16
20
25

3
5

5
2
3

6
0

36
t6

65
x4

5

5

f\)Õ(,



TABLE 5.4. The changes ìn femoral blood flow (l F.B.F., ml) and femoral vascular resistance (¡ f.V.R., ?á)

to femoral artery jnfusjons of angiotensin II (ntl SOO nglmin t0.5 nmol/minl) and the changes in renal blood

flow (¡ R.B.F., mì) and renal vascular resistance (¡ R.V.R., iá) to renal artery infusions of angiotensin II

at the same dose. All tablated responses were recorded before and after femoral artery administratjon

of Sarl-Ile8-angiotensin II (2.5 vg/nin 12.7 nmol/minl for 5 min).

FEI'IORAL ARTERY AII RENAL ARTTRY AI I

DATE

29 .5.78
1.6.78
9 .6 .78

10.6.78
12.6.78

29 .5.78
1 .6 .78
9 .6.78

10.6.78
t2.6.78

CI RCULATORY

RESPONSE

¡ F.B.F.

ml

¡ F.V.R.

ol
/o

Con trol

-496
- 187
- 168
-3r2
- 346

r20.4
92.6

195 .8
64.7

L46.6

After femoral
SarI-IIeE-AII

75
66
25

0
106

C I RCULATORY
RESPONSE

¡ R.B.t.

ml

¡ R.V.R.

lo

Control

-640
-908
-692
-904

After femoral
SarI-IIeB-AII

-564
-4BB
-548
-600
-820

mean I s.e.m. -381.8 159.5 36.3 t 6.0 mean t s.e.m . -786.0 t 70.1 -604.0 t 50.9

- 7.4
28.5
19 .0
15 .9

-11.5

1

2

t4
80
10
86
50

9
9
3

4
1

85
BO

68
5B
76

3

2
4
5

2

mean t s.e.m. 124.0 t22.6 8.9 !7.8 mean t s.e.m. 108 .5 x 27 .4 79.5 t 4.6

N)t)
+¡
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TABLE 5.5. The changes in mean arterial pressure (¡ N.A.P., mm Hg x min)

and superior mesenteric blood fìow (A S.M.B.F., ml) on 5 min intravenous

(I.V.), superior mesenteric artéry (S.M.A.) and hepato-portaì vein (H.P.V.)

infusions of angiotensin II (500 nglmin t0.5 nmolTminJ). The responses

tabìated were recorded before and after 5 min superior nesenteric

artery and hepato-portaì vein infusions of Sarl-Iìe8-angiotensin II

(5.0 ug/min t 5.3 nmol/minl ).



TABLE 5.5 .

ANGIOTENSIN I I

DATE
CIRCULATORY

RESPONSE
A r S.M.
Sart-Ile8-AI I

r
sarr-Ilee-AI I

I.V. S.M.A. H.P.V

Con tro I

I.V. S.M.A. H.P.V. I.V. S.M.A. H.P.V.

16.2.79
22.2.79
26.2.79
6.3.79

16.3.79
23.3.79

¡ M.A.P.

mm Hg x min

283
148
236
148
104
177

L77
238
118
23r
139
II2
187

T7T.7
119 .3

30
29
51
2I
27
23

30.3
t3.7

2r7
74

24t
134
r29
181

159 .0
tZI.7

13
47

172
73
53

115

46
36
30
19
24
50

23
2I
39
13
23
29

19
24
47
30
19
24

30
34
38
24
22
30

mean 1 S.e.m.
83
22

1

+
34
¡4

9

7

28
t3

0
3

26
t3

4
2

.7

.9
29
t4

7 77.1
3 t19.6

16.
22.
26.
6.

16.
23.

2.79
2.79
2.79
3.79
3.79
3.79

¡ S.M.B.F.

ml

mean t s.e.m.

- 708
- 2r8
- 190
- 453

0

-1380
- 544
- 745
- 878
- 610

-r02
-54
-65
-24
-93

924
t82
235
432
17t

260.0
!L73.2

348
0

- 156
-TT7
- 148

-74.8
t98. I

0
48

154
78

-98.5
t88.4

-780
-208
-456
-57r

-582

0
0

108
0
0

0
0

-r25
0
0

45 I -804 -178

-2æ.2 -909.8 -69.9
t105.1 1144.5 tl1.9

-48. B
t31 .4 t95

8
9

28
35+

0
I

16.
22.
26.
6.

94
36
28
45
5B
36

0
5
6
5

9
5

4
4
9
9
9
7

87.
75.
77.
84.
75.
87.

79
79
79
79
79
79

2.
2.
2.
3.
3.
3.

Percentage

Inactivation
o/
lo

83.7
75.7
87 .3
87.2
76.9
71.7

B0 .6
x?.3

91.9
85 .8
84 .3
9r.2
77 .9
83.6

85 .3
t1.9

92.0
79 .7
79 .6
78.4
83 .0
87 .2

86.2
54 .0
84.2
82.r
82.7
83.4

78.7
x4.2

16

8r.7
t2.0

6
0

82
xZ

50
t8

1

2 l\)
O
Or

23

mean + s.e.fn.



TABLE 6.1. The changes'in mean arterial pressure (¡ N.A.P., mm Hg x min) on 5 min intravenous' femoral

artery and renal artery infusions of noradrenaline (10 pglmin t59.1 nmolTminl) before and after femoral artery

and renal artery infusions of phenoxybenzamine (p.8.2.100 ug/min, [293.8 nmoì7mìnl). The calcu]ated

percentage inactivation of noradrenaìine in the femoral and renal vascular beds is also shown.

NORADRENAL I NE

DATE

3r.7 .78
3.8.78
7 .8.78

10 .8.78
14 .8.78
15 .8. 78

10.
t4.
15.

.78

.78

.78

.78

.78

CI RCULATORY

RESPONSE

¡ M.A. P.

mm Hg x min

mean + s.e.m.

Percentage

Inactivation
ol

mean t S.e.m.

FEMORAL P .B .2. RENAL P .B .7.

63

30
88
57
51

I.V. F.A. R.A. I.V. F.A. R.A. I.V. F.A. R.A.

L22
228
60

106
96

155

I27 .8
t-23.7

CONTROL

T7

L2
0

18
0
9

81
183
48

104
104
101

103.5
!L8.2

17. 3
t5 .6

6
I

51

44
80
89
78

tB
68

66

4r.2
0

14.9
t6.4

4
0
0

28

22
6
4
I

24
I

34
20
20

2
0

2878

85
85
46
81
75

109

80
44
80
57

100

69
113
51
72
67
61

60
59
10
43
34
24

13
4B
80
40
49
61

11
¡2

.0

.6
80 .2 7r.2
18.3 t8. 1

72.2 57 .8 38
t8.7 !9.4 t8

8.7

3
1

5
1

31
3
7

7

I
I
8
8
8

86
95

100
83
90
94

91.3
¡2.5

40

8 r4.4
0 t8.3

10
x4

16
t6

48
t9

2
9

l\)
O!



TABLE 6.2. The changes in renal bìood flow (¡ R.B.F., m'l) and femoral blood flow (A F.B.F., ml) on 5 min d'irect'infusions

of noradrenal.ine (tO uglmin I59.1 nmol/minl) before and after femoral artery and renal artery infusions of phenoxybenzamine

(P.B.Z. 100 uglmìn t293.8 nmolTminl) .

RENAL ARTERY NORADRENALINE FEMORAL ARTERY NORADRENALINE

DATE

3r.7 .78
3.7 .78
7.8.78
8.8.78

14 .8. 78
15.8.78

C I RCULATORY

RESPONSE

n R.B.F.

ml

mean t s.e.m.

-1620
-2308
- 812
- 1200
- 1400
- 787

-1354.4
t 23.2

CONTROL FEMORAL P.B.Z. RENAL P.B.Z.

CI RCULATORY
RESPONSE

¡ F.B.F.

ml

mean t s.e.m.

CONTROL FEMORAL P .B .7. RENAL P .8.2.

40-t524

- 776
- 1488
- 1288
- 7r0

-224

0

- 130
- 170
-86

-722.0
t38.0

- 1150
- 724
- 608
- 840
-1130
-t522

-995.6
t137 .5

-252

-24t
-r24
-6 16

-544

-375
-256
-544
-497

-trs7 .2
!I74.1

-355 .4
t95.1

-342. 4
7t90

1\)
Oæ
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TABLE 6.3. The changes in mean arterial pressure (¡ N.n.P., mm Hg x min)

and renal blood flow (A R.B.F., ml) on 5 min intravenous (I.V.) and renal

artery (R.4.) infusions of noradrenaline (t0 ug/min t59.1 nmolTminl) before

and after a 5 min renal artery infusion of phentolamine (50 ug/min

t132.5 nmol/minl). The calculated percentage inactivation of noradrenaline

in the renal vascular bed, before and after phentolamine administration, is

al so shown.



2L0

TABLE 6.3.

CI RCULATORY
RESPONSE

CONTROL AFTER RENAL PHENTOLAMINE

DATE
I.V R. A. I.V R. A.

3.08. 78
1.09.78
4.09. 78
5 .09. 78

11.09.78
25.09 .78
26.09.78
2.r0.78
9.10.78

10 . 10 .78

^ 
M.A.P.

mm Hg x min

40
24t
T17
L27
177
114
108
72

219
94

48
123

73
79
69
72

119
97

183
57

170
73

t28
89

68
L77

77

18
59
2L
26
36
29
44
30
8'J

39

2
0

38
r6

113.0
r18.4

92.0
!t2.7

9
0

30
20

1
+nEan + s.e.m.

3 .08. 78
1 .09 .78
4 .09 .78
5.09.78

11 .09 . 78
25.09.78
26.09.78
2.t0 .78
9.10.78

10 . 10.78

¡ R.B.F

ml

-82
-t26
- i95
-L76
-326
-720
-256
-739
-237
-392

-r976
- 1040
-2t20
-1260
-2272
-2LI2
-tr76
-67 48
-2840
-?432

- 114
-282

-442
- 370
-349

-262
-2t6
-440
-256
-402
-382
-222
-296
-582
-666

õ+

mean + s .e.m. -2397.6
t 5L.l

-264.9
t60.7

-275.2
t58. I

-372.4
t48.8

3
1

4
5

11
25
26

2
9

10

.'08.78

.09 .78
0

49
37

67.0
7 L.2

64.t
67 .4

55.9
54.8
48.0

.09 .78

.09.78

.09.78

.09.78

.09.78

. 10 .78

Percen tage

I nacti vati on

lo

38.
61.
36.

0
0

16.
28.

2
I
6
0
I

. 10 .78

. 10 .78
4
7

mean + s .e.m 26.8 x 6.9 6I.2 t 3.2
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TABLE 6.4. The changes in mean arterial pressure (¡ t'1.4.P., mm Hg x min)

and renal blood flow (A R.B.F., ml) on 5 min intravenous (1.V.) and renal

artery (R.4.) infusions of noradrenaline (10 uglmin t59.1 nmolTminl) before

and after a'5 min renal artery infusion of phentolamine (50 ug/min

t132.5 nmolTminl) alone and in conjunction with a renal artery constriction.

The calculated percentage inactivation of noradrenaìine in the renal

vascular bed during these three states are also shown.



TABLE 6.4.

DATE

7 .5.79

CI RCULATORY

RESPONSE

À M.A.P.

rnm l{g x min

mean 1 s.e.m.

¡ R.B.F.

ml

nEan 1 s.e.m.

Percentage

Inacti vati on

/o

Control

NORADRENAL INE

R. nto neR.A. phentolamine and R.A. constriction
I,V. R.A. I.V R.A.

14 .5.
t7 .5.
19.5.
22.5.
29.5.

79
79
79
79
79

79
79
79
79
79
79

79
79
79
79
79
79

7.5
14 .5
t7 .5
19 .5
22.5
29.5

I.V

164
690
462
154

79
398

324.5
¡95.4

- 150
-60
- 182
-224
-295
-324

R. A.

-t032
-I2T8
-L464
- 1640
-L224
-2L04

146
420
266

82
64

276

199

144
404
302
r27

77
286

223.3
t51;6

-240
-86
- 148
- 158
-269
- 184

66
155
138
49
27
53

81. 3
¡21.3

-660
-276
-312
-536
-442
-656

164
302
274
98
57

322

-236
- 140
-L28
- 190
-274
- 156

.TB7

74
186
L72
52
50
90

-1692
- 9r2
- 1344
- 1936
-2040
-2248

- 1695 .3
¡ 201.7

104
x24

.8

.8
202
t45

0
3t54

0
5

-205 .8 -1447 .0
r 39.7 x L57.4

11.0
39. 1

42.4
46.7
19.0
48.7

-180. B -486.3
t27,0 +67,3

s4.2
61.6
54.3
61.4
64.9
81.5

54.9
38.4
37.2
46.9
L2.3
72.0

3
5t23

7.5
14.5
17 .5
19 .5
22.5
29.5

N)
ñ.ìmean t s.e.m. 34.0 ! 6.2 63.0 1 4.1 43.6 t 8.1
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TABLE 6.5. The changes in mean arterial pressure (A M.A.P., mm Hg x min)

and superior mesenteric blood f'low (A S.M.B.F., mì) on 5 min intravenous

(I.V.), superior mesenteric artery (S.M.A.) and hepato-portal vein (H.P.V.)

'infusions of noradrenaline (10 ug/min [59.1 nmo]7minl) before and after a

5 min superior mesenteric artery infusion of phentolamine (200 ug/min

[530 nmolTmini). The caìculated percentage inactivation of noradrenaline

in the splanchnic and hepato-portal circulations before and after

phentolamine administration are also shown.



TABLE 6.5.

NORADRENAL I NE

Control After S.M.A. Phentolamine

I.V. S.M.A. H.P.V I.V. S.M.A. H.P.V

DATE

8.6 . 79
19.6.79
20.6.79
27 .6.79
6.7 .79
9.7 .79

C IRCULATORY
RESPONSE

^ 
M.A.P.

mm Hg x min

mean + s.e.m.

^ 
S.M.B.F

ml

frìean t s.e.m.

Percentage

Inacti vati on

/o

46
27
33
36
24
68

696
6
6
6
7
7

I
19
20
27

6
9

1

7

0
2
I
1

79
79
79
79
79
79

79
79
79
79
79
79

182
76

250
r52
177
107

157.3
!25.0

552
-9t7
-351

0
-244
-340

28
44
42
18
32

38.8
!7.2

- 720
- 1368
- 804

78
58
70
56
18
33

150
- 345
-390

132
0

-t32

52.L
!9.2

224
136
108
173
163
r37

116 .

733
- 168
- 106
-472

424
-200

38
39
23
60
22
64

0

-40 1

-295
-88
- 108
-456

156 8
3

0
6

39
t6

41.0
!7.3

564
685
717

115
-93
- 336
- 188

0
272

-38.3
t88 .5

79.5
80. I
69.4
79.2
85.3
50 .4

74.0
r:5.2

57.
23.
72.
63.
89.
69.

8.6
19 .6
20.6
27 .6
6.7
9.7

-216.7 -809 .7 -97 .5
1196.8 1116.1 t95.1

62.r
63.2
82.4
72.4
89 .8
70.r

73.3
¡4.4

62.5
t9 .0

36.8 -269.6
1184.4 x 74 .7

83.0
7r.3
78.7
65.3
86.5
53.2

73.0
t5. 1 N)

F
mean + s.e.m.



TABLE 6.6. The changes in mean arterial pressure (¡ M.A.P., mm Hg x min) on 5 min intravenous (I.V.),

femoral artery (f.n.) and renal artery (n.n.) infusions of noradrenalìne (10 uglmin t59.1 nmolTminl) before

and after 5 m'in renal artery and femoral artery 'infusion of propranoloì (200 ug/min t675.6 nmolTminl) .

The calculated percentage inactivation of noradrenaline in the femoral and renal vascular beds befone and

after propranoloì adm'inistration are also shown.

NORADRE NAL INE

DATE
CI RCULATORY

RESPONSE
ROP F

I.V. F.A. R.A. I.V. F.A. R.A. I.V. F.A. R.A.

7.8.79
9 .8.79

'9 .7 .79
24.1 .79
3t.7 .79

9.
24.
31.

7.
9.

L7.
21.

¡ M.A. P.

ffn Hg x min

mean t s.e.m.

Percentage

I nacti vati on

/o

250.8 43.8
t38.4 xZL .6

193
296
438
223
177
294
135

T2

149
9

30
41
22

124
166
392
105
131
2r0
100

r75.4
r38 .9

224
312
480
262
228
296
144

278.0
t39.6

37
188

T2

44
13
15

t77
L2t
330
97
99

r29
62

384
420
234
274
304
169

2L
180

10
30
2T
14

94 .5
57 .r
95.7
84.6
93. I
9r.7

I57
306

B6

158
191

55

158.8
t35 .9

59. 1

27.r
63.3
26.2
37.2
67.4

46.7
t7 .6

t7 .8.79
2r.8.79

51. 8 145 .0
t27 .8 t33.6

88. 1

60 .8
95.4
80 .7
95.6
89.6

49 .5
x6.2

287.5
t40 .6

5
9

46
26+

9

0
9
0
0
7

7.
7.
7.
8.
8.
8.
8.

95
66
95
83
86
B3

79
79
79
79
79
79
79

2t.0
6I.2
3L.2
63.0
56 .6
56.4
56 .9

35.7
43.9
10 .5
52.9
26.0
28.6
25.9

85
¡4

1

0
N)
(Jr

86
t6

1

4
1

5

84
t6

31 9
2mean I s.e.m. t5



TABLE 6.7. The changes in renal blood flow (A R.B.F., ml) and femoral btood flow (¡ F.B.F., ml) on direct infusion of

noradrenaline (10 pg/m'in t59.1 nmol/minl for 5 min) before and after a 5 min renal artery (R.4.) and femoral artery (F.A')

infusion of propranolol (200 ug/min [675.6 nmolTminl).

RENAL ARTERY NORADRENALINE FEMORAL ARTERY NORADRENALINE

DATE

9.7 .79
24.7 .79
3r.7 .79

7 .8.79
9 .8.79

L7.8.79
2r.8.79

CI RCULATORY

RESPONSE

¡ R.B.F.

ml

mean t s.e.m.

CONTROL

-2156
-2664
- 915
- 1095
- 1844
- 1860
-r272

R. A.
PROPRANOLOL

-r872
-r?84
- 465
- 870
-1392
-1240
- 804

-1132.0
t174.0

F. A.
PROPRANOLOL

-2072
- 480
-2025
-2192
- 1480
- 1208

-L576.2
t269.I

CI RCULATORY
RESPONSE

¡ F.B.F.

ml

fnean + s.e.m.

CONTROL

- 984
- 535
- 1046
- 1908
-2328
-265r

- 1575 .5
t343.9

R. A.
PROPRANOLOL

- 667
- 319
-r740
-2256
- 1800
-3276

-1676.3
t438.8

F. A.
PROPRANOLOL

- 475
- 447
- 1604
- 1836
- 1908
-2076

- 1693.7
¡237.3

1

300
391

+
0
6

f\)

Ol



TABLE 6.8. The mean arterial pressure (n M.A.P., rffn Hg x min) and renal blood flow (¡ R.B.F., ml)

responses'in 5 dogs on 5 min intravenous (I.V.) and renal artery (R.4.) infusions of noradrenaline

(10 ug/min t59.1 nmolTmìnl) before and after a 5 min renal artery'infusion of propranoìoì (200 ug/min

t675.6 nmol/minl) alone and in conjunction with phentolamine (tOO ug/r¡in t355.4 nmol/minl for 5 min).

The calculated percentage inactivation of noradrenaline in the renal vascular bed for each dog is

al so shown.

NORADRENAL INE

DATE
CI RCULATORY

RESPONSE

¡ M.A.P.

ml

mean i s.e.m.

I.V. R.A.

CONTROL

290 2r4
298 268
154 552r2 r32
190 87

R.A. PROPRANOLOL

I.V R.A

R.A. PROPRANOLOL
+ PHENTOLAMINE
I.V. R. A.

tr.9.79
t4.9.79
16.9 . 79
t9 .9.19
2r.9 .79

272
404
t25
256
316

274.6
t43.4

159
256

15
85

138

248
294
TL2
?26
250

63
19

6
48
31

33 .4
110.1

228.8
x28.2

L5L.2
t39.6

130
t40

226
t30

6
0

.0
.6

14.
18.
19.
2I.

79
79
79
79
l9

9
9
9
9
9

¡ R.B.F.

ml

mean + s.e.m.

-L27
- 118
-89
-210

- 108. 8
t33.8

- 656
- 1560
- 780
- 1500

-1108.0
t 183 .6

-L73
- 151
-79

0

- 106

- 158
-235
-42

0

-87.0
¡47.0

-t92
-287
-293
-2æ

- 720
-t776
- 615
- 768

2 -898.2
8 t221.5

8
I

344
tB330+

14.9.79
18.9 . 79
19.9.79
2L.9 .79

Percen tage

Inacti vatìon
10.1
64.3
37 .7
54.2

36
88
66
56

6
0
B

3

.5

.6

.8

.6

93
94
7B
87

f\)

\¡
mean 1 s.e.m. 38.5 t 9.7 57 .8 ! 9.2 85.8 I 4.0
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TABLE 7.1. The changes in mean arterial pressure (¡ m.R.P., mm Hg x min),

renal blood flow (¡ R.B.F., mì) in response to 5 min intravenous (I.V.) and

renal artery (n.n.) infusions of noradrenaline (10 uglmin t59.1 nmol/rninl),

before and after renal artery infusion of SQ 20881 (200 ug/min

t265.0 nmol/minl for 5 min) alone and in conjunction with phentolamine

(100 uglmin t355.4 nmol/minl for 5 min). The changes in calcuìated

noradrenaline inactivation in the renal vascular bed are also shown.



TABLE 7.1.

NORADRENAL INE

DATE
CI RCULATORY

RESPONSE
CONTROL R.A. SQ 20881 AND PHENTOLAMINE

I.V R.A.I.V R. A. I.V. R.A.

27.rt.79
29 .1r.79

L .r2.79
2.t2.79
7.12.79

^ 
M.A.P.

mm Hg x min

95
94

113
r07
258

80
57

104
9B

170

88
111

74
72

185

4T
35
52
58

119

63
83
75
54

t17

11
23
T2
11

2

meants.e.m. 182.5 155.4 133.2 135.0 L39.2 153.5 78.2¡ 2I.I 122.3!44.8 23.0Ì11.5
I

27
29

1

2
7

.11

.11

.12

.12

.12

79
79
79
79
79

^ 
R.B.F.

mean js.e.m. -248.3t63.6 -2018.8!267.0 -2IL.0 156.2-I?0I.7t 153.8 -237.8Ì66.0 -302.0!44.2

ml

-478
- 168
-162
- 130
-4 16

-3160
- 1440
-2365
- 1950
- 1488

-462
-92
-r52
- 186
-266

- 1700
- 710
- 1180
-1550
- 1180

-424
0

-t75
-2t0
-4r2

-490
-t92
-2L6
-270
-354

27 .tL.79
29 .tl.79
r.L2.79
2.L2.79
7 -t2.79

Percentage

Inacti vati on

o/
lo

mean + s.e.m.

4
5

7

4
7

53
68

15 .8
39 .4
8.0
8.4

34.1

29.
19.
35.

82.5
72.3
84.0
79.6
98.3

82.3 ! 3.623.0 ¡ 5.7 44.4 ! 7.8

f\)
(.o



TABLE 7.2. Systemic pìasma renjn activity (ng Al/mì/hr) ìn 4 dogs before and after 5 min renal artery infusion of

noradrenal1ne (10 ug/min t59.1 nmolTminl) . Blood samp'les (5 ml ) were taken from the high 'inferior vena cava at 5 min

i nterval s .

INFERIOR VENA CAVA SAMPLE

DATE
N.A.

INFUS ION

3 4

2.68

1.00

0.60

2.96

6521

20.tL.79

27 .rr.79
29 .rI.79
r -r2.79

SYSTEMIC

PLASMA RENIN

ACT IV ITY

ng AI/ml /hr

1 .59

0.76

0.08

0

1.73

0.32

0

L.L2

0.28

0. 16

6 .40

I
0

0

0

28

OB

08

40

1

0

0

0

36

68

24

68

mean+s.e.m. 0.61 r0.43 0.79t0.45 0.45t0.32 0.74¡0.27 1.81 t0.68 2.28!2.52

N)
t\O
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