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ABSTRACT 

Isolated preparations of ilea from guinea-pigs, 

rats and rabbits responded to angiotensin with a 

biphasic contraction, No biphasic contractions 

were observed in guinea-pig taenia coli, rat stomach 

fundus strip, rat colon, rabbit aortic strip or 

rat portal vein preparations. 

The biphasic actions of angiotensin were 

examined using known pharmacological blocking agents 

in selective concentrations. The results obtained 

suggest that the receptors for angiotensin are 

probably different in the same tissues from different 

species and in different tissues of the same species. 

Using a modified sucrose-gap bath, the effect 

of angiotensin on the electrical and mechanical 

activity of the guinea-pig taenia coli was studied. 

The main action of angiotensin appeared to be an 

increase in permeability to sodium ions, Although 

the permeability to ‘<", ca’ ‘44nd ci ions also appeared 

to be affected. Hyperpolarization was observed 

following angiotensin stimulation. The possible 

significance of this observation was discussed, 

The effect of prostaglandin biosynthesis 

inhibitors, aspirin and indomethacin, on angiotensin 

induced contraction was examined in several smooth 

muscle preparations. Indomethacin selectively 

reduced angiotensin-induced contrection in all
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preparations used with the exception of the rat colon. 

Attempts were made to determine the relationship 

between prostaglandin and angiotensin action in 

the guinea-pig ileum. The results suggest that 

at least part of the contractile response to angio-~ 

tensin in the guinea-pig ileum involves the release 

of or requires the presence of prostaglandin, 

Indomethacin selectively reduced the pressor response 

to angiotensin in the pithed rat, These results 

are discussed in the light of recent evidence that 

angiotensin can release prostaglandins from 

several isolated organs. It is concluded that 

angiotensin besides being able to release acetyl~ 

choline, may also release prostaglandins which in 

turn can modulate the contractile actions of angio- 

tensin. 

No single mode of action can be used to 

explain the action of angiotensin in causing con- 

traction of a relatively small number of preparations 

of smooth muscle taken from a few similar species.
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POLYPEPTIDES - GENERAL CONSIDERATION 
  

Many hormones are either proteins or large polypeptides, 

for example, insulin and the adrenocorticotropic hormone (ACTH), 

however, in addition, there exists a group of polypeptides of 

low molecular weight which have potent pharmacological activities. 

Some of these peptides are true hormones, such as the neurohypophyseal 

hormones oxtycin and vasopressin, others like the kinins (e.g. 

bradykinin) function more as local tissue hormones, while angiotensin 

may act as both. 

In addition to oxytocin which elicits the ejection of milk 

in lactating females, and vasopressin, the anti-diuretic hormone, 

the neurohypophysis also liberates two polypeptide hormones that 

stimulate the pigment-formi: activity of the melanocytes, these 

  

are the alpha end beta melanocyte-stimulating hormones. 

The angiotensins and kinins differ from the above peptide 

panetaae in that they are derived from proteins, normally present 

in the plasma, that are themselves biologically inert. The 

angiotensins consist of a decapeptide (angiotensin I) and an 

octapeptide (angiotensin II) which contract smooth muscle, parti- 

cularly vascular smooth muscle, while the kinins which also contract 

smooth muscle © generally relax vascular smooth muscle. 

The physiological roles of the angiotensins and kinins are 

not yet clearly defined. It has been suggested that the kinins 

may mediate responses to injury and be involved in inflammation 

  

(Lewis 1964, 1970; Schachter 1970). One of the proposed nhysiologics.



roles of angiotensin is in the control of sodium and water 

reabsorption across renal tubules (see review by Thurau, Valtin 

and Schnermann, 1968) and in fluid transfer in intestines (Davies, 

Munday and Parsons, 1969, 1970). 

Recent evidence (see reviews by Davis, 1971, 1974) suggests 

that the angiotensins may be of physiological significance in the 

control of aldosterone secretion from the zona glomerulosa of the 

adrenal cortex, which in turn leads to sodium retention and water 

reabsorption from the renal tubule cells. This renin-angiotensin- 

aldosterone system, operates in homeostasis and disease and is 

present throughout the vertebrates (see Davis, 1971). The intense 

vaso-constrictor and pressor properties of angiotensin have played 

a key role in its historical association with hypertensive disease. 

Johnson and Davis (1973) have suggested that the angiotensin- 

aldosterone system may play a role in the maintenance of arterial 

blood pressure. More recently, an angiotensin-prostaglandin 

aytereat io has also been implicated in the regulation of blood 

pressure (see McGiff, 1973). 

The actions of angiotensin which are of particular interest 

in this thesis are those at a cellular level leading to contraction 

of intestinal and vascular smooth muscle. 

The nomenclature of peptides used in this thesis is that 

suggested by du Vigneaud (1963). The noun form of the amino acid 

is used to indicate the replacement of one amino acid by another 

and a number is added to indicate the position. The adjectival 

form is reserved for peptide derivatives. For example, asparagine '-
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angiotensin means that the terminal aspartic acid at the amino acid 

end of angiotensin is replaced by asparagine and cysteine “angiotensin 

means that terminal phenylalanine at the carboxyl end is replaced by 

cysteine. Bradykinyl-lysine means that lysine has been added to 

the carboxyl end of bradykinin. The amino acids should be designated 

by three-letter symbols; a capital followed by two lower-case 

letters, as in Yal?-angiotensin Els



I ANGIOTENSIN 

Historical Introduction 

A pressor substance present in saline extract of rabbit 

kidney was described by Tigerstedt and Bergman in 1898, which 

they named renin. However, this important finding did not 

receive much attention until Golplett, Lynch, 'se=:, Hanzal and 

Summerville (1934) demonstrated in the dog that a persistent 

hypertension resulted from mechanical constriction of the renal 

artery. It was later shown that renin was an enzyme which acted 

upon a plasma substrate to produce a biologically active substance 

called angiotonin (Page and Helmer, 1940) or hypertensin (Braun- 

Menendez, Fasciolo, Leloir and Munoz , 1940). The name angiotensin 

is now used to describe this pharmacologically active substance 

following the revised nomenclature by Braun-Menendez and Page (1958). 

The relationship between renin and the formation of angiotensin is 

summarized in Fig. 1. 

Following the discovery of angiotensin by Page and Helmer 

(1940) and Braun-Menendez et al (1940) efforts were made to isolate 

pure angiotensin. However, it was not until 1956 that the amino 

acid sequences for both angiotensin I and II were determined (Skeges, 

Lentz, Kahn, Woods and Shumway, 1956; Skeggs, Kahn and Shumway, 1956). 

The amino acid sequences of the angiotensin peptides have been 

confirmed by synthesis : Yal angiotensin I and II by Schwyzer, 

Iselin, Kappeler, Riniker, Rittel and Zuber (1956) and Tle?-angiotensin 

II by Arawaka, Smeby and Bumpus (1962). Among the numerous analogs of 

angiotensin that have since been synthesized (see Bumpus, Smedy and 

Khairalleh, 1970; Chaturvedi, Park, Smeby and Bumpus, 1970), it is
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Kidney 

(juxtaglomerular cells) 
baroreceptor : changes in 
mean arterial pressure 

osmoreceptor : changes in 
sodium load to macula densa 

hormonal control : ANRL*?, 
prostaglandins? 

i—Factors affecting release 

sympathetic nerve control 

renin 
(proteolytic enzyme) 

renin substrate ngiotens ———-> in I ——_—_———_» engiotensir 
(plasmag-2 Globulin) (de 

sin I 
peptide) (octapeptide) 

    

  

converting enzyme 
plus Cl 

Fig. 1. The renin-angiotensin system, 

ANRL* antihypertensive neutral 
renomedullary lipids



only Val?-angiotensin II and Ile” ~angiotensin II which possess 

strong smooth muscle stimulating activities. The commercially 

available angiotensin II or Hypertensin CIBA, is Asp(I,) ial = 

angiotensin II. Most of the recent work on the pharmacology of 

angiotensin that has been reported has been done with this synthetic 

angiotensin II, and the results obtained do not differ qualitatively 

from those seen with Asp '-Val?-angiotensin II or the corresponding 

5 Ile?-angiotensin II (see review by Gross, 1971). However, the 

synthetic angiotensin II is degraded at a faster rate than the 

natural Asp |-angiotensin II, and the peptidase involved in its 

hydrolysis is different from that which hydrolyzd the natural peptide 

(Nagatsu, Gillespie and Glenner, 1965). Because of the differences 

in enzymic characteristics of the natural and synthetic angiotensins, 

it has been suggested that only the natural Asp!-engiotensin II 

should be used in the investigation of angiotensin II inactivation 

(Helmer, 1961). Table I summarizes the amino acid sequences of 

‘the naturel derivatives of angiotensin. 

The term 'angiotensin' in this thesis shall refer to the more 

potent octapeptide, angiotensin II, unless otherwise indicated. 

Renin release and possible physiological roles of the renin-angiotensin 

system. 

Following the early experiments of Goldblatt et al (1934) 

on the production of renal hypertension by partial constriction of 

the renal arteries, it had been assumed that the stimulus for renin 

release was ischaemia and that the resultant increase in the con- 

centration of circulating renin in turn caused an increase in 

angiotensin concentration which was responsible for the elevated
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Dlood pressure (Braun-Menendez et al, 1940; Houssay and Braun- 

Menendez, 1942; Page, 1940). In recent years there has been 

evidence against the concept of renal ischaemia as the stimulus 

for renin release, for example, Skinner, McCubbin and Page (1964a,b) 

demonstrated that renin-release could be stimulated by a reduction 

of renal perfusion pressure too small to cause any measurable 

decrease in renal blood flow and that constriction of the renal 

vein so as to reduce blood flow by 50% did not cause renin release. 

These authors expressed the view that renin secretion was controlled 

by a renal baroreceptor rather than by ischaemia. They further 

suggested that a small amount of renin was secreted continuously 

and that the rate responded to physiological changes in blood pressure. 

There is an inverse relationship between the renin content 

of the kidney or the renin concentration in plasma and sodium balance 

(Brown, Davies, Lever and Robertson, 1964, 1965). Sodium retention 

is followed by a reduction and sodium loss by an increase in the 

“production and secretion of renin by the kidney (Gross, Brunner, 

and Ziegler, 1965). The two parts of the nephron that are involved 

in the renin-angiotensin system are the juxtaglomerular cells and 

the macula densa. The macula densa cells, which are in contact 

with fluid at the begining of the distal tubule, may have an 

osmoreceptor function that enables them to transmit information 

on the composition of the tubular fluid to the juxtaglomerular cells 

located at the entrance to the nephron (Vander and Miller, 1964a, 

1964; Gross, Schaechtelin, Brunner and Peters, 1964). From these 

observations, Gross (see review, 1971) suggested that renin release 

could be regulated by the osmolarity of the urine at the begining
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of the distal tubule, changes being detected by the macula densa. 

Infusion of adrenaline or noradrenaline or stimulation of the renal 

nerves causes a release of renin irrespective of whether pressure 

in the renal artery is maintained at a normal level or whether both 

glomerular filtration rate and renal blood flow are reduced 

(Bunag, Page and McCubbin, 1965; Vander, 1965). In contrast to 

noradrenaline, angiotensin infused intravenously into the renal 

artery does not stimulate renin release (Wathen, Kingsbury, Stouder, 

Schneider and Rostorfer, 1965). On the basis of this observation 

it has been suggested that there is a negative feedback mechanism 

between the level of circulating angiotensin and the release of 

renin (see Vander, 1967). ‘There is also evidence to suggest ths 

renin release can be inhibited by certain lipid compounds including 

Muirhead, Leach, 
  prostaglandins arising from the kidney medulla (se 

Byers, Brooks, Daniels and Hinman, 1971 and Fig. As 

Despite these observations the physiological role and 

pathophysiological significance of the renin-angiotensin systen 

is not yet firmly established. It does not seem to regulate normal 

blood pressure, nor is it primarily responsible for the maintenance 

of the elevated blood pressure of renal hypertension, although it 

may be involved in the pathogenesis of renal hypertension in another 

way (see reviews by Gross, Brunner and Ziegler, 1965; Gross, 4971). 

Some of the possible physiological actions of angiotensin 

are summarized in Table II.
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4. 

5. 

Participation in the regulation of blood pressure 

Effect on renal haemodynamics 

Participation in the regulation of sodium balance 

a) effect on renal tubular function 

b) stimulation of aldosterone secretion 

Participation in the regulation of intravascular 

volume 

Increase in sympathetic tone 

Effect on’intestinal water transport 

  

Table IT 

Possible physiological actions of iotensin 
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Actions of Angiotensin 
  

Angiotensin is one of the most active biological substances 

know and many of its pharmacological actions can be attributed to 

its potent vaso-constrictor and smooth muscle stimulant activities. 

When synthetic angiotensin became available, it prompted a compre- 

hensive pharmacological investigation and several other sites of 

action of the peptide have been reported (see reviews, McCubbin 

and Page, 1968; Khairallah, 1971; Gross, 1971). The more 

prominent ones are the kidneys, the sympathetic nervous system, 

the adrenal cortex and medulla, and the central nervous system. 

The stimulant effect of angiotensin on various types of smooth 

muscles will now be considered in detail. 

Effects on smooth muscle 

A) Isolated uterus 

Uteri from rats in oestrous or pretreated with stilboestrol 

respond by 

ona ale 

are linear,between 0.2 and 10 ng/ml and are so regular that the 

  

contractions to angiotensin. Responses 

rat uterus is one of the preparations used for assay of angiotensin 

(Gross and Turrian, 1960; Khairalleh and Page, 1962 and Paiva and 

Paiva, 1960). The contractions become smaller with repeated exposure 

to the peptide, but can be restored by the administration of synthetic 

oxytocin (Gross and Turrian, 1960; Paiva and Paiva, 1960). High 

concentrations of angiotensin (10-15 pg/ml muscle bath) given every 

five minutes lead to tachyphylaxis after the 3rd or 4th contractile 

response (Xhairallah and Page, 1962). The oxytocic action of 

angiotensin is not yet established, although it has been asserted



as 

that calcium ions are necessary (Renson, Barac and Baca, 1959). 

B) Isolated intestines 
  

Angiotensin I and II are strong stimulants of the isolated 

intestine of the guinea pig. The contractile action is slightly 

delayed, begining about 20 to 30 seconds after the addition of the 

peptides to the bath and reaching a maximum within 90 to 120 seconds. 

There is a linear dose-response relationship in the range 107? to 

1078g/n1, the decapeptide (angiotensin I) being less active (Gross 

and Turrian, 1960; Ross, Iudden and Stone, 1960; Bisset and 

Lewis, 1962; Khairallah and Page, 1961, 1962). 

The rabbit ileum is less sensitive to angiotensin and reacts 

more slowly than the guinea-pig ileun. Slow contractions are provoked, 

reaching their maximum within 3 minutes of the addition of angiotensin 

  

to the bath fluid (Robertson and Rubin, 1962). The rat colon contracts 

to a concentration of angiotensin as low as 407 a /ml, and has been 

suggested for use as a bioassay for angiotensin circulating in the 

plood (Regoli and Vane, 1964a,b, 1966). The hen's rectal caecum 

also contracts to angiotensin but at much higher concentrations 

(Bisset and Lewis, 1962). The chicken rectum and cat jejunum do not 

respond to angiotensin with levels of up to 107e2/m1, while the rat's 

stomach strip and the rabbit rectum respond only very weakly 

(Regoli and Vane, 1964a) 

Recently, the response of the guinea-pig ileum to angiotensin 

was described as biphasic by Godfraind, Kaba and Polster (1966 a) 

It consists of an initial fast spike-like contraction which declines
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and is followed by a secondary slow increase in tension. Similar 

biphasic contractile responses to angiotensin have also been reported 

by Goldenberg (1967) in the ileum of rat, mouse and the Mongolian 

gerbil. 

C) Isolated arteries 

The spirally cut rabbit aorta (Furchgott and Bhadrakom, 1953) 

has been extensively used to study the effect of angiotensin on 

vascular smooth muscle. Angiotensin produces a slow developing 

contraction, which is followed by slow relaxation after washing out 

(Helmer, 1957, 1964). ‘The onset of action is delayed from about 

2 to 4 minutes. However, other authors have reported that the 

response started within 30 seconds and reached a maximum within 

     41 to 2 minutes (zha: lah, Page, Bumpus and 1 

and Uchids, 1967). 

Spirally cut arteries from different animals vary in their 

sensitivity (Zh:    rallah et al, 1966), cat carotids respond to 

4077 g/ml of angiotensin, while dog carotid and rat aorta doth 

require 10°! g/ml or more. Responses of rabbit and guinea-pig 

aortae end sheep carotid are intermediate in sensitivity (see review 

Gross, 1971). All of the spirally cut arteries lose Beavis 

upon repeated application of angiotensin (Bohr and Uchida, 19673 

Khairalleh et 21, 1966) with the exception of the rabbit and guinea- 

pig aortae. Angiotensin I also contracted rabbit aorta (Ne and 

Vane, 1968) at a concentration ten times greater than angiotensin II. 

The contractile action of angiotensin I on the rabbit aorta may be 

related to the presence of the converting enzyme and angiotensinases
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which are found in rat and rabbit aorta (Bumpus, Smeby and Page, 

1961; Bumpus, Smeby, Page and Khairallah, 1964). 

In the isolated perfused renal artery of the rat, angiotensin 

has a small effect whichis much less than that of adrenaline, 

noradrenaline or 5-hydroxytryptamine (Hrdina, Bonaccorsi and 

Garattini (1967). Renal arteries from dogs do not respond to angio- 

tensin (Bohr and Uchida, 1967). The isolated pulmonary artery of 

the rabbit is constricted by angiotensin in concentrations of 10-7 ¢/mt 

or more, the maximum response being about one-third of that obtained 

with noradrenaline (Su, 1965). 

Angiotensin has only a slight effect on umbilical arteries 

(Somlyo, Woo and Somlyo, 1965; Gokhale, Gulati, Kelkar and Kelxar, 

1966) although it constricts placental arteries (linge, Mattila, 

Penttila and Jukareinen, 1966). 

  

D) Isolated veins 

Isolated strips of hepatic portal, mesenteric and lobar 

pulmonary veins of dog respond to concentrations of angiotensin of 

es 4077 ¢/md with small contractions (Somlyo and Somlyo, 1964, 1966). 

In contrast, saphenous, femoral or axillary veins end venae cavae 

are not contracted by angiotensin at concentrations one hundred times 

higher (Somlyo and Somlyo, 1966). In the venous segments that react 

to angiotensin, the threshold concentration is no higher than in 

arterial segments, but the size of the response is smaller. 

Angiotensin has much less activity on isolated venous strips when 

compared with either noradrenaline or histamine (Somlyo and Sonlyo, 

1966) and in addition shows marked tachyphylaxis (Bohr and Uchida,1967).
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An exception to this rule is the action of angiotensin on the rat 

isolated portal vein, where spontaneous rhythmic contractions are 

enhanced by concentrations as low as 107 g/m (Bohr and Uchida, 1967). 

Modification of Angiotensin Responses 

A) ac! axis 

The development of a refractory state towards a drug follow- 

ing the administration of repeated doses at short intervals and 

the failure to reproduce the initial response even with increasing 

doses are the essential characteristics of tachyphylaxis. (see 

Gross, 1971). Page and Helmer (1940 ) first described tachyphylaxis 

to crude natural angiotensin, and Bock and Gross (1961) using synthetic 

  

Asp '-angiotensin, found a gradual decrease in pressor responses 

repeated injections of the peptide. Onset of tachyphylexis is much 

more rapid with larger doses of angiotensin and cross tachyphylaxis 

exists between angiotensin and renin (Page, McCubbin, Schwarz and 

Bumpus, 1967; Bock and Gross, 1961). Tachyphylaxis to angiotensin 

has been demonstrated in most tissues that respond to the peptide 

including isolated rabbit heart, adrenal medulla, superior cervical 

ganglion and the isolated rat lung (see reviews by Gross 1971; 

Khairallah, 1971). 

The spirally cut rabbit and guinea-pig aortae (Khairallah, 

et al 1966) and the rat stomach strip (Rioux, Park and Regoli,1973) 

do not show tachyphylaxis. 

Two main theories have been proposed to explain tachyphylexis 

to angiotensin. Distler, Liebau and Wolf (1965) and Liebau, Distler 

and Wolf (1966) found that angiotensin reduced the noradrenaline 

content of isolated rat aortic strips and that onset of tachyphylaxis
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corresponded with the total depletion of noradrenaline, 

furthermore, responsiveness could be restored by re-equilibrating 

the aortic strips with exogenous noradrenaline. These authors 

also reported that cross tachyphylaxis existed between angiotensin 

and tyramine and therefore attributed angiotensin tachyphylaxis to 

noradrenaline depletion. 

The other theory is based on the assumption of the occupation 

theory for drug action, in that tachyphylaxis follows the filling 

of all the available receptor sites so,that none remains accessible 

(Mhairalleh et al, 1966; Bohr and Uchida, 1967). These investigators 

demonstrated a reversal of tachyphylaxis after incubation of arterial 

strips with a plesma fraction or kidney extract rich in angiotensinase 

A or by Dowex 50, a resin that binds strongly to angiotensin 

(Scoxnik and Paladini, 1961). 

Recently, angiotensin tachyphylaxis in the isolated guinea-pig 

ileum and rat uterus has been studied with the aid of synthetic peptide 

analogs of angiotensin (Freer and Stewart, 1972; Paiva, Juliano, 

Novailhetas and Paiva, 1973) and was shown to be dependent on the pH 

of the bath fluid. Tachyphylaxis was absent at pH 8 and above, 

was slight at pH 7.4 and became pronounced below pH 6.8 (Freer and 

Stewart, 1972). This observation was interpreted as evidence that 

the protonated imidazole ring of the histidine residue of angiotensin 

played an importent role in the phenomenon of tachyphylaxis (Freer 

and Stewart, 1972). However, evidence was also presented which 

showed 2 good correlation of tachyphylaxis with amino group 

protonation rather than imidazole protonation (Paiva, et al, 1973).
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B) Effect of ions 

A large number of studies have been carried out to establish 

the role of sodium ion on the contraction produced by angiotensin 

(“hairallah, Vadaparampil and Page, 1965; Blair-West, Harding and 

McKenzie, 1967, 1968; Lefer, 1967), because of the preponderant 

contribution of this ion in the electrophysiological events (see 

later). Reduction of the sodium ion concentration in the bath 

fluid reduces the action of angiotensin in the perfused rat tail 

arteries (Hinke and Wilson, 1962), guinea-pig ileum (Xhairelleh 

et al, 1965; Blair-West et al, 1967) and cat papillary muscle 

(Lefer, 1967), while increasing the sodium concentration potentiates 

the stimulating effect of angiotensin on these preparetions. 

   
These observations led several workers to suggest that the direct 

t muscle cells is    effect of angiotensin on smooth muscle oz he: 

at least partly sodium dependent. 

On the other hand, a reduction of sodium ion concentration 

in the medium has been shown to increase the effect of angiotensin 

on rabbit aorta (Nepodano, Caliva, Lyons, DeSimone and Lyons, 1962) 

and rat uterus (Khairallah et al, 1965). These results are highly 

variable and do not allow any definite conclusion. 

The response to angiotensin is intimately related to the 

external calcium ion concentration. Decreasing the calcium ion 

concentration inhibits response of the guinea-pig ileun, rat uterus 

(Khairallah et al, 1965), dog mesenteric arteries (Burks, Whitacre 

and Long, 1967) and perfused adrenal glands (Robinson, 1967) to 

angiotensin. A similar depression of the response to 5-hydroxy- 

tryptamine, noradrenaline and adrenaline has been observed in some
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of these experiments (Burks et al, 1967 ) suggesting that calcium 

ion is probably a common essential co-factor for the myotropic 

action of several agonists. 

Alteration in the concentration of potassium ion has no 

appreciable effect on the response to angiotensin in smooth muscle, 

for example, potassiundeplorized smooth muscle still responds to 

angiotensin (Ihairalleh et al, 1965; Shibata and Briggs, 1956; 

Sullivan and Briggs, 1968), an action which seems to be linked 

to calcium ions. 

C) Prostaglandins 

Khairallah, Page and Tirker (1967) reported that prosta- 

glendin-E, (PGz,) potentiated responses of isolated rabbit aortae 

to angiotensin. This effect was independent of an adrenergic nerve 

supply or the presence of catecholamines. These authors postulated 

that PCE, enhances response of isolated smooth muscle to angiotensin 

by causing a deplorization of the cell membrane. 

The pressor response to angiotensin in the dog and rat can 

be diminished by PGE, (Holmes, Horton and Main, 1963; Weeks and 

Wingerson, 1964). This inhibition of angiotensin pressor response 

does not appear as a result of pharmacological antagonism (see 

Alpert and Hickler, 1971). ‘The underlying mechanism is not ‘mown.
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Modes of Action of Ansiotensin 

The mechanism underlying the contractile effects of 

angiotensin on various types of smooth muscle is still obscure. 

Phariacolomteal analysis of this action on isolated organ 

preparations such as arterial wall, intestine and uterus with the 

aid of drugs which could be shown to exert selective action, 

(either blockade or potentiation), indicates that angiotensin may 

have both a direct and an indirect action. The interaction of 

angiotensin with receptor sites on target organs producing a 

physiological response, has been referred to direct effects, in 

contradistinction to effects caused indirectly by other hormones 

or mediators liberated by angiotensin (see review Khairallah, 1971). 

The contractile response cf the guinea-pig or rabbit ileun 

to angiotensin is potentiated tyr dhol inestevancs such as BY 284051 

or neostigmine and reduced by atropine (Ross et al, 1960; 

Khairalleh and Page, 1961; Robertson and Rubin, 1962; Suzuki 

and Matsumoto, 1965; Bleir-West, Harding and McKenzie, 1967). 

The contraction of the rabbit ileum to angiotensin is abolished 

py the prior addition of botulinum toxin to the bath (Robertson 

and Rubin, 1958, 1962). Botulinum toxin is mow to prevent the 

release of. acetylcholine from cholinergic nerve endings (Burgen, 

Dickens and Zetman, 1949). Morphine and high concentrations of 

nicotine also reduce angiotensin-induced contractile responses of 

the isolated intestine and uterus (Khairalleh and Pege, 1961). 

These results led to Khairallah and Page (1961) and Robertson and 

Rubin (1962) to propose that angiotensin has mainly en indirect 

action on smooth muscle.
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Detailed analysis of the contractile response to angiotensin 

of the guinea-pig, mouse or gerbil ileum shows that it is biphasic 

and that the fast phase can be abolished by atropine (Godfraind, 

Kaba and Polster, 1966a; Goldenberg, 1967). These authors suggested 

that the fast component was due to the release of acetylcholine from 

cholinergic nerve endings. This indirect component was ascribed 

by Khairallah and Page (1961) to stimulation of the ganglion cells 

in Auerbach's plexus. Other investigators assumed the site of 

action to be on postganglionic fibres (Panisset, 1967). A non- 

nicotinic stimulant action of angiotensin on sympathetic ganglia 

has been demonstrated by Trendelenberg (1966). 

The slow component of the angiotensin-induced contractile 

  

response of the guinea-pig ileum (Godfraind, Kaba and Polster, 19662) 

or the rat uterus (Khairallah and Page, 1961, 1963) is not inhibited 

by atropine. These authors therefore suggested that angiotensin 

must also have a direct effect on these preparations, and this was 

further demonstrated in the isolated rat colon (Regoli and Vane, 1964a) 

and rat ileum (Goldenberg, 1967). 

There are drugs which can inhibit the direct component of 

action of angiotensin, these include cinnarizine (van Nueten, Dresse 

and Dony, 1964), lidoflazine (Godfreind, Kaba and Polster, 1966d) 

and osajin (Gascon and Walaczek, 1966). All of these compounds may 

possibly act by preventing the binding of angiotensin to its receptor 

sites (see review by Khairallah, 1971). However, these drugs have 

also been shown to antagonize a number of other agonists on smooth 

muscle preparations (Ellis and Reit, 1969; Rioux et al, 1973).
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It has not yet been established whether an indirect action 

of angiotensin comparable to that exerted in the isolated intestine 

is responsible for its effect on vascular smooth muscle. Feldberg 

and Lewis (1963, 1964, 1965) showed in the cat that angiotensin 

releases adrenaline and noradrenaline from the adrenal medulla when 

it is injected into the coeliac artery close to the origin of the 

adrenal arteries. Although there is no direct evidence that 

angiotensin causes a release of noradrenaline from sympathetic 

nerve endings, recent studies on various isolated and perfused 

vascular smooth muscle preparations suggest that at least part of 

the constrictor effect of angiotensin is due to an interaction with 

the sympathetic nervous system to cause the release of noradrenaline 

3; Liebau, Distler end Wolf, 1965, 1966; 

  

(Schumm and Guther, 4 

Zimmerman and Whitmore, 1966, 1967). For example in isolated pig 

and rat arteries exposed for several hours to angiotensin a decrease 

-in noradrenaline content was found, which was accompanied by a 

reduced contractile reaction to both angiotensin and tyramine 

(Distler, Liebau and Wolf, 1965; Liebau et al, 1965, 1966), 

furthermore, the contractile response to angiotensin in aortic strips 

from several eninal species can be reduced by alpha adrenoceptor 

blocking agents (Schuman and Cuther, 1967) . 

Human umbilical vessels which have been described as non-innervated 

vascular smooth muscle free of chemically demonstrable stored 

catecholamines (Davignon and Shepherd, 1964) respond only with a 

weak and inconsistent vaso-constriction to angiotensin (Somlyo et al, 

1965).
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Angiotensin is known to enhance sympathetically mediated 

vascular responses in the rat (McGregor, 1965), the rabbit (Sakuri 

and Hashimoto, 1965; Su, 1965; Hughes and Roth, 1971) and the 

dog (Zimmerman and Gisslen, 1968; Kedowitz, Sweet and Brody, 1971). 

Angiotensin also enhances the effect of sympathetic nerve stimulation 

on the isolated rabbit heart (Thompson, 1970) and the effect of 

transmural stimlation on the isolated rabbit aortic strip (Toda,1973). 

It has been suggested that this angiotensin induced potentiation is 

due to a facilitation of the release of noradrenaline from sympathetic 

nerve endings (Day and Owen, 1968; Zimmerman and Gisslen, 1968; 

Hughes and Roth, 1971; Toda, 1973) or to an inhibition of the re- 

uptake of noradrenaline by adrenergic nerves (Panisset and Bourdois, 

) 

Matsumoto (1966) consider that the catecholamines released from 

    1967; Peach, Bumpus and Khairalleh, 1963). Suzuki and 

sympathetic nerve endings @¥éof minor importance for the vaso- 

constrictor mechanism of angiotensin, which they considered to be 

-due to a direct stimulation of vascular muscle cells. 

Like acetylcholine, angiotensin depolarizes isolated arteries, 

an effect that is still demonstrable in the presence of nicotine or 

other blocking agents. Even when complete depolarization was 

achieved by potassium, drugs such as angiotensin, bradykinin and 

acetylcholine were still able to contract them (Keatinge, 1966). 

In other studies, angiotensin was found to have a weak depolarizing 

action, which could be blocked by bretylium (Kiran and Khairalich, 

1969). From these observations, Kiran and Khairallah (1969) 

concluded that angiotensin and other vaso-constrictor substances 

do not interfere with active ion transport, or act only in part by 

changing the membrane potential.
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Angiotensin like other vaso-constrictors shifts sodium into 

and potassium out of vascular smooth-muscle cells and shows no 

specificity in this respect (Friedman and Friedman, 1964, 1965). 

Although Rorive and Hagemeijer (1966) showed that in contrast to 

noradrenaline, which increases the potassium efflux from aortic 

strips of the rat, angiotensin in much higher concentrations caused 

only a rapid, transient rise in potassium efflux. In isolated 

artery strips and uterine muscle, an increase in aa efflux was 

demonstrated under the influence of angiotensin (Turker, Page and 

Khairallah, 1967). Reeently, angiotensin was shown to increase 

eave influx and sometimes oan efflux even in depolarized muscles 

by Hamon and Worcel (4973). It was suggested that angiotensin 

may act through an increase of sodium permeability. These authors 

6 4 26 
also observed an increase in ee and ~Cl efflux in polarized muscles, 

an effect which could be suppressed by depolarization, and concluded 

‘that this phenomenon is a consequence of the depolarization induced 

by angiotensin. 

On the other hand, a stimulating effect of angiotensin on 

the sodium pump has been suggested as a common pathway for the 

effect of the drug on smooth muscle (Turker et al, 1967). However, 

an inhibitory action of angiotensin on the sodium pump has also 

been suggested in the isolated rabbit aorta (Day and Moore, 1973).
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The currently accepted hypothesis of the mechanism of action 

of peptide hormones affecting smooth muscle includes an initial 

obligatory step of binding to specific receptors on or in the cell 

membranes (see Margoulies and Greenwood, 1972 and references therein). 

The recent development of structural analogues of angiotensin which 

act as competitive antagonists (Marshall, Vine and Needleman, 1970; 

Pals, Masucci, Sipos and Denning, 1971; Regoli and Park, 4972) has 

facilitated the characterization of receptor sites for angiotensin 

in various different smooth-muscle preparations (Baudouin, Meyer, 

Worcel, Fermandjian and Morgat, 1972; Mimran, Hinrichs and Hollenberg, 

1974). Very recently, a membrane fraction derived from the plasma 

membrane possessing specific binding sites for angiotensin hes been 

isolated (Devynix, Pernollet, 1 

  

ndjian and Fromageot, 

1973; Devynik, Fernollet, Meyer, Fermandjian, Fromageot and Bumpus, 

1974). Using structural analogues, these workers were able to 

define the structural requirenents of the angiotensin molecule for 

binding to such a membrane fraction.



II SMOOTH MUSCLE 

Smooth muscle is present in the walls of the hollow organs 

of the abdominal visceral (the gastro-intestinal and the urino- 

genital systems), the walls of vascular structures (blood vessels 

other than capillaries, and in the spleen), in the walls of the 

bronchi, in the capsules and ducts of exocrine glands, in structures 

associated with the eye (intrinsic muscles) and in the skin 

(piloerector muscles). There are marked species differences among 

smooth muscles and their properties in any one species depend on the 

organ in which they occur (see Prosser, 1962; Holman, 1968). 

Bozler (1948) divided vertebrate smooth miscle into two 

categories: 

1. ‘'Unitary' muscles, which include gut, ureter and uterus. 

These muscles behave like single units and conduction is from fibre 

to muscle fibre. They are usually spontaneously active. 

2. ‘Multivnit! muscles, which include nictitating membrane, 

iris sphincter, ciliary muscle, pilomotors, urinary bladder and 

most vascular smooth muscles. ‘These muscles are normally activated 

by nerves and consist of numerous independent units. They are 

usually not spontaneously active. 

This classification has been useful, but it is clear that it 

cannot be regarded as rigid; many muscles, for example, guinea-pig 

vas deferens and bladder show features of both types (Burnstock and 

Holman, 1961, 1963; Ursillo, 1961). Furthermore, recent work 

indicates that many vascular smooth muscles do not belong to the 

multimnit type (Bohr and Uchida, 197).
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Most smooth muscle cells are spindle shaped structures with 

an approximately centrally-placed nucleus (Prosser, Burnstock & Kahn, 

1960). Occasionally, the cells have irregularly-shaped branched 

processes (Keech, 1960; Pease and Panle, 1960). Serial section 

sampling from electron microscopy studies of various smooth muscles 

indicate a wide range of cell size, for example, in the intestine, 

they are 5 - 6 p in diameter and 30 - 40 p long, whereas in the 

uterus they may be as long as 0.5 mm. ‘The smallest smooth muscle 

cells are in the walls of blood vessels where they are 2 - 3 p in 

diameter and 15 - 20 long. (Rhodin, 1967 ; Taxi, 1965; 

Yamauchi, 1964; Merrillees, 1968). For further details on 

morphology of smooth muscles see reviews by Burnstock, (1968, 1970). 

In most hollow organs, there is an outer longitudinal mscle 

coat and an inner circular coat. In blood vessels, the muscles 

are usually confined to the media and are arranged in spiral or 

helical fashion with the dominant orientation being circular 

(Strong, Pease and Paule, 1960; Rhodin, 1962; Verity, 1967). 

In the muscle coats of most visceral tissues, the muscle cells are 

arranged in branching bundles or sheets enveloped by connective 

tissue (Prosser et al, 1960; Bennett and Rogers, 1967). The muscle 

cells in the media of many arteries have also been shown to be 

arranged in bundles (Boucek, Takashita and Fojaco, 1963). The 

longitudinal muscle coat of the large intestine of some animals for 

example, the guinea-pig, is gathered mainly into distinctive bands 

or taenia coli, and these are composed of smooth muscle fibres 

aggregated in bundles that are irregularly shaped in cross section 

(see Schofield, 1968).
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Bennett and Burnstock (1968) have suggested that muscle 

bundles rather than individual muscle cells are the effector units 

in smooth mscle systems, and the exact relationships of the muscle 

cells to each other within a bundle is of great functional significance. 

Comprehensive accounts of the morphological aspects of smooth 

muscles have recently been reviewed (see Schofield, 1968; Dewy 

and Barr,1968; Burnstock, 1970; Verity, 1971). 

Innervation of Smooth Muscle 

intestinal 

The smooth muscle of the gastrointestinal tract is innervated 

by the parasympathetic and sympathetic divisions of the autonomic 

nervous system. Parasympathetic fibres to the small intestine are 

in the vagus nerves. The post-genglionic sympathetic fibres arise 

in the coeliac and mesenteric ganglia. They run to the intestinal 

wall in the mesentery, usually accompanying the blood vessels. 

These nerves together comprise the extrinsic innervation. Extrinsic 

nerves penetrate the longitudinal muscle coat from the mesentery to 

fuse with nerve bundles in the Auerbach's plexus lying between circular 

and longitudinal muscle coats (Auerbach, 1864; Dupont and Sprinz, 

1964). The ganglion cells of the post-ganglionic vagal fibres are 

believed to be included in the Auerbach's plexus (see Burnstock, 1970). 

Fine bundles of nerves from this myenteric plexus pass inwards, mainly 

together with blood vessels to Meissner's plexus lying in the sub- 

mucosa (Meissner, 1857, cited Burnstock, 1968). ‘The nerves in 

Auerbach's and Meissner's plexuses are the intrinsic nerves (Hillerp, 

1960).
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At least 3 different functional nerve types have been 

demonstrated in the intestine, these are : cholinergic excitatory, 

noradrenergic inhibitory and non-adrenergic non-cholinergic 

inhibitory nerves (Burnstock, Campbell and Rand, 1966; Campbell, 

1970). These nerves can be correlated morphologically with three 

types of vesicles found in different axon profiles, for example, 

predominantly agranular vesicles in cholinergic nerves; predominently 

small granular vesicles in noradrenergic nerves and predominantly 

large granular vesicles in non-adrenergic.non-cholinergic nerves 

(Burnstock and Robinson, 1967). Recently, a fourth functional 

nerve type has been described (Fumess and Costa, 1973) as non- 

cholinergic excitatory. There is as yet no histochemical data 

available on this nerve type. Intestinal smooth muscles are 

anzay 
sparsely innervated by sympethetic nerve fibres (Read and Burnstoc%, 133) 

Vascular 

The efferent nerves to the blood vessels, the vasomotor 

nerves, are principally from the sympathetic division of the autonomic 

nervous system. The nerves supplying most vascular smooth muscles 

are confined to the outside of the media, i.e. the adventitia 

(Falck, 1962; McLean and Burnstock, 1967). Known exceptions where 

many nerves are present within the media are sheep carotid artery 

(Keatinge, 1966), renal vein and artery (see Burnstock, 1970) 

cutaneous veins (Ehinger, Falck and Sporrong,1966) end pulmonary artery 

(Verity and Bevan, 1968).
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Blood vessels, in general, do not receive fibres from the 

parasympathetic nervous system; an exception is the nerve supply 

to the erectile tissues (see Goodman and Gilman, 1970). 

The autonomic nerve-smooth muscle junctions 

The electronmicroscopy of the innervation of smooth mscle 

was described for the first time by Caesa, Edwards and Ruska (1957) 

on the mouse urinary bladder. They established the existence of 

neuromuscular sypnapses with close apposition (70 to 200 9) of nerve 

and muscle membranes. The idea that transmitters could be effective 

even when released from nerves separated by more than 200 4 fron 

muscle was suggested by Gansler (1960) and 'en passase! release of 

transmitter was proposed by Richardson (1962) 2 

  

Merrillees, Burnstock 

and Holman, (1963). Finally, the detailed relationship of nerves 

and muscles has been examined with serial electronmicroscope section 

sampling (Taxi, 1965; Thaemert, 1966; Bennett and Rogers, 1967; 

“Merrillees, 1968). 

There is a spectrum of type of innervation in different tissues 

(see Burnstock, 1970). The following can be generalized: 

In the longitudinal muscle coat of the intestine, most vascular 

smooth muscles, uterus and ureter, close apposition (180 to 250 is 

of nerve and muscle is extremely rare and limited to discrete areas, 

where 'tight junctions' between muscle cells are prominent (Richardson, 

1958; Rhodin, 1967; Thaemert, 1966; Yemauchi, 1964). Serial 

sections show that some muscle. fibres are never sufficiently close
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to nerve bundles to make dixect action of diffused transmitter 

likely (Taxi, 1965). In the intestine of mouse, rat and guinea-pig 

there are no nerve bundles ruming inside the longitudinal muscle 

coat (Taxi, 1965), The sparse innervation of these muscles makes 

it likely that intermuscle fibre spread of excitation plays an 

important role (see Burnstock, 1970). ‘his is supported by 

observations of an extensive system of intermuscle fibre junctions 

(tight junctions) in this muscle cost, viz, intestine: Bennett 

and Rogers (1967); vascular smooth muscle: Verity and Bevan 

(1968). 

Few Neuro-miscular contacts of less than 800 i have been 

observed in the longitudinal muscle coat of intestine and vascular 

smooth muscles (Bennett and Rogers, 1967; Bennett and Burnstock, 

1968) and these authors have suggested that transmitter release 

from nerves up to 3,000 to 10,000 h away from muscle cells is likely 

to be effective. 

The density of close neuro-muscular junctions in the immer, 

circular muscle coat of intestine is higher than in the outer, 

longitudinal muscle coat (Thaemert, 1966; Rogers and Burnstock, 1966) 
° 

and close apposition (200 A) of nerve and muscle has been observed. 

The Ionic Basis of Electrical Activity in Smooth Muscle 

The membrane potential 
  

Several theories have been proposed to explain the potential 

@ifference across the cell membrane. According to Troshin (1962) 

and Ling (1966) the membrane potential and ion distribution in
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excitable cells should be attributed to the selective absorption 

of potassium ions to fixed negative charges within the cells. 

However, the most widely-accepted theory is the membrane hypothesis 

which originated from the work of Bernstein (1912). Accor@ing 

to Bernstein the resting cell membrane was selectively permeable 

to potassium only and that this selectivity was lost during 

excitation, resulting in an indiscriminate penetration by other 

small ions such as sodium and chloride. 

Bernstein's theory has since been elaborated through the 

work of Hodgkin and Huxley (1939, 1945) and this can be summarised 

as follows: Extracellular fluids contain relatively high con- 

centrations of sodium and chloride and low canteneracione of 

potassium, whereas intracellular fluids contain much potassiun, 

    little sodium and chloride, and the positive ch es of the potassiun 
  

ions are neutralised partly by large molecules with negative charges, 

including phosphate esters and peptides (see Katz, 1966). Potassiun 

ions tend to diffuse out of the cell along their concentration 

gradient carrying positive charges to the outside of the membrane. 

The organic anions, to which the membrane is impermeable, are left 

behind and thus the charges are separsted by the membrane which is 

therefore polarized. At equilibrium, there is no net diffusion 

of x ions because of the operationyof the Na* fx* pump which 

eerries K* fons into the cell, and 

chlozide ions which enter the membrane along their concentration 

gradient tend to be driven out agein by the negative charges on thi 

inside end as a result there is Little difcusion of chloride ion 

through the membrane, For sodium ions, the concentration gradient



=33= 

and the electrical forces are acting in the same direction and 

there is therefore a strong tendency for sodium ions to diffuse into 

the cell. However, in the resting state, the membrane is only 

slightly permeable to sodium ions. Furthermore, a metabolic process, 

kmown as the sodium pump (see later) continually drives sodium out 

of the cell against its concentration gradient so that in the 

resting cell, the net sodium gain is negligible. 

When a membrane separating two solutions is permeable to 

only potassium ions, the potential difference Byes set up across 

the membrane may be calculated by the Nernst equation (Nernst, 1889; 

cited by Bernstein, 1902): 

, 
TE Br (1) a Le], 

  

F 

where R is the ges constant, T the absolute temperature, F Faraday's 

  

constant, [x] a and [Ez i concentrations of potassium ions on the 

outside and inside respectively and n the valency of the ion. 

In physiological situations, several ion species are involved, 

and the barrier between the inside and outside solutions has a limited 

and distinct permeability to each ion species (Boyle and Conway, 1941; 

Hodgkin and Huxley, 1939). The relationship between concentrations, 

permeabilities and potential most used in this complex situation 

is due to Goldman (1943) end is as follows: 

a Pye Wel, t Pele), + 2 ey [c; 

B = = log 
F 7 2 Po eae 
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where Pyne Py and Poy are permeability constants for the re- 

spective ions and the other terms have meaning as in equation 1. 

This expression is based upon the assumption that the voltage 

gradient through the membrane is constant and that the ions only 

move under the influence of diffusion and the electric field. 

The ‘sodium pump! 

  

The maintenance of a steady state of ion distribution in cells 

is only possible if there is some active mechanism capable of 

extruding sodium continuously across the cell membrane (see Casteels, 

1970). An active pumping system has been proposed first by Dean 

(1941) and has been fully investigated by Hod, 

  

kin end Keynes (1955) 

in the squid giant axon. This uphill movement of sodium =rom the 

cytoplasm to the outside depends on the presence of energy-yielding 

substrates, but the downhill movement in squid giant exon is not 

_affected by inhibition of metabolism. Similar ective sodiun- 

extrusion, against an electrochemical gradient has been reported in 

  

other nerve fibres and skeletal muscle well, 1968), in 

4% and Thomas, 1965) and in smooth invertebrate neurones (Ker!s 

muscle cells (Casteels and Hendrickx, 1959; Taylor, Paton and 

Daniel, 1969). It is only by a continuous active aehange of ions 

that these cells are able to maintain their steady state, i.e. 

a low intracelluler sodium content and a high potassium content. 

The emount of sodium extruded sometimes exceeds the amount of 

potessiun taken up so that the pump acts as a direct source of 

  

current by transferring positive charges ow ,» and thus fene- 

rating an 'electrogenic' component to the potential difference 

across the cell membrane. Such a pump can make the membrane
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potential more negative than the potassium equilibrium potential 

in non-steady state conditions (Connelly, 1959; Kernan, 1962; 

Cross, Keynes and Rybova, 1965; Adrian and Slayman, 1966; 

Casteels, Droogmans and Hendrickx, 1971; Bolton, 1973). 

For detailed discussion on whether the sodium pump is 

electrically-neutral (i.e. which links the outward transfer of 

each sodium ion to the inward transfer of a potassium ion so 

that there is no separation of electrical charge across the 

membrane) or electrogenic see reviews by Koketsu (1971) and 

Thomas (1972). 

The Action Potential 

The action potential may be defined as a response to 

depolarization during which the membrane undergoes further 

_ depolarization and may become polarized in the opposite direction 

to that of the resting membrane potential (see Holman, 1968). 

According to the ionic hypothesis of Hodgkin and Huxley (see 

Noble, 1966), this response is due to the dependence on membrane 

potential and time of the permeability or specific ionic conduct— 

ances of sodium and potessium ions (Exe and Bx). 

The role of sodium ions in the generation of the action 

potential in smooth muscle is very much a subject of controversy. 

In the taenia coli, the amplitude of the action potential or 

spike is not dependent on the external sodium concentration
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(Bilbring and Kuriyama, 1963). Spike activity persists for 

some time in the absence of sodium (Axelsson, 1961; Holman, 

1958). The properties of the spike in taenia coli have recently 

been fully investigated by Brading, Bhlbring and Tomita (1969) 

and these authors suggested that calcium rather than sodium is 

the main ion involved in the spike mechanism. 

In the ureter, there is evidence to suggest that the 

spike component of the action potential is due to calcium entry 

and the plateau component is due to sodium entry (Kuriyama, 1970; 

Kuriyama and Tomita, 1970; Kobayashi, 1971). 

  

  

A close correlation between the development of tension 

and the electrical activity of smooth muscle was first demon- 

strated by Bulbring (1955) in the taenia coli. Using intra- 

cellular recordings she found that tension was directly propor- 

tional to the frequency of spike discharges which in turn was 

inversely related to the transmembrane potential. This inverse 

relation however, only holds when the transmembrane potential 

falls to a certain limit. In that case the isometric tension 

rises as a conseguence of increased frequency of discharge. 

Numerous investigators have since confirmed and extended the 

observations of Bulbring, both for taenia coli and other types 

of smooth muscle (see Bulbring,Jones and Tomita, 1970).
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Each spike or transient depolarization is normally 

followed by a brief mechanical response referred to as 'phasic 

respnnse'. The mechanical response due to a sustained 

depolarization, consisting of a reversible shortening of the 

fibres or the development of tension is termed ‘contracture’ 

(see Axelsson, 1970). In both cases depolarization, whether 

transient or sustained, leads to or is associated with the 

activation of the contractile mechanism and a conversion of 

chemical energy into mechanical activity (Kuriyama, 19643 

Marshall, 1962). 

There are instances, usually under unphysiological conditions 

(e.g. impairment of metabolic activity and drastic changes in 

ionic environment) when the close connection between electrical 

and mechanical activity can be dissociated (Bulbring and Lullman, 

1957; Durbin and Jenkinson, 1961; Edman and Schild, 1961,1962). 

Changes in tension without changes in transmembrane potential 

depolarized muscles). 

In completely depolarized chick amnion, tension was 

increased by drugs which increase membrane permeability without 

any change of membrane potential (Bvans, Schild and Thesleff, 

1958). 

Durbin and Jenkinson (1961) found that carbachol increased 

both inward and outward fluxes of various ions in a depolarized 

taenia coli and simultaneously increased the degree of con- 

tracture. Waugh (1962) also demonstrated that adrenaline and
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noradrenaline could induce contractions in depolarized arterial 

muscles. In the depolarized portal vein noradrenaline increased, 

and isoprenaline in low concentrations decreased contracture 

without any measurable change in membrane potential (Axelsson, 

Johansson, Jonsson and Wahlstrom, 1966). 

Various hypotheses have been advanced to explain the above 

phenomenon of tension changes which are dissociated from changes 

in membrane potential. (See Axeleson, 1970). Durbin and 

Jenkinson (1961) suggested that the carbachol contracture of 

depolarized smooth muscle was a consequence of a net movement 

of calcium ions into the cells, following the increase in 

permeability produced by the drug. Edman and Schild (1962) and 

Daniel (1963) postulated that 'bound! calcium plays a part in 

the contraction of uterine smooth muscle in polarized and 

depolarized smooth mscle. 

Study of Drug Action 

The mode of action of stimulating agents on smooth muscle 

can be studied with the use of known selective pharmacological 

blocking agents and of structural analogues. These compounds 

can help to determine direct and indirect actions of a drug. 

In addition, the mechanism of action of any chemical on excitable 

tissues, such as smooth muscle, can be studied by measuring changes 

in transmembrane electrical potential particularly if the agent 

is expected to act on the cell membrane.
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A wide range of recording techniques have been utilized 

in the investigation of bioelectric potentials generated by 

smooth muscle and of the effects of drugs on membrane excitabi- 

lity. The techniques fall into either one of two categories, 

viz: 

1) intracellular recording and 2) extracellular recording. 

41) Intracellular 

The most direct approach to the study of transmembrane 

potential changes involves the use of intracellular recording 

electrodes as described by Ling and Gerard (1949). This method 

has been successfully applied to several smooth muscle prepara~ 

tions, but most extensively to the uterus and the guinea-pig 

taenia coli (Bilbring, 1954a, 1954b; Burnstock, Holman and 

Prosser, 1963). Technical difficulties due to the small size 

- (2-5 p in diameter) and to the spontaneous mechanical activity 

of the muscle cells have prevented a more widespread use of this 

technique, although some of the difficulties have been circum- 

vented by using small pieces of tissue and microelectrodes with 

long flexible tips (Holman, 1957, 1958) or suspended by very 

thin wires ("floating electrodes"; Woodbury and Brady, 1956). 

It is doubtful, however, whether there is sufficient seal of the 

puncture caused by the microelectrode even with a tip diameter 

of less than 0.5 p to prevent leakage of intracellular contents 

which would affect membrane potential recordings in such small 

cells (Bulbring, 19544),
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2) Extracellular recording 

The electrodes most commonly used for external recording 

are chlorided, coiled silver wires inserted into small glass 

tubes filled with Krebs-Ringer solution in agar and making 

contact with the tissue by thin cotton wicks at the tips of the 

tubes. (see Prosser and Bortoff, 1968). Extracellular 

recording therefore measures the overall electrical activity over 

a segment of a tissue rather than of individual cells. However, 

with external electrodes, both bipolar and monophasic recordings 

are possible. 

The Sucrose-san Technique 

St¥mpfli (1954) described a method for measuring the full 

value of the resting potential of peripheral nerve with external 

electrodes (Fig. 22). His method is based on the theoretical 

“ ealeulation that the full value of the membrane potential can be 

measured with external electrodes on a core conductor, when the 

short-circuiting is negligible (Hodgkin and Rushton, 1946). 

StUmpffi obtained this condition by increasing the Sutsiae resis- 

tance of the preparation in the interpolar region by replacing 

most of the ions in the interstitial fluid with a nearly ion- 

free sucrose solution. If the membrane polarization of cells 

on both sides of this gap is unequal, current will flow between 

then. 

In the real situation, the sucrose solution does not 

provide perfect insulation. Some current flow through the



el Ties 

recording mV meter 

inflow of 

isotonic sucrose 

  

  

sag’ inflow of 
Nae Ringer or 

ee Te test solution 

\ / Ae polyethylene 
——? tubing   

  

bundle 

          

  

solutions dripping off 

Fig. 2a. Arrangement of polyethylene tubes 
for recording membrane potentials. 

(simplified after St¥mpfli, 1954) 
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single cell for simplicity. 
Further details refer to text. 
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sucrose will occur, and this will constitute a short-circuiting 

pathway (Fig. 2b). The true value of the membrane potential 

measured with external electrodes is reduced by the short-cir- 

cuiting factor : 

at 
May vee) 
  

where ry = external longitudinal resistance through sucrose 

zy, internal longitudinal resistance of the cell. 
2 

An increase of ry to much higher values than a) will 

therefore tend to increase the short-circuiting factor to unity. 

The whole rationale of the sucrose-gap resides in this factor. 

The potential measured Ge) with external electrode will there- 

fore approximate the true membrane potential (v,) of the tissue 

as expressed in the following equation: 

In experiments with smooth muscle the situation is further 

complicated by the fact that no single smooth muscle cell is 

sufficiently long to span the width of the 'sucrose-gap' section 

(i.e. a minimum of 3 mm). The sucrose-gap method therefore 

provides a test of the hypothesis that the electronic spread of 

current from one cell to another ahead of the action potential 

Hrouge 
is responsible for transmission between cells, A these inter-
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cellular connections or 'nexuses' (Dewey and Barr, 1965). 

These authors suggested that the interiors of the cells must 

be connected by pathways of low enough resistance to allow 

electrical transmission between cells. These intercellular 

connections or 'nexuses' (Dewey and Barr, 1962) have been 

observed in various smooth mscles (see Barr and Dewey, 1968). 

Application of the Sucrose-gav Techniaue 

Berger and Barr (1969) summarized the following electro- 

physiological problems where sucrose-gap techniques can be 

utilized to advantage over other techniques. 

4) Alterations of cellular membrane potentials which 

occur spontaneously or under the influence of certain drugs and 

dons may be measured with a single gap of constant width (Burn- 

stock and Straub, 1958). 

2) The existence of electrical coupling between cells 

can be proved or disproved by shunting the gap with a variable 

resistor. The presence of sufficiently low resistance con- 

nections between cells is shown by a spread of excitation across 

the blocked area when the shunt resistor bridges the gap (Barr 

and Berger, 1964). This method usually requires a sucrose gap 

of variable width. 

3) The relationships between the current through cellular 

membranes and the voltage across them may be studied under 

voltege clamp conditions by using a double gap system in which 

a small area of the cell membrane (or of the preparation) is
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electrically isolated by two adjacent sucrose gaps. This 

method was found to be suited to the study of current-voltage 

relations in the lobster axon (Julian, Moore and Goldman, 1962a,b), 

and recently in smooth mscle preparations (Kuriyama and Tomita, 

1970; Ito, Kuriyama and Sakamoto, 1970). 

Apart from the fact that with the sucrose-gap, recordings 

ean only be obtained from groups of cells, there are other dis— 

advantages which may need to be considered when analysing results 

obtained by this method, for example, the presence of sucrose 

solution in the extracellular space of the preparation and the 

contact of sucrose solution with saline are possible sources for 

_ artifacts which may influence electrical recordings. Liquid 

junction potentials could contribute to membrane values measured 

with such a technique. This is especially true in replacement 

studies where chloride ions in the saline are replaced by other 

ions of different mobility (Blaustein and Goldman, 19663 

Burnstock and Straub, 1958). 

In msculer tissues, cell movements during contractions 

seem to be responsible for another kind of recording problem 

when regions of muscle are pulled across the liquid junction 

(Berger and Barr, 1969). In cardiac and smooth muscle contrac- 

tion where spontaneous electrical activity triggers rhythmic
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contractions electrical recordings can be profoundly disturbed. 

Those artifacts cannot be eliminated by an 'isometric' recording 

technique, because although the total length of the preparation 

can be kept constant, segmental contraction may occur by 

stretching adjacent regions of the preparation. 

Another disadvantage of the sucrose~gap method is the 

instability of the boundary where sucrose solution and saline 

contact each other. A slight change in the flow rate of one 

of the solutions will shift the boundary along the preparation. 

It is difficult to prevent artifacts when switching from saline 

to a test solution (Kerkut, personal communication). In 

particular, flow rates have to be carefully matched to keep the 

liquid boundary in the same position relative to the preperation. 

Some authors have minimized these artifacts by mechanically 

_ fixing the tissue as it passes each junction between solutions 

(Keatinge and Richardson, 1963) while others have used rubber 

membranes as partitions between solutions (Konig, 19623 

Stampfli, 1963). Nonetheless, these modifications cannot entirely 

eliminate the artifacts.
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III PROSTAGLANDINS 

In the results section of this thesis, evidence is 

presented which suggests that part of the action of angiotension 

on smooth muscles is mediated by a release of prostaglandins. 

It is pertinent therefore to review briefly the history of 

prostaglandins. 

Early work by Kurzrok and Lieb (1930) established that 

human seminal fluid augments or inhibits spontaneously contract 

ing isolated human uterine strips. Goldblatt (1933, 1935) and 

von Buler (1934, 1935) later independently demonstrated that 

seminal fluid also stimulated isolated intestinal smooth muscle. 

Von Euler (1936) also demonstrated that the active principle in 

an extract of human or sheep seminal fluid is a lipid-soluble 

- acid. It was initially assumed that the active material was 

formed mainly in the prostate gland, hence the name "prosta— 

glandin" (von Euler, 1935). This assumption proved to be wrong 

(Elliason 1959), but the original nomemclature has been retained 

(see Bergstrom, Ryhage, Samuelsson and Sj$vall, 1963). The 

word "prostaglandin" is no longer used to refer to a single 

substance, but is a generic term for a family of closely related 

compounds, all derivatives of prostanoic acid, a basic 20-carbon 

atom skeleton (Bergstrom and Samuelsson, 1965; Pickles, 1967), 

(Fig.3). Prostaglandins, although occuring in lesser amounts 

than those found in human or sheep seminal fluid, do have a 

widespread occurence in many tissues (see Horton, 1968).
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Chemistry, Occurence and metabolism 

The prostaglandins are 20-carbon unsaturated fatty acids 

containing a five-membered ring. The particular biological 

properties of a prostaglandin depend primarily on the substituents 

of the ring. In the 9-position, a ketone group characterizes 

prostaglandins of the E series and a hydroxyl group characterizes 

those of the F series (Fig.3 ). Prostaglandins of the A series 

differ from those of the E series by the absence of a hydroxyl 

group in the 11-position and the presence of a double bond in 

the ring. The subscript numeral indicates the degree of 

unsaturation of the side chains, e.g. PGES has two double bonds 

in its side chains and PGE, has one. Prostaglandins having 

similar degrees of unsaturation possess common precursors : 

arachidonic acid is the percursor for FGE, and PGP, and di- 

homo~Y~linolenic acid is the precursor for PGE, and PGP ya? 

PGE compounds readily undergo dehydration within the ring result— 

ing in the formation of PGA compounds. (Fig.3 ). For further 

details on the chemistry of prostaglandins, see reviews by 

Samuelsson (1972) and Sih and Takeguchi (1973). 

The prostaglandins are ubiquitous in their distribution. 

Verified isolations to date include sheep vesicular gland; lungs 

of sheep, cow, pig, guinea-pig, monkey, and man; sheep and bovine 

iris; bovine brain; calf thymus; bovine pancreas; and pig 

kidney, (see Bergstrim, Carlsson and Weeks, 1968; Horton, 19683 

Semeleeon, 1972).  Ambache, Brummer, Rose and whiting (1966) 

have shown that PGE, FCF, ys and possibly PCE, can be extracted 

from blood-free rabbit ileal longitudinal muscle sheets contain-
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ing Auverbach's plexus. Furthermore, PGE, and PGF, overe found 
2-1 

in a similar location in guinea-pig ileum (Ambache, Brummer, 

Whiting and Wood, 1966). Utilizing a paired comparison design 

these later workers also demonstrated that plexus-containing 

longitudinal muscle of the guinea-pig ileum has more prostaglan- 

din as measured by bioassay than plexus-free longitudinal muscle 

from the same aninals. 

Three prostaglandins have been isolated from the rabbit 

renal medulla, namely, PCED, PEF _,and PGA, by Lee, Crowshaw, 

Takman, Attrep and Gougoutas (1967). However these authors 

thought that PGA, was a possible artifact produced from PCE, 

during extraction of the prostaglandins. Concurrently, Daniels, 

Hinman, Leach and Muirhead (1967) identified PCE, as the principal 

vasodepressor renal prostaglandin. 

Studies of quantitative distribution may be misleading 

in that other studies have shown that the prostaglandins probably 

exist in precursor form and can be rapidly formed by chemical 

or nerve stimulation (Dorp, 1966; Ramvell, Shaw, Douglas and 

Poisner, 1966). The prostaglandin concentrations reported in 

tissues are more an indication of biosynthetic activity than 

of endogenous prostaglandin content (McGiff, Crowshaw, Terrasno 

and Lonigro, 1970). The intestinal tissue of sheep and guinea- 

pig is capable of synthesizing prostaglandin (Dorp, 1966). 

Microsomal enzymes are capable of this biosynthesis, end a true 

dioxygenase is necessary, that is, toth oxygen atoms on the 

eyclopentane ring come from the same molecule (Samuelsson, 1965).
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All oxygen atoms in the molecule arise from molecular oxygen 

(Nugteren and van Dorp, 1965; Ryhage and Samuelsson, 1965). 

Prostaglandins E and F are not necessarily interconvertible but 

can arise from a common cyclic intermediate (Dorp, 1966). 

The metabolic fate of prostaglandins has not been fully 

elucidated, however, it is believed that PGE compounds are 

metabolised into less polar compounds (Samuelsson, 1964; 

Samuelsson, 1965). In a recent study, McGiff, Terragno, Strand, 

Lee, Lonigro and Ng (1969) demonstrated that PGE and PGF but not 

PGA compounds are almost entirely removed from the blood on 

passage across the lung. PGE, and FCPS a? although stable in 
2 

blood are almost completely inactivated on passage across the 

lung (Ferreira and Vane, 1967). However, PGA compounds can 

escape destruction in the lung (MeGiff et al, 1969). 

Effects on Smooth Muscles 

A) Intestinal 

Isolated segments of gastro-intestinal smooth muscle of 

all species so far investigated (see Horton, 1968) contract in 

response to prostaglandins at Ey, eee Fy and Foie « Qualitative 

differences in the response to the E's and the F's have been 

reported (Bergstrim, Eliasson, Euler, and Sjévall, 1959; Horton 

and Main, 1965). On the isolated rabbit jejunum, the response 

to Fo_e is slower in onset and reaches its peak more slowly than 

the response to E, (Horton and Main, 1965). On this preparation 

the responses to 3, are reduced in size if sodium ions in the 

bathing fluid are partially replaced by lithium ions, but B 4
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contractions are not blocked by botulinum toxin in a concen- 

tration which abolished the response to nicotine (Miyazaki, 

Ishizawa, Sunano, Syuto and Sakagami, 1967). In contrast B, 

contractions of the guinea-pig ileum are partially blocked by 

atropine, although the degree of block cannot be increased by 

increasing the concentration of atropine in the bath (Horton, 

1965). From this result it is suggested that there is a small 

nervous component in the contractile response of the guinea-pig 

ileum to prostaglandins (Horton, 1968). The stimulating action 

of prostaglandin on guinea-pig ileum is not inhibited by anti- 

histemines, hexamethonium, d-tubocur-arine, nicotine, cocaine, 

tryptamine, lysergic acid diethylamide, or dihydroergotamine 

(Eliasson, 1959). 

The isolated rat fundus is particularly sensitive to 

both prostaglandin B, and Fy) (Coceani and Wolfe, 1966). 

Contractions are not affected by the presence of atropine, papa~ 

verine or 5—hydroxytryptamine-blocking drugs. Responses are 

potentiated by procaine, bretylium, dichlorisoprenaline, ascorbic 

acid, doubling the calcium ion concentration or increasing the 

potassium concentration. Responses to prostaglandins are reduced 

by isoxsuprine, noradrenaline, reduction in bath temperature, 

reduced oxygenation, carbon monéxide, sodium azide, cyanide ions 

or a reduction in calcium ion concentration. From these results, 

Coceani and Wolfe (1966) concluded that the prostaglandin action 

is a direct one on smooth muscle, closely connected to an oxidation 

reaction which requires enzymes or coenzymes in the reduced state
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and that calcium ions are intimately involved in the contrac- 

tion. A similar conclusion was arrived at by Paton and Daniel 

(1967) in their study on the rat uterus and fundus strip. 

These authors also demonstrated that polarization of the mem- 

brane is not a requirement for contractile activity induced 

by the prostaglandins, provided that calcium is present in the 

bathing fluid. 

B) Vascular 

The effects of the prostaglandins on the cardiovascular 

system appear to be directed to specific areas of vascular smooth 

muscle and vary with the particular prostaglandin and with 

species. For example, prostaglandin E, injected intravenously 1 

lowers the systemic arterial blood pressure in all species so 

far investigated whereas prostaglandin cg raises the blood 

pressure in the dog, rat and spinal chick (Horton and Main, 1967; 

Du Charne and Weeks, 1967) tut lowers it in the cat and rabbit 

(Angeard and Bergstrom, 1963). 

The fall in arterial blood pressure may be due partly to 

vasodilation, since prostaglandins dilate blood vessels in 

skeletal muscle and skin (Mnggard and Bergstrdm, 1963; Horton, 

1963; Horton and Main, 1963, 1965), and prostaglandin E, also 4 

antagonizes the vasoconstrictor action of the catecholamines, 

vasopressin and angiotensin (Holmes, Horton and Main, 1963). 

In the blood-perfused rabbit and cat lung preparation prosta-



-5h- 

glandin Ey has a vasodilator potency about equal to that of 

adrenaline, but unlike adrenaline the effect is neither 

abolished nor reversed by propranolol and is unaffected by 

phentolamine (Hauge, Iunde and Waaler, 1967). 

The pressor action of PGF, é in the dog and the rat is a= 

thought not to be due to a venoconstrictor action, and is 

dependent upon an intact sympathetic nerve supply to the veins 

(Du Charne and Weeks, 1967). The increased venous return 

increases cardiac output thus accounting for the rise in 

arterial blood pressure. The mechanism of the pressor action 

of POP, in the spinal chick is unknown but the response is 

not blocked by hexamethonium, phenoxy-benzamine or propranolol 

(Horton and Main, 1967). 

Prostaglandins E,, F, and A. Eos Fy have potent actions in 4 

reducing blood pressure in renal hypertensive dogs (Muirhead, 

Daniels, Pike and Hinman, 1967) and in human hypertension (Lee, 

1967). Since prostaglandins E, and A, occur in the kidney (lee, 

Covino, Takman and Smith, 1965), the possibility of a normal 

hormonal role in controlling blood pressure has been suggested. 

Other actions 

Prostaglandins have extremely potent actions on systems 

as different as adipose tissue, nerve cells, platelets, 

respiratory tract, reproductive tract, central and peripheral 

nervous system. For detailed reviews covering these aspects
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of the biological actions of the prostaglandins, see reviews 

by Bergstrim et al (1968); Ramwell and Shaw (1970) and Weeks 

(1972).
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THE AIM 

It is apparent that angiotensin has multiple sites 

of action both in whole animals and in isolated organs. The 

complexity of angiotensin action can be related to the structure 

and innervation of smooth muscle. It is also apparent that 

many investigations have been undertaken in an attempt to explain 

the mechanism of action of the peptide on smooth mscle. The 

phenomenon of angiotensin tachyphylaxis however remains unresolved. 

There is evidence to show that acetylcholine and nor- 

adrenaline are involved in the contractile effect of angiotensin 

in intestinal and vascular smooth muscles. Similarly, however, 

there is evidence to suggest that these transmitters are not 

always involved in angiotensin-induced contractions. These 

results led to the postulation that angiotensin has both a direct 

and an indirect action on smooth muscle. 

The present study was undertaken to clarify the situation 

at present prevailing in this field. By pharmacological blockade, 

individual steps in the excitatory pathway could be tested as sites 

of drug action (direct or indirect) provided the blocking agents 

could be shown to exert selective action in the experimental 

conditions used. The first part of this thésis deals with such 

studies on angiotensin action in a number of smooth muscle pre- 

parations.
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In most excitable tissues, development of tension is 

invariably accompanied by membrane depolarization. There has 
(see Axelsson, 1920) 

been conflicting reports, regarding the correlation between 

angiotensin-induced increase in tension and electrical activity. 

This aspect of angiotensin action was studied on the taenia coli 

of the guinea-pig using the sucrose-gap apparatus. 

Recently, evidence has indicated that angiotensin 

can cause a release of prostaglandins from several isolated 

organs. An attempt was made to establish a possible involvement 

of prostaglandins in angiotensin-induced contractile responses. 

The results are presented in the last section of this thesis.
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EXPERIMENTAL METHODS 

I ISOLATED INTESTINAL AND VASCULAR SMOOTH MUSCLE PREPARATIONS 

USED IN INITIAL PHARMACOLOGICAL STUDIES 

i) The guinea-pig ileum preparation 

Guinea-pigs from both sexes (Hartley strain) weighing 

between 300 and 450 grams were killed by a blow on the head and 

bled from a large incision in the neck. The ileum was excised 

and 3 ~ 4 cm long segments were removed from the preterminal 

region (about 10 em above the ileo-caecal junction) and suspended 

in a 15 ml organ bath containing Krebs solution (for composition 

see end of Methods) maintained at 34° C, In some experiments 

Tyrode solution (for composition see end of Methods) was used 

instead. The muscle was initially loaded with 1 gram tension. 

Increases in tension were recorded with an isometric transducer 

(Devices type 2ST02). The signals were amplified by DC preamplifier 

(Devices DC 2D) and permanent records were made with a pen recorder 

(Devices M2). 

Transmural stimulation was effected with bipolar 

platinum electrodes of the type described by Paton (1955). 

Supramaximal stimuli were delivered from a square wave stimilator 

with frequencies of from 0.2 to 10.0 Hz and pulse width of 

0.5 - 1.0 ms. 

ii) The guinea-pig taenia coli preparation 

Guinea-pigs were killed as above. The caecum was exposed 

and carefully fixed in position by pins, so that the taenia coli
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lay on top of the caecum. A small incision was made between the 

taenia coli and the underlying circular muscle to separate the 

two. A piece of cotton was tied round the taenia coli to facilitate 

manipulation of the preparation while it was very carefully 

separated from the underlying muscle using fine scissors. The 

taenia coli was transfered to Krebs solution and stretched to its 

in situ length. Lengths of 3 - 4 em were cut and suspended in a 

10 ml organ bath containing Krebs solution at 32°C. The initial 

load on the muscle was 1 gram. Increases in tension were recorded 

with an isometric transducer as in the guinea-pig ileum 

iii) The rat stomach fundus strip prevaration 

The rat stomach fundus strip was prepared according to 

the method described by Vane (1957). Rats of both sexes (Wistar 

strain) weighing 200 - 350 grams were stunned by a blow on the head 

and then bled. The stomach was dissected free from the abdomen and 

placed in Tyrode solution. The fundus is a translucent ballon-like 

tissue. It is separated from the pyloric antrum by a definite ridge 

on the mucosa. The fundus was dissected out from the stomach with 

a band of pyloric tissue attached which serves as a marker. A cut 

was made along the lesser curvature of the fundus and the contents 

washed away. Two or three incomplete transverse cuts (depending 

on the tissue size) were made from alternate sides so as to 

preserve the longitudinal muscles. The resultant strip was about 

4 - 5 om long. Cotton was tied to each end and the strip was gently 

stretched and any protrusions and fringes of pyloric tissues 

trimmed away to give a clear thin strip which was then mounted in 

a 20 ml bath containing Tyrode solution at 56. C. The muscle was 

initially loaded with 2 gram tension. Contractile responses were
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recorded with an isotonic transducer (Devices type R?502 - 2) on 

a pen recorder (Devices M2). 

iv) The rat ileum preparation 

Rats were killed as above. The ileum was excised and 

segments 2 - 4 cm long were removed from the preterminal region 

and suspended in a 15 ml bath containing Tyrode solution at 36° Cc. 

The initial tension on the muscle was 1 gram. Changes in tension 

were recorded with an isometric transducer as in the guinea-pig ileun. 

v) ‘he rat ascending colon preparation 

The rat colon was prepared as described by Regoli and 

Vane (1964). The ascending colon can be identified by its diagonal 

striations and it is immediately adjacent to the caecum. The whole 

tissue was excised, washed and suspended in a 15 ml bath with 

rat colon Ringer solution (Gaddum, Peart and Vogt, 1949). The bath 

temperature was maintained at 36°C: The muscle was loaded with a 

2 gram tension and changes in tension were recorded isometrically. 

vi) The chick reotum preparation 

The chick rectum preparation was prepared as described 

by Mann and West (1950). Chickens of 7 - 10 days old were killed 

by cervical fracture. The rectum was exposed, removed, washed and 

suspended either in a 10 ml organ bath or for superfusion experiments 

in a polythene jacket with the solution flowing over the tissue at 

a rate of between $ - 10 ml per minute The muscle was loaded with 

1 gram tension. Changes in tension were recorded with an isometric 

transducer.



=62— 

vii) The rabbit ileum preparation 

Rabbits weighing 1 - 3 Kg were killed by a blow on the 

back of the neck and bled out. Sections of ileum about 3 - 4 cm 

long were removed and carefully cleared of any contents from the 

lumen. The tissue was suspended in a 20 ml bath containing Tyrode 

solution at 36°C. The muscle was initially loaded with 2 - 4 grams 

tension and changes in tension were recorded isometrically. 

viii) The rabbit aortic strip Brerarenion 

Rabbits were killed as above. The descending thoracic 

aorta was removed and cut spirelly according to the method described 

by Furchgott and Bhadrakom (1953). In some exveriments, the 

abdominal aorta was used. The strip, about 3 - 4 cm long and about 

5 mm in width was suspended in a 20 ml bath containing Krebs solution 

at 36°C. Isometric contractions were recorded on a pen recorder 

(Devices M2). Initial tension was 2.0 grams. The strip was allowed 

to equilibrate for at least an hour before the administration 

of drugs. 

ix) The rat portal vein preparation 

Rats were killed as before (see fundus strip preparation). 

The portal vein was exposed and cleared of adherent tissue. Silk 

sutures were inserted through the wall of the vessel and a 1 - 2 om 

length was removed and suspended vertically in a 10 ml bath containing 

Krebs solution at 34°C. The passive tension applied to the portal 

vein was 400 - 600 mg. Contractions were measured isotonically and 

recorded on a pen recorder (Devices M2). At least an hour was allowed 

for the preparation to equilibrate before commencement of experiment.
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II THE SUPERFUSED ORGAN SYSTEM USED FOR THE DETECTION OF PROSTAGLANDINS 

The method was essentially similar to that described by 

Ferreira and Vane (1967). The effluent perfusing the isolated guinea- 

pig ileum was allowed to superfuse a series of isolated assay 

tissues (Fig.4 ). The three assay organs used were as follows: 

i) rat stomach strip (Vane, 1957) 

ii) rat colon (Regoli and Vane, 1964) 

iii) chick rectum (Mann and West, 1950). 

These tissues were chosen because of their sensitivity 

to prostaglandins and specificity was further increased by infusing 

a mixture of antagonists which rendered the assay tissues insensitive 

to catecholamines, acetylcholine, 5-hydroxytryptamine and histamine. 

The antagonist reagent consisted of Krebs solution with the following 

drugs per 100 ml. : 

methysergide 2 ng 

phenoxybenzamine 1 mg 

propranolol 20 mg 

hyoscine hydrobromide 1 mg 

mepyramine 1 mg 

The antagonist solution was perfused across the assay organs at 

0.1 ml per minute 

Standard agonists were tested for their direct effect on 

the assay organs by adding the agent to the Krebs solution after it 

had passed through the ileum. The response of the ileum to angiotensin 

was determined by injecting the drug into the direction of flow of 

the Krebs solution perfusing the tissue by means of an infusion 

apparatus. The ileum was perfused with Krebs solution at a rate of
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8 - 10 ml per minute. The Krebs solution was maintained at 36° Cc. 

Changes in tension and contractions were recorded with isometric 

and isotonic transducers respectively. The signals were amplified 

by DC preamplifier and permanent records were made with a 4—channel 

pen recorder (Devices MA). 

III THE PITHED RAT PREPARATION 

Male or female rats (Wistar strain) weighing 200 - 300 

grams were anaesthetised with pentobarbitone (Nembutal) 60 me/kg 

injected intraperitoneally; atropine sulphate 1 mg/kg was adminis— 

tered by the same route immediately after the pentobarbitone. The 

trachea was cannulated, artificial respiration started and the 

animal pithed by the method of Shipley and Tilden (1947) using a 

steel pithing rod 1.5 mm in diameter, prepared as described by 

Gillespie and Muir (1967). Positive pressure artificial respiration 

was achieved using a Palmer small animal respirator adjusted to 

deliver 20 ml/kg body weight in each experiment. The right jugular 

vein was then cannulated with polythene tubing (Portland Plastics, 

PP 30) previously filled with 0.9% saline containing 10 units/ml 

heparin. The right common carotid artery was cannulated with poly- 

thene (PP 30) filled with heparinized saline, and the arterial 

blood pressure measured by means of a blood pressure transducer 

(Devices/C.B.C. type 4-327-L221) connected to e Devices M2 pen recorder. 

In experiments where stimulation of the sympathetic 

outflow was carried out, the preparation was injected intravenously 

with (+) - tubocurarine hydrochloride (3 mg/ks).
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Sympathetic stimulation. 

Electrical stimulation of the spinal sympathetic outflow 

was performed as described by Gillespie and Muir (1967). A length 

of steel wire was attached firmly under the skin. The indifferent 

electrode, a steel hypodermic needle inserted subcutaneously into 

the left leg, was connected to one pole of a square wave stimulator 

(Scientific and Research Instruments Ltd). The other pole was 

connected to the pithing rod. The sympathetic outflow was stimulated 

with supramaximal strength pulses (usually 80 volts) of 1 ms duration 

at frequencies ranging from 0.1 - 1.0 Hz applied for periods of 

40 seconds and repeated at intervals of not less than 20 minutes. 

Heart rate measurement. 

In a few experiments, heart rate was measured by means 

of a Devices Instantaneous Ratemeter (Type 2751) triggered by the 

blood pressure signal. 

Route of administration of drugs. 

Drugs were injected intravenously in volumes not exceeding 

0.2 ml and flushed in with a further 0.1 ml of saline. Infusions 

were made using a Palmer automatic injection apparatus at rates up 

to 0.05 ml/minute.
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IV ELECTRICAL RECORDING OF TRANSMEMBRANE POTENTIAL USING THE 

SUCROSE-GAP TECHNIQUE 

  

i) The sucrose-gap apparatus 

The sucrose-gap apparatus was constructed according to 

the principles described by Stampfli (1954). The bath was drillea 

out of a perspex block as illustrated in Fig.5. The vertical 

channels through which Krebs solution flow/vere of 1 mm in diameter 

and the central channel through which isotonic sucrose solution 

flowed was 2 mm in diameter. The sucrose gap was 5 mm in width with 

a diameter of 0.5 m. 

ii) Mounting of the teenia coli 

The taenia coli of the guinea-pig was dissected as 

previously described for organ bath study. A length of the taenia, 

15 - 20 mm in length was teased to size so as to fit the sucrose-gap 

bath. 

Cotton was tied to both ends of the strip. One end of 

the cotton was threaded through a needle and this was first passed 

through the horizontal sucrose-gap, carrying with it the taenia coli, 

so that about equal length of the strip was exposed on either side. 

The cotton was then passed upwards through the vertical channel. 

Great care was taken during this procedure, so that the tissue was 

not stretched or grossly injured. The same was done for the other 

end of the strip, so that each end of the taenia coli was suspended in 

the vertical channel throush which Krebs solution flow. The cotton 

at each end of the strip was secured by means of close-fitting
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a perspex block (for dimensions 
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was introduced into the ‘active! 
side via the small side-tube.
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polythene tubing. Both ends of the strip were perfused with Krebs 

solution at the start of the experiment. Thirty minutes later, the 

perfusion fluid of one side was changed over to isotonic 80, or 

KCl solution, thus making the side "inactive". By this procedure, 

the membrane potential could be measured. The gap-section was 

perfused with isotonic sucrose solution which had been passed through 

an ion-exchange column (Elgastat) before entering the gap. The flow 

rate of each perfusion fluid ranged between 3 - 5 ml per minute and 

was kept constant throughout any one experiment. The Krebs solution 

was maintained at 30 rc 4°) while the sucrose and K,SO, solutions 
a4 

were kept at room temperature. 

iii) Blectrical recordings 

A pair of silver-silver chloride electrodes in contact 

with the tissue through cotton wicks recorded the potential 

difference between the sucrose-Krebs junction and sucrose-K,S0, 

junction. 

The side perfused with X80, » termed "inactive" was at 

earth potential and the side perfused with Krebs solution termed 

"active" , was connected via a unity gain preamplifier (Electronics 

for Life Sciences, wide-band electrometer) and displayed on a 

cathode-ray oscilloscope (CRO) (Tektronix type RM 502 A) or recorded 

on a Devices DC 2 pen recorder . In the majority of experiments, 

the end of the strip of the active side was attached by cotton thread 

to a Devices isometric transducer (Type 2STO2) for simultaneous 

recording of mechanical activity (Fig. 6).
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Fig. 6. The sucrose-gap apparatus. 
For details refer to text.



7a 

In a few experiments, both the CRO and the pen recorder 

were used for simultaneous visual display and recording of events. 

In such instances, the signal for the pen recorder was fed from the 

output of the CRO. 

iv) Addition of drugs 

All drugs were diluted in Krebs solution and injected 

in volumes not exceeding 0.02 ml (20 p1) by means of a micro-syringe 

(Hamilton) into the perfusion fluid of the active side. In a few 

experiments, drug solutions were introduced into the active side 

by means of a 3-way tap, after passing through a heating coil. 

However, during the change over of solutions, marked artefacts were 

encountered.The use of a 3-way tap was abandoned in preference to 

the micro-syringe.
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V DRUGS AND SOLUTIONS USED 

Unless indicated otherwise drugs were generally 

dissolved in 0.9% saline and added in volumes not exceeding 

0.5 ml directly into the organ bath. Immediately after the 

response was maximal they were washed out by rinsing the bath 

with the appropriate physiological salt solution. Antagonist 

drugs were applied to the preparations for a minimum of 15 

minutes (unless otherwise indicated) before adding agonists 

and maintained in contact with the preparations throughout the 

test period. 

i) Preparation of indomethacin solution 

Indomethacin was prepared by dissolving in slight 

excess sodium carbonate solution (0.2%) made up to the desired 

volume with either Krebs or Tyrode solution. If the solution 

was cloudy, a trace of solid sodium carbonate was added and the 

‘pH immediately adjusted to 7.3 - 7.6 with HCl. The solution of 

indomethacin was freshly prepared prior to each experiment. 

ii) Preparation of prostaglandin-@. and_F, solutions 
2 a-a 

Prostaglandin-E, (PGE, ) was prepared as the sodium salt 

as follow: 

A solution of sodium carbonate 0.2 mg/ml (20 mg of 

anhydrous sodium carbonate made up to 100 mi) in water or isotonic 

sodium chloride was prepared. PCE, was dissolved in 95% ethanol 

(0.1 ml/ng ‘of PGE,). 0.9 ml of the sodium carbonate solution 

for each milligram of prostaglandin was then rapidly added to 

the alcoholic prostaglandin solution. If the solution remained
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cloudy, a trace of solid sodium carbonate was cautiously added. 

The final pH should be between 6 and 7.5 and this was checked 

with pHdrion paper. The stock solution was then stored frozen 

and dilution made as required. 

Prostaglandin-F (ory ) was available as PGF - 
2-a 2=a 

tromethamine salt, and this was dissolved in distilled water. 

A stock solution of img/ml was prepared and stored frozen. 

iii) Preparation of physiological salt solutions 

The composition of physiological salt solutions used 

are given in Table III. All solutions were made up with distilled 

water. In addition the following modifications were made to 

Krebs solution for sucrose-gap studies. 

a) High sodium solution was prepared by adding weighed 

quantities of sodium glutamate or sodium benzenesulphonate to 

the normal Krebs solution. 

b) Low sodium solution was prepared by replacing the 

deficit of sodium chloride by an equiosmolar quantity of Tris 

(Hydroxymethyl) amino-methane chloride and titrated with HCl 

to give pH 7.3 - 7.4. 

c) . Sodium-free solution was prepared by replacing the NaCl 

with equiosmolar quantity of Tris-chloride and the Manod,, with KHCO,- 

The solution prepared in this way would contain 25 mM K. 

ad) High potassium solution was prepared by adding weighed 

quantities of KCl to the normal Krebs solution. 

e) Potassium-free solution eaaterereten by replacing 

the potassium salts with sodium salts.
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f) Caleium-free and calcium excess salt solutions were 

prepared by omitting Cacl, and adding required quantities of 

CaCl, to the normal Krebs solution respectively. The osmolarity 

of the solution was not corrected in these instances. 

&) Low chloride solutions were prepared “by ‘substituting 

NaCl with sodium glutamate. 

Isotonic KCl solution was prepared by dissolving 8.94¢ 

of KCl in 1L of distilled water (120 mM) and isotonic X80, 

solution was prepared by dissolving 22g of B50) in 1L of water 

(127 mM). 

Isotonic sucrose solution was prepared by dissolving 

10% sucrose (Aristar, BDH) (weight/volume) in glass-distilled 

deionized water.
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Table Itt 

Composition of physiological salt solutions used 

  

  

  

  

  

                

Krebs Tyrode Rat Colon Ringer 

efi 1 g/t [mit | e/t | mt 

NaCl 290 | 118.0 | 8.0 | 137.0 | 9.00 | 156.0 

KCl 0.35 4.7 | 0.20 2.70} 0.40 54 

MgCl, - - 0.26 1e1Oq = - 

(6,0) 

MgSO, 0.29 1.2] - - - - 

(72,0) 

ed - - 0.05 0.40} = = 

KH,PO, 0.16 1.18] - - - - 

2.10 25.08] 1.001" 41690150694 1.68 

Call, 0.3 2.5 | 0.26 1.76] 0.05 0.32 

(2,0) 

Glucose 1.00 5.5 1 2.00] 11.00] 1.00 5-5 

Aeration 05195) air air 

cO,: 588 
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DRUGS USED 

DRUG 

Acetylcholine bromide 

(-)-adrenaline hydrochloride 

Angiotensin amide (CIBA) 
(Hypertensin) 

Bradykinin 

Guanethidine monosulphate 

Hexamethonium bromide 

Histamine acid phosphate 

5-hydroxytryptamine creatine 
sulphate 

Hyoscine hydrochloride 

Indomethacin 

Mepyramine maleate 

Methysergide 

Nicotine hydrogen(+)-tartrate 

L-noradrenaline bitartrate 

Pempidine tartrate 

Phentolanine 

Procaine hydrochloride 

Propranolol 

Prostaglandin-E, 

Prostaglandin-F,_ 4 

Tetrodotoxin 

Vasopressin 

All concentrations and doses 

SUPPLIER 

B.D.H. LTD. 

B.D.H. Ltp. 

CIBA Ltd. 

Sigma Ltd, 

CIBA Ltd. 

Koch-Light Ltd, 

B.D.H. Ltd. 

Sigma Ltd. 

B.D.H. Ltd. 

M.S.D. Ltd. 

May & Baker Ltd. 

Sandoz Ltu. 

B.D.H. Ltd. 

Sigma Ltd. 

May & Baker Ltd. 

CIBA Ltd. 

B.D.H. Ltd. 

I.c.1. 

A gift from Dr. J.E.Pike 
Upjohn Ltd., Kalamazoo, 

U.S.A. 

ditto 

Sigma Ltd. 

Sigma Ltd. 

given in the text refer 

to the forms and salts listed above.
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SECTION THREE 

EXPERINENTAL RESULTS
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PART ONE 

THE ACTION OF ANGIOTENSIN ON INTESTINAL 

AND VASCULAR SMOOTH MUSCLES 
  

Chapter I. The action of angiotensin on 
isolated smooth muscle preparations 

Chapter II. The action of angiotensin on 
isolated intestinal smooth muscle 
preparations in the presence of 
specific antagonists 

Chapter III. The action of angiotensin on 
isolated vascular smooth muscle 
preparations in the presence of 
specific antagonists 

Page No. 

79 

102 

115
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CHAPTER I HE ACTION OF ANGIOTENSIN ON ISOLATED SMOOTH 

MUSCLE PREPARATIONS 

  

A) INTESTINAL SMOOTH MUSCLE 

Various smooth muscle preparations have been used for 

@ quantitative comparison of angiotensin with other drugs and 

some like the rat uterus. (Paiva and Paiva, 1960; Khairallah and 

Page, 1961), rabbit aortic strip (Helmer, 1957, 1964) and rat 

colon (Regoli and Vane, 1964a)have been used to study the 

mechanism of action of angiotensin on smooth muscle. Isolated 

intestinal preparations from various species invariably contract 

to angiotensin. 

Tachyphylaxis to angiotensin has been reported in the 

rabbit ileum, guinea-pig ileum (Bisset and Lewis, 1962; Khairallah 

and Page, 1962), human colon (Fishlock and Gunn, 1970) and ilea of 

the mouse, rat and gerbil (Goldenberg, 1967). 

Godfraind et al (1966a) first described a fast and a 

slow component in the contractile response of the isolated guinea- 

tie ileum to angiotensin. A similar biphasic effect of angiotensin 

has been described by Goldenberg (1967) in the isolated ilea of the 

mouse, rat and gerbil. 

In this chapter, experiments are described which were 

performed in order to determine : 

1+) Whether 2 similar biphasic action of angiotensin could be 

elicited in other intestinal smooth muscle preparations viz:
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guinea-pig ileum and taenia coli, rat colon, ileum and stomach 

strip and rabbit ileun. 2) Whether these preparations show 

signs of tachyphylaxis to repeated or continued administration 

of large amounts of angiotensin. The sensitivity of these 

intestinal preparations to angiotensin was compared with that 

of another polypeptide, bradykinin and of other known agonists. 

RESULT 

Isolated preparations of the guinea-pig, rat and rabbit 

ilea contracted to angiotensin with a biphasic response, which 

was first described by Godfraind et al (196) for the guinea- 

pig ileun. In the rat colon, rat stomach strip and the guinea— 

pig taenia-coli preparations, biphasic responses to angiotensin 

could not be demonstrated. The sensitivity of these intestinal 

preparations to angiotensin and other agonists is given in 

* Table IV. All the preparations contracted with a latency of 

between 5 to 30 seconds after addition of angiotensin to the bath, 

the response was maximum within 60 to 120 seconds (Table V ). 

Repeated or continued administration of high concentrations 

(>10° M ) of angiotensin to these preparations caused prominent 

tachyphylaxis, however, this could be minimised or even abolished 

by increasing the time interval between successive exposure to 

the drug. Table V summarizes the minimum time interval to 

prevent the occurence of tachyphylaxis required for each of the 

tissues examined. 

The following is a more detailed account of the observa- 

tions made on the action of angiotensin on these isolated intes—
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tinal preparations. Because of the similarity in the responses 

to angiotensin between the ilea of the rat, rabbit and guinea~ 

pig, detailed description will be confined to the guinea-pig 

ileum. The only qualitative difference between the responses 

of these three tissues to angiotensin was that of sensitivity 

which was of the following order: guinea-pig ileum : rabbit 

ileum : rat ileum (TableIV ). 

1.1. Guinea-pig ileum 

Three qualitatively identifiable forms of responses to 

angiotensin were observed depending upon the concentration used. 

At low concentrations (<5 x 407M) the ileum responded after a 

latent period of some 20 to 30 seconds, with a progressive 

increase in tension co-incident with rhythmic contractions, the 

maximum response was reached in about 90 seconds (Fig.72). 

Higher concentrations (5 x 407? = 5x 107°) caused a reduction 

in the latent period and a biphasic response. There was an 

initial fast "spike" contraction followed by a small transient 

fall then a further slow progressive contraction which reached 

maximum in about 60 - 90 seconds, superimposed by rhythmic 

contractions which continued until wash out (Fig.7). These 

results are similar to those described by Godfraind, et al,(1966). 

These authors referred to the inital fast contraction as the fast 

component and the second plateau phase as the slow component 

(see Fig. 8). 

With maximum or supramaximum concentrations of angiotensin 

(>107"%), the response rose sharply to a peak, then fell to a
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Fig.7. 

apie 

e 
1-3 10-8 5x1077 Tmin 

Isolated guinea-pig ileum preparation 

Contractile responses to a) 107?M 

b) 1078 and c) 5 x 107 7M angiotensin. 

Open circles indicate addition of angiotensin, 

closed circles inuicates removal of angiotensin.
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Im 
ANG a 

Guinea-pig ileum preparation. 

Contractile response to 2 x 1078 

angiotensin, on fast chart speed 

showing the fast (f) and slow (s) 

components. Angiotensin added at 

arrow and removed at closed circle.
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plateau, upon which a series of high amplitude rhythmic con- 

tractions was superimposed (Pig. 7c). 

The magnitude of the slow component of the angiotensin 

response was found not to be dependent upon the amplitude of 

the fast component. This is in agreement with the findings 

of Goldenberg (1967) on the ilea of the mouse, gerbil and rat. 

However, the relative magnitude of the slow and fast components 

is a function of the concentration of angiotensin under the 

experimental conditions used (Fig.9 ). The optimum of the 

fast component attains 80 to 90% of the maximum response to 

acetylcholine, on the other hand, the slow component reaches 

only 55 to 75% of this same maximum response. 

Tachyphylaxis wes not observed when an interval of 8 minutes 

_ 8s suggested by Robertson and Rubin (1962) was allowed between 

1.2. 

doses. However, it was found that this interval could be 

reduced to 5 minutes if two or more washes were interspersed 

between each contraction. 

The guinea-pig ileum was equally sensitive to acetylcholine 

or angiotensin, but of the order of 10 times less sensitive to 

bradykinin (Table IV). Bradykinin, like angiotensin contracted 

the ileum but the response was not biphasic. 

Guinea-pig taenia coli 

Biphasic responses were not apparent even with concen- 

trations of up to 1077 (Fig. 109. The tissue relaxed slowly 

after each exposure to angiotensin, which necessitated an interval
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of at least 10 minutes between successive applications of the 

drug. Contractile responses were reproducible and the re- 

lationship between dose ‘response was linear within the range 

5 =x 107? Mand 5x 107° M. However, with higher concentra— 

tions, responses became variable and no dose-response relation- 

ship could be established. Tachyphylaxis was apparent with 

high concentrations (>5 x 4078 M), but could be minimized 

with a 15 minute dose interval (Table V ). 

Bradykinin (5 x 408 M) relaxed the preparation, while 

high concentrations (>1077 M) often caused an initial relax- 

ation which was followed by a small contraction. As with the 

higher concentrations of angiotensin, no strict dose-response 

relationship could be established. Similar results have been 

reported by Regoli and Vane (1964 a). 

Rat Colon 

The rat colon was found to be very sensitive to angiotensin 

in agreement with the findings of Regoli and Vane (19642) who 

suggested it as a preparation for the assay of angiotensin. 

%, The forn The threshold concentration wes found to be 1077 

of the response to various concentrations of angiotensin was 

rather similar to that described earlier for the guinea-pig ileun, 

except that the initial fast component wes not apparent even with 

a concentration (1077 M) which caused maximum contraction (Fig. 10b). 

Tachyohylexis was not observed with a 5. minute dose—interval. 

However, after a very high concentration ( 1076 M), the tissue
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a b c 
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Tmin 

Fig. 10. Isometric contractions of 

a) guinea-pig taenia coli; b)rat colon 

and c) rat stomach strip to angiotensin 

(1077M) (ANG) added at arrows and 

removed at closed circles,
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became desensitized to angiotensin for a period of 30 to 40 

minutes. 

Bradykinin was found to cause either a cessation of 

spontaneous activity or relaxation or both. The relative 

unresponsiveness of the rat colon to bradykinin has been 

previously reported by Bisset and Lewis (1962). 

Rat stomach strip 

Regoli and Vane (19642) reported that the sensitivity of 

the rat stomach strip to angiotensin was the same as that for 

the guinea-pig ileun. The rat stomach strip contracted to 

a threshold concentration of 5 x 107? M, and maximum contractions 

were obtained with a concentration of 4077 M These results 

are in agreement with those of Regoli and Vane (1964a) is 

Biphasic contractile response to angiotensin could not 

be demonstrated within the range of concentrations used in this 

study (Fig.10c). Tachyphylaxis was not seen with the dose 

interval used (5 minutes). The latent period was shorter than 

that for the guinea-pig ileum. 

In contrast to angiotensin, bradykinin ( 107° to 107! M) 

relaxed the preparation.



Oia. 

B) VASCULAR SMOOTH MUSCLE 

INTRODUCTION 

Vascular smooth muscles of different regions in the 

body respond to angiotensin with consistent individualities, 

for example, most arterial vessels show contraction and 

prominent tachyphylaxis, while renal resistance vessels are 

non-responsive to angiotensin (Bohr and Uchida, 1967). The 

effect of angiotensin on veins has scarcely been investigated 

(vide infra). 

Information concerning the action of angiotensin on 

isolated veins is scanty and often contradictory. Page and 

Bumpus (1961) and Folkow, Johansson and Mellander (1961) reported 

that angiotensin was unable to effectively stimulate venous 

smooth muscle, and suggested that its contribution to a pressor 

action in vivo would be rather insignificant. However, other 

workers found that angiotensin was active in stimlating 

preparations of pulmonary, hepatic porta], mesenteric and 

saphenous veins of the dog (Somlyo and Somlyo, 1966), anterior 

mesenteric, external jugular and posterior caval veins of the 

rabbit (Sutter, 1965) and the portal vein of the rat (Bohr and 

Uchida, 1967; Blair—West, McKenzie and McKinley, 1971; Carruba, 

Mandelli and Mantegazza, 1973). 

Tachyphylaxis to angiotensin is a prominent feature in 

arterial and venous smooth muscles (Somlyo and Somlyo, 1966; 

Bohr and Uchida, 1967; Khairallah et al, 1966). The mechanism 

underlying angiotensin tachyphylaxis remains controversial 

(see Introduction).
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In this section, the action of angiotensin and other 

agonists on the rat portal vein preparation was examined and 

compared to those on the rabbit aortic strip, a preparation 

which has long qualified as 2 test system for angiotensin 

(Helmer, 1957). 

RESULTS 

The sensitivity of the rabbit aortic strip, rat portal 

vein and guinea-pig portal vein to angiotensin, noradrenaline 

and adrenaline is summarized in Table VI,which also shows the 

sensitivity of the rat and guinea-pig portal veins to acetyl- 

choline. The threshold concentration of angiotensin required 

: for development of tension by the aortic strip and rat portal 

vein was 5 x 4079 M ana 5x 407" respectively, Maximum 

6 M for the responses were obtained with a concentration of 10 

aortic strip and of the order of 5 x 1077 M for the rat portal 

vein. The guinea-pig portal vein did not respond to angioten- 

sin even with a concentration of up to 107? M (5 preparations). 

Rabbit Aortic Strip 

Following the addition of angiotensin into the bath and 

@ latent period of 15 to 60 seconds, the tension developed 

progressively, reaching a maximum in 2 ‘to 3 minutes. The 

preparation did not show diminishing responses to repeated
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administration of angiotensin over a period of 6 to 8 hours, 

provided an interval of 15 to 20 minutes was allowed between 

successive applications of the drug. This contrasts with 

the results of Bohr and Uchida (1967) who reported that responses 

to low concentrations of angiotensin were abolished in strips 

that had been left in the bath for periods of more than 6 hours. 

In the rabbit aortic strip noradrenaline and angiotensin 

were equiactive (Table Vi). However, the maximum contraction 

induced by angiotensin was always less than that induced by 

noradrenaline or adrenaline: (Fig. 17. These findings are in 

agreement with those of other workers (Helmer, 1957, 1964; 

Khairallah, et al, 1966) 

Rat Portal Vein 

The rat portal vein showed regular rhythmic contractions 

with frequencies ranging from 3 to 12 per minute. Following 

the addition of angiotensin in concentrations as low as 5 x 107! 1y 

there was an increase in the freauency of contractions. 

Inereasing concentrations of angiotensin caused further increases 

in frequency of contractions superimposed on a slow contracture. 

Similar observations were made with noradrenaline and 

acetylcholine. The rates of onset of action and of recovery 

were much slower for angiotensin thanfor the other two agonists. 

(Fig.12).
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Tachyphylaxis was not apparent with adrenaline, nor— 

adrenaline or acetylcholine with a 5 minute dose cycle. For 

angiotensin, an interval of 8 to 10 minutes was necessary to 

reproduce responses over a 6 hour period. This longer dose 

interval for angiotensin is probably related to the longer 

time-course of action of angiotensin. 

Dose-effect curves to angiotensin, noradrenaline, 

adrenaline and acetylcholine are illustrated in Fig. 13. 

The maximum contraction obtainable with acetylcholine was less 

than that for angiotensin or the catecholamines.
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fc Preparations 
Agonists 

Rabbit aortic} Rat portal | Guinea-pig portal | Source 
strip vein vein 

Angiotensin 5x10? 5x10! | 1074 * 
107? 1050 - Bohr & 

Uchida, 67. 

- 407'° 10°? Blair-West 
et al, 71 

Noradrenaline | 2.6x1 0? 5x1 07? £25 6xio7° * 

1079 = > Bohr & 
Uchida, 67. 

-9 -8 unaaled | - 10 10 Blair-West 
71 

-9 s = Adrenaline 5x10? 5x10 or * 

Acetylcholine = \ 4x107° . 
-9 

- Oe j Blair-Vest 
et al, 71. 

- ae 1078 Carruba 
et al, 73. 

Table VI. Sensitivity of various isolated 
vascular smooth muscles to 
angiotensin and other agonists. 
Threshold concentrations expressed 
in Moles. 
*values obtained in this study. 
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Fig. 12. Isotonic contractions of rat portal 

vein to a) angiotensin (5 x 107 ?M YANG); 

b) noradrenaline (1078s) (wa) and 

c) acetylcholine (5 x 107°m) (ach). 

Drugs were added at arrows and removed 

at closed circles.
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Concentration effect curves to angiotensin 

(4—a ), noradrenaline («—~» }, adrenaline 

(+—-+ ) and acetylcholine (5s —xa) on the 

isolated rat portal vein, Contractions 

expressed as % maximum of angiotensin response, 

Each point is the mean of 5 experiments 

unless otherwise indicated in brackets.
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DISCUSSION 

The results presented in the first part of this chapter 

confirm the results of other workers by demonstrating the 

presence of biphasic response of the guinea-pig ileum and rat 

ileum to angiotensin, and further demonstrated similar biphasic 

responses in the rabbit ileum. However, in the ilea of the rat 

and rabbit biphasic responses could be demonstrated only with 

high concentrations of angiotensin. The sensitivity of the 

various intestinal smooth muscle preparations to angiotensin 

is in general agreement with the findings of Regoli and Vane 

(1964 a), 

The nanopevtide, bradykinin has been shown to produce 

slow contractions of many intestinal smooth muscle preparations, 

including the guinea-pig and rabbit ileum (Rocha E Silva, 1970). 

The action of bradykinin on intestinal smooth muscle was there- 

fore compared with that of the octapeptide angiotensin. 

Bradykinin was found to be relatively inactive on the rat colon 

and rat ileum, about 10 to 20 times less active on the guinea— 

pig ileum and caused relaxation of the rat stomach strip and 

guinea-pig taenia coli. Therefore, apart from its slow time 

course of contraction in the guinea-pig ileum, the action of 

bradykinin is quite different from that of angiotensin. 

Angiotensin invariably contracts isolated intestinal smooth 

muscle preparations of most species and of different regions in 

the same species. These results Bndacate that the mode of action 

of the two peptides on intestinal smooth muscle are probably 

different.
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The analysis of the concentration-effect curve for 

angiotensin on the guinea-pig ileum shows that the maximum 

response produced by the peptide is always lower than that 

produced by acetylcholine. The slow component is a curve 

with an optimum that is characteristic of a partial agonist. 

The concentration of angiotensin that evokes the fast .component 

is higher than 5 x 4079 M; lower concentrations cause only a 

slow response. These results indicate that responses to 

higher concentrations (above 5 x 10 ~%q) of angiotensin are 

more complex and probably involve separate mechanisms. 

Most isolated or denervated vascular smooth muscle with 

the exception of the aorta are very insensitive to angiotensin 

(Zimmerman, 1962; Laverty, 1963; dela Lande & Rand, 19653 

McGreg-or, 1965 & Somlyo et al, 1965). The rabbit aortic strip 

. contracts to low concentrations of angiotensin and has been used 

for the assay of angiotensin (Helmer, 1957, 1964). Recently, 

it has been shown (Bohr & Uchida, 1967; Blair—West et al, 1971) 

that the rat portal vein preparation is very sensitive to angio- 

tensin. The results presented in this chapter are in agreement 

regarding the sensitivity and overall time-course of contraction 

to angiotensin in the rabbit aortic strip and rat portal vein 

preparation as reported by various workers. 

Dose-response curves of angiotensin and noradrenaline on 

the rat portal vein show that maximal responses to both agonists 

were approximately equal. However, in the rabbit aortic strip,
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maximal responses to angiotensin were lower than to noradrenaline. 

The mode of action of angiotensin on these two preparations would 

therefore appear to be different. It is noteworthy that the 

action of angiotensin on the rat portal vein is greater than 

that of other drugs considered to be active on venous smooth 

muscle, i.e. noradrenaline, adrenaline and acetylcholine. 

Tachyphylaxis to angiotensin has been reported in various 

isolated smooth muscle preparations (see Introduction). The 

observation that tachyphylaxis to angiotensin in the smooth 

muscle preparations described in this chapter could be minimized 

by lengthening the dose-interval suggests that tachyphylaxis could 

be due to a depletion of secondary transmitter. A longer interval 

between stimlation would presumably allow the replenishment of 

transmitter store and restore contractile responses to angio- 

_ tensin. On the other hand, the phenomenon could be due to the 

slow dissociation of angiotensin or substance released by angio— 

tensin from receptor sites in view of the observation that tachy- 

phylaxis could be minimised by repeated washing. The long latent 

period required for onset of contraction, the relatively long time 

required for the contraction to reach maximum and the biphasic 

responses observed in some intestinal smooth muscle preparations 

are indications that the action of angiotensin may be partly 

indirect and perhaps due to the release of a secondary transmitter 

or transmitters. Possible exceptions to this hypothesis are 

the action of the peptide on the rat colon and rat portal vein, 

where tachyphylaxis was apparently absent and the latent period 

similar to that of other agonists, i.e. acetycholine and noradrenalin 
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CHAPTER II ‘HS ACTION OF ANGIOTENSIN ON ISOLATED 

INTESTINAL SMOOTH MUSCLE PREPARATIONS IN 

THE PRESENCE OF SPECITIC ANTAGONISTS 

The possibility of an indirect component in the con- 

tractile response of some intestinal smooth muscle preparations 

to angiotensin was indicated in the preceding chapter. Studies 

on isolated intestinal smooth muscle preparations by various 

authors indicate that angiotensin has both direct and nerve- 

mediated indirect actions (see Introduction). However, in 

the rat colon (Regoli and Vane, 19642) and humen colon (Pishloc!: 

and Gunn, 1970) no indirect action can be demonstrated. 

Studies on the isolated guinea-pig ileum suggest a cholinergic 6 + 3 ‘S: 

  

mechanism prevails in the indirect nerve-mediated action 

(Khairalleh and Page, 1261; Robertson and Rubin, 1962). 

While it is generally agreed that in certain species 

‘ angiotensin can stimulate intestinal nervous elements to release 

acetycholine, the precise site of angiotensin action on the nerves 

remains unimowm. Actions on the preganglionic nerve endings 

and on the postganglionic nerve endings have separately been 

proposed (vide infra). Ross et al (1960) found that the action 

of angiotensin on the guinea-pig ileun could be blocked by 

atropine and postulated that angiotensin acted on the post- 

ganglionic cholinergic fibres. Khairallah and Page (1961, 1963) 

studied a series of ganglion blocking agents on the guinea-pig 

  

ileum end found that angiotensin contraction could be inhibited 

by nicotine and tetra-nethyl-ammonium (TA) but not by hexeme- 

thoniun. These authors concluded that engiotensin was acting
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mainly by stimulating the ganglion cells in the myenteric 

plexus of Auerbach. 

An action of angiotensin on postganglionic nerve endings 

in guinea-pig ileum has been substantiated by Panisset (1967) 

who showed that a subthreshold concentration of angiotensin enhanced 

the release of acetylcholine from a co-axially stimulated pre- 

paration. He also showed that the same concentration of angio- 

tensin increased the output of acetylcholine from the pregan- 

glionic nerve endings of the perfused cat superior cervical ganglion. 

A unifying view of the action of angiotensin on the nervous 

elements has been proposed by Blair—West and McKenzie (1966). 

These authors showed that atropine, henichol isan end tetrodotoxin, 

each depressed the response of the guinea-pig ileum to angiotensin 

by approximately the same extent. They suggested that angio- 

tensin has a stimulant action on intremural excitatory genglion 

cells together with an action on post-ganglionic nerve terminals. 

Similer conclusions were reached by Beleslin (1 968) who found that 

blockade of the peristaltic reflex in the guinea-pig ileum whether 

by genglion blocking agents, morphine, adrenaline or atropine 

could be restored by angiotensin. From these resultsm Beleslin 

suggested that angiotensin might stimulete 3 different sites on 

the intramural nervous network, viz: preganglionic nerve endings, 

ganglion cells and post-ganglionic nerve endings. 

For preparations in which biphasic responses to angio- 

tensin can be demonstrated there is evidence to suggest that 

cholinergic blocking agents (e.g. atropine) and agents which impair
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neuronal function (e.g. procaine) can selectively inhibit the 

fast‘ component of angiotensin induced contractions 

of the ilea of the guinea-pig (Godfraind et al 1966a) mouse and 

gerbil (Goldenberg, 1967). 

The long latency of action of angiotensin, which is fully 

described in previous chapter suggests that it may be having an 

indirect action on the smooth muscle preparations and may not 

be acting at the smooth muscle cell membrane by simple 

depolarization. The following series of experiments were 

underteken in order to determine whether an indirect, nerve~ 

mediated action of angiotensin is denonstrable in tissues which 

do not respond by a biphasic contraction. 

The muscarinic receptor blocking agent used in these 

yoscine end not atropine as has been used by experiments was hy 

previous workers (Xhairallah ané Page, 1961; Blaix—Yest and 

McKenzie, 1966), since Paton and Rosales (see Day and Vane, 1962) 

have shown that hyoscine is a more selective bloclser of muscarinic 

receptors than atropine.
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RESULTS 

The effect of selective antagonists on the contractile 

responses to angiotensin and acetylcholine on the guinea-pig, 

rat and rabbit ilea is shown in Table VII. None of the 

antagonists used had any inhibitory effect on contractions 

induced by angiotensin on the rat colon, rat stomach strip and 

taenia coli. A detailed description of the selective anta- 

Sonists used on the responses to angiotensin is given below. 

2.1. Muscarinic receptor blocking arent 

“x oe 
Hyoscine iri concentrations (10 Bh 10 “M) which ebolished 

submaximal contractions to acetylcholine had no effect on the 

  

angiotensin induced contractions of the colon, ileum on stomach 

  

strip of the rat or the taenia coli of the guinea-pig, This 

same concentration of hyoscine 4 abolished the fast component 

of the angiotensin response on the rabbit and guinea-pig ileum 

(Pig. 14) but did not cause any significant reduction of the slow 

component (see Table VII). These results are in agreement with 

those of Godfraind et al (1966a) and Goldenberg (1967) in their 

studies using atropine on the guinea-pig ileum and ret ileun 

respectively. 

ats 

“Fr ana pempidine at 10 

2.2. Ganglion bloc! 

  

tt were without Hexamethonium at 10 

effect on the angiotensin responses in all the intestinal prepe- 

rations examined (TableVII). ‘The sere concentration of hexa- 

methoniun however effectively abolished the responses to nicotin 

and transmural stimulation in the guinea-pig ileun.
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wu Hyoscine 
Tmin 

107M 

Isometric contractions of guinea-pig 

ileum to acetylcholine (107?m) (ach) 

and angiotensin (1078s) (ane). 

(a) = control responses (b) = responses 

in the presence of hyoscine (1077). 

Drugs added at closed circles and 

removed at open circles.
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2036 Agents which impair nerve function 

Tetrodotoxin at 410714 » & concentration known to cause 

a functional denervation of smooth muscle (Gershon, 1967) 

abolished the responses of the guinea-pig ileum to nicotine 

and transmural stimulation. The same concentration of 

tetrodotoxin abolished the fast component and reduced the 

slow component {by _35 ~ 51% (mean 46.1 + 2.7%, n= 5))of the 

angiotensin response in the ileum of the euineeepig\(4e.19), 

and caused a similar reduction (see Table VII)of the angio- 

tensin responses of the ilea from the rat and rabbit. 

Procaine (40752) also abolished the fast component and reduced 

the slow component of the angiotensin response in these 

preparations although the reduction of the slow component was 

not as great as with tetrodotoxin, 

The respones of the other intestinal preparations; rat 

stomach strip, rat colon and guinea-pig taenia coli were not 

affected by tetrodotoxin or procaine. 

224. Histamine and 5-hydroxytryptamine receptor blockine asents 

lepyramine (1071) and methysergide (1077) which are 

selective antagonists to histamine and 5-hydroxytryptamine 

respectively had no effect on the contractile responses to 

angiotensin in all of the intestinal smooth miscle preparations 

exemined. These results are in agreement with the findines of 

Blair-West et 21 (1967) on the guinea-pig ileun.
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ins ° eo ving ° wv 
a i __.— 

Trin 1K 

Fie. 15% Isometric contractions of guinea-pig 

ileum to angiotensin (10784) (ANG); 

nicotine (2 x 107’u)(N) & transmural 

stimulation (0.5 Hz)(S). 

(a) = control responses (b) = responses 

in the presence of tetrodotoxin (1077). 

Drugs added at closed circles and removed 

at open circles.
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DISCUSSION 

The action of angiotensin on isolated intestinal smooth 

muscle preparations of the guinea-pig, rat and rabbit was 

analyzed using mown pharmacological blocking agents. Both 

direct and nerve-mediated indirect actions of angiotensin were 

demonstrated in the ileal preparations of the guinea-pig, rat 

and rabbit, while only direct action could be demonstrated in 

the guinea-pig taenia coli, rat and colon and rat stomach strip. 

The results presented in this chapter emphasize the diversity 

of angiotensin action in intestinal smooth muscle, 

Evidence to substantiate that the fast component of the 

angiotensin response in the ileum of the guinea-pig, rat and 

rabbit was mediated via the stimulation of intramural nervous 

elements was achieved by nerve blocking agents such as procaine 

‘and tetrodotoxin. Tetrodotoxin (107 ay vinich is know to cause 

functional denervation by blockade of propagating action potentials 

in nerve (Kao, 1966 and Gershon, 1967) and procaine (1074) which 

is known to block nervous conduction (see Weatherall, 1968), 

abolished the fast component of the angiotensin response in these 

smooth muscle preparations. The concentration of tetrodotoxin 

used has been shown to have no inhibitory effect on smooth muscle 

of the guinea-pig ileum (Gura, Mori and Watanabe, 1966). 

The results obtained with the muscarinic receptor block- 

ing agent, hyoscine, suggest that the fast component of the 

angiotensin response on the guinea-pig end rabbit ileum but not
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the rat ileum is mediated via a cholinergic pathway. These 

results are in agreement with those of other workers cited. 

In an attempt to determine whether angiotensin has an 

action on the ganglion cells or presynaptic nerve endings, the 

ganglion blocking agents hexamethonium and pempidine were used. 

These agents had no effect on the fast or the slow component 

of the angiotensin contraction in the preparations examined, 

but the same concentration of these agents effectively abolished 

the responses to transmural electrical stimulation. Khairallah 

and Page (1961) using guinea-pig ileum reported that angiotensin 

responses were reduced after ganglion blockade with mecamylamine 

or with nicotine. Goldenberg (1967) reported similar effect 

with mecamylamine in the ileum of the rat, mouse and gerbil. 

Inhibition of angiotensin contractions by mecamylamine, however, 

does not indicate engiotensin has a ganglion stimlant action 

‘in intestinal smooth mscle, since there is evidence that part 

of mecamylamine's blocking action on autonomic ganglia is due 

to inhibition of the mechanism for transmitter release (see 

Bowman, Rand and West, 1968). Furthermore, Bleir-West and 

McKenzie (1966) have shown thet mecamylamine did not reduce 

angiotensin responses in the guinea-pig ileum and similar find- 

ings have been extended to the ileum of the rat and rabbit in 

this study, by using another ganglion blocking agent, pempidine. 

These results suggest that angiotensin does not stimulate pre- 

ganglionic noe endings to release acetylcholine, and that its 

depolarizing action on autonomic ee (Haefely, 1972) may 

involve receptor sites other than those stimulated by nicotine.
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This conclusion is in agreement with the general concensus 

that receptors for angiotensin on the ganglion are different 

from those activated by acetylcholine (Feldberg and Lewis, 

1964; Lewis and Reit, 1965). It has also been postulated 

that the ionic mechanisms underlying the ganglionic actions 

of angiotensin are different from those involved in nicotinic 

stimulation (Haefely, 1972). 

In the present study, the exact site of action of 

angiotensin on the intrinsic motor nerve supply of the intestine 

could not be determined. However, the results presented here 

together with those of other workers, strongly indicate that 

angiotensin has two sites of action on the intramural nervous 

network, at the genglion and at the postganglionic nerve endings. 

The action of angiotensin on the rat colon, rat stomach 

strip and guinea-pig taenia coli, does not seem to involve a 

cholinergic nervous component, as tetrodotoxin and hyoscine had 

no effect on the contractile response. The possible involvement 

of other "local hormones" such as histamine and 5-hydroxytryptemine 

seems unlikely, since antagonists to these agents were without 

effect on the contractile response. A direct action only for 

angiotensin on the rat colon has been suggested by Regoli and 

Vane (1964 a). 

The slow component of the angiotensin contractions of 

the ileum of the guinea-pig, rat and rabbit were not affected 

by selective antagonists of histamine or 5-hydroxytryptamine,
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thus confirming the report of Walaszek, Huggins and Smith (1963). 

However, the slow component was significantly reduced in the 

presence of tetrodotoxin but not hyoscine. This finding is at 

variance with the report of Blair-West and McKenzie (1966) that 

hyoscine and tetrodotoxin each reduced the angiotensin response 

on the guinea-pig ileum by about the same extent. These authors, 

however, did not differentiate between the fast and the slow 

component. The observation that tetrodotoxin but not hyoscine 

reduced the slow component by about 46% suggests that part of 

the slow component is nerve mediated, releasing transmitter or 

neurohumors unaffected by blocking agents or that the ionic 

currents mediating the slow component are susceptible to 

tetrodotoxin action. 

The main points which arise from this study 

  

summarized as follows : 

1) The mode of angiotensin action varies between smooth 

muscles from different species and even from different muscles 

of the same species. 

2) An indirect nerve-mediated component of the angiotensin 

contractile response is not a wniform finding in intestinal 

smooth muscle, and some seemingly indirect actions of angiotensin 

do not appear to rely on the release of’ acetylcholine. 

3) The direct action of angiotensin appears to involve 

specific receptor sites which are different from those of acetyl- 

choline, histemine, 5-hyéroxytryptamine and bradykinin.
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4) These results argue ageinst the use of generali- 

zation in describing the mode of action of angiotensin on 

smooth muscle even for muscles of the same type (i.e. 

intestinal muscle) from different species.
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CHAPTER III JHE ACTION OF ANGIOTENSIN ON ISOLATED VASCULAR 

SMOOTH MUSCLE PREPARATIONS IN THE PRESENCE OF 

SPECIFIC ANTAGONISTS 

The mode of action of angiotensin on vascular smooth 

muscle remains poorly understood despite extensive investigation 

on isolated vascular preparations and on whole animal studies 

including man. Angiotensin is one of the most potent pressor 

substances kmown and its effect on systemic blood pressure is 

beliéved to be-due both to a direct action on vascular smooth 

muscle and to indirect mechanisms (Zimmerman, 1962; Feldberg 

and Lewis, 1964, 1965; Lewis and Reit, 1966) including actions 

on the central nervous system (Halliday and Buckley, 1962; 

Scroop and Whelan, 1966; Scroop and Lowe, 1969 and Deuben and 

Buckley, 1970). 

In the anaesthetised cat, the pressor action of angio- 

tensin injected intra-arterially is largely due to the 

release of endogenous adrenomedullary amines (Lewis and Reit, 1966; 

Feldberg and Lewis, 1964, 1965). The strong stimulant action 

of angiotensin on the adrenal medulla led Lewis to propose the 

possibility that the vasoconstriction caused by intravenous 

injection of angiotensin might be mediated via liberation of 

noradrenaline from the sympathetic nerve endings at the vascular 

wall. Since then, both direct and indirect actions of angiotensin 

have been reported in several vascular preparations. Liebau et al 

(1965) showed that the catecholamine content of aortic strips 

from rats was significantly reduced after incubation with



~116- 

angiotensin, furthermore, angiotensin tachyphylaxis in these 

i strips could be restored by incubating with noradrenaline. 

These authors interpreted these findings as indicating that the 

action of angiotensin on vascular smooth muscle was mainly 

indirect, mediated by a liberation of noradrenaline. A noradre- 

naline mediated, indirect action has since been demonstrated in 

several vascular smooth muscle preparations and in the whole 

animal (see Introduction). Furthermore, angiotensin has been 

shown to accelerate catecholamine biosynthesis in sympathetically 

innervated tissues such as rat and guinea-pig atria and rat 

vas deferens (Boadle, Hughes and Roth, 1969). 

However, a direct action of angiotensin on vascular 

smooth muscle is favoured by some workers. Khairallah et al 

(1966) demonstrated that the tachyphylaxis of arterial strips of 

cat, dog, sheep and rat could be abolished following incubation 

with a plasma fraction rich in angiotensinase A. Bohr and Uchida 

(1967) reported 2 similar reversal of tachyphylaxis when vascular 

strips were incubated with kidney extract. These authors 

suggested that tachyphylaxis is caused by saturation of the 

receptor sites with angiotensin which inhibits further stimulation. 

A direct action of angiotensin on helical arterial strips of 

canine coronary, renal and carotid arteries and on strips of the 

thoracic aorta from guinea-pigs and rats has also been proposed 

by Walter and Bassenge (1969) who demonstrated that following 

noradrenaline incubation, tachyphylaxis could not be abolished 

or reduced, and the action of angiotensin could not be modified 

after blockade of adrenergic alpha-receptors. Similar conclusions
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wera arrived at by Blair-West et al (1968) in their study of 

angiotensin action on the rabbit ear artery. 

The rabbit aortic strip, because of its sensitivity and 

lack of tachyphylaxis to angiotensin, has been extensively used 

for the study of angiotensin action (Helmer, 1957, 1964; 

Khairalleh et al,1966). Both direct and indirect actions have 

been reported by Suzuki and Matsumoto (1966) while a direct 

action of angiotensin on this preparation is favoured by other 

workers (Khairallah et al, 1966; Rioux et al, 1973). In view 

of the complexity of angiotensin action on arterial smooth muscle, 

the mode of action of angiotensin was further examined on the rat 

portal vein preparation and rabbit aortic strip, in order to 

determine whether the constrictor action of angiotensin is 

mediated by liberation of noradrenaline from syfoathetic nerve 

endings or if the constrictor action is caused by a direct action 

‘on the vascular smooth muscle itself.
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RESULTS 

The effects of various specific antagonists on the 

constrictor response of angiotensin on the rabbit aortic strip 

and rat portal vein are as follows: 

3.1..@- and 8 - adrenoceptor blocking agents 

Phentolamine, an a— receptor blocking agent at a 

concentration of 107! — 1071 did not modify the contraction of 

angiotensin on the rabbit aortic strip (4 preparations) or the 

rat portal vein (6 preparations). The same concentrations of 

phentolamine had no effect on acetylcholine responses on the 

rat portal vein, but abolished the responses to noradrenaline 

and adrenaline on both preparations. These results indicate 

that the stimulant action of angiotensin and acetylcholine is 

-not effected via interaction with a- receptors. 

The B~ adrenoceptor blocking agent, propranolol at 

107 tt had no antagonizing effect on the contractile response to 

angiotensin and noradrenaline on the preparations examined. 

The response to acetylcholine on the rat portal vein was similarly 

-unaffected by the same concentration of propranolol. B- adreno- 

ceptor activation by these agonists therefore seems unlikely. 

3.2. Adrenergic neurone blocking agents 

. 
Guanethidine (1078 - 1074) had no effect on the responses 

of the rabbit aortic strip to angiotensin or noradrenaline (4 pre~
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parations). The same concentration of guanethidine did not 

affect the responses to angiotensin, noradrenaline or acetyl- 

choline on the rat portal vein (3 preparations). Similar results 

have been described by Blair-West et al (1971) on the rat portal 

vein. Guanethidine is known to interfere with the release of 

noradrenaline from adrenergic nerve junctions with vascular 

smooth muscle (Goodman and Gilman, 1970). The lack of effect 

of guanethidine here suggests that an indirect noradrenaline 

mediated action of these agonists is unlikely. 

3.3. Agentswhich impair nerve conduction 

  

Tetrodotoxin (1077 g/m1) did not affect the resting tension. 

of the rabbit aortic strip or the rat portal vein. Responses to 

angiotensin or the catecholamines on the rabbit aortic strip were 

not affected by tetrodotoxin, nor were the responses to angiotensin, 

noradrenaline and acetylcholine on the rat portal vein. However, 

tetrodotoxin (1076 g/m1) did reduce the amplitude of the rhythmic 

spontaneous contractions of the rat portal vein by about 20% 

(3 preparations). (Fig. 16). 

3,4. Specific antagonists to histamine and 5-hydroxytryntamine 

Concentrations of mepyramine (10771) and methysergide 

(1071) which blocked the responses to histamine and 5-hydroxy- 

tryptamine respectively did not modify the responses to angiotensin 

on the preparations examined. These results indicate that the 

myotropic action of angiotensin on the rat portal vein and 

rabbit aortic strip is not effected by the stimulation of hista-
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minergic or 5-hydroxytryptaminergic receptors which are present 

in these preparations (Blair-West et al, 1971; Rioux et al, 1973). 

3.5. Muscarinic receptor blocking agent on the rat portal vein 

Acetylcholine has been shown to be a potent stimulant 

on the rat portal vein (see Chapter IL). Hyoscine (1075s) 

abolished submaximal responses to acetylcholine but was without 

effect on the responses to angiotensin.
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added at arrows and washed out at .
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DISCUSSION 

The mechanism of action of angiotensin on the rabbit 

aortic strip and the rat portal vein has been examined by using 

selective pharmacological antagonists. According to Lewis& Reit (1966) 

and Liebau et al (1965) the vasoconstrictor effect of angiotensin 

is mediated via a release of noradrenaline from sympathetic 

nerve endings. Such an action of angiotensin has since been 

demonstrated in several sympathetically innervated vascular 

preparations by various workers. Thus, Suzuki and Matsumoto (1966) 

found that «- adrenoceptor blocking agents such as yohimbine, 

dibenamine and dihydroergotamine were capable of reducing the 

contractile responses of the rabbit aortic strip to angiotensin 

by 20 ~ 30% and that in vitro reserpinization of the strip 

which abolished the contraction due to tyramine also depressed 

the contraction due to angiotensin by 20 — 30%. 

The results presented in this chapter however do not 

support the hypothesis of Liebau et al (1965). If the action of 

angiotensin is by way of liberating noradrenaline, it should be 

possible to block or reduce the effect of angiotensin by 

adrenoceptor blocking agents, The contractile response of 

angiotensin on the rabbit aortic strip and the rat portal vein 

was not affected by the blockade of a or 8 - adrenoceptor with 

phentolamine or propranolol respectively. These results are in 

agreement with the observations of Walter and Bassenge (1969) 

on the aortic strips of rats, guinea-pigs and dogs and of 

Blair-West et al (1971) on the rat portal vein preparation.
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Recently, Rioux et al (1973) have similarly reported the lack 

of effect of phentolamine on angiotensin induced contractions of 

rabbit aortic strips. 

Contrary to the report of Suzuki and Matsumoto (1966) that 

bretylium, an adrenergic neurone blocking agent, caused a reduction 

of angiotensin contraction in the rabbit aortic strip, agents 

which impair nerve function like tetrodotoxin, and other 

adrenergic neurone blockers, such as guanethidine, were without 

effect on the angiotensin contraction on the rabbit aortic strip 

and rat portal vein preparation. These results indicate 

angiotensin does not have an action along the postganglionic 

sympathetic nerve fibre and further support the proposition that 

angiotensin action is not mediated via a release of noradrenaline. 

1 (1971) arrived at a similar conclusion after Blair-West et 

examining the effect of guanethidine on the rat portal vein and 

Rioux et al (1973) also demonstrated that high concentration of 

cocaine or tetrodotoxin had no effect on the stimulant action of 

angiotensin on the rabbit aortic strip. Turker and Karahneyinoglu 

(1968) were also unable to detect any difference in the contractile 

response to angiotensin in the presence of cocaine in rabbit 

aortic strips taken from normal and reserpinised animals. 

The specificity of angiotensin receptor in the rabbit 

aorta was further demonstrated by the lack of effect of methysergide 

and mepyramine at concentrations: that completely abolished the 

vasoconstrictor effect of 5-hydroxytryptamine and histamine
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respectively. This adds support to the suggestion that angio- 

tensin action on the rabbit aortic strip is a direct one. 

In the previous chapter, acetylcholine was shown to 

contract the rat portal vein preparation. However, possible 

cholinergic mediation of the responses to angiotensin was 

excluded by the failure of hyoscine and tetrodotoxin to depress 

them. Similar results have been reported by Blair—West et al 

(1971) and Carubba et 21 (1973) using atropine. The possibility 

that angiotensin might cause a local release of Bohydcoxyixy pening 

and histemine seems. unlikely, since antagonists to these agents 

were without effects on the responses to angiotensin. The presence 

of intrinsic autonomic ganglia accessible to exogenous pharmacological 

agents also seems unlikely, since Blair-West et al (1971) have 

demonstrated that’ Ganglion blocking agent pempidine did not 

reduce the response to angiotensin and ganglion stimlant i 

DMPP had no effect on the preparation. 

The results presented in this chapter together with those 

of other workers cited, strongly suggest that the action of 

angiotensin on the rabbit aortic strip and rat portal vein is 

not mediated via the release of noradrenaline from sympathetic 

nerve endings in the vascular wall. Furthermore,the myotropic 

action of angiotensin appears to involve receptor sites which 

are different from those of acetylcholine, histamine and 5-hydroxy- 

tryptamine. However, that angiotensin can release some yet 

unknown local vasoconstrictors in the rabbit aortic strip 

remains feasible, in view of its relatively long latent period 

compared to noradrenaline.



=125— 

PART TWO 

AN _ELECTROPHYSTOLOGICAL STUDY ON THE MODE 

OF ACTION OF ANGIOTENSIN ON SMOOTH MUSCLE
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PART TWO AN ELECTROPHYSIOLOGICAL STUDY ON THE MODE OF ACTION 

OF ANGIOTENSIN ON SMOOTH MUSCLE 

‘INTRODUCTION 

It is known that activation of the contractile 

mechanism by electrical events of the cell membrane is not the 

only physiological way of activation in smooth muscle (see 

Introduction). In recent years, experimental evidence has 

accumulated which indicates that vasoactive substances may evoke 

contractions of vascular smooth muscle which are not strictly 

connected with changes of the membrane potential (Somlyo and Somlyo, 

1968; Johansson, 1971; Peiper, Griebel and Wende, 1971). 

The action of angiotensin on the electrical activity of 

smooth muscle, such as depolarization and spike generation has 

not been extensively studied. Recently, several actions of 

angiotensin on membrane activity have been reported (Keatinge, 1966; 

Orlov and Plekhanov, 1968; Somlyo and Somlyo, 1966, 1968, 1970). 

However, very few of the observations of different workers are in 

agreement with one another and the types of smooth muscle studied 

have been mainly confined to vascular tissue. 

Angiotensin contracts the rabbit aortic strip, but the 

contractile response is not accompanied by membrane depolarization 

(Shibata and Briggs, 1966). Orlov and Plekhanov (1968) reported 

similar results on the rabbit aortic strips and carotid artery.
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These authors concluded that angiotensin is capable of freeing 

calcium ions from an intracellular site without changing the 

permeability of the cell membrane. 

Conflicting results were obtained by Keatinge (1966) on 

sheep and dog carotid arteries. Angiotensin, acetylcholine, 

noradrenaline and bradykinin caused depolarization and simultaneous 

contraction of this tissue. Contractions could be maintained 

with each of these agents, despite the fact that repolarization 

of the membrane had started. During exposure to high potassium 

medium, the tissue could still be contracted by the four agents, 

without any detectable electrical changes. Keatinge therefore 

concluded that the myotropic effect of angiotensin and other 

agonists is, at least in part, independent of changes of membrane 

potential. 

Cuthbert and Sutter (1965) reported that the action 

potential discharge, induced by angiotensin, of the rabbit mesen- 

teric veins, occurs in parallel with the contractile response. 

The effect of angiotensin under a condition where action potentials 

tees blocked by high potassium ions in the medium, was greatly 

reduced, compared to noradrenaline. From these results, these 

authors concluded that the action of angiotensin is more dependent 

on membrane excitation than that of noradrenaline. Angiotensin 

has also been shown to cause a graded depolarization, « 

proportional to the amplitude of the contraction, in’ pulmonary 

artery of the rabbit and dog (Somlyo and Somlyo, 1968).
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The contractile effect of angiotensin on the guinea-pig 

taenia coli is associated with membrane depolarization and an 

increase in spike frequency (Ohashi, Nonomura and Ohga, 1967). 

This observation is consistent with the view that contractile 

or constrictor substances produce their effects through primary 

bioelectric changes in the smooth muscle membrane. 

In this section, experiments are described to elucidate 

further the electrical changes of smooth muscle associated with 

tension development produced by angiotensin.
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CHAPTER I THE CHANGES IN MEMBRANE ACTIVITY AND TENSION 

INDUCED BY ANGIOTEN: IN THE PARNIA COLI AS 

STUDIED BY THE SUCROSE-GAP METHOD 

   

The results obtained in this thesis and those of other 

workers suggest that angiotensin can influ ence the contractions 

of smooth muscle by acting a) indirectly through the release 

of a neurotransmitter or b) by the release of prostaglandins 

or c) by a direct action on the smooth muscle cell membrane or 

a) on the coupling between excitation and contraction or by a 

combination of some or all of these sites. It was concluded 

that the action of angiotensin on the taenia coli of the guinea- 

pig was a direct one on the smooth muscle membrane and thet 

neuronal intervention or release of prostaglandins, i hy p IY 9 

did not contribute significantly to the contractile response. 

This latter conclusion is consistent with the concept of 

functional innervation of the teenia coli (vide infra). 

Electron microscopy has revealed that only small nerve bundles 

(containing 3 to 5 axons) actually enter the muscle bundles of 

the taenia coli (Bennett and Rogers, 1967) and thet. close 

apposition of nerve end muscle is extremely rare (see Burnstock, 

1970). In view of these observations, the taenia coli appears 

to be a convenient preparation for investigating the electro- 

physiological basis of the direct action of angiotensin. 

The sucrose-gep method originally described by Stémpfli 

(1954) for measuring resting membrane potentials with external
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electrodes has been variously modified and adapted (Burnstock, 

1958; Burnstock and Straub, 1958) for studying the effects of 

ions, drugs and of electrical stimulation on the resting and 

action potentials of smooth muscles. In addition, Billbring, 

Burnstock and Holman (1958) and Bulbring and Burnstock (1960) 

have altered the apparatus so that tension changes could be 

recorded simultaneously with those of the membrane potential. 

The sucrose~gap method allows a quick change of the bathing 

solution, since the solutions are continuously flowing, so that 

the whole sequence of changes in membrane activity and in tension 

caused by test solutions could be continuously recorded over long 

periods. Furthermore, this method records the sum of the 

effects of each cell rather than the ectivity of a single cell 

  

     
a. 

as in the case wi ellular microelectrode studies, and there- 
A 

fore is more suitable for pharmacological study. The underlying 

theory of sucrose-gap recording and its advantages over cellular 

microelectrode study has been discussed (see Introduction). 

A modified Beorosesene apparatus (see Methods) has been 

used to correlate changes in membrane activity and tension 

caused by angiotensin on the taenia coli in the hope of clarifying 

the mechanism of its direct action on the cell membrane of smooth 

muscles.
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RESULTS 

Preliminary experiments were made to determine the 

approximate membrane potential and the characteristics of action 

potentials during normal activity. 

1.1. Membrane potential 

  

The membrane potential recorded when one end of the 

tissue was perfused with isotonic potassium chloride was within 

the range of 18 - 20 mV. The mean value was 19.6 * 0.67 mV 

(n = 5). An average value of 21.3 mV was reported by Burnstock and 

Straub (1958) using the sucrose-gap method. 

When instead of potassium chloride, potassium sulphate 

(K,80,) was used, a much greater depolarization was observed 

(Table IX). The value ranged from 38 to 55 mV, with a mean of 

48.3 £ 0.27 nv (n = 10). This value is close to the resting 

potentials of 56.1 mV and 51.5 mV reported with isotonic X80, 

Ringer by Burnstock and Straub (1958) using sucrose-gap and Holman 

(1958) using cellular micro-electrodes respectively. However, 

this membrane potential is lower than the 60 mV as reported by 

" 
Bulbring in 1954 with microelectrode studies. (Table K ). 

1.2. Normal activity ets 

Ten to fifteen minutes after the preparation had been 

depolarized with isotonic K,S0, solution at one end, spontaneous 

rhythmic contractions began to occur. These contractions were 

associated with bursts of uneven spike activity. The amplitude of
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0th coredioned, Fecbai§ us 
contraction was less than that observed, HE -)., where only 

  

tension was recorded. The size and configuration of the action 

potentials showed considerable variation (see control in Fig. 17a). 

This is predictable since the electrode is in contact with a 

number of cells and some of which may be firing asynchronously. 

In addition, the membrane potential often showed slow fluctuations 

of about 5 to 8 mV, each rise and fall lasting about 3 minutes. 

In some preparations, however, the spikes became larger 

and more regular after about 30 minutes. In general , the shape 

of the spikes showed an initial slow phase of depolarization of 

2-3 mV, which led to a fast phase 'the spike', and was followed 

by a rapid repolarization with hyperpolarization. These obser- 

vations are similar to those described by Burnstock (1958) and 

Burnstock and Straub (1958). The largest spike recorded during 

normal activity was about 12 mV, the average spike amplitude was 

8.4 24.2 mv (n= 20). These values are close to those of Burnstock 

and Straub (1958), but are much smaller than those recorded fron 

a single fibre with intracellular electrodes (Table IX). 

The spike frequency varied between 0.3 and 0.7 per second. 

This range is close to that reported by Burnstock and Straub (1958). 

° 

However, a frequency of 1/second at 35 C had been reported by 

Bulbring (1954). 

These observations seem to justify the application of the 

sucrose-gap bath described (see Method) for studying the changes
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in membrane potential, spike activity and tension produced by 

brief application of drugs on to the tissue. 

1.3. Effects of angiotensin on membrane activity and tension 

Concentrations of angiotensin between 5 x 1078 and 

6, 
10°°M accelerated the spike discharge and depolarized the membrane 

by 3 to 8 mV. These changes in electrical activity were associated 

with an increase in muscle tension. In some preparations, an 

increase in spike frequency occured without any noticeable change 

in membrane potential. The course of events following the adminis- 

tration of angiotensin and the recovery after its removal is shown 

in Fig. 17a. When angiotensin reached the preparation, there was 

a latent period ranging from between 5 to 15 seconds, during which 

the membrane activity and tension did not change appreciably. 

This latent period was followed by an increase in spike frequency 

with large regular spikes, the mae ie 

was 18 mV. This spike activity lasted for about 30 to 40 seconds, 

after which the spike gradually decreased in amplitude. During 

this time, the membrane showed a gradual depolarization and reached 

@ new level, where it was maintained. The maximum depolarization 

often coincided with the maximum increase in tension, but sometimes 

occured a few seconds before or after. After the maximum depola— 

vization and maximum increase in tension, which collectively shall 

be refered to as 'maximum response', was reached, the tension 

gradually declined to the original level or slightly below. The 

membrane potential however, recovered more slowly and also returned
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to a higher value than that recorded initially. A similar increase 

in nearer potential after recovery from acetylcholine depolari- 

zation has reported by Burnstock and Straub (1958), Bulbring and 

Burnstock (1960) and Bulbring and Kuriyama (1963) on the taenia coli 

and by Bolton (1971) on the guinea-pig ileun. 

The average rate of depolarization was greater than that 

of repolarization. The average rates of depolarization and 

repolarization by 107 angiotensin were 0.19 £0.04 mv ana 

0.13 e 0.03 mV per second respectively. This slow rateg of onset 

of depolarization and repolarization appeared to be responsible 

for the long duration of angiotensin action. With increasing 

concentrations of angiotensin, the latent period became progressively 

shorter, while the overall time-course of the response became 

longer. Table X summarizes the effect of different concentrations 

of angiotensin on the latent period, spike activity, depolarization, 

average rates of depolarization and repolarization and tension 

development on the taenia coli. 

1.4. Comparison of the responses of acetylcholine with ansiotensin 

The changes in electrical and mechanical activities induced 

by acetylcholine on the taenia coli have. been extensively studied 

elsewhere (e.g. Burnstock and Straub, 19583; Bulbring and Kuriyama, 

19633 Bulbring and Burnstock, 1960). Responses induced by angio- 

tensin were therefore compared with those of acetylcholine to 

facilitate interpretation of the results.
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tomy 

  

Fig. 17b. Changes in the electrical (upper record) 

and mechanical (lower record) activity 

of guinea-pig taenia coli to 4 x 1078 fa); 

4 x 107'M (bo) and 1.8 x 107 (c) of 

acetylcholine (ACh).
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The changes in membrane potential, spike discharge and 

tension produced by brief application of acetylcholine or angio- 

tensin were qualitatively similar, except for the longer duration 

of action of angiotensin (Fig.17a,b). The average duration of 

responses to submaximal concentrations of acetylcholine and angio- 

tensin were 48.3 5 0.37 and 285 t 0.86 seconds respeetively 

(n = 10). 

The depolarization caused by acetylcholine or angiotensin 

was a function of the concentration applied (Fig. 18). Low 

concentrations of the drugs (< 1078 for acetylcholine and 

eee 40° for angiotensin) did not produce any detectable 

membrane depolarization. With higher concentrations, the membrane 

was depolarized, spike frequency increased initially and then 

gradually declined. These results are expressed graphically in 

Pig. 18. Table X also compares the various parameters of responses 

induced by acetylcholine and angiotensin. 

1.5. Effect of reveated applicationsof angiotensin 

Tachyphylaxis to angiotensin has been demonstrated in 

several smooth muscle preparations if the interval between doses 

was insufficient for the tension to return to its resting state 

(see Part I). This phenomenon was therefore further examined on 

the membrane activity of the taenia coli. 

With all effective concentrations of angiotensin 

(1078 - 10°°M) when applied at intervals of less than 15 minutes,
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tachyphylaxis was evident from the increased latent period, 

reduced spike frequency and tension and in the rate of depolari- 

zation. 4 increasing the dose interval, tachyphylaxis observed 

with submaximal concentrations of angiotensin (5 x 107%) could 

be minimized but not abolished. With a dose interval of between 

20 to 30 minutes, concentrations of angiotensin (1078 - 107%) 

gave fairly reproducible resonses over 2 3 hour period. However, 

higher concentrations greater than 5 x 407", angiotensin gave 

eratic responses and the tissue often failed to recover. 

Tachyphylaxis of depolarization was more pronounced than tachyphy- 

laxis to tension. Table XI summarizes the responses to repeated 

applications of angiotensin at various time intervals. 

Tachyphylaxis to acetylcholine was also observed if the 

dose interval was less than 5 minutes.
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DISCUSSION 

a) The sucrose-sap apvaratus and the study of drug action 

The sucrose-gap apparatus described in this thesis, is 

particularly suited to the observation of drug action. It allows 

the long term simultaneous monitoring of membrane potential and 

tension. The construction of the bath as a single unit instead 

of 3 separate components (Stampfli, 1954) minimizes cost and 

eliminates bath assembly. However, some of the inherent difficulties 

related to sucrose-gap study (see Introduction) cannot be entirely 

eliminated. Maintaining a steady flow rate throughout an experiment 

is difficult since smooth muscle is spontaneously active and the 

recording of tension agsravates the problem. 

The recordings of tension are not always comparable with 

those obtained in a conventional organ bath, possibly due to the 

fact that the tissue is bent into a U-shape, such that only a small 

segment of it is in actual contact with the test solution and 

possibly due to damping by the inert part of the tissue in parallel 

with the 'live' part. One mist assume that this influence remains 

constant throughout an experiment; even then, however, one cannot 

be sure that the damping element would bear a direct simple 

relationship to the displacement. 

Since the 'live' side of the apparatus was of very small 

volume, drug or test solutions could be changed rapidly. In 

preliminary experiments, drugs were introduced from a reservoir 

by means of a 3-way taps. Although this method allowed a quick 

change over of test solutions, it caused prominent artifacts and
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necgessitated a rather long exposure time of the tissue to drug 

solutions (1 - 3 minutes). It was found that under such condition, 

the taenia coli loses its reactivity to angiotensin upon subsequent 

exposure. 

In the majority of experiments performed, drugs were 

introduced in small volume (see Method) via a small side tube so 

that the drug flow was in line with the perfusion fluid. This 

method of application minimized 'change over' artifacts and had 

the advantage of immediately presenting the drug in the concentration 

to be tested. One must realize that the exact concentration of 

the drug cannot be calculated due to a slight dilution with the 

main perfusing solution. Nevertheless, with such brief exposure 

to drugs and especially to drugs which cause tachyphylaxis, the 

responsiveness of the tissue can be maintained over several hours. 

Movement which could dislodge an intracellular micro- 

electrode has little effect with the sucrose-gap technique, at 

worst, a clearly distinguishable movement may be encountered. 

However, in these experiments these complications appeared rarely 

and were easily recognizable when they did occur. As previously 

discussed (see Introduction), the size and shape of the sucrose-gap 

recorded potentials differs from those recorded with intra-cellular 

microelectrodes. However, this fact does not detract from the 

value of the method, since when drug effects are evaluated, control 

experiments are always necessary. One must, however, consider the 

possibility that a drug effect may be confused with an artifact 

characteristic of the method. For example, a drug may produce an
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apparent effect on membrane phenomena by affecting the individual 

cells. The sucrose-gap recording is obtained from the population 

of cells at the first interface in the 'live' side, and this also 

may introduce factors not seen with cellular microelectrode 

recording. In general, this 'averaging' effect would be expected 

to damp out variability occuring between the individual electrical 

units. 

b) The effect of angiotensin on membrane activity 

The membrane potential of 52 mV recorded in this study 

for the taenia coli is very close to the value of 56 mV reported 

by Burnstock and Straub (1958) using a similar technique. The 

relationship between electrical and mechanical activity of the 

taenia coli at rest and during stimulation by acetylcholine is in 

accordance with the results of Bulbring and Burnstock (1960). 

These results form the basis upon which the effects of angiotensin 

can be compared. 

The results presented in this chapter show that the 

action of angiotensin on the taenia coli was to cause depolarization 

and an increase in spike frequency, which was coincident with a 

development in muscle tension. These results are in agreement with 

those of Ohashi et al (1967). 

An increase in spike discharge and development of isometric 

tension occured simultaneously during angiotensin action. However, 

less correlation was found between the mechanical response and 

the change in membrane potential. In some cases, no change in
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membrane potential was found during the contraction of the taenia 

coli.. In other cases, the maximum increase in tension occured 

before maximum depolarization was reached. These results suggest 

that angiotensin induced changes in tension i a direct consequence 

of changes in the spontaneous spike activity and that the ionic 

basis involved in action potential generation may be different 

from that involved in membrane depolarization. In the taenia, it 

is believed that spikes are due to an inward flowing calcium 

current rather than sodium current (Brading and Tomita, 1968; 

Bulbring and Tomita, 1969). 

The membrane of the taenia coli is unstable and has the 

tendency to fire spontaneously (Bulbring, 1954, 1955). The 

inherent oscillation of excitability and of membrane polarization 

or ‘slow waves' (Holman, 1968) are believed to be due to a periodi- 

eally changing rate of active processes at the membrane affecting 

its stability and causing periodical shifts in the balance of ion 

fluxes (Bulbring and Burnstock, 1960). The main ionic current 

involved is that of sodium (Bulbring and Kuriyama, 1963; Bolton, 

1971). Therefore, if angiotensin was applied during the depola- 

rization phase, a further change in membrane potential may not 

be very obvious, in contrast, if angiotensin was applied when the 

membrane potential was high, any reduction in potential may be 

more prominent. The same reasoning may also explain the reduction 

in responses to angiotensin observed when the interval between 

two successive applications of angiotensin was short. Responses 

to acetylcholine were reproducible even when a shorter interval 

than that for angiotensin was used. This could be due to the
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fact that the average rates of depolarization and of repolarization 

are faster than those of apeiotensin. 

When the maximum response to acetylcholine was reached, 

the membrane repolarized and then hyperpolatized. This latter 

phase of repolarization has been referred to as 'after—hyperpola- 

rization' by Bolton (1973). A similar “after—-hyperpolarization' 

was observed when angiotensin was applied to the taenia coli. 

The significance of this effect will be discussed in the next chapter. 

In summary, the results presented in this chapter, suggest 

that the modified sucrose-gap bath is applicable to the study of 

drug action on the electrical and mechanical activities of smooth 

muscle, even though the difficulties which are inherent in the 

use of the sucrose-gep technique could not be eliminated. The 

results obtained with angiotensin on the taenia coli, suggests 

that the mechanical responses induced by the peptide are due to 

excitation of the membrane, i.e. depolarization and increase in 

spike discharge. The pattern of changes in membrane activity is 

similar to that caused by acetylcholine, except for the longer 

time course of response of angiotensin. This result suggests 

that similar underlying ionic mechanisms may be involved in both 

actions, but the actiom of the two drugs on their specific 

receptors may be different.



CHAPTER IT 
  

  

  

In the preceding chapter, it was shown that the increase 

in tension induced by angiotensin on the taenia coli was 

accompanied by a simultaneous increase in membrane activity, in 

ie form of increased spike discharge, or membrane depolarization 

or both. Similar events were observed for acetylcholine. 

The mechanism of action of acetylcholine on smooth muscle 

membrane is thought to resemble its action on the motor end-plate 

(Burnstock, 1958). At the motor end-plate, it has been shown that 

acetylcholine increases the pemmebi lity to sodiun, Coreen ah and 

possibly other free ions waich are present on either side of the 

membrane. (Fatt and Katz, 1951; del Castillo and Katz, 1954, 1955). 

These results have been confirmed by Takeuchi and Takeuchi (1959, 

1960) who demonstrated that at the frog motor end-plate, 

acetylcholine caused an increase in the conductance of the membrane 

to sodium, potassium and calcium, but had little effect on the 

chloride conductance. 

The effects of acetylcholine on membrane potential, 

spike activity and tension have been studied on the taenia coli 

in different ionic environgments by Bulbring and Kuriyama (1963). 

These authors cine to the conclusion that acetylcholine exerted 

its effect by a non-selective increase of membrane permeability. 

It is possible that the action of angiotensin on smooth muscle 

membranes may also be explained in terms of ionic permeability. The
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effects of changes in ionic environment of the action of 

angiotensin on the guinea-pig taenia coli was therefore examined. 

Acetylcholine was used for comparison.



eine 

In all experiments, the concentrations of angiotensin and 

acetylcholine used were 5 x 1074 and 1.8 x 107° respectively. 

These concentrations of the drugs were found to give fairly 

reproducible responses over a three hour period (see previous 

Chapter). 

2.1. he effect of anciotensin in sodiun deficient and sodium 

: excess solutions 

When 5035 of the sodium chloride was replaced with Tris- 

chloride, the membrane activity and tension scarcely changed. 

The effects of angiotensin and acetylcholine were the same as in 

normal physiological solution. 

When the muscle was exposed to a solution containing 7mM 

sodium (+ 130mM Tris), spontaneous discharge gradually decreased 

and after an hour the spike frequency was reduced from the normal 

0.4 (in normal Krebs) to 0.01 per second and continued indefinitely 

at this low frequency, while the membrane became slightly depolarized. 

Under these conditions, angiotensin depolarized the membrane 

slightly and increased spike discharge. The tension development 

followed these changes closely. (Fig. 19). ‘he magnitude of the 

response was less than in normal solution. A similar pattern of 

changes in membrane activity and tension were observed with 

acetylcholine (Fig. 20 ). 

In sodium~free Krebs, the membrane was slightly depolarized 

by about 5 to 10 mV over one hour. Spike amplitude and frequency
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Fig. 19. Effect of sodium deficient Krebs (7 mM Na*) 

on the mechanical (upper record) and electrical 

(lower record) activity of the puiyeeo nie 

taenia coli produced by angiotensin (5 x 107’) 

(ANG) : (a) control responses to angiotensin; 

(b) recovery; (c) 15 minutes after exposure to 

‘7mM Na*t-krebs and effect -of angiotensin; 

(a) effect of angiotensin after 40 minutes in 

sodium-deficient Krebs.



Control a Na- deficient 4 

Ee Pee 
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. 

Ach ach or 

6 
Effect of acetylcholine (1.8 x 10° °M)(ACh) 

on the mechanical (upper record) and: 

electrical (lower record) activity of 

guinea-pig taenia coli; (a) control Normal 

Krebs; (b) 20 minutes after exposure to 

7 mM Na*-Krebs.
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Fig. 21, Comparison of the effects of acetylcholine 

(ACh) (a and b) and angiotensin (ANG). 

(ec and d) on the mechanical (upper record) 

and electrical (lower record) activity of 

the guinea-pig taenia coli in normal Krebs 

(a and c) and sodium-free Krebs (b and d),



gradually declined and eventually ceased efter about one hour. 

After this time, angiotensin was without effect, however, 

acetylcholine still caused a small depolarization and contraction 

(Big. 21%): 

In solutions containing excess sodium, the membrane was 

slightly depolarized and developed large local potentils triggering 

multiple spike discharge. The effects of angiotensin on membrane 

activities were greatly enhanced and prolonged by about 2 to 3 

times (Fig. 22 Di The effects of acetylcholine were also enhanced, 

but were less prolonged than those of angiotensin (Fig. 23 5 

2.2. The effect of angiotensin in votassium-free and potassium 

excess solutions 

Potassium free solution caused an initial small (about 4nv) 

depolarization and increased the frequency and amplitude of the 

spike discharge. After about ten minutes, the membrane began to 

repolarize and then hyperpolarized to a potential about 6 mV above 

the initial value. The spike frequency gradually decreased and 

ceased after about 60 minutes. When angiotensin was applied while 

spontaneous activity was still present, the effect was essentially 

the same as in normal solution. 

When the spike activity had been greatly reduced, angiotensin 

had no appreciable effect on membrane activity nor tension 

(Fig. 24 ). 

The effect of acetylcholine in potassium free solution 

followed the pattern of changes induced by angiotensin closely,
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Fig. 22. Effect of angiotensin (5 x 107 7M) (ang) 

on the mechanical (upper record) and 

electrical (lower record) activity of 

guinea-pig taenia coli:(a) control responses 

to Ang in normal Krebs;(b) recovery; 

(c) spontaneous activity following 10 mins 

exposure to high Na*(204 mM) Krebs; 

(a) responses to Ang after 20 mins in high 

Na*Krebs;(e),(f) & (g) recovery at 2 mins 

interval after (d).
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‘AN anal ONS 

yf, deh geen 

6u) Effect of acetylcholine (ACh)(1.8 x 10° 

on the mechanical (upper record) and 

electrical (lower record) activity of 

guinea-pig taenia coli: (a) control* 

responses to ACh in normal Krebs; 

(bo) spontaneous activity following 10 mins 

exposure to high Na*-Krebs (204 mM); ~ 

(c) responses to ACh after 40 mins in 

high Na*-Krebs.
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Fig. 24, Changes in the mechanical (upper record) 

and electrical (lower record) activity of 

guinea-pig taenia coli to (a) angiotensin 

(5 x 107’M)(ANG); “(b) 15 mins after 
adding ANG; (c) 10 mins after changing 

to K*-free Krebs; (d) ANG (5 x 107’M)40 mins 
after changing to K'-free Krebs,
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Fig. 25). Effect of acetylcholine (1.8 x 1076m) 

(ACh) on the mechanical (upper record) 

and electrical (lower record) activity 

of guinea-pig taenia coli; (a) normal 

Krebs and (b) following 30 minutes 
e 

exposure to K -free Krebs.
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with the excention that, at the time when angiotensin was without 

effect on the tissue, acetylcholine still initiated or increased 

the spike discharge and produced an increase in tension. However, 

these activities were of lesser magnitude than those in normal 

Krebs. (Fig. 25 ). 

Excess potassium (18mM) depolarized the membrane and 

increased spike frequency and amplitude, together with an increase 

in tension. The effect of angiotensin on the electrical activity 

became biphasic. There was an initial increase in spike freauency 

associated with a small increase in tension which lasted for about 
(ea: bfre adtlitim of byl. =) 

10 seconds. The tension then fell rapidly to control values, with 

@ concomittant decrease in spike frequency. During this time, 

the membrane was depolarized (Fig. 26 ). A similar course of 

events was observed for acetylcholine (Fig. 27 ). 

bficient 
2.3. he effect of angiotensin in chloride-’.-- solution 
  

The effects of reducing chloride concentration and replacing 

it with proportionate amount of benzenesulphonate (gH, 05) vere, se 

in general depolarization of the membrane and an increase in 

spike discharge and spike amplitude. However, after 30 minutes 

continuous spike discharge ceased, and bursts of spikes appeared 

alternating with quiescient periods. The effect of angiotensin 

during the initial phase of chloride deficiency was to enhance 

spike discharge and membrane depolarization. When continuous spike 

activity had ceased, angiotensin evoked spike discharge in groups 

of vapid bursts and the membrane was slightly depolarized. These 

changes were accompanied by an increase in tension. (Fig. 28).
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Contro! a 

is aon Fas 

Fig. 26.Effect of angiotensin (5 x 107?) (ANG) 

on the mechanical (upper record) and 

electrical (lower record) activity of 

guinea-pig taenia coli. (a) response to 

ANG in normal Krebs; (b) recovery after 

ANG; (c) ANG following 20 minutes 

exposure to high K*.(18 mM Krebs). 

(d) & (e) responses 2 and 5 mins after (c).
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Fig. 27. Effect of acetylcholine (1.8 x 107m) (ach) 

on the mechanical (upper record) and 

electrical (lower record) activity of 

guinea-pig taenia coli; (a) ACh in normal 

Krebs; (b) ACh following 15 mins exposure 

to high K*(18 mM) Krebs.
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Under these conditions, the effect of acetylcholine was essentially 

sinilar to that of angiotensin, 

2.4. The effect of anziotensin in calcium-free solution and in 
  

the presence of excess calciun 

In the absence of calcium, membrane activity ceased after 

about 40 minutes. Anglotensin did not initiate spike discharge, 

depolarize the membrane or produce an increase in tension. 

Excess calcium (7.5mM) did not change the membrane 

activity or tension significantly. The effect of angiotensin, 

however, was enhanced (Fig. 29 ). he depolarization caused by 

the peptide increased from 6 uv (in normal Krebs) to about 8 mV, 

and the spike frequency was increased from 0.4 to 1.6 per second 

compared to 0.7 to 1.4 per second in normal Krebs. The potentia- 

tion in excess calcium was rather similar to that observed in 

excess sodium. A similar enhancement of acetylcholine response 

was observed in excess calcium. (Fig. 30 ).
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Fig. 28, Comparison of the effect of angiotensin 

(5 x 107m) (ANG) (pane1 I) with 

acetylcholine (1.8 x 107 °m) (ach) (panel a) 

on the mechanical (upper record) and 

electrical (lower record) activity of 

guinea-pig taenia coli: A) control responses. 

in normal Krebs; 8) responses after 15 mins 

(ANG) and 25 mins (ACh) in Crete Keebs: 
€) responses after 30 mins (ANG) and 40 mins 

(ach) in C1-Phee 

  

Krebs.
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Fig. 29.Bffect of angiotensin (5 x 107’M)(ANG) on 
the mechanical (upper record) and electrical 

(lower record) activity of guinea-pig taenia 

coli: (A) control responses in normal Krebs; 

(B) responses 2 mins after (A); (C) responses 

following 20 mins exposure to high Cay (7 05niM) 

Krebs; (E) responses following 40 mins 

exposure to high Ga -Krebs; (D) & (F) responses 

3 mins after (C) & (BE).
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Fig. 30.Effect of acetylcholine (1.8 x 1076m) (Ach) 

on the mechanical (upper record) and 

electrical (lower record) activity of 

guinea-pig taenia coli: (a) control 

responses in normal Krebs; (b) responses 

following 15 mins exposure to high Gans 

(7.5mM) Krebs.
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DISCUSSTON 

On the taenia coli of the Guides wie, acetylcholine 

depolarizes the membrane, inereases spike frequency (Burnstock, 

1958; Blloring and Kuriyama, 1963) and membrane conductence 

(Kuriyama, 1970). Ion flux studies on smooth muscle indicate 

that acetylcholine increases the permeability to potassiun, 

sodium, chloride, bromide and calcium ions (Durbin and Jenkin- 

    son, 1961; Jenkinson and Norton, 1967; Burgen and Spero,   

1968). 

In the present study, it was shown that the action of 

angiotensin was reduced when the concentration of sodium or 

calcium and to a lesser extent potassium or chloride ions was 

reduced and enhanced when the concentration of either sodium 

or calcium was increased. These results suggest that angio- 

tensin causes a change in the permeability of the membrane to 

most of these ions. 

In the absence of sodium, angiotensin was without effect, 

whereas acetylcholine still caused a small response. These 

results suggest that the action of angiotensin on the taenia 

is mainly due to an increase in sodium permeability of the 

membrane. ‘This is supported by the observation that in the 

presence of excess sodium, the depolarization and spike frequency 

induced by angiotensin were enhenced and the effect was prolonged. 

The potentiation of the effect of angiotensin on membrane
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activity by excess sodium, may be related to the increase 

in mechanical response of the guinea-pig ileum in excess 

sodium caused by angiotensin (Slair-iest and McKenzie, 

4966) and vice versa. 

When excess potassium had increased the freauency of 

spike discharge and tension, angiotensin caused a small 

further acceleration of spike discharge associated with a 

‘transient increase in tension. This observation may be related 

to the effects of acetylcholine and carbachol described by Evans, 

Schild and Theseleff (1953) and Edman and Schild (1961, 1962) on 

the completely depolarized membrane, suggesting a change in 

calcium permeability. When smooth miscle is completely 

depolarized by isotonic potassium chloride or sulphate solution, 

there is an initial contracture, which is followed by partial 

or complete relexation (Durbin and Jenkinson, 1961a). Under 

these conditions the miscle still produces a fully reversible 

contractile response to the administration of acetylcholine 

Schild, 1964). Using tracer studies, Durbin and Jenkinson 

(1961b) have shown that there is an increase in influx and 

ares and also changes in ee and 500 efflux of Hoge 36 oy and 

fluxes on addition of carbachol to depolarized smooth muscle, 

suggesting an increase in membrene permeability to all these ions. 

The changes in membrane activity following the adminis— 

tration of angiotensin or acetylcholine to the taenia in excess 

potassium are in agreement with the results of Burnstock (1968) 

and of Bulbring and Kuriyama (1963) using acetylcholine. It
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should be pointed out that although the changes in membrane 

activity following the administration of angiotensin or 

acetylcholine to the taenia coli in eveess potassium are in 

agreement with the results for acetylcholine of Burnstock 

(1958) and of Plilbring and Kuriyama (1963), the inerease in 

tension of the taenia induced by angiotensin or acetylcho- 

line in excess potassium was not maintained, even though the 

membrane remained depolarized. No adequate explanation could 

be given for this observation. Nevertheless, these results 

suggest that the mechanical response induced by angiotensin 

or acetylcholine does not solely depend upon membrane 

depolarization but also upon spike activity. This hypothesis 

is supported by the observation that large phasic contractions 

were superimposed on the melenod tension, and are closely 

associated with spike discharge (see Fig. 26). It is nom 

that excess potassium can reverse the excitatory effect of 

acetylcholine (Burnstock, 1958). However, such reversal occurs 

only with a potassium concentration some eight to ten times 

higher than normal and about three times higher than the con- 

centration used in this study. Furthermore, the relaxation 

observed in this study was not essociated with hyperpolarization. 

The effects of angiotensin and acetylcholine were poten- 

tiated in excess calcium and spike inpittudes were enhanced. 

These observations strengthen the suggestion that angiotensin 

also increases the permeability to ions other than sodium, and 

are consistent with the hypothesis that calcium rather than 

sodium ions are the main carrier of the inward current for
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spike generation in smooth muscle of the taenia (Brading 

et al 1969; Kuriyama and Tomita, 1970 ). 

In the superfused ret uterus and dog carotid artery, 

angiotensin has been shown to increase sodium-efflux but not 

influx and the effect can be blocked by low concentrations 

of ovabain (Tirker, Page and Khairalleh, 1967). Because 

of the sensitivity to ouabain, these authors postulated that 

angiotensin stimulates the sodium pump. However, angiotensin 

has also been shown to cause an increase in sodium—influx in 

the epigastric vascular bed (Freidman, 1972) and rat uterus 

(Hamon and Worcel, 1973). These later authors postulated 

that angiotensin acts through an increase of sodium permeability 

of the membrane. 

In normal physiological salt solution, acetylcholine 

and angiotensin depolarized the membrane and upon washing, the 

membrane repolarized and then hyperpolarized. This latter 

phase of repolarization after washing out of acetylcholine is 

thought to be related to active sodium extrusion (Bulbring and 

Burnstock, 1960 and Biilbring and Kuriyama, 1963) which involves 

an electrogenic sodium pump (Keynes, 1960). ‘This hypothesis 

is supported by the recent observation that ouabain or potassium— 

free solution abolishes the hyperpolarization following stim— 

lation of guinea-pig ileum by acetylcholine (Bolton, 1971,1973). 

Quabain or removal of potassium is known to inhibit sodium-pump 

activity (Schatzmann, 1953; Skou, 1965). In this study, 

similar hyperpolarization was observed after the excitation by
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angiotensin on the taenia. The experiments described in 

this chapter, however, were not designed to test whether a 

similar electrogenic extrusion of sodium due to the acti- 

vation of the sodium pump was responsible for the after- 

hyperpolarization observed following angiotensin stimulation. 

Nevertheless the pattern of changes in membrane activity, such 

as depolarization, repolarization and spike discharge, induced 

by angiotensin is so similar to that by acetylcholine, that 

it is tempting to suggest an analogous ionic basis is involved 

Guring angiotensin action. This suggestion is favoured by 

the observation that, excess sodium or caleium enhanced the 

effects of angiotensin and acetylcholine. Moreover, both in 

sodium excess and calcium excess, the after~hyperpolarization 

was greater. This could be due to the increased activity of 

the sodium pump, caused by the increased intracellular sodium 

accumulation during prolonged excitation. The existence of 

an electrogenic sodium-pump has recently been demonstrated in 

the taenia coli (Casteels, Droogmans & Hendrickx, 1971). 

Therefore, an action of angiotensin on the sodium—pump as 

suggested by Torker et al (1967) may not be the peptide's 

primary mode of action but rather as a consequence of the 

increase in sodium permeability induced by angiotensin. This 

suggested mechanism of angiotensin action is in accord with 

the general consensus that angiotensin causes a transient 

increase in the passive permeability of the cell membrane 

mainly to sodium, end to a lesser extent potassium and chloride 

and calcium ions. (Friedman and Friedman, 1964; Friedman, 19723 

Yamon and Worcel, 1973).
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In conclusion) primary action of angiotensin on the 

cell membrane seems to be an eienesss in membrane permeabi~ 

lity mainly to sodium and to a lesser extent to potassium, 

calcium and chloride ions. The increased intracellular 

concentration of sodium ions then accelerates the activity 

of the sodium-pump, resulting in a temporary increase in 

membrane potential. These electrical activities are closely 

associated with changes in muscle tension. 

It should be emphasized that the conclusions arrived 

in this study are based on the well established ionic basis 

  

of acetylcholine action on smooth muscle cells. Because of 

the inherent difficulties of sucrose-gap recordings (see 

Introduction), these results should be supplemented with micro- 

electrode studies. The application of the double sucrose-gap 

technique would be of advantage in elucidating the ionic currents 

involved and sodium pump activity in angiotensin action.
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PART THREE 

STUDIES TO DETERMINE THE POSSIBLE INVOLVEMENT OF 

PROSTAGLANDINS IN THE CONTRACTILE ACTION OF 

ANGTOTENS]     N
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PART THREE STUDIES TO DATERMING THE POSSTSLE INVOLVEMENT OF 

PROSTAGLANDINS IN THS CONTRACTILE ACTION OF ANGIOTENSIN 

    

LATRONUCTION ; 

The involvement of a neurogenic component in the contractile 

action of engiotensin in some intestinal smooth muscles has been fully 

discussed in Part One of this thesis. In recent years, the experi- 

mental evidence of a number of workers has indicated that the phar- 

macological actions of prot orensin both in vivo and in vitro may at 

least in part be mediated via a neurogenic component, involving the 

sympathetic nervous system. Bickerton and Buckley (1961) suggested 

that part of the pressor activity of angiotensin in the dog is a 

result of stimulation of centres having a controlling influence on 

the sympathetic nervous system within the hypothalamus. Furthemnors) 

the vasoconstrictor action of angiotensin in isolated organs has been 

shown to be dependent upon an intact sympathetic innervation 

(Zimmerman, 1962; Laverty, 1963; Benelli et al, 1964; Owen, 1969). 

The precise mechanisms of interaction between angiotensin and the 

peripheral and central divisions of the sympathetic nervous system 

have not been fully ellucidated (see Owen, 1969; Gross, 1971). 

Angiotensin will stimulate sympathetic ganglia and cause the 

release of catecholamines from the adrenal medulla (Lewis and Reit, 

1966). The most recent evidence suggests that angiotensin may have 

yet other indirect actions involving the release of prostaglandins. 

Angiotensin has been shown to cause a release of prostaglandin~ 

like substances (mainly PGE, ) when infused through kidneys of the dog 

(McGiff, Crawshaw, Terragno and Lonigro, 1970; Aiken and Vane, .1971) 

and rabbit (Needlemon, Kauffman, Douglas, Johnson and Marshall, 1973a)
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and the spleen of the cat (Peskar and Hertting, 1973; Ferreira, 

Moncada and Vane, 197%) end rabbit (Douglas, Johnson, Marshall, 

Jaffe and Needleman, 1973). Furthermore, angiotensin has been 

shown to release PGE, from the splenic fat pad and mesenteric 

vascular bed of the rabbit (Needleman, Marshall and Douglas, 1973b). 

This release of prostaglandins can be blocked by prior treatment of 

these various tissues with indomethacin, which is a potent prosta- 

glandin biosynthesis inhibitor (Vane, 1971). 

However, the precise relationship between prostaglandin- 

release and angiotensin infusion is not clear. From his results 

on cat spleen, Hedavist (1969, 1970) suggested that PGE, released 

during splenic contraction following nerve stimulation, had a 

homeostatic function, reducing both the amount of noradrenaline 

released from sympathetic neurones and its effects on the smooth 

muscle. This conclusion is in agreement with the suggestion of 

Bergstrom (1967) that prostaglandins may act as mediators of a local 

feedback mechanism. Both angiotensin and the catecholamines have 

profound vasoconsirictor effects and since the vasoconstrictor effect 

of angiotensin is dependent upon a functional sympathetic nervous 

system (see Introduction) a similer function could be ascribed to 

the prostaglandins released by angiotensin. However, it must be 

remembered that prostaglandins may be relased by inert substences 

under conditions when there is no vasoconstrictor or contractile 

action (Gilmore, Vane and Wylie, 1969) or as the result of tissue 

damage or inflammation (Horton, 1969).



-177- 

Prostaglandins of the E series are potent vasodilators 

(see Horton, 1971). PGE, has been show to antagonize the pressor 

effect of noradrenaline, angiotensin and vasopressin in the rat 

(Holmes, Horton end Main, 1963). Prostaglendin release after infusion 

of vasoconstrictor drugs like angiotensin seem§to agree with the 

general hypothetical role for prostaglandins as modulators of nevro- 

humoral transmission and of hormonal action (see Hedqvist, 1970; 

Wenmalm and Stjarne, 1971*and MeGiff and Hskovitz, 1973). This 

hypothesis is supported by the observation that inhibition of prosta- 

glandin synthesis, augments the vascular reaction of the cat spleen 

to angiotensin (Peskar and Hertting, 1973; Ferreira et al, 1973) 

and vasopressin (Peskar and Hertting, 1973). Furthermore, the 

injection or topical application of prostaglandins is known to 

attenuate the change in activity of various smooth muscle prepara- 

tions following nerve stimulation, noradrenaline or angiotensin 

(Holmes et al, 1963; Weiner and Kaley, 1969). MeNeil and Sutherland 

(1973) continuously infused angiotensin into the superior mesenteric 

artery of the cat and observed an initial vasoconstriction followed 

by a partial recovery. The partial recovery was attributed to ‘the 

release of prostaglandins from the vascular bed (Needleman et al, 

1973>). Furthermore, Messina, Weina and Kaley (1973) observed that 

inhibition of prostaglandin synthesis, potentiated the arteriolar 

constrictor responses to angiotensin in the rat eremaster muscle. 

These authors suggested that the direct action of prostaglandins on 

smooth muscle is at least as important a homeostatic mechanism as 

is the reduction in noradrenaline release.
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Angiotensin and noradrenaline are both able to constrict the blood vessels 

og Ha rabbit fat pad (with the spleen removed} end mesenteric vasculature 

but it is only angiotensin which causes a demonstrable release of 

prostaglandins (Needleman et al, 1973d). Furthermore, angiotensin 

and prostaglendin, but not noradrenaline, have been shown to cause 

an inerease in dermal vasculature permeability in the rabbit 

(Robertson and Khairalleh, 1972). From these and other findings, 

Needleman et 21 (1973b) suggested that angiotensin acted on 

precapillary vascular beds to release prostaglandins which in turn 

would alter capillary permeability, they also concluded that prosta~ 

@landins of the E series can contribute to the local adjustments in 

blood flow by direct relaxation of vascular smooth muscle. 

It is apparent that the precise mode of action of angiotensin 

in vivo and in vitro may be more complex than realized hitherto. 

The evidence presented in this section adds support to the claim of 

an involvement of the prostaglandin system in angiotensin action, 

Prostaglandins are released from various intestinal smooth 

muscles of different species and under different. conditions. They 

are relased from the frog intestine (Vogt and Distelkotter, 1967) 

rat stomach (Bennett, Friedman and Vane, 1967) rabbit jejunum 

(Ferreira, Herman and Vane, 1972) and fad teenie ileum (Botting and 

Salzman, 1974). An inerease in prostaglandins output has also been 

reported in the peinent pre ileum (Botting ian Salzman, 1974) and rat 

stomach (Bennett et al, 1967) during electrical stimulation of nerves 

in the muscle wall. These observations seem to be in agreement with
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the suggestion thet prostaglandins are involved in the control of 

gastro-intestinal activity (Horton, 1969). 

In view of the observations presented above, it seems perti- 

nent to examine the possible involvement of prostaglandins or a 

prostaglandin-system in the angiotensin-inéuced contractile response 

in smooth muscles. ‘The possibility that part of the angiotensin 

contraction in some smooth muscle may be mediated by veb\sone unimown 

mediators has been discussed in the preceding section, In subsequent 

chapters, experiments are described which attempt to test this hypothesis 

in the hope of bringing new evidence to light which may contribute 

to the present Imowledge of interaction between angiotensin and 

prostaglandins.,
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CHAPTER I TES EFFECT OF PROSTAGLANDIN BIOSYNTHESIS INHIBITORS 

3 RESPONSES TO ANGIOTENSIN AWD 

WN ISOLATED SMOOTH MUSCLE PREPARATIONS 

    

The possible involvement of prostaglandins in some of 

the multi plicity of angiotensin actions has been discussed. 

The release of prostaglandins or prostaglandin-like substance 

(PLS) from several isolated organs following nerve stimulation 

or stimulation by drugs can be inhibited by prior administration 

of the non-steroid anti-inflammatory agents such as indomethacin 

and aspirin (Aiken and Vane, 19713 Ferreira, Moncada and Vane, 

1971; Douglas et al, 1973) in concentrations which are known 

to inhibit prostaglandin biosynthesis (Vane, 1971). Indomethacin 

has also been shown to Renee direct, relaxation of isolated 

rabbit jejunum, an action which appears related to its ability 

to inhibit prostaglandin biosynthesis (Ferreira, Herman and Vane, 

1972). 

In using indomethacin as a prostaglandin biosynthesis 

inhibitor for use with isolated smooth muscle preparations it 

should be remembered that it will antagonize the contractions 

of a number of smooth muscle preparations to a variety of agonists 

(Northover, 1967). This action which is seen with higher céncen- 

trations thas Hecessery to inhibit prostaglandin biosynthesis 

appears to be related to an inhibition of the entry of calcium 

ions into the mscle cells (Northover, 1971).



-181- 

RESULTS 

1.1. Effect of indomethacin and aspirin on the resting tone 

of intestinal and vasculer smooth muscle preparations 

(Guinea-pig ileum and taenia coli; rat stomach fundus 

strip and ileum;. rabbit aortic strip and rat portal vein) 

Concentrations of indomethacin (2.8 - 11.2 x 10771) or 

aspirin (>20 x 410714) added to the bath and left in contact 

with the preparations for 15 to 20 minutes caused a progressive 

reduction in resting tone and at the same time reduced the 

POE reerel activity of the rat portal vein and the guinea-pig 

taenia coli. he spontaneous activity of the guinea-pig ileum 

which is often observed in the resting period, was also occasionally 

suppressed. After removal of indomethacin and upon repeated 

rinsing of the tissues with normal physiological saline solution, 

the tension and spontaneous activity gradually returned and 

reached the initial state in 15 to 30 minutes. 

1.2. Effect of indomethacin and aspirin on the contractile 

responses to angiotensin and other agonists on isolated 

smooth muscle preparations 
  

Concentrations of indomethacin (2.8 ~- 11.2 x 107M) 

kept in contact with the preparations for a minimum of 20 minutes 

caused a selective reduction; of angiotensin contractions in all 

the tissues used with the exception of the rat colon, where no 

inhibitory effect was observed. Aspirin was about 5 to 10 times 

less effective in antagonizing the angiotensin-induced contractile 

responses. The relative potency of indomethacin and aspirin in 

reducing angiotensin contraction is in agreement with their
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ability to inhibit prostaglandin synthesis (Vane, 1971). For 

these reasons, indomethacin wes mainly used for subsequent studies. 

Indomethacin (2.8 - 5.6 x 10714) was most effective in 

reducing angiotensin-induced contractions on the guinea-pig ileun. 

Indomethacin (5.6 x 107M) reduced by about 50% tenet 

contractile responses to angiotensin in the guinea-pig ileum, 

rat stomach strip and rat ileum (for precise values see Table XII). 

The. inhibition by indomethacin of the angiotensin-induced 

contractile responses in these preparations was progressive. 

Figure 31 illustrates the effect of indomethacin (5.6 x 407M) 

to a submaximal ontrasite response to angiotensin and acetyl- 

choline over a 2 hour period on the guinea~pig ileun. 

Indomethacin (2.8 - 11.2 x 1077) did not cause a 

significant reduction of submaximal contractions to angiotensin 

in the guinea-pig taenia coli (mean 20%, 4 preparations). The 

same concentrations of indomethacin showed either no inhibitory 

action (4 preparations) or a slight potentiation (3 preparations) 

of the contractile responses to angiotensin or acetylcholine 

on the rat colon. 

Table XI summarizes the results of the effect of 

indomethacin on the contractile responses to angiotensin and 

other agonists on the intestinal and vascular smooth muscle 

preparations used. Detailed descriptions of the effects of 

indomethacin on angiotensin-induced contractions of the guinea- 

pig ileum, rabbit aortic strip. and rat portal vein is given below.
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31. The effect of indomethacin (5.6 x 10 7M) 

on tre contractile responses to angiotensin 

(a—~as )(ANG) and acetylcholine (o—o)(ACh) 

over a 2 hour period, on the guinea-pig 

ileum. Each point is the mean of 4 

observations, Control response corresponds 

to 75% of maximum response of each agonist. 

    

Values for an, »tensin are the mean of the 

fast and slow component.
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1.2.1. Guinea-vi¢ ileum 

Indomethacin was about 5 times more effective in 

reducing contractions due to angiotensin than those due to 

acetylcholine, histamine or bradykinin (Fig.32)+. The concen- 

tration of indomethacin ( 1074) effective in inhibiting histamine 

and bradykinin responses is about the same as that reseed by 

Northover (1971) for the guinea-pig stomach strip and by 

Sorrentino, Capasso and Rosa (1972) for the guinea~pig ileun 

and rat uterus. 

Indomethacin (5.6 x 10711) caused a marked reduction of 

angiotensin contraction over the whole range of concentration 

used (Fig. 330), The only effect seen against acetylcholine was 

@ small depression of the maximum response (Fig. 33»). 

Contractions to each of the agonists used, each causing 

about 75) of maximum response, were reduced by indomethacin (5.6 

x 407m) in the following way: angiotensin 52.0 + 5.5% (mean of 

fast and slow components), bradykinin 31.7 £ 2.3% , histamine 

1963 3 4.76 and acetylcholine 16.8 * 3.5) (see Table XI , Fig.34 and 

Fig. 35). 

1.2.2. Rabbit aortic strip and rat portal vein 

The effect of indomethacin on various agonists on the 

rabbit aortic strip and rat portal oat is shown in Figs. 36 

and 37respectively. The selectivity of indomethacin inhibition 

of angiotensin action on vascular tissues was less marked than 

that for intestinal ‘tissues, for example on the rabbit aortic strip, 

indomethacin (5.6 x 407M) caused a depression of the maximum
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response to angiotensin by 38.5 zt 3.3% but was without effect ont 

the responses to noradrenaline or adrenaline. Indomethacin was 

least selective on the rat cone vein preparation (Fig. 37). 

The submaximal responses to the various agonists being reduced 

by : angiotensin 48.4%, noradrenaline 42.5% and acetylcholine 

38.6% (n= 4).
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Fig. 32, Effect of indomethacin on the contractile 

responses of guinea~pig ileum to angiotensin 

Cac 1078) (anc), bradykinin (4 x 10784) (B), 

histamine (2 x 1078s) (a) and acetylcholine 

(4A x 1078) (A). % inhibition was calculated 

on the preceding response without indomethacin, 

Responses to angiotensin’ indicated as fast (e} 

and slow (s) components, Vertical bar S.E 

(n = 4), 
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Fig. 33. Effect of indomethacin on the increase in tension 

of guinea-pig ileum preparation to a)angiotensin 

and b) acetylcholine.+—4 3; @—@ ; control 

responses to angiotensin and acetylcholine 

respectively.@ —*# 3; e——e ; responses to angio- 

tensin and acetylcholine in the presence of * 

indomethacin (5.6 x 107M) which had been left 

in contact with the tissue for a minimum period 

of 20 minutes,
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Control 

  

1A 

min 

Contractile responses of isclated guinea- 

pig ileum to angiotensin (ANG). Upper record 

= control responses to ANG, (a) 5 x 107M, 

(b) 5 ae 10784 and (c) 107 7M, Lower record 

= responses repeated 30 minutes after 

indomethacin (5.6 x 107°M) (IND) was edded 

to the bath, Angiotensin was added at open 

circles and removed at closed circles.
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dete 
Fig. 35. Contractile responses of guinea-pig ileum 

to acetylcholine (ACh), histamine (H) and 

bradykinin (8). Upper record = control 

om, (b) 6 x 10°°M of 

ACh; (2) 1.6 x Once. (ayes 3 =x 1078 of H 

and (6) 107M) (£) 107" of By Lower 

responses to (a) 8 x 10° : 

record = responses repeated 30 minutes 

after indomethacin (5.6 x 107°) (ND) was 

added to the bath. Drugs were added at 

open circles and removed at closed circles, 

Time marker = 30 s.
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ae pf a 

o 

~~ a ff Pe. LX 

ANC ANG ANG NA Na 

Isometric contractile responses of rabbit 

aortic strip to angiotensin (ANG) and 

noradrenaline (NA). Upper record = control 

responses to (a) 5 x 107°M (SB) 2x 1075 

(co) "2ex 107 7M ANG, and (d) 5.6 x 1078 

(e) 2.6 x 1077 NA. Lower record = responses 

repeated 30 minutes after indomethacin 

(5.6 x 107°M) (IND) was added to the bath. 

Drugs were added at A and removed at o,
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Isotonic contractile responses of isolated 

rat portal vein to angiotensin (ANG), 

noradrenaline (NA) and acetylcholine (ACh). 

Left panel = control responses to ANG 

(a &c), NA (e) and ACh (g). Right panel 

= responses repeated 20 minutes after 

indomethacin (2.8 x 107°m) (IND) was added 

to the bath. Drugs were added at open 

circles and removed at closed circles.
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DISCUSSION 

The results reported in this chapter show that indome- 

+hacin which ‘is an aspirin-like anti-inflammatory drug has a 

selective inhibitory action on the contractile response to 

angiotensin on intestinal and vascular smooth muscle. Indome~ 

thacin will also antagonize the contractile responses of these 

smooth muscle preparations to a variety of agonists, but the 

concentration of indomethacin required is considerably higher 

Tepid ved auth Mt Sw 

than that,for angiotensin with the exception of rat portal vein. 

The relatively low concentration of indomethacin used in inhibiting 

angiotensin contractions suggests that it is acting here by a 

mechanism other than preventing the influx of calcium into cells 

(Northover, 1971). 

Recently, it has been shown that indomethacin can inhibit 

the biosynthesis and thus the release of prostaglandins from 

isolated spleens and kidneys of various species (Vane, 19713 

Ferreira et al, 1971; Douglas et al, 1973) an action which 

appears related to its ability to inhibit the enzyme dioxygenase 

necessary for prostaglandin-E, and F, synthesis (Smith and 
Qt 

Lands, 1971). The inhibition of this enzyme is effected by a 

concentration of indomethacin about 40 times less than those 

peparsee in this chapter to cause inhibition of angiotensin 

contractions. Similar low goncenteations of indomethacin which 

inhibit the synthesis of prostaglandins in spleen and kidney 

(Dovglas et al, 1973) axe without effect on the responses to 

angiotensin and other agonists on the rabbit aortic strip and rat
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stomach strip (Park, Regoli and Rioux, 1973). However, the 

concentrations of indomethacin used ues this study are within the 

concentration range for plesua levels reported in man and rat 

after an oral dose of 200 mg and 10 mg respectively (Hucker, 

Zacchei, Cox, Brodie and Cantwell, 1966). ‘This Goncen et ton 

of indomethacin is known to inhibit carrageenin-induced oedema 

in vivo in the rat (Di Rosse and Willoughby, 1971). Recently, 

various authors have reported that indomethacin, in similar 

concentrations used in the present study, effectively inhibit 

the synthesis of prostaglandins | in isolated intestinal smooth 

muscle preparations (Ehrepreis, Greenberg and Belman, 19733 

Botting and Salzman, 1974). This disparity in the concentrations 

of indomethacin used in tnbesticad smooth muscle studies and in 

perfused organs, probably reflects regional differences in 

prostaglandin-synthetase activity (Flower and Vane, 19723 

Flower, Grygleswski, Herbaczynskacedro and Vane, 1972). 

The reduction in angiotensin contractions coincident with 

indomethacin does not appear to be due to tachyphylaxis, as no 

significant changes in angiotensin contractions were observed 

in adjacent tissues dosed concurrently. The inhibitory effect 

of indomethacin on angiotensin contraction is dependent upon the 

duration of exposure and the concentration of indomethacin added 

to the bath. <A minimum contact time of 20 minutes is necessary 

for any significant reduction of angiotensin-induced contractions. 

The degree of inhibition progresses with time. This contrasts 

strongly with its inhibitory effect on other agonists, where 

inhibition was observed 5 minutes after adding indomethacin eo 

the bath.
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The contact time required by indomethacin to reduce 
: . reputed 

angiotensin contractions is of about the same order as that, 

cause a significant reduction in prostaglandin-Z, output 

induced by adrenaline in the dog spleen (Ferreira et al, 1971) 

and in the spontaneous release of prostaglandin-E, from 2 

rabbit jejunum (Ferreira et al , 1972). 

The circumstantial evidence presented here together 

with the results of other workers cited, suggest that the selective 

inhibition of angiotensin by indomethacin is probably due to its 

ability to inhibit prostaglandin synthesis. In this chapter, 

aspirin has been shown to reduce angiotensin contraction but only 

with a concentration some 10 times that of indomethacin. This 

seems to agree with the relative potency of aspirin and indome- 

and F, thacin in inhibiting prostaglandin-B& os synthesis 2 2- 

(Ferreira et al, 19713; Vane, 1971). 

Contractile responses to angiotensin on the rat colon and 

guinea-pig taenia coli were not significantly affected by indome- 

thacin. These results suggest that prostaglandins of the EB or F 

series may not be involved in angiotensin action in these tissues 

and would add support to the specificity. of angiotensin receptors 

on the rat colon and guinea-pig taenia coli (see Part I). 

However, it must be considered that indomethacin is less effective 

against the synthesis of PGE. and PGF. from dihomo-¥ ~lino- 1 

lenic acid than it is against PGE 

1-06 

and PGP, from arachidonic 
2 2K 

acid (Vane, 1971; Ferreira et al, 1971 and Introduction).
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Furthermore, the rat colon has been shown to be rather insensitive 

to PGE, and PCE, » but is very responsive to PER and PCP oe 

(Vane, 1971). Therefore, the possible Gavolvanent! of prosta~ 

glandins in the contractile response induced by angiotensin in 

these preparations remains. It is not possible to test this 

hypothesis until specific prostaglandin antagonists become 

available. . 

In summary, the results presented in this chapter, show 

that indomethacin selectively antagonizes the action of angiotensin 

on the smooth muscle preparations used with the exception of the 

rat colon, guinea-pig taenia coli and rat portal vein. The 

relatively low concentrations of indomethacin used, the necessasity 

to use a long contact time and selectivity for angiotensin all.- 

suggest that indomethacin may be acting here by preventing 

prostaglandin synthesis.
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CHAPTER IT HT RELATIONSHIP 

D_PROST.GLANDINS 

In the preceding chapter, contractile responses of a number 

of smooth muscle preparations to angiotensin and other agonists were 

shown to be inhibited by indomethacin and aspirin. The most 

importent aspect of these results is that indomethacin and aspirin 

can inhibit pretovensiasinduecd contractions at a concentration much 

less than that required to reduce contractions induced by other agonists. 

The underlying mechanism for the selective inhibition by aspirin-like 

@rugs was discussed in the licht of recent findings thet these drugs 

can prevent velease of prostaglandins from several perfused organs 

(Vane, 1971) presumaply because of their ability to inhibit dioxygenase 

an enzyme necessary for prostaglandin By and F, synthesis (Smith 
2-o% 

and Lands, 1971; Flower, 1974). 

If it is accepted that the inhibition of angiotensin contrac- 

tion by indomethacin or aspirin is due to their effect on prosta- 

glendin biosynthesis, then this suggests that pert of the contractile 

response to angiotensin in these smooth muscle preparations is 

dependent upon the presence or the release of prostaglandins. This 

hypothesis was further examined on the isolated guinea-pig ileum 

and rat portal vein preparations.
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RESULTS 

Os iss The effect of prostaglandins on the puines-—pis ileum 

Prostaglandin Ey and ee were implicated in the 

contractile response of angiotensin on the guinea-pig ileum 

(see preceding chapter). ‘he effects of PGE, end PGF, 
2 27 OC 

were therefore exemined on this preparation. Fen, or PGES _ o 

caused a dose-dependent contractile response. PCPS was 

less active than PGE, on the guinea-pig ileun. The threshold 

  

tions of Pex, and PCF 9 were 1.4 x 40771 and    concentra 

  

    
2.8 x 10 St respectively. 

The contractile responses induced by PGE, and POPS oc 

were characterized by a delay in onset of 15 - 30 seconds. 

This latent period progressively reduced with increasing dose 

but was not completely eliminated by higher concentrations of 

prostaglandins. The contraction was progressive, reaching a 

  me. imum in between 60 - 90 seconds (Fig. 38). In this respect, 

the contractile response of prostaglandin very much resembles 

the time course of angiotensin-induced contractions (see Part I). 

2.2. The effect of indomethacin on prostaglendin-induced 

contractions 

Sorrentino, Capasso and Di Rosa (1972) reported that 

indomethacin was about 4 times more effective in producing an 

inhibition of PGE, contractions than histamine responses on the 
2
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euinee-pig ileun. The effect of indomethacin on PGE, 

contractile response was therefore examined on this preparation. 

Concentrations of indomethacin (2.8 x HO isda 4074H) 

which caused a significant reduction of angiotensin contractions 

also reduced PCD, - induced contractile responses (Fig. 38). 

However, the inhibition of prostaglandin contractions was not as 

great as the inhibition of angiotensin responses but more than 

the inhibition of acetylcholine responses. The actual values 

of inhibition of responses around 50%} maximum on the tissue were 

angiotensin 526 PEE, 325 and acetylcholine 16%. Following 

removal of the indomethacin responses to PCE, and acetylcholine 

returned to control levels within 10 minutes, whereas those of 

angiotensin often required 15 to 20 minutes to return to 

control levels. 

2.30 The effect of exorenous PGE on _ the responses 

2 
to angiotensin and acetylcholine 

The addition of PGE, to the bath in concentrations of 

between 5.6 x 407 and 2.8 x 1071 caused an enhancement to 

the contractile responses induced by all effective concentrations 

of angiotensin (Fig. 39). The potentiation was more marked with 

contractions induced by lower concentrations of angiotensin and 

furthermore, the fast component was potentiated more than the ; 

slow one. PGE, (2.8 x 40771) added to the bath and left for 

3 - 5 minutes, potentiated the fast and slow component of the
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ANG PGE, 

Fig. 38 . Contractile responses of isoiated guinea- 

pig ileum to angiotensin (5 x 1078m) (anc) 

cand prostaglandin-E,, (5.6 x 1078) (PGE). 

Upper record = control responses (a) & (b). 

Lower record = responses repeated (c) & (d) 

30 minutes after indomethacin (5.6 x 107m) 

(IND) was added to the bath. Drugs were 

added at arrows and removed at closed 

circles.
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angiotensin contrection of around 50// of maximum by 35.2 t 9.69% ana 

26. 743.6% respectively (n=5). ‘he potentiating effect of PGES 

on angiotensin responses decreases with time, such that if the 

same concentration of PGES was left in the bath for a period 

longer then 10 minutes, the potentiation was virtually abolished. 

This observation suggests that there is a mechanism for inactiva- 

ting PGE, in the tissue. 
2 

The same concentrations of PGE, (5.6 x 10-'°u - 2.8 x 

10711) which enhanced the contractile responses to angiotensin 

also caused a potentiation of contractions induced by acetyl- 

choline (Fig.39 ). However, the degree of potentiation was less 

than that for the angiotensin contraction, causing only a 15.4 45.4% 

(n=5) potentiation of a submaximal contractile response to 

acetylcholine. 

2.4. The effect of PCE, on the inhibition of angiotensin 

response by indomethacin 

  

Low concentrations of PGE, (2.8 x 4077" - 2.8 x 107°) 

added to the bath containing the guinea-pig ileum which had been 

exposed to indomethacin for periods of more than 30 minutes, 

invariably caused a small but sustained increase in tension of 

the tissue that lasted for about 5 minutes. During this period, 

the inhibition by indomethacin of angiotensin-induced contraction 

was reversed (Fig. 40).
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For most experiments the concentration of PGE, used was 
2 

eae 107, this restored the fast component from 46.1% to 

95.4 z 5.5% and the slow component from 52.8% to 88.2 2 5.795 

(n = 6) of the initial angiotensin response. Removel of PGE, 

resulted in the recurrence of the indomethacin inhibition, 

Exposure to indomethacin for more than 2 hours or increasing 

the concentration of indomethacin to 2.3 x 1074u, reduced this 

effect of exogenous PGES.
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Fig. 39. Contractile responses to angiotensin (ANG ) 

and acetylcholine (ACh) on isolated guinea- 

pig ileum: (A) control responses, (B) 

responses repeated in the presence of 

710m) (per, ). 

Drugs added at closed circles and washed out 

prostaglandin-E, (2.8 x 10 

at open circles.
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  IND 

—— ae 
30 min fez 

Fig. 40. Contractile responses of guinea-pig 

ileum to 5 x 10784 angiotensin (closed 

circles). Solid horizontal bar 

represents the presence of 5.6 x 107M 

indomethacin (IND), the open horizontal 

bar represents the presence of 1.2 x 1078 

prostaglandin-E, (PGE,). Time marker 

at 10 s intervals.
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DISCUSSION 

One of the putative roles for prostaglandins is in the 

modulation of neurohumoral transmission and of hormonal action 

(Hedqvist, 1970; Bergstrom, 1967; Horton, 1969; Ferreira 

et al, 1973). It is therefore possible that some of the 

multiplicity of angiotensin actions could be due to the inter- 

action of prostaglandins and angiotensin. An inter-relationship 

between angiotensin and prostaglandins has already been demon- 

strated in some smooth muscle preparations (Robertson and 

Khairallah, 1972; Needleman et a1,1973a,b). The contractile 

response to BAeiotenern 3a some smooth muscle preparations has 

been shown to be inhibited by indomethacin (Chong and Downing, 

1973) an action which appears related to the latter's ability 

¢ 
to inhibit prostaglandin synthesis, (see pregeding chapter). 

The results reported here add further support to the 

suggestion that angiotensin-induced contraction may be partly 

mediated via prostaglandin release. These results were based 

upon the criteria for the indirect action of a drug involving 

the release of a secondary mediator (see Burn, 1968). These 

are 1) agents which inhibit the symthesis or procedures which 

cause a depletion of the proposed mediator should be eble to 

reduce or abolish the effect of the drug, 2) the demonstration 

of an interaction between the drug and the proposed mediator, 

i.e. potentiation of one by the other and 3) the proposed 

mediator should be able to reverse the response which shows signs



-206- 

of tachyphylexis or which has been reduced due to depletion 

of the mediator. These criteria have been used by various 

workers in connection with their proposition of an indirect 

action of angiotensin in intestinal "and vascular smooth muscle 

and also in whole animal studies. 

Drugs which inhibit the synthesis of Ach such as hemi- 

cholium and drugs which deplete neuronal stores of noradrenaline 

like reserpine (Burn, 1968) are mowm to reduce the contractile 

and vasoconstrictor responses to angiotensin in some intestinal 

and vascular smooth respectively. (see Part I). The contractile 

response to angiotensin in the ileum of the rabbit and guinea-pig 

is enhanced in the presence of anticholinesterase agents 

(Khairallah and Page, 1961) and vasoconstrictor response to 

angiotensin in the perfused mesenteric blood vessels of the rat 

is increased by addition of qotenvshal ind or electrical stimmla- 

tion of the sympathetic nerves (McGregor, 1965). Addition of 

noradrenaline can reverse angiotensin responses both in vivo and 

in vitro. Thus, the pressor response to angiotensin in aortic 
  

strips of the rat and guinea-pig (Liebeu et al, 1966) are reduced 

by depletion of noradrenaline and restored when the stores are 

replenished, These observations led the respective authors to 

propose that the contractile action of angiotensin on intestinal 

smooth muscle is partly mediated via a release of ACh, and the 

constrictor or pressor response on vascular smooth muscle and 

cardiavascular system be mediated via a release of noradrenaline.
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The experiments described in this and the preceding 

chapter show that the contractile response to angiotensin was 

selectively reduced after inhibition of prostaglandin bio- 

synthesis by indomethacin. The concentration of indomethacin 

used in this stud: has recently been confirmed to inhibit 

prostaglendin E, synthesis in the isolated guinea-pig ileum 
2 

(Botting and Salzman, 1974 and Hhrepreis et al, 1973). The 

contractile responses to angiotensin were enhanced by the 

addition of low concentration of prostaglandin Ep. The 

enhancement of angiotensin contraction by PCE, did not appear 

to be due to an increase in smooth muscle reactivity, since 

responses to ACh were not significantly potentiated. 

Furthermore, and perhaps the most significant was the observation 

that PGE, can reverse the inhibition by indomethacin of angiotensin- 
2 

inéuced contraction in the guinea-pig: ileum. These results are 

in accord with the criteria cited earlier, and indicate that. 

angiotensin contractile response may be partly mediated via a 

release of prostaglandin-E,, since PCPS _ 4 did not reverse the 

inhibition. 

Similar interactions between engiotensin and prostaglen- 

din system have been reported in some vascular smooth muscle 

preparations by verious wor'ers. Thus, Khairelleh et sl (1967) 

observed that PGS, enhanced the contractile response of cat 

carotid artery strips to angiotensin and 5-HT but not nor 

adrenaline. An indirect action of 5-HT in vascular smooth
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muscle has been reported (Born, 1970; Greenberg, Kadowitz, 

Diecke and Long, 1973). Recently, Greenberg et al. (1973) 

reported that low concentrations of FCPS og, potentiated contrac- 

tile responses of canine vascular strips to angiotensin and 

5-hydroxytryptamine (5HT), but had little effect on the responses 

to noradrenaline. These authors suggested that PGF, may act 
2% 

to facilitate neurotransmitter release from sympathetic nerve 

endings by angiotensin and 5-HT, as well as enhancing vascular 

smooth muscle reactivity. However, these results can also be 

: interpreted as prostaglandins having a direct action on smooth 

muscle fot that the contractile actions of angiotensin and 

possibly 5-H? may be mediated via a release of prostaglandins, 

since PGF awa has a pressor effect in whole subject (see Horton, 

1968). 

The results presented here together with those of other 

authors suggest that a prostaglandin system is closely associated 

in the indirect action of drugs which involve the liberation of 

@ secondary mediator, and that in some tissues, the mediator may 

be prostaglandin 3,. It should be emphasized that indomethacin 

at the concentrations used had a slight inhibitory effect on the 

myotropic action of PGE, on the preparations studied. This 

inhibition would at least partially mask the inhibitory effect 

on prostaglandin synthesis of indomethacin. If angiotensin 

releases prostaglandins then indomethacin need not have a stror 

  

effect on synthesis in order to block angiotensin induced 

contractions.



- 209- 

Attempts to demonstrate potentiation of angiotensin 

contractile responses and reversal of indomethacin induced 

inhibition by By and PEP, in the rat portal vein proved 

negative. These results together with the lack of effect 

of indomethacin in reducing angiotensin contraction in the 

rat colon, might be attributed to a difference in angiotensin 

receptors in the rat. 

In summary, since PGE, enhanced the angiotensin-induced 
2 

contraction and reversed the inhibition by indomethacin, it 

was concluded that PGE, or a closely related prostaglandin was 
2 

involved in angiotensin-induced contractile response in the 

guinea-pig ileum.
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CHAPTER III ATTEMPTS TO DETERMINE THE SITES OF PROSTAGLANDIN 

ACTION AND RELMASE AND TO DETECT ITS PRESENCE 

FOLLOWING STIMULATION BY ANGIOTENSIN 

In the preceding two chapters, contractile responses 

to angiotensin were shown to be reduced after blockade of 

prostaglandin biosynthesis and further evidence was presented 

which suggested a prostaglandin system was involved in angiotensin 

induced contractions of some smooth muscle preparations. It 

appears that part of the contractile response to angiotensin may 

in fact be mediated via a release of prostaglandin-§,. In order 

to test this hypothesis further it is desirable to try and’ 

detect a release of prostaglandins from the tissues coincident 

with angiotensin action. 

If one makes the assumption that part of the contractile 

component of angiotensin action is mediated by prostaglandin, then 

in order to understand more fully the mode of action of angiotensin, 

the site and mode of action of the prostaglandins need to be 

elucidated. 

The results of previous experiments with indomethacin 

suggest that if prostaglandins are released they affect both the 

slow and fast components of angiotensin action. One of the 

possible sites for an involvement of prostaglandins in the fast 

component of action of angiotensin on the guinea-pig ileum is at
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‘the intramural postganglionic cholinergic nerve endings, by 

facilitating the release of acetylcholine. It was therefore 

decided to examine the effect of inhibition of prostaglandin 

biosynthesis on the contractions of guinea-pig ileum induced by 

transmural electrical stimulation. Other experiments described 

in this chapter were further attempts to determine the possible 

sites of prostaglandin release and to detect their presence in 

the guinea-pig ileum following angiotensin stimulation.
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RESULTS 

3.1. The effect of indomethacin on responses induced by 

trensmure] electrical stimulation 

The response of the isolated guinea-pig ileum to transmural 

electrical stimulation with the stimulus parameters applied 

(see Methods) consisted of 'spike' like contractions (see Fig. 15). 

These 'spike' like contractions were abolished in the presence 

of tetrodotoxin in a concentration of 1077 M , which is know 

to abolish all nervous activity (Kao, 1966) indicating that with 

the parameters used these contractions were due entirely to a 

stimulation of intrinsic neuronal elements. 

Indomethacin (5.6 x 10°) added to the bath caused a 

progressive reduction in the amplitude of the electrically- 

induced contractile responses, such that after 30 minutes, the 

preparation failed to respond to aavae quent electrical stimula- 

tion. Under these conditions, the preparation still contracted 

to exogenous acetylcholine (Fig.41c). 

  

3.2. Whe effect of exozenous PGE5 on the 

cin 

  

stion by ind 

  

transmural stim 

In 4 experiments, attempts were made to reverse the blockade 

of transmural stimalation by indomethacin with exogenous PGE, 

When contractile responses to transmural stimulation werereduced to 

~10,, 40 - 25% of control, PGE, (2.2 x 10 -1.2x 10791) added to the a 

bath gradually restored the contractions to about 85); of control 

responses (Fig. 41).
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Contractile responses of guinea-pig ileum 

to transmural stimulation (0.5Hz)(S) and 

acetylcholine (8 x 1078m) (ach). 

(a) control responses; (b) & (c) responses 

repeated 15 and 30 mins after indomethacin 

MS Ore 107°M) (IND); (a) responses repeated 

in the presence of IND and prostaglandin- 

(it2-x 107°u) (pon).
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3.3. The effect of indomethacin on angiotensin resvonses 

in the presence of tetrodotoxin 

The basis for the use of tetrodotoxin has been discussed 

(see Part I). In order to determine whether the prostaglandin 

involved in angiotensin contraction wes of neuronel origin, the 

contractile responses to angiotensin were examined in the pre- 

sence of both tetrodotoxin and indomethacin. The results are 

shown in Fig. 42. 

Tetrodotoxin (1077 M ) abolished the fast component and 

reduced the slow component by 35 - 51% of a submaximal contrac-— 

tile responses to angiotensin. This reduction in the slow 

component was significant (P<0.005). Addition of indomethacin 

(5.6 x 407M) caused a further reduction in the slow component 

(Fig#2), such that in 20 - 30 minutes after the addition of 

indomethacin, the slow component of the response was further 

reduced by about 259. 

3.4. The effect of indomethacin on angiotensin responses 

in depolerized guinea-pig ileum prevaration 

It is know that several types of smooth muscle can still 

respond on exposure to egonists such as acetylcholine, carbachol, 

5-hydroxytryptemine and adrenaline, even when depolarized by 

immersion in isotonic KCl or X80, Ringer solutions (Zyens, 

Schild and Thesleff, 1958; Sdma and Schild, 1961; Durbin and 

Jenkinson, 1961a)- This observation led to the suggestion that 

mechanical response can be dissociated from electrical events, and 

that drugs can stimulate smooth muscle without depolarization 

(Evans et al 1958; Robertson, 1960). The action of indomethacin
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on angiotensin contractions was therefore examined on depola- 

rized guinea-pig ileum preparation, in an attempt to determine 

if the component of action of angiotensin sensitive to indo- 

methacin could be observed in depolarized smooth muscle. 

An immediate increase in tension corresponding to the 

naximun increase in tension induced by supramaximal concentra- 

tions of acetylcholine was observed when the guinea-pig ileum 

was immersed in isotonic E80) Ringer. Reducing the bath 

temperature to 25°C, caused the tension to decline gradually to 

a level well above the polarized resting tension. Under these 

conditions the tissue still contracted to angiotensin and 

acetylcholine. The contractions obtained were smaller in 

amplitude and of a slower time course, and required a higher 

concentration of each of the agonist.. (Similar contractile 

response to acetylcholine and histamine have been reported by 

Evans et 21 (1958) on guinea-pig ileum depolarized with KCl or 

K,80, De 

When the guinea-pig ileum was depolarized, indomethacin 

(5.6 x 40710) had no effect on the contractions produced by 

angiotensin or acetylcholine. However, in 3 preparations 

although there! was a slight reduction in angiotensin contrac— 

tions, it was proportionately less than the reduction in 

normal Ringer.
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Concentration effect curves of guinea-pig 

ileum to angiotensin (slow component) ; 

showing control responses (4 —a Me 

respenses in the presence of tetrodotoxin 

(arx) (107?) ( © —o ) and responses in 

the presence of beth TTX and indomethacin 

(IND) (5.6 x 107°M)(*—-« ), Bach point 

is the mean of at least 4 observations ’ 

uniess otherwise indicated in brackets.
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3.5. The detection of prostaglandins following stimulation 

. by_angiotensin 

Experiments were set up to detect the release of prosta-— 

glandin-like substances (PLS) from the guinea-pig ileum following 

angiotensin stimulation. The results obtained were variable and 

no conclusive evidence could be drawn. Of the 3 tissues generally 

used for the detection of prostaglandins (Ferreira and Vane, 1967), 

i.e. the rat stomach strip, rat colon and chick rectum, it was 

found that only the chick rectum did not contract to angiotensin 

(Fig.43c). Therefore, for simplicity, in 6 of the total of 10 

experiments performed, only the chick rectum was used as an assay— 

ing organ in the superfusion. Figure 43 shows the results of 

one of these experiments. Addition of angiotensin into the 

perfusion fluid caused a contraction in the guinea-pig ileum out 

not the chick rectum. However, about 90 seconds later (1 - 2 mins) 

anossuee in spontaneous activity ia the chick rectum was observed 

(4 out of 6 experiments) which persisted for the next minute or two. 

The increase in spontaneous activity was too small to make any 

further quantitative or qualitative studies. 

In the remaining 4 experiments, the perfusion fluid from 

the guinea-pig ileum was allowed to superfuse in descending order, 

the chick rectum, rat stomach strip and rat colon. The tissues 

were so arranged because prostaglandins are spontaneously released 

from the rat stomach (Wolfe and Coceani, 1967; Bennett et al, 1967) 

and may blunt any possible release of prostaglandin from the guinsa-
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pig ileum induced by angiotensin. The results obtained in these 

cascade experiments were again not conclusive. Only in two 

experiments was a small contraction in the chick rectum observed 

following stimlation of the guinea-pig ileum with angiotensin. 

Figure 44 illustrates one of these recordings. The size of 

contraction in the chick rectum approximated to that induced 

8 of PGE, applied directly to the tissue. by 1.2 x 10° 

Addition of indomethacin (5.6 x 40711) into the perfusion fluid 

caused a siginificant reduction in the angiotensin-induced 

contractions in the guinea-pig ileum and rat stomach strip and 

abolished the small response in the chick rectum. The contraction 

in the rat colon was only slightly reduced. 

The resuits obtained from this series of experiments 

aid not appear to warrant further analysis. Because of the size 

and weight of the segments of guinea-pig ileum, further attempt 

to detect the release of prostaglendins was not made.
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Fig. 43, Contractile responses of guinea-pig ileum 

(GPI) and chick rectum (CR) to angiotensin 

(ANG) and prostaglandin-F, (PGE, ) and Fy, 

(PGF, ) in the cascade experiment: 

(a) & (bv), 4 x TO72 

respectively; (c) 1077 angiotensin applied 

directly to chick rectum, (ANG DIR); 

(a), 4.2) x 1077M PGE, and (e) 2.1 x 107° 

PGF, _ x « Further details refer to text. 

M and 107! angiotensin 

Drugs were added at black dots.
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Contractile responses of guinea-pig ileum 

(GPI), chick rectum (CR), rat stomach strip 

(RSS) and rat colon (RC) to angiotensin (ANG ) 

and prostaglandin-E, (PGE, ), in thé cascade 

experiments; (a) 10 27 ANG, (b) 5.6 x 10 -8y 

PGE, ,» (c) & (d) responses to ANG and PGE. 2 

cess 20 minutes after indomethacin ( IND) 

(14 uM/min) was introduced into the perfusion 

fluid at between (b) and (c). Drugs were 

added at black dots. Further details rofer 

to text.



-221- 

DISCUSSION 

Two sites of action of prostaglandin can be postulated 

to account for its involvement in angiotensin contraction. 

These are 1) an action at nerve endings by facilitating or 

mediating acetylcholine released by angiotensin and oh es 

direct action on the smooth muscle cell membrane in association 

with specific prostaglandin receptors. The latter postulate is 

evident by the facts that prostaglandins can stimlate smooth 

muscles at fairly low concentrations (Horton, 1968,1971) and 

prostaglandin-induced contractile responses in various smooth 

muscles are not antagonized by known pharmacological blocking 

agents (Paton and Daniel, 1967; Coceani and Wolfe, 1966). 

Interactions between prostaglandins and transmitter 

release at autonomic nerve endings have been reported by various 

None Prostaglandins of the E series have been shown to 

inhibit the effect of sympathetic werve stimulation by reducing 

the amount of noradrenaline released (Hedqvist and Brundin, 1969; 

Wennmalm and Stjarne, 1971) and a modulatory role in sympathetic 

nerve function has been postulated (see Introduction). 

Prostaglandins of the F series (mainly Bane) however, have 

been suggested to facilitate the release of noradrenaline from 

sympathetic nerve endings induced by angiotensin and 5-hydroxy- 

tryptamine (Greenberg » Kadowitz, Diecke and Long, 1973), an 

action which has been discussed in the preceding chapter. 

Furthermore, PGES and PGE, have been shown to reverse the 

inhibition by indomethacin of electrically induced contractions
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of the guinea-pig ileum (Ehrepreis et al, 1973). These authors 

poceeated that a prostaglandin system was directly involved in 

the mechanism by which acetylcholine is released. The system 

which consists of prostaglandin, the enzyme or enzymes which 

synthesize prostaglandin, a prostaglandin receptor site or sites, 

calcium and the enzyme or enzymes which destroy prostaglandin, 

is thought to couple cholinergic nerve terminal excitation with 

acetylcholine release. 

Transmural electrical stimulation of guinea-pig ileum 

is known to cause a release of acetylcholine coincident with 

contraction (Paton, 1955). The evidence supporting the hypothesis 

that the fast component of angiotensin-induced contraction of 

guinea-pig ileum is due to the release of acetylcholine, is 

substantial (see Part De Against tia background, the finding 

that indomethacin had a profound inhibitory effect on contraction 

of guinea-pig ileum induced by transmural electrical stimlation 

and the fact that exogenous PGE, could partially restore the 
2 

contractions to normal, would seem to add support to the 

hypothesis of Ehrepreis et al (1973) of an involvement of 

prostaglandins in the release of acetylcholine in this preparation. 

These observations also suggest that the cholinergic component 

of angiotensin contractile response may be similarly governed by 

prostaglandin or prostaglandins, since this component was reduced 

after prostaglandin synthesis blockade (see Part II, Chapter I). 

The finding that indomethacin caused a further reduction in 

angiotensin contraction even though the fast component was abolished



=225= 

after hyoscine or tetrodotoxin, suggests that prostaglandin 

may gio be involved in the slow component due to its direct 

myotropic action on the smooth muscle. However, these results 

do not distinguish the sig nificance of prostaglandin involved 

in these two components of angiotensin action. The availability 

of specific prostaglandin antagonists would be useful for further 

elucidation of the interaction between prostaglandin and 

angiotensin. 

It has not been established where prostaglandins are 

released from tissues. Both neuronal and extra-neuronal sources 

have been suggested (see Bennett et al, 1967; Ferreira et al, 

1973). The experiments described in this chapter do not distin- 

guish between these possibilities for angiotensin. However, the 

demonstration that indomethacin caused a further reduction in 

the angiotensin contractile response of the guinea-pig ileum 

even though the preparation was functionally denervated with 

tetrodotoxin (Gershon, 1967) suggests that prostaglandin released 

by angiotensin arises mainly from an extra-neuronal source. The 

observations that indomethacin caused a greater reduction in the 

slow component of angiotensin response than did tetrodotoxin in 

the guinea-pig ileum and that indomethacin inhibited angiotensin 

contractions of preparations where tetrodotoxin had no effect, 

seem to favour such a view. But a neuronal origin of prostaglandin 

cannot be ruled out, in view of the facts that i) indomethacin 

causes some reduction of the fast component and ii) tetrodotoxin
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has an inhibitory effect on the slow component of the angiotensin 

response on the guinea~pig ileum and rabbit jejunum (see Part I). 

The results obtained with depolarized preparations, 

suggest that the release of PGE, is dependent upon a polarized 

cell membrane» Depolarization of excitable cells by angiotensin 

(see Part II) would then facilitate prostaglandin release. The 

findings that in depolarized guinea-pig ileum preparation, 

angiotensin-induced contractile response was smaller in amplitude 

than contraction induced by acetylcholine and that under such 

circumstances, indomethacin was ineffective against angiotensin, 

would favour the hypothesis. 

Attempts to detect the release of prostaglandin-like 

substances from the isolated guinea-pig ilam following angiotensin 

stimulation did not give conclusive results. The experiments 

were based on the superfused organ system (Ferreira and Vane, 1967) 

used for the detection of prostaglandins released from isolated 

spleens and kidneys (Ferreira et al , 1973; Needleman et al , 1973 a). 

The detection being circumscribed by the limits of sensitivity 

of the method used. The finding that in two of the experiments 

described, a small contraction was observed on the chick rectum 

when superfused with angiotensin via the guinea-pig ileum, would 

tend to indicate a presence of prostaglandin. However, such an 

observation could not be confirmed with the rest of the preparations, 

where in most, only a slight increase in tension or spontaneous
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activity was. observed in the chick rectum. One of the possible 

explanations is that the amount of prostaglandin released is 

very small, perhaps less than the sensitivity of the chick 

rectum to prostaglandin, whichwas about 1.14 x 107M. The 

findings that only low concentrations (10779 - 1077) of pros- 

taglandin-B, potentiated normal responses to angiotensin and 

relatively small amounts (107m) of prostaglandin-E, reversed 

the inhibition of angiotensin response due to blockade of pros- 

taglandin synthesis (see Part III, Chapter II), suggest that 

even small amount’ less than 107° » of prostaglandin released 

by angiotensin would be sufficient to participate in the contractile 

action of the peptide. Another possibility is that there is rapid 

degradation of the prostaglandin by tissue enzymes. The use of 

more sensitive biochemical estimation methods such as gas-liquid 

chromatography and radio—immunoassay in conjunction with standard 

biological assay procedure therefore seems desirable before any 

positive conclusion can be drawn.
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CHAPTER IV. THE EFFECT OF INDOMSTHACIN ON THE PRESSOR 

RESPONSES TO ANGIOTENSIN IN THE PITHED 

RAT PREPARATION 

It is generally accepted that the pressor effect of 

angiotensin in wile animals is partly due to its interaction 

with the sympathetic nervous system, by facilitating adre- 

nergic transmitter relase (Benelli et al, 1964; Haefely 

et al, 1965). Thus, Day and Owen (1970) showed that in the 

conscious Cat, reserpine pretreatment caused a 50% inhibition 

of pressor responses to angiotensin, and in the pithed rat 

angiotensin enhanced the responses to endogenous noradrenaline 

(Day and Owen, 1969). These authors suggested that the pressor 

action of engiotensin is dependent upon an intact sympathetic 

nervous system. However, Schmitt and Schmitt (1968) reported 

that the pressor effect of angiotensin in the pithed rat was 

independent of noradrenaline release from the adrenal medulla 

or from sympathetic nerve endings. 

Recently, angiotensin has been shown to cause a release 

of prostaglandins from various perfused tissues of different 

species including the kidney of the rat (Danon and Chang, 1973). 

From their results on splenic fat pad of the rabbit, Needleman 

et 21 (1973b) suggested that the prostaglandin released by 

angiotensin has a direct action on the vascular bed and its 

effect may blunt the pharmacological action of angiotensin, 

i.e. that of vasoconstriction. Furthermore, angiotensin and
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prostaglandin Bis but not noradrenaline have been shown to 

cause an increase in dermal permeability in the rabbit 

(Robertson and Khairallah, 1972) suggesting that angiotensin 

action may be related to its release of prostaglandins. 

Similar inter-relationships between angiotensin and the 

prostaglandins have been indicated in the contractile action 

of angiotensin on some isolated smooth mscle preparations 

(Chong and Downing, 1973), and the results presented in the 

preceding chapters of this Part, have added further support 

to the hypothesis. 

In view of these reports, it seems appropriate to suggest 

that the pressor action of angiotensin in whole animals may 

also be influenced by endogenous prostaglandins. It was 

therefore decided to examine the effect of indomethacin on the 

angiotensin-induced pressor Geapereeel in the pithed rat prepa- 

ration. (Gillespie & Muir, 1967). This preparation has the 

advantage of studying the effect of drugs on the cardievascular 

system free from the influence of possible effects on the 

central nervous systen. It is essentially a smooth muscle 

preparation'in situ! ,
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RESULTS 

4.1. Reproducibility of the pressor responses to 

angiotensin, noradrenaline and sympathetic 

outflow stimulation 

  

Pressor responses to angiotensin (50ng/Ke nor- 

adrenaline (100ng/Kg) and sympathetic outflow stimulation 

(0.5Hz) were studied for up to 4 hours. The responses to 

sympathetic outflow stimulation did not vary significantly 

(46%, n=3) from the initial response throughout the test 

period. The responses to angiotensin and noradrenaline 

increased gradually by up to 40% of the initial responses 

during the first 90 minutes after pithing and thereafter 

the responses remained fairly constant throughout the rest 

of the test period. These findings axe in agreement with 

those of Day, Hall and Owen (1972), although the reason for 

the progressive increase in the sensitivity to noradrenaline 

and angiotensin is not clear. 

In subsequent experiments in which the effect of 

indomethacin on pressor responses was studied, indomethacin 

was not administered into the preparation until the responses 

to the pressor agents became steady, or until at least 90 

minutes after pithing.
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4.2. Effect of indomethacin on basal blood pressure 

Indomethacin (0.5-5mg/kg,i.v.) caused a small increase 

(about 10mmHg) in the basal blood pressure which lasted for 

about 15 minutes. Similar increase3in blood pressure were 

observed during an intravenous infusion of indomethacin (over 

an hour). In a few experiments, the slight increase in blood 

pressure gradually declined to the basal level after about 

20 - 30 minutes even though the infusion continued. An increase 

in blood pressure following indomethacin has been reported by 

Davis and Horton (1972) in rabbits. 

$ 
4s Effect of indomethacin on the pressor respones 2 

to angiotensin, noradrenaline, vasopressin and 

to_sympathetic outflow stimulation 

Indomethacin produced a dose-dependent effect on the 

pressor responses to angiotensin, noradrenaline and to sympa- 

thetic outflow stimulation. The responses to noradrenaline 

and sympathetic outflow stimulation remained unchanged or 

inereased slightly by between 10 - 20% ‘during the period in 

which indomethacin (2mg/kg) was infused. The responses to 

angiotensin remained unchanged during the first 20 minutes 

of indomethacin infusion, but showed a gradual reduction over 

the rest of the test period. Towards the end of 2 hours of 

indomethacin infusion, the responses to angiotensin were reduced 

by about 259 (mean of 2 experiments).
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Similar patterns of responses to angiotensin, nor- 

adrenaline and sympathetic outflow stimulation were observed 

aaeine an infusion of 5mg/kg of indomethacin. However, at 

this dose level, the inhibition of angiotensin responses was 

more pronounced, such that at 30 and 90 minutes after the 

start of indomethacin infusion, the pressor responses were 

reduced by 26 + 6% and 65 + 11% (n = 5) of the initial response 

respectively (Fig. 45). The responses to noradrenaline and 

sympathetic outflow stimulation remained virtually unchanged 

or (2 experiments) showed a slight reduction (<= 10%)(Fig. 45 ). 

Abolition of angiotensin responses could not be achieved 

even with a dose level of 10mg/kg of indomethacin. However, 

the responses to angiotensin were markedly reduced with this 

dose level (by about 80%) while the responses to noradrenaline 

and sympathetic outflow stimulation were reduced by about 40% 

and 30% respectively ( 2 experiments). 

The selective reduction of angiotensin pressor responses 

occured some 30-40 minutes following the start of indomethacin 

infusion, and maximum reduction was observed within 90 minutes 

(Fig. 46 ). The long time course of action of indomethacin in 

inhibiting angiotensin pressor responses is similar to its long 

latency of aetion in inhibiting angiotensin contraction of 

isolated smooth muscle preparations. It is a possibility 

therefore that indomethacin is acting by similar mechanism 

in vivo as it does in vitro, i.e. a possible inhibition of 

  

pro: adin biosynthesis or a prevention of prostaglandin
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Fig. 45. Pithed rat blood pressure. a) control 

responses to intravenous noradrenaline 

(100ng/kg) (NA), intravenous angiotensin 

(50ng/kg)(ANG), intravenous prostaglandin- 

Fone (0.5ug/kg)(P) and to sympathetic 

outflow stimulation (0.5Hz)(S). b) responses 

to NA, ANG & S repeated 30 mins after 

indomethacin (5mg/kg); c) responses to NA, 

ANG, S & P repeated 90 mins after indomethacin. 

Time marker in minutes.
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Fig. 46, Effect of indomethacin (5ug/kg) (arrow) (IND) 

on responses expressed as a percentage of 

mean control responses to 50 ng/ke angiotensin 

( + ), sympathetic outflow stimulation ( ¢ ) 

and 100 ng/kg noradrenaline ( 4 ), over 

a2 hour period. Vertical bars indicate 

standard errors of the mean (n = 5) unless 

indicated,
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action released by angiotensin. 

The selectivity of indomethacin was tested further by 

comparing its action in depressing the responses of angiotensin, 

vasopressin an@ noradrenaline (2 experiments). Pig.47 shows 

the results of one of the experiments. One hour after the 

start of indomethacin infusion, the responses to vasopressin 

and noradrenaline remained fairly constant, whereas the responses 

to angiotensin were markedly reduced. Towards the end of the 

test period (2 hours), the responses to vasopressin and nor- 

adrenaline were reduced by about 15%, while those of angiotensin 

were reduced by 60% of the initial responses (Fig.47 ). 

4.4. Effect of indomethacin on eeennoe responses 

In two experiments the effect of indomethacin (5mg/kg) 

on the pressor responses to PGF, 4, (0-5pe/ke) was tested. 

Indomethacin did not cause a reduction of the PGF response 
2-K 

(Fig.45 a and c).



  

Fig. 47. 
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e ° ° 
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Pithed rat blood pressure, a) control 

responses to vasopressin (5mu/ke)(V), 

angiotensin (50ng/kg)(ANG) and noradrenaline 

(100ng/kg)(NA). (b) and (c), responses 

to V, ANG & NA, repeated 30 and 60 mins 

after indomethacin (5mg/kg). Time 

marker in minutes.
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DISCUSSION 

F ability of indomethacin to inhibit prostaglandin 

synthetase activity in vivo and in vitro is now well 

established (see Flower, 1974). Grodzinska, Schoror, 

Wartner, Forster and Gryglewski (1974) reported that indome- 

thacin caused a slight but prolonged increase in the resting 

plood pressure of the anaesthetized rat. Similar increases 

in resting blood pressure by indomethacin have been reported 

for the rabbit (Davis and Horton, 1972). These latter authors 

suggested that the small rise in blood pressure by indomethacin 

was produced by an inhibition of prostaglandin synthetase; 

the normally released prostaglandins acting to keep the blood 

pressure down. In this study, indomethacin was also found to 

cause a small increase in resting blood pressure of the pithed 

rat. The increase was less than 10% compared to the 169% 

reported by Grodzinska et al (1974). The greater increases 

in blood pressure reported by these workers may be related to 

the central actions of prostaglandins. 

The most significant result presented in this chapter 

is that indomethacin caused a selective inhibition of angio- 

tensin-induced pressor responses in the pithed rat. This 

finding is rather surprising, since prostaglandins have an 

antihypertensive action in several animal species (see Horton, 

1968). . However, in this study, PEP 5 _ og but not PGE, was 

shown to cause a rise in the systemic arterial blood pressure, 

although its action was much weaker than angiotensin or
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noradrenaline, furthermore, the pressor action of PCRS vas 

not affected by indomethacin. A pressor action of POP 

has ‘similarly been reported in the rat, dog and spinal chick 

(Du Charne and Weeks, 1967). These results suggest that the 

pressor action of angiotensin in the pithed rat may in part 

be mediated by the release of PCP, ec 

The pressor action of PoF,_ yin the dog and rat is 

thought to be due to a venoconstrictor action and is dependent 

upon an intact sympathetic nerve supply to the veins (Du Charne 

and Weeks, 1967). The increased venous return increases cardiac 

output thus accounting for the rise in arterial blood pressure 

(see Horton, 1968). The venoconstriction in response to large 

bolus injections of PGF, in the perfused hind paw of the dog, 

however, was thought to be independent of sympathetic nerve 

activity (Mark, Schmid, Eckstein and Wendling, 1971). PGF, | 

has also been reported to constrict both arterial and venous 

smooth muscle (Greenberg and Sparks, 1969). These results 

therefore strengthen the suggestion made here that the pressor 

action of angiotensin in the pithed rat could be due to a 

release of PCP gc’ 

Recently, Greenberg, Kadowitz, Diecke and Long (1973) 

examined the effects of FGF, on arterial and venous contractility 

to various stimuli and reported that low concentrations of FCPS x 

enhanced contractile responses of all vascular strips to tyramine 

and Batl, but not to noradrenaline, while high concentrations 

of PGF, _,potentiated the effects of all three stimulants, and
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that reserpine pretreatment abolished PGF, induced 2- 

facilitation of the contractile response to tyramine but not 

Batl,. From these and other results on calcium uptake 

studies, these authors suggested that PGR, pay act to 

facilitate neurotransmitter release and vascular smooth muscle 

reactivity by modifying membrane permeability to calcium ions. 

The pressor action of angiotensin is generally believed to be 

due to an increase in sympathetic discharge, brought about by 

a stimulation of hypothalamic sympathetic centres in the central 

nervous system (Bickerton and Buck/ey, 1961) and its ability to 

facilitate noradrenaline release at peripheral sympathetic 

nerve endings (Benelli et al, 1964). The results presented 

in this chapter and those of other workery reviewed, suggest that 

the pressor action of angiotensin in whole animal, at least in 

the pithed rat, involves not only an interaction with the 

sympathetic nervous system but also with the prostaglandins. 

However, the results presented here should be interpreted with 

caution in view of the small number of experiments involved. 

In this study, it was shown that the pressor responses 

to vasopressin were not reduced by indomethacin. This result 

indicates that the rise in systemic blood pressure induced by 

vasopressin is independent upon the release of PCE, _ “a In 

this connection, it is interesting to note that, while angio- 

tensin releases both PGE, and PGF from the cat spleen, 
“2-K& 

vasopressin only releases FGHp and only in amounts much smaller 

than those induced by angiotensin (Peskar and He 

  

Ss, 1973).
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Furthermore, the amount of PCE, released by angiotensin in 

the cat spleen is always more than PCF, x (ferreiza et al, 

1973; Peskar end Hertting, 1973). From these results it 

is concluded that angiotensin can induce the release of either 

PGE, or FCI, a’ while vasopressin can induce the release of 

only PGB . Since PGE and PGF compounds differ markedly in 

their vasoactivities (Nakano, 1972) PGE, formed may be involved 

in maintaining homeostasis (Bergstrém, 1967) and PGF, formed 

may in fact portray some of the pressor action of angiotensin, 

either by its direct constrictor action on vascular smooth 

muscle or in conjunction with its ability to facilitate nor- 

adrenaline release (Greenberg et al, 1973), both actions have 

also been ascribed for angiotensin.
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SECTION FOUR 

GENERAL _DISCUSSTON
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GENERAL DISCUSSION 

The mode of action of angiotensin in the whole animal 

or on isolated organs is complex and involves direct actions 

of the peptide on various tissues together with indirect 

actions of modulating the release of, or causing the release 

of, other pharmacologically active substances. 

Angiotensin is one of the most potent naturally occuring 

stimulants of smooth muscle known and its actionson smooth 

muscle appear to predominate in the generation of its many 

pharmacological actions. Isolated smooth muscle preparations 

are therefore relevant and convenient for the study of the mode 

of action of angiotensin at a cellular level. 

The first part of this Thesis was concerned with the 

specificity of receptor sites on various intestinal and vascular 

smooth muscles to angiotensin. Khairallah and Page (1961) and 

Robertson and Rubin (1962) reported that the contractions induced 

by angiotensin on the isolated guinea-pig and rabbit ilea could 

be partially antagonised by atropine and potentiated by anti- 

cholinesterases. These authors suggested that part of the 

action of angiotensin on smooth muscle was indirect and due to 

the liberation of acetylcholine from an intra-mural nervous 

network.  Khairalleh and Page (1961, 1963) further suggested 

that angiotensin was able to stimulate intra wal parasympa— 

thetic ganglia and cholinergic nerve endings. Godfraind and 

co-workers (1966a,b) analysed the doutmectiae response to 

angiotensin on the isolated guinea-pig ileum which revealed 

fast, (atropine sensitive) and slow (atropine insensitive)
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components. These workers concluded that the fast component 

was mediated via a cholinergic pathway and that the slow 

component was due to the peptide's direct action on the muscle 

cells. The results presented in the first pert of this thesis 

are in agreement with the findings of the above workers. 

Biphasic contractile responses to angiotensin were demonstrated 

in guinea-pig, rabbit and rat ilea but not in the rat stomach 

strip, rat colon or the guinea-pig taenia coli. The studies 

with know selective pharmacological antagonists on the action 

of angiotensin on these smooth muscle preparations suggests 

that the release of acetylcholine to produce responses such as 

the fast component of the responses of the guinea-pig or rabbit 

ileum is not a wide spread phenomenon. The responses to 

angiotensin in the other preparations mentioned could not be 

antagonised by selective antagonists for acetylcholine, histamine 

or 5-hydroxytryptamine. Upon these findings, it is suggested 

that angiotensin has a direct action on these smooth muscles. 

However, the possibility that some yet unrecognised mediator 

substance could participate in the contractile response to 

angiotensin remains. 

The contraction of vascular smooth muscle in vitro in 

response to angiotensin is due primarily to a direct action 

of the peptide on the vascular smooth mscle cell. Indirect 

neurogenic effects of angiotensin due to a release of nor- 

adrenaline (Iiebau, Distler and Wolf, 1966) appear to contri- 

bute little to the contractile responses induced by angioten- 

sin on the rabbit aortic strip and the rat portal vein. 

Nevertheless as suggested for intestinal smooth muscle, it is
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possible that some mediators may evade screening with the 

usual pharmacological antagonists. 

The sensitivity and specificity of the rat portal vein 

to angiotensin renders it a preparation suitable for the assay 

of angiotensin in addition to the rat colon (Regoli and Vane, 

1964) and the rabbit aortic strip (Helmer, 1959). The guinea 

pig portal vein was found to be very insensitive to angiotensin. 

This further illustrates the heterogeneity in sensitivity of 

vasculer smooth muscles to angio tensin (Bohr and Uchida, 1967; 

Carruba, Mandelli and Mantegazza, 1973). 

Taking all the above data into consideration, it is 

suggested that angiotensin receptors on smooth muscle cells are 

distinct from those of other known smooth muscle agonists. 

This hypothesis is substantiated by the reports of other workers 

using angiotensin derivatives and angiotensin analogues (Meyer, 

Papadimitriou and Worcel, 1970; Peach, 1972; Park,Regoli and 

Rioux, 1973). Meyer et al (1970) examined the potency of several 

angiotensin derivatives on the ret colon, rat uterus and rat 

aorta and concluded that the receptors in the three tissues are 

aifferent. Peach (1972) after studying the order of potency 

of several angiotensin analogues on the cat papillary muscle 

in vitro, concluded that receptors for angiotensin in the heart 

are different from those found in smooth muscle such as rat uterus. 

Contraction of smooth muscle is the mechanical end product 

of a series of events that can be initiated by the combination 

of a stimulant drug with its specific receptor on the smooth 

muscle cell. Irrespective of the agent having a direct or in-
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direct action, the event that immediately precedes and is 

responsible for the contractile response is always an increase 

in the concentration of ionized calcium in the vicinity of the 

contractile protein (Bianchi, 1961; Bohr, 1964; 1973 ). 

However, the events leading to such an increase in activator 

calcium seems less universal and to vary dependent on the 

particular agent used to initiate the sequence of events 

(Somlyo, 1972). Action potentials and depolarization of the 

membrane are important but not essential links, since muscles 

depolarized with potassium rich solution still responds to 

drugs (Evans, Schild and Thesleff, 1958). There are conflict- 

ing reports regarding the importance of membrane depolariza— 

tion and action potential discharge as an initial stage of 

angiotensin-induced contraction (for references, see Part TD)S 

Angiotensin like acetylcholine, depolarized the guinea- 

pig taenia coli in a dose dependent manner (Fig. 18) with graded 

increases in spike frequency. 

The effect of angiotensin on the cell membrane appears 

to cause an increase in sodium permeability. In a sodium-free 

medium, angiotensin was without effect, whereas ACH still evoked 

a small depolarization. The depolarizing action of angiotensin 

seems therefore to be more dependent upon the presence of 

extracellular sodium than does that of ACh. Angiotensin- 

induced depolarization seems also to be partly dependent upon 

the presence of external X, Ca and Cl ions, since a reduction 

in the concentration of any of these ions, reduced the depola- 

rizing responses of the peptide. In addition to sodium, the
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entry of calcium ions was of importance in mediating 

angiotensin-induced depolarizations as shown by the 

responses to angiotensin when the external calcium ion 

concentration was increased. The available data suggest 

that the sodium current normally predominates. 

The depolarization induced by angiotensin and acetyl- 

choline on the taenia coli was followed by hyperpolerization. 

The degree of ‘after-hyperpolarization' was enhanced in high 

external sodium ion concentrations. Similar 'after-hyper- 

polarizations' have been described for acetylcholine on 

various smooth muscles (for references, see Part II: Chapter II) 

and for depolarizing drugs on isolated ganglia (Brown 1966; 

Kosterlitz, Lees and Wallis, 1970). The hyperpolarization 

is believed to be due to the operation of an electrogenic 

sodium ‘pemp (Burnstock and Straub, 1960; Brown, Brownstein 

and Schgfiela, 1969). This hypothesis has recently been 

supported for smooth muscle by Bolton (1973). 

In summary, the action of angiotensin on the cell membrane 

is to cause an increase in permeability to mainly sodium ions, 

and to a lesser degree, potassium, calcium and possibly chloride 

fons. The resultant accumulation of intracellular sodium would 

further stimulate the electrogenic sodium sump (Thomas, 1965) 

and thus cause a brief veriod of hyperpolarization. An increase 

in sodium permeability may also partly explain some of the 

physiological effects of angiotensin, such as renal tubular 

sodium reabsorption and intestinal fluid transport.
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The depolarizing action of angiotensin reported here, 

besides initiating a complex series of events that leads 

ultimately to muscle contraction, may also be involved in the 

peptide's ability to release endogenous mediators such as ACh 

and noradrenaline from neuronal stores. Although there is 

no electrophysiological evidence of angiotensin receptors on 

autonomic nerve terminals, a depolarizing action of angiotensin 

has indeed been described for the autonomic ganglion (see 

Haefely, 1970).. Angiotensin is also mown to release pros- 

taglandin-like substances from several isolated organ systems, 

such as spleen, kidney and mesenteric-vascular bed (for references, 

see Part III). It is tempting to suggest that the release of 

prostaglandin-like (PGL) substances by angiotensin may be due to 

ine peptide's depolarizing action. There is however, no evidence 

to substantiate this postulation. 

Prostaglandins are widely distributed in animal tissues. 

Among the physiological roles that have been ascribed to then, 

the role as modulator of hormonal action and of neurotransmitter 

release (Bergstrom, 1968; Horton, 1970; Hedavist, 1970) 

appeared pertinent to the study of the mode of action of angioten- 

sin. Since angiotensin has been shown to cause a release of 

PGL-substances from isolated organs, prostaglandins could there— 

fore be involved in the angiotensin-induced contractions of 

smooth muscle. This hypothesis was tested on the guinea-pig 

ileum and pithed rat preparations with the use of indomethacin, 

which is a potent prostaglandin synthesis inhibitor (Vane, 

1971). The results presented in the last part of this Thesis
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substantiate this hypothesis. Evidence for the participation 

of prostaglandins in angiotensin action have been discussed in 

length under the appropriate chapters. In recapitulation, 

ie ae points are 1) indomethacin has a selective inhibitory 

action for angiotensin; 2) the concentration of indomethacin 

used was within the range reported to inhibit prostaglandin 

synthetase enzyme system. Although indomethacin can inhibit 

other enzyme system such as phosphodiesterase (Floss and Sharp, 

1972) the concentrations required are considerably higher (see 

Flower, 1974); ; 3) the long time-course required by indomethacin 

for effective inhibition of angiotensin response; 4) subthreshold 

concentrations of PGE, potentiated contractile responses to 

angiotensin and 5) exogenous PCE, could partially restore the 

inhibition by indomethacin of angiotensin contractions. To 

complement the above evidence, prostaglandin-like substance was 

detected in the perfusate of the guinea-pig ileum when exposed 

to angiotensin but only in 4 out of 10 experiments. The 

difficulty in detecting PGL-material in every experiment has 

been discussed under the appropriate section. Nevertheless, 

it must be emphasized that there is a rapid removal of prosta- 

glandins by tissue enzymes, such as 15-hy 

  

which is responsible for the inactivation of PCE, 2 

These enzymes are present in guinea-pig tissues (see BSergstron 

et al, 1963; Flower, 1974). 

The site of prostaglandin release by angiotensin is not 

kmown. Although both neuronal (Ehrepreis et al, 1973) and non~ 

nervous cellular sites (Piper and Vane, 1971) have been sug 
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In this study, the slow component of the contractile 

responses to angiotensin in the guinea-pig ileum was 

further reduced by indomethacin even though tetrodotoxin 

hada reduced it by an initial 30. If part of the con- 

traction was due to the release of prostaglandin, then this 

result suggests that prostaglandins could be from a neuronal 

and extraneuronal source. In the depolarized guinea-pig 

ileum, angiotensin still caused a small contraction. The 

contraction, however, was not affected by inhibiting 

prostaglandin synthesis with indomethacin. This finding is 

in favour of the earlier postulation that angiotensin 

releases prostaglandin-like material from tissues by means of 

the peptide's depolarizing action. If this assumption is 

true, it is pertinent to suggest that the depolarizing action 

of angiotensin on the cell membrane ectivates prostaglandin 

synthetase activity, since cells do not store prostaglandins 

and release is in most cases equivalent to de novo synthesis 

(Piper and Vane, 1971). Further studies with the aid of 

intracellular microelectrodes or double sucrose-gap techniques 

and more sensitive biochemical prostaglandin assay procedures 

would help to clarify this situation. 

   
Angioten: has been implicated in the pathogenesis of 

hypertension in one way or another (see review, Page and 

MeCubbin, 1968). Both prostaglandins and kidney extracts 

may lower blood pressure in animals and in humans. The pressor 

action of angiotensin in the pithed rat was reduced after
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inhibition of prostaglandin synthesis by indomethacin. 

Responses to noradrenaline, sympathetic outflow stimulation 

and that of another peptide, vasopressin were not significantly 

affected. These results suggest that part of the pressor 

response induced by angiotensin could be mediated via a release 

of prostaglandin-F, The observation that the pressor 
2-0" 

response to angiotensin could not be completely abolished 

after indomethacin treatment, either by increasing the dosage 

or prolonging the infusion time, suggests that prostaglandin 

may perhaps only exert a modulatory role in angiotensin action. 

Participation of prostaglandins in angiotensin's pressor effect 

may seem contradictory in view of the fact that prostaglandins 

are potent hypotensive agents in most species (see Horton, 1968). 

However, PCPS _ By 

the rat and spinel chick (Du Charne and Weeks, 1967). In this 

is known to cause a rise in blood pressure in 

respect, it is of interest to note that prostaglandins can 

increase the level of cyclic AMP, the postulated second messen- 

ger of hormone action, thus mimicking the effects of hormones 

such as adrenaline (Butcher and Baird, 1968). 

Tanabe to angiotensin has been reported in various 

tissues (for references see Introduction). The mechanism for 

the production of tachyphylexis to angiotensin cannot be resolved 

in this study. Tachyphylaxis to angiotensin was demonstrated 

in all the smooth muscle preparations examined with the 

exception of the rabbit aortic strip, rat portal vein, rat colon 

and rat fundus strip. The results available suggest that 

   tachyphylaxis to angiotensin may be species specific. In the nyD ‘P
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guinea-pig ileum, taenia coli and rabbit ileum, tachyphy- 

laxis could be avoided by increasing the dose interval or by 

frequent washings between successive application of the drug. 

These findings would favour the hypothesis that tachyphy- 

laxis was due to receptor occupation and slow dissociation 

of the drug-receptor complex (Khairallah et al, 1966). The 

alternative that tachyphylaxis could be due to transmitter 

exhaustion (Distler, et al, 1966) cannot be excluded, in 

view of the results presented in this Thesis, that angiotensin 

action may involve the release of prostaglandins in addition 

to ACh, Recently, tachyphylaxis to angiotensin in the rabbit 

coeliac artery, has been partly attributed to angiotensin- 

induced prostaglandin release (Aiken, 1974), although in this 

case, the prostaglandin is thought to exert an inhibitory action 

on the artery that attenuates the vasoconstrictor action of 

angiotensin. The effect of angiotensin on membrane activity 

would suggest that tachyphylaxis could be related to the rate 

of repolarization of cell membrane, for example, the rate of 

repolarization following stimulation by angiotensin was mach 

greater than that of acetylcholine. It is apparent that none 

of the above hyvotheses can satisfactorily account for the 

phenomenon of angiotensin tachyphylaxis. 

In summary, the action of angiotensin on smooth muscle 

is complicated by its direct and indirect actions. The results 

presented suggest that angiotensin can release ACh from intrin- 

sic nerve endings, which in turn accounts for part of its action
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on intestinal smooth muscle. Evidence is also presented 

that part of the peptide's contractile and vasoconstrictor 

action may involve the release of endogenous prostaglandins 

such as PGE, and PGF 2 The direct action of the peptide 
2-K" 

on smooth muscle appears to be related to its depolerizing 

action which is dependent upon sodium ions.
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